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Abstract

The temperature dependence of the resistiyi(y) and that of the thermoelectric pows&(7) are investigated for electron-doped
Nd,_,Ce.CuQ, system with O<x <0.1 prepared by the solid-phase reaction method. As to room-temperature values of these properties
upon Ce doping, the system has a maximurfig at doping levek ~ 0.01-0.02 while showing a continuum decreasgsia. The behavior
of p(T) for 30 K < T'< 300 K obeys an exponential dependence of temperature with its negative slope being reducetases. Variations
of S(7) in the range 100 k T < 300 K exhibit a broad peak shifting towards low temperatures as the system approaches to a metallic state.
The behavior of(7) and its doping dependence can be well reconciled with a narrow band model, from which a possible band spectrum is
deduced in relevance to hole-doped cuprates.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction little is known about their properties in the highly underdoped
regime.

Considerable efforts have been devoted to the researches Inthis article, we report the electrical conduction and ther-
for developing metal oxides with high performances in ther- moelectric effect in NCCO with & x < 0.1, envisaging that
moelectric properties. One of the most successful results maythis system could be an n-type thermoelectric material with
be the discovery of NaG®,4 compounds, the pioneer work  a high performance. The thermoelectric power is analyzed in
of which has been made by Terasaki et[4], and conse-  terms of a narrow band modg,10], from which we could
quently many proto-type materials have also been found to obtain variations of band-spectrum parameters against the
give a similar or even better performari2ég. Although there Ce content. As far as the present analysis is concerned, we
exist many studies of thermoelectric properties in “p-type” conclude that a main feature of the thermoelectric power in
oxides, relatively a little attention has been paid to those in both p-type and n-type cuprates is attributed from the same
“n-type” ones. The compound NdCe,CuQ, (NCCO) of the modifications of the band structure upon carrier doping.

T’ structure is known to be an electron-doped superconductor
at the doping level ~ 0.15[3]. Despite a growing body of

data on the transport properties in NCCO faf 0.1 [4-8], 2. Methods of ] ¢ and analvsi
. ethods of experiment anda analysis

Polycrystalline samples under study were prepared by
* Corresponding author. Tel.: +81 285 20 2228; fax: +81 285 20 2880. means of a standard solid-phase reaction method. Stoichio-
E-mail address: mori@oyama-ct.ac.jp (N. Mori). metric amounts of oxide powders Nds (99.9%), CeQ
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(99.99%) and CuO (99.99%) were sintered at 105Gor 3. Results and discussion

totally 48 h in air with an intermediate grinding. The samples

were made in a bar shape of 6 mn8 mmx 26 mm which 3.1. Room temperature properties

was designed to fabricate a Peltier refrigeration device. A

reduction procedure, which is usually employed to prepare  We first present the resistivityzgo and thermoelectric

superconducting samples in order to create more free carrierspowerSzop at room temperature, both of which are plotted in

was not adopted here. Powder X-ray diffractometry showed Fig. 1as a function of Ce content The vertical bars indicate

all the samples to be a single phase but with small traces ofranges of those values in a few samples prepared at each dop-

impurity phases for higher Ce contents. Lattice parametersing level, and the plots represent average values among them.

of a andc axes were estimated to be approximately 3.942 The negative sign af300 was observed for all the samples

and 12.16, respectively, with a tendency that the former investigated as expected for a material with electron doping.

increases upon doping while the latter decreases, as reported he system shows a maximum in thigo atx~ 0.01-0.02,

by otherdq3,11]. though the values at=0.01 are scattered from sample to
The temperature dependence of the resistip{t}) was sample, and then a rapid reduction with increasin@n the

measured in the range 30KT < 300K by a DC four probe other hand, thepzgp exhibits a monotonous reduction as

method with a constant current of 0.1-1 mA using a cryo- increases, indicating that the addition of Ce provides the car-

stat equipped with a 10K refrigerator. Measurements on riers.

the thermoelectric powes(7) in the temperature range of On the whole, the present results show higher values in

100K < T < 300K were carried out using a liquid nitrogen both p300andS3ggin comparison to those reported in the lit-

cryostat, by means of a DC differential method in a similar erature$4,8]. This trend indicates that our samples, prepared

way as described in Ref12] but with copper—constantan  without taking a reduction stage, may be in a higher oxidation

thermocouples. For the undoped system, we could not obtainstatg16], containing less oxygen deficiency which generates

reproducible results fop(7) andS(7), probably ascribed to  carries in CuQ planes. As a measure of characterizing ther-

a highly resistive state of the samples. moelectric materials, one may evaluate a power factor defined
Data onS(7) in hole-doped cuprates have been analyzed asP =52%/p. The power factoP3qo at room temperature esti-

in terms of several theoretical models, other than a simple mated from the average values is displayed in the inset of

Fermi-liquid picture which leads t§(7) « 7, including a nar- Fig. 1as a function of Ce content showing its values to be
row conduction-band modf,10], a Boson—-Fermion theory  of the same order of magnitude as in other repfr518],
[13], a pseudogap mod§l4] and a two-band theorjd 5]. with all the differences im3pp andS3go themselves.

Because of the wide availability to both metallic and degen-
erated semiconducting systems, we will adopt the firstmodel 3 5 properties of p(T)
in which spectrum of the conduction-band is assumed to con-

tain a sharp peak near the Fermi level. A comparison to this  The behavior of(7) in some of our samples is displayed
model can provide insight into the band spectrum through in Fig. 2 where the resistivity is plotted in a log scale against
three adjustable parameters: the band-filling fadtpthe  temperature. At the overall Ce doping levels investigated,

effective width of the conduction bandp and that of the  samples show semiconducting behavior in the sense that the
delocalized state®,. The expression fa§(7) takes the form

[9,10] -600 FT T T T T
kg w* - R E
SN =-A—4q—=2 exp(—u*) + coshw’
(7) e {sth;; { PEw) 4 B! z
& 400 [T E
= (coshu™ + coshw) Z
W(’; I o 38 'g
@ X ) a
0 exp*) + exp(Wr) ] B *} @) -200 { ? 10’ E
X * Xp(— W* ~ ) §
exp*) + expWwy) $-- $ g -
‘\\‘;mo‘
whereA is a constanty” is written with the chemical poten- T o oo oo oos o
tial e as: Ce content x
N m sinh(FWp) Fig. 1. Room-temperature thermoelectric pogy, and resistivityozgo as
no= 7kBT = —sinh[(l— F)W*] (2) a function of Ce contentfor the NCCO system. The vertical bars represent
D

ranges of values for different samples. The solid line indicates the least
squared fitting line fopzgo, while the broken line is only for the guide to the

Wi W, H : 2
andwp = 2kBDTv Ws = el Aphysical picture ofthe model  eye as ts300. The inset shows room-temperature power fadtp — %
will be given in the next section. plotted against.
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Fig. 3. Behavior of the thermoelectric powg&{7) of the NCCO system
TIK] together with theoretical fits (the solid lines) to E¢ly.and(2) based on the
narrow band model.
Fig. 2. Behavior of the resistivity(T) in log p vs.T plots for some of NCCO

samples along with the least squared fits to a relat{@= poexp(1/7o). lines) to the narrow band model described in the previous
The inset displays fitting parametdfgandpg plotted against Ce content section. We point out the following features that would be
S _ . universal to copper oxide systems: (1) The thermoelectric
resistivity increases with decreasing temperature. Although power significantly depends updhin the case of a small
there is only a few available reports on (&) forthe NCCO  doping levelx (a low carrier density) while that dependence
system with a small Ce content, such a feature is consistenthecomes weaker asncreases. ((T) exhibits a broad max-
with results obtained for polycrystalline samp[&g], while imum which shifts towards lower temperature with increasing
in contrast to those reported for single crystals by Xu et al. x_ These features have been reported for a variety of hole-
[18] in which a metallic conduction has been observed for doped cuprate systerf10,13-15,23]
100K =T = 300K even in the doping level=0.01. As evi- Theoretical fits to Eq§1) and(2) allow us to determine the
denced frontig. 2 In o(7) obeys a lineal-dependence over  pand spectrum parametefsWp andW,. In order to repro-
a whole temperature range measured with a steeper negativguce the present results, we have to introduce a fact.0
slope for lower doping levels. The solid lines represent the fixed to be constant throughout the analysis. Fitting values

least squared fits to a relatigi{7) = poexp(-7/To), and fit-  of other parameters are plotted in the main part (the filling
ting values offp and oo for each sample are plotted in the  factorF) and the inset (the band widthg andw,,) of Fig. 4
inset as a function of. against the Ce content, showing systematic variations upon

A similar type of the conduction may be seen in poly- doping. Increasing towards to the half filled state"= 0.5)
crystalline Nd gsCep.15CuQO, system obtained by quench- s consistent with donating electrons from Ce ions. Starting
ing [19] and Nd gsCep.15CU1+504—y With excess Cu con-
tents of 0K< 3§ <0.03K [20]. Other recent examples of
interest related to the conduction behavior can be found
in studies of sample-disordering effects on th@) for
Nd1 85Cep.15CuUOy—, films [21,22] in which a systematic 3
evolution from metallic to semiconducting behavior is shown

1y

to appear with developing a degree of disorder. Although the- I 5w, 0o

oretical expressions for these results are different from our 045 @ @ G| 2 Wy 1
formula, effects of structural disorder in a microscopic or Z b om a” o o > i4'0
mesoscopic scale can, it appears, be responsible for observec % wl . . 50 5

behavior of the electrical conduction. It is of interest to point B - e

outthatwe have observed alineaplwersusl'relation also in - o

p-type Y1_.Pr,Ba;Cuz07_, and Ag-doped PrB«€u07_, 0d0F . .0 . o o I'”'“ s
bulk systems, in which a fractal or percolative character could 0 0.02 0.04 0.06 0.08

be responsible for the transport properties. Ce content x

3.3. Properties of S(T) Fig. 4. The main part displays values of the electron fillihngnd a degree

of the electron localization ¥/= (W,/Wp)~! as a function of Ce content
o . . obtained from the theoretical fits ifig. 3 The lines along with plots are
Characteristics o§(7) in samples with 0.0x x <0.075 only for the guide to the eye. The inset exhibits the width of the conduction
are displayed ifrig. 3together with theoretical fits (the solid  bandWp and that of the delocalized stat#s upon doping.
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relation, for which no plausible explanation has been made as

yet though we have occasionally encountered such evidence

in literatures. Overall features observed in $i{€) 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
E same way as in hole-doped cuprates.
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