
Journal of Alloys and Compounds 388 (2005) 1–5

Metal–insulator transition and large thermoelectric power
of a layered palladium oxide: PbPdO2
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Single-phase polycrystalline samples of PbPdO2 have been synthesized via solid-state reaction, and their electrical, magnetic a
oelectric properties have been characterized. The temperature-dependent dc electrical resistivity exhibits metal–insulator transd
0 K. Thermoelectric power and Hall effect measurement results indicate that the majority of carriers in PbPdO2 are holes. The thermoelect
ower is 95�V/K at 290 K and large for metallic materials. Based on the temperature proportionality of thermoelectric power, Pb2 is
ssentially a metal. The insulating behavior at low temperatures is driven by localization of charge carriers manifested by Curie para
2004 Elsevier B.V. All rights reserved.
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. Introduction

Since the discovery of high-temperature superconductiv-
ty in layered cuprates[1], there has been a great deal of
nterest in layered metal oxides, and numerous new prop-
rties have been discovered in them. For examples, super-
onductivity in non-cuprate layered oxides such as Sr2RuO4
2] and NaxCoO·yH2O [3], and large thermoelectric power
n NaCo2O4 [4] have recently been reported. Thus, physi-
al property characterization of various layered oxide ma-
erials are under scrutiny. Among the transition metal ox-
des, palladium oxides are of particular interest because they
end to form square planar [PdO4/2]2− unit analogous to a
undamental unit of cuprate superconductors, [CuO4/2]2−.
or example, Sr2PdO3 is isostructural to a layered cuprate,
r2CuO4, except for the oxygen deficiency[5]. Therefore,

∗ Corresponding author.
E-mail address:tcozawa@ee.aoyama.ac.jp (T.C. Ozawa).

palladium oxides are interesting objects for the investiga
of structure–property relationship. In addition, palladium
oxide compounds prefers to have oxidation states of 2+
4+ rather than 3+[6]. When holes are doped to a compo
containing Pd2+, holes prefer to pair up and locate on
same Pd site forming Pd4+ rather than forming Pd3+ at dif-
ferent sites[7]. Induction of superconductivity is expect
when such a valence skipper is carrier doped[8] as in the cas
of Bi in BaPb1− xBixO3 [9] and Ba1− xKxBiO3 [10]. From
these points of view, a layered palladium oxide, PbPdO2 is
an interesting compound to investigate its physical prope
The structure of PbPdO2 is shown inFig. 1. PbPdO2 consists
of corrugated Pd–O layers stacked alonga-axis [11]. In the
Pd–O layer, Pd is four coordinated by oxygens in square
nar configuration, and this [PdO4/2]2− unit is corner shared
form layers extending inb–c plane. These layers are bridg
by Pb which is four coordinated by oxygens in square p
mid configuration, [PbO4/2]2−. This coordination configura
tion is familiar in lower group 14 metal oxides such as�-PbO
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Fig. 1. Crystal structure of PbPdO2. Gray squares indicate [PdO4/2]2−
square planar units.

(litharge)[12] and SnO[13]. Temperature-dependent resis-
tivity of PbPdO2 in the range of 90–300 K have previously
been reported by Watanabe and Nozaki[14], and their results
indicate that PbPdO2 has metallic conductivity in this temper-
ature range. However, physical properties of PbPdO2 below
90 K are not known. In this paper, we extended the resistivity
measurement down to 5 K. In addition, magnetic susceptibil-
ity, Hall effect and thermoelectric properties of PbPdO2 have
been characterized.

2. Experiment

Polycrystalline samples of PbPdO2 were prepared by
solid-state reaction of�-PbO (massicot, 99.999%) and PdO
(99.9%). Stoichiometric amounts of PbO and PdO powders
plus 2 mol% excess of PbO powder were weighed. The extra
amount of PbO is to account for the volatility of PbO at high
temperature. The weighed powders were mixed thoroughly
in an agate mortar and the resulting mixture was pressed into
a pellet. The pellet was heated at 700◦C in air for a few days
with several intermittent grindings.

Powder X-ray diffraction data were acquired on a Shi-
madzu XRD-6000 (Cu K� radiation). Crystal structure anal-
ysis was performed by the Rietveld method using RIETAN-
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Fig. 2. Observed data (square markers), calculated profile (line) and differ-
ence plots for the Rietveld refinement of powder X-ray diffraction data of
PbPdO2. The short vertical markers represent allowed reflections.

3. Results and discussion

The powder X-ray diffraction profile of the PbPdO2 sam-
ple is shown inFig. 2 along with the fitted profile pattern
calculated by Rietveld analysis. The initial lattice parame-
ters and atomic positions for the refinement were taken from
previously reported powder diffraction data by Meyer and
Muller-Buschbaum[11]. No reflections, which cannot be in-
dexed by this structure model were observed, and the phase
homogeneity of the sample was confirmed. The refined crys-
tallographic parameters are summarized inTable 1. The lat-
tice parameters obtained from powder X-ray diffraction are
a = 9.4547(1)Å, b = 5.45971(6)̊A andc = 4.66051(6)̊A in
an orthorhombic cell. The Pb–O bond distance in PbPdO2 is
2.325Å, which is slightly larger than�-PbO (2.30Å) [12].
The Pd–O bond distance in PbPdO2 is 2.046Å similar to that
in other low dimensional palladium oxides such as Sr2PdO3
(1.992–2.068̊A) [5]. An interesting fact is that PbPdO2 ex-

Table 1
Crystallographic parameters of PbPdO2

Lattice parameters

Space group Imma(74), orthorhombic

a (Å) 9.4547(1)
b (Å) 5.45971(6)

U
D

A

A

P )
P
O

R

000[15]. Magnetic susceptibility measurements were
ormed with a Quantum Design MPMS2 SQUID magne
ometer in the range of 5–300 K in a 1 T field. The electr
esistivity was measured in a helium-cooled cryostat in
ange of 5–290 K. Gold leads were attached to the s
en by gold paste, and data were acquired by a four-p
ethod. Thermoelectric power was measured by a dc st

tate method in the range of 10–290 K. The thermoele
ontribution of the voltage leads was carefully subtrac
all effect was measured in the range of 5–290 K usi
uantum Design PPMS under applied magnetic field r
f −8 to 8 T.
c (Å) 4.66051(6)
nit cell volume (̊A3) 240.576(5)
ensity (g/cm3) 9.54235

tomic parameters

tom Site x y z

b 4e 0 1/4 0.7741(3
d 4c 1/4 1/4 1/4

8f 0.345(1) 0 0

wp = 8.62%,RI = 2.46%.
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Fig. 3. Temperature-dependent dc resistivity of PbPdO2.

hibits metallic conductivity as described below whereas both
�-PbO and Sr2PdO3, which consist of the same structural
sub-units as PbPdO2, are insulators.

The temperature dependence of the electrical resistivity
is shown inFig. 3. It exhibits metal (dρ/dT > 0) to insu-
lator (dρ/dT < 0) transition around 90 K. The temperature-
dependent resistivity of PbPdO2 between 90 and 300 has pre-
viously been reported by Watanabe and Nozaki[14]. Their
results show similar metallic conductivity in this tempera-
ture range, and their resistivity values are in the same order
as ours. In our studies, we also measured the resistivity be-
low 90 K, and found that the resistivity increases below this
temperature. Our attempt to fit this portion of the resistivity
to the Arrhenius plot (ρ = ρ0exp[Ea/kBT] whereEa is the ac-
tivation energy) has failed; thus, the temperature dependence
of the resistivity in this range is not likely to originate from
suppression of carrier excitation over a band gap.

The temperature-dependent molar susceptibility is shown
in Fig. 4. It exhibits a strong temperature dependence below
90 K where the transition from metal to insulator in the resis-
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=

Fig. 5. Temperature-dependent thermoelectric power (S) of PbPdO2.

tivity was also observed. The susceptibility data below 20 K
were fitted to the Curie–Weiss law and the effective magnetic
moment has been calculated. Based on the stoichiometric for-
mula, PbPdO2, the expected oxidation state of palladium is
2+. In the square planar crystal field, the highest filled or-
bital of Pd2+ is dxy, and it is filled with a pair of spin up and
down electrons. Thus, the expected effective spin magnetic
moment is zero. However, the calculated value of the effec-
tive magnetic moment is 0.04µB/(formula unit). Since no
secondary phase has been observed by powder X-ray diffrac-
tion, this result suggests that a small portion of palladium has
the 1+ or 3+ oxidation state. One possibility for the valence
shift is that there is small oxygen deficiency in the sample.
In such a case, a small amount of Pd+ is introduced, and a fi-
nite spin magnetic moment is expected from a spin unpaired
electron in thedx2−y2 orbital. A similar Curie behavior of
the temperature-dependent susceptibility was also observed
in other ternary palladium oxide systems such as SrPd3O4
[16]. From the low temperature region of the temperature-
dependent magnetic susceptibility data, the concentration of
Pd+ has been estimated to be 1.82× 10−4/(formula unit).
This amount corresponds to the number of localized charge
carriers.

The temperature-dependent thermoelectric power (S) is
shown inFig. 5. The sign of the thermoelectric power was
p ant
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ig. 4. Temperature dependence of residual susceptibility (χ − χ0 where

0 is temperature-independent susceptibility) of PbPdO2. The inset show
he inverse residual susceptibility fitted to the modified Curie-Weiss laχ

C/(T− θW) + χ0, below 20 K.
ositive for all temperatures indicating that the domin
harge carriers are holes. The thermoelectric power is rou
roportional to the temperature indicating that PbPdO2 is es-
entially a metal as described by the Mott formula

= π2

3
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BT
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(
δ ln σ(E)

δE
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hereEF is the Fermi energy[17].
The temperature proportionality of the thermoelec

ower has a transition around 80 K. This temperatur
ower than metal–insulator transition exhibited in the re
ivity measurement around 90 K. The thermoelectric po
f PbPdO2 at room temperature is quite large compared
onventional metals. Considering the order of charge ca
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Fig. 6. Temperature-dependent Hall coefficients (RH) and carrier density (n
= 1/eRH) of PbPdO2.

concentration as described below and the large thermoelec-
tric power, it is more like a semimetal possessing a deep
pseudo-gap with a rather sharp band edge near the Fermi
level. The thermoelectric power at 290 K is 95�V/K, and
it seems suitable for thermoelectric applications. However,
the resistivity is quite high (0.75� cm), and the power factor
(S2/ρ) of PbPdO2 is quite small (0.012�W/K2 cm) compared
with that of other metallic oxides having a large thermoelec-
tric power such as NaCo2O4 (S = 13�W/K2 cm at 300 K)
[4]. This large difference in the power factor between these
compounds is mainly due to the high electrical resistivity of
PbPdO2, which it is a factor of 103 larger than NaCo2O4.

Hall effect measurement results are shown inFig. 6. The
Hall coefficients (RH) are positive from 5 to 290 K indicating
that the majority charge carriers are holes, consistent with
the temperature-dependent thermoelectric power measure-
ment results. In the figure, the carrier density (n) is estimated
from the experimental data based on a single carrier model,
n = 1/eRH. The carrier density calculated in this model is in
the same order (∼1017 cm−3) as semimetal materials such as
bismuth[18]. The charge carrier concentration has a strong
temperature dependence, and it has a maximum around 75 K.
This temperature is close to the transition observed in the
thermoelectric power.

The differences in transition temperatures among resistiv-
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among temperature-dependent resistivity, magnetic suscepti-
bility, thermoelectric power and Hall effect can more appro-
priately be rationalized by a two-band model. In the two-band
model, different weights on charge carrier concentrations and
mobility of holes and electrons contribute to electrical con-
ductivity, thermoelectric power and Hall effect. For example,
electrical conductivity is described as a summation of hole
and electron contributions:σ = qhnhµh + qeneµe whereq,
n andµ are charge, charge carrier concentration and charge
carrier mobility, respectively. In order to rationalize the phys-
ical property transitions, we assume that the electrical con-
duction is mainly contributed by electrons rather than holes.
Because the majority charge carriers are holes as determined
by the experiments, this assumption is allowed only if the
electrons have higher mobility than holes. Above the transi-
tion region, the resistivity decrease (dρ/dT > 0) is a normal
metallic/semimetallic conductivity trend where scattering of
carriers by thermal phonons are decreased as the tempera-
ture decreases. In addition, the increase in Hall coefficients
above the transition region can be modeled by a decrease in
the concentration of thermally excited holes. Below the tran-
sition region, the increase of the resistivity (dρ/dT < 0) by
the localization of charge carriers, which are assumed to be
electrons, is manifested by the Curie tail of the temperature-
dependent susceptibility. Due to the localization of electrons,
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ty, magnetic susceptibility, thermoelectric power and H
ffect are not well understood. However, for all these p
rties, the transition is rather gradual; thus, it might be

er to consider that these transitions are related and
ithin a very broad transition region between 75 and 9
n intriguing feature of the temperature-dependent ca
ensity of PbPdO2 is that the carrier density is smallest

his transition region where the electrical resistivity is sm
st. Also, the carrier density at 5 K is 1.04× 10−5/(formula
nit) and higher than that in the transition region contra

ng the charge carrier localization indicated by Curie p
agnetism at low temperatures. These contradictions

rom the use of a single carrier model, and the relation
he difference in charge carrier concentrations between
nd electrons increases; thus, the Hall coefficients dec
s long as there is no significant change in hole concentr
he broad kink of the thermoelectric power around 80
ossibly caused by this change in relative charge carrier
entrations.

. Conclusion

Single-phase polycrystalline samples of PbPdO2 have
een synthesized and resistivity, magnetic susceptib

hermoelectric power and Hall coefficients have been m
ured. PbPdO2 is essentially a metal. However, consider
he large thermoelectric power and the difference betw
emperature-dependent thermoelectric power and Ha
ects, it is rather a semimetal, and the majority of charge
iers are holes. It exhibits a metal–insulator transition aro
0 K originating from the localization of charge carriers

denced by the Curie paramagnetism at low temperat
rom a practical point of view, it would be interesting to
lore the effect of carrier doping on the electrical resisti
nd the thermoelectric power in order to achieve higher p

actor in this system.
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