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A model for the electronic structure of PrBa;Cu3O; is proposed with three independent components:
insulating CuO, planes with oxidation state Cu'!, mixed valent Pr ions with almost equal numbers of
Pr'" and Pr!V, and CuOs chains described by a ¢-J model with filling = §. The difference from the
high-T. superconductors comes from an enhanced stability of the Pr!V state due to the hybridization
with O neighbors, and involves a transfer of holes from primarily planar O 2p, to 2p, states. The insu-
lating nature of PrBa;Cu3Oy is ascribed to the extreme sensitivity of the dc conductivity of the mixed
valent Pr ions and the CuQOj3 chains to vacancies and impurities.

PACS numbers: 71.28.+d, 74.20.Mn, 74.72.Jt

In spite of many experiments, and several theoretical
proposals, the dramatic suppression of superconductivity
(SC) upon substituting Y by Pr in YBa;Cu307 (Y-O5)
[1] is still not well understood. The first proposal to ex-
plain the insulating character of PrBa,Cu;O; (Pr-O7)
was based on high-temperature susceptibility data show-
ing an effective Pr moment ~2.7ug, comparable to that
of a free Pr*t ion (2.54up) [2], and proposed that one
hole per formula unit was transferred off the Cu ions,
making fully ionized Pr** ions in contrast to Y-O7. This
proposal was criticized in view of results obtained from
several high energy spectroscopies (XAS [3], RESPES
[4], EELS [5]) which were interpreted in terms of a sim-
ple Pr3* ion. This valence was also found in band struc-
ture calculations [6], and the T, suppression was attribut-
ed to a magnetic pair-breaking effect. On the other hand,
recent results on Cu NMR [7], Ca substitution to form
ProsCags-O7 [8], and optical reflectivity [9] support the
original hole depletion proposal. A third possibility, that
each Cu in the Cu-Oj; chains is oxidized to Cu''"" [10],
was suggested lately [11]. However, no model allows for
a consistent interpretation of all experimental data.

New information on the charge distribution was ob-
tained from optical reflectivity spectra of single-domain
Pr-O; [9]. Most striking was a difference spectrum be-
tween light polarized along the a and b axes, determining
the optical response of the CuOj; chains. The effective
carrier density calculated from the integrated spectral
weight was almost identical (= 0.5/Cu) to that in Y-O,
i.e., the hole concentration in the chains is unaffected
by the Pr substitution. On the other hand, the planar
response did not show substantial variation compared to
Y-Og, confirming the insulating nature of the antiferro-
magnetic (AF) CuO; planes in both materials.

In view of this result, we reexamined our earlier propo-
sal [12] that all Pr ions are in a Pr!Y oxidation state sta-
bilized by hybridization with O neighbors. This required
all Cu sites to be in Cul! oxidation states, and all three
components (Pr, CuO; planes, and CuOj3 chains), having
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integer oxidation states, would be Mott insulators. The
optical data force us to a different proposal, in which the
electronic charge rearrangement from the Y-O7 config-
uration takes place only between the Pr sites and CuO;
planes. Consequently, the only component with an in-
teger oxidation state is the CuQO; planes while the Pr and
the CuO; chains have nonintegral ones. This novel elec-
tronic structure for Pr-O7 contains chains as realizations
of a one-dimensional (1D) ¢-J model, and mixed valent
Pr ions. The insulating character of Pr-O; must then be
extrinsic in origin. Below, we show that this rearrange-
ment involves primarily planar O 2p orbitals, so that it is
plausible that the CuOj; chains are unaffected.

Let us now explain in more detail the electronic struc-
ture of Pr!'V. The standard Pr** (4f') configuration is
clearly too simple. In this Letter, we will show that the
crystal structure explicitly favors a strong hybridization
of 4f2L and 4f" configurations, where L denotes a ligand
hole on the O neighbors. The eightfold, almost cubic Pr-
O coordination allows the formation of a low-energy hole
state which is a superposition of 2p, O orbitals with f
symmetry with respect to the central Pr ion [13].

Our thesis is that this Pr!V hole state is competitive in
energy to the planar singlet [14] formed from hybridized
3d,2-,2 Cu and 2p, O orbitals. Constraining the hole
density in the chains to nc,= 0.5, a simplified Hartree
calculation shows that for the material parameters of all
members of the rare-earth (RE) RE-O7 series, the only
stable solutions for the hole distribution are the two ex-
trema np =0, np=0 —n)/2 or np=1—nep, np =0 (nr
is the density of RE!Y ions and n,, is the hole density in
the CuO, planes). We will derive a critical value A, of
the energy difference between the planar Cu'"' and the
RE'Y state, above which the solution with np =0 becomes
stable. Thus, we are left with little option but to conclude
that the essential difference between Pr and the other RE
is the crossing of these two solutions.

We describe the low energy electronic properties of Pr-
O7 by the model Hamiltonian
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where i,j label planar Cu and O sites, m Pr sites, ¢}
create 3d,2_,2 Cu and 2ps . O holes, "f,:',s create Pr
(4f,1, =v) electrons, and s is the spin index. We use 2p,
orbitals which make an angle of 45° with the CuQ, (ab)
plane, and point towards a Pr site. The ¢; include the
usual on-site energies (in eV) e;=0 (by convention),
€ps=3.6, €pn, and the nearest neighbor (nn) hopping in-
tegrals t,0 =1.2, 1po=0.62, 1,,=0.46, 15z =0.5, where 1,;
describes hopping in the ¢ direction (€,, will be discussed
later). These latter values were obtained using the
Slater-Koster tables [15] with parameters Vo, ¥ ppr, Vpdos

Vpar from Ref. [16] (rescaled to the bond lengths of Pr-
O3, according to [15]). The on-site Coulomb repulsions
are Uy =10.5, U, =4, with values from Ref. [17] (also
€ps). The f parameters taken from Ref. [18] include the
on-site energy €;—€,,= — 10, the f;, between 2p, and
4f, orbitals (all other ¢, are negligible), and the on-site
Coulomb repulsion Uy=10.5 (25, will be discussed be-
low). Finally, H2' describes the atomic Coulomb, ex-
change, and spin-orbit interactions on the Pr sites. The
vacuum | ) is defined as filled Cu 3d'°, O 2p®, and empty
Pr 4f° shells. HJ2 is taken into account, by restricting
the Hilbert space to include only the 4 Hund’s rule mul-
tiplet ground states (the first excited states involve an ex-
citation energy ~0.25 eV [19]).
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where €;=¢,,— 2t,,,r l,,J;,. H,, splits $,, into four decou-
pled subspaces, h,,, 2 (each seven dimensional) contain-
ing the states coupled to |[4f '/, =+ 3), [4f T, =F 3,
and $,5'2 (each five dimensional) containing the states
coupled to |4f';J, == +). Since all eight O atoms are
equivalent, the states can be classified according to the ir-
reducible representations of the double cubic group O
[19]. The diagonalization of (3) yields a fourfold degen-
erate ground state belonging to I's, and the first excited
states belonging to the doublet I'7, as expected for a
J =3 multiplet in cubic symmetry.

An alternative state for the hole is a planar singlet
formed from 3d,._,2 Cu, and 2p, O orbitals, i.e., a Cu'!!
oxidation state [14]y In both alternative, Cu'"" and pr!V,
the hole is primarily in planar O 2p states, so that we can
rationalize the experimental fact that the hole concentra-
tion on the chains n¢, = 0.5 is unaffected. The distribu-
tion of the remaining holes (1 —n, per unit cell) among
these two states can be calculated within a simplified
Hartree approach. The Hartree energy of a double layer
is composed of (i) the two 2D ¢-J bands originating from
the planar Cu'" (hole density np) and (ii) the Pr'V states
(concentration ng) subject to the constraint
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Cu' and Pr!V states interact via the Coulomb repulsion
U, =4 eV resulting from simultaneous 2p, , occupation

2npt+ng=1—neg.
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Consider the possible hole states on the eight O atoms
surrounding a Pr sxte (see Fig. 1). There exists a unique
linear combination flr,m of 2p, O orbitals, for which the
kinetic energy from O-O overlap (characterized by
Ipzytpn > 0) and the kinetic energy due to 4/-2p, hybridi-
zation (gwen by t57) are minimized at the same time.
Since fﬂ.’ms has f,(,2-,2) symmetry around Pr site m, it is
orthogonal to all other f orbitals, and hybridizes only
with *2f,. with a matrix element V= \/_tp/ (t,,f
‘=1yr,v=2). The O-O hopping energy of ? fTtms 1S mini-
mized at —21,,— t,,,, due to the optimal phase coherence
in this state.

The proposed local hole state, Pr'¥
linear combination
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ie, a mixture of Pr*t and Pr®*t+ligand hole. The
coefficients A$,k5*" have to be calculated by diagonaliz-
ing (1) in the subspace ©, which contains the six J,
states of the J =2 multiplet (Pr*t04®7), and the 9x2
product states combining the J =4 multiplet with the two
hole states 7,; (Pri*O4°>7). The relevant part of (1)
then becomes

vaM mes v’f'Ils' V(fms' s (3)
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on O sites, so the Hartree energy with an averaged repul-
sion has the form

E Hartree(np,np) =2(ep+ }')np + an;g

+epnp+ T Bnf+ 2U yynpng , (5)

where ep,ep represent the energy of a localized planar
singlet and Pr!V state, respectively. U,, is determined by
the product of the probability for a hole in the 7-J band
to sit on an O site nn of an occupied Pr'V state, and the
probability of the hole in that state to be on the same O
site (see Fig. 1), giving Uy =U,/4=1 eV. The term
2ynp+ anp approximates the total energy of the ¢-J mod-
el at hole filling np on both planes. The coefficients
y= —1 eV, a=2 eV can reliably be estimated from
high-temperature expansion data for realistic values of
J=0.1 eV, t=0.4 eV (a quadratic polynomial gives a re-
markably good fit to the data points) [20]. Finally, Sn2/2
results from the linear term in an expansion of the chemi-
cal potential ur(ng) for the band of states arising from
Pr!V. Strong suppression of coherent hole hopping be-
tween adjacent Pr'Y and Pr!'!' configurations by (i) a
small total overlap matrix element and (ii) a strong cou-
pling to the spin degrees of freedom [as expressed in (2)],
in conjunction with a small effective interaction between
different Pr'V states due to the low denisty nr S0.5, sug-
gests IBI <yl lal, ie., a very narrow band.

Using the constraint (4), we find an extremum of
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FIG. 1. Schematic diagram of the eight 2p, O orbitals point-
ing towards Pr site m, and the 4f,,2_ 2, Pr orbital. The super-
position }tms =1/ X lmi (— 1) MMz, where Cmi is the vec-
tor connecting Pr site m with the neighboring O site i, My =1
for i € {2,3,6,7}, and M =2 for i € {1,4,5,8}, has f,2_ 2
symmetry, and hence its overlap with all f states apart from
4f,(x2—,2) vanishes. Its phase coherence is indicated by dark
(+) and light shading (=), as for the 4f,(,2_ 2, Pr orbital.

E Hartree Which, however, is a maximum when
Ta+p—2U, <0, (6)

which is the case for the parameters stated. Therefore,
the minimum occurs at either ng=0, or ngp=1—nc.
This leads to a criterion for the stability of the nonsuper-
conducting solution np =0, np =1 —n¢, (setting ngp =%,

APF:=€p"—6p>ACZ=_}’—é—a+‘l‘-ﬂ%0.75t:v. (7)

Since the dependence of (6) on the particular RE atom
is only via B (estimated to be negligibly small compared
to @/2 —2U,y), the inequality is satisfied for a// members
of the RE series. This naturally explains the absence of a
T. intermediate between 0 and 90 K in this series, since
the only stable solutions are ng =0 or np =0.

The stability of the solutions from (7) is determined by
the energy difference App between the Cu'l' and the Pr'Y
state. We calculate Apr from (1), and in Table I, quote
the average 4f occupation ny of Pr'Y and the energy
difference Apr — A, as a function of the hybridization ma-
trix element f,r, and the O-site energy difference A,y
=¢ps— €pr. The criterion (7) is satisfied for values
Asz= 1.5 eV, and t,;,>0.3 eV. A positive Ay, results
from the Coulomb repulsion Upy = 1.2 eV [17] between a
hole in the 3d,2_,2 Cu and O 2p orbitals. Note that this
repulsion affects mostly the 2p, orbitals (which form the
culll singlet), since the 2p, orbitals of the Pr'Y state are
perpendicular to the Cu orbital. We also considered the
possibility of additional stabilization of Pr!Y by hybridi-
zation onto the CuOj; chains via O(2,3)-O(1) overlap.
However, the effective nn hopping matrix element van-

TABLE I. The critical energy difference Apr — A, in €V, to-
gether with the corresponding 4f occupation ny of Pr'V as a
function of 7,7, for Agx=1.5 €V. ApF is given by the energy shift
between the planar singlet (ep=—0.43 eV, €,=0), and the
Pr!V state. Ac =0.75 eV from Eq. (7). Stability of the nonsu-
perconducting solution is indicated by a positive Apr —A.. Note
that Apr(Agx) =Apr(Agr =0) + Aqs.

tpr =0.2 tpr =0.3 tpr =0.4 tpr =0.5
Apr — A —0.38 —0.13 0.13 0.40
ny 1.73 1.66 1.63 1.60

ishes by symmetry. The delicate energy balance from
Table I indicates that a reduced #,, due to the lanthanide
contraction combined with unfavorable values of e,,Uy is
responsible for the stability of the superconducting solu-
tion (np=0) for the RE with atomic number Z > 59.

Some comments on experimental results in view of
our model: (a) The total probability of the 4f' Pr
configuration is roughly np(2—ns)=0.15-0.2. This
explains the spectroscopic results revealing a valence
= Pr**t quoted above. (b) The RE-O bond lengths in
RE-O; show a linear scaling with the corresponding
RE?* ionic radii, the only exception being Pr, for which
an anomalous shrinking of the Pr-O(2) distance was ob-
served [21]. This distortion to an almost cubic O cage
about the Pr favors a Pr'Y configuration. (c) The anoma-
lous pressure dependence of T.(x) in Y|-,Pr,-O; was
earlier interpreted as a sign of hybridization effects [22].
(d) Spectra from inelastic neutron scattering [23] show
three rather broad low-energy crystal-field (CF) transi-
tions. This is a clear manifestation of mixed valent Pr,
since for pure Pr'"' (J=4) only two transitions (the
ground state being a triplet, weakly split into three sing-
lets by the orthorhombicity) and for pure Pr'V just one
transition (between the two weakly split doublets of I's)
are expected. The strong broadening can be explained by
the possible decay of a magnetic excitation on the Pr into
AF spin waves on the CuQO; planes, which strongly
reduces the lifetime of these excitations. (e) In the alloy
Y, —,Pr,-O7, the Pr!V state not only absorbs holes [7,8],
it can also act as a pair breaker, since there exists a small
exchange coupling to the 2p, O orbitals. (f) Concerning
the (Y-O7)y (Pr-O7)n superlattices [24], we can now
rule out the possibility of significant charge transfer be-
tween Y and Pr blocks which we suggested to explain
T.(M,N) [12]. The similar hole densities on the chains
in Y-O7 and Pr-O7, and the fact that a hole occupying a
Pr!V state spends most of its time on O sites belonging to
the CuO; planes (just like holes doped into the SC t-J
band of Y-O9), suggest that the charge distributions in
Y-O7 and Pr-O7 are very similar.

Even though a consistent picture of the electronic
structure of Pr-O; has now emerged, there still remain
some open questions.

(a) The reason for the semiconducting resistivity is not
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obvious. A hopping of a hole between nn Pr!'" and Pr'V is
in principle possible via O 2p orbitals, even though the
effective matrix element is small. This is due to the
orthogonality of the involved orbitals on shared O sites of
neighboring Pr cubes, and a cancellation effect due to the
symmetry of the }n’ms state. We can only make plausible
that the combination of a small bandwidth, a relatively
large Pr'V-Pr!Y nn repulsion, strong coupling to spin de-
grees of freedom, and potential disorder renders the car-
riers localized. The absence of dc conductivity of the
chains [9] can be due to O vacancies. In contrast to Y-
07, the possibility to circumvent an O vacancy via the
CuO; planes is excluded by the insulating gap. This in-
terpretation is consistent with the strong increase of the
resistivity p upon reducing oxygen in PrBa;Cu;O;-,.
The absolute value of p is therefore a criterion for the
amount of oxidation of a sample. Another remarkable
feature is the optical conductivity o(w) of the CuO;
chains, which is dominated by a broad midinfrared peak
in both Pr-O7 and Y-O5 [9]. Even though we claim that
the chains are realizations of a 1D ¢-J model, this model
alone is not sufficient to explain the observed o(w).
Work on this point is in progress.

(b) The nature of the Pr AF below Ty =17 K [25] is
sophisticated, especially considering the mixed valency.
This, and the only slightly reduced T =10 K in Pr-Og
(with only Pr'!'"), requires the existence of a substantial
exchange interaction between Pr!"! configurations in addi-
tion to Pr!V-Pr!V coupling. The anomalously large Tn
suggests a superexchange mechanism which for the Pr!¥-
Pr!Y case can occur via doubly occupied O 2p, orbitals.
The most likely superexchange path for Pri''-Pr!!! (also
Pri'-Pr!V) coupling involves hopping from Pr 4f via O
2p, to O 2p, orbitals on different O sites, i.e., low-energy
virtual Pr** excitations. This is an allowed process be-
cause the ground state of the AF-ordered CuO; planes
contains an appreciable admixture of doubly (hole) occu-
pied O 2p, orbitals. The resulting coupling can be es-
timated to be of the order of 1 meV. A more detailed dis-
cussion will be published elsewhere.

In conclusion, we presented a consistent description of
the electronic structure of Pr-O;. The absence of SC was
explained by the existence of a local 4f-Pr-2p,-O (Pr!V)
hybridized state which binds doped holes to Pr sites.
Given a constant hole density in the chains =0.5, we
determined the distribution of the remaining holes be-
tween Pr!Y and the planar singlet state (Cu'')) from a
Hartree calculation. The only stable solutions for al/
members of the RE-O7 series were shown to correspond
to a maximum occupation of either REY (7.=0) or
Cu'" (7,=0). The electronic structure of Pr-O7 is very
unusual, with three independent components, CuOj;
chains described by a 1D ¢-J model, mixed valent Pr!!-
Pr!V configurations, and insulating CuO, planes. Pr-O; is
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not a usual Mott insulator with integer valence configu-
rations, but the insulating character arises because of the
extreme sensitivity of the 1D chains and the Pr''-pr!V
mixed valent state to O vacancies and other defects.
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