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eSuppurting Information
ABSTRACT: We synthesized two high-pressure polymorphs PbNiO; with different struc- " . o3 e
tures, a perovskite-type and a LINbOj3-type structure, and investigated their formation behavior, Y ‘5 4

detailed structure, structural transformation, thermal stability, valence state of cations, and
magnetic and electronic properties. A perovskite-type PbNiO; synthesized at 800 °C under a
pressure of 3 GPa crystallizes as an orthorhombic GdFeOj3-type structure with a space group
Pnma. The reaction under high pressure was monitored by an in situ energy dispersive X-ray ~ «
diffraction experiment, which revealed that a perovskit-type phase was formed even at 400 °C
under 3 GPa. The obtained perovskite-type phase irreversibly transforms to a LINbO;-type phase
with an acentric space group R3¢ by heat treatment at ambient pressure. The Rietveld structural
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refinement using synchrotron X-ray diffraction data and the XPS measurement for both the perovskite- and the LiNbO3-t)4rge phases reveal
that both phases possess the valence state of Pb*'Ni**Os, Perovskite-type PbNiOj is the first example of the Pb*"M>*'Oj series,
and the first example of the perovskite containing a tetravalent A-site cation without lone pair electrons. The magnetic susceptibility
measurement shows that the perovskite- and LiNbO5-type PbNiO; undergo antiferromagnetic transition at 225 and 205 K, respectively.
Both the perovskite- and LiNbO;-type phases exhibit semiconducting behavior.

B INTRODUCTION

Perovskite (Pv)-type oxides (general formula: ABO3) have at-
tracted widespread scientific and technological interest for several
decades due to their various functional properties. Because the
LiNbOj; (lithium niobate, LN)-type structure is closely related to
the Pv-type one, it is expected that LN-type oxides' would exhibit
attractive functional properties like those of Pv-type oxides. Indeed,
two of the well-known LN-type oxides, LINbO5 and LiTaOs,>
exhibit excellent polar properties such as ferroelectricity, piezo-
electricity, and pyroelectricity based on their noncentrosymmetric
structure’ and have been extensively investigated from both a
fundamental and a technological perspective. However, studies on
functional LN-type oxides have been limited due to the small
number of these oxides that can be synthesized at atmospheric
pressure. To the best of our knowledge, LiINbOj3, LiTaO;,
LiReO3,* Li; _,Cu,NbO;,* and (Li,Cu)TaO36 are the only LN-
type oxides that have been synthesized at ambient pressure. On
the other hand, in the field of earth science, the LN-type phase
is considered to be an unquenchable high-pressure Pv-type
phase, and several LN-type phases have been reported as metastable
quenched phases.' To date, LN-type oxides such as MnMO,
(M =Ti/ "' $n'"'?), FeMO; (M = Ti,*">~'* Ge'?), MgMO,4
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(M =Ti,"® Ge*'”"®), ZnGeOs,'®" garnet,”® and CuTaO5”" have
been stabilized by high—pressure and high-temperature heat
treatment. Syono et al.”'" and Sleight et al.*' first have investi-
gated the functional properties of LN-type oxides synthesized
under high pressure. On the basis of their findings, it is anti-
cipated that functional LN-type oxides could be obtained
by high-pressure synthesis. In fact, we have recently found that
LN-type ZnSnO;, which is a polar oxide with a noncetrosym-
metric space group R3¢, can be synthesized under high pressure.”
Furthermore, in LN-type MnMOj; (M = Ti, Sn) synthesized at high
pressure, anomalies in the dielectric permittivity were observed at
the weak ferromagnetic transition temperature, indicating the
correlation between magnetic and dielectric properties.”> Recently,
we have synthesized a GdFeOs-type orthorhombic perovskite
PbNiOj; under a pressure of 3 GPa and found that the Pv-type
phase transforms to the LN-type phase by a heat treatment at
400—500 K under ambient pressure,”* resulting in two meta-
stable polymorphs of PbNiOj; at atmospheric pressure. This is
the first case in which both the Pv-type and the LN-type phases
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were available at ambient pressure. Therefore, elucidation of the
synthesis, structures, structural transformation, and physical properties
of these two phases, as well as a comparison between them,
would strongly contribute to the research field of chemistry
and earth science.

In this study, therefore, we prepared the Pv-type and LN-type
PbNiO; phases and investigated their formation, detailed struc-
tures, thermal stability, valence states, and magnetic and electronic
properties. On the basis of the results, we discuss the structural
transformation and structure—property relations of these different
structure types.

B EXPERIMENTAL PROCEDURES

Polycrystalline perovskite-type PbNiO; (abbreviated as Pv-PNO
below) was synthesized by a solid-state reaction under high pressure
at elevated temperature. The mixture of stoichiometric amounts of
rutile-type 5-PbO, (purity >99.999%) and NaCl-type NiO (purity >
99.9%) powder was allowed to react in a TRY cubic multianvil-type high-
pressure apparatus (NAMO 2001) at 3 GPa and 1073 K (800 °C) for
1 h, and then was quenched to room temperature followed by the release
of the pressure. The experimental details on the high-pressure synthesis
of a Pv-type PbNiOj; are available in the Supporting Information. To
monitor the reaction between PbO, and NiO to form the Pv-PNO
under high pressure, in situ energy dispersive synchrotron X-ray
diffraction experiments were performed using a multianvil-type high-
pressure apparatus SMAP?2 installed in beamline BL14B1 at SPring-8 in
Hyogo, Japan.® White X-rays with an energy of 20—160 keV from a
bending magnet source were used as the incident X-rays. The diffraction
data were collected by a Ge solid-state detector mounted on a goniometer
at the fixed diffraction angles 20 of 3.2° or 3.3° and 4.3° or 4.4°. The
diffraction spectra of the samples were collected in the energy range of
60—90 keV, where the absorption of X-rays by the Au sample capsule was
relatively low. The assembly of pressure cell was the same as that for high-
pressure synthesis.

The LiNbO;-type PbNiO; (abbreviated as LN-PNO below) powder
was obtained by heating the powder of Pv-PNO at 523 K for 40 h with an
intermediate grinding. The phase identification of the obtained samples
was performed by the X-ray powder diffraction (XRD) method using a
Rigaku RINT2100 diffractometer (graphite-monochromatized Cu Ka).
To investigate the phase transformation, the high-temperature X-ray
diffraction measurement was done in the temperature range of 300—923 K
using the same diffractometer equipped with a heater attachment. The
thermogravimetry differential thermal analysis (TG-DTA) was carried
out using a Bruker AXS (Mac Science) TG-DTA2020S thermal analyzer
to evaluate the thermal stability of PbNiO3. The measurement was done
in the temperature range of 300— 1080 K upon heating at a rate of 10 K/min.
Synchrotron powder XRD data at room temperature were collected on a
Debye—Sherrer-type powder diffractometer with an imaging plate-type
detector installed in the beamline BL02B2 at SPring-8. The scan step
size was 0.01° in 20 at a wavelength of 4 = 0.51910 A for Pv-PNO and
0.52035 A for LN-PNO. Here, the sample was packed into a glass
capillary of 0.1 mm diameter for Pv-PNO and 0.2 mm diameter for
LN-PNO. The crystal structure was refined using the Rietveld analysis
program, RIETAN-FP.”® The crystal structures were drawn using the
program VESTA®” based on the structural refinement results. The
Madelung energy calculation was done using the program MADEL
developed by Dr. Kato, which is embedded in VESTA. The X-ray
photoelectron spectroscopy (XPS) spectra were recorded using an
ULVAC PHI Quantum 2000 spectrometer with Al Ka radiation. The bulk
sample was set in the high-vacuum chamber. The surface of the sample
was then sputtered by the Ar-ion beam (the acceleration voltage was
2 kV) to obtain a clean surface. The cleanness was checked by the
disappearance of the Cls peak originated from adsorbed carbon dioxide.

» = (a) Perovskite-type
8
S
(=
o~
= =3
= - 8 z.818 F 3
= = B Al Se
% Pt o B V] = Olenyfen
£ fo S 22 AT TN JEE NE M
]
o -
> 5 = (b) LiNbO,-type
'E 9
5 - + Pb,0,
= ® NiO
)
3 g
o =
8 o

10 20 30 40 50 60
26 (CuKo) / deg.

Figure 1. Laboratory powder X-ray diffraction patterns for the perovskite-
type PbNiOj3 (a) and LiNbO3-type PbNiO3 (b) at room temperature.

The neutrizer was used after sputtering to avoid the charging up of the
sample. The diameter of the X-ray beam was 50 um. The acceleration
voltage was 15 kV. The data were collected in the range of 130—150 eV
and 840—890 eV with 0.1 eV steps for Pb 4f and Ni 2p, respectively.

The temperature dependence of the dc magnetic susceptibility () and
magnetic field dependence of isothermal magnetization were measured
under a magnetic field of 0.01—1 T using a SQUID magnetometer
(Quantum Design MPMS System) in the temperature range of S—300 K.
The samples were cooled in the zero-field or under a magnetic field, and
the susceptibilities were recorded continuously upon heating. The
electronic resistivities of the samples were measured in the temperature
range of 7—330 K by a conventional four-probe method. Here, for Pv-
PNO, the bulk sample synthesized at high pressure was used as the
specimen. On the other hand, to obtain the bulk specimen for LN-PNO,
LN-PNO powder was sintered under a condition of 3 GPa and 300 °C
for 1 h. It was then confirmed that LN-PNO was not transformed into
Pv-PNO.

B RESULTS AND DISCUSSION

High-Pressure Synthesis and Formation Behavior of Per-
ovskite-type PbNiOs. The color of the as-synthesized powder
under high pressure was dark gray. The XRD pattern (Figure 1a)
showed that the as-synthesized sample was an orthorhombic
perovskite-type phase (Pv-PNO) with small residual amounts of
NiO and Pb,0;. In situ energy dispersive XRD patterns for the
formation of Pv-PNO under high-pressure and high-temperature
conditions are shown in Figure 2. The diffraction peaks as well as
Pb Ka X-ray fluorescence lines originated from the samples can
be observed in their patterns. The compression up to 3 GPa at
room temperature resulted in the broadening of diffraction peaks
for the starting materials, PbO, and NiO, as well as the com-
pression of the lattice of these compounds (Figure 2a and b).
A possible mechanism responsible for the peak broadening is
the deformation related to the microscopic strain due to non-
hydrostatic conditions.”**’

16921 dx.doi.org/10.1021/ja206247] |J. Am. Chem. Soc. 2011, 133, 16920-16929



Journal of the American Chemical Society

(a (b)
Energy / keV Energy / keV
26=3.3 20=44
70 7|5 8||] 8|5 9|l] 7|5 BP 8|5
L P, S, e g L L L II = ——t
70 75 80 85 90 7 80 85
26=32° e 20=43  _ _
5 ~ - 23 e ~ 3 a
= § § =2 = y X 8
p - = % £ £
= = 2 A 3 & S P:
S| AT sooay B[ A 2954
2 Co A 2l 2 4 ' 2 GPa
'g vy Y AZE NI | RO ; 26=4.3
U // £ b 2 : ) i
- a il i ) ; 1 GP;
= LA ; ;éncj;l_’; = ! i ; 20= 4..‘?"
4\ e WAL I\
| G T, T TR [CINF SO O VN DO AN A v (NS W |-| ll. P Il PRI O S (U T U Y ‘. P | ,
3.2 3.0 2.8 2.6 24 2.2 21 2.0 1.9
d/A d/A
5: )3 5 Energy / keV ‘fgd 14 Energy / keV
7075 80 85 90 S T RO
~y En 2: -
el i} ™ ol 3
2| 2= §82 & = S ¥ g
557 el El : £ g
gl RS SR m O RT
- = I 50min| Rl e __56.min
- ! 1 - i ggmiﬂ - __._ﬁ%-»—./?\\\:, SR AN i
L 3 min [ il TR
—%. 5 - 11 min ‘E w::th,_/.‘x,_,..-_.ww.ﬁm_llm_'
S A 800°COmin| Sl A C7
20 i i 700°C g PRk 700°C
o s 600°C = e A 600°C
it 500°C : . i 500°C
R N
L & 4 4 I.-J. |-| ]:: |-| Ly §% 1 ....:-I..I..I.......I.,.J,..-i..x
3.2 3.0 2.8 2.6 24 2.2 21 2.0 1.9
di/A d/iA

Figure 2. In situ X-ray diffraction (XRD) patterns for the formation of the perovskite-type PbNiO3 (Pv-PNO): the variation of XRD patterns versus
pressure at room temperature with respect to PbO, (a) and NiO (b), the series of XRD patterns for the formation of Pv-PNO (c) and (d).

As shown in Figure 2c, the formation of Pv-PNO began at a
temperature as low as 400 °C. As the temperature was elevated,
the formation of Pv-PNO was promoted along with the con-
sumption of PbO, and NiO, and the reaction was almost
completed at 800 °C (Figure 2c and d). In addition, the phase
transformation of rutile-type 3-PbO, to orthorhombic a-PbO,
was clearly observed at 600 °C (Figure 2c), which is consistent
with the report by Yagi et al>° It is not likely that the phase
transformation of PbO, strongly influenced the formation of Pv-
PNO. After the decrease in temperature and release of pressure,
the Pv-type phase was sustained and quenched. Consequently,
no transformation to the LN-type phase was observed during the
high-pressure and heat treatment. At the end of the next section,
we will discuss the quenching of the perovskite form in the
high-pressure synthesis.

Structural Transformation, Thermal Stability, and Valence
States of Perovskite-type and LiNbOs-type PbNiOs. By heat
treatment of the Pv-PNO at 523 K for 40 h with intermediate
grinding, the structural transformation to the LN-PNO could be
realized. The powder XRD pattern of LN-PNO is shown in
Figure 1b. The distinct change in color was not recognized. The
transformation was irreversible, and the LN-PNO remained after

16922

the temperature decreased to room temperature, indicating that
the LN-PNO is thermodynamically more stable than the Pv-
PNO at ambient pressure. Ross et al. have reported that LN-type
MnTiOj; reversibly transforms directly to an orthorhombic Pv-
type phase between 2 and 3 GPa.'” This supports that the LN-
type phase is more stable than the Pv-type phase at ambient
pressure. Figure 3 shows the variation of the powder XRD
patterns with increasing temperature from 300 to 873 K
for the Pv-PNO in the ambient atmosphere. As shown in
Figure 3, the LN-type phase appeared even at 423 K, and the
Pv-PNO gradually transformed to the LN-PNO with in-
creasing temperature. At 823 K, the partial decomposition
was observed, and at 873 K the whole sample decomposed
into PbO and NiO.

Figure 4 shows the results of TG-DTA for the Pv-PNO
sample. As seen in Figure 4, a decrease in weight accompanied
by an endothermal peak was observed. The identification by
XRD revealed that the sample after the measurement was a
mixture of PbO and NiO. The weight loss by 5% and endother-
mal process can be explained by the evolution of oxygen gas
accompanied by the decomposition reaction: PbNiO; — PbO +
NiO + 1/20,. The finding is consistent with the results of the
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Figure 3. Variation of the powder X-ray diffraction patterns with
increasing temperature from 300 to 873 K for the perovskite-type
PbNiOj; at ambient atmosphere.
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Figure 4. The response of the thermogravimetry and differential thermal
analysis (TG-DTA) for the perovskite-type PbNiO; sample. The inset
shows the derivative curve of the DTA signal with respect to temperature.

high-temperature XRD experiment. Furthermore, an exothermal
broad cusp can be observed in the vicinity of 450 K as seen in
Figure 4. A change in the derivative of the DTA signal with respect
to temperature was also detected in the same temperature region, as
shown in the inset of Figure 4. This anomaly probably corresponds
to the transformation from the Pv-PNO to the LN-PNO. We will
discuss the thermal behavior later.

The observed and calculated synchrotron XRD patterns from
the Rietveld analysis for the Pv-PNO and the LN-PNO at room
temperature are shown in Figure Sa and b, respectively. When the
Rietveld refinements were performed assuming a GdFeOs-type
perovskite structure with a centrosymmetric space group Prma
(No. 62) for the Pv-PNO, and a hexagonal polar LiNbOs-type
structure with an acentric space group R3¢ (No. 161) for the
LN-PNO, good results were obtained. Nishiyama and Hayashi®*
have reported that an orthorhombic perovskite NiPbOs3 can be
synthesized under a pressure of S GPa at 1000 °C, but they
considered that Ni ion is accommodated into the A-site of the
perovskite. On the other hand, the structural refinement in our study
revealed that Pb ion occupies the A-site and Ni ion occupies the B-site
for the Pv-type phase, that is, PbNiO;. The refined structural
parameters by the Rietveld analysis for the Pv-PNO and the LN-
PNO are summarized in Tables 1 and 2, respectively. The selected
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Figure S. Observed and calculated synchrotron X-ray diffraction pat-
terns from the Rietveld analysis for the perovskite-type PbNiO5(a) and
LiNbO5-type PbNiO; (b) at room temperature.

Table 1. Structural Parameters for a Perovskite-type
PbNiO;*

atom  site g b y z B/A?

Pb  4c 1.0 045829(9) 025 0.00761(18)  0.281(11)
Ni 4a 10 0 0 0 1.50(3)
Ol  4c 10 0.593(2) 0.25 0.6236(19) 2.0

02 84 10 0.1846(16) 0.0748(10) 0.3192(15) 2.0

? Space group: Pnma (No .62), Z = 4. Lattice parameters (orthorhombic):
a=5.46325(4) A, b=7.70741(5) A, c= 5.35827(4) A. R,,, = 5.56%, R, =
4.04%, R, = 3.30%, S = 1.68, R; = 3.03%, Rg. = 1.71%. B values for O are
fixed to 2.0 A% Uncertainties are shown in parentheses, following the last
significant figures to which they are attributed.

interatomic distances and angles, bond valence sum (BVS) 22 % and

Madelung energy for both phases are summarized in Table 3. The
crystal structures for both phases are also shown in Figure 6.

The estimated BVS from the interatomic distances indicates
that both phases possess the valence state of Pb*"Ni**O5. This is
supported by the XPS experiments. The Pb 4f and Ni 2p core-
level spectra for both Pv-PNO and LN-PNO are shown in
Figure 7a and b, respectively. The Pb4f;,, and the Ni 2p;,
binding energies for Pv-PNO and LN-PNO were summarized
with the reference data for 5-PbO,, PbO, and NiO in Table 4.
As seen in Table 4, the Pb4f; , binding energies for Pv-PNO and
LN-PNO are close to those for PbO,, rather than those for PbO;
that is, the valence of Pb is 4+ rather than 2+. Furthermore, the
Ni2ps. bmdlng energies for Pv-PNO and LN-PNO are close to
that for NiO,? 1nd1cat1ng that the valence of Ni for PNO is 2+.

There have been several reports on Pv-type oxides with a valence
state of A*"B>*0;, that is, containing divalent ions at the B-site
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Table 2. Structural Parameters for a LINbO;-type PbNiO;*

atom  site g 7 y z B/A
Pb  6a 1.0 0 0 0.28641(8)  0.599(9)
Ni  6a 10 0 0 0 0.73(2)

O 18b 1.0 0.0487(11) 0.3657(9)  0.0668(9) 1.02(9)
“Space group: R3¢ (No. 161), Z = 6. Lattice parameters (hexagonal):
a=536268(8) A, c=14.09038(12) A. R, = 3.85%, R, =2.85%, R, = 3.11%,
S =124, Ry = 0.92%, Ry = 0.41%. Uncertainties are shown in parentheses,
following the last significant figures to which they are attributed.

Table 3. Selected Interatomic Distances (A), Bond Angles
(deg), and Calculated Bond Valence Sum (BVS) of Cations at
Room Temperature for a Perovskite-type PbNiO; and a
LiNbO,-type PbNiO,

perovskite-type LiNbO;-type
Distance/A
Ni—O1 2.100(4) x 2 2.109(6) x 3
2.071(6) x 3
Ni—02 2.068(8) x 2
2.059(8) x 2
average Ni—O 2.076 2.090
distortion A of NiOg ~ 7.185 x 10> 8264 x 10°°
Pb—O1 2.185(10) x 1 2246(6) x 3
2.116(12) x 1 2.104(6) x 3
Pb—02 2.810(8) x 2
2.617(8) x 2
2.053(8) x 2
average Pb—O 2.407 2.175
distortion A of PbOg 1.066 x 103
Bond Angle/deg
Ni—O1—Ni 133.1(3) 136.7(2)
Ni—02—Ni 1360 (2)
BVS
atom BVS (deviation BVS (deviation from

(assumed valence) from assumed valence) assumed valence)

Pb (+4) 411 (+3%) 427 (+7%)
Ni (+2) 1.92 (—4%) 1.85 (—8%)
Madelung energy —1.684 x 10* kJ/mol —1.694 x 10*kJ/mol

positions. Among them, the Pv-type oxides, Se*"M**O; and Te**
M0, with M = Mg, Mn, Co, Ni, Cu, and Zn,””’~* have been
synthesized under high-pressure and high-temperature condi-
tions. Recently, Ishiwata et al. found a +4—+2 valence state for
A—B in a perovskite (BigPby,)NiO3.*" Because their A*B** O,
perovskites contain tetravalent cations with an electronic con-
figuration of ns® that is, lone pair electrons, at the A positions
(Se™, Te*, Bi**, Pb™), it is thought that the lone pair electrons
should be crucial for the stabilization of A*'B**O; perovskite.*® ~*'
On the other hand, in PbNiO;, because Pb** has the electronic
configuration of 5d'°6s°, the stabilization of the valence state of
A™B*" 0y due to the lone pair is ruled out. The distortions of NiOj
octahedra for both Pv- and LN-PNO as estimated by the formula*®*

2
A:ézé (di_dav)

i=1 doy

(where d, is the individual Ni—O bond distance and d,, is the
average bond distance) are close, A =7.2 x 10 °and 8.3 x 10~
respectively, which are quite a good deal smaller than those for
other Ni**-containing perovskites: for example, A =3 x 10~ * for
SeNiO;* or A = 18 x 10~ * for (BiggPby,)NiO;.*" The large
distortion of NiOg octahedra in SeNiO5 and (Big gPby,)NiOj is
due to the strong covalency of the A—O bond and/or the steric
effect by the lone pair electron (ns*).>*~*' The smaller distortion
in PbNiOj indicates that their influences are relatively small,
which is attributed to the electronic configuration of Pb*(d'%%)
without lone pair electrons. Furthermore, among the known
perovskite-type PbMO; compounds (M = transition metal ion:
T, 243 Y #4796 Cp 47750 iy SURe 52 RyS3755) PLMO, (M = T,
V, Cr, Mn, Ru) exhibits the valence state of Pb**M**O;, and in
PbFeQ;, the Fe is trivalent and the disproportionation of Pb (Pb*"
and Pb*") occurs. PbNiOy is therefore the first case of a Pb*"M>*" 0,
perovskite. On the basis of these results, the stability of the
valence state of Pb*"Ni** Q5 is likely to be related to the electronic
structure of Ni** at the octahedral site. Because the Ni** ion with
ahigh spin state in octahedral coordination (3d°, tzgéegz) exhibits
the highest crystal field stabilization energy (CFSE) among the
divalent 3d transition metal ions,56 the high CFSE of Ni*" at
the NiOg octahedron helps to stabilize Ni**-containing Pv- and
LN-type oxides.”*

Here again, we will discuss the structural transformation
on the basis of the structural information. The Pv-PNO and
LN-PNO are close in that the NiOg4 octahedra share their corners
three-dimensionally, as shown in Figure 6. First, we compare the
pseudocubic primitive cells (subcells) including a formula unit of
PbNiOj; for both phases. The relationship between the subcells
and the true cells’” is schematically shown in the middle of
Figure 6. Actually, for Pv-PNO, the subcell is a monoclinic one
with an, = ¢, = 3.826 A, by, = 3.854 A, 3 = 91.11°. The relation
between the orthorhombic unit cell vectors, ay o, Portho Corthos
and the monoclinic subcell vectors, a,, by, ¢, is given by:

Qortho = aAm — Cmy bortho = me; Cortho = am + Cm

and the matrix representation is as follows:

Qortho 1 0 —1 am
bortho = 0 2 0 bm
Cortho 1 0 1 Cm

It should be noted that b,, is greater than a,, while typical
GdFeOj;-type perovskites with the space group Pnma possess
a,, greater than by, for example, a,,, = 3.826 A, b,,, = 3.820 A in
CaTiO5*® and a,, = 3.932 A, b,, = 3.927 A in LaFeO;.”’ On the
other hand, for LN-PNO the subcell is a rhombohedral one with
a,=3.886 A, o = 87.26°. The relation between the hexagonal unit
cell vectors, ay, by, ¢, and the rhombohedral subcell vectors, a,, b,,
¢, is given by:

ap — ar*br; bh :br*cr; Ch — Z(ar + br + Cr)

and the matrix representation is as follows:

ap 1 -1 0 a,
bp| =10 1 -1 b,
Ch 2 2 2 C;

The transformation from Pv-PNO to LN-PNO induces the
change from the monoclinic distortion parallel to the [101]
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Figure 6. Crystal structures for the perovskite-type PbNiOj; (a) and LiNbOs-type PbNiO; (b).

direction of subcell to the thombohedral one parallel to the [111]
direction of subcell accompanied by an increase in the lattice volume.

Next, we compare the manner of tilting of the NiO4 octahedra
and the location of the Pb ion. For Pv-PNO with the space group
of Pnma, the out-of-phase tilt along the [100] and [001]
directions of the subcell and in-phase tilt along the [010]
direction of subcell occur (tilting system, Glazer notation,*®!
a b'a"). In addition, the Pb ion is displaced along the approx-
imate [101] or [101] direction of the subcell (the approximate
[100] or [100] directions of the orthorhombic cell) in antipar-
allel sheets perpendlcular to [010] just as in the case of the
GdFeOj;-type CaTiO3,%" which doubles the cell length along the
[010] direction. As a result, Pv-PNO possesses an orthorhombic
unit cell of ~v/2a, X ~2a, X ~\/2a, (20, sin(fm/2) X 2by, X
2a,, cos(f5,,/2)). Here, a,, is the pseudocubic subcell length. On
the other hand, in LN-PNO with the space group of R3¢, an out-
of-phase tilt along all the directions of the subcell occurs (tilting
system, Glazer notation, a_a a ). Furthermore, all of the Pb ions
are displaced simultaneously along the [111] direction of the subcell
(the [001] directions of the hexagonal cell). As a result, LN-PNO

possesses a hexagonal unit cell of ~+/2a, X ~+/2a, X ~2./3a,

(24, sin(a,/2) X 2a, sin(a,/2) X 2\/3a V/(3—4 sin(a, /2)2))

Although the Pbion is coordinated by eight oxygens for Pv-PNO,
it should be noted that the Pb atom is primarily surrounded by
four oxygens at 2.1—2.2 A, with an additional four oxygens at
2.6—2.8 A as seen in Table 3. The distinct difference between
the bond distances of A—O in GdFeOj;-type perovskites can
be normally observed due to the displacement of the A-site ion
within A-site cage, for example, the bond dlstances are2.4—2.7 A
in CaTiO;"® and 2.4—2.8 A in LaFeO5.*° However, the differ-
ence of 0.7 A in Pv-PNO is much greater than those of typical
GdFeO 3 type perovskites. On the other hand, in the fluorite-type
PbO,,%* the tetravalent Pb ion is equidistantly surrounded by
eight oxygens at 2.316 A. Here, the fluorite-type PbO, is one
of the high-pressure phases of the rutile-type PbO, (5-PbO,) in
which the coordination number of Pb is six. As compared to
the isotropic eight coordination in the fluorite-type PbO,, the
anisotropic 4 + 4 coordination in Pv-PNO stands marginally in
the regime of the conventional high-pressure chemistry where
the coordination number increases with increasing pressures.
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Figure 7. Pb 4f (a) and Ni 2p (b) core-level spectra for the perovskite-
type PbNiO; (Pv-PNO) and LINbO5-type PbNiO; (LN-PNO).

Table 4. Binding Energies (BE) of Pb 4f;,, Electrons and Ni
2ps,» Electrons for a Perovskite-type PbNiO; (Pv-PNO) and
a LiNbO;-type PbNiO; (LN-PNO) with the Reference Data
for §-PbO,, PbO, and NiO

material BE of Pb 4f;/, (eV) BE of Ni 2p3/, (eV) reference
Pv-PNO 137.7 854.2 this work
LN-PNO 136.5 853.1 this work
B-PbO, 137.5 36

137.6 37
PbO 137.9 36

138.2 37
NiO 853.7 38

The Pb ion for the LN-PNO is coordinated by six oxygens at 2.10
and 2.25 A, which is close to the reported Pb—O distances which
the tetravalent Pb in octahedral coordination takes, for example,
2.12,2.18,and 2.22 A in a-Pb0,,** 2.15 and 2.17 A in 8-PbO,,**
2.14 and 2.15 A in BaszOf5 with K,NiF, structure, and 2.1
and 2.2 A in the zeolite in which Pb exists both in +2 and in +4
oxidation states.®®

The transformation from the Pv-PNO to the LN-PNO can be
attained by the tilting of NiOg octahedra and the displacement of
the Pb ion without a long-range diffusion of constituent ions,
which realizes the structure transformation at a rather low
temperature of 400 K.

When we compare the lattice volume per formula unit (f.u.)
estimated from the lattice parameters, the order of the values is as

follows: 56.2 A®/fu. for Pv-PNO, 58.4 A’/fu. for LN-PNO,
and the sum (59.9 A*/fu.) of 41.6 A%/fu. for the rutile-type
B-PbO,** and 182 A’/fu. for the NaCl-type NiO.®” These
data are consistent with the fact that the Pv-type phase was
stabilized by high-pressure synthesis and transformed to the
LN-PNO after heat treatment at ambient atmosphere; that
is, the Pv-type phase is the high-pressure ?hase of the LN-type
phase in PbNiO; the same as in MnTiOs,"® which is supported
by the finding that the absolute value of Madelung energy for
LN-PNO is greater than that for Pv-PNO, as seen in Table 3.
Exothermal heat corresponding to the transformation from Pv-
PNO to LN-PNO is expected from the calculated Madelung
energy. This finding supports the idea that the exothermal broad
cusp in the vicinity of 450 K in the DTA signal (Figure 4)
corresponds to the transformation from Pv-PNO to LN-PNO.
On the basis of these results, we anticipate that the transforma-
tion from the Pv-type phase to the LN-type phase would be
related to the small difference in the lattice energy for both
compounds as well as the similarity of their structures. More
quantitative thermal analyses will be done to elucidate the
thermodynamics of Pv-PNO and LN-PNO.

Finally, we will discuss the quenching of the perovskite form in
the high-pressure synthesis. The in situ X-ray diffraction experi-
ment indicated that the Pv-PNO phase is stable at 3 GPa and
800 °C. On the other hand, when LN-PNO was annealed at
3 GPaand 300 °C for 1 h, we confirmed that the LN-type phase
was obtained without the transformation to the Pv-type phase.
We can therefore expect that the LN-PNO would be thermo-
dynamically more stable than Pv-PNO at 3 GPa and at least up to
300 °C, and LN-PNO would be obtained in the cooling process
in the high-pressure synthesis. However, we were able to obtain
the Pv-PNO without the transformation to LN-PNO. The
possible explanations for this phenomenon are as follows. One
predominant factor is the kinetics of the transformation, that is,
diftusion for ions. The cooling rate is too fast to transform the Pv-
type phase to the LN-type phase. At room temperature, the
activation energy for diffusion is too high for the Pv-type phase to
transform to the LN-type phase. Another factor is the change in
lattice volume for the transformation. The lattice volume of LN-
PNO is greater than that of Pv-PNO. When the Pv-PNO is
transformed to the LN-PNO, the internal pressure in the sample
cell increases with the increase in lattice volume accompany-
ing the transformation. This effect also would suppress the
phase transformation from Pv-PNO to LN-PNO in the cool-
ing process.

Magnetic and Electrical Properties of PbNiO3. Figure 8
shows the temperature dependence of magnetic susceptibilities
measured under a magnetic field of 0.1 T in both the zero field
cool (hereafter abbreviated as ZFC) and the field cool (hereafter
abbreviated as FC) modes for the Pv-PNO and LN-PNO. As
shown in Figure.8, the antiferromagnetic behaviors with peaks at
225 and 205 K were observed for Pv-PNO and LN-PNO,
respectively. Because the antiferromagnetic interaction is strength-
ened by the superexchange interaction between Ni ions via
oxygen, we can expect that the higher bond angle of Ni—O—Ni
serves the higher antiferromagnetic transition temperature.
However, the average bond angle of Pv-PNO is smaller than
that of LN-PNO (see Table 3 and Figure 6). On the other hand,
the magnetic interaction is also dependent on the interatomic
distance between Ni and O. Therefore, the finding that the Ty
for Pv-PNO is higher than that for LN-PNO is primarily
attributable to the fact that the bond distance of Ni—O for
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Figure 8. Temperature dependence of magnetic susceptibilities mea-
sured in an applied magnetic field of 0.1 T in both zero field cool (ZFC)
and field cool (FC) modes for the perovskite-type PbNiO3 (Pv-PNO)
and LiNbO5-type PbNiO; (LN-PNO).

Pv-PNO was smaller than that for LN-PNO. The magnetic
susceptibility above Ty was fitted to the Curie—Weiss law, y =
C/(T — 0,,). Here, C is the Curie constant and 6,, is the Weiss
temperature. The calculated values are C = 1.30 = 0.05 and 0, =
—670 = 30 K for Pv-PNO using the ZFC data from 260 to 300 K,
and C=1.34 £ 0.03 and 0,, = —495 % 16 K for LN-PNO using
the ZFC data from 240 to 300 K. That the Weiss temperature in
Pv-PNO was lower than that of LN-PNO indicates that the
antiferromagnetic interaction between Ni ions via oxygen for Pv-
PNO was stronger than that for LN-PNO, which is consistent
with the finding of a greater Néel temperature for Pv-PNO than
for LN-PNO. The effective magnetic moments were estimated to
be 3.22 £ 0.07 up for Pv-PNO and 3.27 &£ 0.04 up for LN-PNO,
respectively. These values are close to the expected spin-only
magnetic moment of Ni*" with a high spin configuration (S = 1),
2.83 ug. The discrepancy is thought to be due to the spin—orbit
interaction. The isothermal magnetization curves (Figure S1 in
the Supporting Information) were linear at 210 and 190 K just
below Ty for Pv-PNO and LN-PNO, respectively, indicating that
no canted ferromagnetism appeared accompanied by antiferro-
magnetic transition for both phases. Furthermore, below 30 K,
the increase in magnetic susceptibility and the difference be-
tween ZFC and FC susceptibility were observed. As shown in
Figure SI in the Supporting Information, in the isothermal
magnetization curve at 5 K, the hysteresis was observed for both
Pv-PNO and LN-PNO, indicating that the increase in magnetic
susceptibility below 30 K corresponds to the weak ferromag-
netism. However, the magnetic susceptibility below 30 K and
the magnetic moments estimated from the isothermal mag-
netization curve at 5 K (the order of 0.001 uy/Ni) were
different between the prepared samples. Therefore, at the
present time, we consider that the weak ferromagnetic beha-
vior at low temperature was due to the small volume of
magnetic impurity phases, although there is a possibility that
the weak ferromagnetism was attributable to the canted spins
with antiferromagnetic order at low temperature. The clar-
ifications of the origin of the weak ferromagnetism and the
magnetic structure remain for future study.
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Figure 9. Temperature dependence of resistivities for the perovskite-

type PbNiO; (Pv-PNO) and LiNbO;-type PbNiO; (LN-PNO).

Although LN-PNO possesses a noncentrosymmetric (NCS)
structure, as mentioned above, properties based on NCS struc-
ture were not evaluated due to the conductive behavior. Figure 9
shows the temperature dependence of resistivities for the Pv-
PNO and LN-PNO. Both of the phases exhibited semiconduct-
ing behaviors with small temperature dependences of resistivity.
The temperature dependence for LN-PNO was greater than that
for Pv-PNO. The electronic conductivity of PNO is thought to
originate from the orbital interaction between Ni3d and O2p,
and/or the orbital interaction between Pb6s/6p and O2p, and
the carrier due to oxygen nonstoichiometry. The magnetic
behavior indicates that most of the d electrons for Ni ions are
localized. Therefore, the semiconducting behavior for both
compounds is primarily attributed to the orbital interaction
between Pb 6s/6p and O2p and/or the electron carrier origi-
nated from the oxygen vacancy. The inset of Figure 9 shows an
enlargement of resistivity for the Pv-PNO. As seen in this figure,
the anomaly in resistivity was observed in the vicinity of 220 K,
which is close to the Néel temperature. This finding indicates the
partial contribution to the electronic property due to the orbital
interaction between Ni3d and O2p, and the antiferromagnetic
ordering of the 3d electrons of Ni ions in the Pv-PNO.

B CONCLUSION

We obtained two high-pressure phases, a perovskite-type
PbNiO; (Pv-PNO) and a LiNbO,-type PbNiO; (LN-PNO),
and elucidated the structural transformation, thermal stability,
valence states of cations, and physical properties of the Pv-PNO
and LN-PNO. In situ X-ray diffraction studies revealed that the
Pv-PNO is formed without the transformation to LN-PNO
under high temperature and pressure conditions. On the other
hand, by the heat treatment of Pv-PNO at ambient atmosphere,
the transformation from Pv-PNO to LN-PNO occurs irreversi-
bly. The structural information by Rietveld refinement for
both phases indicates that the transformation from Pv-PNO to
LN-PNO occurs easily without a long-range diffusion of the con-
stituent ions. The smaller lattice volume of Pv-PNO relative to
LN-PNO implies that Pv-PNO is the high-pressure phase of
LN-PNO. The structural analysis and the XPS measurement
indicate that both the Pv-PNO and the LN-PNO possess a valence
state of Pb*"Ni** 5. Pv-PNO is notable for the first example of the
Pb*"M**O; series, and the first example of the perovskite contain-
ing a 4+ A-site cation without lone pair electrons. The LN-PNO
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and Pv-PNO with the valence state of Pb*'Ni**O; are partly
caused by the high crystal field stabilization energy of the Ni*" ion
in the octahedral site. The magnetic interaction of Ni** ions for
both phases is antiferromagnetic, and the difference in the
magnetic interaction between the Pv-PNO and the LN-PNO is
dominated by the Ni—O distance rather than the Ni—O—Ni
bond angles. Both phases exhibit semiconducting behavior.

B ASSOCIATED CONTENT

© Supporting Information. Experimental details on the
high-pressure synthesis of a perovskite-type PbNiO;. Isothermal
magnetization curves are shown for the perovskite-type PbNiO;
and the LiNbOj3-type PbNiOj; at various temperatures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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B NOTE ADDED AFTER ASAP PUBLICATION

The unnumbered equation describing distortions of NiOg
octahedra has been corrected and this paper reposted October 3,
2011.
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