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A model for high-temperature superconductors based on the idea of Cooper pairs comprised of electrons
from differentbands is studied. We propose that the two bands relevant for the cuprates are comprised of Cu
dy2_y2, d,2, planar Op,, and apical Op, orbitals. Along the diagonak,=k, in the Brillouin zone, the
two-band Fermi surfaces may cross. We associate the optimal doping for the Aigiaétt this point because
only in the vicinity of this touching point are interband Cooper pairs energetically possible. Due to the lack of
time-reversal invariance of an interband Cooper pair with itself, the standard interpretation of Josephson
tunneling is altered such that the detailed nature of the single-particle tunneling matrix elements contributes to
the supercurrent. The,._,2 gap observations from Josephson tunneling are shown to arise from our model
with pairing due to phonons. A Hubbard model is written down for the two bands at the Fermi energy with
realistic parameters for LasSr, 1:CuQ,. The anomalous normal-state features in the NMR are calculated and
qualitatively explained as due to the character of the two bands in the vicinity of the crossing point. The Hall
effect is calculated using standard Bloch-Boltzmann transport theory. The observed strong temperature depen-
dence of the Hall coefficient is reproduced and is due to the strong reshaping of the current-carrying band
Fermi surface due to band repulsion with the other band for dopings very close to the Fermi-surface touching
point. Reasonable quantitative agreement is also obtained for the NMR and Hall effect. A linear resistivity at
optimal doping is expected due to the proximity of the second bandsjpace which can strongly relax the
current and the “smallness” of the current-carrying Fermi surf§6163-18208)04142-3

I. INTRODUCTION Cooper pairing will occur in the vicinity of special symmetry
points in the Brillouin zone.

In a previous publication the author proposed an interband Our previous paper dealt with the unphysical situation of
pairing (IBP) model for high-temperature superconductbrs. two distinct bands with exactly coincident Fermi surfaces at
We suggested that the fundamental idea of Cooper pair@ given doping which was associated with the optimal dop-
composed of electrons in staties and —k| be retained but ing for superconductivity. In this regard, the previous study
rather thark] and —k| being from the same band, we con- of IBP must be regarded as an overly simplistic model that
sider pairs such that] and—k| come fromdifferentbands ~ S€rves to illustrate some (_)f the general princ_iples of IBP b_ut
at the Fermi surface. Such Cooper pairs, if they exist, are ndt@nnot account for quantitative features. This paper consid-
time-reversal invariant with themselves in contrast to allrS realistic bands for the cuprates and derives some quanti-
BCS-like (intraband Cooper pairs. The full Hamiltonian is tative consequences of the theory.
time-reversal invariant, though. We showed that with such _We propose the two relevant bands for highare com-
interband pairs, the orbital character of the two bands plays grised predominantly of Clz_y2, Cu d2, planar Op,,

significant role in all Josephson tunneling experiments. Theand apical O_pz orbitals. The two band_s are strong r_mxtures
. . N : of these orbitals except at spechkalpoints only. A simple
phase difference across a junction is no longer simply th

h diff fthe t funci but also includ Fiubbard model is written down for the system. The param-
P asgb " ere;ce 0 he Wﬁ gap u?cr:onﬁ ut aiso inclu els Bters used in our Hubbard model are derived in the following
contribution due to the phases of the hopping matrix eley aper by Perry and Tahir-Kh&lusingab initio calculations

ments across the junction. With BCS-like Cooper pairs, the, finjte clusters for LagsSr, ;<CuQ,. Contrary to the results
product of the single-particle tunneling matrix elements isy¢ local-density approximatiofLDA) band-structure calcu-
mod-squared due to the time-reversal invariance of the paifgtions on the cuprates, we find two bands at the Fermi en-
This is not the case with IBP. We suggest that the obsérved ergy comprised primarily of the above orbitals. The differ-
dy2_y2 character of the Josephson tunneling can be resolvegihce between our results and previous band-structure
by an “s-like gap” coupled with a ‘tly2_,2" Cooper pair.  calculations is due to correcting the self-interaction energy in
These issues will be explained in detail below. LDA. The optimal doping is the doping where the two-band
Clearly, in order to have any possibility of creating an Fermi surfaces touch. This can happen along the diagonal
interband Cooper pairk(y,—k| ) whereU,L are labels wherek,=k, . Lay gt 18CuQ, is primarily considered here
for the two distinct bandgeventually taken to represent the gqg the three-dimensionéBD) dispersion is small.
upper and lower banfisthe single-particle energies|”’ The NMR spin-relaxation rates at the planar Cu and O
=¥, ) =€) must be close to the Fermi energy. Such anuclei are estimated with these bands and so are the respec-
circumstance is easily available when theand L band tive Knight shifts. Reasonable quantitative agreement with
Fermi surfaces intersect. Of course, bands repel each other inany of the anomalous NMR propertie$' is obtained. The
general unless there is a symmetry that forbids mixing. Thusjramatically different temperature dependences of the planar
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Cu and O spin-relaxation rates is due to the conspiring ofnatrix elements in this case. Section Il presents quantita-
several important aspects of the orbital characters of the twtive calculations of the various normal-state properties men-
bandsU andL at the Fermi energy. The major reason is thattioned above and the final section is devoted to a summary of
there are two possible orbitals on the Gljz 2 andd,z, our results.

whereas there is only one important orbipgl on the planar

O. The second most important reason is thatltheand is II. INTERBAND PAIRING MODEL

almost full at optimal doping and the orbital character of the
availableL k states is dominated by the character at the top
of the band ak=(,). The T, of the cuprates is quite sensitive to the doping.

The large spin-relaxation anisotrd8yon the Cu site is Typically, there exists one optimal dopifigfor the highest
discussed and we argue this is due to a small mixtur,pf T, and a rapid change ifi; above and below this doping. A
character in the two bands. We show that mixinglgfof a  notable exception is Y-Ba-Cu-8,where one may argue that
few percent is sufficient to produce the observed anisotropthere are two optimal doping3,.=62, 92 K with an inter-
ratio of ~3.4. mediate crossover regime. An explanation for tWp re-

The Cu and O Knight shifts are shown to have simifar gimes in Y-Ba-Cu-O is discussed using IBP in the following
(temperaturedependence to the O relaxation rate althoughpaper? Regardless, whether we argue for one or two optimal
strictly speaking, we expect deviations to exist. Once againdopings for Y-Ba-Cu-O, it is natural to associate the change
the above-mentioned reasons for the relaxation rates comr T, with doping to an attractive coupling that is strongly
into play. Finally, we show that the extra 3D dispersion onedoping dependent. Experimentali{, many normal-state
expects for these bands in optimally doped ¥BaO, can  properties are simultaneously strongly dependent on the dop-
resolve the lack o dependence of the Knight shifts and O ing. Thus, one is led to propose a bosonic excitation that
relaxation rate observed for this cuprate. couples to the electronic charge where eitt@ar both the

With the same parameters, the Hall effect is calculatedbosons or their electronic coupling is strongly renormalized
using standard Bloch-Boltzmann theory and is shown tdoy the doping level. Rather than such dynamic schemes for
have the observed monotonic decreasSirdependence vary- the change in the attractive coupling with doping, we ask if
ing by ~40% over the temperature range compared to thehere exists a simple kinematic scheme for the doping depen-
experimentdf value of ~50%, with absolute values about dence ofT.. In such a scheme, we hope to find a pairing
13 times larger than measured values. strength that weakly depends on doping with the suppression

The linear resistivity is also obtained due to phonon re-of T, due primarily to a kinematic mechanism. IBP is such a
laxation across the bands. The sensitivityRafandp to the  mechanism.
doping follows naturally from the model. The qualitative fea-  Consider two bands labeled and L with dispersions
tures of the above experiments are straightforward from th%(ku) , E(kL) and further suppose there exists some attractive
considerations presented here. These features are very robgsupling leading to Cooper pairs of the forr (l, — Kk |)
and do not depend sensitively at all on the choice of paramang (, 1, -k, |). In general,e”# (") . It is only when
eters used. This is partlcular.ly gratlfymg because .these fe_aE—E(U) and E(kl.) are both close to the Fermi energy that there is
tures are observed for a variety of different materials. Del.’l-any possibility of a lowering of the overall energy by the
vations of so many of the gnomalous hormal-state Propertieg, mation of a Cooper pair. In BCS superconductors, pairs
of the cuprates Iends conflden_ce to the overall theory. _ are formed fork states satisfying

Section Il motivates and defines the IBP model. A Hamil-
tonian is written down and solved within the BCS mean-field
approximation. The orbital character of our bands is chosen.
The optimal doping for superconductivity as the Fermi-
surface touching point is discussed. The lack of a unique
phase for the attractive coupling matrix elem#&ft, is dis- . . ;
cussed and the difference between Josephson tunneling Vé’gﬁgﬁ“’%f;ﬁgﬁ;ggg :r'?teefr?g:rr:# IS the Fermi energy.
standard BCS-like intraband pairing and IBP schemes is de- '
rived. IBP due to coupling through phonons is proposed. Up
to this point the arguments and equations presented in Sec. Il
are quite general. There are several different channels
through which IBP could occur. One particular channel is lelr) — ep|<thawp. ®)
chosen and we restrict ourselves to singlet pairs only. There
is nothing in the general theory that precludes IBP due td~or BCS superconductors, there are alwaystates in the
phonons with triplet pairs as far as we can see. required energy range for pairing regardless of the doping.

The four key Josephson tunneling experiméfts'are  This is no longer the case for IBP because Egs.and (3)
discussed. We show that with our choice of pairing channelmust both be satisfied. It is only for special dopings that the
the two “d-wave” results of Wollmanet al? and Tsuei U band andL band Fermi surfaces touch or are close to
et al® can be understood. Our theory also prediaisffave”  touching that any possibility exists for IBP. Hence, with IBP
in contrast to the observedaxis tunneling of Suretal’®*  the doping sensitivity off; can be understood quite simply
We are unable at present to decide whether tkavave”  as due to the change in the minimal separatiok gpace of
result of Chaudhari and L supports or contradicts our the U andL band Fermi surfaces. No change in the strength
model due to the complexity of the single-particle tunnelingof the pair attraction is required. In effect, we have replaced

A. The model

|€k_€|:|<h(1)D, (1)

lel) — ep|<twp, (2
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the requirement of a doping-dependent pairing interaction by 1 1
a geometric argument based upon the band energy differ- — (Pt P D) — (TLFIT)
ences ink space. V2 V2
Away from the band crossing point where E(®.and(3) 1 1
cannot both be satisfied, we expect BCS-like pairs to be il + il —
formed. These will couple to the interband pairs. This recov- - ) (S bre =i dic) ) (T1=1D @
ers the full phase space near the Fermi surface for pairing.
Here we consider only the IBP to IBP coupling. beVE,k (V,i,k). ¢\ is a single-particle wave function of mo-
We will of course, take the mediator of the interband mentumk. The first important point is that althoughy is
attraction to be phonons as in BCS. Because our pairs afgniquely defined only up to a phasg.—e ™ g, , with
comprised of electrons from two bands, the standard argug(— k)= — g(k), VE’/lk is uniquely defined due to the time-
ments for an upper bound @.~30 K do not apply. This i re\ersal invariance of a pair with itself.
certainly gratifying as it does not exclude IBP with phonons o , . 1ot
as a theory for high-temperature superconductors. At present 1€ Hamiltonian being Hermitian me%“{%kzo\{ki« and
we have no estimate for the expected range of value3 for the time-reversal invariance éf impliesV,;, =V, . Thus,
with our mechanism. Vg;i is always real. In second quantized form,
There are some important differences between the pairing
terms in the interband Hamiltonian and a BCS Hamiltonian. 1 1
In order to highlight these differences we will briefly red- — (P kEP D) — (TLF1T)
erive some of the well-known aspects of the BCS Hamil- V2 V2
tonian in order to both generalize to IBP and to establish our 1
notation. _ Tt —t at
In general, spin is conserved. Thus, there are two kinds of Y (B8 83k, ©
scatterings of BCS-likek, —k) pairs: singlet to singlet, and
triplet to triplet. Let the matrix elements for scattering awhereal(, is the creation operator for an electron in state
(k,— k) singlet(triplet) to a (k',—k’) singlet(triplet), with spin o. The general pair-pair interaction is

Vs 1aTaT +a, a' )(a_gjag+a a)JraTaJr a_ag+a, a . a,a
kk] 5 (B8 T8 8 ) (A @k +asig@i) + a8 8-k a8 8-k 8

k'k

+

1
0 T T4t
T % Vk/k( 2) i@k~ 80 30p) (BB~ 8-k, ©)

which can be expressed as 1 1
v (PukPL-k* dL-kPuk) v (TL=11)
k% Viok@y al o 8y g

1 1
*% (Puk bL—k = DLk Pukr) v (T1=11) 9

1
Tt
+ — (Viek— Vi@, 8- @ kg8ke s 7 _
2. 4( k™ Vi 088 koo ) beVy, . Vi, Here,py , are the single electron wave func-

K’k
7 tions for each band with momentuknin this case\/g',lk is no
where longer uniquely defined for a change in the definitions of
1 duk and ¢y,
Viek=3 [Vt Vo b Vi v V2 ) Bu—e' Y py, (10)
e Mg, 11
+(Vt’k_’_vj;k’—k_vt’—k_V];k’k)]' (8) (Z)Lk_) ¢Lk ( )

whered | (—K)=— 6y (k) implies
From the relations fok/E‘,i we haveV, =V, in gen- _ _
o S 0.1 —i[0y(k")— 6 (k") ]ai[ 8y () — 6 (K)]\ /0.1

eral, andV,,=V,._ for pure singlet pairing, ant,, = Vigg—e 't Lidlglltomadilvin. (12
-V, _ for pure triplet pairing. FinallyV,, is always real o 01 «.01% .
and uniquely defined. For phonon coupling, is constant The Hermiticity CI)Tp“eg'le'k:ka’ and Otllme-réel/ersal
leading to pure singlet pairs. The symmetry\6f, deter- Symmetry leads t&,;, =V~ _,, rather tharv,;, =V, for
mines the total spin of the Cooper pairs in BCS. This is notBCS. This is due to interband Cooper pairs not being time-
true for IBP. reversal invariant with themselves.

For IBP, let the matrix elements for the scatterings The general pair-pair interband pairing interaction is
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1
1 Tt Tt Tt ot
%( Vk'k[ 5 @y F Ay A o) ALk Bukp T ALk @uk|) T Ay L o @L-kiBukt T Ay AL ALk Buk|

1
2

+

+2 Vo,
k’k

t ot t
(gt |~ Byyr A o) (AL Buk) ~ AL-kBuk))- (13

These equations make it clear that one cannot even speak of
the symmetry of the pairiny, without first specifying the
phase convention on the single-particle orbitals. Secondly,
say we found a phase convention such ﬂﬂ%ﬁ( is pures
wave. Unlike BCS phonon pairing, IBP does not preclude
triplet pairing due to phonons. Experimentally, pure triplet
pairs are not consistent with the observed Josephson tunnel-
ing between a BCS superconductor and the cuprates. There
must be some singlet pairs for tunneling to occur. This does
not exclude the possibility of some pairs being triplet paired,
though. For the rest of this paper however, we will only

1
G=o—p ox=5 (67 +€0), (21)

Ex=Vé+]Ad?, (22)

consider the case of pure singlet pairs, Mﬁnk=0.
The IBP Hamiltonian becomes

_ ULt Lt
H—; [ alotuko T €8] koBLKo]
g

1
Tt toT
+§( 5 Viek(@yr @ ~ Ay 8 krp)

X(aL—x ayk —aL—krauk|)> (14

where we Writer,k=Vf<),k for simplicity.

In the pairing approximation, we consider excitations of

the form,

Yo(K) = (ut+vialal )[0),
(15)
po(K)=(1—fF)(1-f),

yr(K)=al[0), pik)=fPA-fL), (16
pa(k)=al |0}, pyk)=(1—FFLY, (@7

¥3(K) = (—v+u@lgal )00), p3<k>=f<k“>f<k“,( )
18

lug?+Joy/?=1 (19

with probabilitiesp; (k) wheref{") andf{") are the occupa-
tion numbers ofU and L band particles of momenturk
There are four other excitations,,...,; obtained from the
above by replacingifmaz_kl with a[_kTaLkl in ¢, and
Y3, afm with aJ,[_kT in ¢, anda{_kl with a:ﬂkL in ¢,. The

1
B =5 (e’ — e 1+ Ex, (23
1
== [e)— el 1+ Ex, (24)
1 1
f=——, f=—p—, (25)
e 11 N R

with gap equation
A= S Vo 2 (1194, (26)
" 2y kK

Conservation of the total number of particideads to an
equation for the chemical potential

sz 2o 21— — )+ (FV+ D). (27)

Unlike BCS, the quasiparticle excitation energies are dif-
ferent for theU and L particles and are given b&(ku) and
E(L) . These energies are the sum of half the difference in the
U andL band energies and the teip which is analogous to
the BCS quasiparticle energy. The most important point of
all is that, although the suf{") + E{!)= 2E, is always posi-
tive, theU or L excitation energy can be negative or have
lower energy than the gap energy This piece of physics
will be considered in more detail below.

Also, the BCS quasiparticle enerd@y, is formed from a
bandw, that is the mean of the&d andL bands. One can see
why this is the case by noting that in the BCS ground state,
pairs are either fully occupied or completely unoccupied.
The individual band energies always appear summed to-
gether,el”) + e{!)=2w,. For these states, the system “does
not know” that theU andL pairing electrons have different
energies. The three equations for the pair occupation ampli-
tudesu, andv,, incorporate the difference between the two-

ordering of the creation operators is chosen such that Coopgang dispersions only through the gag. This is to be

pairs consist only of singlet pairs.

expected by the same argument as above beaguarduv

The coefficientsi, andv, are chosen to minimize the free (epresent pair occupations. Similarly, the gap equation incor-

energyF=H— uN—TS. The solution is

&
=

o A

2 ) ukvk:Z_Ek’ (

1
=1 o= |1+

porates thaJ andL band differences through the quasiparti-
cle occupation number$(Y) and f().

Looking at the expressions for the quasiparticle excitation
energiesE(”) andE("), one sees that the size of the differ-
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ence in energies of the two band$” — (") is what deter-  to its metallic/superconducting phase, holes start to appear in
mines the size of the excitation. A negative energy implieghe Cud,2 orbital. At an arbitraryk point in the Brillouin

that no Cooper pair is formed at=0. Instead, there is a zone,dz can mix withd,2_,2, O p,,, and apical Qp, orbit-
single free electron in one band and no electron in the othe@ls- Thus, the two relevant bands at the Fermi energy are
When &) — ) is large, it is energetically unfavorable to cOMPrised primarily of these four orbitals.

occupy bothk states or empty botk states. Thus no pair is _ | 1iS assumption of the existence dfz holes near the
formed. In this case, we expect BCS-like pairs to be formed—€rmi energy along with the assumption of interband pairing

Near a Fermi-surface touching poi@U)%E(kL) . Therefore, must be regarded as the two most important postulates of the

interband pairs are alwavs energetically favored IBP model for the cuprates. The former postulate is dis-
P Y g Y ) cussed in detail using ab-initio calculations on small clusters

These equations are very similar to the equations for gapl-n the following papetwhere we conclude that there are two

less superconductivii In gapless superconductivity, an ) : .
spin electron has a slightly different dispersion than the gggsz hear the Fermi energy with the character described

spin electrons due to the presence of magnetic impurities. We will call the two bands the uppét)) and lower(L)

i-lr-1h|eBSIST and| spin bands are analogous to theandL bands bands Wheres(ku)ze(k”. The lower band should be full o

almost full in the undoped case and the upper band is half
full with all of its holes predominantly ofl,>_,2 character.
For La-Sr-Cu-O, theU and L bands will be almost com-
Perry and Tahir-Khefihave calculate@b initio the exis-  pletely 2D, while for optimally doped YB&us0;, the bands
tence of two bands near the Fermi energy forwill have a measurable amount of 3D character. Underdoped
Lay g5SIp.15CUQ,. The results of that work are briefly sum- YBa,CusOg g3 Will have less 3D dispersion than optimally
marized in this subsection. doped YBaCu;0; (YBCO). Additionally, for YBCO there
La,CuQ, has two structural phases: a high-temperatureare potentially four relevant bands due to the two CuO
body-centered-tetragonal crystal with, point group and a  planes per unit cell. Here, we restrict our attention to La-Sr-
low-temperature orthorhombic lattice with,, point group.  Cu-O and briefly discuss the differences to expect for YBCO
In the low-temperature phase, the Guégtahedra are tipped where appropriate.
by 4.3° from their high-temperature positions thereby reduc- The unit cell of two formula units of La&uQ, is tetrago-
ing the symmetry of the crystal. The low-temperature phas@éal with lattice spacingag=4.0 A in thex, y directions and
is the structure for superconductivity. In the tetragonal crysc=12.0 A in thez direction. The Brillouin zone of the primi-
tal, there are two reflection planes defined by trexis and  tive unit cell is given by —m/ask,<m/a, —mla<k,
the linesx=y andx= —y, respectively. For the orthorhom- <rz/a, —2=7/c<k,<27/c.
bic crystal, there is only one reflection plane defined byzzhe  To a first approximation, we may take theandL bands
axis andx=y. for La-Sr-Cu-O to be purely 2D and add in the wealixis
In either case, there will be a rigorous band crossing alonglispersion as a first-order perturbation. This is done prima-
ky=ky for our two bands. The tetragonal phase will alsorily for further computational simplicity and to convey the
have a crossing along,=—k,. The orthorhombic phase key aspects of the model. A more correct description will not
will come close to crossing along,=—k,, but cannot qualitatively alter the behaviors we obtain for the NMR and
cross. For IBP to occur, it is imperative that a crossing existHall effect and more importantly, will not affect the general
otherwise it is hard to see how IBP can overcome the bandrguments for the various normal-state properties.
repulsion. For the remainder of this paper and in the follow-  The relevant orbitals aré,2, dy2_2 on the Cu,p,, orbit-
ing paper, we will take the La-Sr-Cu-O crystal structure to beals on the two planar O sitds along the CuO bond direc-
the high-temperature tetragonal phase for simplicity. Theion), and p, orbitals for the two apical O sites above and
small difference in structures can have a big effectTegn  below the Cu atom. Additional orbitals that appear are the
but for most normal state properties, the difference will beCu 4s, d,,, and Op,, in the plane and thp,, p, orbitals on
small. the apical O’s. None of these additional orbitals will lead to
In undoped LaCuQ,, the O sites have a formal charge of a big change in the band structure but can affect the NMR. In
—2, the Cu charge is+t2 and is in ad® state. The point particular, a small amount of Cus4s required for an under-
charge field on the Cu site due to the surrounding atomstanding of the sign of the Knight shift on Cu and sofae
make thed,2_2 orbital the most unstable leading to holes in few percenk d,, is necessary for explaining the large anisot-
this orbital in the undoped system. The next high@st- ropy in the Cu spin-relaxation rates for planar anmdxis
stablg orbital on the Cu isd,2 due to the field of the apical magnetic fields.
oxygens. Undoped, each @._,2 has a single electron and  The tight-binding Hubbard model isve use the electron
d,2 has 2 electrons. We propose that as the system is dopgicture),

B. The two relevant bands

H=H i+ Hnpops (28

_ T T t T T T
Hop= nz 5dx2,yde2_y2nde2—y2na+ édzdeZnUdzzno+ nz fpu( PxnePxnst pyno'pyn(r) + 5pz( PUznePuzne T pLGapLGa)a
ag g
(29
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H hop— * t><27y2,¢r 2 dIZ_yan( Pxme T pymo) * tzz,a E d;ang( Pxme T pymzr)
(nm) (nm)

(o8 (o8

t
+(it(r¢r)<2> p)tn(rpym(r—’_(itpz,dzz)nz dZZno-(szn(r_ pZLn(r)+th,pZnE pZUn(rpZLna
nmyo (o o

+(it(r¢ra)<2> (pln(rpxmo_" p;n(rpym(r)—i_(itpz,rr)(E) (pIUn(r_ pILn(r)(pxm(r_ pym(r)+c-c-: (30)
nmyo nm
same [oa

axis

wheredzzng creates al,2 orbital with sping at siten. p)’:m all k points not on the _di_agonal, there is no symmetry to keep
(p}n,) Creates ap, electron on a planar O site along the dx-y2 and ((jﬁi fro(mL) mixing. Thus, the two bands will repel
x(y) axis andpl,., (pi_.,) creates ap, electron on the leading toe, "> ¢, . _ _ _

apical O site abovébelow) the CuO planee , is the self The optimal doping for the highe3t; is the doping that

(orbital) energy of thed,2, etc. Thet's are the various hop- leads to a Fermi energy equal to the energy at the band

ping matrix elements. The: sign in front of the hopping crossing or touching point. It is at this doping and this dop-

matrix elements represents the fact that the sign of the matrilfg?n?;;%r:hiti;BreerezIzrfix)sr?ﬁéeFZT%?SS&;;Z!?;{/‘?ESSS (5) ;')r_

element depends on the relative position of the two releva%g from underdoped to overdoped
orbitals.{nm) represents neighboring sites. The values of the We have adjusted the charge transfer of plangr,@nto

parameters are shown in Table I. The values in Table | for{he La described in detail in the following papeuch that
the hoppingt’s are for the antibonding combination of the , . . . 9p .

: this doping matches the experimentally observed optimal
two relevant orbitals. doping for La_,Sr,Cu0, at x=0.15. Undoped, there are a

1 _ —X~'X 4 - . ’

, Excgpt for the value of thgdﬁferenc@zz dez—yz_’ there. total of three electrons in thel and L bands, while forx
is nothing particularly surprising or out of the ordinary with —=0.15 there are 3 0.15=2.85 electrons in the two bands.
these para.metersdzz— €dy2_ 2 pemg posmvg IS what brlngs' The z-axis (normal to the CuO plangslispersion is ap-
the d,2 orbital up to the Fermi energy. This is the essentialproximately calculated by observing that the dominant cou-
parameter for a two-band descriptiiikke ours of supercon-  pling in thez direction is thep, orbital on the apical O above
ductivity. These points are discussed in detail in the follow-a CuO plane coupling to the, orbital on the apical O below
ing papet where our parameters are derived fraim initio  the next higher CuO plane. We take this value toThgo
calculations on small clusters. As we stated in the introduc=0.3 eV. The coupling is added in via first-order perturba-

tion, the theory presented here is very robust and at a qualiion theory. Our choice for this matrix element is described
tative level does not depend sensitively on the values fope|ow.

these parameters at all. The additional energy of kstate due t, to p, coupling
The point group of La-Sr-Cu-O i®y4, anddy2_y2, d2  from layer to layer is
transform asB,y andA,4, respectively. Under a reflec-
tion about the diagonalg=*y, oydy2_y2=—d,2_y2 and
o4d,2=d2. Thus, for diagonak vectors k,= *ky) a single
electron wave function must haw._,2 character ord,
character. Alongk,= *k, , two bands may cross if one band (31
hasd,2_,2 character and the other heg character. A plot
of the top two bandémost unstableis shown in Fig. 1 along
the closed path (0,0) (7, 7) — (,0)—(0,0) ink space. For

1 1
e(ky Ky ,K,)=—2T 0P cosz (kxa)cosi (kya)cosk,c,

whereP is the amount of apical @, character in thé state
(kx,ky) derived from the 2D Hamiltonia(28).

TABLE |. Parameters in Hubbard model {gV). To incorporate the very small couplings through the
€d e —2.403
€d, —-2.092
€p, —6.122
€p, —0.852
te—y2 o 1.347
2, 0.514
too 0.368
tyoa —-0.041
tp, .0 1.076
to, o 0.078
to o, 0.493 FIG. 1. Dispersions of th& (solid line) and L (dashed ling

bands.
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FIG. 2. Fermi surfaces at various dopings. The short dashes are £03
for optimal doping, the long dashes are underdoping, and the solid %
line is overdoping. = 0.2 e
_ _ _ SR
andp, orbitals on the apical O above a CuO plane with the ~ L
p, on the apical O below the next higher plane, an additional 0 o3
energy (b) '
1 o1 ' ‘ ' ‘
e(ky . ky k)=—2T 0P cos5 (kya)sin > (kya) %
g o1
1 1 g0 [
+sin > (kxa)cosi (kya) |cosk,c, (32) =
£ |
is added. Finally, we add C;
L . L
1 1 01 0 0.1
e(ky Ky k) =—2T, P sin > (kya)sin > (kya)cosk,c, (© Energy (eV)

to include the weak coupling of Qi with apical Op,. We
takeT(,=0.05eV, T, »,=0.02 eV.

(33 FIG. 4. Orbital characters of theg (solid line) and L (dashed

line) bands.(a) is thed,2_,2 character(b) is thed,» character, and
(c) is thep,, character.

The reason for naming the hopping matrix elements with

the k-space label$0,0), (,0), (r,7) is that each one is mul-
tiplied by a combination of cos (1/R)a, cos (1/2k,a,
sin (1/2k,a, sin (1/2k,a which is equal to 1 on the particu-
lar k-space label and zero at the other two. We expec

T(0'0)> T(ﬂ',o)> T(ﬂ'y 71.) .

The primary effect of adding in the aboweaxis cou-
plings is to eliminate the logarithmic 2D van Hove saddle-
point singularity in the density of states of theband by a

the Fermi energy at the optimal doping indicated. The large
peak in theU band density of states just above the optimal
doping Fermi energy-=0.0 eV is due to the saddle-point
gingularity at(,0) and (0,m). The closeness of this peak to
€g is a robust feature of this model and is not sensitive to the
choice of parameters.

Three other features of interest are shown in Figa)-4
4(c). They show the average amountd_,2, d,2, andp,,

broadened 3D peak. The width of this peak is responsible fofharacter of the two bands at different energies. Nearhe

the T dependencéor lack thereof in YBaCuO;) of the
Knight shifts in the normal state. This is shown further along

in the calculation of the NMR.

Figure 3 shows the density of states of the two bands with

FIG. 3. Density of states of tHd (solid line) andL (dashed ling
bands near the optimal Fermi energy. The density units are states

(eV spin cell) !

two bands are predominanttl;.. Both of these features are
once again robust.

C. The pairing term
There are several different choices for the detailed orbital

'y
T

[S™)
T

/

A
'
L
)
1

\

'
i
_______ 1
i

coupling that can lead to IBP. Lacking a rigorous micro-
scopic proof that IBP exists, we make a particular choice for
the pairing term and compare it to experiment. We take the
pairing term in Eq(14) to be mediated by an attractive cou-
pling of the form shown in Fig. 5. In this figuré,._ 2, and
d,2, are defined as

-0.1 0

Energy (eV)

per eV per spin per unit cell.

01 dy2_y2 (1) = \/iﬁ 2 eik'Rdxz_yz(r -R), (34)
1 )
dy2(r)= — >, e*Rd2(r—R), (35)

IN
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dzzy,k/ dIZAyQ,k’

dlz_ya__k dzz,k

FIG. 5. Feynman diagram for the pairing term with matrix ele-
mentU, .

whereR is the position of the Cu atom. Eventually, we will

must diagonalize a ¥4 matrix. This is not difficult to do
and leads to more complicated quasiparticle energies than
Egs.(23) and(24). To properly include BCS-like pairs, we
should not restrict ourselves to the single diagram in Fig. 5.
There are other combinations of interband to BCS-like pair
scatterings that may become important.

Physically, what occurs is near the band crossing point on
the diagonals, interband pairs are formed because one band is
almost pured,2_,2 (with some O charactgrand the other
band is almost purd,2 (again with O characterAway from
the Fermi-surface touching point, only BCS-like pairs are
kinematically allowed leading to standard BCS pairs for the
k states. Thus, one would expect to observe a gap in the
photoemission foik vectors away from the diagonal as is
observed® for angle-resolved photoemission on bismuth
2212. We also find that the pseudo§hpehavior can be
explained by IBP and our calculated band structtre.

Owing to the separation of the pairs along the diagonal

take the origin to be a center of inversion. Figure 5 depicts dnto one band with nal,2_,2 character and the other with no

dy2_y2 Bloch orbital of momentum—k emitting a virtual
phonon and scattering to &2 orbital of momentum—k’
and ad,2 orbital of momentunk absorbing the phonon and
scattering to ad,2_,2 orbital of momentumk’. Equations
(34) and (35) define the phase convention of tlg_,> and
d,2 Bloch functions and the matrix elemeldt.,. The cou-
pling V¢ in Eq. (14) is calculated by projecting onto the
above d,2_y2, d,2 scattering. Physically, what is accom-

plished is quite straightforward. The attractive coupling be-

tween two single-electron statés—k in the same band or
two different bands is due primarily to the attractive coupling
of thed,2_,2 orbital component of one electron with tde.
component of the other electron. One reason that such a co
pling may arise is from the dynamic Jahn-Teller effect which
acts to split the orbital degeneracy at the crossing point. An
other reason is due to thtg2_,2 k states localizing the elec-
tron charge in the plane, whereas thg —k state localizes

the charge out of the CuO plane thereby reducing the Cou-

lomb repulsion.

An attractive coupling mediated by projection onto the
diagram in Fig. 5 is also possible fok{,—k]) pairs in the
sameband leading to a traditional BCS pairing term. Thus,
one is faced with the possibility that BCS-like intraband pair-
ing may win out over IBP. This possibility is not realized for

k states near the band crossing point by the same kinematics
that allows a band crossing to occur along the diagonals

(kx==k,). In order to have a large BCS-like pairing for a
Cooper pair kT,—k]) in the same band with la state near

the crossing point one requires a substantial amount of both

dy2_y2 andd,2 in the k state. Near the band crossing point,
the approximatery diagonal reflection symmetry precludes

d,2 character, pairs are most strongly formed here than at any
otherk point. This suggests that the dominant contribution to
the Josephson tunneling current will come from IBP along
the diagonals and we assume this is true unless such a cur-
rent is rigorously zero.

Let

duk=Aukdy2_y2ct+ Bydz2+other terms,  (36)

dL=ArLkdy2_ 2+ By d2+other terms,  (37)

whereg¢, and ¢ are the band wave functions aAq, B,
are the projections onto the Bloch functions in E¢34),
(85). Then,

t T
- ali=Audye 2t Byt (38)
aEkZALkdlz,yzk"‘ BLkdlzk"'"' , (39
and
dIZ—ka:AﬁkaLkJrAfkaIkJr‘“ ; (40)
db =Byal +Bfal +- (41)
2k= Buk@uk T BrLk@Lk .

The pairing Hamiltonian term is

t T
Uk'k(dXZ*yzk’szsz’ldxz—yz—deZZkT

+

+dxz,yzk/ld;rz,k/dez_yz_dezzkl). (42

Projecting onto Eq(14),

that leading to a suppression of BCS-like pairing by the Viek= (Auk BL—1)* (AuiBL 10 Uk i

above pairing mechanism. Also, because theand L k

+ (BukAL—k)* (BukAL—1)U _rk

states are almost degenerate here, the system may further

lower its energy by forming a puré,2_,2 and a pured,

state in order to maximize the pairing coupling. Such states

should be considered as vibronic. Kpoints away from the

+ (Auk B k) * (BukAL— 1) Urk
+(BukwAL—k)* (AukBL-WU k. (43

diagonals, BCS-like pairing can occur and for arbitrary dop-under the phase change in E¢$0) and (11)

ings, too.
Including BCS-like intraband pairing by projection of Fig.

Ay —e A |, (44)

5 as we did for IBP is straightforward. Rather than diagonal-

izing a 2X 2 matrix as we did in deriving Eq$15)—(27), we

Bu,k—e UtMBy 1k, (45)
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Now every cuprate space group includes the inversiorE e(U)—ef(L)]Z—ﬁzwz
k/

operator. We define the origin from whiéhin Egs.(34) and

(35) is defined as a point of inversion. With this choice it is

easy to see that the coefficies |, By x must always
satisfy Ai B =real.

In general, the electron-phonon matrix element that ap-

*
+ [0 U2 2,2 “(AukBL-k +Buk AL k)
kl

X (AukBL_k* BukAL_)M?, (51)

pears at each vertex in the Feynman diagram in Fig. 5 is the

sum of terms of the form

i(e>\q~q)V>\q(Cq)\+Ciq>\)J' e97d} 2 (1) dza(r)dr,
(46)

where\ is the phonon polarization arglis its momentum.
Cq IS the destruction operator a , is the Fourier trans-
form of the phonon potential arg, is the polarization vec-
tor. Inversion symmetry guarante®g_,=V,q, V\q is al-
ways real and also that the integral in Eg46) over the
electron states is real.

Using Eqgs.(34) and (35), the integral in Eq(46) is

feiq'rd:Z_yzk,(r)dzzk(r)dr

1 . 1 ros
-5 f elq~rR§R‘,, e K R'gkRg, o(r—R')da(r —R).

(47)
Taking the largest contribution to be wh&i=R,

f €Ty o (N dp(r)dr= f €2 ya(r)dz(r)dr.
(48)

Plugging this back into Eq46), we see that the product
of the two electron-phonon matrix elements due to the tw
vertices in Fig. 5 is always positive with the phase conven

tion defined in Eqs(34), (35 where the origin ofR is an

inversion center. With BCS-like pairing, time-reversal sym-
metry of the Cooper pairs is sufficient to guarantee the prod
uct of the two vertices is always mod-squared and thus pos

tive.

Therefore, with our definitions of thd,2 2, d,2 Bloch
functions, we may take the total couplitl, from Fig. 5 to
be s like,

(U,L)

-V, |eYY - u|<hwp and lew ' —u|<fhop,

U=
Kk 0, otherwise,

(49
leading to

Viek=(—V)(Ayp B —k + By A k) *

X (AukBL -k T BukAL—K)- (50

The reason we have chosen the above rand€ 0k val-

whereM? is a real positive number. If the constraints in Eq.
(49 are satisfied, then the term in brackets is negative.

D. Interband Josephson tunneling

In BCS theory, a Cooper pair is of the for#; ¢, and
transforms into itself under the operation of time reversal.
For pairing across two distinct bands as we propose, the pair
dukr bk, transforms intog, ; by, and not into itself
under time reversal. Of course, the full Hamiltonian remains
time-reversal invariant. This key difference alters the stan-
dard Josephson tunneling in a subtle yet dramatic way that
leads to a new interpretation of the macroscopic phase of
superconductors.

Consider first the case of Josephson tunneling of a BCS-
like Cooper pair on one side of a junction to a BCS-like pair
on the other side of the junction. We will neglect all factors
in the expression for the supercurrentontributing only to
the magnitude and not to the phaseJofThe phase of the
pair tunneling matrix element for the transfer of &f(
—k]) pairtoa @7,—p]) pair is contained in the product of
two single-electron tunneling matrix element$,, and
T_x—p and the product of the two gap functions; andA,’,
on either side of the junction. This leads to supercuffent

I TiepT —i - pA A p* = Tyl 2A A ¥ (52

In this expressionT, is the matrix element for the transfer
of a single electron of momentukto an electron of mo-
mentump, T_,_, is the corresponding matrix element for

0[ransferring the—k electron to—p and Ak,Al’) are the gap

functions on the two sides of the junction. By overall time-
reversal symmetry‘,l',k,pzT’k‘p. Thus, the supercurrent is
completely controlled by the phases of the superconducting
gap functions on each side of the junction. The phases of the
gap functionsA,A’ are determined by the symmetry of the
pairing interactions for each superconductor. Thus, for all
BCS-like pairing models, Josephson tunneling gives direct
information of the symmetry of the gap.

For IBP, the situation is dramatically different. Suppose
we tunnel from an interband superconductor to a BCS super-
conductor. With Cooper pairing across bands, the matrix el-
ement for transferring a momentukrelectron in thelJ band
to a momentunp electron on the other side of the junction
T(kl;), is different from the matrix element for transferring a
—k electron in thd. band to a—p electron on the other side
of the junction T%) _ . Although, T _ =T{)* and
T _,=T&* by overall time-reversal symmetry, the phase
part of the pair transfer-matrix element is of the form

Joe T T pAKA*. (53)

ues for nonzero pairing is seen by considering the relevarin the case of interband pairinthe symmetry of the pairing

Feynman diagram in Fig. 5. The value is

interactions and the orbital character of the band wave func-
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tions both contribute to the overall tunneling phatder a
redefinition of the single band wave functio(ig), (11),

Tt —elfucoTt) (54)
and from the gap equatiaf26),
Ak_,e*i[ﬁu(k%ﬁL(k)]Ak, (55)

JAMIL TAHIR-KHELI
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nantly tod,2 on the other side. Then, the matrix element for
dy2_y2—d,2_2 is proportional to cos@cos 2p where ¢
and ¢ are the orientations of the andy axes in the CuO
planes with respect to the grain boundary. Similarly, the
d,2—d,2 matrix element has no orientation dependence and
is thus constant.

Suppose instead, that the dominant tunnelingl,is 2
—d,2 andd,z—d,2_y2. In this case, one matrix element is

leading to no change id. Note also that the above result is proportional to cos @ and the other is proportional to cog2
independent of the phase convention of the band orbitals Orading the pair tunneling product co8 2os 25 as before.

the BCS side of the junction because if an electron of mo-

mentump is multiplied by a phase factd % then the phase
of the —p electron is multiplied bye™'?.

Taking the product of the various factors in E§3), we
see that the phase controlling the current is the same as to be
expected from al,. 2 gap as is observed.

Remember that as we argued in the previous section, we For the c-axis YBCO-Pb tunneling of Suret al,'® an
take the dominant supercurrent to be due to the interbangnalysis similar to the YBCO corner junction case shows that

Cooper pairs near the diagonal crossing points.

the interband pairs do not contribute to the current. In this

Let us apply our relatiort53) for the supercurrent to the ¢ase, the current due to BCS-like pairs must be considered. It
four key Josephson tunneling experiments on YBCO. Thes easy to see that if the dominant coupling of BCS-like pairs

first one by Wollmaret al? on a YBCO-Pb corner junction

is to interband pairs as described above, then the BCS-like

is the simplest. We have shown that the phase of the supegairs ared,._ > wave.

current is independent of the choice of single-particle wave gqr the hexagonal YBCO tunneling of Chaudhari and
functions. In this experiment, tunneling occurs along the twq i 14 the sjtuation is different from the tricrystal YBCO in
perpendicular Cu-O bond directions in the CuO planes opne very important manner. Here a hexagonal MgO layer is
YBCO (x andy axes$ which are connected by a Pb wire. Pb placed on the LaAl@ substrate and then YBCO is grown

is a BCSs-wave superconductor. A phase differencemof

onto the sample. The hexagonal MgO causes YBCO to grow

implies ad-wave gap, whereas no phase difference implieypove it with its planax, y axes rotated 45° from the angle

an s-wave gap. Ad-wave result is obtained.

Let T{7"(x) be the matrix element for tunneling la

electron in thelJ or L band to ap electron in Pb along the

axis. Choose the phase convention onklstates such that a

90° (C,) rotation of the wave function fok is equal to the
wave function for momentunC,k. Then, we must have
T(Ctii(%llp(y):T(k‘;*L)(x). From Eqs.(36) and(37), our phase
convention gives

Ay L(Ck)=—Ay k), (56)
(57

Using the gap equation and the expresg®®) for V.,

By L(C4k)=+By (k).

A=A(AuBL-k+BukAL-1*. (58
Hence,
Ack=—Ax, (59
leading to the result
J(Csk—Cyp)=—JI(k—p). (60)

Therefore, our IBP model also gives an observedwave”
gap.

For the tricrystal experiment of Tsuet al.® we use the
fact that fork near the Fermi surface touching poidiy,, has
almost nod,2 character and@ , has almost nal,2_,2 char-
acter or vice versa. For suchkarector,B,~0, A ~0 (or
Auk=0, B, x=0) and we can take the phase conventigy,
Bk real with Ay, >0, B >0 (or By,>0, A >0). With
this conventionA is real andA > 0.

of the YBCO grown directly over the LaAlQsubstrate.
Thus, we expect a misalignment of the CuO planes across
the six junctions complicating the matrix elements that ap-
pear for interband pair tunneling. Unfortunately, we have
been unable to find a convincing argument telling us whether
interband or BCS-like pairs dominate the single-electron ma-
trix elements in this case.

I1l. NORMAL-STATE NMR AND TRANSPORT
A. NMR

Armed with our parameters for the relevant bands and the
criteria derived from IBP that the optimal doping is when the
two Fermi surfaces touch, it is very easy to compute the
normal-state NMR and transport properties using standard
expressions for the NMR and the Bloch-Boltzmann equation
for the transport. It is quite satisfying that not only can we
understand qualitatively the numerous anomalous features of
the NMR and transport as due to the character of the bands at
this very special doping, but quantitatively the numbers are
respectable.

The key normal-state NMR features? that a theory for
the cuprates must explain afd) the difference in the relax-
ation rate curves with temperatufeor the Cu and O nuclei
in the plane,(2) the similar Knight shifts(KS) at the two
sites,(3) the similarity of the O relaxation rate ové&rand the
KS, (4) the lack of T dependence of the KS for optimally
doped YBCQ and a monotonic increasingdependence of
the KS for optimally doped La-Sr-Cu-O and underdoped
YBCOg 45 (5) the strictly monotonic decreasing Cu relax-
ation rate ovefT for optimally doped YBC® and the ini-
tially increasing and then decreasing Cu relaxation rate over

Suppose al,2_,2 orbital on one side of the grain bound- T for underdoped YBC@s; and optimally doped La-Sr-

ary tunnels predominantly into d,>_,2 state on the other

Cu-0O, and(6) the large anisotropy of the Cu relaxation rate

side of the boundary, and thds: on one side goes predomi- for magnetic fields in the plane and along thexis.
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FIG. 6. Bare density of states fdg2_,2, d,2, andp, orbitals for
the U (solid line) and L (dashed ling bands and the total bare

. . 1
density of stategdotted ling. Wéip(f) — ?) [GNdxz,yz(E)Ndzz(E)"_ Ndeyz(E)Ndeyz( €)
+ Ndzz( 6) Ndzz( 6)], (62)
Figure 2 shows the two-band Fermi surfaces at optimal
doping. The electronlike band centeredkat (0,0) is the
U(ppen band and the holelike surface centered aroune) Wo(€)=0, (63
is the L(owen band. Both bands are occupied kat (0,0)
and unoccupied dtmr, ). whereN(d
x2—y2)(€) andN(d,2)(e€) are the total bare density
Figure 3 shows the density of states for the two bandsof states at energy and f(e) is the Fermi-Dirac function.
The first thing to notice is that at the Fermi energy, thel The relaxation rate for a planar fiefdw,, is identical to

band has the lower density of states. We expect that thlsaw above W|tth,p and W2, replaced with

band predominantly carries the current and being holelike

will give a Hall coefficient with the correct sign. The large

peak in the density of states of thé band at an energy a 1\/5

little larger (~0.06 eV} than e is due to the saddle-point Wé%ﬁ(ﬁ)( )[Nd 2_,2(€)Ng,_ o(€)+ Ny (€)Ng(€)]

singularity at(sr,0), (0,7) for the U band. The width of the

peak is due primarily to the overall strength of theaxis

couplings. This width is very sensitive to the details of the

structure. This sensitivity controls the dependence of the

KS. The other aspects of the density of states are robust.
Considering first the Cu spin relaxation, the two relevant

orbitals ared,2 2 andd,2. Because there is no orbital relax- WY=0 65)

ation between these orbitals regardless of the magnetic-field o

direction, the relevant relaxation is dipole-dipole. We will

neglect here the core polarization relaxation which we expect

will not change the qualitative conclusions. The relaxation Figures 4a) and 4b) show the amount of orbital charac-

rate for az-axis magnetic field is given by ter of d,2_,2 andd,2 in the U andL bands. The total bare

3
+ ?) Ndxzfyz( E)Ndzz( 6), (64)
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density of states fod,2 say, is the amount of orbital charac- 2o=0. (67)
ter of d,2 in the U band times the density of states of tble
bandNy(e) plus a corresponding term for theband. Fig- There are also additional terms due dg, in the dipole-
ures §a)—6(c) are plots of the bare density of states for eachdipole terms(62), (64) but these are small and cannot ac-
orbital due to each band and the total bare density of statesount for the anisotropy. We neglect them here.
In all calculations of the NMR and Hall effect, the tempera-  The coefficient of 4 in front oW} is about 30 times
ture dependence of chemical potential has been taken infarger than the first coefficient in E¢62) and more than two
account.u decreases about>510"2 eV from T=0 to T  orders of magnitude greater than the other coefficients in
=300 K. Finally, plots of W, /T and *3,, /T are shown W,. Thus,d,, character on the order of a few percent will
in Figs. 7a) and Tb) where we have used the vaffie lead to a contribution tFW,, as large as the dipole term
(1ir®)=6 a.u.. The curves show the characteristic peak at feading easily to an anisotropy factor commensurate with
T value greater thaff. and the order of magnitude of the experiment.
rate is consistent with experimehiith the above figures For the planar O sites, the relevant orbitapis. The O
and expressions for the relaxation rates we can qualitativelgs will be considered later. The lack of a second major O
see why the correct behavior is obtained. orbital near the Fermi surface and also the fact thatrat)
There are two different ways an electron may relax a Cuithere is no mixing of antibondingmost unstablep, (sym-
nucleus: one by intraban€U electron toU electron orL  metryB, ) with d2 (A;4) are the differences between O and
electron toL electron, or two, by the interband processés  Cu that lead to the different spin-relaxation rate temperature
to L andL to U. Due to the larger density of states of the  dependences. Figurde} shows the amount gf, character
band, intraband. to L relaxation is small. This leaves the on an O site at various energies. Figuie)&hows thep,
relaxation rate to be determined by theto U intraband  bare density of states due to tbeandL bands and the total
scattering and) to L (L to U) interband scattering. The to bare density of states.
U scattering leads to an increase\WfT due to the sharp ~ We can see that the contribution to the bare density of
increase in thé&) band density at the saddle-point singularity. states due to the bandNL,pU(E) is small compared to the

On the other hand, the contribution from the interband ter : P
must decrease due to the closeness of the Fermi energy torihand t_ermNU,pU(e) leading to a s_mgll contribution to the
reqaxatlon rate due to the band. This is due to the bandk

very top of theL band and therefore the vanishing of the ot the Fermi bei | At
density of states. The competition of these two terms give§‘ ates near the Fermi enérgy being c osé_ﬂtm). (77'77.)'
d,2 couples to the neighboring orbitals which must be in a

the final result shown. Regarding the Cu KS, only theo U bonding configuration. This bonding set @forbitals is sta-

contribution and. to L contribution can appear because the ilized by th Th h
KS comes from diagonal elements of the electron-nucleaP!lized by thet,., term. Thus, to create the most unstattje

Hamiltonian. TheU to U KS contribution dominates theto  configuration alm,m), we cannot have a large amountmf

L KS contribution due to the larger density of states oflthe chara.cter leading to the small value fiif , (¢) near the
band as before leading to a monotonically increasing KS ifFermi energy.

the hyperfine couplings have the correct sign. The sign of the There are three distinct directions for the magnetic field at
couplings will be discussed later on, but we can now see thdhe O site with different relaxation rates. These arezthgis

the Cu KS andWV/T will have different temperature depen- normal to the CuO planes, theaxis along the Cu-O bond
dences as observed. direction, and the perpendicular axisnormal toz and o.

It is pleasing to find that our calculated value for the re-With only the p, to consider, the relaxation alorgand L
laxation rate has the correct order of magnitéeleperimen- are equal,"W,="w, # "W, .
tally, ®3W,/T~20 s 1K1 at 100 K versus our value of 7.2 The expressions fot'W,, "W, are of the same form as
s 'K™1). Our calculation has completely neglected the ef-for Cu Eq. (61) with the crude approximation(1/r®)
fects of the Cu 4 contact term and secondarily, the core ~3 a.u. determined bgb initio calculations andy, the gy-
polarization contribution. Also, our calculated percentage infomagnetic ratio of thé’O nucleus. With only ,, contrib-
crease from 30 K to the peak is about 3% versus an experl,lting, there is no orbital relaxation in any direction of the
mental increase 0f10-20% and the percentage decreasenagnetic field
from the peak value to the 300 K value is 15% versus the
observed~50%. In spite of these differences, the qualitative w2 =1wWe =1, =0. (68)
behavior is correct and this is the most important aspect . . ) )
given the level of calculation used in deriving the HubbardThe dipole-dipole relaxation term is
model parameters.

As we can see from Figs.(&@ and 7b), the relaxation _—
anisotropy of~3.4 is not accounted for with the present dip™
model. What is missing here is a small amountgf orbital
character in our bandsl,, is the next most unstable Cu 5
orbital by ligand field theory afted,2_,2 andd,2. Including WEi= W= (§> Wiip - (70)
somed,, character affectdV,, dramatically because now
orbital relaxation is permittedVg},#0, whereasWg,, re- A plot of the W, relaxation is shown in Fig. 8. The others
mains zero. Includingl,, makes are simply 2.5 times larger. This relaxation is monotonic

increasing due to the bare densit due to theL band
W) =4Ng, Ny, (e, 65 poine omal Y

1
?) N p0( €)N F’a( €), (69)
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FIG. 8. Relaxation rate ovérfor O with field along Cu-O bond FIG. 9. O¢ direction Knight shift due t®,, .

direction.
3K o =K3P(dy2_y2) + KGP(d,2) + KM 4s) + K P
There remains one orbital that can make a large contribu- i
tion to the relaxation due to its large hyperfine coupling to +KP(d2,4s), (72
the.nucleus that we have not yet considered. That is the O 2Where a is the field directionz or planar, K¥%(do_.2),
orbital. A very small amount of 2can have a large effect on y

dip ; B
“'W without making any change in our calculated bandErbi'gglzsf)K?"r“?“t(hAfes)dilsptor:g Ifgfr:i cdoun(?tatcot stka)tf;E”yizs ?r?: cdozrze
structure. At(m,m), theL band has nal,>_,2 character and ’

by svmmetrv no 2 character either. Thus. similar to Polanization shift an& 9P(d,2,4s) is the dipole contribution
N):p (ye) the?/e is almost no contributién to th’e G Pare due to the interference af,2 and 4s. The expressions for the

\ i first four terms are
densityN,¢(€) due to thel band leading to the same mono-
tonic increasing behavior as in Fig. 8. G vill make a
large change to the absolute value of the relaxation ratngiP(dxz_yz):_2foiiyp(dxz_y2)
Without estimating the size of thesZontribution, we cannot

compare our answer in Fig. 8 to experimental data on La-Sr- 8 /1 of
Cu-0O. Without O 3, the values in Fig. 8 are about an order —_2 = quf 2N (ode, (79
of magnitude too small. 7 \r3/"B de| By ’

The KS on the O sites is due to the @ Eermi contact
interaction, thep,, orbital dipole coupling, and core polariza-

tion. In Fig. 9, we simply plot the KS, KIP(d,2) = —2K{P(d,2)
7 (o] -2
=+={=3)n f — —|Ng(e)de, (74
8\ /1\ , ([ of TAPTRIL ge)
KUZ—ZKZZ—ZKLZ g r—3 /‘LBJ —E Np”(E)dé,
(71) Kgontact 43) _ Ki;mact4s)

. . . 167 ) of
due to thep,, dipole-dipole term. Since thes2and core po- = |l!/4s(0)|2MBf — —|Nys(€)de,
larization shifts are isotropic, our curve may be compared to 3 de
the axial KSK =2 (K,—K,)/3. The monotonic increase in (75)

the shift is due to the sharp increase in théand density of

states abover due to the saddle-point singularity @t,0),

(0,m). o Lo 1\ , af
The KS involves only one factor dfi, (e), while the Kz :nyz—(20)<r—3> Msf (‘ £>
relaxation containdN, (€)®. Thus, there is no way'W/T

«K, is strictly possible, although from the figures, the agree-
ment is not far off.

For the Cu KS, we need to introduce the effects of the C
4s orbital and the tw@, orbitals above and below the Cu on
the apical oxygens. Experimentally, the Cu KS for-axis
field is T independent, while for planar fields the shift is
monotonic increasing with increasing As we discussed,
the dominant contribution to the shift will come from the
bare density of states for the orbitals from thdoands. If we
can somehow show that the hyperfine couplings are positive —
for planar fields and zero for theaxis field, then we should A= Adeoyuct Bzt Cufasict (77
expect a curve similar to Fig. 9 for Cu KS.

The Cu KS along the-axis and planar directions is the whered,2_2,, d2 are defined in Eqg34), (35 and iy is
sum of defined similarly. Then,

X[Nay o(€)+ Ny (€)]de. (76)

YWe take the valuer=0.33 (dimensionlessfrom Abragam
and Bleaney? i,(0) is the value of the ¢ orbital at the
nucleus.

The d,2, 4s interference term is evaluated by taking the
mean value of a band wave function at the Fermi surface
with the dipole Hamiltonian. Let
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<¢k|Hdip| ¢k>:(_ZMB)(Vnh)[IxSx+IySy_zlez]' [ (

2 /1 )
— 7 {m3) [IAdSF

(3 | (3

X (Bf C+BCi )] +term involving (A¥ C,+ACy), (78

1 +oo 1
<r_3> , Zfo fzdedzz(f)(r—3>R4s(f), (79

wherel is the nuclear spin anﬂdzz(r), Rs(r) are the radial

parts of thed,. and 4 orbitals, respectively, with normal-
izations

+ o0 + oo
f ra2dr Ry Z(r)zzJ' r2drRy(r)?=1. (80
0 z 0

Averaging over the Fermi surface, the interference ter
A(Ci +A§ Cy due tod,2_2 and 4 becomes zero due to the
different symmetries ofl,>_,2 and 4 (B;4 and Aq). The
first two terms in Eq.(78) lead to Kd'p(dxz,yz)+K P(d,2)
and the third term gives

. 8 1 f
Ktzilp(dzz,4S)=(E) <r—3> ) ,uéf ( - %)(B: Ci)N(e)de,
o (81)

Kiy(dz2,45) = — 5 KP(dy2,4s), (62

where (B} C,) is the mean value oB; C, over the Fermi
surface and\(e) is the total density of states of the band.
Depending on the sign ¢Bj Cy), the shift due to the inter-
ference term can be positive enhancing the field dug,ip
or negative decreasing the net magnetic field of The bare
d,2 and 4s density of states from this band af8,|?)N(e)
and(|C,|?)N(e). Since only one power dE, appears in Eq.
(81), (B} C,) can be large althougf{C,|%) may be small.
The bared,2_,2 density of states is smaller than tde

density of states at the Fermi energy leading to a net positive

shift fromK(d,2_,2) + K(d,2) along thez direction and a net
negative shift along the plan&°"a4s) is isotropic and
always positive.

At all k vectors on the Fermi surface, tde: andp,’s on

the apical O form an antibonding combination leading to a

larger amount of 4 character than one expects from,a_ 2
band. Thus, if thal,2, 4s interference term leads to a nega-
tive (ByCy) that is sufficiently large, the net effect of
K(dy2-y2) +K(d,2) +K(d2,4s) leads to a dipolar field
which is negative in the direction and positive along the

plane. We shall assume that due to the charge donation of the

apical Op, to the Cu 4, this is the case. With this assump-
tion, we can see how the net shift on the Cu due tBaxis

from the contact and core polarization terms should be a net
isotropic positive value. Without the interference skt),
there is no way the-axis shift can add to zero. Figure 10
shows theT dependence of theaxis shift ofK(d,2_,2) and
—K(d,2). These curves have approximately the sance-
pendence as the O shift artdW/T.

The above considerations also show why for fully doped
YBCO,, the T dependence of the shifts arldW/T are al-
most constant. If there is more dispersion in tidérection of
the d,2 orbital, then the saddle-point peak in the band
density of states will be broadened. If the plateau is suffi-

rrI:iently broad to extend all the way to the Fermi energy or the

(m,0) and (0,7r) saddle-point singularity is sufficiently far
away from the Fermi energy, then the shifts and O relaxation
will become T independent. For optimally doped YBGO
there are no vacancies in the chains and one can expect more
3D dispersion from thel,> orbital.

B. Hall effect and resistivity

Since the density of states for tlheband is smaller than
for the U band in the vicinity of the Fermi energy at the
crossing point, we take thie band as the primary carrier of
current. The Hall coefficien®,, is the ratio of the transverse
conductivity o, and the conductivityr squared. Using stan-
dard Boltzmann theofy

~ m2Qe\ ([ 1 s of d 3
T\ T Q)2 da) TP ak, ok, |V
(83
1 of
cemadof3 (7lh e
Qg Oxy
() ®
60t
= - Kdﬂ_y? (><10)
& o}
i 20¢ —Kd
0.0 f el
0 10 20 30

Temperature (K)

field can add to zero while simultaneously leading to positive FIG. 10. Thez-axis Cu Knight shifts.KdXLy2 has been multi-

shifts for planar fields. In Eq(72), the contribution toK

plied by 10 in this graph. Th&=0 values have been subtracted.
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0.4 y ; The abrupt change i, (€) is due to the two-band cross-

i ing point. Near the Fermi energy of the crossing point, the
0.2F 7 repulsion of the two bands for nondiagohalectors strongly
i affects the shape of the two Fermi surface leading to a large

curvature for the. band. At energies slightly higher than the
. | Fermi energy, thé band surface is not affected by the pres-
- | ence of theU band and the Fermi surface becomes “small”
leading to the reduced curvature. The ovefiatlependence
of Ry is due to the combined dependences of boi and
ayy rather than solely due te,, as one would expect from a
FIG. 11. Plots of the. bando,(€) and a(e). first glance at Fig. 11. We can see that the presence of the
two-band crossing point and the association of optimal su-
perconductivity with this point is the root cause of the strong
wherem, is the electron mas€), is the primitive unit-cell ~anomalous temperature dependence of the Hall coefficient.
volume Q,=96 A3, Q is the total volumeg=—|e|<0 is There are several possible explanations for our calculated
the electron charge, and is the velocity of light. v,  Vvalue forRy being more than ten times too large. The most
=V,&/#i is the velocity. We have multipliee,, and o by obvious one is the neglect of next-nearest-neighbor hopping
the appropriate factors ofi, andQ, to make the expressions [€rms in our Hubbard model. The second cause is due to our
in Egs. (82) and (83) dimensionless and have neglected the2D approximation to the band structure. A more detailed
scattering rate ¥ in these expressions because Ry, 7 dgscrlpnon than ours of theaxis dlspers_lon_ls required. The
does not appear. We may also defing(e) and o(e) by thlrd.reason is the neglect of t_he contrlbutlon. from _th_e_ elec-
replacing the Fermi-Dirac function- df/de, by the delta tronlike _surface of th&J band. Finally, more reﬁnedb_lmtlo
function 8(e — €) in Egs.(82) and(83). Then calculations than the ones performed in the following paper
on the Cu@ complex embedded in the point-charge field of
La-Sr-Cu-O will change the parameters used in our Hubbard

o, 04y (dimensionless)
<

0.1 -0.05 0 0.05
Energy (V)

model.
of The resistivity due to scattering with phonons should be
ny:f oyyl(€)| — Jer de, (86)  linear at the optimal doping for two reasor(&) the Fermi

surface for thel band is “small,” and(2) at optimal doping
the electron current can strongly relax by scattering 10 a
electron state. At optimal doping, thé band Fermi surface
of touches thé. band surface leading to nearby statek gpace
o= f (r(e)( - —) de (87)  with very different currents. Th& dependence aof compli-
cates this scenario becausés proportional to the effective
number of charge carriers in the band. It is unclear howlthe
dependence of the relaxation rater tbuld cancel this de-
Figure 11 is a plot ofr,,(€) ando(e) and Fig. 12 shows pendence. If a full-blown 3D model was used instead of our
the temperature dependence of the Hall coefficient at optimaD model with the third dimension included as a perturba-
doping. The absolute magnitude Bf, is about ten times tion, we believe that the temperature dependencewbuld
larger than observed values for La-Sr-Cu-O, but the calcubecome small whiler,, would remain veryT dependent.
lated percentage changeRf; from 100—300 K is=~40% in

good agreement with experiméht~50%).
These curves were calculated taking the smaalkis dis-
persion parameter$ oy, T(r0), and T, » in Egs. (31—
(33) to be zero. This was done to simplify the computation. IV. CONCLUSIONS

oxy(€) changes very rapidly for energies higher than the \ye have presented a model for superconductivity of the

Fermi energy at the band touching point, whereas the changg, o ates based on the idea that Cooper pairs are formed from

in o(e) is not as dramatic. electrons between two distinct bands. This leads naturally to
associating optimal doping with a Fermi surface touching
point of the two bands. We have postulated the character of
the two bands to arise fromh2_,2, d,2, O p,, and apical O
p, orbitals. A Hubbard model for these bands is setup and we
calculate some normal-state consequences of the model.
With our model, many of the anomalous features of the
normal-state NMR, Hall effect, and resistivity are explained
qualitatively and to varying degrees quantitatively. The pri-
; s T — mary reason for thg anom_alous normal-ste}te properties is'due
Temperature (K) to _thte optimal doping being at the Fermi-surface touching
point.
FIG. 12. Temperature dependence of théand Hall coeffi- We show that interband pairing alters the standard inter-
cient. pretation of Josephson tunneling. With interband pairs, the

(9€k
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detailed nature of the single-particle tunneling matrix ele-are derived in the following paper by Perry and Tahir-Kheli

ments plays a prominent role. We show that with this piecerom calculations on a Cugxluster for Lg_,Sr,CuQ,. We

of physics, three of the four Josephson tunneling experimentsonclude there that contrary to band-structure calculations

are explained by our model with a phonon-mediated attracwhere only one band with Cd,2_,2 and Op,, character is

tive coupling. found, two bands exist at the Fermi energy with the character
The parameters in the Hubbard model used in this papetescribed above.
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