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VO*(A), a metastable phase of vanadium dioxide, was synthesized by hydrothermal treatment of 
VO(OH)*. The powder X-ray structure analysis of VO,(A) has been performed by the use of EXAFS 
and the Rietveld method; possible structure models based on the EXAFS results were examined by the 
Rietveld analysis. VO,(A) has a tetragonal symmetry with a space group P4Jnmc; a = 8.4336(7) A, 
c = 7.6782(7) 8, and Z = 16. The structure consists of a three-dimensional framework of VOh 
octahedra. Four units of two edge-sharing octahedra are linked to each other by sharing corners 
forming a 2 x 2 square block in the c-plane. The blocks are piled up along the c-axis by sharing edges of 
the octahedra resulting in zigzag chains of V ions running along the c-axis. Taking the revealed 
structure into consideration, a comparison with the structure of VO,(B) is made and a tentative 
mechanism of the phase transition in VO,(A) is proposed. o 1990 Academic PIUS, IK. 

Introduction cipitated at reaction temperatures between 
220 and 330°C from a suspension of V203 

VOz(A), as well as VO*(B), is one of and V205 withan average oxidation number 
metastable vanadium dioxides with respect of V being 4.0, in which V02(B) and the 
to the stable phase of the rutile-type V02. rutile-type VOz were also obtained below 
The formation of V02(A) was first reported 220°C and above 32O”C, respectively. To 
by ThCobald et al. (I) in their extensive our knowledge, V02(A) has not yet been 
studies on hydrothermal reaction of the obtained by any method other than hydro- 
V02-V02.5-H20 system; V02(A) was pre- thermal treatment. They showed that 

VO,(A) had a tetragonal symmetry (a = 
1 To whom correspondence should be addressed. 11.90 and c = 7.68 A), but the crystal struc- 
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ture remains unknown (1). In contrast to 
VOZ(A), V02(B) has also been obtained as 
an intermediate product in the course of the 
thermal reduction of V205 by H2 or SO2 gas 
(2,3) and its structure has been determined 
by Theobald et nl. (2) which is related to 
those of V205 and V60i3. 

Recently Oka et al. (4) have revealed a 
phase transition in VO,(A) at 162°C by 
DTA, magnetic susceptibility, electrical re- 
sistivity, and high-temperature X-ray mea- 
surements. The transition is clearly observ- 
able on heating and the high-temperature 
phase gradually changes to the low-temper- 
ature phase on cooling. The features of the 
transition are that the magnetic moment of 
V4+ ion almost disappears in the low-tem- 
perature phase and the a-axis expands 
while the c-axis contracts through the tran- 
sition on heating. Moreover the lattice pe- 
riod along the c-axis becomes half in the 
high-temperature phase. This behavior of 
the transition bears a striking resemblance 
to that of the metal-insulator transition in 
the rutile-type VOZ (5-8). However, the 
lack of the knowledge of the structure 
makes it difficult to elucidate the exact 
mechanism of the transition in VO,(A) and 
therefore it is of interest to determine the 
crystal structure of VO,(A). 

In the present work, VO?(A) was pre- 
pared by hydrothermal treatment of 
VO(OH)*. The structure of VOz(A) was an- 
alyzed on powder samples by the following 
procedure utilizing the EXAFS and the 
Rietveld method. On the basis of the V-V 
distances and coordination numbers ob- 
tained by the EXAFS study structure 
models were given, from which the correct 
one was determined and was refined by the 
Rietveld method. A new VOZ structure con- 
sisting of a three-dimensional framework of 
V06 octahedra has been revealed. A com- 
parison of the structure with that of another 
metastable V02(B) is made in terms of the 
~rangements of V06 octahedra. A mecha- 
nism of the above-mentioned phase transi- 

tion is also speculated based on the crystal 
structure. 

Experimental 

V02(A) was prepared by a hydrothermal 
method using VO(OHX as a starting mate- 
rial, which was a little different from that 
adopted in the previous study (4). Powder 
samples of VO(OH)Z were obtained by 
treating a VOSO, aqueous solution added 
with NaOH at 350°C for 24 hr. In the next 
step, a suspension of VO(OH)2 was treated 
at 250°C for 48 hr, in which VO(OH)z was 
changed into VO,(A). The product was sep- 
arated by filtration and was dried in vac- 
uum. 

The EXAFS experiments were carried 
out using a Rigaku RU-1000 X-ray genera- 
tor with a Cu target (30 kV, 1000 mA) at 
High Intensity X-ray Laboratory of Kyoto 
University. The vanadium K-edge EXAFS 
spectra were taken in the transmission 
mode using a flat Ge(l1 I) crystal mono- 
chrometer. The energy resolution was 10 
eV in the vicinity of the CuK edge. The data 
anaiysis was conducted according to the 
standard procedure (9): subtraction of pre- 
edge and postedge backgrounds, edge nor- 
malization, extraction of the EXAFS signal 
x(k) (k: wave number of photoelectron) and 
Fourier transformation (FT) to give a radial 
structure function &(r). Peaks arising from 
the V-V interaction in the &(r) curve were 
extracted and were subjected to inverse 
Fourier transformation (IFT). The IFT 
curves were parameter-fitted based on the 
multishell models using ab initio calculated 
backscattering amplitude (10) and phase 
shift (II). The phase shift was corrected for 
VO,(A) sample by using EXAFS data of the 
rutile-type VOz and its crystallographic in- 
formation (12, 13). 

X-ray powder diffraction data were col- 
lected by a Rad-B powder diffraction sys- 
tem of Rigaku corporation using a MolYcr 
radiation equipped with a curved-crystal 
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graphite monochrometer. The step-scan- 
ning technique was used: a step width 
O.Ol”, a step time 15 set, and a 28 range 5 to 
45.5”. Powder patterns were indexed by the 
aid of the computer programs for indexing 
X-ray powder patterns (14). The details of 
the Rietveld method employed in the 
present study were described elsewhere 
(Z5), thus a brief outline is given in the fol- 
lowing. The calculated intensity at 28;, 
Ycalcd(2&), is expressed by 

shown in Figs. 2b and 2c, respectively, to- 
gether with the parameter-fit results which 
were obtained by assuming the overlaps of 
two V-V shells for Pr and three V-V shells 
for P2. The V-V distances obtained from P, 
are 2.878 A with coordination number (cn) 
of 2 and 3.223 A with cn of 3, and from P2 
3.491 A with cn of 1, 3.826 A with cn of 3, 
and 3.943 A with cn of 1. 

&&kl) is an integrated intensity of hkl 
reflection, which in the present case in- 
cludes the orientation factor exp( - Ga ik[), 
where G is an orientation parameter and 
(Y&l is an acute angle between [hkl] and the 
direction normal to the oriented crystal 
plane. &&2&) is a Lorentz function to de- 
scribe an individual profile. Q(2ei) is a qua- 
dratic function of 28i to give a background. 
The eXpreSSiOnS of Z,,,,d(hkl), flhkj(2oi), and 
Q(20i) were given in Ref. (14). Structure 
refinements were performed so as to mini- 
mize the reliability index R,, defined be- 
low, 

2 [yobsdm)12 
I 

where Y&,sd(2&) is the observed intensity at 
2ei. 

Results and Discussion 

Structure Determination 

An X-ray powder diffraction pattern of 
V02(A) was indexed based on a tetragonal 
symmetry with a = 8.4336(7) A and c = 
7.6782(7) A as listed in Table I. Powder 
samples were found to exhibit preferred 
orientation of crystal plane (110) and the 
effect of the orientation on the peak intensi- 
ties are evaluated in Table I. There were 
204 reflections in the 28 range of the mea- 
surement. The hk0 reflections with h + k = 
odd and the Ok1 reflections with 1 = odd 
were found to disappear, which led to the 
possible space groups P42lnmc, P4Jncm, 
and P4lncc. Guided by the EXAFS results 
and the space groups, possible structure 
models were constructed and their compat- 
ibility with the X-ray powder pattern was 
examined by the Rietveld method. As a 
result, the space group was found to be 
P42/nmc. Setting V atoms on the positions 
of 16j and 0 atoms on those of 16j (O(l)), 8i 
(O(2)), and 8i (O(3)), the structure refine- 
ments were performed leading to R,, = 
0.166. The calculated and observed X-ray 
profiles are presented in Fig. 2. The unit 
cell has 16 formular units of VOL? (Z = 16) 
which gives the density of 4.035 g cmm3 be- 
ing consistent with the observed value of 
4.01 g cmm3. The final atomic coordinates 
are listed in Table II. The V-V distances 
and coordination numbers are listed in Ta- 
ble III, which show no appreciable devia- 
tion from those of the EXAFS results espe- 
cially for the V-V distances. There is a 
slight discrepancy in the coordination num- 
bers because values of coordination num- 
ber obtained by the EXAFS study are gen- 

Figure la shows a radial structure func- 
tion of VO,(A), where the peaks ranging 
from 2.10 to 2.80 A (Pi) and from 2.80 to 
3.45 A (Pz) were assigned to the V-V inter- 
action. The IFT curves of P, and P2 are erally less reliable. 
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FIG. 1. EXAFS data for VO*(A): (a) radial structure function; (b and c) inverse Fourier transforms 
(IFT) of the peaks P, and Pz in (a), respectively. IFT ranges are 2.10 to 2.80 A for P, and 2.80 to 3.45 A 
for Pz. Solid and broken lines represent experimental data and parameter-tit results, respectively. 
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FIG. 2. RietveId refinement plot of V02(A). The calculated and observed patterns are shown in the 
top by the solid fine and the dots, respectively. The vertical marks in the middle show positions 
cahnrlated for Bragg reflections. The trace in the bottom is a plot of the difference: observed minus 
calculated. 
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TABLE I 

OBSERVED X-RAY POWDER DIFFRACTION PATTERN 

OF VO,(A) FOR A MoKcv RADIATION 

hkl %!ml 

110 6.85 
102 11.67 
211 12.04 
220 13.68 
212 15.17 
310 15.28 
311 16.19 
400 19.37 
330 20.56 
411 20.68 
004 21.32 
420 21.68 
313 22.17 
421 22.34 
114 22.43 
510 24.77 
431 24.88 
224 25.41 
432 26.55 
521 26.71 
522 28.31 
600 29.21 
334 29.78 
611 30.12 
414 32.89 
542 33.09 
216 34.0s 
550 34.60 
641 35.72 
702 35.94 
604 36.44 
643 36.68 
516 41.02 

742, 812 41.14 

6.82 100 100 
11.65 15 46 
12.03 5 6 
13.66 56 56 
15.15 20 32 
15.28 10 12 
16.19 3 4 
19.37 3 5 
20.56 41 41 
20.67 22 28 
21.29 10 55 
21.68 3 3 
22.1s 2 4 
22.33 4 4 
22.38 3 4 
24.76 7 7 
24.86 5 5 
25.38 6 12 
26.55 7 8 
26.73 4 5 
28.31 8 10 
29.23 4 6 
29.77 8 12 
30.13 2 3 
32.88 3 5 
33.08 2 2 
34.03 1 3 
34.60 2 2 
35.73 2 2 
35.94 2 3 
36.45 2 4 
36.64 1 1 
41.02 2 4 
41.15 2 3 

Note. Tetragonal: a = 8.4336(7), c = 7.6782(7) A. 
a Observed intensity. 
b Corrected for orientation effect. 

Description of the Structure 

Figure 3 visualizes the structure of 
VO*(A) projected on the c-plane. The struc- 
ture basically consists of VOs octahedra. 
Four units of edge-shared two V06 octahe- 
dra are linked to each other by corner shar- 
ing forming a 2 x 2 square block in the c- 

TABLE II 

POSITIONAL PARAMETERS FOR VO,(A) 

Atom Position x Y z 

o”(1) 
16j 0.18936(3) 0.01764(4) 0.11787(10) 
16j 0.1674(l) 0.0012(2) 0.3743(3) 

O(2) 8i 0.1634(l) 0.3416(3) 
O(3) 8i 0.1352(l) 0.8930(S) 

plane. The square , blocks, shifting to 
1/2[110] and sharing edges of the octahe- 
dra, are superposed along the c-axis leading 
to a three-dimensional framework. The 
V06 octahedron and the stacking of the oc- 
tahedra along the c-axis are depicted in Fig. 
4. The V06 octahedron is slightly distorted 
as is seen from V-O distances and O-V-O 
angles listed in Table IV and the position of 
V ion is deviated from the center. The V-V 
distances along the c-axis are 2.8830 and 
2.9019 %i which are shorter than that of 
3.2078 A in the c-plane and hence the V-V 
interaction should be stronger along the c- 
axis than in the c-plane indicating that zig- 
zag chains of V ions are formed along the c- 
axis. 

Comparison with the Structure of V02(B) 

It should be of interest to compare the 
structure of VO,(A) with that of V02(B) 
which is another metastable phase of V02. 
Both structures consist of three-dimen- 

TABLE III 

INTERATOMIC DISTANCES (A) AND ANGLES (“) OF 

V06 OCTAHEDRON 

V-O(l)’ 1.982(3) V-O(l)” 1.885(3) 
V-O(l)“’ 2.029(2) V-0( 1)‘” 2.227(2) 
V-O(2) 1.993(2) V-O(3) 1.784(2) 

O(l)l-V-O(l)i’i 86.6(7) O(l)l-V-O(l)‘” 81.8(S) 
O(l)‘-V-O(2) 81.3(8) 0(1)1-V-O(3) 99.4(9) 
O(l)“-V-O(l)“’ 89.9(5) o(l)“-v-o(l)~” 84.6(5) 
O(l)“-V-O(2) 99.2(7) O(l)“-V-O(3) 94.4(9) 
O( I)‘“-V-0( 1)‘” 83.0(5) O(l)‘“-V-O(2) 84.4(4) 
0(2)-V-O(3) 85.2(4) 0(3)-V-O(1)“’ 107.7(8) 

Note. The positions of oxygens are in reference to Fig. 4. 
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La 

FIG. 3. Structure of VO,(A) projected onto (001) plane. Closed circles are V ions and the unit cell is 
shown by the broken lines. 

sional frameworks of V06 octahedra and 
VO,(B) adopts a share structure derived 
from the structure of V205 in the same man- 
ner as V60i3 (2). Figure 5 shows the ar- 
rangement of V06 octahedra (V06 sheet) in 
(110) of VO*(A) (Fig. 5a) and (001) of 
VO,(B) (Fig. 5b). It is seen that the V06 
sheets in V02(A) and in VO,(B) are iso- 
structural, which are basically identical 

TABLE IV 

V-V DISTANCES (A) AND COORDINATION NUMBERS 
(CN) FOR VO,(A) OBTAINED FROM CRYSTAL STRUC- 
TURE AND A COMPARISON WITH THE EXAFS 
RESULTS 

Crystal structure EXAFS data 

Distance CN Distance CN 

2.8830(17) 1 
2.9019(18) 2 

2.878 2 

3.1958(17) 1 
3.2078(7) 1 

3.223 3 

3.4945(9) I 3.491 1 
3.8506(16) 2 3.826 
3.9153(13) 1 3.943 

3 
1 FIG. 4. V06 octahedron (right) and the arrangement 

of the octahedra linked along the c-axis (left). 
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V02W (110) VO2(B) (00 1) 

(b) La 

FIG. 5. Structures of crystal planes representing V06 sheets: (a) (110) of VO,(A); (b) (001) of V02(B). 

VOjAI b(OOll 
a 

* * 

(a) 

VO2(Bt (010) 

(b) 

FIG. 6. Idealized structures showing superpositions of the V06 sheets: (a) V02(A) viewed along the 
c-axis; (b) VO,(B) viewed along the b-axis. 
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with that in (001) of VZOs (16). The differ- 
ence of the structures between VO,(A) and 
VO*(B) is thus sought in the superposition 
of the V06 sheets. Figure 6 depicts ideal- 
ized structures for (110) of V02(A) (Fig. 6a) 
and (010) of V02(B) (Fig. 6b) which repre- 
sent the superposition of the V06 sheets. It 
is common to both structures that two VOG 
sheets form a layer unit which stacks in the 
direction of [llO] in V02(A) and [OIOI in 
V02(B), but as is seen in Fig. 6 both the 
layer unit and the stacking mode are differ- 
ent between V02(A) and V02(B). In short, 
VO*(A) and V02(B) consist of the VOh 
sheets of the same structures and the differ- 
ence in the superpositions of the V06 
sheets leads to the two distinct structures. 
Therefore, it is not by chance that V02(A) 
and V02(B) have nearly the same theoreti- 
cal densities, 4.035 g cm-3 for V02(A) and 
4.031 g cme3 for V02(B). These values are 
considerably smaller than 4.657 g cmm3 for 
the rutile-type VO?; implying that the two 
metastable VOZ are less compact than the 
stable V02. 

Possible Mechanism of the Phase 
Transition in V02(A) 

As reported in the preceding paper (4), 
V02(A) exhibits a phase transition which 
appears to be similar to that of the rutile- 
type VOZ. In the rutile-type VOz, V4+-V4+ 
pairing along the c-axis of the rutile type is 
responsible for the phase transition from 
the high-temperature to the low-tempera- 
ture phase (17). We suggested in the pre- 
vious study (4) that such a V4+-V4+ pairing 
was expected to occur in V02(A) along the 
c-axis, and it is considered based on the 
revealed structure that the pairing can be 
formed in the zigzag chains along the c-axis 
in the following manner. Figure 7 illustrates 
schematically the positions of V ions along 
the c-axis together with the projection on 
the c-plane. As shown in Fig. 7, V ions ro- 
tate cooperatively in the c-plane by about 5” 
around the c-axis with respect to the regu- 
lar tetragonal positions which are located 

- 

b 

; 

I- 

J 

FIG. 7. Schematic representations of the mechanism 
of V4+-V4+ pairing along the c-axis: side view (top); 
projected on the c-plane (bottom). Open and closed 
circles show V4+ ions in the regular tetrahedral posi- 
tions and the actual positions, respectively. Arrows 
indicate the shift of V4+ ions from the tetrahedral posi- 
tions and the resulting V4+-V4+ pair is denoted by a 
double line. See text. 

ideally in the center of the V06 octahedron. 
The directions of the rotation are denoted 
by arrows in Fig. 7 and consequently the 
V-V distances along the zigzag chains 
change to 2.883 A (VO-VI in Fig. 7) and 
3.196 A (V,-V,). The shorter V-V distance 
of 2.883 A is denoted by the double line in 
Fig. 7. In this manner, V4+-V4+ pairing is 
formed as a result of the cooperative rota- 
tion of V ions around the c-axis. However, 
other two V-V distances along the zigzag 
chain (Vo-V3, VO-V4) become 2.902 A 
which is not much larger than 2.883 A. In 
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the hid-temperature phase, V ions may oc- 
cupy the regular tetragonal positions de- 
noted by open circles in Fig. 7, which is 
consistent with the experimental fact that 
the lattice period along the c-axis becomes 
half (4). All the V-V distances along the 
zigzag chain are estimated to change to 
2.961 A at the transition. Further work is in 
progress to elucidate the exact mechanism 
of the phase transition with reference to 
that of the rutile-type V02. 
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