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The effect of uniaxial compression and hydrostatic pressure on the resistivity of single-crystal Ti,O; samples
with different crystallographic orientations has been measured between 77 and 300 K. Our results are
explainable in terms of the redistribution of Ti 3d electrons accompanying the stress-induced change of the
energy gap between simple valence and conduction bands. Deformation potentials of 2.2 and —1.5 eV are
deduced for strains perpendicular and parallel to the ¢ axis, respectively. It is inferred that band shift rather
than band broadening occurs at the semiconductor-to-semimetal transition between 400 and 550 K.

I. INTRODUCTION

Interest in the a-corundum structure compound!
Ti O, has continued for some time because of the
gradual semiconductor-semimetal transition®™®
which occurs in this material between 400 and
550 K due to the approach and overlap of Ti 3d
bands.””!' Recent work® has indicated that, in a
temperature range below 300 K, Ti,O, is an (al-
most) intrinsic p-type semiconductor with a small
electronic energy gap of 0.11 eV. In addition,
pe/pP,= 2.5, where p, and p, are the electrical re-
sistivities parallel to the crystalline ¢ axis and
a axis, respectively, and the conductivity of holes
is about seven times greater than that of elec-
trons.® Previously* a hole effective mass of 5m,
has been deduced from thermopower and Hall-
effect measurements on nonstoichiometric Ti,O,.

Although ideas about the nature of the valence
and conduction bands have existed for some
time,®*'2 only recently have band calculations'3!*
been made for Ti,0,. The improved band calcu-
lation' yields results which agree with soft-x-ray
data'® and optical-reflectivity measurements.'®
However, even this calculation does not produce
a gap between valence and conduction bands. The
authors of the improved band calculation do show
how inclusion of electron-electron interactions
could produce a gap.

The calculated bands!* include a valence-band
maximum and a conduction-band minimum at the
T point in the center of the Brillouin zone. How-
ever, these band edges exhibit some degeneracy.

Detailed experimental information about the
valence- and conduction-band edges is lacking.
Although such information is in principle obtain-
able from magnetoresistance (MR) measure-
ments,!” the transverse MR is too small at 77 K
and above (Ap/p,< 1073 at 200 kG)®*'® to be useful
for investigating the edges of the bands responsible
for conduction. (It is true that a large transverse
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MR is found at 4.2 K in Ti,O,, but it is probably
not due to band properties, as was originally sug-
gested,® since recent work'® indicates that hopping
conduction may predominate at low temperatures.)

The purpose of the present work is to obtain new
information about the electronic energy bands in
Ti,0, which is important for a full understanding
of the nature of the semiconductor-to-semimetal
transition. To achieve this, we have investigated
the effect of uniaxial stress and hydrostatic pres-
sure on the electrical resistivity of oriented sin-
gle-crystal samples of Ti,O, in the semiconducting
region.

Application of stress causes a change of resis-
tivity*

Ap=mT ®

where 7 is the piezoresistivity tensor and 7 is the
stress tensor. Since Ti,O, has the point-group

symmetry 3m, 7 in contracted notation is given
by21

71“ T, T, T, O 0o )
Ty, Ty Ty =7, 0 0
= Wy, m, M, 00 0 (2)
Ty =Ty, m, O 0
6o o o0 0 =, 2m,
0 0 0 0 m, —nu—nl;J

The signs of the 7;;’s are conventional; i.e., com-
pressive stress or pressure is assigned a nega-
tive sign so that if such stress causes the resis-
tivity to increase, then the appropriate combina-
tion of 7;;’s is negative.

We shall determine values for some of the m,;’s,
or combinations thereof, which provide direct in-
formation about the nature of the edges of the
valence and conduction bands.
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II. EXPERIMENTAL DETAILS

The single-crystal ingot of Ti,O, used to obtain
our samples was grown by personnel in the Pur-
due National Science Foundation-Materials Re-
search Laboratory Central Crystal Growing Facil-
ity using Czochralski-Kyropoulos techniques.??'2
The ingot was oriented with x-ray diffraction Laue
photographs and cut with a wire saw into rectan-
gular parallelepipeds. Each of these was then
cemented onto an adjustable grinding jig, x-ray
oriented to within 0.5° of the desired orientation,
and ground on a glass plate with #600 grit silicon
carbide to yield sample thickness and width each
uniform to £0.0013 cm. The ends of the sample
were lapped flat and.perpendicular to the sides.

Final sample dimensions were about 10x1.5X1mm.

In order to make good electrical contacts, the
following procedure was used. Each sample was
cleaned with acetone, etched with CP4 (HF: ace-
tic acid: HNO;: liquid bromine in the ratios
50:50:80:1), rinsed with soapy water and distilled
water, and then cleaned in the vapors of isopropyl
alcohol as was the indium used as solder. One
current lead was soldered near each end of a
1-cmX1.5-mm face, and two potential leads were
soldered near the middle of each 1-cmX1-mm
face. Contacts with resistances of a few ohms
were obtained.

The samples were mounted in a simple, push-
rod apparatus for uniaxial compression measure-
ments® or in a pressure vessel for hydrostatic
measurements. We used uniaxial stresses up to
2% 108 dyn/cm? and hydrostatic pressures up to
3x10° dyn/cm? Above 150 K, hydrostatic pres-
sure was obtained from a fluid pressure generating
system?* consisting of an intensifier and motor-
driven pump. A precision dial gauge was used to
measure the pressure. At 150 K and below, a
vessel was used which contained a frozen kero-
sene—mineral-oil mixture previously pressurized
at room temperature.? Various baths held in a
Dewar flask were employed to achieve different
temperatures which were determined using a
copper-constantan thermocouple whose output was
measured with a precision digital voltmeter.

Electrical voltages on the sample were measured
potentiometrically while the current was supplied
and regulated, to within +0.005% or better, by a
constant current power supply.

For measuring the effects of stress on sample
resistivity we used the longitudinal arrangement
in which the current and voltage drop, and, in the
case of uniaxial compression, the stress, are
parallel to the long dimension of the sample. Four
kinds of sample orientations were used: sample
length parallel either to the a axis ([100]), to the
¢ axis ([001]), or to a direction lying in the mirror
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TABLE I. Resistivities (in mQ cm) of Ti,0; at selected
temperatures.

T (K) 77 100 125 167 195 273 298

Pa 296 82 36 16 11.6 7.7 7.2
Pa 590 179 82.5 37.7 274 19.5 18.7

plane perpendicular to the a axis which is either
45° or 135° away from the positive ¢ axis.

In order to deduce resistivity changes from the
measured voltages we applied appropriate cor-
rections to take into account changes in sample
dimensions. The latter were calculated from el-
astic compliances (S;;’s) deduced from measured
elastic constants (C; J.’s).26 Corrections for the
measured resistivity changes being nonisother-
mal®® were estimated to be negligible.

We shall report fractional changes in resistivity
per unit stress and call them piezoresistances.
They are related to the piezoresistivity coefficients
7;; as follows. For uniaxial compressix_r_e stress
- X1, Ap/polX| is equal to =7, /p, for X || &,

- y/p, for X || €, and

= [y + Mg+ T g Mgy + 27, ) & (7, + 21,))/2(p,+ pe)

for X || [011] and X || [01T], respectively. For
hydrostatic pressure P, Ap/p,|P| is equal to
~(m,, + 7 ,+7)/p, when the current T is parallel
to the a axis, and — (27, + T,;)/p, when T|| €. Val-
ues for p, and p, at some temperatures are listed
in Table I.

III. RESULTS AND DISCUSSION

Our piezoresistance data are plotted versus re-
ciprocal temperature in Figs. 1-4. They can be
seen to be almost linearly proportional to 1/7.
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FIG. 1. Piezoresistance data for uniaxial compression,
sample length, and current parallel to the ¢ axis plotted
versus reciprocal temperature. The solid curve was
calculated using Eq. (8) of the text for two simple bands
whose change in separation with stress is describable in
terms of the deformation potentials A; and A3;.
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This behavior is characteristic of the large ef-
fects found in semiconductors.?’ Hydrostatic
pressure data for a c-axis sample yield fractional
changes of resistivity per unit pressure (7p) at
273 and 298 K which are about 95% of the values
obtained for our g-axis sample at corresponding
temperatures. (See Fig. 4 for the latter values.)
Thus, for I[[¢, mp+#0, so that 27, + 7, #0. This
indicates that a one-band model cannot be approp-
riate*” for Ti,0,.

Before discussing our other results, we note
that there have been some hydrostatic pressure
measurements on Ti,0, crystals of unspecified
orientation®® yielding larger decreases in resis-
tivity with pressure than those which we obtain.
However, the resistivity seems to have been mea-
sured as a function of temperature at each of a
number of pressures. This method is likely to
yield results less accurate than those obtainable
by changing the pressure at fixed temperature as
we have done above 150 K. In any case, the other
hydrostatic pressure work does not give any in-
formation about the relative values of 7, for a-
and c-axis samples.

From Fig. 3, it can be seen that n,,, =747, so
that m,, +2m,, =0. (Note that m,;, and m,; equal
— Ap/p,|X| for [011] and [01T] length samples, re-
spectively.) This result indicates that the simplest
two-band model in which both the valence- and
conduction-band edges lie on the &, axis in mo-
mentum space®’ is appropriate for Ti,0,. Further-
more, it will turn out that our data are explainable
in terms of strain-induced shifts in the separation
of the band edges without any change in band shape;
i.e., a deformation potential model?® applies. The
change in energy gap is given by

6
AEg=) A, 3)
i=1

where the €,’s are the components of the strain
in contracted notation and the A,’s are the defor-
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FIG. 2. Same as Fig. 1, except that the a axis and
Eq. (7) of the text are involved.
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FIG. 3. Same as Fig. 1, except that the directions are
45° between the b axis and the positive or negative ¢
axis and Eq. (9) of the text is involved.

mation potential constants. In turn, each

[-]
&=2 STy
i=1

where the §;; are elastic compliances and 7, are
the stress components in contracted notation. For
the case of two simple bands?” there are only two
independent, nonzero deformation potential con-
stants, A, =A, and A,;, while A,=A;=A;=0.

Since Ti,0, is a nearly intrinsic semiconductor®
in the range of this investigation, the concentration
of holes in the valence band, p, is approximately
equal to the concentration of electrons in the con-
duction band, =z, and each is proportional to
exp(—-E;/2kT). Thus, provided that AE ; < 2kT,

Ap/pe=An/ny=— AE;/2kT (4)

(k is Boltzmann’s constant, 7T is absolute temper-
ature). The resistivity tensor is given by

p=1/0=1/(nep,+peu,, (5)

where ¢ is the conductivity tensor, and p, and u,
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FIG. 4. Piezoresistance due to hydrostatic pressure
for sample length and current parallel to the a axis
plotted versus reciprocal temperature. The solid curve
was calculated using Eq. (10) as indicated in the text.



4416 H.-L. S. CHEN AND R. J. SLADEK 16

the mobility tensors for electrons and holes, re-
spectively. If the strain dependences of the mo-
bilities are small, then

Ap/py=AEG/2RT . (6)

For stress 7 [|[T||3, T,=- |X| #0 and 7, to 7,=0,
where |X| is the magnitude of the uniaxial com-
pressive stress. Thus

(8p/polX )y ==[A1(S; +815) +AsSy5)/2kT . (7
Similarly, for 7||T|[E,
(Ap/po IX [)e = =(24, 8,5 +AgSs5)/2kT . (8)

Since the S;;’s (like the C,,’s) are almost indepen-
dent of temperature®’+in the region covered in the
present work, Eqgs. (7) and (8) indicate that the
piezoresistance will be almost proportional to 1/7T
provided that the deformation potentials are con-
stant. Values for A, and A, can be deduced from
Egs. (7) and (8) by using our experimental pie-
zoresistances and the S;;’s calculated from litera-
ture values®®*® of the C,,’s.

In addition to the principal effect due to carrier
redistribution describable by Egs. (7) and (8),
there might be minor effects which could contrib-
ute to the piezoresistances. (For instance, the
mobility might be strain dependent.) Various
minor effects have been discussed by Keyes?® and
by Herring.2® Although there may be a number of
minor effects, their contributions to the piezore-
sistance ordinarily become unimportant at low
temperatures because of the proportionality of the
principal effect to T-!. Since at the present time
there is no accurate way to estimate the magnitude
of the minor effects, the experimental uniaxial
piezoresistances at 77 K were assumed to be due
entirely to carrier redistribution between valence
and conduction bands. Thus, using the 77-K values
of Ap/p,|X|in Egs. (7) and (8), we obtain

A,=2.2*31 eV and A =-1.5%21eV.

These values are similar to those obtained by Chi
and Sladek?® from fitting their elastic constant data
(between 300 and 500 K):

A, =1.8eVand 4,=-2.1€V.

Our values of the A;’s are believed to be more
reliable because they are obtained quite directly
from our experimental data as indicated above. In
contrast to this, Chi.and Sladek had to choose
specific forms for the energy bands and a partic-
ular temperature dependence of the energy gap
in order to calculate electronic contributions to
the elastic constants. These contributions, of
course, yield their A, values. It must be admitted
that minor effects might be present to a slight but
unknown degree in our data. Our best guess is that

there is a maximum minor-effect contribution of
5% at 77 K which would cause the -0.5 eV error
indicated above for each of our A,’s. Analogous
minor effects do not occur in the elastic constants,
since the latter do not depend on carrier mobility.
However, the elastic constant method depends on
the validity of the assumption that the anomalies

in the elastic constants in the region of the elec-
trical transition are completely describable as
electronic effects. In view of the anomalous be-
havior of the piezoresistances® in that temperature
range, some other mechanism may also be present
and contribute to the extrema in the elastic con-
stants, as will be discussed elsewhere. Despite
these caveats, it is satisfying that the signs of

the A,’s determined from the two different methods
agree. More important is the fact that they are
consistent with the ¢-axis expansion and the g-axis
contraction® as the resistivity decreases with in-
creasing temperature through the electrical trans-
ition. This implies that band shift rather than band
broadening occurs at the transition.

There has not been any theoretical calculation
of the deformation potentials for Ti,O,. Some idea
of what would be involved in such an effort is ob-
tainable from papers on Si.*®* From them it can
be seen that the problem is to calculate the matrix
elements of the perturbation of the Hamiltonian
produced by strain. The ingredients for such a
calculation—detailed, reliable information about
the band structure, the crystal potentials, and
the wave functions, etc.—are lacking for Ti,0,.
Even in the case of Si for which the band structure
and wave functions have been carefully studied
and are well known, the calculation of deformation
potentials is not easy, because of uncertainty in
how strain changes atom positions in a unit cell,
the lack of a completely self-consistent band cal-
culation for the strained crystal, and some ap-
proximations even in the wave functions of the
undeformed state.

It is interesting to compare our deformation po-
tentials for semiconducting Ti,0, with those of the
semimetal bismuth because of their common 3m
point-group symmetry and because the energy by
which the valence and conduction bands overlap
in Bi has a strain dependence describable by two
deformation potentials,® E, =-2.4 eV and E, =2.5
eV. In view of the way E, and E, are defined and
the equivalence of a positive overlap energy to a
negative-energy gap, E, and E, correspond, re-
spectively, to our —A, and -A,. It can be seen
that the values of —E, and - E, for Bi are remark-
ably close to our A, =2.2 eV and A;=-1.5 eV
values for Ti,0,. The similarity between the de-
formation potential values in Ti,0, and Bi is sur-
prising in view of the quite different types of elec-
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tronic states involved in electronic transport pro-
cesses. It should be noted that, unlike Ti,0;, m,
+2m,, #0 for Bi,?® which has a multivalley conduc-
tion band, a hole band located away from the T’
point, and another close-by hole band.3®

Now we shall use the values of A, and A; deduced
for Ti,O, from our 77-K data to calculate piezo-
resistances for other temperatures by means of
Egs. (7) and (8). The results are shown as the
solid curves in Figs. 1 and 2. Good fits to the data
were obtained, except near 300 K, where the minor
effects presumably become relatively more im-
portant. In addition, the process which causes
piezoresistance extrema at higher temperatures®
may have started to make an appreciable contribu-
tion. :
The 77-K values of A,’s were also used to cal-
culate the piezoresistance for the case of uniaxial
compression and current parallel to the [001] and
[011] directions and for the case of hydrostatic
pressure. The pertinent relations deduced from
the simple, two-band deformation potential model
are

(Ap/py IX,)[“ +1]
=—[A,(S,, +Sip +2S15) + A (S,4 +Ss3)[/ART  (9)
and
AD/Po P | = =[24,(S;; + Sip +S15) + A5 (28,5 + Sp5)]/ 2k T.
(10)

The curve calculated by means of Eq. (9) is shown
in Fig. 3. It lies below the data by amounts which
appear to be much larger than those occuring for
a- and c-length samples. (See Figs. 1 and 2.)
Part of the reason for this is the larger scale used
in Fig. 3. In addition, because of the smallness

of the uniaxial piezoresistances for [011] and [01T]
samples, contributions from any minor effects

will be relatively more important. The curve cal- '

culated using Eq. (10) agrees well with data (see
Fig. 4.), even though the magnitude of Ap/p, |P|
is relatively small. This may be due to the
smaller likelihood of minor effects occurring for
hydrostatic than for uniaxial stress.

The good agreement between the calculated curve
and the data for the case of hydrostatic pressure
confirms that reduction in the concentrations of
mobile charge carriers continues unabated well
below room temperature without any indication of
an approach to extrinsic behavior, as occurs, for

example, in p-type InSb.3” A continuing decrease
in carrier concentration with decreasing tempera-
ture is, of course, the simplest way to interpret
the resistivity-versus-temperature data of
others>® and ours. The main reason for question-
ing the intrinsic character of Ti,0, is that the
amount by which the resistivity changes at the
electrical transition is somewhat sample dépend-
ent.’® A secondary reason is that at temperatures
just below the transition range the log of the re-
sistivity rises less rapidly than it does at lower
temperatures. This effect could, of course, be
due to the mobility rising appropriately as T de-
creases in a limited temperature range as previous
work has indicated* or implied.®

It should be emphasized that the fact that Ap/p,P
is proportional to 1/T precludes interpreting the
approximately 1/7 dependence of the uniaxial pie-
zoresistances as being due to the transfer of car-
riers between different valleys of a multivalley
band or between different regions of an anisotropic
or warped energy band. 2 The reason is that, un-
like uniaxial stress, hydrostatic pressure does not
alter crystal symmetry, and hence cannot remove
symmetry degeneracies in the band structure or
change the shape of the energy bands.

IV. CONCLUSION

Our piezoresistance results indicate that the
valence- and conduction-band edges in semicon-
ducting Ti,0, are describable in terms of two sim-
ple bands located on the &, axis and that stress
changes only the separation between the bands
(i.e., a deformation potential model is applicable).
Thus we have found no evidence for complexities
in the band edges like those implied by the band
calculation of Ashkenazi and Chuchem.

The dependence of the resistivity on uniaxial
compression is consistent with the way it is cor-
related with changes in lattice parameters at the
semiconductor-to-semimetal transition (between
about 400 and 550 K). This provides presumptive
evidence that band shift rather than band broad-
ening is involved in the transition.
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