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Tight-binding model for La-based cuprate

superconductors
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Erp(ps, py) = —2[cos(p;) + cos(py)]
— 4t’ cos(p) cos(py)
— 2" [cos(2p, ) + cos(2py)]
— 4" [cos(2p,) cos(py, ) +cos(2p,) cos(p, )]
— 4t cos(2p,) cos(2p,)
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Hamiltonian of two interacting particles (TIP)

‘I'he quantum Hamiltonian of the model with two 1n-
teracting particles (TIP) has the form:

Hi= HSJ)®1(2)+1(1)®H$)+ Z U(I‘z—[‘l)h‘l,rg)(rl,rgi

ry,r2
| (4)
ﬁ) is the one-particle Hamiltonian (1) of parti-
cle j = 1,2 with positional coordinate r; = (z;,y;) and
1Y) is the unit operator of particle j. The last term in (4)
represents a (regularized) Coulomb type long-range inter-
action U(ry —ry) = U/[1 + r(r2 — ry)] with amplitude
U and the effective distance r(rs — 1) = /AzZ? + Ag?
Interactions:
* - attractive Hubbard U(ry, r2) = Udy, 1,;
* - attractive d-wave in momentum space U(p1, p2) = Ugk, 9k,
(9K, , = (cos K1 2x — cos K1 2,)/2 inside sector of fixed p, = const; p = k);
* - Coulomb repulsion

Total momentum p; = py + pz is conserved;
static ( p;. = 0) and mobile ( p, # 0) pairs if compact.in coordinate space
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Hamiltonian of two interacting particles (TIP)

Without interaction (I = 0) the energy eigenvalues of
the two electron Hamiltonian (4) with given momenta p;
and py are:

E.(p1,p2) = E1,(p1) + E1p(p2)

=—4 Z tacos(py - a/2) cos(Ap - a) (5)
acA

where p. = p; + p2 is the total momentum and Ap =
(p2—p1)/2 is the momentum associated to the relative co-
ordinate Ar = ra —ry. For the NN model Eq. (5) becomes
E(:(Pl 3 p2) =—4 Za:_fﬂ‘y COS(ILJ-(}./Q) COE’(AP(X)

Effective narrow or flat band when cos(p,x,+,/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
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The closing date for this department is five weeks prior to the date of
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not hold itself responsible for the opinions expressed by the corre-

spondents. Communications should mot exceed 600 words in length
and should be submitted in duplicate.

Bound Electron Pairs in a Degenerate
Fermi Gas*

Leox N. CoorER
Physics Department, University of Illinois, Urbana, Illinois
(Received September 21, 1956)

T has been proposed that a metal would display

superconducting properties at low temperatures if
the one-electron energy spectrum had a volume-inde-
pendent energy gap of order A~kT., between the
ground state and the first excited state.!* We should
like to point out how, primarily as a result of the
exclusion principle, such a situation could arise.

Consider a pair of electrons which interact above a
quiescent Fermi sphere with an interaction of the kind

Fermi sea (1956)

tron two. (One can use antisymmetric functions and
obtain essentially the same results, but alternatively
we can choose the electrons of opposite spin.) Defining
relative and center-of-mass coordinates, R=%(r;+r,),
r=(r.—r1), K= (ki+k:) and k=3(k.— k), and letting
8x+e.= (h%/m) (5K*+k?), the Schrodinger equation
can be written

(8x+ea— E)axt+Yw aw (k| Hq| K')

X3(K—=K')/5(00)=0 (1)
where
¥ (R,r)=(1//V)e™*x(1,K), @
X(1,K) =3k (ax/v/ Ve,
and

1
(k|H1|k’)=(; f dre—fk-ryleik'-r)

We have assumed translational invariance in the metal.
The summation over k’ is limited by the exclusion
principle to values of %; and &, larger than go, and by
the delta function, which guarantees the conservation
of the total momentum of the pair in a single scattering.
The K dependence enters through the latter restriction.

0 phonons

Cooper case: quadratic spectrum E = (ps2 + p,?)/2 = (p,2/4 + p_?)
for LSCO E(p., p—) is a complex function of p,., p—
static pairs p,. = 0, mobile pairs p. # 0

ku Univ Sendai JP 22 Sept 2022
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Fermi surface of LSCO

Fig. Fermi surface for different filling factors n for
the NN model (left panel) and the HTC model (right
panel). The value n = 0.7435 is close to the separatrix
value n = 0.743465958 for the HTC model and n = 1 is
the separatrix value for the NN model.

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

Fig.

-1

Landscape of energy of pair F, for different rela-
tive momenta of particles Ap. Left panels show color plots
of E.(p /2 — Ap,py /2 + Ap) — 2Ep for the HTC model
in the Ap,-Ap, plane for —m < Ap,, < 7 in the sector
p = 0. The Fermi energy Fp corresponds to the filling
factor n = 0.3 (n = 0.74) for top (bottom) panels. The

Static pairs at p; = 0; filling factor n = 0.3; 0.74 (top; bottom) . -
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Gap dependence on U
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Static electron pairs at p,. = 0, n = 0.74 Hubbard case, A(U) (left);
ground state U = —1., —10 < Ax, Ay < 10 (center);

ground state in momentum —7 < Apy,, < 7 (right)

efficient numerical method for ground state

with N x N = 1024 x 1024 > 10° sites
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Local density of states on Fermi surface
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Ground state of static electron pairs at p, =0, n=0.74
Hubbard (left), d-wave interaction gx = (cos kx — cos k) /2 (right)

local density of states on Fermi surface: pg(gk, EF) = p, (¢, EF)/(dgk/dy)
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, n, =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 (—, )
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Gap dependence on hole dopping in LSCO
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Static hole pairs at p. = 0, hole dopping n,=1—n

Gap A = 1.764kg T, or critical temperature T, vs hole dopping nj

Hubbard (left), d-wave interaction gx = (cos kx — cos k) /2 (right)

Dashed black curve: LSCO experimental results with

optimal dopping n, = 0.16, max T, = 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 n, =1 —-n=1—-0.74 = 0.26, virtual filling n, = n (px,y = P1x,+y/2);
Pix,+y = 2m(103,103)/256 (left - node), 27(46,172)/256 (center),
2m(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 (—m, 7);
Hubbard: U = -8, A = —0.034/2 (left - node); U = —6, A = —0.071/2
(center); U = —4, A = —0.18/2 (right - antinode);

other parameters as in previous slide; N = 256
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Gap for mobile hole pairs
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Mobile hole pairs at n, =1 — n=0.26, n, = n, Hubbard
Op, /2 = [cos(p1x/2) — cos(p+y/2)]/2
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Coulomb mobile pairs (electrons)
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Mobile electron pairs at n=0.74,n, =1, U = 2,

Pix,+y = 2m(113,113)/256, N = 256; left: energy landscape,

right: pair probability Wy ¢ (red +) (level number N> /N; - blue curve) vs
energy above Fermi level E
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Coulomb mobile pairs (electrons)

L3 d

Mobile electron pairat n=0.74,n, =1, U =2, p;x,+, = 2m(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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* - 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 T, 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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