PHYSICAL REVIEW MATERIALS 7, 055001 (2023)
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We investigate how the spin-orbit-coupling-induced lifting of the spin degeneracy depends indirectly on con-
stituting organic motifs in two-dimensional hybrid organic-inorganic perovskites. We examine experimentally
synthesized structures using first-principles electronic structure theory. In particular, the effect of the organic
spacer cation packing and of the methyl ammonium orientation within the inorganic layer are elucidated. Both
the organic spacer packing and subtle changes in methyl ammonium orientations can cause enough distortions
of lead iodide octahedral cages to induce the spin splitting. Interestingly, the momentum-independent persistent
spin texture splitting rather than the traditional Rashba/Dresselhaus splitting is observed for a structure in
which organic spacer molecules are modified with fluorine substitution. Our calculation on these experimentally
reported structures highlights the important role of the organic constituents in these hybrid organic inorganic

perovskites for the spin splitting.
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I. INTRODUCTION

Two-dimensional (2D) hybrid organic inorganic per-
ovskites (HOIPs) have received significant interest in recent
years for optoelectronic and spintronic devices [1-5]. A range
of properties exhibited by the HOIPs have sparked widespread
interest of their use in technological development in various
energy-related fields [6-8]. Owing to the multiple-quantum-
well-like structure [9], these materials can be engineered on
the molecular level to achieve desirable physical properties,
for example, an increased photovoltaic efficiency through
enhanced carrier lifetime [10]. Such tunability of material
properties for 2D HOIPs can be achieved by a plethora of
chemical and structural variations. Key electronic structure
properties can be controlled by introducing octahedral distor-
tions in a lead iodide (Pbl) inorganic sublattice of 2D HOIPs,
transmuting magnetic and electronic degrees of freedom [11].
Lifting of the spin degeneracy for the conduction band states
by spin-orbit coupling (SOC) is a particularly important ex-
ample of such ideas, and the band splitting has received great
attention in recent years because of its technological applica-
tions [12—-15]. The crystal symmetry is inherently related to
this particularly important property, and it is highly suscepti-
ble to the PbI octahedral cage structures in the inorganic layer.

Distortions and dislocations of atoms in organic or inor-
ganic sublattices collectively affect the overall space group
of 2D HOIPs, inducing symmetry breaking in the Pbl octa-
hedral cages. Interestingly, modifying organic spacer cations
with substituent atoms/groups [16—18] or changing the stere-
ochemistry of the spacer cations results in an R-/S-structural
chirality transfer to the inorganic layer [19]. Increasing the
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numbers of layers, n, of inorganic sublattice can also in-
duce Pbl octahedral distortions, leading to systematic changes
to the crystal symmetry [20]. In 2D inorganic oxide per-
ovskites [21], local electronic polarization is observed in the
lateral direction due to octahedral distortions for even-layered
inorganic sublattices [11,20], and the layer dependence of
octahedral distortions in 2D HOIPs with n = 1,2, 3 could
follow such a trend, albeit more complex in nature and origin.
The octahedral distortions are often referred to as Glazer
modes [22], and they are particularly important for under-
standing SOC effect in 2D HOIPs. These distortions lower
the symmetry of the structure [21], and are directly related
to the symmetry-governed SOC effect. As discussed in the
work by Zhang et al. [23], the band splitting in periodic
lattice is not exclusively dependent on the global space group
but rather is dependent on the site symmetry of the indi-
vidual atoms. The atoms in a noncentrosymmetric site can
contribute to symmetry breaking, irrespective of the nature
of the overall space group. In this paper, we elucidate the
interdependence of electronic structure on crystal geometry,
particularly unraveling how organic spacer cations as well
as methyl ammonium (MA) orientations affect the electronic
structure property, particularly the band splitting, via low-
ering the local symmetry of a Pbl inorganic sublattice. To
this end, large-scale first-principles calculations are performed
on n-layered phenylethylammonium (PEA) Pbl perovskites,
whose experimentally determined structures are reported in
the literature.

II. RASHBA/DRESSELHAUS EFFECT

In first-principles calculations, relativistic treatment of
the Schrodinger’s equation is an essential aspect for study-
ing SOC-induced band splitting. Under the relativistic

©2023 American Physical Society
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FIG. 1. (a) A schematic representation of doubly degenerate con-
duction band at k = 0. (b) Spin split bands along the high-symmetry
k path. Eg,p is the splitting energy and ko is the resulting change
in the momentum for the energy minimum [35]. Schematics of the
spin texture for (c) Rashba, (d) Dresselhaus, and (e) persistent spin
splitting, respectively. The blue and red arrows show the resulting
spin directions in the outer and inner bands, respectively.

formulation, the equation is reduced so one approximates the
Dirac equation with the relativistic Kohn-Sham equation, and
the density-dependent single-particle Hamiltonian is given by

H = fsg + Dext + Des + Dxe + Dsoc
= fsr + D + Ddsoc, (D

where fsg is the scalar relativistic kinetic energy operator,
Dext 18 the external potential, D¢ is the electrostatic potential,
and ¥y is the exchange correlation operator. The effective
Kohn-Sham potential, 9, is defined to include all these in-
dividual potential energy terms. The SOC operator Dsoc is
given by

. Lo
Usoc = 756 - (POxp), )
4c
where p = —iV is the momentum operator and 6 are Pauli

spin matrices. The SOC plays a central role in determining
electronic properties of 2D HOIPs due to the presence of Pb
atoms, which gives a strong contribution to the conduction
band edge. For all systems discussed in this paper, the con-
duction band edges derive mainly from Pb 6p states, and thus
are largely affected by the SOC. With the SOC operator vsoc
present, the usual independent spin-up and spin-down states
are no longer the eigenstates of the Hamiltonian. Instead,
resulting eigenstates (i.e., spinors) are generally expressed
85 Y- (1) = VSO + Y (0IL), and x*/~ indicates
the quantum number for the two spin degrees of freedom.
At the same time, the time-reversal symmetry [i.e., €,+(k) =
€,-(—k)] still holds, and having the inversion symmetry in a
crystal [i.e., €,+(K) = €,+(—k)] results in

ey (K) = €+ (K). 3)

FIG. 2. Structures of (a) (PEA),Pbly, (b) (m-FPEA),Pbly,
(c) (o-FPEA),Pbly, and (d) (p-FPEA),Pbly. A corresponding
Brillouin zone for (x-FPEA ),Pbl, including high-symmetry k paths
from X —I" — Y is shown in (e). The angles of orientation between
the two PEAs in the organic layers (blue dotted box) are ~90°
(perpendicular) for (a) (PEA),Pbly. (f) Glazer mode distortion [aac™]
shown along the ¢ [001] direction. The lateral Pb—I-Pb bond angles
in the inorganic layers B and B’ are used in Ref. [32] as a key
indicator metric for band dispersion. In (b) (m-FPEA),Pbly, the
molecules are in a gauche-type arrangement, as reported in Ref. [16].
(c) (o-FPEA),Pbl,, the angles between the parallel and perpendicu-
lar arrangements. For (d) PEA, the organic molecules are oriented in
parallel with the maximum -7 interaction (parallel).

Thus, even with SOC, the electronic states abide spatiosym-
metric relation (spin degeneracy) such that the energy bands
at the same k have twofold degeneracy when the inversion
symmetry is present. However, in spatially noncentrosymmet-
ric systems, the time-reversal degeneracy is not valid [24],
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FIG. 3. Band structure for (a) (PEA),Pbly, (b) (m-FPEA),Pbly,
(c) (0-FPEA),Pbl4, and (d) (p-FPEA),Pbl, along the selected high-
symmetry X — I" — Y path. Contributions from Pb 6p and I 5p states
are highlighted in blue and green colors, respectively.

and the lack thereof results in a k (momentum)-dependent
spin-splitting of the otherwise spin degenerate states as
shown schematically in Figs. 1(a) and 1(b). Such momentum-
dependent splittings are often referred to as Rashba or
Dresselhaus splittings. For the 2D electron gas [25], the SOC

yields a simple band dispersion relationship, e* (k) = (2]::* JE=

agr,plk|. The band splitting parameter, ag/p, can then be

written as oRr/p = 2]1&, where Eg/p is the band splitting

parameter [26], as shoevn in Fig. 1(b).

In homogeneous systems, Rashba and Dresselhaus spin
splittings can be a consequence of a bulk inversion asymmetry
of the underlying crystal (e.g., a zinc blende structure [27]),
and/or of a structure inversion asymmetry of the confinement
potential, respectively [28,29]. However, for heterogeous sys-
tems like HOIPs, such a classification is not suitable, and
both local and global site asymmetries as well as a local
dipole determine the existence of Rashba- or Dresselhaus-type
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FIG. 4. Pbl cage structure viewed from ¢ [001] direction, with
the lateral angles characterized by 6;—(4 p¢,4). Corresponding opposite
angle differences are summarized for (PEA),Pbl,, (p-FPEA),Pbl,,
(m-FPEA),Pbly, and (0-FPEA),Pbl, as a table. The opposite angle
differences §,. and &, are calculated as |6, — 6. and |0, — 6,],
respectively.
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FIG. 5. Percentage contributions of Pb atomic orbitals to the
conduction band minimum (CBM) states are shown for (a) off
I point along X —I' k-path by 0.072 A~! (b) at I' point,
and (c) off T' point along I' —Y k-path by 0.072 A~! for
(p-FPEA),Pbly, (m-FPEA),Pbly, (0-FPEA),Pbly, and (FPEA ),Pbl,
shown in the horizontal axis. The same magnitudes of the Pb contri-
butions to the four CBM states are shown as black lines. The blue
rectangle for the system indicates a varying degree of contributions
from different Pb atoms to the CBM states.

splittings [23]. For HOIPs of the 2D quantum well type [9],
structural inversion symmetry is absent in the stacking axis
(c direction in this paper). The classification of the spin-
splitting is more suitably given in terms of the underlying
model Hamiltonian for the SOC effect. The contribution from
SOC can be expressed as the SOC Hamiltonian in

HSOC = Q(k) -0, (4)

where o is the Pauli spin matrix. Q2(k) can take different
forms, depending on the spin-splitting type [30]. For ex-
ample, in the cases of Rashba and Dresselhaus types of
splitting, this k-dependent field is a function of both k, and k,
[i.e., Q(k) = Q(k,, ky, 0)] [31]. Such momentum-dependent
Rashba-/Dresselhaus-type splittings (see Fig. 1) can be often
found in HOIPs [19,32]. Additionally, in the case of unidi-
rectional SOC-induced band splitting, recently observed for
a 2D HOIP [33], the associated SOC field takes the form of
either Q(k) = Q(k,, 0, 0) or 2(0, k,, 0). This understanding
from the SOC model Hamiltonian can be connected to the
first-principles theory by calculating the expectation value of
Pauli spin operator, or simply referred to as spin texture (i.e.,
Oink = (Vnk|6i|¥nk), where i = x,y,z). Spin texture shows
a helical shape in the k., plane, depending on the type of
spin splitting and the site symmetry around the high sym-
metry k point [34]. The directions of the corresponding spin
texture are perpendicular to the wave vector given by the
result of k, and k, for Rashba-type splittings, as shown in
Fig. 1(c). For Dresselhaus-type splitting, the spin texture at
k. and k, axes are parallel to the axes, as shown in Fig. 1(d).
For the particularly interesting case of the unidirectional
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FIG. 6. Detailed views of the band splitting for (o-F;PEA),Pbl,
structure. (a) Projected spin components x* and x~, calculated as
0,k = (Yuklo;|¥,k) and represented using color (red) and (blue) on
bands along X — I' — Y symmetry path. (b) 3D plot of the energy
surface for the unidirectional band splitting observed for the ' — Y
direction. The red and blue colors on surface indicate o, ,x compo-
nents shown in color bar. The energy axis is shifted so the CBM is
aligned to be 0 eV for clarity. The corresponding spin textures for
(c) outer and (d) inner branches of the split bands are shown. The
red and blue colors indicate the o , values. The yellow arrows show
the resultingo, ,x and oy,x. The spin textures are calculated with a
square grid of 21 points sampled along X — I" — Y direction using
PBE~+SOC level of theory.
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FIG. 7. Supercell structures for (a) n = 2 PEA;MAPb,1;:MA-A,
(b) n = 2 PEA;MAPD,1;:MA-B, (c) n = 3 PEA,MA,Pbs1,o:MA-A,
and (d) n = 3 PEA,MA,Pbs1;;:MA-C. The dotted boxes around the
spacer cations highlight the mutual orientations of PEA molecules in
the supercell. Corresponding band structures along X — I' — Y high
symmetry k-path are also shown for (e) n = 2 PEA;MAPb,1;:MA-
A, (f) n = 2 PEA,;MAPb,1;:MA-B, (g) n = 3 PEA,MA,Pb;1,:MA-
A, and (h) n = 3 PEA,MA,Pbs1,p:MA-C.

SOC-induced band splitting [33], which is referred to as the
persistent-type spin texture (PST), the corresponding spin tex-
ture shows unidirectional features as shown in Fig. 1(e). In
this case, the corresponding momentum-independent (in x or
y directions) spin texture can be attributed to having equal
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(c)

FIG. 8. Dipole orientations of two adjacent methyl ammonium
(MA) cations are shown using red arrows for (a) MA-A, (b) MA-B,
and (c¢) MA-C arrangements. In (a) and (c), the dipole moments are
directing towards and away from each other, respectively, while for
(b), the dipoles in MA cations are aligned in antiparallel.

magnitudes of Rashba and Dresselhaus effects, such that
al’% =0op = :f:O(R [30]

III. COMPUTATIONAL DETAILS

All the 2D HOIP geometries in this paper are aligned such
that c the axis corresponds to the [001] stacking axis. The
inorganic layer of 2D HOIPs can be classified in terms of
PbI octahedral tilts, commonly referred to as Glazer modes
[22]. These modes changes the global space group, affect-
ing SOC-induced phenomena and phase transitions [36]. As
shown in Fig. 2(f), Glazer modes can be classified as rotational
modes along any given lattice vectors. They are primarily of
two types, categorized with respect to a major axis [001] and
with respect to the adjacent octahedra. These modes make
HOIPs exceedingly sensitive to the supercell in calculations.
To model a 2D HOIP geometry using the periodic bound-
ary conditions, it is imperative to choose a supercell that
is large enough to include the correct Glazer mode config-
urations. For example, a supercell expansion with odd-size
supercell expansion incorrectly shows no distortion off Wyck-
off positions [37]. Following the above analysis, we use the
2x2 lateral supercell for modeling all n =1, 2,3 layered
HOIPs.

All first-principles electronic structure calculations are
performed using the density functional theory (DFT) im-
plemented in the all-electron FHI-aims code [9,38]. These
supercells include (a) 376 atoms and 3552 electrons forn = 1,
472 atoms and 5504 electrons for n = 2, and 568 atoms,
and 7584 electrons for n = 3 HOIPs. Geometry optimizations
are performed with the regular 4x4x2 k-point sampling of
the Brillouin zone (BZ) of the supercells. We use Perdew—
Burke-Ernzerhof (PBE) [39] functional together with the
Tkatchenko-Scheffler (TS) pairwise dispersion correction
[40] for the geometry optimization, and a residual energy
tolerance of 0.005 eV. The optimized structures agree with the
experimental measurements within ~0.1% for the lattice vec-
tors a and b and within ~1.54% for the c lattice vector for all
the geometries (as shown in Supplemental Material Table S1
in Ref. [41]).

Using the optimized geometry, we calculate the elec-
tronic structure using the Heyd Scuseria Ernzerhof (HSE06)
[42] hybrid XC functional, with the default parameters
o = 0.25 and @ = 0.11 bohr~! [43]. We calculate the band
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FIG. 9. Percentage contributions of Pb atomic orbitals to the
conduction band minimum (CBM) states are shown for a k-point off
X — TI' direction by 0.072 A~ for () n = 2:MA-A, (b) n = 2:MA-B,
(c) n = 3:MA-A, and (d) n = 3:MA-C. The equal magnitudes of the
Pb contributions to the four CBM states are shown as black lines.
The blue rectangle indicates a varying degree of contributions from
different Pb atoms to the CBM states.

structures by diagonalizing the SOC operator in the basis of
the scalar-relativistic Kohn-Sham eigenstates with a second-
order variational approach as implemented in FHI-aims code
[44]. A BZ sampling of 3x3x3 is used for all band-structure
calculations. We use the ntermediate settings for the numeric
atomic orbital basis set in FHI-aims code [38] to calculate the
band structure and spin texture. The SOC reduces the band
gap by ~0.3 eV, mostly due to the lowering of the Pb-based
conduction band minimum (CBM) state [9]. The calculation
shows the energy alignment of a type-Ib quantum well (type
I with the larger band gap for the organic layer); details of
different quantum well structures like the energy alignment
for 2D HOIPs can be found in Ref. [9].

Spin texture is defined as the expectation value of Pauli
matrices o; [19] and calculated on a denser rectangular grid
of the k points along the high symmetry k-paths X — "' — Y.
This subspace in the k-points is chosen near the I" point such
the parabolic band approximation remains largely valid [24].
The spin texture, o; .k, is calculated for the outer (x+) and the
inner (x ~) branches as

ok T o
A~ ~ nk ~ nk
(6;) = (YnklGil k) = (I//flj> Gi (Wfk>’ (5)

where 6; is Pauli spin operator and the spinors are ¥, ,+(r) =

@I + wfk(r)u). In this paper, spin textures are shown
only for one of two states of the inner and outer branches
because both of the two degenerate states possess the same
spin textures.
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FIG. 10. Spin texture for n = 2:MA-A for (a) outer and (b) inner
branches. Red and blue color corresponds to o ,x component, while
the yellow arrows are the result of o, ,x and oy ,x components. The
spin textures are calculated with a square grid of 21 points sampled
along X — I' — Y direction using PBE + SOC level of theory. (c) 3D
plot of the energy surface for the band splitting observed. The red
and blue colors on surface indicate o, ,x components shown in color
bar. The energy axis is shifted so the CBM is aligned to be 0 eV for
clarity.

IV. RESULTS AND DISCUSSION

A. Fluorine substitution effect in n = 1 (FPEA),Pbl,

In the experimentally reported n =1 phenylethylam-
monium lead iodide, (PEA),Pbly, with centrosymmetric
P-1 global space group, the organic PEA spacer cations are
positioned at an angle of 90° with respect to each other as
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FIG. 11. Spin texture for n = 3:MA-C of the spins in the
(a) outer and (b) inner branches. Red and blue colors correspond
to o, component, while the yellow arrows are the resultant of
0y and oy, components. The spin textures are calculated with a
square grid of 11 points sampled along X — I" — Y direction using
PBE + SOC level of theory, due to the large size of n = 3 system
(7584 electrons). (c) 3D plot of the energy surface for the band
splitting observed. The red and blue colors on surface indicate o .k
components shown in color bar. The energy axis is shifted so the
CBM is aligned to be 0 eV for clarity.

shown in Fig. 2(a) [46]. The lack of Rashba-/Dresselhaus-type
band splittings along high-symmetry k-paths in our calcula-
tion as summarized in Table I is indeed consistent with having
the centrosymmetric P-1 group [47]. While the inorganic layer
in (PEA),Pbl, governs the possibility of the splittings in a
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TABLE 1. Global space group reported in the literature from room-temperature experiments and determined after geometry optimization
using PBE4TS level of theory. The observations of band splitting for the optimized geometries are also indicated. The space group for the

optimized structures are determined using Spglib code [45].

Structures Experimental Reference This paper Splitting
(p-FPEA),Pbl, P21/c[16] P21/c No
(m-FPEA),Pbly P21/c[16] P21/c No
(o-FPEA),Pbl, P-1116] P1 Yes

I —Y agp = 0.691eV/A~!
(PEA),Pbl, P-1[35] P-1 No

band structure, structural changes to the organic spacers could
indirectly distort octahedral Pbl cages in the inorganic layer,
yielding the band splitting. In recent experimental works, Hu
et al. [16] synthesized 2-fluorophenylethylammonium lead
iodide (x-FPEA),Pbl, where a fluorine atom substitutes a
hydrogen atom at x=meta (m-), ortho(o-), and para(p-) posi-
tions on the PEA ring, respectively. As shown in Fig. 2, the
substitutions on the benzene ring lead to different packing
motifs in the organic layer of the HOIPs [16]. We examine
here how these packing motifs lead to the band splitting
by inducing octahedral PbI distortion in the inorganic layer.
Using the experimentally determined structures from the x-
ray diffraction data [16] as the starting point, the geometry
optimization is performed at the PBE 4 TS level of DFT cal-
culation as discussed in the Computational Details (Sec. III).
To accommodate potential occurrences of the Glazer mode
distortions of octahedral Pbl cages, the 2x2x?2 supercell is
used, as the inorganic cage is highly sensitive to the computa-
tional supercell size as discussed in Sec. III [37].

In the band structures shown in Fig. 3 for the three
F-substituted systems, the blue and green colors represent
the contributions of Pb 6p and I 5p states, respectively. The
band gap ranges from 2.10 eV for (m-FPEA ),Pbly, 2.06 eV
for (p-FPEA),Pbly, to 2.14 eV for (o-FPEA),Pbls. These
values do not change significantly from the band gap value
of 2.06 eV for the nonsubstituted (PEA ),Pbl, case. No band
splittings are observed for meta- and para-substituted FPEA
as shown in Figs. 3(b) and 3(d), and this observation is con-
sistent with these structures having a centrosymmetric P21/c
global space group, as reported in Table I. Band structure
for (o-FPEA),Pbl4, however, shows the band splitting of
0.691 eV/A along the high-symmetry k-path ' — Y in the
BZ [Fig. 3(c)]. The geometry-optimized structure shows a P1
global space group, and symmetry analysis of organic and
inorganic layers further confirms a P1 and C, space group
for respective sublattices. The details of relaxed parameters
are included in Table S1 in the Supplemental Material [41].
The presence of a C; rotation as the primary symmetry op-
eration leads to an ambiguity in identifying the source of the
asymmetry and there are no specific spin textures associated
like those of Rashba/Dresselhaus or PST [34]. The direction
of the band splitting corresponds to the [0 1 0] direction of the
structure (lattice vector b) in Fig. 2(e). And no band splitting
is observed along I' — X, which corresponds to the reciprocal
lateral plane of the inorganic sublattice (i.e., lattice vector a).
No band splitting is observed along I' — Z, which corresponds
to the stacking direction, given by lattice vector ¢ (i.e., [0 0 1]).

The band splitting, which derives from the inorganic layers,
can be attributed to a distorted packing of the PbI octahedral
cages in this (0-FPEA),Pbly as compared to (PEA),Pbly,
where the organic spacer cations facing each other at an angle
of 90° [see Fig. 2(a)]. The preferred orientation of organic
cations in o-(FPEA),Pbl, leads to a preferential interaction
between the organic and inorganic layer. The ammonium
group of the spacer cation forms a hydrogen bond with
only one of the bridging iodine atoms (shown in Fig. S1 in
the Supplemental Material [41]. Hydrogen bonds are high-
lighted using dotted lines) and this causes a local asymmetry
in atomic positions of the Pbl inorganic sublattice. These
unidirectional distortions in Pb-I-Pb cages have also been
reported to manifest as a net electronic polarization in one
direction [33].

The Pb-I-Pb bond angles are key structural parameters
for quantifying the Glazer modes of Pbl octahedral cages,
which are responsible for the SOC-induced splitting [48,49].
The work by Jana et al. [32] has shown that the difference
between the two unique sets of Pb-I-Pb angles [represented
as B and B’ in Fig. 2(f)] can be used to quantify in-plane
and out-of-plane distortions. As shown in Fig. 4, of all cases
with and without fluorine-substituted spacer cations, it is only
(0-FPEA),Pbl, that has significant lateral angle differences,
indicating the loss of local centrosymmetry of Pbl octahedral
cages. To connect this structural distortion to the band split-
ting observed, we utilize the Mulliken analysis [50] to identify
the atomic contribution of the electronic states near the CBM,
as in Refs. [51,52]. For the particular supercell used in this
paper, the CBM states are quadruply degenerate without the
SOC-induced splitting. Figure 5 shows variations in the per-
centage contribution from Pb 6p states to these CBM at and
near the I' point in the BZ. For (o-FPEA),Pbly, contributions
of Pb 6p states to the CBM states are not uniform because
of the structural asymmetry, lifting the degeneracy in the
I'-Y direction. At the same time, the equal contributions of
Pb 6p states for (m-FPEA),Pbl, and (p-FPEA),Pbl, further
highlight the local symmetric environment. The global space
group alone does not give the overall picture of the SOC-
induced splitting [23], and our calculations here show how the
seemingly minor difference in the organic spacer molecules
can lead to the band splitting indirectly via distorting Pbl
octahedral cages.

Having described how the SOC-induced splitting
derives from the local distortion of octahedral Pbl cages
in (0-FPEA),Pbly, let us now discuss implications of the
SOC-induced effect on the electronic spin structure. For this
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TABLE II. Summary of n = 2, 3 layered 2D HOIPs studied. The observation of band splitting as well as their spacer cation arrangements

and methyl ammonium (MA) arrangements (see Fig. 8) are indicated.

Compound Spacer cation arrangement MA arrangement Splitting
n =2 PEA,MAPb,1;[26] Parallel MA-A Yes
X — D(agp = 0.31eV/A1)
n =2 PEA,MAPbD,I; [26] Parallel MA-B No
n = 3 PEA,MA,Pbs1,0[26] Parallel MA-A No
n = 3 PEA,MA,Pbsl;, [61] Perpendicular MA-C Yes

X — D(agp = 0.45eV/A)
I —Y (agp = 0.26eV/A")

orthosubstituted structure, Fig. 6(a) shows the expectation
value of o, along the X — I' — Y k-path in the band structure.
Let us focus on the inner and outer branches of the band
structure formed for the CBM (which mainly derives from Pb
6p states), shown in red and blue circles, respectively. The
band splitting is observed only for the I' — Y direction but
not for the X — I' direction. Figure 6(b) shows the inner and
outer branches of this energy splitting in the momentum space
around the I" point, along -Y —T' =Y (k,) and -X — T — X
(ky) high-symmetry k-paths. It shows double minima in the k,
axis along the -Y — I' — Y direction, indicating a breakdown
of the Kramer’s degeneracy. This band splitting is consistent
with the unidirectional asymmetry of the inorganic lattice in
the lateral direction [30,33], given by the nonzero difference
in the opposite Pb-I-Pb angles (i.e., §,.) as shown in Fig. 4.
At the same time, the largely symmetric local environment,
indicated by the opposing Pb-I-Pb angle difference, &y,
yields the degeneracy along the -X — I" — X high symmetry
k-path. To gain insights into the SOC-induced band splitting
observed, the spin textures for the inner and outer branches are
calculated and shown in Figs. 6(c) and 6(d). The red and blue
colors in these spin texture plots are expectation values of o,
which correspond to the polarization in the stacking axis [001]
direction. The yellow arrows in the spin texture correspond
to the resulting oy and oy values. For both inner and outer
branches, the yellow arrows are aligned parallel to the k,
direction, but their directions change at k, = 0. Furthermore,
the sign of o, values also change across the k, direction,
creating a polarized o,. These features of spin texture abide
well with momentum-independent-type spin splitting, as also
seen in Refs. [29,53]. Hence, the spin textures on the k, and
k, lateral plane are parallel to only one of the k-directions,
unlike those associated with Rashba/Dresselhaus splitting as
shown in Figs. 1(d) and 1(c). Rather, it is best characterized as
the PST, shown in Fig. 1(e). Indeed, such unidirectional band
splitting has been previously observed in some 2D HOIPs like
Bz,PbCly (Bz = benzylammonium) [54], GaAs/AlGaAs
[55,56], and InGaAs/InAlAs [57,58]. This type of
unidirectional band splittings with the corresponding spin
texture that are largely k-point (i.e., momentum) independent,
enables a semi-infinite spin lifetime, protecting against spin
decoherence in spin field-effect transistors and spin Hall
effect applications [59]. Thus, such a PST spin helix structure
is highly sought after for potential applications in suppressing
spin momentum scattering, further reducing Dyakonov-Perel
relaxations [60].

B. Layer dependence and effect of methyl ammonium
cations in (PEA),(MA),_;Pb,I3,41

In addition to modifying the organic spacer cations as dis-
cussed in the previous section, the increasing number of layers
in the inorganic sublattice changes the local symmetry of the
Pbl octaheral cages, especially because of MA cations within
the inorganic sublattice. For 2D HOIP structures with n = 2
and 3, both lateral and axial Pb—I-Pb bond angles participate
in distortions of Pbl octahedral cages. Figure 7 and Table II
summarize the experimentally reported structures we study
in this paper, together with their band structures. Figure 7
shows different MA cation arrangements found in these ex-
perimentally reported structures as the insets and how they
yield different electronic structures even for the same number
of inorganic layers. Note also that, at room temperature, the
MA cations have shown to disrupt the local centrosymmetry
in 3D methyl ammonium lead iodide (MAPI), leading to the
so-called dynamical Rashba splitting in perovskites [62]. As
the increased number of inorganic layers accommodates, the
increased degree of freedom for the MA cations becomes
central to understanding Pbl octahedral cage distortions.
Figures 8(a)-8(c) show three different orientations for pairs
of MA cations observed in the experimental structures. For
convenience, the three MA cation orientations are indicated by
having MA-A, MA-B, and MA-C labels so simpler notations
can be sometimes used instead of the actual structural formula
(e.g., n=2:MA-A instead of n=2PEA,MAPb,I;:MA-A).
The differences in the MA cation orientation not only
cause the electronic polarization to be different but also lo-
cal asymmetries of Pbl octahedral cages in the inorganic
sublattice.

In both n = 2 (PEA;MAPb,I7):MA-A (n = 2:MA-A), and
(PEA,MAPbD,17):MA-B (n = 2:MA-B) structures, the spacer
cations are aligned in parallel, as highlighted using the blue
box in Fig. 7. Using Spglib [45] code with a threshold of
0.1 for fractional coordinates, the overall structure is deter-
mined to possess a global P1 global for n = 2:MA-A and
P-1 for n = 2:MA-B, and the inorganic sublattice is found to
have a local Cy;, symmetry group for both of the inorganic
lattice. Therefore, the absence of a unique rotation direction
or mirror symmetry for overall C; symmetry makes it not
possible to conclude whether the SOC-induced splitting is
expected [63] for n = 2:MA-A structures. Both n = 2:MA-A
and n = 2:MA-B structures show the same band gap value of
1.8 eV. However, as shown in Fig. 7(e), only the n = 2:MA-A
structure shows a band splitting of 0.2 meV with the splitting
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TABLEIII. Lateral angle difference for n = 2:MA-A and n = 2:MA-B characterized by 6,4 s c.q}:1ayer=(1,2) (s€€ Fig. 4). See Supplemental
Material Fig. S2(a) in Ref. [41] for adetailed view of these angles for different layers. 6; are the angular difference for each connected layer (e.g.,

04 = 104 1ayer=2 — Batayer=1| = [153.79-149.93°| = 3.86°). The opposite angle differences §,. and §,, are calculated as |6, — 6| and |6, — 6,].
n=2:MA-A n =2:MA-B
Gi,layer (O ) a C b d a C b d
layer=1 149.93 153.07 148.80 152.30 151.45 151.65 151.12 151.69
layer=2 153.79 147.42 151.06 148.97 151.45 151.64 151.12 151.69
6;(°) 3.86 5.65 2.26 3.33 0.0 0.0 0.0 0.0
5110 5hd 5&6 de
1.78 1.07 0.0 0.0

parameter ag,p of 0.31 eV/A~! in the X — I' direction. To
understand the difference in local symmetries between n =
2:MA-A and n = 2:MA-B structures as far as the occurrence
of the SOC-induced band splitting is concerned, we consider
the structural disorder of the Pbl octahedral cage structures.
As discussed in the previous section, a disparity in the op-
posite Pb—I-Pb bond angles is an imperative marker for the
existence of a local asymmetry [32]. For the 2D HOIPs with
more than one inorganic layer, the disparities of the opposite
angles in the Pbl cages are summarized in Table III. Similarly
to a work that used the distortion metric 8 as shown in Fig. 2(f)
to identify the local symmetry [32], the Pb-I-Pb angles are
measured in the 2D lateral plane. For each angle of the Pbl
octahedral cages (6,, 6, 0., and 6, as shown in Fig. 4), we
define collective angles such that 6, = 0,qayer1)-Oaayer2) TOT
n = 2 structures with two inorganic layers. For n = 2:MA-B
structures, differences of the collective angles opposing each
other in Pbl octahedral cages 0.0° for both 6,. = |6, — 6]
and &,y = |6, — 04|, as shown in Table III. However, for
n = 2:MA-A structures, the differences are §,, = 1.78° and
dps = 1.07°, exhibiting local distortions of Pbl octahedral
cages, thus resulting in the small band splittingin X — ' — Y
directions as shown in Fig. 7(e).

MA-A and MA-C structures of n = 3 (PEA,MA,Pbslg)
are shown in Figs. 7(c) and 7(d), respectively. These experi-
mentally reported structures have different arrangements for
the organic spacer cation in addition to MA cation arrange-
ments. MA-A and MA-C structures show the band gaps of
1.34 eV and 1.59 eV, respectively. n = 3:MA-A is a three-
layered extension of n = 2 (PEA;MAPDb;I7):MA-A structure,
and it shows no band splitting. Whereas, n = 3:MA-C shows
SOC-induced band splitting in X — I" — Y directions. Simi-
larly to the n = 2 cases, we consider the structural disorder of
the Pbl octahedral cages for n = 3 cases. We again calculate
the Pb-1-Pb angles projected onto the 2D plane, such that we
define the collective angle from all inorganic layers as 6, =
Oaiayerl) T Oa(iayer3) — Oa(iayer2)- The signs in the linear combi-
nation are defined here by considering the relative direction
of puckering in the Pbl cages (see Supplemental Material [41]
for [the detailed pictorial description, Fig. S2(a)]. Table IV
summarizes the Pb-I-Pb angles of the octahedral cages. The
differences of the opposing Pb-I-Pb angles in the octahedral
cages are insignificantly small for n = 3:MA-A. However, for
n = 3:MA-C, 4, of 11.05° and §,,; of 6.46° are observed
along lattice vectors a and b, respectively. These sizable local
distortions of Pbl octahedral cages yield the band splitting of

3 meV with R/D splitting parameter value of 0.45eV/A~!
along X — I' direction as well as the band splitting along
I' — Y direction with the splitting energy of 2 meV with R/D
splitting parameter of 0.26eV/A~! as shown in Fig. 7(h).

To understand how these structural distortions of the Pbl
cages are directly responsible for the band splitting observed
for n =2 and 3, we again utilize the Mulliken analysis to
identify the Pb 6p contributions of the otherwise degenerate
electronic states at CBM, as done for n = 1 structures in
Sec. IV A. Figure 9 shows contributions of Pb atomic or-
bitals to the CBM states. A highly nonuniform distribution
is found in the X — I" direction for n = 2:MA-A [indicated
by the blue-colored band in Fig. 9(a)], for which the band
splitting is observed [Fig. 7(e)] and asymmetric Pb atoms
constitute the distorted Pbl cages (Table III). For the n =
2:MA-B [Fig. 9(b)] structure, Pb atoms contribute uniformly
to the CBM states because of the highly symmetric Pbl cages,
and no band splitting is expected. This is also the case for
n = 3:MA-A [Fig. 9(c)], which shows no band splitting. For
n = 3:MA-C structures, however, Fig. 9(d) shows a nonuni-
form distribution in both X — I" and I" — Y directions. This
analysis therefore further underscores how the octahedral Pbl
cage symmetry is central to understanding and how organic
spacer and MA cations indirectly but significantly impact the
band splitting.

While n = 2:MA-A and n = 3:MA-C structures show the
band splitting, the intriguing PST is not observed for these
cases. The o, component of spin polarization of the inner
and outer branches for n = 2:MA-A is shown in Figs. 10(a)
and 10(b), respectively. Those for the n = 3:MA-C structure
are shown in Figs. 11(a) and 11(b) for the inner and outer
branches, respectively. For both structures, o, shows polariza-
tion of the spin texture and the helical pattern is consistent
with a mixed Rashba-/Dresselhaus-type splitting for which
Q(k) in Eq. (4) has dependence on both k, and k, [54].
Unlike for the n =1 (0o-FPEA),Pbl, structure, there is no
strict mirror symmetry (such as mirror planes) in the o, po-
larization, as seen for the PST case of this n = 1 structure
(Fig. 6). Overall, these first-principles calculations on the
experimentally reported structures show that the SOC effect
from increasing the inorganic sublattice with n = 1, 2, and 3
is quite complex. Whether the band splitting is observed in the
band structure depends indirectly on the particular arrange-
ment of MA cations as well as on the organic spacer cations
in these 2D HOIPs. The spin textures exhibit a more helical
pattern of the Rashba-/Dresselhaus-type splitting unlike for
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TABLEIV. Lateral angle difference for n = 3:MA-A and n = 3:MA-C, characterized by 6,—(4 5.¢.a} »1ayer=(1,2) (€€ Fig. 4). See Supplemental
Matrerial Fig. S2(a) in Ref. [41] for a detailed view of these angles for different layers. 6; are the angular difference for each connected layer

(e.g., 04 = |04 1ayer=2 — Ou layer=1] = 1166.36°-155.31°| = 11.05°).The opposite angle differences §,. and §,; are calculated as |6, — 6.| and
6 — al.
n =3:MA-A n = 3:MA-C
0 1ayer (°) a ¢ b d a c b d
layer=1 148.20 150.86 148.20 150.72 152.43 156.48) 155.18 154.86
layer=2 150.74 148.32 150.73 148.62 155.11 154.11 155.50 154.82
layer=3 161.54 161.54 161.54 161.54 152.23 144.23 152.62 145.16
6;(°) 137.40 —137.64 137.39 -137.80 155.31 -166.36 158.06 —164.52
aac de 5(16 abd
0.24 0.41 11.05 6.46
the momentum-independent PST-type splitting observed for In the case of the n = 1 HOIPs, we observe that the packing
the n = 1 case, (0-FPEA ),Pbly. arrangement of spacer organic cations, controlled by fluorine
substitution location, is enough to induce the SOC-induced
C. Conclusion band splitting, which results from Pbl octahedral cage distor-

tions. Interestingly, the momentum-independent PST splitting
rather than the conventional Rashba/Dresselhaus splitting is
observed. For the n = 2 and 3 HOIPs, subtle changes in MA
orientations are found to yield enough Pbl octahedral cage
distortions such that the SOC-induced band splitting is ob-
served. Such an important role of MA orientations has been
discussed in the literature for 3D perovskites under the notion
of dynamical Rashba effect [62]. Our first-principles calcula-
tions of these experimentally reported structures of 2D HOIPs
underscore the important role of these organic constituents
for manipulating SOC-induced band splitting. The origin of
dynamical spin splitting effect in n > 1 2D HOIPs [4,64] will
be investigated in future work.

In complex heterogeneous materials like 2D HOIPs,
SOC-induced spin-polarization effect can arise from the
point-group inversion asymmetry of atomic sites even when
the global inversion symmetry is present [23]. In particular,
the SOC effect in these HOIPs derives from the Pb atoms
of distorted Pbl octahedral cages in the inorganic sublattice.
We investigated how the SOC-induced band-splitting depends
indirectly on constituting organic motifs (i.e., spacer cations
and MA cations) by examining experimentally synthesized
HOIPs structures using first-principles electronic-structure
calculations. In particular, we investigated the effect of (1) the
packing of the organic spacer cations in HOIPs with one Pbl
octahedral inorganic layer [i.e., n = 1] and (2) the effect of
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