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ABSTRACT

A new quantum Bogoliubov-de Gennes (BdeG) formalism is developed

to study the self-consistent motion of holes and spin excitations In a

quantum antlferromagnet within the generalized t-J model. On the one

hand, the effects of local distortion of spin configurations and the

renormalization of the hole motion due to virtual excitations of the

distorted spin background are treated on an equal footing to obtain the

hole wave function and its spectrum, as well as the effective mass for a

propagating hole. On the other hand, the change of the spin excitation

spectrum and the spin correlations due to the presence of dynamical

holes are studied within the same adiabatlc approximation. The stability

of the hole states with respect to such changes Justifies the self-

consistency of the proposed formalism.
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I. INTRODUCTION

It is more or less agreed upon that at least in the low-doping regime,
the understanding of the hole motion in a quantum antlferromagnet
(QAFMJ is an important issue in connection with the occurrence of
superconductivity In oxide superconductors. The motion of holes in an
Ising AF was studied earlier in two pioneering papers [l.2|. The basic
conclusion there was the absence of coherent propagation of holes in this
case due to the breaking of the AF bonds as holes move on a Neel back-
ground. However, this Is not true for the Helsenberg case when such
distortion of the spin background can be cured by quantum fluctuations.
As we will see later, even in the Ising case, this question is still open.

This simple looking problem of a single hole moving in a QAFM turns
out to be nontrlvial. Basically, there are two ways of attacking this
problem. One alternative Is to perform numerical simulations on small
clusters or in a truncated Hilbert space and to extract information which
might be pertinent In the thermodynamlc limit. A large number of
papers have appeared using this approach [3- 9]. The other alternative is
to use analytical approach supplemented by some numerical calculations.
Here two different lines of thoughts have been pursued. On the one
hand, variational approach [ 10] has been used to discuss the propagating
hole state and the distortion of the spin background caused by holes.
The renormalization effect on the hole motion due to coupling with spin
background Is not considered in this approach. On the other hand.
Schmitt-Rink.Varma and Ruckenstein (SVR) (11|. and Kane. Lee and
Read (KLR) |12], considered the renormalization of the hole motion due
to virtual excitations of spin waves using Green's function techniques.
However, these authors did not take into account the static distortion of
the spin background due to the hole presence, and their results are valid,
strictly speaking, only In the limit Jli -> 0, where J is the exchange
constant while r is the hopping integral. A non-spin-wave expansion has
also been used to study this problem 1131.

The presence of holes poses two questions: (1) What is the ground

state and excitations of an AF with a hole, and how the spin configurat-
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ions and spin correlations are modified in the presence of a dynamical
hole? (2) How does a hole move on this AF background with distortions
caused by itself? Most of the work done so far has been focused on the
hole motion and static spin distortion. Otherwise, only effects of a static
hole on the spin excitation spectrum and spin correlations were consi-
dered (14.151. It seems to us that these two aspects of the same
problem. I.e. the hole motion and the distortion of the spin system
should be studied in a self-consistent way.

Generally speaking, the charge degree of freedom (connected with
the hole) and the spin degrees of freedom are coupled with each other,
so the problem should be solved In a unified fashion, as one does in
numerical simulations 13-91. However, when the two energy scales
Involved, namely, the hopping Integral r and the exchange constant J.
differ from each other, one can use adiabatlc approximation to decouple
these two subsystems to gain some physical insight. We first assume that
the spin excitation spectrum does not differ significantly from the undis-
turbed case. Under this assumption we derive a system of self-consistent
(BdeG) equations to determine the spin distortion and the energy
spectrum for the hole internal motion. Here the effects of static spin
distortion as well as the quantum fluctuations along with renormalization
effect due to virtual processes are taken into account. From this system of
equations we can determine the spectrum and the wave function for the
hole internal motion. By recovering the translational invarlance we can
also calculate the effective mass for the propagating hole state. As the
second step, we use these solutions to set up another system of
equations to determine the excitation spectrum for the spin system. If
the spin excitation spectrum thus obtained will not modify significantly
the hole states found earlier, the self-consistency of the proposed
scheme is justified. A brief report on this approach along with some
preliminary results on hole motion has already been published 1161. In
this paper we will present the formalism itself and give some inter-
pretation of the obtained results In comparison with numerical
simulations. The rest of the paper Is organized as follows: The model
hamlltonian is given in Sec. 2. while the BdeG equation for determining
the hole states is formulated in Sec.3. Furthermore, the spin excitations
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and spin correlations in the presence of dynamical holes are discussed in
Sec. 4. Finally, the results obtained are discussed in Sec. 5.

2. THE MODEL HAM1LT0NIAN

Our starting point is the generalized t-J model given as

where

?! Z (2)

and a is the anisotroplc constant, a = 1 corresponds to the Heisenberg
case, while a = 0 materializes the Ising limit.

Following SVR III] and KLR (12]. we consider the rigid Neel state
\N> with two sublattices. as the bare vacuum. Introducing hole operators
h, replacing c,r on the spin up sublattlce and c^r on the spin down
sublattfce, and the hard core boson operators 6,-t replacing s,- and *> for
spin up and down sublattices. respectively, the generalized t-J model can
be presented as

H =Hv + Hint. ( 3 )

(4)

where

(S)

16)

while Iy = 1 for the nearest neighbours and zero otherwise. The

projection operator p excludes the spin interaction on the site occupied
by the hole. In the spin wave part the standard Holstein-Primakoff
transformation has been performed and only linear terms are kept. It is
clear from (3)-(5) that If we consider Hv as the unperturbed part and Hin!

as interaction, perturbation theory is valid only in the limit t «J
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considered by Huse and Elser (HE) 1171. In the opposite case t »J,
perturbation series diverges, and the essence of the work of SVR | l t |
and KLR |12f is to renormallze this series by partial resummation of
non-crossing diagrams. This renormalization recovers the known result
of Brinkman and Rice (BR) [1| in the limit Jit ->0*.

The hamiltonlan (3)-(5) looks like the electron-phonon interaction
and the problem under discussion Is rather similar to the well-studied
lattice polaron problem [18]. In some sense the exchange integral J
plays the role of phonon frequency, while the hopping term t is
equivalent to the electron-phonon coupling constant. Here we should
consider the spin distortion

p. «<&>-< b. exp (-j Jtf^ dt )>o (7,

caused by the hole in analogy with the lattice distortion caused by a
moving electron. However, there Is an important difference between
these two cases, namely, In the lattice case phonons are coupled to the
diagonal part (the same site) of the electron operator, while here the
magnons are coupled to the hopping part. In the limit of rigid lattice
(large / compared with t) there Is no polaron effect In the lattice case
[an Independent hopping term is present), whereas here this corre-
sponds to a complete self-trapping. Nevertheless the analogy is very
instructive and we can use some ideas and techniques developed for the
lattice polaron problem.

The key ingredient here is the spin distortion, or the symmetry
breaking /?, defined by (7). Historically, this concept was first used by

Huang and Rhys 1191 In connection with the multi-phonon processes
appearing in the optical properties of the F-centres. Of course, it has
been widely used later in many different contexts by a large number of
authors. In particular, two of us have applied this approach to study the
dynamical processes for localized excitations like soli tons and polarons in
conducting polymers, where the self-consistency of the lattice relaxation
(symmetry breaking) with electron configurations is crucial (201. It
turned out that the BdeG formalism developed earlier for studying some
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problems of superconductivity |21] was a suitable framework for this
purpose. Essentially this is a Hartree approximation in which the
electronic states are solved self-consistently with the quasiclassical
motion of the lattice. In the next section we will discuss how this can be
generalized to the case of spin polaron.

3. BOGOLIUBOV-DE-GENNES FORMALISM

Let us start from the case when t >J. As mentioned earlier, in this
case we can use the adiabatic approximation, i.e., to decompose the n t h
eigenstate of the combined hole-spin system as a direct product

where In, Ro> is the n-th eigenstate of a hole centred at Ra whose

Wannier representation is given by pn(/-J?o) in what follows, while I/Tj?o> is

the corresponding spin part. It is important to note that the spin states
including the spin distortions are, generally speaking, different for
different hole states. For the moment we assume the hole Is fixed and is
located at the origin of coordinates. Later on we will recover the trans-
lational invariance by forming the Bloch states to calculate the effective
mass.

Unlike the case of conducting polymers where one can limit himself
to the Hartree approximation, i.e.. to to consider the lattice system
quasiclassically |20|. here we have to go beyond this limitation to account
for the renormallzatlon effect. The derivation of BdeG equation in the
general case has been worked out earlier |22|. The basic tool is to use the
spectral representation and the Dyson equation. The retarded Greens
function for the hole Is defined as

Gr UJ:',? ) = -i9U-t')<T [htU), * V ) | > (9)

with its spectral representation

rt ••Gt«aij V (10)
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Fig. 1. The Hartree (a) and Fock (b) self-
energy diagrams for the hole and
the polarization diagram {c) for
the spin propagator

where <pm and Em are m-th eigenstate and eigenvalue of the hole, respec-

tively. In the Hartree-Fock approximation the Dyson equation can be

written as

Gr (a.ij

i.r

where

(11)

(12)

l.f.q

(13)

are the Hartree and Fock self-energy parts, respectively (Figs. 1 (a) and

(bl) with

gr(ij,e>=0)\. (14)

SubsUtutlng (10) into (11). remembering that
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(16)

multiplying both sides of (11) by (ctf+fn). and let to -»En , we obtain the

following self-consistent BdeG equation

to determine the energy and the wave function of the hole state. In Eqs.

(12)-(15) £,(/,/• o») and gr(ij,a>) are the Fourier transforms of the retarded

spin Green's functions defined as

gr(U. ' ' ' ) - -iB ( ' ' ' ) < [tyi). */(O] >. (18a)

£(//, f-r') = -i0<r-t') < [*,('). &,(H] >. (18b)

while «,, v,j are the Bogollubov transformation coefficients denned as

= -sign
fl- I]!"2

with

rq = 2-. e x P (• ?*>-

(19)

(20)

where * is the unit vector to the nearest neighbours. The magnon
dispersion is given by

^ = j2(\-ayq)
m, (21)

The quantity /},- appearing in the Hartree term (12) Is nothing but
the spin distortion defined by (7) In the lowest approximation. Owing to
this distortion, the ground state is no more the usual Nee! state with
quantum fluctuations. Introducing new spin wave operators defined as

bi=bi-Pr SlA?> = 0. 0. = <N 16. \N> (22)

the distorted Neel vacuum \N> is connected with the original state as

(23)

so that the new QAFM ground state becomes

- 8 -

(24)

where 6t are Fourier transforms of bit Xt= -V)/t4k. It Is useful to note that the
canonical transformation bringing b into b commutes with the Bogo-
liubov transformation.

We should point out that (17) is much more general than the standard
Hartree-Fock approximation due to the renormalization effect incorpor-
ated In the energy dependence of the Fock term. Strictly speaking, (17)
is not an eigenvalue problem in the Schrfidinger sense. As we will see
later, this renormallzation effect is really crucial to yield the correct
energy scale and, in fact, our approximation is good even in the range
where / and J are comparable, although the standard static Born-
Oppenheim approximation would fail in this case.

We should also mention that the BR results can be reproduced easily

within our formalism. In fact, in the limit Jit—>0 <pH(i) becomes a extended

state, so the retarded Green's function becomes Gr(o»5ir In this case,

the Hartree contribution to the self-energy vanishes while the Fock part

becomes J^z/^G^to-i/J. One can then find Gr(w) and the spectral function

in the BR limit.

So far we have discussed only the localized hole. The Bloch state of a
propagating hole can be defined as

V0(Rn)>. (25)

where \%a(Rn)> is the hole ground state in the Wannier representation.
However, as defined in (8), it is a direct product of the hole part and the
accompanying spin part, i.e., the hole propagates together with the
distorted spin background. Here Pk is the Fourier transform of the
overlap integral Pn0 = <V0{Rn) IVU (0)> which is also a product of the hole
and the spin parts. The energy of a propagating hole Is given by
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(26)

where

V" * *

, o>

<N,Rn\N. 0> = ]~[exp (• ^ 40^)

(27)

1

(28)

(29)

with il0t as the Fourier transform of dft =ft (Rn) - ft (0).

4. SPIN EXCITATIONS AND SPIN CORRELATIONS

Now we discuss the second part of our problem. I.e.. to consider the
Influence of the hole motion on the spin excitations and spin correlat-
ions.

Since the spin wave propagator contains the anomalous components.
it is more convenient to put them In the matrix notation as

• ,tt(r)WO)|.

where g and 5» were defined earlier by (18). In order to consider the
spin excitation spectrum on the background distorted by the hole, we
should substitute (22) Into (4). (5) to define the new effective
hamiltonian written as

f

(32)

(33)

- 10

H. - -I V / . . Af A. (fr + b ). (34)

(35)

where we have dropped the constant terms.

The Dyson equation for the magnon propagator can be written as

Qtj(») =$'<») + £ ^ ' ( a i ) (17^ +<>) g (a). (36)

where the polarization operators f /Oand /7<2' come from Ht and /V2,

respectively. The effects due to a static hole (described by WL) was

considered earlier [14|, whereas for the dynamical effect we note that

the disconnected second order contribution to fl from H2 exactly

cancels the first order contribution from W3 (due to the variation prin-

ciple with respect to f} ) . Therefore, the lowest order contribution to

the polarization operator comes from the loop diagram shown in Fig. 1

(c). and is given by

(37)

where

(38)

1

-ITT
(39)

In these derivations we have assumed that the hole is in the ground state

and the projection operator pt is replaced by

p . = [- \<p. ( i ) l 2 . (40)
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The Dyson equation (36) can be rewritten in the matrix form as

where f̂0'1 can be easily found to be

(41)

(42)

The spin wave excitation spectrum Is determined from the equation

whereas the spin operator expectation values can be calculated as
o

2>V>= - — f Imgr(i,i,

0

>.b>= - - J \mgr(ij,a»da>,

(43)

(44)

(45)

from which the spin expectation <s, > and the correlation function

<s*sx > follow Immediately.

It is important to note the essential role of the projection operator p
in (4), explicitly accounting for the absence of spin at the hole site, for
the second half of our calculation. This factor was not so crucial for the
first part of our calculation, since It modifies only the spin wave spectrum
and does not change the hole wave function in a drastic way. In fact, one
can use the modified spectrum In {19) to redefine the Bogoiiubov trans-
formation coefficients ul>.vq and then solve again the hole states. The
fact that no signiflcant changes are taking place, Justifies our self-consis-
tent procedure.

5. RESULTS AND DISCUSSIONS

The results on hole states were briefly reported earlier (16), while the
results on spin excitations and spin correlations will be published else-
where (23]. In this section we intend to focus on the interpretation of the
obtained results and to compare them with numerical simulations.

- 12-
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Fig.2. The schematic energy diagram
for the hole states.

A

1

The BdeG equation (17) has been solved numerically to find the low-
lying states for various values of a and t/J. The lowest energy levels are
schematically shown in Fig.2 The lowest level has s symmetry; the first
excited state Is doubly degenerate with px and py symmetries, respec-
tively. The higher levels with d^yand dxy symmetries are not degen-
erate due to the inequivalence of the hamiltonian in these two cases. We
have solved these states self-consistently.

First consider the Ising case. The wave function for the case J/t =0.3 is

shown in Fig. 3(a). The corresponding spin distortions In terms of f3

are shown in Fig. 3(b). The ground state energy £0, the first excited state

energy £j and their energy separation 4 as functions of Jit at logarithmic

scale are shown in Fig. 4. As Jit Increases, E,, rises, while 4 approaches
zero in both limits J/t —t 0 and Jit -* <•». We have also calculated the band
width and the effective mass in this case. The results have been reported
earlier. [16]. From the numerical results we find that the wave function
Is not sensitive to the actual values of J/t over a quite wide range (0.2+ 2)

for a = 0 case. By rescallng the parameters /3j—»/Jp//r in the exponent of

(28), the band width W turns to be -t/J expl-aUU)2]. where a is a
positive constant. From the phonon analogy we recognize immediately
this exponent as nothing but the Huang-Rhys factor |19|. The effective
mass, inversely proportional to W goes to infinity in both limits of J/t -»0
( BR) and HJ-> 0 (HE). In the first case, the Huang-Rhys factor goes to

- 13-

" r



Fig. 3. The wave function (a) and the
spin distortion p (b) for the
Ising case with Jit s0.3.

0.00 0.27 0.00

0.27 0.84 0.27

0.00 0.27 0.00

W

0.00 0.18 0.00

0.18 + 0.18

0.00 0.18 COO

infinity, i.e.. an "orthogonality catastrophe" is taking place so that the
spin polaron is completely self-trapped. This limit is nontrivlal. because
one might think that in the dmall J limit the background is "soft" so that
the hole can move freely. However, this is not true, because the hole
should cany along the background, and the overlap of spin configurations
at neighbouring sites goes to zero. Put another way. the spin relaxation
energy is finite, while the magnon energy Itself goes to zero, so one
needs Infinite number of magnons to make up the difference in the spin
configuration. In the opposite limit. J goes to infinity and the spin
background becomes rigid, so the hole is also completely trapped. As
mentioned earlier, there is no phonon analogy in this case.

in the intermediate range of Jit the hole propagates via a self-gen-
erated hopping, namely, the hole wave function spreads over several
lattice constants and generates spin distortion In this region which, in
turn, gives rise to a finite hopping probability. This can be clearly seen
from the comparison of Fig. 3 la) and (b). A nonzero value of the hole
wave function corresponds to a finite 0. In this region, a finite ji

- 14 -
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Fig.4 The ground state energy £0 and its separation A from the second
level as functions of In {1+J/t } in units off. They are extrapolated
to the Brinkman-Rice limit for very small Jit.. The dot-dashed line

Is the ground state £„ in case if only Hartree term Is kept.

reduces the AF order parameter, similarly to the spin bag model |24|. To
emphasize the quantum nature of the hole induced spin distortion we
present in Table 1 the spin correlation In the jc-direction for the Ising
case. It is clear that for a static hole this correlation function should
vanish identically. However, a dynamical hole can induce such correl-
ation. Moreover, this correlation is of ferromagnetic character (positive),
so it reduces the original AF order.

TABLE I. The spin correlation function {S*S*} for the Ising case,
where the sites t and j are labeled as in Fig.5.

J/t 0.3
0.0095
0.0062

0.5
0.0032
0.0041

0.7
0.0014
0.0032

0.9
0.0005
0.0009

Fig.5 The site labels . . . 3 . 4
. 0 . 1 . 2
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The presence of the Fock term (13) in the generalized BdeG equation
is essential. Otherwise, with Hartree term alone, the energy scale would

be fl/J . I.e.. the Hubbard U. which Is correct in the HE limit, but is
certainly wrong in the BR limit. The ground state energy In the Ising
limit with Hartree term alone is given by the dot-dashed line in Flg,4.
The variational approach 110] can give good description of the dispersion
of the propagating hole near the minimum for large J. but It can not
provide a correct absolute position of the hole level. In the HE limit
where the Fock term is not essential, their result more or less agrees
with ours. This is valid only for J >i . i.e.. the quasi-static case. In this
limit ail states will be coherent and the squeezing of the coherent part
due to the renormalization effect [ 11.12] is not seen. Inclusion of the
Fock term reflects higher order virtual excitations which bring the
energy scale down to t. Hence the self-trapping effect considered here is
energy-dependent. I.e. the effective confining potential is not static. On
the other hand, the Fock term alone will also not do the job except for
the extreme case Jli -»0.

Now we discuss the more general case of nonzero a. As reported
earlier {16], the extension of the hole wave function increases with a.
Consequently, the band width also Increases, while the effective mass
decreases with o. This Is what one would expect. However, there Is one
feature which is not obvious without calculations. As shown in Fig. 6. the
separation between the ground state and the first excited state is not
sensitive to the anisotropy parameter, and, probably, remains finite for
the Helsenberg limit. This means that there Is a gap below the continuum
spectrum even in the Helsenberg limit. We should note that this result
differs from the earlier suggestion [12]. This somehow unexpected result
has some phonon analogy. It is known [25] that the coupling to acoustic
phonons does not necessarily mean the loss of self* trapping. It depends
on the space dimension and the force range. There is no self-trapping of
acoustic polarons In ID, but it Is possible in 3D. 2D is the marginal case,
very sensitive to the force range. The spin wave spectrum In the
Heisenberg case is gapless. similar to the acoustic branch. Therefore, a
self-trapped spin polaron should be possible. This observation, in fact.

- 16-

Flg.6 The ground state energy £0, the second level Et and their separation

A as functions of a for J/t = 0.1. The dashed curves are extrapolat-

ions for a -> l.same position.

provides a stronger argument in favour of the "dominant pole
approximation" assumed earlier [12], Of course, the recovery of
translations invariance will give a finite band width to this polaron state.
If the polaron band Is not too broad, this self-trapping still makes sense.

Finally, we would like to make some connection with the numerical
simulations. The spectral function for a single hole has been calculated in
Refs. 4,6 and 9. Their Green's function is defined as

G (t,2) = <y0k4<? - H )c*lyo>. (46)

where y/0 is the Heisenberg ground state and ct Is a fermion operator
with fixed spin and momentum. The general features of their results
agree very well with ours. Firstly, there is a coherent peak with well
defined quasipartlcle behaviour even for the tslng case. Secondly, there is
a finite gap between the ground state and the first broad band even for
the Helsenberg case. Thirdly, the overall structure of the spectrum is not
sensitive to a. Of course, we should bear in mind, that their spectral
function is calculated as a whole, I.e.. including both the hole and the
spin parts, whereas we are using the adiabatlc approximation to split it
into the hole and the spin parts. Hence a quantitative comparison can be
made In the large t or large J limit.
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In the large ( limit the primary structure in the spectrum is deter-
mined by the Internal motion of the hole. Roughly speaking, the central
peak in the numerical simulations [4,6,9) corresponds to the ground
state with s symmetry, while the second peak corresponds to the doubly
degenerate p state, etc. It seems to us that the "wiggles" in the second
and higher peaks are due to the multl-magnon processes. As we empha-
sized earlier, the spin configurations of the ground state and the excited
states are different, so that their overlap Integral contains multi-magnon
contributions. One can easily check that the energy separations between
the peaks are fractions of i . while the separations between wiggles are of
the order J which agrees well with the numerical results. This inter-
pretation Is supported by the numerical calculation of the frequency-
dependent conductivity [3| which has a second peak at the same position
as that of the spectral function. This Is what one should expect, because
the transition to the first excited state is dlpole allowed. In the opposite
limit of large J, the basic structure Is determined by the spin flip
excitations, while the role of t Is to bring about a finite band width to
these spin excitations. The position of these bands can be calculated
from the quasi-static model and agrees well with both numerical and our
anylytlcal calculations. A detailed comparison of our results with
numerical calculations will be given elsewhere [23),

In conclusion we have shown that both static and quantum-dynamical
spin distortion can be Incorporated in the quantum BdeG formalism
which permits to study the hole propagation and the spin excitations
self-consistently. We find that the hole can propagate In the Ising limit
for finite Jit and the coherent motion is not wiped out by quantum
fluctuations in the Helsenberg case. The fact that dynamic renormaliz-
atlon plays such an important role for a single hole, gives us a hint that
the multi-hole problem should not be considered simply from the point
of view of static hole energetics.

- IB-

ACKNOWLEDGEMENTS

One of us (L.Y.) would like to thank P.A. Lee, T.M. Rice, and E.Tosatti
for helpful discussions. The partial financial support from NSFC under
Grants Nos. 1891101 and 9187008-02 Is gratefully acknowledged. Z.B.
Su and Y.M. LI would like to thank Professor Abdus Salam, the
International Atomic Energy Agency and the United Nations Educational,
Scientific and Cultural Organizations for the hospitality during their stay
at the International Centre for Theoretical Physics in Trieste.

REFERENCES

1. W.F, Brinkman & T.M. Rice, Phys. Rev. B2, 1324 (1970)
2. L.N. Bulaevskll. E.L. Nagaev, and D.I. Khomsklt, Sov. Phys. JETP 27.

836 (1968); See also B.I. Shralmah & E.D. Siggla, Phys. Rev. Lett. 60.
740 (1988)

3. J. Bonca. P. Prelovsek and I. Sega. Phys. Rev, B 39, 7074 (1989):
I. Sega & P. Prelovsek, Preprint, August 1989.

4. E. Dagotto, A. Moreo and T. Barnes, Phys. Rev. B 40. Oct. first issue
(1989); E. Dagotto, A. Moreo. R. Joynt. S. Biccl. and E. Galgiano,
Santa Barbara reprint NSF-1TP-89-74

5. Y. Hasegawa & D. Polblanc, ETH-TH/89-14 preprint.
6. K.J. von Szczepanskl. P. Horsch, W. Stephan, and M. Ziegler,

Stuttgart preprint; P. Horsch, W.H. Stephan, K. von Szczepancki, M.
Ziegler, and W. von der Linden, to be published In Phystca C

7. V. Elser. D.A. Huse. B. I. Shralman, and E. D. Siggia, Preprint
8. J.A. Riera & A.P. Young, Phys. Rev. B 39. 9697 (1989)
9. S. Trugman, Phys. Rev. B37, 1597 (1988): Los Alamos preprint LA-

UR-89-2230
10. B.I. Shraiman & E.D. Siggia, Phys. Rev. Lett. 61 . 467 (1988); 62,

1564(1989); S. Sachdev. Phys. Rev. B 39, 12232 (1989)
11. S. Schmltt-Rink, CM. Varma and A.E. Ruckenstein, Phys. Rev. Lett.

60, 2793 (1988)

- 19-



12. C.L. Kane. P.A. Lee and N. Read, Phys. Rev. B 39, 6880 (19891

13. C. Gros & M. D. Johnson, Phys. Rev. B 40. to appear (1989)
14. N. Bulut. D. Hone. D.J. Scalaplno, and E.Y. Loh, Phys. Rev. Lett. 62,

2192 (1989)
15. N. Nagaosa. Y. Hatsugai, and M. Imada, J. Phys. Soc. Japan 58. 978

(1989)
16. Z.B. Su. Y.M, Lt. W.Y. Lai, and L.Yu, Phys. Rev. Lett. 63, 1318

(1989)
17. D.A. Huse & V. Eiser, as quoted In Refs. 11 and 12.
18. See. e.g., J. Appel in Solid State Physics, Vol. 21, Acad. Press, N.Y.

1968. p. 193
19. K.Huang & A. Rhys. Proc. Roy. Soc. A204, 406 (1950)
20. Z.B. Su & L.Yu. Phys. Rev. B 27, 5199 (1983): see also, Yu Lu. Solitons

and Polarons in Conducting Polymers, World Sci. Publ. Co., Singapore,
1988.

21. P.G. de Gennes. Superconductivity of Metals and Alloys, Benjamin. NY,
1966.

22. K.C. Chou, Z.B. Su, B.L. Hao and L.Yu, Phys. Rep. 118. 1 (1985)
23. Y.M. U. W.Y. Lai. Z.B. Su and L.Yu. to be published.
24. J.R. Schtiefler, X.G. Wen and S.C. Zhang, Phys. Rev. Lett. 6O. 944

(1988)
25. See. e.g. Y Toyozawa et al. J. Phys. Soc. Jap. 48, 472 (1980): M.I.

Klinger. Sov. Phys. Usp. 28. 391 (1985)

- 20-

T



Stampato in proprio nella tipografia

del Centro Internazionaie di Fisica Teorica

*T • M SESESri^ffifflfSIffliU II M.1B • » . « : !


