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The crystal structures of five samples of (Ti,V;_,),0; (0.011 < x = 0.077) and seven samples of
(Cr,V_4):0; (both metallic and insulating phases, 0 < x < 0.05) were determined from X-ray diffrac-
tion data collected from single crystals. These compounds are isomorphous with a-alumina. The cell
dimensions change such that the @ axes increase and the ¢ axes decrease with increasing Ti or Cr. In
the Cr-V,0; system, from 0 to 1.25% Cr doping, changes in structure parallel those observed in the
Ti-V,0; system. These changes are consistent with a slight weakening of the bonding metal-metal
interactions in the basal plane, leading to an increase in the metal-metal distances coupled with
changes which maintain constant metal-oxygen distances. A discontinuity appears at about 1.25% Cr
as the transition from metal to insulating behavior occurs with increasing Cr content. No change in
crystal symmetry accompanies this transformation. It appears that the metal-metal bonding interac-
tions are retained even in the insulating phase of Cr-doped V,0;. A comparison of the structural
variation in the Cr- and Ti-doped systems suggests that the change from metallic to insulating behavior
cannot be a structure effect. These changes are, however, consistent with the band model proposed by

others for these systems.

Introduction

Pure vanadium sesquioxide, V,0,, ex-
hibits at least three different types of elec-
trical behavior with attendant structural
features. At low temperatures it forms a
monoclinic, antiferromagnetic insulating
(AFI) phase (/). Upon warming to about
160K, a first-order phase transition to a me-
tallic phase with the corundum structure
(a-Al;O3) is observed (2). At higher tem-
perature (about 300-600K) a continuous
increase in resistivity of about 1 order of
magnitude is seen (3). The transition from
the metallic (M) to the high-temperature
(HT) corundum phase is accompanied by a
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continuous change in the dimensions of the
crystal structure but by no change in crystal
symmetry (4, 5).

The addition of increasing amounts of
Ti;O3 to V,0; continuously suppresses
both the low-temperature and high-temper-
ature transitions (6). Above 5.5% Ti,O5 the
solid solution is metallic at all temperatures
examined. Those V,0; phases (M and HT)
with the corundum structure retain this
structure upon addition of Ti,O;, although
small changes in cell dimensions have been
reported (7, 8).

Addition of up to about 0.5% of Cr,0; or
Al,O; to pure V,0; produces solid solutions
which closely mimic the behavior of pure
V.03, although the transition temperatiires
shift slightly and the resistivity increases by
about 10 to 15% (9, 10). With about 0.5 to
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2% Cry0; or Al O3, a first-order transition
between the M and HT phases is observed.
This first-order transition occurs at progres-
sively lower temperatures and the resistiv-
ity of the accompanying M phase increases
by over an order of magnitude with increas-
ing dopant concentrations. Above a dopant
level of about 2%, the M phase is no longer
observed and the AFI phase transforms di-
rectly to the HT phase. Both the M and HT
phases of Cr- or Al-doped V,0; crystallize
in the corundum structure with the dimen-
sions of the M phases close to those of V,0,
at room temperature and the dimensions of
the HT phases similar to those of pure V,0;
at elevated temperatures (4, 5, /1).

In view of the very different physical be-
havior of the Ti-V,05 and Cr-V,0; sys-
tems, we undertook a single-crystal X-ray
diffraction study of a series of Ti-doped and
Cr-doped V,0; samples (both M and HT
phases) at room temperature in order to de-
termine if the structures of these materials
reflect the differences in their electrical be-
havior.

Experimental

Samples of Cr-V,0; [(Cr.V,_.),0; with
x = 0.0000, 0.0015, 0.0030, 0.0037, 0.0045,
0.0052, 0.0060, 0.0100, 0.0125, 0.0200,
0.0300, and 0.0500] were grown by the Tri-
Arc Czochralski method at the Purdue Uni-
versity Crystal Growth Center. V,0; was
prepared by reducing 99.995% pure V.05
(from Puratronic) in a stream of H, for sev-
eral days at 873K. The requisite amounts of
V.0; and 99.999% pure Cr,O; (from Ato-
mergic) were melted together under get-
tered argon. Single-crystal boules were
pulled from the melt using a seed of the
same composition as the melt. Upon cool-
ing, the M phase was recovered for V,0,
to 0.60% Cr-V,0,. The other samples re-
mained in the HT phase. M-phase 1.00 and
1.25% Cr-V,0,; was obtained by cooling
samples at 230K for 12 hr.

Samples of Ti-V,0; [(Ti,V,_,).0; with x
= 0.011, 0.030, 0.045, 0.055, and 0.077]
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were made in a similar fashion using Ti,O,
as the dopant. Ti,O; was prepared by arc-
melting together appropriate quantities of
99.99% pure Ti (Atomergic) and 99.998%
pure TiO, (Puratronic). Details of this crys-
tal growth technique are described else-
where (/2). It has been shown (/3) that the
resulting V/Cr and V/Ti ratios in these
boules are within 1% of the actual ratio as
weighed out prior to melting.

Spherical crystals with radii of about 0.01
cm were ground from fragments of the
boules and mounted along nonprincipal
axes to reduce the effects of multiple dif-
fraction. Unit cell parameters and intensi-
ties were measured using an Enraf-Nonius
CAD-4 automated diffractometer with
graphite monochromated MoK a radiation.

Precise unit cell dimensions of M-phase
(Cr;V,-2):0;, 0 = x = 0.0125, and of the
HT phase, 0.0100 = x < 0.0500, as well as
those of (Ti,V,_.),0,, 0.011 = x < 0.077,
were determined by centering with Ko, (A =
0.70926 A) peak for 50 to 60 reflections
with 80° < |26 < 100° at both positive and
negative 20 and taking the average as the
diffraction angle. Hexagonal cell parame-
ters and their esd’s (Table I) were calcu-
lated by least-squares refinement of the ob-
served 20 values (/4). Numbers given in
these tables are averaged cell dimension
values. Measurement on two to four spheri-
cal crystals per boule were used to examine
its homogeneity and all values from the
same boule matched within 2 esd’s, except
for x = 0.0030 of (Cr,V,_.),O5 in which the
agreement was to 3 esd’s.

For x = 0.0052, 0.0100, 0.0125 in the M
phase and for x = 0.0100, 0.0125, 0.030, and
0.0500 in the HT phase of (Cr,.V,_.).0; and
for all samples of the (Ti,V,_.),0; system,
an X-ray intensity data set was collected for
h, *k, =l reflections of the hexagonally in-
dexed rhombohedral unit cell. Except for
the M and HT form of 1.00% Cr-V,0, each
intensity data set was gathered and treated
in the following manner.

All reflections in the hemisphere of recip-
rocal space with 6° < 20 < 66° were col-
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TABLE I
HEexaGoNAL UNIT CELL DIMENSIONS OF DOPED V,03 WiTH STANDARD DEVIATIONS

Atomic % a c Volume
dopant (A (A) c/a (AY
Ti-V,04
0 4.9532(2) 14.006(2) 2.828 297.59
1.1 4.9572(1) 14.005(1) 2.825 298.05
3.0 4.9633(1) 14.000(1) 2.820 298.67
4.5 4,9671(1) 13.996(1) 2.818 299.03
5.5 4,9714(2) 13.996(1) 2.815 299.56
7.7 4.9752(2) 13.996(1) 2.813 300.02
10.0¢ 4.9813(2) 13.996(1) 2.810 300.76
LT Cr-V;0,4
0.15 4.9534(2) 14.003(1) 2.827 297.55
0.30 4.9536(2) 14.005(2) 2.827 297.62
0.37 4.9536(2) 14.004(1) 2.827 297.59
0.45 4.9536(2) 14.005(2) 2.827 297.62
0.52 4.9540(3) 14.003(2) 2.827 297.62
0.60 4.9543(2) 14.002(2) 2.826 297.64
1.00 4.9558(2) 13.998(1) 2.824 297.73
1.25 4.9561(2) 13.998(1) 2.824 297.77
HT Cr-V,0;
1.00 4.9961(2) 13.936(2) 2.789 301.25
1.25 4.9978(3) 13.932(2) 2.788 301.37
2.00 4.9988(2) 13.927(1) 2.786 301.38
3.00 4.9989(2) 13.924(1) 2.785 301.33
5.00 4.9989(2) 13.919(2) 2.784 301.22

% From Ref. (8).

lected in the ) — 20 scanning mode. De-
tails of this type of data collection are
described elsewhere (8). Three standard re-
flections were monitored at intervals of 60
reflections, and they did not show signifi-
cant intensity changes during the course of
each data collection period. Approximately
640 reflections were measured for each data
set, which was then corrected for back-
ground, Lorentz polarization, and spherical
absorption effects using uR values which
ranged from 0.95 to 1.44. Subsequent aver-
aging of equivalent reflections gave about
125 symmetry-independent reflections for
each sample.

For the M and HT forms of 1.00% Cr-—
V,0;, a data set which was collected for
valence electron density measurement was
used. Data was collected in a hemisphere of
reciprocal space with 6° < 20 < 150°. Ad-

justments for background, Lorentz polar-
ization, and spherical absorption effects
were made, but the equivalent reflections
were not averaged. As a result, 2384 reflec-
tions for the M phase and 2554 reflections
for the HT phase were used for the subse-
quent structural refinements.

Full matrix least-squares refinement with
anisotropic temperature factors was carried
out for each set of intensity data using the
RFINE-2 program written by Finger (/5).
The initial atomic parameters in the space
group R3c were those for (Crg.o;V.00)203
(5). The program minimized X w (F, — F)?
using the scattering factors for V3*, Cr3+,
and Of (16) corrected for real and imagi-
nary anomalous dispersion, weights based
on the error determined in the averaging
process (w = /o F) = 4F}/0c*F?)] or on
counting statistics for 1% Cr-V,0;, and an
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isotropic extinction correction of the form
Foor = Fo (1 + 5ly). Final R values ranged
from 0.014 to 0.038. Values of the standard
deviation of an observation of unit weight
are listed in Tables II and IIl as S. The final
atom parameters listed in these tables were
used with their variance—covariance matri-
ces to calculate the interatomic distances
and bond angles and their esd’s.

Results

All of the Cr- and Ti-doped systems stud-
ied were found to be isostructural with co-
rundum (a-Al,0;). The structures consist of
a distorted hexagonally closest-packed ar-
ray of oxide ions with metal ions occupying
two-thirds of the octahedral sites (Fig. 1). If
the structure were in the ideal HCP ar-
rangement, both z for the metal ion and x
for the oxygen ion would be one-third.
Each metal ion [for example, M(1) in Fig. 1]
has four near metal neighbors; one sharing
an octahedral face of the coordination poly-
hedron [M(2) in Fig. 1] and three sharing
edges of the octahedron {[M(3) in Fig. 1 and
two symmetry-related ions].

Unit Cell Dimensions

The values of the unit cell parameters in
these systems at various compositions
are presented in Table I. Since these cell
parameters were all determined on the
same instrument under the same condi-

[~ e

F1G. 1. A projection of the corundum structure on a
plane perpendicular to the [110] axis.
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tions, differences in systematic errors be-
tween samples were minimized (8).

Addition of increasing amounts of Ti,O;
to V,0; results in a smooth increase ina in
the hexagonally indexed rhombohedral cell
(Table I). The ¢ axis decreases initially, but
at about 4.5% Ti it assumes a constant
value which does not change until the Ti
concentration exceeds 50% (8). The change
ina is +0.6% in the 0 to 10% Tirange. That
of the ¢ axis is —0.1% in the 0 to 4.5% Ti
range, after which ¢ does not change.

Between a Cr concentration of 0 and
1.25%, the a dimension of M Cr-V,0; in-
creases from 4.9532(1) to 4.9561(2) A, while
¢ decreases from 14.006(2) to 13.998(1) A.
The corresponding values interpolated for
1.25% Ti-V;0, are 4.9577 and 14.005 A,
respectively.

An increase of about 0.8% in a and a de-
crease of about 0.5% in ¢ accompany the
change from the M to the HT phase in
1.00% Cr-V,0; and 1.25% Cr-V,0;. The
cell volume increases by about 1.2% during
this transition. Both phases can be obtained
at room temperature because of the large
hysteresis in the transition temperature.
With increasing Cr content, the ¢ dimension
of HT Cr-V,0; decreases by about 0.1%
over the range from 1.25 to 5% Cr. The a
dimension changes very little above 2% Cr.
It is interesting to note that the slopes of the
cell dimensions vs percentage Cr appear to
differ in the region from 1 to 2% Cr and 2 to
5% Cr. In the 1 to 2% Cr range, Cr-V,0;
exhibits a first-order M—HT transition,
while in the higher concentration range it
does not.

Increasing both the Ti and Cr content re-
duces the value of ¢/a in these solid solu-
tions as does the M—HT transition. All of
these samples have anomalously high c/a
ratios, however (vide infra).

Interatomic Distances

Addition of up to 10% Ti, O3 to V,0;
results in a smooth increase in the M(1)-
M(2) distance across the shared octahedral
face and in the M(1)-M(3) distance across
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FiG. 2. Variation of metal-metal distance with per-
centage dopant: solid circles, Ti-V,03; solid triangles,
Cr-V;0,.

the shared octahedral edge (Table II and
Fig. 2). At 10% Ti-V,0s, these distances
have changed by 0.6 to 0.7%, 0.016 and
0.021 A, respectively. The M-O distances
have increased by 0.40 to 0.45% over the
same range. With the exception of the in-
crease in the O(4)-0(5) distances, the sepa-
rations in the face opposite the shared face,
the oxygen—oxygen distances change very
little.

V203,

c/a| BorI%CHLT
0% Ti

Ao A—30% Ti

300°Ra~- 509, Ti

6002~° 1% Cr, HT

2.8

o & 70% Ti

Be
2.7F 9e /
90%Ti

96% T{ ©oI77°
L
Tig03

2.6F

0.6 0.7 0.8 0.9
3

FiG. 3. Variation of c¢/a with ionic radius of the
metal in corundum structures. Solid triangles, Ti-V;0;
[Ref. (8)]; open triangles, 1% Cr-V.0; (M and HT
forms); open squares, Ti,O; upon heating [Ref. (22)];
open circles, V,0; upon heating [Ref. (5)]; 1, T1,0;; 2,
TIInO;; 3, In,O3; 4, InScOy; 5, InFeO;; 8, GaFeO;; 9,
Gay0; {Ref. (19)]; 6, Rh,O4 [A. Wold, R. J. Arnott, and
W. J. Croft, Inorg. Chem. 2, 972 (1963)]; 7, Fe,O,; 10,
Cr,0; [R. E. Newnham and Y. M. de Haan, Z. Kristal-
logr. 117, 235 (1962)]; Ti;O4 [Ref. (8)]. Radii for 1-10
from R. D. Shannon and C. T. Prewitt, Acta Crystal-
logr. Sect. B 25, 925 (1969).

197

Inasmuch as the composition of the M
phase of Cr-V,0; at room temperature is
limited to a maximum Cr concentration of
1.25%, the net changes observed with vary-
ing Cr content in this phase are small and
only just significant. However, it appears
that the metal—-metal distances are increas-
ing (Table III and Fig. 2), M(1)-O(1) is not
changing, and M(1)-0O(2) is increasing with
increasing Cr concentration. The metal-
metal and metal-oxygen distances at the
various Cr concentrations in M Cr-V,0,4
are within 0.001 A of those interpolated for
the corresponding Ti concentrations in Ti-
V203.

The first-order changes from M to HT
Cr-V,0; in the 1.00 and 1.25% doped sam-
ples are similar to those reported previ-
ously (5) for 1% Cr-V,03. The M(1)-M(2)
distances increase by 1.7%, about 0.045 A
(in spite of the decrease in the ¢ axis of the
cell); the M(1)-M(3) distances by 1.1%,
about 0.03 A; and the M(1)-O(1) and M(1)-
O(5) distances by 0.5 and 0.3%, about 0.01
A, respectively. The largest change in an
oxygen—oxygen distance is that between
O(4) and O(5), about 0.05 A or 1.5%; O(1)-
O(5) increases by about 0.01 A and O(1)-
0O(2) and O(1)-0(4) decrease by about the
same amount.

Changes in the structure of HT Cr-V,0;
with increasing Cr content are small. Be-
tween 1.00 and 5.00% Cr there appears to
be a slight expansion of most distances ex-
cept for O(1)-0O(4) which appears to de-
crease. In general, the effect of adding more
Cr to HT Cr-V,0; is similar to that which
results when Cr is added to M Cr-V,0;, in
spite of the larger composition limits of the
HT phase.

Discussion

The structural behavior in both the Ti-
V,;0; and the Cr-V,0; systems is striking
in its deviation from Vegard’s law. Doping
with Cr®*, a smaller ion than V37, results in
an increase in the a dimension of the unit
cell while doping with the larger Ti®** ion
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results, at least initially, in a decrease in the
¢ dimension. However, a plot of unit cell
volume versus effective ionic volume
(where the ionic radius was determined by
subtracting 1.400 A from the average of the
two metal-oxygen distances) is linear sug-
gesting that there are no unusual packing
effects in these structures. The behavior of
the ¢ and ¢ axes can be attributed to aniso-
tropic metal-metal bonding interactions in
these compounds.

The atomic movements resulting from
the addition of up to 1.25% Cr,O; or up to
5.5% Ti,O;3 to V,0; appear to be in the
same direction in spite of the fact that Ti3*
is larger and Cr®* is smaller than V®+. This
structural behavior is consistent with a
weakening of the basal plane metal-metal
interaction upon doping with either Cr or
Ti. The changes can be satisfactorily de-
scribed as the result of the increase in the
M(1)-M(3) distances coupled with reorgan-
ization of the structure in order to minimize
changes in metal-oxygen distances. As the
metal atoms in the basal plane [M(1)-M(3),
Fig. 1] shift apart, the change in metal-
bridging oxygen distances is minimized by
an increase in the oXxygen—oxygen separa-
tions in the unshared face of the coordina-
tion polyhedron [O(4), O(5), O(6)]. The
0O(1)-0(4) and O(1)-0(5) distances remain
constant, so the unshared face and bridging
face [O(1), O(2), O(3)] move closer to-
gether. Thus the lengthening of the a axis
with increasing dopant content may be at-
tributed to an increase in the M(1)-M(3)
distance, while the contraction of the ¢ axis
reflects the shortening of the distances be-
tween the oxygen layers. With the oxygen
atoms in the unshared face moving apart,
the M(1)-M(2) distance must increase to
maintain a constant M(1)-O(5) distance.

The electronic d state manifold of the
metal ions in octahedral sites in a corundum
structure is split in the C; crystalline field
into an unstable o antibonding pair of ¢*
orbitals, a pair of ¢, orbitals directed to-
ward three neighboring cations in the basal
plane through common octahedral site
edges, and an a, orbital directed along the ¢
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axis toward the one near neighboring cation
through a common octahedral site face. The
a, and e, orbitals are metal-metal interact-
ing orbitals and are believed to be energeti-
cally near the Fermi level (/7).

Changes in bonding which would lead to
the observed changes in metal-metal dis-
tances can be explained by the electronic
band structure proposed by Kuwamoto et
al. (18). This model places the Fermi level
in pure V,0; near a local minimum in the
density of states curve in the conduction
band. This band is formed by the V3* d or-
bitals, which lead to vanadium-vanadium
bonding in the basal plane and possibly
along the three-fold directions as well (in
view of the close V-V approach along this
axis). As Cr** is smaller, its substitution for
V3* produces ineffective orbital overlap
and causes the removal of bonding states in
the host lattice. Consequently, bonding
electrons are effectively removed and the
metal-metal distances increase. Addition-
ally the removal of these states narrows the
bands, resulting in a rapid deepening of the
minimum. Macroscopically, the loss of
states at the minimum is manifested by a
pronounced increase in the resistance of the
material at room temperature. With suffi-
cient Cr** doping, the minimum is trans-
formed into a gap, thereby creating an insu-
lator. Addition of the larger Ti** need not
result in deletion of states from the conduc-
tion band. However, Ti** is a d' ion while
V3 is a &2 ion, thus substitution with Ti%*
also results in a decrease in the number of
valence electrons in the band and an in-
crease in the metal-metal distances. The
Fermi level in these solid solutions is low-
ered from the minimum to give partially
filled, normal bands for a metal.

Band crossing is not required by the Ku-
wamoto~Honig—Appel model, so the basic
intermetallic bonding in doped V,0; sam-
ples is not changed. Although bonding in
the basal plane would be weakened some-
what, it would still be retained. The reten-
tion of an anisotropic metal-metal interac-
tion in these materials is suggested by the
behavior of the ¢/a ratio upon doping.
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A plot of c/a versus average cation ra-
dius (rye+) is linear (/9) for those corundum
structures which do not exhibit anomalous
electric behavior (points 1-10 in Fig. 3).
Those sesquioxides with anisotropic metal-
metal interactions exhibit anomalously high
or low c¢/a values. The metal-metal inter-
action along the c axis in Ti,O5 at room tem-
perature results in a low c/a value for this
compound. Upon heating from 100 to
300°C, Ti,O; undergoes a gradual semicon-
ductor-to-metal transition (20). In the band-
crossing model of this transition (2/), the
metal-metal interactions become more iso-
tropic. This is reflected in the structural
changes accompanying the transition [the
M(1)-M(2) distance increases while the
longer M(1)-M(3) distance remains approx-
imately constant, Ref. (22)] and in the more
normal values of the c/a ratio for Ti,O;
above the transition temperature (open
squares labeled 348 and 440° in Fig. 3). A
gradual semiconductor-to-metal transition
also accompanies doping Ti,O, with increas-
ing amounts of V,0; (23). (Tiy.4Ve.1)205
exhibits metallic behavior and has a struc-
ture (8) which is similar in its dimensions
to that of Ti,O; above 300°C. The ¢/a value
of this doped Ti,O; system is also con-
sistent with a more normal corundum
structure.

The high c/a ratio of V,0; has been at-
tributed (/7) to metal-metal interactions in
the basal plane. Addition of Ti,O; or Cr,04
[Fig. 2, Tables II and III, Refs. (5, 8, and
11)] or heating pure V,03; (5) appears to
weaken these interactions; however, even
at 50% Ti,03, 5% Cr,05, or 600°C the c/a
ratio is still anomalously large compared to
the behavior of other systems. Apparently
some component of the anisotropic metal-
metal interactions in the basal plane is re-
tained under these conditions.
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