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Structural, spectroscopic, transport, and magnetic results are presented for Ndz—xA4x**CuOs—;
materials with 4=Ce and Th. The structural and spectroscopic results indicate a continuous evo-
lution in properties up to the stability limit of x=0.2. In dramatic contrast, the superconducting
properties are sharply peaked near x=0.16 where the system crosses over from semiconducting-

to metallic-type behavior.

Heretofore all of the high-7, superconducting materials
have been p-type materials with hole conduction occurring
in CuO; planes.! > The formal valence of Cu in these
compounds is +2 with superconductivity being enhanced
(or introduced) with chemical substitution that formally
increases the Cu®t admixture. For example, the base
compounds La;—,Sr,CuO4 or Y;Ba;Cu3Og¢ 5+, have su-
perconductivity stabilized by increasing x or y with the
formal Cu valence being 2+x and 2+ 2y/3, respectively.
In contrast, Tokura, Takagi, and Uchida® have reported
the n-type superconductor Nd;-,Ce,CuO4-; where
x=0.15 produces a T. =24 K (under the proper reducing
annealing conditions). With a formally +4 valence for
Ce, the formal Cu valence in these materials is 2 —x — 26
and x-ray-absorption spectroscopic (XAS) measurements
by Tranquada et al.” have indeed established the continu-
ous increase in Cu'* admixture with increasing x. The
current importance of this n-type high-7,. material has
been underscored by recent theoretical comments,%’
which alternately hint at a new superconductivity mecha-
nism or suggest that these materials might provide an an-
vil upon which some theoretical schemes can be wrought.
In view of the novelty and potential importance of this
system, it is clearly essential that the empirical character
of the superconductivity be parametrized as quickly as
possible.

Here we present structural, spectroscopic, transport,
and magnetic results on the Nd;-,A4,CuQ4-; systems
with 4 =Ce** and Th**. The occurrence of supercon-
ductivity is found to be common to both of these quatra-
valent substituted systems. While the structural and spec-
troscopic data indicate continuous evolutions with increas-
ing substitution, we find that the superconductivity is
much more singular in character— being optimized over a
narrow composition range.

The samples used in this study were prepared as has
been described in the literature.®’ All the samples were
“reduced” by heating under flowing Ar for 14 h at 960°C.
Samples referred to as “slow cooled” were cooled in the
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furnace to room temperature at 6°C/min and those
termed ‘““quenched” were cooled rapidly by removal from
the furnace (the Ar atmosphere was maintained for both
types of samples). Structural measurements were per-
formed using an automated SCINTAG PAD V powder
x-ray diffractometer with monochromatized CuKa radia-
tion. The lattice parameters were obtained by least-
squares fitting of the observed Bragg lines in the
10° =< 20 < 60° range. A standard four-probe dc method
was used for the resistivity measurements. A supercon-
ducting quantum interference device (SQUID) magne-
tometer was used for the magnetic measurements. The
x-ray-absorption method was described previously.” Fi-
nally, the x-ray photoemission spectroscopy (XPS) mea-
surements were carried out on scraped pellet surfaces us-
ing a KRATOS XSAM system.

We have found that Nd;-,A4,CuQO,4 materials forming
in the same tetragonal T’ phase6 as Nd,CuO,; for
0.0 < x =< 0.2 is supported by the monotonic decrease of
the ¢ parameter with x in this range for both 4A=Ce and
Th. (The a-lattice parameter is much less sensitive to
substitution.) That x=0.2 is the terminal concentration
for the solution is further indicated by the constancy of
the ¢ parameter in mixtures with x> 0.2 and by the
growth in intensity of the Bragg lines of a second phase
(cubic Ceg75sNdo 2501875 structure'®) with increasing x
for x > 0.2. We note that the monotonic decrease of the
c-axis parameter with increasing x [i.e., from c=12.151 A
for x=0 to ¢=12.039 A for A=Ce(x=0.2) and to
¢=12.087 A for A=Th(x=0.2)] is qualitatively con-
sistent with the smaller ionic radius of Ce** (relative to
Th). However, it is also worth noting that the disparity in
the perovskite structure ionic radii of Ce** and Th** still
would have suggested a more rapid relative compression
with Ce substitution.

The x-ray-absorption measurements’ on the Ndj—,-
Ce,CuOy4 -5 system have (1) established that the Ce is in
a valence state greater than +3 and hence adds electrons
when substituted into the system and (2) found evidence
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for a systematic reduction in the Cu valence (i.e., increas-
ing Cu'* admixing) with increasing x. We show in Fig.
1(a), the difference spectra obtained by subtracting the
Nd,CuQy4 copper-K edge spectrum from those of the Ce
substituted materials. The difference spectrum for the
Cu'?* standard Cu,O is also shown. In general, the near
edge spectra are quite complicated; however, we focus
here on the lowest-energy feature associated with Cu'?,
15— 4p, transitions.’

The energy of this feature agrees well with the Cu'*
standard and its continuous enhancement with increasing
x is clear. In the inset of Fig. 1, we plot the peak height of
this feature (normalized to the Cu,O difference spectrum
peak height) versus x. The data in the inset agree (within
experimental error) with a linear relation of unity slope.
Thus, within this simple measure of Cu't admixture, it
appears that one electron is donated to the Cu sites for
every Ce atom substituted. This continuous variation in
average Cu valence stands in contrast with the sharply
peaked superconducting properties discussed below.

In Fig. 1(b), we present Cu(2ps/;) XPS results which
confirm the increase of Cu'!* in Ce-doped Nd,CuOy4-s
pressed-powder materials. The increase in the Cu'" ad-
mixture in the Ce substituted material is clear from the
difference spectra (obtained using the Nd,CuQy spectra
as a Cu?* standard) which exhibits a sharp Cu'* peak at
" 932 eV. Similarly, the Cu(2p,2) XPS and Cu-LVV
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FIG. 1. (a) A differential absorption coefficient spectra at the
Cu-K edge for Nd;-,CexCuO4-5 compounds. Note that the
x =0 spectrum was used as a Cu?* standard and was subtracted
from all of the x > 0 spectra. Increasing intensity in the Cu'*
4p, feature in the difference spectra indicates increasing Cu'*
content. Inset: The peak height of the Cu'!* 4p, spectral
feature in the Cu-K edge difference spectra. Here the CuO
feature has been used as Cu'* standard and all peak heights are
normalized to it. (b) Cu-2p3» XPS spectrum of Nd;—x-
CexCuO4-5 x=0.15 (spectrum B) and x=0.0 (spectrum A).
The difference spectrum (labeled B-A) has a strong Cu'*
feature at 932 eV confirming the increase of Cu'* admixture in
the Ce substituted material.
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Auger spectra both indicate Cu'* stabilization upon Ce
doping.!! These results qualitatively reinforce our inter-
pretation of the XAS spectra. In view of surface-surface
preparation sensitivity of photoemission spectroscopy
however, more extensive studies are needed on low-
temperature cleaved crystals.

At temperatures above 24 K, all of these Ce and Th
substituted materials exhibited magnetic susceptibilities
typical of Nd3* with a crystalline electric-field moment
reduction below 50 K. The high-temperature (50 K< T
< 370 K) susceptibility for the x =0.075 sample obeys a
Curie-Weiss form x=C/(T+8) with C=3.014
emuK/mole and =56 K. Here the C value is exactly
what is expected for two Nd>*, J=% per formula unit.'!
No evidence for magnetic order was observed in any of the
samples studied. In considering the diamagnetic super-
conducting contribution to the susceptibility, the strong
Nd-paramagnetic background must be remembered.

The resistivity of seven samples in the 4 =Ce system
and four in the 4 =Th system are shown in Fig. 2. Three
characteristic temperatures related to the resistivity re-
sults are plotted versus x in Fig. 3(a): T,; is the tempera-
ture of the initial onset of superconductivity, T.o is the
highest temperature where the resistivity becomes zero,
and T ,iq denotes the temperature where the resistivity has
dropped to one-half of the normal-state (at onset) value.
A crucial point to note is that T,; is essentially indepen-
dent of x for both of these systems with T,;(Ce) =24 K
and T.,(Th) =19 K. Also significant, the T.¢o and Tid
results on the more closely spaced composition set of Ce
samples clearly indicates that the bulk fraction of super-
conducting material is an extremely sharply peaked func-
tion of concentration. Here zero resistance occurs when a
percolating path of superconducting material extends
across the sample. Such percolation requires a bulk frac-
tion above a critical threshold, a threshold set partially by
the detailed morphological distribution of the supercon-
ducting phase. Clearly the bulk fraction rises above this
critical threshold only over a narrow range of x. The con-
ductivity between T, and 7., depends on the detailed
morphology of the superconducting tunneling weak-link
regions in which the current density exceeds the critical
current density. Increasing bulk fraction of superconduct-
ing material will clearly enhance the conductivity between
T.; and T.o, and hence the sharpness of T4 peak should
also mirror the bulk fraction. Referring to the resistivity
results on the Ce system (Fig. 2), we wish to note one last
important point; namely, that the semiconducting-type
upturn in the resistivity (with decreasing 7) disappears
(and metallic behavior onsets) at x =0.16— where the su-
perconductivity is most prominent.

Direct confirmation that the bulk superconducting frac-
tion sharply peaks near x=0.16 is provided by the di-
amagnetic susceptibility (in units of the fully supercon-
ducting signal —1/4zx) shown in Fig. 3(b). Field-
dependent measurements show a sharp reduction in the
diamagnetic signal with increasing magnetic field (H)
even at very low fields.!! Although our H=25 Oe results
are reduced, they nevertheless show the dramatic
enhancement in a superconducting fraction close to
x=0.16 [Fig. 3(b)]. Selected slow furnace cooled sam-
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FIG. 2 (a) Resistivity vs T of the Nd2-xCe,CuOs4 -5 system
prepared under Ar-annealing (reducing) conditions. The
x=0.075 and 0.20 samples  were cooled slowly and the other
samples were quenched. (b) Resistivity vs temperature results
for the Nd2-xThyCuO4-s system prepared under Ar-annealed
(reducing) conditions with slow cooling.

ples show larger superconducting volume fractions than
the quenched materials. [This is illustrated by the

x=0.15 open circle—data point for the slow-cooled sam- .

ple in Fig. 3(b).] It should be noted that the presence of
diamagnetic contributions to the susceptibility of alloys
well removed from x=0.16 can only be discerned via
small (field-dependent) reductions in the strong Nd-
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FIG. 3 (a) The locus of resistivity and susceptibility deter-
mined superconducting properties in the Nd; - ,CexCuO4—5 sys-
tem vs x for Ar atmosphere annealed (reduced) samples. The
initial onset temperature for superconductivity [the first down-
turn in the resistivity vs 7 and the initial diamagnetic signal in y
(or 1) vs T is plotted as (@) and (*), respectively. The tem-
perature Tmig is defined as the half-way point (Ronset/2) in the
resistivity drop and is plotted as (w). The temperature where the
resistivity first reaches zero is denoted 7o (a). The open circles
indicate the resistivity determined 7. for the Nd;—x-
Th,CuO4-; system. (b) The diamagnetic fraction —4my vs x
measured in a field of 25 Oe at T=8 K for Ar-quenched sample
(@) and Ar slowly cooled samples (O).
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FIG. 4. The inverse susceptibility vs temperature for
Ndi.925Ce0.07sCuOs -5 under a different magnetic field. The
curves are normalized to the value of the 100 Oe curve at 30 K.
The upturn at T~24 K under low field (25 Oe) indicates the
onset of superconductivity.



40 SPECTROSCOPIC, TRANSPORT, AND MAGNETIC RESULTS. ..

paramagnetic response. Inverse susceptibility plots, such
as shown in Fig. 4 for the x =0.075 sample best illustrate
this effect. The diamagnetic signal causes a decrease in y
and hence an upturn of the y ~! vs T data. Using this
effect we were able to obtain the diamagnetic T,; for
A =Ce samples well removed from x =0.16. The diamag-
netic onset temperatures T.;, obtained from y (or y ') vs
T data, plotted as * in Fig. 3(a), lie quite close to the T
obtained from the resistivity results.

The picture of superconductivity in the 44* substituted
Nd;CuO4-; materials which our results support is a
singular one. The optimum superconducting composition
appears to lie very close to the crossover from
semiconducting- to metallic-type conductivity. Supercon-
ducting material with a T, close to 24 K can, however, be
seen in materials with average compositions well away
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from x=0.16. Whether 4** composition fluctuations
(i.e., inhomogeneity of the sample) are responsible here,
or whether O-vacancy population fluctuations can stabi-
lize superconductivity over a wider substitution range is at
present not clear. Finally, of course, these data raise the
question of whether in fact there exists a singular super-
conducting material with a precise ratio of 4 composition
to O-vacancy concentration or positional order. More
work to clarify this possibility is clearly crucial.
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