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Athigh temperatures the Ti,0;—-MgTiO; system shows exilensive solid solution formation with an order/
disorder transition between ilmenite- and corundum-type structures, At fower temperatures (<1000°C),
there exists alarge immiscibility dome, extending [rom Mg, o Ti; ;05 to Mgy ,Ti; 405 . Although X-ray peak
intensities indicate a gradual change from order to disorder with composition, there is a discontinuity at
the ilmenite/corundum boundary. The relationship between unit cell parameters and composition
generally obeys Vegard's Law, apart from a deviation ¢lose to the Ti;O, end member, Above 180 K
thermally activated conductivity is observed, with a discontinuity at the corundum/ilmenite boundary,
At Jower temperatures. a change in conductivity behavior occurs, with a linear relationship between

log resistivity and temperature being found up 1o 30 K in samples with low Ti oxidation state.
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Introduction

The electronic transpott propertics of the
early first row transition metal oxides have
been the subject of considerable intcrest.
Several of the oxides of titanium exhibit
metal-insulator transitions, including Ti; Oy
(1.2}, Ti,O, and Ti,0, (3). Superconducting
transitions have been observed at 0.9 K in
TiO (4) and at 13.6 K in the spinel LiTi,0,
{5), and an unusual insulator to metal transi-
tion was recently reported in the (Mg, Tij0,
spinel system (6).

Metal-insulator transitions in the sesqui-
oxides of vanadium and titanium, both of
which exhibit the corundum structure, have
been extlensively studied and considerablc
progress has been made in understanding
the nature of these transitions (7). On cool-
ing V,0, doped with small amounts of Cr**,
for example, two transitions may bc ob-
served; first from a nonmagnctic semicon-
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ductor to a metal at ~300 K and then from
a metal to an antiferromagnetic insulator at
~ 160 K (8). In Ti,0, a single metal-insulator
transition is observed at about 500 K (2).

In the ternary MgO-TiO-0 system there
are a number of binary joins which may give
rise to solid solution formation. These are
associated with pseudobrookite (Ti,O—Mg
Ti;0s), spinel (MgTi,0,~Mg,Ti0Q,), ilmenite
(Ti,0,-MgTi0,), and rocksalt (TiO-MgO)
type structures (Fig. I). Recent investiga-
tions have indicated solid solution formation
in the spinel (6, 9), ilmenite (10), and pseudo-
brookite systems (1 1).

In our recent experiments, which showed
an anomalous resistivity transition in the
spinel system, possibly indicative of super-
conductivity, ilmenite was frequently found
as a minor impurity phase, In order to ascer-
tain if the ilmenite was the phase responsible
for thé anomalous resistivity behavior, a
careful study was made of the MgTiQ,-
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FiG. I. Phase relationships in the system MgO-TiO-0.

Ti, O system. During the course of this in-
vestigation, a study of solid solution forma-
tion in this system was published (/0); how-
ever, our findings indicate much more
complex phase relationships than those re-
ported in that study.

The Ti,0;, corundum, structure consists
of an approximately hexagonally ciose-
packed array of oxide ions with the metal
ions occupying two-thirds of the octahedral
interstices. The structure of ilmenite is re-
lated to that of corundum by the ordering
of cations in two nonequivalent octahedral
sites. In the MgTiQ,, ilmenite, end member,
Mg and Ti are ordered into layers that alter-
nate along the hexagonal ¢ direction.

Experimental

Samples of composition Mg, Tij{},0,
with an average Ti oxidation state x = (4 -+
2¥¥(y + 1) were prepared using the follow-

ing procedure. The raw materials MgO
(BDH, AnalaR} and TiO, (Tioxide 99.95%)
were dried at 700°C for 4 hr prior to being
weighed, to ensure elimination of adsorbed
H,0 and CO,, particularly for MgO. Appro-
priate amounts of MgO, TiQ,, and Ti
{Specpure, Johnson Matthey) were weighed
out according to

(1 — yMg0Q + (2 + ¥)/2 TiO,
+ )’/2 Tl - Mg!,'\.Ti?iyO3.

These were mixed, ground together with ac-
etone in an agate mortar, and when the ace-
tone had evaporated, pressed into pellets.
The pellets were placed in graphite boats
and put into the center of an alumina tube
furnace under a constant stream of argon.
The temperature was slowly increased to
1400°C over 3 hr, and the samples reacted
for 48 hr, The temperature was then reduced
to room temperature over 4 hr before the
pellets were removed from the furnace.
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F1G. 2. X-ray powder diffraction patterns for samples with ilmenite (x = 3.9} and corundum {x = 3.2)

structures.

Phase purity was determined by X-ray
powder diffractometry using a Stoe Stadi
linear psd system. Unit cell parameters were
obtained by a least-squares fitting routine
and peaks were integrated utilizing Stoe
software.

Electrical measurements were performed
using In/Ga electrodes, measuring parallel
to the face of 1.2 c¢m diameter cylindrical
pellets. Four-terminal dc resistance mea-
surements down to 15 K were carried out on
samples mounted on an Air Products helium
cryotip with an Au (0.7% Fe)/Chromel ther-
mocouple. The samples were cooled to
about 15 K, held for about 30 min, then
allowed to warm up to room temperature at
a rate of 2 K min~'. Galvanostatic control
was achieved using a Farnell D100 power
supply and reference electrode voltage dif-
ference was monitored using a Linseis 2021
recorder.

Two terminal ac impedance measure-
ments using a Solartron 1250, 1286 imped-
ance analysis system confirmed that the dc
resistance pertained to the bulk of the ce-
ramic, rather than to grain boundary orelec-

trode effects (/2). Impedance results were
also used to convert four-terminal resis-
tance values to resistivities via normaliza-
tion of room temperature values.

Results

Samples with an average Ti oxidation
state of 3.0-3.2 were single phase and gave
rise to a corundum type structure. Those in
the range 3.85-4.0 were also single phase
but had the ilmenite type structure. Figure
2 shows a comparison of the ilmenite (x =
3.9) and corundum (x = 3.2) X-ray diffrac-
tion patterns. These are very similar, the
main difference being that the ilmenite pos-
sesses two extra lines at low 20 values.
Compositions with x = 3.3 — 3.8 were not
single phase. X-ray diffraction showed
small, but definite, peak splittings, indicat-
ing that these compositions contained a mix-
ture of the ilmenite and the corundum
phases. This important feature was not de-
tected in earlier studies of this system (/0)}.

In order to obtain single phases of compo-
sitions 3.3-3.8 it was necessary to quench
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Fig. 3. Effect of quenching upon powder pattern of x = 3.3; arrows indicate additional lines due to

ilmenite phase.

samples from high temperatures to room
temperature under argon flow. Figure 3
shows how the powder pattern for a sample
of x = 3.3 changes from showing the pres-
ence of two phases in the as-prepared sam-
ple to a single phase in a sample quenched
from 800°C and back to two phases after
low-temperature annealing.

A proposed phase diagram based on the
results of these experiments is shown in Fig.
4. The most important feature of this phase
diagram is the extensive immiscibility dome
which ranges from Mgy oTi; ;0; to Mg,
Ti, 40, and up to 950°C. Such a feature is
not unusual in an ilmenite—corundum sys-
tem and has been reported in the system
Fe,0,—-FeTiO; (13). If the small difference
between the ilmenite and corundum struc-
tures is ignored, then, at high temperatures,
the solid solution can be regarded as contin-
uous. Looking at the system more carefully,
there is a clear transition, which could be

detected, as a function both of composition
and of temperature, Fig. 4. Although there
was a gradual change in powder pattern as
composition changed from MgTiO; toward
Ti,O; . a discontinuous change in peak inten-
sities occured at the boundary between il-
menite and corundum structures, Fig. 5;
hence this boundary could be mapped out
with confidence. This boundary appears to
intercept the solvus close to Mg, ;Ti; 0;.

Unit cell lattice parameters generally
show alinear dependence upon composition
for single phase samples, in accord with
Vegard's law (Fig. 6). A significant devia-
tion from Vegard’s law does occur, how-
ever, as x approaches 3 (Ti,(,). This devia-
tion appears to be largely due to anti-
ferromagnetic ordering in Ti,O,, as lattice
parameters obtained at temperatures above
the metal-insulator transition (/4) deviate
very much less from the behavior predicted
by Vegard’s law.
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F1G. 4. Phase diagram for system TiyO3—MgTiO;: (1}
ilmenite structure; (C) corundum structure.

The influence of small degrees of oxygen
nonstoichiometry was investigated by pre-
paring samples of varying oxygen stoichi-
ometry for x = 3.0, 3.2, Table 1. Detection
of impurity phases by X-ray diffraction is
not possible at levels up to the 2% level;
however, changes in unit cell parameters
can confirm solid solution formation. The
small, essentially insignificant, changes in
lattice parameter are in accord with the re-
port by Andersson et al. (15), which stated
that the oxygen content of Ti,O, was within
the range 2.98 < x << 3.02. It is clear that
oxygen nonstoichiometry is not responsible
for the deviation from Vegard’s law dis-
cussed in the previous section.

Electrical measurements indicate fairly
high electronic conductivity, in the range
from 0.1 to 10 ohm™" - em~" at 300 K. All
samples show thermally activated hopping

above 180 K. Activation energies increase
with average oxidation state, showing a dis-
tinct step at the corundum/ilmenite transi-
tion, Fig. 7. At lower temperatures, a devia-
tion from thermally activated hopping is
observed across the system, with a distinct
transition to a linear relationship between
resistivity and temperature below about 30
K in some samples, Fig. 8.

Discussion

Due to the limited range of solid solution
formation in furnance-cooled Mg, _,
Ti,, ,O,, investigation of the relationship
between composition and properties in such
samples is of limited value. In this study we
have utilized single-phase, quenched sam-
ples to allow investigation of composi-
tion—property relationships across the en-
tire system.

The form of the immiscibility dome in Fig.
4 clearly indicates that a much wider range
of compositions are stable to low tempera-
ture in the disordered, corundum phase than
in the ordered, ilmenite phase. As composi-
tion moves toward MgTiO, the temperature
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F1G. 5. Dependence of X-ray peak area for 003 re-
flection upon compaosition for single phase samples;
(00 indicates sample quenched from 1000°C. Line cor-
responds to 1000°C isotherm.
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FiG. 6. Unit cell parameters as a function of composition, estimated standard deviations are within
symhbol size, parentheses indicale quenching: (@) corundum, (W) ilmenite, (X ) from the literature (/0).

of the order-disorder transition also in-
creases; however, the transition does not
extend to MgTiO,. No evidence was found
for such a transition by DTA, nor was there
evidence for the disordered phase in
quenched MgTiO;. X-ray powder patterns
indicate that there is a gradual increase in

TABLE I

INFLUENCE OF OXYGEN NONSTOICHIOMETRY UPON
Uwit CELL LATTICE PARAMETERS

x O Content alA) c(A)

30 3.02 5155 (1) 13.623 (4)
3.0 3.00 5.154 (1) 13.613 (3)
3.0 2.98 5.159 (1) 13.600 (5)
3.2 3.01 5.103 (1) 13.778 (4)
32 3.00 5.106 (1) 13.791 (5)
3.2 2.99 5.10 (1) 13.767 (4)

the extent of ordering in the ilmenite phase
as the composition changes towards
MgTiO;, Fig. 5. There is, however, clear
evidence that the transition from ilmenite to
corundum is first order, both from X-ray
peak intensities and from the discontinuity
in conductivity activation energies when the
boundary is crossed.

Above 180 K linear Arrhenius plots were
obtained for all compositions, consistent
with a small polaron hopping mechanism.
Activation energy increases with oxidation
state of Tiin both the corundum and ilmenite
regimes. The decrease in activation energy
observed in crossing the boundary from co-
rundum to ilmenite structures simply reflects
the decrease in average jump distance dueto
ordering of Ti atoms. The deviation from lin-
car Arrhenius behavior at low temperatures
might be expected to be due to variable range
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Fi1G. 7. Arrhenius activation energy as a function of composition, determined for T > 180 K.

hopping; however, the expected dependence
upon T~ at low temperatures was not ob-
served, with log p tending to a constant value
atlarge T~ "%, Fig. 8b. Instead, at low temper-
atures (<30 K)the logarithm of the resistivity
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appeared to increase linearly with tempera-
ture, Tig. 8a. Similar dependences have pre-
viously been observed for spinel titanates
(16); however, a satisfactory model for this
behavior has still to be proposed.
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FiG. 8. Temperature dependence of resistivity: (a) log resistivity (p) plotted against T, where dashed
lines indicate extrapalation of high temperature thermally activated hopping; (b} log resistivity plotted

against T~
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