PHYSICAL REVIEW A 85, 023409 (2012)

Intramolecular electron diffraction in vibrationally resolved K -shell photoionization of methane
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Current techniques based on x-ray or electron diffraction are successfully employed for structure determination
in condensed matter but are sometimes limited when applied to low density media such as the gas phase. Here
we show that vibrationally resolved photoelectron spectroscopy based on x rays generated by third generation
synchrotron light sources can be used to infer the structure of isolated molecules in a simple and efficient way.
In particular, we show that vibrational ratios obtained from inner shell C 1s photoelectron spectroscopy of
isolated methane molecules exhibit pronounced oscillations that are the fingerprints of electron diffraction by
the surrounding atomic centers, thus providing the necessary information for the determination of the molecular

geometry.
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I. INTRODUCTION

Probing with diffraction the structure of matter at the
atomic scale requires the use of light or particle beams with
wavelengths of the order of the characteristic interatomic
distances. Due to their short wavelength, x rays and few-
hundred-electron-volts electron beams are thus the ideal
sources. For example, they can efficiently diffract at crystals,
exactly as normal waves do when they strike a diffraction
grating. From the observed diffraction patterns, one can then
deduce quantitative structural information such as lattice
constants and symmetry [1-4]. When used with ultrahigh time
resolution, they even allow one to map structural changes as
those occurring in phase transitions [5,6]. X rays can also
efficiently ionize the inner shells of the atomic or molecular
constituents, thus producing electrons that scatter coherently
(i.e., diffract) within the surroundings of the ionized atom
or molecule. The NEXAFS (near-edge x-ray absorption fine
structure) or EXAFS (extended x-ray absorption fine structure)
techniques are based on this principle [7,8]. The fingerprints
of this coherent electron scattering in the measured spectra
provides valuable information about the local electronic struc-
ture and coordination geometries [9,10]. Thus, photoelectron
diffraction is used extensively in solid state [11] and surface
physics [12,13] to obtain structural information in crystals as
well as in bulk amorphous materials

When these techniques are applied to gases at low pres-
sure to determine, for example, the structure of an isolated
molecule, one has to face a severe disadvantage: the extremely
low density of the medium in comparison with that of bulk
materials, which, in some cases, prevents one from observing
any diffraction at all. Diffraction is clearly observed in
the condensed phase because the relatively low number of
photoelectrons generated by standard x-ray sources is amply
compensated by the large number of atoms present in the solid
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or liquid sample (which is of the order of Avogadro’s number,
i.e., ~10?%). In the case of low density media, a possible
solution is to increase the intensity of the light source, so that
either more x rays are efficiently diffracted or the outgoing
flux of diffracted photoelectrons is larger. Thus, high intensity,
x-ray free electron lasers (XFEL) have been recently proposed
as the ideal tool for measurements on isolated species [14,15].
For example, they have already provided evidence of x-ray
diffraction by single nanocrystals of large membrane protein
complexes [16] and by a single virus particle [17]. Photoelec-
trons arising from XFEL irradiation of low-pressure gases have
also been suggested as a way to perform time-resolved imaging
of molecular structure (i.e., the “molecular movie”) by using
so-called photoelectron holography [18], which in some way
reminds us the EXAFS spectroscopy. This success is limited,
however, by the complexity, large size (up to 4-5 km) and
high cost of XFEL single-user facilities. For this reason, it is
worth exploring more handy alternatives, as those provided by
third-generation synchrotron radiation sources in combination
with high kinetic energy resolution detection techniques.
As shown in this paper, we propose that vibrationally re-
solved photoelectron spectroscopy measurements performed
with such synchrotron radiation sources [19] is a useful
alternative.

Our proposal is inspired by recent work on diatomic
molecules. First, by valence-shell photoionization of Hj, Ny,
and CO, in which the ratios between vibrationally resolved
photoionization cross sections (hereafter called v ratios)
oscillate with photon energy [20,21]. The oscillations are
due to the coherent electron emission from the two atomic
centers and their frequency is dictated by the value of the
internuclear distance, similarly to what happens in a classical
Young’s double-slit experiment. The experiments have thus
been able to provide the information needed to characterize the
geometry of a diatomic molecule: the bond length. Second, by
the fact that in all molecules inner-shell molecular orbitals
are localized on the atomic centers, so that electrons can
be effectively ejected from a very localized region of space
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and can be subsequently scattered by the neighboring atomic
centers thus leading to diffraction. K-shell photoionization
experiments on isolated fixed-in-space CO molecules have
shown evidence of such scattering processes in photoelectron
angular distributions [22,23]. Third, by the recently observed
diffraction of laser-induced tunneling electrons produced by
intense infrared femtosecond pulses on N, and O, [24,25].
In these experiments the oscillating electric field of the laser
forces a fraction of the tunneled electron to go back to the
parent ion where it can diffract.

The specific example we consider here is vibrationally
resolved C(1s) photoionization of CHy4, a molecule for which
there is a vast literature [26—29], but no evidence of diffraction
has been reported so far. This is partly due to the need for high
kinetic-energy resolution in combination with high photon
energy (that of x rays) but also to the fact that emission
of a fast electron is accompanied by recoil of the residual
cation [28], thus leading to a redistribution of the available
energy even on symmetry-forbidden vibrational modes. As
shown by Kukk et al. [28], the recoil of CHZ‘r ions leads to
excitation of the asymmetric stretching and bending vibrations,
which superimpose to the dominant symmetric stretching
vibrational components. As a result, the apparent v ratios
increase almost linearly with photon energy, thus hiding the
underlying diffraction. In this work we present results from
(1) a theoretical approach that describes both the electronic
and nuclear degrees of freedom, (ii) experiments performed
at the SOLEIL synchrotron (France) that improve by about a
factor of 5 statistical errors reported in previous experiments
at the SPring-8 synchrotron, and (iii) a data analysis of these
new data and of previously reported SPring-8 measurements
that allow us to separate the diffraction contribution from the
recoil contribution. As we will show below, the calculated and
measured v ratios so obtained exhibit pronounced oscillations
as a function of photoelectron energy that are unambiguously
due to scattering of the ejected electron by the surrounding
hydrogen atoms. A fit of these v ratios to a simple model
formula thus allows one to determine the molecular geometry.

II. FIRST-PRINCIPLES CALCULATIONS

The vibrationally resolved photoionization cross section
is evaluated to first order of perturbation theory within the
Born-Oppenheimer and dipole approximations:

4 2
Ua(v,v’,w) = ;Th;)a(% Z Z iTa”lnvv’(S) 2a
nol

(D

where
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Ma,i, 18 the dipole-transition matrix element between the initial
electronic state 1y and the final electronic continuum state
Va1, of CHy, a denotes the electronic state of the residual
ion, n is the symmetry of the final state, x,s, is the initial
vibrational state, xu+,, is the final vibrational state, w is the
photon energy, and ¢ is the photoelectron energy.

To evaluate the electronic continuum state ¥, ;,, we have
used an extension of density functional theory (DFT) originally
developed by Decleva and co-workers to treat molecular
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ionization at the molecule’s equilibrium position [30]. The
method has been shown to provide accurate photoionization
cross sections for simple as well as for very complex molecules
(see, e.g., Ref. [30]). Here the method has been extended
to describe nonequilibrium geometries. In particular, we
have considered 60 different geometries associated with the
symmetric stretching mode. They have been built by varying
synchronously the four C-H distances. A standard local density
approximation (LDA) functional has been used to describe
exchange and correlation effects.

For each value of the C-H distance, we have followed
the following procedure. The initial Kohn-Sham orbitals have
been generated by running a standard preliminary LCAO-DFT
calculation with the program Amsterdam density functional
(ADF) using a LDA functional in a double ¢-polarization
(DZP) basis set. The resulting sets of Slater type orbitals are
then used to build the Hamiltonian matrix in a new basis set
of B-spline functions B and real spherical harmonics Y *:

Nl I
. 1 kd
s;,a,(r,e,qs):Z;B,(rk) " bam¥EOtr). 3)
k=1 my=—Iy

where o gathers the indexes referring to a specific irreducible
representation (IR), /, and m, correspond to the usual angular
momentum quantum numbers, i and k indicate, respectively,
the ith nonequivalent expansion center and its kth equivalent
center, Néq is the number of equivalent centers associated to
i, the index j refers to the jth B spline, r, 6, and ¢ stand
for the spherical coordinates in the molecular framework,
and by, are the coefficients of the symmetry adapted linear
combination of real spherical harmonics. The nonequivalent
centers are divided into two categories:

(1) The one-center expansion (OCE), which is unique (as
its name implies) and located on a chosen origin. Its radius
is large (40 a.u. in the present calculation) which allows us
to correctly treat the long range oscillatory behavior of the
continuum wave function.

(2) The off-centers, which are located on each nonequiva-
lent nuclei in order to describe more accurately the sharpness
of the bound state wave functions. The expansion interval is
cut off and is generally quite small (0.5 a.u. in the present
calculation) in order to avoid linear dependencies due to
excessive overlap with other basis functions. It has been shown
that addition of the off-centers to the OCE B-spline basis
improves dramatically the convergence of the calculation for
most molecules.

In the particular case of methane, the OCE is centered
on the carbon atom and only one nonequivalent off-center is
required to take care of the hydrogen atoms. Then the radial
part of the basis functions is defined by two sets of N, one-
dimensional B-spline functions, built on two different radial
interval: [0; RO ] for the set { gln} and [0; R! ] for the set
{g;,u}. The LCAO basis set and consequently the cost and
accuracy of the calculation is completely defined by

(1) The B-spline order and the RO, R! . and N, parame-
ters.

(2) The maximum value of the angular momentum expan-
sion LY for the OCE and L', for the off-center sets.

max
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Since the off-center radius spheres cannot intersect each
other, the resulting Hamiltonian matrix H is partitioned into
submatrices which are the diagonal elements H;; and the
blocks Hp; and Hjo between the set { Sla} and {&}, }. The
calculation of the nondiagonal block elements Hy; and H;;
represents the main computational effort because of the lack of
analytical resolution. To carry out the integration, a numerical
three-dimensional Gauss-Legendre scheme is employed. Also,
a rotation of the coordinate framework of the spherical
harmonics of the main center along the polar axis associated
with the subsystems defined by the expansion centers leads
to significant improvement. This exploits local cylindrical
symmetry reducing integration to two variables (r and ¢).

The bound states are extracted by a generalized diago-
nalization of I:IKS and continuum states by block inverse
iteration [31] for each given photoelectron energy. Electronic
dipole matrix elements were computed for 200 photoelectron
energies, in a basis of 400 B splines, a box size of 40 a.u.
and a maximum L value of 13. Making use of the accurate
Morse potential parameters given in Ref. [32] (CHy: w, =
3059.9 cm™!, w,x, = 13.7 em™'; CHf "*: w, = 3383.5 cm™!
and w.x, = 15.8 cm™!), we have evaluated the vibrational
wave functions by diagonalizing the vibrational hamiltonian
in a basis of 1000 B splines within a box of 10 a.u.

III. EXPERIMENTAL METHOD

The new measurements have been carried out at the
PLEIADES beamline (10-1000 eV) dedicated to ultrahigh
resolution spectroscopic studies of isolated species [33-36] at
the 2.75 GeV French national synchrotron radiation laboratory
SOLEIL. The quasiperiodic Apple II elliptical undulator of
80 mm period (HU80) has been used to generate arbi-
trarily tilted linearly polarized light. In the experiments, a
1600 lines/mm grating has been used, while the monochro-
mator slit has been adjusted to keep the spectral broadening
fixed at 50 meV. Photoelectron spectra have been collected at
the magic angle of 57.4° with respect to the light polarization
vector using a wide angle lens VG Scienta R4000 electron
spectrometer operated at 50 eV pass energy and mounted
with the electron detection axis lying vertical in the plane
perpendicular to the x-ray beam propagation axis. Pure
methane (99.9%) from Air Liquide has been introduced using a
differentially pumped gas cell allowing tunable compensation
of the plasma potentials associated with the electric field
created in the interaction region by the ion density gradient
along the photon beam. The electron spectrometer resolution
was set to 60 meV. Additional causes such as translational
(2045 meV) and rotational Doppler broadening [37,38] lead
to a total Gaussian broadening of SOLEIL spectra of 85 meV
at 330 eV photon energy.

Vibrational progressions in the C 1s photoelectron spectra
were analyzed using the least-squares curve fitting macro pack-
age SPANCF [39] for Igor Pro. All spectra from each series of
measurements were analyzed as a set with linked parameters.
The progressions were decomposed into the symmetric stretch,
asymmetric bending, and asymmetric stretch modes. The first
is excited due to the molecular potential change upon core
ionization and the last two are excited by the photoelectron
recoil momentum delivered to the central carbon atom. The
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vibrational frequencies of the recoil-excited bending mode and
asymmetric stretching mode were fixed to 179 and 414 meV,
respectively [32], and the peak intensities were calculated
according to the recoil model [40]. These two progressions thus
formed a background for the symmetric stretch progression to
be fitted. The peak separations were free fitting parameters for
this progression, but they were linked to be the same within
the set of spectra. The values of 397.0, 396.4, and 395.9 meV
were obtained from the highest quality SOLEIL data set
for the v = (1-0), (2-1), and (3-2) separations, respectively.
Post-collision-interaction (PCI) modified Voigt profiles [41]
were used for fitting with the PCI asymmetry calculated from
the photon and average Auger electron energies, neglecting
angular anisotropy effects. Common Lorentzian lifetime width
of 99 meV was obtained for the SOLEIL data set, but for
other, SPring8 data sets, the Lorentzian components of 92 and
97 meV gave the best fit. The slight discrepancy could be due
to the deviation of the instrument function from pure Gaussian
shape, depending on the experimental setup used. These values
nevertheless bracket closely the earlier reported lifetime width
of 95 £ 5 meV [26].

The peak intensity ratios of the symmetric stretch progres-
sion is the main result of the fitting procedure. These ratios R,
have been calculated as

Rh + ZCRU
14 2¢

where Rj, and R, are the measured peak intensity ratios along
and perpendicular to the polarization, respectively, and

1-8/2
CcC = .
1+8

The anisotropy parameters 8 have been taken from Ref. [42].

We have used the same fitting procedure to reanalyze
previous measurements performed at SPring8 (Japan). For
photon energies at and above 340 eV, 8 is close to 2, so that
¢ — 0 and only Rj, is shown. The error bars of the ratios are
from the statistical uncertainty of the peak areas and, for the
error bars of the calculated R, values, the uncertainty of g
was assumed £0.05.

m = ,

IV. RESULTS

Figure 1(b) shows the photoelectron spectra for the sym-
metric stretching mode at a photon energy of 330 eV. The
experimental data have been renormalized to the theoretical
results, which are shown by vertical bars. As can be seen,
CH,4 photoionization mainly leads to CH} ions in the ground
vibrational state v = 0 of its stretching mode. This is because
the equilibrium geometries of CH4 and CHI are very similar.
Indeed, as illustrated in Fig. 1(a), a vertical one-photon
transition from the ground state of CH4 necessarily leads
to CHJ ions with a geometry close to that of the minimum
of the potential energy surface (PES), so that the maximum
Franck-Condon overlap corresponds to the v =0 — v =0
transition. Consequently, the intensity of the observed peaks
decreases rapidly with the degree of vibrational excitation of
the remaining CHZ ion and, for all practical purposes, it is
negligible beyond v" = 2. The intensity of the measured peaks
decreases very rapidly with photon energy. This rapid decrease,
which also occurs in atoms, complicates the identification of
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FIG. 1. (Color online) (a) Potential energy curves of the ground
states of CH, (A;) and CHJ (A,) along the symmetric-stretching
normal coordinate. The vibrational wave functions associated with
the relevant vibrational states are also shown. The vertical red arrow
indicates a vertical one-photon transition. The vertical dashed lines
enclose the Franck-Condon region. (b) Photoelectron spectra of
methane taken at hv = 330 eV. Experimental results: full curve.
Theoretical results: bars. Peak labels indicate the vibrational quantum
number v’ of CH} .

intrinsic molecular effects in the photoelectron spectrum. A
very elegant way of removing this rapid decrease from the
analysis is to consider v ratios, in which such a behavior
is no longer present because both the numerator and the
denominator decrease with a similar rate.

Figure 2 shows the measured and calculated v ratios as
functions of photon energy. As can be seen, the v ratios
exhibit pronounced oscillations superimposed to a nearly flat
background. The agreement between theory and the results
of the SOLEIL experiment is excellent, even for the very
small v =2/v = 0 ratio (notice that experimental statistical
errors are significantly smaller than in previously reported
measurements). The oscillations are also visible, although with
larger error bars, in the experiment performed a few years ago
at the SPring8 synchrotron (Japan) after removing from the v
ratios the contribution of the asymmetric modes due to recoil
(data shown in Fig. 2).

V. SCATTERING MODEL

To provide more physical insight into these results, we
have performed model one-electron calculations in which the
initial electronic state of CHy is represented by the 1s orbital
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FIG. 2. (Color online) Ratios between vibrationally resolved
photoionization cross sections in C 1ls photoionization of CHy
for the CH} symmetric stretching mode. (a) v’ = 1/v' = 0 ratio.
(b) v" = 2/v" = Oratio. Blue (dark gray) circles: experimental data of
Ref. [28] obtained at SPring8 after removing the recoil contributions.
Violet (light gray) circles: present experimental data. Both data sets
include the statistical and systematic errors. Black full lines: present
theoretical results. Red dashed lines: results of the simple model
explained in the text. Horizontal dashed-dotted lines: ratios predicted
by the Franck-Condon approximation. The photoelectron energy is
given by [hv — Vo (Cls)], where Vi, (Cls) =290.6 eV is the energy
required to remove an electron from the C 1s orbital of CHy.

of the C atom, ¢, c, and the final continuum state of the
ionized electron by a plane wave plus a first order correction
representing the scattering from the central C atom and the four
H atoms, 1//12_(7) = exp(ik - 7) + Ip(;E(7) + Iﬁ;i(f). Within
this model the transition dipole matrix elements have been
evaluated as functions of the symmetric stretching normal
coordinate and then used to obtain vibrationally resolved
photoionization cross sections.

In more detail, the vibrationally resolved photoionization
cross section o, from the carbon ls core orbital ¢;;c of
methane in the ground vibrational state is estimated within
the single-active-electron approximation

472k i ~
ov=2=— [au|{y; 6"[e Blonc. @

In the final state, the CH; parent ion in the (possibly excited)

vibrational state x°" is coupled to an electron state in the
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continuum Iﬂ]{ with asymptotic momentum k. The latter is
computed at the level of the first-order Born approximation,

4
V=Ve+ ) Vi, )
i=1

[V ) = lk) + G, VIk),
where the interaction between the photoelectron and the parent
ion is represented with an effective potential given by a sum
of screened atomic charges

—(ZF . — 1) TEel —[F—Ru,|
Ve = L€~ S V= (6)
|7 — Rcl |F — Ry, |

According to Slater’s prescription, the nuclear effective charge
felt by the electron in the C(1s) orbital is Z7 .C = =5.7. Atlarge
distances, V reduces to the Coulomb potentlal of the parent
ion’s single residual charge. In momentum coordinates, the
expression for the electronic part of the final wave function
reads

Ve (P) =8P = k) + ¥ 1(P) + ¥y 1(P), (7
where .
o 1 e—i(p—H-Re
Vel = TG = p— 109
1 zZF o —1
x< % 2), )
p—kP 1P —KIP+22
o 1 1 7;'(,37/}')-13”
Vi = T G ok — p i & i+ 22
)

In principle, the factors e 2% in the scattering components

1//C_ p and w 7 couple the photoelectron to all the degrees
of freedom of the nuclei. In practice, the dominant monopolar
term sin(Ak R)/ Ak R affects just the totally symmetric stretch-
ing mode; hence, we will focus on the excitation of the latter,
assuming v = 0 for all the other vibrational modes. When
computing the square module of the transition amplitude,
Coulomb corrections are retained to first order only

(¥ % [& Bldrscxo) |

~ |(x '°"|xO)| o2 (K - &) + 21, c(k)(k - &)
X (%™ x0) (xol Re((is.cl€ - Blyy ;)
+(bisclé - Blvg DI ™). (10)

In this picture the violation of the Franck-Condon principle is
caused by the scattering of the photoelectron by the hydrogen
atoms incorporated in the second term on the right-hand side
of (10).

The total cross section is thus given by

3273k
oy = z ¢1vC(k)|< 10n|X0>|

1671 k

G150 (™" | xo) (X0 |F U B[ 3"). (11)

The function F(k;X,R) accounts for the scattering of the
photoelectron by the hydrogen atoms, which leads to os-
cillations in the photoionization cross section, as well as
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for the non-Franck-Condon character of the excitation of
the symmetric stretching mode. F(k; A, R) has the following
expression:

8 1
F(k;A,R) = —3 >z / pdp ¢1s,C(P)Pm

1
X f dcos@
-1

where dcy, is the distance between the central carbon atom
and the ith atom in the effective potential. Notice that, within
the present approximations, the two terms corresponding
to the carbon atom do not give rise to any vibronic coupling.
The angular integral has a closed solution in terms of the
exponential integral E(z), a well known special function [43].
The integral over the momentum p, as well as that between
symmetric vibrational wave functions must instead be carried
out numerically.

The above formulas have been evaluated by using the same
vibrational wave functions as in the ab initio calculations
described in Sec. II. The results of the model are shown
by dashed lines in Fig. 2. For photoelectron energies larger
than 50-100 eV, where the first-order correction to the plane
wave description of the continuum electron is a reasonable ap-
proximation, the model reproduces quite nicely the amplitude
and approximate periodicity w/Rcy (where Rcy is the C-H
distance at the equilibrium geometry) of the oscillations. The
phase is not well described because electron delocalization and
correlation effects, not included in the model, are responsible
for additional phase shifts in the scattering wave function. The
relative importance of the different terms contributing to the
continuum wave function 1//12_ () is illustrated in Fig. 3. This

sin|p — kldca,
| — kldca,

pk cosf
P — k|2 + 22

figure shows that neglect of the Wg 12(?) term, that is, of the
scattering from the central C atom, has a negligible effect in
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FIG. 3. (Color online) Origin of the oscillations in the v ratios.
Black line: results from the full model described in the text. Red
(light gray) line: results obtained by excluding scattering of the
ejected electron by the central C atom. Blue dashed-dotted line:
results obtained by excluding scattering of the ejected electron by
the peripheral H atoms. The latter curve simply corresponds to the
ratio between the Franck-Condon factors for the two final vibrational
states of the CH ion.
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the v ratios beyond 300 eV. In contrast, neglect of the 1/;1;];(7)

term, that is, of the scattering by the four H atoms, leads to
no oscillations at all. Therefore the amplitude and frequency
of the oscillations is entirely explained by scattering from the
surrounding H atoms (as illustrated by the inset in Fig. 3).
Scattering from the C atom plays some role below 300 eV by
decreasing the amplitude of the oscillations due to scattering
by the H atoms.

In order to fit the measured v ratios, it is much
more useful to use a further simplification of the above
expression [44], which leads to the following analytical
formula:

L~ A+ Be¥/2[0.42 cos(2k Rey + ¢)
(e}

— sin(2k Ry + ¢)/k]. (12)

This expression contains four free parameters: A is an adjusted
Franck-Condon ratio, B controls the oscillation amplitude,
Rcy is the average C-H distance, and ¢ is a phase shift.
Although, strictly speaking, ¢ is a function of photoelectron
energy, we have assumed that it is a constant since the
largest variation with photoelectron energy comes from the
2k Rcy term. We have fitted the experimental data in the range
40-600 eV (in this way we exclude the low-energy region in
which electron correlation is important). The result of the fit
isRy=1.140.1A, A =0.45240.01, B =0.020 & 0.004,
and ¢ = (0.5 £ 0.4)xr. The value of the C-H bond distance
is in good agreement with that obtained from spectroscopic
data [45].

It is worth noticing here that, as shown in Ref. [20] for
the case of coherent two-center photoelectron emission from
diatomic molecules, the oscillatory structures observed in the
v ratios carry structural information associated with both the
initial neutral molecule and the final molecular cation. This
is because the photoelectron probes regions of internuclear
distances that are different for each final vibrational state of
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the cation. The geometries of CHy and CHI are so similar
that the model used here assumes that both species have
identical geometries. However, disentangling the structure of
the neutral molecule and the resulting molecular cation when
their geometries are significantly different requires a more
elaborate treatment along the lines described in Ref. [20].

VI. CONCLUSION

We have shown that the observation of pronounced oscilla-
tions in the CH4 v ratios as a function of photoelectron energy is
unambiguously due to diffraction of the ejected electron by the
surrounding H atoms. The imprint of the molecular geometry
can be recovered from the experimental data by using a simple
model. Thus, in a more general context, the observation of
oscillatory patterns in the v ratios can offer a handle to the
determination of molecular geometry.
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