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Fig. 1. Novel electronic structures and associated charge-spin interconversion mechanisms.
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Fig. 2. Electronic structure and charge-spin interconversion in the 2DEG at the surface of SrTiOj: (a) The Fermi surface of the
2DEG at the surface of SrTiOz; from APRES measurement, which coincides with the calculated band structure (Reproduced with
permission from Ref. [34]); (b) the spin textures of the Fermi surface calculated by the eight-band tight-binding model (left). The
figure on the right is the zoom-in near the band crossing area (Reproduced with permission from Ref. [34]); (c) the calculated band
structure exhibits band mixing and Rashba splitting, where the Rashba splitting is enhanced at the band crossing (Reproduced with
permission from Ref. [35]); (d) charge-spin conversion efficiency Mg of SrTiO3/Al 2DEG as a function of gate voltage V, (Repro-
duced with permission from Ref. [34]); (e) the temperature dependent charge-spin conversion efficiency of SrTiO3;/LaAlO;/CoFeB
(Reproduced with permission from Ref. [41]); (f) the nonlocal measurement of the spin Hall effect and inverse spin Hall effect. The

Hanle effect tuned by gating voltage is observed when applying magnetic field (Reproduced with permission from Ref. [44]).
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ZERL ) L AE GdyGas0,(111) FAEKAT YaFes0,y/
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SONE T B ) D1 B RN . X — P JE AR AT e
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A EAEFH 520 51 (b) SrRuO5(001) HL 45 ¥ 75 9 K T80 B kT 14 i 22 -2ly s WL 51, 72 162 ARPES Wl & 4521, 471814 DFT i+ 53 45
(A SRR [52], EARISRAL); (¢) IEEAH SrRuO; 31 K I B D1 B il 83 A i B 45 28 (11 B SO [52], 2R3 RAN); (d) 300—
60 K il SrRuO; 11 HERE /R HL-5 32 BE L BE (19728 A (4 1 R 1) SR DX IA0 P 0f B2 By P S 284k ) (1 SO (58], B 3RIF4RAL); (e) A
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Fig. 3. Electronic structures, spin transport properties and SOT associated characterization results of STRuOj: (a) Band structure of
SrRuO; from GGA calculations taking into account the effects of magnetization, SOC and Coulomb interaction®!; (b) comparison
of energy momentum mappings near the Fermi surface measured by ARPES (left) and calculated by DFT (right) for StRuO3(001)
(Reproduced with permission from Ref. [52]); (c) calculated Berry curvature distributions near the Fermi surface in orthorhombic
SrRuOj3 (Reproduced with permission from Ref. [52]); (d) spin Hall conductivity of StRuOj; as a function of temperature ranging
from 300 to 60 K (inset: the corresponding electrical conductivity in the same temperature range) (Reproduced with permission
from Ref. [58]); (e) charge-spin conversion efficiency of STRuOjz grown on various substrates as a function of temeprature (Repro-
duced with permission from Ref. [59]); (f) comparison of charge-spin conversion efficiency between orthorhombic (red square) and

tetragonal (blue diamond) SrRuO3 grown on various substrates (Reproduced with permission from Ref. [60]).
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Fig. 4. Electronic structures, spin transport properties and SOT associated characterization results of SrIrOs. (a) Upper: The elec-
tronic structure map near the Fermi surface measured by ARPES; bottom-left: the holelike bands near the Fermi surface; bottom-
right: the linearly dispersive electron band near the Fermi surface (Reproduced with permission from Ref. [66]); (b) comparison of
the ARPES measurements and DFT calculations in band strucutre of SrIrO4 (001)1%7; (c) spin Hall conductivity o in the SrlrOj
bulk, here 7, y, and 2 represent the high-symmetry axes of the pseudo-cubic structure of SrlrO5™); (d) spin textures at SrlrO; Fermi
surface, this nontrivial spin textures are originated from the SOC and offers the spin-momentum locking (Reproduced with permis-
sion from Ref. [72]); (e) charge-spin conversion efficiency of SrIrO3(001)/Py with orthorhombic and tetragonal structures, the top
and bottom schematics illustrate side view of the orthorhombic and tetragonal crystalline structures, respectivity (Reproduced with
permission from Ref. [73]); (f) temperature dependence of charge-spin conversion efficiency of SrIrO;(001)/CoTb ranging from 50 to
300 K (Reproduced with permission from Ref. [76]); (g) charge-spin conversion efficiency as a function of SrIrOj thickness for
SrIrO;/ Lay 7St sMnOj; (solid squares) and SrIrO;/Py (opened triangles) (Reproduced with permission from Ref. [77]).
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Fig. 5. Electronic structures, spin transport properties and SOT associated characterization results of KTaOs: (a) Schematic crystal-
line structure and band structure of KTaOys, the conducting t,, band consists of complicated HE, LE and SO subbands due to SOC
(Reproduced with permission from Ref. [86]); (b) ARPES results of surface 2DEG in KTaO3(001), the red curves presents schemat-
ics of the measured band structure (Reproduced with permission from Ref. [87]); (c) ARPES results of surface 2DEG in
KTaO3(111); leftside: measured (upper) and calculated (bottom) starlike-hexagonal Fermi surface of the 2DEG, which consists of
dyy, dy. and d,, orbits; rightside: sideviews of the measured Fermi surface along high symmetry directions (Reproduced with permis-
sion from Ref. [89]); (d) schematic for thermal spin injection and inverse Edelstein effect (upper) and EuO thickness dependent in-
verse Edelstein current (bottom) of the KTaO3/EuO interface (Reproduced with permission from Ref. [97]); (e) the transverse
charge current generated through the inverse Rashba-Edelstein effect as a function of applied dc magnetici field, the inset schematic
presents the SP-FMR measurement configuration (Reproduced with permission from Ref. [98]); (f) bilinear magnetoresistence as

functions of applied charge current (left) and magnetici field (right) (Reproduced with permission from Ref. [98]).
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Fig. 6. Comparison of charge-spin conversion efficiency and
switching threshold current density between transition met-
al oxides and heavy metals.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films

Research progress of novel quantum states and charge-spin
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interconversion in transition metal oxides
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Engineering, Chinese Acedemy of Sciences, Ningbo 315201, China)
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Abstract

For efficient storage and processing of massive data in the information technology era, spintronic device
attracts tremendous attention due to its low power consumption and non-volatile feature. Spin source material,
which can efficiently generates spin current, is an important constituent of novel spin-orbit torque device. The
efficiency of spin current generation in spin source material directly determines the performances of various
spintronic devices. In the past two decades, great progress has been made in exploring high-efficient spin source
material systems and understanding the relevant physical mechanisms. A wide variety of materials are explored,
ranging from traditional heavy metals and semiconductors to topological insulators and two-dimensional (2D)
materials. Recently, the material family of transition metal oxides attracts tremendous attention due to its
efficient and highly tunable charge-spin conversion intimately related to its emerging novel quantum states and
electronic structure. The mechanism of charge-spin conversion generally has two contributions: the bulk spin
Hall effect and the spin-momentum locked interface with inversion symmetry breaking. Novel electronic
structures such as topological band structures and spin-momentum locked surface states can realize efficient
charge-spin conversion. For example, the Weyl points in SrRuO; and the topological Dirac nodal line in SrIrO,
are predicted to give rise to a large Berry curvature and corresponding spin Hall conductance; the topological
surface states can generate spin accumulation due to spin-momentum locking; the Rashba states at the oxide
interface such as the 2D electron gas in SrTiO; and KTaO; can generate spin current by Rashba-Edelstein
effect. Furthermore, the entanglement of various degrees of freedom, including spin, charge, lattice and orbit in
transition metal oxides lead to the electronic structure being highly tunable by various methods including gate
voltage, substrate constraint, thickness, interface engineering, etc. Therefore, charge-spin conversion in
transition metal oxides is of great significance for both modulating of novel electronic structure in fundamental
research and exploring its promising potential in future spintronic devices. In this review, we focus on
introducing aspects of exotic electronic structures, spin transport mechanism, charge-spin interconversion
characterization, efficiency and manipulation in transition metal oxides, and giving a prospect on the future
development trend.
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