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Excited states

Excited states and methods

J.-L. Bredas, Mater. Horiz. 1, 17–19 (2014)
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Excited states

Excited states and methods

P. F. Loos et al., J. Phys. Chem. Lett. 11, 2374–2383 (2020)
Mickaël Véril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, France
Electronic transitions, statistics and digital tools for quantum chemistry 4 / 35

https://doi.org/10.1021/acs.jpclett.0c00014


.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Introduction GW QUESTDB Quantum Package demo Correlation energies General conclusion and perspectives Acknowledgements

Excited states

Excited states methodes.

Method Formal Oscillator Analytical
scaling strength gradients

TD-DFT O(N4)
BSE@GW O(N4)

CIS O(N5)
CIS(D) O(N5)
ADC(2) O(N5)
CC2 O(N5)

ADC(3) O(N6)
EOM-CCSD O(N6)

CC3 O(N7)

EOM-CCSDT O(N8)
EOM-CCSDTQ O(N10)

CASPT2/NEVPT2 O(N!)
SCI O(N!)
FCI O(N!)

P. F. Loos et al., J. Phys. Chem. Lett. 11, 2374–2383 (2020)
Mickaël Véril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, France
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Quantum Package

Quantum Package
A programming environment for wave function methods

CIPSI algorithm (SCI)

1. Variational wave function and energy
|Ψvar⟩ = ∑

I
cI |I⟩

Evar =
⟨Ψvar |Ĥ|Ψvar⟩
⟨Ψvar |Ψvar⟩

≥ EFCI

2. Second-order perturbative contribution

eα =
⟨Ψvar |Ĥ|α⟩2

Evar − ⟨α|Ĥ|α⟩
3. Missing correlation energy estimation

E(2) = ∑
α

eα

EFCI ≈ Evar + E(2)

4. We select |α⟩(n) the subset of external determinants with the largest contribution
{I} ← {|I⟩} ∪

{
|α⟩⋆

}
5. If convergence has not been reached, go back to 1

Y. Garniron et al., J. Chem. Theory Comput. 15, 3591 (2019)
Mickaël Véril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, France
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Quantum Package

Quantum Package
A programming environment for wave function methods

https://quantumpackage.github.io/qp2/
https://github.com/quantumpackage/qp2

Mickaël Véril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, France
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Introduction

M. Véril et al., J. Chem. Theory. Comput. 14, 5220–5228 (2018)
Mickaël Véril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, France
Electronic transitions, statistics and digital tools for quantum chemistry 8 / 35

https://doi.org/10.1021/acs.jctc.8b00745


.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Introduction GW QUESTDB Quantum Package demo Correlation energies General conclusion and perspectives Acknowledgements

Introduction

GW

G

Γ

P

W

Σ

InOut

Γ
=

1
+
δ
Σδ
G
G
G

Γ

P
=
−iG

GΓ

W
=
v +

vPW

Σ
=

iG
W

Γ

G = G0 + G0ΣG
P

=
−
iG

G

ε
H

F
/
K

SεG
W

Hedin’s pentagon1

Lists of the main GW methods (Green’s function and
screened Coulomb interaction W)

▶ G0W0
Perturbative GW ou one-shot GW

▶ evGW
Eigenvalues GW
Self-consistent on the energies of the orbitals

▶ qsGW
Quasiparticule self-consistent GW
Self-consistent on the orbitals and their energies

1 L. Hedin, Phys. Rev. 139, A796 (1965)
Mickaël Véril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, France
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Theory

Theory

Quasiparticle equation

ω = ϵHF
p + Σc

p(ω)

In practice

perturbative (G0W0)
ϵQP

p = ϵHF
p + Zp(ϵHF

p )Σc
p(ϵ

HF
p )

self-consistent (evGW/qsGW)
ϵQP

p = ϵHF
p + Σc

p(ϵ
QP−1
p )
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Theory

Theory
Self-energy

Self-energy and renormalization factor

Σc
p(ω) = ∑

m

[
occ
∑

i

|(ip|ρm)|2

ω− ϵi + Ωm
+

virt
∑
a

|(ap|ρm)|2

ω− ϵa −Ωm

]

Zp(ω) =

[
1− ∂

∂ω
Σc

p(ω)

]−1

0 ≤ Zp(ω) ≤ 1

Mickaël Véril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, France
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Theory

Theory
Self-energy

Self-energy and renormalization factor

Σc
p(ω) = ∑

m

[
occ
∑

i

|(ip|ρm)|2

ω− ϵi + Ωm
+

virt
∑
a

|(ap|ρm)|2

ω− ϵa −Ωm

]

Zp(ω) =

[
1− ∂

∂ω
Σc

p(ω)

]−1

0 ≤ Zp(ω) ≤ 1

Poles of Σc
p(ω)

ω = ϵi −Ωm or ω = ϵa + Ωm
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Results

Results
Virtual orbitals: H2

G0W0@HF/6-31G
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Results

Results
Graphical view

H2 evGW@HF/6-31G RH2 = 1.0 a0
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Results

Results
Occupied orbitals

F2 evGW@HF/STO-3G
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Results

Results
KS/HF

Frontier orbitals stable GW interval

ω = ϵi −Ωm or ω = ϵa + Ωm

ϵ
HF/KS
HOMO −Ω1 < ω < ϵ

HF/KS
LUMO + Ω1

Ω1 ≃ Egap

EF −
3
2 Egap < ω < EF +

3
2 Egap

HF vs KS gap

EKS ≪ EHF
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Introduction

The QUEST database of vertical excitation energies
Introduction

P. F. Loos et al., J. Chem. Theory Comput. 14, 4360 (2018)
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References

Theoretical Best Estimate
Theoretical Best Estimate TBE
The most accurate values we can obtain at the ab initio level.

TBE calculation methods

▶ Selected Configuration Interaction (SCI)
▶ Configuration Interaction using a Perturbative Selection made Iteratively (CIPSI)

Quantum Package

▶ Equation-of-motion coupled-cluster Highest possible level depending on the system size up to
EOM-CCSDTQ
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Users

The two usage of the QUEST project

Two type of usage

▶ Create new methods and want to benchmark it

▶ Use methods to compute photochemical properties and want to choose the most suitable method
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Live demo

Live demo

https://lcpq.github.io/QUESTDB_website
https://github.com/LCPQ/QUESTDB_website

M. Véril et al., WIREs Comput. Mol. Sci. 11, e1517 (2021)
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Problematic

Before testing a quantum chemistry software
Problematic

The normal way

▶ Install dependency

▶ Configuring

▶ Compile

The ideal way
Open a webpage
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Solution

Quantum Package demo

https://quantumpackage.github.io/qp2/page/try
https://github.com/mveril/qp_demo

https://hub.docker.com/r/mveril/qp_demo
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Architecture

Quantum Package demo
Architecture

Docker vs Virtual Machine 1 Quantum Package demo architecture

Quantum

Package

Ubuntu

Quantum

Package

Ubuntu

Quantum

Package

Ubuntu

Docker shellinabox Host binaries

Linux kernel

Infrastructure

1 https://www.lebigdata.fr/docker-definition
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Introduction

Y. Damour et al., J. Chem. Phys. 155, 134104 (2021)
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Introduction

Molecules

5-membered rings

6-membered rings
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Performance

Performance of optimized orbitals (cc-pVDZ)

1000 104 105 106 107 108

-800

-700

-600

-500

-400

-300
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benchmark

Benchmark (cc-pVDZ)
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GW

GW

Conclusion

▶ Multiple solution issues

▶ Irregularities in G0W0

▶ Discontinuities in evGW
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GW

GW
Perspectives

J. A. Berger et al., J. Chem. Theory. Comput. 17, 191–200 (2021)
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GW

GW
Perspectives

S. Di Sabatino et al., Front. Chem. 9, 865 (2021)
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QUEST

QUEST
Conclusion

▶ Large database of vertical excitation energies (more than 600)

▶ Combine data from currently 6 main publications

▶ Easy to use using the https://lcpq.github.io/QUESTDB_website

Perspectives

▶ Add new data from other publications

▶ Improve referece data using optimized orbitals

▶ Improve quality of the website code
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QUEST

QUEST
Perspectives

P.-F. Loos et al., J. Chem. Theory Comput. 17, 3666–3686 (2021)
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QUEST

QUEST
Perspectives

P.-F. Loos and D. Jacquemin, J. Phys. Chem. A 125, 10174–10188 (2021)
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Quantum Package demo in a web browser

Quantum Package demo in a web browser

Conclusion

▶ An ability for new users to test Quantum Package without any effort

▶ Allow to increase Quantum Package popularity

▶ Availability to download the container allow to use Quantum Package in more desktop scenario

Perspectives

▶ Quantum Package container in HPC scenario (Singularity)

▶ Dev container
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Accurate full configuration interaction correlation energy estimates for five- and six-membered rings

Accurate full configuration interaction correlation energy estimates for five- and
six-membered rings

Conclusion

▶ A huge performance improvement for CIPSI calculation using optimized orbitals method (same
results with 100× less determinants)

▶ Provide references data for ground state correlation energies

Perspectives

▶ Apply the same methods for other chalenging molecules like transition metal compounds

▶ Use the optimized orbitals for excited states
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