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ABSTRACT

Due to the presence of heavy elements and the dynamic nature of hybrid halide perovskites, the strong spin–orbit coupling effect can give
rise to Rashba band splitting in these materials. Despite many reports on the Rashba effect in 3D perovskites like CH3NH3PbI3, little is
known about its presence in two-dimensional Ruddlesden–Popper (2DRP) perovskites. In this work, we use first-principle calculations to
investigate the magnitude and origin of the Rashba effect in three families of 2DRP perovskites. We demonstrate the correlation between
the splitting magnitude and the octahedron distortions. Moreover, different numbers of inorganic layers, spacer cations, and A-site cations
have a great influence on the Rashba splitting through different mechanisms. While structures with C6H5C2H4NH3 (PEA) have a significant
Rashba splitting only in the monolayer condition, C4H9NH3 (BA) induces large distortion by tilting the CH3NH3 (MA) cations around all
octahedrons, giving rise to a larger Rashba splitting with an increasing number of inorganic layers. Our work elucidates the magnitude and
origin of the Rashba splitting in 2DRP perovskites and provides guidelines for the manipulation of the Rashba splitting in these materials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015965

I. INTRODUCTION

Two-dimensional Ruddlesden–Popper (2DRP) perovskites
have attracted great attention for their excellent ambient air stability
compared with their 3D counterparts.1–5 Their optoelectronic
properties can be tuned by controlling their compositions and the
number of inorganic layers, which make them promising candi-
dates for optoelectronic applications.4,6–8 Due to the presence of
heavy elements like Pb, strong spin–orbit coupling is found in
these hybrid materials. Combined with local electric fields caused
by inversion symmetry breaking, the spin–orbit coupling (SOC)
effect gives rise to Rashba band splitting.9–12 The Rashba effect
breaks the spin degeneracy at conduction and valence band edges
and results in a quasi-indirect band structure,9,13 as illustrated in
Fig. 1(a). In solar cell applications, the strong Rashba effect in the
absorber material may lead to low electron–hole recombination
rate, long carrier lifetime, and therefore high power conversion effi-
ciency (PCE) of the device.9,13–15 However, the connection between

the Rashba splitting and the long carrier lifetime remains contro-
versial, as more detailed studies reveal no evidence for spin-
forbidden optical transitions in perovskites.16,17 Besides this, the
Rashba effect also makes it possible to control and manipulate
polarized spins in spintronic devices.18

Currently, the Rashba effect and its origin are well studied in 3D
hybrid perovskites like MAPbI3.

13,16,17,19–21 However, the Rashba
effect in 2DRP perovskites is rarely studied. Experimentally, preces-
sional spin relaxation is observed in (BA)2MAPb2I7, which confirmed
the presence of the Rashba effect.22 Also, spin coherence lifetime is
increased from 1.5 ps in the 3D case to 7 ps in (BA)2MA3Pb4I13,
which indicates the potential influence of the Rashba effect.23

Moreover, a giant Rashba splitting is obtained in PEA2MAPbI3 with a
splitting energy of (40±5) meV.24 Though Rashba splitting is observed
experimentally in some 2DRP perovskites, it remains unclear how the
structure parameters will influence the structural distortion and the
splitting magnitude. The general formula of 2DRP perovskite is
(RNH3)2An−1MnX3n+ 1 (n = 1, 2, 3, 4,…), where RNH3 is a large

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 175101 (2020); doi: 10.1063/5.0015965 128, 175101-1

Published under license by AIP Publishing.

https://doi.org/10.1063/5.0015965
https://doi.org/10.1063/5.0015965
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0015965
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0015965&domain=pdf&date_stamp=2020-11-02
http://orcid.org/0000-0003-3211-4232
http://orcid.org/0000-0001-5104-5602
http://orcid.org/0000-0002-6438-5486
mailto:lijun_zhang@jlu.edu.cn
https://doi.org/10.1063/5.0015965
https://aip.scitation.org/journal/jap


aliphatic or aromatic alkylammonium spacer cation, A is a monova-
lent organic cation, M is a divalent metal cation, X is a halide anion,
and n represents the number of MX6 octahedron. In Fig. 1(b), we
illustrate the structure of the 2DRP perovskites and the components
studied in this work. The electronic properties of these materials
change with different chemical components and the number of inor-
ganic layers.4,23,25 The origin of the Rashba effect in these materials is,
therefore, more complicated. Hence, it remains a challenge for materi-
als research to clarify the origin and mechanism of Rashba splitting in
2DRP perovskites.

In layered MAPbI3, the structural distortion caused by differ-
ent surface terminations is responsible for the observed Rashba
effect, and the number of inorganic layers also has a prominent
impact on the magnitude of Rashba splitting.21,26,27 In both the 3D
and layered MAPbI3 systems, the Rashba effect is strongly related
to the breaking of inversion symmetry in the structure, that is, the
structural distortion, so we anticipate this is also valid in the 2DRP
perovskite systems. However, there is not a unified definition of the
structural distortion, and quantitative estimates of the Rashba split-
ting magnitude in 2DRP perovskites are hardly found.

In this work, via first-principle calculations, we explore the
Rashba effect in three families of 2D Ruddlesden–Popper perovskites
including (BA)2MAn−1PbnI3n + 1, (PEA)2MAn−1PbnI3n + 1, and
(PEA)2Csn−1PbnI3n + 1 (n = 1–6). Due to the influence of different
spacer cations and A-site cations, their Rashba splitting magnitude
changes in different patterns with increasing <n> value. Moreover,
by investigating and comparing different structures, we aim to eluci-
date the origin and mechanism of Rashba band splitting in these
materials. We demonstrate the correlation between the Rashba split-
ting magnitude and the distortion of the PbI6 octahedron and
explained how different components contribute to the distortion.
Our results reveal the influence of different components and param-
eters on the magnitude of Rashba splitting and provide guidelines
for the manipulation of Rashba splitting in 2DRP perovskites.

II. CALCULATION METHODS

The first-principle calculations were performed using plane-
wave pseudopotential methods within the framework of density

functional theory (DFT) as implemented in the Vienna ab-initio
Simulation Package.28,29 The electron–ion interaction was described
using the frozen-core projected augmented-wave pseudopoten-
tials.30 The electron configurations of 1s for H, 2s22p2 for C, 2s22p3

for N, 5s25p5 for I, 5s25p66s1 for Cs, and 6s26p2 for Pb are consid-
ered valence electrons. The generalized gradient approximation for-
mulated by Perdew et al.31 was used as the exchange correlation
functional (PBE functional). We used a kinetic energy cutoff of
400 eV for wave function expansion and a 4 × 4 × 1 Monkhorst-Pack
k-point mesh for electronic Brillouin zone integration of 2D RP
perovskites. The structures (including lattice parameters and internal
atomic positions) were fully optimized via total energy minimization,
with the total energy converged to less than 0.0001 eV. To properly
take into account the long-range van der Waals (vdWs) interaction
that is non-negligible for hybrid perovskites involving organic mole-
cules, the vdWs optB86b functional is adopted.32

The original unit cell structures of tetragonal 2DRP perov-
skites are built with structural parameters a = b = 6.32 Å. The thick-
ness of the vacuum layer is set as 30 Å to avoid the effect of
interlayer interactions. In each family of 2DRP perovskites, the
<n> = 6 structure is built and optimized first. MA cations in the
inorganic layers are aligned with the X axis, with half of them in
the opposite direction to cancel the dipole effect. This alignment is
proved to have the lowest energy after testing several different align-
ments of MA cations. The <n> = 1–5 structures are built from the
optimized <n> = 6 structure by removing inorganic layers from the
center and optimized again. In order to clearly show the Rashba
splitting, the K-path is selected in a small region in the Brillouin
zone near the band edge. The k-points are selected as follows:
L (0.5 0.5 0), Y0 (0.4 0.5 0), X0 (0.5 0.4 0), and Γ0 (0.4 0.4 0).

III. RESULTS AND DISCUSSION

A. Electronic structures of 2DRP perovskites

The electronic band structures of (BA)2MAn−1PbnI3n + 1 and
(PEA)2MAn−1PbnI3n + 1 (<n> = 1–4) and the corresponding
Rashba splitting energies at the conduction band edge are illus-
trated in Fig. 2. All band structures are calculated at the
PBE + SOC + vdW level of theory. All structures have a quasi-
direct band structure, with the parabolic band splitting near the L
point in the Brillouin zone. A different magnitude of Rashba
splitting is observed along different K paths, as is shown in the
supplementary material. We use the largest one for discussion in
this work for simplicity. In all structures, the magnitude of
Rashba band splitting on the conduction band edge is signifi-
cantly larger than that on the valence band edge. With increasing
<n> value, the splitting energies of two families of 2DRP perov-
skites show different trends. The most prominent contrast
happens in the <n> = 1 condition, where the (BA)2PbI4 structure
shows almost no splitting while the largest splitting is observed in
the (PEA)2PbI4 structure. As GGA functionals provide underesti-
mated bandgap, we have also computed the band structures of
PEA2PbI4 and PEA2MAPb2I7 with the Heyd-Scuseria-Ernzerhof
(HSE) hybrid functional.33 The bandgap increased for ca. 0.51 eV,
while the Rashba splitting energy has a little change (see Table S3
in the supplementary material).

FIG. 1. (a) Schematic of the Rashba splitting with ER as the splitting energy
and Δk as the momentum offset. The two parabolic branches have the opposite
spin. (b) Schematic of the structure of 2D Ruddlesden–Popper perovskites.
Different components studied in this work are listed with their site. <n> indicates
the number of inorganic layers.
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B. Rashba splitting magnitude of 2DRP perovskites

To clearly demonstrate the magnitude of the Rashba splitting,
we use the splitting energy ER and the Rashba coefficient αR as
parameters. The Rashba coefficient is calculated as

αR ¼ 2ER
Δk

: (1)

The Rashba parameters of (BA)2MAn−1PbnI3n + 1 and
(PEA)2MAn−1PbnI3n + 1 (<n> = 1–6) are shown in Fig. 3. By com-
paring these two families of 2DRP perovskites, we can see the dif-
ferent impact of BA and PEA cations on the Rashba splitting. Both

the splitting energy and the Rashba coefficient are much more
prominent in the conduction band than in the valence band. This
is possibly due to the different density of states at the conduction
and valence band edges. The Rashba splitting arises from the spin–
orbit coupling effect, which is dependent on the total angular
momentum J of the electrons. Therefore, the p-electrons will expe-
rience a larger shift in the energy level than the s-electrons.
According to our results, the VBM of the hybrid perovskites
mainly consists of the 5p of I and a large portion of the 6s of Pb,
while the CBM mainly consists of Pb 6p. Therefore, the Rashba
splitting energy and coefficient at the conduction band is expected
to be much larger than that of the valence band. In this work, we
will mainly study the magnitude of Rashba splitting in the

FIG. 2. Electronic band structures and the Rashba splitting energy at the conduction band of (a) (BA)2MAn−1PbnI3n + 1 and (b) (PEA)2MAn−1PbnI3n + 1 (<n> = 1–4). The
inset on the left side of panel (a) shows the Brillouin zone and the k-points employed to calculate the band structure.
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conduction band. In the (BA)2MAn−1PbnI3n + 1 family, almost no
splitting is observed at <n> = 1 condition, but the magnitude of
Rashba splitting increases with increasing <n> in a general trend.
The ER at the conduction band reaches a maximum of 26 meV at
<n> = 5. On the other hand, in the (PEA)2MAn−1PbnI3n + 1 family,
a significant Rashba splitting is observed at <n> = 1 condition, but
it quickly decreases with increasing <n>, with ER at the conduction
band less than 5 meV at <n> = 3–6. Specifically, in the <n> = 2–6
condition, the parity of the <n> value has an influence on the
Rashba splitting. In the (BA)2MAn−1PbnI3n + 1 family, structures
with odd <n> value have larger Rashba than those with even <n>
value. While in the (PEA)2MAn−1PbnI3n + 1 family, the condition is
the opposite. The previous work also suggests that intrinsic Rashba
splitting only exists in structures with an even <n> value, but not
for the ones with an odd <n> value.26

To further investigate the influence of A-site cations on the
Rashba splitting, we replaced the MA cations with Cs cations and
fully relaxed the atomic positions and lattice parameters as
described in Sec. II. The calculated Rashba splitting magnitudes in
the (PEA)2Csn−1PbnI3n + 1 family are shown in Fig. 4. In general,
the splitting magnitude of the (PEA)2Csn−1PbnI3n + 1 family is very
similar to the (PEA)2MAn−1PbnI3n + 1 family. After the Cs replace-
ment, the splitting energy does not fluctuate with increasing <n>

but decreases continuously. In the <n> = 3–6 condition, the split-
ting energy at both the conduction and valence bands is below
1 meV. This indicates that MA cations might be the cause for the
correlation between the splitting magnitude and the parity of the
<n> value.

C. Structural distortion and its origin

Next, we investigate the distortion of PbI6 octahedrons and its
origin, in order to explain the different splitting magnitude in dif-
ferent structures. We use Δθ to represent the distortion of PbI6
octahedrons. In each octahedron, Δθ is defined as the following
equation:

Δθ ¼
P3

i¼1 (180� θi)
3

, (2)

as is depicted in Fig. 5(a). In a 2DRP perovskite structure, Δθ indi-
cates the average distortion of all octahedrons calculated with the
same method. To resolve an ambiguity in the definition of the
angle θi associated with 2π wrapping, we always selected a value
less than 180°. From the distortions of each 2DRP perovskite in
Fig. 5(b), we can see that the distortion generally has the same

FIG. 3. Calculated (a) and (b) Rashba
splitting energy and (c) and (d) coeffi-
cient of (BA)2MAn−1PbnI3n + 1 and
(PEA)2MAn−1PbnI3n + 1 (<n> = 1–6) at
the conduction and valence band
edges.
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trend with the Rashba parameters, large distortion leads to a large
Rashba splitting (see Fig. S1 in the supplementary material). In the
<n> = 1 condition, PEA cation causes large distortion and therefore
large Rashba splitting, while BA leads to very little distortion and
almost no Rashba splitting. With increasing <n>, the influence of
spacer cations becomes less dominant, and the distortion of the
Pb–I cage is mainly induced by their interaction with the MA
cations around them.

In Figs. 5(c)–5(e), we can see that BA cation causes the tilting
of all MA cations inside the structure through vdW interaction.
While in the (PEA)2MAn−1PbnI3n + 1 family, MA cations inside the
inorganic layer mostly remain parallel to the 2D plane.

By calculating the dipole moment of BA and PEA, we found
that BA has a dipole moment of 1.094 e Å in the Z direction, which
is much larger than the 0.413 e Å dipole moment of PEA. Also, as
is shown in Figs. 5(c)–5(e), the amino group at the end of PEA is
perpendicular to the X–Y plane, while the amino group at the end
of BA is not. This results in a large dipole moment of 0.701 e Å
from BA along the X direction. Therefore, due to the larger dipole
of BA and its tilted direction, it is much easier for BA to induce the
tilting of MA cations than PEA. Also, in the (BA)2MAn−1PbnI3n + 1

family, every octahedron has large distortion, while in the
(PEA)2MAn−1PbnI3n + 1 and (PEA)2Csn−1PbnI3n + 1 family, only
octahedrons near the PEA cations have large distortion. This indi-
cates that the orientation of the MA cations has a great influence
on the distortion of the PbI6 octahedron around them. On the
other hand, almost no distortion is observed in the octahedrons in
the center of the (PEA)2Cs5Pb6I19 structure, possibly due to the sta-
bilization effect of Cs atoms.34–36 The lack of distortion inside the
structure explains the decrease of Rashba splitting magnitude with
increasing <n> in the two families of 2DRP perovskites with PEA
cations. We notice that all structures in this work are simulated in
a static situation due to computation cost. Considering the soft
nature of the Pb–I framework, we anticipate the fluctuation of the
distortion of the Pb–I framework and the magnitude of the Rashba
splitting in time.13,17,19

The relationship between the parity of <n> and the Rashba
effect originates in the relationship between the parity of
the number of MA cation layers and the Rashba effect. When the

number of MA cation layers changes, the overall condition of the
MA cations orientation also changes when the structure is relaxed.
This, in turn, influences the distortion of the PbI6 octahedrons and
the local dipole field around them, which gives different
Rashba splitting magnitudes. As is shown in Figs. 5(b) and 6(b),
(BA)2MAn−1PbnI3n + 1 structures with an even value of <n> have
slightly smaller distortion and much weaker EZ, which leads to a
smaller Rashba splitting magnitude. To further testify the influence
of the MA cations, we replace MA with Cs in the structures of the
(BA)2MAn−1PbnI3n + 1 family without relaxing the Pb–I cages, in
order to cancel the dipole field of MA cations. The result suggests
that the correlation between the splitting magnitude and the parity
of the <n> value vanished (see Fig. S2 in the supplementary
material). The results of the splitting energy at the conduction
band are provided in the supplementary material.

D. Local electrostatic field

Although different models of the Rashba effect in hybrid
halide perovskites are proposed,9,16,36 the magnitude of the
Rashba splitting is in principle related to the local electrostatic
field perpendicular to the sample plane. Therefore, we calculated
the electrostatic potential in each 2DRP perovskite and the gradi-
ent of electrostatic potential along the Z direction as the electric
field EZ. The electric field around each octahedron is contributed
by both the distortion of the Pb–I cage and the cations around it.
The strength of the electric field has similar trends with the mag-
nitude of the Rashba splitting (see Fig. S3 in the supplementary
material), and the correlation between the strength of the electric
field and the parity of the <n> value is also present in the
(BA)2MAn−1PbnI3n + 1 family, which can be a result of the residual
dipole field of the MA cations. While the octahedron distortion
being the major cause for the Rashba splitting, the influence of
the local electric field is also non-negligible.

E. MA cation orientations

To further investigate the relationship between MA cation
orientation and the Rashba splitting, we calculated the relaxed
atomic structures and band structures of (PEA)2MAn−1PbnI3n + 1

FIG. 4. Calculated Rashba splitting
energies for (PEA)2MAn−1PbnI3n + 1
and (PEA)2Csn−1PbnI3n + 1 (<n> = 1–6)
at the conduction and valence band
edges. (Upon Cs substitution, the
lattice parameters and all atomic posi-
tions were relaxed.)

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 175101 (2020); doi: 10.1063/5.0015965 128, 175101-5

Published under license by AIP Publishing.

https://www.scitation.org/doi/suppl/10.1063/5.0015965
https://www.scitation.org/doi/suppl/10.1063/5.0015965
https://www.scitation.org/doi/suppl/10.1063/5.0015965
https://www.scitation.org/doi/suppl/10.1063/5.0015965
https://www.scitation.org/doi/suppl/10.1063/5.0015965
https://www.scitation.org/doi/suppl/10.1063/5.0015965
https://aip.scitation.org/journal/jap


(<n> = 1–6) with all the MA cations oriented vertically to the X–Y
plane. As is shown in Fig. 7, for structures with <n> = 2–6, the
splitting energy is significantly larger when the MA cations are ver-
tically oriented. In the structures with vertically oriented MA

cations, the splitting energy decreased for <n> = 1–3 due to the
fading influence from the PEA cations. However, the splitting
energy increased for <n> = 3–6, which is different from the
parallel-oriented structures. We believe this is due to the

FIG. 5. (a) Three I–Pb–I angles in a PbI6 octahedron. (b) The octahedron distortion in three families of 2DRP perovskites. The atomic structure of (c) BA2MA5Pb6I19, (d)
PEA2MA5Pb6I19, and (e) PEA2Cs5Pb6I19 and the corresponding distortion of each PbI6 octahedron. (Upon Cs substitution, the lattice parameters and all atomic positions
were relaxed.)
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accumulation of the dipole field from the MA cations with aligned
orientation. As the number of MA cations increased with <n>, the
Rashba splitting energy increases with the strengthening dipole
field vertical to the X–Y plane. It should be noted that the
structures with vertically oriented MA cations have higher energy
than that with parallel orientations. For the <n> = 6 structures in
Fig. 7(a), the energy of the “vertical” structure is higher than the
“parallel” structure by 220 meV per formula unit, similar to previ-
ous findings in MAPbI3.

37 By comparing these two groups, we can
see that the MA cation orientation in the structure has a great
influence on the Rashba splitting magnitude when their dipole field
is accumulated, but it also results in a metastable state of the
structure.

IV. CONCLUSION

In this work, we investigated the magnitude and origin of the
Rashba splitting in three families of two-dimensional Ruddlesden–
Popper perovskites by first-principle calculations. The spin–orbit
coupling effect and the van der Waals interactions are included.
Our results show that the Rashba splitting is related to the distor-
tion of the PbI6 octahedron. In structures with PEA, a significant
Rashba splitting is only observed in the small <n> condition as a
result of large distortion at the organic–inorganic interface. On the
other hand, the splitting magnitude of structures with BA and MA
increases with <n>, as a consequence of the tilted orientation of
MA induced by BA. Moreover, unlike dipole cations like MA,
cations tend to stabilize the octahedrons as the A-site cation and
lead to lower splitting magnitude. Our study suggests that the selec-
tion of chemical components and the number of inorganic layers
have a great influence on the magnitude of the Rashba splitting in
two-dimensional Ruddlesden–Popper perovskites. The results of
this work provide guidelines for the manipulation of Rashba split-
ting magnitude in two-dimensional Ruddlesden–Popper perov-
skites through chemical structure design.

SUPPLEMENTARY MATERIAL

See the supplementary material for the structural data of the
lowest energy structures of (BA)2MA5Pb6I19, (PEA)2MA5Pb6I19,
and (PEA)2Cs5Pb6I19, the splitting energy after the replacement of
MA with Cs, the splitting energy along different directions in the
Brillouin zone, the splitting energies for PEA2PbI4 and
PEA2MAPb2I7 calculated with HSE06 functional, the correlation
between the splitting energy and the distortion, and the correlation
between the splitting energy and the average electric field.
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Table S1 Structural data of the lowest-energy structures of (BA)2MA5Pb6I19, 

(PEA)2MA5Pb6I19 and (PEA)2Cs5Pb6I19. The fractional coordinates of all atoms except 

H are given. (Upon Cs substitution, the lattice parameters as well as all atomic positions 

were relaxed.) 

Material 

Space group 

Lattice 

paramet

ers(Å) 

Wyck

off 

positi

ons 

Ato

ms 
x y z 

Ato

ms 
x y z 

(BA)2MA5Pb

6I19 

a=6.2189

1 
1a C1 

0.99

706 

0.93

48 

0.33

33 
I11 

0.41

24 

0.93

60 

0.62

05 

P1 
b=6.151

27 
 C2 

0.99

514 

0.94

02 

0.41

27 
I12 

0.41

41 

0.93

41 

0.70

30 

 
c=77.732

51 
 C3 

0.86

74 

0.94

20 

0.50

52 
I13 

0.53

42 

0.43

34 

0.25

25 

 α=90°  C4 
0.87

30 

0.93

53 

0.58

64 
I14 

0.47

35 

0.43

49 

0.33

55 

 β=90°  C5 
0.87

03 

0.93

39 

0.66
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I15 

0.48

34 

0.44

10 

0.41
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0.44
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(PEA)2MA5P
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0.41

09 
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02 
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01 
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91 
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00 

0.38
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0.92

95 
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35 

0.38
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0.42

58 

0.42

63 

0.46

02 
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0.92

60 

0.42

72 

0.46

06 
Pb4 

0.41

84 

0.42

77 

0.53

99 

   I4 
0.91

74 

0.39

51 

0.53

90 
Pb5 

0.42

00 

0.43

77 

0.61

97 

   I5 
0.91

96 

0.41

48 

0.61

78 
Pb6 

0.41

39 

0.45

87 

0.70

16 

   I6 
0.91

31 

0.50

08 

0.69

73 
    

(PEA)2Cs5Pb

6I19 

a=6.2274

3 
1a C1 

0.01

28 

0.06

56 

0.20

01 
I9 

0.43

05 

0.92

51 

0.46

07 

P1 
b=6.238

27 
 C2 

0.82

02 

0.13

01 

0.20

75 
I10 

0.43

17 

0.94

10 

0.53

94 

 
c=71.615

93 
 C3 

0.79

62 

0.12

28 

0.22

50 
I11 

0.43

37 

0.96

06 

0.61

79 

 α=90°  C4 
0.96

53 

0.05

23 

0.23

52 
I12 

0.41

45 

0.99

68 

0.69

60 

 β=90°  C5 
0.15

86 

0.98

88 

0.22

76 
I13 

0.42

18 

0.42

51 

0.26

24 

 γ=90°  C6 
0.18

23 

0.99

48 

0.21

02 
I14 

0.41

89 

0.39

32 

0.34

19 

   C7 
0.93

91 

0.03

57 

0.25

40 
I15 

0.42

85 

0.41

44 

0.42

11 

   C8 
0.91

33 

0.80

15 

0.25

89 
I16 

0.43

10 

0.43

30 

0.50

00 

   C9 
0.03

72 

0.79

63 

0.79

98 
I17 

0.43

18 

0.45

12 

0.57

90 

   
C10 

0.84

43 

0.73

08 

0.79

24 
I18 

0.42

79 

0.47

14 

0.65

82 

   
C11 

0.81

92 

0.73

82 

0.77

50 
I19 

0.43

97 

0.43

69 

0.73

77 



   
C12 

0.98

71 

0.80

98 

0.76

47 
N1 

0.90

06 

0.77

85 

0.27

77 

   
C13 

0.18

06 

0.87

43 

0.77

22 
N2 

0.91

48 

0.08

37 

0.72

23 

   
C14 

0.20

56 

0.86

81 

0.78

96 
Pb1 

0.41

00 

0.36

77 

0.30

04 

   
C15 

0.95

94 

0.82

65 

0.74

60 
Pb2 

0.42

71 

0.40

50 

0.38

10 

   
C16 

0.92

94 

0.06

04 

0.74

10 
Pb3 

0.43

03 

0.42

51 

0.46

05 

   
I1 

0.90

94 

0.31

60 

0.30

49 
Pb4 

0.43

16 

0.44

10 

0.53

97 

   
I2 

0.92

72 

0.40

45 

0.38

22 
Pb5 

0.43

20 

0.46

09 

0.61

91 

   
I3 

0.93

03 

0.42

58 

0.46

07 
Pb6 

0.42

32 

0.49

51 

0.69

97 

   
I4 

0.93

16 

0.44

04 

0.53

94 
Cs1 

0.93

66 

0.96

31 

0.65

36 

   
I5 

0.93

21 

0.46

19 

0.61

79 
Cs2 

0.93

16 

0.94

40 

0.57

76 

   
I6 

0.92

22 

0.54

61 

0.69

51 
Cs3 

0.93

38 

0.93

42 

0.50

00 

   
I7 

0.40

08 

0.86

61 

0.30

40 
Cs4 

0.93

01 

0.92

11 

0.42

24 

   
I8 

0.42

95 

0.90

53 

0.38

23 
Cs5 

0.93

25 

0.90

38 

0.34

67 

 

Table S2 Rashba splitting energy at the conduction band of (BA)2MAn-1PbnI3n+1, 

(PEA)2MAn-1PbnI3n+1, and (PEA)2Csn-1PbnI3n+1 (<n>=1~6) along the directions L→X, 

L→Γ and L→Y. (Upon Cs substitution, the lattice parameters as well as all atomic 

positions were relaxed.) 
 ER (meV) 

 (BA)2MAn-1PbnI3n+1 (PEA)2MAn-1PbnI3n+1 (PEA)2Csn-1PbnI3n+1 
 L→X L→Γ L→Y    L→X L→Γ L→Y L→X L→Γ L→Y 

<n>=1    113.54 16.49 78.66 113.54 16.49 78.66 

<n>=2 1.91 1.22 1.54 1.62 1.65 5.51 10.78 4.42 1.77 

<n>=3 14.76 6.2  1.44   0.111 0.11 0.24 

<n>=4 7.12 3.5 0.13 1.27  2.38 0.014 0.009 0.008 

<n>=5 26.1 13.4  0.2  0.11 0.009  0.007 

<n>=6 18.52 13.02  0.056  1.11    

 

Table S3 Rashba splitting energies for PEA2PbI4 and PEA2MAPb2I7, calculated with 

PBE and HSE06 functional. 



 PBE HSE06 

Material 

Structure 

ER, Electron 

(meV) 

ER, Hole 

(meV) 

Eg 

(eV) 

ER, Electron 

(meV) 

ER, Hole 

(meV) 

Eg 

(eV) 

PEA2PbI4 131.69 10.98 1.457 138.08 9.87 1.970 

PEA2MAPb2I7 8.09 0.24 1.027 6.40 0.14 1.532 

 

 

Fig. S1: The correlation between the splitting energy at the conduction band and the 

average distortion of the octahedrons in (a)(BA)2MAn-1PbnI3n+1, (b)(PEA)2MAn-

1PbnI3n+1 and (c)(PEA)2Csn-1PbnI3n+1 (<n>=1~6) (Upon Cs substitution, the lattice 



parameters as well as all atomic positions were relaxed.) 

 

 

Fig. S2 Calculated Rashba splitting energies for (BA)2MAn-1PbnI3n+1, and (BA)2Csn-

1PbnI3n+1 (<n>=1~6) at the conduction band edge. (Upon Cs substitution, only positions 

of Cs cations were relaxed, the lattice parameters and all other atomic positions were 

fixed.)  

 

 

Fig. S3 The correlation between the splitting energy at the conduction band and the 

average electric field EZ in each inorganic layer in (BA)2MAn-1PbnI3n+1, (PEA)2MAn-

1PbnI3n+1 and (PEA)2Csn-1PbnI3n+1 (<n>=1~6) (Upon Cs substitution, the lattice 

parameters as well as all atomic positions were relaxed.) 
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