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ABSTRACT: Calculations of first-order response wave functions in the X-ray
regime often diverge within correlated frameworks such as equation-of-motion
coupled-cluster singles and doubles (EOM-CCSD), a consequence of the
coupling with the valence ionization continuum. Here, we extend our strategy of
introducing a hierarchy of approximations to the EOM-EE-CCSD resolvent (or,
inversely, the model Hamiltonian) involved in the response equations for the
calculation of X-ray two-photon absorption (X2PA) cross sections. We exploit
the frozen-core core—valence separation (fc-CVS) scheme to first decouple the
core and valence Fock spaces, followed by a separate approximate treatment of
the valence resolvent. We demonstrate the robust convergence of X-ray
response calculations within this framework and compare X2PA spectra of small
benchmark molecules with the previously reported density functional theory
results.

1. INTRODUCTION and wave function analysis tools’ ~*° have facilitated robust
molecular-level understanding of the molecular processes within
the framework of correlated methods.

The EOM-CC theory offers a powerful single-reference
framework for computing a variety of electronic states: excited
states, ionized states, electron-attached states, and so on. The
level of correlation treatment can be systematically improved
following the hierarchy of CC/EOM-CC approximations (CC2,
CCSD, CC3, CCSDT, ...) up to the exact limit. A crucially
important trait of this framework is its flexibility in the choice of
the EOM operators and the reference Slater determinant, which
are adapted to provide a balanced treatment of the set of target
states. EOM-CC and CC-RSP formalisms produce the same
excitation energies, but they can differ in their treatment of state
and transition properties.”*' The EOM-CC framework allows
for the description of properties as generalized expectation
values that are obtained by parametrizing exact expressions
using eigenenergies and left and right eigenvectors of the (non-
Hermitian) similarity-transformed EOM-CC Hamiltonian.
EOM-CC response properties within this “expectation-value
approach” are identical to the response properties derived from
the coupled-cluster configuration interaction (CC-CI) model,

Correlated electronic-structure methods, such as those based on
coupled-cluster (CC) theory, provide a robust platform for
computing ground and excited states in a variety of closed- and
open-shell systems. The scope of molecules that can be treated
by these high-level methods is expanding, thanks to advances in
algorithmic strategies and computing hardware. In the past three
decades, CC methods such as the equation-of-motion coupled-
cluster' > (EOM-CC) and the coupled-cluster response™ (CC-
RSP) theories have been vigorously developed to afford
computations of an ever-growing list of molecular properties,’
greatly enhancing our capabilities for reliable first-principles
modeling of spectroscopic experiments. These methods are now
routinely employed for computing ground- and excited-state
properties in linear and nonlinear regimes. Examples of
nonlinear groperties include multiphoton absorption cross
sections,7_ inelastic scattering cross sections,m_13 first and
second hyperpolarizabilities,”* ™' excited-state polarizabil-
ities'®'” and multiphoton transition moments between excited
states,”” multiphoton and magnetic circular dichroism
21-24 25 . .
strengths, and g-tensors,” to mention just a few. In
addition, the high-level CC methods provide the gold standard
for benchmarking approximate and computationally less
expensive methods, such as those based on density functional
theory (DFT), which can treat much larger systems.
Concomitant developments of embedding schemes*™*° have
afforded robust CC condensed-phase modeling of molecular
processes and properties in solutions, protein environments, and
periodic systems. Further, advances in orbital concepts'”*' ™
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where the time-dependent Schrodinger equation is solved using
an exponential parametrization to describe the unperturbed
system and a linear parametrization to describe the time
evolution of the unperturbed system.*”

In CC (and CC-CI) response theory, the expressions for
properties are given by derivatives of appropriate (quasi)energy
Lagrangians with respect to the strength of the external
perturbation(s)®”*%**** or, equivalently, from the response of
a generalized time-dependent expectation value of a time-
independent one-electron operator.” Note that properties
computed within the alternative analytic-derivative EOM-CC
approach, involving derivatives of (quasi)energy Lagrangians
with respect to the strength of the external perturbation(s), are
identical to those from CC-RSP.'”*>*® CC-RSP requires
additional response intermediates for computing multiphoton
absorption moments, relative to the EOM-CC expectation-value
approach.”” The EOM-CC expectation-value approach for
properties becomes exact in the limit of full configuration
interaction. This parametrization ensures that the pole
structures of frequency-dependent properties are not spoiled
by artificial poles, which may negatively impact higher-order
excited state properties computed with the CC-RSP approach."”

This paper presents a new extension of EOM-CC theory for
modeling two-photon absorption (2PA) cross sections in the X-
ray regime (X2PA). This development is motivated by the need
for robust and accurate tools for modeling X2PA processes,
which occur in experiments involving intense X-ray radiation
sources such as X-ray free-electron lasers’’ ~>* (XFEL). Similarly
to the UV—vis domain, X2PA has different selection rules
compared to one-photon X-ray absorption (XAS) and could,
therefore, deliver complementary information. X2P techniques
combine the advantages of core—electron transitions with those
of standard 2P techniques: the quadratic dependence on
intensity endows 2P techniques with better spatial resolution,
whereas core-level transitions afford elemental and orbital
sensitivity to the local environment and oxidation states. On the
downside, in the high-intensity regime, X2PA is competing
against a slew of single-photon and sequential multiphoton
processes, such as core photoionization, stimulated emission,
and scattering, which complicates the interpretation of the
experimental observations."”*> So far, the published exper-
imental papers have focused on transition metals.”*>
Competing processes such as photoionization and molecular
fragmentation have hampered experiments on small molecules.

In view of the high activity in experimental nonlinear X-ray
spectroscopies, the paucity of robust ab initio methods capable
of describing the underlying nonlinear properties limits the
potential impact of new experimental techniques, especially
given the above-mentioned contributions from competing
processes in the experimental signal. Being the simplest
higher-order process from the theoretical point of view, X2PA
can serve as a platform for future developments of theoretical
methods for modeling higher-order multiphoton processes, such
as X-ray sum-frequency generation” > and X-ray second-
harmonic generation.ss’57

2PA cross sections can be computed using different
approaches. Formally, 2PA moments can be obtained from the
first residues of quadratic response functions (first electric-
dipole hyperpolarizability tensor) to build the 2PA strength
tensor and cross sections.”**”%" Alternatively, elements of the
2PA strength tensor can be evaluated as first residues of the
cubic response functions (second electric-dipole hyperpolariz-
ability tensor).””'%**~%° In practice, these relationships are
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exploited in the resonance convergent complex polarization
propagator (CPP) approach® and in damped response
theory.”®” In these approaches, a phenomenological imaginary
inverse lifetime (damping) parameter is introduced to compute
the 2PA strengths from the imaginary part of the cubic response
function. The CPP approach has been exploited within the
framework of time-dependent DFT (TD-DFT) for computing
both valence 2PA®® and X2PA spectra.’* Reference 64 by
Fahleson et al. is the only published theoretical work on X2PA
until now. Here, we explore a computational strategy based on
the many-body EOM-CC framework.

CC-RSP”* and EOM-CC expectation-value” frameworks
have also been developed for computing valence 2PA cross
sections; the latter employs first-order response wave functions
to compute the EOM-CC-parameterized exact sum-over-states
expressions for the 2PA moments.” Within the EOM-CC
framework, an implementation based on damped response
theory also exists (unreported®®), which computes complex-
valued 2PA moments following the introduction of the
phenomenological damping for avoiding divergences in
modeling doubly resonant 2PA processes. However, the
extension of the EOM-CC formalism for computing valence
2PA to X2PA is not straightforward.

In X2PA transitions (Figure 1), the final states are core-
excited states. Such states are high-lying and, therefore, difficult
to compute with standard numerical solvers. Moreover, these
states are Feshbach resonances embedded in the valence
ionization continuum. As a result, standard correlated methods
designed for computing electronically bound states cannot be
used for these resonances, whose wave functions are not L*-
integrable.“*” Without special modifications, attempts to
compute core-excited states with these methods are plagued by
the erratic (often, divergent) behavior of solvers, a lack of
systematic convergence with basis-set increase, and, often,
unphysical solutions.'”"*”%”" This issue is effectively addressed
by the core—valence separation (CVS) approach” in which the
core resonances are decoupled from the valence continuum by
removing the purely valence-excited determinants from the
EOM-CC configuration space. This pruning of the Fock space
makes the core-level states artificially bound in the computation,
leading to convergent results. The errors in energies introduced
due to the CVS dilution of dynamical correlation in methods
such as EOM-CC are typically of the order of less than 1 eV.”*”*
The effect of the continuum can be reincorporated, e.g, via a
perturbative approach’*’® or via the Feshbach—Fano formal-
ism.”%”” Further, the CVS treatment is not state specific, so
multiple states can be computed simultaneously, just as in the
case of standard EOM-CC calculations; this feature is attractive
in the context of spectroscopy modeling.

Within the CC domain, the CVS scheme was pioneered by
Coriani and Koch”>”® for computing core-excitation energies
(and spectral intensities) as well as core-ionization energies.
Since then, the CVS strategy has been used in several CC-RSP
and EOM-CC frameworks,”>”*7%7? enabling the modeling of
XAS, XPS, XCD, and XES spectra.“’g()_82 The theory was
further extended to higher-order properties such as resonant
inelastic X-ray scattering (RIXS) cross sections.'' ~"? Similar to
2PA, RIXS is a two-photon process; RIXS moments are also
formally given by sum-over-states (SOS) expressions within the
EOM-CC expectation-value framework. In practical calcula-
tions, the SOS expressions are recast into closed-form
expressions by using first-order response wave functions. The
RIXS response calculations for these wave functions are affected
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Figure 1. In X2PA, two X-ray photons of energies @, and w, are
coherently absorbed such that @, + @, equals the excitation energy E;—
E, of the final state fthat is core excited relative to the initial state g. The
X2PA moments have contributions from all states of the system,
including the ground and bound valence-excited states (black lines),
core-excited states (blue lines), valence resonances (magenta lines),
and valence continuum states (ultrafine gray dashes).

by their coupling with the continuum, and CVS has been
recently adapted to deal with this issue.''~'® The limitations of
straightforward application of CVS and possible extensions have
been discussed in ref 13, giving rise to series of approximations
such as CVS-0, CVS-uS, etc. (see section 2.3).

In this contribution, we explore the performance of the CVS-
uS approach for computing X2PA cross sections within the
EOM-CC singles and doubles framework for electronic
excitations (EOM-EE-CCSD). We compare the X2PA spectra
computed with the CVS-0 and CVS-uS approaches for small
benchmark molecules to highlight the importance of including
the valence contribution for modeling X2PA. We also compare
these computed X2PA spectra with those from ref 64.

2. THEORY

To distinguish between the canonical EOM-EE-CCSD and fc-
CVS-EOM-EE-CCSD methods, we use different symbols
below. The calligraphic symbols, H, 7, L, R, &, X, and G,
are associated with the canonical EOM-EE-CCSD method, and
regular symbols, H, T, L, R, E, X, and G, are associated with the
fc-CVS-EOM-EE-CCSD method.

2.1. The CVS EOM-EE-CCSD Method. The EOM-EE-
CCSD method describes the right (@I(DO)) and left ((CDOI.Z)
wave functions of target states according to the eigenvalue
equations

HR" D) = ER1D,) 1)

and

<®0|-Zk7_{ = <®0|Zk8k ()

where H = ¢ He” is the similarity-transformed EOM-EE-

CCSD Hamiltonian, &, is the energy of the target state k, and T
is the CC operator satisfying the CC equations

(@HID) = &y (QIFHID,) = 0 3)
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Here, &, is the energy of the CCSD state defined by the
reference determinant @, and @, are the singly and doubly
excited determinants relative to @,. The operators 7A', 7%, and £
are given in terms of creation (a’, b") and annihilation (i, ;)
operators as follows:

F=Fi+dy K=Y H=Y bl
ia

ijab
4)
& =1+ &1 + @2;
ﬁl = Z r,.“aTi; 7}2 = z r,?baTiji
ia ijab (5)
and
-Z = 10 + 'Zl + -Zz}
L= ute 2y = )01t ba
ia ijab (6)

For the CCSD state,@ =1 = land L =1 + A, whereAzAl
+ A, is the CCSD lambda operator. For EOM-EE-CCSD target
states, I, = 0.

The amplitudes of R and £ in eqs 5 and 6 for target states are

computed by diagonalizing H in the space of the reference,
singly excited, and doubly excited determinants using standard
techniques such as the generalized Davidson procedure.
Whereas such strategies are effective for computing low-lying
excited states, their straightforward apg)lication to obtain high-
lying core-excited states is impractical.”” Further, the presence of
the valence continuum and the diagonal preconditioner being
inappropriate for the doubles—doubles block of the Hamil-
tonian result in erratic behavior of such calculations of core-level
states. For computing core-excited states, the core-excited block

of H, defined by omitting the reference and purely valence-
excited determinants from the configuration space, is diagon-

alized instead of 7. In ref 13 and this study, we call this block the

CVS-0 model Hamiltonian I . Whereas only the couplings of
the core-excited configurations with the purely valence doubly
excited configurations are problematic from the convergence
viewpoint, the removal of the purely valence singly excited
determinants makes the spectrum of the CVS-0 Hamiltonian be
that of purely core-excited states. This is an attractive feature as it
enables direct calculations of the lowest core-excited states
without a significant loss of dynamical correlation. We denote

the EOM-EE-CCSD operators that diagonalize A as Ree
and L*"

Here, we compute the ground and valence-excited states with
(specific) core electrons frozen. Hence, these states (apd,
therefore, CCSD T and the corresponding EOM-EE-CCSD R™
and L* amplitudes) are computed in the configuration space
spanning the reference and purely valence-excited determinants
only. Therefore, in our frozen-core (fc) CVS-EOM-EE-CCSD
model, the valence-excitation space is uncoupled to the core-
excitation space by construction. This is in contrast to the CVS
model from ref 73, where the two spaces are decoupled by
applying dedicated projectors. Our strategy for computing
X2PA spectra is general and applicable to both of these variants
of CVS-EOM-EE-CCSD. We refer to the Hamiltonian block
defined by the reference and valence-excited determinants as

https://doi.org/10.1021/acs.jctc.2c00541
J. Chem. Theory Comput. 2022, 18, 6189—6202


https://pubs.acs.org/doi/10.1021/acs.jctc.2c00541?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00541?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00541?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00541?fig=fig1&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c00541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

ey

1 2
H . The fC-CVS-EOM-EE-CCSD Hamiltonian, H, is then
A core

block diagonal and made up of a° and H  blocks.

2.2. 2PA Moments within EOM-EE-CCSD Response
Theory. The right and left 2PA moments for transitions
between states g and f within exact theory are given by the
following sum-over-states expressions:

(v 1A, 19") (P14, 1)
&, — Sg -,

M,f;_g(wp wz) = _Z

&2 ") (P14, 1PS)
S, —& —w,

+

(7)
and
(PEIA,1P") (1A, Iy

MEF (—w,, —w,) = —
5 (o —o) 2 & — &+ w,

(PSRN ) (PR, L2
Sn —_ Sf + wl

+

(8)
where @, and w, are the energies of the two photons absorbed
such that w, + w, = & — &, ¥s are the zero-order wave

functions, and ji, (/ly) is the dlpole -moment operator along the
Cartesian coordinate x (y) € {x, y, z}. Within the EOM-EE-
CCSD expectation-value approach, eqs 7 and 8 are para-
meterized by EOM-EE-CCSD wave functions and energies by

Ak Ak
replacing (W with (1L = (LY, IWF) with R'10,) = IRF),
and ji with the similarity-transformed dipole operator /. This
EOM-EE-CCSD approach, previously used to compute valence

2PA transitions,” then recasts eqs 7 and 8 into closed-form
expressions using the first-order response wave function

(|X§(w)) = |X§’"’)) as follows:

ML (ay, @,) = —(LEIXE) + (LIFXE™) (o)

and
Mf;—f(_wl; —0)2) = _(<LS|MAX|X§,—012> + <-£g|ﬁy|/\’£‘_ml>)
(10)
The first-order response wave functions can be expressed as
(LIRS

@ IXbey = D IR"
(@) ;<,, >n_8k_w

(11)

In practice, they are computed by solving the following system of
linear equations:

Y ABNH — & — )l BN DIXY") = (DR
p (12)
Equations 11 and 12 are related by the EOM-EE-CCSD

resolvent (GX()) expression
G (@) = (RUH - & - 0) 1)
(BRI LD,
=X

y S -6 —ow (13)
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For EOM-EE-CCSD, @, and @, in eqs 11—13 span the
reference, singly excited, and doubly excited determinant spaces;
terms with higher excited determinants do not survive.

Once the 2PA moments are computed, the 2PA strength
tensor is constructed according to

Siox yz(wp w,) = _(Mg(_f( —wy, —a)z))(M){:—g(wl, ®,))

+ E(Mfz(_f( oy _wz)) (Mf(_g(wl; wz))* (14)

where “x” denotes complex conjugation. The 2PA strength
tensor elements are then used for computing the microscopic
2PA cross section 6°** (in atomic units (au)) as follows:

5ZPA(w1, w,) = i Z S

30 xx,yy(wlf wZ)

xy
Z Sxy,yx(wh wz)

H
- Z S m(@y, @) + 0
x,y (15)

with F = G = H = 2 for parallel linearly polarized light. For
degenerate photons of frequency , 6°"* is then converted to the
macroscopic 2PA cross section ¢>** in GMs according to

2 2
4r auosa)

(6 w))

GZPA((U) — (16)

where c is the speed of light, a, is the Bohr radius, « is the fine-
structure constant, and I' is the phenomenological lifetime
broadening.

2.3. Dealing with the Continuum in the Response
Domain. For @ in the X-ray regime, computing first-order
response wave functions within standard EOM-CC (eq 12)
often results in erratic behavior of solvers."' ~'* One reason for
this is similar to the case of computing core-level states with
standard EOM-CC. Since the response wave functions can be
expressed as a linear combination of all states of the system (eq
11) and the contribution of high-lying states to the response
states is often dominant due to the near-resonance condition,
the coupling of these response states to the valence continuum is
significant and leads to divergences.

This coupling can be omitted by using the CVS Hamiltonian

H, which is block diagonal in the core-excited and valence-
excited determinant spaces. However, simply using H instead of

H for computing response wave functions in eq 12 is not
sufficient for fixing the erratic behavior of the solvers. The X-ray
response wave functions can include non-negligible contribu-

tions (coming from aH val) from high-lying valence resonances,
which can also decay via the coupling to the valence doubly
excited determinants; this coupling contributes to the erratic
behavior of the valence doubly excited determinants in the
course of the iterative procedure. In addition, the diagonal

preconditioner associated with the doubles—doubles block of

~ val
H  isnolonger a good approximation to it in the X-ray energy

range, crippling the convergence. As noted in refs 11, 12, and 13,
lower-level theories such as TD-DFT, CIS (configuration
interaction singles), CC2, and ADC(2) either do not have
doubly excited determinants (which are primarily responsible
for the erratic behavior of solvers) or include them in a
perturbative fashion with a diagonal doubles—doubles block
(the preconditioner is exact). Therefore, the decay channels are

https://doi.org/10.1021/acs.jctc.2c00541
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blocked and the response equations typically converge without a
problem.
References 11, 12, and 13 introduced the CVS-0 approach,

core

which simply substitutes  with the CVS-0 Hamiltonian (H )
in eq 12. Thus, the X-ray response wave functions are computed
within the configuration space of core-excited determinants
only, leading to convergent solutions. Note that, in contrast to
ref 13, refs 11 and 12 use a different nomenclature and refer to

A" as the CVS-CC-RSP and fc-CVS-EOM-CC Hamiltonian,
respectively. The use of the CVS-0 Hamiltonian effectively
replaces the sum over all states in the EOM-CC expectation-
value approach for computing 2P moments with a sum over just
the core-excited states; the contribution of valence-excited states
to the SOS moments is omitted. This is justified for most RIXS
transitions for which the dominant contribution to the moments
arises from nearly resonant core-excited states.>

In contrast to RIXS, in X2PA, the core-excitation energies can
be significantly different from the energies of the two absorbed
photons. Then, it is reasonable to assume that the near-
resonance contribution can arise from not only the core-excited
states but also from low-lying and high-lying valence states. For
such cases, the CVS-0 approach would miss important
contributions to the X2PA moments; therefore, approaches
that can include the valence contribution are desirable.

To recover the valence contribution to the SOS moments
without spoiling the convergence of X-ray response solutions, ref
13 introduced a hierarchy of approximations in which the fc-

CVS-EOM-CCSD resolvent G'(w) was approximated as a sum
of a core fc-CVS-EOM-CCSD resolvent G<***() and a valence
resolvent F***(@) that approximates the valence fc-CVS-EOM-
CCSD resolvent G™*(w), where

core

corek(w) — <(I)|(_

u/)

- o) 'l®,) (17)

and

G (w) = (@IE™ - E, - o) '1®)

y/)

(18)

where Ey is the energy of the Kk eigenstate of the fc-CVS-EOM-
CCSD Hamiltonian. The approximate valence resolvent can, for
example, originate from lower-level methods (e.g., valence fc-
CVS-EOM-CCS, valence fc-CVS-EOM-CC2, etc.) for which
the valence response is restricted to the valence singly excited
determinant space and the doubly excited determinants are
either omitted or included in a perturbative fashion in the
response equations. An alternative approach involves approx-

imating the H " block of the fc-CVS-EOM-CCSD Hamiltonian
by its valence singles—singles block, omitting the problematic
coupling of the valence singly and doubly excited determinants
and the preconditioning of valence doubles—doubles block in
the X-ray regime. When the CVS-0 approach is augmented by
this latter approximate valence resolvent F***(®), the approach
is referred to as the CVS-uS (“uS” stands for “uncoupled valence
singles”) approach. In effect, such approaches only approximate
the intermediate states in the SOS expressions of two-photon
moments while still using the high-level correlated energies and
wave functions of the initial and final states. Further, since the
intermediate states in the SOS expressions dominated by doubly
excited valence determinants do not couple significantly with the
ground state via the one-electron dipole moment operator, the
impact of the omission (or perturbative inclusion) of valence
doubly excited determinants is primarily through the dilution of
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dynamical correlation in the energies and wave functions of the
intermediate states involved in the valence resolvent.

Since the computed multiphoton properties such as 2PA cross
sections can be strongly sensitive to the level of electronic
correlation,® independent approximations to the valence and
core resolvents in our cherry-picking approach may lead to an
unbalanced treatment of the core and valence contributions to
the X2PA spectra. Therefore, different approximations of the
valence resolvent (fc-CVS-EOM-CCS, fc-CVS-EOM-CC2,
CVS-uS) may yield different X2PA spectra; similar differences
were noted in ref 13 in the context of RIXS. Here, we focus on
the CVS-uS approach and leave the search for the most balanced
approximation for modeling X2PA spectra for future studies as it
will require comparisons with experiments. On the basis of a
configurational analysis of 2PA channels in section 2.5, we
expect the CVS-uS approximation to give a fairly balanced
description of the valence and core contributions to the X2PA
spectra for the benchmark systems studied here.

2.4. 2PA Moments within the CVS-uS Approach. Within
the CVS-uS approach, the EOM-EE-CCSD-parameterized sum
over states for the 2PA moments is a combination of a sum over
valence-excited “uS” states plus the contribution from the CCSD
state as an intermediate and a sum over core-excited states as
follows:

M,g;_g(wp 0)2) =

(f @lR")(LO@le y IﬁxIRO)(LOIﬁy IRS)
E, — E, — o, E, - E, — o,
S, ((LRIR"(EMAIRS)  (LIIR"(LAIRS)
- — + =
220 E, —E — E, —E - w,
<Lf|ﬁy|R"><L"|ﬂ§|Rg> (LfIﬁxIR”XL”IﬁyIRg)
- E,—E — o E, - E, — o,
(19)
and
Mf;_f(_wp —w,) =
(BEIRO(LGIRY) (ARG IRY)
EO_Ef+w2 E_Ef+a)1
&, (LR IR ) <Lg|ﬁy|ﬁ"><£"@mf>
& E-E+to E, - E + o,
Z @|R"><L"|,@|Rf> (LA IR") (LR IRY)
- E, - E+ o, E, - E + o,
(20)

Here, (Ll and IR®) correspond to the CCSD state; note that
often, for X2PA, the CCSD state is the initial state g. E, and (L"
and IR") are the n™ eigenenergy and Ieft and right eigenvectors,

respectively, that diagonalize the a° block, which is defined as

the H . block with singles—doubles, doubles—singles, and
doubles—doubles blocks zeroed out and the CCSD state
projected out. These sums in eqs 19 and 20 are separately
recast into closed-form expressions using response wave
functions that span separate determinant spaces as follows:
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My, ;) =

(f A IR ) (LIRS (f ALIR’) (LI IR)

Eo—Eg—w1 Eo_Eg—w2
ey — (s

_ <Lf|ﬁy|X;°re‘g‘")1> _ <Lf|/7;|X;0re,g,mz>

(21)
and
Mfy(_f(_wv ~-w,) =
(LgI/T;IRO)(LOIﬁyIRf) (LglﬁyIRo)(Lolﬁ;lRf)
B -E+w,  E-E+o
— (LIRS ™0) — (LS )
— (LAFIX;e ") — <Lg|ﬁy|x;°fe'f'—"’1> (22)

The CVS-uS response equations are given by

~uS u ®
D ADRIE" - E, — )l )(DIXIS5)
14

= (QJAIRY) — (QIR'N(LIAIR); @, @, € {D), D}

(23)
and
Z D £ core D WD | core,k,®
< u(H - Ek - (1)) p>< /)Xx >
p
2 1nk a ab ab
= (QIRY); @, D, € {P], Dy, DY} (24)
Here, i, j, ... represent the valence occupied orbitals; I, ], ...

represent the core occupied orbitals; and a, b, ... represent the
unoccupied orbitals. The state index k in IR¥) refers to either the
ground state g or the final state f. Note that we have projected out
the CCSD state in the right-hand side of eq 23 to account for its
omission in the sum over valence “uS” states in eqs 19 and 20.

2.5. Configurational Analysis of 2PA Channels. To
better understand the CVS-uS approximation to the fc-CVS-
EOM-EE-CCSD resolvent for computing X2PA moments and
to provide a rationale for it, here, we analyze contributions to the
2PA moments in terms of leading electronic configurations.
Tables 1 and 2 present the configurational channel analysis of
the X2PA moments between an initial (EOM-EE-)CCSD state
with frozen core and a final fc-CVS-EOM-EE-CCSD wave
function. We define these 2PA configurational channels as the
2PA coupling terms between Slater determinants involved in the
wave functions of the initial and final states through the Slater
determinants involved in the intermediate wave function. Here,
we neglect dynamical correlation effects arising from the cluster
operator T. Our aim is to understand which 2PA channels are
fully captured, approximated, or not captured by the CVS-uS
approximation to the fc-CVS-EOM-EE-CCSD resolvent. In
addition, the channel analysis can help us better understand the
impact of different types of bound and continuum intermediate
states on the 2PA moments.

First, we consider only the dominant electronic configuration
in the initial wave function such that W8 ~ @ for the CCSD state
and ¥ ~ (I)}’ for the core-excited final state. Within this
simplified model, there are just four 2PA channels that need to
be considered: channels (1), (2), (21), and (22) in Tables 1 and
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2. Channels (1) and (2) are captured exactly by the CVS-0
resolvent, relative to the fc-CVS-EOM-EE-CCSD resolvent, and
dominate the contributions of core-excited pre-edge states that
lie below the respective core-ionization energy. These channels
can also show resonance enhancement when one of the two
absorbed photons is in the infrared/UV—vis regime and the
other is an X-ray photon that is nearly resonant with a core-
excited state. Similarly, channels (21) and (22), which are only
approximated by the uS resolvent, relative to the fc-CVS-EOM-
EE-CCSD resolvent, can show resonance enhancement when
the infrared/UV—vis photon is nearly resonant with a valence-
excited state.

Next, if we include other core-excited determinants in the final
wave function, the CVS-uS approximation captures all channels
involving ®, (channels (1)—(4) and channels (21)—(23) in
Tables 1 and 2). Significantly, the couplings of @, with the
dominant singly core-excited configurations (CV) of the final
wave function involve only the singly excited valence or core
excited determinants as intermediates, which are captured in the
CVS-uS approach.

CVS-uS, however, does not capture all the channels involving
the dominant configuration when W& ~ ®{ is an EOM-EE-
CCSD state (channels (30) and (31)). Unless enhanced by
near-resonance consideration, these channels only give small
contributions due to the small coefficients of the nondominant
COVV configurations in ¥ with which the dominant OV
configurations in W# couple. Further, when ® is an X-ray
frequency, the near-resonance conditions in these channels in
Table 1 (¢, — ¢;~ w and €, — €; & w in channels (30) and (31),
respectively) imply that the unoccupied orbitals b and c are high-
lying and highly oscillatory, resulting in negligible couplings in
the numerators of these channels. Similarly, for these missed
channels in Table 2, near-resonance conditions (e, — €= ) are
rare due to the sparsity of occupied and core orbitals in typical
molecular systems; therefore, these channels do not contribute
significantly in general.

Next, we analyze the couplings of different types of valence
and core states with the initial and final states involved in the
X2PA process within the uncorrelated picture. The valence
doubly excited determinants do not couple with the reference
and CV determinants through the dipole moment operator.
Within the fc-CVS-EOM-EE-CCSD framework, the final states
are predominantly singly excited with leading CV configurations
involving low-lying unoccupied orbitals. These states do not
couple through the dipole moment operator with the leading OV
configurations in valence shape resonances in which the
unoccupied orbitals are high-lying continuum orbitals. On the
other hand, the leading OV configurations of valence Feshbach
resonances can couple to these leading CV configurations in the
final states through the one-electron operator (channels (22),
(24), and (28)). The 2PA channels corresponding to these
couplings are captured in the CVS-uS approach. Only the
couplings between the nondominant COVV configurations in
the final wave function and OOVV configurations in the
intermediate wave functions are omitted through the omitted
2PA channels (30)—(33), which can only be significant through
resonance enhancement.

3. COMPUTATIONAL DETAILS

The CVS-0 and CVS-uS resolvent approaches for X2PA cross
sections within the (fc-CVS-)EOM-EE-CCSD framework are
implemented in a development version of the Q-Chem

https://doi.org/10.1021/acs.jctc.2c00541
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Table 1. Configurational Analysis of the Leading Channels in X2PA Moment, M, Where W¥¢ = r,®@, + Y.

ia 71 D7 +

(1/4) Zi;’ub r“h(I):-}b Is the Wave Function of the Initial State gand W= Y EPf+(1/2)Y Tjab l‘,'jb(l)}'jb +(1/4)Y) Jab l‘}}’ (I>‘1’]l' Is the Wave

ij
Function of the Final State f*

(i) Channels captured by CVS—0

(D | | D) (D] | | By (@ | | D) (D] | | By

(B | | D) (D) | | D) (B || &) (D | | By)

€ —€—w G—¢g—w =€ - € —¢—w
(1) @) ) @)
(D] | | &) (D | e | ) (D | p | &) (D || ) (D) | | ) (D | | B) (D | 1| &) (D] | | B
€ —¢—o G—¢g—w €—€—w 6G—¢—o
(s) (©) @) (8)
(D | | D)) (D] | e | D) (B | | DY (D3 | | D) (D || D)) (D] | | D) (D5 | | Dy (D | e | )
6G—¢-w €E—¢-w 6G—¢—w G- —w
) (10) (11) (12)
AR ARC AR (D || DY (D | B (D | | D) (DR | | BY) (DF | 1| DI) (DS | e | D
€, —€ —® €—¢—w G—¢g—w §—¢g-w
(13) (14) (15) (16)
(D | | D) (B | Dy (B | D) (D | | B (D5 | | D) (P | | B (D) | | D) (D |
€—¢—w e T € —€x—w €G—¢—w
(17) (18) (19) (20)

(ii) Channels approximated by uS and the term with the CCSD state as intermediate

(B | 1| Do) (D | 1 | Dy) (D || DY) (D | | By)

- €—€—w
(21) (22)
(D | 1| Do) (Dy | 1 | B (DR | DO (DL T | D)
€—€—w €—€—w
(25) (26)
(D | | DY) (D | | D)
€i — €d -
(29)

(DR | DO (D | Dy) (@ || B (D | | D)

€—€—w €, —€—w
(23) (24)
(B | | D) (B | &) (of | u| @) (| n| @)
-6 -w §-€—w
(27) (28)

(ili) Channels captured by the term with the CCSD state as intermediate but not by uS

(B | | DY (D | e | &) (D | | DY (D | | D)

(B | | DY (DY | | B (B || DY (DY || D)

€ —€—®
(30)

€E—€—w

(31)

“The coefficients of the Slater determinants are omitted in the table.

€E—€—w
(32)

€—€—w
(33)

electronic structure package.65 py-CCRSP* was used for code
debugging and testing.

As application, we considered several small systems, namely
NHj;, H,0, HF, Ne, benzene, and p-nitroaniline (pNA). Despite
the lack of published experimental studies on the X2PA spectra
of small molecules, these systems can serve as test cases for
various theoretical strategies, which can then be developed
further by including more (better) physics for tackling more
complex systems such as transition-metal compounds.

We use the following Abelian point groups in our calculations:
C, for NH3; C,, for H,O, HF, and pNA; and D,;, for Ne and
benzene. We follow Q-Chem symmetry notation (details can be
found in refs 45, 85, and 35) instead of Mulliken symmetry
notation.”® The geometries of HF and H,O were optimized at
the DFT/B3LYP®"*® level of theory with the t-aug-cc-pVTZ
basis set. For NH;, the CCSD/aug-cc-pVTZ optimized
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geometry was used. The geometries of benzene and pNA were
taken from previous studies.'”'>*” All basis sets and geometries
used in this study are provided in the Supporting Information.

Core orbitals were frozen in all calculations as prescribed by
the (fc-CVS-)EOM-EE-CCSD framework, except for the N and
O K-edge calculations for pPNA wherein the lowest four and two
core orbitals were frozen, respectively. The CVS-0 and CVS-uS
2PA cross sections with degenerate photons were computed
between the CCSD and core-excited states, with the latter
obtained within the fc-CVS-EOM-EE-CCSD framework. We
used the d-aug-cc-pVTZ basis set for NHj, t-aug-cc-pVTZ basis
set for H,0 and HF, t-aug-cc-pCVTZ basis set augmented with s
and p Rydberg functions for Ne, uC-6-311(2+,+)G** for
benzene, and uC-6-311++G** basis set for pNA. For each
system, we considered all core-excited states below the
respective core-ionization energies, i.e., 10, 22, 24, 32, 65, and

https://doi.org/10.1021/acs.jctc.2c00541
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Table 2. Configurational Analysis of the Leading Channels in X2PA Moment, M*~, Where ¥ = [,®, + Y., l/®? +
(1/ 4)2,jub l;}b(l):-}b Is the Wave Function of the Initial State gand W= Y ri®f+(1/2)Y, Tjab r‘}fq)}‘jb +(1/4)) IJab r‘,’f’ (I)}‘Ib Is the Wave

Function of the Final State f*
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(ili) Channels captured by the term with the CCSD state as intermediate but not by uS
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g—¢to
(30)
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“The coeflicients of the Slater determinants are omitted in the table.

g—€tw
(32)

g —€tw

(33)

63 states for NH; H,0, HF, Ne, benzene, and pNA,
respectively. The response equations were solved by using an
iterative Davidson-like subspace procedure. All spectra were
convoluted by using a Lorentzian broadening function with a
half-width at half-maximum of 0.3 eV. In the discussion below,

“X” labels the ground state and “c” is a core-excited state.

4. RESULTS AND DISCUSSION

The bottom panels of Figure 2(a)—(h) compare the
experimental and computed XAS spectra of our benchmark
systems. The computed XAS spectra are shifted to align with the
respective first experimental peak; the shifts are given in the
figure legends. These shifts are <1.1 eV and significantly smaller
than the corresponding shifts computed at the lower TD-DFT/
CAM-B3LYP,y level of theory in ref 64. The XAS spectra

6196

yielded by (fc-CVS-)EOM-EE-CCSD show only small discrep-
ancies with respect to experimental spectra in terms of peak
positions and intensities of dominant peaks, compared to similar
discrepancies with the TD-DFT approach in ref 64, further
highlighting its robustness relative to TD-DFT in modeling
XAS. Below, all computed energy values are shifted values. The
nonshifted peak positions are reported in the Supporting
Information.

The top two panels in Figure 2(a)—(h) provide the X2PA
spectra computed, respectively, with the CVS-0 and CVS-uS
resolvents within the (fc-CVS-)EOM-EE-CCSD framework for
the benchmark systems (shifted similar to XAS). We note that
the CVS-0 results are not to be construed as an approximation to
the CVS-uS results; rather, the CVS-0 data provide separate
estimates of the core and valence contributions to the X2PA

https://doi.org/10.1021/acs.jctc.2c00541
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Figure 2. fc-CVS-EOM-EE-CCSD with the d-aug-cc-pVTZ (NH;), t-aug-cc-pCVIZ (H,O, HF), t-aug-cc-pCVTZ+Rydberg (Ne), uC-6-311(2+,
+)G** (benzene), and uC-6-311++G** (pNA) basis sets. XAS and (CVS-0 and CVS-uS) X2PA spectra of (a) NH;, (b) H,O, (c) HF, (d) Ne, (e)
benzene, (f) pNA (C K-edge), (g) pNA (N K-edge), and (h) pNA (O K-edge). Experimental spectra from ref 90 (NH; and H,0), ref 91 (HF), ref 92
(benzene), ref 93 (Ne), and ref 94 (pNA). Black vertical lines correspond to excited states that are dark in the given spectrum. Dark states are omitted

from the benzene spectra.

cross sections. Compared to CVS-0, the intensities of the spectra
computed with CVS-uS are one order of magnitude smaller
across all systems. This is a consequence of cancellation of
contributions from the valence states as intermediates and the
core states as intermediates. Further, the shapes of these spectra
with the two approaches show significant differences. We also
note that the magnitudes of the X2PA cross sections (~107°) in
atomic units (au) are orders of magnitude smaller than typical
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valence 2PA cross sections for these systems, a consequence of
small overlaps of core orbitals with unoccupied orbitals.
However, the X2PA moments used for computing the cross
sections are greater than the precision thresholds set in our
calculations and, therefore, these moments are numerically
reliable.

Response equations for all systems converge within our CVS-
0 and CVS-uS setups. Whereas the convergence is, in general,
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quick for most systems, for pNA, a few “uS” response equations
take ~80 iterations before convergence—a consequence of the
very diffuse basis set used for pNA and larger valence
contributions in pNA compared to other systems.

The XAS spectrum of NHj, discussed in depth in ref 74, is
dominated by the peak at 402.2 eV corresponding to the
degenerate XA’ — ¢c2A’ and XA’ — c1A” transitions, i.e., the 1s
— 3p (XA, — cE) transition, with smaller features around 400.5
eV (1s = 3s),402.8 eV, and 403.5 eV. In contrast, both the CVS-
0 and CVS-uS X2PA spectra are dominated by the XA" — c1A’
(1s = 3s) transition at 400.5 eV. The 2PA cross section for the
XA’ — 2A’ transition is, in particular, negligible for the CVS-uS
approach. Small features at 402.8 eV and 403.5 eV are also
present in the CVS-uS spectrum.

Similar to NH;, the XAS spectrum for H,O is richer relative to
the X2PA spectra (from both the CVS-0 and CVS-uS
approaches) and dominated by the three features around
534.0 eV, 535.7 eV, and 537.0 eV. The first feature results from
the XA; — clA, transition, the second results from the XA; —
1B, transition, and the third results from XA; — c1B, and XA,
— c2A, transitions; see also refs 74 and 95. The X2PA spectrum
for both CVS-0 and CVS-uS has a dominant peak corresponding
to the XA, — clA, transition with a tail of small features
observed in the high-energy region. The CVS-uS X2PA
spectrum is also similar to the X2PA spectrum in ref 64.

The computed XAS spectrum for HF shows two dominant
peaks around 687.2 eV and 690.8 eV. The former peak arises
from the XA| — c1A, transition, while the latter originated from
the close-lying XA| — c2A, and degenerate XA, — c1B; and XA,
— 1B, transitions. Both CVS-0 and CVS-uS X2PA spectra are
dominated by the XA — c1A, transition. However, whereas the
CVS-0 spectrum also shows a dominant XA, — c2A, peak, this
transition is not as important in the CVS-uS spectrum. The
CVS-uS spectrum instead features close-lying peaks around
692.4 eV and 692.8 eV, arising from the XA — c¢4A, and XA, —
c7A, transitions, respectively. Although the shape of the CVS-uS
spectrum resembles the X2PA spectrum in ref 64, the smaller
features are slightly blue shifted in the former.

XAS and X2PA spectra for neon are complementary to each
other. The XAS spectrum, consisting entirely of Rydberg
transitions, is dominated by the 1s — 3p transition, peaked at
867.1 eV, followed by 1s — 4p, 1s — Sp and 1s — 6p, as allowed
according to dipole selection rules.”””*”* Relative to the shifts
applied to the XAS spectrum in ref 64, the shifts applied in this
study are much smaller. The CVS-0 X2PA spectrum has a
dominant 1s — 3s (XA, — c1A,) feature at 865.3 eV, along with
smaller features at 868.3 eV and 869.9 eV; the latter arises from
Is — 3d transitions. In contrast, the CVS-uS spectrum has a
dominant feature at 870.1 eV, arising from the XA, — cl1A,
transition, followed by a smaller peak at 869.9 eV corresponding
to the 1s — 3d transition. The CVS-uS spectrum resembles the
X2PA spectrum in ref 64, even though the 1s — 3d transitions,
which are indicated as the dominant ones in the case of X2PA
spectrum in ref 64, are no longer the most dominant. The
difference between the CVS-0 and CVS-uS spectra further
highlights the importance of including the valence resolvent for
computing X2PA cross sections.

Benzene’s XAS, also studied in refs 89 and 12, features a
dominant peak at 285.2 eV arising from the XA, — 2By,
transition. Smaller features including the ones at 287.0 eV and
289.0 eV are also present, with the former originating from
degenerate XA, — c1B,, and XA, — ¢2B,, transitions and the
latter originating from degenerate XA, — ¢9B,, and XA, —
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c12B,, transitions. Benzene is centrosymmetric, and its XAS and
X2PA are complementary to each other. Whereas the dominant
X2PA peak for both CVS-0 and CVS-uS approaches originates
from the same XA, — c2A, transition at 287.1 eV, the shapes of
the two spectra are slightly different for the smaller features.
Among the smaller features for CVS-uS, the peak at 289.0 eV
arising from the — cl12A, transition is dominant. The
complementary XAS and X2PA modeling augmented by the
corresponding orbital analysis can, in principle, provide rich
information on the electronic structure of this highly symmetric
molecule.

pNA has a large dipole moment and features numerous
charge-transfer valence excitations. The computed C K-edge
XAS spectrum is comparable with the experimental spectrum in
ref 94, although experimental features, except the ones around
285.0 eV and 287.5 eV and the shoulder around 286.0 €V, are
not well resolved. The dominant feature around 285.0 eV
originates from the XA, — ¢1B, and XA, — (2B, transitions,
both of 1sq — #z* character. The former transition is
characterized by b, — a, and a; — b, orbital transitions with
the core hole delocalized over the two carbons at the meta
position relative to the nitro group (see the raw data in Table S7
and NTO analysis in Table S8 in the Supporting Information).
The latter transition is characterized by a b, — a, orbital
transition with the core hole delocalized over the two carbons at
the meta position relative to the amine group. The next two
features, one at ~#285.9 eV and the other at 286.5 €V, arise from
the XA, — ¢3B, and XA| — ¢5B, transitions, respectively. The
first one is due to 1s — 7* transition from the carbon atom
bearing the nitro group. The second, also of 1s — #* type, is an
a; — b, transition with the core hole originating primarily from
the C atom bearing the amino group, with some delocalization
over the two nearest carbons. The computed XAS spectrum has
a few other relatively intense features such as XA, — c1B, at
287.0 eV, XA, — 7B, at 288.2 eV, XA, — c13A, at 289.5 eV,
XA, — c11B, at 289.5 eV, XA, — c15B, at 290.1 eV, and XA, —
c20A, at 290.3 eV. Their character (7%, 6*, Rydberg) becomes
apparent upon inspecting the NTOs in Table S8.

In the CVS-0 X2PA spectrum, many of these same transitions
are important along with XA, — c1A,; at 287.0 eV, XA, — 2A,
at 287.9 eV, XA, — cSA, at 288.7 eV, XA, — c7A, at 288.8 eV,
XA, — c12A, at 289.4 eV, XA, — 2B, at 287.9 eV, and XA, —
5B, at 288.7 eV. The CVS-uS spectrum, in contrast, is less rich,
with only the XA, — clA;, XA, = 2A|, XA| — SA, XA, —
c8A, (at 288.9 eV), XA, — c14A, (at 289.6 eV), XA, — c19A,
(at 290.3 eV), XA, — 20A,, and XA, — c15B, transitions
dominant. pNA, therefore, represents yet another system that
features a large valence contribution to the X2PA cross sections,
highlighting the importance of including the valence resolvent in
our model. The dominant transitions in the CVS-uS spectrum,
XA, — clA;and XA, — c2A, are characterized by different pairs
ofa; — a; and b, — b, orbital transitions, and are of 6* /Rydberg
type. For the former, the core hole is delocalized on the carbons
meta to the amine group, whereas for the latter, the core hole is
predominantly centered on the carbons meta to the nitro group.
The next most intense peak is due to the XA, — (20A,
transition, characterized by an a; — a, transition with the core
hole on the carbon atom connected to the nitro group; see Table
S8.

Compared to the C K-edge spectra, the N and O K-edge XAS
and X2PA spectra of pNA are not as rich, a direct consequence of
fewer N and O atoms. The computed N K-edge XAS spectrum,
which compares well with the experimental spectrum from ref
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94, is dominated by the XA, — 2B, (1s — 7*) transition at
403.7 eV, which is also dominant in the CVS-0 spectrum. This
transition is characterized by the a; — b, orbital transition with
the core hole localized on the N atom of the nitro group and a
delocalized 7* particle orbital (see the raw data in Table S7 and
NTO analysis in Table S8). The second dominant feature in the
XAS transition originates from two transitions: XA, — c1B, at
402.6 eV and XA — c1B, at 402.8 eV. The former is also quite
strong in the CVS-0 spectrum and is characterized by the a; — b,
orbital transition with the core hole localized on N atom of the
amine group and another delocalized #* particle orbital. In
contrast to the XAS and CVS-0 spectra, the CVS-uS spectrum
shows different dominant features arising from the XA, — c1A,
and XA, — c4A, transitions at 401.8 eV and 405.0 eV,
respectively. Remarkably, in both these transitions, the core hole
is localized on the amine group’s N atom and the nitro group
does not participate in the particle orbital. The core transitions
from the N atom in the nitro group are basically quenched in the
XTPA CVS-uS spectrum.

The O K-edge XAS spectrum of pNA is even more featureless
than the N K-edge XAS spectrum and compares well with the
experimental spectrum from ref 94. The XAS spectrum has a
dominant feature at 531.1 eV originating from the XA, — ¢1B,
transition, characterized by an a; — b, orbital transition with a
delocalized 7* particle orbital and the core hole delocalized on
the two oxygen atoms (see the raw data in Table S11 and NTO
analysis in Table S12 in the Supporting Information). This
transition, along with the degenerate XA, — clA, transition, is
also dominant in the CVS-0 spectrum but quenched in the CVS-
uS$ spectrum. These two transitions have the same characteristic
7* particle orbital, with the hole orbitals different (one is the
symmetric and the other the antisymmetric combination of the
oxygen 1s orbitals). Similar to the N K-edge CVS-u$ spectrum,
the O K-edge CVS-uS§ spectrum is dominated by fully symmetric
transitions. In this case, the dominant transitions are XA; —
c6A;, XA, — c7A,, and XA, — cl1A, at 538.1 eV, 538.8 ¢V, and
536.2 eV, respectively. Whereas the first two transitions feature
particle orbitals delocalized on the entire molecule, the third
transition features a particle orbital that is largely localized at the
nitro end of pNA. For details on the NTOs involved in the
smaller features, we refer to the tabulated raw data used to
construct the spectra shown in Figure 2 and the corresponding
NTO analyses in the Supporting Information.

5. CONCLUSIONS

We have presented an approach for computing X2PA spectra
within the EOM-EE-CCSD framework. Standard iterative
procedures for computing the X-ray response wave functions
diverge within the EOM-EE-CCSD framework; in this study, we
have extended our frozen-core CVS-based strategy of cherry-
picking resolvents, mitigating this issue in the computations of
X2PA cross sections. The fc-CVS scheme allows us to fragment
the EOM-EE-CCSD resolvent into a direct sum of independent
core (called “CVS-0”) and valence resolvents; X-ray response
wave functions in the core- and valence-excitation spaces can,
therefore, be computed separately. The valence resolvent is then
approximated using the valence singles—singles block of the fc-
CVS-EOM-EE-CCSD Hamiltonian, which is the “uS” approx-
imation. We also provided the configurational analysis of X2PA
channels to rationalize the CVS-uS approach and showed that
the approach captures the most important channels for the 2PA
transitions between the CCSD or singly excited valence-excited
states and singly excited core-excited states. The X2PA spectra

for small benchmark systems computed with this approach are
comparable in shape to those from the CPP-TD-DFT approach
in ref 64, yet with smaller discrepancies for the
(fc-CVS-uS-)EOM-EE-CCSD framework in the peak positions
relative to XAS experiments. We also highlighted the importance
of the valence contribution to the X2PA moments by comparing
the CVS-0 and CVS-uS spectra.
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