Correlation states of ethylene

S. J. Desjardins and A. D. O. Bawagan®
Ottawa-Carleton Chemistry Institute, Carleton University, Ottawa, Ontario K1S 5B6, Canada

Z. F. Liu and K. H. Tan
Canadian Synchrotron Radiation Facility, Synchrotron Radiation Center, University of Wisconsin,
Stoughton, Wisconsin 53589

Y. Wang and E. R. Davidson
Department of Chemistry, Indiana University, Bloomington, Indiana 47405

(Received 3 October 1994; accepted 19 January )1995

High resolution synchrotron photoelectron spe¢B&S of ethylene have been obtained at several
photon energies in the range 30 to 220 eV. Further evidence is presented that the correlation
(satellite peak at 27.4 eV binding energy is “intrinsic” in nature. A new correlation peak at 21.4 eV
binding energy, however, is found to be a “dynamic” correlation. Several PES'3€Zthylene

have also been obtained and have been found to be identical to those of normal ethylene. Both of
the correlation peaks are also present in the labeled species with similar photon energy behaviors.
Sophisticated theoretical calculations are found to agree quantitatively with the experimental PES
spectra. ©1995 American Institute of Physics.

I. INTRODUCTION dence studies have now led to less ambiguous measurements

of the satellite/main peak intensities. Those correlafgat-

The interpretation of photoelectron spectra has benefittedjjte) peaks that exhibit a constant ratio with increasing pho-
tremendously from molecular orbital models wherein theyn energy are referred to as intrinsic correlations and are

motion of electrons are considered to be independent of eaclynsjgered to be caused by initial and/or final state configu-
other. These models are successful at predicting the maiRtion interaction: 3 whereas those correlatiofsatellite

features of valence shell and inner shell photoelectron SPeQeaks that exhibit a strong photon energy dependence in the
tra, however they cannot account for the “extra” peaks thalgatelite to main peak intensity ratio are referred to as dy-
are often observed. These extrg peaks in the expe.nmentﬁtljmiC correlations and can be produced by shake-up
photoelectron spectra were initially called satellite O hrocessed;” continuum state interactiodg:*%° or inter-
shake-up peaks, though the more proper name correlatiof,annel coupling:®72°The term “shakeup” is used here in a

peaks(For consistency, the experimental phenomena will bgjmiteq sense to refer only to correlation peaks that exhibit a

referred to as “correlation peakSand the theoretical repre- particular photon energy dependence in their cross sections
sentation or interpretation of these phenomena as “correlasq yiscussed by Becker and Shirey.

tion states.”) is preferable as it indicates the mechanism — goyera| experimental and theoretical studies on atomic

responsible for these features. It is precisely from the inter'system%‘zz have indicated that the phenomenological classi-

actions(correlations of electrons in atomic or molecular sys- fication of correlation states into intrinsic and dynamic cor-
tems that these correlgtl%l peaks appear in the photoelectrog|ations is very useful in understanding the complexity of
spectra of many speciés?® The correlation states of atoms, gjactron—electron interactions. Recent studies on molecular
especially the noble gas atoms, have beer_l investigated IRystem&-28 have also shown that the Becker—Shirley clas-
tensely, however the study of these states in molecular sySification is feasible. In particular, a recent study on a well-
tems is still in its mfa.ncy. T_h|s _vvork presents perhaps one °i<nown correlation peéﬁ of ethylene at 27.4 eV binding en-
the most thorough investigations of the correlations of g4y has revealed that this peak clearly results from intrinsic

simple, nondiatomic molecule. correlations. The satellite/main peak intensity ratio has been
Schemes have been proposed, such as those by Beckgy,

. ' ! . own to be effectively constant over a wide photon energy
and Shirley’ to classify correlation states and their produc- range(40 to 1500 eV. Furthermore, comparisons of the ex-

tion mechanisms by studying the photon energy dependencg,imentally derived satellite/main intensity ratio with theo-
of the ratios of the satellite peak intensities to the main Oleyica| multireference singles and doubles configuration in-

‘parent” peaks observed in the photoelectron spectra Ofgaction(MRSDCI) calculations by Murray and Davidssh

noble gas atoms. The photon energy dependence of satellite/jicated that quantitative agreement can be obtained. And

main peak intensities in photoelectron spectra has b;ﬁ” o, highly sophisticated theoretical calculations can provide
vestigated in pioneering studies by Wuilleumier and Krause. 4 antitative predictions of the photoelectron intensities of
The earlier x-ray studies were, however, hampered by pPogheqjym-sized molecules such as ethylene. This result is very

energy resolutiqn and_ many glosely §pa9ed sgtellites ‘,Ner@ncouraging for molecular investigations and illustrates the
not resolved. With the introduction of high intensity and h'ghimportance of high quality theoretical calculations and care-

brilliance synchrotron sources, such photon energy depefy analysis of high resolution synchrotron photoelectron
spectra.
4To whom correspondence should be addressed. Ethylene [C,H,(D,h)] has the following electronic
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configuration in the ground state: &J)°(1b;,)?(2a5)®  TABLE I. Summary of theoretical calculations.
(2b1,)(1b,,)%(3384)*(1hsg)*(1bg,)?%, having ‘A, symme-

try. All orbital symmetries are referenced to the molecule Vethd mt(;i'scli‘;"rt:t‘l’& Comment

lying in theyz plane, with the C—C double bond along the

axis. Martin and MRSDCI 30% no twinning
The photoelectron spectrufRES of ethylene, the sim- Davidson(Ref. 3§ . -

plest unsaturated hydrocarbon, has been investigated exteﬁ?gle Ekl);(‘;mS?) MBPT 24% twinning

sively both  experimentallj?"?%%=%* “and  theoret- pyray and MRSDCI 35% no twinning

ically.3%34=41The PES of the carbons2region of ethylene Davidson(Ref. 30

was first reported by Gelitdusing AlK« x rays(1487 e\j ~ Baker(Ref. 33~ EOM 23% partial twinning

in 1974. It was also reported by Berndtssetral3! in 1975 Preie”t Cl p-2h 35% no twinning

and subsequently studied by Banna and SHifleyith Mg " ,'\\AAFF::BS: E;ﬂ,\?g) 2202 m:g::gg

Ka (1253 eV and Y M, (132 eV) x-ray sources. According
to self-consistent fieldSCH calculations, the peaks at 23.7 See the text for details. _ o
and 19.2 eV binding energy were assigned ag and D, Satellite(27.4 e\) to main peak intensity ratio.
primary ionization peaks, respectively. The strong satellite at

27.4 eV, with an intensity of 39% of theag primary peak in
the Mg Ka spectrum® was originally assigned as B,
(considering the molecule to be in its proper orientation
correlation staté?3132 The task of the earlier theoretical
calculation&!~>'was to assign the five main band=low 20
eV binding energy through Koopmans' Theorem at the
Hartree—FockHF) level. The first study that went beyond
the HF approximatioriGreen’s function methdd) was pub-
lished in 1976. Martin and Davidsthperformed a small
configuration interactiofCl) calculation on the ethylene cat-

the satellite state. Two calculations based on the symmetry-
adapted clustefSAC) expansion CI theory performed by
Nakatsujt® and Wasada and Hir&bare also of interest as no
twinning of the 2Ag primary peak was observed, nor was
there any stron@Ag satellite between 27.0 and 30.0 eV bind-
ing energy. Furthermore, the 27.4 eV satellite peak was as-
signed back tdB,,, symmetry contrary to most of the other
theoretical calculation®3’

In all of these previous calculations, the overall size of
, ) X ) @ the basis set was never larger than 70-CGTO. The present
ion which agreed with experimental PES results, but indiv, . is aimed at resolving the discrepancies among the dif-
cated that the |_ntense_satelllte at 27.4_ eV bglonged taAge ferent approaches, through the use of a larger basid 86t
symmetry manifold, with a calculated intensity of 30% of the CGTO). A concise summary of the theoretical approaches

primary 2a, peak. .Subsecg%ant electron momentum Spectrossng predicted intensity ratios for the 27.4 eV correlation state
copy (EMS) experiment$?*? also known as binaryg( 2e) is shown in Table I.

spectroscopy, confirmed this symmetry assignment; however, | the present study, the well-known correlation peak at

the satellite/main peak intensity ratios obtained were differ»7 4 oy binding energy, assigned to tR&, symmetry

ent. Differences in the correlation peak intensity ratios beinanifold3® has been confirmed as an intrin:gic correlation

t""?‘f”_ EMS and PES halve previously been observed in argqfhsed on additional experimental data. Also, more evidence

3s  ionization spectrd! Investigation mto_tr;e nature of of the dynamic nature of the newly discovetedorrelation

these differences are actively being pur,sﬂl‘bd. _ peak at 21.4 eV has been obtained based on PES spectra of
Cederbaunet al”™* performed Green’s function calcula- ormal ethylene and®C labeled ethylene. The interesting

tions, including more correlation configurations in their in- hhoton energy dependence of the new correlation state is
vestigation than Martin and Davidséh,but used smaller eytensively discussed.

basis sets without diffuse Rydberg functions. The results

agreed qualitatively with experiment, but the calculations

predicted a much richer structure than can be experimentallg}' EXPERIMENTAL DETAILS

resolved. TW02Ag correlation states of roughly equal inten- The synchrotron photoelectron spectfRES were

sity less than 1 eV apart centered at 23.5 eV and another twabtained at the Canadian Synchrotron Radiation Facility

closely space(ng correlation states centered at 27.5 eV (CSRB at the Aladdin Storage Ring of the University of

were found. The intensity of this dual satell{#&7.5 e\j was  Wisconsin at Madison’s Synchrotron Radiation Center

found to be 24% of the dual primary peék3.5 e\j.>” The  (SRO. The spectra were collected using the McPherson pho-

recent MRSDCI calculation of Murray and DavidsBmith  toelectron spectrometer equipped with a multichannel plate

the Cederbaum basis 2&lead to a conclusion similar to the detectof® in conjunction with both the grasshopper grazing

previous work of Martin and Davidsofi,as neither calcula- incidence monochromatSrwith high and low energy grat-

tion produced the twinning phenomenon ofﬁkg peak at ings and tle 3 m toroidal grating monochromatot3

23.5 eV binding energy. m-TGM),>® also with high and low energy gratings. Angular
In addition to these earlier calculations, Bakenvesti-  corrections are not required as the photoelectrons were col-

gated the PES of ethylene using the EOM/propagator tecHected at the pseudomagic angteAll reported intensity ra-

nique. Tw02Ag correlation states of roughly the same inten-tios were corrected for analyzer transmission effétur-

sity centered at 23.2 eV were found, but only of'l&g ther background corrections were made for low energy

correlation state at 27.26 eV. Truncation of the virtual spacescattered electrons and stray light for the data obtained with

caused the twinning phenomenon to disappear for the case tife 3 m-TGM which provided most of the lower photon
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energy PES spectra. A single Matheson Gas Products restates that, to the extent these approximations are accurate,
search purity(99.99% sample of ethylene was used for all these peaks will be at positions given by the negative of the
experimentation. Further experiments were also conductedrbital energies.

with isotopically labeled ethylen@-1*C-ethyleng from Iso- However, the appearance of correlation peaks in photo-
tec (99% purg. Note that this particular sample has di€  electron spectra proves the inadequacy of simple single-
atom whereas the other carbon atom is “norm&(c. particle methods. lonic configurations can also be formed by

The transmission of the spectrometer has been thoma combination of excitations and ionizations. The one-
oughly investigated using neors2nd 2 ionization cross particle two-hole (p-2h) configuration involves the re-
sections for calibration studies. The transmission of the speanoval of two electrons from the ground state configuration;
trometer is found to be linear in electron kinetic energyone is lost by ionization, the other is excited to a virtual
above 20 eV, below this energy, the transmission is relativelyrbital of the ground state. This configuration can be repre-
constant® Gaussian curves are fitted to the Ne peaks accordsented as
ing to known experimental energy resolutions, using the pro-
gram Peakfitversion 3. The areasintensitie$ of the Gauss- l(N-1)=aea a,T\If(N), )
ian fitted peaks were obtained and the appropriate intensityherek and| are the occupied orbitals involved in the ex-
ratios derived. |ntenSity ratios of photoelectron peaks areitation and ionization processes aabs a creation opera-
corrected for transmission effects; these corrections ranggr that places an electron in virtual orbital If these con-
from approximately 20% at 45 eV down to approximately figurations were true states of the ion, then the ion should
2% at 200 eV. The intensity of second order radiations fromhave excitation energies corresponding to the differences be-
the CSRF grasshopper monochromator was also investigat@geen them and the ground state of the ion. Since photoion-
via the 2p peak of neon and it was found that second ordelization is dominated by one-electron dipole mechanisms, the
radiation is of significant intensity only at photon energiesintensities of the peaks associated with these states would be
lower than those over which the spectra were obtained. Thegrg.
second order radiation maximizes in intensigpproxi- All configurations, @-1h (primary hol, 1p-2h, 2p-
mately 40% between 30 and 35 eV primary photon energy,3h (two-particle, three-hol@s etc. are required to form a
but quickly falls off, down to approximately 1% of the first complete set of functions. Therefore the wave function for

order intensity by 45 eV. The total experimental energy resogny state of the ion is written as a linear combination of all
lution, including both electron analyzer and monochromatoipossible configurations:

effects, was found to range from 490 meV FWHM at 45 eV

to 820 meV FWHM at 200 eV. For the spectra obtained with n
the 3 m-TGM, the low energy scattering of electrons caused V¥i,,= E Ck<IJk(N—1)+Z Cy®(N=1)+---, (3
an exponential-decay-like low kinetic energy background k=1 kir

which made a further correction necessary. "No gas baCk'Where theC'’s are configuration interactiofCl) coefficients

ground spectra were run in conjunction with the ethyleneand the first sum is over the Op-1h configurations of the

spec:ra at thf’h varloulsmpl)lhotprl ene{?ITS; q ttr:ese bactk%rtourilgn corresponding to the primary peaks. In simplified nota-
spectra were then sca points multipiied by a consta tion the jth eigenstate of the cation can be written as

to match the low kinetic energy tail of the ethylene spectra.
The background spectra were then subtracted from the eth- _ )
ylene spectra and the resulting spectra were then analyzed \I’J(N_l)_2 Cpj®@P(N-1), (4)
with the same procedure as the otligrasshopperspectra. P

The error limits shown in the transmission corrected intenwherecpj is a coefficient that describes the extent of con-
sity ratios refer to statistical uncertainties arising from curvefiguration mixing and®(”(N—1) is the pth possible ion

fitting alone. Systematic errors due to the assumed base lin®nfiguration (Op-1h, 1p-2h, etc). Similarly the ground
and transmission function are estimated to be less than 10%tate of the neutral molecule can be represented as

W(N)=2, D@ P(N), (5)
q

Ill. THEORETICAL BACKGROUND

The Hartree.—FocI(HF) approximation for the ground where ®@(N) describes theth possible configuration of
state wave function of a neutral molecule can be represented . o tral moleculd.e., HF, Tp-1h, 2p-2h, etc) andD, is
B ey il y H Y q

asV(N), whereN. represents the number of electrons iNthe CI coefficient for thegth configuration.

the system. lonization can then be represented by the pri- pole strengtliprobability) for the jth ionic state is
mary hole configuration wave functio®,(N—1), which 4. g by the square of the norm:

corresponds to removal of an electron from ktle occupied ’

orbital. If a, is an annihilation operator that destroys orbital 2
k in ¥,(N), then S'=[(¥;(N=1)|®(N))n_1lI?=| 2 C};DeSpq| . (6)
p.g
Op(N—1)=aVe(N). 1)
where
If there aren occupied orbitals int',(N), then the spectrum
should consist ofn primary peaks. Koopmans' Theorem  Spq=(®®(N—=1)|®@(N))y_; (7)
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and the subscript on the bracket indicates integration OVETABLE II. Calculated ionization energies together with the experimental

only N—1 electrons. binding energies of the primary and intense satellite peaks in the PES of
Further the Dyson orbital can be defined as ethylene.
. 1 1 SCF ionization MRSDCI (ANO) ionization Experimental binding
QDnyson: Sj <qu(N_1)|\P(N)>N—1:Sj 2 C;ququ Orbital ~ energy(eV) energy(eV) energy(eV)
p.q ® 1bs, 10.2 10.38 105
1bg, 13.8 12.91 123
which allows the transition momeitthe square of which is i"g‘g 132 1‘6‘-22 ig-z
1 1 1 2U . . .
proportional to the intensijy 2 o1 e 1994 1o
M:i=(F (N= D)+ (k)| wl¥(N 9 2a 28.1 23.3,245 23%7
i =(P;(IN=D)x (k)| | T(N)) 9 293,29 kel
to be written as
) . % rom Ref. 31.
M =X (K| sl byson S (10)  “From Ref. 32.

where x/(k) is the continuum function for the outgoing

(ejected electron associated with stateand w is the dipole It has been observed that with FISCI and without ISCI, the
operator. intensities were satisfactory in the aggregate but very wrong

If initial state configuration interactioiSCI) and final  in detail>® however, with both FISCI and ISCI, the agree-

ionic state configuration interactiairISCI) are considered, ment of the theoretical PES spectrum with experiment was
correlation peaks generally arise through transitions to higmuch better.

energy states of theame symmetrgs the associated primary A 196-CGTO basis set, defined later, was used in three
hole state. The intensity ratio of théh satellite(correlatiorn) different sets of configuration interaction calculations. Both

peak to thepth primary peak is given by final and initial state Cl was included. The calculated ener-
K M2 IS (k! j 9 gies of the PES peaks have been shifted slightly from the
1(J.K") i _ ISkl ebyson| (11)  calculated values shown in Table Il so that the primary peak

I(p.k) M2 S, (xP(K) | @Byeon|?

For most satellitegcorrelation statesit is possible to
identify a primary hole state {@21h) such that<p{3ysOn
~ ¢Byson- In this case,

from each symmetry agrees with its experimental position.
The results of the calculations are shown in Table Il and
Figs. 12 and 13.

IV. RESULTS AND DISCUSSION

: 2
ﬂ% S A. The intrinsic correlation state
I(p) S (12
P Figures 1 and 2 show sample synchrotron photoelectron

if the comparison is made at the same outgoing photoeleapectra of normal ethylene, taken at 91.1 and 59.5 eV photon
tron kinetic energyi.e., k' ~k) and if y! is sufficiently simi-  energy, respectively, having peaks associated with ionization
lar to x P in the region of space close to the molecule. If thefrom the six valence molecular orbitals. The energy scale
satellite/main intensity ratio is computed at the same photowas calibrated by aligning the binding energy of thie; 1
energy then it must further be assumed that the dipole trarpeak(10.51 eV} with high resolution He spectr* The ex-
sition matrix elements do not change rapidly withFor the  tra peak, labeled “sat,” is the well-known correlation peak
present study this condition holds favorably since the kinetioriginally observed by Geliu¥* Note that further improve-
energies are>10 eV. Furthermore, the coupling of channels ments in the experimental energy resolution up-tth0 meV
in the continuum is neglected’. With these approximations, FWHM does not better resolve the inner valence region. The
Eq. (12) is formally equivalent to the sudden approximation present widths of the inner valence peaks correspond closely
of Aberg? in the limit k—. In the present approximation to their natural linewidths which is consistent with the fact
the explicit form of the continuum function is not specified. that these are largely dissociative states.
It is only assumed that the continuum functions are similar  Figure 3 shows a sample spectrum'#E-labeled ethyl-
for the states being comparéicke., for the relative ratigs ene(1-X*C-C,H,) at 59.5 eV photon energy. It can be seen
For a qualitative understanding of the PES spectrum ahat the PES spectrum of isotopically labeled ethyléFig.
single determinant HF wave function is assumed for the ini3) is very similar to that of normal ethylengig. 2 at the
tial neutral state. For thpth primary hole state, the coeffi- same photon energy with regards to binding energies, peak
cient of one (-1h configuration is assumed to be dominant. areas, and peak widths, further confirming that the extra
In a correlation state, all of thegd1h coefficients are small, structure (labeled sat found in the PES is of “electronic
but one of the @-1h coefficients is assumed to be much origins,” i.e., largely independent of nuclear structure. It is
larger than the others. In this case, the intensity ratio of thevell-known that vibrational frequencies, and thus the
jth satellite peak to thpth primary peak involving the same Franck—Condon widths associated with photoionization, are
Op-1h dominant configuration s influenced by deuterium substitution of the hydrogen atoms
() C2 in ethylene®® In this particular experiment3C substitution
BALEAS %_ (13) will also change the vibrational frequencies of ethylene and
I(p) Cpp thus decrease the Franck—Condon widths associated with
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TABLE Ill. The calculated line positions and intensities for the PES of ethylétie MRSDCI (ANO)

calculatior.
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Root
Symmetry index

lonization

energy (eV)

Intensity’
2
Si

Important configuratioris

A 1

g

2
3

10

11

12

13

15

By 1

14.7

22.1

23.4

24.6

25.1

27.1

27.6

27.8

28.61

28.64

28.9

29.1

29.9

10.5
23.9

15.9

18.2

22.1

19.2

20.3

234

0.81

0.00

0.19

0.28

0.02

0.02

0.01

0.03

0.09

0.01

0.04

0.02

0.01

0.81
0.00

0.71

0.02

0.06

0.61

0.06

0.0050

0.93(8;,) *
0.16(3ag) ~*(1bgy) “*(1byg)?

0.95(t5,) ~*(nag)*

0.77(h3,) ~*(nag)*
0.46(2a,) *
0.28(20,) }(1bgy) *(1byg)*
0.59(t5,) ~*(nag)*
0.55(2a,) *
0.45(2y,) *(1bgy) "H(1byg)*
0.92(t5,) ~*(nag)*
0.19(2b3,) *(1bzy) H(1byg)*
0.15(2ay) *

0.71(By,) *(1bzy)  *(1bgg)*
0.40(3ag) ~*(1bgy) “?(1byg)?
0.34(1bg,) *(nag)*
0.16(2a,) *

0.92(t3,) ~*(nag)*
0.14(2b1,) }(1bzy) H(1byg)*
0.11(2ay) *

0.84(8;) *(1bz,) " (nby,)*
0.27(3ag) ~*(1bgy) “?(1byg)?
0.20(2y,) *(1bgy) "H(1bgg)*
0.18(2a,) *

0.49(2;,)) ~(1bz,) *(1byg)*
0.43(1bsy) "(nag)*
0.37(3ag) ~*(1bgy) “?(1byg)?
0.29(2a,) *

0.79@,) " *(1bz,) *(nbg,)*
0.47(1bg,) *(nag)*
0.10(3ag) ~*(1bgy) “*(1byg)?
0.09(2ay) *
0.03(3ay) *

0.71(B54) *(nag)*
0.27(3,) "}(1bsy) “?(1byg)?
0.25(2y,) H(1bgy) "H(1byg)*
0.24(1by,) ?*(nag)*
0.20(2a,) *

0.76(H3,) "*(nag)*
0.35(3ag) ~*(1hg,) “*(nby,)*
0.19(20;,) *(1bg,) "H(1byy)*
0.16(2a,) *

0.78(1y,) ~*(1bgy) *(1byg)?
0.37(1bsg) ~*(1bgy) 2(1b;g) *(1byg)*
0.26(1bs,) " *(nag)*
0.10(2ag) *

0.95(h,,) 7t
0.92(t3,) ~%(2bg,)"
0.11(1bg,) ~*(1byy) ~H(2byy)*

0.88(h,,) *
0.33(1bs) ~1(1bg,) H(1byg)*
0.11(1b,,) ~*(1ba,) ~%(1byg)?

0.93(h34) 1(1bz,) " H(1byg)*
0.14(1b,,) "t

0.80(thzg) ~*(1ba,) '(1byg)*
0.28(1b,,) ~(1bg,) *(1byy)?
0.22(1b,,) "t

0.82(8,,) !
0.41(3ag) ~*(1bgy) }(1bgg)*
0.13(28) }(1bz,) *(1byg)*

0.91(8;) ~*(1bg,) ~*(1byg)*
0.26(20,,) *

0.94(15,) ~%(nby)*

6389
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TABLE IIl. (Continued)

Root lonization Intensity
Symmetry index energy (eV) s? Important configuratiorfs
0.07(2y,) "
4 24.3 0.08 0.83(8;) "*(1bg,) "*(1byg)*
0.26(2,,) 7t
0.23(2y,) ~(1bgy) “?(1byg)?
Bsg 1 12.9 0.79 0.92(hhz,) *
O-lG(Jbzu)’1(lb3u)’;(1bzg)i
0.14(1bzg) ~*(1bsy) ~*(1byy)
2 21.9 0.00 0.94(thy,) ~1(1bz,) "H(1byg)*
3 24.2 0.01 0.70(thp,) “*(1bz,) ~1(1byg)*
0.57(1bgg) "H(1bzy) “3(1byg)?
Bag 1 17.2 0.02 0.94(bg,) "3(nbyy)*
0.11(3y) "*(1bz,) “*(nbyy,)*
Big 1 346
A, 1 43.7

& or each symmetry, the MRSDCI wave functions were used for the cation and the neutral molecule and all
calculations were based on the average natural orbitals except fBr flend A, symmetriegsee the text for
detailg.

PThe first root energies have been adjusted to experimental data separately for each symmetry. The same
constant shift was used for the rest of the roots in that symmetry.

“The values less than 0.005 were ignored.

“The absolute values for the Cl coefficients were taken.

°The energy of the ground state of the neutral molecule was taken as the averagé-vaB.408 693 42
hartree from the other 5-root calculation results. The second root of this symmetry lies at 25.9 eV with an
intensity less than 0.005.

The energy of the ground state of the neutral molecule was taken as the averagé-vaht08 693 42
hartre¢ from the other 5-root calculation results. The energy of this symmetry was from gh2h1Cl
calculation result. The pole strength is less than“10

outer valence ionization. High resolution PES with super-
sonic molecular beams have been able to resolve the outer
valence vibrational structure of ethyletfe;however, the
present study is more concerned with the inner valence and
satellite regions. For the inner valence regid8 substitu-

tion is a reasonably sensitive test of “nuclear effects” in . 1b Normal Ethvlene
correlation states:3C substitution introduces an asymmetric 09 T » hy = 91 1e\};
1/12 change in nuclear mass of one of the carbons. If these 08 '
extra peaks are not purely electronic effects but are influ- I

[©2)

enced by some electron—nuclear scattering process, then 5 07T
there should be some differences in their inner valence PES. ﬁ 06
No detectable difference is observied. Figs. 2 and B thus = 05
“nuclear effects” as a possible factor contributing to the sat- § 04 -
ellite structure in the photoelectron spectrum of ethylene is £ [

. = 03
discounted. The present results lend further support to cur-
rent theoretical approaches to the interpretation of correlation 02
peaks as arising from solutions of thé&ctronicmany-body 01
Schralinger equation for both the neutral and final ionic ...
states. Although non-Born—Oppenheiniapnadiabatig ef- 5
fects have been predicted and observed in the outer valence Binding Energy (eV)

photoelectron spectrum of ethylene, they are seen to be rela-
tively small effect$”58 Another theoretical study on vi- FIG. 1. Synchrotron PES spectrum of normal ethylene at 91.1 eV. The

bronic coupling effects in the inner valence photoe|ectrorf:urve—fitting model used for all of the spectra is shown by the dashed Gaus-
sians and the solid base line. Single Gaussian peaks are fitted to the experi-

speptrum of aCEtyI'eﬁ%Showed ITIO significant intensity bor- mental peaks attributed to ionization from the outer valence orbitals. Two
rowing between different satellite states. The present studgaussian peaks of equal widths are fitted to each of the experimental peaks

on normal ethylene and®C-labeled ethylene is part of a attributed to the satellit€27.4 eV}, 22\5l and 1b;l. The sum of the peaks is

growing number of explorations of nonadiabatic effects inrepresented as a solid line. The spectrum as shown is not corrected for
transmission effects. The estimated total experimental energy resolution is

the innef valence region Of_PESgS spectra and seems to SUPPQHy mev FWHM. The standard orbital notation assurBes symmetry
the earlier theoretical studi@& with the molecule in thg/z plane(see inset diagram
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i hv = 59.5eV T osb ¥ X-Ray
_ 08r g | i Grasshopper
[72]
2 i s° + 3m-TGM
€ i :
_Q' 0-6 | : 0.6 :_ - MRSDCI'ANO
8 I 3 g
2 i o s
‘B B k=] o
2 04 | B o4
£ 2 E
[ 2 g
02 | € o2F
r - threshold Y M;
[ 2748V
0 A PRI U W SO S PR OZ .‘.-.....I . i ) L
S o 2 2 33 3 10 100 1000 10000
Binding Energy (eV) Photon Energy (eV)

FIG. 2. PES of normal thy_Iene taken at 59.5 V. The spectrum as shown iG. 4. Photon energy dependence of the 27.4 eV major satellite/ragih 2

not corrected for transmission effects. peak intensity ratios derived from synchrotron PES measurements for nor-
mal ethylene. The experimentally derived ratios are corrected for transmis-
sion effects. The open circles with error bars are data from the grasshopper

The correlation peak at 27.4 eV has been thoroughlynonochromator and the solid diamonds are data from the 3 m-TGM. Pre-
investigated by measuring the satellite/mahig? peak in- vious x-ray nieasuremept@efs. 31 gnd 3)2_ar¢ shovyn as .solid circles. The
tensity ratio at different photon energies from 40 to 220 eV.dC?Shed line is thg predicted satellite/main intensity ratio from the MRSD-

; i - . (ANO) calculation(see Table II).
These ratios are presented in Fig. 4, with previous x-ray mea-
surements also shown for comparison. The approximately
constant trend reported previouSlys seen to continue at the synchrotron spectra. Figure 5 shows the photon energy de-
lower photon energies, approaching the threshold. Very clospendence of the correlation peak at 27.4 eV in the case of
to threshold(h»<40 eV), the conditionk’ ~k does not hold  1-'*C-ethylene. The dashed line also represents the same
and Eq.(12) is not rigorously valid thus slight variations are MRSDCI(ANO) calculation shown in Fig. 4. The constant
expected. PES at photon energies less thas36 eV are value of the intensity ratio observed in both norrtfalg. 4
difficult to obtain with the present electrostatic photoelectronand labeled(Fig. 5 ethylene is indicative of an intrinsic
energy analyzer. The difficulty arises from background prob<correlation, using the notation of Becker and Shifeyre-
lems associated with low energy scattered electrons. Thsult of initial and/or final state configuration interaction.
dashed line represents the rafi@35 calculated from the These configuration interactions are always occuring, and the
MRSDCI(ANO) calculation(see Sec. IV € The high value photoionization process only allows them to be seen—it does
for Al Ka is probably a result of experimental factors unac-not produce them—thus, there should be no photon energy
counted for as the published spectrum was deconvoluted uslependence expected within the conditions discussed in Sec.

ing a peak profile similar to that used for the fitting of the

1 o
1 : :
1b3u 1_13C_Ethy]ene < 08 :_ §1- 3C-EthYIene
i hy = 59.5eV g » Normal Ethylene
08 - o E ---MRSDCI-ANO
F = g
£ > 06
3 F © F
g 06 ) F
s | 2 g
.g‘ g 0.4 ;_ & et Ton s,80 H""“‘ s,
2 04 2z S {‘ %% """"" A S
g - :
E S
r £ 0.2
02 - t threshold
i i 2i7.4ev
: 0:.|.-|..‘ln-A|I|.|‘I‘|‘|
o L 0 50 100 150 200 250
5 10 15 20 25 30 35 Photon Energy (V)

Binding Energy (eV)
FIG. 5. Photon energy dependence of the 27.4 eV major satellite/ragih 2
FIG. 3. PES of 1:*C-ethylene taken at 59.5 eV. The spectrum as shown ispeak intensity ratios for *C-ethylene. The ratios are corrected for trans-
not corrected for transmission effects. The isotopically labeled ethylene isnission effects and shown as open circles with error bars. The ratios for
seen to have a similar spectrum to that of normal ethylene. normal ethylene are shown as solid diamonds for comparison.
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FIG. 6. Main: A representative photoelectron spectrum of normal ethyleneFIG. 7. Main: A representative photoelectron spectrum dfCethylene
taken at 49.5 eV photon energy with a total energy resolution of 360 meMaken at 49.5 eV to show that the PES is similar to that of normal ethylene,
FWHM. Insert: A section of the photoelectron spectrum of ethylene obtainechaving the same new correlation peak at 21.4 eV with the same intensity.
with several scans highlighting the new correlation peak at 21.4 eV bindingnsert: Another spectrum obtained with better statistics to highlight the new
energy between thetR, and 2a, peaks. The peak at 27.4 eV binding correlation peak. The spectra as shown are not corrected for transmission
energy is produced by intrinsic correlatiofiRef. 27). The spectra as shown effects.

are not corrected for transmission effects.

cesses or second order radiations. The peak binding energy

Ill. The threshold has been approached, within the limitafposition was found to be constant with changing photon en-
tions of the current instrumentation, yet the constant trenergy and the experiments were conducted at photon energies
has been observed to continue, providing further evidencehere second order radiation is inconsequential. Further-
against contributions from mechanisms like shake-up or inmore, there is a consistent agreement between the two sets of
terchannel coupling. The excellent quantitative agreemergxperimental data obtained on two different synchrotron
between experiment and theggs shown by the dashed line beamlines(i.e., CSRF grasshopper and SRC 3 m-TIGM
in Figs. 4 and pindicates that the theoretical understandingaddition, the only previous report of this correlation peak
of the 2Ag correlation peak at 27.4 eV is on a solid founda-using Hell radiation shows reasonable agreement with the
tion. The calculations are discussed in detail in Sec. IV C. synchrotron results, indicating that the results obtained in the
present study are not caused by any experimental artifact.

The ratio of the new correlation peak intensity to the
intensity of the d,,, peak for normal ethylene as a function

A new correlation peak at 21.4 eV binding energy isof photon energy is shown in Fig. 8. Thég, main peak is
observed in the synchrotron photoelectron spectrum of ethtentatively chosen as the primary peak associated with the
ylene taken at 49.5 eV photon ener@ee Fig. . The same new correlation peak for convenience. The present results are
correlation peak can be observed in a previously reportethdependent of this choice since the photon energy depen-
Hell spectrunt® however it was not acknowledged in that dences of the ay/2b,, and 1b,,/2b,, intensity ratios are
particular study. Because of the low intensity of this peak, itconstantin the photon energy range of the current investiga-
is quite easy to consider the peak as part of the backgrountion. The experimentally derived new correlation pedk(?
Only a variable photon energy experiment can unambiguintensity ratio clearly shows a strong photon energy depen-
ously identify a low-intensity peak of this nature. A 1978 dence and would appear to be a result of dynamic correla-
Green’s function calculation by Cederbawnal?’ did pre-  tions. The new peak has significant intensity only at lower
dict an intrinsic correlation state between the,2and 22,  photon energies, i.e., less than 70 eV, and is virtually unno-
main peaks, associated with the,2 peak. The new corre- ticeable beyond 150 eV, thus explaining why this peak was
lation peak at 21.4 eV has a well-defined peak siaggeV  not observed in previous high resolution x-ray photoelectron
FWHM) and is found to have significant intensity over a spectral323*Bieri and Asbrink®® detected this peak in their
certain photon energy range. The same satellite peak is aldte I work, but did not make any comment as to its origin.
observed in the synchrotron PES '6€-labeled ethylene in  Their published experimental spectrum has been digitized
the same range of photon energiese Fig. 7. An investi- and deconvoluted like the synchrotron PES to obtain a value
gation of the pressure dependence of the photoionizatiofor the satellite to B,, main peak ratio which is also shown
cross section has shown that the correlation peak at 21.4 e Fig. 8. The large error bar associated with this point is
is not a result of inelastic processes. The intensity ratio of théndicative of the uncertainty resulting from the digitization of
new correlation peak to theb?, main peak was found to the published spectrum and the lack of knowledge of the
vary by less than 4% over an order of magnitude of chang®ackground and transmission characteristics of the spectrom-
in pressure. Nor is the new satellite caused by Auger proeter used. Also, the Hework was conducted at=90°, thus

B. The dynamic correlation state
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FIG. 8. Ratio of the intensity of the new correlation peak to the intensity of FIG. 9. Intensity ratio of the new correlation peak to thg2 main peak as

the 2bl’ul peak as a function of photon energy for normal ethylene. All a function of photon energy for %I?C—ethylene. The ratio values have been
reported ratios are corrected for transmission effects. The tésult(solid corrected for transmission effects. The data are shown as open circles with
circle with error bay was calculated from a spectrum originally published in error bars; the ratio values for normal ethylene are shown as solid diamonds.
Ref. 33 and was not corrected f@ factor and transmission effects. The

open circles with error bars are results from the grasshopper monochro-

mator, the solid diamonds from the 3 m-TGM, and the solid line serves to

highlight th -like f 42, 57 1 V ph A . .
ighlight the resonance-like features at 42, 57, and 105 eV photon energySuggestlon that the thu peak could be the primary peak

associated with the 21.4 eV correlation peak.

The ratio of the new correlation peak tb g, for labeled
ethylene is shown in Fig. 9 for comparison. Although there
are fewer data points, th&°C-labeled ethylene data are
clearly consistent with the general trend obtained for normal
ethylene(Fig. 8).

4 There are two interesting points to note regarding the
o photon energy dependence of the intensity of this new cor-
gq = (oo/4mI1=(BI4)(3 cos 6-1)], 19 relation peak of ethylene at 21.4 d¥ee Fig. &

dQ
where 8 is the angular asymmetry parameter afds the . (i) the general trend is increasing satelhllmj@m'gensﬂy
. ? ratio reaching~20% as the threshold21.4 eV} is ap-
relative angle between the outgoing photoelectron and the

requiring an angular correction to the ratio. This slight cor-
rection is not known and was not applied to the date Fig.
8).

The photoionization differential cross sections for unpo-
larized Hei radiation are of the form

. L ; o proached,;
photon propagation direction. Sinée=90°, (i) superimposed on this general trend are three
do “resonance-type” features located at photon energies of 42,
g = (oo/4m[1+(BI4)] (19 57, and 105 eV.

. . . _ The features of the photon energy dependence curve are
and so the intensity ratio for the Hework is then of the \;,eynected. The resonance-type features or the oscillations

form in the photon energy dependence curve can be characterized
I(sab oo(sah{1+[B(sah/4]} further as shown in Fig. 10. The new-ped(g intensity

= . 16 - - .

1(2b1) ., 00o(205) {1+ B(2by1,)/4T} (16)  ratio photon energy dependence can be approximated reason

ably well with an exponential decay. Following the Becker—

The synchrotron work is conducted at the pseudomagiShirley scheme, the intensity can be interpreted as being

angle, and so requires no angular correction. The intensitgomposed of three components: an intrinsic correlation com-

ratio here is ponent(the constant value, 0.021, which is similar to the

| behavior of the major satellite at 27.4 eV binding engrgy
(sab oo(sal ) ) . ;

- (17 dynamic componenithe exponential decay, like continuum
1(2byy) synchrotron oo(2byy) state configuration interactiofCSCl)], and an oscillating
component. The intrinsic and dynamic components are
shown in Fig. 10 and the oscillating component in Fig. 11.
The constantintrinsic) and the exponentiddynamig were
fitted to the data. The data can be seen to exhibit oscillatory
behavior around the exponential decay. The intensity ratio
values are defined as

The double ratio(i.e., the ratio of the two intensity ratio
values is given by
[1(sad/1(2by)Inen  _ {1+[B(sad/4]}
[l (SaD“ (2blu)]synchrotron {1+ [B(Zblu)/4]} .

Since the double ratio is approximatelywithin the experi-
mental and calculation uncertaintys can be seen in Fig. 8,
there is some evidence thA(say~pB(2b,,), supporting the Intensity ratic=a[e” P+ \(e)+c], (19

(18
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FIG. 10. The decomposition of Fig. 8. The intensity ratio values of the new 0.12
correlation peak/8;! for normal ethylene are shown as solid diamonds. | .
The photon energy dependence has been decomposed into three compo- Fourier Transform
nents: intrinsic, dynamic, and oscillatifgee the text for detailsThe in- 01 of )‘(k) Function

trinsic componenfconstantis shown as a dot—dash line; the dynamic com-
ponent(exponential decayis shown as a dashed line; and the oscillating

component is shown in Fig. 1d). The data are plotted vs scaled excess % 0.08
energy. The threshold energy of 21.4 eV has been subtracted from the pho- 5
ton energies, with the results being converted to atomic units by dividing the g 0.08
differences by 27.21 eV. 2

) o = 004
wherea, b, andc are constantgobtained from fitting to the
intensity ratio dataand e is the scaled excess ener¢fe 0.02

threshold energy of 21.4 eV is subtracted from the photon
energies, the resulting values are then converted to atomic
units). The components can then be seen to be: intrinaiz
dynamic=ae™ “®; and oscillating=a (¢). The intrinsic and

dynamic components were subtracted from the data. The re-

sulting pure oscillating component was then converted from, ,; (a) The oscillating part of the decomposition of Fig. 8. The)
scaled excess energy to wave numbers, and the funetldn  function (plotted in A %) is obtained by subtracting the constant and the
is plotted in Fig. 11a). The parameters from the curve fitting exponential decay from the intensity ratio values and then converting to
were then used to generate a smooth curve\f&) [see Fig. Wwave numbers. The solid diamonds are the experimental values and the solid
11 ith I d int Is & th h . | line is a fitted curve, generated from fitting parametéss The A(r) func-

(@)] with equally space ”.ﬁ' er_va S rough a simple i js the fast Fourier transfortFFT) of A(k). Two major characteristic
FORTRAN program. The oscillating component curve wasdistances are seen for the oscillating component, with valugg.6£0.1)
then Fourier transformed using a fast Fourier transformand(2.2+0.2) A.

(FFT) routine to extract characteristic distances from the os-
cillations. The FFT of thex(k) function A(r) is shown in di ‘ . ing the & ic orbital ¢
Fig. 11(b). The major characteristic distances are tl@r6 :.ra.cte '_rll_tr? one L;nﬁt'c}n using the a}toﬁmlc orbita Co; :I'h'
+0.1) and(2.2+0.2) A, which are of molecular dimensions. |C|hents. Ie reslt oft 6;1 uncgolns zverlt/a el qncontraqt? éCIIZS
Note that the C—C bond length in ethylene is 1.34 A. scheme 3St ess than 0. calimol in a tria
calculatioi? on CH,. All of the polarization functions were
taken from Dunning® For carbon, (81f) (ay=1.848,
0.649, 0.228;a;=0.761) polarization functions were used;
In an attempt to gain an understanding of the origin andor hydrogen, (»1d) (a,=1.257, 0.355,04=0.916 were
symmetry of the new correlation state at 21.4 eV, we carriedised. This basis was further augmented by puttingpvemd
out a series of theoretical calculations of the photoelectrotwo d diffuse Rydberg functions on the center of the C-C
spectrum of ethylene. A 196-CGTO basis set is used in théond with exponents of 0.052 and 0.104 for bgttand d
calculations. The (1813p) Partridge basis s€twas chosen functions. All Cartesian components were kept doand f
as the primitive basis for carbon. For hydrogen, Partridge’functions. Therefore, the final basis set was{p3d1f/
(10s) basi§! was used. For C, the first Jstfunctions were  5s2pi1d] ++++, or 196-CGTO for short. To keep the re-
contracted into 2 functions using the 4 and % atomic  sults directly comparable, the same geometry as b&fdte
orbital coefficients. Similarly, the first sevep functions was used.
were contracted into one function using the p atomic The first level of approximation to the spectrum was
orbital coefficients. For H, the first sxfunctions were con- from the SCF calculation. The MO energies of the ground

0 1 2 3 4 5 6 7 8 g9 10
Distance (A)

C. Theoretical calculations
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state are compared with experimental peak positions in Table
IIl. It is easy to see that the MO picture is not adequate to
describe the location of the primary peaks and is, of course,
unable to explain the appearance of the satellites. With this
large basis set, the MO energies are nearly identical to the
previous calculatiori§*>*%49showing that the SCF orbital
energies have converged.

The second level of approximation was to include all
1p-2h configurations in the final ionic state CI calculation
with the full virtual space hereafter called the Cp-Rh
calculation. The lowest 15 roots of the Cl matrix for each
symmetry were calculated. The Cp42h results are shown
in Fig. 12a), where only pole strengths greater than 0.005
are included. No ground state CI calculation was done. The
square of the CI coefficient of the leading-Ah configura-
tion in ¥(N—1) was used as the pole strength and the ener-
gies are taken relative to the experimental positions of the
first primary peak of each symmetry. A stroﬁgg satellite
line at 28.8 eV is observed which has only 17% of the inten-
sity of the primaryzAg peak. This calculation did not show
the twinning phenomenon of either the primary or satellite
2Ag peak. The computational details of the (3-Ph calcu-
lation are availabl&?

The third level of approximation was to perform a MRS-
DCI calculation for the lowest 15 roots of the Cl matrix of
each symmetry using molecular orbitals of the neutral
ground state(i.e., K orbital$% hereafter called the MRSD-
CI(MO) calculation. The MRSDGMO) results are shown in
Fig. 12b). Pole strengths less than 0.005 are ignored. The
square of the coefficients of the leading-Qh configuration
in W(N—1) was used as the pole strengths. When the ClI
1p-2h calculation is compared with the MRSD®O) cal-
culation, it is seen that after the improvement of the final ion
state wave function, not only the intensities, but also the line
positions change. Some twinning structure also appears as a
result of the configuration interaction. The forrr?exg pri-
mary peak at 23.7 eV moves to 23.9 eV, while the formerly
weak satellite at 24.7 eV moves to 23.6 eV, but with twice
the intensity, causing twinning centered at about 23.7 eV
where the first line at 23.6 eV is not as strong as the one at
23.9 eV. The former 26.3 eV satellite shifts to 25.3 eV with
nearly four times more intensity. The former 28.8 eV satellite
splits into two pairs of dual lineg27.78, 27.80 eY and
(28.8, 29.6 eV. In the first pair, the peak at 27.78 eV is much
stronger, whereas in the second pair, the intensity of the first
peak is only slightly larger. For most peakg-Qh and 1p-
2h configurations are the leading configurations, whife 2
3h configurations are less important. The computational de-
tails of the MRSDCIMO) calculation are availabl®.

It should be noted that the line position cannot be pre-
dicted by simply writing down the main configurations and
summing the energies of each individual process. For ex-
ample, the correlation state at 27.78 eV has the following
leading configuration: (B,,) *(1bs,) ~*(1b,g)*, which in
the common notation is

Intensity

Intensity

Intensity

@

1p-2h
Calculation

PR AN Y S S N SOU0 VOO0 AN SO S S ST [ S Y WA S SR SO S

10 15 20 25 30 35

Binding Energy (eV)

- (b) MRSDCI (MO)

r Calculation

3 | l| L1

5 10 15 20 25 30 35
Binding Energy (eV)

- (c) MRSDCI-ANO

- Calculation

5 10 15 20 25 30 35

Binding Energy (eV)

FIG. 12. The theoretical PES calculated using the theoretical line positions
_ _ with the experimental peak width&@) The theoretical PES drawn using the
0.37(2by,) ™" 3(m,7*)—0.52(2by,) "t Y(m,7), intensity data from the CIf-2h calculation.(b) The theoretical PES drawn
(20) using the intensity data from the MRSD@®IO) calculation.(c) The theo-
retical PES drawn using the intensity data from Table [the MRS-
a 1p-2h configuration. For the transitiotwr,7*), there are  DCI(ANO) calculatior].
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two different excitation energies: 4.6 eV for tfie state®®

3(ar,7) and 7.65 eV for the/ state® Xm,7*). The ioniza- 1b,, Normal Ethylene
tion potential for the By, orbital is 19.2 eV. After summing Experiment
the energies of the individual processes, the results are 26.85 hy = 91.1eV
eV for (2b,,) ! Y(m,#*) and 23.8 eV for (B,,) * (7,7). z 1bSag 2
Neither of the two values matches 27.78 eV or the experi- é Wh 4o, M 24
2u g

mental value 27.4 eV. Based on the above simple calcula-
tions, Geliu discarded théA, assignment to the satellite .
line at 27.4 eV. The above method always gives lower energy J >
than experimental values. Lindholm angl#ink** produced

a detailed discussion about this problem, but through a semi-
empirical method, HAM/3. MRSDC"ANO

To ease the comparison of the calculations with the ex- Calculation
perimental PES, the experimental linewidth for each line was
used in conjunction with the calculated intensities to produce
theoretical PES. Comparing the Cp42h calculation[Fig.
12(a)] and the MRSDCIMO) calculation[Fig. 12b)], it is
easily seen that the MRSD@WO) calculation improved the
predicted PES spectrum for the satellite region, but produced . - - : s p™ - =
a worse shape for th%fkg primary peak at 23.7 eV. Binding Energy (V)

Because of the poor agreement of the above calculations
with experiment, ion and neutral MRSDCI calculations FI_G. 13. _Compa_rison of th_e normal ethylene spectrL_Jm taken at 91.1 eV
based on the average natural OrbIGABIOS) were then per- (0.1 41 e s NecralcaliRSDE AN calcuatorTatle anc
formed. The ANOs based on states of a given symmetryegion.
were obtained from the average density matrix for the first
15 roots from the former ion MRSDCI calculation on that
symmetry. For each symmetry, the lowest 15 roots for thenoves to 24.6 eV in Fig. 2), while losing some intensity,
cation were calculated and a MRSDCI calculation for themaking the “twinning phenomenon” more obvious. The
ground state of the neutral molecule using the same ANOpeak at 25.1 €Y25.3 eV in Fig.(12b)] becomes very weak.
was performed and, to approximate the intensities, the polghe 2529 satellite at 17.2 eV acts as the long tail of fis,,
strengths were obtained. The final MRSD@INO) results  primary peak at 15.9 eV. There are four candidates for the
are shown in Table Ill and the corresponding theoretical PE§ew correlation peak at 21.4 eV binding energ)?Biu cor-
can be found in Fig. 12). More detailed information of all  relation state appears at 20.2 eV antBa, correlation state
these MRSDCKANO) calculations are availabfé.Table 11 appears at 22.2 eV. There is alséﬁ% state at 22.1 eV and a
shows the actual primary peak positions as calculated. IAB,; state at 21.9 eV but these states have very small pole
Table Ill and Fig. 12c) these have been shifted slightly so strengthgsee Table II).
that the first peak of each symmetry agrees with experiment.  For thezBlg and®A, symmetries, only p-2h Cl calcu-

A MRSDCI calculation(using the ANOs for both the Ilations were performed using canonical MOs. Because the
neutral molecule and the catjoon the’B,, symmetry mani- first roots of the’B,, and’A, symmetries lie far above 30
fold was done, although there is no primary peak correeV binding energy with pole strengths on the order of 10
sponding to this symmetry. In the neutral ground state, thésee Table Il), the possibility that the new correlation peak at
configuration 7*%—=? has the second largest weight and21.4 eV belongs to one of these two symmetries is excluded.
may give observable intensity through the overlap with the  Overall, the final theoretical MRSDGANO) PES fits
ion configuration27*, which belongs to théBzg symme- the experimental spectra quite well especially in the inner
try. The final MRSDCI calculation shows that only the first valence regior{see Fig. 18 Caution should be exercised in
root of this symmetry has observable intensﬁsf~0.02) comparing the experimentaltervalence region PES in Fig.
and it lies at 17.2 eV. 13 with the present theoretical calculations since the calcu-

When the MRSDGQJANO) calculation is compared to lations do not include the dipole matrix elements and the
the MRSDCIMO) calculation, it can easily be seen that the peak intensities are simply proportional .‘aﬁ The present
states oszg symmetry have been improved for both the theoretical results also clearly illustrates the subtleties and
primary peak and the satellite region. From Table Il and Fig.caveats of predicting the intensities and binding energies of
12(c), it can also be seen that with this calculation, the satcorrelation states even for a simple molecule like ethylene.
elite has nearly the same shape as the experimentdlhe problems with assigning the symmetry of the correlation
results?”? with about 35% of the intensity of théA, pri-  states at 27.4 and 21.4 eV is one point. Another is the twin-
mary peak, although the line separation is overestimated bging phenomenon which appears to be a real phenomenon
~0.3 eV. After comparing the important configurations for and not a calculation artifact.
each peak, it should be noted that in Fig(d2the peak at It is appropriate to point out that the twinning of the
23.4 eV, which corresponds to the 23.6 eV line in Figtkl2 primaryzAg peak at 23.7 eV is not affected by using ISCI in
gets more intensity, whereas the peak at 23.9 eV in Fih)12 the intensity(pole strength calculation. From Table Ill, the

Intensity
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square of the coefficient of the leading hole state for each M conjugate Shakeu%<n|,u|m>c(m,1n)(i,1m,1nf Y (22)

peak can be calculated. It is 0.21L46) for the 23.4 eV line

;neds(e).t?/vo(()ol.iii T(s)ratgsufgg Oevvvlrlﬂlz : J]re‘e\?altgg ggtl'é)u:;etg’;effnghe relevant coefficients for calculation of relative photoion-
ST . ization cross sections are therefor€g;-1isyi-1m-

the pole strengths which include ISCI is about 0.68. (i) tm-inf)

. . . _ ~ (n|m) andCm-1n(-1m-tnf y~(fi) for shakeup and con-
Despite the general consistency, there is some disagree- : : :
. . ate shakeup, respectively. The approximate relations of
ment between Tables Ill and IV in Murray and Davids8n. Jig ' P y PP

the CI coefficients to monopole matrix elements hold when-
2 2
The peaks_at 22.¢Ag) and 29.6 eMBg,) were not found ever separate sets of SCF optimized MOs are employed in
in the previous study. The dual peaks at 23.4 and 24.6 eV

¢ 2 " d to th US| o the ion and the neutral as, e.g., in the relaxed Hartree—Fock
of "Ry Symmetlry correspond 10 n€ previously Teported 5 oximation' It can be showhthat the peak intensity of
single peak at 23.7 eV and the intensities also have so

i L C ing th ; lts with other st e conjugate process decreases like 2 at largek. Here
disagreement. Lomparing the present results with otner SlUgge continuum state is approximated by a plane wave with
ies, it is found that the twinning of the prlmar?)Ag peak wave vectork

. . ) 27 .
wh(;cg V\l/(a?quse;ved mhthe calculauo:}[i of Che;jherbemm.  cal Because of the high symmetry of ethylene and the spe-
and t a’e. IS a trué phenomenon, aithough the present Caly;g. ayxcitations involved in the four candidate correlation
culation’s intensity ratio is different. According to the MRS-

: ) e states that might contribute to the 21.4 eV correlation peak,
DCI(ANO). cglculatlon, thf obsgrvablg mfe_nsny in the 27'o_the shake-up proced€£q. (21)] cannot contribute signifi-
30.0 eV binding energy “satellite region” is a result &

. ; 2030 cantly. The conjugate shake-up process [Eq. (22)] is possible
Cﬁrrelactjlons Or,“)t/' AI,It qf :Ee preymt;s Calfﬁlat'&ﬁg i for all four candidate correlation states(zAg,ZBsg,
_srhowe SOTe '? eln?.' y I this region tr(zm 0 ; e:hsymme rletSzBlszZU). ThezAg state with an outgoing electron of sym-

€ present caiculation gave many states ot other symmets, etry by, can mix with, and get intensity from, the

in this energy region but none of these states had appreciabheag(_ 1b,, Rydberg excitation of neutral ethylene. T?ﬁzsg

Intensity. state with an outgoing electron of symmetvy,, the 2B,
state with an outgoing electron of symmedy, and the’B,,
state with an outgoing electron of symmetog, can all
couple with the strongr* < excitation 0,4 bs,) of neu-

In this section we provide plausible explanations for thetral ethylene. Further, these last three states can also mix
unexpected features found in the photon energy dependeniéth each other through interchannel coupling since they all
of the cross sections of the new correlation pézk4 e\). have overall symmetryB,,. The leading configurations in
As discussed in a previous letférthe overall feature of theseN-electron stategincluding the outgoing electromlif-
increasing cross section towards threshold is indicative ofer from each other by double excitations so they can be
dynamic correlations In particular, this feature is associategtrongly mixed by electron correlation effects.
with continuum state configuration interaction otherwise = Dynamic correlations such as conjugate shakeup have
known as conjugate shakeff. been observed in various atomic and molecular systems.

Following the phenomenology of Becker and Shirfley, Careful inspection of the photon energy dependence of the
the term “shakeup” is limited to correlation peaks that ex- correlation states of heliur,®”*ithium, neon;° and CG*®
hibit an increasing cross section with increasing photon enshows that the satellite intensity increases smodthlyithin
ergy (or kinetic energy eventually reaching a plateau as the 10 eV of thresholdVery close to threshol@—-10 eV photo-
sudden limit is approached and therefore classified as dyelectron kinetic energyadditional structure is generally ob-
namic correlation. However, historically the term shakeupserved and have been attributed to autoionization and/or
took a broader definitioi®? and refers to a photoionization shape resonance.
process whereby an electron makes a dipole transition from Autoionization, otherwise known as interchannel
orbitali to continuum staté accompanied by a “monopole” coupling? refers to the decay of doubly excited states to
transition from orbitaim to orbitaln. The shake-up transition different satellite channelg.e., different excited states of the

D. Origin of resonance structures

moment is given by ion). These doubly excited states exert a significant influence
M —(f|uliyC 21) on the correlation state cross sections. Interchannel coupling
shakeug (T4l Ci-2)i-2m-1nr) in atomic systems has been clearly illustrated in near thresh-

whereC ,; are the ClI coefficients describing the ion in stateold PES experiments of Willst al.’%as well as fluorescence
B. This picture is akin to a common view that correlation measurements by Samsenal.”* The resonance structures
states(shakeup are due to “ionization plus excitation pro- observed in these cases are strong and shagb0 meV
cesses.” Clearly this mechanism may be considered as FISEBIWHM) and occur within 10 eV of threshold. The resonance
and thus can be classified as an intrinsic correlation; howevestructures observed in the present experiment occur greater
we defer to the Becker—Shirley phenomenology—the framethan 20 eV above threshold and are fairly broad structures
work which is the subject of the present investigation. (~8 eV FWHM). Since one cannot generalize interchannel
On the other hand, conjugate shakeup refers to a processupling effects from the atomic case to a molecular case,
whereby an electron makes a “monopole” transition fromwe have searched for possible clues to doubly excited states.
orbital i to continuum staté accompanied by a dipole tran- A survey of available photoionization and photoabsorption
sition from orbitalm to orbital n. The conjugate shake-up data on ethylene do not reveal anything extraordinary in the
transition moment is given by vicinity of the resonance photon energig®., 42, 57, and
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105 e\). The total photoabsorption data of Leeal.”>shows  strengths for théB,, and ?B,, states are the san(®.06).
a smooth trend over 180—650 (89—19 eV. The inner va- Note that the present MRSD@INO) calculations apply
lence photoionization cross section data of Brenatal”®>  only to the intrinsic component and do not include some
for the 2ag‘1 and 2y, primary channels also do not show dynamic component&.g., conjugate shakeugince bound—
any clear structures in the 25—100 eV photon energy rangdtee mixing between highly excited neutrals and free electron
Likewise, the partial photoionization cross section data ofneutrals are not included. On this point we can also consider
Grimmet al.” for the 1b,' channel do not reveal any struc- the %A, and *Bsg, both with zero pole strengths, as likely
ture in the 12—-26 eV photon energy range. Thus of the exeandidates; but without detailed calculatiofesg., bound—
perimental data presently available, there is no strong evifree mixing anything further is premature.
dence to suggest interchannel coupling. Whereas arguments based on general observations re-
Shape resonanc@shave been used to rationalize broad garding the tendency of MRSDCI calculations to overesti-
structures in the cross sections for photoionization and elegnate energy separations would supporBa, assignment,
tron scattering of atoms and molecules. In a simplified sensestimates of the experimentgl parameter for the new cor-
for photoionization, the outgoing photoelectron experiencegelation peak would support 28,, symmetry assignment.
a superposition of polarization, exchange correlation, andtill there is no strong evidence to decide between any of the
centrifugal potentials which provides a barrier into the innerfour candidate correlation states. A clue lies perhaps in a
region of the potential energy curve. This barrier, otherwisesimple analysis of some of the candidate correlation states.
known as the anisotropic molecular field, allows for theConsider the occupied valence orbitals and lowest unoccu-
“trapping” of the photoelectron at particular energies known pied orbital(Kimura notation of ethylene:
as the shape resonance energies. Shape resonance has * +
invoked as a rationalization for broad structures observed itr?%raa)zm“(g J1b2u(mere)33g(oco)
the photon energy dependence of the core correlation state X 1bgg(7cpp) 1bgy(7) 1bog( 7).
cross sections of N and CO® In the case of CO, a shape
resonance in th&-shell m—#* correlation states was pre-
dicted in theoretical calculations by McCey al.”” and Luc-
cheseet al.”® This shape resonance was recently observed b
Reichet al®® although at slightly lower photon energy. The
photon energy dependence curve shows the wiedth eV
FWHM) of the single shape resonance ifKashell correla-

Relative to the primary holéo* —continuum, the B,
satellite arises from d&0* «o.c,7—a*) double excitation
wherein aparticle excited to arz* orbital is offset by ehole
Ya*) excited tooc. As discussed by Martin and Davidsth,
this “one-down one-up” process takes very little energy and
plays an important role in very intense satellites. Relative to

. . X : the primary holg & ,—continuum, the?B,, satellite arises
tion state of C® to be consistent with the widths observed from a (g Trapsm™— ) double excitation wherein the

in ethylene(~8 eV FWHM). The only dn‘ference_ is that in Lparticle excited to an* orbital is offset by ahole (&)
the photon energy dependence curve of the inner valen & cited t0me

correlation state of ethylene more than one broad structure is In summary, synchrotron PES experiments indicate that

observed. Thus it is difficult to explain the multiresonance, o new correlation peak at 21.4 eV is a dynamic correlation
structure within the framework of simple shape resonance, 4 most likely associated with a conjugate shake-up pro-
theory”> A recent multichannel configuration interaction oo MRSDQRANO) calculations indicate four possible cor-
method® appears to be promising for the present Case a|ation states 2@1Uv282u12AgazB3g) corresponding to this

Many-channel effects have been shown to be more critical iy, correlation peak. The exact origin of the observed oscil-
describing the satellite states as compared to the primary i08ions in the new correlation peald, intensity ratio as a

states. o , _ function of photon energy is still unknown.
Another possible interpretation was also advanced in an
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