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Abstract

Spin splitting, or removal of spin degeneracy in the electronic energy band/level is often a measure
of spin-orbit coupling strength and a way to manipulate spin degrees of freedom. We use first-
principles simulations to predict giant spin splitting in methylhydrazinium lead halide (MHyPbXs3,
MHy = CH3NH2NH2, X = Br and Cl) hybrid organic-inorganic perovskites. The values can reach
up to 408.0 meV at zero Kelvin and 281.6 meV at room temperature. The origin of the effect is
traced to the large distortion of PbX3 framework, driven primarily by Pb ions in the ferroelectric
I'>~ mode. The Pb displacements consist of combination of polar and antipolar arrangements and
result in up to 39.2 meV/atom enhancement of the spin-orbit coupling energy in the polar phase
of the materials. The spin-orbit coupling gives origin to persistent spin textures in MHyPbXs,
which are desirable for applications in spintronics and quantum computing. Our findings reveal an
additional functionality for hybrid organic-inorganic perovskite and open a way for the design of

more materials with giant spin splitting.



Spin splitting is defined as removal of spin degeneracy in the energy level of an isolated
system or an energy band of a solid. It often originates from the relativistic effect of spin-
orbit coupling (SOC) and was originally investigated by Dresselhaus [1] and Rashba et al. [2].
As a result, the effect carries their names. The SOC contributes a weak perturbation to the
Hamiltonian of the system, which is proportional to (VV X p) - &, where V' is the crystal
potential, p is the momentum operator, and o is the spin operator. Consequently, the effect
originates from the presence of (local) electric field, which could be due to the lack of inver-
sion symmetry in bulk material [1], interfacial asymmetry in heterostructures [3], and even
local asymmetry in centrosymmetric compounds [4]. The effect leads to spin-momentum
locking and intriguing physical manifestations, which include intrinsic spin-Hall effect [5],
gate-controlled spin precession [6], (inverse) spin galvanic effects, photogalvanic effects [7],
and chiroptic effects [8]. These are believed to be promising for emerging spin-orbitronic
devices, that rely on manipulation of the spin degrees of freedom by electrical, optical, or
magnetic means [5, 9]. Spin splitting can also serve as a measure of SOC strength, which
gives origin to many exotic phenomena, such as the switchable tunneling anomalous Hall
effect (TAHE) [10, 11] with ferroelectric polarization and tunneling anisotropic magnetore-

sistance (TAMR) [12, 13] with magnetization.

Naturally, these intriguing effects and their emergent and potential applications rely
on strong spin-momentum coupling and large spin splitting, which in turn originate from
large SOC term [5, 14, 15]. For example, for room temperature applications it is desirable
to have a material that exhibits spin splitting in excess of 30 meV. Unfortunately, being
weak relativistic effect SOC typically is not strong enough and so far only a handful of
materials exhibited experimentally measurable or technologically significant values. One
example is polar semiconductor BiTel, which possesses spin splitting up to 100 meV [15].
The large value in BiTel is attributed to the loss of inversion symmetry. Another example is
cleaved topological insulator BisSes, which exhibits Rashba spin splitting of up to 180 meV,
which originates from band-bending induced potential gradient [16]. Rashba spin splitting
is defined as the difference between the energy value at the momentum offset and time
reversal invariant momentum point in materials whose free-electron bands are split by the
Rashba Hamiltonian Hr = ago - (k x n), where k is the crystal momentum and n is the
unit vector along the symmetry axis, while ag is the Rashba coefficient that quantifies the

strength of SOC. In ferroelectric GeTe, Rashba spin splitting of 227 meV has been predicted



computationally [17]. This huge spin splitting in GeTe is due to the unusual ordering of the
bands near the Fermi surface that, combined with the small band gap, amplifies the effects

of spin-orbit interaction [17]. Figure 1(a) compiles spin splitting values from the literature.

It should be mentioned that spin splitting can occur also in the absence of SOC in
some antiferromagnetic materials. For example, in antiferromagnetic materials lacking 61
symmetry (@ represents time reversal and I represents spatial inversion symmetry) and
belonging to the magnetic space group of type III spin splitting can exist without SOC [18].
Likewise, altermagnets can exhibit spin splitted bands in absence of SOC owing to a special

arrangement of spins and crystal symmetries [19].

Recently, the hybrid organic-inorganic perovskite with chemical formula ABXj, having
organic molecule on the A site and, in some cases, organic ligands on the X site are in
the focus of scientific attention [20]. Along with their electronic and optoelectronic device
applications [21-23], their low yield strain [24] offers an opportunity to realize emerging
devices, such as foldable, bendable, stretchable, and wearable devices [25]. For example,
MAPDI3 (where MA= CH3NH;) was realised as a flexible nonvolatile memory device [26]
and flexible diffusive memristor for artificial nociceptors [27]. However, these materials
typically exhibit rather mediocre spin splitting (see Figure 1(a)). Among the largest values
reported so far is Rashba spin splitting of 40 meV, which was reported for two dimensional
hybrid organic-inorganic perovskites, (PE)oPbly (where PE= C¢H5CoH4NHj3) [28]. Recently,
the new hybrid organic-inorganic perovskites MHyPbX3, where MHy is methylhydrazinium
molecule CH3NH;NH;, and X is Br or Cl, have been experimentally synthesized [29, 30]. The
MHyPbBr; undergoes a phase transition from high temperature nonpolar Pm3m phase to
low temperature polar P2; phase at 418 K, while MHyPbCl; undergoes polar Pb2; m to polar
P2, phase transition at 342 K on cooling down. Both materials are known to exhibit strong
octahedral distortions due to presence of large-sized MHy molecule (ionic radius 2.64 A)
in comparison with other hybrid perovskites [29, 30]. Along with the large distortions, the
presence of heavy element (Pb) on the B site suggests that this material could exhibit large
or even giant spin splitting. Moreover, this material is also ferroelectric which could offer
the advantage of Rashba ferroelectricity co-functionality [23]. Having the band gap in the
visible region (for example 2.58 eV for MHyPbBr; [30]), these materials are also promising
for optoelectronics applications. In this work we use first-principles DFT calculations with

the aims (i) to predict giant spin splitting of MHyPbBr; and MHyPbCls; (ii) to reveal
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its fundamental origin; (iii) to report the unique spin textures in both MHyPbBr; and
MHyPbCls, which are not present in inorganic materials with giant spin splitting.

We used first-principles density functional theory (DFT) based calculations as imple-
mented in Vienna ab initio simulation package (VASP) [31, 32]. The projector augmented
wave (PAW) pseudopotential [33, 34] and Perdew-Burke-Ernzerhof (PBE) [35] with D3 dis-
persion corrections as proposed by Grimme et al. [36] were used for the calculations. The
energy cutoff of plane wave basis was set to 600 eV. For integration inside the Brillouin zone,
we chose I'-centered Monkhorst-Pack [37] k-point mesh of 8x4x4 for both the compounds.
The structural relaxations were carried out using conjugate gradient algorithm until the
ionic forces were less 5 meVA~!. All the electronic structure calculations were performed in-
cluding SOC. For spin texture calculations, we used a 15x15 k-point mesh for a given plane
in the reciprocal space. A dense k-point mesh of 21x21 has been used for the k,-k, plane to
clearly visualize the persistence spin texture. The polarization of the systems was calculated
using modern theory of polarization as developed by King-Smith and Vanderbilt [38]. To
avoid ambiguity due to polarization quantum in the calculation, we constructed a rotodis-
tortion path as proposed in Ref. [39]. The ISOTROPY suite was used for the space group
determination [40].

It has been established in the literature [41] that full structural relaxation using DFT does
not always accurately predict structures which are not the ground state, which could lead
to erroneous predictions for many properties, including spin splitting and related effects. It
has previously been shown that for hybrid organic inorganic perovskites ab initio molecular
dynamics (AIMD) provides results which match experimental ones most closely [23]. We
utilized such AIMD approach within the NVT ensemble, simulated using Nose-Hoover ther-
mostat. The run was initialized using the experimental structures with ionic positions fully
relaxed. We simulated 12.5 ps using 1 fm time step. The last 10 ps of the run were used to
compute the thermal average structure. For completeness, we have also computed structure
by using full structural relaxation, ionic relaxation only (and keeping lattice parameters
equal to those in the experiment), and the experimentally obtained structure provided in
Refs. [29, 30].

We first use DFT calculations to predict the ground state structures of both MHyPbBr;
and MHyPbCls. For that, the experimentally reported structures from Refs. [29, 30] are
subjected to full structural relaxation as outlined above. Both MHyPbBr; and MHyPbCl;
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FIG. 1. (a) (Rashba) spin splitting for some representative materials from literature [15-17, 23,
28, 42-44] and our spin splitting data in conduction band. (b) crystal structure and (c) electronic
band structure for P2; phase of MHyPbBrs. (d) Spin splitting in conduction band along different
directions in the momentum space for MHyPbBrj3 structures as obtained from different relaxation

schemes of P2; phase.

retained their experimentally reported space groups of P2;. A comparison between com-
putational and experimental structural parameters is given in Table S1 of Supplementary
Material (SM). The structural files are provided in Ref. [45]. The structural visualization of
the P2, phase of MHyPbBr3; and MHyPbCl; are given in Figure 1(b) and S1(a), respectively.
For MHyPbCl3, we also investigate high-temperature polar phase Pb2;m (visualized in Fig-
ure S1(b)). The spontaneous polarization of the MHyPbBr3 ground state is 5.66 uC/cm?.
For MHyPbCls it is 6.44 uC/cm? for P2, phase and 7.96 uC/cm? for Pb2;m phase (See

Figure S2 of SM), which is in agreement with the recent computational results [46].
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Next, we compute electronic structures of MHyPbBr; and MHyPbClj; taking into account
SOC. Figure 1(c) gives the electronic structure of P2; phase of MHyPbBr3, while data for
other phases and materials are given in Figure S3. The blue and red colours indicate
bands with opposite spins. The band gaps for MHyPbBr; and MHyPbCl; in the monoclinic
phases are 1.6 eV and 2.1 eV, respectively. In both materials, the valence band maximum
(VBM) and conduction band minimum (CBM) occurs around Y(0.5, 0, 0). Furthermore,
in MHyPbBr3(MHyPbCl;), the eigenvalues of lowermost conduction band and uppermost
valence band around A(0.5, 0, 0.5) are 95.2(90.0) meV greater and 138.4(151.7) meV lesser
than that of Y, which allows for indirect transition between these two points. The partial
density of states (Figure S4) reveals that the valence bands near the Fermi level are dom-
inated by X-p and Pb-s orbitals. The conduction bands near the Fermi level are formed
primarily from Pb-p orbitals. The band structures reveal the presence of spin splitting in
these materials. To quantify such spin splitting we computed the energy difference between
the spin splitted bands along different directions in the Brillouin zone and report it in Fig-
ure 1(d) for MHyPbBr3 and in Figure S5(a) for MHyPbCl;. The data reveal giant spin
splitting in conduction band, which can reach 372.6 and 408.0 meV for MHyPbBr; and
MHyPbCls, respectively. These values of spin splitting are among the largest (likely the

largest) reported in the literature so far to the best of our knowledge.

To eliminate the possibility that the giant spin splitting is an artifact of simulations,
we computed spin splitting for the structures obtained from other relaxation techniques
described in the method section, which in addition, allows us to assess the temperature
evolution of spin splitting. Figure 1(d) and Figure S5(a) show a comparison of the spin
splitting in conduction band between such simulations and reveal that all of them predict
giant values for spin splitting. The AIMD data correspond to 300 K and indicate that the
maximum spin splitting in conduction band decreases only slightly (down to 281.6 meV) at

finite temperatures, which is promising for potential applications.

To understand the origin of such giant spin splitting in MHyPbXj3, we take advantage
of computations and decompose spin splitting into the contributions from MHy molecule
and PbXj; framework. For that, we first construct the centrosymmetric phase (Pmma) of
the material using PSEUDO [47]. Next, we connect such centrosymmetric phase to the
given noncentrosymmetric phase of the material (P2; phase for example). A roto-distortion

path is generated between the two, which consists of a rotation of the MHy molecule and
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FIG. 2. (a) Decomposition of the spin splitting in conduction band at A’(0.34, 0.0, 0.5) point
in Brillouin zone of MHyPbBrs, into contributions from the molecule and framework. (b) Am-
plitude of structural distortions in different modes of Pb2ym and P2; phases of MHyPbBrs and
MHyPbCls. (c) The atomic displacements in the I'*~ mode in P2; phase of MHyPbBrs. (d) The
mode decomposition of spin splitting around Y and A high symmetry points (SSy and SS4) in
conduction band. (e) The effective SOC energies for Pb, Br, and Cl atoms in different distortion

modes.

distortion of PbXj3 framework. Such roto-distortion path is then “decomposed” into two.
One of them contains only the rotation of the molecules and keeps the framework ions in
their centrosymmetric positions. Another one includes only distortion of the framework
and keeps the ions of the molecules in their centrosymmetric positions. These two paths
quantify the contributions of the molecule and frameworks, respectively, to the structural
distortions associated with the noncentrosymmetric phases [48, 49]. For structures along
each of the paths, we compute band structures and associated spin splitting. The same
symmetry directions in the Brillouin zone as shown in Figure 1(c) were considered in each
case. Figure 2(a) reports the evolution of the spin splitting at A’(0.34, 0.0, 0.5) point
in conduction band of the Brillouin zone along the distortion path for MHyPbBrs. The
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evolution of spin splitting in conduction band for MHyPbCl3 is given in Figure S5(b). It
reveals that the spin splitting in MHyPbXj3 is dominated by the framework.

Next, we aim to find out if there is a particular structural distortion of the framework that
gives origin to the giant spin splitting. For that, the structural distortion associated with the
framework is decomposed into individual modes using ISODISTORT [50, 51]. The molecules
are kept in their centrosymmetric positions. The framework distortion is made up of four I
modes, i.e., '@ @I @I*T. The amplitude of these modes is given in Figure 2(b) and
reveals that I'*~ mode has the largest amplitude. This is also the only ferroelectric mode
in this material. To quantify the contributions of these different modes to spin splitting we
compute spin splitting associated with a condensation of each individual mode while keeping
the molecules in their centrosymmetric positions. The data are given in Figure 2(d) and
reveal that it is the ferroelectric I'>~ mode that is responsible for the giant spin splitting in
this family of materials. Figure 2(c) visualizes ionic displacements associated with I'*~ mode.
The mode is dominated by Pb displacements, which are arranged in both polar and antipolar
patterns. To elucidate the mechanism behind ferroelectric mode-driven giant spin splitting,
we compute effective SOC energies, Esoc, inside the augmentation spheres centered around
a given ion as outlined in Refs. [52, 53]. The difference in these energies between the given
phase and the centrosymmetric phases, \(i) = Fsoc (i) — E&, (1), for different types of ions
are reported in Figure 2(e). There exists a drastic enhancement of Fgoc for the Pb ions in
I'*~ mode, which explains why this polar mode is responsible for the giant spin splitting.
Thus, our calculations reveal that highly distorted PbXj3 framework results in large polar
displacement of Pb, which causes strong enhancement of spin-orbit interactions, resulting
in giant spin splitting. Since the large framework distortion is believed to be caused by the
large size of MHy molecule, we believe that our insight will open a way to design of more
hybrid organic-inorganic perovskites with giant spin splitting.

Spin splitting is known to give origin to spin textures, which are vectorial representations
of expectation values of the spin components in momentum space. In ferroelectrics, they
can be controlled by the application of an electric field, thanks to the coupling between spin
textures and electric polarization [54]. Figure 3 shows the spin textures in k,-k, plane for
valence band and conduction band around Y high symmetry point of MHyPbBrj3, which are
persistent in the vicinity of CBM and VBM. The persistent spin textures provide a long spin

lifetime of carriers, which is highly desirable for spin—orbitronics [55]. For other plane, the
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FIG. 3. The spin texture of (a) valence band (VB) and (b) conduction band (CB) of MHyPbBr;

around Y high symmetry point in the k,-k, plane, obtained from DFT.

spin textures of MHyPbBr3 and MHyPbClj are given in Figures S8, S9 and S10. To elucidate
the origin of the persistent nature of spin textures in MHyPbBr3 and MHyPbCl3 we develop
effective Hamiltonian using the method of invariants [56]. The point group corresponding
to P2, space group is Cs. The wave vector point group for both Y and A points is also Cs.
The transformation rules for wave vector k and spin o in C5 point group are given in Table

S2. From the common invariant terms, the effective Hamiltonian is

2 2 2
o= Uk k)T (R o+ aukaor + Blyoy + vakoon +okaon (1)
2m., 2m,, 2m,

Where k; are components of wave vector, m; are effective masses, and o; are the Pauli
spin matrices. a,, a., 3, 7z, and 7, are spin-momentum coupling parameters that can be
obtained by fitting the eigenvalues of the Hamiltonian of (Eq. 1) to the values computed
from DFT. The fitting details are provided in SM. The parameters obtained for the vicinity
of the Y point are listed in Table I. An analysis of the parameters’ strength indicates that
the effective masses are k-dependent and have larger values along the k, direction. In case
of the MHyPbX3, we find that among the parameters that control spin splitting, the largest
values are for a, followed by 7., and the other two terms are significantly smaller. For the

valence band, «, is nearly order of magnitude larger than other parameters. In this case the
(hks)? | (hky)? | (hks)?

T T o T a k.o, with the eigenvalues

Hamiltonian can be approximated as



TABLE I. Effective masses (mg, my, and m;) and spin-splitting strengths (o, o, 5, 7z, and 7)
in unit of free electron mass and eVA, respectively for valence band (VB) and conduction band

(CB)

Compound My my my Oy o p Y Yz

MHyPbBrs CB 0.27 0.28 0.91 0.1 1.4 0.02 0.01 0.38
VB 0.37 0.32 0.71 0.05 0.45 0.04 0.04 -0.01

MHyPbCl3 CB 0.36 0.36 1.15 0.1 1.34 0.02 0.06 0.28
VB 0.44 0.39 0.72 -0.01 0.22 0.03 -0.04 -0.04

of Fy = (ngf + (ij:f + (Zf;zg + a.k, and the associated expectation value for the spin
< 0+ >=(0,0,41). The independence of the expectation value of the k-vector (except for
the sign flip due to the change of the outer branch from E, to E_ as the direction of k, flips)
explains the persistent nature of the spin textures. The finite values of other parameters

alter the spin texture near the CBM and VBM slightly toward a quasi-persistent one.

In summary, we used DF'T calculations to predict giant spin splitting in MHyPbX3 hybrid
organic-inorganic perovskites. The values up to 408.0 meV were obtained for spin splitting
at zero Kelvin and up to 281.6 meV in MHyPbCl; at room temperature. The origin of such
a large value was traced to the Pb displacements in the ferroelectric I'*~ mode triggered by
large framework distortion required to accommodate large MHy molecule. The displacement
can reach 0.92 A, which combined with the large Z of Pb leads to the strong enhancement
of spin-orbit interaction energy, up to 39.2 meV/atom. Moreover, the SOC leads to the
development of persistent spin textures in the momentum space, which are known to sig-
nificantly enhance spin relaxation time, and, therefore, are very valuable for applications in
spintronics and quantum computing. Thus, our study reveals that MHyPbX3 is ferroelectric
semiconductor with giant spin splitting and persistent spin textures in momentum space.
All these are the key properties for emerging applications such as in efficient spin field ef-

fect transistors, valley spin valve, and barrier of ferroelectric tunnel junctions. In addition,
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being hybrid organic-inorganic perovskites these materials are relatively soft and flexible,
which could bring the realization of flexible, foldable, and even wearable spintronics. The
knowledge on the fundamental origin of the giant spin splitting in MHyPbX3 is likely to
promote design of other hybrid materials with giant spin splitting and could open a new
direction in hybrid perovskites research. In particular, identifying molecule-framework com-
binations which promote large polar distortions of heavy elements could be one potential

design avenue.
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