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ABSTRACT Based on a general symmetry analysis, plaiger presents an empirical tight-
binding (TB) model for the reference Pm-3m peroteskiubic phase of halide perovskites of
general formula ABX The TB electronic band diagram, with and withspin orbit coupling
effect of MAPDbg has been determined based on state of the arntyd&nsctional theory results
including many body correction (DFT+GW). It affordscess to various properties, including
distorted structures, at a significantly reducedhpotational cost. This is illustrated with the
calculation of the band-to-band absorption spectrtime variation of the band gap under
volumetric strain, as well as the Rashba effectafamiaxial symmetry breaking. Compared to
DFT approaches, this empirical model will help &lde larger issues, such as the electronic
band structure of large nanostructures, includimgyrbody effects, or heterostructures relevant

to perovskite device modeling suited to the desiompof atomic-scale features.
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The potential of 3D Hybrid halide Organic Peroveg&it(HOP) for photovoltaics has been
revealed four years ago® Huge progresses have been made to improve thealines quality of
thin films in solar cell devices, as well as thewth of monocrystalline samples for fundamental
studies>® Many other possible applications of 3D HOP hawendly emerged, and layered HOP
have gained renewed interest for light emission amdalso promising for photovoltait&D
HOP can be considered as a new class of semicamduotith specific optoelectronic
properties. To facilitate the analysis and undeditay of their properties, some of us have
recently proposed to consider the high temper&@Dr&lOP cubic perovskite phase as a platform
to develop a solid-state physics approach.lt can be exploited within the framework of
Density functional theory (DFT), which has now beesed extensively for 3D HOBZ*°but
we know from the field of classical 1V, 1lI-V or-NVI semiconductors that developing symmetry
analyses and empirical Hamiltonians has many adgast For instance, the one-band or
multiband k.p) effective mass approaches close to the band €dgjeave already been used in
3D HOP to investigate various perturbations amohichvthe effect of lattice distortiori$the
Rashba-Dresselhaus effétt? the Bethe-Salpeter equation for the simulatiothef excitorf:**
the radiative lifetimé&? the selection rules for electron-phonon interaxfd and the influence of
band gap renormalization, plasma screening andepbace filling on the exciton absorption.
These models are close to the free-electron madebailt upon the assumption that electrons
propagate almost freely with wave functions clasplane waves.

An alternative starting point is to use localized atomic orbitasa basis set to perform band-
structure calculations; this is the tight bindii@] model also known as the linear combination
of atomic orbitals (LCAO) approach. It is closerdbemical intuition. This method has been

introduced for periodic crystals by Slater and Kdétand was extensively used in a wide range



of materials from transition metals to semiconductoystals™® The first description of
perovskite crystals using LCAO approach concernsahmexide$*® in the 60's. A detailed
description of the LCAO parameterization of perdissistructures was given by Granovékii
and takes into accourst p andd type orbitals based on the symmetry analysis byr&g’
Noteworthy, the TB approach is a semi-empirical huodt that preserves all the symmetry
properties of the crystal. However, it is not dasig to yield the crystal structure by minimizing
the total energy, and an additional (semi-)empiraraDFT-based approach must be used to
yield the atomic position&.

Recently, some of us have demonstrated that TBigeevan efficient tool for fundamental
studies of buried 1I-V nanostructures with mill®mtoms? colloidal nanostructures including
image charge effectd, many-body interactions in semiconductdtsand optoelectronic
properties of nanostructures including either vditect or indirect band gap$.Besides, state-
of-the-art simulations of semiconductor devicesluding atomistic effects at the TB level, have
also been developed for both inorgdfit and organic semiconductots.

For HOP, Kim and co-workers already proposed alld@ Hamiltonian, developed on an
eight functions basis with spin-orbit coupling (SJ€It was designed to model the Rashba
effect close to thdr-point of the perovskite reciprocal lattice and \pdes clear evidence of
sizeable Rashba effect, thus confirming the iniD&T results addressing the importance of
spatial and time reversal symmetries in this newilfaof semiconductors’ Unfortunately, the
chosen reduced TB scheme was not designed to dfferentire band structure across the whole
Brillouin zone BZ). Knudson and coworkers also used an extendeddli&kmodel to analyze

the effects of band folding in tin-based 2D HBR5iven this background and our preliminary



resultst' we are convinced that the present work will oppnnew avenues for understanding
HOP devices.

The aim of this article is to build a simple buhgeal TB model for 3D HOP, starting from the
symmetry properties of the cubic reference strectfrthe halide perovskite lattice (Fig. 1a,b),
and incorporating their unusual physical propertie the giant SOC of lead-based HOP. The
design of this novel TB model for 3D HOP allowstasllustrate how it can accurately model
their properties, using the prototype MAPbbmpound. Despite the simplicity of the chosgh
model (Fig. 1c), experimental data like effectivasses and band gaps are accurately reproduced
within this scheme. We further show that absorptioafficient and oscillator strengths can also
be deduced from this TB model. Finally, in ordedamonstrate the versatility of this approach,
we extend the basic cubic perovskite TB model tal\stthe impact of strain, and the Rashba

effect related to the loss of inversion symmetry.

(a) (b)

octahedron BX, cubic crystal v,

Figure 1. Schematic representation of (a) a single; B¥tahedron, (b) the By<ubic lattice and

(c) s andp orbitals with the main transfer matrix elementstfesp® TB model.



We start by considering the reference cubic strestof the 3D ABX family (Fig. 1b), where
A is an organic or inorganic cation located at ¢eater of the unit cell, B is a metal atom (Pb,
Sn, ...) and X are halogen atoms (X=I, Br, Cl). Olgly, the interpretation of experiments
dedicated to electronic and optical properties @fFHas well as their efficient simulation may
greatly benefit from symmetry analy$e8. To extensively report on symmetry properties, we
herein describe in details the high-temperaturep8ivskite cubic reference phase. But it has
been shown that, for example, symmetry breakingelievant to understand the influence of
crystal structure change at a phase transitiorespanding to a group-subgroup relationsfiif.
From a crystallographic point of view, at suffidignhigh temperature, 3D HOP have a simple
cubic lattice with an octahedron pattern and areénation. Organic cations automatically break
the cubic symmetry, but the cubic space group Pms3mstored by dynamical averaging of the
cation stochastic reorientations at high tempeeatlihus, to perform our symmetry analysis
within this TB scheme, only the inorganic atomseath octahedron are considered (Fig. 1a,b).
For each metal atom B and halogen atom X, we censides and three orbitals (Fig. 1c). No
basis functions are considered for any of the Aooat consistently with DFT studies of the
electronic states close to the band edges thabtleemeal significant weight stemming from A
cations:®

An isolated octahedron cluster BKelongs to @point group symmetry (Fig. 1a), as the cubic
crystal ABX; (Fig. 1b). However, translational symmetry of ¢ays modifies orbitals
hybridization. For an isolated cluster without S@@rbitals andg orbitals of B atom correspond
to Aig and T, irreducible representatiohR), respectively. Meanwhiles andp orbitals of the six
X atoms correspond td,;, +E;+ Ty, and A+ E;+Tig+ Ty + 2T+ T IR

respectively.s(B) and p(X) orbitals can therefore be hybridized. Howevienve consider the



same orbitals of the cubic crystal ABXo hybridization betwees(B) andp(X) is possible at
the -point, while it is possible at the-point as illustrated Fig. 2. The aim of the present TB
study is to build an empirical model taking intacagnt these specific symmetry considerations,
and thus provide accurate simulation of experimeatdta close to the band gap.

Our TB model is based on a sixteen basis functiitiout SOC and thirty-two basis
functions when taking SOC into account. The symieetare accounted for under simple and

double space groups, respectivel)’® The crystal pattern contains one B metal atom at
ro = (0,0,0), and three X halide atoms =t = G,0,0) a,r,= (0% 0) a andr; = (0,0,%) a.
The sixteen corresponding atomic orbitals centexed, are denotedS,) for s orbitals and

[ X)) 1Y), | Z,) for p orbitals,a = O for the B atom and = 1, 2 or 3 for each of the three halide

atoms (see graphical abstract).
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Figure 2. (a) Reciprocal space 3D view showing the firstllBuin Zone B82) of the Pm3m

space group, with high symmetry points. Points tkshibl, X andR are zone-boundary points at

G%O) G,0,0) and G%%) respectively. Thé™-point is theBZ center. (b) lllustration of the
hybridization between(B) andp(X) orbitals in the VB (bottom) and betwep(B) orbitals in the
CB (top) at theR-point of theBZ.*® (c) Electronic band diagram of MARbdbtained within the
TB scheme with SOC, for the Pm-3m pseudo-cubic gghasing parameters of Table 1. The

energy of the valence band maximum is set to Zdre) Effect of SOC in the conduction band



close to theR-point of the Brillouin zone: SOC lifts the degereraf the six conduction bands
separating the two lowgr= % and the 4 uppgr= % bands. The arrows towart¥s and/" denote

the directions in reciprocal space. These zoomsespond to 20% of thBZ in each direction.
Labels of irreducible representation obtained fampde (d) or double (e) group representation

are given at th&point near the band g&p°

The semi-empirical TB method is a way to solve3earodinger equation considering that the
crystal HamiltoniarH is the sum between each isolated atom Hamiltohjeand a perturbation
Hamiltonian H;,,; describing atomic interactiori%>® Atomic orbitals |S,), |X,), |Ya), |Z,) are
therefore eigenfunctions of; and linear combinations of these atomic orbitale a
eigenfunctions of the full crystal Hamiltonian. Theefficients of this linear combination are
determined by computing the electronic band strectwhich is subsequently compared to data
available from experiment and/or first-principledaulations.

Without SOC, nine parameters are considered. Theorapasses four different diagonal
matrix elements related to the atomic energieb®themical constituents B and X:

*  Eg = (SolH|So)

* Ey= (XolH|Xo) = (YolH|Yy) = (Zo|H|Z,)

o Eg = (51|1H|S1) = (S;|HIS;) = (S3|H|S3)

o Ey = (Xp|H|Xg) = (Ys|H|Ys) = (Z5|H|Zs) wherep = 1,2,3 for each X atom.

Five transfer matrix elements refer to the oveitapgral of first neighbor atomic functions:

o Vis = (So|Hine|Sp) wherep = 1,2,3 for each X atom

* Vsopr = (SolHinelX1) = (SolHinelY2) = (SolHinelZ3)

VpOsl = (Xo|Hine|S1) = (YolHine|S2) = (Zo|Hine|S3)



* Vppcr = (Xo|Hine| X1) = (Yol|Hine |Y2) = (Zo|Hinel Z3)

Vpprl: = (YolHine Y1) = (YolHine|Y3) = (Zo|HinelZ1)
= <Z0|Hint|ZZ) = (X0|Hint|X2> = (X0|Hint|X3>-

These are schematically represented Fig. 1c. Notewothe overlap integrals between
perpendiculap orbitals are vanishing. The transfer matrix eletsdretweers andp orbitals are
nonzero if and only if the axis of the orbital contains as orbital center. The complete
expression of the 16-band Hamiltoni&inwithout SOC is given in the supporting information
(Sh.

In presence of SOC, the triply degenemat&ates whose orbital angular momentun is 1

split into lower] = % and uppey = 2 bands, respectively doublet and quartet, wher€xs S

ineffective ons states § = 0).'***The 32-band TB Hamiltonian reads,,;; = H + Hsoc.
Hgoc is a block-diagonal matrix. For each atom=0 for B anda = 1,2,3 for X,
[ X ™, 1Yy T, 1Z, T) up spins andlX,, 1), |Y, 1),]1Z, 1) down spin states are coupled by the Pauli

matrix Hg, written as follows in the bas{$X, 1), |Y, 1), 1Z, T), [Xg ), [V 1), 1Z, 1)}

0 -i 0 0 0 1]

i 0 0 0 0 -i
H:,1_17000—1io
€ 2/0 0 -1 0 i O
0 0 -i -i 00O

1 i 0 0 0 0

Two different SOC values are taken into account, = Zﬁ for p(B) orbitals and4,,,; =

3% = 32& = 32& for p(X) orbitals. The 32-band Hamiltonian is largerrtilaie one obtained by

Kim etal.® (vide supra) but remains very empty.
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To determine the parameters of the TB Hamilton&evant to the cubic phase of MARblve
fit the TB band diagram on the following experinardnd theoretical daté) the experimental
band gapE; = 1.61 eV, as obtained by photoluminescence measuremeoo@t temperaturé)

(i) the reduced effective mags= 0.104 m,, as determined by magneto optical measurefifent,
and(iii) the band diagram obtained within the quasiparts#df-consistent GW theory (QSGW),
with SOC included in the self-consistent cytlevalence (VB) and/or conduction (CB) band
densities of states determined by photoelectrontsgseopy with hard X-ray¥, ultraviolet and
inverse photoemission spectroscoffeas well as pressure study of the band “§amrovide
further information to assess model parametersewatthy, the complete calculation of the
electronic band diagram including SOC presentdfliswwork, takes less than 1 sec on any basic
desktop computer without any computational pitfall.

A first set of TB parameters (Table S1, with copasding computed properties shown Figure
S1) allowed to obtain a fit of quite good qualititwE; = 1.620 eV at theR-point (see Brillouin
zone sketched Fig. 2a) and a reduced effective wla8416 m,, consistently with the above
mentioned experimental results. The SOC value htwbe predominantly lead-based spin-
orbit split-off bands (CB) amounts ta,,, = 1.3 eV, in line with the findings of earlier
reports™>*>~*'Noteworthy, this value is consistent with the S§pltting betweerp-like orbitals
reported in atomic energy level tables which amsuat1.75 eV for lead in itss@p electronic
configuration®® Meanwhile, this first set of TB parameters is @ied withA,,; = 1.2 eV. This
value seems rather high as compared to the 0.94repdrted for the &5p° electronic

configuration of iodiné?

Vss VsOpl VpOsl Vppcr Vppn Eso Esl Epo Epl Asoo Asol

-1.10 119 070 -3.65 055 -9.01 -13.01 234 -1.9630 0.90
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Table 1. Tight binding parameters in eV for MARMand diagram with SOC.

This prompts us to examine the way this parametimences the computed band diagram.
Unfortunately, unlikeA,,, that can be rather easily extracted from the tggditof the doublet
and quartet CB (Fig. 2e and SA),,; related to ioding-like states cannot be easily extracted
from the highest lying VB, as a consequence ofiggmt hybridization with the leads®rbitals
(Fig. 2b). Thus, we choe,, = 0.9 eV, close to the value reported in atomic tables, rafide
all other TB parameters excehy,, = 1.3 eV. Corresponding values and band diagram are given
in Table 1 and Fig. 2c, respectively. The band mgampains at th&-point with E; = 1.603 eV'.
Close to the band gap, effective massesmfe= 0.215 m, for the VB andn; = 0.218 m, for
the CB, which leads to a reduced effective mass1df8 m,, i.e. remaining consistent with the
experimental value taken as referefice.

As a matter of fact, all parameters have to baeefi because the SOC splitting of iodine has a
direct impact on the band gap and effective massed)as been evidenced earfefhis is
further illustrated by keeping all parameters fixegbectA,,,, which is decreased to 0.45 and O
eV. Corresponding band gaps (reduced effective @sasscrease té,; = 1.65 eV (u = 0.111
mg) andE; = 1.68 eV (1 = 0.112 i), respectively (Figure S2). The comparison of FegRc
with Figures S1 and S2 clearly evidences that thallsr the splittingA,,; the smaller the
dispersion of the(X) bands lying about 2 to 4 eV below the top oé thalence band. For
Asp1 = 0, ten of them are totally flat and the quality aetfit with the QSGW significantly
deteriorates. We thus proceed with the TB paramejeen Table 1 to further investigate the
potential of thissp® TB model.

Prior to that, we should underline two limitatioofsthe present TB model. They are a direct

consequence of the desired simplicity, namely a ehaimple enough to allow symmetry
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consideration to be taken into account close tdothva gap. Firstly, the present TB approach is
limited to first nearest neighbor interactions @mid directly influences the flexibility of the TB
model, namely it further contributes to the flage$ some of the band dispersions (vide supra).
Secondly, the sharp curvature of VB in the vicirofy5 eV below the top of the VB (Fig. 2¢),
much less pronounced in both DFT and QSGW calansfi** is an indirect consequence of
the low hole effective mass that has to be constiéo fit both the band edge dispersion and
experimental data. However DFT based computatitsasfail to reproduce the experimental VB
density of states in the same energy rdige.

Among others, the optical absorption of a givenanal is a key parameter for its potential
relevance in the field of photovoltaics. The presandel allows calculating optical absorption

by deriving the B Hamiltonian. An electromagnetic wave
A = [Ape!@00 4 g3e71@ 008 | creates a perturbation of the Hamiltonian H duepitical
excitationH' = mioffﬁ. The photon absorption rate between an initial St&e|i), of energykE;,
and a final CB statff), of energyEy, is given by Fermi’s golden rule.

Wabs = 5 [FIH' 10128 (E; — E; — heo) with (fH']1) = 22 (f e &, |i)

The optical matrix elemen¥;_; = (f|e'4&,0,. B |i) = (uck|€por- B [tor)Pe (k) is calculated
asp, (k) = %VkH(k), deriving the crystal Hamiltonian for each valdéan the first BZ in the

polarization directiorg,,,. Left and right side of this bra-ket are eigerestaibtained solving the
TB Hamiltonian for each value df in the BZ. To perform theBZ integration, the resulting
discrete transitions are dressed with a 10 meV samsbroadening in order to get smooth
spectral functions. Fig. 3a shows the absorpticgctspm resulting from this calculation for

cubic MAPbk. The validity of this absorption spectrum extendsfurther than 3.3eV.

13
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Figure 3. Absorption spectrum (black straight line) of MARPbbmputed with thep® TB model
and parameters given in Table 1. Sketch of VB aBd@ue dashed line) and optical transitions

atR andM points.

The absorption coefficient shows a sharp opticadogition edge, corresponding to the
VB1(R)-CB1(R) optical transition at theR-point® It is consistent with experimental data
recorded by De Wolt and comparable to the absorption spectrum of Ga@hs. calculated
absorption slope is modified above 2.75 eV, whichresponds to the VBM)-CB1(M) optical
transition atM-point and a saddle point in tie=> M direction of theBz.2’ The additional
absorption feature near 2.75 eV also contains iantions from the VBZAR)-CB1(R) and
VB1(R)-CB2(R) secondary transitiofsThis again points the multi-valley and multi-baadg
naturé of the optical absorption of HOP leading to higmvoltaic efficiency in very thin

layers.
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Noteworthy, the shape of the spectrum is similath&i computed by Brivio and co-workéfs.
It might not be surprising, as part of the TB paetanization relies on their calculated band
structure. Nonetheless, there is a marked differémcthe higher optical feature, which is found
above 3 eV in the QSGW spectrdfit? while it is close to the experimental value in g
spectrum computed with parameters of Table 1, witiheed of any empirical rescaling. In fact,
an empirical rescaling was used for QSGW dataptoectly match the optical spectrum over a
large energy rang®.In addition, when using our first set of TB paraens (Table S1) in which
the SOC splitting for iodine atoms is unrealisfigahigh, similar discrepancies with
experimental observation are found (Figure S1).sTlusing the TB parameters of Table 1 also
improves quantitatively the higher optical featut®s comparison to state of the art DFT
approaches.

General symmetry properties of the halide peroeskittice’® are translated in the TB model

to block diagonal Hamiltonians at high symmetryntei’, R and M. Indeed point groups of
111 11 . . . -

vectorsky (E'E'E) andk,, (E‘E’ O) are Q and DOy, respectively. Isotropic optical transitions are

predicted because the starkaf contains only itself whereas the starkgf contains three arnfs:

(%%0) (0%%) and (%0%) which all contribute equally to the observed apson. The
electronic energy eigenfunctions are describedlashBiaves to obtain the effects of point and
translational symmetries on the band diagram:

Un () = e* 1 (1) (1)
wheren is the band index; the position vector ankl the wave vector inside tH&Z. Thee'*"

phase factor is important to understand the bondingantibonding character of the

wavefunctions?
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Here, we propose to associate a basis of symmetlizear combination of atomic orbitals

(SLCAO) used in the TB model to ealiR obtained by symmetry. We start without SOC. The

center of theBZ '(0,0,0) andR (%%%) are both points where the group of wave vect@is

whereas the wave vectothG,%, 0) belongs to the k) group, with only sixteen symmetries

instead of forty-eight for © In the Q group, s orbitals havey,,,s = I} or R} IR while p
orbitals havey,nys = Ty or Ry IR®'%1n the Di, group,s orbitals havey,nys = M7 IR while p
orbitals havey,p,s = My + Mg IR.>® To account for the site symmetry, one determihessite
reducible representation;... At the I-point, the site symmetry correspond ¢ for the B
atom, and;" + I3" for X atoms. The produgts;..®x,nys Provides theR of eigenfunctions. At
I'-point, the SLCAO leads t&;*, I, , ;" + I35, 2I, + Iz IR for §(B), p(B), s(X) and p(X)
orbitals, respectively, and there is no comniBrbetweens(B) andp(X).'° At the R-point, a
similar analysis leads t&8f,R;,R;,R{ + R + Rf + RZ IR for the same orbitals. At thil-
point, this analysis leads t&], M; + Mg, M{ + M:, M5 + Mg + M + MS + MF + M} +

MZ. This decomposition allows determining which aalsitare hybridized at each point of the

BZ (Table 2).

Point ofBZ  g(B) p(B) S(X) p(X)

R Rf R; Ry Rf +RI +Rf +R?

M M  M; +M; M{+M; My +M;+ M+ M+ M7+ M+ M
r oy Iys o+t 2hy + 15

Table 2. Irreducible representationkRjj of eigenfunctionsvithin the TB model at various points

of theBZ without SOC.
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At the R-point corresponding to the optical band edge (Ba. Fig. 3 and Table 2), the

symmetry adapted basis functions associated tol&ate (without SOC):

e twoRf functions:|50),%(|X1) + |Y5) + |Z3))

two RS functions% (2|1Z3) — |Y2) — | X1)), %(IXl) — |Y2))

threeR; functions:= (|1} + 121)), 75 (1X2) + |Z2)), 7= (1Xa) + ¥2))

threer? functionsiZ (12:) — 112)), 75 (1X2) = 12)), 75 (I¥3) — [X5))

six Ry functions:|X,), |Yo), 1Zo): 1S1), [S2), |S3)

This confirms that the totally symmetrR; correspond tas(B) — p(X) hybridized atomic
orbitals at the top of the VB at poiR whereas the bottom of the B correspond t@(B)
states (Fig. 2b)°

In order to account for the influence of the latgtrain, we use a simple variation of the five

2
transfer matrix elements as a function of the attanic distance: V; = V;, (%) whereV;, and

d, are respectively the transfer matrix element dredlattice parameter, without strafhThe
band gap variation as a function of the latticaistrshown Fig. 4, is reversed as compared to
classical semiconductors. This is a consequendbeofeverse ordering of the CB and VB in
halide perovskite&® In order to precisely track the origin of the bayap variation, it is possible
to calculate analytically the eigenvalues aftercklaiagonalization of the Hamiltonian. The
triply degenerate CB minimumEgg, ), R 3 (T1y)) and the VB maximumHyy(ry, R 1 (A1g))

correspond respectively to (without SOC):

2 2
ESl + Ep() \/(EPO - ESl) + 16Vp0$1 _
Ecpiry = > + > R4 (Tw)

and
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Figure 4. Variation of the band gap as a function-ef theuamtric strain (sketch in the center),
computed with thesp® TB model and parameters given in Table 1: withugbstraight line) or

without (magenta dashed line) SOC.

For a small variatioa of the lattice parameter, the variations ok gy zy andEyg,(g) are

given by:

gL 2)

a
\/(Em—Eso)z +48V50p12

5EV31(R) =

and

16V’ da @3)

a
\/(Epo —Es1)? +16Vp0512

(SECBI(R) ~

This clearly shows that the band gap variation danation of the strain is related to the
transfer integrals between tiseand p orbitals of B and X atoms/;,,; and V,,o5;. The most

important variation is related to the VB maximunmelsame conclusion was drawn qualitatively
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in a recent experimental paper reporting on presdependence of the band gap of MAPbHI
Indeed, the authors assumed that the CB has mainbnbonding Pp character. It is possible
to quantify this aspect with the TB modelling, astdte that the orbitals of X atoms and the
orbital of the B atom are energetically closer,stlnhancing the coupling (see expressions (2)
and (3)). MoreVs,,, is significantly larger thail,os; (Table 1).

With SOC, the CB minimum splits in a double degateelCB minimum E¢gq (), R 5 (E1/20) )

and a quadruple degenerate band lying at highege€:sr), R 5 (F3/24) ):2

2
_ Eg1 + Epo — 20500/3 J(Epo — Es1 = 20500/3)? + 16Vp051 B
Ecgir) = > + > R ¢ (E1/2u)

and

2
Egy + Epo + Agoo/3 J(Epo — Es1 + Ds00/3)? + 16Vpos1 B
Ecpary = 2 + > R g (F3/2u)

The variation oft -5, as a function of the strain now reads as follows:

—16V,051° Aa
5ECBl(R) = = —

a
\/(Epo - Esl - 2A500/3)2 + 161/;00512

The additional“gi0 term at the denominator is much smaller tgp — Eg;. This explains

why the band gap variation as a function-of a valtria strain, shown Fig. 4, follows the same
trend with and without SOC. Moreover, using the eskpental value of the bulk modulus
reported by Rakita et al*,K = 14GPa, the TB band gap decrease computed for a pres$ure
32GPa is -0.04eV, which compares well with the experitaénalue of -0.03eV. A refined TB
modelling of strain effect is possible by slightiyning the dependence of the transfer matrix
elements as a function of the interatomic distafitest this is beyond the scope of the present

paper.
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At pointM G% 0), the basis functions associated to déthead:

threeM; functions:|S,), |Ss), %(|X1) + |Y2))

« six Mg functions:|X,), |Yo), 1X3), [Ys), |S1), |S2)
* two M; functions:|Z,), |Z3)

e oneM; function:%qzl) +1Z,))

. 1
e oneM; funct|on:5(|Z1)— |Z,))

e oneM; function:%qxl)— |Y5))
s two M functions:|Y;), |X;)

The electronic states at tihé-point correspond to a saddle point of the Fermfasaf and
contribute to an additional feature in the optiabkorption spectrum (Fig. 3). The symmetry
decomposition of Bloch states at tMepoint is fully translated in the TB Hamiltonian e
supporting information for the full expression bfst Hamiltonian). For example, at poiv, the
TB Hamiltonian is block-diagonal with 2x 3 block for M, a6 x 6 block for Mz, a2 x 2
block for M5 and five diagonal terms fat; + M3 + M; + M. .

At point 7, the basis functions associated to dd&thead:

e two 7" functions:|S,), %(|51) +1S,) + [S3))

+ two I3 functions:- (2185) — 152) — [5:)), 75 (IS1) = 152))

+ nine Iy functions: [Xo), [Yo), |Zo), X1}, [¥2), 1Z3), 55 (1%2) +1Z4),
5 (X2) +1Z2)), = (1X3) + ¥))

- threel;y” functions (12) — Y1), 75 (1X) — 12,)), 75 (I%3) — 1X5))
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From symmetry consideration, it appears clearly tiwas-p bonding does not stabilize the VB
maximum/;* at the/-point like at theR-point; this is a direct consequence of the phastifan
the definition of the Bloch functions (expressidi)¢°

Finally, in order to illustrate a simple approadhtlte Rashba effect within a TB model, we
shift the positionz; of the third iodide atom X along theaxis, by a quantity (z3 = %+ u)

(Fig. 5a). This shift corresponds to a space gchgnge from Pm-3m to P4Amm and the creation
of a permanent electric dipole along thexis'® Using the variation of the above mentioned
transfer matrix elements as a function of interatodistances, it is straightforward to show that,
for small values ofu, two phase factors are modified (see supportirfigrimation for the
definition ofh,, g,):
g, — (g, — 4uh,)e =
and
h, — (h, — 4ug,)e” "=
The resulting electronic band diagrams alongM}e(O,%,%) — R — My GO %) path of the
cubicBZ are given in Fig. 5b,c, for a displacement of éx@&l iodine atom alon@z u=0.05.
Without SOC, the phase transition lifts partiatye tdegeneracy in the CBAdding SOC lifts
totally the degeneracy (Fig. 5¢)The Rashba effect is characteristic of a furtiféndy of the
spinor degeneracy in the vicinity of tiiepoint, both in CB and VB, first revealed in the
context of HOP in ref’ based on DFT calculations. Noteworthy, the banstgire along the
R — M, path does not exhibit such a degeneracy lifting;estheOz polar axis corresponds to

the C axis of the structur®,
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Figure 5. (a) Displacement of the axial iodine atom along zhaxis: z; = %+ u. This shift

corresponds to a space group change from Pm-3mrtorP (b) Corresponding electronic band
diagram of MAPb4, along theMy — R — M, path of the cubidZ, obtained within the TB

scheme and parameters of Table 1@nre0.05: (b) without SOC anft) with SOC.

In summary, based on a symmetry analysis, an sewpireal TB model for halide perovskites
of general formula ABX has been designed and thoroughly investigatethtoreference Pm-
3m cubic phase. Model parameters have been deusiad experimental as well as state-of-the-
art DFT data. Particular attention has been paitherstrength and effect of spin-orbit effects,
both for the metal and the halogen atoms. MAPids been considered to illustrate the
usefulness and suitability of the model. The catah of the electronic band diagram is easy
and costless as compared to standard DFT calcugatithe same holds true for band-to-band
absorption spectrum, which is computed from thévdéve of the TB Hamiltonian, or to predict

the variation of the band gap under volumetricistrdhe derived analytic expressions allow
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streamlining the findings.g. providing a natural explanation for the effectSC or in terms
of orbital hybridization such asp transfer integrals.

The powerfulness of the present TB Hamiltoniaruishfer exemplified with the Rashba effect
by considering an uniaxial symmetry breaking. Careg to first-principles approaches, this
semi-empirical model challenges us to tackle madfcdlt questions in terms of size with
complex heterostructures, nanostructures or cortgosaterials as well as diversity of physical
phenomenon under investigation. We strongly belithat such a TB model, suited for an
atomic-scale description, is relevant to perovskiéwice modeling, as it is for conventional

semiconductors.
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