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Electron spin resonance (ESR) and magnetic-susceptibility measurements on the Li,,,Ti,_, O, spinel
system (0 < x < }) indicate the presence of two types of localized moments in this material. In both
cases, an unpaired electron is trapped as a Ti** ion in a crystal ficld that is predominantly octahedral,
but with a strong tetragonal component. This type of crystal field cannot arise in the stoichiometric
spinel. We propose two types of defect in the title spinel system: an oxygen vacancy and a hydroxyl
ion. Unpaired electrons are trapped as Ti** ions adjacent to these defects, and it is argued that the
strong tetragonal field is associated with the formation of a static (TiO)* ion by a displacement of the
titanium ion from the defect. Spin relaxation occurs via a thermal ionization of the trapped electron
that appears to be associated with a static—dynamic transition in the titanium-ion displacement.

Introduction

The spinel system Li,,Ti,_,0, (0 = x =
1) has attracted considerable attention fol-
lowing the discovery by Johnston et al. (1)
of superconducting transition temperatures
T. = 11 K in the compositional range 0 < x
=< 0.1. The disappearance of superconduc-
tivity above x = 0.1 prompted Johnston et
al. (2-5) to suggest it was due to a metal-
insulator transition (MIT) at that composi-
tion, but the nature of the MIT was not re-
solved. Other groups have attempted to
improve the superconducting properties of
the spinel phase (6-10), but none has ad-
dressed seriously the MIT. We have stud-
ied this spinel system in detail (1), andin a
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further paper we report our investigations
of the MIT (12).

A puzzling feature of the magnetic-sus-
ceptibility (3) and heat-capacity (4) mea-
surements was the presence of localized
moments in both metallic and insulating
compositions at a concentration much
higher than expected from foreign-atom
magnetic impurities. In order to identify the
origin of these moments, we chose to study
the low-temperature electron spin reso-
nance (ESR) spectra and magnetic suscep-
tibility of various compositions within the
homogeneity range 0 < x = . We report
here our results, which reveal localized Ti*
ions only in octahedral sites that are
strongly perturbed by defects in the struc-
ture. We were unable to detect any reso-
nance from the Ti3* ions in the remaining
octahedral sites, and this is attributed to an
extremely rapid spin relaxation of these
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Ti* ions in both metallic and insulating
compositions.

At temperatures above 30 K, an axially
symmetric resonance was observed over al-
most the entire compositional range, 0 = x
=< 1. From the theory of Ti**-ion g-values,
we show that this resonance is due to a Ti**
ion in an octahedral crystal field having a
strong tetragonal component. We assign
this to an octahedral-site Ti3* ion adjacent
to an oxygen vacancy.

Below 30 K, a more complex spectrum
was observed from samples with high val-
ues of x, 0.2 < x < 3; it consisted of a super-
position of a second resonance on the axi-
ally symmetric resonance found above 30
K. A similar spectrum was observed from
samples of LiysTis;304 (x = §) that had been
reduced in hydrogen at elevated tempera-
tures. The second resonance is shown to be
from a Ti** ion in an octahedral field with a
different strong tetragonal component. We
assign this to an octahedral-site Ti** ion ad-
jacent to a hydroxyl ion, with the opposite
oxide ion coordinated by two octahedral-
site lithium ions.

The Li,, Ti,_ .0, Spinel System

The spinel structure (Fig. 1) consists of a
cubic close-packed array of anions with
cations occupying, in an ordered manner,
one-eighth of the tetrahedral (A) sites and
one-half of the octahedral (B) sites. In a
normal spinel all the A cations are similar,
and all the B cations are similar. The posi-
tions of the A and B cations are fixed by the
symmetry of the structure, but the posi-
tions of the anions can vary and are speci-
fied by the value of a single anion parame-
ter, u. If the origin of the unit cell is fixed at
the center of symmetry of the structure, a
value of u = 0.25 corresponds to perfect
close-packing of the anions. Generally the
anions are displaced from these ideal posi-
tions in a {(111) direction away from the A
cations; for a normal spinel this displace-
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F1G. 1. The spinel structure of LiTi,04 showing the
A-sites (8a), B-sites (16d) and unoccupied interstitial
sites (16¢). The site labels are taken from Ref. (46).
For clarity, the origin of the unit cell is taken as an A-
site in this figure. An alternative origin at the center of
symmetry of the structure is common and is used in
the text. The two origins are related by a translation of
@, %, 4 (46).

ment is toward the center of an equilateral
triangle of B cations. This movement (u >
0.25) enlarges the tetrahedral sites without
distorting the tetrahedral symmetry of the
crystal field; it compresses the octahedral
sites and reduces the trigonal component of
the octahedral-site crystal field that is es-
tablished by the cation order.

In the Li;,Ti,— Q4 system, the cova-
lency of the titanium-3d orbitals and the
higher charge of the titanium ions gives the
titanium ions a strong preference for the oc-
tahedral sites relative to the lithium ions.
Using X-ray diffraction methods, Johnston
(3) deduced that the A sites in the Li;,,
Ti,-, 04 system are indeed occupied en-
tirely by lithium ions and that the B sites
are randomly occupied by x lithium ions
and (2 — x) titantum jons per formula unit,

Figure 2 shows the anticipated band
structure for a metallic composition. Each
titanium ion resides at the center of a trigo-
nally distorted octahedron, and the tita-
nium-3d orbitals are split by the cubic com-
ponent of the crystai field into more stabie
Zng and less stable E, orbitals. The Zng or-
bitals are then further split by the trigonal
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Fi1G. 2. The band structure of a metallic sample of
Liy.,Ti,-,04 with an intermediate value of x. Lightly
shaded states in the Ti,, bands are occupied by itiner-
ant electrons; heavily shaded states by localized elec-
trons. States labeled O, arise from electrons trapped
at oxygen vacancies (see text for details).

component of the crystal field. The octahe-
dra share edges with each other, and the
titanium—titanium separation through the
edges of the octahedra decreases from
2.972 A for LiTi;0, (x = 0) to 2.955 A for
LiysTisnO4 (x = 3) (11). Cation—cation inter-
actions therefore play a dominant role in
the formation of a titanium-3d conduction
band from the 27, orbitals that is one-
twelfth full in metallic LiTi;O; (x = 0) and
empty in LiysTisnO4 (x = 3) (13). Diffuse-
reflectance measurements show that the
bottom of the titanium-3d conduction band
lies approximately 3 eV above the oxygen-
2p valence band (/1).

As the Fermi energy, Er, moves down
towards the bottom of the conduction band
with increasing x, it is of interest to know
how the transition from metallic to insulat-
ing behavior takes place. Substitution of B-
site titanium ions by lithium ions changes
the electronic properties of the material in
two ways: it perturbs the conduction band
and it reduces the concentration of tita-
nium-3d electrons in the conduction band.
A random distribution of lithium ions will
result in the introduction of a mobility edge,
E., separating localized (E, > E) and itiner-
ant (E > E) electron states (/4) (Fig. 2). As
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x increases, the mobility edge increases in
energy and the Fermi level, Eg, decreases
in energy. According to the Anderson
model, the MIT would then occur at the
composition where E. is equal to Fr (14).
The results obtained by Johnston ef al. (2-
5) on the Li;,,Ti,_,O4 system were indeed
consistent with the occurrence of an Ander-
son MIT at x = 0.1, since an activation en-
ergy appeared in the electrical conductivity
of the nonmetallic state without any abrupt
change in the density of states at the Fermi
level. However, the nature of the MIT is
rather more complex than this simple
model, and is discussed more fully in a
forthcoming paper (12).

Experimental Methods

Samples were prepared as polycrystal-
line powders by heating together mixtures
of lithium titanate and titanium oxides
(Ventron Alfa). Following Deschanvres et
al. (15), lithium titanate was used instead of
lithium carbonate to minimize the loss of
lithium oxide during the firing under vac-
uum. Loss of lithium oxide would be ex-
pected to create oxide-ion vacancies in the
samples, and the precise nature of these de-
fects is considered in the Discussion sec-
tion. Initially, the lithium titanate was pre-
pared from lithium carbonate (BDH):

Li,CO; + TiO, — Li;TiO; + COxg). (1)

The constituents were ground, pressed into
pellets, and then fired at 800°C in oxygen
for 8 hr in an alumina boat lined with gold
foil. X-ray analysis of the product showed
only the monoclinic phase of Li,TiO; (/6)
but this phase has a large homogeneity
range (3) and so it would be possible for the
product to be deficient in lithium oxide. To
minimize this possibility, the majority of
the samples were prepared using lithium ti-
tanate of known stoichiomeiry (Veniron
Alfa). In fact, no difference was detected in
the properties of the spinel samples pre-
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pared using these different batches of lith-
ium titanate. The spinel phase was pre-
pared:

(1 + x)Li,TiO; + (1 — 3x)Ti,04
+ (1 + 3x)TiO; — 2Liy4,Ti,-,04. (2)

The constituents were again ground and
pressed into pellets. With the exception of
LiysTis304, which was fired in oxygen, the
pellets were fired at 800°C under vacuum
for 16 hr in an alumina boat lined with gold
foil. In addition, each of the pellets was in-
dividually wrapped in gold foil to further
minimize the loss of lithium oxide during
the firing. This temperature was found to be
optimum; below ~700°C the starting mate-
rials failed to react, and above ~900°C the
ramsdellite phase formed instead of the
spinel phase (17-21). The vacuum was
maintained at better than 1073 Torr
throughout the firing. Finally, the samples
were ground to a fine powder and stored in
an evacuated dessicator; no visible deterio-
ration of the samples was observed under
these conditions over a period of several
months. Examination of the powders under
an electron microscope indicated a uniform
particle size of ~5 um.

X-Ray diffraction data were obtained
with a Philips diffractometer equipped with
a diffracted-beam crystal monochromator,
using CuK« radiation. The oxygen parame-
ter, u, was refined from the integrated peak
intensities (22). This involved a least-
square refinement! of the intensities of nine
diffraction lines and three parameters: a
scale factor, the oxygen parameter, and an
isotropic temperature factor.

ESR spectra of the powdered samples
sealed in Spectrosil silica tubes were re-
corded on a Varian E-109 spectrometer at
X-band frequencies (9.3 GHz) using a 100-
kHz modulation frequency. The tempera-

! Thanks are due to Dr. P. J. Wiseman, Dept. of
Inorganic Chemistry, Oxford University, for the use of
his computer program.

139

ture of the samples could be continually
varied between 15 and 120 K using helium
gas, and between 120 K and room tempera-
ture using nitrogen gas. The temperature
was measured with a thermocouple posi-
tioned in the gas flow path just below the
samples, and could be controlled to within
2 K by means of an Air Products regulator.
The g-values were caiculated to within
0.002 using a substitution method with
DPPH as a standard (g = 2.0036).

The onset of superconductivity in the
samples was studied using a mutual-induc-
tance apparatus operating at a frequency of
400 Hz. The detection system of this appa-
ratus consisted of a primary coil with two
opposed secondary coils wound symmetri-
cally about it. The sample was placed in
one of the secondary coils, and the onset of
superconductivity was indicated by an im-
balance between the secondary coils due to
the abrupt increase in the magnetic shield-
ing that occurred when the sample became
diamagnetic. The temperature was mea-
sured with a calibrated Cryo-Cal germa-
nium sensor, which had been checked
against the known transition temperature of
niobium. The T, value was taken as the
temperature at which the inductively-mea-
sured transition was half-complete; the
width of the transition was defined as the
temperature difference between the points
where the transition was 10 and 90% com-
plete. To obtain a quantitative indication of
the fraction of the samples undergoing a
transition to the superconducting state, the
magnetic susceptibility of the samples was
measured below T, in a very small magnetic
field using a SQUID magnetometer. The
details of these measurements are de-
scribed in the Results section.

The magnetic susceptibility of the sam-
ples was also measured from 4 K (or T,) to
room temperature using a high-sensitivity
Faraday balance. The samples were held in
Spectrosil silica buckets suspended from a
Cahn electrobalance by a silica rod. The
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temperature was controlled to within 0.2 K
by means of a Janis Dewar flask containing
a silicon diode sensor, and a microproces-
sor was used to automate the data acquisi-
tion. The balance was calibrated using
HgCo(SCN), as a standard. All samples
were run over a range of fields (5-10 kG);
susceptibilities were found to be field-inde-
pendent. The reported susceptibilities have
been corrected for the susceptibility of the
silica buckets, and the estimated accuracy
of the measurements is ~2 X 107¢ cm?
mole™.

Results

X-Ray Measurements

X-Ray analysis of the product generally
showed only the spinel phase of Li,,
Ti,_,O4. However, samples with values
of x near to 0.1 showed some weak lines
belonging to an unknown impurity phase;
investigations showed that this impurity
phase was concentrated near the surface of
the fired pellet and could be mostly re-
moved by surface grinding.

Figure 3 shows the variation of the cubic
lattice parameter, a, with the nominal com-
position, x, of the samples; it is linear, with
a least-square fit giving

a = (8.407 — 0.143x) A, Q3)
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Fi1G. 3. Lattice parameter, a as a function of x in
Li;+,Ti;-,0s. Values obtained by Johnston (3) are
shown by the diamond symbols.
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FiG. 4. Oxygen parameter, u, as a function of x in
Lijs, Tip-,Os.

and a correlation coefficient of 0.997. Also
shown are the values obtained by Johnston
(3); he reports very similar values for the
end members of the system, but lower val-
ues for samples with values of x near to 0.1.
This discrepancy may be caused by a par-
tial oxidation of Johnston’s samples due to
their preparation in sealed silica tubes (/1),
and we discuss the differences in the prepa-
ration procedures in another paper (72). If
this is indeed the reason for the discrep-
ancy, the titanium-3d electron concentra-
tion in Johnston’s x = 0.1 sample is reduced
to the electron concentration expected for a
sample with x ~ 0.15 (see below).

Figure 4 shows that the refined oxygen
parameter, u, is effectively constant over
the entire homogeneity range of the system,
with a mean value of 0.261 = 0.001 (f the
origin of the unit cell is fixed at the center of
symmetry of the structure).

General Features of the ESR Spectra

ESR spectra at 25 K for several samples
with compositions spanning the homogene-
ity range from x = 0 to x = 0.25 are shown
in Fig. 5. No ESR signal was observed from
unreduced samples of LiysTisnO4 (x = 3). It
was difficult to tune the microwave cavity
due to the high electrical conductivity of
the samples with low values of x. Roy et al.
(7) showed that the electrical conductivity
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F1G. 5. ESR spectra (9.3 GHz—25 K) of samples of
L11+XTi2v104.

of LiTi,O, (x = 0), the most conducting of
the compositions, was approximately 5000
Q! ¢cm™!; so the skin depth for microwave
penetration is calculated to be ~5 um at a
frequency of 9.3 GHz. This penetration
depth is therefore comparable with the
grain size of the powder. That the micro-
waves penetrate to a considerable extent
into the bulk of the samples is confirmed by
the Lorentzian lineshape exhibited by the
resonances (see below); a Dysonian
lineshape occurs if the skin depth is much
smaller than the particle dimensions (23).
The spectra for samples with x = 0, x =
0.05, x = 0.1, and x = 0.15 are characteris-
tic of those of an axially symmetric species,
while the spectra for samples with x = 0.2
and x = 0.25 are more complex. However,
the variation of the spectra with composi-
tion is continuous, and there is no evidence
of any discontinuities in either the g-values,
linewidth, or lineshape over the entire se-
ries. Our discussion of the ESR spectra is
divided into three parts: vacuum-fired sam-
ples with low values of x; vacuum-fired
samples with high values of x (with an arbi-
trary-dividing line taken at x = 0.2); and
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samples of LiysTis304 (x = 3) reduced in
hydrogen at elevated temperatures.

0 < x < 0.2. A comparison of observed
and simulated spectra for vacuum-fired
samples with x = 0 and x = 0.15 is shown in
Fig. 6. The dots define the simulated spec-
tra (24) and the solid lines are the observed
spectra. The isotropic linewidths of the
simulated spectra were AB;, = 13.5 G for
the x = 0 spectrum, and AB;, = 9.5 G for
the x = 0.15 spectrum (AB,;, is defined as
the full-width at half-height of the absorp-
tion curve). A Lorentzian lineshape was
used in the simulation. At 25 K the fit is very
good for both the x = 0 and x = 0.15 spectra,
indicating that the resonances do indeed
have axial symmetry and a Lorentzian
lineshape. In this composition range, the g-
values giving the best (visual) fit to the ob-
served spectra are (g, = g,):

g = 1.979 = 0.002
g, = 1.951 = 0.002. “4)

In the remainder of this paper, we shall re-

fer to this ESR signal as resonance 1.
Below 120 K, the linewidth of the reso-

nance increases slowly with temperature.

Litex Tiz-x Oq
Te25K

X=0.15

' q=2.0(;23

1 ]
3400 3500

Magnetic Field /G
Fi1G. 6. ESR spectra (9.3 GHz—25 K) of LiTi;O,4 (x

= 0) and Li; sTi; 304 (x = 0.15), together with the
dotted simulated spectra (see text for details).
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Above 120 K, the linewidth increases much
more rapidly with temperature, as shown in
Fig. 7 (AB,, is measured between the low-
field and high-field peaks of the derivative
spectrum). This spin-lattice relaxation
could occur via a Raman (25) or resonant-
Raman process (26); the integrated inten-
sity of the absorption spectrum should then
decrease with temperature according to a
Curie-Weiss law. Alternatively, spin-lat-
tice relaxation could occur via thermal ion-
ization of the localized moment out of the
trap state into the titanium-3d conduction
band (27). This would cause a similar line
broadening and simultaneously decrease
the integrated intensity of the absorption
spectrum at a rate faster than predicted by
the Curie-Weiss law. Moreover, the line-
width at a given temperature would be a
sensitive indicator of the depth of the trap
state. At present, we cannot unambigu-
ously distinguish between these possibili-
ties, but in the Discussion section we argue
in favor of a thermal ionization mechanism
for resonance 1.
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FIG. 7. Peak-to-peak linewidth (AB,,) of the deriva-
tive ESR spectrum as a function of temperature for
vacuum-fired samples of Li;, Ti,_,O, (x < %) and sam-
ples of LiysTissO4 (x = $) lightly (L) and heavily (H)
reduced in hydrogen.
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Fi1Gc. 8. ESR spectra (9.3 GHz—25 and 15 K) of
Liy25Tiy 7504 (x = 0.25).

0.2 < x <%. Yacuum-fired samples in this
compositional range exhibit considerably
more complex ESR spectra (Fig. 5). In par-
ticular, a characteristic feature in the ESR
spectra at 25 K is the presence of an ab-
sorption tail extending far into the high-field
region of the spectra. Computer-simulation
studies point to the presence of two over-
lapping signals: a contribution from the res-
onance I identified in the samples with low
values of x and a contribution from a sec-
ond resonance. The latter signal also has
approximate axial symmetry, but it is not
possible to accurately determine the g-val-
ues from these spectra. We shall refer to
this signal as resonance II.

In Fig. 8 we show the spectrum obtained
from the sample with x = (.25 at a lower
temperature, 15 K, together with the cor-
responding spectrum at 25 K. It is apparent
that the intensity of resonance II decreases
very rapidly with increasing temperature.
This temperature-dependent  behavior
could originate in any of the ways described
previously, viz. Raman, resonant-Raman,
or thermal ionization. However, our obser-
vations on hydrogen-reduced samples in
which the same resonance II is observed at
a much higher temperature (see below)



LOCALIZED MOMENTS IN Li;,,Ti,- O,

again support thermal ionization as being
the most realistic mechanism. Further sup-
port of this assignment comes from the
compositional dependence of the intensity
of resonance II; where Ti** ions are present
(x < 3) the intensity is greatest in the com-
position with the greatest lithium fraction,
and it decreases as the concentration of
lithium ions decreases. The significance of
this dependence is considered in the Dis-
cussion section.

Hydrogen-Reduced Samples of Liy;TispO4
(x = %)

In order to compare the defects observed
in the spinel system with the well-docu-
mented situation for reduced samples of
TiO, (11, 28-30), several samples of Liy;
Tis504 (x = 3) were reduced in hydrogen
at different temperatures and for different
periods of time. No ESR signal was ob-
served from these materials prior to reduc-
tion. The original white powder turns blue,
with the depth of the color depending upon
the degree of reduction. Figure 9 shows the
ESR spectrum of a lightly reduced sample,
hereafter labeled L. The experimental con-
ditions were reduction at 750°C for 4 hr in

Liqs3Tis 304
T=25K

Lightly Reduced
in Hydrogen
(Semple L)

Heavily Reduced
in Hydrogen
(Sampie H)

-
3500

1
3400
Magnetic Field /G

F1G. 9. ESR spectra (9.3 GHz—25 K) of Lis;Tisz04
(x = ) lightly (L) and heavily (H) reduced in hydrogen.
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pure hydrogen. The g-values estimated
from the turning points in the first-deriva-
tive spectrum were (g, = g.)

1.984 = 0.002
2. = 1.946 * 0.002. (5)

Comparing Figs. 8 and 9, it appears that
once resonance I is subtracted from the res-
onance of the sample with x = (.25, the two
ESR spectra exhibit similar features. In
particular the absorption tail extending into
the high-field region of the spectrum is
prominent in both cases. Therefore, we
identify resonance II with a defect created
by light reduction, which we assume to be
the hydroxyl ion (see below). However, in
contrast to the resonance II observed in the
sample with x = 0.25 where the ESR signal
had essentially vanished at 30 K, the reso-
nance II observed in the sample L remained
visible to at least 200 K (Fig. 7).

Figure 9 also shows the ESR spectrum of
a heavily reduced sample, hereafter labeled
H. The experimental conditions were 850°C
for several periods of 4 hr in pure hydrogen.
The absorption tail at the high-field side of
the spectrum is much less pronounced in
sample H than in sample L, and the peaks
defining the g-values of the spectrum have
moved closer together. The resonance is
also more intense than the resonance from
sample L. It would appear that this reso-
nance contains a strong contribution from
resonance I as well as a contribution from
resonance 1I.

8x

Magnetic Susceptibility Measurements

Samples in the compositional range 0 = x
=< 0.15 were found to be superconducting
above 4.2 K, and their superconducting
properties are summarized in Table 1. As
the lithium fraction in the samples in-
creases, the T. values remain approxi-
mately constant at ~11 K in the composi-
tion range 0 < x < (.1 and then decrease
slowly for higher values of x. They are simi-
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TABLE I
SUPERCONDUCTING PROPERTIES OF Li;_,Ti,_,O,

Transition Transition
Composition temperature® width? Signal
x (K) (K) strength?
0.00 11.0 3.0 100
0.05 10.5 3.2 61
0.07 10.4 3.2 42
0.10 10.3 39 28
0.12 9.4 3.0 17
0.15 < ¢ 2

¢ Measured using a mutual-inductance magnetome-
ter.

¢ Measured using a SQUID magnetometer at 4.2 K.
Values are relative to LiTi,O, (x = 0).

¢ Signal strength too low for a transition to be de-
tected.

lar to the values obtained from heat-capac-
ity measurements by Johnston et al. (4) for
equivalent compositions except for the case
of x = 0.1 where they obtained T, = 9.6 K.
However, correcting the nominal composi-
tion of this sample to an ‘‘effective’” com-
position of x ~ 0.15 as discussed above pro-
duces better agreement of the T, values. In
contrast to the small variation in the T, val-
ues, the relative strength of the supercon-
ducting transitions decrease rapidly over
the composition range 0 < x < 0.15. Before
considering these results, it is necessary to
indicate how the fraction of the samples un-
dergoing a superconducting transition was
determined.

The volume magnetic susceptibility of a
bulk superconductor has the value (=¥,
and so a measurement of the diamagnetic
susceptibility should enable the supercon-
ducting fraction of the sample to be deter-
mined. The diamagnetic susceptibility of a
nonbuik superconductor, however, is sen-
sitive to the disposition of the supercon-
ducting fraction within the nonsupercon-
ducting material. For example, an
enhanced diamagnetic susceptibility may
be observed if the superconducting fraction
is localized on the surface of the material.
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Heat-capacity measurements provide a
more reliable indication of the supercon-
ducting fraction, and Johnston et al. (4)
demonstrated that LiTi,O, (x = 0) is indeed
a bulk superconductor. In the present in-
vestigation the diamagnetic susceptibility
of all the superconducting samples was
then measured at 4.2 K in a very small mag-
netic field (~0.00005T) to obtain an indica-
tion of the fraction of each sample that was
superconducting relative to the sample of
LiTi,04. These measurements are approxi-
mate for the reason given above but they do
demonstrate that the superconducting frac-
tion decreases rapidly as the lithium frac-
tion increases, with only a very small frac-
tion of the x = 0.15 sample becoming
superconducting.

The occurrence of weak superconductiv-
ity in compositions above the MIT at x =
0.1 suggests the presence of chemical inho-
mogeneities in the samples. Isolated re-
gions of the B-cation sublattice that are defi-
cient in lithium ions may support
superconductivity even if the bulk of the
sample does not. Such chemical inhomoge-
neities suggest an instability to dispropor-
tionation, and in another paper we discuss
this point in more detail (/2). Because of
these inhomogeneities, however, the transi-
tion will be ‘*‘smeared out’ over a range of
compositions centered at x = 0.1.

Figure 10 shows the variation of the mo-
lar magnetic susceptibility, x, with temper-
ature for three compositions withx = 0, x =
0.15, and x = 0.25. The ESR measurements
support Johnston’s hypothesis (3) that the
magnetic susceptibility may be analyzed as
the sum of two components: a contribution
from localized electrons trapped as Ti**
ions; and a weakly temperature-dependent
contribution from the conduction electrons.
Above T., the measured molar magnetic
susceptibility may therefore be separated
into a Curie—Weiss term, C/(T + ), and a
weakly temperature-dependent term, f(7):

x = Co/(T + 6) + AD). (6)
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F1G. 10. Molar magnetic susceptibility, x, as a func-
tion of temperature for three samples of Li;.,Ti;—,O4.
The data has been fitted to the equation y = C,/(T + )
+ f(T), where f(T) = A, + B,T.

Experiment showed that f(7) may be suit-
ably parameterized in the form:

S(T) = An + BaT. (D

Figure 10 provides evidence of the excel-
lent fit of the data to Eq. (6); the solid
curves through the data points represent
the fitted functions. The fitted parameters
of the Curie—-Weiss term are given in Table
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I, which shows that the Curie constants
are similar to the values obtained by John-
ston (3) for equivalent compositions. These
parameters describe the magnetic suscepti-
bility of the localized moments, and Table
II also shows the concentration of localized
moments in the samples assuming that all of
the moments have spin one-half (g ~ 2). If
it is further assumed that all of the moments
arise from electrons trapped as Ti** ions, we
can calculate the percentage of titanium-3d
electrons that are localized, and the per-
centage of titanium sites that are occupied
by these localized titanium-3d electrons.
There is no systematic variation of these
quantities with the lithium fraction of the
samples, suggesting that any variation in
the concentration of the localized moments
arises from slight variations in the prepara-
tion conditions of the samples. Experiment
showed that the concentration of localized
moments increases if the samples are fired
at higher temperatures, or for a longer time.
It is not possible to significantly reduce the
concentration of localized moments by re-
ducing the firing temperature or time, how-

TABLE II
MAGNETIC MOMENTS IN Li, Ti;_, Oy

Percentage
Curie Weiss Concentration Percentage of titanium
constant constant of localized of titanium-3d sites with
Composition Cn [ moments electrons that electrons that
x (10~¢ cm® mole™) (K) (10*° cm™%) are localized are localized
0.00 2780 -0.9 1.01 0.75 0.37
(1300) a (0.47) (0.35) 0.17)
0.05 7050 0.1 2.56 2.23 0.97
0.07 7570 0.5 2.75 2.58 1.06
0.10 3770 1.6 1.37 1.45 0.53
(6100) ¢ 2.22) (2.34) (6.86)
0.12 3300 2.5 1.20 1.38 0.47
0.15 3170 2.5 1.16 1.55 0.46
0.20 5860 1.0 2.14 3.94 0.88
(4300) a (1.57) (2.89) (0.64)
0.25 4470 2.1 1.64 4.81 0.69

¢ Set to zero when fitting data above 4 K. Data below 4 K for Li; ,Ti; §04 (x = 0.2) gave C,, = 5000 X 1076 cm?
mole™! and 9 = 0.8 K (3). Bracketed values from Ref. (3).
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ever, since the starting materials do not
then react to form the spinel phase.

It is likely that the majority of the local-
ized moments observed in the magnetic-
susceptibility measurements originate from
electrons trapped at defect sites I, and the
integrated intensity of the ESR signal from
resonance I was found to be compatible
with this hypothesis. However, it is proba-
ble that more than one species of trapped
electron is present in the samples with high
values of x. Besides the electrons trapped
at defect sites I and II detected by ESR,
electrons may be trapped as Ti** ions on
normal B-sites in the insulating composi-
tions. These electrons would not be de-
tected by ESR due to the extremely rapid
spin relaxation of the Ti** ions in these
sites.

Jonnston et al. (3, 4) studied the mag-
netic susceptibility and heat capacity of a
nonsuperconducting x = 0.2 sample down
to ~1 K. The magnetic susceptibility mea-
surements showed the presence of addi-
tional localized moments in this sample at
these low temperatures (see the footnote in
Table 1I) and the heat capacity measure-
ments showed the high-temperature tail of a
Schottky anomaly. An extremely weak
Schottky anomaly was also detectable in
the x = 0.1 sample (‘“‘effective’’ composi-
tion x ~ 0.15). Both the additional moments
and the Schottky anomaly may arise from
the species responsible for resonance II
since we are only able to detect this reso-
nance at low temperatures in the samples
with x = 0.2 and x = 0.25. Alternatively,
they may arise from a species not detected
in the ESR measurements such as electrons
trapped as Ti’* ions on normal B-sites in
the insulating compositions. Further low-
temperature measurements on samples
with high values of x would be of interest.

We finally consider the magnetic suscep-
tibility of the conduction electrons, which
is obtained by subtracting the contribution
of the localized moments from the experi-
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mental data. We first have to subtract the
temperature-independent contribution of
the ion cores. Johnston (3) showed that the
diamagnetic susceptibility of the ion cores
happened to cancel the second-order tem-
perature-independent paramagnetic sus-
ceptibility of the titanium ion-cores coordi-
nated by oxygen octahedra; the magnetic
susceptibility of the oxidized composition
LiysTiss04 (x = 3) was measured to be ~1 X
10~¢ cm? mole~!. This value is very small
compared to the values measured in the
samples with x < } (Fig. 10) and may be
neglected. Thus the term f(T) represents
the magnetic susceptibility of the conduc-
tion electrons.

Figure 11 shows the variation of f(T) with
temperature, and demonstrates that f(7)
fits extremely well to a linear variation with
temperature. The fitted values of A,, and B,
are plotted as a function of nominal compo-
sition in Figs. 12 and 13, respectively. Also
shown are the magnetic susceptibility val-
ues obtained by Johnston (3) for equivalent
compositions. These points represent the
magnetic susceptibility of the samples at 50
K after subtraction of the contribution from
the localized moments. There is good
agreement for the samples with x = 0 and x
= (.2, but poorer agreement in the case of
the sample with x = 0.1. However, correct-
ing the nominal composition of this sample
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to an ‘‘effective’” composition of x ~ 0.15
as discussed above produces better agree-
ment. The A, values remain approximately
constant in the composition range 0 < x <
0.07 and then decrease for higher values of
x above the MIT. Of particular interest is
the variation of the B, values with compo-
sition; there is a transition from a negative
slope (B, < 0) in the samples with low val-
ues of x through to a positive slope (B, > 0)
in the samples with high values of x. The
largest magnitude of B, occurs close to the
MIT. Further analysis of this data necessi-
tates a discussion of the origin of the term,
S(T) and this is considered in another paper
(12).

Discussion

Reduction Processes

The formation of localized moments at
lattice defects can be achieved by a variety
of reactions:

(1) Insertion of Hydrogen into the Lattice

The low-temperature (light) reduction of
LiysTisnO4 (x = 3) by molecular hydrogen
most likely occurs by a dissociation of H,
into atomic hydrogen on the surface, fol-
lowed by a diffusion of the atoms into the
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bulk of the material. It then proceeds via
the reaction:

O+ H—oe +[H"+0*]. (8

e~ represents an electron in the titanium-3d
conduction band, and the complex [H* +
O?7] represents a proton trapped in the
Coulomb field of an oxide ion. This is usu-
ally described as a “‘hydroxyl ion’” of over-
all stoichiometry (OH)~. This hydroxyl ion
may then trap a single conduction-band
electron on a neighboring titanium ion at
low temperatures and give rise to an ESR
signal (resonance II). A detailed description
of such a defect center is given later in this
paper.

Even for the vacuum-fired samples with x
< %, hydrogen may be implicated in the cre-
ation of defects. This is certainly true in the
case of TiO,. Although reduction of TiO,
was generally assumed to occur upon heat-
ing under clean vacuum conditions as well
as upon heating in hydrogen, it has now
been demonstrated that no reduction oc-
curs upon heating under UHV conditions
for temperatures as high as 1000°C (3/); the
previously observed vacuum reduction of
TiO, and creation of an ESR signal (32) was
most likely due to contamination of the vac-
uum system with hydrogen. In moderate
vacuum preparations (ca. 104 Torr) hydro-
gen as an impurity will always be present to
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permit a degree of reduction to occur at
fairly low temperatures.

(2) Remouval of Oxygen from the Lattice

The high-temperature (heavy) reduction
most likely proceeds via the removal of ox-
ygen atoms from the sample. There are
three probable reactions capable of produc-
ing an ESR signal at low temperatures:

(i) Loss of H,O:

0% + 2H — 2¢~ + O, + HO(g). (9)

O, represents an oxide-ion vacancy that
may then trap two conduction-band elec-
trons. However, our measurements show
that only a single conduction-band electron
is trapped on one of the three neighboring
titanium ions, giving rise to an ESR signal
(resonance I). We refer to this defect center
as an O, center, and a detailed description
of such a defect center is also given later in
this paper. The remaining conduction-band
electron is not trapped even at the lowest
temperatures.
(i) Loss of Li,O.

LIt + O — ZAV + Ov + leO(g) (10)

A, represents an A-site lithium-ion va-
cancy. The oxide-ion vacancy may then
trap one conduction-band electron to form
the Oy defect center as described above. In
this case, however, the conduction-band
electron is not created with the defect, but
is removed from the existing population of
titanium-3d electrons determined by the
nominal stoichiometry of the material.
(iii) Loss of O,.

2007 - de” + 20, + Ox(g). (11)

In this case, the oxygen is removed directly
from the lattice. In TiO, this reaction does
not occur below 1000°C (31), so reactions
(9) and (10) are much more likely to occur
than reaction (11) under the present experi-
mental conditions; viz., exposure to pure
hydrogen at 850°C.

These oxygen and A-site lithium-ion va-
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cancies are generated at the surface; they
ultimately diffuse into the bulk of the mate-
rial. It has been proposed that the presence
of hydrogen within a material significantly
enhances the rate of diffusion of oxygen va-
cancies from the surface to the interior of
the sample (33). As indicated above, the
hydrogen forms hydroxyl ions, and the
lower charge of the hydroxyl ions relative
to the oxide ions reduces the activation en-
ergy required for an oxide ion (and hence
an oxygen vacancy) to move from site to
site. A lithium-ion mobility even at room
temperature has been demonstrated (/7).

1t is necessary to consider whether, once
within the bulk of the material, the oxygen
vacancies are eliminated by the formation
of shear planes. Shear planes have been
clearly demonstrated in reduced TiO,
(rutile) (34), and the concentration of oxy-
gen vacancies in single-crystal samples is
very small (much higher concentrations ap-
pear to occur in polycrystalline samples
due to the much higher surface area in these
samples (/1)). We do not possess single-
crystal samples of the title spinel system,
and so we cannot directly compare the de-
fect properties of the two systems. How-
ever, it has been proposed that shear-plane
formation may be correlated with the di-
electric properties of a material (34). Com-
pounds in which shear planes are formed
are generally found to have very high val-
ues of the static dielectric constant,
whereas compounds in which oxygen va-
cancies are formed have low values. The
static dielectric constant of TiO, (rutile) is
~150 (34) whereas the static dielectric con-
stant of LissTissO04 (x = 3) is 11 (3). This
low value suggests that shear-plane forma-
tion in the Li; ., Ti> O, system is unlikely,
and that significant concentrations of oxy-
gen vacancies can occur in both polycry-
stalline and single-crystal samples.

Possible Trap Sites
Experiments with sample H have indi-
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cated a strong correlation between reso-
nance I and the preparation conditions ca-
pable of forming oxygen vacancies.
Similarly, experiments with sample L. have
indicated a strong correlation between res-
onance II and the preparation conditions
compatible with the introduction of hydro-
gen and the formation of hydroxyl ions. We
now argue that each of these resonances is
only compatible with a strong tetragonal
component superimposed on an octahedral
crystal field. We further argue that such a
strong tetragonal component of the crystal
field requires a displacement of a titanium
ion away from the defect to form a (TiO)*
“titanyl”” ion with the oxide ion opposite
the defect. We will then conclude that the
associated defects are an oxygen vacancy
for resonance I, and a hydroxyl ion for reso-
nance II. However, it is also necessary to
consider: (1) why a triangular-cluster molec-
ular orbital composed of titanium-3d orbit-
als from the three titanium ions neighboring
the oxygen vacancy is not formed, and (2)
why the energy of the doubly occupied oxy-
gen vacancy O?” is raised above Eg; i.e., a
second conduction-band electron is not
trapped even at the lowest temperatures.

The ESR signals are characteristic of
electrons trapped at Ti** ions, and titanium
ions have a strong preference for the octa-
hedral sites. Therefore we need only con-
sider octahedral-site Ti** ions in the follow-
ing discussion. In the space group Fd3m
appropriate to the spinel structure, these
consist of the B sites (16d) and the intersti-
tial sites (16¢) (Fig. 1). An octahedral field
splits the 2D free-ion Ti** ground state into
an orbital-triplet 275, state lying some 10*
cm~! below an orbital-doublet 2E, state.
The electronic g-values then depend sensi-
tively upon the nature and magnitude of
any distortion of the crystal field from pure
octahedral symmetry.

In the ideal spinel LiTi,04 (x = 0), both
the B sites and the interstitial sites have a
trigonal component to the crystal field that
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is established by the cation order and by the
anion displacements represented by a value
of u > 0.25. For each of the B-site ions of
the unit cell, the trigonal-field axis is along
the (111) direction. This axial component
of the crystal field leaves the upper 2E, level
orbitally twofold-degenerate, but it splits
the 2T, level into a lower orbital-singlet
’A,, state and a higher orbital-doublet *E,
state. The magnitude of this trigonal-field
splitting is reduced if ¥ > 0.25, and the sign
of the splitting may even be reversed for
large u as shown in Fig. 14(a). Since the
trigonal-field splitting is small, the orbital
angular momentum associated with the 2E,
state of 2T, parentage is not quenched even
with the stabilization of the 2A1g state, so
the spin—orbit interactions must always be
added to give three Kramer’s doublets.

We take the trigonal axis as the z axis and
neglect mixing with the upper E, manifold.
The calculated g-values for a 2E, ground
state (large u) are then both close to zero as
the orbital and spin contributions cancel
(35). The calculated g-values for a ’A;,
ground state (small «) are (35)

_ 2y = 3N
BTN 2yr 1 80
. YRRV I,

TV F 2y 8N

where vy is the trigonal-field splitting (Fig.
14(a)), and A is the spin—orbit coupling con-
stant (154 cm™! for Ti** ions (36)). The
spin—-orbit coupling constant may be re-
duced in a crystal from the free-ion value;
this reduction may be taken into account by
the introduction of an isotropic ‘‘orbital-re-
duction factor,”” k, where k is less than one
(37). The A in Eq. (12) is then replaced
everywhere by kA.

It can be shown that the g-values calcu-
lated from Eq. (12) obey the inequality g, >
g, for any magnitude of the distortion (35).
Thus, for neither of the two possible trigo-
nal ground states do we obtain g, > g, as
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observed in the ESR spectra. Moreover, it
can be shown that a similar result holds
even if a mixing of the 2T,, and *E, mani-
folds is considered (38, 39).

From these considerations, it follows
that the ESR signals do not arise from Ti3*
ions in octahedral sites having a trigonal
component to the crystal field; they must
come from Ti*" ions in octahedral sites hav-
ing a small net trigonal-field component that
is totally dominated by some other axial
field. This other axial field must also be
strong enough to dominate any effects from
B-site lithium-ion nearest neighbors in sam-
ples with x > 0.

The alternative axial field to consider is
tetragonal, and we now take the tetragonal
axis as the z axis. A tetragonal distortion of
an octahedral field splits not only the 7,
orbital-triplet state into an orbital-doublet
E, state and an orbital-singlet 2B,  state,
but also splits the upper 2E, orbital-doublet
state into 2A1g and 2B, ‘ orbital-singlet states
(Fig. 14(b)). For a tetragonal distortion, it is
important to take this splitting of the states

in the 2E, manifold into account when cal-
culating the g-values. For an ‘‘elongation”’
along the z axis, the calculated g-values for
the 2E, ground state are both close to zero
as the orbital and spin contributions cancel
(40). For a “‘compression’’ along the z axis,
stronger covalent mixing along this axis
raises the anti-w-bonding d,, and d., orbitals
relative to the d,, orbital, and the anti-o-
bonding d,2 orbital relative to the d,2_,2 or-
bital. The calculated g-values for a 2B, . ()
ground state and a weak tetragonal distor-
tion still do not generate the inequality g, >
g, (40). However, for a strong tetragonal
distortion an inequality g, > g, is possible.
The calculated g-values for a 2B, ., (d)
ground state are (41) (see Fig. 14(b) for the
definition of « and B):

g =2-(2NB)

g, =2 — (8Ma). (13)

An orbital-reduction factor can similarly be
introduced into the spin-orbit coupling pa-
rameter as in Eq. (12). It follows from Eq.
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(13) that g, < g, for a > 48 (weak-field),
but that g, > g, can be attained in a strong
enough tetragonal field such that a < 48.
More elaborate calculations to higher order
give a similar result (41).

In the Appendix, an angular-overlap
model is used to compare calculated g-val-
ues for a Ti** ion in a normal B site and in a
site with an oxygen vacancy at one corner.
It is apparent that an oxygen vacancy can
produce a tetragonal field of sufficient mag-
nitude and of the correct sign to make g, >
g, as observed in resonance 1.

The Oxygen Vacancy Defect

We now consider in more detail the char-
acter of the O, center. As illustrated in Fig.
15, an anion vacancy creates an imbalance
in the Ti-O bonding that results in a tita-
nium-ion displacement toward the oxide
ion on the opposite side. The titanium ions
neighboring an oxygen vacancy thus oc-
cupy square-pyramidal sites. In the case of
Ti** or Ti** ions, the apical Ti-O distance
may be particularly shortened; spontane-
ous ferroelectric distortions to form a short
Ti~O bond occur, for example, in BaTiOs
(42). These displacements produce a tetra-
gonal crystal field equivalent to a ‘‘com-
pression,”” thus giving the correct sign of
the axial field. Moreover, occupancy of the
d,, orbital does not interfere with the strong

e Li
O Ti

Oo

F1G. 15. The oxygen vacancy defect center responsi-
ble for resonance 1.
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7 and o bonding via empty d,., d,, and d2
orbitals, so a short apical Ti-O distance can
be maintained on reduction of the titanium
from Ti** to Ti**, which is analogous to the
situation at a vanadyl cation, (VO)?* (43).
Therefore we refer below to (TiO)?* and
(TiO)* ions to emphasize the short Ti-O
bond in the square-pyramidal site.

An isolated oxygen vacancy normally
traps two spin-paired localized electrons
below the bottom of a conduction band
composed of d states. This is nicely illus-
trated by the MIT in EuO;_, (44). In our
system, resonance I is associated with the
trapping of a single unpaired localized elec-
tron down to the lowest temperatures. This
presumably means that the 02 level lies
above the Fermi energy, EF, in Fig. 2. We
need to ask why this might happen.

In the rocksalt structure of EuQO,_,, the
O, states are symmetrized cation orbitals
split off from the conduction band. The octa-
hedral-cluster molecular orbital formed
from europium-5d orbitals at the six Eu?*
ions neighboring an isolated oxygen va-
cancy in EuO,_, has a relatively large radial
extension, so the electron—electron electro-
static energy, U, separating energies of the
0Oy and O} states is relatively small; viz. U
= (.5 eV. In the ‘‘non-ideal’ spinel Li,_,
Ti,O4—, (x = 0), an oxygen vacancy has
three titanium nearest neighbors, and these
could form a triangular-cluster molecular
orbital. However, such a molecular orbital
would have a strong trigonal-field axis
along the (1i1) direction (Fig. 1) and so can-
not give rise to the observed resonance I.
Therefore we are forced to conclude that
the titanium-ion displacements away from
the oxygen vacancy destabilize the 7-bond-
ing d,, and d,, orbitals (the z axes at each
neighboring titanium ion are taken to be
parallel to a displacement direction and
hence orthogonal to one another) suffi-
ciently to lift any triangular-cluster molecu-
lar orbital above Eg, leaving below Ef the
three orthogonal d,, orbitals of the (TiO)**
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ions. Trapping an electron at one of these
d., orbitals creates an O; center.

The demands of local charge neutrality
would then be expected to stabilize an O~

center in which two of the nearest-neighbor

(Ti0)?* ions tranned electrons in ortho-
(110)"" 10ons trapped electrons in orth 0

gonal d,, orbitals; these electrons would
then couple ferromagnetically via a direct
exchange to give a triple (§ = 1) trap state
rather than a singlet (S = 0) trap state.
However, the electrostatic energy dictated
by the requirements for local charge neu-
trality would be offset by a relatively large
U associated with localized d,, electrons in
neighboring (TiO)* ions. Since the lithium
ions are mobile in this system (/]), the two
A-site lithium-ion vacancies A, created by
reaction (10) along with the oxygen va-
cancy are also mobile. These vacancies
may be attracted to the oxygen vacancy to
give, for example, an A,~O; cluster having
a net neutral charge (Fig. 15). This cluster-
ing would raise the energics of the O, and
O3 states sufficiently to raise the energy of
the O} state above Eg. Reaction (10)
should dominate the mechanism for oxy-
gen-vacancy creation in the vacuum-fired
samples and be an important constituent in
the heavily reduced sample H. Therefore,
we conclude that resonance I is due to an
electron trapped on a titanium ion next to
an oxygen vacancy with a strong possibility
of an associated A-site lithium-ion vacancy.

The Hydroxyl-lon Defect

Experiment has shown that resonance 11
is associated with both hydrogen and B-site
lithium ions. Figure 16 represents a model
that tries to take all these factors into ac-
count. If a hydroxyl ion replaces an oxygen
vacancy, a similar bonding imbalance is in-
troduced as the proton competes for the ox-
ide-ion electrons. Although a static dis-
placement of the titanium ion away from
the hydroxyl ion provides a net gain in en-
ergy that increases with the displacement,
the total energy gain is significantly less
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F1G. 16. The hydroxyl-ion defect center responsible
for resonance I1.

than if a vacancy was there. Therefore the
titanium-ion dispiacement is reduced, and
we should anticipate a weaker tetragonal
field. However, the g-values of resonance
II in sample L. would indicate that the de-
fects associated with the insertion of hydro-
gen have at least as great a tetragonal com-
ponent of the field as that produced by an
oxygen vacancy. Therefore the defect cen-
tre associated with the hydroxyl ions must
be more complex.

In the end member Li4/3Ti5/304 (x = %),
there is a high probability that a given B-site
titanium ion has two lithium ions among its
six B-site nearest neighbors. If these lith-
ium ions are on adjacent B-sites as shown
in Fig. 16, the titanjum ion would bond
most strongly to the oxide ion that bonds to
the three lithium ions. If, in addition, a hy-
drogen atom forms a hydroxyl ion on the
opposite side of the titanium ion, the result-
ing Ti** ion will be displaced toward the
oxide ion to form a (TiO)* ion. The asym-
metric coordination of positive charge
would provide an electrostatic energy that
reinforced the stabilization associated with
increasing the Ti-O 7 and o bonding with
the oxide ion coordinated to three lithium
ions at the expense of the Ti-O bonding to
the hydroxyl ion; it would also tend to twist
the axis of the (TiO)* ion away from the
(001) direction, thus skewing the shape of
the resonance.



LOCALIZED MOMENTS IN Li,,Ti, O,

Spin Relaxation

The model of Fig. 16 can also be recon-
ciled with the observation that resonance II
disappears above 30 K in the vacuum-fired
sample with x = 0.25 but remains to above
200 K in sample L (Fig. 7). A proton trans-
fer to a neighboring oxide ion results in a
relaxation of the static displacement of the
titanium ion towards the opposite oxide ion
in the (TiO)* configuration. Unless the
electron transfers to the neighboring site
with the proton, the originally trapped elec-
tron will undergo rapid spin-relaxation in
the titanium-3d conduction band resulting
in the disappearance of resonance 1l. ln
sample L, all of the titanium-3d electrons
are bound to hydroxyl ions. In the vacuum-
fired sample, however, there are a large
number of free titanium-3d electrons and
some of the neighboring titanium ions will
be Ti** ions. In this case, the proton trans-
fer to a neighboring oxide ion does not re-
quire a simultaneous electron transfer. This
possibility of easy proton transfer lowers
the temperature above which a dynamic vi-
brational mode replaces the static displace-
ment of the titanium ion in the (TiO)* con-
figuration.

The resonance-1 line broadening above
120 K may similarly arise from such a
breakdown of the static displacement of the
titanium ion. Substitution of lithium ions
onto the B sites produces a narrowing of
the conduction band. There is no reason to
suppose that the donor level would track
the edge of this band, and so the energy
required to excite an electron from the do-
nor level to the conduction band should in-
crease with x. If a simple thermal ionization
is the relaxation mechanism, we would then
expect the resonance-I line broadening at a
given temperature to decrease rapidly with
x. On the other hand, only a gentle decrease
with x would be anticipated if the relaxation
is caused by a breakdown of the static dis-
placement of the titanium ion as described;
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a shift of the breakdown to higher tempera-
tures with x would result from a strengthen-
ing of the (TiO)* configuration due to B-site
lithium-ion coordination to the oxide ion.
Therefore this latter relaxation mechanism
seems plausible for resonance 1 as well as
for resonance II.

Appendix

The angular-overlap model is a simple
crystal-field model that uses the radial inte-
grals of the wavefunctions as variable pa-
rameters (45). We present here preliminary
results of an angular-overlap-model calcu-
lation? of the Ti**-ion g-values for a normal
B site in LiTi,0, and for a site with an oxy-
gen vacancy in one corner.

In the calculation, the spin-orbit coupling
constant was fixed at A = 154 cm™!, the
value for a free Ti*" ion, and the isotropic
orbital-reduction factor was varied over the
range 0.5 = k = 1. There are two parame-
ters, Eo and Ew, that describe the extent of
o and 7 bonding of the Ti** ion with the
oxide-ion nearest neighbors. In these pre-
liminary calculations, these values were
fixed at 7000 and 500 cm™!, respectively.
They are related to the cubic-field splitting
parameter A (Fig. 14) by the relation (45)

3Ec — 4E7 = A, (14)

and the value of A was estimated as 19,000
cm™! from the diffuse-reflectance spectrum
of LiTi,O4 (11). The chosen ratio of Eo and
Ex is reasonable for octahedrally coordi-
nated titanium in oxides.? The resulting g-
values for a normal B site are

1.25, g, = 1.4 for k = 0.5
1.05; fork = 1.0.

g =
(15)

It is evident thai neither resonance I nor

gX = 1-09 gZ =

2 Thanks are due to Dr. M. Gerloch, Dept. of Or-
ganic and Inorganic Chemistry, Cambridge Uni-
versity, for the use of his computer program
*“CAMMAG,"” together with much helpful advice.
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resonance II can originate from an unper-
turbed site. If one of the oxygen ions is re-
moved, the bonding parameters for the va-
cancy go to zero. If the bonding parameters
for the opposite oxide ion are increased to
10,000 and 800 cm™! to simulate the shift of
the Ti** ion on the apical axis to form a
square-pyramidal site, the resulting g-val-
ues are

1.92;
1.96;

for k = 0.5
for k = 1.0. (16)

Thus the removal of the oxide ion and shift
of the Ti** ion has increased the calculated
g-values toward the free-spin value and
produced the required inequality g, > g,.
In fact, with & = 0.8 the calculated values
are very close to the observed values for
resonance I (g, = 1.979, g, = 1.951). Thus
the proposed model for resonance I can ac-
count qualitatively for the observed g-val-
ues.

g:=19%4, g, =
g =20, g, =
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