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Three-dimensional Rashba spin splitting dominated by out-of-plane spin polarization
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Rashba-type spin-orbit coupling is a long-term active topic due to its superiority of magnetic-field-free control
of the electron spin. However, numerous Rashba-related works focus on improving the magnitude of the spin
splitting that exhibits the traditional in-plane spin polarization. Very few studies concern manipulating the
direction of the spin splitting, such as the generation of out-of-plane spin polarization especially in nonmagnetic
materials. Intriguingly, this research field has recently become very appealing owing to its great prospects
in high-density and energy-efficient spintronic applications. Here, we report a prominent out-of-plane spin
polarization in the two-dimensional Dion-Jacobson (DJ) perovskite and reveal that it is the physical origin of
the large Rashba spin splitting observed in both experiments and theoretical calculations. Consequently, the
spin-split band structures of the studied system must be interpreted by a proposed three-dimensional Rashba
model, with the spin polarization mainly along the out-of-plane direction. Moreover, the temperature-dependent
Rashba spin splitting shows that both static and dynamical Rashba effects contribute to the total spin splitting,
where the out-of-plane spin polarization always dominates the overall splitting. Such a robust generation of this
unconventional spin component indicates the significant influence of the in-plane asymmetric crystal field on
the spin-orbit interactions. It is worth emphasizing that it is this out-of-plane spin splitting, not the commonly
considered in-plane ones, responsible for the reported large band splitting in DJ perovskites. These results
present that the studied system may serve as a type of spin source material to explore the attractive out-of-plane
spin polarization, which is highly desired for high-density magnetic switching as well as field-free spin-based
computing. It also suggests that crystal symmetry engineering can be a promising strategy to manipulate the spin

polarization.

DOLI: 10.1103/PhysRevB.107.155436

I. INTRODUCTION

Rashba-type spin-orbit coupling (SOC) that integrates the
advantages of generation, manipulation, and detection of spin
current in nonmagnetic materials has been a textbook-style
mechanism in developing energy-efficient spintronics [1-5].
Owing to the interplay between SOC and spatial inversion
symmetry breaking, the Rashba effect enables the genera-
tion of energy-degenerate but spin-resolved band contours in
momentum (k) space with preserved time-reversal symmetry
(i.e., the so-called Rashba spin splitting) [2—4,6]. This unique
feature makes Rashba systems appealing due to their ability to
realize spin-to-charge interconversion via the direct or inverse
Edelstein effect [7-10], which holds great promise in various
spin-orbit-driven applications such as efficient magnetization
switching [11-13], spin-based logics [14—19], and spintronic
terahertz emitters [20,21], thus substantially flourishing the
emerging area called spin-orbitronics [22].
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Nowadays Rashba spin splitting occurs in a wide variety
of systems and heterostructures [6,23—-32]. Most of them con-
form to the traditional two-dimensional (2D) Rashba model
with the spin splitting and spin-momentum locking along
the in-plane momentum directions, due to the out-of-plane
inversion asymmetry of the confining potential [3]. Much
Rashba-related research focuses on improving the magnitude
of the spin splitting, while very few studies concern manip-
ulating the direction of the spin splitting [24,33—-36]. This
leaves a still rarely explored yet intriguing question of whether
an out-of-plane Rashba spin splitting is universal due to the
in-plane symmetry breaking of the crystal field. More than 10
years ago, a sizable out-of-plane spin-polarization component
was evidenced responsible for the giant Rashba spin split-
ting in the surface alloy Bi/Ag(111) [24], although similar
investigations were very scarce since then [33-36]. However,
with the big data era arriving and energy-conservation targets,
the exploration of out-of-plane spin polarization has recently
fascinated the science community and quickly entered the
field of spin-orbitronics, owing to its great potential in re-
alizing high-density and low-power-consumption magnetic
memories with perpendicular magnetizations [37-56]. Con-
ventional in-plane spin-momentum locking can only switch
the adjacent parallel, not perpendicular, magnetizations via
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spin-orbit torques. Although the out-of-plane spin polariza-
tion for perpendicular switching could be induced by applying
an external magnetic field to break the in-plane symme-
try [37,50], the energy-efficient field-free switching is more
desirable for practical applications. This fosters the explo-
ration of symmetry-reduced materials with broken in-plane
symmetry [49,57,58] or the use of ferromagnets/noncollinear
antiferromagnets [39,41,43-46,48,51,53,55,56] to generate
the demanding out-of-plane spin polarization. So far, such
studies are still few and in their early stages.

Perovskites as promising candidates for next-generation
photovoltaics have recently been shown as a kind of strong
Rashba material [59] with the Rashba splitting energy
competing with those at the top of the line [27,29-31]. The
exciting aspect of perovskite-based Rashba materials is that
their band gap extrema are dominated by the heavy atoms
(Pb, I, etc.) with strong SOC, which results in considerable
Rashba spin splitting at the band edges and makes their
spin manipulation accessible by optical [60-67], electrical
[68,69], and magnetic fields [70-72]. This significantly
extends the perovskite-based spintronic applications including
spin-optoelectronics like spin light-emitting diodes [73] as
well as spin-transport devices like spin valves for magnetic
switching [73,74]. Spin injection, accumulation, transport,
and detection were realized in a single system with perovskite/
ferromagnet interfaces [75]. Moreover, both theoretical
and experimental studies demonstrated the possibility
of spin-to-charge interconversion in perovskites [76,77],
indicating their prospects in spin-orbitronic applications.
Despite the controversial debates on the presence of the
Rashba effect in three-dimensional (3D) perovskites, 2D
layered perovskites have been convincing as a solid Rashba
system [62,68,78-87]. Particularly, the 2D Dion-Jacobson
(DJ) perovskite (AMP)Pbly [AMP = 4-(aminomethyl)
piperidinium][AMP = 4-(aminomethyl)piperidinium]  was
found with both robust Rashba and ferroelectric effects
[80,83], the two characteristics that are highly desiring for
nonvolatile in-memory computing [88-91]. Further, the
organic cations that bridge the octahedra interlayers in this DJ
perovskite are oriented alternatively along the in-plane axes
[80,92], indicating the in-plane symmetry breaking along
those axes. Thereby, the layered DJ perovskite may be a good
platform for exploring the out-of-plane spin polarization,
which may contribute to the resulting Rashba spin splitting
for potential spin-orbitronic applications. However, such
investigations are still lacking at present.

In this paper, we study the Rashba spin splitting in the
2D layered DJ perovskite (AMP)Pbl, by spectroscopic char-
acterizations coupled with density functional theory (DFT)
and ab initio molecular dynamics (AIMD) calculations. The
physical origin of the observed large Rashba splitting was ev-
idenced due to the presence of a prominent out-of-plane spin
polarization in the sample. In addition, the spin-resolved band
structures of this system manifested an anisotropic 3D Rashba
splitting with a dominant out-of-plane spin component plus
two relatively weaker in-plane ones, meaning stronger in-
plane symmetry breaking is present in the studied system.
This contrasts with the commonly adopted 2D Rashba model
where the spin splitting occurs only within the in-plane mo-
mentum directions due to the solely out-of-plane symmetry

breaking. Moreover, the experimental and theoretical studies
confirmed that both static and dynamical Rashba effects con-
tribute to the total spin-splitting, with the out-of-plane spin
polarization always prevailing in the system. These results
unveil that the intrinsic in-plane crystal field is sufficient to
support an out-of-plane spin polarization to affect the band
structures and thus physical properties of semiconductors.
Combining the advantages of flexibly structural and chemical
engineering of SOC, excellent ambient stability, and easy
fabrication, this system opens a playground for manipulating
the interplay between the lattice, spin, and orbit degrees of
freedom, holding promising potential in developing energy-
efficient spintronics and spin-orbitronics.

II. METHODS

A. Materials synthesis

The 2D layered DJ perovskites [(AMP)Pbl,] were synthe-
sized by the aqueous solution method, as previously reported
[80,92]. A mixture of AMP (57.1 mg, 0.5 mmol) and PbO
(111.6 mg, 0.5 mmol) powders dissolved in concentrated hy-
droiodic acid (HI, 57 wt. %, 5 mL) were first put in a 20 mL
flask, and then H3PO, (50 wt. %, 0.5 mL) was added. The
flask was sealed and kept at 125 °C under stirring for 1 h.
After that, the flask was cooled to room temperature slowly.
The obtained (AMP)Pbly single crystals display orange color.

B. Materials characterizations

The x-ray diffraction (XRD) pattern of the (AMP)Pbl, was
obtained using Lab XRD-6100 (45 kV, 30 mA) under Cu Ko
radiation operating in a 26 range from 10° to 80° at
room temperature. The steady-state excitation power- and
temperature-dependent photoluminescence (PL) measure-
ments as well as the circular polarization-resolved PL
measurements were carried out using a confocal micro-
scope (WITec, alpha-300) equipped with a 50x objective
lens and a 488-nm continuous wave Ar-ion laser. The he-
licity of the excitation laser was adjusted by a quarter-wave
plate (AQWPO5M-600, Thorlabs), and a razor edge long-pass
488-nm laser filter was used before detecting the PL signal
by a spectrometer (UHTS300). Right (o*) and left (o7)
circularly polarized PL components were obtained by using
a quarter-wave plate and a polarizer (WP25M-UB, Thorlabs)
before the detector. For temperature-dependent studies, the
temperature was controlled by a continuous liquid nitrogen
flow cryostat coupled with a temperature controller (ST-500,
Janis Research Company).

C. Theoretical calculations

All first-principles calculations were based on DFT which
was implemented in VASP [93]. The interaction between
core and valance electrons were treated with the projector
augmented-wave method, whereas the electron-electron inter-
action was described with the PBE functional [94]. The cutoff
energy for a plane-wave basis was set to 520 eV, along with a
2 x 2 x 2 Monkhorst-Pack k-point mesh for (AMP)Pbl,. All
structures were relaxed until the atomic forces on each ion
were <0.01 eV/A~! with the electron relaxation convergence
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FIG. 1. (a) Schematic illustration of the crystal structure of the two-dimensional (2D) layered Dion-Jacobson (DJ) perovskite (AMP)Pbly.
a, b, and c denote the crystal axis directions. The vermilion arrow represents the stacking direction along the a axis of (AMP)Pbl, single
crystal. The gradient blue plane (a-c plane) denotes the polarization plane of the crystal. The bottom part shows the structure of the organic
AMP cation. (b) Top: Photograph (left) and optical microscopy image (right) of the synthesized (AMP)Pbly single crystals. The scale bar is
100 wm. Bottom: X-ray diffraction (XRD) pattern of (AMP)Pbl, single crystals. (c) Steady-state photoluminescence (PL) spectrum and its
component decomposition via the Gauss fitting for (AMP)Pbl, at 80 K. Peaks 1 and 2 are marked by the different colors. (d) The logarithm
plots of the integrated intensity of the PL peaks (/p.) as a function of the excitation power (I.x) for (AMP)Pbl, at 80 K. The solid lines are
the results of fitting by the power-law relationship: Jp, o< IX (k is the fitting parameter). (e) Streak camera image, time-resolved PL (TRPL)
spectra, and their component decomposition via the Gauss fitting at 6 ps (blue dot) and 25 ps (red dot) for (AMP)Pbl, at 80 K. (f) TRPL
dynamics at 527 nm taken from (e) with short (~3.6 ps) and much longer (~103.4 ps) lifetime components.

criterion of 107> eV in two consecutive loops. The SOC
effects were considered in the calculations. Spin-energy band
projections and spin textures were processed using the PyPro-
car program [95]. AIMD is taken on the canonical ensemble
[96], with a time step of 1 fs.

III. RESULTS AND DISCUSSION

The crystal structure of (AMP)Pbl, belongs to the
monoclinic system, and its space group is Pc (#7, C?)
[80,83,92]. The schematic illustration of the crystal structure
of (AMP)Pbl, is shown in Fig. 1(a), where the inorganic
layers of corner-sharing [Pblg]*~ octahedra are bridged by a
single layer of AMP cations via the strong hydrogen bonding
interactions [92]. Note that the AMP cations are oriented
alternatively with a special up and down configuration, and
the stacking direction of the inorganic layers is along the a
axis of the crystal [80]. The as-grown single crystals show
orange color and rectangular platelike shape with lateral sizes
of several millimeters [top left panel of Fig. 1(b)]. The optical
microscopy image of the 2D (AMP)Pbl microplate demon-
strates a relatively flat surface due to its layered structure
property [top right panel of Fig. 1(b)]. The XRD pattern of

(AMP)Pbly, displays sharp peaks, implying the high crys-
tallinity of the synthesized sample [bottom panel of Fig. 1(b)].
The steady-state PL spectrum and its component decomposi-
tion via the Gauss fitting are shown in Fig. 1(c) for (AMP)Pbl,
at 80 K, with the main PL peak locating at 522 nm (Peak 1)
and a side peak at 528 nm (Peak 2). The integrated PL
intensity of these two components shows nearly linear
excitation-power dependence (Figs. 1(d) and S1 in the Sup-
plemental Material [97]), indicating their emission dominated
by the exciton-type transitions, consistent with previous re-
sults [87]. Such dual PL emission has also been observed in
other perovskites, where the high-energy PL component was
attributed to the direct band gap transition, the low-energy
one to the momentum-indirect transition due to the Rashba
effect [64,100,101]. Similar assignments were made for DJ
perovskites in previous works [80,86,87]. Thereby, we can
tentatively ascribe the high-energy peak (Peak 1) observed
here to the direct exciton transition and the low-energy peak
(Peak 2) to the indirect band gap transition induced by Rashba
spin splitting, which was further verified by the following
time-resolved PL (TRPL) measurements via streak camera.
The streak camera image that demonstrates the time evolu-
tion behavior of the PL spectrum is shown in Fig. 1(e) for
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FIG. 2. (a) Schematic illustration of the Rashba spin splitting with the subbands being selectively excited by either right (o *) or left (o ™)
circularly polarized light. (b) Circular polarization-resolved photoluminescence (PL) spectra and component decompositions (Peaks 1 and 2)
via the Gauss fitting for (AMP)Pbl,. o™ and o~ represent the right (black) and left (red) circularly polarized PL spectra under the excitation
of a 488-nm ot polarized laser. (c) Value of the degree of polarization (P) for (AMP)Pbl, at various temperatures. The circle represents the
P value at the main peak (Peak 1), while the triangle represents that at the side peak (Peak 2). (d) Temperature-dependent energy difference
(AE) between the dominant and side PL components from o and o~ circularly polarized PL spectra.

(AMP)Pbl, at 80 K, from which most of the PL signal de-
cayed within the first 10 ps, while a weak but nonnegligible PL
tail persisted at longer times. The extracted PL spectra at the
earlier (~6ps) and later (~25 ps) decay times echo this phe-
nomenon. As seen, two PL components with the dominant and
side peaks at 522 and 529 nm exist in the earlier decay time,
while only one weak component at ~527 nm is left in the later
decay time [see the bottom in Fig. 1(e)]. Correspondingly, the
TRPL dynamics at 527 nm exhibits two lifetime components
with the dominant one of ~3.6 ps, while the minor one is
much longer (~103.4 ps) [Fig. 1(f)]. The presence of a side
PL component plus a particularly long lifetime points to the
formation of a momentum-indirect band in (AMP)Pbly, as
mentioned above.

To further verify the existence of Rashba spin splitting in
the studied DJ perovskite, we carried out circular polarization-
resolved PL measurements, which is a powerful technique
widely used in examining the Rashba effect. The work prin-
ciple of this technique is schematically shown in Fig. 2(a).
If there is a Rashba effect, the originally spin-degenerate
bands will split into two subbands with opposite spin orien-
tations, which generally results in the momentum-direct to
indirect band gap transition in the perovskites [101-103]. The
energy and momentum differences between the degenerate
and splitting bands are the so-called Rashba splitting energy

(AER) and Rashba wave vector (kg ). Since the split two bands
are locked with specific spin orientations, we can selectively
excite one of these bands using circularly polarized pump
light. That is, if the subband with spin up can be excited
by the right (o) circularly polarized light, then the other
band with spin down could be populated by the left (™)
circularly polarized light according to the optical selection
rules. In our experiment, a o' polarized laser at 488 nm
was applied to excite the perovskites, and both o™ and o~
polarized PL spectra were detected to check the Rashba effect.
Normally, the larger the Rashba effect, the more difference
between the intensity of o (I") and o~ (I°") polarized PL
emission, which can be quantitatively described by the degree
of circular polarization (P) with the definition as [104,105]
P =100%1°" —1°)/d°" +1°).

The circular polarization-resolved PL spectra with Gauss
fitting and the corresponding P values within the emission
window are shown in Figs. 2(b) and S2 in the Supplemental
Material [97]. The existence of nonzero values of P un-
ambiguously evidences the presence of spin-splitting bands
in the band structure. Moreover, the P value shows strong
temperature dependence, which increases monotonously from
~5.7% at 120 K to ~52% at 240 K and then drops to near
zero when further increasing the temperature [Fig. 2(c)]. Such
unusual temperature-dependent behavior was repeatable in
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(AMP)Pbl,. The possible origin of this phenomenon may
arise from the competition between two processes, that is,
the dynamical structure symmetry breaking and restoration
processes. At the beginning, when the temperature starts in-
creasing, it is well known that lattice deformation of the
inorganic [Pbls]*~ octahedra can occur due to the generation
of longitudinal optical phonons with prominent Pb-I bend-
ing/stretching vibration motions in the perovskites [106]. This
thermally assisted lattice deformation can break the structure
inversion symmetry, leading to the temperature-dependent
Rashba spin splitting called the dynamical Rashba effect
[64,87,101,107]. The higher the temperature, the more in-
tense the structure distortion, and thus, the larger observed
P value appears. Moreover, the side PL peak [Peak 2 in
Fig. 2(b)] representing the splitting band transition becomes
redshifted and more prominent as the temperature increases,
and the energy difference AE between the main and side
components increases remarkably as well (from ~40 meV at
120 K to ~110 meV at 240 K) [Fig. 2(d)]. However, when
the temperature exceeds 240 K, the dramatic decrease of the
P value indicates the structure symmetry restoration process
is dominant. This is possible since the AMP molecules in this
perovskite were reported to be able to rearrange their locations
at higher temperature to restore the structure symmetry [80],
although the transition temperature is different between this
paper and the previous result. This is probably caused by the
dissimilar sample conditions like thickness, defects, and sur-
face morphology. Meanwhile, the side peak in the PL spectra
beyond 240 K tends to fade away, and the energy difference
AE descends substantially [Fig. 2(d)], consistent with the
trend of the P value [Fig. 2(c)]. Nevertheless, we cannot ex-
clude the possibility of phase transition near this temperature
to cause the almost vanished P value and the sharply dropped
AE. The temperature-dependent PL spectra of this perovskite
was studied in another work with the investigated temperature
also truncated at 250 K [86], implying the peculiarity at this
temperature. Additionally, the fast spin-flip rate [61,101] and
weak PL intensity at high temperature may contribute to the
disappearance of the P value. These all suggest that the quan-
tity P is a very sensitive parameter. Nonetheless, the P value
observed in this paper is up to ~52%, which is much higher
than those reported in previous works and other perovskites
[80,87,101,104]. The high P value along with the large energy
difference AE manifests the robust Rashba band splitting in
this perovskite.

However, the physical origin responsible for the observed
Rashba effect in this DJ perovskite remains ambiguous. For
instance, whether it arises from the conventional out-of-plane
symmetry breaking or from the unconventional in-plane sym-
metry breaking or both and how those broken symmetries
modify the band structure, thus influencing the physical be-
havior of the system, are still unclear. Theoretical calculations
are thereby performed to further identify the existence of the
Rashba effect in the studied system as well as to clarify the
related underlying mechanism in detail. The electronic band
structures and projected density of states of the DJ perovskite
are calculated with and without SOC (Figs. 3(a) and S3 in
the Supplemental Material [97]). As seen, the energy bands
near the band edge are mainly contributed by Pb and I atoms,
while those contributed by the organic molecules are deep in

the energy level. After including the SOC, the electronic band
undergoes splitting along the momentum (k) directions in both
the conduction band (CB) and the valence band (VB), with
the more intense splitting in the CB usually ascribed to the
presence of stronger SOC caused by Pb orbitals [103,108].
Such different degrees of Rashba-like band splitting in the
band edges can give rise to the dual PL emission as observed
in experiments, yet the origin of such splitting needs to be ex-
plored further. Note that the band splitting is anisotropic in the
band structure, especially in the conduction band [Fig. 3(a)],
which is further reflected in the calculated Rashba coefficients
(ar = 2AER/kr) [6,109] around the band edges [i.e., the
high-symmetry point B in the Brillouin zone, Fig. 3(b)]. Here,
ar has maximal values along the k, direction and minimal
values (almost zero) along the &, direction in both CB and VB
edges [Figs. 3(a) and 3(c)].

To understand the observed Rashba anisotropy, we then
analyzed the Rashba splitting within the whole Brillouin zone.
Itis easy to find that the band splitting in the CB mainly occurs
in the Y-A (k,) and B-A (k,) directions, while no splitting
occurs in the G-Z (k;) or B-D (k;) direction [Fig. 3(a)]. This
indicates that the Rashba band splitting in the CB basically
takes place within the k,—k, plane. According to the tradi-
tional 2D Rashba model, the Rashba Hamiltonian is defined as
[109] HI%D = aéD(k XZ)-0= aI%D(kan — k.0y), where OléD
is the 2D Rashba coefficient, o = (oy, 0y, 0;) is the Pauli
matrix, kK = (k,, ky, k;) is the wave vector, and Z is the sur-
face normal representing the out-of-plane direction. From this
model, the potential gradient in the z direction can induce
an effective magnetic field in the orthogonal x—y (or k;—k,)
plane (also called the k-point sampling plane), which can
interact with the electron spin and result in the Rashba spin
splitting in that sampling plane. Based on this, the above
calculations indicate that the energy band splitting of the CB
in the k,—k, plane is most likely due to the existence of a
potential gradient along the z direction, i.e., the presence of a
structural symmetry breaking in the z direction. This is further
verified by the calculations of the orbital contributions to the
band splitting. The orbital projected band structure calcula-
tions show that the band splitting of the CB in the k.—k,
plane is mainly contributed by the p, orbital of Pb [Figs. 3(d)
and 3(e)], implying that the symmetry breaking along the
p. orbital direction produces an effective Rashba field in the
ky—k, (x—y) plane and thus induces the band splitting of the
CB in this plane. However, it is worth noting that the out-of-
plane direction (i.e., the stacking direction) of (AMP)Pbly is
along the x direction [i.e., the a-axis direction of the structure
shown in Fig. 1(a)], and the y—z (b—c) plane is indeed the
2D plane where the inorganic octahedra locate. This means
that the band splitting of the CB in the k,—k, plane is in
fact caused mainly by an in-plane potential gradient along the
z (c-axis) direction for (AMP)Pbly, unlike in most reported
materials where the (in-plane) Rashba splitting usually results
from an out-of-plane potential gradient [6,23,25,110]. This
somehow coincides with the structural deformation analysis,
where substantial in-plane distortion was found in (AMP)Pbly
due to the strong hydrogen bonding interaction with the or-
ganic cations (Note 4 in the Supplemental Material [97]).
In addition, the AMP organic cations orient alternatively
with an up-and-down configuration along the in-plane axes
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ky—k_ in-plane directions. (d) Orbital projected band diagrams for (AMP)Pbl,. (¢) Percentages of Pb-p and I-p orbitals in both CB and VB.

[Fig. 1(a)] [80], further implying the in-plane asymmetry in
the crystal structure. Such prominent in-plane distortion plus
the in-plane structural asymmetry point to the sufficient in-
plane potential gradient for the obvious out-of-plane splitting
in the CB, like the cases rarely reported in some alloyed
metal surfaces and layered materials [24,33,34,36,111,112].
However, for the case in the VB, the band splitting is much
smaller and occurs along the three momentum directions [k,
ky, and k;, Fig. 3(a)]. The orbital projected band structure
calculations show that the band splitting of the VB is mainly
contributed by the p, and p, orbitals of I [Figs. 3(d) and
3(e)], meaning that both in-plane (along the z direction) and
out-of-plane (along the x direction) potential gradients con-
tribute to this splitting. The presence of out-of-plane potential
gradient in (AMP)Pbly is predictable since its organic cation
configuration can also break the out-of-plane symmetry and
produce a permanent electric polarization along this direction,
which was considered the origin of its robust ferroelectricity
[80,83] and usually taken for granted as the cause of the ob-
served Rashba effect in this perovskite. It is worth noting that,
although the organic cations have no remarkable effect on the
band edge, their interactions with the inorganic octahedra and
their configuration in the perovskites can significantly modify
the structure symmetry, thus contributing to both in-plane and
out-of-plane symmetry breaking in the studied system. These
all give rise to the observed 3D Rashba band splitting with
the out-of-plane splitting in the CB being the strongest, which
further validates the formation of a momentum-indirect band

in (AMP)Pbly and is indeed the origin of the band splitting
observed in the experiments.

The presence of the out-of-plane splitting suggests that the
traditional 2D Rashba model is no longer adequate to describe
our results. Thereby, a 3D Rashba model was introduced to
describe the observed phenomena. Based on the Hamiltonian
of SOC [3,113]:

h vy P
— x P]- o,
4m} 2

ey

Hsoc =

where e (mg) is the electron charge (mass), h is the reduced
Planck’s constant, c is the velocity of light, and VV (P) is the
3D potential gradient (momentum operator), the 3D Rashba
Hamiltonian can be described as

HP = 2N Gy P LI
X = co = -0
BT amd e 4m} 2
h2
= 2 [k xE]-o, ®)
4mg c?
where oy 1is the Rashba primary correlation factor

[107,109,114,115], E = (Ey, E,,E;) =—-VV is the 3D
electric field, and the relationship P =hk is used. By
applying the vector operation rules, the above 3D Rashba
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Hamiltonian can be further spread as
woch [E (k. 0y — kyo)
HP = pope +Ey(kyo, — k.0,)
+E, (kyor — keoy)]
3)
ar (Ey)(k.0y — kyo)
= { tor(Ey)(kio; — k;0%)
+ar (E;)(kyox — kyoy)
“)
kilar (Ey)o, — ar(E;)oy]
= { tkylar(E;)or — ar(Ex)o;]
+k;[ar (Ex)oy — ar(Ey)ox]
©)
SR (EDky — ar(Eyk.]
= 1 +ESiloR(EDk — ar(EDk:]
+%Sz[aR(Ey ks — ar (Ex)ky]

(©6)

where ag (E;) = @Ei (i =x, y, and z) is defined as the 3D

4m? c?

Rashba coefficient 0and is a function of the electric field, and
S=(5S,,8;) = %(O'X, oy, 0;) is the spin operator. Accord-
ing to this model, if there is a Rashba splitting along the &,
direction, then either ar(E;) or ar(Ey) or both should have
nonzero values [see Eq. (5) in the 3D Rashba Hamiltonian],
meaning that there exists a potential gradient either in the
z or y direction or both. As a result, the split bands along
the k, direction should have orbital contributions from either
the p, or p, orbital or both (assuming that the bands are
mainly contributed by p orbitals and no external electric field
is applied, just like the case here). Likewise, if the Rashba
splitting occurs along the k, (k;) direction, then the split bands
in that direction should at least have orbital contributions from
one of the p, or p, (px or py) orbitals. This phenomenological
model is very consistent with the calculations of the orbital
projected band structure and the related orbital proportions
for (AMP)Pbly [Figs. 3(d) and 3(e)]. In addition, the Rashba
anisotropy can be explained in terms of this 3D model. Since
the splitting occurs within the 3D space, then different poten-
tial gradients in each direction can produce different degrees
of splitting, leading to the observed anisotropic splitting.

Moreover, the spin-polarization analysis and calculations
carried out below further validate the presence of 3D Rashba
spin splitting in (AMP)Pbly, with the out-of-plane spin polar-
ization being dominant in the overall splitting. Based on the
above 3D Rashba model, there should exist spin polarization
along the three momentum directions, and the momentum
distributions of the expectation values of the spin operator
[(S) = ({Sx), (Sy), (S;))] can be predicted from this model.
For instance, if there exists spin polarization along the x
direction, then nonzero (S,) should be observed in the band
structure along either the k, or k, direction or both, accompa-
nied by the existence of a potential gradient either in the z or y
direction or both [see Eq. (6) in the 3D Rashba Hamiltonian].

This is very consistent with the calculation results of the band
structures with projected spin expectation values [Figs. 4(a)—
4(c)]. As seen, nonzero (S,) was indeed observed along the
ky direction in both the CB and VB [Fig. 4(a)], meaning
that a potential gradient along the z direction or an in-plane
symmetry breaking exists in the system to split the bands in
both the CB and VB [note that the out-of-plane direction for
(AMP)Pbly is the x direction]. The mutually perpendicular
spin (S;) and momentum (k) directions indicate that this spin
splitting is indeed Rashba type. Similarly, if the spin polarizes
along the y (z) direction, then nonzero (Sy) ((S;)) should be
observed in the band structure at least in one of the &, or k,
(k. or ky) directions, along with a potential gradient existing
in at least one of the x or z (y or x) directions [Eq. (6)].
As expected, nonzero (S,) was in fact observed in the CB
mainly along the k, direction [Fig. 4(b)], further suggesting
that the potential gradient along the z direction or the in-
plane symmetry breaking mainly contributes to the splitting
in the CB. Meanwhile, nonzero (S,) was also observed in
the VB along both k, and k, directions [Fig. 4(b)], indicating
that both out-of-plane symmetry breaking (with a potential
gradient in the x direction) and in-plane symmetry breaking
(with a potential gradient in the z direction) take place in the
system to cause the spin splitting in the VB. Finally, for the
spin polarization S;, nonzero (S;) was found in the VB along
the k, direction [Fig. 4(c)], suggesting a potential gradient
existing in the x direction and thus an out-of-plane symmetry
breaking contributing to this splitting in the VB. These results
not only verify the rationality of the 3D Rashba model but
also support the fact that the spin splitting in the CB is mainly
caused by the in-plane symmetry breaking, while that in the
VB is contributed by both in-plane and out-of-plane symme-
try breaking, with the spin splitting along the out-of-plane
direction ((S)) being the most significant [Figs. 4(a)—4(c)].
It is worth mentioning that the above discussion involves the
band spin splitting and related spin polarization within the
whole Brillouin zone, and thus, the 3D Rashba model must be
applied to interpret all the spin-polarization behaviors in this
region. For the spin splitting at a specific high-symmetry point
such as the B point in the Brillouin zone, the effective Hamil-
tonian converges to the 2D model with its potential gradient
direction either along the in-plane or out-of-plane direction,
depending on the polarization direction of the crystal structure
as well as the orbital contributions to the energy bands at this
specific point (see Note 5 in the Supplemental Material [97]
for detail). Finally, the spin contours around the band edges
(B point) at constant energies of 1.2 eV in the CB and —0.5
eV in the VB were calculated to further confirm the origin of
the spin splitting in (AMP)Pbly [Figs. 4(d)—4(i)]. As seen, the
sign of the spin polarization in x, y, and z direction (S,, S,, S)
was found to be opposite when projected along a momentum
direction that is perpendicular to it, which is another hallmark
of the Rashba spin splitting in the studied system.

Note that the above DFT calculations were carried out
at 0 K, which principally elucidate the static Rashba ef-
fect involved in the studied system, whereas experiments are
usually carried out at much higher temperatures, and ther-
mal distortion could also induce Rashba splitting, called the
dynamical Rashba effect, in the perovskites as previously
reported [64,87,101,107]; therefore, AIMD simulations were
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1.2 eV in the conduction band (CB) and (g)-(i) —0.5 eV in the valence band (VB). The scale bars shown on the right represent the intensity

scales.

performed further for (AMP)Pbly to account for this tem-
perature effect. The crystal structures of (AMP)Pbl, at 80,
250, and 300 K were first simulated as shown in Figs. 5(a)—
5(c). Obviously, the structure distortion is strengthened when
increasing the temperature >0 K. Correspondingly, the de-
gree of Rashba spin splitting becomes much more significant
across the whole Brillouin zone [Figs. 5(d)-5(f)], indicating
the presence of the dynamical Rashba effect. Additionally,
the orbital projected band structure calculations demonstrate
that the notable band splitting in the CB and VB is mainly
contributed by the p (including p., py, and p,) orbitals of Pb
and I [Figs. 5(d)-5(f)], indicating that both in-plane and out-
of-plane symmetry breaking is responsible for the splitting
in the band edges. However, the out-of-plane spin splitting
in the CB owing to the in-plane symmetry breaking of the
crystal field always dominates the overall splitting for all the
simulated temperatures [Figs. 5(d)-5(f)], just like the case at
0 K. This was further verified by the spin-polarization calcula-
tions, where the out-of-plane spin polarization (Sy) is always
the dominant component at all simulated temperatures (Figs.
S6(a)-S6(c), S7(a)-S7(c), and S8(a)-S8(c) in the Supplemen-
tal Material [97]). In addition, the fixed-energy spin contours
around the band edges (B point) were calculated to confirm the

nature of the spin splitting being Rashba type in (AMP)Pbly
(Figs. 5(2)-5(i), S6(d)-S6(i), S7(d)-S7(i), and S8(d)-S8(i) in
the Supplemental Material [97]). Note that there exist uncer-
tainties to acquire the accurate trend of the Rashba splitting
varying with the temperature since the calculated band struc-
tures based on AIMD simulations are instantaneous ones due
to the continuous atomic vibrations. Nonetheless, these results
suggest that both static and dynamic Rashba effects contribute
to the overall Rashba spin splitting, with the out-of-plane spin
polarization always prevailing in the studied DJ perovskite.

IV. CONCLUSIONS

In conclusion, we found that the large Rashba spin split-
ting in the layered DJ perovskite (AMP)Pbl, was contributed
mainly by the out-of-plane spin polarization, manifesting the
strong in-plane symmetry breaking of the crystal field in
the studied system. Additionally, the interpretation of the
overall Rashba spin splitting in the system requires a 3D
Rashba model, which features the classic spin-momentum
locking property and possesses a dominant out-of-plane spin
component plus two relatively weaker in-plane ones in the
band structures. Moreover, the temperature-dependent Rashba
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spin splitting shows that the total spin splitting arises from
both static and dynamical Rashba effects, with the out-of-
plane spin polarization always surpassing the in-plane ones
for the spin splitting. This indicates that the in-plane struc-
ture distortion by lattice vibrations in this system is mainly
responsible for the out-of-plane spin splitting, rather than
the commonly considered in-plane spin splitting. Our results
demonstrate that the studied DJ perovskite is a good archetype
for exploring the out-of-plane spin polarization, which is a
very attractive property for developing field-free high-density
memories. Meanwhile, the large Rashba spin splitting in the
DJ perovskite makes the Rashba SOC directly accessible by
spectroscopic techniques. Integrating the other advantages
like flexibly tunable SOC via structural and chemical engi-
neering, excellent ambient stability, and low-cost preparation,
the DJ perovskite may serve as a powerful platform for
manipulating the spin texture for the desired spintronics.
Moreover, the presence of out-of-plane spin polarization
along with the previously reported ferroelectricity makes DJ

perovskites even more promising in the field of spin-based
logic in-memory computing.
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