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Tight-binding model for La-based cuprate

superconductors

Ann.Phys.(Berlin) 2019, 1900177 (2019) + Markiewicz,Bansil et al PRB(2005)

t = 1 → 0.43eV ; t ′ = −0.136, t ′′ = 0.068, t ′′′ = 0.061, t (4) = −0.017; ~ = 1

La2−xSrxCuO4 → LSCO hole dopping
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Hamiltonian of two interacting particles (TIP)

Interactions:

* - attractive Hubbard U(r1, r2) = Uδr1,r2
;

* - attractive d-wave in momentum space U(p1,p2) = Ugk1
gk2

(gk1,2
= (cos k1,2x − cos k1,2y )/2 inside sector of fixed p+ = const ; p = k);

* - Coulomb repulsion

Total momentum p+ = p1 + p2 is conserved;

static ( p+ = 0) and mobile ( p+ 6= 0) pairs if compact in coordinate space
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Hamiltonian of two interacting particles (TIP)

Effective narrow or flat band when cos(p+x,+y/2) ≈ 0 →

even repulsive particles cannot become separated due to energy

conservation and form a pair

Frahm, DS PRR 2, 023354 (2020); EPJB 94, 29 (2021)
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Cooper approach: frozen Fermi sea (1956)

Cooper case: quadratic spectrum E = (p1
2 + p2

2)/2 = (p+
2/4 + p−

2)
for LSCO E(p+,p−) is a complex function of p+,p−

static pairs p+ = 0, mobile pairs p+ 6= 0
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Fermi surface of LSCO

Van Hove singularity (separatrix) of density of states at filling factor

n = 0.74346... (left nearest-neighbor (NN) model, right HTC model of LSCO)
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Frozen Fermi sea of LSCO

Static pairs at p+ = 0; filling factor n = 0.3;0.74 (top; bottom)
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Gap dependence on U

Static electron pairs at p+ = 0, n = 0.74 Hubbard case, ∆(U) (left);

ground state U = −1., −10 ≤ ∆x ,∆y ≤ 10 (center);

ground state in momentum −π ≤ ∆px,y < π (right)

efficient numerical method for ground state

with N × N = 1024 × 1024 > 106 sites
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Local density of states on Fermi surface

Ground state of static electron pairs at p+ = 0, n = 0.74

Hubbard (left), d-wave interaction gk = (cos kx − cos ky )/2 (right)

local density of states on Fermi surface: ρg(gk ,EF ) = ρϕ(ϕ,EF )/(dgk/dϕ)
red curve is from classical ergodic area of phase space
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Ground state of holes (separatrix case)

Ground state of static hole pairs at p+ = 0, nh = 1 − n = 0.26, N = 256,

U = −1.5 Hubbard interaction:

accessible Fermi area in momentum (left); ground state in coordinate space

(zoom at (-10,10) - center); ground state in momentum (−π, π)
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Gap dependence on hole dopping in LSCO

Static hole pairs at p+ = 0, hole dopping nh = 1 − n

Gap ∆ = 1.764kBTc or critical temperature Tc vs hole dopping nh

Hubbard (left), d-wave interaction gk = (cos kx − cos ky )/2 (right)

Dashed black curve: LSCO experimental results with

optimal dopping nh = 0.16, max Tc = 38K Markiewicz, Bansil et al PRB(2005)

Hubbard interaction (left): U = −1.2 → 0.52eV

d-wave interaction (right): U = −2 → 0.86eV
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Mobile hole pairs: energy landscape

Dopping nh = 1 − n = 1 − 0.74 = 0.26, virtual filling nv = n (px,y = p+x,+y/2);

p+x,+y = 2π(103,103)/256 (left - node), 2π(46,172)/256 (center),

2π(0,248)/256 (right - antinode) BOTTOM panels: frozen Fermi sea effect
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Mobile hole pairs: ground states

Top: coordinate space (zoom (-10,10)); bottom: momentum space (−π, π);
Hubbard: U = −8,∆ = −0.034/2 (left - node); U = −6,∆ = −0.071/2

(center); U = −4,∆ = −0.18/2 (right - antinode);

other parameters as in previous slide; N = 256
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Gap for mobile hole pairs

Mobile hole pairs at nh = 1 − n = 0.26,nv = n, Hubbard

gp+/2 = [cos(p+x/2)− cos(p+y/2)]/2
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Coulomb mobile pairs (electrons)

Mobile electron pairs at n = 0.74,nv = 1, U = 2,

p+x,+y = 2π(113,113)/256, N = 256; left: energy landscape,

right: pair probability WN/6 (red +) (level number N2/N ′

2 - blue curve) vs

energy above Fermi level E
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Coulomb mobile pairs (electrons)

Mobile electron pair at n = 0.74,nv = 1, U = 2, p+x,+y = 2π(113,113)/256,

left: coordinate space, right: momentum space, N = 256

3 mechanisms of Coulomb pair formation:

* - narrow (flat band),

* - local negative mass at energy landscape,

* - location in small accessible islands above frozen Fermi sea
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Discussion

* - Formation of static Cooper pairs in LSCO by

attractive Hubbard (s-wave) and d-wave interactions:

very similar ground state structure;

d-wave features even for Hubbard case due to Fermi surface structure

* - Gap and Tc dependence on hole dopping is close to

experimental LSCO data both for Hubbard and d-wave interactions

* - Mobile Cooper pairs: unusual energy landscape due to frozen Fermi sea;

gap appears at stronger attraction compared to static pairs;

possible link between mobile pairs and stripes

* - Three mechanisms for pair formation by Coulomb repulsion above Fermi

level; no gap found
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