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Theoretical possibilities for superconductivity in PrBa,Cu30-,
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Recent reports about observations of superconductivity in J&&8#-, raise a number of questiong) Of
the various theories striving to explain tfig suppression in RY,_,BaCu0;, are there any compatible with
possible superconductivity in stoichiometric PgBai;O,? (ii) If this superconductivity is not an experimental
artifact, are the superconducting carriénsles of the same character as in the other higheuprates, or do
they represent another electronic subsystéiin?Is the underlying mechanism the same as in other figh-
superconductors? | present an answer to the first two questions, leaving the last one open.
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One of the most exciting cases of superconductivity supa possibility for metallic and superconducting behavior of
pression in highF; cuprates is that oRE; _,Pr,Ba,Cu;0;, PrBaCu;0,, but that it also predicts the superconducting
whereRE stands for a rare eartlsee Refs. 1,2 for reviews holes in it to be of entirely different physical nature than the
Even more exciting are recent indications that conductivitycarrier in familiar highT. superconductors.
and superconductivity can be restored in pure stoichiometric et me start with a brief reminder of the essence of the FR
PrBa,Cu;0,.%* This is such an unexpected reSuhat it is  model. The crystal structure of the YBCO family cuprates is
St|” not genel’a"y accepted and further eXpeI’imental Conﬁr'such that a rare earth ion and e|ght nearest Oxygens form a
mation is required. Nevertheless, this fact was reported byearly perfect cube. Moreover, among seven orbitald of
two independent groups, and it is time now to understand thgymmetry there is oneyz which has eight equivalent lobes
theoretical consequences of this finding. The most importani.acted along eight directiofis= 1,+1,+ 1]. In the standard
message, ?f this finc_jing i’s true, is thabat 1, and, Presum- — coordinate system where y correspond to the CuO bond
ably, at_intermediatex's, there are iree carmers 1N yirections the same orbital ix{—y?)z. Since thisf orbital
RE,_PBa,CL50;, and the suppression of metallic con- extends directly towards neighboring oxygens, one expects a

ductivity at sufficiently largex must be due to localization of : .
those carriers. This statement effectively eliminates the posr_lotlceablepfa hopping betweeRE and O. Thus the elec-

sibility of hole depletion due to hole transfer into occupied FOMc structure of aRECL,0, bilayer breaks into two
states (“four-valent Pr model”). It furthermore becomes WeaKly interacting subsystems: usual Cup@o bands, of
highly unlikely that any kind of magnetic pair breaking is in which two antibonding ones cross the Fe-rml level in YBCO,
effect, because(1) the normal state conductivity drops and RE-O fdo states. Oxygerp states directed along the
sharply with doping, indicating the change of character, ifCU-O bonds(* po™ orbitals) participate in the former and
not the number, of carriers, arid) the superconductivity is, those perpendicular to the bon@sp#" orbitals) in the lat-
supposedly, restored at=1. It seems that we can then con- ter. If one starts with a cluster of one Pr and eight surround-
sider only the models which associate tsepejconductiv- ing oxygens and consider formation of an antibonding state
ity suppression with a transfer of holes to an itinerant, butof the f,2_,2), Pr orbital and eight oxygep orbitals point-
different from the undoped YBCO, state, which should fur-ing directly towards Pr, we find one bonding, one antibond-
thermore be prone to localization. At first glance the onlying, and seven nonbonding states. If the energy difference
theoretical model that satisfies this criterion is the itineranbetween the bare @ level and bare Pf level is not too
model of Liechtenstein and Maz.1 will show below that  large, the energy of this antibonding stagdc*, may be-
contrary to the common belief, the Fehrenbacher and Riceome higher than that of thede™* Cu-O state and will pull
modef (FR) is also compatible with metallic and possibly some holes out of the latter. Whether or not this will happen
superconducting behavior in PrE2u;0,.° In fact, it turns  depends on the-f energy separation and thef hopping

out that the difference between the “local” FR model andintegral’®  Suppression  of  superconductivity  in
the “itinerant” LM model is much smaller than it was RE;_,Pr,BaCu;O; is thus ascribed to the hole transfer
thought to be; if handled correctly, the FR model also renfrom the superconductingds* band into thepfo™ state.
ders a metallic state in clean limit. This new understandingAn indispensable component of this model is localization of
means that the physics of superconductivity suppression anthrriers promoted into thpfo* state. FR(Ref. 8 argued

its possible recovery is essentially the same in both modelghat the oxygen orbitals forming this state form the 45° angle
There is still a quantitative difference between the two,with the CuO planes and thus the orbitals of the same oxygen
which is hard to access experimentally, but which is now ofpointing towards neighboring Pr ions are orthogonal to each
limited importance. A generic model based on a strdifigg  other. They also neglected the bare dispersion of ghe
hybridization explains thentire bodyof existing experimen- bands originated from the hopping between the oxygen

tal results and does not seem to have any sensible alternativabitals. In such an approximation the effective bandwidth of
An exciting fact is that this generic model not only providesthe pfo* band is zero, and the holes there are localized by
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infinitesimally small disorder. This was the original explana-following orbitals contribute to the FR bandl) Pr z(x?
tion of the lack of(supejconductivity in PrBaCu;O;. Fur-  —y?), (2) 02z (3) O3z (4) 02y, (5) O3, (6) Cuxy, (7)
thermore, since this model renders noticeable presence of Bu yz, and (8) Cu zx. Their in-plane 2D symmetries are,
states at the Fermi energy, one expects the Curie temperaturgspectivelyx’—y?, s, s, y, X, Xy, y, andx, which simplifies
for ordering of the Pr moments to be much higher than forthe task of the tight-binding description of the band structure.
otherREB&,Cu;0;, which is indeed the case. A drawback is Let us now identify the largest hopping amplitudes between
that total localization in the FR model does not let the giventhese orbitals. According to FR ideology, thispi§o, which
PrG; cluster be influenced in any direct way by the rare| shall denotet,;. It controls the following hoppingst;,
earths filling other cells, in contradiction with the experi- =t = V(BI2T)tyt, t14=t15= (10727} 5= J2t,,. This pa-
ment: theT. suppression rate even at low doping dependsameter defines the effect of the rare earth substitution on the
strongly on the host rare earth. FR band. Another hopping, which is the strongest according
The LM modef differs from the FR model in essentially to LDA, is of pd type, denoted,q. The hopping ampli-
only one aspect: direct hopping between oxygen orbitas  tudest,g, tay, tss, andtsgall are equal td,g. This parameter
taken into account. LM calculated this hopping as well asdefines the dispersion of the FR band in the absence df the
other relevant parameters of the electronic structure numerktates; e.g., in YB& w0, or in the spin-minority channel
cally, using LDA+U method including Coulomb correlation of PrBa,Cu,O, . (Alternatively, one may integrate out the Cu
in the rare eartli shell. They found that effective O-O hop- t, Orbitals and use an effective O-@p hopping) Let us
plng (direct andvia Cu t2g orbitalg leads, independent of the first consider these two hoppings Separate|y_
value of thepfo hopping(and even the very presence of the  The FR model corresponds to the approximatigg=0.
f orbital) to a dispersive ban@R band. It was originally ~ The dispersion of the oxygepw states is completely ne-
thought that an advantage of the LM model over the FRglected; an isolated Pr impurity forms a localized antibond-

model was that a diSpeI’Sive band would hybr|d|ze with a”|ng State, shifted up with respect to the bar@@ve' by
rare earth ions in the crystal, and its positioafore doping

with Pr would depend on the position of tlidevel in the 5 8t2
host rare earth. This naturally, and with reasonable quantita- e—E = de= S E prE ,
p- Ef

1
tive agreement, explains the different rates of suppression P @
with different hosR E.® Another prediction which was seem-
ingly different from that of the FR model was that the holes
transferred to the@fo* band concentrate near the corner of
the Brillouin zone; that is, ned= (7/a,w/b). This predic-
tion could be indirectly checked by measuring the ratio of
the out-of-plane |¢,) and in-plane g, ;) oxygen characters.
At least qualitatively, this prediction was confirmed by the

experiment?

where 8 stands for the eight neighboring oxygens. It is as-
sumed that,<E,—Es. In the opposite limit, when all rare
earth sites are occupied by Pr, a narrow band is formed with
the dispersion

ex—E,= de— Je cos 2p(cosak,+ cosbk,)/2, 2

wherep = arctan(1{/2) is the angle that the Pr-O bond forms

The main problem with the LM "band” model was that, with the xy plane. Had this angle been 45°, as assumed by
taken literally, it predicted the carrier transfer from one me-FR' the band would be dispersionless and thus fully local-

tallic system into another. This could easily explain the SUsod. In reality. it should acauire a finite bandwidih
perconductivity suppression, but not the loss of metallicity. ~ s ) _5)//’3 ith ‘1 Pr. This i le of
The explanation suggested in Ref. 6 was that due to the high € €0S 2p=4¢/3, even without Pr. This is an example o

(compared to the@de band effective mass in the new band ispersion due to nonorthogonality: the Hamiltonian written
the carriers are easily localizédote that many-body renor- in terms of the oxygen orbitals pointing towards Pr is diag-

malization, first of all due to spin fluctuations, is expected toonal, but such a basis is nonorthogonal and that results in

increase the effective mass even nfrlt was pointed out? dls.p?rsu()jnt.hN:)_te thr?t th?htoﬁ Olf the b?nd oceurs at therg
however, that in such a case one expects stoichiometri ointand that Is where the holes go from ther supercon-
PrBa,Cu:O; to be metallic. We argued th&that the model uctl_ng banq. Fl_gure 1 |Ilus_trates that indeed at this point the
is designed for the low limit, where LDA+U; description pfo interaction is antibonding along all bonds.

of the Cu-O band is qualitatively correct, but cannot be di- . NO.W. consider the case of finitg,y and nof states. For
rectly extrapolated onto the largecompositions. simplicity, let the energy of the Cdlevel be the same as the

Interestingly, it was not noticed until very receritihat energy of the (p level. T_hen f_our Op orbitz_als and three Qu
the geometrg:yargument of FiRef. § was incgrrect: inlgpact, d orbitals form three antibonding banésesides the bonding

the angle that an O-Pr bond forms with the Gu@anes is and nonbonding banils

not 45°, but tan*(1//2)~35°16, which means that even

in the FR limit of no direct O-O dispersion, thEfo™ states ex—E, =2t 4sin

form a band whose dispersion is defined by the Pr-O hopping P P

amplitudet, . Below | show how this band forms, using

the nearest-neighbor tight-binding Hamiltonian. . y
Let us begin with some notations: first, neglect thiery ek~ Ep=2tpqsin—=, (4)

smal) z dispersion(This means that all considered orbitals

are antisymmetric with respect - — z reflection, like the . o

f,x2_y2) orbital) Then the two plane problem is equivalent = \/ Lo AR L, DKy

to(a syirzgle plane. If one includes all nearest neighbors, the &~ Ep=2tpa \/si 2 +sirf 2 ®

ak
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ily see(Fig. 1) that this is not true: the configuration of the O
p orbitals, which is antibonding in the first case, is nonbond-
ing in the second case, and vice versa.

The main shortcoming of the original FR model was its
inability to describe the different rate @t suppression with
the different rare earth hosts. The LM model with its disper-
sive pfo provides a natural explanation. However, compar-
ing Egs.(2) and(5) one can see that at low doping, that is,
near the ¢r, ) point, the shape of the FR band is very simi-
lar to that of the LM band. Note that the scale of the disper-
sion, i.e., the effective masses, may be different — the FR
band should be heavier than the LM band and thus easier to
localize. However, for the ideal stoichiometric PpBaiO,
at zero temperature both models give a metal and possibly a
superconductor.

Another indirect argument in favor of the LM model over
the original FR model was deduced from recent near-edge
x-ray absorption experiment$.lt was found that Op_, or-
bitals form a relatively small angle with the Cy@lanes: 20
to 25° at the doping level of 80% Pr. This is closer to the
prediction of the LM modél (15 to 189 than to the original
FR predictioff (45°), and even to the corrected number of
36°. However, the fact that the correct FR model is nonor-
thogonal not only yields a finite bandwidth in pure
PrBaCu;0,, but also makes the average angle of the O
orbitals dependent on doping at small doping — similar, but
quantitatively different from the prediction of the LM model.

Indeed, the orbitals around an isolated Pr impurity are
tilted by ¢=arctan(142); on the other hand, if an oxygen
atom has Pr ions obothsides, a pair of bonding/antibonding
states is formed, of which the higher state does not include
O(p,) character of this oxygen at gknd since the bonding-
antibonding splitting here is defined by the sizeable energy
tots, the the bonding combination is unlikely to be suffi-
ciently high to carry holgs In the low doping limit, for the
Pr concentratior, the probability for an oxygen to have one
Pr neighbor isv;=2x(1—x), and to have two neighbors is
v,=X2. Thus the averagp, character for the in-plane oxy-
gen holes, seen in an experiment like Ref. 14 nig
= p,Sirfe, while the total number of the holes in the FR state
is n=wv;+ v,. The average tilting angle is thus $iw=2(1
—X)/(2—x). Forx=0.8 | find «~19.5°, in excellent agree-
ment with the experiment. Moreover, this number is the
lower bound ona in the FR model, because at largene
cannot neglect dispersion of the FR band, which will fosice
to deviate from the formula abov@t x=1 the FR model
should give the same number as the LM model, which is

FIG. 1. Tight-binding orbitals at the poir8=(,#) projected
ontox-y plane. Upper panel: FR mode},q=0. The Prion is in the
center. Middle panel: LM model for YB&wO,, no Pr z(x?
—y?) orbital, finitet,q. Cu2 ions are in the corners. Lower panel: b 20° h h | find a=20°. | inal
lllustration of inability of the O2y and O3x orbitals to make an a (_JUt 0°%), so that a=0.8 | find a= Co nterestingly,
antibonding combination simultaneously with the Gg2orbital (in while both the FR and LM models predict a dependence of
the cornersand Prf orbital (in the center. the angle on concentration, and both must give the same

value atx=1 (a does not depend on the effective mass at
The top of the highestthird) band is again at#,7), as this poin}, they predict the opposite dependences: in the LM
illustrated in Fig. 1, showing again the antibonding interac-model « falls to zero wherx— 0, while in the FR model it
tions for all bonds. increases up tar= ¢~36°.

The case opdm andpfo interactions taken together can- My conclusion is that after being corrected to take into
not be solved analytically. Before reporting the numericalaccount the right geometry of the Pr-O bonds, the FR model
results, | make one additional observation: since both casg®ovides slightly better agreement with the experiment than
separately produce dispersive bands with the maximum dahe LM model. | emphasize that after such correction the
(7,7), one might expect this effe¢band dispersionto be  difference between the two models is not the difference be-
enhanced when both interactions are included. One can edsveen a band model and a localized model, but the difference
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between two band models, one where dispersion originateke critical temperatures in the two compounds, YBCO and
from the pfo Pr-O hopping, and another where it appearsPBCO, so similar? In the framework of the suggested model
mostly due to thepdw Cu-O hopping. The fact that the it is a sheer coincidence, which should be removed, for in-
former appears more successfubwever, the final word will  stance, by external pressure. Indeed, it was observed
be said by an experiment accessinglependence of the recently® that the pressure coefficiedtT,/dP in PBCO is
anglea), does not mean that thed hopping is negligibly  an order of magnitude larger than in any otRe&Ba,CusO;.

small. As illustrated on the lowest part of Fig. 1, it merely |nterestingly, in thedfo hybridization model one expects
means that the dispersion due to this hopping is weaker tha@Tc/dP to be negative irRE;_,Pr,Ba,Cu;0, at smallx,

that due td1, . One should also remember that both modelsyecqyse pressure increases hybridization and thus the charge
are subject to further many-body effect, particularly of Mag-yansfer from thepdo to the pfo states, while the same

netic origin, and in either picture the effective bandwidth . L
should be smaller that the one-electron TB bandwidth. argument predlctszC/dP to be p°S'“.".e n Png.:%O7
(since in this system the superconductivity occurs inghe

To summarize, the current experimental situation in . o . .
PLRE, ,Ba,CuO, is such that the band version of the ban_d itself. Both predictions are in agreement with the ex-
X Lx Y Jeriment. Finally, | would like to point out recent

Fehrenbacher-Rice model presented here explains all exist . ¢ | omentS that yielded qualitatively different Compton
ing experiments addressing superconducting and transport

properties of this system, including the recent observation oPrOf'Ies.m YB3 Cu,0; and PrB@Cu3Q7. This usuallly.|nd|-
superconductivity at full substitution. In fact, PHEULO; is cates different topology of the Fermi surface and is in agree-

ment with the concept of qualitatively different carriers in
a more novel superconductor than all other cuprate high-
. o . these two compounds.
materials known: it is the only one where superconducting
carriers are not residing in the G#y?)—O(p,) bands, This work was supported by the Office of Naval Re-

but are of entirely different character. One can ask why areearch.
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