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Data on the electrical, optical, magnetic, and structural properties of Ti~Og are reviewed; the diGerences between
the transition encountered in Ti203 and V~03 are particularly stressed. Perusal of the available experimental and theoretical
work leads to the conclusion that the transition in Ti303 can be explained without invoking antiferromagnetic ordering.
This is of particular relevance in light of recent experimental work which casts serious doubt on the commonly accepted
hypothesis that Ti20~ is antiferromagnetic. An alternative interpretation of the transition is overed, according to which
a gradual change in the position and width of two close-lying bands results in a change of Ti203 from a narrow-gap semi-
conductor to a semimetal. It is pointed out that a simple theory based on this model is in essential accord with the avail-
able experimental data, and that it satisfies the requirements imposed by crystal symmetry.

I. INTRODUCTION

In numerous investigations' 4 it has been confirmed
that the resistivity of Ti203 drops by a factor of roughly
50 as the temperature is raised from 300' to 750'K..
These findings stand in sharp contrast to V2O3, '~'
where the resistivity is altered by approximately eight
orders of magnitude at the transition temperature
(~150'K) where the crystal suffers a rhombohedral~~
monoclinic phase change.

Since there is no alteration in the crystal symmetry
of Ti203 in the range for which electrical properties
have been measured, the change in resistivity has
generally been interpreted as due to the splitting of the
conduction band into subbands when antiferromagnetic
order sets in.""The theory for the detailed course of
such a transition has been worked out by Adler and
Brooks, ' which involves a catastrophic shrinkage of
the gap as electrons are excited across it with rising
temperature. The application of this theory to Ti203 was
a natural inference of neutron-diffraction studies of
Abrahams, " according to which Ti~03 exhibits anti-
ferromagnetism below 660'K, with a sublattice mag-
metization of approximately 0.2 p~.

That there are difficulties in the application of the
Adler-Brooks model to Ti203 becomes evident in an
examination of various data. In the erst place, the
change in resistivity with temperature predicted with

than the experimental observations of this phenomenon
(see Fig. 3). The theory invoking magnetic transitions
obviously requires some modifications before it may be
considered as having properly explained the experi-
mental observations. In the second place, evidence
favoring the existence of antiferromagnetic order in
Ti203 is by no means clearcut, as is indicated in the
brief review given below.

A. Magnetic-Susceytibility Measurements

The work of various investigators" " is reasonably
concordant. The magnetic susceptibility x of Ti203 in
powdered form remains nearly constant up to ~400 K,
then rises sharply by 50% in the range 400'(T(
600'K, after which there is a further gradual rise of g
with T. These data do not seem to force the conclusion
that the material is antiferromagnetic; a small peak in
the x-vs-T plot reported by Adler and Selwood" for a
rather impure sample has not been confirmed in later
investigations. Measurements taken on single-crystal
specimens led Carr and Foner" to the conclusion that
long-range antiferromagnetic order is absent, since x
values obtained with the magnetic Geld parallel to the
c axis or lying in the basal plane were nearly equal and
both small.

S. Neutron-DiGraction Work
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according to Ref. 20, any magnetic moment present is
less than 0.07 p~.

C. X-Ray Emission Spectra

Chirkov, Vainshtain, and Vasil'ev" have examined
the x-ray emission spectrum of Ti203 at 410' and 560'K.
From an analysis of their data they conclude that no
long-range magnetic order exists in this material.

D. Negative Magnetoresistance Data

Magnetoresistance measurements" in the range 1.7'
to 4.2'K provide further, indirect evidence relating to
magnetic ordering. In these experiments Ti203 was
doped with 1—3 at.% VsOs to render the material
metallic, thereby suppressing the positive magneto-
resistance eGects encountered in highly pure crystals
(see below). One then observes )Fig. 1(b)) a rather
sizable negative magnetoresistance eBect, which is
interpreted as arising from inelastic scattering of
electrons by trace impurities possessing a local magnetic
moment. Both from the fact that the effect sets in at
the lowest applied magnetic field of 100 0, as well as
from a quantitative Gt of the experimental observations
to the appropriate theory, ""one is led to the conclusion
that in V-doped material there is no molecular exchange
field of the magnitude required for the persistence of
antiferromagnetic order in Ti203 into the 500'K range.
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II. POSITIVE MAGNETORESISTANCE EFFECTS

If one regards the above evidence as conclusive, it is
necessary to invoke another mechanism for explaining
the electric transition in Ti&03. Here, some magneto-
resistance data obtained recently with highly purihed
single crystals'4 provide a clue. For material with a
residual total impurity content in the range 0.004 to
0.16 at. % (N is found to be a particularly troublesome
impurity) one obtains positive magnetoresistance
curves of the type shown in Fig. 1(a). It is seen tha, t
in magnetic Acids H greater than 200 kG, Ap/ps exceeds
a factor of 4 while still increasing quadratically with
applied field. These facts are incompatible with the
upper limit of (6p/pp) 2.4 reached asymptotically
under neglect of quantization effects in a nondegenerate
material with a single band of standard form. " The
data are, however, consistent with a two-band model
in which both electrons and holes in nearly equal con-
centration participate in conduction processes in Ti203
at 4.2 K. If this is the case, the material is an intrinsic
semiconductor, with a narrow band gap of the order
of 0.02—0.06 eV. These conclusions are compatible with
(i) the observed Ap/ps(H) and (ii) the observation
that p)10' I/ cm at 4.2'K, and (iii) the fact that p
changes exponentially with 1/T.

III. CHANGE OF LATTICE PARAMETERS
WITH TEMPERATURE

The above information is *combined below with the
known fact that the a, c, and n parameters begin to
change rather rapidly above 380'K'~6—» and then
settle down to reasonably constant values above 500'K.
While the region of marked change is not well delineated
from the remainder and appears to depend on sample
purity, 's it correlates roughly with the region of rapid
change in electrical resistivity. The distension of the
unit cell with increasing temperature is such as to
bring the anions into closer proximity to the cations,
while increasing the spacing between cation pairs along
the c axis.
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FIG. 1. (a) Magnetoresistance of Ti203 with impurity content
p16 at.%. Measurements carried ont at 42'K. (b)
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ments carried out at 4.2'K.
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IV. SEMICONDUCTOR~~SEMIMETAL TRANS-
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THE ELECTRICAL TRANSITION IN Ti2O3

On the basis of the above evidence, the electrical
transition in Ti&03 has recently been reinterpreted'
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in terms of a gradual alteration in band structure, such
that the material evolves from a semiconductor at low
temperature into a semimetal at elevated temperature.
A band-structure scheme which satisfies the symmetry
requirements" of the corundum structure along the
I'—A—Z symmetry axis of the first Brillouin zone is
shown in Fig. 2. The bands are labeled by standard
group-theoretical notation according to the symmetry
of the 6ve d orbitals with respect to the point group
D3~ of the crystal structure, which splits the levels
into one u~„ two e, (0), and two e, (m) sublevels. The
corresponding orbitals have large lobes directed re-
spectively along the c axis, towards the nearest-neighbor
cations along the basal plane, and toward the octahedral
interstices in the basal plane of the corundum structure.
It seems generally agreed" ""that the a~, (I'~, I"4~Zq)
bands lie lowest in energy; with a capacity of four
electrons per unit cell, these bands are exactly filled

by one d electron contributed by each of the four Ti'+
ions per unit cell.

From the fact that pure Ti203 is a high-resistivity
semiconductor at 4.2'K, it appears that the next
higher-lying bands are separated from the lowest by a
band gap; this is of the order of 0.02—0.06 eV. The
Fermi level thus lies in the first gap, as shown in Fig.
2, and not in the middle of the uj, band as seems indi-
cated in Ref. 11.

It has recently been conjectured" that both the e
and the a states include an admixture of anionic sps

orbitals into the direct cation —cation overlap. In that
event, the observed di.stensions in the unit cell may well
lead to a broadening and/or relative shifting of the
bands, such that the band-gap energy decreases and
becomes negative with rising temperature.

eft W. Kleiner, MIT Lincoln Laboratory Solid State Res. Rept.
1967, g3, p. 44 (uupubhshed).
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FIG. 2. Sand structure derived from the d levels, along
the j."—A.-Z symmetry axis of the first Srillouin zone for the
corundum structure.
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where r is the relaxation time, v=—5 'Vse, and fs, the
Fermi —Dirac distribution function. Aside from the
parameters A, 8, and e it is necessary to specify J, and
the band gap at O'K. Care was taken to determine
the Fermi level as a function of temperature through
the requirement p=e.

The 6t to the experimental points, obtained with
A=2.25, 8=650'K, m=12, J=O.i eU, and 80——0.06
eV is shown by the full curve in Fig. 3. Presumably, a
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FIG. 3. The electrical transition in TigO~. Circles represent
experimental data after Abrahams. '2 Dotted line represents the
magnetic transition theory after Adler 9 Full curve represents the
band-broadening theory after Van Zandt, Honig, and Good-
enough. 29

To ascertain whether this explanation is of any
relevance to'the resistivity data shown in Fig. 3, Van
Zandt, Honig, and Goodenough" adopted a very crude
model to simulate the two lowest-lying bands in Fig. 2.
They considered two simple bands forming mirror
images at O'K, of structure 8 6J(cos k a+ cos k„a+
cos k,a), appropriate to a hypothetical simple cubic
lattice of unit cell edge length a; here J is a transfer
integral and k, the wave-number vector. Allowance was
made for a variation in band gap with temperature by
multiplying J for the conduction band with a tempera-
ture function f(T) =1+AL1+(8/7) "g—'. This has
the effect (a) of increasing the conduction band width
by a factor 1+A as the temperature is raised indefini-
te1y, (b) of having most of the change in band width
occur in a narrow temperature range controlled by the
exponent ss, and (c) of adjusting the narrow temperature
range so that it is centered about T=B. Standard
transport theory was then used in calculating the total
conductivity as 0 =0&+os, with
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more realistic model with an even greater number of
adjustable parameters would 6t the data at least as
well. It was checked that a band overlap of some
0.3 eV is required in order to reproduce the sharp down-
turn in p, and that a band width 6J of the order of
0.6 eV is needed to provide for an upturn in the re-
sistivity curve above 100'K.

It should be recognized that a magnetic-transition
theory involving five parameters might also produce
an excellent 6t to the data. Hence, the calculations
cited above should be interpreted with care. They
establish only that it is not necessary to invoke mag-
netic-ordering eSects in an interpretation of the
electrical transition in Ti203. However, they also lend
credence to the assertion that a standard theory of
two-band conduction processes, which makes allow-
ance for a change in gap energy from positive to
negative values, is consistent with all recent experi-
mental 6ndings on Ti203. If this assertion is correct,
Ti~03 represents an example of a semiconductor&~
semimetal transition.
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Discussion of Honig's Payer

H. Bttoozs (Harvard): It seems to me that if you have a model
with a very small band gap at low temperatures as you have
indicated and if you then assume that carriers are excited as the
temperature rises, the entropy gain that you will get by narrowing
the gap just because you are bringing states closer together will
by itself account for the distortion of the cell which would produce
the transition.

J.M. HoNro: Indeed, I would not quarrel with this viewpoint—
which is precisely why I was careful earlier to explain that the
calculations by Van Zandt, Goodenough, and myself are con-
sistent with the experimental data, but are by no means com-
pelling. The suggestion by Professor Brooks may be a good
alternative explanation. It seems to me that any mechanism that
is ultimately adopted to explain the results would have to lead
to band overlap at higher temperatures. For, this feature is
needed to obtain the rapid downturn in the plot of log p versus
1/T. In the model Professor Brooks suggested it is not immedi-

ately evident whether one would indeed encounter electrons
and holes in the correct concentration to observe such an e6ect.
Perhaps, I misunderstood you slightly. It is my feeling that we
are at much too ear1y a stage to pin the detail down. We now
have at hand a good method for growing single-crysta) specimens
of reasonable perfection, and much more work will have to be
done to understand the detailed features of the observations.

D. ADLER (Massachusetts Institute of Technology): An en-
crease in the length of the c axis surely will not favor a widening of
the bands. Consequently, it isn't the c/a ratio that is the critical
parameter in determining band width, but rather the length of
the e axis. The c axis only contracts 0.4% over the range of the
transition. I don't believe this small a variation could double
the width of the bands. I would therefore like to suggest that
the band gap is always small and negative in Ti203, and that an
excitonic insulator state is formed at low temperatures. This
would supress the conductivity in the low temperature phase
without the need for invoking a striking change in band width.

J. M. HONn: I would label this suggestion as the Adler variant
to the interpretation of the experimental data and would by no
means discard this as a possibility. Again, at this stage it is
much too early to settle on a definite alternative mechanism to
replace the antiferromagnetic transition that has been postulated
to date. The bands are originally roughly 0.6 eV in width and the
overlap beyond 1000'I amounts to roughly 0.3 eV. In the body
of the manuscript a statement should have been inserted, as was
done in Reference 29, that other types of calculations were also
performed. In these both bands were allowed to increase in
width to a lesser extent and/or the centers of gravity of the two
bands were moved closer together. Any of these alternatives
provided as good a fit to the experimental data, as long as the
overlap was suKciently extensive. Thus, the model proposed in
the text is not contingent on having an increase in band width
whch exceeds a factor of 2.

W. PAm (Harvard): You know your argument is qualitatively
diferent from some of those for VO~ and V~Og. The size of the
discontinuity at the transition in these materials increases as we
obtain purer and purer materials. In the theories presented for
them the size of the discontinuity doesn't matter terribly much
yet, but in your case it does, since you are trying to fit the data.
I just want to ask whether you are confident enough now of the
quality of your Ti&03 that you think this is the final size of the
jump in resistivity that has to be Gt quantitatively.

J. M. HoNro: The work described earlier was carried out on
materials with a total impurity content that was frequently less
than 160 atomic parts per million. By many standards this is still
rather poor, but it probably represents a significantly lower
degree of contamination than the total impurity contents in the
samples studied by other investigators.


