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Possibility of high-temperature superconductivity in an ordered tetragonal crystal structure
in RBazCu3O7 (R = rare earth) superconductors
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The R Ba2Cu307 z compounds are superconducting in the orthorhombic phase but are insulating in
the tetragonal case. It is now well understood that while crystal symmetry per se does not play any role
in the occurrence of superconductivity in these compounds, the orthorhombic phase is superconducting
due to the formation of ordered chains that act as dopants for the two-dimensional Cu02 planes. In the
tetragonal phase these chains are destroyed, thus inhibiting the charge transfer from the Cu02 planes.
W'e propose a fully ordered tetragonal crystal structure for the RBa2Cu307 (R = rare earth) supercon-
ductors with space group P4/mmm, which is different from the orthorhombic phase. This structure is
formed from the orthorhombic crystal structure of YBa2Cu306 5 but now the chains run along the a axis
as well. In this structure the Cu(1) atoms in the plane of the chains have twofold, square-planar fourfold,
and sixfold coordinations, in contrast to the purely square-planar coordinations in orthorhombic
YBa2Cu307. Such a structure has previously been invoked by Fu et al. for the interpretation of their
crystal-structure data on LaBa(Ca, Sr)Cu307 q compounds. Results of our electronic-structure calcula-
tions show that the hole density and the Fermi level in this tetragonal crystal structure are practically
identical to those found in the orthorhombic phase. This suggests that this phase, if it could be stabi-
lized by appropriate chemical substitutions and heat treatment, would have a T, identical to that in the
orthorhombic structure, and could be interesting for many technological applications.

There has been a considerable debate in the literature
concerning the role of crystal symmetry in the
RBa2Cu30~ s (where R is a rare-earth element) supercon-
ductors. ' ' These compounds are superconducting in
the orthorhombic crystal structure but insulating in the
tetragonal case. It is now well understood that the crys-
tal symmetry plays no essential role in the occurrence of
superconductivity. The crucial role is instead played by
the ordered chains along the b axis, which act as electron
reservoirs for charge transfer from the two-dimensional
CuOz planes. This results in an orthorhombic crystal
symmetry, since the oxygen sites along the a axis are va-
cant. When the distribution of oxygen atoms in the plane
of the chains is completely random and the occupancy of
oxygen atoms along both a and b axes is identical, the
overall crystal symmetry is tetragonal. (Note that, since
the distribution of oxygen atoms in the plane of the
chains is completely random, the structure is truly speak-
ing disordered in this plane and the crystal symmetry is
not tetragonal at a local level. However, due to the equal
occupation of both type of sites, one can consider the
structure to have an overall tetragonal symmetry. This is
similar to the case of a disordered alloy. ) This random
distribution of oxygen atoms results in a complete de-
struction of the chains. It is in this structure, which has
no chains, that the compounds are insulating. On the
other hand, a tetragonal diffraction pattern can also re-
sult from orthorhombic domains consisting of broken
chains but which are oriented in a manner so that the oc-

cupancy of oxygen atoms along both a and b axes are
equal. ' In this case the true crystal symmetry is ortho-
rhombic although the overall crystal structure is tetrago-
nal. Such a compound is not necessarily an insulator or
not a superconductor but the existence of the supercon-
ducting state and the T, depends upon the lengths of the
broken chains and their distribution. '

On a microscopic scale it is the local environment
around the Cu(l) atom in the plane of the chains (see Fig.
l for notation) that governs the electron transfer and,
hence, the hole density and superconductivity in the
RBazCu307 & family of superconductors for all values of
6. We have shown recently' ' that the twofold, three-
fold, and the non-square-planar fourfold coordinations of
the chain site Cu atom are not favorable for electron
transfer from the two-dimensional CuOz planes to the
plane of the chains (hereafter referred to as CuO planes
considering the stoichiometry in oxygen), and that a
square-planar fourfold configuration facilitates the
creation of a significant hole density in the CuOz planes
and, hence, the occurrence of superconductivity. This
shows the vital role that the intact chains, in which the
Cu(l) atom has a square-planar fourfold configuration,
play in the superconductivity in the RBazCu307 & family
of superconductors. The destruction of these chains in
the tetragonal structure and a completely random occu-
pation of oxygen atoms in the CuO planes results in the
elimination of square-planar fourfold coordination of
Cu(l) atoms and the occurrence of twofold, threefold,
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YBa2Cu307, except that a mean value of a and b lattice
parameters was used for the lattice parameter a. This
choice was dictated by the preponderance of the square-
planar fourfold configurations of the Cu(l) atom, as
found in the orthorhombic YBa2Cu307. In a true tetrag-
onal crystal structure the lattice parameters and the
atomic positions are expected to be somewhat different,
and this difference will affect the hole density in the Cu02
planes. We, however, expect this to be small and to not
alter our conclusions, considering the large hole density
obtained in our calculations. Further the sixfold coordi-
nated Cu(1) may be expected to undergo a Jahn-Teller
distortion. This will also affect the hole density. To as-
sess the effect of this distortion, preliminary calculations
were performed for YBa2Cu307 with lattice parameters
appropriate for YBa2Cu306, where the Cu(2)-apical oxy-
gen bond is -7% longer than in YBa2Cu307. The hole
density was found to decrease by less than 10%. We
therefore expect the effect of the Jahn-Teller distortion to
be small. We should note that the lattice parameters ob-
tained by Fu et al." for tetragonal LaBa(Ca, Sr)Cu307
and by Arabi et al. ' for tetragonal HoBa2Cu307 & are
similar to the ones used in the present work. Further, Fu
et al. did not invoke the possibility of a Jahn-Teller dis-
tortion in the interpretation of their data. Arabi et al. '

determined for HoBa2Cu307 & with T, =91.5 K the
atomic positions as well in the tetragonal space group
P4/mmm and their values are quite close to the ones
found in the orthorhombic crystal structure. However,
these authors did not propose a model for the distribu-
tion of oxygen atoms in the CuO plane. In any event, our
calculations done for YBa2Cu307 as an example, are only
indicative and the true hole density will necessarily de-
pend upon the nature of the ions involved and the true
atomic positions and lattice parameters.

In orthorhombic YBazCu307 the planar Cu(2)-apical
O(6) atom bond length is approximately 25% longer than
the Cu(1)-O(6) bond length or the average Cu-0 bond
length in the crystal. This much longer Cu(2)-O(6) bond
length renders the interaction of the planar Cu(2) atom
with the apical O(6) oxygen atom much weaker, confer-
ring on the crystal a layered character. In fact the
Cu(1)—O(6) bond length is approximately equal to the
Cu(1)—O(4) and the Cu(1)—O(3) bond lengths. Here
O(3) and O(4) represent oxygen atoms along a and b axes.
This leads to the formation of two separate antibonding
band complexes in the vicinity of the Fermi level, as has
been discussed by several authors: ' (a) planar Cu02
bands formed between the planar Cu(2) d 2 2 and thex —y
planar O(1) p, and O(2) p» orbitals and (b) the bands
formed between the Cu(1) d orbitals, and the apical oxy-
gen O(6) p, and the O(3) p„and O(4) p orbitals in the
CuO plane. The charge transfer from the Cu02 planes
depends in a delicate manner on the relative positions of
these two-band complexes. (Note that we have aligned
the crystal a, b, and c axes along the cartesian x, y, and z
axes).

In tetragonal YBa2Cu306 the Cu(l) atom is only two-
fold coordinated (by the two apical oxygens) and thus
forms a Cu02 unit (due to the considerations of

stoichiometry). In this structure the Cu(1) atom interacts
essentially with the p, orbitals of the apical O(6) atoms
through its d 2 orbital. The antibonding band, which is

formed through this interaction falls below the Fermi lev-
el. This leaves the antibonding bands formed by the pla-
nar Cu-0 interactions exactly half full, leading to no
charge transfer from the Cu02 planes to the Cu02 units.
In fact YBa2Cu306 is an antiferromagnetic insulator and
a Mott-Hubbard description is certainly more appropri-
ate. However, as pointed out by Mattheiss and
Hamann and others ' we expect the overall charge
distribution to be well described by the local-density ap-
proximation. Due to the insulating nature of YBa2Cu306
the total charge on a Cu02 plane in this compound pro-
vides a natural reference for calculating the charge
transfers from the CuOz planes in different crystallo-
graphic environments, and this charge-transfer corre-
sponds to the hole concentration in the Cu02 planes with
respect to the insulating ground state.

The addition of the O(4) oxygen atoms to form chains
along the b axis in orthorhombic YBazCu307 leads to the
formation of square-planar fourfold coordination of the
Cu(1) atom with stoichiometry Cu03. This results in the
formation of two nonbonding O(4) p and O(4) p, levels,
which lie below the Fermi level. Further, the interaction
of the O(4) p» level with the Cu(1) d 2 2 level gives rise

z y
to an occupied bonding Cu(1) d 2 2

—O(4) p» level, and

the corresponding antibonding part in the vicinity of the
Fermi level. Thus the presence of the chain O(4) oxygen
atoms results in the formation of three additional bands
with respect to YBa2Cu306. Since an oxygen atom brings
only four p electrons, this leaves the antibonding band in
the vicinity of the Fermi level nearly empty. If this band
was fully empty falling above the Fermi level, there
would again be no charge transfer from the planar Cu02
antibonding band, which will remain half filled as in
YBa2Cu306. However, in the orthorhombic YBa2Cu307
the bottom of this band falls below the Fermi level. This
leads to a lowering of the Fermi level by -0.2 eV, and
consequently an electron transfer from the planar Cu02
bands.

In the tetragonal crystal structure shown in Fig. 2(b)
the Cu(1) atom has three types of coordinations as point-
ed out earlier, twofold, square-planar fourfold, and six-
fold, resulting in the formation of Cu02, Cu03, and Cu04
units. The charge-transfer from the CuOz planes there-
fore depends intricately on the positions of the three-
band complexes with respect to the position of the anti-
bonding Cu02 band. The three-band complexes are not
isolated but intimately linked to each other. A general
insight can, however, be gained by considering three
separate band complexes. The addition of O(3) atoms
along the a axis to the square-planar fourfold coordina-
tions of the Cu(1) atom in orthorhombic RBazCu307 to
obtain a sixfold coordinated Cu(1) atom gives rise to two
additional nonbonding O(3) p and O(3) p, states below
the Fermi level, as compared to the orthorhombic
RBa2Cu3O7. The interaction of the O(3) p„ level with the
Cu(1) d & 2 orbital gives rise to an occupied bonding
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Cu(1) d 2 2
—O(3) p„state, and the corresponding anti-

bonding part in the vicinity of the Fermi level. Thus an
octahedral configuration generates three additional bands
over a fourfold coordination. Again, since an oxygen
atom brings only four electrons, this leaves an extra anti-
bonding band in the vicinity of the Fermi level nearly
empty. Assuming that the two antibonding bands are
similarly placed in energy and have similar densities of
states, this would result in a further downward shift in
the Fermi level and, hence, an increased hole density in
the Cu02 planes, with a sixfold coordination over a pure-
ly square-planar fourfold coordination.

The true Fermi level, and hence the true hole density,
can be obtained only when all three coordinations are
treated together. As we have discussed above, a twofold
configuration tends to push the Fermi level up and hence
decrease the hole density, while a sixfold configuration
tends to pull it down and hence increase the hole density
with respect to a square-planar fourfold configuration.
Our calculations show that the net result of this competi-
tion is that in the tetragonal RBa2Cu307 the Fermi level
is placed at approximately the same energy as in the or-
thorhombic RBa2Cu307. This placement of the Fermi
level leads to practically the same hole densities in the
two structures.

An actual calculation of the charge transfer requires a
knowledge of the electronic charge distributions at
different atomic sites. This can be obtained by integrat-
ing the local densities of states at these sites up the Fermi
level. In Table I we have given the effective charges at
different atomic sites calculated in this manner for
RBazCu307 in both orthorhombic and tetragonal crystal
structures. By comparing the total charge on a CuO2
plane with the one in the insulating YBa2Cu306 one can
obtain an estimate of the hole density. With this we' ob-
tain 0.283 hole/Cu02 in orthorhombic superconducting
RBa2Cu307, as shown in Table I. This is in good agree-

ment with the available experimental data' ' and previ-
ous calculations. ' The mean value of the hole density
and the effective charges at different atomic sites in the
tetragonal crystal structure is practically the same as in
the orthorhombic crystal structure. In the insulating
YBa2Cu306 compound Cu(1) and apical O(6) atoms are in
their ionic Cu+ and O states, respectively, Table I
shows that this is not the case for the twofold coordinat-
ed Cu(1) and the associated O(6) atoms in tetragonal
RBa2Cu307, where one finds slightly less electronic
charge than was found in their ionic states. ' This is due
to a downward shift in the Fermi level, which puts the
top of the antibonding band, which was previously filled,
just above the Fermi level. What is interesting to notice
from Table I is that the effective charges associated with
the square-planar fourfold geometry differ only marginal-
ly in the two crystal structures due to the placement of
the Fermi level at essentially the same energy, and thus
emphasizing again the role of the local coordination
geometry in the charge transfer from the Cu02 planes.
Table I also shows that R and Ba are essentially ionic,
acting as electron donors and retaining only a very small
charge at their sites. This small charge arises from a very
weak hybridization with the neighboring oxygens. The
amount of charge at these sites is the same in the two
crystal structures.

It is quite common in cuprates to associate a valence of
+2 with the insulating state, and to express the hole den-
sity in terms of a Cu valence greater than +2. It is quite
clear from Table I that truly speaking, the Cu-0 interac-
tions are of covalent nature. The discussion in terms of a
Cu valence, however, implicitly assumes all elements to
be completely ionic. In our calculation we find, as dis-
cussed above, that Y and Ba are not completely ionic and
retain a small charge at their sites due to the hybridiza-
tion with the neighboring oxygens. This charge will have
to be transferred back to these oxygens to arrive at an

TABLE I. Effective charges (p at oxygen sites and d at other sites) at different atomic sites in

RBa2Cu307 (R = rare earth) in orthorhombic and tetragonal crystal structures. The hole count is ob-
tained by taking the total charge on a Cu02 plane in YBa2Cu306 as a reference.

Site
Orthorhombic

RBa2Cu307
Tetragonal RBa2Cu307

Twofold Cu(1) Fourfold Cu(1) Sixfold Cu(1) Average

CuOq plane
CU(2)
O(1)
O(2)
Total Cu02 plane
Hole count

CuO„unit
Apical oxygen O(6)
Cu(1)
O(3)
O(4)
Total CuO„

Ba

Total

9.371
5.496
5.539

20.406
0.283

Cu03
5.658
9.430

Vacant
5.613

26.359

0.425

0.202

68.000

9.335
5.516
5.516

20.367
0.322

Cu02
5.862
9.858

Vacant
Vacant
21.582

0.425

0.202

63.145

9.376
5.525
5.525

20.426
0.263

Cu03
5.671
9.433
5.537
5.537

26.312

0.425

0.202

67.993

9.364
5.525
5.525

20.414
0.275

Cu04
5.593
8.952
5.537
5.537

31.212

0.425

0.202

72.869

9.363
5.523
5.523

20.408
0.281

Cu03
5.699
9.419
5.537
5.537

26.355

0.425

0.202

68.000
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TABLE II. Total charges at the Cu02 planes and the CuO„units in RBa2Cu307 (R = rare earth) in
orthorhombic and tetragonal crystal structures obtained by a sharing of charges at R and Ba sites with
the neighboring oxygens, as explained in the text. Also given are the valence of Cu obtained from these
charges assuming an ionic model.

Site
Orthorhombic

RBa2Cu307 Twofold Cu(1)
Tetragonal RBa2Cu307

Fourfold Cu{1) Sixfold Cu(1) Average

Cu02 plane
Total charge
Valence Cu(2)

CuO„unit
Total charge
Valence Cu(1)

20.699
+2.301

Cu03
26.601

+2.399

20.661
+2.339

Cu02
21.744

+ 1.256

20.720
+2.280

Cu03
26.554

+2.446

20.707
+2.293

CuO&
31.535

+3.465

20.702
+2.298

Cu03
26.597

+2.403

ionic model. The closest neighbors of a Ba are the four
apical O(5) oxygens in its plane, four planar oxygens
O(1),O(2) in the Cu02 plane, and four O(3),O(4) oxygens
in the CuO plane, while the closest neighbor of an R
atom are the eight O(1),O(2) oxygen atoms in the two
Cu02 planes above and below it. Thus to obtain a picture
closest to the ionic model, which neglects hybridization,
we might, as a first approximation, share the charges on
R and Ba sites equally with all the neighboring oxygen
atoms. The total charges thus obtained on the Cu02
planes and the CuO, units are shown in Table II. As-
suming further the ionic configuration 0 for oxygens
to arrive at a completely ionic picture, we can calculate
the ionic charge at a Cu site and thus the ionic valence of
Cu. This is also given in Table II. This table shows that
the mean ionic valence of Cu(1) and Cu(2) in the two
crystal structures are practically identical. The valence

of Cu(2) is found to be —+2.3, which corresponds to a
hole density of -0.3 hole/CuOz, in good agreement with
the one presented in Table I, and with experimental
data. ' ' Note that this hole density has been calculated
completely independently from the effective charges of
the compound and without referring to the charge on a
Cu02 plane in the insulating YBa~Cu3O6.

In summary, we have shown that in a hypothetical ful-
ly ordered tetragonal crystal structure of RBa2Cu307 one
can obtain the same value of the hole density and T, as in
the orthorhombic phase. The stabilization of this tetrag-
onal phase could be helpful for technological applica-
tions.
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