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ABSTRACT

The formalism to calculate excited state properties from the GW-Bethe-Salpeter equation (BSE) method is introduced, providing conve-
nient access to excited state absorption, excited state circular dichroism, and excited state optical rotation in the framework of the GW-BSE
method. This is achieved using the second-order transition density, which can be obtained by solving a set of auxiliary equations similar to
time-dependent density functional theory (TD-DFT). The proposed formulation therefore leads to no increase in the formal computational
complexity when compared to the corresponding ground state properties. We further outline the calculation of fully relaxed spin-orbit cou-
pling matrix elements within the GW-BSE method, allowing us to include perturbative corrections for spin-orbit coupling in aforementioned
properties. These corrections are also extended to TD-DFT. Excited state absorption and perturbative spin-orbit coupling corrections within
GW-BSE are evaluated for a selected set of molecular systems, yielding promising results.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0244254

I. INTRODUCTION

Recently, analytic implementations of excited state properties
from the GW-Bethe-Salpeter equation (BSE) method have surged
in the literature. For example, excited state dipole moments,' non-
linear optical properties as hyperpolarizabilities, and two-photon
absorption have become available in the framework of the GW-BSE
method’ and approximate Lagrangian Z-vector methods related to
excited state geometry optimizations.” Going beyond the simple
calculation of excited state energies and oscillator strengths is an
important task in the development of GW-BSE, leading to one of
the final domains where time-dependent density functional the-
ory (TD-DFT) is more versatile than GW-BSE due to the lack
of available implementations of the latter. This situation is unsat-
isfactory given the excellent performance of GW-BSE for both
local and charge-transfer excited states.”” Recent advances within
the GW-BSE method further outline the possibility to perform
frequency-dependent simulations'’™'* and other ways to recover
double excitations.'”

In this work, we will therefore introduce the formalism
required to perform calculations on excited state properties within

the framework of the GW-BSE method. Examples of the accessi-
ble properties include excited state absorption, excited state circular
dichroism, and excited state optical rotation. We will focus on the
static screened BSE, and note that an extension to dynamic BSE
methods'’""? is in principle possible, but not straightforward. Given
the high similarity of the required intermediates, we will also out-
line a way to perturbatively include spin-orbit coupling (SOC) in
these properties in both the ground and excited states. This allows
for a convenient evaluation of these properties at the GW-BSE
level of theory, encouraging this powerful method to prosper in
fields that have been out of reach before. We will additionally
use the opportunity to introduce spin-orbit coupling matrix ele-
ments (SOCMEs) in a less incorrect way than previous TD-DFT
implementations'*'” and put them more in line with previous stud-
ies on multiconfigurational linear response functions.'® Combining
the possibility to access excited state properties and spin-orbit cou-
pling (SOC), we will finally outline the capabilities and performance
of the newly developed method for four selected sizable molecular
systems. Favorable aspects as well as caveats of the GW-BSE method
for excited state properties and perturbative spin-orbit coupling for
these systems will subsequently be discussed.
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Il. THEORY

A. State-to-state transitions in the framework
of the GW-Bethe-Salpeter equation method

Similar to TD-DFT, excitation energies can be extracted from
the poles of the symplectic BSE eigenvalue problem,"”

[(A-B)(A+B)]RY = wyR", 1)

[(A+B)(A-B)JL" = wiL". 2)

Within the static screened BSE, the matrices (A + B) and (A — B) are
defined as

(A + B)ia,jb = (8g - si)(sabaij + H;i,bjs (3)

(A = B)iajb = Haip (4)

The solutions R = (X +Y) and L = (X - Y) are normalized to obey
the relation

(RNILMY = dnr. (5)

This partition is useful, as after a unitary transformation into the real
atomic orbital (AO) basis, the matrices (A + B) and R are symmetric,
while (A — B) and L are skew—symmetric.z $25 Equations (3) and (4)
have introduced the two-electron kernel contributions,

Hyah™ = Vpgre = Wpsgr(@ = 0) = Wprgs(w = 0), ©6)
Hy5E = Wiegr (@ = 0) = Wirgs(w = 0), %)

with vpgrs being a Coulomb integral and W(w) denoting the
screened exchange. The latter is obtained from v and the inverse of
the dielectric function x,

Wgrs(©) = 3 Kpgu (@) Ve (8)
tu

Efficient procedures to evaluate Eq. (8) for arbitrary values of w
have been outlined in the literature.””** To emphasize the similar-
ity between the BSE and TD-DFT, we note that the latter simply

replaces the kernels with

+,DFT XGC, s
Hpgrs * = Vpgrs + fps,qry’ 9)
—,DFT XC, as
Hpq,rs = fpr,qs . (10)

Similar to DFT?” and the calculation of two-photon absorption
and hyperpolarizabilities in the framework of the BSE,” a state-to-
state transition within the BSE can be calculated from the double
residue of the quadratic response function,

VNM = lim (wq + QN) lim (C()g - QM)
wq*—QN wg—>Qy

x (57 (@) (o)) = Tr (v™), (D)
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where ™ is the state-to-state transition density matrix. As it con-
stitutes a single determinant method, yNM can be obtained from
the idempotency constraint of the time-dependent Kohn-Sham
determinant as”®

Y =" (12)
Y=y N, (13)
NM _ yOyNM + yNyM + yMyN + yNMyO. (14)

Given the independence of the density matrix from the actual eigen-
values, Eq. (12) holds true for common GW methods, as for example
the Go Wy method, but also for the eigenvalue and quasiparticle self-
consistent evGW and qsGW variants.”””" Inserting the definitions

of y° and ",

Y (6x) = 3 ¢i(0)¢] (), (15)
J
YW (xx') = § [X0%es ()97 (x") + Y31 (x)¢5 ()], (16)
]

as determined from the ground state Kohn-Sham equations (gbj)
and linear response ({X, Y}) leads to the matrix form

yNM _ ( ib , (17)

NM NM
Ya' Kab

of the second-order transition density ™. Equation (17) closely
resembles the corresponding quantities in Refs. 2 and 27. Note that
"M differs from the second-order single-particle reduced BSE den-
sity matrix of Ref. 2 by replacing the perturbations {#, {} with the
excited states {N, M}. Notably, the matrix elements are calculated
slightly differently, too. As indicated in Eq. (11), a switch of sign has
taken place for the excitation.”” Instead of the eigenpair wy, {X, Y},
the time-reversal symmetry related eigenpair —was, {Y*,X"}istobe
used. For purely real orbitals, this manifests in a change of sign of L.
This change of sign must be accounted for in subsequent evaluations
of the matrix elements of ™. The diagonal subblocks of Eq. (17) are
obtained in a straightforward manner as products of linear response
vectors

1

KM _Zza: [RERY + LML, + (N o M)],  (18)
K< I ARL R - (V) (9
RO = ISR vl o
KO- LS R - (e ] )

1

arising from the second and third terms on the right-hand side of
Eq. (14). R and L are solutions of the linear response equations
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for the excited states N and M, where the time-reversal symmetric
partner of the excitation M is to be used.

The off-diagonal blocks X} and Y{fj]M require the solution of
the second-order Bethe-Salpeter response equations. Again using
the symmetry adapted linear combinations R¥ = (X M yNM )

and L™ = (XNM -y ), these equations read

[(A-B)(A+B)-wj1]R™ =U", (22)

NM

[(A+B)(A-B)-wi1]L"" =V (23)

The right-hand side (RHS) of Egs. (22) and (23) is defined as
1
-2 [RY BN+ (N < M)]
j
1
+ 520 [R Moy + LNgy + (N < M)]

b
+ Hi[Ky "™ 1+ H K ]+ g (RY,RY),  (29)

:+;Z[L My + RNy — (N < M)]
J

- EZ [Liy ML, + Ry Ny — (N < M) ]
b

- Hig[Kg""™] - Hu[KY 71— gia (LN, LY). (25)

In Egs. (24) and (25), the quantities M and N are defined as
Z s Rrs (26)
Z pq rsLrs (27)

&€ refers to the first hyperkernel. Within adiabatic TD-DFT, it is
approximated as

XC / ~ aaE(P )

N S LA E) 29
The hyperkernel in Eq. (28) is purely symmetric for the local
density approximation (LDA) and generalized gradient approxima-
tion (GGA). Starting from metaGGAs, antisymmetric terms from
the current density arise, leading to non-vanishing antisymmetric
hyperkernel contributions in Eq. (25).°"*? This holds true in cases of
current-free’’ and current-carrying ground states.””" Spin integra-
tion leads to the hyperkernel vanishing in cases where the states N
and M have different spin symmetries. Within the BSE, the hyper-
kernel is approximated in a similar manner as the linear response
kernel, for which the approximation

oGW
oG

~W (29)

is used.””" Accordingly, we assume

pse O°GW 0w

=966 "~ a6 ~° (30)

ARTICLE pubs.aip.org/aipl/jcp

to be equally valid, resulting in no significant hyperkernel contri-
bution from the BSE. This approximation has been shown to lead
to negligible errors for the Lagrangian Z-vector equations, and we
project this also being the case for excited state properties.” While
we estimate this to be a good approximation in many cases, we
issue a warning that it has been shown that the initial approxima-
tion of Eq. (29) can be troublesome when going beyond standard
static screened GW-BSE for neutral excitations.”””° Therefore, in
cases of applying the BSE with dynamic corrections, to charged exci-
tations, or with higher order corrections, the use of Eq. (30) needs to
be reconsidered.

Note that for hybrid TD-DFT/BSE methods, as for example
the correlation-kernel augmented BSE,”” both the DFT and (van-
ishing) BSE hyperkernel are formally required. An implementation
of the correlation-kernel augmented BSE is, however, trivial once
both non-linear implementations are available. The frequency of the
electric field perturbation w; is formally set to (Qn — Qa) when
solving the second-order Bethe-Salpeter response equations (22)
and (23). This leads to a set of equations for each pair of states. Spe-
cial precaution needs to be taken in case of an actual excited state
being in the vicinity of this energy difference. In this case, adding
a non-vanishing imaginary component can be used to guarantee
numerical stability.” To partly reduce the computational complexity
and also resolve issues with the pole structure, it has been suggested
to simply set w =0 in a pseudo-wavefunction approach.”**’ This
is a valid approximation for differences |Qn — Qu| < Qy, i.e., if the
first excited state has a significantly higher energy than the energy
difference between the excited states N and M.

By inserting Eqs. (17) and (25) into Eq. (11), a state-to-state
coupling matrix element of a symmetric operator can be evaluated
as

VI(\,?,,[ Tr( 2K§M+)+Tr(v KNM+)+Tr( IZM) (31)
The most prominent example of a symmetric operator 7 is the dipole
operator,

VSR = (|7 ) (32)

which, when used for states of the same multiplicity, will lead to the
excited state transition dipole moment components.

B. Spin-orbit coupling matrix elements
The coupling matrix elements for skew-symmetric operators
can be obtained from the skew-symmetric part,

T ) () () o

The most important example in this work is the spin-orbit mean
field (SOMF) operator,m'“

A2 = (il + 28 (00
O e (0 o J SRS

‘¢p¢q)

- 5(¢p¢r
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with

i g R (35)

o ! [7>pl,

2 2c F3

(36)

leading to the well-known spin-orbit coupling matrix elements
(SOCMESs). The final term in Eq. (31) is not present in Eq. (33), as
any skew-symmetric operator is traceless.

To arrive at previous results,” ' two approximations must be
made in Eq. (33). First, the final term, yielding the orbital response, is
neglected in previous studies. Second, the Tamm-Dancoff approx-
imation needs to be applied also for full TD-DFT vectors, leading
to the observed re-normalization necessary in these previous stud-
ies. SOCME:s calculated from Eq. (33) can therefore be regarded as
more consistent from a formal point of view. This correctness, how-
ever, comes at the cost of solving the auxiliary second-order response
equations, i.e., Eqs. (22) and (23), as well as a more elaborate evalu-
ation needed for the diagonal terms of ™. The resulting equations
are in fact similar to those obtained in the early studies of Vahtras
et al.,'® safe for the DFT or BSE specific kernels and hyperkernels.

We note that the first-order matrix element

vg}ff =Tr (v,»aLfZ) (37)

is correctly evaluated using the L= (X — Y) part instead of the
R = (X+Y) part as suggested in Refs. 15-17. We stress that after
a unitary transformation to the AO basis set, (X+Y) is sym-
metric, while the SOMF operator is skew-symmetric. Therefore,
Tr (vf,?MF (X + Y)uv) actually vanishes for every excited state. Only
within the Tamm-Dancoff approximation, where Y = 0, this issue is
rectified.

C. State coupling using perturbative spin-orbit
coupling

The state interaction between singlet and triplet excited states
can be obtained from quasi-degenerate perturbation theory (QDPT)
by means of an effective Hamiltonian'®

Hu = H + %€, (38)
The zeroth-order Hamiltonian Hy is a diagonal matrix,

0

o= . , (39)
M

with zero representing the ground state, followed by the singlet
and triplet excitation energies. We note that the mp = {£1,0}
triplet excitation energies are still energetically degenerate in Hy.
The matrix elements of the spin-orbit coupling Hamiltonian are

subsequently obtained from VZ;ISV[OMF,

A A L,SOMF
Hui = S(NH°IM) = SV, (40)

ARTICLE pubs.aip.org/aipl/jcp

after a transformation from the Cartesian # € {x, y,z} into the spher-
ical basis 7 € {+1,0} using the unitary transformation matrix,*’

1 i
2 vl
s=| =L i | (41)
V2 V2
0 0 1

The selection rules for non-vanishing matrix elements are described
in detail elsewhere.'®"”

After the diagonalization of the Hamiltonian H,y, the per-
turbed excited state energies w are obtained directly from the eigen-
values. Perturbed transition properties are subsequently evaluated
similarly to Eq. (20) of Ref. 16. Using the perturbed eigenvector
coefficients, Cx and Dﬁ\’,[,m, assigned to singlet and triplet parts of
the eigenvectors obtained from H re and mp = {-1,0,1}, an explicit
formula for perturbed transition properties can be obtained by pro-
jecting the unperturbed transition properties using the perturbed
eigenvectors as

N, N, ; £10 N N P

- s _

Vij = CJI\ICMVNM + Z Z Z DNomy Dagym, VNnt - (42)
N=0 M=0 m; N=1 M=1

singlet part triplet part

Equation (42) differs from previous results'® only by realizing
that the fully relaxed singlet-singlet and triplet-triplet transition
properties vy obtained from Eq. (31) or (33) are to be used.

If I = 0, only matrix elements vy are needed for the first term
in Eq. (42), as other contributions vanish due to the block structure
of the effective Hamiltonian. At this point, we note that the GW-BSE
method has issues with yielding good triplet excitation energies,*’
which cannot be avoided as soon as spin-orbit coupling is taken
into account. Within this work, we will, however, neglect this issue
as it impacts both one-component and two-component DFT and
the GW-BSE method alike, as long as singlet and triplet parts can
be assumed to be sufficiently distinguishable. If this is not the case,
a more detailed re-investigation needs to be performed, although
the perturbation theory introduced in this chapter is then no longer
suited to be used anyways.

lll. PERTURBED EXCITED STATE PROPERTIES

Further properties can be evaluated from the corrected tran-
sition moments. To obtain SOC perturbed transition properties,
the unperturbed transition property must be calculated for each
singlet-singlet and triplet-triplet transition used in the construc-
tion of the effective SOC Hamiltonian and subsequently projected
using Eq. (42). The main computational bottleneck is, however,
the second-order Bethe-Salpeter response equations (22) and (23),
which are independent of the actual transition property. Evaluating
the expectation values over different transition properties is there-
fore negligible as is the projection from the unperturbed to the
perturbed representation.

In this section, we will therefore shortly outline the SOC
perturbed oscillator strength, the rotator strength, as well as the
construction of a SOC perturbed transition matrix (T-matrix).*’
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While only oscillator strengths will be tested in this work, espe-
cially the T-matrix construction will become necessary to allow
for an exploratory description of optical materials in an upcoming
study currently being carried out in our laboratories.** The rotator
strength is tightly linked to circular dichroism (CD) spectroscopy,
which is also becoming increasingly important in the investigation
and design of chiral optical materials.”

A. Dipole transitions between excited states

The oscillator strength between two excited states can be
obtained as

zmq

fi = i, (43)

= IR 44
fU 3AQI] |/"]| (44)

from the electric transition dipole moment 7 in either its
length or velocity representation. Furthermore, Aﬁij =Wr—-wy
denotes the difference between the excited states. These improved
transition moments provide an excellent starting point for
excited state dynamics in systems with significant spin-orbit
coupling. Interconversion rates between the vibrational ground

states of two excited states, kh,, are subsequently obtained

16,47
as

27
kr_o, 0~ 7AQ 45
= eoC>meh? t]ﬁ] (45)

B. Rotatory strength between excited states

The rotatory strength between two excited states can be
calculated as

'xﬁ —Im[/,t mﬂ (46)

where a and f3 refer to the respective Cartesian components, 7ij; rep-
resents the perturbed electric transition dipole moment in either
its length or velocity representation, and #1;; denotes the perturbed
magnetic transition dipole moment. Only the latter is fully gauge
invariant.*® The rotatory strength is directly related to circular
dichroism (CD) and optical rotation (OR) spectra. Both proper-
ties can be calculated from it using standard procedures.*® The
same holds true for the orientation-independent Hermitian optical
rotation tensor,”’

B = [Rﬂ + R+ A“ﬁ] (47)

where the electric dipole-electric quadrupole polarizability tensor A
is™

A]ﬁ = Saya(l,]@) By sﬁyay/j&] , (48)

where ®; denotes the perturbed electric quadrupole transition
moment and &g, is the Levi-Civita symbol.

ARTICLE pubs.aip.org/aipl/jcp

C. Approximate perturbed T-matrices for excited
states

T-matrix techniques have recently become rather popular in
ab initio modeling of optical properties of materials starting from
atomistic simulations. Those can be obtained in an approximate
manner from a sum-over-state expansion as*>

icnZnks _
T/ (@) = =S S, (85)
ap

~a=p ~a=p
oy Sy T (49)
¥ AQ-w+il 5§ AQ+w-il’

where ¢, is the speed of light in the surrounding medium, Zj, is the
wave impedance, and kj, is the wave number of the host material.”’
Note that these quantities are frequency dependent. S again denotes
the Cartesian to spherical basis transformation coefficients, and T
is an imaginary broadening factor, preventing divergence in case
AQ = w. The index N formally runs over all perturbed excited states,
which is unfeasible for sizable systems. A direct access of the per-
turbed excited state T-matrix would, however, require fourth-order
response theory.

IV. COMPUTATIONAL METHODS

To outline the capabilities of calculating excited state proper-
ties using the BSE, we investigate the excited state absorption (ESA)
spectra of the dipyrrometheneboron difluoride (BODIPY) derivative
pyrromethene-567 (PM567)° and the well-known bipyridine (bpy)
[Ru(bpy)s]** complex of ruthenium.> Furthermore, we put the per-
turbative spin-orbit coupling approach to test with the demanding
mercaptoaryl-oxazoline complex [PdI(S-phoz)(IMes)],”* for whose
spectral features have been shown to strongly depend on SOC,”
and with the [Ir(ppy)2(sip)]* complex featuring a 5d metal center.*
The geometries of the metal complexes were optimized using the
BP86°"" functional with the def2-SVP basis set.” For the geom-
etry optimizations, the ECP28MWB (Pd, Ru, I) and ECP60MWB
(Ir) effective core potentials were used.”” For PM567, the respec-
tive geometries reported in Ref. 60 were used. Subsequent scalar-
relativistic (time-dependent) PBE0,""" GoW,@PBEO, eigenvalue
self-consistent GW@PBEO (evGW@PBEO0), and BSE calculations
were performed using the all-electron x2c-TZVPPall basis set.®’
Reference two-component calculations were performed using the
x2¢c-TZVPPall-2¢ basis set.”” The auxiliary basis set reported in
Ref. 63 together with the basis sets has been used in all ground state,
GW, BSE, and TD-DFT calculations. Ground states were tightly con-
verged to errors of less than 10™° hartree in energy and differences
in the densities of less than 1077, A grid of size 3 was used in DFT
calculations.””*” A seminumerical exchange algorithm was used to
accelerate DFT calculations in combination with a very fine grid.*
For the GoWy and evGW calculations, the highest 10/20 occupied
and lowest 10/20 unoccupied orbitals (1c)/spinors (2¢) were opti-
mized, and the remaining orbitals/spinors were shifted. The exact
two-component (X2C) transformation was used to include relativis-
tic effects.””*” Note that ten spatial orbitals equal 20 spinors for
closed shell systems. Quasiparticle equations in evGW were consid-
ered converged if the change of HOMO and LUMO was lower than
1077 hartree. To evaluate excited state properties, for each molecular
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system, the first 16 singlet and triplet excited states were determined.
Subsequently, all excited state transition moments between these
states are calculated to yield the excited state absorption spectra. In
case of perturbative spin-orbit coupling, the coupling matrix was
also constructed from the same 16 singlet and triplet states in addi-
tion to the singlet ground states. Due to the high numerical effort, 2c
BSE calculations were carried out using two NVIDIA A100 GPUs to
accelerate the construction of matrix-vector products.®” All plotted
spectra were obtained by applying a broadening of 0.05 eV full width
at half maximum (FWHM). Oscillator strengths were obtained in
the length gauge throughout this work.

To predict transient absorption spectra, at a given geometry,
first the ground state absorption spectra need to be calculated in
any case. Subsequently, from excitation vectors of the ground state
absorption amplitudes, the excited state absorption amplitudes are
evaluated as outlined in Sec. IT A. De-excitations from the excited
state are assumed to be inverse excitations and, therefore, have the
same absolute excitation energy, but reversed signs for both energy
and oscillator strength. All absorption cross sections are given
in atomic units (a.u.) and can be converted to molar absorption
coefficients in ﬁ using the constant aé * Navogadro * 10 ~ 16 836.7.

All calculations were performed using a development version
of Turbomole v7.9.”""

V. RESULTS AND DISCUSSION
A. [Ru(bpy)s I**

The tris(bipyridine)ruthenium(II) dication [Ru(bpy);]2+ is one
of the most well-known optically active complexes, with optical
investigations dating back nearly three decades.”” The simulated
TD-PBEO and evGW-BSE absorption spectra are outlined in Fig. 1.
evGW-BSE is in very good agreement with the experimental mea-
surements of Yersin et al,”” who found the lowest energy band
starting at ~2.73 eV (22000 cm™1). This band is assumed to be a
metal-ligand charge-transfer (MLCT) band and interestingly found
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FIG. 1. Ground state absorption spectra of [Ru(bpy)s]** obtained from scalar rel-
ativistic (1c, dotted line), scalar relativistic plus perturbative spin-orbit coupling
(1c+SOC, solid line), and fully relativistic two-component (2c, dashed line) spec-
tra obtained from evGW-BSE and TD-PBEQ. An arbitrary broadening of 0.05 eV is
applied. Absorption cross section given in atomic units (a.u.). The inset shows the
natural transition orbitals (NTOs) of the main peaks, calculated for evGW-BSE.
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at a too high energy when TD-PBEQ is used. This is in line with
earlier observations that already 20% of HF exchange found in
B3LYP is sufficient to shift the MLCT band to the correct posi-
tion.”” Only for pure density functionals, as for example BP86,
the typical strong underestimation of charge-transfer excitations is
observed.”” Both TD-PBEQ and evGW-BSE predict this band to be
composed of two excited states, with evGW-BSE and TD-PBEO,
however, yielding distinctly different oscillator strengths. A compar-
ison of the 1c and 2c methods reveals that these principal absorption
bands defining the visible part of the [Ru(bpy)g]pr spectrum are
only moderately influenced by spin—orbit coupling. At low temper-
atures, an additional emission band at lower energy is observed.
This band is assigned to a triplet excited state’® and can therefore
only be modeled if spin-orbit coupling is included. This is experi-
mentally observed at 17 684 cm™>* and clearly belongs to the weal
transition predicted by both evGW-BSE and TD-PBEO, as long as
spin-orbit coupling is taken into account. Figure 1 overall outlines
that our implemented perturbative approach is in good agreement
with the full 2c methods for [Ru(bpy)3]2+. Both excitation energy
and oscillator strength of the triplet band are well reproduced.

Given the availability and stability of [Ru(bpy);]**, it is one
of the few compounds where experimental excited state absorption
data are also available.””’* The inset in Fig. 1 shows the labeling of
the calculated main absorption peaks at 2.56 and 2.69 eV. These
correspond to excited states S4 and S7 in our calculation and have
nearly degenerate partners in both energy and oscillator strength,
constituting excited states S5 and Sg. These states align well with
the findings of Ref. 75, who have used polarized emission spectra
to assign the symmetry of the main component as belonging to the
E' IRREP in point group D3, i.e., being doubly degenerate. The nat-
ural transition orbital (NTO) analysis shown as the inset of Fig. 1
confirms that especially excited state S4 is a pure MLCT transition
and state S5 was confirmed to be symmetry related, too. We there-
fore assume that state Sy is the (dipole allowed) main experimentally
observed MLCT absorption and emission state.””> For TD-PBEO, we
find that states Ss/Se and S;/Sg correspond to the two degenerate
pairs described for evGW-BSE. These two degenerate pairs are ener-
getically close to each other, fusing into a single peak in Fig. 1. The
state ordering and oscillator strength distribution of evGW further
aligns well with the obtained MS-CASPT?2 values of Atkins et al.”
evGW, like MS-CASPT?2, predicts three nearly dark states followed
by two energetically degenerate bright states 4 and 5, and again
bright states Sy and Sg that are approximately of the same oscillator
strength. Contrary, TD-B3LYP and TD-PBEO predict states Ss and
Se to be nearly dark, and only S; and Sg to have a significant oscillator
strength.””

Hauser and Krausz found the first excited state absorption peak
for the MLCT excited state at ~1.2 eV (10000 cm™}), as shown in
Fig. 2 of Ref. 74. This first excitation peak is well reproduced by
evGW-BSE as shown in the predicted transient absorption spectra
[Fig. 2]. In addition, both evGW-BSE and TD-PBEO hint at excited
state absorption being also important in the infrared region below
0.5 eV, although no experimental data are available in this range,
as the mentioned Fig. 2 of Ref. 74 only reports absorption starting
from 5000 cm ™" (0.62 eV). Contrary to the ground state, spin-orbit
coupling is important to correctly describe the ESA amplitude of the
MLCT band in this complex, marked using red lines in Figs. 2 and 3.
While the peak positions nearly perfectly align, large deviations
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FIG. 2. Predicted transient absorption spectra of [Ru(bpy)s]** obtained from scalar
relativistic (1c, dotted line) and scalar relativistic plus perturbative spin-orbit cou-
pling (1c+SOC, solid line) spectra obtained from evGW-BSE. Negative oscillator
strengths correspond to emission lines. An arbitrary broadening of 0.05 eV is
applied. The absorption cross section at 0.0 eV is an artifact of this broadening.
Absorption cross section given in atomic units (a.u.). Note that the degenerate
states 5/30 and 8/34 yield identical results.

in the predicted oscillator strengths can be found for evGW-BSE.
For TD-PBEQ, the predicted transient absorption spectra with and
without spin-orbit coupling closely resemble each other in the
absorption regime above 0.0 eV. Below 0.0 eV, both evGW-BSE and
TD-PBEO behave distinctly different if spin—orbit coupling is turned
on, outlining that singlet-triplet transitions are rather important, as
expected. In contrast, for the higher-lying excited state of E' symme-
try, marked using black lines in Figs. 2 and 3, SOC is only important
in the de-excitation regime, where intersystem crossing can lead
to a lower-lying triplet state, which is strictly forbidden without
spin-orbit coupling. Intersystem crossing is therefore a viable path-
way for all bright excited states of [Ru(bpy);]**. When targeting

0.50 T T
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FIG. 3. Predicted transient absorption spectra of [Ru(bpy)s]** obtained from scalar
relativistic (1c, dotted line) and scalar relativistic plus perturbative spin—orbit cou-
pling (1c+SOC, solid line) spectra obtained from TD-PBEO. Negative oscillator
strengths correspond to emission lines. An arbitrary broadening of 0.05 eV is
applied. The absorption cross section at 0.0 eV is an artifact of this broadening.
Absorption cross section given in atomic units (a.u.). Note that the degenerate
states 6/33 and 8/34 yield identical results.
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intersystem crossing (ISC) specifically, we remind the reader that
GW-BSE has issues with describing triplet states, which are often
found at too low energy compared to singlet states. This is also
true for many DFT functionals, including PBEO. It is therefore likely
that the redshift of the negative peaks is too pronounced in Figs. 2
and 3. As mentioned earlier, other methods such as, for example,
correlation-kernel-augmented BSE’® could be used to specifically
check for shifts in the triplet energies.

B. BODIPY derivative PM567

The dipyrrometheneboron difluoride (BODIPY) derivatives
represent common cases that are usually not well described by
TD-DFT.”” We therefore turn to the PM567 BODIPY variant, for
which an excitation energy of 2.22 eV has been found experi-
mentally,”® while XMC-QDPT2 predicts 2.13 eV. As outlined in
Fig. 4, evGW-BSE is in excellent agreement with these findings,
yielding an excitation energy of 2.29 eV, while Go W-BSE under-
estimates and TD-PBEO overestimates these values. Recently, Valiev
et al.””" have also investigated the excited state properties of this
system, especially focused on intersystem crossing and internal
conversion effects. They consider Duschinsky, anharmonic, and
Herzberg-Teller effects. While we will not dive into these effects
in detail, still another important detail can be observed in our
simulations, namely, the dependence of the BSE spectrum on the
underlying GW spectrum. As shown in Fig. 4, TD-PBEO 1c and 2c
results are nearly identical, i.e., spin-orbit effects are not too impor-
tant in the absorption spectrum of PM567. For the GW methods,
1c and 2c results in contrast differ, with small deviations in the
peak positions and significant deviations in the obtained oscillator
strengths. This can be attributed to the GW step carried out before
the actual BSE calculation. As all orbitals enter the construction of
the polarizability, the core orbital is already significantly influenced
by spin-orbit coupling, leading to non-negligible differences. While
this effect is less important for Go Wy, i.e., the HOMO-LUMO gaps
between 1c and 2c GoW, differ by less than 0.01 eV, the effect is
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FIG. 4. Ground state absorption spectra of the BODIPY derivative PM567
obtained from scalar relativistic (1c, dotted line), scalar relativistic plus perturba-
tive spin—orbit coupling (1c+SOC, solid line), and fully relativistic two-component
(2c, dashed line) spectra obtained from G, W,-BSE, evGW-BSE, and TD-PBEO.
An arbitrary broadening of 0.05 eV is applied. Absorption cross section given in
atomic units (a.u.).
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FIG. 5. Predicted transient absorption spectra of the BODIPY derivative PM567
obtained from scalar relativistic (1c, dotted line) and scalar relativistic plus pertur-
bative spin-orbit coupling (1c+SOC, solid line) spectra obtained from evGW-BSE.
Negative oscillator strengths correspond to emission lines. An arbitrary broadening
of 0.05 eV is applied. Absorption cross section given in atomic units (a.u.).

more pronounced for evGW. For the latter, the HOMO-LUMO
gap is widened by 0.05 eV when variational spin-orbit coupling is
included. This shift is subsequently carried over to the BSE step
and cannot be corrected by the perturbative SOC correction, as it
is already included in the zeroth-order Hamiltonian H® of Eq. (38).
The resulting 1c+SOC results therefore closely resemble the plain 1c
results, similar to TD-PBEO. Subsequent deviations in the oscillator
strengths arising from the different screening in W** are even more
pronounced. This effect is especially strong for PM567, but in line
with earlier observations on the dependence of the BSE oscillator
strengths on the underlying GW method.*’ We note that setting the
spin—orbit operator to zero in the 2c¢ calculation leads to a perfect
alignment of the 1c and 2c¢ spectra, and we are therefore confident in
the numerical validity of the results shown in Fig. 4.

Figure 5 further outlines that SOC effects cannot be identi-
fied as the main reason of the observed intersystem crossing in
PM567, with no peak being visible between the Sy — S transition.
SOC effects on the 0-0 transitions are therefore vanishing, and ISC
is dominated by Franck-Condon and Herzberg-Teller effects as

outlined in the literature.””*’

C. [PdI(S-phoz)(IMes)]

The mercaptoaryl-oxazoline complex [PdI(S-phoz)(IMes)]™
has been previously investigated by TD-PBE0 and GW-BSE,”’ and it
was concluded that especially the spectrum of the halogenated iodine
variant can only be correctly described with SOC being included.
It therefore constitutes an excellent test for the perturbative SOC
approach outlined in Sec. II B. As shown in Fig. 6, the effects of
SOC are substantial. The uncorrected 1c spectrum barely has any
resemblance to the full 2c spectrum. For example, scalar relativis-
tic TD-PBEO predicts a single peak at 2.63 eV. After turning on
SOC, this peak is split into two major bands located from 2.4 to
3.0 eV with reduced oscillator strengths. Yet, the perturbative SOC
procedure is able to largely incorporate this band shape. In the pre-
dicted 1c+SOC spectrum, the peak positions are both re-adjusted
and the oscillator strengths accordingly redistributed. This leads to
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FIG. 6. Ground state absorption spectra of [PdI(S-phoz)] obtained from scalar rel-
ativistic (1c, dotted line), scalar relativistic plus perturbative spin—orbit coupling
(1c+S0C, solid line), and fully relativistic two-component (2c, dashed line) spec-
tra obtained from evGW-BSE and TD-PBEOQ. An arbitrary broadening of 0.05 eV
is applied. Absorption cross section given in atomic units (a.u.).

the observed excellent match between the full and perturbative SOC
spectra for TD-PBEO. evGW-BSE is more problematic within the
perturbative SOC approach, as a too low-lying triplet state artifi-
cially mixes with a singlet state of similar energy at ~2.7 eV, with
the triplet subsequently stealing intensity from the bright singlet
peak observed in the other two evGW-BSE spectra. 2c evGW-BSE
reveals that the triplet state in question is redshifted by about 0.3 eV.
[PAI(S-phoz)(IMes)] is a prime example of the importance of SOC
to recover the correct spectrum in cases where S,-T, gaps are not
too small. However, it also outlines a possible deterioration of the
results if artificial singlet-triplet mixing of states that should not be
close occurs, as in the evGW-BSE spectrum.

D. [Ir(ppy)2(sip)1*

As a final molecular test system, we consider a
2-phenylpyridine (ppy) complex of iridium, namely the
[Ir(ppy)2(sip)]* molecule.”” This complex has a notable two-
photon absorption cross section, making it an ideal candidate for
theoretical testing in this direction. Similarly to its parent, the
[Ir(ppy)3] complex, it features broad absorption bands with centers
at 2.65 eV (468 nm), 3.07 (404 nm), and 3.40 eV (365 nm) that
have been assigned to a series of metal-ligand charge-transfer
states.®” Figure 7 outlines that including spin-orbit coupling only
slightly alters the overall shape of the absorption spectrum. In
particular, TD-PBEO closely resembles the experimental spectrum
described in Ref. 55, yielding peaks close to the experimental
reference values, with only minor differences between 1c, 1c+SOC,
and full 2¢ spectra. Most prominent differences can again be found
in the lowest energy part, where a transition to the triplet excited
state is strictly forbidden in the 1c calculation, while 1c+SOC and
2c yield rather similar finite oscillator strengths. For evGW, the
differences between the 1c and 2c spectra are pronounced, which
we again attribute to changes in the principal gap stemming from
the GW procedure, which is not corrected by the perturbative SOC
step.

J. Chem. Phys. 161, 244105 (2024); doi: 10.1063/5.0244254
© Author(s) 2024

161, 244105-8

9Z:€1:20 G20z Ateniged vz


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

16.00 T T T T T T T T T T
evGW-BSE 1c
eVGW-BSE 1¢+SOC
14.00 - - -- - eVGW-BSE 2c b
TD-PBEO 1c
—— TD-PBEO 1c+SOC
12.00 [ - ---. TD-PBEO 2¢

u]

10.00

8.00

6.00

absorption cross section [a.

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
photon energy [eV]

FIG. 7. Ground state absorption spectra of [Ir(ppy),(sip)]*™ obtained from scalar
relativistic (1c, dotted line), scalar relativistic plus perturbative spin—orbit coupling
(1c+S0C, solid line), and fully relativistic two-component (2c, dashed line) spectra
obtained from evGW-BSE and TD-PBEOQ. An arbitrary broadening of 0.05 eV is
applied. Absorption cross section given in atomic units (a.u.).

However, Fig. 7 tends to oversimplify the complexity of the
bands. While indeed the shape is similar or even nearly identical
as for TD-PBEO, many more excited states will actually contribute
to the band due to state mixing. However, the overall intensity is
not significantly changed, as these contributions average out after
the Gaussian peak broadening is applied. Earlier investigations of
the [Ir(ppy)s] complex using quasi-degenerate perturbation the-
ory at the DFT/MRCI level came to the same conclusion, finding
a significant amount of state mixing.** This is not too surprising,
given that the 5d iridium center promotes SOC. Distinct to the
[PdI(S-phoz) (IMes)] complex discussed in Sec. V C, the S,-T', gaps
in [Ir(ppy)z(sip)]+ and [Ir(ppy)s] only amount to a few 100 cm L
A mixing of these states is therefore to be expected, although it
barely affects the overall intensity of the bands, leading to the par-
tially incorrect impression that SOC is not too important for these
iridium complexes.

VI. CONCLUSION

We have derived an efficient way to calculate excited state
properties, including perturbative spin-orbit corrections for the
GW -Bethe-Salpeter equation method. These advancements allow
for the calculation of excited state absorption as well as other excited
state properties as, for example, excited state circular dichroism,
optical rotation, or T-matrices for multiscale modeling.”"""** Fur-
thermore, using the same route, perturbative spin-orbit coupling
corrections can be obtained for both ground and excited state spec-
tra. While we focused on the GW-BSE method, we also outlined the
necessary modifications needed to extend perturbative spin-orbit
coupling to excited state properties within time-dependent DFT.
Given the broad availability of TD-DFT, this adaption can be useful
to enhance existing codes.

To demonstrate the capabilities of our BSE excited state prop-
erty implementation, we have investigated four sizable molecular
systems. First, it could be shown that excited state absorption is well
described by our GW-BSE implementation, closely following exper-
imentally observed features in [Ru(bpy)3]2. Next, it could be shown
that including SOC is straightforward for TD-DFT and leads to

ARTICLE pubs.aip.org/aipl/jcp

excellent agreement with fully relativistic 2c TD-DFT calculations.
For GW-BSE, the situation is more complex when perturbative SOC
is to be included. The perturbative SOC treatment only recovers
state interactions from the BSE part but does not correct for dif-
ferences entering the zeroth-order Hamiltonian through differences
in the quasiparticle energies obtained from the respective 1c and 2¢
GW methods. Further corrections would be needed to fully align
1c and 2c GW-BSE methods, although the differences are usually
well within the errors of obtained excitation energies and oscilla-
tor strengths.”®"* The conclusion of Ref. 81, stating that a more
detailed evaluation of the dependence of excited state properties
on the underlying DFT functional as well as the details of the GW
method needs to be carried out, is underlined by our results

SUPPLEMENTARY MATERIAL

Standard xyz files with the optimized structures, machine read-
able ASCII files listing all excited states and oscillator strengths
used to generate Figs. 1-7, and two example inputs for H,O
and [Ru(bpy)g]2+ are contained in the supplementary material.
Singlet-singlet transition moments can be found in the file trans-
mom_s2s, triplet-triplet transition moments in transmom_t2t, and
the perturbatively spin-orbit coupled moments in transmom_soc.
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