Non-BCS superconductivity for underdoped cuprates by-gpitex attraction
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Abstract

Within a gauge approach to the t-J model, we propose a newB@Smechanism of superconductivity for underdoped cegrat
The gluing force of the superconducting mechanism is aacittm between spin vortices on twdigrent Néel sublattices, centered
around the empty sites described in terms of fermionic h&ldme spin fluctuations are described by bosonic spinortsanitap
generated by the spin vortices. Due to the no-double ocmupeatnstraint, there is a gauge attraction between holdrspmon
binding them into a physical hole. Through gauge interadfi@ spin vortex attraction induces the formation of spimgiet (RVB)
spin pairs with a lowering of the spinon gap. Lowering the penature the approach exhibits two crossover temperatatéke
higher crossover a finite density of incoherent holon paief@med leading to a reduction of the hole spectral weigtitie lower
crossover also a finite density of incoherent spinon RVBspaie formed, giving rise to a gas of incoherent preformed palrs,
and magnetic vortices appear in the plasma phase. Finedly\aen lower temperature the hole pairs become coheremhalnetic
vortices become dilute and superconductivity appears.stiperconducting mechanism is not of BCS-type since it ire®a gain
in kinetic energy (for spinons) coming from the spin intei@as.
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1. Introduction Propagating in this gas of slowly moving vortices the AF

We propose a new, non-BCS mechanism of superconductivs-pmons’ originally gapless in the undoped Heisenberg iode

ity (SC) for hole-underdoped cuprates relying in essentin) acquire a finit(_a gap, leading to a short range AF order with in-
" . - .~ . verse correlation length

upon a “compositeness”|[1] of the low-energy hole excitatio

appearing in the spin—charge gauge approach [2] to thé 2D ms ~ (o] logaY/2. (1)

J model, used to describe the CuO planes. This “composite”

structure involves a gapful bosonic constituent carryig 4/2 In eq.[1)s is the doping concentration and the logarithmic cor-

(spinonz,) and a gapless spinless fermionic constituent carryrection is due to the long-range tail of the spin vortices. @&

ing charge (holorn), supported on the empty sites. An attrac- agrees with experimental data In [3]. From the no-double oc-

tive interaction mediated by an emergent slave-particlegga cupation constraint of theJ model emerges the slave-particle

field (A,. u = 0,1, 2) binds them into a hole resonance. In termsgauge fieldd,. It is minimally coupled to holon and spinon and

of this "composite” structure we interpret two crossoveps a it takes care of the redundad(1) degrees of freedom coming

pearing in the normal state of cuprates that are view as tprec from the spin-charge decomposition of the halg) (of thet-J

sors” of superconductivity and the recovery of full cohe®nf = model into spinon and holon. The dynamics of the transverse

the hole at the superconducting transition. mode of the gauge field is dominated by the contribution of the
gapless holons. Their Fermi surface produces an anomalous
2 "Normal” state skin dfect, with momementum scale
To give the key ingredients of the proposed SC mechanism  Q ~ (TK)Y3, 2

we start shortly reviewing some basic features of the spin-
charge gauge approach to the normal state. In the underdop
region of the model the disturbance of hole doping on the anti
ferromagnetic (AF) background originates spin vorticessds
ing the holons, with opposite chirality in the two Néel satbl

Reizer momentum, whekg is the holon Fermi momen-
tum. As a consequence of tHedependence of the Reizer
momentum, the hole (holon-spinon) and the magnon (spinon-
antispinon) resonances formed by the gauge attraction dave

tices (see Fig.1). strongly T_—dependentent life-time Iegdlng to a behavu.)_ur of
these excitations less coherent than in a standard Fegmdli
. For the appearance of Reizer skiffieet the presence of a gap
Email addressmarchetti@pd. infn.it (P.A. Marchetti) for spinons is crucial, because gapless spinons would cede
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at low T thus gapping the gauge field through the Andersonin-plane resistivity deviates downward from the linearaar.

Higgs mechanism and destroying thedependent skinfieect = The formation of holon pairs, in fact, induces a reductiothef

that decreases the coherence of hole and magnon. spectral weight of the hole, starting from the antinodalarg
[6]. The mechanism of holon pair formation is BCS-like in the
sense of gaining potential energy from attraction and gpkin

@ . . netic energy, as shown by the reduction of the spectral weigh

As natural due to its magnetic origin, its energy scale is-how
ever related ta) and nott, since the attraction originates from
theJ-term of thet-J model. We denote the BCS-like holon-pair
field by A".

@ 5. Spinon pairing and incoherent hole pairs

The holon pairing alone is not enough for the appearence of
Figure 1: Pictorial representation of the spin vorticessdirgg the holons rep- superconductivity since its occurence needs the formaiial
resented by white circles at their center. . ' . . .
condensation dfiolepairs. In the previous step instead we have
only the formation of holon-pairs. One then firsty needs tre f
mation also of spinon-pairs. It is the gauge attraction eetw
3. Superconductivity mechanism holon and spinon, that, roughly speaking, using the holainsp
) o as sources of attraction induces in turn the formation oftsho
The gluing force of the proposed superconductivity mecha-range spin-singlet (RVB) spinon pairs (see Fig.2).
nism is a long-range attraction between spin vortices cedte
on holons in two dferent Néel sublattices. Therefore its origin
is magnetic, but it is not due to exchange of AF spin fluctua- ‘_6

tions as e.g. in the proposal of [4]! [5] . Explicitely theegdnt | o
term in the &ective Hamiltonian is:

I(1-28)Z2) ) (-1 AT - jhyhihshy, ©)
i

whereA is the 2D lattice laplacian and

@ Z“f P+ )~ (A D2 m, (@) e ' ¢

with A =~ 1 as a UV cutff. We propose that, lowering the

temperature, superconductivity is reached with a threp{sto-

cess: at a higher crossover a finite density of incohereminhol Figure 2: Pictorial representation of hole pairs, holomsrapresented by white

pairs are formed, at a lower crossover a finite density of in_circles surrounded by vortices, spinons by black circleth wpin (arrow); the

coherent spinon RVB pairs are formed, giving rise to a gas o

incoherept preformed hole pairs and a gas of magnetic esrtic This phenomenon occurs, however, only when the density

;pepﬁglr(?n";)gi]ri 2:}?{?\2 Ig?/aBSS;iiarl:ts ahz\rlgtl ggg;;:rﬁglirgg:s l;%tpholon-pairs is_si_iiciently high, _since thi_s attraction has to
o . ' ~“overcome the original AF-repulsion of spinons caused by the

come coherent and the gas of magnetic vortices becomee'd"uﬁﬂeisenbergJ-term which is positive in our approach, in con-

-IC—T(;\rI?Stthtiirrr;%irr?;ﬁri:rfferllitglser?etz\iIszaetfg?g;r(r:\uggs;?:jr; trast with the more standard RVB! [7] and slave-boson [8] ap-

ture mé/the hole appearing in the "no>r/mal” Staie Lgt us azal proaches. Summarizing, at a intermediate crossover teamper

T kP 9 ' Y ture, denoted abps, lower thanT, in agreement with previous

in a little more detail these three steps. . . . . .
remarks, a finite density of incoherent spinon RVB pairs are
formed, which, combined with the holon pairs, gives rise to a

?Iack line represents spin-vortex attraction, the dasimedthe gauge attraction

4. Holon pairing gas of incoherent preformed hole pairs. We denote the RVB
. spinon-pair field byAS. It turns out that for a finite density of
At the highest crossover temperature, denoted as spinon pairs there are two (positive energy) excitatiorigh w

Ton ~ I(1— 20)(Z2), ®) d@fferent energies, t_)ut the same spin and mome_nta. The_y are
given, e.g, by creating a spinon up and destructing a spinon

a finite density of incoherent holon pairs appears, as consé&lown in one of the RVB pairs. The corresponding dipersion

quence of the attraction of spin vortices with oppositealiti. ~ relation, thus exhibits two (positive) branches (see Fig.3

We propose to identify this temperature with the experimen-

tally observed (upper) pseudogap (PG) temperature, where t w(K) = 2t \/(mg — |ASPR) + (K + |A3)2. (6)
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The lower branch exhibits a minimum with an energy lower6. Hole-pair coherence and superconductivity
thanmg, analogous to the one appearing in a plasma of relativis-
tic fermions[9]; it implies a backflow of the gas of spinonifga
dressing the “bare” spinon.

Finally, at a even lower temperature, the superconducting
transition temperaturd,;, both holon pairs and RVB pairs,
hence also the hole pairs, become coherent and a d-wave hole
condensate

<Z Ea,BCiaCj,B> (7)
B

appears, corresponding to a non-vanishing expectatiom vl
the hole-pair fieldA®. As soon as the holon and RVB pairs
condense the slave-particle global gauge symmetry is broke
from U(1) to Z,. The Anderson-Higgs mechanism then im-
1 plies a gap for the gauge fieW, increasing with the density
of RVB pairs. In this "Higgs”-phase the magnetic vortices be
come dilute. Therefore the SC transition appears as a 3D XY-
type transition for magnetic vortices in presence of a dyinam
gauge field, similar in this respect to the transition in thage-
fluctuation scenario proposed in [13]. One can prove thatim o
0 ‘ model a gapless gauge field is inconsistent with the coherenc
0 L 1 of holon pairs, i.e. coherent holon pairs cannot coexigt it
| |/m$ coherent spinon pairs; hence the condensation of both &ccur

simultaneously. Since the gauge field binding spinon andrhol
into a hole resonance becomes massive in the supercongluctin
state, one expects that the life-time of such resonancentexo
T-independent, because thedependent anomalous skifiext
appearing in the normal state is suppressed by the mass-Ther

Hence RVB condensation lower the spinon kinetic energyfore the hole become coherent at the superconducting transi
but, as explained above, its occurrence needs the gauge intéion.
action to overcome the spinon Heisenberg repulsion. The two The appearance of two temperatures, one for pair formation
branches dispersion of the spinbh (6) is reminiscent of the-h  and a lower one for pair condensation, is typical of a BEC-BCS
glass shape of the neutron resonance found in the superdenducrossover regime for a fermion system with attractive exter
ing region and slighily above in temperature for underdopedion [14]. In this sense the incoherent hole pairs discugsed
samples|[10]. If a suitable attraction mechanism for spinorprevious section play a role analogous to that of the "preéat
and antispinon works, one can show that a similar dispersiopairs” considered e,g, in_[15]. In our approach, howeveg, th
is induced for the magnon resonangce [6], directly comparablgas of hole pairs appears only at finite doping, implying a for
with experimental data. As soon as we have a finite density diiory a "dome” shape for the superconductivity region stayt
hole pairs the RVB-singlet hole-pair fielsf ~ AS/AM is non-  from a non-vanishing critical doping concentratioriTat= 0.
vanishing and the gradient of its phase describes magratic v This result is in agreement with experimental data, but dsod
tices. Hence below s a gas of magnetic vortice (vortex-loops with standard fermionic BEC-BCS attractive systems, where
in space-time) appears, in the plasma phase, because the inthe condensation usually persists in the extreme BEC litdi; [
herence of the hole pairs leads to a vanishing expectatioe va and with the original Mean Field version of the slave boson ap
of the phase oA°. Therefore, we propose to identify,s with proach([8], where holon condensation occur for arbitrarglsm
the experimental crossover corresponding to the appeardnc holon density afr = 0.
the diamagnetic and (vortex) Nernst signal [11]. This ipter The non-vanishing critical doping for the "dome” exhibited
tation is reinforced by the computation of the contour-mlbt in our approach appears also inl[16], where, however, a nodal
the spinon pair density in the— T plane [12], ressembling the structure is argued to be present for the hole already inghe r
contour-plot of the diamagnetic signal. The presence admol gion where the magnetic vortices are not dilute. On the con-
pairs is required in advance to have RVB pairs, and two factortrary in that region our approach preserves a finite FS, as con
contribute to the density of holon pairs: the density of Inglo sequence of the incoherence of the holon pairs, and nodes for
and the strength of the attraction,J(1 — ms) from (3). These holes appear only below the superconducting transitione Th
two effects act in opposite way increasing doping, this yieldssuperconducting transition being of XY-type is "kineticcegy”
a finite range of doping for a non-vanishing expectation &alu driven, but again related to thk scale since the dynamics of
of |AS], starting from a non-zero doping concentration, producvortices is triggered by the mass of the spinon and of thegaug
ing a "dome” shape of ,s and of the contour-plot. The RVB field, both originated from the Heisenberg term. The "kiceti
spinon pair formation is clearly not BCS-like, the energynga energy” driven character of the superconducting transigip-
coming from the kinetic energy of spinons as discussed gbov@ears consistent with some experimental data for undectope
its energy scale is again relatedXo and optimally doped samples [17].

w/myg

Figure 3: The positive branches of the spinon dispersiatiogl in presence of
finite density of RVB spinon pairs



7. Final comments
Our approach exhibits another crossover [2],
T* ~ t/8nllogél, (8)

intersectingTps. Such crossover is not directly related to su-
perconductivity. It corresponds to a change in the holopatis
sion. Itis characterized by the emergence of a "small” h&iSn
around the momentar /2, +7r/2, with complete suppression of
the spectral weight for holes in the antinodal region andigdar
suppression outside of the magnetic Brillouin zone. Induce
physical €fects are observable experimentally both in trans-
port and thermodynamics [18]. This crossover appears only
in two-dimensional bipartite lattices. Below* the dfect of
short-range AF fluctuations become stronger and the tranhspo
physics of the corresponding normal state region ("psead§g

is dominated by the interplay between the short-range AF of
spinons and the thermalflision induced by the gauge fluc-
tuations triggered by the Reizer momentum, producing in tur
the metal-insulator crossover [2]. We identify in experimen-

tal data with the inflection point of in-plane resistivitycathe
broad peak in the specific heat ¢heient [18].

The above presentation is just a sketch of the approach, many
details have been already worked out explicitely, othersaia
admittedly conjectural , but the mechanism of SC proposesl he
is rather complete in its main structure and qualitativeip-c
sistent with many experimental features, as partiallyudised
above. A more complete presentation of our approach to super
conductivity will appear inl[12].
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