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The transport properties of sintered samples of NdBa2−xLaxCu3O7−δ with 0 ≤ x ≤ 0.3
have been studied in the normal state by Hall effect measurements. The Hall coef-
ficient, RH is positive in the normal state and increases with increasing La doping
concentration over the whole temperature range from the critical temperature, Tc, up
to room temperature. The results for the Hall coefficient as a function of temperature
and doping concentration were analyzed within the phenomenological narrow band and
Anderson models. A good agreement between models and data was obtained. As in the
phenomenological narrow band model, the band widths increase with increasing dop-
ing concentration. As in the Anderson model, the Hall angle is proportional to T 2 over
the whole measured temperature range for all samples. The obtained results for both
models supported the view that La doping introduces electronic disorder into the CuO2

planes. The tendency towards localization is driven by electronic disorder. In addition to
hole filling, the localization is another reason for the decreasing superconducting critical
temperature in these samples.
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1. Introduction

The phenomenon of superconductivity is one of main interests of physics research in

the current century, but there are still major questions about its mechanisms. The

measurement of the transport properties, such as resistivity, thermoelectric power,

and Hall effect in the normal state give us outstanding information to use in the

elucidation of the phenomenon of superconductivity in cuprates. The Hall coeffi-

cient, RH , shows a drastic temperature dependence at low temperatures, while at

high temperatures (∼1000 K), it is nearly constant. RH has a temperature depen-

dence of approximately 1/T over a quite wide range of temperatures. dRH/dT < 0

is observed in the hole-doped compounds while dRH/dT > 0 is realized in the

electron-doped compounds. In the underdoped compounds and at low tempera-

tures, |RH | � |1/ne|.1
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The doping effects in cuprates have led to expanded research in this field.2 The

superconductivity and electronic properties are highly sensitive to doping in the

NdBa2−xLaxCu3O7−δ. This is because doping in these compounds strongly affects

the carriers density and structural properties by introducing non-isovalent disorder.

The light atoms, such as La, with largest ionic radius in the rare earth group, have

a greater tendency to occupy Ba sites. It was found that among the two and three

valent elements, only Sr+2 and La+3 enter the Ba sites in the 123 structure.3

There have been a large number of theories to explain the behavior of the cuprate

high temperature superconductors. So far, however, there has been no agreement

on one particular theory, since all aspects are not completely explained by any

of the theories. Several models have been proposed to describe the Hall effect,

e.g., temperature-dependent charge carrier density,4 magnetic skew scattering,5,6

Anderson’s Luttinger-liquid model,7,8 and a model based on paired bipolarons.9 A

phenomenological narrow band model of the electronic band structure of high-Tc su-

perconductors has also been introduced,10 which in addition to studies of electronic

transport properties, also has been used to describe the magnetic susceptibility

and the metal insulator transition.10,13 It has been shown that the band widths

in this model depend on the hole concentration.13,18 When the hole concentration

is decreased by oxygen reduction13 and by substitution of La onto the Ba sites in

Y-123,18 the band width parameters change in the opposite direction.15

In this paper, the Hall coefficient, RH , has been measured as a function of tem-

perature and doping concentration in NdBa2−xLaxCu3O7−δ with 0 ≤ x ≤ 0.3.

Experimental details are given in Sec. 2. In Sec. 3, the results are described and

analyzed in the two different models. The results show that the hole concentration

decreased with increased La doping concentration. Comparison between the phe-

nomenological narrow band model and the Anderson model suggests that the holes

were localized by La doping. The results are briefly summarized in Sec. 4.

2. Experimental Method

Polycrystalline samples with the composition NdBa2−xLaxCu3O7−δ (0 ≤ x ≤ 0.3)

were prepared by a standard solid state powder processing technique, the details

of which are given in Ref. 19. High purity powders of Nd2O3, BaCO3, CuO and

La2O3 were first dried and then mixed in the required proportions and ground.

The samples were pressed into pellets and calcined 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 the rate of 12◦C/h.

X-ray diffraction (XRD) analysis was used to characterize the samples. The

XRD results for these samples showed that all samples had a single-phase or-

thorhombic 123 structure.

Resistivity and Hall voltage measurements were made on sintered bars with

typical dimensions 0.5× 2.5× 6 mm3. Electrical leads were attached to the sample
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Fig. 1. The Hall voltage versus magnetic field and temperature for x = 0.15.

by silver paint and heat-treated at 300◦C in flowing oxygen for half an hour, which

gave contact resistances on the order of 1–2 Ω. Measurements were made using

standard techniques, with four contacts for longitudinal current and voltage mea-

surements, and additional contacts for transverse voltage measurements, including

a potentiometer to compensate for any contact misalignments by nulling this volt-

age in zero field. The Hall voltage and resistivity were measured simultaneously at

each stabilized temperature by sweeping the magnetic field B in steps of 0.5 T in

the sequence 0 → +8T → 0 → −8T → 0. The thermoelectric power was reduced in

voltage measurements by switching current polarities. To enhance temperature sta-

bility, the samples and a 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 measurements were made with a dc picovoltmeter with a

resolution of 100–300 pV. The Hall voltage versus B was linear for all samples at

temperatures above Tc. The results are shown in Fig. 1 for x = 0.15 and T = 70,

145, and 250 K. The Hall coefficient, RH , was calculated at each temperature from

the slope of the straight lines from −8 to +8 T (calculated as RH = VHd/IB, where

I is current, d is sample width, and B is magnetic field).

3. Results and Discussion

Figure 2 shows RH as a function of temperature and La doping for

NdBa2−xLaxCu3O7−δ (0 ≤ x ≤ 0.3). RH is positive in the normal state for all

samples, which shows that the charge carriers are holes. This figure also shows

that RH increases with increasing temperature, has a maximum close to Tc for all

samples, and after that has a temperature dependence of approximately 1/T up
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Fig. 2. The temperature dependence of the Hall coefficient(RH ) and Hall concentration (nH)
as a function of doping concentration. The dot curves show nH . The dash-dot curves are fits to
Eq. (1).

to room temperature such as the high temperature, which is typical for supercon-

ductor compounds.20,22 The temperature dependence of RH at low temperatures

is stronger than that at higher temperatures. The Hall coefficient increases with

increasing La doping concentration for all samples and over the whole temperature

range from Tc up to room temperature. Since the charge carriers are holes, the

increasing RH shows that substitution of La+3 onto Ba+2 sites adds electrons into

the structure. In Fig. 2, we have also presented the Hall concentration (calculated

as nH = 1/RH) plotted as a function of temperature and La doping concentration.

As can be seen, nH decreases with increasing La doping concentration.

The Hall coefficient in the normal state was analyzed within both the phe-

nomenological narrow band model13 and the Anderson model.8

3.1. Phenomenological narrow band model

In the phenomenological narrow band model,13 it was found that all the features

of the resistivity, ρ(T ), the thermoelectric power, S(T ), and the Hall coefficient,

RH(T ), for the Y-123 system in the normal state could be explained. These trans-

port properties were described quantitatively on the basis of a band model that

assumed the existence of a narrow peak in the electronic density of states, D(E),

close to the Fermi level. This model contains three main parameters for ρ(T ) and

S(T ), and an additional one for RH(T ): (i) the band filling by electrons, F = 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 D(E). (iii) The conductivity effective band

width, wσ , in the longitudinal conductivity, σ(E), and (iv) for RH , the transverse
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effective band width, wσH , in the transverse conductivity, σH(E). Using rectan-

gular approximations for D(E), σ(E), and σH (E), the results for RH(T ) can be

written as:

RH =
〈σH〉

〈σ〉2
(z − 1)(v − 1)2(1 + zu)2(z + u)2

z(1 + z)(z + v)(1 + zv)(u2 − 1)2
, (1)

µ∗ =
µ

kBT
= ln

sinh
(

FwD

2kBT

)

sinh
(

(1−F )wD

2kBT

) (2)

where w∗

D
= wD/2kBT , w∗

σ = wσ/2kBT , w∗

σH
= wσH/2kBT , z = exp(µ∗),

v = exp(w∗

σH
), u = exp(w∗

σ). µ is the electron chemical potential and kB is the

Boltzmann constant. 〈σ〉 and 〈σH 〉 are the averages of the longitudinal and trans-

verse (Hall) conductivity in the intervals wσ and wσH , respectively.

We have fitted the RH(T ) data to Eq. (1), as shown by the dotted curves in

Fig. 2, and estimated the band parameters. The relative band widths (w(x)/w(0))

are shown in Fig. 3. All band widths (wD , wσ , wσH ) increase with increasing dop-

ing concentration, x. An increase in all band width values is in agreement with

decreasing hole concentration.

Figure 4 shows the variations of the filling factor, F = n/N , with doping concen-

tration. As can be seen, with increasing doping concentration, F values are slightly

increased. The increase in F shows that increasing La doping leads to additional

electron and decreasing holes concentration in CuO2 planes.

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

described by the parameter c = wD/wσ .13 For NdBa2−xLaxCu3O7−δ, the result
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Fig. 3. The relative band widths in the phenomenological narrow band model versus x for

NdBa2−xLaxCu3O7−δ .
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Fig. 4. F (left hand scale) and c = wD/wσ (right hand scale) versus x for NdBa2−xLaxCu3O7−δ

from the phenomenological narrow band model.

for c are shown in Fig. 4. c increases with doping concentration. These results for

c suggest an increasing tendency towards localization and therefore an increase in

electronic disorder with increasing doping concentration. Such disorder would arise

from the random occupation by La of some Ba sites. We therefore conclude that the

increase in RH and the depression of Tc with doping are due to both charge filling

and charge localization on the CuO2 planes, in addition to increased electronic

disorder.

3.2. Anderson model

In the Anderson model,8 the conductivity in the longitudinal and transverse direc-

tions are governed by two different mechanisms and two different relaxation times,

due to spin-charge separation in the CuO2 planes. The longitudinal (transport)

relaxation time follows a linear T−1 dependence (τtr ∝ T−1), and the transverse

(Hall) relaxation time, follows an a ∼ T−2 dependence (τH ∝ T−2). τtr gives the

well-known linear-T resistivity, ρ, while τH gives the temperature dependence of

the Hall angle, cot θH ∝ T 2. Allowing also for a temperature independent impurity

contribution, β, one can write:8

cot θH = ρ/RHB = αT 2 + β , (3)

where α and β are constants. Chien et al.
7 derived the following relation from

Anderson theory:

α =
k2

B
hn

eBw2
s

, (4)
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Fig. 5. T 2 dependence of cot θH = ρ/RHB in B = 8 T for NdBa2−xLaxCu3O7−δ as a function
of doping concentration x. The dashed lines are fits to Eq. (3).

where n = k2
F
/2π is the carrier density, B the applied magnetic field, h is Planck’s

constant, and ws the spinon band width, which is proportional to the superexchange

J .

It was found in various cuprate superconductors that the results for cot θH are in

broad agreement with Eq. (3). In some cases, deviation from this law was reported

at both low and high temperatures.6,23 The deviation at low temperature may be

caused by the opening of a pseudogap in the density of states,23 while the origin of

the anomaly at high temperatures is not clear.

Figure 5 shows cot θH versus T 2 in a magnetic field, B = 8 T . The data were

calculated from the results for ρ(T ) and RH(T ). Irrespective of the complicated

temperature dependencies of ρ24 and RH (Fig. 2), a quadratic-like temperature

dependence of cot θH is obtained for all x values. A slight deviation from a T 2

dependence was observed at both low and high temperatures. α and β were de-

termined from Fig. 5 and using Eq. (3). The doping dependences of α and β are

shown in Fig. 6.

It can be seen that both β and α increase with increasing La doping

concentration. The increased β can be ascribed to increased disorder in the

CuO2 planes.7,12 These results are in agreement with the obtained results for

Nd1−2xCaxMxBa2Cu3O7−δ (with M = Th, Pr),25 Y1−xCaxBa2Cu3O7−δ thin

films,26 YBa2Cu3−xZnxO7−δ single-crystals,7 and Nd1−xCaxBa2Cu3O7−δ.
27 The

increase in α may correspond to variations in the spinon band width, ws, and in n

[see Eq. (4)].
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3.3. Comparison between models

The two different models used to analyze RH(x, T ) are based on different assump-

tions and are therefore in general difficult to compare quantitatively. However, as

mentioned above, β in the Anderson model and the parameter c = wD/wσ in the

phenomenological narrow band model both depend on disorder. It can be seen

that both β and c decrease with increasing Tc. Therefore, these results for both

β and c suggest a tendency towards carrier localization with decreasing Tc. This
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(right hand scale). β as a function of Tc from the Anderson model (left hand scale). Data for Tc

have been obtained from Ref. 24.
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NdBa2−xLaxCu3O7−δ .

charge carrier localization can be one of the main reasons for the decreasing hole

concentration in the CuO2 planes.

The band filling factor F in the phenomenological narrow band model corre-

sponds qualitatively to the α parameter in the Anderson model. According to the

definition of F and Eq. (4), both parameters depend on charge carrier density. The

results for comparison are shown in Fig. 8. There is good agreement between both

parameters, which suggest a decreased hole concentration with increased doping

concentration.

4. Brief Conclusion

The Hall effect behaviour of sintered samples of NdBa2−xLaxCu3O7−δ (with

0 ≤ x ≤ 0.3) was studied in the normal state. The Hall coefficient increases with

increasing La concentration. The phenomenological narrow band and the Ander-

son models could well-describe the results for the Hall coefficient. On the basis of

the phenomenological narrow band model, as La doping concentration increased,

the conduction band increases and the degree of band filling with electrons also

increases. In the Anderson model, the temperature dependent part of the Hall an-

gle is roughly proportional to T 2 and independent of the hole concentration and

disorder. The results of both models indicated that La had introduced electronic

disorder, which drives a tendency towards the localization of mobile holes in the

CuO2 planes. Therefore, in addition to hole filling by La, hole localization could be

another reason for the decreasing superconductivity critical temperature.
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