Absence of a giant Rashba effect in the valence band of lead halide perovskites
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For hybrid organic-inorganic as well as all-inorganic lead halide perovskites a Rashba effect has
been invoked to explain the high efficiency in energy conversion by prohibiting direct recombination.
Both a bulk and surface Rashba effect have been predicted. In the valence band of methylammo-
nium (MA) lead bromide a Rashba effect has been reported by angle-resolved photoemission and
circular dichroism with giant values of 7 to 11 eVA. We present band dispersion measurements of
MAPDBr3 and spin-resolved photoemission of CsPbBrs to show that a large Rashba effect detectable
by photoemission or circular dichroism does not exist and cannot be the origin of the high effciency.

Since they merge outstanding optoelectronic charac-
teristics such as tunable bandgap, high carrier mobility
and long carrier lifetimes, lead halide perovskites (LHPs)
have attracted outstanding attention for their application
in multi-junction solar cells [I] resulting in high power
conversion efficiencies exceeding 25% [2H6]. Due to high
spin-orbit interaction, they have recently also been con-
sidered as material for spintronics [7HO]. Metal halide
perovskites possess an AM X3 structure (where A can be
an organic cation such as methylammonium (MA), i. e.,
CH3NHY, or an inorganic cation such as Cs*), M is a
metal (Pb2* but also Sn?%) and X is a halide anion (I,
Br—, or CI7). MAPDbBrs undergoes a phase transition
from cubic to tetragonal, and then to orthorhombic at
around ~ 230 K, ~ 160 K and ~ 150 K, respectively
[10]. Inorganic CsPbBrj is cubic, (above 403 K), tetrag-
onal (361 K < T < 403 K), and orthorhombic (below
361 K) [IIHI3]. Hybrid LHPs, i. e., those with organic
cation A are generally extremely challenging due to the
ease of beam damage under visible and ultraviolet light
irradiation [I4], which complicates not only their use as
an optoelectronic material, but also their study by spec-
troscopic methods.

Because of the Pb content, the spin-orbit interaction
influences the electronic structure. This affects the band
gap size and leads to spin-orbit splittings [I5]. The spin-
orbit interaction can cause a Rashba effect if a struc-
tural inversion asymmetry occurs at the surface or inter-
faces or if a bulk inversion asymmetry is present [16} [I7].
The strength of the Rashba effect is usually given by the
Rashba parameter ag, which is the ratio of energy split-
ting AE to the momentum shift Ak of the electronic
band structure (ag = AE/(2Ak)). In LHPs, ferroelec-
tricity can break the inversion symmetry and cause a bulk
Rashba splitting [I8], also when Pb is replaced by Sn [19].
This prediction, originally obtained by tight binding cal-
culations [I8] has been confirmed in ab initio calculations
using the GW approach [20] 21].

It has been suggested that appropriate spin textures
caused by the Rashba effect can lead to a mismatch
of spin and momentum in the recombination transitions

[22]. Calculations of the lifetime suggest that such sup-
pression of the recombination can explain the observed
long carrier lifetimes [22]. It shall be noted that the
Rashba effect can either slow down the transition due to
the spin mismatch [22] or due to the mere resulting indi-
rect band gap character [23][24] which by itself would lead
to a 350-fold decelerated transition [24]. I. e., already the
difference in Rashba splittings in conduction band and
valence band would turn halide perovskites into indirect
band gap semiconductors [25]. This does not require a
static Rashba effect since even in centrosymmetric struc-
tures a local Rashba effect can occur which fluctuates
with the MA cation dynamics [25]. Depending on struc-
ture and distortions, dynamical Rashba effects with pa-
rameters ag from 1.12 to 4.82 eVA for the valence band
and from 2.19 to 10.36 eVA for the conduction band of
MAPDI; were calculated [25]. These are very large val-
ues partly exceeding the largest effects measured in solids
so far [16, [I7]. In most predictions the Rashba splitting
of the conduction band is larger [25] or equal to that
of the valence band [26]. This changes, however, when
surface Rashba effects are considered. A static surface
Rashba effect has been predicted for the valence band of
MAPbDI; that amounts to ~ 2 eVA with negligible effect
in the conduction band [27].

Early on it has been noticed that in hybrid perovskites,
the PbX; unit determines the electronic and phononic
properties [22]. Electronically, since there are no elec-
tronic states of the organic molecule in the vicinity of
the band gap. And structurally, since the deformation of
the Pb.X3 unit is well understood as the result of the in-
fluence of the organic molecule and has been confirmed as
the source of the predicted Rashba splitting [22]. In line
with this insight, phonon instabilities were found to be
very similar in CsPblz and MAPDI3 [28] which is inter-
esting since hybrid and inorganic perovskites also have
comparable local polar fluctuations [29]. By molecular
dynamics simulations, two studies found a similar dy-
namical Rashba effect for CsPbls as in MAPbI; [30] [31].
For CsPbl; in the static minimum, a Rashba parameter
of 2.01 eVA for the valence band and 2.75 eVA for the



conduction band has been found [3I]. Under external
electric fields, CsPbBrs can show a static Rashba effect
which occurs only in the valence band [26]. A CsPbBrs
bilayer yields a Rashba parameter of 0.88 eVA for 1.35
V/nm field strength [26].

These predictions of Rashba effects call for experimen-
tal verification, especially since the magnitude of the
Rashba splitting is a function of the polar distortion [22]
and the splitting itself is not sufficient since many Rashba
effects with untypical spin textures that do not impede
the recombination can occur depending on the details of
the distortions [32].

Ferroelectricity has been measured for tetragonal
MAPDbDI; [33]. On the other hand, it has been argued that
tetragonal MAPbDI; is centrosymmetric with I4/mcem
space group which would exclude a bulk Rashba effect
[34]. However, single-crystal x-ray diffraction experi-
ments show that tetragonal MAPbI3 belongs to the polar
space group I4cm, a subgroup of I /mem [35].

Angle-resolved photoelectron spectroscopy (ARPES)
is the method of choice to investigate Rashba effects
in the valence band [16] [I7]. In the case of MAPbBr;
[36 B7] and MAPDI3 [37], band dispersions could be ex-
tracted from the raw data. Niesner et al. searched for a
possible Rashba splitting in MAPbBr3; by ARPES with
and without circular dichroism at 21.2 eV and 6.2 eV
photon energy [38]. More specifically, the valence band
maximum (VBM) was probed at the M point at 21.2
eV where E(k) dispersions were obtained by a leading-
edge analysis followed by symmetrization. For both
the low-temperature orthorhombic phase and the room-
temperature cubic phase, a local minimum of 0.16 eV
appeared in the F(k) dispersions surrounded by a ring
shaped maximum. Rashba parameters of 7+ 1 eV A for
the low-temperature orthorhombic phase and 11 +4 eV
A for the room-temperature cubic phase were obtained,
exceeding the largest Rashba effects measured for ferro-
electric materials [39, 40]. In a laser ARPES experiment,
the Rashba splitting was reported at the I point (k) =0),
which contains a replica of the band at the VBM for the
orthorhombic phase.

For a 2D hybrid perovskite, optical spectroscopies de-
liver an exciton splitting compatible with a Rashba pa-
rameter of 1.6 eVA of the conduction band [41]. Mag-
netooptical measurements of CsPbBrs nanocrystals were
well described by Rashba parameters of 0.2 eVA for the
conduction band and 0.05 eVA for the valence band [42].
From bulk-sensitive femtosecond absorption and photolu-
minescence at room temperature, it was concluded that
the Rashba splitting observed in ARPES [38] can only
occur at low temperature [43]. From second harmonic
generation data, the Rashba effect in MAPbI; was es-
timated to be only 1.3 - 1073 ¢VA [44]. From com-
parison to bulk-sensitive second-harmonic-generation ex-
periments and calculations, Frohna et al. [34] conclude
that Niesner et al. [38] accurately measured the surface

Rashba effect. Most recently, spin-polarized scanning
tunneling spectroscopy was used to claim a measurable
Rashba splitting at the surface of MAPbI3 [45].

In the present work, we have conducted ARPES from
MAPDBr3 to verify the Rashba splitting of the size
reported by Niesner et al. which is widely accepted
[2, 8, [@, 26| [34], ATH43| [45]. We obtained detailed disper-
sions of the valence band which are incompatible with the
reported Rashba splittings. For CsPbBr3, ARPES does
not give experimental evidence for a Rashba splitting
[46]. CsPbBrs has a higher chemical stability and allows
also spin-resolved measurements. By this, we can exclude
a static bulk or surface Rashba effect of ~ 7.2-1072 eVA
or higher.

The hybrid MAPbBr3 and the CsPbBrj single crystals
were grown using the inverse temperature [47] and the an-
tisolvent vapor-assisted crystallization methods [48], re-
spectively. We have doped MAPbBr; crystals by Mn2™
in order to increase their chemical stability as suggested
before for some LHPs [49] [50]. ARPES and spin-resolved
ARPES measurements were perfomed at the UE112-
PGM2a and U125/2-PGM RGBL Undulator beamlines
of BESSY II. The angular and energy resolutions of the
ARPES experiments were 0.1° and 20 meV, respectively.
Spin-resolved ARPES spectra were obtained via a Mott-
type spin detector [51]. Resolutions for spin-resolved
ARPES were 1.5° (angular) and 90 meV (energy). The
crystals were cleaved in situ along the [100] direction and
the base pressure of the experimental setups was better
than 1 x 10719 mbar (for more details, please see Supple-
mental Material [52].)

Figure 1(a) shows the bulk and surface Brillouin zones
of the cubic perovskite lattice, and Fig. 1(b) displays
the cubic crystal structure. The VBM is situated at
the R-point which we access with angle scans where the
2D electron wave vector kj, is varied along I-M [i.e.,
within the yellow plane in Fig. 1(a)]. In previous experi-
ments, it has been argued that the R-point of MAPbBr3
is reached at 21.2 eV photon energy [37, [38]. In Fig. 1(e)
we show data measured at almost the same energy of
22 eV, where a small dispersive feature appears at low-
est binding energies. This feature is a candidate for the
VBM of MAPbBr3 and is displayed also in Fig. 1(f) as
first derivative of photoemission intensity versus energy.
The dispersion at 22 eV does not indicate a Rashba split-
ting, in particular one does not see the 0.16 eV dip at the
top of the dispersion [38]. Also our constant energy sur-
faces at the band maximum in Figs. 1(c) and 1(d) do
not show the ring shape reported previously. We plot-
ted the extracted data from [38] in Figs. 1(e) and 1(g)
(yellow line) and find no agreement with our measure-
ments. Besides the missing dip, our dispersion appears
more pronounced than the one observed in the previous
experiment [38].

It is difficult to verify whether 22 eV probes states
near the R-point because the samples do not allow ex-
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FIG. 1.  (Color online) (a) Sketch of the surface (green)
and bulk (black) cubic Brillouin zones. The yellow plane in-
dicates the electron detection plane, which spans along the
T — M direction. (b) Primitive unit cell of cubic perovskite.
(c),(d) Constant-energy surfaces of hybrid MAPbBrs mea-
sured around the M-point and at a relative energy with re-
spect to the band maximum (E — Ewax) of (¢) 0.05 eV and
(d) 0.15 eV. (e) Corresponding energy-momentum dispersion
at hv=22 eV photon energy and (f) first derivative of the pho-
toemission intensity (dI/dE). Red circles are fits to the data,
and the white dashed line is a parabolic fit to the resulting
peak positions. (e),(g) The band dispersion extracted from
Ref. [38] is shown for comparison (yellow solid line). (h),(i)
Similar results as in (e),(f) but obtained at a photon energy
of hv=30 eV.

tended measurement times. Absolute binding energies of
different measurements cannot be compared because of
energy shifts due to charging because of synchrotron or
visible light and/or degradation. We observe, however,
that data at 30 eV show a more pronounced dispersion
than at 22 eV, see Figs. 1(h) and 1(i). Our analysis of
the effective mass gives 0.32 £+ 0.02 m, for 22 eV, but
0.26 + 0.02 m, for 30 eV. Although this difference is
rather small, it indicates that 30 eV may be closer to the
R-point and the VBM.

For this reason we tested whether the more pronounced
dispersion at 30 eV shows any sign of a Rashba splitting.
Since the dip is also absent here, we investigated the be-
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FIG. 2.  (Color online) MAPbBr3. Comparison between

the widths of the photoemission peaks (black dots) and the
results of the simulated model taking into account different
Rashba parameters (red and green solid lines). The experi-
mental widths are extracted from fits to energy-distribution
curves at hy=30 eV photon energy, and the corresponding
error bars are shown in gray color.

havior of the dispersion with k. We simulated a model
based on the Rashba effect [53] using the reported pa-
rameters ag = 11 eVA and 2k = 0.086 A~! [38] which
imply a value of m* = 0.03m.. The Rashba splitting
must appear as an increased peak width for unresolved
splittings as a function of k. Unresolved splittings are
in particular expected for a dynamic Rashba effect [25].
This width is plotted in Fig. 2 (red solid line) using
the full width at half maximum (FWFM) at the top of
the band as reference width for the model [52]. We see
from Fig. 2 that the experimental width behaves very
differently from the simulation and maximally supports
a Rashba parameter smaller by one order of magnitude,
as can be seen when comparing the experimental data
and their error bars to a simulation where ag = 1.4 eVA
(green solid line). This comparison indicates again that
the giant Rashba effect does not exist in MAPbBrj.

In the following, we turn to CsPbBrs. This system
is much more stable and allows extended measurements.
We determined by photon energy dependent measure-
ments that the R-point is reached at 29 eV. Figure 3
shows the VBM. In Fig. 3(c) we perform a similar analy-
sis as in Fig. 2, now for the VBM of CsPbBrj3. Here, we
use the experimental effective mass and assume a giant
ar of 11 eVA for the model. We see that the experimen-
tal data are not compatible with a giant Rashba effect,
at most with a Rashba parameter of 1.06 eVA.

Niesner et al. also reported a circular dichroism effect
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FIG. 3.  (Color online) CsPbBrs. (a) Energy-momentum

dispersion taken at hvy=29 eV photon energy around the M-
point and (b) corresponding energy-distribution curves near
the band maximum. In (a), higher binding energy states ex-
hibiting an almost flat dispersion are clearly seen. (c¢) Com-
parison between the width of the photoemission peaks (black
dots) and the results of the simulated model using Rashba pa-
rameters of ar of 11 eVA and 1.06 eVA (red and green solid
lines, respectively). The green curve represents an upper limit
of the Rashba parameter as extracted from the model by tak-
ing into account the experimental error bars (gray color).

in MAPDbBr3 as proof of the Rashba-type spin texture
[38]. With 6.2 eV laser light, only the center of the sur-
face Brillouin zone I' can be reached. However, for the
orthorhombic phase at low temperature, the bulk R-point
is projected onto I' which could in principle be used to
probe the VBM. We search for a circular dichroism at 29
eV and plot the intensities (¢; — c—)/(c4 + c—) in Fig.
4(b). They show a dichroism sign change at the VBM
at the R-point. It has, however, previously been shown
in detail for the Dirac cone surface state of BisTes that
the circular dichroism is not related to the spin texture

CDAD (%)

(a) di/dE (b) 35

o
©

N
N

N
o

Binding energy (eV)

2.8
0.4 0.6 0.81 1.0 )
kyjy (A7) kyjy (A7)
(c) Ily Ily
hv=28 eV
. YN
& | A spinup 23
2 | v spin down
°
o 3
= 0o
25
LS
[ =
g_ g 04 06 08 10 12
89 Ky A7)
£
I I I I I I
6 5 4 3 2 1
Binding energy (eV)
FIG. 4.  (Color online) CsPbBrs. (a) First derivative of

the photoemission intensity (dI/dE) obtained around the re-
gion near the VBM at hv=29 eV. (b) Measurement of the
circular dichroism in the angular distribution (CDAD). The
CDAD values are given at the top and reach ~ +35 %. (c)
Spin-resolved energy-distribution curves (EDCs) measured at
hry=28 eV photon energy. Black upwards (red downwards)
triangles show tangential spin-up (down) EDCs. The spin-up
(down) direction lies in the surface plane and is perpendicular
to the electron momentum. (For the out-of-plane component
see Fig. S5 [52].) Solid lines are fits to the data. Inset: Cor-
responding energy-momentum dispersion at hv=28 eV. The
vertical white dashed line indicates the momentum cut at
which the spin-resolved spectra have been taken.

and does not replace a spin-resolved ARPES experiment
[54). In Fig. 4(c), we check with spin-resolved photoe-
mission slightly away from the VBM at the R-point both
the Rashba effect and the relevance of the circular dichro-
ism for a spin splitting. We see at 28 eV that the peak at
~ 4 eV binding energy leads to a strong spin polarization.
This is consistent with the fact that the high spin-orbit
interaction originates from the Pb. This is also consis-
tent with band structure calculations of CsPbBrs which
show that this Pb 6s derived band splits strongly when
spin-orbit coupling is taken into account [55]. For the
states near the VBM which mainly originate from Br 4p
orbitals [55] 56], we accordingly do not see such spin po-
larization. This shows that the circular dichroism is not
related to a spin polarization. We also do not see a spin



splitting that could be assigned to a Rashba effect. The
spin splitting is smaller than 29 + 41 meV corresponding
to a static Rashba parameter ag <7.2-1072 eVA. (Note
that a dynamic Rashba effect would average over spin
and not be detectable by spin resolution.) This is con-
sistent with the values of ag in the range of 1073-1072
eVA estimated from bulk-sensitive optical measurements
of CsPbBr3 (5-1072 eVA) [42] as well as of MAPbI;
(1.3-107% eVA) [44].

In conclusion, we have investigated the presumed gi-
ant Rashba effect for MAPbBrs and do not observe any
static or dynamic effect in the reported order of mag-
nitude, neither at 22 nor at 30 eV photon energy. As
for both hybrid and inorganic LHPs Rashba effects are
predicted, we have also investigated the analogous but
more stable inorganic compound CsPbBr3. Here, we can
also exclude a large Rashba effect at the valence band
maximum. Therefore, the high efficiency of hybrid and
inorganic perovskite solar cells is most likely not caused
by the spin texture or by the indirect band gap charac-
ter of a valence-band Rashba effect in the bulk or at the
surface.
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