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ABSTRACT

Using mappings between one-dimensional models, we argue

in this note that any additional spin-lattice to the Hubbard

model and the ensuing tendency towards spin-Peierls state is

damaging, rather than favourable to the RVB-type superconductivity.
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1. The possible occurrence of the RVB-type superconductivity in a pure Hubbard

model [1] is now a subject of much discussion [2,3]. A related question is whether the

additional spin-lattice coupling might favor the superconductivity [1,4], be essentially

irrelevant [5], or disfavor it. In this note we intend to present arguments which indicate,

contrary to previous suggestions, that additional lattice coupling should disfavor

RVB-type superconductivity. To be sure, these arguments are based on one-dimensional

models which of course do nottanyway, exhibit superconductivity, but their plausibility for

higher dimensions,we believe, remains high.

2. It is useful to begin with a simple description of the pure 1D Hubbard model, i.e.,

without lattice coupling. The singlet ground state of this model is a prototype RVB state
and exhibits large gapless spin fluctuations ("spinons") for all fillings 1-8 (whereS is the

deviation from half-filling). The ability of singlet bonds to readjust themselves within the

ground state is directly related to the spectrum of spinons just above the ground state. In

what follows we will refer to this effect as RVB fluctuations. Whatever should cause a gap

to occur in these spin excitations would concurrently suppress the RVB fluctuations.

We would incidentally like to point out here that in the pure Hubbard model, in spite

of the strong singlet electron pairing, there is no hole pairing in 1D. In fact, the ground

state energy per site for large u = U/t and small 8 has the asymptotic expansion

4 In 2 41n2
« = — 5 — 5 ( 2 - — ) + 0(53). (1)

This formula, derived from Shiba's [6] exact expression, shows a negative linear 8 term

trivially connected with a chemical potential gap, but no quadratic 82 term. This

means there is strictly no energy associated with pairs of holes in this system. Therefore,

it is pointless to look for pairing correlations in this system, and any results pointing in that

direction must be spurious. We can make no similar statements for O > 1.

3. Next we consider the "spin-Peierls" Hamiltonian obtained by taking the large u limit

and inserting spin-lattice couplings a and /j in the form (nere 8=0}

I ( + 1

- « i + 1 ) 2 ] . <2>
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Here we have allowed for anisotropy {X = 1, a =/J for the isotropic case), u,- is the 1D

displacement, and J=2t2/U. For a classical lattice (M - » « ) the ground state of (2)

is a dimerized spin-Peierls (SP) state [7], i.e. <u,-> = (-1)'u0. Such a state has diagonal

long-range order and clearly will not be superconducting. However, it has been shown

[8] that for D = 2 there is no SP dimerization below a critical threshold ac.

It is interesting to note that local, short-ranged, correlations in the 2D RVB state are

very close to those of a "staggered" dimerized state (i.e. a dimerization pattern with wave

vector q0 = (112, M2)2it/a, where the rows of dimers lie at 45* relative to the basic square

lattice), if a "d - wave" like gap function Ak = A 0 (cos/fx- cosfcy) is assumed. It has been

shown [3] that exactly this form of the gap will provide the lowest RVB energy. It is also

known [8] that the staggered state is correspondingly the lowest energy SP state.

Therefore, the RVB state is locally quite close to a dimerized state, but has, of course, a lot

of extra gapless fluctuations, while the dimerized state has a gap[7].

Our main concern here is whether below the critical SP threshold <xc the tendency

toward RVB -type superconductivity is enhanced or depressed by nonzero a and /J.

Though we have at present no answer to this question for D =2, this problem can be

qualitatively addressed by returninig to our D =1 model with decreasing mass. In this

case in fact the dimerized SP state undergoes "quantum melting" to a state without

average dimerization, which may be envisaged as somewhat analogous to D =2 case for

a <a . Since we cannot talk about superconductivity in 1D, or even of superconducting
C

fluctuations for 5=0, we propose to concentrate on the RVB fluctuations, as defined in

the beginning.

4. As a first step we specialize to the simpler XY case (A =0) which we believe should

display a very similar physics to the original Heisenberg model (X =1 ). Via a Jordan-

Wigner transformation (2) reduces to a standard Peierls problem for spintess fermions. In

this mapping, the Heisenberg s7 term amounts to an extra fermion-fermton interaction

which, so long as it does not wipe out the Fermi surface, can be incorporated by

renormalization. By further mapping onto the Gross-Neveu model, Fradkin and Hirsch

(FH)[9] showed that for M= 0 case a Kosterlitz-Thouless (KT)-type transition takes place
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at ac
2 = nK/2J in our notations, between the dimerized ("high temperature" KT state)

and undimerized {"low temperature" KT state) phases. FH have also shown that this

transition survives for M>0. For fixed a and t the dimerized state can exist only for

U <UC = 4c?t2/nK for M =0, and the threshold increases to «° as M goes to «>.

In order to argue about whether the RVB fluctuations are favored or not by a

nonzero a , we need some insight into the undimerized phase. We envisage this phase

as made of "blocks" that are fully dimerized and interrupted by soliton-like defects whose

presence in finite concentration is responsible for <ut> = 0. The KT spin correlations r7?

{77 < 1/4) reflect the anomalously long-ranged, Ruderman-Kittel-type correlations

generated by the "midgap11 soliton states. The regular Fermi surface present for a=0 is

wiped out (its presence would imply r1 correlations, instead), and the soliton states are

alone in the middle of a large pseudo-gap. There is another more relevant length scale,

and that is the average block size 4 which in FH's mapping (9) is to be identified with the

mean KT vortex-pair size. This size increases gradually as U is decreased, until it

diverges (exponentially) near the undimerized- dimerized transition.

It seems quite clear that no RVB fluctuations can survive inside a dimerized block,

so that there should be a direct correlation between these fluctuations and the soliton

number. Since turning a * 0 has the effect of decreasing the soliton number and

"solidifying" larger and larger dimerized blocks, we are forced to conclude that spin-

phonon coupling is intrinsically opposed to RVB fluctuations.

5. At this point we would like to make contact with two earlier pieces of work, where

seemingly opposite statements to ours had been made. Kivelson et ai.'s point [4] can be

cast into the form that once a spin-phonon coupling is present, then the quantum effects

due to a small mass M are favorable to RVB, as opposed to the antiferromagnetic state.

This, however, does not mean that the RVB fluctuations are enhanced with respect to a - o t

case; they are in fact decreased as we argued above. Hirsch's work [8], though

phrased differently (in terms of phonon frequencies rather than coupling a ) , does show

an estimated Tc which goes down with decreasing the frequency, i.e. with increasing the

mass, just we would expect. However, it is not clear that his estimate should refer to an

RVB-type superconductivity.
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Furthermore, we wish to make an important point concerning the relevance of the
present discussion to recent data [10] on isotope substitution, showing a small but

nonzero isotope effect. Our conclusion is that within the RVB model 7^should decrease

with increasing mass M, although for a reason very different from BCS. In the BCS

theory, the lattice motion becomes more "adiabatic" for large M, which suppresses the
dynamical phonorvinduced electron-electron attraction. In the RVB model, a larger mass

drives the system closer to the dimerized state where the RVB fluctuations are strongly

suppressed.

6. Finally, we would like to point out that the nearest neighbor (n.n.)Coulomb repulsion

should have similar damaging effect on the RVB fluctuations as the spin-phonon

coupling. In a recent preprint^Hirsch [2] pointed out that a n.n. repulsion V should be

added to the Hubbard model to give rise to superconductivity. In view of our discussions

this conclusion seems doubtful. In fact, the Hubbard U in the effective Heisenberg

Hamiltonian is replaced by U -V/2, which leads to stiffening the spin wave spectrum and

a suppression of the RVB fluctuations.

There is in fact some analogy between the spin-phonon coupling and the n.n.

repulsion. This analogy is best illustrated in the spinless fermion case (inclusion of spin

gives rise to extra terms). In the zero mass limit (for the XY model) the lattice coordinate u,

can be integrated out from (2) to obtain an effective Hamiltonian

(here n- is the particle number operator) which amounts to an effective n.n. repulsion

with strength

g
2=ah2/KU.

Hence, for spinless fermions a n.n. repulsion will act in the same way as a finite

spin-phonon coupling.
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