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Interaction and ordering of lattice defects in oxygen-deficient rutile TiO,_
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The atomic and electronic structures of lattice defects

in oxygen-deficient rutile TiO,_,

(1X107*Sx $3X1073) are discussed on the basis of electron-paramagnetic-resonance measurements.
Titanium interstitials with a single paramagnetic electron (S =%), which are the main lattice defects for
small x ( $3X107*), strongly interact with each other for large x ( X 4 X 10™*) resulting in Ti interstitial
pairs with two paramagnetic electrons (S=1) whose Ti-Ti distance and orientation are 3.25 A and
(110), respectively. At the same time, a considerable fraction of the Ti interstitials are ordered in
cooperation with an oxygen deficit, resulting in {121} plane defects. The (121) plane defect contains Ti-
ion pairs whose Ti-Ti orientation is { 100), and the Ti-ion pair has two covalent-bond electrons and an

additional paramagnetic electron (S = % ).

I. INTRODUCTION

The lattice defects created in compounds by changing
the composition of one of constituent elements from
stoichiometry are of importance from both scientific and
engineering points of view. In fact, such defects are often
created in the processes of compound production and
greatly affect the electric and mechanical properties of
the compounds. However, the structures of such defects
are often more complicated than one expects and it is not
necessarily easy to analyze their structures. A good ex-
ample is a certain defect in rutile (TiO,),! which is used in
various electric and optical devices. By heating TiO, in a
reducing atmosphere, for example, its composition
changes into oxygen-deficient TiO,_,; we shall consider
the case of x $3X10™* for a while. In much of the
literature, the defects in oxygen-deficient TiO,_, are sim-
ply regarded as oxygen (O) vacancies. Actually, however,
the defects are titanium (T1i) interstitials as was critically
reviewed in detail by Hasiguti."?> Misunderstanding of
this kind for various materials sometimes causes severe
inconvenience in understanding and controlling the prop-
erties of the materials.

The present paper is concerned with lattice defects in
oxygen-deficient TiO,_, but deals with the case of larger
x, i.e., x 24X 1074 This work was initiated to clarify
the electronic interaction among the above-mentioned Ti
interstitials, which would affect the electronic properties
of TiO,_,. However, a more drastic interaction, i.e., the
structural pairing of the Ti interstitials, has been found
for a large part of the Ti interstitials by means of electron
paramagnetic resonance (EPR). Furthermore, it has also
been found by EPR that a large part of Ti interstitials are
arranged orderly (in cooperation with O deficit) resulting
in {121} plane defects. We have successfully analyzed
the electronic structures of the Ti interstitial pair and the
{121} plane defect. As is well known,? there is a series of
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the “Magneli phases” Ti, O,_, (n =4-9), some of which
exhibit interesting electric properties such as metal-
semiconductor and semiconductor-semiconductor transi-
tions. The crystal lattice of Ti,O,, _; (triclinic) can be
constructed from that-of TiO, (tetragonal) by removing
the (121) O plane every n planes and translating one side
of the removed O plane relative to the other side by a
vector of (0, 1/2, 1/2). This (121) stacking fault in
Ti, O,, — is the same as the {121} plane defect in TiO,_,
mentioned above.

II. EXPERIMENTAL

A single-crystal rod of TiO, was cut into specimens
with dimensions of 12X 1X1 mm?, their largest faces be-
ing parallel to (001) or (100). The specimens were re-
duced into various oxygen-deficient compositions,
TiO,_, (1X107*<x $3X1073), by the following two
methods. For small x (1X1074Sx S3X 1074, a speci-
men was put in an evacuated (8 X 10~ ° Torr) quartz cap-
sule and heated at a high temperature in a temperature-
controlled electric furnace. In this case, x could be con-
trolled by changing the volume of the capsule and the
heating temperature (1000-1400°C). For large x
(3X107%<xS3X1073), a specimen was placed at a
closed end of a quartz tube and heated at a high tempera-
ture with the other end of the tube being continuously
evacuated (8 X107® Torr). In this case, x could be con-
trolled by changing the heating temperature
(1000-1400°C). The value of x was measured with the
following two methods. One is to measure a weight loss
(and a weight gain after reoxidation into TiO,) with a
high-precision microbalance. This method was not useful
for small x, so that the amount of oxygen built up in the
capsule was measured by breading the capsule in a spe-
cially designed oil manometer. The values of x measured
in these different methods agreed reasonably well in an
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overlapping region. It should be mentioned that, in order
to obtain homogeneous single-crystal specimens of
TiO,_, with large x, it took more than 1000 h in heating
time.

All EPR measurements were made at 4.2 K with an X-
band spectrometer (JEOL JES-3) operated at a mi-
crowave frequency of 9.214 GHz. The calibration of the
external magnetic field was made by using a standard
sample, DPPH.

III. RESULTS AND DISCUSSION

Figure 1 shows a typical EPR spectrum of TiO,_,,
which was measured for a specimen with x =5X10"* at
4.2 K with the external magnetic field parallel to [001].
The spectrum consists of three spectra “C”, “X,” and
“W” as indicated; the naming of the spectra will be de-
scribed later.

In this paper, the “C” spectrum, which was found and
named by Chester,*> will not be discussed in detail since
it was already analyzed by Hasiguti’ and identified to be
due to a Ti interstitial with a single paramagnetic elec-
tron; this identification was later confirmed by Yagi
et al.® with proton channeling experiments. However,
for our later discussion, it is necessary to give a brief in-
terpretation about the “C” spectrum.

A. The “C” spectrum

The “C” spectrum has the same origin as the “A4”
spectrum (not seen in Fig. 1) that was also found and
named by Chester,*> as discussed by Hasiguti.> Namely,
both the “C” spectrum and the *“ 4> spectrum are due to
a Ti interstitial with a single paramagnetic electron. If
the concentration of the Ti interstitial is small enough,
they give the “ A” spectrum consisting of four resonance
lines, but as the concentration increases, the “A4” spec-
trum changes into the “C” spectrum consisting of single
resonance lines owing to exchange narrowing. Because of
this, the “ A spectrum contains more detailed informa-
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FIG. 1. EPR spectrum of TiO,_, with x =5X10"* mea-

sured at 4.2 K with the external magnetic field being swept in
the [001] crystal axis. The frequency of electromagnetic wave
was 9.214 GHz. The shoulders on the both sides of the main
resonance line of the “C” spectrum are a hyperfine structure,
which is not well resolved because of exchange narrowing.
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tion on the Ti interstitial rather than the “C” spectrum.
The principal axes and principal values of the g tensor in
the effective spin Hamiltonian

H=pH-g-S (1)

(the notations have usual meanings) of the single
1

paramagnetic electron (S =1) of the Ti interstitial are
determined from the resonance magnetic fields of the
“A” spectrum plotted against the direction of the exter-
nal magnetic field shown in Figs. 2(a) and 2(b) by broken
lines (remeasured in the present work) and the results are
shown in Table I. As we see in Table I, the principal
axes of the g tensor in the (001) plane are deviated from
the [100] and [010] crystal axes by 26°. The position of
the Ti interstitial, which was analyzed by Hasiguti? on
the basis of similar experiments, is shown in Fig. 3. This
position is consistent with the principal axes shown in
Table I since the symmetry axes of the octahedron of O
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FIG. 2. Resonant magnetic fields of the “ 4> (dashed lines)
and “X” (solid lines) spectra plotted against the direction of the
external magnetic field. The measurements were made at 4.2 K
with an electromagnetic wave of 9.214 GHz.
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TABLE I. Principal axes and principal values of the g tensor
of the “ 4” spectrum.

Principal axis Principal value

[001] (&) 1.9414 (g;)
[100]+26° (1) 1.9780 (g,)
[010]+26° (£) 1.9746 (g;)

ions surrounding the Ti interstitial are rotated in the
(001) plane by 32°, which is close to 26°, from the {100)
crystal axes as indicated in Fig. 3(b); the small difference
between the two angles (32° and 26°) is not serious be-
cause the crystal field at the Ti interstitial is created not
only by the nearest O ions but by the next-nearest Ti ions,
as will be discussed later.

As for the charge state of the Ti interstitial, there are
two possibilities of Ti3* and Ti'* because of its electron
spin of S=1. We prefer Ti3", according to an EPR
study of the “A4” spectrum by Kingsburgy, Ohlsem, and
Johnson.” The spatial distribution of the paramagnetic
electron of the Ti™3, however, seems to be considerably
larger than that of Ti*3 in usual complex salts of titani-
um. In fact, in the latter case, the principal axes of the g
tensor are almost completely determined by the crystal
field of the nearest O ions,” whereas the paramagnetic
electron of the Ti™3 of concern feels an additional crystal
field of the next-nearest Ti ions to a considerable extent,
as already described. The interstitial Ti*? is a donor
center and its ionization energy is 5X 107 % eV as mea-

x Interstitial Ti

(b)

FIG. 3. (a) Three-dimensional view and (b) its two-
dimensional projection of the lattice of TiO, containing a Ti in-
terstitial. The principal axes of the g tensor of a paramagnetic
electron (S =1/2) trapped by the Ti interstitial are denoted by
&, m, and § (§ is not shown explicitly but perpendicular to £ and
7).

M. AONO AND R. R. HASIGUTI 48

sured from the temperature dependence of electrical con-
ductivity.” This small ionization energy is consistent
with what was mentioned above.

We can now discuss the origins of the “X> and “W>
spectra in Fig. 1 on the basis of the brief interpretation of
the ““ 4” spectrum given above.

B. The “X” Spectrum

The “X” spectrum was found and named by Hasiguti
and co-workers”!? in their preliminary study. The “X”’
spectrum consists of four resonance lines and their reso-
nance magnetic fields vary against the direction of the
external magnetic field as shown in Figs. 2(a) and 2(b) by
solid lines. As we see in Fig. 2(b), the “X> spectrum
splits into two resonance lines even in the principal sym-
metry axis of TiO, [001], and the behavior observed in
Fig. 2(b) is typical of a paramagnetic center of S =1.
Therefore, we shall analyze the “X” spectrum with the
following effective spin Hamiltonian for S =1:

H=pBH-g-S+S-D-S (2)
(the notations have usual meanings). The principal axes
Ti 0
/S /

(a)

N

FIG. 4. Three-dimensional view (a) and its two-dimensional
projection (b) of the lattice of TiO, containing a Ti interstitial
pair Ti(1)-Ti(2). &, n,, and §; for Ti(l) and &,, 7,, and &, for
Ti(2) correspond to &, 1, and § in Fig. 3, respectively (&, and &,
are not shown explicitly but perpendicular to &; and 7, on one
hand and &, and 7, on the other hand, respectively). X, Y, and
Z show a coordinate system used in the analysis of the interac-
tion between two paramagnetic electrons trapped by Ti(1) and
Ti(2) (Z is not shown explicitly but perpendicular to X and Y).
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and principal values of the g and D tensors, which are
found from Figs. 2(a) and 2(b), are shown in Table II.

We have examined a number of possible origins of the
“X”’ spectrum and found that the “X”’ spectrum is due to
a pair of Ti interstitials shown in Fig. 4, where Ti(1) and
Ti(2) indicate two equivalent Ti interstitials, each of
which is essentially the same as the Ti interstitial dis-
cussed above. The Ti(1)-Ti(2) distance and orientation
are 3.25 A and (110), respectively. The pair of Ti(1) and
Ti(2) is fully consistent with our experimental results for
the “X* spectrum shown in Figs. 2(a) and 2(b) and Table
IT as follows (we will describe the analysis in detail be-
cause it will be necessary for our later discussion).

The principal axes and principal values of the g tensor
for Ti(i) (i =1,2) will be denoted by £(i), (i), and £(i)
on one hand and g(g’()[), g(,;()i, and g‘;’%’n on the other hand,
respectively. Namely, the g tensor for Ti(i) is expressed
as

geh O 0
gl minem=10 gy © (3)
W
0 0 g

in its principal-axis coordinate system. We tentatively as-
sume that the principal axes and principal values of gV
and g'? are the same as those of the g tensor for the iso-
lated Ti interstitial given in Table I. Namely,

giih=slth =g, (=1.9414), @
g =8 =g, (=1.9780), ©
gtih =gty =gc (=1.9746). (6)

If we express (3) in the X, Y, and Z coordinate system
shown in Fig. 4(b), we obtain

ad O
glvz=1d b 0|, (7
0 0 ¢

]
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TABLE II. Principal axes and principal values of the g and D
tensors of the “X”’ spectrum.

g tensor

Principal axis Principal value

[001] (Z) 1.9509
[110] (Y) 1.9802
[ITO] (X) 1.9846
D tensor
[001] (Z) 1.9%X1073 cm™!
[110] (V) —0.9%X107% cm™!
[1T0] (X) —1.0X1073 cm™!
a —d O
gxvzn=|—d b 0], (8)
0 0 ¢
where
a =g§cosze+gnsin29 R 9)
b=g§sin26+gncosze N (10)
c =g§ ’ (11)
d =(g;—g¢)sinb cosb , (12)

6 being the angle shown in Fig. 4(b), which is 26° accord-
ing to Table I.

We can write the spin Hamiltonian of the pair of Ti(1)
and Ti(2) as

H:BH,g(1),S(1)+BH,§(2),S(2)+S(1),J_S(Z) , (13)

where the first and second terms represent the Zeeman
interactions of the paramagnetic electrons of Ti(1) and
Ti(2), respectively, and the third term represents the ex-
change interaction between the two paramagnetic elec-
trons. If we express (13) in the X, Y, and Z coordinate
system using (7) and (8), we obtain

H=P[Hy(S{"a +SVd)+ Hy(Sd +S{'b)+H, SV e+ Hy(SPa+SPd )+ Hy(—S¢d +S'b)

+H,SPc |+ Ty SIS + Ty Sy ISP+, 84S

When H is parallel to Z, (14) is reduced to

(14)

H=BHzc(SP+SP)+J,SHSH+ LIy =TS PSP + LIy +Ty)SPSD + LIy +Jp)SUSP + LIy —Ty)sVs?

(15)

if Z is taken to be the quantization axis, where the subscripts + and — indicate the up and down spins, respectively.
As the basis of the representation of (15), we take state vectors |+L,+1), [—=1,—1) |+1 —1) and |—1,+1),
where i and j in |i,j ) are the spin quantum numbers of the paramagnetic electrons of Ti(1) and Ti(2), respectively. In
this case, (15) is represented as

BHyc+Jy/4  (Jy—Jy)/4 0 0
(Jy—Jy)/4 —BHyc+Jy /4 0 0
H= 0 0 —J /4 (T, +Jy) /4 (16)
0 0 Jy+dy) /4 —Jy/4

Since BH c >>J 4, the eigenvalues of (16) and their eigenstates are:
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E, =BHzc+J,/4, |+1/2,+1/2), (17)
Ep=—BHzc+J /4, |—1/2,—1/2), (18)
Ec=—Jz/4+Ux+Jy) /4, {|+1/2,—1/2)+|—1/2,+1/2)}/V2, (19)

Ep=—J,/4—Uy+Jy) /4, {|+1/2,—1/2)—|—1/2,+1/2)}/V2 . (20)
[
The first three states 4, B, and C are triplet (S =1), tively satisfied as we see in Figs. 2(a) and 2(b). Quantita-

while the last state D is singlet (S =0). Resonance
occurs between A and C and between B and C for which
Amg==1. From the resonance conditions hv=E , —E.

and hv=E;—Ep, we obtain the following resonance
magnetic fields:
H,=hv/Bc—(2J,—Jx—Jy)/4Bc , (21)
H,=hv/Bc+(2J,—Jx—Jy)/4Bc . (22)

The tensor J can be divided into an isotropic part J, and
an anisotropic part J' [J, has no effect on (21) and (22)
and J' corresponds to D in (2)]. In the diagonal represen-
tation of J, its diagonal components are Jy=J,+Jx,
Jy=Jy+Jy, and J;=J,+J;. If these are substituted
into (21) and (22) and Jy +Jy+J;=0 is taken into ac-
count, we obtain

H,=hv/Bc—3J;/4Bc , (23)
Hy=hv/Bc+3J;/4Bc . (24)
When H is parallel to X, (14) is reduced to
H=BHya(S{+S¥ )+JXS DS+ L(Jy—JTx)S s
+ LIy +Jy)S Vs
+ 1Ty +I)S ISP + LT, —J,)SVS? (25)

if X is taken to be the quantization axis, where the terms
containing d in (14) are neglected because d is about three
orders of magnitude as small as a, b, and ¢ as estimated

from (9)-(12) and Table II. The resonance magnetic
fields obtained from (25) are
Hy=hv/Ba—3J,/4Ba , (26)
Hy=hv/Ba+3J,/4Ba . (27)

Similarly, when H is parallel to Y, we obtain the fol-
lowing resonance magnetic fields:

Hy=hv/Bb—3J, /4Bb , (28)
Hy=hv/Bb+3J, /4Bb . (29)

To summarize, if our assumption that the “X> spec-
trum is due to the pair of two Ti interstitials shown in
Fig. 4 is correct, the observed “X”’ spectrum should satis-
fy (23), (24), and (26)-(29). Since hv/Bc, hv/Ba, and
hv/Bb in these equations are the resonance magnetic
fields of the “A4” spectrum, the two branches of the “X”’
spectrum should always appear on the both sides of the
“A” spectrum with the same separation. This is qualita-

tively, a deviation from this expectation is observed the
deviation is 18%, 0.2%, and 7% in the Z, Y, and X direc-
tions, respectively, where the deviation is defined to be
the shift of the center of the two branches of the “X”
spectrum from the resonance magnetic field of the “4”
spectrum divided by the separation of the two branches.
The deviations can be interpreted as follows.

In the argument given above, we have assumed that all
the principal values of the g tensor of the isolated Ti in-
terstitial, g & & and 8¢ are conserved even if another Ti
interstitial approaches it to form the pair Ti(1)-Ti(2) in
Fig. 4. However, if we consider one of the Ti interstitials,
Ti(1), the orbitals of its paramagnetic electron about the
£(1) and &(1) axes [these axes are perpendicular or nearly
perpendicular to the Ti(1)-Ti(2) axis] are affected by the
existence of Ti(2), although the orbital about the 7(1)
axis [this axis is nearly parallel to the Ti(1)-Ti(2) axis] is
not appreciably affected. Because of this, gi(1) and gy},
are actually different from g, and g, whereas g(nl(’” is al-
most the same as g,. We can say the same thing for ggzﬁ),
gy, and g,,(z, Namely, (4) and (6) are not necessarily
good approximations, although (5) is still a good approxi-
mation. Therefore, we must rewrite (9)—(12) as follows:

a =(gg+A)cos’0+g,sin’0 , (30)
b =(g;+A)sin’0+g,cos’0 , (31
c=g,+A", (32)
d =(g,—g¢—A)sinb cosb , (33)

where A and A’ are the above-mentioned changes in g,
and g, respectively. Although 6 also changes, it causes
only a small correction. If we compare (30), (31), and (32)
with (9), (10), and (11), respectively, it is found that c is
most strongly changed, b is essentially unchanged (note
that sin?6=0.19 is much smaller than cos?0=0.81), and
a is moderately changed (only one of the two terms is
changed). Since c, b, and a are contained in (23) and (24)
for H||Z, (28) and (29) for H||Y, and (26) and (27) for
H|| X, respectively, the deviation of concern is largest in Z
(18%), almost zero in Y (0.2%), and medium in X (7%).

The principal values of the D tensor shown in Table II
are about one order of magnitude as small as those usual-
ly observed in transition-metal complex salts.® This is
consistent with our picture that the two paramagnetic
electrons interact with each other with a considerably
large distance of 3.25 A.

In this way, the “X>* spectrum is successfully interpret-
ed by the pair of Ti interstitials shown in Fig. 4. This is
supported by other experimental results shown in Fig. 5,
where the intensity of the “C”, “X, and “W” spectra are
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FIG. 5. Intensities of the “C,” “X,” and “W” spectra in a
unit of spin concentration plotted against x in TiO,_, (the mea-
surements were made at 4.2 K); it is also shown that plane de-
fects appear for x 2 6 X 1073 [reproduced from a previous paper
by one of the present authors (Ref. 1)].

plotted against x in TiO,_,. As we see, as x increases,
the intensity of the “C” spectrum due to the isolated Ti
interstitials increases at first but decreases for
x 23X 107% In accordance with the decrease, the “X”
spectrum appears and increases in intensity. This is con-
sistent with our interpretation that the “X* spectrum is
caused by the pairing of the Ti interstitials.

C. The “W” spectrum

The “W”’ spectrum was also found and named by Hasi-
guti et al.'®!! in their preliminary study. The “W” spec-
trum consists of four resonance lines and their resonance
magnetic fields vary against the direction of the external
magnetic field as shown in Figs. 6(a) and 6(b). As we see
in Fig. 6(b), the “W” spectrum gives a single resonance
line in the principal symmetry axis of TiO,, [001], indi-
cating that this spectrum is due to a single paramagnetic
electron (S =1/2). Therefore, we shall analyze the “W’
spectrum using (1). The principal axes and principal
values of the g tensor determined from Figs. 6(a) and 6(b)
are shown in Table III. An interesting characteristic of
the “W’ spectrum is that the principal axes of the g ten-
sor in the (001) plane are deviated from the [100] and
[010] crystal axes by a small angle of 4.5°. Any plausible
point defects and simple defect complexes are incon-
sistent with this fact. Namely, the “W” spectrum is due
to a pretty complicated defect.
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TABLE III. Principal axes and principal values of the g ten-
sor of the “W” spectrum.

Principal axis Principal value

[001] 1.791
[100]+4.5° 2.053
[010]+4.5° 1.835

In conclusion, the “W”” spectrum is analyzed to be due
to a structural unit that constructs a plane defect. In
fact, as studied by Yagi and Hasiguti'? and indicated in
Fig. 5,! {275} and {132} plane defects are observed by
transmission electron microscopy in a region of x where
the “W”’ spectrum appears.

According to Bursill, Hyde, and Philip,'* a (hkl) plane
defect in TiO, can be constructed as

(hkl)=n(121)+m(011) ,

where n and m are integers and (121) and (011) represent
a stacking fault and a phase boundary, respectively. The
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=
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FIG. 6. Resonant magnetic fields of the “W” spectrum plot-
ted against the direction of the external magnetic field; corre-
sponding effective g values can be read from a scale on the
right-hand side. The measurements were made at 4.2 K with an
electromagnetic wave of 9.214 GHz.
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(121) stacking fault is just the same as the (121) stacking
fault in the Magneli phases with Ti,O,,_; already de-
scribed. The (011) phase boundary will be described
later. The (275) and (132) plane defects mentioned above
are therefore constructed as

(275)=2(121)+3(011) ,
(132)=1(121)+1(011) .

The (275) plane defect, for example, is illustrated in Figs.
7(a) and 7(b). In the figures, O ions are arranged in a
close packed structure for simplicity; this is called the
idealized TiO, structure. Figures 7(a) and 7(b) represent
two neighboring (001) atomic planes of the idealized TiO,
structure; by stacking these planes alternately, the ideal-
ized TiO, structure is constructed. In the figures, the
solid, broken, and dashed-dotted lines show the intersec-
tions of the (121) stacking fault, the (011) phase bound-
ary, and the resultant (275) plane defect with the atomic
planes, respectively. The deficiency of O ions is borne
only by the (121) stacking fault.

We notice in Figs. 7(a) and 7(b) that there are pairs of
Ti ions in the (121) stacking fault, i.e., P-Q in Fig. 7(a)
and P’-Q’ in Fig. 7(b), although they are crystallographi-
cally equivalent. The origin of the “W”’ spectrum is attri-
buted to this pair of Ti ions as will be discussed below in
detail.

First, let us consider the principal axes of the g tensor
shown in Table III. For this purpose, the Ti ion pair P-Q
in Fig. 7(a) is redrawn in Fig. 8 for the real TiO, struc-

3333
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\g%olgb\egﬁpﬂ\ 00 O

loqogg%%% RS
LK

(a)

OP °O’

b%
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FIG. 7. Illustration of the (275) plane defect in TiO,_,
(x 26X 107%); O ions are arranged in a close packed structure
for simplicity. (a) and (b) represent two neighboring (001) atom-
ic planes and the solid, broken, and dashed-dotted lines show
the intersections of a (121) stacking fault, a (001) phase bound-
ary, and the resultant (275) plane defect with the atomic planes,
respectively.
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FIG. 8. Tiion pair P-Q in Fig. 7(a) redrawn for the real TiO,
structure.

ture. Since the two Ti ions P and Q are arranged along
[100], one of the principal axes of the g tensor should be
close to [100] and the other principal axes close to [010]
and [001] which are perpendicular to [100]. A deviation
from these axes is determined by the distortion of the ar-
rangement of surrounding O ions from mirror symmetry
about the (100) plane. As we see in Fig. 8, such distortion
is small. In this way, the important characteristic of the
“W” spectrum that the principal axes of the g tensor are
in, or slightly deviated from [100] and [010], can be inter-
preted.

As we can count easily, the Ti ion pair including
surrounding O ions has sixteen crystallographically
equivalent orientations. However, a half of them are the
inversion of the rest half, which cannot be distinguished
from each other by EPR. Furthermore, one of the princi-
pal axes of the g tensor coincides with the principal crys-
tal axis [001], so that the number of orientations distin-
guishable by EPR is four. This is consistent with the fact
that the “W”’ spectrum consists of four resonance lines.

The principal values of the g tensor shown in Table III
are also consistent with the Ti ion pair P-Q in Fig. 8. The
paramagnetic electron of the Ti ion pair P-Q is represent-
ed by a linear combination of atomic orbitals of the two
Ti ions P and Q arranged along [100], so that the orbital
should have strong axial symmetry about the [100] axis.
We can therefore expect that the g tensor also has strong
axial symmetry in a manner that the principal value of
the g tensor in [100] (we neglect the small deviation of
+4.5° which was discussed above) is largely different
from those in [001] and [010] (which are perpendicular to
[100]), the latter two being close to each other. As we see
in Table III, the principal value in [100] (+4.5°) is cer-
tainly larger than those in [010] (£4.5°) and [001] to a
large extent; the latter two are almost equal.

An interesting thing seen in Table III is that the princi-
pal values of the g tensor are larger than the g value of a
free electron, g,(=2.0023), in [100]+4.5° but smaller
than g, in [010]%4.5° and [001]. The principal values are
given by?®

— 9_2}\2 <¢0|Lv‘¢n ><¢n‘Lv|¢0>

En _EO ’

(34)
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where v represents one of the principal axes, A the spin-
orbit coupling constant, L, the orbital momentum opera-
tor, E, and E, the energy levels of the paramagnetic elec-
tron and other filled and empty states, respectively, and
|¢o) and |¢,) the wave functions of the paramagnetic
electron and the filled and empty states, respectively,
which can be written (in the present case) as

160> =CGldp) +C8log)
6,0 =C/l¢p) +CRlbo)

where |¢p ) and |¢Q> are the atomic orbitals of the two
Tiions P and Q in Fig. 8.

If the paramagnetic electron at E, interacts only with
empty states at E,’s above E, all the principal values of
the g tensor should be smaller than g,, because the
second term of (34) is negative in such a case. This is in-
consistent with the experimental results mentioned above
(Table III). Namely, at least one filled state must exist at
an E, below E,, the E, being not far from E,. This
means that there are at least two valence electrons in the
Ti ion pair P-Q, in addition to the paramagnetic electron
of concern, and they make a covalent bond with uniparal-
lel spins. The existence of such covalent bond electrons
has already been inferred by Goodenough!# in his argu-
ment on the Magneli phases. We have been able to verify
his inference experimentally.

When the concentration of the Ti ion pair P-Q is large
as in the specimen for which Fig. 1 was measured, no
hyperfine structure due to a nuclear spin of Ti, I, is ob-
served because of exchange narrowing. However, when
the concentration is small enough, or x in TiO,_, is
smaller than 3X 1074, a hyperfine structure is observed as
shown in Fig. 9, which was measured for a specimen with
x=3X10"* There are two isotopes of Ti with a nuclear
spin, i.e., 41Tj and *°Ti with I=5/2 and 7/2, respectively;
their natural abundances are 7.32 and 5.46%, respective-
ly, the nuclear magnetic moments of *'Ti and *Ti are
—0.7873 and —1.10283,, respectively, By being the nu-
clear magneton. The ratio of the former to the latter,
0.715, accidentally coincides with the ratio of 5/2 to 7/5,
0.715. Therefore, eight [2(7/2)+1] resonance lines ap-
pear and the two lines at the both ends are weaker than
the other lines, as we see in Fig. 9 (although Fig. 9 shows
that the paramagnetic electron interacts only with a sin-
gle Ti nuclear spin, this is not inconsistent with the Ti ion
pair P-Q because the probability that the both Ti ions
have a nuclear spin is only 1.64%). The coupling con-
stant A4 in the hyperfine interaction AI-S (the notations
have the usual meanings) is measured to be 4.9X10~*
cm ™! from Fig. 9, which is about one order of magnitude
as small as usual values.® This is consistent with the pic-
ture mentioned above that the paramagnetic electron is
weakly bound to the Ti ion pair P-Q after the two co-
valent bond electrons are trapped.

IV. SUMMARY

The atomic and electronic structures of lattice defects
created in oxygen-deficient rutile TiO,_, were studied in
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FIG. 9. “W” spectrum measured for TiO,_, with

x =3X1073 (the conditions of measurements were the same as
those in Fig. 1). A hyperfine structure is observed as indicated
by vertical lines.

a region of 1X107*Sx $3X107% by means of EPR.
For small x ( $3X 1074, the main lattice defects are Ti
interstitials with a single paramagnetic electron
(§=1/2). As x increases (24X 10~ %, the Ti intersti-
tials interact with each other resulting in Ti interstitial
pairs with two paramagnetic electrons (S =1) whose Ti-
Ti distance and orientation are 3.25 A and {110), respec-
tively. In the same region of x, a considerable part of Ti
interstitials are orderly arranged in cooperation with an
O deficit, resulting in {121} plane defects. The (121)
plane defect contains Ti ion pairs whose Ti-Ti orientation
is {110). This Ti ion pair has two covalent bond elec-
trons and an additional paramagnetic electron (S =1).
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