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Abstract
In this paper, the contribution of many-body effects to the X-ray photoelectron spectroscopy, XPS, of an NO molecule is 
studied using wavefunction theory where the specific consequences of different many-body terms are examined and con-
trasted. It is shown that there is a differential importance of the many-body effects for the different configurations involved 
in the XPS. These are the ground, initial state configuration and final, N(1s) and O(1s) core hole ionic configurations. The 
consequences of the many-body effects are examined for the binding energies, BEs, to the two final state multiplets, triplet, 
and singlet, for each of the core ions and for the relative intensities of the XPS transitions to these multiplets. The many-
body effects examined are those described as static effects that arise for individual terms that are important. The objective 
is to understand the chemical and physical origins that determine the importance of the correlation effects for the XPS, 
rather than to obtain very accurate predictions of the BEs. An important theoretical construct that is tested and justified is 
the equivalent core approximation where the core-ionized atom is replaced by the next higher element in the periodic table. 
This construct allows us to establish a correlation for the relative importance of the many-body effects in terms of effective 
charges of the different atoms. This is a correlation that has not been considered before and that we expect may have general 
relevance. The potential of the effects that we have identified for the XPS of NO to be relevant for the XPS of more complex, 
condensed phase systems is considered.

Keywords  XPS · Static correlation · Equivalent core model

1  Introduction

It is common to regard X-ray photoelectron spectroscopy, 
XPS, from a one-electron point of view where an electron in 
a core level is photoionized but the other electrons retain the 
same configuration; see, for example, Refs. [1–4]. Of course, 
the orbitals of the hole state configuration are different from 
those of the initial state since they respond to the presence 
of the core hole on one of the atoms in the system; this is 
normally described as a screening or relaxation process [5]. 
However, for the XPS main peaks, the orbital occupations 
of the valence levels are viewed as being the same as in the 
initial, or ground state before the core ionization and this is 
the reason to regard XPS as a one-electron process. On the 
other hand, it is well known that there are many-electron 
effects that may lead to major changes from a one-electron 
description, especially for open-shell systems; see, for exam-
ple, Ref. [5]. One of the important effects leading to addi-
tional peaks is the angular momentum coupling of the open 
core shell that has been photoionized and the electrons in the 
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valence open shell; this angular momentum coupling leads 
to multiplets with splittings that are often observed; see, 
for example, Ref. [6] and references therein. Indeed, these 
multiplets, in particular their energy splittings and relative 
intensities, may be a way to characterize the oxidation state 
of a compound as originally pointed out by Gupta and Sen 
[7, 8]. However, even for these multiplets, the occupations 
of the closed and open shells, except for the ionized core 
level, do not change between the initial and core-ionized, 
final configurations.

There are additional classes of many-body effects where 
the wavefunctions are no longer single configurations but are 
mixtures of configurations, usually referred to as configura-
tion interaction or CI, with different occupations of orbitals 
in a space described as an active orbital space [6].This type 
of many-body effect was used to explain and interpret the 
3s XPS of MnO [9] where configurations of Mn2+ of the 
form 3s23p43d6 were mixed with the 3s13p63d5 XPS allowed 
configuration. This CI mixing led to a dramatic change in 
the splitting and relative intensities of the multiplets of the 
one-electron configuration. Additional configurations with 
an enlarged active space of orbitals improved the theoreti-
cal 3s-hole multiplet splitting compared to experiment and 
also gave a 3s binding energy, BE, consistent with experi-
ment [10]. These types of many-body, or electron correla-
tion, effects were described as involving near degeneracy 
between the different configurations formed from different 
occupations of the active orbitals. They are characterized as 
being static correlation effects as contrasted with dynami-
cal correlation effects where large orbital and configura-
tion spaces are used [11, 12]. An important distinction is 
that static correlation effects involve individual terms that 
make large contributions to the wavefunction and energy of 
a system, while dynamic correlation effects involve a large 
number of configurations each with small contributions to 
the wavefunction but are needed to obtain very high accura-
cies. Closely related types of static correlation effects were 
shown to be important for the 3s XPS of the Ar atom and the 
2s XPS of the Ne atom [13]. In this paper, our concern is for 
static many-body effects and, in particular, we shall relate 
these effects to the chemical interactions.

The many-body effects described for the 3s XPS of Mn 
in MnO involved purely atomic effects and did not directly 
involve the chemical bonding. Still another type of static 
correlation does involve the character of the chemical 
bond, and this was used to correct deficiencies of the Har-
tree–Fock, HF, wavefunctions for the CO molecule [14]. 
Here, the extension from the earlier work for MnO was to 
consider the static correlation of bonding electrons in the 
molecule while the XPS was for a core-level electron. In 
particular, the correlation of the valence bonding electrons 
was different for the initial, neutral configuration and for the 
configurations of the ionized CO where a core-level electron 

was removed. The different correlations of the valence levels 
made it possible to understand the anomalous error of the 
HF C(1s) BE which was larger than the measured BE. It is 
expected that the HF energy of an ion, with fewer electron 
pairs, has a smaller error than the HF energy of the neutral, 
initial state, and thus, the HF BE will be smaller than the 
observed BE [14, 15]. When the calculated HF BE is larger 
than experiment, then the correlation energy must be larger 
in the core ion than in the neutral, initial state without a core 
hole. This anomalous situation can, with suitable analysis, 
provide insight into the character of the chemical bonding 
in both the initial and the final, core ionic configurations. 
Indeed, besides unexpected values of BEs, it will be shown 
in this paper, that these molecular, chemical bonding, many-
body effects may also modify intensities, especially between 
different final multiplets. Furthermore, information can flow 
in two directions; using unexpected XPS features to gain 
insight into the chemistry of a material, understanding the 
chemistry may make it possible to predict unexpected fea-
tures in the XPS.

In the present paper, the previous work on molecular, 
valence level, many-body effects for the XPS of the closed-
shell CO molecule is extended to analyze and interpret 
the XPS of the open-shell NO molecule. There are several 
aspects to the present extension. First, we examine whether 
and how the many-body effects are different for the differ-
ent final state multiplets of NO for the core-level ions. Since 
the ground state of NO is 2Π, the XPS allowed multiplets 
for either N(1s) or O(1s) ions are 3Π or 1Π. Thus, as well 
as determining the consequences of the many-body effects 
for the absolute core-level BEs, their effect on the relative 
energies of the 3Π and 1Π multiplets is also considered. In 
addition to the relative BEs of these multiplets, the rela-
tive XPS intensities of the multiplets are also considered. 
In the simplest approximation, the intensity ratio of differ-
ent multiplets is given by the multiplicity [5, 16], which for 
the NO multiplets would be I(3Π)/I(1Π) = 3. However, the 
intensity ratio for the N(1s) multiplets is 14% larger than 
3 [16] and only a small fraction of this difference could 
be explained with HF wavefunctions. The introduction of 
many-body effects resolves a long-standing absence of an 
explanation for the observed departure of the XPS intensity 
ratio of the N(1s) multiplets. Second, the active orbital space 
for the static many-body effects used in the present analysis 
is extended over that used previously and now includes σ 
as well as π orbitals. This extension allows the testing of 
the importance of different static correlation effects. Finally, 
the equivalent core, EQC, approximation [17, 18] has been 
used to provide a chemical understanding of the differences 
in the many-body effects between the neutral initial state of 
NO and the N(1s) and O(1s) core ionic states. Within the 
EQC model, the core-ionized atom is replaced by the next 
atom in the periodic table. Thus, when an N(1s) electron is 



Theoretical Chemistry Accounts (2019) 138:61	

1 3

Page 3 of 9  61

removed, the ionized molecule is considered as equivalent 
to O2

+ where N has been replaced by O and for the O(1s) 
ionization, the equivalent molecule is NF+; for a discussion 
of the EQC validity, see Ref. [6]. One of the important areas 
where XPS is used to provide information about and insights 
into materials properties is for condensed matter; see, for 
example, Refs. [5, 6] and references therein. Although our 
analysis is for an isolated molecule, we believe that the 
many-body effects that are shown to be important for NO 
are also relevant for condensed systems. However, since 
it is more straightforward to explore and test these many-
body effects for a simpler, isolated molecule than for a solid 
system, the present work, albeit valuable in its own right, 
lays the foundation and provides guidance for future studies 
of condensed systems and the potential importance of the 
many-body features that have been identified for the NO 
molecule to the analysis of the XPS of condensed systems, 
especially ionic compounds, is considered.

2 � Theoretical formulations 
and methodology

Since N and O are light atoms, the major theoretical meth-
ods used to determine wavefunctions and their energies 
and properties are nonrelativistic; a relativistic correction 
as described in Table S1 in the Electronic Supplementary 
Material (ESM) was added to the directly computed nonrela-
tivistic BEs. Different methods are available to accurately 
describe BEs as recently reviewed [19]. In the present work, 
we chose HF and the complete active space, CAS, [20] self-
consistent field wavefunction-based methods which allow for 
a more direct interpretation in terms of chemical concepts.

For the ground and ionic states, both HF and CAS wave-
functions have been computed. In the HF procedure, the orbit-
als are variationally optimized to give the most accurate single 
configuration wavefunction. In the CAS procedure, both the 
orbitals and the configuration mixing coefficients are vari-
ationally optimized to give the most accurate wavefunction 
for the configuration and orbital spaces used were chosen to 
include the most important many-body terms, i.e., the static 
correlation effects [11, 12]. The fact that the BEs discussed 
in the next section are very close to the experimental val-
ues supports the claim that the contribution of the missing 
dynamic electron correlation is small and, more importantly, 
does not introduce significant new physics. An important 
property that will be stressed in the analysis of the many-body 
effects on the XPS is the correlation energy, Ecorr, recovered 
from the CAS wavefunctions over the HF wavefunctions, i.e., 
Ecorr = E(CAS) − E(HF), where Ecorr is computed for the dif-
ferent NO multiplets and for the different CAS wavefunctions. 
The CAS is used to treat specific important many-electron 
effects arising from the near degeneracy of the 1π (bonding) 

and 2π* (antibonding) and 5σ (bonding) and 6σ* (antibonding) 
pairs of orbitals. The CAS WFs where only the π correlation is 
treated are denoted as CAS(4,5), and the CAS WFs where both 
the π and σ correlation are treated are denoted as CAS(6,7); 
these WFs are described in detail in the ESM. In addition, 
HF and CAS wavefunctions are also calculated for the EQC 
molecules [17, 18], O2

+, and NF+.
The concern here is for the XPS properties of the main 3Π 

and 1Π N(1s) and O(1s), specifically their binding energies, 
BEs, and their relative intensities, Irel. The BEs are computed 
by taking the differences of the variational HF and CAS ener-
gies for the ground state, GS, and the core ionic states. This 
is referred to as BE(ΔSCF), see, for example, Ref. [5], where

The BE(ΔSCF) includes both initial state effects arising 
from the different chemical environments of the atom before 
ionization and final state effects arising from the response, 
primarily of the valence electrons, to the presence of the core 
hole [5]. We do not explicitly distinguish the initial and final 
state effects. This is because our objective is to examine the 
difference in many-body effects between the ionic configu-
rations and the initial state which is inherently a final state 
effect. For the relative intensities of the 3Π and 1Π XPS peaks, 
the sudden approximation, SA, [21, 22] is used. The essential 
foundation of the SA Irel is that one considers the overlap of the 
frozen-orbital wavefunction, where a core electron is removed 
but the other orbitals are frozen as in the GS, with the fully 
relaxed variational hole state wavefunctions. The application 
of the SA to XPS intensities for HF wavefunctions for NO is 
reviewed in Ref. [16], and the extension to CAS wavefunctions 
is straightforward. The use of the SA for the XPS of open-shell 
systems is reviewed in Ref. [5].

A final consideration is how the accuracy of the calculated 
BEs may be affected because the present calculations use 
Gaussian-type orbitals (GTO) basis functions. Since GTO do 
not have the proper behavior at the nuclei about which they 
are centered [23], they may have limitations in describing 
excitations and ionizations of core orbitals. The ESM pro-
vides a comparison of previous HF calculations [24] using 
an extended basis set of Slater-type orbitals (STO) basis func-
tions which have the flexibility to represent the proper behavior 
at the nucleus [25]. Table S2 shows that our large and only 
slightly contracted GTO basis sets give reliable core-level BEs.

3 � Computational details

The HF and CAS wavefunctions are for the ground state 
of NO with an open-shell configuration of 2π1(2Π) and for 
the O(1s) ions, 1σ1…2π1, and the N(1s) ions, 2σ1…2π1, 
coupled to 3Π and 1Π multiplets. In order to prevent vari-
ational collapse to lower-lying ionic configurations in the HF 

(1)BE(ΔSCF, i) = E(core ion on atom i)−E(GS).
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calculations of the core ions, the occupied open- and closed-
shell orbitals were selected based on their maximum overlap 
with trial orbitals with proper character. This approach has 
been used successfully to determine wavefunctions for core-
level ionic and excited states; see, for example, Ref. [5]. For 
the CAS wavefunctions of the ions a different, freeze–thaw 
approach was used to prevent variational collapse to lower-
lying ionic states. The freeze–thaw method involves pairs of 
steps; see Ref. [14] for a full description. In the first step, the 
singly occupied 1s orbital is frozen and the other orbitals are 
varied in the full orbital space excluding the 1s orbital. In 
the second step, the other occupied orbitals, as determined in 
the first step, are frozen and the singly occupied 1s orbital is 
varied in the full orbital space excluding the other occupied 
orbitals. The pair of steps is repeated until the CAS wave-
function is converged. Relativistic contributions are added 
to the HF and CAS nonrelativistic BEs, see ESM. For all 
calculations, the N–O distance was fixed at the experimental 
re = 2.1747 bohr [26]. The XPS SA intensities, Irel, of the 
ionic multiplets are complicated because the orbitals of the 
GS are not the same as those for the 3Π and 1Π ionic states 
since the orbitals for these ionic states include the relaxa-
tion in response to the core hole. The necessary evaluation 
of determinants and minors [27] is obtained using a cofactor 
method [28].

Large, uncontracted GTO basis sets for N and O were 
used to obtain HF and CAS wavefunctions and energies that 
are essentially at the basis set limit and would not change 
significantly for further increases in the basis set size. They 
are uncontracted to allow the flexibility to represent the 
screened core hole configuration orbitals with the same basis 
sets as for the GS [4]. The N basis set contained 14s and 9p 
basis functions with exponents determined by Partridge [29] 
and augmented by a d function with exponent of 1.0. The 
O basis set is based on the 10s and 6p basis set with expo-
nents optimized by Duijneveldt [30] with a d function of 
exponent 1.2 added. The quality of this basis set to provide 
accurate BEs has been discussed in the previous section. 
The HF wavefunctions and the SA Irel were calculated using 
the CLIPS set of programs1, and the CAS wavefunctions 
were calculated with the programs developed by Roos and 
Siegbahn [20]. The relativistic DHF wavefunctions were 
computed as described in the ESM.

4 � Results and discussion

4.1 � N(1s) and O(1s) BEs

The theoretical N(1s) and O(1s) BEs for NO are given in 
Table 1; the BEs in the table for the HF, CAS(4,5), and 
CAS(6,7) wavefunctions include the relativistic contri-
butions taken from Table S1 and thus are appropriate to 
compare with the experimental XPS results also given in 
the table. The N(1s) BEs are discussed first. The HF BEs 
for both the 3Π and 1Π ionic multiplets are larger than 
experiment, the opposite of the expected error of HF BEs. 
The HF BEs should be smaller than experiment since, as 
already discussed, the correlation energy, or the error of 
HF energies, should be larger for the N electron initial 
state compared to the N − 1 electron ions [15]. Indeed this 
is the sign of the error that was found for the N(1s) BEs 
in a large number of closed-shell molecules [31]. BEs 
larger than experiment mean that the correlation energy 
is larger for the ion than for the initial GS of NO. With 
the CAS(4,5) wavefunctions, static, near degeneracy, 
many-body (or correlation) effects are included for the 
π electrons within the space of the 1π and 2π orbitals. 
These static many-body effects are more important for the 
N(1s) ion than for the initial GS and lower the HF BEs by 
~ 1.4 eV. When additional static many-body effects involv-
ing the σ space as well as the π space are included with the 
CAS(6,7) wavefunctions, the BEs are reduced by another 
0.5 eV indicating a further differential many-body effect 
greater for the N(1s) ion than for the GS. The CAS(6,7) 
BEs are now smaller than experiment by ~ 0.5 eV. It is 
not surprising that the CAS(6,7) BEs are smaller than 
experiment since we have not included core–core and 
core–valence many-body effects in our many-body treat-
ment and these effects should be larger for the GS where 

Table 1   Theoretical, HF, CAS(4,5) and CAS(6,7), N(1s) and O(1s) 
BEs, in eV, for the 3Π and 1Π multiplets; the multiplet splitting of the 
BEs Δ(1Π − 3Π) are also given

These BEs are compared to experiment
a Experimental data taken from Ref. [24]

HF CAS(4,5) CAS(6,7) Experimenta

BE[N(1s)]
 3Π 411.53 410.26 409.71 410.3
 1Π 412.89 411.51 411.01 411.8
 Δ(1Π − 3Π) 1.36 1.27 1.30 1.412 ± 0.016

BE[O(1s)]
 3Π 542.61 543.37 543.06 543.3
 1Π 543.10 543.85 543.51 544.0
 Δ(1Π − 3Π) 0.49 0.48 0.46 0.530 ± 0.021

1  CLIPS is a program system to compute ab  initio SCF and corre-
lated wavefunctions for polyatomic systems. It has been developed 
based on the publicly available programs in the ALCHEMY package 
from the IBM San Jose Research Laboratory by Bagus P S, Liu B, 
McLean A D and Yoshimine M.
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the core has two N(1s) electrons while the N(1s) ions 
have only one. The multiplet splitting of 3Π and 1Π BEs, 
Δ(1Π − 3Π), are reasonably close to experiment for all 
the wavefunctions, indicating that the many-body effects 
are similar, although clearly not identical, for both ionic 
multiplets. Indeed, the changes between the HF and CAS 
multiplet splittings are smaller for the O(1s) ions than for 
the N(1s) ions. The relevance of this for the XPS relative 
intensities of the multiplets will be described in Sect. 4.3.

The error of the HF BEs and the differential many-body 
effects is different for the O(1s) core ions. The HF O(1s) 
BEs are smaller than experiment by ~ 1 eV, as expected 
indicating that the many-body effects are larger for the GS 
than for the O(1s) ions, the opposite of the case for the 
N(1s) ions. Furthermore, the π many-body effects with 
CAS(4,5) wavefunctions raise the BE rather than lower-
ing it as was the case for the N(1s) BEs. In other words, 
these many-body contributions to the energy of the GS 
are larger than they are for the O(1s) ions. The additional 
many-body effects, in the σ space, introduced with the 
CAS(6,7) wavefunctions lead to a smaller change in the 
BEs but in the opposite direction, making the BEs ~ 0.3 eV 
smaller. The CAS(6,7) BEs are somewhat less than experi-
ment, < 0.5 eV, indicating that the many-body effects not 
included in this π, and σ treatment of near-degeneracy 
many-body effects will not have a large differential effect 
on the energies of the GS and the O(1s) ions. The theoreti-
cal multiplet splittings, Δ(1Π − 3Π), for the O(1s) ions are 
essentially the same for the HF and CAS wavefunctions 
and are quite close to experiment, indicating that the dif-
ferential many-body effects are quite small between the 
singlet and triplet multiplets.

It is satisfying that the CAS treatments give good agree-
ment with XPS measurements for both the N(1s) and 
O(1s) ions; in particular, the error of the calculated BEs 
is that they are smaller than the XPS observed values [24]. 
This sign of error is expected because the core–core and 
core–valence many-body effects are not considered. The 
BEs in Table 1 should be reduced by ~ 0.1 eV because our 
basis set is not fully at the limit that would be reached by 
a complete basis set; see Table S2 and related discussion 
in Sect. 2. This additional change in the BEs is sufficiently 
small that it can be neglected for the purpose of our theo-
retical analysis. On the other hand, it is important to obtain 
an understanding of the origin of the reasonably large dif-
ferential static correlation effects. This understanding will 
allow one to predict when such differential effects might be 
important for the XPS BEs. They may also provide guides 
to the many-body effects that need to be taken into account 
for the description of the XPS, not only for NO and other 
small molecules, but also for other systems including those 
in the condensed phase. This analysis will be made in the 

following subsection where the properties of the HF and 
CAS wavefunctions are examined.

4.2 � Properties of the wavefunctions

The energy gain of the CAS wavefunctions, ΔEcorr, and 
orbital properties of selected orbitals are given in Table S3 
for the GS of NO. The properties are the orbital occupa-
tions and the 〈z〉 where z is the N–O axis. The 〈z〉 is taken 
with respect to the center of the molecule at 1.087 bohr or 
0.575 Å to the right of the N atom; this choice of origin 
directly shows the extent of polarization of the orbital either 
toward N, with 〈z〉 < 0, or toward, O with 〈z〉 > 0.

The energy gain for the CAS(4,5) is 1.61 eV, see Table S3, 
showing the importance of the π static many-body effect of 
mixing different occupations of the 1π and 2π orbitals. The 
additional energy gain going from CAS(4,5) to CAS(6,7) is 
almost as large, over 80%, as the gain from HF to CAS(4,5) 
showing that the static many-body effects in the σ space are 
also important. Although exchange of electrons between the 
σ and π spaces is allowed in the CAS(6,7) wavefunction, the 
occupations of electrons in the σ and π active spaces remain 
very close to 2 and 5, respectively, see Table S3. This shows 
that the σ active space treats many-body effects for the 5σ 
orbital and does not contribute to many-body effects in the 
π space. For the HF wavefunction, the 1π and 2π are bond-
ing polarized toward O and antibonding polarized toward 
N, respectively. This polarization is reduced for the CAS 
wavefunctions where there is also a promotion of 0.1e from 
1π to 2π. The 5σ orbital is bonding and polarized toward N 
for the HF and CAS(4,5) wavefunctions. For the CAS(6,7) 
wavefunction, there is a small promotion of 0.02e from the 
bonding 5σ to antibonding 6σ. The character of the orbitals 
is shown by contour plots in Figs. S1 and S2 of the active 
CAS(6,7) orbitals, see additional detail in the ESM.

Very different properties of the HF and CAS wavefunc-
tions for the N(1s) ion multiplets are shown in Table S4. 
The properties of the 3Π and 1Π multiplets are similar, albeit 
not identical, and different from those for the NO GS. The 
〈z〉 shows a major valence relaxation in the active orbital 
space in response to the N(1s) ionization. In particular, the 
π orbitals are now much more evenly distributed between N 
and O with values of 〈z〉, with respect to the center of NO, 
that are nearly zero. The HF and CAS(4,5) 5σ 〈z〉 while not 
quite zero are about half what they were for the GS and, as 
for the GS, the CAS(6,7) 5σ and 6σ 〈z〉 are nearly zero, indi-
cating that these orbitals are not strongly polarized toward 
either N or O; see Tables S3 and S4. This is consistent with 
the fact that, by symmetry, the orbitals of the EQC mol-
ecule O2

+, also shown in Table S4, where the core-ionized 
N is replaced by an O atom [17, 18], have 〈z〉 = 0. In other 
words, the valence electrons for the N(1s) ions of NO have 
a distribution rather similar to that for the equivalent core 
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molecule O2
+. Furthermore, the many-body effects for the 

N(1s) ions and for O2
+ are also similar with the occupation 

numbers of the active space π and σ being the same within 
better than 5% and with the energy lowering, ΔEcorr for the 
static many-body effects being the same within 3%. How-
ever, the energy changes for the N(1s) ions are larger than 
for the GS; the many-body effects in the π space, accounted 
for with CAS(4,5), are larger by almost a factor of 2 and the 
additional σ many-body effects, included with CAS(6,7), are 
larger by more than 50%. The larger many-body lowering 
of the energy of the ionic states is what leads to the major 
decreases in the N(1s) BEs reported in Table 1. The similar-
ity of the many-body effects for the N(1s) ions and the EQC 
O2

+ molecule indicates that a knowledge of the valence-
shell many-body effects of the GS of a molecule and of the 
EQC molecule will allow us to make an informed estimate 
of the errors in calculated BEs. There is also support for the 
understanding that excitations among bonding and antibond-
ing orbitals are the key many-body effects to be taken into 
account for the analysis of XPS spectra.

A parallel analysis of many-body effect for the O(1s) 
ions, given in Table  S5, further supports the general 
importance of differential static many-body effects in the 
valence shell. It also shows that these differential many-
body effects may lead to increases in the BEs over HF 
values as well as decreases as was the case for the N(1s) 
ions. The polarization of the 1π and 2π orbitals in response 
to the O(1s) core hole is rather large for the HF and CAS 
wavefunctions for both the 3Π and 1Π multiplets. This 
polarization is greatest for the HF orbitals where the cent-
ers of charge of the 1π and 2π orbitals are 75% toward 
the O and N centers, respectively; while the polarization 
of these orbitals is reduced for the CAS wavefunctions, 
they are still much more polarized than for the ground 
state; see Table S3. For the HF and CAS(4,5) wavefunc-
tions, where many-body effects for the σ orbitals are not 
considered, the center of charge of the 5σ is essentially at 
the N atom. For the CAS(6,7) wavefunction, the 5σ and 
6σ orbitals are much less polarized and their center of 
charge is near the midpoint between N and O. This rear-
rangement of charge can be viewed as a response where 
the four 1π electrons are attracted toward the O center with 
the core hole and the 2π and 5σ electrons move toward N 
to reduce the imbalance of charge. The reduced polari-
zation when σ many-body effects are included with the 
CAS(6,7) wavefunctions may arise because this leads to 
larger off-diagonal Hamiltonian matrix elements between 
the configurations introduced with these static σ many-
body effects. One could argue that the off-diagonal matrix 
elements are larger when the 5σ and 6σ are bonding and 
antibonding about the center of the molecule rather than 
having lone pair character about the N and O centers, 
respectively. For the CAS(6,7) wavefunctions, the inactive 

3σ and 4σ orbitals, not shown, rearrange to mostly offset 
the motion of σ charge in the active 5σ and 6σ space. The 
rearrangement of the valence orbitals is similar between 
the O(1s) ions and the EQC molecule NF+, again showing 
that the EQC model describes the driving forces for the 
charge rearrangement in response to core hole even if it 
does not provide a quantitative description of the charge 
rearrangement or response to the core holes [5].

The π static many-body effects in the CAS(4,5) wavefunc-
tion are smaller for the O(1s) ions than for either the ground 
state or the N(1s) ions; they lead to an energy improvement 
which is about half of that for the GS, see Table S3. This 
explains why the O(1s) BEs with the CAS(4,5) wavefunc-
tions are larger, by ~ 0.75 eV than the BEs with the HF 
wavefunctions, see Table 1. This reduced importance of the 
π many-body effects can also be seen from the occupation 
numbers for the 1π and 2π orbitals for the CAS wavefunc-
tions for the O(1s) ions, Table S5. The 1π occupation is 
closer to 4 than for either the GS, Table S3, or the N(1s) 
ions, Table S4; further, the N(1s) ions have the smallest 1π 
occupation numbers and the largest energy lowering from 
π many-body effects. In contrast, the σ many-body effects 
introduced with the CAS(6,7) wavefunctions for the O(1s) 
ions are greater than for the GS and smaller than for the 
N(1s) ions. This means that the O(1s) BEs obtained with 
the CAS(6,7) wavefunctions are smaller than those obtained 
with the CAS(4,5) wavefunctions, reducing the net increase 
over the HF BEs to ~ 0.5 eV.

There is a general conclusion about the importance of 
many-body effects for core-level BEs that can be drawn 
from our results for NO. It is a generalization, based on the 
equivalent core model, of the greater accuracy of ab ini-
tio HF BEs for O than for N. When the charge separation 
between the effective atomic charges of the atoms is greater, 
then the HF one-electron model is better and many-body 
effects lead to smaller lowering of the total energy of the 
system. Thus, the many-body effects are greater for the 
N(1s) ions of NO where the equivalent core model is O2

+ 
and the charge separation is zero than for the NO GS where 
the charge separation is 1; this will lead to HF BEs that are 
larger than CAS BEs where the many-body effects are taken 
into account. On the other hand, for the O(1s) ions of NO 
where the equivalent core model is NF+ and the charge sepa-
ration is 2, the many-body effects will be smaller than for 
the NO GS and the HF BEs will be smaller than those where 
many-body effects are included. This same correlation holds 
for the core-level BEs of CO, although this correlation was 
not recognized in our previous work [14]. There, the C(1s) 
CAS BE which includes many-body effects is smaller than 
the HF BE and the charge separation in the EQC molecule 
NO+ is 1 or less than the charge separation of 2 for the GS 
of CO. For the O(1s) ion of CO, the EQC molecule is CF+ 
where the charge separation is 3 or larger than the value of 
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2 for the CO GS, and the correlation would be that the CAS 
O(1s) BE is larger than the HF O(1s) BE and this correlation 
is seen to hold.

4.3 � XPS intensities of the 3Π and 1Π multiplets 
for N(1s) ions

Many-body effects on the wavefunctions may affect other 
properties of XPS spectra besides energies of the core-level 
ions. In particular, the intensity of the different N(1s) and 
O(1s) multiplets may not follow the simple rule that the rela-
tive intensities of different angular momentum couplings of 
core and valence open shells follow their multiplicities [16, 
32]. Indeed, the relative XPS intensity of the N(1s) 3Π to 1Π 
was found to be 3.43:1 or 14% larger than the expected 3:1 
statistical ratio while HF wavefunctions could only account 
for a small fraction of this departure from the statistical 
data [16]. In Table 2, the sudden approximation, SA, rela-
tive intensities, Irel, see Refs. [22] and [5], are given for the 
N(1s) multiplets for the HF and CAS wavefunctions and 
compared to experiment. The SA Irel are normalized to the 
ideal values of 3.0 and 1.0 for 3Π and 1Π, respectively, so 
that the differences from these ideal values give the inten-
sity losses from the main peaks to many-body shake excited 
states [22] and the losses are shown in Table 2; the ratios 
of the 3Π to 1Π Irel are also shown in the table. The HF 
losses to shake satellites are ~ 25% from both the 3Π and 1Π 
XPS peaks and slightly larger for the 1Π peak leading to an 
intensity ratio of 3.09, larger than the ideal ratio of 3.0 but 
smaller than the observed ratio of 3.43:1. For the CAS(4,5) 
wavefunctions where only π static many-body effects are 
considered, the 3Π loss increases slightly to 27% but the 1Π 
loss increases from 26 to 36% and the intensity ratio is now 
3.41, close to the measured value. The 3Π intensity loss for 
the CAS(6,7) wavefunction increases slightly but the 1Π loss 
is almost constant leading to a decrease in the intensity ratio 
which is still much larger than the HF value and much closer 

to experiment than HF. The reason for the departures in the 
intensity ratio from the ideal value is twofold, partly from 
the different HF or CAS orbitals for the different multiplets 
and partly from the different many-body contributions to the 
CAS wavefunctions to the multiplets. For the HF wavefunc-
tions, the departure from the ideal intensity ratio arises only 
because the 3Π and 1Π orbitals are different. The differences 
do not have to be especially large since the overlap integrals 
between the ground state and the ionic state orbitals enter 
to rather high powers for the SA Irel, and small differences 
can lead to modest changes in the intensity losses to the 
shake satellites [16, 22]. The changes in the ratio from the 
HF to the CAS Irel come about 1/3 from the differences in 
the variational orbitals for the two multiplets and about 2/3 
difference in the CAS wavefunctions for the different mul-
tiplets; see Table S4 for differences in the properties of the 
3Π and 1Π wavefunctions. The relativistic contribution to 
the intensity ratio is expected to arise from the spin–orbit 
splitting of the initial state 2Π multiplet of NO into Ω = 1/2 
ad 3/2 levels [24]. Although this splitting is only 0.02 eV, 
the Boltzmann populations of the two levels are, at room 
temperature, different by over a factor of 2. The importance 
of this splitting on the intensity ratio of the multiplets was 
investigated with Dirac–Hartree–Fock complete open-shell 
configuration interaction, COSCI, wavefunctions for the ini-
tial and N(1s) ionic configurations which take the spin–orbit 
splittings into account. The effect was to increase the ratio 
by 1% from 3 to 3.03, a negligible change.

The intensity ratio of the multiplets for the O(1s) ions is 
difficult to measure experimentally given the small multi-
plet splittings, see Table 1, but can be determined from the 
HF and CAS wavefunctions. The results for the SA Irel and 
losses to shake excitations for the O(1s) ions, parallel to 
those for the N(1s) ions in Table 2, are presented in Table 3. 
The intensity losses of the HF wavefunctions are similar 
as for the N(1s) case, although they are slightly larger for 
the O(1s) ionization reflecting the increased screening to 
the hole on O with a greater nuclear charge. The intensity 
ratio of 3Π to 1Π is virtually the same as for the N(1s) ions 
indicating a similar differential screening and intensity loss 
to shake excitations for the different multiplets in both the 
N(1s) and O(1s) ions. The difference between the N(1s) and 

Table 2   XPS Irel for the N(1s) 3Π and 1Π multiplets obtained with HF 
and CAS wavefunctions compared to the ideal intensities normalized 
to the multiplicity of the ions

The losses, in percent, to shake excitations and the ratio of the multi-
plet intensities are also given
a Ref. [16]

SA intensity

Irel[3Π] − (loss) Irel[1Π] − (loss) Ratio

Ideal 3.00 1.00 3.00
HF 2.28 (24%) 0.74 (26%) 3.09
CAS(4,5) 2.19 (27%) 0.64 (36%) 3.41
CAS(6,7) 2.15 (29%) 0.65 (35%) 3.30
Experimenta – – 3.43 ± 0.08

Table 3   XPS Irel for the O(1s) 3Π and 1Π multiplets obtained with HF 
and CAS wavefunctions; see caption of Table 2

SA intensity

Irel[3Π] − (loss) Irel[1Π] − (loss) Ratio

Ideal 3.00 1.00 3.00
HF 2.18 (27%) 0.71 (29%) 3.08
CAS(4,5) 2.11 (30%) 0.68 (32%) 3.11
CAS(6,7) 2.06 (31%) 0.66 (34%) 3.12
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O(1s) ions arises when many-body effects are considered. 
There were major changes in the intensity ratio going from 
HF to CAS for the N(1s) 3Π and 1Π multiplets but not for 
the O(1s) ions. The reason for the smaller many-body effect 
on the intensity ratio for the O(1s) ions is twofold. First, 
the magnitude of the many-body effects for the O(1s) ions 
is smaller than for the N(1s) ions. The energy change due 
to many-body effects for the CAS(6,7) wavefunctions for 
the N(1s) ions is 4.8 eV while for the O(1s) ions, it is only 
2.5 eV or smaller by almost a factor of 2; see Tables S4 and 
S5. This is consistent with the HF being a better description 
when the charge separation is greater, as between N and 
the equivalent core F+. Second, the properties of the CAS 
wavefunctions are more similar between the 3Π and 1Π mul-
tiplets for the O(1s) ions than for the N(1s) ions; compare 
the occupations, 〈z〉, and Ecorr in Tables S4 and S5. Taken 
together, the importance of many-body effects for the rela-
tive intensities of the multiplets is not especially important 
for the O(1s) ions.

5 � Conclusions

While HF wavefunctions provide a reasonable, qualitative 
prediction of the XPS features of the open-shell NO mol-
ecule, it is important to take into account many-body effects 
to get more quantitative information. The analysis of many-
body effects presented in this paper has stressed the physical 
and chemical content of the important many-body effects. 
Thus, rather than looking to determine the CI wavefunction 
[33] or the density functional that gives the most accurate 
BEs, [4, 31] modest errors have been accepted provided that 
the important many-body effects have been explicitly identi-
fied. In particular, the analysis has focused on static correla-
tion effects that involve orbitals and configurations that are 
nearly degenerate. A particular advantage of this approach is 
that it can be generalized to more complex situations involv-
ing the XPS of molecules adsorbed on surfaces and the XPS 
of condensed matter systems [5].

For NO, we have found that there is a significant differen-
tial many-body effect between the different states involved 
in our study, the ground state, the N(1s) hole, and the O(1s) 
hole configurations. The many-body effects are most impor-
tant for the N(1s) hole, intermediate for the ground state, 
and least important for the O(1s) hole. The consequences of 
these differential effects are that they reduce the N(1s) BEs 
from their HF values while they increase the O(1s) BEs from 
their HF values. Furthermore, while the relative XPS inten-
sity of the high- and low-spin multiplets of the N(1s) ion 
changes considerably going from HF to CAS wavefunctions, 
where many-body effects are included, this relative intensity 
does not change significantly for the O(1s) ionic multiplets. 
The differential correlation effects can be rationalized with 

the use of the equivalent core approximation [17, 18] where 
the core-ionized atom is replaced by the next higher ele-
ment in the periodic table. Direct calculations comparing 
core hole wavefunctions with equivalent core approximation 
wavefunctions have been used to demonstrate the qualita-
tive validity of the model and to justify its use to rationalize 
the differential correlation effects. The correlation that we 
are able to make with the concepts of the equivalent core 
approximation is that the static many-body effects are largest 
when the charge separation between the atoms is smallest 
and largest when the charge separation is greatest. Thus, the 
N(1s) core hole with the equivalent core model of O2

+ has 
zero charge separation while the O(1s) core hole with the 
equivalent core model of NF+ has the largest charge sepa-
ration of 2. Thus, the changes in the charge separation are 
fully consistent with the calculated differential many-body 
effects. In addition, we have characterized the important 
many-body effects as involving excitations among bonding 
and antibonding orbitals involving the 1π and 2π and the 5σ 
and 6σ pairs of orbitals.

The advantage of studying the XPS of an isolated, and 
small, molecule is that it is possible to make detailed tests 
to identify features that may also be applicable for more 
complex systems. Thus, the importance of making paral-
lel treatments of the static correlation effects for the initial, 
ground state and the final, core ionic configurations has been 
clearly demonstrated in this study of NO and clearly mer-
its further study for condensed systems, especially oxides, 
where it has not always been applied; see the review in Ref. 
[5]. A novel feature of the present work involves the use 
of CAS wavefunctions to determine pairs of bonding and 
antibonding orbitals which are optimized to represent static 
many-body effects in the initial and final state wavefunc-
tions. The development of theoretical and computational 
methods to use such optimized orbitals may well be use-
ful for the analysis of the main and satellite features of the 
XPS of ionic compounds. In this connection, it is noted that 
ab initio CAS and closely related CI wavefunctions have an 
important advantage over DFT densities and the BEs deter-
mined from these densities. With these wavefunctions, the 
specific many-body effects described above can be explicitly 
added in an incremental fashion while this is not possible 
for DFT.

Furthermore, the correlation between the importance of 
many-body effects and the charge separation of the constitu-
ent atoms has not been applied to interpret the XPS of con-
densed systems. In order to make this correlation, it will 
be necessary to generalize the concept of equivalent cores 
for the analysis of the XPS of metal oxides. This is because 
the concern is to understand the effective charges seen by 
the valence electrons when the atoms in a compound have 
very different nuclear charges as is the case for many metal 
oxides, and this is not as direct as increasing the nuclear 
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charge of the core-ionized atom by one. However, it should 
be possible to define these effective charges based on the 
sizes, as given by the expectation values of r, of atomic orbit-
als for the different atoms in a compound with or without 
core ionization. The correlation of many-body effects and 
effective nuclear charges has not been examined for the XPS 
of metal oxides. The present study strongly suggests that 
such a correlation, both for qualitative analysis and inter-
pretation as well as for direct theoretical computation, is 
certainly merited.
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