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The manuscript reports consequences of creating a Pb vacancy in the bulk perovskite material 

leading to an additional unoccupied electronic state that provides (a) additional structural 

rearrangements, such as I2 formation and (b) new pathways for relaxation of a photo excitation. 

Anionic open-shell configuration made by addition of an extra electron into the Pb vacancy 

localizes the frontier orbitals around the Pb vacancy thus affecting relaxation mechanism. The 

relaxation pathways for spin majority and spin minority components exhibit drastically different 

contributions to energy relaxation and to photoemission. This observation can be applied to 

increase control and tune-ability of materials for optoelectronic and photovoltaic applications. 
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Non-collinear spin DFT as implemented in VASP has been used to calculate the effects 

of spin orbit coupling upon the ground state electronic structure of the modeled systems.
1-3

 This 

methodology has been detailed in previous work.
4
 The relativistic Hamiltonian, 𝐻relativistic =

𝐻𝑆𝑅 + 𝐻𝑆𝑂𝐶, is used where 𝐻𝑆𝑅 and 𝐻𝑆𝑂𝐶 correspond to scalar relativistic and spin-orbit terms, 

respectively. The second-order approximation of SOC term is 𝐻𝑆𝑂𝐶 =
ℏ

4𝑚2𝑐2

1

𝑟

𝜕𝑣sphere
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𝜕𝑟
�⃗� ∙𝑆  where 

𝑣sphere
𝐾𝑆  is given by the spherical harmonics, �⃗�  is the angular momentum operator, and 𝑆  is Pauli 

spin matrices. Results of SOC calculations in the basis of KSO are presented as components of 

spinor orbitals ∑ (−𝛿𝜎𝜎′∇2 + 𝑣
𝜎𝜎′
𝑒𝑓𝑓(𝑟 ))𝜑𝑖𝜎(𝑟 ) = 𝜀𝑖

𝑁𝐶𝑆
𝜎=𝛼,𝛽 𝜑𝑖𝜎′(𝑟 ). The spinor KSO is a two-

component vector, 𝜑𝑖
𝐾𝑆(𝑟 ) = {

𝜑𝑖𝛼(𝑟 )

𝜑𝑖𝛽(𝑟 )
} , |𝜑𝑖𝛼|2 + |𝜑𝑖𝛽|

2
= 1. Using the spinor form the 

transition dipole moment can be found using 

〈�⃗⃗� 𝑖𝑗〉 = ∫{𝜑𝑖𝛼
∗ 𝜑𝑖𝛽

∗ }𝑟 {
𝜑𝑗𝛼

𝜑𝑗𝛽
}𝑑𝑟 = ∫𝑑𝑟 (𝜑𝑖𝛼

∗ (𝑟) 𝑟 𝜑𝑗𝛼(𝑟) + 𝜑𝑖𝛽
∗ (𝑟)𝑟  𝜑𝑗𝛽(𝑟)). The SOC 

transition dipole moment is then used to produce absorption spectra through the methods 

described in the methodology. 

 

The transition dipole moment matrix elements, �⃗⃗� 𝑖𝑗, can be constructed �⃗⃗� 𝑖𝑗 = ⟨𝑖|�̂�|𝑗⟩ =

∑ 𝐶𝑖,𝐺
∗ 𝐷𝐺,𝐺′𝐶𝑗,𝐺′𝐺,𝐺′<𝐺𝑐𝑢𝑡

 with the matrix element, 𝐷𝐺,𝐺′, defined as 𝐷𝐺,𝐺′ =

−𝑒 ∫𝑑3𝑟𝑒𝑖𝐺𝑟𝑟𝑒−𝑖𝐺′𝑟. The dipole matrix elements are re-expressed in terms of momentum 

operator matrix elements, ⟨𝑖|�̂�|𝑗⟩ = 𝑖ℏ∑ 𝐶𝑖,𝐺
∗ 𝐷𝐺,𝐺′𝐶𝑗,𝐺′𝐺,𝐺′<𝐺𝑐𝑢𝑡

 to obtain 

⟨𝑖|�̂�|𝑗⟩ = ⟨𝑖|�̂�|𝑗⟩
𝑖ℏ𝑒

𝑚𝑒(𝜀𝑗−𝜀𝑖)
.  
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Figure S1. Partial charge density of the ground state optimized HOMO (A) and LUMO (B) states 
for the VPb neutral model. 
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Figure S2. Absorption spectra calculated for the ground state electronic structure of the (A) 

MAPbI3, (B) 𝑉𝑃𝑏
+2, and (C) 𝑉𝑃𝑏,𝑆=0. Addition of a Pb vacancy in panel B shows the introduced red 

shifted peak due to the formation of an unoccupied state within the band gap. Charge correction 

in panel C shows a slight red shift to the absorption onset. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 S-5 

Comparison of calculated band dispersion for the MAPbI3, 𝑉𝑃𝑏
+2, and 𝑉𝑃𝑏,𝑆=0 models highlight new states introduced due 

to vacancy creation, as shown in Fig. S3.  As predicted, the vacancy state within the band gap is shown to be 

relatively consistent across high symmetry points sampled, 𝜀𝑖(�⃗� ) ≈ 𝑐𝑜𝑛𝑠𝑡. 

 

 
Figure S3. Band structure calculations performed for the three closed shell systems. The vacancy state created in the 

𝑉𝑃𝑏
+2 system shows a sustained defect band across multiple k-points with a small change in energy. 
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To compare the effects of unit cells within a simulation cell and the resulting location of direct 

band gap location a smaller, 2x2x2 super cell, was used to calculate the band structure. Below in 

Fig. S4 with a reduced super cell the band gap is pushed back to the gamma point. 

 
Figure S4. Band structure calculated for a 2x2x2 super cell composed of cubic MAPbI3 unit 

cells. The choice of super cell size can direct the high symmetry point at which the direct band 

gap is located. 
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The models under study are sensitive to the geometry of the material. Absorption spectra for 
larger super cells, 4x4x4 and 5x5x5, show geometry induced folding of the band structure to the 
gamma point for even numbered super cells. It is also important to note the effect of including 
all k-points of the system. By removing possible electronic transitions away from the gamma 
point, the intensity and features of the absorption spectra (left panel) are greatly modified. 

  
Figure S5. Absorption spectra for a 4x4x4 and 5x5x5 super cell, left panel. Absorption spectra 
for VPb

+2 model at gamma and including all k-points of a 2x2x2 mesh. 
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Figure S6. Absorption spectra for both open shell structures providing total absorption 
contributions from both 𝛼 and 𝛽 spin projections. The solid (black), red (dashed), and blue 
(dashed) lines represent the total, 𝛼, and 𝛽 spectra, respectively. 
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Figure S7. Spin polarized DOS for closed shell electronic configurations. The symmetric DOS for 
both up and down spin projections highlight the fact that they have all electrons paired in the 
ground state. 
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Figure S8. Kohn-Sham orbital energy fluctuations along the ground state molecular dynamic 

trajectory for all Pb vacancy models. During the 𝑉𝑃𝑏
+2 dynamic trajectory, the dopant state 

created by the Pb vacancy migrates from the middle of the band gap to the bottom of the 
conduction band. The migrating dopant energy corresponds to the production of an I2 molecule 
at the Pb vacancy site. 
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Figure S9. Three snapshots along the VPb molecular dynamic trajectory show the evolution of a 
free formed I2 molecule at the Pb defect site. The I2 molecule is circled in red to highlight the 
formation. 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

t = 292 fs t = 359 fs t = 475 fs 
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Figure S10. Closed shell non-radiative relaxation times for gamma point MD trajectories. The 
rates shown correspond to values found in Table S2. 
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Figure S11. Open shell non-radiative relaxation times for gamma point MD trajectories. The 
rates shown correspond to values found in Table S4. 
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Figure S12. Closed shell non-radiative relaxation times for 2x2x2 k-point mesh MD trajectories. 
The rates shown correspond to values found in Table S5.  
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Figure S13. Open shell non-radiative relaxation times for 2x2x2 k-point mesh MD trajectories. 
The rates shown correspond to values found in Table S5. 
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Figure S14. A comparison of DFT calculated absorption spectra with (black) and without (red) 
spin-orbit coupling for MAPbI3 (a), VPb

+2 (b), VPb
+  (c), and VPb (d). The inclusion of spin-orbit 

coupling effects shows expected reduction of band gap energies in all systems under study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 S-17 

 
 
Figure S15. Visualization of a probable excitation, chosen via oscillator strength, and subsequent time 

dependent relaxation for the MAPbI3 model. The image represents non-equilibrium electron density as a 

function of energy and time following photoexcitation with charges represented by no change(green), 

gain - electron(red), and loss - hole(blue). Each image shows initial electronic states of chosen transition, 

excitation (vertical arrow), lifetime of electron(𝜏𝑒) and hole (𝜏ℎ), and final LU and HO states. A high 

oscillator strength transition is shown for the closed shell models MAPbI3 (left), 𝑉𝑃𝑏
+2 (middle), and 

𝑉𝑃𝑏,𝑆=0 (right). 
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Figure S16. Visualization of a probable excitation, chosen via oscillator strength, and subsequent time 

dependent relaxation for the MAPbI3 model. The image represents non-equilibrium electron density as a 

function of energy and time following photoexcitation with charges represented by no change(green), 

gain - electron(red), and loss - hole(blue). Each image shows initial electronic states of chosen transition, 

excitation (vertical arrow), lifetime of electron(𝜏𝑒) and hole (𝜏ℎ), and final LU and HO states. A high 

oscillator strength transition is shown for the charged (top) and triplet (bottom) 𝛼 and 𝛽 systems.  
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Figure S17. Absorption spectra computed with 2x2x2 k-point mesh. The total absorption (top) and partial 

absorption contributions by each k-point (bottom) are shown for the two closed shell vacancy systems, 

𝑉𝑃𝑏
+2 (left) and 𝑉𝑃𝑏,𝑆=0 (right). Inclusion of all kpoints shows absorption onset previsouly missed by 

absorption spectra calculated at only the gamma point. 
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Table S1. The PBE total energies of five atomistic models considered in this work. 

Model MAPbI3 𝑉𝑃𝑏
+2

 𝑉𝑃𝑏(𝜎)
+

 𝑉𝑃𝑏,𝑆=0 𝑉𝑃𝑏,𝑆=1 

Total Energy (eV) -1374.63 -1368.82 -1367.42 -1366.39 -1364.05 

 

Table S2. The closed shell PBE total energies of a bulk lead material and the resulting energies 

from creating a vacancy in the Pb bulk and correcting the charge of the vacancy. 

Model Pb Bulk Pb Bulk Vacancy Pb Bulk Charge Corrected 

Total Energy (eV) -381.11 -377.87 -368.09 
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Table S3. Initial non-equilibrium electronic states and corresponding excitation energy, dE, 
oscillator strength, OS_STR, rate of hole, Kh, rate of electron, Ke, and lifetimes of the hole and 
electron. 
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Table S4. Non-radiative relaxation rates, 𝑘𝑒,ℎ, and times, 𝜏𝑒,ℎ, for gamma point MD trajectory. 

The values are for the perfect, MAPbI3, neutral, 𝑉𝑃𝑏
+2, charged up, 𝑉𝑃𝑏

+1(𝛼), charged down, 
𝑉𝑃𝑏

+1(𝛽), singlet, 𝑉𝑃𝑏, triplet up, 𝑉𝑃𝑏(𝛼), and triplet down, 𝑉𝑃𝑏(𝛽), systems. The value of iH&iE 
represent the number of states away from the band edges that are initially populated upon 
photoexcitation. 
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Table S5. Non-radiative relaxation rates, 𝑘𝑒,ℎ, and times, 𝜏𝑒,ℎ, for 2x2x2 k-point mesh MD 

trajectory. The values are for the perfect, MAPbI3, neutral, 𝑉𝑃𝑏
+2, charged up, 𝑉𝑃𝑏

+1(𝛼), charged 
down, 𝑉𝑃𝑏

+1(𝛽), singlet, 𝑉𝑃𝑏, triplet up, 𝑉𝑃𝑏(𝛼), and triplet down, 𝑉𝑃𝑏(𝛽), systems. The value of 
iH&iE represent the number of states away from the band edges that are initially populated 
upon photoexcitation.
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Table S6. Quantum yield values for all gamma point models under consideration. 

Model 𝜏𝑁𝑅 𝜏𝑅 ∆𝐸 QY (%) 

MAPbI3 3.14E-06 6.6897 3.041 7.318 

𝑉𝑃𝑏
+2 2.14E-03 1.1076 1.1499 0.488 

𝑉𝑃𝑏(𝛼)
+  4.32E-06 0.768 2.3527 45.561 

𝑉𝑃𝑏(𝛽)
+  5.25E-04 5.8226 0.63 1.250 

𝑉𝑃𝑏,𝑆=0 1.74E-06 0.6971 2.2841 70.814 

𝑉𝑃𝑏,𝑆=1,𝛼 4.05E-05 118.1875295 0.2159 6.434 

𝑉𝑃𝑏,𝑆=1,𝛽 4.87E-05 0.54144554 0.5836 63.098 

 


