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The physical properties of TisO, single crystals, grown by the vapor-transport method have been studied in
order to elucidate the nature of the three phases and the origin of the two successive transitions which take
place as a function of temperature at ~ 130 K and ~ 140 K. Two transitions are clearly observed in the
lattice-parameters, the electrical-conductivity, the magnetic-susceptibility and the specific-heat measurements.
The enthalpy change of the two transitions have been found to be 135+ 5 and 110 %+ 5 cal/mole, respectively.
An intense EPR line is found in the low-temperature phase and it vanishes at 130 K. No changes have been
observed in the crystal structure of the three phases, as determined by the classical x-ray diffraction methods.

It is suggested that Ti**—Ti’* pairing takes place in the low-temperature phase but that the crystal contains
microdomains with unpaired Ti’* cations at the domain walls which would be responsible for the strong EPR
signal. The intermediate phase is proposed to be a disordered phase as far as the Ti**~Ti** pairs are concerned
similar to the intermediate phase of Ti,O,;. The nature of the high-temperature phase is not clear.

I. INTRODUCTION

Most of the titanium and vanadium oxides under-
go insulator-to-metal transitions as a function of
temperature. Ti,O, is one example of such oxides.
Bartholomew and Frankl' showed that there are
two transitions in the conductivity of Ti,O, sepa-
ratedby 5K at ~130 K. These authors found that
at the transitions the conductivity decreased by a
factor of 50 over all. They stated also that, since
the conductivity of Ti O, increased with increasing
temperature above the higher-temperature transi-
tion, this does not appear to be a true semiconduc-
tor to metal transition. Danley and Mulay? mea-
sured the magnétic susceptibility of Ti,O, and found
an increase of about 30% at a single transition at
~130 K.

The oxide Ti,O, is a member of the homologous
series Ti,0,,.,. These compounds occur as well-
defined phases whose structuresare related to that
of rutile in that they consist of rutilelike blocks
which are infinite in two dimensions and n TiO,
octahedra in width along the third. This finite di-
mension is perpendicular to the (121) plane of the
pseudorutile lattice. Along these planes, which
are called crystallographic shear planes the octa-
hedra share faces, edges, and corners, whereas
inside the rutile blocks they share only edges and
corners. Another idealized description of this
structure is derived from that of rutile, which is
schematically represented in Fig. 1. The rutile
arrangement can be thought as composed of two
sublattices of octahedral sites. One consists of the

000 and 333 positions and the other of the 00 and

16

033 ones. In the phases of the homologous series
there are blocks in which the first sublattice of
octahedral sites is full and adjacent blocks in which
the second sublattice is full, the plane between
blocks being the (121) of the rutile lattice. For in-
stance, if in one block the last occupied octahedral
sites are the 000 and 100 positions, in the next
block the first occupied positions will be the 303
instead of the 101 position. In this case the octa-
hedra centered on the 333 of one block and the
other centered on the 303 position of the adjacent
block, share a face instead of corner.

With the exception of Ti,O,, the resulting struc-
tures are triclinic with » molecules per unit cell
and » and n + 1 independent cation sites for the even
and odd members of the series, respectively. This
crystallographic difference is due to the fact that
in the odd members two cations per unit cell are
in special positions, i.e., the center of symmetry.
This feature seems to be responsible for the even-
odd relationship which exists in most of the physi-

FIG. 1. Projection of four unit cells of the rutile
structure perpendicular to the [001] direction. The
open circles represent atoms with z =0 and the full
ones represent those with z =3.
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cal and chemical properties of the phases of the
homologous series Ti,0,,., and V,0,,_,.

The insulator<to-metal transitions, which occur
in Ti,0,, V,0,, V,0,, and in the Magnéli phases,
in general, have been interpreted as transitions in
which the electrons localize into covalent bonds
between two transition-metal atoms so that the
final spin state is a singlet. The electron localiza-
tions have been fully confirmed by the accurate de-
termination of the crystal structures of the three
phases of Ti,0,.> This compound exhibits two
electrical transitions, one at 130 K and a second
at 150 K. The resistivity increases abruptly at
both transitions, but the large increase in magne-
tic susceptibility occurs only at the 150-K transi-
tion. The crystal structures as determined at 298,
140, and 120 K indicated that above 150 K the Ti
cations have an average effective charge of ~3.5.
Below 130 K the electrons were found to localize
into alternate chains of 3 + and 4 + sites along the
pseudorutile ¢ axis, and adjacent 3 + sites paired
to form metal-metal bonds. In the intermediate
phase no evidence was found for charge localiza-
tion. In order to rationalize these findings with
the electrical and magnetic properties, it was sug-
gested that the charge was localized into pair
bonds, but there was no long-range-order correla-
tions between bonds. In this model the lower
transition is viewed as one from a state with or-
dered bonds to a liquid or pair bonds.* Heat-capa-
city measurements showed that a model of a dis-
ordering of the Ti* and Ti** chains would be at the
unit-cell level.® Recent EPR data indicated that
the disorder found in the intermediate phase is of
dynamic type.®

A single metal-insulator transition occurs at 250
K in the analogous phase containing vanadium,
namely, V,0,.” Structural studies showed that the
transition is accompanied by a separation of charge
into alternate chains of V* and V** sites running
along the pseudorutile ¢ axis. Both V3 and V*
sites show evidence for the formation of short
bonds, but the maximum change in bond length at
the transition is only 0.07 A.8

Also, the next higher member of the vanadium
series, V,0,, undergoes a single insulator-metal
transition with decreasing temperature at ~135 K.?
The crystal structures of both the metallic and in-
sulating phases showed that in the former phase
the charges are disordered, whereas in the latter
one there are alternate chains of V** and predomi-
nantly V* sites running along the pseudorutile ¢
axis.® However, no changes in metal-metal dis-
tances which exceeded 0.06 A were observed at the
transition. In the case of TiO, the Ti’* sites move
toward each other so that the Ti-Ti distance be-
tween pairs decreases about 0.20 A. Similarly,
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in the case of VO, there is pairing with a decrease
in the V-V distance of 0.23 A.'° In terms of a re-
lationship between bond order and bond length
these changes imply a doubling of the bond order
in the insulating phase over that in the metallic
phase.!' For V,O, one could argue that the amount
of pairing increases in the insulating phase with
decreasing temperature because there is evidence
from measurements of the electrical resistivity,
magnetic susceptibility,®'V NMR, and structure
that the transition is only slightly first order. The
structure of the insulating phase of V,0, was re-
fined only 50 deg below the transition so that one
could indeed observe larger changes than 0.07 A at
lower temperatures. In V. O, the transition is
strongly first order and therefore the previous
argument is no longer valid. Since NMR results
clearly show the existence of some singlet-metal-
metal bonds it was speculated that many bonding
patterns could exist in an insulating V,O, crystal.
The idealized structure of the M ,0,,., oxides can
be thought of as chains of edge-sharing octahedra
along the ¢, axis which are » octahedra in length
and are connected to adjacent chains of the other
rutile sections either by face sharing in the agy di-
rection or edge sharing in the b, one. Within an
infinite edge-sharing chain in the by cy plane there
is the possibility of many patterns of metal-metal
bonds, not only along the pseudorutile ¢y axis in
any one section of the chain, but also between
chains. A priori there is no reason to expect one
particular bonding pattern to predominate over the
others and by classical x-ray diffraction methods
an average of many different bonding patterns is
observed. This would explain why in the insulating
phase of V.O, there is evidence only for the locali-
zation of charge, but not for the formation of me-
tal-metal bonds.

This paper reports the determination of the crys-
tal structure of Ti,O, at room temperature, at
135 K, and at 120 K, along with electrical-conduc-
tivity, magnetic-susceptibility, heat-capacity, and
electron-paramagnetic-resonance measurements.
We thought that it would be of interest to extend
such studies to an odd member of the titanium
series.

II. EXPERIMENTAL

Single crystals of Ti,O, were grown by the vapor-
transport method by using Ti,O, powder samples
and TeCl, as the transporting agent. The Ti,O,
powders were prepared by reducing TiO, with pu-
rified H,. The details of these preparations have
been published elsewhere.!? The impurity content
of the Ti O, single crystals given by y-ray activa-
tion analysis, is 20-400 ppm of Te, 20-200 ppm



16 PHASE TRANSITIONS IN Tig0y SINGLE CRYSTALS:... 2813

of Cl, 20-30 ppm of Cr, and 1-4 ppm of Sc.

The conductivity between 77 K and room temper-
ature was determined by the four-point technique
which is commonly used for weak resistances.

The low temperatures were attained by the use of
a cryostat equipped with a temperature regulator.

The magnetic-susceptibilities measurements
between 4 K and room temperature were per-
formed with a vibrating-sample magnetometer
(Foner type) equipped with a cryostat and a tem-
perature regulator.

The transition enthalpies were determined with
a differential scanning commercial calorimeter
(Perkin-Elmer DSC 2) by comparison with the
melting enthalpy of indium (AH=6.8 cal/g). The
same apparatus was used for determining the spe-
cific heat between 115 K and room temperature.
Benzoic acid was used as a reference standard.

The lattice parameters at room temperature
were determined from a Guinier powder photo-
graph taken with monochromatic Fe Ka radiation
and using KC1 as an internal standard. The lattice
parameters as a function of temperature from 110
K to room temperature were determined from the
single crystal which had been mounted on the dif-
fractometer for the intensity data collection. The
temperature of the crystal was controlled by blow-
ing nitrogen gas at controlled temperatures over
it. The least-squares refinement was applied on
20 reflections chosen in the region where a com-
plete a,/a, separation occurred. The zero of the
w circle was obtained by measuring the w and - w
values for each reflection.

The x-ray intensity measurements for the three
phases were taken at 298, 135, and 115 K with a
computer-controlled, automatic, Philips, four-
circle diffractometer, equipped with a Mo tube and
a graphite monochromator. For the low-tempera-
ture measurements, the reflections, whose in-
tensity and Bragg angle were very sensitive to the
two transitions, were used as standard reflections
and in the orientation matrix. This was very im-
portant for the data collection of the intermediate
phase as its stability interval is only 10-12 deg.
The specimen was a sphere 0.019 cm in diameter.
The procedure for intensity data collection was the
same for the three phases. All possible reflections
in the region 26 <80° were measured by the w-scan
technique. Before the integrated intensities of
equivalent reflections were averaged a test was in-
troduced in order to see whether the Friedel pairs
had the same intensity. Since no differences be-
tween (hkl) and (hkl) were observed within experi-
mental limits, it was concluded that each phase of
Ti,0, was centrosymmetric. The Lorentz polari-
zation and absorption corrections were applied.
The total number of independent reflections with

I>0 was 5533, 5082, and 5104 for 298, 135, and
115 K, respectively. The structural refinements
were carried out with the LINUS program together
with the f curves for neutral atoms given by Doyle
and Turner.'® The real and imaginary anomalous
correction coefficients for titanium were those
given by Cromer and Liberman.'* The positional
and thermal parameters of V.0, were used as the
starting values.® The weighting scheme used has
been described in detail elsewhere.' In the first
few cycles the scale factor, the secondary extinc-
tion coefficient, 39 positional parameters, and 14
thermal isotropic parameters were varied. Aniso-
tropic thermal coefficients were introduced in the
final cycles of refinement. The conventional
weighted R factors were 0.022, 0.027, and 0.025
for the structures at 298, 135, and 115 K, respec-
tively. The final positional and thermal parame-
ters for the three structures are listed in Tables
I and II, respectively. The lists of observed and
calculated structure factors are omitted, but are
available on request. The interatomic distances
and thermal data calculated by the program ORFFE
for the room-temperature structure are reported
in Tables III-V.

III. RESULTS
A. Lattice parameters

The lattice parameters are shown in Fig. 2 as a
function of temperature. Two transitions are
clearly observed which occur within an interval of
10-20 K. The lower transition (~128 K) is marked
by discontinuities in lattice parameters and by a
resulting volume change of (- 0.10+0.02)%, the
low-temperature phase being less dense. The up-
per transition (~140 K) is marked only by discon-
tinuities in the lattice parameters. The volume
change which occurs at this transition is smaller
than the estimated error. These results are dif-
ferent from those reported for Ti,O,. Only one
transition was observed in the lattice parameters
of Ti,0, which was accompanied by a volume
change of 0.04%.°

B. Electrical conductivity

Figure 3 shows the variation as a function of
temperature of the conductivity of a single crystal
of Ti,O, from 77 K to room temperature. It can be
seen that two distinct transitions take place, the
first at ~128 K and the second, at 139 K. The con-
ductivity decreases over all by a factor of 3, which
is much smaller than the factor of 50 reported by
Bartholomew and Frankl.! The discrepancy might
be due to the different nature of the impurities pre-
sent in the crystals. In agreement with the pre-
vious measurements' we found that the conductivity
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TABLE 1. Positional parameters.
295 K 135 K 115 K
Ti(1) x 0.0 0.0 0.0
¥ 0.5 0.5 0.5
z 0.0 0.0 0.0
Ti(2) x 0.0 0.0 0.0
y 0.0 0.0 0.0
z 0.0 0.0 0.0
Ti(3) x 0.553 56(5)  0.554 49(7)  0.555 17(6)
y 0.84393(4)  0.84526(6)  0.84526(5)
2z 0.206 36(3)  0.207 50(4)  0.207 16(4)
Ti4) x 0.55221(5  0.549 56(7)  0.549 76(6)
Y 0.344 28(4)  0.34347(5)  0.34349(5)
z 0.20515(3)  0.204 42(4)  0.20500(4)
Ti(5) x 0.140 36(5)  0.138 84(T) 0.137 74(6)
y 0.173 51(4)  0.174 13(5) 0.174 09(5)
z 0.42133(3)  0.42183(4) 0.421 16(4)
Ti(6) x 0.14791(5)  0.146 89(7)  0.147 00(6)
¥ 0.67537(4)  0.674 83(5) 0.674 47(5)
z 0.42386(3)  0.423 25(4) 0.422 33(4)
o(1) x 0.6464(2) 0.6445(3) 0.6451(2)
y 0.8519(1) 0.8519(2) 0.8517(2)
z 0.0207(1) 0.0207(2) 0.0210(1)
0(2) x 0.1628(2) 0.1621(2) 0.1613(2)
y 0.8022(1) 0.8016(2) 0.8016(2)
z 0.0805(1) 0.0801(1) 0.0796(1)
0(3) x 0.3952(2) 0.3948(2) 0.3940(2)
y 0.5382(1) 0.5379(2) 0.5369(2)
z 0.1351(1) 0.1346(1) 0.1345(1)
0(4) x 0.9218(2) 0.9212(2) 0.9217(2)
y 0.4888(1) 0.4884(2) 0.4882(2)
z 0.2034(1) 0.2026(1) 0.2023(1)
0(5) x 0.2177(2) 0.2166(3) 0.2161(2)
¥ 0.1918(1) 0.1923(2) 0.1918(2)
2z 0.2381(1) 0.2381(1) 0.2377(1)
0(6) x 0.7314(2) 0.7289(2) 0.7281(2)
¥ 0.1534(1) 0.1535(2) 0.1540(2)
z 0.3240(1) 0.3237(1) 0.3238(1)
o(7) x 0.9525(2) 0.9529(2) 0.9538(2)
y 0.8673(1) 0.8667(2) 0.8660(2)
z 0.3674(1) 0.3676(1) 0.3686(1)
0O(8) x 0.4906(2) 0.4905(2) 0.4905(2)
¥ 0.8051(1) 0.8051(2) 0.8047(1)
z 0.4195(1) 0.4190(1) 0.4186(1)
0(9) x 0.7697(2) 0.7678(2) 0.7678(2)
y 0.5306(1) 0.5287(2) 0.5283(2)
z 0.4580(1) 0.4571(1) 0.4575(1)
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TABLE II. Anisotropic temperature factors.
298 K 135 K 115 K 298 K 135 K 115 K
Ti(1) B 71.7(9) 65.0(1.3) 91.1(1.2) 0(3) B 60(2) 46(3) 49(2)
Bag 31.5(5) 30.9(8) 35.6(7) B 28(1) 22(1) 21(1)
By 27.1(3) 21.7(5) 18.4(4) Baa 27(1) 16(1) 17(1)
Bio 21.3(5) 28.6(8) 41.7(8) B1a 21(1) 17(2) 15(1)
By 16.4(4) 19.0(6) 19.1(6) B 13(1) 10(1) 9(1)
Bo 7.9(3) 14 4(5) 12.1(4) By 9(1) 8(1) 8(1)
Ti(2) By 61.8(8)  42.2(1.1) 47.7(1.0)
Bas 29.5(5)  21.2(7) 17.6(6) O(4) Bii 66(2) 417(3) 58(3)
Bas 22.1(3)  11.7¢4) 11.3(4) Bao 36(1) 23(2) 22(1)
Bis 19.2(5) 15.7(7) 13.9(6) Bss 19(1) 13(1) 13(1)
B 15.1(4) 9.1(5) 8.2(5) B2 12(1) 10(2) 12(2)
B 7.7(3) 7.2(4) 4.6(4) B 15(1) 10(1) 8(1)
B 5(1) 5(1) 41
Ti(3) B 60.9(6)  48.4(8) 67.2(8)
B 29.1(3)  20.2(5 19.0(4)
Bss 19.7(2) 12.4(3) 14.8(3) 0(5) By 86(2) 58(3) 59(3)
B 18.3(3)  15.9(5) 19.3(5) B 41(1) 31(2) 28(1)
B 13.5(3)  11.6(4) 17.2(4) Bas 22(1) 12(1) 16(1)
By 7.2(2) 6.8(3) 7.0(3) Bia 23(1) 15(2) 17(2)
B 23(1) 10(1) 14(1)
Ti4) B 59.5(6)  38.7(8) 43.0(7) Bog 10(1) 7(1) 8(1)
Bos 28.6(3)  19.6(5) 20.8(4)
Bas 20.8(2)  10.8(3) 12.9(3)
B 12.8(3) 6.2(4) 8.3(4) B 28(1) 25(2) 24(1)
By 6.1(2) 4.8(3) 6.1(3) Bas 22(1) 15(1) 14(1)
) By 17(1) 15(2) 12(2)
Ti(5) Bi1 64.0(6) 52.5(8) 60.2(8) B 13(1) 10(1) 10(1)
B 27.4(3) 20.1(5) 17.9(4) Ba 8(1) 9(1) 5(1
Bas 20.2(2)  15.4(3) 15.0(3)
Bio 19.2(3)  17.2(5) 16.2(4)
g; 1;-2:3; 12 gg; 1‘; ig: o By 582 44(3) 48(2)
’ : : Baz 29(1) 23(2) 25(1)
Ti6) By 58.7(6)  41.8(8) 49.2(7) g” ig(h 1§<1) 14(1)
12 (1) 13(2) 11(2)
B 27.93)  18.3(6) 18.3(4) 5 13(1) 10(1) 1001)
B 23.22)  12.3(3) 14.9(3) BB 71 1 6(1
B 18.6(3)  10.5(5) 11.9¢4) 3 ( M b
By 15.4(3) 4.2(4) 4.0(3)
By 8.6(2) 5.1(3) 5.2(3)
O(8) By 58(2) 39(3) 48(2)
o Biy 76(2) 57(3) 60(3) B 39(1) 24(2) 25(1)
Bap 40(1) 27(2) 27(2) B 21(1) 13(1) 14(1)
B 26(1) 18(1) 22(1) B 19D 11¢2) 12(2)
B 18(1) 16(2) 16(2) B 15(1) 8(1) 10(1)
B 24(1) 151 15(1) Fn 100D 8 6(h
Bo 9(1) 10(1) 10(1)
0(2) B 66(2) 51(3) 50(3) 0(9) B 64(2) 49(3) 55(3)
B 29(1) 19(1) 19(1) Bos 27(1) 22(1) 23(1)
Bss 341 17(1 19(1) Bas 19(1) 13(1) 15(1)
B 21(1 14(2) 12(1) B2 16(1) 16(2) 15(2)
By 15(1) 10(1) 10(1) B 12(1) 8(1) 7(1)
B 10(1) 7(1) 5(1) B 6(1) (1) 6(1)
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TABLE III. Interatomic distances (lgs) in Ti octahedra for the room-temperature structure.
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Ti(1)-0(2) X 2
-0(3) X2
-0(4) X2

Average

(2)-0@3) X2
(2)-0(3) X2
(2)-0(4) X2
(2)-04) x2
(3)-04) X2
(3)-0(4) x2

Average

Ti(2)-O(1) X2
-0(2) X2
-0(5) X2

Average

0(1)-0(2) X2
0(1)-0(2) X2
0O(1)-0(5) X2
0(1)-0(5) X2
0(2)-0(5) X2
0(2)-0(5) X2

Average

Ti(3)-0O(1)
-0(2)
-0(3)
-0(6)
-0(7)
-0(8)

Average

3) -O(1
)-0(2)
0(3) -0(7)
0(3)-0(8)
0(6)-0(1)
0O(6)-0(7)
0(6)-0(8)
0(1)-0(2)
0(1)-0(7)
0(8)-0(2)
O(8)-O(7)

Average

Ti4)-0O(1)
-0(3)
-0(4)
-O(5)
-0(6)
-0(9)

Average

1.9543(9)
1.9666(9)
2.0164(11)

1.979

2.598(2)
2.937(1)
2.797(1)
2.819(1)
2.780(1)
2.853(2)

2.787

2.0090(11)
1.9733(11)
2.0044(8)

1.996

2.765(2)
2.865(2)
2.690(2)
2.979(1)
2.802(1)
2.824(1)

2.820

1.9073(12)
1.9264(10)
1.9756(9)
2.0342(9)
2.0673(9)
2.0866(11)

2.000

2.769(2)
2.598(2)
2.928(1)
2.705(1)
2.986(2)
2.693(2)
2.824(1)
2.866(2)
2.852(1)
2.849(1)
2.697(2)

2.817

1.9406(9)
1.9060(11)
1.9953(11)
1.9887(12)
2.0937(11)
2.0893(8)

2.002

0(1)-0@3)
0(1)-04)
O(1)-0(5)
O(1)-0¢(6)
0(9)-0@3)
0(9)-0(4)
0(9)-0(5)
0(9)-0(6)
0(4)-0(3)
0(4)-0(8)
0(5)-0(3)
0(5)-0(6)

Average

(5)-0(5)
-0(6)
-0(7)
-08)
-0(9)

Average

0(9)-0()
0(9)-0(6)
0(9)-0(7)
0(9)-0(8)
0(7)-0(5)
0(7)-0(6)
O(7)-0(7)
O(7)-0(8)
O(7)-0(8)
0O(7)-0(6)
0(5)-0(8)
0(5)-0(86)

Average

Ti(6)-O(4)
-0(6)
-0(7)
-0(8)
-0(9)
-0(9)

Average

0(4)-0(7)
0(4)-0(8)
04)-0(9)
0(4)-0(9)
0(6)-0(7)
0(6)-0(8)
0(6)-0(9)
0(6)-0(9)
0(8)-0(7)
0O(8)-0(9)
0(9)-0(7)
0(9)-0(9)

Average

2.830(1)
2.979(1)
2.690(2)
2.959(1)
2.843(1)
2.712(2)
2.920(1)
2.696(1)
2.907(2)
2.810(1)
2.763(1)
2.780(2)

2.824

1.8425(12)
2.0517(10)
1.9915(9)
1.9394(9)
2.0384(10)

2.003

3.087(2)
2.698(1)
2.648(1)
2.838(2)
2.942(2)
2.681(1)
2.573(1)
2.895(1)
2.697(2)
2.693(2)
2.833(1)
3.027(2)

2.801

1.8803(8)

2.1314(10)
2.0027(11)
1.8563(11)
1.9799(11)
2.1878(11)

2.006

2.809(1)
2.908(1)
2.712(2)
2.878(1)
2.681(1)
3.000(2)
2.696(1)




16 PHASE TRANSITIONS IN TigOy9 SINGLE CRYSTALS:...

TABLE IV. Ti-Ti distances (.7\) for the room-temper-

ature structure ?

Ti(1)-Ti(4) ¢ X2
-Ti(4) ¢ X2
~Ti(6) ¢ X2
-Ti(2) ¢ X2
-Ti(3) e X2

Ti(2)-Ti(3) ¢ X2
-Ti(3) ¢ X2
~Ti(1) ¢ X2
-Ti(5) ¢ X2
-Ti(4) e X2

Ti(3)-Ti(6) ¢
-Ti(6) ¢
-Ti(4) ¢
-Ti#4) ¢
-Ti(4) ¢
-Ti(1) e
-Ti(2) ¢
-Ti(2) ¢
-Ti(5) e
-Ti(6) cb
-Ti(5) eb

-Ti(6) e
-Ti(5) cb
-Ti(6) eb

Ti(5)-Ti(6) ¢
-Ti(6) ¢
-Ti(3) e
-Ti4) ¢
-Ti#4) ¢
-Ti(2) ¢
-Ti(6) fb
-Ti(5) eb
-Ti(6) cb
-Ti4) cb
-Ti(3) eb

Ti(6)-Ti(5) ¢
-Ti(5) ¢
-Ti4) e
-Ti(3) ¢
-Ti(3) ¢
-Ti(1) ¢
-Ti(5) fb
-Ti(6) eb
-Ti(5) ¢b
-Ti(3) ¢b
-Ti(4) eb

3.5225(4)
3.6078(4)
3.4774(4)
3.5590(2)
2.9234(4)

3.5324(4)
3.6109(4)
3.5590(2)
3.4668(3)
2.9191(4)

3.5349(5)
3.7894(5)
3.4660(4)
3.5527(5)
3.5653(5)
2.9234(4)
3.5324(4)
3.6109¢4)
2.9988(4)
3.8036(5)
3.1210(4)

3.4660(4)
3.55217(5)
3.5653(5)
3.5540(5)
3.7704(5)
3.5225(4)
3.6078(4)
2.9191(4)
3.0362(4)
3.8210(5)
3.1114(4)

3.5561(4)
3.5622(4)
2.9988(4)
3.5540(5)
3.7704(5)
3.4668(3)
2.8323(5)
3.2586(6)
3.3900(5)
3.8210(5)
3.1210(4)

3.5561(4)
3.5622(4)
3.0362(4)
3.5349(5)
3.7894(5)
3.4774(4)
2.8323(5)
3.2788(6)
3.3900(5)
3.8036(5)
3.1114(4)
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TABLE V. Root-mean-square values for the room-

temperature structure.

@ The symbols ¢, e, and f refer to Ti-Ti distances
across a shared octahedral corner, edge, or face, re-
spectively. The symbol & indicates Ti-Ti distances

between rutile blocks.

Ti(1)

Ti(2)

Ti(3)

Ti(4)

O(1)

0(2)

0(6)

O(7)

O(8)

0(9)

LN = W N = W 0 DN LW N LW N = LW N = WD = W = LW N - WA = CO DD = L0 DD

DN =

0.0796(9)
0.0881(4)
0.0975(9)

0.0766(9)
0.0821(4)
0.0865(9)

0.0761(6)
0.0787(3)
0.0859(7)

0.0773(4)
0.0789(5)
0.0849(7)

0.0738(6)
0.0783(6)
0.0849(4)

0.0735(7)
0.0815(3)
0.0867(7)

0.083(3)
0.091(1)
0.099(2)

0.073(3)
0.086(1)
0.104(2)

0.072(3)
0.085(1)
0.101(2)

0.077(1)
0.085(2)
0.098(2)

0.079(5)
0.094(1)
0.099(2)

0.075(3)
0.080(1)
0.092(3)

0.076(2)
0.079(1)
0.085(3)

0.079(1)
0.082(2)
0.092(3)

0.076(1)
0.078(2)
0.090(3)




2818 M. MAREZIO, D. TRANQUI, S.

of Ti,O, in the high-temperature phase increases
with increasing temperature so that this oxide
should not be considered a true metal.

C. Magnetic susceptibility

Figure 4 shows the variation as a function of
temperature of the molar susceptibility (x,,) for a
single crystal of Ti;Oy from 225 to 4 K. There are
two transitions which occur at 128 and 138 K, re-
spectively. The first consists in an increase of a
factor of 2 while the second consists in a drop of
~20%. These results are somewhat different from
those reported by Danley and Mulay.? These au-
thors reported only one transition in the suscepti-
bility of Ti,O,. From the curve shown in Ref. 2,
it seems that thev missed the 137-K transition.
Furthermore, Danley and Mulay reported that the
susceptibility exhibited Curie-Weiss behavior both
above and below the only transition.

The present measurements show a Curie behav-
ior only at low temperature (7 <40 K). For 40<T
<128 K the temperature-independent susceptibility
might be due to a Van Vleck paramagnetism as in
other titanium oxides. Between 128 and 138 K it is
difficult to determine whether or not the suscepti-
bility is temperature independent as the tempera-
ture range is too small. In the high-temperature
phase, one clearly observes temperature-inde-
pendent behavior. It should be pointed out that
from the point of view of the magnetic behavior
Ti,O, is quite different from Ti,0,: in the former
compound there are two transitions, whereas in
the latter only one has been observed.

D. Heat capacity

Figure 5 shows the variation of C, vs T for a
single crystal of Ti,O,. The curve shows two
peaks, one centered at 142 K which is 6 K in width
andasecond centeredat 131 K, 4K inwidth. The en-
thalpies of the transitions are found to be 135+5
and 110+5 cal/mole, respectively. The corre-
sponding entropy changes are 0.97 and 0.85 cal/
moleK. These results show once again the dif-
ference between the two transitions which take
place in Ti,0, and those which take place in Ti,O,.
In the former compound also two peaks were ob-
served in the C,-vs-T curve; however, the enthal-
py changes were 468 +5 and 95+5 cal/mole for the
high- and low-temperature transition, respective-
ly.

E. Crystal structures

In the structure of Ti O, there are six crystallo-
graphically-independent Ti atoms, two of which
Ti(1) and Ti(2) are in special position, i.e., the
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FIG. 4. Magnetic susceptibility vs temperature for a
single crystal of TizO,.

center of symmetry. The two crystallographical-
ly-independent pseudorutile chains are formed by
Ti(5)-Ti(3)-Ti(1)-Ti(3)-Ti(5) and Ti(6)-Ti(4)-Ti(2)-
Ti(4)-Ti(6). These chains can be seen in Fig. 6.
Ti,O, represents the first member of the Ti,O,,,
homologous series in which there is at least one
complete rutile unit cell, namely, those centered
on Ti(1) and Ti(2).

At room temperature the average Ti-O distances
are: for Ti(1)-0, 1.979; Ti(2)-0, 1.996;Ti(3)-0,
2.000; Ti(4)-0, 2.002; Ti(5)-0, 2.003; Ti(6)-0, 2.006
A. The approximate electrostatic charges cor-
responding to these distances can be calculated
from a plot of bond strength versus bond length
(shown in Fig. 7) as discussed in Ref. 11. The val-
ues calculated for the six titanium atoms are re-
ported in Table VI. Since Ti,0, contains two Ti®*
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FIG. 5. Molar heat capacity C, vs temperature for
a single crystal of Ti;O,.
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FIG. 6. Diagram showing the structure of Ti;Oy. The
sheets of cations (the anions are omitted for clarity)
contain the pseudorutile directions [001] and [110] run-
ning vertically and horizontally, respectively. Each
plane section is truncated by the shear planes as repre-
sented by the oblique lines while the different thick-
nesses of the circles indicate differences in the relative
heights of each section. The inset shows the cation
positions in rutile and defines the pseudorutile plane
shown in the main figure. The numbers inside the
circles designate the crystallographically inequivalent
sites.
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FIG. 7. Ti-O distances vs electrostatic bond strength.

The experiment point are for valence states 3+, 3.5+,
3.6+, and 4+.

TABLE VI. Electrostatic charge on the titanium atoms.

298 K 135 K 115 K
Ti(1) 3.85 3.91 3.92
Ti(2) 3.65 3.60 3.65
Ti(3) 3.60 3.60 3.56
Ti#4) 3.57 3.60 3.59
Ti(5) 3.56 3.52 3.50
Ti(6) 3.52 3.52 3.52
Average 3.60 3.60 3.59

and three Ti* cations the average charge on the
titanium atoms should be 3.60. It can be seen from
the values given in Table VI that the cationic
charge is indeed uniformly distributed. However,
as with Ti,0,, there are small individual devia-
tions from the average. The atoms for which the
surroundings resemble those of rutile to the great-
est degree have a slightly larger charge, i.e., the
sites well inside the rutile blocks are richer in 4 +
cations whereas those toward the shear planes are
richer in 3 + ones. An index of distortion of an
oxygen polyhedron can be expressed as the stan-
dard deviation calculated from the average of the
0-0 distances. The values of this index, given in
Table VII, increase on going from Ti(1) to Ti(5)
along one pseudorutile chain and from Ti(2) to
Ti(6), along the other one. Also, it seems that the
pseudorutile 53135 chains, which have a larger
separation of charge [Ti(1), 3.85 +; Ti(5), 3.56 +],
are more distorted than the 64246 chains [Ti(2),
3.65 +; Ti(6), 3.52 +].

The Ti-Ti distance across the shared octahedral
face, i.e., across the shear plane, Ti(5)-Ti(6),
is 2.8323 A which is slightly larger than the cor-
responding distance in Ti,0, (2.811 A). The Ti-Ti
distances across the shared edges inside and be-
tween the rutile blocks vary from 2.9191 A to
3.2788 A which are typical of a metallic phase of a
titanium oxide. In Ti,0, the corresponding dis-
tances vary between 2.895 and 3.280 A.

As it can be seen from Tables I and II and VI the
structures of the low-temperature phases, one
stable between 140 and 130 K and the other stable

TABLE VII. Index of distortion of the oxygen octahedra.

298 K 135 K 115 K
Ti(1) 0.112 0.110 0.104
Ti(2) 0.097 0.096 0.093
Ti(3) 0.131 0.133 0.133
Ti4) 0.101 0.100 0.100
Ti(5) 0.161 0.159 0.162
Ti(6) 0.151 0.148 0.149
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Ti. O F. Electron paramagnetic resonance
3 Ti,Oy crystals show an intense EPR signal in the
75t 1.5 low-temperature phase. The g value is anisotropic
e~ ° ; and in the range of 1.94-1.98. Below 50 K the in-
Q, oS tegrated intensity corresponds to a spin concentra-
— tion of the order of 102!~10%2 spins/mole. Figure
F:E 50t 1 8 shows the temperature dependence of the line
o > width and of the intensity. While the linewidth is of
3 = the order of a few G at low temperature, it in-
1Y) v) creases sharply just below the 130-K transition.
Z Z . . . .
= W At the same time, the intensity becomes vanish-
-2 e 05 ; ingly small. No EPR signal is detected in the in-
= termediate phase. It is clear that the EPR line
\Q LIZJ for T <130 K has the same origin as the low-tem-
0 0 3 perature Curie term of the susceptibility curve.
0 50 100 IV. DISCUSSION
T (K) 4 .
The experimental data obtained for the three
FIG. 8. Electron-paramagnetic-resonance data. phases of Ti O, are summarized in Table VIII.
Linewidth and integrated signal intensity vs tempera-
ture.
A. Low-temperature phase
The low-temperature phase is semiconducting;
below 130 K are identical to the structure stable however, the x-ray data do not show any charge
above 140 K. One does not observe in either one localization or pair bonding as in the low-tem-
any localization of charges and/or formation of co- perature phase of Ti,0,. The magnetic suscepti-
valent bonds between the Ti%* cations. This is ina bility is temperature independent for 50<7 <130
way quite surprising as the localization of charges K, but below 50 K it shows a large Curie term.
has been observed by classical x-ray diffraction One may then propose the following model:
methods in the insulating phases of Ti,0,, V,0,, charge localization occurs and Ti*-Ti%* pair bonds
and V,O,, the only exception being the intermedi- are present in this phase. This would explain the
ate phase of Ti,O, for which a disordered model semiconducting behavior as well as the Van Vleck
was proposed. temperature-independent paramagnetism. The
TABLE VII. Properties of the three phases of Ti;Og4 single crystals.
Low-temperature Intermediate High-temperature
Temperature (K) phase ~130 K phase ~140 K phase
Electrical Semiconductor Transition Semiconductor  Transition Semiconducting
conductivity behavior (due
to impurities ?)
Magnetic Temperature- Transition Transition Temperature
susceptibility independent independent
Van Vleck type
Lattice Transition Transition
parameters AV/V=-0.1% AV/V ~0
Heat capacity Transition Transition
AH=110 cal/mole AH=135 cal/mole
AS =0.85 cal/mole K AS =0.97 cal/mole K
Structure aspects No transition No transition
EPR Strong signal Vanishing of the
linewidth signal

broadening
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Curie term would be due to a large proportion
(~107?) of unpaired Ti*. Such a large spin con-
centration cannot be due to magnetic impurities.
Neither would it be likely that stoichiometry de-
fects could be responsible for this behavior, as
the deviation from stoichiometry for the Magnéli
phases appears to be much smaller (~10™).
Therefore we suggest that the crystal contains
microdomains and that the unpaired Ti3* are mostly
present at the domain walls. With such a domain
structure it would not be possible to detect by the
x-ray diffraction technique any charge localization
and Ti%**-~Ti%* bond formation.

The EPR signal should be due to the unpaired

Ti%*; in fact the g value is consistent with a 3d ' con-

figuration. The linewidth for T'<20 K should be due
to dipolar coupling, while the large broadening be-
low 130 K might be due to critical lattice fluctua-
tions related to the approaching to the phase tran-
sition.

B. Intermediate phase

The vanishing of the EPR signal at 130 K seems
to indicate that the microdomain structure disap-
pears at this transition. The intermediate phase
is also semiconducting and therefore it should con-
tain Ti*~-Ti3* bonds. We propose that this phase is
a disordered phase as far as the Ti**~Ti%* pairs
are concerned, just as the intermediate phase of
Ti,0,.° Then the measured entropy at 130 K would
have contributions due to disorder and lattice com-
ponents. Such disorder cannot be detected by clas-
sical x-ray diffraction techniques. In the case of
the intermediate phase of Ti,O,, the x-ray Debye-
Waller thermal factors were anomalously large.
The absence of such an effect in the intermediate
phase of Ti;O, could be due to the fact that the

disorder is dynamic, with a lifetime smaller than
~107" sec.

The magnetic susceptibility of this phase is also
due to Van Vleck paramagnetism; the increase of
x at 130 K shows that the Ti,O, band structure in
this temperature range should be different from
that of the low-temperature phase. Since the Van
Vleck susceptibility is mainly due to the matrix
elements between the singlet and triplet states of
the Ti* pairs,® this result seems to indicate that
the Ti**~Ti** separation inside a pair should be
larger in the intermediate than in the low-tem-
perature phase.

C. High-temperature phase

From the specific-heat data one can readily see
that Ti,O, exhibits a second transition at 140 K.
Above 140 K our crystals are still semiconducting
and do not show any evidence of a metallic phase
at high temperature. However, the conductivity of
the high-temperature phase of flux-grown crystals
was much higher than that of our crystals.! This
difference might be due to different impurities in
the two kinds of crystals.

The temperature-independent paramagnetism of
the high-temperature phase could also be of Van
Vleck type. The entropy change at the 140-K tran-
sition should then include a large lattice contribu-
tion.
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