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Formation of satellite bands in the ionization spectra of extended systems
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The ionization spectra of hydrogen clusters converging onto a polymer limit have been investigated by
means of one-particle Green’s-function calculations. This study focuses on the construction of well-organized
correlation bands of shake-up satellites at the expense of the lines in thépnmary) band. Two series of
chains have been studied, belonging, in regards to their fundamental Hartree-Fock band gap, to the categories
of insulating and semiconducting polymers. Evidence is given for a limitation of the contamination by
shake-up lines with the delocalization properties of one-particle canonical states in an insulating situation,
whereas a nearly complete fragmentation of main bands into satellites can be expected with polymers of the
semiconducting type, as a result of multistates interactions. The onset of this contamination, marking in the
ionization spectrum a bifurcation between the one-particle and correlation regimes, can be evaluated from a
zeroth-order estimate for the energy threshold of a shake-up transition. Electronic correlation in the neutral
ground-state wave function is also shown to increase the breakdown of the one-particle picture of ionization.
[S0163-18296)06919-9

I. INTRODUCTION rated hydrocarbon’, to be spread out over many shake-up

, ) o lines of comparable strength, as a result of strong configura-
Extensive theoretical work on the photoionization spectrg;, interactions(CI's) within the cation.

of polymers has been conducted since the 1970’ based on Experimental x-ray photoionization spectra have recently

the assumption of a one-particle picture for the ionization isplaved spectacular evidetbefor the dominant role
process, implying a one-to-one correspondence between t piay P ) ) .
recorded lines and canonical states computed at vario ayed by correlation bands in the ionization spectra of con-

methodological levels. Among others these methods comtgated polyenes related to polyacetylene. Relatedly, a split-
prise the extended Hkell or Hartree-Fock Roothadrap-  ting of the 3r band of polyacetylene into several satellite
proaches, and the numerous intermediate methods based (Shake-upbands has been qualitatively inferféétom crys-

a semiempirical one-particle Hamiltonian-like zero differen-tal orbital calculations including hole-mixing effects at the
tial overlap(ZDO), complete neglect of differential overlap lowest(second order of a perturbation expansion in terms of
(CNDO), intermediate neglect of differential overldpDO), the correlation potential. As a general shortcoming of any
modified neglect of differential overlagMNDO), ...or second-order method, however, the breakdown of the one-
more recently VeHvalence effective Hamiltoniad A ma-  particle picture remains, in this case, confined to the edges of
jor aspect of photoelectron spectroscopy, to be largely credhe first Brillouin zone and in the lower half part of the inner
ited to the benefit of these investigations, is that it tendssalence region.

today to be commonly exploited as a direct and very specific Going beyond a strict second-order expansion with re-
probé>~® of the molecular architecturéoonding character- spect to correlation, further investigatidhéiave been con-
istics, configuration, conformatiorof complex compounds ducted on the very first terms of the polyacene series,
or clusters in the gas, liquid, and solid phases. Owing to the;, H., .. withn=2, 3, 4 and 5, using Cl schemes restricted

development of powerful experimental techniques using €.9¢g the 1h (one holg and 2h-1p (two holes, one particle

synchrotron radiation of electron beams as eXCitatiO_rbonfigurations of the cation. For the longest chaims 4 or

sources, on the one hand, and on the other hand to a growing -, qgitional restrictions on excitations have been imposed
interest in investigations on the superficial structure of ad~In the form of a projection of the virtual states onto the

vanced materials such as polymer microcryétafsor self- . S . .
assembled organic layetgjuantum chemists and physicists canonical valence space generated by a mlnlmal'ba5|s set, in
p-called &-1v CI calculations. These calculations have

encounter more frequently than ever demands for accura d icinal let aminati £ 1h
simulations of valence photoionization spectra. These simy2'OV€d convincingly a compiete contamination ot the Spec-

lations have to include electronic correlation and relaxatiorffum Of polyacetylene by satellite lines up to the low-energy
effects, as well as the subsequent dispersion of intensity froforder of the outer valence region, in roughly good agree-
the main bands into satellite structures of shake-up lines. Ment with experiment. As pointed out by the authors of this
Several experimentdl and theoreticdl’'>'? investiga-  Investigation, however, the applied Cl schemes suffer from
tions have pointed out strong correlation and reorganizatiofP0 serious theoretical drawbacks to confidently allow for a
effects on the position and intensity of the primary peaksguantitative assignment of the shake-up peaks. The neglect
and disclosed in the more acute situations strong evidence¥ electronic correlation in the reference wave function, first,
for a severe breakdown of the one-particle picture ofmight yield an erroneous sequence of ionic states in com-
ionization!! The photoionization intensity originating from pounds with low symmetry and virtual states at low energy.
inner electron levels has been found in many situations, inFurthermore, the loss of size consistency with the truncation
cluding the rather gentle case of the weakly correlated satwsf the excitation space spanned by the Hamiltonian leads
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certainly to a severe underestimation of many-body effectsignificant contamination of the main band by correlation
for the largest systems with respect to the smallest ones. lines.

A basic postulate of band-structure theory in solid-state
physics is the organization of one-electron levels in regular Il. THE ONE-PARTICLE GREEN'S FUNCTION
energy distributiondi.e., one-particlebands for extended AND ITS EVALUATION
systems exhibiting translational symmetry. Owing to this
postulate, the one-particle band structure of stereoregul
polymers is often determined by extrapolating the results OTesentation on the exad-particle ground staté¥}), the
one-particle calculations on oligomers of increasing size. It i%ne-particle Green’s function is the simplest mer%k;er in the
clear that shake-up lines in the ionization spectrum of Iargfhierarchy of Green's functions. As an autocorrelation
but finite periodic systems should similarly fall in densely fnction32 it gives the probability amplitude of propagation
packed but well-organized energy distributions, to be diin 4 correlated background of an extra electron or hole in

rectly related to satellite bands in crystal orbital petween one-particle states, during a given time interval
calculation$® on the corresponding polymer. However, be- (t1,t,):

cause of the complexity of the compounds addressed and

owing to the rapidly growing number of shake-up solutions Gij(tz,t1)=i_1<\If3'|T{ai(t2),a*(tl)}|\If(’§'>. (1)

with respect to oligomer size, no regular energy distributions o o

clearly emerged from the spectral densities displayed in Ref, N most applications, the operator basis is spanned by a
16. Besides the construction of correlation bands, a cledf!SCrete set of one-particle statésobtained as the ground-

relationship between the shake-up spreading and the energfe one-particlgHartree-Fock(HF)] orbitals. The impor-

Defined as a time-ordered expectation value of a creation
r+ I . .
a;’) and an annihilationd;) operators in Heisenberg rep-

separaon between the valence and conducion bands wif % 0 1 ST DS BIeEn s Leion o e Srekeien
also left, even at a qualitative level, as a very challengingC : : . physic
question an be readily appreciated from its spectral representation in

: N ... the energy space, which for &trparticle system with a non-
In th|_s co ntribution, we take advantage of the simplicity degeneratéclosed-she)l ground state takes the form
and flexibility of the model of a polymer form of hydrogen

and follow in an oligomer series the construction of correla- <qu|a.|xpN+1><qu+l|a_+|qu>
. ; . 0l n n j 0
tion bands and their dependence to geometrical features, us- Gjj(w)=

N N+1,
ing one of the most powerful and reliable instruments for the ne{N+1) wtBo—En Ty
analysis of ionization process: the one-particle Greens'- <qu‘|aj+|qrr’:'—1><qu—1|ai|qr’8‘>
function method’~2! This scheme has been the object of + TENT_EN];
various approximations, derived by a linearization of the neiN-1 @7 En 017
equations of motion, using the algebraic superoperator 2

fqrmallsm?z or by an infinite order analysi$**of Feynman where 7 is a positive infinitesimal introduced to ensure the
diagrams. In the realm of extended systems, these aRonvergence of the Fourier transform coupling the time and
proaches offer, in comparison with a standard ClI treatmenignergy representations &. In this equation¥ N*1) and
the combined advantages of error cancellations in energy diwatl are the exactN=+1)-particle states and energies, re-
ferences, systematicompactnesé® of the configuration gpectively. EN represents the energy of the exact neutral
space in high-%rdgr approximations, agiergy separability ground state|W)). The first (retarded and second(ad-
with respect t6 dissociation of a large system into nonin- yanceg parts ofG(w) bear essential information on the elec-
teracting fragmentsisize consistengy The latter feature ron attachmentor scattering and ionization processes, re-
relate$® to the topological linked-cluster propertfés*® of spectively. The (vertical-electronit ionization energies,
any many-body perturbation expansion based on the Dysopn: EN-T_EN, and electron affinitiesh,=E}—EN*1, can
evolution operator, and is a necessary prereqdfsife’fora  pe derived from the location of the poles 6f(w) in the
correct(size-intensivescaling of the computed transition en- upper and lower half planes, respectively, of the complex

ergies and moments with respect to system size. When deainergy plane. The associated residues correspond to products
ing with long-range electron-electron interactions in largegf transition amplitudes:

systems, however, a true size-intensivity of the one-particle
Green’s function is alst determined by thé&\l representabil- <qu‘|ai|qf§+1> VY ne{N+1}
ity of the computed electron density. X" = (N Ya Wy ¥ ne{N-1} 3

This paper is organized as follows. Section Il consists of a " neo ’
review of the major properties of the one-particle Green’swhich are closely related to spectroscopic intensities. When
function and of the successive steps for its evaluation in thenolecular-orbital cross-section effects are neglected, as will
framework of an algebraic diagrammatic constructidbC) be the case here, the partial pole strengm§|x§”)|2 are
scheme, in the outlook of numerical applications on extendedhost conveniently merged into a global spectroscopic factor
systems. In Secs. Ill and IV use is made of two series of’,,=3,v,, giving an estimate of the fraction of photoemis-
hydrogen chains to follow in insulating and semiconductingsion intensity related to a one-particle process. The remain-
situations the competition between main and satellite lines iing fraction 1-T', is the intensity dispersed in correlation
the ionization spectra of clusters converging onto a polymeand relaxation effects. Pole strengths close to unity refer to a
limit. Geometrical variations are also considered to evaluat®ene-particle process, while small pole strengths are indica-
on a semiquantitative level the conditions which lead to aive of a breakdown of the one-particle pictdre.
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The exact one-particle Green'’s function for a many-bodyorder levels, strictly equivalent expressions have also been
system is traditionally  expanded  through  aobtained by means of a direct expangfoof the one-particle
renormalization’?**°of a suitable zeroth-order form over an propagator, using the equation-of-moti¢BOM)/algebraic
effective energy-dependent potential, the so-called irreducsuperoperator approach.

ible self-energy2(w), by means of the Dyson equation: As contrasted with a finite-order expansion of the self-
) - energy, infinite partial geometrical series in powers of the
G(0)=G"(0)+G"™(0)%(w)G(w). (4)  energy shiftC* are automatically included by virtue of the

matrix inverse in Eq(9), which thereby accounts for collec-
|give excitations, an essential feature for the investigation of
electronic structure effects in extended systems. In the ADC
formulation, the influence of electron correlation in the
n, n ground state on the dynamic polarization effects induced by
(5) ionization is also accounted for, from third order and beyond,
by the vectors of coupling amplitude!sg.
In this equation,¢ represents the HF orbital energies, and Once the energy shift€~ and coupling amplitudeb ;
n;=1—n; denote the HF ground-state occupation numbers.have been computed, the dynamic self-energy can be readily
The dynamic self-energy is usually written as the §ith  transformed into a suitable diagonal form,

In practice, the zeroth-ordeffree) Green's function is
most frequently defined with respect to the uncorrelated H
particles:

Gl0=g; — +
1 " w—€—in w—etin)’

S (w)=2(®)+M(w), (6) mE (W mE (w*
Mpgw)= >~ ————

where the dynami¢energy-dependenpart M (w) accounts peiNz1) a)—w;‘;ii 7
for the long-time scale many-body effects arising within the ) ) )
N 1-particle systems, whereas, owing to a Fourier transPY solving, independently from each others, the eigenvalue
form, the statidenergy-independenpart 3(=<) corresponds ~ Problems:
to many-body processes, which occur instantaneously. In the n vttt hut
energy representation, the latter component relates to the (KT+CHY =Y, (YY" =1
electrostatic potential felt by an ingoing or outgoing particle
due to correlation corrections to the HF ground-state density
in which the pole positionss;, of M~ (w) are found as the
S (o0)= exact_ HFy 7 eigenvalues contalneql if)—, Wherea_s the corresponding
pa ) %" (Dodill padi)lpic™ = ik @ Feynman-Dyson amplitudes are obtained according to

: (10

(KT+CHY =Y"Q°, (YOvy =17, @

where( ¢, ¢yl pq¢) denote antisymmetrized bielectron in- mE = (U )Ty =) (12)
tegrals over spin orbitals. P P

As G(w), the dynamic self-energy separates naturally into A pasic property of the ADC scheme, which is important
two independent parts, that are physically associated withyr nymerical applications on extended systems, concerns the
excitations of the(N+1)- and (N—1)-particle systems, ac- sjze of the configuration spaces. In contrast to a conventional
cording to ClI treatment, where the Coulomb matrix elements enter the

_ Cl expansions exclusively in linear form, the explicit ADC
— + ’
M(@)=M"(0)+M" (). ®) (n) space extends orfi{?>with each even ordem, ensuring
Each of these components possesses an analytical stryd-9reatercompactnesf the required matrices. At third-

ture similar to the energy representation of the one-particl@"der, for example, only theg2 1h (two particle, one hole
Green's function. Using matrix representation techniques®"d 21-1p (two holes, one particleexcitations are needed to

both can be developed using the exact algebraic ¥rm span the configuration spaces of tRe-1-particle systems,
respectively, whereas a comparable Cl expansion would in
M,fq(w)=(U§)T(w—Ki—Ci)*1th ) 9) addition also require theB2h (three particles, two holgs

and &-2p (three holes, two particlesonfigurations. Fur-

In this equation, the effective energy interactionsthermore, unlike a Cl expansion, the ADC equations are
K*+C™ and coupling amplitudel;l§ are defined with re- manifestly size consistentsince they relate to a linked-
spect to shake-on and shake-up configuration spaces of tladuster expansion. In a localized picture, this means that
(N-+1)- and (N—1)-particle systems, respectively. In the al- these equations decouple into independéotal) sets for a
gebraic approximation, these spaces are spanned by tlsgstem consisting of noninteracting fragments, ensuring the
physical(N*+1)-particle excitations derived within the basis required separability properties for size-intensive properties.
of theN-particle ground-state Hartree-Fock orbitals. The ma-Turning alternatively to a delocalized picture, size consis-
tricesK ™ are diagonal and correspond to a zeroth-ofder,  tency can also be inferrélifrom a correct balance between
HF) estimate of the shake-on and shake-up energies, respdtie delocalization and multiplicity of one-particle canonical
tively. In the so-called algebraic diagrammatic constructionstates.

(ADC) schemé??*finite-order expressior#ADC (2), ADC Since only the eigenvalues and eigenvectors in the ioniza-
(3), ADC (4)] for the requested energy shif®~ and cou- tion sector ofG(w) have to be extracted, one can take ad-
pling amplitudeﬂch have been derived by comparison with vantage of the independence of tkid+1)- and (N—1)-
diagrammatic perturbation expansions\f (w) through the  particle blocks of the dynamic self-energy and of the fact that
required order. At the second-order and third-these blocks are energetically located far apart from each
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other. This allows one to replace tfiié+1) block, of usually nn
: _ . ; : - — (1) = ()* Ik

very large dimension, by a much smaller matrix, which mim-Qx = > m; ~ormy

ics perfectly the behavior of théu+1) block in the ioniza- peiN-1)

tion region®* Instead of truncating this block by a selection NNy neny ]

(e&x—w,)(6~w,)

of the more important configurations, a crude approximation +
which may seriously affect the accuracy of the final results,

use has been matfeof projection methods based on a block
(or band extensior**® of the Lanczos algorithry. After L
iteration steps of this algorithm, thé " +C™ block is re-

(a—e)(e—w,) (e €)le-w,)

As with the dynamic part of the self-energy, one can ex-
ploit the Lanczos pseudoeigenspectrum and the related ap-
proximate coupling Dyson amplitudes for thiet-1-particle,

duced to d -dimensional tridiagonal matrix, block by inserting the results of Eg&l4) and(15) into (18)
- . to simplify the evaluation oQ*. Q~, on the other hand, has
t=VI(K"+C")V, (13 been determined using the inversion method described in
Ref. 39.

whereV is the matrix of Lanczos vectors. Diagonalizing fur- 5 |5¢t difficulty resides in the size dependence3dk)

ther this matrix according to the diagonal elements of which may diverge
- logarithmically’? with the size of a stereoregular chain, as a
tz=z0", Zz'z=1 (14 result of a violation of the particle numB8mwith the corre-

lation corrections to the one-electron density:
provides a pseudospectrum bf approximate eigenvalues
®,=Q,, for the K"+C" matrix. The accompanying ap- AN=tr(Q). (19
proximate coupling Dyson amplitudes are obtained via back
transformation, as When dealing with molecular systems of relatively small
size, this error has very little influence on the computed re-
m;(ﬂ):(ug)Tvz(M)_ (15)  sults. To avoid this problem, which could on the other hand

impede seriously the reliability of conclusions drawn for ex-

This method has made the AD®) calculations much faster tended(not necessarily infinitesystems, use has been made

and feasible on large systems, without loss of accutacy. in Ed. (17) of a properly rescaled form of the correlated
In practical applications, the efficiency of the one-particleone-electron density, reevaluatéas

propagator method is ultimately determined 3¥ge), which

is known to influence rather seriously the accuracy of the On=

results obtained for the single-hole ionic states, as it enters K N+AN

sensitively the Dyson equatidd). In the ADC formulation,

the correlated part of the electron density from which th

static self-energy is derived is itself evaluatedf through

partial contour integrations over a suitable truncated form o

the Dyson expansion fdé(w). The problem of determining

AN
Qik— ik W} (20)

ewhich preserves the total particle number a®Qr€0.

Once the static self-energy has been computed, the Dyson
]equation is ultimately recast into the following Cl-like eigen-
value problen®

2.(0) reduces, therefore, to a single matrix inversion, AX=XE, X'X=1, 21
nNe— NNy together with
S pd(®) = 2 (Spdil| Badr) ———— Spo()=Dpq,
ki €~ €k ~ _
(16) E+~2(°O) T m
A=| (™HT o o0 |, (22)
entirely defined in the space of the one-particle and one-hole (m)T 0o Q°

configurations. Here, the major numerical obstacles arise . ) o
from the inhomogeneities in which the results of the Lanczos diagonalization

(14) and (15) for the electron affinity block have been ex-
plicitly inserteg. Afkerlsolving(Zl) via diagonalization,(tgle
b = , 1 poles w,=Eg—E, * and residue amplitudesx;"
P % (#ol| Sad) Qu 0 =(¥ N1 a|¥}) of G(w) are readily derived from the ei-
genvaluex,=E,, and the corresponding eigenvector com-
requiring the evaluation of the correlated part of the oneponentsx,, respectively, of the matriA.
electron density, according to

[ll. MODELS AND COMPUTATIONAL DETAILS

Q= Qi+ Qi _ . .
(18 Modellng_ stereoregular polymers by Imegr or cyclic hy-
—nn drogen cha|r_13 ha§ pr_oved on many occadibis be very _
Q.= > mﬁ(’”m;(“)*[ - Ik - useful for investigating electronic structure effects in
neiN+1 (e~ w,)(e~w,) condensed-matter physics, such as electron-electron and
NNy ning

insulator transition. In the field of conducting polymers, ow-
ing to an intrinsic trend to a symmetry-breaking alternation

+

] electron-lattice interactions, Peierls distortion, or metal-

(ex— EI)(ek_w;) (E|—€k)(€|_w;)
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TABLE I. Fundamental gapXE) of the selected chains, ver- ceding section. Only the poles with a spectroscopic strength
sus their lengtNH: number of hydrogen atomsind bond-length  larger than 0.005 have been extracted from the eigenvalue

alternation. equation(21). The spatial symmetry has been exploited to
- the extent of the largest one-dimensiof¥abelian) subgroup
NH Alternation AE, (eV) D, of the full symmetry grou..,,, to construct symmetry-
adapted configurations and decouple the eigenvalue problem
@ (21) into lower-dimensional problems for each irreducible
4 1.4/15 17.649 o P
8 14/15 12710 representation.
12 1.4/1.5 10.094
16 1.4/1.5 8.411 IV. RESULTS
20 1.4/1.5 7210 A. Size dependence of correlation bands
24 1.4/1.5 6.290
28 1.4/15 5548 The siz_e dgpendence of the Iocqtion_and intensity qf main
(b) and satellite lines can be followed in Figgalland Za), in
4 1.4/1.8 19.722 which the ADC(;%) values obtaingd for binding energies and'
8 1.4/1.8 16.274 the corresponding spectroscopic strengths have been dis-
played as three-dimensional spike spectra. Hypothetical ion-
12 1.4/1.8 14.708 L . . . .
ization spectra have been correspondingly simulated in Figs.
16 1.4/1.8 13.839 . h h L
20 1.4/18 13.304 1(b) and Zb), using as a convolution function a combination
o ' of one Lorentzian and one Gaussian function, both having
24 1.4/1.8 12.951 h heiah d widit.2 eV at half th . |
28 14/18 12.705 the same elg_tan W_I 1.2 eV at half the maxm_ubn n
e : these convolutions, to illustrate more clearly the size depen-
32 14/1.8 12.527 dence of shake-up bands, we display separately the spectral
36 1.4/1.8 12.394 contribution arising from the lines with a pole strength
40 1.4/1.8 12.293 smaller than an arbitrary threshold of 0.40.
© When running through the series of insulating hydrogen
28 1.4/1.5 5.548 chains with bond lengths of 1.4 and 1.8 a.u., the pole
28 1.4/1.6 10.562 strength distributiongFig. 1(a)] and the corresponding con-
28 1.4/1.7 11.716 voluted spectrdFig. 1(b)] converge rather quickly to their
28 1.4/1.8 12.705 respective asymptotic profiles. In this case, one can readily
28 1.4/1.9 13.573 discriminate the main band from its correlation tail. Except
28 1.4/12.0 14.332 for one or two lines at the bottom of the ionization spectrum,

pole strengths in the main band remain larger than 0.78,
showing that, in an insulating case, the one-particle picture
of the electron density, equidistant hydrogen chains have frefor the ionization process is essentially well-preserved over
qguently served as simple prototypes of conjugated polyenethe whole valence region. As observed with less sophisti-
based on polyacetylene. Interestingly, such chains provideated propagator calculations on the same systémsje
also a one-dimensional model for certain solid metallicstrengths tend to decrease continuously with increasing bind-
phases of hydrogéh existing in high-pressure and low- ing energy, as a result of an exaltation of electronic pair
temperature conditions. relaxation effect€?induced by ionization of the deepest lev-
In this work, extrapolations to the polymer limit are els. These effects relate to the advandeale) sector of the
drawn from ADC(3) calculations carried out using a 3-21-G self-energy, and are related in the Heidelberg's school as
basis, on two series of finite hydrogen chains of increasingorrelation effects in the final stattSome contamination by
size, with alternating bond lengths of 1.4 and 1.8 a.u., or 1.4hake-up lines is observed in the high-binding-energy part of
and 1.5 a.u(1 a.u=0.529 18 A. These geometrical param- the main band, in a region characterized by the highest den-
eters have been selected in order to obtdiable |) funda- sity of one-electron states. This overall behavior is typically
mental band gaps comparable to those found at the HF levéhat found for saturated chaifid®-1346
for, respectively, all-trans polyethylend6.17 eV using a Only one satellite of rather low intensity’,=0.10 con-
6-31 G basié®), a typical insulator, and for all-trans poly- tributes to the spectrum of the smallest chain considered here
acetylene(5.14 eV, using a 6—31 @ basié%), a polymer (H,). When one extends the length of the chain, this
conventionally classified as a semiconductor in its undopedhake-up splits into a rapidly growing number of states,
form. Geometrical structure effects on the ionization spectravhich dissolves into a quasicontinuum of solution of very
have been also evaluated by considering a third series @&mall spectroscopic strengttypically less than 0.05 The
calculations, using a few other interdistances between hydrasorrelation tail covers interestingly the largest energy inter-
gen atomgsee Table)l val for the medium-sized chair($1;,, His, Hyo), extending
The self-consistent-field computations have been carrieffom 15.0 eV up to about 36 eV, and then retreats for the
out using theGAMESS series of program®. The requested longest systeméHsg, Hyo in @ domain below 30 eV. Relat-
convergence on each of the elements of the density matrigdly, the more intense shake-up lines are also found for the
and the integral cutoff were fixed to I@and 10° hartree,  (Hy,, Hy, and Hy) chains. This behavior is reminiscent of
respectively. The Green’s-function results have been obthe size-dependence properties of the orbital relaxation con-
tained by means of the ADC cotfe” described in the pre- tributions evaluated at second order on the same hydrogen
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FIG. 1. Size dependence @) the pole strength profile an) FIG. 2. Size dependence () the pole strength profile an)
fzonvoluted photoi'onization _spectrwrﬁWHM=1.2 eV of insulat- 5 voluted photoionization spectrufWHM=1.2 e\) of semi-
ing hydrogen chaingalternating bond lengths of 1.4 and 1.8 8.U.  ¢onqycting hydrogen chairtalternating bond lengths of 1.4 and 1.5
together with the contribution due to the lines characterized by g, \,) ogether with the contribution due to the lines characterized

pole strength factor smaller than 0.40, superimposed as shadeg 5 hole strength factor smaller than 0.40, superimposed as shaded
spectra. NH represents the number of hydrogen atoms. spectra.

chains?’ and therefore certainly relates to an identical causegnergy border of the main band, the much more pronounced
namely, the(N,) ~* size-dependence properties of bielectronmetallic character of the chains with 1.4 and 1.5 a.u. leads to
integrals over canonical orbitals delocalized over the wholea nearly complete fragmentati¢Rig. 2(a)] of the main band
system, withN, the number of unit cells in the chain. Like into a very complex set of shake-up lines, except for a few
bielectron integrals, the first- and second-order amplitude$nes at the high- and low-energy borders of the main band.
coupling primary states to the shake-{ghake-oi configu-  This fragmentation can be traced up to the smallest chain H
ration subspace of thed—1 (N+1) particle system become for which a splitting of the first occupied electron level into
vanishingly small in the longest chains, a trend which, intwo lines of comparable streng¢h,,=0.379 and’,»=0.573
systems with a wide gap, tends to thwart the multiplicationis already observed. Accordingly, much of the spectrum of
of satellite solutions. the longest semiconducting chains consists of a huge and
As contrasted with insulating hydrogen chains, for whichpoorly structured correlation bump, extending nearly over
the correlation tail remains small and confined at the highthe whole valence region, from 6.0 up to 35.0 eV. Beyond 20
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FIG. 3. Detailed analysis of the ionization spectrum@fan insulating or(b) a semiconducting i hydrogen chain, with alternating
bond lengths of 1.4 and 1.8 a.u., or 1.4 and 1.5 a.u., respectively, in terms of regular bands. Dotted lines are included as a guide to the eye,
to distinguish regular bands. In this figure, the main bawd (elates to single-hole lines, whereas satellite bands of shake-up3ihes)d
S2, are the result of i/2h-1p and 2h-1p/2h-1p configuration interactions, respectively. The lines in these bands are labeled according to
the leading contribution arising in thenpart of the corresponding eigenvector, indicating therefore the molecular orbital from which they
originate (a primed label relates to an antisymmetric orbital, whereas symmetric orbitals are denoted using unprimed febelgerall
structure of(b) is retained for the spectruiit) of a larger B, chain with alternating bond lengths of 1.4 and 1.5 §HOMO: highest
occupied molecular orbital; LUMO: lowest unoccupied molecular orbital; HOMO-1: the occupied molecular orbital below the HOMO.

eV, the pole strength profile and the shape of the correlatiotevels from which they borrow their intensity, as indicated
tail saturate rather quickly to their asymptotic form, whereasrom the composition of the corresponding eigenvector ob-
around 10 eV the band attributed to correlation is far fromtained solving equatio(21). Taking the terminology used in
having converged to the polymer limit. crystalline orbital calculatiort8 on extended periodic sys-
tems, the splitting displayed in Fig(8 can be regarded as a
prelude to the construction of a regular satel(ibe correla-
Ot_ion) band of rather weak intensity for the corresponding
ing shake-up lines tend clearly to fall into rather well- POlymer. Similarly, two regular bands of shake-up lin,
organized bands, as illustrated in Figéa)3and 3b) for a and S2, can bg regdlly identified in the ionization speptrum
small hydrogen chaiiH,), and as one should expect from ©f the Hie chain with bond lengths of 1.4 and 1.5 a#ig.
translational symmetry requirements. In these figures, ond(®)]- Owing to the much more pronounced metallic charac-
can easily identify the eight lines contributing to the mainter of this chain, these bands account this time for a major
band M) of the Hy chain, which are labeled according to part of the intensity.

their molecular-orbital index. One regular distributioB1( Both in Fig. 3a and 3b), considering the one-electron
of shake-up lines also clearly emerges from the spectrum dabels and the values obtained for pole strengths, the leading
the (H,¢) chain with bond lengths of 1.4 and 1.8 a[kig.  (S1) correlation band seems to form a reversed image of the
3(a)]. These lines are labeled according to the one-electromain band M), an observation which nicely reflects their

B. Organization of shake-up lines into regular bands

Both in the insulating and semiconducting cases, the lea
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FIG. 4. Band-structure extrapolation, in a two
bands model, of the observéa and(b) 1h/2h-
1p and(c) 2h-1p/2h-1p configuration interac-
tions (top) together with the permitted flows of
momenta in the related coupling amplitudes,
sketched(bottom using diagrams introduced in
Refs. 19, 23, or 47. The screened dot vertax
and (b) corresponds to the AD@3) 1h/2h-1p
coupling amplitudesU ,;;, Refs. 26a, 47,
whereas(c) the 2h-1p kernel accounts for the
renormalization of the self-energy in terms of the

2h-1p/2h-1p coupling amplitudes C;;, ;;/
Refs. 19, 23. In Fig. @), » accounts for an infi-
nitely small transfer of momentum accompanying
the particle-hole excitation, which can be re-
garded as virtually vertical. In this figuré(kg)
andl (kg) correspond to the highest occupied and
lowest unoccupied levels, at the eddg ) of the
first Brillouin zone. (i,j: occupied band indices;
a,b: virtual band indices.
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competition for intensity. From the composition of the asso-genvector also shows that, in the case of the hydrogen chains
ciated eigenvector, the shake-up lines in 8ieband can be with bond lengths of 1.4 and 1.5 a.u., this shake-up line
shown to essentially borrow their intensity from their mirror always borrows its intensity from thélOMO—1)"* single-

line in the main band, as a result of stronly/2h-1p inter-  hole configuration. When dealing with hydrogen chains of
actions. Interestingly in Fig.(B), the S2 shake-up band dis- the semiconducting type[Figs. 3b) and 3c)], the
plays a pole strength profile very similar to that found for theHOMO™2LUMO ** configuration state falls nearly at the up-
main band, and tends to form a mirror image of 8ieband.  per edge of the main band, among the one-hole configura-
The S2 band can itself be regarded as a satellite ofSlhe tions corresponding to the outermost orbitals. These configu-
band, finding its origin in B-1p/2h-1p configuration inter-  rations interact strongly, yielding at that energy a severe

actions. depletion of intensity in the main band, and a very intense
The features displayed in Fig(l8 are essentially retained shake-up line.
for larger semiconducting hydrogen chalmsg., H, in Fig. Extrapolated to a band-structure description and as illus-

3(c)], although the pole strength distribution complicatestrated in Fig. 4a for a two-bands model, the
quickly with system size. This behavior relates to the rapidly(HOMO—1)"YHOMO 2LUMO *? splitting would relate to
increasing number of possibilities for multistate configura-the interaction of a hole frozen in a one-electron state just
tions. In spite of this, however, one can readily distinguishnearby the top of the valence band with thke-2p state
several overlapping shake-up bands in Fifr)3extending resulting from the ionization of the highest occupied elec-
far beyond the high-energy bord@t about 20.5 eYof the  tronic level, together with a vertical excitation over the fun-
remains of the primary band. Configuration interactions tendlamental gap, at the upper edge of the first Brillouin zone. In
quite naturally to disfavor the shake-up states of highest enFig. 4(a), the ADC (3) coupling amplitude corresponding to
ergy, which explains the overall decrease observed with théhis 1h/2h-1p interaction is also displayed using Feynman
intensity of shake-up lines with increasing binding energiesdiagrams, together with the permitted flows of momenta.
and relatedly the recovering of single-hole lines at the botOwing to translational symmetry constraints, an infinitely
tom of the valence band. small transfer of momentuify) has to obviously accompany
From the composition of the corresponding eigenvector irthe particle-hole excitation.
Eq. (22), the shake-up transition at the top of the correlation For ionization of electrons at higher binding energies,
region is unsurprisingly always found to relate essentially tamost of the induced particle-hole excitations imply a transfer
the HOMO 2LUMO ** configuration. An analysis of the ei- of momentum ), as shown in Fig. &). The corresponding
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FIG. 5. Convoluted spectra
60.0 - (FWHM=1.2 eV) obtained from
ey the results of(dashed-dotted line
g HF and(full line) ADC (3) calcu-
kS| lations, the latter being also dis-
400 - played as a'spike spectrum, for the
H,g chain with bond lengths of 1.4
and 1.5 a.u. The insert shows the
experimental XPS spectrum re-
corded on polyacetylene Ref. 14.
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coupling amplitude therefore relates to a scattering of theéhe high-binding-energy border of the valence band. Addi-
created hole within the valence band as a result of correlatiotional and regularly distributed peaks can be distinguished at
effects in the cation, together with an oblique electron traniower binding energies, each relating to a canonical one-
sition across the fundamental gap. Owing to translationaparticle state. As contrasted with the HF results and in anal-
symmetry constraints, a vertical excitatif=0) in our two  ogy with simpler Green’s-function calculations on extended
bands model is possible only if the scattered Hatestate  chains’?” the ADC (3) spectrum is shifted to lower binding
i(kp+q)] remains frozen in its original stai (k,). ASin  energies and contracted on a smaller energy scale. As already
this case, there is no charge oscillations, and this particulafentioned, this overall behavior is due to the exaltation of
situation typically accounts for pureorbital) relaxation ef- o correlation effects in the final statee., electron pair

fec(;s. F_rog) F|g.t(ﬁb), Itthls clealr th?.t forta{n infinitely large felaxation with the inner character of the ionized levels.
and periodic system, these relaxation states occur as singular » "o bared with the HF spectrum, the ADG) spec-

cases in a continuum of correlation states, described by scap: presents also a striking dissimilarity with its fuzzy and

ning all possible values for momenta.
gs obpserved in Figs.(8) and 3¢), and as inferred from smoothened aspect. Except forthe.two peaks at t'he top of the
Fig. 4(b), shake- Ut ltiol icklv at hiaher bind- convoluted band, the peaks emerging from the middle part of
'g. 4(b), shake-up solutions multiply quickly at higher bin Sthe ADC (3) simulation barely reminds us of those found in

ing energies, yielding multistate configuration interaction o ) .
and further splitting into several series of satellites. In aih€® HF spectrum. Very striking also is a net broadening of

band-structure picture, these interactions relate to a scatterifg® P€ak at the high-binding-energy border of the main band
[Fig. 4(c)] of the two-hole and one-particle states within the (@t 20 €VJ. This broadening is the outcome of an overlap
valence and conduction bands, respectively, which this tim&etween a few surviving one-electron lines with a large and
involves two independent variables for momentum transfepoorly structured correlation tail, extending far beyond 30

(0; andqy). ev.
In Fig. 5, we also compare the convoluted HF and ADC

(3) spectra of the semiconductinggdthain to the x-ray pho-
toelectron spectruniXPS) of polyacetylené? in order to

In Fig. 5, we compare the convoluted HF and ARE) illustrate the role played by satellite structures in the photo-
spectra of a semiconducting,gtchain, with bond lengths of ionization spectra of conjugated polymers. This comparison
1.4 and 1.5 a.u. From their overall aspect, and, in particulamelies on a firmly established tradition in condensed-matter
from the appearance of a huge and intense peak at the bottgohysics*! and is justified in regards with the HF values ob-
of the valence band, the HF and AD@) spectra of this tained for the fundamental band gépable ), and with the
chain present some similarity. In spite of this similarity, alternation of the one-electron density. In close analogy with
however, the underlying physics is very different. the ADC (3) convoluted spectrum of the hydrogen chain, a

In the HF case, the peak at about 24 eV results from darge and symmetric peak, extending in between 15 and 22
strong accumulation of one-electron levels in that energy reeV, is found in the inner valence part of the x-ray photoion-
gion, yielding a characteristic and abrupt rise of intensity aization spectrum of polyacetylef& By comparison, calcu-

C. Role of satellites in convoluted spectra
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energy border of the main band up to nearly its low-binding-
Pole strength energy edge, in direct relationships with the decreasing band
gap.

We noticed that the zeroth-order estimate for the energy
threshold of a shake-up transition, i.A.2= ¢ yvo —2€Homo
marks the bifurcation range between the one-particle and
many-body parts of the ionization spectrum. Below that
threshold, the dispersion of intensity into secondary lines di-
rectly relates to the strength of relaxation effects, and there-
fore increasés™ with increasing binding energy. Above2,
one has to consider the probability of shake-up transitions,
decreasing with increasing binding energy, together with the
strength of the interaction between the méime-hole and
secondarytwo-holes, one-particjeconfigurations of the ion-
ized system. The strongest configuration interactions with
shake up are likely to operate in an energy region centered
on A2 Hence, the intensity in the main band does increase
again with increasing binding energy above that threshold, as
observed previously.

5 -40
(@) Bondlength aiternation 6 Therefore A2 has naturally to correspond to the strongest
depletion of intensity in the main band, and relatedly to the
Intensity | highest extremum in the shake-up structures. As shown in

Table II, the zeroth-order energy threshold for a shake-up
transition is indeed very generally found in the vicinity of the

most severe depletion of intensity in the main band and of
the most intense shake-up structure in the correlation tail.

100 4

80 - f ' The energy locations of these features are dendigdnd
v ; f A, respectively.
60 - | . j A This observation relates to the delocalization properties of

canonical states in extended chains, yielding bielectron inte-
grals and therebyl/2h-1p and 2h-1p/2h-1p coupling am-
plitudes scaling likeNg*, with N, the number of monomer
units. When the size of the system tends to infinity, the num-
20 , ber of shake-up possibilities tends to become infinitely large,
4 whereas the coupling amplitudes tend to become infinitely
small (i.e., the coupling amplitudes tend to build infinitely
large matricedJ = and C*, with infinitely small elements

For an infinite system, the poles of the self-enef§ythere-

40 fore strictly reduce to the zeroth-order estimates for shake-
on [KiJErib,i rarh! = 5” ’ 5aa/ 5bb’(6i — €5~ Eb)] or Shake-up

[Katiari /j» = Oaar 0iir Ojj (€a— €~ €;) ] energies(a,b: unoc-

40 -

5
(b) Bond length alternation 6

FIG. 6. Dependence df) the pole strength profile afb) the

convoluted spectra together with the contributions arising fromcua'fd |n(:1lcesl,1: ?CCUp'ed 'nd'ﬁe)sd | £10.86 eV f
shake up, superimposed as shaded spectra on the full result, dis- ong the same lines, a zeroth-order value o -00 evior

played for different bond-length alternations of ggldhain. 1: 1.4/ the _shake-up energy threshold of po_lyacetylene can be

20au.;2: 1.4/1.9au.; 3: 1.4/1.8 au.: 4: 1.4/1.7 a.u. 5: 1.4/1.6 a.ureadily calculated from the values obtained by Stheor

6: 1.4/1.5 a.u. the first ionization potential and fundamental gap. Similarly,
a value of 27.69 eV for 2 is found in the case of polyeth-

lati based inarticle pict e ith th ylene. By extrapolation of our argumentation, the greater
ations based on a quasiparticle picture yi€id, as with the  hart of the photoionization intensity can therefore be attrib-

HF calculations on the semiconducting hydrogen chains, gteq to main lines in the latter case, whereas a significant
Sharper and more assymmetrlc peak in that energy reglon.contamination by Shake—up lines can be expected in the

lower half part of the outefC 2p+H 1s) valence band of
polyacetylene, together with a complete breakdown of the
one-particle picture in the inné€ 2s) valence region.

This observation and explanations are consistent with the

In Figs. 6a) and &b), we present the spike and convo- 2h-1v CI calculations carried out on finite polyenes
luted spectra for a k4 chain computed at different bond (CgH;,,CioH10), by Fronzoniet al,'® indicating a severe
distances between the,Hnonomer units. In these figures, breakdown of the one-particle picture for the inner valence
one can easily follow the growing contamination of the specband of polyacetylene, together with a possible irruption of
trum by shake-up bands, as one reduces the bond-length alhake-up lines into the outer valence region. In this case,
ternation. This contamination spreads from the high-bindinghowever, the fragmentation of the main band into satellites

D. Conditions precluding a contamination of main bands
by shake-up lines
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TABLE Il. Comparison of the zeroth-order estimate for the en-seems less pronounced than with our present AB)Ccal-
ergy threshold of a shake-up transitiohd) with the energy loca-  culations on hydrogen chains with a similar band gap. This
tions (together with the corresponding pole strengththe deple-  could probably be the result of the loss of size-consistency
tion center of intensity in the main ban@p) and of the most  jnherent to truncated Cl expansions and of the restriction of

intense structureAc) in the correlation tailenergies in eY. The*  the virtual state to the valence space generated in a minimal
denotes that shake-up lines of comparable intensity are also foungsis.

in the correlation tail, beyond the high-binding-energy edge of the
main band.

E. The role of correlation effects

NH  Alternation A2 Ap (eV) Ac (eV) in the ground-state wave function
@ 14/15 23.445 10280573  23.13 (0.379 As a last point, we compare in _F|g. 7 the aboye d|scus_sed
8 La/L5 17.083 12.6§0.426  16.19 (0.509 ADC (3) results for hydrogen chains of the semiconducting
12 1'4/1'5 13-621 9'4 0'35 12‘44 0-56 type with ADC (2) calculations. In the ADG2) scheme, the
i : -490.359 -44(0.562 vectors of coupling amplituddd ™ are obtained to first order
16 1.4/1.5 11359 7.7%0.306  10.21(0.599 in correlation, whereas the ADC3) scheme also incorpo-
20 1.4/15 9.728  6.280.279 8.64 (0.619 rates second-order correlation corrections to the reference
24 1.4/1.5 8.468  5.340.243  7.49 (0.632 ground-state wave function. The AD@) and ADC (3) re-
28 1.4/1.5 7.443 4340237  6.62(0.639 sults are qualitatively consistent, even for the chains with the
(b) more strongly pronounced metallic character. As compared
4 1.4/1.8 26.240 18.870.856  25.28(0.097 with ADC (2), however, the many-body corrections in the
8 1.4/1.8 21.823 17.690.804  19.14 (0.09) ADC (3) scheme tend overall to strengthen the breakdown of
12 1.4/1.8 19.780 18.9%0.736  19.16 (0.149 the one-particle picture for the ionization process. This dif-
16 1.4/1.8 18.670 18.36€0.783  19.81 (0.096 ference relates to a narrowing of the fundamental quasipar-
20 1.4/1.8 17.976 17.9€0.783  19.93(0.089 ticle band gap of semiconducting polym¥rmsnder the inclu-
24 1.4/1.8 17.519 17.670.780  18.44 (0.097 sion of electronic correlation effects in the ground state,
28 1.4/1.8 17.201 17.4€0.632  17.48(0.189 yielding larger h/2h-1p coupling amplitudes. This last
16.55 (0.778  18.31(0.140 comparison strengthens the reliability of the conclusions ob-
32 1.4/1.8 16.972 17.2500.752 19.76 (0.18) tained, which could be readily transposed to a wide range of
36 1.4/1.8 16.801 18.350.499  18.36 (0.306 insulating or semiconducting polymers with a HF band gap
16.34 (0.776  17.85 (0.056 larger than 5.0 eV.
40 1.4/1.8 16.671 17.00.500 18.29 (0.057
(c) V. SUMMARY AND OUTLOOK FOR THE FUTURE
28 1.4/1.5 7.443 4.3430.237 6.62 (0.639 . . . .
28 146 14.837  13.990.308 13.986 (0.487 T_he cal_culatlons and analysis presented in this paper es
28 147 16127 15.560.62 16,605 (0.14 tablish a link between many-body molecular quantum me-
: / : : -560.629 -605(0.149 chanics and condensed-matter physics. They illustrate the
28 1.4/18 17.201 17.4€0.63)  17.48(0.189 importance of satellite bands in the photoionization spectra
16.55(0.77 ~ 18.31(0.140 . of extended systems with low band gap, an aspect of band-
28 14/1.9 18121 18.1480.809 17.954(0.043"  girycture theory which has been largely overlooked until
28 1.4/2.0 18.909 18.55€0.828 18.723(0.029* now.
In this paper, we have computed the ionization spectra of
model hydrogen chains, with different bond-length alterna-
1.00 @ 1.0 w
0.80 - 0.8
a 0.60 _gn 0.6
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FIG. 7. Comparison of théa) ADC (2) results with(b) the ADC (3) results obtained for a semiconductingghhydrogen chain, with
alternating bond lengths of 1.4 and 1.5 a.u.
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tions and as a function of chains length. Our main goal was simple criterium to evaluate the range of reliability of the
to investigate the construction of satellite bands in two ex-one-particle picture for the ionization process, an essential
treme situations i.e., for an insulating and for a semiconductguestion in the assessment of configurational or conforma-
ing polymer chain. Since the formation of satellite states estional signatures in the photoionization spectra of extended
sentially depends on many-body effects, use has been madgstems. Considering energetics only, it is quite obvious that
of calculations which account for electronic correlation andA % should always fall in the vicinity of the most severe
relaxation effects, as well as for multistate configuration in-depletion of intensity in the primary bands and of the most
teractions. The method which has been considered is an dhtense satellite structure. Nonetheless, in more realistic sys-
gebraic diagrammatic construction scherf®DC) of the tems with one-particle levels belonging to different shells,
one-particle Green'’s function, which is correct through thirdone should also consider the modulation of the competition
order in correlation. It has been recently augmented by #or intensity between primary and secondary lines by their
block Lanczos algorithm, which makes this method appli-coupling amplitudes, which depend sensitively on the local-
cable to larger clusters. In comparison with standard Cl treatization properties of the involved orbitals.
ments, this approach has major advantages for numerical ap- A main conclusion is that although not necessarily appar-
plications of extended systems, in the form of a systematient from experiment alone, the structures observed in the
compactnessf the configuration spaces, and in regards withionization spectra of semiconducting polymers can be essen-
the size consistencgnd therebysize intensivityof the com-  tially due to correlation and not related to a one-particle pic-
puted transition energies and moments. ture at all. More care should be exercised when interpreting
Satellite structures in the ionization spectra of large systhese spectra. By extrapolation of studies conducted during
tems are, by far, much more difficult to investigate than onethe past two decades on a large range of molectisspng
particle lines, since the number oh2lp shake-up solutions many-body effects can also be expected in the inner valence
increase agNy)®, with N, the number of monomer units, spectrum of polymers containing easily polarizable bonds or
whereas the correspondingh/Rh-1p and 2h-1p/2h-1p lone pairs such as polysilanes, polyoxymethylene, polyoxy-
coupling amplitudes tend to scale @) * in the limit of an  ethylene, polyacrylonitré . . . .Many more calculations, of
infinite system. In spite of this, evidence has been found irthe type which has been presented here, are, therefore,
this study for an organization of shake-up lines into a regulaneeded for other large oligomers. A crystal orbital version of
band structure, in direct relationships with the developingthe ADC scheme, fully exploiting translational symmetry for
translational symmetry constraints in clusters convergingnfinite periodic systems, is also clearly desirable.
onto a stereoregular polymer limit. From the distribution of  Along the same lines, it is usually agreed that the one-
lines and intensities, it is even possible to distinguish theparticle picture for ionization is applicable on metallic sys-
satellites due to a singlehl2h-1p configuration interaction tems. An open and highly challenging problem, yet to be
from those arising from multistateh21p/2h-1p interac-  studied, is following the evolution of satellite bands when
tions. the semiconducting phase presented here evolves to a
When dealing with insulating hydrogen chains, thestrongly correlated metallic phase.
shake-up contamination remains limited to a small part of the
ionization spectrum, at the high-binding-energy edge of the
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