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The Seebeck coefncient a for pure and V-doped Ti,O, single crystals has been measured between 54 and
500 K. A very strong peak in a near 75 K for TizO, is interpreted as arising from phonon-drag effects; this
peak is missing for the V-doped specimens. Between 150 and 350 K the variation of a, with temperature T
could be interpreted in terms of a standard model for mixed conduction in a semiconductor. For T & 350
K, a diminished rapidly with increasing T, which reflects the semiconductor-semimetal transition that has
been reported in the literature on the basis of conductivity studies. The effect of doping on thermoelectric
phenomena has been investigated in detail and is found closely to parallel the effects encountered in
conductivity measurements. An explanation is offered as to why V-doped Ti,O, exhibits p-type
characteristics. Values of relevant band parameters have been determined.

I. INTRODUCTION

There has been considerable interest in the elec-
trical properties af TizO»; most of this work,
which is largely confined to electrical conductivity

studies, is summarized in several review arti-
cles. Attention has been focused primarily on
the electrical transition @which occurs bebveen ap-
proximately 400 and 600 K, in vrhich range the ma-
terial changes from a semiconductor to a semi-
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metal. The origin of this transition was controver-
sial for some time; however, it now seems gen-
erally agreed that this change arises from a gradual
reduction of a band gap with an increase in tem-
perature, which is followed by band overlap. These
changes occur as a concomitant to a lattice dis-
tension without change of symmetry which coin-
cides with the electrical transition.

In this connection it appeared of interest to in-
vestigate the thermoelectric properties of single
crystals of pure and V-doped Ti~O&. The experi-
ments were designed in part to follow up on one
earlier study and in part to carry through a set of
thermoelectric measurements closely paralleling
the resistivity investigations on V-doped Ti~03
published elsewhere. It will be demonstrated that
the model proposed earlier for the transitions'~'
is consistent with the data cited below. -

II. EXPERIMENTAL TECHNIQUE

Single crystals of Ti203 and V-doped Ti20~ were
grown by techniques detailed elsewhere. ' Ancil-
lary resistivity studies were carried out with a
standard four-probe technique; provision was made
for automatic recording of the voltage drop across
the sample under steady current flaw as a function
of the specimen temperature. The direction of
current flow was reversed periodically to permit
the averaging out of spurious thermoelectric sig-
nals.

Thermoelectric measurements were carried Out

with a bridge technique pioneered by Testardi and
McConnell. Chromel-c onstantan thermocouples
were used for the differential measurements and
copper-constantan for averaged temperature mea-
surements. The differential thermocouples and
two copper wires for Seebeck-voltage measure-
ments at low temperature were soldered into two
holes 0. 014-in. diameter with indium, using an ul-
trasonic vibrator. For measurements at higher
temperatures gallium-copper-tin alloys" were em-
ployed as solder. Temperatures below 77 K were
obtained by pumping on liquid nitrogen. After
equilibrium was established at a given temperature,
a heat pulse was sent through the sample by a mo-
mentary flow of current through a small heater at-
tached to one side of the sample. This set up a
small temperature gradient which first increased
and then decreased with time; this signal and the
concomitant thermoelectric voltage were fed into
the two arms of an x-y recorder, thereby produc-
ing a straight line whose slope could be accurately
determined and converted into Seebeck-coefficient
readings. This procedure is at once faster, more
convenient, and more accurate than the convention-
al point-by-point technique.

Due to sample size requirements it was impos-
sible to cut single-crystal specimens of different
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FIG. l. log&0 p vs 1/T for Ti203 in the transition-
temperature range.

orientations from the same boule. Consequently,
effects later ascribed to crystal anisotropy might
be partly masked by differences in sample stoichi-
ometry and in purity of different boules used in
these experiments. However, the orientation ef-
fects cited belaw agree with those reported in ear-
lier investigations.

III. EXPERIMENTAL RESULTS

The ancillary resistivity measurements for
several crystal orientations of pure Ti&O& are shown
in Fig. 1. These results are consistent with the
measurements of Yahia and Frederikse but are
slightly at variance with other studies, ' ' where
the slight hump, seen in Fig. 1, at temperatures
just below the onset of the transition, is missing.
The origin of this discrepancy is not immediately
apparent. The activation energy computed from
the straight-line portion of Fig. 1 is &, =0.0318 eV.
A continuation of this plot into the low-temperature
range is shown in the upper portion of Fig. 2; the
remainder of the graph is discussed later.

The thermoelectric effects are shown in Figs. 3
and 4 as plots of the Seebeck coefficient versus
temperature. The observations on pure Ties are
again reasonably consistent with those of Ref. 5,
although the maxima in the neighborhood of 75 K
are much more pronounced, and the high-tem-
perature behavior of the Seebeck coefficient differs
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The results shown in Figs. 3 and 4 will be dis-
cussed under several headings: the high-tempera-
ture region, intermediate-temperature region,
low-temperature region for pure TiO&, and the
thermoelectric effects observed for doped TizO&.
The high-temperature results above 400 K will be
correlated with the semiconductor-metal transi-
tion in pure and doped Tiz03. In the intermediate-
temperature range between approximately 200 and
400 K the thermoelectric effects will be interpreted
in terms of a conventional two-band model. The
peak observed in the low-temperature range will be
ascribed to phonon drag effects. Finally, a parallel
will be drawn between the effects of doping on the
thermoelectric properties and on the resistivity,
as reported upon elsewhere. e

V. SEEBECKCOEFFICIENT IN HIGH-TEMPERATURE RANGE

According to the currently accepted model, Timol
is a nearly intrinsic semiconductor at low tempera-
tures. This may be understood as follows: There
is an incipient splitting of Ti 3d states into a num-
ber of sublevels under the influence of an incipient

' crystal field of the corundum lattice. A certain

in some details from the ear&ier study. As far as
the present writers are aware, no prior work has
been reported for thermoelectric effects in V-doped
Ties�.

IV. DISCUSSION OF RESULTS
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FIG. 4. Seebeck coefficients (0.) vs T for (Tj~V„)203.

degree of mixing of these states with 0 2s and 2P
states also occurs. This leads to a broadening of
the levels into a series of relatively narrow bands
of primarily d-type character. The lowest-lying
band, of a~ symmetry, is separated by a small
gap (of the order of 0. I eV, as shown below) from
higher-lying bands of e symmetry. With rising
temperature, the c parameter of the lattice is found
to expand and the a parameter of the corundum lat-
tice is found to contract over roughly the range be-
tween 400 and 600 K. As explained elsewhere, ~

this leads to a gradual diminution of band gap and
ultimately produces the onset of overlap between
the above-mentioned az and e bands. Thus, one
would anticipate. a steady decrease in Seebeck co-
efficient o thrcegh the transition region, which is
precisely what is observed. The details of the an-
ticipated changes in n cannot be readily calculated
because of two complications: First, the band gap
and degree of band overlap are strong functions of
temperature and are not accurately known; sec-
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ond, there is a gradual changeover from classical
statistics to degeneracy. The statistical theory of
thermoelectric phenomena in the transition range
is very complex; for this reason, no attempt was
made to fit the observations between 380 and 550
K to a theoretical model.

That the above explanation is tenable is indicated
by the fact that above 550 K all curves shown in
Fig. 4 approach a common range. This is consis-
tent with the concept that in the regime of overlap-
ping bands the density of charge carriers is so high
that the contributions arising from impurities or
from vanadium doping exert only a secondary effect.
It should be noted that the Seebeck coefficients are
uniformly positive, indicating a preponderance of
holes. This mattex will be dealt with at greater
length below.

VI. INTERMEDIATE-TEMPERATURE RANGE

Between 160 and 350 K the experimental findings
are consistent with a standard two-band semicon-
ductor model subject to classical statistics. This
fact does not prove the model to be correct, but
only that there is no need at present to invent a
more complicated model for the interpretation of
these data.

The specific assumptions on which the subsequent
analysis is based are the following: (1) The ma-
terial is a nearly intrinsic semiconductor such that
n„, n~» —,'(Nz-Nn) where n„and n& are the densities
of charge carriers in the valence and conduction
bands, respectively, andwhere N& and X~ are the
densities of acceptor and donor impurities, respec-
tively. (2) lt is assumed that formulas based on a
band of standard form are appropriate, and that the
use of classical statistics remains acceptable,
i. e. , that —p, , /ks T & 2, where p, is the Fermi
level calculated relative to the appropriate band
edge. (3) The relaxation-time formalism is intro-
duced in the theoretical analysis through the rela-
tion v=voc" ~/3, where v is the relaxation time,
v 0 a quantity independent of the energy &, and where
r is the scattering index. (4) A number of parame-
ters, introduced below, are assumed to be sensibly
independent of temperature T. (5) The mobility is
assumed to depend on temperature according to the
relation u, (T) =a& 7 ', where I is an adjustable pa-
rameter. In a number of cases, notably SrTi03
and KTag, ' I is empirically found to have values
close to l = 3. %'e have verified that a tempera-
ture dependence in the range between T ~ and T"3

for the mobility simulates the theoretically antici-
pated temperature dependence g 8 / & —1, with
k= 250 cm . The exponential dependence is sug-
gested by a theoretical analysis of the scattering of
charge carriers by longitudinal optical phonons; a
value k= 250 cm ~ was selected as being consis-
tent' ' with lattice vibration frequencies observed

in Baman scattering experiments. Since the rele-
vant k values are not accurately known, in the in-
terest of simplicity we continue to use the approxi-
mate relation uq

- T 3.
Preliminary calculations indicated that the strict-

ly intrinsic model, characterized by the condition
n„-n~= 0, did not fit the data neax'ly as well as the
nearly intrinsic model described below. Accord-
ing to the standard theory, ' ' the chm ge carrier
density in each band is given by

n„= ——,'(V„-N,)+[-,' (V„-N,)'+n']'",

n, =+-,' (V„-N,)+[-,' (V„-N,)'+n']"',
where

n'= 4(2'"'m,'"k,T/k')'e ""e'-,
n

in which m„and m~ are the effective masses of the
carriers in their respective bands, and E~ is the
band-gap energy; all other symbols retain their
conventional significance.

Since n„n~=n', the condition n„, n&» —,'(N„-ND)
cited earlier is equivalent to the requirement n
» & (N„N~) -Then .Eq. {1}simplifies to

n„=n ~(N„N—~), -n~ = n+ -,' (N„-N~) (3}

to first-ox"der terms. The two-band conductivity
now reads

cr =o„+o~=n„em„+n~eu&

=ne(u~+u„)+ 2(N„-ND)&{n~ -I,) (4)

to terms of first order of smallness. According
to Ecl. (2), n varies exponentially with T, whereas
I, changes as N., -T 3; therefore, the temperature
dependence of the total conductivity is dominated
by the first term on the right-hand side of Eg. (4).
This approximation should remain viable even if
the condition n» & (N„ND) is not -strictly satisfied,
so long as one is only interested in the dependence
of o on T. Thus, in the first-order approximation
the resistivity should be analyzed according to the
relation

~l-3/2 ee &/2k~ rP- Po

in the temperature regime below the transition,
where f~ can be considex ed sensibly independent of
T.

It was empirically found that plots of log, op/T' ~~~

vs I/7 for I/T & 3 and with I = 3 or 3—,
' yielded

straight lines, in contradistinction to Fig. 1, .which
exhibits eurvatures. The gaps calculated from
these plots are entered in Table I; they are larger
than those based on Fig. 1. This latter setwill later
be shown to be incompatible with the thermoelectric
data.

A similar situation exists with respect to the Hall
coefficient: From purely thermodynamic considera-
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TABLE I. Tabulation of parameters useful in two-band analysis of transport properties
for Ti203.

(a) Energy gaps, determined according to Eq. (5) from plots of 1og&pp/T~+ vs 1/T
l ~c (eV)

0. 10p
0 11e

(b) Charge carrier densities for Ti203 at 300 K, as determined from Eq. (8)
with R=0. 08 cm3/C (1&s&2)

oP m/s (10~9 cm)

3. 9
5.2
5. 9

(c) Partial conductivities at 300 K, as determined from Eqs. (4) and (8)
I lla

ap/a„

139
156
163

(a cm)-'

48
30
23

46
51
54

(a cm)-'

16
10
7. 8

(d) Parameters obtained from ac, Fig. 5, and Eq. (11)
VT tla V' llc

Ptf - PP
(eV)

0. 021
0. 012
0. 0072

(eV)

—0. 039
—0. 044
-0.046

Pp

(eV)

-0.060
—0. 056
—0. 054

4. 62
3. 5
3.1

~n- &n I"n

(ev) (ev)

0. 034 -0.034
0. 025 —0.038
0. 021 —0. 039

Pp
(eV)

—0. 066
-0.063 3. 9
-0.061 3.5

(e) Upper limits on band gap (see text, Sec. VI)
VTlla
~c (eV)

0. 18
0. 135
0. 12

VT llc

c (eV)

0.23
0. 18
0.16

tions it ma, y be shown ~ that the two-band Hall co-
efficient is given by

n~eg~ -n„e2

(n~ en~+ n„eu„)2 (6)

Another formulation, more relevant to our subse-
quent analysis, reads as follows:

s o~ n~ —a„n„s, , s a~/a„-1
a~+a„nea ~ " ne o~/a„+1

(8)
Finally, a standard thermodynamic analysis

where s is the parameter occurring in the one-band
Hall coefficients R~=Z, s, /n, e (Z, =+1). We shall
assume here that s„=s~=-s; it may be shown that
s, ranges between 1 & 3w/8s s,s 315s/512 & 2, de-
pending on the value of the scattering index r. On
introducing Eq. (1) into Eq. (6) and expanding, one
obtains a very complicated relation whose zero-
order term is given by

Wn
—0p 3 mn ~n 2&n+ ~c

k~ T '
m~ n„k~T (10)

based on irreversible thermodynamics shows that
the two-band Seebeck coefficient is given by

where A —= A„=A& is the transport parameter ap-
pearing in the expression for the one-band Seebeck
coefficient a& =(ks /e)(A, —p, /ksT), which, in the
standard theory, has values in the range 2~ A,~ 4, depending on the value of the scattering index
r. As earlier, the quantity p, , is given by p,„=P
—e, and p.&—=q„—f, where f is the Fermi level
relative to vacuum, and where &, and c„are the
band edge energies for the conduction and valence
bands, respectively. Since we are primarily con-
cerned with temperature variations of quantities of
interest it suffices to use the zero-order approxi-
mation, according to which n„= n& =n, where n is
specified by Eq. (2). On introducing the relation
eo = —p„—p& one obtains n„/n~ = (m„/m&)'
e'"~ "D'~ ~ . Using these relations it emerges that
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FIG. 5. Seebeck coefficients (e) vs 1/T for Ti203.

with which Eq. (9) may be reformulated as follows:

k~ o~ /a„—1
e ap/o„+ 1

In applying the above to the data at hand, it should
be recognized that we do not report here on any
Hall-coefficient measurements. A search of the lit-
erature revealed that the value R = 0. 08 cm'/C
represents a reasonable average for the Hall coef-
ficient at room temperature. It is of interest that
all R values reported in the literature are positive;
according to Eq. (7) or (8) this means that o&/a„
&1. Furthermore, the intrinsic carrier density as
computed from Eq. (8) is shown in Table I. For
values af a~/o„&7 the quantity n assumes rather
large values, especial)y if the upper limit is used
for s.

Equation (8) may be combined with the relation
0 = 09+o„ to determine the one-band conductivities
for pure Ti293 at room temperature. These re-
sults are also assembled in Table I.

The Seebeck-coefficient data were analyzed on the
basis of Fig. 5 which shows the variation of n with
1/T. According to Eq. (11) such a plot should be
linear, whereas Fig. 5 shows that the straight-line
region extends only over a very limited range. This
fact may be attributed to several factors: First,
the various parameters multiplying I/T in Eq. (11)
are not truly independent of temperature. Second,
cr = a9+ a„changes very rapidly at temperatures
above 400 K, thereby placing a lower limit on 1/T
over which a straight-line relationship might be
expected to apply. Third, the phonon drag effect
becomes appreciable below 150 K, which places an
upper bound on I/T over which the straight-line
relaiio~~. h'p 0:ight be expected to apply. In these

circumstances it makes sense to draw the straight-
line section of Fig. 4 to be tangent to that portion
of the curve which lies closest to the onset of the
transition, so as to minimize the contributions
associated with the phonon drag effect. Table I
shows the values of the parameters needed to fit
Eq. (11) to the slopes and intercepts of the straight
lines shown in Fig. 5; in the above the relationship
p pl9 2p.„+»~ with» ~ = 0. 11 eV was utilized. In-
spection of the table shows that for all three choices
of o~/o„ the Fermi level is found to be located
rather close to the middle of the band gap, which is
a very sensible result. The A parameters are also
quite reasonable; as mentioned earlier these should
lie in the range between 2 and 4. For a~/a„&3,
however, the A values get uncomfortably large.

It is noteworthy that the term zo(a&/o„—1)/
2&s(&r /o„+ 1) dominates (p„—p&)/ks. Since the
slope of the straight line in Fig. 5 is positive it is
necessary to have a& /a„& 1, in agreement with de-
ductions based on the Hall-coefficient determina-
tions. If the term (p„—p~)/ks is neglected alto-
gether, one can set an upper limit on the band gap
as indicated by the listing shown in Table I. These
limits are quite reasonable in light of available
data. Finally, it should be observed that a gap of
»~ = 0.0636 eV = 2», based on Fig. 1 is incompatible
with the data of Fig. 5 since negative values of the
ratio o~/o„would then be required to match the
slopes. The conclusion that c9 &a„very strongly
implies that the bandwidth for the valence band is
greater than that of the conduction band. Pre-
liminary numerical calculations are in reasonable
agreement with the scheme proposed here.

VII. PHONON DRAG EFFECTS

A case will now be made for linking the marked
peaks in Fig. 3 to the occurrence of phonon drag
effects in TizO&. Aside from the fact that these
peaks are similar to those reported where phonon
drag effects are well documented, one may cite the
following features in support of the above conten-
tion: (1) The peaks are absent in the (V, Tiz,)F03
alloys, presumably because impurity scattering
now is the dominating mechanism for the various
relaxation processes. (2) The size of this anomaly
was greatly reduced in investigations involving im-
pure samples. (3) No electrical anomalies af com-
parable magnitude have been observed in the resis-
tivity measurements of Fig. 2 nor in preliminary
Hall measurements over this temperature range.
In both of these latter sets of measurements plots
of log, o p and log, oR vs I/T and plots af log, a p/T
and log&OR/T I vs 1/T showed only changes in
slopes over the temperature range where the
marked thermoelectric anomaly is encountered.
(4) The data are reasonably consistent with the
standard theories of phonon drag effects.
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The theory, presented in great detail by Her-
ring, ~3 ~ predicts that the excess Seebeck coef-
ficient should vary with temperature as ha =—0. —0.~
cc T-~~~, where Ot is the observed Seebeck coeffi-
cient and e~ is the Seebeck coefficient ascribed to
the normal diffusive type of thermoelectric effect.
This exyression is expected to apply on the high-
temperature side of the peak and is predicted on
the assumptions (a) that the dominant phonon-drag
mechanism is through the interaction of electrons
with acoustic phonons; (b) that the relationship
fg=eq applies, where ~ is the frequency, c is the
velocity of sound, and q is the wave number of the
phonon, the sound velocity being considered a con-
stant; (c) that the collision processes are describ-
able by a single mean free path or single relaxation
time.

In the absence of a better procedure we elected
to determine the quantity hn by extending the
straight-line portion of Fig. 5 as shown and com-
puting the difference between the extrapolated por-
tion and the observed value of e. It was found that
plots of log, &b,o| vs log&0T were quite linear with
the following slopes: —3.74 for &T ~~a, —4. 43for
VT ll e inthelow-temperature range, and —4. 76 for
V'T II c in the high-temperature range. These values
are somewhat larger than the value of —3. 5 antici-
pated from the theoretical analysis. However, it
should be kept in mind that the slopes are quite
sensitive to the extrapolation procedures and that
the theoretical analysis leading to this result is
highly approximate. The main point to be made is
that h,e is a very strong function of T, as is ex-
pected for the phonon drag effect.

While the peak values shown in Fig. 3 are rela-
tively large compared to a values outside the peak
range, they are quite small compared to peak
values of over 17000 pV/K reported for pure Ge
near 20 K, and of 32 500 pV/K cited for ZnO (at
77 K, a was still rising strongly with diminishing
temperature in this case). The comparatively
small peak values of Dot which we observed may be
attributed to several factors. First, Tiz+ as grown
is not stoichiometric and is frequently highly com-
pensated. As mentioned earlier, impurities dimin-
ish the size of the peak. Second, according to the
present band model, both electrons and holes con-
tribute to conduction phenomena in Tim+ . Acc ording-
ly, in a thermoelectrie experiment carriers of
both signs are dragged towards the cold end of the
specimen. This leads to a partial canceQation of
effects and renders the observed value smaller than
it would have been had carriers of only one type
participated in conduction processes.

Unfortunately, lack of appropriate experimental
facilities precluded measurements of a below 55 K;
hence, there was no opportunity to check whether
data taken at temperatux'es below the pee'c. followed

the T' 3 law which is presumed to hold for phonon
drag effects on the low-temperature side of the
peak.

VHI. EFFECTS OF DOPING ON THERMOEI. ECTRIC
PROPERTIES

The effect of V doping on the thermoelectric
properties of Ti&03 is shown in Fig. 4. As is ob-
vious, the addition of V303 markedly reduces the
Seebeck-coefficient values in the temperature range
77-400 K, relative to those encountered in the
pure host material. It has been shown in earlier
work that addition of V303 introduces holes into
the valence band of the host lattice roughly in pro-
portion to the density of the dopant. One thereby
soon reaches a state in which the density of charge
carriers in the valence band greatly exceeds that
of the conduction band, so that the two-band model
used earlier becomes inapplicable. For sufficient-
ly high doping concentrations the mixed material is
expected to become metallic-a fact which is borne
out by the small values of u observed for doping
levels in excess of 2 at. %.

Preliminary thermoelectric measurements were
carried out by Eklund in the range from 4 to 82 K.
The Seebeck coefficient of a specimen containing
nominally 4-at. % V remained constant at n =+115
pV/K between 80 and 38 K and then diminished
steadily towards n = 0 with decreasing temperature.
There was no evidence for the existence of aphonon-
drag peak for this sample in the temperature range
under investigation.

There is a very good parallelism between the ob-
servRtioIls reported hex'e and the experiments pex'-
taining to the effects of doping on the resistivity of
the material. Chandrashekhar et ul. report that
the incremental addition of V&03 to Time diminishes
the size of the semiconductor-semimetal transition,
but does not change the temperature range over
which this transition occurs; moreover, for doping
in excess of 4 at. % the material remains metallic.
Correspondingly, one observes in Fig. 4 a progres
sive decrease in the variation of a with T in the
transition temperature region with increasing dop-
ing, while the temperature range in which this
transition occurs remains basically unaffected.
Just as in the resistivity measurements, the initial
addition of V203 to Ti3OS has a much larger effect
than any subsequent additions. Above a doping level
of 4 at. /p a varies very little with T and, in some
instances, increases with T, as might be expected
for a bona fide metal. Finally, if one adopts the
very elementary model according to which the Fer-
mi level and charge carrier density in a metal are
related by p~ = (b /2m)(3n/&r) ~3, and in which the
Seebeck coefficient is specifiedby a =+vmk~~T/3e p~,
then it is predicted that 0. should vary with doping
concentration as n at constant temperature, on
the assumption thRt tIle ehRl ge carrier concentra-
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The principal findings arising aut of this research
are the following: (a) An analysis of the conductivi-

ty, Hall-, and Seebeck-coefficient measurements
shows that the band gap in Ti&O&near room tempera-
ture is in the range 0. 10-0.12 eV. This repre-
sents an upward revision from values cited else-
where. ' ' ' The mobility of charge carriers
varies with temperature roughly as T ~. (b) See-
beck- and Hall-coefficient measurements show that
the partial conductivity of holes exceeds that of

tion is dominated by the impurity concentration in
the specimen. Figure 6 shows that a plot of log&on
vs log/01/x, obtained by reading off appropriate
values at 100 and 300 K from Fig. 6 does give rise
to a reasonably straight line with a slope of 0. 71.
This is in good agreement with the abave elementa-
ry predictions, and disagrees rather more serious-
ly with the value of + derived by Van Cong and

Mesnard for a heavily doped semiconductor.

IX. SUMMARY AND FURTHER DISCUSSION

electrons by factors in the range from 3 to 7; the
ratio of widths of the valence and conduction bands
also falls in this range. This represents a revision
of the mirror-image band scheme utilized by Honig
and Reed in their analysis of magnetoresistance
effects. As indicated in that reference, this simplifi-
cation was introduced at the time solely to minimize
the number of disposable parameters. Also, the
qualitative band-structure diagrams '~ presented in
the literature need be revised in the manner indi-
cated by the above conclusion. (c) The very marked
peak in the Seebeck coefficients of pure Tiz03 single
crystals near 75 K is ascribed to a phonon drag
mechanism. (d) The effect of doping Time with V
on the Seebeck coefficient is quite analogous to the
effect described elsewhere on the resistivity; the
basic conclusions drawn in that publication con-
cerning the mechanism of the transition are thus
reinforced by the present study.

The above data also conform to a number of ear-
lier magnetic susceptibility measurements
which show an increase inparamagnetic susceptibility
with rising temperature. This phenomenon was at-
tributed to the generation of charge carriers as a
concomitant to the increasing band overlap in the
region of the electrical transition.

Finally, it should be noted that the present work
offers one possibility for rationalizing the rather
puzzling observation that V-doped Ti~03 is p type,
despite the fact that V contains one more d elec-
tron than does Ti. The explanation hinges on the
fact that V doping is known to narrow the band-
gap. ' Hence at fixed temperature, a vanadium-
doped sample contains more carriers than a pure
specimen. Since the hole mobility greatly exceeds
the electron mobility or the mobility of charge car-
riers in the V impurity band, the effect of doping
with V is to retain the p-type characteristics of the
undoped specimens.
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The lattice dynamics of K at T = 9, 99, 215, and 299 K is studied employing an efFective pair
ion-ion potential and the self-consistent (SC) theory for aiiharmonic crystals. The efFective potential was
derived from first principles following the method that Geldart et aL developed successfully for Na.
The purpose of the present paper is (i) to test whether the potential derivation can be extended
successfully to K and (ii) to compare the SC anharinonic theory with experiment and the standard
anharmonic perturbation theory used by Buyers and Cowley. For all the syxnmetry directions except the
h, , branch, the phonon frequencies computed here at 9'K lie within 2%%uo of the observed frequencies
verifying the validity of the K ion-ion potential. The total anlmmnonic shifts in frequency
(quasHuumonic + anharmonic) with temperature are comparable but ~ 20% greater than those
computed by Buyers and Cowley. Given the scatter in the observed shifts, both calculations agree
equally well with experiment.

I. INTRODUCTION

In a recent paper Glyde and Taylor' presented
calculations of phonon frequenci. es and lifetimes
in Na over the temperature range T= 5-361 "K us-
ing the self-consistent theory of anharmonic lattice
dynamics. To describe Na an effective ion-ion
potential, derived from the calculations of Geldart
ef, al. , which employs the Geldart-Taylor' screen-
ing function, was used. The encouraging agreement
between theory and experiment both at liquid-nitro-
gen and room temperatures in Na has prompted
us to do a similar calculation for K, where there
are data available, ' to test extensions of this
method.

As in the case of Na there can be found in the
literature (e.g. , see the review article by Joshi
and Hajagopal ) large numbers of lattice dynamic
calculations for K using a wide variety of mogels
in the harmonic approximation. However, to our
knowledge only Buyers and Cowley~ have calculated
anharmonic contributions to the phonon frequencies
and lifetimes of K. In their calculations, Buyers
and Cowley employed a semiempirical pseudopo-
tential with parameters chosen by fitting the com-
puter harmonic phonon dispersion curves to those

observed at 9'K. This potential was then used to
compute the quasiharmonic and the cubic and
quartic anharmonic contributions to the phonon fre-
quencies and lifetimes at higher temperatures
via standard perturbation theory. Their calculated
frequency shifts and lifetimes gave reasonable
agreement with their experimental results at 99,
215, and 299'K.

As in the case of Na the present interatomic
potential is derived following the procedure of
Geldart ef; gl. ~ and Basinski eg gl. ~ This is more
fundamental in the sense that no fitting to solid
data is employed. The derivation is discussed
briefly in Sec. D. The resulting phononfrequencies
calculated using the self-consistent theory are then
presented and discussed in Sec. III.

II. THEORETICAL MODEL

A. Effective Ion-Ion Potential

To compute the effective ion-ion potential, a
knowledge of both the bare electron-ion interac-
tion and the conduction-electron dielectric func-
tion is necessary. In K, where nonlocal effects
are not important, the interionic potential may be
written in the form


