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ABSTRACT
Oxygen, nitrogen, and carbon K-shell photoabsorption and photoionization cross sections have been calculated within core-valence-separated
coupled cluster (CC) linear response theory for a number of molecular systems, namely, water, ammonia, ethylene, carbon dioxide, acetalde-
hyde, furan, and pyrrole. The cross sections below and above the K-edge core ionization thresholds were obtained, on the same footing, from
L2 basis set calculations of the discrete electronic pseudospectrum yielded by an asymmetric-Lanczos-based formulation of CC linear response
theory at the CC singles and doubles (CCSD) and CC singles and approximate doubles (CC2) levels. An analytic continuation procedure for
both discrete and continuum cross sections as well as a Stieltjes imaging procedure for the photoionization cross section were applied and the
results critically compared.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5096777

I. INTRODUCTION

Processes involving the electron in the continuum, such as
photoionization, play an important role in many of the modern
atomic and molecular physical chemistry fields of knowledge. The
interest in the photoionization processes of inner-shell electrons,
for instance, has been growing with the advent of modern facil-
ities exploiting X-ray radiation as the probing light. Near edge
X-ray absorption fine structure (NEXAFS) is one important type of
X-ray absorption spectroscopy (XAS) with a large range of recent
applications1–16 that benefits from the development of theoreti-
cal approaches capable of yielding accurate spectra. Many quan-
tum mechanical methods relying on quadratically integrable (L2)
basis sets have been used in order to simulate the discrete region

of NEXAFS electronic spectra, such as multiconfigurational wave-
function methods,17–19,21–25 Random Phase Approximation (RPA),26

the Static Exchange method (STEX),27,28 Time-Dependent Den-
sity Functional Theory (TDDFT),29–32 the Algebraic Diagrammatic
Construction (ADC) approaches,33–38 and the Coupled Cluster (CC)
ansatz.20,39–43 We also refer the interested reader to Ref. 44 for a
recent overview.

Description of the spectral region above the ionization limit
with L2 methods requires, however, additional efforts, as the inclu-
sion of an appropriate description of the electronic continuum is
required. The Stieltjes imaging technique45,46 and the analytic con-
tinuation procedure based on the Padé approximants47–50 have been
used since the 1970s to obtain photoionization cross sections with
L2 methods. The Stieltjes imaging technique achieved popularity at
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the end of the eighties, where it was applied primarily within the
RPA for Hartree-Fock and multiconfigurational self-consistent field
wavefunctions.25,51–53 More recently, Averbukh and co-workers pro-
posed to apply Stieltjes Imaging to the (unconverged) block-Lanczos
pseudospectra obtained within the second-order ADC(2) formalism
to compute the converged ionization and autoionization cross sec-
tions in the vacuum ultraviolet (VUV)-UV frequency region.54,55 A
similar approach has also been used on the Lanczos pseudospectra
obtained from the hierarchy of coupled cluster approximations CC
singles (CCS), CC approximate doubles (CC2), and CC singles and
doubles (CCSD)56,57 to compute the photoionization and photode-
tachment cross sections of valence electrons of closed shell atoms,
small molecules, and ions.

The analytic continuation procedure based on Padé approx-
imants has been applied to the Lanczos CCSD pseudospectra to
obtain both photoionization cross section in the VUV-UV fre-
quency region and dynamic polarizabilities58 for a series of atoms
and molecules and then further extended to the TDDFT approxima-
tion.59

Inner-shell photoionization cross section spectra relying on L2

basis sets have also been recently obtained for a number of molecules
by Neville et al.60 based on the application of Stieltjes imaging to
ADC(2)-x Lanczos pseudospectra of both ground and excited states,
and by Tenorio et al.61 for ground-state only using the analytic con-
tinuation procedure on discretized representations of the bound and
continuum states obtained from full-space Lanczos-based CC linear
response41 and from TDDFT. At the CC level, however, the inves-
tigation was limited to quite small systems since very large Lanczos
chain lengths were required to access the core excited states. Herein,
we investigate the cross sections below and above the K-edge core
ionization thresholds obtained using a core-valence separated CC
linear-response scheme based on the asymmetric Lanczos algorithm
[herein labeled core-valence-separated (CVS)-CCLR],41,42 together
with both an analytic continuation procedure for the discrete and
continuum cross sections, and a Stieltjes imaging procedure46 for
the photoionization cross section. The oxygen, nitrogen, and car-
bon K-edges of water (H2O), ammonia (NH3), ethylene (C2H4),
carbon dioxide (CO2), acetaldehyde (CH3CHO), furan (C4H4O),
and pyrrole (C4H4NH) have been considered. This work also serves
as a validation step toward the generalization of our methodolo-
gies to the determination of core photoionization cross sections of
transient states, which are of interest for the simulation of time-
resolved X-ray spectroscopy, in the spirit of the work presented by
Neville et al.60

II. COMPUTATIONAL METHODOLOGIES
A. The CVS-CCLR Lanczos pseudospectrum

The CC ansatz is defined by the exponential parametrization
|CC⟩ = exp(T)|HF⟩, where |HF⟩ is the reference (here Hartree-
Fock) wavefunction, and the cluster operator T is a sum of excita-
tion operators τµ, each weighted by the corresponding amplitude tµ,
T = ∑µtµτµ. The ground state energy and amplitudes are conven-
tionally determined by projection of the Schrödinger equation onto
the reference state and onto a manifold of excitations |µ⟩ out of the
reference state, respectively,62

E = ⟨HF∣ exp(−T)H exp(T)∣HF⟩;
Ωµ = ⟨µ∣ exp(−T)H exp(T)∣HF⟩ = 0. (1)

Within CCLR theory,63,64 excitation energies (ωk) and left (Lk)
and right (Rk) excitation vectors can be obtained by solving the
asymmetric eigenvalue equations

ARk = ωkRk, LkA = ωkLk (2)

under the biorthogonality condition LjRk = δik. The Jacobian matrix
A is defined as

Aµν =
∂Ωµ

∂tν
= ⟨µ∣ exp(−T)[H, τν] exp(T)∣HF⟩. (3)

One approach to solve Eq. (2) yielding a discretized spectrum
covering the whole frequency range consists in building a truncated
tridiagonal representation T of the Jacobian matrix A by application
of an asymmetric Lanczos algorithm (or an Arnoldi algorithm), fol-
lowed by its straightforward diagonalization.40,41 The nonzero ele-
ments of the tridiagonal matrix T = PTAQ, where PTQ = 1, are
given by

Tll ≡ αl = pTl Aql, Tl+1,l ≡ βl =
√

pTl+lql+1;

Tl,l+1 ≡ γl = sgn{pTl+1ql+1}βl
(4)

with

ql+1 = β
−1
l (Aql − γl−1ql−1 − αlql),

pTl+1 = γ
−1
l (pTl A − βl−1p

T
l−1 − αlp

T
l ), (5)

where pi and qi are columns of the P and Q matrices, respec-
tively. Diagonalization of T, conveniently truncated to a dimension
(chain length) J ≪ n, with n being the full dimension, generates
an effective excitation spectrum. The latter is known to converge
from the bottom and from the top toward the exact excitation
spectrum.40,41

Choosing as Lanczos seeds the (bi-)normalized right-hand-
side vectors of CCLR,41,65 that is, q1 = u−1

X ξX and pT1 = v−1
X ηX

(where uX = ||ξX || and vX = u−1
X ηXξX), yields an approximate

diagonal representation of the complex linear response function in
terms of the eigenvectors of the Lanczos pseudospectrum.40,41 The
residues of the linear response function give access to the transition
strengths

SXX0→j = uXvXL(J)j1 R(J)
1j − v2

X∑
l
Flj

Lj1Ll1
(ωj + ωl)

, (6)

for operator component X. See Refs. 40 and 41 for further definitions
and details. When the operator X is the electric dipole operator, the
discrete dipole oscillator strengths f j for transitions from state 0 to
state j (in the length gauge) are obtained as

fj =
2
3
ωj(SXX0→j + SYY0→j + SZZ0→j). (7)

As the Lanczos algorithm is known to converge from the extremes,
to obtain converged core excitation energies would require using
a very large number of chain vectors, in other words, a very large
matrix T, which becomes quickly prohibitive even for medium sized
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systems. One can overcome this limitation by taking advantage of
the almost nonexistent coupling between valence and core excited
states and set elements corresponding to such couplings to zero dur-
ing the iterative construction of the T matrix with negligible loss of
accuracy within the chosen approximate level of theory. Via the CVS
scheme,42,43,66 which is regarded as an efficient procedure to remove
the continuum sea of valence ionizations from the inner-shell exci-
tation region, the Lanczos approach yields straightforwardly a pseu-
dospectrum starting at the lowest dipole-allowed core excitation of
the chosen edge.

The CVS is easily introduced within the asymmetric Lanczos
algorithm by applying, at each iteration, the projector

{
Pv
I bai = 0, if i ≠ I,

Pv
I babij = 0, if i ≠ I or j ≠ I (8)

to both the pTl and ql vectors and their linear transformations pTl A
and Aql. The projector removes all vector elements not referenc-
ing at least one core orbital or a set of selected core orbitals I. In
this way, the Lanczos trial-vector bases PT and Q only contain exci-
tations involving at least one core orbital, effectively decoupling
them from excitations with contributions from occupied valence
orbitals only. Diagonalization of the tridiagonal matrix yields the
core excitations occurring as lowest roots, hereby quickly converg-
ing to the exact results with significantly smaller Lanczos chain
lengths, and the Lanczos eigenvectors only refer to core excita-
tions. The oscillator strengths and cross sections are computed
directly from them, without further modifications to the general
procedure.

B. The Stieltjes imaging approach and the XAS cross
section below and above the ionization limit

The absorption cross section σ(ω) measures the probability
for a photon of energy ω to be absorbed. It is proportional to the
differential oscillator strength f (ω),

σ(ω)[Mb] = 2π2αa2
0 × 1018f (ω), (9)

where α is the fine structure constant, a0 is the Bohr radius in
centimeters, and 1 Mb = 10−18 cm2.

The XAS photoabsorption cross section can be partitioned into
two contributions,60

σ(ω) = σb(ω) + σc(ω), (10)

where σb(ω) is the cross section arising from excitations into bound
states and σc(ω) is the one arising from excitations into continuum
states—that is, the photoionization cross section. Below the ioniza-
tion threshold, the cross section σb can be obtained by phenomeno-
logically broadening the CC excitation energies h̵ωj and oscillator
strengths f j obtained, as done here, via the asymmetric Lanczos
procedure40,41

σb(ω) = Cω
N
∑
j=1

3fj
2ωj

g(ω,ωj), (11)

with g(ω, ωj) being the Lorentzian line shape function g(ω,ωj) =
γ

π[(ω−ωj)2+γ2]
.

Above the ionization limit, however, the cross section cannot be
determined directly from the discrete oscillator strengths obtained
in the L2 basis, due to the different normalizations of the “true”
discrete states [below the ionization energies (IE)] and the “true”
continuum states describing the outgoing electron. The former are
normalized to a Kronecker-δ, while the latter are normalized to a
Dirac δ-function. When dealing with photoionization, the discrete f j
are replaced by a continuous oscillator strength function f (ω), which
in the dipole-gauge is given by

f (ω) =
2
3
∣⟨0∣µ̂∣φ(ω)⟩∣2, (12)

where �(ω) is a continuum solution of the Schrödinger equation.
The continuum and discrete wavefunctions satisfy different bound-
ary conditions.

As suggested by Langhoff,45,46 one can use the pseudospec-
trum to obtain the photoionization cross section via the so-called
Stieltjes imaging approach.67 One considers the moments s(k) of the
oscillator strength, defined

s(k) =
discr
∑
j
ωk
j fj + ∫

∞

ωT

ωkf (ω)dω (13)

which are central quantities in the theory of moments. It is
assumed that the moments of the continuum oscillator strength,
S(k) = ∫

∞

ωT ω
kf (ω)dω, can be approximated as a sum of N discrete

pseudostates that fall into the continuum, S(k) ≈ ∑N
i ω̄

k
i f̄i.

In Stieltjes imaging, a “primitive” set of M excitation energies
and oscillator strengths is transformed in order to obtain the cor-
rect representation of the continuum and the energy normalization.
One first computes a number (2r) of “spectral moments” S(−k) of
the primitive spectrum

S(−k) =
M
∑
j=1

fjω−kj , k = 0, . . . , 2r − 1, (14)

where r is chosen a priori.56 As the pseudostates of the primitive
spectrum come from a calculation in the L2 basis, they have, above
the ionization threshold, the wrong boundary conditions, so they are
physically meaningless and extremely method and basis-set depen-
dent. However, as the basis set approaches completeness, their spec-
tral moments S(−k) converge toward the spectral moments of the
true oscillator strength.

From the 2r spectral moments, discretized spectra of order
n = 2, . . ., r, called principal pseudospectra, are generated as gen-
eralized (Gaussian) quadrature points (abscissae) ω(n)

j and weights

f (n)j ,

S(−k) =
n
∑
j=1

f (n)j (ω(n)
j )

−k, k = 0, . . . , 2n − 1. (15)

Proceeding in this way, the cross section is “smoothed,” i.e.,
there are typically many more “raw” pairs of energies and oscilla-
tor strengths in the primitive spectrum than quadrature points and
weights in the principal spectrum. These resulting points are adapted
to reproduce the lowest order spectral moments, which should be the
ones more accurately reproduced by the primitive set. The Stieltjes
process also places the points where they are most needed, that is,
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the density of abscissae is higher where the cross section changes
more rapidly.

From the Gaussian quadrature points ωi and weights, fi one
constructs an approximate distribution function F(n) of order n,

F(n)
(ω) = 0, ω < ω1, (16)

F(n)
(ω) =

i
∑
j=1

fj, ωi < ω < ωi+1, (17)

F(n)
(ω) =

n
∑
j=1

fj = S(0), ωn < ω. (18)

F(n)(ω) is equivalent to a cumulative oscillator strength for the con-
tinuum range. Its differentiation yields an nth order approximate
density function f̃ (ω), known as Stieltjes density. This differentia-
tion can be done in many ways. According to one of the most com-
mon recipes, the continuum oscillator strength density is computed
pointwise (i.e., numerically) as the Stieltjes derivative

f̃ (ω) =
dF(n)

dω(n) =
1
2
f (n)i+1 + f (n)i

ω(n)
i+1 − ω

(n)
i

(19)

at energy

ω = 1
2(ω

(n)
i+1 + ω(n)

i ). (20)

Finally, the ionization cross section is calculated from Eq. (9)
employing f̃ (ω) so that each order n gives n − 1 points on the
cross section curve. These can be interpolated to yield a continuous
curve.

C. The XAS cross section below and above
the ionization limit from the analytic continuation
procedure based on the Padé approximants

Photoabsorption cross sections, σ(ω), can be obtained from
the imaginary part of the averaged dynamic dipole polarizability
function, α(ω),47

σ(ω) =
4πω
c

lim
η→0

Im[α(ω + iη)]. (21)

We demonstrated in previous works58,59,61 that an analytic con-
tinuation procedure could be applied to either TDDFT or CC elec-
tronic pseudospectra in the VUV and inner-shell frequency regions
to build an analytic complex valued expression for the averaged
dynamic dipole polarizability. The real and imaginary parts of the
dynamic dipole polarizability expression can be easily separated
and the photoabsorption cross section directly obtained from its
imaginary part.

Briefly, our methodology consists in approximating68 α(z) by a
finite sum

α(z) =
k
∑
i=1

fi
ω2
i + z2 , (22)

where the electronic spectrum {ωi, fi}i=1,k stands for the transi-
tion frequencies and oscillator strengths obtained in a L2 basis set
calculation and z is the complex valued frequency.

Having the electronic pseudospectrum at hand, we construct
the approximation for α(z) as in Eq. (22) and calculate α(z) at a
number of points in the complex plane. These points are fitted by a
continued fraction—which its mathematical structure is equivalent
to the Padé approximants, providing a representation of α(z) in the
complex plane. Using this representation, from a converged contin-
ued fraction, we calculate α(z) on the real axis where it equals α(ω).
The imaginary part of α(z) on the real axis provides the cross sec-
tion by Eq. (21). Details can be found elsewhere58,61 and references
therein.

The set of complex frequency points at which the function in
Eq. (22) is interpolated is arbitrary and should span the whole fre-
quency domain of the calculated spectrum. To construct the approx-
imation in Eq. (22), the set of transition energies and oscillator
strengths have been used, i.e., {ωi, fi}i=1,Λ, where Λ stands for the
length of the CVS-CC pseudospectrum.

In the spirit of Ref. 59, the set of complex frequencies {zj} has
been chosen as follows: the real part xj is made equal to the half value
of two successive transition frequencies (ωj + ωj+1)/2 and the nor-

malized cumulative oscillator strength Fj = ∑j
r=1

fr
S(0)

is taken as

the imaginary part yj.

D. Computational details
The experimental equilibrium structures of the systems consid-

ered, namely, ethylene, carbon dioxide, water, ammonia, acetalde-
hyde, furan, and pyrrole, obtained from the NIST web page69 were
used. The CVS scheme of Ref. 42, applied to the asymmetric Lanc-
zos procedure for the calculation of the spectral moments within the
CCLR,41 as implemented in the Dalton program package,70 was used
to obtain the CC2 and CCSD core-level pseudospectra. Chain-length
subspaces of J = 250 and 500 were used. The pseudospectra were
subsequently fed into the Stieltjes imaging procedure56,57 and the
analytic continuation procedure based on Padé approximants func-
tions,61 to generate the continuum part of the cross section profiles.
Both the Stieltjes imaging and the analytic continuation procedures
were implemented as stand-alone Fortran90 codes.56,61

Stieltjes imaging is known to be susceptible to numerical errors
due to the fact that it involves recursive calculation of a num-
ber of quantities. As the positive spectral moments S(k) diverge
for k > 2, Stieltjes imaging was performed using the negative
spectral moments. Stieltjes orders of 2–20 were typically com-
puted.56,57 However, only those which are well converged (indicated
in the figures) were interpolated to obtain the X-ray photoioniza-
tion cross sections. Cubic spline interpolation was used in such
cases.

Depending on the case at hand, Dunning’s correlation con-
sistent basis sets aug-cc-pVTZ and aug-cc-pVDZ71 and Pople’s72

6-311++G∗∗ basis set were employed. The proper description of
the continuum region is a key goal of the present study since it is
extremely sensitive to the L2 basis set. An adequate description of
this region has been shown to be attainable56–58 by using the con-
tinuumlike basis functions proposed by Kaufmann, Baumeister, and
Jungen.73 Therefore, sets of s, p, d, and f continuumlike functions,
generated according to the prescriptions of Kaufmann, Baumeister,
and Jungen,73 were added to the center of mass of each molecule
considered. We have tested different continuum sets by varying the
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quantum numbers n in the Kaufmann recipe and found the set with
n = 2, . . ., 8, a good compromise between accuracy and computa-
tional cost. Therefore, we will report and discuss here the results
obtained using Kaufmann’s quantum numbers n ranging from 2
up to 8. A notationlike (7s7p7d. . .)n=2−8 will be used throughout
the paper to indicate the selected set of Rydberg functions for each
molecular system.

In Figs. 1–14, the purple line refers to the cross section
obtained via the analytic continuation procedure based on Padé
approximants, which treats the discrete and the continuum parts
of the spectrum on the same footing and therefore covers both the
regions below and above the ionization energy. The orange line
refers to the cross section generated via Stieltjes imaging, which
only applies to the continuum part of the spectrum. A Lorentzian
broadening of the discrete stick spectrum is also used to simulate
the cross section below the ionization limit and is represented
by the light blue line. The experimental ionization energies (IEs)
as well as the calculated ones will be shown as vertical dashed
lines and their values are given in the corresponding figure cap-
tions. The computed cross sections and IEs have been completely
rigidly shifted by the value (∆) indicated in the figure captions,
in order to match the first computed peak of the XAS spec-
trum with the maximum of the first peak in the corresponding
experiment.

The experimental data points were either digitized from the
original reference using WebPlotDigitizer74 or recovered directly
from Hitchcock and Mancini’s database.75,76 The spectral signals
reported on the database refer only to the contribution from the core
excitations, i.e., the underlying signals from ionization of valence
electrons have been removed by extrapolating the pre-edge signal,76

which is in essence what the CVS scheme also attains.

III. RESULTS
A. Ethylene

In Figs. 1 and 2, we present the inner-shell cross sections at the
carbon K-edge of C2H4, along with the experimental one taken from
Ref. 77 (see also Ref. 75).

Figures 1(a) and 1(b) show the CVS-CCSD results obtained
within the aug-cc-pVTZ+(7s7p7d)n=2−8 basis set, for two different
values of the chain length, namely, J = 250 and J = 500. Figure 1(c)
shows the CVS-CC2 results obtained in the same basis set and for
J = 250, whereas in Fig. 1(d), we report the CVS-CCSD cross sections
obtained with a slightly larger Rydberg set including f functions. In
Figs. 2(a) and 2(b), the cross sections obtained with the 6-311++G∗∗

basis set and two different Rydberg sets are also shown.
The experimental cross section77 of ethylene presents three

main peaks below the ionization threshold assigned as follows: the
first one, at 284.7 eV,77 to a 1sC → π∗ transition, the second one, at
287.8 eV, to a 1sC→ 3s, 3p transitions, and the third one, at 289.3 eV,
to a 1sC → 4p transition. As it can be observed in Figs. 1(a) and 1(b),
the cross section below the IE limit as well as the continuum tail
is already converged at J = 250, as no significant differences can be
seen in the J = 250 and J = 500 spectra. This is an indication that
the chain length J = 250 is sufficiently large to treat the discrete as
well as the continuum regions of the spectra. Both Padé and Stielt-
jes procedures yield cross section profiles well above the ionization

limit of comparable quality and are in reasonable good agreement
with the experimental data. As already observed in a recent study
by some of us,61 in the region below the IE, the Padé procedure is
unable to describe all of the experimental spectral features, which,
on the other hand, are neatly obtained by the Lorentzian broaden-
ing of the Lanczos sticks. In the Padé analytic continuation pro-
cedure, nonetheless, the discrete and the continuum cross sections
are continuously connected, due to the analytic treatment, avoiding
the discontinuity at the threshold connecting the discrete spectrum
obtained by Lorentzian broadening and the continuum part pro-
vided by Stieltjes imaging. Inclusion of additional continuumlike
functions of f character has a moderate, but still noticeable, effect
especially on the Padé results, slightly improving the continuum tail
above 305 eV, but enhancing the broad band at around 298 eV [see
Fig. 1(d)].

As for the comparison between CVS-CCSD and CVS-CC2, it
is evident from Figs. 1(a) and 1(c) that, for the K-edge of ethylene,
CVS-CC2 is less accurate than CCSD both below and above the IE
limit, as well as the IE value itself, most probably due to the lack of
description of double excitations, which are important to account
for orbital relaxation.

The Pople set 6-311++G∗∗ is a rather popular choice of basis set
for XAS calculations,35,43,78 and in Fig. 2(a), we show how it performs
when coupled with the same continuumlike73 sets and J value used in
Figs. 1(a) and 1(d). Up to the IE, the main differences observed when
compared to the aug-cc-pVTZ results are in the positions of the
1sC → π∗ peak and of the IE. The energy difference between the
experimental and the calculated CVS-CCSD 1sC → π∗ transition
is 1.27 eV for the 6-311++G∗∗ basis set, vs 0.83 eV for the aug-
cc-pVTZ basis. The IE is found at 292.0 eV, vs 291.6 eV of the
aug-cc-pVTZ basis. The 6-311++G∗∗ set is thus slightly less accu-
rate than the aug-cc-pVTZ basis set up to the IE limit. Above the
IE, one observes more clustered groups of discrete pseudoexcited
states than those obtained with the Dunning set, which can possibly
explain the presence of slight oscillations in the cross section from
the analytic continuation procedure. After increasing the continu-
umlike set with extra f functions, i.e., (7s7p7d7f)n=2−8, the calculated
cross section in Fig. 2(b) is similar to the one of Fig. 1(d), with an
improved continuum tail above 305 eV when compared to experi-
ment, but with the appearance of a broad band at around 298 eV that
is not present in the experimental cross section. The 6-311++G∗∗

basis set should then probably be used with some care when aiming
at the photoionization part of the XAS cross section.

B. Carbon dioxide
The photoabsorption/photoionization cross sections of CO2

at the O and C K-edges are shown in Figs. 3 and 4, respectively.
In Figs. 3(a) and 3(b), we show the cross sections obtained at the
CVS-CCSD and CVS-CC2 levels, respectively, via the analytic con-
tinuation procedure (purple line) as well as by Lanczos broadening
(blue line) plus Stieltjes imaging (orange line). In all calculations, the
aug-cc-pVTZ basis set supplemented with the (7s7p7d)n=2−8 con-
tinuumlike set73 was adopted, along with a Lanczos chain length
J = 500. The computed cross sections are compared to the exper-
imental results of electron energy loss spectroscopy (EELS) under
the electric dipole scattering condition, obtained by McLaren et al.77
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FIG. 1. Ethylene. Carbon K-edge photoabsorption cross sections obtained with two different choices of basis set and chain length J. The discrete peaks were broadened
with a Lorentzian function, HWHM = 0.68 eV for CVS-CCSD and HWHM = 0.81 for CVS-CC2. The calculated spectra were shifted by ∆ = 0.83 eV in panels (a) and (b), by
∆ = 2.34 eV in panel (c), and by ∆ = 0.84 eV in panel (d). Experimental results are from Refs. 75 and 77. (a) CVS-CCSD aug-cc-pVTZ+(7s7p7d)n=2−8, J = 250; (b) CVS-CCSD
aug-cc-pVTZ+(7s7p7d)n=2−8, J = 500; (c) CVS-CC2/aug-cc-pVTZ+(7s7p7d)n=2−8, J = 250; and (d) CVS-CCSD/aug-cc-pVTZ+(7s7p7d7f)n=2−8, J = 500.

Below the 1s−1
O ionization threshold, the CO2 cross section

presents an intense peak centered at 535.4 eV due to a 1sO → π∗
transition. The energy difference ∆ between the experimental and
the calculated 1sO → π∗ transition is 1.56 eV and 0.05 eV at the
CVS-CCSD and CVS-CC2 levels, respectively. The IEs are found at
542.9 eV for CVS-CCSD and 539.0 eV for CVS-CC2, vs the experi-
mental value of 541.3 eV. Even if the systematic shift ∆ is smaller in
the CVS-CC2 case than for CVS-CCSD, the agreement between the
shifted CVS-CCSD ionization threshold and the experimental value
(see vertical dashed lines in Fig. 3) is better than in the CVS-CC2
case.

Above the ionization threshold, the experimental continuum
cross section exhibits a broad band with an offset at around 560 eV,
with a maximum of 1.7 Mb, after which it decreases for a nearly
constant plateau of roughly 1 Mb.

The broad feature above 560 eV and the continuum tail up
to 620 eV are well described by both procedures, whose overall

spectral features are very similar to each other. Comparing Figs. 3(a)
and 3(b), we note that CVS-CCSD and CVS-CC2 yield rather simi-
lar (shifted) cross sections for the O K-edge of CO2, with CVS-CCSD
marginally more accurate than the CVS-CC2 one.

The C K-shell cross sections of CO2 are presented in Fig. 4
along with experimental results.77 The strong absorption peak at
290.8 eV is known to originate from the 1sC → π∗ transition,77,79

which we found at 0.33 eV and 1.68 eV higher in energy at CVS-
CCSD and CVS-CC2 levels, respectively. Opposite to the O K-edge
case, the shift ∆ is thus smaller for CCSD than for CC2. Also dif-
ferent from the O K-edge case, the shifted CC2 IE is closer to the
experimental value than the CCSD one.

The calculated cross sections show, similar to the oxygen edge,
that the Stieltjes and the Padé approximants procedures yield very
similar photoionization cross sections above the IE limit. While the
computed cross sections follow rather closely the experimental one
up to 360 eV, at higher energies, and, in particular, near 380 eV, a
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FIG. 2. Ethylene. CVS-CCSD carbon K-edge photoionization cross sections obtained with J = 250. The 6-311++G∗∗ basis set was supplemented with the continuumlike sets
(7s7p7d)n=2−8 [panel (a)] and (7s7p7d7f)n=2−8 [panel (b)]. The discrete peaks were broadened with a Lorentzian function, HWHM = 0.68 eV. The calculated spectra were
shifted by ∆ = 1.27 eV in panels (a) and (b). Experimental results are from Refs. 75 and 77. (a) 6-311++G∗∗+(7s7p7d)n=2−8, J = 250 and (b) 6-311++G∗∗+(7s7p7d7f)n=2−8,
J = 250.

broad feature arises in the computed profiles, which is not observed
in the experiment.

C. Water
The calculated CVS-CCSD and CVS-CC2 oxygen K-shell pho-

toionization cross sections of water are shown in Fig. 5 along with
the experimental EELS results obtained by Ishii et al.75,80 The aug-
cc-pVTZ basis supplemented with the Kaufmann73 (7s7p7d)n=2,8
continuumlike set was used, and the Lanczos chain was truncated at

J = 500. As in the previous cases, the continuum part of the spec-
tra shown in Figs. 5(a) and 5(b) was treated with both the Padé
analytic continuation procedure and Stieltjes Imaging, while the dis-
crete sticks were broadened with Lorentzian functions with HWHM
= 0.54 eV for CCSD and 0.41 eV for CC2.

The experimental peaks below the oxygen K-edge ionization
threshold have been extensively studied at different levels of the-
ory, such as CCSD,40,43,61 TDDFT,61 and ADC(2).34 The first two
bands centered at 534.0 and 535.9 eV have been assigned to the
1sO → 3s and 1sO → 3p transitions. The width of these bands

FIG. 3. CO2. CVS-CCSD (a) and CVS-CC2 (b) oxygen K-edge cross sections obtained with J = 500 in the aug-cc-pVTZ+(7s7p7d)n=2−8 basis set. The discrete peaks were
broadened with a Lorentzian function, HWHM = 0.95 eV. The calculated spectra were shifted by ∆ = 1.56 eV [panel (a)] and ∆ = 0.05 eV [panel (b)]. Experimental results
taken from Refs. 75 and 77.
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FIG. 4. CO2. CVS-CCSD (a) and CVS-CC2 (b) carbon K-edge photoionization cross sections obtained with J = 500 and the aug-cc-pVTZ basis set, supplemented with a
(7s7p7d)n=2−8 continuumlike set.73 The discrete peaks were broadened with a Lorentzian function, HWHM = 0.54 eV. The calculated spectra were shifted by ∆ = 0.33 eV
[panel (a)] and ∆ = 1.68 eV [panel (b)]. Experimental results taken from Refs. 75 and 77.

indicates that both excitations have dissociative character. The third
band centered at 537.0 eV has been attributed to the 1sO→ 3p(a1/b1)
transition, and the remaining weaker bands located at 537.9 and
538.5 eV were assigned to members of the 1sO → ns and 1sO → np
Rydberg series. The first three features are also described by the
present CVS-CCSD and CVS-CC2 calculations, though with quite
different relative intensities, as also observed previously.40

The shifted CVS-CCSD ionization threshold (dashed red line)
is clearly in better agreement with the experimental value at 539.7 eV
(see the caption in Fig. 5) than the (shifted) CVS-CC2 ionization
energy.

Above the IE, the photoionization cross sections yielded by
both continuum procedures and CC approximations noticeably
deviate from the experimental result in the region between 540 and
555 eV. The Padé cross section, in particular, shows a slight oscilla-
tory trend, which is smoothed in the Stieltjes case. As also shown in
a previous study,61 the cross section below the IE threshold obtained
with the Padé approximants only accounts for the two intense peaks
dominated by the 1sO → 3s and 1sO → 3p transitions.

The present CVS-CC photoionization cross sections obtained
with both Stieltjes and Padé procedures within the CVS-Lanczos
framework are similar to the full-space results reported in Ref. 61.

FIG. 5. Water. CVS-CCSD (a) and CVS-CC2 (b) oxygen K-edge cross sections obtained with J = 500 and the aug-cc-pVTZ+(7s7p7d)n=2,8 basis set. The discrete peaks were
broadened with a Lorentzian function, HWHM = 0.54 eV [panel (a)] and 0.41 eV [panel (b)]. The calculated spectra are shifted by ∆ = 1.20 eV [panel (a)] and ∆ = 0.06 eV
[panel (b)]. Experimental results are from Ref. 80.
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D. Ammonia
Experimental K-edge spectra of ammonia were obtained by

Sodhi and Brion81 with electron energy loss spectroscopy under the
electric dipole scattering condition and by Schirmer et al.34 with syn-
chrotron radiation, both reported in arbitrary units. In Fig. 6, the
photoabsorption cross sections of ammonia obtained at the CVS-
CCSD and CVS-CC2 levels of calculation are presented together
with the experimental EELS data by Sodhi and Brion.81 The calcula-
tions were performed in the aug-cc-pVTZ basis+(7s7p7d)n=2−8 con-
tinuumlike set. The Lanczos chain was truncated at J = 500. Since the
experimental cross sections were given in arbitrary scale, the exper-
imental photoionization tail was adjusted to match the theoretical
curve. The photoabsorption cross section of ammonia presents four
distinct peaks below the IE: the first one, centered at 400.6 eV, has
been attributed to the 1sN→ 3s transition, the second one at 402.3 eV
has been assigned to the 1sN → 3p(e) transition, the third one cen-
tered at 402.8 eV to the 1sN → 3p(a1) transition, and the fourth one,
at 403.6 eV, to the 1sN → 4s transition.34,40 The discrete part of the
spectrum presented in Fig. 6(a), obtained by Lorentzian broaden-
ing the discrete CCSD sticks with HWHM = 0.27 eV, describes the
above-mentioned experimental features, in agreement with previous
studies.41,61 As also discussed in Ref. 61, the analytic continuation
procedure applied to the discrete region does not have enough res-
olution to distinguish all the discrete peaks and, normally, only the
most intense transitions, in this case the 1sN → 3s and the 1sN → 3p
transitions, are obtained.

The shifted 1s−1
N IE CVS-CCSD ionization energy (dashed

red line) is in very good agreement with the experimental value
(405.6 eV), while the shifted CC2 one IE is significantly underes-
timated, as also observed for the O and C IEs in the previously
discussed systems.

Above the IE, our results show that the continuum parts of the
spectra treated with both continuum procedures and CC levels are
in very good agreement with each other and with the experimental

result but one should keep in mind that the experiment has been
scaled to match the computed continuum tail.

As previously mentioned, a recent study by some of us61

reported a theoretical description of the 1sN cross section spectrum
of the ammonia molecule calculated at the TDDFT as well as the
CCS, CC2, and CCSD levels of theory in full space. Reference 61
indicated that the CCSD photoionization cross sections are more
accurate compared with the results obtained at the other levels of
theory there employed.

E. Full space vs CVS photoionization cross sections:
The ammonia and ethylene cases

In Fig. 7, we compare the photoionization cross sections of
ammonia and ethylene obtained via a full-space CCSD calculation
(blue lines) with the CVS-CCSD cross sections (purple lines) that
were also shown in Figs. 6(a) and 1(a). In the full-space calculation,
all types of occupied orbitals are allowed to participate in the man-
ifold of excitations out of the reference state. Similarly to what was
done in Ref. 61 for ammonia, the Lanczos chain length was trun-
cated at J = 3000 and the same basis set of Figs. 6(a) and 1(a) was
used. For both molecules, the full space calculation roughly repro-
duces the same features obtained in the CVS calculation. However,
in the case of ammonia, one can notice the appearance of a broad
band centered at 409 eV and a more oscillating continuum tail,
compared with the CVS result. The oscillatory behavior of the full-
space photoionization cross section is most probably related to the
inclusion of the excitations of valence electrons in the X-ray region,
giving rise to a “background noise” of pure valence excitations
into the core-excitation region. This background noise is specif-
ically removed via the CVS scheme. This behavior indicates that
the Padé procedure is very sensitive to small changes in the pseu-
dospectrum. We also note in passing that Stieltjes imaging cannot
be straightforwardly applied to the full-space stick spectrum unless

FIG. 6. NH3. CVS-CCSD [panel (a)] and CVS-CC2 [panel (b)] nitrogen K-shell cross sections obtained with J = 500 and the aug-cc-pVTZ+(7s7p7d)n=2−8 basis set. The
discrete peaks were broadened with a Lorentzian function, HWHM = 0.27 eV. The calculated CVS-CCSD spectra were shifted by ∆ = 1.02 eV [panel (a)] and the CVS-CC2
ones by ∆ = 0.83 eV [panel (b)]. Experimental results are from Ref. 81.
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FIG. 7. Full-space CCSD vs CVS-CCSD cross sections. The full space calculation was performed with J = 3000 in the same basis set and geometry used in Fig. 6(a)
(ammonia) and Fig. 1(a) (ethylene). The same values of the shift ∆ = 1.02 eV (ammonia) and ∆ = 0.83 eV (ethylene) were applied to both cross sections. The experimental
results are from Refs. 77 and 81.

one explicitly leaves out all excitations below the first core excited
one.

F. Acetaldehyde
The oxygen and carbon K-shell cross sections of acetalde-

hyde are presented in Figs. 8 and 9, respectively, together with
the corresponding experimental data.83 They were computed at the
CVS-CCSD and CVS-CC2 levels using the aug-cc-pVTZ basis on
the O and C atoms, the aug-cc-pVDZ on the H atoms, and with

the (7s7p7d)n=2−8 continuumlike set73 in the center of mass. The
Lanczos chain length was truncated at J = 250.

Experimental results for acetaldehyde have been reported by
Hitchcock and Brion83 using the EELS technique and by Prince
et al.82 using synchrotron radiation. The high resolution experimen-
tal spectrum82 obtained at the oxygen K-edge shows an intense peak
centered at 531.5 eV, assigned to a 1sO → π∗ transition, followed
by two weaker transitions to the 3s and 3p states centered at 535.4
and 536.3 eV, respectively. Theoretical core excitation energies of
acetaldehyde were recently obtained by Myhre, Coriani, and Koch20

FIG. 8. Acetaldehyde. CVS-CCSD [panel (a)] and CVS-CC2 [panel (b)] oxygen K-edge cross sections obtained with J = 250 and the aug-cc-pVTZ(C,O)/aug-cc-
pVDZ(H)+(7s7p7d)n=2−8 basis set. The discrete peaks were broadened with a Lorentzian function, HWHM = 0.41 eV [panel (a)] and 0.54 eV [panel (b)]. The calculated
spectra are shifted by ∆ = 0.84 eV [panel (a)] and ∆ = 0.82 eV [panel (b)]. Experimental results are from Ref. 82.

J. Chem. Phys. 150, 224104 (2019); doi: 10.1063/1.5096777 150, 224104-10

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 9. Acetaldehyde. CVS-CCSD (a) and CVS-CC2 (b) carbon K edge cross sections obtained with J = 250 and the aug-cc-pVTZ (C,O)/aug-cc-pVDZ(H)+(7s7p7d)n=2−8
basis set. The discrete peaks were broadened with a Lorentzian function, HWHM = 0.54 eV [panels (a) and (b)]. The calculated spectra are shifted by ∆ = 0.62 eV [panel (a)]
and ∆ = 2.13 eV [panel (b)]. Experimental results were taken from Refs. 75 and 83.

applying CVS-CCSD and multilevel (ML-)CCSD with the aug-cc-
pCVDZ and aug-cc-p(C)VDZ basis sets, respectively. The authors
calculated the 1sO → π∗ transition energy at 534.65 eV. Our CVS-
(Lanczos)CCSD transition energy in the aug-cc-pVTZ(C,O)/aug-
cc-pVDZ(H)+(7s7p7d)n=2−8 basis set is 532.3 eV for the 1sO → π∗
transition, with an energy difference of only ∆ = 0.8 eV from the
experimental 1sO → π∗ band. The shifted CVS-CCSD IE remains
1 eV higher than the experimental value, while the shifted CC2
IE is 3 eV lower than the experiment. As it can be observed
from Fig. 8(a), at the CVS-CCSD level both continuum procedures
describe the continuum tail in reasonable agreement with the exper-
iment. The Padé treatment gives rise to a relatively high and broad
band around 545 eV not observed in the Stieltjes imaging spec-
trum which is all in better agreement with the experiment. This
same behavior is observed for the Padé and Stieltjes photoioniza-
tion cross sections [Fig. 8(b)] obtained at the CVS-CC2 level of
calculation.

The carbon K-shell cross sections computed at the CVS-CCSD
and CVS-CC2 levels are shown in Figs. 9(a) and 9(b), respectively.
The experimental curve83 shows three well resolved peaks centered
at 286.2 eV, 288.4 eV, and 290.2 eV, which have been assigned
to 1sC → π∗(C==O), 1sC → π∗(CH3), and 1sC → π∗(CH3) transi-
tions, respectively.83 The CVS-CCSD stick spectrum broadened with
Lorentzian functions with HWHM = 0.54 eV shown in Fig. 9(a)
describes the three main peaks of the experimental spectrum, once
a shift of −0.62 eV is applied to the energy axis. As before, the Padé
analytic continuation procedure gives rise to only the first two peaks
corresponding to the 1sC → π∗(C==O) and the 1sC → π∗(CH3) tran-
sitions. From Fig. 9, one observes that the shifted 1s−1

C IEs calcu-
lated with CVS-CCSD for the carbon atoms are in better agreement
with the experimental values than the corresponding CVS-CC2
results.

Nevertheless, the spectral features of the photoionization cross
sections obtained with the Padé and the Stieltjes procedures show
a reasonable agreement with the experiment. The CVS-CC2 results
are less accurate than the CVS-CCSD ones in the discrete region,
but above the threshold, the difference between them is smaller and

both levels of calculation describe the spectral features in reasonable
agreement with experiments.

G. Pyrrole
The nitrogen and carbon K shell photoionization cross sections

of pyrrole are shown in Figs. 10 and 11, together with experimental
data.84 They were obtained at the CVS-CCSD and CVS-CC2 levels
using the aug-cc-pVTZ basis on the nitrogen and carbon atoms, the
aug-cc-pVDZ on the hydrogen atoms, and the (7s7p7d)n=2−8

73 con-
tinuumlike set placed at the center of mass of the molecule. The
Lanczos chain length was truncated at J = 250. Since the experi-
mental data84 were originally reported in arbitrary units, the exper-
imental values were scaled in a way that the continuum tail of the
experimental photoionization cross section matched the theoretical
ones.

In Fig. 10, the pyrrole inner-shell EELS84 data for N show an
intense and narrow peak centered at 402.3 eV due to a N 1s → π∗
transition, followed by a 1sN → 4p transition at 405.9 eV. Above the
ionization threshold (406.1 eV), a broad peak centered at 406.7 eV
assigned to 1sN → σ∗(C−−N) transitions is followed by the weaker
transition 1sN → σ∗(C−−C) near 413.0 eV extending to a continuum
tail up to 440 eV. The transition energies of the 1sN → π∗ state com-
puted at the CVS-CCSD and CVS-CC2 levels are 1.17 and 1.46 eV,
respectively, above the corresponding experimental value. The com-
puted cross sections shown in Fig. 10 were shifted correspondingly.
The shifted 1s−1

N IE obtained at the CVS-CCSD and CVS-CC2 lev-
els are represented by the red dashed lines in Fig. 10. Once again,
agreement between the shifted CVS-CCSD IE and experiment is bet-
ter than for CVS-CC2 counterpart, as can be appreciated from the
results in Fig. 10. The high energy tail of the photoionization cross
sections follows closely the experimental tail at both CVS-CCSD
and CVS-CC2 levels. The Padé procedure at both CC levels yields
a broad band above the IE threshold at 406.7 eV (which has been
assigned to a 1sN → σ∗(C−−N) transition), though with much higher
intensity than the experimental, as well as a slight increase at around
415 eV.
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FIG. 10. Pyrrole. CVS-CCSD [panel (a)] and CVS-CC2 [panel (b)] nitrogen K-edge cross sections obtained with J = 250 and the aug-cc-pVTZ (C,N)/aug-cc-
pVDZ(H)+(7s7p7d)n=2−8 basis set. The discrete peaks were broadened with a Lorentzian function, HWHM = 0.41 eV. The calculated spectra were shifted by ∆ = 1.17
eV [panel (a)] and ∆ = 1.40 eV [panel (b)]. Experimental results are from Refs. 75 and 84.

The carbon K-shell EELS84 experimental spectrum is shown
in Fig. 11 along with the results of our calculations. The experi-
ment presents an intense and narrow peak centered at 285.6 eV
attributed to a 1sC→ π∗ transition. Above the 1s−1

C ionization thresh-
olds [289.8 eV (C−−C) and 290.8 eV (C−−N)], there are two main
broad peaks, the first due to the 1sC → σ∗(C−−N) transition centered
at 291.3 eV and the second one to the 1sC → σ∗(C−−C) transition at
296.8 eV, followed by a continuum tail which extends up to 330 eV.
The C 1s → π∗ transition energy calculated at the CVS-CCSD and

CVS-CC2 levels is higher than the experimental value by 1.91 and
3.30 eV, respectively. Once again, the shifted carbon K-edge CVS-
CCSD ionization energies, represented by dashed lines in Fig. 11,
are in better agreement with the experimental values than the CVS-
CC2 results. The continuum part of both spectra show good agree-
ment with the experimental continuum tail profile. The CVS-CC2
photoabsorption cross sections [Fig. 11(b)] look very similar to the
CVS-CCSD ones at both the discrete and the continuum regions of
the spectra.

FIG. 11. Pyrrole. CVS-CCSD [panel (a)] and CVS-CC2 [panel (b)] carbon K shell cross sections obtained with J = 250 with the aug-cc-pVTZ (C,N)/aug-cc-
pVDZ(H)+(7s7p7d)n=2−8 basis set. The discrete peaks were broadened with a Lorentzian function, HWHM = 0.68 eV [panel (a)] and 0.54 eV [panel (b)]. The CVS-CCSD
and CVS-CC2 spectra were shifted by ∆ = 1.41 eV and ∆ = 2.48 eV, respectively. Experimental results taken from Refs. 75 and 84.
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We also performed CVS-CCSD calculations using the contin-
uumlike set employed in Ref. 61 where the photoionization cross
section of pyrrole was obtained at the TDDFT/PBE0 level with the
d-aug-cc-pVTZ atomic basis set complemented with a specifically
tailored (5s5p4d) continuumlike set placed at the center of mass of
the system. The CVS-CCSD results are presented in Fig. 12 along
with the experimental values. Figure 12(a) shows the nitrogen K-
edge photoionization cross section, and Fig. 12(b) shows the carbon
K-edge results, all of them obtained with the aug-cc-pVTZ basis on
N and C, the aug-cc-pVDZ on H, and the (5s5p4d) continuum set
as defined in Ref. 61. Considering the first results for nitrogen, it can
be seen that the cross section generated by the Stieltjes imaging pro-
cedure is very similar to the one obtained with the (7s7p7d)n=2−8
set of Kaufmann, Baumeister, and Jungen [see Fig. 10(a)]. The
major difference between the two continuum sets is observed when
using the Padé analytic continuation procedure. Comparing the
corresponding Padé cross sections of Figs. 10(a) and 12(a), one can
notice the presence of a strong band near 418 eV when the 5s,5p,4d
continuum set is used. The pyrrole results in Ref. 61 do not look
so bad because the larger and more diffuse d-aug-cc-pVTZ basis
set somehow compensated the poor description of the continuum
provided by the (5s5p4d) set. This also shows that it is possible to
reduce the size of the atomic basis set as long as a proper contin-
uumlike set is used. At the C K-edge, on the other hand, the pho-
toionization cross sections obtained with the 5s,5p,4d continuum set
are very similar to those obtained with Kaufmann’s (7s7p7d)n=2,. . .,8
continuumlike set.

H. Furan
The computed oxygen and carbon K-edge cross sections of

furan are presented in Figs. 13 and 14 together with their experi-
mental counterparts.84 The calculations were performed using the

aug-cc-pVTZ basis on the O and C atoms, the aug-cc-pVDZ basis
on the H atoms, and the set (7s7p7d)n=2−8

73 of continuumlike func-
tions placed in the center of mass of the system. The Lanczos chain
length was truncated at J = 250. The experimental values for furan
are reported in arbitrary units and are scaled such that the contin-
uum tail of the experimental photoionization cross section matches
the theoretical one.

The oxygen K-edge photoabsorption spectrum84 of furan
presents an intense and narrow band centered at 535.3 eV assigned
to a 1sO → π∗ transition, followed by a broader and less intense
band centered at 539.4 eV attributed to 1sO → σ∗(C−−O) transi-
tions. Above the 1s−1

O IE, a broad peak centered at 545.3 eV has been
assigned to the 1sO → σ∗(C−−C) transition.84 Duflot et al.85 reported
theoretical results for the furan 1sO → π∗ and 1sO → σ∗ transition
energies at 535.6 eV and 540.0 eV, respectively, obtained from con-
figuration interactions singles (CIS) calculations using core-relaxed
molecular orbitals with the TZP basis set supplemented with a set
of Rydberg orbitals (3s3p3d4s4p) on the core-excited atom. Our
excitation energies for the 1sO → π∗ transition at the CVS-CCSD
and CVS-CC2 levels are 1.54 and 0.45 eV above the corresponding
experimental value, respectively. The 1s−1

O IEs calculated at the CVS-
CCSD and CVS-CC2 levels are represented by the red dashed lines
in Fig. 13, shifted by the same amount used to shift the NEXAFS
spectrum. As for the previous molecules and O edges, the agree-
ment between the shifted CVS-CCSD IE and the experimental value
is much better than for the CVS-CC2 result, as can be clearly seen
from Fig. 13.

Concerning the CVS-CCSD oxygen K-shell photoionization
cross sections in Fig. 13(a), we observe that the Padé cross section
overestimates the 1sO → σ∗ (C−−O) peak at around 540 eV, whereas
the broad feature at ≈545 eV in the experimental spectrum appears
to be shifted toward higher energy (≈550 eV). This feature is absent
in the Stieltjes imaging photoionization cross section. The CVS-CC2

FIG. 12. Pyrrole. CVS-CCSD nitrogen (a) and carbon (b) K-edge cross sections obtained with J = 250 and the aug-cc-pVTZ(C,N)/aug-cc-pVDZ(H) basis set. The basis set
used to represent the continuum region, placed at the center of mass of the molecule, was the (5s5p4d) continuumlike set employed in Ref. 61. The discrete peaks were
broadened with a Lorentzian function, HWHM = 0.41 eV. The calculated spectra are shifted by ∆ = 1.17 eV [panel (a)] and ∆ = 1.41 eV [panel (b)]. Experimental results are
from Refs. 75 and 84. (a) CVS-CCSD, 1sN, 5s, 5p, 4d; (b) CVS-CCSD, 1sC, 5s, 5p, 4d.
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FIG. 13. Furan. CVS-CCSD (a) and CVS-CC2 (b) oxygen K-edge cross sections obtained with J = 250 and the aug-cc-pVTZ (C,O)/aug-cc-pVDZ(H)+(7s7p7d)n=2−8 basis
set. The discrete peaks were broadened with a Lorentzian function, HWHM = 0.54 eV. The calculated spectra were shifted by ∆ = 1.54 eV [panel (a)] and ∆ = 0.45 eV [panel
(b)]. Experimental results are from Ref. 84.

Padé cross section [see Fig. 13(b)] presents both the broad band near
540 eV and the one at 545 eV, and the continuum profile in better
agreement with the experimental photoionization cross section. The
CVS-CC2 results are in line with the TDDFT/PBE0 results presented
in Ref. 61.

The computed carbon K-edge photoionization cross sections
and the experimental data84 of furan are shown in Fig. 14. In the
experimental spectrum, there are four peaks, centered at 285.6,
286.5, 288.5, and 289.3 eV, attributed to 1sC → π∗ transitions.84

Two broad and intense peaks, above the 1sC ionization threshold,
centered at 291.4 and 297.0 eV have been assigned to the 1sC →

σ∗(C−−O) and 1sC → σ∗(C−−C) transitions, respectively.84 The first

transition to a 1sC → π∗ state calculated at the CVS-CCSD and CC2
levels lies 0.5 and 1.8 eV above the experimental value, respectively.
The results obtained at the CVS-CCSD level shown in Fig. 14(a) are
in reasonable agreement with the experimental cross section. The
region below the thresholds is well described by the stick spectrum
broadened with Lorentzian functions with HWHM = 0.54 eV, and
the continuum tail generated by Stieltjes imaging is also in good
agreement with the experimental profile. The CVS-CC2 photoion-
ization cross sections obtained from Stieltjes imaging and from the
analytic continuation procedure are shown in Fig. 14(b) where one
can see that the results are qualitatively similar to those obtained
at the CVS-CCSD level. The theoretical profile of the discrete and

FIG. 14. Furan. CVS-CCSD (a) and CVS-CC2 (b) carbon K-edge cross sections obtained with J = 250 in the aug-cc-pVTZ(C,O)/aug-cc-pVDZ(H)+(7s7p7d)n=2−8 basis set.
The discrete peaks were broadened with a Lorentzian function, HWHM = 0.54 eV [panels (a) and (b)]. The calculated spectra were shifted by ∆ = 0.51 eV [panel (a)] and
∆ = 1.81 eV [panel (b)]. Experimental results from Ref. 84.
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continuum parts of the spectra shown in Fig. 14 agree with the
results obtained at the TDDFT/PBE0 level reported in Ref. 61.

IV. CONCLUSIONS
In Ref. 61, we reported total photoionization cross sections in

the X-ray region of the spectrum at the oxygen, carbon, and nitrogen
K-edges for a number of molecules, using an analytical continuation
technique based on the Padé approximants and pseudospectra from
CC and TDDFT calculations At the CC level, however, the investiga-
tion was limited to quite small systems, namely, water and ammonia,
since very large Lanczos chain lengths were required to access the
core excited states, restricting the study of the larger molecules to
the TDDFT level.

In this paper, we show that reliable photoabsorption cross sec-
tions, below and above the K-edge core ionization thresholds, can
be obtained for larger molecules, using a core-valence-separated
CC linear-response scheme based on the asymmetric Lanczos algo-
rithm and either the analytic continuation procedure or the Stielt-
jes imaging procedure. We compared the results obtained at the
oxygen, nitrogen, and carbon K-edges for a number of small
and medium sized molecules (water, ammonia, ethylene, carbon
dioxide, acetaldehyde, furan, and pyrrole) using a larger basis set
(7s7p7d)n=2−8 to simulate the continuum region of the spectrum
than the one previously used.61 The results obtained with both the
Padé analytic continuation procedure and the Stieltjes imaging tech-
nique indicate that, generally speaking, the cross sections agree with
each other and are in good agreement with the available experimen-
tal data. We also showed that for larger molecules, the size of the
atomic basis set can be reduced as long as a larger continuumlike
basis set is used, as exemplified for the pyrrole molecule, opening the
possibility of treating large molecules at the CC level of theory. For
pyrrole, we used both the (7s7p7d)n=2−8 and the ad hoc derived61

(5s,5p,4d) continuum sets with a smaller atomic orbital set, which
led to good results for the larger (7s7p7d)n=2−8 continuum set and
poor agreement when using the smaller (5s,5p,4d) continuum set.
The TDDFT results presented in Ref. 61 for pyrrole did not look
so bad because the larger and more diffuse d-aug-cc-pVTZ basis
set somehow compensated for the poorer description of the contin-
uum by the (5s,5p,4d) continuum set, showing that it is possible to
reduce the atomic basis set as long as a proper continuumlike set
is used. Overall, the present results show that the Stieltjes and the
Padé analytic continuation procedures in conjunction with a core-
valence separated CCLR scheme based on the asymmetric Lanczos
algorithm yield nicely converged photoionization cross sections at
the oxygen, carbon, and nitrogen edges of organic molecules, with
the advantage of compromising accuracy and computational cost of
the CVS-CCLR scheme.

The results presented also serve as a validation step in the gen-
eralization of our protocols to core-level photoionization cross sec-
tions of transient valence-excited states, which are of interest for the
simulation of time-resolved X-ray spectroscopy.60
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