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Abstract. Within the last twenty years, the status of the spin-orbit interaction has

evolved from that of a simple atomic contribution to a key effect that modifies the

electronic band structure of materials. It is regarded as one of the basic ingredients

for spintronics, locking together charge and spin degrees of freedom and recently it is

instrumental in promoting a new class of compounds, the topological insulators. In

this review, we present the current status of the research on the spin-orbit coupling in

transition metal oxides, discussing the case of two semiconducting compounds, SrTiO3

and KTaO3, and the properties of surface and interfaces based on these. We conclude

with the investigation of topological effects predicted to occur in different complex

oxides.
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1. Introduction

The spin-orbit interaction is a relativistic effect that couples the angular momentum of

an electron with its spin. In a qualitative description, the electric field E generated

by the atomic nucleus is seen by a moving charge as an effective magnetic field

Beff = −(v/c) × E; for an electron with a magnetic moment m (given by its spin

S), it results in an interaction between Beff and m that can be expressed with a

Hamiltonian term of the form HASO = −m ·Beff . After some algebra, this term can be

written as HASO = λL · S [1]. This is the atomic spin-orbit interaction and this simple

description provides an estimate that turns out to be a factor of two larger than what

is measured experimentally. The spin-obit interaction explains the fine structure of the

atomic emission lines, which provide a unique signature of the different elements. The

coupling constant λ reflects the strength of the atomic electric field and varies with the

number of protons Z as Z2, with a complex, shell-dependent scaling for the outermost

electrons when screening from valence electrons is taken into account [2], whereas it

would change as Z4 in a hydrogen-like approximation that neglects the screening of the

nuclear potential provided by the core electrons [3, 4].

The standard description of an electron in a solid considers its interaction with its

environment (the lattice and the other electrons) with a degree of relevance proportional

to the interaction strength. If, for instance, we look at the Hamiltonian H for electrons

of 3d ions in a crystal, it is usually factorized as: H = HI + HL + HSO + HJT where

HI is the free ion Hamiltonian without the spin-orbit coupling, HL is the interaction

with the periodic static lattice potential, HSO is the spin-orbit coupling (SOC) term

and HJT characterizes the interaction of the electron with the crystal lattice vibrations.

The atomic spin-orbit coupling becomes a correction, since the energy scales of the

different terms are approximatively 1-10 eV for HI and HL, 0.01-1 eV for HSO and

HJT . An important differences between these terms is that while the HI , HL and HJT

Hamiltonians mix states with the same spin, the spin-orbit interaction mixes states with

different spins. This is due to the fact that the former three interactions result from the

Coulomb force and do not act on the spin channel.

The effect of the SOC on the electronic states is to split the energy levels of

orbitally degenerate states, lifting the degeneracy similarly to the fine structure of an

atom. For many materials, this energy splitting is small in comparison to the one

induced by structural distortions; it is however important for t2g electronic states of 3d

ions in octahedral coordination in cubic structures (SrTiO3, KTaO3) or for 2p states

of IV elements (Si, Ge,..) in tetragonal coordination with diamond structure. The

consequences are felt more strongly close to the top or bottom of a band where the states

are degenerate while are usually negligleable elsewhere due to the band dispersions.

Figure 1 illustrates the SOC effect on the top of the valence band of a semiconductor

with a direct gap (Eg). Since the spin-orbit interaction couples spin and orbital angular

momentum, the electronic states are defined by their total angular momentum: for these

p-like valence band edge states, the quantum numbers are j=3/2 (heavy and light hole
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Figure 1. Left: The sketch illustrates the effect of the spin-orbit interaction on

the band structure of a semiconductor close to the fundamental gap Eg, leading to

the spin-orbit gap ∆S0 separating the j=3/2 (heavy and light hole bands) from the

j=1/2 split-off (SO) band. The bands are spin-degenerate. Right: Schematics of the

band dispersion in presence of breaking of inversion symmetry, which removes the spin

degeneracy and (top) view of the spin pattern on the Fermi surface.

bands) and j=1/2 (split-off SO band) and these states are split by an energy gap ∆S0,

which is called the spin-orbit gap.

The effects of SOC have been studied intensively in semiconductors, where the

energy scales of the Fermi level and of the spin-orbit gap are comparable [5]. For

semiconductor-like complex oxides as SrTiO3, electronic band structure calculations

revealed that the effect of SOC is dominant with respect to the energy changes induced

by low temperature structural (tetragonal) distortions. For semiconducting compounds

with heavier transition metal ions like KTaO3, the SOC gap becomes important

(400 meV) and affects strongly the band structure at the conduction band edge. We

will review experimental and theoretical work on semiconductor oxides in Section 2.

In recent years, research on SOC in transition metal oxides has turned to materials

of the 4d and the 5d series where the spin-orbit gap ∆S0 becomes comparable to the

on-site Hubbard repulsion U [6, 7, 8]. For these materials, epitomized by the iridate

compounds, the competition between electron hopping (i.e. bandwidth), electron-

electron correlation and SOC gives rise to complex phase diagrams with conducting

and insulating states (Mott/Axion/Topological insulators) and magnetic orders. A

description of the physics of these systems has been recently reviewed in several

references [6, 7, 8, 9]: we address the reader to that literature.

The spin-orbit coupling occurs whenever a charged particle moves in an electric

field. The general expression of this effect is given by the Hamiltonian: HSO =

(h̄2/2m2c2)(∇V ×k) ·σ where ∇V is the potential gradient, k the particle momentum

and σ its spin. In a solid, beyond the electric fields of the nuclei as discussed before,
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local electric fields can exist due to the breaking of inversion symmetry in the crystal

structure or due to the presence of an asymmetric confining potential in quantum wells.

In these cases, since the potential seen by the carriers breaks the inversion symmetry,

the spin degeneracy is removed and two branches for the energy dispersion E+(k) and

E−(k) appear. The right panel in Figure 1 illustrates the energy dispersion for the two

branches. When the breaking of inversion symmetry is due to the crystal structure, like

in the zinc blend structure of GaAs or InSb, the SOC is of the Dresselhaus type [10, 11];

when it is due to the confinement potential in a quantum well with a polar axis, it is

referred as Rashba SOC [12, 13].

In both cases, the SOC entangles the momentum and spin of the electron, locking

these two degrees of freedom together. This leads to a number of intriguing phenomena,

particularly in transport [14], enabling the manipulation of spin states through charge

currents or the inverse effect, a possible realisation of the ”spintronics” paradigm [15].

Recently, it is at the surface or at the interface of heterostructures containing heavy

elements like Au or Bi (the atomic SOC boosts the inversion asymmetry SOC) that

spin-polarized surface states have been observed [16, 17](see [18] for a recent review on

the subject) and topological properties have been uncovered [19].

The study of inversion asymmetry SOC is relatively new in oxide heterostructures.

In this review we will present the current status of research with particular focus

to the experimental results in SrTiO3-based systems and theoretical predictions for

transition metal oxide surface and heterostructures. A final section will be devoted to

the calculations of topological effects in these systems.

2. SOC in SrTiO3 and KTaO3: bulk, surface and interfaces

2.1. Bulk SrTiO3

Between the family of complex oxides with perovskite structure (see Figure 2), SrTiO3

stands as a remarkable example of the variety of properties these materials can

display. In its stoichiometric form, it is an incipient ferroelectric, i.e. quantum

fluctuations suppress the formation of a long-range ferroelectric ground state [20]

which can be induced by substituting 16O with 18O [21] or Sr with Ca [22]. Electron

doping by replacing Sr with La, Ti with Nb or introducing oxygen vacancies produces

a semiconductor with a high carrier mobility and, in a certain doping range, a

superconducting ground state [23]. The insulator-metal transition occurs at an

extremely low carrier density, ∼ 1016 cm−3, for which the Fermi level lies few meV above

the bottom of the conduction band. This occurs at the Γ point where the electronic

structure displays three spin-degenerate bands, formed by dxy, dxz and dyz orbitals of

Ti t2g states slightly hybridized with O 2p states, that are split by the Ti 3d spin-orbit

coupling (∆SO) and, at low temperature, by the tetragonal distortion (∆z). The effect

of these two energy terms was first calculated by Mattheiss [24] and is shown in the right

panel of Figure 2: we observe that the spin-orbit splitting present in the cubic structure
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Figure 2. Left: Top: Unit cell of SrTiO3 in its room temperature cubic form. At low

temperature (bottom), the oxygen octahedron rotates about the vertical axis: a view

of the TiO2 (0 0 1) plane along the [0 0 1] direction shows the octahedra (continuous

blue lines) in the tetragonal structure rotated by an angle φ with respect to the high

temperature position (dashed red lines). Centre: Band dispersion for the [100] direction

of the low-temperature tetragonal phase: the splittings at the Γ point between the

bands with different dispersion is due to the spin-orbit coupling (which lifts the blue

band) and the tetragonal crystal field (separating the red and orange bands). Reprinted

with permission from D. van der Marel et al., Phys. Rev. B 84, 205111(2011)

Copyright (2011) by the American Physical Society. Right: evolution of the conduction

band minima as a function of the rotation angle φ calculated using an atomic spin-

orbit parameter for Ti of ∆SO = 25 meV. Reprinted with permission from L. Mattheiss,

Phys. Rev. B 6, 4740 (1972). Copyright (1972) by the American Physical Society.

(φ=0, being φ the rotation angle of the oxygen octahedron about the vertical axis of

the tetragonal unit cell) mixes with the distortion splitting as φ increases to reach its

low temperature value of ∼2.2◦.

More recently, first principle methods have been employed to determine the

electronic structure of the distorted structure [25, 26]. The center panel of Figure 2

shows the dispersion of the conduction bands close to the Γ point for a momentum

along the [1 0 0] crystallographic direction: we note an atomic spin-orbit splitting of

19 meV and a crystal field splitting due to the tetragonal distortion of 4 meV [25]. With

the purpose to describe more precisely the bottom of the conduction band, the k · p

method as well as a band edge effective Hamiltonian have been developed [27, 28]; these

theoretical descriptions allow one to extract accurate parameters from experiments.

Based on such theoretical framework, the analysis done by Allen and co-workers on

Shubnikov-de Haas oscillations for samples with Fermi level in the spin-orbit gap has

confirmed the small value of the tetragonal crystal field splitting (∆z ∼ 2 meV), in line

with previous experimental estimates [29, 30]; a value of the spin-orbit splitting could

not, however, be provided. An experimental confirmation of the detailed structure of
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the bottom of the conduction band of SrTiO3 is currently still missing. One difficulty

is that techniques like angle-resolved photoemission electron spectroscopy are surface

sensitive and hence probe a different state induced by breaking of inversion symmetry

and band bending effects occurring at the surface of the material (see next section).

2.2. SrTiO3-based interfaces

2.2.1. The experiments The first experiments to reveal the presence of spin-

orbit coupling at SrTiO3-based interfaces have been magneto-transport measurements

performed at low temperatures. Several groups were investigating the interface between

LaAlO3 and SrTiO3 that was discovered to host a quasi-2D electron liquid in 2004

[31] and, few years later, to become superconducting below 300 mK [32] (a review

of the system is presented in Ref. [33] and a more broad survey on SrTiO3-based

heterostructures is discussed in Ref. [34]). Probing the superconducting state in field

effect devices, Ben Shalom and co-workers observed that the critical magnetic field,

when applied parallel to the 2D superconducting layer, exceeds the Pauli paramagnetic

limit, i.e. the coupling strength of a Cooper pair [35]. They related the excess of

magnetic field to the presence of a strong spin-orbit interaction. Remarkably, they also

observed that the strength of the spin-orbit coupling could be varied by the gate voltage.

Studying the magnetotransport in the normal state on similar field effect devices, weak-

anti-localisation corrections to the conductance were observed [36]. In panels (a) and

(b) of Figure 3 are shown the magneto-conductance curves revealing the transition from

weak-localisation (positive magneto-conductance) to weak-anti-localisation (negative

magneo-conductance) conduction as the gate voltage is increased. From the analysis

of the data, the spin-orbit coupling constant reveals a strong dependence on the gate

voltage, as shown in Figure 3(c). To probe the type of spin-orbit coupling these authors

have looked at the relation between the elastic and the spin-orbit scattering times. This

approach allows one to distinguish between an atomic spin-orbit interaction (where a

direct proportional relation between the two scattering times is expected according to

the Elliot-Yafet mechanism [37, 38]) and a spin-orbit interaction originating from a

breaking of inversion symmetry (where the relation between the two scattering times

in inversely proportional as described by the D’ykanov-Perel’ mechanism [39]). They

verified the consistency of the results with the D’ykanov-Perel’ mechanism, implying

that the nature of the spin-orbit coupling is of Rashba type. We note that the strength

of the spin-orbit coupling, of the order of few meV, is on the same scale as the energy

of the Fermi level. Both groups were relating the occurrence of the Rashba interaction

to the breaking of the inversion symmetry of the system and the presence of the electric

field that confines the electron liquid at the interface: in this picture, its modulation

with a gate voltage stems from the modulation of the electric field at the interface.

The relation between the orbital structure and the modulation of the spin-orbit

interaction at the LaAlO3/SrTiO3 interface was originally investigated by Joshua and co-

workers [40]. Analysing the evolution of the longitudinal and transverse (Hall) resistance
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Figure 3. a and b: Magneto-conductance curves for several gate voltages with

best fits according to the Maekawa-Fukuyama theory describing spin-orbit weak anti-

localisation behaviour. c: Evolution of the spin splitting energy ∆ vs gate voltage as

extracted from the fits of the magneto-conductance. Reprinted with permission from

A. Caviglia et al., Phys. Rev. Lett. 104, 126803 (2010). Copyright (2010) by the

American Physical Society.

in magnetic field for different doping levels induced by gate tuning, they uncovered a

critical carrier density signaling a transition from single to multiple band transport.

This value, universal in their description, marks a Lifshitz transition and the initial

filling of the hybridized dxz/dyz band whose bottom lies 50 meV above the bottom of

the dxy band (see Figure 4). At slightly higher energy, these two bands cross in k-space

due to their different dispersion: due to the atomic spin-orbit coupling, however, these

crossing points are avoided since a new hybridization between the states occurs that

lifts the degeneracy. This particular band configuration leads to an effective spin-orbit

coupling whose strength depends strongly on the doping level, as shown in Figure 4c.

The effective SOC strength varies also in the k-space, being larger at the avoided crossing

k points and smaller elsewhere. In combination with the Rashba SOC this produces a

spin splitting at the avoided level crossing that is much larger than the one present at the

zone centre. An effective tight-binding hamiltonian modelling this electronic structure

and its spin texture was proposed by Diez et al. [41, 42]

In this picture, the Rashba SOC component due to the breaking of inversion

symmetry adds on top of this effect but is small. This new scenario questions the

coupling of the spin to the momentum.

The spin texture on the Fermi surface is indeed particularly relevant with respect to

the superconducting condensate and to spin transport in the electron liquid. Nakamura

et al. suggested that the Rashba spin-orbit coupling is cubic in momentum k and not

linear. For a linear in k SOC one expects that the electron spin rotates around the

Fermi surface to remain perpendicular to k, as shown in the left panel of Figure 5, but
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a b c

Figure 4. a: Band dispersion along the [1 0 0] direction (kx) revealing the avoided

crossings between the light dxy band and the heavy dxz/dyz band. We see that when

the Fermi level starts to fill the bottom of the heavy band, a large increase in the

density of states (b) occurs with a parallel increase of the spin-orbit coupling strength

(c). At the avoided crossing, the SOC peaks and then decreases, in agreement with the

experimental reports of Caviglia [36] and Ben Shalom [35]. Reprinted by permission

from Nature, A. Joshua et al., Nat. Commun. 3 1129 (2012), Copyright (2012).
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Figure 5. a): Spin texture on one of the Fermi surfaces of the spin-split d bands for

the case of linear in k Rashba SOC. b): For a cubic in k Rashba SOC, the spin rotates

faster around the Fermi surface. Reprinted with permission from H. Nakamura et al.,

Phys. Rev. Lett. 108, 206601 (2012). Copyright (2012) by the American Physical

Society.

in cubic in k SOC the spin rotates faster around the Fermi surface as shown in the right

panel [43].

One way to probe the coupling between spin and momentum is via the Rashba-

Edelstein effect and its inverse. In presence of Rashba spin-orbit interaction, injecting a

charge (spin, for the inverse effect) current into the material creates an imbalance of spin

(charge). Experiments performed by Lesne and coworkers and Chauleau and coworkers

using the inverse mechanism have revealed a charge current when a spin current was

injected by tunneling from a magnetic layer [44, 45]. They have also shown that the

dependence upon gate voltage of the SOC strength follows the prediction for the scenario
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of avoided crossings, i.e. the coupling first increases and then decreases for increasing

band filling. The particular angular dependence observed by Chauleau et al. for the

intensity of SOC strongly reminds the prediction of the dependence on the k vector of

the spin-splitting on the Fermi surface passing trough the avoided crossings (see panel

(e) in Figure 6).

These experiments, confirming the Rashba SOC effects in combination with orbital

splitting, show the potential of this electron liquid for spintronics applications due to

its strong tunability with a gate voltage.

2.2.2. The theory For bulk SrTiO3 we have seen that the atomic spin-orbit coupling

is of the order of 10-20 meV and manifests prominently at the degenerate Γ point. For

the interface, the quantum confinement of the electrons lowers the energy of the dxy
states, leading to a degeneracy at four separate k points with the hybridized dxz/dyz
states. When the crossings between these bands occur, the atomic spin-orbit coupling

hybridizes all these states, leading to a new entanglement between the orbital and spin

degrees of freedom: this picture explains the strong SOC and its large modulation with

gate voltage observed in experiments. Figure 6 illustrates the differences between the

electronic bands in bulk SrTiO3 and at the interface, the role of atomic spin-orbit and

the effects of the breaking of inversion symmetry, according to density-functional-theory

(DFT) calculations [46]. In panel (a) is shown the band dispersion for bulk SrTiO3 with

and without atomic SOC: we see its effect at the Γ point where it lifts the degeneracy

and hybridizes the dxy/dxz/dyz states into new states with Γ+
8 and Γ+

7 symmetry and

different effective masses. For the interface, the quantum confinement of the electrons

changes the band order: Figure 6(b) displays the novel configuration with an interface

induced splitting between the dxy and dxz/dyz bands at the Γ point of ∼300 meV. The

role of the spin-orbit coupling is evident when two bands cross or coincide, as calculations

without (dashed black line) and with (red-blue continuous lines) SOC show. Figure 6(e)

displays the amplitude of the spin-splitting at two different Fermi levels resulting from

these calculations. The graph plots the amplitude around the Fermi surface for a Fermi

level lying close to the bottom of the dxy band (green line) where only Rashba SOC is

present and at the avoided crossings (brown line) where both atomic and Rashba SOC

occur. Beside the large difference in value, we note the strong dependence on k when

we reach the avoided crossings.

A description of the system with a tight-binding model introduces the breaking

of inversion symmetry as an antisymmetric (it changes sign with hopping direction)

hopping term, usually forbidden in bulk for symmetry arguments, between states of

different symmetries. For the interface, the study by Khalsa and co-workers [47] shows

that the electric field polarizes the SrTiO3 lattice, displacing the Ti and O atoms in

opposite directions. This deformation allows a new hopping term between dxy and dyz
or dxz, whose amplitude is then proportional to the electric field, thus recovering the

Rashba interaction. In this way, the tight-binding model maps the DFT results.

Considering the complexity of the Fermi surface of the electron liquid presented
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Figure 6. (a) Band structure of bulk SrTiO3 obtained by DFT calculation without

and with SOC. (b) Band dispersion for the LaAlO3/SrTiO3 interface without (dashed

line) and with (continuous lines) SOC and breaking of inversion symmetry. The blue

and red colors differentiate the spin state. Zoom of the crossing region (c) and of the

bottom of the band (d) with the spin-spitting ∆R induced by the breaking of inversion

symmetry (Rashba SOC). (e) Angular dependence of the spin splitting at the bottom

of the dxy band (green line referring to the green point in (b)) where it is Rashba SOC

and at the dxy − dyz/dzx crossing region (brown). Reprinted with permission from Z.

Zhong et al., Phys. Rev. B 87, 161102 (2013). Copyright (2013) by the American

Physical Society.

above, naturally arises the question on the origin and symmetry of the superconducting

state. For a single dxy band split by Rasba SOC, Yada and coworkers find that the

pairing function consists of a mix of spin-singlet (↑↓) even-parity (dxy-wave) pairing

and spin-triplet (↑↑ or ↓↓) odd-parity (px ± ipy-wave) pairing, with a ratio that varies

with the carrier density [48]. In this study, the origin of the pairing was assumed to

be the strong electron correlations of the Ti 3d electrons. Allowing both electron-

phonon (e-ph) and electron-electron (e-e) coupling and considering two bands with

SOC, the pairing function calculated by Scheurer and Schmalian [49] can be that of

a topologically trivial or non-trivial superconducting state. For e-ph coupling, being the

sign of the order parameter the same on the two Fermi surfaces, the superconducting

state is topologically trivial. In case of e-e coupling, the order parameter changes sign

between the two Fermi surfaces and the superconducting state becomes topologically

non-trivial, i.e. the transition from a trivial BCS state into this state requires the closing

of the gap on one of the Fermi surfaces. One way to probe the symmetry and hence

the origin of the superconducting state would be to look at the sensitivity of the critical

temperature on impurity scattering [50].

2.3. The SrTiO3 surface

Beyond the observation of a 2D electron liquid at the interface between LaAlO3 and

SrTiO3, Santander et al. [51, 52] using Angular Resolved Photoemission Spectroscopy

(ARPES) evidenced the existence of a nanometer thin conducting layer at the bare

surface of (001)-oriented SrTiO3 cleaved in high vacuum. Its carrier concentration was
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Figure 7. ARPES rusults and band structure calculations of the subband structure

of (001) SrTiO3 surface. (a) Energy dispersion measured by high-resolution ARPES

taken with s-polarized light along the [100] direction with over-plotted tight-binding

calculations (black dashed lines). (b) Calculations of the subbands resolved in spin.

(c) Zoom on the avoided crossing region (green box in panel (a)), measured with

p-polarized light to reveal the heavy subband. Reprinted with permission from S.

McKeown Walker et al., Phys. Rev. B 93, 245143 (2016). Copyright (2016) by the

American Physical Society.

estimated around 1014 cm−2 and the orbital character of the electronic bands was quite

consistent with that found for the LaAlO3/SrTiO3 interface, the lowest having a dxy
symmetry and the higher ones, close to EF , having dxz/dyz symmetry (see Figure 7). An

ubiquitous in-gap state positioned at 1.3 eV below EF and the pull-down of the valence

band led the authors to ascribe the origin of the 2D electron liquid to oxygen vacancies

confined near the surface. These are formed when illuminating the sample with the

UV light of the beam. The orbital character of the bands is explained by three main

factors. One is the kinetic energy of the carriers along the direction of the surface (of

order 230 meV at EF ). Two is the bulk spin-orbit energy (30 - 35 meV) which produces

coherent combinations of t2g and spin states. Three is the confining potential (estimated

to be 260 meV) which gives a lower energy for the dxy band. Since the spin-orbit energy

is one order of magnitude less than the other two, one finds essentially pure dxy, dxz/yz
characters except close to the Γ point and to the avoided crossing points of the light

(dxy) and heavy (dxz/yz) bands.

Subsequently, spin-resolved ARPES measurements (S-ARPES) highlighted the

existence of spin winding of the light (dxy) bands at EF [53] (see Figure 8). Based

on the analysis of the data it was concluded that the Rashba spin-orbit energy was on

the order of 10 meV. There was some debate about the linear versus cubic nature of the

effect, but it was suggested by Baumberger et al. [54, 55] that the size and momentum

dependence of the surface spin-orbit term can be tied to the proximity of EF to avoided

crossing points of the heavy and light bands. Surface rumpling and atomic displacements

imply that the dxz/dyz orbitals now have a finite, oxygen mediated, overlap with the dxy
orbitals [46, 47]. Adding the corresponding contribution to the kinetic and spin-orbit

terms in the Hamiltonian produces a Rashba-like energy. The strength of the mixing
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Figure 8. Calculated Fermi surface of the (001) SrTiO3 surface showing the

magnitude (left, in units of h̄/2) and direction (right) of the spin. These calculations

expose the spin angular momentum-kinetic momentum locking occurring at the Fermi

surface for the different orbitals. For the circular dxy subbbands, we observe that the

spins wind tangentially to the Fermi contour (i.e. the spins are aligned perpendicularly

to the kinetic momentum), while for the elliptical dxz/dyz subbands they are aligned

almost perpendicular to the Fermi contour (i.e. the spins are aligned perpendicularly

to the dominant contribution of the kinetic momentum, ky for the dyz and kx for the

dxz). At the avoided crossing points (see the enlargement at the bottom right square),

each subband splits for the two spin states, resulting in an effective Rashba-type spin-

orbit interaction. Reprinted by permission from Nature, P. King et al., Nat. Commun.

5 3414 (2014), Copyright (2014).

effect depends on the energy difference between the heavy and light bands so it becomes

less and less pronounced as one moves away from the avoided crossing points. Ab-initio

calculations have been performed on SrTiO3 slabs in the presence of vacancies [56, 57].

For apical divacancy configurations, Altmeyer et al. found quantitative agreement with

the S-ARPES results and furthermore highlighted the existence of localized magnetic

states of eg character in the vicinity of Ti sites positioned at the center of octaedra with

divacancies. Similarly to what is found at the gate controlled LaAlO3/SrTiO3 interface,

fingerprints of Rashba SOI are expected when performing transport measurements: at

temperatures on the order of 1-2 K a positive magnetoresistance should be seen as a

consequence of weak antilocalization physics. By capping SrTiO3 with a 2 Å thin Al

layer, Rödel et al. were able to create a fairly homogeneous distribution of vacancies at

the surface and at the same time to protect it against re-oxygenation when performing

transport experiments in a back-gate geometry [58, 59]. They reported variations of the

magnetoresistance with the gate, mobilities (1000 cm2/Vs) and carrier concentrations

(1012 cm−2) reminding of their LaAlO3/SrTiO3 counterpart. Similar values are found

when creating vacancies at the surface of STO through Ar+ ionic bombardment albeit

with larger values of the carrier numbers [60].

An alternative route to creating a 2D electron liquid at the surface of SrTiO3

is through (top-gate) electrostatic doping. An electric-double-layer (EDL) field-effect

transistor (FET) setup was used by Ueno et al. [61, 62]. In order to avoid contamination
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of the surface by chemicals, Gallagher et al. [63] introduced a sub-nanometer

thin BN buffer layer allowing them to reach mobilities on the order of 104 cm2/Vs,

carrier concentrations of about 1014 cm−2 and exhibiting positive magnetoresistances.

Nakamura et al. [43] made use of a parylene top-gate to produce a 2D electron liquid at

the surface of SrTiO3. Their analysis of magnetotransport led them to advocate a cubic

Rashba term as the cause of the observed weak antilocalization behavior with a strength

of about 0.5 meV, one order of magnitude less than reported in the above measurements.

The low value of the carrier concentration (3 - 8×1012 cm−2) could explain both the

cubic-like term and the discrepancy in the determination of its size [55]. The tunability

of the Rashba contribution as well as its magnitude allows one to envisage spintronic

applications, exploiting for example the so-called inverse Edelstein effect [44].

2.4. KTaO3

SrTiO3 is not the only perovskite where a 2D electron liquid has been evidenced at

bare surfaces. Nakamura et al. [64] achieved electrostatic doping at the surface of

(001) oriented potassium tantalate, KTaO3, crystal, indicative of a conducting sheet.

Subsequently, by fracturing a KTaO3 crystal along the (001) plane in ultra high vacuum,

a nanometer thin conducting sheet was revealed in ARPES measurements [65, 66].

The significance of these findings pertains to the spin-orbit energy that one has for

carriers in the 2D electron liquid. Since Ta is a 5d element, one expects a much higher

bulk spin-orbit energy for KTaO3 than for SrTiO3 , where Ti is a 3d element. As

mentioned before, SOI increases as Z2, where Z is the charge number of the element.

Indeed, ESO=400 - 450 meV for KTaO3 versus 30 - 35 meV for SrTiO3. Furthermore a

naive charge counting suggests that KO layers carry a negative charge and TaO2 a

positive charge. Hence, in the absence of surface reconstructions, the surface is polar

and prone to a polar catastrophe scenario, even in the absence of oxygen vacancies.

This consideration may help explain the larger values of the confining potential for

KTaO3 (550 meV). This corresponds to an a mean electric field FKTO = 250 MV/m as

opposed to FSTO = 80 MV/m for SrTiO3. For KTaO3, EF (= 400 meV) is of the same

order as the spin orbit and confining energies. Accordingly, the orbital character of the

bands encodes the spin-orbital locking up to the Fermi energy. The effective mass of the

lowest band is about 0.3me and that of the second, higher energy, band of about 1me.

Given the magnitude of ESO and FKTO, one would have expected a much larger value

of the Rashba surface SOI than in the case of SrTiO3. Surprisingly the momentum

shift that accompanies it is found in ARPES to be of at most 0.01 Å−1 in KTaO3,

ten times less than for SrTiO3 [65]. A puzzling feature is that the estimated carrier

concentration at EF is about the same (∼ 1.4 × 1014 cm−2) as in SrTiO3. An estimate

of the Rashba contribution for KTaO3 can be extracted from the magnetoresistance

analysis of Nakamura and Kimura [64] based on a cubic Rashba scenario. The carrier

concentration n2D in their samples is of order 3×1012 cm−2, and the spin-orbit diffusion

length for the highest gate voltage is lSO=20 nm. With a carrier mass of ∼ 1me, one
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Figure 9. Tight-binding calculations for KTaO3 bulk with spin-orbit coupling (SOC)

and surface with SOC (Confined + SOC). The weight of the dxz, dyz and dxy orbital

symmetry in each band/subband is proportional to the size of the circles. Reprinted

with permission from A. Santander-Syro et al., Phys. Rev. B 86, 121107 (2012).

Copyright (2012) by the American Physical Society.

has

∆SO =
2πh̄2

√
n2D√

2lSOme

∼ 3 meV

This value is one order of magnitude larger than what Nakamura and Kimura [43]

found for SrTiO3 but it falls within the range of what is found for LaAlO3/SrTiO3.

If confirmed, that might make KTaO3 perhaps less appealing than one might have

expected a priori for spintronics. We note that the DFT calculation performed by

Shanavas and Satpathy [67] yields a linear Rashba contribution of about 0.3 eVÅ for

the surface of KTaO3. If we use an ARPES estimate for the momentum shift of 0.01 -

0.02 Å−1 we obtain 3 - 6 meV, within range of the value extracted from Nakamura and

Kimura’s data.

3. Topological effects

A large number of perovskites has a simple cubic unit cell in a broad range of

temperature, and whenever it is possible to cleave the crystal along the (111) plane,

this results in a stacking of consecutive triangular sheets (see Figure 10). Di Xiao et al.

[68] then proposed that by digitally growing bilayers of selected TMO perovskites along

the (111) orientation one would engineer a graphene-like lattice where sites are occupied

by the transition metal ion. The directional character of the t2g and eg bondings means

that d-electron hoppings are essentially restricted to the bonds linking d-site neighbors.

Main specificities of the TMO bilayers are the multi-orbital character of the carriers,

values of the spin-orbit interaction ranging from small to large, confining potentials

leading possibly to an electric field gradient across the layers, a polar charge on each

layer. In addition, Coulomb interactions will play a decreasing role going from 3d to 5d

elements. For an hexagonal lattice, Fu and Kane [69] showed that the parity operator for
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[-1-12]

[111]

A

B

O

Figure 10. Unit cell of the cubic ABO3 perovskite lattice with the (111) plane in

gray. The red, green and blue dots are B cations in different (111) planes. Seen along

the [111] direction, the B cations form a honeycomb lattice. Adapted with permission

from T. Rödel et al., Phys. Rev. Appl. 1, 051002 (2014). Copyright (2014) by the

American Physical Society.

the Time Reversal Invariant Momenta has the eigenvalue -1, implying a Z2 topological

phase for particular fillings. The parity symmetry of the electronic wavefunctions at

the M points is reversed to that at Γ for some of the bands. Electric fields, Coulomb

interactions and spin-orbit produce gaps across the Brillouin zone (BZ) allowing then

for the formation of edge states in the topological insulating regime [70, 71, 72]. Aside

from the above scenario, it was argued that for specific crystalline symmetries, in

the case of bilayers sandwiched between large band gap insulators or superlattices,

multiband-crossings occur and that through tuning the position of the Fermi energy

to these points and taking into consideration electron-electron interactions one could

stabilize topological regimes [73, 74, 75] (see Figure 11). An unusual topological state

was theoretically proposed for bilayers of SrRuO3 grown along the (111) direction. Based

on DFT+DMFT calculations, Liang Si et al. [76] argued that due to the presence of a

spin-orbit term, at 3/4 filling of the t2g shell, a topological edge state can be promoted

in the minority spin bands in coexistence with a half metallic, strongly ferromagnetic

state. In order to reach the required value of the band fillings the authors suggest to

replace Ru with Rh. On the experimental side, Santander et al. [77] proposed that the

2DEL observed at the bare surface of KTaO3 grown along the (111) orientation [78] or of

SrTiO3 (111) [79] would host topological edge states. Key elements promote this feature.

One is a high value of the confining electric field due to a stronger polar discontinuity

at the surface than for the (001) orientation (5e versus e for KTaO3, 4e versus zero

for SrTiO3). Comparison between the data extracted from ARPES spectra and theory

suggests indeed that modeling the bands using a bilayer tight binding hamiltonian is

a fair approximation to the actual electronic structure for the n2D ∼ 1014 cm−2 carrier

concentrations that have been reported. The other factor is the bulk spin-orbit energy

which gives rise to gaps across the BZ, as argued by Fu and Kane [69]. In both cases,

however, the value of the filling factor implies that EF lies several eV below the band
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spin nematic AFM+FO topological

Figure 11. Spin and orbital ordered phases in AB’O3/ABO3/AB’O3 heterostructures

grown in the (111) direction. Considering eg orbitals for the TM ions, several ordered

phases can occur depending on the strength of the Coulomb repulsion U and the

Hund coupling J : the illustration is for a spin nematic phase (bright and dark orbitals

denote opposite majority-spin densities), antiferromagnetic (AFM) with ferro-orbital

order (FO) and a topological phase. Reprinted with permission from A. Rüegg and G.

Fiete, Phys. Rev. B 84, 201103 (2011). Copyright (2011) by the American Physical

Society.

gaps at the M points and this fact rules out the possibility of doping it with a gate in

order to bring the two in coincidence.

The above discussion of a topological regime hinged on a parity inversion occurring

at the M points of the BZ. An alternative way of generating such state is by driving the

perovskite through a band inversion and this may happen when growing the TMO along

the standard (001) orientation (see Figure 12). Tuning the spin-orbit interaction to open

up a gap in the case of quadratic band crossings is one way to achieve this goal [80].

Substituting a chalcogene (Se, Te) or a halgene (Br, I) for Ti or Nb ions at the octaedral

site of a cubic perovskite is a way to promote a large band inversion and the carrier

concentration allowing one to produce a Z2 topological regime. The bulk spin-orbit is

required to open up a gap at EF . In addition, a moderate amount of pressure needs

to be applied to the material in order to counteract a spontaneous distorsion towards a

non-cubic structure, caused by the substitution [81].

Lastly, the theoretical study of Vivek et al. [82] highlighted the existence of

topological edge state at the 1D boundary of the 2D electron liquid seen at the

(001) surface of SrTiO3. The authors introduced a tight-binding modeling of the

ARPES spectra featuring kinetic terms for the t2g orbitals, sub-bands arising from the

confinement of the 2DEG, bulk spin-orbit and an orbital mixing hybridization between

the dxy and dxz/yz states stemming from bond distortions at the surface. They found

that at generic symmetry related points in the BZ a band inversion took place leading to

a topological metallic state (see Figure 13). This state can easily be obtained by back-

gating the sample since the position of EF is only 3 meV above the gap. Chung et al.

[83] suggested that at low enough temperature, a weak topological superconducting state

would result and that it could be detected in STM experiments through the presence of

majorana modes at edge dislocations. So far, the claims of topological states in oxide
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Figure 12. Concept of band inversion according to DFT calculations. (a),(b) The

electronic structure of the band insulator (Z2=0) BaTiO3 shows a gap between O-2p

states and Ti-3d states (blue arrow); (c) replacing Ti with Te, the gap opens within

the Te states, between the 5s and the 4p bands; (d),(e) considering the effect of sp

repulsion, there is a band inversion (BI) and the formation of a topological insulator

(Z2=1). This electronic structure is however strongly susceptible to atomic distortions

that modify the cubic phase and suppress the band inversion. Reprinted from Ref. [81].

perovskites have been theoretical and experiments are definitely required to support

their existence.

4. Conclusions

We have shown that spin-orbit coupling has been considered in the past decade as an

important ingredient of the low-energy physics of 3d transition metal oxide surfaces and

interfaces. Many exciting theoretical scenarios remain to be experimentally confirmed,

such as the possibility of topological superconductivity and non-collinear magnetism

[49, 84] at interfaces of SrTiO3. An important area of investigation in the future is

the physics of spin-orbit coupling at 5d transition metal oxides interfaces or at p-type

interfaces [85]. Initial studies of 3d-5d and 4d-5d interfaces have focused on phenomena

such as charge transfer and magnetic reconstructions [86, 87] as well as non-collinear

magnetism [88]. Thanks to these new developments, spin-orbit coupling effects will

remain firmly on the roadmap of oxide electronics in the years to come.
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Figure 13. Band structure resolved in spin of SrTiO3 surface showing two subbands

with light mass and one band with heavy mass. The cuts are taken in the first quadrant

of the BZ, along the ΓM direction (a) and the ∆ direction (b) which is perpendicular

to ΓM and passes through the avoided crossing (red dot). The spin-orbit interaction

mixes the orbital terms at the avoided crossing and induces a band inversion which is

visible along ∆ but not along ΓM . Reprinted with permission from M. Vivek et al.,

Phys. Rev. B 95, 165117 (2017). Copyright (2017) by the American Physical Society.
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