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bors. Similarly, considerations of electronega-
tivity differences, which would imply that oxygen
be negatively charged, seem not to be relevant:
For our configuration even a small charge on the
oxygen would be inconsistent with the observed
work-function change of 0.3 eV. It was this fact
that led Hagstrum and Becker' to postulate a,

structure in which nickel is coplanar with oxygen,
allowing charge transfer without a dipole moment.
However, such a model was found incompatible
with the LEED data. It would seem that for an
understanding of surface chemistry some modifi-
cation of traditional chemical concepts will be re-
quired.
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A model for the Ti, V&O& electronic d levels is proposed and shown to account satisfac-
torily for observed anomalous low-temperature specific heats in the system. In the (Ti,
V)20' systems, in particular, empty V d levels lie so far below the conduction band as
to penetrate the host valence band a short way.

Sjbstrand and Keesom' have measured the spe-
cific heat of a number of samples of Ti,O, doped
with varying amounts of vanadium. In the tem-
perature range from a few tenths of a degree Kel-
vin to 20 K, they have discovered a remarkable
anomaly. In this range, the specific heat exceeds
expected values by as much as 3 orders of magni-
tude. Furthermore, after an initial steep, linear
rise, this excess specific heat levels off and be-
eornes almost independent of temperature.

In a series of publications, Sjostrand and Kee-
som' ' have offered a "one-dimensional" band
structure characteristic of the pure host materi-
al as a model for the origin of the anomaly. The
"one-dimensional" model fits the specific-heat
data extremely well. A similar model had been
used for describing anomalies in the V3Si system
by Labbe and Friedel. ' However, as has been

argued elsewhere, "a one-dimensional band can
only be found in a three-dimensional lattice as an
approximation to an highly anisotropic three-di-
mensional band. The structural characteristics
of +3Si lcad natural ly to extre me anis otropy whi le
those of Ti,O, do not. 'The existence of one-di-
Inensional bands in the Ti,O, structure would thus
be as anomalous and difficult to understand as the
curious specific-heat behavior it has been invoked
to explain. Also, such a model predicts corre-
sponding anomalies and anisotropies in other phe-
nomena such as transport where, however, they
have not been observed. ' A final puzzle is that
each V ion seems to contribute only 0.12 of the 3
degrees of freedom we would expect (or 0.4 of
the single degree expected in one dimension).

We thus take the position that the success of
the "one-dimensional" hypothesis, although strik-
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ing, is fortuitous, and seek an alternative expla-
nation of the specific-heat data in accord with the
three-dimensional nature of the Ti,Q, corundum
lattice. To this end, we examine the data to see
precisely what is required of a model.

The data of Keesom and Sjostrand on a variety
of V-doped Ti,Q, samples are shown in Fig. 1.
The normal lattice specific heat, obtained from
studies of undoped samples, has been subtracted.
The anomalous C~ is a steep, linear function of
T at low T; the slope of the rising portion varies
inversely with vanadium content. In the neighbor-
hood of a characteristic temperature T„ the
curves become level, C~ remaining nearly con-
stant for higher temperatures. The apparent T,
is roughly proportional to the square of the V con-
tent, X, and the initial slope varies inversely
with X, so the saturation value of C~ is propor-
tional to vanadium doping. The curves are ter-
minated where the lattice specific heat becomes
dominant.

The large saturation value, -10' mJ/mole Ti,
absolutely demands a model with a large number
of degrees of freedom, comparable to and linear
in the number of V ions introduced. The steep
initial rise likewise absolutely requires a high
density of states per degree of freedom. The con-
stant region up to 20 K requires an excitation
spectrum for each degree of freedom extending
with undiminished density to many times the
characteristic energy of saturation, kBT,.

All these features could be obtained from a
standard three-dimensional host band holding
dopant-introduced carriers. The high density of
states required by the anomalies, however, would
make the host-band effective mass turn out to be
about 2000 free-electron masses, a figure which
is inconsistent with the high mobilities observed
in pure Ti,Q,.' This model would also be incon-
sistent with transport data" and recent ultrason-
ic measurements' as well as high-temperature
specific-heat measurements in the transition re-
gion" around 500 K. Most of these objections ap-
ply with equal force to the one-dimensional mod-
el as well.

We present here a model which fits the specific-
heat data and is consistent with all other Ti,Q,
properties; a set of otherwise empty localized
levels associated with the vanadium ions lies so
far below the Ti,Q, host conduction band as to
penetrate a short way into the host valence band.
The resulting density of states is shown in Fig. 2.
The Fermi level at T =0 lies in the band of im-
purity states a short way from its lower edge.
As the impurity band penetrates the valence band,
electrons in the valence band empty into the un-
filled impurity states. This provides a few elec-
trons in the nearly empty vanadium band and a
few holes in the top of the nearly full host valence
band. These light holes account for the normal
transport properties of the system, including the
positive Hall coefficient seen previously. " The
initial steep rise in C~ as a function of T is due
to the very high state density in the impurity
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FIG. 1. Excess (over pure Ti203) specific heats of V-
doped samples. Solid lines, theory obtained from the
present model. Symbols, representative data points.
(Data are available at much closer intervals. ) On the
linear, low-temperature portions, the model and the
data coincide exactly, and no data are shown to avoid
0rowdlng.
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FIG. 2. Proposed density of d states of V-doped
Ti,03. (a) General structure proposed by Van Zandt,
Honig, and Goodenough with V states added according
to the present model; (b) expansion of the region around
the Fermi level.
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band. At a temperature T, corresponding to the
degree of filling of the impurity band, the impur-
ity-band electrons become more like a nondegen-
erate gas, hence the specific heat tends to as-
sume a constant, DuLong-Petit value characteris-
tic of the number of electrons shifted from the
valence band to the impurity band. This feature
of the model accounts for the relatively small
number of electrons per vanadium ion (0.12). At
still higher temperature characteristic of the en-
tire width of the vanadium band, the electrons be-
come uniformly distributed through the vanadium
band and cannot be further energized; the specif-
ic heat tends to fall to zero. Finally, the holes
in the host valence band contribute a portion to
C~ linear in T, but with a relatively smaller
slope because of the much larger valence band-
widths and consequently reduced density of states.

The model requires four parameters for com-
plete characterization: (1) the effective mass of
the host valence band, m*, (2) the degree of pene-
tration of the vanadium band into the valence
band, f„( )3 the total number of vanadium band
states, c, and (4) the width of the vanadium band,
2~. Qf the four, m ~ is least precisely deter-
mined by the experiments. (We used a parabolic,
three-dimensional, valence band. ) At the "high"-
temperature end of the curves of Fig. 1, the
anomalous C~ is rising again. This rise is the
effect of the hole contribution and is more steep
with increasing m *. We adjust m * to match this
rise, but this is the range of T where the phonon
contribution becomes dominant and thus where
the experimental excess C~ is least accurate. f,
is determined by the "saturation" value of the
flat portion of the curves; (f,m*)'~' is proportion-
al to the number of vanadium band electrons and
valence band holes. c must be a constant multi-
ple of the vanadium concentration. As we shall
argue presently, the constant is 4. 6 is deter-
mined by the slope of the steep initial rise since
the vanadium band density of states varies in-
versely with the bandwidth. For simplicity of
calculation we took the vanadium band density of
states to be constant across the band, as indicat-
ed in Fig. 2. We could introduce further parame-
ters by complicating the shapes of bands involved,
or allowing the parameters to become functions
of temperature; four, however, is the absolute
minimum required by the model.

The experiments were performed on. samples
with a variety of vanadium concentrations. We
obtained a reasonable fit to the various curves by
letting go and 6 be linear functions of the concen-

tration; with m *= 3.5m o, &, = (240+ 85n) K and &
=(—20+15n) K. n is the relative vanadium con-
tent in percent. These relations should not be
regarded as anything but rough characterizations,
however. Particularly at the lower concentra-
tions, the vanadium levels apparently have a
more complex structure than we have assumed.
The parameter c is, of course, strictly linear
in V concentration, and the host-band effective
mass m* is constant.

Figure 2(a) shows the general scheme of d
bands in Ti,Q, as proposed by Van Zandt, Honig,
and Goodenough. " Shown as well are proposed d
impurity levels of vanadium ions in the Ti,Q3
host. The lowest-lying a, &

states are filled by
the two d electrons of V" ion. The next highest
d levels are of eg symmetry and are doubly or-
bitally degenerate. Together with the spin degen-
eracy, this provides the four states per V ion
mentioned earlier. These eg states are so tightly
bound to the V ion as to fall below the upper edge
of the aug valence band. This model is also clear-
ly consistent with the suggestion of Honig et al."
concerning the origins of the positive Hall coeffi-
cient of V-doped Ti,Q, .

The calculation of the specific heat from this
model is elementary and will not be discussed
here. The results are shown as solid curves in
Fig. 1. The model provides a satisfactory expla-
nation of the anomalies, although some details
are not reproduced. It is clear that by including
various refinements as discussed above, the fit
to the data could be much improved. This dis-
cussion provides a model for the anomalies, but
as a theory it is incomplete. We have offered no
explanation for the concentration dependence of
t;, and b, . The model suggests further that there
should be a correspondingly enormous electronic
susceptibility anomaly which we shall discuss
elsewhere.

It is possible to construct a similar model for
a corresponding anomaly in the specific heat of
VQQ3 doped with Ti." In this system, the spe cif-
ic-heat anomaly is of similar magnitude at low T,
but does not show the saturation behavior. As we
have just discussed at length, the saturation be-
havior of (Ti, V),0, occurs because otherwise
empty levels of V penetrate the host valence band.
To eliminate the saturation, therefore, we need
only consider partially filled levels of Ti pene-
trating a V,Q, host band. V" ion has two d elec-
trons which we ac counted for by assuming a, g
vanadium level below the Ti,Q, valence band.
Ti", by contrast, has only a single d electron.
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Because of spin degeneracy, any level into which
it goes will be partially filled. Thus we may ap-
ply this model to (V, Ti),O, by assuming that the
lowest Ti level, whatever its symmetry, slightly
penetrates the V,o, host valence or conduction
band, whatever their symmetries.
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Thermoelectric Power of Tetrathiofulvalinium Tetracyanoquinodimethane*
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Measurements of the thermopower of the organic conductor tetrathiofulvalinium tetra-
cyanoquinodimethane have been made in the region 10-3&0'K. At high temperatures (T
&140'K} the samples are metallic showing increased electron correlations as the temper-
ature is lowered to about 56'K. At this point the thermopower is zero and a discontinuity
marks the transition to the insulating state.

In a. recent Letter Coleman et g/. ' reported the
observation of a high conductivity maximum in
the organic charge-transfer salt tetrathiofulvalin-
ium tetracyanoquinodimethane (TTF-TCNQ). The
magnitude and temperature dependence were in-
terpreted in terms of superconducting fluctua-
tions preceding a transition to a Peierls insulat-
ing ground state. The extraordinary conductivity
maximum has been observed in only a few of the
many samples tested. The remaining samples
show a qualitatively similar conductivity, but
with much smaller maxima of magnitude varying
from 5 to 25 times the room-temperature value,
in general agreement with the results of Ferra-
ris et al.

The structure of TTF-TCNQ' consists of alter-

nating chains of TCNQ anions and TTF cations,
creating strong anisotropy in the electronic prop-
erties and a quasi-one-dimensional conductivity
similar to many of the other highly conducting
TCNQ salts. ' The one-dimensional chains are
extremely sensitive to imperfections, defects,
and impurities as a conductivity measurement
on a highly conducting chain would be limited by
the resistance of any interruptions. It is there-
fore plausible that the measurement of an ex-
tremely high conductivity would only be observed
in near-perfect crystals. The thermoelectric
power, however, is a zero-current transport
measurement and would not be limited by breaks
in the chains assuming that most of the tempera-
ture drop occurred across the unbroken regions
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