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Thermoelectric power and resistivity in Nd2−xCexCuO4 system
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Abstract

The temperature dependence of the resistivityρ(T) and that of the thermoelectric powerS(T) are investigated for electron-doped
Nd2−xCexCuO4 system with 0≤ x ≤ 0.1 prepared by the solid-phase reaction method. As to room-temperature values of these properties
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pon Ce doping, the system has a maximum inS300 at doping levelx ≈ 0.01–0.02 while showing a continuum decrease inρ300. The behavio
f ρ(T) for 30 K≤ T ≤ 300 K obeys an exponential dependence of temperature with its negative slope being reduced asx increases. Variation
f S(T) in the range 100 K≤ T ≤ 300 K exhibit a broad peak shifting towards low temperatures as the system approaches to a meta
he behavior ofS(T) and its doping dependence can be well reconciled with a narrow band model, from which a possible band sp
educed in relevance to hole-doped cuprates.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Considerable efforts have been devoted to the researches
or developing metal oxides with high performances in ther-
oelectric properties. One of the most successful results may
e the discovery of NaCo2O4 compounds, the pioneer work
f which has been made by Terasaki et al.[1], and conse-
uently many proto-type materials have also been found to
ive a similar or even better performance[2]. Although there
xist many studies of thermoelectric properties in “p-type”
xides, relatively a little attention has been paid to those in
n-type” ones. The compound Nd2-xCexCuO4 (NCCO) of the
′ structure is known to be an electron-doped superconductor
t the doping levelx ≈ 0.15[3]. Despite a growing body of
ata on the transport properties in NCCO forx ≥ 0.1 [4-8],
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little is known about their properties in the highly underdo
regime.

In this article, we report the electrical conduction and t
moelectric effect in NCCO with 0≤ x ≤ 0.1, envisaging tha
this system could be an n-type thermoelectric material
a high performance. The thermoelectric power is analyz
terms of a narrow band model[9,10], from which we could
obtain variations of band-spectrum parameters agains
Ce content. As far as the present analysis is concerne
conclude that a main feature of the thermoelectric pow
both p-type and n-type cuprates is attributed from the s
modifications of the band structure upon carrier doping.

2. Methods of experiment and analysis

Polycrystalline samples under study were prepare
means of a standard solid-phase reaction method. Sto
metric amounts of oxide powders Nd2O3 (99.9%), CeO2
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(99.99%) and CuO (99.99%) were sintered at 1050◦C for
totally 48 h in air with an intermediate grinding. The samples
were made in a bar shape of 6 mm× 3 mm× 26 mm which
was designed to fabricate a Peltier refrigeration device. A
reduction procedure, which is usually employed to prepare
superconducting samples in order to create more free carriers,
was not adopted here. Powder X-ray diffractometry showed
all the samples to be a single phase but with small traces of
impurity phases for higher Ce contents. Lattice parameters
of a andc axes were estimated to be approximately 3.942
and 12.16̊A, respectively, with a tendency that the former
increases upon doping while the latter decreases, as reported
by others[3,11].

The temperature dependence of the resistivityρ(T) was
measured in the range 30 K≤ T ≤ 300 K by a DC four probe
method with a constant current of 0.1–1 mA using a cryo-
stat equipped with a 10 K refrigerator. Measurements on
the thermoelectric powerS(T) in the temperature range of
100 K≤ T ≤ 300 K were carried out using a liquid nitrogen
cryostat, by means of a DC differential method in a similar
way as described in Ref.[12] but with copper–constantan
thermocouples. For the undoped system, we could not obtain
reproducible results forρ(T) andS(T), probably ascribed to
a highly resistive state of the samples.

Data onS(T) in hole-doped cuprates have been analyzed
in terms of several theoretical models, other than a simple
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3. Results and discussion

3.1. Room temperature properties

We first present the resistivityρ300 and thermoelectric
powerS300 at room temperature, both of which are plotted in
Fig. 1as a function of Ce contentx. The vertical bars indicate
ranges of those values in a few samples prepared at each dop-
ing level, and the plots represent average values among them.
The negative sign ofS300 was observed for all the samples
investigated as expected for a material with electron doping.
The system shows a maximum in theS300 at x ≈ 0.01–0.02,
though the values atx = 0.01 are scattered from sample to
sample, and then a rapid reduction with increasingx. On the
other hand, theρ300 exhibits a monotonous reduction asx
increases, indicating that the addition of Ce provides the car-
riers.

On the whole, the present results show higher values in
bothρ300 andS300 in comparison to those reported in the lit-
eratures[4,8]. This trend indicates that our samples, prepared
without taking a reduction stage, may be in a higher oxidation
state[16], containing less oxygen deficiency which generates
carries in CuO2 planes. As a measure of characterizing ther-
moelectric materials, one may evaluate a power factor defined
asP = S2/ρ. The power factorP300 at room temperature esti-
mated from the average values is displayed in the inset of
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ermi-liquid picture which leads toS(T) ∝ T, including a nar
ow conduction-band model[9,10], a Boson–Fermion theo
13], a pseudogap model[14] and a two-band theory[15].
ecause of the wide availability to both metallic and deg
rated semiconducting systems, we will adopt the first m

n which spectrum of the conduction-band is assumed to
ain a sharp peak near the Fermi level. A comparison to
odel can provide insight into the band spectrum thro

hree adjustable parameters: the band-filling factorF, the
ffective width of the conduction bandWD and that of the
elocalized statesWσ . The expression forS(T) takes the form

9,10]:

(T ) = −A
kB

e

{
W∗

σ

sinhW∗
σ

[
exp(−µ∗) + coshW∗

σ

− 1

W∗
σ

(coshµ∗ + coshW∗
σ )

× ln
exp(µ∗) + exp(W∗

σ )

exp(µ∗) + exp(−W∗
σ )

]
− µ∗

}
(1)

hereA is a constant,µ* is written with the chemical pote
ial µ as:

∗ = µ

kBT
= ln

sinh(FW∗
D)

sinh[(1− F )W∗
D]

(2)

ndW∗
D = WD

2kBT
,W∗

σ = Wσ
2kBT

. A physical picture of the mod
ill be given in the next section.
ig. 1as a function of Ce contentx, showing its values to b
f the same order of magnitude as in other reports[17,18],
ith all the differences inρ300 andS300 themselves.

.2. Properties of ρ(T)

The behavior ofρ(T) in some of our samples is display
n Fig. 2, where the resistivity is plotted in a log scale aga
emperature. At the overall Ce doping levels investiga
amples show semiconducting behavior in the sense th

ig. 1. Room-temperature thermoelectric powerS300 and resistivityρ300 as
function of Ce contentx for the NCCO system. The vertical bars repre

anges of values for different samples. The solid line indicates the
quared fitting line forρ300, while the broken line is only for the guide to t

ye as toS300. The inset shows room-temperature power factorP300 = S2
300

ρ300
lotted againstx.
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Fig. 2. Behavior of the resistivityρ(T) in logρ vs.T plots for some of NCCO
samples along with the least squared fits to a relationρ(T) =ρ0exp(−T/T0).
The inset displays fitting parametersT0 andρ0 plotted against Ce contentx.

resistivity increases with decreasing temperature. Although
there is only a few available reports on theρ(T) for the NCCO
system with a small Ce content, such a feature is consistent
with results obtained for polycrystalline samples[17], while
in contrast to those reported for single crystals by Xu et al.
[18] in which a metallic conduction has been observed for
100 K≤ T ≤ 300 K even in the doping levelx = 0.01. As evi-
denced fromFig. 2, lnρ(T) obeys a linearT-dependence over
a whole temperature range measured with a steeper negative
slope for lower doping levels. The solid lines represent the
least squared fits to a relationρ(T) =ρ0exp(−T/T0), and fit-
ting values ofT0 andρ0 for each sample are plotted in the
inset as a function ofx.

A similar type of the conduction may be seen in poly-
crystalline Nd1.85Ce0.15CuO4−y system obtained by quench-
ing [19] and Nd1.85Ce0.15Cu1+�O4−y with excess Cu con-
tents of 0 K≤ δ ≤ 0.03 K [20]. Other recent examples of
interest related to the conduction behavior can be found
in studies of sample-disordering effects on theρ(T) for
Nd1.85Ce0.15CuO4−y films [21,22], in which a systematic
evolution from metallic to semiconducting behavior is shown
to appear with developing a degree of disorder. Although the-
oretical expressions for these results are different from our
formula, effects of structural disorder in a microscopic or
mesoscopic scale can, it appears, be responsible for observed
behavior of the electrical conduction. It is of interest to point
o
p
b ould
b
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Fig. 3. Behavior of the thermoelectric powerS(T) of the NCCO system
together with theoretical fits (the solid lines) to Eqs.(1) and(2) based on the
narrow band model.

lines) to the narrow band model described in the previous
section. We point out the following features that would be
universal to copper oxide systems: (1) The thermoelectric
power significantly depends uponT in the case of a small
doping levelx (a low carrier density) while that dependence
becomes weaker asx increases. (2)S(T) exhibits a broad max-
imum which shifts towards lower temperature with increasing
x. These features have been reported for a variety of hole-
doped cuprate systems[9,10,13–15,23].

Theoretical fits to Eqs.(1)and(2)allow us to determine the
band spectrum parametersF, WD andWσ . In order to repro-
duce the present results, we have to introduce a factorA = 9.0
fixed to be constant throughout the analysis. Fitting values
of other parameters are plotted in the main part (the filling
factorF) and the inset (the band widthsWD andWσ) of Fig. 4
against the Ce content, showing systematic variations upon
doping. IncreasingF towards to the half filled state (F = 0.5)
is consistent with donating electrons from Ce ions. Starting

F e
o
o re
o ction
b

ut that we have observed a linear lnρ versusT relation also in
-type Y1−xPrxBa2Cu3O7−y and Ag-doped PrBa2Cu3O7−y

ulk systems, in which a fractal or percolative character c
e responsible for the transport properties.

.3. Properties of S(T)

Characteristics ofS(T) in samples with 0.01≤ x ≤ 0.075
re displayed inFig. 3together with theoretical fits (the so
ig. 4. The main part displays values of the electron fillingF and a degre
f the electron localization 1/γ ≡ (Wσ /WD)−1 as a function of Ce contentx,
btained from the theoretical fits inFig. 3. The lines along with plots a
nly for the guide to the eye. The inset exhibits the width of the condu
andWD and that of the delocalized statesWσ upon doping.



N. Mori et al. / Journal of Alloys and Compounds 408–412 (2006) 1222–1225 1225

Fig. 5. Schematic illustrations of the density of statesD(E) in the conduction
band deduced from the analysis ofS(T) shown inFigs. 3 and 4, for the cases
of (a) a low Ce content and (b) a high Ce content. The shaded parts denote
localized electron states, and the position of the Fermi levelEF is indicated
by the thick vertical line.

from the insulator side (x = 0), while both bandwidths become
narrower, the ratio 1/γ ≡ (Wσ /WD)−1 regarded as the degree
of the electron localization tends to reduce on approaching to
the metallic region. The behavior is represented by the solid
line (the least squared fit) inFig. 4. AlthoughS(T) properties
described by Eq.(1) depend complicatedly upon the param-
eters, roughly speaking it is anticipated that the magnitude of
the thermoelectric power is sensitive to a change inF while
the ratio 1/γ determines the way in whichS(T) varies. A pic-
ture of the density of statesD(E) deduced from the above
analysis is schematically illustrated inFig. 5 for the cases
of (a) a low doping level and (b) a high doping level. This
figure shows that, with increasing Ce dopant, the Fermi level
EF (denoted by the thick vertical line) shifts towards higher
energy and that localized electron states (the shaded parts)
become narrower.

4. Conclusion

We have investigated thermoelectric powerS and elec-
trical resistivity ρ in Nd2−xCexCuO4 bulk system with
0≤ x ≤ 0.01. The room temperature value ofS in the sys-
tem shows a maximum atx ≈ 0.01–0.02, leading to a maxi-
mal power factorP ≈ 0.4�W cm/K2, which is unfortunately
m ave
o

relation, for which no plausible explanation has been made as
yet though we have occasionally encountered such evidence
in literatures. Overall features observed in theS(T) upon car-
rier doping could be attributed not only to the change in the
carrier density but also to the modification of the band spec-
trum, due perhaps to the hybridization of states, in much the
same way as in hole-doped cuprates.
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