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The thermopower S�T�, Hall coefficient RH, and resistivity ��T� are studied for Nd1.85−xMxCe0.15CuO4��

�M =Gd and Sm� single crystals. Disorder is introduced into the cation sites outside the CuO2 planes in the two
systems and its degree is controlled by changing M content. Such doping nominally does not change the doped
carrier density, which is confirmed by RH. S�T� is analyzed in terms of a semiempirical model above 120 K for
both doping, which assumes the coexistence of a narrow electron band and a broad one. In this model, both the
bandwidth for the density of states and the bandwidth of the effective conductivity broaden with increasing x
for both doping, while the tendency for localization is increased for Gd doping but nearly unchanged for Sm
doping, which could be understood by stronger electronic disorder for Gd doping than that for Sm doping. This
may be resulted from the difference in ionic radius �Gd3+�Sm3+�Nd3+�. Furthermore, for Gd doping the
superconducting Tc is strongly depressed with increasing the doping concentration, while for Sm doping Tc is
nearly unchanged with increasing Sm content, which implies that the superconducting Tc may be related to the
localization and the band structure of the itinerant carriers.
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I. INTRODUCTION

High-temperature superconductivity is achieved upon
doping charge carriers into the CuO2 planes in copper oxide
materials. Doping is made, in most cases, by chemical sub-
stitution or removing oxygen atoms, which inevitably intro-
duces disorder into the building blocks between the CuO2
planes.1,2 The impact of such disorder on the electronic struc-
ture and the superconducting properties of high-Tc cuprates
is still poorly understood. Since Tc is so strongly dependent
on doping level, disorder appears to have a secondary effect.
However, García-Muñoz et al.3 demonstrated that Tc is sys-
tematically increased with increasing cell dimensions in the
LO blocks in L2−x−yLy�CexCuO4 �L, L�=La, Pr, Nd, Sm, and
Gd� and that pressure always leads to a decrease in the in-
plane electron density. They ascribed Tc reduction to the in-
trinsic dependence on the interatomic distances possibly re-
lated to a distorted structure. Moreover, it is noticed that
many models are proposed to describe the normal-state prop-
erties of cuprates, such as charge stripes,4 and the modified
two-dimensional �2D� single-carrier Fermi-liquid model.5 All
these models assume a strong electron-electron and/or
electron-phonon interaction. The disorder introduced by cat-
ionic or oxygen removing influences the spectrum of excita-
tions, making the physics of the system more complex. Prob-
lems that have been discussed at present are the relevance of
disorder to localization and localization to superconductivity
as well as the model which could describe the normal-state
properties of high-Tc superconductors appropriately.

As a powerful way to study the nature of the charge trans-
port, thermopower �S�, which is sensitive to details of the
Fermi surface and band structure, has been extensively stud-
ied in different series of high-Tc copper oxides. This is re-
flected in a large number of investigations of different alloy
systems, such as L2−xCexCuO4 �L=La, Nd, Pr, and so on�6–8

as well as the holelike compounds.9–19 These studies have
revealed trends for the magnitude of S and for the tempera-

ture and doping concentration dependences. Especially for
the hole-doped compounds, one important result is the useful
empirical relation between the hole concentration p in the
planes and the magnitude of S at room temperature.20 In
general, for semiconducting or insulating materials with low
carrier concentration, S is positive and large and decreases
with increasing carrier number. For metallic samples, on the
other hand, S is small and has a characteristic behavior for
both underdoped and optimally doped samples at tempera-
tures above the superconducting transition temperature Tc.
For overdoped samples with a larger carrier density, S be-
comes positive for electron-doped compounds but negative
for hole-doped ones. However, since the thermopower in
near optimal-doped samples is very small with the order of
1 �V, about tens times smaller than that in hole-doped
cuprates,21 the high-resolution thermopower data of the
electron-doped superconductors were still lacking especially
with different disorder degrees in the building blocks.

In the last few years, large efforts were devoted to study
the impact of the disorder on the properties of the hole-
doped superconductor, but few experiments were carried
on the electron-doped one.3,22 So we performed the ther-
mopower, Hall-coefficient RH, and resistivity experiments on
Nd1.85−xMxCe0.15CuO4�� �M =Gd and Sm� with the doping in
the building block next to the CuO2 planes. The motivation is
to study the evolution of the thermopower with the doping
and to investigate whether the thermopower could contribute
to shed light on the origin of the depression of Tc. It is found
that S�T� could be described in terms of a semiempirical
model above 120 K for both dopings, which assumes the
existence of a narrow electron band. For Gd doping the su-
perconducting Tc is strongly depressed with increasing dop-
ing concentration in spite of the fact that this doping nomi-
nally does not change the doped carrier density, while for Sm
doping Tc is nearly unchanged with increasing Sm content,
which indicates that the superconducting Tc may be related
to the localization and the band structure of the itinerant
carriers.

PHYSICAL REVIEW B 78, 104518 �2008�

1098-0121/2008/78�10�/104518�7� ©2008 The American Physical Society104518-1

http://dx.doi.org/10.1103/PhysRevB.78.104518


II. EXPERIMENTAL DETAILS

Nd1.85−xMxCe0.15CuO4�� �M =Gd and Sm� single crystals
�x=0, 0.1, 0.2, 0.35, 0.60, and 0.85 for Gd doping and x=0,
0.35, 0.85, and 1.35 for Sm doping� were grown by the self-
flux method.23 All the samples in each series were prepared
to have the same doping level by fixing the Ce content,
which was checked by the inductively coupled-plasma spec-
troscopy. The typical size of the single crystals is about a
�b�c=3�1�0.1 mm3. To assure uniform oxygen distri-
bution and same oxygen content, the samples were annealed
under the same conditions at 900 °C for 24 h in flowing N2
gas, and then the temperature is decreased to room tempera-
ture at a rate of 60 °C /h. In order to ensure whether such
doping changes the doped carrier density, the constant carrier
density was confirmed by measurement of the Hall coeffi-
cient �with current parallel to the planes and magnetic fields
applied perpendicular to the planes� in the temperature range
from 77 to 300 K. The result of which is shown in Fig. 1 for
Nd1.85−xMxCe0.15CuO4��. Both magnitude and temperature
dependences of the Hall coefficient do not show significant
change within experimental error, indicating that the normal-
state carrier density is almost the same. X-ray diffraction was
performed on the two series samples and no impurity reflec-
tions were observed in these samples.

� was measured by the standard four-probe method and S
was performed using reversible temperature differences from
0.8 to 2 K. The crystal was mounted on the top of two well
thermal-separated copper blocks. The temperature at the two
ends of the crystal was controlled automatically within the
precision of 0.004 K. Each data point was the average of 100
points and the error of the S measurement system was
smaller than 0.1 �V /K. All the S data were corrected for the
contribution of the Cu leads, which calibrated by pure Pb at
high temperatures and by superconducting YBa2Cu3O7−� at
low temperatures.

III. RESULTS AND ANALYSES

The temperature dependence of thermopower for
Nd1.85−xMxCe0.15CuO4�� �M =Gd and Sm� is shown in Fig.

2�a� for Gd-doped samples and in Fig. 2�b� for Sm-doped
samples, respectively. As shown in Fig. 1�a�, S�T� is positive
in the whole temperature range for x=0 sample. At high
temperatures, S�T� follows an almost linear temperature de-
pendence and with decreasing temperature, two maxima, a
broad one at about 170 K and the other sharp one slightly
above the superconducting temperature Tc, are observed. Fi-
nally, it decreases rapidly to zero as Tc is approached. As the
dopant concentration x is increased, the magnitude of the
thermopower is decreased and eventually becomes negative
in the whole temperature region up to x=0.85, while the
temperature dependence of thermopower is nearly un-
changed with an exception at x=0.85, where the strong lo-
calization is occurred especially in the low-temperature re-
gion just as demonstrated in Figs. 3�a� and 3�b�. We notice
that the temperature-dependent behaviors of the ther-
mopower for x=0 at high temperatures are inconsistent with
the results of Nd1.85Ce0.15CuO4�� at zero fields pointed out
by Jiang et al. in Ref. 22. We think that these deviations may
be resulted from the strong dependence of the thermopower
on the annealing conditions just as mentioned in Ref. 22. At
the same time, It must be emphasized that we tried to syn-
thesize Nd1.85−xGdxCe0.15CuO4�� single crystals with
x�0.85, but we failed to do so, which may be resulted from
the solubility limit being reached. For the Sm-doped
samples, the temperature dependence of thermopower is
similar to that of Gd-doped samples. Especially, S�T�’s for

FIG. 1. The temperature dependence of the Hall coefficient for
Nd1.85−xMxCe0.15CuO4�� �M =Gd and Sm�.

(b)

(a)

FIG. 2. The temperature dependence of thermopower S for �a�
Nd1.85−xGdxCe0.15CuO4�� and �b� Nd1.85−xSmxCe0.15CuO4��

samples. The curves are fits to the model of Eq. �1�.
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Sm-doped samples with x=0.35 and 1.35 are comparable to
that of Gd-doped sample with x=0.35. However, S�T�’s for
x=0.85 in the two doped series are quite different from each
other, which indicates that the different effect of disorder is
presented in the two series. The curves through data in Fig. 2
exemplify fits to a semiempirical model used to analyze our
thermopower data. This model suggested by Gasumyants et
al.24 is based on the assumption of the narrow band for the
charge carriers, and the Fermi energy is located inside a nar-
row energy interval within which the density of states is
larger compared to when it is beyond this interval. Approxi-
mate analytical expressions were derived for the temperature
dependence of the transport coefficients, and results for S�T�
were described in terms of the energy bandwidth for the
density of states wD, the band filling fraction F �the electron
concentration divided by the number of states in the band�,
and the bandwidth w� of the effective conductivity ��	�. So
S�T� could be expressed in the following form:

S = −
kB

e � w�
�

sinh w�
��e−��

+ cosh w�
� −

1

w�
� �cosh ��

+ cosh w�
��ln

e��
+ ew�

�

e��
+ e−w�

�� − ��� . �1�

with

�� =
�

kBT
= ln

sinh�FwD
� �

sinh��1 − F�wD
� �

,

wD
� =

wD

2kBT
,

and

w�
� =

w�

2kBT

The thermopower at high temperatures �T�120 K� is quite
well described by the above formula, as shown with the solid
line in Fig. 2, and the fitting parameters will be discussed in
the following.

Figure 3 shows the doping concentration dependence of
the fitting parameters as well as S at 300 K for the two series.
The value of S300 increases more quickly for Gd doping than
that for Sm doping after x�0.35 as observed in Fig. 3�a�. As
mentioned in Sec. I, a more pronounced weakening of the
metallic state for Gd doping than for Sm doping can be con-
cluded, which may be resulted from the different effect of the
localization due to Gd and Sm doping just as mentioned in
the following. It is found that the fraction of the electron
filling F�x�, shown in Fig. 3�b�, is decreased from more than
half to less than half of the narrow band as the doping con-
centration is increased for the both series, which indicates
that the Fermi surface changes from holelike to electronlike

(b)

(a) (c)

(d)

FIG. 3. �a� The concentration dependence of thermopower at 300 K �S300�. �b� The concentration dependence of the band filling F�x� of
Eq. �1�. �c� Concentration dependence of the �density of states� bandwidth. �d� Concentration dependence of the localization parameter c
=w� /wD, and the inset shows the concentration dependence of w�.
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as the doping increases. It is noted that F�x� is decreased
faster for Gd doping than that for Sm doping, suggesting that
the band structure of the effective conductivity or the Fermi
surface is affected more by Gd doping than by Sm doping.
Since the number of the charge carriers is not affected by Gd
and Sm substitution for Nd, demonstrated by RH as shown in
Fig. 1, the concentration dependence of F�x� suggests that
the band structure of the effective conductivity is changed
for both doping. This explanation can be verified by concen-
tration dependence of the fitting parameter w�, as shown in
the inset of Fig. 3�d�.

The dopant concentration dependence of wD is shown in
Fig. 3�c�. It increases strongly with x for both doping, which
suggests that the density of the charge carriers is reduced for
both dopings. The change in these bandwidths with x implies
the change in the metallic character. We use the ratio
c=w� /wD to describe the tendency of localization. It is noted
that the increase in wD is stronger than that in w� for Gd
doping, and the ratio decreases sharply with the dopant con-
centration for the Gd doping but nearly keeps constant for
Sm doping, as shown in Fig. 3�d�, which suggests that the
band broadening mainly occurs in the localized region of the
bands for Gd doping. The ratio decreases faster for Gd dop-
ing than that for Sm doping. It may be related to disorder-
driven localization for Gd doping, while for the Sm doping
the disorder would be weaker due to the difference in the
ionic radius �Gd3+�Sm3+�Nd3+�.

In order to exhibit the change in the metallic character
more directly, the temperature dependences of S�T� against
1 /T is shown in Fig. 4 for Gd-doped sample with x=085,
and the corresponding resistivity ln � versus 1 /T is also
included in this figure. The linear behaviors are observed
at low temperatures �T�70 K�, indicating that both the
thermopower and resistivity could be described by thermal
activationlike conduction at this temperature region. That
is to say, both S and � at low temperatures follow ther-
mally activated conduction; ��T�=�0 exp�	 /kBT� and S�T�
= �KB /e��	 /kBT+A�. This indicates that a strong localization
character appears at low temperatures for this sample. At the
same time, no such localization character is observed in
heavy Sm-doped samples, and this may be resulted from the
fact that the difference in ionic radius is smaller for �Nd,Sm�
than that for �Nd,Gd�.

Another characteristic feature is that a sharp maximum is
observed just above the superconducting temperature Tc for
the both doping series, and the temperatures corresponding
to this maximum of thermopower is constant for Gd doping
and changes with dopant concentration, which could be as-
cribed to some drag, for example phonon or magnon drag
due to the carrier-phonon interaction or carrier-magnon inter-
action. Such behavior is often observed in other electron-
doped system reported in former work,25 but for the hole-
doped system no such a maximum was observed and the
temperature dependence of the thermopower could be de-
scribed completely by formula �1� above the transition tem-
perature, which may be resulted from the fact that the
electron-phonon or electron-magnon interaction is stronger
in the electron-doped system than in the hole-doped one.
However, since our data cannot give out strong evidence to
analyze the drag effect further, one needs more systematic

and combined experiments to obtain more information about
this. Furthermore, from our thermopower data, we must no-
tice that the useful empirical relation between the magnitude
of S at room temperature and the carrier concentration in the
planes, just as pointed out by Obertelli et al.,20 is only valid
in hole-doped system not in electron-doped system.

In order to clarify the above analysis and the depression
of Tc by disorder, the temperature dependence of in-plane
resistivity is given out in Fig. 5�a� for the Gd-doped samples
and in Fig. 5�b� for the Sm-doped samples, respectively. All
the resistivity curves show metallic behavior at high tem-
peratures, and a slight upturn is observed at low temperatures
with the increasing doping for both sample series. The tran-
sition width 
Tc estimated from 90% to 10% of the resis-
tance drops is narrow for the samples, which also indicates
the high quality of our samples. The normal-state electronic
resistivity for the two series increases up to x=0.85, but the
increase in the resistivity for Gd doping is much stronger
than that for Sm doping, which also implies that the local-
ization for samples with Gd doped is induced by electronic
disorder just as reported for the hole-doped sample of
R1−2xCaxAxBa2Cu3O7−� �where R is Y, Nd, and Sm and A
is Pr or Th.� in Ref. 26. It is also in agreement with the
thermopower results that the strong localization would
be resulted from the disorder for Gd doping; but for the
Sm doping, the disorder-driven localization is weaker due to
the smaller difference in ionic radius for �Nd,Sm� than that
for �Nd,Gd�. The resistivity of the sample with x=1.35 is
smaller than that with x=0.85 for Sm doping, which is easily

(b)

(a)

FIG. 4. �a� The temperature dependence of thermopower and
ab-plane resistivity for NdGd0.85Ce0.15CuO4��. �b� The plot of S
and ln � vs 1 /T corresponding to �a�.
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understood since the compound with x=0.85 is the most dis-
ordered one among all of the samples we prepared. Further-
more, it is noted that the temperature-independent compo-
nent �0 �residual resistivity� increases quickly for Gd doping
with increasing dopant concentration. This behavior is quali-
tatively similar to the in-plane resistivity for Zn-substituted
single crystals of YBa2Cu3O7−y and La2−xSrxCuO4 �LSCO�,27

but the magnitude of �0 is much larger. It is found that �0
increases slightly before x reaches 0.85 and then decreases
with further doping. This phenomenon indicates that the
scattering mechanisms are different among Zn-, Gd-, and
Sm-doped systems. It is known that residual resistivity is a
measure of the scattering rate of the charge carriers by im-
purities or defects in a crystal. It is interesting to make a
comparison with the result for Zn-doped samples, but since
no reports about Zn-substituted single crystals of the
electron-doped system were observed up to now, we could
only compare our results with the conclusions of the hole-
doped La1.85Sr0.15Cu1−zZnzO4 compound.27 In the following
paragraph we will emphasize on the depression of the Tc, the

increase in the residual resistivity �0, and their relation.
As pointed out in Ref. 27, �0 increases more strongly for

Zn-doped system into Cu sites than that for M introduced
into the building block in hole-doped La1.85Sr0.15CuO4 sys-
tem. That is to say, the impurity Zn doping is strong carrier
scattering, while the substituted M works as weak elastic
scatterings. But in our case, �0 increases much more strongly
for Gd introduced into the building block than Zn doping in
La1.85Sr0.15CuO4, which indicates that the substituted Gd
works as stronger scattering. The present result is not in
agreement with that reported in Ref. 27, and it may be
suggestive of a novel effect of the disorder, which is not
understood in detail. Moreover, in the case of Zn doping
for La1.85Sr0.15CuO4, a universal relation between Tc re-
duction and residual resistivity is obtained, and Tc goes
to 0 as Zn-induced �0

2D �two-dimensional residual resis-
tivity per CuO2 plane� approaches the value near the two-
dimensional universal resistance h /4e2 �about 6.5 k� /��
at which a superconductor-insulator transition takes place.
Based on these observations, a phase-fluctuation scenario
was proposed by Emery and Kivelson28 to explain the
Tc reduction mechanism due to Zn. However, for Gd-
substituted Nd1.85−xGdxCe0.15CuO4��, we do not find the
superconductor-insulator transition as �0

2D increases beyond
the critical value h /4e2 but observe the coexistence of the
superconductivity and localization just as presented in Figs.
3�a� and 3�b�, which is in agreement with the result of the
infrared conductivity of Y1−xPrxBa2Cu3O7 films where the
coexistence of the superconductivity and localization was
also observed in the hole-doped system.29 To make a quan-
titative comparison, Tc is plotted against �0

2D for the present
systems in Fig. 6, together with the data for the Zn-
substituted La1.85Sr0.15CuO4 shown by the dashed line.27 One
can immediately see that the disorder outside the CuO2
planes for Gd doping does not reduce Tc as much as the Zn
doping does for the hole-doped system even though it in-
duces much larger �0

2D, suggesting that the mechanism of the
Tc reduction due to disorder outside the CuO2 planes for the
electron-doped system is different from that due to Zn dop-
ing for the hole-doped system. But for the Sm doping, Tc
nearly remains constant, which implies that Sm and Gd dop-
ing also have different impact on Tc. These observations sug-

(b)

(a)

FIG. 5. The temperature dependence of ab-plane resistivity �
for �a� Nd1.85−xGdxCe0.15CuO4�� and �b� Nd1.85−xSmxCe0.15CuO4��

samples. The insets in �a� and �b� show the superconducting transi-
tion clearly for each series and the arrow indicates the onset tem-
perature of the superconducting transition.

FIG. 6. Tc vs disorder-induced �0
2D. The dotted curves connect-

ing the data are guides for the eyes. For comparison, the result for
the Zn-doped LSCO with x=0.15 is shown by the dashed curve
�Ref. 27�.
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gest that Tc of Gd-doped samples is depressed due to elec-
tronic disorder according to the resistivity, while for Sm-
doped samples other mechanisms would seem to dominate.
To further investigate this idea we now compare the results
in Fig. 6 with conventional disorder theories. Quantum cor-
rections to Tc due to disorder have been calculated for BCS-
type superconductors by Fukuyama et al.30 as a function of a
disorder parameter � /	F. 	F is the Fermi energy and  is the
elastic relaxation time. � /	F is closely related to the resis-
tivity � and is usually replaced with � in work where experi-
ments are compared with this theory. For example, it has
been shown that Fukuyama-Ebisawa-Maekawa �FEM�
theory can account well for the depression of Tc in a large
number of superconductors where disorder had been varied
by different means.31 So the depression of Tc could be quali-
tatively explained by quantum interference effects for Gd
doping but not for Sm doping just as reported for the hole-
doped sample R1−2xCaxAxBa2Cu3O7−� in Ref. 26. It might be
possible that a larger resistivity for Gd arises from the
smaller ionic radius. At the same time, in the present results
of S�x ,T�, it is found from Fig. 3�d� that the ratio w� /wD is
decreased monotonously with increasing x for Gd doping,
but almost constant for Sm doping, whose tendency is simi-
lar to the tendency of the doping concentration dependence
of Tc. This implies that the depression of Tc may be mainly
dominated by the localization and the change in the band
structure, and S�x ,T� also implies that the broadening of the
bands and the increasing localization for Gd doping qualita-
tively support a decrease in both  and 	F with increasing x,
which also confirms and supplements the picture reported in
Ref. 26.

IV. SUMMARY

The normal-state thermoelectric power, Hall-effect, and
resistivity experiments were performed on
Nd1.85−xMxCe0.15CuO4�� �M =Gd and Sm� single crystals
with different doping concentration. The thermopower above
120 K is analyzed on the basis of a semiempirical model
with three free parameters describing characteristic features
of the band structure. Good descriptions of S�T� were ob-
tained in this model for each alloy system. A consistent dop-
ing concentration dependence of corresponding parameters
was obtained in this model. Both the energy bandwidth for
the density of states wD and the bandwidth w� of the effec-
tive conductivity ��	� increase for increasing Gd and Sm
doping, but the band filling fraction F�x� is decreased. The
ratio w� /wD decreases with x for Gd doping, but it is nearly
constant for Sm doping which, together with a stronger in-
crease in the electrical resistivity for Gd doping, indicates
that the localization tendency is driven by electronic disorder
for this doping. For Sm doping the results suggest a weaker
disorder effect, which may be resulted from the difference in
ionic radius. Moreover, for Gd doping the superconducting
Tc is strongly depressed with increasing the doping concen-
tration, while for Sm doping Tc is nearly unchanged with
increasing Sm content, which indicates that the supercon-
ducting Tc may be related to the localization and the band
structure of the itinerant carriers.
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