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Spinel solid solutions of composition Mg,_, Ti;,,O, have been
prepared and investigated in the range 0 = x = 1. With increas-
ing titanium content, the lattice parameter of the cubic unit
cell increases from a = 844.00(3) pm to a maximum value of
850.66(5) pm. Simultaneously, electrical properties evolve from
insulating to low resistive semiconducting behavior. The resis-
tivity of samples with compositions x = 0.68 is thermally acti-
vated with activation energies above 70 meV. The magnetic
properties of the solid solutions are mainly determined by a
temperature dependent magnetic moment of Ti** in an octahe-
dral crystal field. Reports about high-T, superconductivity in
the solid solution series cannot be confirmed. 0199 Academic

Press, Inc.

INTRODUCTION

Spinels and high-T,. superconductivity. The discovery
of high-T, superconductivity in copper oxide based perov-
skite-type materials (1) almost a decade ago was extraordi-
narily exciting for both science and possible technological
applications and started an extensive search for further
superconducting oxides. Whereas since then several dozen
closely related copper oxide based superconductors with
T. values as high as 134 K (2) have been found, only four
copper-free oxide superconductors with critical tempera-
tures above 10 K are well established so far. These are
L1T1204 (3), Ban075B102503 (4), B306K04B103 (5), and
SrpoNdy 1Nb,Og (6) with critical temperatures of 13.7, 12,
30, and 11.5 K, respectively.

In 1991, Cogle (7) reported anomalous resistivity behav-
ior reminiscent of transitions to superconductivity at about
50 K in Mg,_,Ti;;, O, spinel solid solutions with titanium
ions in an average oxidation state of 3.3-3.25 (x = 0.54-
0.6). These observations were later strengthened by Nam-
gung (8), Finch (9), and Kuzmicheva (10). The last study
even speculates about superconducting inclusions with
maximum critical temperatures near 150 K.

1'To whom correspondence should be addressed.

216

0022-4596/96 $18.00
Copyright 00 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.

A number of erroneous reports about new HTSCs dur-
ing the past few years, the apparent instability of the re-
ported resistivity anomalies, and the fact that no cross
checking for superconductivity by magnetic measurements
(Meissner or shielding effect) was performed by these
groups give reason to regard the mentioned reports with
a certain amount of suspicion. On the other hand, there
are some aspects which let this spinel system indeed appear
to be a potential candidate for high temperature supercon-
ductivity.

First, a common basic feature of oxide superconductors
is that all are members (sometimes end members) of solid
solutions which exhibit a metal/insulator transition upon
compositional variation. Superconductivity generally oc-
curs in the metallic regime close to the transition (11, 12).
Second, LiTi,O, is a well-known example of a supercon-
ducting spinel whose properties rely on titanium ions with
an average oxidation state between 3+ and 4+. A number
of superconducting sulfo- and selenospinels (13) underline
the compatibility between a spinel structure and the ap-
pearance of superconductivity. Finally, the x = 1 member
M¢gTi,O, features Ti** ions (§ = 1/2) in a three-dimen-
sional pyrochlore (or B-site spinel) sublattice, an arrange-
ment that tends to frustrate when occupied by spins with
nearest neighbor antiferromagnetic interactions (14). This
makes the Mg,_,Ti;,, O, system also interesting with re-
spect to Anderson’s RVB theory of high temperature su-
perconductivity (15), as the RVB state is favored by both
low spin and magnetic frustration.

Previous research. The inverse spinel Mg, TiOy, is a col-
orless insulator with a lattice parameter of a = 844.0 pm
(16). With all of the titanium ions in an oxidation state of
4+, the compound is readily prepared by a solid state
reaction of the oxides in air. The normal spinel MgTi,Oy,
on the other hand, could not be prepared successfully so
far. Lecerf claimed to have synthesized this compound
(17), but later studies and the present work demonstrate
that his sample was off-stoichiometric.

Feltz and Steinbriick (18) prepared Mg,_, Ti;, O, solid
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solutions in the range 0 = x < 0.93 under inert conditions.
The lattice parameter a was found to vary linearly with
composition, and a value of a = (850.3 = 0.5) pm was
estimated for the x = 1 end member by extrapolation.
Temperature dependent measurements of the resistivity
revealed a continuous transition from insulating (x = 0)
to a low resistive semiconducting (x = 0.93) behavior.
Magnetic susceptibilities of x > 0 solid solutions were ana-
lyzed in terms of Curie—Weiss behavior with Curie—Weiss
temperatures between ® = —104 K (x = 0.1) and —1060
K (x = 0.9). Electrical and magnetic measurements were
restricted to a temperature range of 77-340 K.

Cogle (7) studied the solid solution series in the range
0 =x=0.7 andreports asimilar dependence between a and
x. With increasing titanium content, the room temperature
resistivity of the samples was found to decrease (x < 0.54),
reach a minimum (x = 0.54-0.6) and then to increase again
(x = 0.6). Samples with x = 0.54-0.6 are reported to exhibit
resistivity anomalies reminiscent of superconductivity at
about 50 K. No magnetic investigations have been per-
formed in the study.

Research aim. The forgoing text shows that biblio-
graphic data leave several open questions concerning the
properties of the spinel system Mg,_,Ti;,,0,. Particularly
the resistivity anomalies reported by Cogle call for a sys-
tematic and detailed study on this system. Furthermore,
the magnetic data of Feltz and Steinbriick are difficult to
understand as large negative Curie—Weiss temperatures
in general indicate strong antiferromagnetic interactions
between the magnetic ions. A transition into an ordered
state is therefore to be expected at T =~ |@| unless the
system is frustrated. The aim of our work was to study the
Mg,_,Ti;,, O, spinel system in a systematic way in order
to clarify these points.

EXPERIMENTAL

Synthesis. Samples of composition Mg,_,Ti;,,O4 were
prepared by solid state reactions of MgO (99.998%, Koch-
Light Laboratories), TiO, (99.95%, Atomergic Chemetals),
and titanium powder (Fig. 1). The oxides were calcined
at 1000°C before weighing to remove moisture. Titanium
powder was filed off a Van Arkel titanium rod (99.9%,
Koch-Light Laboratories) and checked for contamination
with iron filings by means of a strong magnet. The chemi-
cals were weighed in stoichiometric proportions, ground
intimately in an agate mortar, and pressed to pellets of 10
mm diameter and 2 mm thickness by applying a pressure
of 10 kN/cm?.

In order to synthesize the x = 0 compound, samples
were placed into alumina boats and heated to temperatures
of 1250-1450°C for 16 h in air using a conventional tube
furnace. Samples with an average titanium oxidation state
below 4+ were piled up in an alumina vessel and annealed
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FIG. 1. Extract of the Mg-Ti—-O phase diagram showing solid solu-
tions with spinel, ilmenite corundum and pseudobrookite structure.
Squares and triangles label tetravalent and trivalent titanium com-
pounds, respectively.

M ngiO4 MgTiO3 MgTi205

to 1400-1450°C for 1-4 h in argon atmosphere by inductive
RF heating (v = 500 kHz). Tantalum foil was used in order
to separate the samples from each other and to couple in
RF power. The reaction temperature was measured with
a pyrometer. All samples prepared under inert conditions
were stored in an evacuated desiccator.

As in general it appears favorable to prepare oxide solid
solutions by reaction of oxides solely, a batch of Ti,O;
(99+%, Johnson Matthey) was purchased. Powder diffrac-
tion analysis and weight increase upon oxidation unveiled
this batch as a mixture of Ti,O3, TiO, and Ti,O with an
overall composition of “TiOy ¢.”” A few additional samples
were prepared using this mixture of lower titanium oxides
while considering its overall composition.

Characterization. The phase purity of the samples was
determined using a Siemens D 5000 powder diffractometer
equipped with a copper anode. A primary quartz mono-
chromator was used to remove all but the CuK«; radiation.
The diffractogram was recorded with a position sensitive
detector, covering an angle of 6° with a resolution of 0.01°.
Silicon powder was used as standard.

The resistivity was measured with the standard four-
probe technique in the temperature range 1.5-300 K. A
carbon glass resistor (CGR) was used to determine the
sample temperature. Indium contacts of 0.2 um thickness
were evaporated to the samples and copper wires attached
to them with silver epoxy.

Magnetic measurements were performed in the temper-
ature range 4.2-300 K with a Faraday-Curie magnetic
balance. The temperature was measured with an AuFe/
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FIG. 2. Powder diffraction patterns of Mg,_,Ti;.,O, samples, recorded with CuKe« radiation. Synthesis conditions: (a) 16 h at 1325°C in air,

(b,c) 1 h at 1400°C in argon. Impurity phases: (*) Ti,O;.

Chromel thermocouple, and fields of up to 8000 Oe were
applied to the samples. The magnetic balance was cali-
brated using HgCo(SCN), as standard.

RESULTS AND DISCUSSION

X-ray diffraction. The inverse spinel Mg,TiO,4 (x = 0)
was prepared by solid state reaction of MgO and TiO; in
air. Reaction temperatures of at least 1300°C were neces-
sary to obtain single phase material, whereas samples syn-
thesized at lower temperatures contained noticeable
amounts of MgTiO; (geikielite). The lattice parameter of
a sample synthesized at 1325°C was found to be a =
844.00(3) pm (Fig. 2a).

Mixtures of MgO, TiO,, and Ti (or “TiO; "), weighed
according to nominal compositions Mg, ,Ti;,,O4 with
X, = 0-0.6 and reacted for 1 h at 1400°C in argon, yielded
phase pure solid solutions with lattice parameters between
844.98(4) and 849.46(4) pm. Mixtures with nominal compo-

sitions x,=0.66—0.76 produced solid solutions with lattice
parameters between 849.79(6) and 850.66(5) pm under the
same conditions, but traces of Ti,O; were apparent in those
samples. An even higher titanium content did not further
increase the lattice parameter of the spinel solid solutions
but rather raised the amount of the Ti,O; impurity phase.
In contrast to the colorless x = 0 compound synthesized
in air, all samples reacted under inert conditions appeared
dark black.

As variations in the sintering conditions (temperature
and duration) markedly influenced the lattice parameters
of the resulting spinel solid solutions, the lattice parameter
a rather than x, will be used to specify samples in this
study. For more convenience the lattice parameters will
be recalculated by a linear relation

alpm — 844.00

x(a) = T (1]
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FIG.3. Room temperature resisitivity of Mg,_,Ti;.,O4solid solutions
as a function of the parameter x(a). The dashed line is a guide for the eye.

which maps the set of lattice parameters obtained in the
present study into an interval ranging from x(ay;,) = 0
through x(an.x) = 1. Here, ani, = 844.00 pm is the lattice
parameter of the inverse spinel Mg,TiO,. Bearing in mind
that the lattice parameter of MgTi,0, was estimated to be
(850.3 = 0.5) pm by extrapolation (18), it seems justified
to assign the saturation value ap,, = 850.66 pm found in
the present study to the x = 1 end member of the spinel
solid solution.? Values calculated by Eq. [1] are regarded
as a good measure for the sample composition, since a
linear variation of the lattice parameter with composition
has been established by two groups (7, 18) in this system.

Powder diffraction patterns of samples with x = 0.82
and x = 1.00 are shown in Figs. 2b and 2c. Along with
shifts in the peak positions, the transition from inverse to
normal spinel structure with increasing titanium content
causes changes in relative peak intensities, most apparent
for the 220, 222, 331, and 622 reflections.

Due to a loss of Mg or MgO, reactions at 1400°C under
inert conditions generally produced solid solutions with
compositions x(a) about 20-25% higher than the nominal
compositions x, of the chemical mixtures. Similar observa-
tions are reported by other groups (8, 18) and manifest
themselves in a weight loss and formation of MgAl,O,
whiskers at the surface of the alumina vessels. A high
reaction temperature, however, turns out to be an essential
factor in the formation of Mg,_, Ti.,0, solid solutions with
compositions close to x = 1. Samples reacted at 1300°C
did not yield solid solutions with lattice parameters higher

2 For comparison, maximum lattice parameters of 850.2(2) and 850.5(3)
pm were reported by Lambert (19) and Johnston (20), respectively.
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than 849.00(4) pm, and Mg;_,Ti;.,O3 (21) impurities were
present in those samples even at relatively low titanium
contents.

Electrical properties. Samples of the inverse spinel
Mg,TiO, reacted in air are insulating, as expected from
the electronic configuration [Ar] 3d° of the Ti** ions.

First measurements of the resistivity performed on sam-
ples with x > 0 sometimes exhibited anomalies below 100
K due to contact problems. In the following all samples
were polished with sand paper before contacts were
attached, thus measuring the interior of the pellets rather
than their surface. This additional treatment produced low
resistive contacts and yielded very reproducible measure-
ments.

Figure 3 shows the room temperature resistivity p(293
K) of Mg,_,Ti;,,O,solid solutions as a function of composi-
tion x(a). The data points indicate a continuous transition
from insulating (x = 0) to low resistive semiconducting
(x = 1) behavior and confirm the results of Feltz and
Steinbriick (18).

Temperature dependent resistivity measurements of
Mg,_,Ti;+,O4 solid solutions are shown in Fig. 4. Samples
with x = 0.68 exhibit a thermally activated temperature de-
pendence

p(T) = poexp (k%) 2l

with activation energies FE, decreasing from 230 meV
(x = 0.15) to 115 meV (x = 0.68). Above 200 K, samples

log (o/Qcm)

0 100 200

T [K]

FIG. 4. Resisitivity of Mg,_,Ti;+,O, solid solutions in semi-logarith-
mic representation. The sample with x = 0 is an insulator. A resistivity
curve of Ti,O; is enclosed for comparison.
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FIG.5. Molar magnetic susceptibility of Mg,_, Ti;.,O, solid solutions,
measured in a magnetic field of H = 8 kOe. A susceptibility curve of
Ti,O; is enclosed for comparison.

with x = 0.75 and 0.82 exhibit thermally activated behavior
with £, = 90 and 70 meV, respectively, but the resistivity
increase is less dramatic at lower temperatures. For x =
0.89, thermally activated behavior is apparent only above
250 K. None of the samples shows a transition to supercon-
ductivity or gives evidence for the presence of supercon-
ducting inclusions above 1.5 K.?

For the sake of comparison, Fig. 4 includes the resistivity
curve of a single phase Ti,O; sample which was produced
by reaction of Ti and TiO, in an evacuated quartz ampoule
at 1300°C. Thermally activated behavior with £, = 43 meV
is found in the temperature range 100-325 K, with a room
temperature resistivity of 1.1 X 107* Q cm. This agrees
well with the literature data (23) and demonstrates that
the relatively low resistivities found in Mg,_,Ti,.,0O, solid
solutions with x = 0.75 are not due to the presence of
Ti,O; impurity phases.

Magnetic properties. All of the samples investigated in
the present study revealed linear magnetization curves
M = xmoHd at both room temperature and 4.2 K. The
magnetic susceptibilities are shown in Fig. 5. All data are
given in units of the electromagnetic cgs-system.

Due to the electronic configuration [Ar] 3d° (L = S =
0) of Ti**, only temperature-independent contributions to
the magnetic susceptibility are present in the inverse spinel

3 Kuzmicheva (10) assigned inflections like those seen in some resisti-
vity curves of Fig. 4 below about 200 K to the presence of superconducting
inclusions. Transitions between different major transport mechanisms,
however, are basic phenomena in doped semiconductors (22) and appear
to be a more plausible explanation for these anomalies.

HOHL, KLOC, AND BUCHER

TABLE 1
Langevin Diamagnetic
Susceptibilities of Ions
(24)
dia
Ton [107¢ cm3/mol]
Mg -25
Ti** -5
Ti* -9.2
0% —-12

Mg, TiO, = Mg3"Ti** O3 . Langevin diamagnetic suscepti-
bilities of ions, determined empirically by Klemm (24), are
given in Table 1 and add up to y%* = —5.8 X 107> cm?/
mol. Additionally, Ti** in an octahedral environment of
oxygen is known to exhibit a temperature-independent
Van Vleck paramagnetism of xVV = +3.3 X 107> cm?/mol
(25, 26), giving a total susceptibility of

Xo = Xdia + XVV
—2.5 X 107° cm*/mol.

3]

The value determined by experiment, x, =
(—2.7 £ 0.2) X 1075 cm*/mol, agrees well with this calcula-
tion and once more confirms the numerical value of yVV.

For solid solutions with compositions 0 < x = 1, the
situation is more complex as additional magnetic contribu-
tions have to be taken into consideration. In a simple
model, Mg,_,Ti;.,O4 may be written as

(Mg2+)tet(Mg%thi?tx+ VTlg;— V)octoézl_ + Ve_v [4]

where vis the number of delocalized electrons per formula
unit. The total magnetic susceptibility of the solid solutions
is therefore given by

Xl (T) = X+ XY + X" (T) + x(T). [5]
Aside from the diamagnetic contributions %2 provided by
all of the ion cores and a Van Vleck paramagnetism y"V
caused by Ti*" ions in an octahedral environment, Ti**
with the electronic configuration [Ar] 34! (L = 2, S =
1/2) is expected to exhibit a permanent magnetic moment
which gives reason for a temperature dependent contribu-
tion XTiM. Permanent magnetic moments usually manifest
themselves in Curie—Weiss behavior C/(T — ©) of the
magnetic susceptibility, where is a measure for the
strength of magnetic interactions. As with other transition
metal ions, the crystal field of surrounding anions may
seriously influence the value of u.;. Additionally, a delo-
calization of charge carriers according to Ti** = Ti*" +
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TABLE 2
Fit Parameters for the Magnetic Susceptibility of
Mg, sTi; 150, in Different Temperature Regions

Temperature Xo C (€] Mefr
range [K] [em?/mol] [K cm?/mol] K] [ms]
10-50 +1.76 X 10~ 2.52 X 1072 +0.1 0.82
50-100 +7.12 X 1073 3.46 X 1072 —-6.3 0.96
100-150 +3.98 X 107° 4.14 X 1072 -16 1.05
150-300 —1.45 X 107 6.59 X 1072 —67 1.32

Note. The effective magnetic moment u.¢ per Ti>* ion was calculated
using Eq. [7] and the approximation z =~ 2x = 0.30.

e~ is expected to cause electronic contributions x°/(7) to
vary with temperature as does the carrier concentration,
n(T).

In solid solutions with compositions close to Mg,TiOy,,
the conductivity is low and x°!(7) may be neglected. At-
tempts to fit the magnetic susceptibility of Mg; gsTi;.150,4
(x = 0.15) in terms of a generalized Curie—Weiss law

Xoa(T) = o + = 6
in different temperature regions are displayed in Table 2.
The obtained values of yo, C, and O follow general trends
which are also observed in samples with higher titanium
content. Only a negligible Curie—Weiss temperature is ap-
parent at low temperature. With increasing temperature, ®
decreases monotonically and approaches a value of about
—10% K at room temperature. Simultaneously, an increase
of the Curie constant indicates that the effective magnetic
moment of Ti* in the solid solutions is temperature de-
pendent.

The Curie constant of a substance, holding z equivalent
ions with the magnetic moment wu.g; per formula unit, is
given by C = zNau2i/3ks = 0.125 (pert/up)* K cm®/mol.
An effective magnetic moment per Ti** ion may therefore
be calculated from each Curie constant in Table 2 ac-

cording to
Meti C mol
i 2.828 /Z Ko [7]

The u.s data listed in Table 2 are based on the approxima-
tion z = 2x, thereby completely ignoring the formation of
charge carriers suggested by Eq. [4].

In order to analyze the temperature dependence of the
effective magnetic moment in an extended temperature
range, we make use of the basic relation between .y and

X"(T),
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et _ Y5 (T) X T mol
2.828\/ Cond (8]

KB

Approximating x*' ~ 0 and z ~ 2x, we have y™ (T) ~
Xmot(T) — xo, where the sum of temperature-independent
contributions to the magnetic susceptibility is given by
xo(x) = —(2.5 + 4.4x) X 107 cm®/mol. A plot of g vs
T for the x = 0.15 sample is shown in Fig. 6 and clearly
shows the temperature dependence of the effective mag-
netic moment.

For a quantitative analysis, we discuss the magnetic be-
havior of Ti** in an octahedral crystal field as predicted
by theory (27). Under the influence of the crystal field, the
10-fold degenerate 2D energy level of Ti** splits into a 4-
fold degenerate 2E, term and a 6-fold degenerate >T5, term.
Only the latter is of importance for the magnetic behavior
under laboratory conditions. Considering further splitting
of the ?T,, term due to spin—orbit coupling and the pres-
ence of a magnetic field, Van Vleck’s equation predicts a
magnetic susceptibility which may be written as

2
Meett

T3+ _
(1) = Nagp (9

with a temperature dependent effective magnetic moment

8+ (G- 8)exp(-38)
R e e R 10}

and a dimensionless parameter ¢ = A/kgT. The quantity

1.3 . ; . . . :
x = 0.15 LA
1.2} i
l—ml .'.
1.1} o .
32
3 1ot
ogfF . |
0-8 1L 1 1 1 1 1 1
0 100 200 300
T [K]

FIG. 6. Temperature dependence of the effective magnetic moment
per Ti** ion in Mg, sTi; 1504, calculated using Eq. [8] and the approxima-
tions ' = 0, z =~ 2x.
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FIG.7. Molar magnetic susceptibility and effective magnetic moment
e of octahedrally coordinated Ti** as a function of kg7/A. The dashed
line corresponds to a temperature-independent magnetic moment of
mett = 173 pp.

A is the spin-orbit coupling parameter of Ti** when the
ion is embedded in the crystal lattice.

Figure 7 shows the theoretically predicted magnetic sus-
ceptibility and effective magnetic moment of octahedrally
coordinated Ti** plotted versus £ ' =kgT/A (¢! represents
a temperature scale in units of 223 K if the free-ion value
of the spin—orbit coupling parameter, A = 155 cm™!, is
used). The behavior of the magnetic susceptibility is char-
acterized by a transition from temperature-independent
Van Vleck paramagnetism at low temperature (£ < 1)
to Curie—Weiss-like behavior at high temperature (£ >
1). The effective magnetic moment increases from ul; =
0 at T = 0, where magnetic moments of spin and orbit
compensate each other, through a spin-only value uig =
[S(S + 1)]'? ug = 1.73 up near room temperature, and
approaches a saturation value of wiy = [L(L + 1) +
45(S + 1)]'? ug = 2.24 up at high temperature, where the
magnetic moments of spin and orbit maximally enhance
each other.*

It is important to point out that the Curie—Weiss like
behavior observed at high temperature, with Curie—Weiss
temperatures on the order of —10% K, is purely artificial.
Large negative values of ® are often associated with the
presence of antiferromagnetic interactions, but such an
interpretation may be misleading in general as no magnetic
interactions were assumed to derive Eq. [9].

4 Due to its 3-fold degeneracy with respect to the orbital momentum,
the 2T, ground term behaves like a P state with L = 1 in the cases just
mentioned (24).
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Even though Eq. [9] permits an understanding of the
temperature dependence of the magnetic moment of Ti**
in principle, this relation is not sufficient to describe the
magnetic behavior of any known Ti** compound quantita-
tively. The magnetic moment of CsTi(SO,), - 12 H,O (28),
for instance, varies much less dramatically with tempera-
ture than predicted by Eq. [10] due to a slight trigonal
distortion of the octahedral environment around Ti**. The
fact that anion parameters of real spinel compounds gener-
ally deviate from the ideal value u = 3/8,%> and octahedra
formed by the anions therefore exhibit a trigonal distortion
along the (111) direction of the cubic unit cell, suggest that
the relatively modest temperature dependence of s in
Fig. 6 is also caused by a nonideal spinel structure.

Since the formation of charge carriers was neglected in
Fig. 6, actual values of u.¢ are expected to be somewhat
higher than displayed in this plot. By comparing the data in
Fig. 6 with those reported for the insulator CsTi(SO,), - 12
H,O, a ratio of about 0.7 is found. Consequently, only
Xx°' =~ 0 proves to be a good approximation for compositions
x < 1, whereas z = 2x had to be replaced by z = 2x — v
with v = x even for a doping level as low as x = 0.15.

Electronic contributions /(T to the magnetic suscepti-
bility become more important at higher titanium content,
where XTi3+(T) loses some of its weight, as seen in the right
portion of Fig. 5.° A detailed analysis of x°!(T) is compli-
cated and lies beyond scope of this study. In general, aside
from the effective mass m of charge carriers and their
temperature-dependent concentration n(7'), the system’s
degree of degeneracy a = (Er — Ec)/kgT had to be taken
into account for such an analysis (31). For this reason, only
an estimation for the magnitude of x°! in MgTi,O, will be
given in conclusion.

Assuming v = 1 charge carrier per formula unit, equiva-
lent to a carrier concentration of n = 8/a®> = 1.3 X 10*
cm~3, and an effective mass of m = 9.4 m, as found in
LiTi,O, (30), a magnetic susceptibility of y*' ~ +2 X 107
cm?/mol has to be expected in the limit of strong degener-
acy. With this order of magnitude, y*'(7) might be an
explanation for the increase in the magnetic susceptibility
observed in samples with x = 0.98 and 1.0 between 250 and
300 K (Fig. 5). A susceptibility curve of Ti,Oj3 is included in
Fig. 5 for comparison and proves that these anomalies are
not likely to be caused by traces of Ti,Os. In addition,
no other lower oxides of titanium are known to exhibit
susceptibility anomalies near the temperature range in
question (32).

5 Anion parameters of real spinels vary in the range 0.36 < u < 0.40
(29). An anion parameter of u = 0.3895 was determined for LiTi,O, by
Johnston (30).

¢ For comparison, Li;;,Ti, Oy solid solutions approach a metallic state
with negligible magnetic contributions )(Ti'“(T) in the limit x = 0 (30).
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CONCLUSIONS

Spinel solid solutions of composition Mg,_, Ti;,,0O4 have
been prepared and investigated in the full range 0 = x <
1 for the first time. A high reaction temperature of 1400°C
and Mg excess are essential factors in the formation of
solid solutions with compositions close to x = 1. No marked
differences in phase purity and physical properties were
found between samples prepared using titanium powder
and those based on a “TiO; o oxide mixture.

A continuous transition from insulating (x = 0) to low
resistive semiconducting (x = 1) behavior is found in the
solid solution series. The temperature dependence of the
resistivity is thermally activated with activation energies
above 70 meV. No resistivity anomalies reminiscent of
transistions to superconductivity were observed at low tem-
perature after careful attachment of electrical contacts.
Neither do magnetic measurements give evidence for the
presence of superconducting inclusions in the samples.

In order to analyze the magnetic properties of the solid
solutions, a temperature-dependent magnetic moment e
for the Ti*" ions was taken into account. The temperature
dependence of w.s indicates a deviation of the spinel struc-
ture’s anion parameter from the ideal value u = 3/8. Previ-
ous studies of the magnetic properties of Ti** have mainly
concentrated on cesium titanium sulfate CsTi(SO,),-12
H,O. The results of our measurements demonstrate that
oxide systems like Mg, Ti;+,O4, Mg, Ti;,O; (21),
SrTiO;5_5 (25), TiO,_5 (26), and Mg;_,Ti,.,0s5 (33) are also
promising substances for studies on the magnetic behavior
of Ti** in a crystal field.
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