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We present the results of a Hubbard model for optimally doped J3,CuQ,. This model uses parameters
derived from Becke-Lee-Yang-Parr calculations on the clustersClt@xplicitly includes the Cud,2_,2 and
d,2 orbitals, the Op, orbitals, and the apical @, orbitals. We find that when the mean-field equation is
appropriately modified to include a self-interaction correction, a crossing of two bands is observed in the
vicinity of the Fermi level for the optimally doped superconductor. This crossing rigorously occurs along the
(0,0)—(m/a,/a) direction of the two-dimension&2D) Brillouin zone. The crossing arises due to the overlap
of a broad ‘B,4” band dominated by Cul,2_,> character and a narrowet;,” band dominated by Cu >
character. We conclude that optimal doping of Lg5r,CuQ, and related materials is achieved when the Fermi
level coincides with this crossing. At this point, formation of Cooper pairs between the two Hemds
interband pairing or IBPleads to superconductivity. We further extend our conclusions to,888s, s and
offer a simple explanation for the seemingly complex behavidf oés a function of doping in this material.
This behavior can be understood on the basis of multiple band crossings predicted from geometric consider-
ations.[S0163-182@08)04242-9

[. INTRODUCTION be seen to occur at exactly the Fermi level. As detailed in the
accompanying article by Tahir-Khélia number of key ex-
Eleven years have elapsed since the discovery of highperimental observations that are otherwise anomalous, such
temperature copper oxide superconductoyst there is still  as the temperature dependence of the NMR spin-relaxation
no consensus on the physics of the pairing mechanism. Irates and Knight shifts, the Hall effect, the resistivity, and
this work, we focus on the recent suggestion by Tahir-Kheli Josephson tunneling, are easily explained with the resulting
that superconductivity arises in these materials due to inteand structure and the IBP model.
band pairing(IBP). That is, Cooper pairing of electrons be-  What follows is a detailed account of how this Hubbard
longing to two distinct bands may be the cause of supercormodel was developed for LgsSr;CuQ,. The resulting
ductivity. Such a proposal is appealing as it readily explaindand structure is discussed at length. In addition we specu-
why superconductivity is only observed at very specific dop-ate that other copper oxide superconducting materials can be
ing levels. La_,Sr,CuQ,, for instance, shows an optima)  understood based largely on geometric constraints. As an
of 39 K whenx=0.15, but superconductivity quickly van- example, we suggest simple arguments as to why
ishes as the doping level is change@ihe IBP theory only  YBa,CuOg, s appears to show two characteristig's over
requires that two bands cross. Should such a crossing existh extended doping range.
then optimal doping is achieved when the Fermi level coin-
cides with this crossing. Precise doping levels are needed for
this to occur. Il. CALCULATIONAL DETAILS
In this work, we argue that no such band crossings have
been observed for these materials using conventional local-
density approximation(LDA) band-structure calculations Parameters for the Hubbard model were extracted from
due to a breakdown in the mean-field equation. As has beerestricted open-shell density-functionéDFT) calculations
stressed by Svafand otherdin the limit of weakly inter-  on the cluster Cu@ These calculations used the gradient-
acting particles a self-interaction correction to the mean-fieldcorrected Becke-Lee-Yang-P4BLYP) functional with the
equation becomes necessary. Such a correction has been afndard 6- 31+ G* basis séton the oxygen atoms and Hay
plied in a limited way to describe the antiferromagnetic stateand Wadt'$ effective core potential and basis set on the
of undoped LaCuQ, Here we suggest that the self- copper. All calculations were performed using thesuARr
interaction correction is equally important to the metallic (Ref. 10 ab initio electronic structure program on a dual
phase of the doped material and find that its general incluprocessor 200 MHz Pentium Pro running Linux.
sion in a simple Hubbard model leads to a dramatically dif- The CuQ cluster was embedded in a point-charge array
ferent band structure with the critical feature of a Fermi-levelof 1364 ions. The ions had the formal charges+&.000 for
band crossing. The crossing is calculated to occur just 0.18u, —1.925 for O, —2.000 for apical O, and+2.925 for
eV below the Fermi level for the optimally doped material La/Sr. The total cluster and point-charge array had@hg
between one band which is dominated by €u > charac-  symmetry of the tetragonal unit cell and was five unit cells
ter and a second which is dominated by @u character. wide (18.940 A in thea andb directions and three unit cells
Moreover, we find that when the model is empirically ad-tall (39.618 A in the c direction. Fractional charges were
justed to include missing electronic effects, the crossing camsed at the edges. It should be noted that at the low tempera-

A. Cluster calculations
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TABLE |. Crystal structure of LagsSr, 1<CuQ, (in A). /Cu 0 /”u
/O | /O
a 3.788 cye—o—a/
b 3.788 !L|
c 13.206 o~ Lla O e
L0
Cu (0.000,0.000,0.000 La | | “la
o(1) (0.500,0.000,0.000 0—-Ci--0
0(2) (0.000,0.000,0.182 o | A
La/Sr (0.000,0.000,0.361 Lo
La"'-—'lo’ : “la
e c
tures where superconductivity appears, the crystal shows a ) Y Vs ]La
C,y, distortion to an orthorhombic unit cell. This should be a ° s b

Cu

o}

Cu

relatively small perturbation, so for the sake of simplicity the
higher symmetry structure was used. However, we note here FIG. 1. Tetragonal unit cell of LgsSr 1CuQ, showing the
that the distortion will have some important implications in CuG; cluster used in the DFT calculations in bold.
regard to superconductivity. This will be discussed below.
The tetragonal crystal structure was taken from Hazand  the symmetry combinations of the oxygen orbitals to obtain
is given in Table | and shown in Fig. 1. completely localized ., O p,,, and apical Op, orbitals.

To obtain the Hubbard parameters, the density of a single Hubbard parameters were derived by evaluating the DFT
state was optimized and the resulting orbitals were localizedcenergies with fixed orbitalé.e., non-self-consistent fields
By then making specific combinations of the localized orbit-follows:
als and not allowing them to relax in subsequent DFT calcu-

1 -11 ;
lations, it was then possible to determine the Hubbard pa(-l) The energy of the Alg[c.:uoﬁ] state (having no
holeg was evaluated. This was used as our reference

rameters associated with the localized orbitals. For example, state

evaluating the energy of the state where there is one hole in i “10
the localized Cud,_,2 orbital (ZBlg[CuOG]’lo) and using (2) The energies of the doublp€uG;]™ " statesleach hav-

the state where there are no holes at %Mlg[CuQ]‘ll) as ing a single hole in one of the localized orbitaisere

a reference yields the orbital energy for Gy _ 2. Evaluat- evaluated. This yielded the orbiE%I energigs, _

ing the energy of the state where there are two holes in th€3) The energies of the singlp€uQ;] ~~ states(each having
Cu dy2_2 orbital (1A1g[CU06]_9) then leads to the self- two holes in one of the localized orbitaleere evalu-
Coulomb term for this orbital. Similarly, evaluating the en-  ated. This yielded the self-Coulomb repulsion energies,

ergy of a state where there is one hole in the plus combina- Jj; -
tion of the localized Cudy2_y2 and O p, orbitals as (4) The Hartree-Fock energies of the triplet and open-shell
compared to the state where there is one hole in the minus singlet[ CuQ;] ~° states(each having two holes in dif-
combination of these orbitals leads to the matrix element ferent localized orbita)swere evaluated. This yielded
coupling the two orbitals. Clearly, all principle nearest- the exact exchange energy between orbitdls,
neighbor Hubbard parameters describing the set of Cu, Q5) The energies of the tripl¢CuQ,] ~° states(each having
and apical O orbitals can be obtained in such a fashion using  two holes in different localized orbitalsvere evaluated.
just this single Cu@cluster. This yielded the Coulomb repulsion energy between or-
The density was optimized for the undoped ground state, bitals, Jj; .
?B1g[ CuQ;] ~*°. This state has one hole in an orbital that is (6) The energies of the doublpEuQ;]~° states(each hav-
about 50% Cud,2_y2 and 50% Op,,. The state was chosen  jng one hole in either the plus or minus combination of
because it represents the closest approximation to the true nairs of localized orbitajswere evaluated. This yielded
density that can be obtained with this finite cluster. Note  {hao matrix elements coupling pairs of orbitals, . Note
however that the point-charge array reflects a doped state that the fully symmetric combinations of the (P)xygen or-

(>f<1=0.1;_) S_Ootgevt\%‘f’ld (_:tharge ort1 the S_’gIStetmt(Clﬁﬁj'n} bitals were used in the evaluation of these terms rather
chargesis —=.o. ne It was hot possible fo freat e clus- than the completely localized orbitals.

ter with a fractional charge to make the total charge on the
system neutral, this discrepancy was effectively removed byarameters obtained from this procedure are listed in Table
the procedure described below in Sec. Il B. Il. This parameter set will be referred to as the unscaled set.
The orbitals were localized using the Pipek-MeZelp- Perhaps the main limitation in the method used here to
calization procedure which maximizes the sum of theobtain the Hubbard parameters is that the orbitals were not
squares of the atomic Mulliken populations over basis funcallowed to relax for different states. This results in Coulomb
tions. This procedure was done in several steps. First, orbitnteractions which are too high and orbital energies which
als within a given irreducible representation were localizedare too low. To determine the effect that orbital relaxation
and identified. This produced localized @2 (B,5) and  has on our Hubbard parameters, we looked at isolated Cu, O,
d,2 (A,y) orbitals, and symmetry combinations of thepp)  and apical O atoms in the full point-charge array. We derived
(A1g, Ey, andByg), O p,. (Byg, E,, andA,g), and apical O  orbital energies and Coulomb interactions for these lone at-
P, (A1q andA,,) orbitals. The procedure was then used onoms using both fixed orbitals and fully optimized orbitals.
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TABLE ll. Unscaled Hubbard parametefis eV). E is an orbital energyT is an orbital coupling matrix
element,J is a Coulomb repulsion term, arlis an exchange energy term.

E(x?>—y?) —3.109 J(x*>-y3Z?) 25.563 K(x?—y?/7?) 1.219
E(z?) —3.338 J(x*-y?/0p,) 7.999 K(x2-y?%/0p,) 0.081
E(O p,) —10.417 J[x?—y?/0(2)p,] 6.471 K[x>—y?/0(2)p,] 0.028
E[O(2)p,] —12.442 J(x*-y?/0p,) 7.053 K(x>—y?/0p,) 0.006
J(XP—y3x?—y?) 29.281 J(z2/0p,) 6.471 K(Z’/0p,) 0.028
NeTrD) 25.990 J[Zz%/0(2)p,] 6.855 K[z%/0(2)p,] 0.262
J(O p,/0p,) 17.375 J(Z%/0p,) 6.813 K(z?/0p,) 0.008
J[O(2)p,/0(2)p,] 11.365 J(O p,/Op.) 5.345 K(Op,/Op)) 0.035
T(x2—y%0 p,) 1.347 J(O p,/OpL) 3.890 K(Op,/OpL) 0.008
T(2%/0 p,) 0.514 J[O p,/0(2)p,] 5.144 K[O p,/O(2)p,] 0.211
T[2%/0(2)p,] 1.076 J(Op,/0p,) 14.299 K(O p,/0p,) 0.677
T(O p,/0p)) 0.368 J(Op,/0OpL) 5.548 K(Op,/O pl) 0.092
T(O p,/0 p") —-0.041 J(Op,/OpZ) 3.953 K(Op,/Op") 0.008
T[O p,/0(2)p,] 0.078 J[O(2)p,/0(2)p.] 3.502 K[O(2)p,/0(2)p.] 0.098
T[O(2)p,/0(2)p.] 0.493 J[O(2)p,/0 p.] 4.868 K[O(2)p,/0O p,] 0.087

The Coulomb energies were found to uniformly scale as 0.2lectron energies; (k) and wave functiong, (k) wheren is
when relaxation was introduced. The orbital enerd@s-  the pand index. Thesk states were filled to the required
fined here a&£(¢) —E(¢)—J;;) did not scale quite as uni- goping level and the orbital occupations were evaluated. In
formly, so different scales were used for Cu, O, and apical Othe second step, these orbital occupations were used to re-
We found that the orbital energy for Cu scaled as 0.6, for Qaygjuate the orbital energies. The procedure was repeated
as 0.8, and for apical O as 0.7. We applied all these scales {¢htj| self-consistency was achieved. The Hubbard model is
the Hubbard parameters listed in Table Il to produce the s&dxplained in more detail in the preceding paper.

listed in Table IlI. It is this corrected set that was used in our The Hubbard model was solved assuming no dispersion in
final calculations. We should point out that we experimentedhe 7 direction. In calculating the density of states, however,
with some other scaled sefisuch as that obtained from uni- z 5xis dispersion was included perturbatively by assuming a

formly scaling both the orbital energies and Coulomb termsjominant coupling through the apical & orbitals.
by 0.7 and found no qualitative changes in the band struc-

ture. Even when the unscaled set was used, the same basic
features were still observed.

The Hubbard model that was developed included explic- When orbital occupations were evaluated in the diagonal-
itly the Cud,2_,2 andd,2 orbitals, the Op,, orbitals(two per ization step, the change in the Coulomb field had to be in-
unit cell), and the apical Qp, orbitals (two per unit cell. ~ corporated into the orbital energié,. This was done by
This led to a total of six bands. Solving the Hubbard modeldividing up this field into that due to the Cy@luster and
was done in two parts. The first took the input parametershat due to the point-charge array. Since the reference orbital

(orbital energies and coupling terinand found the single energies,EiO, were originally defined for the case in which

B. Orbital energy evaluation

TABLE Ill. Scaled Hubbard parametefi eV). E is an orbital energyT is an orbital coupling matrix
element,J is a Coulomb repulsion term, arlis an exchange energy term.

E(x?—y?) 1.063 J(x?—y?/7%) 17.894 K(x?—y?z?) 1.219
E(z?) 0.596 J(x>-y%/0Op,) 5599 K(x>-y?%0p,) 0.081
E(O p,) —10.071 J[x2—y?/0(2)p,] 4532 K[x2—y?/0(2)p,] 0.028
E[O(2)p,] —8.709 J(x*—y?/0p,) 4.937 K(x*>-y?/0p,) 0.006
J(X?—y?Ix2—y?) 20.497 J(z2/0p,) 5.318 K(z?/0p,) 0.028
W) 18.193 J[Z%/0O(2)p,] 4.799 K[Z%/0(2)p,] 0.262
J(O p, /0 p,) 12.163 J(Z%/0 p,) 4769 K(Z%/0p,) 0.008
JO(2)p,/0(2)p,] 7.956 J(Op,/Op)) 3.742 K(Op,/Op.) 0.035
T(x?—y?/0 p,) 1.347 J(Op,/OpL) 3.601 K(Op,/OpL) 0.008
T(Z?/0 p,) 0.514 J[O p,/0(2)p,] 3.601 K[O p,/O(2)p,] 0.211
T[2210(2)p,] 1.076 J(Op,/0 p,) 10.009 K(O p, /O p.,) 0.677
T(O p,/0p)) 0.368 J(Op,/0Opl) 3.884 K(Op,/Opl) 0.092
T(O p,/0p") —-0.041 J(Op,/OpZ) 2.767 K(Op,/OpZ) 0.008
T[O p,/0O(2)p,] 0.078 J[O(2)p,/0(2)p.] 2.451 K[O(2)p,/0(2)p.] 0.098

T[O(2)p,/0(2)p.] 0.493 J[O(2)p,/O p,] 3.408 K[O(2)p,/O p,] 0.087




12 326 JASON K. PERRY AND JAMIL TAHIR-KHELI PRB 58

all CuQ; orbitals were doubly occupied'4;4[ CuQs] 1Y), 15 T T
the change in the orbital energieis;] due to the change in ! i
the occupation of the CuQorbitals (N;) were determined Lo+ i i .
from | [
| |
1 9 05 i i
E=E’—(2—N)J;— (2—Nj)(Jij—§Kiji, N;>1 o | |
J#i 5 00 i :
oy g [ |
M | [
1 o : : -
Ei=E’-Ji—2 (Z_Nj)(Jij_EKijia Ni<l (2 | |
17 10 | !
where the Cud,2_,2 andd,2 orbitals, the four Qp,, orbitals i i
and the two apical p, orbitals of the Cu@ cluster were 15 I I
included in the summation. 00 (wfan/a) (n/a.0) ©.0)

The Coulomb potential due to the changing long-range . ) .
. ) . . FIG. 2. D f the top band al try | h
field was evaluated by first subtracting off the potential dug,, ISPersion o e fop band giong symmeiry finés when

. X . mean-field equatiof3d) is used in the Hubbard model. The
to the 1364 ion point-charge array used in the DFT calculaggjaq parameter set of Table Ill is used and ng.Oto La/Sr

tions. This was evaluated as a classical point-charge COUnarge transfer is included. Other bands are several eV lower in
lomb interaction at each of the Cu, O, and apical O sites ofnergy and are not shown.

the CuQ cluster. A similar Coulomb interaction was evalu-

ated with a larger array having 22 374 ioffs7 unit cells  gjes of the occupied orbitals, shifting their energies down
wide in thea andb directions(64.396 A and five unit cells with respect to the unoccupied orbitals, thus producing a
tall in the ¢ direction(66.030 A]. This was done to improve pand gap. Without a self-interaction correction, no gap is
the long-range Coulomb field over that which was used inseen in the undoped system. However, L&r,CuQ, is
the cluster calculations. This new Coulomb field was aiS(known to be metallic when overdoped_ In this phase, orbitals
broken up into components due to the Cu, O, apical O, an@annot be well localized because the spins are not ordered as
La/Sr sites. These fields were then appropriately scaled bas@gl the antiferromagnetic state. Yet it should be argued that
on the orbital occupations from the Hubbard model and theocal correlation still leads to a self-interaction correction
effect was incorporated into the new orbital energies. even when the band orbitals are delocalized. Thus, here the
As can be seen in Egél), (2), the self-Coulomb interac-  self-interaction correction is taken further than before and is
tion (J;;) is treated separately from the other Coulomb inter-appiied toall orbitals (occupied or unoccupied)y modify_
actions. This is a deviation from the mean-field approximaing the atomic orbital energies. We have not included spin
tion of Hartree-Fock theory and conventional LDA band-polarization, so a metallic state is expected with no orbital
structure calculations. The mean-field approximation woul ocalization or band gap as in the undoped antiferromagnetic
instead use the orbital energy correction equation: state. As will be seen, the introduction of this correction
through Eqs(1), (2) has the effect of lowering the energy of
_ &) a partially occupied band with respect to other bands. This is
critical to obtaining a Fermi level band crossing in

Lay g5Sfy.15CUO;,.
While Eq.(3) may be adequate for many materials, it breaks ~ 018CUCy

down in the limit of weakly interacting particles where the
self-Coulomb terms are much larger than the coupling matrix
elements {;;>T;;). As can be seen from the data in Table In Figs. 2 and 3, we show the relevant two-dimensional
II, this is the case for LggsSly 1:CuQ;,. In this regime, Eqgs. (2D) dispersion for optimally doped LasSr, 1:CuQ, as ob-
(1), (2) become valid. The difference between E@s, (2), tained with our Hubbard model using the scaled parameter
and (3) can be seen when one orbital is at half occupancyset of Table Ill. This doping level corresponds to the removal
(N;=1). In Eq.(2) the orbital energy is lowered by the full of a total of 1.15 electrons per unit cell from the Cu/O/apical
J;; term while in Eq.(3) the orbital energy is only lowered by O bands(undoped LaCuQ, has 1 electron per unit cell re-
(3 — 3K;i) or equivalently3J; . Equations(1), (2) assume moved from these bangsAs shown in Fig. 2, when our
that correlation localizes all spins, while E®) inappropri- Hubbard model employs the standard mean-field equation
ately assumes the system has ionic character. (3), the familiar band structure picture is reproduced. A
Variations on the type of correlation expressed in Egssingle isolated band havingB34” Cu dy2_,2 and O p,
(1), (2) have been introduced by several autAdiis studies character is seen to cross the Fermi level. The other five
of La,CuQ,. However, the self-interaction correction has bands in this model are buried and not shown here for clar-
previously been applied only in a limited fashion to the un-ity. The dispersion of th&?—y? band is in excellent agree-
doped antiferromagnetic state of the material. Svaf,  ment with the large scale LDA band structure calculations of
example, uses a procedure in which the self-interaction coryu et al,*® Mattheisst* and others?® This agreement should
rection is applied only to those orbitals that can be welllend validity to our general approach.
localized, arguing that the self-Coulomb energy goes to zero As shown in Fig. 3, however, when the self-interaction
for delocalized orbitals. The correction affects only the enercorrection is included in our Hubbard model using E(ds,

1

Ill. RESULTS
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FIG. 3. Dispersion of the top two bands along symmetry lines 2 T R |
when the self-interaction corrected Ed4), (2) are used in the , /f'c\“"zy : Cul
Hubbard model. The Fermi level is shown to lie just above the top 0 Cuz L — |
of the lower band and only 0.153 eV above the crossing point along / : Cu Z\!
the (0,0 (w/a,/a) symmetry line. B /Cuxz_y2 | op, CM
|
|

[
op |
(2), two bands are seen at the Fermi level. While no holes \“i | i [
have been created in the lower band the Fermi level is just £ | ]
0.035 eV above the top of this band. More importantly, a 5
rigorous crossing, which is critical to the proposed theory, is 6 1
seen just 0.153 eV below the Fermi level along the (0,0) |
—(w/a,m/a) symmetry line[note, there are actually four ! :
crossing points in the full 2D Brillouin zone dk,k) (K, |
—k), (—k,k), and (—k,—k)]. The close proximity of this ] I .
crossing to the Fermi level, as determined from this simple (o) ©0 (m/a,n/a) (r/2.0) 0.0
model, is a significant finding. Given errors in the Hubbard _
parameters and missing electronic effects, it is not difficult to  F!G: 4. (8 Complete Hubbard model band structure using the

conclude that a band crossing, required of the IBP modef€an-field equatiof3). Only the Cud,:_2 band is seen to cross
indeed appears to occur at the Fermi level of the optimally'® Fermi level. The Cu;2 band is at—9 eV. (b) Complete Hub-
rd model band structure using the self-interaction corrected equa-

doped superconductor. This crossing can be characterized iShs (1), (2). Both the Cud_2 and d,2 bands are seen at the

Fermi level.

[
|
|
|
|
|

arising between a broadB’y" band dominated by Cu
d,2_y2 character and a narrowerA;4” band dominated by
Cu dj2 character. The orbital energies and occupations tha},. ¢ \q
were computed self-consistently from the model using Eqgs
(1), (2) are given in Table IV.

The difference between the conventional band structur
and this self-interaction corrected band structure can be se
in Fig. 4. In the conventional band structyfeig. 4(a)] the
top band is dominated by Qi 2 character, the two bands
at —4 eV are apical o, in character, the two bands at7
eV are Op, in character, and the band a9 eV is domi-
nated by Cud,2 character. Ligand field theory predicts that

x2—y2 orbital is the most unstable amg? is the next
most unstable in the Jahn-Teller distorted octahedron of
CuG;, and the conventional band structure is consistent with
fhis. However, ligand field theory alone cannot explain the 9
@&V difference in energy between the two bands generated
from thesed orbitals. This large energy difference is due to
an improper treatment of the self-Coulomb energy. Using the
mean-field equatiori3), as electrons are removed from the
dy2_y2 orbital, its orbital energy remains artificially high
with respect to all other orbitals due to the incorrect account-
_ _ _ ~ing of the self-Coulomb energy. As a result, these calcula-
TAB.LE IV. Computed orbital energies and orbital occupations tjgng predict that thed,2_,> band is completely emptied
for optimally doped LagsSt15CUQ, taken from our Hubbard hon doping before electrons are removed from another
model using the scaled parameter set of Table lll and ;@ pang  This is chemically unreasonable. When the self-
La/Sr charge transfer. All energies are relative to the Fermi lgwel interaction correction is properly included in E¢8), (2), as

ev). electrons are removed from tldgz_,2 orbital, the energy of
. . this orbital is stabilized with respect to thik2 orbital (and
Orbital Energy Occupation otherd orbitalg as a result of reduction in its self-Coulomb
Cux?—y? —2.570 1.572 energy. At some point then it becomes more favorable to
Cu Z? —1.663 1.785 remove electrons from the,2 orbital. As seen if Fig. &) at
Op, —4.254 1.806 optimal doping, thel,> band is at the Fermi level. Further-
0(2)p, ~1.611 1.941 more, it should be noted that as electrons are removed from

the d,2 orbital the energy of this orbital stabilizes with re-
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orbital. Such considerations are important since they lead 5|

directly to the observed band crossing.
To take our calculations one step further, we considered™

what electronic effects might be missing that would have the § 0.0 :

greatest effect on the position of the crossing point relative to = I \

the Fermi level. Besides errors that might be present in the : |

basic Hubbard parameters due to basis set limitations, cluste -0z : 1

size, and the DFT method itself, a number of missing key [ |

electronic effects can be identified. All are expected to lead | !

to only minor perturbations of the band structure, but their  -04 '

. . . (0,0) (r/a,n/a) (n/a,0) 0,0)
cumulative effect could have an impact on the position of the
band crossing. These effects include: FIG. 5. Dispersion of the top two bands along symmetry lines

S . L L when a 0.50 electron @, to La/Sr charge transfer is included in
(1) Explicit inclusion ofz-axis dispersion instead of the per- the self-interaction corrected Hubbard model. The Fermi level is

turbative approach taken here. ~ shown to coincide with the crossing point along the (0,0)
(2) Inclusion of additional Hubbard parameters. Additional — (7/a,#/a) symmetry line.
parameters should all b€0.04 eV.

(3) Explicit mcIus!on of .other bands. Small mixings with ¢ ,qters at the BLYP level showed significant mixing of the
other bands, in parucular_ Fhe Gy,/Op, bapd, could O p, orbitals with the orbitals of these metals. The implica-
have an effect on the position .Of the crossing. . tion of these results is that there is diffusion of thepQ

(4) Use of more real|.s.t|c charg.es in the c!uster CalCuI"’monselectrons onto the La/Sr sites which has been ignored by the

(5) Inclusion of additional spin correlation. The current CuG; cluster calculations. The effect of this charge diffusion

model only includes the self-mtera_ctlon qurectlon to aCis 1o lower the energy of both the @, and Op.. orbitals and
count for the tendency of weakly interacting systems to

locali i H : i bet e traise the energy of the apical |&) orbitals relative to the Cu
ocalize spin. HOWever, Spin couplings between GIMerent, ...\« 14 account for this effect we included in our Hub-

orbitals, in particular the triplet coupling between Cu 514 model calculations an adjustable parameter which de-
de2-y2, anddyz, has been ignored. fined the extent of charge transfer frompQ to La/Sr. While

(6) Explicit inclusion of the La and Sr ions. The current \ye §o not explicitly include these bands in the final model,
model treats these atoms as single point charges havingoulomb terms for the Qp,, orbitals were evaluated and
the appropriate average of the formal charge®0 for  jncluded in Tables Il and Il{La and Sr were still treated as
La and+2.0 for Sr. In reality, these ions are likely less classical point charggsThis allowed us to include the effect
highly charged and have spatial extent which leads taf charge transfer by altering the Coulomb field in a fashion
Pauli repulsions. Treatment of the two ions as distinctsimilar to that explained in Sec. |l B. Orbital energies were
should lead to local perturbations of Hubbard param-reevaluated to reflect the change in the Coulomb field due to
eters. this charge transfer.

(7) Inclusion of the orthorhombic distortion. The crystal in  The primary effect of this charge transfer is to stabilize
the superconducting phase is distorted from its highthe 7 bands relative to the Fermi level by significantly low-
symmetry tetragonall,,) structure to a lower symme- ering the orbital energy of @ . A secondary effect, how-
try orthorhombic C,p) structuret! This is manifested ever, is to raise the crossing point of the two bands of interest
by a tilting of the CuQ units or equivalently a buckling closer to the Fermi level for the optimally doped system.
of the CuQ planes. An important effect from this distor- This was accomplished when the charge-transfer term was
tion is that two of the four crossing poinfat (k,—k)  €mpirically adjusted to the value of 0.50 electrons transfered.
and (—k,k)] become strictly avoided due to the reduced hat is, the charge on the La/Sr sites wa.425 compared

symmetry. However, it should be stressed that the Otheﬁt}:ﬁ Iﬁ(ranlzlngga(r)?ere%tgﬁ?b?é Eulsrgsggilc?r ?ﬁeggnagged
two crossing pointgat (k,k and (—k,—Kk)] are main-
tained whic% ri)s crigcal(tok)the prc()posed )I]BP theory. the charges on the Oth?f atoms &ré.563 for Cu,—1.429
' for O, and—1.777 for apical Q. We should note though, that

While it is not clear that all of these effects are favorable inthe extent of charge transfer calculated here may be an over-
terms of moving the band crossing toward the Fermi levelgstimate in light of the fact that the other electronic effects
their combined effect could easily lead to such a change. Wésted above have not yet been incorporated. But, as detailed
stress that a perturbation of only 0.153 &/small quantity in the accompanying article by Tahir-Khé&lithe resulting
on the chemical scalés necessary to observe a Fermi level band structure proves to have the necessary features to ex-
crossing. plain a number of key experiments.

We have, in fact, applied a specific perturbation to our The 2D dispersion of the top two bands from these calcu-
model in order to incorporate one of the above effects. Indations is shown in Fig. 5 and the optimized orbital energies
vestigations of the effect of La and Sr using a variety ofand occupations are given in Table V. In addition the Fermi

spect to thed,>_,> orbital. Yet because the self-Coulomb 0.5 |
energy of thed,> orbital is smaller than that of the,. 2 04 | : i
orbital due tos—d,2 hybridization, it is actually possible to :
removemore electrons from thel,> orbital than thed,z_2 03 | 1
|
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TABLE V. Computed orbital energies and orbital occupations 7
for optimally doped LagsSry1£Cu0O, taken from our Hubbard .6
model using the scaled parameter set of Table Il and 0.50 electron = 5F
O p,, to La/Sr charge transfer. All energies are relative to the Fermi & ap
level (in eV). g 3t
% 2t
Orbital Energy Occupation 1F
Cu X2_ 2 —2.403 1.770 0 »0“2 —0‘.1 0 011 0i2 Oi3 014 0.5
y : : Energy (eV)
Cuz? —2.092 1.666
Op, -6.122 1.929 FIG. 7. Density of states of the top two bands shown fiém
0(2) p, —0.852 1.777 =-0.25t0+0.50 eV.

along this direction. Due to this rigorous crossing, the
surfaces are shown in Fig. 6 and the density of states of theand andL band must touch. While the position of this

top two bands is shown in Fig. 7. crossing pointor touching poinkis subject to variation, its
existence is quite robust over a wide range of model param-
IV. DISCUSSION eters.
In the closeup of the density of states shown in Fig. 7, it
A. Band structure of La, g55ro15CUO, can be seen how the crossing of tBg, and A, bands

The band crossing we observe arises from the followingaffects the nature of the andL bands. TheJ band starts at
considerations. In this discussion, we will refer to the two+0.47 eV and represents therfa,w/a) point of the B4
bands that cross as theBj," and “ A,4" bands. The cross- band. The density of states of this band remains consistently
ing produces two new bands that touch, referred ttJgs  low until about+0.10 eV where there is a sharp peak. This
pen andL(owe. The dispersion of thB,, band, dominated ~Peak represents the change in character of the bandBrigm
by Cud,2_,2 character, is rather broad, on the order of 2 eV,t0 Ayq in the vicinity of the (z/a,0) point. The density of
producing a low density of states. The dispersion ofAhg states of theJ band remains relatively high at energies be-
band, dominated by Cu,2 character, is in contrast rather 10w this point, being dominated b, character. The band
narrow, on the order of 0.3 eV, producing a high density ofterminates at-0.25 eV, which represents /(8,0 point of
states. At the f/a,w/a) point, the higher energy band is theA;q band. The onset of the band is characterized by a
B,4 in nature, corresponding to the completely antibondingsharp peak in the density of states-af.03 eV. This peak
combination of Cud,z_y2 and Op,, orbitals. The lower en- Occurs in the vicinity of the {/a,n/a) point of the A;q
ergy band isA, 4 in nature, corresponding to the antibonding band. The peak comes down to a low density of states near
combination of the Cul,2, O p,,, and apical Op, orbitals. the Ferm| level and the density qf states remains low, being
At the (0,0) point, however, the higher energy bandiig, in ~ dominated byB,, character until about-0.20 eV when
nature and the lower energy bancBig,. Due to this change ~Character from other orbitalin particular theA,, antibond-
in the relative energetics between the top of both bands aniflg combination of the apical @, orbitalg starts to mix in.
the bottom of both bands, tt&, andA,, bands must cross, The change in character of this band at lower energies should
producing aU band and_ band which each have bofy, have no effect on the issue of the band crossing or the IBP
andA,4 character. This crossing of bands is strictly avoidedmodel.
everywhere except for one point in the 2D Brillouin zone.

. . . 02—
Along the (0,0)- (7/a,w/a) symmetry line, the crossing is g
rigorously allowed since thB,4 andA, 4 orbitals cannot mix =
=)
© [,
T :f 01F .
= - K
5 [ \
o ] \
'j _y\l'!I N
' 0 1—/."—/\' N N \ L
02 01 0 01 02 03 04 05
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E 04;_,____~.,
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ON 01fF
' |
0 - 0 R ) . ) \
0 /2 & 02 01 0 01 02 03 04 05
(b) Energy (eV)

FIG. 6. Fermi surface showing the touching of the upper and
lower bands along the (0,8)(m/a,m/a) symmetry line. The FIG. 8. (a) Extent of Cud,2_y2 orbital character in the upper
squareness of this surface is expected to change with the addition ¢golid line) and lower (dashed ling bands.(b) Extent of Cud,.
longer range terms. orbital character.
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The character of these bands can be seen more clearly ir
Fig. 8. In Fig. 8§a) the U band is shown to be dominated by
Cu d,2_y2 character above 0.10 eV, while the band is
dominated byd,>_,2 below the Fermi level. In Fig.(®), the
U band is shown to be dominated by @y character below
0.10 eV while theL band is dominated bd,2 only at the

Fermi level. A o
While most band-structure calculations have only shown ° A
a single band at the Fermi levelywe argue that this is due to Ny
the lack of a proper accounting of the self-Coulomb energy. /LBE'\ l
We should note however, Shiraigtt al'® who included the ’ O/Cu A
effect of spin polarization, found that doping of JGuGO, / A 0
resulted in the formation of two types of holes from two C“_I“"Y_CI“
distinct bands. While no band crossing was noted, the two LS NE
types of holes were characterized as beingdzu 2 and e | 7 T
d,2. Eto, Saito, and Kamimut4also suggested the impor-  cu o\_c./ 3
tance of the Cul,2 orbital based on cluster model calcula- /Pa/./
tions. We find that this work lends support to the findings o Pz \o—/cU
reported here. |u/o |U/o
B. Band structure of related materials
Certain qualitative features in the density of states for
La,_,Sr,CuQ, (LASCO) should be characteristic of many YBaCuO
superconducting copper oxide materials, such as 0 230668
YBa,CwOq.5  (YBCO), Bi,SrCa,— 1CUOzn-6+y 0 n

TI,Ba,Ca,_1Cu,0,. 44 5, and others. Each should be char-

acterized by a peak in tHe band just above the top of the FIG. 9. Schematic depiction of Fermi surfaces for

7 . YBa,Cu;05. 5. The onset of superconductivity is expected when the
band. This is due to band repulsions away from the (0,0 1 U band and the\, L band first cross a,— /¢ (top). Super-

—(m/a,m/a) diagonal which Introduce_’klg character into conductivity continues upon further dopirigottom. A change in
the U band. When these band repulsions are large €nougf may e expected when a similar set of crossings appeats, for
[such as they are atr{a,0)], the peak in the density of states —g_The YBCO unit cell is showrleft).
of the U band should occur above the top of théand. The
L band, on the other hand, should have a sharp peak at its There are two sets of two ban@d andL) having quali-
onset at ¢r/a, w/a) which vanishes as the band becorBgg ties similar to those shown here for LASCO. One setAgs
in character. symmetry while the other haB;, symmetry. The primary
Although the electronic structure of YBCQFig. 9  difference between these bands and those of LASCO is that
should share common features with LASCO, it differs in onethe crossing along the (0,8)w/a,w/a) direction is
important regard: the local symmetry of YBCO in the super-avoided. Since the Cd,2_,2 dispersion in the direction is
conducting state i®,, as compared t&€,, for LASCOM  expected to be small, thay2 > components of these bands
This symmetry will not allow a rigorous crossing of the two (analogous to thé,, bands of LASCQ should be nearly
bands along the diagon@r any other pointin the 2D Bril-  degenerate. In contrast, the @2 components of these
louin zone. However, it should be recognized that the duabands(analogous to the\;, bands of LASCQ should be
CuQ, planes of YBCO lead to four bands in contrast to theseparated in energy.
two bands of LASCO. Dispersion of these four bands in the The onset of superconductivity in YBCO should occur
z direction leads to two bands havin, symmetry atk,  when the Fermi level coincides with a band crossing. This
=0 andk,= w/c and two bands having,, symmetry. The likely occurs atk,= m/c between theB;, U band(which is
two A4 bands are principally composed of the bonding com-completely antibonding in thedirection and theAg L band.
binations of the Cud,2_,2 orbitals from the two planes and Interestingly, it is not required to occur along the (0,0)
the bonding combinations of the @i orbitals from the two  — (#/a,w/a) direction. In fact, there is likely a double cross-
planes. TheéB,, bands are the antibonding analogues. Whileing within a quadrant of the Brillouin zone, as depicted in
the twoA4 bands are not precluded from mixing at any sym-Fig. 8. In this schematic, we view the Fermi surfaces as
metry point, and the twd,, bands are also not precluded squared circles centered aroui®q0) for By, L andA L and
from mixing, the A; and By, bands cannot mix whek, centered around/a,n/a) for B;, U. Superconductivity
=0 or k,=m/c. This suggests that crossings could occurbegins when thé\; L andB,, U bands first touch. Since the
between thé\y bands and th&,, bands. Based on this idea, radius of theB;, U Fermi surface is increasing faster than
we propose the following scenariNote, we do not address the radius of thé\ L Fermi surface is decreasitidue to the
the effects of the chain CuO bands. These bands will perturllifierence in their densities of stajeswo crossing points
the planar Cu@bands, but we suspect the essential topologycan be sustained over a wide doping range. At sufficiently
described below holds. higher doping levels, a second set of band crossings of a
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increases the probability of favorable crossing situations as
illustrated here, and this should lead to potentially higher
T.'s.

Finally we wish to note that Nd ,Ce CuQ, (Ref. 2)) is
electron doped in contrast to the majority of copper oxide
o superconductors which are hole doped. This may suggest
ci that the “undoped” system is actually overdoped. Alterna-

M | tively, it may suggest that the nature of the two bands that
cross is substantially different. While we anticipate that one
of the bands will beB;4 Cu d,2_2 in character, the other
band may not bé\;; Cu d,2 since this band is expected to
appear only as electrons are removed from the system. We
suggest instead that the second band is a Nd/Ce band. It

FIG. 10. Schematic depiction of Fermi surfaces for a typicalfollows from this suggestion that high-temperature supercon-
three-plane copper oxide superconductor. Band repulsions may legflctivity is not dependent on the specific crossing of the Cu
to highly coincidentg2 andul surfaces in the vicinity of£/a,0) dy2_,2 and d,2 bands. We stress, in fact, the only require-
whenk,=0 ork,=m/c. ment of the IBP model that we now see is that some sort of

crossing of bands occurs at the Fermi level. This leads us to
similar nature should occur &,=0. This proposal easily be optimistic that with the careful exploitation of symmetry,
explains the extended doping range observed for YBCO andntirely new classes of high-temperature superconductors
the appearance of twd.'s in different doping regimes for will be developed in our future.
this material. Furthermore, it suggests a reason for the in-
creasingT for LASCO vs underdoped YBCO vs optimally
doped YBCO. We correlate an increase in the number of
crossing points, or, more correctly, the number of crossinq t
points which are thermally accessible, to an increasg.in a
Indeed, it is observed that superconductivity begins wit
YBa,Cu;05 6 showing aT,. of 60 K. This T, is sustained
upon further doping until a rapid increase I@=90K is
observed near YB&u;Og 4. Further doping to YB&u;0;
maintainsT, at this higher temperaturé.

Similar analysis can be applied to the bisntdtiand

e}

Cu 0

0 T

V. CONCLUSION

We have presented the results of a Hubbard model calcu-
ion on the optimally doped superconducting material
hLa1_85Sro_15CuO4. We conclude from these calculations that
there is a crossing of two bands which occurs at the Fermi
level. One of these bands B, in character, dominated by
Cud,2_2 and the other i#\,4 in character, dominated by Cu
d,.. The crossing rigorously occurs along the (0,0)
—(m/a,mla) symmetry line of the 2D Brillouin zone. As
thalliun?® systems. We note that in these systems an increadictailled in the preceding paper by Tahir-KHedin interband
in T is correlated with an increase in the number of GuO pairing (IBP) qf .eIectrons between these two bgnds Ieaqs to
plances per unit cell. Following the above arguments thi superconductivity. It can only occur at the critical doping
: ﬁgvel where the Fermi energy coincides with the band cross-

makes sense in that it leads to more bands which produc

more band crossings as shown schematically in Fig. 10. FoP9d: 1€ x=0.15. The resulting density of states from this

a three-plane system we are now dealing with six bandsv.vOrk Is used'in the accompanying work to explain a number

Four of these bands will be symmetric with respect to reﬂec-Of key experiments on this material. . .

tion through the middle planébandsgl, g2, g3, andgd) Extension of the band model obtained for LASCO in
9 P 9% 94 92, 9 these calculations to YBCO provides an easy explanation for

and two of these bands will be antisymmetiti@ndsul and he ob : ide dobi f ductivi
u2). We argue that band repulsions near théd,0) point, ¢ opservation of a wide doping range for superconductivity
i ’ ' . to occur in this material as well as an explanation for the

?hsezeggnlgsthse;nlz:gszcc?we?rgzse?tsrﬁghul(rjez,apv)\goeu;? igethsérs%ngz:];%bservation of twdl';'s in different doping regimes. We an-
at a higher ’energyzthan in thebands. This could produce a icipate at this point that other ma'gerials vyill be_ similarly
crossing between thel and g2 bands atk,=0 and k, understood largely through geometric considerations.
=q/c as depicted in the figure. Since the two surfaces might
be expected to be highly coincident at this point, the number
of thermally accessible crossing points should be high. The authors wish to thank Dr. Jean-Marc Langlois for
Clearly, it can be seen that the addition of more Gplanes many useful discussions.
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