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The momentum-dependent Rashba and Dresselhaus spin splitting has gained much attention for its
highly promising applications in spintronics. A non-centrosymmetric structure and the presence of spin—
orbit coupling (SOC) lead to the momentum-dependent spin splitting of degenerate bands at non-time-
reversal-invariant k-points. This lifts the Kramers degeneracy leading to Rashba and Dresselhaus splitting.
In the search for new ferroelectric Rashba semiconductors, here we present ferroelectric oxide
perovskite KlOz;, where the presence of a heavy element (I), contributing to significant SOC and
inversion asymmetric nature induces interesting band splitting. By employing the state-of-the-art density
functional theory (DFT) with the semi-local and hybrid functional (HSE06) combined with SOC, we find
non-negligible spin splitting effects at the conduction band minimum (CBm) and valence band
maximum (VBM) for R3m and R3c phases. For a deeper understanding of the observed spin splitting, we
have analyzed the spin textures within the combined framework of DFT and the k-p model Hamiltonian.
Linear Rashba terms successfully explain splitting at the VBM. However, cubic terms become important

Received 30th September 2021, in realizing spin-orientation near the CBm. In the R3c phase, the four-band k-p model Hamiltonian is

Accepted 6th March 2022 needed to completely understand the anomalous nature of the spin textures, which is beyond the
DOI: 10.1039/d1ma00912e conventional linear Rashba and Dresselhaus splitting. Our results show the enhancement in Rashba
parameters on tuning the epitaxial strain. Furthermore, we have observed a reversal of spin-orientation

rsc.li/materials-advances upon switching the direction of polarization.

Electrical control of the spin degrees of freedom makes them
suitable for spintronic devices. Some well known examples of
ferroelectric Rashba semiconductors are KTaO;,'* BiAlO,'?
LiZnSb'® and FASnl; (FA = formamidinium).'® GeTe was the
first ferroelectric material, in which the Rashba effect was

1 Introduction

Ferroelectric Rashba semiconductors have recently created a
huge sensation in the field of spintronics owing to their robust
spontaneous electrical polarization."® These materials find

applications in spin field effect transistors, ferroelectric tunnel
junctions, and storage and memory devices.” ** The long-range
order dipoles aligned in the same direction induce polarization
in ferroelectric materials, leading to inversion asymmetry.
Ferroelectric Rashba semiconductors interlink the phenomena
of Rashba-type splitting and ferroelectricity, enabling the elec-
tric control of electron spin. In ferroelectric Rashba semicon-
ductors, Rashba parameters can be enhanced via the
application of ferroelectric (FE) polarization.

Ferroelectric materials, because of their robust spontaneous
electrical polarization, are widely used in various applications.
Interestingly, the spin-orientation can be inverted by reversing
the direction of polarization using an external electric field."?
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predicted theoretically'” and observed experimentally."® How-
ever, it has a tendency to form Ge vacancies,'® which leads to
p-type semiconducting behavior. This in turn poses a challenge
to electric control of the spin. In this context, ferroelectric oxide
perovskites such as KIO; (KIO) show excellent piezoelectric,
pyroelectric and non-linear optical properties.?®** KIO, in
particular, is experimentally synthesized at high temperature
in a non-centrosymmetric rhombohedral phase with R3m space
group symmetry.>”> A thermodynamically favorable thombohe-
dral R3¢ phase was also theoretically predicted.””**** In both
phases, the distortion of the octahedra centered at the I-atom
induces spontaneous FE polarization. Furthermore, the
presence of a heavy element (I), contributing to significant
spin-orbit coupling (SOC) and inversion asymmetric nature
may induce interesting Rashba- and Dresselhaus-type band
splitting.

Note that SOC and broken inversion symmetry play a pivotal
role for the materials to exhibit Rashba and Dresselhaus

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In crystals lacking inversion symmetry, a rela-
tivistically moving electron experiences a Lorentz-transformed
magnetic field due to a finite potential gradient. This results in
spin-based splitting of degenerate bands at non-time-reversal-
invariant k-points, which lifts the Kramers degeneracy leading
to Rashba and Dresselhaus splitting. The spin-orientation is
determined by the momentum-dependent spin-orbit field. For
acentric non-polar crystals, Dresselhaus was the first to show
band splitting, which shows a cubic dependence on momen-
tum space for zinc blende-type crystal structures.”” For gyro-
tropic point group symmetries, linear Dresselhaus-type spin
splitting can also be realized. In polar crystals and 2D electron
gas, linear splitting terms are allowed as shown by Rashba and
Bychkov.?**° The SOC Hamiltonian Hg, = Q(k)-¢ describes
these effects, where ¢ is the Pauli matrix vector and Q(k) is
the spin-orbit field. The latter is odd in momentum space (i.e.
Q(—k) = —Q(k)) to preserve the time-reversal symmetry of Hgp.
Q(k) depends on the spatial symmetry of the system. For the
simplest case, C,, point group symmetry Q(k) can be written as
a vector sum of linear Rashba (Q = og(k,, —k,, 0)) and
Dresselhaus (Q, = ap(ky, ky, 0)) spin-orbit fields.”" Here, oy
and op are the Rashba and Dresselhaus coefficients, respec-
tively. These coefficients mainly depend on the amount of SOC
and the symmetry of the crystal.> Energy eigenvalues corres-
ponding to the linear Rashba Hamiltonian are given by E, (k) =
h2k*/2m + axk. Rashba and Dresselhaus effects lead to the same
type of band splitting. However, the type of splitting can be
characterized by projection of the spin-orientation in Fourier
space, usually referred to as the spin texture.*®

In this article, we have studied the Rashba and Dresselhaus
effects in R3m and R3¢ phases of FE oxide KIO using state-of-
the-art density functional theory (DFT) and the symmetry
adapted two-band k-p model Hamiltonian. Firstly, we have
determined the FE polarization in both the phases. Subse-
quently, the crucial effect of SOC has been shown in the band
structures. The Rashba spin splitting energy and offset momen-
tum have been determined from the splitting at the valence
band maximum (VBM) and conduction band minimum (CBm).
Furthermore, the type of splitting has been characterized by
plotting the spin texture. The Rashba and Dresselhaus para-
meters are determined after fitting the k-p model Hamiltonian
to the DFT band structure. Finally, the effect of polarization on
the aforementioned parameters has been investigated.

2 Methodology

The calculations are performed using the Vienna ab initio
simulation package (VASP)***° within the framework of DFT
using projector augmented wave (PAW)*® pseudopotentials.
The Perdew-Burke-Ernzerhof (PBE)*” exchange-correlation
(exc) functional is used for DFT calculations. For better accuracy
of excited state properties and validation of PBE results, the
non-local Heyd-Scuseria-Ernzerhof (HSE06)® &, functional is
used. For an effective interpretation of results, the conventional
hexagonal setting is also considered. A cutoff energy of 600 eV

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is used throughout the calculations. Both rhombohedral
phases, R3¢ and R3m are fully relaxed (the lattice parameters
as well as atomic coordinates) using the PBE ¢, functional
without including SOC with 9 X 9 x 4 and 9 x 9 x 8 k-grids,
respectively, generated using the Monkhorst-Pack scheme.*®
The insignificant role of SOC in relaxation is also verified by
test calculations. The partial density of states (PDOS) and band
structure calculations are done using a 12 x 12 x 6 k-grid. In
structural optimization, the total energy difference between two
ionic relaxation steps is set to be smaller than 10> eV and the
tolerance on forces between two consecutive steps is set to
0.001 eV A™'. The FE properties are calculated within the
framework of Berry phase theory for polarization.*’™** We have
conducted symmetry analysis using ref. 43, Findsym,** Bilbao
crystallographic server®® and SEEK-PATH.®® Finally, we have
used Mathematica®” and PyProcar*® to plot spin textures and to
solve the k-p model Hamiltonian. Spin textures are calculated
using the expectation values of spin operators S;, given by

5= %(ll’k\aiw’k} (1)

where ¢; are the Pauli matrices and ¥, is the spinor eigenfunc-
tion obtained from noncollinear spin calculations. Spin texture
calculations are performed using a closely spaced 15 x 15 k-grid
around a high symmetry point (HSP) within the k, — k, plane.
The square region considered in the k. — k, plane is bound by
|k| < 0.2A7" and |k,| < 0.2 A~'. We have computed the k-p
model band structures by minimizing the summation

Det[H (kv ky k) — Ei (keykeyo ko) ]|

> flky ky k)

(2)

where f(ky, k,, k) is the weight attached to (k, &, ;) point. We
have used a normal distribution for f(k,, k,, k) centered at the
(kx, ky, k;) point to get a better fit near a HSP as used in
ref. 49 and 50. The range of k. and k, used for fitting the DFT
band structures is —0.125 to 0.125 A~*. The coordinate con-
vention used for calculating the band structures, spin textures
and building the Hamiltonians is explained in Section I of the
ESL} For introducing the strain, the structural parameter c is
varied with respect to equilibrium parameter ¢, and the strain
(¢) is calculated as

o= % 100% 3)
o
After introducing the respective strain, we have relaxed the
atomic coordinates. We have varied the strain from —5% to
+5%, where “—" and “+” represent the compressive and tensile
strains, respectively.

3 Results and discussion
3.1 Structural and ferroelectric properties

KIO mainly exists in Pm3m, R3m and R3¢ space group symme-
tries. The Pm3m phase is centrosymmetric and contains an
inversion center and therefore, does not show the Rashba-type

Mater. Adv,, 2022, 3, 4170-4178 | 4171
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splitting. Hence, we have studied the non-centrosymmetric
rhombohedral phases R3m and R3c in detail for Rashba and
Dresselhaus properties. The R3m phase is symmorphic as all
generating symmetry operations leave one common point fixed,
apart from the lattice translations. In contrast, R3¢ phase is
non-symmorphic containing the glide planes. Fig. 1 shows the
conventional hexagonal unit cells of the R3m and R3¢ phases of
KIO. The lattice parameters of both phases are given in Table 1.
The calculated lattice parameters of the R3m phase are well in
agreement with experimental values (a = 6.34 A, ¢ = 7.94 A).??
The lattice parameters of R3¢ phase coincide with the crystal
structure already reported using DFT (a = 6.37 A, ¢ = 15.92 A).2®
At equilibrium (without considering the strain), the formation
energy of the R3¢ phase is the lowest. Our calculated formation
energy of the R3¢ phase is 18 meV f.u.”" lower than that for the
R3m phase. For the R3m phase, we have calculated the change
in the ferroelectric polarization i.e., dipole moment per unit

volume (L[;) with respect to the centrosymmetric structure, of

41 uC cm™? along the [0001] direction in a hexagonal setting
(along the [111] direction in a rhombohedral setting). However,
in the R3c phase, we have found a slightly smaller polarization
of 29 uC cm™ > along the [0001] direction in a hexagonal setting.
In previous studies on BiFeO; thin films, it has been shown that
FE polarization can be enhanced to be as large as 150 pC cm™>
using the strain.>’"* In view of this, we have also verified the
enhancement in FE polarization of KIO on the application of
strain (the calculated lattice parameters for different strained
states are given in Section II of the ESIt). The FE polarization
increases (decreases) under the application of tensile (compres-
sive) strain and direction remains the same. The FE polariza-
tion has varied from 21 to 35 pC cm 2 and 29 to 50 uC cm™? in
R3m and R3c phases, respectively, on applying strain in the
range of —5% to +5%.

(d

Fig. 1 Crystal structure of KIO3 in the (a) and (b) R3m phase and (c) and
(d) R3c phase. The violet, orange and red balls denote the K, | and O ions,
respectively.
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Table 1 Lattice parameters and polarization for rhombohedral phases of
KIO calculated using the PBE &, functional

Space group a(A) c(A) v (A% P (uC cm?)
R3c 6.37 15.91 558.6 29
R3m 6.29 8.11 278.1 41

3.2 Electronic properties and spin splitting effects

Fig. 2a shows the calculated band structure of the R3m phase
without SOC along the high symmetry path in the first Brillouin
zone (see the Fig. 2a inset for the high symmetry path). A direct
band gap of 2.51 eV is observed at the k-point A. Since the
Perdew-Burke-Ernzerhof (PBE)®’ &, functional is known to
underestimate the band gap, it is also calculated using a non-
local HSE06°® ¢, functional. A larger direct band gap of 3.50 eV
is observed at the k-point A. The uppermost valence band has a
width of about 2.5 eV and the electronic states are mainly
derived from O-2p orbitals (see the PDOS in Fig. 2). The lowest
conduction band has a width of nearly 4 eV and the electronic
states are mainly derived from equal contributions of I-5p and
O-2p orbitals. Fig. 2b shows the calculated band structure and
PDOS with the inclusion of SOC. The VBM and CBm shift from
the k-point A towards L, which is known as the offset momen-
tum (5k). The energy difference between the k-point A and
extremum is known as the Rashba spin splitting energy (0E).

Energy (eV)

Energy (eV)

_2\
r M K

e N n L I

0 5 10
I A L H Density of States

Fig. 2 Band structure and PDOS for the R3m phase calculated using PBE
(a) without SOC and (b) with SOC. The Fermi energy is set to the VBM.
Here, the inset shows the first Brillouin zone for the hexagonal phase.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A slightly indirect band gap of 2.24 and 3.27 eV is observed
using PBE + SOC and HSE06 + SOC, respectively. Despite the
underestimation of the band gap by PBE, the band dispersion
around the HSP is known to be similar to HSE06.'” We have
compared the band structures obtained using PBE + SOC and
HSE06 + SOC and found that they are resulting in similar
Rashba parameters (see Section III of the ESIf). Therefore, all
the calculations are performed using PBE, since it is more cost
effective. The presence of a large SOC is attributed to the heavy
elements like I. A dominant spin splitting can be seen in the

T Lo . S .
plane k. =—, which is perpendicular to the polarization axis
c

(see Fig. 3a and b). In contrast, splitting is completely absent in
the direction I'-A, which is parallel to the polarization axis
[0001]. It is consistent with the Rashba model, where splitting
occurs in the direction perpendicular to the polarization axis.
The 6E for CB and VB is 27.3 and 18.1 meV, respectively. The ok
for CB and VB is 0.047 and 0.054 A", respectively. Within the
20E
linear approximation, these values lead to az (W) of 1.16 and
0.67 eV A, respectively (see Section IV of the ESIt). We have
observed a comparatively larger Rashba splitting at the CBm

a b -
( )0.00 ( )2'505'
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& :
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Fig. 3 (a) Valence bands and (b) conduction bands of KIO for the R3m

phase with SOC along the A-L line (energy vs. k,). Here black solid lines
and red dashed lines are obtained by DFT and parametrization of the
model, respectively. (c) and (d) Spin textures of two upper most valence
bands and (e) and (f) two lowest conduction bands. The arrows and color
projection represent the in-plane and out-of-plane components of the
spin texture with respect to the (k. k,) plane.
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than at the VBM due to the higher contribution of I-5p orbitals
at the CBm (see Fig. 2).

In order to have a better understanding of the spin splitting
nature, the spin texture is plotted near the VBM and CBm around
the k-point A. The 2D spin texture is calculated by projecting the
expectation values of a,, 0y and o, in the Fourier plane (kk).
Fig. 3[(c), (d)] and [(e), (f]] show the calculated x-, y- and z
components of the spin texture near the VBM and CBm, respectively.
The spin textures obtained using PBE and HSE06 are in close
agreement (see Fig. S4 in the ESIt). Thus, we have further used
PBE for computing spin textures. The in-plane spin components (S,,
Sy) show a helical nature with inner and outer bands having opposite
orientations. This confirms the existence of Rashba-type splitting. A
significant out of plane spin component can also be seen for the
CBm, which is absent for the VBM. The out of plane spin component
(S;) has three-fold symmetry, which is in agreement with the three-
fold rotation symmetry of the crystal. The spin splitting and textures
can be explained by two-band effective Hamiltonian including only
the spin degree of freedom. The little group of the &-point 4 is Cs;,
consisting of three-fold rotations Cj, one reflection through vertical
plane containing the z-axis (o,,) and two reflections through diagonal
planes (Mg, Mz,)** (besides trivial identity operation). The band
dispersion relation and spin texture around the k-point 4 in the
plane orthogonal to the polar axis can be derived using all the
symmetry-allowed terms such that O'H(k)O = Hi(k), where O is the
symmetry operation belonging to the little group."® The constructed
two-band k-p Hamiltonian including linear and cubic Rashba terms
satisfying the C;, symmetry near the k-point A takes the form> (for
more details see Section IV in the ESI}):

Hy(k) = Ho(k) + Hso (4)
where,

Hyso = aoyke + Bosk, + yo (ke + k%) — 3(keky® + kyky)]
(5)

and H,(k) is the free particle Hamiltonian. «, f§ are the coefficients
of linear terms and 1y is the coefficient of the cubic term in the SOC
Hamiltonian. The two energy eigenvalues of Hamiltonian are

k2
- 2m,,

72k,

E(k)* + Eso (6)

where, m, and m, represent the effective masses in the x and y
directions, respectively. Ego is the energy eigenvalue of the SOC
Hamiltonian given by Eso(k) = \/0?k? + B2k,? + y2%(ky, ky),
where f(kq k) = (& + &%) — 3(kk,” + k). Normalized spinor
wavefunctions corresponding to energy eigenvalues are given by

ol iok, — Pk,

NETEET)) o (ks k}f) F Eso 7)

o2k + Bk,?
(of (kv k) F E50)2
operators are given by

where p,? = . The expectation values of spin

Mater. Adv., 2022, 3, 4170-4178 | 4173
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In-plane spin components are reproduced using o and f,
whereas y reproduces the out of plane spin component. For a
specific k-point, the in-plane spin component is small as
compared to out-of-plane if yf(k,,k,) is much larger than ok,
and fk,, and vice versa. Spin textures calculated using DFT
satisfy the model Hamiltonian predictions. Three-fold degen-
eracy of the z-component of the spin is the consequence of the
cubic nature of f(k, k,) (see Section III in the ESIt for more
details).

Fig. 3a and b show the comparison between the DFT and k-p
model predicted band structures calculated using eqn (4) near
the VBM and CBm, respectively, in the vicinity of the k-point A.
The k-p model produces a band structure which is in close
agreement with the DFT band structure. Near the k-point 4,
cubic terms have smaller energy contribution as compared to
the linear terms in band structure calculations. In the range
|k;| < 0.125 A" (i = x, y), the contribution coming from the
cubic term is within 0.01 times the contribution coming from
linear terms (note that the ratio of different contributions is a
function of k). The energy eigenvalues of the Hamiltonian are

202 22
given by E(k)* = ks + ks + \/oczkxz + B2k, 4+ 9212 (ki ky),
v

2my 2m
which estimate only the magnitude of o, f and y. The signs of a,
f and y are determined by the orientation of spins in Fourier
space. Rashba and Dresselhaus coefficients are defined as

oR = b and op = ﬂ, respectively (the details can be seen

2
in Section IV of ESIt). For the CB, « = 1.12 eV A, f = —1.12 eV A

and y = —21.70 eV A® reproduce the DFT band structure. These
parameters lead to az = 1.12 eV A and ap = 0 eV A, confirming
that the splitting is coming mainly from the linear Rashba
effect. For the VB, « = 0.63 eV A, § = —0.63 eV A and
y = —1.10 eV A® reproduce the DFT band structure leading to
purely Rashba with a; = 0.63 eV A apart from the negligible
cubic contribution. The Rashba parameters calculated using
the k-p model are listed in Table 2 and are fairly close to the
DFT predictions.

Fig. 4a and b show the band structures and PDOS for the R3¢
phase without and with inclusion of SOC, respectively. It has a
direct band gap of 2.86 eV at the k-point I without including
SOC, which is 0.41 eV larger than for the R3m phase. The
contribution of atomic orbitals in PDOS near the VBM and CBm
for the R3c phase is nearly similar to the R3m phase. With the
inclusion of SOC, the VBM and CBm shift towards the k-point
K. A slightly indirect band gap of 2.65 eV on including SOC

Table 2 Rashba parameters for band-splitting at the k-point A for R3m
phase (note that # = —a in each case)

Position m* (m,) o (eVA) 7 (eVA®) SE (meV) ok(A™) g (evA)

VBM
CBm

—0.72
0.34

0.63
1.12

—01.10
—-21.70

18.10
27.30

0.054
0.047

0.67
1.16
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Fig. 4 Band structure and PDOS for R3c phase calculated using PBE
(a) without SOC and (b) with SOC. The Fermi energy is set to the VBM.

confirms the importance of SOC in the calculations. A larger
band gap is calculated to be 3.80 eV using HSE06 + SOC. Spin
splitting can be seen throughout the Brillouin zone except for
I'-A, which again confirms the polarization direction parallel to
I'-A (see Fig. 4b). A dominant spin splitting can be seen along
the path I'-M, I'-K, A-L and A-H (see Fig. 4 and 5(a)-(d)).
Fig. 5(e)-(h) show the plotted spin textures near the CBm and
VBM, respectively, around the k-point I'. Fig. 5(i)-(1) show the
plotted spin textures for the lowest four conduction bands,
around the k-point A. Near the k-point I', the in-plane spin
textures form a helical-type spin texture with different orienta-
tions for inner and outer bands, confirming the Rashba-type
splitting of degenerate levels. A significant out of plane spin
component contribution can also be seen near the CBm, which
is absent near the VBM. Near the k-point A, the spin splitting
leads to novel spin textures, which are beyond the superposi-
tion of linear Rashba and Dresselhaus terms. These spin
textures are completely different from those obtained using
the two-band k-p model. These spin textures are a result of
coupling between the orbital and spin degrees of freedom.***”
The splitting near the k-point I' can be explained by the two-
band effective Hamiltonian, whereas the four-band Hamilto-
nian becomes important to understand the splitting near the
k-point A. The little group of k-point I" and A is the same, which
is C3,. The model Hamiltonian given by eqn (4) can explain the
band properties of the VBM and CBm near the k-point I'. Fig. 5a
and b show that DFT and k-p model predicted band structures
near the k-point I' are comparable. The Rashba spin splitting
energy of 6.3 and 16.5 meV is obtained for VB and CB,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Valence bands and (b) conduction bands of KIO for the R3c phase with SOC along the I'-M line (energy vs. k,). (c) The lowest four conduction

bands around the k-point A with the full model are given in eqn (9) and (d) with the modified model excluding the terms containing the orbital degrees of
freedom (obtained usingn =¢=4=4=K=p=0ineqn (9). Here, black solid lines and red dashed lines are obtained by DFT and parametrization of the
models using eqgn (2), respectively. Spin textures of (e) and (f) two lowest conduction bands, (g) and (h) two uppermost valence bands around k-point I
and (i)—(l) lowest four conduction bands around the k-point A. The arrows and color projection represent the in-plane and out of plane components of
the spin texture with respect to the (k,—k,) plane. Our spin textures are prepared using the convention [(i)-(l) as examples] that if at the (k,, k,) point,
energy eigenvalues associated with (i)—(1) are e, €xx, €3k €ax respectively, then ey, < ey < €3 < €4k

respectively. The ok for CB and VB is 0.042 and 0.031 A,
respectively. From DFT, the value of ay is found to be 0.79 and
0.41 eV A for CB and VB, respectively. For CB, fitted parameters
of Hgo are o =0.78 eV A, f = —0.78 eV A and y = —13.3 eV A°.
These parameters lead to az = 0.78 eV A and o, = 0 eV A. The
corresponding parameters for VB are estimated as « = 0.40 eV A,
B =—0.40 eV A and y = —0.55 eV A® leading to a purely linear
Rashba effect with o, = 0.40 eV A with negligible cubic con-
tribution. The Rashba coefficients calculated using the kp
model are fairly close to the DFT predictions and shown in

Table 3 Rashba parameters for band-splitting at the k-point I for the R3¢
phase

Position m* (m.) «(eVA) 7 (eVA®) OF (meV) ok(A™) o (eVA)

VBM
CBm

—0.55
—13.27

6.30
16.50

0.031
0.042

0.41
0.79

—0.59
0.41

0.40
0.78

Table 3. For splitting near k-point 4, we have used the four-band
model derived using method of invariants satisfying the Cs,
point group symmetry*® (see Section V of the ESIt):

Ha(k) = a(k +k2) + Bk + k) +5 (k2 + k)’

(k2 = k)7 + 2] + [A FAR2 k2 K (k2 + kyz)Z] .0
+[k+ Lk + k,7) ] (kyoy — kyo

ek (ki = 3k, + plky, —

© 2022 The Author(s). Published by the Royal Society of Chemistry
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) + Ak (ki = 3k?)o-

kyy)oy — ((kyyy — kxy.)ay)]
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Fig. 6 (a) Band gap (Ey), (b) Rashba spin splitting energy (0E) and (c) Rashba coefficients (ag) as a function of strain (e). The Al and A% show the information
about splitting around the k-point A in the R3m phase around the CBm and VBM, respectively. In the same manner, I't and I'> show splitting in the R3¢

phase around the k-point I

where both y; and o; are the Pauli matrices, denoting the orbital
and spin degrees of freedom, respectively. Here, y;0; represents
the Kronecker delta product of matrices y; and o;. y; and o;
denote y;0;and y;0;, where y; and ¢, are the identity matrices of
dimension 2 x 2. Fig. 5c shows the comparison between DFT
and model predicted band structures for the lowest four con-
duction bands around the k-point A. Fig. 5d shows the DFT
(same as Fig. 5¢) and the modified model of eqn (9) excluding
the terms containing orbital degrees of freedom predicted band
structures (see Section V in the ESIt). The modified model band
structure largely deviates from the DFT band structures. This
confirms the significance of orbital degrees of freedom and
four-band k-p Hamiltonian over the usual two-band k-p Hamil-
tonian to completely understand the spin splitting near the
k-point A. We have observed the linear splitting of ~0.64 and
0.45 eV A for the bands around the k-point A (calculated using
the expression E = Ej + A5k + b(k)?). The CBm and VBM are
in the vicinity of the k-point A, which can be brought to the
k-point A using the strain for possible applications of these
novel spin textures. Rashba coefficients of some selected ferro-
electric materials are compared with KIO in Section VI of the
ESLT

The experimental observations show that the electronic
structure, ferroelectricity, and spin splitting in oxide perovs-
kites are tunable using the strain.*® The polarization and
Rashba splitting are sensitive to the uniaxial strain in oxide
perovskites such as BiAlO;,"* KTa0;>° and PbTiO;.°° In view of
this, we have studied the strain dependence of JE, ok and oy in
both the phases of KIO. We have considered the effect of strain
within the (0001) plane on spin splitting and energy levels for
both the phases around the VBM and CBm. Such a strain can
be obtained by growing KIO films on top of hexagonal (0001) or
cubic (111) substrates.®® The polarization direction remains
along the [0001] direction throughout the full range of strain.
Fig. 6 shows the change in the band gaps, JE and ¢z on
application of strain. Band gap increases (decreases) under
tensile (compressive) strain for R3m and R3c phases. OE
decreases (increases) using the tensile (compressive) strain
for conduction and valence bands. A linear trend is observed
for spin splitting at the CBm and VBM in both phases. The
amplitude of spin splitting can be tuned from 0.8 to 1.2 eV A for
the CBm in the R3m phase. It should be noted here that a more

4176 | Mater. Adv., 2022, 3, 4170-4178

detailed analysis would be necessary to see if other states can
be stabilized under the uniaxial strain. This can be done by
calculating the total formation energy of structures with differ-
ent space groups as a function of strain to know which one is
the most stable at a particular strain.®

The spin degeneracy can be restored when the structure is
brought back to the parent centrosymmetric structure. The
parent space group of R3m is R3m, which is generated by the
symmetry elements of R3m followed by an inversion.
The polarization, P, along the c-direction breaks the inversion
symmetry. Thus, the R3m phase is centrosymmetric and band
splitting is absent. It is well known that in ferroelectric Rashba
semiconductors, switching the direction of polarization leads
to the reversal of the spin texture. The full reversal of the spin
texture on reversing the direction of polarization is also
observed in KIO. To switch the direction of polarization,
transition state R3m has to be crossed, which defines the
potential barrier. The parent centrosymmetric structure is
generated using the program PSEUDO.** The calculated
potential barrier to switch the polarization through the R3m
phase is 135 meV f.u.”" for R3m. Similarly, the potential barrier
for the R3¢ phase is found to be 112 meV f.u.”* The calculated
potential barrier is comparable to 110 meV f.u.”" of LaWN;*°
and is smaller than 130 meV f.u.”! of LiNbO,.°* The Rashba
parameters are larger for KIO than BAO, despite a significantly
larger ferroelectric polarization in BAO. Therefore, we infer
that larger ferroelectric polarization does not directly imply
the larger splitting. A thorough analysis of the symmetry and
electronic structure is always required.

4 Conclusions

In summary, we have performed relativistic first-principles
density functional theory calculations to study Rashba and
Dresselhaus effects in ferroelectric rhombohedral phases of
KIO with R3m and R3c space group symmetries. Ferroelectric
and electronic properties are explored using DFT, which are
also supported by the symmetry adapted k-p Hamiltonian. Near
the VBM and CBm, states are mainly derived from I-5p and
O-2p orbitals. A sufficiently wide and slightly indirect band gap
is calculated for the R3m (2.24 (PBE + SOC), 3.27 eV (HSE06 +
SOC)) and R3¢ (2.65 (PBE + SOC), 3.80 eV (HSE06 + SOC))

© 2022 The Author(s). Published by the Royal Society of Chemistry
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phases. Due to a significant amount of SOC, spin splitting
effects are observed at both the VBM and CBm around k-points
A and I for R3m and R3c phases, respectively. The helical-type
in-plane spin texture confirms that the spin splitting mainly
consists of Rashba-type splitting. The out of plane spin texture
shows importance of cubic terms in the model Hamiltonian.
The two-band k-p Hamiltonian satisfying C;, symmetry repro-
duces the band structure and spin texture near the CBm and
VBM, that are well in agreement with the DFT results. In the R3¢
phase, the inclusion of four bands in the Hamiltonian incor-
porating orbital degrees of freedom becomes important for a
complete analysis of spin splitting. Novel spin textures
observed in the R3c phase are anomalous in the sense that
they differ from usual spin textures and cannot be treated as
linear Rashba, linear Dresselhaus or some unique combination
of both. The largest Rashba coefficient is found for the CBm in
the R3m phase. Furthermore, we have investigated the effect of
strain on Rashba and Dresselhaus parameters and found that
they increase linearly with strain. Control of spin-based proper-
ties using the external electric field makes it suitable for
spintronics applications. The larger Rashba coefficient in com-
parison to that of other contemporary materials (viz. BAO and
LaWN;) makes KIO a promising addition into this class of
materials having Rashba-based applications.
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