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The complex dielectric constant of reduced rutile, TiO:_,, has been measured at frequencies between 102
and 10° Hz at temperatures between 1.2 and 50°K. Three distinct relaxation processes have been observed:
process I at temperatures around 4.0°K with activation energy Q=1.040.5X10"2 ¢V and pre-exponential
factor 7%= 1078 sec, process II at temperatures around 15°K with Q=2.04-0.5X102¢eV and +*=10"7—10"8
sec, and process III at temperatures around 11°K with 0=8.040.5)X 1073 eV and 7*~10~7 sec. All three
relaxation processes are ascribed to polaron hopping between normal cation lattice sites around complex
ionic defect cores. By increasing the concentration of trivalent impurity, the most likely ionic core responsible
for process I is found to be an oxygen vacancy associated with one trivalent substitutional impurity, while
the core most likely responsible for process II is an interstitial Ti*3 ion in association with two trivalent sub-
stitutional impurity ions. An ion core consisting of a single pentavalent substitutional impurity accounts well

for process III.

INTRODUCTION

ONDUCTION in #n-type reduced rutile, TiOs,

occurs at temperatures above 30°K by the motion

of electrons in a Ti*® band populated by donors with

energy levels =~1072 eV below the bottom of the con-

duction band.}~% At lower temperatures, Hasiguti et al.%-¢

have observed impurity conduction similar to that ob-
served in the elemental semiconductors.

The donors introduced by reduction, and which are
responsible for the n-type conduction, are not well
understood. The results of investigations based on the
oxygen-pressure dependence of the defect state are
contradictory ; some results favor the oxygen vacancy as
the dominant defect”™® while others'®! favor the tita-
nium interstitial, and yet others favor a combination of
the two.'*~* Paramagnetic resonance results on reduced
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rutile indicate the presence of Ti*? ions on normal and
interstitial sites'™'7 as well as centers with unexplained
spectra. Internal-friction results'®=?! cannot be explained
on the basis of oxygen vacancies at all, but can be
explained on the basis of associated Ti*® interstitial
pairs.

At temperatures below about 20°K, where the con-
duction band has been depopulated by the trapping of
electrons in donor states in the energy gap, ac dielectric
measurements yield significant information about the
nature of the trapped states.

For example, an electron trapped by a positive ionic
defect is most likely localized on one of a number of
nearest-neighbor Ti** ion sites.!” An electron may hop
between a pair of these sites under the action of an
ac field, and this hopping is equivalent to the reorien-
tation of an electric dipole. This process would give
a frequency-dependent complex dielectric constant ex-
hibiting Debye-type behavior as has been suggested
by Frohlich, Machlup, and Mitra.” This is analogous to
the trapping of a positive hole adjacent to a substi-
tutional Li ion, in Li-doped nickel oxide, as proposed by
Verwey.? ac measurements have been useful for in-
vestigating the hopping of electrons in the region of
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impurity conduction in elemental semiconductors,* and
polaron behavior in ZnO at higher temperatures.?®

PHENOMENOLOGICAL EQUATIONS

The complex dielectric constant K+:K’ of a material
exhibiting a dielectric relaxation is given as a func-
tion of angular frequency w by the well-known Debye
equations?®

K(w)—K, = (Ko—K,)/(14+uw?7?),
K'(w)= (Ko— K, )wr/(14u?7?),

where 7 is the polarization relaxation time, and K, and
K,, are the dielectric constants at low and high fre-
quencies, respectively. Ko and K, may be related by
applying the Clausius-Mossotti?® expression to a volume
exhibiting several different polarization mechanisms,?’
ie.,

(Ko—1)/ (Ko+2) = g7 (@erttiontaip)

at low frequencies and
(Keo—- 1)/ (Koo_l_ 2) = %W(ael’*—aion)

at high frequencies, where ae1, @ion, and agi, are the
electronic, ionic, and dipolar polarizability, respectively,
per unit volume; agqi, is given by the well-known
expression

adi,,:nuz/kT,

where » is the number of dipoles per unit volume of
moment . Subtraction and rearrangement gives

(Ko—K..)/ (Kot2) (K ,+2) = danp? /KT

The maximum value of tand=K’/K, when w7
= (Ko/K,)'", is given by

(tand)mex=3 (Ko—K)/ (KoK )",
= (2ams/9kT) (KoK )2,
~ (an/9kT) (Ko+K.,) 1)

subject to the conditions Ko, K, >>2.

In practice a single relaxation time usually does not
describe the relaxation process; rather a distribution of
relaxation times is required. The theoretical description
of physical models exhibiting a distribution of relaxation
times is often very complex. It is sufficient for our
purposes to quote the results of a simple model?® in
which the barrier heights involved for the dipolar
reorientation are equally distributed between Q and
Q. In this case, 70<7< 7, and

tand~ (tand) tan™w/wn— tan™w/Buwnm 2
and= (ta. max tan—lﬂ_tan_l(l/ﬁ) ’ ( )
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(1;*':5 ?) P. Snowden and H. Saltzburg, Phys. Rev. Letters 14, 497
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p. 34 (unpublished).

DIELECTRIC RELAXATIONS IN REDUCED RUTILE (TiO:-z)

757

where w,, is the angular frequency at which K’ is a
maximum and 8 and 7, are defined by

B=(11/70)?=expv/2kT; 3)
and
1 (Ko—K.,) tan~8—tan~'(1/8)
(tand) mex=~—
2 (KoK o)'? Ing

2rnu? (Ko+2K.,) (tan~18—tan™'(1/8)
ST (KoK Ing

using the Clausius-Mossotti expression.

Assuming that 7o=7*expQ/kT, the angular fre-
quency w, at which K’ is a maximum decreases with
decreasing temperature according to the expression

1/wmt*=exp(Q-+3v)/kT. (5)

The parameter 8 may be determined by fitting the
theoretical expression (2) to the experimentally de-
termined tang-versus-w curve in the region near the
maximum, and » determined from Eq. (3). The quantity
(Q+3%v)/k may be calculated from the shift of the
dispersion maxima with temperature or frequency ac-
cording to the relation

|

» (@)

(6)

W2 max

where w; and T'; are, respectively, the angular frequency
and temperature at which a maximum in the dispersion
occurs. The activation energy Q is then obtained from
the known values of v and (Q+3v). In practice the value
of 3v is smaller than the experimental error in the
determination of Q, and thus may be neglected. Finally,
Eq. (4) may be used to determine #u?, if the number of
active dipoles is independent of temperature.

The measured values of capacity and loss are the
resultants of a surface capacitance and conductance in
series with the bulk capacitance and conductance?® to-
gether with any relaxation process, as described. In the
case where the bulk conductance is very small and the
surface capacitance is very large, the relaxation process
will dominate. The experimental results presented in
this paper concern large dielectric relaxations where the
above two conditions are valid. Consequently, any dis-
cussion of the dispersive behavior of an equivalent

circuit, and the temperature dependence of the circuit,

may be omitted entirely.

EXPERIMENTAL METHOD

Specimens in the form of disks about 1.0 cm in diam
and 0.1-0.2 cm thick were cut from a Verneuil-grown
boule obtained from the Linde Division of Union
Carbide. The impurity content of representative ma-

terial is given as follows: trivalent impurity: 0.005%,

28 R. A. Parker and J. H. Wasilik, Phys. Rev. 120, 1631 (1960).
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Fi6. 1. Details of specimen holder, Thick-walled copper cylinder
M ; resistance thermometer K ; see text.

Fe,0;, 0.0059%, Al:O;, 0.019;, ByO;; pentavalent im-
purity: 0.005%, V.0;; equi-valent impurity: 0.0039,
Si0s, 0.005%, SnO;, 0.019, ZnO..

Specimens with three different orientations, de-
termined by standard x-ray techniques, were prepared:

(i) plane of disk L to ¢ axis, [001],
(ii) plane of disk L to @ axis, [100],
(ili) plane of disk at 45° to both @ axes, [110].

The actual orientation achieved differed by no more
than 3° from the desired orientation.

The samples were reduced by heating at 900°C in a
partially evacuated vycor capsule for 72 h, followed by
furnace cooling at a rate of 200°C/h. It has been found,
however, that the relative degree of reduction obtained
by this method cannot be reliably deduced from the

TaBLE 1. Details of specimens, reduction pressures and resulting
carrier densities.

Reduction N300°K N18°K N1s°K
Speci- pressure, p Hg  (10%® (cm™3) (cm™)
men (300°K) cm™) @)= (i)®
4 25 1.86
B 50 1.42
C-Fe-1 50 e
D 90-100 1.03
E 90-100 0.59
G 0.045 1.74  1.27-5.07X107 3.29X10v"
H 430 142  1.26—5.03X107 3.01X10"7
I 4-5%X108 <1078
K 0.17 e
L[1107] 90 2.63
M[100] 920 1.57
N[001] 90 1.29
As cut, <108
stoichiometric
a 25 2.08
v 75 1.48
5 125 0.86

s Calculated from experimentally measured resistivity and extrema in
literature values for the Hall mobility at 78°K.
bObtained directly from Hall-coefficient measurements at 78°K.
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oxygen partial pressure: Even specimens reduced in the
same capsule differ among themselves. A more reliable
measure of the degree of reduction is based on the as-
sumption that the electronic conduction at room tem-
perature is proportional to the number of ionic defects
introduced during reduction. Thus four-terminal dc
resistivity measurements, using the van der Pauw®
method, were made at room temperature. This quantity,
together with the literature value for mobility, namely,
1.0 cm?/V sec,®® enables the carrier density, or degree of
reduction, to be determined. The details of the speci-
mens, their reduction pressure and carrier concentration
as determined from the electrical resistivity by this
method are given in Table I. In addition, to validate the
above method, the Hall coefficient was measured by a
standard potentiometric technique on two specimens at
77°K, and the resulting carrier concentrations obtained
are also given in Table I. (The Hall coefficient at room
temperature was too small to measure with the available
equipment.) The agreement between the carrier concen-
trations obtained directly from Hall measurements and
those obtained indirectly using the literature value for
the mobility is most satisfactory, as shown in Table I.

Most of the measurements reported here were made
with gold electrodes, prepared by painting Du Pont gold
paste No. 5780 onto the specimen surface. After curing
at 200°C, these electrodes survived repeated thermal
cycling between 2 and 300°K. To specifically test for
surface effects, silver and nickel electrodes were also
used.

The dielectric measurements were made using three
terminals with a General Radio 1615-A transformer
ratio arm bridge, operating at frequencies between 0.2
and 100 kHz. This bridge has the advantage that stray
capacitance and loss between ground and the leads to
the active plates do not significantly affect the absolute
values measured. Relative changes in capacitance of
0.01 pF and changes of 0.001 in tané could easily be
measured.

For the capacitance measurements, two samples at a
time were placed in a specially constructed specimen
holder, shown in Fig. 1. The central portion of the
device consisted of a thick-walled copper cylinder about
5 cm long, the inside diameter being larger than the
guarded center electrode of each specimen. The speci-
mens, one at each end, were spring loaded against the
cylinder so that the very wide guard ring of the speci-
men made good electrical and thermal contact with the
copper cylinder. The lead from the guarded center
electrode was brought out through suitable small holes
in the wall of the copper cylinder. The sequence [ spring
(D)—electrode (B,Cu)—specimen (C)—guarded elec-
trode + guard ring (Cr)—copper cylinder (M)—mirror
image ] was sandwiched together between Teflon disks,
0.5 cm thick, and supported vertically in a cryostat
vacuum chamber in a helium atmosphere. Dielectric

% L. J. van der Pauw, Philips Res. Rept. 13, 1 (1958).
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Fic. 2. Typical dielectric loss and capacitance behavior as a function of temperature, showing two relaxation processes.

measurements as a function of temperature were made
by allowing the cryostat to warm up slowly from 4.2°K.
A suitable warming rate, 0.2°K/min, was obtained by
surrounding the vacuum chamber with charcoal.
During the electrical measurements, the guard ring
and associated copper cylinder remain at earth po-
tential. The copper cylinder provided a convenient site
for the Germanium resistance thermometer (4.2-30°K)
and copper-constantin thermocouple (30-300°K) used
in the temperature measurement. The vapor pressure of
He* was used to determine temperatures below 4.2°K.
Since continuous heat flow to the specimens is involved,
the maximum temperature difference between the ther-
mometers and specimens was estimated. The heat flow

.50
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(@)

to the specimens through the copper cylinder was
overestimated by setting it equal to the observed liquid-
helium boil-off rate. Assuming that a thin layer, 0.01 cm
thick, of small thermal conductivity, ¥% that of copper,
at the specimen-cylinder interface dominates the heat
flow, the temperature difference between the copper
cylinder and the specimen was found to be less than
107%°K, which is less than the accuracy to which the
temperature of the maxima in the dielectric loss could be
determined.

RESULTS

Figure 2 shows the typical dielectric behavior of re-
duced TiO._. specimens in the temperature range 4.2
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F1c. 3. Typical dielectric loss and capacitance behavior of process I as a function of frequency.
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30°K. Two distinct peaks are seen. These are relaxation
processes since the relation between (tand)m,. and the
associated change in dielectric constant, given by Eq.
(1) for an undistributed relaxation, is found to be
reasonably obeyed. The low-temperature peak, process
I, exhibits a maximum in tand at 20 kHz at 6.5°K, while
a second process, process II, exhibits its maximum at
the same frequency at 15°K. These relaxations may also
be followed with frequency as the variable and tempera-
ture as the parameter. Figure 3 shows the behavior of
process I as a function of frequency at various tempera-
tures. The dispersion curves, see Fig. 3, have been
analyzed for the distribution of relaxation times in-
volved. For process I, a good fit with Eq. (2) is obtained
with 8= 5, while for process II the dispersion is broader,
the best fit being obtained with 8<p<12.

Previous measurements of the dielectric constant of
reduced rutile at low frequencies by Parker and
Wasilik?® have indicated that at temperatures above
77°K, the dielectric behavior of the bulk material is
obscured by the Schottky® exhaustion layer at the
electrodes. Thus, to determine to what extent the low-
temperature dielectric behavior shown in Figs. 2 and 3
depends on “surface effects,” various tests for surface
origin were performed. The tests were:

(i). application of a dc bias to the specimen,
(ii) use of different electrode materials,
(iii) variation in the ratio of surface area to thickness.

#'W, Schottky, Z. Physik 118, 539 (1942).
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All of these tests indicated that the processes responsible
for the two peaks are of bulk origin.

In Fig. 3, for example, the negligible effect of a dc
field of 670 V/cm on process I is shown. This is very
strong evidence that a Schottky barrier is not involved.
Also shown in Fig. 3 is the negligible effect of different
electrode materials on the relaxation. The similarity
between the results obtained with gold and silver is not
very conclusive, since these metals have similar work
functions, and, moreover, the surface states of the TiO,
may be the determining factor. However, Breckenridge
and Hosler® have shown that the rectifying barrier
under a nickel electrode is very different to that under
a gold electrode. Therefore, the similarity between the
dielectric behavior with gold and nickel electrodes
strongly suggests that surface effects are not involved.
Finally, anticipating the experimental result in Fig. 6,
the bulk or surface origin of process I may be found by
determining whether the change in capacitance of the
relaxation follows the bulk expression AC=KA4/d or the
surface expression, AC=K g4, where K¢ is a fictitious
“surface dielectric constant.” A least-squares analysis of
the AC’s obtained from various specimens gave a bulk
dielectric constant K= 85.9 with abscissa intercept 22.3
with a standard deviation of 30.3. A similar analysis for
the surface dielectric constant gave Kg=1015.6 with
abscissa intercept +40.8 with a standard deviation of
76.7. The mean-square analysis of the results clearly
indicates the bulk origin of process I. Process II is also
inferred to be of bulk origin.

10
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- F . m
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~ -
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<] o ©°
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o o
3| I
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F16. 5. The activation energies of processes I, II, and III as a
function of room-temperature conductivity.

# R. G. Breckenridge and W. R. Hosler, J. Res. Natl. Bur. Stds.
(U. 8.) 49,-65 (1952).



163
20
| |
Q|
£
o =
2
ARl
§
=
— kK
£ ¢!
o5 .
¢
o—
-
1 1 1 ] 1 1
0 1 .2 3 4 5 6 7
/T —= (°K)”

F16. 6. In[T (tand)max(InB)/ f(8)] versus 1/T of process I for all
specimens from one boule. See text.

In contrast to the relaxation processes shown in Fig. 2,
and which are of bulk origin, a presumed surface
capacitance effect which increases rapidly with tem-
perature, and whose value depends on the measuring
voltage and bias voltage, was also observed; this is
shown in Fig. 4. Above about 20°K for fields parallel to
the ¢ axis, the surface-capacitance effect completely
dominates the dielectric behavior. Apart from limiting
the maximum temperature at which relaxations may be
observed, the surface capacitance is of no immediate
consequence to the subject of this paper and will be
discussed elsewhere.

The activation energy for the dispersions may be
calculated from curve fitting and Eq. (6). Figure 5
shows the values of Q for all specimens plotted as a
function of the room-temperature conductivity .
Within experimental error, the activation energy is inde-
pendent of the reduction state of the specimens.

For process I, 7* is found to be 1—2X 1078 sec, while
for process II, 7*~10""—1078 sec.

The value of (tand)m.x increases without exception
with increasing temperature, see Fig. 3. Equation (4),
applicable to a fixed number of dipoles, predicts that
(tand) mex Will decrease slowly with increasing tempera-
ture. The experimental behavior, however, can be
empirically described by the ed koc assumption that
K¢—K, is thermally activated in some way, so that in
Eq. (4) » is effectively replaced by no exp(—AE'/kT);
K, is essentially independent of temperature, see Fig. 2.
The modified equation becomes

THou? tan~18—tan1(1/8
(Kot Koo S
OrT Ing

The physical basis for this modification, and meaning of

(tand) max=
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“thermal activation” in this case, is taken up in detail
in the discussion.

With the notation f(8)=[tan"8—tan1(1/8)] and
neglecting the relatively slow temperature variation of
Kot+K,, the above equation may be written

ln[T(tar;a(;n)m lnﬁ:l

For process I, the experimentally determined values of
In[ T (tand) max(In8)/f(8)] versus 1/T are shown for all
specimens in Fig. 6; a good straight line is obtained. The
activation energy AL’ in Eq. (7) obtained from the slope
was found to be 3.0£0.5X 10~ eV. Theintercept yielded
a value from which, using a dipole moment appropriate
to the oxygen vacancy (Fig. 12), the value of #, was
found to be 5X106< 7,< 5X 10", the uncertainty being
introduced mainly by the difficulty involved in ex-
tracting values for Ko and K,, within the limited fre-
quency range available. The peak height for process II
also increases with increasing temperature. However,
the limited temperature range within which process II
was observed precludes the possibility of a similar
analysis. The similarity between processes I and II
implies that an equation of the form (7) also describes

|:7rnou2 (Kot+K oo)] AE'

9 *T @)

10°
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doping with Fe.
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F16. 8. Dielectric behavior of specimen v from second boule as a function of temperature (a) and frequency (b).
Typical behavior of previous boule shown for comparison.

process II; the number of active dipoles involved is
certainly comparable with process I.

[Itis interesting to consider how closely the Clausius-
Mossotti catastrophe is approached; it occurs when
tragip=4mnu?/3kT=1. The greatest value of $raq cal-
culated for the experimental conditions in this work was
1071, generally values =10~ obtain. The use of the
Clausius-Mossotti expression is thus a reasonable
approximation. ]

Since the experimental data for specimens of different
reduction states are all fitted by a single line (Fig. 6) the
value of #, obtained from Eq. (7) must be related to the
extrinsic impurity concentration N, rather than to the
intrinsic and variable donor concentration Ng4, the
number of defects introduced by reduction. This con-
clusion can also be drawn from the extraction of a bulk
dielectric constant for process I from specimens of
different reduction states, as previously discussed.

To test this hypothesis, a trace of high-purity iron
powder was dusted onto the surface of a previously
measured specimen which was then reduced in the usual
way. The dielectric behavior of the specimen before and
after the doping treatment is shown in Fig. 7. [It has
been established that successive reduction does not
affect the behavior: the difference between Egs. 7(a)
and 7(b) is solely due to the higher impurity content.]

The magnitude of process I was vastly decreased by
this treatment, while the magnitude of process II was
considerably increased. This behavior indicates that the
defects responsible for the relaxations are compound
defects formed probably from the association of substi-
tutional impurities with reduction defects. The increase
of the magnitude of process II at the expense of process I
has two alternative explanations, namely,

(i) that the impurity combines with the defect re-
sponsible for process I to form a new defect responsible
for process II, or

(ii) that the impurity renders the defects responsible
for process I inoperative by combination orby clustering
insome way, and the impurities also increase the number
of defects responsible for process IT independently.

The dependence of processes I and II on extrinsic
impurity content was further investigated by using
specimens from a different boule. The typical behavior
of a reduced specimen from this new boule is shown in
Fig. 8. Process IT is about the same magnitude as before
while process I is absent. This difference in behavior
indicates that the second boule contains more trivalent
impurity (see Fig. 7).

The dielectric behavior of the second boule (Fig. 8)
clearly shows, in addition, the existence of another
process, process ITI at 11°K at 20 kHz. This peak is also
exhibited by specimens from the first boule, but is very
much smaller, and is often obscured by the larger peaks
I and II previously described.

The orientation dependence of the three processes
was investigated by using specimens whose disk planes
were either (100) or (110). [All previous measurements
were carried out on disks whose plane was (001)]. The
results for the (110) specimen are shown in Fig. 9 to-
gether with the typical (001) behavior for easy com-
parison. The results for the (100) specimen are shown in
Fig. 10. The significant features are:

(i) Peak I (5°K) is larger and narrower for fields
along the [100] and [110] directions than along the
[001] direction.
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(ii) Peak II (=16°K) does not appear for fields along
[100] and [110].

(iii) Peak III (=11°K) does not depend strongly on
field direction. (Notice how in Fig. 9. Peak III on the
[001] crystal appears only as a knee in the loss curve.)

(iv) The surface capacitance for fields parallel to
[100] and [110] is absent.

The activation energy obtained for processes I and III
with fields parallel to [100] and [110] are the same,
within experimental error, as the values obtained when
the electric field is parallel to [001].

DISCUSSION

The possibility that the dielectric relaxations de-
scribed here are due to ion jumping is immediately ruled
out by comparing the activation energies involved. The
dielectric relaxations have activation energies =10~ eV
(process I) and =102 eV (process II), compared to
=~0.3-1.0 eV for ion jumping deduced from mechanical
relaxation obtained by Carnahan and Brittain'®® and
Wachtman et al.,'?' who describe their results in terms
of Tit3 interstitial ions hopping in complex centers. The
activation energies involved here are comparable to the
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dc impurity conduction activation energies of Hasiguti
et al.b (=107%eV) and are smaller than the conventional
activation energy for conduction'™® by a reasonable
factor. The relaxations are therefore ascribed to elec-
tronic motion.

At low temperatures the positively charged ionic
defects introduced by reduction trap electrons. The
model proposed to explain the dielectric behavior as-
sumes that the electron(s) of the neutral defect are
localized on normal Ti sites of the lattice adjacent to
the positive ionic defects and are not in conventional
hydrogenic states with an effective mass. There will be
several equivalent lattice sites available, related to the
crystal symmetry, and between which the electron may
hop. These electron hops are equivalent to the re-
orientation of electric dipoles, and if the rate at which an
ensemble of these centers approaches the equilibrium
nonpolar configuration after a disturbance is charac-
terized by an exponential relaxation time 7, a Debye
dispersion behavior is to be expected. The actual lattice
sites involved between which electron hopping occurs
will depend upon the ionic defect center itself, i.e.,
whether electron hopping occurs across an oxygen
vacancy or titanium interstitial, or an associated defect
complex.

The Localized Electron States

The critical assumption on which the proposed model
is based is that, at low temperatures, an electron be-
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comes localized in some state on normal Tit* sites to
form Ti*® ions. The Tit? ion then acts as the effective
negative charge of the electric dipole of the defect
center.

The most direct evidence for electrons localized on
normal lattice sites is obtained from the symmetry of
the paramagnetic resonance spectra of Date'® and of
Gerritsen.!” The spectra obtained indicate that in addi-
tion to interstitial Ti*® ions, also observed by Chester,®
there are indeed Ti*® ions on normal crystallographic
sites.

On general grounds, the Bohr radius of the ground
state is expected to be of the order of the lattice spacing,
and not of large radial extent as encountered in the
elemental semiconductors, the small radius being due to
the large effective mass encountered in oxides and the
small dielectric constant expected at frequencies suffi-
ciently high that no lattice polarization occurs. In
addition, if hydrogenlike states of large radial extent
were present in reduced rutile, there would be, by com-
parison with elemental semiconductors of comparable
impurity concentration, more than sufficient overlap of
the wave functions to produce temperature-independent
metallic-impurity conduction. This mode of conduction
has not been observed in rutile,® and is taken to be
indirect experimental evidence that hydrogenic donor
states of large radial extent are not present at low tem-
peratures. The low value of the Hall mobility is also
consistent with this view.

The simplest model to consider is that of an electron
moving in the potential of two equivalent positive ions,
namely the cations between which electron hopping
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gives rise to the dielectric relaxations. An order of
magnitude estimate of the jump frequency based on this
“equivalent-cation” model is, as shown below, several
orders of magnitude greater than that experimentally
observed, and would not give rise to the Debye dis-
persions observed here at kHz frequencies. For this
reason a polaron model is proposed. In this model the
positive ions are ineguivalent because of the ionic dis-
placements accompanying lattice polarization. The
polaron model, as shown below, leads to a satisfactory
explanation of the experimental results.

Consider first the model based on two equivalent
cation sites, in particular the equivalent cation sites (i)
and (ii) associated with the oxygen vacancy shown in
Fig. 12(b). (This defect is later shown to be involved
with peak I). The ground-state electron wave function
is either symmetric or antisymmetric, and both these
wave functions have a charge density equally distributed
between the two cation sites. Dipole reorientation does
not occur for transitions between such states. However,
dipolar reorientation will be involved for transitions
between ground states of the above type, whatever their
form, and excited molecular orbital states, say, of the
type

Yi=v1(r—a)+y2(r—0),

where the first term on the right-hand side is a ground-
state wave function centered on the cation site (i), while
the second an excited-state wave function centerd on the
cation site (i), Fig. 12(b). This type of dipole re-
orientation is schematically represented by the equation
Yo — ¥, Dipolar reorientation will also be involved for
direct transitions between the excited states ., and _,
where . is defined as

Yo=ys(r—a)+y1(r—0b).

The energy-level scheme in the absence (solid lines) and
presence (dotted lines) of an electric field E parallel to
the direction of dipolar reorientation is schematically
indicated in Fig. 11(a). A net polarization in the
presence of an electric field results from the greater
population of state Y. compared to ¥, for the given field
direction.

Of paramount importance in determining the appli-
cability of the above equivalent cation model, which
neglects the effects of lattice polarization, is the relax-
ation time = with which equilibrium is approached after
the sudden application (or removal) of a steady electric
field. Let the direct transition rate ¥, and y_ be
n=1/r1sec?, and the indirect transition rate y, —
Yo— ¢¥_be vo=1/75 sec”l. We estimate vy, the transition
probability from the excited state to the ground state
crudely using the expression ve=v, exp(—E/kT) with
vo=10% sec™. This gives vo~10? sec™! at I'=2°K for
E=~10"* eV. [The expression vo= (2x/%)|H ;;|? would
only be realistic if the wave functions ¢, and y; were
accurately known.] The value estimated above is
probably within a few orders of magnitude and repre-
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sents the lower limit of the transition rate, i.e., the case
where »;=0. Equilibrium will be achieved at a more
rapid rate whenever »;>0. In any event, the lower limit
vy as estimated above is orders of magnitude larger than
the experimentally observed transition rates, 10° to
108 sec™’. The estimated value of v, indicates that the
above model, which does not take the lattice polariza-
tion into account, is untenable.

Consider next the case where the lattice polarization
removes the equivalence of sites (i) and (ii), Fig. 12(b).
Suppose the electron is localized on site (i) in a polaron
state. If the electron should hop to site (ii), which is
equivalent to a dipole reversal together with a small
translation, it will find itself in a state of higher energy.
This is so because the second electrostatic configuration
involves a now antiparallel dipole in the lattice polariza-
tion field induced by the then parallel dipole. Of course,
this lattice polarization will decay and reverse direction
with a characteristic relaxation time, so that ultimately
the electron on site (ii) will have the same energy as it
had originally when on site (i). We shall call the original
electron state on site (i) (or on site (ii) after a time long
compared to the lattice relaxation time) the “parallel-
dipole” polaron state, and the electron state immedi-
ately after the hop, before any lattice relaxation, the
‘““antiparallel-dipole’” polaron state. Let the energy
difference between these two polaron states be AE. The
energy-level scheme for the two different dipole direc-
tions is shown in Fig. 11(b) in the absence of a static
electric field (solid lines) and in the presence of a static
electric field (dotted lines).

A straightforward statistical analysis of the above
energy scheme leads to the expression

(Ko—Ko)/ (Ko+2) (KoF2) = (4drnou?/kT)e~AE2ET

If in the attainment of equilibrium the polarons hop
over a distribution of barrier heights into the levels of
higher energy (the antiparallel-dipole polaron states),
Eq. (7) is obtained with AE=2AFE', provided the
distribution of relaxation times is described by Eq. (2).
The agreement between the experimental behavior and
Eq. (7), as shown in Fig. 6, is thus strong evidence for
the hopping of polarons at low temperatures. Polaron
formation in rutile at low temperatures has been
suggested by Frederikse et al.%?

Structure of Ionic Defects

The values of (tand)max for all three dielectric relax-
ation processes do not depend simply on the state of
reduction of the specimen, i.e., on the intrinsic donor
concentration. This indicates that extrinsic impurities
are involved in some way. Indeed, using specimens of
different size and with differing degrees of reduction but
from the same boule, it was possible, as has been men-

2 H. P. R. Frederikse, W. R. Hosler, and J. H. Becker, in Pro-

ceedings of the International Conference on Semiconductor Physics,
Prague 1960 (Academic Press Inc., New York, 1961), p. 868.
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tioned, not only to verify that peak I was of bulk origin
but also to show that the magnitude of the process was
due to a fixed impurity concentration, Fig. 6. The direct
experimental evidence for the dependence of peak height
on impurity concentration is shown in Fig. 7. The de-
crease of peak I with increasing impurity concentration
strongly suggests that a new complex defect is being
formed from that responsible for peak I, which may
itself be an associated complex. The complex defect
centers involved are likely to be formed from the
association of the intrinsic donor defects (0,2 or Tiin:t)
with trivalent extrinsic impurities, (Alt3, Fet3, B*%) the
major substitutional impurity types present in com-
mercial boules. This association between intrinsic and
extrinsic impurities must be assumed since the increase
of one peak at the expense of another cannot be ex-
plained in terms of isolated defects alone. For example,
suppose a particular relaxation process be due to the
compensation of the majority donors. In this case the
relaxations due to donors missing one (or more) electron
or acceptors with one (or more) electron would be ex-
pected to increase monotonically with increasing ac-
ceptor concentration for the case No>N,, appropriate
to the n-type specimens here. That this behavior is not
observed renders the above assumption untenable.
The dielectric relaxations only appear on reduction.
Their absence in the “stoichiometric” material® of very
3 Here “stoichiometric” rutile is taken to refer to material with

a room-temperature conductivity of less than about 1071 (2 cm)™,
say.
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high resistivity at room temperature indicates that the
complex defects, provided they already exist, are empty
acceptors with electron states lying well above the
valence band or donors partly ionized by “freeze out” at
low temperatures. The experimental evidence indicates
that stoichiometric impure rutile is compensated during
growth, and that, in consequence, association between
impurities and intrinsic donor defects has probably
occurred in stoichiometric, nonconducting rutile. Haul
and Diimbgen® have found that the oxygen self-
diffusion coefficient is independent of the ambient
oxygen pressure, indicative that the oxygen-vacancy
concentration depends rather on the extrinsic impurity
concentration. Kofstad’s!? results similarly show that
impurities dominate the intrinsic defects (oxygen va-
cancies in this case) at low concentrations, while
Wachtman et al?' find intrinsic defects (titanium
interstitials in this case) in nonconducting (at room
temperature) Crt® doped stoichiometric rutile. Van
Keymeulen® showed that an ionic dielectric relaxation
at =~400°K, ascribed to a Fet’-oxygen vacancy com-
plex did not occur when the specimen was quenched
from 900°C, at which temperature the complex was
presumably unassociated. This indicates that cooling
rate is an important parameter in determining the ionic-
defect state in rutile.

The internal friction results of reduced rutile are ex-
plained in terms of even more complex associated
defects, namely an associated pair of cation interstitials,
possibly associated in addition with a pair of trivalent
ions on substitutional sites. The possibility therefore
exists that the low temperature 2-30°K dielectric re-
laxations and the high temperature 300-700°K me-
chanical (and dielectric) relaxations are complimentary
in a novel way. An ionic anelastic reorientation often
involves dipolar reorientation and the correlation of the
ionic terms is usually considered. The low temperature
dielectric relaxations here are due to trapped electrons
hopping around the stationary ionic center, which at the
higher temperatures may give rise to a mechanical
relaxation due to the reorientation of the ionic core
itself. In both cases the ionic core may be the same. The
possible correlation here must not be confused with the
ionic rearrangements usually considered. The greater
sensitivity of dielectric measurements, made in addition
at low temperatures, might detect defects at concen-
trations too small to be detected by mechanical loss
measurements, indicating that any correlations should
be drawn with caution.

The qualitative dielectric behavior expected of an
electron hopping between Ti™* normal sites around a
complex center is based on the following general con-
siderations. Firstly, there exist groups of possible lattice
sites, each member of a group having the same electro-
static energy e; (on distance considerations only), the

# R, Haul and G. Diimbgen, J. Phys. Chem. Solids 26, 1 (1965).
% J. van Keymeulen, Naturwiss. 45, 56 (1958).
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energy of each group, however, differing from the next.
The occupancy of electrons in each group is proportional
to the Boltzmann factor exp(e;/kT). It is assumed that
eo/kT<Ke/RT- - - etc., so that at low temperatures only
occupancy of the group of lowest electrostatic energy,
i.e., nearest-neighbor sites, is significant. Secondly, the
transition probability for an electron hop from occupied
cation to unoccupied cation site depends upon the
overlap of the wave functions centered on the respective
sites.?-% Hops over large distances are thus not favored.

The ion cores of the complex defects responsible for
the dielectric relaxations which are reasonable to con-
sider are:

(i) oxygen vacancy in association with one or more
trivalent impurities,

(ii) titanium interstitial in association with one or
more trivalent impurities, and

(ili) two associated titanium interstitials in associa-
tion with two trivalent impurities. This defect has been
proposed by Wachtman ef @l to explain internal
friction behavior.

Oxygen Vacancy with One Impurity

The trivalent impurity may occupy two unequivalent
lattice positions as shown in Fig. 12(a) and (b). Each of
these ion configurations has a net positive charge and
may in consequence trap one electron. For the ion core
configuration shown in Fig. 12(a) the possible electron
hop is indicated. This hop has associated a dipole-
moment component in both the a and ¢ directions, with
|tia|/|1e| =2.273. For the ion configuration shown in
Fig. 12(b) the possible electron hop indicated has a
component in the ¢ direction only of magnitude
| o] /e=2.959 A.

Oxygen Vacancy with Two Impurities

The two trivalent impurities occupy sites on either
side of the oxygen vacancy, the sites of the type shown
in Fig. 12(a) having lower electrostatic energy than
those in Fig. 12(b). The net charge of both ionic
configurations is zero; the center cannot trap an electron
and will not be electronically active as a dipole.

The Titanium Interstitial Tit® Associated with
Two Impurities

The nearest-neighbor positions for the trivalent im-
purities are shown in Fig. 13(a). This ion core has a net
positive charge of one and may trap one electron. There
are two possible electron hops; one in the ¢ direction
with |u.|/e=2.959 A, the other in the a direction with
|pal /e=4.594 A.

The other defects which are reasonable to consider are
shown in Figs. 13(b) and 14. The polar behavior of these

( 366'(1) ) Yamashita and T. Kurosawa, J. Phys. Soc. Japan 15, 802
1960).
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defects may be discussed in the same way as previously,
and is also summarized. The titanium interstitial pair is
included, its presence in reduced rutile having been
inferred from mechanical relaxation studies.

The c-only hop of an electron trapped by a Tit?
interstitial associated with two (or one) trivalent im-
purity ions, Fig. 13, accounts well for peak II. It is
likely that there may be some contribution to peak II
from the c-only hop associated with the oxygen vacancy,
Fig. 12(a). Peak II cannot be due to the c-only hop
possible with oxygen vacancies alone, however, since
the oxygen vacancies would be expected to become
progressively more associated with two impurities than
one as the concentration of the latter is increased. This
renders the center inoperative, a behavior not observed.
Furthermore, if it is assumed that increasing the im-
purity concentration increases the oxygen vacancy con-
centration correspondingly, and that peak II therefore
increases, than it follows that a peak due to the oblique
hop of the electron trapped by the oxygen vacancy,
Fig. 12(a) would also increase.

The only peak observed with both an a and ¢ com-
ponent, peak I, behaves in the opposite way; it dis-
appears on increasing the impurity content. Peak I,
which has an a and ¢ component in the ratio 3.0
(theoretical ratio 2.27), certainly has its origin in an
oblique hop. Two simple centers can exhibit this be-
havior, the oxygen vacancy with one impurity Fig.
12(a), and the Ti*® interstitial with one impurity
Fig. 13(b). The evidence favors the explanation that
peak I is due to the oblique hop associated with the
oxygen vacancy rather than the titanium interstitial,
viz., that the peak decreases with increasing impurity
content. The Ti™® interstitial center, should exhibit
another peak observable in the a direction only, due to
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the transition 2 in Fig. 13. The relaxation due to this
process has not been observed. The actual hopping
distance 4.594 A, is the largest of all transitions con-
sidered, and it is reasonable to assume that this mode
operates only at higher temperatures and is obscured by
the surface phenomena then dominating the behavior.
This explanation also involves the so far tacit assump-
tion that the oblique hop involving the larger distance
3.570 A, and to which peak I is ascribed, occurs at a
lower temperature than the vertical shorter hop 2.959 A
which has been associated with peak II. The rate at
which an electron hop occurs is strongly dependent on
the overlap of the wave functions localized on each site.
For the oxygen vacancy (Fig. 12) the perturbed-wave-
function overlap in the now positive region previously
occupied by the oxygen ion may be significantly larger
than that associated with the Tit? interstitial center.

There are additional advantages in ascribing peak I to
the oblique transition of oxygen vacancies. Granting
that the (small) number of oxygen vacancies remains
fixed (Haul and Diimbgen®) and that trivalent im-
purities preferentially associate with oxygen vacancies,
then the rapid decrease of peak I with increasing im-
purity observed is to be expected. This quenching by
addition of trivalent impurity is not expected however
if Ti*® interstitials were involved, since their concen-
tration changes with reduction state. Another advantage
in ascribing peak I to the oxygen vacancy is that, like
the center proposed as responsible for peak II, the
oxygen vacancy associated with one impurity can trap
only one electron. Centers with two electrons may not
exhibit sharp relaxations due to the correlated motion
of the electrons. The above explanation that peak I be
due to the oblique hop at the oxygen vacancy complex,
requires that the oblique hop of the Ti+? interstitial
complex be not observable. There are two reasons why
this may be so. A Ti*? interstitial capable of an oblique
hop can also trap two electrons, and the correlated
motion of the electrons may suppress the otherwise
expected relaxation, Alternatively, the hopping distance
involved is quite large, 3.570 A, and like the a hop of
this center Fig. 13(b), the hop may occur at higher
temperatures, where it is obscured by the surface
capacitance,
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Peak IIT is small in one specimen, large in another; its
magnitude is independent of reduction state and tri-
valent impurity. The dipole moment associated with
this process has both a and ¢ components. A substi-
tutional pentavalent impurity compensated by a Tit?
ion on a normal lattice site is a simple model which
adequately explains this dielectric relaxation. The pos-
sible hops are of the oblique type.

It is interesting to note that it is not necessary to
introduce anywhere a complex ionic model in which
pairing of the defects introduced by reduction need be
assumed to account for any of the dielectric behavior
reported here, as must be done to explain the internal
friction behavior. There is no reason that the defects
responsible for the dielectric relaxations should also be
responsible for the mechanical relaxations. There is
some consistency in that simple point defects are in-
adequate in both cases.

The proposed models involving electrons localized on
normal Ti** sites adjacent to a positive point defect
introduced by nonstoichiometry appear reasonable.
There is strong experimental evidence which indicates
that the trivalent impurity in the crystal associates with
the defects introduced by reduction. The c-only hop on
lattice sites surrounding a titanium interstitial with two
(or more) associated impurities provides the best ex-
planation for peak II. The oblique hop on lattice sites
surrounding an oxygen vacancy with one associated
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trivalent impurity provides the best explanation for
peak I. There is some ambiguity in this assignment.
Peak I may be due to the oblique hop associated with
the Ti*? interstital but this identification does not lead
to so satisfactory or consistent an interpretation. Elec-
tron hopping on normal sites around a pentavalent
impurity accounts well for peak III.

CONCLUSION

Dielectric measurements have proved fruitful in
elucidating some of the localized states in reduced rutile.
In particular, at low temperatures, polarons have been
observed hopping between normal cation sites in the
region of low electrostatic potential about a positive
ionic defect core. This indicates that consecutive
intercationic electron hopping will contribute to dc
impurity conduction in rutile at somewhat higher tem-
peratures. Dielectric measurements should be useful in
observing similar processes in other transition-metal
oxides.
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