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We investigate the circular photogalvanic effect (CPGE) in single-crystalline methylammonium
lead iodide microcrystals under a static electric field. The external electric field can enhance the
magnitude of the helicity dependent photocurrent (HDPC) by two orders of magnitude and flip
its sign, which we attribute to magnetic shift currents induced by the Rashba-Edelstein effect.
This HDPC induced by the static electric field may be viewed as an unusually strong third-order
photoresponse, which produces a current two orders of magnitude larger than second-order injection
current. Furthermore, the HDPC is highly nonlocal and can be created by photoexcitation out of
the device channel, indicating a spin diffusion length up to 50 µm at 78 K.

Hybrid lead halide perovskites based solar cells have
demonstrated high power conversion efficiency, thanks to
their unusually long charge carrier lifetime. The mech-
anism for the slow recombination is still under intense
debate. One possible explanation is that the strong spin-
orbit coupling (SOC) in these materials [1] causes indirect
spin-polarized subbands via Rashba effects [2, 3]. Mate-
rials with strong SOC also have potentials for realizing
efficient charge-spin conversion, key to spintronic applica-
tions [4]. Despite its importance, the origin of the Rashba
effects in halide perovskites remains unclear. In partic-
ular, the methylammonium lead iodide (MAPbI3) and
bromide (MAPbBr3) crystals obey inversion symmetry
in both their tetragonal and orthorhombic phases, for-
bidding Rasbha effects in the bulk. However, it has been
proposed that a ’dynamic’ Rashba splitting in the bulk
can be induced by symmetry-breaking thermal fluctua-
tion [5–7]. On the other hand, substantial reports sup-
port that the ’static’ surface Rashba splitting can domi-
nate in this system [8–10].

The circular photogalvanic effect (CPGE) experiment
measures how photocurrent depends on the circular po-
larization of the incident light [Fig. 1(b)]. Circularly
polarized light can selectively induce interband optical
transition with unbalanced charge current. This tech-
nique has been used to probe the spin textures in quan-
tum wells [11], topological insulators [12], and 2D elec-
tron gas in oxides [13]. The CPGE has also been used
recently to study the Rashba effects in both 3D and 2D
halide perovskites [6, 14]. However, the previous CPGE
studies in these materials were performed at zero electri-
cal bias and with limited spatial resolution. Here we in-
vestigate Rashba effects with spatially and energetically
resolved CPGE, under an external static electric field and
at various temperatures. We show that the electric field
has a high impact on the CPGE.
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Devices composed of individual pristine micrometer-
sized single crystals of MAPbI3 were used to mitigate
the impacts of grain boundaries as in polycrystalline thin
films, while still maintaining a relatively large surface-
to-volume ratio. Single crystalline microstructures of
MAPbI3 were synthesized following a dissolution and re-
crystallization process [15]. Microbeams and microplates
with thickness of about 1 µm and length up to 100 µm
were produced with well defined facets and smooth sur-
faces (Fig. S1 in Supplemental Materials). The mi-
crocrystals were then mechanically transferred to pre-
patterned Au electrodes on SiO2 coated Si substrates
without exposure to the detrimental lithographic pro-
cess. Devices composed of freshly grown samples were
transferred into an optical cryostat (Janis ST-500) and
pumped to about 10−6 Torr. A tunable laser (NKT Pho-
tonics) with wavelength variable in 500-800 nm was fo-
cused by a 10x objective lens to a diameter about 3 µm,
incident at θ = 45◦ and perpendicular to the device chan-
nel. The oblique incidence was achieved using a tilted
sample stage inside the optical cryostat and the laser spot
was elongated into an ellipse. Circular polarization was
achieved by passing a linearly polarized beam through
a rotating achromatic quarter waveplate (QWP, Thor-
labs). The output polarization is a function of the angle
between the QWP fast axis and the incident linear polar-
ization (α), continuously changing between left circular
polarization (LCP), to linear polarization (LP), and to
right circular polarization (RCP) as the QWP is rotated.
A schematic drawing of the experimental setup is shown
in Fig. 1(c).

We first present our CPGE measurement results at 78
K. The device is insulating in the dark but becomes con-
ductive under light. The current saturates at source-
drain bias (Vb) over 0.2 V [Fig. 1(e)], which is caused
by the Schottky contacts and can be understood with
the back-to-back diode circuit model. The photocurrent
created by the laser focused near the contact clearly dif-
fers between LCP and RCP, as shown in Fig. 1(f). The
photocurrent can be well fit by,
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FIG. 1. Bias switchable CPGE. (a) Illustration of Rashba spin bands. (b) Photon helicity dependent optical transitions in
a Rashba system. (c) Experimental setup where a laser beam with its polarization controlled by a rotating QWP is focused
on a microbeam FET. A charge current Jc driven by source-drain bias creates surface spin polarization (S) by the Edelstein
effect. (d) Illustration of charge current-induced spin polarization by the Edelstein effect. (e) Current-voltage curves in dark
and under uniform illumination with an intensity about 3.5 mW/cm2. Inset: a back-to-back diode circuit model to understand
the current saturation. (f) Photocurrent as a function of the QWP angle α at various biases. (g) C vs Vb, with the laser focused
at reversely biased contact where photoresponse is strongest. (h) C vs θ taken at Vb = −1V in a different device. Inset: an
optical image of a typical device. The gap between electrodes is 20 µm. All data were taken at 78 K. The laser with wavelength
of 650 nm and power of 1 µW was incident at θ = 45◦ in (f) and (g). The same wavelength and power were used for (h).

I = C sin(2α) + L1 sin(4α) + L2 cos(4α) +D (1)

where C represents the amplitude of CPGE, L1 the linear
polarization dependent effects, L2 the reflectance differ-
ence at s and p polarizations, and D the polarization
independent contributions. All these parameters are lin-
ear with the laser power as shown in Fig. S2. C vanishes
at normal incidence and flips sign with negative θ [Fig.
1(h)], indicating the injection of in-plane spins is needed
to produce CPGE. Interestingly, the magnitude of helic-
ity dependent photocurrent (HDPC) is greatly enhanced
under bias and its sign is flipped at the reversed bias
[Fig. 1(f-g)]. C is non-zero but small about 0.02 nA at
zero bias. It then quickly increases to over 4 nA under
Vb = 0.5 V and saturates similar to the I − Vb curve in
Fig. 1(e). The magnitude of C per incident power in our
devices is found to be about 0.02 to 4 mA/W, depending
on the bias. These values are about one to three orders of
magnitude larger than previously reported in mm-sized
single crystal MAPbI3 [6] at zero bias.
The bias enhanced CPGE has been reported in Si

nanowires [16] and MoS2 monolayers [17], attributed to
electric field induced symmetry breaking and enhanced

charge separation at contact, respectively. These mech-
anisms are not applicable to our halide perovskite sys-
tem. First, our MAPbI3 microcrystals do not contain
zigzag chains as in Si nanowires grown along the ⟨110⟩
direction. Second, though the charge separation at the
reversely biased contact is also enhanced by bias in our
device resulting in larger C, D, L1, and L2, the sign flip-
ping of C at opposite bias is unexpected, since the spin-
momentum chirality at the top surface is determined by
the out-of-plane electric field independent of bias. The
third-order photocurrents, including jerk, injection, and
shift, are produced by the combination of static and op-
tical electric fields and its polarity can be flipped by the
static field [18]. But detailed analysis shows that all these
third-order photocurrents are negligible in the Rashba
system in our measurement geometry (see Supplemental
Materials).

We attribute the bias switchable HDPC to the Rashba-
Edelstein effect (REE) [19], where the applied electric
field shifts the Fermi surface and leads to spin polariza-
tion at the surface [Fig. 1(d)]. The spin polarization then
lifts the Rashba band degeneracies, breaks time-reversal
symmetry, and leads to a strong magnetic shift current
(MSC). The bias switching of the C sign can then be un-



3

FIG. 2. Spatially resolved CPGE at 78 and 270 K with Vb = ± 1 V . (a) D and C maps of a microplate device. Dashed
lines indicate the contact positions. (b) Cross sections of C and D along the channel. Golden vertical lines denote the contact
positions. (c) Photocurrent as a function of α at positions I-III denoted in the maps. The laser with wavelength of 532 nm and
power of 1 µW was incident at θ = 45◦.

derstood by the spin polarization reversal at the surface.
REE induced spin-charge conversion has been demon-
strated in topological insulator α-Sn [20] and monolayer
transition metal dichalcogenides [21]. Recently, REE in-
duced spin to charge conversion has also been reported
in MAPbBr3 via spin injection from a ferromagnetic in-
terface [22]. We note that spin Hall effect (SHE) can
also result in spin polarization through bulk transverse
spin current [23]. However, SHE has not been demon-
strated in MAPbI3. MSC is a dc charge current known to
be induced by circularly polarized light in magnetic sys-
tems [24–27] as part of broader work on PT -symmetric
systems [28–32], but has not been previously considered
in non-magnetic systems with photoinduced spin popula-
tions such as halide perovskites. The large C value under
bias indicates that REE and MSC can produce stronger
CPGE than the Rashba effect alone.

Spatially resolved CPGE measurements are then per-
formed by scanning photocurrent microscopy (SPCM), a
powerful experimental technique that provides spatially
resolved photocurrent mapping and insights on carrier
transport [33–36]. To investigate CPGE, photocurrent
images are taken at various α’s. C and D are then ob-
tained by fitting the α dependent photocurrent at each

pixel of the photocurrent images by Eqn. (1) (more de-
tails can be found in ref. [37]). The C and D maps and
their distributions along the microplate longitudinal axis
at Vb = ±1 V at 78 K and 270 K are shown in Fig. 2.
D reaches maximum at the reversely biased contact. At
78 K, the D value decays slowly when the laser spot is
scanned away from the contact out of the device channel;
a long carrier diffusion length of 100±20 µm is extracted
from exponential fitting. In comparison, the photocur-
rent decay length is much shorter, about 33 ± 4 µm at
270 K. All these are consistent with our previous work
[35, 38]. Surprisingly, at 78 K, C extends out of the de-
vice channel as well with a decay length about 50±3µm.
The bias can also flip the sign of C outside the channel.
The large and oscillating C values near the edges of the
microplate is an artifact due to the rapid change of D,
evidenced by scattered α dependence at those positions
(Fig. S3). The α dependence away from the edges can
be fit very well by Eqn. 1, as shown in Fig. 2 (c). L1
and L2 maps also show nonlocal behaviors at 78 K (Fig.
S4). The nonlocal CPGE is also observed consistently in
various devices (Fig. S5). The decay lengths of D and
C drop quickly at 270 K. The uncertainty of C is large
outside the channel at 270 K as evidenced by the scat-
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tered α dependence plots. It is unclear whether we have
any CPGE out of channel at 270 K.

This bias switchable HDPC from the outside of the de-
vice channel can also be understood by the surface spin
generation within the channel by charge current via REE,
followed by the diffusion of these spins out of the chan-
nel. The highly nonlocal C at 78 K indicates a long spin
diffusion length. The reported electron spin relaxation
times in MAPbI3 vary in a wide range, from 7 ps to 37
ns, depending on temperatures and the materials [39–42].
A spin diffusion length of 60 nm at room temperature has
been reported in MAPbCl3-xIx thin films [43]. For a dif-
fusion length of 50 µm at 78 K, we estimate a carrier
mobility of 105 cm2/Vs, if using spin relaxation time of
37 ns. This mobility value is on the higher end of the
expected values [44] and may indicate the contributions
from highly mobile excitons. At low temperatures, ex-
citons are expected to form and their diffusion and spin
relaxation are currently not well understood. We have
demonstrated experimentally that excitons can have sig-
nificantly higher mobilities than free carriers, thanks to
their dipolar nature, which suppresses phonon scattering
[38, 45, 46]. These highly mobile excitons are spin po-
larized under circular polarization and can diffuse out of
channel, creating the observed non-local CPGE.

Ferroelectric domains have been reported in MAPbI3
[47, 48]. Such ferroelectric polarization has been theoret-
ically proposed to create and enhance Rashba splitting
in the bulk [49, 50]. However, electric field induced fer-
roelectric polarization unlikely accounts for our observed
bias switchable CPGE, because our CPGE switching is
also observed when the photoexcitation is out of the de-
vice channel, where the external electric field vanishes.
In addition, CPGE induced by the bulk Rashba effect
with the external electric field along the channel is not
expected to follow the incident angle dependence as ob-
served.

The photon energy effects on CPGE at various temper-
atures are shown in Fig. 3. D sharply increases above the
bandgap [Fig. 3(d)]. The onset photon energy changes
abruptly when the crystal undergoes transition from the
orthorhombic to the tetragonal phase at Tc ≈ 150 K. A
small bump at 1.67 eV can be observed at low temper-
atures, most obvious at 80 K, hinting an excitonic peak
[46, 51]. The magnitude of D stays about the same above
Tc and increases with decreasing temperature below Tc

[Fig. 3(b)]. As shown in Fig. 3(c), the wavelength de-
pendence of C at different temperatures largely follows
a similar trend. Above the bandgap, its magnitude first
increases and then decreases as the photon energy in-
creases. Its sign flips when the photon energy is over
2.2-2.3 eV at low temperatures. Most strikingly, C flips
sign when the photon energy is below the bandgap [Fig.
3(a) and Fig. S6]. A narrow peak with a width about
thermal energy KBT is clearly seen at T < 200 K. Af-
ter the phase transition, the C peak position shifts ac-
cordingly along with the bandgap. At T > 200 K, the
C peak significantly drops in magnitude and eventually

FIG. 3. Photon energy dependent CPGE at various tem-
peratures. (a) Photocurrent as a function of α with photon
energy below and above bandgap at 80 K. (b) Temperature
dependent C and D at photon energy of 1.77 eV. (c, d) Pho-
ton energy dependent C and D at various temperatures. The
crystal undergoes an orthorhombic to tetragonal phase tran-
sition above Tc ≈ 150 K associated with a abrupt bandgap
decrease as indicated. The laser of power of 1 µW is incident
at θ = 45◦. The bias is fixed at -1 V.

vanishes. C also flips sign below bandgap when the bias
is reversed. The 78 K C map obtained at photon energy
below bandgap also shows nonlocal behavior but with a
shorter decay length as shown in Fig. S7.

The magnitude of C increases at lower tempera-
tures, different from the previous results measured in
millimeter-sized single crystals [6], where the CPGE
increases with temperature. Therefore, the observed
CPGE in our microcrystals is unlikely caused by the ther-
mal fluctuation induced dynamic Rashba effect. The in-
terband CPGE spectrum is broad and largely follows the
theoretical calculations [14, 52]. We also carried out first-
principles calculations of the CPGE tensor and the calcu-
lation results are qualitatively consistent with the exper-
imental observation (see more detail later). The exact
mechanism for the observed below-gap C sign flipping
is unclear and we propose two possible interpretations
below. First, the flipping may be caused by the absorp-
tion depth change. Below bandgap, the light can pen-
etrate through the microplate and be directly absorbed
near the bottom surface with spin polarization opposite
to the top surface. The overall HDPC is the sum of the
top and bottom surface contributions and may flip sign,
if the bottom surface dominates because of its vicinity to
the bottom contacts. However, this does not explain the
disappearance of C peaks at higher temperatures. Sec-
ond, a similar C sign flipping below bandgap has been
observed in 2D halide perovskites and attributed to spin-
galvanic effect (SGE) of the ionized spin-polarized exci-
tons [14]. MAPbI3 has an exciton binding energy of 16
meV determined by magnetic field dependent optical ab-
sorption [53]. Free carriers and excitons likely coexist



5

at low temperatures in this material [45]. Excitons and
free carriers may lead to opposite HDPC because of their
distinct CPGE mechanisms [14]. At higher temperatures
the below-gap C peak vanishes, when the thermal energy
forbids exciton formation.

To better understand the origin of CPGE and its wave-
length dependence, we have performed first-principles
calculations of band structures and CPGE tensor (βij)
for a MAPbI3 slab. An asymmetric slab was constructed
to ensure inversion symmetry breaking. This results in
Rashba band splitting in the conduction and valence
band edges, as shown in Supplemental Materials Fig. S8.
The slab is terminated along the (001) surface as previ-
ously shown to be one of the most stable surface orien-
tations [54]. The ionic positions in the slab are fully re-
laxed before calculating βij and in turn the second order
injection current, see Supplemental Materials for more
details. We also computed the current dependence on
incident light propagation angle and photon frequency,
which qualitatively agree with experiments, as shown in
Fig. S9. The nature of the angle dependence is a con-
sequence of the symmetry of the CPGE tensor. We find
βxy = −βyx and almost zero for all other components,
consistent with a crystal having C4v point group symme-
try [55]. While the relaxed slab does not strictly have
this symmetry, we find the inorganic sublattice is close
to C4v point group. This also explains the zero cross-
ing in Fig. 1(h) when the light is normal to the surface
(0◦). At 45◦, we calculate the second-order injection cur-
rent of 0.028 nA, which agrees well with the zero-bias
value measured in experiments of 0.02 nA. The width of
the calculated CPGE peak is about 1.5 eV, broader than
that measured experimentally (0.6 eV). The deviation
can be caused by the surface chemical termination differ-
ence, the omission of scattering-induced ballistic currents
in the DFT calculation, and the crossover between the
magnetic shift current and the injection current.

On the application of bias, the REE introduces
time-reversal symmetry breaking terms into the Rashba
Hamiltonian which drastically modifies the photore-
sponse. Our DFT calculations reveal that the out-of-
plane transition dipoles of a MAPbI3 slab are especially
strong near the Rashba band degeneracies, due to the
surface potential. Ordinarily, these transitions do not af-
fect the total absorption or the injection current by much
because of the small density of states near the Rashba
band degeneracies. However, under time-reversal sym-
metry breaking of the REE, these band degeneracies are
gapped and replaced by highly-divergent van Hove singu-
larities, leading to large MSC at these parts of the Bril-
louin zone. Our Rashba model calculations show that
MSC can typically be two orders of magnitude stronger
than injection currents for the parameters of our system
(see Supplemental Materials). The calculated MSC also
vanishes at normal incidence in agreement with the ex-

perimental result.

These results suggest that transient spin populations
may provide a novel route to enhancing photocurrents in
other Rashba-type materials. As we have shown here,
this mechanism does not require any ground state mag-
netism, and is capable of producing photocurrents two
orders of magnitude larger than other bulk photovoltaic
effect mechanisms. While we have demonstrated this for
a system where REE is confined to the surface, the same
may be possible for bulk Rashba-type materials, where
we expect even larger total currents collected over the
bulk of the sample.

In summary, we showed that an external static elec-
tric field can enhance the CPGE photocurrent by two
orders of magnitude and flip its sign. We proposed a
novel mechanism involving the third order MSC, as a re-
sult of the REE induced spin polarization at the surface.
We also observed that the HDPC magnitude increases
at lower temperatures, implying the CPGE in our mi-
crocrystals is unlikely caused by the thermally induced
dynamic Rashba effect. Furthermore, the CPGE pho-
tocurrent is highly nonlocal, indicating a spin diffusion
length of 50 µm at 78 K. While the interband CPGE
photocurrent shows a broad spectral distribution above
the bandgap largely consistent with the DFT calcula-
tions, the CPGE photocurrent below the bandgap flips
sign and shows a peak with width resembling the thermal
energy at low temperatures. These spatially and spec-
trally resolved photocurrent results can be related to the
formation of highly mobile and spin-polarized excitons.
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