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Abstract. We report the results of the electronic structure calculation of a newly discovered member of
the YBCO high-T, family, i.e., Y3BasCusO1s (Y358) with T, > 100, based on the full-potential linearized
augmented plane waves method (FP-LAPW) of density functional theory in the generalized gradient
approximation (GGA). The evolution of the number of hole carriers in different sites of the CuO2 planes
and CuO chains has been investigated in comparison with the other YBCO family members, i.e., Y123,
Pr123, Y124, and Y247. The results suggest that pumping hole carriers out of the chains toward the planes
enhances the transition temperature. The band structure calculations have been performed for Y358, and
the results show similar features with the other family members. Most notably, a van Hove singularity
forms near the X point of the Brillouin zone below the Fermi level and within the energy of the buckling
phonon mode, for which the interplay is discussed.

PACS. 71.15.Mb Density functional theory, local density approximation, gradient and other corrections —
71.20.-b Electron density of states and band structure of crystalline solids — 74.72.-h Cuprate supercon-
ductors (high-T. and insulating parent compounds)

1 Introduction

YBayCusO7 (Y123) is the first superconductor discovered
with the transition temperature above the liquid nitro-
gen boiling temperature [1]. This compound has been an
interesting subject for much research and yet scientists
are hopeful to find better superconducting compounds
with similar composition. There is no real change in the
superconductivity of Y123 when the Y atom is substi-
tuted by other trivalent rare earths elements except for Pr,
by which superconductivity suppresses [2]. YBasCusO1g
(Y124) and Y3BasCuyO15 (Y247) are other two familiar
members of the YBCO-family, but with lower transition
temperatures: 84 K [3] and 65 K [4], respectively. Like the
other high-T, cuprate superconductors, the most impor-
tant element of this family is the CuOs planes, in which
the electrons pair.

In the YBCO family, like in the other cuprates, the
T. and the Cu-O-Cu bond buckling angle of the CuO,
plane are correlated, and both go through a maximum
with doping, but in the YBCO family the optimum buck-
ling angle is larger than in the other cuprates [5]. This
is also an implication of the important role of the out-of-
plane buckling phonon mode of the oxygen atoms in the
cuprates. The other distinctive structural elements of this
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family are formation of the CuO chains and double-chains
(two neighboring chains displaced parallel to each other
by half lattice parameter). In this family the chains are
believed to play the role of the carrier reservoirs with mi-
nor contribution to the conductivity of the system; and
doping of the carriers occurs by pumping oxygen into the
chains. Y123 has two CuQOs planes and one chain, where
two planes are symmetrically equivalent. Y124 has one in-
equivalent plane and one double-chain, and Y247 has two
inequivalent planes, one chain, and one double-chain.

The enhancement of T, under applying pressure on
Y123 [6] suggests that we may yet improve T, at ambient
pressure in the YBCO family by either chemical substi-
tutions or structural deformations. A new member of the
YBCO family has been reported with transition temper-
ature above 100 K [7]. We have synthesized and charac-
terized a few samples of a new YBCO compound by the
solid-state reaction method with T, about 102-116 K (dif-
ferent T, values are for different synthesis conditions) [8].
The chemical formula of this compound is Y3Bas;CugOqg
(Y358) with the crystal structure as depicted in Figure 1.
This compound is synthesized with similar simple proce-
dure but cheaper than Y123, and is potentially a better
choice for the industrial and large scale applications. Y358
has five CuOs planes and three single chains which are re-
spectively labeled as planes I to V and chains I to III in
Figure 1; one of the planes, i.e., the plane III, has no apical
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Fig. 1. (Color online) Crystal structure of Y358 with five
CuOs2 planes I to V and three CuO chains I to III.

oxygen atoms. It has been claimed that the maximum 7,
in each cuprate family belongs to the member with three
CuOy planes [9], but the reason is not clear. In Y358 in
fact, we have two groups of successive CuO4 planes which
are separated by the insulating layers, a two-plane group
and a three-plane group. So, the situation is somehow dif-
ferent from the original cuprates where all the CuOs layers
are in succession. Different proposals can be examined for
this new compound which has higher T, with five copper
oxide planes.

The electron-phonon interaction and strong electron
correlations are two main candidates for the origin of
the mechanism of high-T, superconductivity phenomenon.
Hole concentration in the copper oxide planes plays an
important role in every theory of superconductivity, so,
studying the evolution of the carriers in different sites
of the high-T,. superconductors versus doping or struc-
tural deformations, etc. may help to better justification of
any mechanism candidate for HTSC. Of course, the well
known dome-shaped T, versus doping — and many other
parameters — is almost always applicable for cuprates, but

the problem is that in some compounds one really has
no knowledge of the actual relation between the amount
of chemical doping with the actual doped carriers in the
planes or other sites of that compound. This is the case for
the YBCO family in which it is not clear how the number
of carriers in the planes and the chains change with the
oxygen content.

In this paper, we will consider the answer to the above
question for different YBCO family members, i.e., com-
pare the doped hole carriers in different sites of the planes
and chains in all member compounds. We will also present
the results of a density functional theory (DFT) study on
the hole concentration in the planes and the chains of dif-
ferent members of the YBCO family. Also, we will present
for the first time the results of the band structure calcula-
tions of the Y358 compound and investigate the coupling
of a near Fermi level van Hove singularity (VHS) with the
buckling phonon mode of the oxygen atoms in Y358. This,
we hope would stimulate the search for higher supercon-
ducting transition temperatures in the Y-based cuprates
as well as in the other HTSCs.

2 Computational details

All the calculations are performed utilizing the WIEN
code which is a powerful full potential DFT code [10]. The
employed basis set is the linearized augmented plane waves
to which the local orbitals can be added (LAPW-lo).
However, though using DFT is not very suitable when
studying the strongly correlated materials like the high-T.
cuprate superconductors, but this is the only available ab-
initio approach which could efficiently be used when we
aim to study the differences between some similar struc-
tures and their effects on the superconducting state. Ap-
plicability of the DFT approach to the cuprate supercon-
ductivity was settled after the experimental data showed
good agreement with the computational results. For ex-
ample, the experimental structural parameters and Fermi
surfaces [11], and also the calculated phonon modes [12,13]
are in very good agreement with the experiment. Any-
way, DFT can be used as a starting point before one per-
forms a strongly correlated calculation, as most of the ini-
tial parameters of the strongly correlated models such as
Hubbard U, hopping integrals, carrier concentration, etc.
can be obtained within DFT.

The structural parameters of Y123, Y124, and Y247
have been set from the experiment [14-16], and for Y358
we have used the data from the X-ray diffraction analysis
of our own samples [8]. For Pr123 we have used the pa-
rameters of Y123 for better comparison. The muffin tin
radii have been set equal to 2.35, 2.35, 2.5, 1.75, and 1.55
for the Y, Pr, Ba, Cu, and O atoms, respectively. These
values were kept unchanged in all calculations which en-
abled us to compare the charge inside every muffin tin
sphere relative to similar atomic spheres in other com-
pounds. The GGA has been used for the exchange and
correlation functional. The energy separation between the
core and valence states has been set equal to 6.0 Ry. The
APW+lo basis set has been selected for the d orbitals of
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the Cu atoms and for the f orbitals of the Pr atom to have
a more effective convergence. For all other atomic orbitals,
we have used the LAPW basis set. The RK 42, Limaz, and
Ginaz parameters have been set equal to 7.0, 10, and 14,
respectively. In addition to the energy convergence, the
charges have also been converged. The number of k points
sampled in the first Brillion zone has been set equal to
500, 500, 300, 200, and 200 for Y123, Pr123, Y124, Y247,
and Y358, respectively.

3 Results and discussion
3.1 Carriers in the planes and the chains

The theoretical models for superconductivity often use
the hole concentration in the CuO, planes as their input
parameter. In some high-T, superconductors like Laj_,
(St or Ba),Cuz0y4 this quantity has a direct relation with
doping. But, usually, determination of the actual amount
of the hole content is not easy or straightforward. An im-
portant case is the 66 K plateau in the T, versus doping
diagram of Y123. The reason for this plateau is not ob-
vious, but it is usually being ascribed to that the hole
concentration remains constant in the planes when the
oxygen content changes from 6.6 to 6.8, due to rearrange-
ment of the oxygen atoms in the basal planes (chains) [17].
The Cu-O bonding in cuprates has both the ionic and co-
valent nature, whence, one can study the changes in the
hole content of the Cu and O sites by evaluating the par-
tial charges inside the corresponding muffin tin spheres.
This value is not the absolute amount of holes in a par-
ticular atomic site, neither is the absolute change in the
number of carriers added to or removed from a site. But it
shows the trend as how much the number of carriers rises
or falls in an atomic site by changing an exterior param-
eter, which can be as important as the number of holes
itself. As mentioned before, the muffin tin radii have been
kept constant in all of the calculations to enable the com-
parison of the partial charges in different cases with each
other. The Y123 system was kept as the reference system,
and the atomic partial charges of other systems have been
compared to this system to extract the probable changes.

Table 1 contains the calculated values of the changes
in the number of holes in the Cu and O sites of the CuQOs
planes for different YBCO family compounds relative to
that of Y123. In the CuOs plane of Pr123 and Y124, and
in the plane III of Y358 the total number of holes are less
than the number of holes in the planes of Y123, and in
all other cases the total number of holes in the planes are
more than in Y123. However, the T, of Y358 is higher
than that of Y123, but as it is known, the T, of Y247 and
Y124 are lower than Y123, and in Pr123 superconductiv-
ity is completely suppressed. Based on these data, it is
concluded that the number of holes in the CuOs planes
is not the only affecting parameter (we will come to the
other affecting parameters when discussing the charges
in the chains in the following paragraphs); and that the
planes of Y123 are not optimally doped. The results show
that the decrement of the number of holes suppresses

Table 1. Calculated hole content change in different sites of
the CuO2 planes of Y124, Y247, Y358, and Pr123 relative to
that of Y123.

Compound Cu 0O(2) O(3) Total
Y124 -0.006 —0.004 —-0.001 -0.011
vo47 Plane 1 0.006 -0.001 -0.001 0.004

Plane 2 0.018 0.017 0.020 0.055
Plane I  0.000 0.022 0.021 0.043
Plane I  0.001 0.023 0.030 0.054
Y358 Plane IIT —-0.077 0.003 0.000 -0.074
Plane IV -0.009 0.024 0.022 0.037
Plane V. 0.030 0.047 0.046 0.123
Pri23 —-0.037 —-0.001 —0.001 —0.039

Table 2. Calculated hole content change in different sites of
the CuO chains of Y247, Y358, and Pr123 relative to the chains
(double-chain) of Y123 (Y124).

Compound Cu (0] Total
Chain 0.049 0.036 0.085

Y247 D-Chain  0.013 0.000 0.013
ChainI  -0.019 -0.038 —0.057

Y358  Chain II -0.010 -0.027 -0.038
Chain ITI  -0.019 -0.031 —0.050

Pri23 -0.010 -0.003 —0.013

superconductivity but its increment does not necessarily
lead to higher T..

In Y124, the hole content at all the sites of the CuO,
plane, i.e., Cu, O(2), and O(3) is lower than that of Y123.
In Y247 the hole content of the oxygen sites are slightly
decreased in the first plane, but the increment of the num-
ber of holes at the Cu site recovers this decrement. So, in
total, an increase in the number of holes occurs. In the
other non-equivalent plane of Y247, the hole content at
all the sites increases.

In Y358, except for the Cu sites of the planes IIT and IV
in which the hole content is decreased, in all other sites of
the planes the hole carrier content is increased. In the
plane IV the increment of the number of holes of the
oxygen site quite recovers this decrement, and in total,
this plane is better doped. But, in the plane III the incre-
ment of the carriers in the oxygen sites are marginal and
this plane is very poor in the number of holes. This was
expected since this plane lacks the apical oxygen which
has important charge transferring role in doping of the
neighboring planes [18]. Comparing this with the changes
in the hole content of the Pr123 planes, it can be con-
cluded that the decrement of the holes in the plane III of
Y358 is so much as its possible superconductivity could
be suppressed, or at least it has a marginal effect on su-
perconductivity of the whole system. In the other hand,
the change of the carrier number in the plane V may be
enough to place this plane in the overdoped regime.

In order to find the other probable affective parame-
ter(s), we have also calculated the charges in the chains
and double-chains, which are seen in the Y124 and Y247
systems. Table 2 contains the change in the number of
holes in the Cu and O sites of different CuO single and
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Fig. 2. (Color online) Band structure of Y358 in the energy
interval of -1 eV to 2 eV relative to the Fermi energy (for
the oxygen atom in the maximum buckling angle). The dashed
curve shows the deformation of the band which constitutes a
VHS below the Fermi level when the buckling angle is mini-
mum.

double chains of different compounds of the YBCO fam-
ily relative to that of Y123 and Y124, respectively. Com-
paring the amounts of carriers that a chain (in Y123) or
double-chain (in Y124) can hold, indicates that each of
the Cu-O strings of a double-chain contains fewer amounts
of hole carrier. In Y247 the number of holes both in the
chain and in the double-chain is greater than the number
of holes in the chain of Y123 and the double-chain of Y124,
respectively; and the hole increase in the chain is higher
than in the double-chain. In contrast to the Y247 system
with its rich doped chain and double-chain, in Y358 the
chains have fewer holes with respect to Y123, and this is
the only difference between the Y247 and Y358 systems in
terms of the hole concentration of the planes and chains.

Collecting the results of all the calculations together,
two conclusions could be made: 1) doping the planes of
Y123 system with additional holes may enhance T.; 2)
decrement of the number of holes in the chains favors the
T., perhaps by helping the planes to have a more 2D char-
acteristic. In other words, one should pump more holes
from the chains into the planes in order to obtain a higher-
T. superconductor in the YBCO family.

3.2 Band structure

The band structure and corresponding DOS of Y358 com-
pound have been calculated and are depicted in Figures 2
and 3. Like the other members of the YBCO family [19,20],
there are bands crossing the Fermi level which belong to
the planes and chains. Here, eight bands cross the Fermi
level with energy dispersions equal to 0.071, 0.123, 0.125,
0.131, 0.140, 0.145, 0.151, and 0.146 Ry.

Another feature of the Y358 band structure is the ap-
pearance of a VHS within —65 meV of the Fermi level in
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Fig. 3. (Color online) DOS of Y358 in the energy interval of
-1 eV to 1 eV relative to the Fermi energy in the two extremes
of oxygen atom displacements of the buckling phonon mode.
The solid (dashes) line belongs to the minimum (maximum)
buckling angles. The VHS is indicated on the figure.

the (0, 7) direction of the Brillouin zone. The “VHS sce-
nario” has been an issue in the mechanism of cuprates [21].
Despite the undisputed presence of VHS in the cuprates,
the VHS scenario has gone in and out of favor over the
years [22,23]. The presence of a VHS at or near the Fermi
surface can strongly influence the many-body interactions.
It can enhance the electron-electron or electron-phonon in-
teractions or cause anisotropic electron phonon coupling.

The obtained VHS in Y358 is much below the Fermi
level in comparison with the other YBCO family mem-
bers (-6 meV and —19 meV within the Fermi level in the
Y123 and Y124 systems, respectively [22,24]) to play a di-
rect role in the superconductivity. The VHSs more than a
few meVs from the Fermi level cannot directly lead to su-
perconductivity, but when they appear within a phonon
energy of the Fermi level they remain as an important
part of the theory. We have examined the behavior of
VHS in Y358 with the displacement of the in-plane oxygen
atoms according to the out-of-plane buckling phonon. This
phonon mode has a similar energy value (~50 meV) [13],
and more importantly, it can couple to the anti-nodal
electrons due to its small momentum transfer, just where
the VHS appears. When the bucking angle is small, the
VHS forms at energies far from the Fermi level (about
—-65 meV). By increasing the buckling angle, this VHS be-
comes closer to the Fermi level but also weaker, and even-
tually vanishes for large buckling angles. However, again,
the topology (curvature) of the band, which determines
the shape of the Fermi surface changes in the energies
about —50 meV for large buckling angles, but the DOS
does not diverge. This behavior can be ascribed to the
changing of the Cu-O hopping integrals which becomes
smaller (smaller band dispersions) when the buckling an-
gle increases. These features all show a strong interplay
between this phonon mode and the VHS in the Y358
system, which can enhance the electron-phonon interac-
tion and lead to the anisotropic electron-phonon interac-
tion. No matter what the origin of high-T, is, the role
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of VHSs and electron-phonon interaction cannot be over-
looked. The differences between various compounds and
their structures may be explained through these singular-
ities and interactions.

4 Conclusions

We have presented here the electronic structure calcu-
lations of the newly discovered Y358 compound with
T. > 100 K. The hole content of different sites of its planes
and chains has been compared to the other members of the
YBCO family. Our results show that in the Y358 system
the hole content in four of its five planes increases, and
in the other plane which has no apical oxygen the hole
content decreases. It is notable that in one of those four
planes, the total amount of hole increase puts the plane
in the overdoping regime. By comparing the charge dif-
ferences in the chains, our results imply that in order to
have a better superconductor with higher 7, in the YBCO-
family, one should pump more holes from the chains to the
planes.

The band structure calculations show similar features
with the other YBCO compounds but with a VHS rather
far from the Fermi level, which is sensitive to the out-of-
plane buckling mode of the oxygen atoms. The discovery
of Y358 compound is very promising in finding still better
Y-based compounds with higher transition temperature.
More investigations are needed experimentally and com-
putationally to better understand how T, correlates with
different structures and with different arrangement of the
building blocks of the YBCO family compounds.
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President of Research and Technology and the National Cen-
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(CSCM), Department of Physics, Sharif University of Technol-
ogy (http://www.cscm.ir).

References

1. C.W. Chu, P.H. Hor, R.L. Meng, L. Gao, Z.J. Huang, Y.Q.
Wang, Phys. Rev. Lett. 58, 405 (1987)

2. M. Akhavan, Phys. Stat. Sol. (b) 241, (2004) 1242

3. R.J. Cava, J.J. Krajewski, W.F. Peck Jr, B. Batlogg,

10.

11.

12.

13.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

L.W. Rupp Jr, R.M. Fleming, A.C.W.P. James, P. Marsh,
Nature 336, 660 (1988)

M. Kato, M. Nakanishi, T. Miyano, T. Shimizi, M.
Kakihana, K. Kosuge, J. Solid State Chem. 139, 266
(1998)

O. Chmaissem, J.D. Jorgensen, S. Short, A. Knizhnik, Y.
Eckstein, H. Shaked, Nature 397, 45 (1999)

C.W. Chu, P.H. Hor, J.G. Lin, Q. Xiong, Z.J. Huang, R.L.
Meng, in the Proceeding of a NATO Advanced Research
Workshop on Frontiers of High-Pressure Research, edited
by H.D. Hochheimer et al. (Springer, 1991), p. 383

www . superconductors.org, One of the authors (A.T.) ac-
knowledges his April 22, 2009 private correspondance with
E.J. Eck

A. Aliabadi, Y. Akhavan Farshchi, M. Akhavan, Physica
C 469, 2012 (2009)

W.E. Pickett, Iran J. Phys. Res. 6, Special Edition on Two
Decades of HTSC, edited by M. Akhavan, 29 (2006)

P. Blaha, K. Schwarz, P. Sorantin, B. Trickey. Comput.
Phys. Commun. 59, 399 (1990)

S. Sahrakorpi, M. Lindroos, R.-S. Markiewicz, A. Bansil,
Phys. Rev. Lett. 95, 157601 (2005)

R. Kouba, C. Ambrosch-Draxl, Rhys. Rev. B 56, 14766
(1997)

H. Khosroabadi, A. Tavana, M. Akhavan, Eur. Phys. J. B
51, 161 (2006)

. S.L. Chaplot, W. Reichardt, L. Pintschovius, N. Pyka, J.

Phys. Chem. Solids 53, 761 (1992)

H. Schwer, E. Kaldis, J. Karpinski, C. Rossel, Physica C
211, 165 (1993)

A.W. Hewat, P. Fischer, E. Kaldis, J. Karpinski, S.
Rusiecki, E. Jilek, Physica C 167, 579 (1990)

R. Liang, D.A. Bonn, W.N. Hardy, Phys. Rev. B 73,
180505(R) (2006)

H. Khosroabadi, B. Mosalla, M. Akhavan, Phys. Rev. B
70, 134509 (2004)

W.E. Pickett, Rev. Mod. Phys. 61, 433 (1989)

C. Ambrosch-Draxl, P. Blaha, K. Schwarz, Phys. Rev. B
44, 5141 (1991)

R.S. Markiewicz, J. Phys. Chem. Solids 58, 1179 (1997)
K. Gofronl, J.C. Campuzano, A.A. Abrikosov, M.
Lindroos, A. Bansil, H. Ding, D. Koelling, B. Dabrowski,
Phys. Rev. Lett. 73, 3302 (1994)

T.P. Devereaux, T. Cuk, Z.-X. Shen, N. Nagaosa, Phys.
Rev. Lett. 93, 117004 (2004)

K. Gofronl, J.C. Campuzano, H. Ding, C. Gu, R. Liu, B.
Dabrowski, B.W. Veal, W. Cramer, G. Jennings, J. Phys.
Chem. Sol. 54, 1193 (1993)



	Introduction
	Computational details
	Results and discussion
	Conclusions
	References

