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CHM 548 PROGRAMMING HOMEWORK 2 

(1) Use the program from HW1 to compute the Franck–Condon factors, 𝐼𝑛, between two displaced Morse potentials: 

𝐼𝑛 = ⟨𝑣0|𝑣𝑛
′ ⟩⟨𝑣𝑛

′ |𝑣0⟩, 

where |𝑣0⟩ denotes the zero-point vibrational wave function of the electronic ground state and |𝑣𝑛
′ ⟩ is the nth vibrational wave 

function of the electronic excited state. Plot the Franck–Condon factors as a function of the transition energies, 𝜔𝑛 = 𝐸𝑛
′ − 𝐸0. 

 

(2) Verify numerically that the wave packet, |𝑤(0)⟩, created on the electronic excited state’s potential immediately after the 

transition is identical to |𝑣0⟩, namely, 

|𝑤(0)⟩ =∑|𝑣𝑛
′ ⟩⟨𝑣𝑛

′ |𝑣0⟩

𝑛

= |𝑣0⟩. 

(3) Calculate and plot the wave packet, |𝑤(𝑡)⟩, as a function of time t, using the following sum-over-state formula: 

|𝑤(𝑡)⟩ =∑|𝑣𝑛
′ ⟩⟨𝑣𝑛

′ |𝑣0⟩𝑒
−𝑖𝐸𝑛

′ 𝑡

𝑛

. 

 



(4) Calculate and plot the correlation function,  

𝐶(𝑡) = ⟨𝑤(0)|𝑤(𝑡)⟩ = ⟨𝑣0|∑|𝑣𝑛
′ ⟩⟨𝑣𝑛

′ |𝑣0⟩𝑒
−𝑖𝐸𝑛

′ 𝑡

𝑛

=∑⟨𝑣0|𝑣𝑛
′ ⟩⟨𝑣𝑛

′ |𝑣0⟩𝑒
−𝑖𝐸𝑛

′ 𝑡

𝑛

=∑𝐼𝑛𝑒
−𝑖𝐸𝑛

′ 𝑡

𝑛

. 

 

(5) Fourier transform the correlation function and reproduce the Franck–Condon factors, as expected from 

1

2𝜋
∫ 𝐶(𝑡)𝑒𝑖𝜔𝑡𝑑𝑡
+∞

−∞

=
1

2𝜋
∫ ∑𝐼𝑛𝑒

𝑖(𝜔−𝐸𝑛
′ )𝑡

𝑛

𝑑𝑡
+∞

−∞

=∑𝐼𝑛𝛿(𝜔 − 𝐸𝑛
′ )

𝑛

. 

 

  



(6) Calculate and plot the wave packet, |𝑤(𝑡)⟩, as a function of time t, by integrating the time-dependent Schrödinger equation, 

�̂�|𝑤(𝑡)⟩ = 𝑖
𝜕

𝜕𝑡
|𝑤(𝑡)⟩, 

with finite-difference approximations in both time and space, leading to 

|𝑤(𝑡 + Δ𝑡)⟩ = |𝑤(𝑡)⟩ +
�̂�

𝑖
|𝑤(𝑡)⟩Δ𝑡, 

where the action of the Hamiltonian on a wave function on a grid can be obtained by multiplying the Hamiltonian matrix 

defined in HW1 with the vector representing the wave function. Repeat steps (4) and (5) for this propagated wave packet. 

 

Note that the above shown correlation function is almost completely missing long-time correlation owing to the accumulation of 

numerical errors and, as a result, the Franck–Condon factors obtained from it have no fine structure and are negative in some 

energy domains, which is nonphysical. It, however, recovers an overall envelope of the exact spectrum to some degree. Try to 

obtain a better result. 

 

 

 

 

 

A sample 200-line program used to generate above figures is available upon request. However, a student is strongly encouraged 

to write a program from scratch by taking advantage of the instructor’s office hours for assistance. 


