PHYSICAL REVIEW B

VOLUME 46, NUMBER 13

1 OCTOBER 1992-1

Theory for the electronic charge distribution in YBa;Cu3O, and PrBa;CusO~
a-axis superstructures and alloys

G. Baumgértel, W. Hiibner, and K.-H. Bennemann
Institute for Theoretical Physics, Freie Universitat Berlin, Arnimallee 14, 1000 Berlin 83, Germany
(Received 3 March 1992)

Using a Hubbard Hamiltonian containing all Y, Cu, and O sites we determine the electronic charge
distribution in a-axis-oriented YBaz;Cu3O7/PrBa;CusO7 superlattices and Y;_Pr;Ba;Cu3zO7 al-
loys within the Hartree-Fock and the tight-binding approximations. We find that the local hole
concentration in the CuO; planes of YBayCu3zO7/PrBaz;CusO~ superstructures reflects the modu-
lation wavelength of the respective a-axis superlattice and peaks in the center of the YBa;Cu3O~

layers.

We discuss the correlation of the superconducting transition temperature with the hole

concentration in the CuO; planes and the density of states at the Fermi level.

I. INTRODUCTION

In contrast to other rare-earth dopants,!
praseodymium suppresses superconductivity in the high-
T. cuprate YBayCuzO7. Also, doping with Pr in-
creases the normal-state resistivity of YBayCugOq,
which becomes insulating for large Pr concentrations.
Consequently, there is considerable interest in both
the superconducting and normal-state properties of
YBa;Cu307/PrBa;CuzO; (YBCO/PBCO) superlattices
and Y;_,Pr;BasCu3O7 alloys.

Recently, a-axis-oriented YBCO/PBCO superlattices
have been investigated by Eom et al.2 These superstruc-
tures are of particular interest for several reasons. First,
the a-axis superlattice mismatch at the YBCO/PBCO
interface is significantly smaller than the mismatch for
c-axis superlattices. Second, the same CuQO: plane can
be locally superconducting and insulating, depending on
whether the neighboring rare-earth atoms are Y or Pr.
Third, a change from two-dimensional to one-dimensional
superconducting behavior is expected if the width dy of
the YBCO layers is decreased below the coherence length
&op- Finally, the mechanism for the suppression of super-
conductivity due to doping with Pr is not completely
understood.3%

In this paper we study the electronic charge distri-
bution in YBCO/PBCO a-axis superstructures and al-
loys, which is important for various properties of these
compounds. In particular, we would like to understand
whether the decrease of T, in Y;_,Pr.BasCuzO7 with
increasing z is a consequence of the depletion of holes in
the CuO; planes. In order to determine the charge dis-
tribution we use a Hubbard Hamiltonian that contains
all Y, Cu, and O sites and calculate the local densities of
states and occupation numbers of the various electronic
orbitals self-consistently in the Hartree-Fock approxima-
tion and also in a simple tight-binding approach.

Our results show that the number of holes in the CuO,
planes decreases as the Pr content in YBagCu3Oyr is in-
creased. Furthermore, the local number of holes in the
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planes of an YBCO/PBCO compound depends on the
surrounding rare-earth atom and increases if one ap-
proaches the center of a YBCO supercell. An increase
of the modulation wavelength A at constant Pr content
essentially leads to an increase of the number of YBCO
unit cells (within one YBCO layer) with a relatively high
hole content, but does not change the hole concentra-
tion in the central YBCO unit cells. The correlation of
the superconducting transition temperature 7, with the
hole concentration in the CuO; planes agrees well with
experiment and a crude estimate of T, as a function of
the density of states at the Fermi level gives the correct
trend.

II. THEORY

In order to calculate the charge distribution in
YBa;Cu3O7_, as a function of x we use the Hubbard
Hamiltonian

H= ) €iaoClagCiar + D tiaciipoClasCiso

hau,o 4j,a,8,0
(1#£7)
+% Z Uiao;iﬁgr NiaoNifo’ - (1)

(o) (o]

Here, ¢ and j refer to Y, Cu(1), Cu(2), O(1), O(2), O(3),
and O(4) (apex) sites, and c:.‘” (Ciao) are the usual cre-
ation (annihilation) operators of an electron at site ¢ in
the orbital a with spin 0. We consider five different
d orbitals on Y and Cu sites, three p orbitals on oxy-
gen, and neglect the spin degrees of freedom. The Pr
and Ba ions are considered as purely ionic with a to-
tal charge ¢(Ba) + ¢g(Pr) = 5.75. This assumption leads
to a half-filled band for pure PBCO (which is an insu-
lator) and will be discussed in detail in Sec. III. The
on-site energies €;, and the hopping integrals t;; which
describe hopping processes up to third-nearest neighbors
are taken from a tight-binding fit® to the local-density-
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approximation (LDA) band structure calculated by De
Weert, Papaconstantopoulos, and Pickett. The Hub-
bard U is treated in the Hartree-Fock approximation
(nini =~ ng(ng)+(nghn; — (n;)(n;), where n; = ci¢;). Note
that we use Ug = 9 €V on all copper sites and U, = 6 eV
on all oxygen sites. The interorbital repulsions on a cop-
per or oxygen site are fully taken into account. However,
in view of the uncertainty of the used parameters we have
neglected the intersite Coulomb repulsion Upg4, which is
of the order of 1eV.”

From this Hamiltonian we determine the local Green’s
function Giq,ic on each orbital using Haydock’s recur-
sion method® with a cluster of at least 13 x 13 x
7 unit cells and 11 levels in the continued fraction.
Note that each unit cell contains 41 electronic orbitals.
Thus we obtain the local density of states gin(€) =
—(1/7) limy—, 40 ImGiq ia(€ + in) and the corresponding
electron occupation numbers n;, of the various orbitals.
This procedure is performed self-consistently within the
Hartree-Fock approximation. More details about these
calculations can be found in a previous paper by the
present authors.?

The calculations are done for pure YBCO, pure PBCO,
and various Y;j_,Pr;BasCusO7 alloys using the single-
site coherent-potential approximation (CPA).10 Further-
more, we generate a-axis-oriented YBCO/PBCO super-
lattices with (3 unit cells)/(3 unit cells), (3 unit cells)/(6
unit cells), (6 unit cells)/(3 unit cells), and (6 unit
cells)/(6 unit cells) multilayers and calculate the density
of states and the occupation numbers of the electronic
orbitals in the various inequivalent unit cells.

III. RESULTS AND DISCUSSION

First we discuss our assumptions that Pr can be con-
sidered as purely ionic and that the total charge!! of Pr
and Ba amounts to 5.75. The Pr-O anf Pr-Cu overlap
should be much weaker than the Y-O and Y-Cu overlap,
since the 4 f electrons in Pr are more localized than the 4d
electrons in Y. For simplicity, we then neglect the overlap
of the Pr ions with the CuO; planes and consider Pr as
purely ionic. Concerning the charge state of Pr, there is
no clear experimental evidence. High-temperature sus-
ceptibility measurements!? support the hypothesis that
praseodymium occurs in a Pr** configuration. Photoe-
mission experiments'® suggest that Pr is in a 3+ state
and that the charge of the BaO planes changes due to
doping with Pr. The z dependence of the 3Cu Knight
shift and of the spin-lattice relaxation rate at Cu in the
normal state of Y;_,Pr;BasCuzOy is similar to the y
dependence of the 63Cu Knight shift and the relaxation
rate in YBayCu3O7_,.1* These results indicate that the
substitution of Pr for Y leads to the depletion of holes in
the CuO; planes.

Since the individual charge states of Ba and Pr are
not important for our calculations, we consider only the
total charge giot = g(Ba) + g(Pr), choosing g0t = 5.75.
This leads to a half-filled band for pure PBCO in the
Hartree-Fock approximation and accounts for both the
observation of an insulating state induced by Pr doping
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and the depletion of holes found in NMR experiments.
In order to determine the number of holes in the
CuO; planes of the various inequivalent unit cells in
a YBCO/PBCO superlattice, we use symmetrized unit
cells (see Fig.1). For example, the number of holes in
the CuO; plane of the central YBCO unit cell of the
(12A)/(12 A) structure shown in Fig. 1 is given by

np = np(0%(2)) + 0.5[ng(Cu(2)) + ny(Cu®(2))]
+0.5[nn(0%(3)) + na(0%(3))] .

These unit cells have the same symmetry as the YBCO/
PBCO superlattices.

Our results for the hole count in the CuQO; planes of
different a-axis-oriented YBCO/PBCO superstructures
and for Y;_,Pr,BasCusO7 alloys (calculated by using
the single site CPA) are shown in Tables I and II and
in Fig. 2. The Hartree-Fock results were obtained us-
ing Us = 9 eV and U, = 6 eV and the tight-binding
approximation refers to setting U, = U; = 0. In
Y;-2Pry;Bas;CusO7 alloys the number of holes decreases
continuously with increasing z. This results from the
additional electrons injected into the compound due to
doping with Pr.}® Note that the tight-binding and the
Hartree-Fock approximations give very similar results for
this case. For the a-axis superlattices we also find a con-
tinuous decrease of the average hole concentration in the
CuOy; planes (averaged over all the inequivalent YBCO
and PBCO unit cells) with increasing Pr content for both
approximation schemes. However, there are significant
differences between the two approximations regarding the
distribution of the holes among the YBCO and PBCO
unit cells. In the Hartree-Fock approximation we obtain
an almost uniform distribution of the holes within the
compound. By contrast, in the tight-binding approxima-
tion we find a strong decrease of the number of conduct-
ing holes if we go from the center of the YBCO layers
to the center of the PBCO layers. For example, in the
(12A)/(12 A) superlattice (corresponding to three unit
cells YBCO and three unit cells PBCO) there are 1.305
holes per CuO5 unit cell in the central YBCO cell com-
pared with 1.046 in the central PBCO unit cell.1® The
hole concentration in the inner YBCO unit cells of the
(24 A)/(24 A) superstructures is not larger than that in
the central unit cell of the (124)/(12 i) superlattices.
However, in this case there are four connected YBCO
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FIG. 1. The CuO2 planes and the Y/Pr planes of a
(3 YBCO unit cells)/(3 PBCO unit cells) superstructure as
seen from above.
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TABLE I. Numerical results for the number of the holes
(n) in the CuO2 planes of Y;-:Pr;Ba;Cu3O7 as a func-
tion of z calculated by using the CPA. We compare the
tight-binding results with the results obtained within the
Hartree-Fock approximation.

z np (tight binding) np (Hartree-Fock)
0.00 1.45 1.45
0.20 1.35 1.35
0.33 1.27 1.28
0.40 1.22 1.24
0.50 1.16 1.18
0.66 1.06 1.09
1.00 0.88 1.00
TABLE II. Numerical results for the number of holes (n)

in the CuQO; planes of the inequivalent YBCO and PBCO
unit cells in YBCO/PBCO superlattices with (3 unit cells) /(3
unit cells), (6 unit cells)/(6 unit cells), (6 unit cells)/(3 unit
cells), and (3 unit cells)/(6 unit cells) multilayers. We com-
pare the tight-binding results with the results obtained within
the Hartree-Fock approximation.

z np (tight binding) np (Hartree-Fock)
(3 YBCO unit cells)/(3 PBCO unit cells)
1. YBCO 1.24 1.23
2. YBCO 1.30 1.24
3. YBCO 1.24 1.23
1. PBCO 1.11 1.23
2. PBCO 1.05 1.24
3. PBCO 1.11 1.23
(6 YBCO unit cells)/(6 PBCO unit cells)
1. YBCO 1.23 1.22
2. YBCO 1.30 1.23
3. YBCO 1.31 1.24
4. YBCO 1.31 1.24
5. YBCO 1.30 1.23
6. YBCO 1.23 1.22
1. PBCO 1.12 1.22
2. PBCO 1.03 1.23
3. PBCO 1.04 1.23
4. PBCO 1.04 1.23
5. PBCO 1.03 1.23
6. PBCO 1.12 1.22
(6 YBCO unit cells)/(3 PBCO unit cells)
1. YBCO 1.29 1.30
2. YBCO 1.35 1.32
3. YBCO 1.36 1.32
4. YBCO 1.36 1.32
5. YBCO 1.35 1.32
6. YBCO 1.29 1.30
1. PBCO 1.16 1.30
2. PBCO 1.09 1.30
3. PBCO 1.16 1.30
(3 YBCO unit cells)/(6 PBCO unit cells)
1. YBCO 1.19 1.15
2. YBCO 1.25 1.16
3. YBCO 1.19 1.15
1. PBCO 1.07 1.16
2. PBCO 0.99 1.17
3. PBCO 0.98 1.13
4. PBCO 0.98 1.13
5. PBCO 0.99 1.17
6. PBCO 1.07 1.16

1.6
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FIG. 2. Numerical results for the spatial variation of the
hole concentration along the a axis in a 36-unit-cell section
of (3 YBCO unit cells)/(3 PBCO unit cells) superstructures
(filled squares) and (6 YBCO unit cells)/(6 PBCO unit cells)
superstructures (empty squares) as obtained from the tight-
binding approximation. Note that the leftmost layer is of
YBCO type in both cases. Lines are guides to the eye.

cells with a large hole content compared to only one unit
cell for the smaller superlattice.

The large hole concentration within the YBCO layers
is due to the Y-O and Y-Cu hybridizations which lead
to a transfer of electrons from the CuQOs planes to the Y
atoms. This effect may be overestimated in our study,
since we neglect the much smaller Pr-Cu and Pr-O hop-
ping elements. However, this simplification can be jus-
tified, because we also neglect the interatomic Coulomb
repulsion, which causes an increase of the hole energies
in the CuO, planes close to a Pr ion and further reduces
the hole concentration in these planes.

In general, our results reflect the well-known fact that
the inclusion of correlations within the self-consistent
Hartree-Fock approximation overestimates the rear-
rangement of charges due to doping. Hence, correla-
tions suppress charge differences and spatial variations
of the hole concentration. This is especially true for su-
perstructures. The tight-binding calculations (resulting
from setting U = 0) drive charge rearrangement to a
lesser extent. They may be physically more appropriate,
since they lead to a more localized behavior of the holes
as would be expected from the treatment of strong cor-
relations beyond the Hartree-Fock approximation. Note
that the Hartree-Fock results for the superstructures can
also be improved by taking into account the Madelung
energy of the system, since a large hole concentration in a
CuO2, plane close to a Pr ion would then be energetically
unfavorable.

It is known'"18 that T, correlates with the number of
holes in the CuO; planes of YBasCu3O7_,. This should
also be the case in Pr-doped compounds. In a previous
paper? we calculated the y dependence of the hole con-
centration in the conducting planes of YBayCuzOr_,.
Since the y-dependent superconducting transition tem-
peratures of these compounds are well known from var-
ious experiments,7!8 we are able to obtain a relation
between T, and the hole content in Y;_.Pr;BayCuzO-.
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Here, we consider our previous CPA calculations only for
y < 0.4 in order to avoid difficulties concerning the ori-
gin of the plateau behavior of T, in YBasCu3zO7_, for
0.4 < y < 0.5. Thus, we are limited to larger hole con-
centrations corresponding to T, > 55K. We then find
for Y;_,Pr;BasCu3O7 that T (z = 0.25) = 70K and
T.(x = 0.35) = 58 K, which agrees well with experimen-
tal results!?!? and exhibits the above-mentioned behav-
ior.

Concerning our tight-binding results for the a-axis su-
perstructures we observe that there are four connected
YBCO unit cells with nj, = 1.3 in the (24A)/(24A) su-
perlattices. Hence, there is a region of four lattice con-
stants along the a axis (which is comparable to the coher-
ence length £, ) with a hole concentration corresponding
to a T, < 55K.20 Experimentally, T, was determined? to
be around 30K in (24 A)/(24 A) superlattices. For the
(12A)/(12 A) superstructures the region with a hole con-
centration large enough to yield superconductivity con-
sists of only one unit cell along the a axis. Therefore, one
expects quasi-one-dimensional behavior and suppression
of superconductivity for this compound, which indeed is
found? to be nonsuperconducting.

Although the mechanism of superconductivity is still
under debate?! it might be interesting to see whether
a simple BCS picture gives the observed trend for the
transition temperature as a function of the Pr concen-
tration z and the density of states at the Fermi level .
For this we estimate T, for the superconducting alloy
Yo.6Pro.4BasCu3zOy; via the BCS-type formula

-1

kBT.:(z) = 1.14hwo exp N @V
Here, the effective pairing interaction Vg and the charac-
teristic frequency wg were computed from the experimen-
tal T, at = 0.0 (T, = 92K) and = = 0.2 (T, = 73.6K).12
Note that this leads to reasonable characteristic fre-
quencies 1.14Awg/kp of 164 K (tight binding) and 193K
(Hartree-Fock), respectively. The obtained value for T,
(62K, see Table IIT)—although quantitatively too large
compared with experiment (50 K)—shows the observed
decrease. The discrepancy between the theoretical and
the experimental results might be due to the general over-
estimate of metallic behavior by our method.

G. BAUMGARTEL, W. HUBNER, AND K.-H. BENNEMANN 46

TABLE III. Characteristic frequencies and
superconducting transition temperatures 7. in the alloy
Yo.6Pro.4Baz;CusO; for the tight-binding and Hartree-Fock
calculations.

b Tight binding Hartree-Fock
1.14hw, ks (K) 163.6 192.5
T. (K) 62.9 62.2

Though we cannot rule out the possibility that pair
breaking!® also plays a role in the suppression of su-
perconductivity in Pr-doped YBasCugO-, we conclude
from our calculations that hole depletion in the CuOg
planes can account for the behavior of T, in these com-
pounds. Furthermore, the assumption of a pair-breaking
mechanism is not sufficient to explain the normal-state
properties of Y;_,Pr;BasCu3zOy7, such as the insulating
behavior for large z.

Finally, an important difference concerning the the-
oretical description of a-axis- and c-axis?? ?-oriented
YBCO/PBCO superlattices should be pointed out. As
the different layers in c-axis superlattices are coupled via
the nonmetallic CuO chains, the determination of the
hole distribution by minimization of the Madelung en-
ergy is justified in this case.2® By contrast, covalent forces
play a significant role in e-axis superlattices, where the
inequivalent parts of the CuO planes are directly linked
to each other. Thus, in contrast to Wood’s?® argument
for c-axis superlattices, the difference in the hole occu-
pation numbers between different parts in the same sym-
metrized unit cell can even exceed the difference between
neighboring layers. Therefore, an electronic theory for
the charge distribution should be more appropriate in
these systems.
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