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Thermomagnetic transport properties of Nd, g£Cey 1:CUQ,, 5 films:
Evidence for two types of charge carriers
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We report measurements of the thermomagnetic properties pgRd, ;:CuQ, . s thin films as a function
of oxygen content. The variation of the Nernst coefficient with carrier doping—and its large magnitude—
cannot be explained by a conventional single-carrier model. These measurements along with the variation of
the Hall coefficient and the thermoelectric power with oxygen doping suggest that a two-carrier model might
be suitable to describe the transport properties of tleésetron-dopedtuprate superconductors. The ratio of
the electrical and thermal Hall mobilities is presented as further evidence for the applicability of a two-carrier
model. We finally show the correlation between the doping dependence of the Nernst coefficient and the
magnetoresistancES0163-18207)08645-1

I. INTRODUCTION coefficients of oxygen-rich, nonsuperconducting=0.15
crystals, and argon-annealed, superconducting ones, the ap-
pearance of superconductivity could be correlated with a
clear additionapositivelow-temperature component &, ,

Among the now large family of high-temperature super-
conducting cuprate$HTSC'’s), R,_,Ce,CuO,- s (R=Nd,
Pr,Sm is one of the rare materials showing a cleatype L o : .o
Hall g)oefficient through most of the doping rgrﬂg‘éhis gfn pointing OUF the pos(s-ijlzbmty qf hol'ehke charge carrers in su-
ily of materials presents a very distinct set of properties Withperconductlng NCCO: " This is illustrated in Fig. 1. Mea-

respect to the other cupratedhe doping interval where a surements of the magnetoresistance at 6Qfat enough

: o . aboveT, to avoid fluctuation effecisshow that it becomes
superconducting transition can be observed is smaller by ag)-

. . ositive only in the oxygen doping range where the material
proximately a factor of 3 if a one to one correspondenc y Y9 ping 9

s superconductind? Some contradictory reports on the ther-

between the Ce and carrier concentrations is assumed. T'f‘ﬁoelectric powetTEP) of the optimal NCCO show positive

actual dependence of the superconducting transition temyng negativ¥® coefficient for all temperatures. In this paper
perature T.) as a function of the Ce content looks like & e try to clarify the possible origin of this disagreement.
sharp peak, reaching a maximum of approximately 22-24 K T¢ probe the apparent contributions of two types of car-
at the optimal doping 0k~0.15 in thin films}* rather than  riers in NCCO, we focus on the nature of the transport prop-
the typical paraboliclike dependence found in the hole-dope@rties of thin films withx=0.15 as a function of oxygen
cuprates. The in-plane resistivity §,p,) of the superconduct- content. We systematically measure their normal-state
ing hole-doped cuprates has a linear temperature dependendiernst and Hall coefficients, together with the thermoelectric
for the underdoped and optimally doped mateffalghile a  power and the resistivity. We show that the Nernst effect has
nearly T?> dependence ofp,, is found for x=0.13 in  an unexpectedly large magnitude. Using the ratio of the
Nd,_,Ce,Cu0,. s (NCCO),"" i.e., for the whole doping Nernst coefficient to the thermoelectric power, defined here
range corresponding to the metalliclike materials. The theras theNernstmobility, and comparing it to the Hall mobility,
mal conductivity below T, of optimally doped Ncco Wwe find 'ghat the Nernst mobility is alwgys at Iegst one order
(x=0.15) (Ref. 8 does not show the very distinct maximum of magnitude larger than the Hall mobility. We interpret this
at approximately 0.5 T as observed in YBgCu;0O,
(YBCO) (Ref. 9 and Bi,Sr,CaCu,0g (BSCCO.X In the
superconducting state, the temperature dependence of the
penetration depth from microwave measurements on the op-
timally doped NCCO %=0.15) indicates that it is fully
gapped! (thus, more conventionalnd unlikely to present
any nodes in the superconducting wave funct{on large
in-plane anisotropyas is observed in hole-doped YBCO and
BSCCO. Understanding the nature of the differences be-
tween NCCO and the other cuprates thus represents a chal- -5
lenge, and might be crucial in clarifying the mechanism of
superconductivity in the HTSC's.

It was shown previously that the magnitude and the sign F|G. 1. Hall coefficient as a function of temperature for an as-
of the normal-state Hall coefficierRy , as well as thd; of  grown, nonsuperconducting thin filtepen circles and a reduced,
NCCO can be varied by changing the oxygen contéft. superconducting onésolid circles. Solid lines are guides to the
When comparing the temperature dependence of the Hadlye.
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FIG. 2. Schematic of the experimental setup used for the mea- o 2 ;'Hl.-l'""—-...'".
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large inequality as a further indication of two-carrier trans- Qf -6 }..' .
port in NCCO. -
_8 1
Il. EXPERIMENTAL SETUP AND PROCEDURES () 10 pgmrm—r T
n O 4
In order to study the purab-plane components of the ~ O F O%O E
thermomagnetic properties, we use thin films, as they are < ok 0 — |
likely to be free of the inhomogeneity problems encountered o~ : _-‘__"""..if-i-w- iA'A aasm? ]
with polycrystalline samplé§ and single crystals’ In Ref. E S5k Wb ]
16, even annealing in equilibrium conditions did not allow ~ 10 © . ]
the authors to get NCCO polycrystabe= 0.15) with aclear :im g " ‘
positive slopgdp/dT>0) for the resistivity, indicating the S15 Ayt ]
difficulty of getting a homogeneous composition throughout 20 A A I S
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FIG. 3. (a) Resistivity,(b) Hall coefficient andc) Hall mobility
as a function of temperature for all the samples. SOX, solid circles;
OX, solid squares; OPT, solid triangles; RED, open circles. Solid
lines are guides to the eye.

polycrystals(including the grain boundarigsEven though
single crystals seem to be of reasonable quality as judged by
the sharpness of their superconducting transition from in-
plane resistivity, dc and ac susceptibilitAT.<1 K), we
find that thec-axis resistivity of crystals thicker than 20m
often indicates a wideT . distribution suggesting C&Ref.
18) or oxygen inhomogeneity along tleeaxis.

Our c-axis epitaxial thin films forx=0.15 are grown by
pulsed-laser deposition and are post-annealed following theeduc effect while measuring the Nernst effect, as the cor-
procedures described elsewh&é® To summarize our responding field-induced transverse temperature gradient is
work, the results from four 2000 A thin films with different expected to be shorted by the substrate.

T.'s are presented: RED, reducet@l.&14.3 K), OPT, opti-
mal (T.=22.5 K) , OX, oxygenated T,=12 K), and SOX,
superoxygenatedT=0 K). The films are characterized by
high-resolution transmission electron microscopy, wave-
dispersive x-ray spectroscopy, and x-ray diffraction showing In Fig. 3, we present the in-plane resistivity,(), the
them to be predominantlg-axis oriented, with a small per- Hall coefficient Ry), and the Hall mobility ty= Ry/pap)
centage € 2%) of misoriented(110) crystallites?® as a function of temperature for all the films. Except for

Details on the thermoelectric pow€FEP) and the Nernst SOX, the in-plane resistivity in Fig. (8) is metalliclike
effect measurements can be found elsewReAes illustrated  (close to quadraticwith a clear positive curvature for most
in Fig. 2, a thin film is epoxied onto a copper mouheat of the temperature range: this is also the case for OX above
sink) on one side while a small thin-film heater is attached tothe upturn temperature. These results are in close agreement
the other side. A typical longitudinal steady temperature grawith extensive studies of the electrical transport as a function
dient (V,T)<0.2 K/mm is applied to the sample. The TEP of oxygen content???

(longitudina) and the Nernsttransversg voltages, respec- In Fig. 3(b), we show the temperature dependence of the
tively, V,=E,(Ax) and V,=E,(Ay), are measured with Hall coefficient for all the thin films. First, we want to em-
precalibrated gold wires attached onto the film. The thermophasize that the magnitude and sign of the Hall coefficient
electric power coefficient is then given I8~ E,/V,T, while  are smoothly varying with oxygen content. The Hall effect is
the Nernst coefficient iQ=E,/(BV,T). The thin-film ge- negative at high temperatures for all the samples, increasing
ometry eliminates the contribution arising from the Righi- slowly in magnitude as the temperature decreases. This is

Ill. EXPERIMENTAL RESULTS
A. Resistivity and Hall effect
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5 1T — — gression of the Hall coefficient with electron doping. In ev-
(a) C ODOOQGBGGOOQQ o ] - .
0 S, © 0999990003099%6 ery film, the TEP reaches a maximum absolute value at a
L P | concentration-dependent temperatufg,{,): Tmay iNCreases
& -5 g ] as the oxygen content is increased.
~ -10 | Our results help to explain some of the prior controversy
Z 215 ¢ surrounding the sign of the thermoelectric power in these
~ 20 | materialst® From Fig. 4a), it is clear that NCCO with
@ - g x=0.15 can potentially show both negative and positive
25 ¢ TEP, depending on the oxygen content. However, we do not
30 & observe the usual sign change at intermediate temperatures
1) 015 reported for crystals and polycrystafsit is likely that an
T inhomogenous oxygen content from grain to grain in a poly-
crystal, as observed recently by Singhal?® using high-
—_ resolution SEM, could lead to a large variation in the mea-
E 0.1 sured TEP abov& .. Even though the main volume of the
~ E sample can be off-stoichiometric, an optimumaximum
i ; T. could still be observed due to some percolative paths
= 0.05 i from the properly reduced parts of the sample. Thus, we
o : suggest that inhomogeneities, in particular of the oxygen
g content, are likely to be responsible for the wide range of
0 TEP observed for polycrystalline NCCO with=0.15.
(© 400 — In Fig. 4(b), we show the temperature dependence of the
200 ¥ Nernst coefficient for our samples. For all oxygen contents,
—_ : the Nernst coefficient remains positive for the whole tem-
; 0r perature range. At high temperatures, it seems to follow a
200 F T~ " relation withn> 1. It then reaches a maximum at in-
NE 400 : termediate temperatures before gradually decreasing at low
o . temperatures. Interestingly, the largest Nernst effect is ob-
vz -600 + tained in the optimally doped thin films, in coincidence with
S0 -800 L the maximum in the Hall mobility.
h i in the Hall mobili
1000 bl In Fig. 4(c), we present the Nernst mobilityuy=
0 50 100 150 200 250 300 Q(T)/S(T)] as a function of temperature. We see thatis

T (K) much larger than the Hall mobility presented in Figc)3
This implies that aranomalously largeNernst effect is ob-
FIG. 4. (a) Thermoelectric powerb) Nernst coefficient, antt) ~ served in these materialsee discussign Moreover, as for
Nernst mobility as a function of temperature for all the samplesthe Hall mobility, the Nernst mobility reaches its largest
SOX, solid circles; OX, solid squares; OPT, solid triangles; RED,value for the optimum doping. When comparing the tem-
open circles. Solid lines are guides to the eye. perature dependence pf, and uy for the optimally doped
thin films, we observe that the largest value reached by the
followed at low temperatures by an additioqmisitivecon-  Hall mobility at approximately 60 K corresponds roughly to
tribution starting at around 100 K for the optimally doped the sharp downward curvature of the Nernst mobility at 75

films, in agreement with our previous results described irK. Since the Nernst coefficient remains positive for all oxy-
Ref. 12. gen contents, the sign qfy is entirely determined by the

In Fig. 3(c), the Hall mobility reveals a continuous varia- Sign of the thermoelectric power.
tion from a small negative valu€sOX) up to a very large

n_egative oné_QPT), and finally through an a_lbrupt change of C. Mobility ratio
sign to a positive value upon further reducti®®ED), result- ) N
ing from the increasing pOSitive Component Wmctron We Calculate the ratio Of the Nernst m0b|l|ty to the Ha”

doping. A more thorough analysis of this positive componentMobility in Fig. 5. In general, this ratio is increasing linearly
as a function of doping is likely to shed some light on its With temperature, except for RED which crosses zero Hall
origin, but this is beyond the scope of this paper. mobility at the temperature shown by the dashed line, result-
ing in a singularity. These data indicate tha§ is always at
least 10 times larger than, except at low temperatures.
B. Thermoelectric power and Nernst effect Looking at the general progression with doping, this ratio is
Figure 4 shows the thermoelectric power, the Nernst codecreasing in magnitude as the oxygen content is increased
efficient, and the Nernst mobiliti,=Q(T)/S(T)] for the (toward the antiferromagnetic-insulator phase
same films. We first observe that the measured properties
appear to vary smopthly with oxygen content. An interesting IV. DISCUSSION
feature of the TEP in these materials is the fact that electron
doping (decreasing oxygen conterleads to a sign change In the previous sections, we reported a set of transport
from negative to positive. This is also correlated to the proproperties from which we now expect to extract additional



14 152 P. FOURNIERet al. 56

T T 200
)

o 4
[
|
|
|
|
|
|
|
)

0000000 o]

= o2 =1

<] ] \Z 100 a b
=3

‘ I | 0 | FIG. 5. The ratio of the Nernst and the Hall

(©) (d) mobilities as a function of temperature. From top
to bottom:(a) RED, (b) OPT, (c) OX, (d) SOX.

40 | ]

60 | " 1
e

F S0 " —_— 3 F 30 S
— 40 © " an” E ~ ® .
T30 et 1 L 0 ;

20 " 1 10 | et 1

10c" : A

o M 1 1 1 1 1 0 O g I 1 Ly I

0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T (K)

information to elucidate the scattering mechanisms of thdthus, the Hall angle is proportional i@ along. With the
electron-doped cuprates. In the following, we explore theappropriate temperature dependences, it is then possible to
applicability of several models used to explain the transporteproduce qualitatively the Hall angle data of the hole-doped
properties of the hole-doped cuprates. cuprates. If we try to apply this model to transport in NCCO
at high temperature, then from resistivity, we find
l+<1/(T?2+C) whereC is a constant. From the Hall angfie

Fig. 6, we deduce that thel, should follow

Simple single-carrier Boltzmann transport with a spheri-l,<1/(T*+C’) whereC’ is a constant. This temperature de-
cal Fermi surface and isotropic relaxation tiths unable to  pendence of the MFP is quite unusual at high temperatures,
explain the large temperature dependence of the Hall coeffand an exotic scattering mechanism would be needed to ex-
cient in the hole and electron-doped cuprates. More elaboraggain it. Moreover, as in the spin-charge separation picture,
models taking into account the appearance of two relaxatiothis model is unable to reproduce directly the sign change
times in the resistivity and Hall measurements of hole-dope@bserved in the temperature dependencBpfle.g., RED.
cuprate®?® have been proposed. Anderébsuggests that In general, the thermoelectric and thermomagnetic effects
such duality of the relaxation times might be the result ofof cuprates are difficult to explain in the framework of con-
spin-charge separation. The resistivity, only sensitive to therentional transport. It was observed in most hole-doped ma-
relaxation of momentum normal to the Fermi surface, ariseserials that the thermoelectric power can change sign as a
from holon-spinon scattering, resulting in a relaxation timefunction of doping. As hole doping is increasing in hole-
T~ (0> 7). In the presence of a magnetic field, a doped cuprates, the high-temperature T&Ry, at 300 K
second component influenced by spinon-spinon scatteringhanges from positive to negati¥&while in our case, it
(relaxation of momentum tangent to the Fermi surfaise changes from negative to positive as electron doping is in-
involved, giving 74T~ 2 (o> 1yy). This leads naturally ~creaseddecreasing oxygen contgnsuggesting a symmetry
to a Hall angle®,, =w 74T 2 (=R4Blp,;), a behavior in doping. Some recent wotkhas proposed that the thermo-
which is found in the hole-doped cuprafésin Fig. 6, we electric power of the underdoped hole-doped cuprates could
show the inverse Hall angle for our samples as a function ofeveal the opening of a pseudogap. The pseudogap increases
T2, clearly indicating that a higheFf power is present for the thermoelectric power giving a broad maximum just
high temperature€ we actually find that it is very close to aboveT, (and below a temperaturg, defined as the gap
T# (not shown here We conclude that the spin-charge sepa-
ration hypothesis cannot be applielirectly to the high-
temperature normal-state transport of electron-doped cu-
prates. This mechanism would need to explain why negative
and positive carriers seem to coexist in the electron-doped
cuprate family and the fact th&t, has a temperature power
very close to 4.

Several authors propose that the anomalous Hall effect in
the cuprates might be explained by a single-carrier model
with an anisotropic mean-free patMFP).?%?° Taking two
characteristic MFP’s, sdy andl (I:< |.) on different parts T2(10°K?)
of the Fermi surface f¢ on the flat parts, and: on the
curved parts this model predicts that the conductivity is  FIG. 6. Inverse Hall angle for our thin films as a functionTst
then proportional to the smallest MFB,,I;, while the  SOX, solid circles; OX, solid squares; OPT, solid triangles. RED is
off-diagonal component is the product of bot, oIl not shown for clarity(see text

A. Single-carrier transport

(@7)" (10%)

8 10
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temperaturg the enhancement being suppressed by a relamate of the Nernst coefficient approaches the measured val-
tively small amount of 8-metal substitutioimpurities for  ues in the hole-doped cupraf&s® This leads us to speculate
copper’! For the NCCO family, the maximum TEP is ob- that the Nernst coefficient of the hole-doped cuprates might
served at fairly high temperature with respecTtdor allthe  be more conventiondit has the right order of magnitugle
films (above 50 K. When compared with the data of Ref. 31 but it is anomalously large in the electron-doped cuprates.
on YBCO, the TEP of our thin films mimics that of the  This can be emphasized even more by evaluating the mo-
Zn-doped YBCO. Because we suspect the excess oxygen hlity ratio wy\/uy using Egs.(1) and(2):

act as an impurity, and that our thermoelectric measurements

also show thaS(T) and T, are strongly affected by slight un [T (dInTyn/IE) g,
variation of the oxygen content, it is possible that the same —= —) N(E-)/n+ (dnre/dE)e | 3)
mechanism leading t®, and pseudogap suppression in Zn- o\ 7 [ N(Eg (dIniy Er

doped YBCO is relevant for the electron-doped cuprates . _
with excess oxygen. In the NCCO case, even the optimallYVhereN(EF) andn are the density of states at the Fermi
doped (OPT) material is affected. However, to our knowl- gvel and the density Qf free carriers, rgspecnvely. In conven-
edge, there has been no report of a pseudogap signature jRn@l transport, the first term in the right part of E§) is
the electron-doped cuprates. equal to 1(in the single-carrier .mod)al Since{dlnny(E)/
The Nernst coefficient of our thin films is at least an order?E}e, =P/Er (with p usually ranging from-1/2 to 3/2 and
of magnitude larger than the previous reports on hole-dopetl(Eg)/n=C/Er (C=3/2 and 1 for a spherical three-
cuprates?3 As shown with the mobility ratio in Fig. 5, a dimensional Fermi surface and cylindrical two-dimensional
large difference is observed between the mobilities as med=ermi surface, respectivglythe second term of Eq(3)
sured by electrical and thermal transport. In the frameworkshould remain smaller than 1 in absolute value. Equatdn
of conventional Boltzmann transport theory applied to acould result in a largeegativevalue only if the denominator
metal with a single type of carrier and an isotropic mean freds tending to zero. This would happen if
path(MFP),***the thermoelectric power and the Nernst co-{dIn7(E)/9E}g. = —N(Eg)/n, or p/Eg=—N(Eg)/n, re-

efficient are given, respectively, by sulting in unphysical values @f, lower than—1, for both the
- spherical and the cylindrical Fermi surfaces. We conclude,
S_+(7T kBT> 1) within the previous crude assumptiorig particular the
T 3e shape of the Fermi surfagethat uy should always be
smallerthan wy in magnitude(because the second term is
and always smaller than)1Obviously, our observations in Fig. 5
(that un/py>1 for all temperatureare far from the conclu-
sion of this simple theory. Moreover, our measurements
, (2) vyield a largepositive value, inconsistent with the negative
Er value expected if the denominator of E@®) tends to zero
] ] o (for negativep). Interestingly, a significant temperature de-
wherery, is defined as the relaxation time measuredi®r-  pendence for the mobility rati@s observed in Fig.)5s only
mal transport,m* is the effective mas§in absolute valug possible ifry# 7 .
andEg is the Fermi energy. The sign in EQ) is determined Some authors have suggested that a van Hove singularity
by the sign of the free carrierse(is a positive constant  close to the Fermi level might influence significantly many
Whereas the TEP theory has been extensively developegt the normal-state properties and be at the origin of super-

(see, for example, Ref. 35the Nernst coefficient is barely conductivity in the cuprate¥. This could affect strongly
mentioned in textbooks. The obvious reason is that, for mos(E.) and (@74/JE)e_, and thusuy/uy in Eq. (3). How-
F

materials, the evaluation of the Nernst coefficient implies theever, at first sight, such singularities would increbg&, ) ,

knowledge of the detailed energy dependence of the rela)?éading to a loweyey/ sy . Since NCCO is not very different

ation time. Of course, the potential anisotropy of the Mea%om the other cuprate@part from the sign of the dominant
free path(detail of the Fermi surfageand the combined con- arriers, one would expect a similar influence of the van

tributions from different sources of scatterers are addmonaﬂove singularity on its properties. However, photoemission

ObS:?(;IiiS :2 dﬁdﬂic'rr:? aHCIVevéﬂLu?nitt't?t'Ve p;g}urte fort thf pectroscopy in NCC@Ref. 37 shows a singularity many
scattering mechanisms. HOWEVET, 1L1S PossIble 10 get a roUgfy, o ¢ ey away fronEg (further away than hole-doped

estimate of the order of magnitude of this coefficient using . . ;
Eq. (2). In general, one can assume that the energy deperc]:yprateéﬁ), thus unlikely to influence directly transport.

dlno(E)
JE

=3

dTin(E)
JE

7T2|(ZBT
3m*

dence of the relaxation time follows;,(E) = 7,EP,243® giv- .
ing [97in(E)/JE]g.=p7n(E)/Er, and Q=ppugy (m’kg/ B. Two-carrier transport
3e)(kgT/Eg). Here we have definedy,=ery,/m*. The The smooth variation of the Hall coefficient as a function

value of the exponenp depends on the nature of the scat- of oxygen content is difficult to explain with a single-carrier
terers, but ranges from 3/2 tol/2 . If we substitute the Hall model: it is even more difficult to imagine how a single type
mobility (uy=ery/m*) for the thermal mobility (in abso-  of carrier could produce a sign change of the Hall effect with
lute valug and evaluat&) at 100 K for the optimally doped temperature. In Refs. 7 and 12, it is suggested that the NCCO
thin film, we get an absolute value of 1-4 nV/KT family could actually be described by a two-carrier model,
(kg T/E=~1/100), at least one order of magnitude lower than based on a complete set of transport measurements at 60 K.
our measured value c£80 nV/K T. Interestingly, this esti- For NCCO, a positive-carrier component appears as one
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tries to increase the electron densityy reduction, as in Fig. (a)
1). In a two-carrier system, the Hall coefficient can be ex- 06 ———
pressed as E
, , = 0.4t
S [
S @ S
(opton) a i
= I
where theR;’s and o;’s are the Hall coefficients and the e O
conductivities of thath type of carriers. Then, it is easy to < 02 I
understand that a temperature-dependent Hall coefficient o
could arise if two types of charge carriers with different signs 04
and different temperature dependences for their mobility
(and relaxation timeare present. Assuming that a continu- (b) 0.12 oxygenated reduced

ous decrease ofr,/o, accompanies the oxygen depletion,

Ry can then be driven from a negative valug,), when ~ 017 60K 1
o,>0,, to a positive one R,), wheno,<o,. Crusellas = 0.08 | ]
et al*® showed that this model can reproduce quantitatively ; B ]
the resistivity and the Hall coefficient, and qualitatively the 0.06 | ]
magnetoresistance of Sm,Ce,CuQ,, 5 single crystals. i 0.04 L 1
With the same two-carrier model, the TEP can be derived 5 i ]
ado 0.02 ]
S 4 0 . P T R B
S(T)= pUp+Sn0'n' 5) -1 -05 0 0.5 1

Tp™ Tn + ‘ 1- TC/TC,OPT‘

where theo;’s and S’s are, respectively, the conductivity
and TEP of theith carrier(the S’'s carry the sign of their
corresponding charge carrigr$t was previously suggested
that the small variations of the oxygen dc}(;intent in NC@O
the order of 0.01 to 0.04 per unit formQtadoes not affect , . . .
significantly the density of carriers, but rather modifies theirthe'ui S carry the sign of their chargeTo estimate the cor-
mobility.?? This effect could arise if the additional oxygen responding value, let suppose that bath and u, at low
found at the apical site by neutron scatteffngpntributes to temperatures are Of the order of 20-30%ws [estlr_nated
scattering. The variation d8(T) with doping[in Fig. 4(a)] from the result of Fig. (.3:)]’ that bothS, and S, are in the
2
can be simulated in Ed5) if we assumeas we did above ir:r(]:?(fsi—t?l\xlﬁtgﬁ?xagdrﬁ(?g'lLjig?r;[gr?&vrvfg/b(t;faoﬁzag
for Ry) that the temperature-dependent ratioaf/ oy is itude ofQ~10-20 nV/K T . Although this estimate is still

decreasing with decreasing oxygen content. This implies th N ) .
the TEP is smoothly going frorS, to S,. This variation of ~°OWer than the measured value, it might be easily underesti-
b mated by a factor of 5-10 if one is choosing values which

S(T) can then be directly correlated to the variation .
(1) Y R are too low for theS’s and o;R;’s. Nevertheless, it shows

with oxygen content. Of course, the rat8y/S, might also - .
change with doping, and makes a quantitative analysis mor%fr?irel)r/ 2100":;; large Nernst effect can be obtained in the two-

difficult. Our thermoelectric power measurements alone can- _ .
Previously, we found that the magnetoresistance of

not confirm the simultaneous presence of two types of CamNCCO h : iti lue for th timal
ers (positive and negatiyeas a simple band-filling scenario reacnes a maximum 1%03' Ive value for the optima
could also explain the sign change. oxygen contentmaximumT_).™ This magnetoresistance is

To explain the anomalously large magnitude of the Nems[arge for the cuprate family as the hole-doped cuprates have

effect, we can use Sondheimer’s expres¥idor the Nernst a V"%'“e at least one order of magmtude.sméﬁéf‘.A wo-
carrier model predicts the magnetoresistance to be given

FIG. 7. Magnetoresistandeop) and Nernst coefficientbottom
at 60 K as a function of oxygen content for several samples. Solid
lines are guides to the eye.

coefficient given as by?045
. on'p+ Qnon UpUn(Sp_ S"I)(O—pRp_ onRy) 202
Q(M= ot + (Gt 0)? , ﬁ: O'pO'n(O'pRp—O'ann) B @
(6) p (a'p+ on)

where theQ;’s are theith band Nernst components given by in the small Hall angle limitappropriate for our sampledn

Eqg. (2). The first term in Eq(6) is behaving as the TEP in Eqg. (7), we can identify the same mobility coefficient,
Eqg. (5). As o,/ 0, decreases, this first term is smoothly go- (o,R,— oR;)), obtained for the Nernst coefficient in the
ing from Q, to Q, and its magnitude should be of the samesecond term of Eq6). This indicates that a maximum of the
order of magnitude as the previous estimafg~£1-4 nV/  magnetoresistance is likely to be coincident with a maximum
K T). The second term can be responsible for the potentiallpf the Nernst coefficient as the doping and the mobilities are
large Nernst coefficient with respect to single-carrier theorygradually changed. In Fig. 7, we show the magnetoresistance
The factor g,R,—onR,)=(u,—ur,) reaches a maximum from Ref. 12 and the Nernst coefficient at 60 K as a function
value when the mobilities are large apg=— u,, (note that  of oxygen content and realize that both reach a maximum at
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optimum doping. This is perhaps the most compelling evi-remains unknown. Although a body of evidence has been
dence that a two-carrier model is really describing ad-gathered in this work for conventional two-carrier transport,

equately the transport of the electron-doped cuprates. there might still be possible avenues for nonconventional
theories. The challenge would then be to explain in detail the
V. SUMMARY apparent contribution of two carriers in the transport proper-

ties of electron-doped cuprates, the systematic variations as a
We have measured the oxygen dependence of the electfiynction of cerium and oxygen doping, and eventually the

cal and thermal transport properties of optimally dopedyppearance of superconductivity.
(x=0.15) Nd,_,Ce,Cu0Q,- 5. We report measurements of
the normal-state Nernst effect in NCCO frof to room
temperature. We show that its anomalously large magnitude
cannot be explained using conventional single-carrier trans-
port. Moreover, the doping dependence of the Nernst coeffi- The authors acknowledge the fruitful discussions with
cient and the magnetoresistance are strikingly coincidentric Maiser (Karlsruhg, T.H. Geballe(Stanford, and B.
This observation, together with the temperature dependenddoyzhes. We also thank J.L. Peng and Z.Y. Li for target
and oxygen content variation of the Hall coefficient, is con-preparation. This work was supported by the NSF Con-
sistent with the description of the system using a two-carriedensed Matter Physics Division through Grant No. DMR
model. However, the nature of the two different carriers still9510475.
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