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ABSTRACT: Two-dimensional (2D) hybrid organic—inorganic perov-
skites (HOIPs) with enhanced stability, high tunability, and strong spin—
orbit coupling have shown great potential in vast applications. Here, we
extend the already rich functionality of 2D HOIPs to a new territory,
realizing topological superconductivity and Majorana modes for fault-
tolerant quantum computation. Especially, we predict that room-
temperature ferroelectric BA,PbCl, (BA for benzylammonium) exhibits
topological nodal-point superconductivity (NSC) and gapless Majorana
modes on selected edges and ferroelectric domain walls when proximity-

Majorana modes

L

coupled to an s-wave superconductor and an in-plane Zeeman field,

attractive for experimental verification and application. Since NSC is protected by spatial symmetry of 2D HOIPs, we envision more
exotic topological superconducting states to be found in this class of materials due to their diverse noncentrosymmetric space groups,
which may open a new avenue in the fields of HOIPs and topological superconductivity.

KEYWORDS: two-dimensional, ferroelectric hybrid perovskites, topological nodal-point superconductivity,

edge/domain-wall Majorana modes

wo-dimensional (2D) hybrid organic—inorganic perov-
skites (HOIPs) refer to a large family of layered materials
that consists of inorganic slabs interleaved with the large
organic cation slab as a spacer.’ The introduction of organic
slabs not only enhances the environmental stability but also
imposes strong confinement on the inorganic layers, making
them natural multiple quantum wells.”” Upon changing the
organic cations and/or varying the thickness of the interleaved
inorganic slab, 2D HOIPs exhibit impressive structural
diversity, as well as tunable physical and chemical properties.
Together with the strong spin—orbit coupling (SOC) induced
by the heavy metal cations, 2D HOIPs show great promise for
photovoltaic, %ptoelectronic, ferroelectric, and spintronic
applications." ' Moreover, due to weak van der Waals
(vdW) interactions of the organic spacers, molecularly thin
perovskite nanosheets or even perovskite monolayers can be
isolated from their bulk crystals by mechanical exfoliation,
similar as in vdW 2D materials.'” The resultant molecularly
thin perovskite materials and their heterostructures with other
materials are expected to show exotic properties and potentials
for widespread applications.'®
Topological superconductors hosting Majorana boundary
modes are long-sought platforms to realize non-Abelian
statistics and fault-tolerance quantum computation.'””*’
Intrinsic topological superconductivity (TSC) is rarely present
in naturally existing materials, while extrinsic TSC can be
realized by utilizing the spin-momentum-locking property of
materials,”* especially the abundant noncentrosymmetric
semiconductors.”” A heterostructure that consists of the
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semiconductor thin film (or nanowire) sandwiched between
a conventional s-wave superconductor (SC) and a ferromagnet
(EM) constitutes the simplest platform for realizing TSC**~**
via effective p-wave pairing.”” Since the first theoretical
demonstration of this proposal by employing the Rashba
semiconductor InAs,*® researchers have generalized this
extrinsic TSC theory to more generic forms of antisymmetric
SOC, including Rashba SOC, Dresselhaus SOC, Weyl SOC,
and their linear combinations.’>*" However, despite extensive
experimental efforts, unambiguous evidence of Majorana zero
modes in such structures is still lacking.*” Possible challenges
lie in the experimental synthesis of noncentrosymmetric
semiconductors with the desired thickness and crystal
orientation and fabrication of heterostructures with high-
quality interfaces, as well as sizable nontrivial superconducting
gap for observing the Majorana modes.”” > New candidate
materials to circumvent these challenges are highly pursued,
especially the essential component of noncentrosymmetric
semiconductors.

Here, we propose that the noncentrosymmetric 2D HOIPs
can be exploited to achieve nontrivial superconductivity and

Received: October 23, 2023
Revised:  January 14, 2024
Accepted: January 16, 2024
Published: January 19, 2024

https://doi.org/10.1021/acs.nanolett.3c04085
Nano Lett. 2024, 24, 2705-2711


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shunhong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoming+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zeev+Valy+Vardeny"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.3c04085&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04085?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04085?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04085?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04085?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04085?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/24/9?ref=pdf
https://pubs.acs.org/toc/nalefd/24/9?ref=pdf
https://pubs.acs.org/toc/nalefd/24/9?ref=pdf
https://pubs.acs.org/toc/nalefd/24/9?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

gapless Majorana modes. Their 2D vdW nature eases the
synthesis of HOIP thin films with intact smooth surfaces and
absent dangling bonds, which may also ensure a good quality
of interfaces when forming heterostructures and facilitate
corresponding device fabrications. Meanwhile, the large SOC-
related electronic band splitting of 2D HOIPs is also beneficial
for experimental observation of Majorana modes. Specifically,
we focus here on 2D HOIP BA,PbCl, (BA = C;H,CH,NH,")
that has been experimentally demonstrated to possess room-
temperature ferroelectricity having the noncentrosymmetric
space group Cmc2; (the point group symmetry is C,,) below
the ferroelectric phase transition temperature (~438 K).**™*’
This point group symmetry enables an anisotropic SOC effect,
leading to spin splitting or degenerate electronic bands along
different crystallographic directions.”” Using the BA,PbCl,
monolayer, in proximity to an s-wave superconducting pairing
and an in-plane Zeeman field, we demonstrate the emergence
of an exotic topological nodal-point superconductivity (NSC)
and gapless Majorana edge/domain-wall modes with crystallo-
graphic anisotropy, different from the previously reported
extrinsic TSC independent of crystallographic orientations.

NSC featuring topologically protected nodal-points in its
bulk SC quasiparticle bands has been shown to realize gapless
Majorana modes on selected boundaries and studied mainly in
material platforms that involve unconventional SC pair-
ings,40’41 nontrivial normal electronic states,”*™** or complex
magnetic configurations.”” Recently, its existence has been
intensively explored in layered superconducting transition-
metal dichalcogenides with interorbital SC pairing,**” and
corresponding experimental observations were reported in a
novel 4Hb phase of TaS,."® However, its realization by
utilizing the spin-momentum-locking property of abundant
semiconductors has not yet been investigated so far until the
present work. Our study provides a simpler promising material
platform to realize NSC by further generalizing SOC forms of
semiconductors and sheds light on finding more exotic
topological superconducting states by similar schemes. More-
over, given the ferroelectricity of BA,PbCl,, its electric
polarization as well as the chirality of anisotropic SOC can
be switched by an external electric field, realizing ferroelectric
NSC as a special candidate of ferroelectric TSC we proposed
recently,” which renders highly tunable gapless Majorana
modes at the inner ferroelectric domain walls.

Figure 1 illustrates TSC and NSC based on noncentrosym-
metric semiconductors with the well-studied isotropic Rashba
SOC*® compared to the anisotropic SOC studied here. For
Rashba SOC interaction written as Ay (k,0, — ko,) and
exhibiting only in-plane spin textures, the spin degeneracy of
the continuum bands is lifted along all crystallographic
directions except at the time-reversal-invariant momenta (the
Kramers degeneracy) as shown in Figure la. An out-of-plane
Zeeman field induced by the proximity to an FM would further
lift the Kramers degeneracy. After including superconducting
pairing, one obtains quasiparticle bands by solving the
Bogoliubov—de-Gennes (BdG) Hamiltonian of the Nambu
representation to describe the SC excitation states. Given the
isotropic Rashba SOC splitting, by tuning the chemical
potential and Zeeman energy, s-wave pairing can open gaps
at all quasiparticle-band-crossing points near the Fermi energy
as indicated in Figure 1b that results in TSC with gapless
Majorana modes on all edges (Figure 1c). In contrast, for the
anisotropic SOC in BA,PbCl,, the C,, point group enforces
spin-degenerate bands along the x direction but splits the spin
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a

Figure 1. Schematics of TSC vs NSC based on noncentrosymmetric
semiconductors with isotropic vs anisotropic SOC. Isotropic SOC:
(a) SOC-related split electronic band structure; (b) BAG quasiparticle
band structure; (c) Majorana edge mode. Anisotropic SOC: (d—f)
same as in (a—c) but for the 2D HOIP with anisotropic SOC. Note
the band crossing along the '-X direction in (e).

bands along all other directions as shown in Figure 1d. Such an
anisotropic SOC effect can be described by an effective k-p
Hamiltonian expanded around the I' point, written as Hgoc =
Ak,0, (see Note 1 and Figure S1 in the Supporting Information
(SI)), in which the spin textures of the split bands are along
the out-of-plane directions. By proximity-coupling to an FM
with in-plane magnetization and tuning the chemical potential
to appropriate values, s-wave pairing can open gaps at the
quasiparticle-band-crossing points where the SOC splitting is
nonvanishing. But along the I'=X direction where the SOC
splitting is absent and spin is conserved, the quasiparticle-
band-crossing point cannot be gapped by conventional s-wave
pairing. Consequently, the resulting quasiparticle band
structure shows spatial-symmetry-protected nodal points
along the I'-X path (Figure le) and gapless Majorana
modes on the edges terminated along the y-direction (Figure
1f). The crystallographic anisotropy of gapless Majorana edge
modes follows the same rule as the gapless topological states in
Weyl semimetals of the normal state. In the following, we
demonstrate the emergence of NSC and anisotropic Majorana
edge modes in the BA,PbCl, monolayer based on first-
principles calculations (see the SI for the calculation methods).

The optimized atomic structure of the BA,PbCl, monolayer
subject to a ferroelectric ground state is shown in Figure 2a,
which is the thinnest film of BA,PbCl,. It contains two layers
of organic cations [C,H;CH,NH;]* and a sandwiched
inorganic layer of [PbCl]*” octahedra connected in a
corner-sharing fashion. The arrangement of organic cations
results in an x-direction ferroelectric polarization, and the
direction can be flipped by an external electric field. Although
the dimensionality of the BA,PbCl, monolayer is reduced to
2D, its point group remains C,,; therefore, the same SOC form
is expected. Figure 2b displays the calculated electronic band
structure of the BA,PbCl, monolayer, showing that it is a
semiconductor with the conduction band exhibiting large
anisotropic spin splitting. The valence band also shows spin
splitting, but with a much smaller magnitude. This difference is
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Figure 2. Atomic and electronic structure of the ferroelectric
BA,PbCl, monolayer. (a) Top and side views of the atomic structure.
The blue arrow (+P) indicates the direction of ferroelectric
polarization. (b) Electronic band structure along high-symmetry k
paths of the Brillouin zone. (c) Conduction band energy contours (E
= 1.58 eV) of the BA,PbCl, monolayer with opposite polarization
direction (+P and —P). The S, component of spin is mapped by the
color bar, while the S, and S, components are constrained to zero by

crystal symmetry.

rooted in their different orbital contributions (Figure S2). For
a better property, we focus on the conduction band with large
SOC splitting. By calculating the spin textures of split
conduction bands, we find that only the S, component is
nonzero while the S, and S, components are exactly zero
constrained by the crystal symmetry (Figure S3). Figure 2c
shows the conduction band energy contours of the BA,PbCl,
monolayer with opposite electric polarizations. This figure
conveys two key messages: one is the anisotropic band
splitting, with perfect degeneracy along the I'=X direction and
giant splitting along all other directions; the other is the
interlocking of electric polarization and band spin polarization,
which enables switching the chirality of the anisotropic SOC
by flipping the electric polarization. These calculation results
are consistent with the theoretical analysis of the anisotropic
SOC described above and can be well described by the
effective Hamiltonian Hggc.

To reveal the physics of the BA,PbCl, monolayer
sandwiched by SC and FM layers, we first construct an
effective tight-binding (TB) Hamiltonian to describe the
conduction band. Using a single orbital per Pb site as the basis
(Figure S2), the TB Hamiltonian is written as

Hig=¢ Z Ao+t cfcj + il Z cf(dij‘yaz)cj
i
(

ij) $ij)

+ Z cf(Bﬂ)ci
i (1)

The first and second terms are the onsite energy and nearest-
neighbor hopping, respectively. The third term represents the
anisotropic SOC effect of Hgo in the real-space lattice model.
Here d;; is the y-component of the unit nearest-neighbor bond
vector dy, and the magnitude and sign of the constant A encode
the strength and direction of the built-in electric field which
stems from the ferroelectric polarization induced by structural
inversion-symmetry breaking. Switching the ferroelectric
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polarization flips the direction of the built-in electric field,
which is reflected in the model as the sign reversal of A. The
last term accounts for the Zeeman splitting induced by the
FM-proximity effect. By fitting the first-principles calculation
results of the +P polarized BA,PbCl, monolayer, we obtain the
parameters of € = 2.24, t = —0.25, and A = 0.07 eV, with which
the TB Hamiltonian can reproduce well the band-edge physics
of the conduction band (Figure 2b). For the —P polarized
counterpart, 4 = —0.07 eV. Including s-wave superconducting
pairing, the following BdG Hamiltonian is adopted to describe
the SC quasiparticle physics

H-u A

Hpgg = ;
A

-H* + y )
Here A is the s-wave pairing gap induced by SC-proximity
effect, and p represents the chemical potential. H is eq 1
expressed in reciprocal space. Below, we set A = 0.05 eV and
assume that the proximate FM induces an in-plane Zeeman
field along the y-direction. In principle, one needs a Zeeman
field that is perpendicular to the spin textures of the SOC-split
bands; hence, any in-plane Zeeman field will work for the
BA,PbCl, monolayer due to its pure out-of-plane spin-
polarization of SOC-split bands. By tuning the chemical
potential and Zeeman field to be y = 1.23 and B, = 0.1 eV, we
solved the BdG Hamiltonian and obtained the quasiparticle
band structure. As shown in Figure 3a, a pair of nodal points
exist along the '=X direction. We calculate the Berry phase
(see the SI for calculation details) and obtain the results of +x
and —7, or topological charge +1 and —1, respectively, for the
left and right nodal points, demonstrating their nontrivial
topology to be the same as the Weyl points in 2D.”"** The
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Figure 3. NSC in the BA,PbCl, monolayer. (a) BdG quasiparticle
band structure along high-symmetry k paths. Inset plots two nodal
points in the Brillouin zone, whose chirality is shown by different
colors (purple/blue for +). (b) and (c) BdG band structure of a
nanoribbon terminated along y-direction and real-space distributions
of emerged gapless Majorana modes. (d) BdG band structure of a
nanoribbon terminated along the x-direction. (e) NSC phase diagram
in the parameter space of chemical potential 4 and Zeeman field B
with a fixed A = 0.05 eV. For (a—d), u = 1.23 and B = 0.1 eV. The
widths of the two nanoribbons are both S0 unit cells.
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opposite sign corresponds to the opposite chirality of the two
nodal points.

One hallmark of topological superconducting states is the
emergence of gapless Majorana modes, which can be verified
by constructing a 1D finite system and solving the
corresponding BdG Hamiltonian. Figure 3b shows the BdG
band structure of a SC/BA,PbCl,/FM nanoribbon terminated
along the y-direction, where one can clearly see the emergence
of two gapless Majorana modes. Their real-space distributions
indicate that the gapless Majorana modes are localized at the
two edges (Figure 3c). We note that here the maximum
amplitude of the real-space distribution is in the vicinity of the
edges but not exactly at the outmost atomic row, which could
be attributed to the chemical environment of the edges.
Although topological edge states remain existing as long as
their protecting symmetry is preserved, their distributions in
both momentum and real spaces are material- and edge-
specific and tunable by modifying the chemical potential
(environment) of edges.””** We also consider a nanoribbon
terminated along the x-direction but yield a gapped BdG band
structure and the absence of gapless Majorana modes (Figure
3d). These results demonstrate that the emergence of
Majorana edge modes has a clear dependence on the
crystallographic direction, which can be explained as follows.
For the y-terminated nanoribbon, the reduced 1D Brillouin
zone is periodic along the I'-X direction. The two nodal
points of Figure 3a are still located at different momenta in this
reduced Brillouin zone and connected by gapless Majorana
modes. While for the x-terminated nanoribbon, its 1D
Brillouin zone is periodic along the I'=Y direction. In this
case, the two nodal points with opposite chirality are folded
into the same momentum and annihilate, resulting in the
gapped BAG band structure.”> The nontrivial Berry phase
carried by the nodal points and the crystallographic anisotropy
of the emerged gapless Majorana modes confirm that the SC/
BA,PbCl,/FM heterostructure realizes the exotic NSC. For u
< Ecpypy where Ecpy represents the conduction band minimum
at the I point, the condition for the NSC phase is the same as
that for the TSC phase>*®*” and expressed by the equation (i
— Ecpm)® + A” < B While for y > Ecpy, one obtains NSC
phase when A? < B* (see Note 2 and Figures S4—S6 in the SI
for details). With A = 0.05 €V, the phase diagram of the NSC
in the parameter space of y and B is plotted in Figure 3e. We
emphasize that although the large SOC splitting of BA,PbCl,
does not change the condition to get NSC, it may lead to a
large nontrivial SC gap surrounding the nodal points (suppose
that the s-wave pairing gap is large enough; therefore the
induced nontrivial SC gap size is dictated by SOC-related
splitting strength), which could facilitate corresponding
experimental observations at a higher temperature and isolated
Majorana modes in a reduced sample size (Figure S7). We also
note that the realized NSC is robust against an interfacial
Rashba SOC which may arise in the sandwich heterostructure
(Note 3 and Figure S8 in the SI).

Ferroelectricity also plays an important role in tuning the
superconducting property of materials.”®”®* Strikingly, we
found that without involving complex nontrivial phase
transitions of normal electronic states or ferroelectric quantum
criticality, the reversal of SOC chirality alone can reverse the
sign of the proximity-induced effective odd-parity pairing gap,
leading to a special form of ferroelectric TSC.*” Consequently,
by modulating the polarization direction, gapless Majorana
modes can emerge at the domain wall between two oppositely
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polarized ferroelectric domains, as we demonstrate here. Our
calculations show that by switching the polarization direction
of BA,PbCl,, the nontrivial Berry phase of the emerged nodal
points changes from =+ to F7, indicating that the chirality of
topological nodal points becomes opposite in two oppositely
polarized domains. We then consider a nanoribbon of the SC/
BA,PbCl,/FM heterostructure terminated along the y-
direction, wherein the BA,PbCl, monolayer consists of two
oppositely polarized ferroelectric domains with the domain
wall located in the middle (Figure 4a). The corresponding
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Figure 4. Domain-wall Majorana modes in the BA,PbCl, monolayer.
(a) Tllustration of the ferroelectric two-domain structure, which is
terminated along the y-direction and periodic along x-direction. The
widths of the left and right domains are both S0 unit cells. (b) BdG
band structure of the two-domain structure proximate to an s-wave
SC (A = 0.05 eV) and a FM with y-direction magnetization (B = 0.1
eV), showing the emergence of four gapless Majorana modes. (c)
Real-space distributions of the four Majorana modes, peaking at the
outer edges as well as the inner domain wall.

BdG band structure in Figure 4b shows the emergence of four
gapless Majorana modes. By calculating the real-space
distributions of the four Majorana modes, we find that they
are located at the two outer edges as well as the middle domain
wall, as shown in Figure 4c, indicating that the two additional
gapless Majorana modes originated from the domain wall.
Therefore, the intriguing gapless domain-wall Majorana modes
arise.

We have demonstrated that the 2D HOIP BA,PbCl,
possessing large anisotropic SOC splitting and room-temper-
ature ferroelectricity can be exploited to realize NSC and
gapless Majorana edge/domain-wall modes in proximity with
an s-wave SC and an in-plane FM. Here the monolayer is used
for conceptual demonstration, but we point out that thicker
films of BA,PbCl,, with the same point group symmetry and
anisotropic SOC, are expected to harbor a similar exotic NSC
phase. Some of the inorganic materlals were also reported to
possess similar anisotropic SOC,** but not in the context of
ferroelectric TSC. Also, our interest in 2D HOIPs is not only
piqued by this unique band structure extending the original
model based on isotropic SOC* but also motivated by their
outstanding environmental stability and inherent vdW inter-
face providing molecularly thin films with clean surfaces. These
useful features render 2D HOIPs more promising as candidates
for material realization of our theoretical proposal and future
device fabrication. The use of an in-plane Zeeman field also
makes it possible to replace the FM with an external in-plane
magnetic fleld that has a dominant Zeeman sphttlng effect and
largely avoids the undesirable orbital effect.”’ The Zeeman
field induced by the external magnetic field has more
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tunability, which can be used to directly observe the
topological phase transition through increasing the strength
of the field, providing a diagnostic method to identify the
emergence of the topological phase. It is noteworthy that
Majorana modes have also been reported in proximate
topological insulators combining s-wave pairing and in-plane
Zeeman field.**"%° Therein, the exploited spin-momentum-
locking property is tied to the topological boundary states,
while in the present work, the invoked electronic states are not
necessarily topological with the spin-momentum-locking
property provided by SOC, which happens to be anisotropic
in 2D HOIPs.

To exploit the conduction band of 2D HOIPs and its spin-
momentum-locking property, advanced doping strategies are
required that do not affect its intrinsic property, indicating that
strong hybridization between the semiconductor and neighbor-
ing materials’” should be suppressed. Among various doping
strategies, electrostatic gating is one promising method and has
been successfully employed in previous studies of TSC in
superconductor—semiconductor heterostructures®>”*%3>6%
and of MoS$, for Ising superconductivity.”””" In addition, given
the hybrid inorganic—organic feature of 2D HOIPs, molecular
doping by appropriate molecular dopants’>”® is another
promising way to achieve doping while preserving high sample
quality. It is also worth noting that the controlled electronic
doping itself is an important topic and has attracted increasing
interest in the field of HOIPs as semiconductors,”* and our
findings would stimulate more efforts toward this direction.
For experimental verification of the proposed NSC, knowledge
and experience can be drawn from previous studies of Rashba-
semiconductor-based TSC where the doping and SC-proximity
requirements are similar to the case here.” Finally, the NSC is
enabled by the anisotropic SOC effect (a simplified minimal
model is presented in Note 4 and Figure S9 of the SI to
elaborate on the same physics), which implies the possibility of
realizing other novel extrinsic superconducting states by
involving more complex SOC forms of the constituent
semiconductors. Our findings unveil the great promise of 2D
HOIPs with diverse noncentrosymmetric space groups in
realizing nontrivial superconducting states and Majorana zero
modes and advocate further theoretical and experimental
explorations.
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