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ABSTRACT 

This study investigates the electronic properties of CH₃NH₃PbI₃ using the tight-binding time propagation method (TB-TPM) combined with 

the Trotter-Suzuki decomposition. The research focuses on computing the density of states (DOS) for various system sizes and time step 

parameters, employing a real-space approach to model the electronic structures of the material. Considering only the s-orbitals of Pb and I 

atoms reduces the computational complexity, enabling efficient simulations. The results indicate a metallic behavior, deviating from the 

expected semiconducting properties reported in prior studies due to the exclusion of critical p-orbital interactions. The study also highlights 

the effect of timestep size on the accuracy of the correlation functions and DOS, emphasizing the need for smaller timesteps to resolve spectral 

features effectively.  
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INTRODUCTION 

The rapid advancements in renewable energy 
technologies have significantly increased the demand 
for efficient and cost-effective materials for solar 
energy conversion. Among these, hybrid organic-
inorganic perovskites, particularly 

methylammonium lead iodide (CH₃NH₃PbI₃), have 
garnered substantial attention due to their 
exceptional optoelectronic properties (Wang et al, 
2020). These properties include high absorption 
coefficients (Kovalenko et al, 2017), long carrier 
diffusion lengths (Shi et al, 2015), and tunable 
bandgaps (Noh et al, 2013), making them promising 
candidates for next-generation photovoltaic devices 
(Kojima et al, 2009). 

Despite their remarkable performance in 
solar cell applications, a comprehensive 
understanding of the electronic structure of 

CH₃NH₃PbI₃ remains essential to optimize their 
functionality further. The density of states (DOS), 
as a critical descriptor of the electronic structure, 
plays a pivotal role in determining its optical and 
electrical behavior (Bannow et al, 2019). 
Consequently, accurate computational methods are 
imperative for studying these properties and 
providing insights into the fundamental mechanisms 
governing the material performance (Brivio et al, 
2013). 

Traditionally, density functional theory 
(DFT) (Kresse & Furthmüller, 1996) and tight-
binding models in k-space (Slater & Koster, 1954) 
have been the primary computational approaches 

used to investigate the electronic structure of 
perovskites. While these methods have provided 
valuable insights, they are not without limitations. 
DFT, for instance, can be computationally 
demanding and often requires approximations that 
may not fully capture the complex electronic 
interactions in hybrid perovskites (Perdew et al, 
1996). On the other hand, tight-binding models in 
k-space, although computationally efficient, can 
sometimes lack the flexibility needed to describe 
certain features of disordered or real-space systems 
(S. Ashhab et al, 2017). 

In this study, we employ the tight-binding 
propagation method to explore the density of states 

(DOS) of CH₃NH₃PbI₃. Unlike the conventional k-
space tight-binding approach, the tight-binding 
propagation method operates in real space, offering 
a unique perspective on the electronic structure 
(Welborn et al, 2013). This approach is particularly 
advantageous for systems with structural 
complexities or disorders, as it inherently accounts 
for spatial variations in electronic interactions 
(Balagurov et al, 2004). In this study, we limit our 
calculation to the s-orbital of the lead (Pb) atoms in 

CH₃NH₃PbI₃. This choice is justified by the 
dominant contribution of the Pb s-orbital to the 
conduction band minimum (CBM) and its critical 
role in determining the electronic properties of the 
material. By focusing on the Pb s-orbital, we reduce 
the computational complexity while retaining the 
essential physics of the electronic structure. This 
simplification allows us to efficiently model the key 
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features of the DOS without compromising the 
accuracy of the results. 

 
The calculation of the DOS in our approach 

involves the Fast Fourier Transform (FFT) of the 
correlation function, which requires solving the 
time-dependent Schrödinger equation (TDSE). A 
key component of this solution is applying the 
Trotter-Suzuki decomposition method (Suzuki, 
1990). The Trotter-Suzuki method enables an 
efficient and accurate wavefunction propagation in 
time by splitting the Hamiltonian into manageable 
parts and systematically approximating the time 
evolution operator (Ariasoca, 2018). This 
methodology is crucial for capturing the dynamic 
evolution of the system and obtaining precise DOS 
results. By integrating the Trotter-Suzuki 
decomposition into the tight-binding propagation 
framework, we aim to provide a deeper 
understanding of the electronic structure of 

CH₃NH₃PbI₃ and highlight its implications for 
designing and optimizing high-performance solar 
cell devices. 

This work demonstrates the applicability of 
the tight-binding propagation method, 
complemented by advanced techniques like the 
Trotter-Suzuki decomposition, to hybrid 
perovskites. It underscores its potential as a 
complementary tool to conventional computational 
methods. Through this study, we contribute to 
bridging the gap in the theoretical understanding of 
perovskite materials and pave the way for further 
advancements in their application to energy 
conversion technologies. 

 
COMPUTATIONAL DETAILS 

CH₃NH₃PbI₃ Structure 

 
Figure 1  CH 3NH 3PbI 3  Structure.  Grey represents 

the Pb atoms. Purple represents  I  atoms. Dark Grey 

represents  the C atoms. Blue represents  the N 

atom. P ink represents  the H atom.  

The structure used in this calculation is 

shown in Figure 1. The choice of cubic structure is 

for simplicity. 

CH₃NH₃PbI₃ Hamiltonian Matrix 

The Hamiltonian matrix for CH₃NH₃PbI₃ is 
constructed using the tight-binding model, 
incorporating contributions from the lead, iodine, 
and methylammonium ions. The general form of the 
Hamiltonian can be expressed as: 
 

   ∑       
   

   

 ∑    
   

 

 (1) 

where       represents the hopping parameter 

between nearest-neighbor sites,    is the on-site 
potential of Pb (6s-orbital) and I (5s-orbital) atoms. 

For simplicity, the CH₃NH₃PbI₃ lattice is treated as 

a perovskite cubic lattice structure, with hopping 
and potential terms adjusted to reflect the electronic 
interactions specific to the perovskite material. 

The Hamiltonian matrix for a       

cubic system will have a size of      . The 
matrix is constructed by mapping the hopping 
parameters and on-site potentials onto the lattice 
configuration. The matrix representation of this 
Hamiltonian will be: 
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with          represent the propagation 
interaction throughout the x,y,z directions, 
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for the interaction in x-direction. As for interaction 
in the y and z direction, the matrix representations 

      will be the same, but they only differ in the 
index of the atom (atomic positions). 

 
2.2. Trotter-Suzuki Product Formula 

To solve the time-dependent Schrödinger 

equation (TDSE) for CH₃NH₃PbI₃, we employ the 
Trotter-Suzuki product formula. This method 
decomposes the Hamiltonian into manageable sub-
operators that are easier to exponentiate. The first-
order Trotter-Suzuki approximation is given by: 

                             (7) 

where    is the decomposed components of the 

Hamiltonian, and   is the discrete time step. This 
decomposition significantly reduces the 
computational complexity associated with the time 
evolution operator. 

Each exponential term in the Trotter-Suzuki 
product is calculated using a Taylor expansion: 

 

        
   

  
 

     

  
     (8) 

 

For CH₃NH₃PbI₃, the Hamiltonian matrix is 
partitioned into block matrices corresponding to the 
lead, iodine, and methylammonium sub-lattices. 
These blocks are then exponentiated individually, 
ensuring that the structural and electronic 
properties unique to the perovskite are preserved. 

The initial states are represented by random 
complex numbers within the range (−1, 1) at each 
site. 

Consequently, the wavefunction of the 
system is expressed as a linear combination: 
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        (9) 

 

where    denotes the expansion coefficients. TDSE 
is then solved for this initial state to compute the 
correlation function: 
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  This process is repeated for each discrete 

time step over   iterations. Finally, the DOS is 
obtained by applying the Fourier transform to the 
inner product of the wavefunction: 
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This method ensures an accurate representation of 
the DOS while maintaining computational efficiency 
for large systems. 

 
RESULTS AND DISCUSSIONS 

 
The calculated correlation functions and 

DOS for the CH3NH3PbI3 using Trotter-Suzuki TB-
TPM across different sizes (5×5×5, 15×15×15, 
and 25×25×25) are shown in Figure 1(a), (c), (e) 
and 1(b), (d), (f), respectively, exhibit metallic 
behavior, as indicated by the absence of a band gap 
at the Fermi level in the DOS. This result deviates 
significantly from the semiconducting nature 
typically reported for perovskites. 

 
Figure 2 Correlation Function for (a)       , (c)    

     , (e)          and Density of States for (b) 

      , (d)         , (f)          using time 

steps       with           and               . 

In prior DFT calculations (Umari et al, 2021) 
and k-space tight-binding models (Boyer-Richard et 
al, 2016). the electronic structure of perovskites is 
dominated by hybridization between the Pb 6p 
orbitals (conduction band minimum) and the I 5p 
orbitals (valence band maximum). These studies 
consistently reveal a finite band gap characteristic of 
semiconducting behavior. In contrast, our tight-
binding calculation considers only the 6s orbital of 
Pb and the 5s orbital of I. This simplification 
excludes the key p-orbitals essential for forming the 
valence and conduction bands, resulting in 
overlapping s-orbital bands and a continuous DOS, 
producing an artificial metallic behavior. 

Moreover, the broad and overlapping 6s-
orbital bands lack the resolution needed to replicate 
the distinct states near the Fermi level observed in 
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DFT and k-space tight-binding calculations. The 
absence of p-orbital interactions eliminates the 
hybridization effects necessary to open a band gap 
(Goesten & Hoffmann, 2018), underscoring the 
limitations of the current tight-binding model. 

Regarding correlation functions, the results 
show increased coherence and oscillatory behavior 
for larger system sizes. Still, these do not capture 
the actual semiconducting properties due to 
omitting 6p-orbital contributions of Pb and 5p-
orbital of I atoms. 

 
Figure 3 Correlation Function for        using time steps 

(a)       , (c)        and Density of States for (b) 

      , (d)         with           and     

          . 

Figure 3 shows the correlation function and 
density of states (DOS) calculation time steps using 

      and        to show the impact of 

timestep size on the results. The correlation 
function exhibits an initial rapid decay in the 
oscillation behavior. These oscillations are smoother 

and better resolved for        compared to 
     , indicating improved numerical accuracy 
with smaller timesteps. 

The DOS shows distinct peaks characteristic 

of a tight-binding band structure. For       , the 

peaks are sharper and more defined, while       
introduces numerical artifacts that obscure spectral 
details. This result highlights the importance of 
using smaller timesteps for accurately resolving 
spectral features via the Fourier transform.  

  
CONCLUSION 

In summary, we performed tight-binding 
time propagation using the Trotter-Suzuki method 
to calculate the density of states (DOS) for 

CH₃NH₃PbI₃ across various system sizes and time 
step parameters. This approach offers computational 
efficiency by circumventing the diagonalization of 
the Hamiltonian matrix, a process that becomes 
increasingly demanding for larger systems. Our 

findings indicate that CH₃NH₃PbI₃ exhibits metallic 

behavior, which contrasts with previous 
experimental results and calculations. This 
discrepancy arises from our model's use of s-orbitals 
instead of p-orbitals for Pb and I atoms. For a more 
comprehensive depiction of the material's electronic 
properties, future work should incorporate p-orbital 
interactions and spin-orbit coupling. 

Our model emphasizes the contribution of 
Pb atoms to the electronic structure, given their 
significant role in defining the conduction and 

valence band edges of CH₃NH₃PbI₃. While 
elements such as iodine and the organic cation 

CH₃NH₃⁺ also influence the electronic properties, 
their effects are considered secondary and can be 
integrated into future model refinements. This 
simplification aligns with previous studies on lead 
halide perovskites, which underscore the central 
role of Pb orbitals in electronic characteristics. For 
instance, it has been demonstrated that a tight-
binding model focusing on Pb orbitals effectively 
captures the band structure of inorganic lead halide 
perovskites (Nestoklon, 2020). Additionally, 
density functional theory also used to analyze 

CH₃NH₃PbI₃, highlighting the dominance of Pb and 
I orbitals in the electronic structure (Wang et al., 
2014). Incorporating insights from such studies will 
enhance the robustness of tight-binding analyses and 
support their broader applicability across hybrid 
materials. 
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