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Abstract

The transport properties of sintered samples of Nd1�xCaxBa2Cu3O7�d with 06 x6 0:20 have been studied in the
normal state by Hall resistivity measurements. The Hall coefficient, RHðx; T Þ was well described in terms of two different
models. In a phenomenological narrow band model, the conduction band width became narrower with increasing Ca

concentration while the density of states band width decreased slightly. A competition between two effects (i) added

charge, and (ii) disorder introduced into the CuO2 planes by doping, could be the main reason for the observed small

decrease of the band widths. In the Anderson model, the temperature dependent part of the Hall angle was independent

of hole concentration and disorder while the temperature independent part increased linearly with increasing Ca

content. The results in both models support that Ca introduces disorder in the CuO2 planes.
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1. Introduction

Normal state charge transport such as the re-

sistivity, q, and the Hall effect in high-temperature
superconductors is expected to be important for

understanding the mechanism of high-temperature

superconductivity (HTS). The electronic structure,

carrier density, and scattering mechanisms are

probed by such measurements. Studies of the

normal state properties have been accordingly

conducted since the discovery of HTSC [1]. How-

ever, there is still no consensus on the explanation

of the observed experimental results. These prop-

erties are often inconsistent with the Fermi-liquid

(FL) theory [2], and exhibit complicated depen-
dence on temperature [3], charge doping [4,5], and

disorder [6].

Several models have been proposed to de-

scribe the Hall effect, e.g. a temperature-dependent

charge carrier density [7], magnetic skew scattering

[8,9], and Anderson�s Luttinger-liquid model [6,
10]. A phenomenological narrow band model of

the electronic band structure of high-Tc supercon-
ductors has also been introduced [11], which in

addition to electronic transport properties also has

been used to describe the magnetic susceptibility,

and the metal insulator transition [11–14].
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It is known that substitution of Ca on the rare

earth, RE, atom sites affects the superconducting

properties of the RE-123 systems in a specific way.

Ca restores superconductivity if it was previously

suppressed by substitutions of Al or Co at the

chain copper site, Cu1 [15,16], La and Nd at the
Ba sites [16–18], or by oxygen reduction [19]. From

studies of transport properties, it was found that at

constant x in Y1�xCaxBa2Cu3Oy , decreasing y re-
sults in increasing thermoelectric power S [20] and
Hall coefficient RH [21]. At fixed y, S and RH are
reduced by increasing x [22].
In this paper we present measurements of the

normal state Hall coefficient RH in Ca-doped Nd-
123 from the superconducting Tc to room tem-

perature. The Hall coefficient data were found to

be well described by the phenomenological narrow

band model of Ref. [14] over the whole tempera-

ture range above 96 K and the results were com-

pared with those in other 123 compounds. This

model has been chosen in the present case since it

offers the possibility to describe experimental data
of both qðT Þ, RHðT Þ and SðT Þ in the normal state
as a function of temperature with a set of closely

related parameters. It was found that the width of

the conduction band and the density of states de-

creased with increasing Ca concentration. In-

creased Ca doping also decreased band filling of

electrons and produced asymmetry of the con-

duction band. This model description suggests that
disorder is introduced in the CuO2 planes by Ca

doping. When the results were analyzed in the

Anderson model [10] it was found that the tem-

perature independent part of the Hall angle in-

creased linearly by increasing Ca doping which

also suggests that disorder is introduced by this

doping.

2. Experimental

Samples with the composition Nd1�xCaxBa2-

Cu3O7�d (06 x6 0:2) were prepared by a standard
solid state powder processing technique. High

purity powders Nd2O3, BaCO3, CuO, and CaCO3
were first dried and then mixed in required pro-
portions and ground. The samples were pressed

into pellets and calcinated in air at 900, 920, and

920 �C with intermediate grindings. Finally, the

samples were annealed in flowing oxygen at 460 �C
for three days and the temperature was decreased

to room temperature at a rate of 12 �C/h. X-ray
diffraction (XRD) analysis was used to character-

ize the samples. The XRD results for Ca-doped
Nd-123 showed that all samples had a single-phase

orthorhombic 123 structure.

The electrical resistivity and Hall voltage were

measured by standard four and five contact con-

figurations, respectively using a field sweep tech-

nique with magnetic fields up to 8 T. Therefore,

the Hall voltage and resistivity could be measured

at the same time in one magnetic field sweep at
each temperature. The temperature was regulated

to within �10 mK during each field sweep. Elec-

trical leads were attached to the sample by silver

paint and heat treated at 300 �C in flowing oxygen
for half an hour, which gave contact resistances of

order 1–2 X. The measurements were made on
sintered bars of typical dimensions 0:5� 2:5� 6
mm3. The Hall voltage VH as a function of the
magnetic field B for Nd1�xCaxBa2Cu3O7�d was

linear for all sample for temperatures above Tc and
magnetic fields up to 8 T. The Hall coefficient, RH,
was calculated from the slope of this relation.

3. Results and discussion

Fig. 1 shows RH as a function of temperature
and Ca concentration for Nd1�xCaxBa2Cu3O7�d.

RH is positive in the normal state for all samples
and increases with decreasing temperature, has a

maximum close 100 K for all samples and de-

creases strongly when approaching Tc. The results
also show that RH in Nd1�xCaxBa2Cu3O7�d de-

creases with increasing x. The room temperature
resistivity q290 K, which is shown in the inset of Fig.
1, also decreases with x. These results for RH and
q290 K reflect that the hole concentration increases
continuously with increasing Ca concentration.

When the hole concentration further increases into

the overdoped region, the temperature dependence

of RH appears to become less pronounced. The
Hall coefficient in the normal state was analyzed
within both a phenomenological narrow band

model [14] and the Anderson model [10].
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3.1. Phenomenological narrow band model

In the phenomenological narrow band model

[14], it was found that all the features of the re-

sistivity qðT Þ, the thermoelectric power SðT Þ, and
the Hall coefficient RHðT Þ for the Y-123 system in
the normal state should be explained and de-

scribed quantitatively on the basis of a band model

that assumed the existence of a narrow peak in the
electronic density of state DðEÞ close to the Fermi
level. This model contains three main parameters

for qðT Þ and SðT Þ and an additional one for

RHðT Þ: (i) the band filling by electrons, F ¼ n=N ,
where n is the electron density and N is the total

number of states in the band, (ii) the total effective

band width wD in DðEÞ, (iii) the conductivity ef-
fective band width wr in the longitudinal conduc-
tivity rðEÞ, and (iv) for RH the transverse effective
band width wrH in the transverse conductivity

rHðEÞ. Using rectangular approximations for

DðEÞ, rðEÞ, and rHðEÞ, the result for RH was

RH ¼ hrHi
hri2

ðz� 1Þðv� 1Þ2ð1þ zuÞ2ðzþ uÞ2

zð1þ zÞðzþ vÞð1þ zvÞðu2 � 1Þ2
; ð1Þ

where z ¼ expðl
Þ, v ¼ expðwrH
2kBT

Þ, u ¼ expð wr
2kBT

Þ,
and

l
 ¼ l
kBT

¼ ln
sinh FwD

2kBT

� �

sinh ð1�F ÞwD

2kBT

� � ; ð2Þ

l is the electron chemical potential and kB the
Boltzmann constant. hri and hrHi are the averages
of the longitudinal conductivity and the transverse

(Hall electrical) conductivity in the intervals wr

and wrH, respectively.

On the basis of a symmetric model it was found

to be difficult to achieve good quantitative agree-

ment between experimental results and model

calculation of SðT Þ for Y1�xCaxBa2Cu3Oy [23] and

co-doped compounds of Ca and La(Co) in Y-123

[16,24] and Bi2Sr2Ca2�xYxCu2Oy [25]. To analyse

SðT Þ data of high-Tc superconductors with Ca, the
phenomenological narrow band model has been

used with the additional assumption that the

conduction band is asymmetric [16,23–25]. This

would be caused by an additional peak in the

density of states, DðEÞ by Ca doping. At x ¼ 0 the
center of the rectangular approximations of rðEÞ
and DðEÞ coincide. With Ca doping such rectan-
gular approximations to these two bands are
shifted a distance bwD. Fig. 2 illustrates how such a

shift may arise from additional states in rðE; xÞ.
With this method, the expressions for SðT Þ (Ap-
pendix A) and RHðT Þ, Eqs. (1) and (2), are still
valid if l is replaced by l � jbðxÞjwD.

Fig. 1. The temperature dependence of the Hall coefficient RH,
for Nd1�xCaxBa2Cu3O7�d. The solid curves are fits to Eqs. (1)

and (2). Inset (top right): The room temperature resistivity

q290 K as a function of Ca doping concentration, x. Inset (lower
left): Tc versus x for present samples (�) and for data from Ref.
[27] (j).

Fig. 2. Schematic electrical conductivity rðEÞ for (a) x ¼ 0 and
(b) x > 0 in Nd1�xCaxBa2Cu3O7�d. The dash-dot curve shows

the contribution of the introduced additional states by Ca

doping. The rectangle illustrates the model approximation of

Ref. [14].
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The band widths in this model depend on the
hole concentration [14,16,23–26]. By decreasing

the hole concentration by oxygen reduction [14] or

substitution of La on the Ba sites in Y-123 [26], the

band width parameters increase and with increas-

ing hole concentration they change in the opposite

way [16]. We have fitted our RHðT Þ data to Eq. (1)
as shown by the solid curves in Fig. 1 and esti-

mated the band parameters. The band widths are
shown in Fig. 3 (open symbols). All band widths

(wD, wr, and wrH) become somewhat narrower

with increasing x. This is in agreement with the
increasing hole concentration.

We also calculated the band widths from the

thermoelectric power, from the relation SðT ;wD;
wr; F Þ (Appendix A), and data for Nd1�xCaxBa2-

Cu3Oy with 06 x6 0:10 from Ref. [27]. As can be
seen in Fig. 3, the trend in wD was stable, while the

actual values for wD obtained from SðT Þ are
somewhat smaller than for RH. This is likely due to
slightly different oxygen content as can be seen

from the small differences in Tc for these series (see
inset Fig. 1). The relation between Tc and wD will

be discussed below.

The tendency for Anderson localization at the
band edges can be conveniently described by the

parameter L ¼ wD=wr [14]. The results for L are
shown in Fig. 4. For Nd1�xCaxBa2Cu3O7�d, L in-
creases linearly with x. This suggests an increasing

tendency for localization and increasing electronic

disorder for increased doping concentration. Such
disorder would arise from the random occupation

by Ca of some Nd sites in between the CuO2
planes. Results for YBa2�xLaxCu3Oy samples over

a range of similar change of doping concentration

[26] are also shown for comparison. In contrast to

Nd1�xCaxBa2Cu3O7�d there is no tendency for lo-

calization in YBa2�xLaxCu3Oy where L is approxi-
mately constant.
The effect of Ca doping on the conduction band

asymmetry b has been revealed by studies of SðT Þ
in co-doped Y1�xCaxBa2�xLaxCu3Oy [24] com-

pounds with constant oxygen content. The elec-

tron density, n, was constant since added holes by
Ca were compensated by La-doping, but F ¼ n=N
decreased linearly with increasing x. Therefore,
the total number of states in the conduction band,
N , increased with x. In this case b increased lin-
early with increasing charge neutral doping level,

x, suggesting that Ca doping changed the con-
duction band structure by inducing additional

states [24].

Fig. 5 shows the conduction band asymmetry b
and the band filling F as a function of x in Nd1�x-

CaxBa2Cu3O7�d. jbj increased linearly with increas-
ing Ca concentration. This is in agreement with

Fig. 3. Band width parameters as a function of Ca concentra-

tion, x, in Nd1�xCaxBa2Cu3O7�d; wD (squares), wr (circles), and

wrH (triangles). Open symbols: present data. The solid symbols

were calculated from thermoelectric power results in Ref. [27].

Fig. 4. Doping dependence of L ¼ wD=wr (left hand scale) for

Nd1�xCaxBa2Cu3O7�d (�) and YBa2�xLaxCu3Oy (j) from the

phenomenological narrow band model. Hall angle parameter b
versus x (right hand scale) for Nd1�xCaxBa2Cu3O7�d (�) from
the Anderson model. Data for YBa2�xLaxCu3O7�d have been

obtained from Ref. [26].

S.R. Ghorbani et al. / Physica C 390 (2003) 160–166 163



results for b obtained from SðT Þ in Y1�xCax-

Ba2Cu3Oy samples for increasing Ca concentration

[23].

As can be seen in Fig. 5, F decreases with in-
creasing Ca concentration. The increase in x thus
leads to an increased hole density, consistent with
the expectations from valence considerations. This

result is expected from the results for RH and q290 K
mentioned above. The number of states, N , also
increases with increasing Ca concentration. There-

fore, F is found to be nonlinear.
From studies of the thermoelectric power in

doped Y-123 with different dopings, a correlation

was found between the critical temperature Tc and
the effective band width wD, where Tc decreases
with increasing wD in the underdoped region [28].

Fig. 6 shows Tc as a function of wD for the present

Nd1�xCaxBa2Cu3O7�d samples and for YBa2�x-

LaxCu3O7�d from Ref. [26] over a range of similar

variation of Tc. Tc appears to have a maximum at

wD 
 120 meV. With decreasing hole concentra-
tion in the underdoped region Tc decreased and wD

increased, while in the overdoped region both Tc
and wD decreased with increasing doping concen-

tration. As can be seen in Fig. 6, the change in the

band width at comparable depression of Tc is
about 50% smaller for Nd1�xCaxBa2Cu3O7�d

(dTc=dwD 
 0:303 K/meV) than for YBa2�xLax-

Cu3O7�d (jdTc=dwDj 
 0:145 K/meV). The weak
variation in wD as a function of Ca doping con-

centration may result from a competition between

two contributions. The first one is a weak increase

of disorder in the CuO2 planes as reflected in the

parameter L ¼ wD=wr (Fig. 4). This effect is absent

in YBa2�xLaxCu3O7�d. Weak disorder is expected
to give a weak increase of wD in Nd1�xCaxBa2-

Cu3O7�d. The second contribution is the increasing

hole concentration which leads to a decrease in wD.

This contribution is the stronger one resulting in a

weak decrease of wD with Ca doping.

3.2. Anderson model

In the Anderson model [10], the conductivity in

the longitudinal and transverse directions are

governed by two different mechanisms and two

different relaxation times due to spin-charge sep-

aration in the CuO2 planes. The longitudinal

(transport) relaxation time follows a linear T�1

dependence (str / T�1) and the transverse (Hall)

relaxation time, follows a � T�2 dependence (sH /
T�2). str gives the well-known linear-T resistivity,
q, while sH gives the temperature dependence of
the Hall angle, cot hH / T 2. Allowing also for a
temperature independent impurity contribution b
one can write [10]:

cot hH ¼ q=RHB ¼ aT 2 þ b; ð3Þ

a and b are constants.

Fig. 5. Band filling by electrons F (left hand scale) and mag-
nitude of band asymmetry b (right hand scale) versus Ca doping
concentration, x, for Nd1�xCaxBa2Cu3O7�d. The curves are

guides to the eye.
Fig. 6. The superconducting Tc versus the effective band width,
wD, for the present Nd1�xCaxBaCu3O7�d samples and YBa2�x-

LaxCu3O7�d [26].
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Fig. 7 shows cot hH vs. T 2 in a magnetic field,
B ¼ 8 T. The data were calculated from the results
for qðT Þ and RHðT Þ. Irrespective of the compli-
cated temperature dependencies of q [27] (for

x6 0:1) and RH (Fig. 1), a quadratic-like temper-
ature dependence of cot hH is obtained for all x
values. A slight deviation from a T 2 dependence
was observed at T > 260 K. a and b were deter-
mined from Fig. 7. The doping dependence of b
for Nd1�xCaxBa2Cu3O7�d is shown in Fig. 4. With

increasing Ca concentration b increases linearly,
whereas a was found to be constant within �7%
(not shown).

The doping dependence of a and b has been
studied in Y1�xCaxBa2Cu3O7�d thin films with

x ¼ 0–0:5 and d ¼ 0:08–1 [29]. It was found that b
increased monotonically with x, while a was inde-
pendent of doping level and also independent of d
in the region of large oxygen reduction. From
studies of nonmagnetic Zn doping on the magnetic

Cu sites in single-crystal Y-123, Chien et al. [6]

found that b increased linearly with increasing Zn
concentration, whereas a was constant. Our results
(Fig. 4) show that b increases linearly, which can
be ascribed the creation of disorder in the CuO2
plane by Ca doping in agreement with previous

work [6,13,29]. The roughly constant a suggests
that the temperature dependent part in Eq. (3)

does not depend on the hole doping, disorder, or

substitution of impurities (magnetic or nonmag-

netic).

The two different models used to analyse

RHðx; T Þ are based on different assumptions and
therefore difficult to compare quantitatively. How-

ever, as mentioned both b in the Anderson model
and the parameter L in the phenomenological

narrow band model depend on disorder. The Ca
concentration dependence of b and L are com-
pared in Fig. 4. Both b and L increase linearly by a
similar factor for doping concentrations up to x ¼
0:2. Therefore, these results support that Ca in-
troduces disorder in the CuO2 plane. The disorder

gives a contribution in the direction of an in-

creasing band width wD, which weakens the de-

crease of wD due to added charge.

4. Brief conclusion

The transport properties of sintered samples of

Nd1�xCaxBa2Cu3O7�d have been studied in the

normal state. Both resistivity and Hall coefficient

decreased with increasing Ca concentration. A phe-
nomenological narrow band model could well de-

scribe the results for the Hall coefficient. On the

basis of this model, as Ca doping concentration

increased, the conduction band became narrower

and the degree of band filling with electrons de-

creased. The degree of asymmetry of the band

increased by induced additional states in the band.

The results could also be analyzed in terms of the
Anderson model, where the temperature depen-

dence part of the Hall angle is roughly propor-

tional to T 2 and independent of hole concentration
and disorder. The results of both models indicated

that Ca introduced disorder, which could be the

main reason for the observed small decrease of the

band widths in Ca doped 123 systems.
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Appendix A

In the phenomenological narrow band model of

Ref. [14], the thermoelectric power is expressed in

term of the three parameters wr, wD and F as

S ¼ � kB
e

w

r

sinhw

r

e�l

��

þ coshw

r

� 1

w

r

ðcosh l
 þ coshw

rÞ ln

el

 þ ew


r

el
 þ e�w

r

�
� l


�
;

l
 ¼ l
kBT

¼ ln sinhðFw

DÞ

sinhð1� F Þw

D

;

w

D ¼ wD

2kBT
; and w


r ¼ wr

2kBT
:
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