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Electronic-structure calculations, within the local spin density approximation (LSDA), are reported
for PrBa,Cu;0;. Significant charge transfer from the Pr ions to both the CuQO, planes and the chains is
found relative to YBa,Cu;0,. This supports hole depletion explanations for the insulating character of
PrBa,Cu;0;. The LSDA electronic structure shows a prominent “ridge” Fermi surface analogous to
that in YBa,Cu;0;, but broader. It is proposed that high-resolution positron measurements of this
width may provide a useful test of hole depletion models.

I. INTRODUCTION

It is remarkable that the Y ion in YBa,Cu;0; may be
substituted by any rare-earth element except Ce, Tb, and
Pr, with only minimal changes in the superconducting
properties. Of the remaining three rare earths, only Pr
forms single-phase compounds with the YBa,Cu,;0,
structure (1-2-3). Substitution of Pr for Y in
Y,_,Pr,Ba,Cu;0; results in a rapid degradation of the
superconducting properties, and an insulator with anti-
ferromagnetically aligned Cu moments for large x.'?2
PrBa,Cu;0, is anomalous in other respects as well. For
example, the Pr sublattice orders magnetically at 17 K,
which is more than an order of magnitude higher than
the ordering temperatures of other rare earths in the 1-2-
3 structure. Despite a large body of theoretical and ex-
perimental work,? the understanding of PrBa,Cu,0,
remains incomplete.

Initially, it was proposed, based on high-temperature
susceptibility data showing an effective moment of ap-
proximately 2.7up, that one hole per Pr was transferred
from the CuO, planes relative to YBa,Cu;0, to form
Pr** ions.® This view is supported, for example (see Ref.
2 for a review), by optical and magnetic resonance experi-
ments.*> It is interesting that PrBa,Cu;0, samples may
contain excess oxygen while those of YBa,Cu;0, are gen-
erally oxygen deficient, although samples close to
stoichiometry may be formed. This is significant, because
of ionic considerations which imply that oxygen atoms
bind electrons, thus providing holes to the rest of the
crystal. The tendency of PrBa,Cu;0, to absorb more O
than the corresponding Y system may then suggest a
lower doping level in the Pr system. However, earlier
band-structure calculations® and other experimental stud-
ies’ 10 imply the presence of Pr’" ions, leading to the
suggestion of a magnetic pair-breaking mechanism
perhaps related to hybridization of the 4f levels with
CuO,-derived states. Neither of these approaches has
been shown to reconcile all the experimental data.
Fehrenbacher and Rice!! have proposed a hybrid model,
in which holes are depleted from the CuO, planes, but
the CuO chains and the Pr ions are mixed valent. In this
picture, the insulating character of the material is ex-
plained as being due to extrinsic mechanisms such as de-
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fects in the CuO chains that prevent them from conduct-
ing. This model is supported by light scattering® and pos-
itron annihilation experiments,'? which imply nonintegral
band filling for the CuO chains.

Guo and Temmerman® reported local spin density ap-
proximation (LSDA) electronic-structure and total-
energy calculations for PrBa,Cu;0, with the Pr f orbitals
constrained to integer occupations of one and two elec-
trons. These calculations, which were performed using
the linearized muffin-tin-orbital method within the
atomic-sphere approximation (LMTO-ASA), yielded
lower total energies for a doubly occupied 4f shell than
for the singly occupied case. That is, they found that
trivalent Pr yielded a lower total energy, and concluded
that Pr is trivalent in PrBa,Cu;0,. Since trivalent Pr
means that the Pr is not effective in depleting holes from
the CuO, layers, Guo and Temmerman ascribed the non-
superconducting character of PrBa,Cu;0, to a magnetic
pair-breaking effect.

Here, LSDA calculations performed with a local orbit-
al extension'? of the general potential linearized
augmented-plane-wave (LAPW) method*~!* are report-
ed. This method avoids shape approximations to the
charge density or potential and is therefore well suited to
treating materials with open structures and low site sym-
metries, such as the superconducting cuprates. Addition-
ally, the local orbital extension permits an accurate treat-
ment of high-lying extended core states, such as the 5p
state of Pr. The f orbitals were treated as valence states,
thus permitting nonintegral occupations. These features
permit a detailed determination of the LSDA electronic
structure of PrBa,Cu;0, and in particular a precise
determination of the position and shape of the “ridge”
Fermi-surface section; this may then be compared with
the measured size and shape from positron angular corre-
lation of annihilation radiation (ACAR) experiments
and compared with previous calculations for
YBa,Cu;0,.'*"® This also permits a more detailed
study of the Pr valence and any transfer of holes from the
CuO, layers.

II. COMPUTATIONAL APPROACH

As mentioned, the present calculations were performed
within the LSDA using a local orbital extension of the
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general potential LAPW method. Since this method has
been reviewed in detail elsewhere,'*! only aspects
specific to the present calculation are discussed here. The
calculations were performed for stoichiometric
PrBa,Cu;0, using the experimental crystal structure.
The Hedin-Lundqvist?® parametrization of the LSDA
was used with the spin scaling of von Barth and Hedin.?!
Both the core and valence states were treated self-
consistently, the core states relativistically in an atomic-
like approximation and the valence states scalar rela-
tivistically, with spin-orbit interactions added in a second
variational step. A well-converged basis set consisting of
approximately 1550 functions was used. Self-consistency
was obtained using a set of 16 special k points?? in the ir-
reducible wedge of the Brillouin zone (IBZ). This is ex-
pected to be adequate for the present purpose of obtain-
ing an understanding of the charge balance between vari-
ous parts of the crystal and the corresponding effects on
the electronic structure. The electronic density of states
(DOS) and Fermi surfaces were obtained from eigenval-
ues calculated at 96 uniformly distributed k points in the
IBZ.

III. NON-SPIN-POLARIZED ELECTRONIC STRUCTURE

The non-spin-polarized relativistic (including spin-orbit
interaction) band structure and corresponding total and
projected DOS of PrBa,Cu;0, are shown in Figs. 1 and
2, respectively. The band structure is qualitatively simi-
lar to that of YBa,Cu;0, with the addition of a manifold
of Pr f—derived bands near the Fermi energy (Eg). The
Pr f bands are centered approximately 0.3 eV above E.
Some hybridization between the valence states and the f
bands is evident in the calculations, as shown by the dis-
tortions of the remaining bands as they cross the f-band
region. Because of this it is difficult to precisely define
the f-band width. Taking it as the width of the Pr f
component of the DOS at 40 Ry !, a value of 0.95 eV re-
sults. Not surprisingly, chain-derived bands are least

4 SN
BIADRY
gl

%_2 §§ N

-4 TS

] T

S r X S

-~
—
N

FIG. 1. Non-spin-polarized band structure of PrBa,Cu;O,.
The dashed horizontal line denotes the Fermi energy.
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affected by hybridization with the f bands. This non-
spin-polarized calculation shows only a small f-band con-
tribution below Ep, amounting to somewhat more than
one electron but clearly less than two electrons per cell.
There is noticeably less dispersion in the z-axis direction
relative to YBa,Cu;0,, particularly near Ep. This
reflects reduced hybridization between plane- and chain-
derived bands, which is also reflected in the Fermi sur-
faces.

The calculated non-spin-polarized Fermi surfaces are
shown in Fig. 3. Although there are large differences
from the Fermi surfaces of YBa,Cu;0,,'*"!® due to hy-
bridization with the Pr f bands, some similarities remain.
In particular, the chain-related “ridge” section, although
shifted, remains intact. The electron-containing “‘ridge”
feature is broadened by this shift, resulting in an increase
of about ; in its charge. The small S-R-centered hole
cylinder, present in YBa,Cu;0-, is absent in Fig. 3. The
band that gives rise to it is, however, evident in the band
structure, approaching E from below but not reaching
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FIG. 3. Fermi surfaces in the k, =0 plane (left) and k, =% planes (right) for PrBa,Cu;0; from non-spin-polarized calculations.
The T (Z) points are at the corners, the S (R) point in the center, the X (U) points at the midpoints of the horizontal edges, and the Y

(T) points at the midpoints of the vertical edges.

Ep. It is unclear whether this is due to hybridization
with f bands or a shift in the band, although the latter is
consistent with the broadening of the “ridge.” In any
case, the shift in the “ridge” section implies that the
chains are providing even more hole doping in
PrBa,Cu;0, than in YBa,Cu;0,. The outer “barrel” sec-
tion, which is essentially (there is some mixing depending
on the k point) odd with respect to reflection in the plane
containing the Pr atom, is also relatively unperturbed.
The inner “barrel” section hybridizes more strongly with
the f bands near Ep and is not clearly shown in Fig. 3.
The band that gives rise to the inner “barrel” section can,
however, be seen crossing through and hybridizing with
the f bands in Fig. 1. The outer hole-containing “barrel”
is smaller than the corresponding Fermi surface in
YBa,Cu;0,, indicating a transfer of holes out of the
CuO, planes as well as out of the chains. This is con-
sistent with the fact that only about one f electron occurs
below E in the DOS (assignment of a precise number is
complicated by the hybridization present in this energy
range).

Another view of this charge transfer may be gained by
examining the Fermi surfaces that would result in the ab-
sence of hybridization with the f bands. This may be
done by computing eigenvalues and band characters on a
grid of k points in the Brillouin zone, and then identify-
ing those for which there are Cu-O-derived bands with
substantial f hybridizations. These k points may then be
eliminated from the data set and replaced by interpolated
bands from other k points with the f bands discarded. In
the present case, the criterion used was to discard k
points for which there were not 14 f bands all with more
than 70% f character. This led to the removal of | of
the k points. The Fermi surfaces (keeping the same E)
for the resulting interpolated bands are shown in Fig. 4.
These Fermi surfaces are more clearly related to those of
YBa,Cu;0,. The ‘“ridge” section is somewhat changed
from that of Fig. 3, reflecting the removal of hybridiza-
tion with the f bands, but is still significantly broader (by
approximately 25%) than that in YBa,Cu;0,. The two
“barrels” show less interaction with the ridge and are
closer together. Significantly, the area of the barrels is

FIG. 4. Cu-O component (see text) of the Fermi surfaces in the k, =0 plane (left) and k, = 5 planes (right) for PrBa,Cu;0; from
non-spin-polarized calculations. The I (Z) points are at the corners, the S (R) point in the center, the X (U) points at the midpoints
of the horizontal edges, and the Y (T) points at the midpoints of the vertical edges.
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noticeably smaller than that in YBa,Cu;0,, supporting
the earlier conclusion that the doping level is strongly re-
duced in PrBa,Cu;0, and that the “ridge” is broadened.

IV. SPIN-POLARIZED ELECTRONIC STRUCTURE

The Pr ions in PrBa,Cu;0; are clearly magnetic as evi-
denced by the antiferromagnetic ordering of these mo-
ments at low temperatures. Further, spin polarization of
the f orbitals in lanthanides can have a substantial effect
on the energetics. Therefore it is important to determine
to what extent the results of the previous section may be
altered by magnetic effects on the Pr ions. Spin-polarized
calculations, within the LSDA, were used to study this is-
sue. Since magnetic ordering of the Pr ions is expected to
contribute only a small energy relative to the band ener-
gies and therefore not significantly affect the charge bal-
ance between the various components of the crystal, a
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ferromagnetic ordering was used rather than the experi-
mentally observed antiferromagnetic ordering. Fixed-
spin-moment calculations®>?* were performed for several
magnetizations between zero and 2.3 pg/cell as well as
unconstrained calculations. Only one stable magnetic
solution was found. This ferromagnetic solution had a
total energy 11 mRy/cell lower than the non-spin-
polarized solution, and a spin magnetization of 1.1
pp/cell. The electronic DOS is shown in Fig. 5. Little
change is evident from the non-spin-polarized DOS, ex-
cept with regard to the Pr-derived electronic structure.
The main differences are a small increase in f occupation
and an exchange splitting of the f bands. Within these
LSDA calculations, the exchange splitting of the f bands
is 0.94 eV. Applying the same criterion as for the non-
spin-polarized f-band width, a majority-spin f-band
width of approximately 0.8 eV is obtained; this is slightly
narrower than the non-spin-polarized f-band width.

The wave functions within the Pr sphere (radius 2.4
a.u.) contribute a spin magnetization of 1.4 ug /Pratom,
while the remaining atoms show small reverse polariza-
tions. Since the minority-spin f bands are entirely above
Ep this can be used to estimate the f occupation as 1.4
electrons. Thus these calculations imply a Pr valence in-
termediate between Pr** and Pr’*. The total charge in
the Pr LAPW sphere differs from the non-spin-polarized
calculation by only 0.01 electrons. The Fermi surfaces,
shown in Fig. 6, are complicated by distortions due to hy-
bridization with the majority-spin f bands near Ej.
Nonetheless, ‘“barrel” and “ridge” sections remain
identifiable and the small chain-derived hole section
around S, which was absent in the non-spin-polarized cal-
culation, reappears. The k-space dispersion of this Fermi
surface arises from a small exchange splitting of 0.02 eV
combined with the flatness of this band near the max-
imum at S. The reappearance of this section implies that
the Pr is less effective in depleting holes from the chains
in the spin-polarized than in the non-spin-polarized cal-
culations. Nonetheless the ridge section remains broader
than in YBa,Cu;0,.

V. CONCLUSIONS

LSDA calculations for PrBa,Cu;O; have been per-
formed. These calculations show a substantial charge
transfer from the Pr ions relative to the Y ions in
YBa,Cu;0,, and are consistent with models like that of
Fehrenbacher and Rice, which ascribe the insulating
character of PrBa,Cu;0; to hole depletion in the CuO,
planes. Using the calculated Pr spin moment, I estimate
the transfer within the LSDA to be 0.6 holes/Pr atom,
distributed between the chains and planes. Although the
plane-derived electronic structure near Ep is strongly
perturbed, the chain-derived ‘ridge” Fermi surface
remains evident. The width of the ridge is increased rela-
tive to YBa,Cu;0,, reflecting a depletion of “holes” (in-
crease in number of electrons) in both the CuO, planes
and in the chains. This hole depletion may be viewed
equivalently as an increase in the Fermi energy for the
non-Pr electronic structure with some additional shifts
between the various bands. It is notable that experimen-
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FIG. 6. Fermi surfaces in the k, =0 plane (left) and k, =% planes (right) for PrBa,Cu;0; from spin-polarized calculations. The I’
(Z) points are at the corners, the S (R) point in the center, the X (U) points at the midpoints of the horizontal edges, and the Y (T)

points at the midpoints of the vertical edges.

tal studies of (Y,_,Pr,)Ba,Cu,O; find that Pr is less
effective in suppressing superconductivity,” even though
the local structure and the CuO,-plane-derived electronic
structures are similar to those of the (Y,_,Pr, )Ba,Cu;0,
system. The present calculations suggest an explanation
in terms of the additional CuO unit in this material,
which could provide additional holes and make depletion
of those in the CuO, planes more difficult. These calcula-
tions are, however, subject to the limitations of the
LSDA, such as its inability to correctly describe the anti-
ferromagnetic insulating CuO, planes in undoped high-
T, materials; these may affect the amount of the charge
transfer. High-resolution positron ACAR measurements
of the width of the “ridge” section will be very useful in
determining whether this in fact occurs in real

PrBa,Cu;0,. The present calculations strongly suggest a
hole depletion explanation for the insulating character of
this material. Positron experiments, if they find an in-
creased “ridge” width relative to YBa,Cu,;0,, will further
support this picture.
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