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Giant inverse Rashba-Edelstein effect: Application to monolayer OsBi2
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We propose that the hybridization between two sets of Rashba bands can lead to the unconventional Rashba
band structures where the two Fermi circles from different bands own in-plane helical spin textures with the same
chiralities, and possess group velocities with the same directions. Through the first-principles calculations, we
predict that monolayer OsBi2 hosts such simple and pure unconventional Rashba bands near Fermi energy. Under
the weak spin injection, we show that the two Fermi circles from the unconventional Rashba bands both give
the positive contributions to the spin-to-charge conversion and thus induce the giant inverse Rashba-Edelstein
Effect with large conversion efficiency, which is very different from the conventional Rashba-Edelstein Effect.
Our studies not only provide a promising material of monolayer OsBi2 to possess unconventional Rashba bands,
but also demonstrate its potential application to achieve highly efficient spin-to-charge conversion in spintronics.
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I. INTRODUCTION

The control and manipulation of the spin-charge intercon-
version plays a critical role in modern spintronics [1,2]. In
the two-dimensional system, the (inverse) Edelstein effect has
gained much attention since its potential application in spin-
tronics devices [3–15]. In the direction of inverse Edelstein
effect (IEE), a pure spin current js through the system gener-
ates a transverse charge current jc, and the Edelstein effect
(EE) describes the inverse process. In both cases, the con-
version efficiency is defined by λ(I )EE = jc/ js, which largely
measures the merits of a physical system.

The microscopic mechanism of both EE and IEE requires
the presence of the spin-orbit coupling (SOC), which re-
sults in the specific spin-momentum locked electronic band
structures. Thus, the usual candidate physical systems include
the metallic heterostructure [4–11] and the topological in-
sulators [15–21]. In the metallic heterostructure, the spacial
inversion asymmetry lifts the spin degeneracy and gives rise to
the Rashba SOC [22]. However, the opposite spin textures of
the two lifted bands give the partial compensation of the con-
tributions to the spin-to-charge conversion and suppresses the
efficiency λIEE [15], and searching for materials with strong
Rashba SOC coupling becomes an alternative way to increase
λIEE in this situation [23–29]. Furthermore, the interfacial
effects complicate the descriptions of the electronic states
beyond the standard Rashba model and limit the application
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of the metallic heterostructure. In the topological insulator,
the topological surface state possesses the single Dirac cone
structure, which can get rid of of partial compensation effect
in Rashba system [15]. However, the concurrence of surface
and bulk states and quantum confinement effect always com-
plicate TI-based systems beyond the controllability [30].

In this work, we propose the third kind of system, which
provides a new way to achieve the giant IEE with large λIEE .
The new system has two spin-lifted bands with the identical
spin textures, i.e., unconventional Rashba bands, which is very
different from the conventional Rashba bands with opposite
spin textures. We first perform the first-principles calculations
to predict a simple compound of monolayer OsBi2, which
hosts simple and pure unconventional Rashba band structures
near Fermi energy. We further construct an effective k · p
Hamiltonian to describe such unconventional Rashba bands.
According to the semiclassical Boltzmann transport theory,
we show that the unconventional Rashba bands can induce
strongly enhanced spin-to-charge conversion and possess the
giant IEE with large λIEE . The calculated spin-to-charge con-
version efficiency λIEE is estimated to be about ten times that
of the conventional Rashba system. It is worth noting that
the pure bulk states of a single material can overcome the
shortcomings of the complexity and fragility of the interfacial
and surface states in the metallic heterostructure and topolog-
ical insulators. These properties make monolayer OsBi2 to
be a promising material to realize the giant IEE and to have
potential application in spintronics.

This paper is organized as follows. First, we discuss the dif-
ference between the conventional and unconventional Rashba
bands and construct the effective model to describe the uncon-
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FIG. 1. (a) The conventional Rashba band structure. (b) and
(c) The spin textures of two Fermi circles when Fermi energy EF > 0
and EF < 0, respectively.

ventional Rashba bands in monolayer OsBi2 in Sec. II. Next,
we calculate and find the giant giant IEE according to the
semiclassical Boltzmann transport theory in Sec. III. At last,
we discuss the experimental feasibility to realize the giant IEE
with monolayer OsBi2, and give the conclusions.

II. THE UNCONVENTIONAL RASHBA BANDS IN
MONOLAYER OsBi2

We start with the conventional Rashba bands described by
E±(k) = εk2 ± αR|k| with ε and αR the constant and Rashba
SOC parameters, respectively. The two outer and inner bands
and the Fermi contour involving two Fermi circles for a spe-
cific Fermi energy EF are shown in Fig. 1. The spin textures of
the two Fermi circles are denoted by the red and blue arrows,
as shown in Fig. 1(b) and 1(c). In the case of Fermi energy
EF > 0, the two Fermi circles have spin textures with op-
posite chiralities and group velocities v±

F = 1
h̄∇kE±(k)|k=k±

F

with the same directions, as shown in Fig. 1(b). For EF < 0,
the two Fermi circles are from the same outer band E−(k),
and they have the spin textures with same chiralities but group
velocities v−

F with opposite directions, as shown in Fig. 1(c).
When the spin current is injected, the opposite chiral spin
textures in the former case and the opposite directions of the
velocities in the latter case can both suppress the converted
charge current, because the two Fermi circles give a partial
compensation for the contributions to the converted charge
current [15]. This is the key reason to limit the spin-to-charge
conversion efficiency λIEE in conventional Rashba system.
To break the bottleneck, a natural strategy is to force both
Fermi circles to have positive contributions to spin-to-charge
conversion. Namely, both Fermi circles have spin textures
with the same chiralities and the group velocities with the
same directions. Such unconventional Rashba band structures
were experimentally observed in some surface alloy systems
such as Bi/Cu(111), BiAg2/Ag-Au(111) and was argued to
originate from the hybridizations between different bands and
orbitals [31–34]. However, the complicated and fragile band
structures limit the possibility of exploring the spin-charge
interconversion efficiency in these systems.

To overcome the complexity from the coexistence of both
unconventional Rashba bands and other trivial bands in metal-
lic heterostructure, we search for the single compound with

the pure and robust unconventional Rashba bands near Fermi
energy. Our previous studies indicate that the trigonal layered
PtBi2-type materials tend to form the buckled structure for the
top layer of Bi [35]. Such kind of distortion naturally breaks
the inversion symmetry. Following the similar strategy, we
perform the first-principles calculations to search for the com-
pounds with same structures but different elements. Namely,
the PtBi2-type compounds have crystallographic expression
AB2 with A and B taking (Ru, Os, Rh, Pt, Pd, Ir) and B taking
(Sb, Pd, Sn, Bi), respectively. We find that only monolayer
OsBi2 is unique to meet all the requirements and to possess
the simple and pure unconventional Rashba bands near Fermi
energy. The relaxed structure is shown in Fig. 2(a) and 2(b).
The crystal constant is a = b = 6.78 Å. The calculated band
structure is shown in Fig. 2(c) and 2(d). The point group is C3v

for monolayer OsBi2. Without SOC, the two-fold degenerate
points at � point belong to the two-dimensional irreducible
representations (IRs) labeled by E , as shown in Fig. 2(c).
There exist two such E points around Fermi energy with
one and another mainly involving (dxz, dyz) and (dxy, dx2−y2 )
orbitals of Os, respectively. When SOC is tuned on, each E IR
is doubled and split into one two-dimensional �4 IR and two
one-dimensional �5 and �6 IRs [36]. Deviate from � point,
the two sets of �4 bands split into Rashba-type and further
couple together to give the unconventional spin textures, as
conformed by Fig. 2(e).

The effective k · p Hamiltonian H (k) near � point can be
constructed under the basis defined by �4 ⊕ �4. The explicit
form of H (k) is restricted by C3v point group symmetry and
time-reversal (TR) symmetry. Namely, D(ĝ)H (k)D−1(ĝ) =
H (ĝk) and T̂ −1Hc(k)T̂ = Hc(−k). Here, ĝ is the symmetry
operation of C3v point group, D(ĝ) is the matrix representation
of ĝ, and T̂ is TR operator. For C3v point group, there are
two group generators which are rotating 2π

3 around z-axis
and reflecting by the three vertical mirrors. Applying these
restrictions on H (k), we obtain H (k) up to the k-quadric terms
as follows (see Supplemental Material) [37]:

H (k) = A(k) +

⎛
⎜⎜⎜⎝

B(k) iαRk− 0 βk−
−iαRk+ B(k) βk+ 0

0 βk− −B(k) iαRk−
βk+ 0 −iαRk+ −B(k)

⎞
⎟⎟⎟⎠.

(1)
Here, A(k) = γ k2 + γ0, B(k) = δk2 + δ0, and k± = kx ± iky.
By fitting the parameters to the first-principles calculations,
we obtain γ = −8.5 eVÅ 2, γ0 = 0.24 eV, δ = −0.4 eVÅ 2,
δ0 = 0.08 eV, αR = 0.78 eVÅ, and β = 1.26 eVÅ. The fit-
ting bands are indicated by the red-dashed lines shown in
Fig. 2(d).

III. THE GIANT INVERSE RASHBA-EDELSTEIN EFFECT
IN MONOLAYER OsBi2

Now, we consider the spin-to-charge conversion of the
bands from Hamiltonian in Eq. (1). For convenience, we
redefine ε = γ + δ, ε0 = γ0 + δ0, ε′ = γ − δ, ε′

0 = γ0 − δ0.
In order to perform the analytic calculation, we further ap-
proximately adopt ε′ = ε and make ε′

0 = 0 through tuning
the chemical potential. The parameters ε, ε0, ε′, and ε′

0 are
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FIG. 2. (a) and (b) The top and side view of the Crystal structure of monolayer OsBi2, respectively. (c) The orbital-resolved band structures
along the high-symmetry lines without spin-orbit coupling. (d) The band structures along the high-symmetry lines with spin-orbit couplings.
The red-dashed lines label the fitting bands from the effective k · p Hamiltonian. (e) The spin textures of different Fermi circles around � point
for two different Fermi energy 0.235eV and −0.125eV, respectively. The green arrows indicate the direction and intensity of spin textures.

recovered to describe the bands of OsBi2 when numerical
calculations are performed. For ε < 0 and ε0 > 0, the band
structures are schematically shown in Fig. 3. Consider a cou-
ple of inner and outer Fermi circles from the two lower-energy
bands as shown in Fig. 3(b), the spin textures can be evaluated
by S±

k = 〈
±(k)|�|
±(k)〉. � =τ0 ⊗ σ, with τ0 and σ span-
ning the orbital and spin space. Then,

S+
k = 2αRk − ε0√

(2αRk − ε0)2 + β2k2
(sin θ x̂ − cos θ ŷ), (2)

S−
k = 2αRk + ε0√

(2αRk + ε0)2 + β2k2
(sin θ x̂ − cos θ ŷ), (3)

according to which, three regions can be divided by different
fillings. Region I is from Emax to ED, where the two Fermi
circles is from the single outer band and have the same chiral
spin textures, as shown in Fig. 3(c). Region II is from ED to Ec

with Ec = Eouter (kc) and kc = ε0
2αR

. In region II, the two Fermi
circles possess opposite chiral spin textures, as shown in in
Fig. 3(d). Region III is from Ec to negative infinity, where
the two Fermi circles share the same chiral spin textures, as
shown in in Fig. 3(e). More remarkably, two Fermi circles
in Region III have the same directions of velocities. This
means the band structures in the Region III belong to the
unconventional Rashba-type. The situations are similar for the
two higher-energy bands in Fig. 3(b).

When spin is injected into the system along z direction, as
shown in Fig. 3(f), the two Fermi circles in Region III should
move δk along the same direction in momentum space, as

shown in Fig. 3(g) and 3(h). Such Fermi circles shift means
the in-plane charge current is generated. This is the physical
picture of the spin-to-charge conversion, i.e., the IEE. In the
semiclassical Boltzmann transport theory [52], the shift of the
Fermi circles is equivalent to application of a homogeneous
electrostatic field E, which generates a directional current
and makes the distribution function fk to deviate from the
equilibrium distribution function f 0

k . In the zero-temperature
limit, we have fk = f 0

k − |e|�k · E δ(Ek − EF ), and the spin
polarization 〈S〉 can be expressed as 〈S〉 = ∑

k Sk ( fk − f 0
k ).

Here, e is the elementary charge, and �k is the mean free path.
Under the relaxation-time approximation, �k = τkvk with τk

and vk the momentum relaxation time and the group velocity,
respectively. We consider two Fermi circles from two lower-
energy bands, as shown in Fig. 3(b). Note that the results for
two Fermi circles from two higher-energy bands are similar.
With the help of the spin textures in Eqs. (2) and (3) [37], we
have

〈S〉 = |e|A
2π h̄

∑
η

Iη
(
kη

F

)
τ

η
F kη

F

(
v̂η

F · k̂η
F

)
(ẑ × E). (4)

Here, η = ± labels the inner and outer Fermi circles, re-
spectively. Iη(k) = (2αRk + ηε0)/

√
(2αRk + ηε0)2 + β2k2 is

the factor for spin polarization. A, v̂F and k̂F is the area of
the unit cell, the unit vector of group velocity and Fermi
momentum, respectively. Since the two Fermi circles share
identical directions of spin polarization and group velocity
in Region III, they both give positive contributions to total
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FIG. 3. (a) and (b) The two sets of Rashba bands without and
with couplings, respectively. ED labels the cross point of two bands.
(c), (d), and (e) The spin textures for the two Fermi circles from
the two lower-energy bands, when the Fermi energy EF lies in
Region I, II and III, respectively. (f) The schematic diagram for
the spin-to-charge conversion through the unconventional Rashba
band structure shown in (c), i.e., IEE. The ẑ-directional spin current
js with ŷ-directional spin polarization can generates x̂-directional
charge current jc. (g) and (h) The configurations of the two Fermi
circles from two higher-energy bands shown in (c) before and after
injection of spin current, respectively.

spin polarization. Additionally, as shown in Fig. 4(a), the rate
of interband scattering is greatly reduced with the decrease
of EF , because the spin-flip backscattering is forbidden. Ac-
cordingly, the momentum relaxation time τk is also increased.
These two aspects strongly enhance the spin polarization 〈S〉,
as shown in Fig. 4(b). When EF � Ec, the factor of spin
polarization and radii of two Fermi circles tend to be equal,
the spin polarization can be approximately expressed as

〈S〉EF 	Ec
= αR|e|

2πNimV 2
0

(√
1 + 4ε�EF

α2
R + β2

− 1

)
(ẑ × E) (5)

with �EF = EF − 1
2ε0. Here, Nim and V0 denote the number

of δ-scattering centers and the s-wave scattering potential,
respectively. In conventional Rashba system, the spin polar-
ization [37] 〈S〉Rashba = αR|e|/(2πNimV 2

0 ), which is a constant
when EF < 0. Thus, the spin polarization in unconventional
Rashba system rapidly surpasses the conventional one, as
shown in Fig. 4(b).

The spin current density js shown in Fig. 4(c) can be related
with the spin polarization 〈S〉 shown in Eq. (4) by js = e〈S〉

τF
ẑ.

The generated charge current density jc shown in Fig. 4(c)
can be obtained by jc = e

∑
k vk ( fk − f 0

k ). The spin-to-charge
conversion efficiency λIEE can be further expressed as

λIEE = jc/ js =
∑

η kη
F τ

η
F v

η
F∑

η Iη
(
kη

F

)
kη

F

(
v̂η

F · k̂η
F

) . (6)

For the conventional Rashba system, λcon
IEE ∼ αRτF /h̄ +

4ετF EF /(αRh̄) with a nearly constant τF . Then, λcon
IEE tends

to be the constant λ0, when EF ∼ 0, and is linearly increased
with the shift of EF , indicated by the blue line in Fig. 4(d). For
the unconventional Rashba system, however, with the increase
of EF , the interband scattering rate ∝ |〈
+(k)|
−(k)〉|2
rapidly decreases, as shown in Fig. 4(a), which gives a large
momentum-relaxation time τF . Thus, the larger charge current
jc is generated. Meanwhile, stronger spin polarization gener-
ates larger spin current js. These two effects compete with
each other. The numerical results of the relative jc and js for
monolayer OsBi2 are shown in Fig. 4(c), from which, one can
clearly find the competitive relation between jc and js. Com-
pared with conventional Rashba system, monolayer OsBi2 has
lower rate of increase but much larger initial value of λIEE

length, as indicated by the red curve in Fig. 4(d). In the en-
ergy window we most concern, such as the shadowed regions
in Fig. 4(d), the monolayer OsBi2 has λuncon

IEE /λcon
IEE ∼ 10. Its

λuncon
IEE /λcon

IEE could be up to 16 when λcon
IEE approximately takes

the constant αRτF /h̄, which is usually adopted in many liter-
atures [5,15,28]. The monolayer OsBi2 with unconventional
Rashba bands has remarkable advantages than conventional
Rashba systems.

IV. DISCUSSIONS AND CONCLUSIONS

Note that the aforementioned discussions focus on either
the two higher-energy bands or the two lower-energy bands,
as shown in Figs. 2(d) and 3(b). In the continuous model
described by Eq. (1), all four bands should be considered.
However, in monolayer OsBi2, the lattice symmetries force
only two bands to be occupied and the other two bands to
be gapped when the Fermi energy lies in the shadowed re-
gions, as shown in Fig. 2(c). Unlike monolayer OsBi2, the two
higher-energy bands and the two lower-energy bands cannot
be separated in metallic heterostructure such as Bi/Cu(111)
and BiAg2 /Ag-Au(111) [31–34]. This is a crucial point to
guarantee monolayer OsBi2 not metallic heterostructures to
realize the giant IEE.

To test the stability and practicability of OsBi2, we per-
form the first-principles calculations to calculate the phonon
spectrum and do the ab initio molecular dynamics simulation
to estimate energy evolution [37]. We find that there is no
imaginary frequency of the phonon spectrum [37]. We adopt
a relatively large supercell consisting of 4 × 4 repeated unit
cells to simulate the lattice. After heating at 300 K for 12 ps
with a time step of 2 fs, we find no structure reconstruction and
the corresponding fluctuation of energy (temperature) with
time are negligible [37]. These results indicate the structure
of OsBi2 is stable. We further take into account the Hubbard
interaction U up to 3 eV, and find the band renormalization
is negligible [37]. The reason is due to the weakly correlated
interaction of unfilled 5d orbitals of Os. It is worth noting that
the PtBi2 has been experimentally exfoliated into a monolayer
due to the weak interlayer van der Waals interaction [51]. We
also calculate the exfoliation energy of PtBi2 and OsBi2, and
find that the exfoliation energy of OsBi2 is even lower than
that of PtBi [37]. It indicates the feasibility to prepare the
monolayer OsBi2 from the bulk compound.
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FIG. 4. (a) The interband scattering factor |〈
+(k)|
−(k)〉|2 as function as Fermi energy. (b) Total spin polarization of conventional and
unconventional Rashba systems, where we adopt the same parameter of Rashba coupling αR. (c) The relative spin current js(EF )/ js(0) and the
relative charge current jc(EF )/ jc(0) as the function as the Fermi energy for the unconventional Rashba systems. (d) and (e) The spin-to-charge
conversion efficiency λIEE of the conventional and unconventional Rashba systems as the function as the Fermi energy. Here, λIEE is in unit
of λ0, which is the IEE length of conventional Rashba system at EF = 0. The shadowed regions correspond to the shadowed regions shown in
Fig. 2(d). Note that the fitting parameters for monolayer OsBi2 are adopted in the numerical calculations of (a)–(e). (a)–(c) are the numerical
results for the two lower-energy bands shown in Fig. 2(d), and the relevant results for the two higher-energy bands are shown in Fig. 7 in
Ref. [37].

In practice, the monolayer OsBi2 should be sustained by
a substrate and covered by a capping layer to block the
air. If the sample is prepared with epitaxial method, we
propose a sandwich structure Sc2O3/Os(Bi1−xPbx )2/Sc2O3,
and calculate the bands of this sandwich structure. We find
that the hybridization between Os(Bi1−xPbx )2 and Sc2O3 is
negligible around the Femi level, because Sc2O3 is a good
insulator with a gap about 4 eV [37]. Thus, the unconven-
tional Rashba bands are well preserved as the free standing
case. The Fermi level can be tuned by introducing hole-type
carriers, i.e., Sc2O3/Os(Bi1−xPbx )2/Sc2O3. Our calculation
shows x = 0.09 corresponds to dope 0.54 hole/unit cell, and
the Fermi level shifts down and lies in the shadowed region
in Fig. 2(b) [37]. Note that similar chemical doping has been
experimentally realized in Pt1−xRhxBi2 [53]. Besides, other
practical methods can be adopted, such as electrostatic gating
and ionic liquid gating, etc. [54–60].

In conclusion, we propose that the unconventional Rashba
system provides a new way to realize the spin-to-charge
conversion. Our first-principles calculations prove that mono-
layer OsBi2 host such simple, pure and robust unconventional

Rashba bands. With the help of semiclassical transport the-
oretical analysis, we find that the spin-to-charge conversion
efficiency of monolayer OsBi2 is much higher than that in the
conventional Rashba system. These results make monolayer
OsBi2 to be a promising material to host the giant IEE. Our
studies provide a new path to promote the charge-to-spin
conversion efficiency in modern spintronics.
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