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Low-energy magnetic excitations in hd CeCuQ, with 0=x=<0.2 have been investigated by measure-
ments of the specific heat. For all Ce-doped sample=s(.05), a linear termyT was found at very low
temperaturesT(<0.5 K), with 0.3 J/€=<y=<0.6 J/K per mole Nd for 0.05x<0.14, and 3 J/R<y=<4 J/IK?
per mole Nd for higher Ce concentrations. In overdoped J8&, ,CuQ,, v is rapidly suppressed in magnetic
fields exceeding 1.5 T. The temperature dependence of the electrical resistance parallel to JaGe
corresponds to that of two-dimensional metals. The magnetoresistance gE&dCuO, single crystals and
c-axis-oriented thin films in magnetic fields parallel to the Gulanes 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 f&>2 T. These features are similar to those observed in heavy-
fermion systems. In contrast, inRCe, ,CuO,, 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 electrongS0163-18207)05844-X]

I. INTRODUCTION have at optimum dopingxE=0.15) aT, in the range 20-25
K (for all three rare earths quoted, variationsTof in this
A remarkable feature of cuprate superconductors is theange have been reported, apparently depending upon prepa-
presence of fluctuating, antiferromagnetically correlated Cuation parameters, primarily upon the oxygen content of the
moments in  Cu@ planes in coexistence with samples studied although the magnetic character of these
superconductivity. The carriers of supercurrents are locatedrare earths is quite different: for Pr, the crystal-field ground
in the same Cu®planes, in contrast to the coexistence ofstate is a nonmagnetic singlet, whereas both Nd and Sm

antiferromagnetic order and superconductivity in classicalarry magnetic moments, with a relatively high ordering
superconductors in which magnetic rare-earth atoms are Wet'émperatureTﬁ’“zG K for Sm,Cu0,.®

separated from conduction electron_s cqrrying the A particularly interesting case is the system
supercurrent$.These observations have given rise to many, 4 .Ce.CuO.. Similar to all oth i f this famil
experimental studies of magnetic correlations and quctua'-\l 2-x=6EUG, |m|ar_ 0 alt other c_:upra es o fis family,
tions in superconducting cuprates by neutron scattériiy, Y moments order %nuferromagnencally belﬁ&: 270K
nuclear quadrupole resonarftend by Raman scatterifgp 1N undoped N@CuQ,.” Below 10 K, an anomaly in the spe-
quote a few examples. cific heat was obseryéﬁ, Whlch closely resembles a

In addition, some cuprate superconductors contain magSchottky anomaly, as first noticed by Boothrogtial* As
netic rare-earth atoms, such as the family of compound&e first excited crystal-field level lies at an energy of about
RBa,Cu;0;_; (in short,R-123 compounds whereR stands 16 meV1! the anomaly was ascribed to a splitting of the Nd-
for Y or any rare earth except Ce, Pr, and Tb, or compound4f ground-state doublet resulting from interactions between
R,_«M,CuQ, (with R=Pr, Nd, Sm, or Eu, anl=Ce or Nd moments and the ordered Cu moments. Adelmann
Th). In R-123 compounds, magnetic interactions between thet al*? showed that this interpretation is in agreement both
rare-earth sublattice and Cu moments are quite Wédk.  with the specific-heat data and with the gradual ordering of
these compounds, rare-earth moments have no detrimentdd moments with decreasing temperature revealed by neu-
effects uporT,, and the ordering temperatures of rare-earthtron diffraction’®* Thus the low-temperature order of Nd
moments are hardly affected by the oxygen content for thenoments is induced by their interaction with the ordered Cu
whole range & §<1 in most cases, although Cu momentsmoments.
order antiferromagnetically fof=0.6, whereas no ordering In Ce-doped compounds bld,CeCu0O,, no ordering of
of Cu moments occurs for higher oxygen contents. Cu moments occurs for=0.14 in well-reduced samplés1®

In R,_,M,CuQ, compounds, the situation seems to beHowever, measurements of the specific heat of supercon-
quite similar at first sight. Compounds with Pr, Nd, and Smducting samples Nd ,CeCu0, and Ng_,Th,CuQ,, both
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with x=0.15, revealed an anomaly at low temperattfres 257 ; T
which is quite similar to the anomaly for undopedJ8dO,. [
This highly surprising observation inspired us to study the 20

variation of the low-temperature specific heat with Ce- 3
doping in Ng_,CeCuQ, with x in the range &x=<0.2.!’ © i
The results showed a systematic shift of the anomaly towardsg I
lower temperatures with increasing and the appearance of 5
a large linear termyT for T<300 mK, with y=4 J/K? per o3
mole Nd forx=0.15. Furthermore, the magnetic susceptibil- g
ity of overdoped Nd_,CegCuQ, with x=0.2 was found to 2

e N

10

be Curie-Weiss like fof =1 K, and to level off at a Pauli- ¢ °°F
like constant value folf <300 mK!’ :

This heavy-fermion-like behavior was interpreted by s : e ;O'OO
Fulde and co-workers as arising from the interaction between T (mK)

stableNd moments andtrongly correlatecconduction elec-

; 8,19 ;
trons in the Cu@ planesl. Thus the mechanism underly- FIG. 1. Low-temperature specific heat of two polycrystalline

ing the heavy-fermion phenomena in N4Ce,CuQ, is dif-  samples of Ngl_,Ce,CuO, with x=0.2, (O) prepared by the stan-
ferent from that in classical Kondo lattices. According to thiSgard ceramic techniquéx) prepared by the sol-gel process, and

interpretation, the formation of the heavy-fermion state is no{v) of a single crystal.
affected by the opening of a gap with the onset of supercon-

ductivity at T,=20 K in Nd,_,Ce,CuQ, with x=0.151° in
agreement with the experimental resufts.

An alternative explanation of the large linear term in the
specific heat of Ng ,CeCuQ, is based on competing
Nd-Nd and Nd-Cu interactiorl®~2? whereas the Nd-Cu in- Il. SAMPLES AND EXPERIMENTAL TECHNIQUES
teractions which are dominant in pld,Ce,CuG, for x<0.1
tend to align the moments of nearest Nd-neighbor pairs fer-
romagnetically, the interaction between these neighbors For the preparation of polycrystalline samples, three dif-
seems to be antiferromagnetic. Introduction of conductiorferent methods were employed in attempts to optimize their
electrons in the Cu®planes by Ce doping reduces the homogeneity and properties. At first, samples were prepared
strength of Nd-Cu interactions. At a critical doping level by standard ceramic techniques as described in Ref. 17.
X¢r=0.1, “softening of Nd spin-wave modes connected with ~ An improved homogeneity was expected for samples pre-
a magnetic instability of the forced Nd magnetic structure” pared by the sol-gel roufé. However, the final products
is proposed “to trigger the large increase pffor doping  were extremely fine-grained and had a low denéi60%
levelsx=0.1." 2° of the theoretical density This had no effect upon the spe-

In the present work, we report on supplementary calori<ific heat as shown by a comparison of the specific heat of a
metric measurements, tracing the dependence wbon the  compound prepared by standard ceramic procedures with
Ce contentx, and measurements of the influence of a magthat measured for a sol-gel samig. 1). However, a study
netic field upon the low-temperature specific heat, both for af muon-spin relaxation in material prepared by the sol-gel
polycrystalline sample and for a single crystal. Our maintechnique revealed significant changes of muon relaxation
effort, however, was devoted to a study of the involvementates at low temperatures within a time span of a few
of conduction electrons in the heavy-fermion-like state bymonths?* Presumably, oxygen and possibly water diffuse
measurements of the magnetoresistance of single crystalgiite rapidly along grain boundaries which are very numer-
and of c-axis-oriented thin films Ng ,CeCuQ, with ous in the fine-grained material, leading to changes of its
x=0.2, that is, in an overdoped, nonsuperconducting comproperties.
pound at low temperatures (20 n#KI'<4 K). For compari- Finally, samples were prepared employing a variant of
son, we also measured the magnetoresistance of single cryseramic technigues which involves partial melting of the ox-
tals Pp_,CgCuQ, with x=0.2 in the same temperature ides above the eutectic temperature in the last sintering step,
range. This we considered necessary in order to distinguisas proposed in Ref. 25. In samples prepared by this method,
effects resulting from interactions between Nd moments anéhdividual grains were substantially larger, the density was
conduction electrons from effects due to the tendency towardbove 90% of the theoretical density, and no changes of
superconductivity, to fluctuating Cu moments, and to themuon relaxation rates were observed over an extended time
highly two-dimensional character of these compounds. Thepan?*
latter effects can be expected to be similar in Nd and Pr Polycrystalline Ce-doped samples were reduced by an-
compounds, whereas there are no interactions between ranmgealing them for 20 h between 900 and 950 °C in Ar. For all
earth moments and conduction electrons in_R€gCuQ,  polycrystalline samples, structural parameters and phase pu-
since Pr is nonmagnetic in these compounds. rity (with a sensitivity of about 2%were determined by

Methods employed in sample preparation and experimenx-ray diffraction.
tal techniques are described in Sec. Il, followed by the pre- Single crystals of both Nd,CeCuO, and
sentation of results in Sec. Ill. These results and their impliPr,_,CeCuQ, were prepared by directional solidification
cations for the Ilow-temperature state of metallicusing CuO flux, as described in Ref. 26. The thickness of

Nd,_,CeCuQ, are discussed in Sec. IV. The paper is con-
cluded by a short summary of our findings in Sec. V.

A. Sample preparation
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crystals used for measurements of the electrical resistance S—~————7+ — 7T 1T 71
and of the magnetoresistance was in the range 2Qs40 . E

the lateral dimensions parallel to the Cufdanes were of the sl
order 1-2 mm. Overdoped crystals wi=0.2 were not T 0 E
subjected to a reduction treatment, since indications for the I
presence of superconducting regions were found in reduced © °[
crystals. These had to be avoided for measurements of the E
electrical resistance and of the magnetoresistance. As shown 8 ,[ ]
in Fig. 1, the low-temperature specific heat of single crystals & [ hd 1

is in good agreement with that of polycrystalline samples §

with the same level of Ce doping. =T ’ ]
Furthermore c-axis-oriented epitaxial thin films of com- r E

position Nd ;e ,CuQ, were fabricated by pulsed-laser 7 S— I P SRS N P S

deposition on LaAlQ substrates in an )0 atmosphere. A 0.00 0.0 0.10 015 0.20

detailed description of the deposition process can be found in Ce content x

Refs. 27 and 28. The films were cooled from the deposition I -
temperature(730 °O to room temperature withi 2 h in FIG. 2. Variation ofy in Nd;,Ce.CuO,
vacuum. The film thickness varied between 3000 and 6000
A. Structural parameters and phase purity were verified b)(m
x-ray diffraction.

with the Ce contenk.

The rather irregular shape of the crystals implied a large
certainty in converting measured resistances to resistivi-
ties. This does not concern variations of the resistivity with

temperature and with an applied magnetic field which are of

B. Calorimetry primary interest in the present work.
The specific heat was measured with a semiadiabatic heat-
pulse calorimetéf in a top-loading®He/*He dilution refrig- Il RESULTS
erator in the temperature range 100 mK<3 K. A RuG, '
resistance thermometer was used for the determination of the A. Specific heat

temperature. Magnetic fields up ¥ T were applied for
studying the field dependence of the specific heat. 1. Dependence of upon Ce content x
Nonzero values of the coefficient of the linear term in
C. Electrical resistance and magnetoresistance the low-temperature specific heat were found for all doped
Measurements of electrical transport properties were per(Eompounds NQ‘XCQ‘-CUO“ with x=0.05. As shown in Fig.
formed exclusively with single crystals, and with 2, the values ofy are in the range 0'.3_0'6 Jiper mole Nd
c-axis-oriented thin films. Polycrystalline sam'ples could notfor 0.05=x<0.14. Neax~0.14, y rises abruptly to values

: between 3 and 4 JA&per mole Nd forx=0.15.

be expected to give conclusive results because of significant For some time after the first report about the occurrence

contributions of grain boundaries to the resistance, and be- L 32 .
cause of the very strong anisotropy both of the resistiity of superconductivity in Ng,CeCuQy, ™ compounds with

: x=<0.14 were classified as semiconducttr¥ Since non-
and of the magnetic response.

The temperature dependence of the resistance in the terfic O values ofy are not compatible with a semiconducting

perature range 5K T<300 K was measured in a He-bath character of the samples,. we measured the temperature de
. pendence of the resistance of the two samples
cryostat. At lower temperatures, electrical transport propers ; o -
. . . ey ; Nd,_,Ce CuQ, with the limiting Ce contentx=0.05 and
ties were determined in the dilution refrigerator at tempera-0 14.1n both samples the resistance increases with decreas
tures between 20 mK and about 3 K, with applied fieldsupta_~ ", b

. . Ing temperature. However, as demonstrated in Fig. 3, the
11 T for magnetoresistance measurements. The current direc-
. ; emperature dependence does not correspond to thermal ac-
tion was always parallel to the Cy@lanes, but three differ-

ent orientations were chosen for the direction of the a ”e(iivation of charge carviers over a gap as expected for a semi-
SN . s PP onductor. Rather, the increase of the resistance is linear in
field: (i) parallel to the current directioriji) parallel to the | . ; )
. N T over a wide range of temperature, in agreement with
CuG, planes and perpendicular to the current direction, and,
(iii) perpendicular to the Cugplanes data report3e4d by Hagest al. for Ndz_xCe&CuO_“ crystals at
ucp : low doping™ This temperature dependence is characteristic

In all cases, the four-contact technique was employedfor weak localization in two-dimensional metdfsas was

Contacts for feeding current to the crystals were placed O%urther confirmed by magnetoresistance measureniénts.

the outermost edges of the crystals in order to contact a IargI?lence there is no contradiction between the nonzero values

number of conducting CuOplanes. The voltage drop was . L

determined with two additional contacts at the surface of the. f y derived from our spemﬁc-heqt measurements and the
X o Character of these compounds which are metallic after all.

crystals. The crystals were contacted either with silver epoxy

or with evaporated gold pads. The contacts were substan-

tially improved by annealing the contacted crystalsXd at

400 °C to allow for the diffusion of silver or gold into the In Ref. 17, we reported that magnetic fields strongly

surface of the crystals. For thin films, an In-Ag alloy was modify the specific heat of polycrystalline hdCegCuQO,

used for the contacts. In all cases, contact resistances werewith x=0.2. In particular, the linear term is considerably

the range 1-1@). reduced in applied fields, frony=4 J/K? per mole Nd in

2. Modification of G, by magnetic fields
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FIG. 3. Temperature dependence of the electrical resistance of F|G. 5. Temperature dependence of the resistivity of overdoped
Nd, ,Ce,CuQ, for x=0.05(top) andx=0.14 (bottom), plotted vs  Nd, «Ce, ,CuOQ, single crystals parallel to the Cy@lanes, plotted
InT. asp(T)/p(300 K) vsT? in the range from 10 to 300 K. The dashed

straight lines demonstrate the approximate dependence below

zero field toy=1 JIK2 per mole Nd in a field of 4 T. Now about 200 K. The solid lines are calculated according to #gy.

we have repeated these measurements for a single crystgf,Ef' 36.
again withx=0.2, in fields directed parallel to the CyO
planes. As can be seen in Fig. 4, fields up to 1.5 T hardly B. Electrical resistivity: temperature dependence

affect the specific heat. However, in stronger fields, the value |, the temperature range between about 10 and 300 K, the
of y drops precipitously. It disappears completely fortem g '
: perature dependence of the resistivity of, Mk, ,CuO,
Ezghit-trk Ir;gof:ﬁgjl o;;l |-|r-1 H:fé:é’ 2r&omalé/ has the shape of single crystals showed metallic behavior, varying approxi-
y y op A . mately asT? up to about 200 KFig. 5, dashed lingsFor the
The cause for the stronger influence of magnetic fields on

the specific heat of a single crystal obviously lies in the Con_entlre temperature range of our measurements, the results are

siderable anisotropy of the Ngifactor®! Its value parallel to very well described by the temperature dependence derived

the CuQ planes is larger than that perpendicular to thesd?Y Giuliani and Quinf® for electron-electron scattering in
planes by a factor of 2. Thus, a magnetic fiefdial parallel ~ tWo-dimensional metals:

to the CuQ planes is sufficient to align all Nd moments in

the single crystal, whereas the same field does not align the )

Nd moments in all grains of the polycrystalline sample. p(T)=po+K(T/Te)?IN(Te/T) D

S0 — (Fig. 5, solid lines. This is in agreement with observations

of other groups’*8From our data, we derive values Bf in
the range 3400—-4500 K, not far from the vallie= 3000 K
substituted by Tsuei, Gupta, and Koren and Crusellas
et al.® substantially lower thaffz=29 000 K reported by
Senget al®®

For all Nd, {Ce; ;CuQ, crystals and films measureg(T)
had a minimum between 4 and 10 (Rig. 6), with an ap-
proximately logarithmic increase toward lower temperatures
(Fig. 7). For some of the crystals, a downturn ofT) was
found below about 1 KFig. 7). We do not know the cause

¥ : ] of this downturn. It may be a signature of filamentary super-
00 — ' ' conductivity due to a somewhat inhomogeneous distribution

T (MK) of Ce in these crystals. The temperature dependence of the
resistivity of our Py Ce) ,CuQ, single crystals was qualita-

FIG. 4. C,/T for a single crystal of composition tively similar to that measured for NgCe, ,CuQ,, but the
Nd; ¢Ce&, ,CuQ,, (O) in zero field, and in applied fields ¢&) 1.5  resistivity minimum was at a higher temperature, between
T, (A)2T,(0)25T,(0)3T,(+)35T,and(V) 4 T. about 50 and 150 K.

a5k
40§
35
3.0 b
25 k
20 |
15
10

C/T (JIK?) per mole Nd

05 L
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FIG. 6. Temperature dependence of the resistivity of one of the [
crystals in a restricted temperature range illustrating the resistivity 0.95 -
minimum below 10 K.

T~30 mK

P P P
01 2 3 4 5 6 7 8 9 10 11

C. Magnetoresistance B (T)

1. Magnetic field parallel to the Cu@ planes FIG. 8. Magnetoresistance &, (Ce,,CuQ, single crystals in
For all crystals of overdoped, nonsuperconductingf'elds parallel to the CuPplanes, perpendicular to the current di-

Nd, (Ce, ,CuO, studied in fields parallel to the Cy®@lanes, reEtion., measu'red_at the temperatures indicated in the figure. Top:
we obtained magnetoresistance curves similar to thosB ~ Nd; bottom:R=Pr.
shown in Fig. 8, top. The same is true for oriented thin films.
Examples for results obtained with thin films are displayed inand of the magnetic field as long as both are parallel to the
Fig. 9. No differences were found between the magnetoresis=uG, planes. This is an indication that the observed magne-
tance measured with fields parallel or perpendicular to théoresistance is connected with magnetic scattering of the
current direction. Obviously, the magnetoresistance does naonduction electrons. In crystals with a downturnp¢f) at
depend upon the angle between the directions of the currenery low temperatures, a strong increase of the resistance
was found in small fields§=<0.2 T). In larger fields, the
Yy — T —_— magnetoresistance of these crystals was similar to that ob-

i ] served for crystals with a monotonous increasef) to-
0.40 | . ward low temperature.
b 1 In all cases, we found the behavior as illustrated in Figs. 8
0.38 7 (top) and 9:(1) a monotonous, negative magnetoresistance at
C ] temperatures above about 1°Kand (2) a positive magne-
036 - E toresistance in low fields, a pronounced maximum close to a
034l R field of 2 T, and a negative magnetoresistance in higher
- I . fields at temperatures below about 500 mK.
0.38 F .
8 [ ]
i 1 —t r 1 rrrr 1 1~ r1r° 1 " 7T1 v 117
@ 037F 7 1.00 T~3500 mK 1
m ' N ?\\\\:
~ o036F ] = ]
= 1.00 ]
E:/ 0.35 | P T=1500 mK 1
[ ++++ ———t——++++ —+] S 1
! ' o 100 1
[ & ~
@ T=300 mK
0.36 [ o 100
oooOODO PR SO TR N S SN TR RN R SR S
0.35 Sk '1'(')0 t bttt '1'0'00 4 = O'950 1 2 3 4 5 6 7 8 9 10 11
B(T)
T (mK)

FIG. 9. Magnetoresistance of a NgCe, ,4CuQ, thin film in
FIG. 7. Temperature dependence of the resistivity of the saméelds parallel to the CuPplanes, perpendicular to the current di-
crystals at very low temperature$ €4 K), plotted vs I. rection, measured at the temperatures indicated in the figure.
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1.00 M belonv 1 K most probably is the counterpart of the maximum
1.00 | T-3500mK near 2 T of themagnetoresistance in fields parallel to the
100k : CuG, planes, shifted to a larger field value because of the

T-1500 mK smaller g-factor of Nd perpendicular to the Cuflanes.

IV. DISCUSSION

Our results for the magnetoresistance of overdoped
Nd,_,Ce CuQ, with x=0.2 have exactly the features which
are characteristic of classical heavy-fermion systéhmega-
tive magnetoresistance above a characteristic tempefBture
(in classical heavy-fermion system$; is related to the
Kondo temperatur&), and belowT* a positive magnetore-
sistance in small fields with a maximum at a characteristic
field B* which is related tol*. The positive magnetoresis-
tance of heavy-fermion compounds Bk B* is generally
ascribed to the destruction of the coherent state by the ap-
plied field, whereas the negative magnetoresistance for
B>B* and forT>T* results from the scattering of conduc-
tion electrons by Kondo impuritie®.

FIG. 10. Magnetoresistance &% {Ce,,CuQ, single crystals in This negative magnetoresistance is very well described by
fields perpendicular to the Cy@lanes, measured at the tempera- the Bethe-ansatz solution of th®=3 Cogblin-Schrieffer
tures indicated in the figure. ToR=Nd; bottom:R=Pr. modef?! for the magnetoresistance of independent Kondo
impurities?® A numerical calculation of transport properties

In contrast, the magnetoresistance of e, ,Cu0, was  Of heavy-fermion systems in Ref. 42 reproduces quite well at
found to be monotonously negative in the whole temperaturééast the qualitative features of the observed magnetoresis-
range of our measurementsig. 8, bottom. The most dis- tance of heavy-fermion systems at low temperatures in low
tinct feature of these magnetoresistance curves is a change ##1ds- _ _ o
the slopedR/dB near 5 T which becomes more pronounced Although the mechanism leading to heavy-fermion-like
as the temperature is lowered. As for the Nd compound, ngroperties of metallic Ng .CeCuQ, is different from that
difference was observed between the magnetoresistance ifhclassical Kondo lattice¥*there is a remarkable similar-
fields parallel and perpendicular to the current direction forly Of many properties of Nd,Ce,CuQ, with those of clas-
fields parallel to the Cu@planes. sical heavy-fermion systems. .

As we pointed out in Sec. |, the only difference between However, the results of our low-temperature resistance
Nd,_,CeCu0, and Ps_,CeCuO, which is of importance Mmeasurements are not in accordance withTthelependence
for the magnetoresistance is the presence of magnetic N@xPected for a coherent heavy-fermion state, as is clearly
moments in the Nd compounds, and the absence of rare-ear¥§€n in Fig. 7. The variation of the low-temperature behavior
moments in Pr_,CeCuQ,. Thus the observed differences Of R(T) from one crystal to another shows that several dif-
between the results for these compounds, in particular thierént mechanisms contribute to the low-temperature resis-
maximum close @ 2 T in the magnetoresistance of tvity. First, coherence cannot be perfect in the materials
Nd,_,Ce.Cu0, below 500 mK, obviously result from the Studied because of the Ce dopants. As demonstrated by

interaction between conduction electrons and the Nd mo©nuki and Komatsut_)afé_for. the system Ce ,La,Cug, the
ments. low-temperature resistivity is considerably affected even by

small concentrations of La. Furthermore, the pronounced
two-dimensional character of the cuprates under study favors
weak localization which seems to domin&€T) at the low-
Magnetoresistance curves in fields perpendicular to thest temperatures for the crystal whose resistance is displayed
CuG, planes differ significantly from those in parallel fields in the uppermost part of Fig. 7. Finally, flamentary super-
both for Nd g ,CuOQ, (Fig. 10, top and for conductivity in the Ce-poor regions of some of the over-
Pr, &Ce ,Cu0Q, (Fig. 10, bottom. In the Pr compound, the doped crystals may influend®(T) (Fig. 7, lowest pangl
magnetoresistance in perpendicular fields has an appearanceA comparison of the effects of magnetic fields upon the
typical of the magnetoresistance of two-dimensional metaspecific heat, especially upon the valueyfFig. 4) with the
films in the case of weak localizatibhover the whole field magnetoresistance curvésig. 8), reveals a complete coin-
range of our measurements. In the magnetoresistance ofdence of the ranges both of the magnetic fiéldl.5 to
Nd; {C&) ,CuQy,, the rapid downturn of the resistance in low ~3.5T) and of the temperaturébelow ~500 mK), where
fields (<1 T), in particular at temperatures below 1 K, may the value ofy is strongly suppressed and where the magne-
arise from localization effects as well. Also in higher fields, toresistance goes through a maximum. This coincidence
the magnetoresistance of the Nd compound is negative, blgnds further support to the interpretation of the low-
with a weaker field dependence than that observed for the Remperature properties of Md,Ce,CuQ, as indications for
compound. A marked shoulder néaT in thedata obtained the formation of a coherent heavy-fermion state arising from

R(B) / R(0)

T=3500 mK

T~1500 mK

o1 2 3 4 5 6 7 8 9 101

B (T

2. Magnetic field perpendicular to the Cu@planes
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the interaction between Nd moments and conduction elecclear gap below 0.2 me%? Experiments with a NgCuQ,
trons. single crystal revealed several dispersive branches in the en-
The coupling between conduction electrons and Nd moergy range from 0.2 to 0.8 me¥:?2 The dispersion is as-
ments is based on the exchange interactions between Nd andbed to Nd-Nd interactions, and the multitude of branches
Cu moments. Thus the behavior of the Cu-spin system playarises from the eight magnetic Nd sublattices in the noncol-
an essential role for the phenomena described here. Our meinear antiferromagnetic structufé.The average energy of
surements provide no direct information about the dynamicshe excitations,~0.63 meV, is caused by the mean field
of Cu spins. However, important clues on this have beeracting on the Nd moments due to the Nd-Cu interactions. In
obtained by studies of muon-spin relaxation in Ce-doped samples, both in single crystalnd in polycrys-
Nd; {C&, s,CuQ, at very low temperatureglown to 70 mK  talline material$? these excitations are shifted to lower en-
in zero field and in applied longitudinal field$.First, the ergies. Fox=0.15, the scattering has essentially quasielas-
results of these experiments exclude the presence of statiic character.
magnetic moments either in a magnetically ordered state or These results are in good agreement with those of our
frozen in a spin-glass state down to 70 mK. Second, theneasurements of the specific héaHowever, up to now, the
spin-correlation timer.—a measure for the vanishing of the neutron-scattering results provide no possibility to decide
autocorrelation functiogS(t) - S(0)) for timest>7.—has  whether the underlying mechanism involves interactions be-
a surprisingly large valuer,~10 ° s. Finally, the average tween Nd moments and conduction electrbher whether
hyperfine field at the muon site implies a Nd moment ofsoftening of the excitations due to competing Nd-Cu and
about 0.2ug, strongly reduced compared tgg=1.3 ug in Nd-Nd interactions is the caudOur magnetoresistance re-

Nd,CuQ,.* sults definitely favor the first-mentioned mechanism.
Since the muon-spin relaxation is primarily caused by Nd
moments, the spin-correlation time quoted refers to the V. SUMMARY

Nd moments. However, the coupling strength between Cu

and Nd moments as measured by the splitting of the Nd We have investigated compounds NgCe,CuO, with
ground-state doublet, corresponding to about 1 K, is large<x=<0.2 by measurements of the specific heat, of the tem-
by two orders of magnitude thaf/r.. Hence the spin- perature dependence of the electrical resistance, and of the
correlation time of the Cu moments is expected to be commagnetoresistance in fields up to 11 T.

parable to that of the Nd moments. Similarly slow dynamics For all Ce-doped compoundg#0.05), a linear termyT

of Cu spins was recently derived from electron spin resowas found in the specific heat at low temperatures
nance of Gd in LagGdy o1EUy 2.515.4CUQ,. In these experi- (T=<0.3 K). For 0.05x<0.14, the value ofy is in the
ments, it was found that the spin-fluctuation frequency. 1/ range 0.3—0.6 J/Kper mole Nd. In this range of Ce concen-
tends toward 18 s~ at low temperature®. trations, a logarithmic increase of the electrical resistance

The large value of-, can be explained by the presence of with decreasing temperature points to weak localization in a
domains of antiferromagnetically correlated Cu momentstwo-dimensional(2D) metal, in agreement with results re-
Excitations of Cu spins within domains have a spin-wave-ported by Hageret al>* Near x=0.14, y rises abruptly to
like character with high frequencies, but low amplitude.3—4 J/K¢ per mole Nd for 0.15x=<0.2. For overdoped
These excitations reduce the value of the autocorrelationrystals withx=0.2, from 10 to 300 K, the temperature de-
function, but they cannot lead to its vanishing. This can onlypendence of the electrical resistance parallel to the LuO
be accomplished by moment reversals in a time shorter thaplanes is very well described by E(L), derived for domi-

.. Thus 7, is determined by the relatively slow motion of nant electron-electron scattering in a 2D métaFor all
domain walls which does reverse the direction of Cu mo-overdoped crystals, the resistance goes through a minimum
ments. This picture resembles theoretical considerdfimms  between 4 and 10 K, with an approximately logarithmic in-
a domain-wall fluid as the dynamical counterpart to stripedcrease toward lower temperatures.

domains observed in Nd-doped 4gSr,CuQ, by neutron Magnetic fields exceeding 1.5 T drastically reduce the
scattering’’ It appears possible that the situation in low-temperature specific heat. For single crystals of over-
Nd,_,CgCuQ, in this respect is quite similar to that found doped NdCe&  ,CuQ, in a magnetic field parallel to the

in La,_,Sr,CuGQ,. CuG; planes,y=0 forB=3.5T.

Direct and detailed information about magnetic correla- The magnetoresistance of NgCe, ,CuQ, single crystals
tions and excitations can be derived from neutron-scatteringnd thin films in fields parallel to the Cy®lanes matches
data. In an early neutron-scattering study of single crystalgxactly that reported for heavy-fermion systetfiét is mo-

Nd; g=Ce& 1CuQ,, correlation lengths of Cu moments were notonously negative fof >1 K; below about 500 mK, it is
determined, and the dynamics of Cu moments was studiepositive in small fields, goes through a maximum near 2 T,
by inelastic scattering with energy transte8 meV23 These and is negative in higher fields. In contrast, the magnetore-
energies by far exceed the energy range of the excitatiorsistance of BrgCe, ,CuQ, crystals is negative at all tempera-
which give rise to the anomaly in the low-temperature spetures of our measurements down to 20 mK. The only differ-
cific heat observed in our study. ence between these compounds is the presence of magnetic

Only recently, results of high-resolution inelastic neutron-rare-earth moments at Nd, whereas Pr is nonmagnetic. Thus
scattering studies of Nd,Ce,CuQ, with 0<x=<0.15 at very  the observed differences of the magnetoresistance, in particu-
low energies and low temperatures have been repét&d® lar the maximum near 2 T, obviously are due to the interac-
In undoped polycrystalline N€uQ,, the inelastic scattering tion between conduction electrons and Nd moments. The co-
intensity was found between about 0.2 and 0.8 meV, with dncidence of the field and temperature ranges where the value
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of y is suppressed and where the magnetoresistance goksterst fully informed us about the important results of their
through a maximum supports the interpretation of the largeuSR studies prior to publication. The work was partly sup-
linear term in the specific heat of bld,Ce,CuQ, in terms of ~ ported by the BundesministeriumrfBildung, Wissenschaft,
the formation of a coherent heavy-fermion state arising fromf-orschung und Technologi®roject No. 13 N 661143 One

the interaction between the Nd moments and conductio®f the authordE.M.) received support by Deutscher Akade-
electrons in the CuPplanes:® mischer AustauschdiengDAAD) from Hochschulsonder-

programm |l funds under Grant No. D/95/09140 during a
stay at the University of Maryland. He is very grateful for the
generous hospitality of the Center for Superconductivity Re-

We thank P. Fulde, S. Tornow, V. Zevin, and G. Zwick- search. R.L.G. and J.L.P. were supported by the NSF Con-
nagl for illuminating and stimulating advice concerning thedensed Matter Physics Division under Grant No. DMR-
theoretical interpretation of our results. M. Hillberg and F. J.9510475.
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