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A novel Pb-based perovskite PbMoOs3 is obtained by high-pressure and high-temperature syn-
thesis. This material crystallizes in the Pm3m cubic structure at room temperature, making it
distinct from typical Pb-based perovskite oxides with a structural distortion. PbMoOs3; exhibits a
metallic behavior down to 0.1 K with an unusual 7-sub linear dependence of the electrical resistivity.
Moreover, a large specific heat is observed at low temperatures accompanied by a peak in Cp /T 3
around 10 K, in marked contrast to the isostructural metallic system SrMoQOs. These transport and
thermal properties for PbMoO3, taking into account anomalously large Pb atomic displacements
detected through diffraction experiments, are attributed to a low-energy vibrational mode, associ-
ated with incoherent off-centering of lone pair Pb?* cations. We discuss the unusual behavior of the
electrical resistivity in terms of a polaron-like conduction, mediated by the strong coupling between
conduction electrons and optical phonons of the local low-energy vibrational mode.

PACS numbers: 72.15.-v, 72.80.Ga, 75.40.Cx, 61.05.cf

I. INTRODUCTION

Insulating oxides with a stereochemically active lone
pair of Pb?* and Bi** cations have been the subject
of long-standing interest due to large remnant polar-
ization and high temperature structural/electronic tran-
sitions, as found in Pb(Zr,Ti)Os with a coherent dis-
placement of Zr/Ti atoms™?. A surge of interest in
multiferroics over the last decade has led to numerous
studies of BiFeQ3? targeting applications in ferroelectric
non-volatile memory devices with high working temper-
ature. More recently, there has been a growing atten-
tion in ferroelectric-like structural distortion or transi-
tion in metallic compounds* ®. This is because unprece-
dented behaviors can appear distinct from conventional
metals, such as an enhanced thermoelectric property in
(Mo,Nb)Tez5 and possible odd-parity superconductivity
proposed in CdyResO7 and doped SrTiOgz heterostruc-

tures’.

The concept of introducing polar distortion in a metal-
lic phase has been recently demonstrated in a material
of the LiNbOs-structure type, LiOsO3®. It is discussed
that large thermal vibration or incoherent disorder of Li
and O ions allows cooperative order upon cooling. A
ferroelectric-type structural phase transition occurs at
Ty = 140 K, where the metallic conduction associated
with Os half-filled ¢y, states is retained across Ts. In this
context, compounds with stereochemically active lone-
pair electrons can be considered as an alternative path
for designing ferroelectric-like metal or a new class of
metal, since the lone pair electrons may promote a certain

structural distortion®'?. However, the research seeking

for novel properties from metallic materials with Pb?* or
Bi%*t cations is rather limited!! 3.

In this paper, we report the synthesis of a Pb-based
perovskite PbMoOs3 crystalizing in the cubic structure,
despite the presence of Pb?t cations. While this mate-
rial shows an orthorhombic distortion with coherent oc-
tahedral tiltings at low temperature, it retains a metallic
behavior down to 0.1 K. We found an unusual tempera-
ture dependence of the electrical resistivity p and a large
specific heat C'p accompanied by a peak in Cp /7. These
unusual behaviors are likely originated from a low-energy
vibrational mode induced by the incoherent off-centering
of lone pair Pb?* cations as suggested from structural
refinements. The weak T' dependence of p is presumably
understood in terms of incoherent transport driven by
the formation of the polaron-like conduction.

II. EXPERIMENTAL

Polycrystalline samples of Pb;_,Sr,MoOs; (z =
0.0,0.25,0.5,0.75), were synthesized by a high-pressure
and high-temperature technique. Stoichiometric mix-
tures of PbO, SrO, and MoO; were reacted at 1000 °C
and 7 GPa for 30 min using a multianvil press. SrMoOg3
(x = 1) was synthesized by heating SrMoO, (prepared
by a solid-state reaction) at 1000 °C for 12 h in Hy/Ar
flow as reported in Ref. 14.

X-ray powder-diffraction (XRD) experiments were per-
formed with Cu K « radiation at room temperature (RT).



For an additional structural study of PbMoOsj, syn-
chrotron X-ray powder diffraction (SXRD) experiments
were performed at RT on the BL02B2 beam line at
SPring-8. The wavelength of the incident beam was A =
0.42089 A. Neutron diffraction experiments of PbMoOs
were performed at RT and 5 K using the high reso-
lution powder diffractometer BT-1 at the NIST center
for Neutron Research. Incident neutrons of wavelength
A = 1.5398 A monochromated by vertical-focused Cu
(311) monochromator was used. The structural refine-
ments were performed using the FullProf and RIETAN-
FP softwares'®16. The 2 = 0 sample was also character-
ized using transmission electron microscopy (TEM). The
data were acquired on an aberration-corrected FEI Titan
80-300 microscope at 300 kV. The chemical composition
was analyzed by an energy dispersive X-ray spectroscopy
(EDS). The valence was checked by the X-ray absorp-
tion near edge structure (XANES) spectroscopy at the
Mo K-edge. The spectra of PbMoOgs, SrMoOs, MoO4
and MoO3 were measured at RT on the BLO1B1 beam-
line at SPring-8. The XANES spectra were recorded in a
transmittance mode, using Si (111) and Si (311) double
crystal monochromator.

The specific heat (Cp) and dc magnetic susceptibil-
ity (M/H) were measured, respectively, with a commer-
cial calorimeter (Quantum Design, PPMS) and a SQUID
magnetometer (Quantum Design, MPMS). The electrical
resistivity p was measured by means of a standard four-
probe method using rectangular samples cut out from
pellets. Gold wires were attached to samples with silver
paste, and the samples were then cooled down to 0.1 K
using an adiabatic demagnetization refrigerator installed
in PPMS. Note that the density of the polycrystalline
sample pellet is 8.7 g/cm® for PbMoOs, 7.4 g/cm? for
Pbg.5810.5M003, and 5.4 g/cm?® for StMoO3. These val-
ues correspond to 89-97% of the calculated ones esti-
mated from the RT crystal structures, suggesting that
the difference in density provides only small effect on the
absolute values of p in these compounds.

IIT. RESULTS AND DISCUSSION

Figure 1 shows the powder SXRD pattern of PbMoOg
recorded at RT. Observed peaks are indexed in a cubic
unit cell, without any splitting and shoulder indicating
symmetry lowering (see, for example, 211 and 321 reflec-
tions in Figs. 1(b) and 1(c)). This result demonstrates
the absence of any distortions from the cubic symmetry
at RT. The Rietveld refinement assuming the ideal cubic
perovskite (space group: Pm3m) converged resulting in
the lattice parameter of a = 3.999(1) A and R factors
of Ryp = 3.85%, Re = 3.03%, R, = 2.99%, and Rg =
3.51%. The goodness-of-fit parameter, S = Ry, /Re, was
S = 1.27, indicating excellent quality of the fitting. The
solid solution Pb;_,Sr,MoO3 was successfully obtained
in the entire x range, with the lattice constant decreas-
ing linearly with increasing x (Fig. 1 of the Supplemental
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FIG. 1: (Color online) (a)Synchrotron patterns of PbMoOs
measured at RT, demonstrating the cubic perovskite structure
(Pm3m). The inset shows the enlarged plot in a high angle
region. (b) and (c) are 211 and 321 reflections, respectively,
representative peaks with h # k, # [, and [ # 0, showing the
absence of splitting and shoulder associated with any tetrag-
onal or other symmetry lowering distortions. Observed and
refined data are shown by cross and solid curves, and vertical
bars represent positions of the Bragg reflections. The differ-
ence between the experimental and theoretical data is plotted
by the dashed curves at the bottom. Excluded regions in (a)
include contributions from small amount of impurities such
as PbMoOy.

Material [17]). These results ensure a continuous change
in the A-site composition. Refining the occupancy factor
of each atomic site did not improve the overall fit, indicat-
ing the stoichiometric composition of the title compound
at least for the heavy atoms on the A and B sites. The
Mo K-edge XANES spectra of PbMoOs (Fig. 2), mea-
sured together with other Mo compounds, indicate that
the formal valence in PbMoOj3 is Mo** (thus yielding
Pb?T), which is consistent with the result of bond va-
lence sum calculations based on the RT structure, giving
Mo* %8+ and Pb 74+, EDS experiments verified the com-
positional ratio between Pb and Mo, for example, Pb/Mo
= 1.01(6) for the x = 0 sample.

Interestingly, a large atomic displacement parame-
ter (ADP) of Pb was obtained (isotropic root-mean-
square displacement of 0.15(1)A), suggesting unusually
large thermal vibration of Pb ions and/or random dis-
placements of Pb away from the ideal position. Given
the presence of stereochemically active 6s electrons of
Pb2t, the obtained cubic structure in PbMoOs is un-
usual and contrasts markedly with other reported Pb-
based perovskites with a distortion from the cubic sym-
metry'3. In order to gain more insight into the RT
crystal structure for PbMoQOgs, we performed TEM ex-



TABLE I: Structure parameters for PbMoOs3; refined by Ri-
etveld analysis of the synchrotron X-ray and neutron diffrac-
tion data. For each model, the Mo atom was positioned at
the origin. Uiso represents the isotropic atomic displacement
parameter. Numbers in parentheses indicate one standard
deviation in the value.

X-ray (RT) neutron (RT) neutron (5 K)

Cell parameters and positions

Space group Pm3m Pm3m Imma

a (A) 3.999(3)  3.9986(1) 5.6348(2)
b (A) 7.9680(3)
¢ (A) 5.6508(2)
Pb x 0.5 0.5 0.0

Pb y 0.5 0.5 0.25

Pb 2 0.5 0.5 0.5008(17)
Olz 0.5 0.5 0.0

Oly 0.0 0.0 0.25

Ol z 0.0 0.0 0.0259(12)
02 x 0.25

02y -0.0128(5)
02z 0.25

Uiso (1072A%)

Pb 2.08(6) 2.58(5) 1.2(2)

Mo 0.30(6) 0.64(4) 0.36(4)
o1 0.8(3) 0.99(6) 0.6(2)

02 0.42(8)

periments. As shown in Figs. 3(a)—(c), electron diffrac-
tion patterns can be consistently indexed on the cubic
perovskite structure with the Pm3m symmetry. They
do not contain any extra reflections or diffuse intensi-
ties associated with long or short range ordered struc-
ture deformations due to the Pb off-center displace-
ments.  Also, high-angle-annular-dark-field scanning-
transmission-electron microscopy (HAADF-STEM) im-
ages in Figs. 3(d)—(f) do not show any notable dis-
crepancy from the ideal cubic perovskite structure. No
anomaly associated with Pb disorder is observed in any
principle directions of the cubic structure, [100], [110],
and [111]. These results suggest that the Pb off-center
displacements, if present, are random at RT, and the lo-
cal cooperative structure related to correlated disorder!'®
or the formation of polar nano region for relaxor phe-
nomena of Pb-based complex perovskites' 2! is absent.

Rietveld refinement of the RT neutron diffraction data
gave a consistent result compared to the SXRD data,
confirming the full occupancy of the anionic site, while
at T'= 5 K we found a orthorhombic distortion with ad-
ditional peaks corresponding to a v/2 x v/2 x 2 cell (Fig. 2
of the Supplemental Material [17]): a preliminary SXRD
experiment shows the structural phase transition appears
at Ty ~ 200 K. This superstructure is presumably related
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FIG. 2: (Color online) Mo K shell XANES spectra of
PbMoOs3 (solid line), SrMoOs (dashed line), MoO2 (dotted
line), and MoOs3 (dashed dotted line).

to a structural transition as observed in SrMoQOg3 below
125 K involving the softening of a Ras phonon mode that
results in MoOg octahedral tilting?2. Indeed, a successful
structural refinement at 5 K was conducted assuming a
low-temperature structural phase analogous to SrMoOg
(space group: Imma): details are given in Tables I and
the Supplemental Material [17]. It is notable that, unlike
SrMoOs, the displacement parameter of the Pb site is
still quite large even at 5 K (root-mean-square displace-
ment of 0.15 A along the a axis and ~ 0.08 A along the
b and ¢ axes), suggesting a strong “statically” remain-
ing incoherent Pb off-centering. It is worth underlining
that the difference in Ujg, with T for Pb between RT and
5 K is at least three times higher than that for Mo in
PbMoO3 or for Sr in SrMoO32?, additionally revealing
an unusual thermal behavior possibly related to the dy-
namic component of lead disorder. We will discuss the
effect of the Pb off-centering on physical properties in
the next section. As will be shown below, the absence
of any anomalies related to the structural transition in
Cp, M/H and p may be related to the associated subtle
octahedral tilt of about 4° along the a axis.

It is expected that the off-centered Pb?* derived from
lone pair electrons in PbMoOg3 may provide essential in-
fluence on physical properties. In fact, Cp/T of PbMoOs
is much larger than that of StMoO3 below 150 K. More-
over, the Cp /T3 vs. T plot for PbMoOj clearly exhibits a
peak centered at about 10 K, which is however absent in
SrMoOs (see the inset of Fig. 4). This low-temperature
peak cannot be explained in terms of the structural phase
transition of PbMoO3 and the simple Debye law with
Cp(T) o< T?, and hence implies a significant contribution
of a low-energy vibrational mode to the specific heat?3:24.
It is also seen that Sr-for-Pb substitution does not alter
the Cp/T? peak position (temperature), while reducing
only its intensity. It can thus be deduced that this peak
originates from the incoherent displacement of Pb ions by
the 6s lone-pair electrons, revealed by the large ADP of
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FIG. 3: (a)—(c) Electron diffraction patterns and (d)—(f) high
resolution HAADF-STEM images of PbMoOs3 taken at RT
along the [100], [110], and [111] axes. The intensity I in the
HAADF-STEM images is proportional to the average atomic
number, Z, of the projected atomic column and scales as I ~
Z"(n=1.6—1.9).

Pb, since conventional disorder is known to shift the peak
temperature?® 27, The Cp/T? peak for PbMoO3 can be
roughly reproduced by the Einstein specific heat with an
Einstein temperature O ~ 50 K which corresponds to
the value estimated from the ADP value of Pb at RT'7.
An upturn of Cp/T? observed in Pb;_,Sr,MoOs3 sys-
tems below 5 K is ascribed to the electronic specific heat
4T, and we obtained v = 9.2(1) mJ/K2-mol for PbMoO3
and v = 7.6(1) mJ/K?-mol for StMoQOs3, the latter being
in agreement with the previous estimation?®2°. The Wil-
son ratio Rw = 72k%x0/(3u37) is obtained as 1.8 and 2.2
for PbMoOg3 and SrMoQg, respectively, using the Pauli
paramagnetic susceptibility xo after diamagnetic correc-
tion for PbMoQ3 and g from the report on SrMoQ3!7:28,
The values of Ry for both compounds are close to 2 as
expected in Fermi liquids within the strong correlation
limit3°.

Temperature dependence of the electrical resistivity
p(T) of PbMoOg (Fig. 5) shows a metallic behavior down
to 0.1 K (apart from a tiny contribution of the supercon-
ductivity (SC) from the Pb impurity below 7 K). This
SC contribution can be removed by applying a magnetic
field of 0.5 T, which is above the critical field of the SC
transition of Pb. The resulting p(T) is almost identi-
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FIG. 4: (Color online) Temperature dependence of Cp/T for
powder samples of PbMoOs and SrMoOs. Large difference
of Cp /T emerges below 150 K, suggesting the contribution of
a low-energy vibrational mode in PbMoOs. The inset repre-
sents the C’p/T3 vs T plot for Pbi_;Sr;MoOs.

cal with the zero-field data, implying that the magne-
toresistance is negligible. Interestingly, p(T") of PbMoO3
exhibits an unusual T-sub linear dependence in a wide
temperature range below 100 K, where the fitting with
p(T) = A+ BT to the data yielded o ~ 0.5 (the in-
set of Fig. 5). Moreover, the resistive change in tem-
perature is rather small, with a residual resistivity ratio
RRR = p(300 K)/p(0.1 K) = 1.1. These features are dis-
tinct from p(T) of typical non-magnetic metals, where
p(T) o< T or o< T due to the electron-phonon scatter-
ing with the weak electron-phonon coupling®!:3? and/or
p(T) oc T? due to the electron-electron scattering are ob-
served at low temperature?34. Note that StMoQ3 shows
p(T) o< T? below 140 K (the main panel of Fig. 5) ow-
ing to the enhanced electron-electron correlation?”. We
also observed that p(T) oc T? is recovered by substi-
tuting Pb ions by Sr ions at low temperatures for the
x = 0.5 sample. Therefore, it appears that incoherent
off-centered Pb2T ions disturb the electrical conduction.
It is known that a weak coupling between optical phonons
and conduction electrons gives rise to a T-super linear
dependence with p(T) oc T™ (n > 1)323% It is thus
possible that the observed polaron-like incoherent trans-
port is mediated by strong coupling between conduction
electrons and optical phonons of the local low-energy vi-
brational mode for PbMoQOs3, as proposed theoretically
by Millis et al.® It was suggested that p(T) oc 7% can
appear in the critical regime around the crossover from
Fermi liquid to polaron behaviors.

Add to note: in the final stage before the sub-
mission of this paper, we became aware of the work
on PbeCriy,Moy_,O¢ reporting a synthesis for =z =
—-1,-2/3,-1/3,0,1/3 (x = —1 means PbMoOs3), yet
with no structural refinement (thus no indication of Pb
off-centering) nor detailed physical properties®”.
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FIG. 5: (Color online) Temperature dependence of p for

PbMoOs, Pbg.5Sr0.5MoO3s, and SrMoOgs. Here the data for
SrMoOs are multiplied by 10 for clarity. A tiny difference of
the data at 0 and 0.5 T below 7 K for PbMoO3 is attributed
to small amount of a Pb impurity which is less than 0.1%
examined from diffraction and magnetic susceptibility exper-
iments. Other signatures of SC transition or spin density wave
have not been observed down to 0.1 K in PbMoO3. The inset
shows the low-temperature behavior of p plotted as a function
of T for PbMoOs.

IV. CONCLUSION

To summarize, we have synthesized a novel lead
perovskite PbMoOgs using a high-pressure and high-
temperature reaction. This lead-based compound rep-
resents a rare case with the Pm3m cubic structure at
room temperature, despite the presence of Pb?>* cations
with lone pair electrons. We observed an unusual T-sub
linear dependence in p(T') as well as large specific heat
at low temperatures, which could be explained in terms
of a low-energy vibrational mode mediated by the in-
coherent off-centering of Pb?* cations as experimentally
indicated by anomalously large Pb atomic displacements.
Furthermore, the weak T dependence of p(T) implies a
polaron-like conduction, mediated by the strong trapping
of conduction electrons by local phonon vibration.
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