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ABSTRACT

The effective interaction induced by antiferromagnetic spin

fluctuations is considered in the random phase approximation in the context

of the recently discovered high Tc oxide superconductors. This effective

attraction favours a triplet pairing of holes. The implications of such

pairing mechanism are discussed in connection with the current experimental

observations.
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1. Introduction of the Model

The revolutionary discovery of high Tc superconductivity in oxide compounds[l] has

stimulated great efforts towards its theoretical interpretation [2]. Apart from the conventional

electron-phonon interaction, a large number of different mechanisms have been proposed including

the resonanting valence bond (RVB)[3], charge transfer excitons[4], coupling to antiferromagnetic

(AF) spin configurations[5] and many others[2].

For simplicity we will concentrate on lanthanum compounds with their stoichiometric

counterpart La2CuO4 which is an antiferromagnet in the ground state[6]. It has been suggested by

Anderson et al. [3,7,8] that doping will increase the quantum fluctuations and make the RVB state

energetically more favourable. As for the superconducting mechanisms both "releasing" of

pre-existing singlet pairs [7,9] due to doping and condensation of charged bosons (holes) [8,10] have

been proposed.

In this paper we study the effective interaction between two holes seen as defects on an AF

background mediated by spin fluctuations (exchange of virtual spin waves) in the random phase

approximation. We find that this effective interaction favours triplet pairing in the antiparaHel

configuration ( 5 = 1, 5,= 0 ) and does not favour singlet pairing. This effective interaction is

expected to persist even if the AF long range order is switched off.

We assume that the CuO2 square is responsible ior the superconductivity, as most people

admit, although a direct experimental evidence is still lackinp. As pointed out by Emery [5], the

charge carriers introduced by doping may in fact be holes in the O(2p) states, requiring explicit

treatment of both Cu and O sublattices. Here, however, we shall consider the Cu ion plus its

O-surrounding as a kind of effective site and use effective parameters to take into account some

effects of oxygen hybridization.
We Start from the AF Heisenbcrg Hamiltonian in the itinerant representation given as

where

= At2/U

with U as Hubbard interaction and t as nearest neighbour hopping integral, c*. ct are election

operators, and a Pauli matrices. It is well known that (1) is equivalent to the Hubbard Hi

for the half-filled case and is asymptotically identical to the latter in the large U limit [11], We
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consider a two-dimensional square lattice with dopants of concentration S, so that the average

occupancy per site is 1- S.

As pointed out by Brinkman and Rice [12], in the large U limit a single hote in a half-filled
band is likely to form a spin polaron with surrounding region polarized ferromagnetically, because it
can move freely in this region and thus gain kinetic energy. They have also shown that such a hole
does not readily propagate, and is likely to perform only diffusive-type motion. In two dimensions,
the size of the spin polaron is estimated to be [ 13]

J: ,11U ,1/4 / ^

a 8r

where a is the lattice constant. For not very large Ult this quantity is of the order one. Also, the
formation energy of the hole is positive if Ult <7T3/2. Alternatively, the hole polaron might be of
the RVB type [7,8], whenever the uniform RVB state energy is lower than that of the ferromagnetic
state. The propagation behaviour of such a hole plaron is not known.

In our picture the spin polaron is a charged excitation with some effective spin. Its charge is
more spread than that of the bare Cu2+ ion due to the contribution of the O(2p) states. Concerning its
kinetic energy we note that the hole on O sites can hop via exchange with Cu ions [5]. Also, we
have to take into account that the Cu ions form an underlying AF lattice which modulates the site
energy for a hole of given spin. Hence the free part of the hole Hamiltonian can be written as

ia ja
(4)

where

with

ka ka
*
ka ka ka ka ka

ka ka
(7)

ka k

(8)

Here the kinetic energy of the hole is given by

t =Trik = ?]T e *" = -hicoskxa + cos^a ).
<nt\ >

(9)

Finally, we take the interaction of the hole (spin polaron) with neighbouring electron sf ins to

be given by

where II is the chemical potential and t is an effective hopping integral [14] which is a quantity of

(he order t , its precise determination requiring a more detailed model study. The second term in (4)

takes care of the AF background with

• 2a £
£'a \-2oe

onsublatrice A

on sublanice B
(5)

where / is an AF effective exchange integral in direct analogy with (1). In conclusion, our starting

Hamiltonian is

(11)

;md cr = ± 1. To take into account the sublattice structure we use the reduced Brillouin zone scheme

for momentum representation in which (4) can be rewritten as
2. Hole Pairing

The hole pairing mechanism has been discussed in the context of oxide superconductors by

several authors [5,13,15] using different arguments. We consider here the effective interaction
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between holes induced by exchanging virtual spin waves. Performing the standard

Hubbard-Stratonovich transformation on (1), and including the free hole and interaction terms, our

working Hamiltonian becomes

-N (12)

where S is the Fourier transform of the spin field operator and

*+*, r

(13)

rd
. T

* + J C , T

* +g

(14)

The Pauli matrices Tj, T3 act in ihe pseudo-spin space of (L, R) defined as reduced Brilloiun

zones unshifted and shifted by K with respect to the original Brillouin zone like in the one-

dimensional case. Here A is a Lagrange multiplier to ensure the particle number conservation.

Using the standard random phase approximation, we can sum up all bubble diagrams in the

scattering process shown in Fig. 1 to obtain the effective interaction as given by

(15)
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where two holes exchange a spin wave renormalized by backbone electron excitations and A is a

tensor whose longitudinal (L) and transverse (T) parts are decoupled due to the sytnmetry of the

problem as

A =A
(16)

In the longitudinal channel no electron renormalization takes place at all, whence

AL(q) = — .
(17)

Conversely, the full bubble series must be summed up to obtain the transverse interaction as

(18)

where

= 4 (19)

is the coordination number.
It is clear from this result that spin fluctuations strongly enhance the effective hole-hole

interaction only in the transverse channel. Therefore, we will restrict our attention to this channel

alone and neglect altogether the longitudinal hole-hole scattering.
We now wish to construct an effectivf pairing Hamiltonian based on the interaction (15).

The nature of this interaction is retarded. However, we will replace A T (g.co ) by A (g, 0) and

take into account the retardation simply by introducing a cut-off of the order J , in the same spirit as

for the BCS treatment of the phonon exchange.

Using the effective interaction between two spin polarons (holes) as given by (15) and

choosing Sll Z we find the "pairing part" (in the BCS sense) of this effective interaction to be
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pairing part, k =

(20)

where

5 . . , L,R LA L.R.L.R (21)

(22)

v to ) = - (-^- f2 Iff I" (23)

As we see, the effective interaction due to virtual spin wave exchange is attractive for

and parallel triplet pairing (S = 1,5t = 0) and is repulsive for singlet pairing in the momentum space.

The channels S = 1, Sz = +1 involve only A L and are less favourable. From the physical point of

view, this result is not unexpected, since the scattering process here involves spin flip, whereas in

the case of exchange of virtual phonons it does not. The pairing interaction is strongly attractive and

in fact diverges like q~2 in the long wave length limit. This specific limiting form, however, is not

essential and could be easily removed by, e.g., renormalization or absence of true AF long range

order (in that case the inverse correlation length provides a natural cut-off) with no dramatic effects.

The Fourier transform of the effective interaction (23) is proportional to log r in the long

wave length limit. It is interesting to note that the effective interaction between topological

excitations giving rise to the Kosterlitz-Thouless phase transition has precisely the same form.

However, the question whether the excitations in the present case also have topological character [10]

is open. It is certainly possible to introduce a "pseudo-spin" quantum number for a hole in the AF

state. The easiest way to see this is to perform a time reversal transformation. Because of the AF

background, a hole comes into itself only after two successive transformations. (We have been using

this property in treating the hole as a spin 1/2 fermion from Eq.(4) onwards.)

It is also important to note that the effective interaction (23) does not depend explicitly on the

AF order parameter S which means that actually we do not require the existence of a true AF long

range order, Some short range order and associated fluctuations are quite sufficient for this
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mechanism. Of course, this form of V {q ) accounts only for the spin-fluctuation mediated

interaction between two holes. The true form of V (?) should also contain a direct Coulomb

repulsion term since the holes destroy the local charge neutrality. This repulsion amounts to adding a

soft-core repulsive part which could act to prevent hole collapse and, probably, presents a minor

correction to the triplet pairing.

We have considered here only the bubble diagrams in the RPA approximation. It is ready to

show that there are no vertex corrections in the present model because of spin conservation 116]. The

higher order ladder and exchange diagrams are shown in Fig. 2. we can easily estimate that all

these diagrams include corrections of higher order in Jit which is a small parameter in our case.

Therefore, the RPA is correct to the leading order of this parameter.

3. Mean Field Theory for Triplet Hole Superconductivity

As mentioned before, the effective attraction between holes induced by AF spin fluctuations is

retarded in nature. In principle, we should construct an Eiiashberg-type strong coupling thocry ro

this model. This can be done. Here, however, for simplicity we shall discuss the present mode!

in terms of mean field theory in the weak coupling limit. Retaining only the triplet scattering (S •- '<.

S2 = 0) the effective hole Hamiltonian in this approximation can be written as

+ ( L R ) } (24)

where

= H - k (25)

(26)

If we introduce the Nambu representation, the diagonalization of the Hamiltonian reduces to
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solving a 8x8 matrix. Without describing details we give here the self-consistent equations for

determining the order parameters and k, ft as given by

(27)

(28)
*'

•0> flc-O) 3 C , ( 2 )

(29)

+ 1 ) + ( e

,0)
-th-

>
2 +1 ) - ' = 1 - 5

• C )
/ » ;

(2)

(30)

(31)

Equation (27) is just the mean field equation for the AF order parameter uncorrected for the

effects of the holes and the condensate. In fact, the holes will certainly act to destroy the AF order for

a sufficient high density. The problem of competition and coexistence of superconductivity and AF

based on the Heisenberg model has been discussed by several authors in the mean field

approximation [17J. He;-;, we do not discuss this and related questions in any detail. We should

mention also that the site energy £ itself is proportional to the AF order parameter and it should be

in principle be determined self-consistently.

The two gap functions Ak
L and Ak

R satisfy the pair of coupled integral equations (28) and

(29), both of BCS type. In the summation over the k space a cut-off at energy J around the hole

Fermi surface is assumed as mentioned before.The quasi-particle energies Ek^\ Ek@) are given

by
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(32)

The presence of two quasi-particle branches is obviously related to having two AF sublattices. They
reduce to

(33)

if the AF order parameter S-0. Formally we still have two branches because we use the reduced

Brillouin zone. However, we should note that the solution

(34)

is self-consistent. Finally, the two equations (30) and (31) determine the Lagrange multipliers X, fi

as functions of the hole concentration.

As mentioned above, the outcome of the present model is an odd wave pairing state (wo could

refer to it conventionally as p-wave pairing) similar to the Balian-Werthamer (BW) state of supcrfl ;;Id
3He [18]. The corresponding Anderson-Brinkm^.a-Morel (ABM) state is disfavoured because it is

not enhanced by transverse spin fluctuations to the leading order in J IT. The higher order process

such as that shown in Fig (2b) could contribute in that case. Similarly, the singlet pairing is also not

favoured because the spin flip scattering to the leading order of the same parameter can generate only

repulsion between time reversal states.

4. Concluding Remarks

The pairing correlations in the Hubbard model have been studied by Htrsch [11] usin^ the

Monte-Carlo technique. Our results do not contradict his conclusions. First of all, the sinfilot
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pairing is excluded from both calculations. Secondly, ihc results for triplet pairing and extended

singlet pairing in his calculations are rather close. Numerical simulations have been also performed by

Gros, Joynt and Rice [ 19] who found pairing instability with d-like symmetry in the paramagnetic

phase only, but not in the AF phase.

We should mention that the role of magnetic fluctuations upon superconductivity has been

discussed since long[20|. Recently, this question has been discussed again in the context of

superconductivity in heavy fermion [21] and organic [22] systems. In connection with oxide

compounds similar approach has been used to consider the SDW induced pairing [23]. However, the

approach adopted here is different. Previous authors have discussed the instability of the

paramagnetic state, while we emphasize the AF background and the spin wave excitations above it.

It is not necessary that the S = 0 limit of the present treatment should coincide with these earlier

results because of symmetry breaking. The approach used by Lee [16] is close to ours, although his

starting model is quite different. The AF symmetry breaking is also absent in the RVB state [7,8].

The non-fermion nature of the hole state in their case is precisely the consequence of the RVB state

(with and without holes) under time reversal.

Finally we discuss some of the experimental implications of the present model. The Hall

measurements [24] do show that the carriers are holes and the inverse Hall constant is proportional to

the doping concentration. The flux is quantized in units of hc/2e [25] in consistency with the hole

pairing picture. The nonexponential temperature dependence of specific heat [26] can be explained by

the anisotiopy of the energy gap. In the case of 3He the BW phase is almost isotropic, but here we

have quasi-two-dimensional case and the gap parameter should vanish at certain point of the Fermi

"line". The doping induced states observed at about 0.45 eV [27] could be identified with spin

polaron levels and the correlation of mid-gap absorption with Tc is what one should expect. It is not

surprising that this spin polaron should lead to optical transition with rather large oscillator strength

so far it does have a sizable O-component. Also, the lattice is locally distorted, so the lattice

relaxation effects are profound and provide broad multiphonon structure, strong excitation of local

modes which can be identified with the IR absorption [27] at 250 cm1, as well as some isotope

effects.

To summarize, we do not intend to conclude that only triplet pairing is possible in these oxide

superconductors, but we would like to point out that such pairing can compete with the extended

s-wave pairing or d-wave pairing most discussed in the recent literature. We should mention that

triplet pairing has been also suggested by other authors [28,29] and cannot be excluded from the

symmetry consideration (301. Of course, the identification of the symmetry of the order parameter is

an extremely difficult task as we learned from the experience on superfluid liquid 3He.
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FIGURE CAPTIONS

Fig. 1 The bubble diagrams of exchanging AF spin fluctuations. The single lines represent holes,

the doulbe lines - backbone electrons.

Fig. 2 The higher order ladder (a) and exchange (b) diagrams.
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