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Kondo effect and superconductivity in Nd2 „Ce„Cu04 8 compounds
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Samples of Nd2 „Ce„Cu04 q (0 x & 0.2) were prepared by annealing both in air and under vac-
uum (10 Torr). Powder x-ray-diffraction patterns indicated that all samples consisted of a single-

phase Nd2Cu04-type tetragonal structure with crystal symmetry 14lmmm. Electrical resistivity
measurements showed that all Ce-doped Nd2CuO& q samples annealed in air and those annealed in

vacuum with x &0.17 demonstrate a resistivity minimum (Kondo effect) resulting from the corn-

bination of magnetic and phonon scattering. Magnetic susceptibility and electrical resistivity mea-

surements reflect the influence of crystal-field effects below 55 K. The linear temperature-dependent
term of the resistivity typical of metallic behavior in the high-T, oxides exists across the whole

range of Ce concentration, with the exception of the host compound Nd2Cu04 z, which is an insu-

lator. This indicates that a model of metal-insulator transition is not appropriate in describing the
occurrence of superconductivity in Nd2 „Ce„Cu04 q.

INTRODUCTION

The discovery of superconductivity in the R2Cu04
system (R =Pr, Nd, and Sm) (Ref. 1) by a combi-
nation of Ce doping and oxygen reduction has gener-
ated a great deal of interest. Immediately following
this discovery, superconductivity in Nd2 Th Cu04
Pr2 „Th,Cu04 &, and Eu2 „Ce„Cu04 & was ob-
served. ' All of these superconductors have the same
Nd2Cu04-type structure, ' with oxygen deficiency
achieved by annealing in a reducing atomosphere. The
preparation of single-phase materials for these com-
pounds is a delicate process in comparison with the other
high-T, copper oxides. Hall measurements' ' indicate
that these materials belong to the family of layered
copper oxide superconductors where electrons are the
charge carriers above T, . This behavior contrasts sharp-
ly with that of the previously known high-T, cuprates,
which involve holes as the carriers responsible for the
conductivity. Although the Nd2Cu04-type structure is
closely related to that of the La2Cu04 compound, a
significant structural difference between the La2Cu04 and
R2Cu04 compounds is that the Cu atoms are octahedral-
ly coordinated by oxy gens in La2Cu04, but in the
R2Cu04 materials, the coordination is square planar. In
this paper„ the results on the preparation, x-ray
diffraction, magnetization characterization, and dc resis-
tivity measurements of Nd2 „Ce Cu04 & are reported.
The dc resistivity measurements show evidence for the
occurence of a Kondo effect in the Nd2 „Ce Cu04
compounds.

EXPERIMENTAL DETAILS

Samples of Nd2 Ce Cu04 & with x=0.0, 0.06, 0.10,
0.14, 0.15, 0.17, and 0.20, were prepared by solid-state re-

action from high-purity Nd203, Ce02, and CuO.
Stoichiometric mixtures of the starting materials were
ground thoroughly and heated in air using an A1203 cru-
cible at 950'C for 12 h. The resulting powers were re-
ground and pressed into pellets at 1 kbar and fired in air
at 1100'C for 12 h, followed by quenching to room tem-
perature. Both magnetization and resistivity measure-
ments indicated that all of the samples quenched in air
are not superconducting above 2 K. In order to obtain
superconductivity, it was necessary to anneal the sintered
pellets in a reducing atmosphere. We placed these pellets
in a furnace chamber with an Alz03 boat filled with fresh
titanium sponge next to the sample. This sample
chamber was pumped by a diffusion pump to a pressure
near 10 Torr. The samples were then annealed under a
vacuum at 875'C for 6 h, maintaining the pressure at
10 torr. Finally, the samples were furnace cooled to
room temperature in 2 h.

X-ray diffraction measurements indicated that both the
air quenched and vacuum annealed samples are phase
pure for x ~0.20. All of the diffraction peaks and
peak intensities were indexed and matched by a tetra-
gonal Nd2Cu04-type structure with crystal symmetry
I4/mmm. These lattice parameters determined using an
internal silicon standard (a=0.543083 nm) are tabulated
in Table I.

Meissner effect, diamagnetic shielding, and normal-
state magnetic-susceptibility measurements were ob-
tained between 5 and 300 K using a commercial super-
conducting quantum interference device (SQUID) magne-
tometer. Meissner effect and shielding measurements
were obtained in applied fields ranging from 10 to 100
Oe. For the two bulk superconducting samples (see the
discussion in the following), the amplitude of the diamag-
netic signal yields a Meissner fraction of 30%. No
corrections were made for demagnetizing effects. The
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TABLE I. Lattice parameters for the Nd2, Ce Cu04 z air-
quenched (upper part) and vacuum-annealed (lower part) sam-
ples.

a (nm) c (nm) V(nm)

0.00
0.06
0.10
0.14
0.15
0.17
0.20

0.3930
0.3943
0.3951
0.3949
0.3951
0.3953
0.3948

1.213
1.214
1.212
1.209
1.210
1.209
1.206

0.1873
0.1887
0.1893
0.1886
0.1890
0.1889
0.1880

0.06
0.14
0.15
0.17
0.20

0.3942
0.3948
0.3959
0.3946
0.3946

1.213
1.210
1.211
1.207
1.205

0.1886
0.1886
0.1899
0.1880
0.1876

size of this Meissner effect is considerably larger than
normally obtained for polycrystalline superconducting
specimens in this system and confirms the bulk nature of
superconductivity in these two samples.

The dc electric resistivity p( T) measurements were per-
formed on rectangular specimens cut from sintered pel-
lets employing a standard dc four-probe technique. To
ensure good contacts between the electrical leads and the
sample, four platinum wires were attached by silver
epoxy on the sample surface, followed by annealing at
400'C in air for the air quenched samples and in a N2 at-
mosphere for the vacuum annealed samples for —,

' h to
help the silver diffuse easily around the contacts on the
sample surface. This process reduced the contact resis-
tance dramatically.

RESULTS AND DISCUSSION

Previous researchers' have noted the strong correla-
tion of the superconductor-nonsuperconductor phase
change with the temperature dependence of the resistivi-
ty for Nd2 Ce Cu04 & prepared in a reducing atomo-
sphere. For x ~0. 14, the temperature dependence of the
resistivity behaves like a semiconductor (dp/dT (0), al-
though the resistivity steadily decreases with increasing
x. The onset of bulk superconductivity is observed
abruptly at x=0.14. When x exceeds 0.18, superconduc-
tivity disappears and the resistivity exhibits a typical me-
tallic behavior. Beyond this concentration, the resistivity
still decreases with increasing x and the slope dp/dT be-
comes positive. These results are basically consistent
with our present studies. Because of these properties,
Liang et al. ' assumed the optimum superconducting
composition to lie very close to the crossover from semi-
conducting to metallic-type conductivity. However, we
feel that these resistivity data are poorly understood by a
simple model of a semiconductor-metal transition. "
From our detailed studies, we find no evidence for a
semiconductor-metal transition near the superconduct-
ing-nonsuperconducting boundary in the vacuum-
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FIG. 1. The logarithm of the dc electrical resistivity as a
function of temperature for the air-quenched samples (a) and
the vacuum-annealed samples (b).

annealed or air-quenched samples as a function of Ce
content.

In Fig. 1(a) we show the resistivity data of the air-
quenched samples in the temperature range 2 —400 K for
x=0.06, 0.14, 0.15, 0.17, and 0.20. The p(T) increases
monotonically with decreasing temperature. All of these
resistivity curves can be fitted above 55 K by the equation

p( T) =a In( T)+PT +y .

Other functional forms such as A /T" or Ae ~ do not
fit the data.

After annealing at 875'C in a vacuum, the samples
with compositions x=0.15 and 0.17 showed bulk super-
conductivity with T, =26 K, and the materials with com-
positions x=0.06, 0.10, 0.14, and 0.20 displayed traces of
superconductivity with the same T, . The resistivity data
on the samples annealed under vacuum with x=0.06,
0.10, 0.14, 0.17, and 0.20 are shown in Fig. 1(b) in the
temperature range 2 —400 K. For x (0.17, each resistivi-
ty curve above 55 K can also be fitted by Eq. (1).

We note that the anomalous behavior of the tempera-
ture dependence of the electrical resistivity described by
Eq. (1) is normally associated with the Kondo effect. "
The explanation of the Kondo effect is based on the ex-
change interaction between the spins of the conduction
electrons and the localized magnetic moments in the lat-
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pIr=p, 1+2N(EF)I ~g
—1~in

T
F

(3)

where p, denotes normal spin-disorder resistivity, TF the
Fermi temperature, and N(EF) the density of states at
the Fermi energy. The total resistivity is then the sum of
pz and the contribution from the phonon scattering,
which shows a linear dependence over a wide tempera-
ture range. By comparing Eqs. (1) and (3), we have

tice. With a negative exhange constant this interaction in
second-order perturbation theory leads to an increase of
localized-spin disorder resistivity with decreasing temper-
ature .The minimum in the p( T) curve then results from
the combined effect of this type of spin-disorder scatter-
ing and phonon scattering.

In the Nd2 Ce Cu04 & materials, the high-temper-
ature (55 & T & 400 K) magnetic-susceptibility measure-
ments indicated that the magnetic moments come from
Nd + ions, while the Ce ions are close to 4+, with negli-
gible moments. Due to the highly localized character of
the rare-earth 4f electrons, direct magnetic coupling be-
tween the localized Nd + moments is negligibly small.
Therefore, in the absence of a strong indirect coupling, it
is conceivable that the rare-earth metallic system
Nd2 Ce„Cu04 & shows a Kondo anomaly in the nondi-
lute case. Here the Ce is introduced to donate electron
carriers in the Cu-0 planes, which are necessary for both
the Kondo effect and the superconductivity to appear,
since Nd2Cu04 is an insulator as determined by the resis-
tivity measurement.

Kondo"' derived an expression for the spin-diorder
resistivity based on the assumption that a local moment
exists, and the effective s-f exhange interactions between
the conduction electrons and a single local moment can
be written as

&=—I ~g
—1~s J,

where I is an exchange parameter measuring the
strength of the interaction, g is the Lande g factor, s is
the spin operator of the conduction electrons at the local
moment site, and J is the spin associated with the local
moment.

Kondo s expression for spin-disorder resistivity then
reads

0.06
0.10
0.14
0.15
0.17
0.20

—210.0
—30.0
—15.8
—38.1
—26.0
—0.78

0.45
0.045
0.032
0.086
0.054
0.0024

1180
168
85.0

204.7
138.0

4.65

y/a
—5.6
—5.6
—5.4
—5.4
—5.3
—6.0

T;„(K)
466.7
666.7
493.8
443.0
481.5
325.0

0.06
0.10
0.14
0.15

—405.0
—67.4
—32.2
—23.4

0.720
0.134
0.053
0.017

2195.0
360.4
194.3
155.7

—5.4
—5.4
—6.0
—6.7

562.5
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607.5
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TABLE II. Air-quenched (upper part) and vacuum-annealed
(lower part) samples.

y=p, 2p, N(EF)I'lg 1 llnTF,

a=2p, N(E~)I ~g
—1~,
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resistivity minimum at
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The numerical values of a, P, and y, as well as y/a
and T;„obtained by fitting the resistivity curves using
Eq. (1) are listed in Table II for both air-quenched and
vacuum-annealed samples. The parameters a, P, and y

FIG. 2. The least-squares fitting parameters vs the Ce con-
tent for air-quenched ( ) and vacuum-annealed (0) samples.
See Eq. (1) and the explanation of these parameters in the text.
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are plotted versus the Ce composition in Fig. 2. The
magnitude of a is a measure of the magnetic scattering
strength. The negative values of a reAect a negative I in-
dicating an antiferromagnetic coupling between conduc-
tion electrons and the localized Nd + moment. On the
other hand, the magnitude of P is a measure of the pho-
non scattering. For the vacuum-annealed samples, a, P,
and y decrease quickly as the Ce composition increases.
However, for the air-quenched samples, a, P, and y ini-
tially decrease with increasing Ce composition, but start
to increase slightly when x exceeds 0.14. In these plots of
air-quenched samples, each plot has a peak centered at
x =0.15 between the composition range of x =0.14—0. 17.
We note that this peak disappears when the samples are
annealed in vacuum, and bulk superconductivity is ob-
served in the composition range of x=0.14—0. 17. Al-
though the values of a, P, and y change by two to three
orders of magnitude across the series, the values of y/a
only vary from —6.7 to —5. 1, with a mean value of
around —5.5. The large changes of a and y with in-
creasing Ce composition imply that the normal spin-
disorder resistivity p, is very sensitive to the Ce doping.
In Fig. 3 the ratio y/a is plotted versus x. The values of
y/a for vacuum-annealed samples initially stay constant
as x increases. When x exceeds 0.1, the y/a values be-
come more negative, and drop to —6.7 at x =0.15. For
the air-quenched samples, the values of y/a are approxi-
mately constant for x &0.17. The y/a value drops to
—6.0 at x=0.2. As implied by Eq. (6), the quantity y/a
depends on TF, N(EF), and I, where I is a negative con-

stant in this case. Therefore, the change of y/a is possi-
bly caused by two factors: the shift of Fermi energy by
doping Ce into the lattice and the change of the density
of states at the Fermi level.

We note that the two curves in Fig. 3 are similar in
shape, just shifted by approximately Ax=0.07. This ob-
servation can be explained in terms of the roles played by
the Ce doping and oxygen deficiency. The effect of in-
creasing oxygen deficiency (5) can be compensated by re-
ducing the Ce content (x}.

The last quantity listed in Table II is the T;„obtained
by using Eq. (7}, which does not change monotonically
with increasing Ce composition. The value of T;„varies
from 325 to 1377 K depending on x. The resistivity
minimum around 325 K is actually observed for the air
quenched sample at x=0.20 as shown in Fig. 1. In order
to see the resistivity minima for other samples, we would
need to go to higher temperatures. However, we do not
expect to see the resistivity minimum at 1377 K, as the
sample will decompose before reaching this temperature.

As an example of the resistivity curve fit, Fig. 4 shows
the temperature dependence of resistivity with solid lines
representing the least-squares fit. Above 55 K all the
solid lines going through each data point represent the
quality of these fits. At about 55 K, the actual resistivity
data begin to deviate from these solid lines as tempera-
ture decreases. Such deviation can be attributed to the
effect of the cyrstalline electric field. Magnetization mea-
surements in the temperature range 2 —400 K indicate
that all Nd2 „Ce„Cu04 & materials exhibit susceptibili-
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-5.2—
-5.4—
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FIG. 3. The ratio of y/a (see the text) as obtained by the least-squares fit vs the Ce content.
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ties typical of Nd + with a crystalline electric field mo-
ment reduction below 55 K. This is demonstrated in Fig.
5, where the inverse susceptibility is plotted versus tem-
perature for the air-quenched sample with x =0.14.

For the vacuum-annealed samples with x )0. 17, the
logarithmic temperature term in the resistivity disap-
pears, and the slope of the resistivity curves becomes pos-
itive. Although the materials still display traces of super-
conductivity, bulk superconductivity is observed only in
the composition range 0.14(x 0.17, where contribu-
tions to the resistivity from both the magnetic scattering
and phonon scattering exist. We conclude that when x is
less than 0.14, the magnetic interactions are too strong
for superconductivity to appear. On the other hand,
when x exceeds 0.17, the total disappearance of magnetic
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FIG. 4. Temperature dependence of resistivity for (a)
x =0.20, air quenched; (b) x =0.15, vacuum annealed; (c)
x =0.14, air quenched. The solid lines represent the least-square
fits {see Table II).

scattering is also detrimental to the superconducting
state. These resistivity data show that in addition to the
magnetic scattering contribution, a significant phonon
term indicative of metallic behavior exists throughout the
entire range. Therefore, a model that relies on a sharp
metal-insulator transition is not appropriate for this sys-
tem.

Recent resistivity measurements on superconducting
Nd2 Ce Cu04 & single crystals' indicate that the
resistivity curve in the ab plane above T, has positive
slope [dp( T) IdT & 0]. However, this temperature depen-
dence is not linear in the entire temperature range stud-
ied (T, to 300 K). A possible fit for these single-crystal
resistivity data may need a combination of a metallic
term and a term due to magnetic scattering. Although
the metallic term dominates in this case, one can not rule
out the possibility of a large contribution from the mag-
netic scattering perpendicular to the ab plane, which has
not been measured for the single crystal.

Thus the main question of whether the negative slope
[dp(T)ldT &0] above T, is an intrinsic property along
one, or more, principal cyrstallographic axes of these
compounds remains open. The component of the resis-
tivity that can be associated with the Kondo effect may
be dominated by interactions perpendicular to the ab
plane.

In addition to the anisotropy considerations, we note
that the normal-state resistivity data remain very sensi-
tive to the Ce concentration. To make a comparison of
the single-crystal resistivity data with our ceramic sam-
ples, a knowledge of the absolute accuracy of the Ce can-
tent in the single crystals is necessary. For the vacuum-
annealed samples with x )0.17 we also observe the
normal-state resistivity data with dp(T)ldT &0. There-
fore, our resistivity data of ceramic Nd2, Ce„Cu04 & do
not contradict these single-crystal results.

To test our polycrystalline results, we prepared plate-
like (3mm) Nd2 „Ce,Cu04 s single crystals, ' which
were annealed in air only, and therefore were not super-
conducting. Our resistivity measurements in the ab plane
in the temperature range 2 —400 K are consistent with the
polycrystalline results discussed in this paper, that is
dp(T)/dT &0. While, it is still necessary to perform
single-crystal studies on several samples with varying
cerium and oxygen concentrations to conclusively
demonstrate the absence of intergranular effects in poly-
crystalline data, our one single-crystal measurement to
date' indicates that our polycrystalline resistivity results
are intrinsic to these materials.

The experimental density of our ceramic samples is ap-
proximately 90% of the theoretical value of 7.25 glcm .
This is a rather high value considering the powder syn-
thesis methods employed. This high density is of great
importance in determining the intrinsic properties of the
materials. As another comparison of our ceramic com-
pounds with the single crystals, we note that our
vacuum-annealed ceramic sample with x=0.20 has a
resistivity value at 300 K of 0.9 mQ cm, which is compa-
rable to the single crystal resistivity' at 300 K for
x=0.16. Therefore, we conclude that the intergrain con-
tribution to the resistivity for these ceramic samples stud-
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FIG. 5. The inverse magnetic susceptibility as a function of temperature for an air-quenched sample with x=0.14 taken in an ap-
plied field of 2.0 kOe.

ied in this work must be negligibly small, and does not
affect significantly the determination of the intrinsic
properties.

In summary, we have prepared single-phase high-
density Nd2, Ce„Cu04 & materials. The Kondo effect
is offered as a plausible, quantitative explanation of the
resistivity data for both air-quenched and vacuum-
annealed samples. Bulk superconductivity is observed
only in the narrow range of Ce composition. The linear
phonon contribution to the resistivity exists across the
entire Ce composition (x &0) indicating that the oc-

currence of bulk superconductivity is not simply due to a
semiconductor-metal transition.
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