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VIEWPOINT

Cuprate Superconductors May Be
Conventional After All
Experiments on a copper-based high-temperature superconductor uncover the existence of
vortex states—a hallmark of conventional superconductivity.

by Can-Li Song⇤ and Qi-Kun Xue†

Copper oxide superconductors, or “cuprates,” are
the record holders for the highest critical temper-
ature (Tc = 134 K) at ambient pressure. Among
many applications, they might one day be used to

make the tens of kilometers of cables that generate acceler-
ating magnetic fields at CERN’s Large Hadron Collider. The
origin of high-Tc superconductivity in cuprates, however, re-
mains a major unsolved problem in physics. It is generally
believed that the cuprates aren’t adequately described by the
theory for ordinary superconductivity, the Bardeen-Cooper-
Schrieffer (BCS) theory, since typically these materials do not
exhibit features predicted by the theory. Now, a team led by
Christoph Renner at the University of Geneva, Switzerland,
has demonstrated that a model cuprate hosts vortex states
that are a crucial feature of BCS behavior [1]. The finding,
they argue, suggests that superconductivity in cuprates is of
the conventional type.

Vortex states have been observed in all conventional
“type-II” superconductors. Type-II superconductors, which
include most of the alloys or ceramics used in MRI scanners
and particle accelerators, do not completely repel a mag-
netic field. The field can penetrate the material through
so-called Abrikosov vortices, which are supercurrents of
paired electrons (Cooper pairs) that circulate around a non-
superconducting core (see Fig. 1). In such a vortex, the
Cooper pairs act as a potential barrier that confines the non-
superconducting electrons. According to BCS theory, the
lateral confinement results in bound states with discrete en-
ergies, known as Caroli–de Gennes–Matricon states [2]. The
observation of such vortex-core states in conventional su-
perconductors (for example, in NbSe2 [3]) was a piece of
evidence supporting BCS theory. These vortex states can
also be helpful in clarifying the mechanism behind super-
conductivity, because their spatial structure directly reveals
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Figure 1: Bardeen-Cooper-Schrieffer theory predicts that vortex
states are formed in conventional type-II superconductors in a
magnetic field. Renner and co-workers have observed such states
in the high-Tc cuprate YBa2Cu3O7�d, suggesting its
superconductivity may be conventional. (APS/Alan Stonebraker)

the symmetry of the Cooper pairing. Despite intense re-
search efforts, however, these states have not been observed
in cuprates. Their absence has been one of the arguments for
deeming BCS theory insufficient to describe these materials.

Vortices are typically observed in scanning tunneling
spectroscopic measurements, in which a tip scanning over
the surface of a superconductor records a peak of conduc-
tance as it is placed at a vortex core (the peak is observed
when the electrical bias between the tip and the supercon-
ductor is zero). In the case of the superconductor studied
by Renner and co-workers, YBa2Cu3O7�d (Y123), previ-
ous scanning tunneling experiments had revealed certain
features (discrete states at energies close to one quarter
of the superconductor’s pseudogap) [4] that were initially
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Lappeenranta university
Reserach group of Professor Bernardo Barbiellini: Toward an understanding of vortex-defect
interactions

• Point-defect study: Positron annihilation spectroscopy (PAS) with DFT calculations

• The main questions to be addressed are:

1) What is the highest attainable critical current Jc?
2) How do we optimize vortex pinning with defects?
3) What is the relationship between Jc and the point defect density?

Disorder produced by the defects, Entropy and Thermodynamics relations.
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More information:
Prof. Bernardo Barbiellini, Bernardo.Barbiellini@lut.fi, Dr Johannes Nokelainen, Johannes.Nokelainen@lut.fi

High-temperature cuprate superconductors studied by x-ray Compton scattering and positron annihilation spectroscopies
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Figure 1. Schematic phase diagram for cuprates as a function of hole doping x, showing the route from
the single-band SC phase with holes in x

2 � y
2-type molecular orbitals, realized in bulk cuprates (left),

to the two-orbital nodeless SC phase in the hole-rich CuO2/Bi2212 monolayer (right). The insets show
the corresponding Fermi surface for one-orbital (left) and two-orbital {x

2 � y
2, 3z

2 � r
2} (right) SC

phase. Image is reproduced from [106]; right inset for the hole-rich CuO2 monolayer is reproduced
from [105].

Another way of increasing the hole density in Cu(3d) orbitals was realized for a CuO2 monolayer
grown on Bi2212 cuprate [28]. Here the CuO2 monolayer is heavily overdoped by charge transfer at
the interface and has a short bond between Cu and the apical O in the substrate. A minimal two-orbital
model predicts indeed a nodeless high-Tc SC state with s

± pairing [29], arising from the spin-orbital
exchange a’la Kugel-Khomskii model [89].

3.2. Nickelates

One expects that another route to achieve higher hole doping in Cu(3d) orbitals is realized in Ni
oxides, and indeed the Fermi surface very similar to that for the overdoped cuprates was observed
in Eu2�xSrxNiO4 [108]. This Fermi surface is also similar to the one found for LaNiO3/LaAlO3
heterostructure, where both eg symmetries contribute to the band structure obtained in local density
approximation (LDA) [109], see Figure 2. Although it was argued that the 3z

2 � r
2 symmetry would

be eliminated by electron correlations, both bands were observed in the experiment [108].
The theoretical study of the electronic structure for the LaNiO3/LaAlO3 heterostructure suggests

that orbital engineering using heterostructuring is in principle possible. The electronic structure obtained
with LDA for the heterostructure without strain, see Figure 2a, has the Fermi surface at kz = 0 very
similar to that of the overdoped CuO2 monolayer, see Figure 2b and the right inset of Figure 1.
Hence, the theory predicts a SC heterostructure, if this system could be synthesized in the future.
So far, widely tunable orbital configurations were indeed realized by in strongly correlated systems:
LaTiO3/LaNiO3/LaAlO3 heterostructure [110], and nickelate superlattices [111,112].
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