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ABSTRACT: The B-site-ordered double-perovskite Pb,NiMoOy was prepared at high
pressure and high temperature. The structural analysis of synchrotron powder X-ray
diffraction data shows that Pb,NiMoOy crystallizes into monoclinic symmetry with the
space group Pc (no. 7), where the Ni and Mo ions are ordered in a rock-salt-type manner.
The magnetic and specific heat characterizations reveal unusual two-step antiferromagnetic
(AFM) transitions at 18 and 26 K for Pb,NiMoOy. The X-ray absorption spectra at the Ni-
L, edge and the Mo-L; edge and the high-resolution partial fluorescence yield at the Pb-

L, edge indicate Pb**,Ni**Mo®* Oy valence states. Although in A,NiMoOg (A = Sr**, Pb**,

and Ba®"), the size of the A cation increases gradually from Sr** (1.44 A) to Pb** (1.49 A) to Ba®>" (1.61 A), Pb,NiMoOj exhibits
much lower symmetry structure and AFM transition temperature, Ty, compared with Sr,NiMoOy (I4/m, Ty = 81 K) and
Ba,NiMoOg (Fm3m, Ty = 64 K), which is attributed to the large distortion of NiOg and MoOg octahedra induced by the lone pair
electron effect of Pb*>" with a 6s> electronic configuration. Moreover, symmetry-breaking phase transition from a high-temperature
centrosymmetric, cubic Fm3m phase to a low-temperature non-centrosymmetric, monoclinic Pc phase was observed at 393—413 K

in Pb2N1M0 06.

B INTRODUCTION

ABO; perovskite-type oxides and derivatives present rich
physical properties, owing to the cross interplay and
correlation of lattice, charge, spin, and orbital degrees of
freedom.'”” In ABO; perovskites, the A-site is usually
occupied by alkaline, alkaline-earth, or lanthanide cations
with 12-coordinated oxygen atoms, while the B-site often is
accommodated by transition-metal ions with 6-coordinated
oxygens.® The large radius of A-site ions generally stabilizes the
three-dimensional perovskite crystal structure, while the
transition metals in the B-site dominate the transport and
magnetic properties of compounds.” Substitution of cation B’
for B leads in general to the solid solution AB,_B’.O;;
however, if x = 0.5 and B and B’ differ sufficiently in charge
and/or size, then the B-site cation ordering may occur.'’ The
formula is then properly written as A,BB’Og and the
compound is described as a double perovskite. The common
orderings that occur in such compounds are rock-salt,
columnar, or layered ordering of B and B’ cations over the
parent B sites.'' The ideal structure of A,BB’Og-type B-site-
ordered double perovskite can be viewed as a regular
alternating arrangement of corner-sharing BOg4 and B'Og
octahedra with no distortion.'” Thus, these compounds usually
crystallize into Fm3m space group.'> However, when the A-site
cation is relatively small, a mismatch between the equilibrium
(A—0O) and (B—0)/(B'—0) bond lengths occurs, and the
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BO4 and B’'O4 octahedra will distort accompanied by a
decrease in the symmetry from cubic to tetragonal or even to
monoclinic.'* For example, in the double-perovskite family of
A,FeO0sOg¢ (A = Ca, CaysSrys, and Sr), the crystal symmetry is
reduced from tetragonal I4/m (A = Sr) to monoclinic P2,/n
(A = CagsSrys and Ca) with decreasing A-site size."> High-
pressure synthesis is a powerful technique to stabilize
A,BB’Og¢-type B-site-ordered double perovskites with various
sizes of ions. The pronounced effects of pressure are to shorten
atomic bond distances, to enhance charge transfer, and to
initiate chemical reactions thermodynamically forbidden at
ambient pressure.''® Thus, at high pressure, many new
materials in general and new phases with A,BB’Og-type B-site-
ordered double-perovskite structures in particular, which
cannot form at ambient pressure, become stable/metasta-
ble.l7—19

Compared to the simple ABO; perovskite, both B and B'-
sites can accommodate transition-metal ions in A,BB’Oq
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Figure 1. (a) Rietveld structural refinement results for PNMO of SXRD data collected at room temperature. Observed (circles), calculated (red
line), difference (blue line), and background (green line) are shown, respectively. The ticks indicate the allowed Bragg reflections. (b) (Left) SAED
pattern of PNMO along the [010] zone-axis. The extinction diffraction spots appear due to multiple scattering. (Right) Simulated SAED pattern of
PNMO along the [010] zone-axis corresponding to the sub-space groups Pyn; or P;2/n;. (c) Crystal structure of PNMO viewed from the a-, b-, c-
axis. (d) Scheme of the crystal structure for B-site-ordered double-perovskite PNMO, as shown in a rock salt view. (e) Scheme of NiO4z and MoOy
octahedra.

double perovskite, giving rise to multiple and competing perovskites with the general chemical formula A,BB’Oy, owing
magnetic and electrical interactions such as B—B, B'=B’, and to their fascinating structural and wide variety of physical
B—B'. Recently, much attention has been given to the double properties since the report of room-temperature colossal
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magnetoresistance in the double-perovskite Sr,FeMoO,.”’
Subsequently, many A,BB'O4 (A = Ba, Sr, Ca, Pb, and Bij;
B/B’ = Fe, Co, Ni, Cr, Mn, and Os) double perovskites with
properties such as ferromagnetic, ferroelectric, and multiferroic
were synthesized under ambient or high-pressure condi-
tions.” %

Pb is a main-group element with a charge degree of freedom
stemming from the possibility of having either the 6s* (Pb**)
or the 6s° (Pb*) electronic conﬁguration typically found in
PbFeO; (Pb**,Pb**,Fe’*0,;).”® Their ions are called
valence-skipping (or negative-U) ions because the 6s'
configuration (Pb**) is prohibited.”” Pb-based oxides with a
stereo-chemically active lone pair of Pb?* cation have been the
subject of long-standing interest due to large remnant
polarization and high-temperature structural/electronic tran-
sitions, as found in Pb(Zr,Ti)O;. In this work, we prepared the
B-site-ordered double-perovskite Pb,NiMoOy (PNMO) at
high pressure and high temperature. The crystal structure,
valence states, and magnetic properties were investigated with
synchrotron X-ray diffraction (SXRD), electron diffraction
(ED), X-ray absorption spectrum (XAS), and temperature-
dependent magnetic susceptibility (M—T). To the best of our
knowledge, PNMO is the first report of an A,BB’Og-type
double perovskite with the low-symmetry space group, Pc (no.
7).

B EXPERIMENTS

A polycrystalline sample of PNMO was prepared by high pressure and
high temperature. The starting materials PbO (Alfa, 99.9995%),
MoO; (Alfa, 99.9%), and NiO (Alfa, 99.9%) were mixed
homogeneously in a molar ratio 2:1:1 and pressed into a pellet with
a diameter of 6 mm and height of 3.0 mm in an argon gas-filled
glovebox. The pre-pressed pellet was sealed into a gold capsule and
then calcined at 1273 K and 5 GPa for half an hour in a cubic-anvil-
type high-pressure apparatus. The temperature was quenched to room
temperature, before the pressure was released. In this process, brown
polycrystalline PNMO was obtained.

The SXRD for PNMO was collected with a large Debye—Scherrer
camera installed at the BLO2B2 beamline of SPring-8 in Japan with a
wavelength of 0.420124 A. The crystal structure solution was carried
out by EXPO2014 software.”® Temperature-dependent XRD of
PNMO measurements has been performed using a Rigaku Ultima
VI diffractometer with Cu Ka radiation generated at 40 kV and 40
mA. Diffraction data were collected in the angle (26) range from 10 to
120° with steps of 0.01°. The structure refinement was performed by
the Rietveld method using the GSAS program.” The specimens for
transmission electron microscopy were milled and dispersed into
high-purity ethanol and transferred on a carbon film with a copper-
supporting grid. The selected area ED (SAED) and convergent-beam
ED (CBED) patterns were obtained using a CM200 (Philips)
transmission electron microscope with a field emission gun at an
accelerating voltage of 200 kV. The resistivity of PNMO was
measured with the standard four-probe method. The size of the
sample was ~2 X 1 X 1 mm for the electrical measurements. The field
dependence of the isothermal magnetization (M—H and M—T) was
measured with a quantum design superconducting quantum
interference device magnetometer (MPMS3). The valence state of
metal ions in PNMO was determined by XAS. The XAS spectra at the
Ni-L, ; and Mo-L, ; edges were measured at the TPS45A and TLS16A
beamline, respectively, at the National Synchrotron Radiation
Research Center in Taiwan. The high-resolution partial fluorescence
yield (PFY) Pb-L; XAS spectra with an overall resolution of ~1.0 eV
was measured at the ID 20 beamline of the European Synchrotron
Radiation Facility in France.>® The permittivity was measured with
different frequency using an Agilent-4980A LCR meter on a solid
pellet with 5.2 mm? in area and 230 um in thickness. The ferroelectric
hysteresis loops were measured at 100 Hz with a Radiant Precision
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Premier-II Ferroelectric Test System at different temperatures based
on the proposed positive-up negative-down method. The detailed
experimental descriptions can be found in the previous literature.”’

B RESULTS AND DISCUSSION

According to the previous report,32 PNMO possesses cubic
symmetry with the lattice parameter a = 3.971 A. However, our
SXRD pattern shows the splitting of the high-angle peaks (see
the inset of Figure 1a), thus excluding the possibility of cubic
symmetry. Group-theoretical analysis has shown that twelve
possible space groups exist in the structures of ordered double-
perovskite AyBB’Oy, in which the ordering of cations B and B’
into alternate octahedra is considered as combination with the
ubiquitous BO4 (or B'Og) octahedral tilting.”® Among the
twelve possible groups from the group-theoretical analysis,
there are four tetragonal (P4/mnc, P4,/nnm, 14/m, and P4,/n)
and only one orthorhombic (Pnnn). The structures with space
groups P4/mnc and I4/m have approximate cell dimensions
(relative to the edge of the simple perovskite) of /2 X/2 X 2,
while the structures with space groups P4,/nnm, P4,/n, and
Pnnn have approximate cell dimension of 2 X 2 X 2.”* There
are difficulties in the actual structural determination even with
a high—q}uality sample due to the nature of these com-
pounds.”** However, we noted that XRD diffraction peaks of
PNMO split near 20.05°(see the inset of Figure la) can be
used as an indicator for the monoclinic (or triclinic) distortion,
as described in the following context. For the double-
perovskite tetragonal 1/2 x1/2 X 2 cells, only a single (404)
peak is possible near 20.05° in the pattern, and similarly, only a
single peak (444) is possible for the tetragonal and
orthorhombic 2 X 2 X 2 cells. Therefore, the split of the
(404) or (444) peak near 20.05° indicates that the structure of
the double-perovskite PNMO is neither tetragonal nor
orthorhombic. The SXRD pattern of the PNMO sample can
be indexed by a monoclinic unit cell with lattice parameters a =
5.6341(6), b = 5.6384(6), ¢ = 9.7523(6) A, a = 90.00, § =
125.18, and y = 90.00°. This corresponds to the structure with
the space group P2,/ ¢.*3 Then, we tried to solve the structure
with EXPO2014 based on SXRD data, and the Rietveld
refinement results were R, = 23.2%, R, = 24.4%, R; = 14.7%,
and Rg = 24.9%. It seems that the structure model is not very
satisfactory. We suspected that this compound may have lower
symmetry due to the severe distortion of the NiO4 and MoOjq
octahedron induced by the lone-pair electron effect of Pb**
ions. Therefore, we tried to solve the structure in space group
Pc (no. 7, a subgroup of the P2,/c) with lower symmetry. All
the R factors (RP =9.33%, R, = 12.9%, R; = 12.0%, and Ry =
14.2%.) significantly improved. To further confirm the correct
space group of PNMO, we performed SAED and CBED
experiments. According to the SAED results along the [010]
zone-axis (see Figure 1b), we found that if PNMO belongs to
the space group Pc (no. 7), only the sub-space group P;n; can
satisfy the extinction rules. On the other hand, if PNMO
belongs to the space group P2/c (no. 13), only the sub-space
group P;2/n; can satisfy the extinction rules. The symmetry
operations of Pc include (1) 1; (2) ¢ x, 0, z, while the
symmetry operations of P2/c include (1)1; (2) 2 0, y, 1/4; (3)
—10,0, 0; (4) c x, 0, z. Therefore, the difference between
space groups Pc and P2/c is whether there are twofold axes
along the [010] zone-axis. Our CBED pattern along the [010]
zone-axis indicates that there is no twofold axis along the [010]
zone-axis (see Figure S1). Thus, we can confirm that the space
group Pc is the correct choice for the PNMO structure. Finally,
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the Rietveld structure refinement was performed using the
GSAS program.”” The SXRD Rietveld structural refinement
result for PNMO is shown in Figure la. The detailed refined
structure parameters are listed in Table 1. Figure Ic illustrates

Table 1. Crystallographic Parameters of PNMO Refined
from the SXRD Pattern at RT“

100 X By,

atom  site x y z (A)

Pbl 2a  0.6212(9) 0.7921(4)  0.6503 (4) 1.36(9)
Pb2 2a  0.1221 (1) 0.7926 (4)  0.1508 (3) 1.17(8)
Nil 2a  —0.1289 (5) 12593 (8) —0.0989 (2) 0.44(4)
Mol 2a  0.3839 (7) 1.2814 (7)  0.4103 (7) 0.79(0)
o1 2a 11394 (0) 0.5065 (2)  0.8869 (6) 1.40(1)
02 2a  0.6685 (6) 0.4966 (2)  0.4016 (5) 0.41(2)
03 2a  0.6098 (3) 1.2406 (7)  0.6392 (9) 2.92(8)
04 2a  0.1534 (1) 1.2013 (8)  0.1885 (4) 0.86(6)
0s 2a  0.6361 (6) 1.0206 (3)  0.4343 (8) 0.82(4)
06 2a  0.1361 (7) 1.0135 (6)  —0.0724 (5) 0.22(4)

“Space group Pc (no.7), Z=2,a=5.6341(6) A, b = 5.6384(6) A, c =
9.7523(6) A, a = 90.00°, 8 = 125.18°, ¥ = 90.00°, p, = 8.722(3) g/
am®, V = 253.2(0) A%, R, = 8.12%, and R, = 5.81%.

the crystal structure of PNMO viewed along the a-, b-, and ¢-
axis, respectively. The NiO4 and MoOyg octahedra are grossly
distorted. The average octahedral tilt angle is defined as y =
(180 — ¢)/2 = 6.59°, where ¢ is the inter-octahedral Ni—O—
Mo angle. PNMO displays a significantly larger structural
distortion compared with that of Sr,NiMoOy (y = 2.87°)."*'*
The Ni and Mo ions in PNMO are ordered in a rock-salt-type
manner (Figure 1d). No anti-site disordering was found, as
expected, due to the large differences of charge and effective
ionic radius of Mo® (0.59 A) and Ni** (0.69 A).** No
anomaly was observed in the occupational parameters at any
atomic sites. Full occupancy of the oxygen sites was observed
as well. Thus, PNMO, the ordered perovskite, should have a
stoichiometric composition. The rare ABO;-type simple
perovskite CuNbOj; with the monoclinic space group Pc and
AA'BB'Og¢-type perovskite SrLaCuNbOg with the triclinic
space group P-1 have been reported in previous studies.*™’
However, to the best of our knowledge, PNMO is the first
report of B-site-ordered double perovskite with such a low-
symmetry space group, Pc. The Pb—O, Ni—O, and Mo—O
bond lengths are summarized in Table 2. Bond valence sum
(BVS) calculations™ based on SXRD refinement confirm that
the valence states are +1.98 for Pbl, +2.21 for Pb2, +2.14 for
Ni, and +5.98 for Mo, respectively. Therefore, the formal
oxidation states of PNMO are Pb,>*Ni**Mo®* O, which is
consistent with XAS results described below.

As mentioned above, the NiOg4 and MoOg octahedra in
PNMO are strongly distorted from ideal symmetry (see Figure
le). The relative distortion of BOg4 octahedra in perovskites
can be estimated by the magnitude of A in the formula A =

2
%Z?:l (d‘d_—j“) , where d, is the individual B—O bond length
and d,, is the average bond length.” The distortion parameter,
A, of NiO4 and MoOQg4 for PNMO is 6.74 X 107% and 7.37 X
1073, respectively. These values are much larger than those for
Ba,NiMoOy and Sr,NiMoOg (see Table 3), which have the
same valence distribution as PNMO. Moreover, as the ionic
size of Sr**, Pb*, and Ba®* gradually increases from 1.44 to
1.49 to 1.61 A, respectively, the symmetry of the corresponding

100

Table 2. Pb—O, Ni—O, and Mo—O Bond Lengths and
BVSs” for PNMO Refined from the SXRD Pattern at RT

Pbl Pb2 Nil Mol

01 2.961(0) 2.810(5) 2.118(2) 1.737(0)
2.945(6) 3.086(1)

02 2.824(4) 2.817(5) 1.789(3) 2.051(1)
3.077(9) 3.093(3)

03 2.530(6) 2.829(1) 2.089(1) 1.839(0)
3.110(7) 2.820(6)

04 2.867(3) 3.347(5) 2.314(6) 1.825(5)
2.800(2) 2.324(5)

oS 2.920(1) 2.529(7) 2.201(1) 1.963(0)
2.511(2) 2.908(1)

06 2.558(7) 2.869(8) 1.942(8) 2.239(3)
2.871(3) 2.549(3)

BVS 1.98 221 2.14 5.98

“Vi = XS Sj = expl(ro — 1;)/0.37]. Values calculated using r, =

2.112 for Pb**, 1.654 for Ni**, and 1.907 for Mo®".

Table 3. Ionic Radius of A-Site r,, Average A—O, Ni—O, and
Mo—O Bond Distance, Distortion A of NiOg4 and MoO,
BVS Values, and AFM Transition Temperature (Ty) for
Ba,NiMoOyg, Sr,NiMoOg;, PNMO, and PbNiOj;, Respectively

Ba,NiMoO4  Sr,NiMoOgq Pb,NiMoOg PbNiO;
space group Fm3m I4/m Pc Pnma
ra/A 1.61 1.44 1.49 1.49
(A-0) 2.846(9) 2.783(1) 2.832(1) 2.407(0)

2.831(5)
(Ni—0) 2.097(2) 2.024(4) 2.075(8) 2.076(0)
(Mo—0) 1.927(2) 1.921(4) 1.942(4)
ANiOg¢ 0 807 X 107 674 x 107 7.18 x 1075
AMoOy 0 3.68 x 107 737 x 1073
BVS (A) 2.66 2.08 1.98 4.11
2.20
BVS (Ni) 1.81 221 2.14 1.92
BVS (Mo) 5.70 5.78 5.97
Ty/K 64 81 26 225

crystal structure is expected to change gradually. However, the
symmetry of PNMO is lower than that of Sr,NiMoO4 and
Ba,NiMoOy. The most obvious difference between these three
compounds is that the A-site ion of PNMO, Pb**, has 6s* lone
pair electrons. Therefore, the low symmetry and large
distortions of the NiO4 and MoOy octahedra in PNMO are
mainly due to the steric effect of the 6s* lone pair electrons.
Moreover, we noticed the simple perovskite-type compound
PbNiO,°, in which the valence state of the Pb ion is +4 and
without lone pair, showing a 2-orders of magnitude smaller (A
=7.20 X 107°) for NiOy distortion than that of PNMO. These
results corroborate that the low symmetry and large distortion
of NiO4 and MoOg in PNMO originate from the steric effect
by the lone pair electrons. The large distortion of NiO4 and
MoOyg octahedra greatly affect the magnetism of PNMO, as
discussed below.

It is well known that the energy position and the multiple
spectral features XAS at the 3d transition-metal L, ; edges are
very sensitive to the valence and the local environment.””*’
The same energy position and the very similar spectral feature
of PNMO and NiO at the Ni-L, ; edge in Figure 2a indicate a
clear Ni** valence state with an octahedral local coordination
in PNMO. Different from 3d elements, the detailed spectral
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Figure 2. XAS spectra at (a) Ni-L, ; edge of PNMO and NiO (as a
Ni** reference). (b) Mo-L; edges of PNMO and Ba,YMoOy (as a
Mo®* reference). (c) Pb-L, edge of PNMO and PbTiO; (as a Pb*
reference) and PbNiO; (as a Pb*" reference). The inset shows Pb-L,
XAS spectra of PNMO and PbNiOj; taken with the conventional
transmission mode.

feature of the XAS spectrum at 4d transition metal L, ; edge is
mainly determined by the crystal field splitting, while an
increase in the valence state of 4d transition-metal ion by one
causes a shift of the t,,- and e -related peaks at the L; XAS
spectra by about 1 eV toward higher energies." ™" To
determine the oxidation state of Mo ions precisely in PNMO,
the Mo-L; XAS spectrum for PNMO was measured. Figure 2b
shows the Mo-L; XAS of PNMO together with that of
Ba,YMoOy as a Mo®* reference.” The higher energy shift of
the Mo-L; XAS spectra of PNMO, relative to that of
Ba?*,Y**Mo** Oy, indicates a Mo®" valence state in PNMO.
Figure 2¢ presents the PFY Pb-L; XAS spectrum of PNMO
together with PbTiO; (as a Pb** reference) and PbNiO; (as a
Pb*" reference), respectively. Unlike the XAS spectra of 3d and
4d transition metals at L and K edges, where the energy
positions are very sensitive to the number of the localized d
valence electrons, at the Pb-L edge, the 6s electrons represent
the valence state of Pb ions. However, the Pb 6s- and Pb 6d-
related features strongly overlap at the Pb-L; in the traditional
transmission mode, due to a large life time broadening and
poor experimental resolution.*® Fortunately, the Pb-L; XAS
spectra taken from the high-resolution PFY mode provide an
opportunity to identify the spectral feature of the Pb 6s
state.””** As shown in Figure 2c, a sharp pre-edge peak at
13,030 eV in the Pb-L; XAS spectrum for the Pb*" reference
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PbNiOj; can be assigned to the dipole-allowed transition from
the 2p;/, core level to the unoccupied 6s states with two 6s
holes. In the case of PbTiO;, the pre-edge peak is absent due
to the fully occupied 6s state. Figure 2¢ shows that PNMO has
a Pb-Ly XAS profile similar to that of the Pb** reference
PbTiO;. No pre-edge peak is observed, demonstrating the
valence state of Pb ions with fully occupied 6s state. The XAS
results indicate that the formal valence states in PNMO are
Pb**,Ni**Mo®* Og. The inset of Figure 2c shows the Pb-L, XAS
spectra of PbTiO; and PbNiO; in the transmission mode,
where the 6s-related peak for the Pb*" state in PbNiOj is a
poorly resolved broad shoulder. This result is consistent with
the BVS calculations based on the SXRD refinement. As
summarized in Table 3, PNMO has the same wvalence
distribution as Sr,NiMoOg and Ba,NiMoOg
(A%, Ni**Mo®*Oy).

Next, we focus on the electrical transport property of
PNMO. Figure 3 shows the temperature dependence of

" % 13 —— linear fitting
S
1 12
54 % _
- 3 e
£ 4 £
o 4 i\ A =686 meV
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Figure 3. Temperature dependence of resistivity for PNMO. The
inset shows the In(p) as a function of inverse temperature and its
linear fitting between 270 and 380 K.

resistivity for the PNMO sample, which exhibits semi-
conducting behavior same as Sr,NiMoOg.*” The resistivity of
PNMO is about 1.67 X 10° Q c¢m at 300 K. The inset presents
the linear fit to the curve of In(p) as a function of inverse
temperature using the formula of p exp(Ag/ 2ksT), where A,
is the semiconducting band gap and kg is the Boltzmann
constant. The resistivity curve can be well fitted, and the band
gap A, of PNMO is evaluated to be ~686 meV.

The temperature dependence of magnetic susceptibility y for
PNMO, as shown in Figure 4a, indicates unusual two-step
antiferromagnetic (AFM) transitions: the first at 18 K and the
second at 26 K are seen in a magnified view of the
temperature-dependent dy/dT (see the inset of Figure 4a)
and in the temperature-dependent specific heat (see Figure
5a). Similar two-step AFM has also been observed in mixed A-
site. and B-site charge-ordered quadruple perovskite
Pb>"Pb**;Co**,C0*",0,, (PCO) with B-site Co** ion with
high spin S = 3/2 and B’-site Co>* ion with low spin § = 0.>°
The magnetic interaction in PCO is mediated by a Co**—O—
Co**—0—Co*" path.”® The magnetic Co*" ions at the special
positions of a cubic cell form a regular FCC lattice with strong
geometrical frustrations expected.”’ The magnetic interaction
of PNMO is very similar to that of PCO. In PNMO, the Mo®*
ion with 4d° electronic configuration has no magnetic
moment,”” and the magnetic exchan§e is mainly via the
Ni**—0—Mo* —O—Ni** pathways.”">" Because there are
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Figure 4. (a) Temperature dependence of magnetic susceptibility ¥
and Curie—Weiss fitting for PNMO. The external magnetic field is 0.1
T. The inset shows a magnified view of the dy/dT vs T (K) at low
temperature. (b) Field-dependent magnetization of PNMO at various
temperatures.

200+

Figure S. (a) Temperature dependence of specific heat for PNMO.
The blue curve shows the fit of lattice specific heat. (b) C,/T vs T and
the numerical integration of the entropy S after subtracting the lattice
specific heat around Ty for PNMO.

multiple competing magnetic super-exchange interactions
induced by the geometrical frustration of Ni** (d%, S = 1) in
PNMO, unusual two-step AFM transitions occurred. The y(T)
data above the second-transition temperature of 26 K can be
well fitted with the Curie—Weiss law. The obtained Curie
constant is C = 1.10 emu K mol™! Oe™}, and the Weiss
temperature is ,, = —59.6 K; the negative ,, verifies the AFM
interactions. According to the Curie constant, the effective
magnetic moment (i) is calculated to be 2.97 pp/Ni** for
PNMO. The p g value is close to that expected for the spin-
only theoretical value (2.83 y) for the Ni** ion with high-spin
configuration (S = 1).” The discrepancy is thought to be due to
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spin—orbit interactions. Furthermore, Figure 3b shows M—H
for PNMO measured at 15, 22, 30, and 100 K, just below and
above the AFM transition temperature, Ty, respectively. The
magnetization is linearly dependent on the applied magnetic
field; no open magnetic hysteresis loop is observed in PNMO,
which indicates that no canted ferromagnetism accompanies
the AFM transition.

As mentioned above, the Mo®" ion does not carry any
magnetic moment, so the magnetic exchange in PNMO is
mainly via the Ni**~O—Mo® —O—-Ni** bonds.”"”” In
contrast, the AFM interactions in PbNiO; are strengthened
by the super-exchange interaction between Ni ions via oxygen
(Ni**—~O—Ni** path).” Thus, the Ty of all the A,NiMoOg (A
= Ba, Sr, and Pb) is much lower than that of PbNiO;, in
agreement with the above considerations.”® The slightly higher
observed for Sr,NiMoO; (Ty = 81 K) with respect to that of
Ba,NiMoOg (Ty = 64 K) implies the presence of stronger
magnetic interactions for the former. The strength of the
magnetic interactions is related to the Ni—O bond distances,
which is significantly shorter in Sr,NiMoOg than that in
PNMO, and accounts for the stronger overlap between the Ni
3d and O 2p orbitals in Sr,NiMoOy, thus enhancing the super-
exchange process and giving rise to the AFM order at the
higher Ty in Sr,NiMoO,.'* However, the average (Ni—O)
bond length of PNMO is shorter than that of Ba,NiMoOy, the
Ty of PNMO is only 26 K versus 64 K of Ba,NiMoOg. The
main reason for the difference in Ty is the large distortion of
the Ni**~O—Mo®" angle ¢ in PNMO from the ideal 180°
(~157.4—170.4°), which is deleterious for optimal 3d—2p
overlap.

Figure Sa shows the temperature dependence of specific heat
for PNMO without an external magnetic field. The anomalies
at 18 and 26 K support the transitions of long-rang magnetic
ordering in PNMO. In order to estimate the entropy release
associated with AFM ordering, the lattice contribution has
been calculated and subtracted from the total specific heat. For
this purpose, we fitted the lattice contribution with the Einstein
model (see the blue curve in Figure 5a).”*** Figure Sb shows
C,/T versus T and the magnetic entropy S

mag
T2
/T X (Cinag/ T)AT for PNMO. The magnetic entropy increases

with temperature and nearly saturates just above Ty = 26 K
with a value of 12.95 J mol™" K™'. In PNMO, the magnetic
structure can be described by the ordered Ni spins (Ni**, d*, S
= 1). The Ni** ions carry two holes with spin S = 1 in the 3d
shell. Therefore, the value of magnetic entropy is expected with
R¥In (2§ + 1) = 9.13 J mol™ K™ for a S = 1 system. The
theoretical value is consistent with the experimentally obtained
Smag Which confirms the bulk nature of AFM order in PNMO.

Temperature-induced structural transformation is usually
observed in Pb-based oxides, such as PbTiO;, PbNiO;, and so
forth. Specifically, phase transition from tetragonal, I4/m to
cubic, Fm3m was observed at 550 K for analogous compound
Sr,NiMoOg4.>® In order to examine the possible phase
transition, we investigated the temperature-dependent XRD
for PNMO from 298 to 433 K. Figure 6a shows an obvious
phase transition between 393 and 413 K in PNMO. Figure 6b
shows the comparison of XRD patterns for PNMO between
298 and 433 K. Compared with the XRD pattern obtained at
298 K, many diffraction peaks disappeared in the XRD pattern
obtained at 433 K, which indicate that the crystal structure of
PNMO changes from low symmetry to high symmetry at 393—
413 K. The XRD pattern at 433 K can be indexed well with the
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Figure 6. (a) Temperature-dependent XRD patterns for PNMO
obtained from 298 to 433 K. The obvious phase transition occurred
between 393 and 413 K. (b) Comparison of XRD patterns for PNMO
at 298 and 433 K.

space group Fm3m. The Rietveld structural refinement result is
shown in Figure 7. The inset of Figure 7 shows the crystal
structure of PNMO with the space group Fm3m. The detailed
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Figure 7. Rietveld refinements of XRD patterns for PNMO at 433 K.
Observed (crosses), calculated (red), difference (blue), and back-
ground (green) are shown in the figure, respectively. The ticks
indicate the allowed Bragg reflections with the space group Fm3m
(phase I: PNMO, ~95.6 wt %) and I41/a (phase II: PbMoO,, ~4.4
wt %). The inset shows the refined crystal structure of Fm3m PNMO
at 433 K.
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refined structural parameters of PNMO at 433 K are listed in
Table 4. BVS results based on XRD refinement show that the

Table 4. Refined Structure Parameters of PNMO Based on
XRD Data Collected at 433 K*?

XRD
a (A) 7.9737(2)
z 4
formula weight (g/mol) (g/mol) 665.03
cacl. density (g/cm®) 8.7124(6)
V (A%) 506.97(1)
o, 0.2425(1)
U, (Pb) (A2) 0.0507(4)
U,, (Ni) (A2) 0.0426(5)
U,, (Mo) (A2) 0.0237(7)
Uso (0) (A2) 0.0158(9)
Pb—0 (x12) (A) 2.819(7)
Ni—O (x6) (A) 2.053(9)
Mo—0 (x6) (A) 1.934(9)
£Ni—O—Mo (deg) 180
BVS (Pb) 1.77
BVS (Ni) 2.04
BVS (Mo) 5.56
R, (%) 6.09
R, (%) 458
Ve 1.902

“The BVS values (V) were calculated using the formula V; = ¥,5; and
S; = exp[(ro — 1;)/0.37)]. In PNMO, ry = 2.112 for Pb2+ 1,654 for
Ni**, and 1.907 for Mo®". "Space group: Fm3m; atomic sites: Pb 8¢
(0.25, 025, 0.25), Ni 4b (0.5, 0.5, 0.5), Mo 4a (0, 0, 0), and O 24e
(0.2425, 0, 0).

valence states are +1.77 for Pb, +2.04 for Ni, and +5.56 for Mo,
respectively. Therefore, the valence state of PNMO at 433 K is
also Pb,>*Ni**Mo®* Oy, the same as the BVS results based on
SXRD obtained at room temperature. The relatively smaller
valence of cations at 433 K (relative to those at room
temperature) is attributed to the enhancement of bond lengths
due to thermal expansion. All the above results show that
PNMO undergoes a symmetry-breaking phase transition from
a high-temperature centrosymmetric, cubic Fm3m phase to a
low-temperature non-centrosymmetric, monoclinic Pc phase at
393—-413 K.

Since Pc is a polar space group, PNMO may exhibit
interesting dielectric/ferroelectric properties. The permittivity
£,(T) and dielectric loss &(T) measured with different
frequencies from 2 to 380 K are shown in Figure S2,
respectively. Interestingly, the dielectric loss §(T) remains at a
very low value (<0.02), and the relative dielectric constant
€/(T) is almost constant (~50) at all frequencies when the
temperature is below 30 K, which indicate the intrinsic
dielectric property of PNMO in the low-temperature range.
However, as the temperature increased to SO K, the &,(T) of
PNMO quickly increases and shows frequency-independent to
frequency-dependent translation accompanied with enhanced
dielectric loss from 0.01 to 0.5, indicating the presence of
leakage currents at temperatures above S0 K. No anomalous
peak is observed in the dielectric constant ¢,(T) in the whole
measured temperature range. To examine the possible
ferroelectricity of PNMO, we measured the polarization versus
electric field (P—E) at 300 and 20 K under selected electric
fields (see Figure S3). No P—E hysteresis loops were observed
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in PNMO even when the electric field increased to 15 kV/cm.
The absence of ferroelectricity in PNMO may be due to the
polycrystalline sample with randomly distributed grains.
Another reason may be due to the grain boundary effect and
leaking current issue, preventing the application of maximum
electric fields in the experiment since PNMO shows a large
dielectric loss 6(T) (~0.5) when the temperature is above 50
K. The relatively large dielectric loss §(T) at high temperature
is consistent with the semiconducting behavior of PNMO.

B CONCLUSIONS

Pb,NiMoOg, a B-site-ordered double perovskite, was synthe-
sized under high pressure and high temperature. Refinement of
synchrotron powder X-ray diffraction data shows that
Pb,NiMoOy crystallizes in the low-symmetry monoclinic
space group, Pc (no. 7). Structural analysis shows that NiOg
and MoOQg octahedra are ordered in a rock-salt-type arrange-
ment and are tilted with large distortions. XAS results
combined with BVS calculations confirm the valence
distribution in PNMO as Pb,”*Ni**Mo®*O,. The magnetic
and specific heat characterizations reveal unusual two-step
AFM transitions, at 18 and 26 K. Comparing the A,NiMoOy
(A = Sr, Pb, and Ba) analogues, the ionic size of the A site ion
increases from Sr** (1.44 A) to Pb*>*(1.49 A) to Ba** (1.61 A),
while the symmetry and Ty change from tetragonal, I4/m and
81 K to monoclinic, Pc and 26 K to cubic, Fm3m, and 64 K,
respectively. A temperature-induced structural phase transition
from polar monoclinic Pc phase to non-polar Fm3m phase was
observed around 400 K. The low symmetry and Ty observed
for Pb,NiMoQy are attributed to the large distortion of NiOg
and MoOyg octahedra induced by the lone pair electron effect
of Pb** with 6s® electronic configuration. These results have
guiding significance for designing and searching new functional
materials with stereo-chemically active lone pair cations.
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