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The K-shell excitation spectra of the hydrides water, ammonia, and methane have been measured in
photoabsorption experiments using synchrotron radiation in combination with a high-resolution mono-
chromator. For the case of methane, in particular, a wealth of spectral detail is observed which was not
accessible in previous studies. The measured excitation energies and relative intensities compare well
with values calculated using a complete second-order approximation for the polarization propagator. In
order to determine the extent of admixing of valence excitations (i.e., transitions into virtual o* orbitals)
to the Rydberg manifolds, the X-H bond lengths have been varied in the calculations. In the case of
H,0, the two lowest-energy bands are due to the O ls-4a,/3s and O 1s-2b,/3p transitions and have
strong valence character; their width indicates that both excitations are dissociative. The NH; and ND;
spectra are also broad which is not only due to possible dissociation but also to unresolved vibrational
fine structure (v, mode) and a Jahn-Teller instability. Valence character is concentrated in the lowest ex-
cited state in the Rydberg ns manifold, but is distributed more uniformly over the np (e) manifold. The
weak dipole-forbidden C 1s-3s(a,) transition in CH, and CD, is accompanied by vibrational structure
due to the v, mode, indicating that it derives its intensity from vibronic coupling with the C 1s-3p(¢;)
transition. The structure on the latter band is extremely complicated due to Jahn-Teller coupling and
cannot be assigned at present, as is the case for the Rydberg transitions at higher energies. The higher
np Rydberg excitations contain considerable valence character.
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PACS number(s): 33.20.Rm, 35.20.—i

I. INTRODUCTION

K-shell excitation of the CH,, NH;, and H,O mole-
cules has been studied in the past using both electron-
energy-loss spectroscopy (EELS) [1-4] and x-ray absorp-
tion spectroscopy [5-9]. Although the spectral resolu-
tion obtained with the latter technique has generally been
rather modest and could not match that of EELS, recent
advances in grazing-incidence monochromator design
[10-14] have resulted in a dramatic improvement of reso-
lution with the “optical” approach. This has been shown
in a number of high-resolution K-shell excitation spectra
of small molecules reported recently (e.g., Refs. [15-19]).
In the present paper we describe measurements of the
photoabsorption spectrum of gas phase H,O, NH3, and
CH, in the near-K-edge region at a resolution sufficiently
high to reveal directly the spectral line shape. To sub-
stantiate the assignments we have also calculated excita-
tion energies and oscillator strengths using a polarization
propagator method [20].

In the virtual orbital spectrum of these hydrides and
other saturated molecules one expects antibonding
valence-type (o*) orbitals which are the counterparts of
the occupied bonding X-H orbitals. An important ques-
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tion is to what extent this antibonding valence character
appears in the excitation spectrum. In most of the earlier
K-shell studies on the hydrides, the features in the
discrete part of the spectrum (i.e., below the ls ionization
threshold) were assigned to electron promotion into Ryd-
berg orbitals. This interpretation was in line with the
view held at the time concerning similar features in
valence-level excitation spectra (see discussion in Vol. 1
of Ref. [21]). Even in the latter area, however, the assign-
ment of features below the ionization threshold had long
been a subject of debate. For instance, Mulliken [22] was
of the opinion that an assignment of a particular orbital
in terms of “Rydberg” or “valence” represented only al-
ternative descriptions of the same physical entity. An in-
terpretation of the discrete part of the spectrum solely in
terms of Rydberg orbitals must necessarily also assume
that the antibonding valence orbitals appear as shape res-
onances in the ionization continuum.

More recent experimental work has made it clear that
the exclusively “Rydberg” interpretation of core-level ex-
citation spectra may not always apply [23]. In the sim-
plest hydride HF the lowest F 1s excitation is clearly as-
sociated with the strongly antibonding o* orbital F 2p,-
H 1s) leading to direct dissociation of the excited mole-
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cule. In the case of the other hydrides in this row the sit-
uation is certainly much less transparent. What one
might reasonably expect, however, is an intermediate sit-
uation between that of HF and the other extreme where
the 1s-0* excitations appear above the K edge. That the
lowest hydride K-electron excitations (in particular for
water) are perhaps described best as o*-Rydberg mix-
tures has in fact already been suggested in previous ex-
perimental [24] and theoretical studies [25,26].

The o* vs. Rydberg problem in molecular K-shell spec-
tra has recently been discussed by Ishii et al. [27]. These
authors give a list of experimental criteria with which o*
and Rydberg excitations can be distinguished. Simpler
and less ambiguous access to the characterization of the
excited states is provided in principle by the theoretical
approaches. Here, however, the most obvious procedure,
namely, the inspection of the respective orbitals as visual-
ized by plotting the corresponding electron densities, is
often not conclusive because the spatial extension of the
o* orbitals and the lowest Rydberg orbitals is somewhat
similar. It transpires that the variation of both the exci-
tation energies and the oscillator strengths as a function
of the X-H (X=C, N, O) bond length is more useful.
Possible o* character should then reveal itself a distinct
decrease of the excitation energy with increasing X-H dis-
tance and by a large variation of the oscillator strength.
Pure Rydberg states, on the other hand, are expected to
behave energetically similar to the ionic core state and
their vertical electronic oscillator strengths should be
largely independent of the X-H distance. In the present
study we have used this approach to obtain more infor-
mation on the K-shell excitations in H,0O, NH;, and CH,.

An outline of the paper is as follows. After briefly
describing some experimental aspects in Sec. II, the po-
larization propagator approach is discussed in Sec. III.
In Sec. IV we consider the experimental spectra and the
results of calculations for the three molecules in the order
H,0, NH;, and CH,. It proves somewhat simpler to
start with the water molecule because of its lower symme-
try and the absence of vibrational structure, even though
the experimental spectrum shows evidence for direct dis-
sociation. In Sec. V we briefly discuss some general
points arising from the preceding sections and summarize
our main findings.

II. EXPERIMENT

The present data were recorded on the ‘“Dragon”
monochromator (beamline U4B) [11] at the National Syn-
chrotron Light Source at Brookhaven National Labora-
tory. This monochromator is a cylindrical mirror, spher-
ical grating design with a translating exit slit. A resolv-
ing power of ~10* has already been reported at the car-
bon K edge using an 800-line/mm grating; a carousel of
three gratings with an interchange mechanism gives a
similar resolving power and intensity at the nitrogen and
oxygen K edges [15,17,18]. Monochromatized light
passes through an absorption cell approximately 100 mm
long. The transmitted light intensity is measured by
secondary electron emission from a gold target. A gas
phase sample of either H,O, NH;, or CH, is maintained

at a pressure of approximately 1 Torr in the cell. A scan
of the photon energy with sample present is followed by
an identical scan with the absorption cell evacuated.
Normalization with an empty cell spectrum is necessary
to remove features due to absorption in the optical sys-
tem. Due to long-term drift effects it is not possible to
measure each spectrum on an absolute photon energy
scale. The present spectra are referenced to EELS data
and therefore have an accuracy of the order of 0.2 eV.
However, due to the high precision of the grating drive
mechanism and the relatively good short-term stability,
the energy scale of each of the individually recorded spec-
tra has a relative accuracy of the order of £10 meV.

III. THEORETICAL STUDIES

The direct calculation of (vertical electronic) excitation
energies

e,=E,—E, (1)
and dipole transition moments

y (i)
>r

i=1

T, = <wm w(,> @

was performed using a polarization propagator method
referred to as the second-order algebraic diagrammatic
construction [ADC(2)] [28]. Here |¥,,) and E,, denote
the electronic states and energies, respectively, of the sys-
tem under consideration, the ground state being labeled
by m =0. The ADC(2) method has been applied previ-
ously to K-shell excitation in N,, CO[20], and H,CO [29].
For a full description of the computational details the
reader is referred to Ref. [20]. In brief, the excitation en-
ergies e,, are obtained as the eigenvalues of a Hermitian
secular matrix (K + C) according to

(K+C)Y=YE, Y'Y=1. 3)

Here Y denotes the matrix of eigenvectors and E is the
diagonal matrix of the eigenvalues. The secular matrix
K +C is defined with respect to a configuration space
comprising single and double excitations in the Hartree-
Fock (HF) ground state; its first part K is a diagonal ma-
trix containing zeroth-order HF excitation energies,
while the matrix C referred to as the effective interaction
matrix introduces perturbation expansions in the elec-
tronic Coulomb repulsion up to second order. In Refs.
[20] and [28] explicit expressions have been given both
for the matrix elements of C and for the so-called
effective transition amplitudes f ,,. The latter quantities
may be combined with the components of the mth eigen-
vector and the single-particle dipole integrals ((pp |L|<Pq )
to yield the dipole transition moments of Eq. (2) accord-
ing to

T,= 3 Yiufipleplrle,) . @)
J.p.q

Here the summation extends over the excited electron
configurations J and the single-particle states labeled by p
and g, respectively. In the following, the dipole oscillator
strength averaged over the molecular orientations
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fm=2e,|T,|? (5)

(in atomic units) will be used as a measure of the spectral
intensity.

As has been discussed in Ref. [28], the ADC(2) method
allows a consistent treatment of single excitation energies
and transition moments through second order in the elec-
tronic repulsion. This means that ground-state correla-
tion and the effect of triple excitations in the excited
states are taken into account (through second order),
while the explicit ADC(2) configuration space comprises
single and double excitations only. The present ADC
treatment presupposes a Hartree-Fock calculation for the
ground state of the molecule under consideration. Thus
the effect of electronic relaxation, i.e., the adjustment of
the valence orbitals to a core-level vacancy, is not taken
into account from the outset, but has to be generated at
the particular level of the ADC approximation. In spite
of this drawback, fairly accurate results may be expected
for the single excitations. The description of doubly ex-
cited states, on the other hand, will suffer from the in-
complete consideration of relaxation.

The input data (orbital energies, dipole, and Coulomb
integrals) for the ADC calculations described here were
obtained from ground-state Hartree-Fock calculations.
The self-consistent-field (SCF) basis sets used in these cal-
culations for C, N, and O consisted of a Dunnings 9s /5p
[30] set of Cartesian Gaussian functions augmented by a
d-type polarization and s- and p-type diffuse functions.
Contractions were employed only for the first four s and
two p functions using the contraction coefficients of Ref.
[30]. Further contractions influenced markedly the final
excitation energies as was tested by comparison with cal-
culations using the uncontracted SCF basis set. The ex-
ponents for the d functions were 0.6 (C), 0.98 (N), and 0.8
(0). Up to six and seven diffuse s and p functions, respec-
tively, were introduced to reproduce the lowest ls-to-
Rydberg transitions. Their exponents were chosen ac-
cording to the recipe of Kaufmann, Baumeister, and
Jungen [31]. For the hydrogen atoms Dunnings 3s con-
traction of 4s functions and a set of p-type polarization
functions with the exponent a=1.0 were used. At the
respective  experimental  ground-state  equilibrium
geometries [32] the following total HF energies were ob-
tained: —76.05039 a.u. (H,0), —56.21131 a.u. (NH,),
and —40.205 67 a.u. (CH,). In the ADC(2) secular equa-
tion configurations with zero and two ls vacancies were
disregarded. This approximation, referred to as the
core-valence separation (CVYS), is justified due to the large
energy separation and small coupling matrix elements be-
tween the configurations with different 1s occupation
numbers. As has been discussed in Ref. [20], the effect of
the CVS approximation is a slight increase (about 0.4 eV)
in the excitation energies. Using a spin-free formulation
and exploiting spatial symmetry to the extent of the larg-
est Abelian subgroup of the molecular point groups, secu-
lar matrices of dimension 3000—-5000 had to be handled.
An efficient block Davidson routine was employed to cal-
culate the energetically lowest eigenvalues and the corre-
sponding eigenvectors [33].

In order to obtain information on the vibrational struc-
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ture of the ls excitation bands as well as to throw some
light on the Rydberg versus valence problem, calcula-
tions were also performed for symmetrically stretched
and bent nuclear configurations. The corresponding vari-
ation of excitation energies was used to determine the vi-
brational coupling coefficients

—_1 |OE
bv2 | 0Q;

Here Q; denote dimensionless totally symmetric normal
coordinates associated with the electronic ground state;
the subscript O indicates that the derivative has to be tak-
en at the ground-state equilibrium geometry. To a good
approximation, the Franck-Condon factor for a transi-
tion characterized by zero and m quanta of the mode v;
in the initial and final state, respectively, may be calculat-
ed according to [34]

(6)

0

m

fi(m,0)=exp(—a;)— , (7a)
m

where the vibrational strength parameter a; combines the
coupling coefficient k; and the frequency w; according to
2

k;
a;=|— (7b)
W;
The second moment
A;=2(21n2)?|k,| 8)

of the f;(m,0) progression may serve as a measure of the
vibrational width associated with the excitation of the
mode v;.

IV. RESULTS

A. Water

The oxygen K-shell absorption spectrum of H,O, taken
with a resolution of approximately 120 meV, is shown in
Fig. 1. The energy positions and assignments of the
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FIG. 1. The oxygen ls photoabsorption spectrum of the wa-
ter molecule in the region below the ionization threshold.
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peaks labeled in the figure are given in Table I, together
with the excitation energies and intensities calculated us-
ing the ADC(2) method. Overall the spectrum resembles
the EELS spectrum reported by Wight and Brion [1]. It
shows three strong peaks 4 —C and two weaker peaks D
and E below the ionization threshold. In spite of the
higher resolution in the present experiment there is no
evidence of vibrational fine structure in any of the
features. A previous O 1s photo-absorption spectrum of
H,0 taken at a much lower resolution has been reported
by Akimov, Vinogradov, and Zimkina [9].
The ground-state electronic configuration of H,O is

1a22a%1b33a2163(14,) .

The outermost 1b, orbital is largely nonbonding and
mainly associated with the oxygen 2p, atomic orbital.
The in-plane components 2p, and 2p, of the oxygen 2p
orbitals combine with the symmetric and antisymmetric
linear combination of the H 1s orbitals, thereby forming
the O—H bonding orbitals 3a, and 1b,, respectively. As
their counterparts we have to expect antibonding
valence-type (0*) orbitals of a; and b, symmetry in the
virtual spectrum. As will be discussed below, much of
this o* valence character is contained in the first (O 1s-
4a,) and second (O 1s-2b,) excited states, respectively.
This has already been proposed by Diercksen et al. [25].
The ADC(2) results for the absolute excitation energies
are somewhat lower than the experimental values. After
increasing the theoretical values by a relativistic correc-
tion of 0.4 eV, the discrepancy is 0.8 eV for the O 1s-4a;
excitation. The energy separations of the features 4 -C
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and their relative intensities are well described by the
present calculations. Previous theoretical studies of the
K-shell excitations in H,O using the ASCF method (i.e.,
separate HF calculations for the ground and excited
states) have been reported by Agren, Svensson, and
Wabhlgren [35] and by Deutsch and Curtiss [36]. In par-
ticular, the former calculations agree well with our re-
sults for the energies of the four lowest states. Intensities
of O 1s excitations in H,O have been calculated by
Diercksen et al. [25] using the frozen-core Hartree-Fock
(FCHF) method. Although the relative oscillator
strengths for the first three transitions agree well with our
results, the absolute FCHF values exceed those of the
ADCI(2) calculation by a factor of 4. This discrepancy is
presumably due to the neglect of electronic relaxation in
the FCHF method.

The present calculations also describe satisfactorily the
O 1s-ns and O 1s-np Rydberg series up to n =5. Here the
O 1s-np states are split into @, b, and b, components by
the anisotropic molecular field. The admixture of a} and
b3 antibonding valence character in the lower members
of the O 1s-ns(a;) and O 1s-ns(b,) series, respectively, is
reflected by deviations from the usual quantum-defect
(QD) representation and large np (b, )-np(b,) energy split-
tings. The O 1s-np(b,) series, on the other hand, is un-
perturbed by valence admixtures and is well represented
by the QD parametrization E,=I—R /(n—8§,)* with
6,~0.7 and I=538.15 eV. Note that the value used
here for I is about 1.8 eV below the experimental ioniza-
tion potential of 539.9 eV [37]. The larger part (1.3 eV)
of this discrepancy is associated with the shift of excita-

TABLE I. Excitation energies and relative intensities in the O 1s excitation spectrum of H,0.

Excitation energy (eV)

Rel. oscillator strength®

Transition ADC(2) Expt.* ADC(2) FCHF®
O ls-4a,/3s 532.76 534.0 (A) 0.516 0.55
2b,/3p +1.95 +1.9(B) 1.000 1.00
3p(b,) 2.83 0.245 0.243
+3.0(0)
3p(a,) 2.94 0.155 0.119
4s(a,) 3.32 0.117 0.016
4p (b,) 3.77 +3.8(D) 0.369 0.029
4p (b)) 4.16 0.080 0.001
4p(a)) 420 0.054 0.001
5s(a,) 4.32 0.044 0.004
+4.4(E)
5p(b,) 4.45 0.150 0.008
5p(b,) 4.67 0.037 7X1074
5p(ay) 4.69 0.027 4x107*
6s(a) 4.74 0.024 0.003
6p(b,) 4.80 0.072 0.003
6p(b;) 4.99 0.037
6p(a;) 5.01 0.022

#Results for peak maxima; energy calibration from Ref. [1].
®Absolute value for the O 1s-2b, transition is 0.0183 [ADC(2)] and 0.0725 (FCHF).

°Results of Ref. [35].
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tion energies in the ADC(2) description.

Using ADC(2) the variation of the calculated excita-
tion energies and oscillator strengths as a function of the
symmetrical O—H bond stretching and bending has been
studied. The results are shown in Table II. For the two
lowest excitations, O 1s-4a, /3s and O 1s-2b, /3p one ob-
serves a considerable energy decrease with increasing
O—H bond length. This behavior, which to a lesser ex-
tent is also seen for the higher ns(a;) and np(b,) transi-
tions, provides a clear indication of the admixture of anti-
bonding valence character in these states. By contrast,
the O 1s-np(a,;) and O 1s-np(b,) excitations show only
little dependence on the O-H distance. As might be ex-
pected for the members of a Rydberg series, these ener-
gies behave very similarly to the O 1s ionization poten-
tial. The corresponding energy variations of the latter,
calculated with the ASCF method (difference between the
O 1s hole and ground-state HF energies), are shown in
the last line of Table II for comparison. The different ex-
tent to which valence admixture occurs in the O s exci-
tations is also reflected in the variation of the oscillator
strength for different O-H distances. Here the large vari-
ations for the two lowest transitions O 1s-4a,/3s and O
1s-2b, /3p contrast with the almost constant oscillator
strengths for the np(a,) and np(b,) manifolds.

The antibonding valence character of the O 1s-4a,/3s
and Ols-2b, /3p states raises the question as to whether
these states are stable with respect to the dissociation
process

H,0* -OH*+H )

leading to an O ls excited OH fragment and a H atom.
A comparable dissociation process, resulting in the OH

J. SCHIRMER et al. 47

(X 2P) and H(®S) fragments, is known for the valence 1b,-
4a, excitation [21]. Here the potential-energy surface is
repulsive for all H-O-H angles [38]. An indication of the
dissociative nature of the O 1s excited states is the rela-
tively large width (0.9 and 0.75 eV full width at half max-
imum FWHM, respectively) of the O 1s-4a, and O 1s-2b,
peaks, as well as the absence of resolved vibrational struc-
ture. To obtain more information on the possibility of
dissociation we have determined the exothermicity of the
reaction (9) to be —3.3 eV (see Sec. V). The calculation
confirms that hydrogen abstraction in the O 1s excited
states is indeed energetically possible, but a more detailed
investigation of the respective potential energy surfaces is
necessary before the question of stability can be clarified.

Significant excitation of the v; mode should accom-
pany the O 1s-4a, /3s and O 1s-2b, /3p transitions if both
states are not dissociative. The vibronic coupling con-
stants listed in Table II show large values for k,; (symme-
trical stretching) and small values for k, (bending). In
view of the high frequency (v;=475 meV) in the H,0
ground state [39] and an excitation strength a; =0.5 [see
Eq. (7)], the excitation of at least one quantum of the v,
mode should be clearly observable in the present experi-
ment. Conversely, the absence of resolved vibrational
structure must be interpreted as an indication that both
the O 1s-4a, /3s and O 1s-2b, /3p transitions are dissocia-
tive. The coupling coefficients k; and k, in Table II may
be used to estimate a vibrational width (which would also
apply in the case of a repulsive potential surface)

A=221n2)" Xk} +k3)172. (10)
A value of A=0.8 eV results for both transitions in good
agreement with the experimental widths, 0.9 and 0.75 eV,
respectively.

TABLE II. Variation of the excitation energy (upper lines) and oscillator strength (lower lines) for
the O 1s excitations in H,O as a function of symmetrical stretching and bending. Right-hand side: vi-
brational coupling constants k; and k, for the totally symmetrical modes and the corresponding vibra-

tional widths A=(A2+A2)!/2 [see Eq. (8)].

Vibrational
Energy variations (eV) coupling parameters
Oscillator strengths (10*/) (eV /bohr)

State R,—0.1 R, R,+0.1 a,+10° k, ky AeV)

O ls-4a,/3s +0.24 0 —0.31 —0.07 —0.337 —0.019 0.79
70 95 123 82

2b,/3p 0.23 0 —0.31 —0.14 —0.332 —0.047 0.79
136 183 239 170

3p(by) 0.05 0 —0.05 —0.13 —0.063 —0.051 0.19
46 45 44 45

3play) 0.03 0 —0.5 —0.15 —0.051 —0.059 0.19
29 28 27 28

4s(a,) 0.13 0 —0.14 —0.13 —0.167 —0.048 0.41
17 21 26 21

4p(b,) 0.16 0 —0.20 —0.09 —0.222 —0.031 0.53
69 68 69 60

4p(by) 0.06 0 —0.07 —0.14 —0.082 —0.055 0.30
15 15 15 15

4p(ay) 0.05 0 —0.07 —0.14 —0.076 —0.055 0.22
10 10 10 9

O 1s IP 0.04 0 —0.06 —0.16
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The third peak in the O 1s absorption spectrum (C) is
distinctly narrower [0.4 eV FWHM] than the first and
second peak. According to our calculations this peak has
to be assigned to a superposition of transitions into two
adjacent states (0.1-eV energy separation), namely the b,
and a; components of the O 1s-3p Rydberg state. The
small coupling parameters k; and k, (see Table V) indi-
cate the absence of significant vibrational excitation in ei-
ther of these transitions. This assignment, originally sug-
gested by Wight and Brion [1], has been confirmed by the
previous ASCF [35] and FCHF [25] calculations yielding,
however, somewhat larger values of 0.3 and 0.2 eV, re-
spectively, for the energy separation.

Above peak C the identification of calculated transi-
tions in the experimental spectrum becomes difficult.
There are two O 1s-4s(a;) and O 1s-4p(b,) transitions in
a 1-eV energy interval above the excitations correspond-
ing to C which are predicted to have considerable intensi-
ties (10% and 30%, respectively, relative to B). The ener-
gy of the latter transition correlates with the center of the
weak feature D, suggesting its assignment as O 1s-4p(b,).
The lack of any resolved vibrational structure in this
feature might be due to several reasons including strong
vibrational excitation of the v, mode, overlapping with
vibrational progressions of the neighboring O 1s-4s(a,)
and dissociative broadening. Towards higher energy the
density of states becomes larger while the intensity of in-
dividual transitions drops markedly. The spectral feature
E at 4.4 eV above the O 1s-4a, /3s transition cannot be
assigned as a single transition, but is the result of a com-
plicated superposition of many individual lines.

B. Ammonia

Figure 2 shows the N 1s excitation of NH; and the ful-
ly deuterated isotopomer ND;. The NH; spectrum may
be compared with previously reported spectra obtained
by EELS [1,4] and x-ray absorption [9]. The present data
show somewhat more detail than the EELS spectrum of
Sodhi and Brion [4] taken with a spectral resolution of
360 meV; no vibrational fine structure could be resolved.
The energy positions (peak maxima) of the five distinct
spectral features are summarized in Table III along with
the EELS results of Sodhi and Brion [4] for NH;. The re-
sults of our ADC(2) calculations are given in Table IV.
The absolute excitation energies lie about 0.8 eV below
the experimental peak maxima after a relativistic correc-
tion of 0.2 eV is taken into account. For the relative en-
ergies of the lowest transitions, the calculations agree
well with the experimental findings and confirm the as-
signments suggested in the previous experimental [4] and
theoretical studies [40,36] using a relaxed-core Hartree-
Fock treatment. There is also remarkably good agree-
ment between our results and those of Schwartz [40] for
the energies of the lowest four transitions.

The ground-state electronic configuration of NH; is

1a}2a}3a}1e(4,) .

The 2a, orbital and the two degenerate le orbitals
represent the three N-H bonding orbitals, while the 3a,

(sytun Arejiqae) Kyisueju] SN

ND3 Intensity (arbitary units)

4 | 1
400 401 402 403 404 405
Photon energy (eV)

FIG. 2. The nitrogen ls photoabsorption spectra of NH; and
ND; in the region below the ionization threshold.

orbital is mainly p, and nonbonding in character. As in
the case of H,0, the expected valence-type antibonding
o* orbitals, which are of @, and e symmetry, do not man-
ifest themselves as distinct excited states but rather mix
with the lowest N 1s-ns(a;) and N 1s-np(e) Rydberg
states, as discussed by Schwarz [26]. This can be substan-
tiated by inspecting the variation of excitation energies
and oscillator strengths shown in Table V for several
symmetrical N-H stretching and H-N-H bending
geometries. First we note that the N 1s ionization poten-
tial (last line in Table V) increases by about 0.19 eV for a
N-H elongation of 0.1 a.u. This behavior can be rational-
ized essentially as an electrostatic effect, namely, the in-
crease of ionization energy due to the withdrawal of
charge (antiscreening) from the central atom. A similar
dependence on the N-H distance is seen for the N 1s-

TABLE III. Energies of the N 1s excitations in NH; and
ND; (eV).

NH,

ND;
Feature assignment Present® EELS® Present®
A N 1s-3a(a;) 400.66 400.61 400.71
B 3p(e) 402.33 402.29 402.33
C 3p(a,) 402.86 402.85 402.91
D 4s(a;) 403.57 403.52 403.57
E 3p(e) 404.15 404.14 404.16

3The energy scale is calibrated with the N, N 1s-7* (+'=1) tran-
sition at 401.10 eV.
®Sodhi and Brion (Ref. [4]).
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TABLE IV. Calculated vertical energies and intensities of N 1s excitations in NH;.

Rel. oscillator

Excitation energy (eV) strength?®

Transition ADC(2) Expt. ADC(2)
N 1s-3s(a;) 399.78 400.8 (A) 0.20
3p(e) +1.77 +1.7(B) 1.00
3p(ay) 2.31 2.2(0) 0.16
4s(a,) 2.88 2.9(D) 0.05
4p (e) 3.26 3.5(E) 0.56
4p(a,) 3.49 0.05
5s(ay) 3.68 0.02
Sp(e) 3.82 0.40

2Absolute value for the N 1s-3p (e) transition is 0.024.

np(a,) excitation energies establishing these states as
pure N 1s to Rydberg excitations. Distinctly different,
however, is the behavior of the lowest N ls-ns(a;) and N
1s-np(e) states. For the first excitation, N 1s-3s(a,) there
is almost no energy change connected with the variation
of the N-H distance, which is also reflected by a very
small vibrational coupling parameter k,. This finding
can be explained in terms of two mutually compensating
effects: The energy required to remove an electron from
the N 1s orbital (ionization potential) increases with the
N-H distance. On the other hand, the population of an
antibonding virtual orbital leads to decreasing excitation
energy with N—H bond elongation. Thus the near con-
stancy of the excitation energy indicates the presence of
some valence-type o* character in the lowest excited
state designated here in the Rydberg notation by N 1s-
3s(a,). For the higher members of the N 1s-ns(a,) mani-
fold the admixture of o* seems to be small and the transi-

tion energy behaves like the ionization potential.

Also for the first and second e states, N 1s-3p (e) and N
1s-4p (e), the energy variation pattern in Table V differs
from that of the ionic case, though less pronounced than
for the N 1s-3s(a,) state. The o*(e) valence character
may therefore be distributed more uniformly over the
lowest members of the N 1s-3p (e) manifold. A further
indication for the presence of valence-type admixtures is
the behavior of the oscillator strength as a function of the
symmetrical N-H stretch coordinate. Substantial varia-
tions in its value are seen for the N 1s-3s(a;) transition
and for the first two members of the N 1s-np(e) series.

All transitions listed in Table V show considerable ex-
citation of the H-N-H bending mode v,, the vibrational
coupling parameter k, ranging from 0.070 to 0.230. The
calculations predict an energy lowering (up to —0.40 eV)
on going from a pyramidal to the planar configuration,
indicating the possibility of a plane equilibrium geometry

TABLE V. Variation of the excitation energies (upper lines, eV) and vertical oscillator strengths
(lower lines, 10*f) for the N 1s excitations in NH; as a function of symmetrical stretching and bending.
Right-hand side: vibrational coupling constants k; and k, for the totally symmetrical modes v, and v,,

respectively.
Vibrational
Energy variations (eV) coupling constants
oscillator strengths (10*f) (eV/bohr)
State R,—0.1 R, R,+0.1 agny+10° Planar k, k,
N 1s-3s(a;) —0.07 0 +0.01 —0.10 —0.15 0.047 —0.067
36 47 62 14 0
3p(e) —0.13 0 +0.07 —0.28 —0.39 0.117 —0.186
182 238 323 208 198
3play) —0.19 0 +0.17 —0.33 —0.42 0.219 —0.230
40 38 34 52 59
4s(a,) —0.15 0 +0.11 —0.25 —0.35 0.158 —0.173
9 12 16 4 0
4p(e) —0.12 0 +0.06 —0.25 —0.35 0.106 —0.167
84 132 202 100 90
4p(a;) —0.18 0 +0.15 —0.30 —0.42 0.201 —0.209
13 12 11 17 19
N 1s IP —0.23 0 +0.19 —0.33 —0.45
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in the excited states. In the regime of the valence-
electron excitations such a situation is known for the
lowest excited singlet state @ characterized as la"-3a’ in
D5, symmetry [21]. Calculations by Agren, Miiller, and
Nordgren [41] for the potential-energy surface of the N
1s hole state in the NH; " cation predict a planar equilib-
rium configuration and, moreover, a distinctly lowered
bending frequency (w,=54 meV) with respect to the
ground state (w,=140 meV). An estimate of the bending
mode frequencies in the N 1s excited states may be gained
by comparing the energy variations in Table V with the
ground-state double minimum potential along the v, nor-
mal coordinate. For the N 1s-3s(a,) transition this esti-
mate gives w,=80 meV. The shape of the corresponding
spectral peak agrees with the assumption of a long pro-
gression of v, excitations, the low frequency explaining
the absence of resolved vibrational structure. The vibra-
tional width A=200 meV calculated according to Eq. (8)
is somewhat smaller than the experimental finding. The
N 1s-3s5(a,) peak in the ND; spectrum is distinctly nar-
rower in accordance with the isotopic rule.

The second peak (B) in the N 1s absorption spectrum
corresponds to a transition into the first excited state of e
symmetry. The position of the peak maximum relative to
the peak A agrees well with the calculated energy separa-
tion of the first two excited states. The vibrational struc-
ture of the N 1s-3p (e) transition may be rather complex
due to the Jahn-Teller instability induced by the two de-
generate vibrational e modes v; and v,. A closer exam-
ination of the spectral profile has to be postponed until an
adequate treatment for such a vibronic system is avail-
able. A study of this kind would also clarify whether the
neighboring N 1s-3p(a,) state has to be included in the
vibronic calculation.

Although the absence of resolved vibrational structure
in the present experiment may be explained solely by
strong excitation of the v, mode and by Jahn-Teller insta-
bility, one must also consider the possibility of dissocia-
tion as a broadening mechanism. In particular, the
lowest excited state N 1s-3s(a,) could be unstable with
respect to hydrogen abstraction. The question of stability
here is less obvious than in H,O and can only be
answered by an accurate calculation of the corresponding
potential energy surfaces (see Sec. V).

Based on the transition energies alone, the three
features C, D, and E correlate well with the subsequent
three transitions N 1s-3p (a,), 1s-4s(a,) and 1s-4p (e). It
should, however, be noted that the calculated vertical os-
cillator strengths, at least for the latter two transitions,
do not agree with the experimental spectral weights. Ob-
viously, substantial intensity modulations occur as a re-
sult of vibronic coupling and non-Franck-Condon behav-
ior.

C. Methane

The present photoabsorption spectra of methane and
methane d, in the carbon K-edge region are shown in
Figs. 3 and 4 and reveal a wealth of spectral detail. The
early synchrotron radiation absorption measurements
[5,7,8] were taken at rather poor spectral resolution, dic-
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FIG. 3. The carbon ls photoabsorption spectra of CH, and
CD, in the region below the ionization threshold.

tated by the grazing-incidence monochromators then
available. Higher resolution is seen in the EELS data of
Wight and Brion [1] and Hitchcock, Pocock, and Brion
[2], who assigned their spectra in terms of ns and np
series of Rydberg levels approaching the C ls ionization
threshold. Our results agree well with the highest resolu-
tion EELS spectrum of Tronc et al. [3], but a significant
improvement in signal-to-noise ratio and resolution is
clearly evident. The energy positions of 22 spectral
features in both the CH, and CD, spectra (Figs. 3 and 4)
are listed in Table VI. The results of our ADC(2) calcula-
tions are presented in Table VII. The calculated (verti-
cal) excitation energies are somewhat below the experi-

(sy1un A1ejique) Asuaju] YO
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FIG. 4. The dipole-forbidden C 1s-4s(a,) band in the carbon
1s photoabsorption spectra of CH, and CD,.
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mental peak maxima. The discrepancy, for example, in
the energy of the C 1s-2¢, transition amounts to 0.3 eV, if
a relativistic correction of 0.1 eV is taken into account.
Accurate results slightly above the experimental energies
have been obtained in previous theoretical studies using
the ASCF method [6,36].

The ground-state electronic configuration of CH, is
1a?2a?1t8('4,). The four C—H bonding orbitals are
the 2a, and the three degenerate 2¢, orbitals. The corre-
sponding antibonding o* orbitals are also of a; and ¢,
symmetry; as in the case of H,O and NH;, excitations
into these orbitals are expected to mix with the Rydberg
transitions. The weak feature B at approximately 287 eV
in the spectrum has been assigned by Bagus, Krauss, and
La Villa [6] as the dipole-forbidden C 1s-3s(a;) Rydberg
transition. Whereas the 0-O vibrational band is strictly
dipole forbidden, transitions to vibrational states of #,
symmetry, e.g., 13-3 transitions, may be observed as a re-
sult of non-Franck-Condon behavior of the respective
transition moment. The deviation from the Franck-

TABLE VI. Excitation energies and assignments for the C 1s
photoabsorption spectra of methane and methane d,.

CH, CD,
Energy Assignments Energy
Peak Present Ref. [3] Ref. [3] Present Peak Present
A 286.86 - 3s(a;)+v, A’ 286.87
B 287.04 287.05 3s +v, B’ 286.99
C 28741 - +v,vy  C 287.24
D  288.00 288.00 3p D’ 288.00
E  288.19 E'  unresolved
F 28827 28824 3p+vw F’ unresolved
G 28840 28837 3p+w 3p(t,) G’  unresolved
H 288.69 288.70 H’ 288.53
I 288.86 r 288.63
J’' 288.95
J 289.13  289.14 4s K’ 289.05
4s(a;)
K  289.21
L  289.46 289.44 4p L’ 289.45
M 289.66 289.65 4p-+v 4p(t;) M’ 289.65
N 289.87 289.83 Ss N’ 289.72
O 28998 290.01 5p o’ 289.95
5p(t,)
P 290.06 P’ 290.04
Q 29026 Q' 290.24
R 290.38 6p(t,) R’ 290.34
S 290.48 S’ 290.52
T  290.64 T 290.62
np(t,)
U 290.78
z 290.76  (1s)~!
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TABLE VII. Calculated vertical transition energies of the C
1s excitations in CH,.

Excitation energy (eV)

Transition ADC(2) Experiment
C 1s-3s(a;) —1.30 ~—0.96 (B)
3p(t,) 287.63 0 (D-1)
4s(a;) +0.95 ~1.3 (J,K)
4p (t,) +1.33 ~1.5 (L-N)
Ss(a,) +1.68
5p(t,) +1.78 ~1.9 (O,P)
6s(a;) +2.04
6p (;) +1.92 ~2.4 (0-9)

Condon approximation may, for instance, be induced by
vibronic coupling of the C 1s-3s(a ) state with the neigh-
boring C 1s-3p(¢,) state [2,6]. In methane, two modes, v,
and v,, of t, symmetry are found, with ground-state fre-
quencies w3 =374 (280) meV and w,=162 (123) meV, re-
spectively, the values in parentheses referring to CD,. A
similar weak feature due to the dipole-forbidden 1s-a; ex-
citation is also found in the photoabsorption spectra of
SiX, compounds (X =H,F,Cl, etc.) [42,43].

The spectra shown in Fig. 4 were taken at an increased
sample pressure and cover the region around 287 eV. In
addition to the peak B (B’) at 287 eV one can clearly see a
weaker shoulder 4 (A’) just below 286.9 eV and another
feature C (C’) on the high-energy side. Assuming that
the excited-state frequencies are similar to those in the
ground state, the observed features fit reasonably well to
the vibrational transitions 4 (A4), 3} (B), and 133} (C) for
both CH, and CD, species. From the energy separation
of the peaks B (B’) and C (C’) we obtain a value of 370
meV (250 meV) for the v, frequency in the excited CH,
(CD,) state. According to the assignment given here, one
would expect an isotope shift of about 90 meV for the
peaks B and B’ (arising from the distinct v; frequencies).
The experimental shift in Fig. 4, however, amounts to
only 40 meV, which may partly be a result of the align-
ment of the two spectra as described above. The isotope
effect on the intensity of the 3} peak B has been examined
by Hitchcock, Pocock, and Brion [2]. In contrast to a
prediction of Bagus, Kraus, and LaVilla [6], an ~20%
decrease of intensity was found when going from CH, to
the fully deuterated species. Our experiment shows a de-
crease of about 35%, the small discrepancy being perhaps
due to an electric quadrupole contribution in the EELS
data of Hitchcock, Pocock, and Brion [2].

A complex spectral profile between 287.6 and approxi-
mately 289.0 eV, comprising the features D -1 in Fig. 3,
is associated with the C 1s-3p(¢,) transition. The three-
fold degeneracy of the electronic state and the presence
of two t, modes (v;,v,) constitute a complicated Jahn-
Teller system which will lead to a large manifold of vib-
ronic final states. Accordingly, we have to expect that
the observed spectral curve is the result of complicated
superposition of many densely lying individual lines. The
very clear differences between the CH, and CD, spectra
directly indicate the importance of vibronic effects. A re-
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liable analysis of the vibrational structure would have to
be based on dynamical calculations that account ade-
quately for the coupling between the electronic and nu-
clear motion. Since a study of this kind is still lacking,
we refrain from assigning any of the individual peaks
(D -1, which was attempted by Tronc et al. [3] and by
Robin [21].

About 1 eV above the C 1s-3p(¢,) energy our calcula-
tion predicts the next transition characterized as C ls-
4s(a;). Similar to the first member of the ns(a ;) Rydberg
series, vibrational states with one quantum in the v; or v,
mode may obtain intensity due to non-FC behavior. It
seems likely that the small features (J and K) in the CH,
spectrum can be associated with the C (1s-4s(a,) transi-
tion. Towards higher energy, as the energy separation of
states becomes smaller, we must expect that in addition
to the Jahn-Teller instability of the C ls-np(t,) states
nonadiabatic effects arise from vibronic coupling between
neighboring states both of a, and ¢, symmetry. Thus a
detailed explanation of the spectral profile including the
individual features L-U also cannot be given at the
present stage. Nevertheless, we may attempt to correlate
some of the calculated transitions with selected groups of
spectral features. A quite natural choice adopted in
Tables VI and VII is to distinguish three groups (L —N),
(O, P), and (Q-S) in the CH, spectrum. The tentative as-
signment as C 1s-np (¢,) transitions with n =4—6 seems to
be justified by the calculated energy separations, except
perhaps for n =6, where the experimental energy is some-
what too large.

Table VIII shows the variation of the C 1s excitation
energies as a function of the C—H bond length. For
comparison the C ls ionization energy changes (calculat-
ed on the ASCF level) are also given here. The an-
tiscreening effect for the C ls potential connected with
the withdrawal of the surrounding H atoms is consider-
ably more effective than for NHj;, resulting in an increase
of the ionization energy by about 0.4 eV per 0.1 a.u. C—
H bond elongation. The C 1s-as(a;) manifold of states
shows almost perfect ionic behavior; there is no indica-

TABLE VIII. Variation of C 1s excitation energies (upper
lines, eV) and oscillator strengths (lower lines, 10*f) in CH, as a
function of the C-H distance R (a.u.).

State R,—0.1 R, R,+0.1 R,+0.2
C 1s-3s(a;) —0.38 0 +0.31 +0.55
4s(ay) —0.41 0 +0.37 +0.69
5s(a;) —0.42 0 +0.38 +0.72
C 1s-3p(t,) —0.42 0 +0.39 +0.71
192 233 302 420
4p(t,) —0.41 0 +0.33 +0.49
84 108 376 588
5p(ty) —0.36 0 +0.18 +0.43
68 359 272 42
6p (1) —0.23 0 +0.36 +0.71
320 108 1 0
C 1s IP —0.47 0 +0.44 +0.85

tion of possible o*(a;) valence admixtures, at least for
the lowest members n =3 -5 considered in Table VIII.
For the C 1s-np(t,) transitions Table VIII also contains
the vertical oscillator strengths for selected C-H dis-
tances. A close examination of both the energy and in-
tensity variations of the manifold of ¢, states reveals the
presence of an antibonding valence-type state that diabat-
ically crosses the C ls-np(t,) Rydberg states n =6,5,4,
and 3 in the region R, —0.1 to R, +0.2 a.u. This can be
seen by the sudden jumps in the oscillator strength: for
n=6at R,, for n =5 at R, (increase) and at R, +0.2 a.u.
(decrease), for n=4 at R,+0.1 a.u.,, and for n=3 at
R,+0.2 a.u. The “perturbing” virtual valence level also
causes noticeable deviations of the otherwise ionlike be-
havior of the excitation energies, e.g., for n=6 at
R,—0.1 a.u.,, for n=5 at R,+0.1, for n=35 and 4 at
R,+0.2 a.u. The perturbing level obviously has to be as-
sociated with the o*(¢,) orbital and will certainly play a
role in the dynamics of the C 1s transitions at higher en-

ergy.
V. GENERAL DISCUSSION AND CONCLUSIONS

In spite of the high experimental resolution of the
present K-shell photoabsorption spectra, distinct vibra-
tional structure could only be resolved and assigned in
the case of the dipole-forbidden C 1s-3s(a,) transition in
CH, and CD,. An obvious explanation for the broaden-
ing of the spectral features—apart from experimental
resolution and lifetime effects—is the dissociation of the
excited species. Indeed, one might reasonably expect that
all three hydride molecules will eject a hydrogen atom
upon excitation of a K-shell electron. This is suggested
by the Z +1 model (see Schwarz [44]) relating the core-
excited molecules OH,*, NH;*, and CH,* to the systems
FH,, OH; and NH, in corresponding states. From a
chemical point of view, none of these systems is expected
to be stable with respect to hydrogen abstraction. The
ionic X 1s single-hole species, on the other hand, corre-
sponding to the FH,*, OH;*, and NH,* cation ground
states in the Z +1 model, are well equipped to bind all
their hydrogens, and the addition of a Rydberg electron
will not substantially affect this stability. Indeed, bound
states of the neutral radicals FH,, OH;, and NH,, re-
ferred to as Rydberg molecules, are known to exist from
numerous experimental and theoretical studies (see, e.g.,
Raynor and Herschbach [45] and Kaspar, Smith, and
McMaster [46]). By analogy we may conclude that those
K-shell excitations described as X 1s Rydberg transitions
are stable, or at least metastable, with respect to fragmen-
tation. By contrast, transitions to states with sufficiently
large X 1s-0* admixtures are thought to lead to direct
dissociation. In order to clarify whether dissociation is
actually effective in a particular transition, the appropri-
ate potential-energy surface has to be examined. Exam-
ples of dissociative broadening are presumably the O 1s-
4a,/3s and O 1s-2b,/3p transitions (peaks 4 and B in
Fig. 1) in H,0. Here the large coupling parameter k;
and frequency o, for the symmetrical O-H stretching
mode are not compatible with the observed spectral
profile, unless a dissociative behavior is assumed.
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From a thermodynamic cycle involving the O—H
bond energy (5.44 eV [47]) in the H,O ground state, the
electron affinity of OH (1.83 eV [48]), and the O ls ioniza-
tion energy of OH™ (525.8 eV [49]) we have estimated the
exothermicity AE of the fragmentation reaction
OH,* —OH* +H for the lowest O 1s excitation. The re-
sulting value AE = —3.3 eV shows clearly that the frag-
mentation is energetically feasible. The instability of the
OH, species is furthermore corroborated by the fact that
no stable FH, ground state has been found. We note that
Coulman er al. [50] have observed fragmentation of the
water molecule in adsorbed monolayers and in the con-
densed phase at the O K edge to give H™ ions. A sharp
feature at ~534 eV in the H" yield from the monolayer
appears to correspond to peak A4 in the gas-phase photo-
absorption spectrum and has been assigned by the au-
thors to the O 1s-4a; transition. There is no simple 1:1
correspondence between the H™ yield spectrum and the
absorption spectrum at higher energies. Since it is ex-
tremely difficult in the photodesorption experiment to
measure the neutral H atom yield, the relative impor-
tance of the two fragmentation channels is at present un-
known.

For NH;, the question as to whether the lowest excited
state is dissociative is less clear, since another source of
broadening comes into play, namely, the unresolved
bending mode (v,) excitation. This more complex situa-
tion is also reflected by the Z + 1 model, where the stabil-
ity of the OH; ground state is still a matter of debate.
Here the quality of the theoretical predictions depends
quite sensitively on the accuracy of the computational
schemes involved [51]. By contrast, the lowest excitation
in CH,, C 1s-4s(a;), which is of pure Rydberg character,
is obviously stable with respect to fragmentation, allow-
ing the individual vibrational levels to be detected. This
is also suggested by the Z +1 analogy: the NH, radical,
discovered experimentally by Herzberg [52] in 1981,
shows a substantial barrier along the ground-state disso-
ciation path [46]. For transitions to final states of e and
t, symmetry in NH; and CH,, respectively, the Jahn-
Teller coupling of electronic and nuclear motion will give
rise to a dense manifold of final vibronic levels preventing
the resolution of further spectral details.

To clarify the question of Rydberg versus valence (o *)
character of the excited states we have examined the be-
havior of the excitation energies as a function of the dis-
tance Ryy between the central (X=C,N,O) and the H
atoms. Pure Rydberg excitations should behave in a
similar way as the X 1s ionization potential (IP), while an-
tibonding valence character should lead to strong devia-
tions from the IP behavior. A common trend, being
smallest for H,O and largest for CH,, could be seen in
the variation of the IP with Ryy: the increase of Ryy
leads to a withdrawal of negative charge from the central

atoms, which in turn causes a lowering of the electrostat-
ic potential felt by an X 1s electron. This (anti-)
screening effect is particularly pronounced on the
zeroth-order level (Koopman’s theorem) where the IP is
given by the negative ground-state HF orbital energy
—e€y,. For an increase ARy =0.1 a.u. we have found
the values —Agy; =0.25 eV (H,0), 0.50 eV (NH,), and
0.70 eV (CH,). This is to be compared with the relaxed
ASCEF results AIP=—0.06 eV (H,0), 0.19 eV (NH;) and
0.44 eV (CH,). Obviously, relaxation reduces the static
(anti-)screening effect, leading in the case of H,O even to
a slight decrease in the IP.

Besides the energy we have also considered the depen-
dence of the (vertical) oscillator strength on Ry which is
expected to be strong for a final state with valence o*
character. The conclusions drawn from the dynamical
observations can be summarized as follows: For H,O,
most of the expected o* character is mixed in the first
and second excitations, O 1s-4a,/3s and O 1s-4b,/3p,
which explains the dissociative nature of the correspond-
ing energy surfaces. Similarly, in NH; the lowest excited
state, N 1s-3s(a,), is characterized by a strong o *(a ) ad-
mixture and the energy surface is probably dissociative
here as well. Antibonding o*(e) character is also present
in the e manifold, but seems to be more uniformly distri-
buted over several states. A different situation was found
for CH,. Here pure Rydberg character is found in the
manifold of C 1s-ns(a;) excitations, while in the 7, mani-
fold the presence of a C 1s-0*(t,) excitation could be
identified by distinct perturbations in both the vertical
transition moments (oscillator strengths) and excitation
energies of the C 1s-np(t,) Rydberg series. With respect
to the occurrence of shape resonances in the K electron
continua it follows that in both H,O and NH; only little
o* character can be expected to appear above threshold.
The same conclusion applies to the o*(z,) orbital in CH,.
The only case where according to our considerations a
shape resonance associated with an X-H antibonding or-
bital may be expected is the a; continuum in CH,. The K
level photoabsorption above threshold does show a pro-
nounced feature at 303 eV [1], but the other two hydrides
also show weak features in a similar energy range. In this
connection, the possibility of double excitations of the
type X 1s-0*, 0-0* cannot be discounted.
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