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Together with ionization potentials, cross sections provide valuable information for the
interpretation of photoelectron spectra. We have developed a program to peaformitio
calculations of photoionization cross sections within the electric dipole approximation using
electron propagator theory. Applications to the first-row hydrideg OkH3, H,O, and HF, using
several approximations for the propagator self-energy and the plane-wave and
orthogonalized-plane-wave approximations to represent the photoelectron, as well as comparison to
experimental data, are presented. This program is implemented within the quantum chemistry
packageGAUSSIAN. © 2004 American Institute of Physic§DOI: 10.1063/1.1773135

I. INTRODUCTION Electron propagator theo§EPT) provides an alternative
approach for this problefti.° This formalism can, in prin-
Photoelectron spectroscopy is a powerful tool for prob-ciple, provide exact electron binding energies that include
ing the electronic structure of atoms and molecules and ifinal-state orbital relaxation as well as electron correlation
used in a wide variety of areas ranging from atmospheric andffects. To each electron binding energy calculated in this
space to biomedical and biophysical scientésElectron way, there is an associated one-electron function that is rig-
binding energies and corresponding intensities provide dierously related to the many-electron wave functions of the
verse insights into chemical bonding. The variation of photo-nitial and final states. This association enables the interpre-
ionization intensities with the energy of the incoming radia-tation of spectra in terms of one-electron concepts, without
tion and the character of both the initial and final statesnecessarily compromising the quality of quantitative results.
provide ample opportunities for probing electronic structure.  Routine, accurate calculations of ionization energies are
From a chemist's perspective, it is valuable to discermalready feasible using propagator theory in the most recent
patterns of chemical bonding and reactivity from spectro-versions of quantum chemical software packages such as
scopic experiments, especially if they can be mapped ontaaussian.2® Unfortunately, the situation is not quite the
familiar one-electron concepts. Hartree-Fock molecular orsame with the corresponding cross sections. Although a con-
bital theory provides such an interpretation, where Koop-iderable quantity of theoretical work has been devoted to
mans’s theorefhenables the use of orbital energies as estithe calculation of photoionization cross sectiéhs* com-
mates of the ionization energies and electron affinities. Thignonly used quantum mechanical packages available today
picture has been used for qualitative interpretation of photostill lack this ability.
electron spectra. However, at this level of theory the effects We have developed a program, implemented as part of
of orbital relaxation in the final state and electron correlationthe quantum chemistry packagaussian,?® to performab
which are often required for the correct assignment of thdnitio calculations of photoionization cross sections using
spectra, are ignored. EPT, within the electric dipole approximation. Applications
To improve quantitative agreement with experiment,to a test set of molecules composed of the first-row hydrides
generalization of wave functions and energy functionals tdCH,, NH3, H,O, and HF are presented, using different EPT
include those effects, such as configuration interaction andpproximations and the plane-wdve and ortho-
many-body perturbation theory, can be appfiedowever, gonalized-plane-wave approximations to represent the pho-
accompanying this improvement in energy comparisongoelectron.
there is often a complex structure of many-electron wave
functions and energies that sacrifices the one-electron pi(h— THEORY
ture, thus obscuring the qualitative interpretation of the spec-"

tra. A. Electron propagator theory

The physical significance of the propagator lies in its
dElectronic mail: ortiz@ksu.edu poles, i.e., the energids where singularities lie, which cor-
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respond to ionization energieB,(N—1)—Eq(N) and elec- HX=[X,H]_. (8
tron affinities,Eq(N) +E,(N+1). In spectral form, the, s
element of the electron propagator matrix is 'ttThe r, s element of the electron propagator can thus be
written as
Grs(E)=(a/ ;as) -
) e (@] 1) =Gs(E)=(a|(E1-F) *ay), ©
(Wola|wR (PR agd W) e , .
= lim 2 : which, in matrix notation, reads
g0l @ ETE(N=1)=Eo(N)~i7 .
, G(E)=(al(EI-H) 1a). (10
N N+1 N+1 N
+> (Wolad¥m “){¥m |ar|\.lf0) Y After definingu to be the vector of alX field operators
m E—En(N+1)+Eo(N)+in and partitioning it into the primary operator spaaewith

holeh and particlep subspacesand an orthonormal second-
ary operator space (with products of two annihilators and
one creator of the 2h and 2hp types, the propagator matrix
can be written as

where the indices and s are general, orthonormal spin-
orbitals,| ¥} is theN-electron reference state] anda, are
field operators that change the number of electrons by on
and the limit is taken with respect tp because of the inte-

gration required in a Fourier transform from the time- El—(a|I:|a) _(a||:|f) 1
dependent representation of the propagator. Associated to G(E)=[1 0] A A {O} (12
each pole is a residughe numerator of the term responsible ~(flHa) E1-(f[Hf)
for the singularity which can be written in terms of the Poles of the propagator will occur at valuestbfhat are
Feynman-Dyson amplitudé&DAs), equal to the eigenvalues, of the superoperator Hamiltonian
UIE= (W wh) @ maix -
and U, |(aHa) (aHf)|[u,,
“"[Uial | (flRa) (AR L Ys (12
Um=(ThYall vE). @3 ) LHa) - (fHD JLEen
The superscripts indicate whether the respective pol(gr A
pertains to an ionization energyE) or an electron affinity Uw=HU. (13

(EA). The FDAs can be used to build the Dyson Orbitals

(DO) that, in the case of IEs, are expressed as The eigenvectors of the superoperator Hamiltonian ma-

trix are normalized in the space containing the, 2ph, and
2hp operators such that

occ virt occ virt
@ 2 U2 U 2 2 Uil
These orbitals may be considered to be overlaps between
the initial N-electron state and the finaN{ 1)-electron )
state. The integral is over the coordinates of all electrons +a§<:b Z |Ujan|*=1. (14)

except oneX;), yielding a one-electron function that can be _ _ _ _
written as a linear combination of HF canonical molecular N this formulation, the Dyson orbital can be written as

N N N
|9n>:;1 |¢i>Ui”,En:izl |¢i><‘1’r’:l_l|ai|‘l’gl>:;1 bind; -

virt occ

orbitals (¢;). It can also be shown that finding the poles of occ virt
the propagator is equivalent to solving a pseudoeigenvalue |gn>:E Ui|¢i>+2 Ualda)- (15)
problem that reads i a

[F+3(E)]|gn) = €nlgn), (5) The sum of the squared coefficients of the DO defines

the pole strength. Pole strengths above 0.9 indicate that the

where the Fock operatd¥ is supplemented by the energy- koopmans one-electron description is qualitatively valid. Di-
dependent, nonlocal self-energy operald(E), which in-  agonal approximation&ee below should provide accurate
cludes relaxation and correlation effects. The eigenvalues Cﬁepresentations of the ionization process if there is a single,
this equation are the electron binding enerdl&s and EAS$, dominant term in Eq(15). Lower pole strengthéelow 0.9
while the eigenfunctions are the respective DOs. are generally an indication that shake-up states are to be

The propagator matrix can be defined in a more conveaypected, and nondiagonal approximations are recommended
nient way by the use of a superoperator metric definéd by to accurately describe the ionization.

()= (Nt w1, Wy, (6) After a few elementary matrix manipulations, the inverse

] Tpropagator matrix can be expressed as
whereu and v are field operators that change the number o

electrons by onéX) and by the introduction of the identity G YE)=E1-(alHa)—(alHH[EL— (f[Hf)] " (f|Ha).
(1) and Hamiltonian ) superoperators, defined by the re- (16)

lations Writing the zeroth order inverse propagator as
IX=X (7) Gy AE)=E1—(alHea), (17)
and and the self-energy matrix as
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S(E)=(alVa)+ (aHH[EL1—(f|Hf)]"X(f|Ha), (18  results typically overestimate the correlation corrections
) ) while third-order results underestimate them, three scaling
one may write the Dyson equation as procedures known as outer valence green’s fund@viGF)
Gfl(E):Gal(E)_E(E). (19) methods A, B, and C have. been_ dgveloped to improve
accuracy, as well as numerical criteria to choose from the
The inverse in the self-energy matrix expression of Eqthree method&®
(18) is calculated through an infinite expansion by the recur- A somewhat different derivation of the electron propaga-
sion formula tor approximations employs an asymmetric metric inspired
(A—B) '=A"1+A"1B(A—B) L. (20) by the _coupled-cluster pz_arametrization of the reference state.
R Numerical tests on the importance of various terms gener-
Because f(Hf) includes nondiagonal terms in first order or ated in this manner leads to the partial third-order approxi-
higher, terms of all orders in the self-energy matrix can bemation, P3'! This method has been reviewed recefttgnd
generated. has been successfully applied to a variety of molectfies.
Each of the blocks of the superoperator Hamiltonian ma-The P3 method has proven to be more accurate than OVGF
trix may be evaluated to various orders, and several approximethods in many applications and is computationally more
mate propagators are defined in terms of this matrix. Poles tefficient, since it does not require the evaluation of electron

second order are obtained by the choice repulsion integrals with four virtual indices. It corresponds to
~ 0 o the following choice of the superoperator Hamiltonian ma-
. (aHa)® (a/Hf)® trix
H(Second Order— (21) ’

(flIH®  (fHHO |

ARG AL, A,
The 2p-h TDA (two-particle, one-hole Tamm-Dancoff A((’)) A((‘)'; A(i) . A(i)p

approximation approximation is complete only through sec- (P — Hph Ho.p Hpanp  Hpzpn (24)
ond order. The secondary states are now treated consistently A2 A AW H©) ’

. o . 2hp,h 2hp,p 2hp,2hp 2hp,2ph
through first order, providing access to inner-valence states ~ (1) ~ 1) ~(0) ~0)
where contributions from shake-up configurations are impor- Hoohh  Haphp  Haphonp  Hophzpn
tant. Here the approximate superoperator Hamiltonian matrix , . . . .
reads PP perop while keeping the resulting self-energy terms through third

. A order, making the quasiparticidiagonal approximation and
(aHa) @ (aHHY omitting (alVa) terms from Eq.(18). The NR2* method
(f|I:|a)<1) (f“:”)(l) : (220 (nondiagonal, renormalized second-order extension to the P3

method consists of solving for the eigenvalues of the matrix
To improve the treatment of the maimalence states, in Eq.(24) but with the Zhp,p block expanded only through
the 2p-h TDA can be extended by a self-consistent treatmentirst order, and omitting thea(Va) terms as well. The ne-
of the (alHa) block, resulting in an infinite partial summa- glect of second-order terms in thé @, p block is justified by
tion for the self-energy that is complete through third order,numerical tests that show these terms to have a negligible
and by inclusion of second-order terms in the couplings beeffect on IE poles.
tween the primary and secondary ionization operators. This
is the basis for the extendegzh TDA or third-order alge-
braic diagrammatic construction, or AD&, method$
In the so-calledjuasiparticlemethods, off-diagonal ele-
ments in the self-energy matrix are explicitly neglected. This  The first calculations of the photoionization cross section
approximation is justified on the basis that experimental reof molecules were performed by Kaplan and Mafkiff and
sults on the valence ionization energi@d also electron by Lohr and Robin&? (see also Refs. 26—28In these
affinities) indicate that the contribution from these elementsstudies, the photoionization cross section was calculated in
is small, often having a negligible effect on the binding en-the first order of time-dependent perturbation theory. The
ergies and DOs. As a result, the DOs will be proportional taoinitial molecular state and the ion were described in the
the original (HF canonical molecular orbitals(MOs), the  Hartree-Fock approximation, while the ejected electron was
electrons being subject to an effective potential described bglescribed by a plane wakfe?* or orthogonalized plane
the self-energy matrix. The eigenvalues of Ef) can be wave?>?"?8In contrast to the former approach, the employ-
calculated iteratively by ment later on of DOs for the determination of photoioniza-
tion cross sectiori$°>*allowed description of electron cor-
E=eptZpp(E), (23 relation effects while preserving, at the same time, all
wheree, is the canonical MO energy. In many applications, benefits of the one-electron description.
the self-energy matrix is expanded through third order and In first-order time-dependent perturbation theory, the
the usual initial guesE~ e, + = ,,(€,), is equal to the en- probability of transition per unit timétransition ratew) is
ergy difference between the initial and final states obtaine@iven by Fermi's Golden Rul&
using second- or third-order perturbation theory with frozen )
- . . -
(|.n|t|al state orbitals, when secpnd- or third-order expan- w(kg) = —E |<‘IfB'|B|\If,ﬁ‘k Y20 (E), (25)
sions forX,, are used, respectively. Because second-order h e e

|:|(2p-h TDA) _

B. The photoionization process
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wherepke(E) is the density of states for the photoelectron Therefore, for the differential cross section of photoioniza-
with the wave vectok, ; B is the many-electron perturbation tion, one obtains the following expression:

Hamiltonian for the interaction between radiation and matter; d L3k
Wy is the initial state wave function, which is an eigenfunc- _‘T:(E> e€ |<gn|\‘/|¢k )2, (35)
tion of the time-independent Hamiltonian operaltty; and dQ h? ZarwAS €

\Ifﬁke is the antisymmetrized wave function for the final state

n, where one electron has been excited to the continuu

orbital ¢y with energyex = w—IP= |7ike|?/2m, . The final
state wave function is represented as

1
2

=V2(aL| V), (26)
where we used the spin-raising operat8r such that

(WM = = (ag ¥ H—agvhi™)

S.|¥g)=|¥,), and which follows the commutation rule

[S+ la;ﬁ] = a;—a .
The many-electron perturbation Hamiltoni@& can be
written from its one-electron counterpart as
B=2 ViEyj, 27
where E;; is the unitary group generatoE; zaﬁaaja
+ aifgaiﬁ that follows the commutation rule
[E” ,a;a]:5jkai-;. (28)

The interaction of a photon of wave vectikg with the ith
electron is given by

~ —e

V= mAi'pi , (29
e

A;=Agne' k)| (30

pi=—ihV. (31)

Inserting Eqs(26)—(28) into Eq.(25) yields an expression in

terms of the DOg,,,%°

2 ~
W(ke)= == [(gnlVI i) i (B). (32

To obtain the differential cross section, it is useful to notice
that the energy transported per unit tifiate of energy
transport and per unit area by an electromagnetic wave of

If the wavelength of the incident photon can be consid-

"Bred as large compared to the molecular dimensions, the ex-

ponential in Eq{30) may be approximated as unity. This is
the basis for the electric dipole approximation.

C. The wave function for the ejected electron

The simplest representation for the continuum orbital is
a plane wavéPW) with the wave vectok,.?! Taking it to be
normalized inside the volume of a large cubic box of etige
(Refs. 23—25the free electron wave function will be

1
bk, — ek, = NE 7k (1), (36)

(37

The plane-wave approximation ignores the influence of
the positively charged molecular ion on the wave function of
the ejected electron, which renders it is invalid in the vicinity
of the threshold of ionization. It is a reasonable approxima-
tion in the limit of high electron kinetic energy. On the other
hand, the plane-wave approximation is not able to reproduce
correct angular distributions for electrons with angular mo-
mentuml # 0.2 This limitation can be partially corrected by
the use of plane waves that have been Schmidt orthogonal-
ized to the occupied bound MOs of the syst&nr The
continuum orbital can than be represented as an orthogonal-
ized plane wavé®

i (r)=e'tke),

. (38

|¢ke>:N |‘Pke>_§i: |¢i><¢i|¢ke>

As the size of the box to which the plane wave is nor-
malized gets large, the normalization constant

-3 —-1/2
N1 ) 3 Kalnl @9

frequencyv is given by the magnitude of the Poynting vec- can be taken as unity.

tor, S= sz(Z)/ch. If the Poynting vector is multiplied by
the differential cross sectiodo, the energy transport rate

Writing P=(gn|§i|¢ke>, we have, for the orthogonalized
lane wave(OPW) approximation,

results. This rate must be the same as obtained by the product

of the transition ratev by the photon energjiw. Equating

these two results, the differential cross section for photoion-

ization can be written as

(2m)%c - )
do=———(9nl V|1 )| ?px (E). (33)
wAg
The density of states for the free electron in the solid angl
dQ is®
i~ L 3mekedQ o
Pr(B)=|5— 2 : (34)

. (40)

PO k)= S (a0l )

In the PW case, the second term in brackets is zero.

‘P. The spectrum of a gaseous sample

The random orientation of the molecules in a gaseous
sample requires that all incoming photon directions be aver-
aged by integrating over the solid angle of the incoming
radiation @(,=sin#dod¢). In general
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do [e?| ke [|n-P|?dQ, . 2
- = — — — - joka—ar
dQ (me 2mwc  [dQ, |@p) % dpel Ypq) % dpo(NijX'y'ze™%"),  (50)
e2 ) where the sum+ j + k defines the angular momentum of the
- zmvc 477f n-P| d€, (41) atomic orbital. Therefore,

If the incident beam is unpolarized, one must also aver- _ i(KeT)\ — —i(kgT)
age over the incident photon polarizations S(ke)= 2 dpe{vgle =) zq: Aol (@ [79)]:
1 (51
[n-P|2=3 ([ny-P|2+[n;-P?). (42) The integral in brackets in E¢51) is (27r) ~?3times the
Fourier transform of the primitive Cartesian Gaussian func-

The two polarization directions are perpendicular to thetion (r). Formulas for those integrals have been derived
photon propagation vectde,. These three vectors form a earlier by Kaijser and Smitfl in the convenient form of a
right-hand system of axes, and therefore recursive relation which permits one routine to calculate the
Fourier transform of any given Cartesian Gaussian indepen-
|P|2=|ny-P|2+ [n,-P|2+ |kp _ (43) dently of the angular momentum of the atomic orbital. The

Kp|? Fourier transform reads

Now, Eq. (41 b itt .
ow, Eg.(41) can be written as FT[y(r)]=(2w)‘3’2f &P 1)l

da_(ez) ke 1 (5l Iz)dQ s 3
dQ \mg/27wc 87 |kp|2 :e*ik'Ae*pZMaiHl (_i)kiKki(Zi), (52
d e\ ko |P?
R o uf(l_cog 0)dQ,, (45)  Where
dQ \m./27wc 87 P
z=pil2\a, (53
do 62 Ke b2
30 =\ ma/6mac P (48 20K, 1(2)=PKy(2)~KKi_1(2), (54
— —-1/2
Integration of Eq.(46) over the solid anglel() yields Ko=(2a)" ™, (59
the angle-averaged photoionization cross section. Ky(2)=p(2a) 32 (56)

The integration of Eq(46) to obtain the cross sections is
done by a double Chebyshev polynomial integrafidomn
1. IMPLEMENTATION this method, the integrand is fit to a Chebyshev polynomial

Equation(46) was implemented iGAUSSIAN, using both g:;ﬂ;;ﬁj :2(? n easily integrated using the Clenshaw-Curtiss

PW and OPW approximations to represent the ejected elect
tron, closely following the work of Deleuzet al®* Writing v CALCULATIONS
the molecular orbitals as linear combinations of atomic or-

bitals, theP vector representing the overlap between the DO_ Ca|CLrJ1|acthC.)(I;IS oéf:]el\;l)noto}l'ogzatlodn ﬁ,r:oss ser(]:t|ons 1‘_’; the
and the photoelectron can be conveniently written as Irst row hydrides CH, NHs, H,0, an are snown. ’ne
correlation consistent, polarized valence triglécc-pVT2)

oPW . _ basis séf with a full set of Cartesian functions was used in
P :2 by 21 ke~ E Cmpl pprCovpr all calculations. Results from a related study of basis set
m P me effects on intensity calculations that will soon be published
X c¥ oS(Ke), 47) indicate that the cc-pVTZ basis set used here represents a
good compromise between efficiency and accuracy.
Geometries were optimized at the MP2 level. The IEs
S(ke) ={wp| 7 ) (499 and the respective DOs were calculated withh2TDA,
€ ADC(3), and NR2 nondiagonal approximations to the self-
and energy, with the second order and P3 quasipar(iikegonal
r,,=(o Iﬁlw ) 49) approximations and with canonical Hartree-Fock orbitals and
PP prt P/ energies. The cross sections were calculated folMgn-
In the PW case, the second term in brackets in (B@) cident radiation(1253.6 eV with the PW or OPW approxi-
vanishes. The last integrald™(,) are the dipole velocity mations for the photoelectron.

where

integrals, while theS(k,) integrals represent an overlap be- Table | shows the absolute, angle averaged cross sections
tween a plane wave and an atomic orbital. results for the outermost Dyson orbital of each molecule.
Most computational chemistry programéncluding  Those lines were taken as reference for calculation of the
GAUSSIAN) use the scheme proposed by Byaf writing the  relative intensities summarized in Tables I, III, IV, and V.
atomic orbitals as linear combinations of Cartesian GaussiafFFor comparison with the experimental values, each cross
primitive functions[y(r)] on each atomic center, section is multiplied by the degeneracy of the respective or-
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TABLE |. Photoionization cross section absolute valugslQ~?’ m?) for the orbitals taken as reference in the
calculation of relative intensities. Values here do not include the degeneracy factor.

Method Molecule HF Second order P3 p-h TDA ADC(3) NR2

PW CH, (1t,) 1.82 1.67 1.68 1.65 1.68 1.69
NH; (3a,) 20.73 18.59 19.01 19.79 19.78 19.94

H,O (1b,) 28.21 25.04 26.02 24.05 24.91 24.81

HF (1) 59.94 53.66 55.91 51.80 53.64 53.15

OPW CH, (1t,) 2.73 2.51 2.52 2.47 2.52 2.50
NH; (3a,) 20.63 18.50 18.92 20.02 19.99 20.06

H,0O (1b,) 22.92 20.36 21.16 20.07 20.69 20.53

HF (1m) 45.31 40.58 42.27 39.94 41.17 40.77

bital when calculating the relative intensitiegigures 1-4 mated. The neglect of the electrostatic interactions with the
depict the=0.05 contours of the DOs that were generatedmolecular ion is a main source of errors in this region, and
with the progranmoLDEN.*? In all cases it is found that the the PW approximation is known to be valid only in the high
DO is dominated by a single Hartree-Fock molecular orbitalphotoelectron kinetic energy limit. Although the orthogonal-
The same labels are applied to both sets of orbitals. Tablggation correction to the plane wave can be considered to
VI, VII, and VIII show the shake-up configurations pertain- take this influence partially into account, both the PW and
ing to the states with low pole strengths from the NR2 cal-ihe opw approximations fail to reproduce the experiment
culations. All contributions are summed for configurationsyyantitatively for the core ionization. A better description of
where the same occupied orbitals are coupled to differeny,e photoelectron at energies closer to the threshold of ion-

virtual orbitals with same symmetry, and an™is used in ;100 demands the inclusion of the electrostatic interaction

cqlumn 5to |_nd|caFe the V|rt_ua_l orl_altals. The ngmber shownwi,[h the molecular ion.
with the configuration description in column 5 is the sum of
squares of the coefficients for each of tHepconfigurations
combined see Eq(14)]. Only cases where this sum is above
0.1 are shown. In column 4 the total sum of afif2configu-
rations is shown.

With respect to inner and outer valence orbitals, a rea-
sonable agreement with experimental values is obtained in
all cases. The program presented here has the ability to cal-
culate the intensities for thé(p) part of the shake-up states.
The results show that adding the contributions from different
shake-up lines is important for an accurate treatment of ion-
V. DISCUSSION izations, especially for cases subject to intensity dispersion

The results agree well with previous calculations usingsuch as the inner valence ionizations in Nkhd HO. Such
smaller basis sefS~33In general, all calculations reproduce improvement was predicted earlier by Deleuze, Pickup, and
the experimental ordering of the photoionization Delhalle®® but their program was not able to calculate those
intensities’>~*°As expected from the nature of the PW and intensities at that time. Nondiagonal approximations can also
OPW approximations, quantitative agreement becomeinprove the results when different final states corresponding
poorer as the photoelectron energy decreases, and the inteén-the same irreducible representation are present, agin H
sities for the core ionizations are in most cases underestiWhereas the correlation and relaxation corrections included

TABLE Il. Calculated values for the ionization potentid@l®, in eV) and relative(%) photoionization intensities of the GHnolecule. Degeneracy factor is
already taken into account.

Koopmans Second order P3
Orbital IP (str) Opwy Topw IP (str) Opwy Topw IP (str) Opw Topw
la, 304.9 33450 22085 291®.80 28602 18 893 292(8.81) 28877 19077
2a, 25.70 1114 755 23.40.88 1063 721 23.3®.89 1034 701
1t, 14.85 100 100 14.19.92 100 100 14.210.92 100 100
2ph-TDA ADC(3) NR2
la; 289.80.77 27535 18209 293(0.8) 28698 19 004 291(0.79 27623 18 496
2a; 22.500.80 976 663 23.38.82 991 674 22.90.81) 973 669
1t, 13.960.9) 100 100 14.4@0.92 100 100 14.2(0.92 100 100
Expt?
la, 290.7 13900
2a, 23.0 540
1t, 14.0 100

®Reference 43.
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TABLE llI. Calculated values for the ionization potentidl®, in eV) and relative(%) photoionization intensities of the NHnolecule. Degeneracy factor is
already taken into account.

Koopmans Second order P3
Orbital IP (str) Opw Topw IP (str) Opw Topw IP (str) Opw Oopw
la, 422.7 13952 13617 405078 11902 11620 407(6.82 12308 12018
2a, 31.02 562 584 27.69.8) 508 527 28.00.68 414 430
le 16.97 61 64 15.98.91) 62 65 16.480.93 61 65
3a, 11.67 100 100 10.20.90 100 100 10.8®0.92 100 100
2ph-TDA ADC(3) NR2
la, 404.10.77 11008 10573 409(0.82 11791 11332 406(9.80 11280 10893
2a, (€) 37.830.03 18 19 37.780.02 17 18 37.800.02 18 18
(b) 34.630.02 5 5 34.620.02 6 6 34.620.02 6 6
(c) 29.520.1H 89 91 29.780.28 168 172 29.600.21) 123 126
(d) 26.600.40 221 225 27.48.53 292 298 27.08.57) 313 321
(e 26.290.2H 137 140 26.38.02 8 8 26.370.09 20 21
2 (2ay) 471 480 491 501 479 491
le 15.970.91) 57 60 16.620.93 59 61 16.340.92 59 61
3a, 10.260.90 100 100 11.08.92 100 100 10.7@0.91) 100 100
Expt2
la, 405.6 17 700
2a, 27.7 530
le 16.5 50
3a, 10.85 100

aReference 43.

in the EPT calculations prove very important in determiningnificant improvement to the results is noted when changing
the correct ionization energies, intensity results obtainedrom PW to OPW, indicating the relevance of the orthogo-
from different theory levels vary only slightly. None of the nalization correction to the plane wave, already pointed out
correlated methods is clearly superior and much more sigby other authorg®2833

TABLE IV. Calculated values for the ionization potentidl®, in eV) and relative(%) photoionization intensities of the & molecule.

Koopmans Second order P3
Orbital IP (st Tpw Oopw 1P (str) Opw Oopw IP (str) Opw Oopw
la, 559.4 13575 15579 537@.77) 11 633 13379 541(8.81) 12 404 14 262
2a; 36.64 716 925 32.440.77) 621 802 33.3@.70 544 703
1b, 19.26 65 66 18.110.91 67 68 18.780.99 66 67
3a,; 15.79 156 176 13.870.90 158 177 14.810.93 157 176
1b, 13.76 100 100 11.510.89 100 100 12.5@.93 100 100
2ph-TDA ADC(3) NR2

la, 537.80.79 12 304 13781 544.80.84) 12726 14 310 541(0.81) 12 327 13922
2a, (€) 37.440.07 55 69 37.4800.11) 80 102 37.48.09 65 83

(b) 33.7710.02 13 16 33.8300.19 108 136 33.76.03 26 33

(©) 32.290.57 456 574 33.400.5H5 430 543 32.88.63 486 616

(d) 30.160.19 133 167 30.390.07) 48 60 30.300.11) 77 98

3(2a,) 656 826 665 842 654 830
1b, 18.240.92 69 69 19.00(0.99 68 68 18.660.93 68 69
3a, 14.050.92) 182 205 15.080.93 174 195 14.600.92 177 199
1b, 11.750.9) 100 100 12.840.93 100 100 12.30.92 100 100
Expt2
la, 546.5 30400
330 Broad band attributed toa2
34.8 200 Attributed to 8, shake up.

2a, 32.2 840
1b, 18.4 80
3a, 14.8 260
1b, 12.6 100

®Reference 43.
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TABLE V. Calculated values for the ionization potentid@lB, in eV) and relative(%) photoionization intensities of the HF molecule. Degeneracy factor is
already taken into account.

Koopmans Second order P3
Orbital IP (str) Opw Oopw IP (str) Opwy Topw IP (str) Tpy Topw

lo 715.3 3433 3709 694(@.08 - - e B B

20 43.40 265 375 39.10.39 99 140 40.700.48 136 193

30 20.70 52 57 18.99.92 53 58 19.870.99 52 57

1w 17.53 100 100 14.70.90 100 100 15.910.99 100 100

2ph-TDA ADC(3) NR2

lo €) 848.710.03 123 48 847.60.02 68 64 848.10.03 92 87
(b) 838.80.01) 44 47 B e e 838.60.01) 37 36
() 828.20.02 64 127 827.80.01) 51 50 827.80.02 57 56
(f) 775.40.03 125 105 774.0.03 114 116 774.10.03 124 127
(9 691.90.81) 3208 242 699.(0.86 3284 3528 695.®.83 3218 3466

20 €) 43.460.02 3 48 43.460.02 3 4 43.4%0.02 3 4
(b) 40.730.25 76 a7 41.340.50 144 200 40.910.36 104 145
() 37.680.62 175 127 38.610.39 108 150 38.210.53 145 202

2(20) 253 351 255 355 252 352
30 19.190.93 60 67 20.180.99 57 63 19.680.93 58 65
1w 15.100.92 100 100 16.310.949 100 100 15.7.93 100 100
Expt?

lo 694.0 14 167

20 39.65 417

30 19.89 79

1w 16.12 100

®References 44 and 45.

It has been shown that in the sudden approximationgenerated by M« radiation considered in this work
where final state relaxation and matrix elements describing1253.6 e\, where the PW and OPW approximations are
any process other than the primary ionization are neglectedyq|id, the photon wavelength is already of molecular dimen-
the resulting “uncorrelated” cross section implicitly includes gjons (9.9 A), and the errors introduced by the dipole ap-
the effect of one- and multi-electron transitions, i.e., is @ SUN5ximation are expected to be noticeable. For the treatment
of th'e cross section of the main ionization line plus the CrosRyf larger molecules, or for more energetic photons, the use of
S?C;'Otns.tzglif.d t?cf anty shalge-up/t ;hadkg—og] prpcessesl aSSOfHfa full form of the vector potential from Eq9) is expected
ated 1o It IS efiect can be noticed In e INNEer-valence, o important. This approach corresponds to allowance of

ionization region for NH, H,O and HF, where the intensi- . .
ties obtained using Koopmans’s theorem reproduce the e>2” multipole momentsnot only the dipole one It was ap-
9 P P lied by Kaplan and Markif? in the x-ray photon range. In

perimental intensities reasonably well. The sum of intensitie f 47 it was develoned for therav range where full
from nondiagonal results related to the same final state a ~el. &4, as deveioped for thg-ray range where u

proach the Koopmans's theorem intensity results as mor(g'elativistic'calculation of the photoionization of,Hip to
terms are added in the self-energy expansion. photons with energy 1 MeV was performed.

Pole strengths have been used as a first approximation #®. CH,
the relative cross sections. The results presented here indi- ) o .
cate that such an approach may lead to erroneous concly- All the calculated relative photoionization intensities
sions and that explicit calculation of the cross section is nec(Talble I) reproduce thg correct o.rder. prever, the PW re-
essary even for qualitative agreement with experiment. Thaults _generally overestimate the mte_nsmes correspond_mg to
method may still be useful, however, for a qualitative analy—th? higher IPs. When the orthogonallzatlon gorrectlon is ap-
sis of relative intensities of peaks pertaining to similar DOs Plied, the results agree well with the experimental values.

It is also important to mention that the method presented he DOs in CH (Fig. 1) show a structure very similar to the
here uses the dipole approximation, which is strictly validcanonical Hartree-Fock orbitals, and the diagonal approxi-
only when the wavelength of the incident radiation can bemations are already sufficient to reproduce the experimental
considered to be large compared to molecular dimensions. I#ata with high accuracy. Indeed, the highest intensity is
this region, the resulting photoelectron will have low kinetic noted for the first DO which is composed chiefly of the < 1
energy. However, the PW and OPW approximations are validlominated h; Hartree-Fock molecular orbital. The main
only when the kinetic energy of the photoelectron is high.contribution to the second DO, with intermediate intensity,
For photons with energy in the x-ray region, such as the onesomes from the C&like 2a, Hartree-Fock orbital. The least
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(6)2p-h TDA (e) ADC(3)  (e) NR2

FIG. 1. Dyson orbitals for the CHmolecule.

intense feature comes from DOs that are dominated by the
1t, Hartree-Fock orbitals which exhibit a mixing of ®2
and H Z orbitals.

B. NH,

The ammonia molecule poses a somewhat more interest-
ing case. The correct intensity order is reproduced in all
cases(Table Ill). Apart from the &, ionization, which is
underestimated, and thea? in the P3 approximation, all
intensities reproduce the experiment well. This last DO also
has low pole strength, indicating that this state is not being
described well by the P3 method. The intensities calculated The 2a, ionization shows a structure of five lines in all
from the canonical MOs are in close agreement with thenondiagonal methods. The structures of the DOs, in all cases,
experiment. The low pole strengths for the two higher ion-are combinations of the& and 3a; Hartree-Fock orbitals,
ization DOs in the diagonal approximations also indicate thevhich can be identified with N2and N 2o, basis functions,
possibility of shake-up lines, which are revealed by the nonrespectively, the dominant contributions being from tleg 2
diagonal calculations. The only important contribution to theorbital. The first four lineq2a; (a—d] are similar in all
la; DO comes from the 4, Hartree-Fock orbital, which is approximations. The first ling2a;-(a)] is the one with the
dominated by N & basis functions. The DOs for NHare  highest contribution from &, relative to 21,. Comparison
depicted in Fig. 2. of the coefficients in the DO combination shows a; 3o

le : 3ay

FIG. 2. Dyson orbitals for the Nfimolecule.
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30

FIG. 4. Dyson orbitals for the HF molecule.

1:9, respectively, but the absolute contribution from tlag 2
orbital is higher in the NR2 case by36%.

Table VI shows the most important2p shake-up con-
2a, ratio of 1:3. This high amount of&, mixing is respon- figurations that couple to thea2-h operator leading to A,
sible for the lobe over the nitrogen atom seen in the plot. Thdinal state. The ionization of an inner-valence electron from
2a,-(b,0) poles have small contributions from both, but con-the 2a; DO is strongly mixed to processes which couple the
centrate the DO more on thea2 HF orbital (1:14,1:9. The
2a;-(c) DO is composed almost exclusively of thea;2
Hartree-Fock orbita(1:85). Also, the coefficient for the & TABLE VI. Shake-up c_:onﬁgurations for the NHbhotoionization spectrum,
orbital in the(c) and(d) cases is three to four times higher from the NR2 calculation.

FIG. 3. Dyson orbitals for the 0 molecule.

than in(a) and(b), which accounts for the size of the plotted Final state IP/eMPS  S2h-p Configurations
contour. For the lasf2a;-(e)] DO, the 2h-TDA approxi- ; ST )
X . ' A 37.80(0.0 0.98 0.28(k) (1
mation concentrates most of the contributions in thg 2 "' @ 002 0_41E12)71((162)71((nn%)+1
orbital, just like the 2,-(c) DOs (1:87), while ADC(3) and ()  34.62(0.02  0.98 0.42 (B) 1 (1le) *(nay)*?
NR2 both show more significant contributions from the, 3 0.38(1e) " (1e) "t (ne)*t
orbital, and reduced contributions from tha;2 when com- (© 29.61(02)  0.79 O%E?g;:igalgjgne);l
. a na

pared to t.he ph-TDA results. In the AD@) and NRZ cases @ 27.05057 043 0.28 (113),1 (3ai)*l (ne)lﬂ
the contribution from each HF orbital is small, like in the (@ 2637(0.04 096  0.84(%) (3ay) !(na)*!

2a;-(b) case, the ratio of &, relative to 2, being 1:4 and
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TABLE VII. Shake-up configurations for the & photoionization spectrum 2a; Hartree-Fock orbital. In the AD@) approximation, the
from the NR2 calculation.

roles of the 2&;-(b) and {d) DOs are reversed. A higher

Final state IP/eMPS  32h-p Configurations contribution from the 2, Hartree-Fock orbital appears in
2 - - ” the (b) rather than in théd) component, as opposed to the
Av @ 87.45(0.09 091 0.70(by) " (3a,)" (nby) ~ 2ph-TDA and NR2 cases. The sum of the calculated inten-
(b) 33.78(0.03 097  0.70 (%) ' (3a;) Y(nay) h ! )
0.13 (1b,) " (3a,) " * (nb,) ! sities from the four 2, lines agrees very well with the mea-
(c 32.85(0.63 037  0.13(b;)"!(1b;) !(na)™?! sured value. Also, the importance of the orthogonalization
0.12 (1by) ~*(3ay) " * (nby) ** correction is evident from the results in Table V.
(d 30.30(0.1) 0.89  0.82(b;)"*(1by) ! (nay)*?

Table VII shows the most importanp2h configurations
coupling to the 2,-h operator leading to 3A; final state.
The highest energy stata) is mainly due to a configuration

ionization of a valence electron to the excitation of anothewith holes in the b, and 3a, orbitals, and a particle in la,

valence electron. The cases where oreotbital is ionized
while another is excited to aa, orbital or anothee orbital

orbital. This kind of configuration also contributes to fftg
state, which is dominated by a configuration where both

generate théa) and (b) states. Configurations with holes in holes are from the &, orbital, with an excitation to am,

the 1le and 3, orbitals and a particle in ae orbital are

orbital. Statg(d) is dominated by a i, ionization coupled to

important in the(c) and (d) states. Finally, configurations an excitation of a b, electron to a &, orbital. This last
where both excited and ionized electrons originate from th&onfiguration is also partially responsible for the state,

3a; HF orbital are the main component of tf® state, but

also contribute for théc) state.

C. H,0

All calculations reproduce the correct order of ionization
intensities. The DOs for water are depicted in Fig. 3. As

together with another, where holes are left in botiy And
3a, orbitals and the particle in b, orbital.

The 1b, and 1b; DOs do not show any mixing of
Hartree-Fock orbitals and the results from the diagonal ap-
proximations are basically the same as in the nondiagonal
pproximations. The former DO displays a mix of @ 2in
plane and H 1s, while the latter consists almost entirely of

happened with the other examples, the approximations us%x (out-of-plang functions.

here fail to reproduce quantitatively the intensities for the

The main atomic contributions for thea3 DO come

1a, (O 1s) ionizations, underestimating this intensity by tom 0O 2s and 2, with some mixing with H k. This O 2
around 40-50%. :

The low pole strengths for the second-order and P3 polegyen compared to thet, and 1b, lines. In the nondiagonal

contribution explains the high photoionization intensity

for the 2a; ionizations indicate a structure that is portrayedcalculations, mixing from the & Hartree-Fock orbital in-

by the nondiagonal calculations as having four lifi€8;  (reases the OLcharacter of the 8 DO and therefore in-
(a—d]. Analysis of the DOs shows that the main component, eases the intensities relative to the diagonal results.
in all cases is the &, Hartree-Fock orbital (0%, with a

small mixing of 3, (O 2s,2p,,H 1s). The differences in in-
tensities are due to differences in tha,2contribution for
each DO, the main ling2a;-(c)] being almost purely the p pg

Relative intensity results for the HF molecule are shown

TABLE VIII. Shake-up configurations for the HF photoionization spectrum jn Table VII and the DOs are depicted in Fig. 4. Diagonal
from the NR2 calculation.

approximations completely fail to reproduce the experiment

Final state IPleMPS  S2h-p 2h-p Configurations in the inner valence and core regions. The results show that
(o) @ 8464003 087 057(5) (20) (no) ' these ionizations_are accompan_ied t_)y a number of shake-up
o ' o_'zg(lg),l(lﬂ),l(nw)ﬂ processes. Nondiagonal approximations are necessary for an
(b)  838.60.00 099 0.13(b) L (20) (no)*L appropriate description of the photoelectron spectrum of this
0.67 (10) " (30) % (no) ™* molecule. The & DOs correspond to a main pegko (g)]
0-12(1U):1(1W):1(n77)2 and seven secondary pedls (a—f)] in the 2p-h TDA ap-
(© 8278002 098 0.25(b) (30) (no) ~ proximation. Four of those line@,b,c,j appear in the NR2
@ 795.5001% 0.9 %%11((11‘;))_1((22_1525))” approximation, while ADC3) locates only three of them
0.25 (1o) L (1m) % (nm) (a,b,f. The most important contribution to the DO, in all
(e  786.60.00* 0.99 0.80(b) *(20) ' (no)*t cases, comes from therlHartree-Fock (F &) orbital. The
(f) 7747003 097 0.27(b) '(20)"*(ne)™*  shake-up configurations in Table VIII show that those states
0.20 (17)"*(30) " (n@)"*  are generated by the coupling of an ionization with an exci-
@ 6956083 017 0-39 (1)~ (1m) = (nm) tation, where one hole is always on the drbital and the
5200 4345002 098 0.83(%) ! (30) !(ne) other in any of the inner-valence or valence orbitals.
(b) 40.970.39 0.64 0.56 () ' (1m) *(no)*?t The 20 DOs correspond to two states with comparable
(© 38.20053 047  0.32(ir) ' (1m) '(no)*! intensities[20 (b,0)] and a third weak feature at a slightly

8 rom 2p-h TDA calculation.

bIndicates the dominant HF orbital contribution in the Dyson orbitals com-

binations.

higher energy, labeleds2(a). The DOs for all three peaks are
composed primarily of the @ (mostly F ) Hartree-Fock
orbital with a small mixing from the @ (mostly F2p,).
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Table VIII shows that both stronger lines have very similardescribed here can be a useful tool for the interpretation of
structures with significant coupling from a shake-up configuphotoelectron spectra.
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