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Strongly enhanced Rashba splittings in an oxide heterostructure: A tantalate monolayer on BaHfO3
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In the two-dimensional electron gas emerging at the transition metal oxide surface and interface, various exotic
electronic ordering and topological phases can become experimentally more accessible with the stronger Rashba
spin-orbit interaction. Here, we present a promising route to realize significant Rashba-type band splitting using a
thin film heterostructure. Based on first-principles methods and analytic model analyses, a tantalate monolayer on
BaHfO3 is shown to host two-dimensional bands originating from Ta t2g states with strong Rashba spin splittings,
nearly 10% of the bandwidth, at both the band minima and saddle points. An important factor in this enhanced
splitting is the significant t2g-eg interband coupling, which can generically arise when the inversion symmetry is
maximally broken due to the strong confinement of the 2DEG on a transition metal oxide surface. Our results
could be useful in realizing topological superconductivity at oxide surfaces.
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I. INTRODUCTION

Recently, the spin-orbit interaction of the two-dimensional
electron gas (2DEG) at the surfaces and interfaces of the
perovskite transition metal (TM) oxide [1–5] has been much
investigated experimentally [6–12]. However, definite under-
standing on how its magnitude might be maximized has not
been well established. It is the combination of the broken
inversion symmetry and the atomic spin-orbit coupling (SOC)
of the TM that gives rise to a nonzero spin splitting in the
form of the Rashba spin-orbit interaction [13–15]. But this
origin implies that the magnitude of the spin-orbit interaction
is intrinsically limited by the TM atomic SOC. The limitation
should be apparent in the best-studied perovskite 2DEGs—the
SrTiO3 (STO) surface and the LaAlO3/SrTiO3 (LAO/STO)
heterostructure interface—as the atomic SOC strength of the
3d TM Ti is relatively small [16–18]. Experimental evidences
have been mixed, with the claims of large magnitude stemming
from the magnetoresistance measurements [6–10] contra-
dicted by the Hanle effect measurement [11] as well as the
measurement of similar magnetoresistance in the inversion-
symmetric δ-doped STO heterostructure [12]. Meanwhile,
theoretical calculations show the splitting near the � point to
be two orders of magnitude smaller than the bandwidth at the
best [16,18,19]. One natural way to overcome this limitation
is adopting 5d TM oxides, such as tantalate, with a stronger
atomic SOC. This has motivated the recent experiments on the
2DEG at the surface of KTaO3 (KTO) [9,10].

However, the experiments on KTO have suggested that
another important condition for enhancing the surface 2DEG
Rashba spin-orbit interaction is to have the density profile
of the surface state concentrated to the surface-terminating
layer, which maximizes the effect of the broken inversion
symmetry. The ARPES measurements on the KTO surface
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have seen no measurable spin splitting [9,10], in spite of not
only the stronger SOC of Ta but also the polar nature of KTO
(001) surface. According to a density functional theory (DFT)
calculation [20], the surface state penetrates deeply into the
bulk as the surface confinement potential is made shallow by
the atomic relaxation near the surface layer. This suppresses the
effect of the inversion symmetry breaking (ISB) on the surface
state (which can be quantified by various parameters, e.g., the
chiral orbital angular momentum coefficient [18,21–23]), and
hence significantly reduces the Rashba spin-orbit interaction.

In this study, we have theoretically constructed a realistic
oxide heterostructure that has a surface 2DEG with a strong
Rashba spin-orbit interaction. Our idea is to consider a 5d TM
oxide monolayer on a substrate, where 2DEG predominantly
lies in the outermost monolayer film, maximizing the effect of
the broken inversion symmetry from the substrate. Specifically,
we attempt to replace the outer layers of perovskite oxide
(001) surface with another perovskite thin film layers, in
which the electronic bands of the substrate need to lie
sufficiently far above the conduction band minimum (CBM)
to make all essential low-energy physics originate from the
thin film states near CBM. After calculations of a number
of candidate perovskite oxides for the heterostructure, we find
that TaO2/KO (having Ta5+) or TaO2/BaO (having Ta4+) layer
on BaHfO3 (001) surface [Fig. 1(a)] is a promising candidate
structure possessing Ta t2g-originated two-dimensional (2D)
bands with a strong Rashba spin-orbit interaction. BaHfO3

(BHO) is suitable as a substrate because its lattice structure
(cubic at room temperature) matches with that of KTO,
the only stable perovskite material containing TaO2 [24,25],
and the alignment of its conduction bands and the Ta t2g

bands enables minimal hybridization. It should be emphasized
that the concentration of the surface state in the outermost
layer is an important condition to maximize the ISB effect.
This confinement of the 2DEG to an atomic monolayer in
our system is in sharp contrast to that of the LAO/STO
heterostructure, where the 2DEG is merely constrained to
reside primarily on the STO (substrate) side. It is a key
ingredient for the strongly enhanced Rashba splitting, as a
weak confinement would give a negligible Rashba splitting
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FIG. 1. Atomic structure of a tantalate layer on BaHfO3 (001).
(a) Atomic structure of TaO2/KO on BaHfO3 from first-principles
calculations; note the height difference between Ta and O at the top
layer. (b) Wave function weight projected on dxz/yz of TMs for the
lowest dxz/yz Rashba band at �. The TM-O2 layers are numbered
starting from the outermost layer.

even with the large atomic spin-orbit coupling. It is maximized
with the monolayer; upon replaced by a bilayer [Fig. 1(b)], the
surface state wave function no longer peaks at the outermost
layer. We will also show that the t2g-eg coupling gives rise to
the enhanced splitting not only at the band bottom but also at
the band saddle points.

II. RESULTS

A. Rashba splitting near the � point

The electronic structures of TaO2/KO monolayer (having
Ta5+) on BHO (lattice constant ≈4.155 Å) from our first-
principles calculations using DFT as implemented in VASP
[26,27] are presented in Fig. 2 (see Appendix A for details).
The bands near the CBM consist of t2g (dxy , dxz, dyz) states
of Ta in the outermost layer, with the calculated bandwidth
of ≈1.7 eV for the dxz/yz bands. These bands being 2D,
the triple degeneracy (excluding spin) of the t2g bands at
� is lifted, splitting the dxy and the dxz/yz manifolds; the
Ta atomic SOC further splits the dxz/yz bands into upper
and lower dxz/yz states. Finally, when the ISB at the surface
is accounted for, the Rasha-type band splitting lifts spin
degeneracies in the entire Brillouin zone (BZ) except at the
time-reversal invariant momenta �, X, and M. We note that
this Rashba-type band splitting of the dxz/yz bands is strikingly
larger in magnitude than that of the dxy bands, contrary to the
prediction of the t2g-only model [19,28,29]. Moreover, our
calculation gives the Rashba coefficient of the lower dxz/yz

bands at � of αR ≈ 0.3 eV Å, which is an order of magnitude
larger than that of LAO/STO heterostructure deduced from
the experimental magnetoresistance data [7], and the Rashba
energy of ER � 15 meV; these values are also significantly
larger than αR ≈ 0.1 eV Å, ER ≈ 1 meV for the bilayer case
of Fig. 1(b). The Rashba-Dresselhaus effect along the BZ
boundary is even more pronounced, with a giant splitting
(≈180 meV), which is nearly twice the maximum reported
value [8] in the perovskite oxide 2DEG, occurring near X
along kx/y = π .
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FIG. 2. Electronic structure of TaO2/KO on BaHfO3 from first-
principles calculations. (a) Calculated band structure. (b) Projected
weights of Ta d states. The Fermi level is set to the valence
band maximum. (c) Schematic illustration of energy levels at �

without SOC. The crystal field splitting of the monolayer-substrate
heterostructure is different from that of the cubic (octahedral) case.

An analysis that includes all Ta d-orbitals—not only the t2g

orbitals but also the eg orbitals—is required to understand the
two conspicuous features of Fig. 2, the discrepancy between
the Rashba splitting of the dxy and the dxz/yz bands, and the
giant splitting along kx/y = π . We employ an analytic TB
model for a qualitative analysis and supplement it with quan-
titative results from maximally localized Wannier functions
(MLWFs). In the TB model, we consider a Hamiltonian for all
Ta d-orbitals, including the eg orbitals (dz2 , dx2−y2 ) in a square
lattice [20,30] to describe the TaO2 layer 2D bands,

H = Hhop + HSOC + HE + Vsf, (1)

where the first term Hhop describes the nearest-neighbor
hopping, and the second term HSOC = ξL · S is the atomic
SOC, with ξ ≈ 0.26 eV for Ta. The third term HE includes the
additional hoppings that would have been forbidden if not for
the ISB:

γ1 = 〈dxy |HE|dxz〉ŷ = 〈dxy |HE|dyz〉x̂ ,
γ2 = 〈dxz|HE|dz2〉x̂ = 〈dyz|HE|dz2〉ŷ , (2)

γ3 = 〈dx2−y2 |HE|dyz〉ŷ = 〈dxz|HE|dx2−y2〉x̂ ,
in which the vectors in the subscripts denote the relative
position of the two orbitals with the lattice constant set to 1 for
convenience (these ISB hoppings play a role analogous to the
chiral orbital angular momentum effect in the p-orbital bands
[21–23]). Here, γ1 is the intra-t2g ISB hopping while γ2 and
γ3 describe t2g-eg ISB hoppings. The fourth term Vsf describes
the potential difference due to the surface field. By deriving the
effective HamiltonianHeff that acts on each twofold degenerate
band in the weak SOC limit whereHhop + Vsf is dominant over
HSOC, we obtain Rashba-type band splitting terms near � and
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TABLE I. Splitting terms of the effective Hamiltonian Heff for
Ta t2g manifolds. �k denotes the reference point of the effective
Hamiltonian with � = (0,0) and X = (π,0). �(�̃) represents the
energy difference between the states in the subscript at �(X), where
uxz/yz and lxz/yz mean the upper xz/yz and the lower xz/yz,
respectively.

�k Manifold Splitting terms in Heff

� Upper dxz/yz [ −2γ3ξ

�
uxz/yz,x2−y2

+ −2γ1ξ

�uxz/yz,xy
](�σ × �k) · ẑ

Lower dxz/yz
2
√

3γ2ξ

�
lxz/yz,z2

(�σ × �k) · ẑ

dxy
−2γ1ξ

�xy,uxz/yz
(�σ × �k) · ẑ

X dyz [ −2
√

3γ2ξ

�̃
yz,z2

+ 2γ3ξ

�̃
yz,x2−y2

]σxky − 2γ1ξ

�̃yz,xy
σykx

X as summarized in Table I (see Appendix B for details).
Table I shows the Rashba coupling to be linear in the ISB
hopping γ1,2,3 divided by the energy difference between two
relevant states �.

One reason why the eg orbital contribution is crucial for the
Rashba splitting in the t2g bands is that the t2g-eg ISB hoppings
γ2,3 are significantly larger than the intra-t2g hopping γ1: γ1 ≈
−0.04 eV, γ2 ≈ −0.25 eV, γ3 ≈ 0.30 eV. This is a necessary
condition for the effective Hamiltonian of Table I to give larger
Rashba splittings in the dxz/yz bands than dxy as shown in
Fig. 2, given that the dxz/yz bands are closer in energy to the dxy

band than the eg bands (albeit within an order of magnitude).
The inclusion of the O p states in our MLWF analysis can
clarify the microscopic physics behind this result. Examining
the hopping parameters relevant to γ1, the particularly small
ISB hopping between O py and Ta dyz along x direction (Fig. 3)
can be attributed to the relative positions and shapes of the
two orbitals; the lobes of the two orbitals lie on the yz plane
that is perpendicular to the hopping direction (x̂), and py has
maximum amplitude along y direction whereas dyz has a node
along it. Thus, we have the negligible Rashba splitting of
the dxy band as shown in Fig. 2, despite the smaller energy
difference with the dxz/yz bands.

The other reason why the eg orbital contribution is crucial
for the Rashba splitting in the t2g bands is the reduced t2g-eg

Intra-t2g ISB hopping

t2g-eg ISB hopping

FIG. 3. Hopping strengths (in eV) between Wannier functions
for Ta d states at one site and the neighboring site in the x direction.
Both direct (horizontal arrows) and indirect (oblique arrows, via O p)
paths are depicted. Empty arrows indicate terms that would be absent
without ISB.
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FIG. 4. Angular momentum texture from first-principles calcula-
tions in close vicinity of � and X. Orbital and spin angular momenta
are presented for the lower Rashba band of (a) the dxy , (b) the
lower dxz/yz, and (c) the upper dxz/yz bands near �, and the lower
Rashba-Dresselhaus band of the (d) dyz bands near X = (π,0).

energy splitting. Indeed, when the t2g-eg energy splitting is set
to be infinite in Table I, all the results from the t2g-only TB
models [17–19,28,29] are recovered, including the absence of
k-linear Rashba in the lower dxz/yz band near �. In the case of
3D cubic KTO, the t2g-eg energy separation at � is calculated to
be ≈4.6 eV, which is larger than that of our system [Figs. 2(a)
and 2(b)]. Compared with the 3D cubic bulk case, Fig. 2(b)
shows considerable portion of dz2 states close in energy, i.e.,
less than bandwidth, to the t2g bands; this is due to the absence
of an O atom in one of the octahedral points surrounding Ta.
Hence, as shown in Fig. 2(c), the local atomic configuration
for the Ta atom is close to a square pyramid, where the dz2

and lower dxz/yz are close in energy. This can be taken as a
generic result for the case where the 2DEG wave function is
confined almost entirely to the outermost layer. The height
difference of Ta and O atoms (≈0.20 Å) in the TaO2 layer
enhances the t2g-eg coupling in both ways; the larger effect
being the enhancement of the ISB hopping γ3, but there is also
noticeable lowering of the dx2−y2 orbital energy level.

The t2g-eg coupling also plays a key role in determining
the angular momentum (AM) texture of the t2g bands in close
vicinity of � (Fig. 4). The tetragonal crystal field and the SOC
determine the spin-orbital entanglement of the band manifolds:
the spin-up and spin-down are in nearly the same orbital state
for the dxy bands while they are in nearly orthogonal orbital
states for the dxz/yz bands. This entanglement affects the AM
character; the spin AM is dominant in the dxy bands, whereas
the orbital AM is dominant [18,21,22] in the dxz/yz bands (see
Appendix B for details). The t2g-eg coupling gives a nonzero
AM in the lower dxz/yz bands, contrary to the t2g-only TB
model, and quantitatively changes the AM in the upper dxz/yz.

B. Band splitting near the X point

As shown in Table I, the lowered symmetry C2v at X allows
the mixture of Rashba and linear Dresselhaus terms in general
(see Appendix B for details), with the linear Dresselhaus larger
in magnitude as shown in Fig. 4(d). Due to the anisotropic
dispersion of dxz/yz bands, the lowest conduction band at
X = (π,0) mainly consists of dyz state. We find that the larger
band splitting along X–M comes from the t2g-eg coupling,
whereas the smaller splitting along X–� is due to the intra-t2g

coupling. Hence, the giant Rashba-Dresselhaus splitting in
vicinity of X (≈180 meV) is due to the eg contribution. It has
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been recently pointed out [31] that this Rashba-Dresselhaus
splitting along X–M is necessary for weak topological super-
conductivity, which gives rise to dislocation Majorana zero
modes. The Rashba-Dresselhaus splitting near X also splits
the logarithmic van Hove singularity (VHS) of the dxz/yz band
saddle point, which means that the new VHSs do not have
spin degeneracy and occur away from X (see Appendix C
for details). While the enhancement of the superconducting
instability from the logarithmic VHS at X is possible only
for the spin-singlet channel [32–36], it was recently shown
[37–39] that the logarithmic VHS away from X can enhance
the instability to the spin-triplet p-wave superconductivity. The
physics at X is experimentally accessible through the chemical
substitution we will discuss below.

C. Electron doping

To actually realize the 2DEG in the TaO2 layer, electron
doping is needed because the nominal charge of the TaO2

layer is +1 and that of the KO layer is −1 (BaO and HfO2

layers are neutral). One possible way would be substituting
K atoms with Ba in the KO layer. In this case, the Rashba
strength remains still large (αR ≈ 0.2 eVÅ) in the lower dxz/yz

bands [Fig. 5(a)], while the Rashba splitting in the upper
dxz/yz bands is greatly suppressed largely because the Ba
substitution reduces by 70% the height difference of Ta and
O atoms in the TaO2 layer. This means that, for the Rashba
effect in the lower dxz/yz band, the sharp 2DEG confinement
is as important as the lattice distortion. Also, it needs to be
noted that the strong confinement is a prerequisite for the
Rashba strength enhancement by the polar distortion since
the polar distortion at the outermost layer will be effective in
the Rashba enhancement only when the 2DEG is sufficiently
confined to that layer. Once again, the considerable band
splitting along X–M (≈24 meV) and AM texture at EvH in
Fig. 5 are contrary to the prediction of the t2g-only TB model
(see Appendix D for details), and hence demonstrate that
inclusion of the eg manifold is essential in understanding the
Rashba-Dresselhaus splitting. We expect that partial chemical

(b)(a)

 0  0.5

kx (Å−1)

−0.5

 0

 0.5

k y
 (

Å−
1 )

−1

−0.5

 0

 0.5

 1

M Γ X M

E
ne

rg
y 

(e
V

)

FIG. 5. Electronic structure of a TaO2 layer on BaO-terminated
BaHfO3 (001) from first-principles calculations. (a) Band structure.
The dotted horizontal line denotes the energy level of the VHS in
absence of the Rashba-Dresselhaus splitting, EvH , with the Fermi
level set to 0. (b) AM texture at EvH with constant energy lines.
The red and blue arrows correspond to the orbital and spin AM,
respectively.

substitution (TaO2/K1−xBaxO layer on BHO) could induce the
2DEG in the TaO2 layer in experiments. The VHS is accessible
at x � 1, as the Fermi level lies slightly above the VHS at
x = 1, i.e., 100% Ba substitution [Fig. 5(a)].

III. CONCLUSION

We expect the qualitative features of our Rashba-
Dresselhaus splitting to be generic, rather than material
specific, for the (001) perovskite transition metal oxide 2DEG
with maximal ISB, where the 2DEG wave function profile is
required to be concentrated on the surface-terminating TM-O2

layer. In general, the substrate is required to have a good lattice
match and the minimal overlap with the Ta t2g bands; the
former ruled out BaZrO3 and the latter SrTiO3 as an alternative
substrate. It is also found that compressive strain on the BHO
substrate, a possible necessity for the feasible deposition of the
thin film due to relatively large lattice mismatch between KTO
and BHO, does not substantially affect the band splitting (see
Appendix E for details). Considering that 2DEG in an artificial
film-substrate system has been realized experimentally in
SrVO3 thin films on Nb-doped STO [40], we expect our system
to be experimentally realized using the state-of-the-art layer-
by-layer growth control of perovskite oxide thin films [41]. The
recent report of the SrHfO3 film grown by molecular beam
epitaxy [42] suggests that fabricating heterostructures with
refractory 5d metals may not be beyond current technology.
The spin and orbital AM texture of our system may be
experimentally detectable through its optical response [23,43].
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APPENDIX A: DETAILS OF THE FIRST-PRINCIPLES
CALCULATIONS

We performed density functional theory calculations as
implemented in VASP [26,27]. Projector augmented-wave
method was used [44]. A plane-wave basis set with the cutoff
energy 520 eV was employed, and PBEsol (Perdew-Burke-
Ernzerhof revised for solids) exchange-correlation functional
was adopted [45]. We employed a symmetric slab configura-
tion with 15 HfO2 and 14 BaO layers between 2 TaO2/KO
layers for the electronic band structure of the monolayer-
substrate heterostructure. The vacuum region of approximately
24 Å was used to prevent the unwanted interaction between
the periodic slab images. All lattice relaxations along the (001)
direction are accounted for, as we used the lattice constant
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optimized in bulk calculations of BaHfO3 and the internal
atomic positions were fully relaxed until the force became
less than 0.01 eV/Å. The band alignment obtained from these
calculations, with the Ta t2g bands lying well below Hf 5d

bands, is qualitatively reliable as the experimental band gap
of BaHfO3 (∼5.4 eV) is much larger than that of KTaO3

(∼3.6 eV) and the oxygen p-band of the TaO2 layer lies only
∼0.24 eV below the valence band maximum. We employed
maximally localized Wannier functions [46–48] to further
analyze the results of the first-principles calculations. The
Wannier functions were constructed for d orbitals of Ta in
one set, and p orbitals of three neighboring O as well as d

orbitals of Ta in the other set.

The 2DEG density can be affected by contamination of
the clean surface. In KTaO3, the TaO2-terminated surface
could contain approximately half a KO layer on it to
compensate for 0.5e− per unit cell, and the partial KO
coverage could be controlled by UV irradiation [10]. On
the other hand, in our structural model of TaO2/KO on
BaHfO3, the nominal charge of the (TaO2)+ layer is com-
pensated by the (KO)− layer. In TaO2/BaO on BaHfO3,
some contamination could exist transforming Ta4+ to Ta5+,
which should be controlled to have the desired 2DEG density.
Some alloy involving Ba and Hf could also affect the
doping while it would not alter the electronic band structure
significantly.

APPENDIX B: TIGHT-BINDING MODEL FOR THE TaO2 FILM

We consider the tight-binding Hamiltonian for a TaO2 film (d-orbitals in a square lattice) [30],

H = Hhop + HSOC + HE + Vsf,

where Hhop describes the hopping between the nearest neighbors, HSOC is the atomic spin-orbit coupling of Ta, HE describes the
orbital mixing due to the inversion symmetry breaking field near the surface, and Vsf describes onsite potential changes due to
the surface field. Specifically, the hopping term is given by

Hhop =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

tσ +3tδ
2 (cx + cy) −

√
3

2 (tσ − tδ)(cx − cy) 0 0 0

−
√

3
2 (tσ − tδ)(cx − cy) 3tσ +tδ

2 (cx + cy) 0 0 0

0 0 2tπ (cx + cy) 0 0

0 0 0 2(tπ cx + tδcy) 0

0 0 0 0 2(tδcx + tπ cy)

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

,

where the basis is {|dz2〉,|dx2−y2〉,|dxy〉,|dxz〉,|dyz〉}, and tσ , tπ , tδ are hopping parameters between d orbitals. cx means cos kx .
The lattice constant is set to 1. The spin-orbit coupling term is

HSOC =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 0 0 0 0 0 −
√

3
2 ξ 0

√
3

2 ξ i

0 0 0 0 0 0
√

3
2 ξ 0

√
3

2 ξ i 0

0 0 0 0 −ξ i 0 0 1
2ξ 0 1

2ξ i

0 0 0 0 0 ξ i − 1
2ξ 0 1

2ξ i 0

0 0 ξ i 0 0 0 0 − 1
2ξ i 0 1

2ξ

0 0 0 −ξ i 0 0 − 1
2ξ i 0 − 1

2ξ 0

0
√

3
2 ξ 0 − 1

2ξ 0 1
2ξ i 0 0 − 1

2ξ i 0

−
√

3
2 ξ 0 1

2ξ 0 1
2ξ i 0 0 0 0 1

2ξ i

0 −
√

3
2 ξ i 0 − 1

2ξ i 0 − 1
2ξ 1

2ξ i 0 0 0

−
√

3
2 ξ i 0 − 1

2ξ i 0 1
2ξ 0 0 − 1

2ξ i 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

The inversion symmetry breaking field terms are given by

HE + Vsf =

⎛
⎜⎜⎜⎝

δ2 0 0 −2iγ2 sin kx −2iγ2 sin ky

0 δ3 0 −2iγ3 sin kx 2iγ3 sin ky

0 0 δ1 2iγ1 sin ky 2iγ1 sin kx

2iγ2 sin kx 2iγ3 sin kx −2iγ1 sin ky 0 0
2iγ2 sin ky −2iγ3 sin ky −2iγ1 sin kx 0 0

⎞
⎟⎟⎟⎠,

where

δ1 = ε(dxy) − ε(dxz/yz),

δ2 = ε(dz2 ) − ε(dxz/yz),

δ3 = ε(dx2−y2 ) − ε(dxz/yz),
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γ1 = 〈dxy |HE|dxz〉ŷ = 〈dxy |HE|dyz〉x̂ ,
γ2 = 〈dxz|HE|dz2〉x̂ = 〈dyz|HE|dz2〉ŷ ,
γ3 = 〈dx2−y2 |HE|dyz〉ŷ = 〈dxz|HE|dx2−y2〉x̂ .

The Hamiltonian near the � point can be written as
H(�k) ≈⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

tσ +3tδ
2 C+δ2 0 −

√
3

2 (tσ −tδ )D 0 0 0 0 −√
2γ2(ikx−ky ) −

√
3
2 ξ −√

2γ2(ikx+ky )

0 tσ +3tδ
2 C+δ2 0 −

√
3

2 (tσ −tδ )D 0 0 −√
2γ2(ikx+ky ) 0 −√

2γ2(ikx−ky )
√

3
2 ξ

−
√

3
2 (tσ −tδ )D 0 3tσ +tδ

2 C+δ3 0 −ξi 0 1√
2
ξ −√

2γ3(ikx+ky ) 0 −√
2γ3(ikx−ky )

0 −
√

3
2 (tσ −tδ )D 0 3tσ +tδ

2 C+δ3 0 ξi −√
2γ3(ikx−ky ) − 1√

2
ξ −√

2γ3(ikx+ky ) 0

0 0 ξi 0 2tπ C+δ1 0 − 1√
2
iξ

√
2iγ1(ikx+ky ) 0 −√

2iγ1(ikx−ky )

0 0 0 −ξi 0 2tπ C+δ1 −√
2iγ1(ikx−ky ) − 1√

2
iξ

√
2iγ1(ikx+ky ) 0

0
√

2γ2(ikx−ky ) 1√
2
ξ

√
2γ3(ikx+ky ) 1√

2
iξ −√

2iγ1(ikx+ky ) (tπ +tδ )C+ ξ

2 0 (tπ −tδ )D 0
√

2γ2(ikx+ky ) 0
√

2γ3(ikx−ky ) − 1√
2
ξ

√
2iγ1(ikx−ky ) 1√

2
iξ 0 (tπ +tδ )C+ ξ

2 0 (tπ −tδ )D

−
√

3
2 ξ

√
2γ2(ikx+ky ) 0

√
2γ3(ikx−ky ) 0

√
2iγ1(ikx−ky ) (tπ −tδ )D 0 (tπ +tδ )C− ξ

2 0

√
2γ2(ikx−ky )

√
3
2 ξ

√
2γ3(ikx+ky ) 0 −√

2iγ1(ikx+ky ) 0 0 (tπ −tδ )D 0 (tπ +tδ )C− ξ

2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

with C = cos kx + cos ky ≈ 2 − k2
x

2 − k2
y

2 , D = cos kx −
cos ky ≈ − k2

x

2 + k2
y

2 , where we performed a unitary
transformation to diagonalize the dxz/yz subspace in the
limit that the dxz/yz states are sufficiently far from other
manifolds and �k → 0.

The effective Hamiltonian can be obtained by projection
onto the concerned manifold,

Heff = PHP + PHQ 1

ε − QHQQHP,

where P is the projection operator onto the relevant manifold
and Q = 1 − P . For the dxy bands, the effective Hamiltonian
is

Heff ≈ hxy(�k)I2×2 + −2γ1ξ

�xy,uxz/yz

(�σ × �k) · ẑ,

where �xy,uxz/yz = 4tπ + δ1 − {2(tπ + tσ ) + ξ

2 }, and the Pauli
matrices describe the subspace defined by {|dxy↑〉,|dxy↓〉}. For
the lower dxz/yz bands,

Heff ≈ hlxz/yz(�k)I2×2 + 2
√

3γ2ξ

�lxz/yz,z2
(�σ × �k) · ẑ,

where �lxz/yz,z2 = 2(tπ + tδ) − ξ

2 − {tσ + 3tδ + δ2}, and the
Pauli matrices describe the subspace defined by { 1√

2
(|dxz↓〉 +

i|dyz↓〉), 1√
2
(|dxz↑〉 − i|dyz↑〉)}. For the upper dxz/yz bands,

Heff ≈ huxz/yz(�k)I2×2

+
[ −2γ3ξ

�uxz/yz,x2−y2
+ −2γ1ξ

�uxz/yz,xy

]
(�σ × �k) · ẑ,

where �uxz/yz,x2−y2 = 2(tπ + tδ) + ξ

2 − {3tσ + tδ + δ3},
�uxz/yz,xy = 2(tπ + tδ) + ξ

2 − {4tπ + δ1}, and the
Pauli matrices describe the subspace defined by
{ 1√

2
(|dxz↓〉 − i|dyz↓〉), 1√

2
(|dxz↑〉 + i|dyz↑〉)}.

The angular momentum (AM) texture can be calculated
using the eigenstates with the lowest perturbative correction
in ξ . For the dxy manifold in close vicinity of the � point,

the dominant spin AM expectation value 〈Sy〉 ≈ �/2 for an
eigenstate in x direction comes from the original dxy manifold.
The remnant orbital AM 〈Ly〉 ≈ �ξ/�xy,uxz/yz is due to the
interband coupling to the upper dxz/yz, which can be calculated
using the eigenstate with the first-order correction in ξ that
hybridizes the dxy manifold with the upper dxz/yz and the dx2−y2

manifolds. As for the lower dxz/yz manifold, both the orbital
and spin AM expectation values

〈Ly〉 ≈ −3�ξ

�lxz/yz,z2
, (B1)

〈Sy〉 ≈ −3

4
�

(
ξ

�lxz/yz,z2

)2

, (B2)

for an eigenstate in x direction can be obtained only from the
eigenstates with the first-order correction in ξ , which leads to
hybridization with the dz2 manifold. Thus, the orbital dominant
AM texture in the lower dxz/yz bands comes from the interband
coupling to the dz2 . Similarly, we find that the orbital dominant
AM texture in the upper dxz/yz bands originates from the
interband coupling to the dxy and the dx2−y2 manifolds.

Near the X = (π,0) point, the effective Hamiltonian is

Heff = hyz(�k)I2×2 +
[

−2
√

3γ2ξ

�̃yz,z2

+ 2γ3ξ

�̃yz,x2−y2

]
σxky

− 2γ1ξ

�̃yz,xy

σykx,

where �̃yz,z2 = 2(tπ − tδ) − δ2, �̃yz,x2−y2 = 2(tπ − tδ) − δ3,
�̃yz,xy = 2(tπ − tδ) − δ1, and the Pauli matrices describe the
subspace defined by {|dyz↑〉,|dyz↓〉}, and (kx,ky) is a local
coordinate with respect to (π,0). Here, the splitting terms are
mixture of Rashba and linear Dresselhaus terms, which are of
the form

Hsplitting = Aσxky − Bσykx,

with A = −2
√

3γ2ξ

�̃yz,z2
+ 2γ3ξ

�̃yz,x2−y2
and B = 2γ1ξ

�̃yz,xy
. If we rotate the

local coordinate by π/4 about kz axis, the splitting terms
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become

Hsplitting = A + B

2
(σxky − σykx) + A − B

2
(σxkx − σyky)

= αR(σxky − σykx) + αD(σxkx − σyky).

In our case, we have |A| � |B|, thus both Rashba and linear
Dresselhaus terms are present with similar strength. Due to the
symmetry, only Rashba term is allowed for C4v at � (where we
should have A = B), and both Rashba and linear Dresselhaus
terms are allowed for C2v at X [49].

APPENDIX C: THE SPLITTING OF THE LOG
VAN HOVE SINGULARITY AT X

We show here that the Rashba-Dresselhaus splitting re-
moves the spin degeneracy of the logarithmic van Hove
singularity at X, resulting in the two separate logarithmic
van Hove singularities for the upper and lower Rashba-
Dresselhaus bands. This implies that there will be a divergent
difference in the density of states change between the upper
and lower Rashba-Dresselhaus bands, which would have a
significant effect on the phase competition, e.g., through the
relative magnitude of the pairing susceptibilities with different
symmetries.

−3 −2 −1  0  1  2  3

kx

−3

−2

−1

 0

 1

 2

 3

k y

−3 −2 −1  0  1  2  3

kx

−3

−2

−1

 0

 1

 2

 3

k y

(b)(a)

(d)(c)

−0.005

 0

 0.005

 3.13659  3.14159  3.14659

k y

kx

 orbital
spin

−0.005

 0

 0.005

 3.13659  3.14159  3.14659

k y

kx

 orbital
spin

FIG. 6. Angular momentum texture from the tight-binding model. The angular momentum textures are calculated (a) at EvH and (b) near
X using both t2g and eg , and (c) at EvH and (d) near X using only t2g . The red and blue arrows represent the orbital and spin AM, respectively.
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It is well-known that there is a logarithmic van Hove
singularity at X in absence of the Rashba-Dresselhaus splitting.
The dispersion of the lowest energy band near X = (π,0)
approximately follows the dispersion of the dyz band,

ξ = 2(tδ cos kx + tπ cos ky) ≈ tδ(kx −π )2 − tπk2
y + 2(tπ − tδ);

it is well-understood that there is a logarithmic van Hove
singularity at the saddle point of a quadratic Hamiltonian in
2D [50].

The addition of the Rashba-Dresselhaus term near X,
HR−D = Aσxky − Bσy(kx − π ) leads to the spin splitting of
this saddle point, which modifies the dispersion to

ξ± ≈ tδ(kx − π )2 − tπk2
y

±
√

A2k2
y + B2(kx − π )2 + 2(tπ − tδ).

Using the fact that the Fermi velocity vanishes when the van
Hove singularity occurs, we can see that the van Hove singu-
larity at X = (π,0) is shifted to (π ± B/2tδ,0) for the upper
Rashba-Dresselhaus band, with the dispersion in its vicinity,

ξ+ ≈ tδ

(
kx − π ∓ B

2tδ

)2

−
(

tπ + tδ
A2

B2

)
k2
y

+ 2(tπ − tδ) − B2

4tδ
,

and (π, ± A/2tπ ) for the lower Rashba-Dresselhaus band,
with the dispersion in its vicinity,

ξ− ≈
(

tδ + tπ
B2

A2

)
(kx − π )2 − tπ

(
ky ∓ A

2tπ

)2

+ 2(tπ − tδ) + A2

4tπ
.

We see here that when we raise the chemical potential so
that the Fermi surface passes through the X point, the Fermi
level first passes through the logarithmic van Hove singularity
of the lower Rashba-Dresselhaus band, and then that of the
upper Rashba-Dresselhaus band.

APPENDIX D: THE IMPORTANCE OF eg MANIFOLD IN
THE ANGULAR MOMENTUM TEXTURE

Because the eg manifold affects the Rashba-Dresselhaus
splitting, the inclusion of the eg manifold is important to
correctly describe the AM texture. By numerically solving the
tight-binding model, we obtained the AM expectation values
with and without eg manifold (Fig. 6). For the t2g-only limit,
we set δ2 ≈ δ3 ≈ 103eV. We find considerable differences in
view of the direction and magnitude of the AM. Notably, the
coupling to eg manifold has significant effects in the direction
of the AM near X and in the intermediate region.

APPENDIX E: THE EFFECTS OF THE STRAIN

Due to the large lattice constant of BaHfO3, it might be
helpful to apply compressive strain to the substrate for the
deposition of the tantalate thin film. The electronic band
structure of TaO2/KO layer on HfO2-terminated BaHfO3 with
the lattice constant reduced by 2% is presented in Fig. 7. We

 0
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 3.5
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ne

rg
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V
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FIG. 7. Band structure of TaO2/KO on HfO2-terminated BaHfO3

with the lattice constant reduced by 2%.

find that the Rashba coefficient remains still large (for example,
αR ≈ 0.3eV Å in the lower dxz/yz bands at �).

Although in this study we assumed the tetragonal symmetry
for our heterostructure, the TaO2/K1−xBaxO layer on BaHfO3,
the tensile strain in the film due to the lattice mismatch induces
an in-plane polar displacement in the TaO2 layer in the x  1
limit, which will give rise to anisotropy in the Rashba splitting.
The VHS near the X is unaffected as this polarization vanishes
in the x = 1 limit.

APPENDIX F: THE RELATION BETWEEN THE BAND
EFFECTIVE MASS AND RASHBA-RELATED

PARAMETERS

Here, we show that both the momentum offset kR and
the Rashba energy ER are proportional to the effective mass of
the Rashba bands for a given Rashba strength αR . We consider
the Hamiltonian

H = �
2k2

2m∗ I2×2 + αR(�σ × �k) · ẑ,

with k =
√

k2
x + k2

y , where m∗ is the effective mass of the band

and I2×2 is the 2 × 2 identity matrix. The energy dispersion of
the lower Rashba band is given by

E(k) = �
2k2

2m∗ − |αR|k

= �
2

2m∗

(
k − m∗|αR|

�2

)2

− m∗|αR|2
2�2

≡ �
2

2m∗ (k − kR)2 − ER.

We find that the momentum offset kR = m∗|αR |
�2 and the Rashba

energy ER = m∗|αR |2
2�2 , which are principal measures of the

band splitting size when one sees a band structure figure,
are proportional to the effective mass m∗ for a given Rashba
parameter αR . Thus, the Rashba splitting of the dxz/yz bands
would look more pronounced due to the heavier effective mass
compared with the dxy band even if they had the same Rashba
strength.
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