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Abstract

The transport properties of sintered samples of Nd1�2xCaxMxBa2Cu3O7�d (M = Pr, Th) with 0 6 x 6 0.10 have

been studied in the normal state by Hall effect measurements. The Hall coefficient at high temperature was almost con-

stant for Ca–Pr while it increased with increasing Ca–Th doping concentration. The results for the Hall coefficient as a

function of temperature and doping concentration were analyzed within two different models. A good agreement

between models and data was obtained. On the basis of these models, it was inferred that Ca–Pr and Ca–Th doping

introduce electronic disorder in the CuO2 planes. The localization tendency is driven by electronic disorder. This is

the main reason for strong depression of the superconducting critical temperature in both alloys. It was found that

the Hall angle is proportional to T2 in the whole measured temperature range in Ca–Pr doped samples while there

are deviations at high temperature in the Ca–Th doped series. In a phenomenological narrow band model, the conduc-

tion band was asymmetric for the pure sample and this asymmetry decreased with increasing Ca–Th doping while it was

almost constant for Ca–Pr doped samples.
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1. Introduction

The often strong dependence of the supercon-

ducting critical temperature Tc on doping in high-

Tc superconductors can be empirically described
ed.
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by the well known relation between Tc and hole

density, p, in the CuO2 planes. The maximal Tc is

found at p � 0.16 with a parabolic decrease of Tc

for larger and smaller p, and destruction of super-

conductivity when p is varied by more than ±0.1
from its optimal value [1]. This model has a

remarkably general validity for charge doped

high-Tcs. Therefore it is a challenging observation

that Tc in some charge neutrally doped alloys is

similarly strongly depressed. In RE1�2xCaxMx-

Ba2Cu3O7�d with RE = Y, Sm, Gd, Nd, and

M = Th or Pr, and for x 6 0.1 where Pr is +4

valent, the charge concentration is constant for
Ca–Th or Ca–Pr doping [2–7]. Yet the observed

depression of Tc, now linear instead of parabolic,

has a slope –dTc/dx in the range 150–230 K.

In the efforts to understand the effect of Pr when

doped alone into 123 compounds, it was early

noted that a charge filling picture is incomplete

[2,8,9]. Other mechanisms suggested for this con-

troversial problem include pair breaking due to
the Pr magnetic moment, hole localization, and

hybridization of the Pr with electrons in the

CuO2 plane. Recently we found evidence from

neutron diffraction and bond valence sum calcula-

tions in Nd(Pr) doped 123, that up to x � 0.1 the

depression of Tc is due to both hole filling and

charge localization [10]. At larger dopings the hole

filling mechanism is arrested by the apparent va-
lence shift of Pr to +3, while an increasing localiza-

tion on RE site persists all the way up to close to

the disappearance of superconductivity.

Notwithstanding the similar depression of Tc

for (Ca–Pr)x and (Ca–Th)x doped 123 compounds,

there are noteworthy differences between the elec-

tronic properties for these two dopings. First, the

room temperature electrical resistivity, q, increases
much more strongly with doping for Ca–Th doped

123-samples than for Ca–Pr doped ones [11]. In

fact, for Ca–Th doping, the depression of Tc could

be qualitatively described by quantum interference

effects, while for Ca–Pr doping, the depression of

Tc as a function of the resistivity increase with

doping was too rapid for this interpretation to be

valid. In this case disorder effects are thus less
prominent. A similar difference in disorder effects

was inferred from the results for the thermoelectric

power, which in addition indicated that instead the
localization tendency was stronger for Ca–Pr than

for Ca–Th doping [12].

In the present paper we set out to investigate if

differences between Ca–Th and Ca–Pr doping in

the 1:2:3 compounds are manifested also in other
transport properties. We have studied the Hall

effect in charge neutrally doped Nd1�2xCaxMx-

Ba2Cu3O7�d with M = Pr and Th. Experimental

details are given in Section 2. In Section 3 the

results are described and analyzed in two different

models. The first one is a phenomenological

narrow band theory, with most parameters in

common with a narrow band model for the ther-
moelectric power [13], giving improved stability

of the analyses. The second method is based on

the Anderson model [14], where information on

disorder and localization effects can be obtained

from the temperature and concentration depen-

dence of the parameters describing the Hall angle.

These descriptions are found to be useful for ana-

lyzing data. In both cases a stronger tendency for
electronic disorder with increasing doping concen-

tration is found for Ca–Th doping, as compared to

Ca–Pr doping. The results are discussed in Section

4 and briefly summarized in Section 5.
2. Experimental

Polycrystalline samples of the composition

Nd1�2xCaxMxBa2Cu3O7�d (M = Pr and Th) with

0 6 x 6 0.10 were prepared by standard solid state

powder processing technique as described else-

where [12]. The samples were reannealed in flowing

oxygen at 460 �C for 3 days and the temperature

was decreased to room temperature at a rate of

12 �C/h.
X-ray diffraction (XRD) and neutron powder

diffraction have been made previously in both

samples series [6,7]. The XRD results for Ca–Pr-

doped samples revealed a single-phase orthorhom-

bic 123 structure for all samples. Similar results

were also obtained for the Ca–Th-doped samples,

except at x = 0.10, where a few weak impurity lines

were observed [7]. This indicates that the solubility
limit is somewhat below x = 0.10 for this doping.

Resistivity and Hall voltage measurements were

made on sintered bars of typical dimensions
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Fig. 1. The temperature dependence of the Hall coefficient RH,

for Nd1�2xCaxMxBa2Cu3O7�d with (a) M = Pr and (b) M = Th.

The dashed and solid curves are fits to Eq. (3) in the case of
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0.5 · 2.5 · 6 mm3. Electrical 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.
Measurements were made using standard tech-
niques, with four contacts for longitudinal current

and voltage measurements, and additional con-

tacts for transverse voltage measurements, includ-

ing a potentiometer to compensate for any contact

misalignments by nulling this voltage in zero field.

Hall voltage and resistivity were measured simulta-

neously at each stabilized temperature by sweeping

the magnetic field B in steps of 0.5 T in the se-
quence 0 ! +8 T ! 0 ! �8 T ! 0. Thermal emf�s
were reduced in voltage measurements by switch-

ing current polarities. To enhance temperature sta-

bility, samples and thermometer were placed in a

vacuum shield, with a weak thermal link to the

surroundings. The temperature error during field

sweeps was at most 0.5 K. Hall voltage measure-

ments were made with a dc picovoltmeter with a
resolution of 100–300 pV. The Hall voltage was

linear in B for all samples and temperatures above

Tc. The Hall coefficient, RH, was calculated at each

temperature from the slope of straight lines from

�8 to +8 T. The uncertainty in the magnitude of

RH was estimated from such fits to be less than 6%.
symmetric and asymmetric band models, respectively. The right

hand side scale shows RH normalized to the number of Cu

atoms. The bars illustrate typical estimated errors of RH for

NdBa2Cu3O7�d.
3. Results and analyses

Fig. 1 shows the Hall coefficient, RH, as a func-

tion of temperature and Ca–M doping concentra-

tion in Nd1�2xCaxMxBa2Cu3O7�d with M = Pr

and Th. RH is positive in the normal state for both

sample series and increases with decreasing tem-

perature, has a maximum near T � 100 K and
after that decreases strongly. The temperature

dependence of RH at low temperatures is stronger

than that at higher temperatures. In Nd1�2xCax-

PrxBa2Cu3O7�d, RH at high temperature did not

change with x, while the peak at 100 K was slightly

suppressed with increasing Ca–Pr concentration.

On the other hand, for Ca–Th-doped Nd-123,

RH increased with increasing doping concentration
in the whole temperature range from Tc up to

room temperature. As can be seen in Fig. 1 at

x = 0 in the Ca–Th doped series, the values for
RH are somewhat smaller than in the Ca–Pr series.

This is likely due to slightly different oxygen con-

tent and hole concentration, as found from neu-

tron diffraction data by Rietveld refinements and
bond valence sum calculations for both series

[6,7]. The dashed and solid curves through data

in Fig. 1 are fits to the phenomenological narrow

band model in the case of symmetric and asym-

metric band models, respectively, which will be de-

scribed below. A fictitious hole density per Cu can

be obtained from the inverse of the parameter

RHe/NCuV [15]. Here NCu is the number of copper
atoms in volume V. RHe/NCuV is shown by the

right hand side scale in Fig. 1 as obtained from 3

Cu atoms per unit cell, and neglecting the small

temperature and sample dependence of V. These
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results support a decrease of the hole concentra-

tion with increasing Ca–Th doping. In comparison

with charge doping, the variation in Fig. 1 is small,

as can be seen e.g. from the strong increase of

RHe/NCuV with reduced oxygen concentration in
Y-123 [16].

The doping concentration dependence of RH at

275 K is compared in Fig. 2 for both charge neu-

tral doping series. RH (275 K) is roughly constant

for Ca–Pr doping, while for Ca–Th doping there is

a significant increase. According to a simple one

band relation between RH and charge concentra-

tion, these changes are consistent with a decreasing
charge concentration for Ca–Th and a constant

charge concentration for Ca–Pr doping. From

these results one may conclude that there is a more

pronounced weakening of the metallic state for

Ca–Th. This is qualitatively in agreement with

the variation of the normal state electrical resistiv-

ity [11] and thermoelectric power [12] as a function

of Ca–Pr and Ca–Th doping concentration.
Several models have been proposed to describe

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

charge carrier density [17], magnetic skew scatter-

ing [18,19], Anderson–Luttinger-liquid model [14]

and a model based on paired bipolarons [20]. A

phenomenological narrow band model of the elec-

tronic band structure of high-Tc superconductors

has also been introduced for a wide range of dop-
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Fig. 2. The doping concentration dependence of RH at 275 K

for Nd1�2xCaxMxBa2Cu3O7�d with M = Pr and Th.
ing [21], which in addition to electronic transport

properties also has been used to describe the mag-

netic susceptibility, and the metal-insulator transi-

tion [13,21–23].

Present focus is on possible disorder effects. We
have selected two models where an interpretation

in such terms is possible. Our results have been

analyzed in the phenomenological narrow band

model [13] and in the Anderson model [14].

Although these models are apparently completely

unrelated to each other, they both describe the

Hall effect with parameters which are related to

disorder.
3.1. Phenomenological narrow band model

In the phenomenological narrow band model

[13], it was shown that all features of the resistivity

q(T), the thermoelectric power S(T), and RH(T)

for the Y-123 system in the normal state could

be described quantitatively in a band model that
supposes the existence of a narrow peak in the

electronic density of states close to the Fermi level.

This model contains three main parameters for

q(T) and S(T) and an additional one for RH(T);

the band filling by electrons F (which is equal to

the ratio of number of electrons, n, to the total

number of states in the band, N), the total effective

bandwidth WD in the density of states D(E), and
the longitudinal and transverse conductivity effec-

tive bandwidths Wr and WrH in the longitudinal

conductivity r(E) and transverse conductivity

rH(E), respectively. Using rectangular approxima-

tions for D(E), r(E), and rH(E), motivated by the

narrowness of the band, the expressions for main

transport properties i.e. q(T), S(T), and RH(T)

can be written as

q ¼ 1

hri
1þ z�2 þ 2z�1 coshW �

r

z�1 sinhW �
r

ð1Þ

S ¼ � kB
e

W �
r

sinhW �
r

e�l� þ coshW �
r �

1

W �
r

ðcoshl�
��

þ coshW �
rÞ ln

el
� þ eW

�
r

el� þ e�W �
r

�
� l�

�
ð2Þ

RH ¼ hrHi
hri2

ðz� 1Þðv� 1Þ2ð1þ zuÞ2ðzþ uÞ2

zð1þ zÞðzþ vÞð1þ zvÞðu2 � 1Þ2
ð3Þ
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l� ¼ l
kBT

¼ ln
sinhðFW �

DÞ
sinh½ð1� F ÞW �

D�
ð4Þ

Here W �
D ¼ W D=ð2kBT Þ, W �

r ¼ W r=ð2kBT Þ,
W �

rH ¼ W rH=ð2kBT Þ, z =exp(l*), v ¼ expðW �
rHÞ,

and u ¼ expðW �
rÞ. l is the electron chemical poten-

tial and kB the Boltzmann constant. hri and hrHi
are the averages of the longitudinal and transverse

(Hall) conductivity in the intervals Wr and WrH,

respectively.

We have analyzed our RH(T) data according to

Eq. (3) using band width parameters inferred from
fits of Eq. (2) to thermoelectric power data [12].

The results are shown by the dashed curves in

Fig. 1. As can be seen there are deviations at high

temperature. These deviations will be discussed

below. The transverse conductivity effective band-

width WrH obtained from the analyses is shown

in Table 1. Data for other bandwidths and the band

filling fraction F have also been included in Table 1.
All bandwidths (WD, Wr, and WrH) increase with

increasing doping concentration x for both dop-

ings. It was shown [13,24–28] that the bandwidths

in this model depend on the hole concentration.

When the hole concentration decreased by oxygen

reduction [13] and by substitution of La on the Ba

site in Y-123 [28], the bandwidth parameters in-

creased, and with increasing hole concentration
these parameters changed in the opposite way [25].

As can be seen in Table 1, the F value is almost

constant for the Ca–Pr doping and increases
Table 1

Bandwidth parameters (WD, Wr, and WrH), band filling degree F of E

X WD (meV) Wr (meV) WrH (meV

Nd1�2xCaxPrxBa2Cu3O7�d

0 111(2) 33(1) 27(1)

0.025 150(3) 36(1) 35(1)

0.05 165(2) 35(1) 37(2)

0.10 182(3) 34(2) 43(1)

Nd1�2xCaxThxBa2Cu3O7�d

0 110(2) 33(1) 23(1)

0.015 121(2) 35(1) 32(2)

0.03 140(3) 37(2) 39(1)

0.05 159(2) 38(2) 40(2)

0.10 139(3) 35(2) 43(2)

The numbers in the parentheses are the estimated standard deviatio

Ref. [12].
slightly for increasing Ca–Th doping. These results

support that charge filling in the bands remains

roughly constant for both series.

In order to further test the model, Eq. (1) was

also fitted to resistivity data by parameters that
were obtained from S(T) data (see Table 1). Fig.

3 shows the resistivity data for the Ca–Th sample

series in the normal state. The dashed curves

through data in Fig. 3 exemplify results for one

sample series. As can be seen there are strong devi-

ations at both low and high temperature. Further-

more, the deviations increased with increasing

doping concentration and the fits are rather poor
for both series of samples.

It was found that a slight band asymmetry has a

pronounced influence on the temperature depen-

dence of transport properties [13,26,27]. An asym-

metric band was modeled with the assumption that

the center of the rectangular approximation of

D(E), on the one hand, and the center of r(E) or
rH(E) on the other hand, do not coincide [13]
and are separated a distance bWD. As further illus-

trated in the inset of Fig. 4, such an asymmetry

may occur from additional states in the conduc-

tion band. With this method the expressions for

q(T), S(T), and RH(T), i.e. Eqs. (1)–(3) are still

valid with l replaced by l�bWD. To achieve good

quantitative agreement between experimental re-

sults and model calculations of RH(T) and q(T),
the asymmetric phenomenological narrow band

model has been used. The solid curves through
qs. (2) and (3), and superconducting transition temperature Tc

) F = n/N c =WD/Wr Tc (K)

0.519(1) 3.338(2) 91.9

0.519(1) 4.233(1) 87.9

0.519(2) 4.755(2) 83.2

0.520(1) 5.302(3) 74.9

0.513(2) 3.379(1) 93.6

0.520(1) 3.522(2) 90.2

0.527(2) 3.831(1) 86.7

0.529(1) 4.228(2) 81.4

0.526(2) 3.930(3) 73.2

n in the last digit. All data except for WrH were taken from
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deviation in each experimental point.
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sample data in Fig. 1 and the resistivity data in

Fig. 3 exemplify the fits to Ca–Th samples. As

can be seen in Figs. 1 and 3, a more reliable
description is obtained on the basis of the asym-

metric model. This result suggests that the band

of the pure sample is also asymmetric. For the

pure samples we found b(0) = 0.072 ± 0.005. The

relative doping concentration dependence of
the asymmetry parameter b is compared in Fig. 4

for Ca–Pr and Ca–Th doping. The relative b de-

creased markedly with increasing x in Ca–Th dop-

ing, while for Ca–Pr doping there is at most a

slight decrease. The model parameters were ob-

tained by non-linear least square fits, and reduced

chi-square values, v2, were calculated.1 For

Nd1�2xCaxThxBa2Cu3O7�d, v
2 for the symmetric

model was 1.8, 2.1, 2.4, 6.3, and 9, while v2 for

the asymmetric model was 1.2, 1.35, 1.5, 1.67,

and 1.9, for x = 0, 0.015, 0.03, 0.05, and 0.1 respec-

tively. These values indicate a moderately good fit

for the asymmetric model with v2 � 1, and a fairly

poor quality of the fit for the symmetric model.

3.2. Anderson model

In the Anderson theory [14] based on Luttinger

liquid ideas, spinons and holons have different

relaxation mechanisms in the CuO2 planes. Longi-

tudinal (transport) relaxation times follow a linear

T�1 dependence and transverse (Hall) relaxation

times, follow a � T�2 dependence. The longitudi-

nal contribution gives the well-known linear-T
resistivity q while the transverse one gives the tem-

perature dependence of the Hall angle cothH � T2.

In particular [14]

cot hH ¼ q=RHB ¼ aT 2 þ b; ð5Þ
where a and b are constants. Chien et al. [29] de-

rived the following relation from Anderson theory:

a ¼ k2Bhn

eBW 2
s

. ð6Þ

where n ¼ k2F=2p is the carrier density, B the ap-

plied magnetic field, h is Planck�s constant, and
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Ws the spinon bandwidth, which is proportional to

the superexchange J.

It was found in various cuprate superconductors

that the results for cothH are in broad agreement

with Eq. (5). In some cases deviations from this
law were reported at both low and high tempera-

tures [19,30]. The deviation at low temperature

may be caused by the opening of a pseudogap in

the density of states [30], while the origin of the

anomaly at high temperatures is not clear.

Fig. 5 shows cothH versus T2 calculated in mag-

netic field, B = 8 T from q(T) and RH(T) results. It

can be seen that irrespective of the complicated
temperature dependencies of q and RH, a qua-

dratic-like temperature dependence of cothH � T2
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is obtained for all x values in Nd1�2xCaxPrx-

Ba2Cu3O7�d samples. It is clear from Fig. 5b that

for the samples with x > 0 the quadratic-like tem-

perature dependence of cothH holds up to a tem-

perature T0, which has been marked by arrows,
and then starts to deviate strongly in all the Ca–

Th doped samples. The deviation temperature T0

depends on doping concentration and decreases

with increasing doping concentration (Fig. 5b).

The origin of this observation is not known.

From the results in Fig. 5 one finds a and b of

Eq. (5). The doping dependence of a and b for

both dopings is shown in Fig. 6. At x = 0.10,
above the solid solubility limit for Ca–Th, a low

value of a and b were found (not shown in
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4. Discussion

4.1. Comparison between models

The two different models used to analyze

RH(x,T) are based on different assumptions and

are therefore in general difficult to compare quan-

titatively. However, as mentioned, b in the Ander-

son model and the parameter c = WD/Wr in the

phenomenological narrow band model both de-

pend on disorder. Here it was found that the in-

crease of WD is stronger than the change of Wr,

and c increases with increased doping concentra-

tion in both alloy series (Table 1). When the solu-

bility limit has been reached in the Ca–Th series at

x = 0.10 [12] this trend is broken. These results for

both b and c suggest a tendency for electronic dis-

order and localization with increased doping con-

centration. It was also shown that b increases

linearly with increasing doping x in Y1-xCaxBa2-
Cu3O7�d thin films [31], in YBa2Cu3-xZnxO7�d sin-

gle-crystals [29], and in Nd1-xCaxBa2Cu3O7�d [32],

which can be ascribed to the creation of disorder in

the CuO2 plane by doping.

The band filling factor F in the phenomenolog-

ical narrow band model corresponds qualitatively

to the a parameter in the Anderson model.

According to the definition of F and Eq. (6), both
parameters depend on charge carrier density. As

can be seen from Table 1 and Fig. 6, the variation

with doping of both parameters is limited, and

within 0.52 ± 0.01 and 0.02 ± 0.01 for F and a,
respectively. This is in agreement with expectations

for charge neutral dopings.

The strong depression rate in charge neutral

dopings, �dTc/dx � 200 K for Nd1�2xCaxMx-
Ba2Cu3O7�d with M = Pr and Th [6,7,12], is an

interesting effect. Fig. 7 shows the relation between

the superconducting critical temperature Tc and
the temperature independent constant b on one

hand and the tendency for localization c on the

other hand. Both b and c increase linearly as Tc de-

creases by increased doping concentrations. There-

fore, these results support that both Ca–Pr and

Ca–Th introduce disorder, which enhances the

localization tendency of mobile holes in the

CuO2 plane. Thus the depression of Tc can be
qualitatively explained in the picture of electronic

disorder.

4.2. Differences between Ca–Th and Ca–Pr

It is useful to summarize various properties of

Ca–Th and Ca–Pr doped Nd-123 in light of results

from RH. Although these dopings in several as-
pects are similar, there are noteworthy differences

as mentioned in Section 1. Two of the most signif-

icant differences in transports properties are the
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stronger increase of the room temperature electri-

cal resistivity q and the thermoelectric power S

for Ca–Th doped samples, as compared to Ca–Pr

doped samples [12]. Another interesting difference

is shown in Fig. 1 where RH (275 K) increases
strongly in the Ca–Th case while it is roughly con-

stant for the Ca–Pr series. The present result for

RH is also in line with the doping dependence of

the room temperature q and S.

Another interesting feature is the variation with

doping of the relative conduction band asymmetry

parameter in the phenomenological narrow band

model. As can be seen from Fig. 4, the relative de-
crease of the conduction band asymmetry para-

meter b with x is much stronger for Ca–Th than

Ca–Pr doping. On the other hand, it was shown

that b is related to the total number of states in

the conduction band N, with an increase of b for

increasing additional states [26]. Therefore, our re-

sults indicate that an increase in x leads to a stron-

ger decrease in the number of states N for Ca–Th
doping than for Ca–Pr doping. Furthermore, an

increased F = n/N with Ca–Th doping (Table 1)

supported a decrease in the number of states since

the electron density n is constant for charge neutral

doping. Thus, from these results it can be con-

cluded that a decrease of the parameter b supports

an increased localization tendency for both dop-

ings which is stronger for Ca–Th than for Ca–Pr
doping.
5. Brief conclusion

The transport properties of sintered samples of

Nd1�2xCaxMxBa2Cu3O7�d with M = Pr and Th

have been studied in the normal state. A pheno-
menological narrow band model could well de-

scribe the results for the Hall coefficient and the

thermoelectric power. On the basis of this model,

it was found that the conduction bandwidths in-

creased with doping concentration for both dop-

ings and the band filling of electrons was roughly

constant for Ca–Pr doping while it increased with

Ca–Th. It was also found that the conduction band
was asymmetric for undoped samples and that the

degree of asymmetry decreased with increasing Ca–

Th doping, and was almost constant for
Ca–Pr doped alloys. In the view of the Anderson

model, the temperature dependent part of the Hall

angle was roughly proportional to T2 for Ca–Pr in

the whole measured temperature range while a

deviation was observed from this behavior at high
temperature for Ca–Th doping. The results of both

models suggest that Ca–Pr and Ca–Th introduce

electronic disorder which drives a tendency of

localization of mobile holes in the CuO2-plane.

This result was obtained in two widely different

models for the Hall coefficient, which strengthens

the conclusion of a disorder effect. We can con-

clude that disorder effects in charge neutrally doped
123 compounds appear to be firmly manifested in

the normal state electronic transport properties of

these compounds, including the resistivity, the

thermoelectric power as well as the Hall effect.
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