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Single crystals of BaV13O18 (V12.62) containing a small amount
of Cr (about 7% of vanadium sites) were prepared by heating
a mixture of BaCO3, V2O5, V, and Cr powders at 1973 K for
40 h in 6owing Ar. Crystal structure analysis using single-crystal
data (Rigaku AFC7R, 4037 re6ections) showed that the
BaV13O18 has a rhombohedral unit cell with ah 5 12.621(5) As ,
ch 5 7.020(5) As , V 5 968.4(9) As 3, Z 5 3, Dcal 5 5.595 g ' cm23,
and space group R23 (R1 5 1.96%, wR2 5 3.60%, S 5 1.095). In
the structure, Ba and O formed a cubic close-packed arrange-
ment and every V was coordinated by six O. BaV13O18 has three
kinds of vanadium environments: one almost regular octahedral
site and two distorted octahedral sites. VO6 octahedra share their
corners and edges. ( 2001 Academic Press

Key Words: barium vanadate; low-valence vanadium ion;
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INTRODUCTION

Many vanadium complex oxides have been reported so
far. However, there are few reports on complex oxides
containing low-valence vanadium ions even though
vanadium ions show various valence states (V2 }̀V5`).
When metal ions are in low valence states in oxides, they are
positioned close to each other compared to the case where
metal ions are in high valence states. The metal}metal
bonds in oxides, which would give anomalous crystal
structures such as NbO and its homologous phases
A

n
Nb

n`3m
O

3n`3m
(2}10), are very interesting in terms of

crystal chemistry. In addition, the electrical and magnetic
properties exhibited by both metallic and ionic bonding
characters are remarkable. Ti and V have larger ionic radii
than other 3d transition metals. If they are positioned close
to each other, formation of metal}metal bonds by overlap-
ping of 3d orbitals is expected.

Barium vanadates containing low-valence vanadium ions
have been studied in our work, and BaV

14
O

19
(monoclinic
1To whom correspondence should be addressed. Fax: #81-22-217-
7228. E-mail: kouta@ain.che.tohoku.ac.jp.
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system with a"7.654As , b"12.639 As , c"7.011 As ,
b"107.83, and <"645.6 As 3) was reported as a new com-
pound (1). Our studies on substitutions of Ti, Cr, and Nb for
V in BaV

14
O

19
revealed the rapid grain growth of

Ba(V,Cr)
14

O
19

by solid-state reaction, resulting in the
formation of single crystals for structure determination. The
preliminary crystal structure analysis made it clear that
the real chemical composition of the compound was
BaV

13
O

18
(V`2.62) and the crystal system was rhombohed-

ral. The lattice parameters calculated using X-ray di!rac-
tion (XRD") data were a

)
"12.636 As and c

)
"7.013 As . In

this paper, the crystal structure of BaV
13

O
18

determined
from the single-crystal X-ray analysis is reported.

EXPERIMENTAL

Preparation of Single Crystals

Powders of BaCO
3
, V

2
O

5
, V, and Cr were used as start-

ing materials and they were mixed according to the com-
position BaV

13
CrO

19
. The mixture was pressed into a pellet

and put into a Mo foil. A radio-frequency induction furnace
was used to prepare single crystals. The sample was heated
at 1973 K (the temperature was raised to this value within
1 h) for 40 h in #owing Ar and was cooled to room temper-
ature. After the heat treatment, black elongated spherical
grains (&100 lm in diameter) were obtained. The XRD
pattern of the resultant sample was indexed the same as
BaV

13
O

18
, and the presence of small amounts of unidenti-

"ed impurities was also observed. When the XRD data for
lattice parameters were recorded, Si was used as an internal
standard. Figure 1 shows the lattice parameters of
BaV

13~x
Cr

x
O

18
. The lattice parameters of BaV

13~x
Cr

x
O

18
increase with increasing x, indicating a possible substitution
of high-spin Cr2` (ionic radius 0.80 As ) for V2` (0.79 As ) (11).
However, further studies are necessary to investigate the
valence state of Cr ions in BaV

13~x
Cr

x
O

18
. The lattice

parameters of the resultant sample are a
)
"12.638 As and

c
)
"7.022 As . These values are slightly smaller than those of

BaV
12

CrO
18

, and the Cr content in the resultant sample is
estimated to be about 7% of V sites.
0022-4596/01 $35.00
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TABLE 1
Experimental Conditions and Crystallographic Parameters

of BaV13O18

Temperature/K 293
Di!ractometer Rigaku AFC7R
Method u}2h
2h range 4342h4603
Max. sin (h)/j/As ~1 0.7035
Range of h, k, l !174h417, !174k417,

!94l49
Crystal shape Elongated spherical
Crystal size/lm 50}70
Standard re#ections 3 (every 150 re#ections)
No. of measured re#ections 4037
No. of unique re#ections 635
Absorption correction t scan
Chemical formula BaV

13
O

18
Chemical formula weight 1087.56
Space group R-3 (No. 148)
Cell formula units Z 3
a
)
/As 12.621(5)

c
)
/As 7.020(5)
</As 3 968.4(9)
D

#!-
/g ) cm~3 5.595

k(MoKa)/cm~1, j/As 12.03, 0.71069
¹
.!9

/¹
.*/

0.548/0.458
RR/RR@ 1.064/1.038
R

*/5
0.0496

Rp 0.0291
R

1
(F

0
'4p (F

0
))/R

1
(all) 0.0166/0.0196

wR
2

0.0360
Goodness of "t 1.095
(*/p)

.!9
0.001

*o
.!9

/*o
.*/

/e As ~3 0.499/!0.648

FIG. 1. The lattice parameters of BaV
13~x

Cr
x
O

18
.
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Crystal Structure Determination

X-ray di!raction data of the single crystals were collected
by using a Rigaku AFC-7R X-ray di!ractometer using
TAB
Atomic Coordinates and Tem

Atom Site x y

Ba 3a 0.0000 0.0000
V(1) 3b 0.0000 0.0000
V(2) 18f 0.05050(3) 0.43636
V(3) 18f 0.49112(3) 0.93163
O(1) 18f 0.47507(12) 0.79055
O(2) 18f 0.17079(12) 0.40933
O(3) 18f 0.03574(12) 0.29019

Atom ;
11

;
22

;
33

Ba 0.00661(10) 0.00661(10) 0.00748
V(1) 0.0106(2) 0.0106(2) 0.0044(
V(2) 0.0050(2) 0.0059(2) 0.0094(
V(3) 0.0075(2) 0.0094(2) 0.0091(
O(1) 0.0070(6) 0.0065(6) 0.0104(
O(2) 0.0063(6) 0.0109(7) 0.0065(
O(3) 0.0065(6) 0.0077(6) 0.0076(
monochromatized MoKa radiation. The details of data
collection conditions are summarized in Table 1. All re#ec-
tions were recorded during the data collection.

Sir97 (12) was used to solve the crystal structure and
Shelxl (SHELX97-2) (13) was used for crystal structure
re"nement. All observed re#ections (4037 re#ections) were
used in the structure re"nement. Space groups R-3 (No. 148)
and R3 (No. 146, acentric) were possible, and both space
groups led to the same crystal structures in the present
study. As a result, R-3 was adopted because its symmetric
property was higher than that of R3. Incidentally, the abso-
lute structure was not determined in R3; Flack's parameter
s was not close to 0 or 1. The Cr content in the single crystal
was small (about 7% of vanadium sites) and the atomic
scattering of Cr was comparable to that of V, so that the
amount of chromium and its position were not re"ned.
Because BaV

13
O

18
seemed to be stoichiometric as men-

tioned below, the occupancy in each crystallographic site
LE 2
perature Factors of BaV13O18

z ;
%2

0.0000 0.00690(9)
0.5000 0.0085(2)

(3) 0.50393(5) 0.00691(9)
(3) 0.17608(5) 0.00829(10)
(12) 0.0036(2) 0.0080(3)
(13) 0.6587(2) 0.0076(3)
(12) 0.3419(2) 0.0071(3)

;
23

;
13

;
12

(13) 0.000 0.000 0.00331(5)
3) 0.000 0.000 0.00528(11)
2) !0.00162(11) !0.00159(10) 0.00240(11)
2) 0.00315(11) 0.00108(11) 0.00511(13)
7) 0.0007(4) 0.0005(5) 0.0034(5)
7) !0.0004(5) !0.0011(5) 0.0050(5)
7) 0.0009(4) 0.0011(4) 0.0040(5)



FIG. 2. The close-packed Ba}O layer in BaV
13

O
18

.

TABLE 3
X-Ray Powder Di4raction Data of BaV13O18 Indexed as

Hexagonal R-3, ah 5 12.621 As , ch 5 7.020 As

h k l d
0"4

/As d
#!-#

/As I/I
0

h k l d
0"4

/As d
#!-#

/As I/I
0

1 1 0 6.304 6.3095 1 !3 !4 1 1.7424 1.7404 2
4 3 1

3 0 0 3.651 3.6428 8
1 0 4 1.7310 1.7311 2

!1 !2 1 3.566 3.5591 30
2 1 1 0 2 4 1.6698 1.6694 4

!1 !4 3
0 1 2 3.343 3.3388 19 !4 !1 3

1 4 3
2 2 0 3.161 3.1548 23 4 1 3

2 0 2 2.954 2.9511 9 !6 !1 1 1.6228 1.6214 1

1 3 1 2.7864 2.7823 16 1 6 1

!3 !1 1 !4 !3 2 1.6003 1.5990 4
3 4 2

!2 !1 2 2.6752 2.6732 6
1 2 2 7 0 1 1.5256 1.5239 3

!5 !3 1
4 0 1 2.5497 2.5457 8 3 5 1

4 1 0 2.3885 2.3848 10 !3 !1 4 1.5180 1.5176 2
1 4 0 1 3 4

!2 !3 1 2.3640 2.3608 6 !1 !6 2 1.5067 1.5052 3
3 2 1 6 1 2

0 0 3 2.3373 2.3377 3 !2 !6 1 1.4832 1.4813 2
6 2 1

!1 !3 2 2.2956 2.2931 7
3 1 2 7 1 0 1.4493 1.4475 17

1 7 0
!1 !1 3 2.1925 2.1921 14

1 1 3 !2 !3 4 1.4373 1.4368 23
3 2 4

3 3 0 2.1064 2.1032 4 0 6 3
6 0 3

0 5 1 2.0902 2.0867 1
0 7 2 1.4277 1.4262 2

!3 !2 2 2.0414 2.0395 100 !3 !5 2
2 3 2 5 3 2

!4 !2 1 1.9840 1.9812 5 !2 !5 3 1.4021 1.4009 3
2 4 1 !5 !2 3 1.4009
0 3 3 1.9686 1.9674 2 2 5 3
3 0 3 5 2 3

!1 !5 1 1.8926 1.8902 4 0 1 5 1.3929 1.3912 1
5 1 1 !6 !2 2

2 6 2
5 0 2 1.8569 1.8549 4

3 6 0 1.3787 1.3769 2
!2 !4 2 1.7814 1.7795 2 6 3 0

4 2 2
!4 !5 1 1.3737 1.3722 2

5 2 0 1.7524 1.7499 3 5 4 1
2 5 0
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O
18
was "xed to 1. The crystallographic parameters are also
listed in Table 1, and atomic coordinates and temperature
factors of BaV

13
O

18
are given in Table 2.

RESULTS AND DISCUSSION

XRD Data

The XRD data of BaV
13

O
18

are given in Table 3. The
d
#!-#

is the value calculated from the single-crystal data.
BaV

13
O

18
can be synthesized by heat treatments in the

temperature range 1573}2273 K in #owing Ar. Varying the
heating temperature, the heating time, and the starting
composition did not cause signi"cant peak shifts in the
XRD pattern of BaV

13
O

18
, indicating that BaV

13
O

18
is

stoichiometric.

Description of Crystal Structure

Barium and oxygen ions form a cubic close-packed
arrangement. Figure 2 shows the close-packed Ba}O layer.
The layer is stacked along the c axis with one-third shift in
the direction of [!1,1,0] as shown in Fig. 3. BaV

13
O

18
has

three kinds of vanadium sites positioned in the interstices of
oxygen ions (see Fig. 4), and every vanadium is coordinated
by six oxygen ions to form a VO

6
octahedron. The arrange-

ment of VO
6

octahedra is also shown in Fig. 4 (BaV
13

O
18

does not have a layer structure although the "gure is depic-
ted like a layer structure). VO

6
octahedra link by sharing

their corners and edges. Such linkages of VO
6

octahedra
and formation of a Ba}O close-packed arrangement
are commonly found in Ba}V}O compounds containing



FIG. 3. The stacking of close-packed layers and positions of O sites in BaV
13

O
18

.
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low-valence vanadium ions, BaV
10

O
15

(V`2.8) (14) and
BaV

10~x
O

17
(V 3̀.2~3.4) (15).

Interatomic distances are given in Table 4. Barium is
coordinated by six O(2) atoms in the same c plane (see
Fig. 3) and six O(1) atoms out of the plane to form a BaO

12
cuboctahedron. V(1) is coordinated by six O(1) atoms to
form a V(1)O

6
octahedron. The V(1)O

6
octahedron is sand-

wiched between two BaO
12

cuboctahedra in the direction of
the c axis and surrounded by six V(3)O

6
octahedra by

sharing their edges in the vertical direction of the c axis. V(3)
is located around V(1) across shared octahedral edges in the
FIG. 4. The positions of V sites and the arrangement of VO
6

octahedra.
same c plane as shown in Fig. 4 and coordinated by two
O(1), one O(2), and three O(3) atoms to form a V(3)O

6
octahedron. V(2) is coordinated by one O(1), three O(2), and
two O(3) atoms to form a V(2)O

6
octahedron. V(2) and V(3)

are surrounded by eight and nine vanadium ions, respective-
ly, across shared octahedral edges.

Figure 5 shows the V(1)O
6
, V(2)O

6
, and V(3)O

6
oc-

tahedra. The V(1)O
6

octahedron is nearly regular. On the
other hand, the V(2)O

6
octahedron has the most distorted

form of all. The average V}O distance in the V(3)O
6

oc-
tahedron is the longest among the three kinds of VO

6
octahedra. The average V}O distances are 2.039 As , 2.032 As ,
and 2.048 As in V(1)O

6
, V(2)O

6
, and V(3)O

6
, respectively.
TABLE 4
Interatomic Distances (As ) in BaV13O18

Ba}O(1)]6 2.905(2)
Ba}O(2)]6 2.846(2)
V(1)}O(1)]6 2.039(2)
V(1)}V(3)]6 2.9143(12)
V(2)}O(1) 2.019(2)
V(2)}O(2) 1.979(2) 1.991(2) 2.030(2)
V(2)}O(3) 2.078(2) 2.095(2)
V(2)}V(2) 2.5012(12) 3.0464(14) 3.0464(14)
V(2)}V(3) 2.7162(14) 2.723(2) 3.049(2) 3.055(2) 3.073(2)
V(3)}O(1) 1.989(2) 2.078(2)
V(3)}O(2) 2.036(2)
V(3)}O(3) 2.071(2) 2.030(2) 2.085(2)
V(3)}V(1) 2.9143(12)
V(3)}V(2) 2.7162(14) 2.723(2) 3.049(2) 3.055(2) 3.073(2)
V(3)}V(3) 2.9166(12) 2.9166(12) 2.959(2)



FIG. 5. Diagrams of VO
6

octahedra.

TABLE 5
Bond-Valence Calculations for BaV13O18a

Ba 2.474
V(1) 2.694
V(2) 2.765
V(3) 2.641
O(1) 2.031
O(2) 2.177
O(3) 2.059

a Calculated with the valence state of V being #3.
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Distribution of V Ions

Assuming that BaV
13

O
18

contains only V2` and V3`, we
can describe BaV

13
O

18
as BaV2`

5
V3`

8
O

18
. This assumption

seems to be probable because each vanadium site has the
same coordination number. The bond-valence sum for
BaV

13
O

18
was calculated with the valence state of

vanadium ion being #3, and the result is given in Table 5.
The value at the V(2) site is larger than those of the V(1) and
V(3) sites. The largest value of bond-valence sum and the
shortest average V}O distance would indicate that the V(2)
site is mostly occupied by V3` (ionic radius 0.64 As ) (11). In
the same way, V2` (0.79 As ) would occupy the V(3) site



FIG. 6. The diagram of V(1)}V(3)}V(2)}V(3)}V(1) con"guration. The asterisk shows the centric V in the VO
6
octahedron. The number in a white circle

shows the O site given in Table 2. The value near the V shows the distance (As ) from the centric V (see Table 4).
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preferably because it has the smallest value of bond-valence
sum and the longest average V}O distance. However, it
should be pointed out that the V(1)O

6
octahedron (the

average V}O distance of 2.039 As ) is nearly the same as the
regular VO

6
octahedron in rock-salt-type VO (V}O dis-

tance of 2.04 As (16, 17)) and the V(1)O
6

octahedron is con-
sidered to be capable of being occupied by V2`.
As mentioned above, the crystal contains a small amount
of Cr ions (about 7% of vanadium sites), and Cr ion seems
to be high-spin Cr2`. The ionic radius of high-spin Cr2`
(0.80 As ) is larger than that of V2` (0.79 As ), so Cr2` is also
considered to occupy V(1) or V(3) sites, like V2`. In addi-
tion, Cr2` would occupy a V(3) site, to take into account
that high-spin Cr2` (d4) displays the Jahn}Teller e!ect. The



FIG. 7. Temperature dependence of magnetic susceptibility of BaV
13

O
18

.
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V(1)O
6
octahedron is nearly regular and not appropriate for

high-spin Cr2` (d4) compared to the V(3)O
6

octahedron
containing di!erent V}O distances.

It may not be possible to determine the charge distribu-
tion of vanadium and chromium ions because of the forma-
tion of cation}cation bonds throughout the structure as
discussed below. The cation}cation bonds are considered to
result in a mixed itinerant and localized character of
vanadium ions.

V}V (Cation}Cation) Bonds

The critical V}V distance for cation}cation bond forma-
tion is reported to be 2.94 As (18). V}V distances in
BaV

13
O

18
are from 2.5012 to 3.073 As as given in Table 4.

Attending to V}V distances of 2.94 As or less, we can con"rm
the continuous V}V link throughout the structure; for
example, V(1)}V(3)}V(2)}V(3)}V(1) as shown in Fig. 6.
From a structural point of view, the possibility of V}V bond
formation is suggested.

The measurement of the temperature dependence of mag-
netic susceptibility was carried out by using single-phase
BaV

13
O

18
, and the result is shown in Fig. 7. BaV

13
O

18
exhibited paramagnetic behavior with an e!ective Bohr
magneton number of 0.073. The small value of the e!ective
Bohr magneton number is due to the delocalization of 3d
electrons, indicating the formation of V}V bonds. When
every 3d electron delocalizes, BaV

13
O

18
should exhibit

Pauli paramagnetism. The slight localization of 3d electrons
in BaV

13
O

18
would result from the localized level caused by

the 3d orbital which does not form a V}V bond because of
the out-of-critical distance for the cation}cation bond.

The metallic character of delocalized 3d electrons and
electron hoppings of localized 3d electrons are expected to
have an e!ect on the electrical conductivity of BaV
13

O
18

.
Electrical conductivity measurement of BaV

13
O

18
revealed

the semiconductor behavior with an electrical conductivity
of the order of 102 S )cm~1 in the temperature range of
80}300 K.

SUMMARY

In this study, the crystal structure of BaV
13

O
18

was
determined by single-crystal X-ray study. The crystal struc-
ture and magnetic behavior suggested the possible forma-
tion of V}V bonds in BaV

13
O

18
. Low-valence-state metal

ions would cause the reduction of an ionic bond, destabiliz-
ing compounds. However, when cation}cation bonds are
formed, they are expected to stabilize the structure.
Although there have been few reports on compounds con-
taining low-valence-state metal ions before now, new com-
pounds will be found.
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