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Abstract: The valence state change of BiNiO; perovskite under pressure has been investigated by a powder
neutron diffraction study and electronic-state calculations. At ambient pressure, BiNiOz has the unusual
charge distribution Bi®*sBi®"sNi>"O3 with ordering of Bi®*t and Bi°*charges on the A sites of a highly
distorted perovskite structure. High-pressure neutron diffraction measurements and bond valence sum
calculations show that the pressure-induced melting of the charge disproportionated state leads to a
simultaneous charge transfer from Ni to Bi, so that the high-pressure phase is metallic Bi**Ni®*O3. This
unprecedented charge transfer between A and B site cations coupled to electronic instabilities at both
sites leads to a variety of ground states, and it is predicted that a Ni-charge disproportionated state should

also be observable.

1. Introduction

perovskite& such as BiFe@® can combine magnetic and

Charge ordering in oxidésgdrives many important phenom-  ferroelectric functionalities, as the off-center displacements of
ena such as the Verwey transition okBgand ferroelectricity ~ the A-site (ideally 12-coordinate) Bi can stabilize a ferro-
in LuFe04.2 The melting of charge order often leads to exotic €l€ctric distortion while the B-site (octahedrally coordinated)
conducting phenomena near the insulator to metal boundary,transition-metal spins order magnetically. High pressure and
such as colossal magnetoresistance in manganites (esgs, La t€Mmperature conditions have recently been used to stabilize

CasMn03)® and superconductivity in K- and Pb-doped Ba-
BiO3.#° Disproportionation of Bi" into Bi** and BP* occurs
at the B-sites of BaBi@ (BaBi*™(sBi®"0s03)® and, when

BiCrOs;,14 BiC00;,1® BiMnO3,16 and BbNiMnOs,17 all contain-
ing Bi®*, but BiNiOs was found to have a centrosymmetric

triclinic perovskite structure containing two inequivalent Bi and

suppressed by doping of K for Ba or Pb for Bi, leads to super- four Ni sites® Bond valence sum (BVS) calculatiotsbased

conductivity. Similar disproportionations of high transition-metal
valence states are also known in Cag€CaFé ", sFes03)’
and RNiQ (RNi%tsNi4ts0s, for R =Y, Pr—Lu), although

on the metal oxygen distances from a synchrotron X-ray powder
diffraction study, revealed that the charge distribution was
Bidto.8Bi®"sNi2TO3. The N state was confirmed by photo-

the observed charge separations are smaller than expected frofiMission and X-ray absorption experimeffts.

the ideal formulas showhe11 Bismuth transition-metal oxide
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BiNiO3z is an antiferromagnetic insulator with a Nispin (b)

ordering temperature of 300 K at ambient pressure. The simple " Gpe :

rock-salt-type oxide NiO, is known to be an antiferromagnetic = *% 776Pa

charge transfer insulator. Although the?Nivolume density is f 7

considerably higher for the latter material, BiNiGhows a © %

pressure-induced insulator to metal transition at a moderate § _ 6.1GPa

pressure of 4 GPawhile NiO does not metallize below 50 S z W

GPa?2 Synchrotron X-ray diffraction showed that the transition , ) : : , : L = :ﬂ

in BiNiO3 is accompanied by a structural change to an 05 10 15 20 25 30 353g ﬁi 4.7GPa

orthorhombic GdFe@type perovskite superstructure, but it was , , L ERpeos @ - . 8

not clear whether the transition involves melting of the Bi charge _ b g {2.16Pa

order (BF™ 4 Bi®" — 2Bi*") or whether some Ni~ Bi charge o S | !1

transfer is also involved. To resolve this issue we have carried g i

out a powder neutron diffraction study at high pressures to = 0.1MPa

determine accurate atomic coordinates, from which the chargeé %

distribution in the HP phase is evident. In this article we show ot

that the pressure-induced melting of the charge disproportionated
state leads to a simultaneous charge transfer from Ni to Bi, so
that the HP phase is metallic BNi®*Os.

2. Experimental Section

Polycrystalline BiNiQ was prepared at 6GPa and 10T with a
cubic anvil type high pressure apparatus as reported previtiusigh-

1.5 20

d-spalce (A)

25

2.6

28

3.0

d-space (A)

pressure time-of-flight (TOF) neutron diffraction patterns were recorded — 5 584 Ry = 0.0359). Observed (points), calculated (

using the instrument PEARL/HIPr at the ISIS facility, U.K. About 90
mn? of the sample was loaded into a Pari&dinburgh cef® with 4:1

Figure 1. Time-of-flight powder neutron diffraction data for BiNat
variable pressures. (a) Rietveld fits of the triclinic structure to ambient
pressure (0.1 MPa) data & 5.3942(4) Ab = 5.6520(4) A,c = 7.7131-
(5) A, oo = 92.181(63, f = 89.777(63, y = 91.704(5}, fitting residuals;
2= 1.779,Ryp = 0.0275), and of the high pressure orthorhombic structure

to 7.7 GPa dataa(= 5.2843(4) A b = 5.4323(4) A,c = 7.5537(6) A;y?

full line) and

difference profiles are shown together with Bragg markers for the BjNiO
phase and secondary contributions (the sample consisted of 79.2 wt %

methanot-ethanol pressure medium and a small pellet of lead as the BiNiOs, 3.6% NiO and 17.2 wt % Pb pressure standard; small contributions
pressure calibrant. The cell was used in transverse geometry givingfrom WC and Ni in the anvils were also fitted). Insets show the ambient

access to scattering angles 8326 < 97°. Rietveld profile refinements
of the structural models were performed with the GSAS softfare.

3. Results and Discussion

TOF neutron diffraction data from BiNi©collected at

pressures up to 7.7 GPa on increasing the pressure are showat 7.7 GPa

and high-pressure crystal structures, with dark and light spheres corre-
sponding to Bil and Bi2 in the latter structure, respectively. (b) Selected
data at various pressures showing the change in diffraction intensities around
the 4 GPa insulatermetal transition, also a peak from the Pb pressure
standard (shaded).

Table 1. Crystallographic Parameters for BiNiO3 at 0.1 MPa and

in Figure 1. Below 4 GPa, the diffraction patterns were similar

) PAtettl: Y atom  site X y z 100 x Uso (A7)
to the ambient pressure (0.1 MPa) profile in Figure la. This
has av/2a, x +/2a, x 2a, superstructure, whe® is the cubic - - 0] Vb
as av 28y X v 2@ X 28 SUp ire, wheis Bil 2i  0.0037(14) 0.0452(11)  0.2324(9) 0.26(10)
perovskite lattice parameter, and triclinRl symmetry. The Bi2  2i 0.5093(15) 0.4418(13) 0.7203(9) 0.26
refined structural model is consistent with that reported previ- Nil 1d 05 0 0 0.33(6)
ously from synchrotron X-ray powder diffraction (refinement m:g i‘f 85 8'5 g5 8'32
results and BVS calculations are given in Tables 1 and 2). A N4 1g 0 05 05 0.26
drastic change in the profiles is observed at pressures above 401 2i  —0.1446(21) 0.4739(20) 0.2541(17) 0.6
i Ei i ; ing 02 2i 0.3927(21) 0.0340(19)  0.7553(14) 0.6
C;Pa,r?s r:?hohwn in Figure 1b W}:th ;he rggrglnhg of pee}ks shgwmg 3 5 0.8400(21) 0.1795(18) —0.0303(14) = 0.6
that the Ig.er symmetry, orthorhombic, phase is formed. No 04 2i 0.3200(21) 0.3293(19) 0.0862(16) 0.6
phase coexistence was observed at 2.1 or 4.7 GPa, althoughos  2i 0.2207(21) 0.7687(16)  0.4099(15) 0.6
this would be expected at pressures close to the first-order 06  2i 0.6609(18) 0.6836(16)  0.5467(12) 0.6
metak-insulator transition. ‘ 7.7 GP&
Refinements of the HP structure of BiNj@ave good fits to E‘I 2‘[; *3-2052(15) 5-0470(6) 00-25 001-(‘)‘2_)()7 )
thg data assumingbnmsymmetry (Figure la), which charac- 51 gq 0'_7007(9) 0.2974(9) 0.0363(7) '0_78(6)
terizes the common GdFeg&type perovskite superstructure. We 02  4c 0.0870(13)  0.4840(13) 0.25 0.76(6)

also checked the possibilities of distorted Gdgg@e structures
found in Bi and Ni containing perovskites, an acentric BitnO

(20) Wadati, H.; Takizawa, M.; Tran, T. T.; Tanaka, K.; Mizokawa, T.; Fujimori,
A.; Chikamatsu, A.; Kumigashira, H.; Oshima, M.; Ishiwata, S.; Azuma,
M.; Takano, M.Phys. Re. B 2005 72, 155103-%-7.
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Rev. B 2005 72, 045104-1—7.
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F.; Sette, FPhys. Re. B 2003 67, R08110%+1—4.
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S. Physica B1992 120, 907-910.

aSpace groufPl, a= 5.3942(4) Ab = 5.6519(4) Ac = 7.7131(5) A,
o =92.182(7J, # = 89.780(73, y = 91.704(5), y2 = 1.812,Ryp = 0.0275.
b Space groufPbnm, a= 5.2843(4) Ab = 5.4323(4) Ac = 7.5537(6) A,
%2 = 2.584,Ryp = 0.0359.

type structure®Pna2;) having ferroelectric Bi displacemerit,
and a Ni-charge disproportionated, monoclifi2;/n YNiO3-
type modekO but the fits were not improved and the additional
atomic displacements were negligible.
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(GSAS) Los Alamos National Laboratory Report; Los Alamos National
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Table 2. Bond Valence Sums? for BiNiO3 at 0.1 MPa and at 7.7

GPa
Bil Bi2 Nil Ni2 Ni3 Ni4
0.1 MPa 3.02 4.90 1.84 2.03 2.03 1.99 <
7.7 GPa 3.13 2.96 °
w
2Vi = 3.§, § = exp{, — r;/0.37). Values calculated usimg = 2.094 %
for Bi®+, 2.06 for BF*, 1.67 for N?*, and 1.686 for Ni'. )
0
o]
1000 (=]
5| Bi2 § 100t ,
5 10 ' L
El i Al
% 01} W 8 : JH___
4 ey e {-}15 -10 -5
) 01234656 E-Ef (eV)
g i Prassure (GPa) ) ) .
Bi1 < i - Figure 3. Electronic density-of-states (DOS) for BiNi@alculated from
3 the 0.1 MPa and 7.7 GPa structural data, with contributions from Bi 6s, Ni
3d, and O 2p states indicated. The ambient pressure phase (lower panel)
shows the Bi charge-transfer gap expected f8f 8Bi>+o sNi2*O; whereas
5k a substantial Ni 3d density-of-states is seen at the Fermi level for the metallic
3 i high-pressure BirNi3*Os phase (upper panel).
1
T T T T
0 2 4 6 8 State Il - CT State Il
Pressure (GPa) Bi“N#O, i Bi*NI*O,
3
Figure 2. Biand Ni bond valence sums (BVS) determined from the refined xo/\
structures of BiNi@Q at various pressures. The low-pressure structure o)) ®© cb
contains two distinct Bi sites, labeled Bil (open circles) and Bi2 (filled
circles), corresponding respectively to3Biand BP*, and four Ni sites cT )
(squares) all containing Rif. The high-pressure structure contains single State | — State IV 7
Bi (filled circles) and Ni (squares) sites, both with valences #f Jhe Bi** Bi** ;Ni#*O, Bi*-Niz* Ni** O,

pressure region for the insulator-to-metal transition is shaded. The inset - — . )
shows the resistivity of BiNi@as a function of pressure exhibiting an ~ Figure 4. Electronic ground states for BiNgshowing intermetallic charge
insulator to metal transition at around 4 GPa. Details in the resistivity transfer (CT) and charge disproportionation (CD) transitions. The pressure-
measurement are described in ref 21. induced CT accompanied with CD between states | and Ill is indicated.

The charge distribution in the HPbnmphase of BiNiQ calculations®® The atomic sphere radii RMT divided into two
was investigated using bond valence sums and electronicregions, non-overlapping atomic spheres and an interstitial
structure calculations. The BVSs determined from the experi- region, are 2.5, 2.2, 2.0, and 1.6 au for Bi(7.7 GPa), Bi(0.1
mentally determined MO distances using standard param- MPa), Ni, and O. The cutoffi{ma) for the expansion of plane
eterg® for M = Bi3*, Bi5", Ni2t, and NB* are shown in Figure ~ waves in the interstitial region was restricted by the relation on
2. The BVSs for the ambient pressure phase confirm thigBi RMTkmax = 7. In this study, we used 200 k points in the
Bi5*sNi2tO5 distribution, but a drastic change is observed complete Brillouin zone for the all calculations. The density-
above 4 GPa, where the BVSs for the single Bi and Ni sites in of-states for the ambient pressure form as shown in Figure 3
the HP phase are both very close to 3 (e.g., 3.13 and 2.96,exhibits a charge-transfer gap of 0.8 eV between lower and
respectively, at 7.7 GPa). This shows that the HP phaséis Bi  Upper bands consisting respectively of Bil{Biand Bi2 (BF")
Ni3+*Oj3, and hence that a complete one-electror-Mii transfer ~ states, although both are strongly hybridized with O 2p states
has occurred at the insulator-to-metal transition. which reduces the cation charges. Although the DFT calculation

Electronic structure calculations using the refined structural €nds to underestimate the gap size, this relatively narrow band
parameters support the above descriptions of the charged@P iS con5|§tent_ with the value of 0.68 e\_/ estimated from the
distributions in BiNiQ. The electronic structure calculations ~€lectrical resistivity:® By contrast, the density-of-states for the
were performed by the full-potential linearized augumented high-pressure BiNi**O phase confirm metallic character with
plane-wave (FLAPW) method using the augmented plane wave the Ni d band predominantly crossing the Fermi level (as found

; : . i i N 3t ; ; ;
plus local orbitals (APW-o) basis set based on density N Metallic L&"Ni**Oy), and with no high-energy Bi band
functional theory within the LDA-U approximation (where  Present, consistent with the Bi lonic state. .
LDA is local density approximation and U is the on site Our results demonstrate that BiNy@G a unique electronic
Coulomb repulsion) in the WIEN2k packageCoulomb and material in having electronically variable A and B site cations,
the exchange parametets,andJ were fixed to 8.0 and 0.95  With an active intermetallic charge-transfer degree of freedom
eV, as commonly used in the calculations of Ni oxi@&¥ The in addition to charge disproportion instabilities at both the A

G-type antiferromagnetic spin structure was assumed in thea@nd B sites. Four distinct electronic ground states can be
adopted, as shown in Figure 4. Their stabilities are determined

(26) Brese, N. E.; O'Keeffe, MActa Crystallogr., Sect. B991, 47, 192—197. by the relative energies of the Bi 6s and Ni 3d levels, which
(27) Blaha, P.; Schwarz K.; Madsen, G. K. H.; Kvasnicka, D.; LUtIVIEN2K, are sensitive to lattice strain and so can be tuned by changes in
An Augmented Plane We Plus Local Orbitals Program for Calculating
Crystal PropertiesVienna University of Technology: Austria, 2001.
(28) Anisimov, I. V.; Zaanen, J.; Andersen, O.Rhys. Re. B1991], 44, 943~ (30) The G-type antiferromagnetic spin structure was confirmed for the ambient
954. pressure phase by a neutron diffraction experiment. This result will be
(29) Yamamoto, S.; Fujiwara, T. Phys. Soc. Jpr2002 71, 1226-1229. published elsewhere.
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temperature and pressure, or by chemical dopingj. Bharge ties. The pressure-induced insulator to metal transition occurs
disproportionation stabilizes the observed ambient state | of via an unprecedented simultaneous melting of Bi-charge dis-
BiNiO3. State I, Bf*Ni2"O3, has not been observed below the proportionation and Ni— Bi charge transfer; BiosBi®" o5
decomposition temperature in pure BiNj®ut disorder induced  Ni2tO; — Bi®™Ni3"Os. A further ground state is stabilized by
by Pb-doping disrupts the long-range®BBi>" charge order Pb- or La-substitutions, and we predict that a fourth Ni-

resulting in a substituted form of ground-state 11§ BigPb* o > disproportionated state should be observable at high pressures
Ni2*03.31 The Bi*" oxidation state was also confirmed by core- and low temperatures or through other lanthanide substitutions.
level photoemission in the La-doped compound, BiyLa®"y- The multiple electronic instabilities in BiNi©may offer new

Ni@H)+052021 where the hole-doping of Ni ions makes the possibilities for tuning electronic phenomena in oxides and
system metallic. Our present study demonstrates that a differentcreating devices based on switching between the different phases
band metallic state Ill, BirNi3tOs, is produced by pressure- as have been demonstrated for perovskite manganites.
induced charge transfer. This is not accompanied by dispro-
portionation of the resulting Rf ions although the latter
instability is also sensitive to lattice effects and occurs in RNiO
for R3"’s smaller than L&" or Bi®". Hence, we predict that the
Ni-disproportionated ground state 1V, 8Ni2"ggNi*t 503,
should be stabilized at high pressures and low temperatures in
the pure material or in substituted3Bi_R3"\Ni2*g sNi*to 503
for small R*; this will be investigated in future studies.

In conclusion, we have shown that a variety of electronic  sypporting Information Available: Bi—O and Ni-O bond

ground states are possible in the perovskite BNi@cause of lengths at selected pressures. This material is available free of
competing intermetallic and disproportionation charge instabili- charge via the Internet at http://pubs.acs.org.
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