Topological Phases Driven By Orbital Entanglement In Transition Metal Oxide Perovskite

Interfaces
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111-oriented surfaces or interfaces of transition metal oxide perovskites ABO,

*¢ Pure ABO; is insulating. Doping — metallic state where carriers hop from B to B via O ; B (Ti,Ta..) , A (Ba, Sr, Ca, K,..)
% Generic band spectrum derived from t,, orbitals.

< Experimental spectrum is well captured by a tight-binding modeling (+ Poisson Schroedinger)

** 111-orientation gives rise to geometric contributions which promote orbital- and spin- tronic transport and lead to
a non standard superconducting regime
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— Modeling the electronic structure of 111-oriented 2DEG

o Trigonal crystal field
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o Confinement near surface/interface (same for all orbitals) V~100meV .
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o 2D Kinetic energy (nearest neighbor hops are between layers) (111) plane
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t=1.8 eV, t;=100meV, t,=140meV (KTO)
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o 2D Kinetic energy (nearest neighbor hops are between layers) (111) plane
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o Atomic spin-orbit

Eso ~ 25meV (STO), Esp ~ 400 meV (KTO)

o Orbital mixing (at the surface/interface, bond distorsions — the orbital character can change after a hop)

Symmetries : rotation about (111) diagonal of cube and mirror plane [1,1,1]-[-1,-1,2] —> dxy
+ = 25 — 40 meV
(111) plane }_j 'ﬂ % C&
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In the low energy (small k) limit, Hppy = (g @g)L. (kK X u,;)  Orbital Rashba Hamiltonian;  cf spin Rashba ~agpo. (k X u,)



Y. A. Bychkov and E. I. Rashba, JETP Lett. 39, 78-81 (1984)

o Rotational symmetry breaking about (111) axis at low T (STO)

E. Lesne et al. Nat. Materials 22, 576 (2023) M.T Mercaldo et al. NP) Quantum Materials 8, art #12 (2023)



— Orbital winding

Berry contributions are driven by orbital textures : E,,=0
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— Spin winding

Spin effect : spin textures and additional BC contributions— We “turn spin-orbit on” (E5, # 0)
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t t .
kRaO = TR N AkRaO = % trst : SPin texture part of ty

tRST = 4.8 meV

Dispersion along the (-1,-1,2) direction

* with orbital mixing and spin-orbit (blue)
* with orbital mixing but no spin-orbit (orange)

AtI" we get an estimate of the effective spin-orbit energy. S50~ 1meV



With SOC
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— Berry curvature (BC), Berry dipole (BCD)

Pure orbital contributions give rise to a BC near I' — We “turn spin-orbit off” (Egp = 0)

Hror = Hgyy + Hrgig + Heonriy + Hom (6x6)

(_/Lj ; anisotropy of the

2 ( band structure
— + mixing of bonding and antibonding
\/ ' components of the eigenfunctions (e.g <bonding|v|antibonding>).

For L=1 one can generalize the expression found for 2-band case (A. Graf and F. Piechon Phys. Rev. B 104, 085114 (2021)). But for all
practical purposes it is easier to use the generic form
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— Quantum geometry and superconductivity

The quantum geometric tensor characterizes the k-space metric of the Hamiltonian eigenstates n.

Qlip = |< 3 1= In><n |55 >| = gt — 5 g
923 is a real symmetric tensor (“distance” between quantum states in k-space) (*)
Qﬁﬁ is an antisymmetric tensor (Berry curvature in k-space)
* See Sala et al. arXiv:2407.06659

j(q,w) = K(q,w)A(q, w); the superfluid weight DcK(q — 0,w = 0)

hz 1

poe? Azp

The superfluid weight D= A, p is the Pearl length. Doc superfluid density/m*

In 2D, for an isotropic case, Tgxr = éD(TBKT)

— n
D= Deony + Dgeom = II'dzk fl0g ap (k) See e.g Bernevig et al. Nat. Rev. Phys., 528-542 (2022)
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— Symmetry of the superconducting gap

The prominent role played by the effective interfacial spin-orbit interaction (mediated by the orbital-mixing, OM) allows
for the possibility of spin-triplet superconductivity.

1 1 *
H(k) = £(e(k) —)c}y Cro +5 88001 (gl i+ ST 10C i1 Ca + ARG - GGy Cor

€(k) dispersion of the energy bands of the tight-binding Hamiltonian without the “Rashba-spin” contribution due to the
OM term.
a g(k) fits the tight-binding energy bands with OM.

A(k) = iAo, +id(k) - o0
oS0y, y

s-wave p-wave
Large interfacial SOl - d(k) = Arg (k)

Gap equation near Tc = [1 — V,A(T,)][1 — Vo A(T,.)] = Vs Vo B(T,) B« A

V. , Vp attractive potentials for s-, p- wave pairing respectively



— Topological superconductivity

1 1 *
H(k) = £(e(k) —)c}y Cro +5 88001 (gl i+ ST 10C i1 Ca + ARG - GGy Cor

A(k) = iAo, +id(k) - o0
oS0y, y

s-wave p-wave
Large interfacial SOl - d(k) = Arg (k)

E(k) = iJ (e(k) — w)2+As° + g(k)2(a? + Ar?) + 2[(e(k) — Wa + AsA7]llg k)|l

— Gap closing and topological regime if (ATg(k))Z = (A5)? ; (e(k) — w)?= a?g(k)?



BUT!! even when d;=0, we may get a Berry curvature due to the band anisotropy
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Solid State,Commun. 73,
233-235(1990)

Barnes et al. Sci. Repts. 4, 4105 (2014)
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