Study of correlation states of acetylene by synchrotron photoelectron
spectroscopy
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The inner valence photoelectron spectra of acetyl@ytl,) and isotopically labeled acetylene
(1,2"°C—-CH,) are obtained using high resolution synchrotron photoelectron spectroscopy. Four
distinct correlation(satellite peaks, consistent with previous x-ray photoelectron spectroscopy
measurements, are resolved. The photon energy dependence of the intensity ratios of these satellites
to the 2rrg’1 main peak is observed over a wide photon energy rd88e72 eV. Three of these
satellites(26.6, 28.0, and 29.8 eV binding enejggxhibited constant photon energy dependence
while the fourth satellitg31.2 eV binding energyshowed enhancement of intensity towards the
threshold. The photon energy dependence of correlésiatellite peak 4 can be explained in either

of two ways:(1) Peak 4 is a dynamic correlation peak associated with d‘g,\lZonization process

or (2) peak 4 is an intrinsic correlation peak associated with tb§13ionization process. A
multireference singles and doubles configuration interacddRSDCI-ANO) calculation of the
theoretical photoelectron inner valence spectrum using average natural orbitals indicates that the
latter explanatiori2) is more likely. Semiquantitative agreeméint terms of the peak positions and
intensities is also obtained between the experimental photoelectron spectrum and the
MRSDCI(ANO) calculation. © 1995 American Institute of Physics.

I. INTRODUCTION has improved the experimental investigation of correlation
peaks by allowing higher energy resolution photoelectron
The experimental and theoretical study of electron corspectra of atoms and molecules to be taken. Since correlation
relation effects is central to a detailed understanding of theffects are seen to be stronger in the inner valence and core
electronic structure of atoms and moleculéspart from the  regions of the photoelectron spectrum, traditional photon
correlation energyi.e., Eq,.ci Ene), €lectron correlation ef-  sources of high energy resoluti¢e.g., Hel, 21.2 ey cannot
fects are also manifested in the binding energy spectrum dfe used. On the other hand, higher energy photon sources
atoms and molecules. A direct experimental method for obsuch as discrete x-rays are only capable of energy resolutions
taining binding energy spectra is photoelectron spectroscopgreater thar=0.80 eV FWHM. The high brightness, variable
(PES and for years the Hartree—Fock model has been sughoton energy, and high energy resolution provided by the
cessful in accounting for the main features of the photoelecso-called second generation synchrotron sources are per-
tron spectra especially in the outer-valence region. In genfectly suited for the detailed investigation of correlation
eral, a “one ionization peak—one orbital” correspondencepeaks. For example, in the present synchrotron PES experi-
can be established in the photoelectron spectrum; howevemnent (32—72 eV photon energythe total experimental en-
lower intensity, “extra” features are often times obserdéd. ergy resolution of<0.40 eV FWHM is routinely obtained.
These features are called correlation peaks although they aWith these new instrumental capabilities the mechanisms
also referred to as satellite peaks, shake-up peaks, or manpat give rise to correlation peaks can be classified, for ex-
body peaks[For consistency, the experimental phenomenaample, in the phenomenological scheme of Becker and
will be referred to as “correlatiorisatellitd peaks,” and the ~ Shirley”
theoretical representation or interpretation of these phenom- Acetylene, with a ground state electronic configuration
ena as “correlation states” or equivalently as excited stateﬁlza )
of the ion] The term “correlation peaks” is preferred since it _ ) ) ) ) ) 4
indicates the mechanism by which these extra features arise. CoH2(Deen):(10g)*(L1oy)%(209)(200)*(307g) “(1m)
In some casés® correlation effects are so severe that dIStIn-.haS been of particular interest due to its simple structure,

gwshlng.the main or parent peak-from.the gatellltg peak; WHumerous applications, and very rich inner valence region in
not possible. Thus the term “satellite” will be inconsistent in (o ms of correlation effects. Dixoat al® observed signifi-
these cases. , o cant satellite structure in the inner valence region gfi.C
The advent of dedicated synchrotron radiation SOUrCegsing binary €, 2e) spectroscopy and considered these struc-
tures to be associated with thezrgl ionization process
dAuthor to whom correspondence should be addressed. (225). On the other hand, Cavell and Allisbronsidered
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the 27.5 eV satellite to be associated with the,2 ioniza-  sample of acetylen¢99.9% was supplied by Matheson Gas
tion process {=,") on the basis of discrete x-ray photoelec- Products and 1,2°C—acetylené99%) was supplied by Iso-
tron spectroscopy experiments. These earlier studies wetec Inc.
followed by extensive investigations using different experi-
mental and theoretical techniqués?*
Later better-resolved PES experimental studies resolve
the broad satellite at 27.5 eV into two correlatitgatellite HI' THEORETICAL DETAILS
peaks at 26.7 and 28.0 &Y/ Theoretical calculations of Ced- Within the framework of the dipole approximation, the

erbaumet al*® and Bradshavet al'* predicted a3 as-  photoionization transition amplitudex() is given by
signment for both correlation peaks. Furthermore, interfer-

=(W.(N— i
ence effects between theog' and 37, processes were = (Vi IN= DX (K [T (N)), (2)
suggested as an explanation for the variations in the satellite/here W (N) is the ground staté-electron wave function,
main intensity ratio as a function of photon energy. W;(N—1) is thejth ionic state wave function is the di-

A more recent PES study using monochromatic x-ray bypole operator, ang/(k) is the continuum function for the
Svenssoret al™® resolved five correlation peaksumbered  outgoing photoelectron with momentutn and associated
1-5 in order of increasing binding enejgyA similar num-  with statej. Here, %' (N) and¥;(N—1) are written as linear
bering scheme is adopted in the present work: satellite tombinations of all possible configurations. This is referred
(26.6 eV}, satellite 2(28.0 eV}, satellite 3(29.8 eV}, and  to as the configuration interacti@@l) picture. The transition
satellite 4(31.2 eV}.] Since then, various theoretical and ex- amplitude can also be written as,
perimental attempts have provided widely different interpre- i i
tations as to the symmetry assignment of these correlation #i = (K) 1l ebyson S &
peaks. To mention a few, Chotfghas considered | sym-  whereg}, ., is the Dyson orbitdf*andS; is the so-called
metry for satellite 2 anaﬁg symmetry for satellites 1 and 3, pole strength or the ionization probability for théh ionic
while Wa;adfi and Hirdbhave assigne@ | for satellites 1  state. The pole strength for théh ionic state is defined as
and 2 and; symmetry for satellites 3 and 4 on the basis of 2
theoretical galculations. More recently, Koait all® as- Si=IC¥(IN= D (N))n-1 % ®)
signed®s | symmetry for satellite 1 an%Eg for satellites 2 where the integration is performed owdr- 1 electrons.
and 4 on the basis of synchrotron PES experiments. Weigold In practice, PES measurements are taken at a fixed pho-
et al!® and Duffy et al?° assigned the symmetries of all the ton energy and the intensity ratio of the correlatieatellite
satellites(1-4) to 22; on the basis of electron momentum peak relative to a primary peak with a similar Dyson orbital
spectroscopyEMS) experiments. is obtained. In this case, the intensity ratio of ftilke corre-

In this work, we present a high resolutide=0.40 eV  lation peak to thepth primary peak of the same symmetry
FWHM) synchrotron PES work along with multireference (and under certain conditionss given by the familiar
singles and doubles configuration interactidRSDCI) cal-  expressiorf/ 2
culations in an effort to assign the correct symmetry as well . >
as to understand the nature of the mechanisms giving rise to ﬂ% i (4)
these correlatior{satellit¢ peaks. This is the first study of I(p) S

the valence photoelectron spectrum of acetylene to includgyis approximation is only valid whenever the dipole matrix
poth experlmenj[al and theoretlc_al r_esults W|t_h semiquantitag|aments (Xj(k)|M|¢ijson>) for thejth correlation peak and
tive agreement in terms of the binding energies and the reélgne nih primary peak are nearly equal. Furthermore, coupling
tive jonization intensities. of channels in the continuum is neglected; that is, conjugate
shake-up processes are assumed to be negligible. In the
present approximation, the explicit form of the continuum
function (x'(k)) is not specified. It is only assumed that the
The synchrotron PES spectra of acetylene for a range afontinuum functions for stateand statep are similar. More
photon energies from 32 to 72 eV were obtained at the 3maccurate calculationgheyond that employed in the present
TGM beamline at the Synchrotron Radiation Cergténiver-  study will definitely include explicit calculations of the con-
sity of Wisconsin using the Canadian Synchrotron Radiationtinuum functions such as those employed by Mckayal 2°
Facility (CSRB Mcpherson photoelectron spectroméfef  and Luccheset al3° Combining the present type of MRS-
thin aluminum window isolated the spectrometer from theDCI calculations with explicit continuum state calculations is
beamline and also removed higher order radiation. Both theot feasible with current computer hardware and software
high energy gratingHEG) and low energy gratingLEG) of  technology.
the 3m-TGM are utilized in the experiments. No angular  Typically, the primary peak can be represented by a
corrections to the derived cross sections were necessary sinsmgle hole configuration (®-21h) and thusSf, is close to
the photoelectrons were collected at the psuedomagic anglanity. The pole strength for thigh correlation peak is usually
All reported photoelectron intensity ratios were corrected formuch smaller (:‘.J-Z< 1) and qualitatively describes the prob-
transmission effect® The total experimental energy resolu- ability of finding the (Qp—1h) configuration in thejth cor-
tion (electron energy analyzer and monochrompfior these  relation state. This results from the well known spectroscopic
experiments was about 0.40 eV FWHM. A research purityfactor (pole strengthsum rules 3, S2=1.

II. EXPERIMENTAL METHOD
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In order to understand the origin and symmetry of these 12000
correlation states, a series of theoretical calculations of the | nomal C H
photoelectron spectrum of acetylene using a 171-CGTO ba- [ 2, 4 —curveit 2 2
sis set was performed. The (4813p) Partridge basis s&t ao00 - A -~ experimental
was chosen as the primitive basis for carbon. For hydrogen, < M
Partridge’s (18) basis? was used. For carbon, the first 44 i 1
functions were contracted into twofunctions using the 4 4000 |- '
and 2 atomic orbital coefficients. Similarly, the first sevpn -
functions were contracted into omefunction using the B
atomic orbital coefficients. For hydrogen, the first sifunc-
tions were contracted into orsfunction using the & atomic
orbital coefficients. The rest of the functions were left uncon-
tracted. This scheme lost less than 0.1 kcal/mol in a trial SCF 2
calculation on CH.2 All of the polarization functions were . - Cunvei
taken from Dunning? For carbon, (81f) (ay=1.848, it - eperinena
0.649, 0.228a;=0.761) polarization functions were used,;
for hydrogen, (»1d) (@,=1.257,0.355,a4=0.916) were - l'" gl
used. This basis was further augmented by putting tipree 1000 1 ‘.1’\ 12 b
and threed diffuse Rydberg functions on the center of the i j,'l Y (b)
C-C bond with exponents of 0.026, 0.052, and 0.104 for -
both p andd functions. All Cartesian components were kept 20 25 20 as
for d and f functions. Therefore, the final basis set was
[6s7p3d1f/5s2pld] ++++++, or 171-CGTO in short. Binding Energy (eV)
This basis set without the most diffuse Rydbeny &nd 3

functions has been used in recent theoretical calculations on ) ) )
ethylene27'28 FIG. 1. A representative photoelectron spectrum of acetylene and isotopi-

. . . cally labeled acetylene taken at photon energy of 68.§&@\and 72.4 eV
To keep the results directly comparable with earlier work(y) with a total energy resolution of 0.40 eV FWHM. The spectrum as

on acetyleneD..;, geometry was used witR(CC)=1.203 A,  shown is not corrected for transmission effects. Gaussian curves are fitted to
. ; ; _ -1 ; -1
R(CH)=1.061 A. An SCF calculation was done t(gi ng\?/'a;_'og_ Peakesateg'te_sl 116?1;‘”3 Lhed?’g main Pe;";:?‘(?lg% .
for the ground state configuration witb,, point group :A3 ev binding energy3c, (16.7 eV binding energyand 2, '
. 2h J eV binding energymain peaks are not shown.

symmetry constraints and orbital labeling,

2 2 2 2 2 2 2 ;
(1ag)“(1by,)"(2a4)"(2b1,)"(3ag) “(1b5,)*(1bgy)".  This

allowed the computer program to exploit the simplifications, 4 o, correlatiorsatellite peaks with binding energies of
that come from theD;, subgroup of the full group. The 53 5 55 5 55 0 29.8, and 31.2 eV, respectively is presented
calculated SCF total energy for the ground state i§, ry 1) The deconvolution of the photoelectron spec-
_76'85.5 08 hgrtree. For. each wredguble representation Eum of acetylene involved an assumption made by Svensson
the radical cation, a multireference singles and doubles cory; 15 using AlKa XPS that there are two correlation peaks
figuration interaction(MRSDCI) calculation based on im- (peaks 3 and }in the binding energy range 29—32 eV. Our
proved virtual orbital{IVO)** is performed. The theoretical resent experiments do not resolve correlation peaks 3 and 4
binding energy spectrum based on this calculation did no learly; however, the peak width and energy assignments are
compare well with the experimental PES spectrum especially, . 4"t ciciond vt those of Svenssial 2® The energy

at the high-energy region from 20 to.35 eV. To obtain betterscale was calibrated by aligning the mainézl peak to the
results, frozen average natural orbitaFANO) were em- o 1 nown binding energy of the &, orbital obtained from
ployed. From the MRSDCI-IVO calculation results, the first . resolution He 11 spectrurif. Additional Gaussian peaks
40 roots of each irreducible representation are included in thf\0 the high and low energy side of the_gl main peak were

average(density matri f_or each irreducible representation. fitted to account for its broad structure. Single Gaussian
Then, MRSDCI calculations based on FANO's were done fof,o s are fitted to correlation peaks 1-4 with widths 0.51,

each lreducible representation of the radical cation. Thit, 1, 0,85, and 0.85 eV FWHM, respeciively. The width of
szﬁéca cla clutz_ilon 'Sd fer(iﬁ erre err(te i 0 afd f i the 20,' main peak is 0.44 eV FWHM with additional

( . )3§a culation and further computational detalls are eaks(of the same widthon either side of the main peak to
available:® The energy levels have been shifted so that thi

: ks of h irreducibl tati i epresent the broad structure. It should be noted that even
primary peaks ol each irreduciole rgprese7n ation agree wi igher energy resolution PES spectra0.3 eV FWHM do
the experimental primary hole positidAs’ to avoid the

bl f getting th tral and ionized molecule stat tno'[ resolve any new structures. The observed experimental
problem of getling the neutral and ionized molecule States 1Q;qis are very close to the natural widths; this is consistent
the same accuracy.

with the fact that these inner valence states are largely dis-
sociative states.
To investigate whether these correlation peaks are of
A high resolution photoelectron spectrum of acetylenepurely “electronic” origins, a PES spectrum of isotopically
(at 68.8 eV photon energyontaining the main &51 peak labeled acetylenél,2*C—C,H,) was obtained as shown in
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IV. RESULTS AND DISCUSSION
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TABLE |. Transmission-corrected intensity rafiosf satellite peaksto TABLE Ill. Transmission-corrected intensity ratfosf satellite peaksto
20;1 for the spectra of normal acetylene obtained with high energy gratingﬂog‘l for the spectra of labeled acetylene obtained with low energy grating

(HEG). (LEG).

hv sat.1(*o) sat.2(*o) sat.3(*o) sat.4(+o) hy sat.1(+o) sat.2(*o) sat.3(*o) sat.4(*o)
44 0.152(0.01) 0.155(0.014 0.164(0.022 0.183(0.039 42 0.089(0.009 0.085(0.010 0.040(0.019 0.354(0.019
45 0.075(0.023 0.078(0.029 0.111(0.019 0.118(0.040 46 0.141(0.016 0.158(0.016 0.063(0.025 0.155(0.029
48 0.085(0.010  0.094(0.01) 0.010(0.016§ 0.070(0.025 48 0.095(0.009 0.103(0.010 0.020(0.017  0.058(0.018
50 0.081(0.010 0.101(0.009 0.026(0.0149 0.100(0.015 50 0.112(0.00%  0.119(0.00% 0.053(0.012 0.079(0.012
52 0.102(0.009  0.125(0.009 0.057(0.014  0.098(0.02) 52 0.106(0.003  0.118(0.007 0.056(0.01)  0.081(0.011)
56 0.112(0.010  0.133(0.010 0.068(0.019 0.086(0.015 56 0.114(0.00%  0.121(0.009 0.053(0.010 0.099(0.01)
60 0.118(0.005 0.131(0.009 0.070(0.008 0.065(0.009 60 0.131(0.006 0.126(0.009 0.055(0.010 0.077(0.010
62 0.119(0.00% 0.132(0.00» 0.067(0.010 0.068(0.010 62 0.132(0.006 0.136(0.006 0.069(0.010 0.079(0.010
64 0.121(0.009 0.131(0.009 0.066(0.013 0.065(0.013 68 0.136(0.009 0.143(0.006 0.075(0.009 0.081(0.009
68 0.129(0.042  0.137(0.006 0.070(0.008  0.060(0.009 70 0.141(0.006§ 0.147(0.00§ 0.074(0.00) 0.079(0.010
70 0.134(0.009 0.137(0.009 0.072(0.009 0.057(0.008 70.4 0.1430.009 0.145(0.009 0.074(0.007 0.067(0.008
72 0.145(0.006§  0.138(0.006 0.084(0.009  0.062(0.010 72 0.143(0.004 0.141(0.009 0.060(0.004  0.060(0.007

72,5 0.146(0.010 0.129(0.01) 0.026(0.016 0.116(0.016
®The quoted error limits are statistical errors and do not include systematic73.5  0.151(0.008 0.146(0.008 0.112(0.012 0.075(0.013
errors which are estimated to &l0%.
®The binding energies of the satellite peaks 1-4 are 26.56, 28.0, 29.79, 31&he quoted error limits are statistical errors and do not include systematic
eV, respectively. errors which are estimated to k&10%.

bThe binding energies of the satellite peaks 1—4 are 26.56, 28.0, 29.79, and
31.2 eV, respectively.

Fig. 1(b). No significant difference in terms of binding en-
ergy, peak widths, or peak areas of any of the ionization ) ) . ) .
the correlation peak to mainoZ ! peak intensity ratios ob-

peaks was observed between acetylene &f@labeled p ‘T%lsp iy
acetylene. The binding energy spectrdfig. 1) along with ~ S€rved for normal ¢4, and 1,2°°C~GH,. This is further
the photon energy dependence study of correlation peak if@Ssurance that correlation peaks in acetylene are independent
tensity ratios(presented latgrindicate that the correlation ©f €lectron—nuclear scattering effects.
peaks are not influenced by extraneous electron—nuclear It can be seertFigs. 2 and Bthat satellites 1, 2, and 3
scattering processes show relatively constant intensity ratios with respect to the

. . 71 . . . . . .

A similar study of the photoelectron spectrum of ethyl- M&in 20~ peak, while satellite 4 exhibits an increase in
ene and-3C-labeled ethylene also has shown no observabl&tensity ratio with respect to the mainrg peak as threshold
difference€’ Taken together, the PES results for ethylene,(31-2 €V is approached. In fact, all these correlatisatel-
acetylene, and theit3C-substituted analogues are strongly It€) Peaks show constant photon energy dependence in the
supportive of the idea that correlation peaks are of purely0—7° €V range, with some variations at the lower photon

“electronic” origin.
To address the controversy surrounding the symmetry

assignment of these correlation peaks, a study of the photon @ ©)
energy dependence of the intensity ratios of the correlation 04t og:gé"'e"e ~ e
peaks relative to the &; ! main peak was performed. The eLEG =LEG
results are presented in Tables I-1ll and shown in Fig. 2 for 02 -
C,H, and in Fig. 3 for 1,23C-C,H,. Note that the results (G PP S [ T S o
. . . . . . . 000 t-E=0d ono
are almost identical; there is no significant difference in £ %030 O, ", o8 ot
* 4 ‘ .
o
&
.. . . . o | (C) Acetylene | (d) Acetylene
TABLE II. Transmission-corrected intensity ratfosf satellite peaksto w 04 satd sats
2:;51 for spectra of normal acetylene obtained with low energy grating o ‘LEG SiEG
> - MRSDCI ~-MRSDCI
(LEG). z N
S o2r Foa
hv sat.1(*=o) sat.2(*=o) sat.3(= o) sat.4(*o) £ 2%, - = -
- LS "
+ o AATa
42 0.156(0.01)  0.149(0.01)  0.154(0.019  0.274(0.019 RSN SRS
44 0.092(0.019  0.096(0.020  0.071(0.039  0.118(0.033 O 50 e 70 40 s 60 70

46 0.183(0.107 0.168(0.012 0.145(0.019  0.114(0.024
48 0.132(0.012 0.133(0.012 0.103(0.02) 0.093(0.020
50 0.115(0.008  0.127(0.007 0.068(0.01)  0.084(0.013
52 0.126(0.007  0.138(0.007  0.084(0.01)  0.098(0.010 FIG. 2. Normal acetylene: photon energy dependence of the intensity ratio
54 0.109(0.045 0.130(0.048 0.063(0.009 0.082(0.010 of (a) satellite 1,(b) satellite 2,(c) satellite 3, andd) satellite 4 at binding

56 0.113(0.049 0.146(0.018 0.127(0.023 0.018(0.020 energies of 26.56, 28.0, 29.79, and 31.2 eV, respectively. The intensity ratios
are taken with respect tOo'%l main peak at binding energy of 23.51 eV. All
2The quoted error limits are statistical errors and do not include systematiceported intensity ratios are corrected for transmission effects. The corre-

Photon Energy (eV)

errors which are estimated to k&l0%. sponding XPS valuegRef. 15 are indicated by an arrow. The MRSDCI
The binding energies of the satellite peaks 1—4 are 26.56, 28.00, 29.79, andlue was obtained by summing all pole strengths in the respective satellite
31.2 eV, respectively. regions and dividing by the pole strength in 22—-24 (e¢e Table V.
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indirect method. Thus synchrotron PE& noncoincident

0al @ 12°CCH - (b) 2R cH techniqug and EMS (a coincident techniqyeare comple-
-m}mﬁ ‘ -8l |“ mentary experimental tools for elucidating the symmetry of
> correlation(satellite peaks.
£ o2 | - The slight variations in the intensity ratio of satellites
£ PEPEEEE TR R A 1-3 in the 40-50 eV range can be due to a number of rea-
¥ . o " sons. Close to threshold, autoionizatitinterchannel cou-
N pling) from doubly excited states introduces resonance struc-
'{:3, 04 (c) 12%.CH | (d) PN tures in the photon energy dependence of correlation state
s RTNEL . T cross section$>*° A doubly excited state of a neutral mol-
OE"; WA i ecule(M**) contains two electrons excited to higher bound
£ o2 energy levels. This doubly excited neutral state can lose an
= : - a electron(i.e., autoionizg leading to different excited states
oL L i - e ,’A’ of the ion M ™ ) which we refer to as the correlatidsat-
0 50 e 70 4 50 60 70 ellite) states. Thus observation of the correlation state cross
Photon Energy (eV) sections as a function of exciting photon energy will show

sharp resonance structures corresponding to the energies of
FIG. 3. Isotopically labeled acetylene: photon energy dependence of thdoubly excited states of the neutral. Since the photon energy
intensity I’atiO of(a) s_ate_llite 1,(b) _satellite 2,(c) satellite 3, andd) satellite Spacings between the present measurementgarev, the
4, respectively, at binding energies of 26.56, 28.0, 29.79, and 31.2 eV. Thg, s nance fine structures cannot be observed:; instead a scat-
intensity ratios are taken relative to the2™ main peak at binding energy . .
of 23.51 eV. All reported intensity ratios are corrected for transmission ef-ter Of data points can be seen in the 40-50 eV photon energy
fects. The corresponding XPS valu@®ef. 15 are indicated by an arrow. range(Figs. 2 and R Another factor contributing to these
The MR_’SDCI va]ue was obtained_ py'summing all the pole stre_ngths in the,griations is the experimental PES background. At low phO-
Eg:ge_l(_:;l\)/g T&telllte regions and dividing by the pole strengths in 22—24 e\{on energies, especially below 40 eV, the sloping background
prevents very accurate determination of intensity ratios.
These errors are listed in Tables I-11l and shown in Figs. 2
energies(40-50 eV). The constant photon energy depen-and 3. It can be seen that the observed variations are much
dence is consistent with a predominarﬁE/g symmetry as- larger than the error limit§¢lo) of the intensity ratios. This
signment to these four correlation peaks; as correlation peaksdicates that these variations may be largely due to autoion-
which derive their intensity from different symmetry orbitals ization resonance structures yet to be identified.
show strong variations in their intensity ratio with respectto It is worthwhile to note that the satellite/mairargl peak
one of the main peaks. Since the experimentally determinehtensity ratios for satellites 1-@igs. 2 and 3 are consis-
17 /204 main peak and @4/20, main peak ratio¥ as  tently lower than those obtained from the x-ray photoelec-
well as the 2r,/20, main peak ratioc¥ show a smooth de- tron (XPS) spectrum(at 1487 eV of Svenssoret al’® The
crease with increasing photon energy in the range 40—75 eXXPS values of Svenssaet al. are indicated by a horizontal
we can use the correlation peak to@l main peak intensity arrow in Figs. 2 and 3. The discrepancy between the present
ratios for distinguishing the major contributor to a particular measurements and the XPS values may be a real effect and
correlation peak. This is particularly true if there are contri-can only be ascertained by performing synchrotron PES
butions from ionic states with significant carbop 2harac- measurements at photon energies greater than 80 up to 1487
ter such as’Il, since the variations of thed, /20, main  eV. However, it is most likely that the discrepencies are due
peak intensity ratio are very substantial. The variations in theo higher atomic photoionization cross section®f, orbital
20/204 main peaks are relatively smaller and the intensitycompared toC,, orbitals at higher photon energidse.,
ratio is constant in the photon energy range 55-75 eV. The-ray energies At ~1487 eV photon energy, photoioniza-
photon energy dependence studies of the correlation peak timn cross section df, orbital is 66 times larger than that of
204" as well as to 34" main peak intensity ratios which C,, orbital** This significant difference between the photo-
indicate predominantlyzzg+ symmetry are supported by ionization cross section @,s andC,, orbitals gives rise to
MRSDCI calculationgsee later section higher intensity of those satellites which are of symmetries
The present symmetry assignmeﬁig ) is also consis-  with mostly C,¢ character and lower intensity of those satel-
tent with recent electron momentum spectrosc¢givS) lites which are of symmetries with mof®,, character. Since
experiments??° The experimental momentum profiles for the main 2r,* peak has some1t, * poles as shown in the
the correlation peaks measured by Weigeiél!° and Duffy = MRSDCI calculationgsee later sectionthere is some,,
et al?® indicate that most of the intensity of these correlationcharacter in the mainé’g1 peak. Satellites 1 and 4 are also
peaks are associated with thezr@1 process(i.e., 22; ). predicted to have contributions from symmetry orbitals with
However, it should be noted that the EMS measurements argrongC,, character(1m, and &rg) thus the sat.1/@, and
done at an energy resolution &f1.5 eV FWHM which is  sat.4/2ry intensity ratios at 50-75 eV are similar to the
significantly poorer than the energy resolution of synchrotrorcorresponding ratios at 1487 eV. In contrast, satellite 2 is of
PES measurements<0.4 eV FWHM. EMS measurements pure 20, symmetry whereas satellite 3 hagr2and 27,
provide direct symmetry information whereas variable pho-symmetry which are all symmetry orbitals with strofg,
ton energy synchrotron PES measurements are more of amaracter. Therefore, the sat.2/2and sat.3/2, intensity
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stateg(31.15 and 31.66 eV binding enedggyorresponding to
' (a) ng‘}g‘ﬁ?e satellite 4 are associated with ther;Sl ionization process as

. experiment opposed to the usualbZ; L jonization procesgsee Table IV,

both of these processes have ove?ﬂlg symmetry. The
31.15 eV state has a normalized Dyson orbital that is ap-
proximately 0.8(204) +0.6(30y) whereas the 31.66 eV
state has a normalized Dyson orbital that is nearly purg.3
Since the 34, molecular orbital contains significar®,,
character, the 8,/20, main peak ratio will decrease as the
photon energy increases. The same trend is observed experi-
Acetylene mentally for sat.4/2; main peak(see Figs. 2 and)3wvhich
MRSDGI-ANO strongly suggests that sat.4fg main peak intensity ratio is
constant with increasing photon energy. The photon energy
dependence of the sat.4f3 main peak intensity ratio is
shown in Fig. 5 in comparison with the predicted MRSDCI
pole strength ratio. The present intensity raiibgy. 5 were
AR . obtained using additional experimental PES data for the
204304 main peak ratio. The photon energy dependence
curve is clearly constant in the photon energy range 45—-75
eV. Very good agreement with the predicted MRSDCI ratio
is also obtained.

FIG. 4. Comparison of the experimental binding energy spectaimof Although the correlation states at 31.15 and 31.66 eV are

acetylene with the theoretical spectriim based on MRSDGANO) calcu- . . .
lation using a 171-CGTO basis set. The calculated pole strergtiisl Only 2 of 4 other states in the satellite 4 blndlng energy

poles are convoluted with the experimental peak widths to yield the curveregion, on the basis of their relative pole strengths it can be
(solid line) which can be compared with the experiméb. Poles associ-  said that the observed photon energy dependence of satellite
ZtZ?a:‘zg'e”;yT‘;"&he tRf &, and 3, " lonization processes are fabeled with 4 g associated mainly with theo3 ! ionization process
' ' rather than being a “dynamic” correlation state associated
with the 20&1 ionization process. It should be noted that this

ratios at 50—75 eV are lower than the corresponding ratios atossibility (i.e., interference of 8;* and 274 * ionization
1487 eV. TheC,¢ andC,, contributions provide a consistent Processes irfs correlation statgswas first suggested by
explanation for the similarities as well as differences be-Bradshawet al;*® however, it was made in relation to satel-
tween the intensity ratios observed in the present experimetite 1 and not to satellite 4. This explanation is in variance
and those observed by Svenssrall® at 1487 eV. with some of the conclusions made in the recent EMS stud-
Current interest in photon energy dependence of intenies of Weigoldet al'® and Duffyet al?° Careful examination
sity ratios lies mostly in understanding the different mechaof the original EMS results indicate that the predominant
nisms giving rise to these correlation peaks. Using the clasassignment of &; ! poles to satellite 4 was based on spec-
sification scheme of Becker and Shirfegatellites 1, 2, and  troscopic factor measurements of the 3 main peak. EMS
3 can be regarded as intrinsic and satellite 4 as dynamic ospectroscopic factor measurements for tht“,fg main peak
the assumption that all peak&, 2, 3, and % are largely indicate the same spectroscopic factor as the spectroscopic
associated with the @, * ionization process. Intrinsic corre- factor for the Im, ! main peak which was assumed to be
lation (satellit¢ peaks are those whose intensity is indepen-approximately ongignoring degeneragy The EMS assump-
dent of the photon energy while dynamic correlatigsatel- tion is clearly inconsistent with the present MRSDCI calcu-
lite) peaks are those whose intensity depends on photoiations which predict significant splitting of the mainrg
energy. The sudden increase in intensity ratio of satellite 4nd 1m, poles with?I1,, correlation states predicted at 26.86
near threshold may be explained by assuming that it is oind 32.02 eV ancng correlations states associated with
dynamic type, i.e., one whose intensity changes with photor?oogl ionization process predicted at 31.15 and 31.66 eV.
energy. This is obviously clear even though there are fewrhe calculated 39‘1 pole strengths in the satellite 4 binding
data points since the trend is observed consistently in normanergy region are small but not insignificgrt0.03 and are
acetylengFig. 2(d)] and labelled acetylend=ig. 3(d)]. The in fact observable in the present synchrotron PES experi-
trend of increasing cross section of satellite 4 as threshold isents. Note that the predictétll,, correlation state at 26.86
approached is consistent with a conjugate shake-up pfBces®V is consistent with the value of the sat.bfZmain inten-
and has been observed in many atdtit® and moleculd?”  sity ratio (see aboverelative to the corresponding intensity
systems. ratio at x-ray energies. Thus the EMS assumptions that the
An alternative and more plausible explanation can bamain 3cr§1 and main %7 ! pole strengths are one, although
advanced for the photon energy dependence of the sat,4/2 reasonable since these are outer valence orbitals, may be
intensity ratio. The theoretical PES of acetylene obtainedncorrect.
from the MRSDC(ANO) calculations is shown in Fig. 4 and A stronger argument for assigning peak 4 to thegé
Table IV. It can be seen that satellite 4 is composed primarilyprocess as opposed to th@@l process is perhaps in the
of 229 correlation states. However, two of the correlation measured momentum distributions. Examination of the origi-
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TABLE IV. The calculated line positions and intensities for the PES of acetylene.

lonization
Symmetry energy(eV)?

Intensity’
(sH

Important configuratiorfs

N 16.36

23.17

26.93

27.34

28.13

30.09

30.29

30.55

30.77

31.15

31.66

32.23
34.26

I, 23.74
I, 11.40

26.86

31.65

0.797

0.519

0.061

0.010

0.112

0.005

0.034

0.005

0.008

0.016

0.016

0.004
0.005

0.026
1.64

0.015

0.005

0.90 (8, *
0.19 (20,) ! (1m,) ~* (1mg)*
0.19 (3rg) ! (1m,) "t (nmy)*
0.18 (35y) * (1) 2 (1my)®
0.72 (&) *

0.48 (20,) * (1m) ~* (1my)*
0.17 (205) " (177Zu)’l (?Wu)l
016 (17 * (r0)’
0.15 (204) "t (1m,) "2 (1my)?
0.11 (30y) ~* (1m,) "% (1my)?

0.61 (1lh)’2(nfg)1 )
0.51 (20,) " (A7) "t (1mry)
032 (1m) * (noy)*
0.19 (30252'51 ((i(:fz)'z (1my)?
0.88 (&,) 2 (n5y)"
0.17 (20,) * (1m,) "t (1mg)*
0.10 (204) * ’
0.72 (,) % (n&y)*
0.39 (20) ! (1m) " (1my)*
0.34 (204) *
0.16 (3og) ~* (1m,) "2 (1my)?
-2 1
0.15 (3%())?17((1&;3)*2(8?(33)1 (n&y)*
0.13 (2) ! (1m) "% (nay)* (ndy)*
0.09 (3vy) * (1m,) 2 (1my)?
-1

053 @) + (1) ? (1my?

0.38 (20,) ! (1m,) ! (1my)*
0.36 (17Tu)72 (nU'g)i
0.34 (1) 2 (g

0.31 (&rg)(*l ()1wu§rjlg()1wg)1

0.17 (20,)
0.59 (itu)‘g (n&y)*

0.49 (3uy) * (1m,) 2 (1my)?
0.38 (1m,) 2 (nog)*

0.06 (204) "t
0.06 (arz)*l

0.81 (8y) * (1m,) * (nm)!
0.31 (&rg)*i (1wu)*z (1wg)z
0.17 (3og) ~ (1my) " ° (nm)

0.08 (209) 7"

0.61 (@,) * (1m,) * (nmy)*
0.55 (30g) * (1m,) 2 (1my)?
0.26 (30y) * (1)~ (nmy)*

0.13 (1m,) "% (ngy)*

0.11 (20y) "t (1) "% (1my)?

oo (5

0.78 (395*1 (173u)*l (nmy)?
0.26 (20,) ! (1m) ~* (nmy)*
0.25 (30y) "* (1m,) "2 (nm,)?

0.20 (20)) "t (1m,) "2 (nmg)* (nmy)*

0.13 (30g) * (20) * (noy)*

0.93 (3051*31 ((igg))_*12 (L7g)?

. Ty s
o.ag7 (#,) % (n&y)* ?

0.18 (30g) * (1m,) 2 (1mg)?)
0.90 (Ir,) % (1my)*

0.93 () !
0.14 (1%)(*2 )(nwu)l
0.88 (#,) 2 (nm,)*
0.10 (1mr,) !
0.62 (&,) ! (30y) ! (noy)?t
0.44 (1)~ ? (nmy)?
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TABLE IV. (Continued)

lonization Intensity’
Symmetry energy(eV)? (sz) Important configuratioris

0.31 (1m,) ! (20) "t (noy)?t
32.03 0.011 0.64 (&) "! (20,) 7! (noy)?
0.35 (1) 2 (nary)?
0.32 (1m,) ! (30y) "t (noy)*
0.31 (30g) " (20,) * (1mg)t
0.07 (1m,)*
36.08 0.010 0.53 (&) 2 (nmy)?
0.47 (1m) "t (30y) "t (nay)*
0.44 (1)) " (20,) ! (noy)*
D 18.69 0.705 0.87 (@) !
0.27 (35g) "' (1m,) * (1my)?
0.14 (20) " (L)~ (nmy)*
0.13 (204) " (1)t (1my)?
23.82 0.010 0.89 (8y) * (1m,) ! (1my)?
0.19 (1m,) 2 (noy)?t
0.14 (20)) " (L) "2 (1mg)?
0.10 (20,) ¢
25.13 0.018 0.88 (4,) 2 (noy)?
0.17 (3og) ~* (1my) * (1my)?
0.13 (20,) !
30.31 0.029 0.82 (8y) * (1my) * (nmy)?
0.24 (20,) 7 (1m,) "2 (1my)?
0.14 (20,) !
32.79 0.004 0.68 (&) ! (1m) ! (nmy)?!
0.47 (35g) " (1m,) "t (nmy)?
0.24 (204) * (1m,) * (nmy)?
0.17 (20,) " (1m,) "2 (1my)?
0.09 (20,) !
34.07 0.004 0.73 (&,) % (nmy)* (noy)?
0.33 (20,) ! (1m,) " (nmy)?
0.30 (30g) * (1m) ! (nmy)?
0.21 (2‘Tu)71 (qu)72 (1779)2
0.09 (20,) !
34.12 0.013 0.54 (8, * (1m,) ! (nmy)?
0.44 (20,)~* (1m,) "t (nmy)?
0.40 (1m,) "3 (nmg)! (noy)?
0.09 (20,) !

8 or each symmetry, the MRSDCI wave functions are used for the cation and neutral molecule, and all
calculations are based on the frozen average natural orbitals.

bThe values less than 0.004 are ignored. All and w4 intensities have been multiplied by two.

“Absolute value is used for every Cl coefficient.

The first root energies have been adjusted to experimental data separately for each symmetry except for the
2Hg symmetry, and the same constant shift is used for the remaining roots in this symmetry. For symmetry
22; , the energy shift is-0.66 eV/(to the lower binding energy directignfor symmetry?II, —0.12 eV and

for symmetry,2S." —0.45 eV.

The energy of the ground state of the neutral molecule is taken from our MRSDCI calculation based on the
ionic frozen average natural orbitals of this symme?rl]l&).

nal EMS experimental momentum profiles measured in therofile is due to well known distortion effeci{s.e., break-
binding energy range of satellite[4ee Fig. €c) of Ref. 19  down of the plane wave impulse approximati@nd there-
and Fig. 7b) of Ref. 20 shows a broader momentum profile fore satellite 4 is associated with thergl process. This
than the predicted momentum distribution if the peak wasargument seems inconsistent since distortion effects are not
associated only with thea’g1 process. A more likely expla- seen in the experimental momentum profiles of the main
nation for the broad experimental momentum proféetra 2051 peak obtained in the same experiment. The present
intensity in the regiorp=1-2 a.u) measured by Weigold MRSDCI calculations and synchrotron PES observations re-
et al. would be to assign peak 4 mainly with the:ré,%1 pro-  garding the sat.4/@, main peak intensity ratio&ee above
cess. It is well known that thea, momentum distribution is  indicate that a more consistent explanation would be to re-
wider (i.e., contains significant high momentum compongnts gard peak 4 as associated with the;? process instead. A
than the 2r; momentum distributiol?"?° and thus the 34 high energy resolution EMS study of satellite 4 in acetylene
wave function would fit the original EMS data better. (with very good statistigswill provide further information to

Weigold et al. argued that the extra intensity at high mo- decide which of the alternative explanations presented is
mentum observed in the satellite 4 experimental momenturmore likely.
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FIG. 5. Normal acetylene and Isotopically labeled acetylene: photon energf#IG. 6. Comparison of the calculated photoelectron spectra obtained in the

dependence of the intensity ratio of satellit€34.2 eV binding energy The present work(a) with those reported by Weigoldt al. (Ref. 19 (b), and

intensity ratios are taken relative to therésl main peak at binding energy Wasada and HiradRef. 17 (c). The SAC-CI calculation predicts pole

of 16.36 eV. All reported intensity ratios are corrected for transmission ef-strengths at binding energies35 eV which are not included in the present

fects. The MRSDCI value was obtained by summing all the pole strengths inliagram. The calculated pole strengtbslid poles are convoluted with the

31-33 eV and dividing by the pole strengths in 16—17(s¥e Table IV. experimental peak widths to yield the solid curve which can then be com-
pared with experiment.

The experimental PES spectrum and the theoretical PES
spectrum obtained from MRSDCI calculations are compared2o 1) and its intensity ratio relative to theoZ ! main peak
in Fig. 4. As can be seen there is reasonable agreement besee Figs. 2 and)3in fact, shows the least variation from the
tween experiment and theory in the inner valence regionpredicted constant trend expected for an intrinsic correlation
This is the first PES study on acetylene that includes botlstate. The MRSDCI calculations indicate a single correlation
theoretical and experimental results with semiquantitativestate at 28.13 eV associated mainly with la-2Lp configu-
agreement. The theoretical results lend support to the assignation, (17-ru)_2(n59)1. There are no correlation states of
ment of IargerZEJ symmetry for the satellites 1—-4. It can other symmetry which is of significant intensity in the bind-
be seen from Fig. @) that most of the dominant poles are ing energy region of satellite 2. Satellites 1 and 4 are domi-
associated with the@, * and 3, * ionization processes and nated by correlation states B, symmetry (204 and
are indicated by(*). Furthermore, these theoretical results3ag’1) with some contributions fromIl, and?3 correla-
show that there are contributions to the intensity of satellitegion states. Satellite 3 is still largely 6125 symmetry but
1, 3, and 4 from %, 3051, and 2, ! as well as 21'g_1 contains &3, correlation state of large pole strength. The
ionization process, i.e., there is inter-leaving of correlationcummulative pole strength @55 correlation states in the
states. It is likely that the intensity ratio variations of corre-30—31 eV binding energy range is 0.054 while the single
lation peaks 1, 3, and 4 are due to intensity contributiong3, ! correlation state at 30.31 eV has a comparable pole
from more than one symmetry. Before proceeding with thestrength of 0.029. Thus the observed variations in the inten-
discussion of the correlation peaks 1-4, we should note thatity ratios for satellite 3 are clearly consistent with the theo-
the MRSDCI calculations predict some correlation statesetical predictions which indicate several correlation states of
within the main 2r§1 envelope itself. AZHg correlation  different symmetry. The MRSDCI calculations also show an
state is predicted at 23.74 eV and'®, correlation state is extra peak at 34 eV binding energy. This corresponds to peak
predicted at 23.82 eV. These theoretical results are also coB- observed by Svenssat all? and is beyond the energy
sistent with experimentFig. 1) which showed an unusually range of the present synchrotron PES study. The present
broad 'bgl main peak which is represented by three GaussMRSDCI calculations predict that peak 5 is<,, symmetry
ian peaks in the deconvolution. The exact location of thgsee Table IY. Another point that should be mentioned is the
correlation peak corresponding to tﬁHg state can not be relative importance of 3-hole-2-particle {3 2p) ionic con-
quoted with certainty because there is no clear shoulder ifigurations in GH; compared to gH; .28 This is related to
the experimental data. Tﬁﬂg state predicted at 23.74 eV is the relative ease of forming three holes in acetylémbich
of special interest because it is largely due to initial statehas four m-electron$ than in ethylene(which has two
configuration interactiori.e., the Iy orbital is unoccupied  7-electrons.
in the Hartree—Fock neutral configuratjon We now compare the present MRSD@INO) calcula-

According to the MRSDCI calculationsee Table IV,  tions with other recently published theoretical calculations in
satellite 2 can be considered as purelyzé‘.fg symmetry  Fig. 6. In general, other theoretical calculatidifsg. 6) do
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not show as good an agreement as our MRSDCI results withpectra of acetylene and the predicted inner valence binding
the experimental result§Fig. 1). The previously reported energy spectra using a recent MRSRENIO) pole strength
calculations seem to suffer from limitations in their basiscalculation. The present experimental PES results, taken at
sets. For example, Weigokt al1° use a 58-CGTOs basis set 40—75 eV photon energy, are also consistent with the previ-
in their ADC(4) Green’s function calculations, and Wasadaous XP$® and EMS®?° measurements with regards to the
and Hirad® use a 42-CGTOs basis set in their SACI) energy position and the symmetry assignment of the inner
calculations. The 58-CGTO and 42-CGTO basis sets do natalence and correlation peaks of acetylene. Slight differences
include sufficient basis functions to represent excited stateim the observed correlation peak intensity ratios can be ex-
of the ion. For example, the 58-CGTO basis set of Weigoldplained on the basis of variation in thé,,/C,s atomic
et al. has only one set ofl-type polarization function on photoionization cross section as a function of photon energy.
each carbon atom thus can form only one setsgfbasis The symmetry assignmentémainly 229) of correlation
functions. In comparison, the present MRSDCI basis set ipeaks 1, 2, 3, and 4 of acetylene obtained from the present
capable of forming seven sets §f basis functions. Previous study (experimental and theoyyare in general agreement
theoretical calculations prior to 1989 are not included in thewith electron momentum spectroscopy experimént8The
comparison. An extendedp21h TDA Green’s function photon energy dependence of the correlation peak intensities
[equivalent to AD@3)] calculation on acetylene has been (1, 2, 3, and #relative to the 2, main peak indicate that
presented in graphical forfiFig. 5(c) in Ref. 3] but not in  peaks 1, 2, and 3 are “intrinsic” correlation peaks associated
tabular form. The results of this particular calculation is simi-with the 2051 ionization process. In contrast, correlation
lar in some respects to the ARG calculation of Weigold peak 4 may be considered an intrinsic correlation peak asso-
et al. It should be noted that the older versioh-21p TDA  ciated mainly with the 39‘1 ionization process as opposed
Green'’s function calculation is a “cheap and quick calcula-to the 2051 ionization process or may be a dynamic corre-
tion and not expected to be quantitativ®¥ More recent ver- lation peak associated with th@.rgl ionization process. It is
sions of the Green'’s function method such as ABCand  important to experimentally resolve whether peak 4 is asso-
ADC(4) are believed to be more quantitative if appropriateciated mainly with the &, 1 or with the Iy ! process. A
basis sets are employed. high energy resolution EMS study of good statistics on peak
The present MRSDC(ANO) study uses a 171-CGTOs 4 may be useful. Future work also may include intensity ratio
basis set which includes several Rydberg orbitals and diffusmeasurements at higher energigs30 eV), particularly for
functions. The improvement in the results can be observedatellite 2 which shows constant intensity ratio in range of
by comparing each theoretical calculation with the experi-about 40—-72 eV photon energy, yet seems to increase in
mental PES spectrunfcf. Figs. 4 and 8 The MRSD- intensity at x-ray energies.
CI(ANO) calculations are, clearly, superior in terms of the
prediction of the binding energies and peak intensi(see
Figs. 2 and 4 The SAC-CI calculation of Wasada and Hirao
[Fig. 5(c)] is unsatisfactory in an overall sense. In particular, = We would like to acknowledge the assistance of the staff
the SAC-CI calculation predicts tw&,, correlation states of the Synchrotron Radiation Center, University of Wiscon-
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calculation predicts the first correlation state -aBl eV  versity was supported by the National Science Foundation.
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