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Structures of VO,(4) have been redetermined by single-crystal
diffractometry for low- (LTP) and high-temperature (HTP)
phases at 298 and 473 K, respectively. The LTP adopts the
tetragonal system P4/ncc with a = 8.4403(9) A, ¢ =7.666(1) A,
and Z =16, whereas the HTP adopts the body-centered tetra-
gonal system I4/m with a =8.476(2) A, ¢=23.824(2)A, and
Z =8. The refinements led to R/R, = 0.031/0.032 for LTP and
0.012/0.033 for HTP. The structures of both phases consist of
edge-sharing VO, octahedra and exhibit quite similar oxygen
frameworks. Through the transition the V**-V** bonding in
LTP with a distance of 2.7695(8) A is dissociated in HTP to
a distance of 3.0794(3) A. The transition occurs with cooperative
movements of the V atoms, namely, a rotation around the ¢ axis
and a shift along the ¢ axis. Strangely, twinning is induced on
the LTP to HTP transition but disappears on the reverse

transition. © 1998 Academic Press

INTRODUCTION

There are several VO, polymorphs among which VO,(A)
is a metastable phase synthesized exclusively by hydrother-
mal methods (1). We have made several studies to elucidate
the structures and properties of VO,(A4) and found a phase
transition due to V**-V** bonding occurring around
162°C on heating similar to that in the rutile-type VO,
(2-4). The structure of VO,(A4) for the low-temperature
phase (LTP) was first determined from powder X-ray dif-
fraction data by the Rietveld method: the tetragonal system
P4,/nme with a = 8.4336(7)A, ¢ = 7.6782(7)A, and Z = 16
(3) was used. The high-temperature phase (HTP) was
studied by the same method to clarify the transition mecha-
nism; however, neither the true unit cell nor the appropriate
space group could be determined (4). We are now successful
in growing single crystals of VO,(A4) and determining crystal
structures for both phases. In the present paper, we report
the structural details and the transition mechanism.

!To whom correspondence should be addressed. E-mail: oka@kagaku.h.
kyoto-u.ac.jp.

EXPERIMENTAL

Single crystals of VO,(A) were obtained by the hydrother-
mal treatment of a VOCI,—FeCl, mixed solution sealed in
a silica ampoule at 330°C for 30 h. Brownish black crystals
with a platelike shape were confirmed to be VO,(A4) by Weis-
senberg camera work and also to be free from iron by EDX
analysis. A crystal with dimensions of 0.20 x 0.20 x 0.15 mm
was mounted on a Rigaku AFC-7R diffractometer and data
collections were made at 298 K for LTP and at 473 K for
HTP. Experimental details and crystallographic data are
listed in Table 1. Possible space groups were P4/ncc for LTP
and 14, 14, or 14/m for HTP. Structures of both phases were
solved by the Patterson method. The LTP structure was
straightforwardly refined to R = 0.031, R,, = 0.032, and S =
1.32, whereas the refinement of the HTP structure was ex-
tremely difficult. Trial refinements of plausible order—disorder
models never converged to R values less than 0.2. Finally, the
HTP crystal was thought to be twinned; namely, the ¢ axes of
neighboring twin individuals take inverse directions to each
other. Structures for the three space groups were separately
refined on the assumption of the twinning. The I4 structure
did not converged. The I4 and I4/m structures were success-
fully refined to nearly equal R values. The z coordinates of all
atoms in the 4 structure were very close to each other, sug-
gesting a (001) mirror plane. Therefore, the space group I4/m
was adopted and the structure was finally refined to R =
0.012, R, =0.033, and S =1.20 at a twin ratio of 0.395/
0.605(1). The untwinned uniform LTP crystal was recovered
on cooling as confirmed by the remeasured diffraction data at
298 K. All the data processing and structure refinement cal-
culations were performed with the TEXSAN software pack-
age (5) and SHELXL-93 (6) partly for HTP. The atomic
coordinates and temperature factors are given in Table 2.

RESULTS AND DISCUSSION
Structures of LTP and HTP

Figure 1 depicts the structures of VO,(A) for LTP and
HTP; Table 3 lists bond lengths in the VO4 octahedron and
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Experimental and Crystallographic Parameters for VO,(A4)

TABLE 1

TRANSITION MECHANISM OF VO, 595

TABLE 3
Interatomic Distances (A) in VO,(4)*

Phase

Temperature (K)

Space group

a (A)

¢ (A)

Vv (A3)

V4

D (gem™?)

4 (MoKa) (A)

plem™)

20, (deg)

Scan technique

Scan width, Aw (deg)

Absorption correction

Transmission factors

Number of unique reflection
I>0)

Number of reflection
(I > na(I))

Number of variables

Minimization function

R

R,

w

LTP

298

P4/ncc
8.4403(9)
7.666(1)
546.1(1)

16

4.035
0.71069
66.3

80

20-w

1.63 + 0.30tan 0
Y scan
0.606-0.630

838

S11 (n=3)

30

Sw(F| — FP
0.031

0.032

[o*(F2) + (0.0250P)*] !

P = (F2 + 2F2)3

HTP

473

I4/m
8.476(2)
3.824(2)
274.7(2)

8

4.010
0.71069
659

80

20-w

1.63 + 0.30 tan 0
Y scan
0.613-0.623

476

453 (n =2)

21

SW(FS? — |F??
0.012

0.033 (all data)

[o%(F2) + (0.0228P)*] !

P = (F2 + 2F2)3

LTP HTP

VOg octahedra

V-0(1) 1.949(5) 1.9652(2)
V-O(1)! 1.980(5) 1.9652(2)
V-O(1)i 1.981(2) 2.005(1)
V-O(1)i 2.269(2) 2.272(1)
V-0O(2) 1.645(2) 1.648(1)
V-0(4)" 1.976(2) 1.971(1)
V-V distances
V-vii 2.7695(8) 3.0794(3)
V-Vv¥ 3.1022(7) 3.0794(3)
V-V 3.2472(8) 3.0794(3)
V-yuit 3.3729(9) 3.4139(7)

s 1.32 1.20
Aprmagmin (¢/A%) 0.92/ — 1.32 0.34/ — 0.61

V-V distances. The LTP structure is similar to that of the
previous study (3); the space group P4/ncc instead of
P4,/mnc is verified. The HTP structure exhibits the space
group I4/m with ay ~ a; and cy ~ 3c;, where (a, ¢;) and
(ay, cy) denote lattice parameter sets of LTP and HTP,
respectively. Both structures consist of VOg octahedra
where V atoms are placed in off-center positions nearer to
O(2), thus showing one short V-O distance such as
V-0(2) = 1.645(2) A for LTP and 1.648(1)A for HTP. The
oxygen frameworks of LTP and HTP are virtually identical
as shown in Fig. 1a. The essential structural difference is
thus seen in the arrangements of V atoms. In LTP (Fig. 1b),

TABLE 2
Atomic Coordinates and Isotropic Temperature Factors
for VO,(4)
Atom x y z By (A%
LTP, space group P4/ncc
v 0.44818(5)  0.72455(5)  0.12939(5) 0.418(6)
o(l) 0.4039(2) 0.7481(2) 0.3776(6) 0.59(2)
0(2) 0.4099(2) 0.4108(2) 0.3732(7) 0.78(3)
HTP, space group I14/m
v 0.30024(2)  0.02543(2) 0 0.585(4)
o(1) 0.4995(1) 0.1528(1) 0 0.69(1)
0(2) 0.1601(1) 0.1601(1) 0 1.04(1)

“Symmetry codes: ‘x,3/2 — y,z — 1/2; i1 —y,1 —x,1/2 — z; iy —1/2,
X212 2z Pl x4 1212 =2 Uy 12 —x, —z "y —1/2,
X +1/2,1/2 — z; Y1/2 — x,1/2 — y, — z. Symmetry codes are given for
LTP.

the V atoms form slight-zigzag lines running in the ¢ direc-
tion with a ¢, period; the y coordinates take alternate signs
in turn due to the ¢ glide plane. In HTP (Fig. 1c) the V atoms
are rearranged to form straight lines with a 1/2 x ¢, period;
the y coordinates take selectively either positive or negative
sign. As the oxygen framework has a nearly 1/2 x ¢; period
in LTP, the rearrangement of V atoms from LTP to HTP
results in the reduced cell ¢y = ¢ /2 together with twin
formation as described later.

Transition Mechanism between LTP and HTP

Since the exact structures of LTP and HTP have been
determined, the transition mechanism is now disclosed. We
consider the transition mechanism utilizing the movements
of the V-V pair as defined by a V-atom pair in the ab plane
connected with a thick solid line as shown in Fig. 2a
(V-V =3.3729 A for LTP, V-V = 3.4139 A for HTP). The
principal feature of the transition is formation and dissocia-
tion of V**-V** bonding (3, 4). That is, the V atoms are
located with an even V-V distance of 3.0794 A along the
¢ axis in HTP (Fig. 2b, right), which changes in LTP (Fig.
2b, left) to alternate distances of 2.7695 and 3.1022 A, of
which the former obviously manifests the V¥**-V** bond-
ing. In both LTP and HTP, the V-V pairs are not parallel to
<100 but inclined by 7.2° (Fig. 2a). In LTP, the V-V pairs
are placed along the ¢ axis at z = 0.0044, 0.2456, 0.5044, and
0.7456 in terms of ¢ ; note that the origin of ¢y is moved to
the origin of ¢y, namely, to z = 0.125 of the original lattice.
In HTP, V-V pairs are placed at z = 0 and z = 0.5 in terms
of cy. On the transition from LTP to HTP, as indicated by
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FIG.1. Structures of VO,(A) projected along the c axis: (a) VO¢ octahedral framework or oxygen framework in common between LTP and HTP; (b)
LTP structure; (c) HTP structure. In (a), a unit cell of LTP is indicated by solid lines. In (b) and (c), V and O atoms are denoted by small and large circles,

respectively, and unit cells are indicated by thin solid lines.

arrows in Fig. 2b, right, V-V pairs at z =0.2456 and z =
0.5044 rotate around the ¢ axis by 14.5° and simultaneously
shift along the ¢ axis by 0.034A to z =0.25 and z = 0.50,
respectively; other V-V pairs at z = 0.0044 and z = 0.7456
just shift to z = 0 and z = 0.75, respectively. In this manner,
V4*-V** bonding (2.7695 A) and nonbonding (3.1022 A) in

LTP are changed to have an even distance 3.0794A of
a nonbonding V**-V** separation (7). As a result, the
cy axis becomes half of ¢ (cy &~ 1/2 X ¢1) and the primitive
lattice is changed to the body-centered lattice. The
transition from HTP to LTP proceeds reversely as indicated
by arrows in Fig. 2b, right.
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FIG. 2. Schematic diagrams to demonstrate the transition mechanism
of VO,(A): (a) definition of V-V pair as two V atoms in edge-sharing VO,
octahedra connected by a thick solid line in the ab plane; (b) phase
transition between LTP (left) and HTP (right) represented by using V-V
pairs stacked along the ¢ axis. In (b), directions of atomic movements
through the transitions are indicated by arrows and V#*~V** bonding and
nonbonding in LTP are indicated by thick and thin broken lines, respec-
tively. See text.
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Twin Formation in HTP and Recovery in LTP

It is unexpected that twinning appears on heating to HTP
and disappears on cooling to LTP. The twinning is charac-
terized by <100) or {110} twin axes of 180° rotation and,
because of the centrosymmetric structure, by {100} twin
planes. The twinning is shown schematically in Fig. 3 using
V-V pairs defined in Fig. 2a, where the twin interface is the
(001) plane and the twin operation is 180° rotation around
the [010] axis. It is noted that by this operation the oxygen
framework exhibits no change. Across the interface a V-V
pair rotates by 14.5° around the ¢ axis (or changes signs of
x or y coordinates of the V atoms) from its position of the
untwinned structure. Since all the twin interfaces are paral-
lel planes, the present twin is regarded as a polysynthetic
twin which in this case makes the crystal look like a single
crystal. Comparing Fig. 3 with Fig. 2b, left, we see that this
positional relation between V-V pairs across the interface
just corresponds to that between V-V pairs for V**-V*+*
bonding in LTP. Consequently, it is presumed that on the
transition from LTP to HTP the twin interfaces are intro-
duced between the adjacent V-V pairs, forming V*"—V*+*

1
VUV

1.
A LT

FIG. 3. Schematic diagram of crystallographic relation across the twin
interface in HTP using a V-V pair stacking model along the ¢ axis. See text.
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bonding when the rotational movements, indicated by the REFERENCES
arrows in Fig. 2b, left, fail to occur. However, on the
transition from HTP to LTP the V-V pairs across the

. .- 1. F. Théobald, J. Less-C Met. 53, 55 (1977).
interfaces smoothly return to the positions for V**-v*+* e o e 1977

2. Y. Oka, T. Ohtani, N. Yamamoto, and T. Takada, Seramikkusu Kyokai

bonding without making the rotational movements in- Gakujutu Ronbunshi (J. Ceram. Soc. Jpn.) 97, 1134 (1989).
dicated by the arrows in Fig. 2b, right. In this manner it can 3. Y. Oka, T. Yao, and N. Yamamoto, J. Solid State Chem. 86, 116
occur that the unusual phenomenon that twinning in HTP (1990).
vanishes in LTP. 4. ;l" Ye;o, Y. Oka, and N. Yamamoto, J. Solid State Chem. 112, 196
1994).
5. TEXSAN: Crystal Structure Analysis Package, Molecular Structure
ACKNOWLEDGMENT Corp., The Woodland, TX, 1985 and 1992.
6. G. M. Sheldrick, Program for the Refinement of Crystal Structures,
The authors thank Prof. O. Tamada of Kyoto University for valuable University of Goettingen, Germany, 1993.

discussion. 7. J. B. Goodenough, J. Solid State Chem. 3, 490 (1971).
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