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We performed self-consistent linear muffin-tin orbital atomic sphere approximation calculations of the
electronic structure of the 131 YBa2Cu3O7/PrBa2Cu3O7 ~YBCO/PBCO! superlattice, based on the local-
spin-density approximation with on-site Coulomb correlation. From our results, we can exclude that the
experimentally observed depression of the critical temperature is originated intrinsically by a modification of
the electronic structure of the CuO2 planes. We find that the charge transfer between YBCO and PBCO layers
is one order lower than the value required to explain the strong depression of both the critical temperature
Tc~onset! and the zero-resistance transition temperatureTc

0 , within the hole-filling model. @S0163-
1829~96!01226-X#

I. INTRODUCTION

The compounds (R)Ba2Cu3O7 present high supercon-
ducting transition temperatures whenR stands for most of
the rare-earth elements or for Y. A notable exception is the
nonsuperconducting PrBa2Cu3O7 ~PBCO!, which experi-
mentally has an insulating character. From the theoretical
point of view, the electronic structure of PBCO is still under
debate, the main issue being how to account for the nonsu-
perconducting and the insulating character.

Recently, Fehrenbacher and Rice1 have proposed a model
which predicts that the insulating character of PBCO is due
to extrinsic mechanisms such as defects in the CuO chains.
While the CuO chains are metallic at the microscopic level,
it is assumed that the macroscopic insulating behavior of this
compound is due to its extreme sensitivity to disorder or
defects in the chains. In this model the absence of supercon-
ductivity is ascribed to the existence of a local Pr 4f hybrid-
ized state which binds doped holes to Pr sites. The
Fehrenbacher-Rice model is consistent with many experi-
mental properties and is supported by light scattering,2 pos-
itron annihilation,3 and magnetotransport experiments.4,5

Electronic-structure calculations based on the local-spin-
density approximation~LSDA! fail to reproduce the antifer-
romagnetic ground state of PBCO. Very recently,7 we calcu-
lated the PBCO electronic structure within the local-density
approximation with on-site Coulomb interaction.8 This ap-
proach includes the leading terms for the on-site Coulomb
and exchange interactionsU and J, corresponding to Cu
3d electrons. We found Cu local moments in good agree-
ment with experiments, in contrast with the LSDA results.
Besides, the inclusion of the on-site Coulomb repulsion
strongly suppresses the metallic character of the planar Cu~2!
ions. On the other hand, an intermediate oxidation state for
the Cu~1! ion, between CuI and CuII, was obtained and the
metallic character of the CuO chains was preserved, in agree-
ment with several experimental results.2–5 Liechtenstein and
Mazin6 have calculated the electronic structure of PBCO, by
taking into account the Coulomb correlations on the Pr site.

From their calculations, they have derived a tight-binding
model which accounts for the dependence of the suppression
of superconductivity in the mixed rare-earth compounds
R12xPrxBa2Cu3O7 on the rare-earth component. However,
since they do not consider the on-site correlation of Cu 3d
electrons, they find that both the metallic character of the
CuO2 planes and the Cu spin moments are not modified with
respect to the LSDA results.

The nonsuperconducting character of PBCO has stimu-
lated much interest in the electrical transport properties of
YBa2Cu3O7/PrBa2Cu3O7 ~YBCO/PBCO! superlattices.9

In fact, from such systems one can obtain important infor-
mation about the role of interlayer coupling in high-Tc su-
perconductivity. This is a central problem in the theory of
high-Tc superconductivity. Actually, it is generally accepted
that the still unknown microscopic superconducting mecha-
nism in cuprate superconductors takes place in the CuO2

planes, which is a common feature of all such materials.
Experiments have revealed a strong anisotropy between the
in-plane and the off-plane directions in their physical prop-
erties such as the normal-state resistivity,10 the upper critical
field,11 the thermal conductivity,12 etc. These results suggest
a weakly coupled layered structure for the above materials.
Nevertheless, it is not established to what extent the super-
conducting properties are bound to the two dimensionality of
the CuO2 planes, and how they are affected by the interac-
tion between adjacent CuO2 planes.

In the case of YBCO/PBCO superlattices, PBCO has lat-
tice constantsa and b 1.5% larger than in YBCO but the
same orthorhombic structure as superconducting YBCO. It is
then reasonable to expect that a variation of the number of
PBCO layers can modify the coupling between YBCO layers
without changing significantly their structural properties.
Besides, interdiffusion between the two layers is negligible
in these systems, as is proven by the different behavior of the
superlattices from the one of random alloys of the same av-
erage composition.13

The superconducting properties of the above systems are
a function of both YBCO and PBCO layer thicknesses. The
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zero-resistance transition temperatureTc
0 decreases as the

YBCO layer thickness is decreased or as the PBCO layer
thickness is increased, but for all YBCO layer thicknesses,
including layers one unit cell thick, the superconducting tran-
sition temperature saturates at nonzero values.9,14The widths
of the superconduction transitions are large, withDTc'37 K
for one unit cell thick YBCO layers isolated in a PBCO
matrix.15 Several different models have been proposed in
order to explain such a behavior, which are based upon
Kosterlitz-Thouless transition and charge redistribution
effects,16–19 interlayer coupling,20,21 proximity effect,22–25

and hole filling.26,27

In a recent work,28 we performed self-consistent elec-
tronic band-structure calculations for YBCO/PBCO superlat-
tices with different PBCO layer thickness, within the local
density approximation~LDA !. We found no relevant charge
transfer between the YBCO and PBCO layers. On the other
hand, the LDA gives a strong metallic character for the
CuO2 planes in PBCO, in contradiction with experiments. It
is then important to establish how our previous results are
affected from the above deficiency of the LDA. In the
present work, we include the on-site Coulomb and exchange
interactions on the Cu~2! sites in the PBCO layer. This
method~LSDA1U) has provided a better description of the
electronic structure of PBCO, with respect to the LDA
results.7 In order to better understand the effect of the on-site
correlation in PBCO, we also present LSDA1U results for
YBa2Cu3O6 ~YBCO6!. The insulating antiferromagnetic
ground state of YBCO6 is in fact well described within
LSDA1U. On the other hand, the CuO2 planes in YBCO6
and PBCO are experimentally very similar.

Our goal is to study the effect of the PBCO layer on the
electronic structure of the superconducting CuO2 planes in
the YBCO layer and to investigate quantitatively charge
transfer effects. The knowledge of charge transfer effects can
allow one to confirm or exclude models based on hole-filling
mechanisms; on the other hand, if the YBCO electronic
structure is severely modified by an adjacent PBCO layer, all
theories based upon interlayer coupling and proximity effect
become unreliable, since the above modification could
strongly lower the critical temperature. This possibility was
suggested by Lowndeset al.14 by observing that the critical
temperatureTc

0 increases strongly with the number of YBCO
layers; indeed,Tc

0 is very close to the bulk value when only
four YBCO layers are included in a thick PBCO matrix.

II. METHOD

Self-consistent electronic structures were calculated using
the linear muffin-tin orbital method~LMTO! with the atomic
sphere approximation~ASA!.29 The LMTO-ASA method
has been used in several high-Tc

0 superconductor band-
structure calculations and is found to give very similar re-
sults to those obtained using more elaborate methods such as
the full-potential linear augmented plane-wave~LAPW!
method.30–32 In our calculations, all electrons are separated
into either core or band electrons. The core electron wave
functions are calculated by solving the relativistic Dirac
equation at every self-consistent iteration, while the spin-
orbit coupling is neglected for the valence electrons. All cal-
culations were performed for the orthorhombic structure with

lattice constants and atomic position parameters for YBCO
and PBCO taken, respectively, from Refs. 33 and 34. In the
case of thec-axis superlattice thea andb lattice constants
were calculated as an average of the bulk values. Since
YBCO and PBCO have very similar lattice constants, the
superlattice values ofa andb differ from the bulk values by
less than 0.6%. We believe that the above small strain cannot
affect significantly the superconducting properties of the sys-
tem; this may be argued from the experimental observation
of critical temperatures practically coincident with the bulk
values for superlattices with 4 unit cell YBCO layers and 16
unit cell PBCO layers, where the strain is larger than the one
corresponding to the systems studied in the present work.
The length of thec axis has been chosen according to Veg-
ard’s law, so that both YBCO and PBCO cell volumes are
kept equal to their bulk value. This procedure has allowed us
to fix the atomic sphere radii to the same value in the bulk
and in the superlattice. An empty sphere has been put along
thex axis as described in Refs. 30,31. The basis functions for
Y, Pr, and Ba weres,p,d, f LMTO’s, ands,p,d for the Cu,
O, and empty spheres. We used 100k points within the
irreducible wedge of the Brillouin zone in the self-consistent
calculations of the YBCO and PBCO electronic structures,
while 50 k points were used for the superlattice.

The calculations were performed within the density-
functional formalism, in the local-spin-density approxima-
tion with on-site Coulomb repulsion~LSDA1U).8 The fol-
lowing functional was used for the energy:

FIG. 1. Total density of states of YBCO6, YBCO7, PBCO, and
131 YBCO/PBCO superlattices: The solid and dashed lines corre-
spond, respectively, to the minority and majority spin components,
except the YBCO7 results, in which densities of states are not spin
decomposed.
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wherenms are occupation numbers of the Cud orbitals and
ns
05(mnms /(2l11). We have dropped site indices inU,
J, nms , and ns

0 and in the summation over all sites. The
functional derivatived/dn(r ) used in the density-functional
theory to obtain the effective potential is generalized to the
variation of the charge density of particular orbitalnms(r ).
One then finds the effective potential

VLSDA1U~r !5VLSDA~r !2~U2J!~nms2ns
0 !. ~2!

In our LSDA1U calculations, we applied the potential~2! to
planar Cu~2! atoms in the PBCO layer. We performed also
calculations within the LSDA1U model for YBa2Cu3O6
~YBCO6!, in order to make a comparison with the PBCO

electronic structure. The parametersU andJ were chosen to
be 6.5 eV and 0.98 eV, respectively. These data were taken
from Ref. 8, and they were succesfully applied to the calcu-
lation of the electronic structure of La2CuO4 and
YBa2Cu3O6.

35

The valence state of the Pr ion was assumed to be 31 and
the Pr 4f electrons were treated as core states. Treating the
Pr 4f states as band electrons does not modify significantly
the density of states of PBCO in a LSDA1U calculation, as
shown in Ref. 7. Therefore we expect that our results are not
affected by our assumption of a Pr valence state of 31. In
our calculations we used a ferromagnetic ordering rather than
the experimentally observed antiferromagnetic ordering. We
expect that magnetic ordering contributes only a small en-
ergy with respect to the band energies, so that the above
choice does not affect significantly the results of the
electronic-structure calculations.

III. RESULTS AND DISCUSSION

In the present section we compare the results of four cal-
culations:~i! LSDA1U electronic structure of YBCO6,~ii !

FIG. 2. Partial density of states projected on the Cu~2! site of
YBCO6, YBCO7, PBCO, and 131 YBCO/PBCO superlattices:
The solid and dashed lines correspond, respectively, to the minority
and majority spin components, except the YBCO7 results, in which
densities of states are not spin decomposed.

FIG. 3. Partial density of states projected on the O~2! site of
YBCO6, YBCO7, PBCO, and 131 YBCO/PBCO superlattices:
The solid and dashed lines correspond, respectively, to the minority
and majority spin components, except the YBCO7 results, in which
densities of states are not spin decomposed.
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~LDA ! electronic structure of YBCO7,~iii ! LSDA1U elec-
tronic structure of PBCO, and~iv! LSDA1U electronic
structure of the 131 YBCO/PBCO superlattice, with on-site
Coulomb repulsion applied to the planar Cu~2! atoms in the
PBCO layer. The total densities of states are represented in
Fig. 1. In Figs. 2–5 the site-decomposed densities of states
corresponding to Cu~2!, O~2!, Cu~1!, and O~4! are repre-
sented, in order to understand the behavior of CuO planes
and chains. The solid and dashed lines correspond, respec-
tively, to the minority and majority spin components. Since
the YBCO7 system is a paramagnetic metal, the correspond-
ing densities of states are not spin decomposed.

The inclusion of the on-site Coulomb repulsion strongly
modifies the electronic structure of both YBCO6~Ref. 35!
and PBCO~Ref. 7!, with respect to the LSDA results. The
Cu~2! upper Hubbard band lies about 1 eV above the Fermi
level, indicating a CuII oxidation state. The density of states
at the Fermi level for the planar Cu~2! sites is strongly re-
duced with respect to the LSDA values. From Figs. 2 and 3,
one can see that the electronic structures of the CuO2 planes
in YBCO6 and PBCO are very similar. On the other hand,
the electronic structures of the CuO chain in PBCO bear
close resemblance to the one in YBCO7. These results are in
qualitative agreement with recent experiments,2–5which sup-
port the assumption in PBCO of metallic CuO chains~simi-
lar to YBCO7! and insulating CuO2 planes ~similar to
YBCO6!.

The Cu spin moments obtained by our LSDA1U calcu-
lations are significantly improved with respect to the LSDA

results. In PBCO, the Cu~2! moment increases from
0.16mB to 0.41mB , to be compared to the experimental value
of '0.7mB .

36 In YBCO6, we find a Cu~2! spin moment of
0.53mB , to be compared to the experimental value of
0.48mB .

37 In the YBCO/PBCO superlattice the spin mo-
ments in the PBCO layer are slightly increased~0.45mB),
and a small spin moment of 0.02mB is obtained in the Cu~2!
sites in the YBCO layer. No experimental value for the Cu
moments in the superlattice is currently available.

The density of states of the CuO2 planes in the YBCO
layer in the superlattice is practically unchanged, with re-
spect to the bulk. This proves that, in spite of the differences
in the electronic structure between YBCO and PBCO, the
PBCO layer has only negligible effects on the electronic
structure of the superconducting planes. This fact can be ex-
plained by assuming that the CuO chains at the interface
provide a metallic bath which shelters the internal CuO2
planes. From our self-consistent calculations we can obtain
direct information about charge tranfer processes between
YBCO and PBCO layers. We find that the charge transfer in
a single CuO2 plane in the YBCO layer is equal to 0.002 a.u.
These results are consistent with the ones we have very re-

FIG. 4. Partial density of states projected on the Cu~1! site of
YBCO6, YBCO7, PBCO, and 131 YBCO/PBCO superlattices:
The solid and dashed lines correspond, respectively, to the minority
and majority spin components, except the YBCO7 results, in which
densities of states are not spin decomposed.

FIG. 5. Partial density of states projected on the O~4! site of
YBCO6, YBCO7, PBCO, and 131 YBCO/PBCO superlattices:
The solid and dashed lines correspond, respectively, to the minority
and majority spin components, except the YBCO7 results, in which
densities of states are not spin decomposed.
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cently obtained from LDA calculations of the electronic
structure of YBCO/PBCO superlattices.28 The inclusion of
the on-site Coulomb interaction strongly modifies the elec-
tronic structure of the CuO2 planes in the PBCO layer but
does not affect the CuO2 planes in the YBCO layer.

In the case of the 131 YBCO/PBCO superlattice, both
the zero-resistance transition temperatureTc

0 and the critical
temperatureTc~onset! present a strong drop of about 15 K
and 35 K, respectively.15 On the other hand, from our calcu-
lations, it results that a single PBCO layer gives rise only to
negligible modifications in the electronic structure of the su-
perconducting CuO2 planes, which cannot be ascribed as the
origin of the above depression of the critical temperature.
Moreover, the calculated charge transfer is one order lower
than the value required to explain the reduction of both the
critical temperatureTc~onset! and the zero-resistance tem-
peratureTc

0 , within the hole-filling model.
The lack of charge transfer in YBCO/PBCO superlattices

is consistent with the experimental results found by Norton
et al.15 These authors investigated how the superconducting
transitions of YBCO-based superlattices depend on the elec-
tronic properties of the barrier layers. They varied the hole
concentration of the barrier layers by replacing Pr atoms with
Ca atoms; they found that the superconducting transition
width depends on the carrier density in the barrier layers,
while Tc~onset! does not. These results seem to be inconsis-
tent with the hole-filling model: In fact, one may expect that,

if mobile holes are added to the PBCO layers, by doping
with Ca atoms, charge transfer from the YBCO layers, and
consequentlyTc~onset! depression, is reduced.

In conclusion, we performed all-electron, self-consistent
electronic-structure calculations for the 131 YBCO/PBCO
superlattice, within the LSDA1U. From our results, we can
exclude that the experimentally observed depression of the
critical temperature is originated intrinsically by a modifica-
tion of the electronic structure of the CuO2 planes. Charge
transfer effects between YBCO and PBCO layers have been
proposed by many authors as the origin of the reduction of
the critical temperature. From our calculations, we can con-
firm that the charge transfer is one order lower than the value
required to explain the strong depression of both the critical
temperatureTc~onset! and the zero-resistance transition tem-
peratureTc

0 , within the hole-filling model.
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