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Abstract

Hybrid perovskites such as MAPbI; (MA=CH3NH3) exhibit a unique spin texture.
The spin texture (as calculated within the Rashba model) has been suggested to be
responsible for a suppression of radiative recombination due to a mismatch of spins at
the band edges. Here we compute the spin texture from first principles and demon-
strate that it does not suppress recombination. The exact spin texture is dominated
by the inversion asymmetry of the local electrostatic potential, which is determined
by the structural distortion induced by the MA molecule. In addition, the rotation of
the MA molecule at room temperature leads to a dynamic spin texture in MAPDbI;.
These insights call for a reconsideration of the scenario that radiative recombination is
suppressed, and provide an in-depth understanding of the origin of the spin texture in

hybrid perovskites, which is crucial for designing spintronic devices.
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Hybrid perovskites have attracted tremendous attention due to their excellent photo-
voltaic efficiency, already reaching a record of ~22%"! just a few years after their first appli-
cation as solar-cell materials in 2009.2 This superior performance has been attributed to a
long carrier lifetime, which can be on the order of 1 us.? Multiple explanations for this long
lifetime have been suggested, including formation of ferroelectric domains,* photon recy-
cling,® formation of large polarons,® and momentum” or spin mismatch® between the lowest
conduction band (CB) and the highest valence band (VB). Among the proposed schemes
for suppressing recombination, the spin-mismatch model is particularly intuitive and has
triggered multiple follow-up studies.®1?

A schematic of the model proposed by Zheng et al.® is presented in Figure la, showing
how a spin-forbidden transition can limit carrier recombination. Due to strong spin-orbit
coupling (SOC) and a lack of inversion symmetry, the bands near the R point split into two
bands with opposite spin orientations (green and orange arrows). According to ref. 8 the CB
and VB edges split in different ways, leading to spin mismatch between the lowest CB and
the highest VB. At the low carrier densities found in solar cells, most of the charge carriers
occupy states near the band edges; therefore the spin mismatch greatly suppresses direct
radiative recombination between photoexcited electrons and holes and increases the carrier
lifetime.

The spin-forbidden transition model® is based on the spin texture obtained from a
parametrized two-dimensional (2D) Rashba effective model.'®!” The applicability of this
model to three-dimensional (3D) bulk materials has not been established. In the present
study we address this issue by computing the spin texture in MAPbI; (MA=CH3NH3) com-
pletely from first principles (see the Methods section).

We find that the SOC-induced momentum splitting of the CBs and VBs occurs in a
coherent way, resulting in matching spins at the CB and VB edges, and thus the direct
optical transition remains allowed (see Figure 1b). Our results show that in bulk SOC

materials the spin texture does not follow a fixed pattern, but varies based on the examined
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Figure 1: (a) Schematic of the spin-forbidden transition model proposed in the literature.®
(b) Schematic of the spin-allowed transition obtained in this work using first principles.
Bands are shown in the vicinity of the band extrema at the R point in the Brillouin zone.
The green and orange arrows represent the helical spin orientations in different bands. Blue
solid and open circles denote photoexcited electrons (e~) and holes (h'), respectively.

cross section of the Brillouin zone. We will demonstrate that the characteristics of the spin
texture are governed by the inversion asymmetry of the local electrostatic potential, which is
determined by the structural distortion of the inorganic lattice induced by the MA molecule.
In addition, we find that the spin texture is dynamic, since the MA molecule is rotating at
room temperature. Overall, our accurate determination of the spin texture disproves the
spin-forbidden transition model in the literature, and also provides essential information in
light of proposed applications of the hybrid perovskites for spintronic devices.'®2°

Figure 2a depicts the computed band structure of cubic MAPbI; with the MA molecule
oriented along the [100] direction. All atoms are fully relaxed within a cubic shape after
initializing the MA molecule to the [100] direction. The CB and VB both exhibit some
degree of linear-£ momentum splitting at the R point, but the splitting of the CB is more
pronounced. This is because the lowest CB is comprised mainly of Pb p states, while the
highest VB has mostly I p character. The Pb atom is much heavier than the I atom and has

a stronger SOC effect. The momentum splittings therefore lead to a slightly indirect band
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Figure 2: (a) Calculated band structure of MAPbI; with the MA molecule oriented along
[100]. (b—e) The corresponding spin texture of the lowest two CBs and the highest two VBs
for a slice (k, = 0.5 in units of 27/a) of k points in the Brillouin zone. The coordinates of
the k points are defined relative to the R point (0.5, 0.5, 0.5). The yellow arrows represent
(Sz, Sy), while the background color denotes the third component, S,, where (S,, Sy, S;)
are the expectation values of the spinor operator.

gap. Detailed quantification of the spin-splitting parameters can be found in, e.g., ref. 21.
In this paper we focus on the spin texture.

In Figure 2b—d we show the spin texture of the two lowest CBs and the two highest
VBs for a slice of k points perpendicular to the z axis (all k& values will be expressed in
units of 27 /a). The expectation values of the 3D spinors are visualized as 2D vectors using
the S, and S, components, and the S, component is represented by the background color.
These figures convey two important messages. First, the split CBs (or VBs) indeed have
opposite spin orientations. However, the inner branches of CB and VB have the same spin
orientation. The same applies to the outer branches. This clearly shows that the optical
transition between the lowest CB and the highest VB is not spin-forbidden. Second, the

spin texture of both the CBs and VBs is qualitatively different from the helical spin texture



obtained from the Rashba effective model of ref. 8. In the following, we discuss these two

points in detail.
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Figure 3: (a—c) Matrix elements of momentum (p,, p, and p,) of the CB(outer)—VB(outer)
transition. (d—f) Momentum matrix elements of the CB(outer)—VB(inner) transition. k-
point slices are defined as in Figure 2.

Impact of spin on optical transitions. The optical transition between the lowest CB and the

highest VB is not spin-forbidden. To examine the nature of the transition, we compute the
momentum matrix elements M in the vicinity of the R point: |k; — R;| < 0.1 (27 /a), where
1 = x, y and z; this range covers the states that are occupied by photoexcited electrons
and holes at carrier densities up to 10!® ecm=3. Figure 3 shows the matrix elements of mo-
mentum (p,, p, and p,) between the lowest CB and the two highest VBs. By comparing
Figure 3a—c with Figure 3d—f, we can see that the spin texture indeed significantly affects
the momentum matrix elements. For the p, component, the CB(outer)—VB(outer) transi-
tion exhibits particularly large momentum matrix elements (~ 0.4 —0.5 i /agonr, Where agon,
is the Bohr radius), while the CB(outer)—VB(inner) transition is nearly zero due to the

mismatched spins. For the other two components, even though the transitions are weaker



than for the p, component, both the CB(outer)—VB(outer) and the CB(outer)—VB(inner)
transitions still exhibit sizable momentum matrix elements over a large range of k points.
As a comparison, we find that the momentum matrix elements of the CB(outer)—VB(outer)
transition are similar to the ones when SOC is switched off for the same structure. Overall,
we can conclude that the optical transitions between the band edges are not spin-forbidden
(see Figure 1b). Our calculations (using the methodology described in ref. 22) show that
momentum matrix elements of the calculated magnitude lead to a direct radiative recom-
bination coefficient around 107'% cm3s™! for typical carrier densities (10'* — 107 cm™2) at

23

room temperature, in good agreement with experimental measurements and close to the

values in efficient optoelectronic materials such as GaAs (7.2x107'0 ¢cm3s™123).

Inadequacy of the Rashba effective model. A close inspection of the spin texture in Fig-

ure 2b—e shows that it resembles the Dresselhaus,?* rather than the Rashba'® spin texture
(detailed descriptions of Dresselhaus and Rashba spin textures can be found in ref. 25). To
understand the fundamental reasons, we revisit the basic formalisms for SOC. In the Rashba

effective model,® the SOC Hamiltonian is expressed as
HSOC = a(ﬁxky — gyk'x) 5 (1)
while a 2D version of the Dresselhaus SOC Hamiltonian?* is defined by

HSOC = ﬁ(‘gka - Syky> . (2>



In our first-principles approach for 3D SOC, the perturbative Hamiltonian is given by

Hsoe =imaa

[VaV(Saky = Sykz) + V,V (Seks = Sok)

4m?2c?

+V.V(Syky — Suky) |,

where m, is the electron mass, c is the speed of light, and V' is the local electrostatic potential.

Inner branch Outer branch
rofile line
Eg 0.15
S
< 0.10
0.05
0.00 Sx
-0.05
T -0.10
&
z E -0.15
>
S
~ 1004
> colC T a -0.1 | o
0 0.5 1 -0.1 0.0 0.1 -0.1 0.0 0.1
d (V2a) k: (21v/a) k. (2rva)

Figure 4: (a) Isosurface of the local electrostatic potential (V) in MAPbI3 with the MA
molecule oriented along [100]. (b) A line profile of V" as a function of distance d (in units of
v/2a) along the [110] direction as shown by the black arrow through the I atom in (a). (c)
The corresponding gradient of the local electrostatic potential. (d—g) The spin texture of
the lowest two CBs (d—e) and the highest two VBs (f—g). Unlike in Figure 2, the slice of k
points is defined by k, = 0.5. The (S, S,) vector is represented by the yellow arrows and
S, is shown by the background color.

Equation 3 shows that the perturbative SOC Hamiltonian is actually governed by the

gradient of the local electrostatic potential. Figure 4a displays an isosurface of the computed
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local electrostatic potential from first principles. The presence of the MA molecule induces
an inversion asymmetry of the lattice by distorting the Pb-I octahedron and thus also an
inversion asymmetry of the local electrostatic potential. Indeed, if we fix the Pb and I atoms
to their ideal positions in a perovskite structure, then the inversion symmetry is retained
and the splitting almost vanishes. More insight can be gained by examining the values along
a fixed direction. In Figure 4b we show a line profile of the local electrostatic potential V'
along the [110] direction (indicated by the black arrow through the I atom in Figure 4a).
Due to the presence of the MA molecule, V lacks inversion symmetry, which means that VV'
(see Figure 4c) is no longer an odd function with respect to the I atom at the face center of
the cell. V,V, V,V, and V.V are evaluated using a finite-difference approach on a dense
mesh (96 x 96 x 96) for the unit cell.

To quantitatively capture this effect, we compute (V, V), (V,V), and (V,V) by averaging
V.V, V,V, and V.,V over the unit cell. If the structure (and thus the potential) has
inversion symmetry, then (V,V), (V, V), and (V,V) are all zero. The value of (VV') is thus
a measure of the inversion asymmetry of V. We recognize that more sophisticated measures
could be employed to quantify the inversion asymmetry, e.g., the electric polarization,?® or
an expectation value of VV that takes into account the overlap of relevant wavefunctions.
For our purposes in the present study, (VV) is adequate as a simple but effective measure
of the polarization. The results are tabulated in Table 1 for different orientations of the MA

molecule.

Table 1: Average of the gradient of the local electrostatic potential (in units of
meV/A) in MAPbI; with the MA molecule oriented along the [100], [110] and
[111] directions.

MA orientation (V,V) (V,V) (V.,V)

[100] 3271 -0.284 -0.699
[110] 0.727 0484 -0.001
[111] 1.875 1.875 1875

For the case with the MA molecule oriented along the [100] direction, (V,V') is much

larger than (V,V) and (V,V). Therefore, the Hamiltonian in eq 3 is dominated by the
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Figure 5: Spin texture of (a, b) the lowest CB and (c, d) the highest VB in MAPbI; with the
MA molecule oriented (a, ¢) along the [110] direction and (b, d) along the [111] direction.
k-point slices are defined as in Figure 2.

VxV(kyS’z - kzgy) term, which is similar to the 2D Rashba model as shown in eq 1. Such
a simplified Hamiltonian indicates that there will be a helical-type spin texture between S,
and S, components on a (k,, k,) plane according to the Rashba formalism. Indeed, this is
evident from Figure 4d—g, which depicts the spin texture plotted in a slice of the Brillouin
zone perpendicular to the z axis (k, = 0.5): the spin texture clearly follows a Rashba-type
helical pattern, confirming our arguments above. But this simple pattern only emerges for
this particular choice of k-point slice! As shown in Figure 2b—e, a different choice of k-
point slice results in a very different spin texture that does not look Rashba-like at all. We
conclude that in bulk materials with strong SOC effects the spin texture does not follow a
fixed pattern, but depends on which cross section of the Brillouin zone is being examined.

If the inspected plane is perpendicular to the polarization direction, the spin texture can

10



be captured by the Rashba effective model. Irrespective of the specific pattern in the spin
texture, we see in Figure 4d—g that the spin does not suppress the optical transitions, a
consistent trend also found in Figure 2b—e.

If the Rashba effective model (eq 1) is applied as a constant perturbation (fixed « value),
it correctly describes the helical spin texture, but results in band edges that always have
mismatched spins, a consequence of the effective mass of holes having opposite sign to that
of electrons. As shown by Zheng et al.,® different perturbations can be applied to each of
the band edges by projecting the Hamiltonian onto separate 2 x 2 Hamiltonians for the VB
and CB. Changing the magnitude of o then represents different strength of Rashba splitting
for the VB and CB, but to capture the correct spin orientation also the sign of « should be
reversed for the VB relative to the CB.

Since the spin texture is directly related to the gradient of the local electrostatic potential
that is determined by the structural distortion induced by the MA molecule, one expects the
spin texture to change depending on this orientation, similar to what was shown by Stroppa
et al.'® for tin iodide perovskites. In Figure 5, we show the spin texture of the lowest CB
and the highest VB for the same k-point slice (k, = 0.5) as in Figure 2, but with the MA
molecule oriented along two different high-symmetry directions ([110] and [111]). The spin
texture is clearly different from the result shown in Figure 2, where the MA molecule is
oriented along the [100] direction.

For the case of the MA molecule oriented along the [110] direction, the pattern of the
spin texture corresponds to neither the Rashba nor the Dresselhaus model. The small values
for the S, and S, components and large value for S, imply an almost collinear spin texture
along the z direction. This can be understood again on the basis of eq 3: the MA molecule
induces an inversion asymmetry of the local electrostatic potential mainly along the [110]
direction and (V,V) is negligibly small (see Table 1). Hence, very weak Rashba SOC is
expected for the k-point slice of k,=0.5, which is confirmed by Figure 5a,c.

When the MA molecule is oriented along the [111] direction, (V, V), (V,V), and (V,V)

11



are equal in magnitude (see Table 1), which indicates that we should be able to observe
Rashba-type spin texture for all three k-point slices (k, = 0.5, k, = 0.5, and k, = 0.5). This
is indeed the case (see Figure 5b,d for the spin texture of the k, = 0.5 slice). Again, we note
that the spin texture does not suppress the optical transitions, for all orientations of the MA
molecule.

The variation of the spin texture with changing the k-point slice of the Brillouin zone
demonstrates that the spin texture in bulk SOC materials should be characterized within a
3D framework. First-principles approaches are capable of treating this complication, but one
needs to keep in mind that the specific pattern of the spin texture is tied to a specific atomic
structure. As we have pointed out, the MA molecule can assume different orientations in
MAPbDI;. Since the rotation barrier is only ~20 meV,?” the orientation of the MA molecule
is dynamically changing at room temperature. As we have shown, structures with different
MA orientations have different spin texture, which therefore implies a dynamic spin texture
in MAPbI; as suggested by Etienne et al.'?

To conclude, we have computed the spin texture in the prototypical hybrid perovskite,
MAPDI;, employing a first-principles approach. It was found that the spin texture in
MAPDI; enables spin-matched direct optical transitions, disproving the spin-forbidden tran-
sition model in the literature. Further, we showed that in bulk MAPbI; the spin texture
follows different patterns on different slices of k points in the Brillouin zone. The exact
pattern in the spin texture is essentially determined by the inversion asymmetry of the local
electrostatic potential. Since the MA molecule is rotating even at room temperature and
the spin texture varies when changing the MA orientation, MAPbI; will exhibit a dynamic
spin texture. These insights help us to understand the spin texture in bulk SOC materials
and pave the way for making better use of the strong SOC in hybrid perovskites to design

potential spintronic devices.
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Methods

Our first-principles calculations are based on density-functional theory using the Vienna
Ab-initio Simulation Package (VASP).?® A fraction of screened Fock exchange a = 0.55
in the Heyd-Scuseria-Ernzerhof functional®® produces an accurate description for the band
structure of cubic MAPbDI; with a band gap of 1.55 eV, within the experimentally reported
range of 1.5—1.6 €V.3? The projector augmented wave (PAW) approach?! is employed with
a plane-wave energy cutoff E.,;=500 eV. The first Brillouin zone of the 12-atom unit cell
is sampled with a 4 x 4 x 4 Monkhorst-Pack®? k-point grid. Convergence of eigenvalues
and spin texture was tested by using a 6 x 6 x 6 grid. Volume and atomic positions were
relaxed (residual forces < 0.01 eV /A) within a cubic shape. The optimized lattice constant is
6.348 A, in good agreement with experiment (6.32 Ag?’). For structural relaxations, we first
orient the MA molecule along the high-symmetry directions, and then fully relax all atomic
positions within a fixed cubic shape. Local minima exist in the potential energy surface as
a function of the orientation of the MA molecule; the molecule can be oriented along the
[100], [110] or [111] directions.

SOC is taken into account by applying a perturbation ), VSOCL - S|l m, i)(l,m,i| to
the pseudopotential. The spin texture is evaluated by projecting the calculated wavefunctions
|4) on the spin and orbital basis of each atomic site SEt™ = (1,,|(S, @ |I, m, i) {l,m,|)|1,)
and then summing S%™ for a given spin direction n and all atomic sites in the unit cell.

The momentum matrix elements between a CB (c¢) and a VB (v) are computed in recip-

rocal space using®”

My (k) = (¢e|p[tv), (4)

where 1. (1y) is the wavefunction of the CB ¢ (VB v) and p is the momentum operator.

13
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