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Abstract
Here we provide the material design of a possible high temperature multiband
superconductor (HTMS) made of a ‘heterostructure at the atomic limit’ formed by alternate
layers of electron doped FeAs and CuO2 separated by intercalated NdO spacers. This new class
of materials is derived from the two well known electron doped superconductors Nd2 CuO4 and
NdOFeAs belonging to the cuprate and the pnictide families, respectively. The calculated local
electronic density of states show that both the Cu and Fe bands cross the Fermi surface. This
will provide (i) superconducting Fermi arcs made by charges from the CuO2 plane, and (ii)
tubular Fermi surfaces, as in pnictides, by itinerant charges from the Fe atomic layer. The
electronic properties of this new class of materials are presented to highlight the possibility of
material design of a HTMS tuned at a shape resonance in the energy gap parameters belonging
to the class of Fano–Feshbach resonances called superstripes. The Nd L3 -edge x-ray absorption
near edge structure (XANES) of the proposed model system is calculated and compared with
the XANES spectra of the Nd2 CuO4 and NdOFeAs parent compounds.
(Some figures in this article are in colour only in the electronic version)

The recent discovery of high temperature multiband superconductivity (HTMS) in iron based compounds [1–12]
has provided additional support for proposals focusing on
exchange-like interband paring as the driving mechanism for
high temperature superconductivity [13, 14]. In fact the new
superconducting iron-pnictide materials show four key features
predicted by these models: (i) they are made of multilayers,
(ii) they are multiband metals, (iii) the Fermi level of these
systems is near an ‘electronic topological transition’ (ETT)
and (iv) they are multigap superconductors. Following these
0953-2048/10/052003+07$30.00

proposals, called the ‘superstripes scenario’, amplification of
the superconducting critical temperature Tc occurs in systems
with a material architecture made of ‘metallic heterostructures
at the atomic limit’ [15, 16]. These are superlattices of
superconducting units (layers, or stripes, or wires, or spheres
or balls) separated by an intercalated material [17–20]. The
electronic structure of such a system is made of multiple
bands crossing the Fermi level with different symmetry and
with projected partial density of states (PDOS) in different
spatial locations of the heterostructure. The chemical potential
1
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Figure 1. Crystal structure of NdOFeAs (left) and Nd2 CuO4 (right). Superconducting Fe (in NdOFeAs) and CuO2 (in Nd2 CuO4 ) layers are
intercalated by the same NdO fluorite spacer layers.

appears to be tuned (by changing the structure or the charge
density) in the proximity of an ETT where one of the
Fermi surfaces changes its topology and/or dimensionality.
Finally in this regime a key term is the exchange-like term,
called interband pairing, i.e. the exchange of pairs between
condensates with different order parameters in bands with
different symmetries and localization. This term controls
the quantum interference between different pairing channels
and could be the driving force for a shape resonance or
Feshbach resonance [21] that pushes up the critical temperature. However, this regime is difficult to realize since the
system near an ETT is on the verge of a catastrophe due
to first order transitions triggered by impurities and disorder.
Therefore in all known HTMS the shape resonance near the
ETT shows up with a complex heterogeneity due to frustrated
or complex phase separation. According to one of the many
proposals, high Tc superconductivity by the amplification
of the critical temperature has been associated mainly with
a material architecture consisting of a ‘heterostructure at
the atomic limit’ and tuning of the chemical potential by
changing the lattice or the charge density [16, 22]. In this
proposal the essential point for high Tc superconductivity
is not the proximity to a Mott insulator, but the material
architecture that is postulated to be an intrinsic feature. The
discovery of superconducting diborides in 2001 [23] provided
the first support for this model [24, 25]. In fact the diboride
systems share a similar ‘heterostructure at the atomic limit’
with cuprates; a superlattice of quantum wells, where the
superconducting atomic boron layers replace the quite different
superconducting CuO2 layers, and the metallic Mg spacers
replace the complex spacers in the cuprates. The discovery
of superconducting pnictides in 2008 [1] has provided further
strong supporting for this proposal [26]. In fact pnictides have
a very similar ‘heterostructure at the atomic limit’ architecture
to cuprates; a superlattice of quantum wells, where the
superconducting atomic FeAs layers replace the quite different
superconducting CuO2 layers and the REO (RE = rare-earth)

spacers in 1111 families replace the complex spacers in the
cuprates.
The remarkable structural similarity of the cuprates and
pnictides, from the functional point of view, can be easily
visualized by considering the examples of NdOFeAs and
Nd2 CuO4 structures (figure 1). Both NdOFeAs and Nd2 CuO4
have tetragonal symmetry at room temperature with similar
lattice parameters. The NdO spacer layer is identical in
both systems (figure 1). While the superconducting FeAs
layers with reversed fluorite structure appear to be quite
different from bcc CuO2 layers, from the point of view of
electronic transport, these two have identical roles to play. The
‘heterostructures at the atomic limit’ are characterized, first,
by charge transfer between the superconducting layers and the
spacers and, second, by the superlattice misfit strain [27–30].
The NdOFeAs and Nd2 CuO4 are kinds of model systems
where the superlattice misfit strain seems to play an important
role in the superconducting properties. Both these systems
become superconductors by charge transfer of electrons from
the spacer to the superconducting layers. In both systems the
NdO fluorite layers are under a compressive microstrain due to
the superlattice misfit strain. Also in both, the superconducting
planes, Fe and CuO2 in the pnictide and cuprate systems,
respectively, are under a tensile microstrain that favors electron
doping. The compressive microstrain in the NdO fluorite
layers allows the formation of oxygen ion vacancies that can
also provide electronic charge transfer to the superconducting
plane in the fluorite spacer layer. Both systems show
interesting magnetic phase transitions. However, unlike
NdOFeAs, Nd2 CuO4 shows no structural phase transition and
continues to be in the tetragonal phase even at low temperature,
which is also found to be true for the doped compounds
(Nd1.85 Ce0.15 CuO4 , and Nd1.85 Ce0.15 CuO3.965) [31].
In this work we propose a possible new class of materials
made of composite heterostructures where both CuO2 and
FeAs layers are embedded in the same superlattice. Figure 2
provides the model crystal structure of such a system,
2
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Figure 3. The site projected density of states (PDOS) of the
Nd4 CuO6 Fe2 As2 . Legends show the color code used for the different
orbitals. The vertical dotted line indicate the position of E F .

Table 1. Crystallographic parameters of the Nd4 CuO6 Fe2 As2
system formed by combination of CuO2 , and FeAs layer units
intercalated by NdO fluorite layers. Space group: I 4/mmm ,
a = b = 3.96 Å, c = 21 Å. Crystallographic data corresponding to
NdOFeAs and Nd2 CuO4 are given in [32, 33]. As can be seen, the
crystallographic structure of the new compound is similar to the
parent compounds, which is expected due to the striking structural
similarity between the two systems (figure 1).

Figure 2. Structure of the Nd4 CuO6 Fe2 As2 system formed by
combination of CuO2 and FeAs layer units intercalated by NdO
fluorite layers.

Nd4 CuO6 Fe2 As2 . Table 1 presents the crystallographic details
of this structure. The NdO spacer layer in this new superlattice
structure separates two different kinds of charge-carrier layer
either side. This implies that from the electronic structure
point of view, the Nd atoms are going to have two distinct sites
(electronically, two distinct PDOS for a Nd atom depending on
its site). This new class of ‘heterostructures at the atomic limit’
could provide a very exciting HTMS made of CuO2 and FeAs
superconducting layers with different superconducting gaps
in the different layers and a single superconducting critical
temperature controlled by proximity effects, i.e. the interband
exchange-like pairing interaction.
The PDOS of the constituent elements of the Nd4 CuO6 Fe2
As2 system is shown in figure 3. The PDOS calculation method
is described in a recent article [34]. As expected from the
Nd2 CuO4 and NdOFeAs electronic structure, the near Fermi
level ( E F ) states in this case are also dominated by the d
states of Cu and Fe. Importantly, as is evident from the Nd
PDOS (upper two panels in figure 3), there is a relatively large
weight for the Nd f states near the E F for the two distinct
Nd sites, albeit with a noticeable difference in the spectral
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0
0
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0
0
0.5
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0.57
0
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0
0.25
0.30

weight distribution. The Nd ground state is [Xe] 4f4 6s2 with a
partially filled 4f state. The d state also make a non-negligible
contribution to the near E F DOS, especially the unoccupied
states close to E F . From figure 3 it is evident that the major
contribution to the near E F DOS comes from Nd, Cu and Fe.
The calculated PDOS shows that both Cu and Fe bands cross
the Fermi surface. This will provide, first, superconducting
Fermi arcs [35] made by charges from the CuO2 plane and,
second, tubular Fermi surfaces like in the pnictides [36, 37]
made by itinerant charges in Fe atomic layer. It is interesting
to compare how the electronic structure of these elements
in the superstructure (Nd4 CuO6 Fe2 As2 ) varies from that of
the ‘parent compounds (NdOFeAs and Nd2 CuO4 )’. For that
purpose, in figure 4, we plot the PDOS of these elements in the
‘superstructure’ and ‘parent compounds’.
3
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Figure 4. Comparison of the PDOS of Nd4 CuO6 Fe2 As2 with its parent phase compounds NdOFeAs and Nd2 CuO4 . Upper right and lower
right panels compare, respectively, the Fe PDOS and the Nd PDOS of the NdOFeAs and Nd4 CuO6 Fe2 As2 systems. Upper left and lower left
panels compare, respectively, the Cu PDOS and the Nd PDOS of the Nd2 CuO4 and Nd4 CuO6 Fe2 As2 systems. The dotted line in all panels
indicates the position of E F .

in the electronic structure. Alternatively, there could also be
slight changes occurring in the structure due to changes in
the electronic bands as a result of proximity effects. In an
interesting resonant x-ray spectroscopy study on the interface
between high temperature superconducting (Y, Ca)Ba2 Cu3 O7
and metallic La0.67 Ca0.33 MnO3 , Chakhalian et al, showed the
importance of orbital reconstruction and covalent bonding in
designing of oxide heterostructures with engineered physical
properties [38]. It is found that a charge of about −0.2
electron is transferred from Mn to Cu ions across the interface,
resulting in a major reconstruction of the orbital occupation
and orbital symmetry of the CuO2 layers. In the present
case, although the active layers, CuO and FeAs, are separated
by the identical NdO spacer layer, a coupling between the
active layers, especially when the spacer layer is in the doped
condition, can have non-trivial consequences for the functional
properties of the system.
Having calculated the electronic structure, it is tempting
to make use of the above in performing possible comparisons
with available experimental data. Comparison with the xray absorption data is one way to do that. This also helps
in further clarifying the electronic and structural correlations.
We have used the Nd L3 -edge XANES data for this purpose.
In figure 5, we present the normalized experimental and
calculated XANES spectra of the NdOFeAs and Nd2 CuO4
systems. The experimental data for the Nd2 CuO4 are taken

The d states of Cu and Fe are the key players in the quasiparticle formation of the cuprate [35] and pnictide [36, 37]
systems, respectively. A comparison of these d states in
the ‘parent phase’ with that of the superstructure reveals
substantial changes in its near E F spectral weights (figure 4).
From the structural point of view, the origins of such
differences are not so evident. Looking back at the structure
(figures 1 and 2), from the Fe site, the Fe–As charge-carrier
layer in NdOFeAs and Nd4 CuO6 Fe2 As2 have identical spacer
layers (NdO) on both sides. The situation for the other
charge-carrier layer, Cu–O, is similar. While these chargecarrier layers in the superstructure have identical near-neighbor
environment as the parent compounds, the common spacer
layer in the superstructure (NdO), sees completely different
layers on both sides. This gives rise to two inequivalent
sites for Nd, resulting in two different PDOS (denoted as Nd
(site1) and Nd (site2) in figure 3). The changes seen in the
PDOS of the ‘active elements’ (Cu and Fe), especially for
the d orbitals, of the superstructure in comparison with the
‘parent phase’ clearly reveals that the properties of the former
are not going to be a simple superposition of the properties
of the constituent parent phases. This clearly underlines the
importance of the practical realization of such a system. It
should be mentioned that in an experimental realization of
such a superstructure, it is very probable that the structural
parameters could also be modified slightly, leading to changes
4
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Figure 5. Comparison of Nd L3 XANES spectra from Nd2 CuO4 and
NdOFeAs. Experimental data are shown in the right panel and the
corresponding FEFF calculation results are shown in the left panel.
The inset shows zoomed view of the near-edge features.

Figure 6. Effect of unit-cell compression on the calculated Nd2 CuO4
XANES spectra in comparison with that of NdOFeAs. The right
panel shows the zoomed view of the near-edge features of Nd2 CuO4
upon compression. A 3% compression of the Nd2 CuO4 gives
reasonable matching of the near-edge features of this with that of
NdOFeAs.

from [39] while those for NdOFeAs are taken from [40]. Both
the spectra show an intense peak, the characteristic white line
(WL) of Nd3+ . It is worth recalling that the L3 absorption
process is a 2p3/2 → 5ε d (or 2p3/2 → 6ε s) transition governed
by the dipole selection rules (l = ±1) and hence empty states
with d or s symmetries (and admixed states) can be reached
in the final state. Since the probability for a 2p3/2 → 6ε s
transition is about two orders of magnitude lower than for
a 2p3/2 → 5ε d transition, the earlier can be ignored for
describing the L3 WL. The one-electron picture (i.e. all the
orbitals not directly involved in the absorption process are
passive in the final state) works well for the L3 WL unless the
materials of interest are mixed valence systems. In the present
case, the WL appears to be typical of Nd3+ and hence the oneelectron picture could be fairly used to describe the spectra.
In addition to the intense WL, other predominant near-edge
features observed are a weak structure around 15 eV above
the WL (feature B), and the continuum resonances appearing
as a two peak structure (feature C). Interestingly, the 1111pnictide systems show a systematic variation of the energy
difference between the WL and the continuum resonance
features in accordance with the REO and REA distances [40].
The slight shift in the continuum resonance peak towards
the lower energy in the case of Nd2 CuO4 is consistent with
the slightly increased distance of the NdO bond length in
this case. These results are in line with the E ∝ 1/d 2
rule for multiple scattering resonances [41]. The XANES
simulations over the Nd-L3 edge were performed using selfconsistent real-space multiple scattering calculations using the
FEFF8.2 code [42, 43] within the muffin-tin approximation.
The atomic potential is calculated self-consistently using a
cluster of radius 8.0 Å. For the calculations, the energy and
position dependent Hedin–Lundqvist optical potential [44] has
been selected as the exchange–correlation potential. The total
electronic potential was constructed by spherically averaging

the muffin-tin potentials on each atom and keeping constant
the potential in the interstitial region between the muffin-tin
spheres. The f states of the Nd were kept frozen to achieve
convergence of the self-consistent potential.
The XANES calculations show overall agreement with
the experimental data for both the NdOFeAs and Nd2 CuO4
systems (figure 5). However, a detailed comparison (inset
figure 5) indicates a difference in the amplitudes of the
different near-edge features, especially the feature B. It should
be recalled that a similar feature B has been detected in
the L3 -edge XANES spectra of different cuprate compounds,
but discussion of this feature in the past was limited to the
structural symmetries [39, 45–47]. With the appearance of
iron-pnictide superconductors, such a feature in the rareearth L3 -XANES spectra again come to light. In the REOFeAs
system, it is observed that feature B changes systematically
with the rare-earth size [40]. Comparison with multiple
scattering calculations and the experimental data revealed
that feature B has both a local structural and an electronic
origin [34]. As discussed earlier, although the NdOFeAs and
Nd2 CuO4 share identical crystal configurations, with similar
layer structures (figure 1), a good overlap of the XANES
features is not seen in either the experimental or theoretical
calculations (figure 5). In order to check the possible role of
the difference in the lattice constants of the two systems in
the above, we have studied the effect of compression of the
Nd2 CuO4 unit-cell on its XANES spectrum in comparison with
that of the NdOFeAs. Results of such a study are presented in
figure 6.
A 3% compression of the Nd2 CuO4 unit-cell gives
reasonable matching of the near-edge XANES features of this
with that of NdOFeAs. Looking at the evolution of the nearedge features (figure 6 left panel), it is evident that feature B is
also influenced by the unit-cell compression. The continuum
resonance peaks also show the expected shift towards higher
5
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structural and electronic (as evidenced by the Nd L3 -XANES)
properties of the Nd2 CuO4 and NdOFeAs systems. The
electronic properties and the XANES calculations for this
novel HTMS are presented to highlight the importance of such
a superstructure which offers further scope for the material
manipulation of high temperature superconductors.
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