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Excited states and methods

Energy
N
PN
P EA
w
£ PaN
E
S 4 >
Eop( Efum:i
So

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

Mickaél Véril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, Fi



https://doi.org/10.1039/C3MH00098B

Introduction
oeo
Excited states

Excited states and methods
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Excited states

Excited states methodes.

Formal Oscillator Analytical
Method scaling strength gradients
TD-DFT O(N*)
BSE@GW O(N*) x
CIs O(N?)
CIS(D) O(N?) X
ADC(2) O(NB)
Ccc2 O(N?)
ADC(3) O(N°) X
EOM-CCSD O(N6)
ce3 O(NT) X
EOM-CCSDT O(N8) X x
EOM-CCSDTQ O(N©) X x
CASPT2/NEVPT2 O(N!)
SCl O(N!) X x
FCI O(N!)
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QUANTUM PACKAGE

QUANTUM PACKAGE

A programming environment for wave function methods

Quantum Package 2.0: An Open-Source Determinant-Driven Suite of

Programs
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ABSTRACT: Quantum chemi
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Quantum
Package

is an open-source programminy
chemistry specially designed for wave function methods. s
oal s the development of determinant.-driven sclected
configuration interaction (sC1) methods and multireference second-order perturbation theory (P
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e T e s pare hen able to push up to 12 288 cores in order to test its

paralll efciency. In the present manuscript, we also introduc new developments: (i) 2 renormalized second-order

Pertabatve convecion e eliciet ctrpolaion to the Fll CI i 4nd (i) o stochutic verion of the CIPSI scecion

performed simultancousy to the PT2 calculation at no extra cost.

Y. Garniron et al., J. Chem. Theory Comput.

Mickaél Veéril

CIPSI algorithm (SCI)

1. Variational wave function and energy
[Fvar) = ECI [
!

£ - (Foarl F¥oar)
e (Fvar[Fvar)
2. Second-order perturbative contribution

> Erq

(Fvar Fll)?
Evar — (a|H|a)
3. Missing correlation energy estimation

ED =Y e,
@
Erci & Buar + E@

4. We select \a) the subset of external determinants with the largest contribution

=N u{l}

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

ey =

15, 3591 (2019)

and digital tools for quantum chemistry


https://doi.org/10.1021/acs.jctc.9b00176

Introduction

(o] J
QUANTUM PACKAGE

QUANTUM PACKAGE

A programming environment for wave function methods

Quantum Package TUTORALS  DOCUMINTATION  TRY N THEBROWSER  S0URCE CODE

Quantum
Package

A programming environmentfor wave functionimethods

mming enviranment for quantun

hich complements the v

tha
external phugios have been recently added 1o perform calculations with

nce. coupled cluster.theory and range-separated density-functional

& https://quantumpackage.github.io/qp2/
) https://github. com/quantumpackage/qp2
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Unphysical Discontinuities in GW Methods

Mickagl Véril," Pina Romaniello, ™ J. A Berger,"'"‘“ and Pierre-Francois Loos™®"

Laboratoire de Chimie et Physique Quantiques, Laboratoire de Physique Theéorique, and "European Theoretical Spectroscopy
Facility (ETSF), Université de Toulouse, CNRS, UPS, Toulouse, France

ABSTRACT: We report unphysical irregularities and discontinuities in some key
experimentally measurable quantities computed within the GW approximation of
many-body perturbation theory applied to molecular systems. In particular, we
show that the solution obtained with partially self-consistent GW schemes
depends on the algorithm one uses to self-consistently solve the quasiparticle |
(QP) equation. The main observation of the present study is that each branch of R 0
the self-energy is associated with a distinct QP solution and that each switch lti“l /
between solutions implies a significant discontinuity in the quasiparticle energy as J

a function of the internuclear distance. Moreover, we clearly observe “ripple”

effects, i.e, when a discontinuity in one of the QP energies induces (smaller) Bond length R
discontinuities in the other QP energies. Going from one branch to another

implies a transfer of weight between two solutions of the QP equation. The cases of occupied, virtual, and frontier orbitals are
separately discussed on distinct diatomics. In particular, we show that multisolution behavior in frontier orbitals is more likely if
the HOMO—-LUMO gap is small.

4"

quasiparticle energies

Mickaél Veéril

M. Véril et al., J. Chem. Theory. Comput. 14, 5220-5228 (2018)
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Introduction

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

> GoWy
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

Hedin's pentagon?

L L. Hedin, Phys. Rev. 139, A796 (1965)
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JUESTDE Quantum Pack

Theory

Theory

Quasiparticle equation

w = e;”: + Z;(w)

In practice

perturbative (GyWp)
e = GEF + Zp(GgF)Z;(E;‘F)

self-consistent (evGW/qsGW)
€@ = elF + 35 (eQP 1)
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Theory

Self-energy

Self-energy and renormalization factor

occ iolom 2 virt aplom 2
s~ [E e E el
=i
Zp(w) = {1 - %Zg(w)}

0< Z,(w) <1
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Theory

Self-energy

Self-energy and renormalization factor

Th(w) =1 {E Apnll (5 a”pr")gm}

Zow) = [1- 2z
0<Zp(w) <1

Poles of X5 (w)

w=€—-—0Qmn or w=¢€3+0n
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Results

Results
Virtual orbitals: Hp
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Results

Results

Graphical view

Hy evGW@HF/6-31G Ry, = 1.0ap
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Results

Results
Occupied orbitals
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Results

Results
KS/HF

Frontier orbitals stable GW interval

w=€—0m or w=¢€3+0n

HF/KS HF/KS
€homo — 0 <w< €LuMO + 0Oy
Ql = Egap

3 3
EF— EEgap <w < EF+ EEgap

HF vs KS gap

Exs < Epr

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

Electronic tra ools for quantum che



QUESTDB

(]
Introduction

The QUEST database of vertical excitation energies

Introduction

A Mountaineering Strategy to Excited States: Highly Accurate
Reference Energies and Benchmarks

Pierre-Frangois Loos,*'® Anthony Scemama,” Aymeric Blondel,’ Yann Garniron,’ Michel Caffarel,
and Denis Jacquemin

"Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, CNRS, UPS, 31013 Toulouse Cedex 6, France
“Laboratoire CEISAM - UMR CNRS 6230, Université de Nantes, 2 Rue de la Houssiniére, BP 92208, 44322 Nantes Cedex 3,
France

© Supporting Information

ABSTRACT: Striving to duuu very accurate vertical transition Faces
energies, we perform both 1 coupled cluster (CC) calculations
(up to CCSDTQP) and i configuration interaction (CI)
calculations (up to several millions of determinants) for 18 small
compounds (water, hydrogen sulfide, ammonia, hydrogen chloride,
dinitogen, carbon, monoside, sceylene, ethylene, formaldehyde,
dehyd diazo-
methane, formamide, ketene, nllm.«nmlham, and the smallest
streptocyanine). By systematically increasing the order of the CC
expansion, the number of determinants in the CI expansion as well
the size of the one-clectron basis set, we have been able to reach near full CI (FCI) quality transition energies. These
calculations are carried out on CC3/aug-cc-pVTZ geometries, using a large atomic
including diffuse functions. In this way, we define a list of 110 transition energies for states of various characters (valence,
Rydberg, n — &%, 7 — 7%, singlet, triplet, etc.) to be used as references for further calculations. Benchmark transition energies
are provided at the aug-cc-pVTZ level as well as with additional basis set corrections, in order to obtain results close to the
complete basis set limit. These reference data are used to benchmark a series of 12 excited state wave function methods
accounting for double and triple contributions, namely ADC(2), ADC(3), CIS(D), CIS(D,,), CC2, STEOM-CCSD, CCSD,
CCSDR(3), CCSDT-3, CC3, CCSDT,, and CCSDTQ, It tums out that CCSDTQ yields a negligible difference with the
extrapolated CI values with a mean absolute error as small as 001 eV, whereas the coupled cluster approaches including
iterative triples are also very accurate (mean absolute error of 0.03 eV). Consequently, CCSDT-3 and CC3 can be used to
define reliable benchmarks. This observation does not hold for ADC(3) that delivers quite large errors for this set of small
compounds, with a clear tendency to overcorrect its second-order version, ADC(2). Finally, we discuss the possibility to use
basis set extrapolation approaches so as to tackle more easily larger compounds.

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

Mickaél Veéril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, France
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Users

The two usage of the QUEST project

Two type of usage

» Create new methods and want to benchmark it

P Use methods to compute photochemical properties and want to choose the most suitable method

Laboratoire de Chimie et Physique Qu sité de Toulouse, UMR5626 CNRS-UPS, France
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QUESTDB Quantum Pack

Live demo

Live demo

QUEST: a database of highly-accurate excitation energies WoME  DATAsET  sussers  meremences

TDDFT

PR =
r %vnz " (
K\ 2 v ‘\ ﬂ%

()J HJJJ_)_)

Medium-size molecules
Quantun «rwr Siate DataBase YLY/ )\
FCICBS > { ?
/\ 5 Full CI
uccsbTQ CIPSI
\ e A ) uIS

& https://lcpq.github.io/QUESTDB_website
(w) https://github.com/LCPQ/QUESTDB_website

M. Véril et al., WIREs Comput. Mol. Sci. 11, e1517 (2021)
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Quantum Package demo
.

Problematic

Before testing a quantum chemistry software

Problematic

The normal way

» Install dependency The ideal way
» Configuring Open a webpage
» Compile

Laboratoire de Chimie et Physique Qu sité de Toulouse, UMR5626 CNRS-UPS, France

s and digital tools for quantum ch 5



YUESTDE Quantum Package demo

QUANTUM PACKAGE demo

QP terminal

You can try Quantum Package in the terminal below. To configure the terminal for your
favorite text editor, set the EDITOR environment variable:

axport EDLTOR-vin

& https://quantumpackage.github.io/qp2/page/try
) https://github. com/mverll/qp demo
T

Mickaél Veéril
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Quantum Package demo
°

Architecture

QUANTUM PACKAGE demo

Architecture

D Virtual Machine 1 QUANTUM PACKAGE demo architecture
OCKER vs Virtua achine
1 quantum Quantum Quantum
AR Bk Bl

] Package
|

1 vbu Ubuntu Ubunt [
App 3 : ; 1 i :

Docker Engine Do ke shellinabox || Host binaries
Host Operating System Operating System

Infrastructure Infrastructure

Linux kernel

Virtual Machines Containers Infrastructure

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

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

Cite as: J. Chem. Phys. 155, 134104 (2021} doi: 10.1063/5.0065314
Submitted: 31 July 2021 - Accepted: 9 September 2021 +
Published Online: 1 October 2021
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Yann Damour,” Mickaél Véril,' Fabris Kossoski, Michel Caffarel, Denis Jacquemin,
Anthony Scemama, and Pierre-Francois Loos
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ABSTRACT

Following our recent work on the benzene molecule [P.-F. Loos, Y. Damour, and A. Scemama, J. Chem. Phys. 153, 176101 (2020)],
motivated by the blind challenge of Eriksen ef af. [J. Phys. Chem. Leit. 11, 8922 {2020)] on the same sysiem, we report accurate
full configuration interaction (FCI) frozen-core comelation energy estimates for 12 five- and six-membered ring molecules (cyclopen-
tadiene, furan, imidazole, pyrrole, thiophene, benzene, pyrazine, pyridazine, pyridine, pyrimidine, s-tetrazine, and s-triazine) in the
standard corselation-consistet double-C Dunning basis set (cc-pVDZ). Our FCI correlation energy estimates, with an estimated error
smaller than 1 millihartree, are based on bital selected interaction calculations performed with
the configuration ieraction using @ perturbative selction made feratiely slgorithen. Having at our disposal these accurate reer.
ence energies, the respective performance and convergence propertics of several popular and widely used familics of single-reference
quantum chemistry methods are investigated. In particular, we study the convergence properties of (i) the Moller—Plesset perturba-
tion series up to fifth-order (MP2, MP3, MP4, and MP5), (ii) the iterative approximate coupled-cluster series CC2, CC3, and CC4,
and (iii) the coupled-cluster series CCSD, CCSDT, and CCSDTQ. The performance of the ground-state gold standard CCSD(T) as
well as the completely renormalized CC model, CR-CC(2,3), is also investigated. We show that MP4 provides an interesting accu-
racy/cost ratio, while MPS systematically worsens the correlation energy estimates. In addition, CC3 outperforms CCSD(T) and
CR-CC(2,3), as well s its more expensive parent CCSDT. A similar trend is observed for the methods including quadruple excitations, where
the CC4 model is shown to be slightly more accurate than CCSDTQ, both methods providing correlation energies within 2 millihartree of
the FCI limit.

Published under an exclusive license by AIP Publishing
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Correlation energies

oe
Introduction

Molecules

5-membered rings

X X3 X3

cyclopentadiene furan imidazole pyrrole thiophene

6-membered rings

5 F YO

benzene pyrazine pyridazine pyridine pyrimidine s-tetrazine s-triazine

Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UP.
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Correlation energies
°

Performance

Performance of optimized orbitals (cc-pVDZ)

Benzene
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Correlation energies

benchmark

Benchmark (cc-pVDZ)

Benzene
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General conclusion and perspectives
000

Conclusion

» Multiple solution issues
» Irregularities in Gy W)

» Discontinuities in evGW
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General conclusion and perspectives

oeo

Potential Energy Surfaces without Unphysical Discontinuities: The
Coulomb Hole Plus Screened Exchange Approach

J. Arjan Berger,* Pierre-Frangois Loos, and Pina Romaniello

Cite This: J. Chem. Theory Comput. 2021, 17, 191-200 Read O

ACCESS | |l Metrics & More |

Article Recommendations

ABSTRACT: In this work, we show the advantages of using the Coulomb
hole plus screened exchange (COHSEX) approach in the calculation of
potential energy surfaces (PES). In particular, we demonstrate that, unlike
perturbative GW and partial self-consistent GW approaches, such as eigenvalue
self-consistent GW and quasi-particle (QP) self-consistent GW, the COHSEX
approach yields smooth PES without irregularities and discontinuities.
Moreover, we show that the ground-state PES obtained from the Bethe—
Salpeter equation (BSE), within the adiabatic connection fluctuation
dissipation theorem, built with QP energies obtained from perturbative
COHSEX on top of Hartree—Fock (BSE@COHSEX@HF) yield very accurate
results for diatomic molecules close to their equilibrium distance. When self-
consistent COHSEX QP energies and orbitals are used to build the BSE
equation, the results become independent of the starting point. We show that
self-consistency worsens the total energies but improves the equilibrium

ECOHSX(y, ) = — (HN|§ (/) §(0) X)) Wy(r, 0 = 0)

1 .
+ 30— Wy =0)

)
N

£ 19042

199.44
S~
22 24

26 28
ROF-F) (bohr)

distances with respect to BEE@COHSEX@HF. This is mainly due to the changes in the screening inside the BSE.

J. A. Berger et al., J. Chem. Theory. Comput. 17, 191-200 (2021)
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Scrutinizing GW-Based Methods
Using the Hubbard Dimer

5. Di Sabatino*, P.-F. Loos’ and P. Romanielio®

"Lahoeatoire de Chimie st Physique Cluant 'S, Toulouss, France, Laborafois de

Physique Théorque. Linkersité de Toubuse,

Unkersité ds Toubuss, CARS,
NFS, UPS and ETSF, Toubuse,

0

Using the simple (symmetric) Hubbard dimer, we analyze some important features of the
GW approximation. We show that the problem of the existence of multiple quasiparticle
solutions in the: (perturbative) ene-shot GW method and its partially self-consistent version
is solved by full self-consistency. We also analyze the neutral excitation spectrum using the
Bethe-Salpeter equation (BSE) formalism within the standard GW approximation and find,
in particular, that 1) some neutral excitation energies become complex when the electron-
electron interaction U increases, which can be traced back to the approximate nature of
the GW quasiparticle energies; 2) the BSE formalism yields accurate correlation energies
over a wide range of U when the trace (or plasmon) formula is employed; 3) the trace
formula is sensitive to the occurrence of complex excitation energies (especially singlet),
while the expression obtained from the adiabatic-connection fluctuation-dissipation
theorem [ACFDT) is more stable {yet less accurate); 4) the trace formula has the
caorrect behavior for wesk (Le., small U) interaction, unlike the ACFDT expression.

Keywords: hubbard dimer, multiple quasiparticle solutions, GW, bethe-salpler equation, trace formula, adisbatic-
connection luctustion-dissipation thearem

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

Laboratoire de Chimie et Physique Qu de Toulouse, UMR5626 CNRS-UPS, France
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Reference Energies for Intramolecular Charge-Transfer Excitations

Pierre-Frangois Loos,” Massimiliano Comin, Xavier Blase,* and Denis Jacquemi

Cite This: L Chem. Theory Compur. 2021, 17, 3666-3686 I: I Read Online

ACCESS| il Metrics & More | Aricle Recommendations | @ Supporting Information

ABSTRACT: With the aim of completing our previous efforts devoted to local
and Rydbery transitions in organic compounds, we provide a series of highly
accurate vertical transition energies for intramolecular charge-transfer transitions
oceurring in (r-conjugated) molecular compounds. To this end, we apply a
composite protocol consisting of linear-response CCSDT excitation energies
determined with Dunning’s double-{ basis set corrected by CC3/CCSDT-3
energies obtained with the corresponding triple- basis. Further basis set
corrections (up to aug-ce-pViQZ) are obtained at the CCSD and CC2 levels. We
report 30 transitions obtained in 17 compounds (aminobenzonitrile, anline,

azulene, b } le, dimethylaminobenzonitrile, dimethyla-
niline, dipeptide, f-dipeptide, h)drogm chloride, nitrosniline, nitrobenzenc,
N-oxide, and

quinoxaline]. These reference values are then used to benchmark a series of

wave functions [CIS(D), SOPPA, RPA(D), EOM-MP2, CC2, CCSD, CCSD(T)(a)*, CCSDR(3), CCSDT-3, CC3, ADC(2),
ADC(3), and ADC(2.5)], the Green's function-based Bethe—Salpeter equation (BSE) formalism performed on top of the pastially
self-consistent evGW scheme considering two different starting points (BSE/evGW@HF and BSE/evGW@PBED), and time-
dependent dms.t, functional theory (TD-DFT) combined with several exchange-correlation functionals (B3LYP, PBEO, M06-2X,
CAM-B3L @HPBE, ®B97X, wB97X-D, and MI1). It tums out that the CC methods including triples, namely,
CCSD(T) (4)i LLGDR(I ), CCSDT-3, and CC3, provide rather small average deviations (<0.10 ¢V), with CC3 emerging as the
only chemically accurate approach. ADC(2.5) also performs nicely with a mean absolute error of 0.11 eV for a O(N®) formal scaling,
whereas CC2 and BSE/evGW@PBEQ also deliver very satisfying results given their respective O(N*) and O(N") computational
scalings. In the TD-DFT context, the best performing functional is @B97X.D, closely followed by CAM-BILYP and M06-2X, all
providing mean absolute errors around 0.15 eV relative to the theoretical best estimates.

P.-F. Loos et al., J. Chem. Theory Comput. 17, 3666—3686 (2021
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A Mountaineering Strategy to Excited States: Highly Accurate
Energies and Benchmarks for Bicyclic Systems
Published as part of The Journal of Physical Chemistry virtual special issue “Vincenzo Barone Festschri

Pierre-Frangois Loos* and Denis Jacquemin™

Cite This: J. Phys. Chem. A 2021, 125, 10174-10188 I: I Read Online

ACCESS| il Metrics & More | Article Recommendations

@ Supporting Information

ABSTRACT: Pursuing our efforts to define highly accurate
estimates of the relative energies of excited states in organic
molecules, we investigate, with coupled-cluster methods including
iterative triples (CC3 and CCSDT), the vertical excitation energies Medium
of 10 bicyclic molecules (azulene, benzoxadiazole, benzothiadia- -
zole, d rofuran,

inoxal iafulvalene, and th iopk )Inmtalwe
pmwde aug-cc-pVTZ reference vertical excitation energies for 91
excited states of these relatively large systems. We use these
reference values to benchmark various wave function methods, i.e.,
CIS(D), EOM-MP2, CC2, CCSD, STEOM-CCSD, CCSD(T)-
(a)%, CCSDR(3), CCSDT-3, ADC(2), ADC(2.5), and ADC(3),
as well as some spin-scaled variants of both CC2 and ADC(2).
These results are compared to those obtained previously on smaller molecules. It turns out that while the accuracy of some methods
is almost unaffected by system size, e.g, CIS(D) and CC3, the p of others can signi i as the systems
grow, e.g, EOM-MP2 and CCSD, whereas others, e.g, ADC(2) and CC2, become more accurate for larger derivatives.

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

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

Mickaél Veéril Laboratoire de Chimie et Physique Quantiques, Université de Toulouse, UMR5626 CNRS-UPS, France
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