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The crystal structures of the semiconductor Ti,O; and the semimetal (Tig g00Vo.100)203 Were determined
from X-ray diffraction data collected from single crystals. The compounds are isostructural with Al,O5
of rhombohedral unit cell dimensions of a = 5.4325(8) A and « = 56.75(1)° for Ti, O3, and a = 5.4692(8) A
and a = 55.63(1)° for the doped system. The effect of substitution of V*3 is to increase the metal-metal
distance across the shared octahedral face from 2.579 A in Ti,O; to 2.658 A in (Tig.000Vo.100)203, while
decreasing the metal-metal distance across the shared octahedral edge from 2.997 to 2.968 A. The metal-
oxygen distances exhibit only small changes. These structural changes are consistent with the band
theory proposed by Van Zandt, Honig, and Goodenough (9) to explain changes in electrical and other
properties with increasing vanadium content in (Ti;_,V,),03.

Introduction

The resistivity of Ti,O; first diminishes almost
exponentially with increasing temperature, then
drops rather abruptly to a minimum after which
it rises with further increases in temperature
(I-6). The drop in resistivity occurs in the
temperature region of 400-600°K, and is ac-
companied by a rapid change in the unit cell
parameters (5, 7), although the point group
symmetry of Ti,O; remains unchanged through
the transition (8). The deformation of the cell
is apparently accompanied by an alteration of
the band structure such that the narrow band gap,
which originally separated a filled band from
higher lying empty bands, narrows down and is
eventually replaced by an overlapping set of
bands (9, 10).

Doping with V,0;, also decreases the band gap
(11). The magnitude of the change from semi-
conducting to metallic behavior in (Ti,_,V,),0,
decreases with increasing vanadium content
until, at x = 0.100, the material is metallic over
the entire temperature range 150-500°K with a
resistivity equal to that of Ti,Oj; above its transi-
tion temperature. Since the lattice parameters of
(Tio.600VY0.100)205 at room temperature are
virtually identical with those of pure Ti,O, above
the transition range (7), we felt that crystal
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structure determinations of Ti,O; and (Tig g9~
Vo.100)203 at room temperature would provide
the positions of the metal atoms and the oxygens
in the semiconducting and semimetallic forms of
these materials and serve as a check of the model
proposed for the transition.

Experimental

Samples of Ti,0; and (Tig 990 Vg.100)203 from
single crystal boules were provided by Professor
J. M. Honig of this department (17). A Ti,O,
sphere with a radius of 0.0097 cm was ground
from fragments of the boule. Due to pronounced
cleavage planes, spheres of the vanadium-doped
system could not be ground, so a rectangular
parallelopiped with dimensions 0.0064 x 0.0104 x
0.0246 cm was used. This crystal was mounted
along the long dimension. Weissenberg and
precession photographs of both of these crystals
exhibited 3m diffraction symmetry, and the
systematic absences observed (hkil; —h+ k + 1=
3n: hh2hl; (I=3n): RROL: (h+1=3n), 1=2n)
were consistent with the space groups R3c or
R3c.

Both crystals were mounted along non-
principal crystallographic directions in order to
reduce the effects of multiple diffraction (12).
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Unit cell parameters and intensities were
measured using an Enraf-Nonius fully automated
CAD-4 diffractometer with graphite mono-
chromated MoKu radiation. An incident beam
collimator of 0.8-mm dia. at a takeoff angle of
4.0° was used with a receiving aperture located
173 mm from the crystal. The pulse height
analyzer used with the scintillation counter was
set to admit approximately 95 9; of the diffraction
intensity. Following optical centering of the
crystal, 15 reflections were located by a systematic
search. These reflections were widely separated
in the reciprocal lattice, and were located at
60° < 20 < 65°. Accurate values of the diffracto-
meter angles 20 w, x, and ¢ were determined by
scanning w, k, and 20, and locating the peak at
the average positions of the half heights. Both
the search and alignment procedures were under
the control of the computer using programs
supplied by Enraf-Nonius. Following X-ray
centering of the crystals, the reflection centering
procedure was repeated, and the reflections were
indexed from the known cell constants and the
relative positions of the reflections. The orienta-
tion matrix was determined from these reflections
using a least-squares program provided with the
instrument. Precise unit cell parameters were
determined by centering the Ko, (1 = 0.70926 A)
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reflection at both positive and negative 26 and
taking the average as the diffraction angle. The
cell was treated as triclinic in the refinement so
three values for each rhombohedral parameter
were obtained. The errors in the following
parameters are the rms deviations from the
three values thus obtained. For Ti,O;, a=
5.4325 4+ 0.0008 A and «=56.75° + 0.01°, for
(Tio.000V0.100)203, @ =5.4692 + 0.0008 A and
o =55.63° £ 0.01°.

All reflections in a hemisphere of reciprocal
space with 26 < 90° were collected for both
samples. The 6-26 scanning technique with a
variable scanning speed was used with a 20
range of 1.6+ tanf degrees centered about the
average peak position. The aperture was set at
3 mm wide by 4 mm high. Each reflection was
first scanned at a rate of 20.1° min~! to determine
its approximate intensity. Reflections were then
scanned twice at a slower rate necessary to
accumulate a minimum net count of 1000 counts
above background. The maximum rate for the
slower scan was set at 6.7° min~!, with the
majority of reflections counted at this rate.
Those reflections which were too weak to give
the desired net count were scanned twice at a
rate of 1.3° min~!. The intensities of 859, of the
reflections were well above the minimum net

TABLE 1

CRYSTALLOGRAPHIC DATA FOR T1,03 AND (TIp.900 Vo.100)203

Ti 04 (Tio.50V0.10)203

Parameters Ti (0] M (0]

x° 0.34464(4) 0.5624(2) 0.34614(3) 0.5614(2)

y 0.34464 —0.0624 0.34614 —0.0614

z 0.34464 0.2500 0.34614 0.2500

B,* 0.0077(1) 0.0090(5) 0.0033(2) 0.0040(4)

- 0.0077 0.0090 0.0033 0.0040

By, 0.0077 0.0066(7) 0.0033 0.0037(6)

B, —0.0028(1) —0.0003(5) —0.0013(2) —0.0014(4)

By —0.0028 —0.0047(4) —0.0013 —0.0016(3)

By, —0.0028 —0.0047 —0.0013 —0.0016

R, 0.031 0.027

R, 0.027 0.030

a 5.4325(8) A 5.4692(8) A

o 56.75(1)° 55.63(1)°

Qnex 5.163 A 5.104 A

Chex 13.624 A 13.822 A

cla 2.64 2.71

7 Tn fractions of the rhombohedral unit cell edges. Numbers in parentheses are the
estimated standard deviations of the least significant figures.
® The form of the temperature factor approximation is f=f, exp[—(B, h*>+ B k*+

By3 /% + 2By, bk + 2B13 Al + 2By3 kD).
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count required, although the counting rates
were such that no coincidence corrections were
required. For no observed reflections were the
results of the two slow scans statistically different.
Background counts were made for 1/4 of the
scan time at each end of both scans. Several
reflections were monitored alternately every 20
min and did not change significantly during the
course of the data collection period.

Integrated intensities, I, were obtained using
the expression /= C — 2B, where C is the sum
of the counts collected during the two slower
scans, and B is the sum of the background
counts during these scans. A standard deviation
was assigned to each measured intensity using
the expression a(/) = [C + 4B]"/2. The data were
corrected for Lorentz-polarization effects. The
crystals were measured using a microscope
with a micrometer eyepiece and the appropriate
absorption corrections applied (/3, [4) The
linear absorption coefficient for Ti,O; was
75.2 em™!; for (Tig.e00V0.100)2Q3 78.5 cm™L.
Averaging of equivalent reflections gave 134
observed independent reflections (I/a(I) = 3.0)

TABLE 11
INTERATOMIC DISTANCES (A) AND BOND ANGLES
(DEGREES)*
Ti203 (TiO.QOOVO. 100)203

M;-M, 2.579(0) 2.658(0)
M-M, 2.997(0) 2.968(0)
M~-O, 2.065(1) 2.072(1)
M;-0Os 2.030(1) 2.012(1)
0,-0, 2.794(1) 2.753(1)
0,05 3.079(1) 3.048(1)
0,-0, 2.7941) 2.805(1)
0,-05 2.884(1) 2.899(2)
0,-M,-0, 85.14(4) 83.28(4)
0-~M,;-0O; 98.61(2) 98.50(5)
0,-M -0, 85.94(4) 86.77(5)
O,-M,-0O; 89.51(1) 90.44(5)
0O,-M ;-0 169.94(2) 168.78(10)
M;-0,-M, 77.27Q1) 79.79(1)
M,;-0,-M; 94.06(2) 93.23(4)
M,-0s-M, 123.02(4) 122.83(9)
M,-0,-M,; 132.41(4) 132.68(8)

“ Numbers in parentheses are the estimated standard
deviation of the least significant digit rounded up to the
next significant figure.
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TABLE IIL

ROOT-MEAN-SQUARE THERMAL DISPLACEMENTS (A)

Atom rms Displacement
Ti;O; Ti 0.0791  0.0843  0.0843
O 0.0477 0.0795 0.1111
(Tip.000Y0.100205 M 00458  0.0553  0.0553
(o) 0.0497 0.0595 0.0615

for Ti,O; and 145 independent reflections for
(Tio.900V0.100)203.

The initial values for refinement of the posi-
tional parameters were those of Newnham and
de Haan (15). Five weighted refinement cycles
(16) of the scale factor, all variable atomic
parameters, and anisotropic temperature factors,
reduced R, (R, =2 |F, — F.|[|F,]) to 0.031 and
Ry (R, = {(W|F, — Fo|2[{ 3, w|F,[3Y72) to 0.027
for Ti,O;, and R, to 0.027 and R, to 0.030 for
(Tio.000Y0.100),03. Final shifts in the parameters
were less than 109, of the estimated standard
deviations of the individual parameters. The
standard deviation of an observation of unit
weight was 1.13 for Ti,0; and 1.08 for the doped
system. Weights were assigned as w=1/6%(F) =
4F?2|6*(F,?). The scattering factors were those
of Ibers (/7) for Ti°, V°, and O° with real and
imaginary anomalous scattering corrections (18)
applied for the metals. Weighted averages of the
Ti and V scattering factors and the anomalous
scattering corrections were used with the doped
system.

The final atomic parameters listed in Table T
were used to calculate the interatomic distances
and bond angles reported in Table IT as weil as the
rms thermal displacements in Table I11. Structure
factor amplitudes are reported in Table IV.

Results

Both Ti,0, and (Tip.000V0.100)205 are iso-
structural with Al,O; (15), space group R3¢, with
approximate hexagonal close packing of the
oxygens and metal ions in 2/3 of the octahedral
sites. Within the standard deviations of the
determinations, the structure of Ti,O; was
found to be identical to that reported by Newn-
ham and de Haan (/5). There is no evidence for
ordering of Ti and V in the doped system. The
effect of the added vanadium is to increase the
M,-M, distance (see Table II and Fig. 1) across
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TABLE 1V

OBSERVED AND CALCULATED STRUCTURE FACTOR AMPLITUDES. ENTRIES ARE A, k, [, |10F,|, AND [10F,[.

Tiz03 (TioaVos)203

B 7 6 29 31 ° 3 1114 113 4 02 43 51 B 7 7 95 97 6 2 2172 17% 4 0 =1 48 o7
6 7 % 79 g8 ® 2L 12 [ : ¢ -3 11 2 8 7 6 3 36 6 2 1 4l 39 & ¢ =2 %6 Sé
8 6 b o83 @l 8 272101 vy o+ T4 91 9v 6 7 S108 110 6 2 0 18 17 4 v =& 1o 109
& 6 5 11 1o ® 2 2153 153 4 0 0107 1o B 6 6108 110 o 1-1129 131 4 0 017 415
¥ o o4 46 s © 2 1 35 38 3 3-21319 14y 8 6 6 36 36 6 1L 0 21 2u 4 3 =213 11
5 o5 3 11 76 11 11% 114 3‘ 3 =a SR 56 8 5 5 26 25 6 0 0 83 83 3 3 -4 &5 ol
8 5 5 )2 e © 1 0 17 8 3 3 2 20 v ¥ 5 3131 135 5 5 & %3 95 4 3 2 4o 4l
85 313 7 o 0 0 72 rs 43 0103 0w ® & 4111 113 5 5 2352 1Sl 3 3 ¢ 117 11
@ 4 & 9 ys 5 5 4 &7 69 1128 12 B 4 3 32 32 3 om0 122 122 3 2 =1 182 137
5 4 3 24 v 5 S 2149 U5l 3 272 43 &3 B o4 2 69 71 5 % 3 79 13 3 2 =2 &9 a7
5 4 2 47 48 3 5 0 y9 g4 J 273 30 4 B 3 3 w0 Be 5 4 2 14 1% 3 3.3 43 4l
8 3 3 se wa 5 & 3 80 gl S 2 1290 297 b 3 2 17 18 5 4 L17L 415 35 3 1 218 soL
W3 2 )T 16 %4 ! 156 is6 3 2 v 18 18 b 2 2 97 dpv 5 4 0 &1 39 3 2 p 22 21
B 2 2 43 92 5 ¢ 9 3 3o j 1-1 0; &b 7T 7 6120 122 v 3=t 1A 1T 3 [ -1 70 o»n
77 e 90 e 3 3-lods 7 4172 e 48 T 7 4 23 25 5 4-2130 131 3 | =2 89 44
T o 5 50 s» 5 3-2118 (13 1-3 16 17 7T 6 5 43 4l 5 3 2183 Ml 3 ] =3 19 H
Ioe 305 195 33 2103 ded 31 -e 100 L0y 7 6 3122 124 3 3 1 83 52 3 ] -4 1ls 115
toe oz 27 e 2 41 oas ey 21 08 T 6 2 32 32 5 2-1 90 8 3 | 0193 193
7 6 1 sz sl 271 e el 2T 75 4168 165 5 2-3 102 103 3 g -1 9% 94U
7 5 4125 127 B ¢ "3 83 8 vtz e le 75 3 39 3 05 2 1 36 3 3 y=2 a6 (7
75 3 33 3¢ 5 2 118 a7 4 93183 une 15 2 85 @s > 2 b 16 15 5 gy =3 201 eol
7> 2 el sy 2 17l ae 427 81 90 7 5 L 14 15 5 1 -1 16 17 3 g =5 30 29
T 5 1 18 18 3 172 66 w6 ¢ e 18T o5 T s 3 15 73 5 1 -2 M0 HO 2 2 =2 9 4
7 4 3 50 51 3 13 2 2l 2 < 2113 12s T 4 2 164 12 5 13 25 26 ¢ 2 =4 176 174
fo6 110e lpe 33 0165 1s8 42 0222 22 4 1108 111 5 1 0163 1s¥ @ 2 2119 122
I3 ¢ oow a1 207l 97 00 C b TLo80 73 2 0 60 5 -l 1IA 1B ¢ o o 22% 232
73 1 12 w2 072 o2hozs fo17e 13 1e 73 1 15 15 5 0-2 29 28 o ) =] 41 us
£33 vl na 2 w3 o27o2e £ b TAlAL LS 703 p13e 139 b 073 30 29 ¢ -2 e 13
702 1 96 9y w472 T T N T 2 1117 k18 % 4 =2 86 83 2 ) -3 152 1a7
1.2 o 26 23 4 4203 200 o T 2 0 26 21 4 & 4200 196 2 1 -4 23 22
{1 o0 16 11 4 4 2176 ey ¢ 1 1 221 22% 7 1 0 26 26 4 & 2199 18Y 2 } <5 Gn  $n
b 6 4 137 deu 4 4 0 25 26 2 )1 g 145 13 b 6 6 30 32 + 4 U 82 & 2 | 1223 £
6 6 2 42 43 4 31162 1se 2 -1 2y 2 6 6 4 158 Jsp 4 3 =1 170 1&Y 341 132
© & ¢ 90 gl 4 32 18 16 & v -2l 4T 6 6 2 &4 63 4 =2 20 21 g ¢ -1 27 2%
6 5 5 131 134 4 3-=3 en 87 2 ¢ -3 16 L& © & 0 97 Jgu 4 3 =3 8l Re 2 ¢ =2 182 178
6 5 4 a4l 44 % 3 3216 glv 2 v 0 Y1 9l 6 & 5 152 iS¢ 4 J 3231 229 & y-=3 1o 1/
& 5 3 65 6 Y 3 2 TL 75 1 12 3zp 335 6 5 « 49 4B 4 3 2 86 19 £ g -4 55 5a
b 5 L 58 el 4 22 96 93 L 1 -4 4D w0 6 > 3 93 93 4 3 1 22 20 g ¢ -5 28 2
6 5 o 17 13 4 2-3 2 2> 1 1 -6 5§55 ¢ © 5 I en e 4 3 u 13 il ¢ g 49 g6
6 4 -] 29 23 “ 2 1 15 19 L 1 0158 1452 6 % ¢ M 18 e 2 -1 15 19 1} =2 312 344
& 4 4 72 73 4% 2 UL 2lé 202 1 o0 -1 228 <42 6 4 -] 26 26 & 2 =2 114 L2 1 ] -4 41 &l
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FiG. 1. A projection of the (Tio.900Vo.100)205 structure on (210). The vertical distances (in A) from the oxygens to
the plane of projection are given. The metal atoms lie at height zero.



Ti,0; AND (T4, V),0,

TABLE V

LEAST-SQUARES PLANES

Ti203
(2) Equations of planes®

Plane Atoms in

No. plane ! m n P
1 0,-0; 4.541 4.541 4.541 7.947
2 0,~0s 4.541 4541 4.541 10.218
(b) Distance of atoms from planes
plane 1-M,; 1.289 A
plane 1-O, 2271 A
plane 2-M,; 0.981 A
(Ti0.900v0.100)203

(a) Equations of planes

Plane Atoms in

No. plane ) m n )/
3 0,-0; 4.607 4.607 4.607 8.063
4 0,0  4.607 4.607 4.607 10.367
(b) Distance of atoms from planes
plane 3-M,; 1.329 A
plane 3-O, 2.304 A
plane 4-M,; 0975A

2 The equations of the planes are IX+mY+nZ =P
relative to the rhombohedral unit cell axes in A.

the shared octahedral face from 2.597 A in
Ti,O; to 2.658 A in (Tig.000Vo.100):05. This is
accompanied by an extention of the rhombo-
hedral cell body diagonal (the ¢ axis of the
hexagonal cell) from 13.624 to 13.822 A and an
increase in the separation of the oxygen planes
(Table V) perpendicular to this axis from 2.271 A
in Ti,O5 to 2.304 A in (Tig.000V0.100):05. In
addition, a decrease in the M,-M; distance
across the shared octahedral edge from 2.997 to
2.968 A is observed. This is accompanied by a
reduction of the hexagonal cell edge a from
5.163 to 5.104 A. There are only minor changes in
the various M-O distances with a maximum
change of 0.018 A. The increased M;-M,
distance coupled with only a 0.006 A change in
the M,~-0O, and M,-O, distances results in an
increase in the M;~0,-M, angle from 77.27 to
79.79° with a concomitant reduction of the
0,-0, distances from 2.794 to 2.753 A. This
reduction in O,-0O, is also consistent with the
10
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reduction in ag.,. All of the various changes
could result from the 0.061 A change in the
M,-M, distance coupled with reorganization of
the lattice in order to maintain constant M-O
distances.

The shift in the M;—M, and M;-M; distances
are consistent with the scheme (9, 10) advanced
to explain changes in the electrical (/-6, 1),
thermoelectric (3, 19), optical (8), magnetic
properties (20), and the specific heats (21) of
pure Ti,O; with increasing temperature and of
vanadium-doped Ti,0; with increasing vanadium
content. The model postulates a lower lying
valence band of a;, symmetry derived from d
orbitals of the metal atoms with large lobes
extending primarily along the threefold axis and
a higher lying conduction band of ¢,(7) symmetry
resulting from overlap of d orbitals of n sym-
metry directed primarily parallel to the 001
plane of the hexagonal cell. The a,, band which
is bonding with respect to M,-M, is exactly
filled at 0°K while the e () band is empty. As the
temperature of pure Ti,0, is increased, not only
are electrons transferred across the band gap
from the a,, band to the e,(%x) band, but the
band gap is decreased by the shifting of the atoms
noted above until the two bands overlap. The
shift of electron density from the valence band
to the conduction band would resultin an increase
in the M;-M, distance with consequent re-
organization of the lattice.

In the vanadium-doped systems, vanadium is
known to function as an acceptor (p-type
dopant). This behavior would also remove
electrons from the valence band and result in an
increased M,;-M, distance.

It should be noted that there are only small
changes in the positional parameters of M and O
upon going from pure Ti,0; to (Tig.g00Vo.100)203
(7). Heating Ti,O; through the transition also
produces little change in the positional para-
meters of the atoms (22). Since changes in the
unit cell dimensions resulting from heating
Ti,O; above the transition temperature or
doping with 109, V,0, are virtually identical,
this suggests that the structure of Ti,O; above
the transition should be quite similar to that of
(Tig.500Y0.100)205.
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