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The spin—orbit coupling in inorganic perovskite materials containing heavy elements causes interesting
electronic characteristics such as Rashba and Dresselhaus effects. Several studies have reported signifi-
cant band splitting in the presence of asymmetry, while the impacts of the external field strength, sur-
face termination on the electronic structure still need to be resolved. In the current study, a systematic
relation between the external parameters and the band splitting in CsPbls slabs is clarified through first-
principles calculations. Here, we examine the band splitting and spin patterns of CsPbls slabs exposed to
an external electric field ranging from zero to hundreds of kV cm™%. Our results indicate apparent non-
linear behavior of the Rashba coefficient along with a turning point for the band splitting for a definite
external field. Here, the origin of this quench in the band splitting is explained in terms of spatial locali-
zation of the wave functions and clear change in their center of charge going from low to high electric
fields. The findings not only explain the origin of quenching band splitting but also reveal the external
field's significance in the spin texture and recombination rate of 2D perovskites. The current research
outcome paves the way for atomic scale engineering of perovskite materials for a wide range of
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1 Introduction

The last decade has witnessed a rapid surge of interest in
developing hybrid organic/inorganic perovskites (HOPs). Tre-
mendous research efforts on the compositional design and
mechanisms behind the efficient operation of these materials
has extended their application in photovoltaics, optoelectro-
nics, field-effect transistors, memristors, and more.'™ After the
astonishing leap in efficiency of perovskite-based photovoltaic
devices, numerous suggestions have been made for their appli-
cation in other fields. In particular, having heavy elements with
effective spin-orbit coupling (SOC) makes them potential can-
didates for spintronics applications.”> Theoretical and experi-
mental research has been conducted over the last few years and
has revealed the Rashba-type® band splitting in hybrid organic/
inorganic halide perovskites through symmetry breaking.” The
giant spin-orbit coupling (SOC) in this family is accepted as the
main origin of Rashba-like splittings in their band structures.®®

From a theoretical point of view, structural asymmetry plays
a central role in the appearance of spin-polarization. This
asymmetry can be rooted in the external field, interfacial
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built-in field, and geometrical distortion.'® Shanavas et al.
showed that perovskite structures in the presence of an applied
electric field are ideal systems for tunable Rashba splitting." In
addition, Myung et al. declared that the inversion symmetry
breaking field at the interfaces between perovskite and sub-
strate, exhibits remarkable band splitting.'* Chen et al. studied
the influence of an external electric field on bilayer CsPbBrj,
indicating a significant different between the Rashba coeffi-
cient attributed to different terminations.”® A similar Rashba
effect has been observed for other 2D perovskites in the
presence of an electric field. 2D orthorhombic RbSnI; as a
prominent example, exhibits the largest Rashba parameter
among all members of this family.'*

Despite all the above-mentioned efforts on the characteriza-
tion of spin-polarization as a function of external variables, the
characteristic SOC-induced band splitting in 2D CsPbl; has yet
to be dealt with in depth. In this context, the current study
employing an ab initio approach calls into question the geo-
metry- and field-induced modifications in the band structure
and the spin texture of 2D films. Our results demonstrate the
complicated behavior of the band splitting and the spin texture
through changes in the external electric field. Deepening our
understanding of what is happening in these systems could be
the cornerstone for the purposeful design of these materials for
various applications.
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2 Computational materials

All calculations were carried out using the quantum-
ESPRESSO'>'® DFT package with the Perdew-Burke-Ernzerhof
(PBE) version of the generalized gradient approximation
(GGA)."” The electronic wave functions are expanded onto a
plane-wave basis set with the kinetic energy cut-off of 35 Ry.
Fully relativistic pseudopotentials are used for Pb 5d6s6p, I
5s5p, and Cs 6s.

The CsI-terminated and Pbl,-terminated slabs are consid-
ered in (001), as a function of thickness n, which denotes the
number of octahedrals, and about 18 A vacuum between
consecutive images to model perovskite surfaces. The 6 x 6 X
1 Monkhorst-Pack grids are used for Brillouin-zone (BZ) sam-
pling for the optimization and self-consistent field (SCF) calcu-
lations. The atomic positions are relaxed until the residual
forces on each atom become less than 0.001 Ry Bohr .

Utilizing the various implementations of DFT can create
small changes in the simulation results. While Quantum
espresso benefits from the accuracy of the plane-wave basis
set, the methods based on the linear combination of atomic
orbitals (LCAO) have significant savings in the cost of calcula-
tions. In this work, the recent development of the SOC in Siesta
package'®*° has been employed to examine the sensitivity of
band-splitting and spin-texture results to the level of theory.

3 Results and discussion

3.1 Interplay of the external field and SOC-induced band
splitting

In the presence of a spin-orbit coupling system the Hamilto-
nian at the first approximation can be written as

v (b Sam)” @
= Zu+ ; V() + #so 1)

— 2m
where V(r;), p; and A(r;) stand for the electrostatic potential, the
momentum operator and vector potential, respectively. The last
term in the above equation is denoted as #’so which adds the
SOC contribution to the unperturbed Hamiltonian .,

P
Hso = W;(VV(W) Xp)-o (2)

where o is the Pauli matrices vector. The above Hamiltonian
can be rewritten considering k-p theory and symmetries in the
system. The o-CsPbl; phase of the perovskite has the Pm3m (no.
221) space group with five atoms in the primitive unit cell. Cs,
Pb and I atoms set up in Wyckoff positions, a, b, ¢ and m3m,
m3m and 4/mm-m site symmetries, respectively. Truncation of
the bulk structure perpendicular to the c-axis with two possible
CsI- and Pbl, terminations yields two 2D slabs with P4mm (no.
99) space group. For this slab model with high symmetry C,,
point group, above perturbation reduces to the so-called
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Fig. 1 Inner and outer branches of the band are depicted in brown and
gold after Rashba-splitting, circular arrows show the spin texture for each
branch.

Rashba Hamiltonian:>!

HR = aRr (erfy — k}ﬂx). (3)

The Rashba parameter (xz) can be calculated from band
splitting at the close vicinity of the special k-point

AE
OR = 2—]‘\\ (4)

where k; is the k vector in the k.k, plane. Lifting the spin
degeneracy by means of the ideal Rashba splitting is visualized
in Fig. 1.

In this work, we investigate the electronic structure of two
different CsPbl; terminations in the presence of the external
electric field. Applying the external field significantly affects the
electronic structure of the systems, in particular SOC-induced
band splittings. In this regard, in the remainder of this article
the effect of the external electric field on the charge distribu-
tion, the band splitting, and the spin pattern are explored for
two different terminations.

3.2 Charge polarization in the external field

Charge redistribution and potential variation are the two most
intuitive changes that can be observed in systems after applying
an external field, and have a significant impact on the electro-
nic structure. Therefore, the first part of our results address the
slab’s polarization in detail. The charge and potential for both
slabs are calculated before and after applying the external
electric field and are illustrated in Fig. 2, for thickness n = 3.
As can be seen, there is a clear charge transfer along with
electric potential gradient. More in depth exploration of the
charge difference pattern indicates stronger polarization effects
at the space near the atomic centers.
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Fig. 2 The structure of a Csl-terminated slab with atomic layers labeled
from the top to bottom (a), and 2-dimensional representation of the field-
induced charge displacement along the Y-Z plane, yellowish and darkish
green regions represent charge accumulation and depletion regions,
respectively (b). 2D-Representation of the field induced changes in the
electrostatic potential along the Y-Z plane (c).

While one can expect unequal changes for different atomic
layers in the z-direction, regarding the periodic geometry of
these slabs in the xy-plane there is no significant redistribution
over the xy-plane. Hence, the planar averaged charge can be
calculated as follows:

p(z) = jpmdx dy. (5)

In a same way one can calculate the planar average for the
electrostatic potential before and after the external field appli-
cation to gain more insight into the system response. For
instance, considering thickness n = 3, the averaged induced
charge, Ap(2) = pg(z) — Pr-o(2), is calculated and depicted in
Fig. 3 for both CsI- and Pbl, terminated slabs. The successive
peaks in the p(z) plots are attributable to the consecutive atomic
layers, . . ./Pbl,/CsI/Pbl,/. . ., and valleys between these peaks are
indicative of interstitial space between the atomic layers. As
seen in both cases, surface layers are more polarized compared
to the interior atomic layers. Also, comparing the polarization
of individual atomic layers in each case demonstrates a higher
polarization of the Pbl, layers compared with the CsI ones.

3.3 The electronic structure

Due to heavy elements, such as lead and iodine in the per-
ovskite compositions, relativistic effects play an essential role
in their electronic structure. The band gap narrowing caused by
SOC correction was shown by Umari et al.**** Beyond this
vertical shift, the SOC accompanied by an inversion asymmetry
might give rise to a more sophisticated spin-splitting in a halide
perovskite. In the following, to elucidate the splitting of the
energy level for the two different slabs, with various thick-
nesses, the band structure calculations were done, taking
SOC into account. As illustrated in Fig. 4 both the orbital
contributions and the spin texture pattern can be different
with regard to the type of termination and thickness of slabs, as
we will see in next sections.

A glance at the two band structures reveals the different
responses of Csl- and Pbl,-terminated slabs to the & =
0.001 a.u. As shown in Fig. 5, after applying the external field,
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Fig. 3 The averaged induced charge densities generated by a range of
external electric fields (0.0005-0.002 a.u.) along the z axis are shown for
Csl-terminated (top), and Pbl,-terminated (bottom) slabs.
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Fig. 4 The band structure of the Csl- and Pbl,-terminated slabs forn = 3
(upper panel), and the corresponding spin textures (lower panel).

the band gap of the two slabs decreases at each thickness, with
increasing electric field from & = 0.0005 a.u. to & ~ 0.004 a.u.,
a dissimilar response to other electronic behaviors. The con-
duction and valence bands were split into two subbands. The
spin for the two subbands is different: for CsI-terminated the
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Fig. 5 The energy band-gap as a function of external field, for Csl- and
Pbl, terminated slabs with n = 2, 3, 4 thickness.

spin up and down are parallel, while the one for the Pbl,-
terminated slab are in the opposite orientations, although for
the subband of the neighbor bands, they can be parallel or
antiparallel. From the excitonic transitions point of view, the
spin orientation in the upper subband of VBM and the lower
subband of CBM has a determining role in the electron-hole
(e-h) recombination rate. While the parallel spin orientation in
these two subbands facilitates the e-h recombination, their
anti-parallel orientation might make a spin-forbidden
transition.”* Conducting a more in-depth analysis of the band
splitting as a function of external field strength, the band
separation along with Rashba parameters are calculated, and
obtained for each slab as shown in Fig. 5.

As indicated in Fig. 6, for n = 2 the two types of termination
show a semi-linear increase in the band splitting and Rashba
parameters, however, this behavior is not consistent for the
other thicknesses, n = 3 and n = 4. In these cases, maybe there is
a turning point in the VBM or CBM, in which the Rashba
parameters first decrease and then start to increase, or vice
versa. As a result, the Rashba parameter must depend on the
type of termination and thickness of slab. These results are in
agreement with that of Yin et al. who showed that the Rashba
splitting for the two types of termination of MAPDI; is strongly
dependant on the number of atomic layers.>® In addition, our
results show that for the Csl-terminated slab at & =
(0.0005 & 0.001 a.u.). a, almost converges for 2L, but for greater
thicknesses, this behavior does not follow.

In cases where there is a turning point, for instance in CB
bands from 3L of the Pbl,-terminated slab, raising the external
electric field toward the point turning causes the gradual
elimination of band splitting. Exploring the projection of
valence band states over the atomic orbitals reveals that from
the LCAO viewpoint, wave function corresponding to the
valence band can be written as: Y, gps = C1¢1 + C2¢py + 3¢5 +
c4¢4 where ¢; is the iodine atomic p-orbital corresponding to
the i-th layer.
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Fig. 6 Changes in Rashba parameters as a function of external field, for
the valence and conduction bands in Csl- and Pbl, terminated slabs with
n = 2, 3, 4 thickness.

To gain more insight into these contributions, the isovalue
surface of the [y/,(r)|* for the VBM and CBM wave functions at
the extremum energies, are visualized in Fig. 7, the isosurface
value is ~0.0011 A g °. As is clear from Fig. 7, at & = 0.0 two
interior Pbl, layers provide the main contribution. Increasing
the electric field in the z direction causes an effective potential
gradient which shifts the atomic layers contribution in the VBM
and CBM in the same direction. At a definite threshold field,
this potential shift changes the order of the layers contribution
to the valence band, and the outermost layer becomes the most
dominant one. This gradual transfer of valence band wave
function from interior to border layers, can explain the decline
in the band splitting. Similar evidence for this effect is reported
by Wang et al. for Ge quantum dots. According to these results
there is a critical electric field whereby beyond this value, the
Rashba parameter decreases.’®

Our results indicate that changes in the localization of the
wave function quenches the splitting in larger fields and causes
a significant drop in the Rashba parameter. To gain better
insight into the environment effect, the planar averaged poten-
tials, ¥(z), are calculated and visualized in Fig. 8. As is expected,
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Fig. 7 Isosurface density of the valence and conduction edge wave
function for & = (0.0, 0.001, 0.0025). Pb, | and Cs atoms are represented
by the dark gray, purple and phosphor green, respectively.
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increasing the external field leads to an effective shift in the
extremum points of ¥(z).

It should be noted that the VBM wave function can be
described as a linear combination of four atomic orbitals,
spatially localized on the potential wells corresponding to the
PbI, layers. The relative displacement of these potential wells
changes the contribution of the different layers in the VBM
wave function and the energetically uppermost well has the
dominant contribution. Application of the external field up to
0.001 a.u. shifts the well minima, however an inner layer still
has the highest level of the potential minimum. Going from
& = 0.001 a.u. to 0.002 a.u., changes the potential wells in a way

—— PbI2-0 —— Pbl2-001 —— Pbl2-002
0
-2
N_
S -4
-6
=8 TV v v
0o /10 20 30 40 50 % 60
Z(bohr)

Fig. 8 Planar average of potential in the xy plane for the external fields:
0.0, 0.001, and 0.002 atomic unit.
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whereby the outermost layer has the higher potential, and
consequently the wave function shows more localization on
the slab surface (see Fig. 7).

In summary, for a spatially fixed wave function, oz changes
linearly versus growth of the external field, analogous with the
free electron gas. In contrast, if the electric field affects the
spatial localization of the wave function significantly, changes
in the potential gradient term (V¢) in the Rashba Hamiltonian
became more complicated and the Rashba parameter does not
follow a linear increase with the applied field.

3.4 Spin-texture

The relative orientation of the spin vectors corresponding to the
conduction and valence bands are determining factors in
electron-hole recombination time. To visualize the spin texture
for CBM/VBM, the expectation values of the spin were calcu-
lated in the close neighborhood of extremum points of CBM/
VBM bands. In this regard, for all given Kohn-Sham wave

functions, S,, ;= <Xi,/€

XUZ> are calculated, where o, (o = 1,

2, 3) are the Pauli matrix components, and y, ;- is ith spinor

eigen-function. The reciprocal lattice was sampled with M-

centered 8 x 8 mesh, and k stands for the wave-vector corres-
ponding to each point. The spin texture of the two types of
termination for different thickness 7 is calculated in a definite
range of electric field and obtained patterns, depicted in Fig. 9-11.

As shown, the spin texture can be controlled with an external
electric field, although the response of the two types of termi-
nated slabs in various field ranges is not the same. For each
slab, a lack of inversion symmetry and asymmetry charge
distribution gives rise to a negative surface dipole or an internal
electric field that can compensate by applying an external
electric field. However, there are some points worth mention-
ing: first, as shown, in general, each type of termination has
three spin patterns, in which spin up and down can be parallel
in the clockwise or anti-clockwise, and/or be in anti-parallel
directions. Nevertheless, there is an exception to this rule, the
CsI-terminated slab for n = 4, has a single spin pattern
throughout the range of the electric field, the anti-clockwise
direction. In other cases, however, generally, there is a critical
value of the external electric field beyond which leads to
rotating the CBM or VBM spin vectors toward the other in the
same direction or one of them travels in the opposite direction.
For instance, the Csl-terminated slab with thickness n = 3,
when the surface is exposed to the electric field, the pattern
remains unchanged almost up to & ~ 1 x 107 a.u. (equivalent
to 5.14 x 10~ " kv em™ "), but increases with further electric field
increase up to & ~ 2 x 1077 a.u.(equivalent to 1.028 kV em™);
this pattern remains unchanged almost up to & ~ 5 x 1077 a.u.
(equivalent to 2.57 kV ecm™ '), however, beyond this, the electric
field leads to rotation of the CBM vector toward the VBM
vector. This pattern maintains up to the higher fields, in this
work almost up to & ~ 4 x 1073 a.u. (equivalent to 2.056 x
10" kv ecm™ ") has been tested. A similar argument holds for
the other slabs.
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Fig. 9 Spin textures of spin vectors S, = Xr,/€|‘7“‘xi,/?> are calculated,
where g, (@ = 1, 2, 3) are the Pauli matrix components, and y, - is the i-th
spinor eigen-function in the k.—k, plane for Csl (left)- and Pbl, (right)
terminated with thickness n = 2 in weak and strong external fields.

As discussed above, in various ranges of the electric fields,
the surface structures have different spin textures. It means
that for the two types of termination, the electric field can act as
a tuning parameter for the recombination rate of the charge
carriers. For instance, there are ranges of the electric field that
causes parallel orientation of the VBM and CBM spin vectors,
which in turn leads to spin-allowed transitions. In contrast, the
anti-parallel orientation of spin vectors gives rise to spin-
forbidden transitions. Switching between the spin-allowed
and forbidden states in the external field tuning is intriguing,
in both optoelectronic and spintronic devices. Recently, it was
established that all-inorganic perovskites under kev cm ™'
(~1 x 1077 a.u.) electric field show high piezoelectricity.””
The obtained results in the present work indicate that such a
small field can also be the determining factor in the spintronic
properties of the system. Therefore the correlation between
spintronic and piezoelectric parameters could be investigated
in the future. Finally, the last point that should be considered is
the influence of the presence of the turning points on the spin
pattern. The results show that at the turning point for n = 2, 3
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Fig. 10 Spin texture of spin vectors S, .= <Xf./€|‘7a‘li,/€> are calculated,
where g, (« = 1, 2, 3) are the Pauli matrix components, and y, - is the i-th

spinor eigen-function in the k,—k, plane for Csl (left)- and Pbl, (right)
terminated with thickness n = 3 in weak and strong external fields.

(2L and 3L) the spin pattern maintains itself up to a high
electric field. But this issue about the Pbl, terminated slab for
n = 4 (4L) is completely different. As shown in Fig. 12, the
turning point plays a main role, and the VBM spin vector starts
to rotate until they are in opposite directions to each other.

4 Summary and outlook

The present study was designed to determine the electronic
structure for the two types of termination of the CsPbl; per-
ovskite slabs in the presence of external fields. This study
identified a tight correlation between the environmental vari-
ables and the SOC-induced band splitting of the CBM/VBM. In
this regard, the electric field can be employed to tune the
Rashba parameters and the spin texture for these systems. This
can raise two distinct electron-hole recombination rates and
spintronic responses for these two different terminations,
which is determining factor for their optoelectronic applica-
tions. The non-linear behavior of the Rashba coefficient versus
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Fig. 11 Spin texture of spin vectors S, = <xi_g|0q\xi7,;> are calculated,
where g, (@ = 1, 2, 3) are the Pauli matrix components, and y, - is the i-th
spinor eigen-function in the k,—k, plane for Csl (left)- and Pbl; (right)
(right) terminated with thickness n = 4 in weak and strong external fields.
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Fig. 12 Spin texture of spin vectors S, .= <Xf.E|‘7a‘Zi,/? are calculated,
where g, (& = 1, 2, 3) are the Pauli matrix components, and y, - is the i-th

spinor eigen-function in the k,—k, plane for the Pbl, terminated with
thickness n = 4 around the turning point and higher, values.

the electric field is concluded and explained in terms of
changes in spatial localization of the wave functions corres-
ponding to the CBM and VBM. The present findings confirm
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View Article Online

Paper

the critical rule of built-in or external fields in tuning the
spintronic properties of perovskite slabs. In summary, the band
splitting quenching due to the change in the localization of
wave function and the change of the spin texture behavior
going from weak to strong fields, were two aspects not con-
sidered enough until the current work. The insights gained
from this study may assist in tuning band splitting and
designing spintronic related devices based on perovskite
materials.
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