This article was downloaded by: [Aston University]

On: 20 January 2014, At: 16:44

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer
House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Physics: An International Journal at the
Interface Between Chemistry and Physics

Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/tmph20

Investigating Excited Electronic States using the
Algebraic Diagrammatic Construction (ADC) Approach

of the Polarisation Propagator

Michael Wormit®, Dirk R. Rehn®, Philipp H. P. Harbach?, Jan Wenzel®, Caroline M.
Krauterb, Evgeny Epifanovsky® & Andreas Dreuw®

% Interdisciplinary Center for Scientific Computing, University of Heidelberg, Germany
® Institute of Physical Chemistry, University of Heidelberg, Germany

¢ Department of Chemistry, University of California, Berkeley, California 94720, US
Accepted author version posted online: 28 Oct 2013.Published online: 28 Oct 2013.

To cite this article: Molecular Physics (2013): Investigating Excited Electronic States using the Algebraic Diagrammatic
Construction (ADC) Approach of the Polarisation Propagator, Molecular Physics: An International Journal at the Interface
Between Chemistry and Physics, DOI: 10.1080/00268976.2013.859313

To link to this article: http://dx.doi.org/10.1080/00268976.2013.859313

Disclaimer: This is a version of an unedited manuscript that has been accepted for publication. As a service
to authors and researchers we are providing this version of the accepted manuscript (AM). Copyediting,
typesetting, and review of the resulting proof will be undertaken on this manuscript before final publication
of the Version of Record (VoR). During production and pre-press, errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal relate to this version also.

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained
in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of
the Content. Any opinions and views expressed in this publication are the opinions and views of the authors,
and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied
upon and should be independently verified with primary sources of information. Taylor and Francis shall

not be liable for any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other
liabilities whatsoever or howsoever caused arising directly or indirectly in connection with, in relation to or
arising out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any

form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www. tandfonline.com/page/terms-and-conditions



http://www.tandfonline.com/loi/tmph20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00268976.2013.859313
http://dx.doi.org/10.1080/00268976.2013.859313
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

October 24, 2013

Downloaded by [Aston University] at 16:44 20 January 2014

Molecular Physics TMPH A'859313

To appear in Molecular Physics
Vol. 00, No. 00, Month 2013, 1-21

RESEARCH ARTICLE

Investigating Excited Electronic States using the Algebraic
Diagrammatic Construction (ADC) Approach of the Polarisation
Propagator

Michael Wormit**, Dirk R. Rehn®, Philipp H. P. Harbach®, Jan Wenzel®, Caroline M.
Krauter®, Evgeny Epifanovsky®, and Andreas Dreuw?®

@ Interdisciplinary Center for Scientific Computing, University of Heidelberg, Gerpiany
b Institute of Physical Chemistry, University of Heidelberg, Germany

¢ Department of Chemistry, University of California, Berkeley, California 94720, US
(Received 00 Month 200z; final version received 00 Month 200x)

The development of reliable theoretical methods and the provision of efficiefit, computet pro-
grams for the investigation of optical spectra and photochemistry of large molecules‘in‘general
is one of the most important tasks of contemporary theoretical chemistry. Here,Jwe present
an overview of the current features of our implementation of thegalgebraic diagrammatic
construction (ADC) scheme of the polarisation propagator, which is ajversatile and robust
approach for the theoretical investigation of excited states and their propesties.

Keywords: algebraic diagrammatic construction; polarisatiofi propagator; excited states;

1. Introduction

The theoretical investigation of fhe photochemistry of medium-sized and large
molecules with more than say_20 atoms of the second row of the periodic table is
one of the most challenging flasks of contemporary quantum chemistry [1-6]. This
reaches from the accuratefdeséription of optical spectra, all the way to the identifi-
cation and investigation offphoto-initiated processes like for example excited state
proton transfer, photo-induced electron transfer, photo-isomerization, or photo-
dissociation. A detailed understanding of such photoreactions requires knowledge
of the potentidl emergyisurfaces of the involved excited states along relevant re-
action coordinates, since shape and the topologies of the PES, most importantly
conical infersecgions, determine the photochemistry of molecules [7].

At present, linear-response time-dependent density functional theory (TDDFT)
[8-10] is by far the most widely used method for the investigation of excited state
propetiies’ and photochemistry of large molecules (see for example [3, 11-13]).
Thistewes to its low computational demands and its documented accuracy for lo-
¢al valence state energetically well below the ionization potential [10, 14]. However,
TDDFT is also known to exhibit drastic failures for charge-transfer excited states
and doubly excited states when standard exchange-correlation (xc) functionals are
employed [15-17]. These failures are recently addressed by including wavefunction-
based components in the xc-functionals via long-range non-local orbital exchange in
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so-called LRS functionals [18-24] or second-order schemes for electron correlations
or doubly excited states in double hybrid functionals [25, 26]. These manipulations
of the xc functional have strong semi-empirical character and take away the original
gist of DFT demanding the xc potential to be a local in space [27]. In addition, when
second-order wavefunction schemes are included in the xc functional, the compu-
tational cost of a TDDFT calculation increases drastically [25, 26]. Owing to the
approximate character of the xc functionals, thorough comparison with experiment
or higher level computations is required as benchmark to ensure correctness of the
TDDFT calculations [2]. These benchmarks can nowadays be provided by pow-
erful wavefunction-based methods like complete active-space self-consistent field
(CASSCF) methods [28, 29], symmetry-adapted cluster configuration interaction
(SAC-CI) [30] and also approximate linear-response coupled-cluster theory of sec-
ond order (RI-CC2) [31, 31-34]. In recent years also polarisation-propagator based
approaches like SOPPA and ADC(2) received increasing attention [17, 35-40

To get into the position to study photochemistry of large molecules reliably, itlis
thus important to increase the range of applicability of wavefunction-based aneth-
ods. In this paper, we aim at presenting theoretical and computational aspectsyof
the algebraic diagrammatic construction (ADC) scheme of the polarisafion pkop-
agator for the calculation of excited electronic states and their propeértiess 46 be
self-contained, the basic principles of its derivation via the intermediafe state rep-
resentation will be outlined, and several levels of approximation will begutroduced.
The ease of implementing ADC-based methods within our @dcmanmodule of Q-
Chem is highlighted. For the first time, a newly developed§very effié¢ient implemen-
tation of core-valence-separated ADC methods is presénted and first preliminary
results are shown which demonstrate its accuracy#Amother focus is put on the
presentation of how excited state and transition properties are calculated exploit-
ing the one-particle transition density matrix and,the,one-particle reduced density
matrices of the excited states and of trafisitionsibeteen excited states. These ma-
trices can further be visualized to analyze,theéselectronic structure of the excited
states and the character of electrofiic transitiens.

2. Theory

The ADC scheme for the, caleulation of excited electronic states has been origi-
nally derived in the gemtextyof diagrammatic many-body propagator theory [38].
In this context electronic ‘éxcitations of a system are described by the polarisation
propagator whosegspeetral representation is given by

Tolehe, |W,,) (0,6l e | o Toldhe o w (6t e o
Hpq,TS(W):Z (Wolepcq|¥n)(¥n|érés|To) _< 0/CrCs| W) (Wn|Epq|Wo) (1)

) w— (En — Ey) + w+ (En — Ey) —

Here Weo)4 |¥,,) are the ground and excited states of the N-electron system with
energies Fy and F,,, respectively. The operators é}; and ¢, are the usual creation and
annihilation operators of single-particle wavefunctions ¢, often chosen to be the
Hartree-Fock orbitals. The complex term 27 in the denominators originates from a
Fourier transform necessary to arrive at the spectral representation. By taking the
limit 7 — 0 this term vanishes and will subsequently be omitted.

Examining the structure of the polarisation propagator it becomes apparent that
it possesses poles at the positive and negative vertical excitation energies, while
the respective residues provide a measure for the probability of the transition from
the ground to the excited state.
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The ADC scheme reformulates the spectral representation of the polarisation
propagator by recognising eq. (1) as the ”diagonal” representation

Hpgrs(w) = X;Taq (wl - Q)_l Xrs — X:[s (wl+ ﬂ)_l Xpq (2)
of a more general bilinear form. Here, €2 refers to the diagonal matrix of excitation
energies with matrix elements Q,, ,, = (E, — Ep) Opm, while x,, is the vector of

”spectroscopic” amplitudes with elements xpq, = <\Iln|é}:éq|\llg>. Thus, instead of
using the ”basis” of exact N-electron excited states the polarisation propagator can
also be expressed in terms of a different orthogonal basis of intermediate state (IS)
|tr) spanning the same space of N-electron functions. As result, the intermediate
state representation (ISR) of the polarisation propagator is obtained as

Ipgrs(w) = fz];q (w1 - M)_l frs — f;rs (wl+ M)_l fpq ’\

where My = (7| H — Eolty) and foq1 = @ﬂé};éqﬂlo) are the shifted Ha
matrix and the ”spectroscopic” amplitudes in the IS basis, respectiv
preceding equations the polarisation propagator has been express S
two terms each of which contain the same physical information. second

term can in principle be omitted.
To explicitly construct the IS basis the ADC scheme stdits from the Mgller-
c

Plesset perturbation expansion of the ground state an itation oper-
ators to it, before orthogonalizing the resulting set of4gtates¥41, 42]. Thereby, a

perturbation expansion of the IS basis is obtained ch perturbation series
of the Hamiltonian matrix

(4)

M:M(0)+ 1)_|_

and the spectral amplitudes

can be derived so tha e arisation propagator is expressed consistently to
a certain order. The e%} ucture of M and f,, is displayed in Figure 1.
Explicit equations fa u third order in perturbation theory can be found
elsewhere [43]. Fro @ he excited states are obtained by diagonalization of the

hermitian mat@
MY=YQ Y'v=1 (6)

yielc@ citation energies 2, = E,, — Ey as eigenvalues. The eigenvectors Y,
a

Downloaded by [Aston University] at 16:44 20 January 2014

Tov ess to the excited state wave functions via the relation

|wn> = Z |1ZJ> Yn,J (7)
J

and to the one-particle reduced transition density matrices by combining the ISR
of the spectroscopic amplitude vectors f,; and the eigenvectors Y

P = (Wylcheg[Wo) = DY, | (dhrlehe| o) = Yifng (8)
I
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Furthermore, the eigenvectors can be used to compute the one-particle reduced
density matrices of the excited states and the one-particle reduced transition den-
sity matrices for transitions between excited stated via

pgff" = <¢m’Cch’wn Z ¢I|C Cq|¢J> nJ = Y! mBpgYn (9)

where B, is the matrix of IS transition densities. The excited state density matrix
results from the above equation by setting n = m, i.e. pp, = pp ™.

With the density and transition density matrices at hand any exmted state prop-
erty T;, or transition property Ty ¢ or T, which can be expressed in terms of
a one-particle operator 0= qu Opqé};éq is now accessible as

R ¢
Tn =(¥n|O¥y) = Zopq qu X
pq

Tro =(T,|O¥g) = Zopq pr0

pq

In particular, dipole transition moments and oscillator s be computed
using the above relations.

A more complex property which can be calculatedstisin ADC/ISR formalism
is the two-photon transition strength 675 for i om the ground state to
an excited state m. In case of resonant absorp inearly polarised photons

with the same energy, 7p is given by

5!&:%5 Z

/‘L?’/:x7y7

where S}, refers to the res @’ Ve
expressed as a sum-oversstates |4

1
0, — 10,

m S’ITL* _"_ Sm Sm*

pv* py pv V,LL) (13)

wo-photon transition moment which can be

(14)

Here, DL enot e cartesian components u = x, y, z of the shifted dipole operator

D //L Iz f)u‘\%)-
Byitrun¢ating the sum over n # 0 this expression can be directly evaluated using
io calculated excitation energies and transition dipole moments. However,

n a reasonably good approximation of Sjj;, a large number of excited states
as to be included which is not always feasible. Instead the ISR formalism can be
ed to transform eq. (14) into

. . Q17 - . Q17 -
S =Fi(D)) [M— 71] B(D)Y,, + Fi(D’) {M — 71] B(D})Y (15)

with the newly introduced quantities F(DL) and B(lA)L) being related to the IS
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transition densities via

F(D,)=> Dif,, and B(D),)=> D:By — (¥o|D,|¥p)1
pq pq

and Dj, denoting the matrix elements of the dipole operator lA)u in terms of the
one-particle basis functions.

Equation (15) does no longer involve a sum over the excited states, but can
be evaluated by operations on matrix quantities, in particular by using numerical
matrix inversion techniques.

3. Overview of Implementation and Features

The suite of ADC methods for electronically excited states (adcman) igfavailable
as part of the quantum chemistry package Q-Chem [46, 47]. It features various
methods for the calculation of excited states up to third order in pesturbation
theory, as well as the ability to compute excited state properties ‘and transition
properties like two-photon absorption cross sections. Below, an ‘@uerview of the
implementation and the capabilities is given including examples of/applications.

3.1. Implementation using the Tensor Library

The adcman suite has been implemented, as an mdependent module in Q-Chem
with a minimal interface to the rest of the quantum chemical package. This mod-
ular design allows for the possibility to combine it with other quantum chemistry
packages in future by replacing the interface.

To perform the tensor operation§ whi¢h are required by most wavefunction-based
electronic structure methods_adcman uses the newly developed general-purpose
tensor library libtensor [48] it @-Chem. The tensor library is a C++ template
library which is also availablé as/open source. It provides the infrastructure for
adcman to create tensers of, arbitrary rank and size and perform linear algebra
operations on themgThe data model which 1libtensor employs divides every tensor
into smaller blocks ofthe same rank by splitting every dimension into several parts.
This allows forimumediate parallelisation of tensor operations in a shared memory
environmentgsitice gperations on individual blocks can be performed independently.
Furthermre, blocks can be moved separately in and out of memory by the virtual
memoryy management module operating in the background of libtensor, if the
available Miemory is not sufficient to accommodate all tensor data.

Thedlibrary also fully supports symmetry, in particular spin and point group
syanmietry. Thereby, no special symmetry-adapted versions of the ADC equations
are required to perform symmetry-aware calculations. Only the initial tensors at
the beginning of an ADC calculation have to be set up appropriately to enable the
symmetry adaptation.

For the implementation of the ADC equations an easy-to-use interface is provided
by libtensor which allows for the direct translation of equations into code, in a
similar fashion as they would be written in IATEX. To illustrate this, a part of the
equations required for the ADC(2) method is compared to the respective code in
Figure 2.
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3.2. Calculation of Valence Excited States

For the calculation of energetically low-lying excited states the ADC methods
ADC(1), ADC(2), ADC(2)-x and ADC(3) [38, 43] are currently available within
adcman. Thereby, excited states can be obtained at different levels of accuracy and
at quite different computational costs. The lowest level provided is ADC(1) which
is exactly identical to the well-known CIS method [49]. Next in the hierarchy are
ADC(2) and ADC(2)-x where the former yields excitations energies comparable
in quality to the excited state methods CC2 [33, 50] and CIS(D) [51, 52|, while
the excitation energies generated by the latter come closer to EOM-CCSD [53—
55]. Finally, the ADC(3) method provides results with almost the same accuracy
as CC3 [31], but at costs which are an order of magnitude smaller. As example,
the excitation energies and oscillator strengths of the two lowest excited states
of formaldehyde are shown in Table 1 obtained with different ADC methods and
various basis sets.

To compute the excited states adcman usually employs the Davidson @lgos
rithm [56] to find the N smallest eigenvalues of the respective ADC matrix, In
case of ADC(2) an alternative method is available [33] which combinesfDavidsén
and DIIS algorithm resulting in reduced computationally costs. However, this al-
gorithm might not always converge or it might not converge to the intended states,
i.e. missing some energetically lower states. Any ADC calculation can exploit the
resolution-of-the-identity (RI) approximation to speed-up the tramsformation of
the two-electron integrals from atomic orbitals to moleculaxr orbitals [33]. The full
implementation of the ADC equations in terms of the RLintegealsis currently work
in progress.

To demonstrate the performance of the ADC implementation Figure 3 shows
how the calculation speed increases when runion,multiple CPU cores for a number
of systems with varying sizes. It can clearly bejseen from the figure that for small
systems, the parallelisation does not improye ealculation times. Only when the
calculations become more demanding, they'startto benefit from the available cores
resulting in an almost optimal speed-up in the case of the ADC(3) calculation of
benzene with aug-cc-pVDZ basis get.

On the other hand, when the caleulation size increases, also the amount of mem-
ory required is raised. Thusf§ asiSgon as the available memory is exhausted, the
additional data has to Bepwritten/fo disk which can increase the time of the cal-
culations significantly. Thigy,can be observed in Figure 4 which shows the increase
in run time for an ADC(2) calculation of benzene with aug-cc-pVDZ basis set us-
ing 8 cores, if the available memory has been limited artificially. In this case, the
speed-up due 0 the 8"ceres is almost countermanded when the required memory
is four times lapger than the available memory.

3.3. £ Core“Ezcitations using Core-Valence Separated ADC

‘Lhe calculation of core-excited electronic states is generally tedious, since most
implémentations of excited-state methods are designed to compute the energet-
ically lowest energy eigenvalues of the excitation spectrum via an iterative di-
agonalization scheme of the corresponding Hamiltonian matrix, and core-excited
states are located at the high-energy edge of the spectrum. An elegant route to
core-excited states is provided by the so-called core-valence separation (CVS) ap-
proximation [57]. The idea is very simple and relies on the fact that core orbitals
are strongly localized in space and energetically well separated from the valence
orbitals. As a consequence the interaction between core-excited states and valence-
excited states is negligible and the Hamiltonian separates practically naturally into
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the spaces of singly core-excited states and valence excited states [57]. Hence, the
ADC matrix needs to be built only in the space of singly core-excited states and
diagonalized leading to significant computational savings compared to the conven-
tional ADC approach for valence-excited states. The implementation is straight-
forward as one only needs to restrict the index of the occupied orbital in the ph
configurations to correspond to a core orbital and in the 2p2h configurations one
of the occupied indices to represent a core orbital. Owing to its hermiticity, ADC
methods are particularly well-suited for the use of the CVS approximation, and it
has been demonstrated previously that CVS-ADC(2)-x yields excellent results for
core-excited states [58-60].

For testing purposes, we have re-computed the core-excited states of thymine
using CVS-ADC(2)-x and the standard 6-311++G™** basis set containing two sets
of diffuse and polarization functions (Table 2), since previously published CVS-
ADC(2)-x and near-edge x-ray absorption fine structure (NEXAFS) data are ayail4
able for direct comparison [58]. As can be seen in Table 2, the agreement betwéen
the calculated CVS-ADC(2)-x results and the experimental values is remarkable,
in particular when the larger 6-3114++G** basis set is employed. It is important
to note that no shifting of the computed excitation energies is necessary {to aclieve
this agreement as is typically needed to correct for the inherent errorsfin themeth-
ods, when more approximate methods and smaller basis sets arelemiployed [61].
Summarizing, the available efficient implementation of CVS-ADE(2)sggind CVS-
ADC(2)-x in Q-Chem allows for the computation of core-éXgited8tates and os-
cillator strengths and makes direct comparison with xra§ absogption (XAS) and
NEXAFS spectra possible.

3.4. Spin-opposite-scaled ADC variants

A straightforward way to simplify the ADC%guations is to neglect the same-spin
contributions in the ADC matrix and to scale the opposite-spin contribution with
appropriate semi-empirical parameters. This idea stems from the underlying MP2
method, which was recognized tofundetestimate those contributions to the corre-
lation energy arising from electzongywith opposite spin while those from electrons
with same spin are overestimiated [62]. Introduction of two scaling parameters for
these two contributions‘gaveise 46 SCS-MP2 providing an improved description
of the correlation energy [68, 64]. It was further shown that it is even possible to
neglect the same-spih contribution completely and to scale the opposite spin com-
ponent accordingly [66]. These basic ideas have been adopted also to many excited
state methodsfCLS(D)[66, 67] as well as to two variants of CIS with quasidegener-
ate second erder perturbation corrections (CIS(Dg) and CIS(D;))[68-70], and also
to the ri-€C2 method [71, 72] and strict ri-ADC(2) [72].

Regentlyjyweshave shown that the ISR formalism as outlined above can be em-
ployed to derive a ”rigorous” ISR-SOS-ADC(2) method starting from the SOS-MP2
groundystate [73]. This, however, does not result in any computational savings
orgsubstantial improvement, since only the te-amplitudes contained in the ph/ph
block and inherited from the underlying MP2 method are replaced by the ones
from SOS-MP2. Instead, following the previous implementation of SOS-ADC(2)-s
in TURBOMOLE [71, 72, 74], an SOS-ADC(2)-s scheme has been implemented which
requires scaling of the to-amplitudes of the ph/ph block as well as of the matrix
elements of the ph/2p2h and 2p2h/ph coupling blocks (Figure 5) with the coeffi-
cients c,s and c., respectively. While c,s=1.3 in inherited from SOS-MP2 and is left
unchanged, c. has been fitted against the Thiel benchmark set [75], which yielded
an optimal value of 1.17 for singlet excited states with predominant single excita-
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tion character [73]. Following this procedure a mean absolute error of only 0.14 eV
is achieved for all states of the Thiel benchmark set with a standard deviation of
0.11 eV and a maximum absolute error of 0.52 eV.

Application of the SOS approximation also to ADC(2)-x requires the introduc-
tion of yet another scaling factor ¢, for the off-diagonal elements in the 2p2h/2p2h
block (Figure 5). Fitting this set of parameters against the Thiel benchmark set
and DFT/MRCI data revealed that optimal results are obtained for both singly
and doubly excited states, when c,s=1.3, c,.=1.0 and ¢, =0.9 [73]. Using these pa-
rameters, a mean absolute error of only 0.17 €V is achieved for singlet states with
predominantly single excitation character, and 0.21 eV for states with large double
excitation character. Hence, within the SOS-ADC(2)-x scheme it is only necessary
to scale down the coupling elements within the 2p2h/2p2h block slightly to result
in a balanced description of singly and doubly excited states in excellent agreement
with the benchmark set [75].

3.5. Transition Properties and Excited State Properties

As described in section 2 transition properties from the ground state to, the exgcited
states can be obtained from the excited state eigenvectors Y, andfthedsS, spectro-
scopic amplitudes fy, (eq. (8) and (11)). Thus, subsequent to every determination
of excitation energies and excited state eigenvalues in adcmamthe transition dipole
moment and the related oscillator strength for every ground-tosexcited state tran-
sition are calculated in adcman by default. In additiomy/properties of the excited
states, like dipole moment or quadrupole moment, cambe tequested. They are com-
puted using the IS transition densities By, viathe gelagions (9) and (10). Similarly,
dipole transition moments and transition probabilities for transitions between the
excited states can be obtained upon request. As example, Table 3 shows a collec-
tion of excited state properties for the fourtenergetically lowest excited states of
pyridine.

The excited state data also allowsfer the determination of two-photon transition
strengths using the sum-over-statés expression (14). Alternatively, the two-photon
transition strength is also availabléyyvia €quation (15). A comparison of the results
for the two-photon transitign strength using the two methods can be found in
Table 4.

3.6. Visualisation“of Densities

The calculation of the ADC excited state properties and transition properties re-
quires thefprior ‘detérmination of density matrices and transition density matrices
of the excited states. Since these matrices are available anyways, they can be em-
ployéd for the*visualisation by means of transition densities, difference densities or
attachment/ and detachment densities at no significant extra costs.

If,requested, the transition densities

T(r) =) ¢p(r)eg(r)pp™,

difference densities

Ap(r) = 65(x)q(r) (P, — £3y)
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or attachment and detachment densities which derive from the difference densi-
ties [76] are evaluated on a user specified grid using the respective density matrices
and exported as cube files. The latter can then be visualised using one of the stan-
dard visualisation tools as shown in Figure 6 for the two energetically lowest states
of pyridine.

4. Outlook

We present the implementation of a suite of ADC methods for the reliable calcula-
tion of excited states and their properties as well as transition properties. The suite
is build on top of a general purpose tensor library which facilitates shared-memory
parallelisation and management of large amounts of data. It is interfaced to and
distributed as part of the quantum chemistry package Q-Chem.

The adcman suite currently features ADC methods for the calculation of excitas
tion energies up to third order in perturbation theory. This includes special vagiants
like the SOS approximation for valence excited states and the CVS appregimation
to compute core excitations. The calculation of excited state propertiesiand tran-
sition properties is also available at the level of second order perturbationutheory.
Oscillator strengths for transitions from the ground state and betseen excited
states can be obtained, as well as the dipole moments of the execitedastates. Fur-
thermore, two-photon absorption probabilities are available for the excited states
without the necessity to evaluate the usual sum-over-stages‘expression.

More features are constantly being added to the adcman suite. Among these on-
going developments are the full support of the RI appreximation and the Choleski
decomposition for the calculation of excitatioflenergies [T#}. Also excited state gra-
dients for subsequent geometry optimisation on the exgited state hypersurfaces are
currently being implemented for all available ADC-yariants and will soon be avail-
able. In addition, further properties and transiion properties of the excited states
are made available, like hyper-polarisabilitiegyor spin-orbit couplings. Ultimately,
we alm at a suite of excited state methods with the help of which it shall even be
possible to perform ab initio molécular excited-state dynamics simulations.
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M fpq

Figure 1. Structure of the ADC matrix M and
perturbation theory. In every block the order of t tributing to this block at a given overall
order in perturbation theory is given. For example, 1 p2h block of the ADC matrix there are

added.
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iiab = iiaeSve — facViibe w(iljlalb) = asymm(a, b,
Wijab zc: (UJ fb f Vigb ) ! contract(c, v_oovv(iljlalc), f_vv(blc)))
- asymm(i, j,
- Z (firVkjab — fikUkiab) ! contract(k, _oo(ilk), v_oowv(K|ja|b)))
k
1 .. .. - 0.5 *asymm(a, b,
3 Z ((ijl|ka)vre — (ij||kb)vka) ! contract(k, i_ooov(iljlk|a), v_ov(k|b)))
k
1 R i +0.5 * asymm(i, j,
+ 2 Z (vie(jellab) — vjc(ic||ab)) ! contract(c, v_ov(ilc), i_ovwv(j|c|alb)));
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igure 2. Comparison of an ADC equation to its actual implementation using libtensor.
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Figure 3. Scaling behaviour of the ADC i
to 1 TB of memory. The calculations were
and T7Z refer to the aug-cc-pVDZ a

OR

ation for up to 8 cores on Intel Xeon CPUs with up
d keeping all data in memory. The abbreviations DZ
basis sets employed in the calculations.
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increase in wall time
L N ]
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N

io benzene with aug-
is approx. 20 GB. The

cc-pVDZ basis using the Davidson method. The required memory of th

increase in wall time is given by —2ctual wall time

act e a5 function of Z
minimum wall time

ph 2p2h (ss) 2p2h (os)

ph ph 2p2h (os)
ph | Co [
2p2h
(ss)
2p2h
(0s) Cy
2p2h
(0s)
Figure 5. Schematic represen n ect of the SOS approximation on the dimensionality of the

ADC(2) matrix.
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two energetically lowest singlet excited states of pyridine calculated with ADC(3) andlaug-cc-pVDZ basis
set: (a) 1 !Bz and (b) 1 'B;. The plots were obtained using the VMD progra . ive parts of the
transition densities and the attachment densities are displayed in red, ative parts of the
transition densities and the detachment densities are displayed in blue.
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Table 1. Excitation energies (in eV) of the two energetically lowest singlet excited states of formaldehyde com-
puted using ADC(2), ADC(2)-x, and ADC(3) methods and three different basis sets. Oscillator strengths are
given in parentheses below. In addition, the wall times (in minutes) for the calculations run on a Intel Xeon
machine with 16 cores and 128 GB memory are listed.

ADC(2) ADC(2)-x ADC(3)
Basis set 11A2 1131 Time 11A2 11B]_ Time 11A2 1131 Time
3.83 6.25 3.03 597 3.88 7.59
aug-ce-pVDZ s 0oy 0% (0000)  (0.016) (0.000)  (0.021) 2.7
3.83  6.49 3.02 6.18 3.82 7.65
aug-cc-pVTZ (0.000)  (0.018) 1.8 (0.000)  (0.016) 8.7 (0.000)  (0.021) 27.8
3.84 6.59 3.04 6.28 3.82 7.68
aug-cepVQZ 500y 0oty 08 0000y (0ote) 90 @oon) o2y 2366 \
2
Table 2. Comparison of the fifteen lowest core-excited states of thymine for 1s-excitation from C calc

using our implementation of CVS-ADC(2)-x with previously published data and experimental values [5

CVS-ADC(2)-x/6-311++G**

CVS-ADC(2)-x/6-31+GP?

o\

State wey [€V] fose Wez [€V] fosc
1 284.84 0.025 287.02 0.024 2
2 286.36 0.049 288.54 0.045 .9 (B)
3 286.89 0.000 288.97 0.000
4 287.11 0.004 289.05 0.004
5 287.29 0.000 289.38
6 287.95 0.015 290.06 0. 287.3 (C)
7 288.03 0.007 289.98 00
8 288.07 0.002 . 0.002
9 288.24 0.058 0.056 287.8 (D)
10 288.34 0.000 0.000
11 288.39 0.004 0.005
12 288.45 0.013 0.013
13 288.63 0.000 . 0.000
14 288.88 0.009 290.95 0.009 288.4 (E)
15 289.10 291.00 0.002

@our work, ’data and

Table 3.

Transition propent
aug-cc-pVDZ basis set.
diagonal contains the_state

r energetically lowest states of pyridine calculated with ADC(3) and

on energies from the ground state are given in the last column, while the
Debye. The remaining values are the oscillator strengths of the respective

transition.
1 1B2 1 1B1 1 1A2 2 1A1 Wezx [GV]
S 1.925 0.00472 0.03513 0.00000 0.00966 0.00
2 0.765 0.00000 0.00053 0.00008 5.02
By 1.910  0.00007 0.00014 5.05
1A, 1.022  0.00000 5.73
1A 2.581 6.42
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Table 4. Comparison of two-photon transition strengths obtained via the sum-over-states expression (TPA-
SOS) and via the intermediate state representation (TPA-ISR) for the four (six) energetically lowest states of
formaldehyde (benzene) calculated using the ADC(2) method and aug-cc-pVDZ basis set. The sum-over-states
expression has been evaluated using 16 and 32 states in case of formaldehyde and benzene, respectively.

State Wegx [eV] fosc TPASOS [a.u.] TPA]SR [a.u.]
Formaldehyde 1 'A, 3.87  0.000 0.66 0.26
1B, 6.25 0.022 273.14 143.86
2 1A, 7.26 0.057 298.96 201.82
2 1B, 7.36 0.034 4.70 6.13
Benzene 1 'Bs, 5.19 0.000 0.00 0.00
1 'Bs, 6.33 0.000 163.02 101.30
1 !By, 6.33 0.000 164.56 101.30
1 1By, 6.40 0.000 0.00 0.0
1'By, 686  0.071 0.00 0.0 o
1A, 6.92 0.000 0.00 0.0
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Appendix A. Density and Transition Density Matrices in ADC

As described in section 2, the one-particle reduced (transition) density matrices
can be computed from the excited state eigenvectors Y,, of the ADC matrix in
combination with the spectroscopic amplitude vector f,, or the matrix of IS tran-
sition densities B,4. This requires explicit equations for f,, and B, which have to
be derived using the ISR representation for specific orders in perturbation theory.
Combining them with the excited state eigenvectors directly yields the equations
to compute the transition density matrices. The equations for transition density
matrices up to second order in perturbation theory are presented below.

In the following occupied (hole) indices are referred to as i,j,..., while vir-
tual (particle) indices are named a, b, .... For notational convenience the following

abbreviations are used. The Mgller-Plesset (MP) T, amplitudes are denoted by
tijab = %, while p(()i))q refers to the MP(2) correction to the ground stat
density matrix. The elements of the density matrix correction are given by

5 1
Py z)J =75 > Bravtikab O
kab

2 -
oo = 31 ey | 2 tselgallbe) + 3Gk gtied
i) jbe kb
2
p(()c)l.b_ thac ijbe
ijc

A.1. Transition Density Matrices fro ound State

usity mateices from the ground state are ob-
n of f,,. In zeroth and in first order this

% 1tions to the density matrices

& =Y, (0th order) (A1)
% Z tiiap Yoz (1st order). (A2)

where Y* @he ph part of the excited state eigenvector. In second order,
there are'mon-zero contributions to all four parts of the density matrix

The equations for the transition de
tained from the perturbation exp
results in the following non-zero
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2) y
Z Poia n,ga Z Yfr:ikab tjkab

kab
n<—0 _
Pia Z n,jb tz jab

n<—0 Ztl]abzt]kbc n,ke — Zpo ab nzb +5 Zpgzl)ﬂ n.ja

b

n<—0 * (2)
Pab Z Yn ia P ib Z n,ijac zybc

ijc

(A3)
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Here, Y% and Yi’;ab refer to the ph and 2p2h part of the excited state eigenvectors,
while the newly introduced intermediate tg. b 18 given by

D Xijab — Xjiab — Xijba + Xjiva
ijab €at € — € — €

. . 1 1 ..
with Xyjap = Y thac(kb|[jc) — 3 > {ablled)t}jeq — 3 > (Kllig) e (A4)
ck cd kl

A.2. State-to-State Transition Density Matrices
Similar to the equations for transition density matrices from the ground statef

the state-to-state transition density matrices are derived from the perturb

expansion of B,,. Before presenting the equations it is useful to introduceda few

more intermediates 0
m—n __ * ) mén __ * g
PR == Vi o Yuia, Bt =) Y kas Vi
kab

a
— * — *
Py n:ZYm,iaYnyib’ ab n:ZY i

ijc

17

K2
m<—mn __ * . m<—n __ .
Pia = -2 E Ym,jb Yn,zjab ) Pai - jijab Yn,Jb
7

,ab = Zt?jacYn,ijbc
ijc

where Y7 ;. and Y7 .., refer to théyph and 2p2h parts of the left excited state

eigenvector, while Y;, ;, and Y}, ;5

state eigenvector. With these_intern

transition density matrices

Pij ij 0 Pab = Lap T g

“—n m<—n __ Pm(—n
) — Tar

Pai

(A5)
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m(—
while all @on‘cributions vanish. Instead one obtains a wealth of second
order contributions to all parts of the density matrices

DN | =

2 2
S [Pl + o0 PE ] = 3 Bina e
k a
1
— 5 Z tiked Z t;lcdf)lrknﬁn + Z Liked Z ngﬁnt;kbd
cdk l cdk b

1 1
- 5 Z Yn,ia Z R;q,,kc ;kac - 5 Z Yn‘;,ja Z tikacRn,kc
a ck a ck
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1 2 2
P = =5 D [P+ P o) + 3 B R
7

[

- % D thive D thiaaPi "+ Y thive D P e

ckl d ckl J

1 1
+ 5 ; Yn,ib Zk R;”L,kc ;kac + 5 ; Y'r;,ia Zk tikbcRn,kc (A7)
¢ c

2 2
pen =N e N pB pmen N B
b ' b

J
Y S Y S st
c J K
=D e Py D P 0 = D i P a
b J bj
_ZY* Sn,ac @'a n,ij (Ag)
C

m,ic

Y., = Y,. The resulting density matrices th e difference density ma-

The equations above can also yield the excited state demsity matrices pj,. There-
fore, the same excited state eigenvector has to be e% left and right vectors
e
trix between the excited state and the groun .

Downloaded by [Aston University] at 16:44 20 January 2014

\@
o‘?’Q
O

21





