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From phase- to amplitude-fluctuation-driven superconductivity in systems with precursor pairing
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The change-over from phase- to amplitude-fluctuation-driven superconductivity is examined for a composite
system of free electrongermions with concentrationg) and localized electron paifkard-core bosons with
concentrationng) as a function of doping—changing the total concentration of charge carnigys (¢
+2ng). The coupling together of these two subsystems via a charge exchange term induces electron pairing
and ultimately superconductivity in the fermionic subsystem. The difference in statistics of the two species of
charge carriers has important consequences on the doping mechanism, showing an onset tempeoature
incoherent electron pairing in the fermionic subsysténanifest in form of a pseudoggpwhich steadily
decreases with decreasimg,. Below T* this electron pairing leads, in the normal phase, to electron-pair
resonant state€€ooperonswith quasiparticle features which strongly depenchgp. For high concentrations,
whereng=0.5, correlation effects between the hard-core bosons lead to itinerant Cooperons having a heavy
massm,, but are long lived. Upon reducing the concentration of charge carriers and consequgnthe
mass as well as the lifetime of those Cooperons is considerably reduced. As a result, for high vajuea of
superconducting state beloli# sets in at a ., being controlled by the phase stiﬁn@§=h2np/mp of those
Cooperons, wher@, denotes their density. Upon reducingy, the phase stiffness steadily increases, and
eventually exceeds the pairing enerigyT*. There, the Cooperons loose their well defined itinerant quasi-
particle features and superconductivity gets controlled by amplitude fluctuations. The resulting phase diagram
with doping is reminiscent of that of the phase fluctuation scenario for fiigbuperconductivity, except that
in our scenario the determinant factors are the mass and the lifetime of the Cooperons rather than their density.
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[. INTRODUCTION This points toward long-lived diamagnetic fluctuations,
which have been attributed to the presence of long-lived dif-
The features which characterize classical low-temperaturtusing vortices abovd .°, as well as to phase uncorrelated
superconductors are the disappearance, above a certain crifiamagnetic regions which act as precursors to the true
cal temperaturd, of a gap in the density of statéBOS) of ~ Meissner state below,.* Experiments, invoking Andreev
the electrons, occurring simultaneously with the disappearreflections to interpret the enhanced tunneling conductance
ance of the magnetic field expulsidthe Meissner effegt in the pseudogap phasé point toward phase uncorrelated
and standard Fermi-liquid behavior in the normal phasepairing aboveT,.
aboveT. . A further characteristic is the practical impossibil-  (ii) Remnants of local electron pairing in theaxes opti-
ity to change significantly the value @f, upon changing the cal response(orthogonal to the Cug planeg’ in the
concentration of charge carriers, becausd obeing largely  pseudogap phase, are seen in the superconducting phase.
determined by the density of statd30S) at the Fermi level, Similarly, thec-axes component of the electronic kinetic en-
which generally is not expected to change much with dopingergy is getting reduced upon entering the superconducting
None of these features are observed in the highphase® provided the normal state exhibits pseudo gap fea-
temperature superconductofldTSC’s). The opening of a tures. The doping dependence of tkeaxis penetration
gap in the DOS occurs gradually, as a multitude of differentdepth, being qualitatively similar to that of the basal plane,
experiments show. This gap initially emerges in form of a suggests that both are strongly influenced by the pseudogap
pseudogap—a dip in the DOS—below a certain temperaturéeatures of the normal statéfunneling measurements have
T*, which, depending on doping, can be much abdye indicated remnants of the pseudogap which continue to co-
Upon lowering the temperature and approachihg this  exist with the superconducting gap in the superconducting
pseudogap smoothly joins the superconducting gap, as is eythase. The latter disappears @, while the former
dent from its angular variation near the Fermi surface. If theremainst’
opening of the pseudogap and of the superconducting gap The question whether such findings favor or not a com-
represent different physical manifestations of one and thenon origin of pseudogap and of the superconducting gap is
same pairing mechanism, an interplay between these marpresently still being debateéd}? The features in the HTSC
festations of electron pairing in the two phases is to be exinvolving the interplay of the pseudogap phase and of the
pected and is in fact observed in the form of remnant effectsuperconducting phase are highly doping dependéfit.
such as the following. steadily decreases with increased hole doping, wfhile
(i) A remnant of magnetic field expulsion is seen in form shows an equally steady rise until the two approach each
of a transient Meissner effect several tens of degrees abowaher. T, then bends over and follows the descent bfupon
T.. judging from the optical conductivity in the TH regimie. further doping and approaching the optimal/overdoped re-
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gime. T plotted as a function of the phase stiffnddster- Il. THE COOPERON WITHIN A PHASE FLUCTUATION
mined by the square of the inverse penetration depith SCENARIO

volying the ratio of the'density_ of superfluid carriers over Based on the different experimental results mentioned in
their mass, shows a universal linear belhailﬁor. the Introduction, which clearly indicate that the physics of
The main emphasis in this paper will be to analyze thepose HTSC is not BCS-likéover at least a wide regime of
doping dependence g andT, within a precursor pairing  goping, it is widely agreed upon that the onset of the super-
scenario. Very little about that doping dependence is knowrsonducting state in the underdoped regime in those HTSC
for such a scenario when based on single component syshould be controlled by phase rather than amplitude
tems, such as the negatieHubbard model or the effective fluctuations'®~*® This supposes the existence of local super-
BCS Hamiltonians, extended to strong coupling. In suchconducting droplets with a given phase, preexisting aligve
studies, doping is frequently introducad hog by assuming and evolving into a macroscopic phase locked state upon
a doping dependent electron hopping or interelectron attraentering the superconducting state. Such a situation can be
tion, in view of simulating a physics close to a Mott transi- realized provided that the fluctuations of the phase of the
tion. In the present paper we shall examine such doping denacroscopic superconducting wave function are less costly
pendent effects without making any suchd hoc in energy than the fluctuations of the amplitude of the elec-
assumptions. As we shall see, considering a mixture of itintron pairs, which describe pair breaking. To within a first
erant electrongfermions and localized electron paiffard- approximation, this so-called phase fluctuation scenario is
core bosonscoupled together via a charge exchange term, iggenerally described within a hydrodynamic formulation of a
capable of reproducing the doping dependent featurds of SPatially fluctuating phasg and its conjugate variabléns,
and T, specified above. The essential new features introWh'Ch despnbes the spatial fluct'uatlons qf the superflqld par-
duced in this two-component scenario are the difference ificle dénsityns. The corresponding effective Hamiltonian is

statistics of the two components and the hard core features gfven by
the short range two-electron resonan¢Esoperonsin the
itinerant electron subsystem which result as a consequence of 1 1
the charge exchange coupling. The variatio gfs dictated H= §D¢(V¢)2+ >
by correlation effects of the Cooperons. 2xng

This two-component scenario has some similarity to the
single-component scenarios with attractive interparticle inwhere D¢=ﬁ2(n5/m3) denotes the superfluid phase stiff-
teraction mentioned above, in as far as it can be viewed asress,y the compressibility, anang their respective mass.
two-fluid picture of existing preformed pairs and unpairedThe temperature which controls the phase order of such a
electronst* The electron-pair resonant states which result insystem is given bkgT4=D 4a, with a being either given by
such a scenario have certain features which are reminiscetite coherence lengthfor three-dimensiondl3D) systems or
of localized resonance impurity states seen in the HTSC, anbly the interlayer distance in layered compounds such as
which arise when Cu atoms are substituted by nhonmagnetid TSC'’s.
atoms such as Zh. Yet, the electron-pair resonant states This phase fluctuation scenario is frequently discussed in
which we are considering here have the essential potentialitgonjunction with the so-called BCS-BEC cross-over
of becoming itinerant and thus to lead to a superconductinghenomenon? where, as a function of the strength of the
phase controlled by excitations of electron pairs with finiteinterparticle attraction, one passes from a BCS state at weak
momenta rather than pair breaking. attraction to a Bose Einstein condensati®EC) of tightly

In Sec. Il we discuss the interplay between phase anthound electron pairs in the limit of strong attraction. The
amplitude fluctuations in systems with precursor pairing,physics for that has been widely studied on the basis of ef-
contained in the spectral properties of the Cooperon propdective BCS and negativel Hubbard Hamiltonians, aiming
gator. This permits us to make a connection with the phasto treat the single-particle and two-patrticle features on the
fluctuation scenarios, which have been widely discussed isame footing. The pseudogap in such a scenario arises from
the literature. In Sec. Il we briefly outline the model and theshort range electron pairing, correlated over a finite time
Green’s function formalism which we adopt in order to treatscale, comparable to the energy scale of the zero-temperature
the hard-core nature of the resonant electron pairs. In Sec. I8uperconducting gap. According to a general theofeue to
we present the results for the temperature variation of th&ogoliuboy and based on the singular behavior of the occu-
density of states over a wide doping regime and analyze thpation number of electron pairs with small momenta which
doping variation ofT*. In Sec. V we explore the spectral signal bound states, such electron pairing ought to survive
properties of the two-particle excitations and compare thdelow T..?° A possible experimental verification for that
low and high density regime of the Cooperons as far as theimight come from the socallegpeak-dip-humpfeature in
quasiparticle properties are concerned. In Sec. VI we discussSRPES?! which shows a spectral behavior upon entering the
the thermodynamics of the pseudogap phenomenon in ternsiperconducting phase, where a sharp geskted to super-
of the specific heat and entropy for different doping regimesconducting correlations of the low energy excitations
Finally in Sec. VIl we give a summary of our findings which emerges out of the broad incoherent background, character-
are characteristic of precursor pairing systems, involving ferized by a broad hump and representing remnants of the
mionic as well as bosonic charge carriers. pseudogap phase.
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An attempt to formulate the problem of local pairing as a Ill. THE MODEL AND THE TECHNIQUE EMPLOYED
prerequisite of superconductivity was made a long time ago
by generalizing the mean field BCS formalism such as to The scenario of a mixture of itinerant fermioriband
cover the regime above as well as beldw.?? Instead of electron$ and localized hard-core bosorisound electron
using the order parameter, the propagator for the electropairs will be described on the basis of the so-called boson-
pairs, also called Cooperons, is introduced and treated on tifermion model(BFM). This model presents a paradigm for
same level as the single electron propagator. Within such teracting electron systems where two-particle resonant
formalism, and on a quite general basis, the pseudogap phaSttes are expected to occur due to the interaction of the
of the HTSC has been examin&tinvoking the mutual feed-  €lectrons with certain bosonic modes and where such two-
back effect between the single- and the two-particle properParticle resonant states act as precursor to a transition into a
ties via the introduction of some effective gap abdye superconducting state. The underlying physics behind this

A different procedure was followed by proposing a spe-model™ as it was initially conceived: is that of electrons

cific structure of the Cooperon propagfoof the form strongly coupled to local phonons, which act as such bosonic
modes. This results in self-trapped entities, comprising the

7)) charge carriers and the surrounding clouds of bosonic exci-
tations, in form of resonant pair states inside a system of

separating amplitude from phase correlations in an additivét'ner.ant electrons. S.UCh a BFM scenario Is not in any way
way. The first term, representing a rather rapidly decreasingeStricted to electronic systems undergoing a superconduct-
function with r, describes local pair amplitudes which are g transition put ought equally well app_ly to electron-hole
treated in a time independent fashion. The second term d&&!MNg I .semlconductlolrg?nd low density nuclear matter
scribes the phase correlations, which, in the low-frequenciith iS0spin singlet pairing. Moreover, it was in a similar
limit, are approximately expressed k., ex —r/£(T)] Spirit that such a boson-fermion mixture scenario has been

where £(T) denotes the temperature-dependent coherenc%erive_d recently fogi)__the Hubbard model with inter_mediate
length. Attributing that latter contribution of the Cooperon repulsive coupling? (ii) the Feshbach resonance in atomic

propagator to a XY physics above the Kosterlitz- physics, controlling the strength of attraction between atoms
Thouless critical temperatufig.r, establishes a link with the of different hyperfine configurations by adequately tuning a

phase fluctuation scenario. The doping behavior of such prém_;atgnet]c f|el? ar|1d ('g) for Ee'nta:n.gled agoms Itn sque%zed
cursor systems as the HTSC is then monitored by parametei/—la es n mollecgharBF?\jeh mbs en conl enza. es tltn a}[pst.
izing the relative weight of the coefficien®,,C, together ore generally, ne as been empoyed in attempts 1o

with the relative spatial extent of the two contributions of bosonize an |ntr|ns_|ca||_y fermlon_lc_ systeth. .
C(r.t) such that it describes the following. Thg quel Hamiltonian describing the boson fermion sce-

(i) An underdoped regime, characterized by primarilynarlo is given by
phase fluctuation controlled onset of superconductivity with
a large temperature regime for the pseudogap phase. Ho=(D— )2 Chei,+(Ag—2u)>

(i) An optimal/overdoped regime, characterized by a 7 '
gradual disappearance, upon increased doping, of the
pseudogap phase and a superconducting phase, controlled by +t,2 CiJ:ij(r+UZ (PiJrCuCiTJFPfCﬁCﬂ), ()
amplitude correlations. 17l '

Considering the origin of the pseudogap as being due twhere the localized hard-core bosons are represented by
pair fluctuations, also called precursor pair{ingt to be con-  pseudospin-1/2 operatdip;” ,p; ,p?] and the itinerant elec-
fused with preformed paiysthe characteristic temperature trons by[c;,,c;;]. v denotes the strength of the onsite hy-
T* below which the opening of the pseudogap occurs forpridization between the two types of charge carrierstahe
such single-component scenarios with interparticle attrachopping integral for the itinerant electrons with a band half
tion, scales with the strength of that interactfdi“® How-  width D. The full band width D will be used as the energy
ever, as far as the concentration dependencde.@ndT* is  unit through out this paper. The energy level of the localized
concerned within such scenarios, it invariably shows thabosons is given byAg and the chemical potential is cho-
both T* and T, follow the same trerfd*° upon varying the  sen to be common to both species, such as to ensure total
number of charge carriers. This is clearly the opposite t@harge conservation,,=ng+2ng. ng and ng denote the
what is found in the HTSC. Potential dimensionality occupation number per site of the electréingluding up and
changes, linked to the change-over from underdoped to ovettown spin statesand of the hard core bosons.
doped materials, cannot remedy this situation either, since as The opening of the pseudogap and its temperature depen-
far asT* is concerned, it is determined by essentially localdence on the basis of this model, for a fixed concentration
physics and thus independent on any dimensional aspects. Asid upon neglecting the hard-core nature of the bosons has
far asT, is concerned, even upon assuming a cross-ovebeen studied previousfy-*!In a study based on the dynami-
with reduced doping, to a Kosterlitz-Thouless critical tem-cal mean field approacd,the hard-core nature of the bosons
perature behavior in the underdoped regiffigs would still  could be taken into account. But then, the itinerancy of the
follow the same doping trend &g'. It thus seems likely that bosons could not be treated within such a scheme which
correlation effects are indispensable in determining the doprestricted this study to purely amplitude fluctuations driven
ing dependence df, versusT* in such precursor scenarios. superconductivity. In the present work we shall account for

C(r,t)=C,exp(—r/rg)+ C(,,(ei r) g 9(0.0),

, 1
pit s
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both, the hard-core nature of the bosons as well as their
potentiality becoming itinerant and shall study the pseudogap
characteristics as a function of total carrier concentration.  b) = = man + "’“”O"""‘

The present study follows closely the previous self- c) m =g+ = b+b’V(®)
consistent diagrammatic approathyut generalizes it such @

as to take into account the hard-core nature of the bosons.

We adopt for that purpose the diagrammatic technique which d) - +

had been developed for spin systé&ifé (with their conven- F”q VQ m +

tion[p*,p”]=p? and for which it was shown that the usual

Wick theorem had to be generalized to +
(TP (D)~ po (1) pp"(Tw)}ho -

FIG. 1. Diagrammatic representation of the fermi@h boson

=Kgy(7— T)(T{lp1"po 17p2%(72) - py"(Tn)})o (b), and the vertex correlation functiote),(d).
+ Ko 7= m2)(T{p1 (71 [p52.po Iry Py "(T0) 1o cumulantb and depicted by a full circle and one arising from
... @) the cumulantb’, illustrated by the second contribution to
this vertex. Both those vertex contributions have to be deter-
with mined self-consistently. For the contribution arising from the
cumulantb it simply is b=—1/2+ng. For the contribution
Ky (7= 7")= 810K (7= 7'), arising from the second cumulant, given b{%(w) the self-
B L, consistent equation corresponding to the set of diagrams il-
KO(r— 7' (Tp (1)p" (7))o lustrated in Fig. {d) has to be solved. To within this approxi-
(p%o mation of cumulants, this leads to the following set of
equations:
=e B In(xo) O(7— ') .
+e B 14n(x0)]6(— 7+ 7'), Clkwn) = “Skan”
1 ’
N(Xg)=———, Xo=— BEo. 5 K (0, o) = - b+b'Viwm) ,
eo-1 tom—Eo=[b+b"V(wmy) J11(d, wm)
Recursively applying this procedure of the modified Wick 1 b
theorem, the remaining multi-spin correlation functions are GOk, w,) =+ . Koy =——,
lw,— &k lom—Eg

transformed step by step into a sum of productKPj)fmuI—
tiplied with thermal averages of the tygp!- - - pZ), [evalu- 1
ated with respect to the unperturbed Hamiltoniafig ( V(wm)=Vo(wm) +Ko(®m)— 2 12(q, ) K(q, o),
—2u)=i(pf+3)]. These thermal averages are expressed in N “g

terms of a set of cumulants, the first few of which are given

by 1 2 I1(q, wm)

VO(wm):N q iwm— EO

)

1
<p§(7)>=b=—§+n3, with Eq=Ag—2u and the bare electron dispersiafy
=D[l—(1/Nz)E<ri¢,j>e'k“i‘ri)]—,u. The self-energies for

z z 2 2 1 the Fermions and hard-core bosons are given by
(pi(7)P3(7)=b"+b" 515, bP+b'=7,

2
v
2(k,0p) == -5 > G(q—K,0n— 0n)K(d,0p),
(p1(m)p3(7)p5(7))=b3+Dbb' (81 5+ 8 3+ 831 +D" 81,0, 3, ) BN qa CI m R o
2
1 v
b+ 3bb’ +b"= b (6) M(g,0m= 5y 2 G(a—kon—o)G(koy). (©)
Keeping only the first two cumulantsandb’ gives rise This set of equations represents a generalization of the

to the set of diagrams, illustrated in Fig. 1, and describe thaisual self-consistent RPA equations for this BFM
set of self-consistent equations determining the Fermiomroblent®“°when restricting oneself to the lowest order ap-
[Fig. 1(a)] and boson Green'’s functiofibig. 1(b)] G(k,w,) proximation involving only the cumulan. The contribu-
andK (g, o). The vertex depicted by the full square in thosetions arising from higher order cumulants bring in frequency
figures is made up of two contributions: one arising from thedependent vertex correctiofg w). Keeping only the lowest

174521-4



FROM PHASE- TO AMPLITUDE-FLUCTUATION-DRIVEN . .. PHYSICAL REVIEW B57, 174521 (2003

cumulant in the expression fdf(q,w,,) corresponds to a gime. We shall for that reason adopt the terminology, widely
boson Green’s function which is identically zero in the limit used in connection with studies on the HTSC's, and refer to
of ng=0.5. Hence, close to this limit the second order cu-the doping regime 2 n,=n, as the underdoped regime and
mulant expansion has to be used as a starting point. The fullor=No as the optimal/overdoped regime, witlg=1.1 for

set of Eq.(8) (including both first and second order cumu- our choice of parameters. We furthermore restrict the mo-
lants was solved for a restricted set of values for temperaimentum summations over a 1D Brillouin zone with 200
tures and total particle concentrations and the results wereoints. This is justified, since we are interested here in only
compared with those obtained when keeping the lowest ordefery general features of the pseudogap phenomenon. If our
cumulant only. Except for boson densities closaje=0.5,  results, have any bearing on the physics of HTSC, they
the lowest order cumulant approximation provides the domishould apply to regions in momentum space where the
nant contribution to the solutions of these equations. Théseudogap phenomenon is most pronounced, i.e., near the
results presented in this paper cover a boson density reginf®-calledhot spotsaround theM points in the Brillouin zone
between 0 and=0.35 for which this lowest order cumulant Of the basal plane. There they could describeave sym-
approximation can be considered as being qualitatively cormetry pseudogap behavior along one of its lobes along a
rect. Upon approachings = 0.5[where the full set of Eq8)  direction[0,0]—[0,7] and their equivalents, traversing the
had to be dealt withwe encountered convergence problemsM points. Our results could thus possibly be compared with
with the iterative solution algorithm employed here which ARPES spectra for wave vectors along such directions in
became exceedingly more important the lower the temperéspace, as well to transport measurements along the same di-

ture was. rections.
The Green’s functions for the fermions and the hard-core
hasons are defined by IV. THE DOPING AND TEMPERATURE DEPENDENCE

, ., OF THE PSEUDOGAP
Gy j(m7")=—(TlCi(1)Cj,(7)])
We present in the following the results of the solution of
1 eik(ri—rj)fiwn(ffT')G(k,wn), the set of self-consistent equatiof®, (8), together with a

- NB self-consistent determination of the lowest cumulaniEg.
(6). This permits us to determine the electronic DOS as a
Ki (7, T/):<T[pi—(7.)p;r(7./)]> function of tempergture for different “ploping rates,” g!ven
by ni, or alternatively, by the depletion of the Fermi sea
1 i9(ri=r)—i g (r— ") away from half filling, given by (+ng). In this BFM sce-
- N_B “h e ! K(q,0m), (9) nario, doping influences both the number of itinerant elec-

tronsng as well as the number of bound electron paigs

where w,=m(2n+1)/8 and w,,= 72m/ 3 denote the Mat- This is not an unrealistic premise as far as the HTSC are
subara frequencies for fermions and bosons, respectiwely, concerned, since it has been experimentally established that
and m running over all integers from-« to +«. The ex- doping does not occur exclusively in the Cu@lanes but
pressions for the self-energies for the fermidi&,»,) and  involves also the dielectric layers between them. This is born
for the hard-core bosorl (q,w,,) differ from the standard out by XPS studies which permit to determine the relative
ones for ordinary bosons by a change in sign due to the Wickhange with doping of the population of Cwersus Ct *
theorem for hard-core bosons. The effect of the cumulantdpns® Further indications that doping occurs in a multicom-
however, corrects this sign change in the end because of thE@nent system comes from measurements of the size of the
presence of the factdrin the numerator of the bose Green's Fermi surface volunf® which show that the universal curve
function. Fixingn,,, Eqs.(7) are solved numerically on the for T; as a function of doping is shifted downwards in dop-
Matsubara axes and the resulting Green’s functions and selfag as compared to its dependence on the chemical doping
energy functions are then analytically continued onto the realate. And finally, site dependent XAFS studieshow that in
frequency axes, via the usual Patige procedure. The order for the superconducting phase to materialize, doping
Green’s functionss andK are linked to the occupation num- must necessarily involve holes located outside the metallic
bers nf=(2/B)=, e ' G(k,wp) and n8  CuG; planes. Further evidence for the existence of two spe-

. i a cies of different charge carriers, itinerant origiving rise to
=(2IB)z, & '™ K(q,0y) for the fermions and bosons, 4 pryde peakand localized onegiving rise to a peak in the
respectively, with,B:(llN)EknE'B. far infrared regimg comes from reflectivity

As a typical example for the present study we choose theneasurement®.

energy level of the hard-core bosons to lie in the center of the Given our choice of the boson level falling in the middle
band of itinerant electronsAg=1) and assume a small of the band of itinerant electrons, fixes the Fermi level such
value of the exchange coupling constamt£0.02). Requir- that we have the situation of a half-filled band fog=2.
ing the chemical potential to lie slightly below the bosonic Upon hole doping we move the chemical potential down-
level (x<0.5), assures us that upon changing the total numwards from its value aD, which introduces holes in the
ber of charge carriens,,; from 2 to 1, we recover a situation electronic subsystem and at the same time diminishes
which, as far as the density of electrons is concerned, mimic$his variation ofng as function ofw is illustrated in Fig. 2
the situation encountered in HTSC over a wide doping refor different temperatures. The bound electron pairs, being
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FIG. 4. Dependence of the minimum in the DOS on the concen-
FIG. 2. Comparison of the variation of the number of normal totration of hard-core bosonsg for different temperatures antig
hard-core bosons as a function of the chemical potential for severak 1.
temperatures.
corresponds to that temperature where the deviation from the
hard-core bosons, lead to a fully symmetric situation for parligh temperature saturated DOS close to the Fermi energy is
ticle and hole doping for this choice of parameters. We alsgeduced by an arbitrary but small amount, chosen here as
illustrate in this figure the variation ofs with u for ordinary ~ 4% In Fig. 5 we illustrate the variation df* as a function
bosons, which significantly differs from that of hard-core ©f Nt s well as of (3-ng); the latter being a measure of
bosons. the deviation of the Fermion occupation from the half-filled
In order to study the evolution of the pseudogap as @and situation and thus of hole doping.

function of temperature and doping, we evaluate the spectral Itis illustrative to compare this doping dependencd bf
function of the single-particle fermionic Green’s function derived from the dip in the DOS in the normal state, with the

Ar(k,w)=2ImG(k,iw,— w+i8) which, after integrating d(’\)ArF)ing depepdence of thg mean field critical tempe.ra.\ture
over all wave vectors in the Brillouin zone gives us the DOSTc for amplitude fluctuation controlled superconductivity.
p(w). In Fig. 3 we plot the evolution of the pseudogap nearThat latter is characterized by the order parameters

the chemical potentidktorresponding ta=0) as a function 1 1

of temperature and for several doping concentratiops _ = 4o+ _ T + - 1
=1.66, 1.20, and 0.97. In order to determifi¢ as a func- X NZ {Circi), o N 2.: {pi +pi7) (10

tion of ng andn,, respectively, we illustrate in Fig. 4 the ) .
minimum of the dip in the DOS given by,,,(T), as a which refer to the off diagonal elements of the charge opera-

function of ng for different temperatures. We then consider trs Of the electron pairs and hard-core bosons, respectively.
the relative values of this depletion of the DOS, determined>©IVing this mean field equation probleffor details for

by pmin(T) pmin(>*) and cut these functions by horizontal sgch an anaIyS|thpe re_ader |s.r§ferred to an earlier fper
lines, lying 4% below the saturation values pf,,().  9ives rise to aTc™ which exhibits a doping dependence
[Within the lowest order cumulant approximation—putting Which is quite similar to that of * (see Fig. 3, with an onset

b’ =0—we would have obtained,,(ng) which as a func-  ©f amplitude fluctuation controlled superconductivity slightly
tion of ng would have show an upturn upon approachingbelow that temperature where electron-pair fluctuations set
ns=0.5] The crossing points determine the valuegsffor  in. Te" does not, of course, have the meaning of a transition
any particularn,, and its corresponding value of;. T*, temperature for the onset of superconductivity, which, as we
representing a cross-over rather than a phase transition, thus

l—nl_.
0.0 0.003 0007 " 0011 0014 0022
0.7 . — . . . underdoped <—— e, —> overdoped q
A 1 0.0181 Ssa ot -
2 0.6 i [
= Ot 1 0.016 .
£ 0.5 - ° b
g 1, =1.6564; n,~0.33 ] 20.014 .
%04 — —_— . g
5 r 1 80012 .
& 061 T=0.02000 ] -
£ o5~ 0.01000 4 o 001 T
s 0.5 - e = L
% r 0.00667 nml—l,2012, ng 0.117] 0.008 i
2 04 — L
Edl -
Z 06- d 0.006 .
£ 0or 1 [
= s L s L s
0.5 n,,=0.9748; n;~0.01 0.0045 13 6 5 14 12 1
[ R L1 ! tot

04——1— . . .
02 -015 0.1 005 0@ 005 01 015 02 . )
FIG. 5. Doping dependence @, compared with the mean

FIG. 3. Evolution of the pseudogap near the chemical potentiafield critical temperatureT™", and the “phase fluctuation” tem-
as a function of temperature fdrg=1 and different doping con- peraturesT ,. For comparison we also illustrate this doping depen-
centrationey; . dence byT{g and TEB when treating the bosons as normal bosons.
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15F ] ' l I " — 1 1
T T=002000f o~ ] 0.4 FT=0.02 PSRN n_=1.2012
o if A N n =16564 - - I LN tot
E 05 . ng~0.33 i %
T ( pEEEE . = : -
£ 6f T —e0 1 S
=, [ T=0.01000 P q=n/100 1 Q
= [ H --=-q=2 /100 7] [=]
8 af A q=3 ©/100 ] U?
& /4 N\ " c—-— q=4 /100 | -
»y 0 e . T T 1 E
2 15 | T=0.00667; . ! . 5]
210l : ?‘ ] e
S it =
@ sk i ] @
ol LN AR ) . .9
-0.001 0 0.001 0.002 0.003 5
 -E- bI1(0,0) Z
fac
FIG. 6. Temperature evolution of the boson spectral function for

the low wave vectors for the underdoped regime wigh=1.65. -0.002 0 0.002 0.004 0.006
®-E - bIT(0,0)
shall see in the next section, is induced by phase rather than
amplitude fluctuations, except for the limit of low boson con-  FIG. 7. Temperature evolution of the boson spectral function for
centrations Wheré'(';"F andT* smoothly join. the low wave vectors for the underdoped regime wigh=1.20.

Itis an interesting question to ask how this doping depengpeciq) functions for the long wavelength regime together

dence ofT* changes when instead of hard-core bosons ongji, their evolution with temperature for three representative
considers normal bosons. We plot in Fig. 5 the temperaturgoncentrations, which cover the entire doping regime from
Ne» signalling the opening of the pseudogap in that case. linderdopedrf,,,~1.65) with a high concentration of bosons
shows a monotonocally decreasing behavior with decreasing the optimal overdopedn(,~=0.97) with a low concentra-
Nwt, Similar to that found for hard-core bosons but does notion of bosons. We find that in the underdoped regime the
saturate, as is the case for those latter, when approaching t@operons are well defined propagating modes with a nar-

fully symmetric limit ny;=2. row width of the spectral function which, moreover, strongly
decreases with decreasing temperatse® Figs. 6, )7 In the

V. SPECTRAL PROPERTIES OF THE COOPERON optimally/overdoped regime, on the contrary, the spectral
PROPAGATOR functions show overdamped mode behavisee Fig. 8

Tracing the peak position of the boson spectral function as a

Let us now examine the features of the normal state Whic'?;unction of wave vector permits us to determine the mass

act as a precursor of the superconducting phase. As PreVin, of those Cooperons. As we approach the dense limit of
ously showrf?

: the intrinsically localized bound electron 55405 m increases sensibly, when we compare this mass
pairs (bosons, gradually acquire itinerancy as the tempera-o gitferent values of dopingr,,) at a fixed given tempera-
ture is lowered belowl*. We shall explore this behavior ¢ e (see Table )l For the low doping regime where the
here as a function of doping and focus on the effect of thg,,sons are well defined quasiparticles, their DOS shows an
hard-core nature of those bosons, which has been neglectedo|ytion with temperature in which the low energy part gets

in such previous studies. The resonant electron-pair states [iore and more peaked as the temperature is lowered and the
the fermionic subsystem, induced by the exchange with thg o, position approaches the valEg+ bI1(0,0), (see Figs.
bound electron pairs of the bosonic subsystem, are describey 10, as it should according to the Hugenholtz Pines
by the spectral properties of the Cooperon propagator theorent®

1 0.3 —_— ——
+ + . 3 1
C(q,7)= m EI <Cqit (T)C (7);Ckr (0)Cqr1(0)>, 7_ 02 |- T=0.02000 . n, 09748
| 1 AN
which are intimately linked to the spectral properties of the g o L —a0 ]
single-particle bose Green’s functidf(q,»,,) via the rela- = 02" T=0.01000 N ]
tion solr AR q=3 /100
& F /1‘/ ----- q=4 m/100 {
1 1 LT T T
C(q,@m)= = 11(q, 0m) + —T1%(q, 0m) K (0, 0p). g 02 [ T=0.00667 P ]
v v Sorl PN ]
[aa} 76 N
(12) 0 L I J_d‘:_‘;/ 3
The thermodynamic and transport properties of our system 004 0 (’)?Eo’ 00,

are given by the low lying excitation spectrum of those reso-

nant electron pairs. Their spectral properties are determined FIG. 8. Temperature evolution of the boson spectral function for
by spectral functions of the hard-core bosons, given by thehe low wave vectors for the optimally overdoped regime with
second term in Eq(12). In Figs. 6—8 we illustrate those n,=0.97.
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TABLE |. Variation with dopingn;,; of mj, (in units of 1D) and 400 — T
n,, for a fixed temperaturd=0.00667 and the estimated resulting I——icre 2[051121012
T,. We present in parenthesis the corresponding values when the ook T=0.00667 B P
bosons are treated as normal instead of hard-core bosons. . 207 ]
Q 15+ i -
A I o
Niot mp ny10° Ty 22000 10 .
g i L
1.651 2.27(1.29 9.60(14.9 0.0042(0.0118 g I o T T i
1614 214124  9.49(145  0.0044(0.0117 T S .
1.495 1.56(1.06 9.04(12.9 0.0058(0.0112 I o -E - bI1(0,0) 4
1376 1140889  844(11.2  0.0074(0.0127 NN
1.204 0.71(0.62 7.30(8.7) 0.0102(0.0140 % 0.002 0.004 0.006 0.008 0.01
1156 063055  6.91(7.99  0.0111(0.0145 @ -y bI0.0

1.105 0.450.49 5.88(7.10 0.0124(0.0143 FIG. 10. Temperature evolution of the bosonic DOS for the

underdoped regime witlm,;;=1.20. The inset presents the low-
energy part of this DOS.

We next turn to the evaluation of the concentration of
Cooperons, which, together with their mass will enable us to
estimate the phase stiffness in that system and thus the ondet,=1.65) and the less well underdoped,=1.20) re-
temperature of superconductivity due to phase fluctuationgime, for which the bosons have well defined propagating
T4. The density of Cooperons, acting as superfluid chargguasiparticle features.
carriers, is contained in the combination mf/m, entering In order to highlight the effect of the hard-core nature of
the expression for the penetration depth. Alternatively, and inhe bosons we have repeated this study for the Cooperons for
an approximative fashion, it describes the density of itineranthe case of normal bosons rather than hard-core bosons and
quasiparticles in the normal state, derivable from the DrUd?)resent the Corresponding values for the Cooperon mass and

weight in the optical conductivity For the BFM scenario  concentration by the numerical values, given in Table I, in
investigated here, such a Drude component arises from afie parenthesis.

Aslamazov-Larkin term in the conductivity of the itinerant  The above assessment of the mass and concentration of
O . . . . .
electrons’’ involving the Cooperons and is contained in the e cooperons, contributing to the Drude peak in the normal

seccj:ond te”*.‘ of theth;loper'on pfroEagatCér, Equatis). Ihr_' h state and ultimately to the superfluid current, shows that for
order to estimate the density, of those Cooperons which 1,4 -ore hosons their concentration depends little on dop-

give rise to such a Drude component, we have to attribute if,, “\yhile their mass depends on it sensibly. The latter rap-
to just that contribution of the Cooperon propagator, i.e., idly increases, as, upon reducing the hole doping, we enter
the regime of high boson concentration where correlation
_i iHZ K (13) effects become increasingly important. As compared to the
PUNB o v (@ om)K(Gom), case of hard-core bosons, for normal bosons the variation
with doping of the concentration of Cooperons turns out to
where the uncorrelated part ()f)Eq,me(q,wm) has been be much more important, while for the mass it is less impor-
subtracted out of the thermal average of the doubly occupietnt. This leads, as we shall see below, to significant qualita-
sites, given by(c; ¢/ c,c;). In Table Il we present the mass tive differences in the respective temperatures determining
and and concentration of Cooperons for different temperath€ onset of phase correlation driven superconductivity.
tures and doping rates corresponding to the well underdoped On_t_he basis of these findings, we now attempt to estimate
the critical temperature for phase fluctuation controlled su-

n

700 , : : , : perconductivity. For that we pUnBT¢:h2(np/mp)a, where
T F50a000 nli6S64 1 n, andm, are our estimates for the density and massns
600 - T=0.00667 ng~0.33 ] of the superfluid charge carriera. denotes a length scale
30 : ‘ f
5001 C - ] I -
8 L @@ 25 o B h f L .
Raoo- & 20k ¥ ] :4‘ ] TABLE II. Variation of n,, my, andng with temperaturel for
2 1 ogask :: . Ni= 1.64 (top) and n,=1.20 (bottom).
2300 2 10F (i 7
m200-_ A 3,_ lll" | T np103 mp Ng
i ‘ ‘ 1 ]
100 0002 0 0002 0004~ k] 0.006 67 9.59 2.23 0.995
© -E;- bI1(0,0) N ]
. 2 N\ 0.010 00 7.86 2.63 0.994
% 0.002 0004 0006 0.020 00 6.46 5.81 0.990
® -E- bI1(0,0)
0.006 67 7.30 0.71 0.988
FIG. 9. Temperature evolution of the bosonic DOS for the un- 0.010 00 6.42 1.00 0.984
derdoped regime with,;=1.65. The inset presents the low-energy 0.020 00 5.56 2.91 0.971

part of this DOS.
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which is of the order of the coherence length or, alterna- T 1
tively, the interplane distance, depending on the degree of [ T=0.0066 T
anisotropy of the system. ol 00100 — E’°i=()lé63564 ]
Assuminga in the expression foll , to be given by the | 0.0200 —entel2012
lattice constant, corresponding to a layer compound system
such as the HTSC, we trace this critical temperature as a
function of doping €, and 1-ng) in Fig. 5. We notice a
crossing of the energy scales related to the phase stiffness
and to the electron pairing, as we approach the high doping 0.5
limit, where the density of bosons is small and Cooperons
are no longer well defined quasiparticles. This phase dia- 0
gram, Fig. 5, corresponds to that proposed on the basis of the
phase fluctuation Scenaﬁgybut with the difference that FIG. 11. Temperature evolution of the low-frequency limit of
there the doping dependent quantity of the phase stiffnesf® Cooperon propagator in the underdoped regime wigh
was supposed to be related to the density of superfluid cafr 1.65 andn,,;=1.20 (inse} and its spatial Fourier transform for
riers, while, according to our present findings, based on th&or=1.65.

BFM scenario, it should be primarily related to the mass of

the superfluid carriers—estimated as the mass of the Coopl?€ tendency with increased hole doping. Fitting the spatial

erons in our case. Upon approaching the optimally c)Ver_dependence of the Cooperon propagator to this phenomeno-

doped regime, wher& , crossesT*, the Cooperons loose Iog;cs}l fﬁrm, i)e(mltst us (;O dr:e_t(;rmme the vantou_s p_?rglmelﬁar
their good quasiparticle features, and the onset of supercorl- Ic tC ar?hc ?rlze It -and whic ;/;]/e (tenumerate mtha € ff.'
ductivity is becoming controlled by amplitude fluctuations, € notice that upon Incréasing the temperature, the coetli-

as in a BCS system. The opposite trend with doping g cientsC,, weighting the short-range phase-uncorrelated lo-
andT*, observed up to this level of doping, ceases accor

d_cal electron pairing, tend to rapidly decrease as we approach
ingly and T is constraint to decreases, since being limited

T* in the entire doping regime. In the underdoped regime,
from above by the decreasing behaviofTdf which controls ~UPON decreasing the temperature and approachipg the
pair formation.

coefficients C,, weighting the phase correlated electron
These features have been recently confirmed by an exaniirS’ increase rapidly together with the coherence legigth
diagonalization stud? where for finite clusters the static

which is typically an order of magnitude bigger than the
correlation functioer§=o(t)p;=o(t)> has been studied for

short-range electron-pair correlation length In the opti-
different boson concentrations; . It shows a characteristic mally overdoped regime, on the contra@y, hardly changes
temperature—strongly dependendingrgi—where this cor-

with temperature, while the coherence length follows the
relation function shows a significant drop. This temperatures'.mllar temperature depengjence as in the unde_rdoped_ re
S ime. A systematic change is observed in the relative weight
can be used as an indication for the onset of long range pha -
. . . . of the long-range to short-range contribution of the Coop-
pair correlations and hence can be compared withTthén . . : o
. UL : , eron correlation functio€,,/C,, which, with increased hole
this paper. It shows a rapid increase with decreasinignd, . . ;
e doping, shows a decreasing behavior when evaluated for
upon approachingr*, it smoothly follows that latter and - :
. . some characteristic doping dependent temperatures such as
decreases with further decreasimg.

: . . T*. In particular, we findC,/C,=0.71, 0.45, 0.31 fon
In comparison to these features, derived by conS|der|ng:1 65, 1.20, 1.02 and corresponding valuesTof=0.016

hard-core bosons, we find a noticeably different doping de-

pendence of the phase fluctuation temperature when these o
hard-core effects are absent and the bosons are treated as ABLE Ill. Characteristic parameters of the Cooperon propaga-

normal bosons. See the corresponding valuesTf%'? in tor (2) as a function of temperatur€ and for three doping rates

. . L2 N= 1.64(top), andn= 1.20 (middle), andn,= 1.02 (bottom). &
Table | and its graphical representation in Flg.T@ de- andr, are in units of the lattice constaat

creases much more moderately upon approaching the low

)
T

g
th
T

[

C(R,00—0)
n

H H NB

d_o_plng regime, but both‘l_'¢_ as well asT converge to a T C, C, ro &(T)
finite value atng=0.5. This is moreover again confirmed by
this exact diagonalization stud§,showing a decrease and  0-006 67 131 1.06 0.91 13.75
saturation of the static long wavelength phase correlation 0.01000 113 0.61 0.72 7.59
function upon increasingg and approaching its value 0.5 0.020 00 0.88 0.42 0.53 3.58

In orderdtorl]llustrate thlet_combl??ﬁ effect of Ioctal elgct:o? 0.006 67 123 0.66 0.83 11.76
pairing and phase correlations of those resonant pair states, ( 1 o 1.06 0.45 0.67 6.90
we now examine the Cooperon propagatb?) in the low-

o . L . . 0.020 00 0.86 0.37 0.52 3.51

frequency limit and interpret it in terms of its physically
intuitive form, given in Eq.(2) in Sec. Il. Let us for that 0.006 67 1.08 0.33 0.71 9.07
purpose illustrate this Cooperon propagator in Fig. 11 as a 0.010 00 0.98 0.32 0.62 6.18
function of temperature for two cases, representing a well 0.020 00 0.83 0.32 0.51 3.45

underdoped and a less well underdoped situations, showing
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0.0142, 0.005 and@ ,=0.004, 0.010, 0.014. It is this relative T T Con =1.0184 (v=0) |

weight increase of amplitude versus phase contributions, as 0.4+ o012 i
we go from the underdoped to the optimally overdoped re- —_ cz n::=1,4404

gime, which indicates the change over from phase correla- I o ASn =1.0184 (v=0)

tion driven superconductivity toward amplitude correlation 03 \ o ASn =12012 .
driven superconductivity. A remarkable result is that neither } ¢ ASn =14404 Lesttoo
the short nor the long-range scale depend sensitively on dop- 3 L ' :

ing. We have some experimental indicatidié from studies o2t
in the HTSC that, at least as far &$s concerned, its doping
dependence is very weak.
0.1+
VI. EVIDENCE FOR PAIRING CORRELATIONS IN THE
SPECIFIC HEAT

ot R R B R S
The onset of the pseudogap, as seen in numerous experi- 0 0005 001 0015,0.02 0025 0.03
mental studies such as ARPES and single particle tunneling,
indicate a loss of low energy single particle spectral weight. FIG. 12. Temperature evolution of the specific heat and entropy
This loss of single particle spectral weight ought to be ac4n the underdoped regime witl,=1.44, 1.20 and compared with
companied by a compensating increase of spectral weigliie optimally overdoped regimag=1.02.
coming from collective excitations, which, for the present
precursor scenario, should predominantly come from paiering the temperature which indicates the broad humplike
fluctuations. Without having to go to elaborate spectroscopigtructure abovd,. As we decreasa,, upon going from the
techniques, indications for such many body effects are alunderdoped to the optimally overdoped regime, the dip
ready seen in basic thermodynamic quantities such as th@oves to lower temperatures in agreement with a decreasing
specific heatC,(T) and entropyS(T), where a hump in  T* and eventually disappears upon reaching a doping con-
Cy/T and a change in slope B(T) is observed at tempera- centration where the number of bosons tends to fgiren
tures aroundT*.*° A recent theoretical approathon the  approximately by the noninteracting BFM with=0). At
basis of a classical pair fluctuation scendfiattributed this  the same time the linear slope @{(T) at high temperatures
hump feature very clearly to the contributions coming fromincreases in correspondence with an increase of the DOS at
pairing correlations, sitting on top of the single particle con-the Fermi energy and saturating at the value characterizing
tributions. the low boson concentration limit. Concerning the entropy,
We shall in this section present a similar investigation onwe are able to evaluate its incread&(T) starting form a
the basis of the two-component precursor scenario adopteftked lowest temperature and going up to the highest tem-
here. We evaluate for that purpose the inner energy, given byerature we have been considering. The rapid ris®$(T)
F 5 BF belowT*, changing into a rather slow rise aboVé signals
U(T)=Ein(T) + Eyin(T) + Ejnc (T) the existence of local order beloWw* which gradually dis-
appears when going beyorfid to higher temperatures.

1
En(M = 2 (it m)ni(T)
VII. SUMMARY

Egn(T)=Agng(T) A doping induced change over from phase- to amplitude-
fluctuation-driven superconductivity is shown to result in a
system with precursor pairing within a two-component sce-
nario, involving charge carriers with different statistics: fer-
mions and bosons, coupled together via a charge exchange
_ i T1( K ( ) (14) term. The fermions describe free electrons while the bosons
NS dan 4, Om) K (G, Om (more precisely hard-core bosgndescribe localized self-
trapped electron pairs having spirstatistics which give rise
and subsequently determin€,(T)=(d/dT)U(T) and o correlation effects in such a system. The opposite variation
S(T)=/¢dT'Cy(T")/T". The fermion distribution function with doping of T* and T is obtained, where the critical
ni(T), the number of bosonss(T) and the expectation val- temperature is given by the phase stiffness of the system.
ues of the interaction energy have to be calculated with rewith decreasing the concentration of the localized electron
spect to the full Hamiltonian. We illustrate in Fig. 12 the pairs, the energy associated with this phase stiffness crosses
temperature variation of\(T) and S(T) for different total  the pairing energkgT* in the itinerant electrons subsystem
doping rateq,;, corresponding to the underdoped situationat a certain characteristic doping level. There, phase fluctua-
and compare it with the noninteracting case=(0) for the  tion controlled superconductivity changes over into ampli-
case of very small concentrations of bosons. The pseudogdapde fluctuation controlled superconductivity, giving rise to a
is manifest in the diplike feature @,,(T) which occurs at phase diagram, which, qualitatively, is reminiscent of that
T*, together with a subsequent upturn@§(T) upon low-  proposed for the HTSC within the so-called phase fluctuation

ERN(D=v3 ((pi"c e o ciie))r
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scenario. The doping dependent length scales for short-rangeseudogap, similar to what is observed in the HTSC. Hole
local electron-pair correlations and long-range phase correlatoping would now affect roughly equally all the regions near
tions are discussed on the basis of the spectral properties tiie 2D Fermi surface, and thus attributing only a very small
the Cooperon propagator, describing the exchange induceghction of the doped holes to the actual regions in the Bril-
pairing in the electron subsystem. In the precursor pairindouin zone where the pseudogaps are formed, i.e., around the
scenario studied here, it turns out that it is the degree ofy points and along lines parallel tp0,0]—[0,7] and
itinerancy of the Cooperons rather than their concentratiO@quiva|entS_
which controls the doping dependence of the phase stiffness. one of the outstanding problems to be solved within such
This degree of itinerancy varies from well defined itinerantg precursor scenario for superconductivity is to understand
electron-pair states in the limit of high concentration of lo- how the transition to the superconducting state occurs. This
calized bound electron pairdow hole doping to over-  jnyolves a competition between Cooper pairing and real
damped excitations in the limit of low concentration of lo- gpace pairing and necessitates a generalization of the present
calized bound electron paifsigh hole doping ~ system of Green’s functions by including the anomalous
The phase diagram, Fig. 5, represented as a function qfreen’s functions in order to treat superconducting fluctua-

doping, involves changes in the concentration of electrongons. This problem will be the issue of future studies.
away from half filling (hole doping for given changes in

total concentration of charge carrieng;. The variation of

thg hole dopi-ng[changes in (+ng) of the order of Z%Fn ACKNOWLEDGMENTS

this phase diagram is small compared to changesn

which is due to the 1D situation we have been considering The authors are extremely grateful to B. K. Chakraverty,
here. This result is less surprising when we consider a 2DM. Cuoco, T. Domanski, and G. Jackeli for innumerable dis-
system with an anisotropic charge exchange coupling besussions on this subject as well as for help in setting up the
tween the bound electron pairs and the bare itinerant elediagramatic procedure for hard-core bosons, and for assis-
trons. One would then obtain a corresponding anisotropitance with numerical procedures.
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