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SPIN-POLARONS AND HIGH-TC SUPERCONDUCTIVITY

R. F. Wood
Solid State Division, Oak Ridge National Laboratory

Oak Ridge, TN 37831-6032

ABSTRACT

The spin-polaron concept is introduced in analogy to ionic and electronic

polarons and the assumptions underlying the author's approach to spin-polaron

mediated high-Tc superconductivity are discussed. Elementary considerations

about the spin-polaron formation energy are reviewed and the possible origin

of the pairing mechanism illustrated schematically. The electronic structure

of the CuO2 planes is treated from the standpoint of antiferromagnetic band

calculations that lead directly to the picture of holes predominantly on the oxygen

sublattice in a Mott-Hubbard/charge transfer insulator. Assuming the holes to be

described in a Bloch representation but with the effective mass renormalized by

spin-polaron formation, equations for the superconducting gap, A, and transition

temperature, Tc, are developed and the symmetry of A discussed. After further

simplifications, Tc is calculated as a function of the carrier concentration, x. It

is shown that the calculated behavior of Tc(i) follows the experimental results

closely and leads to a natural explanation of the effects of under- and over-doping.

The paper concludes with a few remarks about the evidence for the carriers being

fermions (polarons) or bosons (bipolarons).
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I. INTRODUCTION

A carrier (electron or hole) moving through an ionic lattice will induce

displacements of the ions and under certain conditions, the carrier plus ionic

displacements may form a good quasi-particle, i.e., the ionic polaron.1 Similarly,

electronic polarons may form when the carriers induce polarization of localized or

quasi-localized electronic distributions. In an anaJagous manner, a spin polaron

is a spin 1/2 carrier moving in a magnetic medium accompanied by deviations

of localized ionic spins. An ionic bipolaron consists of two polarons that move

through the lattice bound together on the same or nearby lattice sites. The

energy associated with the ionic displacements of the bound pair is enough to

overcome the repulsive electrostatic energy. The possibility that ionic bipolarons

can lead to superconductivity has been discussed at length in the literature2 and

many aspects of this work will be reviewed at this meeting.

The question as to whether or not pairing of spin polarons might also

lead to superconductivity arises and is of obvious relevance to the high-7"_

superconductors because of the long-range antiferromagnetic (AF) ordering of

the Cu spins in the CuOj planes of the parent materials. While the introduction

of holes into the CuO2 planes by doping, nonstoichiometry, etc. destroys the

long-range AF ordering, short-range order persists and may serve as a basis

for superconducting pairing. The assumption that a strong component of k-

space pairing is involved leads to an approach like that developed by the author

and his co-workers.3 On the other hand, the assumption that the spin polarons

(and accompanying lattice distortions) are tightly bound in real space to form

bosons leads to the approach studied extensively by Mott and collaborators4 at

Cambridge. In this paper, the first approach is considered and some of the work

done on it discussed.
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The following assumptions form the basis for the present discussion: (1)

antiferromagnetic band calculations for the undoped materials yield a generalized

Mott-Hubbard (M-H) or charge-transfer insulator; (2) doping (e.g., by Sr in

La2_iSrrCu04) produces holes at the top of the M-H valence band; (3) the spins

of the holes polarize the localized spins on neighboring ions to form spin polarons,

thereby destroying the long-range AF ordering of the undoped crystal; (4) to a

first approximation the spin polaron states are given by AF band calculations,

but with the polaron effective mass; (5) pairing occurs because spin deviations

of the individual polarons interact antiferromagnetically to lower the energy.

Pairing occurs when holes are at restricted positions with respect to one another,

consistent with the short range order.

The first two assumptions seem well established by experiment, while the last

three are controversial. Although the long-range AF order is indeed destroyed

by doping, and spin-polaron formation will cause this, other mechanisms may

operate and it is not at all clear how best to formulate the problem theoretically.

Likewise, it is not evident that a band description is appropriate if the spin

polarons do form or tL^ an AF band calculation is an appropriate starting

point for a heavily doped material. Finally, although a potential spin-polaron

mediated pairing mechanism can be identified, a rigorous theoretical treatment

is exceedingly difficult. In view of these limitations, the approach here will often

be intuitive and schematic.

The plan of the paper is as follows. In the next section, the spin-polaron

concept is reviewed and a simplified calculation of the formation energy is given.

Spin-polaron pairing in one- and two-dimensions is discussed schematically.

In Section III parameterized AF band calculations for the CuO planes are

illustrated, dispersion curves are given, and Fermi surfaces sketched. In Section

IV, equations for the superconducting gap, A, and the transition temperature,
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Tc, are set up and solved. The various symmetries of A that follow from the

treatment are illustrated. Section V is devoted to discussions of some of the

results and in the final section a summary and some concluding observations on

the polaron/bipolaron question are made.

II. SPIN POLARONS

A brief overview of the development of the spin-polaron concept is of interest.

In 1951, Zener5 discussed a "double exchange" mechanism in which an effective

exchange interaction between two localized spins in a transition metal oxide is

mediated by an intervening 0 ion. It occurs because, in addition to configurations

in which the 0 2p shell is closed to give O2"~, it is also necessary to include

configurations in which an electron from an O2~ ion is placed in a degenerate

d orbital on the transition metal site. A few years later (1955), Anderson and

Hasegawa6 extended the work of Zener and demonstrated that double exchange

is fundamentally different from the ordinary S, • Sj Heisenberg-type exchange.

The double exchange mechanism was first applied to certain types of

antiferromagnetic crystals by de Gennes' (1960) who recognized that it led to

a polarization of the localized spins of the lattice by the spin of the mobile

carrier. In 1971, Nagaev8 studied mobile ferromagnetic clusters induced by

carriers in semiconducting antiferromagnets and introduced the terms "magnetic

polarons" and "ferrons." In the same year, Mott and Davis9 provided a clear

and concise discussion of the spin-polaron concept in different types of magnetic

semiconductors. Brinkman and Rice10 studied the electronic band states in

doped magnetic insulators but they rejected the idea of spin-polaron formation.

Nagaev in 1974 and again in 1992 has provided review articles11 on his approach

to spin polarons. Extensive references to other work in this area can be found in

the papers cited above.



Evidence for spin polarons is not difficult to find experimentally. For

example, Mott12 cites the work of Shapiraet al.13 who measured the temperature

dependence of the resistivity, p, of EuTe as a function of magnetic field. With no

magnetic field on the sample, p was very high at low T but decreased rapidly with

increasing T. With a field of 84 kOe on the sample, p (4 K) dropped more than two

orders of magnitude. The interpretation is that with the strong magnetic field on,

spin polarons with their high effective mass cannot form since the localized Eu

spins are ferromagnetically aligned. Torrance et al.14 suggested that the metal-

insulator transition in Eu-rich EuO is due to the formation of bound magnetic

polarons. They argued that above Tc, the ferromagnetic ordering temperature

of the Eu spins, an electron associated with an 0 vacancy can polarize the

neighboring spins, thereby increasing its binding energy to the vacancy. Below

Tc when the Eu spins are ferromagnetically aligned spin polarons cannot form

and the energy of the electron is raised to the point where it is no longer bound

to the vacancy and the material becomes metallic-like.

The formation of spin polarons is readily understood from Fig. la, which

shows a ID array of AF-aligned, localized spins. These spins are assumed to

occupy nondegenerate spatial orbitals. Let one additional |-spin electron be

added to this array at site 1. When this electron is at a .(.-spin site it can

occupy the 3d (x2-y2) orbital to form a d10 configuration, but it cannot hop to

the neighboring f-spin site at 2 unless it goes into a highly excited state. Note

that the onsite coulomb repulsion term is the same for each site. Since it is

energetically unfavorable J go into the excited state, there is a strong tendency

for the electron to be localized at J-spin site 1. However, if the energy to flip

an f-spin to a j-spin orientation (dashed arrow) is small, the electron may gain

more than enough delocalization energy (reduced kinetic energy) to compensate

for the spin-flip energy. Consequently, within some small region the spins of the
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ions may become F aligned with one another and AF aligned with the spin of the

added electron to form the spin polaron. The spin flip at 2 allows the electron to

spread over sites 1-3 in Fig. la. Two points should be emphasized here. First,

the interaction that produces the spin alignment is a kinetic energy effect and

is not directly related to any particular quantum mechanical exchange integral.

Secondly, with reference to Fig. la, complete initial AF alignment of the localized

spins is unnecessary for the formation of spin polarons since the tendencey for

alignment of the spins of the carrier and of the ions will persist even when the

localized spins are disordered.

(a) Formation Energy

Following ionic polaron theory, let us consider a 3D analogue of Fig. la and

express the kinetic energy associated with confinement of the carrier to a region

of radius R as 7r2/2m*R2, with m* the band effective mass. Within this region

there are (4;r/3)(R/a'*)3 spins, where a* is the nearest neighbor distance in the

magnetic unit cell. Half of these spins must be reversed at a cost in energy of

J.v per reversed spin. The gain in delocalization energy. £j, is zl where z is the

coordination number and I is the hopping integral in a simple band calculation.

The total energy of the spin polaron is

The last term on the right does not depend on R because only a single electron is

involved. At any one site the delocalization energy is weighted by the probability

that the electron is there, but then a spatial integration over R must be made,

giving back zl. The radius, Rp. of the polaron is found by minimizing £(R). If

the polaron is to form, S(RP) must be negative. A rough estimate of the effective

mass of the spin polaron, m*, can be obtained from an equation given by Mott

and Davis,9'12 i.e., m* = m*exp (fRp/a*) in which 7 ~ 1.



The 2D analogue of Eq. (la) is

in which Sj, is the above-mentioned delocalization energy (corresponding to zl

in Eq. (la)); b is a numerical factor due to confinement of the carrier in two

dimensions. Space considerations preclude a discussion of £j here, but estimates

indicate that it is ~ 1-2 eV, large enough to cause the spin polarons to form.

To apply these ideas to holes in the CuO2 planes we again consider a ID

array, as in Fig. lb. This shows the same array as that in panel a, but with

doubly occupied 02~ ions (indicated by the short arrows) inserted between the

Cu sites. At the O3 site, the f-spin electron has been removed to form a hole.

For the hole at O3 to move to O2, an f-spin electron at O2 must move to O3.

If no spin flip were to occur, it would be necessary for the electron to go into

a highly excited state on the intervening Cu site already occupied by an |-spin

3d(x2-y2) electron. However, if a spin flip is allowed, thus forming a spin polaron,

the hole may spread over three sites, as indicated. Figure lc represents the same

effect in terms of atomic orbitals. If the Cu spin is reversed, the hole on O2 can

be shared with 0\. The difficulty with the real case of the CuC>2 planes is that

the overlapping of the O 2p orbitals on different sites greatly complicates the

situation.

It is important to note at this point that several groups,15 particularly

recently, have studied an approach to magnetic polarons which omits the spin-

flip mechanism just discussed. A simplified one- or two-band tight-binding

Hamiltonian containing a Hubbard U term that keeps "[-spin electrons off |-

spin sites is introduced. Self-consistent cluster and band calculations with equal

numbers of |- and .[-spins lead to an AF ordering. Now a single additional

carrier is introduced and the spin-density distribution recomputed. The carrier
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plus the change in the spin-density at each site forms the magnetic polaron. This

approach has the advantage of giving a well-defined and relatively simple model

but it seems to miss the fundamental role that the spin-flip plays in polaron

formation.

(b) Pairing of Spin Polarons

The basic idea behind the spin-polaron pairing mechanism of Ref. 3 is

illustrated on Fig. 2, which shows schematic representations of the wave functions

of two electrons. The solid curve on panel (a) shows the wave function for an

electron before the spin reversal, while the dashed curves hold after the spin

reversals indicated by the dashed arrows. It can be understood from the form

of the wave functions how the kinetic energy of an added electron is reduced by

reversing one of the localized spins. The reversal of more spins would reduce

the kinetic energy further but the increase in spin-reversal energy rapidly limits

the process. Let us assume each polaron has only one reversed spin associated

with it. Then two polarons may experience an attractive interaction if their

associated spin reversals re-establish an AF alignment. How this might come

about is illustrated in Fig. 2b where the polarons are arranged so that their

accompanying spin reversals are adjacent to one another. For this to happen, the

lowering of the energy produced by the indicated AF alignment (dashed arrows)

must be greater than any increase in kinetic and coulomb energy associated with

the alignment.

We turn now to a consideration of the corresponding effects in the CuO2

plane and consider the schematic diagrams of Fig. 3. It was shown in Ref. 3 that

a hole (dashed ellipse) on an 0 site will always tend to flip a spin, as indicated

in the first array. The flipped spin leads to a ferromagnetic "defect," denoted

by F, accompanying each hole. The energy E(F) of this defect corresponds to
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the second term on the right of Eq. (1), while E(F/,) corresponds roughly to the

other terms. Hence, the lD-polaron energy is given here by

WP(1D) = E(Fk) + E(F) . (2)

In array (b) it is seen that when the two holes are at a second nearest neighbor

(2nn) distance of one another in a singlet configuration, the ferromagnetic defects

accompanying the individual holes are eliminated or "healed" and the AF pairing

of the Cu spins regained. Neglecting any change in the coulomb repulsion energy

due to pairing, the ID hole-pairing energy V(1D) is

. (3)

E(F) is related to the spin-wave exchange parameter J by E(F) = J/2 so that

V(\D) = J . ' (4)

For a 2nn triplet alignment of the hole spins, array (c), there is no repair and

hence no pairing energy.

Similar considerations3 hold in two dimensions. In this case, the energy for

an isolated polaron is given by

Wp(2D) = E(Fh) + 3E{F) (5)

and the energy of the interacting pair by 2[E(F/,) + 2E(F)], but the pairing

energy is again found to be V(2D) = 2E(F) = J.

(c) Formal Theories of Spin Polarons

Detailed consideration of formal theories of spin polarons is outside the scope

of this paper, but the analogy with small ionic polarons, suggested by some of

the above results, warrants a few remarks.



10

Following work of Sewell16 on ionic polarons, the Hamiltonian for a system

consisting of an extra carrier added to an AF insulator composed of localized

spins is

"H = Hc + Hmag -+- Hint (6)

in an obvious notation. As with the phonon case, a canonical transformation can

be carried out that eliminates the first term of Hint to first order and transforms

Hc to the Hamiltonian of a localized spin polaron. The transformed Hamiltonian

can be written as

53 ^Jc, ,*^(a,a t ) , (7)

where e, c* and c now refer to the spin polarons instead of the bare carriers.

$^,,(0,0*) is a complicated function in which are embedded a number of effects

including the renormalization of the magnetic excitations. From it can be

extracted terms that give a renormalized transfer integral, 1^,,, which involves

a thermal average of the expectation values of products of spin-excitation

operators, i.e.. a spin-spin correlation function. This correlation function will

presumably depend not only on temperature but also on the large fluctuations

inherent to a quasi-2D system and on the presence of the spin polarons which

tend to destroy the AF ordering. Thus the effect of the I(lt> is to increase the

effective mass of the spin polaron over the band effective mass (determined by

Ipu) and make it temperature dependent.

A second approach to a formal theory, developed extensively by Nagaev,8'11

involves a transformation to a "spin polaron" representation. It is assumed that

when an electron is located on a magnetic ion the intra-atomic exchange energy

is much greater than the width of the conduction band and both of these are

much greater than the exchange energy between the spins of the magnetic ions.

As a consequence, it is useful to transform to a representation in which the
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intra-atomic exchange part of the Hamiltonian is diagonalized to generate a

set of energies and eigenfunctions. A basis set for the expansion of the wave

function of the entire Hamiltonian is then constructed from products of these

eigenfunctions and spin eigenfunctions of the remaining magnetic ions of the

lattice. This approach, which is very complex and will not be discussed further

here, may serve as a useful starting point for a theory of spin polarons in the

high-To materials.

III. ELECTRONIC STRUCTURE OF THE CuO2 PLANES

Many band and cluster calculations for the copper-oxide superconductors

have now been published. Most of them were carried out within the framework

of conventional (i.e., non-spin-polarized) band theory, usually employing a

local charge density approximation. A few spin-polarized calculations, almost

invariably with a local spin density approximation, have also appeared. These

and other calculations relating to the electronic structure of the high-Tc materials

have been reviewed by Pickett.1' Unfortunately, the "first principles" spin-

polarized calculations give quite conflicting results about the observed AF

ordering within the C11O2 planes. Conventional band calculations fail because

they do not allow for strong onsite correlations at the Cu sites so that the bands

are doubly occupied, leaving one half-filled band in which the Fermi level falls.

Consequently, the CuC>2 planes are metallic and do not have the AF ordering

that is observed. The few spin-polarized calculations that have appeared usually

work with a local spin density approximation without gradient corrections and

this evidently is inadequate. Of course, to do the band calculations correctly is

very difficult and challenging.

Here, calculations for a CuO2 plane using the type of approach introduced

by Slater18 to study antiferromagnetism in 3d metals are discussed. In such
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calculations, the chemical unit cell (CUC) is doubled to form a magnetic cell

(MUC) which contains one magnetic ion with predominantly up spin and one

with predominantly down spin; correspondingly, the chemical Brillouin zone

(CBZ) is halved to form the MBZ. In the 3d metals considered by Slater, there

was a direct interaction between the up and down spin sites via an effective

exchange interaction. In our case, the magnetic ions interact only indirectly

through the intervening oxygen ion?, (superexchange) and the occurrence of up

and down spins on the same Cu site is made energetically unfavorable by the

introduction of a Hubbard U term. The effect is to modify the density of states

(DOS) that would be obtained from a conventional band calculation and, in

particular, to open a gap so that a material such as stoichiometric L^CuO* is

changed from a metal to an insulator (or semiconductor).

The basis set for the calculations consists of the 3d(i2 — y2) orbital on the

two Cu atoms and the 2px and 2py orbitals on the four O atoms. With each

of these spatial orbitals goes both an up- and down-spin function to generate a

basis of twenty spin orbitals. However, since there are no spin-mixing terms in

the Hamiltonian, the a and j3 functions do not mix and the matrix equation will

be 10x10 for each spin orientation.

The Hamiltonian underlying the band calculations is

H = £ *aClCi* + \ £ Ui3j,,ClCisCl.CJ3, . (8)

Diagonal terms giving the energies of the Cu 3d(i2 - y2) and the 0 2pcr and 2p7r

orbitals were retained from the first sum; these are e(d,d), e(<r, CT), and e(7r, TT),

respectively. Four off-diagonal terms, denoted by e(d,cr'), e(<r,a'), e(rr,n'), and

e(<7, TT') were also kept. The first of these is just the hopping integral between the

d orbital and the nearest neighbor O 2p<r orbitals and results in hybridization of

the Bi symmetry (C\v point group) orbitals at the F point of the BZ. Finally,
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there is a Hubbard tenn that gives the repulsive energy when an a-spin electron

is located on a #-spin Cu site; since this is the only such term retained explicitly,

it is referred to simply as U.

The DOS obtained in a typical calculation is shown by the dashed curve on

Fig. 4. The M-H gap beginning at ~ 0.05 eV closes when U = 0 and density

is shifted toward the lower energy states. Since the a- and /3-spin bands are

completely degenerate, the Fermi level is located by filling each set of bands with

half the total number of electrons. The Fermi level then falls at the bottom of the

M-H gap making La2Cu04 a semiconductor, as observed; with U = 0 it would be

a metal. Also, with U = 0 there is no magnetic moment on the Cu ions, whereas

moments close to the value of (0.48 ± 0.15)/*a reported in Ref. 19 are found for

U Ci 3-6 eV. The full curve in Fig. 4 shows the raw DOS data convoluted up to

the Fermi level, with a gaussian of 0.8 eV FWHM (the approximate resolution

of x-ray photoemission measurements). The shape and width of the total DOS

curves are in fairly satisfactory agreement with photoemission data20 and better

agreement with the width is readily obtained by small changes in the parameters,

while the structure can be shifted by choice of parameters describing the various

rilled d-bands.

Dispersion curves for a typical calculation are shown on Fig. 5. Absolute

valence band maxima occur at the M/2 points with secondary maxima, ~ 0.5

eV lower, along the F — A' direction. At the M/2 maxima the square of the wave

function is 0.12 3d(x2-y2). 0.59 0 2p<r, and 0.29 0 2pjr. These maxima are a

result of the assumed AF order. The Fermi surface to be expected from Fig. 5

is shown in Fig. 6. When U = 0 there is no gap and the top of the conduction

band at F is mapped directly from the M point in the CBZ so that the uppermost

valence band dispersion curve would monotonically increase if extended through

M/2 to M. This is shown on the figure by the dashed curves.
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IV. SUPERCONDUCTIVITY

The reduced pair Hamiltonian21 is given by

where V(fc, it') is the pairing matrix element and the operators

create and destroy respectively singlet Cooper pairs. The e^ are considered to

be given to a first approximation by the hole energies near the top of the valence

band, renormalized by the induced spin deviations, i.e., they are the single spin

polaron energies in the Bloch representation. HTtd is commonly simplified by

making a Hart ree-Fock-like approximation to reduce the product of four single-

particle creation and annihilation operators to a product of two. In this way, the

gap parameter

') < b[, >-=s £ V(*,P) < c^clj.^ >a (11)
£' £•

is introduced, where <> 4 indicates an average over pair states in the

superconducting ground state. To calculate this average, the b's must be

determined by diagonalizing Hrtd, so that a self-consistency requirement is

introduced. From general considerations,22 the gap parameter must have even

parity in £, i.e., A(-fc) = A(k) for sing-et pairing. V(k,k') is giver by

V(kJ') = yrfr,rfr2V(F, -r2)^T(r1)^]Ei(r2)0]E,T(rI)0_]f, i(F2) , (12)

and we take

^E^H^-*/') • 03)
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Rp is a lattice vector in the magnetic lattice and < ĵ(r — R^) is some linear

combination of symmetrized basis functions. Substitution of Eq. (13) into

V(£, it') gives an expression which can be simplified using translational invariance

and by making the assumption that the overlap charge density of the orbitals on

different sites is small compared to the site-diagonal value, i.e., ^g(r — .K

Rv) ~ 0 if ft? £ Rv- Then,

(14)

Results like those in Sec. II, suggest that in 2D the singlet pairing potential is

sharply peaked when the two holes are at distances a* and y/2a* from each other.

Here we simplify by assuming that fi in Eq. (14) can run only over ions in the

Inn and 2nn unit cells of the origin. Also, R^ is taken to be a unit cell vector,

thus neglecting the difference in phase factors between the different sites within

a cell. Then, with q = k — k',

Inn 2nn

*•*" = Vi(M') + v2(lP), (is)

where

Vi(£,£') = (2Vi/N)[cos qza'+cosqya*] , (16a)

V'2(Jt,Jt') = (4Vr
2/N)[cos9la* *cos9ya*] . (166)

By expanding the cosine terms, retaining only the even parity components,

and projecting with functions that transform as the various irreducible

representations, four pairing potentials are obtained. Specifically,

\\'(k) = A(cos kza* + cos kwa*) = Af^k) Ax (17a)

Vf(k) = B(cos kza* - cos k9a*) = Bf2(k) Bx (176)
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V{(1:) = Cty cos kta* cos t y a ' = Ciyf3(k) Ax (17c)

V ĵfc) = S i y sin kza* sin * , a ' = Sry/4(ifc) , B2 (Ud)

where A, B, C rv , and 5 i y are BZ summations. V,' and F2* transform like At

(s-like) of the Civ group, while V* and V* transform like B\ [d(x2 — y2)] and

2?2 [d(*J/)]i respectively. Hence, the even parity part of the potential of Eq. (15)

can be decomposed into four terms each of which is separable in k and k'. Thus

4

n=l

with V'j = V2 = V'i and V3 = F4 = 4V"2. The integral equation for the gap

function20 is
- = y V(fc,P)A(P)

^ 2E(Jt')

where 0 = l /k sT and

E(k')= [(£(£')-/i)2+A2(fc')] • (20)

The chemical potential, //, is usually taken to be the same as the Fermi energy,

ep, but this may not be a good approximation here because of the proximity of

ep to the band edge; this was found to have a significant effect only very near

the zone boundary.

Inserting Eq. (IS) into Eq. (19) gives

^ t ? ^ /2) (21)

(22)

If A(k') were known, the sum over the BZ would give the numbers A° so that

substituting Eq. (22) back into Eq. (21) and simplifying, results in the set of

equations

V ; ° [ (23)
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or

det(J - D) = 0 (24)

with

. Q> 1

"ml ] ^ Y 2[( € ( fc ) -^ + (S,//(fc)A?)2]>/2
(25)

This equation could be used to determine the A0 and Te but the nonlinearities

from the summations over the A° can make this difficult. One sees that all of

the symmetrj' components of the gap may be coupled so that in general the gap

is not of a pure symmetry type. This is an important point to keep in mind in

view of the ongoing controversy in the literature about the symmetry of the gap,

states in the gap, etc.

V. NUMERICAL RESULTS

The equations for A and Tc are still too complicated to solve readily.

Therefore, they were further simplified along lines described elsewhere3 but will

not be discussed here except to remark that a free electron approximation was

used to describe the hole pockets of Fig. 6.

With these simplifications, the summation over k in Eq. (25) can be converted

into an integral over e (using e = h2k2/2m^ and p = 2m*n/h2) to get

nDnm =
nm J 0E(7) ' (26)

where j runs over the F and X points in the magnetic BZ and p(j,e) is

the correpsonding DOS. Since E(e) of Eq. (20) still contains the A°, further

simplifications may be required to solve the gap equation at T = 0 K. However,

because Tc is the temperature at which the gap goes to zero, it follows that all

but the largest of the A° have already vanished before T is increased to Tc. Thus
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at Te, Eq. (20) reduces to JS(Jb') = e(ifc') - /4. It should be noted that if Fnm and

p in Eq. (26) were constant in a certain range of e about ep, the elementary BCS

form of the gap equation would be recovered.

On Fig. 7 some of the early data23 for Tc(x) in La2_ISrICu04 are shown

by the open circles (Tarascon et al.) and open triangles (Shafer et al.). The

fall-off in Tc(x) for x > 0.15 was initially attributed to the formation of oxygen

vacancies in material grown under low ambient O2 pressures. However, Torrance

et al.24 established that annealing at ~100 bars of O2 for long periods suppressed

the formation of oxygen vacancies and increased the range of accessible hole

concentrations. Their data are shown on Fig. 7 by the solid circles, while the

data of van Dover et al.25 are given by the solid squares. These two sets, taken

under similar conditions, provide Tc(x) values believed (except perhaps for the •

and • points at x = 0.2 and 0.3) to be uninfluenced by 0-vacancy formation.

The dashed curve on Fig. 7 gives Tc(x) for a calculation in which an O 2pn

pocket at F begins to form shortly before O 2p<7- Cu 3d(x2-y2) pockets at the

M/2 points (see Fig. 6) and pairing goes via the VJ term in the M/2 pockets.

The energy off-set between the F and M/2 points was 0.17 eV. The band and

spin-polaron effective masses were m* = 1.5 and m* — 3.6m* while V2 = 70 meV.

The value of in* corresponds to p = 0.35 states/eV for each spin direction in a

magnetic unit cell. The role of the 0 2p7r pocket at the F point in this particular

calculation is to allow for the experimentally observed fact that superconductivity

does not occur until x is greater than 0.06.

The dot-dashed curve results from a calculation identical to the above

except that the O-2p?r pocket at F is not present. This means that the

0.06 holes that do not contribute to superconductivity must be attributed to

some other origin such as localization by the random fields of the Sr atoms

or bv intrinsic properties of the spin polarons. Whatever the mechanism, 0.06
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localized holes were simply added to the concentration given by the assumed

band structure. The reason this calculation does not give a good fit to the

experimental data is that the form factors in the V| pairing potential cause

Tc(x) to peak too soon and fall off too quickly as a function of x when the F

pocket is no longer available for holes not directly involved in superconductivity.

The solid curve on Fig. 7 gives the results for a calculation in which the band

structure is the same as that for the immediately preceding case, i.e., no 0 2p7r

pocket at F, but the pairing goes by way of the Vf potential. Again holding the

effective masses fixed, the strength of the potential (i.e., Vi) was varied to achieve

the fit to Tc(x) for Vj = 52 meV. This is an expected result since the Vi potential

should have a larger contribution from repulsive coulomb (and kinetic energy)

term. This calculation achieves a good fit to the experimental data because the

smaller value of Vi and the slower fall off of the form factor relative to that for

the Vj potential allow a greater region of k-space to contribute to the pairing.

A calculation that complements this one keeps the parameters fixed but goes

back to the band structure of the first example, i.e., pockets at F and M/2. The

results are not shown on Fig. 7 but it is easy to understand from the foregoing

discussion that rc(x) peaks at a larger value of x than is observed and then falls

off too slowly as x increases.

The calculations for YBa2Cu307_r parallel those for La2Cu04 but the

interpretation of the results is more complicated because the distribution of holes

between the CuO3 (chain) and CuO2 planes, especially in the well-known plateau

region, is not well established nor is the localization/mobility behavior of the

holes within these units known. The details of the calculations will not be given

here, but the results are quite similar to those for La2CuO4 as indicated in Fig. 8.

The gap at T = 0 K was calculated using values of the parameters that gave

good fits to the Tc{x) data in both materials. Not unexpectedly, it was found
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that the ratio 2A(T = 0 K)/kBTe gave the weak coupling value of 3.52 within the

accuracy of the numerical solution of the equations for A and Tc. Next, m* was

allowed to be a function of T such that it doubled in going from Tc to 0 K. This

had a dramatic effect on 2A(T = 0 K)/kBTe raising it from 3.52 to 7.5 for LSCO

and to 5.6 for YBCO for those values of x that gave the maximum Tc. The gap

calculations indicate that the symmetry is either s-like or d-like (or some linear

combination) depending on whether V̂  or \'\ is larger. However, even if it is

s-like it may be highly anisotropic with near-zero lines in the kx = ky directions.

V. SUMMARY AND CONCLUDING REMARKS

A discussion of the concept of a spin polaron and crude estimates3 of the

delocalization energy needed to form them indicated that O 2p<7-Cu 3d(x2-y2)

polarons are likely to form in the CuO2 planes with the Cu 3d9 configuration.

Schematic considerations in 1- and 2-D suggested that a pairing mechanism exists

because in certain configurations partial healing of the AF alignment of Cu spins

can be realized. The pairing is thought to take place in fr-space rather than real

space (which would lead to spin bipolarons) partly because this would seem to

lead to greater flexibility in obtaining the minimum energy configuration and

partly because several types of experiments indicate the presence of a BCS-like

gap. Parameterized AF band calculations were carried out in an effort to gain

insight into the effects of AF order in the lattice and to study the way in which the

Cu 3d(x2-y2), 0 2pa, and 0 2p7r orbitals enter. The assumption being that even

when formation of spin polarons begins to destroy the long-range AF order, the

character of the electronic states will not change drastically because short-range

AF order continues to exist.

The gap equation was worked out under the assumption that the pairing

potential in real space is strongly peaked in the first and second neighbor cells



21

from the reference cell, and with hole pockets in the CBZ at the F and M/2

points. Further simplifications, leading to a readily parameterized calculational

model were made. Numerical calculations led to good fits to the Tc(x) data in

La2_rSrrCu04 using reasonable values of the parameters involved. A similar fit

for YBCO is complicated by carrier trapping in the chain plane, but by forcing

a fit, information about the role of carrier trapping was extracted in Ret. 3.

Calculation of the gap at T = 0 K gave results consistent with the weak-coupling

limit but did not allow us to distingiii?h between s and d pairing.

To conclude, let us tuvn to a question of particular interest to this Workshop,

i.--\, whether the charge carriers are polarons (fermions) or bipolarons (bosons).

The most direct evidence that the carriers are fermions (at least in the normal

state) comes from the many experiments that indicate the presence of a well-

fined Fermi surface. Particularly significant are neutron scattering experiments

that probe the imaginary part of the spin susceptibility \(q, w). The results26

show that there are spin-flip scattering processes occurring in Lai.g6Sro.i4Cu04

for huj = 2 meV at both T = 35 K and T = 4.5 K. However, the intensity at

4.5 K is greatly reduced from that at 35 K, consistent with the idea of a gap

forming when the sample goes superconducting and no gap above ~ 35 K. If the

charge carriers were bosons, the energy transfer, hw, in the scattering process

would need to be at least great enough to overcome the bipolaron binding energy

even in the normal state. This is evidently not the case. The data are consistent

with the tranditional, picture that \(q,u>) is associated with electron-hole pairs

formed by transitions from occupied to unoccupied band states near the Fermi

surface.
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FIGURE CAPTIONS

Fig. 1. Schematic illustration of spin polaron formation (a) in an AF array of local

spins and (b) in a linear CuO array. If a Cu spin is reversed, as indicated

by the dashed arrows, an added carrier can decrease its kinetic energy by

becoming more delocalized. The dashed ellipse on (b) indicates the creation

of a hole by removing an electron on an oxygen site. In panel (c), the |-spin

electron in the 2pcr orbital on 0\ can be shared with the Cu and 0(2) sites

if the Cu spin is reversed from | to j .

Fig. 2. On the left of panel (a) wave functions of an added f-spin electron before

(solid curve) and after (dashed curve) spin-polaron formation are illustrated.

The second dashed curve to the right shows a j-spin polaron. In panel (b)

the spin polarons are allowed to interact. Pairing will occur if the energy

associated with the recover}' of the AF alignment is sufficient to overcome any

increase in Coulomb repulsion energy relative to the unpaired configuration.

Fig. 3. Schematic of ID pairing configurations. Panel (a) shows two well separated

holes and the induced Cu spin deviations, (b) two holes forming a singlet

at 2nn separation, (c) triplet pairing at 2nn, F(AF) stands for ferromagnetic

(antiferromagnetic) coupling with no hole on the bridging 0 2 ~ ion, Fft stands

for F-coupling with a hole on the 0 2~ ion.

Fig. 4. Total density of states in a CuO2 plane. The solid curve gives the DOS in the

occupied MH valence band convoluted with a Gaussian of 0.8 eV FWHM.

Fig. 5. Typical dispersion curves from the AF band calculations. The M-H gap at

M/2 is ~ 1.5 eV for U = 4 eV. The dashed curves show the results for U = 0.

There is no gap and the material is a metal, as found in more conventional

band calculations.
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Fig. 6. Fermi surface for doped CuC>2 planes. Approximately half-elliptical hole

pockets form at the M/2 points. The dashed circular pocket about F comes

from the 0 2p?r band and may or may not occur.

Fig. 7. Tc(x) for La2_xSrj;Cu04. The experimental data are from the following

sources: o - Tarascon et al., Ref. 23; V - Shafer et al., Ref. 23; • - van

Dover et al., Ref. 25; • - Torrance et al., Ref. 24. The dashed curve gives the

calculated results for the case of pockets at F and M/2 and pairing through

the V| potential while the dot-dashed curve is for the same potential but

with no F pocket. The solid curve is for the case of no O 2pw pocket at F

and pairing in the M/2 pockets by the Vj potential.

Fig. 8. Calculated Tc(Zp) for La2_ ISr ICu04 and YBa2Cu307_ I. The dashed curves

are for the case of an 0 2pjr pocket at F and 0 2pa-Cu 3d(x2-y2) pockets at

M/2 with pairing in the latter via the V| potential. The solid curve is for no

F pocket and pairing in M/2 by the Vf potential.
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