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Crystals of Ti203 of relatively high purity or doped with various impurities have been grown by the
Czochralski method. The semiconductor-metal transition commenced at 435'K with a change of resistivity
from 9)&10 ' to 3)&10 0 cm. The resistivity at 4.2'K varies between 0.02 and 6)&10' 0 cm, depending
on purity and stoichiometry. At 77'K and 273'K, the Hall coef5cients are positive, small, and independent of
magnetic Geld. At 4.2'K, reliable values could not be obtained. Magnetoresistance was measured in fields

up to 220 kG. At 77'K and above, tip/pe never exceeds 10 '. At 4.2'K, tip/pe for the purest sample rises
quadratically with applied magnetic 6eld, reaching a value of about 4 at 220 kG. This result cannot be
interpreted in terms of a one-band model. A method has been developed for determining carrier mobilities
from magnetoresistance data for an intrinsic semiconductor with mirror-image bands. Application of this
method to the data for the purest samples yields carrier mobilities of 500-1000 cm'/V sec at 4.2'K. The
various results have been interpreted in terms of an elementary band-structure model which does not invoke
antiferromagnetic ordering e6'ects to explain the semiconductor-semimetal transition observed in Ti203.

In what follows, the experimental results will be com-
pared only with those prior investigations that have
been carried out on single-crystal specimens. ' ~7

I. INTRODUCTION

HE present investigation was initiated to obtain
additional information concerning electrical char-

acteristics of pure and doped single-crystal specimens of
Ti203. Towards this end, a large number of magneto-
resistance measurements were carried out at 4.2, 77,
and 273'K in magnetic 6elds up to 220 ko. The varia-
tion of resistivity with temperature was also studied to
some extent; this makes it possible to check and to
elaborate on a band model sensitive to c/a ratio rather
than to magnetic order that has been proposed for this
material. ' The work was motivated in part by the ob-
servation that commercially available samples are
heavily contaminated with both anionic and cationic
impurities. Results obtained with such specimens were
found to di8er significantly from those reported below
for purer crystals grown in this laboratory under care-
fully controlled conditions.

The electrical characteristics of Ti203 at tempera-
tures above /7 K have been studied repeatedly over
the last twenty years. ' ' There is general agreement
among diferent investigators that the resistivity of this
compound erst diminishes almost exponentially with
rising temperature, then drops rather abruptly, reaches
a minimum, and thereafter rises with further increases
in temperature. The temperature range over which the
relatively sharp change has been found varies rather
widely, as does the sharpness of the down-turn. Evi-
dently, these are functions of the purity and the degree
of perfection of the specimens.

II. EXPERIMENTAL

Large single-crystal boules measuring up to 43 in. in
diameter and up to 2 in. in length were grown from the
melt in a resistance-heated furnace using the Czoch-
ralski-Kyropoulos technique. Details of the procedure
are described elsewhere. ' The material was prepared
ie situ by adding appropriate amounts of prepurified
titanium metal to high-purity Ti02. The chemical re-
action and crystal growth were carried out under get-
tered argon in molybdenum crucibles.

Samples were regularly submitted for mass spectro-
graphic analysis; the results are reported in Table I.
No contamination by the molybdenum crucibles was
observed at the 10 ppm level. The C and N impurity
content was also determined by vacuum fusion tech-
niques. The problem of reducing the N contamination

TABLE I. Sample analyses.

0/Ti
ratio

in
TiO~

Sample
designa-

tion
Major impurities in ppm relative to Ti

N C Dopant Other

(A) Relatively pure, near-stoichiometric samples
1.504 1800 320
1.504 1600 400
1.503 270 400
1.501 1500 Mg =300; Fe =50

6971
6368

142
128

Mn =90; Al =80; Si =50

(8) Relatively pure samples with excess oxygen
1.515 250
1.512 450 60
1.509 580
1.507 210 50

562
115

6365
123 Hf =110;Fe =170' Cr =80*Present address: Department of Chemistry, Purdue Uni-

versity, West Lafayette, Ind. 47907; Guest Scientist, National
Magnet Laboratory, Massachusetts Institute of Technology.

t Operated with support from the U. S. Air Force.' L. L. Van Zandt, J.M. Honig, and J.B. Goodenough, J.Appl.
Phys. 39, 594 {1968).

s M. Foex and J. Loriers, Compt. Rend. 226, 901 (1948).
s F. J. Morin, Bell System Tech. J. 57, 1047 (1958); Phys.

Rev. Letters 3, 34 {1959).
4 D. Pearson, J. Phys. Chem. Solids 5, 316 (1958).' J.Yahia and H. P. R. Frederikse, Phys. Rev. 125, 1257 (1961).
6 S. C. Abrahams, Phys. Rev. 130, 2230 (1963).
r N. G. Anantha, M. S. thesis, MIT, 1960 (unpublished).

(C) Impure and doped samples
1.510 2400 Sc = 1900
1.506 2300

314 374
6970

496
329

314 579
4765

392
41 365

Cr =13 000

V =2600 Fe =10

Al =2000 S =140; Co =180; In =150

8000
1.510 2200

5700
1000

104

8 T. B.Reed, R. E. Fahey, and J. M. Honig, Mat. Res. Bull. 2,
561 (1967).
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TAnLE II. Summary of data for single-crystal specimens of Tio, (1.501 &@&1.515).

1021

Sample
designation

Range of
0/Ti ratio mobilities

in TiO, p (cm'/V sec)
4.2'K

Range of
charge-carrier
density ratios

(M)
4.2'K

Range of Hall
coeScients

(cms/C)
77.7'K 273'K

Range of
resistivities'

(0 cm)
4.2'K 77.7'K

6971
6368

142b
128

562
115

6365
123

1.5038
1.504
1.5026
1.501

1.5151
1.512
1.509
1.507

880-980
880-920
840-890
715-835

920
870-880
&860
830-880

(A) Relatively pure, near-stoichiometric samples
0.23—0.46 0.033-0.064
0.21-0.49 0.062-0.091
2.07-3.57 0.056—0.12
0.39-1.47 0.079-0.11

(B) Relatively pure samples with excess oxygen
0.40 0.10-0.11 0.028-0.037

0.64—0.7/ 0.12-0.16 0.019—0.032
~ ~ ~ C 0.11-0.12 0.040-0.045

0.11-0.19 0.027—0.037

6.0X10~3.8X 10'
21-4100

1.1X10'-6.0X10'
1.3X10~18X104

0.054
22-67
42-79
19-36

0.073-0.15
0.10—0.21
0.25—0.63
0.21-0.82

0.040
0.044—0.14
0.050—0.068
0.055—0.057

314 374
6970
496
329

314 579
4765
392

41365~

1.510
1.506

1.510

870-900
770-840

780
710

590-700
690
670

(c)
0.50-0.55

0.04/
0.058

0.29—0.42
0.065
0.047

~ ~ ~

0.039
~ ~ ~

0.0075
0.016-0.020

~ ~ ~

0.0066
0.0075-0.015

Impure or doped samples
0.12-0.19 0.035-0.042

0.049-0.11 0.033
3.2-8.7
18-36
0.027

~ ~ ~

0.92-1.7
~ ~ ~

0.038
0.017-0.040

0.024—0.061
0.049—0.11

~ ~ ~

0.031
~ ~ ~

0.023
0.0090-0.022

a Resistivity was a function of sample orientation. See text.
b Resistivities in these runs precluded proper analysis of data; for this sample, small negative magnetoresistance effects were observed below 40 kG,

which gave way to positive magnetoresistance effects at higher fields.
o Data on this sample taken only below 110 kG; no estimate of M could be made.
~ Magnetoresistivities saturated at approximately hp jpo =0.17.

below the level of 300 atomic ppm was found to be ex-
tremely troublesome. High-purity Ti metal was used as
starting material and rigid precautions were taken to
exclude N2 gas at a.ll stages of the reaction and during
crystal growth.

After orientation, the single-crystal boules were cut
into sections approximately 1X2XSmm in dimension.
The samples were etched and Cu leads were atta, ched
with In solder for Hall and for four-probe resistivity
measurements. Lastly, the specimens were mounted on
holders that could be immersed in liquid helium, liquid
nitrogen, or ice baths, or inserted in an evacuated
chamber. Magnetoresistance measurements up to 220
kG were carried out at the National Magnet Labora-
tory at MIT.

The sample stoichiometry was determined by heating
a portion of the boule in air or in oxygen. The oxygen/
metal ratio x was computed from the mass change,
under the assumption tha, t the reaction product was
exactly Ti02.

Altogether, about 20 different samples were used in
resistivity and Hall effect studies at 4.2, 77, and 273'K.
Some of these specimens were also run between 4.2 and
400'K and between 300 and 1000'K, using a com-
mercial adaptation of the Kelvin bridge, to determine
the change in resistivity with temperature.

III. RESULTS

A. Resistivity as a Fuo.ction of Temperature

The resistivities measured at 4.2 and 77.7'K are
shown in Table II. The purest and most nearly stoichi-

ometric samples have resistivities that fall well into the
10 0 cm range at 4.2'K. Sy contrast, Ti203 containing
1 at. 'Pq N exhibits a resistivity ot the order ot 10 '
0 cm; samples with the largest p values at 4.2'K also
exhibit the largest drop in p with rising temperature.

In each case there is an anisotropy in resistivity. It
is dificult to assess this eGect properly since samples of
different orientations were cut from different sections
of the boule, and thus may contain impurities in
variable amounts. However, available data show that
the resistivity is generally greatest when the current
Row is along the c axis, though sample 142 is a distinct
exception to this rule. The degree of anisotropy may be
as high as a factor of 10 at 4.2'K. and a factor of 2 at
/7'K.

A limited number of rapid resistivity measurements
with considerable scatter were carried out with sample
6365 in the range 4.2—273'K and with sample 142 in
the range 240—950'K. The objectives were to determine
the sharpness of the drop in resistivity above 500'K in
puri6ed samples and to extend prior measurement to
the liquid-helium temperature range. Results are shown
in Figs. 1—3.

It is seen from Fig. 1 that the resistivity of sample
6365 varies nearly exponentially with 1/T in the range
below 20'K. Runs 1 and 2 were carried out in two suc-
cessive months; the reason for the discrepancies above
16'K is not clear. The activation energy of 0.001 to
0.003 eV observed in various samples is at least one
order of magnitude less than those cited in the litera-
ture for data obtained between 200'K and the onset of
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the rapid drop-oR to lower pp values. It is concluded
that activation energies exhibited in Fig. 1 for T(20'K
characterize the thermal promotion of charge carriers
from impurity levels situated some 0.002 to 0.006 eV
away from band edges.

Measurements of po were carried out between 100 and
300'K on a number of samples; results for a typical run
are shown in Fig. 2. The activation energies computed
in this temperature range are thought to correspond to
band gaps, E,. In our experiments these varied from
0.027 to 0.050 eV depending on the sample under study.
These compare to E, values of 0.056—0.079 eV obtained
by Yahia and Frederikse, ' 0.079 eV as determined from
Morin's data, ' and 0.14 eV obtained from the data of
Abrahams, ' cited by Adler. '

The region in which po changes rapidly with T was
explored with sample 142, and the results a,re shown in
Fig. 3. Aside from minor cationic impurities, this speci-
men contained 270 atomic ppm N and 400 atomic
ppm C. The temperature range over which po diminishes
rapidly with increasing T lies between 400 and 500'K;
a shallow minimum in po is observed at approximately
800'I, before the resistivity rises again with a further
increase in temperature.

Both the resistivity range and the temperature inter-
val, over which p varies rapidly with T, are consistent
with the earlier work by Ya.hia and Frederikse. ' How-
ever, the resistivities quoted here lie roughly one order
of magnitude below those cited by Morin' or by
Abrahams. ' Also, the transition range in temperature is
considerably smaller than that cited in Ref. 6.

B. Hall-Effect Measurements

Attempts were made to measure the Ha. ll eRect of the
samples listed in Table I at 4.2, 77.7, and 273'K.
Extreme difhculties were encountered in the liquid-
helium temperature range for samples in group A or B

10,000—

1,0-

O

I—
V)
U)
LLJ
K

0.1—

O.OI
0

I I

4

1000/T ('K )

12

Frc. 2. Variation of resistivity of sample 6365 at
intermediate temperatures.

C. Magnetoresistance Effects at and above 77'K

Magnetoresistance da.ta were taken at 77'K on most
of the samples listed in Table I; in some instances a,ddi-
tional measurements were carried out at 273 and 338'K.

of Table I. Here the transverse voltages arising from
probe misalignment and from the transverse component
of the anisotropic resistivity exceeded the Hall voltage
by factors of 10' to 10'. The only exception was sample
562 (x=1.515), which showed a noticeable Hall signal
and a negative Hall coefFicient R, which diminished
smoothly from —1.13 to —0.50 crn'/C as the magnetic
field was increased from 0 to 170 kG. It is not possible
to decide on the basis of existing data whether this be-
havior is representative of the Hall eRects encountered
with samples closer to ideal stoichiometry.

Hall coeKcients determined at 77 and 273'K are
listed in Table II. Invariably these are positive (in-
cluding those for sample 562), small, and independent
of magnetic field. Both the Hall and the magnetore-
sistance data taken at or above 77'K are consistent
either with a material where carriers in a valence band
dominate conduction or with a model involving joint
participation of electrons and of holes with comparable
effectiveness.
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180 240

FIG. I. Variation of resistivity of sample 6365 with
temperature at low temperatures.

' D. Adler, Phys. Rev. Letters 17, 139 (1966).

2

1000/T ( K. )

FIG. 3. Variation of resistivity with temperature for sample
142 in the transition region.
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FIG. 4. Magnetoresistance at 4.2'K of Ti203 plotted as a func-
tion of II and of H'; data representative of samples in group A
of Table I.

I xo. 5. Magnetoresistance at 4.2'K of Ti203 plotted as a func-
tion of H and of H~; data representative of samples in group 8
of Table I.

The magnetoresistance was barely detectable, and in
no case did Ap/pe exceed 10 '. A few samples even ex-
hibited negative magnetoresistance effects.

D. Magnetoresistance at 4.2 K

In Pigs. 4—6 are shown the magnetoresistance data at
4.2'K for three representative single crystals of TiO,
with x=1.504, 1.512, and 1.515, respectively. These
data illustrate the trend, observed in all cases examined
in this investigation, according to which hp/pe initially
rises quadratically with applied magnetic field H. In
general, the more nearly stoichiometric and the purer
the sample, the greater is the initial slope Sc—= [cl (Ap/pe)/
cl(H2) je, and the larger is the range of magnetic fields
over which the quadratic dependence Ap/p&~H2 holds.
This trend was further confirmed with numerous ob-
servations on samples doped with 0.1 to 0.5 at. /o of V,
Cr, Mn, or Fe, and on samples that were heavily con-
taminated (up to 0.8 at.%) with. N. All such specimens
were characterized by small or near-vanishing values of
~P/Pe

IV. DISCUSSION

A. Magnetoresistance Predictions for a
Two-Band Model

For samples that are relatively pure and close to
ideal stoichiometry, Dp/pe at 4.2'K has a value of three
to four in magnetic fields above 200 kG. This is con-
siderably above the maximum value of hp/pe=2. 4 pre-
dicted for materials characterized by a single band of
standard form. "Moreover, this maximum ought tobe
approached asymptotically, whereas for the purer

'OA. H. Wilson, The Theory of 3fetals (Cambridge U'niversity
Press, New York, 1954), 2nd ed. , pp. 234-242.

specimens studied here hp/pe was increasing linearly

with B' at the highest available magnetic fields. The
conclusion seems inescapable that these magneto-
resistance data cannot be interpreted in terms of a one-

band model. Therefore, it is concluded that more than
one type of charge carrier participates in the conduction

process. For two carriers, the resistivity for an isotropic
material in a magnetic field is given by" "

(trt+tr2)+H &1&2(&1+1+cr2R2 )
p=

(at+~2)'+H'a 1'~2'(&1+~2)'

p=
n „ets „+n~ets„

1+(H'/c')ts ts, (n„ts +n ts,)/(n tt„+n„ts,)
X )

1+ (H'/c')ts„'ts„'(n, n)'/(n. ts„+—n, ts,)'
(2)

"E.H. Putley, The Hall Egect and Related Phenome2ta (Butter-
worths Scientific Publications, Ltd. , London, 1960), p. 88.

"T.C. Barman and J. M. Honig, Thermoelectric used Thermo-
magmetic Egects a2td Applications (McGraw-Hill Book Co., New
York, 19ti7), p. 88.

where o ~, 02, E~, R2 are the one-band electrical conduc-

tivities and Hall coefficients. As a first approximation
we set E;=Z,n, ec and r;=n;eIJ, ,-n;eIJ,;,where n; is the
charge carrier density, Z; =~1, e is the absolute value

of the electronic charge, p,; and p; are the charge-carrier
mobilities in the magnetic field and for H=O, respec-
tively. With these simpli6cations, Eq. (1), adapted to
the case of the two-carrier system involving electrons
and holes, becomes
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1+(H'/c')p, 'Ix~'(n. n-—)'/(n-p-+n». )'

so that with the definition pe=—(n ep +nyet~) ' the magnetoresistance reads

hp p H' (n~p„+n p~)/(n Ix +n»~) —p„p~(n~ —n )'/(n p„+n»„)'
1= p~py

Po Po
(3)

For an intrinsic material (n„n)—=0, so that the ex-
pression in braces equals unity, and Ap/pe should rise
indefinitely as II'. With

~

n„n—„~ &0, however, satura-
tion eGects will occur at values

&p) (n.p.+n», )(n»„+n.p„)—1, (4)
p0 jsat (n„—„)p„p„'12

which lie considerably above the one-carrier maximum
value of 2.4 so long as

~

n n„~—remains small. LNote
that for n„))n„or for n~)&n„, Eq. (4) actually ap-
proaches zero. This is so because in setting p;=p we
have not taken into account the effect of magnetic Geld
on the charge-carrier mobilities. ]

Very considerable simplification is achieved by con-
sidering the special case of a solid characterized by
mirror-image bands for which p, =p„—=p, . In this event,
Eq. (3) reduces to

While the present data indicate that Ti203 is aniso-
tropic in its electrical properties, the above relations
should be useful in a semiquantitative interpretation of
the results. Indeed, for a given sample and orientation,
it has been found empirically that the results at 4.2 'K
conform well with Eq. (5). Thus, for the limited ob-

jectives of the present discussion we shall adopt the
equations based on the mirror-image band model.

According to Eq. (5) the initial slope of a graph of
Ap/pe versus H'/c' is given by Se——p'(1 —A'); more-
over, a plot of (SeH'/c2)/(Ap/po) =d, vers—us H2/c2 t sug-
gested by taking the inverse of Eq. (5)]yields a straight
line with intercept unity and slope S&=A 2@2. From the
two slopes, So and S~, one can thus evaluate p and A
separately, to obtain semiquantitative information on
the carrier mobility and on the ratio of minority to
majority carrier density, according to

1—A2Ap H'
p2

pe c' 1+H'p'A'/c'
(5) and

where

p, = (Se+Si)'"

M=—n;„/n„„= (1—A)/(1+A),

fd p l 1—A'

l po~sst
(7)

which, again, is considerably in excess of the one-band
value unless

~
n„n„~&&0 givi—ng A 1.

H
~O3

V SeC

0
0.8

0.8
I

1.6 24 3.2
i I

A =—(n„—n.) /(n„yn„)
For a material with mirror-image bands the satura-

tion value of the magnetoresistance is given by

A —=
t S /(S +S )]'". (10)

This method of analysis is illustrated by its applica-
tion to the data shown in Fig. 6. At regularly spaced
values of (H /c')/10' values of S0H'/c and hp/pe were
read oG the dashed straight line and the curve, respec-
tively. The ratio of these values is plotted against Hm/c'

in Fig. 7, yielding a straight line.
Values of p, and of e at 4.2 'K obtained by this type

of analysis are collected in Table II. The ranges in p,

and e indicate the variation encountered in each sample
on changing the crystal orientation relative to the mag-
netic field and current Qow directions. The following
trends can be established: (a) The largest carrier mo-

0.6
2.2

h,p 0.4
PO

).8—

0.2 f.4—

40 1600 80 )20
H (&G)

Fn. 6. Magnetoresistance at 4.2'K of Ti20g plotted as a func-
tion of II and of H'; data representative of samples in group C
of Table I.

)0 f /, f
.

1 ), $ & 0 t I 0 l 'l

0 p

iO~
" 'I'

FIG. 7. Graph illustrating data analysis (see text).
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bilities were encountered in samples that are both close
to ideal stoichiometry and reasonably free of impurities.
For the best samples, the mobilities ranged slightly
below 1000 cm'/V sec, and the density of electrons and
holes was approximately equal. No deviations from the
quadratic dependence bp/ps Bs were observed for
magnetic fields up to 220 kG. (b) For materials where
x&1.507 and which were not heavily doped or con-
taminated, the mobilities fell in the range 830—920
cm'/V sec; also, M values were spread over the range
0.40 to 1.Deviations from the quadratic ft p/ps H' law
were encountered above 100 ko, and the magneto-
resistance of these samples was well below that of the
pure materials. (c) For materials which were lightly
doped with Sc, V, or Cr, or which were contaminated
by nitrogen in amounts exceeding 0.25 at.% relative to
Ti, the carrier mobilities varied between 590 and 900
cms/V sec. The ratio of minority to majority carrier
density fell as low as 0.047 in some instances; this is re-
Qected in a concomitant departure of the magneto-
resistance from the Lt' law in fields as low as 20 kG.

B. Band Structure of Ti~03

The rapid change of ps with T (as in Fig. 3) has
generally been regarded as signalling the onset of a semi-
conductor-metal transition. Since Ti203 does not exhibit
any phase changes below 1000'K, it was suggested that
the tra, nsition is due to antiferromagnetic ordering
below 500'K, with a concomitant splitting of a half-
filled band into a filled and an empty subset of band
states. ' ' However, Goodenough' recognized that the
transition was more probably due to a separation of
overlapping of bands as a result of decreasing c/u ratio
with lower T. His model was essentially that to be de-
scribed, except that he implicitly anticipa, ted much
smaller valence-band mobilities.

Recent experimental evidence casts serious doubt on
the presence of antiferromagnetic ordering in Ti203.' "
Hence it seems desirable to base the interpretation of
our data on Goodenough's alternative scheme, which
does not have recourse to magnetic ordering eEects.
Critical to the development of this scheme is the sym-
metry argument for band splitting in Ti&03 recently
discussed by Kleiner. "The direction of greatest sym-
metry in the 6rst Brillouin zone of rhombohedral
crystals" lies along the F-A.-Z direction. Energy bands
along this direction arising primarily from d-type
cationic levels are sketched in Fig. 8, together with the
orbital degeneracies required by group theory. The band
states have been labeled in the standard notation appro-
priate to the D3g point group.

's J. B. Goodenough, hiagnetism and the Chemical Bond (Inter-
science Publishers, Inc. , New York, 1963), p. 256.

'4 H. Kendricks, S. Werner, and A. Arrott, I. Appl. Phys. 39,
585 (1968).

"W. Kleiner, MIT Lincoln Laboratory Solid State Research
Report No. 4, 1967 (unpublished).

te J. C. $1ater, Qnantnm Theory of hloteetdes and Solids
(MoGraw-Hill Book Co., New York, 1965), Vol. 2, p. 418.
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There seems general agreement that the I'~ and F»
bands lie lowest in energy. The relative positions of all
higher-lying bands is quite uncertain. Since the crystal-
field splitting parameter 10Dq is small in compounds
with the corundum structure, the eo (sr) and e, (o) bands
may all overlap. However, these details are not im-
portant for the general argument here. Consideration of
symmetry requirements demands only that, in the
absence of spin-orbit coupling, the I'5 and I'6 bands be
doubly degenerate and that there be a double degen-
eracy at Z» and a quadruple degeneracy at Z2 and Z3.
In a crystal with X unit cells the I'& and I'4 bands have
a total capacity, including spin degeneracy, for 4E
electrons. Since the unit cell contains four Ti atoms,
each of which contributes one electron to d-like states,
the F& and I'4 bands are exactly 6lled in a pure crystal
with the ideal. Ti203 stoichiometry.

The fact that the magnetoresistance at 4.2'K is much
larger than can be accounted for on the basis of a one-
band model and the fact that the resistivity of the purer
Ti203 specimens exceeds 10' 0 cm in the liquid-helium
temperature range, show that at 4.2'K there is no
overlap between the F&-I'4 bands and any higher-lying
energy states. In this event, the Fermi level at O'K
would be expected to lie in the band gap bounded by
the points F4 and Fg, as shown in Fig. 8. The location of
the Fermi level with respect to the band-structure
scheme drawn here differs nontrivially from that pro-
posed in Ref. 17. From the information given in tha, t
publication, it is not possible to ascertain the origin of
the discrepancy. One should note that in our scheme it
is unnecessary to invoke antiferromagnetic ordering to
obtain the band gap that is required to explain the semi-
conducting properties of Ti203 at low temperatures.

For the purest samples at 4.2'K, the carrier concen-
trations (tt) are of the order of 10"cm ', since the mo-

"D. Adler, J. Feinleib, H. Brooks, and W. Paul, Phys. Rev.
155, 851 (1967).

r A z

Fxo. 8. Energy band scheme for Tigoe, adapted from Ref. 15.
Numbers in parentheses indicate degeneracy of levels. The other
numbers indicate symmetry character.
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bilities determined from magnetoresistance data are
close to 10' cm'/V sec and the resistivities are 10'—10'
0 cm. If the electron density in the filled valence band
is taken to be eo ——3.8X10"cm ', the concentration of
Ti in Ti&03, then the energy gap (E,) is found to be

0.02 eV by solving the equation

e=mo exp( —Eg/2kT). (11)

These quantities lie towards the lower end of the experi-
mental values reported in Sec. III A and are considera-

bly below those cited in the earlier literature. Further
careful experimental work is required to obtain accurate
values of Eg,' conceivably, this quantity is a function of
impurity content. In view of the known impurity con-
tent of the Ti203 samples, carrier concentrations of only
about 10'0 cm ' are somewhat surprising, since in other
low-gap semiconductors many impurity donor and ac-
ceptor species are fully ionized even at 4.2'K.

The rapid variation of p with T&300'K may be ex-
plained on the basis of the experimental fact' ""that
the unit cell of Ti203 is distended in this temperature
interval, which results in an increase of the c/a ratio
with increasing T. In connection with these findings we

adopt the suggestion in Ref. 1 that in addition to the
direct cation-cation interaction there is a considerable
contribution arising from 90 cation-anion-cation inter-
action which arises as a result of the participation of the
anionic sp3 states in bonding. The various a and e bands
are thus sensitive to the Ti-0 distances in the crystal,
which are decreased by the distension of the unit cell.

' R. E. N'ewnham and Y.M. de Haan, Z. Krist. 117,235 (1962)."P. Raccah (private communication).

This leads to a broadening and shifting in the relative
positions of the various bands in such a manner that
one would anticipate a diminution of the band gap, and
thus a rapid decrease in resistivity with rising tempera-
ture. By making allowance both for band broadening
and/or for a relative shifting of the bands so as to pro-
duce band overlap as a result of the distention in the
unit cell, it is possible quantitatively to account for the
variation of p with T at elevated temperatures, as has
been demonstrated in a prior publication. ' On this
model, then, the p versus T variation above 300'K
results from a shift of the lowest F~, I'4, Z~ band relative
to higher-lying bands, in the course of which the mate-
rial changes from a semiconductor to a semimetal. The
increase of p with T above 800 K is, in this view, due
both to the narrowness of the bands and to the usual
temperature effects encountered in a boma 5de metal.

In conclusion, it appears that the data cited here can
be interpreted without the necessity of invoking mag-
netic ordering effects.
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