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Abstract

Single-phase polycrystalline samples of PbRd@ve been synthesized via solid-state reaction, and their electrical, magnetic and ther-
moelectric properties have been characterized. The temperature-dependent dc electrical resistivity exhibits metal-insulator trargsition aroun
90 K. Thermoelectric power and Hall effect measurement results indicate that the majority of carriers in BiePttt@les. The thermoelectric
power is 95uV/K at 290K and large for metallic materials. Based on the temperature proportionality of thermoelectric power, BoPdO
essentially a metal. The insulating behavior at low temperatures is driven by localization of charge carriers manifested by Curie paramagnetism.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction palladium oxides are interesting objects for the investigation
of structure—property relationship. In addition, palladium in
Since the discovery of high-temperature superconductiv- oxide compounds prefers to have oxidation states of 2+ and
ity in layered cuprate§l], there has been a great deal of 4+ rather than 3{6]. When holes are doped to a compound
interest in layered metal oxides, and numerous new prop-containing P&+, holes prefer to pair up and locate on the
erties have been discovered in them. For examples, supersame Pd site forming Pd rather than forming Pt at dif-
conductivity in non-cuprate layered oxides such a&R80y ferent siteq7]. Induction of superconductivity is expected
[2] and NaCoOyH»O0 [3], and large thermoelectric power when such a valence skipper is carrier dofBés in the case
in NaCoOg4 [4] have recently been reported. Thus, physi- of Biin BaPh _ ,Bi, O3 [9] and Ba _ ,K,BiO3 [10]. From
cal property characterization of various layered oxide ma- these points of view, a layered palladium oxide, PbP&O
terials are under scrutiny. Among the transition metal ox- aninterestingcompound to investigate its physical properties.
ides, palladium oxides are of particular interest because theyThe structure of PbPd{s shown inFig. 1. PbPdQ consists
tend to form square planar [PdQ]Z* unit analogous to a  of corrugated Pd—O layers stacked al@gxis[11]. In the
fundamental unit of cuprate superconductors, [Q/uﬁ*. Pd-O layer, Pd is four coordinated by oxygens in square pla-
For example, SIPAG; is isostructural to a layered cuprate, nar configuration, and this [Pd@]?~ unitis corner shared to
SrCuQy, except for the oxygen deficiend$]. Therefore, form layers extending ib— plane. These layers are bridged
by Pb which is four coordinated by oxygens in square pyra-
* Corresponding author. mid configuration, [Pbg)2]?~. This coordination configura-
E-mail addresstcozawa@ee.aoyama.ac.jp (T.C. Ozawa). tion is familiar in lower group 14 metal oxides suchva®bO

0925-8388/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2004.06.089



2 T.C. Ozawa et al. / Journal of Alloys and Compounds 388 (2005) 1-5
\ \ \ @rb

K & K =
AN ANTANE
. ,1 :

%
N\
4
.- . / s ¥ ~
EA
Intensity (arb. unit)

Agu .

A\ Tt ettt
' Ll (O T 1

30 40 50 60 70 80
20 (degree)

& ~
)
=

Fig. 1. Crystal structure of PbPdOGray squares indicate [Pd@]z‘

square planar units. ) o )
Fig. 2. Observed data (square markers), calculated profile (line) and differ-

ence plots for the Rietveld refinement of powder X-ray diffraction data of

(Iltharge)[12] and an13]. Temperature-dependent resis- PbPdQ. The short vertical markers represent allowed reflections.

tivity of PbPdQ in the range of 90-300 K have previously

been reported by Watanabe and NoZakKi, and theirresults 3. Results and discussion

indicate that PbPdghas metallic conductivity in this temper-

ature range. However, physical properties of Pbfd€low The powder X-ray diffraction profile of the PbPd®am-

90 K are not known. In this paper, we extended the resistivity ple is shown inFig. 2 along with the fitted profile pattern

measurement down to 5 K. In addition, magnetic susceptibil- calculated by Rietveld analysis. The initial lattice parame-

ity, Hall effect and thermoelectric properties of PbRd@ave ters and atomic positions for the refinement were taken from

been characterized. previously reported powder diffraction data by Meyer and
Muller-Buschbaunj11]. No reflections, which cannot be in-
dexed by this structure model were observed, and the phase

2. Experiment homogeneity of the sample was confirmed. The refined crys-
tallographic parameters are summarizedable 1 The lat-

Polycrystalline samples of PbPdQvere prepared by tice parameters obtained from powder X-ray diffraction are

solid-state reaction g-PbO (massicot, 99.999%) and PdO a = 9.4547(1), b = 5.45971(6A andc = 4.66051(6Q in

(99.9%). Stoichiometric amounts of PbO and PdO powders an orthorhombic cell. The Pb—O bond distance in PbiidO

plus 2 mol% excess of PbO powder were weighed. The extra2.325A, which is slightly larger tharx-PbO (2.30&) [12].

amount of PbO is to account for the volatility of PbO at high The Pd—O bond distance in PbPgi®2.046A similar to that

temperature. The weighed powders were mixed thoroughly in other low dimensional palladium oxides such agPsiO;

in an agate mortar and the resulting mixture was pressed int0(1.992—2.0683\) [5]. An interesting fact is that PbPd@x-

a pellet. The pellet was heated at 7@in air for a few days

with several intermittent grindings. Table 1

Powder X-ray diffraction data were acquired on a Shi- Crystallographic parameters of PbRdO

madzu XRD-6000 (Cu K radiation). Crystal structure anal-  Lattice parameters

ysis was performed by the Rietveld method using RIETAN- gpace group Imma(74), orthorhombic

2000[15]. Magnetic susceptibility measurements were per-

formed with a Quantum Design MPMSSQUID magne- 2%2; g.jgg;(ll(é)
tometer in the range of 5-300K in a 1 T field. The electrical . &) 4:66051(6)
resistivity was measured in a helium-cooled cryostat in the ynit cell volume &3) 240576(5)
range of 5-290K. Gold leads were attached to the speci-Density (g/crs) 9.54235

men by gold paste, and data were acquired by a four-probe _
method. Thermoelectric power was measured by a dc steady\!Omic parameters

state method in the range of 10—-290 K. The thermoelectric Atom Site X y z
contribution of the voltage leads was carefully subtracted. pp & 0 1/4 0.7741(3)
Hall effect was measured in the range of 5-290K using a Pd & 1/4 1/4 14
Quantum Design PPMS under applied magnetic field range© & 0.345(1) 0 0

of —81t0 8T. Rup = 8.62%,R; = 2.46%.
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Fig. 3. Temperature-dependent dc resistivity of PbRdO Fig. 5. Temperature-dependent thermoelectric poBeo{PbPdQ.

hibits metallic conductivity as described below whereas both tivity was also observed. The susceptibility data below 20 K
a-PbO and S$PdG;, which consist of the same structural  were fitted to the Curie—Weiss law and the effective magnetic

sub-units as PbPdQare insulators. moment has been calculated. Based on the stoichiometric for-
The temperature dependence of the electrical resistivity mula, PbPd@, the expected oxidation state of palladium is
is shown inFig. 3. It exhibits metal §o/dT > 0) to insu- 2+. In the square planar crystal field, the highest filled or-

lator (dp/dT < 0) transition around 90K. The temperature- bital of Pd* is d,,, and it is filled with a pair of spin up and
dependent resistivity of PbPd®etween 90 and 300 has pre- down electrons. Thus, the expected effective spin magnetic
viously been reported by Watanabe and NoZaMj. Their moment is zero. However, the calculated value of the effec-
results show similar metallic conductivity in this tempera- tive magnetic moment is 0.Qdg/(formula unit). Since no
ture range, and their resistivity values are in the same ordersecondary phase has been observed by powder X-ray diffrac-
as ours. In our studies, we also measured the resistivity be-tion, this result suggests that a small portion of palladium has
low 90 K, and found that the resistivity increases below this the 1+ or 3+ oxidation state. One possibility for the valence
temperature. Our attempt to fit this portion of the resistivity shift is that there is small oxygen deficiency in the sample.
to the Arrhenius plotg = poexp[Ea/ksg T] whereE, is the ac- In such a case, a small amount of'Ad introduced, and a fi-
tivation energy) has failed; thus, the temperature dependencenite spin magnetic moment is expected from a spin unpaired
of the resistivity in this range is not likely to originate from electron in thed,2_ > orbital. A similar Curie behavior of
suppression of carrier excitation over a band gap. the temperature-dependent susceptibility was also observed
The temperature-dependent molar susceptibility is shown in other ternary palladium oxide systems such as Stid
in Fig. 4 It exhibits a strong temperature dependence below [16]. From the low temperature region of the temperature-
90 K where the transition from metal to insulator in the resis- dependent magnetic susceptibility data, the concentration of
Pd" has been estimated to be 1.8210%/(formula unit).

3.0 s This amount corresponds to the number of localized charge
° g carriers.
8 25p 8 The temperature-dependent thermoelectric povgeis(
e o E shown inFig. 5 The sign of the thermoelectric power was
§ 200 5 positive for all temperatures indicating that the dominant
g o = charge carriers are holes. The thermoelectric power is roughly
o 13 % f proportional to the temperature indicating that PbpPt@s-
iﬂo-% § Zz S sentially a metal as described by the Mott formula
j 051 N ’ 'l"leomperaturel(f() » S = %ZIC%_T(M>
. e SF Er
00 V900 iaiaioioisioioia?.s whereEr is the Fermi energfl7].
0 50 100 150 200 250 300

The temperature proportionality of the thermoelectric
power has a transition around 80K. This temperature is
_ _ o lower than metal-insulator transition exhibited in the resis-
Fig. 4. Temperature dependence of residual susceptibjity (xo where tivity measurement around 90 K. The thermoelectric power
xo is temperature-independent susceptibility) of PbRde inset shows fPbPd L | d with
the inverse residual susceptibility fitted to the modified Curie-Weissaw, ~ © PbP Q atroom tempera_ture_ Is quite large compare Wlt_
= CIT — 6w) + xo0, below 20K. conventional metals. Considering the order of charge carrier

Temperature (K)
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3.5 14.0 among temperature-dependent resistivity, magnetic suscepti-
I ] 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 contribution®: = ghnnun + geneite Whereq,
nandu are charge, charge carrier concentration and charge
carrier mobility, respectively. In order to rationalize the phys-
1 ical property transitions, we assume that the electrical con-
N N S B duction is mainly contributed by electrons rather than holes.
0 50 100 150 200 250 300 Because the majority charge carriers are holes as determined
Temperature (K) by the experiments, this assumption is allowed only if the
electrons have higher mobility than holes. Above the transi-
Fig. 6. Temperature-dependent Hall coefficieig)(and carrier densityn( tion region, the resistivity decreasgo{(dT > 0) is a normal
= 1/eRy) of PbPdQ. metallic/semimetallic conductivity trend where scattering of
carriers by thermal phonons are decreased as the tempera-
concentration as described below and the large thermoelecture decreases. In addition, the increase in Hall coefficients
tric power, it is more like a semimetal possessing a deep above the transition region can be modeled by a decrease in
pseudo-gap with a rather sharp band edge near the Fermthe concentration of thermally excited holes. Below the tran-
level. The thermoelectric power at 290K is @¥/K, and sition region, the increase of the resistivigp(dT < 0) by
it seems suitable for thermoelectric applications. However, the localization of charge carriers, which are assumed to be
the resistivity is quite high (0.7&@ cm), and the power factor  electrons, is manifested by the Curie tail of the temperature-
(Sp) of PbPdQ is quite small (0.012W/K2cm) compared  dependent susceptibility. Due to the localization of electrons,
with that of other metallic oxides having a large thermoelec- the difference in charge carrier concentrations between holes
tric power such as NaG@y (S = 13uW/K?cm at 300K) and electrons increases; thus, the Hall coefficients decrease
[4]. This large difference in the power factor between these as long as there is no significant change in hole concentration.
compounds is mainly due to the high electrical resistivity of The broad kink of the thermoelectric power around 80K is
PbPdQ, which it is a factor of 18 larger than NaCgOs,. possibly caused by this change in relative charge carrier con-
Hall effect measurement results are showirig. 6. The centrations.
Hall coefficients Ry) are positive from 5 to 290 K indicating
that the majority charge carriers are holes, consistent with
the temperature-dependent thermoelectric power measure4. Conclusion
ment results. In the figure, the carrier densityi¢ estimated
from the experimental data based on a single carrier model, Single-phase polycrystalline samples of PbRdtve
n = 1/eRy. The carrier density calculated in this model is in been synthesized and resistivity, magnetic susceptibility,
the same order¢10*” cm~3) as semimetal materials such as thermoelectric power and Hall coefficients have been mea-
bismuth[18]. The charge carrier concentration has a strong sured. PbPd@is essentially a metal. However, considering
temperature dependence, and it has a maximum around 75 Kthe large thermoelectric power and the difference between
This temperature is close to the transition observed in the temperature-dependent thermoelectric power and Hall ef-
thermoelectric power. fects, it is rather a semimetal, and the majority of charge car-
The differences in transition temperatures among resistiv- riers are holes. It exhibits a metal-insulator transition around
ity, magnetic susceptibility, thermoelectric power and Hall 90K originating from the localization of charge carriers ev-
effect are not well understood. However, for all these prop- idenced by the Curie paramagnetism at low temperatures.
erties, the transition is rather gradual; thus, it might be bet- From a practical point of view, it would be interesting to ex-
ter to consider that these transitions are related and occumlore the effect of carrier doping on the electrical resistivity
within a very broad transition region between 75 and 90 K. and the thermoelectric powerin orderto achieve higher power
An intriguing feature of the temperature-dependent carrier factor in this system.
density of PbPd@is that the carrier density is smallest in
this transition region where the electrical resistivity is small-
est. Also, the carrier density at 5K is 1.6410~%/(formula Acknowledgement
unit) and higher than that in the transition region contradict-
ing the charge carrier localization indicated by Curie para-  The work done at Aoyama Gakuin University was sup-
magnetism at low temperatures. These contradictions ariseported by The 21st Century COE program of the Ministry of
from the use of a single carrier model, and the relationship Education, Culture, Sports, Science, and Technology, Japan
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