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Halide perovskites (HPs) are widely viewed as promising photovoltaic and light-emitting materials for their
suitable band gaps in the visible spectrum. Density functional theory (DFT) calculations employing (semi)local
exchange-correlation functionals usually underestimate the band gaps for these systems. Accurate descriptions of
the electronic structures of HPs often demand higher-order levels of theory such as the Heyd-Scuseria-Ernzerhof
(HSE) hybrid density functional and GW approximations that are much more computationally expensive than
standard DFT. Here, we investigate three representative types of HPs, ABX; halide perovskites, vacancy-ordered
double perovskites, and bond disproportionated halide perovskites (BDHPs), using DFT + U + V with onsite
U and intersite V Hubbard parameters computed self-consistently without a priori assumption. The inclusion of
Hubbard corrections improves the band gap prediction accuracy for all three types of HPs to a similar level
of advanced methods. Moreover, the self-consistent Hubbard U is a meaningful indicator of the true local
charge state of multivalence metal atoms in HPs. The inclusion of the intersite Hubbard V is crucial to properly
capture the hybridization between valence electrons on neighboring atoms in BDHPs that have breathing-mode
distortions of halide octahedra. In particular, the simultaneous convergence of both Hubbard parameters and
crystal geometry enables a band gap prediction accuracy superior to HSE for BDHPs but at a fraction of the
cost. Our work highlights the importance of using self-consistent Hubbard parameters when dealing with HPs

that often possess intricate competitions between onsite localization and intersite hybridization.

DOLI: 10.1103/PhysRevB.106.195159

I. INTRODUCTION

Halide perovskites (HPs) have drawn intensive interest
over the past decade for their remarkable optoelectronic prop-
erties and promising photovoltaic applications [1-4]. The
suitable and tunable band gap and small charge carrier effec-
tive mass of HPs make them excellent candidates for optical
absorber materials [5,6]. Since the report of the very first
perovskite-based solar cell (PSC) by Kojima et al. in 2009, the
power conversion efficiencies of PSCs have improved rapidly
from 3.8% to 25.5% [1,4]. Despite the high performance and
the low fabrication cost of HPs, the intrinsic long-term insta-
bility remains a major hurdle impeding the commercialization
of PSCs [7,8]. In addition, the presence of toxic elements
such as lead (Pb) raises concerns regarding the environmental
and health impacts of large-scale deployment of Pb-based
PSCs [9,10]. All these issues have prompted the scientific
community to search for different types of perovskite deriva-
tives [11].

The prototypical HP has a general chemical formula of
ABX3, where A is a monovalent organic or inorganic cation
(e.g., CH3NH§L and Cs™), B is a divalent metal cation (e.g.,
Pb?>* and Sn>*), and X is a halide anion (e.g., I”, Br™, and
CI7). The ABXj; structure consists of a corner-sharing BXg
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octahedra network with the A-site cations locating in the cav-
ities between adjacent octahedra [Fig. 1(a)]. To address the
long-term instability issue of CsSnl; in which Sn adopts a
formal oxidation state of 2+, Lee et al. introduced Cs,Snlg, a
vacancy-ordered double halide perovskite (VODP), that has
Sn adopting the 4+ formal oxidation state and is stable in
air and moisture [12]. The VODP is derived from the ABX;
HPs by removing every other B-site cations [Fig. 1(b)], and
hence has a chemical formula of A,BXg [13,14]. By forming
vacancies at half of the B sites, the nominal oxidation state
of B changes from 2+ in ABXj to 4+ in A;BXs. Since then,
various types of VODPs such as Cs,BXs (B = Sn, Te, Ti, Zr,
Pd, Pt) in which the B site is occupied by metals with stable
oxidation state of 4+ have been synthesized [15-24].

Some HPs such as CsAuCl; [25] and CsTIF; [26] pos-
sess so-called breathing-mode distortions of halide octahedra
where BXg cages are alternately dilated and contracted in
a rocksalt-like pattern [Fig. 1(c)]. The breathing structural
distortions were originally attributed to the charge dispropor-
tionation of B-site cations, 2B%T — Bt + B3*, that leads to
two different sets of B-X bond lengths [27-29]. This type
of structural flexibility enriches the optical and electronic
properties of halide perovskites such as high-7¢ supercon-
ductivity and semiconductor-to-metal phase transition [26,29—
31]. Recently, such charge-ordering picture was challenged
both theoretically and experimentally [32-34]. For example,
investigations based on density functional theory (DFT) cal-
culations indicated that the physical charges of B-site cations
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FIG. 1. Schematics of three types of halide perovskites. (a) Prototypical ABX; HP, (b) A,BXs VODP, and (c) ABX; BDHP.

in CsAuCl; remain largely unchanged despite being in dif-
ferent local environments [33,34]. This is due to the “charge
self-regulating response” [32] in which B-site metal atoms
and X ligands rehybridize to prevent the creation of highly
charged cations through the ligand-to-metal charge transfer.
For this reason, it was proposed to describe these ABX3 HPs
as “bond disproportionated” (BD) instead of “charge ordered.”
Similarly, it was found that the actual charge density residing
on the Sn atom in CsSnl; and Cs;Snlg is nearly identical
although Sn adopts different formal oxidation states in these
two compounds [35].

An accurate description of the electronic structures of
different types of HPs is vital for the rational design and
optimization of HP-based photovoltaic and optoelectronic de-
vices. DFT has played an important role in the discovery and
design of HPs [6,36-38]. However, the accuracy of DFT is
limited by the approximations to the exchange-correlation en-
ergy functional. The remnant self-interaction error (SIE) [39]
within the local-density approximation [40] and generalized
gradient approximation (GGA) [41] often causes a consider-
able underestimation of band gaps in systems with localized
electronic states (e.g., 3d electrons). It is noted that when the B
site is occupied by heavy elements such as Pb, the inclusion of
the spin-orbit coupling (SOC) effects in DFT calculations can
significantly reduce the theoretical band gap values [36]. As
a result, there exists a notable error cancellation when using
GGA without SOC to evaluate the band gaps of Pb-based
HPs [37,38]. Advanced methods such as the GW approxima-
tion and the Heyd-Scuseria-Ernzerhof (HSE) hybrid density
functional are more accurate, but their expensive computa-
tional costs often limit the applications to small systems of
tens of atoms.

The DFT 4 U method based on the mean-field Hubbard
model that removes SIE is a cost-effective way to improve the
descriptions of electronic correlations [42]. Specifically, the
Hubbard energy approximates derivative discontinuities [43]
and enforces the piecewise linearity of the total energy with
respect to occupation numbers for states in the Hubbard man-
ifold [44]. The Hubbard parameter U gauges the strength of
the onsite (screened) Coulomb repulsion of localized elec-
trons and is critical for the accuracy of DFT + U. In many
studies, the value of U is assumed to be element-specific and
is manually tuned to reproduce experimental results and/or

results from higher-order levels of theory. It is highly de-
sirable to determine U in an unbiased way with minimum
human intervention. In order to address this problem, Agapito
et al. formulated a pseudohybrid Hubbard density functional,
Agapito-Curtarolo-Buongiorno Nardelli (ACBNO), enabling
a direct self-consistent computation of Hubbard U param-
eters [45]. By further including the Coulomb interactions
between electrons on nearest-neighboring Hubbard sites [46]
(denoted as intersite V), Lee et al. and Tancogne-Dejean
et al. respectively developed an extended version of ACBNO,
termed eACBNO, that enables a fully ab initio DFT + U +V
method using self-consistent onsite U and intersite V param-
eters [47,48]. In addition, the common practice to apply U
corrections only to partially filled and localized d and f states
is based on the assumptions that (a) those d and f states
contribute the most to the Hubbard energy and (b) s and p
states are likely more diffusive such that they are already well
described by conventional exchange-correlation functionals
like PBE. However, these assumptions, in our opinion, should
not be regarded as “universal principles.” When the valence
states near the Fermi level are dominated by s- and/or p-
orbital characters, it is justified to apply U corrections to those
states based on the definition of Hubbard energy [45].

It is desirable to develop a fully ab initio and computation-
ally affordable approach to accurately predict the electronic
structures of HPs. In this work, by employing ACBNO and
eACBNO, we perform an extensive investigation on the elec-
tronic structures of three different types of HPs: prototypical
ABX3 HPs, A»BXs VODPs, and ABX; BDHPs, as sketched in
Fig. 1. We compare the band gap values with those obtained
in experiments and calculated by HSE and GW methods (if
available), and find that the self-consistent Hubbard U and V
parameters affect the electronic structures of HPs to different
degrees depending on the chemical bonding nature. For pro-
totypical ABX3; HPs, the DFT + U method with U computed
with ACBNO is sufficiently accurate, yielding band gap values
at the GW level; the intersite V, however, has limited impacts
on the band structures. As regards VODPs, both U and V
play significant roles, with DFT 4- U correcting the band gap
values to the HSE level and DFT + U + V further to the GoW,
level. In the case of BDHPs, we discover canceling effects
when applying U corrections to different localized states and
the inclusion of the intersite Hubbard V is crucial to capture
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the hybridization between valence electrons on neighboring
Hubbard sites. Finally, we demonstrate that the simultaneous
convergence of both Hubbard parameters and crystal geome-
try enables a band gap prediction accuracy superior to HSE
for BDHPs.

II. COMPUTATIONAL METHODS

We perform standard DFT calculations with QUANTUM
ESPRESSO (QE) [49,50] using GGA of the Perdew-Burke-
Ernzerhof (PBE) parametrization [41]. Ultrasoft pseudopoten-
tials taken from the Garrity-Bennett-Rabe-Vanderbilt (GBRV)
library [51] are used for structural optimizations. For all inor-
ganic HPs, we fully optimize both the lattice constants and
atomic positions. In the case of organic-inorganic hybrid HPs
such as CH3NH;PbI;, since the lattice constants optimized
with the zero-kelvin DFT method often depend on a priori
orientational ordering of molecular cations, we decide to only
relax the atomic positions with lattice constants fixed to ex-
perimental values. We use an energy convergence threshold
of 107 Ry, a force convergence threshold of 10~® Ry/bohr,
and a plane wave cutoff energy of 50 Ry to obtain the ground-
state structures. An 8 x 8 x 8 k-point mesh is used for cubic
HPs, and the k-point mesh is modified accordingly for other
phases to maintain a similar k-point density. For VODPs and
BDHPs, a4 x 4 x 4 k-point mesh is used. Then based on PBE
optimized structures, we compute U and V parameters with
ACBNO and eACBNO using an in-house version of QE [47]
and GBRV pseudopotentials. The threshold for the conver-
gences of U and V values is set as 107 Ry of Hubbard
energy. Kirchner-Hall and coworkers calculated the onsite
Hubbard U parameters with first-principles density functional
perturbation theory for 20 compounds containing transition-
metal or p-block elements and found that the orthogonalized
projectors gave the most accurate band gaps [52]. Here, we
also use orthogonalized projectors (ortho-atomic orbitals as
implemented in QE) for DFT + U calculations.

To include the SOC effects on the band gaps, fully rela-
tivistic optimized norm-conserving pseudopotentials provided
by the PseudoDoJo project [53] are chosen, and an increased
plane wave cutoff energy of 80 Ry is used to compute the
band gaps. Because current implementation of DFT + U +V
in QE does not support fully relativistic pseudopotentials,
the SOC-induced band gap correction in eACBNO+SOC is
approximated as Asoc = Eg(DFT + U + SOC) — Eo(DFT +
U), where the values of U in DFT + U are computed
self-consistently with ACBNO. That is, for a given HP,
we assume the magnitudes of Agoc in ACBNO+SOC and
eACBNO+SOC are the same. For DFT + U and DFT + U +
V calculations, we employ the simplified rotationally invariant
formulation [54], and the atomic orbitals orthogonalized using
Lowdin’s method [55,56] are adopted to construct projectors
of the Hubbard manifold. The same settings of DFT + U + V
are used in the sc-eACBNO loop (see later discussions) to
converge both geometry and Hubbard parameters at the same
time. The sc-eACBNO calculation reaches the convergence
when the changes in Hubbard parameters are less than 10~
Ry. All structural files of optimized structures and representa-
tive input files for DFT 4+ U and DFT 4 U 4 V calculations
are uploaded to public repositories [57,58].

TABLE 1. Self-consistent U and V values (in eV) for different
orbitals in CsSnl; and Cs,Snlg computed with ACBNO and eACBNO
using the ground-state structures optimized with PBE. Vj, is the
intersite Hubbard term between nearest-neighboring Sn-5s and I-5p;
V,p is for intersite interactions between Sn-5p and I-5p. Underlined
Hubbard parameters are most important for band gap predictions.

CsSnl; Cs,Snlg
ACBNO eACBNO ACBNO eACBNO
U (Cs-6s) 0.01 0.01 0.10 0.10
U(Cs-5p) 5.80 5.67 6.45 6.42
U (Sn-5s) 2.37 2.26 1.59 1.05
U(Sn-5p) 0.10 0.14 0.13 0.15
U (I-5s) 9.75 9.81 9.34 9.26
UI-5p) 4.08 4.07 4.46 4.40
Vip 1.60 1.18
Vop 1.57 1.67

III. RESULTS AND DISCUSSION

A. Electronic structures of prototypical ABX; HPs

It is common to apply Hubbard corrections to strongly
localized d and f electrons [59-61], though recent investiga-
tions highlighted the importance of applying U corrections to
also s and p states [47,48,62,63]. In practice, the construction
of the Hubbard manifold, namely the orbitals on which the
Hubbard Hamiltonian will act, is largely based on empirical
rules or intuition. Here, taking CsSnl3 as an example, we com-
pute Hubbard parameters with ACBNO for multiple orbitals at
the same time: Sn-5s, Sn-5p, I-5s, I-5p, Cs-6s, and Cs-5p.
The self-consistent U values are reported in Table 1. The
magnitude of U in ACBNO depends on the degree of local-
ization of the Bloch states because of the introduction of the
renormalized density matrix, which makes sure that ACBNO
reduces to PBE for delocalized states that are already properly
described by PBE [45]. This is indeed the case for Cs-6s and
Sn-5p states; both have nearly zero U values. In comparison,
the onsite U for the Sn-5s states in CsSnl; acquires a non-
negligible magnitude of 2.37 eV, an indication of appreciable
electronic correlation effects of lone-pair 5s electrons of Sn.
These results demonstrate that a self-consistent approach that
naturally picks up important orbitals to construct the Hubbard
manifold is capable of reducing the bias due to an ad hoc
orbital selection.

A detailed analysis is performed to diagnose the effects
of the Hubbard U on the electronic structure of CsSnlj
by comparing the results obtained with Hubbard manifolds
of different constituent local states. The PBE band struc-
ture and projected density of states (PDOS) are shown in
Fig. 2(a), revealing that the valance-band edge is predomi-
nantly of I-5p character with small Sn-5s hybridization while
the conduction-band edge takes almost exclusively a Sn-5p
character. The isolated single band between —6 and —8 eV
is from Sn-5s and I-5p states. PBE gives a direct band gap
of 0.40 eV at I', much lower than the experimental value of
1.3 eV. After applying a Hubbard U correction of 2.37 eV
to Sn-5s states [denoted as DFT + Ug(Sn)], the band gap
increases to 0.78 eV, due to a rigid downshift of the top of the
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FIG. 2. Diagnostic analysis of Hubbard U corrections in CsSnl;. Comparison between the band structures and projected density of states
(DOS) computed with (a) PBE, (b) ACBNO with Hubbard U applied to Sn-5s states, (c¢) ACBNO with Hubbard U applied to I-5p states, and
(d) ACBNO with U corrections applied to both Sn-5s and I-5p states. U values are reported in Table I. All band structures have the core
energies aligned and use the same absolute energy as the Fermi level to show the band shifting resulting from U corrections.

valence manifold [Fig. 2(b)]. Given the small contribution of
Sn-5s states to the valance-band edge, the improved band-gap
prediction resulting from U,(Sn) seems puzzling. We find that
the use of U;(Sn) downshifts the single band between —6
and —8 eV such that the s-p repulsion between this low-lying
band of substantial Sn-5s character and the I-5p bands that
dominate the valence-band edge is reduced, eventually lead-
ing to the downshift of the valance band maximum (VBM). A
similar gap opening mechanism was also found in ZnO [45].
It was shown that applying U corrections to low-lying Zn-3d
states would reduce the p-d repulsion between Zn-3d and
O-2p bands, which in turn lowered the energy of the valance
band maximum and increased the band gap. We note that as
U,(Sn) is computed self-consistently in ACBNO, the observed
reduction of s-p repulsion is likely a genuine manifestation
of the correlation effect of the 5s* lone pair of Sn despite
the common belief that lone-pair electrons are inactive. Ap-
plying an onsite Coulomb potential to 5p electrons on I sites
alone [denoted as DFT + U,(I)] also increases the band gap
to 0.95 eV, ascribed to the downshift of I-5p bands [Fig. 2(c)].
Though DFT + Uy (Sn) and DFT + U,(I) give comparable
band gap values (0.78 versus 0.95 eV), their PDOS spectra
are notably different. Specifically, the PDOS between —6
and 0 eV obtained with DFT + U,(I) splits into two regions
with a minor peak at —2 eV; such splitting is absent in the
PDOS spectrum computed with DFT + U;(Sn). The change
in PDOS near the Fermi level (Er) will likely impact the elec-

tronic transport properties such as carrier mobility. Finally,
the concomitant use of Uy(Sn) and U,(I) increases the band
gap to 1.38 eV, agreeing well with the experimental value
of 1.3 eV. Because bands of Cs-5p and I-5s characters are
low-dispersion deep levels, applying U corrections to these
semicore states has little impact on states near Er and the band
gap.

We further consider intersite Hubbard interactions be-
tween nearest-neighboring Hubbard sites with V parameters
computed self-consistently with eACBNO. It is noted that
eACBNO also evaluates all on-site Hubbard parameters on-
the-fly, and the U values obtained with ACBNO and eACBNO
are comparable (Table I). The self-consistent V parameter
corresponding to the hybridization between valence 5s and 5p
electrons of nearest-neighboring Sn and I atoms is ~1.6 eV.
Interestingly, as illustrated in Fig. 3, the inclusion of this
intersite V correction does not alter the band gap or the
band dispersion: ACBNO and eACBNO band structures match
closely with each other. As we will discuss in detail below,
the electronic structure of CsSnl; is insensitive to Hubbard V
corrections due to the antibonding nature of VBM.

A series of calculations are performed to explore the ac-
curacy of ACBNO and eACBNO methods for a list of ABX3
HPs and their polymorphs (o = cubic, y = orthorhombic, and
t = tetragonal) with known experimental band gaps. Based
on above detailed investigations on CsSnls, the Hubbard U
corrections are applied B-site s states and X -site p states. The
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FIG. 3. Comparison of the band structures of CsSnl; obtained
with PBE, ACBNO, and eACBNO, respectively. The valence band
maximum is set as the Fermi level.

states of A-site atoms contribute little to band edges, thus
being excluded from the Hubbard manifold. The intersite V
between s electrons on B sites and p electrons centered on
nearest-neighboring X sites is considered in eACBNO. The
band gaps are tabulated in Table II and plotted in Fig. 4.

For Sn-based HPs, PBE, with a mean absolute error (MAE)
of 1.01 eV, substantially underestimates the band gap val-
ues with reference to experimental results [Fig. 4(a)]. Both
ACBNO and eABNCO improve the band gap predictions upon

PBE, and their MAEs are 0.37 and 0.36 eV, respectively. The
nearly identical MAEs of ACBNO and eACBNO indicate the
intersite V interactions are not essential in these HPs. We
note that this reflects a good feature of eACBNO: It reduces
to ACBNO when the electronic structure is already prop-
erly described without including intersite V. Additionally,
the inclusion of SOC only reduces the band gap slightly for
Sn-based HPs [Fig. 4(b)]: the average band gap reduction is
0.32 eV for HPs containing I, 0.27 eV for Br, and 0.24 eV
for Cl. In general, both ACBNO+SOC (MAE = 0.38 eV)
and eACBNO+4+-SOC (MAE = 0.44 eV) are more accurate
than HSE4-SOC (MAE = 0.61 eV), while GW +SOC appears
to be the most reliable (MAE = 0.18 eV). We find that
for ¢-CsSnCl; and a-MASnCl3, the band gaps predicted by
eACBNO4-SOC (1.81 and 2.26 eV), though being much better
than those predicted with PBE4SOC (0.57 and 1.46 eV), re-
main much lower than experimental values (2.9 and 3.69 eV).
Actually, the GW values (2.70 and 3.44 eV) are also slightly
smaller than experimental values. Considering that eACBNO
is essentially a mean field approach, it is not that surprising
that this method may show its own limitation in some cases,
being less accurate than the GW method that is based on
many-body perturbation theory.

In the case of Pb-based HPs, PBE achieves a good
agreement with experimental data due to fortuitous error can-
cellations in the absence of SOC. As expected, the band gap

TABLE II. Comparison of the band gaps (in eV) as computed with different methods and as measured in experiments for prototypical
ABX; HPs. The mean absolute error (MAE) of each method is computed for Sn-based HPs and Pb-based HPs separately; MAE, reflects the

accuracy for all ABX; HPs.

This Work

Without SOC With SOC Reference
ABX; PBE ACBNO eACBNO PBE ACBNO eACBNO HSE+SOC GW+S0C Expt.
y-CsSnl; 0.81 1.68 1.61 0.48 1.36 1.29 1.13 [38] 1.3 [72] 1.3 [73]
Y-CsSnl; 2.06 2.97 2.95 1.90 2.83 2.81 2.7 [72] 2.55[73]
B-CsSnBr; 0.79 1.91 1.83 0.54 1.72 1.64 1.740 [72] 1.8 [74]
a-CsSnl; 0.40 1.38 1.24 0.005 1.00 0.86 0.82 [38] 1.008 [72] 1.3 [35]
«-CsSnBr3 0.57 1.70 1.61 0.22 1.42 1.33 1.09 [38] 1.382 [72] 1.75 [75]
a-CsSnCls 0.92 2.12 2.05 0.57 1.88 1.81 1.42 [38] 2.693 [72] 2.9[76]
t-MASnI; 0.57 1.47 1.35 0.30 1.15 1.03 1.11 [38] 1.10 [77] 1.2 [78]
y-MASnI; 0.75 1.64 1.53 0.45 1.28 1.17 1.38 [38] 1.20 [79]
«-MASnI; 0.55 1.45 1.34 0.22 1.06 0.95 0.92 [38] 1.03 [80] 1.15 [81]
«-MASnBr3 0.83 1.95 1.83 0.52 1.61 1.49 1.4 [38] 1.90(GW) [82] 2.15[82]
a-MASNCl; 1.68 2.62 2.50 1.46 2.38 2.26 2.25 [38] 3.44(GW) [82] 3.69 [82]
MAE 1.01 0.37 0.36 1.30 0.38 0.44 0.61 0.18
y-CsPbl; 1.83 2.86 2.84 0.74 1.67 1.65 1.75 [38] 1.57 [83] 1.72 [84]
8-CsPbl; 2.52 3.55 3.54 1.87 2.75 2.74 2.64 [85] 2.82 [86]
«-CsPbl; 1.48 2.54 2.50 0.21 1.22 1.18 1.25 [38] 1.14 [83] 1.73 [84]
«-CsPbBr3 1.78 3.31 3.28 0.56 2.06 2.03 1.64 [38] 2.30 [87] 2.36 [88]
a-CsPbCl; 2.21 3.85 3.84 0.97 2.62 2.61 2.18 [38] 3.03 [87] 3.0 [88]
t-MAPbDI; 1.70 2.75 2.69 0.60 1.49 1.43 1.45 [38] 1.67 [77] 1.55 [89]
y-MAPbDI; 1.76 2.76 2.71 0.72 1.52 1.47 1.74 [38] 1.633 [90]
a-MAPDI; 1.61 2.66 2.59 0.44 1.34 1.27 1.32 [38] 1.675 [91] 1.55[92]
«-MAPbBr3 1.98 3.27 3.19 0.82 1.97 1.89 1.81 [38] 2.55[93] 2.24[92]
a-MAPbCl; 2.48 3.80 3.73 1.28 2.49 2.42 2.41 [38] 3.49 [93] 2.97 [92]
MAE 0.31 0.98 0.93 1.34 0.24 0.29 0.37 0.24
MAE, 0.68 0.66 0.63 1.32 0.31 0.37 0.48 0.21
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FIG. 4. Comparison of experimental and theoretical band gaps computed with different methods for Sn-based HPs (a) without and (b) with

SOC, and for Pb-based HPs (c) without and (d) with SOC.

values obtained with PBE4-SOC become much smaller and
deviate significantly from experimental values [Fig. 4(d)],
leading to a large MAE of 1.34 eV. The band gap reduction
due to SOC is 1.11 eV. In comparison, ACBNO+SOC and
eACBNO0+-SOC using self-consistent Hubbard parameters all
improve upon PBE+SOC and demonstrate satisfying predic-
tive power, a MAE of 0.24 eV for the former and 0.29 eV for
the latter. In summary, it is important to include SOC for HPs
containing Pb, and both ACBNO+SOC and eACBN0+-SOC
have consistent accuracy for all studied ABX3-type HPs but
are much more affordable than HSE+SOC and GW +SOC.

B. Electronic structures of A,BXs VODPs

As a typical VODP, Cs,Snlg has Sn adopting a formal
oxidation state of +4, which has been used to explain its
enhanced stability relative to CsSnl; [12]. However, Xiao
et al. [13] pointed out that the Sn ion in Cs,;Snlg also adopts
a +2 oxidation state where [Snlg]>~ is better understood
as {Sn** + [IS7L27]*"} with L3 representing two holes
(L") localized on ligand atoms. Dalpian et al. [35] used
the mechanism of “self-regulating response” (SRR) [32] to
explain the relationship between formal oxidation state and
the actual charge density residing on the Sn atom: The holes
introduced by B-site vacancies are absorbed by the whole
system through self-consistent metal-ligand rehybridization.
Specifically, DFT calculations revealed that the Sn atom in
Cs,Snlg loses 0.6 electrons of 5s character but gains 0.2
5p electrons such that the charge density residing on Sn

is almost unchanged compared to that in CsSnl;. Table I
reports the self-consistent Hubbard parameters for Cs;Snlg
computed with ACBNO. The Hubbard U for Sn-5s in Cs;Snlg
is 1.59 eV, slightly smaller than U;(Sn) of 2.37 eV in CsSnl;.
This supports the SRR mechanism since the magnitude of
self-consistent U in ACBNO is proportional to the occupancy
of the localized orbital; if Sn loses all 5s electrons and
becomes +4, U;(Sn) would be nearly zero. Therefore, the
self-consistent onsite U could serve as a direct measurement
of the local charge state.

An important consequence of metal-ligand rehybridization
in Cs,Snlg is that Sn-5s now has no substantial contribu-
tion to the VBM but becomes important at the conduction
band minimum (CBM), as shown in Fig. 5(a). We perform
a diagnostic analysis to comprehend the impacts of onsite
U corrections applied to different local orbitals using self-
consistent U determined from ACBNO. In reference to a PBE
band gap of 0.18 eV, applying the Hubbard U to Sn-5s states
actually pushes down the CBM and decreases the band gap
slightly to 0.11 eV [Fig. 5(b)]. Because I-5p states dominate
the top of the valence-band manifold, the inclusion of U,(I)
downshifts the valance-band edge [Fig. 5(c)] and gives a band
gap of 1.03 eV. The concomitant use of Uy(Sn) and U,(I)
yields a band gap of 0.96 eV, agreeing reasonably well with
the experimental value of 1.26 eV. It is noted that in some
previous studies, the percentage («) of Hartree-Fock exact
exchange in HSE is adjusted to reproduce the experimental
band gap [13,18]. For Cs,Snlg, HSE with « = 0.25 predicts a
band gap of 0.93 eV, while HSE with o = 0.34 gives a band
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FIG. 5. Diagnostic analysis of Hubbard U corrections in Cs,Snls. Comparison between the band structures and projected density of states
(DOS) computed with (a) PBE, (b) ACBNO with Hubbard U applied to Sn-5s states, (c) ACBNO with Hubbard U applied to I-5p states, and
(d) ACBNO with U corrections applied to both Sn-5s and I-5p states. U values are taken from Table I. All band structures have the core
energies aligned and use the same absolute energy as the Fermi level to show the band shifting resulting from U corrections.

gap of 1.26 eV. In contrast, ACBNO is fully ab initio without
tuning parameters. The band gap of Cs,Snls is found to be
insensitive to SOC; for example, PBE and PBE4-SOC predict
a band gap of 0.18 and 0.13 eV, respectively.

Interestingly, unlike ABX; HPs that have band gap values
insensitive to V corrections, the band gap of Cs,Snlg increases
to 1.42 eV when the intersite Hubbard V interactions between
nearest-neighboring Sn-5s and I-5p orbitals are included. We
find that ACBNO and eACBNO band structures have similar
band dispersions, and the effect of Hubbard V corrections in
eACBNO is mainly manifested as a more pronounced upshift
of the conduction-band manifold (Fig. 6). As will be detailed
below, the band gap of Cs,;Snlg opens up monotonically with
increasing magnitude of V.

Figure 7 and Table III compare the PBE, ACBNO, and
eACBNO band gaps with HSE values taken from the litera-
ture for a few VODPs with known experimental results. The
consideration of SOC only slightly reduces the band gap by
0.19 eV for compounds containing I, 0.12 eV for Br, and a
negligible amount for Cl. We find that ACBN0O+SOC with a
MAE of 0.22 eV is much more accurate than PBE4+SOC with
a MAE of 0.81 eV, and is comparable with HSE that has a
MAE of 0.19 eV. Unexpectedly, eACBNO4-SOC turns out to
be less accurate (MAE = 0.75 eV) and often overestimates
the band gap. Despite this seemingly worsened performance,
we find that the band gaps predicted by eACBNO are simi-
lar to those obtained with the non-self-consistent many-body

GW method, GoW,, that accounts for dynamical screening.
Specifically, GoWyp+SOC predicts the band gaps of Cs,Tilg,
Cs,Zrlg, Cs,TiBrg, and Cs,ZrBrg as 2.31, 3.32, 3.87, and
5.02 eV [64], and eACBNO+SOC gives 2.27, 3.05, 3.35, and
4.43 eV, respectively, all higher than HSE values of 1.20, 2.58,
2.01, and 3.88 eV and available experimental data. Previous
studies showed that the GW /GyW, approximation yields par-
ticularly large errors for materials exhibiting shallow d states,

— PBE —— ACBNO —— eACBNO

4/

2 \/

ES_EE%

_‘==$—

_4 T T T T
L r X W K r

FIG. 6. Comparison of the band structures of Cs,Snls obtained
with PBE, ACBNO, and eACBNO, respectively. The valence band
maximum is set as the Fermi level.
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FIG. 7. Comparison of experimental and theoretical band gaps computed with different methods for A, BXs VODPs (a) without and (b) with

SOC.

mostly due to the neglect of the attractive interaction between
electrons and holes [65-68]. Given the presence of ligand
holes in VODPs, the observed band gap overestimation of
eACBNO is not surprising. Therefore, a possible remedy is to
include electron-hole interactions in eACBNO calculations (if
possible). Nevertheless, we argue that eACBNO is principally
a more reliable method with accuracy on par with GoW,, but
in the case of VODPs, the “trick” of error cancellation in
ACBNO (and HSE) somehow works out better than e ACBNO
and GoW,. It was also suggested that this is because VODPs
are not defect tolerant such that the presence of in-gap defect
states could strongly affect the measurement that gives an
experimental band gap lower than the intrinsic forbidden gap.
This could also explain the “overestimation” of eACBNO for
VODPs.

C. Effects of Hubbard V interactions in ABXj3
and A,BXs HPs

We perform a set of model calculations to understand
the effects of Hubbard V interactions on the band gaps of
CsSnl; and Cs,Snlg by gradually increasing the magnitude
of V parameters between nearest-neighboring Sn-5s and I-5p
orbitals. As shown in Fig. 8(a), the band gap of CsSnls
decreases linearly with increasing V while the band gap of
Cs,Snlg increases monotonically. Such opposite V depen-
dence of the band gap in these two different types of HPs
can be understood using the energy level diagrams [Figs. 8(b)
and 8(c)]. Before the hybridization, I-5p states have higher en-
ergy than Sn-5s states. The hybridization leads to the splitting
between the bonding and antibonding bands. This is the case
for both CsSnlz and Cs;Snlg. In CsSnls, both bonding and

TABLE III. Comparison of the band gaps (in eV) as computed with different methods and as measured in experiments for A,BXs VODPs.

This Work

Without SOC With SOC Reference
AyBXs PBE ACBNO eACBNO PBE ACBNO eACBNO HSE(SOC) Expt.
Cs,Snlg 0.18 0.96 1.42 0.13 0.80 1.26 0.92 [35] 1.26 [12]
Cs,SnBrg 1.41 2.48 3.18 1.32 2.37 3.07 2.49 [35] 2.7[15]
Cs,SnClg 2.64 3.96 4.61 2.61 3.94 4.59 3.89 [35] 3.9[15]
Cs,Telg 1.39 1.82 2.54 1.16 1.58 2.30 1.83 (SOC) [16] 1.59 [16]
Cs,TeBrg 2.16 2.58 3.34 2.04 243 3.19 2.7 (SOC) [17] 2.68 [17]
Cs,TeClg 2.76 3.32 3.98 2.61 3.10 3.76 3.4*(SO0) [17] 3.15[17]
Cs,Tilg 0.89 1.38 2.42 0.76 1.23 2.27 1.20 (¢ = 0.16) [18] 1.02 [18]
Cs, TiBrg 1.60 2.19 345 1.52 2.09 3.35 2.01 (¢ = 0.16) [18] 1.78 [18]
Cs,TiClg 2.27 2.93 4.23 2.26 2.90 4.20 2.54 [19]
Cs,Zrlg 1.83 2.40 3.24 1.65 2.21 3.05 2.58 (SOC) [64]
Cs,ZrBrg 2.83 3.58 4.53 2.73 348 4.43 3.88 (SOC) [64] 3.76 [20]
Cs,Pdl, 0.13 0.88 1.46 0.11 0.65 1.23 0.90 [94] 1.41 [21]
Cs,PdBrg 0.76 1.72 2.46 0.68 1.60 2.34 1.57 [23] 1.6 [22]
Cs,PdClg 1.42 2.50 3.26 1.38 2.46 3.22 2.68 [23] 2.4 (23]
Cs,Ptlg 0.64 1.53 2.19 0.54 1.39 2.05 1.39 [95] 1.4 [24]
Cs,PtBryg 1.41 2.48 3.30 1.35 2.37 3.19 2.33 [95]
Cs,PtClg 2.01 3.11 3.89 1.83 2.91 3.69 3.31 [95]
MAE 0.72 0.24 0.85 0.81 0.22 0.75 0.19

“Band gap values are extracted from the band structures.
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FIG. 8. Effects of Hubbard V interactions on the band gaps of
CsSnl; and Cs,Snlg. (a) Evolution of the band gaps as a function of
Hubbard V. Schematic diagram of the Sn-5s and I-5p energy levels in
(b) CsSnl; and (c) Cs,Snlg before (top panel) and after (middle and
bottom panels) hybridization. The antibonding and bonding bands
are labeled as A and B, respectively. In CsSnl;, the band gap is
mostly determined by the energy difference between the occupied
antibonding states and the empty Sn-5p states. A larger V that en-
hances the s-p hybridization will effectively push up the energy of
antibonding states thus reducing the band gap. In Cs,Snls, the VBM
is dominated by states of I-5p characters that are insensitive to V. A
larger V will push up the antibonding states and increase the band

gap.

antibonding states are occupied and the VBM is composed
of antibonding states; the band gap is determined by the en-
ergy difference between the occupied antibonding states and
the empty Sn-5p states. The intersite V parameter measures
the strength of hybridization between neighboring Hubbard
sites. Therefore, a stronger hybridization between Sn-5s and
I-5p will increase the bonding-antibonding energy splitting
that effectively pushes up the VBM and leads to a smaller
band gap [Fig. 8(b)]. In comparison, previous studies [13,35]
have confirmed that the VBM of Cs,Snlg is formed by the
antibonding states between I-5p orbitals that are nonbonding
to Sn, whereas the CBM is composed of the antibonding
states arising from the hybridization between Sn-5s orbitals
and [I] a1, molecular orbitals. It is then not surprising that the
VBM is not sensitive to V while a larger V will push the CBM
up and increase the band gap [Fig. 8(c)]. The enhanced stabil-
ity of Cs,Snlg relative to CsSnl; can thus be understood as the
depletion of antibonding states rather than Sn ions acquiring
a higher oxidation state of 44. Differently from CsSnl; that
has a small (negative) slope of the Eg-V line, the band gap of
Cs,Snlg is more sensitive to Hubbard V, indicating that the
Sn-I bonds in this VODP are much more covalent.

D. Electronic structures of BDHPs

The structures of two typical BDHPs, CsTICl; and
CsAuCls, are shown in Fig. 9. Both compounds have
breathing-mode distortions of the halide octahedra that lead
to two different local environments (DLEs) associated with
the same B element. In the unit cell of CsTICl; (space group
Fm3m), the TIClg cages are alternately dilated and contracted
isotropically, with T1-Cl bonds in each individual cage being
of the same length. The crystal structure of CsAuCl; has
alternately compressed and elongated [AlClg¢] cages along
the ¢ axis. Following the suggestions in Refs. [33,34], we
label the B-site cations based on the bond geometry instead of
formal oxidation state to avoid the misinterpretation of charge
ordering/disproportion, that is, B and BS for a B atom in a
large and small octahedron, respectively. The smaller [Clg]
cage in CsAuCl; is also strongly elongated along the ¢ axis,
and the two symmetry-inequivalent Cl atoms are labeled as
CI*? for the axial site and CI1° for the equatorial site [Fig. 9(b)].

We compute the band gaps of CsTICl; and CsAuCl; us-
ing PBE, ACBNO, and eACBNO, and compare them with
HSE and/or experimental values if available (Table IV). For
CsTICl3, ACBNO improves upon PBE, yielding a band gap
of 1.50 eV, and eACBNO further increases the band gap to
1.89 eV that is higher than the HSE value of 1.3 eV but com-
pares favorably with the experimental value of 2.5 eV. With re-
gard to CsTIF3, we observe a similar trend: the eACBNO band
gap of 3.10 eV is larger than the ACBNO band gap of 2.64 eV
but smaller than the HSE value of 3.9 eV. Interestingly for
CsAuCls, PBE and ACBNO predict similar band gaps (0.95
versus 0.90 eV), while eACBNO gives a band gap of 1.37 eV
that is lower than the HSE value of 1.51 eV and experimental
value of 2.04 eV. Overall, it is critical to take into account the
hybridizations between B-site cations and halides to achieve
better descriptions of the electronic structures of BDHPs.
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FIG. 9. Crystal structure of (a) cubic CsTICl; in the space group of Fm3m and (b) tetragonal CsAuCl; in the space group of I4/mmm.
Because of the breathing-mode distortions of halide octahedra, there are two different local environments (DLEs) associated with the same B
element. The Tl atoms in large and small halide cages are labeled as TI* and TI®, respectively. The same notations are used for Au" and AuS.
The smaller [Clg] cage in CsAuCl; is also strongly elongated along the ¢ axis, and the two symmetry-inequivalent Cl atoms are labeled as C1*

for the axial site and C1° for the equatorial site.

The observation that ACBNO and PBE predict nearly the
same band gap values for CsAuCl; is puzzling. We perform
a detailed analysis by gradually introducing self-consistent
U corrections to different orbitals. It is found that applying
U, of 2.23 eV to Aul-5d states slightly increases the band
gap to 1.09 eV [Fig. 10(a)], mainly due to the downshift of
the VBM that has Au"-5d character. In comparison, applying
Hubbard U to the 5d states of Au® atoms reduces the band
gap to 0.85 eV caused by the downshift of the CBM that
comprises AuS-5d states [Fig. 10(b)]. When the Hubbard U
corrections are applied to both Au“-5d and AuS-5d states,
their effects on the band gap cancel out each other. Similar
canceling effect is also found for CI*-3p and CI®-3p [see
Figs. 10(c) and 10(d)]. Consequently, the collective Hubbard
U corrections to 5d states of Au and 3p states of CI, though
strongly affecting the DOS spectrum, do not change the band
gap appreciably [Fig. 10(e)]. It is only after the application of
intersite V' corrections that the band gap increases due to the
upshift of the CBM [Fig. 10(f)].

E. Effects of Hubbard V interactions in BDHPs

The inclusion of the intersite Hubbard V is crucial to
properly capture the hybridization between valence electrons
on neighboring atoms in BDHPs. A detailed understanding

of the effects of V is therefore worthy of investigations.
There are four nonequivalent Au-Cl bonds in CsAuCl; with
r(Aut-C1?) < r(AuS-C1l°) < r(Au"-ClI°) < r(AuS-Cl*), cor-
responding to different degrees of hybridizations and four V
parameters (Table V). A set of model calculations reveals
that the band gap of CsAuCl; opens up with increasing
V (AuS-CI°), but decreases with increasing V (Au"-CI*), while
being insensitive to both V (Aut-ClI°) and V (AuS-CI*). That
is, the electronic structure is more sensitive to the intersite V
parameters of two shorter bonds. The trend can be understood
with the diagram illustrated in Fig. 11. The hybridization
between Au-5d and Cl-3p orbitals leads to the splitting be-
tween the bonding and antibonding states. Because of the
presence of two DLESs and the associated differing strengths in
hybridization, the antibonding states (denoted as A®) resulting
from Au-5d and CI-3p orbitals of the smaller [AuClg] cage
are higher in energy and are unoccupied; the antibonding
states (denoted as Al) resulting from Au-Cl hybridizations
in the larger [AuClg] cage are occupied and contribute to the
VBM. As a result, a large V (AuS-CI°) will push up the CBM
and increase the band gap, while an increase in V (Au-CI?)
will upshift the VBM and cause a gap reduction. A similar
trend is also found in CsTIF; and CsTICl; as well. For ex-
ample, CsTIF; has the band gap increasing with increasing
V(TIS-F).

TABLE IV. Comparison of the band gaps (in eV) as computed with different methods and as measured in experiments for BDHPs. The
sc-eACBNO method simultaneously converges both structure and Hubbard U and V parameters.

This Work Reference
PBE ACBNO eACBNO sc-eACBNO HSE Expt.
CsTICl; 1.00 1.50 1.89 2.67 1.3 [26] 2.5 [26]
CsTIF; 2.15 2.64 3.10 4.46 3.9 [26]
CsAuCl, 0.95 0.90 1.37 1.73 1.51 [33] 2.04 [29]
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FIG. 10. Diagnostic analysis of Hubbard U and V corrections in CsAul;. Comparison of density of states computed with PBE and
those computed with self-consistent Hubbard U corrections applied to (a) Au"-5d states, (b) AuS-5d states, (c) CI*-3p states, (d) CI*-3p
states, and (e) both Au-5d and Cl-3p states. Both U and V correlations are included in (f) that clearly shows an upshift of the CBM in

eACBNO.

It is evident that the band gaps of BDHPs depend on
the relative hybridization strength between two DLEs. A re-
cent work [69] shows that the self-consistent Hubbard V
plays a decisive role in describing the coupled charge and
lattice degrees of freedom in charge-ordered systems such
as Ba;_,K,AO; (A = Bi and Sb) [69]. So far, we obtain
self-consistent U and V parameters for a given structure opti-
mized with PBE. This then raises a few important questions:
Is it possible to converge both Hubbard parameters as well
as crystal geometry at the same time? How large an impact
will this have on the electronic structure? To address these
questions, we follow a protocol developed in Ref. [70] that

drives the system to the ground state while fully accounting
for the changes in the Hubbard parameters. The major differ-
ence between our protocol (termed sc-eACBNO) in Fig. 12
and that in Ref. [70] is that we use eACBNO instead of
density functional perturbation theory to compute Hubbard
parameters self-consistently [71]. The band gaps and con-
verged Hubbard parameters are reported in Tables IV and
V. Interestingly, the band gap prediction of sc-eACBNO im-
proves greatly over eACBNO. For example, sc-eACBNO gives
a band gap of 2.67 eV for CsTICl; and 1.73 eV for CsAuCls,
both in reasonable agreement with experimental values of 2.5
and 2.04 eV, respectively. Structurally, the equilibrium lattice
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TABLE V. Self-consistent U and V values (in eV) for differ-
ent orbitals in CsAuCl; computed with ACBNO, eACBNO, and
sc-eACBNO. V;, is the intersite Hubbard term between nearest-
neighboring Au-5d and CI1-3p orbitals. Underlined Hubbard param-
eters are most important for band gap predictions.

CsAuCl;
U/V Values ACBNO eACBNO sc-eACBNO
U (Cs-65) 0.00 0.00 0.00
U(Cs-5p) 2.87 2.85 2.39
U (Au“-6s) 0.11 0.15 0.22
U(Au“-5d) 2.23 2.35 2.59
U (Au®-6s) 0.05 0.06 0.06
U(Au®-5d) 3.69 3.49 3.53
U(CI*-3p) 3.42 3.44 3.52
U (CI*-3p) 3.60 3.65 3.79
V,(Au“-CI*) 2.56 2.59
V,(Au“-CI®) 1.96 1.88
V,,(AuS-CI*) 1.68 1.67
Vip(AuS-CI°) 2.32 2.35

constants and Au-ClI bond lengths obtained with sc-eACBNO
are ~1.7% larger than the corresponding PBE values (Ta-
ble VI). Such “structural dilation” has been previously
observed for LiMnPO, and MnPO, that DFT 4+ U + V pre-
dicts larger lattice constants than standard DFT [70]. Overall,
we believe sc-eACBNO is a cost-effective and accurate ap-
proach to predict the electronic structures of BDHPs. To
serve as a complete test, we further optimize the structures
of CsSnl; and Cs,Snlg with sc-ACBNO. We again observe
a “structural dilation” effect: The sc-eACBNO lattice con-
stants are larger than their PBE values by +1.4% and +1.2%
for CsSnl; and Cs,Snlg, respectively. In comparison with
eACBNO band gaps, sc-eACBNO band gaps only increase by
0.2 eV for both compounds, implying that the band gaps of
ABX;3-type HPs and VODPs are less sensitive to structural
perturbations than BDHPs.

IV. CONCLUSION

The vast diversity of chemical space enabled by HPs opens
up exciting opportunities to obtain novel materials with highly
tunable electronic properties for a broad range of applications.
It is desirable to have a fully ab initio method to accurately
predict the electronic structures of HPs with minimum hu-

TABLE VI. Theoretical and experimental lattice constants and
Au-Cl bond lengths (in A) of CsAuCls.

PBE sc-eACBNO Previous Work [96]  Expt. [97]
a 7.62 7.82 7.6037 7.495
c 11.31 11.39 11.251 10.880
Aut-CI2 2.31 2.31 2.314 2.28
Aut-CI° 3.04 3.19 3.018 3.01
Aus-CI* 3.34 3.38 3.311 3.15
AuS-CI° 2.35 2.33 2.359 2.29
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FIG. 11. Effects of Hubbard V interactions on the band gaps of
CsAuCls. (a) Evolution of the band gaps as a function of Hubbard V.
There are four nonequivalent Au-ClI bonds in CsAuCls, correspond-
ing to four V parameters. AuS-Cl° and Au"-CI* are the shortest two
bonds. (b) Schematic diagram of the Au-5d and CI-3p energy levels
before (top panel) and after hybridization. The hybridization between
Au-5d and Cl-3p orbitals leads to the splitting between the bonding
and antibonding states. The antibonding bands resulting from d-p
hybridization of the smaller [AuClg] cage, denoted as AS, are higher
in energy and are unoccupied, while the antibonding bands labeled as
Al contribute to the VBM. A larger V (Au5-CI°) will push up AS and
increase the band gap, while an increase in V(Au"-CI*) will upshift
AL and cause a band gap reduction.

man bias and affordable computational expense. In this work,
we investigate three different types of HPs that have drasti-
cally different bonding characters using DFT + U and DFT +
U 4V with onsite U and intersite V Hubbard parameters
computed self-consistently without ad hoc assumption. We
demonstrate that ACBNO and eACBNO, a DFT + U method
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U, & Vi, from PBE structure

A

DFT+U,;,+V,, structural optimization

calculate Uy, & V,,: using eACBNO

|Uout = Uinl < E
|Vout . Vlnl < E

self-consistent structure
and Uscf & Vscf

FIG. 12. Flow chart of sc-eACBNO that converges both geometry
and Hubbard parameters.

and its extended version with V, have improved band gap
prediction accuracy over PBE and on par with HSE/GW.
Specifically, the finding that the 5s electrons of Sn in CsSnl
and Cs,Snlg acquire similar on-site Hubbard U values sup-
ports the mechanism of charge self-regulating response: Sn
ions in these two compounds actually have comparable charge
states. This highlights that the self-consistent U that depends
sensitively on the local atomic environment can serve as a
useful indicator of the true charge state. Moreover, the simul-
taneous convergence of both Hubbard parameters and crystal
geometry enables a band gap prediction accuracy superior to
HSE for bond disproportionated halide perovskites that have
complex distortions of the halide octahedra. Our work paves
the way for future studies of complex compounds beyond
HPs containing localized electrons that often possess intri-
cate competitions between onsite localization and intersite
hybridization.
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