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To investigate the change in the electronic structure of BiNiOz; accompanied by metal-insulator (MI) tran-
sition, we measured x-ray absorption spectroscopy (XAS) spectra at the Ni K and Bi L edges under various
pressures up to 6 GPa. Both Bi L; and Ni K edge XAS spectra clearly change at 4 GPa, indicating the
electronic state in Bi and Ni ion changes. A quantitative analysis of the Ni K edge spectra in the pre-edge
region based on the charge-transfer cluster model including multiplet terms revealed that the electronic con-
figuration changes from d® in the insulating phase to 56% d’+44% d°L in the metal phase. From these results,
we concluded that the MI transition in BiNiO; is induced by the collapse of charge-transfer gap and is

governed by the redistribution of O 2p ligand holes.
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Perovskite oxides show various interesting physical prop-
erties such as colossal magnetoresistance, superconductivity,
ferroelectricity, ferromagnetism and antiferromagnetism, and
metal-insulator (MI) transition. RNiO; (R=earth and Lu-Pr)
exhibits an MI transition as a function of R-ion radius and
temperature in a systematic manner.' The MI transition of
RNiOj; is due to the charge disproportionation expressed as
2Ni** - Ni®*9 4 Ni-9 associated with the reduction in
crystallographic symmetry from orthorhombic Pbmn to
monoclinic P2;/n. The transition temperature 7y decreases
with increasing R-ion radius and the least distorted LaNiO;
remains as a thombohedral paramagnetic metal down to the
lowest temperature.® In this context, the replacement of La3*
with a larger ion, such as Bi**, might be expected to lead to
a better metallicity in the cubic perovskite structure. How-
ever, BiNiO; does not follow this trend and has proven to be
a seriously distorted antiferromagnetic insulator with local-
ized spins of S=1.7 This fact suggests that the origin of the
insulating nature of BiNiO; is different from that of RNiO5.3
Indeed, structural analyses by synchrotron x-ray and neutron
diffractions revealed that the valence state of BiNiOj is
Bi** sBi’*; sNi>*0;.7” The insulating nature of this com-
pound is due to the divalent Ni ion. It should be learned here
that the Bi ions are not an inert presence as La ions but play
an important role in the electronic properties: in other words,
this oxide is not a simple Ni3d-O 2p system but is a
Bi 65—Ni 3d—0 2p electronic system. BiNiO; shows MI
transitions by La substitution for Bi or the application of a
high pressure of 4 GPa.!” Core-level x-ray photoemission
spectroscopy (XPS) and x-ray absorption measurement
around the Ni L edges revealed that the average Bi valence
of 4+ is stable to the La substitution and that the hole doping
to the Ni%* ion leads to metallization.? Recently, Azuma et al.
proposed that the pressure-induced MI transition is caused
by the melting of Bi-charge disproportionation and simulta-
neous Ni—Bi charge transfer: Bi’*)sBi’*,Ni>*O;
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—Bi**Ni**0;.!! However, this integer valence model is too
simple to describe the actual electronic states in BiNiOj.
Hard x-ray absorption spectroscopy (XAS) is a powerful tool
for studying the electronic state changes under pressure be-
cause the high-energy x-ray easily transmits the diamond an-
vil cell. In this Brief Report, we report the direct measure-
ment of the valence states of Bi and Ni ions by XAS around
the Bi L (L; and L;) and Ni K edges, which are sensitive to
the valence state, the hybridization between Bi 6p, —6s, —5d,
Ni 3d, and O 2p states, and local environment of an absorp-
tion ion, under various pressures. Using the obtained XAS
spectra, we explain the mechanism of the pressure-induced
MI transition of BiNiOs;.

Polycrystalline BiNiO; was prepared at 6 GPa and
1000 °C with a cubic anvil-type high pressure apparatus, as
reported in Ref. 7. The XAS measurements at the Bi L, 5 and
Ni K edges under various pressures were carried out by syn-
chrotron radiation at the beamline BL39XU of SPring-8,
Japan.'> The energy resolution AE/E is smaller than
1 X107 around the BiL;; and Ni K edges. Incident and
transmitted x-ray intensities were monitored using ionization
chambers before and after the sample. All the measurements
were performed at room temperature. A diamond anvil cell
(DAC), which is an assembled pair of diamond anvils with a
culet diameter of 0.6 mm, was used to apply the pressure up
to 6 GPa. A powdered sample and a mixture of
CH;0H:C,HsOH=4:1 as a pressure medium were sealed
inside the DAC. The pressure inside the DAC was deter-
mined by measuring the wavelength of ruby fluorescence.

Figures 1(a) and 1(b) show the XAS spectra around the
BiL, (2s—6p) and L; (2p—6d and 6s) edges. The data
collected at 5.8 GPa correspond to the metallic (M) phase,
while the ambient pressure (AP) and 2.8 GPa data represent
the insulating (I) phase. The Bi L; XAS spectra show single-
peak structures. No notable difference was observed between
the M and I phases, reflecting the same empty 6p states in

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.233104

BRIEF REPORTS

L
4
®

081

0.6

.
o
~

0.4

8 s
sjun "gJe / uopdiosqy

Absorption / arb. units

0.2

—e—P=58GPa e P=580Pa |°
—O0—P=28GPa —O0—P=AP.
{00

1640 1642 1644 T3.44 13.46 13.48
Energy / keV Energy / keV

0.0

FIG. 1. (a) XAS spectra around Bi L; XAS spectra for BiNiO;
at P=5.8 GPa (closed circles) and 2.8 GPa (open circles). (b) XAS
spectra around BiL; XAS spectra for BiNiO; at P=5.8 GPa
(closed circles) and ambient pressure (open circles).

Bi** and Bi’* ions. On the other hand, the Bi L; XAS spectra
at 5.8 GPa and AP changed significantly. These are com-
posed of three peaks (labeled A, B, and C) near the absorp-
tion edge. The change in the energy region higher than peak
C is due to the triclinic-to-orthorhombic structural transition
because the extended x-ray absorption fine structure (EX-
AFS) region mainly reflects the local structure of absorbing
atoms. Another difference is the absence and presence of
peak A.'" From the comparison with the spectra of BaBiOs
and its related compounds,'? this peak is assigned to the 2p
— 6s transition. The absence of peak A therefore indicates a
filled Bi 6s state. The present result indicates the valence
change of Bi from 3+ in the M phase to a higher value in the
I phase. The first-principles band calculation also shows that
the number of unoccupied Bi 6s states in the I phase is larger
than that in the M phase. It should be noted that the Bi 6s
band above 0.7 eV from Fermi energy strongly hybridized
with O 2p states in the I phase.!! This implies the possibility
that the electronic state of Bi** is not simple formal valence
of trivalent but Bi 65 and O 2p states strongly hybridized.
Figure 2 shows the XAS spectra around the Ni K edge of
the metallic (6.0 GPa) and insulating (2.5 GPa) phases for
BiNiO; and metallic PrNiO; as a trivalent nickel reference.
Three differences were found between the M and I phases,
i.e., the spectral shape change in the energy region higher
than 8.36 keV, the absorption edge energy (Ej) shift, and the
intensity change in the pre-edge region. The first change is
due to the triclinic-to-orthorhombic structure phase transition
induced by pressure because this energy region is located in
the EXAFS region. E(I)( is a good measure of the Ni valence
change. The observed E§ shift from 8.3503 keV in the M
phase to 8.3495 keV in the I phase indicates the decrease in
Ni valence. This result supports the Ni valence changes from
3+ to 2+ as estimated by crystal structure analysis. The rea-
son why the Eg of the M phase is lower than that of PrNiO3
will be discussed later. Figure 3 shows the pressure depen-
dence of E{ as determined from the second derivative of the
observed XAS spectra. Open and closed circles represent the
data collected on increasing and decreasing the pressure, re-
spectively. The energy shift is estimated to be about 1 eV.
The data show a hysteresis of about 1 GPa. This behavior
coincides with the electric resistivity change, as shown in the
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FIG. 2. Ni K edge XAS spectra for BiNiO; at P=6.0 GPa
(closed circles) and 2.5 GPa (open circles) and for PrNiO; (closed
triangles) which is a typical sample contained Ni** ions. Inset: Ni K
pre-edge XAS spectra for BiNiO3 at P=6.0 GPa (closed circles)
and 2.5 GPa (open circles) and for PrNiOs (closed triangles) which
is a typical sample containing Ni** ions.

inset of Fig. 3. This strongly suggests that the electronic state
change of Ni is the origin of the pressure-induced I-to-M
transition.

The pre-edge region reflects the Ni 3d electronic state be-
cause the 1s— 3d electric quadrupole transition is dominant.
As shown in the inset of Fig. 2, the absorption intensity in
the pre-edge region is higher in the M phase. This also indi-
cates the change in Ni valence. To quantitatively investigate
the changes in Ni 3d electronic states in the M and I phases,
we compared the observed XAS spectra with calculation re-
sults. The NiOg cluster model including the full-multiplet
effects in a Ni ion was employed to describe the Ni 3d states
and O 2p ligand states of BiNiO;.

The Hamiltonian for the present model is given by

H=Hy;+ Ho + Hyios (1)

where the terms describe the following interactions: Hy; in-
cludes the Ni 3d level g, the crystal-field splitting of 10 Dq,
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FIG. 3. Pressure dependence of absorption energy around Ni K
XAS spectra for BiNiOjs. Inset: pressure dependence of electric re-
sistivity of BiNiO3 at room temperature.
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TABLE 1. Parameter values used in our calculations.

Parameter (unit: eV) A 10Dq Uy Uy Vi)
Insulating phase 4.0 1.5 6.5 8.0 1.8
Metallic phase -1.0 1.5 6.5 8.0 2.3

the 3d Coulomb repulsive energy Uyy, and the 1s core-hole
potential Uy, in addition to the full-multiplet interactions
composed of the spin-orbit interaction for Ni 3d states and
the multipole parts of 3d-3d and 3d-1s Coulomb interac-
tions. Hg describes the O 2p level g, and Hy;.o describes the
Ni 3d-0 2p hybridization, which is given in terms of trans-
fer integrals (pdo) and (pdar). The transfer integrals are con-
nected with the hybridization energies as follows:

Vity,) = \Epd(r,

Vl(e,) =2pdm. (2)

The local symmetry around the Ni ion is approximated as
octahedron (Oy).'#~16 It should be noted that the difference in
the Ni-O bond lengths is less than 10% and the lowering of
the symmetry to Dy, does not affect the result of the calcu-
lation.

The wave function of the ground state (|g)) is described
by a linear combination of the d" and d"*'L electron configu-
rations (|g)=c,|d")+c,.1|d""'L), where ¢, and c,,, are coef-
ficients), where L denotes a ligand (O 2p) hole, i.e., starting
from the configuration in nominal valence Ni** (Ni**) and
filled (empty) oxygen ligands for the M phase (I phase). We
adopted n=7 for the M phase and n=8 for the I phase. The
15— 3d electric quadrupole transition was considered in the
calculation of the optical transition. The parameters used in
the calculation are shown in Table 1. In this calculation, the
XAS spectra, which are calculated from the Fermi golden
rule, are obtained with a Lorentzian function with width of
0.5 eV (half width at half maximum). The values determined
by core-level XPS were adopted in the calculation of the I
phase® and the values in the M phase were chosen in order to
reproduce the experimental XAS spectra. Figures 4(a) and
4(b) show the observed (circles) and calculated (thick line)
XAS spectra around the pre-edge region in the M and I
phases, respectively. The calculated XAS spectra composed
of the electric quadrupole contribution (shown with vertical
bars), background originated from a low energy tail of the
Ni 4p states (dipole contribution), and the absorption of the
elements except Ni in the region below pre-edge (thin line).
The calculated spectra excellently reproduced the experimen-
tal results for both the M and I phases. In the I phase, the
Ni 3d electron number was estimated to be 8.11, which is
close to the ideal value of 8 for a divalent Ni ion. The Ni 3d
magnetic moment of 2.05up was also estimated by the
analysis of the experimental XAS spectra.!” This value is
consistent with the ordered magnetic moment determined by
neutron diffraction.® On the other hand, the Ni 3d electron
number and the magnetic moment estimated for the M phase
were 7.44 and 1.50ug, respectively. These indicate that the
actual electronic configuration of the Ni** ion in the M phase
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FIG. 4. Theoretical and experimental Ni K XAS spectra at (a)
metallic and (b) insulating phases for BiNiO; around pre-edge
region.

is 56(*+5)%d’+44(*5)%dSL. 1t is interesting to compare
these fractions with the electronic configuration for PrNiO;,
32(+5)%d"+68(=5)%d®L, which were estimated in our
model calculations using parameters reported previously.'®
The d’-d8L fraction changed depending on the A site of the
Ni perovskite. This explains the difference of the absorption
edge energy for the M phase and PrNiOj;. The large fraction
is attributed to the slight shift of Eg to the lower energy with
respect to E(I)( for PrNiO;.

The effective Coulomb energy (U.) and effective charge-
transfer energy (A.g) including the multiplet effects are esti-
mated to be Uz=7.8 eV (6.0 eV) and A4=6.2 eV
(=0.12 eV) in the I (M) phase. The U,y and A are defined
with respect to the lowest multiplet term energies as

Uup= Uy +20E(d") — SE(d"") — SE(d"L) (3)
and
Aeie= A +28E(d") — SE(d™) - SE(d""), (4)

where SE(d") denotes the energy difference between the con-
figuration averaged energy and the lowest multiplet term en-
ergy of the d" configuration.'” Judging from these param-
eters, the I and the M phases were classified as the charge-
transfer-type insulator and p-type metal phases in the
Zannen-Sawatzky-Allen phase diagram, respectively.?’ This
indicates that the I-to-M transition in BiNiOj; originates from
the collapse of the charge-transfer (A.;) gap by pressure. In
addition, the first-principles band calculation shows that the
hybridization between Ni 3d and O 2p electrons is stronger
(weaker) than that between Bi 6s and O 2p electrons near the
Fermi energy in the M (I) phase.'! These results indicate that
the hole in O 2p plays an important role in the I-to-M tran-
sition, in other words, the O 2p ligand holes redistribute
from Bi ions to Ni ions.'”

In summary, we measured x-ray absorption spectra at
Ni K and Bi L, 5 edges under various pressures up to 6 GPa
and investigated the change of the electronic state of BiNiO;
accompanied with the MI transition. Both Bi L; and Ni K
edge XAS spectra clearly change at 4 GPa, indicating the
electronic state change in both ions. A quantitative analysis
of Ni K pre-edge spectra with the aid of charge-transfer mul-
tiplet calculations revealed a Ni electronic configuration
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change from d® to 56(=*5)%d’ +44(+5)%d®L in BiNiO;. We
concluded that the I-to-M transition in BiNiOj is induced by
the collapse of charge-transfer gap and the redistribution of
O 2p ligand holes.
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