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Bound states and Pb 6p orbital selectivity in orthorhombic CsPbI3 bulk crystal
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We investigate the orbital-selective electronic structure of orthorhombic CsPbI3 bulk perovskite using density
functional theory combined with dynamical mean-field theory. By considering realistic values of the on-site
Coulomb repulsion and spin–orbit coupling, we reveal characteristic features in the spectral functions of the
active Pb-6p orbitals, including the formation of spin–orbit–induced low-energy bound states. Our results further
demonstrate that electron doping drives a substantial reconstruction of the electronic structure, leading to Pb-
orbital selectivity. These findings provide microscopic insights into the interplay between electronic plus spin–
orbit interactions and doping in orthorhombic CsPbI3 crystal, offering a framework to understand its correlated
electronic state.
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I. INTRODUCTION

Since the seminal proposal of organometal lead halide per-
ovskites as visible-light sensitizers for photovoltaic solar cell
applications [1], a plethora of studies on three-dimensional
(3D) halide perovskites (HPs) have been performed in the
last two decades. The HPs are structured as corner-sharing
octahedra with the formula ABX3, where A corresponds to
a monovalent cation metal (K, Rb, Cs) or organic molecu-
lar cation [methylammonium (MA), formamidinium (FA)], B
is a column IV element (Ge, Sn, Pb), and X is a halogen
anion (Cl, Br, I) [2]. Based on experimental and theoretical
studies, the HPs are now considered as a promising class
of 3D semiconducting materials in view of their ability to
offer a range of tunable band gaps, making them attractive
candidates for optoelectronic applications, including solar
cells, light-emitting diodes, lasers, and photodetectors [3]
as well as for high-temperature thermoelectric applications
[4,5]. Importantly, the hybrid perovskite photovoltaic devices
have efficiencies similar to those made using Si- or CdTe-
based technologies for extant photovoltaic applications [6–8].
However, unavoidable stability issues, such as photodegrada-
tion under irradiation and decomposition to a yellow phase
[9,10] are open issues that needed to be sorted out in view
of using HP as materials for photovoltaics [9]. Moreover,
apart from solar cell applications, organic, inorganic, and
hybrid (organic-inorganic) HPs [11,12] have been considered
as candidates for resistive switching memory devices [13]. In
these systems, hysteresis loops are observed in current-voltage
(I–V ) characteristics [14–16], which might be associated with
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ion migration [17] or other mechanisms [14]. As pointed
out in Ref. [18], mixed ionic-electronic conductivity can be
detrimental to solar cell operation but it might be relevant in
resistive switching [19], adding the lead HPs into the memris-
tive family for future technologies [14,20].

HPs are mostly direct band gap semiconductors that ex-
hibit sharp absorption onsets [21]. Among this family of
materials, the most efficient solar cell materials are the
organic–inorganic Pb-containing HPs, with power conversion
efficiency close to 27% [22], although a theoretical limit of
31% has been postulated in Refs. [1,23]. Particularly inter-
esting in this context are the inorganic cesium lead halide
systems (CsPbX3, X = Br, I), which are now considered as
promising candidates for solar cell applications because of
their thermal stability [24].

On general grounds, the cubic perovskite structure is
known to exhibit various possible structural phase transitions,
which fall in two main categories: ferroelectric distortions,
where the B atom in the ABX3 lattice structure is displaced
within its surrounding octahedron, and antiferroelectric dis-
tortions, in which the octahedra rotate at about multiple
axes [25]. Depending on the type of displacement, for ex-
ample, along the [001] cubic axis, or along the [110] and
[111] directions, the resulting symmetry becomes, respec-
tively, tetragonal, orthorhombic, or rhombohedral. Thus, for
rotation-type phase instabilities, while rotation about a cubic
axis leads to a tetragonal structure, rotation on two orthogonal
axes leads to an orthorhombic phase [25], which could show
some octahedral tilt instabilities [26].

Presently, the most efficient alloy engineering techniques
to enhance structural phase stability include substitution on
the A site of the ABX3 crystal lattice, aiming to stabilize the
photoactive black perovskite polymorph [6,27,28], while sub-
stitution on the halide site can be used to tune the one-particle
band gap [29]. Of note is the fact that the HPs undergo struc-
tural phase transitions as a function of temperature (T ) [30],
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which gives rise to octahedral tilt instabilities as explained ge-
ometrically by the Goldschmidt tolerance factor [26]. Hence,
within the framework of HPs structural phase transitions,
the high-T cubic α phase (space group Pm3̄m) may show
structural transitions either to a tetragonal (P4/mbm) β phase
with in-phase tilts [31] or to a I4/mcm β phase with out-
of-phase tilts [32]. Additionally, both inorganic and hybrid
lead HPs show the emergence of two orthorhombic γ phases,
with different tiltings as compared to nonorthorhombic struc-
tural phases [9,33–35]. Interestingly, CsPbI3 and CsSnI3 [36]
also exhibit a photoinactive, nonperovskite (yellow) δ-phase
polymorph, which consists of one-dimensional (1D) chains of
face-sharing octahedra [9,33,34,37], indicating the coexisting
stable or possibly metastable [32,38] phases in this material
class. While the δ phase is the most likely thermodynamic
equilibrium phase at low T [6,27,39], the technologically
relevant phases include predominantly the perovskite series.

Bulk CsPbI3 crystals observed using synchrotron powder
diffraction showed a black perovskite cubic α phase [9,40] as
the high-T stable phase. On cooling, this α phase changes into
a black perovskite β phase around 260 ◦C [9]. Further cooling
transforms this phase into a black perovskite γ phase around
175 ◦C [9]. This γ phase was reported to have symmetry of
Pbnm (Pnma in the standard setting) [9,41]. The band gap for
the α phase is about 1.73 eV [42,43], while the band gap for
the β phase was found to be close to 1.68 eV [44] in CsPbI3

films. Finally, the band gap for the two γ phases is close to
1.96 eV [45]. It should also be noted that this latter phase is
metastable [38,46], particularly when it is left for a few days
under ambient conditions, making it less attractive for solar
cell applications. However, based on extant studies reporting
the physical properties of the different structural phases, here
we explore the electronic structure of γ -CsPbI3 computa-
tionally using density functional theory (DFT) and DFT plus
dynamical mean-field theory (DFT + DMFT) calculations.
We reveal the important role played by lattice crystal-field
splittings, multi-orbital (MO) electron-electron interactions,
spin-orbit coupling (SOC), and electron-doping effects on the
Pb-6p orbital texture of the orthorhombic structural phase of
CsPbI3 solar cell semiconductor. These are among the differ-
ent factors that could influence the band gap size of HPs. More
precisely, for III-V semiconductors, the SOC may change the
one-particle band dispersion in the vicinity of the valence-
band maximum and the conduction-band minimum [47,48],
inducing a band gap reduction that can reach 0.3 eV according
to Ref. [49]. The band gap can also be affected by lattice
distortions, many-particle electron-electron interactions, and
alloy disorder, resulting in changes in the DFT electronic
structure. Thus, to unravel the nature of the underlying many-
body state of Pb-containing HP semiconductors, it is essential
to explore the role played by different factors while using
theoretical state-of-the-art capabilities.

Before addressing the fundamental principles under-
lying the electronic structure reconstruction induced by
MO electron–electron interactions [50,51] and SOC ef-
fects [48,52–55] in γ –CsPbI3, it is important to emphasize
that relativistic effects associated with SOC in HPs have
been experimentally observed (see Ref. [56]) and exten-
sively discussed in theoretical studies over the past few
years [46–48,57–60]. Acting on the Pb-6p orbitals, SOC

FIG. 1. Crystal structure of orthorhombic CsPbI3 (Pnma set-
ting), emphasizing the octahedral coordination of Pb by I, as well
as the tilted arrangement of corner-sharing octahedral (green polyhe-
dra). Cs is blue, Pb yellow, and I is red. The unit cell is shown in the
main panel. The inset shows the orientation of the octahedron with
respect to Cartesian axes (origin on Pb).

enhances the band dispersion [57,61], which in turn reduces
the one-particle band gap either by splitting the conduction-
band states [46,48,59] or by forming antibonding states at the
valence-band maximum [61]. These modifications pose chal-
lenges for describing the electronic structure of Pb-based HPs
within conventional DFT approaches [46–48,62]. Neverthe-
less, previous works have successfully described many-body
interactions using DFT + GW [50,63] and the DFT + DMFT
[64] frameworks, demonstrating in the latter case the reliabil-
ity of DFT + DMFT to broadband systems such as elemental
Bi [52], topological insulators [53,65], cubic CsPbI3 [51], and
more recently to twisted bilayer and trilayer graphene [66]. To
the best of our knowledge, however, studies considering the
interplay of MO correlations and SOC remain scarce for the
distorted structural phases of CsPbI3 perovskite. Motivated
thereby, we focus here on the reconstruction of the electronic
structure of γ -CsPbI3 driven by MO electron–electron inter-
actions and SOC.

II. THEORY AND RESULTS

In this work, first-principles electronic structure calcu-
lations for γ -CsPbI3 (see Fig. 1) were performed within
DFT using the SIESTA code [67] (v4.1.5). Norm-conserving
pseudopotentials of the Troullier-Martins type were em-
ployed, generated within the PBE (Perdew-Burke-Ernzerhof)
[68] generalized gradient approximation (GGA) exchange–
correlation functional. The valence electron configurations
used in the pseudopotentials included semicore states for both
Pb (5d106s26p2) and Cs (5s25p66s1), while I was described
with 5s25p5. The plane-wave equivalent energy cutoff for
the real-space mesh was set to 320 Ry and Brillouin zone
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FIG. 2. Orbital-resolved DFT Pb-6p density of states (DOS) of
orthorhombic CsPbI3 bulk crystal. Notice the large bare bandwidth
(W ≈ 8.5 eV), the semiconducting band gap of ≈2.05 eV and the
splitting of the Pb-6p orbitals because of octahedral tilted crystal-
field effects. The DOS of the cubic phase obtained using the SIESTA
code in Ref. [51] is shown for comparison.

sampling was carried out on a 10 × 10 × 10 Monkhorst-Pack
grid [69]. The crystal structure was fully relaxed in both
lattice parameters and atomic coordinates using the conjugate-
gradient (CG) algorithm until forces and stresses fell below
the convergence thresholds of 0.002 eV/Å and 0.1 GPa. The
converged DFT electronic structure was interfaced with Wan-
nier90 (v3.0.0) [70] to construct maximally localized Wannier
functions (MLWFs) for the target bands. Initial projections
were chosen as iodine 5p orbitals and lead 6s and 6p orbitals,
providing an optimal starting guess for the localization pro-
cedure. Fifty two Wannier functions were disentangled from
a total of 62 bands, using an inner energy window maximum
of 0.5 eV and an outer energy window maximum of 5.0 eV
relative to the Fermi level. Wannierization convergence was
monitored via the spread functional, with final orbital spreads
in the range 2.09–3.15 Å2 per orbital.

In Fig. 2, we display our results for the orbital-resolved
DFT Pb-6p density of states (DOS), ρa(ω) = − 1

π
ImGa(ω)

of a given orbital a = x, y, z and spin σ , revealing how the
Pb-6p states of γ -CsPbI3 split because of crystal-field effects
arising from octahedral tilts. Also noteworthy is the large
band gap that spans the Fermi level (EF = ω = 0.0 eV) in this
broadband semiconductor. This intrinsic band gap behavior is
known to be relevant for HP solar cell applications, enabling
higher optical absorption [5]. Based on our DFT calculation,
the band gap for γ -CsPbI3 is approximately 2.05 eV, which is
in good agreement with the 1.96 eV value found in Ref. [45].
Moreover, our results for the partial DOS are also consis-
tent with that reported for α−CsPbI3 [5,51], showing that
the conduction band minimum is composed mostly by the
6p orbitals of Pb. However, the valence band maximum is
originated by the 5p orbitals of iodine atom, with clear Pb-I
hybridization, which give rise to bonding-antibonding bands.
On the other hand, and different from the α phase the octa-
hedral tilt increases the Pb-I overlap, which in turn increases

the one-particle band gap, as shown in Fig. 2. As seen in
this figure, because of band narrowing, the conduction band
states of γ -CsPbI3 are pushed up in energy by approximately
0.5 eV. Thus, apart from Pb-6p-orbital splitting, an important
message in Fig. 2 is the distortion-induced weak electron
localization in γ -CsPbI3 as compared to cubic CsPbI3. Also
interesting in this direct comparison between the threefold de-
generated α-phase DOS with the γ one is the spectral weight
of the bonding band below EF , which increases because of
lattice distortion. Importantly, enhancement of valence band
spectral weight in γ -CsPbI3 with an orbital occupancy per
spin close to 0.25 (i.e, total Pb-6p band filling nDFT = 1.5)
would increase electron correlation effect in this phase as
compared to the α phase, placing γ -CsPbI3 naturally into a
quarter-filled correlated semiconducting [71] regime as shown
below.

Based on DFT, the one-electron part at each atomic
Pb 6p orbital of γ -CsPbI3 bulk crystal is H0 =∑

k,a,σ εa(k)c†
k,a,σ ck,a,σ − μ

∑
i,a,σ ni,a,σ , where a = x, y, x

label the (diagonalized in orbital basis) 6p bands as in Fig. 2.
In the usual notation, within the three-orbital problem of
γ -CsPbI3, c†

i,a,σ (ci,a,σ ) are creation (annihilation) operators

at site i of a electrons with spin σ and ni,a,σ = c†
i,a,σ ci,a,σ .

εa(k) is the one-electron band dispersion, which encodes
details of the actual band structure and μ is the chemical
potential. Local many-particle interactions in CsPbI3 bulk
crystal are encoded in Hint [51], which reads Hint =
U

∑
i,a ni,a,↑ni,a,↓U ′ ∑

i,a �=b ni,ani,b − JH
∑

i,a �=b Si,a · Si,b,
where U ′ ≡ U − 2JH with U (U ′) being the intra- (inter)
orbital Coulomb repulsion and JH is the Hund’s rule coupling.
To treat the dynamical many-particle effects produced by
U,U ′, JH , we use DFT + DMFT [64] as an approximation to
the many-body Hamiltonian HMO = H0 + Hint of γ -CsPbI3.
Finally, to investigate the role played by the SOC [57,59,63]
within our formulation, we considered, for the sake of
simplicity, only the local component of this quantum
interaction [72], which can be treated exactly within DMFT
[73,74]. Thus, similar to Refs. [51–53], on atomic Pb, the
local SO Hamiltonian reads HSO = λ

∑
i,a(c†

i,a,↑ci,a,↓ + H.c.)
with λ being the SOC, which could reach values up to
1.21 eV for CsPbI3 crystal [57]. Noteworthy, similar to
the U , U ′, and JH , the SOC is taken as model parameter
in our description given the uncertainty in its precise
value [48,57]. Physically, HSO acts as a spin-flip term
[74] and locally mixes the 6pa spin states of Pb. As in
Ref. [51], here we evaluate the many-particle Green’s
functions Ga,σ (ω, k) = [ξa,σ (ω) − εa(k) − δa

λ2

ξa,σ (ω) ]
−1,

where ξa,σ (ω) ≡ ω + μ + iη − �a,σ (ω + iη), of the model
Hamiltonian H = H0 + Hint + HSO for γ -CsPbI3 crystal
using the DFT + DMFT approximation [64]. Similar to
Ref. [51], here we use MO iterated-perturbation theory
(MO-IPT) as impurity solver [75] when treating the MO
problem of γ -CsPbI3 self-consistently. It is noteworthy that
similar interpolation scheme for the local self-energy has been
used to investigate correlation effects in two-dimensional
topological insulators [65], and very recently for twisted
bilayer and trilayer graphene [66]. The MO-IPT is known to
be numerically very efficient and self-energies [�a,σ (ω)] can
be computed accurately at both small and large frequencies.
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FIG. 3. Effect of spin-orbit coupling λ on the Pb-correlated
DFT + DMFT (U = 9.0 eV) orbital-resolved DOS of orthorhombic
CsPbI3 bulk crystal. Important features to be seen are the low-energy
bound states near EF below and the evolution of upper Hubbard
bands near to 5.0 eV above EF as well as the changes in the va-
lence band shoulder features with increasing λ. Also noteworthy is
the frequency dependence of the self-energy imaginary parts in the
insets.

Given the complexity in CsPbI3 with three (a = x, y, z)
6p orbitals, these are particularly attractive features to treat
electron-electron plus SO interactions in correlated broadband
semiconductors [71].

In Fig. 3, we show the reconstructed one-particle DOS of
γ -CsPbI3 obtained using U = 9.0 eV [76], JH = 0.7 eV and
three different values of λ, which in Pb-containing materials
can reach values between 0.68 to 1.21 eV [48,57]. Let us
first look at the role played by electron interactions in the
orbital-resolved local DOS in the λ = 0.0 eV regime. Similar
to Ref. [51], an electronic reconstruction from the bare DFT
semiconductor to a correlated semiconducting state occurs
because of dynamical transfer of spectral weight in a regime
where correlation to bandwidth ratio (U/W ) is close to one.
Looking closely at our DFT + DMFT orbital-resolved results
for λ = 0.0 eV, a remarkable aspect stands out: Im�a(ω) van-
ishes in the gap region, instead of having a pole, as would
occur in a Mott insulator. This aspect is reminiscent of a

Kondo insulator, where the gap arises due to combined effects
of electronic correlations and interband hybridization. Thus,
the correlated semiconducting behavior [71] of γ -CsPbI3 in
absence of SOC is that of a Kondo-like correlated insulator
[75,77].

For clarity, it is worth recalling that Kondo insulators are
correlated systems [78] whose excitations and normal-state
properties are adiabatically connected to those of noninter-
acting semiconductors [79]. They can thus be regarded as
an analytically continued version of conventional band insu-
lators, but with significant electronic correlations persisting
above the one-particle band gap. In such systems, when the
band filling deviates slightly from its commensurate value, a
coherent Kondo cloud emerges near EF , giving rise to a metal-
lic Fermi-liquid (FL) state in the absence of disorder. This
behavior is evident in the orbital-resolved self-energies at λ =
0.0 eV, where correlation effects appear as peak-like struc-
tures in the imaginary part of the self-energy above the band
gap (see insets of Fig. 3), revealing the underlying Kondo-
like correlated character of the system. Consequently, since
γ -CsPbI3 is Kondo-correlated, spectral weight redistribution
triggered by additional perturbation, such as SOC, can drive
the Kondo-like insulating to a bound state phase, as illustrated
in the main panels of Fig. 3. Specifically, Fig. 3 shows how
the Pb orbital-resolved DOS is reconstructed when electronic
correlations are combined with SO interaction. As reported
in Ref. [51] and consistent with Ref. [59], SOC splits the Pb
conduction-band states into two branches, giving rise to bound
states near EF , similar to those reported for Bi-chalcogenide
topological insulators [53]. Another striking feature in Fig. 3
is the large-scale reconstruction of the electronic structure
with increasing SOC: While conduction-band-edge states are
dynamically transferred to higher energies, enhancing the
spectral weight of the upper Hubbard bands (UHB), the
valence bonding band is significantly reshaped, reinforcing
the incoherent character of the lower Hubbard band (LHB).
Equally important are the SOC-driven modifications in the
imaginary part of the self-energy. The transverse-field or spin-
flip nature of HSO induces the formation of bound states
through local spin fluctuations [73], thereby reducing the band
gap at λ = 0.0 eV.

Taken together, the results in Fig. 3 at finite λ reveal the
emergence of low-energy in-gap states near EF . What under-
lies the features observed in Fig. 3? In many-particle systems,
strong scattering among carriers, split by specific crystal-field
effects, produces two key consequences: (i) orbital-dependent
shifts of the bands, driven by the frequency dependence of the
self-energies (see Fig. 3, insets), and (ii) renormalized scatter-
ing rates arising from sizable U, U ′, JH , and λ, which induce
significant spectral weight transfer over broad energy scales,
from high to low energies. The latter effect modifies the
spectral lineshape through local spin fluctuations [73], as also
evident in Fig. 3. Consequently, broadening-induced changes
in the DOS at finite λ, compared to the SOC-free case, lead
to a tunable reduction of the semiconducting band gap [51],
with enhanced low-energy spectral features in both valence
and conduction states appearing near EF . On the microscopic
level, scattering processes resulting from the coexistence of
local Coulomb correlations and SOC drive a pronounced
reconstruction of the low-energy spectral functions, whose
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FIG. 4. Orbital-resolved electronic structure reconstruction of
orthorhombic CsPbI3 with increasing the total band filling n of the
Pb shell obtained for U = 9.0 eV and λ = 0.8 eV. An important
feature to be observed is the transfer of spectral weight from the
conduction to the lower Hubbard bands and the reemergence of the
Kondo-like correlated insulating state as shown by the ω dependence
of self-energy imaginary parts in the insets.

signatures should be accessible in future experiments. Impor-
tantly, the emergent electronic state in γ -CsPbI3 is coherent
at small λ but evolves into an incoherent state at λ = 0.8 eV,
as indicated by the ω dependence of the self-energy imagi-
nary parts (Fig. 3, insets). This implies that the Kondo-like
insulator identified at λ = 0.0 eV in γ -CsPbI3 is entirely sup-
pressed by strong scattering rates, reflecting the fundamental
breakdown of Kondo coherence under sizable SOC.

To further elucidate the electronic structure reconstruction
of γ -CsPbI3 bulk crystal, Fig. 4 shows the effect of increas-
ing the total Pb-band filling n. This analysis is motivated by
earlier studies on doping [80] or alloy [81] engineering metal
HPs as well as by the fact that, within the DFT + DMFT
framework, electron doping cannot be described as a sim-
ple rigid shift of the bare DFT bands; instead, it must be
treated self-consistently. Understanding the impact of doping
on the reconstructed electronic state is therefore essential.
Although several theoretical and experimental studies have
already addressed related aspects, the generic emergence of

reconstructed electronic states and their instability toward
metallic behavior (whether FL or not) in other correlated sys-
tems highlights the relevance of this issue. Our goal here is to
exploit the strengths of MO correlated electronic structure cal-
culations to model and analyze how increasing the total band
filling modifies the electronic spectra of γ -CsPbI3. Based
on our explicit results, we also propose a set of predictions
that could be tested in future tunneling, spectroscopic, and
transport experiments, or by tuning the Fermi level position
[82] through controlled changes in the chemical potential μ.

Figure 4 represents the modifications in the correlated DOS
(main panels) and in the imaginary part of the self-energy
(insets), computed for U = 9.0 eV, JH = 0.7 eV, and λ =
0.8 eV, as the total band filling (n = nDFT + δ) of electron-
doped γ -CsPbI3 is gradually increased. A remarkable result
is that orbital selectivity emerges already at small δ(≈ 0.2),
highlighting the sensitivity of correlated, wide-band systems
to electron addition. At this doping level, all SOC-induced
bound states appear below EF , confirming the tunability
[47,48] of such states in this material family. As δ increases
further, around 0.4, the orbital-selective behavior becomes
more pronounced, with LHBs being more clearly visible at
binding energies below 4.5 eV. The origin of these orbital-
selective features lies in the interplay of crystal-field effects,
electron-electron interactions and SOC acting on the bare
DFT electronic structure. Two main consequences follow: (i)
orbital-dependent shifts of the Pb-6p states relative to each
other, arising from Hartree contributions to the static part of
the self-energies, and (ii) dynamical effects associated with
sizable U, U ′, JH , and λ, which promote large-scale spectral
weight transfer across wide energy ranges upon doping. This
mechanism explains the orbital-dependent modifications of
the one-particle DOS and self-energies observed in Fig. 4.
As a result, electron-doped γ -CsPbI3 exhibits orbital-selective
narrow bound states below EF . The interplay of orbital se-
lectivity and strong spectral weight redistribution constitutes
a robust fingerprint of the correlated electronic state in this
broadband perovskite, warranting future experimental verifi-
cation.

As seen in Figs. 3 and 4, bound states and relativistic [83]
SOC are deeply interconnected in correlated semiconductors.
The SOC modifies the band dispersion, splitting conduction-
or valence-band edges into distinct branches. As shown in
Figs. 3 and 4, this reconstruction can confine electronic states
near EF , giving rise to low-energy bound states. Such states
are not mere artifacts of electronic structure, but signatures
of strong interactions between relativistic effects and electron
correlations. In correlated semiconductors, the appearance as
localized in-gap features, influencing transport response (see
Fig. 5). In this sense, SOC-induced bound states provide
a microscopic link between SO effects and emergent novel
electronic behavior. Thus, carrier’s self-trapping [84], which
might be induced in a system with SOC interactions, can be
taken as a manifestation of the strong coupling between orbital
and spin degrees of freedom in correlated semiconducting
materials. The SOC can increase the localization tendency
by splitting orbital or band states [48,57] and generating
bound states near the band edges, thereby reducing the mo-
bility of itinerant carriers. Here, local spin fluctuations act
as a local scattering channel that disrupt coherent motion,
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FIG. 5. Electrical conductivity vs temperature of pure (main
panel) and electron-doped (inset) γ -CsPbI3 semiconductor obtained
using the DFT + DMFT spectral functions for different spin-orbit
couplings (main panel) and total Pb-6p band fillings (inset). The
dc-conductivity curve reported in Ref. [4] (normalized to 0.93 at
800 K) is shown for comparison in the main panel. Notice the
good qualitative agreement between this curve and that obtained for
λ = 0.0 eV. Also interesting in the inset is the clearly visible doping
dependence of σdc(T ) at fixed λ.

reinforcing the confinement of charge carriers into self-
trapped states. Importantly, self-trapping driven by relativistic
[48,61] or spin-mediated effects provides a microscopic
mechanism for unconventional insulating behavior in ma-
terials where a purely band-like description would predict
semiconducting conduction. As revealed in Figs. 3 and 4,
these processes highlight the delicate balance between co-
herence and localization, showing how SOC-induced local
transverse-field [74] spin fluctuations can cooperate to reshape
the low-energy electronic structure.

Building on earlier studies that highlight the po-
tential of HPs for high-temperature thermoelectric ap-
plications [4,5], we now examine the T dependence
of the dc conductivity and relate it to the orbital-
reconstruction scenario discussed above. Given the corre-
lated spectral functions Aa,σ (k, ω) = − 1

π
ImGa,σ (k, ω), the

(static) dc conductivity [σdc(T )], computed within the
DMFT formalism [85,86], can be expressed as σdc(T ) =
2πe2

h̄V v2 ∑
a,σ

∫
dεA(0)

a,σ (ε)
∫

dωA2
a,σ (ε, ω)[− f ′(ω)]. In this ex-

pression, A(0)
a,σ (ε) is the bare DFT DOS of the a orbitals with

spin-σ (Fig. 2), V is the unit-cell volume, and f (ω) is the
Fermi function. As in Ref. [52], the approximation made here
is to ignore the k dependence of electron’s velocity vk,a. In
this situation, following Saso et al. [87], we approximate vk,a

by an effective, k-independent carrier velocity (v) for the
Pb-6p orbitals. Importantly, Refs. [87] and [88] have shown
that this assumption works well for numerical computations
of σac(ω) for Kondo insulators (FeSi and YbB12), V2O3

and Fe-pnictide superconductors, supporting our approxima-
tion in σdc(T ) above. Furthermore, the same approximation
has been successfully employed in studies of thermoelec-
tric transport in p- and d-band systems [89], consistently

yielding qualitative good agreement between theory and
experiment.

In Fig. 5, we present the T dependence of the elec-
trical conductivity σdc(T ), computed using the T = 0 K
orbital-resolved DFT + DMFT spectral functions for both the
undoped (main panel) and electron-doped (inset) γ -CsPbI3

semiconductor, using fixed U = 9.0 eV together with the
SOC and doping values adopted in Figs. 3 and 4. As shown
in the main panel of Fig. 5, the DFT + DMFT results for
the parent compound display an increase in conductivity
with temperature, consistent with the intrinsic semiconduct-
ing character of γ -CsPbI3. Notably, the σdc(T ) curve at λ =
0.0 eV shows good qualitative agreement with earlier results
for CsPbI3 [4], supporting the validity of the approximations
employed in our calculations. A key observation, however,
is that σdc(T ) decreases once SOC is included. This occurs
because the SOC-induced bound states [90] are confined at
low energies, reducing the thermally activated itinerancy of
charge carriers. Such confinement may be linked to the carrier
self-trapping recently reported in the two-dimensional hybrid
perovskite (BA)2(MA)2Pb3I10 [84]. Interestingly, this local-
ization is lifted upon electron doping, as illustrated in the inset
of Fig. 5, where the dc conductivity is restored with increasing
Pb − 6p band filling n. This indicates that SOC-driven weak
localization can be overcome by doping, paving the way for
novel states of quantum matter. Another striking feature in
the inset is the abrupt shift from a correlated semiconducting
state to a metal at n=1.85. Overall, our results suggest that the
interplay between SOC-induced local spin fluctuations [74]
and electron doping enables low-T itinerancy by opening a
metallic channel within the correlated semiconducting back-
ground. Without this mechanism, γ -CsPbI3 would remain a
MO Kondo-like correlated insulator [53] down to the lowest
temperatures. Thus, our DFT + DMFT analysis captures the
emergence of metallicity, or equivalently, the suppression of
self-trapping [84], as a function of band filling in this corre-
lated p-band semiconductor.

In order to shine microscopic insights on the electronic
structure reconstruction derived above and its possible link
to current-voltage (I–V ) characteristic of γ -CsPbI3 mem-
ristor [91], in Fig. 6 we present our results computed
using the total DFT + DMFT DOS corresponding the dif-
ferent λ (main panel) and n (inset) values considered,
respectively in Figs. 3 and 4. As already pointed out in
Ref. [51], within the wideband limit of the left (L) and right
(R) electrodes, the current formula for a tunneling exper-
iment reads I = 2e

h̄

∑
α

∫
dω �̃(ω){ fL(ω) − fR(ω)}ρtotal (ω)

[92,93], where �̃(ω) = �L(ω)�R(ω)/�(ω) with �α (ω) =
π

∑
k |tα

k |2 δ(ω − εkα ) being the coupling strength between
electrode α and the central region [94], and �(ω) = �L(ω) +
�R(ω). fα (ω) = 1/(eβ(ω−μα ) + 1) and ρtotal (ω) are, respec-
tively, the Fermi function of the electrode α and the total DOS
of the Pb-6p channel of γ -CsPbI3. Moreover, for simplicity,
we assume a symmetric voltage drop, μL = −μR = eV , and
the wideband limit with constant DOS for the leads.

In Fig. 6, we show the semi-logarithmic (I–V ) charac-
teristic curves obtained using the DFT + DMFT total DOS
for the different λ (main panel) and n (inset) values shown,
respectively, in Figs. 3 and 4. As seen, γ -CsPbI3 exhibits
memristive behavior, where the resistance steady-state value
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FIG. 6. Evolution of the semi-logarithmic (main panel) current-
voltage (I–V ) curves of γ -CsPbI3 bulk crystal for different values
of SOC (main panel) and total Pb-6p band filling (inset). Notice the
memristive behavior with an ON/OFF ratio as high as 104 and the
unipolar switching. In both panels, we displays a theory-experiment
comparison of the I–V characteristics taken from Ref. [91], showing
good qualitative agreement at positive voltages between experimen-
tal curve and the DFT + DMFT result for n = 2.1 in the inset.

shows an ON/OFF ratio as high as 104. Our results in Fig. 6
suggest that γ -CsPbI3 exhibits resistive memory with unipolar
(or symmetric) [95,96] low-resistance state (LRS) and high-
resistance state (HRS). However, in contrast to the switching
behavior derived within our theoretical framework, which
does not depend on the polarity of the voltage and current
signal, in experiments the I–V characteristic of γ -CsPbI3 [91]
is bipolar (or antisymmetric). This is because of the fact that
the structure of the real system has some intrinsic asymmetry
arising from different electrode materials or the voltage polar-
ity during the initial electroforming step [95], resulting in a
bipolar switching behavior.

To provide support to our correlated plus SOC and electron
doping scenario, in Fig. 6 we compare our theoretical results
with an experimental I–V curve taken from Ref. [91]. As
seen, the experimental curve indicates that the sweep cycle
of nonvolatile [97] devices is formed at positive and negative
voltages, which may be mediated by the drift of ionic defects
[91]. However, a particularly interesting feature observed in
our results in the inset of Fig. 6 is the changes in selectivity as
well as in the voltage window obtained for n = 2.1, suggest-
ing that the changes in the I–V characteristics in experiment
might also be influenced by the voltage dependence of the
position of EF relative to the top or the bottom of the valence
and conduction band, as demonstrated in Ref. [82]. Impor-
tantly, both in theory (for n = 2.1) and experiment, during the
applied voltage sweep from 3.0 V to 0 V the current decreases
similarly. At this point, the system changes to a low-V chaotic
[98] state, implying that the selector in experiment switches

from an OFF state at 0.47 V to an ON state at 1.5 V and
reaches a plateau, which almost coincides with our theory
result for n = 1.5 near the border of the positive voltage loop.
Thus, similar to other nonvolatile systems [99], after reaching
the final current plateau at 3.0 V the current reduces as the
applied voltage is swept back to the hold voltage, suggesting
that γ -CsPbI3 memristor changes its Pb-6p valence state, and
the device returned to an OFF state at low voltages. Our results
in the inset of Fig. 6, therefore, indicate that the small changes
in the total Pb-6p band filling, resulting from doping or alloy
engineering [80,81], are detrimental to inducing the memris-
tive behavior in Pb-based perovskite for future neuromorphic
computing.

III. CONCLUSIONS

In summary, we investigated the role of electron–electron
interactions, SOC, and electron doping in shaping the MO
Pb-6p electronic state of γ -CsPbI3. Using the DFT + DMFT
framework, we demonstrated that electronic correlations
combined with SOC drive a profound reconstruction of
the electronic structure, characterized by dynamical spectral
weight transfer, a hallmark of correlated systems. Our results
highlight the emergence of spin–orbit–induced bound states
and their interplay with doping, which collectively leads to
orbital-selective behavior and the onset of unconventional
metallic phases. In a previously underrecognized correlated
regime in γ -CsPbI3, we show how SOC and electron corre-
lations cooperate to generate in-gap resonances and orbital
selectivity. Upon electron doping, γ -CsPbI3 exhibits coex-
isting semiconducting and narrow bound states below the
Fermi level, along with a doping-driven transition to a strange
metal phase at critical band filling. These findings provide a
microscopic description of the orbital-selective reconstruction
in γ -CsPbI3, positioning this compound as a model system
for exploring the competition between MO electronic correla-
tions, SOC, and doping in Pb-based halide perovskites.
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