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PolTDDFT: why yet another TDDFT scheme?

Theory: for large metal nanoclusters (up to 1000 atoms) TDDFT is

the only possibility!

1. Efficiency: the polTDDFT is an alternative to Casida scheme, avoid 

Davidson diagonalization! Very competitive when too many excited 

states are needed.

2. Accuracy/Efficiency: Hybrid functionals (B3LYP), new Hybrid 

Diagonal Approximation (HDA)

3. Accuracy/Efficiency: optimization of density fitting basis set.

4. Validation: comparison with experiment. Monolayer-Protected 

Cluster (MPC) structure and optical properties well characterized.

5. Selected Applications: dichroism in nanoplasmonics

6. Input example/explanation
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Casida formulation: Diagonalization of  matrix furnishes

discrete excitation energies and intensities dim=Nocc*Nvirt

TDDFT results, lowest

n eigenvalues

Gaussian broadening

TDDFT Equations: Casida approach

STO TZP, closed shell:

Nocc=1632 Nvirt=3872

dim()=6.3106



Linear response : general theory
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 External TD perturbation, with 

frequency (dipole)

      ),(,,,1  rVrrrdr EXT



   ,1 r


Induced density by the external field

Dielectric susceptibility, not easy to calculate



TDDFT: general theory

      ),(,,,1  rVrrrdr SCFKS



     
 

  



 ,

,
),(),( 1

1

r
rd

rdV

rr

r
rdrVrV

LDA

XC
EXTSCF















 

Coupled, but linear!

K(r,r’) (kernel)

TDDFT: instead of , use KS of a model system of non-

interacting electrons and a modified external potential: VSCF

K(r,r’) (kernel)K(r,r’) (kernel)



defines the kernel K

defines the susceptibility KS
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The Response Equation becomes:

Exploit linearity of the problem:

To solve : represent the response equation in the auxiliary density 

fitting basis functions, dimension of fitting set (density-based

formulation). At variance with density-matrix Casida formulation. For 

[Au172]
4+ dim(1-KSK) = 5848 (instead of 6.3106 )!!!

O. Baseggio, G. Fronzoni and M. Stener, J. Chem. Phys., 143 (2015) 024106

O. Baseggio, M. De Vetta, G. Fronzoni, M. Stener and A. Fortunelli, Int. J. Quantum Chem., 116 (2016) 1603
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Efficiency: polTDDFT direct (not iterative) algorithm

𝜌(1) =

𝜇

𝑓𝑖𝑡
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Extract the spectrum from polarizability:
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The first order density (1) calculated from TDDFT equations, for each photon energy 

with =R+iI the imaginary part corresponds to lorentzian HWHM broadening.

basis set: auxiliary density fitting functions optimized for POLTTDFT must be 

employed! 

The “only” problem is to calculate efficiently KS!  
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The energy grid consists of P+1 knots:

and are defined P intervals: 

Now it is possible to change the double sum of previous equation (13) as follows:
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Change the double sum:

Cut-off crucial input choice for 

polTDDFT: include relevant

excitations but avoid

unnecessary ones to prevent

numerical errors propagation.
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Build the matrix:

TDDFT equation:
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With this scheme, the M matrix is calculated at each photon energy , 

simply as a linear combination of matrices Gk with coefficients sk().

The calculation of KS is fast (just sum of matrices) and small (over the 

fitting functions)!

Approximations: imaginary broadening and energy discretization.
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Accuracy/Efficiency: Hybrid Diagonal

Approximation (HDA)
To introduce HDA is convenient to start from RPA equations:

For hybrid kernels the matrix elements takes this form,  fraction of non-local exchange

Kernel non-local exchange elements: very demanding when non-gaussian basis are 

employed!  

M. Medves, L. Sementa, D. Toffoli, G. Fronzoni, A. Fortunelli, M. Stener, J. Chem. Phys. 152 (2020) 184102.
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Hybrid Diagonal Approximation (HDA)
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HDA consists to consider only the diagonal exchange elements: 

The diagonal exchange elements are few and cheap to calculate, even for non-gaussian

basis set. At present calculated numerically. Next release AMS2023: also calculated

analytically with fitting (Resolution of the Identity) (Pierpaolo D’Antoni TCCM master 

thesis, paper in preparation). Speedup factor of 30 by RI!!!

HDA is a general approximation, it has been implemented (AMS2021) for both Casida

and polTDDFT algorithms!



Timing (24 cores)

Casida: 61 h up 3.7 eV

Casida HDA: 9 h up 

3.7 eV

polTDDFT: 16 h up to 

5eV

Hardware: HP ProLiant DL580 Gen10 server Intel®Xeon®Gold 6140 CPU @ 2.30 GHz, 728 

GB of RAM

Hybrid Diagonal Approximation (HDA)



Hybrid Diagonal Approximation (HDA)

[Au25(SCH3)18]
- Au28(SC6H5)20

Atoms 115 268

polTDDTFT HDA numerical 16h 84h

polTDDTFT HDA fitted 3h
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Efficiency/Accuracy: POLTDDFT fitting basis set 

• 73 elements of the periodic table

approx. 2 millions spectra analyzed

• High spread of the pol-TDDFT method

in particular for “large” systems 

• High accuracy and robustness

included in AMS-2021

14
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𝑣 ∙ 𝑢 = 𝑣 ത𝑢 cos 𝜃 ⇒ cos 𝜃 =
𝑣 ∙ 𝑢

𝑣 𝑢

Marco Medves, Giovanna Fronzoni, Mauro Stener; “Optimization of density fitting auxiliary slater type basis functions for 

time dependent density functional theory”; Journal of Computational Chemistry; 43 (2022) ; 1923–1935
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Density fitting basis
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1S  =29.10

2S  =29.57

2S  =18.51

3S  =17.08

3S  =11.50

4S  =10.27

4S  =7.25

4S  =5.12

5S  =4.51

5S  =3.29

5S  =2.40

2P  =21.25

3P  =16.90

4P  =13.28

4P  =8.31

5P  =6.53

5P  =4.28

5P  =2.80

3D  =16.31

4D  =12.49

4D  =7.62

5D  =5.86

5D  =3.75

5D  =2.40
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5G  =3.50
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Descriptors: match with respect to Casida reference

4S  =5.12

5S  =4.51

5S  =3.29

5S  =2.40

4P  =8.31

5P  =4.28

5P  =2.80

5D  =3.75

5D  =2.40

4F   =5.00

4F   =3.00

Result
CCl4

Cl2O

HCl
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Results and testing 

CCl4 HCl Cl2O

AgCl

SOCl2

SO2Cl2

S2Cl2

Ar-Cl2

VOCl3



Applications: [Ag24Au(DMBT)18]
- exp. at 77 K
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polTDDFT new basis

Exp. at 77K

b)

a) The photoabsorption data

registered at 77K from the group

of F. Maran in Padua.

In the low T spectrum emerge

new features not visible at RT in

excellent agreement with theory.

M. Medves, L. Sementa, D. Toffoli, G. Fronzoni, K.
R. Krishnadas, F. Maran, T. Bürgi, A. Fortunelli, and
M. Stener
“Predictive optical photoabsorption of
[Ag24Au(DMBT)18]

- via efficient TDDFT
simulations”
J. Chem. Phys. 155 (2021) 084103
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energy (eV)

f Assignment (only contribution > 10%)

1.94 0.23 21.7% HOMO (28% Ag 4s, 18% S 3p, 10% Ag 4p) →

LUMO+1 (34% Ag 4s, 18% Ag 4p, 11% S 3p)

17.9 % HOMO-1 (27% Ag 4s, 20% S 3p) →

LUMO (31% Ag 4s, 19% Ag 4p)

17.3% HOMO-2 (28% Ag 4s, 19% S 3p) → LUMO

16.7% HOMO-1→LUMO+1

2.20 0.13 34.7% HOMO-1→LUMO+2 (28% Ag 4p, 26% Ag 4s)

2.72 0.50 19.9% HOMO-1→LUMO+3 (27% Ag 4s, 24% Ag 4p, 10% S 3p)

16.3% HOMO→LUMO+4 (25% Ag 4s, 24% Ag 4p)

3.38 0.72 11.5% HOMO-12 (37% S 3p, 18% C 2p) → LUMO+5 (31% Ag 4p)

Inability of non-hybrid xc to describe

the balance between metal and sulfur

contributions. Tendency to move bands

around the HOMO-LUMO gap to too

low energies, thus underestimating the

position of the corresponding

excitations. Such excitations are blue-

shifted and merged with higher-energy

peaks when hybrid xc-functionals are

employed



Circularly Polarized Plasmons in Chiral Gold 

Nanowires via Quantum-Mechanical Design

Chiral helical (coiled) nanowires

Chiral linear nanowires

D. Toffoli, A. Russi, G. Fronzoni, E. Coccia, M. Stener, L. Sementa and A. Fortunelli, J. Phys. 

Chem. Letters 2021, 12, 5829.



Low Dichroism

Plasmons for 

linear chiral

nanowires, 

emerging in 11-4

ICM plots:

JPCC 2018, 122, 

4524–4531. 

JCTC 2018, 14, 

3703−3714.



Very large dichroism in plasmons for helical (coiled) 

chiral nanowires!

Longitudinal and transversal plasmons with opposite dichroism



Largest system considered so far: 1068 atoms, no 

symmetry, explicit solvent: [Au25(GSH)18]
-1-(H2O)126

•Inclusion by MD and ED of conformational degrees of freedom for the calculations of ECD of chiral clusters                   

Marta Monti (HPC Europa3): Ongoing collaboration with S. Corni (Padua), M. Aschi (L’Aquila) and H. Hakkinen (Jyvaskyla)



• Calculation of transition moments between excited states and Real Time TDDFT
P. Grobas-Illobre, M. Marsili, S. Corni, M. Stener, D. Toffoli and E. Coccia

J. Chem. Theo. Comput. 17 (2021) 6314-6329

• Chiral functionalization of an atomically precise noble metal cluster: Insights into the 

origin of chirality and photoluminescence                                                           
Krishnadas, Kumaranchira; Sementa, Luca; Medves, Marco; Fortunelli, Alessandro; Stener, 

Mauro*; Fürstenberg, Alexandre; Longhi, Giovanna; Burgi, Thomas                                        

ACS Nano 14 (2020) 9687–9700

• Inclusion by MD and ED of conformational degrees of freedom for the calculations of 

ECD of chiral clusters                                                           

Marta Monti (HPC Europa3): Ongoing collaboration with S. Corni (Padua), M. Aschi (L’Aquila) 

and H. Hakkinen (Jyvaskyla)

• More efficient HDA with Resolution of Identity (RI) 

Pierpaolo D’Antoni (HPC Europa3): Ongoing collaboration with L. Vissker (Amsterdam)

• Effect of O adsorption on optical (plasmon) properties of silver clusters

Elena Zerbato (HPC Europa3): Ongoing collaboration with K. Neyman (Barcelona)

Other applications



$AMSBIN/ams << eor

ENGINERESTART au170_scf_z2.t21

SYSTEM #1

Atoms

Au 2.786100 0.000000 -30.115689

(…)

End

Charge 2.0

END #1

TASK SINGLEPOINT #2

ENGINE ADF #3

Relativity

Formalism ZORA

Level scalar

End

Basis

PerAtomType Symbol=Au File=$AMSRESOURCES/ADF/POLTDDFT/TZP/Au.4f

End

(…)

polTDDFT input for AMS
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(…)

Poltddft

FreqRange 0.02 5.02  ### the spectrum is calculated from 0.0 to 5 eV

NFreq 249                 ### 249 points (step = (5.00-0.02)/249=0.02 eV)

KGrid 8.                    ### the excitations are calculated up to 8 eV (EP)

NGrid 320                 ### 320 Ik (width = 8/320=0.025 eV)

Lifetime 0.060           ### imaginary photon energy (eV) = HWHM Lorentzian broadening

Cutoff 3.                    ### excitations are included up to +cutoff

End

(…)

polTDDFT input for AMS

0.02 5.0



Cutoff=3.0

8.0

Cutoff: default 4 eV good for large systems, for small/medium systems cutoff may be increased up to 20 eV                    

Recommendation: check cutoff choice wrt a Casida calculation of the lowest part of the spectrum



Conclusions:

•The density-matrix Casida approach is not practical to treat big metal clusters, 

since many roots (lowest eigenvalues) are necessary.

•The complex polarizability polTDDFT algorithm is proposed to treat large systems 

•Implementation of the complex polarizability algorithm is completed in AMS2021

code and published:  JCP 143 (2015) 024106.

• Hybrid XC are the best choice in terms of agreement with experiment. But very 

demanding, HDA solves the problem (AMS2021)

• The density fitting basis set has been extended and reoptimized (AMS2021)

• All such new features are already available in AMS2022.

• The suggested protocol has proven predictive for alloyed MPC, further comparison 

with low T spectra for other systems will be necessary to confirm this conclusion in 

general.

• Further extensions: AMS2023: polTDDFT fast HDA RI, unrestricted HDA Casida, 

restarts options, ICM in GUI. AMS2024: unrestricted polTDDFT, RS functionals with 

RI in polTDDFT, improve parallelization.
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