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Dipole moment and center of charge in
molecules

For any molecule/cluster the dipole moment i
ﬁ = Z QaFa

with a running on the atoms, q,, are the charges on atoms
(Mulliken, Lowdin etc.) and 7 are the atomic coordinates
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Dipole moment and center of charge in
molecules

For any molecule/cluster the dipole moment i
ﬁ = Z QaFa

with a running on the atoms, q,, are the charges on atoms
(Mulliken, Lowdin etc.) and 7 are the atomic coordinates
For charged systems, the center of charge cc is:

C“C — Za Qar

Za QQ
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Dipole moment and center of charge in
molecules

@ Copy files from /home/pcc/2025/CC to your work space
@ HBDI (chromophore of GFP)

o Aglt
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Exercises

@ Compute center of charge and dipole of the two systems
(cc_dip.fo0)

@ Compute center of mass of the two systems (com.f90)
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Bond angle

h 2 e

Copy files from /home/pcc/2025/CC to your work space
Compute bond angles (bondangle.f90)
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Matrix diagonalization

@ Square matrix A (NxN)
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Matrix diagonalization

@ Square matrix A (NxN)

@ Matrix diagonalization: A=UD U~

@ D =diag(a;, 0s...ay)., g; eigenvalues of A
@ U: composed of eigenvectors of A
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Matrix diagonalization

@ Square matrix A (NxN)

@ Matrix diagonalization: A=UD U~

@ D =diag(a;, 0s...ay)., g; eigenvalues of A

@ U: composed of eigenvectors of A

@ Link to math libraries mkl (only ifort!) for compilation
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Matrix diagonalization

@ Square matrix A (NxN)

@ Matrix diagonalization: A=UD U~

@ D =diag(a;, 0s...ay)., g; eigenvalues of A

@ U: composed of eigenvectors of A

@ Link to math libraries mkl (only ifort!) for compilation
@ Example diag.f90
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Matrix transpose

@ Square matrix A
@ Transpose of A — Af = A;
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Matrix transpose

@ Square matrix A
@ Transpose of A — Af = A;
@ Example franspose.f90
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Matrix transpose

@ Square matrix A

@ Transpose of A — Af = A;

@ Example franspose.f90

@ Transpose conjugated of a matrix: example fconjug.fo0
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Franck-Condon factors

Born-Oppenheimer approximation

Ve, (e, An) = Ye(Te; AN) X5 (AN)

Total dipole moment

i=-eY hi+ed ZyRy
i N
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Franck-Condon factors

ﬁff’l = /T/Je'(Qe;QN)*XS:(QN)* <92ﬁ+ eZZNféN> X
i N

X 1he(Qe: An) x5 (AN)dgedan
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Franck-Condon factors

ﬁff’l = /T/Je'(Qe;QN)*XS:(QN)* (92E+GZZNI§N> X
i N
Ye(Qe; AN) X1 (AN)AGedan
= *GZ/¢e’(Qe;QN)*Ewe(Qe;QN)dQe/Xsll(QN)*Xs(QN)dQN
i

0
eZZN/¢e’(Qe? “e C/e?QN)dCIe/ij(CIN)*I_éNXs(C/N)dC/N
N

X

_|_
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Franck-Condon factors

—e,e
lu‘y,z/’

X

/d’e’(Qe; QN)*XS',(QN)* <92ﬁ+ eZZNféN> X
i N
Ye(Qe; AN) X1 (AN)AGedan
ey [ ver(@ei an) el Gei o) g / Y& (aW)" X3 (W) iy

eZZN Yo (Qei 2(Gei An)Aqe / X5 (an)* RuxS(an) da

—92/7/19/ Qe GN)"Tibe(Te: AN dQe/XV (an)"xz(an)dan

ﬂ»e,e Se e
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Franck-Condon factors

ﬁye,f: = /d’e’(Qe;QN)*Xs',(QN)* (92E+GZZNI§N> X
i N
X 1he(Qe: An) x5 (AN)dgedan
> [ ver(@ei an) el Gei o) g / X (an) xE(an)dan

+ eZZN Yo (Qei 2(Gei An)Aqe / X5 (an)* RuxS(an) da

= —92/7/19/ Qe: ON) " Tibe(Tei An dQe/XV (an)™xy(an)dan

ﬂ»e,e Se,e

Fcee _ |See|

v,v! v,v’
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Franck-Condon factors

Stato
elettronicamente
eccitato

Buona sovrapposizione
q fcarsa sovrapposizione|

Stato elettronico
fondamentale

Energia

(a) Distanza internucleare, R (b) Distanza internucleare, R
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Franck-Condon factors

@ Harmonic oscillator: H = % + yMwX? (W =/ £)
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Franck-Condon factors

@ Harmonic oscillator: H = % + yMwX? (W =/ £)

@ Harmonic eigenfunctions

we 174
lan) = (T22)" expl-(mwe) /2]
Mwey /4
Wlaw) = V2(72) " (V) expl—(mwe)aR/2]
we 1/4
Slan) = o (T22) 7 [2muedh - 1] ewl-(mae) /2
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Franck-Condon factors

@ Harmonic oscillator: H = % + yMwX? (W =/ £)

@ Harmonic eigenfunctions

M0) " expl—(mue) /2]

xo(an) = ( -
Mwey /4
Wlaw) = V2(72) " (V) expl—(mwe)aR/2]

aw) = o= (2) " omadh, — 1] epl-(mue)iy2

@ Example fc.f90
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Franck-Condon factors

@ Given the same frequencies and displacement, how the FC
factor changes with the vibrational quantum number v (O, 1
or 2) of the electronic excited state?
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Franck-Condon factors

@ Given the same frequencies and displacement, how the FC
factor changes with the vibrational quantum number v (O, 1
or 2) of the electronic excited state?

@ Given the same frequencies, how the FC factor changes
with the displacement Aqg (for a chosen v )?
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"Pseudo” Br, results

Displacement 0.01 bohr

Sr T T T ]
251 — electronic ground state v=0 |
- — electronic excited state v=0 |1
2+ —— electronic excited state v=1

= electronic excited state v=2
15+ —

Vibrational wavefunction
o

R TS ISR N S U SR | | | |
3—l -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
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"Pseudo” Br, results

Displacement 0.1 bohr

Sr T T T ]
25 electronic ground state v=0
- electronic excited state v=0 |
2 electronic excited state v=1 H

= electronic excited state v=2
15+ —

Vibrational wavefunction
o

R TS ISR N S U SR | | | |
3—l -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
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Simulating real-time dynamics

@ Light-matter interaction, simulating time-resolved
spectroscopies
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Simulating real-time dynamics

@ Light-matter interaction, simulating time-resolved
spectroscopies
@ Two-level system

W(1) = Co(H)|0) + G (N[T)

[1> [Ca(t)]2
F(t)
E=E1-Eo
0> [Cof(t)[?
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Simulating real-time dynamics

Time-dependent Schrodinger equation (TDSE)

vy
o = Ao
Aty = Fo—a-F(H
P e — () (01a10) + I1)
29D ey he - R (1) + (11810)
F(t) = chxexp( (1 QJmId) )sin(wf)
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Simulating real-time dynamics

@ Executable wavet.x in /home/pcc/2025/WaveT
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Simulating real-time dynamics

@ Executable wavet.x in /home/pcc/2025/WaveT
@ input file, ci_ini.inp ci_energy.inp and ci_mut.inp in
/home/pcc/2025/WaveT
e input: parameters for propagating TDSE
e ci_ini.inp: initial populations
@ Ci_energy.inp contains excitation energy £
e ci_mut.inp contains dipoles and transition dipoles

E. Coccia (DSCF) 17/20



Simulating real-time dynamics

@ Executable wavet.x in /home/pcc/2025/WaveT
@ input file, ci_ini.inp ci_energy.inp and ci_mut.inp in
/home/pcc/2025/WaveT
e input: parameters for propagating TDSE
e ci_ini.inp: initial populations
@ Ci_energy.inp contains excitation energy £
e ci_mut.inp contains dipoles and transition dipoles
@ To run the simulation, copy the files in your working directory,
and type ./wavet.x < input > output
@ Many files are produced, focus on c_t1_1.dat
e c_t_1.dat: time evolution of |Cy(1)|? and |Cy(1)/?
step time Population |0), |1)
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Simulating real-time dynamics

@ Check the last value of |0) and |1) populations by changing
the amplitude of the pulse (fmax = 10~4, 5x10-°, 109,
resonant frequency)

@ Check the last value of |0) and |1) populations by changing
the frequency of the pulse (fmax= 5x10-°, omega=0.11,0.13
and resonant)
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Simulating real-time dynamics

10> 11>
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Simulating real-time dynamics

10> 11>
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