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Based on the density-functional theory and using the full-potential linearized augmented-plane-wave method
the electronic structure of PrBa2Cu3O7 �Pr123� system was calculated. The rotationally invariant local spin-
density approximation plus Hubbard parameter U was employed for Pr�4f� orbitals. One self-consistent solu-
tion more stable than the previous solution, which has been proposed by Liechtenstein and Mazin �LM� �Phys.
Rev. Lett. 74, 1000 �1995��, was found. This new solution favors the suggestion that the pure Pr123 samples
should be intrinsically superconductor and metal similar to the other RBa2Cu3O7 �R=Y or a rare-earth ele-
ment� samples. Moreover, the results of 17O NMR spectroscopy study of the conventional nonsuperconducting
Pr123 samples �Y. H. Ko et al., Physica C 224, 357 �1994�� were interpreted by means of our new solution. It
was argued that the loss of superconductivity in the conventional Pr123 samples should be associated with
transition of holes from O2�2p�� orbitals to O2�2p�� orbitals. Altogether, it was proposed that some imper-
fections can be responsible for this phenomenon. Meanwhile, more pieces of evidence are required to verify
this proposal.
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I. INTRODUCTION

Since the early years of discovery of high temperature
superconductivity, the most prepared PrBa2Cu3O7 �Pr123�
samples had shown nonsuperconducting and nonmetallic be-
haviors in contrast to RBa2Cu3O7 �R123� samples.1 How-
ever, Blackstead et al.2 reported superconductivity in Pr123
powders and thin films in 1995. On the other hand Zou et al.3

have also reported bulk superconductivity in Pr123 single
crystals in 1998. In addition, bulk superconductivity in poly-
crystalline Pr123 samples was reported by Araujo-Moreira et
al.4 in 2000. There are some experimental evidences which
imply that the nonsuperconducting Pr123 samples are not
pure samples. For instance, the c-axis lattice constant of non-
superconducting Pr123 samples reveals a noticeable depar-
ture from the c-axis vs R3+ ionic radii curve in the R123
superconducting samples.3 In contrast, the c-axis lattice con-
stant of superconducting Pr123 samples falls in the consis-
tent curve of other superconducting R123 samples.3,4 In Ref.
4 it has experimentally been shown that using a wrong
chemical route, based on oxygen atmosphere, leads to the
formation of a superoxide that inhibits the formation of the
superconducting phase in the conventional Pr123 samples.
By improving the fabrication route,4 the structural imperfec-
tions of Pr123 samples have comprehensively been reduced
and the new samples show superconductivity like other R123
samples. Indeed, the recent experiments3,4 indicate the pure
Pr123 is a normal Y123-like oxide superconductor.

Based on the density-functional theory,5 the electronic
structures of Y123 and Pr123 have been calculated in several
works.6–17 The local �spin� density approximation �L�S�DA�
�Ref. 18� provides many properties of Y123 such as the
structural parameters, phonon frequencies,8 and Fermi
surfaces9 in surprisingly good agreement with the experi-
ments. However, the L�S�DA is not reliable for the Pr123.

For instance, the LSDA calculation implies a Pr valency in-
termediate between 4+ and 3+ �about 3.6+�,11 which is in-
consistent with the experimental value that is near 3+.19 To
overcome the failures of the LSDA, the LSDA plus Hubbard
parameter U �LSDA+U� �Ref. 20� has been used for Pr�4f�
electrons in Ref. 14 by Liechtenstein and Mazin �LM�, in
1995. In this reference, the Pr atom shows almost 3+ valency
and one partially empty pf�� �O-Pr� band crosses Fermi en-
ergy. In Ref. 14, it has been argued that this pf�� band grabs
holes from the superconducting pd�� �O-Cu� bands and it is
responsible for suppression of superconductivity in the
Pr123. The LM model suggests that the pure Pr123 samples
are intrinsically nonsuperconductor. After the observation of
superconductivity,3 Mazin has argued that if this finding is
true, the Pr123 is a more novel superconductor than all other
cuprate high-Tc materials known: It is the only one where
superconducting carriers are not residing in the pd��

bands.21 Indeed, the former suggestion �i.e., Pr123 is intrin-
sically nonsuperconductor� leaves the superconductivity of
the recent samples unexplained.3,4 Moreover, the latter sug-
gestion �i.e., Pr123 is a novel intrinsically superconductor�
leaves the nonsuperconductivity of the conventional samples
unexplained.

Later, we have used the LSDA+U for Pr�4f�
electrons16,17 and reported that there is no partially empty
pf�� band in our band-structure results in contrast to Ref. 14.
It has been argued that perfect Pr123 samples should be
metal and superconductor similar to Y123 compound and
some impurities should be responsible for the suppression of
superconductivity and metallic character in the conventional
samples.16,17 Why do our LSDA+U results differ greatly
from the LM results and which one is more compatible with
the experimental observations? Here, it was shown that the
final self-consistent results in the LSDA+U calculations of
Pr123 greatly depend on the starting configuration of occu-
pation number matrix for Pr�4f� orbitals. Two special self-

PHYSICAL REVIEW B 78, 144505 �2008�

1098-0121/2008/78�14�/144505�6� ©2008 The American Physical Society144505-1

http://dx.doi.org/10.1103/PhysRevB.78.144505


consistent solutions were presented and carefully compared
with each other and some experimental observations.

II. COMPUTATIONAL DETAILS

Present calculations were performed by the precise full-
potential linearized augmented-plane-wave �FP-LAPW�
method.22 Additional local orbitals �LO� were used for all
semicore states.23 We have used the well-known WIEN2k code
for this purpose.24 The data of the crystalline structure of
Pr123 were taken from the neutron-diffraction results.25 The
unit cell of Pr123 and the labeling of various atoms were also
shown in Fig. 1. All calculations were performed in ferro-
magnetic ordering similar to Refs. 10, 11, and 13–17. Atomic
sphere radii of 2.80, 2.90, 1.80, and 1.65 a.u. were taken for
Pr, Ba, Cu, and O, respectively. Approximately, 1900 LAPW
plus 38 LO functions were used as the basis set. Self-
consistency was obtained using a set of 16 special k points
�same as in Refs. 11, 16, and 17� in the irreducible Brillouin
zone �IBZ�. It was also tested that calculations with 72 k
points yield almost the same results. In all calculations, band
states �valence and semicore states� were treated scalar rela-
tivistically and core states full relativistically.

Similar to the LM calculation,14 we have used the rota-
tionally invariant scheme of LSDA+U functional, which has
been described in Ref. 20. It can be written as the following:

ELSDA+U��,m� ,�n�� = ELSDA��,m� � + EU��n�� − Edc��n�� ,

where � and m� are the electron and magnetization density,
respectively, and �n� is the occupation number matrix.20

ELSDA�� ,m� � is the standard LSDA functional.18

EU��n�� =
1

2 �
�m�,�

��mm�	Vee	m�m�
nmm�
� nm�m�

−�

+ ��mm�	Vee	m�m�


− �mm�	Vee	m�m�
�nmm�
� nm�m�

� � ,

where Vee are the screened Coulomb interactions among the
nl �4f� electrons.20 The “double-counting” term Edc��n�� is
an approximation to the electron-electron interaction for the
Pr�4f� orbitals, which has already been contained in
ELSDA�� ,m� �. There are different versions for this term.26 In
the “fully localized limit” �FLL� �i.e., “self-interaction cor-
rected” �SIC�� approximation, which has been used in both
Ref. 14 and the present work, it is defined as

Edc��n�� =
1

2
UN�N − 1� −

1

2
J�N↑�N↑ − 1� + N↓�N↓ − 1�� ,

where N�=Tr�nmm�
� � and N=N↑+N↓. The screened U

parameter20,26 was set to the Pr metal value of 5.8 eV,27 simi-
lar to Ref. 14. At the first step, the value of screened J
parameter20,26 was set to zero. This corresponds to neglect
the nonsphericity of the electronic interactions �i.e.,
�mm�	Vee	m�m�
=�mm��m�m�U� and the differences among
the interactions in like-spin and unlike-spin channels. �For
detailed descriptions see Ref. 26.� At the second step, the
usual 0.68 eV value15 was used for the J. Increasing of the J
value from zero to 0.68 eV has not changed the results,
qualitatively.

As mentioned before, the final self-consistent results in
the LSDA+U calculations of Pr123 greatly depend on the
starting configuration of occupation number matrix for
Pr�4f� orbitals. In this paper, two special calculations were
reported. In the first calculation, the starting occupation num-
bers corresponding to Pr�4fz�x2−y2�� and Pr�4fz�5z2−3r2�� were
set occupied. With these selections the results of Ref. 14
were reproduced. �In Ref. 14, it has been mentioned that the
starting configuration was such that the occupied states cor-
responded to complex f harmonics with m= �2. The
Pr�4fz�x2−y2�� orbital is produced with combination of these
complex harmonics.� In the second calculation, instead of
Pr�4fz�x2−y2��, the starting occupation numbers corresponding
to Pr�4fy�y2−3x2�� �combination of complex harmonics with
m= �3� were set occupied. The reason for this selection is
discussed in Sec. III.

III. RESULTS AND DISCUSSION

Electronic density of states �DOS� for both the calcula-
tions was shown in Fig. 2. �In all figures J=0. Using J
=0.68 eV does not change the results, qualitatively.� Imple-
mentation of U produces the Hubbard splitting between the
occupied and empty Pr�4f� states. The Pr�4f�-minority spin
states are entirely above the Fermi energy for both the cal-
culations. In the first calculation, some Pr�4f�-majority spin
states lie across the Fermi energy, but in the second calcula-
tion they do not lie across it. For J=0 �J=0.68 eV�, the
wave functions within the Pr sphere contribute spin magne-
tizations of 1.93 and 1.96 �B /Pr �1.93 and 1.98 �B /Pr� for
the first and second calculations, respectively. These values
imply a Pr valency near 3+, which is consistent with
experiments.3,19

The band structures of the first and second calculations
for the majority spin were shown in Fig. 3. The bands 2 and
3 are derived from the two CuO2 planes and have the
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FIG. 1. �Color online� The unit cell of PrBa2Cu3O7.

V. GHANBARIAN AND M. R. MOHAMMADIZADEH PHYSICAL REVIEW B 78, 144505 �2008�

144505-2



usual two-dimensional character of Cu2�3dx2−y2�−O2�2px�
−O3�2py� antibonding. The bands 1 and 4 are corresponding
to the CuO3 chain. The almost empty dispersive band 1 has
the character of Cu1�3dy2−z2�−O1�2py�−O4�2pz� antibond-
ing and the almost filled flat band 4 has the Cu1�3dyz�
−O1�2pz�−O4�2py� antibonding character. These four par-
tially occupied bands also exist in the band structure of
Y123.6 In comparison with the Y123 band structure,6 an ad-
ditional band 5 crosses the Fermi level in Fig. 3�a�. As has
been described in Ref. 14, band 5 grabs some holes from the
superconducting bands �i.e., bands 2 and 3�. In order to in-
vestigate the bonding nature of this band at the high-
symmetry S= �� /a ,� /b ,0� point, the corresponding charge
density contour plots were presented in Fig. 4. This figure
shows that the holes of band 5 mainly have Pr�4fz�x2−y2��
−O2�2py�−O3�2px� antibonding character. Figure 3�a� is
very similar to the corresponding figure �Fig. 1� of Ref. 14.
There are some minor differences which may be related
to differences in methods of calculations or computational
parameters. For instance, we have used FP-LAPW method
but Ref. 14 has used full-potential linear muffin-tin orbital
�FP-LMTO� method.

In Fig. 3�b�, no band with Pr�4f� character crosses the
Fermi level. The four partially filled bands 1–4 are coinci-
dent with the corresponding bands in Y123 band structure.6

So, the number of superconducting holes in the CuO2 planes

of the second calculation is equal with the corresponding
ones in Y123. Instead of the band 5 of Fig. 3�a�, there is
another band with completely different character in Fig. 3�b�.
This band, which was labeled “5” in Fig. 3�b�, is completely
occupied and lies about 0.39 eV below the Fermi energy at
the S point. The charge density contour plots of this band at
the S point shows Pr�4fy�y2−3x2��−O2�2pz�−Cu2�3dxz� anti-
bonding character �Fig. 5�. The existence of states with
Pr�4fy�y2−3x2��−O�2p�−Cu�3d� character has also been re-
ported for Y1−xPrxBa2Cu3O7 system by embedded cluster
model calculation.28 In that model, a PrCu8O24 cluster has
been located in the potential range of the YBa2Cu3O7 crystal.
In contrast to our LSDA+U calculation results, the
Pr�4fy�y2−3x2��−O�2p�−Cu�3d� states of the cluster calcula-
tion lie above the Fermi energy.

Figure 3�b� is similar to the band structure of our previous
report;16 in both, no band with Pr�4f� character crosses the
Fermi level. In spite of it, there is no Pr�4fy�y2−3x2��
−O2�2pz�−Cu2�3dxz� hybridization in Ref. 16. In this refer-
ence, the starting occupation number matrix has been calcu-
lated from the LSDA self-consistent results, which differs
greatly from that which was used in the second calculation.
We have found that the second calculation of the present
report is more stable than the corresponding calculation in
our previous work �Ref. 16�, and so it is computationally
more reliable. In the following paragraph, we will show that
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the band 5 of Fig. 3�b� is very helpful for discussing some
important properties of Pr123 samples.

It is worth comparing the total energies for the two solu-
tions. For J=0 �J=0.68 eV� case, the second self-consistent
solution has a total energy about 23 mRy/cell �25 mRy/cell�
lower than the first self-consistent solution and so, it is more
stable. This result reveals that the LSDA+U approach, which
we have used here, does not support the Pr�4fz�x2−y2�� hybrid-
ization model. In spite of that, since the LSDA+U does not
contain all strong-correlation effects in Pr123,26 we cannot
claim that the Pr�4fz�x2−y2�� hybridization model is not physi-
cally true.

Before us, some people have also proposed the existence
of Pr�4fy�y2−3x2��−O2�2p�−Cu3�3d� hybridization to discuss
the wonderful experimental electric-field gradient �EFG� val-
ues of the nonsuperconducting Pr123 samples.29 The EFG is
a traceless symmetric tensor of rank 2, defined as the second
derivative of the electrostatic potential �with respect to spa-
tial coordinates� evaluated at the position of the nucleus. The

EFG at the oxygen sites of RBa2Cu3O7−� systems can be
measured very accurately by the 17O NMR spectroscopy.29–31

We have computationally shown in Ref. 17 that, in the diag-
onal representation, the largest component of EFG tensor �in
short EFG� at the O2 �O3� site is almost proportional to the
number of superconducting 2p� holes in this site. It can also
be deduced experimentally. For instance, it has been known
that with reducing chain oxygens �with increasing �� in
YBa2Cu3O7−� compound, the number of doped 2p� holes at
O2 �O3� site is reduced.33 As was shown in Table I, the EFG
value at O2 �O3� site of YBa2Cu3O6.6 is lower than the cor-
responding one in YBa2Cu3O7, which confirms our proposal.

The experimental amount of EFG at O2 site in �nonsuper-
conducting� Pr123 is noticeably smaller than the EFG at O2
site in Y123, but the EFG at O3 site in �nonsuperconducting�
Pr123 is equal to the EFG at O3 site in Y123 �Table I�. At
first glance, it may be proposed that the substitution of Pr at
Y site reduces the superconducting holes in O2 site, while
superconducting holes in O3 site do not noticeably change.29

Now, let us follow this proposal by means of our second
solution. As mentioned before, in the band structure of the
second solution �Fig. 3�b�� no band with Pr�4f� character
crosses the Fermi level. The four partially filled bands 1–4
are coincident with the corresponding bands in Y123 band
structure �which has been reported in Fig. 1 of Ref. 6�. So,
the number of 2p� holes in the O2 and O3 sites should be
equal with the corresponding ones in Y123. It is in contrast
with the above proposal that the substitution of Pr at Y site
reduces the O2�2p�� superconducting holes. Some indirect
observations have shown that there are more than 0.23 Pr
on Ba site �PrBa� /unit cell in nonsuperconducting Pr123
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FIG. 3. The band structures of �a� the first and �b� the second
calculations for the majority spin.
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samples.34 In addition, there are some pieces of evidence
which indicate the existence of oxygen disorders in these
samples.29,34,35 By these considerations, it can be supposed
that the imperfections push up the band 5 �Fig. 3�b�� to cross
the Fermi energy in the conventional nonsuperconducting
samples. Since this band has O2�2p�� character and has no
O3 character, it should grab the superconducting O2�2p��
holes while the O3�2p�� holes should not noticeably change.
In this condition, it is noticeable that the pushed up band 5
crosses the Fermi energy around the S point �Fig. 3�b��.
Since the band structure is almost flat in the kz direction of
Brillouin zone, the second solution also predicts that the non-
superconducting hole states mainly lie around the high-
symmetry �� /a, � /b, kz� line.

Altogether, the above arguments can be summarized as
follows: �i� The �almost� pure Pr123 samples should be in-
trinsically superconductor and metal similar to the other

R123 samples as has recently been reported in some Pr123
samples.2–4 �ii� The imperfections cause the superconducting
p� holes in the O2 sites to be transferred into the nonsuper-
conducting p� states in these sites and the superconductivity
is suppressed. In this case, the superconducting p� holes in
the O3 sites should approximately be unchanged. In addition
to the 17O NMR spectroscopy,29 comparison between the
maximum entropy method �MEM� charge density of nonsu-
perconducting Pr123 �Fig. 2�b� in Ref. 36� and that of Y123
samples �Fig. 3�b� in Ref. 36� strongly confirms the latter
argument.

The above claims are mainly based on the LSDA+U cal-
culations and implications of the 17O NMR spectroscopy. As
mentioned before, the LSDA+U is only an approximation
and it does not contain all strong-correlation effects. In ad-
dition, the 17O NMR spectroscopy results may be interpreted
completely different from one that we have proposed. So, the
present paper cannot claim that the Pr�4fz�x2−y2�� hybridiza-
tion model is not physically true. However, more pieces of
evidence are required to verify or deny the above proposal.
In addition, it should also be remarked that the Pr�4fz�x2−y2��
hybridization model is able to explain the different Tc sup-
pression in doped PrxR1−xBa2Cu3O7 compounds for different
R hosts.14 However, this important question of whether our
proposed model can explain the different Tc suppression or
cannot remains unaddressed.

Finally, some notes should be mentioned. �i� We do not
claim, in the scope of LSDA+U, our second solution is the
most stable case. It is one solution more stable than the LM
solution. It should be tested whether there are other solutions
more stable than the second solution or not. It is an open
question. �ii� In this paper we have used screened U param-
eter for metallic Pr �Ref. 27� to compare our results with Ref.
14. It is possible that the screened U value in the Pr123
compound differs from that in the Pr metal. �iii� Here,
LSDA+U was only used for Pr�4f� electrons. In Ref. 15, it
has been suggested that the U should be used for the Cu�3d�
electrons, too. Figure 1 of Ref. 15 shows that only one band
with CuO3 chain character crosses the Fermi energy, and the
other bands are completely empty or completely occupied.
Therefore, concentration of holes in the CuO2−Pr−CuO2
trilayer is zero �i.e., there are no p� or p� holes in the
CuO2−Pr−CuO2 trilayer�. It is basically inconsistent with
the experimental observations.29,37,38 It seems the UCu over-
estimates the strong-correlation of Cu�3d� electrons of Pr123
system and produces incorrect results. Thus, we have not
used it here.

IV. CONCLUSIONS

Electronic structures of Pr123 system were calculated us-
ing the FP-LAPW method. The rotationally invariant
LSDA+U was employed for Pr�4f� orbitals. It was shown
that the final self-consistent solution greatly depends on the
starting configuration of occupation number matrix for
Pr�4f� orbitals. One self-consistent solution more stable than
the LM solution was presented. It predicts superconducting
and metallic character of pure Pr123 samples similar to the
other R123 samples. Moreover, the results of the 17O NMR

TABLE I. The experimental EFG in units of 1021 V m−2 at
oxygen sites of YBa2Cu3O6.6, YBa2Cu3O7, and �nonsuperconduct-
ing� PrBa2Cu3O7. In the conversion from frequency unit to
1021 V m−2 units the quadrupole moment Q=−0.026b for 17O �Ref.
32� was used.

O1 O2 O3 O4

YBa2Cu3O6.6
a 9.4 9.4 11.0

YBa2Cu3O7
b 17.3 10.5 10.2 11.6

PrBa2Cu3O7
c 6.9 10.2 11.1

aReference 30.
bReference 31.
cReference 29.
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FIG. 5. The charge density contour plots at S point for the band
5 of the second calculation in �a� Pr-O2 �100� plane and �b� Cu2-O2
�010� plane. The contours are from 0.001 to 0.011 at intervals of
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spectroscopy were considered together with our new solu-
tion. Altogether, this explanation for the suppression of su-
perconductivity in the conventional Pr123 samples was sug-
gested; the imperfections cause the superconducting holes to
be transferred into the nonsuperconducting hole states which
lie around the high-symmetry �� /a, � /b, kz� line of Brillouin
zone and so, the superconductivity is suppressed. In this
case, the superconducting 2p� holes in the O2 sites of non-
superconducting Pr123 samples should be depleted and the
ones in the O3 sites should be almost unchanged. Since, the

LSDA+U does not contain all strong-correlation effects,
more pieces of evidence are required to verify the above
proposal. It is beyond the scope of the present paper.
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