High pressure synthesis, crystal structure and physical properties of
a new Ni(1) perovskite BiNiO3
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A new triclinic perovskite, BiNiOs;, has been synthesized at a high pressure of 6 GPa in an oxidizing
atmosphere. Structure refinements based on synchrotron X-ray powder diffraction and bond-valence
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calculations revealed a disproportionation of the Bi ions into Bi** and Bi’>", both being located in distorted
oxygen octahedra. Because of the presence of Bi>", the oxidation state of Ni was +2, rather than +3 as had
been expected; BiNiO; thus showed insulating behavior with localized spins of S = 1.

Introduction

MNIiO; perovskites (M = rare earth element or TI) have
attracted much attention because of their metal (high tem-
perature phase)—insulator (low temperature phase) (MI) transi-
tion which changes systematically as a function of structural
features.' ™ The transition temperature (7)) increases mono-
tonically as the M ion becomes smaller, or as the tolerance
factor becomes smaller, suggesting that the relevant o* band,
composed of Ni 3d and O 2p orbitals, becomes narrower as
the Ni~O-Ni bond angle decreases.’ However, the systematics
concerning the electronic structure in the insulating phase are
rather complicated. Neutron diffraction studies have revealed
that a charge disproportionation to Ni®* 9% and Ni® =97,
associated with an orthorhombic to monoclinic structural
change, takes place at Ty for M = Lu, Yb, Tm, Er, and Ho.%®
According to X-ray and neutron diffraction studies, there is no
such symmetry change for M = Sm, Nd, and Pr, but the lattice
volume increases by 0.15-0.25% at Ty.” By means of Raman
spectroscopy and electron diffraction, however, a monoclinic
distortion was found quite recently for NdNiOs.'® For PrNiOs,
another mechanism, orbital ordering, may be the origin of the
MI transition.!! This oxide shows an orthorhombic (metal)
to rhombohedral (metal) transition only above 700 K, while
LaNiO; remains rhombohedral and metallic down to 1.5 K.%!2
In this context, the replacement of La*" with a larger ion, such
as Bi®*, could be expected to lead to cubic symmetry and
metallicity. Rather than this simple expectation, we considered
a more intriguing possibility: the lattice volume might be
large enough to make this oxide insulating and, therefore,
more interesting from the perspective of spin—orbital coupled
physics. From this viewpoint, Ni** is an interesting species,
having the smallest spin of S = 1/2 and twofold orbital
degeneracy.'® BiNiO; has previously been reported to be
obtainable at high pressure (HP) with cubic symmetry, but
detailed structural data were not presented. 46

In this paper, we report a successful HP synthesis, newly
discovered structural features, and also the magnetic and elec-
trical properties of BiNiO3. Contrary to our expectation, this
compound has been found to be an insulating antiferromagnet
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which is heavily distorted to triclinic symmetry (P1). A precise
structural analysis based on a synchrotron radiation X-ray
powder diffraction (XRD) study revealed that the Bi ions were
disproportionated to Bi** and Bi’" and, therefore, the oxida-
tion state of Ni ion was +2 rather than the expected +3.

Experimental
Synthesis

The high pressure syntheses of polycrystalline samples of
BiNiO; were carried out from a precursor prepared as follows.
Stoichiometric amounts of Bi,O; and Ni were dissolved in
nitric acid, stirred, and then heated at 750 °C in the air for 12 h.
The fine powders obtained were mixed with KClO4 in a weight
ratio of 4: 1 and were sealed in a gold capsule. The sample was
then treated at 6 GPa and 1000 °C for 30 min in a conventional
cubic anvil-type high pressure apparatus. It should be noted
that the heating rate seriously influenced the quality of the
sample. When the temperature was increased slowly, significant
amounts of unidentified impurity phases remained in the final
product. The amounts of the impurities were lowest when the
temperature was increased to 1000 °C in 1 min. After removal
from the capsule, the sample was crushed and washed in
distilled water to dissolve the KCI. Finally, the remaining
solid was dried with acetone. To obtain a sintered pellet for
resistivity measurements, the high pressure and high tempera-
ture treatment was repeated at 6 GPa and 800 °C for 10 min
without mixing with KClO,.

Characterization

Powder XRD data were recorded on a Rigaku RINT 2000
diffractometer using Cu-Ka radiation for phase identification.
Synchrotron XRD experiments were carried out using a large
Debye-Scherrer camera installed at beam line BL02B2 of
SPring-8, Japan Synchrotron Radiation Research Institute,
for the structure refinement. The granularity of the powder
sample was homogenized to 2-3 um in diameter by means of a
precipitation method. The sample was ground carefully with
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ethanol in an agate mortar and then transfered to a Petri dish.
The finely ground sample was well mixed with more ethanol
and left to stand for 45 min so that the large particles pre-
cipitated. The upper half of the suspension was removed, put
in another Petri dish, and left for 1.5 h. Then, particles too
small for the diffraction study were skimmed from the top of
the suspension and the remainder dried at 100 °C for 1 h in
an oven. The powder sample thus selected was transferred to
a 0.1 mm diameter glass capillary. The homogeneity of the
X-ray intensity was confirmed by checking the Debye—Scherrer
pattern image recorded on an imaging plate. The diffraction
data were collected in 0.01° steps with an incident beam of
wavelength 4 = 0.55129 A at 300 K. The structural parameters
were refined by Rietveld analysis of the intensity data in the
20 range 6.9-40.0° with RIETAN-2000"7 on the basis of space
group PI (no. 2).

Physical property measurements

Thermogravimetric and differential thermal analyses (TG-
DTA) were conducted in an 80% N,-20% O, atmosphere. The
sample was heated from 25 to 750 °C at a rate of 5 °C min ™.
DC magnetic susceptibility measurements were performed with
a Quantum Design MPMS XL SQUID magnetometer in an
external magnetic field of 0.1 T between 2 and 400 K on heating
after zero-field cooling and then on cooling. Magnetization was
measured in the external magnetic fields below 5 T at 5, 200,
and 300 K. Electrical resistivity was measured by the dc four-
probe method (silver paste contacts) from 350 to 200 K using a
Quantum Design PPMS.

Results and discussion

Crystal structure

The powder XRD pattern of BiNiO; was indexed with a
triclinic unit cell [¢ = 5.3852(2), b = 5.6498(2), ¢ = 7.7078(3) A,
o = 91.9529(10), f = 89.8097(9), y = 91.5411(9)°]. Since the
lattice parameters corresponded to /2a x /2a x 2a of a
perovskite, the structure refinement was performed assuming
a distorted GdFeOs-type structure. Fig. 1 shows the results of
the Rietveld analysis. The observed, calculated, and difference
patterns, as well as the allowed reflections, are shown in the
figure. The data in the ranges 8.4-8.5, 10.6-11.0, and 12.95-
13.15° were excluded in the refinement because of the presence
of reflections from unidentified impurities. The crystallo-
graphic data and the reliability factors are summarized in
Table 1. The fit was quite good, as indicated by the R; and
Ry values (1.35 and 0.62%, respectively, for 942 reflections).
The oxygen occupancies were fixed to 1 during the refinements.
Those of Bi and Ni were also fixed to 1 in the final refine-
ment because these were fully occupied within the standard
deviations. Fig. 2 illustrates the refined structure of BiNiOj.
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Fig. 1 Observed (+), calculated (solid line), and difference (below)
synchrotron powder X-ray diffraction patterns. The tick marks indicate
the calculated peak positions.
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Table 1 Occupancies, atomic positions, and atomic displacement
parameters for BiNiO5*

Atom Site g x y z BIA?
Bil 2 1 000654) 0.04873)  0.2356(2)  0.66(5)
Bi2 2i 1 051094) 04433(3)  0.72592)  0.49(5)
Nil d 1 0.5 0 0 0.54(20)
Ni2 Ic 1 0 0.5 0 1.26(23)
Ni3 If 1 0.5 0 0.5 0.89(20)
Ni4 g 1 0 0.5 0.5 0.86(21)
o1 2i 1 —0.1488(49) 0.4656(37) 0.2551(32) 0.68(21)
02 2i 1 0.4070(43)  0.0801(35) 0.7607(31)  0.68(21)
03 2i 1 0.8219(44) 0.1760(36) —0.0298(29) 0.68(21)
04 2i 1 0.3236(44)  0.3499(37) 0.0829(31) 0.68(21)
05 2i 1 0.2203(40)  0.8032(39) 0.4030(28) 0.68(21)
06 2 1  06551(41) 0.6638(33)  0.5345(32) 0.68(21)

Y = 53852 (2), b = 5.6498(2), ¢ = 7.7078(3) A, o= 91.9529(10), p=
89.8097(9), y= 91.5411(9)°, Z = 4, V = 234.29(1) A’, R, = 2.72%,
R, = 1.85%, R, = 1.36%, S = 2.00, R, = 1.35%, R = 0.62%.

>0

ac——>p

(b)

Fig. 2 Crystal structure of BiNiO; (a) and the projection along the
¢ axis. (b) The dark and light gray spheres correspond to Bil(+3) and
Bi2(+5) ions, respectively. Ni ions are in the octahedra.

Both Bil and Bi2 form columns in the ¢ direction. As can be
seen from the bond distances and angles summarized in
Tables 2 and 3, the degrees of tilting of the NiOg4 octahedra are
significantly larger compared to other members of the MNiO;
perovskite series.! The Ni-O-Ni bond angles of BiNiO; are
in the range 130.3-144.5°, while even those of LuNiO; are
143.4-145.1°. Another characteristic is the relatively long Ni—
O bond length. The average bond length is 2.09 A, which is
8% longer than that of LaNiO;.” Accordingly, the unit cell
volume (234.3 A%) is significantly larger than that of 2/3LaNiO;
(226.0 A%). This is indicative of low oxidation states for the
nickel ions. This was confirmed by the bond-valence calcula-
tions'® summarized in Table 4. The bond-valence sums for Bil,
Bi2, Nil, Ni2, Ni3, and Ni4 are 2.99, 5.20 1.99, 1.88, 1.98,
and 1.71, respectively, indicating that the oxidation states are



Table 2 Selected bond lengths for BiNiO3

Bond A Bond A

Bil-O3 2.21(2) Bi2-O1 2.03(3)
Bil-0O5 2.27(2) Bi2-0O4 2.04(2)
Bil-02 2.32(2) Bi2-06 2.10(2)
Bil-O3 2.42(2) Bi2-02 2.14(2)
Bil-O1 2.52(2) Bi2-05 2.24(2)
Bil-O4 2.68(2) Bi2-06 2.26(3)
Bil-06 2.96(2) Bi2-0O4 2.99(2)
Bil-O5 3.13(2) Bi2-03 3.00(2)
Bil-02 3.26(2) Bi2-O1 3.46(2)
Bil-O1 3.39(2) Bi2-0O3 3.63(2)
Bil-O4 3.70(2) Bi2-05 3.65(3)
Bil-O6 3.70(2) Bi2-02 3.66(4)
Nil-02 (x2) 1.98(2) Ni2-03 (x2) 2.05(2)
Nil-03 (x2) 1.99(3) Ni2-04 (x2) 2.07(2)
Nil-04 (x2) 2.29(2) Ni2-O1 (x2) 2.13(2)
Ni3-05 (x2) 1.98(2) Ni4-O1 (x2) 2.05(3)
Ni3-02 (x2) 2.11(2) Ni4-06 (x2) 2.11(2)
Ni3-06 (x2) 2.12(2) Ni4-05 (x2) 2.21(2)

Table 3 Selected bond angles for BiNiO3

Bonds Angle/® Bonds Angle/®
02-Nil-03 90.8(9) 03-Ni2-04 87.7(8)
02-Nil-04 94.4(9) O1-Ni2-03 99.8(9)
O3-Nil-04 88.7(8) O1-Ni2-04 88.9(10)
02-Ni3-05 96.0(6) 0O1-Ni4-06 101.8(9)
0O5-Ni3-06 97.7(9) 05-Ni4-06 80.8(7)
02-Ni3-06 81.6(8) O1-Ni4-0O5 86.6(9)
Ni4-O1-Ni2 133.9(13) Nil-O2-Ni3 140.9(11)
Nil-O3-Ni2 144.5(9) Ni2-04-Nil 130.3(10)
Ni3-O5-Ni4 133.5(11) Ni4-0O6-Ni3 138.4(9)

Table 4 Bond-valence sums for Bi and Ni calculated from the Bi-O
and Ni-O bond lengths shorter than 3.2 A

Bil Bi2 Nil Ni2 Ni3 Ni4

Ve 2.99 5.20 1.99 1.88 1.98 1.71
“V is the sum of individual bond valences (s;) for Bi-O and Ni-O.
s; = expl(ro — r)/Bl; B = 0.37, ro = 2.094, 2.06, 1.654 for Bi**-0,
Bi**-0, and Ni**-0, respectively.

Bi**,,Bi* " ,Ni2" 05 rather than Bi*"Ni** O5. The presence of
highly oxidized Bi*" resulted in reduction of the Ni oxidation
state to +2.

The origin of the strong distortion of this compound will
now be discussed. In an ideal perovskite, the A site cation is
coordinated by 12 oxygen ions and the coordination number
decreases with the degree of distortion. In the present triclinic
compound, however, there are discrepancies between the 6th
and 7th shortest Bi-O bond lengths for both Bil and Bi2.
As shown in Fig. 3(a), the six oxygen surrounding Bil make
octahedra which form edge-sharing dimers parallel to the ¢
axis, as do the Bi2 octahedra. Since the Bi-O bond has a
strongly covalent character, Bi ions sometimes occupy the B
sites of perovskites, as in BaBiOs, where a disproportionation
into Bi** and Bi’" also occurs.'” In the case of BiNiOs, both
the formation of BiOg octahedra and the disproportionation
into Bi*" and Bi’" cause the extensive tilting of the NiOg
octahedra and, thus, the distortion of the whole structure.
Judging from the Bi-O and O-O bond lengths, the 6s> lone
pairs of Bil(+3) seem to point in the directions opposite to the
shared edge, as shown in Fig. 3(b). Although this seems to be
inconsistent with the shifts of Bil ions in the octahedra, the
centers of the octahedra are too far from the original positions
of the Bi ions in the GeFeOj structure. The repulsion between

(b)

Fig. 3 Linkage of BiOg octahedra in BiNiOs. (a) Bil(+3) and Bi2(+5)
ions are shown as dark and light gray octahedra, respectively. (b) The
positions of Bi ions and the 6s lone pairs in the octahedra.

the polarized lone pairs cause the dimerization of Bil-O
octahedra. As far as we know, BiNiO; provides the first
example of the disproportionation of Bi ions in the A site.

Thermal stability

TG and DTA curves for BiNiO; are shown in Fig. 4. Weight
loss owing to the release of oxygen was observed in three steps.
The abrupt downturn in the DTA curve at 240 °C indicates that
the first oxygen loss, starting at 150 °C, is associated with a
structural transition, probably to a higher symmetry. Since the
remainder was identified to be a mixture of Bi,O3 and NiO by
XRD experiments, the decomposition can be expressed as:

2BiNiO; — Bi,O; + 2NiO + 0.50,71

The observed weight loss of 2.65% is slightly larger than
calculated for BiNiO; (2.53%), probably due to the presence
of unidentified impurities. The further weight loss above
450 °C can be attributed to partial oxygen loss and subsequent
sublimation of Bi,Os, as found in the case of TINiO5.*
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Fig. 4 TG (@) and DTA (+) curves for BiNiO3 measured in 80% Ny—
20% O, atmosphere with a heating rate of 5 °C min ™.
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Fig. 5 Temperature dependence of the resistivity for BiNiO; measured
on cooling. The inset shows the Arrhenius plot of the data.

Magnetic and electrical properties

The temperature dependence of the electrical resistivity for
BiNiOj; exhibits insulating behavior, as shown in Fig. 5. This
is consistent with the above conclusion that the Ni oxida-
tion state is +2 rather than +3. The inset in Fig. 5 shows the
Arrhenius plot of the data, from which an excitation energy
of 675 meV was estimated.

The temperature dependence of the magnetic susceptibility
of BiNiO; is plotted in Fig. 6(a). The data between 400 and
350 K were fit to the Curie—Weiss law with a temperature-
independent term, y(7) = yo + C/(T — 0), where yo = —1.25 x
10 *emumol ™!, C = 1.05emu K mol~ ' and § = —262 K. The
estimated Curie constant is quite close to that expected for
S = 1 spins rather than for an S = 1/2 system, as clearly shown
in the slope of the inverse susceptibility plotted in Fig. 6(b).
This fact confirms the divalent nature of Ni, with S = 1, as
suggested from the structure analysis and the resistivity data.
The negative Weiss constant indicates antiferromagnetic
interactions between the spins. The system becomes magneti-
cally ordered at 300 K and the data collected on heating and
cooling were not coincident below Ty. The ferromagnetic
hysteresis can be clearly seen in the M—H data shown in Fig. 7.
Since the spin—spin interaction is antiferromagnetic, these
ferromagnetic features can be attributed to a weak ferromag-
netism owing to the spin canting, reflecting the small Ni-O-Ni
bond angles in this compound.
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Fig. 6 Temperature dependencies of the molar magnetic susceptibility
(a) and inverse molar magnetic susceptibility (b) for BiNiO3; measured
in an external magnetic field of 0.1 T on heating after zero-field cooling
(ZFC) and then on cooling (FC). The solid and broken lines correspond
to the slopes expected for S = 1 and S = 1/2 systems, respectively.
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Fig. 7 Magnetization curves of BiNiO; at 5, 200, and 300 K.

Conclusion

The new triclinic perovskite BiNiO; was synthesized at a high
pressure of 6 GPa in an oxidizing atmosphere. The oxida-
tion state was found to be Bi*",,Bi’",Ni>* 05 rather than
Bi*"Ni**0;. This gives insulating character with localized
S = 1 moments in the system. Because of the strong cova-
lent character of Bi-O bonds, both Bi*" and Bi’" ions were
coordinated in BiOg octahedra. The substitution of Bi with
other cations might suppress the disproportionation and, thus,
lead to metallic conductivity, as in BaBiOs.
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