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Transport propertiessresistivity and thermoelectric powerd of Pb doped LaNiO3 viz.
La1−xPbxNiO3−d s0.0øxø0.1d show metallic behavior over a wide range of temperature
s10–550 Kd. Pb dopingsup to 10%d at the La site does not destroy the metallic behavior of LaNiO3.
The paramagnetic susceptibilityx decreases with Pb doping. Above 50 K,x is almost temperature
independent and exhibits Pauli like features with a small additional Curie law contribution. The
resistivity r increases with Pb doping though the thermoelectric power does not change
proportionately, indicating that Pb doping does not introduce much disorder in the system. A linear
T dependence ofr observed above 150 K suggests the importance of electron–phononsel–phd
interactions but at temperature below 150 K,r follows a T1.5 dependence. The estimated el–ph
interaction constantl increasess0.80–2.53d with Pb doping sx=0.0–0.1d. No saturation of
resistivity has been observed even up to 550 K withxø0.1. The phonon frequencynph

,3444 cm−1 of the undoped sample calculated from the absorption peak of the Fourier transform
infrared spectra agrees well with that at,3025 cm−1 estimated from the reported heat capacity
data. ©2005 American Institute of Physics. fDOI: 10.1063/1.1852691g

I. INTRODUCTION

Among the transitional–metal–oxides, rare-earth nick-
elates are very well known for their interesting and unusual
metallic conductivity down to liquid helium temperature.
The perovskite oxide LaNiO3 is different from the other rare-
earth nickelates1–3 due to its metallic behavior over a wide
range of temperature. This highly conducting compound is
also an interesting material because of its potential applica-
tions as metallic interconnectssor electrodesd in thin-film
oxide electronics and the possibility of its use as a catalyst
for oxygen electrodes in aqueous alkaline solution batteries.
Earlier studies1–3 showed that this compound is rhombohe-
drically distorted and a narrow band metallic conductor with
nominally Ni3+ ions in a near-octrahedral coordination. It has
been further shown that LaNiO3 is metallic with a large
Pauli-type magnetic susceptibility, which has been inter-
preted in terms of a Stoner enhancement3 based on ferromag-
netic correlation of electrons in the quarter filledeg band
associated with Ni3+ ions in the 3d7 configuration. Detailed
susceptibility measurement has revealed a weakT depen-
dence ofx at intermediate temperature and Curie–Weiss be-
havior above 50 K. This magnetic property might be respon-
sible for locking the superconducting transition in this
system.

Previous literature survey1–5 shows that our understand-
ing of the metallic behavior of nickelates is still in a rudi-
mentary state. It has been reported that the low temperature

s,10 Kd resistivity data follows aT0.5 dependence.4 A T2

dependencescorresponding to electron–electron interactiond
of resistivity in this compound5 at lower temperature has also
been reported. On the contrary, aT1.5 dependence has been
observed at higher temperatures5 s150–300 Kd. Above room
temperaturesi.e. T.300 Kd, the resistivity behavior is not
well described. The metal insulator transition in the rare-
earth nickelates RNiO3 is a charge-transfer type. The charge-
transfer band gap lies between the occupied oxygen 2p va-
lence state and the unoccupied Ni 3d conduction band. It is
shown that the band gap of RNiO3 lies near the insulator–
metal boundary where charge-transfer gaps are small.6 How-
ever, in the case of LaNiO3, the charge-transfer gap becomes
zero as the valence band and conduction band overlap.
Elaborate study of the LaNiO3 system doped with other di-
valent ionssviz. Pbd is needed for a deeper understanding of
the transport and other basic properties associated with the
electronic interaction in these nickelates.

In LaNiO3, divalent cation doping may compensate
charge in the following ways:

sad La1−x
3+Mx

2−Ni1−x
3+Nix

4+O3
sbd La1−x

3+Mx
2+Ni3+O3−x/2

scd La1−x
3+Mx

2−Ni1−x
3+Nix

2+O3−x.

Considering the similar charge compensation in LaNiO3, it is
reasonable to expect that the latter two coexist. Doping of
divalent cations may change oxygen stoichiometry as dis-
cussed above and affect transport and magnetic properties. In
the present article we have reported the affect of partial re-
placement of La with a divalent ionsviz. Pbd from the study
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of transport and magnetic properties of the single phase
La1−xPbxNiO3−d s0.0øxø0.1 andd,0.1d system showing
metallic behavior over a wide range of temperature
s10–550 Kd. We have also analyzed the experimental data to
elucidate the interactions present in the metallic oxide.

II. EXPERIMENT

The samples La1−xPbxNiO3−d s0.0øxø0.3d were pre-
pared by the liquid mix technique. First, stoichiometric
amounts of La2NO3, PbNO3, and NiNO3 were dissolved in
water. The water was removed by a gentle dehydration pro-
cess giving a green solid, which decomposed into a fine
black powder at 450 °C heated in air. The resultant powder
was heated to 900 °C with intermediate grinding to obtain a
single-phase perovskite.

All the prepared samples were characterized by x-ray
diffraction with a CuKa radiation wavelength of l
=1.541 Å. The Rietveld analysis of the diffraction data was
performed using the DBWS program. Temperature depen-
dent r was measured with a standard four probe technique
from 10 to 550 K. Thermoelectric power was measured us-
ing a standard technique in the range 80–300 K. All the
experimental data were collected in the heating direction.
The temperature measurements were made with an accuracy
of ±0.2 K or better. The dc magnetic susceptibility measure-
ment was made using a Quantum Design superconducting
quantum interference device magnetometer under field
cooled sFCd and zero field cooledsZFCd conditions at an
external magnetic field 1 kOe. The room temperature Fourier
transform infraredsFTIRd spectra were taken by a Perkin
Elmer smodel 783d infrared spectrometer.

III. RESULTS AND DISCUSSION

X-ray powder diffraction patterns of two samples with
x=0.3 and 0.05 are shown in Fig. 1. Secondary phases of
NiO were observed whenx.0.1. For a single-phase sample,
only a certain concentration of Pbsxø0.1d can be doped at
the La site in LaNiO3. In a hexagonal unit cell, the estimated
lattice parameters for LaNiO3 are a=5.46 Å, c=13.19 Å.
These values agree well with those reported earlier.4 The
small increase of lattice parameters with Pb doping is be-
lieved to be due to the larger ionic radius of Pb compared to
La. The temperature dependence of magnetic susceptibility
xsTd measured at 1 kOe is shown in Fig. 2. A number of
interesting features are evident from the magnetic suscepti-
bility data. All the samples show an almost temperature in-
dependent Pauli-like magnetic susceptibility with a sharp rise
below 50 K. The magnetic structure in the nickelates is quite
different from that of the manganites. In the rare earth man-
ganites, theeg orbital ordering can be explained in terms of a
strong Jahn–Teller effect.7 Since no appreciable Jahn–Teller
distortion has been observed in RNiO3 sR=rare earthd per-
ovskites, the existence of an orbital superlattice is invoked
solely to explain the existence of such an unusual magnetic
structure.8 The temperature dependent magnetic susceptibil-
ity xsTd of the present Pb doped samplesabove 50 Kd has
been observed to follow the expression

xsTd = xs0d − aT2 + C/T. s1d

Although the origin of the second term is unclear, it
provides an imperical temperature dependence of the Pauli
susceptibility.3 One observes little temperature dependence
of the susceptibility even at 300 K, which accounts for a
small fraction of the Pauli contribution. The third term rep-
resents a Curie law type contribution with Curie constantC.
The values of the constant parameters best fitting the experi-
mental data are given in Table I. The values ofa and C
decrease with the increase of Pb doping. Using the relation
xPauli=mB

2NsEFd, wheremB is the Bohr magneton, we esti-
mate the experimental band-structure density of electron
statesNsEFd at the Fermi level for both the spin directions.5

FIG. 1. X-ray powder diffraction patterns of the undoped LaNiO3 and the
doped La0.7Pb0.3NiO3 samples. A secondary phase of NiO is observed for the
sample La0.7Pb0.3NiO3 with x.0.1 snot studied in the present articled.

FIG. 2. Temperature dependence of the molar magnetic susceptibilityx of
the Pb doped samples La1−xPbxNiO3−d sx=0.0 and 0.1d. At lower tempera-
ture T,200 K, a difference between ZFC and FC values is seen for the
undoped LaNiO3 sample. The value ofx decreases with the increase of Pb
doping concentrationx.
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The estimated values ofNsEFd given in Table I agree quite
well with those reported earlier,5 suggesting strong electron
correlation in these materials. The values ofNsEFd decreases
sdecreasing conductivityd with the increase of Pb doping. It
has already been shown10 that the metallic behavior of
LaNiO3 is due to the overlapping of the oxygen O−2 and the
Ni3+ bands. Decreasing conductivity with increasing Pb con-
centration reduces this overlapping charactersin Fig. 3d. In
other words, a decrease inNsEFd is associated with an in-
creased electron localization, which is actually observed in
the oxygen deficient LaNiO3−x system10 showing metal to
semiconductor transition. The existence of very few Ni2+

ions cannot be completely ruled out. However, considering
the charge compensation calculation discussed earlier, it can
be said that the concentration of Ni2+ ions is insignificantly
lower than that of Ni3+.

Figures 4 and 5 show the temperature dependent electri-
cal resistivityr of La1−xPbxNiO3−d s0.0øxø0.1d. Although
the higher Pb dopedsx.0.1d samples show metallic charac-
ter up to 300 K with higher resistivity, they have not been
studied since these samples did not show pure single-phase
behavior. The present Pb dopedsx,0.1d oxides have a posi-

tive temperature coefficient of resistivity down to the lowest
temperatures10 Kd studied, a typical metallic character. The
room temperature s300 Kd resistivity of LaNiO3 is
,1.6 mV cm, which is similar to reported results.3 The in-
crease of resistivity with increasing Pb content should be due
to changes in the valence state and oxygen coordination of
Ni ions in the lattice. It is known that for the RNiO3 system,
resistivity decreases with increasing ionic radiusR. Due to
the larger ionic radius of Pb compared to La, the average
ionic radius ofR increases with Pb doping at the La site in
LaNiO3. It is therefore expected that the resistivity should
decrease with Pb doping. However, we observed an increase
of resistivity with Pb doping. This behavior can be explained
by considering the change of band structure due to change in
oxygen coordination of Ni3+ ions as a result of Pb doping.10

The change of resistivity due to grain boundary contribution
is considered to be negligible since the grain size of the
doped sample remains almost the same with small Pb doping
sx,0.1d. The temperature dependent resistivity behavior of
the samples can be distinctly separated into two regions over
the temperature region 10–550 K. At temperature lower than
150 K resistivity data follow the equation

TABLE I. Some important parameters estimated from the dc susceptibility data using Eq.s1d for different Pb
doped sample viz. La1−xPbxNiO3−d with x=0.0, 0.05, and 0.1.

LaNiO3 La0.95Pb0.05NiO3−d La0.9Pb0.1NiO3−d

FC ZFC FC ZFC FC ZFC

xs0d
semu/mold

14.4310−4 13.7310−4 9.6310−4 8.9310−4 6.6310−4 6.6310−4

a
semu/K2 mold

8.77310−9 7.11310−9 3.33310−9 3.21310−9 1.80310−10 1.50310−10

C
semu K/mold

1.69310−3 1.92310−3 4.00310−3 4.90310−3 18310−3 16310−3

NsEFd
seV−1 cm−3d

¯ 4.3731023
¯ 2.8931023

¯ 2.1231023

FIG. 3. Proposed band scheme to explain the conductivity behavior of
La1−xPbxNiO3−d sx=0.0, 0.05, and 0.1d. The left side shows the LaNiO3 case
where the overlapped Ni3+ and O2− bands result in metallic behavior. The
shadow region shows the occupied states. On the right side, the Pb doped
LaNiO3 diagram indicates higher resistivity than the corresponding undoped
sample. Increasing Pb concentration leads to the narrowing of bands due to
localization. The overlapping region decreases with the narrowing of the O
band and thus reduces the number of occupied states.

FIG. 4. Variation of resistivity as a function ofT1.5 for the Pb doped samples
La1−xPbxNiO3−d sx=0.0, 0.05, and 0.1d between 10 and 300 K. The solid
lines are the best fit to the data using Eq.s2d.
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rsTd = r0 + r1.5T
1.5, s2d

where r0 and r1.5 are two coefficients. The origin ofT1.5

dependence is yet to be properly clarified. It appears that
both electron–electron and electron–phonon scattering con-
tribute to the resistivity data of the system. On the other
hand, at the higher temperature range 150–550 K, the me-
tallic behavior of the resistivity data of the Pb doped
La1−xPbxNiO3−d s0.0øxø0.1d system fit well by the follow-
ing equation:

rsTd = ra + r1T, s3d

wherera andr1 are two coefficients given in Table II. This
linear variation of resistivity of LaNiO3 up to 300 K has also
been observed earlier4 and in the present case this linearity
persists well above 300 K. At higher temperaturesT
.150 Kd, the observedT dependentsFig. 5d behavior of
resistivity usually arises from the el–ph scattering. With the
increase of resistivity, i.e., with the increase of Pb doping,
the range of the validity of theT1.5 dependence decreases and
a linearT dependence behavior dominates. We observed, as
shown in Fig. 5, a linearT dependence of resistivity even up
to 550 K, the maximum temperature range of our measure-
ment. Such a linearT dependent behavior can be understood
only in terms of weakly coupled el–ph interaction in the
present system. The el–ph interaction constantl is estimated

from the slope of the resistivity versus temperature curve11

using the relation

l =
"ÃP

2

8p2kB

frsTd − rs0dg
T

, s4d

where ÃP is the plasma frequency andT=300 K. For the
undoped LaNiO3 sample, electron loss experiment12 gives
"ÃP<1 eV from which the estimated value ofl is 0.8 fus-
ing Eq.s4dg. Since the IR spectra of the undoped and the low
Pb doping samples of our investigation are almost the same,
we use the undoped value of"ÃP s<1 eVd for all the doped
samples, which givel=1.24 and 2.53, respectively, for the
samples withx=0.05 andx=0.1fusing Eq.s4dg. The increase
of the value ofl shows that el–ph interaction increases with
the increase of Pb doping. In other rare earth nickelates like
PrNiO3, highTc superconducting oxides like La–Sr–Cu–O or
Y–Ba–Cu–O, the el–ph interaction constantsl are estimated
to be 0.3, 0.1, and 0.3 respectively.5,11 These values ofl are
much smaller than those of the undoped and Pb doped
LaNiO3 system. On the other hand, in the LaMnO3 com-
pound, which is a semiconductor and also shows metal–
insulator transition, the el–ph interaction constant13 is much
highers,9d and at high temperature a strong el–ph coupling
arises due to Jahn–Teller distortion.14 We further notice that
no resistivity saturation occurs in any of the three Pb doped
samples up to 550 K. However, for the sample withx=0.1,
the resistivity data show little deviation from linearity at
higher temperature. This deviation from linearity is attributed
to the higher value ofl in the sample. However, with higher
Pb concentration, the effects of phonon anharmonicity and
band-structure broadening9 might also disturb the linear be-
havior of resistivity at such a higher temperature.

Figure 6 shows the thermal variation of the Seebeck co-
efficient of the present Pb doped samples in the temperature
range 80–300 K. All the samples show a linear and negative

FIG. 5. Thermal variation of resistivity for the Pb doped samples
La1−xPbxNiO3−d sx=0.0, 0.05, and 0.1d. Solid lines are the best linear fit,
indicating the dominance of el–ph interaction in these samples at higher
temperature.

TABLE II. Different model parameters from Eqs.s2d–s4d estimated from
fitting the transport datasresistivity and thermoelectric powerd for
La1−xPbxNiO3−d with x=0.0, 0.05, and 0.1.

LaNiO3 La0.95Pb0.05NiO3−d La0.9Pb0.1NiO3−d

r0 sV cmd 0.73310−3 1.07310−3 4.20310−3

r1.5 sV cm K−1.5d 1.73310−7 2.70310−7 7.34310−7

ra sV cmd 0.52310−3 0.78310−3 4.29310−3

sK−1d 2.24310−3 2.32310−3 1.35310−3

l 0.80 1.24 2.53

FIG. 6. Temperature dependent Seebeck coefficientS for the Pb doped
samples La1−xPbxNiO3−d sx=0.0 and 0.1d between 80 and 300 K. A negative
thermopower suggests electron-like carriers in all the samples. Solid lines
are the best fit to the data using Eq.s4d.
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T dependence, which is a typical metallic nature. A negative
thermopower indicates the nature of the carriers may be
electron-like in all the samples. A small increase in the mag-
nitude ofS indicates that Pb doping does not introduce much
disorder in this system. Using the free electron model, we
also estimate the energy of the Fermi levelsEFd of the sys-
tem from fitting the thermopower data with the following
equation:

S= −
sp2kB

2Td
s3eEFd

. s5d

From the slope of the straight line in Fig. 6, the estimated
value ofEF for LaNiO3 is found to be 0.40 eV. The value of
EF for Pb doped samples is similar to that of the undoped
samples0.39 eV for x=0.05 and 0.38 eV forx=0.1d. This
suggests almost equal order of carrier density both for the Pb
doped and undoped samples. The experimental density of
states is 1 order higher than that estimated from band struc-
ture calculations,1022d which suggests strong electron cor-
relation in these materials.12

Finally, it is noticed from the room temperature FTIR
spectroscopy, that the phonon frequency and the vibration
modes in these Pb doped and undoped nickelates are also
similar sFig. 7d. Interestingly, in the present Pb doped nick-
elates the infrared-active vibration mode is observed around
420 cm−1 sFig. 7d. It was reported earlier14 that in LaMnO3,
two infrared-active vibration modes are present in the lower
band at around 600 and 420 cm−1. The peak around
600 cm−1 corresponds to the stretching mode that involves
internal motion of a change in length of the Mn–O bond and
the band around 420 cm−1 corresponds to the bending mode,
which is sensitive to a change in the Mn–O–Mn bond angle.
Observing the similarity, we can argue that the absorption

peak around 420 cm−1 is due to a change in the Ni–O–Ni
bond angle. The other absorption peak due to stretching
mode is not shown by the present Pb doped and undoped
LaNiO3 samples. It appears that the stretching mode is not
infrared active in LaNiO3. Other optical studies like Raman
spectroscopy etc. might explain the vibrational modes in this
system. The phonon frequencynph, estimated from the heat
capacity data of Sreedharet al.3 susing the relationsb
=234 N kB/uD

3 and hnph=kBuD, whereb is the temperature
coefficient of Debye law anduD is the Debye temperatured is
about 3025 cm−1, which agrees quite well with the absorp-
tion peak of the FTIR spectra around 3444 cm−1. So, the
absorption peak observed in the higher frequency region
s,3444 cm−1d corresponds to the phonon frequency of the
system.

IV. CONCLUSION

In summary, we have prepared and measured transport
and magnetization of a new type of metallic oxide viz.
La1−xPbxNiO3−d s0.0,x,0.3d showing metallic behavior
over a wide range of temperatures10–550 Kd. Only a very
small amount of Pbsxø0.1d can be doped to preserve the
single-phase character of this perovskite. The increase in the
resistivity with Pb doping can be explained by considering
the change of band structure due to change in oxygen coor-
dination of the Ni3+ ion. The resistivity behavior shows aT1.5

dependence at low temperature, whereas at high temperature
a linear T dependence is observed, suggesting the appre-
ciable contribution of el–ph interaction to the resistivity. The
el–ph interaction constant of these Pb doped compounds is
found to be larger than those of other rare earth nickelates,
high temperature superconductor material like La–Sr–Cu–O
or Y–Ba–Cu–O, but smaller than those of rare earth manga-
nites showing semiconducting–metallic transitions. There is
a small Curie contribution to the susceptibility and this con-
tribution increases with the increase of Pb concentration
skeepingx within 0.1d. Though Pb doping in LaNiO3 has a
large effect on the resistivity, the thermoelectric power does
not change proportionately, indicating that Pb doping does
not introduce much disorder in the system. Strong electron
correlation is, however, observed both from resistivity and
thermoelectric power data. The room-temperature FTIR
spectra of the Pb doped system shows the vibration modes of
these samples. The phonon frequency of the system esti-
mated from the already reported specific heat data agrees
quite well with FTIR spectra of the samples. Further inves-
tigation with the doping of other divalent ions like Sr, Ca,
and alkali metals at the La site might be interesting.
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