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through the g(r) splitting and broadening into their respective
intervals aforementioned.
To quantify the impact of these local motifs based on the B

metal off center and Cs displacements into T and P networks,
root mean square distance (RMSD) analysis was performed by
taking the respective R networks as a reference for each chemical
composition (Figure 4). RMSD was calculated through
ArbAlign48 protocol, which is based on the best overlap of a
particular set of positions (Cs and B displaced) from a reference
(Cs and B in the high symmetric R network). As previously
evidenced by g(r), all T networks present RMSD ∼ 0.0 Å given
the insignificant contributions for B off centering and Cs
displacements of their respective sites. Conversely, one observes
in P networks of CsGeX3 compounds that Ge off centering is
more pronounced than Sn in the CsSnX3 corresponding
network. Both CsGeX3 and CsSnX3 inorganic MHPs reveal

the important role of the halogen dimension for the space
availability in the cuboctahedral cavity, because the Cs
displacements increase as the atomic size of X increases (Cl <
Br < I).
The magnitude of the B metal displacements correlates

inversely with the Ge < Sn < Pb sequence for metal sizes, given
that larger atoms fill the volume inside octahedrons better
throughout the metal size sequence. Thus, the RMSD for Pb is
small in all CsPbX3 (given RMSD order in 1 × 10−2 Å), leading
to a Pb off centering secondary contribution by comparing with
Cs displacements. At the same time, the RMSD increases for the
Cl < Br < I as evidence of the halogen dimensions forming the
cavity volume, consequently enhancing the inner space for the
Cs mobility. Therefore, our insights show that the critical role of
the chemical composition for structural motifs predominates in
the polymorphic network formation. For instance, our previous
investigation36 revealed that the combination of metal off
centering and the presence of intense SOC energies (as from Pb
and I dominating the valence and conduction band edges)
compose the recipe for the bulk Rashba splitting enhancement,
which is crucial for increasing the charge carrier lifetimes.

Figure 3. (a) Representations of the pairwise combinations for B−X(1)

(first neighbors), B−Cs, B−B, and B−X(2) (second neighbors). Radial
distribution functions g(r) for (b−d) all inorganic MHPs from their R
(a0a0a0), T (a0a0c+), and P (e.g., a−b−c+) networks. The pairwise
combinations are indicated by dotted and dashed rectangles.

Figure 4. (a) Graphical representations of the displacements (off
centering) of Cs and B species with respect to the R network (on
centering). Quantification of B off centering and Cs displacements into
(b) CsGeX3, (c) CsSnX3, and (d) CsPbX3 inorganic MHPs by root
mean square distance (RMSD) through ArbAlign48 protocol for T and
P networks.
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Relative Energy of T and P Regarding R. To verify the
thermodynamic feasibility of the T and P networks in eachMHP
composition with respect to their R analogs, we calculated the
relative energy (Erel) through Erel(T or P) = [EP,T − ER]/N,
where EP,T is the total energy of the T (or P) network, ER is the
total energy of the R network, andN is the number of atoms into
both supercells. The physical significance of Erel is verifying the
relative stability of the T and P networks concerning their R
counterparts to analyze how the local structural contributions
discussed in the previous section stabilize the former regarding
the latter for a particular CsBX3 composition. Figure 5 shows Erel
of the T and P network for CsGeX3, CsSnX3, and CsPbX3 for all
X halogens.

We found that P networks are greatly more stable than T and
R for all inorganic MHP compositions, which indicates the
important role of the structural degrees of freedom as local
contributions, i.e., starting from R (monomorphic) and
increasing the stability gradually through T (one local
contribution) and going to P (set of local contributions)
networks. Our results reveal the energetic role of local motif
contributions into the structure through B metal off center
displacements, octahedrons tilts, and Cs rearrangements on the
polymorphic stability. This is evident when the stability
magnitudes of T and P regarding R are compared, e.g., as for
CsGeX3 in which the T networks characterized by equatorial
plane tilting are degenerated with high symmetry R given their
Erel ∼ 1 meV/atom. Conversely, more favorable P CsGeX3
networks present magnitude of Erel decreasing in the Cl→ Br→
I sequence, which is due to the Ge metal off centering, Cs
displacement contributions (as shown in Figure 4), and
octahedral distortions (as shown in Figure 3 from the double
B−X(1) distance) on the stabilization. Because Ge is 45.77%
smaller than Cs,46 it confers more compact cuboctahedral
cavities for CsGeX3. When the size of X decreases, although the
distortions are smaller in magnitude for CsGeCl3, they more
pronouncedly affect this energy issue than in CsGeI3, exactly
because of the higher compactness of the ionic network for the
former with respect to the latter.
In opposition to the CsGeX3 MHPs, the relative stability of P

(and T) regarding their respective R for CsPbX3 networks
increases in the Cl → Br → I sequence, highlighting the local
motif contributions for the relative stability, as previously

observed given the inclusion of Pb off centering contribution
and Cs displacements for the P network because in modulus
Erel(P) > Erel(T). For CsSnX3, Erel(T) presents the same
tendency, which is expected because Sn is only 0.84% smaller
than Pb. However, for the P network the stability regarding R
increases from Br → Cl → I, which suggests that the Sn off
centering energetic contribution is higher than from Cs
displacements, so that RMSD(Cs) > RMSD(Sn).

Gap Energy with DFT-1/2+SOC. We employed a
relativistic quasiparticle correction (named DFT 1/2) com
bined with SOC to calculate all the gap energies (Eg) for
CsGeX3, CsSnX3, and CsPbX3 (X = Cl, Br, or I) polymorphs
(Figure 6). We provide outstanding gap energies values in
agreement with experimental results. The collaborative effects of
the local motifs contributing to the gap energies were
investigated, comparing UC, R, T, and P network values with
experimental gap energies reported from the literature. Under
estimated results for DFT+SOC faced with the relativistic
protocol are available in Supporting Information (Table S1) for
all compositions and cell sizes. The DFT 1/2+SOC approach
has been used with great success to predict the gap energies of
hybrid perovskites.35,36

The effects of the octahedron break symmetry over the Eg
value appear when the UC and R networks are compared.
CsGeX3 as UCs present high metal off centering (Table S2 in
Supporting Information), which is completely suppressed in the
symmetrical CsSnX3 and CsPbX3 systems. This explains Eg from
CsGeX3 as UC being overestimated with respect to the
experiments (red bars in Figure 6), while being underestimated
for the others. A second difference between the UC and R
networks is the slight contraction of the lattice parameters for
the R networks with respect to the UC, which leads to a gap
energy closing in correlation with the lattice parameter
differences (Figure 2) between them.
We found that our calculated Eg converge to the experimental

values moving from R → T → P networks to all inorganic
MHPs. The experimental gap energies of the CsGeCl3,

22

CsGeBr3,
22 CsSnCl3,

49 and CsPbBr3
52,53 are reported from the

literature in a range of values, as depicted by the vertical lines in
panels a, b, d, and h, respectively, whereas for the other ones, a
single value was found. All R CsBX3 networks have the most
underestimated Eg with respect to the experiments; conversely,
the tilts of neighbor octahedrons promote the Eg opening in all
the T networks, which is due to the elongation of the B−X bond
lengths in R→ T. While the calculated values for CsGeCl3 and
CsGeBr3 T networks reach the minima values from the
experimental ranges (performed under high pressure, at 3.3
GPa for CsGeCl3 and 1.2 GPa for CsGeBr3)

22 with only a small
opening regarding R networks, charts a and b, CsPbBr3 has the
second best Eg with underestimation of 5.3% only with
octahedron tilt contributions. Furthermore, it is worth
mentioning that, in general, this particular motif has less impact
in CsGeX3 in comparison with the CsSnX3 and CsPbX3 MHPs,
which suggests that other contributions such as those in P
networks must be considered.
Eg for the P networks reach outstanding values with respect to

the experiments. For instance, while Eg values for CsGeCl3,
CsGeBr3, CsSnCl3, and CsPbBr3 lie inside the experimental
range, CsSnBr3 (1.75 eV) and CsPbI3 (1.73 eV) reach the same
experimental value. The largest difference is for CsGeI3 with Eg =
1.54 eV, which is only 5.52% lower than its experimental value.
The Eg results suggest that all local motifs, such as octahedral
tilts, B off centering, and Cs displacements (and gathered in the

Figure 5. Relative energy calculated via DFT+SOC of the T and P
networks calculated with respect to their R networks counterparts for
CsGeX3, CsSnX3, and CsPbX3 (X = Cl, Br, and I).
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P networks), contribute collectively to the gap energy opening.
Even though in all inorganic MHPs the valence band maximum
(VBM) consists of s and p orbitals from BX and the conduction
band minimum (CBM) in p orbitals from B,13,54−56 the strength
of the SOC effect has shown an important factor for Eg when
local distortions are present in the structure.36

We found that the metal SOC energies (ESOC) play an
important role for Eg (DFT 1/2+SOC), contributing to its
improvement with respect to the experiments. Figure 7 (a)
illustrates a scheme for the valence, which is composed mostly
by p orbitals from X halogens, and conduction bands, composed
mainly by p orbitals from Bmetals. As an effect of the local motif
contributions and an additional contribution of the ESOC
magnitude for the metals, the gap opening follows the Eg

R →
Eg
T → Eg

P sequence where the last one is in outstanding
agreement with experiments. Panel b shows the intervals where
ESOC for Ge, Sn, and Pb metals appear in 17−23 meV/atom,
113−140 meV/atom, and 900−1200 meV/atom intervals,
respectively, for all R, T, and P networks; numeric values for
all chemical species, ionic networks (UC, R, T, and P), and
calculations involving standard DFT (i.e., without SOC), DFT
+SOC, and DFT 1/2+SOC are available in Supporting
Information (Tables S1 and S4), from which the impact of
structural changes and relativistic effects on the gap energies can
be seen in detail. Because B off centering is the principal
difference from T to P network, one observes that the
correlation between SOC magnitude and low symmetry motif
reveals an improvement of Eg. For CsPbX3 MHPs, Pb metals are
less off centering than B metals in CsGeX3 and CsSnX3, as
depicted by RMSD in Figure 4; however, the small displacement
is enough to enlarge the strong SOC effect from Pb on the Eg
results.

Optical Absorption Coefficient. Aiming to provide a
deeper description of the inorganic CsBX3 MHPs, we compared
the absorption coefficients (α(ω)) among the R, T, and P
networks, as shown in Figure 8. One observes in all MHP
compositions that the absorption follows the behavior of the
gap, and the α(ω) onset tends to blueshift toward the R→ T→

Figure 6. Gap energies (Eg) calculated for (a) CsGeCl3, (b) CsGeBr3, (c) CsGeI3, (d) CsSnCl3, (e) CsSnBr3, (f) CsSnI3, (g) CsPbCl3, (h) CsPbBr3,
and (i) CsPbI3 in the UC, R, T, and P networks. Experimental reference values are indicated by the red plots from refs (A and B) 22, (C) 18, (D) 49,
(E) 50, 51, (F) 3, (G) 52, (H) 52, 53, and (I) 19.

Figure 7. (a) Schematic energy level diagram of the VBM and CBM
composed of B(s,p) and X(p) (s and p orbitals) and affected given the
local motif contributions, leading to the gap opening from the Eg

R → Eg
T

→ Eg
P sequence. (b) Spin−orbit energies for the B metals in the R, T,

and P networks for CsGeX3, CsSnX3, and CsPbX3 (X = Cl, Br, and I).
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