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Rashba and Dresselhaus effects in two-dimensional Pb-I-based perovskites
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Bulk hybride halide perovskites are governed by significant Rashba and Dresselhaus splitting. This indicates
that such effects will not only affect their optoelectronic properties, but also those of their two-dimensional
layered relatives. This work aims at understanding how different ways of symmetry breaking influence these
effects in those materials. For this purpose, model structures are adopted where the organic compounds are
replaced by Cs atoms. Disregarding possible distortions in the inorganic layers, results in structures with
composition Cs,Pb,I3,+1. Using the all-electron full-potential density-functional-theory code exciting, the
impact of atomic displacement on the band structure is systematically studied for n = 1, 2, 3, and oco. The
displacement patterns that yield Rashba or Dresselhaus splitting are identified, and the amount of the splitting
is determined as a function of displacement. Furthermore, the spin textures in the electronic states around the
band gap are analyzed to differentiate between Rashba and Dresselhaus effects. This study reveals in-plane Pb

displacements as the origin of the strongest effects.
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I. INTRODUCTION

The identification of candidate materials for efficient
and environmentally friendly devices in optoelectronics and
photovoltaics requires an accurate understanding of their elec-
tronic structure. In the last decade, hybrid organic-inorganic
halide perovskites (HaP) have become of particular interest
due to their impressive performance as photovoltaic materials
combined with low-cost production [1-13]. In particular, the
two-dimensional (2D) HaPs have been the focus of recent
extensive research [14-22]. They consist of atomically thin
layers of HaPs, often referred to as inorganic layers that are
separated by organic molecules. The thickness of these inor-
ganic layers varies by the number of metal-halide octahedra
stacked on each other (labeled n). Due to the alternation of
organic and inorganic layers, 2D HaPs form natural quan-
tum wells. They have been the focus of recent extensive
research because of their promising potential for applica-
tions in optoelectronics, microelectronics, and photovoltaics
[15,16,19,20,22]. Moreover, they show better environmental
stability than three-dimensional (3D) HaPs [17,18,21], which
is a great advantage for use in photovoltaics.

2D and 3D HaPs contain heavy elements such as Pb and
I and show a great structural diversity, often with a lack of
inversion symmetry. The presence of heavy atoms implies
that spin-orbit coupling (SOC) has a great influence on the
electronic structure. Combined with the lack of inversion
symmetry, SOC can lift the spin degeneracy around the band
gap. This band splitting was first discovered for zinc-blend
structures by Dresselhaus [23] and later for wurzite structures
by Rashba and Bychov [24]. In general, structure-inversion
asymmetry (SIA) leads to Rashba, and bulk-inversion asym-
metry (BIA) to Dresselhaus effects [25]. Both effects have
been studied extensively for many materials. They were ob-
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served in heterostructures [26-28], quantum wells [29-33],
bulk materials [34-36], heavy-atom systems, and alloy sur-
faces [34,37-44], as well as in nanowires [45-47]. Recently,
these effects led to the development of topological su-
perconductors for quantum-information processing through
Majorana fermions [48,49]. In addition, SOC effects also
enable the control of spin-dependent band structures which
opens the field for spintronic applications [50-53].

Rashba and Dresselhaus effects were studied in 3D HaPs
in the last years by many authors [54-60]. For 2D HaPs,
Rashba splitting was reported in several materials [55,61-64],
for example, in phenyl-ethyl-amonium-lead-iodide (PEPI;
n = 1) and in phenyl-ethyl-amonium-methyl-amonium-lead-
iodide (PEMAPI; n = 2) [63]. In contrast to the results in
Ref. [64], Rashba splitting was not confirmed in PEPI with
n=1 [63]. In these studies, Rashba and Dresselhaus ef-
fects were not explicitly distinguished. Even the presence of
Rashba splitting in PEPI with n = 1 was reported contro-
versially since Zhai and coworkers found Rashba splitting
for this material [64] in contrast to Yin and coworkers [63].
SOC effects in 2D HaPs with n > 2 have not been ad-
dressed so far. As such, there is a need to establish a possible
connection between layer thickness and the strength of SO
splitting. The structural complexity of the 2D HaPs addition-
ally calls for asking to which extent a specific way of breaking
inversion symmetry leads to Rashba and/or Dresselhaus
splitting.

To answer these questions, we introduce a 2D model
perovskite with inversion symmetry, and systematically in-
vestigate from first principles the influence of various ways
of symmetry breaking on the electronic structure. We study
the influence of layer thickness on the Rashba and/or
Dresselhaus effects in this model system for n=1,2,3,
and oo.
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II. METHODS
A. Modeling Rashba and Dresselhaus effects

Spin-orbit coupling corresponds to the interaction of the
spin with the orbital degrees of freedom [65]. From a nonrel-
ativistic approximation of the Dirac equation, SOC enters the
Hamiltonian through the Pauli term [66]

1
Hsoc = ;5(0 x VV)-p. ey
C

where c is the velocity of light, p the electron momentum,
o = (0x, 0y, 0;) the Pauli matrices, and V the electrostatic
potential in which the electron moves, induced by the nuclei.
Due to the linear dependence of SOC on VV and p, it becomes
large for electrons that move with large momentum in a poten-
tial with a considerable potential gradient perpendicular to the
momentum. This is the case for electrons in the potential of
heavy nuclei, such as Pb or I [67,68].

The SOC Hamiltonian is invariant under time reversal, thus
Kramer’ s degeneracy rules yield for the single-particle band
energies:

€np (k) = en\L(_k) and Gni(k) = GnT(_k)' (2)

If inversion symmetry is present, another set of degeneracy
rules applies:

enp(k) =€p(=k) and ¢, (k) =€, (=k). (3

Combining both symmetries leads to double spin degeneracy
of the bands within the entire Brillouin zone (BZ):

ént (K) = €, (k). “

Broken inversion symmetry can lift it along some path of
the BZ. If this occurs at the band gap, this effect is known
as the Rashba or the Dresselhaus effect [23,24]. In this case,
the bands related to the two spins are displaced against each
other and thus the position of the band gap may be shifted.
In the vicinity of the band gap without Rashba or Dresselhaus
effect, the presence of SOC acts in first order like an effective
magnetic field (k) [69]. Thus a good approximation to the
energy splitting is a Zeeman term

AE(K) = 1o - (k) = o - [Agk) +ApK)].  (5)

The effective magnetic field 2(k) can be approximated within
k - p theory [25], which enables us to separate the contribu-
tions from the Rashba effect and Dresselhaus effect, termed
Ar(k) and Ap(k), respectively.

Before we consider them in the 2D perovskites with broken
inversion symmetry, we first look at the 2D free electron gas
(FEG) with C,, point symmetry, where analytical solutions
are available [55,70]. We choose the Cartesian coordinate
system such that the C, axis corresponds to the z axis, and
the 2D FEG is placed in the (x,y) plane. The momentum
perpendicular to the plane is then given by k; =k, and the
in-plane component by k; = (k;, &y, 0). Up to linear terms in
k;, the SOC can be approximated by the Rashba-Dresselhaus
Hamiltonian [55,70]

Hgp = )\R(kxay' - k\rgx) + )\D(kxo-x - kyay)v (6)

where Ag and Ap are scalar parameters related to the two con-
tributions. Applying this term to the FEG lifts the degeneracy
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FIG. 1. Left panel: Band structure of the free-electron gas with
broken inversion symmetry with (red and blue lines) and without
(grey dashed line) SOC splitting. Right panel: Characteristic spin
texture around the band gap for the Rashba effect (upper panel) and
for the Dresselhaus effect (lower panel).

of Ey = %|kH | (see Fig. 1) and leads to solutions for the inner
(+) and the outer branch (—) (see Fig. 1):

1
Erp+ = §|kll|2 + \/()‘%) + )‘%e)(k)% + kyz) — 4ArApkiky, (7)

—Ap (ky+iky)+itg (k,—iky)

eikH'r 1 :F 2 2 2 2
Wrps (k) = g % \/()\D+)LR)(kX1+ky)—4/\R)LDkxkv G

For either pure Rashba or Dresselhaus effect (Ap/z = 0), the
energy splitting is given by

AE(K)) = Erp4+(K)) — Egp—(K)) = 2Ag/pky, 9)

where kj = vk} + k;. The respective parameter can now be
directly determined by

= — (10)

In the case of a mixed effect (e.g., Ag #0 and Ap # 0)
the splitting parameters cannot be determined from the band
structure alone. The Rashba and Dresselhaus effects can be
discriminated by considering the spin orientation (o )gp+ =
(Wrp+|o|Wgrp+). Symmetry suggests to transform the system
into polar coordinates, with k = kj(cos, sinf, 0) thus the
eigenvectors [Eq. (8)] transform to

—hpe tirge ™
e D R

ik)-r 1
Yepr (k) = —— <:F \/(Af,+,\§)szkxD sin(20)> . 3D

27 /2
The spin orientation for the general case is then given by
—Ag sin(0) + Ap cos(6)

Agcos(@) — Apsin(@) |. (12)
0

(0)rRp+ X

The spin orientation as a function of the reciprocal space
vector K is denoted as the spin texture. For the pure Rashba
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effect (Ap = 0), the polar-coordinate angle of the spin direc-
tion and the corresponding k-vector have a constant difference
of 7 /2, leading to a circular spin texture (Fig. 1, upper right
panel). In the case of the pure Dresselhaus effect (Ag = 0), the
polar-coordinate angle of the spin direction runs against the
angle of k;, which results in a hyperbolic spin texture (Fig. 1,
lower right panel). Once the spin orientation is determined for
a given system and a given k-point, Eq. (12) can be solved for
)‘-R and )\.D.

B. Model perovskites

2D hybrid organic-inorganic perovskites are built by al-
ternating layers of the bulk perovskite structure, which, in
turn, are composed of Pb-I octahedra and organic molecules
(such as methyl-ammonium), placed in the cavities between
the octahedra, and layers of larger organic molecules. Com-
monly, the perovskite layers are denoted as the inorganic
layers and the dividing molecules as the organic layers. A
large variety of such structures exists. On the one hand, this is
due to the variable thickness of the inorganic layers, defined
by the number of octahedral layers n where, for n = oo, 3D
perovskites are obtained. On the other hand, many different
organic molecules can be used as the organic layer. The size
and structure of these molecules influence the distortion inside
the inorganic layers and thus the symmetry of the material
[71]. This structural variety makes the investigation of the
nature of the SOC effects a difficult task.

In this study, we start with highly symmetric structures of
the type Cs,+1Pb,l3,41 for n =1, 2, 3, and oo (see Fig. 2).
In these structures, the organic molecules are replaced with
Cs atoms and all distortions are removed from the octahedral
lattice. These structures are body-centered tetragonal with the
symmetry group /4mmm for n =1, 2, and 3 and primitive
cubic for n = oco. As all of them have inversion symmetry,
neither the Rashba nor Dresselhaus effect occurs. As several
works reported octahedral distortions as the origin of broken
inversion symmetry in 2D HaPs [63,64,71], we aim at model-
ing distortions that break inversion symmetry. To this extent,
we introduce uniform Pb displacements in either diagonal
direction with respect to the Pb-I bonds that lie in-plane of
the layers (Fig. 3, upper left panel), in the direction of the
in-plane Pb-I bonds (in-bond; Fig. 3, upper center panel),
or perpendicular to the plane (Fig. 3, upper right panel).
Equation (12). From the band structure of the distored struc-
ture, we extract the energy splitting AE at the band gap and
the splitting parameters Ag and Ap. This approach allows us
to separate the impact of lattice distortion and layer thickness
on the electronic structure, and furthermore, differentiate be-
tween the Rashba and Dresselhaus effects.

C. Computational details

All calculations are carried out with the all-electron full-
potential package exciting [72]. The electronic ground
state is calculated within density-functional theory (DFT),
using the generalized gradient approximation—Perdew-Burke-
Ernzerhof (GGA-PBE) exchange-and-correlation (xc) func-
tional [73]. The k-grid and the plane-wave cutoff |G + K|pax

FIG. 2. Structures investigated in this work, represented by the
chemical formula Cs,,,(Pb, I3, forn =1, 2, 3, and oo.

used in the calculations that are considered to be well con-
verged are displayed in Table I.

The energy splitting is extracted from the band structure
at the conduction-band minimum (CBM). The splitting pa-
rameters Ag and Ap are obtained from the spin orientation at

diagonal in-bond perpendicular

(o) D X LT R X

FIG. 3. Pbls octahedra of Cs,Pbly with diagonal, in-bond, and
perpendicular displacements of the Pb atoms (top), corresponding
Brioullin zones with the high-symmetry paths in red (middle), and
band structures along selected high-symmetry paths (bottom).
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TABLE 1. k-grids and plane-wave cutoffs used in the calculations.

n 1 2 3 00
k-grid 7Tx7Tx17 6x6x6 6x6x6 7Tx7Tx17
|G + K| max 2.8 a.u. 4.4 a.u. 3.2au. 3.6 a.u.

the CBM through Eq. (12). This is done for Cs,Pb;I; with
ten equidistant Pb displacements in the diagonal direction
in the range of [0.0, 0.56], in the in-bond direction in the
range of [0.00, 0.50], and in the perpendicular direction in
the range of [0.00, 0.50]. For Cs,4Pb,l3,4+; with n =2, 3,
and oo, diagonal Pb displacements are considered in the range
of [0.00, 0.56]. The symmetries of the investigated structures
are analyzed with the PYTHON Materials Genomics package
(PYMATGEN) [74]. All input and output files, can be found in
the NOMAD Repository [75].

II1. RESULTS

A. Origin of Rashba and Dresselhaus effects

In the following, we focus on structures with C;, point
symmetry but missing inversion symmetry for achieving the
Rashba and Dresselhaus effects. Such structures are obtained
by displacing the Pb atoms uniformly in the diagonal, in-
bond, or perpendicular directions (see Fig. 3, top). Diagonal
displacement leads to a face-centered orthorhombic structure
with symmetry group Fmm2, the in-bond and perpendicular
displacement to body-centered orthorhombic structures with
symmetry group Imm2. The two-fold C, axis is oriented
along the displacement direction. The maximum displace-
ments were chosen 0.56 A for diagonal and 0.50 A for in-bond
and perpendicular displacements, respectively. These large
values are used as such to highlight the maximal possible
effects.

Figure 3 shows, with the example of Cs,Pbly, how these
distortions influence the electronic structure. The double spin
degeneracy of the lowest conduction band is lifted in some
areas of the BZ in all cases, but only for diagonal and in-
bond displacement does this affect the band gap. In other
words, the Rashba effect, Dresselhaus effect, or a mixture of
both only occur for diagonal and in-bond displacements. It is
apparent that the splitting is considerably larger for the first
of these. We focus on these distortion types in the following.
For diagonal displacement, the fundamental Kohn-Sham band
gap of 1.79 eV is close to the high-symmetry points ¥ and X
where the bands appear to be degenerate (see the Brillouin
zone in Fig. 3). Without displacement, it is located at X. The
T'X direction corresponds a real-space vector that points in di-
agonal direction with respect to the in-plane Pb-I bonds. This
direction is four-fold degenerate due to the four-fold z-axis
of the Pbl octahedra. Displacing Pb in one of these directions
breaks the symmetry, making T'X and the perpendicular direc-
tion T'Y inequivalent. The second of these is along the C, axis
which corresponds to the displacement direction. For in-bond
displacement, the band gap is found in the vicinity of T, where
the T'T direction is along the C; axis.

To distinguish between the Rashba and Dresselhaus effect,
the spin textures around the corresponding high-symmetry
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FIG. 4. Energy splitting, AE (top) and corresponding Rashba
and Dresselhaus parameters Ag,p (bottom) as functions of the dis-
placement in Cs,Pbl, for diagonal displacement around X and Y and
for in-bond displacement around 7.

points (Y, X, or T') have to be considered. They are calculated
in the plane perpendicular to the C, axis, i.e., perpendicu-
lar to the displacement direction, and are shown in Fig. 5
for diagonal displacement around Y and X, and for in-bond
displacement around 7. For the diagonal displacement, the
spin texture indicates predominantly Rashba splitting at the
Y point, but a mixed Rashba-Dresselhaus splitting at the
X-point. Similarly, a mixed splitting around the T-point is
observed for in-bond displacement.

In Fig. 4, we display the energy splitting AE and the
parameters Ag and Ap as a function of displacement d. The
parameters are calculated from the spin orientation at the band
gap following Eq. (12). It is apparent that AE is more pro-
nounced for diagonal splitting (green and blue lines) than for
in-bond displacement (orange line), as was already observed
in the band structure. The values at X and Y are very similar
and only deviate for large displacements. Overall, the SO
splitting exhibits a nonlinear behavior.

The SO splitting for diagonal displacement around Y is
purely Rashba like, i.e., Ap is zero for all distances (see Fig. 5).
Around X, both parameters are nonzero, but the Dresselhaus
effect dominates. For in-bond displacement, the case is similar
as for diagonal displacement around X, but the Dresselhaus
parameter is smaller. Overall, the SO splitting parameters
exhibits a nonlinear behavior.

Around Y, we observe pure Rashba splitting. This is due to
the vicinity of the CBM to this point where the wave-vector
point-group symmetry (WPGS) is equivalent to the crystal
point-group symmetry (CPGS). The latter contains the sym-
metry axis C; which corresponds with the Rashba effect [76].

155149-4



RASHBA AND DRESSELHAUS EFFECTS IN ...

PHYSICAL REVIEW B 105, 155149 (2022)

diagonal Y diagonal X in-bond T
T T 775 7T T 7 7 1 - 0.2
0-04“”,*\\\% BN
TRRR RGN TN
002 14 p 44 TV vy : M:ﬂ; L - 0.1
£ o i i1 LS by g L) oo
= A A A, N =4 4 Aot V¥ T '
N FVYVY N 4 > 1
& I r y R
002 "'* \\f 4 > 4
SRR 44 LA L1 - —0.1
_0_04_kkk\\¢,::: WIS ALY
*kk\\él““ }\‘ \Iz!\\_ L _0.2
-0.05 0.00 0.2 0.4 0.2 0.4
ky [1/R] ky [1/A] ky [1/A]

FIG. 5. Spin textures of the outer branch of the lowest conduction band of Cs,Pbly for diagonal displacement (d = 0.56) in the vicinity
of the band gaps at ¥ and X and in-bond displacement (d = 0.50). The path of the band structure in the plane is shown as red line and the
high-symmetry points as red dots. The black triangle indicates the position of the band gap.

In contrast, the CBM is neither close to X for diagonal Pb
displacements nor to 7" for in-bond displacements. The mixed
splittings that we observe in these cases imply that here the
WPGS and CPGS are no longer equivalent.

In Fig. 5, the spin textures in the vicinity of Y, X, and T are
depicted in planes that are perpendicular to the C, axis such
that the according high-symmetry point is included. A C, axis
pierces the planes in this respective point. The positions of
the band gap are indicated by the black triangles. Around Y,
the spin texture for diagonal displacement clearly corresponds
to the Rashba effect. In this case, the WPGS is equivalent
to the CPGS. Around X, the spin texture corresponding to
this displacement type is neither related to a pure Rashba nor
a pure Dresselhaus effect. The same holds true for in-bond
displacement around 7.

Our investigation of the spin textures around the band
gap and the calculation of the splitting parameters from it
show that the displacement direction has a great impact on
the splitting. In addition, our findings underline the results
of Ref. [76] and show that the nature of spin-orbit splitting
as well as its strength highly depends on the location of the
band gap in the BZ and therefore on the WPGS of this point.
Moreover, we find that diagonal Pb displacement leads to
much larger splitting energies and therefore is the most likely
candidate to explain the strong effects found in these materials
[52,59,60,63,64].

B. Impact of layer thickness

To study the influence of increasing layer thickness on
the SO splitting, we apply diagonal Pb displacement to
Cs,11Pb,I3,41 for n =2,3, and oo and calculate AE and
the Rashba and Dresselhaus parameters as a function of dis-
placement. As the structures with n = 1,2, and 3 have the
same symmetry, and diagonal Pb displacement corresponds to
C,, point symmetry with the two-fold axis oriented along the
displacement direction, these materials have very similar band
structures, and as before, the band gaps in the vicinity of ¥ and
X are degenerate within our model. For n = 3, they differ by
about 1 meV, for n = 2 even less. Therefore, we consider both
points.

For n = 2, the energy splittings around ¥ and X are very
similar. Around Y, it is caused by a mixture of Rashba and

Dresselhaus effects. For small displacements, the Dresselhaus
effect is more pronounced, while for large displacements the
Rashba effect dominates. At the maximum displacement, the
situation is again reversed. Around X, both types of splitting
occur but clearly the Dresselhaus effect is dominant for all dis-
placements. As in the case of n = 1, the splitting parameters
are considerably larger around Y than around X.

For n =3, the splitting around X becomes larger than
around Y at decent displacements, with values smaller com-
pared to n =1 and n = 2. Around both points, it is purely
caused by the Rashba effect, with a slightly larger parameter
around Y.

The bulk structure (n = co) with diagonal displacement
has higher symmetry (Imm?2) than the displaced layered struc-
tures (Fmm?2). Like the latter, the band structure shows two
degenerate band gaps, close to the high-symmetry points T
and A. Comparing to the cases n = 1, 2, and 3, the T point
corresponds to Y, and A to X, such that the T'T direction cor-
responds to a real space vector that points in the displacement
direction and T'A perpendicular to it. Also in this case, the
energy splittings around these points show the same behavior
(see Fig. 6) and grow monotonously with the displacement.
For large displacements, they are bigger than any splitting
observed in the 2D perovskites, while for small displacements
they are smaller. Around both points T and A, they are caused
only by the Rashba effect.

So far we have seen that diagonal Pb displacement leads to
Rashba and Dresselhaus effects in 2D perovskites. Thereby,
we observed that the corresponding energy splitting is smaller
for larger n, except for n = oco. In the following, we com-
pare our model calculations with experiments. As only small
distortions were reported in the literature [64], we choose a
small displacement for the direct comparison. We find that
d = 0.11 A reproduces the literature values for the splitting
parameters best for all structures under investigation (see
Fig. 7).

The SOC splitting around Y is caused purely by the Rashba
effect for all n, except for n = 2 where a contribution from the
Dresselhaus effect can be observed. The Rashba parameters
for n =1 and 3 are very similar, and the one for n = oo
is only slightly higher. However, for n = 2, both parame-
ters are significantly smaller. For n > 2, the SO splitting is
always purely caused by the Rashba effect. This suggests
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FIG. 6. SO splittings around high-symmetry points (top) and corresponding splitting parameters (bottom) as a function of displacement

forn=2,n=23,and n = oco.

that pure Rashba splitting leads to much larger splitting pa-
rameters than a mixture of both effects. Interestingly, the
decreasing energy splitting cannot be explained with de-
creasing splitting parameter. The reason for this is that, with
increasing n, the position of the band gap moves away from
the referencee high-symmetry point and AE o 1/|k| [see
Eq. 9)].

In the experimental literature, there is, to the best of our
knowledge, no distinction between Rashba and Dresselhaus
parameters for 2D perovskites. All of the published results
are simply termed Rashba parameters. Furthermore, only re-
sults for n = 1, 2, and oo are available. For n = 1, Zhai and
coworkers [64] measured a Rashba parameter of about 1.6
0.1 eV - A for diagonal Pb displacement in PEPI (n = 1). Our
calculated value of 1.75 eV - A close to ¥ for Cs,Pb;14 is in
good agreement with this value. In contrast, ¥ in Ref. [63]
found no Rashba effect in in the same material. As they re-
ported the structure to exhibit inversion symmetry, we assume
that the displacement cannot be the same as in Ref. [64].
We note that also for PEMAPI with n = 3, no broken inver-
sion symmetry and thus no Rashba-Dresselhaus splitting was
found in Ref. [63].

For PEMAPI with n = 2, in Ref. [63], Rashba parameters
of about 1.08 eV-A and 1.32 eV-A are reported for two

different paths in the BZ, assigning octahedral distortion as
the reason for the broken inversion symmetry. Our model for
n = 2 underestimates these parameters by far (see Fig. 7).
On the other hand, Todd and coworkers [62] determined an
experimental Rashba parameter of 0.08 eV -A for bethyl-
amonium-lead-iodide (BAPI; n = 2), which is in very good
agreement with our g around Y (0.077 eV - A). The discrep-
ancies between Refs. [63] and [62] may originate from the
different organic molecules separating the inorganic layers.
This also explains that our model can provide qualitative
insight into the underlying physics of the Rashba and Dressel-
haus effect in layered perovskites, but it cannot quantitatively
predict the corresponding parameters for a specific material.

For n = oo, several studies investigated SOC effects in
MAPDI; [55,56,58], reporting Rashba parameters in a wide
range of 1.5-3.7 eV-A. The prediction of our model,
1.91eV- A, lies within this range.

IV. CONCLUSION

In summary, we introduced a model that distinguishes be-
tween Rashba and Dresselhaus effects, and establishes a clear
connection between lattice distortions and SOC in the large
variety of 2D hybrid perovskites. Our systematic study on

281 —o— Y
S 26- —— X
]

E 24-
Ly
< 22_
20- T T T T
1 2 3 %

n

FIG. 7. SO splitting (left) as well as Rashba and Dresselhaus parameters (right) as a function of layer thickness for a diagonal displacement
of d = 0.11. Yellow and red symbols indicate, respectively, experimental and theoretical reference values from the literature for n = 1 [64],

n =2 [62,63], and bulk [55,56,58].
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symmetry breaking demonstrates that octahedral distortions
in the inorganic layer lead to significant Rashba-Dresselhaus
splitting. We find that mere displacement of the Pb atoms
within the inorganic layers can explain experimentally ob-
served splittings. The largest SO splittings as well as Rashba
and Dresselhaus parameters are obtained for diagonal Pb
displacement, where pure Rashba splitting leads to much
larger splitting parameters than a mixed Rashba-Dresselhaus
effect. Pure Dresselhaus splitting does not occur for any of
the studied model systems. Interestingly, we observe pure
Rashba splitting only for odd n. We find that Rashba and
Dresselhaus effects due to octahedral distortions by small
diagonal Pb displacements match the experimental parameters
best [55,56,58,62,64]. This suggests such Pb displacements as
strong candidates for the origin of Rashba and Dresselhaus
effects in 2D hybrid perovskites.

Note added in proof. Recently, we became aware of two
publications [77,78] on a structural descriptor for the spin
splitting in 2D hybrid halide perovskites with n = 1. That
mechanism leads to octahedral distortion similar to diagonal
lead displacement [77]. Further, our model for n = 1 with
small displacement predicts a splitting parameter close to
1.52 eV - A, as obtained in [78].
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