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Doping dependence of normal- and superconducting-state transport properties
of Nd22xCexCuO46y thin films
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~Received 14 May 1998!

The electric and thermomagnetic transport properties of an underdoped, an optimally doped, and an over-
dopedc-axis oriented, epitaxial Nd22xCexCuO46y thin film have been investigated in the temperature range
from 4.2 K to 300 K and in magnetic fields up to 11 T oriented perpendicular to the CuO2 planes. In the normal
state, the resistivityr, Hall coefficientRH , and magnetoresistivityDr/r(B) can be described quantitatively
within a simple two-carrier model if the existence of an electronlike and a holelike band is assumed, where
each of the two groups of charge carriers is characterized by a temperature-independent Hall coefficient. A
corresponding analysis of the thermoelectric effects appears to be more difficult since they depend on more
subtle details of the band structure and the scattering mechanisms. In the superconducting regime, the critical
field Br* (T) determined from the shift of the resistive transition in an external magnetic field exhibits a positive
curvature. In contrast, an analysis of the fluctuation conductivity and the transport entropy of magnetic flux line
Sf consistently gives higher values for the upper critical fieldBc2(T). The fluctuation conductivity clearly
exhibits two-dimensional scaling behavior, indicating that the quasi-two-dimensional nature of the single-layer
compound Nd22xCexCuO46y might be responsible for the difference betweenBr* (T) andBc2(T). The order
of magnitude ofSf is consistent with the predictions of the Ginzburg-Landau theory. We derived material
parameters asBc2(0), the in-plane coherence lengthjab(0), the Ginzburg-Landau parameterk, and the
London penetration depthl(0). We also present experimental data on the Hall effect in the mixed state.
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I. INTRODUCTION

New questions but also new hopes for a better und
standing of the high-temperature superconductors~HTSC’s!
were raised by the discovery of a new family of cupra
characterized by the compositionR22xCexCuO46y (R
5Nd,Pr,Sm,Eu).1,2 The substitution of the trivalent rare
earth elementR by Ce~presumable valence 4! suggested tha
electron doping of the CuO2 planes is necessary to chan
R2CuO4 into a superconducting compound. Therefore, t
class of HTSC’s is usually referred to as the electron-do
or n-type cuprates in contrast to the majority ofp-type
HTSC’s. The superconducting as well as the normal-s
transport properties of the electron-doped cuprates are
different from those ofp-type materials as YBa2Cu3O72d .
Quantities such as the penetration depth and the surfac
sistance of optimally doped Nd1.85Ce0.15CuO46y (Tc

'24 K) seem to exhibit BCS-like temperature dependen
for small T and therefore favors-wave pairing in this
material.3,4 Phase sensitive tests of the pairing symmetry
Nd22xCexCuO46y ~NCCO! ~to our knowledge! have not yet
been reported probably due to difficulties in preparing sup
conducting grain boundary junctions for this material. In t
normal state the resistivity of NCCO exhibits a quadra
dependence on temperature. For optimally doped sam
the Hall coefficientRH and the thermopowerS are negative
with complex T dependences. The magnetoresistiv
Dr/r(B) and the Nernst effect are very pronounced. F
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thermore, with increasing electron doping a sign chan
from negative to positive can be observed forRH as well as
for S ~compare Sec. IV!.

Still, we do not know if the phenomenon of supercondu
tivity in p-type andn-type HTSC’s can be understood withi
a common scheme. From this background evolved the in
tion to perform a detailed analysis of an extended set
transport coefficients in the normal as well as in the sup
conducting state for a series of high-quali
Nd22xCexCuO46y thin films of different doping. In the fol-
lowing section we will describe the samples under investi
tion whereas Sec. III summarizes the experimental se
The experimental results for the normal-state properties
their discussion are given in Sec. IV. Correspondingly, S
V deals with the superconducting state of the NCCO t
films, followed by a summary~Sec. VI!.

II. SAMPLES

The intention of our experiments was to perform
doping-dependent study of the normal- and superconduct
state transport properties of Nd22xCexCuO46y thin films.
Here, we have to distinguish the effects of changing the
content on the one hand and the oxygen content on the o
hand. It is widely believed that the Ce substitution for N
introduces additional electrons into the CuO2 planes. There-
fore, this class of cuprates is referred to as the electron do
HTSC’s. @Some authors argued that an increase of the
fraction in NCCO might lead to an effective hole doping
11 734 ©1998 The American Physical Society



le

pr
t
s
to
op
x
th

ge
th

d

i-
e
a

ce
-
c

id
h
na

ita
y
s
s
e

-
ur

e
uO

te
hi
f

th

ig
re
ho
i

ent

the

su-
as

p
d for

at
of

ith-
the
ed a
the

mple
m
not

was

ned
ges

ere

s

ges
all
ns-
ity
ure
100
bon
a-
sig-
ature
ntal
ture
sen-

PRB 58 11 735DOPING DEPENDENCE OF NORMAL- AND . . .
the CuO2 planes. We do not take this standpoint since ang
resolved photoemission spectroscopy~ARPES! measure-
ments indicate that an increasing Ce content results in a
gressive filling of the Brillouin zone.5# The oxygen conten
plays a somewhat different role. After the deposition proce
thin films apparently contain interstitial oxygen, which has
be removed in order to obtain optimal superconducting pr
erties. Further reduction leaves an increasing number of o
gen vacancies and finally leads to a decomposition of
material. Nevertheless, a reversible variation of the oxy
content seems to be possible in a certain range from
underreduced to the overreduced regime.6,7 There is a re-
markable resemblance between the temperature-depen
resistivities r(T) of under-reduced Nd1.85Ce0.15CuO46y
samples and underdoped Nd22xCexCuO46y samples (x
,0.15, optimal oxygen content! as can be seen by compar
son of Fig. 1~a! in Ref. 6 and Fig. 6 in Ref. 8. This might b
interpreted as an indication that removing oxygen also le
to electron doping of the CuO2-planes in NCCO.~The dis-
cussion of our experimental data will give further eviden
for this interpretation.! In contrast, there are more pro
nounced differences between the resistivities of overredu
Nd1.85Ce0.15CuO46y samples@see Fig. 1~b! in Ref. 6# and
overdoped Nd22xCexCuO46y samples (x.0.15, optimal
oxygen content; see Fig. 6 in Ref. 8!. Whereas the resistivity
decreases with progressive Ce doping, it increases rap
with further oxygen reduction. The latter observation mig
be partly ascribed to the disorder introduced by additio
oxygen vacancies.

In this paper we report on measurements on three ep
ial, c axis oriented NCCO thin films. They were grown b
molecular-beam epitaxy on SrTiO3 substrates. The thicknes
of the films was 90–100 nm. Details of the growth proce
and the microstructure of the samples can be found in R
8 and 9.

Optimally doped sample~E96-353!. This oxygen-reduced
Nd1.85Ce0.15CuO46y thin film had on optimum Ce and oxy
gen content with respect to a maximum critical temperat
that was found to beTc'24 K. The sample showed
resistivities of r(30 K)'26 mV cm and r(300 K)
'210 mV cm.

Underdoped sample~E95-458!. In comparison with the
optimally doped sample this Nd1.85Ce0.15CuO46y thin film
had a higher oxygen content.~With our notation we assum
that oxygen reduction causes electron doping of the C2
planes.! This film had a critical temperature ofTc'19 K
and resistivities ofr(30 K)'55 mV cm and r(300 K)
'240 mV cm.

Overdoped sample~E96-368!. The overdoping in this
sample was accomplished by an increased Ce con
whereas the oxygen content was optimal. T
Nd1.82Ce0.18CuO46y thin film had a critical temperature o
Tc'20 K and resistivities ofr(30 K)'22 mV cm and
r(300 K)'220 mV cm.

The low resistivities, the sharp resistive transitions into
superconducting state~see Sec. V!, and the high critical tem-
perature of the optimally doped sample confirm the h
quality of the thin films under investigation. The films we
patterned into a Hall-bar geometry by standard photolit
graphic methods and Ar-ion-beam etching as shown in F
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1. The Hall bridgesA, B, and the main bridgeC were
100 mm and 500mm wide, respectively, and about 5 mm
long. Silver pads served as electrical contacts for curr
leads~a– f ! and voltage probes~1–6!. Isolated contact pads
on the substrate were introduced as final heat sinks for
wiring.

III. EXPERIMENTAL SETUP

The measurements were performed in an automated
perconducting 11-T system where the magnetic field w
oriented perpendicular to the thin films in thez direction
([c direction of the samples!. The basic experimental setu
already has been described in Ref. 10 and has been use
studies in the mixed state of YBa2Cu3O72d and
Bi2Sr2CaCu2O81x . Here we used a new sample holder th
allowed a continuous adjustment of the thermal coupling
the sample to the liquid-helium bath.11 In this way a tem-
perature range between 13 K and 300 K was accessible w
out interrupting the experimental session or exposing
sample to exchange gas. At lower temperatures we us
small amount of helium gas in the sample chamber since
establishment of a temperature gradient across the sa
requires a stronger thermal coupling to the liquid-heliu
bath. In this temperature range the exchange gas was
critical for the measurements because the sample
shielded against the cold surrounding by copper sheets.

The electric transport coefficients have been determi
using dc current sources and nanovoltmeters. After chan
of temperature, external magnetic fieldB, or applied current
I the system was allowed to stabilize before data points w
taken. Currents were in the range 10260 mA corresponding
to current densities of 20–120 A/cm2. The measurement
have been performed for both directions ofI and B. In
magnetic-field sweeps at constantT, data points were taken
for both sweep directions. The appropriate direction avera
of the electric voltages across the main bridge and the H
strips have been taken to isolate the longitudinal and tra
versal effects. An analysis of the magnetoresistiv
Dr/r(B) requires a careful determination of the temperat
in the presence of the external magnetic field. We used Pt
sensors from about 100 K to room temperature and car
glass resistors at lowerT to measure and control the temper
ture. The magnetic-field dependence of the temperature
nals of these sensors caused corresponding temper
changes during magnetic-field sweeps. The experime
data were corrected afterwards for these tempera
changes. The magnetic-field dependence of the platinum

FIG. 1. Hall-bar geometry of the samples.
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11 736 PRB 58F. GOLLNIK AND M. NAITO
sors was known in the temperature range between 90 K
150 K from previous measurements with a capacitance t
perature sensor. We used tabulated values for the two se
types to extend the magnetic-field-dependent correction
the measured temperature to the wholeT range of our
investigations.12,13This turned out to be sufficiently accura
due to the large magnetoresistivity observed for NCC
With our procedure, even at 300 K the relative error
Dr/r(B) in this material was estimated to be no larger th
10%.

The thermoelectric effects also have been measured
dc method. The sample was mounted between two g
plated copper blocks that were seperated by about 5 mm
adjusting a temperature difference between these co
blocks a temperature gradient could be applied in thex di-
rection ~as defined by Fig. 1!. We used the Hall bars of th
sample itself as resistive temperature sensors to deter
¹xT with high accuracy. The temperature gradient across
sampe was typically 1–2 K/cm. Again, measurements h
been performed for both directions of¹xT and the externa
magnetic fieldB as well as for both sweep directions. For
evaluation of the absolute thermopower of the NCC
samples the contribution of the copper leads to the meas
Seebeck voltageSTC5SNCCO2SCu leadshas to be known. We
therefore determined the thermopower of the copper wir
relative to a lead film on SrTiO3. The absolute thermopowe
of lead was tabulated by Roberts.14 Above 70 K the absolute
thermopower of the copper leads was in very good ag
ment with that of pure copper as reported in Ref. 15. At l
temperatures the thermopower of the wiring was known w
high accuracy from measurements against NCCO in the
perconducting state. Further details of the experimental s
can be found in Ref. 11.

IV. NORMAL-STATE TRANSPORT PROPERTIES

A. Theoretical background

Several authors suggested a two-carrier picture to acc
for the observed temperature and doping dependences o
normal-state transport properties in the electron-do
cuprates.6,16–18 The main aspects of the two-carrier pictu
can already be demonstrated in its most basic form,
Drude-type two-band model. Here, each band is charac
ized by a small set of transport coefficients. The simplicity
the model in principle allows one to isolate the transp
properties of the single bands from measurements of a
crete set of transport coefficients. But there are some a
ments against such a simple treatment of the transport p
erties of NCCO. In particular, the origin of the proposed tw
conduction bands remains unclear. Measurements of
Fermi surface~FS! by ARPES only resolved a single hole
like FS, although the resolution might not be sufficient
disclose parts with electronlike curvature.5,19 These findings
are consistent with band-structure calculations.20 Conse-
quently, we have to assume that there is only one FS
single band present with possibly strongly varying loc
properties. Harriset al. derived expressions for the electric
transport coefficients of a two-dimensional~2D! metal with
tetragonal symmetry within standard Boltzmann theory us
a relaxation time approximation.21 Their results can be re
garded as justifications for the two-band model if the FS
nd
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be divided into two dominating zones corresponding to
two types of charge carriers. In the following we will briefl
restate the main aspects of the Drude-type two-band m
as well as the calculations in Ref. 21. Afterwards we w
present an analysis of the thermomagnetic effects simila
that of the electric transport coefficients given by Harris a
co-workers. We will describe the Seebeck coefficientS, the
Nernst coefficientn, and the magnetothermopowerDS(B)
as conductivity-weighted averages on the FS. These exp
sions can be translated back into a two-carrier picture lead
to a more realistic two-band model that in principle might
suitable to isolate the thermopowers of the single zones~or
bands! from measurements of the thermomagnetic effects
the n-type systems, indeed, can be described within suc
simple two-carrier picture, this might have implications f
our general understanding of high-temperature supercon
tivity. A quantitative analysis of experimental data on NCC
will be given in the following subsection.

We consider a geometry with an external magnetic fi
B5Bez applied perpendicular to thexy plane of conduction
in a two-dimensional metal with tetragonal symmet
(ez5ex3ey with ei ( i 5x,y,z) the unit vector in thei direc-
tion!. The transport coefficients will be defined via the line
response of the system to small applied fields or current

E5r̂• j1Ŝ•¹T, ~4.1!

j5ŝ•E2L̂•¹T. ~4.2!

Here,r̂, Ŝ, ŝ, andL̂ are tensors of rank 2 for the resistivity
thermopower, conductivity, and thermoelectric conductivi
respectively. These are related byr̂5ŝ21 and Ŝ5r̂•L̂. Be-
cause of the fourfold symmetry assumed in our system,
all such tensorsÂ we haveAxx5Ayy andAyx52Axy , where
the first indexk of Akl corresponds to the direction of th
‘‘driving force’’ on the right-hand side of Eqs.~4.1! ( j,¹T)
and ~4.2! (E,¹T), whereasl refers to the resulting compo
nent of the vectors on the left-hand side (E and j, respec-
tively!. In the limit of small magnetic fields, the componen
Akl can be expanded in powers ofB. Whereas the symmetric
parts of these tensors~describing the longitudinal effects! are
even functions of the magnetic field, the antisymmetric pa
~describing the transversal Hall effects! are odd functions of
B. We consider contributions up to quadratic order inB in
the symmetric and up to linear order in the antisymme
part of all tensors. In particular we getrxx5r@1
1Dr/r(B)#, rxy5RHB, Sxx5S1DS(B), and Sxy5nB
with the resistivity in zero magnetic fieldr, the magnetore-
sistivity Dr/r(B)}B2, the Hall coefficientRH , the Seebeck
coefficient in zero magnetic fieldS, the magnetother-
mopower DS(B)}B2, and the Nernst coefficientn. In a
similar ways denotes the conductivity forB50, etc.

Let us consider the case of two independent conduc
bands. The transport coefficients of the combined system
be determined from those of the individual bands if we
sume that the conductivities of the single bands add up to
total conductivities, leading to

r̂5~ŝ11ŝ2!21, ~4.3!
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Ŝ5r̂•~ŝ1
•Ŝ11ŝ2

•Ŝ2!, ~4.4!

where1 and 2 refer to the two bands, respectively. As
starting point we want to adopt a Drude-type picture wh
each of the bands consists of charge carriers with iden
properties, respectively. If a transport current is applied to
isolated band of this type, all carriers are assumed to m
with the same drift velocity. Consequently, there is no m
netoresistivity for the single band because for all charge
riers the Hall electric field exactly cancels the Lorentz for
due to the magnetic field. In case of an applied tempera
gradient we could argue in a similar way. Here, the therm
iffusion of the charge carriers due to the temperature grad
is compensated by the drift current due to the Seebeck e
tric field. Since there is no net current and all currents
carried by identical particles, we might assume as a fi
approximation that there are no observable magnetic-fi
effects at all. Returning to our two-band model, this leads
(Dr/r)1,(Dr/r)2,n1,n2,DS1,DS2'0. Starting from
Eqs.~4.3! and~4.4! and collecting the lowest-order terms
B we get the well-known expressions

r5~s11s2!21, ~4.5!

RH5
~s1!2RH

11~s2!2RH
2

~s11s2!2
, ~4.6!

Dr

r
5

s1s2~s1RH
12s2RH

2!2

~s11s2!2
B2, ~4.7!

S5
s1S11s2S2

s11s2
, ~4.8!

n52
s1s2~S12S2!~s1RH

12s2RH
2!

~s11s2!2
, ~4.9!

DS5n
s1s2~RH

11RH
2!

s11s2
B2. ~4.10!

If RH
1 ,S1.0 andRH

2 ,S2,0, the signs ofRH andS depend
on the magnitude of the coefficients for the individual ban
as well as on the weights of the single bands given by th
conductivities. The Nernst coefficientn turns out to be nega
tive, therefore carrying the same sign as for a type-II sup
conductor in the mixed state~compare Sec. V!. n and the
~positive! magnetoresistivityDr/r(B) in principle can reach
large magnitudes, whereasDS(B) can be small even if the
Nernst coefficient is large. Not only the large values ofn and
Dr/r(B) but also the doping and temperature-depend
sign changes of the Hall coefficientRH and the thermopowe
S observed in NCCO can easily emerge from such a mo
with two conduction bands of oppositely charged quasipa
cles.

For a two-dimensional system with fourfold symmetr
Harris et al. used standard Boltzmann theory and
relaxation-time approximation to express electric-transp
coefficients in terms of local properties of the FS.21 In prin-
ciple, the Boltzmann equation allows the determination
the distribution functionf k5 f (k) that is caused by an exte
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nal electric field or temperature gradient in the presence o
additional magnetic field. Withgk[ f k2 f 0(ek) the deviation
of f k from the Fermi distribution f 0(ek)5@11exp$(ek
2m)/(kBT)%#21, ek the energy of an electron in the statek,
m the chemical potential,e the electron charge, andvk
5(1/\)¹kek the group velocity, the Boltzmann equation
given by22

d fk

dt U
dri f t

52
d fk

dt U
coll ision

,

d fk

dt U
dri f t

52
] f 0

]e
~ek!vk•Fk1

ueu
\

„vk3B…•¹kgk ,

~4.11!

Fk5H 2ueuE2
ek2m

T
¹TJ .

Again, we only consider small applied fields or temperatu
gradients. In general, a detailed knowledge of the scatte
processes is required to formulate the collision term in E
~4.11!. The solution of the Boltzmann equation is conside
ably simplified if a relaxation-time approximation is just
fied, i.e.,

d fk

dt U
coll ision

52
gk

tk
, ~4.12!

where the local relaxation timetk is independent of the caus
for the deviations from the equilibrium distribution (E, ¹T,
and B) and therefore independent ofgk . Then, gk can be
determined by an iterative procedure. We first consider
caseE5” 0, ¹T50. To lowest order,gk is due to the electric
field, whereas the magnetic induction causes higher-o
corrections:

gk
~0!5S 2

] f 0

]e
~ek! D tkvk•~2ueuE!,

~4.13!

gk
~n!5

ueu
\

tk„vk3B…•¹kgk
~n21! , n51,2,3, . . . .

It is convenient to map thek space in terms of the energye
and the arc length parametrizations of the corresponding
constant energy curves@k5k(e,s)#. In our geometry the tan-
gential vector of the constant energy curves is given byet
52„vk3B)/(vkB). Therefore, the magnetic-field induce
changes of the distribution function can be expressed
gk

(n)52(ueuB/\) l k]s(gk
(n21)), where l k5tkvk is the local

mean free path. The electric transport coefficients can
determined from the current densityj that is induced bygk
5( igk

( i ) : j5(2ueu/2p2\)*BZgk(vk /vk)dsde ~BZ is the
Brillouin zone!. gk

( i ) causes a contributionj( i ) of the orderBi

to the total current densityj. The main longitudinal contri-
bution is due to the electric field and given byj(0). Here,
j(1)}B is perpendicular toj(0) and the lowest-order term in
the Hall current, whereasj(2) is to lowest order responsibl
for the magnetoconductivity. The integral forj in good ap-
proximation reduces to a line integral over the Fermi cu
k(s)5k(m'eF ,s).23 If q is the angle between the electric
field direction and the normal of the Fermi surfaceen
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5vk /vk , the conductivity in zero magnetic field is given b
s5 j x

(0)/Ex5*FSs̃(s)ds with the local conductivity on the
Fermi surface

s̃~s!5
e2

2p2\
l ~s!cos2q~s!. ~4.14!

Harris et al. defined a local conductivity weightS̃
5s̃(s)/s and a conductivity-weighted average over t
Fermi surfacê F(s)&S̃5*FSS̃(s)F(s)ds. Furthermore, they
introduced the local Hall angle

ũ~s!52S ueuB
\ cosq~s! Dd@ l ~s! sinq~s!#

ds
~4.15!

to deduce the global Hall angleuH and the magnetoresistiv
ity to lowest order inB:

uH5^ũ~s!&S̃ , ~4.16!

Dr

r
5^ũ~s!2&S̃2^ũ~s!&S̃

2 . ~4.17!

This formally very nice result is only achieved by the intr
duction of the not very illustrative definition of the local Ha
angle in Eq.~4.15!.

In the following we want to motivate a different definitio
of the local properties that in a certain way will simplify th
treatment and the interpretation of the transport integr
Due to the assumed fourfold symmetry of the FS, integr
over constant energy curves in our case actually are inde
dent of the electric-field direction. Therefore, before carry
out the integration overs, we calculate the direction averag
of the integrand:̂ F(q)&q5(1/2p)*0

2pF(q)dq. @This can
also be seen from our transport integrals. There are o
terms that are either proportional toF1(q)5sinq cosq or
proportional toF2(q)5cos2q. If we compare the contribu
tions to the integrals ats ands85s1LFS/4 (LFS being the
length of the Fermi curve!, we see thatF1 changes sign
whereasF2„q(s8)…5cos2„q(s)1p/2…5sin2q(s). All other
factors in the integrals are identical ats and s8. Integrals
containingF1 vanish, whereasF2 can be replaced by th
factor 1/2.# In this way we are able to define local transpo
coefficients that only reflect properties of the Fermi surfa
and the corresponding electronic states. Again, the con
tivity can be expressed as an integrals5*FSs(s)ds, where
the new defined local conductivity is given by

s~s!5
e2

2p2\
^ l cos2q&q5

e2

2p2\

l ~s!

2
. ~4.18!

~In the following, local quantities will be indicated by the
arguments where they have to be distinguished from to
transport coefficients.! From sxy5 j y

(1)/Ex and
^ l sinq ]s(l cosq)&q52(l/2)l (dq/ds) we find the local Hall
conductivity sxy(s)52s(s)u(s), where the local Hall
angleu(s) is now given by

u~s!52S ueuB
\ D l ~s!a~s!. ~4.19!
s.
ls
n-

g

ly

t
e
c-

l

Here,a(s)5(dq/ds)(s) is the local curvature of the Ferm
curve that is positive for an electronlike and negative fo
holelike section of the Fermi surface. This definition ofu(s)
can easily be interpreted geometrically. Corresponding to
new local conductivity in Eq.~4.18! we define the local con-
ductivity weight S(s)5s(s)/s and the conductivity-
weighted average over the Fermi surfacêF(s)&S

5*FSS(s)F(s)ds. In terms of this conductivity weighted
average we get

uH'
rxy

r
'2

sxy

s
5^u~s!&S . ~4.20!

The difference between Eqs.~4.14!, ~4.15! and our defini-
tions of the local conductivity equation~4.18! and the local
Hall angle equation~4.19! result in a modified expression fo
the magnetoresistivity. Starting fromDs(B)5 j x

(2)/Ex we
are lead to the following definition of the local magnetoco
ductivity:

Ds

s
~s!52u~s!22S ueuB

\ D 2S dl

dsD
2

. ~4.21!

The magnetoresistivity is then given by

Dr

r
52

Ds

s
2~uH!2 ~4.22!

5S ueuB
\ D 2K S dl

dsD
2L

S

1@^u~s!2&S2^u~s!&S
2 #.

In this form it is more transparent how variations of the loc
mean free path and the local curvature of the Fermi cu
@see Eq.~4.19!# contribute to the magnetoresistivity.

In the following we will extend our discussion to the ca
of an applied temperature gradient. For this purpose we h
to perform the following substitution in Eq.~4.13!: 2ueuE
→@(e2m)/T#(2¹T). FromL5 j x

(0)/(2¹xT) we find with
Boltzmann’s constantkB :23

L'2A~T!S d

de
s D

m'EF

,

~4.23!

A~T!5
p2

3
~kBT!S kB

ueu D .

Relations of identical form hold betweenLxy andsxy as well
as betweenDL and Ds. For the energy derivative of the
conductivity we get

S d

de
s D

EF

5E
FS

s~s!S d ln l ~s!

de
1

a~s!

\v~s! Dds, ~4.24!

where the first term inside the parentheses comes from
energy dependence of the local conductivity, whereas
second term accounts for the energy dependence of the
of the Fermi surface~note that the local conductivity is nor
malized to unit length of the Fermi curve!. The Seebeck
coefficient in zero magnetic field now reads

S5rL5^S~s!&S ~4.25!
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with the local thermopower

S~s!52A~T!S d ln l ~s!

de
1

a~s!

\v~s! D . ~4.26!

From the energy derivative ofsxy we find

Lxy52s^u~s!@S~s!1U~s!#&S , ~4.27!

whereU(s) results from the energy dependence of the lo
Hall angle:

U~s!52A~T!S d ln l ~s!

de
1

d ln a~s!

de D ~4.28!

52A~T!Fd ln l

de
2

a

\v
2

1

a

d2

ds2S 1

\v D G .

Thus, the normalized Nernst voltageEy /¹xT is given by

Sxy5rxyL1rLxy ~4.29!

5^u~s!&S^S~s!&S2^u~s!@S~s!1U~s!#&S .

This is in disagreement with the result of Clayhold@Eq. ~8!
of Ref. 24: Sxy5^u&S^S&S2^uS&S#, which can be simply
understood as the generalization of Eq.~4.9!. In contrast, Eq.
~4.29! emphasizes that even in the isotropic case there
nonvanishing Nernst effect. In the isotropic case the lo
quantities are independent ofs, and we getn52uHU/B5
2sRHU. @Assuming thatU is dominated by (] ln t/]e) and
taking the 3D-expressionss5ne2t/m* and RH51/ne, we
recover the familiar resultn52(p2kB

2T/3m* )(]t/]e).#
Within our model we can also determine the magnetoth
mopower. FromDL52A(T)(dDs/de)EF

we find

DL

s
5 K S~s!

Ds

s
~s!L

S

2^2U~s!u~s!2&S2A~T!

3S ueuB
\ D 2K 2

d ln l

de F S dl

dsD
2

1 l S d2l

ds2D G L
S

. ~4.30!

The magnetothermopower then can be calculated from

DS5
Dr

r
S1

DL

s
2uH

Lxy

s
. ~4.31!

In contrast to the magnetoresistivity,DS also does not vanish
in the isotropic case, where we findDS(B)52uH

2 U5

2(s2RH
2 U)B2.

Equations~4.5! to ~4.10! suggest that the two groups o
charge carriers can be roughly characterized by six par
etersr i51/s i , RH

i , andSi ( i 51,2). From measurement
of the six quantitiesr, Dr/r, RH , S, DS, andn we could in
principle isolate the contribution of the single zones~or
bands! to the total transport coefficients. Such a proced
might help to identify the physical origin of the two group
of charge carriers if the underlying model is justified. On t
one hand, we can indeed regard Eqs.~4.20!, ~4.22!, and
~4.25! as justifications for Eqs.~4.6!–~4.8! On the other
hand, Eqs.~4.9! and~4.10! do not take into account the rea
physical origin of the thermomagnetic effects. Starting fro
l

a
l

r-

-

e

the isotropic case, Eqs.~4.29!–~4.31! suggest the following
ansatz for the single zones (i 51,2): Sxx

i 5Si2(uH
i )2Ui ,

Sxy
i 52uH

i Ui , uH
i 5s iRH

i B. This ansatz leads to additiona
terms in Eqs.~4.9! and~4.10!. Now, each zone~or band! i is
characterized by the four parametersr i , RH

i , Si , and Ui .
Therefore we have to make further assumptions to determ
these parameters from the six measured quantities. In
model the Hall coefficient for a single zone only reflec
geometric properties of the FS and should be independen
temperature. Similarly, we haveUi5Si12A(T)(a i /\v i)
5Si2WiT, where the new definedWi again should be inde
pendent ofT. From measurements at different temperatu
it should be possible to isolate the contributions of the sin
zones or bands. In a first step,r i(T) and RH

i have to be
determined from the experimental datarxx(T,B) and
rxy(T,B). In a second step,Si(T) and Wi follow from the
electrical properties of the single zones and the experim
tally observed thermomagnetic effects.

Finally, we want to make some remarks on the limitatio
of our treatment of the thermomagnetic effects. First of all
is far from established that the relaxation-time approximat
is justified for NCCO in the temperature range of interest.
general, we have to distinguish between an electric scatte
time tk

el and a thermal relaxation timetk
th because inelastic

scattering plays a different role in restoring the equilibriu
distribution in the case of an applied electrical field on t
one hand and in the case of an applied temperature grad
on the other hand. If electrons are predominantly scatte
by phonons, the relaxation-time approximation genera
fails for temperatures below the Debye temperatureQD .22

Furthermore, we have neglected any phonon drag effects
applied temperature gradient also leads to changes of
phonon distribution function that might considerably affe
the thermoelectric effects via electron-phonon interacti
We will return to these problems when discussing the exp
mental results.

B. Experimental results

The normal-state resistivities and the resistive transiti
into the superconducting state of the three NCCO thin fil
are shown in Fig. 2. For all samplesr roughly exhibits a
quadratic dependence on temperature. This has been i

FIG. 2. Normal-state resistivities and superconducting tran
tions of the NCCO samples.
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11 740 PRB 58F. GOLLNIK AND M. NAITO
preted as an indication for dominating electron-electron s
tering in this material~see Ref. 25, and references therei!.
Indeed, at intermediate temperatures the resistivities ca
well fitted to r(T)5r01AeeT

2, whereas there is excellen
agreement with the corresponding 2D formular(T)5r0
1K(T/TF)2 ln(TF /T) for T.150 K. Here, Fermi tempera
turesTF5eF /kB between 5000 K and 6000 K were foun
for the different samples. At first sight, the resistivity
NCCO does not change very much with increasing dopi
Basically, the differences could be simply interpreted a
reduction of impurity scattering from the underdoped to
overdoped sample. But we will see that there are real dop
effects when we turn to the Hall effect and the magneto
sistivity.

The temperature dependences of the Hall coefficientRH
and the magnetoresistivityDr/r measured in a magneti
field of 11 T are shown in Fig. 3 and Fig. 4, respectively.
high temperatures all samples display a negative Hall c
stant. With decreasing temperature,RH reaches a minimum
and finally increases again towards positive values. Incre
ing electron doping results in a shift ofRH towards positive
values, leading to a positive sign of the Hall constant for
overdoped sample at low temperatures. The temperature
pendences ofRH and the cotangent of the Hall angle cotuH
are complex for all samples and cannot be satisfactory

FIG. 3. Temperature dependence of the Hall coefficient.

FIG. 4. Temperature dependence of the magnetoresistivity.
connecting straight lines are guides to the eye only.
t-

be

.
a
e
g
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s-

e
e-

e-

scribed by power laws. A corresponding statement is true
the magnetoresistivity. At high temperaturesDr/r is small-
est for the underdoped and largest for the overdoped sam
With decreasing temperature there is a tendency for sat
tion of Dr/r before superconducting fluctuations lead to
renewed increase. The normal-state magnetoresistivity of
NCCO thin films in good approximation obeys Kohler’s ru
although there are increasing deviations with increasing d
ing. In Fig. 5, a Kohler plot ofDr/r is shown for the opti-
mally doped sample. Clearly, there are considerable con
butions to the magnetoresistivity from superconduct
fluctuations at temperatures below 50 K. Therefore we h
restricted the quantitative analysis of the electric transp
properties within the two-band model toT>50 K. The fact
that Kohler’s rule is not severely violated for our sampl
can be interpreted as a first encouraging test for the vali
of our classical two-carrier picture.

As discussed in the previous subsection we assumed
bands~or zones of the Fermi surface! that can be character
ized by temperature-independent Hall coefficientsRH

1 and
RH

2 , respectively. As a result of our fitting procedure we g
these two coefficients and the temperature-dependent r
tivities of the two bandsr1(T) andr2(T). We fitted experi-
mental data from magnetic-field sweeps at different tempe
tures in the range 50 K<T<300 K. The two-band model is
in very good agreement with the experimental data. This
demonstrated by Fig. 6 for the optimally doped sample.
the underdoped sample the fit was even better whereas it
somewhat worse for the overdoped NCCO thin film. Th
exactly reflects the degree to which the three samples o
Kohler’s rule. Finally, the derived transport coefficients f
the individual bands are summarized in Fig. 7. In addition
r i(T) and RH

i ( i 51,2) we have plotted m i(T)
5RH

i /r i(T)5uH
i /B which is a measure for the mobility o

the charge carriers in the isotropic case. As we can see f
Eq. ~4.19! in the more general case this quantity correspo
to the~local! product of the mean free path and the curvatu
of the FS:m i5(e/\) l ia i . Before discussing the results i
Fig. 7 we will first turn to the thermomagnetic effects in th
normal state of our NCCO samples.
e

FIG. 5. Kohler plot of the magnetoresistivity data for the op
mally doped sample. The inset displays the same data on a do
logarithmic scale.
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PRB 58 11 741DOPING DEPENDENCE OF NORMAL- AND . . .
The temperature dependence of the Seebeck coefficieS
is shown in Fig. 8. Similar to the behavior of the Hall co
stant,S shifts towards positive values with increasing ele
tron doping. WhereasS is negative for the underdoped an

FIG. 6. Fit of the two-band model to experimental data for t
optimally doped sample. The legend for the Hall data in~a! also
applies to the magnetoresistivity data in~b!. The inset in~b! dis-
plays the resistivity in zero magnetic field. Here, the solid line c
responds to the experimental data and the filled circles to the fi
values of the theory.
t

-

the optimally doped sample there is a multiple sign chan
of the thermopower for the overdoped sample. The Ner
coefficient n(T) as derived from the data forB511 T is
displayed in Fig. 9. Corresponding to our definition ofn, this
coefficient is negative for all samples and temperatures.
magnitude ofn decreases with increasing electron dopin
The relative drop ofunu for the underdoped sample at lo
temperatures seems to be related to its larger residual r
tivity. All samples display a very large magnetothermopow
of negative sign. In Fig. 10,DS(B) at different temperatures
is plotted for the optimally doped sample. Below 100 K the
are clear saturation tendencies at large magnetic fields,
beside theB2 term higher-order contributions toDS(B) be-
come important. Correspondingly,Sxy(B) displays slight de-
viations from the linear behavior in this temperature ran
Nevertheless, we tried to evaluate our two-carrier model a
was described in the previous subsection, but we did
succeed to fit the model to the experimental data. Obviou
the origin for the large magnitude ofDS(B) is not properly
taken into account by our simple model. This does not n
essarily mean that the general idea of two-band conduc
in NCCO fails. As we have already pointed out in the the
retical discussion, our model depends on the validity of
relaxation-time approximation. Also, phonon drag effe
seem to play an important role for the thermoelectric effe
in NCCO as is suggested by the local minima of theS(T)
data in Fig. 8 at temperatures below 100 K.~Considerable
phonon drag effects have been reported for thep-type cu-
prate YBa2Cu3O72d .26! The position of the~supposed!
phonon-drag peaks coincides with the temperature ra
where the large magnetothermopower is observed. Poss
a detailed analysis of the phonon-drag contribution to
thermopower of NCCO might even help to clarify the si
nificance of electron-phonon interaction for superconduc
ity in NCCO. Finally we want to point out that according t
a previous study the large magnetothermopower does
seem to be a spin-related effect sinceDS(B) is small if the
external magnetic field is oriented parallel to the Cu2
planes in the direction of the temperature gradient.27

-
d

indepen-
FIG. 7. Derived electrical transport coefficients of the single bands. The straight lines are guides to the eye. The temperature
dence ofRH

1 andRH
2 has been presumed.
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11 742 PRB 58F. GOLLNIK AND M. NAITO
If we adhere to the idea of two-band conduction
NCCO, the doping dependence of the thermopowerSand the
large negative value ofn suggest that the two zones or ban
have thermopowersS1.0 andS2,0, respectively, that al-
most cancel for the total system. In this case,DS(B)/S(0)
can achieve large values and reflect subtle details of the b
structure and the scattering mechanisms. In particu
DS(B) might be more sensitive to superconducting fluctu
tions than the magnetoresistivity. This possibly contribu
to the failure to fit the experimental data on the thermom
netic effects to the two-band model. We might still try to g
a rough estimate for the thermopower of the single bands
introducing additional assumptions and fittingS5S(B50)
and Sxy(B) alone. For example, we might assume that
both bands the thermopower is dominated by the energy
pendence of the mean free path. From Eqs.~4.26! and~4.28!
we then findUi'Si ( i 51,2). The result of the corre-
sponding fitting procedure is shown in Fig. 11.

In principle, the ambitious aim of our discussion shou
be the disclosure of the origin of the electronlike and ho
like contributions to the transport properties. Unfortunate
such a discussion would have a very speculative charact
this time. After all, it is surprising that the electric transpo
coefficients of NCCO in the studied doping range can
described quantitatively within such a simple model. T

FIG. 8. Temperature dependence of the Seebeck coefficien

FIG. 9. Temperature dependence of the Nernst coefficient.
connecting straight lines are guides to the eye only.
nd
r,
-
s
-

t
y

r
e-

-
,
at

e
s

gives confidence that the two-carrier~or two-zone! picture is
in a certain way justified. In the following, we will therefor
presume that the derived transport coefficients in Fig. 7~and
to a certain extent in Fig. 11! really describe two dominating
groups of charge carriers.

As a first result we find that electronlike and holelik
charge carriers are equally important for the transport pr
erties of NCCO. This is in contrast to the analysis of Crus
laset al.on experimental data for a Sm1.85Ce0.15CuO4 single
crystal.17 These authors concluded that the conductivity
the holelike band is dominating. The discrepancy is proba

e

FIG. 10. Magnetothermopower at different temperatures for
optimally doped sample.

FIG. 11. Derived thermopowers of the single bands.
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PRB 58 11 743DOPING DEPENDENCE OF NORMAL- AND . . .
due to the fact that they only fitted the resistivity in ze
magnetic field and the Hall effect while assuming cert
temperature dependences for the resistivities of the si
bands. Consequently, they observed only qualitative ag
ment of the magnetoresistivity data with their derived sing
band parameters.

Secondly, our analysis did not reveal any severe diff
ences between the doping effects by changing the oxy
content on the one hand and those by changing the Ce
tent on the other hand. Both ways of doping the NCCO t
films resulted in consistent variations of the transport pr
erties of the isolated bands. Therefore our assumption
oxygen reduction is accompanied by electron doping of
CuO2 planes seems to be justified. As a consequence
should be possible, at least within certain limits, to comp
sate deviations of the Ce concentration from its optim
value by adjusting the oxygen content. This scenario ope
possible explanation for the extended superconducting c
centration range that has been observed
Pr22xCexCuO46y single crystals by introducing a new re
duction procedure,28 though these findings still have to b
confirmed by further studies.

In detail, the doping dependences for the single bands
as follows: For the electron band the mobilitym2} l 2a2

basically is independent of doping. This might be an indi
tion that for the corresponding zone of the FS there are
drastic changes of the group velocity, the scattering time,
the curvature with increasing filling of the Brillouin zone
The changes ofRH

2 andr2 could be ascribed to an increas
of the size of the electronlike zone. In contrast, there i
considerable increase of the mobility with progressive d
ing for the holelike section of the FS whereas the resistiv
does not change very much. The most simple way to exp
this behavior is to assume an increase of the curvature o
holelike zone. Of course, the situation can be much m
complicated. For example, we might think of a rapid increa
of the group velocity when the FS is shifted away from
saddle point or of a decrease of the relaxation rate when
FS moves away from a region with strong scattering~as with
the magnetic BZ boundary in the case of scattering by a
ferromagnetic spin fluctuations!.

We will close the discussion of the electric transport pro
erties of the single bands by a comparision ofr1(T) and
r2(T). Roughly, both quantities share a quadratic dep
dence on temperature as it was observed for the total sys
To emphasize the differences we have plotted the r
r1/r25s2/s1 in Fig. 12. By comparison with Fig. 3 we
see how small changes of the ratio of the conductivities
the two groups of charge carriers result in the observed c
plex temperature dependence of the Hall coefficientRH . A
more careful analysis reveals thatr2(T) can be very well
approximated by the simple expressionr2(T)5a1bT2 in
the entire temperature range and for all samples. Simila
the total system,r1(T) exhibits deviations from this form
and is better described by the corresponding 2D formula
dominant electron-electron scattering r1(T)5r0

1

1K(T/TF)2 ln(TF /T) for T.150 K. We do not think that
these findings should really be interpreted in terms of diff
ences in the dimensionality of the two bands. Possibly, th
details depend on our simple model or on small errors in
determination of the magnetoresistivity.
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Finally, we will add some remarks on the thermopowe
of the isolated bands, as shown in Fig. 11, although the p
ted data can only be regarded as a first estimate for th
quantities. WhereasS1 andS2 shift towards positive values
with progressive electron doping, they exhibit different te
perature dependences. ForS1 roughly a linearT dependence
can be observed, where the magnitude increases with
creasing temperature. The similarities to the thermopowe
p-type HTSC’s are noticeable. In contrast toS1, the ther-
mopowerS2 displays a relative minimum that we have in
terpreted as a phonon-drag effect. A more detailed anal
of the thermomagnetic effects has to be performed in orde
clarify if the influence of the phonon system is indeed d
ferent for holelike and electronlike charge carriers. This
mains an interesting and challenging task for future stud

V. SUPERCONDUCTING-STATE
TRANSPORT PROPERTIES

A. Theoretical background

In the mixed state,p-type HTSC’s exhibit transport prop
erties that differ in many respects from those of the class
BCS superconductors. On the one hand, the layered s
ture, the high critical temperatures, and the small cohere
lengths in the nm range cause a very rich phenomenolog
vortex dynamics. Here, superconducting fluctuations play
important role. Depending on the degree of anisotropy a
pinning, different ~phase! transitions of the vortex lattice
have been reported. The most prominent example probab
the broadening of the resistive transition in external magn
fields. On the other hand, there is strong evidence for ad-
wave pairing symmetry in thep-type cuprates. A discussio
of the mixed state of ad-wave superconductor is still at th
beginning. The vortex structure should also be affected if
superconductor is in the clean or even superclean limit a
is discussed for certain hole-doped HTSC’s. Consequen
we have to introduce considerable modifications of conce
that have been established for classical BCS supercondu
in the dirty limit.

In the case of the electron-doped HTSC’s such as NC
we probably deal with ans-wave superconductor. Therefor
we possibly do not have to cope with the complications

FIG. 12. Ratio of the resistivity of the holelike band to th
resistivity of the electronlike band.
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11 744 PRB 58F. GOLLNIK AND M. NAITO
d-wave pairing. But still the strong anisotropy distinguish
this material from classical three-dimensional BCS sup
conductors. Also, NCCO is not in the dirty limit. In thi
paper we will concentrate on certain aspects of
superconducting-state transport properties of NCCO. H
we will give a very brief overview of theoretical concep
that we used in our studies.

A major point will be the determination of the upper crit
cal field from different measured quantities. Typical valu
reported forBc2(0) are not significantly higher than 8 T for
NCCO. Therefore, this material can be driven into the n
mal state with accessible magnetic fields even at low te
peratures. The most simple way to determineBc2 is from the
shift of the resistive transition in an external magnetic fie
This method gives reasonable values for classical BCS
perconductors but does not work forp-type HTSC’s due to
the broadening of the resistive transition. In contrast,
NCCO there is no broadening but a real shift of the resis
transition in an applied magnetic field. Although superco
ducting fluctuations lead to a rounding of the transition, it
still possible to deduce a critical field from the position of t
transition, e.g., by extrapolating its steep part to the norm
state value. Another possibility to determine the upper cr
cal field is a fluctuation analysis of the resistivity. Since flu
tuation theories usually are formulated in the framework
the time-dependent Ginzburg-Landau~GL! theory, this
method is restricted to temperatures not too far fromTc(H
50). Not too close toTc , fluctuations are small and it i
sufficient to treat the linearized GL equation leading to
theory of the so-called Gaussian fluctuations. In the cas
NCCO a corresponding fluctuation analysis of the mag
toresistivity aboveTc is complicated by the large norma
state contribution toDr/r. Close toTc , the nonlinear term
in the GL equation has to be taken into account leading
the so-called critical fluctuations. In this critical region a
round Tc the fluctuation conductivitys f luc cannot be ex-
pressed in a closed form. Instead, scaling relations have
derived fors f luc .29–31 Such scaling forms only exist in th
limit of two and three dimensions, not for layered syste
with arbitrary coupling of the superconducting planes. Ull
and Dorsey derived the following scaling relations for t
fluctuation conductivity:

s f luc
2D 5S T

H D 1/2

F2DS T2Tc2~H !

~TH!1/2 D , ~5.1!

s f luc
3D 5S T2

H D 1/3

F3DS T2Tc2~H !

~TH!2/3 D . ~5.2!

Here, we have already included all material specific para
eters in the scaling functionsF2D andF3D . Close toTc we
haveTc2(H)'Tc1H/(dHc2

ab/dT)Tc
. Thus, the scaling forms

~5.1! and ~5.2! depend on the two parametersTc and
(dHc2

ab/dT)Tc
. These parameters can be determined fo

given 2D or 3D sample by fitting the appropriate scali
relation to the experimental data.

The thermomagnetic effects in the mixed state are a
suitable for a determination of the upper critical field.
contrast to the normal state, where these effects result f
the diffusion of quasiparticles, there is another species
s
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carries entropy and has a strong influence on the elect
transport properties: the magnetic flux lines. Whereas
thermodiffusion of quasiparticles is mainly responsible
the Seebeck effect in the mixed state, the diffusion of vo
ces predominantly results in a transversal voltage, i.e.,
Nernst effect.10 In an applied temperature gradient a vort
experiences the thermal force per unit length

Fth52Sf¹T, ~5.3!

whereSf is the transport entropy per unit length of the flu
line. ~In the following we will assume the same geometry
in the discussion of the normal-state properties: The te
perature gradient is applied in thex direction and the externa
magnetic field is oriented perpendicular to our thin films
the z or c direction.! Without pinning, the thermal force is
balanced by a viscous damping force:hvf5Fth . The vortex
moves opposite to the applied temperature gradient lea
to an averaged electric fieldE52vf3B in the negativey
direction. The vortex entropy can be determined from m
surements of the normalized Nernst electric fieldSxy
5Ey /¹xT if the damping coefficienth is known. This coef-
ficient can be inferred from the flux-flow resistivityr f f
5f0B/h, wheref05h/2e is the flux quantum. We get

Sf52
f0Sxy

r f f
. ~5.4!

Pinning does not change this relation as long as it can
taken into account by a normalized damping coefficien32

The transport entropy can be connected to the revers
magnetization. Maki and Hu found in the framework
time-dependent GL theory33,34

Sf~T!52
f0M ~T!

T
L~T!. ~5.5!

Here,L(T) is a numerical factor that takes the value 1 clo
to Tc and 0 atT50.35 For low temperaturesL(T) is difficult
to calculate and depends on material specific parame
Within GL theory, Abrikosov found in the high-field limit
(Hc22H!Hc2)

2M ~T!5
Hc2~T!2H

bA~2k221!11
, ~5.6!

wherek is the Ginzburg-Landau parameter andbA'1,16 for
a hexagonal vortex lattice. Close toTc , the vortex transport
energy per unit length of flux lineUf5TSf is given by

Uf~T!5f0

Hc2~T!2H

bA~2k221!11
~5.7!

with Hc2(T)'(T2Tc)(dHc2 /dT)Tc
. Close to the critical

temperature,Uf as well asSf'Uf /Tc therefore depend lin-
early on temperature and external magnetic fieldB5m0H.
For fixedB, linear extrapolation ofUf(T) or Sf(T) to zero
gives Tc2(B). In addition to the upper critical field, the
Ginzburg-Landau parameterk can be derived from experi
mental data onUf(T) or Sf(T). For extreme type-II super
conductors (k@1) we get
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FIG. 13. Resistive transitions of the NCCO thin films in external magnetic fields.~a! r(T) for the underdoped sample,~b! r(T) for the
optimally doped sample,~c! r(T) for the overdoped sample,~d! r(B) for the optimally doped sample.
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k'A f0

2.32S dHc2 /dT

dUf /dT D
Tc

, ~5.8!

where (dUf /dT) is evaluated for small magnetic fields an
temperatures close toTc . In principle, the discussion of th
transport energy can be extended to the intermediate
regime, e.g., by using the Hao-Clem result for t
magnetization.36,37This has not been necessary in the case
NCCO. For high-k materials deviations from the linear G
result can only be observed forB considerably smaller than
the upper critical field.

B. Experimental results

A first characterization of the NCCO samples in t
mixed state can be carried out on the basis of the resis
transitions in external magnetic fields. In Figs. 13~a!–13~c!
we have plottedr(T) curves for different applied fields
where the order of the graphs corresponds to increasing
ing. Figure 13~d! gives exemplaryr(B) transitions for the
optimally doped sample. The data indicate an increase
metallic properties with progressive doping in that sense
the normal-state resistivityrn ~measured in high magneti
fields! as well as its saturation tendency at low temperatu
decreases. Remarkably, an almost linearT dependence ofrn
is observed for the overdoped sample in the low-tempera
range down to 4.2 K. In contrast, for the underdoped and
ld

f

ve

p-

of
at

s

re
e

optimally doped samplern increases again for smallT. Cor-
responding effects can also be observed for other trans
coefficients~compare Fig. 3 forRH or Fig. 20 forS). This
sometimes has been attributed to localization effects. Fo
samples an increase of the external magnetic field results
shift of the resistive transition to lower temperatures witho
appreciable broadening. For given temperature we have
fined a resistive critical fieldBr* as the value of the applied
field wherer(B) has reached half of its normal-state valu
Correspondingly,Br* data can be deduced fromr(T) curves
for fixed magnetic fields. In Fig. 14 we have plottedBr* (T)
for all samples as derived for all measuredr(T) and r(B)
transitions. We observe a positive curvature ofBr* (T) that
decreases with increasing doping. This finding is indep
dent of our 50% criterion for the definition ofBr* . In Fig. 14
we have indicated the width of the resistive transition for t
optimally doped sample as error bars. Here, the transi
width has been determined by extrapolating the sharp ris
r to its normal-state value on the one side and to the valu
on the other side. This is approximately equivalent to a 1
90 % criterion. Measurements of the resistive critical field
electron-doped cuprates have been reported for tempera
below 4.2 K with similar results.38,39

The observation of a positive curvature is not restricted
n-type HTSC’s. Mackenzie et al. studied overdoped
Tl2Ba2CuO6 single crystals in magnetic fields up to 18 T an
temperatures as low as 12 mK.40 The samples exhibitedTc
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11 746 PRB 58F. GOLLNIK AND M. NAITO
values of typically 20 K. Interestingly, the normal-state r
sistivities showed a quadratic dependence on tempera
similar to that of our NCCO samples. Also, an applied ma
netic field caused no broadening but a shift of the resis
transition. Down to the lowest temperatures, which cor
sponded to less than 0.001Tc , the derived critical fields ex-
hibited a positive curvature with no indications for a satu
tion, resulting in a rapid increase ofBr* at low temperatures
At the same time, Osofskyet al. obtained similar results on
Bi2Sr2CuOy thin films.41 Later, Ovchinnikov and Kresin
found very good agreement with this data when they
cluded scattering on magnetic impurities into the calculat
of the upper critical fieldBc2 .42 However, there are stil
some doubts if the fieldBr* defined above can really be iden
tified with Bc2 . A study of the specific heat in Tl2Ba2CuO6
resulted in higher critical fields than is suggested by the
sition of the resistive transition.43 For then-type cuprates the
upper critical field was determined from the fluctuation co
ductivity s f luc .44,45 Again, these values were larger tha
Br* . In Ref. 44 a 2D scaling behavior ofs f luc was deduced
for Sm1.85Ce0.15CuO4 single crystals, whereas 3D scalin
was reported for NCCO thin films in Ref. 45. We do n
believe that there is a substantial difference in the dimens
ality of these materials. Instead, we should emphasize
the determination ofs f luc requires a good knowledge of th
normal-state resistivity, especially forT.Tc where fluctua-
tion contributions tos are relatively small. A certain short
coming of the quoted two papers is that the pronoun
normal-state magnetoresistivity has not been taken into
count properly.

In the case of our NCCO thin films we have adopted
following procedure to determines f luc . On the one hand
the normal-state magnetoresistivityDrn /rn of our samples
is known with considerable accuracy since Kohler’s rule
obeyed.Drn /rn is fitted as a function ofu[(B/rn)2 by a
polynomial of low order. This is done forT>50 K where
superconducting fluctuations are small. On the other ha
we know from the Kohler plot, also, that magnetic-fiel
induced changes ofr in the limit of very highB are basically
given by the normal-state magnetoresistivity. In Fig. 5
see forT540 K that Dr/r at high fields is parallel to the

FIG. 14. Resistive critical fields for NCCO samples. The er
bars for the optimally doped sample correspond to the transi
widths.
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magnetoresistivity at higher temperatures where fluctua
contributions can be neglected. For the optimally dop
sample, this is reasonably fulfilled even for magnetoresis
ity data atT526 K that are not shown in Fig. 5. Therefor
we can assume that superconducting fluctuation contr
tions tos are effectively suppressed in magnetic fields of
T: s f luc(T,B511 T)'0, i.e., r(T,B511 T)'rn(T,B
511 T). With Drn /rn(u) and r(T,B511 T) known, the
fluctuation conductivitys f luc(T,B) can be calculated from
r(T,B) via

s f luc~T,B!5r~T,B!212rn~T,B!21, ~5.9!

rn~T,B!'r~T,11 T!
11Drn /rn„u~T,B!…

11Drn /rn„u~T,11 T!…
,

u~T,B!5„B/rn~T,0!…2'„B/r~T,11 T!…2.

We restricted the scaling fit ofs f luc according to Eqs.~5.1!
and~5.2! to temperatures not too far fromTc and to interme-
diate magnetic fields. On the one hand, Eq.~5.9! does not
give the correct fluctuation conductivity forB→11 T. On
the other hand, the scaling forms of Eqs.~5.1! and ~5.2! are
valid only in the lowest Landau-level approximation, i.e.,
high magnetic fields. In addition we restricted the fit
0.005sn<s f luc<1.2sn in order to limit the influence of pin-
ning that starts to determine the resistive transition at la
values ofs f luc . For all samples the fluctuation conductivit
was considerably better described by the 2D scaling form
Eq. ~5.1!. In Fig. 15 we have plotted the 2D scaled fluctu
tion conductivity for the optimally doped sample. 3D scalin
did not result in such a good fit and the obtained values
(dBc2 /dT)Tc

were unreasonably high. Only for the ove
doped sample this quantity started to develop towards r
istic values. This might be an indication that NCCO grad
ally changes from a 2D to a 3D system with increasi
electron doping.

The 2D scaling ofs f luc for the optimally doped sample
was somewhat better than for the other samples. Due to
ferent circumstancess f luc could not be determined as acc

r
n

FIG. 15. 2D scaling of the fluctuation conductivitys f luc for the
optimally doped sample withTc524.4 K and (dBc2 /dT)Tc

5

20.40 T/K. The plot contains all experimental data with 15,T
<28 K, 1<B<5 T, and 0.005sn<s f luc<1.2sn . The same data
are shown in the inset on a logarithmic scale.
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rately for the latter samples as for the optimally doped fil
For the underdoped thin film, fluctuation effects were co
paratively large so that the approximations f luc(T,B
511 T)'0 did not work as well as for the other sample
This also can be interpreted as a signature of a pronoun
2D character of this material. In the case of the overdo
NCCO thin film, deviations of the magnetoresistivity fro
Kohler’s rule did not allow an accurate extrapolation
Drn /rn to low temperatures. For the optimally dope
sample we obtainedTc'24.460.2 K and (dBc2 /dT)Tc

'

20.4060.01 T/K. Here, we fitted experimental data wi
15 K,T<28 K and 1 T<B<5 T. The errors were esti
mated by varying the temperature and magnetic-field ra
and the error weight in our fitting procedure. The small er
values reflect that with the above parameters a reason
scaling was observed even in the magnetic-field range
tween 0.2 T and 1 T aswell as for temperatures down to 1
K. For the underdoped sample we obtainedTc'19.2
60.2 K and (dBc2 /dT)Tc

'20.6360.06 T/K, whereas for

the overdoped thin filmTc'20.560.2 K and (dBc2 /dT)Tc

'20.2360.03 T/K were derived. Within the Werthame
Helfand-Hohenburg~WHH!-theory46 the upper critical field
at T50 can be calculated asBc2(0)'0.69TcudBc2 /dTuTc

.

The in-plane coherence length follows asjab(0)
5Af0/2pBc2(0). For thethree samples we obtained~in the

FIG. 16. Temperature~a! and magnetic-field dependence~b! of
the normalized Nernst voltageSxy5Ey /¹xT for the optimally
doped sample.
.
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order of progressive electron doping! Bc2(0)'8.4 T, 6.8 T,
and 3.3 T andjab(0)'63 Å, 70 Å , and 100 Å , respec
tively.

In the following we will turn to the determination of th
upper critical field from the transport entropy~or energy! of
magnetic flux lines. In Figs. 16~a! and 16~b! the temperature
and magnetic-field dependence of the normalized Ne
voltage Sxy5Ey /¹xT is shown for the optimally doped
sample. The large normal-state contribution can easily
identified on grounds of its linear dependence onB. As ex-
pected, the superconducting contribution due to the therm
iffusion of magnetic flux lines has the same~negative! sign.
This contribution increases when the superconducting sta
entered by reducing the temperature or external magn
field. Its magnitude reaches a maximum beforeSxy goes to
zero due to pinning of the vortices. From general thermo
namic arguments we expectSxy→0 for T→0 even without
pinning. When calculating the vortex transport entropySf

52f0Sxy /r, pinning effects basically drop out. But we sti
have to correct this experimental quantity for normal-st
contributions that are neglected in Eq.~5.4!. Here we assume
that the normal-state contribution at small fields can sim
be determined by extrapolatingSf(B) from higher fields.
This appears reasonable since it is equivalent to the assu
tion that the normal-state contribution toSxy is given by
(r/rn)Sxy

n 5(sn /s)Sxy
n , whereSxy

n is the normalized Nerns
voltage in the normal state. Because to lowest orderSxy

n is

FIG. 17. Magnetic-field dependence of the vortex transport
tropy for the optimally doped sample on a linear~a! and a logarith-
mic scale~b!.
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11 748 PRB 58F. GOLLNIK AND M. NAITO
proportional toB we performed a linear extrapolation of th
high-field regime ofSf(B) to approximate the normal-stat
background.

The correctedSf(B) data for the optimally doped samp
are plotted in Fig. 17~a!. It is very difficult to determine the
upper critical field by linear extrapolation ofSf(B) to zero.
Instead of a linear dependence onB, as suggested by the G
theory, we observe an almost exponential decrease ofSf(B)
with increasing field. In Fig. 17~b! the vortex transport en
tropy is plotted on a logarithmic scale. We do not belie
that the data already correspond to the low-field regi
where deviations from linearity are expected.36,37,47Instead,
fluctuation effects might play an important role even at lo
temperatures. Of course, the detailed magnetic-field de
dence of ourSf(B) data sensitively depends on the corre
tion procedure for the normal-state contribution. Therefo
the exponential dependence of the vortex entropy onB might
be an artifact, although this feature was observed for
samples. For the same reason we did not try a fluctua
analysis of the transport entropy.

For the optimally doped sample, the corrected quanti
Sf(T) and Uf(T) for different applied fields are given in
Figs. 18~a! and 18~b!, respectively. Obviously, theT-
dependent data are better suited for an analysis within
high-field GL formalism becauseSf(T) andUf(T) at least
partly exhibit a linear dependence on temperature. Fo
given magnetic field we have determined the correspond
transition temperature by linear extrapolation of these t

FIG. 18. Temperature dependences of the vortex transport
tropy Sf ~a! and the vortex transport energyUf ~b! for the opti-
mally doped sample after correction of the normal-state contr
tions.
e
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quantities to zero. There are two systematic sources for
rors in the determination of the upper critical field. First
all, Sf(T) andUf(T) are linear inT only close to the critical
temperature for a given magnetic field. On the lo
temperature side, both quantities finally have to go to zero
T approaches zero. ThereforeSf(T) and Uf(T) gradually
flatten with decreasing temperature. On the high-tempera
side, superconducting fluctuations also lead to a flattenin
Sf(T) andUf(T). Therefore, the linear extrapolation resu
in transition temperatures that are too high except for a c
tain intermediate magnetic-field range. This problem is m

n-

-

FIG. 19. Comparison of the temperature dependences of
upper critical fields derived from different transport properties. T
upper critical fieldBc2

f luc(T) has been assumed linear inT corre-
sponding to the approximation in the scaling analysis ofs f luc(T).
The plots~a!–~c! are in the order of increasing electron doping.
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TABLE I. Comparison of different material parameters. The order of the samples~top to bottom! corre-
sponds to increasing electron doping.

Sample Tc 2(dBc2 /dT)Tc
Bc2(0) jab(0) 2(dUf /dT)Tc

k l(0)
~K! ~T/K! ~T! ~Å! ~J/K m! ~Å!

E95-458 19.2 0.63 8.4 63 1.2310213 61 3800
E96-353 24.4 0.40 6.8 70 3.2310213 30 2100
E96-368 20.5 0.23 3.3 100 1.7310213 31 3100
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are
severe for the determination of the upper critical field fro
the transport energy becauseUf5TSf contains an addi-
tional factor T. This can be seen by comparison of Fig
18~a! and 18~b!.

In Fig. 19 we have plotted the upper critical fieldsBc2
Sf

and Bc2
Uf that have been derived by linear extrapolation

Sf(T) andUf(T), respectively. This procedure did not wo
well for the underdoped sample due to pronounced super
ducting fluctuation contributions to these quantities. Beca
fluctuation effects decreased with progressive doping, the
termination of the upper critical field by this method w
most definite for the overdoped sample. This can also
seen in Fig. 19 by comparison with the upper critical fie
Bc2

f luc that has been derived from the scaling of the fluctuat
conductivity. For temperatures not too far fromTc , there is
good agreement between the differently derivedBc2 data for
the optimally doped and the overdoped sample. This gi
some confidence that the fluctuation analysis results in
accurate value for the underdoped sample, also. In the
lowing, we will therefore regardBc2

f luc as the correct uppe
critical field of our samples. The resistive critical fieldBr* is
also shown in Fig. 19. Obviously,Br* does not correspond t
Bc2 which is considerably larger for given temperature. T
supports findings as given in Refs. 43–45. In particular,
theory of Ovchinnikov and Kresin does not seem to apply42

Possibly, the two-dimensional character of NCCO is resp
sible for the differences betweenBr* and Bc2 . There are
some arguments in favor of this assumption. The orde
magnitude of superconducting fluctuations as well as
scaling analysis ofs f luc indicate that the underdoped samp
has a pronounced 2D character, which diminishes with
creasing electron doping. With progressive doping we a
observe a decrease of the positive curvature ofBr* (T) as
well as a reduction of the discrepancy betweenBr* andBc2 .
Finally, we compare the resistive critical field in Fig. 14 wi
the Bc2(0) values that have been derived within our scal
analysis ofs f luc and the WHH theory. For all samples, e
trapolation to low temperatures indicates thatBr* might take
on the same value atT50 asBc2 . Summing up it may be
said that the positive curvature of the resistive critical fie
Br* (T) does not necessarily conflict with the idea of classi
superconductivity in NCCO. However, the quasi-2D char
ter of this material and the resulting fluctuation effects ha
to be taken into account.

To complete our discussion of the Nernst effect in t
mixed state we have determined the Ginzburg-Landau
rameterk according to Eq.~5.8!. Because superconductin
fluctuations and the numerical factorL(T) in Eq. ~5.5! re-
duce the slopeudUf /dTu, we have determined its maximum
.
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value which was taken for small magnetic fields~0.2–0.5 T!
and T close to Tc . The highest value (dUf /dT)'23.2
310213 J/K m was found for the optimally doped samp
that is comparable to that of YBa2Cu3O72d (22.5
310213 J/K m).10 For the underdoped sample we deriv
(dUf /dT)'21.2310213 J/K m and for the overdoped
film (dUf /dT)'21.7310213 J/K m. The order of magni-
tude of (dUf /dT) is consistent with the predictions of th
GL theory. Consequently, there are no indications for a
duction of the vortex transport entropy due to a quasipart
bound-state quantization in the vortex core as suggeste
Jianget al.48 These authors obviously usedSf data from the
fluctuation regime to perform their analysis. Fro
(dUf /dT) and Eq.~5.8! we derived Ginzburg-Landau pa
rametersk561, 30, and 31 for the underdoped, the optima
doped, and the overdoped sample, respectively. The Lon
penetration depth is minimal for the optimally doped samp
In the order of progressive doping we foundl(0)
5kjab(0)53800 Å, 2100 Å, and 3100 Å.l(0)52100 Å
is about 60% larger than values that have been determ
from the surface resistance@in Ref. 3: l(0)'1300 Å for
Nd1.85Ce0.15CuO46y thin films on LaAlO3 #. The material pa-
rameters that have been derived for the three samples
summarized in Table I. A similar listing for thep-type
HTSC’s YBa2Cu3O72d and Bi2Sr2CaCu2O81x can be
found in Ref. 10.

We also performed measurements of the Seebeck effe
the mixed state. In the dirty limitS'(r/rn)Sn is expected,
whereSn is the thermopower in the normal state. Deviatio
from this relation have been observed in thep-type HTSC’s,
which have been ascribed to a reduction of the quasipar
scattering rate in the superconducting regime.10,49–52Unfor-
tunately, the large magnetic-field dependence of the norm
state thermopower did not allow a detailed analysis of
Seebeck effect in the mixed state of NCCO. Exemplary
perimental data for the optimally doped sample are given
Fig. 20. The sign changes ofS for certain temperatures an
magnetic fields obviously have nothing to do with the en
into the superconducting regime but are related to a s
change in the normal state. In high magnetic fields the sl
of S(T) changes its sign at about 12 K. This seems to
related to similar features in the resistivity and the Hall c
efficient. The sharp double-peak structures that have b
observed for this sample in the foot of the superconduct
transition are artifacts that have technical reasons.11

We will close our discussion of the superconducting-st
transport properties with some remarks on the Hall effe
The magnetic-field dependence of the Hall coefficientRH for
the optimally doped sample is plotted in Fig. 21. There
no indications for a sign change ofRH when entering the
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11 750 PRB 58F. GOLLNIK AND M. NAITO
superconducting state. Also, the scaling behavior of the H
effect in NCCO is different from that ofp-type HTSC’s. In
YBa2Cu3O72d rxy(T,B)'Arxx

2 (T,B) with A'const was
found. This corresponds to a Hall conductivitysxy'2A that
is constant in the relevant temperature and magnetic-fi
range. Indeed, a magnetic-field-independent Hall conduc
ity is expected in the mixed state within the Bardeen-Step
model. In Fig. 22 we have plottedsxy(B) for our NCCO thin
films. The data correspond to the magnetic-field range w
rxx(B)>0.1rn for the underdoped sample andrxx(B)
>0.2rn for the optimally doped and the overdoped samp
In case of the underdoped sample a linear behavior
sxy(B) can be observed over the entire magnetic-field ra
whereas deviations from this behavior increase with prog
sive doping. Therefore, the dominance of the normal-s
contribution tosxy for the underdoped sample is possib
caused by the two-dimensional nature and the resulting
nounced fluctuation effects. Again, this might be regarded
an indication for the importance of the dimensionality for t
resistive transition of these materials. However, we do
have a detailed understanding of the Hall effect in the mix
state of NCCO. Here, we have not discussed the influenc
pinning ~which is expected to increase if we change from
2D to a 3D system!, since it has been argued that pinning

FIG. 20. Temperature dependences of the thermopowerS for the
optimally doped sample.

FIG. 21. Magnetic-field dependence of the Hall coefficientRH

for the optimally doped sample.
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general does not affect the Hall conductivity in the mix
state of type-II superconductors.32

VI. SUMMARY

We have studied the electric and thermomagnetic tra
port properties of an underdoped, an optimally doped, and
overdopedc-axis oriented, epitaxial NCCO thin film in the
normal as well as in the superconducting state. In the nor
state, the electric transport coefficientsr, RH , andDr/r(B)
can be well described within a simple two-carrier mod
where each of the two groups of charge carriers is charac
ized by aT-independent Hall coefficient. The derived tran
port coefficients of the isolated bands exhibit systematic d

FIG. 22. Hall conductivitiessxy(B) for the three NCCO
samples in the order of increasing doping. Note thatsxy5

2rxy /(rxx
2 1rxy

2 ).
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ing dependences. Based on an analysis for a 2D metal
tetragonal symmetry within standard Boltzmann theory,
two-band model was extended to the thermomagnetic
fects. This model does not result in a satisfactory descrip
of the experimental data. Obviously, the relaxation-time
proximation does not provide a good basis for an understa
ing of the thermomagnetic effects. Phonon-drag effects pr
ably have to be taken into account. Nevertheless, the nor
state transport properties of NCCO possibly can
understood within a two-band model. An open question
mains the physical origin of the two conduction bands.

In the superconducting regime, the critical fieldBr* (T),
derived from the shift of the resistive transition in extern
magnetic fields, displays a positive curvature.Br* is not iden-
tical with the upper critical fieldBc2 that results from an
analysis of the fluctuation conductivity and the vortex tra
-

i,

er
k,
ev

e-

T.
nd

g

m

m

E

.

an
.
P

ith
e
f-
n
-
d-
b-
al-
e
-

l

-

port entropy. Extrapolation to low temperatures suggests
Br* (T50)5Bc2(T50). The quasi-two-dimensional natur
of the single-layer cuprate NCCO seems to be respons
for the discrepancy betweenBr* andBc2 . Finally, the order
of magnitude of the vortex transport entropySf is consistent
with predictions of the GL theory. Our results therefore su
gest that the superconducting transport properties of NC
also might be understood within classical concepts if
layered structure of this material is taken into account.
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