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Abstract

The structural and transport properties of Nd1ÿxCaxBa2Cu3Oy (x � 0:0, 0.03, 0.06, and 0.10) and Nd1ÿxLax-

Ba2Cu3Oy (x nominally 0.0, 0.05, 0.10, and 0.15) have been studied by X-ray powder di�raction, electrical resistivity,

and thermoelectric power measurements. In both series, the a- and b-axis lattice parameters decrease with increasing

doping while the c-axis lattice parameter increases. The transport properties suggest improved metallic behaviour with

increasing Ca doping in contrast to La doping. An anomalous sharp peak in the thermoelectric power close to Tc was

observed, which depended on the doping content. We analysed the thermoelectric power as a function of temperature

with a two-band model with an additional linear T term. An excellent agreement between model and data was ob-

tained. Ó 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The normal state transport properties of oxide
superconductors are unusual and systematic
studies of them are therefore important for under-
standing the mechanism of high temperature su-
perconductivity. Experiments have revealed a close
relationship between the electronic properties of
the cuprate high-Tc superconductors and the hole
carrier concentration within the CuO2 planes [1].

Since the original work on La2ÿxSrxO4 [2] and
several high temperature superconductors have

been found to show a parabolic variation of Tc

with hole concentration [3]. A maximum in Tc has
in many cases been found at an optimal value of
the hole concentration, p, per planar Cu atom.

The thermoelectric power, S, is highly sensitive
to the details of the charge concentration. In
polycrystalline samples, grain boundaries will have
less e�ect on S than on the electrical conductivity
because the temperature drop between grains will
usually be insigni®cant while the voltage drop is
not.

Here, we report the results of X-ray di�rac-
tion (XRD), electrical resistivity, and thermo-
electric power measurements on Ca- and La-doped
NdBa2Cu3Oy (Nd-123). In general, XRD shows
small di�erences in structure with doping. From
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the room temperature S, the hole concentration
was estimated. The hole concentration changed
with doping, which was consistent with the change
in resistivity. From the relation between the hole
concentration and doping concentration, it was
inferred that some La atoms entered the Ba sites.
The thermoelectric power was analysed and well
described by a two-band model with an additional
linear T term. The results also indicate an anom-
alous peak in S close to the transition temperature.

2. Experimental details

Samples of Nd1ÿxCaxBa2Cu3Oy (with x � 0,
0.03, 0.06, and 0.10) and Nd1ÿxLaxBa2Cu3Oy (with
x � 0, 0.05, 0.10, and 0.15) were prepared by
standard solid-state methods. Starting materials
were of a high purity Nd2O3, BaCO3, CuO,
CaCO3, and La2O3. The samples were pressed into
pellets and calcinated at 900°C, 920°C, and 920°C
with intermediate grindings. They were then an-
nealed in ¯owing oxygen at 460°C for 3 days and
the temperature was ®nally decreased to room
temperature at a rate of 12°C/h.

The X-ray powder di�raction patterns were re-
corded in a Guinier±H�agg focusing camera using
CuKa radiation with Si as an internal standard [4].
The electrical resistivity was measured with a
standard dc four-probe method. Electrical leads

were attached to the sample by silver paint and
heat treated at 300°C in ¯owing oxygen for half an
hour, which gave contact resistances of order 1±2
X: Tc was taken as the mid point of the resistive
transition. Thermoelectric power measurements
were made on sintered bars of typical dimen-
sions 0:5� 2:5� 10 mm3, using a small, reversible
temperature di�erence of 1.5 K. The data were
corrected for the contribution of the copper con-
necting leads. The sample holder with the possi-
bility to measure two samples at the same time has
been described elsewhere [5].

3. Results

3.1. X-ray di�raction

The samples were characterized by XRD. The
Ca-doped samples displayed single-phase behav-
iour at these low doping levels with no additional
lines. In the case of La doping, a few additional
weak lines of BaCuO2�v were observed, which in-
creased in intensity with an increasing La content.
All XRD re¯ections in the Ca-doped series were
indexed with an orthorhombic unit cell, and with
the exception of at most six BaCuO2�v re¯ections,
this was also the case for the La-doped samples.
The e�ects of Ca and La substitution on the lattice
constants are shown in Fig. 1. Substitution of Ca
for Nd on the Nd sites results in a decrease in both

Fig. 1. Cell parameters of (a) Nd1ÿxCaxBa2Cu3Oy and (b) Nd1ÿxLaxBa2Cu3Oy .
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the a-, and b-axis lattice parameters and a small
increase in the c-axis lattice parameter (Fig. 1(a)).
The small changes are not surprising since the ra-
dius of Ca2� is only slightly larger than that of
Nd3�. The faster decrease of the b-axis lattice pa-
rameter compared to the a-axis lattice parameter
lead to a decrease in the orthorhombicity. This
may suggest an increase in the oxygen occupancy
along the a-direction (O(5) sites) [6], and/or an
increase in oxygen vacancy concentration, in both
cases pointing to an increased disorder in the CuO
chains with increasing Ca content. La doping for
Nd on the Nd sites also results in small decreases
in the a- and b-axis lattice parameters, and a de-
crease of the orthorhombicity (Fig. 1(b)).

3.2. Electrical resistivity

The electrical resistivities of Nd1ÿxCaxBa2-
Cu3Oy , and Nd1ÿxLaxBa2Cu3Oy are shown in Fig.
2. A linear resistivity in the normal state was ob-
served for all samples. For Nd1ÿxCaxBa2Cu3Oy

(Fig. 2(a)), the superconducting transition widths,
DTc, were quite narrow with widths (from 90% to
10% of the resistance drop), of 2.7, 2.0, 1.4, and 1.0
K for x � 0, 0.03, 0.06, and 0.10, respectively. For
Nd1ÿxLaxBa2Cu3Oy (Fig. 2(b)), the superconduct-
ing transition widths, DTc, were of 2.7, 4.6, 5.5, and
5.7 K for x � 0, 0.05, 0.10, and 0.15, respectively.
The critical temperatures, Tc, is shown in Fig. 3 for
Ca and La doping in Nd-123. The observed de-

pression with increasing Ca content is consistent
with that of Y1ÿxCaxBa2Cu3Oy [7], and can be
explained by an increase in the total hole concen-
tration in the planes because partial substitution
with Ca2� for Nd3� introduces additional hole
carrier in the structure and makes the Nd1ÿxCax-
Ba2Cu3Oy system accessible far into the overdoped
region. The depression of Tc with La doping will be
discussed below.

3.3. Thermoelectric power

Figs. 4 and 5 show the temperature dependence
of the thermoelectric power for the Nd1ÿxCaxBa2-
Cu3Oy , and Nd1ÿxLaxBa2Cu3Oy samples in the

Fig. 2. The electrical resistivity versus temperature for (a) Nd1ÿxCaxBa2Cu3Oy and (b) Nd1ÿxLaxBa2Cu3Oy .

Fig. 3. Superconducting transition temperature versus doping

concentration (x).
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temperature range 94±300 K and 80±100 K, re-
spectively. One can observe the following charac-
teristics of the thermoelectric power with
increasing Ca and La content: (i) The thermo-
electric power is positive in the temperature range
80±300 K for all samples. (ii) Each S±T curve has a
wide peak above the superconducting transition
temperature. (iii) At high temperature, the ther-
moelectric power follows a linear temperature de-
pendence with negative slope. (iv) In addition to
the broad peak, an anomalous sharp peak is ob-
served in the thermoelectric power close to Tc for
some of the samples.

The thermoelectric power in the temperature
range 100±300 K was analysed within a two-band
model with an additional linear temperature term
as suggested by Forro et al. [8], who used the
following expression:

S � �AT =�B2 � T 2�� � aT ;

A � 2�e0 ÿ eF�=jej;
B2 � 3��e0 ÿ eF�2 � C2�=p2k2

B:

�1�

The second term of S is the normal-band con-
tribution. The ®rst term, as proposed by Gottwick
et al. [9] for analyses of the thermoelectric power

Fig. 5. The thermoelectric power versus temperature in the range 80±100 K. (a) Nd1ÿxCaxBa2Cu3Oy and (b) Nd1ÿxLaxBa2Cu3Oy .

Fig. 4. The thermoelectric power versus temperature in the range 94±300 K. The solid curves ®t to Eq. (1): (a) Nd1ÿxCaxBa2Cu3Oy and

(b) Nd1ÿxLaxBa2Cu3Oy .
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data of CeNix samples, was obtained by assuming
a superposition of a broad band and a localized
band with a resonance peak in the density of state
with width C at the position e0, close to the Fermi
energy eF. The thermoelectric power of the Nd1ÿx-
CaxBa2Cu3Oy , and Nd1ÿxLaxBa2Cu3Oy samples
were well ®tted to Eq. (1) as shown by the solid
curves in Fig. 4. The points near Tc were not
considered in these ®ts due to the sharp peak near
Tc and the e�ect of superconducting ¯uctuation
[10]. The results for the ®tting parameters A, B,
and a, are given in Table 1 along with the extracted
values of �e0 ÿ eF� and C. To control the quality of
the ®tting, the pro®le factor (R) 1 was calculated.
For Nd1ÿxCaxBa2Cu3Oy , R-values were 5.2%,
6.6%, 7.6%, and 4.6% for x � 0, 0.03, 0.06, and
0.10, respectively, and for Nd1ÿxLaxBa2Cu3Oy they
were 7.9%, 6.2%, and 6.3% for x � 0, 0.05, 0.10,
and 0.15, respectively. The R-values are small
indicating a good quality of the analyses. To esti-
mate the sensitivity of the results for the parame-
ters of Eq. (1), we changed each parameter until
the R-value increased by a factor of 2, while the
two other parameters were kept constant. For pure
Nd-123, we then estimated the errors in the pa-
rameters to be of order 1%, 2%, and 5% for A, B,
and a, respectively. The results for A and B illus-
trate that the analyses are quite sensitive to the
di�erence e0 ÿ eF.

4. Discussion

We start the discussion by considering the
possibility of La doping on the Ba sites. Karen
et al. [11] showed that partial substitution of Y
with rear earths, REs, with large ion size resulted
in samples containing a minor impurity of
BaCuO2�v. The tendency for substitution at the Ba
sites increases with increasing size of the RE atom
and is the most pronounced for La. If all of the
La doping would enter the Nd sites in the
Nd1ÿxLaxBa2Cu3Oy series, the hole concentration
should be constant and the critical temperature
would not change signi®cantly. Substitution of
La3� for Ba2� on the other hand results in a de-
crease in the hole concentration because the ad-
ditional electrons contributed by La are expected
to ®ll mobile holes. If all of the La doping would
enter the Ba sites one would therefore expect the
hole concentration to decrease linearly with in-
creasing La doping with the same slope as when
increasing the hole concentration with Ca doping.

In our case the XRD results indicate an in-
creased amount of BaCuO2�v precipitates with
increased La doping in qualitative agreement with
Ref. [11]. Hole concentration was estimated from
the relation between the room temperature S290 K

and hole concentration given by Obertelli et al.
[12]. Fig. 6 suggests that increasing La doping
cause a decrease in hole concentration smaller than
for Ca doping, which shows that some La would
enter the Ba sites. From the linear relation between
hole concentration and doping concentration for
La doping and comparing the slope with Ca
doping as obtained by Bernhard et al. [13] and La

Table 1

The best-®t parameters A, B, and a of Eq. (1) and �e0 ÿ eF�, C values determined from A and B

x a (nV/K2) A (lV) B (K) �e0 ÿ eF� (K) C (K)

Nd1ÿxCaxBa2Cu3Oy

0.0 8.5 2050 79 11.9 142

0.03 6.0 1020 65 5.9 118

0.06 5.6 1070 73 6.2 133

0.10 2.9 1100 76 6.4 137

Nd1ÿxLaxBa2Cu3Oy

0.05 9.0 2400 89 13.9 161

0.10 8.8 2670 88 15.5 160

0.15 9.8 2600 85 15.1 153

1 R�Pi yim ÿ yioj j=Pi yim, where yim is the measured ther-

moelectric power and yio is the corresponding thermoelectric

power calculated from model.
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doping in the Ba sites [14] in Y-123, 2 we inferred
that 26% of the La atoms went to Ba sites, which is
in good agreement with 29% as obtained for La
doping in Y-123 by Karen et al. [11]. We note that
our estimate may be a�ected by a changing oxygen
content in the Ca-doped samples [15]. However,
neutron powder di�raction studies on polycrys-
talline Y1ÿxCaxBa2Cu3Oy [7] and near-edge X-ray
absorption spectroscopy on single crystal Y-123
[16] have not shown any change in the oxygen
content for low doping concentration supporting
our analysis.

For La doping, the increasing resistivity and the
depression in the critical temperature are thus at-
tributed to hole ®lling when substituting La for Ba.
Increased La concentration resulted in an increase
in the room temperature resistivity and a decrease
in the temperature coe�cient of resistance, and
also in a decreasing hole concentration as shown in
Fig. 7. These changes are all consistent with a
decreasing hole concentration. For La doping,
there is also an increase of the superconducting
transition widths, DTc.

Increased Ca doping resulted in a decrease in
the room temperature resistivity and an increase in
the temperature coe�cient of resistance indicating

improved metallic properties. This is in agreement
with an increasing hole concentration as shown in
Fig. 6. The superconducting transition widths,
DTc, decrease with increasing Ca content.

The wide peak in the thermoelectric power
above the superconducting transition shifts to-
wards higher temperatures for Ca doping and to-
wards higher temperature for La doping. As an
alternative to the model of Eq. (1), one can con-
sider the presence of disorder in a periodic system
where localisation of the electronic states in the
tails of the conduction band occurs below a mo-
bility edge eC separating localized and extended
states [17]. It has been suggested [18] that the shift
of the observed peak arises with carrier concen-
tration since the temperature corresponding to the
wide peak changes linearly with eC ÿ eF. This dif-
ference increases or decreases with decreasing or
increasing carrier concentration, which to some
extent is supported by the results in Table 1 and by
the resistivity. Since the chain contribution to S
gives a large positive slope while the plane con-
tribution typically gives rise to a negative slope
[12,19], the results in Fig. 4 indicate that holes in
CuO chains do not contribute to the thermoelec-
tric power. The anomalous sharp peak close to Tc

(Fig. 5) is attributed to ¯uctuation e�ects as
calculated by Lu et al. [20]. The width of this
anomalous peak increases with increasing La
content and the peak has disappeared for x � 0:06
when doping with Ca (see Fig. 5(a)).

Fig. 6. Hole concentration versus doping concentration calculated from the model of Ref. [11]. The dashed line summaries data for La

doping and was used to estimate Ba site occupancy as described in text.

2 We could not estimate the exact La concentration on the

Ba sites from the slope of Nd-123 doped by Ca, because a few

Nd atoms enter the Ba sites [11].
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The room temperature thermoelectric power
(S290 K) is shown in Fig. 8. S290 K decreases or in-
creases with increasing Ca (La) doping, apparently
associated with an increase or decrease in carrier
concentration in the plane. S290 K for Ca doping is
small in agreement with the improved metallic
properties suggested from the resistivity measure-
ments.

In the analysis of Eq. (1), a is positive for all the
samples (Fig. 9). With the increase of La doping,
i.e., with a decrease of the carrier concentration,
�e0 ÿ eF� increases similar to results for Bi2Sr2-
Ca1ÿxYxCu2O8�d [21] and Tl2Ba2Ca1ÿxYxCu2O8�d

[22] samples. It is known that, with decreasing hole
concentration, the Fermi energy should go up rel-
ative to the top of the band. Therefore, if e0 is ®xed
in position, these results suggest that eF must de-
crease with decreasing hole concentration, which is
not expected. To resolve a similar problem Mandal
et al. [21] assumed that the e0 position may shift
upwards with decreasing hole concentration.
However, no systematic variation of C with doping
concentration was observed.

In summary, La and Ca doped Nd-123 were
found to have a positive thermoelectric power,
which increased with increasing La doping and
decreased with Ca doping. The room temperature
resistivity and thermoelectric power indicate that

Fig. 8. The room temperature thermoelectric power versus

doping concentration (x).

Fig. 9. a versus hole concentration (p).

Fig. 7. (a) The room temperature resistivity versus hole concentration (p). (b) The temperature coe�cient of resistivity at 275 K.
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hole concentration increased with increasing Ca
doping and decreased with increasing La doping.
We inferred from the results that 26% of the La
atoms are substituted on the Ba sites. An anoma-
lous sharp peak was observed in the thermoelectric
power close to Tc and was dependent on doping
content. The width of this anomalous peak in-
creased with increasing La doping and the peak
vanished for Ca doping above x � 0:06. A two-
band model with an additional linear T term could
well describe the results for the thermoelectric
power.
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