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Refinement of the crystal structure of VO, at 360 and 470 K in the metallic rutile phase shows that
both the vanadium and oxygen thermal displacements are larger than those found in rutile phases of
TiO, and CrO, or monoclinic phases of VO, or V474Cr 0,40, The vanadium-vanadium distance along
the rutile ¢ axis is anomalously short when compared with neighboring rutile phases while the other
nearest-neighbor metal-metal and metal-oxygen distances vary smoothly across the series. A comparison
of Debye temperatures calculated from heat-capacity and x-ray data suggests the presence of low-lying

vibrational modes in metallic VO,.

INTRODUCTION

The driving force behind the metal-insulator
transition in VO, has not been clearly established.
Recent theoretical models for the transition are
based on either strong electron-electron correla-
tions!~? or changes in band structure* which re-
sult from lattice softening. %8 Experimentally, the
large relatively-temperature-independent magnetic
susceptibility of VO, and the large linear contribu-
tion to the heat capacity of the metallic phase of
several vanadium oxides favor the former models.’
In x-ray studies of V; g;6 Cry 924 O, anomalously
large Debye-Waller factors were found in the me-
tallic rutile phase and this might be evidence for
a lattice softening.® In order to eliminate any pos-
sible effects resulting from the addition of chro-
mium and in order to obtain accurate interatomic
distances for the metallic phase of pure VO,, the
structure has been refined at 360 and 470 K.
Large Debye-Waller factors have been found in
agreement with the earlier studies on the rutile
phase of Vi gq6 Cry 024 O, and they are interpreted
as evidence for possible soft modes in the metallic
phase. Although the structure of the insulating
phases of VO, and V g4 Cry gz4 O, are quite dif-
ferent, both have reduced reciprocal-cell vectors
corresponding to the (303) point in the unit cell of
the metallic rutile phase and they might be inter-
preted as possible distortions resulting from a
soft zone-edge mode in the metallic phase.

EXPERIMENTAL

Crystals of VO, were prepared by electrolysis
of molten V,05 containing vanadium metal. About
40.0 g of V,05 were melted in a 100-cm® platinum
crucible, Granular V metal (2.0 g) was added to
the melt. The platinum crucible served as anode
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and a 1.5-mm-diam platinum wire was the cathode.
The entire system was held at 800 °C in an argon
atmosphere. Electrolysis was carried out at ~50
mA for 16 h. The resulting cluster of crystals on
the cathode was washed in NH,OH. The crystals
were elongated prisms with well-developed faces
and the largest were approximately 4x1x1 mm,
The crystals were characterized by x-ray diffrac-
tion and electrical-resistivity measurements. The
latter showed a change of 10° at the metal-insulator
transition which compares favorably with the best
values reported in the literature.* Some of the
crystals of VO, were crushed into a fine powder
and mixed with some finely divided silicon powder.
This mixture was mounted on the platinum-re-
sistance strip heater of a water-cooled high-tem-
perature attachment for a Phillips-Norelco powder
diffractometer. A complete 26 scan was taken

*with Cu Ka radiation to check for possible extra

phases. For each of five elevated temperatures
where the rutile phase is stable, nine VO, reflec-
tions and four Si reflections in the angular range
70° < 26 < 143° were recorded at a scanning rate
of §° min™!, A least-squares refinement gave the
lattice parameters listed in Table I.

A crystal of VO, was ground into a sphere of
radius 0.011 cm and was oriented by the precession
method so that the rutile b axis would be coincident
with the ¢ axis of the goniostat. X-ray intensity
measurements were taken semiautomatically with
a paper-tape-controlled General Electric XRD-5
diffractometer equipped with a scintillation counter
and decade-scaler detection system. Zr-filtered
Mo radiation was used with the diffractometer set
at an 8° take-off angle. The integrated intensities
were obtained by using the stationary-crystal sta-
tionary-counter technique where the background
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TABLE I. Lattice parameters of the rutile phase of
VO, at different temperatures.

TABLE II. Positional and thermal parameters of VO,
at 360 and 470 °K.

360 K 470 K
T(K) ag(A) cr(A) v o v o
360 4,5546(3) 2.8514(2) x 0.0 0.3001(2) 0.0 0.3003(2)
413 4.5555(4) 2.8552(3) y 0.0 0.3001(2) 0.0 0.3003(2)
' : z 0.0 0.0 0.0 0.0
473 4,5561(5) 2.8598(3) Byt 0.0106(2) 0. 0082(2) 0.0121(2) 0.0097(3)
523 4.5573(5) 2.8626(3) Ba 0.0106(2) 0.0082(2) 0.0121(2) 0.0097(3)
573 4, 5580(4) 2.8663(2) B3 0.0233(7) 0.015(1) 0.0259(6) 0.019(1)
B 0.00108(8) —0.0018(3) 0.00110(8) —0.0027(3)
Biy 0.0 0.0 0.0 0.0
Bs 0.0 0.0 0.0 0.0

was measured at +2° of 26 off the peak maximum.
Data were collected at 360 and 470 K. The sample
temperature was maintained by blowing a hot
stream of nitrogen gas directly on the crystal. A
Varian temperature controller was used to monitor
and regulate the gas flow and heater current. Re-
flections, which were known from the refinement
of Vg 976 Cry.024 Oz at 360 K to have nonzero inten-
sity, were collected in the region x <45° and 25°
<26<80°., For each reflection the approximate
angles ¢, x, and 26 were set automatically and
tuned manually. A ¢ scan was performed on each
reflection in order to test whether the individual
twins had coalesced in the rutile phase for that
particular region of reciprocal space. These con-
ditions resulted in 69 independent reflections which
were used in the structural refinements.

The starting positional and thermal parameters
were those obtained for the rutile phase of
V.976C ro,02402 at 360 K. The scattering factors for
neutral vanadium and oxygen atoms given by Cro-
mer and Waber® were used along with the real and
imaginary components of the anomalous dispersion
correction reported by Cromer.!® Complete con-
vergence was obtained for each temperature after
four cycles of refinement. The conventional R and
wR factors were 0.017 and 0.025 at 360 K, and
0.016 and 0.024 at 470 K, respectively. The final
positional and thermal parameters are reported in
Table II; while the interatomic distances, bond
angles, rms thermal displacements, and orienta-
tions are given in Tables III and IV.

DISCUSSION

The usual evidence for vanadium-vanadium inter-
actions in VO, is the displacement of the vanadium
atoms below the transition to form pairs along the
pseudorutile ¢ axis. However, even in the metallic
rutile phase where the vanadium atoms are equally
spaced along the ¢ axis the average separation is
shorter than in neighboring rutile phases. This
distance also shows a larger variation with tem-
perature (see Table I) with the coefficient of ther-
mal expansion parallel to the ¢ axis being five
times greater than that perpendicular to c.!! In
Fig. 1 the metal-metal and metal-oxygen distances
for TiO,, 2 VO,, CrO,,'* and MnO, '* are compared.

The values for the rutile phase of VO, were ob-
tained by extrapolating the high-temperature data
to 208 K. In the rutile structure (space group
P4,/mnm) the metal-metal interatomic distances
are determined by the lattice parameters as the
vanadium atoms are at (0,0,0) and (3, 3, ), but
the oxygen atoms and hence the metal-oxygen dis-
tances depend on the positional parameter given in
Table II. The positional parameter of the oxygen
determined in the present study and in Ref. 8 is
smaller than that determined earlier (x=0.3000

+2 instead of 0.305 +3)." Thus, the difference be-
tween the equatorial and apical metal-oxygendistances
is much smaller than that reported earlier. InFig. 1
there is a smooth variationof both metal-oxygendis-
tances and also the metal-metal distance across the
shared corner of adjacentoxygenoctahedra. However,
the V-V distance across the shared edge of the oxygen
octahedra is 0.09 A shorter than expected from a
smooth interpolation of the other data. (It follows
that some of the V-O-V angles will also be anom-
alous). As suggested by Goodenough, ® it is reason-
able to attribute this short distance in a molecular-
orbital picture to additional binding caused by the
delectrons either through direct overlap of d orbitals
of adjacent vanadium atoms or via the oxygenatoms on
the shared edge of adjacent oxygen octahedra. A
calculation based on this model has been reported
by Hearn.'® Recent augmented-plane-wave (APW)

TABLE III. Interatomic distances and angles in VO,
at 360 and 470 °K.

360 K 470 K
V-0x2 1.933(1) & 1.935(1) A
V-0Ox4 1.921(1) 1.924(1)
0-0x2 2.851(1) 2.860(1)
0-0x%2 2.575(1) 2.573(1)
0-0x8 2.725(1) 2.729(1)
0-V-0x2 84,17(6)° 83.96(6)°
0-V-0x2 95.83(6) 96. 04(6)
0-V-0x8 90. 00 90. 00

V-V across edge 2.851(1) A 2.860(1) A
V-V across corner 3.522(1) 3.525(1)
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TABLE IV. rms components of thermal displacement
ellipsoids of VO, at 360 K and 470 K and their orientation
relative to the unit cell.

360 K 470 K

\Y (¢} \% (¢]
7y 0.098(1) 0.078(4) 0.104(1) 0.086(2)
7, 0.100(1) 0.082(3) 0.108(1) 0.088(3)
73 0.111(1) 0.102(2) 0.118(1) 0.114(2)
71
x 90 90 90 135
Y 90 90 90 135
z 180 180 180 90
L$)
x 45 45 45 90
y 135 45 135 90
2 90.0 90 90,0 0
73
x 135 135 135 135
y 135 45 135 45
z 90.0 90 90.0 90

calculations of both phases of VO, suggest that co-
valent bonding is less important than implied in the
molecular-orbital picture but that the conduction
bands are sensitive functions of the dd and pd pa-
rameters,

Although the ¢ axis of VO, is shorter than ex-
pected, the thermal parameters of both the vanadi-
um and oxygen atoms are larger than expected. In
an anisotropic least-squares refinement the effect
of the thermal displacements of each atom in the
unit cell on the structure factor of a reflection with
indices hkl is taken to have the form

exp[~ (81 1? + Bop B2 + Bag I?
+2B1p hl + 28,3 hl +2B,5 R1)]

where the values of 8;; allowed by symmetry are
listed in Table II. The tensors are then reduced
to give a thermal ellipsoid of the form

exp[- 872 sing (7302 + u 312+ u 42)),

where u; and /; are, respectively, the thermal dis-
placements and the direction cosines of the ith axis
of the ellipsoids relative to the scattering vector
(Table IV). In Table V the thermal displacements
of TiO,, '2 VO, (rutile), Vg g6 CTo.024 Oz, (M)® and
CrO, (rutile)®® are compared. It is clear that the
values for VO, are larger than for the other phases.
The orientations of the thermal ellipsoids are not
the same but the clear difference in their volume

is evident. Only an isotropic refinement of the
monoclinic phase of pure VO, has been reported!®
but again the volume of the ellipsoids is comparable
to those of the insulating phase of Vg7 CTg_g24 Oz °
and metallic CrO,.

In a band-theory model for the transition the
large thermal displacements in the rutile phase
would be interpreted as evidence for a lattice soft-
ening. A symmetry analysis of the rutile to mono-
clinic transition in pure VO, shows that a phonon
instability at the zone edge (303) would be com-
patible with the observed change in symmetry. !°
The addition of a small amount of CrO, (~1 mole%)
to VO, leads to a markedly different distortion
(M,) from the rutile structure at the metal-insula-
tor transition.® However, the vectors of the re-
duced cell are compatible with the same phonon
instability. The reduced cell of this phase is re-
lated to that of rutile by the matrix [(1,0,1)/(1,0,1)/
(0,1,0)]. This cell for V g;5 Cry 24 O at 298 K is

ap=bp=5.3806 Az%(ai+b§)1/z’
cp=4.5255 A=c,,
aP:BP=91-58°=90"+arcsina sin(3. - 90°)

’
2ap

¥p=65.19° =2 arctana,/c, .

It is a triclinic cell but because of the monoclinic
symmetry it is given by four parameters. The
reciprocal-lattice vectors of the reduced cell of
this phase are compared with those of the insulat-
ing phase (M,) of pure VO, and the first Brillouin
zone of the rutile phase in Fig. 2. (The small
changes in axis and interaxial angles at the transi-
tion have been neglected.) The same degenerate
points occur for both monoclinic phases, namely
(z0%) or the R point. A detailed group-theoretical
analysis of the A, phase has shown that it is com-
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FIG. 1. Comparison of interatomic distances at 298 K

in 3d transition metal oxides with the rutile structure
showing the anomalously short vanadium-vanadium dis-
tance across the common edge of adjacent oxygen octahe-
dra along the ¢ axis.
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TABLE V. Comparison of rms components of thermal displacement ellipsoids at 298 K.

MO, M o]
uy(&) uy (&) uy(&) V(&%) uy (&) uy (&) uy(A) V(&%)
TiO, 0.064(1) 0.079(1) 0,081(1) 0.0017(1) 0.053(2) 0.060(2) 0.085(1) 0.0011(1)
rutile
VO, 0.095(1) 0.095(1) 0.107(1) 0.0041(1) 0.073(3) 0.079(3) 0.095(2) 0.0023(2)
rutile
CrO, 0.065(2) 0.073(2) 0.076(2) 0.0015(1) 0.074(4) 0.076(4) 0.089(4) 0.0021(3)
rutile
Vo.376Cl0.0240  0.064(1)  0.080(1)  0.080(2)  0.0017(1)  0.048(8) 0.066(4) 0.081(4)  0,0011(3)
monoclinic 0.062(1) 0.067(2) 0.081(2) 0.0014(1) 0.053(12) 0.065(6) 0.084(5) 0.0012(5)
0.050(13) 0. 059(6) 0.085(5) 0.0011(5)
VO2 e oo “e . * e 0.0010 e e Y .o 0.0015
monoclinic o s v 0.0017

patible with a phonon instability of the same optical
mode as that for the insulating phase of VO,. %

The thermal parameters obtained in the x-ray
experiments can also be compared with heat-ca-
pacity data if both sets of data are converted to
effective Debye temperatures as shown in Fig. 3.
This is an extremely simplified model as every-
thing is lumped into one average parameter but
such a comparison does suggest the existence of
some fairly low-lying vibrational modes in metallic
VO,. The Debye temperatures for TiO,2! and
Vo.es Wo.14 O, in the rutile phase and VO, 2 in the
M, phase were calculated from heat-capacity data.
The thermal displacements observed in x-ray mea-
surements are a different average over the phonon
spectrum than that observed in heat-capacity ex-

b* b~ c
~
0* ~ c* N ,I Y R M M,
R™ "M, b \
IR TN

FIG. 2. Diagram showing the relation between recip-
rocal lattices of R, My, and M,. The Brillouin zone for
the rutile phase is outlined to show that aj , aA*,z, and b;;z
are compatible with a soft zone-edge phonon at (30%) in
rutile being frozen in at the transition.

periments so that the resulting ©, will not be the
same.®® The heat capacity is given by

cv=kf -(z:—_elz)—zF(v)dv/ F(v)dv,

where F(v) is the phonon density of states and x
=hv/kT?®; whereas, for a cubic crystal the aver-
age over the thermal displacements is

ar?

: 2,,: (@2 T+

:hf <%+e"1— 1>u'1F(v)dv/ F(v)dv,
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FIG. 3. Comparison of the Debye temperatures ob-
tained from heat capacity and x-ray diffraction measure-
ments. On the left-hand side are heat-capacity results
for TiO, (triangles). VO, (circles) and V, gWy 140, (solid
line) showing the similarity of W doped VO, to TiO,. On
the right-hand side are x-ray results at room tempera-
ture for VO, (M —circle), V,97¢Crg, 0240 (My—square),
TiO, (triangle), and CrO, (inverted triangle). These val-
ues are substantially higher than those found in the rutile
phase of VO, (circles at lower right-hand side and
V.076CT,0240; (square at lower right-hand side).
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where the summation is over the 2 atoms in the
unit cell.® The correct average for noncubic crys-
tals is not known in simple form; therefore, in
order to compare different materials the same
average was used for all phases, namely,

— 2 1 -
7 2=; ;M,,u,f,

where 7 ,,2 is the average of the kth ellipsoid. The
Debye temperatures were then calculated using the
standard formula for a monatomic cubic crystal
having 7 2. In Fig. 3 the values for the rutile
phases of TiO;, VO,, Vg g76 Cry 024 Oz, and CrO,
are given along with those for the A/, phase 0f VO, and
the M, phase of Vj g5 Crg 024 O;. Thelargedifferences
in the thermal displacements result in the Debye tem-
perature for metallic VO, being 150 °C lower than
the other phases shown. The formula above em-
phasizes that Debye temperatures obtained from
x-ray data are heavily weighted on the low-fre-
quency end of the phonon spectrum, thus suggesting
some anomalous modes in metallic VO,. The heat-
capacity data support this conclusion as the rutile
phase of TiO, has a much lower minimum in Debye
temperature at low temperatures than does VO,
which has distorted to the monoclinic phase. The
Debye temperature for the metallic rutile phase of
Vo.e5 Wo.14 O; is also similar to that of TiO, below
40 K. The Debye temperature of VO, begins to
decrease at ~100 °K below the transition whereas
that of TiO, continues to rise. This seems too far
below the transition to be attributed to stoichiom-
etry effects in a large sample and may reflect
precursor effects in the lattice as the metal-in-
sulator transition is approached.

The symmetry of the insulating phases and the
large thermal parameters in the metallic phase
suggest that the lattice must play an important
part in the metal-insulator transition in VO,. The

evidence for strong electron-electron correlations
in the vanadium oxides in general is the large mag-
netic susceptibility and the large linear term in the
heat capacity of the metallic phase at low tempera-
ture. In the case of VO, the ratio of the effective
mass calculated from the susceptibility to that cal-
culated from the optical properties suggests an en-
hancement in excess of 10. If this represents a
spin-fluctuation enhancement in a highly correlated
metal, as in the theory of Brinkman and Rice, %!
then the mass calculated from the heat capacity at
low temperatures would be enhanced by about the
same amount. To suppress the insulating phase in
order to measure the linear term in the heat ca-
pacity of the metallic phase, it was necessary to
add 14-mole% WO, to VO,. A large value of ¥y was
found,” but it is questionable if this is representa-
tive of the metallic state of pure VO,, as recent
studies have shown that the magnetic susceptibility
of the metallic phase increases with increasing
concentrations of tungsten.?® In addition large ¥’s
have been found recently in (Ti,_,V,),0; where
there is less reason to expect an enhancement due
to electron-electron correlations.?® This suggests
that electron-electron correlations may be less
important in VO, than in the lower vanadium oxides
such as V,0; and the Magnéli phases. The present
work clearly establishes that the thermal factors
and the V-V distance along the ¢ axis are anoma-
lous when compared with neighboring phases and
other 3d transition metal dioxides, whereas the
other V-V distance and the V-O distances are not.
It is fair to say that at present none of the existing
theories for the metal-insulator transition in VO,
is compatible with all of the available body of ex-
perimental data.
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