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Spin-injection Hall effect in a planar
photovoltaic cell
J. Wunderlich1,2*, A. C. Irvine3, Jairo Sinova2,4, B. G. Park1, L. P. Zârbo4, X. L. Xu1, B. Kaestner5,
V. Novák2 and T. Jungwirth2,6

Electrical detection of spin-polarized transport in semiconductors is one of the key prerequisites for successful incorporation
of spin in semiconductor microelectronics. The present schemes are based on spin-dependent transport effects within the spin
generation region in the semiconductor, or on non-local detection outside the spin-injection area using a ferromagnet attached
to the semiconductor. Here, we report that polarized injection of carriers can be detected by transverse electrical signals
directly along the semiconducting channel, both inside and outside the injection area, without disturbing the spin-polarized
current or using magnetic elements. Our planar p–n diode microdevices enable us to demonstrate Hall effect symmetries and
large magnitudes of the measured effect. Supported by microscopic calculations, we infer that the observed spin-injection Hall
effect reflects spin dynamics induced by an internal spin–orbit field and is closely related to the anomalous and spin Hall effects.
The spin-injection Hall effect is observed up to high temperatures and our devices represent a realization of a non-magnetic
spin-photovoltaic polarimeter that directly converts polarization of light into transverse voltage signals.

Spin-polarized transport phenomena in semiconductors have
been studied by a range of conventional techniques—both
those used for the previous study of ferromagnets and novel

approaches developed specifically for semiconductor spintron-
ics. The techniques include magneto-optical scanning probes1–5,
spin-polarized electroluminescence6–10 and magneto-electric mea-
surements using spin-valve effects, magnetization dependence of
non-equilibrium chemical potentials, and spin–orbit coupling
phenomena3,5,11–18. Two of the preceding spintronic research devel-
opments have been particularly important for the observation of the
spin-injection Hall effect (SIHE). First, it has been demonstrated
that electrons carrying electrical current in a ferromagnet align
their spins with the local direction of magnetization and that
the resulting electrical signals due to the anomalous Hall effect
(AHE) can be used as an alternative to magneto-optical scanning
probes to measure the local magnetization19,20. The second group
of studies have shown that an analogous spin-dependent deflection
of electrons due to spin–orbit coupling that leads to the AHE is
also presentwhenunpolarized electrical currents are driven through
non-magnetic semiconductors. The phenomenon is called the spin
Hall effect and, unlike the AHE, yields only transverse spin and not
charge imbalance2,10. Combining the above findings, we surmise
that injecting spin-polarized electrical currents into non-magnetic
semiconductors should also generate a Hall effect that, as long as
the spins of the charge carriers remain coherent, yields transverse
charge accumulation and is therefore detectable electrically. To ob-
serve this SIHE, we use a co-planar p–n junction device developed
originally to measure the edge spin accumulation in the spin Hall
effect10,21. The optical activity of the lateral diode is confined to
a submicrometre depletion region of the p–n junction and when
forward biased can sense the spin state of recombining electrons and
holes through polarized electroluminescence. In the current study,
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we operate the diode in the reverse regime as a photocell to inject
spin-polarized electrical currents into the semiconductor from a
spatially confined region.

Figure 1a shows lateral micrographs of the planar two-
dimensional electron–hole gas (2DEG–2DHG) photodiodes with
the p-region and n-region patterned into unmasked or masked
1-µm-wideHall bars. The effective width of individualHall contacts
is 50–100 nm and separation between two Hall crosses is 2 µm. The
three-dimensional (3D) structure of samples and the experimental
set-up are illustrated in Fig. 1b. The semiconductor wafer consists
of a modulation p-doped AlGaAs/GaAs heterojunction on top
of the structure separated by 90 nm of intrinsic GaAs from an
n-doped AlGaAs/GaAs heterojunction underneath (for further
details, see ‘wafer 2’ in ref. 22 and Supplementary Information). In
the unetched part of the wafer, the top heterojunction is populated
by the 2DHG, whereas the 2DEG at the bottom heterojunction
is depleted. The n-side of the co-planar p–n junction is formed
by removing the p-doped surface layer from a part of the wafer,
which results in populating the 2DEG. At zero or reverse bias, the
device is not conductive in the dark owing to charge depletion of
the p–n junction. Counter-propagating electron and hole currents
can be generated by illumination at subgap wavelengths. Owing
to optical selection rules, the out-of-plane spin polarization of
injected electrons and holes is determined by the sense and degree
of the circular polarization of vertically incident light. The optical
spin-injection area is controlled by bias-dependent p–n junction
depletion and, additionally, by the position and focus of the
laser spot or by including metallic masks on top of the Hall
bars (see Supplementary Information for more details on the
experimental techniques).

Figure 1c showsmeasurements at Hall cross H2 in the n-channel
at 4 K, laser wavelength of 850 nm and for 0 and−10V reverse bias
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Figure 1 | Devices, schematic diagrams of the experiment and observation of the SIHE. a, Micrograph of the co-planar p–n junction device with masked
Hall bars (lower panel) and images of the SIHE devices without the gold masks (upper panels). b, Schematic diagram of the wafer structure of the
2DEG–2DHG p–n diode and of the SIHE measurement set-up. c, Steady-state SIHE signals changing sign for opposite helicities (σ− and σ+) of the incident
light beam, that is, for opposite spin polarizations of the injected electrons. For linearly polarized light (σ0), the injected electron current is spin unpolarized
and the SIHE vanishes. Measurements were carried out at the 2DEG Hall cross H2 at a laser wavelength of 850 nm, zero and reverse bias of−10 V and 4 K.
Polarizations are changed electronically during the measurement by the photo-elastic modulator.

with the laser spot fixed on top of the p–n junction and focused
to approximately 1 µm in diameter; ×10 larger light intensity
was applied at zero bias to maintain a constant optical current
of 1 µA (see Supplementary Information for more details on the
measurement techniques). Whereas the longitudinal resistance RL
is insensitive to the polarization, the transverse signalRH is observed
only for polarized spin injection into the electron channel and
reverses sign on reversing the polarization. In the measurements,
the polarization of the incident light was controlled electronically by
a photo-elastic modulator and long measurement times of the data
plotted in Fig. 1c illustrate the stability of detected electrical signals.
With the laser spot focused on the p–n junction, the transverse
voltage is only weakly bias dependent. The large signals of tens of
microvolts, corresponding to transverse resistances of tens of�, are
detected outside the spin-injection area at a Hall cross separated by
3.5 µm from the p–n junction.

Figure 2a shows simultaneous electrical measurements at Hall
cross H0, which is wider and partially overlaps with the injection
area, and at remote Hall crosses H1, H2 and H3. To confirm
that the transverse signals do not result from spurious effects,
but originate from the polarized spin injection, we reverse in
this measurement the helicity of the incident light by manually
rotating a λ/2 wave plate by 45◦. The signals are recalculated to
Hall angles, αH = RH/RL, the magnitude of which, 10−3–10−2, is
comparable to the AHE in conventional metal ferromagnets. The

spatial variation of the sign of the transverse signals we observe is a
significant feature of the SIHE. It can be explained by the combined
effects of spin-dependent transverse deflection and longitudinal
spin precession of electrons when propagating outside the injection
area, as illustrated in Fig. 2b. We estimate the scattering mean free
path in our system to be ∼10–100 nm and the typical spin–orbit
coupling length to be ∼1 µm. The first length scale determines the
onset of the AHE-like transverse charge accumulation due to skew
scattering off spin–orbit coupled impurity potentials. The second
length scale governs the spin precession about the internal spin–
orbit field, which in asymmetrically confined Rashba 2DEGs tends
to point in-plane and perpendicular to the electron momentum. In
narrow channels, electrons injected with out-of-plane spins precess
coherently about this internal spin–orbit field. The coherence can
also exceed micrometre scales in wider channels owing to the extra
Dresselhaus spin–orbit field originating from inversion asymmetry
of GaAs, as detailed below in the theory section. Figure 2c,d shows
the SIHE as a function of the degree of polarization at Hall crosses
H1 and H2. Hall angles on each cross show linear dependence
on the polarization of injected electrons in analogy to the linear
dependence onmagnetization of the AHE in a ferromagnet.

Complete Hall symmetries of the transverse signals measured
in our devices are confirmed by the experiments presented in
Fig. 3. Figure 3a shows data recorded in a sample with Hall
crosses H2 and H3 fully covered by an insulating thin film
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Figure 2 | Variable SIHE signals along the channel and linear dependence of the SIHE on the degree of polarization. a, SIHE signals recorded at a fixed
photo-elastic modulator setting plotted for Hall crosses H0–H3 in the 2DEG channel. The grey region corresponds to the manual rotation of the λ/2 wave
plate, which changes the helicity of the incident light and, therefore, the spin polarization of injected electrons. b, Schematic diagrams of the origin of the
SIHE. Spin-polarized electrons are injected from the p–n junction into the 2DEG channel and outside the optical generation area the spins start to precess
owing to the internal spin–orbit field BSO. Electrical in situ detection of the resulting non-uniform spin polarization is enabled by the spin-dependent
deflection of electrons towards the channel edges, resulting in spatially varying Hall voltages. c,d, Experimental Hall angles measured simultaneously at
n-channel Hall crosses H1 and H2. The SIHE angles are linear in the degree of polarization. Each data point comprises integration over 2 min of
measurement time and the error bars correspond to the maximum deviation from the average value. The laser spot is focused on the p–n junction and also
the bias voltage, laser wavelength and measurement temperature are the same as in Fig. 1.

and a metallic mask. Any residual local polarization at the Hall
crosses by stray light is eliminated in this sample and we again
detect strong and spatially dependent signals for polarized electron
injection. The SIHE is observed only at reverse bias when electrons
move from the illuminated aperture towards the n-channel
Hall crosses. At forward bias, optically generated electrons are
accelerated in the opposite direction and we detect zero Hall signals
independent of polarization.

The distinct features of the SIHE are highlighted by comparison
with complementary data shown in Fig. 3b. After etching the surface
layers in the n-side of the p–n diode, we were able to select wafers
with residual subgap optical activity in an unmasked n-channel.
We used contacts of the Hall cross H1 as the source electrode,
in which case dark current flows in a bias-polarity dependent
direction between H1 and the ground electrode of the n-channel.
The dark current generates zero Hall voltage at crosses H2 and H3,
whereas clear (albeit weak) Hall signals are detected on directly
illuminating the crosses with intense circularly polarized light. The
signals are attributed to the AHE because they occur inside the
spin-generation area and, as expected, they are antisymmetric with
respect to the current polarity. Also consistent with the AHE, we
observe in these experiments Hall voltages with polarity depending
only on current orientation and spin-polarization but with the same
signs on all irradiated Hall crosses measured. It contrasts the SIHE

measurements of spin injection from the p–n junction in which
the sign can alternate among the Hall crosses. Figure 3c shows that
SIHE signals can also change sign at a givenHall cross whenmoving
the spot across the optically active region around the p–n junction,
that is, when effectively shifting the spin-injection area. At large
reverse biases, the optically active region extends a fewmicrometres
deep in the p-channel. As wemove the laser spot across the junction
towards the p-channel, we observe simultaneous variations of the
signals at both measured Hall crosses in the n-channel. The Hall
voltages eventually disappear despite the presence of a still sizable
optical current, suggesting that spin decoherence takes place before
electrons reach the n-side of the p–n junction.

As we have Hall bars patterned also along the p-channel, we
can detect another signature of spin decoherence in our electrical
measurements. The character and strength of the spin–orbit
coupling in the 2DHG implies coherence lengths orders of
magnitude smaller than in the 2DEG channel. Consistently, no
clear Hall signal is measured at the first p-channel Hall cross with
the laser spot focused on top of the p–n junction. Corresponding
data, presented in Fig. 4a, were taken simultaneously with the SIHE
measurements at n-channel crosses H1 and H2 shown in Fig. 2c,d.
Figure 4b confirms that it is the spin decoherence of propagating
holes rather than an inherent absence of the Hall effect in the
2DHG that explains the negative result of measurements in Fig. 4a.
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Figure 3 | Measurements of the symmetries of the Hall signals. a, SIHE measurements in a masked sample with linearly polarized light (grey regions) and
circularly polarized light of a fixed helicity (white regions) for opposite polarities of the optical current. A schematic diagram of the experimental set-up is
shown in the upper panel. The middle panel shows that SIHE voltages are detected only at negative bias when spin-polarized electrons move from the
illuminated aperture towards the measured Hall crosses H2 and H3 in the n-channel. The optical current is plotted in the lower panel. b, Complementary
measurements to a in an unmasked sample with only the n-channel biased and Hall crosses H2 and H3 directly illuminated with a×10 stronger light
intensity as compared with a. Weak AHE signals are detected in this case, which are antisymmetric with respect to the polarity of the current. The lower
panel shows the optically generated part of the current. c, SIHE measurements in a−5 V reverse-biased p–n junction device with unmasked Hall bars. The
spin-injection area is shifted by moving the focus of the laser spot across the junction towards the p-channel. Position ‘0’ corresponds to the spot on top of
the p–n junction. The SIHE signal at the n-channel crosses H2 and H3 changes simultaneously, at each individual cross can change magnitude and sign,
and eventually vanishes when the spot is moved by several micrometres from the junction.

A strong AHE signal is detected when directly illuminating the
measured p-channel Hall cross.

Finally, Fig. 5a shows measurements in a sample that showed
rectifying p–n junction characteristics at temperatures up to 240 K.
The data demonstrate that the SIHE is readily detectable at
high temperatures. Together with the zero-bias operation shown
in Fig. 1c and linearity of the SIHE in the degree of circular
polarization of the incident light, these characteristics represent
the realization of the spin-photovoltaic effect in a non-magnetic
structure and demonstrate the utility of the device as an electrical
polarimeter15. Note that our approach is distinct from the former
proposal of the spin-voltaic effect, which assumed longitudinal
transport in a magnetic system23,24.

The aim of the experimental work discussed above was to
provide evidence and explore the basic phenomenology of the
SIHE. For this, we designed our devices to achieve the capability
of spatially confined optical injection, non-local spin detection
in well-defined Hall bar structures and compatibility with the
expected micrometre scale of the spin precession. Systematic
and quantitative study through the SIHE of spin dynamics in
semiconductor structures with variable properties is beyond the
scope of this article and in our devices requires major modifications
and optimizations of the epilayer growth and device fabrication.
For example, a reduction of the spacing between the Hall crosses
and corresponding reduction of the size of individual Hall contacts
by an order of magnitude would require nanofabrication of
∼10 nm lateral features with a depth-to-width aspect ratio of

10 in our current epilayers. This is beyond the state-of-the-art
limits of electron-beam lithography combined with dry etching.
Bringing the 2DEG closer to the surface and also, for example,
increasing its mobility by introducing larger spacer layers in
the barrier material is feasible. However, it will require a series
of growth optimization steps to establish the balance between
the 2DEG and 2DHG populations necessary for the formation
of the co-planar p–n junction after etching. Finally, we note
that experiments in external magnetic fields, often seen in the
studies of spin dynamics in weakly spin–orbit coupled systems,
are not well suited for inspecting basic SIHE characteristics
in our relatively strongly spin–orbit coupled 2DEG. Variations
in the spin precession and coherence induced by the Zeeman
coupling at magnetic fields .1 T are expected to be weak (see
Supplementary Information for more details on the relevantMonte
Carlo simulations). At higher magnetic fields, the SIHE signals
may contain contributions from the Zeeman and quantum orbital
effects of the field on the spin dynamics, which are mixed by
the spin–orbit coupling. We also expect extra effects from the
field-dependent characteristics of the spin-current generation in
our p–n junctions22. The study of the complex phenomenology of
our devices at high magnetic fields is beyond the scope of our initial
report of the SIHE. Instead, we provide here further insight into the
physics of the SIHE obtained from microscopic theory calculations
at zero magnetic field.

Our theoretical approach is based on the observation that
the micrometre length scale governing the spatial dependence
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Figure 5 | Temperature dependence of the measured SIHE and theoretical modelling. a, SIHE measurements at the 2DEG Hall cross H2 at 100, 160 and
220 K. These data, together with the linear SIHE characteristics in Fig. 2c,d and zero-bias operation shown in Fig. 1c, demonstrate the realization of a
transverse-voltage spin-photovoltaic effect without any magnetic elements in the structure or an applied magnetic field, and a functionality of the device
as a solid-state electrical polarimeter. By choosing different semiconductor materials and heterostructures, the device can operate over a wide range of
infrared and visible light wavelengths. b, Microscopic theory of the SIHE assuming spin–orbit coupled band-structure parameters of the experimental
2DEG system. The calculated spin-precession and spin-coherence lengths and the magnitude of the Hall angles are consistent with experiment. The
colour-coded surface shows the proportionality between the Hall angle and the out-of-plane component of the spin polarization.

of the non-equilibrium spin polarization is much larger than
the ∼10–100 nm mean free path in our 2DEG that governs the
transport coefficients. This enables us to first calculate the steady-
state spin-polarization profile along the channel and then consider
the SIHE as a response to the local out-of-plane component of

the polarization (see also Supplementary Information for detailed
theory derivations). The calculations start from the electronic
structure of GaAs, for which the conduction band near the Γ -point
is formed dominantly by Ga s-orbitals. This implies that spin–orbit
coupling originates from the mixing of the valence-band p-orbitals
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and from the broken inversion symmetry in the zincblende lattice.
In the presence of an electric potential V (r), the corresponding 3D
spin–orbit coupling Hamiltonian reads

H3D–SO = [λ
∗σ · (k×∇V (r))]+[Bkx(k2y −k

2
z )σx

+ cyclic permutations] (1)

where σ are the Pauli spin matrices, k is the momentum
of the electron, B ≈ 10 eVÅ3 and λ∗ = 5.3Å2 for GaAs
(refs 25, 26). Equation (1) together with the 2DEG confinement
yields an effective 2D Rashba and Dresselhaus spin–orbit cou-
pled Hamiltonian27,28,

H2DEG=
h̄2k2

2m
+α(kyσx−kxσy)+β(kxσx−kyσy)

where m = 0.067me, β = −B〈k2z 〉 ≈ −0.02 eVÅ; and α = eλ∗
Ez ≈ 0.01–0.03 eVÅ; for the strength of the confining electric
field, eEz ≈ 2–5 × 10−3 eVÅ−1, obtained from a self-consistent
Poisson–Schrödinger simulation of the conduction band profile of
our GaAs/AlGaAs heterostructure10,22.

In the strong scattering regime of our structure with αkF
and βkF ∼ 0.5meV much smaller than the disorder scatter-
ing rate h̄/τ ∼ 5meV, the system obeys a set of spin-charge
diffusion equations28. (Here, kF is the Fermi wave vector.) In
the steady state, we obtain that the spatial dependence of the
out-of-plane component of the spin polarization along the [11̄0]
direction of our 2DEG channel is given by a damped oscillatory
function pz(x[11̄0]) = exp(qx[11̄0]) with the complex wave vector
q = |q| exp(iθ), where |q| = (L̃21L̃

2
2 + L̃42)

1/4, θ = (1/2)
arctan((

√

2L̃21L̃
2
2− L̃

4
1/4)/(L̃

2
2− L̃

2
1/2)), and L̃1/2 = 2m|α ± β|/h̄2.

We note that Monte Carlo simulations including temperature
broadening of the quasiparticle states confirm the validity of the
above analytical results up to the high temperatures used in the
experiment in Fig. 5a.

From the known local spin polarization, we calculate the Hall
signal by realizing that the dominant contribution in the strong
disorder regime is the extrinsic skew scattering. This contribution
is obtained by considering asymmetric scattering from a spin–
orbit coupled impurity potential originating from the first term
in equation (1) (refs 29, 30). Within the second-order Born
approximation for short-range scatterers, we obtain the spatially
dependent SIHE angle29,30,

αH(x[11̄0])= 2πλ∗
√

e
h̄niµ

n pz(x[11̄0])

where n is the density of optically injected carriers into the 2DEG
channel. Figure 5b shows the resulting theoretical αH along the
[11̄0] direction for the relevant range of Rashba and Dresselhaus
parameters corresponding to our experimental structure. We
have assumed a donor impurity density ni of the order of the
equilibrium density n2DEG = 2.5 × 1011 cm−2 of the 2DEG in
the dark, which is an upper bound for the strength of the
impurity scattering in our modulation-doped heterostructure and,
therefore, a lower bound for the Hall angle. For the mobility of
the injected electrons in the 2DEG channel, we considered the
experimental value determined from ordinary Hall measurements
without illumination, µ = 3 × 103 cm2 V−1 s−1. The density of
photoexcited carriers of n≈ 2× 1011 cm−2 was obtained from the
measured longitudinal resistance between successive Hall probes
under illumination assuming constant mobility.

The theory results shown in Fig. 5b provide a semi-quantitative
account of the magnitude of the observed SIHE angle (∼10−3) and

explain the linear dependence of the SIHE on the degree of spin
polarization of injected carriers. The calculations are also consistent
with the experimentally inferred precession length of the order of a
micrometre and the spin-coherence exceeding micrometre length
scales. We emphasize that the 2DEG in the strong disorder, weak
spin–orbit coupling regime realized in our experimental structures
is a particularly favourable system for theoretically establishing the
presence of the SIHE. In this regime and for the simple band
structure of the archetypal 2DEG, the spin-diffusion equations and
the leading skew-scattering mechanism of the spin–orbit-coupling-
induced Hall effect are well understood areas of the physics of
quantum-relativistic spin-charge dynamics.

The possibility to observe the SIHE in non-magnetic semicon-
ductors, presented in our work, and to tune independently the
strengths of disorder and spin–orbit coupling in semiconductor
structures opens new opportunities for resolving long-standing de-
bates on the nature of spin-charge dynamics in the intriguing strong
spin–orbit coupling, weak disorder regime31. (For further details
on the Hall effects in this regime, see Supplementary Information.)
We also point out that the spatial resolution of the SIHE spin
detectors, limited by the nanofabrication capabilities, is 1–2 orders
ofmagnitude higher than the resolution of currentmagneto-optical
scanning probes. From the application perspective, the SIHE de-
vices can be directly implemented as spin-photovoltaic cells and
polarimeters, switches, invertors, and owing to the non-destructive
nature of the SIHE also as interconnects.We also foresee application
of the SIHE in the Datta–Das32 and other proposed spintronic
transistor concepts33. Devices using the SIHE can be fabricated in a
broad range of materials including indirect-gap Si/Ge semiconduc-
tors in which applicability of optical methods is limited34. As the
magnitude of the SIHE scales linearly with the spin–orbit coupling
strength, we expect ∼×100 weaker signals in the Si/Ge 2DEGs as
compared with our measurements in the GaAs/AlGaAs, which is
still readily detectable.
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