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From electrical resistivity and Hall coefficient measurements below 3 K on slightly reduced, semicon-
ductive rutile single crystals with oxygen deficiencies O, between 3.7 X 10'®/cm?> and 5.5X 10" /cm?, it is
concluded that the electrical conduction takes place by means of a defect-level permutation conduction
mechanism involving Ti interstitial donors. In the range of 3.7X 10'®/cm®< 0, <2X10"/cm? the elec-
trical resistivity decreases with increasing O, while in the range of 2X 10"/cm®< 0, <5.5X 10" /cm® it
increases with increasing O;. Values of O, between 8X10'®/cm® and 2X 10" /cm? correspond to the
so-called intermediate concentration range of the impurity (defect) conduction, but the transition to
metallic-type conduction does not occur because of a change in the defect structures, i.e., the formation
of planar defects and the clustering of Ti interstitial donors at higher oxygen deficiencies.

I. INTRODUCTION

Stoichiometric rutile (TiO,) is an insulator and be-
comes an n-type semiconductor when it is slightly re-
duced. This is because lattice defects introduced by
reduction act as donor centers. As to the electrical con-
duction at very low temperatures (below 3 K), it has been
proposed that electrical conduction takes place by the
defect-related mechanism, i.e., hopping of electrons from
lattice defects (donors) to lattice defects (donors),!™*
which is similar to the impurity conduction observed in
elemental semiconductors like Ge and Si.> Therefore, de-
fect centers play important roles in electrical conduction,
especially, at very low temperatures. However, the defect
species responsible for this conduction have not been well
established.

The defect structures have been extensively studied by
various experimental methods, and various types of de-
fects have been reported.~2* It has been also pointed
out that the defect structure varies with oxygen
deficiency O, and it is still under discussion which type of
defect is dominant in which region of 0,.'*" In order
to identify defects we have performed experiments using
electron paramagnetic resonance (EPR),%**!2 channel-
ing,!” and transmission electron microscopy (TEM),
and obtained rather conclusive direct information as to
the identification of several kinds of defects. Therefore,
in the present paper we shall discuss the electrical-
conduction process below 3 K and the oxygen-deficiency
dependence of electrical conductivity in a slightly
vacuum-reduced rutile in connection with defect struc-
tures.

II. EXPERIMENTAL PROCEDURE

Specimens 12X 5X0.8 mm? in size were sliced from a
stoichiometric Verneuil-grown rutile single-crystal boule
of 99.99% nominal purity so that a crystallographic ¢
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axis is parallel to the longest edge and one of a axes is
perpendicular to the largest face. EPR experiments made
prior to reduction treatment revealed no paramagnetic
centers. Specimens doped with Al to the amount of
about 6X10'7/cm® with the same orientation were also
used.

These specimens were reduced in vacuum by the fol-
lowing method to obtain completely homogeneously re-
duced specimens. The specimens were sealed in a quartz
ampoule, which had been evacuated to about 10~° Torr.
After prolonged heating for two weeks at about 1273 K,
the capsule was cooled rapidly to room temperature. The
amount of oxygen deficiency was estimated by measuring
the pressure of oxygen gas, which had developed in the
capsule, or the weight loss of the specimen. The speci-
men with desired oxygen deficiency was obtained by con-
trolling the capsule volume. Such a long heating time to
secure completely homogeneous reduction was deter-
mined by measuring the electrical resistivities p and Hall
coefficients Ry as a function of thickness by thinning the
specimens, which had been reduced under various condi-
tions. It is to be emphasized here that by preparing these
homogeneously reduced specimens the systematic data on
the dependence of the electrical conductivity on defect
concentration have been obtained.

Although detailed discussion on the conduction above
3 K is not the objective of the present paper, the conduc-
tivity data at higher temperatures are highly desirable in
order to understand the conduction below 3 K, because,
as will be described in Sec. IV, the compensation effect by
Al doping and the transition of the conduction, which are
reflected in the conductivity data above 3 K, are crucial
points for the understanding of the conduction mecha-
nism below 3 K. We have measured these conductivity
data, which will also be described in Sec. III.

The reduced specimens were cut into the so-called
bridge shape with six side arms for attaching potential
leads and Hall leads on both sides of the stem crystal,2*
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and the measurements of p and R were made between 2
and 370 K by the conventional method with a vibrating
reed electrometer. For the Ry measurements, a magnetic
field between 2000 and 3000 G was applied in parallel to
the crystallographic a axis.

III. EXPERIMENTAL RESULTS

Figures 1 and 2 show the results of p and Ry measure-
ments on the specimens with various O, between
3.7X10"®/cm? and 5.5%X10"/cm® (or between TiO, ggqo
and TiO, g953). Reduction temperature Ty, Oy, p at 2.5
and 300 K, and activation energies are listed in Table I.
The Ry curve exhibits two maxima at about 3 K and
about 100 K, which divide the temperature region into
three, i.e., T <3 K (region I), 375100 K (region II),
and TR 100 K (region III). On the specimens with low
oxygen deficiency, conductivities o can be approximated
by a sum of exponentials in regions I and II,

o=Cexp(—E,/kT)+C,exp( —E, /kT) , (1)

where E, and E, represent an activation energy in region
I and that in region II, respectively. Excitation of elec-
trons from donor centers to the conduction band is con-
sidered to take place in region II.

In region I, Ry decreases with decreasing temperature,
while p increases gradually. The activation energy E, is
an order of 10~ eV, which is smaller by a factor of about
five than E, in region II. They are shown in Fig. 3 as a
function of O;. As shown in Figs. 1 and 2, resistivity de-
creases over the whole temperature region with increas-

162 T L 1
0 100 200 300 400 500

1000/T (K"

i A 1 L 1

FIG. 1. Electrical resistivities p and Hall coefficients Ry of
specimens with various oxygen deficiencies O, between
3.7X10"%/cm® and 13X 10'®/cm® as a function of reciprocal
temperature 1/7.
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FIG. 2. Electrical resistivities p and Hall coefficients Ry of
specimens with various oxygen deficiencies O; between
2.0X10"/cm® and 5.5X10'/cm® as a function of reciprocal
temperature 1/7.

ing Oy in the range of 3.7X 10'%/cm*< 0, <2X10"/cm?,
while in the range of 2X10'%/cm*®<0, <5.5X10"/cm?,
it increases with increasing O,. Resistivities at 2.5 K,
P25 k» are shown in Fig. 4 as a function of O, together
with resistivities at 300 K, p3q -

In the range 8 X 10'® <0, <2X 10"/cm?, conductivity
curves exhibit the deviation from Eq. (1) and have an in-
termediate slope. They can be approximated by
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FIG. 3. The activation energies E, in region I, and E, and
E} in region II as a function of oxygen deficiency O.
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TABLE 1. Oxygen deficiency O, reduction temperature Ty, resistivities at 2.5 K (p, 5 x) and 300 K

(p3oo k), and activation energies E |, E,, and E;.

Specimen 0y Ty P25K P300 K E, E, E;
no. (cm™3) (K) (Qcm) (Qcm) eV) (eV) (eV)
1 3.7X10'8 1273 4.11X 10’ 2.48 1.13x1073 5.57X1073
2 4.5 1273 1.12Xx 107 1.52 1.03 5.06
3 5.0 1373 3.20% 10° 1.46 0.81 4.88
4 5.5 1373 1.84X%10° 1.35 0.76 4.73
5 8.5 1273 1.58 X% 10° 0.88 0.98 4.36 4.06X1073
6 10 1273 1.42X%10° 1.14 091 4.79 3.97
7 13 1273 1.15x10° 1.04 1.15 4.51 4.22
8 20 1273 7.45%10° 1.06 1.06 446 3.19
9 25 1273 1.28x 10° 1.13 1.29 4.73
10 28 1273 1.63 X 10° 1.38 0.98 5.29
11 55 1273 1.01x 108 1.65 0.86 6.11
o=C exp(—E,/kT)+Chexp(—E} /kT) doped specimen and an Al-doped specimen, both of
which were reduced simultaneously at 1173 K in the
+Carexp(—E, /KT) . 2 same capsule. Oxygen deficiency was estimated to be

The values of E; are also shown in Fig. 3. In the range
0, <8X10%/cm?, the low-temperature Hall maximum
shifts to higher temperatures as O, increases, and
it becomes almost flat in the range 8X10¥<Q,<
2X10"%/cm3. For 0,;=2X10"/cm?, the Ry curve con-
tinues to rise in the temperature region below the low-
temperature Hall maximum. This will be discussed in
Sec. IV.

Figure 5 shows p and Ry curves measured on an un-
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FIG. 4. Electrical resistivities at 2.5 K (p, s k) and at 300
K(p300 x) as a function of oxygen deficiency O,.

about 4X10'®/cm3. The doping of Al, which acts as an
acceptor, lowered p and Ry in region I, whereas it in-
creased them in region II. The activation energy E, de-
creased from 9.5X 10™% eV to 8.8X107* eV by Al dop-
ing. A similar effect was also observed by Becker and
Hosler.?

On several specimens TEM observation was per-
formed. For O; <2X10'"/cm? planar defects were not
observed, indicating that the specimens are in a homo-
geneous solid-solution phase of point defects. In the
specimens with 0d>2><1019/cm3, planar defects were
observed; {101} twin boundaries for O;~2.8X 10'°/cm?
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FIG. 5. Electrical resistivities and Hall coefficients of an un-
doped specimen and an Al-doped one with O, =4X10'%/cm>.
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[Fig. 6(a)] and domain structures having {100} and {101}
boundaries, which are probably antiphase domain struc-
tures characterized by the (1)(101) displacement of ad-
jacent parts across the boundaries, for 0, ~5X10"/cm?
[Fig. 6(b)].

IV. DISCUSSION

Our TEM observations and EPR researches, made also
on the same homogeneously reduced specimens, revealed
that in the range O; <2X10"/cm? no planar faults are
observed and lattice defects are mostly C centers, the
concentration of other kinds of defects being negligi-
ble.*!? (The spin concentration in the vertical scale of
Fig. 4 in Ref. 9 should be read as an arbitrary unit be-
cause of some ambiguity in the calibration of the spin
concentration.) According to EPR investigations, the C
center was interpreted to be an interstitial Ti ion.%~ %12
This interpretation was completely confirmed by our
channeling experiments.'” Therefore, the main defects in

(a)

FIG. 6. Electron micrographs obtained on the specimens
with (a) 0;=2.8X10"/cm?® and (b) 0,=5X10"/cm®. Twin
boundaries [in (a)] and antiphase domain structures [in (b)] were
observed.
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the present specimens with Oy less than 2X10'"/cm? are
Ti interstitials. The concentration of C centers increases
with increasing 0,,,9'12 and, correspondingly, the resis-
tivity decreases as shown in Fig. 1. Hence, the Ti inter-
stitial traps extra electrons and acts as a donor center.

As shown in Fig. 1, at low temperature the Ry curve
exhibits a maximum, and in the temperature region below
the Hall maximum the resistivity increases slowly with
decreasing temperature with an activation energy of
about 10~ % eV. This behavior is very similar to that ob-
served for the impurity conduction in elemental semicon-
ductors like Ge and Si,>? and, in addition, the compen-
sation effect by Al doping (Fig. 5) definitely supports a
conduction mechanism similar to impurity conduc-
tion,>2>%6 .., hopping of electrons from donors (defects)
to donors (defects) (defect-level permutation conduction).

The low-temperature Hall maximum results from the
two competing conduction processes, i.e., the defect-level
permutatiom conduction at very low temperatures and

band conduction at higher temperatures. The Hall
coefficient R; is expressed as
n, +n
RH — Helbh,c :u/J’ZH , A3)
ec(n.pu.+tnp)

where n,, ., and py . are the concentration of carriers,
the drift mobility, and the Hall mobility in the conduc-
tion band, and n, u, and py are the same quantities for
the defect-level conduction, respectively. Neglecting any
temperature dependence of the mobility, an Ry curve has
a maximum at the temperature where n u.=npu. For a
specimen with the low donor concentration N, and the
compensation ratio K (=N, /N,, N, is the acceptor con-
centration) less than 0.5, the mobility p is given by26

u=p.n./n=(N,Kep,)" ', 4)

where p, is the resistivity at the temperature of the Hall
maximum, and the number of carriers » was assumed to
be KN,. From our experiments, it follows that
p=2.5X10"% cm?/Vs for specimen no. 1 (0;=3.7
X10"%/cm?, K =0.3) and p=1.5X10"° cm?/Vs for
specimen no. 6 (0, =10"/cm?, K =0.25). In this estima-
tion, it was assumed that N,=0,/2, because donor
centers are mostly Ti interstitials. The compensation ra-
tio K was estimated from carrier concentrations in region
IT using the effective mass, m**=7m, (m, is the free-
electron mass), which was determined from the tempera-
ture dependence of carrier concentrations between 5 and
10 K in the three specimens with O, of 5X 10'®/cm? and
less. [A similar value for m**, (8—10)m,, was obtained
by Baumard and Gevais.?’] The values of K of all speci-
mens lie between 0.2 and 0.4. The mobility u is very low
and characteristic of hopping conduction. Therefore,
with the help of our studies on defect structures it is con-
cluded that electrical conduction below 3 K proceeds by
the hopping of electrons from Ti interstitials to Ti inter-
stitials.

Now we estimate an effective Bohr radius a, of a donor
electron. According to the results of EPR experiments,
the donor center is a Ti interstitial ion where an extra
electron is loosely bound. Taking a hydrogenlike model
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as a first approximation, a; is calculated to be

m,

a,=0.53 k=7.6 A, (5)

mtt

where the effective mass m ** =7m, and the average stat-
ic dielectric constant k=100 (k, =89, k., =173) is used.

From the conductivity in the low-impurity concentra-
tion range, Mott and Twose?® calculated the mobility to
be independent of temperature and proportional to the
square of exchange integral J, e.g.,

pxJ?=[Xr, /a2 +(r,/a,)+1exp(—2r /a;) , 6)

where r, is the average impurity center separation (re-
viewed in Refs. 25 and 26). Kasuya and Koide?® also
found that the conductivity is proportional to J2. Hence,
Ray and Fan?® attempted to fit their experimental data on
a p-type Si sample with a simple expression

o < J%xp(—E, /kT) , (7

and demonstrated that this equation is a reasonable ap-
proximation. For their specimens, with a low concentra-
tion of impurities, i.e., a; /r; <<1, the data fitted the fol-

lowing equation:
a 2r,
pexp(—E,/kT)xJ 2~ [—r— :

s

(®)

exp

s

The values of p exp(—E, /kT) were obtained by extrapo-
lating the straight portion of the experimental curve, Inp
vs 1/T, to 1/T=0. The value of r, was taken to be
(3/47N,)'/3. We shall also try to analyze our data along
this line. In Fig. 7, the values of [pexp(—E, /kT)]; 7
are plotted against the average donor separation r; on the
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FIG. 7. r}pexp(—E,/kT)],,r_o as a function of the aver-
age donor separation r;.

four specimens with O, less than 6X10'8/cm?3. The fol-
lowing relation was found among them:
2r
: ] )

6

4

[pexp(—E,/kT)], 7 0= exp

s

Hence, a,=6 A was obtained. This is in fairly good
agreement with 7.6 A obtained from Eq. (5).

For impurity conduction in Ge and Si, the transition
from the nonmetallic type of hopping conduction to the
metallic type of conduction has been observed when the
impurity concentration exceeds the critical value.® There
exists the intermediate concentration range or the transi-
tion range between these two types of conduction. In the
intermediate concentration range, the following features
were observed.’ (i) On the high-temperature side of a
Hall maximum, an intermediate slope appears in a curve
of log,oo vs 1/T, the conductivities being approximated
by a equation similar to Eq. (2). (ii) A Hall curve has a
broad maximum and continues to rise on the low-
temperature side of the Hall maximum. In the case of a
reduced rutile, such features were observed in the speci-
mens with O, higher than 8 X10'%/cm3. Therefore, the
oxygen deficiency at the beginning of the intermediate
concentration range can be considered to be about
8 X 10'8/cm?, which corresponds to an average donor sep-
aration of

7 =39 A=5a . (10)

This value is not unreasonable if compared with the ex-
perimental results that the intermediate concentration
range appears at values of r, , between 2 and 3a; for Sb-
doped n-type Ge, and 3 and 4a, for Ga-doped p-type Ge,
although they are larger than 2.2a,, which was theoreti-
cally estimated by Mott for the transition to the metallic
typesof conduction in the case of hydrogenlike impuri-
ties.

The transition to metallic type of conduction does not
occur in the present case. The resistivity at 2.5 K in-
creases with increasing O, for 0;>2X10"/cm?® in a
similar way as the resistivities at higher temperatures.
This is considered to be closely related to a change in the
defect structures. For O;>2X10"/cm’, planar defects
such as twin boundaries and antiphase boundaries be-
came observed (Fig. 6). For higher Oy, planar defects
with {312} or {725} crystallographic shear structures
were observed.'* EPR experiments indicated qualitative-
ly that around O, =1X10'"/cm? the concentration of the
C centers begins to decrease, whereas X and W centers
appear and their concentrations gradually increase.”!?
From the angular dependence of the EPR spectrum, the
X center was interpreted to be a Ti interstitial pair.*!?
Therefore, Ti interstitials have a tendency to make pairs
and further to make higher clusters, which results in the
decrease of C centers. The W centers are interpreted to
be Ti ion pairs associated with planar defects having crys-
tallographic shear structures characterized by a displace-
ment of approximately (1)(101). The shear structure
having {hkl} shear planes like {312} and {725} are pro-
duced as a result of intergrowth of a {211} shear struc-
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ture and a {101} antiphase domain structure so that
{hkl}=n{211}+m{101}."® Around the {211} shear
planes, Ti ion pairs are produced,!* which are the W
centers.”!? Therefore, the resistivity increase for
0,>2X%10"%/cm? is considered to be due to such a
change in the defect structures.

V. CONCLUSION

Electrical conduction below 3 K takes place by hop-
ping of electrons among Ti interstitial donors similarly to
impurity conduction in Ge and Si. The conductivity of

RYUKITI R. HASIGUTI AND EIICHI YAGI 49

specimens with O, between 8X10'® and 2X10'°/cm?
falls into the intermediate range between hopping and
metallic types of conduction, but metallic conduction
cannot be achieved at higher O; because of a change in
the defect structures, i.e., the formation of planar defects
and the clustering of Ti interstitial donor centers.
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FIG. 6. Electron micrographs obtained on the specimens
with (a) 0;=2.8X10"/cm? and (b) 0,;=5X10""/cm®. Twin
boundaries [in (a)] and antiphase domain structures [in (b)] were
observed.



