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Abstract |
High- Resolutlon Soft X-Ray Photoromzatron Studies Of Selected Molecules
- by
Enc Allen Hudson _
Doctor of Philosophy in Chemistry .
University of California at Berkeley

Professor David A. Shirley, Chair -

Near-edge soft x-ray photoionization spectra were measured wim‘hlgh resolution -
- inenergy for a series of molecules in the gas phase, using the Free University of Berlin
plane-grating SX-’lOO-II- monochrorrlatorat tlle synchrotron radiation source BESSY.
vAnalysis of the spectra provides details of the core-excited electronic states whicn are
accessed, 1nclud1ng quantum defects, natural 11new1dths vibrational spacmgs molecular(
geometries, and molecular-ﬁeld sphttrngs The interpretation of these results '
characterizes the valence an'd Rydberg orbitals which are populated by the transitions, as
‘well as the core orbitals Wthh are vacated. |
Photoromzatron spectra of carbon monox1de were measured near the carbon and

_oxygen K edges Vibrational spacings and bond lengths are denved for several
] resonances. Results are consrstent with the equrvalent core model and indicate the
different 1nﬂuences of the carbon and oxygen 1s core holes._ Correspond_mg spectra of
H2CO and D‘2CO were also me@ured; Assignment of the complex t/ibrational structure |
in the valence-shell and Rydberg resonances is facilitated by a comparison of the spectra
for the two isotopic species. Geometric and vibrational pararneters are derived for several .
carbon 1s core-excited states. Isotopic shifts are observed in the energles and linewidths
of some core-excited states. | ”

Sulfur hexafluoride photoionization spectra, measured near the sulfur L2 3 edges,

show several series of weak, narrow Rydberg resonances. The high resolution'and good



cbunting stati_sﬁcs allow a complete assignmeht of these states.. The lineshapes of the
broad inner—well resonances also observed in these spectra are analyzed to establish the-
-magnitudes of vibrational and lifetime bi'oadéning in these states.

' Spcctra of the HsS and DzS molgculés-wcre also meésured near thé sulfur Ly 3-
ledg‘es. Besides lowé'r-cncrgy transitions to inner-well states, a corriplex‘manifold of
overlaﬁping Rydberg resonances is observed. The rich fine structure of these stétes arises
mainly from the rcmovz_i_l of orbital degeneracies in the molecular field. Additipna'l

structure due to vibrational excitations in the final state is identified by a comparison of

2

the spectra for the two isotopic species.
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CHAPTER I
LA. Motivations: What may be learned from these experiments?

:This dissertation presents and interprets the results of high-resolution soft x;ray
photoionization measurements. In particular, near-edge photoioniiatio_h spectra were
measufed for a series of molecules in.the gas phase. In this type of experiment, the total |
phdtoion current produced by a gas is measured as the photon energy is scanned ;hrough'
an energy range which includes. the ionization threshold for a core-level electroﬁ ofan
atom in the molecule. Peaks are observed in the spectrum due to the promotion of the '

; core electron into one 6f the unoccupied orbitals of the molecule. Transitions to bound
_ valence-shell and Rydbérg 6rbitals will appear as peaks at phot_on energies below the
ionization ttucshold, whilé transitions to quasi-bouhd shape resonances 'will be obéerved
as broader peaks above threshold. Alt{hough the states at energies below thréshold ére
neutral, they are nonethéless, observed in photoionization spectra beéauée the dominant
- decay mechanism in the soft x-ray energy range is autoionization. In fact, the
* photoionization spectra are nearly equivalent to the cox_'responding x-ray photoabsorption
~ spectra. For the results bre'sented here, the distinction between these two typ_es of
measurements is not significant. The study of near-edge x-ray photoabsorption is alSo
‘commonly referred to as X-ray Absorption Near-Edge Structure (XANES). Here that
term will generally be restricted to soft x-ray absorption and will also be used to describe
bhotoibnizat_ion spectra. | |

- XANES spectra (and thus near-edge phétoibnization spectra) provide information
about the orbitals of the molecule which are unoccupied in the ground electronic stéte.
From a fundamental viewpoiﬁt, kndwledge of these orbitals is needed even for an
uﬁderstanding of the ground state. Although within the Hartree-Fock appfoximation

these orbitals are unoccupied, in fact they do i_nﬂuence ground-state properties through



electroncorrelation, i.e. configuration interaction. These orbitals also play a role in the
dynamics of a-molecule,. e.g. in a collision or chemical reaction. And these orbitals may
“be populated in the many different excited electronic states of the neutral or jonized
molecule. Naturally the details of a given orbital may vary in these different |
cii‘cu‘mstances, but XANES can provide at least a basic characterization of the
unoccupied molecular ofbitals. .
Relative energies of the various unoccupieo orbitals méy be determined from

XANES spectra. For example, molecular-ﬁeld splittings of low-lying Rydberg orbitals
| can be directly measured. “The spatial distribution of an orbital accessed by a XANES

- transition may be inferred from tfansition intensities, natural linewidths, and vibrational
structure. Similar information can be obtained from lower-energy photoabsorption
experiments, where a valence electron is excited into an unoccupled orbital. This
-approach is also useful, and may achieve better energy resolutlon than is p0331b1e with
XANES. However core-level photoabsorptmn has several inherent advantages over
valence photoabsorption. First of all, occupied valence levels have small energy

: separatiohs - Therefore excitations from different v'alence levels will tend to form
' overlappmg series of peaks, and it may be non-trivial to associate each observed
transmon with the correct valence hole. Incontrast, core levels are widely separated in
energy, and x-ray absorptlon features are thus more easily assxgned to the ..correct hole.
Secondiy, the symmetries of the various occupied valence orbitals are not always lmown,
-and it may therefore be difficult to identify the symmetry of orbitals accessed m
transitions from these initial states. Core-level symmen'ies are Vmo‘re easily detefmined
beceuse these levels are very similar to their pareot atomic orbitals. Thirdly, creation of a
valence hole‘may have a dramatic effect upon the electronic and geometric structure of a
molecule, because valence orbitals are often strongly bondmg or anubondmg These
hole-dependent changes may be difficult to dlstmgulsh from the 1nﬂuences of the newly-

occupied orbital. While a core hole will also have anl influence upon the final-state

-



structure, the hole is localized near one nucleus of the molecule, and will typically -'have a
smaller influence than a‘valence hole. This influence is also more ea:sily predicted. The |
effect of the core hole can often be modeled simply as the creation of a positive point
éharge at the nucleus. |

Near-edge photoabsorption spectra also provide information about the core levels
which are excited. For example, the natural liﬁe width of a transition is deternﬁned by. '
the lifetime of thé excited staté. .’I'his lifetime is normally determined by the réte of decay
of the core hole, by either autoionization or x-ray ﬂuorescencé. High-resolution
photoabsorption spectra may therefore be usgd to study trends in _coré-hole decay rates.

These spectra are also useful for the measurement of various energy splittings in"co_re :

levels. In particular, spinforbit and molecular-field spli_tﬁngs may be determined and

used to understand the effects of chemical bonding on'atomic core levels.
- Promotion of a core electron into a previously unoccupied orbital creates a very
highly excited electronic state of the molecule. Structural parameters'of that electronic

state may be determined if vibrational transitions are resolved in the photoabsorption -

'spectrum. Upon electronic excitation, it is possible to excite one or more quanta of

vibrational energy in the molecul_e, resulting in a series of peaks associated with a single |
ele@&onic_ ;ré.nsition. The vii)ratidhal energy spacings observed are a measure of the force
constants 6f the moléculé in the excited state. The relative intensities of the individual
vibrational excitations can be analyzed using the Franck-Condon principle to derive bond
lengths and bond aﬁgles of the molecule in the excited state.

ﬁigh-resoluﬁon XANES spectra can provide some information about the structure
and dynamics of highly excited electronic states. Howe\?er, more complex measuremenfs
are possible which give more detailed characterizations of these states or which use these

states to study other molecular properties. For example, measurement of the relative

~ intensities of fragment ions can be used to characterize the decay dynamics of the states

which are excited in XANES. Photoelectron and Auger electron spectroscopy can be



used to determine the role of the excited electfon in autoionization of the excited state.
Resonance-excited X-1ay emission is a relativeiy new techni(jue for studying occupied
valence levels of the ground state. In these spectroscopies, and man& others, a high
resolution photoabsorption spectrum is useful for the interpretation of experitnental »
results. High-resolution XANES can therefore be regarded not only as a tool witn the
specific abilities listed above, but also as a starting point for more soph1st1cated

measurements
L.B: Historical development of soft x-ray absorption spectroscopy

Measurements of x-fay abs_drption spectra' date back to the beginning of this
century, when Bragg diffraction was discovered and x-rays monochromators were first
constructed [1]. There was con51derable activity in this area over the following decades,
1nc1ud1ng studies of condensed matter as well as gas-phase atoms and molecules [2].
There were'similar advances, starting in the middle of the 19‘11 century, in the area of
ultratziolet (UV) absorption. Developments in both UV and X-ray absorption ‘

' spectroscopy, along with major'advances in quantum theory, created a frarnework for the
interpretation of electronic excitation spectra. The resulting und'el_'standing cf electronic
structure and spectra is thoroughly described in Ref. [3] for atoms and Ref. [4] for
molecules. | | o

Historically, absorption spectra in the soft x-ray regicn (= 30;1000 eV)’ were
difﬁcult to measure due to the lack of intense sources of chtinuum fadiation. Some
spectra were measured using quasi-continuum spark sources [5], but the field was very
limited until the 1960's, when synchrotron radiation ﬁrsti became available. It was
irnmediately obvious that this was a superior source of soft x-rays, because of the nearly
featureless continuum as well as the high flux. As better soft x-ray monochromators were

developed to exploit this radiation source, many near-edge molecular photoabsorption



spectra were collected and the resulting interpretétions and associated theoretical work ‘
established a basis for modern work [6]. By modern staﬁdards, however, I;IOSt soft x-ray -
- spectra collected before the mid-1970's were not truly high resolution.

In 'thé 1970's the techniquerof Electron Energy Loss Spectroscopy (EELS) was
improved, resultihg“ in a truly high-resolution spectroscopy. EELS, which was developed
in parallel with x-ray absorption, providés an alternate means of measuring absorption
spectra. In EELS, a high-energy electron replaces the photon as the Source of excitation
energy. Since a free electron can océupy a continuum of eneréy levels, the incideﬁt'
electron can transfer any fraction of its energy to the molecule. Thus a spectrum is.
obtained by méasuring the énergy loss of the inelastically-scattered electrons, using a
Very narrow inCident-beam enefgy distﬁbution. The groups of King, at Cambridge
| University [7], and Brion, at University of British Columbia (81, develop‘ed' gas-phase
| EELS instruments which could measure near;édge spectra with resolutions close to fhe

natural linewidths of the spectral featufes. These instniments were used to stﬁdy many
atoms and molecules. The UBC group, in particular, studied an impressive number of
molecules and systematically interpreted the results. The detailed understanding of near-
édge spectra obtained from the work of the EELS groups is, in faéi, the framework with
which the present measurements were-iriterpreted. However, for all its advantages and
success, EELS has an inherently low count rate, and spectra usually have relatively small
si_gnal-tb-noise ratios even for counting timeé of more than one day.

From the mid-1970's to the mid-1980's, EELS was the method of choice for
measuring highvrevskolution XANES in the soft x-ray energy rénge. The performances of
soft x-ray monochromators were improving, however, and more synchrotron radiation

facilities were being déveloped The modern era of high-resolution XANES began in the
late 1980's, when several soft x-ray monochromators were commlss1oned with resolvmg
_powers (E/AE)of 5000 or more. The first and still the most famous spectrum of the

current period of activity is the molecular nitrogen 1s-to-n* resonance, with well-resolved



vibrational structure, collected by Chen and coworkers using the Dragor_l monochromator
~ at the National Synchrotron Light Source (NSLS) [9]. Another Spherical Grating

" Monochromator (SGM) on Beam Line 6 at the S;anford Synchrotron Radiation
Laboratory (SSRL) soon afterwards demonstraied a similar resolving power [}0]. The
- Dext addition was the SX700/II monoCh;omator {11] at the Berliner
Elektronensbeicherring fiir Synchrotronstrahlung (BESSY), which provided the high-
resolution soft X-rays used for the measurements in this dissertation. Since the initial
measureme‘nis at SX700/11, other high-resolution monochromators have been
commissioned et various synchrotron radiatien facilities around. the world.

As a result of the unprecedented combinations of resolutmn and flux provided by
these new monochromators there has been a recent flurry of activity in the area of high-
resolution XANES. Besides the work contained in this dissertation, and other work of -
the same group [12], the group using the Dragen monochromator, as well as a newer -
SGM at NSLS, has actively investigated a number of molecules [13]. Other groups are
also worklng in this area, and even more may be expected as high-resolution, high- ﬂux

monochromators become widely available.
I.C. Survey of present measurements

This dissertation presents molecular soft x-ray photoienizatien spectra which, for
the purposes of this study, are equivalent to the corresponding X ANES spectra. The
SX700/I monochromator at BESSY provided the combination of high flux and high
resolution required. Absorption of x-rays by the gas was detected by the total ion yield
technique, in ;which a biased electrode is used to collect all ions produced by
photoexcitation. Full details of the experiment are given in Chapter II.

XANES spectra ef four different molecules will be preseﬁted and discussed. The

“first molecule studied in this series of experiments was carbon monoxide. The



mterpretauon of the observed carbon and oxygen K-edge spectra is fairly strmghtforward
and introduces some concepts used in the interpretation of more complex spectra In

particular, the equivalent—core model is applied and an analysis based on Franck-Condon

| (Fé) theory is demonstrated. Formaldehyde, because of its larger number of atoms, |

~ exhibits more complex carbon and oxygen K-edge XANES spectra than those of CO.

Both HyCO and D2CO were studied, exploiting the isotopic dependence of vibrational
frequencies for the assignment of vibrational features in the spectra. By applying a poly-
dimensional FC analysis, the geometries of several excited states of both isotopomers

were derived. An unprece‘dented isotopic effect was observed in the energy and width of

- the lowest-energy Rydberg state at both edges.

The XANES spectra of sulfur hexafluoride were measured at the sulfur Ly 3 edges
and the fluorine K edge. The high symmetry and small size of the molecule allows a

relatively simple interpretation of the observed spectra, even though this is a seven-atom

‘molecule. The most striking result was the observation of many Rydberg states below the

sulfur Ly 3 edges. The natural linewidths ef these states are very small, especially in
comparison to the linewidths of the intense inner-well resonance at slightly lower photon

energy. XANES spectra were also measured at the sulfur Ly 2 3 edges of hy,drbgen

sulfide. Considerable fine structure was resolved below the L 3 edges. Interpretation of

the spectra was facilitated by measuring both HzS and DjS. A detailed analysis revealed
a molecular-field splitting of thev‘ sulfur 2p core levels and suggested that some nbsewed
states had characteristics intermediate between the common valence-shell and Rydberg
classifications. Vibrational structure and isotopic'shifts Were resolved in the valence-
shell region and were interpreted by considering .the recently-established dissociative

nature of these excited states.

"LD. Basic pi'inciple and common themes



This dissertation is organize_d with separate chapters to discuss the results from
each of the four molecules studied. This is a useful strhcture, but it may hide some of the
common threads running through these differeht systems.. Iﬁ this section, the basic
- principles underlying this research are introduced and connections between the different

molecules are outlined.v
1. Rydberg states

A Rydberg state arises from the promotion of an electron into a Rydberg orbital.
Rydberg states are most easily defined as states whose energies are predicted by the.

Rydberg formula
En =Ep- R/(0-8;)2, NN

, Where EIp'is the ionization potential of the electron’'s initial-state level, R is the Rydberg
constaﬁt, n and ¢ are the principal and orbital—angﬁlar-momentum quantum numbers of
the Rydberg orbital, and 9y is the quantum defect. The quantum defect depends onf
because of the differing degrees of core penetration for s, p, d etc. orbitals. Generally &y
Will be largest for s orbitals, which have no centr_ifugal barrier, and will decrease with
increasing €. 8 will also increase with Z, the nuclear charge, because the screening of the
‘nuclear charge by the inner elect}ons becomes‘ less efficient in larger atoms. Rydberg
states will typically be observéd ih oné or more series with e'nergiesvconverging on Ejp as
predicted by Eqn. (1.1). Such series are identified for alll the molecules discussed in this

%

dissertation.

N

A useful quantity for the description of Rydberg states is the term value

T=Eipp-Eng. (1.2)



Ignoring configuration interaction and relaxation effects, which are normally small, the
term value is associated only with the energy of the electron in the Rydberg orbital.  Thus
the term value is especially useful for comparisons of Rydberg states corresponding to

different absorption edges. While this dissertation is concerned only with core-excited

electronic states, it is important to stress that Rydberg states also may arise when valence

electrons are prometed to Rydberg orbitals. Indeed, these lower-energy Rydberg states

are more thoroughly studied, and provide the basis for the modemn understanding of

Rydberg orbltals [14,15,16].

The Rydberg formula successfully predlcts the term values of Rydberg states in

mulu-electron atoms, if n is larger than the maximum n of the occupied orbltals in the

- ground state. Moreover, it is also successful for predicting term values of many excited

states in molecules. The reason for this success is that Rydberg orbitals have a large
spatial extent. As'n increases, Rydberg orbitals have less amphtude within the molecule,
and more amphtude far away from the center, where the potentlal is atomic- like. Since
the energy of an orbital depends on the entire one-electron wavefunction, higher Rydberg
orbitals will have atom1c-11ke energies. Another consequence of the large spatial extent
of these orbitals is that transitions to higher Rydberg states will be successively weaker,
simply due to dirhinishing Rydberg orbital amplitude in the region of the core electron.

However dipole selection rules will not necessarily approach the atomic rules for -

" increasing n, because the region of the Rydberg orbital which overlaps the core electron
~ is within the molecule and feels the full molecular field. An example of this is seen in

_Chapter VI, where the 2p to np transitions in HpS show appreciable intensity, althdugh

the transition is forbidden by atomic dipole selection rules.
Rydberg orbitals have little amplitude within the molecule, thus they are
essentially non-bonding, especially for large values of n. However the excitation of a

Rydberg state may nonetheléss have accompanying ¢hanges in molecular geometry,
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because the inﬂuence of the flewly-created hole must also be considéred. Valence holes
can clearly have a drainatic influence on molecular geometry, since valence orbitals may
be strongly bonding or ziqﬁbonding. Core holes will have a smaller bﬁt often notable
inﬂuehce upon molecﬁlér structure (as seen, for example, in Chapter III for CO). 7
Therefore core-excited Rydberg states may in some cases show vibrational sidebands as a

" result of the geometry changes associated with the excitation. |

2. Valence-shell states .

A valence-shell state arises from the promotion of an electron into an unoccupiéd ‘
molecular orbital. The analogy in an dpen-shell atom would be the promotion of an
electroﬁ\into the partially occupied.shell, i.e. the valence shell. Dipole—allowed
transitions to valence-shell states tend to be more intense than co'rresponding Rydberg-
state transitions, because molecular orbitals are spatially localized within the molecule
and will have appreciable amplitude in the region of the ground-state electrbns. Like
Rydberg states, valence-shell states have been more thoroughly studied for valence
eicitétions than for core éicimﬁons [14,15]. However, core-excitation is, in some wéys;
a more powerful means for studying molecular orbitals which are undccupied in the |
ground state. For example, an unoccupied molecular orbital could be excited from a ,
(highly localized) core level of each atom of a molecule, and the resulting relative
intensities woulld provide a map of the orbital amplitude at the different atoms.

From simple mole’cular orbital theofy, it is evident that molecular orbitals which
are imocéupied in the ground state are usually anti-bonding. Putting an electron into an
anti-bonding orbital will tend to lengthen the associated molecular bonds, inducing
- vibrational excitation in the final state. VTherefore core-gxcited valence-shell states
generally show more extenéive vibrational sidebands than the corresponding Rydberg

states. There is an important exception however: It is possible that the creation of the
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core-hole will have some compensating effect on the change in geometry, leading to a

final state with a geometry closer to the ground state than might otherwise be expected.

This is seen in Chapter III, for example, where more extensive vibrational structure is

observed for the (C 1s)-1 Rydberg states than for the (C '1 syl n* valence-shell state.

- Core-excited valence-shell states are of paftiqular interest because they'may be

used to determine the orientation of molecules adsofbed on sui'fac_:es. This technique,
~which is called NEXAFS [17], exploits the molecular syrhmetry of antibonding orbitals

and the (usually) linear polarization of synchrotrdn radiation. The dependence of
~ transition intené.ity upon the angle between the photon polarization vector and the surface
normal reveals the oricn;ation of the bond associated with the antibondihg orbital. Some
of the valence-shell states used in this approach lie above the ionization threshold of the
excited core electron. In that case, the orbital accessed is only qﬁasi-bound, i.e. the
electron rapidly tunnels out of the orbital into the continuum of free-electron states and
leaves the molecule. This special, but not unusual, type of valence-shell state is called a

shape resonance. Chapter V includes a discussion of the shape resonances of SFég.
3. Intermediate or mixed states

The sharp division between valence-shell and Rydberg states which is perhaps
suggested by the pfeceding discussion is not aiway_s valid. In fact, itis sémetimés more
accurate to classify a state as mixed, i.e. intermediate between these two extr‘erries.
IC.hapter VI presents evidence of a mixed state in the core-excitation spectrum of
formaldehyde. Another example is seen in Chapter VI for HyS. In that case, the spectral
region between clearly identiﬁable vaience-shell and Rydberg states shows some states
with intermediate characteristics. The nature of mixed states has been mére thoroughly
investigated for valence excitations. While there is a géneral agreement that mixing is

. important in some situations, there is some controversy over the manifestation of that
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mixing. Robin [14] has argued that lmixing occurs between conjugatc bairs of valence-
“shell and Rydberg orbitals,. generall)} resulting in a pair 'of' mixed orbitals, one more
Rydberg-like and the' other more valence-shell-like. He stresses that transitions to both
orbitals should be observed, although sometimes the transition to the valence-shell-like |
orbital will be very broad and diffigult to iaenﬁfy; In contrast, Mulliken [18] has argued
that rﬁixing does not necessarily'res'ult in t@o distinct orbitals. The analysis used in this
dissertation tends to follow Mulliken, i.e. identifying individual mixed states rather than
conjugaté pairs, but the results do not depend onvthe specific assumption of either point of

view.v N ‘ - “
4. Vibrational structure

The promotion o_f an electron into a previously unoccupied orbital will generally |
change the geometry of a molecule, i_.e:vmodifying the bohd lengihs and bondAangles.

Changes in geometric structure tend tc; induce the excitation of vibrational quanta in the

~ final state. These excitations are observed as peaks at higher énergies than the
fundamental electronic transition, With spacings characteristic of the molecular
v1brat10na1 frequenc1es in the exc1ted state. Thls explains the sidebands observed for
many transitions in molecular XAN ES spectra Understanding the vibrational structure |
associated with a particular ex01ted elect;omc state can provide _detmls of the ‘influence of
the hole and the spatial distributiqn 6f the excited electron. Vibraﬁonal structure is
observed and interpreted for all the molecules studied in this dissertation.

In complicated XANES s'péctra,it rﬁay be difficult to assigh all the observed
features. It is very helpful to ha§e additional inf(_)rm_ation‘. Such infoﬁnation .is available
" in thé spectra of isotopiéaily;substituted molecules. Diffeféﬁf isotopic speéies.of a
molecule tend to have very similar electronic and geométric s'tructures. However, due to

the changes in atomic mass, they tend to have different vibrational frequencies. These
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differences are natutally very large when deuterium is substituted fot hydrogen, because
the mass changes by a factor of two. The vibrational frequencies in the excited states will
be modified in the substituted molecule, and any vibrational sidebands in the spectra will
show cerresponding shifts. Thus this effect is useful for distiﬁguishirtg vibrational

- sidebands from» fundamental electronic transitions in a spectrum. The effect will, of |
course, be largest for those normal vibrational modes which include significant motion of
the hydrogen/deuterium atoms. The energies of fundamental traxtsitions, i.e. those |
without any vibration excitation, may also show small shifts upon isotopic substitution
due to zefo-point energy changee, as discussed below in Section 1.D.6. Isotopic

substitution is used in Chapters IV (H2CO vs. D2CO) and VI (H3S vs. D3S) to aid in the

. interpretation of complicated spectra. .

Once Qibrational sidebands are identified in‘ a XANES speetrum, itis immédiately
possible to determine Vibrational frequencies of the excited electronic state from the
spacing of the sidebands. This provides' some information about the force constants, and
thus the electronic structure of the excited electronic state, especially by comparison to
ground-state vibrational frequeitcies. In poiyatomic molecules, the yibrational spacings
may also indieate changes in molecular symmetry, although this effect is not observed for
the examples in this dissertation. Further information about the structure of theexcited
state is contained in the intensities of the vibrational sidebands. By applying the Franck-
Condon (FC) principle[19], bond lengths and angles in the excited state‘may be
determined. The most important prediction of the FC' principle_is_ that extensive

- vibrational excitations tend to accompany large changes in molecular geometry. As

mentioned above,v in Sectioﬁs ILD.1 and ILD.2, changes in moleeular geometry are
_indicative of the spatial distribution of the excited valence-shell or Rydberg orbitdl, as

well as of the influence of the core hole. Therefore FC analysis is a particularly useful

tool for the interpretation of molecular XANES spectra.
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5. Equivalent-core approximation

As mentioned above, ﬁe creatien of a core hole may have a .notable influence
upon the electronic and geometric structure of the excited electronic state. However this
influence can usually be modeled by very\ simply by approximatir:g the core hole as an
additional positive chafge_ at the nucleus of the atom. In other words, one can assum.e that
the core orbital is localized in an extremely small region and thu\s that the core hole is a

_ boint charge. In this case, the core-excited atom is equivalent to a ground-state atom with

* one additional proton, ie. the next element on the periodic table. Thus this model is
known as the Z+1 or equivalent-core approximation. Note that this model is also useful
in the case where the excited electron has left the system, i.e. the final state in |
photoelectron specfroscopy. Indeed, the model was initially developed to describe the
core-excited ions created in photoelectron spectroscop‘y [20]; To apply the equivalent-
core model in XANES, it is impertant to consider the excited electron. If the core
eleetron is promoted into the lowest unoccupied molecuiar orbital (LUMO), then the
equiiralent core Iﬁolecule is the neutral Z+1 molecule in the ground state, because the
"ext;a" electron of the Z+i molecule occupies this LUMO. But if the transition is to a
Rydberg state, then the equivalent-core molecule is the 'neutfal Z+1 molecule in an
excited electronic state, with its outermost electron promoted into the same Rydberg
orbital. o o o

This model is applied in Chapter III 'fof CcO é.nd_the results show that the |

approximation is quite successful. If vibrational ffequencies are corrected for the well-
v pnderstood effects of different masses, the overall agreement between the core-excited
- values and the equivalent-core values is 'good. Bond lengths for core-excited states,
derived usihg aFC analysi‘s',valso compare well to corresponding equivélen't_-core values. -
The success of the core model iri the test case of CO is encouragihg, and therefore the

- equivalent core model is also applied to the other three molecules studied in this
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dissertation; This model has two im‘portant applications. It can be ﬁséd to predict the
inﬂuenc;e of the éore hole in a core-excited electronic state. It can also be turned around,
ﬁsing XANES as a way to study the structurc' of the eduivélent-core moleculé [21]. 'fhe
lattef application is natural, in a way, because the first valence-shell s.tate'of a core-
excited closed-shell molecule, corresponds to an opéﬁ-shell equi»valent-coré molecule in
its ground state.  Since closed-shell molecules are usuaily much more stable and inert
than opeh-shell molecules, this approéch is a simple way to learn about molecules vvx.'hichv
may be difficult to study directly. The results for H2CO in Chapter IV and H3S in
Chapter VI are both discussed in this light. | |

6. Dissociative states and zero-point vibrational energy

| The core-excited, el_ectfonic states accessed in XANES have very short lifetimes,
due to the rapid autoionization processes associated with core holes created in the soft x-
ray energy range. Howevef it is possible for a core-excited state to dissocia‘t_e before this
electronic decay occurs, i. e. the molecule fragménts with a core hole in one of the piéces.
Véry rapid dissociation is most likely to occur if the excited state accessed‘has a strongly
repulswe potential. Another p0551b111ty is that the excued state is bound, but is so
strongly coupled to a dissociative state that conversmn to the repulswe potential and
subsequent dissociation occurs before the core hole decays. |

One effect of dissociation is to shorten the lifetime of the excited state, as

compared to a corresponding non-dissociative state whlch decays by autoionization.
Therefore a dissociative state may be. charactenzed a larger natural line width than non-
dissociative states in the same spectrum. There are other possible causes for differences
in line broadening, however. The rate of autoionization may vary for different states inv

' vthe same spectrum, as proposed in Chapter .'V for SFg.
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Another effect of dlssocmuon can be observed by companng the correspondmg
XANES spectra of different isotopic species (or ' 1sotopomers ") of the molecule.
Dissociative states will exhibit shifts in the energy of the fundamental peak upon isotopic
substitution (for this effect, the final state of the transition must _have a repulsive
potential, rather than repidly coupling to another statewhich is dissoeiative). These shifts
“arise from changes in the zero-peint vibrational energy of the molecule upon excitation.
Even in the vibrational ground state of a pérticular electronic state, each vibrational mode
contributes to the total energy of a molecule [i.e. the .e.nergy of the vibronic (vibrational-
electronic) state] ) Assuming a harmonic oscillator potential, this zero-point energy is
- given by | | |

Egp=3t a3
i 2 -

where the sum is over all the vibrational _modes, and hw; is the vibratienal spacing of the
it mode. Normall& these zero#p_oint vibrational energies are difficult to distinguish from
the total electronic energy of the overall m'olecula‘r state. However, a comparison of total
| energies between isotopomers would show. these effects, due to the isotopic dependence
of vibrational frequencies. Of course, total energies are not observed in absorption
expeﬁmertts; only the diffetence in total energy between the initial and final state is _
measured. If vibrational frequencies are similar in these two states, there will be little
change in the zero-point energy and thus only a small difference betweert the fundamental-
trénsition energies of the isotopomers. If the final state is dissociative, however, there is
no potential well along the dissociating coordinate, and thefefore no zero-point energy fo'r‘
that mode. The dissociative tnode contributes to the zero-point energy in the initial state
but not in the final state. Since that contribution is just half the vibrational spacing for b,
that mode, there wil} be a shift of the fundamental transition upon isotopic substitution_.

This shift will equal half the difference between the ground state vibrational spacing in
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the two isotopomers. For the case of deuteration, the fundamental transition will shift to
| higher energies for the deuterated species. | |

Even a vibrational mode which is nbt dissociative rhay cause isotopic shifts in the
fundamental transition ehergy, if the frequency of that mode changes upon excitation.
Howe\}er, the best-resolved speetra in this diésertation can only detect energy shifts of
more tﬁan ziO meV. To obtain this shift upon deuteration, a ehange‘i_n the vibrational
'sbaeing of about 65 meV for a mode involving motion of the hydrogen/deuterium would |
be required uponlexCitatien. This corresponds to a change of more than 20% in the
vibrational frequency for a stretching mode, and a much larger relative change for a
bending mode. Of course, there may be several modes which change frequency and

contribute to the isotopic shift. The conclusion is that only large changes in vibrational -

frequency can lead to observable shifts, and only modes with large isotopic dependencies, '

i.e. those that involv_e.motion of the hydrogen/deuterium, will make sign'iﬁca;ntv a
co‘ntﬁbutioﬁs to the isotopic shifts. Clearly the lafgest possible change in a vibrational .'
frequency occurs when the final state frequency is zero, i.e. the mode is diséociativé.
However it must be stressed that this effect may also be oBserved for completely non- -
dissociative states if there is a large enough change in vibrational frequencies between the
ground and final states. In Chapter IV there is a discussion of the isotopic shifts of
-fundamental transitions in reference to. HyCO and related molecules. In Chapterv VI this
effect is used to Aexplain isotopie shifts in fransitions to states which are known, from |

other studies, to be dissociative.
7. Core-hole spin-orbit interaction
For core levels with orbital angular momentum greater than zero, i.e. for p, d, etc.

levels, there is an observable splitting in XANES spectra due to the spin-orbit interaction

of the core hole. This splitting, and the associated branching ratio, will sometimes also
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include contributions from the interaction of the core hole with the excited electron. The
observable effects of the latter interaction providé information on the spatial disﬁ‘ibution
of the excited electron. This effect is diécussed in Chapters Vvand‘VI iﬂ reference to SFg
and HjS, respectively. In the latter caée, there is also a modiﬁcaﬁon of the observed spin-
orbit splitting in XANES due to mol_ecular-ﬁeld effects on the core levels. More detailed

‘introductions to these phenomena are given‘as needed in Chapters V and VI. |
E. Organization of chapters

Chapter II presents the technical details of the experiments. The following
chaptérs present XANES spectra along with the corresponding analysis and discussion. -
Chapters IIL, IV, V, and VI discuss CO, H>CO, SFg, and H3S, r‘espec;tively. Chapter VII

presents some ideas for future work in this area.
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CHAPTER II: EXPERIMENT AND DATA ANALYSIS ’

-

ILA. Synchrotron radiation

Synchrotron radiation was used as the radiation source for all the measurements
presented in this dissertation. The primary édvantage of synchrotron radifatio'n in this case |
is that it vprovide.s a nearly structureless continuum, i.e. ﬂux isa smooth function of photon -
energy. The inherently high flux in the soft x-ray energy range is another useful aspect of
~ this radiation. Synchrotron radiation is produced when chérged particles at relativistic
energies experience a centripetal acceleration [1]. Electron (or positron) storage rings have

been constructed at many locations around the world to exploit this effect.

ILB. The SX700/II monochromator

To measure photoionization spectra, the continuum of photon ene'rgiés provided by
the. storage ring mu‘sf.be monochromatizéd. All the spectra presehied here were measured
_ using the SX700/I1 monochrqrnétor [2,3], Which is operated by the Free University of
B¢r1in ai the storage ring BESSY. The combination of high photon flux and high o
resolution in energy provided by th1s monochromator is éssential for the measurement of | |
high-resolution XANES. Fig. II-1 shows a schematic of the monochromator 6ptics, as |
well as a plot of calculated and measured energy resolutibn asa function of photon e,nefgy.
The monochromator has only thrée'optical elements and no entrance slit, using instead the
electron beam in the storage ring as thé monochromator entrance "aperturé". These features
lead to an inherently high flux. Only one optical element is non-planar, and that o
(ellipsoidal) mirror was made io ﬁ very high tolerance. Because the ellipsoidal mirror has
smaller figure errors over Shorter length scales, the optical abetrations can be reduced by

shading most of the mirror and using only the central portion. This improves the energy
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resolution at the expense.of flux. All of the spectra shown in this dissertation were
measured with some shading of the ellipsoidal mirror; the eiact bamount. of shading was
selected for the optimum combination of flux and resolution in each case. |
Another controllable contribution to the resolution is the vertical size‘of the electron
beam in the ring. Because there is no entrance slit, this ‘source size has a direct influence on
the resolution. Some of the spectra discussed in Chapters Il and V were obtained using
special small-source beam condmons in the storage ring, allowmg h1gher resolqun
measurements The exit sht size also contributes to the final resolution, but this parameter
is more easily adjusted. Several slit sizes are available, with smaller slits providing better
resolution but lower flux. The spectra of Chapters IV and VI, and some of the spectra of
Chapter V, were obtained using a 2442 line/mm grating. This grating provides |
significantly better combinations of flux an:l resolution than the 1221 line/mm grating' ﬁsed
for the earlier measurements. The res’olufion values plotted in Fig. II-1 refer to the 1221
line/mm greting. In the first order of diffraction, with a normal source size, the 2442
line/mm grating pfovides résolution comparable to i_ine (b) in Fig. II-1. Further details of
-monochromator operation are provided in the individual diecussions of experimental details
in the following‘chapters. ' | _ v |
In addiﬁon to.the resulté presented in this thesis, the SX700/II monochromator has
' been used to study the high-resolution photoiopization spectra of several atoms and
| Vmolecules. in the gas phase [3,4]. Its high resolution has also. been exploited for a number
of other experiments. For example adsorbed molecules were studied by NEXAFS [5] and
by photon- -stimulated desorptmn [6] A complete descnptlon of research at the SX700/II is

provided in a recent report [7].
IL.C. Photoionization gas cell

To obtain the best possible high-resolution XANES spectra using the SX700/11, a
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sensitive means of detecting photoabsorption in the sample gas is required. This was
achieved using a photoionization gas céu; As shown in Fig. II-2, the cell contains the
sdmple gas at pressures <0.1 mbar, separated from the ‘ultra-high vacuum of the
monochromator by a thin window (=1000-1500 A). Absorption of soft'x-rays by the
sample gas in the interaction region is detected by the total jon yield method, i.e. all the ions
produced by photoexcitation are collected and the ion current is measured. Spec_iﬁcally, the
'soft x-ray beam passes between two parallel copper plates in the gas cell for a distance df -
10cm. A voltage of flOO V is applied to one plate,‘ forcing positive photo-ions_te the
oppcsite plate, which is connected to a picoammeter. It is preferable to collect ions rather -
than electrons, because some phqtoelectrons may be ejected from the window or from
wherever stray x-rays strike a surface within the gés cell.

Although the excited states studied in these experiments are nentral, the excited
molecule or its dissociation fragments rapidly decay by emitting one or more electrons. _ |
The resulting ion current provides a measure of the photoabsorption cross section. To be
exact, the total ion yield technique givesy a photcabsorption spectrum which is weighted By-
the average total pesitive charge .prdduced by the molecule upon excitation at a given - |
photon energy. It is important to recognize that many different final states may result from
' these high-energy excitations, possibly includin g several highly-charged fragment ions
from a single eXcited molecule. Tht1s the total positive charge produced may vary among‘
the different final states, and the branching ratio to these different final states may have
some spectral dependence For example, if one resonance in a spectrum produces
significantly more or less total positive charge than another resonance then the spectrum |
measured by total ion yield will show a drfferent,mten51ty ratr_c_) than the corresponding
phdtoabsorption spectrum. Therefore relative intensities observed 1n total ion yield spectra
should be carefully interpreted, as they may'not exactly represent the absorption spectrum. .'
In practice, these differences should not be very large. In this dissertatidn, the measured |

photoionization spectra are generally assumed to be equivalent to photoabsorption spectra,

1
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but the conclusions presented are expected to be \(alid even if this equivalence is not ’exact..
Moreover, a general compa.rison of photoionization Spectra to photoabsorption spectra
demonstrates that this assumption is reliable in many different cases. | |
Spectra obtained using the total ioo yield technique are subject to a systematic

"saturation” error if the sample gas preésuré is too high. This is caused by absorptioo of x-
rays in the volume of gas betweén the Window and the leading edges of the electrodes. ,

| Ions produced in some portion of this volume will collected by the cathode, i.e. they are in
‘t.}le active regioh of the ionizat.ion cell, but generally some ions will not be detected.
Therefore the photon flux reaching the active region will be atfenoated by the gas in the

\ v"dead" volume, as predicted by the Beer-Lambert Law | |

I

= =107 2.1
Io ;

where Ig is the incident photon ﬂux Iis the transmitted flux, ¢ is the photoabsorpﬁori
cross sectjoh7 ¢ is the concentration of absorber,.ar‘-ld { is '_thevpa_th length betweén the
window and the active region. If the concentration ¢ is large onough, changes in the cross |
 section o as the photon énergy‘is varied will cause measurable changes in the amount of

' ] v
‘ flux reaching the active région. In that case, a peak in the total ion yield spectrum will
appear broader and less intense than it otherwise would, becauso\at‘the conter of the peak
the "dead"- volume attenuates more photon flux than at the edges. This saturation offect
may be avoided if the concentration, ie. the gas press_uré, is s0 low that the dead volume
does not absorb appreciable flux, even at peak maxima in the spectrum. The saturation
pressure rriay be determined empirically by comparing the shapes of the intense absorption
features in spectra measurod at different pressures. All the spectra presented in this
disserta_tion were tested for saturation by comparison to.spectra at higher pressures, and
found to be unsaturated. Of | course, saturation effects may be reducéd by designing a gas

- cell with the smallest possible dead volume, i.e. minimizing { by placing the electrodes
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very close to the window. This would effectively increase the maximum measurement

pressure, leading to higher signal-to-noise ratios.
ILD. Data analysis

To interpret the photoionization spectra in this dissertation, it was necessa}‘y to
extract various parameters from the data. In the limit of perfect instrumental resolution, i.e.
AE=(, peaks in XANES speei:ra normally have a Lorentzian lineshape. Each individual
transition is then characterized by an energy, a natural linewidth, and an ihtensity.- The
energy of the transitioh is the differeﬁce between the final (core-excited) and initial (ground)
states.' The Lorentzian (natural) linewidth corresponds to the lifetime broadening of the |
state. The intensity (area ) is proportional to the cross-section for the transition. In
practice, an instrumental contribqtion to the linewidth must also be considéred, due to the
limitations even of the highest-resolutien experimen_ts. For the SX700/II monochromator,
the resolutien function may be roughly approximated by a Gaussian lineshape, although |
better approximations are possible [3].._ Deviations from this approximation should not
significantly affect the conclusions of the present work. |

Because the natural linewidths tend to be large for core-excited states, XANES
spectra often include regioﬁs of overlapping peaks. For example, vibrational spacings are
often comparable to or less thaﬁ natural linewidths and/or spectral resolutien, and Rydberg
states inherently have smaller energy separations as the excitation energy increases towards
threshold. To best understand such spectra, it is desirable to deconvolute these regions of
overlapping peaks, remove the 1nstrumental linewidth, and thereby obtain the energy,
natural 11new1dth and relauve mten51ty of each 1nd1v1dua1 absorption peak In the present
work, this deconvolution was achieved, as much as p0551b1e by analyzmg the spectra with
a least-squares-minimization curve-ﬁttmg routine.

Each individual peak was modeled by a Voigt function, i.e. by a Lorentzian
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function convoluted with a Gaussian function. One contribution to the Gaussian linewidth
stems from instrumental broadening due to the finite resolutioﬁ of the monochromator.
Unresolved vibrational progressions associated with one electronic excitation w111 cause

~ additional b;badening, which can be approximated by a Gaus‘sian lineshape. In general,
the total Gaussian linewidth derived from a fit will reflect both of these éontributions.

- The data analyéis presented in this dissertation often required considerable curve-
fitting to extract the significant features of the spectra. This least-sqﬁarcs analysis was
accomplished using a VAX-based software package XFIT [8], WBich allows great
flexibility in the specification of £he fit funlctions.' For example, the Franck-Condon (FC)
fits of Chapters I1I, IV, and IV were accomplished by iﬁterfécing an existing FC code with
CXFIT. | | ’
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FIGURE CAPTIONS:

Figure II-1: (Bottom) Schematic view of the SX700/11 monochromafof. (Top) The

monochromator resolution AE (FWHM) as a function of photon energy. The straight lines
indicate the expected relation AE o E3/2. (a) Normal soﬁr;:e size, first order of diffraction. ’
| ) Small source sizé, first order of diffraction. (c) ‘Small source size, second order of

diffraction.

Figure O-2: Schematic view of the ionization cell used for the measuremeht of gas-phase

* total-ion-yield spectra. -
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CHAPTER III: HIGH-RESOLUTION PHOTOIONIZATION OF
CARBON MONOXIDE AT THE CARBON AND OXYGEN K-
EDGES

A

III.A. Introduction

The carbon [1,2] and oxygen [3] K-edge XANES of carbon monoxide has been

- studied previously with high resolution in energy using Electron Energy Loss
Spectroscopy (EELS). In the ﬁresent experiment, using soft x-rays from the SX700/II :
monochromator, the spectral resolution was improved at the oxygen K-edge, and the
signal-to-noise ratio was significantly improved at both edges. The resulting spectra show
previously unobserved»features, esbecially in the carbon K-edgé Rydberg states and the

“oxygen K-edge valence-shell and Rydberg states.'_ A Franck-Condon analysis is applied to

- the observed vibrational structure. The derived excited-state vibrational spacings zi_nd bond
lengths are compared to the known values for the corresponding equivalent-core-molecule

electronic states.
III.B. Experimental

' The‘:' spectra wére measured using the SX700/II monochrbmator. with the 1221
=:1ine/mm grating. | At the carbon K-edge, in the seéond order of diffraction, the spectral
resolution was 70 meV (FWHM). At the oxygen K-edge; with small-source beam
conditions and second-order diffraction, the resolution was =115 meV. High-purity ,
carbon monoxide (99.997%) at pressures of =0.05 mbar was uéed; with a 1500 A Al (1%

Si) window separating the monochromator from the gas cell.
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HII.C. Carbon K-edge
1. Overview

| Fig. ITI-1 shows the photoionizatiodnbspectrum of CO near the carbon K-edge. The
lowest-energy feature is the (C 1s)-1 n* resonance, plotted with an expanded energy scale
1n the inset of Fig. III-1. A series of less intense features, converging on the carbon Is
ionization threshold at 296.1 eV, are assigned to transitions to Rydberg statés with
vibrational sidebands. Assignments and derived energies of the individual states are given
in Table ITII-I. Above threshold there is fuﬁher structure, assigned to two-electron
excitations. These 2h-2e states arise from the simultaneous promotion of the C 1s electron

' and a-valence electron into the 7* and Rydberg orbitals.
2. (C 1s)'1 n* resonance

Four vibratiohal transitions, from 0f>0 to 03, weré resolved for the (C 1s)1n*
_ resonance, as indicated in the inset of Fig. ITI-1. A Franck-Condon analysis, with ground-
state parameters hv" = 269.0 meV and R" = 1.1283 A [4], reéulted in the excited-state
parameters hv' = 256(2) meV, hvx'=3.6 meV and R' = 1.153(1) A, where the uncertainty
is indicated in parenthesis in units of the last digit. (Double primes indicate ground state
parameters while primes refer the to ex_cited state.) The resulting fit is piottéd with the data
in the inset of Fig. III—l.. These results agree fairly well with those of Refs. [1,2], with.
smaller errors. Note that in Ref. [2] it was suggested that the bond length decreases
reiative to the ground state. Th_é present results deﬁnitively show that the bond length

increases, i.e. the excitation is to the repulsive side of the potential.
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3. (C 1s)1 Rydberg resonances

Fig. II-2 shows the fine structure observed below the C 1s ionization threshold.

These features are assigned, as indicated in Fig. ITI-2 ahd Table HI-I, to excitation of ﬂ1e C
1s electron inté various Rydberg orbitals, \%/ith accompanying vibrational sidebands. This
interpretation agrees with earlier assignments, Wi;h some small differences and with more
states resolyed. Note that core-excited carbon corresponds to gl.‘ound-state’ nitrogen, within
the Z+1 approximation. ’fhus the present assignments were guided by well-established
assignments for the equivalent-core states, i.e. the excited states of NO arising from the
prorhotion of the (valence) electron in the 21; molecular orbital (the n"f orbital of CO) into
the Rydberg drbitals. A comparison of term values is shown in Table III-1and discussed
again in Section IILE. |

. Thetwo prominent triplets in the energy range 292-294 eV are assignéd to the (C
15)-1 356 and (C 1s)-! 3p1t Rydberg‘resonances,_each ‘with a fundamental transition (0—0)
and two vibré.tional sidebahds. In addition, the least-squares analysis indicatéd the
presence of a weak pair of previously unobserved trénsitions underlying the 3pm states. In
analogy to the NO valence and N 1s-! spectra, these features are assigned .to the (C 1s)1 |
3pc state with one vibrational sideband. Franck-Condon fits of the (C 1s)1 3sc an_d (O
1s)-! 3pr vibrational structure give larger vibrational spacings, hv'(3sc5) =307(3) meV and
hv'(3p1t)"= 309(3) meV, and shorter bond lengths, R'(3s5) - 1.077(1) A and R’(3p1t) =
- 1.073(1) A, as compared both to the ground state and the (C 1s)! n* state. These results
dre consistent with the stronger bonding expected for excitations into the nonbonding -
Rydberg ofbitals rather than into the antibonding ©* orbital. They also indicate that the C

1s core hole tends to strengthen the bond, relati?é to the ground state. This is expected |
4 becéuse the bonding electrons of ground—svtate‘ CO are somewhat pollarized towards the
oxygen end, and the creation of the C 1s core hole redistributes these bonding électrons to

‘increase the interatomic electron density. This may be seen directly by comparing the
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spatial distributions of the 1 moleculaf orbitais for CO with those of NO (i.e. the
equivaleﬁt-core molecule for C*0). As shown in Fig. I1I-3 [5],.these orbitals are more
" asymmetric in CO than in NO. Note that in the (C 1s)-1 n* state, the bond-strengthening
effect of the C 1s core hole is overcome by the presence of the excited eléctron in the
strongly anti-bonding ©* orbital, as demonstrated by the larger bond length and smaller
vibrational spacing, as compared to the ground state.
Above 294.4 eV there are many’ overlapping_features,_ but due to the good
. combination of statistics and resolution a definitive aﬁal)}sié and assignmeni is possible. In
particular, six electronic states are identified, most showing vibrational sidebands, as
indicated in Fig. II1-2 and Table III-1. AvFranck-vCondon énalysis was perforfned fof the
©(C1syl3dm and (C 1s)-1 4pr states, with the results shown in Table III-2. The Rydberg
formula predicts the energies of the (C 15)'l npr states reasonably well, for n>3, with the
~ quantum defect 8py = 0.75 and the C 1s ionization threshold at 296.080 eV. For the (C
1s)-1 3pr state, the correspondmg quantum defect is 8 0. 775 |
The derived v1brat10na1 spacmgs for the (C 1s)-1 Rydberg states are shown in Table
III-2. As expected, these spacing are larger than that of the ground state, because of the
bond-stregthening influence of the carbb_n 1s core-hole. The observed values agree with -
the vibrational spacing recently m‘evasured for carbon 1s core-ionized CO [at aﬁd above the
“energy of the (C 1s)-1 o* shaﬁe resonance] [6], and also with the vibrational spacing and
den'veci bond length measured at the. carbon 1s ionization threshold using zero-kinétié-
energy photoelectroﬁ spectroscopy [7] (see Tablé_ IM1-2). The similarity of the bond lengths
and vibrational spacings in the core-ionized and core-excited Rydberg states demonstrates

the non-bonding character of the Rydberg orbitals.
IIL.LD. Oxygen K-edge

1. Overview
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| The photoionization spectrum of CO near the oxygen K-e'dge‘is shown ih Fig. 1l-
’4. The observed structure may be assigned in analogy to the carbon K;'edge spectral
assignmeh;. ‘The feature at 533-536 eV is an intense (O 1s)-1 n* resonance with previously
unobserved vibrationél fine §truéture. At higher energies ihe;e are weakér transitions to (O

1s)-1 Rydberg states.
2. (O1s)1 n*_ resonance

The (O ls)'i n* resonance is much wider than the corresponding resonance below
the carbon K-edge, with a distjnctly different fine structuré.l The regularly-spaced peal%s |
within the (O 1s)-1 ©* resonance are assignéd to an extensive vibrati_onal‘progression, v
v?hich produces the very large peak width. The individuai vibrational peaks are more
poorly resolved than thé 1ess extensive vibrational series of the (C 1s)-1 ©* resonance for
three reasons: 1) The instrumental resolution is larger at highgr photoh energies; 2) The
natural 1in¢width of the oxygen 1s core level is larger than that of the carbon 1s core levei;
3) The vii)ratioriai spacing is smaller in the (O 1s)1 ©* resonance than in the (C 1s)1 &*
resonance. | | |

o A 1east—squarés analysis of the fme s;u'ucturé yielded a vibrational spacing of 146(1)
meV for the (O 1s)-1 n* state, remarkably less than the ground-state value, hv" = 269 meV.
A Franck—Condon fit was not performed, because of 'difﬁcult'y in determining the energy of
the fundamental transition (i.e. the band origin); The broad intensity envelope of the (O

'1s)'1 n* resonance clearly indicates, however, that there is a large change in bond length
relative to the ground state of the molecule. This is in striidng coﬁtrast to the very limited
vibrational progression and releiﬁvely small change in bond length for the correspoﬁding
resonance at the carbon K-edge. Both transitions promote an electron into the same ©*

molecular brbital, thus. the differénce in final-state struc_:turesis attributed to the differing
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influence of the carbon and oxygen 1s core holes upon molecular bonding. As vdivscussed
above in Section III.C.2, the carbon core hole tends to strengthen bonding by pulling
bonding electron density towards the center of the molecule. The oxygen core hole Vhas'the‘ |
opposite effect, i.e. bonding electron density is withdrawn from the centér of the molecule.
This effect, in combination with the presence of an electron in the antibonding * orbital,
resuits in a large decrease in bond strength for the (O 1s)1 r* resonance as compared to the

_g_rouhd staté. v
3. (0 1s)1 Rydi:)erg resonances

The (O 1s)-! Rydberg resonances shown -in‘Eig. II-4 are assigned in analogy to the
carbon K-edge spectrum'JOf Fig. _Iﬁ-2.’ The (O 1s)-1 Rydberg states have vibrationﬂ
sidebands, but these features are not as well-resolved as they are in the corrqsponding
Rydberg resonances bélow the carbon K-edge. This difference arises fér the. same reasons
given abbve for the (O 1)1 =* resonance. Despite the poorer resolution, some Franck-
Condon analysi's is possible. Derived parametefs for the (O 1s)'! 3so and (O 1s)-! 3pn
- states are hv'(3s0) = 227(8) meV, hv'(3pr) = 224(9) meV, R'(3s0) = 1.167(9) A, and
R'3pm) = 1.159(9) A. These results indiéa;e a weakening of the bond, as compar__ed to the
ground state and the (C 1s)1 Rydberg states. TThis is expected from the influence of the
oxygen 1s core hole. Note that thé derived vibrational frequencies are larger for the
(O Is)1 Rydberg states than for the (O 1s)-1 ©* state, indicating a stronger bond for the
Rydberg states, because the Rydberg orbitals are essentially non-bonding and the ©t* orbital

is strongly antibonding.
 IILE. Comparison to equivalent-core molecules

Table ITI- 1shows the derived term values for the (C 1s)-! states of CO in
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comparison to the tefm values of the corresponding states in the equivalent-core molecule
NO. The good agreement supports the present a$$ignment, which in fact used this
cofnparison as a guide. Tabl.e.III-Z lists the results of Franek—Condon analyses for the -
various-core-ekcited states of CO. The derived vibraﬁonel spacings and bond_lengths ere a
compared to known values for cerresponding states in the equivalent-core molecules NO
and CF. | The good agreement indicates the level of accuracy of the equiva_lent-cdre
approximation. The largest discrepancies occur for the ¥ states, where the approximation
is perhaps lese valid because the 7* orbital has appreciable amplitude near the core vacancy. -
(N 1s)! core-excited states of N3 [8] may also be compared to the equivalent-core NO
molecule, giving slightly poorer agreement in Table III-2 than for the (C lls)'1 core-excited
~ states of CO. Note that the vibrational spacings in the last column of Table IMI-2are
' corrected for differences in atomic masses. |
A compaﬁson of bond lengths and vibratioﬁal spacings in the core-excited Rydberg
states to the corresponding values in fhe ground state indieates.that the influence of the eore
hole upon bond strength is smaller in core-exc1ted N3 than in core-excited CO. Because the
bondmg electrons of ground-state N are mherently unpolarized, the redlstnbutlon of that
charge due to the creation of the core hole has on_ly a small effect on the bond strength.
_ ThlS contrasts with CO, where the polarization of the ground-state_ﬂbonding electrons

provides a greater potential for a core-hole-induced modification of the bond strength.
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- Table II-1: Energies and assignments of the (C 1s)! core-excited states and their

vibrational sidebands. Uncertainties in the units of the last digit are given in parenthesis,

based upon an assumed value of 287.400 eV for the (C 1s)-1 n*, v' = 0 resonance. In the

last fwo columns, the term values for the (C 1s)-! states and the equivalent-core 2n-excited

states of NO are compared. All energies areineV.

vi=0 vi=1 v'=2 v =3 Term values
Cco2 NOb .
(C 1s)1 ’
* 287.400 287.656(2) 287.912(2) 288.168(3) 8.680 9.264
3s6 . 292.368(2) 292.665(2) 292.956(2) 3.712 3.799
3pn 293.331(1) 293.630(2) 293.922(2) 2.749 2.786
3pc  293.499(3) 293.787(4) 2.581 2.672
3dn  294.614(2)  294.920(5) 295.226(6) 1.466 1.503
4pn 294.803(2) 295.090(2) 295.374(5) 1.277 1.309
4dr 295.275(5) 295.56(1) 0.805  0.863
. Spr 295.345(3)  295.635(5) 0.735 0.768
6pr - 295.561(5) 295.866(7) 0.519 0.508
Tpr  295.744(9)

————

aRelative to the C 1s binding energy (296. 080 A determmed by the Rydberg analy81s)
b Relative to the 2x binding energy (Ref. [4]).

\
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| Tablé II-2: Equilibrium distah‘c_eé R, vibrational energies hv, and anhanponicity constants
- hvx for CO (this work) and N [8] in the ground state and in core-excited states.
Uncerfainties in the units of the last ;iigit are given in parem;hésis. The parameters in the. |
last two colurhns are taken from ref. [4] and the hv values were corrected for the
differences in reduced masses (multiplied by [16/ 151172, [49/4511/2, and [133/ 124112 for
NO—>Ng*, NO—>C*0, and CECO", respectively). | |

Comparison with
equivalent-core
NO and CF
'R hv hvx R hv
@  (meV)  (meV) A - meV)
co | .
- ground 1.128322  269.0252 1.652 -
(Clsyla*  1.153(1) 256(2) 3.6 NO 1.1508 246
(C1s)yl3sc 1.077(1) 307(3) 5(1) 1.0634 307
(C 1s)-13pm 1.073(1) - 309(1) 41) ~ 1.062 310
(Cls)l3dn 1.08(1)  -309(1) 0 1.0585 307
(C1s)l4pm 1.083(1) 292(1) 2(1) | |
(C 1s)-lion 3013 1.063 308
(C1sylion 1.077(5)¢ 309(17)¢ 7 1.063 308
(O 1s)1x* O 146(1) CF 12718 168
(O1s)y13sc 1.167(9) 227(8) ’ 1154 229
(O 1s)13pr 1.159(9)  224(9) 1.151 232
. o
ground 1.097682 292!42a
(N1s)ln*  1.164d 2354 NO  1.1508 244
(N 1s)13sc 1.077¢ = 2938 o 1.0634 304
(N 1s)-13pr 1.073d 3004 1.062 307

aRef. [4]. bRef. [6] measured by photoelectron spectroscopy at KE = 7.5 and 16 eV
i.e. at the energy of the 6* shape resonance, and also somewhat higher. - ‘
- ®Ref. [7]; measured by zero-kinetic-energy photoelectron spectroscopy. dRef. [8].
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FIGURE CAPTIONS:

Figure III-1: The photoabsorption speciruin of gas-phase CO near the carbon K edge.
Note the vertical scale change, which multiplies intensity in the region 292-310eV by a
factor of 10 relative to the lower range 287-292 eV, and also shifts the baseline. The inset

shows the (C 1s)-1 =* resonance with an expanded energy scale, to better display the

vibrational sidebands and the ‘fesults‘ of a least-squares Franck-Condon fit to the data.

Figﬁre IM-2: An expanded view of the Rydberg region of Fig. ITI-1, showing the (C 1s)-1
Rydberg states of CO. Assignment bars indicate the seven vibrational progressions which
are resolved. The results of least-squares Franck-Condon fits for each progression are
plotted with the data. Note the vertical scale change at 294.4 eV, which doubles the

intensity of the data in the upper range and shifts the baseline.

Figure III-3: Spatial distribution of the 17 molecular orbital in ground-state CO and NO.

Reprinted from Ref. [5] with permission.

Figure III-4: The photoabsorption spectrum of Cb near the oxygen K-edge. Note the
vertical scale change, which multiplies iﬁtenéity by a factor of 10 in the upper range and
also shifts the baseline. Assignment bars and the results of a least-squares Fraﬁck-Condon
analysis are shown with the data. The weak but distinct vibrational structure within the ©O

1s)1 n* resonance is observed here for the first time.
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CHAPTER IV: HIGH- RESOLUTION PHOTOIONIZATION OF
FORMALDEHYDE AT THE CARBON AND OXYGEN K-
EDGES

IV.A. Introduction

Litnitaﬁohs in»spectral- resolution and/or counting rates have restricted the étudy of
vibratiénal features in the core-excited eleclronic states of molecules. In particular, |
vibrational fine structure in XANES has been examined mamly for diatomic molecules;
 few polyatomlc systems have been fully characterized. For formaldehyde, H2CO,
excitations of the carbon 1s and oxygen 1s electrons into ©* and Rydberg orbitals were
studied by EELS Wiﬂl a resolutib_n of =250 meV [1], providing only an approximatc
- understanding of these cofe-exbited states. The EELS spectr'a.were compared to the résﬁlts
of theoretical éalculations [2], but scveral questions remained unresolved. Because HoCO

- is a four-atom molecule Wim six vibrational modes, a relaﬁvely complicated fine structure is.
expected; excitations of various comb_inations of vibrational modes can produce- highly
sfructured spectra, particularly below the carbon K edgé.

The present study benefits frorﬁ both highef enefgy resoluﬁon and 19Wer noise
levels, as compared to the'_EEL.S results. The carbon and oxygen K-edge photoionization
spectra of HyCO and, for the first time, D2CO, have been measured. For the prominent
C ls)"1 n* resonance, vibrational fine stnicture is resolved and assigned to the C-O and
symmetnc C-H stretch modes as well as the CH2 scissors bend mode. Several of the more
intense (C 1s)1 Rydberg states also exhibit v1brat10nal excitation of these two stretch
modes. For deuterated formaldehyde, D2CO, isotopic shifts in vibrational spacings and
spéctral inteﬁsities are clearly observed in the vibrzitiohal sidebands. Equilibrium bond
lengths and bond angles are dérivéd frofn Franck-Condon analyses of vibrational fine

structures. Below the carbon 1s ionization threshold, Rydberg states up to n=9 are
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é.ssignéd. Striking isotopic shifts effects are also observed in the energy and Hnewidﬁl of
the ground vibrationai level of the 3s-a; Rydberg sfatc, for both carboh ylis and oxygen ls
excitations. These shifts are tentatively attributed to 1arge changes in the vibratibnal Zero-
point energy upon excitation, perhaps indicating a .dissociative smte. Similar effects in the

carbon K-edge spectr'a of several other molecules are discussed.
IV.B. Experimental

These measurements utilized the 244'2.1ine/mm grating on the SX700/11 |
monochromator. In the first order of diffractioﬁ, the spgcual resolution was =60 meV
(FWHM) af the carbon K-edge and =150 meV at the oxygen K-edge. The photon enefgy
was calibrated using the (C 1s)1 7%, v'=0vresonance of :gas-phase CO (athv = 287.40 eV) ‘
and the (N 1s)-1 ¥, v'=0 resonance of gas-phase Na (atvhv =400.88 eV) [.3]. Gas-phase
- H2CO and D»CO were produced by thermal decomposition of the corresponding
paraformaldehyde at=70° C Sample pressures of 0.06-0.08 mﬁar in the gas cell Were

separated from the monochromator by a 1500 A Al (1% Si) window.
IV.C. Carbon K-edge |
1. Overview -

Fig. IV-1 shows an overview photoionizatidn spectrum .of H>CO in the region of
the carbon s ionization threshold. The (C 1s)1 =* resonance is obéerved between 285 :
and 287 eV. The spectrum shows a series of peaks between =290 eV and the carbon K-
edge at =294.5 eV. These arise from the promotioﬁ of the carbon 1s electron into Rydberg
orbitals. ‘The inset shows a very broad résonance =15 eV above threshold; this iS assigned

to a 6™ shape resonance. The weakef broad feature at =301 eV, iﬁdicated by the dashed
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vertical bar, is tentatively assigned to multielectron excitations.
2. (C 1s)y1=n* resonance

In the EELS measuremeht, the (C 1s)1 n* resonance was observed as a relatively
bfoad feature at =286 eV, with a small shoulder on the low-energy side [1]. In contrast,
the present high-resolution spectra reveal detailed fine structure. The (C 1s)-1 t*

" resonances for HoCO and D>CO are shown in more detail in Fig. IV-2. The distinctive
| “peaks and éhbulders, w1th isotopic shifts, allow for the first time a detailed analysis of the |
many transitions involved.

The.désignation of this state as a ©* resonance is made in analogy to the
_corresponding resonance in core?excitation spectra.of diatomic molecules. In the ij
symmetry of the formaldehyde molecule, the n* orbital 1oses its degeneracy and splits into
two components. The lower level has by symmetry and is occupied in the ground
electronic state [2]. Thus, the resonances observed here correspond to transitions into the
unoccupied orbital of by symmetry. Having established the exact symimetry of this
resonance, the commonly used "n*" designation will be used henceforth.

To interpret vibrationally resolved spectra of polyatomic fnolecules, a normal
coordinate analysis is essential. In't'he presen_t analysis, the approach described by Wilson,
Decius, and Cross [4] was applied. In the space of internal cdordinates, which
convenieﬁtly represents intemuélea; distances and bond angles, the G matrix (derived from
the atomic masses and molecular geofnétry) and the F matrix (which contéins the fofcé "
constants) were constructed. The values of the force constants were t'aken from Ref. [5].
The internal coordinates were transformed into symmetry coordinates (Symmetric C-H
stretch, C—O stretch, HCH scissors behd, etc.) and thén to normal coordinates by
simultaneously diagonalizing the F and G matrices. i‘hé éontributions of the symmetry

coordinates to the normal coordinates was thereby obtained. Some of the normal
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coordinates have significant cbntn’butions from more than one symmetry coordinate. Thus,
the commonly used designations [6] for the vy, v3, and v3 vibrational modes as C-H
symmetric strétch, C-0 strétch, and HCH scissors bend, respectively, are only
approximate, as expected. Moreover, the contributions of the symmetry cbordinates toa
given normal coordinate depend on mass and geometry; thus they will be different for
H>CO and D>CO. /

| An unambiguous fit of the (C 1s)-1 n* resonance is difficult to achieve, because
_Strong excitations of three of bthe six normal modes, in any combination, are dipole-allowed
for this transition. The present fit takes alll three of these totally-symméu'ic modes into
"~ account. They .are the vi mode (mainly symmetric C-H stretch), the vy mode (mainly C-O
Stretch), and the v3 mode (commonly attributed to HCH séissors bend, but consisting in
reality of mainly C-O stretch with =3O%IHCH bend). These normal modes have ground-
state vif)rational ‘energies’ of hv1=345.0 meV, hv3=216.5 meV, and hv3=186.0 meV for ‘
HzCO [6] and hv;=254.9 meV, hvy=211.0 meV, and h\(3=137.1 meV for DoCO [6]. The
 isotopic differences in» ground-state vibrational ehergies are largest for vi and smallest for
V2, which confirms the assignrhents of these ﬁormal modes to. predominantly C‘-H.and C-0
stretch modes, respectively. Results of the least-squares fit are plotted in Fig. IV-2 with
the daté; and discussed in Section IV.C.4.

The first beak, at hv=285.59 eV, is caused by a transition from the v"=(0,0,0)
level of the electronic ground state [v"=(0,0,0) denotes the vibrational ground level:
01"=0, v2"=0, v3"=0] to the v'=(0,0,0) level of the (C 1s)-1 &* eleCtronic state. As
usual, the single prime indicates vibrational parameters for the electronically excited state,
the double prime applies to the ground electronic state, and vy is the quantum number for
the ith vibrational mode. At higher photon energies, transitions are visible which include
the excitation of quanta of vibrational energy in éne or more of the normal modes. The |
subspectra of Fig. IV-2 show the vy’ vibrational series for different fixed v1' and V3’

quantum numbers. The solid subspectrum represents only the vy ("C-O stretch") series
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(0,0,0), (0,1,0), (0,2,0), 0,3,0), etc.: the' dotted subspectrum stands for the v3'=1 series
0,0,1), (O,i,l), (0,2,1), (0,3,1), etc. For reasons of clarity, the subspéctra of the higher
- series show the sum of v7' and w3’ transitions: The dashed subspectrum represents the
- vy'=1 series‘ with combinations of v’ and v3' excitations (1,0,0), (1,1,0)+(1,0,1),
(1,0,2)+(1,1,1)+(1,2,0), etc.} While the dash-dotted and daéh'-double-dotted ones are the
v1'=2 series (2,0,0), (2,1,0), etc.; and the v1'=3 series (3,0,0), (3,1,0), etc.; '
respectively. '

| Turning from the HyCO to the deuterated form, DCO, a substantial change in the
vibrational fine structure of the (C 1s)-1 n* resonance is observed (see Fig. IV-2). Itis
remarkable that this change occurs not only in the highér photon-energy region, for
exciiatiohs of the vq nanal mode, which is usually _assigned to the symmetric C-H stretch,
but also in the low-energy region, where mainly the v mode is excited. In particular, the
intensity ratio of the first two peaks is clearly different between the two isotopic species.
The second peak is assigned to thé (O,l;O) vibraﬁonal level, and the v2 mode is primarily
composed of the C-O stretch. This observétion indicates that, upon excitation of the (C
1s)1 1:?" resonance, the C-O bond length changes more. in the case of HyCO than for |
- DyCO. (The isotopic effect upon this 'mtensity ratio may also result from the differing v,
vibrational energies in the two isofopic species, but clearly this difference is small in this
case.) Isotopic shifts of the vibrational energies are indicated in Fig. IV-2 for only three
selected vib_ra}bnal states: the (O,vO,'l') state by dotted vertical lines, the (1,0,0) state by

dashed vertical lines, and the (2,0,0) state by dash;dotted vertical lines.
3. (C 1s)'l Rydberg resonances
Fig. IV-3 shows the transitions to the (C 1s)-1 Rydberg excited states in H2CO and

DCO. A comparison of the HyCO and D2CO spectra immediately distinguishes

fundamental transitions to Rydberg states (i.e. without vibrational excitation) from
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vibrational sidebands (i.e.. including -exc;itation of vibrationé in the final state). -
Fundamental transitions will exhibit no isotopic energy shift, whereas vibrational sidebands
will shift to lower energies in the deutcrated species. The only exception to this rule in the
presént work is found for the (C 1s)-1 3sja1 Rydberg state, where an isotdpic energy shift
is observed-even for the fundamental transition [see the dash-dotted subspectra in Figs. IV-
3(a) and (b), and the discussion below]. Solid sﬁbsp_ectra lines are used in Fig. IV-3 to
represent the fundamental peaks, i.e. transitions to the ground- vibrational level of core- |
excited Rydberg sianes.

Rydberg series in core-exciied molécule_s are normally assigned' on the basis of thelr
quantum defeéts as well as by comparison with known seri_es in the valence-excited
equivalent-core molecule. Using the Z+1 approximation, the equivalent-éore molecule of
(C ‘ls)'1 HoCO is HpNO. Since little data is aVailablg for HHNO, a com'pariéon to the (C
'} 1s)'_‘1 Rydbefg states of CO [7] is used here instead. In the two molecules, CO and HyCO,
the C-O bonds are fairly similar, wifh the two H atoms in HyCO expected to influence
mainly the intensities aﬁd vibrational sidebands of the Rydberg transitions. This leads to

the assignments given in Fig. IV-3 and in Table IV-1 for both HoCO and DiCO. Table IV-
1 é.ls;'o provides a comparison of the present results for H2CO with thqse of other
measurements and of theoretical calculations. A number of previously unresolved Rydberg
sfates were identified in the present work and will be discussed in more.I detail below.

The first rélatively broad feature at hv=290.2 eV arises from the transition (o the (C
1.s)'1 3s-a1 core-cxcited Rydberg state, which shows_ a high-energy shoﬁlder due to

- vibrational excitations. This resonance can be compared to the (C 1s)-1 3so state in CO
[71. Thevnatural width of this peak, derived from a least-équares fit, is 240 meV (FWHM),
- which is much larger than the derived Widms of the (C 1s)-! * states and of the higher
Rydberg states in H>CO. The (C 1s)! 3s-aj state of formaldehyde is also broader than all .

the (C 1s)-1 states in CO (includihg the (C 1s)! 350 state). Although the (C 1s)! 3s-a; R

transition was préviously observed in the EELS study [1], it did not appear any broader
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than the higher Rydberg excitations due to the lower energy resolution of the EELS
measurements. This broadening is accompanied by a distinctive isotopic shift of the energy
| of this peak, which changes from 290.178 eV for H2CO t0'290.232 ¢V for D2CO. The
change in energy is indicated in Fig. IV-3 by vertical bars. A close inspéction of Fig. IV-3
sho§vs that an isotopic effect is also observed for the width of the 3s-a; Rydberg state. The
natural linewidth, deterrnined from a least-squares analysis, is only 180 meV for D2CO as
compared to 240 meV for H2CO. These effects will be discussed in more detail in Sec.
IV.E, in conjunction with the similar effects for the (O 1s)"1 3s-aj and |
(2b1)-1 3s-a; states of formaldehyde_énd for the (C 1s)-1 3s state of other molecules.

Among the higher Rydberg states, both the 3p and 4p states exhibit a splitting into
by and by component levels, caused by the removal of degeneracy of the p states in Cay
symmetry. Note that the molecular coordinates are chosen with the x axis perpendicular to
the molecular plane, accordiﬂg_ to the nomenclature of Ref. [8]. Actually, a molecular‘-ﬁeld
splitting into three states (aj, b1, and by) is expected, but theoreﬁcal predictions put the (C
1s)-1 3p-a; state only 100 meV higher than the (C 1s)-1 3p-by state, with an oscillator .
strength only =1% that‘of the (C 1s)-1 3p-by state [2,9]. Thus the (C 1s)1 3p;a1 state is
not expected to be observed, and there is no indication of it in the data. The by-b; splitﬁng
is largest for the (C ls)_'1 3p staté (476 meV), such that the two 3p peaks were already
resolved as separate peaks in the lower-resolution EELS work [1] and tentatively assigned.
as in the present study. Because neither peak shows an isotopic energy shift, an alternative
~ assignment of the (C 1s)-1 3p-b; peak at hv=291.73 éV toa C-H symrhetric stretch
vibratiénal excitation of the (C 1s)-1 3p-b; state can now be excluded, conﬁrming the
adopted assignment. |

The fnolécular—ﬁeld splitting of the 4p states is naturally smaller (107 meV) because
 these orbitals have a larger spatial distribution and thus feel a weaker anisotropic field as
cbmpared to the 3p states. The two features observed are again assigned to the by and b1

components, in analogy to the 3p states. However, the theoretical predictions for the (C
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- 1s)14p states [2] differ from those for th¢ (C 1s)'! 3p states, suggesting the altemativé
assignment that the observed Splitting arises frém the by and a1 components. For the
higher p states, a mblecular—ﬁeld splitting is no longer resolved. Fig. IV-3 shows ihai the
- (Clsylnp IRydberg series, converging at the carbon 1s ionization threshold, IPc.k, is
rgsolved up to n=7‘and fitted up to n=9. A least-squares fit of the spectrum of Fig. IV-3
with the Rydbe_rg formula leads to a carbon 1s ionization threshold of IPc.x =294.352 ¢V
and a qhantum defect of dp=1.08. The fit results are shown by the solid line through the
.data points in Fig. IV-3." In analogy to the corresponding spectrum for CO [7], .transitions'
to (Cls)-1 nd Rydberg states can also be identified in the spectra of Fig. IV-3.  An
additional excitation is observed at an energy of 292.2 eV, which can be assigned to a (C
1s)-1 4s state and its vibrational sidebands; this Rydberg state was not observed for CO [7].
The présent assignments differ from those of Ref. [1], particularly f@r the 3d and 4s
Rydberg states. The quantum defects derived from the present assignment, 8=1.4 and
- 83=0.05, appear to be more reasonable. The more recent théoretiéal predictions for the
energy of the (C l's)'-l 4s state, relative to the calculated energies of the other Rydberg states
[9], also tend to support the present assignmént (seé Table IV-1). Calculations éf the
energies of the (C 1s)-! nd Rydberg states wlould be useful to better evaluate the present
assignment. | | .
Particularly for the lower Rydberg states, cleariy resolved vibrational sidebands are
observed which are easily idéﬁﬁﬁed by their strong isotopic energy ‘shift's' (see dotted and
~ dashed subspectra in Fig. IV-3). The isotopic effects on vibrational spacings are indicated
by the vertical-bar diagrams in Fig.. IV¢3. Note also the isotopic dependence of the relative
intensities of the vibrational excitatioﬁs. As in the case of the (C 1s)-1 n* resonance, more
than one vibrational mode contributes to each set of fine structure. This is most easily seen
for the (C 1s)-! 3p-bz and (C 1s)! 3p¥b1 Rydberg states, where the vibrational Sidebaqu
are cleariy characterized by two different vibrational spacings. In contrast to the (C 1s)1

n* resohance, only two vibrational modes are observed for the Rydberg states; the lower-
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| energy vo mode (mainly C-O stretch) and the higher-energy vi mode (mainly C-H
' symmetnc stretch). It is striking that the (C 1s) -1 3p-by state, for both H2CO and D2CO
shows a relatively more intense vy vibrational 31deband as compared to the (C 1s)-1 3p-b;

state (see Fig. IV—3, dotted components).
4. Franck-Condon analysis

For the quantitati‘\}e analysis of the vibrational stfucture in the (C 1s)-1 ¢* and.
(C .1 s)-1 Rydberg resonances, a Fréka—Coridon (FC) calculation was combined with a
least-squares curve-fitting analysis. Unlike the casé of diétomic molécules, where a one-
dimensional potential curve detérmines the vibrational states, in the preseﬁt case of a
polyatomic molecule each normal coordinate has its own set of FC parameters derived from
a multidimensionél potenﬁal surface. The advantage bf using normal coordinates is that
they can be treated independentiy in a FC analysis, in .the limit of small _vibrationa.l quantum
‘numbers. The essential result of this independent-modé approfcim.atiOn is that the relative
branching ratios bétween vibrationél levels of a given mbde are indépendent of the Cjuantum
‘numbers of the other modes. For ‘example, the relative intensities of the (0,0,0, (1,__0,0), |
(‘2,0,0), étc. progression are the same as the relative intensities of the (0,1,0), (1,1,0),
(2',1,0).,‘ etc. progressior_i, within this approximation.

- The multimode FC afialysis us_.ed vhere was based on the single-rno_dé algorithms'
first given by Hutchisson [ldj. In this analysis, only the V1, v, and v3 vibrational modes.
were included. These three f’nbdes are expected to dominate the ﬁbraﬁOnd structure
because dipole-alldwed électronic ex_citati(_)ns will preferentially excite the 'totally-symmenic
a1 modes V1, V2, and v3. Substantial excitation of thé V4 (b1 symmetry) and vs, Vg (b2
symmetry) modes are not expected due to selection rules. Since Cay symmetry is assumed
in the final state, the symmetry coordmates associated with the V4, Vs, and vg modes are

“not adjusted in the analysis. The possiblity of small contributions to the spectrum from
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excitations of these modes, however, cannot be excluded. Note that the above argurnents
are only valid for a planar H2CO molecule with Cpy symmetry. The geometry of the (C-
1sy1 ©* excited state of HyCO is predicted by the equivalent-core ground state of the
nitroxyl radical HoNO, which is probably not planar, but has an inversion barrier of only
=6 meV [11]. . Since this barrief is much less than the iero-point energy expected for the
out-o_f—plane bending mode, V4, the assumption of a planar H,CO rﬁolecule in the (C 1s)-1
7* state seems to bé reasonable. Note that this slightly non-planar g'eomevtry is caused by
the unpaired * electrbn (which actually has by symmetry). The aj-symmetry carbon 1s
core hole cannot éause deviations from plénarity. Thus deviations fro'm. plan'arity should be
sma]ler for the Rydberg states than for the * state, simply because the Rydberg orbitals
~ have less amplitude near the nuclei and the valence electrons. Therefore a planar geometry
is also assumed for all the Rydberg states. v |
As discussed in Section IV.C.2, the contribution of the symmetry coordinates to the
normal mod‘es has béen_ calculated for the grdqnd states of HzCO and D2CO. The résults
are shown in Table IV-2. Note that this transformation matrix is block-diagonalized; e.g.
the three aj symmetry cdordinates contribute only to the three aj normal modes.  The
changes in normval coordinates upon excitation, derivea from the multimode FC analysis,
were transformed to symmetry coordinates using this matrix. This assumes that the sdme
transformétion matrix abplies in the (C 1s)-1 eicited states as in the ground staie. Because.
this transformation is derived from the ground-staﬁc force constants and geometry of the
- - molecule, this assumption is not Stﬁctly valid. Indeed, the observed vibrational excitations
and changes in vibrational spacirigs relative to the ground state indicate that the force
constants and geometry do change updn excitation. However, this p.arallel-mode
approximation allows a straightforward interpretation of the results of the FC analysié. The
transformation matrix‘is not éxpected to change drastically upon core-excitation, so the
qualitative résults of ‘the anaiysis aré reliable. Because of this approximation, the derived

geometric parameters may be subject to somewhat larger errors than the indicated
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uncertainties, which were are based only on the statistical quality of the data and the fit. In

- fact, some of the results discussed below are more easin understood as artifacts of the |
parallel-mode approximation than as real structural effects. |

~ Asaresultof the leést-squares analysis, the FC parameters for the (C 1s)-1 n* state . -

of H>CO were derived, i.e. the Qibrétional energies hvj (i=1,2,3) and the_ changes in‘ bond
lengths (C-H and C-O equilibrium distances R) and in the HCH molecular bond angle 6,
along with the corresponding values for D;CO. In the FC calculations, énharmonic Morse . |
potentials were used for these three excited-state vibrational modes, while harmonic

| potentials were assumed for the ground-‘state modés, because those anharmonicities are not
known. Note that the Morse potential is valid for the v3 mode, where contn'bﬁtions from
bond-Stretching motions Will contribute anharmonicity to the pptential, even if the H-C-H

- bending contribution is ‘a‘ssumed to be harmonic. The results of the'FC analysis are

' summarized in Table IV-3. The use of the Morse potential in‘ the excited state allows the
determination of fhe sign of the change in symmetry coordinates, i.e. it indicates whether a

‘bond distance increases or decreases. '

For the (C ls)'v1 Rydberg states, the lower signal intensifies ana the overlaps
 between different Rydberg states make a full FC analysis difﬁcﬁlL The spectra were
therefore 'a,nalyz'ed by accounting only for two of the vibrational modes (V],vz), since the
results for the (C 1s)'1‘ n* resonance show that the v3 mode is only weakly excited. Thus
- only the vibrational energies hv; (i='1,2) and the changes in bond.l'ength were determined

- for these states (see Table IV-3). ‘Different intermolecular distances are obtained by
assuming diffefent HCH (DCD) molecular bond "a‘n‘gles, 8. The values shoWn in Table IV-
3 are derived by assuming no change in this angle upon excitation. The derived valﬁes
- change by less than 0.01 A if the HCH (DCD) angle 8 is varied by +10°. For'ihe (C 1s)-1'
Rydberg states, z; harmonic potential was. assumed; thus it is not possible to determine
whether an electronic transition takes place to the“attractvive or the repulsive side of the

excited-state pbtential curve. As a result, the sign of the bond length change is not known.
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Table IV-3 therefore lists two possible equilibrium internuclear distances for each R of the

core-excited Rydberg states. One of the values is less likely (see below) and is set in

square brackets. |

The results show that the equ111br1um C-O0 dlstance in formaldehyde, Rc.o,
increases in the (C 1s)-1 n* state relative to the ground state, as also seen for the CO
molecule [7]. In H>CO, however, this increase (=0.10 A) is much larger than in the CO

mélecule (=0.025 A), so that the intensities of vibratioﬁally excited states with C-O v’
sﬂetching—mode character in the (C 1s)-1 ©* resoﬂance of formaldehyde are much higher

. than those of the analogous excitations of CO. ‘While in the (C 1)1 * of CO, the -
intensity of the v'=1 excitation amounts to only =10% of that of the v'=0) excitation, for
formaldehyde the corresponding v’ excitations are found to be roughly equal in intensity
(see solid subspectrum in Fig. IV-Z). This is quite similar to the well-knov?n case of the
Ny (N ls)’l " resohance, for which the equilibriurh distance is known to be 0.066 A
largér than in the grdund state [3]. Fof the v1 mode of HoCO (mainly symmetric C-H
stretch), excitation into the lowest (C 1s)-1 n* vibrational state (v1'=O) is strongest (see the
relative intensities of the solid, dashed, and dash-dotted subspectra in Fig. IV-2).

For the (C 1s)1 3p-bp and (C 1s)-1 3p-by Rydberg states, excitations of the C-O
stretching mode vp aré much less intense than for the (C 1s)-! n* resonance. Similarly, the
excitation of the V1 vibrational mode is also less intense in the (C 1s)-1 3p Rydberg states,
as compared to the (C 1s)'! n* resonance. The changes in internuclear eqhilibrium _
distances, derived from the FC énalysis, are summarized in Table IV-3. While the
qualitative trends bf the results are believed to be reliable, limitations on the validity of the
parallel-méde approximation niay introduce inaccuracies in the bond distances which are
larger than the statistical error bars shown. For the (C 1s)'1 * resonance, thére isa
d_ecrease of the C-H (C-D) distancévand an increase of the C-O distance with respect l.to the
ground states. This means that the C-H (C-D) bond is strengthened, while the C-O bond is

weakened by the excitation. These changés are confirmed by the observed increase in the
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v1 mode vibrational energy and deCréase in the v mode vibrational energy (see Table IV-
3). Qualitative predictions of these changes can be rnade by examining the orbital diagrams
of F1g IV-4 (from Ref. [12]). The observed weakening of the C-O bond is expected from
the spatial distribution of the antibonding &* (by) orbital, which is located mainly on C and
" O, but not on the .H atoms. The influence of the carbon 1s core hole leads to the
strengthening of the C-H bond because the C-H bonding 1bj and 4a; ’orbitais are
somewhat polarized towards the H atoms. The increased positive charge on'the carbon
atom pulls these bonding electrons towards the cafbon, strengthening the C-H bond. As
discussed for the CO molecule [7], the C-O bonding ofbitals m formaldehy.de (in particular,
3ay) are polarized towards the oXygen atom, so that the carbon core hole will also tend to
| strengthen the C-O bond. For the (Cls)yln* resonance, this C-O strengthening is more
than compensated by the C-O antibonding character of the ©t* orbital, even more than for
the CO molecule [7]. o

For the (C 1s)-1 Rydberg excitations, the FC analysis of the present data does not
indicate whether the bond lengths increase or decrease relative to the ground state. The
Rydberg orbiials are ekpected to be non-bonding, however. Thus, from the arguinents
given just above, it can be predicted that the carbon 1s core hole will induce a slight
decrease of both the C-O and C-H (C-D) bond lengths. Therefore the smaller value given
for each bond length in a (C 1s)-! Rydberg state in Table V3is preferred; the larger values
are considered less likely and are therefore set in square brackets. In either set of values_,
the magnitude of the cnange in the C-O bond distance is much larger for the (Cisyln*
stote ﬂlan for the (C 1s)-1 Rydberg states. This is consistent with the strongly C—O
antibonding nature of the * orbital and the essentially nonbonding character of the
Rydberg orbitals. The expected strengthening of the C-H (C-D) and C-O bonds in the
Rydberg .statles should be reflected by a corresponding increase in the v1 and v, vibrational
epacings, as compared to the gfound state. Tabie IV-3 indicates, however, that the

- vibrational spacings actually decrease in several cases. This can arise, even if the’
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characteristic vibrational frequencies of both the C-H :(C-_Dv) and C;O bonds increase, if the
composition of the normal mode changes upon excimﬁon. For example, the observed
decrease in the v; vibrational spacing of HyCO upon excitation éf the (C 1s)1 3p-b2 state
may result from larger conﬁibutions from .thve symmetric C-H stretch to this normal mode,
rather than from a weakening of the C-O bond-. If these proposed changes in the normal- -
‘mode c9mpositior’1$ -actually occur, then the parallel-mode approximation used here is not -
completely vaJid. | ‘ I. | v o
The derived (C 1s)! #* molecular geometry of HyCO can be compared with
calculated values forlthe »ground state of the equivalent-core molecule HoNO [13,14,15].
The results of these calculations reflect the same trend as found.her.e for the C-H and C-O
distances, but the absolute values (RN_.H =0.99 ‘A [13,14,15], Rn-O =130 A [13],1.26 A
-[14], and 1.34 A [15]) are slightly different. A discrepancy is also observed between the
calculated (H-N-H) molecular bond angle for the ground state of H2NO (6=116° [15]) and
the derived value for HoCO in the (C 1s)-1 1t* state. '

IV.D. Oxygen K-edge

Fig. IV-5 shows the oxygen"K-edge region 6f the photoionization spectrum of gas-
phase formaldehyde. As in the carbon K-edge'region, the spectrum is dominated by an
intense (O 1s)1 7* resonance at 530.8 eV and a series of weaker trans‘itio_ns to (O 1s)1
Rydberg states at higher energies. All these peaks can be assignéd in ahalogy to the
- corresponding spectrum for gas-phase CO [7]. The resulting assignments vare given in Fig.
IV-5 and summarized in Table IV-1, which also shows a comparison with for'mer, '
‘measurements and theoretical calculations.

The (O 1s) 1 x* résonance shows a‘very broad width, presumably due to

unresolved vibrational structure, similar to the analogous resonance in CO [7]. In the

present case, however, the v2 vibrational spacing (mainly C-O stretch) is apparently below
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the resolution limit [AE=150 meV (FW. HM)]. ’The v vibrational spacing for thé (O 1s)1
7" state can thus be estimated to be <100 meV, _smal_ler than that'vof the equivalent state in
CO (hv=i46 meV). Sucha small vy vibrational spacing is not unreasdnablé; in view of the
present result for the (C 1s)-1 n* sfate, where the v, vibratiohal spacing_was found to be
only =65% of the corresponding energy in the CO molecule. Note that, in the ground
state, the H)CO v vibrational enérgy is %80% of the CO vibrational énergy. Together,
.these results sﬁggest that thé ©* orbital is more strongly an.tibonding (for.C—O) in HyCO
“than in CO. This conclusion is aléo supported by the much larger increase in C-O bond .
lehgth upon'éxcitatibn of the (C 1s)-1 n* state of HoCO than for the corresponding - - |
excitation in CO. Comparison of the v, vibrational spacing (160 meV) in the (C 1s)-1 *
vreéonance of H2CO to the upper limit of 100 meV f;)r the (O 1s)-1 ¢* .rescl)nance indicates a
weaker C-O bond in the latter state. This is expected due to the C-O bond-weakening
influence of the oxygen 1s core-hole. | |
The energy spacing of the v; vibrational mode is not expected to be less than 100
meV in the (O 1s)! n* state of formaldehyde, considering ﬂxe ground-state value of 345.0
rheV (254.9 meV) in HQCO (DLCO), and si>mj'11ar values in the (C 1s)-1 states (see Table IV-
3). This suggests that there is no significant vibrational excitatioh of the v] mode when the
oxygen ls electron is excited into the ©t* orbital. Since, on the other hand, strong v1
excitaﬁons are observed for the (C 1s)-1 t* state (see Fig. IV-2), it appears that these
excitations are caused mairﬂy by the creatibon of a carbon 1s core holé and much less by the
addition of an electron to the 7* molecular orbitai. This result supports the interpretaﬁons
given in the previous section. _
| The equivalent-core molecule to HyCOin the (0 1 syln* state is gfoundfstate

HoCF. Serrii-einpirical calculations predict the Bond lengths Rc.g =.1.11 ‘A and Rer=
1.32 A in that molécule [16]. A Cpmparison of these result.é to the ground-state values for
H)CO, given in Table' IV-3, supports the qualitatii'e arguments given above. The C-H

bond length is essentially unchanged, while the C-O(C-F) bond le_ngth shows 2 large
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increase going from HaCO to HyCF. |

The lowest (O 1s)-! Rydberg state is ass1gned to a transition to the (O 1s)1 3s-a1
state. This peak is quite broad, as seen above for the (C1sy -1 3s -a] transition. The
remammg (O 1s)1 Rydberg peaks arise from transitions into np orbltals (up to n=7) and
converge to the oxygen 1s ionization threshold IPo.k. A least-squares fit of this series
with the Rydberg formu_la gives IPg.x =539.30 eV and 6,=1.01. This assignment 1s much
more consistent than that given in Ref. [1], where the most ihtense peak was assigned to’l
the (O 1sy14s state. All the Rydberg states are noticeably asymmetric, with tails extending
to higher energies. This is probably due to unresolved vibrational s1debands of-the v
mode, with vibrational energres apparently smaller than those in the correspondmg states of
CO (hv~225 meV) [7]. Asseen for the (O 1s)-! n resonance, the v vibrational mode
does not seem to be\notlceably excned in the (O 1s)-1 Rydberg states Apparently the
.. oxygen 1s core hole has little influence on the strength of the C-H bonds.

The lower spectntm in Fig. IV-5 is the (O 1s)-1 photoionization spectrum of DzCO.
Clearly there are only minor isotopic differences observed in this energy range. This is
mainly because vibrational fine structures are not resolved in these (O 1s)-1 eore-excitation
spectra, giving rise, at best, to high-energy shoulders of the observed peaks. A notable
isotopic effect is observed for the © ls)'1 3s-él' Rydberg state; there is a decrease of |
linewidth and a shift to higher energies upon deuteratlon These effects are discussed

below along with the very similar observauons for the (C 1s)-1 3s-aj state.
IV.E. Isotopic effects
1. Isotopic effects on vibrational fine structure

It has already been mentioned above that all observed vibrational modes in these

'spectra exhibit isotopic effects, even though‘ only H (and not C or O) was replaced by the
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heavier isotope (D). This applies, in particular, to the v mode, which consist;s mainly of
symmetric C-O stretching moﬁons. To understand these isotopic effects, one must
consider the contributibns from all the differént‘symmetry‘ coordinates to the various normal
modes. These contt‘ibuﬁohs were determined for the ground electronic states of H2CO and
D>CO by a normal-mode analysis, as described above, with the results shown in Table IV-
2. Note that the c;omributidr‘ls of the symmetry coordinates to a given normal vibrational
‘mode change strongly upon deuteration, e.g. whereas the vi mode in HyCO consists of
=78% C-H symmetric stretch, only %50% of C-D symmetric stretch contributes to this.
mode iﬁ D>CO. ‘For the vo mode, the contribution of thé symmetric C-H (C-D) stretching
v..vibration increases from =10% in HpCO to =26% in D,CO.

* The observed effects of deuteration on the vibrational energies in the core-excited
states can only be discussed in a qualitative way, since the relative contributions of the
symmetry coordinates to the normal modes are not known for these states. Itis ggﬁerally |
expected, howevér, that all the vibrational énergies will decrease upon deuteration, if the
composition of the normal modes does not change. The results of Table IV-3 show that
decrease is indeed observed for the (C 1s)-1 states. The only exception is in the (C 1s)-1 &*
resonance, whére hvj increases by 1246% upon deuteration. An increase in vibrational
energy is possible, despite decreasing 'énergies of all the symmetry-coordinate vibrational

energies, if the cbntribut_ion to this mode from the C-H symmetric-stretch coordinate, with
its high vibrational energy, increases upon deuteration.” Comparing the compositions of thé
V2 normal rhode in the ground states of the two isotbpic species, as shown in Table IV-2, it
is seen that the _high-frequency C-H(C-D) stretch makes a significantly larger contribution
in D>CO than in HoCO. This explains the very small decrease observed for the ground-
state vibraﬁohal energy hvp upon deuteration, as shown in Table IV-3. Apparently in the
C lvs)_"1 n* excited State, the compositions of the normal modes have changed enough,
relative to the ground state, to make hvy increase ﬁpon deuteration._‘ This is a direct

demonstration that the parallel-mode approximation has limited validity for the (C 1s)1 ©*
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- excited state. ‘

The changes in bond distances, goihg from HyCO to D2CO, which are small in the
molecular ground state [-0.004 and -0.0005 A for the C-H(D) and C-O distances, |
respectively], are much larger in the (C 1s)-1 core-excited states. In the (C 1s)-1 * state,
for example, they amount to +0.054+0.008 and -0.014+0.010 A for the C-H(D) and C-O
distances, reépec_tiVely; Thus, for the (C 1s)-! n* state, the C-D distance in DzCO is larger
thaﬁ the C-H distance in HyCO, while the opposite is observed for the C-O distance. This
is in qualitative agreement with tﬁe observed dec;reaSe (or increase) in vibrational frequency
of the v1 (or v7) excited-state mode upon deuteration. Of course, the bond lengths for the
(C 1s)1 states were derived using the 'parallelv-mode approximation, i.e. by assuming the
composition of the normal modes is unchanged upon excitation. The actual .compositi'ons

) of the ndrmai modes in these states, \&hich are not known, might lead to derived geometries
for H2CO and D>CO with smaller isotopic differences than are obtained here. In fact, that
situatidn seems more likely than the féther large isotopic effects on molecular geometry

derived in the present analysis.
2. Isotopic effects on th.e (C 1s)1 3s-a; and (O 1s)-1 35-51 Rydberg states

/Table IvV-4 summaﬁzes the results for the linewidths, W, and the-ehérgy positions, _
| E, of the (C 1s)-1 3s-aj and (O 1s)-1 3s-aj Rydberg states as obtained from the least-
' squares analysis. For both of these Rydberg states, a substantial decrease inA linewidth and
a shift of the excitation energy to higher values are observed when H is replaced by D. The
isotopic effects appear to be larger for the (C ls)'ll 3s-a1 state (AW=-60 meV, AE=+54
meV) than for the (O 1s)1 3s-aj state (AW=-44meV, AE=+40 meV).

There are three unusuél effécts'obsewed for the (C 1s)-1 3s-a1 and (O 1s)-1 3s-a1

Rydberg states: (1) The fundamental transition shifts to higher energy upon deuteratibn;

(2) The linewidth decreases upoh deuteration; (3) The linewidth is larger than the
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linewidths of other Rydberg states (with:tﬁe same core hole). .Effeét (1) may be _explained
by a large change in the vibrational energies of the molecule upon excitéﬁon, which impiies_
B different zéro-point vibraﬁond enefgy contribution in the initial and final states, withan
accompanying isotopic dependence of the fundamental transition energy. These zero-point
inﬂuences on the energies of fundamental transitions were discussed in Section 1.D.6. The
contribution of bvibratiovnal mode i to the shift of the fundamental transition energy upon
deuteration is given by AEi=(1/2)[hvi"(H2CO)-hvi"(D2CO)-hvi'(H2CO)+_hvi'(D2CO)].

. Of course, the lﬁgest changes in vibrational energy generally occur when the final staté has
- a purely repulsive potential for one (dr rhore)'of the vibratioﬁal modes, i.e. the final-state
vibrational energy of thé.t mdde is zero. In thét case, the resulﬁﬁg dissociation of the
molecule can (’)ccurbso quiékly that it will compete with the autoioniZation decay of the
¢x¢ited state, leading to a larger natural linewidth. This rapid neutral dissociation has been
observed for core-exéited valence-shell statés in HBr [17], HC1[18}, and H2S [19]. This
+ process would explajn effect (3), with the diséociation presumably involving removal of
one of the H(D) atoms. | ' |

If the dissociation rate is smaller for D2CO than for HpCO, this model alsb explains

effect (2).' ’IhisbisotOpic dependence of the rate Can arise if there is a small barrier to
 dissociation along the excited-state potential, such that the H atom can rapidly tunnel
ﬂlrough the bafrier, whereas the D atom tunnels moré slowly because of its larger méss.
Of course, if there is such a barrier to dissociaﬁoﬁ; there is a zero-point vibrational energy
for the associated vibraﬁonal mode. While this implies a smaller isotopic effect on
vibrational zero-point enérgy than fof a purely repulsive potential, the excited-state
 vibrational energy of the dissociative mode could be siéniﬁcantly smaller than in the initial
s_taté, contribuﬁng to the observed isotopic shift of the fundamental tranSition.. To
summarize, effect (1) is explained by any large changes in the vibrational energies upon
- excitation, including those arising from 2 purely repulsive excited-state potential. Effect (2)

- suggests a dissociative decay of the neutral excited state, which procéedS faster than
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autoionization. And effect (3) can arise if the dissociation potgntial includes a _barrier which
is penetraied faster by a H atom than by a D atbm. |

| This interpretation of the observed effects suggests that the core-excited 3s-a1 state
are dissociative within the lifetime of the core hole. Resonant Auger electron spectroscopy
and rcsohant photo-ion mass spectroscopy could be used to study these states, and
possibly determine if this model is correct. Those techniques, along with theofetical
calculations, were used to characterize the dissociative states of H7S below the sulfur 2p
idnizat;'on threshold [19]. This possibility indicates the ability of high-resolution XANES
to idenﬁfy promising directibns for more detailed investigations of core-excited electronic
states. » .

For the (C 1s)1 3s-aj state, the v1 and v vibrational energies‘ are known from the
leas__t-squa.res analysis [hv1'=324 (236) meV, hvp'=123 (106) meV for HyCO (D2CO)]T
The combined contribution of these two modes to the isotopic shift of the fundamental
transition energy is therefore AE1,2-£-5 meV. This implies that +59 meV of the observed
shift is caused by the other four modes. If the excited state is dissociative, with a purely
repulsive potential surface that rapidly expels a H (D) atom, then the VV5 vibrational mode
[predominantly asymmetric C-H (C-D) stretch] is essentially absent in the excited state.
This creates an 'isotopic shift AEs=+42 meV, using the ground state vibrational energies
from ref. [6]. In this case, the combined shift from the V1, V2, and v5 modes,

' AEj 7 5=+37 meV, is somewhat smaller than the observed shift of +54 meV; the
difference can be attributed to changes in the other three -vibrational energiés and/or by the
uncertainties of the measurements.

A further consideration in the interpretatioh of the observed isotopic 'encrgy shifts is
the relative energy calibration of the HoCO and D>CO spectra. The present results indicate
that the spéctra of the two isotopic species compared in Figs. IV-2, IV-3, and IV-5 are

aligned, i.e. the fundamental uansiﬁoﬁs (except those the 3s-aj orbital) show no energy

~ shift upon deuteration. However, due to difficulties in the absolute calibration of energy in
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these measurements, there is possibly some error in the relative alignment of the energy
scales for HyCO and D2CO. Such a.shift would appear if the zero-point vibrational energy
of the core-ionized molecule, e. g. HyC*O+, is different from that of the gfound state. This
difference would be observed as a ﬁniform isotopic energy shift of the upper Rydberg
states, caused by a corresponding shift in the jonization threshold. Tﬁerefore such a shift is
expected if the core-jonized molecule has signiﬁqant changes in vibrational energies,
relative to the ground state. In case of carb;)n 1s jonization, it was predicted above that the
cafbbn core hole will tend to strengthen the bonding. This should be reflected by 1aréer '
vibrational energies, if the composition.of the nofmal modes is not modified too much by.
the excitation. This would result in an shift of the upper Rydberg states, and the carbon 1s
ionization threshold, to lower energies upon deuteration. While the observed shift 6f the
(o] l_s)‘l 3s-aj state upon deutéraf'ion would be increased by this difference in ionization -
thréshold energy, ﬂle part of that shift due to the unique character of the 3s-aj orbital would
still be the value réported here. It would be desirable, in regard to these issues, to measure
the carbon lvs binding energies of HZCO and D»CO by x-ray photoelectron spectroscopy
‘with high resolution, and thereby independently determine whether an isotopic shift of the

thréshold éxists.

3. Comparison to the (2bj3)-1 valence-excited Rydberg states of

formaldehyde

The preceding secﬁon shows that the assumption of a rapidly dissociating (C 1s)-1
3s-a1 staie provides a plausible explénation for all three observed effects, and in particular
gives a reasonable prediction of the observed isotopic ehergy shift. Presumably a similar
explanation could apply for the (O 1s)-1 3s-aj state, since the difference in the location of
the core hole should not affect the dissociétive natﬁre of the state. It is somewhat

unexpected, however, that promoting an electron to a Rydberg orbital creates a dissociative
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potential. In fact, the characterization 6f the 3s orbital in these $tafes pureiy as a,Rydbefg
orbital is probably inaccurate, based upbn the observed behavior. This orbital may have
intermediate character, i.e. it méy resemble a_valence orbital to some extent. This .
possibili_ty was alre)ady mentioned by Lessard and Moule for the 3s orbital in the (2by)-1 3s-
aj valence-excited s_fate of formaldehyde [20]. In that case, they suggesf that the *

- intermediate character of the 3s orbital may arise frbm mixing of the (2by)-1 3s-a; Sfate with
the (2by)-! 6* inter-valence state at =3.5 eV higher energy (see Section I.D.3). Such
mixing seems less likely for these core-excited states, because the correspor‘lvding (C 1s)‘1 '
o” resonance is observed well above threshold, =19 eV higher than the (C 1s)-1 3s-a;
transition (see Fig. 1V-1). In any case, the sign of the observed isotopic energy shift
indicates that the overall boﬁding is weaker in the (C 1s)! 3s—a1‘ and (O 1s)-1 3s-a1 states
‘thanvin the ground state, and therefore 3s-aj orbital m these states must be éomewhat anti-

| bonding. | | ‘

| ‘The study of the valence-excited Rydberg states of formaldehyde b,vaessard'and
Moule [20] is of interest, because they obseryed notable isotopic shifts of the fundamental

- energies, which are largest'for the (2b1)-1 3s-a; state (AE=+39 meV). They present a .
detailed discussion of i_Sotopi_c energy shifts in electronic transitions, based upon thé same
zbro-pbint vibraﬁonal energy argumeriis discussedl here. Isotopic energy shifts were |
observed for the (2b1)~1 3p-ay and (2b1)-1 3p-by states, which were =~60% of the shifts
seen for the (2b1)-! 3s-aj state. The preéent results do nét indicate corresponding isotopic

shifts for any of the (C 1s)-1 3p or (O 1s)-! 3p states.
4. Similar isotopic effects in the (C ls)'v‘1 3s states of other molecules
A survey of high-resolution XANES spectra shows that the effects seen for the

core-excited 3s Rydberg states of formaldehyde are not unique. In fact, an isotopic shift of
. /

 the fundamental transition energy was observed for the (C 1s)-1 3s states of propane,
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ethane, and possiblyi methane, when compared to the fully deutérated isotopic speciés [21].

In particular, the energy of the (C 1s)-1 3s state increases =20 meV between CzHg and
'C7De¢; and a similar amotmt between C3Hg and C3Dg. A smaller increase was proposed,
“but .not directly observed,.bet;veen CH4 and CD4. No other fundamental transitions in

these spectra showed isotof)ic shifts. In contrast to the present case of formaldehyde,
- notable iSotbpic effects upon the (C 1s)-1 3s linewidths were not observed in the alkane
spectra [21]. The carbon K-edge spectra of ethylene exhibit similar isotopic effects, as
shown in Ref. [22]. In that case, a comparison of the spectra of CoHy and CpDy, and the
derived transition energies, shows that most of the fundamentalltransitions below the
carbon K edge are shifted -20 meV upon déuteration. This is indicative of an isotopic shift
of the carbon 1s ionization threshold, as discussed above in Section IVE2 The (C 1s)!
3s resonanée, however, shows no shift; by necessity since ﬂ;e two speéua were aligned
using thlS feature. It may be that the spectra are in fact misahgﬂed, ie. there is a -‘|;20 mevV _
shift of the (C 1s)-1 3s resonance upon deuteration, and the other fundamer'xltals do not.
shift. In any case, the energy éepafations between the (C 1-s)'1 3s state and the higher-
energy fundamental transitions are reduced upon deuteration, as seen for formaldehyde and .
. the alkanes listed above. Ref. [22] also 'presented spectra of CoHp and CaDg, but those

results do not clearly indicate any notable isotopic shifts of the (C 1s)13s state.

5. An alternative explanation for the isotopic effects on the (C is)‘1 3s-a1

and (O 1s)13s-a; Rydberg states

The zero-point vibraﬁonal-energy explanation of the isotopic effects, as given above
in Section IV.E.2, is very likely correc.t, insofar as it addresses energy shifté. The only
assumption was that fairly large changes in the _vibratiohal energies occurred upon
excitation. However, to explain the large linewidths of the (C 1s)-1 3s-aj and (O 1s)-1 3s-

a) states, and the isotopic dependence of those widths, it was necessary to assume that -
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these states were. rapidly dissociating. This behavior is rather surprising, even 1f the 3s |
Rydberg orbital is presumed to have acquired some valence character. In their analysis of
the (251)'1 3s-aj state of fonnaldehyde,-.L‘essa'rd'and Moule ;1pparently found no indication
of dissociative behavior [20]. The known cases of rapidlyvdissociating core-excited states
 Clearly involve a transition td a valence-shell érbital, not to an intermediate or Rydberg o
orbital [17,18,19]. In the absence of experimental results to better charac;eriie the (C 1s)'!
3s-aj and (O 1s)-1 3s-a] states, the following alternative explanation, whicH does not
assume a dissociative state, is worth consideration.

The 1sotopic effects upon linewidth in the (C ls)"1 3s-a1 and (O 1s)-13s-a7 states
may be a result of thé large size of the formaldehyde molecule, which causes the deepest
Rydbérg orbital to be perturbed by the molecular orbitals. As a cbnsequence, this orbital Vis
. no longer purely atomfc-like; it bécomes a mixed orbital. The observed effects suggest that
this deviation is more pronounced for HCO (larger linewidth, lower energy) than for
D»CO, which is plausible, if the DoCO molecule is assumed to be smaller in the core-
excited 3s-aj states as compared to HoCO in the corresponding states. This is reflected in
the FC fits results for the (C 1s)-1 3p-b2‘stétes in the two moleculés (see Table IV-3),
| which indicate that the C-D bond length is shorter by =0.03 A as compared to the C-H

bond length. | | | . | |

_The isotopic effect on the energy of the corg-excited 3s-a; state (see Table IV-4)is
rthen explained on the Basis of an interaction with the moleéular orbitals. In the larger core-
“excited molecule, H>CO, the 3s-a1 electron penetfates the screening elec&ons more aﬁd
sees a less completely screened nuclear potential. This causes an increase in thé quantum
defect and a corresponding decrease in the energy of the core-excited state. In D2CO, the
effect is reduced due to tﬁe smaller size of the molecule. The magnitude of this energy
effect may be comparable to that of the zero-point vibrational-eher'gy effect described
above,-accounting for some of the obse_rved energy shift. A strong dependence of the

energy of the (C 1s)! 3s state uf)on molecular geometry has also been suggested for COp
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[23].
The large width of the (C 1s)1 3s-aj state as Kwell as the observed isotopic effect
(see Table IV-4) are then explained by a breakdown of the Born-Oppenheimer
) app_roximation. Fora Rydberg orbital thai is perturbed by molecﬁlar orbitals, the orbital
energy will dépend on the size of the moiecule, as discussed above. In this case, a |
coupling between the orbital gner'gy and the zero-point vibrational motion of the ground-
state molecule is possible, sinoe the excitation energy may then depend on the size of the
molecule at the instant of exéitation. The result is a distribution of excitation energies,
observed as a non—Lorentzién 1ine broadening. Again the effect will be larger for H2CO
than for DQCO due to molecular size. | |
It mighti be expected that these isotopic effects are larger for the (O 1s)-1 35-51 state,
as compared to the (C 1s)-1 3s-a; state, because in the former case, the Rydberg orbital is
less centered on. the molecuie. This is not borne out by the results listed in Table IV-4.
One réason is that the v_ibrational fine structure of the (O 1s)-1 3s-aj state was not resolved,
S0 ﬁhat the vibrational c_oritributions, which were deconvoluted for the (C 1s)-13s-aj state,
_could not be rembv_ed. This explains the smauef isotopic effect upon the energy of the
observed peak; the smaller vibrational spacings in D2CO, as compargd to HyCO, will lead
to an underestimate of the isotopic energy shift of the fundamental transition, if the fine |

structure is not resolved.
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- Table IV-1: Energies (in eV) of the (C 1s)-1 and (O 1s)-! core-excited states of HyCO in .

Assignment This work EELS2 Theory® Theory®
(C 1)l n* 285.590 285.7 286.06 286.02
3s-a; - 290.178 290.15 290.64 290.50
3p-by 291.253 - 29121 291.63 - 291.50
- 3p-b 291.729 - 291.64 -292.05 291.91
4s-a1 292217 292.68 293.00 29270
3d - 292.755 292.10 ‘ o
4p-by 292.978 292.95 - 293.27 293.06
4p-b1 293.085 293,32 293.21
4d 293.559
S5p - 293.460 293.45 293.23
6p 293.811 293.92
“7p 293.963
8p 294.057 -
9p 294.123
(O 1s)1x* 530.82 530.80 529.78
3s-a1 535.43 535.47 534.50
: 3p-aj 536.34 536.13 535.27
4s-a1 537.65 536.54
4p 537.78 g 536.69
5p 538.46 |
6p 538.73
Tp 538.94

éomparison with previous EELS' results and theoretical predictions. Only fundamental
transitions are shown, i.e. transitions including vibrational excitation are not listed.
aRef. [1]

bRef. [2]
CRef. [9]
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Table IV-2: Contributions, in percent, of the symmetry coordinates to-,the normal modes in

the ground states of HoCO and DjCO. V4 is assumed to consist of 100% out-of-plane

bending motions (see Ref.. [5]); itis therefore omitted from the table.

H,CO . Vv V2 o V3 \& V6
C-H symmetric stretch (a) - 77.6 9.9 20 0 0
C-O symmetric stretch (aj) 21.1 82.3 74.1 0 0
HCH scissors bend (a1) 1.3 7.8 23.9 0 0
C-H antisymmetric stretch (by) 0 0 0 96.8 19.2
CH; in-plane wag (by) | 0 0 0 3.2 80.8
D,CO
C-Dsymmetric swetch a1) ~ 50.3 261 3.0 0 0
C-O symmetric stretch (ag) 47.4 71.3 59.9 -0 0
DCD scissors bend (a1) ° 2.3 2.6 37.1 0 0

- C-D antisymmetric stretch (b2) 0 0 0 94.1 30.6
CD3 in-plane wag (b2) 0 0 0 5.9 69.4
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Table IV_-3: Derived equilibrium values for the C-O and C-H (C-D) bond lengths, R (in

angstroms), and the HCH (DCD) molecular bond éngle 6, and vibrational energies hv (in

meV) for the v1, v3, and v3 modes in the ground and core-excited states of H>CO and

D>CO. The ground-state values were taken from Ref. [6]. The parameters for core-excited

states were obtained from least-squares Franck-Condon fits. The numbers in parenthesis

give the statistical error bars in units of the last digit. Systematic errors arising from the

limited validity of the parallel-mode approximation may be larger. The numbers in square

" brackets are those results from FC fits whiéh are considered less likely on the basis of

chemical arguments (see text).

ReH

1.17 [1.25]

HoCO - Rco OHCH hvq hvy hv3
Ground state 1.1171(10)  1.2072(5) 116°14'(6) 345.0 216.5 186.0
(Cls)yln* 1.037(3) 1.316(5) 111°(2) 430(5) 160(4) 280(20)
(C1s)y13p-bp 1.09 [1.14] 1.16 [1.25] 325(10) 199(8)
(C1s)13p-b; 1.06 [1.17] 1.18 [1.23] 381(5) 178(10)
(C1s)l4s-a; 1.01 [1.22] 1.17 [1.24] 364(5) 227(5)
D2CO Rep ReO 8pcp hv; hv; hv3
Ground state 1.1130(10) 1.2067(5) 116°19'(6) 254.9 211.0 137.1
(C1s)ylx* 1.091(5) 1.302(5) 105°(2) 315(5) 179(5) 160(25)
(C1s)y13p-by 1.06 [1.16] 1.19 [1.22] 239(12) 157(10) .
(C1s)13p-b; 1.06 [1.17] 1.19 [1.21] 268(5)  149(20)
(Cls)14s-a; 1.03 [1.20] 258(12) 134(5)
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Table IV-4: Isotopic effects on energies E and linewidths W (FWHM) of the (C 1s)-! 3s-a1

and (O 1s)-1 3s-a; states of formaldehyde. The numbers in parenthesis give the error bars

in units of the last digit. -
L?ﬁewidth (meV) | Enefgy eV)
H,CO 'DCO | Hzcb " D,CO
(Cls)y13s-a;  240(20) 180(20) . | 290.18(1) | 290.23(1)

(O 1s)y13s-a;  346(25) - 302(25) 535.43(1) 535.47(1)
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FIGURE CAPTIONS:

Figure IV-1: Overview of the photoionization spectrum of H2CO near the carbon 1s
ionization threshold IPc.x. The broad resonance above threshold is plotted in the insert on
an energy scale which is compressed by a factor of 3; thé ordinate scale of the inset is the

same as that of the méin figure.

Figure IV-2: High-résolution spectrum of the (C 1s)-1 n* resonance in (a) HyCO and (b) |
D,CO. The solid line through the data points shows the results of a least-squares fit with '
‘Lorentzian functions convoluted by a Gaussian function for instrumental resolution, using
Franck-Condon factors to predict the relative peak intensities. The subspectr_a show the vy’
vibrational series for different fixed v;' and v3' quantum numbers; fb; detailed
explanations, see the text. Note the pronounced changes in vibrational energies upon

replacement of H by D, indicated in part by the vertical bars.

Figure IV-3: Core-excited Rydbc;‘g states below the carbon K-edge in (a) H»CO and (b)
D2CO. The solid line through the data points shows the results of a least-squares fit with
Lorentzian functions convoluted .by a Gaussién fuhctioh for instrumental resolution. »»The v
vcornpon'ent peaks are given by solid lines if their energies show no isotopic shift; these
represent fundamental transitions to the ground vibrational level of an excited electronic
state. Dotted and daghed lines are used for states in which the v, and vbl modes, |
respectively, are excited; these s'tates decrease in energy up.on replacement of H by D Thé
dash-dotted component represents the fundamental transition for the (C 1s)"! 3s-a; state,

“which exhibits a strong isotopic effect.

Figure IV-4: Spatial distributions of the molecular orbitals in ground-state H»CO.

Reprinted, with permission, from Ref. [12].
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Figure IV-5: Photoionization spectrum of formaldehyde near the oxygen 1s ionization
threshold. The spectra of HyCO and D2CO are seen to be quite similar, except for small
 differenices in the (O' 1s)-1 3s-aj transition. Note the break in the energy scale, which

removes an intermediate part of the spectrum containing no absorption features.
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CHAPTER V: HIGH-RESOLUTION MEASUREMENTS OF
NEAR-EDGE RESONANCES IN THE CORE-LEVEL
PHOTOIONIZATION SPECTRA OF SFg

. V.A. I'n‘troduction v

Resonances in XANES Qpectra arise from the promotion-of a.core electroﬁ into a
‘ Qirtual orbital. The final stzite of the system is. commohly described by referring to the . .
character of the newly occupled orbital. For some systems, the final state may be class1ﬁed
as an inner- or outer-well state. Th15 scheme refers to the atomlc pamal—wave potential
energy diagram for an electron of angular momentum £ >0 (Fig. V-1). The centrifugal '
contribuu'on to the pot)emial energy may combine with the electrostatic contributions to
produce a potential barrier as shown. In molecules, the eléctrons around the outer atoms |
may produce a similar barrier along the bond directions. .In SFg, this double-well potential -
is particularly well-developed, because the six F atoms surround the S atom. Indeed,
becéuse of its chemical stability, small size, and large coordination, SFg proyide$ ﬂle best
| exaniple of a. molecular pbtential barrier. Vmual orbitals with a spatial distribution |
primarily inside the potential barrier are known as inner-well orbitals. If an electron is
prbmoted into suéh a valence orbital, the system is said to be in an inner-well state. Dipole-
‘allowed transitions to such states .ire normally quite inten‘Se in XANES spectré. If the
virtual orbital is loéated-mainly m the outer well, the transitibn is to a-Rydberg state. These
transitiqns are weak, as a resuit of poor spatial overlap between the core orbitals and the
 outer-well orbitals. Transitions to bound inner-well states lie at energies lower than
transitions to Rydberg states. The Rydberg resonances have a series of energies Whiéh |
converge on thé absorption edge from below. ‘Transitions to quasi-bound inner-well states

are referred to as shape resonances and occur at energies above the absorption edge.
. ’ \ - i
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This chapter presents photoionization spectra of gaseous SF at the sulfur L7 3 and
fluorine K edges. Previous photoabsorpuon [1,2,3,4,5,6,7] and EELS [8 91
measurements showed intense resonances both above and below these thresholds arising
from the promotion of a core electron into a virtual molecular orbital with large amplitude .
within the molecule. Very weak Rydberg resonances were also detected just below the :
sulfur Ly, 3 edges, but were not completely characterized. In the present work, 1mproved
resolutlon and statistics resulted in the detection of additional members of the Rydberg
series below the sulfur L 3 edges. This allows an unambiguous assignment of peaks in
this region, including the confirmation of vibronically-coupled excitations and a d-
symmetry. Rydberg series. Quantum defecfs, spin-orbit splittirig, and the Lz,é ioﬁization—
thkshold 'energies were determined from a least-squares fit of the spectrum. Vibrational
structure was resolved for the ﬁfst time in several Rydberg states. A Franck-Condon
analysis yielded the vibrational spacing and S-F bond length for the core-excited S 2p3/2)‘1
4s state. Multiplet ephtﬁng was observed for the (S 2p3/2)'1 3d state. The derived natural
linewidths of the (S 2p3/2)-! 3d-tag, (S 2p3/2)1 5s and (S 2p3/2)-1 4d Rydberg states were
found to be strikingly narrower than those of the (S 2p)-! a3 g inner-well resonances. -

. High signal-toinoise ratios in the spectra of the more intense resonances allowed
lineshape analyses. Non-Lorentzian broadening of the (S 2p)‘1 a1g states is attributed to
unresolved vibrational structure. The peaks assigned to the (S 2p) -1 t2g states have large
Lorentzian components, sug gesung that vibrational effects are relatlvely small for these
shape resonances. Significant intensity very close in energy to the ﬂuorme K edge could
not be fitted By a simple edge-jump model and was assigned to a manifold of unresolved
resonances. vA previously unobserved resenance of large width and low intensity was

detected above both the sulfur Ly 3 and fluorine K edges. .
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V.B. Experimental

The SX700/II monochromator with the 1221 line/mm grating was employed for ail
measurements, except as-noted below. Using this grating, some sﬁectrawere recorded - -
using the special low-enﬁﬁance storage-ring conditions (small-source mode) to allow beﬁer
: resoluﬁon. With noﬁnal emittance at BESSY, resolution in the first order of diffraction is
=45 meV (Gaussian Full Width aﬁ Half Maximum [FWHM]) at the sulfur Ly 3 edges and
=310 meV at the ﬂuoﬁne K edge. In the small-source mode, the £esoluﬁon improves to
=~30 meV at the sulfu'r:L2,3 edges. Additional rneasuremenfs were made using a 2442
line/mm grating in the ﬁrstvorder of diffraction with normal emittance conditions; providing
a resolution of =33 meV at the sulfur Ly 3 edges W1th relatively high flux. The synch:otron
‘radiation beam passed through a 1500 A thick Al (1% Si) window into an interaction region
contajnir{g SFg gas (Messer Griesheim GmbH, 99.9%), which was maintained at

pressures ranging from 60 mtorr to 175 mtorr.
V.C. Overview of Results

Fig. V-2 shows the photoionization spectrum of the octahedfél mblecu_le SFg near
the sulfur L3 3 ionization thresholds. The double-peaked structure 1,2 at 172-174 eV arises
from the'promotion ofa sulfﬁr 2p eléctron to an unoccupied molecuiar orbital of a1g |
symrﬁetry. ThlS absorption feature is split by the spin-orbit interactidn of the 2p core
_electrons in the final state. A better-resolved specﬁ‘um of the (S 2p)lagg resonances, taken
in the small-source mode of BESSY, is shown in Fig. V-3. A more intense doublet 3,4
appears at 182-184 eV, just above the sulfur Ly 3 thresholds in Fig. V-2. Itis assigned to
- the promotion of a single ‘sulfur 2p electron to a quasi-bound orbital of tyg symmetry, with -
spin-orbit splitting again accounting for the doﬁble-peakéd structure. This .is a well-kno@n

example of a molecular shape resonance, i.e. the promotion of an electron into a one-
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electron continuum state which is resonantly enhanced wiﬂlin the molecule by the molecular
potential [10,11]. The broad absorption peak S at 196 eV is assigned to the excitation of a
resbnanc':e of eg symmetry. This state is a shape resonance which may couple to several
other continuum channels and may also include éontributions from autoionizing multi-
electron excitations [12]. The small peak 6 at 205 eV has been described as a multi-electron
excitation [8] and as an EXAFS resonance [9], but it is not yet fully understood. An even
smaller resonance, peak 7 at 209 eV, which appears to be a doublet, is observed here for
_ the first time and may aiso be a multi-electron excitation. NOt? that the insét data of Fig. V-
2 showing peaks 6 and 7 in greater detail were taken using the 2442 line/mm grating. The
known ébmplexity of the eg resonance suggests that the tpg resonance may also be more
than a simple Qné—electrOn excitation shape resonance. An autoionizing state with two
exéited electrons has been predicted near the energy of the tyg resonance [12]. A lower-
energy tg resonance of this molecule is known to couple to several continuum channels
-upon excitétion at 23 eV photon energy [13]. A similar process is possible at the L3 3
. edges, as discussed below.
Fig. V-4 shows the spectrum in the 177-182 eV range obtained with better
* resolution and statistics vusing the 2442 iine/mm grating. The weak fine structure detected
in the spectnim of Fig. V-2 is clearly resolved here. Many peaks are present; most are
readily assignéd to one-electron excitations intb Rydberg orbitals. These Rydberg states
correspond to those of atomic sulfur, the central atom, and are labeled as such. The s- and
d-symmétry Rydberg states form two overlapping series, each of which is split into two
series by the spin-orbit interaction of the core hole. The resﬁlting four series overlap to
give the complicated structure observed. Such an assignment leaves the features E, F, and
G around 178.2 eV unexplaiﬁed. They are assigned to a vibronically-coupled'transition to
the (S 2p3/2)-1 4p Rydberg state. In addition, the region from 177 to 179 eV is
characterized by some broad inténsity above backgroﬁnd (shaded area), which is attributed

to a vibronically-coupled transition to a virtual orbital with t1y Symmetry .
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Fig. V-5 shows the photdabsorption speétrum of SFg near the fluorine K ionization
threshold. ‘Pe'ak 8 at 689.0 eV is‘assign.ed to a transition to the ajg unoccupied molecular
ofbital, as seen at the sulfur L2 3 edges. The following peaks 9, 10, dnd 11, below and -
just above the edge jilmp at 695.7 eV, are assigned to transitions fo a number of tyy viﬁual
orbitals. Peaks 12 and 13; at 699.9 eV and 713.3‘eV,‘ are excitations to tog and eg shape
resonances, respectively, w!xich are analogous to those seen at the sulfur L2,3 edges.

Peaks 14 and 15, at 722 eV and 727 eV, are probably multi-electron excitations analogous
to peaks 6 and 7 in Fig. V-1. Note that dipole-allowed transitions into orbitals of both g
and u parity are observed here, arising frolm the combination of the six fluorine 1s atomic
orbitals into the 2ajg, leg, and 1ty molecular orbitals 6f the initial statc'._‘ Fig. V-é shows a -
level diagram of the"core—excited states of SFg, based upon the energies and assignments .

given above and in Tables V-1,2,3.

-V.D. Sulfur L2 3 thresholds: Inner-well résonances
. _

1. Spin-orbit interaction and exchange interaction

| Nearly all features observedﬂnear the sulfur L33 ﬂlreSholds clearly display a doublet
structure, with a splitting of =1.2 eV. This is explained by the spin-ofbit interacﬁon'of the
core electrons in the final state. According to Hund's rule, the (S 2p12)-! conﬁguration
will havé- highe'r energy than the (S 2p3/2)-! configuration. The value of the splitting
observed here agrees with the measured splittingé in x-ray photoelectron >spectra (XPS) of
SFg [14]. The multiplicities of the (S 2p1/2)-1 and (S 2p3/2)-! c'onﬁgurations are 2 and 4,
respectively. A simple spin-orbit model of the core-excited final state would predict a
doublet‘ with a peak intensity ratio (S '2p3/i)'1:(S 2p1/2)-} of 2:1. This ratio was observed

in the XPS spectrum [15], but is not observed for the (S 2p1/2.32)- a1g and'(S 2p12,312)°!
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t}_é photoabsorption resonances. In féct the ratios for these resonances, obtained from
least-squares fits of the spectrum in Fig. V-2,‘é’1re both less than unity (see Table V-1).
~ This reversal of the intensity ratio can be explained by including the effects of

exchange interaction between the core hole and the excited electron [10,16]. The (S |
2p1/2,3/2)1 aig and (S 2p1/2,372)"! tog resonances (ﬁeaks 2,1 and 4,3, respectively) arise

. from one-electron transitions into unoccupied molecular orbitals spatially localized within
the molecule. An electron excited from a core hole into such an inner-well state will have
considerable Spatial overlap with the remaining sulfur core electrons. The resulting (core
hole)-(excited élecn'on) exchange interaction will be sigrﬁﬁcaﬁt in comparison to the spin-
orbit interaction. In such a case the j-j coupling séheme used above is no longer valid; |
intennediaté coupling must be erhploxed. Theoretical studies of this phenomenon in SFg
and other systems show that the méin effect of intermediate coupling is to decrease the‘
(S 2p3/2)-1 to (S 2p1/2)-1 intensity ratio [17]. bIn the limit where exchange coupling
completelyidor_ninat_es over Spin-orbit coupling, the intensity ratio becomes zero becéuse ﬂle
lowér-énergy peak then represents a dipole-forbidden transition to a triplet state.
Calculations also predict that intermediate coﬁpling has little effect on the energy splitting of
the doublet [17], in agreement with.t.he present observations (see Tgbles V-1 and V-2). _
The observed spin-orbit splittings of the (S 2p1/2',3/2)'1' alg and (S 2p1/2,3/2)'1 t2g doublets
(1.17 eV) are only slightly less than those of the Rydberg states (1.20 eV), where the
exchange interaction is expected to be small because of the limited overlap of the Rydberg

orbitals with the core hole.
2. Lineshapes

a. (S 2p)lay, resonanées
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| Attempts'tb fit the (S 2p1/2,3,/‘2)'1 ajg resonance {ioublet (peaks 1,2) with a pair of
Voigt functions based on reasonable values of the Lorentzian natural linewidth and the
Gaussian instrumental width were unsuccessful. The ajg resonance therefore appears to be
broadened by non-lifetime effects. An eérlier analysis [9] suggested that multiplet splitting
within this resonance might lead to-observable peak splittings, in analogy to those observed
for the (S 2p)-1 bj* resonance in the suifur L3 spectrum of SO, [18]. This turns oﬁt to be
unlikely‘for the (S 2p)! a1‘g transitions in SFs, as shown by the following group-
theoretical analysis. In the octahedral symmetry of ihe SFe molecule, there .are dipole-
allowed transitions only to electronic states of Tiu symmetry. By multiplying the spatial
and spin characters of the ajg electron and the sulfur 2p core hdle, the possible electronic
states corresponding to the (S 2p)-1 a3 g configuration are determined (see the discussion in
Sec. VLE.1). They are Ajy, Ey, 2T 1y, and Tpy; thus there arelonly two dipole-allowed
transitions, corresponding to the two observed peaks. Note that weak transitions to the
Ey and Ty, states are possible through vibronic couplihg, whiie there is no suitamble
vibrational mode to couple the Am state. Therefore small contributions from vibroniéally-
coupled transitions can, in principle, broaden the observed (S 2p1/2,3/2)‘1 a]g resonances or
lead to obServable split_tings. However, based upon the relative intensity of the
vibronically-coupled (S 2p)-1 tyy, transitions (see Sec. V'.D.S), observable effects from
transitions to tﬁese dipole-forbidden states seem unlikely. | |

Instead, the non-Lorentzian broadening probably arises from extensive unresolved
vibrational excitations in the final state, re_sulting in an overlapping manifold of peaks.
Such »excitau'on's are expectéd, because a non-bonding core electron has been promoted into
an anti-bonding orbital. Semi-empirical calculations [19] for the ground state of the
octahedral molecule ClFg, which is the equivalent-core molecule to S-core-excited SFeg,
predict a bond length of 1.63 A for CI-F compared to 1.561 A in ground-state SFg [20].
Such a large change m bond length could produce the extensive vibrational excitation

suggested here. The only dipole-allowed vibrational excitation is the single a1g symmetric-
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stretch mode, vy, (with ground-state frequency hv;"=96 meV) [21].> ViBrational fine

- structure was not observed in this study, even in the spectra taken in the small-source mode
of BESSY, with a resolution of =30 meV (sée Fig. V-3). The low-energy shoulders of the
(S 2p3/0)-1 aig peak, whicil were proposed in Ref. [9], were not observed here in
measurements with higher resolution and better statistics. There are slight indications of
irregularities in several regions of the (S 2p)1 aj g lineshape, however, which are not
completely convincing in the present data, but suggest that measurements with better
spectral resolution and very good statistics might resolve Qibfational fine structure in the S
2_'p)'1 ajg resonances. This would be particularly desirable Cc;nsidering the unusual results
of the Franck-Condon analysis given below. The difficulty in observing fine structure is
presumably a consequence of the large natural hneWidths of the individual vibrétional
states. Those natural linewidths are estimated to be >190 meV, FWHM; smaller
Hnewidths would have prdducéd resolved ﬁne‘structure, assuming a vibrational spacing 6f
>90 _ineV.‘ Assuming a vibrational spacing of 127 meV, as derived below, predicts a
natural linewidth of >230 meV.

‘A I*fraﬁck—Condon (FC) analysis [22] of the (S 2p)-1 a1g resonance lineshape was'
performed, based on harmonic oscﬁlatof potentials and Voigt lineshapes. Even without |
resolved vibrational structure in the specﬁum, the FC approach can be used to fit the
observed intensity e_,nvelope,v although the results will be less reliable thari those of fits to
resolved progressions. The results of the fit are plotted with the small-source data in Fig.
V-3. A good fit to the lingshape was obtained only by using an ekcited—statc vibrational

" spacing greater than that of the‘ ground state (hv' = 127 meV vs. hv" = 96 meV, where
primes indicate excited staté parameters and double primes refer to the ground state). The °
derived bond length R’ = 1.62 A) was ciose to the prediction from the equivalent-core
molecule ClFg, but an increase in bond length accompaiiied by an increase in the associated
vibrational stretch frequency is difficult to understand. (Note that there is only one totally-

* symmetric vibrational mode in this molecule, so the normal-mode composition arguments
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of Chapter IV do not apply here.) In the harmonic oscillator approximation used here,
equal contractions and extensions of the bond have equivalent effects on thev FC profile of
transitions originating in the ground vibrational staté. Thus the ﬁt i_s also consistent with a
‘decrease in the bond lengt_h R'=1.50 -A); this, howevef, is hard to reconcile with the
calculated bond length for ClFg. Also, the aj g orbital is expected to have antibonding
character; populating it should weaken the S-F bonds. Further studies are necessary to
gain a better understanding of this excited state. |
The total width of the (S 2p1/)-] a1y peak is =20% larger than that of the
(S 2p3)! alg peak (see Table V-1). The shapes of fhe FC envelopes f6r the twd |
resonances should be ide'n;ical, except for the_g:ffect of the natural linewidths of the
individual vibrational states and a very small difference from the f(_)u_rth-pOWer dependence
of the FC factors on excitation energy.i The natural linewidths resulting from the FC fit
based on this assumption (F [(S 2p3)! ajgl =240 meV (FWHM), I'I(S 2p12)} algl = |
390 meV) are both quite large, especially in comparison with the exceptionally narrow
natural linewidths (e.g. 35 meV) measured in the Rydberg region of this Spectrum (see
Section V.B.3). ’fhe large difference between the derived natﬁral linewidths of the
(S 2p12)! ajg and (S 2p3)! a g states indicates different decay rates of the two excited
states. The higher-energy (S 2p1/2)-! alg resonance may a_utoionize faster because it has
more decay channels, perhaps including decay throukgh the (S 2p3n)!a; g resonance. An
- analogous difference in ﬁﬁewidths has not been observed in the XANES specfra of rare
gases in the soft x-ray energy range (see e.g. Ref. [23], Figs. 3,4,5). In these atomic .
systems, howéver, ﬂlefe .are no vibrationai or 'rotational levelé to take up excess electronic
~energy, so that aﬂinter-system crossing between non-degenerate electronic states is not |
- possible. This effect might also be a further manifestation of intermediate coupling.
Specifically, the S 2p3n)l ag g state acquir_es some triplet-state character through exchange
interaction. In the triplet state; the excited electron has its spin parallel to the unpaired

sulfur 2p electron. The excited electron will avoid the unpéjred electron and thus also avoid
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- the core hole, which has the same spatial distribution. The result is a reduced probability
for an autoionization process involving the éxcited electron (which"may be the dominant
decay process; see Sec. V.E.3). The (S 2p3n)-1 alg peak narrows to reflect the increésed
lifetime of this state. The (S 2p1/2)'1 ajg state has no triplet character and thus has a
shor£er lifetime. This explanation is consistent with the absence of the described effect in
the XANES spectra of rare gases [23], since those systems do not exhibit notable

intermediate coupling effects.
- b. (S 2p)1 6y, resonances

A least-squares fit of the lineshapes of the (S 2p3n 1)t tog resonances (peaks 3,4) |
using Voigt functions showed significant Lorentzian contributlions.. A good fit to the data
was obtained using a single Gaussian width of 270 meV (FWHM) and Lorentzian widths
of 690 and 783 meV for the (S 2p3/25'1 tog and (S 2p1/2)"] tog states, respectively. The '
bandwidth of radiation contributes =45 meV to the Gaussian width, so that most of the
Gaussian width observed represents real effects in the molecule. Some of the intensity of
this resonance may be from a tWo-electron excitation to a bound state, which could be
. Gaussian-broadened by vibrational eicitatioris. Gaussian-like broadening could also result
from a slight offset of two or more QQerlapping resonances (e.g. one shape resonahce.state
and one bound state or twb shape resonance states). The tpg resonance was observed, -

- however, in the direct photoelectron spectrum of the sulfur l2p levels, indicating that the
resonance rnust,be at léast partly due to a shape resona_née [12].. If the observed lineshape
were determined mainly by tWo-eléctron excitations, then the shape resohanc_e cbntribution
would have an extraordinarily narrow linewidth (< 0.3 eV). The more likely possibility is
that the ]jneshape is partly or completely determined by the shape resonance.

o The relatively large Lorentzian contribution to the lineshape of the (S 2p3/,172)1 t2g

shape resonance is somewhat uriexpected. The implication is that the vibrational effects
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updn this resonance differ from those of other known shape resonances. Shape resonances
are génerally believed to induce some vibrational éxcitatjon of the final-state core-ionized
molecule \[2.4]‘. While this vibrational structure will probably'not be resolved, because of

' the large natural linewidths of the shape resonance, the resulting phbtoabsorptibn _
liheshapes shoﬁld show non-Lorentzian broadening. Ground-state vibrational (zero-point)
motion may also couple to the transition, creating broad asymmetric lineshapes [24]. The
relatively small Gaussian contribution to the lineshape observed here indicates that both of
these vibrational effects are small in the tpg shape resonance. A study of the ionic |
fragmentation pattern obtained from the decay of this excited state also indicated that there

is little vibrational excitation in this state [25].

The strong Lorentzian character of thé lineshape is consistent with a rapidly
decaying quasi-bound shape resonaﬁce state, but is also consiStent with an alternative
 interpretation of this feature as a resonance ixvi'mo‘r.é than ohe continuum channel. Core-hole
lifetimes are generally longer than the lifetime of quasi-bound shape resonance states. This
cafl be seen directly by éomparing the narrow photoelectron peaks at.res_onance to the wide
‘ -photoébsorption peaks [26]. The tpg resonance may differ, such that the autoionization |
decay of the core hole is faster than the departure of the qﬁasi-bound electron. This could ’
explain the large observed Lorentzian component of the lineshape, but would also describe
the t2g peak not réally_as a \shape resonance but rather as a quasi-bound one-electron excited
state that decays rapidly by an Auger-like autoionization process. This would give the
same final state as a direct photoelectron tran's‘_itioﬁ from a subshell less tightly bound than
sulfur 2p. In general, this type of continuurh-continuum coupling is observed as a -
resonance in one photoelectron channel at the same photon energy as a shape resonance in
another chahnel. Sﬁch an inter-channel resoriance was observed in the valenée
photoelectron spectra of SFg and attributed to the tpg shape resonance of the 1ty + St1y
channel coupling to the l?aeg photoelectron channel [13]. This is not a normal shape

resonance; the Kinetic energy of the photoelectron is not tuned to the shape of the potential.
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The most general model of the (S 2p1/2,3/2)‘1v tog resonance includes contributions frorﬁ
double excitations, a shape resonance, and continuum-continuum coupling. .The results of
the ionic fragmentation study [25] suggest that the direct shape resonance dominates. More
work is needed, however, for a complete ﬁnderstanding of the observed lineshape.

The lineshape aﬁalysis also shows that the (S 2p1/2)'1 t2g resonance,v peak 4,is
. =13% broader than the (S 2p3/2)] tag resonance, peak 3. This is consistent with the above
results for the widths of the (S 2p3/2,1/2)'1 alg resonances. Again it seems that 'the (S

2p1/2)-1core hole-decays faster than the (S 2p32)-! core hole.
3. Vibronic coupling

Transitions to electronic final states which are not dipole-allowed rriay still have
noticeable intensity through vibronic coupling. If vibrational excitation occurs in non-
totally-symmetric yibrational modes such that the final vibrational-electronic (yibronic) state
- is of a symmetry accessible by a dipolé transition, the transition can occuf, though usually

with low intensity [27]. This phenomenon can explain two features of the spectra shown
in F1g V-4. One feature is the set of three (S 2p3/2)°! 4p peaks E,F,G mentionéd in |
Section VC The other is the broad underlying iﬁtensity (shaded area in Fig. V-4) in the
'photOﬁ-enérgy range 175-179 eV. This latter feature is assigned to transitions into one or

two inner-well orbitals with t1u Symmetry. Both features involve t1, symmetry final-state
orbitals. Direct excitation of these states is electric-dipole forbidden, but electric- -'
quadrﬁpole alloWed. Both features have more spectral weight in the EELS speclra of Ref.
[8] than in tﬁg corresponding photoabsorption spectra. This indicates that the higher order
transitions (electric quadrupole, etc.), which may be induced by the EELS exéitation
process [28], enhance these two spectral features. More recén_t studies using angle-
resolved EELS [29] clearly identified, at 177.5 eV, a dipole-forbidden, quadrupole-allowed

transition to an a:_ltisymrnetric orbital, assigned to a t1y inner-well state. In contrast, the
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EELS spectra of Ref. [9] were taken under conditions which suppress higher-orderv
transitions, and the results are quite similar to the present photoionization results. Even in
these specitra, where dipole-selection rules apply, transitions to (S 2p) -1 t1u states may be
observed if at least one quantum of an antisymmetric vibrational mode is excrted There are

| two t1y modes and one tp, mode in SFg.

This interpretation is also supported by the assignment of the remaining‘Rydberg'
structure given below. Attempts to assign peak E at 178.3 eV as a member of a Rydberg s-

or d-series led to a poor description of the remaining peaks. The assignrnent of E instead' to
adp Rjdberg state leads to a sensible value of the quantum defect (see Sec. V.E.5).

The existence of t1, inner-well orbitals in SFg has been predicted by theoretical
work (30,31,32]. Dipole-allowed transitions to these orbitals were observed in SF6
spectra at the fluorine K edge [8,9], as well as the L1 [8,9] and K [6] edges of sulfur.
Excellent spatial overlap with sulfur 2p electrons is expected, considering the large intensity
of the transition to the t1y orbital below the sulfur Liedge[89]. |

The initially published sr)ectra of the S Ly 3 region showed only the most intense
features of the rich fine structure in the spectrum of Fig. V-4, Several papers [11,31,33]
assigned these weakly resolved- peaks to transitions to (S 2p)-! t1, states. The present -
work illustrates the success of the Rydberg ‘formula in predrcting the energies of the |
observed transitions. | Their aSsignment as Rydherg states is further supported by their
-linewidths, which are much srna.ller than those of the (S 2p1/2,3/2)_'1 inner-well resonances.
The (S 2p) tyy states ant:icipated by these early workers are observed' here as the broad
underlying intensity descrrbed above (shaded area in F1g V-4).

Vrbromc coupling between the ground state and a dipole-forbidden electromc final
state is actually mediated by one or more dipole-allowed excited electronic states. Such
states mix with the dipole-forbidden electronic final state via vibronic interaction [27]. The
mixing and thus the vibronically-coupled transition are facilitated in this case by the

existence of intense dipole-allowed transitions (the ajg, t2g, and eg resonances) that are '
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close in energy to the vibronically-coupled states. Vibronic interaction between these sets
of states is symmetry_—aliov_ved throuéh _the two t1y or one tpy vibrational modee of SFg.
Trends of the t1, vibrational—mode frequencies in octahedral halogen hexaﬂuoride
molecules suggest significant vibronic interaction between the ai gand tyy molecular on_:bita]s

in the ground state {34].
V.E. Sulfur L2 3 thresholds: Rydberg series
1. Anélysis using the Rydberg formula

Dipole selecﬁon rules allow transitions to the s- and d-series Rydberg statesv.below '
both the sulfur Ly and L3 edges. Bésing the assignment on the sulfur atomic quaﬁturﬁ
numbers indicates that the s-eeries should begin with n=4 and the d series with n=3. A -
least—squares fit of the spectrum of Fig. V-4, using the Rydberg formula, dete_rn.]inedvthe '

best values for the quantum defects and vibrational spacings, and the energies of the

| absorption thresholds. Fit results for intensities and widths are most reliable for the more

intense and well-isolated features. Derived values are also given fer some of the weaker
features, but they should not be regarded as definitive. The fit required the use of many

~ adjustable parameters, and regions of oVerlappirig peaks can probably be fitted nearly as

weli with other combinations ef in&nsities and widths. The background was modeled by

the sum of a linear coritributjon_, the tail of two Voigt functions frorh peaks 3 and 4 (see

F1g V-2), and several overlapping Gaussian peaks to represent the (S 2p)-1 tyy, transitions.

Two additional broad peaks (D and K) were necessary to obt_ain reasonable reSulte. These

may be regarded as essenu'al modifications to the approximated lineshape of the (S 2p)-! t1y

- resonances. | | |

The results of the least;squziree fit are shown in Fig. V-4 and in Table V-2, and the .

 derived term values are compared to other measurements and calculated values in ,
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Table V-4. The peak assignments generally agree with those of previous reports based on
spectra with fewer discernible features [5,8,9]. Even the previously unobserved 'featurés

| are easily assigned (e.g. péak a, the shoulder at 180.7 eV, is the (S 2p12)-1 6s state). A
single value of the quantum defect is sufficient for éach series beyond the lowest energy
peak. The energy of the (S 2p3/2)-1 4s state (ﬁeak A) is perturbed by -37 meV and that of
the (S 2p1/2)7! 4s state (peak H) is perturbed by §35\ meV from the prediction based on this |

| quantum defecﬁ The perturbétions of the (S 2p)-1 3d states are discussed below (see Sec. |
V.E;2). Note that there has been Some uncertainty in the past whether the Rydberg d-series
would be observed in this spectrum, because the tog and eg above-edge resonances might
be aSso_ciated with thé atomic sulfur 3d orbitals. The present results clearly indicate the
presence of the d-series. -

The values of the quantum defect obtained from the fit, 6 = 1.80 and &g = -0.03,
are somewhat lower than expected for sulfur-based Rydberg series (see Table VI-3 and
Section VLE.4.b). It is also unexpected, based upon atomic spectroscopy, that the s-series
is more intense than the d-series, for excitation of a p-electron. For example, predicted
cross section ratios for the hydrogen atom are 1(2p—4s)/1(2p—4d)=0.25 [35], compared |
to 7.6 observed here. Multiplé-scattering (MS) calculations for SFG (32], discusse'd in
more detail in Section V..F, predict that the s-series is more intense than the d-series. The
calculated ratio is I(2p¥>4s)/I(2p—->4d)=22.1, which is possibly so large because the

' relative intensity of the 4s transition is overestimated in the MS calculation. Better
agreement is seen for the ratio I(2p—5s)/1(2p—4d), with an observed value of 0.9 and a
MS pmdicﬁon of 1.2 [32], compared to an atomic hydrogen prediction of 0.098 [35].
Both the reduced quantum defects and the inverted s- and d-intensity ratios m,ay be
explainéd by the distinctly non-atofniq double-well potential in SFe. The potential barrier
excludes the outer-well Rydberg states from the interior of the molecule, leading to better
screening of the nuclear charge and thus smaller quantum defects. The intense transitions

to d-derived tg and eg inner-well states above threshold can steal intenéity from the below-
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threshold d-Rydberg series. Of course, the below-threshold s-derived ajg inner-well
resonance similarly steal intensity from the s-Rydberg series, but the _ajg resonance is much
less intense than the tog and eg resonances (see Table V-1), and so should steal less. The
net effect of tlieSe intensity redistributions isto reduee the d-series intensity, relative to the
s-series. Further calculations of the energies and intensities of these transitions would be
helpful to better understand the origin of these unusual results

Despite these anomalies, the Rydberg formula is remarkably suceessful at
predicting the energies of the higher Rydberg states. Such simplicity in a polyatomic
molecule, with 70 eleetrons, maty be a result of the small size of the molecule; the ground-
state S-F bond length 1s only 1.561 A, while the smallest Rydberg orbital,.4s, has an
estimated mean radius t)f =38 A [36] .' For the 3d and 5s Rydberg orbitals, the estimated
mean radii are =5.6 A and =8.0 A, respectively. This 'shows that even the lowest Rydberg
orbitals lie mainly in the outer well of Fig. V-1. Further evidence for the extra-molecular
nature of these Rydberg states comes from a recent photoabsorption experiment [7]. Tliat
work showed that the sulfur L2,3 Rydberg resonances observed, as 'here, for gas-phase

SFg, are absent in the corresponding spectrum of condensed SF.
2. Multiplet splitting

The octahedral symmetry of the SFg molecule induces multiplet splitting of each
sulfur atomic d orbital into tog and eg molecular orbitals. A naive rnodel would then predict
four transitions in the sulfur L2 3 spectrum corresponding to a single nd orbital, arising
from the combination of two core holes (2p1/2 and 2p3/2) with two levels (nd—tzgand nd-

- eg). A more complete analysis shows, however, that the (S. 2p)’! nd configuration leads to
seven dipole-allowed transitions [37]. These "extra" transitions essentially result from a
full consideration of spin-orbit splitting in the nd orbital and electron-hole coupling (see

Section VLE.1 for a more detailed discussion). In the present case, however, where the
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multiplet splitting is smaIl and is only resolved in regions of overlapping peaks, the naive
model given above should be an adequate descnpuon |

- Core-excited Rydberg states show multiplet sphttmg in many molecular systems
.~[38,39,40]. Generally, this splitting is expected to be largest for the lowest states of a
given Rydberg series because these states feel the strongest anisotropic molecular field. In
the d-symmetry Rydberg seﬁes observed here, multiplet splitting is resolved onl.yv for the (S
2p)-13d etates. Fits of the lineshape near the expeeted energy of the (S 2p3/2)-13d state
reveal the presence of two shoulders at 178.80 and 178.85 eV just above the main peak at
178.76. The most likely assignment is that the peak at .178.76 is the (S 2p3/2)! 3d-tpg
~ state, the first shoulder is the (S 2p3p)! 3d;eg state, and the higher shoulder is a
vibrational side'bahd associated with the (S 2p3/2)-1 3d-tpg state. This results in a multiplet B
splitting of 39 meV and a vibratienal spacing of 84 meV. The weighted average of the |
ehergies of the (S 2p32)! 3d-tpg and -eg states is perturbed by -24 meV from the prediction
based on the quantum defect given above. |

Analysis of the hneshape around the expected energy of the (S 2p12) ! 3d state is
complicated by the overlapping Rydberg states leading up to the sulfur L3 edge at 180.27
eV. The fit shows, however, that there is more intensity in the region 179.95-180.05 eV
than would be expected from only the (S 2p3/2)"1 7d state at 180.00 V. This resultis -
| consistent with the presence of the S __2py§)'1 3d-eg state at 180.00 eV, 39 meV above the
S 2vp1/2)'1 3d-tpg state at 179.96 eV. Similarly, the vibrational shoulder expected for the
S 2p1/2)51 3d-tyg state overlaps the (S 2p3/2)"1 8d state, éceounting for its anomalously
high idtensity'; The energy of the (S 2p1p)°! 3d-t2g state is perturbed ny -36 meV from the

~ prediction based on the quantum defect given above.
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3. Linewidths of the Rydberg resonances

-The linewidths of the Rydberg resonances are sighiﬁca_ntly srhaller than those of the
inner—erII resonances near the sulfur L 3 thresholds, as can be seen by comparing the
Values given ih Tables V-1 and V-2. Exact hneiazidths for the individual Rydberg‘states are -
" not easily obtained because nearlyhall the resonances lie in regions of overlapping features.

Nevertheless, the fit is good enough in most regions to allow the deconQolutiori of réliable
individual linewidths for the more intense resonances. In particular, the extracted total
linewidths (FWHM) of the (S 2p32)-] 3d-tag, (S 2p3/2)°1 55, (S 2p3y)L 4d states (peaks
J,L, O) are 57, 54, and 60 meV, respectively. Assuming a Gaussian contribution of 33
meV from the instrumental resolution, the derived Lorentzian natural linewidths are 38(8),
35(8), and 42(8) meV, respectively. These results are striking, cohsidering the much larger
Lorentzian width (at least 190 fneV) of thevenergetically nearby i_nner-wéll (S2; /2,3/2)'1

a1 states (see Section V.D.2). |

| The large difference in the natural linewidths of the Rydberg resonances and the
S 2pv)‘1 ag resonances can be explained by considering the decay mechanisms 6f these
states. Semi-‘empiricai calculations [41] for atomic sulfur show that a sulfuf 2p core hole
| will decay primarily by an Auger process. The predicted natural linewidth is 54 meV. In
the case of SFé, the ﬂuqrine atoms withdraw electron density from the region of the sulfurA
core hole [42], resulting ina decréase in the Auger decay réte simply because the valence
electrons are further away than in the atom. This qualitatively explaips the natural linewidth
of <54 meV for some of the Rydberg resbnances observed in the present work, and also
predicts a very narrow natural linewidth for ph‘otoelectrons emitted from the sulfur 2p
subshell in SFg. | |
‘In the (S 2p)-! ajg resonances, th.e‘ excited ele‘ctron occupies an orbitai which must

overlap the S 2p core hole strongly, since t_he _absorption resonance is intense. Apparently

the availability of this additional electron, which can dipole-couple to ﬁle core hole,
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significantly accelerates the Auger process, resulting in the large natural linewidths
observed for these states. This phenomenen emphasizes the subStantial_ difference between
the spatial distributions of the inner-well élg orbital and the outer-well Rydberg orbitals.
Moving a single electron from the inner well to the outer well can mcrease the lifetime of a
* core-excited ‘state by a factor of at least five.

| If this.explanation for the reduced lifetime _of the (S 2p1/2,3/2)'1’ ?1 g resonances is
correct, then the resonant aﬁtoionizatio_n spectrum should reflect inainly a "participz‘mt“"
decay process. In oiher words, the photoelectron sp'ec'trum obtained w1th the photon
energy tuned to the resonance should show an enhancement of some vale_nce or sub-
valence peaks, blit not shoW any additional peaks, as compared to off-resonant excitation.
In faci, this experiment has aiready been performed [43], and the resonance spectrum
shows evidence of both participant and spectator decay. Spectetbq decay refers _io o
autoionization processes nof involving the excited ajg electron; these lead to additional
peaks in the spectrum, net' observed off-resonanCe. .'T»hus these autoionization results are
not entirely consistent with the preseht linewidth results. Detailed calculations of the (S _
2p)1 a g resonance deeay rates might clarify these uncertainties. In any case, the present
results strongly suggest that the participant process plays a role in the decsy of the (S 2p)"1
alg 'resonances.' This helps to resolve onevcjuest_ion raised in Ref. [43] : specitically, |
whether the resonant enhancement of the photoelectron peaks at =40 eV bindirig energy
arises from a specta/ltor;peak satellite or from a simple. participant process. The latter

interpretation is supported by the present results.
4. Vibrational structure
Several of the s-“ and d-symmetry Rydberg states observed show high-energy

shoulders. These may be assigned to final states which include the excitation of a quantum

 of vibrational energy. The only dipole-allowed vibrational excitation is for the single a g
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_symmetric stretch mode (v1). This rule applies to all the s- and d-symmetry excitations.
The best example i/s‘the (S 2p32)°1 4s state (peak A) at 177.42 eV and its shoulder at

| 177.50 eV (peak B). This shoulder is assigned to the vibrational excitation of the v1 mode
in the (S 2p3/2)-14s state. A Franck-Condon (FC) analysis [22] of the (S 2p3/2)-1 4s peak
manifold (see Fig. V-7) used harmonic oscillator potenuals and V01gt lineshapes. The
excited-state parameters obtamed were hv'=69 meV and R' = 1.58 A (or 1.54 A)
compared to hv" =959 meV and R" = 1 .561 A in the ground state [20,21]. As noted
above (in Section V.D.2), in the harmonic oscillator approximation used here, equal
contractions and extensions of the bond give eqhivalent_ results, so the fit cannot distihguish |
between the two values given for the S-F bond length R'. However the decrease in the
vibrational energy spacing suggests a weakening of the S-F bonds, correSponding toa
lengthening of the bond distance. The relative FC factors resulting from the fit are 1.000 :
0.417 : 0.032 : 0.000. | |

The (S 2p1/2)-! 4s state, peak H at 178.63, has the shoulder I at 178.69. This isa
vibrational sideband, analogous to peak B. A FC fit is not pracﬁcal in this region of
overlapping peaks, but the vibrational spacing determined from the least-squares fit of Fig.
V-4 is hv'=61 meV, which is ciose to the value determined for the (S 2p3/2)-1 4s state. B
The derived intensity ratio of peak I to peak H is 1.00 : 0.417, identical to the
corresponding value for the (S 2p3/p)-1 4s state. The similarity of the vibrational
parameters of these t\ﬁo states is expected, because the difference in the core-hole,. (S
2p3/2)-1 vs. (S 2p1/2)-1, should have little influence on the inter-atomic bonds.

The (S 2p3s)! 5s peak L at 178.95 eV shows a Vibraﬁonal shoulder M at 179.02
eV. The small intensity ratio estimated from the fit-(1.00: 0.13) suggests that the bond
length of tl.le(S 2p3/2)'1. Ss state changes less, relative to the ground state, than that of the
(S 2p3/p)-14s state. Similarly, the spacing determined from the fit, hv' = 74 meV, is closer
to the ground-state value than the spacing determined above for the (S 2p3/)-! 4s state.

These results and the lack of detectable vibrational structure in the higher members of this |
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series are expected, because higher Rydberg orbitals have 1eS$ amplitude within the
molecule and are more completely non-bohd_ing. The S 2b1/2)'1 S5speak V at 180.15eV
shows a vibratioﬁal shbulder'W at 180.22 eV. This feature has not been fit very aéCurately
becéuse it lies in a region where the background is difficult to model.
| Vibrational excitations are also observeq in several of the d-symmetry Rydberg

sﬁtes. The (S 2p3)-! 3d-tpg state, as mentioned in Section V.E.2, has a vibrational
- sideband with a spacing of hv' = 85 meV and an intensity ratio of 1.00 : 0.12. This ratio is
coinpafable to that ’of thé nearby (S 2p3/2)] 53 state, while thé spacing is slightly larger,
indicating that the 3d-tpg orbital is slightly more non-bondirig than the 5s orbital. These
parameters cannot be derived for the S 2p1/2)'1 3d-tog state, where a vibrational shoulder
may be present, but is obscured by the ovérlapping (S 2p3/2)! 8d state. The (S 2p3p)-14d
state, peak O at 179.44 eV, shows a weak-vibratiohal shoulder P at 179.54 eV. The |
corresponding (S 2p1/2)-! 4d state, peak Z at 180.64 eV, does not show a vibrational
shoulder. Peak P might thelfefore be alternatively assigned ;15'a second vibraﬁoﬁal peak of
the (S 2p1/2)-1 4p state, peak N at 179.36. The (S 2p3/2)-! 5d péak Qat179.74eV hasa
vibrational shoulder R at 179.83 eV, and the correspondirig (S 2p1/2)-! 5d peak b at 180.94
eV has a similar shoulder c at 151.03 ev. Both of these vibrational excitations have a
spacing of hv' =95 fneV, quite close to the ground-state value (95.9 meV). This reflects
the non-bonding nature of these higher Rydberg states, as well as the small influence upon
the bonding by the sulfur 2p core hole. | |
o Overall, the observed vibrational structure indicates that the higher Rydberg states
induce only small changes in the bond length and the v vibrational frequency. Apparently
the creation of the sulfur 2p core does not induce notéble changes in the S-F bond strength.

This is somewhat surprising, considering the polarization of the bonds towards the F atoms
in SFg [42]. As discussed in Sectibns .HI.C.3,.HI.D.2, and IILE for CO, a core hole is
expected to redistﬁbute polarized bonding electrons, leading to a change in the bond

_strength. Perhaps, in the case of SFg, this effect is not as noticeable because it is
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‘ diéiributed among six bonds. With moderate advances, high-resolution photoelectron
Spectroscopy may be able to beﬁer study the influence of the sulfur 2p cdre hole on the
structure of SFg. The present results clearly indicate some.antibondir_lg character iﬁ the
lower Rydberg orbitals, particulérly' m the 4s orbital, suggesting that this orbital has §dme
‘valence, i.e. innér—'weil, character. Thls is consistent with the rather large (S'2p)'1 4s‘
intensities, as compared to the higher s-states, and the deviation of the (S2p)! 4se_nergiés
from predictions of the quanturﬁ defect-Ss which applies to the higher s-states. A
caiculaﬁon which included C_fonﬁgufation Intefacﬁon (CI) also ipdiéated that the 4s orbital |

has some valence character [44].
S. Sulfur p Rydberg orbitals

- Peak E at 178.23 eV has been assigned to the (S 2p3/2)1 4p state for reasons
discussed above (see Section V.D.3")... In this assignment, this state sits atop a re;lativ_ely
intense, though broad, (S 2p1/2)°1 t1y peak céntered at=177.5 eV. These excited states :
share the same symmetry and similar energies, so non-vibfoni‘c mixing is likely to 600ur.

- Essentially, the (S ‘2p3/2)'1 4p state acquires some inner-well éhargcter from this mixihg. In
'cohtrasi, the (S 2[31/2)'1 4p state will not be peru;rbed as S&dngly by the (S 2p1/2)1 ty
state(s) becéusé the energy separation is larger. This may be seen directly in the level -
diagram of Fig. V-6, where the .(S'2p3/2')'1 4p state o've,rlaps'th'e (S 2p1/2)7! t1y shaded
region; while the. (S 2p12)-l dp state is =1.0 eV above the top of this region. To facilitate
~ this comparison, the spin-orbit splitting of the (S 2p1/2,312)" t1y resonances is shown in the
diagram, although it was not resolved in the spectra. The (S 2pas)-1 4p state may be

shifted to a higher ehergy by the interaction with the (S 2p1/2)1 ty, state(s), reducing the
' o'bservedispin-orbit sphtﬁﬁg of th_e (S 2p112,3/2)"} 4p pair. The (S 2p1/2)°'1 4p.state can thus
be assigned to the weak feature K at 179.3 eV. This assumes a shift of =0.1 eV of the (S

2p3/2)f1 4p state to higher energy. This is a tentative assignment, but it is the most plausible
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one. Peaks X and Y at 180.42 eV ﬁnd 180.50 eV have been assigned to the (S 2p'1/2)'1 Sp
state and a vibrational sideband, réspecu'vely. These are very weak resonances, and their
assignment i; not certain. A corresponding (S 2p3/2)1 5p state may be present af 179.22
eV, but only barely above the noise level.

" Note that the vibroﬁically—coupled (S 2p3/2)'3 4p transition (peak E) must already
include /the excitation of at least one quantum of an aﬁﬁ-symmenic vibrational mode of the
" excited State. Assuming the offset of the transition energy frofn the fundamental to be 76.2 |

meV, the corresponding quantum defect derived from the energy of peak E is 8p = 1.48.

* . This value is not unique; it depends on the vibrational offset, which was rather arbitrarily

chosen here to equal the energy spacing of the ground-state v4 mode (t1y symrquy). Use
of the ground-state energies [21] of the other two anti-symmetric modes, v3 (117.5 ImeV,’
tiu Symmetry) and ve (42.9 meV, toy symmetry), would result in 8p = 1.50 and ‘1 46, |
respectively. This analysis assumes that 'the J ahn—Tellér effect is small for this electronic "
state. If the Jahn-Tellé'r effect is large, which is possible, the offset of peak E from the
fundamental (S 2p3 /2)'.1 4p electronic transition will also reflect the Jahn-Teller splitting of
the. vibrational states. 7 |

Peak E shows t§vo shoulders F,G at higher energies. These are assigned to
transitions to (S 2p3/2)-! 4p states with additional vibrational excitations. The spacings of
the shoulders from the main line detenﬁined from a least—sqgares fit aré 116 meV and 220
meV. As in the case of the (S 2p3/2)-! 4s state, excitation of the ajg vibrational mode is
allowed. Vibrational vexcitatio.n_s are also allowed of any combination of anti-symmetric
- modes with an odd 'number of total quanta, e.g. 2 v3+ 1 v4. | This odd number ihcludes the
‘single' quantﬁm of an anti-symmetric vibration which contributes to the energy of Peak E.
IftheJ ahn—Tellér effect is small in this electronic state, ajg vibrational excitations should
dominate. The grc;und-state energy of this vibration (hv1" = 96 meV) is roughly
comparable to the spacings observed for peaks F and G. If the Jahn-Teller effect is large,

‘excitations of the anti-symmetric modes may have significant intensity. Each combination
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of the anti-symmetric vibrational modes will be split into multiple components by the
- dynamic Jahn-Teller effect. In that case, the complexity of the resulting situation makes

any assignment of these vibrationai excitations highly speculative.
6. Energies and edge jumps of the sulfur L2,3_ thresholds

The energies of the sulfur L33 thresholds are determined by fitting the Rydberg
series. The resulting values, given in Table V-2, are in agreement with previous results
" from- photoabsbrption [1,2,3,4,5], EELS [8,9], and phétoelectron spectroséopy [14,15], =
within the expected accuracy of monochromator calibration. The absolute energies from
\EELS are proPably 'more. accurate than those given here. The fit confirms what iswappare‘nt
by visuai inspéction: there is no measurable edge jump at these thresholds. This is actually
- expected for systems with intense resonances near threshold [45]. The intense tpg
absorption lines just above the thresholds, as well as the other nearby intense absorption
features, "borrow" oscillator strength from the background of direct photoexcitation of

“sulfur 2p electrons into low kinetic-energy states of the continuum.
V.F. Sulfur L3 3 thresholds: Comparison with theory

There are four main theoretical papers concerning the core-level photoabsorption of
SFg. Gianturco, Guidotti, and Lamanna (GGL) used a LCAO-MO approach {31]. Hay
used the Improved-Virtual-Orbital (Hartree Fock) methbd [46]). Wallace employed the
Multiple Scattering Xo method [32]. Nakamatsu, Mukoyaina, and Adachi (NMA) used the
. disérete variational X(x method [30]. In addition, Reyna}xd, et. al., [44] applied a
' Configuration Interaction (CI) calculation to ClIFg, the coré—équivalent molecule to sulfur-

core-excited SFg. Overall, fhe theoretical results give a fairly good qualitative agreement
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‘with experiment. Table V-4 compares measured and calculated term values for the (S 2p)-1
below-threshold resonances.
The assignments given in this papef are essentially consistent with the theoretical
results, with the following notablé results and excéptions: (1) Wallace predicts both the s-
and the d-Rydberg series below the sulfur L}_g edges, with term values in good agreement
with the present results (se¢ Table V-4). The calculated multiplet splitting of the 3d state |
into t2g and eg species is 0.07 eV, in rough agreement with the result of Hay (0.1 eV), and
much leSs for higher nd states. The obsefved 3d splitting was 39 meV (see Section
V.E.2), in excellent agreement with the 0.04 eV prediction of Reynaud, et. al. Wallace's
intensity prediction‘s are discussed above, in Section V.E.1. (2) NMA describe the
resonances at 182-186 eV as transitions to two overlapping (S 2p1 /2,3/2)'1 tog doublets
rathér than to one doublet. Likewise, the resonance at 196 €V is attributed to two (S
2p172,312)"1 ég doublets rather than to one doublet. (3) The results of NMA suggest that the
- potential-barrier model shown in Fig. V-1 is not accurate for SFe. The description of
excited states as innér- and outer-well sfates remains useful, however, to specify the spatial
distributipn of the excited electron. (4) Hay calculated orbital energies for the (S 2p)!
4s,5s,4p, and 3d states that agree closely with those observed (see Table V-4). His
predictions for the (S 2p)-1 a3 gand (S 2p)! 11y states are not as accurate. The results in his
paper indicate that the (S 2p)-1 ty, state observed here (shaded region in Fig. V-4) is a |
- Rydberg state when it is excited at the more wenkly bound thresholds (i.e. valence and sub-
valence). The state shifts to a larger orbitnl energy (further below the edge) in the core-hole
states. This transition from Rydberg to valence character occurs as the orbital "collapses™
into the deepening inner weﬂ. This is reflected by an approximate change of +1 in the
quantum defect, or, equivalently, a change in the numbering of the Rydbérg states (i.e. 5p
is relabeled 4p, etc.). The latter representation is used in the present assignment, which
 labels peak D as the 4p state. Hay refers to the same resonance as the 5p state. (5)

Reynaud, et. al., predicted term values for sulfur-core-excited states which are comparable
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to the observed values below the sulfur L2,3 edges. In particular, the 3d-tag and 3d-eg term

values are in excellent agreement with present results.
V.G. Fluorine K threshold

Previous reports [6,8,9] of XANES spectra at the fluorine K edge of SFg have
given assrgnments similar to those in Table V-3 and Section V.C. The assrgnments here

~ differ only in the region from 692 eV to 698 eV (see Fig. V-5). The spectrum clearly

shows one peak 10 at 694.7 eV w1th a low-energy shoulder 9 at 692.9 eV. Careful

lineshape analysis of the spectrum in bFig. V-5, using a Gaussian-broadened arctangent
function to modelthe edge jump, revealed additional intensity in this range (peak 10), as
also observed in the spectra of Ref. [9]. The results of the fit are shown in Fig. V-5 and

~ Table V-3. Based on the theoretical results dlscussed below, the two peaks 9,10 are | _

assigned primarily to two (F 1s)-1 ta final states. The addmonal peak 11 at =697 eV has

been tentatively assrgned to a manifold of weaker (F 1s)-1 t;, final states, wh1ch are
essenually equivalent to (F 1s)"1 np states. The possrblhty of contributions from

unresolved (F 1s)1 ns and nd states cannot be excluded, however. A previous report [8]

. suggested that the =1.8 eV splitting of the 694.7 eV peak (into peaks 9,10) might be the .
result of initial-state symmetry splitting of the fluorine 1s core level. This is unhkely since
no splitting of this level was observed in core-level photoelectron spectra taken thh a

-resolution of ~O 8 eV [47]. Another paper [9] proposed that the splitting of peaks 10 and
11 arises from removal of degeneracy of the tlu virtual orbital in the reduced symmetry of
the (F 1s)-! excited state. That explanation is plausible but apparently has not yet been
tested by calculations. |

The least-squares fit of the lineshape resulted in large Gaussian conlributions to all
peaks, indicating non-Lorentzian broadening. No vibrational structure could be detected at

a resolution as low as =310 meV. The lineshape of the (F 1s)-1 tog shape resonance, in '
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contrast td the.c’orrespond_ing resonance at the L 3 thrésholds, does not have a large
Lorentzian contribution. This nonLofentzian broadehiﬁg could be explained by thé
stronger vibfational excita_tions expected.in a core-excited statevwith reduced symmetry, as.
- in F-core-excited SFg. An alternative explanation is suggested below. |

The four main theoretical papers cited above (in Secﬁon V_.F) are also qualitatively
suécessful in the assignment of the fluorine K threshold region, with the following notable
results and exceptions. GGL and NMA predict only one strong transition to a ty, orbital
below the ﬂubrine K threshold. Neithef work pi'edicts a resonance of any symmetry to
correspond to shoulder'9 at 692.9 eV. NMA also predict two weaker (F 1s)-1 .tlu
resonai)ces in the region where extra intensity was obséi'Ved in this study. Wallace pfedicts
three or four strong and several weak (F 1s)-1 t1, resonances in the pre-edge region, with
contributions from other resonances being much.sr_n‘aller. GGL assign the resonance just
above the fluorine K edge to a transition to a tjy orbital rather than a tzg' orbital. NMA
assign approximately sne third of the intensity of this resonance to a (F lls)‘1 ty state and
the refnaining intensity to a slightly lower (F 1s)-1 tog state. This is another possible -
eXpIanaﬁon for the differe_nce in lineshapes observed between the (S 2p1/2,3/2)’1 tog and the -
. (F ls)-i tgg states; the resonance above the fluorine K edge may be broadened by the |
presence of an offset (F 1s)-! tj, contribution with possibly a non-Lorentzian lineshape.
Hay again had success in predicting the orbital energies of some, states below threshold. |
His results agree very well with the present assignment, with the added possibiliﬁes that (1)
peak 9 includes contributions from a (F 1s)-1 a]g state and (2) peak 10 includes
contribhtions from (F 1s)1 ayq, (F Is)1 eg, or (F 1s)1 tyg states. Overall, Wallace's and
Hay's fesults are in good agreement with the present experimental measurements. Since
Hay's work did not predict relative intensities of trsnsitions, Wallace's results were iri fact
the main guide for the present assignments. |

\
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Table V-1: SFg sulfur 2p inner-well resonances: Assignments and fit results.

Peak  Energy Assignment Intensity Width

eV) , ' (arb. units)  (FWHM, eV)
172.27 ajg (S 2p3p)! ‘ 1.00 . 0.87
173.44 alg (S 2p12)! 1.62 - 1.06
183.40 - 1y (S 2p3p)t 2.71 0.76
184.57 tg (S 2p1p)! 5.53 0.85
196.2 oeg (S 2p123n)t 15.7 4.1
205 multi-electr. excit.? e vee

NN D WN e

209 © - multi-electr. excit.?




~ Table V-2 SFg sulfur 2p Rydberg states: Assignments and fit results.
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edee 181.48 '

‘Peak  Energy Assignment Intensity Width _
' V) . (arb. units) (FWHM,meV)
A 177.42 4s (S 2p3n)1 100.0 76
B 177.49 vibr. 41.7 76
C . .177.56 ~vibr?
D - 177.72 background :
E 178.21 4p - (S2p3p)l- 19.4 102
F 178.33 vibr. .
G 178.43 vibr. S
H 1178.63 4s (S 2p12)] 54.7 85
I 178.69  vibr.
/-178.76 - 3d-tpg (S 2p32)! 27.2 57
I \178.80  3d-eg (S2p3p)’! -
K /178.85 - vibr. (3d-tzg)
\ 178.85 background | s
L 178.95 5s (S 2p32)] 15.4 54
‘M 179.02 . . vibr.
N 17936 - 4p (S 2p12)! o
o 179.44 4d (S 2p3/2)1 19.1 60
P / 179.50 6s (S 2p3p)! 10.6 67
\ 179.54 - vibr. (4d)
/1179.74 5d (S 2p3p)!
Q \17977 s (S 2pap)-]
R 179.83 - vibr. (5d)
' /179.90 6d (S 2p3p)!
S \179.92 8 (S 2p3n)}
/17996  3d-tzg (S 2p1p)]
T . |18000  7d (S 2p3p)-l
\ 180.00 3d-eg (S 2p12)}
| / 180.05 | vibr. (3d-tyg)
U ' \18006  8d (S 2p3)!
/180.13 9,10d (S 2p32)-!
v \180.15 ss  (S2pi)]
w 180.22. vibr.
Lyedge 180.27 ‘
X 180.42 S5p (S 2p12)°!
Y 180.50 vibr.
y4 180.64 4d (S 2p12)!
a 180.71 6s (S 2p1) !l
/ 180.94 5d (S 2p12)’! v .
b \18097 - 7s - (S 2pip)! | |
c 181.03 vibr. (5d) - :
/181.10 6d (S 2pi)! 3 _-
d \181.12  8s (S 2p12)-! v o
e 181.20 7d (S 2p12)°! o
f 181.27 8d (S 2pin)! ’ , ,
L g . ) . v
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Table V-3 : SFe fluorine K inner-well resonances: Assignments and fit results.

Peak -~ Energy Assignment - Intensity - ‘Width
€V) " ‘(arb. units) ~ (FWHM, eV)
8 689.0  az  (Flsy! \ 1.000 - 2.2
9 692.9 tin (F 1s)! 0.448 .20
10 6947 =ty (Fls)yl - 0.672 2.1
11 696.3 tin (Fl1lsyt -~ - - 0.338 3.1
12 699.9 g (F 1s)1 ' 0.644 - - 2.2
13 7132 e (F 1s)! : 0.96 4.6
14 722 . multi-electr. excit.? e

15 727 multi-electr. excit.?
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Table V-4: Comparison of measured and calculated term values for the (S 2p)! below-

edge resonances. All energies are in eV.
. . . )

Measured ' Calculated

This work? ©  EELSP Improved Config. Multiple

—_— . E— : Virtual Inter- " Scattering®
' Orbital®  actiond '

(S 2p3py 1 (S 2p1)! (S 2p3/2) 1 (S2pip)! '

ajg  8.005 . 8.038  8.12 822 121 929 479

4s 2.848 2.846 2.96 2.96 2.7. 2.76 2.97

4p 2.065 2.20 2,16 - 2.1 2.36

3d-tog  1.509 1518 1.4 1.51 1.45

3d-eg 1.470 1.3 1.47 1.38

Ss 1.327 1.327 1.48 - 1.64 1.2 - 1.43 ,
4d 0.838 0.838 e ) 0.82 (0. 78)f :
6s 0.771 0.771 0.96 1.00 0.82 :
- 5d 0:538 0.538 : 0.53 (0.50)f
7s 0.503 0.503 - ' ' - 0.52

6d 0.374 -0.374 ' " ' 0.37 (0.35)
8s 0.354 0.354 ' ) 0.37

7d 10.275 0.275 . 0.27

a0btained from fit results for transition energies using threshold values 1.3=180.275 eV and
L7=181.478 eV.

bRef. [9]. Note that these term values are based upon an assignment which d1ffers slightly
from the present one.

CRef. {44]. Calculated for C1F6, i.e. the core-equlvalent molecule to sulfur-core-excited
SFe.

dRef. [46]. The value listed here for the 4p level was attributed in Ref. [46] to Sp, due toa
difference in notation.

€Measured from Fig. 39 in Ref. [32]. | _
fThe two values given refer to the nd-tg (nd-eg) levels. .
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FIGURE CAPTIONS:

Figuré V-l. ‘Schematic representation of a double-well potential (not to scale). The barrier
 divides the potential curve into two regions: the inner well and the outer well. Valence
orbitals are loéated mainly in the inner well. Rydberg orbitals are located mainly in the
outer well. Some possible energies of such orbitals are éhown as horizontal lines in the -
figure. Notevthat, in some inner-well .states, the electron has positive energy. Such states -

are quasi-bound; the electron rapidly tunnels through the barrier and escapes the molecule.

Figure V-2. Photoabsorption spectrum of SFg néar the sulfur L 3 edges. The numbered
peaks are assigned in Table V-1. For peaks 1-4, the line through the data points is a least-
squares fit résulting in the iﬁdividual components shown. Each éomponent peak is a Voigt
function. The results of the fit are given in Table V-1. The data points are connected in the
Rydberg region to guide the eye. The inset data.showing peaks 6 and 7 in greater defail

were measured using the 2442 line/mm grating.

| Figure V-3. The (S 2p)! a1 resonances of SFe. The data here Wérc obtained using the
small-source running mode of BE:SSY, resulting in higher resolution than in Fig. V-2. The
line through the data points is the result of a Franck-Condon analysis, with the individual

~ vibronic transitions represented by Voigt functions and plotted as subspectra. Note the
larger linewidths of the individual vibronic peaks for the higher-energy (S ?pl/z)'l alg

resonance, as compared to the (S 2p3/2)"1 ajg components.

Figure V-4. Sulfur L2 3 pre-edge fine structure of the SFg photoabsorption spectrum. |
The shaded area indicétes the contribution of the (S 2p)'1 t1y transitions to the overall
background. The peaks labeled by letters are aséigned in Table V-2. The line through the

data points is the result of a Ieast—squares fit . For the fit, the background was modeled by
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a linear contrib'ution,' the tail of a Voigt function frdm peak 3 (see Fig. V-2), and_ several
overlépping Gaussian péaks to represent the (S 2p)-1 tjy, transitions. Each of the individual
compbnent peaks shown is a Voigt function. The results of the fit are given in Table V-2.

The data in this figure were measured using the 2442 hne/mm grating.

Figure V-5; Photoabsorption spectrum of SFg near the fluorine K edge. The numbered
peak_s are assigned in Table V-3. The line .-through the data points from 680 to 708 eV is a
least-squares fit with‘ fhe individual componeﬁts shown. Each component peak is a Voigt |
function. A Gaussian-broadened arctangent function models the édge jump. The results

of the fit are given in Table V-3.

Figure V-6. Level diagram of the cdre-excited states of SFg at the sulfur Lz,j and fluorine
Kedges. The relative energies of the states are plotted to scale, using the results given in
Tables V-1,2,3. The fluorine K edge is aligned with the weighted average of thé sulfur |
L, 3 edges to facilitate the comparison of relative state energies. On the left side of the
diagram, only the states with a (S 2p3/2)-1 core hole are labeled. The ébrresponding states
.with a (S 2p12)’! coré hole are shown as a separate series, buf not labeled. Several
| Rydberg states are shown bélow the sulfur L3 3 edges, But only the two losvest states are
labeled. The spin-orbit splitting of the (S 2p1/2,3"/2)'1 eg doublet was not resolved in the
spectrum and the short solid horiibntal line shows the energy of the single featurs
observed. The energies of these two individual states have been approximated by using the
spin-orbit splittiﬁg and péak intensity'ratip rﬁeasufed for the (S 2p1/2,3/2)f1 tég doublet. The
levels obtained are shown by the horizontal v’dashed lines. The shaded regions indicate the |
positions of broad features in the spectra which may include contributions from more than |
one state. In the case of the S 2p1 /2,3/2)'1 t1u shaded regioﬁs, the spin-orbit splitting

shown was not actually resolved in the spectra, and, in addition, there may be two separate
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resonances. The broad shaded region at the fluorine K edge is tentatively assigned._to an

unresolved manifold of (F 1s)1 tj, states. See text for further details.

Figure V-7. Franck Condon analysis of the vibrational struciure of the (S 2_p)‘l 4s state
‘(peaks A,B,C in Fig. V-4). The ground-state parameters were taken from Refs. [20] and
[21] and the final-state parameters were varied to obtain the best fit. Each of the individual

component peaks shown is é; Voigt function. See text for further details.
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CHAPTER VI: HIGH-RESOLUTION PHOTOIONIZATION
~ SPECTRA NEAR THE SULFUR Lj2,3 THRESHOLDS: H2S
" AND D2S -

VI.A. Introduction

The core levels of an atom exhibit a small but, in many cases, measurable
sensitivity to chemical environment [1]. Besides its signiﬁcance to a comprehensive
understandihg of molecular and condensed-phase electronic structure, this dependence is
important in several widely;us'f:d spectroscopic techniques. Inner-sﬁell spectroscopiesvsuch
as Auger Electron Spectroscopy (AES), X-ray Emission Spectroscopy (XES), X-ray
Photoelectron Spectroscopy &XPS), EIectron—Energy Loss Spectroscopy (EELS) and X- |
ray Absorption Near Edge Structure (XANES) ére s_ensitive, each in its own way, to |
Chérrﬁcally-inducéd shifts in core-orbital energies and »spatival distributions. As these
téchniques improve, there is an increasing ability to detect very subtle changes in core |
orbitals. With these develbpments comes the need td understand effects which were

- previously difficult or imposéible to measure. In this chapter, analysis of high-resolution
molecular photoionization spectra allows the measurement of the molecular-field splitting of
a core level. This result demonstrates the potential of high-r’esblution core-level
spectroscopies for the study of atomic-core structure in different chemical surroundings.

For this work, the high-resolution photoionization spectra of hydrogen sulfide, -

| H>S, and its fully deuterated analog, D;S, have been measured near the sulfur L 23
ionization thresholds. A detailed ﬁnderstanding of the spectra is obtainéd by épplying new
approachés in data analysis. Previous photoabs_orpﬁon measurements near the Ly 3

' thrésholds of HpS, as well as other third-row hydrides, yielded complicated spectra with
many overlapping sharp lines preceded by a few broader features [2,3]. The latter features

were assigned to one-electron transitions of a sulfur 2p electron into the two lowest
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unoccupied molecular Qrbitals [4,5]. Following the terminology used at lower photon [6]
energies, these core-excited states are referred to here as "valence-shell states” (see Secﬁo_n
1D:.2). The sharpér peaks at higher energies were assigned to similar transitions into
several series of atomic-like Rydberg orbitals leading up to the ionization thresholds.
These Rydberg states, in particular, were difficult to assign fully due to limited resolution
and statistics. In the present work, these limitations were overcome, and the assigninent is
now limited more by the complexity of the spectrum than by the quality of the data. The
analysis presented here unambiguously assigns the higher Rydberg states convérging on
the sulfur L; 3 edges. A more tentative assignment of the loWér Rydberg states is also
given. Most importaﬁt, 4however, is the detenninatiﬁn of the core hole corresponding to
each feature, and thus the term value of the associéted Rydberg orbital. To accomplish
- this, a least-squares analysis was employed, which allowed the deconvolution of core-level
and excited-orbital splittings. | | |
The sulfur 2p core orbitals are split into 2p3/; and 2pyy; levels by spin-orbi;
interaction. This =12eV splitting has been measuréd previously in_HiS by XAN ES,
AES, and XPS [3,7,8,9]. The atomic 2p3y; level is doubly de_generate, blit in the Coy
symmetry of the HéS molecule, this degeneracy may be removed by the anisotropic
molecular field. A recent compari'son of high-resolution XPS and AES suggested that this
splitting is =100 meV in éore—ionized Hj3S [7]. In this report, the least-squares analysis
conﬁrrr_ls the molecular-field splitting of the sulfur 2p3 2 level, and determines it to be 115
meV for the higher Rydberg states. Because the total observed linewidths of the Rydberg
peaks are =70 meV in this e‘xperimenf, this splitting has a notable effect upon the spectrum.
| Photoabsorption [10] and especially photoelectron spectroséopy' [11] have been
used to measure molecular-field splittings in the 3d and 4d. levels of a number of elements.
The molecular—ﬁéld splitting of the 2p3/, core level has been predicted for the XANES
spectra of Cl and P compounds, and has possibly been resoived for PH3 [12,13]. The

pronounced multiplet splitting of the (S 2p1/2,3/2)"! b;* XANES resonances in SO
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indicates a sizable anisotropic influence on the sulfur 2p levels in this electronic state, but |
no such effects are evident for the higher-energy (Sv 2p)t Rydberg résonance_s in SO, [14].
The present ,onrk‘ clearly resolves the 2p3/2 core levei splitting in the XANES spectrum of
HZS. -With an ionization energy of =170 eV, this is the deepest core-level for which this

~ splitting has been measured. A

Photoionization spectra of DS were measured for the first time to aid in the |
assignment of the spectra. Transi_tions which include the excitation of vibrational modes
are identified by a shift in energy upoﬁ deuteration of the molecule, because of the isotopic
dependence of vibrational frequencies. Isotopic differences appear mainly in the region of
-~ the spectra between the valence-shell and upper Rydberg excitations. Spectral features in
this region are characterized by narrow linewidths, like the Rydberg states at higher
energies, and by extensive vibrational progressions, as observed for tﬁe valence-shell states
at lower energies. For these reasons, and others, these features are assigned to tr'ansitioné
to "mixed orbitals", intermediate in spatial distribution and in energy between the valence
and Rydberg orbitals (see Section i.D.3 and Ref. [6]).

Creation of a 2p core hole may affect bonding within the molecule, but that
influence should be nearly the same for any 6f the three non;degenerate 2p core holes (i €.
the single 2p1/2 hole and the two molecular-field-split 2p3 /2 holes). Therefore, the three
non-degenerate excited states resulting from promotion of a 2p electron into a particular
final-state orbital should havé eésentially the same vibrational structure. The associated
spectrum will contain a pértially overlapping sét of three vibrational progressions, offset in
energy from eachother, but otherwi,s.e identjcal. In principle, deconvoluting the |
conﬁ‘ibution of the core level splitting to the spectrum will reveal the vibrational spacings
corresponding to the excitation of each individual final-state orbital. In fact, because of
overlapping vibrational progressions the resulting informatioxi is still too complicatéd fora
definitive assignment and/or a Franck-Condon analysis.

Fine structure with an isotopic dependence is also observed in the broad, lower-
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- energy features of the spectra. This regularly-spaced structure is only barely resolved, due

to the large natural linewidths of the valence-shell excitations. V1brat10na1 excitation is
expected for these transitions into unoccupled molecular orbitals, since at least one of the
orbitals acce‘ssed is strongly antibonding [4,15]. Putting an electron into an antibonding
orbital tends to lengthen bonds and thus mduce vibrational ex01tat10ns, unless there are
strong compensating effects from the creation of the core hole. Recent studies showed that
rapid dissociation is an important decay process for these core—excned valence-shell states
[16,17,18]. Interpretation of the vibrational structure is complicated by this dissociation
and by the possibility of vibronic interaCtion_between the several electronic states in this
energy range. '

Photoionization spectra of H»S and D5S in the region of the sulfur L threshold are
presented here fot the first time. These Spectra are very similar to the corresponding
spectra of H,S in the sulfur Is region [19]. Due to the short lifetime of the 2s core hole,
the natural linewidths are large in these spectra and fine structure is not observed.

7

VI.B. Experimental

The SX-700/ monechromatot, with the 2442 line/mm grating used in the first
order of diffraction, produced the optimum combination of flux and energy resolution .
For the measurements near the sulfur L 3 edges, the resolution was =30 meV (Gaussian
Full Width at Half Maximum [FWHM]). At the sulfur L; edge, the resolution was =45
meVi The gas cell contained HyS (Messer Griesheim, 99.3%) or D,S (CIL, 98%) at a
typical pressure of 0.10 mbar. A 1000 A carbon window separated the gas cell from the

ultra-high vacuum of the monochromator.
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VI.C. Overview of results

Fig. VI-1 shows an overview of the H»S photoionization spectrum in the 160-240 .
eV photon energy range. Intense resonances are apparent below the sulfur Li ionization
threshold at =235 eV and the sulfur L; 3 thresholds at =171 eV. The region below the Ly 3
thresholds contains ém_exten_sive series of peaks,"showri in greater detail in Figs. 2 and 3.
The insét of Fig. VI-1 shows a higher-resolution spéctrum of the Weak features in the range
178.56-185.56 V. Note that the energy scale of the inset is five times that of the main
~spectrum. . Similar structure is also obsetved in tfne cqﬁesponding spectrum of D5S. These
. - peaks are atlributed to multi-electron excitations in which a valenée electron and a sulfur 2p

core electron are simultaneously excited to valence and/or Rydberg orbitals. Analogous

features are observed in the core-level absorption spectra.of many atoms and molécules
[20,21]. | |
' Fig. VI-2 shows the high-reéoluti’on spectré of H,S and D5S in the range =167-172 |
eV. For both/spectra, the complicated pattern of féatures is assigned to one-clectron
excitations from the sulfur 2p.core levels to several series of intermediate and Rydberg
drbitals. These orbitals may be split into several components by the anisotrobig molecular
field. Additionally, each final state orbital is-accessed by transitions from the thrée non;
degenerate sulfur 2p core levels. The large number of dipole-alldwed transitions is further
increased by the possibility of vibrational excitations aécdmpanying the electronic
_excitation. Differences between the two spectra are most prominent in Fig. VI-2 for the
ldwcr energy range ~167-168 eV, i.e. the region of transiﬁons to mixed states. Thesé
differences are expected in the vibrational sidebands of electronic transitions due to the
strong isotopic dependencé of vibrational frequencies. The energ‘yvsc'ales of the HyS and
D,S spectra were aligned by assuming the (2p1/2)-! 5d Rydberg state (at 170.94 eV in Fig.
VI-2) has the same energy in both molecules. v

The lowest-energy features of Fig. VI-1 are shown with mu_chhighér energy
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resolution in Fig. VI-3, alo'ng with the corresponding spectrum of D,S. These peaks are
. assigned to one-electron transitions from the sulfur 2p core level to the unoccupied 6a; and -

3b, molecular orbitals. Both of these transitions Vare split by the non-degeneracy of the

sulfur 2p core electrons. The weak fine structure apparent in both spectra is also shown in

Fig: VI-3 with an expénded intensity scale. These regularly spaced features, seen here for
 the first time, are attributed to the excitation of vibrations in the final state. Small isotopic
shifts in the overall peak width and position were also observed, as indicated by the vertical |
lines. | |

| The photoionization spectrum of H»S near the sulfur L’1 edge is shown in Fig. VI-

4. The series of peaks arises from transitions in which a sulfur 2s electron is promoted to a
valence or Rydberg orbital; these are analogous to the sulfur 2p excitations in the spectra of
Figs. 2 and 3. However the lifetime of the sulfur 2s core hole is much shorter than that of
the sulfur 2p core hole because of the rapid Coster-Kronig decay process [22]. Tﬁis

difference is reflected in the larger overall linewidths of the resonances near the L; edge.
VLD. Sulfur Li,3 Edges: Non-degeneracy of the sulfur 2p core level

To understand the molecular-field effects upon the sulfur 2p core levels, it is first
necessary to review the béhavior of these core levels in the atomic case. . Consider, then, an
initia]ly closed-shell atom, e.g. Ar, in which a 2p electron is excited to a Rydberg orbital
n¢, where n and ¢ are the principal and angular-momentum qhantum h_umbers of _the
orbital. Following the discus§ion in Ref. [23], the Hartree-Fock energy of this N-electron

system is given by |

v N 2 N N
E =(¥|H¥)= _Z<X,‘|y'21_+frz—_lx,‘> + Z Z(Jij -Kij)+ Z<xi|§i(ri)¢i .Silxi) (VI-1)

Jj<i i i
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where the total wavefunction W is the antisymmetrized product of N single-electron spin

orbitals, ;.. In Eq. (VI-1 )\, Z is the nuclear charge, 1; is the position operator for electron

i,' Jij is the direct (Coulomb) integral between the ith and jth electrons, K; is the exchange

~ integral between the ith and Jjth electrons and §,(r,) £ ;-s; is the spin-orbit interaction of the

ith electron. The terms whrch are important here for the final-state sphttmgs are the spm-

orbit interaction energies of the 2p electrons and the two-electron exchange terms, K,J, in

which one electron is the excited electron and the other is one of the remaining 2p electrons.

 Inthe limit of negligible sp1n-orb1t interaction, LS (Russell-Saunders) coupling apphes In

the hrmt of negligible exchange mteractron ] - couphng apphes In the general case, an

intermediate coupling must be 1ntroduced whrch lies between these two extremes [24]. For

~ pure j-j coupling, the two possible excited states are labeled (2p3)2)'1 n{ and (2p1)2)'1 nf.

Their energy\difference is given by comparing the last term of Eq. (VI-1) for the two

different core configurations. The statistical intensity ratio of transitions to the two states is

2:1 @papl: 2pip ). 7 |

The spin-orbit interaction of the 2p electrons is not influenced by the excited

* electron, and thus is independent of n and ¢. The exchange interaction, however, is .
strongly dependent on thel spatial overlap of thie 2p and n{ orbitals. For large enough

"_Values of n+{, exchange effects are negligible and j-j coupling is valid. For the lower
valnes of n+f, the exchange interaction is somewhat larger, and intermediate coupling may -
apply. Several examples show that the effect of the exchange interaction in this situation is

| mamly to modrfy the intensity ratio of the two transitions, W1thout changmg the observed
energy dlffenence very much [25]. The transition to the (2p3/2) lng state loses intensity,
reﬂectmg its correlation with the dipole-forbidden triplet state in the limit of LS coupling.

This d1scuss10n is readily extended to closed-shell molecules. One difference is the

stronger spatial overlap which occurs, in a molecule, between a valence-shell-excited
electron and a core hole, as compared to the limited overlap of electrons in atomic orbitals

with differing n. Because of this; molecular core-excited Valence-shell states will generally
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show larger exchange effects than are seen in the corresponding atomic states. Another
complication in the molecular case is that the spherical symmetry of the free atom is !
removed. Specifically, the H>S molecule has Coy symmetry, which splits the sulfur 2p
core level into three energy levels. In the atomic case, the spin-orbit interaction splits the
2p core level into the 2py; and the twofold degenerate 2p3/; levels. When the influence of -
fhe aﬁisotropic molecular field of H,S is also considered, the degeneracy of the sulfur 2p3/

-level is removed. The two resulting levels inay be designated 4e1/2 and Se1/2 in the
extended point group which applies to C2v' symmetry . In this chapter these éulfur core
levels are labeled 2p3sa-4e1/2 and 2p3/a-Se1p, and the corresponding ionization thresholds
are L3-4e;; and L3-5e1/, where the latter core hole is the shallower of the two and thus |
thé latter threshold has the lower energy of the two. The abbreviated label 2p3/, refers to
both levels. The deepest sulfur 2p level is still best described as 2pj; because the '
vmolecular-ﬁeld splitting is much sma]ler than the spin-orbit splitting. For convenience, the
difference between the energy of a (2py/2)-1 state and the average energy of the
corresponding (2p3/2)°! states will be called the mean spin-orbit splitting, although this
quantity may in fact be influenced by the molecular field and by‘the (direct and exchange)
Coulombic interactions of the excited electron with the core hole. Note that the molecular
field refers to the anisotropic electrostatic field felt by the sulfur 2p electrbns, w‘hich
includes a contribution from the direct interaction with the excited electron.

Itis important\ to recognize the distinction between the enefgy splittings of the sulfur
2p core levels in the core-excited ion, as measured by XPS, and the splittings which are |
observed in photoabsorption (or photoionization). In XPS, in the higl'x kinetic-energy
limit, the splittings observed are those ;of thé core levels in the electronically-relaxed core-

| 'excited ion. Innear-edge photoabsorption measurements, however, one must also account
for the influence of the excited electron. As in the atomic case, the exchange interaction,
Kjj, between the excited electron and the core electrons may médify the observed splittings.

However there are three configurations of the molecular core electrons, corresponding to
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the three possible core holes, rather than two. Thus thefe are two splittings which may be
modified, rather than one. In HjS it is also possible for the direct interaction, Fjj, between
the excited électron and the 2p elecﬁons to influence the observed‘splittings. This is |
possible because, in contrast to the atomic case, the 2p electrons occupy non-identical
spatial orbitals and thus the direct Coulombic repulsion between the excited velectronva‘nd the
three possible conﬁguratic)hs of core electrons may vary. Both the exchange and direct

_interactions will be largest for states in which the excited electron has strong spatial overlap
with the core. Dibole-aHoWed transitions to such states should be intense and, in the
absence of strong shape resonances, should have the largest term values (smallest

excitation energies).
VLE. Sulfur L>3 edges: Rydberg and mixed excitations
1. General considerations’

The geometric [26] and electronic structures of ground-state H»S and D5S are very
similar. Therefore, differences between the photoexcitation spectra of the two molecules
are expected primarily as a result of the large differenées in vibrational frequencies between
the two moleéules in their final excited states. Fig. VI-2 shows high-résdiutioh spectra of
.st' and D;S in the region of the.inteﬁr‘lediate and Rydberg excitations. Upon comparison
of the spectra, it is apparent that isotopic differences lie mainly in the lowest third of the
energy range shown. Therefore, some electronic transitions in this lower range must
include vibrational excitations. Vibrational sidebands are often observed for transitions to
core-excited molecular Rydberg states [20,21,27 ,28.]. HoWever, the large isotopic

 differences seen here indicate more extensive vibrational excitations than are normally seen
- for Rydberg states. The excited electron may therefore be bétter described as poésessing

both Rydberg¥orbita1_and molecular-orbital character. These states are refei'red to here as
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"mixed" or intermediate states, as mentioned above.

Further comparison shows that the two spectra are nearly videntiéal in the"upper third
of the ener_éj range. An immediate conclusion is that above =169 eV the spec'tré contain, at
most, minor contributions from vibrational sidébands. Thus, thé rich fine structure of the
upper region arises only from electronic exéitéitions, without vibratiohal excitation.. By
" comparison, the éorresporiding region of the L3 3 absorption‘ spectrum for the isoelec&onic
rare gas atom, argon, [29,30] is much less éomplex. One compiicéting factor for st is
the molecular-field splitting of the sulfur 2p3/; core level. 4Another consideration is the
influence of the Cgv-symmetry molecular field ﬁpon the Rydberg orbitals and upon the
dipole-selection rules. | | | '

| The group-theoretical treatment of electronic transitions in HpS summarized here is
~ based upon the thorough discussibn in Ref. [31]. When atomic orbitals are resolved into
- Coy molecular orbitals, s becomes aj, p becomes al-t;b f;bz, and d becomes
231+52+b1+b2. Note the complete rembval of spatial degeneracy for the p and d orbitals.
For the randomly-oriented closed-shell molecules of this experimént, the dipole-selection
“rules allow transitions to Aq, Bj, or B2 molecular final states. The characters of the -
mdlecular states which correspond to a given atomic configuration are obtained by
multiplying the spin and space characters of all the open-shell electrons. For example, the
| 2plns atoﬁﬁc configuration corresponds to a space character (aj+bj+bs) x a1 = a1+b1+b2;
and a total spin of S=1/2 :t 1/2 =0,1. In Cyy symmetry, S=0 becomes 51 and S;l
becomes ax+b+bs. Thus the total molecular states are (a1.+a2+b1+b2) X (a1+bi+by) =
3(A1+A2+B1+B3). Therefore ground-state transitions are dipole-allowed to 9 final states,
3(A1+B 1+Bj), corresponding to the (2p)-1 ns atomic configuration fora single value of n.
It can be shown that one subset of dipole-allowed states, A1+B1+B», corresponds to eaéh
of the three possible 2p core holes: 2p3/2-5e1/2, 2p3/2-4€1/2, and 2pyy. This example does
_ not show that the ns atomic orbital somehow splits into three components in H,S; the

tripling results from the relaxation of atomic angular-momentum constraints in the
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molecular dipole selection rules. Similar analyses show that the (2p)! np and (2p)! nd |
configurations correspond to 9(A1+/A2+B1+B2) ahd 15(A1+A2+B1+B>), respectively.
Heﬁce, three and five subsets, respectively, of dipole-alloWed states, A1+B1+B.2
correspond to each of the three possible 2p core holes. For np and nd, the removal of the |
spatial degeneracy of the Rydberg orbiFaI and the possibility of spin-orbit splitting of the
Rydberg orbital also contribute to the léirge number of dipole-allowed final sfates.

By comparison, for the corresponding excitations in Ar, there are dipole-a]lowéd
transitions only to 2p-! ns and 2p-1 nd configurations. These result in two and three triply-
degenerate states, respectively, totalin_g 15 states altogether, for a single value of n. In
H3S, for the same shell n, there are dipole-allowed transitions to 81 sihgly—degenerate
states! In light of these numbers, it becomes evident that the Rydberg spectra observed for
H>S and D5S are in fact much simpler than they would be if all possible states were
resolved. This is not surprising, because the Rydberg orbitals, which ext_end far away
from the molecule, mostly feel only a weak molecular field. The higher Rydberg orbitals,
in particular, behave much like atomic orbitals and the corresponding transitions are readily -
assigned. And even purely atomic splittings might not be resolved. For example, in the Ar
L, 3 spectrum, the spin—orbit splitting of the nd Rydberg orbitalé is too small to be
observed [30].

The iﬁterpretati'on of the spectra in Fig. VI-2 is facilitated by a dctailed analysis of
the data. A least-squai'es fitting routine was employed to extract peak positions, intensities,
etc. from the data, within the constraints of the'éssumed functional form of the spectra.
The same approach was used for both the H2S and DS spectra. Voigt fqnctions modeled
. the lineshapes of the peaks, with fixed Gaussian cgmtributioné to re\present the estimated
resolution and adjustable Lorentzian contributions to represent erﬁme broadening. The
edge jumps were queled by' arctangent functions, broadened By convolution with the
- Gaussian resolution function. To account for the "pile-up” of unresolved trahsitions just

below the ionization threshold, [32] the Ly-edge arctangent function was shifted -172 meV .
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relative to’ihe Ly threshold energy detenningd from the Rydberg analysis. In addition, a
broad Voigt function centered on the arctangent function was necessary for a good fit to the
- lineshape. The resulting model of the L edge jumn was shifted to the lower énergies
corresponding to the L34ej/2 and L3-5eyp» édge jumps, using the splittings determined
from the upper range of Rydberg transitions. The ﬁt also included a linear background
and, near the lbwer—en‘ergy limit, a contribution from the high-energy tail of the broad
valence-shell transmons of Fig. VI-3. The results of this least-squares analysis are
presented in Tables I and II and are plotted with the data in Fig. VI-2. For each spectmm '
in Fig. VI-2, one subspectrum shows the edge jumps and the tail of the valence-shell
transition. The other three subspectra show the transitions corresponding to the thrée
possible 2p core-level vacancies. Further details of the data analysis are given bélow, as

~ necessary.
2. Upper range: Rydberg states

The region of the Rydberg spectrum above 170.4 eV is tﬁe simplest to interpret
because it lies above the Lz4ein and L3-5ey /> ionization thresholds. All the peaks
observed must therefore cdrrespond to excitations from the sulfur 2py/; core-level. This '_
conclusinn results immediately from an estimaté of the spin-orbit splitting of the sulfur 2p
sore level; it does ndt depend on'any other details of the analysis. Above 170.8 eV, the
interpretation is further facilitated by assurrling that atomic designations apply, so that s-,
p-, and d-symmetry Rydberé series may be identified. Note that the reduced symmetry of
H>S relaxes the atomic dipolé selection rule which forbids 2p to np transitions. For the
region above 170.8_ eV, the least-squarés analysis of the H,S and DS spectra assumed the |
Rydberg formula. Excellent fits were obtained using the quantum defects 8p = 1.63 and 64
=0.32, and Erp = 171.564 eV for the sulfur L, ionization threshold. The assignment of

these quantum defects to the p- and d-Rydberg series is discussed below, in Sec. VLE.4.b,
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along with a comparison of the derived quantum defects to corresponding values for some
isoelectronic systems. | | "

The region between 170.3 eV and 170.8_ eVis soméwhat more complicated. Two
prominent peaks are observed at 170.315 eV and 170.534 ¢V, near_the energies prediCted '
by the Rydberg formula for the (2py/2) I'5p and (2p1/2)f1 4d states, but both showv high-
energy shoulders (See Fig. VI-2 and Table VI-1). The spéctra of H,S aIid D;S are .very
similar in this region, indicating that vibrationai sidebands are not present, bey&cnd, the .
exccption described below. :I‘he energies discussed here are for H,S, but the |

corresponding values for D,S are nearly the same (see Table VI-1). The most prominent

| peak associated with the (2p1/2)-1 4d state has a transition energy 26. meV smaller than

predicted by 8q . The two shoulders lie 70 meV and 136 meV above the prominent peak.

The second shoulder is teritatively assigned to a transition to the 6s Rydberg orbital, with a -

resulting quantum defect of 65 = 2.10. The first shoulder is assigned to a transition

-associated with the 4d orbital. As discussed above, the influence of the molecular field can

remove the spatial degeneracy of the d-orbital and relax angular-momentum restrictions on
transitions. Many transitions may be observed which are derived from a single atomic
transition, and the assignments given in Table VI-1 stress that correspondence wherever

possible. The prominent peak and largc shoulder associated with the (S 2p1/2)-1 5p state

‘have transition energies 49 meV and 11 meV smaller than predicted by 8p Note that these

peaks lie at low enough cnergies to include contributions from states with é2p3/2-4e'1 n
core hole, but no fine structure is expected in the region immediatel;' below an ionization
threshold. , ‘
| The detéiled fits of the (2p1/2)-! 5p,4d region showed a notable difference between
the HS and DS spectra which is not easily detected by eye; the lowe_iiitcnsity featuré_at
170.466 eV in HyS is shifted -43 meV in D2S (see Table VI-1). This shoulder is assigned

to a vibrational sideband of the intense Sp-derived transition at 170.315 eV (170.309 eV) in

H,S '(Dzs)._ The derived vibrational spacing for the excited state is 153 meV (114 meV) for
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H>S (D,S). These values suggest an assignment to the v, bending mode, with a ground-
state spacing of 147 meV (106 meV) [33]. Other vibrational results are discussed below in
Sec IV D. Another low-intensity feature in this region, which lies at 170.807 eV in HyS, is
shifted -16 meV in D,S. Neither the isotopic shift nor the spacing of the nearby states
suggests a simpk: vibrational assignrhent for this feature. It could be attributed to a -
fnoleéula;—ﬁeld-split compdnent of the‘nearby (2p1/2)°! 6p state, but that implies a lafger
spiitting than observed for the (2p12)-! 5p state and does not exp_lain the isotopic energy

dependence.
3. Lower range: Rydberg and mixed states
a. Approach used for analysis

In the range 166.8-170.3 eV, interpretation of the H,S and DS spectra is more
difficult. An independent least-squares fit of the =65 vt’r‘ansitions observed in this rénge for
the two spectra would require an adjustable energy, intensify, and linewidth for each
tranSition. Such an analysis could produce neaf—perfect fits of the two. spectra in this region |

"but would not provide much understanding of the nature of the transitions. An alternative
approach was empléyed instead. The set of adjustable parameters was _rédu‘ced by making
the small set of assumptions described below, which were carefully selected to represent
the essential physics of the problem. A least‘-_sqliares analysis bésed on these restrictions
gave good unique fits of the two spectra when the molecular-ﬁeld splitting of the sulfur
2p3/2 core levels was included.' Much poorer fits were obtained if the 2p3/; levels were

| aSsuméd to be degenerate. Beyond this important result, the analysis correlated each
~ individual feature with one of the three possible 2p cofé holés, thus deconvoluting the

Rydberg-orbital structure from the core-level structure. Due to the corﬁplexity of the

spectrum, the large number of adjustable parameters, and the limited accuracy of the fit, not
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all the results of this deconvolution are reliable, as discussed in detail below. However, a
- general understanding of the spectrum Ais obtained, which might not be apparent other§vise.
For the least-squares analysis of the Rydberg spectra, the following assumptions
were applied. (1) The energy spacing of trarmiﬁons from the three 2p cbre levels to a single
Rydberg orbital, i.e. the observed splitting of the thfeé core levels, is independént of which
'Rydbcrg orbital is accessed (but see befow fora major exception). (2) Thé spaciﬁg of
these tﬂplqts is equal for H2S and D»S. (3) For every pair of transitions (A,B) from the
two 2p3; core levels to one Rydberg orﬁital, the two peaké A,B have equal intensities.
Thus, for the triplet of transitions (A,B,C) to a single Rydberg orb.ital, A and B have equal i
intensity, but C, the transition from the 2p.1 nlevel, can havg a different i_ntensity. (4) The
: rét'io, X, of the intensities of peaks A and C (i.e. X = [intensity of A]./ [intensity of C])
may vary for different Rydberg orbitals, but must be the same for corresponding tripletsin
the HyS and D;S spectra. (Note that if the jntehsity ratio between tréhsiﬁoné from the |
2p172 level and the 2p3; levels foliows_the j-i coupling "staﬁsﬁgal" prediction of 1:2, the
* ratio X will equal unity.) (5) Each triplet of peaks_ (A,B,C) must .have the same linewidth,
which does not have to be the same for corresponding tripléts in the st. and DS spectra.
Assumption (1) is only valid if the exchange interaction between the excited electron
and the core hole is small, as mentioned in Sec. VI.D. 'fhis should apply for the higher |
Rydberg states, but may be less accurate for the loﬁver Rydberg states. Indeed, this
assumption had to be relaxed to allow a reas‘onab1¢ fit of thé lowest-energy features of Fig.
VI-2, thé mixed states, as discussed below. Assumption (2) is valid if the electronic and =
geometric structure of the .ﬁ_nal state 1s essentially the same in H,S and D>S. Because the |
splitting of the 2p3/; level is small, the 2p'3/2-4e1 »nand 2p3/2-5e1/2>co_re orbitals must have
very similar spaﬁal diétribtitions, supporting assumption (3). Assumption (4) applies
because corresponding Rydberg drbitals in HyS and DIZS should have esseﬁﬁaﬂy the same
spatial distributions. Note that a deviation of the intensity ratio X from unity indicétes a

departure from the statistical ratio, which can arise even from a relatively small exchange
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interaction between the core hole and excited electron. X is allowed to vary for different
Rydberg orbitals, since differences in the spatial distributions of the various Rydberg
 orbitals can result in different interactions with the core hole. As discussed below,
assumptionv (4) is not applied to the mixed states, because the correspondence of these
features between HjS and D38 is difficult to deiermine. Assumptio‘n (5) is only valid if the
three core holes decay at the same rate for a given Rydberg excitation. This assumptién ’
should apply for the two 2p32 éore holes, but is not expected to be éntirely valid for 2pj.2 |
vs. 2p3/; core holes, particularly for the lower Rydberg states. However, this restriction
‘Was necessary to keep fhe number of adjuétable parameters in the analysis manageable, and
the data showed no eVidénce of deviations from this assumption.
For the analysis, the st and D3S data sets were combined to best exploit

assumptions (2)-and (4). The fits of the upper Rydberg region, discussed above in Sec.
| VLE.2, were included in the analysis. Note that this uppermost part of the spectrum;
170.3-171.4 eV, is essentially reproduced twice at lower energies in the fit, to repreéent the
sequence of states approaching the L.3-4ey/; and L3-5ey/; edges. This is seen in the
subspectra of Fig. VI-2, where.the dashed line shows features attributed to 2pj/; core-hole
l' states, the solid line shows features attributed to 2p3/2-4é1/2 core-hole states, and the dotted
line shows featurés attributed to 2p1/3-5¢1 core-hole states. Ideally, for each spectrum the
t_hree spbspectrd should be equivalent except for a shift in energy due to the splitting of the
| 2p leve;ls. To 6btain areasonable ﬁt; however, the ratios X for each featufe in vthé
subspectra were independently varied within the range 0.20-2.50. The ratios obtained aré
shown in Tables I and II. For most of the intense features, thé derived ratio was close to
one. But for some features, 'iﬁcluding a few intense peaks, significant deviations of X
from unity were necessary to obtain a good fit. This is reflected in the subspectra of Fig.
VI-2, where the dashed hne is, in some places, dlfferent from the solid or dotted line. Of
course the latter two lines have identical shapes, as required by assumption (3). Some of

~ these deviations of X from unity may represent’real ratios of transition intensities in the



143

spec&um. Others might be a result of the limited validity of the assumptions (1)~(5), which'
could force unrealistic values onto some adjustable parameters. Because of this, and also
because of the irﬁperfect fitto fhe data, some of the quantitative results of this least-squares
analysis may be unreliable. The results discussed belew were selected with these

restrictions in mind, and are believed to be valid.
b. Resultsv of analysis

Results of the Jeast-squares analysis based on this approach are given in Tables I
and II and are plotted as the fits and subspectra in Fig. VI-2. Due to the large number of
adjustable parameters, a simultaneous least-squares fit was not possible. | Instead,

. altemaﬁng subsets of parameters were adjusted reiteratively until a good fit was .obtained.l -
As a result, uncertainties could not be calculated for the final fit parameters. S‘omev
uncertaihties have been estimated, however. The energies, intensities, and intensity ratios
(X, as defined above) from the fits are shown in Tables I and II The only parameters not

“tabulated are the linewidths of the individual peaks, which have typical values from 75 me_V :
to iOO meV (V oigt function FWHM). Linewidfhs are discussed in rhore detail below, in
Sec. VL.G. B -

Tables I and II give energies of the (2p1/2)-! core-excited states. The ierm values.
are obtained by subtraction from the derived sulfur L; threshold energy of 17 1 564 V.
The energy of 5 particular\ (2p3n-4e1)! or 2p3pn-Se1n)! core-excited-state can be

" obtained from Tab_le VI-1 by ’subtractjng_the term value of the corresponding (2p1 1)1 state

' 'from the deﬁved va_lues of the L3-4_e1/2" and L3_-5e1/2 threshold ehergies; 170.418 eV and -

170303 eV, respectively. For the mixed states listed in Table VI-2 the term values are

derived by assuming the same Ly threshold energy as in TablenVI-l. Because different

core-level splittings apply for these states (see below), the effective L3-4e1 and L3-5e1p

threshold energies‘are 170.471 eV and 170.432 eV, respectively.
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The band of features in the range 167.0-168.2 eV, are of special intérest because of
‘their dissimilarity in the st and D58 spectra. Since no sharp, prominent features are v
observed at lower energies, i.e. in tlte tange 165.8-167.0 eV (see Fig. VI-3), the
transitions within this band must access (2p3/2)‘1 cone-excited states. The corresponding
band of (2p1/2)! states should lie approxtmately in the range 168.2-169.4 eV, possibly
overlapoitxg some (2p3/2)°! core-excited Rydbérg states. Thisl rough assignmerit is
supported by the observation of notable isotopic differences around 168.7-169.2 eV. The
large isotopic differences of these two bands indicate that ex_tensive vibrational excitations
accompany the evlectronicve.){citation's.' Such strong vibrational excitations, in turn, indicate
that the orbital accessed by the transition has some valence character, rather than re_siding
~ almost entirely outside the molecule. Thus the features belonging to these two bands are
assigned to transitions to mixed orbitals, as discussed in Sec. VI.E.1. It should be stressed
that the range 168.2-169.4 eV includes some (2p372)°! core-excited Rydberg states as well
as the (2p; /.2)-1 core-excited mixed states. Deconvoluting these different contributions to
tho spectra in this region and in other regions is one of the main accomplishments of the
: least—squaros analysis. | | |
Without a detailed assignment of the mixed-state transitions for botIt isotopic
species, a reliable one-to-one correlation of the mixed states between HpS and D,S is not
aVajlable because of their large isot'opic differences. Asa result, assumption (4) was not
applied to the mixed states; the intensity ratios used for these peaks are not the same for
»_Hz_S and D3S (see Table VI-2). In order to obtain a good fit to the data, it was also
necessary to rolax assilmption (1) for the mixed states. The mean spin-orbit splitting and
molecular-field splitting used for all of the mixed states were allowed to differ from tho
splittings used for the rest of the Rydberg spectrum, and the overall fit improved |
dramatically for both HyS and D,S. This result, along with observation of extensive
vibrational excitations, is the main motivation for identifying the states in Table VI-2 as

intermediate states. The’shar’p distinction between the nﬁxed and Rydberg states assumed
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for this analysis is, of course, only an approximation. A more realistic model would allow
the splittings of each state to be unique, and the resulting variation of the energy splittings v
. observed would probabl& not be as abrupt.

~ For the mixed states, the least-squares analysis resulted in a molecular-field splitting
of 39(9) meV and a mean spin-orbit splitting of 1.112(6) eV. For each quantity, the
estimated uncertainty of the lést digit is given in parenthesis. For the Rydberg states, the
analysis gave a molecular-field splitting of 115(9) meV and a mean spin-orbit splitting of
_ 1.204(6) eV. Thus, the molecular-field splitting is 76 meV smaller and the mean Spin-orbi_t
splitting is 92 meV smaller in the mixed states, as compared to the Rydbéfg states. These .
modified splittings can occur if the direct and/or exchange interactions with the sulfur core
hole are strongerfor an electron in an intermediate-type orbital than they are for an electron
in a Rydberg orbital. The splittings for the Rydberg states were mainly determined in the
fit by the intense features assigned in Table VI-1 to excitations of 3(_1— and 4d-derived
Rydberg states. They are probably also fairly accurate for the higher Rydberg states. Even
these near-threshold splittings may include some direct- and exchange-interaction
contributions, but they nonetheless can be compa_red to recent measurements made by
Svensson, et .al., using high-resolution XPS and AES [7]. In that letter, a small difference
was reported between the spin-orbit splitting of the H,S sulfur 2p level as measured by |
XPS and by AES. This results were explained, in part, by esﬁfnating the moleculaf-ﬁeld
splitting of the sulfur 2p3; level to be =106 meV in the coré-excited ion. The mean spin-
orbit splitting measuréd by XPS was 1.201 eV. Both of these values are in very- good'
| agreement with the corresponding 'quantiti‘es measured in the present experiment for the
core-excited Rydberg states, suggesting that the interpretation of Svensson, et.al., is sfalid
and also that Coulombic inteféctions do not affect the measured splittings very much for the
~ Rydberg states. | | '
As a'test, an alternative least-squares analysis of the data was performed with the

- molecular-field splitting fixed at zero. Otherwise this "ho-splitting" test analysis was
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subject to exactly the same freedoms and restrictions as the "split” fit. Thus the "split" fit
had only two more adjustable parameters than the "no-splitting" fit; the 2p3s2 spiitting of fhe
Rydberg states and of the mixed states. The results of the "no-splitting" fit, shown in Fig.
VI-5, are ndt as convincing as the results of the "split" fit presented above and in Fig. VI-2.
Most notably, the regions around 169.0-169.4 eV and 169.8-170.2 eV are poorly |
approximated ‘by the "no-splitting” fit. Besides giving a podrer fit, the derived parameters
are more difficult to i_nterpret. The intensity ratios, X, for the more intense features show
significantly larger deviations from unity_ in the "no-splitting"” fit than in the "split" fit
‘presented here in Tablés I and 1. For example, in the "no-splitting" fit for H,S (D3S), five

~ of the ten most intense features have a ratio outside the range 0.7-2.4 (0.5-2.4). By
comparison, in the "split" fit for HoS (Dzs), only one (two) of the ten most intense features
have a ratio outside the narrower ranges 0.7-1.2 (0.7-1.5). Asmentioned above, some
deviation of the intensity ratio, X, from unity is plaﬁsible, but When ratios for many intense
peaks assume values much smaller or larger than oné, with no 'appare.nt pattern, the vahdlty
- of the analysis is questionable. The results of the "no-splitting” fit are much poorer than

| would be expected mérely froni reducing the total number of adjustable parameters by two,
as comparéd to the "split" fit. This test therefore provides substantial evidence for the |
molecular-field splitting of the 2p3/; core level. The unambiguous identification of the
2p3n molécular-ﬁeld splitting"in this spectrum is, in fact, the most significant result of this
work. | | |
" Justbelow threshold, the Rydberg formula successfully predicts the energies of the .
transitions, as discussed in Sec. VL.LE.2. The quantum defects obtained from this analysis
can be used to rdughly characterize the lower-energy core-excited states. Using the
quantum defect determined from the energies of the (2p1/2)-1 nd (n=5-8) Rydberg states,
the term value of the 2p-! 3d state is predicted to be 1.89 eV, As shown in Table VI-1,
there are several intense transitions with term values close to this prediction. They have

therefore been assigned as "3d-derived”; i.e. they arise from several molecular core-excited
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states which can be associated with th¢ atomic 2p-! 3d state. .Similarly, there are several
4d-derived states (see Sec. VLE.2), but they are spread ovef a narrower energy range as
. compared to the 3d-derived states, because they have a larger spatial extent and are ‘
mﬂuenced less by the molecular field. -

Based upon the energy of the (2p1/2)! 6s state, the Ss state should have a term
value of =1.6eV. A medlum-mtensny fcature with this term value has been tentatlvely
assigned to a 5s-derived state, as indicated in Ta_ble VI-1 and Fig. VI-2. The 4$ state is
predicted at a term value of =3.8 eV, _and may be contributing to the mixed states at
somewhat lowef term values and/or to the valencc—éhell states-at somewhat higﬁer term
values. The defect determihed from the energies of thie 2p-1 np (n=6-8) Rydberg states
predicts 2 term value of 2.43 eV for the 2p-1 4p staies. Table VI-2 shows that the spectra
of both HS and D5S have bands centered at slightly higher term val_ues (lowef transition
energies). These bands include signiﬁcant.vibrat,ional exciiations, so the average
fundamenial term val_ues of fhe electronic states must be even higher than the band center.
This is consistent with the assignment of this band to mixed states, because the valence |
-contributions to these étates could shift them to higher -térm values than expected for pﬁfe
4p-derived Rydberg states. It should be stressed that, for the states in these‘ spectra with |
term values greatér than =1 eV, the association with a speciﬁc atomic Rydbérg state is
approximate at best. In fact, sta;tes which share the same total symmetry and similar .
| energies can mix, and thus a single core-excited state may be derived from a combination of |
atomic s-, p-, and d-states. Indeed, it is the mixing of d-character into tﬁe p-staies which

gives the p-series greater iritensity than the s-series in the near-threshold region {34].
4. Comparison to other XANES spectra

a. Mixed states
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A comparison to related XANES spectra is especially useful for the interpretation of
the splittings of the mixed-states in HpS. The sulfur L 3 photoionization spectrum of SFg
shows.intense transitions to the (S 2p)-! alg vélence—shell states as well as much weaker
transitions to (S 2p)-1 Rydberg states (see Sections V.D and V.E). The Rydberg states -
with the largest term value, (S 2p)-1 4s, showed the same spin-orbit splitting as the higher

Rydberg states, weak vibrational excitations, and only a small deviation from the energy
| predi(’:téd by the quantum defect of the higher ns states. It .therefore appears that there is
relatively little valence-Rydberg mixing in the (S 2p)-! states of SFg, presumably because
the large potential barrier prevents the interaction of valence and Rydberg orbitals. This is
in bdistinAct contrast to H»S, where the hydrogen atoms are not expected to create an
appreciable potential barrier, and transitions to mixed states are observed.

The comparison of the (S 2p)-! Rydberg states and the (S 2p)-! a;g valence-shell
states in SFg is particularly relevax_lthere. A slightly smaller spin-orbit splitting was
measured for the valence-shell states, as compared to the splitting of the Rydberg states.
Note that molecular-field splitting of the sulfur 2p ievels is not possible in SFg because of
the octahedral symmetry of that molecule. Therefore the best explanation for this apparent
reduction of the spin-orbit splitting is the following: because of increased spatial overlap,
the exchange interaction of the excited electron with the core hole is larger in the valence- -
shell states than in the Rydbérg states, and the- dependence of that interaction on the j-value
of the core hole pfodubes the observed reduction in the_spin—orbit splitting (see Section
V.D.1). The observed shift of =-30 meV in SFg is smaller than the effect observed in H,S
for the mean spin-orbit splitting of the intermediate states (shift = -92 meV). As menﬁoned
above in Sec. VLD, the exchange interaction in SFg for the valence-shell states has a much
greater effect upon the intensity ratio of the two (S 2p123/2)°! ajg transitions than it does
upon the spin-orbit splitting. Similar behavior is also seen in spectra of the xenon —
fluorides, and was predicted by calculations [25]. The measured ratio in SF¢ was 0.62

(2p'3/2 : 2p172) for the valence-shell states as compared to 2.07 for the Rydberg states [35].
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'(N ote -that the statistical ratio, expected in the limit of no exchange interaction, is 2.00,
correspondmg to an intensity ratio of X—l .00 in the notation used here for HzS )

Summing the mtensmes of all the mixed states, the overall intensity ratlo 1 03 (1 04) is
obtained for HzS (D2S). For the summed Rydberg states, vthe o_vera]l intensity ratio is 1.03’
| (1.01) for HaS (D5S). These ratios are estimated to be accurate to within =5%, despite the
vlimitations of the analysis. | | o

The behavior of the mixed states in H,S is thus qnite different from that of the ]

valence-sheﬂ states in SF¢: the mean spin-orbit splitting changes _signiﬁcanﬂy fromthe -
- ‘Rydberg value but the intensity ratio deviates very little from the statistical value. This

' suggests that the exchange interaction is not; the primary céuse of the change’in mea.nv spin-
orbit splitting in the rmxed states. The dlfference can also result from the lower symmetry
of H,S, which allows the observed mean spm-orblt splitting to have contributions from the
direct Conlomb interaction of the excited electron with the core hole; this is not possible in
~ the higher-symmetry SF¢ molecule. Therefem much of the 92 meV reduction in the -
ebserved mean spin-ofbit splitting for the mixed states of H,S can be tentatively attributed
to differences in the direct interaction of the excited electron with the different core holes.

An accurate theoreueal treatment Wthh 1ncludes all possible effects is necessary for amore

definite understandmg of the mixed states.
b. Rydberg states

A number of earlier works have studied the Ly 3 spectra of third-row hydrides SiH4
[3 4,5,36,37], PH3 [3,4,5,12, 36 38, 39], H,S [2,3,4,5], HCI [3,4,5, 13 ,40], and the
isoelectronic atom, Ar [29,30]. There is still some uncertamty concemmg ‘the assignments
of the various spectra. A complete consideretion of these matters is beyond the scope of
this analysis, but some discussion is necessary. Overall, the mosf important guiding

principle for assignment is the similarity of term values for the atomic-like outermost
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Rydberg orbitals in all these systems. Thus, the spectrum of argon guide's‘the assignment
for the upper regions of all the spectra. ' o
The high-resolution L 3 spectrum of Ar, as measured by EELS, was thoroughly
discussed in Ref.‘ [30]. For the present analysis, a high-resolution XANES spectrum [29]
with better a signal-to-noise ratio than thé EELS spectmm‘was fitted ﬁsing a similar -
»\assignme‘nt. The quantum defects obtained are given in Table VI-3. Due to the accidental
equality of 3 and 84, within modulus 2, each 2p?1 ns Rydberg state above n=4 is exactly
degcnerate ‘with the corresponding 2p-! (n-2)d state. Calculations in Ref. [41] predict,
however, that the transitions to the'(n-2)d states account for =95% of the observed
intensity, as compared to the overlapping ns states. As a result of the multipolar nature of
EELS eicitatio_ns, the dipole-forbidden transition to the (2p3/2)',1 4ﬁ state was also
‘observed in Ref. [30], and the derived quantum defect is also given in Table VI-3. This
- highlights one perhaps surprising aspect of the assignments for the upper (2p)-! Rydberg
stétes given in'Séc. VLE.2 and Table VI-1: thé intensities of transitions to the 5p and 6p
orbitals are comparabie to those for the 5s and 6s orbitals, even _thoﬁgh, in atomic dipole-
 selection rules, the 2p to np transition is d(ipdle—forbidden;' Since higher Rydberg orbitais |
are increasingly atomic-like, it might be expectéd that these transitions would be Qery weak
in HpS. As discussed in Section I.D.1, although these higher orbitals are- étomié-h’ke over
most of theﬁ spatial distribution, the region of the Rydberg orbital which overlabs_ the core
elecﬁon is within the moleculé and feels the full molecular field. Thus, the molec':ulaf
dipole selection rules apply even for transitions to the higher Rydberg states. For HS,
calculations have shown the mechanism of this effect [34]: Because of the non-spherical -
molecular symmetry, the p orbitals mix'with the d orbitals and "borrow" intensity from the
very. favorable atbmic 2p—>nd transitions. | » N
For the L3 3 HCI spectrum, the assignment of Ref. [40] best follows the pattern

observed in argon, i.e. a d‘omina'nt-2vp'1 nd-series, with contributions from the 2p‘1 ns

states. Due to the reduced symmetry, as compared to Ar, transitions to 2p-! np states are
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dipole-allowed, and the 2p-1 4p-derived excitation is fairly intense. For PH3, the spectrum
in Ref. [12] has the best available resolution and statistics, but the assignment given for the
Rydberg sfates is not entirely convincing. In fact, the uppermost region of the spectrurh in
Ref. [12] (term values less than =1.3 ¢V) is remarkably similar to same region of the HoS
spectrum presented here. This resemblance strongly suggests that the assignment‘ ofall
structure in tﬁis region to vibrational sidebands'; as suggested for PH3 in Ref. [39], is also
incorrect. Applying the present HyS assignment to the term values derived in Ref. [12]
gives the quanturh defects for PH3 shown in Table. VI-3. Recent measurements with high

- resolution for SiHy gave the cjuantum defects shown in Table VI-3 [37]. Note that the d-
series in SiHy is strongly splii by the molecular field, and also that the quantum defects
given in Ref. [37] for the two resulting d-series were reduced by one in Table "VI-3.
Overali, the comparison in Table VI-3 shows that the values of & derived for st are

consistent with the corresponding quantum defects in closely related spectra.
S. Comparison to previous H2S results

The L2,3 near-edge épectruin for HyS shown here is significantly improved over
earlier published spectra. Recently a spectrum was published [2] with resolﬁtion nearly as
good as in the present case, bqt with a poorer signal-to-noise ratio, and no attempt was |
made to assign the peaks or analyze the spectrum. The first exﬁerimental results were
presented by Hayes and Brown [3]. Due to limited resolution, only the general out]ine of
the spectrum was seen, without the extensive fine structure now observed. The initial
assignments of Hayes and Brown Were later re-assessed by Schwarz {4] and Robin [5].
Both of these later assignments attributed the broad features at lowest energies to valence-

' shell excitations. The higher-energy features were assigned to s-, p-, and d-Rydberg
states. Schwarz, in patticular, assigned all observed features in a manﬁer consistent with

his assignments for the corresponding spectra of other third-row hydrides. The present
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assignments, madevin the light of considerably more resolved peaks and a detailed analysis,
agree with Schwarz in the assignment of the 6aj, 3bs, and d-Rydberg states. Schwarz's 5s
and 6s states are attributed here to p-type states, resulting in consistent quantum defects as |
discussed .in the preceding section. The 4s and 4p states are not explicitly assigned here,
becéuse the strong influence of the molecular field makes these atomic designations
inapplicable. However the mixed states identified here can be loosely attributed to 4p and
. 4s atomic parentage (see Sec. VL.E.3.b), which is then in agreement with Schwarz's

: asSignment.
6. Vibrational structure

A direct comparison of the H,S and D;S spectra in Fig. VI-2 identifies the features \
- which arise from vibrational excitations, because of the isotopic dependence of vibrational
» spacings. The leasf-squares analysis of the spectra essentia]ly deconvolutes the effects of
the core-level splittings. - The term values obtained are listed in Tables I and II; differences
between those of HyS and D,S may be attributed to vibrational sidebands. Weak |
_ excitetions of the symmetn’cv stretch mode were observed in photoelectron spectra from the
2p levels, evith a branching ratio of =5% for the first vibrational peak [9]. Similar
excitations are expected for the higher Rydberg states in these meesurements. No such
excitation was observed, however, perhaps because of the small branching ratio. As
| mentioned in Sec. VLE.2, the Qp1)! 5p,4d region shows a small vibrational sideband
probably associated with the v, bend mode.
The peak at =169.55 eV has noticeably larger intensity in the D,S spectrum, but the
_ results of the analysis do not suggest ’any simple vibraﬁonal explanation. Those results
may be somewhat inaccurate considering the unusually small iritensity ratio (X=0.2)
obtained for or;e of the two states contributir(lg to thisl 3d-derived feature, as well as the

~ small intensity ratios for the states at 168.37 eV which overlap the (2p3/2)! states of this
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3d-derived feature.
The mixed states show the most obvioﬁs isotopic effects in the spectra. The
derived term v_alues in Table VI-2 show sbme -re_gular spacing, indicated by the labels A1,
A2, etc. For HyS, a spacing of =155 meV is apparent from the results of the fit,
presumably due to a vibrational progression in the v, bend mbde, foich has a groﬁnd state
spacing of 147 meV [33]. Regular spacings are much less evideni in the DS results, but a
spacing of 140"rneV‘is observed, possibly éorrespondirié to the v bend mode, which has a
ground state sp’écing of 106 meV [33]. For neither molecule is there a simple way to
assign all the states to vibrational progressions of a single electronic transition. Instead,
there seems to be at least two electronic transitions in this energy range. The difﬁculty in

- interpreting the spéctra even as sevéral overlapping vibrational progressions coﬁld arise

- from strong vibronic coupling between two or more electronic states. These interactions

~ can produce irregular fine structure in absorption spectra [42].
VLF. Sulfur Ly 3 edges: Valence shell excitations
1. Assignment and electron-hole interaction

The broad, overlapping peaks shown in Fig. VI-3 vare' assigned to one-electron
veicitations from the sulfur 2§ core levels to the 6a; é.nd 3b, molecular orbitals, in
agreement with previous reports [4,5]. A recent calculation predicted the 3b; orbital to
have lower energy than 6a; in the presence of a 2p coré hole [43]. The opposite order 6a;
<3by éalculated iri Refs. [4,15,18] will be assumed here. A simple éxtension .of the
discussion in Sec. VLE.1 shows that, in‘ H,S, 18 dipole-allowed final states result from
~ the combination of two unoccupied molecular orbitai_s With the three possible core levels

.which may excite them. In fact, as seen above for the Rydberg states, many of these

electronic states are nearly degenerate. |
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As discussed above in Sec. VIE 4.3, the spin-orbit splittings and intensity ratios of
core-excited valence-shell states are expected to show the effect of the exchange interaction
(and possibly the direct interaction) between the core hole and excited electron. In an effoft
to characterize these effects in the spectra of Fig. VI-3, approximate fits were made to Vt’he
data. The features between 163 and 167 eV were modeled by two doublets, with splittings
arbitrarily set equal, described by four very broad Gaussian peaks. The Gaussian
lineshape roughly approximates the non-Lorentzian broadening dué-to unresolved or
barely-resolved vibrational progreséions. The four peaks represent the states, in order of
increasing energy, which roughly account for the actual spectrum: (2p32)! 6ay, (2p3p)!

* 3bz, (2p112)"! 6a1, and (2p12)! 3by. |

A least-squares ahalysis based on this simplified model gave the results shown in
Table VI-4. The spin-orbit splitting values éi'e slightly smaller than the mean spin-orbit
splitting determined for the mixed states and significantly sma]lér than the mean spin-orbit
splitting determined for the Rydberg states. TIus supports the expectation that Coulombic . |
interactions between the éore hole and excited electron are most significant for the core-
excited valence-shell states, less so for the core-excited mixed states, and least important
for the core-excited Rydberg states. The derived intensity ratios for the 3bj excitations are
mﬁch less than the statistical value (2.00), indicating that Couloinbic interactions are largest
for those states. Similar deviations of the intensity ratio from the statistical value have been
observed in the corresponding core-excited ?alence-shell states of other third-row hydrides
[4,36]. While thé quantitative results of this simpliﬁed'analysis may be unreliable, the

. qualitative trends in splittings and intensity observed here very likely reflect real effects.
2. Vibrational structure and other isotopic shifts

The spectra of Fig. VI-3 show some regularly-spacéd ﬁne‘ structure, more easily

observed in the expanded insets, with a notable isotopic dependence. A comparison of the
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two spectra also reveals small differen_ces in the overall lineshape and peak position. The
dissociative naturé of the electronic states must be considered in the interpretation of these
results. Recent photo-ion\[16] and Auger electron [17,18] studiés have shown that rapid
predissociation is the dominant decay process for these core-excited valence-shell étaxes.
The core-excited molecule fragments into H and HS* with a rate faster than the Augef
decay of the 2p core hole. There has been considerable interest in lower'-ene'rgy‘
dissociative electronic states of HoS [44,45,46]. Specifically, the broad peak in the UV
absorpﬁon spectrum centered at =195 nm is known.to correspond to a dissociating state.
[45]. This peak shows isofopic-dependent weak fine structure which is notably similar to
the structﬁré of Fig. VI-3. This similarity may result from aﬁalogous electron
configurations; the 195 nm band correspbnds to the exéita_tion of the outermost ground-
state electron, in the non-bonding 2b; orbital, to the 6a; orbital. The transition to the 3b;

* orbital is dipole-forbidden, but that excited state strongly inﬂuehces the observed spectmm‘
through vibronic coupling [46].

| A comparison of the two spectra of Fig. VI-3 shows a shift of the leading edge of
the peak to higher energy in D5S. Both the peak maximum and the trailing edge show a
shift to lower energy in D»S. To illustrate these shifts, Fig. VI-3 indicates the position of
the peak maxima and the leading- and trailing-edge inflection points with vertical lincs. The
shift of the leading edge is expected for a direct transition to a dissociative electronic state,
because of zero-point vibrational energy effects (see Section 1.D.6). The potential surface
of such an excited state does not suppoﬁ vibrational states for the asymmetric-stretch mode,
and there is no contribution to the total energy of the excited state from the zero-point
energy of this mode. The zero-point energy of this mode does contribute to the energy of
the ground state, and that contribution is half the haﬁnonic vibrational energy. The
harmonic énergies are 337 meV for HyS and =249 meV for D5S [33]. The observed
transition energy to a dissociative electronic staté should therefore be 1/2(337-249) = 44

meV larger for D,S. This agrees with the,obsefved shift of +0.05(2) eV for the leading-
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edge inflection point in D3S as compared to HS. The leading-edge regron of the peak is
dormnated by transmons to the (2p3/2) 1 6a1 state, which was calculated to be dissociative
by Naves de Brito, et. al. [18]. It should be noted that changes in the spacings of the other
two vibrational modes upon excitation also have an effect on transition energies. These -
zero-pornt differences may also contnbute to the observed shift.

A series of V01gt functions were used in a least-squares analysis to fit the weak fine
structure observed in the range =165.0-165.7 eV for both HS and D,S. The results of
this analysis are plotted with the data in the expanded portion of Fig. VI-3 and listed in
Table VI-5. In principle, the individual peaics barely resolved in the spectra could be
vibrational sidebands of more than one electronic transition. In the region of the vibrational
structure the strongest contn'buﬁons are probably from the ‘(2p3 121 3by state. Weaker
contributions from the @p112y 16a; and (2p3/2)-! 6a; states are also possible. These -
designations are only approximate; as many as fifteen dlstmct electronic states could in fact
contribute in this range. Assuming that the sidebands are a single progression from only

- one electronic transition gives reasonable results, however. This suggests that much of the

: possible electronic splitting is not actually large enough to-affect the spectrum. In

particular, the molecular-field splitting' of the 2p3/2 level must be less than =50 meV,
notably smaller than the value derived for the upper Rydberg states. The average spacing
determined for the peaks in this range is 167(3) meV for H>S and 145(3) meV for D5S.

- The interpretation of an apparent vibrational progressron in the excrtatron ofa

. dissociative state is espec1ally difficult in the present case where vibronic couplmg may

have a significant influence. Based upon the following arguments, the observed
progression is tentatively assigned to excitation of the v; symmetric-streteh mode of the
(2p3y2)°! 3by state. The calculations of the (2p)-! 6a; and (2p)! 3b, hypersurfaces by
Naves de Brito, et. al., [18] are par_ticularly useful. They found that the (2p)-! 3b; excited
state, at higher energy, is bound, but strongly vibronically-coupled to the dissociative (2p)

1 6a; state. 'Assuming this model, there are two possible origins for the observed
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vibrational structure: (1) Excitation of the dissociative (2p)-! 6a; state may exhibit a diffuse
vibraﬁonai progression in a non-dissociative mode [47]. (2) The vibrationél states may
reside on the bound (2p)-1 3b; potential, before the system crosses to the dissociative
potential. The latter explanatidn, for lower-energy states, was recently obtained by Schinke ‘
and coworkers from calculations of the fine structure of ,_the 195 nm band of HjS [46].
They attribute the observed progression to excitation of the v; symmetric-stretch mode in a
bound state; which is strongly vibrdnica]ly-coupled to a dissociative state at 1ower energy.
This result is somewhat unexpected, because the observed spacings in the 195 nm band of
HsS and D35S are almost exactly equal to the corfesponding v, symmetn'c-bend mode
spacings of the ground state. _

Ba_sed only on their derived spacings in Table VI-5, the péaks of Fig. VI-3 might be
attributed to a progression in the v, bending mode, which has a spacing of 147 meV and
106 meV in the ground state of H>S and D5S, respectively [33]. The results of Schinke
and coworkers [46] suggest the alternate possibiﬁfy that the progression is associated with
a much-softened vy syrnmetric-stretéh mode, which has a spacing of 324 meV and 235
meV in the ground state of H»S and DS, respectively [33]. Indeed, the bound (2p)-! 3b2v

_potential calculated by Néves de Brito, et. al., [18] appears to have a much smaller slope
(i.e. smaller force constant) in the direction of the symmetric stretch as compared to the
calculated ground staté potential. Thus the vibrational progreésion observed here is

tentatively assigned to the v; symmetric-stretch mode'of the (2p3/2)-1 3by sfate. A
corresponding progression of the (2py/2)-1 3b, state was not clearly resolved, but a second-
derivative anaiysis of the speétra identified some regularly-spaced fine structure in the range
=166.3-166.9 eV, with'a spacing of =154 meV (=127 méV) for HyS (D3S). The lack of
distinct fine structure for the (2p; /z_)fl 3b, state may reflect a larger natural linewidth than
for the (2p3/2)-! 3b; state, perhaps because this higher-energy state has access to additional
'decay channels. vThe ratio of vibrational spacings in the (2p3/2)-1 3b; excited state is

0.87(3) (D2S : H3S), as compared to 0.72 in the ground state for the vy mode (and the vy
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mode). This difference indicates an isotopic dependence of ihe potenﬁai surfaces. This
could result from the strong vibronic coupling between the electronic states predicted by
Naves de Brito, et. al., for the region of the vertical transition.

Portions of the spectra in Fig. VI-3 are attributed to the excitations of bound states,
which should be accompanied by progressions of vibrational excitations. The resulting
contributions tb the observed spectnim are broad bands, each composed of a series of
~ individual vibronic peaks. Therefore, the center of such a band should shift to lower
energies for DS, beéause of the smaller vibrational spacings as compared to HpS. This
explains the shifts of the peak maximuin and the trailing-edge inflection point indicated in
Fig. VI-3, which are -0.08(1) eV and -0.05(3) eV (for D3S as compared to H,S) and are
associated with the (2p3/2)-! 3by and (2p1/2)°! 3b; states, respectively. These shifts may
also include contributions from the vibrational zero-point energy chaﬁges described above,

which are expected to be positive and less than =.05 eV in this case.
VL.G. Linewidths

The least-squares fit presented in Table VI-5 and in Fig. VI-3 gave an excéllent fit
to the fine structure of the valence-shell states, suggesting that the derived parameters have
physical significance. Assuming an instrumental linewidth of 30 meV (Gaussian FWﬁM),
| the derived natural linewidths (Lorentzian FWHM) for the individual vibrational peakS in
the fit are 344(15) meV for H>S and 306(15) meV for D,S. The implication is that these
core-excited valencg-shell states decay faster for H5S than for DS, an isotopic dependence
which is unexpected for the Auger decay process. This result is consistént with the
assignment of this fine structure to vibrations of a bound state, which is rapidly |
depbpuiated by vibronic coupling to a dissociative state. The observed isotopic erﬁme
depéndence indicates that the vibronic coupling is somewhat weaker for D5S.

These valence-shell excitation natural linewidths are much larger than those derived
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for the Rydberg excitations. For example, assuming an instrumental linewidth'of 30 meV,
the derived natural linewidths for H$ are 65 meV and 55 meV for the (2p12)1 7d and
(2p1 o)1 8d states, respectively, compared with 344 meV for the valence-shell states. This
trend is consistent with the decreasing evidence of predissociation observed by photo-ion
spectroscop?' as the excitétion energ); was increased into the Rydberg region of the

photoabsorption spectrum [16]. A similar difference in derived natural linewidths is

- observed in the corresponding sulfur L, 3 spectrum of SFg, where predissoéiation is not
- expected to occur (see Section V.E.3). In that case, the differences are interpreted as the .
\ résult of a valence-shell-excited electron panicipéting much more strongly in the Auger

_decay than a Rydberg-excited electron. For HjS, the pred1ssoc1auon of the valence-shell

excitations precludes a direct comparison to the correspondmg states of SFe. The derived

natural linewidths of the Rydberg excitations may be compared, however. The narrowest

~ natural linewidth for H2S is 55 meV, compared to 35 meV in SF¢. The difference reflects

the effect of chemical substituents on the electron density at the sulfur core: six fluorine

atoms will withdraw much more electron density then two hydrogen atoms, resulting in a

- much-reduced rate of Auger decay. The calculated natural linewidth for atornic sulfur is 54

meV [22], very close to the minimum value measdred for HQS. .

VLH. Sulfur L; Edge

The high-resolut_ion photoionization spectra of HyS and D5S near the sulfurL; .

edge are shown in Fig. VI-4. Apparently, XANES spectra in this range have not been

measured previously for hydrogen sulfide. Several resonances are observed in each

spectmm, leaQing up to an edge jump. The interpretation' of the spectrum is facilitated by
comparison to the_ very similar XANES spectrum of H,S at the sulfur K edge [8]. With
those results as a guide, the most intense resonance, at 228.9 eV, is assigned to

overlapping transitions to the 3b and 6a; valence-shell orbitals. The next feature, at_232.0
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eV, is attributed to traﬂsitions to 4p-derived and/or 3d-derived orbitals. The weak feature ét
233.4 eV, which is more clearly seen in the lower-noise DS spectrum, is assigned to
overlapping higher Rydberg states. The spectra of HaS and DS are very sinﬁlér, but there
may be s]ight differences in the valence-shell resonances. In particular, there appears to be
a shift of thé leading ecige of the peak to higher energy in D58, as also séen for the valence-
_shell peak below the Ly 3 edges. This shift is =0.1 eV, as measured by the Change in
leading-edge inflection point, with the spectra aligned at the 231.5 eV peak. Furthermore,
there are slight indications of vibrational fine structure in the valencé-shell resonances (see
insets of Fig. VI-4). Although the present results are not completely convinc.ing,v -
measurements with better resolutjdn and counting rates might resolve structure similar to
that .seen in Fig. VI-3‘for the (2p)-1 \valence-shell resonances. |
Because of the rapid Coster-Kronig decay of the sulfur 2s core hole, all featufes
observed in the L; region are broad, as corhpared to the Sharp structure near the sulfur L3
edges. The calculated natural linewidth for atomic sulfur is 1.49 eV for a 2s coré hole,
‘compared to'54 meV for a 2p core hole [22]. Sulfur 2s peaks in the XPS spectra of several
sulfur-containing cdmpounds were observed to be much wider than the corresponding
sulfur 2p peaks [48). If the vibrational structure proposed here for the (2s)! valence-shell
resonances were.conﬁrmed, it would indicate a much narrower linewidth than predicted by

the theoretical and XPS results.
VIL.I. Comparison to Theoretical Results

. Comparisons to theoretical work have been mentioned, as appropriate, in the
preceding sections. Only a few points need further comment here. There have been
severai theoretical studies of the L 3 XANES spectrum of H2S (4,15,34,43]. While none
of these theoretical results accurately predict the fine structure observed in the present

measurements, some of these results were used as a guide in the assignments given here.



A

161

| Speciﬁcally; Schwarz_v'[4] and Cacelli, et. al [15] both predict transitions to 4p-derived
orbitals with term values of =2.4 €V, as also predicted by the quantum defect derived here

for the highér np orbitals. These results suggést a strong 4p contribution to the mixed
states. Cacelli, et. dl., predict relatively intense transitions to orbitals having mainly 3d and -
Ss contributions with term' yaliles of =1.7-2.0 eV, again in agreement with the predictions
of quantum defects derived here for the higher Rydberg orbitals. Recent:éalculations by
Liu, et. al., [34] suggest that ttansit_ions to the higher np orbitals are more intense than to
the higher ns orbitals. This supports the assignment deduccd.here on the basis of
,cdnsistent quantum defects. | v'

In one calculation, the molecular-field sphtting of the sulfur 2p3/2 level was

‘ predicted to be 44 meV for core-ionized HoS* [49]. Another calculation estimated that
~ splitting to be 80 meV [50]. Because the Rydberg electron should have only a small

influence at the atomic core, these values can be Coinpared tothe 115 meV splitting derived
here for the Rydberg states. Agreement with.the calculations is fair, considering the =170
eV total energy of the excited state. ' '

VI.J .~ Conclusions

Inthe present work, high-resolution low-noise XANES spectra of HyS and D3S

- below the sulfur L 3 edges were measured, providing significant improvements over

- previous measurements. Analysis of these spectra clearly indicated that the sulfur 2p3p

core level is split into two levels by -the anisotropié m01eculai field. That splitting is
measured to be 115 nieV for the Rydberg excitétions, in good agreement with the spi_itting '
proposed for the core-ionized molecule based on high-resolutiori XPS and.AES spectra [7].
A SOphiSticated least-squares arialyéis was applied to the data, allowing the decqnvohition
of core-level arid_ exéited-orbital splittings. This approach will also be useful for the

analysis of complex high-resolution XANES spectra of other'moleétiles.' The comparison

-
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’

of the HyS vspec'trum to the corresponding D3S spéctrum was essential in this analysis for
the identification of vibrational excitétions. Quantum defects were derived for thé higher
Rydberg orbitals which were similar to the best availableé quantum defects from the
corresponding spectra of the isoelectronic systems SiH4, PH3, HCL, and Ar Fine
 structure was observed for the transitions to the dissociative valence-shell states. The
regular spacing and isotopic dependence of this structure clearly identifies it as a vibrational
progression. | | v

Besides their relevance to core-excitations in general, the present results for HoS
bprovide information about the core-equivalent molecule H,Cl [4]. Specifically, the term
values derived here for the mixed and Rydberg élbitalé of core;excited H,S should be
fairly close to the term values of the corresponding orbitals of valenc__e-excited H>Cl. These
results provide a useful comparison for theoretical results, in the absence of any diréét '
‘information on the HyCl radical, which presumably dissociates in its ground electronic
state. The first few excited electronic states of this radical are of particular interest as they

may influence the dynamics of the HCl+ H=H + CIH exchange reaction.
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Table‘VI‘-I : HpS and DS (2p)! Rydberg resonances: Assignments and fit results. The
energies tabulated apply to states with the (2p12)1 core vacancy. Energies for
corresponding states with (2p3;-4e1/2)-! and (2p3p-Se1/2)! core vacancies can be 6btained
by su_btfaction of term values from the tabulated energies of the L3-4e1/; and L3-5e1p
edges. The Rydberg orbiﬁalv assignments shown aﬁply to all thfee possible core vacancies.

The intensity ratio X is a dimensionless fit parameter defined in the text.

\

H>S Assignment Intens- D>S

ity Ratio
X) .
- Energy Term Inten- ] _ Energy Term Inten-
V) Value sity V) Value sity
€eV) ' eV)

169.535 2.029 442 3d-derived 0.20 169.527 2.037 518
169.577 1987 589 3d-derived 1.07 169.557 2.007 626
169.688 1.876 1010 3d-derived 1.72 169.680 1.884 930
169.833 1.731 660 3d-derived 0.78 169.822 1.742 885
169.935 1.629 399 Ss-derived? 0.70 169.933 1.631 391
170.134 1.430 81 ? 2.50 170.143 1.421 116

170.303 L3-5e1/2 edge 170.303
170.315 1.249 298 Sp-derived 1.14 170.309 1.255 267
170.353 1.211 - 192 Sp-derived 0.79 170.351 1.213 210

170.418 : L3-4eipedge - 170.418
170.466 1.098 90  vibration 2.50 170423 1.141 94
170.534 1.030 1175 4d-derived 1.01 170.532 1.032 1180
170.604 0.960 243 4d-derived . 098 . 170.601 0.963 249
170.670 0.894 @ 240 687 0.20 170.667 0.897 - 243
170.807 0.757 118 ? 0.76 170.791 0.773 118
170.851 0.713 115 6p 0.88 170.851 0.713 114
170.943  0.621 1000 5d -1.04 171.943 0.621 1000
171.092 0.472 46 Tp 1.00 171.092- 0.472 41
171.142 0.422 546 6d 1.00 171.142 0.422 549
171.228 0.336 10 8p 1.00 171.228 0.336 11
171259 0305 © 281 7d 1.00 171.259 0.305 283

171.333  0.231 129 &d 1.00 171.333 0.231 127
171.564 0 Loedge 171.564 0
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Table VI-2 : H3S and D;S (2p)-! mixed resonances: Fit results and vibrational
assignments. The energies tabulated apply to states with the (2p1/2)! core vacancy.
Energies for éorresponding states with (2p3/2-4¢ 121 and (2p3/2-5e1/2)'1 core vacancies
can be obtained by subtraction of term values from 170.471 eV and 170.432 eV,
respectively. The intensity rétio X is a dimensionless fit parameter defined in the text. The
assignments shown apply to all three possible core vacancies. Tentative assignments of
vibrational progressions are identified by Al, A2, etc. The energy-spacing between

succesive states of a progression, €.g2. Eo2-Ea 1, is also listed.

Energy . Term Value Intensity Intensity  Vibrational Vibrational

V) V) : Ratio Assignment  Spacing
' X (eV)
H5S
168.371 3.193 91 0.20
168.407 3.157 33 2.04 Al °
168.564 3.000 246 2.50 A2 157
168.716 2.848 505 0.96 A3 152
168.806 2.758 629 0.88
168.872  2.692 524 1.04 Ad 156
168.923 2.641 204 1.38
169.040 2.524 457 1.18 AS 164
169.190 2.374 260 0.52 A6 - 150 .
169.340 2.224 - 167 0.20 AT 150
169.443 . 2.121 122 1.23
D,S
168.377 3.187 364 0.20
'168.514 3.050 157 2.49
168.632. 2.932 150 2.50
168.680 2.884 47 - 0.32
168.711 2.853 105 1.84 Al
168.785 2.779 - 721 0.88 .
168.850 2.714 747 1.10 A2 139
168.990 2.574 756 1.45 A3 140
169.166 2.398 318 0.20 :
0.20

169.341  2.223 176
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Table VI-3 : Quantum defects for Rydberg states in the Ly 3 XANES spectra of Arand the

second-row hydrides.

SiHg 2 PH3b HS¢ = HCld Ar

3 2.8 23 2.1 2.12 220¢
&p 1.73 1.8 1.63 1.7 1.74 ¢
& 02and048 044 0.32 0.3 0.20 ¢

a Ref. [37].

b Derived from term values given in Ref. [13].

- € This work. o

d Ref. [40].

¢ Derived from the spectrum in Ref. [29].

f Ref. [30].

& In SiHy the d-series splits into d-t3 and d-e.
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Table VI-4: Results of least-squares anéiysis of (2p)-! valence-shell region: Approximate

fits of overall lineshapes.
Spin_-Qrbit Intensity Ratio ' Intensity Ratio
Sp(h%“g (2p3p)) 6a; : (2p12)y16a;  (2p32)13ba: (2p12)! 3by
(& .
H,S 1.07 1.8 12
2.1 1.1

DsS 1.09

Table VI-5: Results of least-squares analysis of (2p)-1 valence-shell region: Exact fit of -
fine structure. En;:rgies of peaks, with uncertainties, and energy spacings between

- successive peaks are tabulated for HS and D5S.

H,S - : _ DS
Energy  Spacing (meV) Energy  Spacing (meV)
(eV) : (eV)
165.037(9) . 164.998(9)
165.204(6) 167 ~165.146(8) 148
165.371(7) 167 165.289(7) 143
165.536(9) 165 165.428(7) 139

165.706(9) 170 165.577(9) 149
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FIGURE CAPTIONS:

Figure VI-1. Overview of the photoionization spectrum of H,S near the sulfur L edges.
The positions of the ionization thresholds determined from analysis of the spectra are also
shown. The small molecular-field splitting of the L3 edge is not visible with this energy
scale. The inset shows Ahigher-resolutionv spectrum in the 178.56-1>75.56 eV range, with
the enetgy scale expanded by a factor of five. The features in this range are attributed to

multi-electron excitations.

Figure VI-2. High-resolution photoioni;ation spectra of HyS and D5S in the mixed and
Rydberg region of the sulfur L 3 edges. ;Rydberg assignments applyi’ng to both spectra
are shown in the bar diagré:ns,.idenﬁfying s-,p-, and d-series converging on each of the
three ionization thresholds. Note that the s assignments are less certain than the others.
For the mixed states, di.fferentlassignments are shown for the two spectra, because of the
latge isotopic differences for these states. The isotopic shift of the (2p1/2)! 5p vibrational
51deband, as determined from the ﬁt is indicated by the vertical line. The data pomts are
plotted as circles. The results of a least-squares analy51s are plotted as solid hnes The
contributing subspectra plotted underneath, with dashed hnes showmg features attnbuted to
2pis2 core-hole states, solid hnes showmg features attributed to 2p3/2-4e1/2 core-hole
states, and dotted lines showing features attnbuted_ to 2p13-Se1n core-hole states. See
Sec. VLE.3 a for further details. ‘

Figure VI-3. High-resolution photOionizationtiod spectra of H,S and DZS in the region of
valence shell excitations below the sulfdr L3 edges; The vertical lines indicate isotopic |
shifts in some features of the peak. Portions of the data are also ShOWTl with the vertical
scale expanded, to displdy the weékly resolved fine structure. The results of a least-

squares analysis are plotted as solid lines with the expanded data. For DS, the fit line is
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not visible, due the large point density and the high quality of the fit.

" Figure VI-4. High-resolution photoionization spectra of H,S and Dzsvnear' the éulfur L;
‘edge. A linear backgrbuﬁd was subtracted from the data for plotting purpbses. Note the
weak feature at 233.4 eV. The region 227f229 eV, which shows slight indications of fine
structure, is shown in the insets with both the energy and intensity scales expanded by a

factor of three.

Figﬁre VI-5. Alternative fits to the data of Fig. VI-2, assuming there is no molecular-field
splitting of the sulfur 2p3/; core level. In the subspectra, the dashed lines show features
attributed to 2p1/ core-hole states and the solid lines show features attributed to 2p3/; core-
hole states. Note the poorer agreement with data for these fits, as compared to the fits in

Fig. VI-2, particularly in the 169.0-169.4 eV range.



INTENSITY

RELATIVE

PHOTON ENERGY (eV)

Figure VI-1

i ™ .
EL2 ! ‘\@- ' -
- \j E \'I‘K{W‘s El_1 —
L
. 3 \Ad;‘
| ST T
| 1 J | . | 1 I j | 4 ] 1 J 1 |
160 180 200 = 220 240




RELATIVE INTENSITY

173

Illll]lllll lllllllll
Mixed 5s 6
[ SR S S O B N N S A R | T
. Sp-derived 6p 7 8 —F
. . I T T 4 L:, 581/2
3d—derived 4d—derived 54 6 78 4
mT T - LI B SR B . C
Mixed 5s 6
{1 S S o 0 & S e e S R | S - T ; . '
p—derived 6p 8 _—
g T 1 L3 4e1/2
3d—-decived 4d-derived 5d 6 78
[ TT T T 17V
Mixed 5s 6
L2 I S N O 2 S e S e A S T :
Sp~derived 6p 7 B 7
. . m T LI A
b 3d—derived 4d—derived 54 6 78 A
i =TT T S
!'. 2 -
i . //
= ek S "ot . - .
- A v LAEY N A i
l T w o R ‘._-’-J 1 / A B
- Y 5 - 1\ ot s
"y . A IRV T IANL [ A AN
A /' "~ N A “-xl v v e .
5 AN A - 0\
Mixed (L3—5é1/2) T Mixed (L)
rrroaryr ot
Sp-vibrotion

Mixed (Ly—4e 1/2)

[ D | B B S SN ORES|

167 168

169 170
PHOTON -ENERGY (eV)

Figure VI-2




INTENSITY

RELATIVE

174

} ‘ ! i

l P I

_1’601 3b,
| <2p3/2> I o 6a, 3b, |
. P -1
o ,// \._\ | (vaz)
. v "'\‘ :

I [

164 165

Figure VI-3

166
PHOTON ENERGY (eV)

167




INTENSITY

'RELATIVE

175

I 1

ST

r T T I 1 1 I - l 1
A
A2 A H,S
x3 . - AR
: ; ! § Al 15
: 2 ¥ - \ C N
' PN e
o ;! ‘Egg{ ) |
l. . i. ‘
. o _;;%"‘K
L A D,S
X3 ' A o
. H
-’ / “\\/I/\\f’/

g y 141 i,l».l' J'] ]

220

225

230

235

PHOTON ENERGY (eV)

Figure VI-4




RELATIVE INTENSITY

176

| Vi E R TR B SRR R RN Lov g Loy

167 168 169 170 171
PHOTON ENERGY (eV)

Figure VI-5




177

CHAPTER VII: FUTURE DIRECTIONS

VILA. Improvements in the present spectra

 The present results are limited less by instrumental factors than by natural |
linewidths of the excited states. Nonetheless, improvements in ﬂﬁx and resolution from
soft x-ray monéchromators should reveal additional ﬁhe structuré in neérly all the spectra
presented hcre. Besides the general pos_s'ibiiity of enhéncing the present understanding of :
these spectra, there are a few speéiﬁc features 'whibh wMt re-examination with imprdved
monochrométoré. , |
The oxygen K-edge»spectra of HoCO and D2CO presented in Section IV.D. did_ not
show any fine structure.  Spectra with better instrumental resolution will probably be able
to resolve vibrational features in the (O 1s)"! * and Rydberg resonances. This woﬁld
provide a much better understanding of the structure and bonding in these core-excited
states. The i‘sotopic shifts of .the (O 1s)-1 3s-a1 resonance are particﬁlaﬂy worthy of further
study, because of the analogous effects seen for the bettqr—résolved' (C 1s)13s-a;
‘Iresonance.(see Seétion IVE.2). | | |
In Section V.D.2.a, ‘the' possibility of fine snuctmé in the (S 2p)1 a; g resbnénces

- of SFg was discussed.- The present data is iriconclusiy.e, but suggests that some shouiders
ma& be resolvable in these peaks. Success in'resolving vibrational sﬁucmm would_be of .
interest, because the Franck-Condon é.nalysis gavea vi vibrational spacing larger than that
of the ground state. Such an increﬁse in vibrational energy is difficult to explain for a
tranSition to an orbital which should be anti-bonding. Beiter—resdlved spectra might allow
direct measurement of the vibrational spacing in this excited state.

| The (S 2’s)'l 3by,6a1 valence-shell resonances of H3S ahd D»S were presented’in |
~ Section VLH. H_éré there were also faint indications of vibratioﬁal strﬁcture_, which could

not be conﬁ.rmed.‘ If such structure can be observed, it will indicate a natural liﬁewidth for
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the excited state which is much less than the 1.49 eV predicted for the sulfur 2s core hole
[1]. In the (S 2p)’! mixéd and Rydberg fesonances, the analysis indicated that there are
many overlapping peaks (see Sectic)n VILE.4). A better-resolved spectrum Will distinguish
more featuréé, allowing a more detailed analysis. In particuiar, the vibrational structure of
the (S 2p)-1 mixed resonances was difficult to fully interpret with the present results (see

Section IV.E.6).
VILB. High-resdlution spectra of other molecules

The XANES spectra of a number of molecules have been re-examined with high
resolution using the néw generation of soft x-ray monochromators, as discussed in Section
LB. Nonetheless, there are intcresting systemé whiéh have not been studied with moderﬁ
high-resolution. Most of the recent work has focussed on the carbon, nitro/gen, and
oxygen K edges. There are still possiblities for improved spectra at lower-energy core
levels. In particular, the present results for st suggest further experiments at Ly 3 edges
of the isoelectronic hydrides SiHg, PH3, and HCL. The L 3 XANES or EELS spectra of -
these niolecules have all been measured with fairly high resolution (see Section VI.E.5:b
for references). However, better combinations of flux and resolut_ion are currently
available. Given the rich structure seen here for H,S, further study of these isoeleétronic
systems seems warranted. The ihterprétatiqn of new (and existing) spectra would be
greatly facilitated by concurrent rrieasuremgnts on the fully deuterated isotopic ’species, as
was seen here for H»S. (Note that the L2 3 spectrum of SiD_4 was recently measured with

fairly high resolution [2].)

VILC. Further studies of core-excited electronic states using high-

resolution x-rays



179

1. Photoelectron spectroscopy

* Core-shell PhotoElectron Spectfoscop& (PES) mainly provides information about
the core-excited ion. However, as discussed in several parts of this thesis, the structure of
core-excited Rydber% States is similar to that of correspondin.g cofe-excited ions, because
the Rydberg electron has little influence on the rest of the molecule. With the development
of brighter high-res\olution x-i‘ay monochromators, €.g. using undulator radiation or
rotatihg x-ray anodes, and electron analyzersnwith better resolution and throughput: core-
shell PES is approaching the fundamental limits of natural linewidths. Such measurements
can proyide useful complementary information for the interpretation of high-resolution
XANES 'spectra. Several examples have been mentioned: (1) In Chapter III, a recent
measurement of the vibrational spacing in carbon-1s-ionized CO was compared to values
for _cdre-excited Rydbe_rg states. (2) In Chapter V% a ‘éompmison of high-resolution XPS
- (i.e. PES) and Auger electron Spectroscopy was cited which predicted the core-level
molecular-field splitting observed in ﬂle photoionization spectra. (3) Also in Chapter VI,
high-resolution photoelectron spectroscopy results wére used to predict the lack of
| observable vibrational structure for the higher (2p)-! Rydberg states.

There are obvious extensions of the useful results listed here, especially as the
experimental capabilites improve. Within the fundamental limitations of natuf,a.l linewidth,
the analysis of any series of core-excited Rydberg states will be facilitated by a detailed
knowledge of the geometry and vibrational spacings of the corresponding 'core—ic;nized
‘molecules, as measured by high-resolution PES. Core-lgvel splittings due to moleculafi
fields have, in fact, been studied more by PES than by XANES (see references given in
Sectibn VLA). By directly measuring core-lével spﬁttings using PES, one may avoid the
difficulties encountered in Chapter VI where the core-level splittings are convoluted with
the complicated structure of the Rydberg final states. Tﬁis approach is not yet feasible for

deeper core levels, but may soon be within reach. The chemical effect on sulfur 2p natural
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linewidths, demonstrated by the cOmparison the SFg and H»S results (Chapters V and VI),

| is also better to measure wi.th'PESv. The natural line:widths measured in XANES for the
upper Rydberg states show some dependence upon the nature of the excited electron, This
is particularly troublesome if oné ‘wishes to compare values for different molecules,
because the correspondence of Rydberg states may not be obvious between molecules. It
is simpler to use PES, where the main liné repfe'sents a v&eﬂ-deﬁned final state in each

molecule.
2. Resonance autoionization electron spectroscopy

This section and the next explore‘the possibility of studying th¢ neutral core-excited
states accessed in XANES byy examining the products 6f the state's decay; For example,
the states accessed in the soft x—ray‘region typiéally decay by an éutoionization (i.e. Auger) -
process. The angular and energy distribution of the ejected electrons may provide
info_nnati_on'about the initial state in the decay, which is the final state acéessed in XANES
One example was mentioned in Chapter V, where the autoionization spectrur_n of the (S 2p)-
1a; g resonance indicated the inner—éhell charécter of the ajg orbital through the presence of
a "participant" feature. In fact,' a number of core-excited valence-shell resonances in
various molecules have been studied in this way. As this téchnique becomes poséiblc with
better rcsélution and statistics, narroWer and less;intense resonances can similarly be |
sfudied. This could be particularly usefi;l for the study of mixed resonances, i.c. states in
which the 'excited electron has a mixture of Rydberg and valence character. For examplé, '
the autoionization spectra for the (C 1s)-! 3s-aj and (O 1s)-! 3s-a; states in HCO could be |
compared. The relative intensities of "participant” features would provide a direct mapi)ing
of the relative amplitude of the 3s-ai orbital at the carbon and dxyéen atoms. This |
infbrfnaﬁon could be used to.test the different possible éxplanations of the unusual behavior

of these resonances (see Section IV.E).
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3. Photo-fragmentation spectroscopy '

To study the decay of core-excited states, it is also common to examine the ions B
which are ptoduced. ‘Energy, mass, and angular distribution of ions can be méasured, '
often in coincidenco with othei‘ ions or photoelectrons. The distribution of ‘ions shows a
- dependence on the excited state which is decaying, e.g. the'pfoducts_observed‘from a core-
excited v_alent:e—sheil resonance may differ from those of a corresponding core-ionized
state. ‘-These results can be used to infer the spatial distributions of the orbitals accessed in
XANES. Rapidly dissociating excited states are particularly well-suited to this type of
stndy, e.g. the branching rat:io for different ions produced by 2p-excited H)S provides
direct evidencé for the dissociation of the (2p)".1 valence-shell states (see Chapter VI). One_
possibility, suggested by the results of Cnapter IV, is to study the (C 1s)-1 3s-aj and (C
1s)-1 3s-a; resonances in this wny.- This could confirm the proposed rapid tlissooiation

used to explain the linewidths of these states.



o 182

REFERENCES
‘ 1 M. 0. Krause and J H. Oliver, J. Phys Chem. Ref. Data 8, 329 (1979)

2. D.G.I. Sutherland G M. Bancroft, J. D. Bozek, and K. H. Tan, Chem. Phys Lett.
199, 341 (1992)

aj



LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
TECHNICAL INFORMATION DEPARTMENT
BERKELEY, CALIFORNIA 94720

) .





