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Peculiar low-temperature properties of metallic Nd22xCexCuO4 caused by interactions
between Nd moments and conduction electrons
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Low-energy magnetic excitations in Nd22xCexCuO4 with 0<x<0.2 have been investigated by measure-
ments of the specific heat. For all Ce-doped samples (x>0.05), a linear termgT was found at very low
temperatures (T&0.5 K), with 0.3 J/K2&g&0.6 J/K2 per mole Nd for 0.05<x,0.14, and 3 J/K2&g&4 J/K2

per mole Nd for higher Ce concentrations. In overdoped Nd1.8Ce0.2CuO4, g is rapidly suppressed in magnetic
fields exceeding 1.5 T. The temperature dependence of the electrical resistance parallel to the CuO2 planes
corresponds to that of two-dimensional metals. The magnetoresistance of Nd1.8Ce0.2CuO4 single crystals and
c-axis-oriented thin films in magnetic fields parallel to the CuO2 planes is monotonously negative at tempera-
tures above 1 K. Below about 500 mK, the magnetoresistance is positive in small fields, it goes through a
maximum near 2 T, and it is negative forB.2 T. These features are similar to those observed in heavy-
fermion systems. In contrast, in Pr1.8Ce0.2CuO4, with nonmagnetic Pr, the magnetoresistance is negative at all
temperatures of our measurements down to 20 mK. This proves unambiguously that interactions between
conduction electrons and Nd moments give rise to the low-temperature maximum of the magnetoresistance.
Furthermore, a comparison of the magnetoresistance with the modification of the specific heat by magnetic
fields supports the interpretation of the large linear term as resulting from the interaction between Nd moments
and conduction electrons.@S0163-1829~97!05844-X#
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I. INTRODUCTION

A remarkable feature of cuprate superconductors is
presence of fluctuating, antiferromagnetically correlated
moments in CuO2 planes in coexistence with
superconductivity.1 The carriers of supercurrents are locat
in the same CuO2 planes, in contrast to the coexistence
antiferromagnetic order and superconductivity in class
superconductors in which magnetic rare-earth atoms are
separated from conduction electrons carrying
supercurrents.2 These observations have given rise to ma
experimental studies of magnetic correlations and fluct
tions in superconducting cuprates by neutron scattering,1,3 by
nuclear quadrupole resonance,4 and by Raman scattering,5 to
quote a few examples.

In addition, some cuprate superconductors contain m
netic rare-earth atoms, such as the family of compou
RBa2Cu3O72d ~in short,R-123 compounds!, whereR stands
for Y or any rare earth except Ce, Pr, and Tb, or compou
R22xMxCuO4 ~with R5Pr, Nd, Sm, or Eu, andM5Ce or
Th!. In R-123 compounds, magnetic interactions between
rare-earth sublattice and Cu moments are quite weak.6,7 In
these compounds, rare-earth moments have no detrim
effects uponTc , and the ordering temperatures of rare-ea
moments are hardly affected by the oxygen content for
whole range 0<d<1 in most cases, although Cu momen
order antiferromagnetically ford*0.6, whereas no orderin
of Cu moments occurs for higher oxygen contents.

In R22xMxCuO4 compounds, the situation seems to
quite similar at first sight. Compounds with Pr, Nd, and S
560163-1829/97/56~20!/12961~9!/$10.00
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have at optimum doping (x.0.15) aTc in the range 20–25
K ~for all three rare earths quoted, variations ofTc in this
range have been reported, apparently depending upon pr
ration parameters, primarily upon the oxygen content of
samples studied!, although the magnetic character of the
rare earths is quite different: for Pr, the crystal-field grou
state is a nonmagnetic singlet, whereas both Nd and
carry magnetic moments, with a relatively high orderi
temperature,TN

Sm.6 K for Sm2CuO4.
8

A particularly interesting case is the syste
Nd22xCexCuO4. Similar to all other cuprates of this family
Cu moments order antiferromagnetically belowTN

Cu.270 K
in undoped Nd2CuO4.

9 Below 10 K, an anomaly in the spe
cific heat was observed,10 which closely resembles a
Schottky anomaly, as first noticed by Boothroydet al.11 As
the first excited crystal-field level lies at an energy of abo
16 meV,11 the anomaly was ascribed to a splitting of the N
4 f ground-state doublet resulting from interactions betwe
Nd moments and the ordered Cu moments. Adelma
et al.12 showed that this interpretation is in agreement b
with the specific-heat data and with the gradual ordering
Nd moments with decreasing temperature revealed by n
tron diffraction.13,14 Thus the low-temperature order of N
moments is induced by their interaction with the ordered
moments.

In Ce-doped compounds Nd22xCexCuO4, no ordering of
Cu moments occurs forx*0.14 in well-reduced samples.15,16

However, measurements of the specific heat of superc
ducting samples Nd22xCexCuO4 and Nd22xThxCuO4, both
12 961 © 1997 The American Physical Society
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12 962 56E. MAISER et al.
with x50.15, revealed an anomaly at low temperature10

which is quite similar to the anomaly for undoped Nd2CuO4.
This highly surprising observation inspired us to study
variation of the low-temperature specific heat with C
doping in Nd22xCexCuO4 with x in the range 0<x<0.2.17

The results showed a systematic shift of the anomaly towa
lower temperatures with increasingx, and the appearance o
a large linear termgT for T&300 mK, with g.4 J/K2 per
mole Nd forx*0.15. Furthermore, the magnetic susceptib
ity of overdoped Nd22xCexCuO4 with x50.2 was found to
be Curie-Weiss like forT*1 K, and to level off at a Pauli-
like constant value forT&300 mK.17

This heavy-fermion-like behavior was interpreted
Fulde and co-workers as arising from the interaction betw
stableNd moments andstrongly correlatedconduction elec-
trons in the CuO2 planes.18,19 Thus the mechanism underly
ing the heavy-fermion phenomena in Nd22xCexCuO4 is dif-
ferent from that in classical Kondo lattices. According to th
interpretation, the formation of the heavy-fermion state is
affected by the opening of a gap with the onset of superc
ductivity at Tc.20 K in Nd22xCexCuO4 with x50.15,19 in
agreement with the experimental results.17

An alternative explanation of the large linear term in t
specific heat of Nd22xCexCuO4 is based on competing
Nd-Nd and Nd-Cu interactions:20–22 whereas the Nd-Cu in
teractions which are dominant in Nd22xCexCuO4 for x&0.1
tend to align the moments of nearest Nd-neighbor pairs
romagnetically, the interaction between these neighb
seems to be antiferromagnetic. Introduction of conduct
electrons in the CuO2 planes by Ce doping reduces th
strength of Nd-Cu interactions. At a critical doping lev
xcr.0.1, ‘‘softening of Nd spin-wave modes connected w
a magnetic instability of the forced Nd magnetic structur
is proposed ‘‘to trigger the large increase ofg for doping
levelsx*0.1.’’ 20

In the present work, we report on supplementary calo
metric measurements, tracing the dependence ofg upon the
Ce contentx, and measurements of the influence of a m
netic field upon the low-temperature specific heat, both fo
polycrystalline sample and for a single crystal. Our ma
effort, however, was devoted to a study of the involvem
of conduction electrons in the heavy-fermion-like state
measurements of the magnetoresistance of single cry
and of c-axis-oriented thin films Nd22xCexCuO4 with
x.0.2, that is, in an overdoped, nonsuperconducting co
pound at low temperatures (20 mK&T&4 K). For compari-
son, we also measured the magnetoresistance of single
tals Pr22xCexCuO4 with x.0.2 in the same temperatur
range. This we considered necessary in order to disting
effects resulting from interactions between Nd moments
conduction electrons from effects due to the tendency tow
superconductivity, to fluctuating Cu moments, and to
highly two-dimensional character of these compounds. T
latter effects can be expected to be similar in Nd and
compounds, whereas there are no interactions between
earth moments and conduction electrons in Pr22xCexCuO4
since Pr is nonmagnetic in these compounds.

Methods employed in sample preparation and experim
tal techniques are described in Sec. II, followed by the p
sentation of results in Sec. III. These results and their im
cations for the low-temperature state of metal
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Nd22xCexCuO4 are discussed in Sec. IV. The paper is co
cluded by a short summary of our findings in Sec. V.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

A. Sample preparation

For the preparation of polycrystalline samples, three d
ferent methods were employed in attempts to optimize th
homogeneity and properties. At first, samples were prepa
by standard ceramic techniques as described in Ref. 17.

An improved homogeneity was expected for samples p
pared by the sol-gel route.23 However, the final products
were extremely fine-grained and had a low density~.60%
of the theoretical density!. This had no effect upon the spe
cific heat as shown by a comparison of the specific heat
compound prepared by standard ceramic procedures
that measured for a sol-gel sample~Fig. 1!. However, a study
of muon-spin relaxation in material prepared by the sol-
technique revealed significant changes of muon relaxa
rates at low temperatures within a time span of a f
months.24 Presumably, oxygen and possibly water diffu
quite rapidly along grain boundaries which are very num
ous in the fine-grained material, leading to changes of
properties.

Finally, samples were prepared employing a variant
ceramic techniques which involves partial melting of the o
ides above the eutectic temperature in the last sintering s
as proposed in Ref. 25. In samples prepared by this met
individual grains were substantially larger, the density w
above 90% of the theoretical density, and no changes
muon relaxation rates were observed over an extended
span.24

Polycrystalline Ce-doped samples were reduced by
nealing them for 20 h between 900 and 950 °C in Ar. For
polycrystalline samples, structural parameters and phase
rity ~with a sensitivity of about 2%! were determined by
x-ray diffraction.

Single crystals of both Nd22xCexCuO4 and
Pr22xCexCuO4 were prepared by directional solidificatio
using CuO flux, as described in Ref. 26. The thickness

FIG. 1. Low-temperature specific heat of two polycrystalli
samples of Nd22xCexCuO4 with x50.2, ~s! prepared by the stan
dard ceramic technique,~3! prepared by the sol-gel process, an
~,! of a single crystal.
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56 12 963PECULIAR LOW-TEMPERATURE PROPERTIES OF . . .
crystals used for measurements of the electrical resista
and of the magnetoresistance was in the range 20–40mm,
the lateral dimensions parallel to the CuO2 planes were of the
order 1–2 mm. Overdoped crystals withx.0.2 were not
subjected to a reduction treatment, since indications for
presence of superconducting regions were found in redu
crystals. These had to be avoided for measurements o
electrical resistance and of the magnetoresistance. As sh
in Fig. 1, the low-temperature specific heat of single crys
is in good agreement with that of polycrystalline samp
with the same level of Ce doping.

Furthermore,c-axis-oriented epitaxial thin films of com
position Nd1.77Ce0.23CuO4 were fabricated by pulsed-lase
deposition on LaAlO3 substrates in an N2O atmosphere. A
detailed description of the deposition process can be foun
Refs. 27 and 28. The films were cooled from the deposit
temperature~730 °C! to room temperature within 2 h in
vacuum. The film thickness varied between 3000 and 6
Å. Structural parameters and phase purity were verified
x-ray diffraction.

B. Calorimetry

The specific heat was measured with a semiadiabatic h
pulse calorimeter29 in a top-loading3He/4He dilution refrig-
erator in the temperature range 100 mK&T&3 K. A RuO2
resistance thermometer was used for the determination o
temperature. Magnetic fields up to 4 T were applied for
studying the field dependence of the specific heat.

C. Electrical resistance and magnetoresistance

Measurements of electrical transport properties were
formed exclusively with single crystals, and wit
c-axis-oriented thin films. Polycrystalline samples could n
be expected to give conclusive results because of signifi
contributions of grain boundaries to the resistance, and
cause of the very strong anisotropy both of the resistivit30

and of the magnetic response.31

The temperature dependence of the resistance in the
perature range 5 K<T<300 K was measured in a He-ba
cryostat. At lower temperatures, electrical transport prop
ties were determined in the dilution refrigerator at tempe
tures between 20 mK and about 3 K, with applied fields up
11 T for magnetoresistance measurements. The current d
tion was always parallel to the CuO2 planes, but three differ-
ent orientations were chosen for the direction of the app
field: ~i! parallel to the current direction,~ii ! parallel to the
CuO2 planes and perpendicular to the current direction, a
~iii ! perpendicular to the CuO2 planes.

In all cases, the four-contact technique was employ
Contacts for feeding current to the crystals were placed
the outermost edges of the crystals in order to contact a l
number of conducting CuO2 planes. The voltage drop wa
determined with two additional contacts at the surface of
crystals. The crystals were contacted either with silver ep
or with evaporated gold pads. The contacts were subs
tially improved by annealing the contacted crystals for 1 h at
400 °C to allow for the diffusion of silver or gold into th
surface of the crystals. For thin films, an In-Ag alloy w
used for the contacts. In all cases, contact resistances we
the range 1–10V.
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The rather irregular shape of the crystals implied a la
uncertainty in converting measured resistances to resis
ties. This does not concern variations of the resistivity w
temperature and with an applied magnetic field which are
primary interest in the present work.

III. RESULTS

A. Specific heat

1. Dependence ofg upon Ce content x

Nonzero values of the coefficientg of the linear term in
the low-temperature specific heat were found for all dop
compounds Nd22xCexCuO4 with x>0.05. As shown in Fig.
2, the values ofg are in the range 0.3– 0.6 J/K2 per mole Nd
for 0.05<x,0.14. Nearx'0.14, g rises abruptly to values
between 3 and 4 J/K2 per mole Nd forx>0.15.

For some time after the first report about the occurre
of superconductivity in Nd22xCexCuO4,

32 compounds with
x&0.14 were classified as semiconductors.32,33 Since non-
zero values ofg are not compatible with a semiconductin
character of the samples, we measured the temperature
pendence of the resistance of the two samp
Nd22xCexCuO4 with the limiting Ce contentsx50.05 and
0.14. In both samples the resistance increases with dec
ing temperature. However, as demonstrated in Fig. 3,
temperature dependence does not correspond to therma
tivation of charge carriers over a gap as expected for a se
conductor. Rather, the increase of the resistance is linea
ln T over a wide range of temperature, in agreement w
data reported by Hagenet al. for Nd22xCexCuO4 crystals at
low doping.34 This temperature dependence is characteri
for weak localization in two-dimensional metals,35 as was
further confirmed by magnetoresistance measuremen34

Hence there is no contradiction between the nonzero va
of g derived from our specific-heat measurements and
character of these compounds which are metallic after a

2. Modification of Cp by magnetic fields

In Ref. 17, we reported that magnetic fields strong
modify the specific heat of polycrystalline Nd22xCexCuO4
with x50.2. In particular, the linear term is considerab
reduced in applied fields, fromg.4 J/K2 per mole Nd in

FIG. 2. Variation ofg in Nd22xCexCuO4 with the Ce contentx.



s

d
lu
or
f

o
on

s

in
t

, the

xi-

s are
ived
n

s

llas

res

er-
ion
f the
-

en

e ped

d

12 964 56E. MAISER et al.
zero field tog.1 J/K2 per mole Nd in a field of 4 T. Now
we have repeated these measurements for a single cry
again with x50.2, in fields directed parallel to the CuO2
planes. As can be seen in Fig. 4, fields up to 1.5 T har
affect the specific heat. However, in stronger fields, the va
of g drops precipitously. It disappears completely f
B>3.5 T. In a field of 4 T, theCp anomaly has the shape o
a Schottky anomaly as in undoped Nd2CuO4.

The cause for the stronger influence of magnetic fields
the specific heat of a single crystal obviously lies in the c
siderable anisotropy of the Ndg factor.31 Its value parallel to
the CuO2 planes is larger than that perpendicular to the
planes by a factor of 2. Thus, a magnetic field of 4 T parallel
to the CuO2 planes is sufficient to align all Nd moments
the single crystal, whereas the same field does not align
Nd moments in all grains of the polycrystalline sample.

FIG. 3. Temperature dependence of the electrical resistanc
Nd22xCexCuO4 for x50.05 ~top! andx50.14 ~bottom!, plotted vs
lnT.

FIG. 4. Cp /T for a single crystal of composition
Nd1.8Ce0.2CuO4, ~s! in zero field, and in applied fields of~3! 1.5
T, ~n! 2 T, ~L! 2.5 T, ~h! 3 T, ~1! 3.5 T, and~,! 4 T.
tal,

ly
e
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B. Electrical resistivity: temperature dependence

In the temperature range between about 10 and 300 K
temperature dependence of the resistivity of Nd1.8Ce0.2CuO4

single crystals showed metallic behavior, varying appro
mately asT2 up to about 200 K~Fig. 5, dashed lines!. For the
entire temperature range of our measurements, the result
very well described by the temperature dependence der
by Giuliani and Quinn36 for electron-electron scattering i
two-dimensional metals:

r~T!5r01K~T/TF!2ln~TF /T! ~1!

~Fig. 5, solid lines!. This is in agreement with observation
of other groups.37,38From our data, we derive values ofTF in
the range 3400–4500 K, not far from the valueTF53000 K
substituted by Tsuei, Gupta, and Koren and Cruse
et al.,37 substantially lower thanTF529 000 K reported by
Senget al.38

For all Nd1.8Ce0.2CuO4 crystals and films measured,r(T)
had a minimum between 4 and 10 K~Fig. 6!, with an ap-
proximately logarithmic increase toward lower temperatu
~Fig. 7!. For some of the crystals, a downturn ofr(T) was
found below about 1 K~Fig. 7!. We do not know the cause
of this downturn. It may be a signature of filamentary sup
conductivity due to a somewhat inhomogeneous distribut
of Ce in these crystals. The temperature dependence o
resistivity of our Pr1.8Ce0.2CuO4 single crystals was qualita
tively similar to that measured for Nd1.8Ce0.2CuO4, but the
resistivity minimum was at a higher temperature, betwe
about 50 and 150 K.

of FIG. 5. Temperature dependence of the resistivity of overdo
Nd1.8Ce0.2CuO4 single crystals parallel to the CuO2 planes, plotted
asr(T)/r(300 K) vsT2 in the range from 10 to 300 K. The dashe
straight lines demonstrate the approximateT2 dependence below
about 200 K. The solid lines are calculated according to Eq.~1!
~Ref. 36!.
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C. Magnetoresistance

1. Magnetic field parallel to the CuO2 planes

For all crystals of overdoped, nonsuperconduct
Nd1.8Ce0.2CuO4 studied in fields parallel to the CuO2 planes,
we obtained magnetoresistance curves similar to th
shown in Fig. 8, top. The same is true for oriented thin film
Examples for results obtained with thin films are displayed
Fig. 9. No differences were found between the magnetore
tance measured with fields parallel or perpendicular to
current direction. Obviously, the magnetoresistance does
depend upon the angle between the directions of the cur

FIG. 6. Temperature dependence of the resistivity of one of
crystals in a restricted temperature range illustrating the resist
minimum below 10 K.

FIG. 7. Temperature dependence of the resistivity of the sa
crystals at very low temperatures (T,4 K), plotted vs lnT.
g
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.
n
is-
e
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and of the magnetic field as long as both are parallel to
CuO2 planes. This is an indication that the observed mag
toresistance is connected with magnetic scattering of
conduction electrons. In crystals with a downturn ofr(T) at
very low temperatures, a strong increase of the resista
was found in small fields (B&0.2 T). In larger fields, the
magnetoresistance of these crystals was similar to that
served for crystals with a monotonous increase ofr(T) to-
ward low temperature.

In all cases, we found the behavior as illustrated in Figs
~top! and 9:~1! a monotonous, negative magnetoresistanc
temperatures above about 1 K;39 and ~2! a positive magne-
toresistance in low fields, a pronounced maximum close
field of 2 T, and a negative magnetoresistance in hig
fields at temperatures below about 500 mK.

e
ty

e

FIG. 8. Magnetoresistance ofR1.8Ce0.2CuO4 single crystals in
fields parallel to the CuO2 planes, perpendicular to the current d
rection, measured at the temperatures indicated in the figure.
R5Nd; bottom:R5Pr.

FIG. 9. Magnetoresistance of a Nd1.77Ce0.23CuO4 thin film in
fields parallel to the CuO2 planes, perpendicular to the current d
rection, measured at the temperatures indicated in the figure.



tu

ge
ed
, n
e
fo

e

N
a
s
th
f

o

th
s

ra
ta

e
w
ay
s
b

e

m
he
the

ed
h

e

-
tic
-

ap-
for
-

by

do
s
l at
sis-

low

ke

-

ce

arly
ior
if-
sis-
als

by

by
ced
ors

ayed
r-
r-

he

-

ne-
nce
w-

om

a-

12 966 56E. MAISER et al.
In contrast, the magnetoresistance of Pr1.8Ce0.2CuO4 was
found to be monotonously negative in the whole tempera
range of our measurements~Fig. 8, bottom!. The most dis-
tinct feature of these magnetoresistance curves is a chan
the slopedR/dB near 5 T which becomes more pronounc
as the temperature is lowered. As for the Nd compound
difference was observed between the magnetoresistanc
fields parallel and perpendicular to the current direction
fields parallel to the CuO2 planes.

As we pointed out in Sec. I, the only difference betwe
Nd22xCexCuO4 and Pr22xCexCuO4 which is of importance
for the magnetoresistance is the presence of magnetic
moments in the Nd compounds, and the absence of rare-e
moments in Pr22xCexCuO4. Thus the observed difference
between the results for these compounds, in particular
maximum close to 2 T in the magnetoresistance o
Nd22xCexCuO4 below 500 mK, obviously result from the
interaction between conduction electrons and the Nd m
ments.

2. Magnetic field perpendicular to the CuO2 planes

Magnetoresistance curves in fields perpendicular to
CuO2 planes differ significantly from those in parallel field
both for Nd1.8Ce0.2CuO4 ~Fig. 10, top! and for
Pr1.8Ce0.2CuO4 ~Fig. 10, bottom!. In the Pr compound, the
magnetoresistance in perpendicular fields has an appea
typical of the magnetoresistance of two-dimensional me
films in the case of weak localization35 over the whole field
range of our measurements. In the magnetoresistanc
Nd1.8Ce0.2CuO4, the rapid downturn of the resistance in lo
fields (,1 T), in particular at temperatures below 1 K, m
arise from localization effects as well. Also in higher field
the magnetoresistance of the Nd compound is negative,
with a weaker field dependence than that observed for th
compound. A marked shoulder near 5 T in thedata obtained

FIG. 10. Magnetoresistance ofR1.8Ce0.2CuO4 single crystals in
fields perpendicular to the CuO2 planes, measured at the temper
tures indicated in the figure. Top:R5Nd; bottom:R5Pr.
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below 1 K most probably is the counterpart of the maximu
near 2 T of themagnetoresistance in fields parallel to t
CuO2 planes, shifted to a larger field value because of
smaller g-factor of Nd perpendicular to the CuO2 planes.

IV. DISCUSSION

Our results for the magnetoresistance of overdop
Nd22xCexCuO4 with x50.2 have exactly the features whic
are characteristic of classical heavy-fermion systems:40 nega-
tive magnetoresistance above a characteristic temperaturT*
~in classical heavy-fermion systems,T* is related to the
Kondo temperatureTK!, and belowT* a positive magnetore
sistance in small fields with a maximum at a characteris
field B* which is related toT* . The positive magnetoresis
tance of heavy-fermion compounds forB,B* is generally
ascribed to the destruction of the coherent state by the
plied field, whereas the negative magnetoresistance
B.B* and forT.T* results from the scattering of conduc
tion electrons by Kondo impurities.40

This negative magnetoresistance is very well described

the Bethe-ansatz solution of theS5 1
2 Coqblin-Schrieffer

model41 for the magnetoresistance of independent Kon
impurities.40 A numerical calculation of transport propertie
of heavy-fermion systems in Ref. 42 reproduces quite wel
least the qualitative features of the observed magnetore
tance of heavy-fermion systems at low temperatures in
fields.

Although the mechanism leading to heavy-fermion-li
properties of metallic Nd22xCexCuO4 is different from that
in classical Kondo lattices,18,19 there is a remarkable similar
ity of many properties of Nd22xCexCuO4 with those of clas-
sical heavy-fermion systems.

However, the results of our low-temperature resistan
measurements are not in accordance with theT2 dependence
expected for a coherent heavy-fermion state, as is cle
seen in Fig. 7. The variation of the low-temperature behav
of R(T) from one crystal to another shows that several d
ferent mechanisms contribute to the low-temperature re
tivity. First, coherence cannot be perfect in the materi
studied because of the Ce dopants. As demonstrated
Ōnuki and Komatsubara43 for the system Ce12xLaxCu6, the
low-temperature resistivity is considerably affected even
small concentrations of La. Furthermore, the pronoun
two-dimensional character of the cuprates under study fav
weak localization which seems to dominateR(T) at the low-
est temperatures for the crystal whose resistance is displ
in the uppermost part of Fig. 7. Finally, filamentary supe
conductivity in the Ce-poor regions of some of the ove
doped crystals may influenceR(T) ~Fig. 7, lowest panel!.

A comparison of the effects of magnetic fields upon t
specific heat, especially upon the value ofg, ~Fig. 4! with the
magnetoresistance curves~Fig. 8!, reveals a complete coin
cidence of the ranges both of the magnetic field~;1.5 to
;3.5 T! and of the temperature~below ;500 mK!, where
the value ofg is strongly suppressed and where the mag
toresistance goes through a maximum. This coincide
lends further support to the interpretation of the lo
temperature properties of Nd22xCexCuO4 as indications for
the formation of a coherent heavy-fermion state arising fr
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the interaction between Nd moments and conduction e
trons.

The coupling between conduction electrons and Nd m
ments is based on the exchange interactions between Nd
Cu moments. Thus the behavior of the Cu-spin system p
an essential role for the phenomena described here. Our
surements provide no direct information about the dynam
of Cu spins. However, important clues on this have be
obtained by studies of muon-spin relaxation
Nd1.8Ce0.2CuO4 at very low temperatures~down to 70 mK!
in zero field and in applied longitudinal fields.44 First, the
results of these experiments exclude the presence of s
magnetic moments either in a magnetically ordered stat
frozen in a spin-glass state down to 70 mK. Second,
spin-correlation timetc—a measure for the vanishing of th
autocorrelation function̂Si(t)•Si(0)& for times t.tc—has
a surprisingly large value,tc'1029 s. Finally, the average
hyperfine field at the muon site implies a Nd moment
about 0.2mB , strongly reduced compared tomNd.1.3 mB in
Nd2CuO4.

14

Since the muon-spin relaxation is primarily caused by
moments, the spin-correlation timetc quoted refers to the
Nd moments. However, the coupling strength between
and Nd moments as measured by the splitting of the
ground-state doublet, corresponding to about 1 K, is lar
by two orders of magnitude than\/tc . Hence the spin-
correlation time of the Cu moments is expected to be co
parable to that of the Nd moments. Similarly slow dynam
of Cu spins was recently derived from electron spin re
nance of Gd in La1.65Gd0.01Eu0.24Sr0.1CuO4. In these experi-
ments, it was found that the spin-fluctuation frequency 1tc
tends toward 1010 s21 at low temperatures.45

The large value oftc can be explained by the presence
domains of antiferromagnetically correlated Cu momen
Excitations of Cu spins within domains have a spin-wa
like character with high frequencies, but low amplitud
These excitations reduce the value of the autocorrela
function, but they cannot lead to its vanishing. This can o
be accomplished by moment reversals in a time shorter
tc . Thustc is determined by the relatively slow motion o
domain walls which does reverse the direction of Cu m
ments. This picture resembles theoretical considerations46 on
a domain-wall fluid as the dynamical counterpart to strip
domains observed in Nd-doped La22xSrxCuO4 by neutron
scattering.47 It appears possible that the situation
Nd22xCexCuO4 in this respect is quite similar to that foun
in La22xSrxCuO4.

Direct and detailed information about magnetic corre
tions and excitations can be derived from neutron-scatte
data. In an early neutron-scattering study of single crys
Nd1.85Ce0.15CuO4, correlation lengths of Cu moments we
determined, and the dynamics of Cu moments was stu
by inelastic scattering with energy transfer>3 meV.3 These
energies by far exceed the energy range of the excitat
which give rise to the anomaly in the low-temperature s
cific heat observed in our study.

Only recently, results of high-resolution inelastic neutro
scattering studies of Nd22xCexCuO4 with 0<x<0.15 at very
low energies and low temperatures have been reported.20,22,48

In undoped polycrystalline Nd2CuO4, the inelastic scattering
intensity was found between about 0.2 and 0.8 meV, wit
c-
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clear gap below 0.2 meV.48 Experiments with a Nd2CuO4
single crystal revealed several dispersive branches in the
ergy range from 0.2 to 0.8 meV.20,22 The dispersion is as
cribed to Nd-Nd interactions, and the multitude of branch
arises from the eight magnetic Nd sublattices in the nonc
linear antiferromagnetic structure.21 The average energy o
the excitations,.0.63 meV, is caused by the mean fie
acting on the Nd moments due to the Nd-Cu interactions
Ce-doped samples, both in single crystals22 and in polycrys-
talline materials,48 these excitations are shifted to lower e
ergies. Forx50.15, the scattering has essentially quasiel
tic character.

These results are in good agreement with those of
measurements of the specific heat.17 However, up to now, the
neutron-scattering results provide no possibility to dec
whether the underlying mechanism involves interactions
tween Nd moments and conduction electrons,18 or whether
softening of the excitations due to competing Nd-Cu a
Nd-Nd interactions is the cause.21 Our magnetoresistance re
sults definitely favor the first-mentioned mechanism.

V. SUMMARY

We have investigated compounds Nd22xCexCuO4 with
0<x<0.2 by measurements of the specific heat, of the te
perature dependence of the electrical resistance, and o
magnetoresistance in fields up to 11 T.

For all Ce-doped compounds (x>0.05), a linear termgT
was found in the specific heat at low temperatu
(T&0.3 K). For 0.05<x,0.14, the value ofg is in the
range 0.3– 0.6 J/K2 per mole Nd. In this range of Ce concen
trations, a logarithmic increase of the electrical resista
with decreasing temperature points to weak localization i
two-dimensional~2D! metal, in agreement with results re
ported by Hagenet al.34 Near x50.14, g rises abruptly to
3 – 4 J/K2 per mole Nd for 0.15<x<0.2. For overdoped
crystals withx50.2, from 10 to 300 K, the temperature d
pendence of the electrical resistance parallel to the C2
planes is very well described by Eq.~1!, derived for domi-
nant electron-electron scattering in a 2D metal.36 For all
overdoped crystals, the resistance goes through a minim
between 4 and 10 K, with an approximately logarithmic i
crease toward lower temperatures.

Magnetic fields exceeding 1.5 T drastically reduce t
low-temperature specific heat. For single crystals of ov
doped Nd1.8Ce0.2CuO4 in a magnetic field parallel to the
CuO2 planes,g50 for B>3.5 T.

The magnetoresistance of Nd1.8Ce0.2CuO4 single crystals
and thin films in fields parallel to the CuO2 planes matches
exactly that reported for heavy-fermion systems:40 It is mo-
notonously negative forT.1 K; below about 500 mK, it is
positive in small fields, goes through a maximum near 2
and is negative in higher fields. In contrast, the magneto
sistance of Pr1.8Ce0.2CuO4 crystals is negative at all tempera
tures of our measurements down to 20 mK. The only diff
ence between these compounds is the presence of mag
rare-earth moments at Nd, whereas Pr is nonmagnetic. T
the observed differences of the magnetoresistance, in par
lar the maximum near 2 T, obviously are due to the inter
tion between conduction electrons and Nd moments. The
incidence of the field and temperature ranges where the v
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of g is suppressed and where the magnetoresistance
through a maximum supports the interpretation of the la
linear term in the specific heat of Nd22xCexCuO4 in terms of
the formation of a coherent heavy-fermion state arising fr
the interaction between the Nd moments and conduc
electrons in the CuO2 planes.18
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