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The very anomalous normal state properties and superconductivity of electron-doped supercon-

ducting cuprates with the TU structure are discussed. The literature values of high mobilities for

electrons and holes are explained by the electrons and holes existing in different layers. The annealing

procedures necessary for superconductivity produce oxygen-vacancy negative-U pairing centers. The
relative insensitivity of T to the annealing condition is attributed to stabilization of the chemical
potential near the middle of the narrow oxygen band formed by oxygen vacancies where the electronic

entropy is large.

PACS: 74.76.Bz, 72.15.Eb, 72.15.Gd, 74.25.Fy

Introduction

Pairing interactions which are confined only to
the CuO, layers of optimally hole-doped high tem-
perature superconducting cuprates are believed to
be insufficient to account for the wide range of
maximum 7., which are found in the families of
superconducting cuprates which have the highest
T, [1]. In the present paper we extend our discus-
sion to include the electron-doped superconducting
cuprates.

While pairing interactions are considered to be
exclusively in the CuO, layers in the most widely
accepted models of cuprate superconductivity, there
is certainly no theoretical reason why they cannot
occur elsewhere. Attractive interactions across in-
terfaces have been discussed in the past many times,
starting with Ginzburg [2] and Bardeen [3]. In
their models artificial interfaces were considered.

In the cuprates nature has provided layers with
well-matched interfaces, with the possibility of
transferring charge (or doping) from reservoir lay-
ers which are removed from the CuO, layers. Ter-
nary layered perovskites and structures with even
more complex unit cells grown either as single
crystals, or as films might be considered to be «self
organized» with layer sequencing that permits
modulated doping. In order to account for the very
high T, superconducting transitions of the cuprates
which have Hg, Tl and Bi-based charge reservoir
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layers, we have suggested that those 6S! cations are
negative U centers based on well-known chemistry
of these elements. These provide an effective attrac-
tive potential between electrons of opposite
spin [1]. The negative U center forms as a result of
the cation interaction with surrounding atoms (po-
larization, deformation, magnetic, etc.) and inter-
nal electron correlation. In the strongly ionic limit
the 6S! cations can disproportionate to 6S° and
6S? configurations. More realistically, they would
form a narrow band based upon those configura-
tions. The quasiparticles in this partially filled band
can interact with the pair ordering in the CuO,
layers and become part of the condensate. While at
this stage there is no direct proof for this idea, we
believe it has merit because i) it is well known that
Hg, Bi and Tl form negative U centers in many
oxides, and ii) there is the well-documented case
discovered by Chernik and Lykov [4] of supercon-
ductivity resulting when small concentrations of Tl
are substituted for Pb in PbTe. Two articles review
the extensive research in Russia which shows con-
vincingly that Tl (and no other dopants), forms a
narrow resonant band based upon 6S°-65? states
inside the PbTe valence band which, when partially
occupied, becomes superconducting [5,6]. Optimum
doping of about [1102° carriers per cc results in the
T, which range up to 2 K. It is of interest that these
quantities are comparable to those found in opti-
mally oxygen-reduced SrTiO; .



More experiments are needed to test the idea
that negative U centers enhance the superconduc-
tivity of the layered cuprates. As a first step in this
direction, we refer to a model which analyzes tun-
neling through a barrier containing negative U
impurities [7] and predicts that an enhanced critical
current should be observed due to pair resonant
tunneling.

In the present paper we show that pairing due to
negative U centers may be useful as a basis for
understanding the perplexing chemistry and un-
usual normal state properties reported in the lite-
rature of the electron-doped cuprates such as
(NdCe),CuO, (NCCO) which have the TYstructure
where a separate oxygen layer exists between the
rare earth layers.

Electron doped cuprates

The synthesis of electron doped superconducting
cuprates is a two step process [8]. The first step is
a straightforward substitution of a tetravalent ca-
tion (Ce or Th) for the trivalent rare earth, such as
Nd. The added electron which is transferred to the
CuO, layer remains weakly localized. The second
step involves annealing in vacuum or an inert gas
which removes a small amount of oxygen ([J1 or
2%). The second step is essential for producing
superconductivity [9] and cannot be understood in
terms of simple doping or charge transfer. From
chemical considerations each oxygen removed leaves
two electrons in the lattice. Intuitively one might
expect the increased electron doping to be the same
as would be obtained by the substitution of two
additional Ce** for Nd®* which results only in a
small decrease in resistivity. However, a much more
remarkable change occurs. The transport behavior
shows that mobile holes and electrons are created
and that superconductivity appears below about
25 K.

The neutron diffraction data [10] show no sig-
nificant structural change results from the oxygen
reduction (step 2). The only difference is that a
barely detectable concentration of interstitial oxy-
gen at the apical oxygen (O,) site (which is not
occupied in the ideal THphase) is no longer detected
in the reduced (superconducting) single crystal.

The profound consequences of removing 1% or so
of oxygen from the lattice are not at all clear.
Studies of (Nd, ¢sCe, ;5)CuO, , the most intensi-
vely investigated system, show that the supercon-
ducting properties are only found in a narrow con-
centration range for compositions 0.15 < Ce < 0.18
[9], and only after reduced oxygen annealing. After
this treatment the transport properties suggest
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semimetallic behavior with low carrier concentra-
tion. For some samples the Hall effect changes sign
with temperature [11], and the Seebeck voltage can
be of either sign [12]. The positive Nernst effect is
1 to 2 orders of magnitude larger than expected for
a typical Fermi liquid [12]. A large positive magne-
toresistance at 60 K [12,13] is observed which sim-
ple considerations suggest mobilities of the order of
100 cm?/(VE). Smaller changes in resistivity itself
with doping indicate that mobility changes may be
more important than doping.

Suggested model

There have been no satisfactory models proposed
to explain the transport and superconductivity n-
type cuprates. It seems apparent to us that it will be
necessary to consider interactions throughout the
entire complex unit cell, much as we have argued is
needed to understand the hole doped cuprates [1].
For the electron doped cuprates with the highest
T, , more definitive experiments, particularly care-
ful measurements comparing single crystals and
epitaxial films before and after step 2, are needed.
At present we can offer only educated guesses as to
the underlying microscopic physics and chemistry.

There is no doubt that in step 1 the Ce doping
transfers electrons to the CuO, layer. The CuO
bond distance increases and the distance between
the NdCe layer and the oxygen layer decreases [ 14].

Normal state properties

It takes 15% Ce doping to destroy the antiferro-
magnetic long-range order, after which the trans-
port remains in the weak localization regime at low
temperatures.

In step 2, oxygen vacancies are created and two
electrons remain in the lattice for each oxygen
removed. It is well known from the properties of
reduced alkaline earth oxides that oxygen vacancies
are never paramagnetic [15]. We postulate that
similar behavior occurs in the reduced cuprates.
That this is not unexpected follows from a model
comparing the energies of singly and doubly
charged impurity centers in a dielectric continu-
um [16].

A maximum positive magnetoresistance is ex-
pected when the electron and hole conductivities
are equal. This maximum is observed approximately
at the same concentration as T, max) (Ref. 12,
Fig. 7). The magnitude suggests there are about
1020 carriers. If they were confined to single layers
one would expect strong 2d electron—hole Coulomb
scattering and low mobility.
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Semimetals with high mobilities such as Sb and
Bi are 3 dimensional, and have very large dielectric
constants; both of these factors increase the screen-
ing. We suggest that there is a different reason for
the high mobility in NCCO, namely because the
mobile carriers exist in different layers. The elec-
trons are confined to the CuO,, layers and the holes
are confined to the oxygen layers where the
Madelung potential favors holes. It is significant
that step 2 is only effective after the long-range
antiferromagnetic order is destroyed by the Ce dop-
ing. The electrons in the CuO, layers are then less
localized and may promote increased conductivity
in the oxygen layers. This interaction in turn should
promote delocalization in the CuO, layers [17].

Superconducting interactions

Without the oxygen vacancies there is no super-
conductivity. We propose that the oxygen vacancy
negative U centers discussed above support super-
conducting pairing interactions in the oxygen layers
such as Hg, Bi, and Tl cations do in the charge
reservoir layers of the hole doped type cuprates [1].
The experiments with Tl in PbTe where the hole
concentration was changed by additional doping
with Na, which is a lower lying acceptor level than
T1, show that, to obtain maximum T, [5], the
chemical potential must be close to the middle of
the narrow negative U band where both occupied
and unoccupied negative U states are present.

This position of the chemical potential is stabi-
lized after annealing by thermodynamics due to the
highest electron density of states being near the
middle of the impurity band. A somewhat related
behavior has been noted in oxygen nonstoichiomet-
ric (HgRe)BaQCuOy where T, close to T, max) after
annealing is achieved independently of changes in
Hg and Re composition [18]. The procedures for
obtaining T, in step 2 which are relatively robust
and independent of the exact annealing regime, i.e.,
whether done in a vacuum, or in an inert gas, or in
oxygen at a more elevated temperature, can reason-
ably be attributed to a similar thermodynamic sta-
bilization.

Conclusion

We have proposed a model which has the virtue
of being able to explain the unusual normal state
and superconducting properties of electron doped
cuprate superconductors for the first time. The
model has unusual features, particularly that there
are mobile electrons and holes present which exist
in different layers of the unit cell. Superconducting
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pairing interactions are believed to arise from nega-
tive U center oxygen vacancies which are formed
upon removing oxygen by annealing. Considerably
more experimental and theoretical work is required
in order to prove or disprove our model.
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