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Inner-valence photoionization of HCN: An example of the complete breakdown
of the quasiparticle picture of photoionization

M. Wells and Robert R. Lucchese*
Department of Chemistry, Texas A&M University, College Station, Texas 77843-3255

~Received 3 May 1999!

We performed both single- and coupled-channel scattering calculations of the photoionization of HCN at a
photon energy range of 40–1000 eV. Based upon the present results, we predict that HCN is a system for
which the inner-valence photoionization is characterized by a complete breakdown of the quasiparticle picture
of photoionization. We find that there is no inner valence main line and that the intensity from photoionization
from the inner valence 3s orbital is split into two prominent satellites and two weaker satellites. These four
satellites occur at binding energies of approximately 27.0, 29.5, 31.0, and 33.0 eV, and are almost solely of
inner valence origin. We identify these satellites as being of inner-valence origin as a consequence of the
theoretically predicted high-energy convergence of the photoionization cross-section rations to the ratio of
corresponding spectroscopic intensity factors. Additionally, we find that there is one mixed provenance satel-
lite that occurs on the shoulder of the highest binding energy (4s21) line at 22.5 eV, i.e., lower than the
expected energy range for satellites. The existence of this satellite is another result of the breakdown of the
quasiparticle picture. On a phenomenological basis, all four of the inner-valence-derived satellites appear to be
dynamically correlated shake-up states.@S1050-2947~99!02711-0#
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I. INTRODUCTION

Our recent theoretical work on the inner-valence pho
ionization of acetylene is the first of which we are aware t
examines the problem dynamically with inclusion of corr
lation and multichannel effects@1#. Since this approach
yielded interesting results and new insights into the inn
valence photoionization of acetylene, we would like to e
tend the application of the method to other molecular s
tems. There were several points to suggest HCN as the
system to study. First, acetylene and HCN are both v
important molecules in the envelopes of carbon-rich st
and as such their photoionization behavior has received
tention in astrophysical literature@2–6#. Second, since the
two molecules are isoelectronic, HCN represents a sys
which provides a basis for comparison and contrast w
acetylene in terms of its inner valence photoionization
namics. Finally, because HCN has less symmetry than ac
lene, the possibility exists that it would exhibit a more pr
nounced deviation from the molecular-orbital model
photoionization than the partial breakdown observed w
acetylene. Unfortunately it was not possible to gauge
prospects of HCN in this respect because there is insuffic
theoretical and experimental data available with which to
so. Although the photoionization of HCN has been well stu
ied in the lower photon energy region up to;20 eV @7–23#,
the inner-valence photoionization of HCN has received o
cursory attention@13,14,21#. This work then will be a first
step in understanding the inner-valence photoionization
HCN.

When the quasiparticle picture of photoionization ho
for the inner valence region, there will be an inner-valen

*Author to whom correspondence should be addressed.
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main line, the integrated intensity of which will very close
agree~to within *70%! with that predicted by the Thomas
Reiche-Kuhn sum rule; electron correlation may result
weak satellite features, typically several eV to the hig
binding-energy side of the main line in photoelectron spec
that accounts for any remaining intensity that would oth
wise reside in the main line. However, in the inner-valen
region it is often the case that the inner-valence molecu
orbital is quasidegenerate with one or more two-hole–o
particle (2h-1p) configurations. In this event, final-state co
relation may enable a satellite to ‘‘borrow intensity’’ from
the inner-valence main line, resulting in a significant red
tribution of intensity from the main line to the satellite, an
in extreme cases, the inner-valence main line intensity m
be almost completely redistributed over a number of sa
lites, some of which may even appear on the low-bindin
energy side of the main line@24#. When the inner-valence
main line is thus severely diminished or obliterated, we re
to this as the breakdown in the quasiparticle model of pho
ionization @24–26#.

Our previous work on the inner-valence photoionizati
of acetylene@1# provided an example of the breakdown
the quasiparticle picture of photoionization; the 2sg

21 inner-
valence line of acetylene loses;50% of its intensity to the
satellite region, up to half of which is borrowed by satelli
2, the 112Sg

1 state. Since most of the acetylene inne
valence intensity still resides in one line, this is only a part
breakdown of the quasiparticle picture of photoionizatio
With respect to HCN, however, we maya priori expect more
extreme deviations from the quasiparticle picture. This is
cause HCN has lower symmetry than acetylene. Theref
HCN has 2h-1p configurations resulting from ionization ou
of the 4s orbital that are potentially quasidegenerate with t
HCN 3s21 inner-valence main hole ionization, whereas
acetylene ionization from the analogous orbital, 2su , pro-
4519 ©1999 The American Physical Society
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4520 PRA 60M. WELLS AND ROBERT R. LUCCHESE
duces configurations that are symmetry forbidden from m
ing with the inner-valence hole state, 2sg

21.
In keeping with a priori expectations, a central resu

from the present inner-valence photoionization study p
dicts that HCN is a molecule exhibiting a complete brea
down of quasiparticle photoionization wherein no single li
is definitively identifiable as the inner-valence main lin
One implication of this loss of the ‘‘main’’ inner-valenc
line is that it is problematic to analyze the results in terms
the energy-dependent satellite and main cross-section~or ex-
perimental intensity! ratios that figure prominently in the
phenomenological classification system of Becker and S
ley @27#, and also figure prominently from the theoretic
standpoint. From a theoretical standpoint, under certain c
ditions and for reasons we will review in Sec. II at hig
photon energy the satellite and main ratios~experimental or
theoretically derived from cross sections! will approach the
corresponding ratio of spectroscopic intensity factors, a
this behavior, which we henceforth refer to as convergen
can be used to determine the provenance of the satellite
other words, convergence occurs when the satellite re
sents intensity borrowing from the main line to which it
compared. Also in the Becker-Shirley classification syste
the satellite and main cross-section ratios can be use
determine what kind of correlation effects contribute to t
manifestation of the satellite. We should note that
Becker-Shirley classification system is more commonly
plied to situations such as photoionization from core sta
where the delineation between shake-up states and the
line is not subject to the ambiguity that may exist in inne
valence photoionization. However, an analysis of the pres
results indicate that assigning a main line is far less o
problem than the problem of overlapping satellite lines, i
lines that cannot resolved experimentally, and that any inn
valence line may serve as a main line as long as its p
enance is the same as the satellite to which it is compar

The methodology developed previously for studying t
inner-valence photoionization of acetylene is again u
here, with apparently excellent results inasmuch as t
agree well with the little experimental data available@13,14#.
In agreement with the experimental results, we find that th
are four satellite lines to the high-binding-energy side of
HCN 4s21 main line, and these occur at approximate
22.5, 27.0, 31.0, and 33.0 eV. Additionally, the present
sults predict another small satellite atca. 2–3 eV above the
27-eV state. The four high-lying states likely result from
predominately 3s21 origin, but the lowest satellite at 22.
eV appears to be of 3s21, 4s21, and 5s21 mixed prov-
enance. In terms of the Becker-Shirley terminology, we
lustrate how the four satellites of inner-valence origin are
dynamically correlated shake-up states.

II. THEORY AND COMPUTATIONAL METHODS

The computational methods for the inner-valence work
HCN are similar to those for the inner-valence work
acetylene, and for general details or the calculation we r
the interested reader to this reference and other approp
references@1,28–30#. To begin this work, we first obtained
set of molecular orbitals from a state-averaged multiconfi
ration self-consistent field~MCSCF! @31,32# calculation us-
-
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ing the programMOLPRO @33#. The basis set for these calcu
lations was an augmented valence triple-zeta basis~AVTZ !
from theMOLPRO library. The HCN geometry used hadC`v
symmetry with RC–N51.153 Å and RC–H51.066 Å @34#
HCN has the ground-state configuration

~1s!2~2s!2~3s!2~4s!2~5s!2~1p!4,

which in theMOLPRO AVTZ basis set with the above geom
etry yields a total SCF energy forX 1S1 of 292.909 132
hartree. The MCSCF calculation performed a state aver
over fourteen HCN1 states in which the occupied Hartre
Fock orbitals of HCN were included in the orbital space b
were not varied. The MCSCF active space consisted of
HCN ground-state occupied orbitals listed above and a se
virtual orbitals including one orbital ofs symmetry, two
orbitals ofp symmetry, and one orbital ofd symmetry. The
ground-state excitation restrictions allowed a total of tw
electrons in the virtual active space above 2p, and a total of
four electrons in all of the virtual orbitals. Similarly, the io
state excitation restrictions allowed a total of one electron
the virtual active space above 2p and a total of three elec
trons in all of the virtual orbitals. We varied the number a
symmetry of orbitals in the MCSCF active space, and
number and symmetry of states included in the MCSCF s
average to arrive at a best MCSCF result within the des
size range of the calculation, a size range dictated by
logistics of the subsequent scattering calculation@30,35#.

To determine which states should be included in the M
SCF state average, we first performed several prelimin
calculations of spectroscopic intensity factors~SIFs! as a
sum of pole strengths according to

I SIF
c 5(

q
I SIF

q,c5(
q

uxq
~c!u2, ~1!

where I SIF
q,c is the contribution of each individual molecula

orbital q from which photoionization occurs to the total SIF
c is the final-state channel contributing to the SIF intens
andxq

(c) is the transition amplitude defined by

xq
~c!5^Fc

CI,N21uaquC i
CI,N&. ~2!

In Eq. ~2!, Fc
CI,N21 and C i

CI,N are thecth channel (N21)-
electron target ion state andN-electron initial-state wave
functions, respectively, derived from a numerical configu
tion interaction calculation~CI, vide infra!, andaq is an an-
nihilation operator for an electron in orbitalq. The prelimi-
nary calculations were based on several sets of orbitals f
different MCSCF calculations and the resulting SIF resu
indicated that, similar to acetylene, the most important sa
lite states for HCN are those of2S1 symmetry. Based on
these calculations, 13 of the 14 states included in
MCSCF state average were of2S1 symmetry, and the 14th
state was of2P symmetry.

For the inner-valence work on acetylene, there were m
experimental and theoretical data available which quanti
the binding energies of all of the main lines and the first t
satellites fairly closely. Thus, in the case of acetylene
were able to judge the best MCSCF in terms of theDE’s
between the first2Sg

1 state and three subsequent states
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that symmetry. In the case of HCN there is not such
experimental and theoretical consensus, and so we jud
the best MCSCF on the basis ofDE’s between the three
main outer valence lines in comparison to other theory
experiment. Table I compares the values of theDEs from the
present best MCSCF calculation to experimental photoe
tron spectra~PES! @13,19,23# and to other theoretical result
computed using the extended Koopman’s theorem met
@36#, the multiconfigurational spin tensor electron propaga
method~MCSTE! @37#, and the multireference singles an
doubles CI with estimated quadruples~DMRSDCI1Q!
method@37#. The best MCSCF results are not ideal, but a
far superior to the other MCSCF calculations that we p
formed, and are quite good compared to other theoret
results and in light of the experimental uncertainty.

The natural orbitals from the MCSCF calculation serv
as the starting point for a numerical CI calculation@30# that
produces both theN-electron final state and (N21)-electron
target ion state wave functions that are used in the scatte
calculation. The CI excitation levels are the same as those
the MCSCF; there were up to 1600 symmetry-adap
configuration-state functions~CSF’s! for the CI initial states,
and up to 660 symmetry-adapted CSF’s for the ion sta
depending on symmetry. Table II gives main line ionizati
potentials~IP’s! from the CI, along with IP’s from the litera
ture. The IP’s for each main line are in reasonable agreem
with the other estimates in Table II, especially consider
the apparent experimental uncertainty in the IP’s.

We then examine the SIF’s which derive from the b
MCSCF orbitals in order to choose ion states for the scat
ing calculation. By previously developed criteria@1# we have
determined that any states which have a large SIF connec
the ion state to the initial ground state should be included
the scattering calculation. Table III lists the (N21)-electron
target states for the multichannel scattering calculations,
most important configurations for each target state,
threshold energy of each state, the SIF of each state, an
most important configurations for the ground state,X 1S1.
Regarding the states not listed in Table III, since the n
largest SIF is only;10% of the smallest SIF in Table III
there was a natural delineation of which states to use

TABLE I. Numerical CI results using the natural orbitals fro
the best state-averaged MCSCF calculation on HCN compare
other calculations and experimental data.

DE~eV!

1 2S1 relative
to 1 2P

2 2S1 relative
to 1 2P

1 2S1 relative
to 2 2S1

MCSCF,
this study

0.15 6.85 6.70

MCSTEPa 0.04 6.76 6.72
DMRSDCI1Qa 0.15

EKTb 0.80 8.02 7.22
PESc 0.40
PESd 0.40 6.40 6.00

aReference@37#, calculated.
bReference@36#, calculated.
cReferences@13# and @19#.
dReferences@19# and @23#.
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which states to reject. Conveniently, this delineation in
cated that only eight ion states were required, still a la
multichannel calculation, but tractable. The SIF’s in Tab
III are normalized to the number of degenerate electrons
orbital in order to illustrate the main line ‘‘recovery.’’ While
the 1p21, 5s21, and 4s21 SIF’s are close to 0.90, the inne
valence 3s21 is unidentifiable as a single line, and thus
the inner-valence photoionization of HCN we see a comp
breakdown of the molecular-orbital picture.

After choosing a set of target ion states based on
intensities, a second criterion that we use to determine if
additional target ion states need to be included is the os
lator strength criterion. The eigenfunctions of theN-electron
Hamiltonian solved in the space of the CSF’s which we o
tained using the same orbitals and occupation restricti
used to compute the initial-state CI wave function represe
discretization of the photoionization continuum, and thus
proximately represent the resonant and open-channel s
that are strongly excited by the photoexcitation of the init
state. We want to make sure that all of these import
N-electron states are adequately described by the set of ta
ion state plus continuum function permutations. To do th
we first evaluate whichN-electron excited states are mo
important by calculating the oscillator strength between
ground-state HCN CI wave functionC i

CI,N (X 1S1), and an
N-electron excited-state CI wave functionC f

CI,N . The oscil-
lator strengths are calculated in the mixed form

f fi
r ,¹r5 2

3 ^C i
CI,Nur uC f

CI,N&^C f
CI,Nu¹ r uC i

CI,N&, ~3!

wherer is the length form transition operator, and¹ r is the
velocity form transition operator. AnyN-electron state hav-
ing an oscillator strength of.0.05 was incorporated into ou
evaluation of whether the oscillator criterion was met. Ta
IV gives the percent recovery, as indicated by the normali
projection of the final state onto the target plus molecul
orbital penetration terms, of theN-electron initial states hav
ing significant oscillator strengths by the set of (N21)-
electron ion states in Table III. Optimally the recovery
Table IV should be>0.90, but in the case of 121S1 we
could not identify further ion states which, upon inclusio

to
TABLE II. Ionization potentials from the main lines of HCN

obtained from the numerical CI results using the natural orbi
from the best state-averaged MCSCF calculation on HCN comp
to other calculations and experimental data

Ionization potential~eV!

1 2P(1p21) 1 2S1(5s21) 2 2S1(4s21)

CI, this study 13.8 13.9 20.6
MCSTEPa 13.8 13.8 20.5

DMRSDC1Qa 13.6 13.8 -
EKTb 14.0 14.8 22.0
PESc 13.6 14.0 19.1
PESd 13.6 14.0 20.0

aReference@37#, calculated.
bReference@36#, calculated.
cReferences@13# and @19#.
dReferences@19# and @23#.
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TABLE III. HCN N-electron ground state and (N21)-electron ion states used in multichannel scatter
calculation.

State

Energy above
ground state,

eV SIFa Important configurationsb

N-electron ground state
X 1S1 0.00 NA 0.95 ground state

0.23 (1p)22(2p)2

(N-1)-electron target states
1 2P(1p21) 13.82 0.90 0.94(1p)21

0.19(1p)23(2p)2

0.16(1p)22(2p)1

1 2S1(5s21) 13.88 0.85 0.90(5s)21

0.28(5s)21(1p)21(2p)1

0.19(5s)21(1p)22(2p)2

2 2S1(4s21) 20.61 0.84 0.88(4s)21

0.21(5s)21(1p)21(2p)1

0.21(4s)21(1p)22(2p)2

0.20(4s)21(1p)21(3p)1

0.21(4s)21(1p)21(2p)1

3 2S1 22.81 0.083 0.87(5s)21(1p)21(2p)1

0.24(5s)21(1p)22(2p)2

0.19(4s)21

0.16(3s)21

0.15(5s)21(1p)22(2p)1(3p)1

0.15(5s)21

6 2S1 27.79 0.226 0.76(4s)21(1p)21(2p)1

0.45(3s)21

0.18(5s)21(1p)21(2p)1

0.15(4s)21(1p)22(2p)1(3p)1

9 2S1 30.41 0.083 0.63(5s)21(1p)22(2p)2

0.37(5s)21(1p)21(2p)1

0.36(1p)22(6s)1

0.28(3s)21

0.25(4s)21(1p)21(2p)1

0.22(5s)22(6s)1

13 2S1 32.29 0.255 0.48(3s)21

0.43(5s)21(1p)22(2p)2

0.40(4s)21(1p)21(2p)1

0.32(5s)21(1p)21(2p)1

0.29(1p)22(6s)1

0.19(4s)21(5s)21(6s)1

14 2S1 33.44 0.279 0.56(5s)21(1p)21(2p)1

0.48(3s)21

0.39(5s)21(1p)22(2p)2

0.27(4s)21(5s)21(6s)1

0.19(5s)21(1p)21(3p)1

0.16(3s)21(1p)22(2p)2

0.15(4s)21(1p)22(2p)2

aNormalized by dividing by the number of degenerate electrons in orbital, 4 forp, 2 for s.
bAbsolute values of CI coefficients.
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into the target ion state list, improved this recovery. Beca
the state has a very weak oscillator strength, i.e., is not lik
to be a very importantN-electron excited state, and becau
the recovery of this state in Table IV is still quite reasona
at 0.75, we continued the calculation without adding a
further target ion states to the set listed in Table III.

A final consideration before performing the scattering c
culation is to avoid the phenomenon of overcompleten
e
ly

e
y

-
s

@28,38#. One manner by which overcompleteness may
avoided is to impose orthogonality constraints which p
clude the inclusion of linear dependencies in the multich
nel CI wave function expansion used in the scattering ca
lation. For the inner-valence calculation on HCN we fou
that it was sufficient to orthogonalize the continuum scatt
ing functions to the strongly occupied molecular orbitals, a
no other orthogonality constraints were necessary. We v
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fied this by calculating the eigenvalues of the overlap ma
for the target plus molecular-orbital penetration terms.

After arriving at a suitable list of ion states, and determ
ing that no special orthogonality constraints were necess
we performed both single-channel and multichannel sca
ing calculations to determine the photoionization cross s
tions for HCN over the photon energy range of 40–1000 e
in the course of this work, we also calculated photoionizat
asymmetry parameters@39#, but will not report these here a
they do not enter into the discussion below. Since the s
tering calculations have been described in great detail pr
ously @28,30,40,41#, we will only briefly review them here
In the study of photoionization we only need to calcula
matrix elements of one-electron operators between
initial- and final-state wave functions. We calculate mu
channel~MC! or single-channel~SC! photoionization cross
sections using a Schwinger variational method that de
mines photoionization cross sections in the mixed for
Photoionization cross sections are given by

sc
MC~SC!,mixed5(

S

4p2

3
^Cs,c, f

MC~SC!CI,Nur uC i
CI,N&

3^C i
CI,Nu¹ r uCs,c, f

MC~SC!CI,N&, ~4!

where in a neutral system ofN electrons one of the electron
is not bound. The one-electron continuum functions are
plicitly incorporated into the electronic multichannel
single-channel configuration-interaction~MCCI or SCCI!
scattering function,CS, f

MCCI,N , such that

Cs,c, f
MCCI,N5 (

c851

Nc

Fc8
CI,N21

~xc8,c,S!5 (
c851

Nc

(
i 51

Nb

c i~xc8,c,S!Cic8 ,

~5a!

and

CS, j
SCCI,N5Fc

CI,N21~xc,c,S!5(
i 51

Nb

c i~xc,c,S!Ci ,c . ~5b!

In Eqs. ~4! and ~5! the index S indicates the asymptotic
boundary condition for ionization leading to thecth ion state,
the indexf indicates a final scattering state,Nc is the number
of channels,xc8,c,S is the c8th channel one-electron con
tinuum function,Nb is the number of CSFs,c i is an (N
21)-electron CSF, andCic8 are expansion coefficients fo
the expansion ofFc8

CI,N21. The notationFc8
CI,N21(xc8,c,S) is

TABLE IV. N-electron excited states used in choosing ion sta
for multichannel scattering calculation on HCN.

Excited-state
Symmetry

Energy above
ground state

~eV!
Oscillator
strength

Fraction of initial
state recovered

by penetration terms

5 1S1 15.90 0.07 0.97
6 1S1 17.75 0.65 0.98
7 1S1 18.57 0.45 0.97
10 1S1 22.70 0.43 0.97
12 1S1 23.68 0.05 0.75
18 1S1 27.00 0.07 0.91
x

-
ry,
r-
c-
;
n

t-
i-

e

r-
.

x-

an antisymmetrized spin- and symmetry-adaptedN-electron
final-state function constructed from the product of thec8th
channel target ion stateFc8

CI,N21 and the continuum state
xc8,c,S ; similarly, the notationc i(xc8,c,S) is an antisymme-
trized spin- and symmetry-adaptedN-electron CSF con-
structed from the product ofc i andxc8,c,S .

The Lippman-Schwinger equations gives the functio
xc8,c,S through

xc,S5xc,S
~0!1G= V= xc,S , ~6a!

wherexc,S is a lengthNc vector of componentsxc8,c,S , xc,S
(0)

is a lengthNc vector whose components are all zero exc
for the one which is the continuum function in the absence
the scattering potential for the asymptotic stateS in channel
c, G< is a diagonal matrix of Coulomb Green’s functions, a
V< is the potential matrix. The potentialV has the form of a
Phillips-Kleinman pseudopotential@42#, and the multichan-
nel Coulomb Green’s-function matrix is

~G< !5~G< !cc8G~Ec!dcc8 , ~6b!

whereG is the Coulomb Green’s function,

G~Ec!5 lim
«→0

S 2
1

2
¹22

1

r
2Ec2 i« D 21

, ~6c!

Ec is the asymptotic energy of the electron leaving the m
ecule in target statec, andd is the Kronecker delta.

As noted in Sec. I previous theoretical works@1,24,43#
have described how, under certain conditions, the expres

sc8
sc

5
I SIF

c8

I SIF
c ~7!

is valid. Equation~7! may only be true under the following
conditions:~1! At photon energies high enough to be in th
sudden limit, or, in other words, when the photoionized el
tron leaves with sufficient energy that the residual target
state orbitals do not have time to relax during the process~2!
When interchannel coupling and nonorthogonality terms@24#
are negligible.~3! When the photoionization process is dom
nated by a single orbital.~4! When the photoionization ma
trix elements for statesc and c8 are similar and the energ
dependences of both are weak. The second and fourth
ditions above are generally believed to be true at high pho
energy@24#. In the event that Eq.~7! is valid it implies that
the provenance of a satellite statec8 can be assigned to th
main linec and provides a form of correspondence betwe
static theory~energy-independent SIF’s! and dynamic theory
~energy-dependent photoionization cross sections!. However,
even in cases where Eq.~7! is invalid, the energy-dependen
cross section ratio can still be used to study the effects
correlation on satellite states per Becker and Shirley.

III. RESULTS AND DISCUSSION

A. Photoionization cross sections

The high-energy behavior of photoionization cross s
tions can be qualitatively understood by approximating
continuum function in the dipole matrix element, which d
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4524 PRA 60M. WELLS AND ROBERT R. LUCCHESE
termines the cross section, by a plane wave. Then the en
dependence of the cross section can be seen to be determ
by the momentum distribution of the hole orbital. In gene
an s orbital has more high-momentum components than
correspondingp orbital coming from the same atomic she
Thus the cross section for ionizing out of ans orbital will
decrease more slowly at high energy than does the c
section for the correspondingp orbital. Additionally, one
would expect that as atoms with higherZ are considered the
cross sections from the same orbital would also decrease
slower rate at high photon energy compared to the cr
sections for atoms of lowerZ. These qualitative expectation
are in agreement with the atomic photoionization cross s
tion for the C and N atoms. The cross sections for both C
N 2p orbitals are much smaller at high energy than the cr
sections for either C or N 2s. Additionally, the cross section
for N 2p is ;3 times that of C 2p at 1040 eV and the cros
section of N 2s is ;2 times that of C 2s at the same energ
@44#. The high-energy behavior of the photoionization from
given molecular orbital can then be understood qualitativ
by considering the behavior of the orbital near the nuclei
a linear-combination-of-atomic-orbital representation of
molecular orbital, the expansion coefficients can be use
qualitatively estimate the relatives and p content of a mo-
lecular orbital at a given center, and thus to understand
high-energy photoionization cross section behavior.

Figure 1 shows the total multichannel cross section for
main line channels 12P(1p21), 1 2S1(5s21), and
2 2S1(4s21) as well as the multichannel cross section
the channel 132S1, the latter of which has CSF’s that ar
most strongly dominated by the inner valence 3s21, per
Table III. Although the outer valence 12P(1p21) is de-
creasing very rapidly with energy as compared
2 2S1(4s21) and 132S1, the 1 2S1(5s21) outer-valence
cross section does not decrease with the same rapidity
function of photon energy as the analogous 12Sg

1(3sg
21)

did for acetylene. In isoelectronic acetylene, molecul
orbital coefficients show that the 3sg orbital is considerably
more p like than the inner valence 2sg orbital, and so the
cross section for 12Sg

1 drops more rapidly than 22Sg
1 at

high photon energy. The HCN molecular-orbital coefficien
show that 5s21, 4s21, and 3s21 all have a reasonabl

FIG. 1. Total multichannel cross sections for main-line chann
of HCN as a function of photon energy.
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amount ofp-like character as well ass-like character. Since
the HCN 5s orbital has substantial N 2s and 2p character,
the qualitative model discussed above agrees with the
that the 5s21(1 2S1) cross section for HCN falls off less
rapidly at high photon energies than did 3sg

21(1 2Sg
1) for

acetylene.
A thorough scrutiny of the HCN inner-valence photoio

ization requires an understanding of the cross-section be
ior of the 2S1 states. Figures 2~a!–2~g! and 3~a!–3~g! show
the partial-channel cross sections for all of the2S1 states in
this study. The first item of general note about both figure
that the difference between the single-channel and mu
channel cross sections is not very pronounced at any ph
energy. Those channels which do exhibit minor differenc
are satellites, and, inasmuch as satellites are sometime
ferred to as correlation states, it makes sense that these s
would be more likely to exhibit correlation effects. On th
other hand, it is surprising that the minor differences b
tween the single-channel and multichannel results in Fig
and 3 occur in the intermediate photon energy range, and
the agreement between the single-channel and multicha
results is good in the lower photon energy range. As co
pared to our previous work on acetylene, the MCCI scat
ing function in this calculation is constructed in the sam
manner. However, the active space used in the present

ls

FIG. 2. Single-channel~dashed line! and multichannel~solid
line! cross sections for the1S1→n 2S11ks continua of the main
line and most significant2S1 satellite channels.~a! 1 2S1(5s21).
~b! 2 2S1(4s21). ~c! 3 2S1. ~d! 6 2S1. ~e! 9 2S1. ~f! 13 2S1.
~g! 14 2S1.
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SCF calculation is smaller than the active space used in
acetylene calculation, which reduces the amount of corr
tion associated with the initial and target ion states. Since
main difference between the single-channel and multich
nel results is that the latter incorporate interchannel coupl
we may interpret the similarity between the two sets of d
in Figs. 2 and 3 as an indication that interchannel couplin
not significant in this calculation.

In discussing Table III, we remarked that the SIFs a
important CSFs for the states above 22S1 indicate a com-
plete breakdown of molecular-orbital photoionization. As
result, we cannot unambiguously identify a 3s21 ‘‘line.’’
This makes the assessment of the satellite structures qu
bit more challenging. For instance, on the basis of the ene
dependent behavior of the 4s21(2 2S1) and 5s21(1 2S1)
cross sections we might be able to identify contributio
from these to the energy-dependent behavior of the sate
cross sections. However, 3s21 must also certainly be a larg
contributor to the satellite cross sections, but since there i
‘‘main line’’ for 3 s21 it is impossible to assign inner va
lence contributions to the satellites on the basis of the 3s21

energy-dependent behavior, i.e., the approach used in
inner valence study on acetylene. We will return to this po
later. For now, it remains to complete our examination of

FIG. 3. Single-channel~dashed line! and multichannel~solid
line! cross sections for the1S1→n 2S11kp continua of the main
line and most significant2S1 satellite channels.~a! 1 2S1(5s21).
~b! 2 2S1(4s21). ~c! 3 2S1. ~d! 6 2S1. ~e! 9 2S1. ~f! 13 2S1.
~g! 14 2S1.
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partial-channel cross-section behavior. In Figs. 2~a!, 2~b!,
3~a!, and 3~b!, we see that the main line cross sections ha
no structure in the range of interest above 40 eV, and
crease steadily with increasing photon energy. There
some oscillatory structures at photon energies above 100
in the 1S1→2S11ks channels which have been prev
ously characterized in other systems@1,45#, and which result
from energy-dependent variations in the contribution fro
various components of angular momenta to the cross sec
For the satellite cross sections in Figs. 2~c!, 2~d!, and 2~g!,
there is a structure in the1S1→2S11ks cross section
which occurs at approximately 22 eV above threshold an
probably a high-energy shape resonance. The shape o
1S1→2S11ks cross section in the 30–70-eV region
Figs. 2~e! and 2~f! suggests that there may be an addition
shape resonance at approximately 9 eV above threshold.
1S1→ 2S11kp satellite cross sections in Figs. 3~c!–3~g!
also indicate an additional structure not apparent in the m
lines; this structure is manifested as a dip near;30 eV in the
1S1→ 2S11kp cross section in Fig. 3~c! (3 2S1), which,
given the shape of the structure and the complex provena
of 3 2S1 in Table III, is probably an interference effect ari
ing when the various contributing functions have phases
do not vary at the same rate.

Figures 4~a!–4~c! compare the total HCN 12P, 1 2S1,
and 22S1 cross sections from the present single-chan
calculation to those from Ref.@21#, which were calculated
using the multiple-scattering model. Generally, our resu
are in reasonable agreement with theirs, both qualitativ
and quantitatively. However, one disadvantage of
multiple-scattering method is that resonances in the cr

FIG. 4. Present single-channel HCN cross-section results c
pared to the multiple, scattering results of Ref.@21#. ~a!
1 2P(1p21). ~b! 1 2S1(5s21). ~c! 2 2S1(4s21).
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4526 PRA 60M. WELLS AND ROBERT R. LUCCHESE
section are often unrealistically narrow~compare, for in-
stance, work on N2 by Stephens and Dill@46#, Basden and
Lucchese@47#, Lucchese and Zurales@35#, and Poliakoff,
Kakar, and Resenberg@48#!. Thus the results of Ref.@21#
show two strong resonances in Fig. 4~b! and one strong reso
nance in Fig. 4~c!, which are considerably more distinct tha
what the present results indicate. Also, in Fig. 4~c! the
present results indicate a small structure at;40-eV photon
energy which is not apparent in the results of Ref.@21#.

Both Ref. @21# and the present study indicate that the
may be one or more shape resonances appearing in the2S1

channels. If there is such a resonance, it should be refle
by a rise in the eigenphase sum. Figures 5~a! and 5~b! show
the eigenphase sums for 12S1 and 22S1, respectively,
confirming this rise. A Breit-Wigner fit of these results ind
cates that there is one shape resonance which appears a
eV above threshold in 12S1 and 22.7 eV above threshold i
2 2S1, with widths of 16.0 and 16.7 eV, respectively,
each channel; this shape resonance contributes to the s
ture in the other2S1 channels.

B. Dynamic vs static theoretical treatment of satellites

Table V lists the orbital contributions to the SIF intens
for each2S1 channel. These data indicate that the two2S1

main lines, 12S1 and 22S1, derive most of their intensity
from 5s21 and 4s21, respectively, in keeping with the qua
siparticle picture. Other than 32S1, which is an amalgam o
5s21, 4s21, and 3s21, Table V suggests that the remai
ing satellites derive most of their intensity from 3s21. The
relative contributions of 5s21 and 4s21 to the satellites
does vary somewhat among the satellites, however, since

FIG. 5. Single-channel eigenphase sums for electron-ion sca
ing off of two main line hole states of HCN as a function of th
kinetic energy of the scattered electron.~a! 1 2S1(5s21)1ks. ~b!
2 2S1(4s21)1ks.
ed

4.7

uc-

he

energy dependence of 12S1 and 22S1 are similar, there is
not any immediate avenue for assessing the relative im
tance of these contributions.

Convoluting the SIF pole strengths with Gaussian fun
tions produces a simulated PES. The resulting simula
spectrum is in Fig. 6~a! and Figs. 6~b!–6~e! show a series of
simulated spectra from convoluting photoionization cro
sections with Gaussian functions. The cross-section-ba
spectra are simulated for photon energies of 1000, 100,
and 40 eV, respectively. For the sake of comparison,
vertical axis in Fig. 6 represents intensity relative to t
6 2S1 state. The four simulated spectra in Figs. 6~b!–6~e!
illustrate how the predicted HCN PES changes with incre
ing photon energy. At 40 eV, most of the satellite intensity
in 6 2S1. By 70 eV there has been a shift, and now most
the intensity is in 132S1. From 70 to 1000 eV the satellite
with energies above 62S1 continue to increase in relativ
intensity, with a gradual redistribution of intensity to high
photon energy. In particular, 142S1 acquires a significan
intensity by 1000 eV, relative to the other satellites.

The energy-dependent behavior of 32S1 is quite differ-
ent from the other satellites in Fig. 6, as we might exp
from what we know of its provenance in Table V. The i
tensity of this satellite varies with the relative intensity
2 2S1(4s21), as apparent from the tail of the latter which
in the low photon energy region of the simulated PES
Figs. 6~b!–6~e!. If we think about the origins of 32S1 in
light of the inner-valence photoionization of acetylene@1#,
we can say that 32S1 arises in part as a result of the lowe
symmetry of HCN as compared to acetylene. For the an
gous satellite to exist in acetylene, it would have to be
mixture of 1 2Sg

1(3sg
21), 1 2Su

1(2su
21), and

2 2Sg
1(2sg

21); since this mixed provence is symmetry fo
bidden in acetylene, we do not see any low binding ene
acetylene satellite analogous to 32S1. Thus for HCN we
are able to observe one of the hallmarks of the breakdow
the quasiparticle model@24#, that is, we observe a satellit
band in the binding-energy region which we normally thi
of as the outer-valence region.

Returning to the consideration of static theoretical resu
~SIFs! in Fig. 6~a!, we see that these results agree rather w
with the cross-section-based simulated PES spectrum at 1
eV. At 1000 eV, the simulated spectrum in Fig. 6~b! is at the
sudden limit. This means that as the photoionized elect
leaves the molecule too suddenly for the residual target
to relax during the exit process. If we look at the Eq.~2!
expression for the transition amplitude, a quantity that

r-

TABLE V. Orbital contributions to SIF intensity for HCN.

Channel

Source of SIF intensity~%!

3s 4s 5s 6s

1 2S1 0.10 0.10 99.73 0.06
2 2S1 0.05 99.05 0.89 0.01
3 2S1 31.47 45.67 22.87 1.67
6 2S1 93.24 4.62 1.80 0.34
9 2S1 90.16 1.96 7.78 0.10
13 2S1 92.54 4.70 2.64 0.12
14 2S1 90.39 2.28 6.93 0.39
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used to calculate the pole strengths that go into the SIFs
ket in this expression describes a set of (N21)-electron un-
relaxed orbitals. This is the reason why we may reasona
expect that simulated spectra based on static theoretica
sults should resemble results from dynamic theory at h
energies in the sudden limit.

There is little experimental data on HCN with which
compare the simulated spectra in Figs. 6~b!–6~e!, and Fig.
6~f! is the only experimental PES spectrum of which we
aware that clearly resolves the satellite region of HCN@14#.
The HeII PES in Fig. 6~f! is in good agreement with th
40-eV photon energy simulated spectrum in Fig. 6~e!. Note
that the simulated PES in Fig. 6~e! shows that in our calcu
lations the ionization potentials are consistently about 1
higher that the experimental ionization potentials. We a

FIG. 6. SIF results, simulated PES spectra, and a HeII experi-
mental spectrum for the satellite region of HCN. All results a
given without any binding-energy corrections. Simulated spe
are constructed by convolution of the cross-section magnitud
SIF magnitude with peak widths fitted from experimental data.~a!
SIF pole strengths and simulated PES spectrum based on S
Simulated PES spectrum based on cross sections at a photon e
of ~b! 1000 eV,~c! 100 eV, ~d! 70 eV, and~e! 40 eV. ~f! Experi-
mental spectrum at a photon energy of 40.8 eV from Elandet al.
†Ref. @14#‡.
he
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note that the relative intensities are in good agreement w
those found in the experiment.

The next step in analyzing the dynamic data in Fig. 6 is
look at the satellite energy dependence as described by
phenomenological approach of Becker and Shirley@27#. The
problem is that this approach for examining satellites
volves designating a parent peak, or main line. The two m
obvious choices for a ‘‘main’’ inner-valence line are 62S1

and 132S1. The first is a reasonable choice since it is t
lowest-binding-energy satellite for which both the SIF’s
Table V and the CSF’s in Table III indicate a substant
amount of 3s21 character. The second, however, carries
bulk of the satellite intensity even at 70 eV@Fig. 6~d!# and is
the only satellite for which the principle CSF is the 3s21

hole state configuration. Figures 7~a!–7~d! show the satel-
lite/main ratios where 62S1 serves as the main line. Th
cross-section ratios in Figs. 7~b!–7~d! are all within 15% of
the corresponding SIF ratios. Also, the shape of each cr
section ratio profile in Figs. 7~b!–7~d! suggests that the
cross-section ratios are converging to the corresponding
ratio. Since all of the states used in Figs. 7~b!–7~d! are sat-
ellites which have 3s21 hole state CSF contributions and n
contributions from 4s21 or 5s21 CSF’s, this observation
may represent convergence. We observed previously

a
or

’s.
rgy

FIG. 7. Photon energy dependence of multichan
n 2S1/6 2S1 cross-section ratios compared to the correspond

SIF ratio, I SIF
n2S1

/I SIF
62S1

. States used for the numerator in the rati
are ~a! 3 2S1, ~b! 9 2S1, ~c! 13 2S1, and~d! 14 2S1.
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4528 PRA 60M. WELLS AND ROBERT R. LUCCHESE
the static picture from the SIF’s indicates that there sho
be 4s21 and/or 5s21 contributions to all of the satellites
thus this convergence behavior illustrates once again how
static and dynamic view of photoionization can sometim
be at odds. One reason why 4s21 and 5s21 contributions
might not interfere with the convergence behavior of sa
lites in HCN is that the cross sections of the HCN main lin
do not appear to have the kind of very different energ
dependent behavior that we observed for the main line
acetylene. In acetylene, the 2sg

21 cross section decrease
much less rapidly at high energy than the 3sg

21 cross sec-
tion, and as a result a small contribution of 2sg

21 to the
18 2Sg

1 state caused this state to behave unlike the 3sg
21

main line from which originated.
In contrast to the ratios 92S1/6 2S1, 13 2S1/6 2S1,

and 142S1/6 2S1, the cross section ratio for 32S1/6 2S1,
in Fig. 7~a! has approached a constant value at high pho
energy, but this ratio at 1000 eV is;50% of the SIF ratio.
This suggests that the ratio of the satellite to main cr
sections for 32S1, a satellite with a mixed hole state prov
enance, is nonconvergent as a result of the mixed p
enance. Also, in comparing Figs. 7~b!–7~d! with Fig. 7~a!,
we see how this mixed provenance compares with o
cases~9 2S1, 13 2S1, and 142S1! where there is apparen
convergence, and where both the SIF’s and CSF’s indic
only small contributions from 4s21 and 5s21 main lines.

We mentioned that in the case of HCN there are at le
two logical choices for the main line, and that 132S1 might
also serve in examining the energy dependence of sate
states per the Becker-Shirley approach. At some point,
question arises of how this approach might be extende
cases of even more drastic splitting of the inner-valence l
To pursue this idea we considered all possible permutat
of ratios for 62S1, 9 2S1, 13 2S1, and 142S1, and com-
pared the cross section ratios at 1000 eV to the corresp
ing SIF ratios. The cross-section ratio for all of the possi
main line choices differs from the SIF ratio by an average
17%. In contrast, the satellite to main cross-section ratios
SIF ratios using all permutations of 62S1, 9 2S1, 13 2S1,
and 142S1 as satellites and 12P, 1 2S1, and 22S1 as the
main lines results in a cross-section ratio that is on aver
742% of the corresponding SIF ratio. Thus it appears that
cross-section ratios in Figs. 7~a!–7~d! are converging to the
SIF ratio, and that this convergent behavior may occur e
if a low intensity line such as 92S1 is used as the main line
as long as the two lines designated as the satellite and m
have the same provenance.

Note that the binding energies in Table III and the spec
in Fig. 6 all suggest that, unlike the acetylene satellite reg
the states identified here can each be considered as indiv
satellites, and hence the ratios in Figs. 7 should be dire
comparable to experimental data. This is an important po
A theorist obtains separate lines from a calculation by wh
data can be viewed either in terms of Eq.~7! or in terms of
the Becker-Shirley system. Conversely, treatment of exp
mental data by either approach is problematic if one or m
lines overlap and cannot be resolved. One work@49# ad-
dressed this problem by comparing experimental satellit
main intensity ratios to SIF ratios, per Eq.~7!, and, because
the theoretical results in that study indicated that sev
d
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lines contributed to each satellite, the SIF’s of the lines c
tributing to each satellite were summed in the numerator
the expression. Inasmuch as no sum appears in the nume
of Eq. ~7!, this summing negates the possibility of observi
convergence of the intensity ration to the SIF ratio, exc
serendipitously. Since HCN appears to be an excellent p
pect for the experimental study of inner-valence photoioni
tion, it is unfortunate that there are insufficient experimen
data with which to compare the present results.

The foregoing discussion of the convergence of the cr
section ratios to the corresponding SIF ratios at high pho
energy, per Figs. 7~b!–7~d! provides the foundation for as
signing 62S1, 9 2S1, 13 2S1, and 142S1 as being of
inner-valence origin, and this assignment permits us to
cuss Figs. 7~a!–7~d! in terms of correlation. Since the break
down of quasiparticle photoionization is attributed to ne
degeneracy of the single hole state with 2h-1p states, close
contemplation of the 2h-1p states is important. If we are
considering ionization from, for example, the 3s orbital, then
the 2h-1p configuration 3s211p212p1 resembles a single
1p212p1 excitation on top of the ionization and this
called a shake-up. Alternately, even if ionization occurs fro
the 3s orbital there are 2h-1p configurations such as
5s211p212p1 which may contribute to the indirect term
and, at least in the case of interchannel coupling, Becker
Shirley referred to these as conjugate shake-ups. Distingu
ing between the two in this manner can be confusing si
the configuration 5s211p212p1 can also be viewed as
shake-up of 5s21. Cederbaumet al.and Becker and Shirley
classified both shake-up and conjugate shake-up state
arising from final-state configuration interaction. Inasmu
as there is noa priori reason why the nonorthogonality o
indirect terms should vanish with increasing photon ene
@condition ~3! for Eq. ~7! to be valid,vida supra# and the
previous work on the inner valence photoionization of ace
lene suggests that indirect terms, containing contributi
from both of these types of 2h-1p states, can be significan
to a photon energy of hundreds of eV, it may be confusing
refer to these contributions in terms of correlation beca
correlation is not typically associated with such high phot
energies. We will refer to these terms as shake-up and c
jugate shake-up contributions per Becker and Shirley. A
other issue relating to correlation and pertinent to the pres
results is that, because the present calculations employ
correlated targets and initial states, both the MCCI and SC
scattering functions may inherently include both shake
and conjugate shake-up type contributions, though only
MCCI scattering functions willexplicitly have 2h-1p con-
figurations from other channels. Thus, from the standpoin
the type of calculation we describe here, discussing th
contributions in terms of correlation, can become ambigu
because there is more than one level of correlation built i
the calculation.

In Becker and Shirley’s description of energy-depend
correlation effects satellites which originate from shake-
contributions should display a satellite to main ratio which
very low at threshold and gradually increases to a cons
value at high energies. Conversely, satellites which origin
from conjugate shake-up contributions should display a
ellite to main ratio which is high at threshold and gradua
decreases to a constant value at high energies. The fo
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PRA 60 4529INNER-VALENCE PHOTOIONIZATION OF HCN: AN . . .
behavior is expected because orbital relaxation effects at
ergies well below the sudden limit result in decreased sa
lite intensity; the residual ion state orbitals have time to re
from potential excitations accompanying photoionizati
into a main hole state. Likewise, conjugate shake-up con
butions, particularly in the form of interchannel coupling, a
thought to be more important towards threshold, resulting
increased satellite intensity toward threshold. Looking at
most important CSF’s for HCN in Table III, the conjuga
shake-up configurations greatly predominate over shake
configurations if we adhere to Cederbaumet al.’s terminol-
ogy of a shake-up as being a single excitation on top of
main hole ~in this case inner valence! photoionization. In
HCN, of the four inner-valence satellites 62S1, 9 2S1,
13 2S1, and 142S1, the only inner-valence shake-up co
figuration in Table III is 3s211p222p2, a doubly excited
state which is a relatively minor CSF of 142S1. Moreover,
since the breakdown of molecular-orbital photoionization
thought to result from degeneracy between a main hole s
and 2h-1p states, we may anticipate more conjuga
shake-up terms that are degenerate with 3s21 than inner-
valence shake-up terms, many of which will lie at too hi
an energy. Still, though the CSF’s lead us to expect t
essentially all of the HCN inner-valence satellites should d
play conjugate shake-up behavior, all of them display
shake-up energy dependence described by Becker and
ley. We note that this discrepancy between the CSF’s
appearing as shake-ups in the Cederbaumet al. terminology
and leading to states which display shake-up behavior in
Becker and Shirley terminology appears to be a result of
embryonic state of the current knowledge of the dynamics
inner valence photoionization. A future direction in inne
valence photoionization work would be to separate the c
jugate shake-up contributions from the shake-up contri
tions, and examine both as a functions of photon energy

Above we noted that for HCN any choice of an inne
valence satellite can be used as the main line in Eq.~7!, and,
as long as the satellite used in the numerator is of the s
provenance as the main line, the anticipated convergence
havior will be observed. Figures 8~a! and 8~b! illustrate how,
according to the Becker-Shirley system, the 92S1 state dis-
plays conjugate shake-up behavior when 132S1 is used as
the main line @Fig. 8~a!#, but shake-up behavior in whe
6 2S1 is used as the main line@Fig. 8~b!#. Since the above
arguments lead us to expect more conjugate shake-up s
that are quasidegenerate with the inner-valence hole
shake-ups, another way of looking at Figs. 7~a!–7~d! is that
6 2S1, 9 2S1, 14 2S1, and 132S1 are all conjugate
shake-up states, and that whenever the ‘‘satellite to ma
cross-section ratio is plotted, the interchannel coupling te
of the state with lower photoelectron kinetic energy are la
enough to strongly affect the cross-section ratio and he
determine the phenomenological behavior. However, in
scenario we expect the reverse of the trends illustrated in
8. If, alternately, we view the state with lower photoelectr
kinetic energy as evincing stronger adiabaticity in the pho
ionization process, then whenever the satellite to main cr
section ratio is plotted such that the state in the numer
has a lower photoelectron kinetic energy, the numerato
smaller than the denominator because of the orbital re
ation effects near threshold and the shake-up phenom
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logical behavior results. Conversely, whenever the state
the denominator has a lower photoelectron kinetic ener
relaxation is more pronounced for the state in the denom
tor and the phenomenological ‘‘conjugate shake-up’’ beh
ior is observed. This explains why 92S1 is a shake-up rela-
tive to 6 2S1, and a conjugate shake-up relative to 132S1,
but is not the only explanation for the behavior. Becker a
Shirley did not direct their work to situations wherein,
with the inner-valence study here, the main line is energ
cally above the satellite, and in their work the phenome
logical behavior was based on the kinetic energy of the p
toelectron rather than its binding energy. However, we fi
that the trends in Figs. 7 and 8 are unchanged when plo
in terms of the photoelectron kinetic energy. For inne
valence work, whenever a situation arises that the main
has a higher binding energy than the satellite to which i
compared, as for example in Fig. 8~a!, the normal energy-
dependent behavior for both shake-ups and conjugate sh
ups is reversed.

In the preceding paragraph, we provided an explana
for the behavior observed in Fig. 8 which is based on ad
baticity. A purely quantitative view of the Fig. 8 results fro
an examination of the photoionization cross sections in F
2 and 3. If two functions behaving as exponentials and h
ing exponentials that differ by at most a constant are ratio
then the result will be a constant. In Figs. 2 and 3 we see
the photoionization cross sections behave as expone
functions at higher photon energy, and in Figs. 7 and 8
see how the resulting ratios of any two cross sections
constant. However, in Figs. 2 and 3 we see that the cr
sections generally flatten toward threshold and deviate fr
the exponential behavior that they exhibit at higher pho
energies. It is this change in the energy-dependent n
threshold behavior of the cross sections relative to each o
that results in the nonconstant value of the ratios in Figs

FIG. 8. Illustration of how the phenomenological behaviors
the satellite and main cross-section ratio depend on whether
satellite binding energy is higher or lower than that of the st
chosen for the ‘‘main line.’’~a! 9 2S1/13 2S1. ~b! 9 2S1/6 2S1.
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and 8 at lower photon energies. In our continuing studies
inner-valence photoionization, we are examining the cau
of the cross-section energy dependence from low to h
photon energy more closely.

IV. SUMMARY

Although there is little experimental data on the photoio
ization of HCN, the present theoretical results agree w
with the one available PES spectrum of the HCN satel
region. Also, eigenphase sum results indicate that there iss
shape resonance at;18–30 eV above threshold in th
1 2S1 and 22S1 channels which has not previously be
characterized. With respect to the inner valence photoion
tion of HCN, this system provides an example of the co
plete breakdown of the quasiparticle picture of photoioni
tion. In this study we find that the inner-valence hole is sp
into four states with significant intensity; these are 62S1,
9 2S1, 13 2S1, and 142S1. Also, there is one satellite
,
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n
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h
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e
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t

state of mixed inner- and outer-valence provenance wh
appears as a shoulder on the high-binding-energy side o
4s21 hole state. Cross-section ratios of any two inn
valence states converge at high photon energy to the co
sponding SIF ratio, and, when the state has the higher p
toelectron kinetic energy, consistently display the shake
behavior described by Becker and Shirley. When the stat
the numerator has the higher photoelectron kinetic ene
the cross-section ratio of any two inner valence states
plays the conjugate shake-up behavior described by Be
and Shirley.
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