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Thermopower and Hall conductivity in the magnetic-field-driven normal state
of Pr2ÀxCexCuO4Àd superconductors
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~Received 9 October 2001; published 4 March 2002!

Measurements of thermoelectric power~TEP! and Hall coefficient (RH) are carried out on Pr22xCexCuO42d

epitaxial films to probe the mechanism of charge transport in the absence of superconductivity. In the under-
doped (x50.13) and optimally doped (x50.15) samples, the TEP shows a ln(1/T) dependence and theRH

remains constant in the temperature range accessed by suppressing superconductivity. These observations and
the behavior of the in-plane resistivity indicate weak localization of charge carriers on the CuO2 planes. The
TEP andRH of the overdoped sample mimic metallic transport. This, combined with the evidence for hole and
electron charge carriers, which may exist on different planes of the unit cell, suggests that the metallic transport
in the overdoped samples is a consequence of a three-dimensional charge distribution.
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The insulating behavior seen in the in-plane resistivity
the marginally doped, and in some cases optimally dop
cuprates in the presence of a magnetic field strong enoug
quench superconductivity has remained an enigma.1–11 A
ln(1/T) divergence of the resistivity and the assumption t
the charge transport is confined to CuO2 planes make two-
dimensional~2D! weak localization12,13 a plausible mecha
nism for the metal-insulator~MI ! transition. Indeed, the
transverse negative magnetoresistance~MR! ~Ref. 1! and the
temperature-independent Hall coefficient (RH) seen in some
cases9 are consistent with the 2D weak-localization theo
Measurements of thec-axis and theab-plane resistivityrc

and rab , respectively, in La22xSrxCuO4 ~LSCO! by Ando
et al.1 reveal that the ratiorc /rab remains constant in the
regime of temperature whererab; ln(1/T), suggesting the
onset of a 3D behavior. These results make the 2D local
tion hypothesis less plausible. Anderson and co-worke4

have examined this issue in the 2D Luttinger liquid scena
where impurity disorder suppresses spin charge separa
and leads to localization of the composite electrons. In
non-Fermi-liquid description of the ground state, therc /rab
does not vary with temperature. The theory further predic
temperature-independent Hall resistivity in the localizat
regime. Some recent theories9 and experimental works10 put
the field-driven~FD! MI transition and the insulating behav
ior seen in the minimally doped nonsuperconducting com
sitions in the same universality class. Here the MI transit
is driven by the localizing effects of the short-range antif
romagnetic correlations present in the system.8 Sekitani
et al.11 have argued that Kondo scattering of carriers by
uncompensated Cu21 spins in the underdoped and optimal
doped materials can also lead to the observed resistivity
turn and the negative MR. The isotropic negative MR see
Nd22xCexCuO4 ~NCCO! films11 and La22xSrxCuO4 ~Refs.
14 and 15! lends support to this hypothesis. The other
tempts to understand the FD-insulating state include impu
scattering in a marginal Fermi liquid5 and a bipolaron model6

for the condensate. The electron-electron (e-e) interaction
effects in a 2D electronic system can also give rise to
ln(1/T) type of resistivity and a negative MR.15 It has also
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been suggested2 that a suppression of the density of stat
~DOS! at the Fermi energy (EF) due toe-e interactions may
lead to a constantrc /rab .

Thus far, the experiments undertaken to distingu
between the various plausible mechanisms of the MI tra
tion have been limited primarily to measurements of in-pla
and c-axis resistivity, and the transverse magnetoresista
Two important transport properties that can help resolve
competing theories for ln(1/T) behavior are the Hall coeffi-
cient and thermoelectric power~TEP!. While the RH has
been measured in some cases,9,16 to the best of our knowl-
edge there is no report of TEP measurements in the
normal state. Thermopower is a powerful probe of t
charge-carrier scattering mechanisms, their spin state,
their energy distribution in the vicinity of the Ferm
energy.17,18 Measurements of TEP can therefore provi
valuable information about the origin of the FD-normal sta
in the cuprates.

In this paper we report measurements of temperature
magnetic-field-dependent TEP to address the origin of
field-driven MI transition in high-Tc cuprates. We have cho
sen Pr22xCexCuO42d epitaxial films with the doping leve
from underdoped to overdoped regimes. The choice of
system has been made because here the FD-normal st
easily accessible down to 1.2 K at relatively low fields~;10
T!.3 These studies have been augmented by the meas
ments ofRH . We observe a qualitatively different temper
ture dependence of the TEP in samples which show insu
ing resistivity and those which do not. An increasing TE
and a constantRH as the temperature is lowered in the FD
normal state of the underdoped and optimally doped sam
suggest that the MI transition is driven by 2D weak localiz
tion of the charge carriers in the CuO2 planes.

Epitaxial,c-axis oriented Pr22xCexCuO42d ~PCCO! films
of thickness 3000–3500 Å, and Ce concentrationx50.13
~underdoped!, x50.15~optimally doped!, andx50.17~over-
doped!, were deposited on~100! cut LaAlO3 substrates using
pulsed laser ablation.19 A standard eight-probe Hall bar ge
ometry with the active film of 0.0531.0 cm2 was used for
measurements ofrab , RH , and TEP. For TEP measuremen
©2002 The American Physical Society17-1
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one end of the sample was glued onto the copper cold fin
of a vacuum probe, and the other end, left suspended,
heated to create a temperature gradient¹T. Two miniature,
magnetic-field-insensitive temperature sensors~CERNOX,
from Lakeshore Cryotronics! allowed accurate measureme
of the ¹T, which was kept below 7% of the absolute tem
perature. The TEP was measured against high-purity g
wires. The zero-field TEP of gold between 2.0 K andTco ,
whereTco is the temperature at which a zero resistance s
is reached in the films, was measured directly from
PCCO films. The absolute TEP of gold as a function of m
netic field at several temperatures was measured again
epitaxial film of YBa2Cu3O7.

In Fig. 1 we show the in-plane resistivity of the thre
samples in a limited temperature range~1.5–100 K!. One
characteristic of the normal-state resistivity of these so-ca
electron doped superconductors is a quadraticT dependence
of the normal-state resistivity. However, ther;T2 depen-
dence in the underdoped sample is truncated by the ons
an insulating behavior at lower temperatures. This le
to a minimum inrab(T) at a characteristic temperatureT1

which increases with decreasing doping. The resistiv
in the insulating region diverges as; ln(1/T). The under-
doped sample becomes superconducting at still lower t
peratures with aTco of 9 K. The optimally doped sample
reaches the zero resistance state at 19.9 K with a trans
width DT of ;1 K. On increasing the Ce concentration
0.17, theTco drops to 9.8 K but the transition remains sha
(DT;1 K).

In Fig. 1 we also show the resistivity of these samp
when a magnetic field strong enough to quench the super
ductivity is applied. In the FD-normal state, the resistivity
the overdoped sample remains metallic, whereas for the
derdoped and optimally doped samples a clear upturn in
resistivity is seen on lowering the temperature. An interest
feature of the resistivity in the FD-normal state is the dev

FIG. 1. The zero-field and in-field electrical resistivity o
the underdoped (x50.13), optimally doped (x50.15), and
overdoped (x50.17) Pr22xCexCuO42d films plotted as a function
of temperature. The strength of the magnetic field appl
perpendicular to the plane of the film~ic axis! was 8.8 T for the
optimally doped and 8.0 T for the other two films. Inset shows
resistivity of the overdoped and optimally doped films on a lnT
scale.
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tion from a strict ln(1/T) divergence~see, inset Fig. 1!.
Fournieret al.20 have attributed this effect to the saturatio
of the localization length.

Figure 2~a! shows the results of TEP measurements on
samples in their FD-normal state. For comparison, we h
also shown the zero-field TEP of these samples in Fig. 2~b!.
These data are similar to earlier zero-field TEP measu
ments on NCCO films, of similar doping.20–23We will, how-
ever, not dwell on the zero-field behavior, but highlight t
fact that the TEP of the optimally doped and the underdo
samples is distinctly positive, albeit small, before the on
of the superconducting state. The TEP of the underdo
sample in the FD-normal state shows a ln(1/T) type of di-
vergence down to the lowest temperature of measuremen
behavior similar to that of the resistivity. The TEP o
the optimally doped sample is positive in the vicini
of the zero-fieldTc . It decreases on cooling and seems
approach theS50 line in the graph with a ln(1/T) depen-
dence. This fact is highlighted in the inset of Fig. 2~b!. For
the overdoped sample, the TEP in the FD-normal state
very small, but distinctly positive, and it goes to zero with
the accuracy of these measurements as the temperature
to zero.

The thermopower due to charged quasiparticles is b
cally the entropy transported per unit charge. The TEP o
simple metal goes to zero linearly in temperature.24 The con-
tribution of uncharged excitations also goes to zero aT
50. When there is a clear gap in the density of states atEF ,
the TEP at lower temperatures diverges as 1/T.17 A scaling
description of the thermpopower in the elastic scatter
limit for a 3D system near the mobility edge (Ec), as EF

d

e FIG. 2. ~a! shows the TEP of the underdoped (x50.13),
optimally doped (x50.15), and overdoped (x50.17) films plotted
as a function of temperature. These measurements were
in the field-driven normal state. The strength of the magne
field applied perpendicular to the plane of the film~i c axis! was 8.8
T for the optimally doped and 8.0 T for the other two films.~b!
shows the zero-field TEP of the same samples. The double p
structure in each curve marks the superconducting transition of
film. Inset of ~b! shows the in-field data of~a! plotted on a lnT
scale.
7-2
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approachesEc from the metallic side, shows thatS;1/T if
kBT@(EF2Ec).

25 The corrections to TEP due to 2D wea
localization have also been worked out. While an ea
study26 showed that the quantum interference affects cond
tivity ~s! and thermoelectric coefficient~h! identically, lead-
ing to no change inS(5s/h), the later works27–29suggest a
ln(1/T) divergence of the TEP as well. While this conclusi
has also been questioned,30 our TEP data for the underdope
and optimally doped samples seem to suggest a ln(1/T) de-
pendence. A full confirmation of this would, however, r
quire measurements at still lower temperatures, which
certainly nontrivial given that the TEP of these samples
quite small. It is also of interest to see how the TEP in
FD-normal state depends on the orientation of the magn
field with respect to the CuO2 planes and the direction o
¹T. This will help understand whether the ln(1/T) depen-
dence is truly an orbital effect or not. Presently, this is co
plicated by the fact that the magnetic field used in this stu
barely exceeds theHc2 for Hic-axis configuration. The up
per critical field for Hiab plane is much higher for thes
superconductors. However, measurements of transverse
longitudinal magnetoresistance in underdoped~nonsupercon-
ducting! films of PCCO~Ref. 20! clearly show that the nega
tive magnetoresistance is an orbital effect, consistent w
2D weak localization.

At this stage it is important to consider how thee-e in-
teractions in a 2D disordered system would affect the T
While this picture predicts a logarithmic correction to TEP26

its value atT50 goes to zero, just as in the case of a me
One important consequence of thee-e interactions is a re-
duction in the density of states at the Fermi energy, so
signatures of which are seen in the tunneling data
PCCO.31 In the presence of strong disorder, there is a like
hood that an Efros-Shklovskii-type Coulomb gap32 opens
up at theEF . Burns and Chaikin33 have shown that, in
such a case, the TEP should increase with decreasinT
and level off to a nonzero value atT50. However, such
strong localization is possible only whenkFl ,1, wherekF

is the Fermi wave vector andl the electronic mean free
path. Since thekFl parameter for our optimally dope
and underdoped samples is much larger than 1, we do
expect an Efros-Shklovskii-type gap atEF in the present
case.

A further support to the localization picture for the FD
normal state comes from the measurements ofRH . While the
theory of weak localization predicts no change inRH ,11 the
e-e interactions cause a correction toRH , which is twice as
big as the correction to resistance.15 In the non-Fermi-liquid
description of the 2D weak localization and transport,4 the
Hall resistivity (rxy) is expected to reach a constant value
low temperatures. In Fig. 3 we show the variation ofRH as a
function of ln(T) for the three samples. For the underdop
and optimally doped samples, theRH becomes temperatur
independent below;15 and 9 K, respectively. This observ
tion is consistent with the predictions of the theory of loc
ization in 2D Luttinger liquids. Here it needs to be stated t
a similar behavior ofRH in the FD-normal state has bee
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seen in La22xSrxCuO4.9 However, a constantRH is seen
even in the overdoped sample ofx50.23 where the FD-
normal state is metallic.

TheRH of the overdoped sample undergoes a sign cha
from negative to positive value atT560 K. Below 9 K, it
increases monotonically with decreasing temperature do
to the lowest temperature of measurement. A tempera
dependentRH and a metallic resistivity in the FD-norma
state has also been seen in the hole doped, single laye
prate Tl2Ba2CuO61d .16 Interestingly, the zero-field resistiv
ity of this system is also quadratic in temperature as in
case of the electron doped superconductor. The sign reve
and a strong temperature dependence ofRH in electron
doped cuprates has been seen as an indication of two b
with oppositely charged current carriers.21–23,34 Our mea-
surements of flux flow thermopower35 provides further evi-
dence for two types of carriers in these systems at high d
ing levels. At present it is not clear where thep-type carriers
reside given that substitution of Ce at Pr sites leads to e
tron doping of the CuO2 planes. Geballe and Mayzhes36 have
argued that the mobile electrons and holes exist in the C2
planes and oxygen planes, respectively, of theT* structure
of these compounds. This type of charge distribution w
certainly make the unit cell electronically three-dimension
and thus reduce the tendency towards 2D localization. As
move towards the underdoped compositions, the num
density of holes goes down, and the electrons in the Cu2
planes become prone to 2D localization by the impurity a
spin correlation disorders. Since the resistivity ra
(rc /rab), whererc andrab arec-axis andab-plane resistiv-
ity, respectively, in hole doped systems decreases rap
with doping,37 we further argue that our picture of increasin

FIG. 3. Temperature dependence of theRH of the overdoped,
optimally doped, and underdoped films is shown in the top, midd
and bottom panels respectively. Note that the x axis is in logar
mic scale. TheRH has been calculated from the measurements
rxy vs T at 8.0 T forx50.13 andx50.17 samples, and at 8.8 T fo
the optimally doped sample.
7-3
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dimensionality on the overdoped side and a 2D charged
uid ~perhaps unconventional! subjected to spin and impurity
disorder on the underdoped side, can be extended to the
doped cuprates as well.

In summary, we have reported systematic measurem
of thermopower in the field-driven normal state
overdoped, optimally doped, and underdop
Pr22xCexCuO42d . These measurements augmented by
measurements ofRH and resistivity support the idea that th
o
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magnetic field driven MI transition in the cuprates is caus
by 2D weak localization.
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