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Phase-pure Ba, VO, has been synthesized by hydrogen reduction of a mixture of Ba,V,0; and 20%
excess BaCOy at 1200-1250°C, and its crystal structure, designated as 8-Ba,VQ,, refined using a
combination of powder neutron and X-ray diffraction data, 1t is monoclinic, space group P2,/n (no.
14), with & = 6.0191(T) A, b = 7.6494(7), ¢ = 10.465(1). # = 92.3%1)°, and V = 481.4(2) A* from
Guinier X-ray diffraction data. 8-Ba,VO, is isostructural with 8-Ca,Si0,. The structure is closely
related to 8-K,80, and consists of isolated VO~ tetrahedra and loosely bonded Ba{1)Q, and Ba(2)O,
polyhedra. Its magnetic behavior can be approximated as an § = } infinite Heisenberg linear chain.
The crystal structure and magnetic properties of the 8-Ba,VQ, are compared with those of the structur-
ally related high-temperature form of Sr,VO, (8-8r,V0,). Reexamination of the crystal structure of
the latter discloses that one of the V(IV) atoms has a rare trigonal bipyramidal coordination and that
this atom is weakly bonded to a VO tetrabedron forming o V,08 " dimer. The formation mechanism
of B-Ba,VO, and the possible existence of an orthorhombic form isostructural with 8-K,80, are also

discussed. @ 1993 Academic Press, Inc.

Introduction

We recently reported the synthesis and
characlerization of the metastable high-tem-
perature form of Sr,VO, (/) which contains
VO3~ tetrahedra and is an interesting mag-
nctic dimer. The high-temperature form of
Sr,V0O,., hereafter designated as 8-Sr,VO,,
is actually isostructural with Sr,CrQ, which
has a superstructure of the 8-K,80, type.
The existence of VOj~ tetrahedra in g-
S5r,VO, recalls the well-known fact that
tetrahedral coordination is the rule for the
group IVA elements such as Ge and Si. In
fact, the ternary alkaline earth silicates,
M,8i0, (M = Ca, Sr, Ba), have various
types of crystal structures most of which are
closcly related to that of 8-K,S0O, (2-6) and

the known forms of Sr,GeQ, and Ba,GeO,
have the 8-K.,80, type structure (3). Tetra-
hedrat TiO$~ is also known with two forms
of Ba,Ti0, similar to those of Sr,Si0, and
Ca,Si0, (7, 8). Ba,VO, was reported to be
isostructural with 8-K,S0, (9, 1), but no
detailed structural data were available and
its physical properties were unknown.
Ba,VO, would be structurally closely re-
lated to B-Sr.VO, if it is indeed isostructural
with 8-K,50,. In order to understand the
effect of the size of the alkaline earth on the
crystal chemistry and the magnetic behavior
of VO! -containing oxides, we carried out
a detailed study of the BaO-VO, system.
In this paper the synthesis, crystal struc-
ture, and magnetic data of the new g-
Ca,Si0, type Ba,VO, are presented.
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SYNTHESIS AND CHARACTERIZATION OF Ba,VOQ,

Experimental

Synthesis of Ba,VO,

Ba,V,0, was first made by firing an inti-
mately ground and pelleted mixture of 3: 1
BaCO; (Acsar, 99.9%) and V,0; (Cerac,
99.9%) at 950°C in air for 24 hr, A 1:1 mix-
ture of Ba; V.0, and BaCO; was ground with
acetone, dried, and pelleted. The pellets
were confined in a 1.25 cm diameter open
molybdenum tube which was secured in an
alumina boat. The mixture was heated in a
flowing hydrogen gas atmosphere in a tubu-
lar furnace to [200-1250°C within 4 hr, and
then soaked for 24 hr. After cooling down,
the pellets were pulverized, and 20% more
molar BaCO, was added and intimately
ground, pelleted, and finally fired in hydro-
gen at 1250°C again for 24 hr following the
same procedure as the first firing. The final
product was cooled slowly in the furnace.

X-ray and Neutron Diffraction

Al specimens were examined routinely
using a Guinier—Hiagg camera (IRDAB
XDC700) with CuKwal radiation and a Si
standard, The Guinier data were read with a
computer-controlled automated LS-20 type
line scanner (KEJ INSTRUMENTS, Tiby,
Sweden). Step-scanned X-ray powder dif-
fraction data of Ba,VO, suitable for profile
refinement were collected in the range
15° < 26 < 80° using a Nicolet 12 diffracto-
meter with CuKe radiation. Neutron dif-
fraction data for powder Ba,VO, were col-
lected at the McMaster Nuclear Reactor
using 1.3913 A neutrons obtained by reflec-
tion from a Cu [200] monochromator. The
X-ray data refinement was cffected on a
VAX computer using LHPM1 of Hill and
Howard (/1) which is a modified version
of DBW3.2 due to Wiles and Young (12).
Details of the neutron data collection and
refinement methods have been described
previously (/3). Neutron scattering lengths
(fm) used were 5.25, —0.382, and 5.805 for
Ba, V, and O, respectively (/4).
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Magnetic Susceptibility Measurement and
Thermogravimetrical Analysis

Susceptibility data were obtained using a
Quantum Design SQUID magnetometer in
the temperature range 4.5 to 300 K using
pelleted specimens at an applied magnetic
field of 0.2 T. Diamagnetic corrections were
applied. Thermogravimetrical analysis
{TGA) was performed with a Netzsch STA
409 Thermal Analyzer in flowing (3, atmo-
sphere at a heating rate of 5°C/min to 900°C.

Results and Discussion

The black grey Ba,VO, prepared using
20% excess BaCO, was a single phase. Its
thermal behavior is interesting. The speci-
men started oxidation above 200°C, with a
maximum weilght gain of 3.19(5)% ail
~680°C, and then underwent a gradual
welght loss upon further heating in O,.
Rapid weight loss occurred above 830°C and
eventually it reached a plateau with ex-
tended heating at 900°C. These data suggest
the formation of an intermediate, which was
identified by powder X-ray diffraction as
Ba(, besides the expected product
Ba,V,0,. The observed final net weight
gain, 1.80(5)%, is reasonably close to the
calculated value of 2.05% for BaQ and
Ba;V,0; as the final products, and suggests
that the Ba/V ratio is very close to 2/1 as
expected for chemically pure Ba,VO,. The
small discrepancy possibly indicates the ex-
istence of a trace amount of unreacted BaQ
or another form of it that was not seen by
X-ray and neutron diffraction.

Crystal Structure

Powder X-ray diffraction peaks matched
principalty those reported for Ba,VO, with
apparent deviations in the low angle region,
but more low angle reflection lines were ob-
served in ocur experiment than reported pre-
viously (9, 10). Aleast-squaresrefinement on
the suggested orthorhombic lattice parame-
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ters using S0 observed interplanar d-spacings
gave a very poor fit, 33 values being rejected
even though the refined unit cell parameters,
a = 10391 A, b = 7.66(1) A, and ¢ =
6.063(5) A, were close to those reported pre-
viously (9). Furthermore, the powder neu-
tron profile of Ba,VO, could not be refined
based on the proposed orthorhombic 8-
K,50, model. The difference profile clearly
revealed the mismatch of some peak posi-
tions, which is a common problem encoun-
tered when improper cell parameters are
used. These results suggested that the true
symmetry of Ba,VO, was not orthorhombic,
at least for the specimens prepared by the
method described above.

An attempt was then made to index the
observed d-spacings. The first 17 peaks can
be indexed completely by TREOR (/5)
based on a monoclinic cell with lattice pa-
rameters ¢ = 10.468(4) A, b = 7.646(2) A,
¢ = 6.019(2) A, and 8 = 92.39(3)° and high
figures of merit, M{17) = 29 and
F(17) = 41. No orthorhambic solution was
obtained. A least-squares refinement based
on this monoclinic cell with 42 observed d-
spacings gave the final lattice parameters
a = 10.465(1) A, b = 7.64947) A, ¢ =
6.0191(7) A, and 8 = 92.39(1)°, with rejec-
tion of only eight peaks due to ambiguous
indexation caused by peak overlaps. Ob-
served and calculated J-spacings and ob-
served intensities are listed in Table 1. The
systematic extinction ¢onditions suggested
the space group P2,/n. When appropriate
permutations about the lattice parameters
were made, the similarity between Ba,VO,
and the monoclinic forms of Ba,Ti0Q, (7), 8-
Ca,Si0, (5), and 8-Sr,8i0, (4), all of which
are isostructural and closely related to 8-
K,S0,, can be noticed immediately. The
correctness of the structural model was con-
firmed by the subsequent profile refinements
using both powder neutron and X-ray dif-
fraction data. For convenience this new
phase is designated as 3-Ba,VO, by analogy
with the 8 phases of Ca,5i0, and Sr,5i0,.
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TABLE 1

OBSERVED (GUINIER DATA) AND CALCULATED IN-
TERPLANAR 4-SPACINGS AND OBSERVED QUINIER IN-
TENSITIES FOR 3-Ba,V04

ook ! g s L
10 -1 53097 5.3016 4.5
oo ~1 43618 4.3588 6.8
o1 2 43182 4,316 3.1
0 2 1 35919 3.5885 10.9
o -2 35652 3.5630 29.1
(B 2 3.4507 3.4504 377
12 0 3.2273 3.2263 38.0
0 1 3 3076 3.1712 2.4
1 2 L 31034 3.1024 63.6
0 2 2 3.0868 3,0864 54.5
I 0 =3 30m6

L 1 3.0645} 3.0687  100.0
20 0 3.0069 3.0062 79.9
L0 3 2.9624 2.9620 46.2
12 =2 274 2.7734 6.5
12 2 27191 27193 10.0
0 2 3 25761 2.5765 25.8
21 -2 2.5081 2.5092 7.0
0 3 1 24772

o ] s aan 5] 2.4767 50.4
2 2 2.4283 2.4287 9.6
2 2 0 2.3639 2.3609 11.1
12 -1 2321

N 4 23200] 2.3200 10.4
13 -1 2.2985 2.2980 3.2
22 1 2.289% 2.2900 12.6
r3 1 2.28% 2.2824 46
[ 4 22565 2.2558 4.4
2 -3 22247 2.2251 1.3
22 =2 2189 2.1807 30.8
0 2 4 2.1581 2.1584 5.4
2 3 21419 2.1421 14.0
2 2 2 21279 2.1286 16.6
0 3 30 2.0579 2.0578 7.4
01 s 20172 2.0176 16.1
2 2 -3 1.9868 1.9865 10.5
21 -4 1.9484. 1.9481 2.8
0 4 0 19124 1.9129 5.8
23 L 19027 1.9029 8.6
2 3 -2 1.8390 1.8398 3.6
0 2 S 1.8348 1.8351 42
14 0 1.8224 1.8223 8.0
0 4 2 L7960 1.7955 29.2
1 4 i 17915 1.7917 8.2
32 0 L7755 1.7754 6.5
300 -1 17699 1.7706 12.4
302 -1 L7612

L3 4 ”609] 1.7610 34.2
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TABLE I—Continued

h k { dal dnhs Lo,
3 2 1 1.7399 1.7396 11.0
l 3 4 1.7326 1.7328 14.2
2 i -3 1.7072

T 0 ; 1_7072] 17072 14.6
3 2 -2 1.7004 1.7021 28
2 3 3 1.6791 1.6790 6.4
0 4 3 1.6766 1.6766 7.t
1 l -6 1.6528 1.6328 7.6
3 1 -4 1.5884

Y 2 6 | .5858] 3887 6.8
2 4 -2 1.5517 1.5521 5.0
3 k! 1 1.5508

; X p 1.5490} 1.5496 3.0
4 0 0 1.5035 1.5036 1.5
2 4 -3 1.4770 1.4770 4.6
1 5 1 1.4701 1.4704 3.2
0 3 2 1.4683 1.4684 4.6
1 5 | 1.4659 1.4660 7.1
2 4 3 1.4520 1.4522 4.2
2 3 -5 1.4436 1.4427 1.2
1 ! -7 1.4379 1.4384 3.8
3 4 0 1.3837 1.3837 3.2
2 2 6 1.3812 1.3812 3.6
4 2 1 1.3799

. 4 1_36%} 1.3693 5.2
3 4 1 1.3666 1.3669 6.9
3 3 4 1.3305 1.3304 s
1 3 -4 1.2954 1.2950 2.8
4 0 4 1.2804 1.2802 3.2
0 6 0 1.2749 12735 34
0 5 3 1.2347 1.2296 3.3
4 1 -3 1.2254 1.2272 32
2 3 -4 1.2184

20 -8 1.2174} 1.2173 3.3
1 5 5 1.2037 12023 6.4
2 3 ) 1.2003

4 3 3 1.2000 1.2002 13.8
2 5 4 11997

1 6 -3 1.1775 11775 9.6
3 0 7 1.1745

s 6 0 !.!738} 1.1739 12.8
I 6 3 L1711

2 4 6 l.]'."IO} 11712 8.8

Note. a = 6.0191(7) A, b = 764947 A, ¢ =
10.465(1) A, B = 92.3%(1)°, P2)/n. Z = 4.

The observed, calculated and difference
neutron pattern of Ba,VO, are plotted in
Fig, 1. The fit is seen to be excelient. Data
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F1G. 1. Observed, calculated, and difference neutron
powder pattern of 8-Ba,V(,. Bragg peak positions are
marked in the lower level as bars,

collection conditions and refinement details
are summarized in Table 1I, and atomic
parameters are listed in Table 111. Because
of the exceedingly small neutron scattering
length of vanadium, its atomic position
cannot be refined in the neutron profile
refinement. The X-ray data refinement was
used primarily to solve this problem. On
the other hand, due to the existence of
only a few intense reflections in the X-ray
diffraction pattern and to the relatively
poor profile data, oxygen positions could
not be refined satisfactorily from the
X-ray data. Thus the two methods are
complementary. Positional parameters of
oxygen atoms from the neutron profile re-
finement were used and held fixed in the
X-ray data refinement. This was believed
to be the major cause of their high tempera-
ture factors.

The crystal structure of Ba,VO, is viewed
along the & unique axis with VO3~ tetrahe-
dra outlined as shown in Fig. 2. Selected
bond distances and bond angles are listed
in Table 1V, together with those of the VO3~
polyhedra for j3-5Sr,VO, for comparison.
Unit cell parameters of interesting com-
pounds are also compared in Table V. The
structures of §-Ca,Si0, (5} and 38-Sr,Si0,
(4) models have been well described pre-
viously. The structural characteristics of
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TABLE 11

Data COLLECTION CONDITIONS AND REFINEMENT
DETAILS FOR Ba,VO,

Neutron X-ray

Cell parameters

alA) 6.000(2) 6.025(1)

b{fo}) 7.630(3) 7.661(2)

c(f&) 10.438(4) 10.486(3)

B(*) 92.3642) 92.39(1)

V(AY 477.4(5) 483.6(3)
20 range () L1=110 15-79
Step size (%) 0.10 0.030

Counting time (sec) — 15

Nuclear Ry/Bragg Ry 0.0388 0.0477
Weighted profile Ryp 0.0403 0.0883
Profile Rp 0.0328 0.0696
Expected Rg 0.0228 0.0577
No. of profile points N 991 2134
No. of parameters refined 43 11
Independent reflections 423 36

Ry = Rp = X Ly, — Lol /= ops
Ryp = {{Zw(¥op, = Yol YV Zw '™
Rp = Z|¥ps — YeulcVZ Vo,

Rg = [(N — PVEwYi "

Note. Space group P2,/n, Z = 4.
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F1G. 2. Perspective view of the crystal structure of
B-Ba, VO, along the p-axis. Dotted lines represent the
shortest and next shortest O-0O contact distances,

Ba, VO, can be summarized as consisting of
isolated VO3~ and loosely bonded Ba(1)0,
and Ba(2)Q, polyhedra. The VO3~ tetrahe-
dra are well separated with the shortest V-V
distance of 4.74 A. They are distributed in
three dimensions such that no clear dimer,
chain, or two-dimensional character is rec-
ognizable. The loose bonding nature of the
Ba atoms in this structure can be seen from

TABLE Il

ATOMIC PARAMETERS FOR Ba,VO, FROM NEUTRON AND X-Ray
(1N SQUARE BRACKETS) POWDER DIFFRACTION DaTa

Atom Site x v z B(AY
Ba(l} Aa) 0.259(2) 0.345(1) 0.576(1) 1.1(2})
0.261(2) 0.347(1) 0.5749(9) 3.7(4)]
Ba(2) 4{a) 0.263(2) 0.007(2) 0.3023(9) 0.9(2)
[0.259(2) —0.001(1) 0.3021(8) 4.4(4)]
v 4ia) 0.247 0.784 0.0206 1.8
[0.247(4) 0.784(2) 0.0206(5) 1.8(7)1]
o 4(a) 0.273(2) 0.011(1) 0.5799(9) 2.3(2)
[0.273 0.011 0.5799 9]
0{2) Ha) 0.212(2) 0.683(2) 0.4267(9) 1.4(2)
[0.212 0.683 0.4267 (2]
0(3) 4a) 0.495(2) 0.684(1) 0.636(1) L12)
[0.495 0.684 0.636 9(2))
0 4) 4(a) 0.018(2) 0.719(2) 0.671{1) 1.6(2)
[0.018 0.719 G.671 9]
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TABLE IV

SELECTED BOND DISTANCES (f\) AND BoND ANGLES
(") IN B8-Ba,VO, aND 3-5r,VO,

B-8r, VO,
V(1H-0(3) 1.88(2) V(2)-0Oit) 1.742)
Vil)-5) 1.75(2) Vi2)-02) 1.7143)
ViD-0(" 1.76(2) Vi2r-0i4) 1.99(3)
V{1-0(8} 1.653) V(2)-0i6} 1.96(2)
V{n-0(y 2.373)
Average 1.76(2) tetrahedron 1.85(3)
trigonal bipyramid 1.95(3)
C3)-V(1-(5 103(2) O(1)-V(2)-0(2) 3%
Y-V )-O(N 0001 Oi-V(2)-0(3) 84(1)
O3)-V(1-O(8) 126(1} H1)-V(2)-0Oi4) 107(2)
QH-V(L-N [HEIAN H1-V(21-0ia) 971
OE-V{1H-8) L13(1) H2=-V(2)-00) B3(h)
O7}=-V(1)-0(&) 109(2) 012}-¥i(2)-0id) 108(1)
O)-Vi(2)-0n6) 981
O{3-V(2)-0(4) 80(1)
O{N-¥IH-016) V7H2)
O()-V(2)-0(6) S7(1}
Averape 169(1) tetrshedron H08(1)
BBa, VO,
Ba{h-0( 2.543{14) Ba{Z}-0(1) 2.896(13)
Bu(1)-02) 3.023015) Ba(2)-0{1)d 2.99%(15)
Ba(1)-O{2)a 3.179(16} Ba())-0O{le 2.494(15)
Ba(1)-G{2)b 2.836016) Ba(2)-G()f 2817017
Ba(1}-0{3) 3.006(15) Ba(2)-Ci2)g 2.750{15}
Bal1)-O(a 2.716015) Ba(2)-0O(3)a 2.82716)
Ba(1)-0i 3 3.640(16) Ba(2}-0i3th 2.742(15)
Bal1)-0{4} 3.367015) Ba(2)-Oi4ib 2.710(16)
Ba(1}-04h 3.050(16) Ba(2)-0hi 2TL6(16)
Ba(1)-Of4ic 3.063(15)
Average 3.082(16) 2.88301%)
O(1-¥-0(2) 130016
Oi1)-vV-013) 111.6013)
V-0 1.75(2) O(1-¥-0(4) 112.1014)
V-0{2) 1.84(3) O2)-v-0(3) 98.6(13)
V-0 1,733y -V -y 106.3412)
V-Oi4) 1.733) 0(3)-V-0i4) 114.4(15)
Averape L6 109.3(14)
2 Conventions for symmetry codes of B-BaaVO,ra. (1 - X, 1 - Y.
1 =200 (=X 1 =¥, 1 -2 ilb5 - X, =03 +Y, 1.5 -2nd
(- X, =Y. | —Zre{-X =Y, 1-Zpf (X, -1 + Y. 4. g

05 - X, =05 + Y, 05 -Znh (-05+ X, 05 -Y, -05+ Zni.
05+ X. 05— Y. =05+ 4).

the Ba—O bond lengths. Ba{1)-O ranges
from 2.54(1) to as long as 3.64(2) A with
an average value of 3,04 A; Ba(2)-0O from
2.71(2) 10 3.49(2) A with an average value of
2.81 A. The shorter average Ba(2)-O bond
length suggests a slightly tighter Ba(2)-O
bonding. Similar trends have been observed
for the alkaline earth metals in all of the
monoclinic forms.

Although the structure of Ba, VO, and that
of 8-Sr,VO, (/) are both derived from the
same $-K,50, type structure, there exists
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a significant difference between the VO3~
polyhedra of the two vanadium oxides. As
can be seen in Table IV, the coordination
polyhedron of V in 8-Ba,V(Q, is rather
similar to that of V(1} in 8-Sr,VOQ,. Both
types of VO}~ polyhedra have one bond
slightly longer than the other three, and
the average V-0 bond length of 8-Ba,VQ,,
1.76(3) A, is the same as the V{1)-0Q of
the B-Sr,VO,, 1.76(2) A. Meanwhile, the
0O-V(1}-0 bond angles vary from 100° to
126°, also similar to the VO§~ of 8-Ba,VO,
which ranges from 99° to 114°. However,
V(2) of the B-Sr,VO, has a unique feature.
[n the first coordination sphere (bond
length less than 2.0 A), it is bonded to
four oxygen atoms with V(2)~0 distances
ranging from 1.71(3) to 1.99(3) A and an
average of 1.85(3) A, and bond angles
ranging from 97° to 139°. Apparently
V(2)O4~ deviates from an ideal tetrahedron
{(~109.5%) far more severely than the other
VOi~ polyhedra just discussed. Further-
more, V(2) seems to be loosely bonded to
O(3) at a rather long distance of 2.37(3)
A as well. Similar long V-0 bonds had
been reported for some reduced VO,,,
oxides. For example, in V,0, there is a
long V-0 bond for three of its four non-
equivalent V atoms, which ranges from
2.23 to 2.50 A (I6).

Because O(3) is direcily bonded to V(1),
being the longest among the V{1)-O bonds,
the V(1} and V(2) polyhedra can be viewed
as linked by O(3) to form a V,0§~ dimer,
and the V{(2) coordination polyhedron can
thus be described roughly as a trigonal
bipyramid with average V(2)-O of 1.95 A.
Relevant bond distances and bond angles
are also listed in Table IV. Such a molecu-
lar geometry is shown in Fig. 3. The pack-
ing of the dimers in the crystal structure
as viewed perspectively along the shortest
b-axis 1s shown in Fig. 4. It is worth
emphasizing that the VOJ~ polyhedra of
B-Ba,VO, are truly isolated because for
the second coordination sphere even the
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TABLE V

LATTICE PARAMETERS OF 8-Ba,VO, {GUINIER DATA) AND OTHER STRUCTURALLY RELATED OXIDES

Compound alA) B(A) e(A) B V(AY Comments Reference
{-)Ba,TiO, 6.1147(5)  7.6735(6)  10.5496(7)  93.182(6)  494.2 @n
(e'-)Ba,Ti0,  6.1069(5)  7.6514(6)  10.5502(7) 90 493,0 (8
B-Ba,vVO, 6.0191(7)  7.6494(7) 10.465(1)  92.39%(1)  481.4  Slowiy cooled This work

6.015(1)  7.643(1)  10.484(1)  92.31{2)  481.6  BO0°C quenched  This work

6.014(1)  7.644(1)  10.495(1)  92.10{1)  482.1  1100°C quenched  This work
(@-Ba,CrO,  5915(1)  7.627(1)  10.466(2) 90 472.2  Slowly cooled (20)
(a'-)Ba,Si0,  5.805 7.498 10.198 30 4439 (3)
(a’-)BasGeQ,  5.982 7.576 10.417 9 472.1 H
B-51,810, 5.663(1)  7.084(2) 9.767(2)  92.67(2)  391.4 )
a'-81,8i0, 5.682 7.090 9.773 90 393.7 )
{o'-)-Sr,GeO,  5.859 7.155 9.940 90 416.7 @)
B-Ca,Si0, 5.502(1)  6.745(1) 9.297(1)  94.5%2) 3439 )
a'-Ca,Si0, 5.59 6.85 9,49 90 363.0 ()

Note. 1. Two more phases are known for Ca,8i0, (6). 2. Space groups: the g-phase: P2,/n (No. 14), strongly
deformed 3-K,S0, type structure; the a'-phase: Pmnb (No. 62), isostructural with 8-K,S0,.

shortest V-0 contact distance is as long
as 3.76(1) A.

The V,08~ dimer description provides an
alternate way of understanding the observed
magnetic behavior of B8-Sr,VO, (/). The
large V(1)-0(3)-V{(2) bond angle of 147°
should allow a reasonably good orbital over-
lapping. Thus this V(1)-0O(3)-V(2) pathway
is more likely responsible for the observed
magnetic dimer behavior than the pre-

FIG. 3. Molecular geometry of a V,0f~ dimer in 8-
Sr2VO4.

viously

pathway.

Not surprisingly. all these VO!~ polyhe-
dra are less regular than the SiO}~ polyhe-
dra found in the 8 types of A,5i0, (A = Ca,
Sr). The SiO, polyhedra in the silicates are
more similar to an ideal tetrahedron. For
example, the Si-O distances range from

suggested  V(I1)-0(3)-0O(1)-V(2)
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\%}_ \.3
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Fig. 4. Packing of V,0}~ dimers in 8-8r,VO, as

viewed along the b-axis.
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.61 to 1.65 A (average 1.63) and the
0-Si-0 angles from 102.8 to 111.8° (aver-
age 109.5) for 8-Ca,8i0, (3).

It would be of interest to compare the
structures of B-Ba,V(Q, and monoclinic
Ba,TiO, (7). Unfortunately, the published
structure for Ba,TiO, is of low precision,
rendering dubious any meamngful compar-
isons,

It is worth noting that the known com-
pounds containing tetrahedral MOi~ for
M = Ti, V, and Cr are mainly those of the
large-sized Sr’* and Ba®*. For Ca’* only
octahedral and square pyramidal M-O coor-
dination are known. For Srtetrahedral AM-0
coordination has been found only for M =
Cr (/7yand V (1) in addition to other coordi-
nation types while Ba seems to favor only
tetrahedral coordination for M under ambi-
ent pressure, This seems to suggest that in-
creasing the size of the alkaline earth metal
ion has the net effect of decreasing the inter-
nal packing pressure and thus favors the
formation of 4-coordinated MO}~ poly-
hedra.

Magnetic Propertics

Resistance measurements on sintered pel-
lets with a typical size of 5 ¥ 5 % 2 mm?
by a two-probe method at room temperature
indicated that Ba,VQ, is insulating with a
bulk resistance =30 M. There exists a
broad maximum in the magnetic susceptibil-
ity curve of Ba,VO, at ~11 K which indi-
cates the presence of short range magnetic
correlations. As would be expected from the
above discussions of the crystal structures,
the observed magnetic susceptibility data of
Ba,VO, cannot be fitted to a simple dimer
model like 8-Sr,VO,. An attempt to fit the
data to a two dimensional (2D) Heisenberg
mode] also failed. Both the dimer and 2D
models predicted a significantly sharper
maximum. The best fit was obtained using
an § = i one dimensional (1D) Heisenberg
model. The equation used for the 1D fit can
be written as
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F1G. 5. Observed and calculated magnetic suscepti-
bility curves for 8-Ba,vVO,.
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where X = k7/|J|, 2 is the powder-averaged
g-factor, and J is the exchange constant.
The first term is from Hatfield (/8) and eval-
uates the susceptibility for a 1D § = ;
Heisenberg system. The last term corrects
for temperature independent contributions.
The following coefficients which were ob-
tained from a fit of the 1D equation to a
theoretical calculation for the § = 1 Heisen-
berg system (/8) were used in our calcula-
tion: A = 0.25, B = 0.14995, ¢ = 0.30094,
D = 1.9862, E = 0.68834, F = 6.0626. The
fitting gave g = 1.91, J/k = —8.99 K, and
xmip = 9.9 x 107° cm’-mol~' which are
reasonable. The observed and calculated
data are plotted in Fig. 5.

Since the VOj~ polyhedra in Ba,VO, are
isolated and their arrangement does not sug-
gest any clear low dimensionality, it is not
obvious why the structure displays quasi-
one dimensional character as suggested by
the magnetic data, The magnetic superex-
change coupling must involve V-0-0-V or
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more complicated V-0O-Ba-0-V path-
ways. One possible mechanism that exhibits
quasi-one dimensional character parallel to
the ¢ axis is outlined in Fig. 2, That is the
V-0(3)-0(4h)-v{Oh) pathway which in-
volves the shortest O—O distance and VO3~
groups from neighboring unit cells. Relevant
distances (A) are 1.73(3), 3.16(3), and
1.73(3) from left to right and bond angles (%)
of 147(2) for V-0(3)-0(4h) and 140(2) for
0(3)-0(4h)-V(Oh). Obviously the 1D
model, though the best among those tried,
cannot explain the magnetic behavior satis-
factorily. As shown in the inserted graph
in Fig. 5, the observed antiferromagnetic
transition on the susceptibility curve is actu-
ally shightly sharper than that evaluated
based on a simple 1D Heisenberg model.
This is not surprising considering the fact
that the arrangement of the tetrahedra is
truly three dimensional. For example, the
next shortest O-0 distance, 3.25(3) A, in-
volves oxygen atoms from neighboring
‘‘chains.”

Another notable difference between the
magnetic behavior of 8-Ba,VO, and pB-
Sr,VO, is the magnitude of the magnetic
exchange constant. The exchange coupling
constant of 8-Ba,VO, is only about § of that
tor B-Sr,VO, (g = 1.88, JIlk = =52 K).
This result is again a reflection of the fact
that the VO]~ polyhedra in 8-Ba,VO, are
linked through a long O-0 distance (3.16
A), compared to that of the “‘dimer” in 8-
SrVO0,.

The magnetization curve of 8-Ba,VO, at
5 K is presented in Fig. 6. No clear indi¢a-
tion of a spin flop transition up to 4 T in Fig.
6 or a susceptibility anomaly below the x,,
temperature in Fig. 5 can be seen. Thus the
magnetic data do not suggest long range
magnetic order down to 5 K.

Formation Mechanism of Ba,VO,

The synthesis of phase-pure Ba,VO,
turned out to be more difficult than the

LIU AND GREEDAN

0.00

R T
00 05 10 15 20 25 30 35 40 45
MAGNETIC FIELD (T)

FiG. 6. Change in magnetic moment of 3-Ba,V(, as
a function of applied magnetic field at 5 K.

seemingly easy H, reduction indicated by
the chemical equation

Ba;V,04(s) + BaCOy(s) + H,(g) —
2Ba,VO,(s) + CO. s} + H,0(g). (1)

The reaction was strongly affected by the
type of container used, and most importan-
tly, the composition of the reactants as ex-
plained below. Other reaction routes such as
the direct synthesis of Ba,VO, by inductive
heating of a2Ba0 + VO, mixture in a sealed
Mo tube failed because of the difficulty mn
handling the extremely air- and moisture-
sensitive BaO. Hydrogen reductions of pre-
cursors of other combinations such as
Ba;V,0; and Ba(OH),, BaCO, and BaVQ,
which was first made by reducing Ba,V,(,
in hydrogen at 1200°C, and even 4BaCO,
and V,0, obtained by hydrogen reduction of
V,0; at 650-750°C all resulted in the initial
formation of Ba,V,O; and its subsequent re-
duction. Thus the route in Eq. (1) was cho-
sen. Ba,V,0, alone cannot be reduced by
hydrogen even at 1350°C. When a stoichio-
metric amount of BaCO; was used, Ba,V,0
was always observed in the final product
even with repeated grinding and heating.
The mass loss was always more than that
expected according to Eq. (1). The possibil-
ity that the extra mass loss could be due to
the formation of nonstoichiometric Ba,-
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VO,_, cannot be ruled out completely.
However, it is not likely because the compo-
sition Ba,VO,_, for x > (0 would require V3*
in four coordination which is highly un-
likely. The loss of BaO probably occurred
during the reaction through sublimation in
the form of Ba(OH), that could form from
BaO and the moisture produced in the reac-
tion, In fact, the deposition of unidentified
white material was observed in the support-
ing alumina boat near the areas outside the
molybdenum tube in which the reactants
were confined. Thus the 20% excess BaCQ,
is necessary to force reaction (1) to comple-
tion. It is worth noting that higher concen-
trations of BaCO; (>1.5 mol) will lead to
the contamination of the product by
Ba;VO;. The existence of BaCO,, which
decomposes into BaQ and CO, quickly at
the reaction temperature in the presence of
hydrogen, precluded the use of alumina
boats as containers. The use of inert plati-
num crucibles, on the other hand, seemed
to increase the loss of BaO. Finally, molyb-
denum was found to be an appropriate con-
tainer material.

According to the studies on the silicates
mentioned previously, amoung the various
polymorphs, the monoclinic 3-5r,5i0, and
B-Ca,Si0, are the lower-temperature phases
and the orthorhombic ' forms are the
higher-temperature phases (6). Monoclinic
Ba,TiO, can also be considercd as the low-
temperature normal phase; the high-temper-
ature phase is again orthorhombic (8). It is
interesting to note that Ba,Ti0, undergoes
a Martensitic phase transition when cooled
from high temperatures, and the high-tem-
perature form can be stabilized at room tem-
perature when prepared by the alkoxide pre-
cursor method {crystallized in a very fine-
grained condition and the specimens were
heat-treated overnight at 800°C) (8). Other-
wise specimens of pure Ba,Ti0O, exist as a
mixture of both phases. Thus orthorhombic
B-K,50, type Ba,VO,, if it exists, would be
expected as the high-temperature form.
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Fig. 7. Observed Guinier powder patterns of 5-
Ba.VO,. (CuKal, x = 1.5406 ﬁ\; Siinternal standard.)
(a) Slowly cooled hydrogen reduction product; (b) air-
quenched at 800°C: (¢) air-quenched at 1100°C.

Though an orthorhombic form of Ba,VO,
had been reported, the evidence provided
is not convincing (9). In our experiment,
the hydrogen reduction product was cooled
slowly, and when a stoichiometric amount
of BaCO; was used, the product always con-
tained Ba,V.0;. No such details were men-
tioned in the original paper but a similar
method was used (hydrogen reduction of a
Ba,V,04 and BaO mixture at 1100°C). In
order to test the possible formation of ortho-
rhombic Ba,VQ, during quenching, pelleted
specimens of Ba,VO, were sealed under a
10~% Torr pressure in quartz, heated to
800°C and 1100°C for 1-2 hr, respectively,
and then air quenched and the products ex-
amined by Guinier X-ray diffraction. In both
cases the formation of a small amount of
Ba,V,0, was observed. Diffraction patterns
from scanned Guinier films are compared
in Fig. 7. Several reflection peaks showed
visible shifts, (1 0 3) being the most promi-
nent,and (11 2)to alesserextent. However,
the symmetry of the Ba,VO, phase re-
mained monoclinic. Relevant lattice param-
eters are listed in Table V.

The above experimental results suggest
that it is not likely that an orthorhombic
form of Ba,VO, could form during quench-
ing. This led us to guestion the reliability of
the previously assigned orthorhombic sym-
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TABLE VI

OBRSERVED AND CALCULATED INTERPLANAR d-SPAC-
INGS AND INTENSITIES FOR “"ORTHORHOMBIC™
Ba, VO, a = 6.056(4) A, b = 7.70X5), ¢ = 10.387(6),
Pmnb (No. 62), Z = 4

h k / dobs dcal Ioba J':aI
1 0 1 5.24 5.232 7 8
1 ] 1 - 4.328 — 16
0 1 2 4.30 4.306 6 6
0 2 1 3.60 3.611 15 8
0 0 3) 346 3.509 19 81
I 2 0 3.255 3.2496 40 21
0 i 3 3.170 3.1579 40 22
1 2 1 3.120 31014 60 94
0 2 2 3.090 3.0934 100 40
2 0 0 3.024 3.028 65 84
1 0 3 2.976 3.0058 45 100
2 0 1 2.910 — 10 —
| 1 3 2.794 2.8001 7 <}

Note, The Miller indices are those reported (/0}; the
lattice parameters were obtained by a least squares
refinement using the reported d-spacings and by impos-
ing the assigned Miller indices. Intensities were calcu-
lated based on the Ba,CrQ, model (20).

metry for Ba,VO,. First we attempted to
index the d-spacings reported for the “‘or-
thorhombic’’ Ba,V(Q, ({/0) by TREOR and
no orthorhombic solution was obtained. In-
stead several monoclinic cells were sug-
gested but all failed to index some of the
given d-spacings. The reported data could
be fitted to the orthorhombic cell parameters
only when the assigned Miller indices were
imposed. This gave a = 6.056(4) A, b =
7.702(5) 15;, and ¢ = 10.387(6) A, which are
reasonably close to the reported values (10).
However, the observed peaks matched
poorly in both positions and intensities with
those calculated using the program LAZY
PULVERIX (/9) and the refined orthorhom-
bic Ba,CrO, as the model (20). Some low
angle reflections are compared in Table VI.
The peaks which exhibit significant discrep-
ancies are d,,,, = 3.46 A, 3.255, 3,120, 3.090
and 2.976; d,,, = 1.910 is not assignable to
the Ba,VO, phase at all. Based on the above
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results, we can conclude that the assignment
of the orthorhombic symmetry for Ba,VO,
reported previously was in error. This was
probably caused in part by the poor quality
of the observed diffractometer data. It is
also believed that their specimens were con-
taminated by Ba,V,04 because d,,, = 2.910
A could be assigned to the second most in-
tense reflection of Ba,V,0y (d = 2.8929 A
or 20 = 30.89°;, I = 75%), and the line at
d,, = 3.255 A is very likely an overlap of
the most intense peak of Ba,V,0, (d =
3.2475 or 20 = 27.44;, I = 1009%) with the
(12 0) reflection of 8-Ba,VO, (d = 3.2263 A
or 20 = 27.63%, I = 38%). This can be seen
clearly in Fig. 7.

These results, however, do not exclude
the possible existence of an orthorhombic
phase for Ba,VO,. It is worth noting that
our quenching experiment results seem to
suggest that the 8 angle decreases with in-
creasing quenching temperature, and the
unit cell dimensions increase (Table V).
Given the fact that the orthorhombic phase
for Ba,TiO, and Ba,CrO, (20} are known,
the existence of orthorhombic Ba,VO, as
a high-temperature form is likely and the
subject is worthy of further studies. Thermal
analysis or in sitiy high-temperature X-ray
diffraction would be likely to shed some
light on this problem.
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