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At interfaces with inversion symmetry breaking, the Rashba effect couples the motion of the electrons to
their spin; as a result, a spin charge interconversion mechanism can occur. These interconversion
mechanisms commonly exploit Rashba spin splitting at the Fermi level by spin pumping or spin torque
ferromagnetic resonance. Here, we report evidence of significant photoinduced spin-to-charge conversion
via Rashba spin splitting in an unoccupied state above the Fermi level at the Cuð111Þ=α-Bi2O3 interface.
We predict an average Rashba coefficient of 1.72 × 10−10 eVm at 1.98 eVabove the Fermi level, by a fully
relativistic first principles analysis of the interfacial electronic structure with spin orbit interaction. We find
agreement with our observation of helicity dependent photoinduced spin-to-charge conversion excited at
1.96 eV at room temperature, with a spin current generation of Js ¼ 106 A=m2. The present Letter shows
evidence of efficient spin charge conversion exploiting Rashba spin splitting at excited states, harvesting
light energy without magnetic materials or external magnetic fields.
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The Rashba effect has provided fertile ground for basic
research and innovative device proposals in condensed
matter. Particularly attractive is the fact that in crystals
lacking spatial inversion symmetry the induced spin orbit
field couples to the electrons’ magnetic moment. This spin
orbit coupling (SOC) allows the conversion of spin current
to a transverse electrical charge, or vice versa, the con-
version of an unpolarized electrical current to spin polari-
zation and diffusion as spin current. These mechanisms
have been confirmed in a variety of systems lacking spatial
inversion symmetry, opening the condensed matter subfield
of spin orbitronics [1,2]. Although, the first demonstration
of spin charge interconversion occurred in semiconductor
bulk systems, the recent focus has been the lack of spatial
inversion symmetry at metal-metal, metal-semiconductor,
metal-oxide, and oxide-oxide interfaces, as well as surface
states in topological insulators [3]. Common techniques for
exploring the spin charge interconversion phenomena at
interfaces are the spin pumping and spin transfer torque
ferromagnetic resonance. These techniques allow studying
the conversions at occupied states below the Fermi level.
Arguably, the hybridization of states at interfaces of
seemingly different material systems leads to a complex
modified electronic structure with multiple Rashba SOC

crossings below and above the Fermi level, and even
topological points. This statement has been tested by
evidence showing a significant modulation of SOC as
the Fermi level is increased and new states are occupied [4–
6]. However, feasibility of spin-to-charge conversion via
Rashba spin splitting at unoccupied states has been elusive.
In this Letter we show evidence of photoinduced spin-to-

charge conversion via Rashba spin splitting of unoccupied
states at the Cuð111Þ=α-Bi2O3 interface. Recent reports
showed the efficient spin-charge interconversion phenom-
ena at the Cuð111Þ=α-Bi2O3 interface by microwave
photon spin pumping [7], acoustic spin pumping [8],
and magneto-optical Kerr effect detection of current
induced spin polarization [9,10]. The origin of the for-
mation of the two-dimensional gas (2DEG) with SOC at
this interface between polycrystalline layers is an ongoing
topic of debate. One leading hypothesis is the formation of
2DEG by interfacial charge transfer facilitated by the
presence of a significant concentration of oxygen defects,
an hypothesis recently proposed as a mechanism for the
formation of 2DEG at the amorphous-crystalline perovskite
oxide interfaces [11]. We recently reported the properties of
the two-dimensional electron gas formation in the
Cuð111Þ=α-Bi2O3 interface with spin orbit coupling by
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spectroscopic ellipsometry [12]. Polycrystalline interfaces
have the advantage of reduced interfacial strain and higher
carrier concentrations when compared with highly crystal-
line interfaces. Here, we performed density functional
calculations of our Cuð111Þ=α-Bi2O3 [13]. Figure 1(a)
shows the calculated layer-projected density of states
(LDOS) at the Cuð111Þ=α-Bi2O3 interface (dashed line
zone) and its vicinity. At the interface, it is possible to
observe a modification of the LDOS at both sides close to
the interface, corresponding to Cu and Bi2O3 hybridization
of Cu-O-Bi states due to charge transfer. We sketched the
calculated charge density of a Rashba state of the
Cuð111Þ=α-Bi2O3 interface in Fig. 1(b), where blue, red,
and purple spheres are Cu, O, and Bi atoms, respectively;
yellow clouds represent the Cu-O-Bi states.
Band structure analysis around the C point of states

below the Fermi level shows a Rashba-like band splitting;
see Fig. 1(c). We evaluated Rashba parameters at the C
point (0.5, 0.5) in the unit of two-dimensional reciprocal
lattice vectors. From the spin split energy band dispersion,
the Rashba parameter is calculated by using an expression
αR ¼ 2ER=kR, where ER is the Rashba energy and kR is the
Rashba momentum offset [22]. The averaged Rashba
coefficient αR ¼ 0.91 × 10−10 eVm accounts for the
energy band spin splitting around the Fermi energy as
shown in Fig. 1(c), which is the same order of magnitude of
values reported by spin-to-charge conversion [7,8].
Remarkably, around 1.98 eV above the Fermi level we

locate another Rashba splitting of an unoccupied state. The
averaged Rashba coefficient αR ¼ 1.72 × 10−10 eVm
accounts for the large energy band spin splitting around
1.98 eV above the Fermi energy as shown in Fig. 1(d),
almost two times larger than that observed around the
Fermi level. The energy of this unoccupied state with
Rashba splitting is in close proximity to the well-known
interband transition energy between d states and s states of
Cu, with both states participating at the interfacial
hybridization.
We test the photoinduced Rashba spin-to-charge con-

version with excitation energy of 1.96 eV at room temper-
ature. The configuration of our photoinduced spin-to-
charge conversion experiment is sketched in Fig. 2(a).
We generate spin currents by the absorption of angular

FIG. 1. First-principles analysis of the Cuð111Þ=α-Bi2O3 inter-
face. (a) Local density of states at the Cuð111Þ=α-Bi2O3 interface
(dashed line zone) and its vicinity. (b) Schematic representation
of the charge density of a Rashba state around 1.98 eV above the
Fermi level of the Cuð111Þ=α-Bi2O3 interface based on density
functional theory. Blue spheres are copper atoms, red oxygen
atoms and purple bismuth atoms; the yellow shadows show the
Cu-O-Bi states. Enlarged views of the band structures around the
C point are shown through each path within the range of
(c) 0.02 ðBohrÞ−1 and (d) 0.005 ðBohrÞ−1 from the C point
along the CΓ or CX line. The origin in energy is set to be the
Fermi level and there are special points: Γ (0, 0, 0); C (0.5, 0.5, 0);
X (0.5, 0, 0).

FIG. 2. (a) Schematic representation of transverse photovoltaic
detection following E ≈ σs × Js. A laser illuminates the sample
at an incidence angle θ and an azimuthal angle Ψ with
polarization σ�. (b) Helicity dependent photoinduced conversion.
Photon polarization dependence of transverse photovoltage of
Cuð111Þ=α-Bi2O3 at incidence angle θ ¼ 70° and azimuthal
angle Ψ ¼ 0°. Open black circles represent the data and the
dashed black line the fit following Eq. (1). The blue dashed line
shows the linear polarization contribution (L1). The red line
shows the circular polarization contribution (VC). The green
dashed line shows the photovoltage related to Fresnel factors (L2).
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momentum from light, via the photovoltaic conversion. The
angular momentum of light is dictated by its degree of
circular polarization or helicity. Notice that, unlike standard
heterostructures for photovoltaic devices where photovol-
taic collection occurs at the bottom and top electrodes, in
our device the photovoltaic collection occurs in transverse
geometry, following the inverse Edelstein effect (IEE) spin-
to-charge conversion, E ≈ σs × Js [7,8,23], where σs is the
vector of spin polarization and Js is the flow direction of the
spin current. The interface is formed between a 30 nm thick
Cu layer and 20 nm thick Bi2O3. These thicknesses are
selected to suppress interaction of the Si=SiO2 substrate
and the excitation light. The laser beam has an incidence
angle θ and an azimuthal angle Ψ. The photon polarization
is controlled by a linear polarizer and a quarter wave plate
mounted on a rotator.
In Fig. 2(b), we show the helicity dependent photovoltaic

measurement obtained with excitation laser energy of
1.96 eV. Changing the contributions of polarized light
due to the rotation of the quarter wave plate (φ) leads to
periodic modulation in photovoltage with a periodicity of
90°. Photovoltage peaks have different amplitudes, show-
ing periodically two different values. This asymmetry
comes from the circularly polarized light modulation
analogous to the circular photogalvanic effect [24]. To
better describe the contributions in our modulated signal,
we fit the data with the following phenomenological
formula [25,26].

Vout ¼ VC sinð2φÞ þ L1 sinð4φÞ þ L2 cosð4φÞ þ A: ð1Þ

Here, VC represents the amplitude associated with the
degree of circular polarization of light or helicity (red solid
line in Fig. 2), L1 is the amplitude associated with the linear
polarization of light (blue dashed line in Fig. 2), L2 depends
on the Fresnel coefficients [27] (green dashed line in Fig. 2)
and A is a nonmodulated photovoltage offset independent
of light polarization. From the fitting we can obtain the
amplitude of the photovoltage Vout, which depends exclu-
sively on the helicity of light VC, and estimate the optical
generated spin current by [8,23]

Js ¼
VC

λIEEωR
; ð2Þ

where λIEE is the inverse Edelstein effect length directly
proportional to the Rashba parameter by λIEE ¼ ðαRτeÞ=ℏ,
τe is the momentum relaxation time governed by Cu [7,12],
ω is the width of our interface, and R is the sample
resistance. We estimate the spin current by taking the
voltage due to circular polarization from fitting of
Fig. 2(b), VC ¼ 10.8 × 10−6 V, λIEE ¼ 2.35 × 10−9 m,
ω ¼ 0.9 × 10−3 m, and R ¼ 4.8 Ω giving a resistivity
ρ ¼ 8.64 μΩ cm, we obtain Js ¼ 1.06 × 106A=m2, a value
comparable with the spin current commonly generated by

spin pumping experiments [8,23] and previous reports of
circular photovoltaic conversion by inverse spin Hall effect
[28,29]. This estimation is valid when the contribution from
the Schottky barrier is negligible. Such is the case for our
Cuð111Þ=α-Bi2O3 [13].
In further scrutiny, Fig. 3 compares VC generation in

three scenarios: excitation of Cuð111Þ=α-Bi2O3 by 1.96 eV
(red dashed line), 1.16 eV (black dash-dot line) energy
lasers, and excitation of only the Cu layer at 1.96 eV (blue
solid line), at θ ¼ 70° and Ψ ¼ 0°. Figure 3 shows that VC
(1.96 eV)≫ VC (1.16 eV) for Cuð111Þ=α-Bi2O3, indicating
drastic suppression of the detected photovoltage coming
from the circular polarization of light at 1.16 eV, and also
showing negligible contribution of circular polarized photo-
voltage coming from the Si substrate, which has a band gap
of 1.10 eV. We also observe that VC ½Cuð111Þ=α-Bi2O3� ≫
VC [Cu(111)] with excitation at 1.96 eV, indicating the
relevance of the Cuð111Þ=α-Bi2O3 interface. Moreover,
we observe an opposite phase of spin-to-charge conversion
for Cuð111Þ=α-Bi2O3 and Cu(111), in agreement with
the opposite sign of spin-to-charge conversion between
Cuð111Þ=α-Bi2O3 [7–9] and the recent reports of conver-
sion of the natural oxide in Cu [14].
First-principles calculations showed hybridization of Cu-

O-Bi charge states at our interface and Rashba splitting
around 1.98 eV above the Fermi energy, allowing the
interfacial charge separation mechanism and IEE spin-to-
charge conversion. Transverse photovoltage induced by
circular polarized light can also be generated in surface
state polaritons via an asymmetric variation of the photon
drag effect [30,31]. This mechanism requires only surface

FIG. 3. Comparison of circularly polarized voltage VC. Circular
photovoltage conversion of Cuð111Þ=α-Bi2O3 at 1.96 eV (red
dashed line) is dramatically larger than circular photovoltage
conversion at 1.16 eV (black dash-dot line), reflecting a threshold
energy. Circular photovoltage conversion at 1.96 eV of
Cuð111Þ=α-Bi2O3 (red dashed line) is significantly larger than
circular photovoltage conversion in Cu (blue solid line), reflect-
ing the necessity of an interface with charge transfer and Rashba
splitting.
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state plasmons in metals and not necessarily the assistance
of a semiconductor such as the plasmon induced hot
electrons mechanism [32,33]. We tested the response of
a Cu (111) layer to circular polarized light at 1.96 eV. While
Cu (111) preserved the optical absorption due to the
Shockley surface states, we do not observe significant
transverse photovoltage related to circular polarized light,
therefore, further suggesting the combination of interfacial
induced charge transfer and IEE as the origin for our
circular polarized photovoltage at the Cuð111Þ=α-Bi2O3

interface.
Finally, we study the oblique incidence angle depend-

ence of our photoinduced spin-to-charge conversion (see
Fig. 4). The oblique incidence dependence shows an
increase of circular photovoltaic signal as the projection
is increased onto the plane, and reverses its sign at opposite
oblique incidence angles, following spin-to-charge con-
version mechanisms. The interpretation of our data works
under the assumption of an interband transition of the d
states to the partially filled s states of Cu, as suggested by
the typical interband optical absorption, the hybridization
of our first-principles analysis, and the prediction of a
Rashba splitting of states at 1.98 eV above the Fermi level.
To summarize, we showed the spin photovoltaic con-

version at the Cuð111Þ=α-Bi2O3 interface. Because of
the increasing number of interfaces with broken spatial
inversion symmetry [3,7–11], we expect that the present
work motivates further studies, advancing conversion
efficiencies and understanding towards spin orbitronics
in photovoltaics [34]. From our present and previous
reports, we have indication of spin-to-charge conversion
at the Cuð111Þ=α-Bi2O3 interface due to Rashba spin orbit
coupling [7–10,23]. Rashba spin orbit coupling is sug-
gested as a key component to suppress carrier recombina-
tion and enhanced carrier lifetime in perovskites [35,36].

We observed an efficient photovoltaic conversion arising
from a charge transfer mechanism at our Cuð111Þ=α-Bi2O3

interface and Rashba spin splitting in an excited state. The
photoinduced spin-to-charge conversion via Rashba spin
splitting in an excited state motivates further studies in
similar structures, and further understanding of the mecha-
nism involved. Very recently, a related report shows
circular photovoltaic signal at metal-metal interface [37],
the interpretation of our results may shed new light in the
understanding of this recent report and motive further
studies. Our device is compatible with complementary
metal-oxide-semiconductor (CMOS) technology, opening
a new venue for exploring spin orbitronics at interfaces
towards spin electronic devices beyond Moore’s law [38].
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