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Recoil lineshapes in hard X-ray photoelectron
spectra of large molecules — free and anchored-
on-surface 10-aminodecane-1-thiol}

® and Marc Simon (¢

Edwin Kukk, {2 *® Ralph Puttner
Core-level photoelectron spectroscopy of molecules presents unique opportunities but also challenges
in the Hard X-ray Spectroscopy (HAXPES) realm. Here we focus on the manifestation of the
photoelectron recoil effects in core-level photoemission spectra, using the independent normal-mode
oscillators approach that allows to model and investigate the resulting recoil lineshapes for molecules of
large sizes with only a slight computational effort. We model the recoil lineshape for N 1s and C 1s
photoemission using the 10-aminodecane-1-thiol molecule as an example. It represents also a class of
compounds commonly used in creating self-assembled monolayers (SAMs) on surfaces. Attachment of
the -SH head group to the surface is modelled here in a simplified way by anchoring the sulfur atom
of a single molecule. The effects of the orientation of photoemission in the molecular frame on the
recoil lineshape of such anchored molecules are illustrated and discussed as a possible geometry probe.
Time-evolution of the recoil excitations from the initial emission site across the entire molecule is also

rsc.li/pccp visualized.

1 Introduction

Since the invention of the ESCA (Electron Spectroscopy for
Chemical Analysis) methodology," detailed analysis of the line
shapes in photoelectron energy spectra has played a key part in
extracting physically and chemically relevant information on
molecules, adsorbates and surfaces. Accurate determination of
the core-level binding energies depends on proper accounting
of all the factors affecting the electron energy, including the
contributions not related to the intrinsic electronic properties
of the sample. One example of such effects is the Doppler shift,
arising when the emitter atom is in motion in relation to the
laboratory-frame observer. The core-level photoemission line-
shape from molecular targets is determined not only by the
transitions between the electronic but also the vibrational and
rotational levels. The Franck-Condon excitations accompany-
ing the photoemission” are a valuable probe into the changes of
the geometry upon core ionization and, more generally, into the
shapes of the potential energy surfaces of the states involved.>*
Franck-Condon excitation analysis relies on decomposition of
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the observed vibrational envelope and on accurate determina-
tion of the intensities and energies of the individual transi-
tions, for which a reliable and accurate model of the
photoelectron lineshape is an essential prerequisite.

In recent years, advances in instrumentation have allowed to
extend high-resolution core-level photoelectron spectroscopy of
very dilute, gas-phase molecular targets into the HAXPES (Hard
X-ray Photoelectron Spectroscopy) realm.”*" The high kinetic
energy of the photoelectrons in HAXPES offers new opportu-
nities such as allowing to tune the probing depth of the solid
targets or, in gas-phase species, to extend the accessible regions
of the potential energy surfaces. However, the photoelectron
lineshape in the HAXPES regime should receive special scrutiny
due to the new contributing factors that could safely be
neglected in the near-threshold spectra. Here, we concentrate
on two effects that gain prominence in the HAXPES regime -
the recoil’*?* and Doppler**?*2°28 effects in electron emis-
sion, either by direct photoemission or as Auger electrons.

2 Photoelectron recoil and Doppler
effect in photoemission
2.1 Recoil model

In 1978, Domcke and Cederbaum'” predicted that the recoil
momentum in molecular photoemission can induce significant
vibrational and rotational excitations, depending on the kinetic
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energy of the outgoing electron. For the common excitation
sources of the time, such as AlKo, the spectral modifications
due to recoil were predicted to be quite noticeable. Develop-
ment of synchrotron-based high-resolution electron spectro-
scopy, especially in the HAXPES regime, has allowed to directly
investigate the recoil-induced effects in the molecular core-level
photoemission of single gas-phase molecules and to model
them at various levels of precision.*****?*° These and other
experimental studies have uniformly confirmed the validity of
the fundamental assumptions in the recoil models, which can
be summarized as follows:

(i) Perhaps the most basic assumption of the used photo-
electron recoil models is that the initial recoil momentum is
entirely confined to the emitter atom.'>>**° In core-level photo-
emission, the electron is emitted from a tightly localized,
atomic-like orbital. (ii) The emitter atom acquires the recoil
momentum near-instantaneously compared to the nuclear
motion timescales. This is understood when considering that,
in the HAXPES regime, the momentum of the photon is still
negligible compared to the momentum of the photoelectron.
Therefore, the electron must already have a suitable momen-
tum before being emitted, in its orbital motion in atom. In a
bonded nucleus-electron system, the nucleus always has the
opposing momentum to electron, and when the bond is
severed in photoemission (which is a much faster process than
vibrational motion), the nucleus is near-instantaneously left
with the unbalanced momentum - the recoil momentum. (iii) The
recoil momentum of the emitter atom is then represented as a
combination of translational recoil of the whole molecule, its
rotations and excitations of the vibrational degrees of motion.
This mapping is most straightforward in the momentum-space
representation of the normal modes of motion, in which the
emitter atom’s momentum contribution to each mode is expli-
citly evident. More advanced descriptions such as by general-
ized Franck-Condon factors,'® combine these recoil excitations
with the Franck-Condon excitations that are due to the change
of the molecular potential upon ionization.

The above assumptions (i)-(iii) are by no means valid only
for isolated molecular species, but can be applied to the
photoemission from solids as well. The difference is in
the vibrational modes onto which the recoil momentum of
the emitter atom is mapped, and how it shapes the photoelec-
tron spectrum. In solids, the vibrational frequency spectrum is
in much lower range, and recoil results in phonon excitations.
For adsorbed molecules, the situation is intermediate and
dependent on the strength of adsorbate-surface interaction.
Again, the underlying assumptions for treating recoil remain
the same as in gas phase, the difference is (i) the molecular
orientation on surface is anisotropic (sometimes very well
aligned) as opposed to isotropic molecules in gas, and (ii) the
normal modes of the free molecule become modified by the
interaction with the substrate and can couple to the low-
frequency modes of the substrate.?’ Here, we will apply the
universal recoil model to the case of a large molecular system
which is also of interest from practical aspects, first as gas-
phase species and then as attached to a surface. In the latter
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case, adaptations of the recoil model are required to account
for the oriented molecules, as developed below. Secondly, the
changes in the normal modes must be considered and we use a
simple approximation based on gas-phase analysis and present
its justification.

2.2 Recoil lineshape - from atoms to molecules

Let us first review briefly how the recoil and Doppler effect
influence the energy balance in the photoemission event. When
a free atom emits a photoelectron, energy in the amount of

Eem = hv — Ey 1)

becomes available as the kinetic energy in the system of the
emitter atom and the photoelectron, where hv is the energy of
the absorbed photon and Ey, the binding energy of the emitted
electron. The kinetic energy ESL, of the photoelectron is smaller
than E.,, due to the recoil of the emitter. Defining the mass
ratio

f— mc
l) - mA’

where m, and m, are the masses of the electron and the emitter
atom, respectively, we obtain the kinetic energy of the electron

ES} and the recoil energy E2* of the emitter atom as

Efy = Een — B}, o)
E > yEy,, y < 1.

One must also take into account that the gas atoms are in
thermal motion. The recoil energy is affected by the initial
velocity of the emitter atom, V,:

E = («, - 2VA‘°) Eem, 3)

€

where v, is the projection of the emitter’s velocity onto the
photoemission direction and v. is the velocity of the
photoelectron.

As seen from eqn (3), both the recoil and Doppler contribu-
tions to the E2' increase with the photoelectron energy - the
first linearly and the second as o /Eep, — making them much
more prominent in the HAXPES regime than in near-threshold
spectroscopy.

The Doppler shift is dependent on the atomic velocity
vectors that are randomly and isotropically oriented in a gas
in thermal equilibrium. The Doppler shift then becomes the
Doppler broadening of the recoil energy distribution F, (E,)
which is directly reflected in broadining of the observed photo-
emission lineshape. Using the Maxwell-Boltzmann distribution
of v, at a given temperature 7, we obtain the distribution F;,
(E,) that follows Gaussian (normal) distribution:

at ) o 1 1 (E® — yEem)?
FU(EY) == 2neXp(—§£J;oa;em))v 0
6> = 2yEonkgT.

Here, the Doppler broadening is given by variance ¢>*. The
recoil lineshape (eqn (4)) also represents the corresponding
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change in photoelectron’s kinetic energy. It therefore describes
as well the recoil lineshape in high-kinetic-energy photoelec-
tron spectrum from an atomic gas target in a thermodynamic
equilibrium in the HAXPES region.?® It includes the effect of
the translational Doppler broadening.

For the purposes of obtaining the recoil lineshape, one can
treat the three degrees of freedom of an atomic gas as separate
and independent “oscillators”, each receiving one third of the
recoil energy, with their own recoil energy distributions. The
final recoil lineshape is then a convolution of all three inde-
pendent contributions.* Such a definition is useful, as it allows
for a systematic extension to molecular targets. In the molecu-
lar case, the motion of the emitter atom must be considered not
in three, but in 3N degrees of freedom (N - number of atoms in
molecule). Each of the 3N degrees of freedom is now modelled
as an independent oscillator receiving a fraction of the recoil
energy and making a contribution to the total recoil lineshape,
which is obtained as a 3N-fold convolution of the individual
contributions. Such recoil lineshape model can be quite easily
extended to molecular systems of large size.

Next, we describe briefly, how is the lineshape obtained and
what are the characteristics of the individual oscillators.

2.3 Recoil lineshape for molecules of arbitrary size

The 3N oscillators receiving the photoelectron recoil in a
molecule correspond to the normal modes, including the
translational, rotational and vibrational motions. Each of these
categories gives a contribution to the total recoil lineshape, but
these individual contributions F., (E.) now have distinct char-
acteristics depending on the type of motion described by the
oscillator n. The overall recoil lineshape (as convolution) is
characterized by the recoil-induced energy shift, broadening
and asymmetry. Note that as the origin of the model still lies in
eqn (3) and involves the translational and rotational thermal
motion by the respective oscillators, the lineshape includes the
translational®*** and rotational®®*” Doppler broadening.

In a classical normal-mode molecular model, where the
quantization of the vibrational levels is not taken into account,
the recoil lineshape contribution by the vibrational oscillators
would be very similar to that of the translational and rotational
ones. It would display a recoil shift of the mean value and, at
temperatures 7 > 0, a Gaussian Doppler broadening. However,
since the typical recoil energy is comparable to, and often
smaller than the vibrational quantum, quantum effects must
be included in vibrational normal-mode oscillators. A major
consequence of that comes from the zero-point energy con-
tained by the quantum oscillators, which means that there is
Doppler effect in the photoemission from the vibrational
oscillators even at T = 0 K. But whereas in a classical oscillator
any Doppler energy shift is possible, in a quantum oscillator it
is quantized as transitions to upper vibrational levels. Thus, the
zero-point energy of the molecules is reflected in the recoil
lineshape as recoil-induced vibrational progressions of various
normal modes. The other consequences of the quantum nature
of the vibrational recoil are:

This journal is © the Owner Societies 2022
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(i) The distribution of the recoil-excited vibrational levels in
each vibrational oscillator in a zero-point motion is given by
Poisson, not the normal (Gaussian) distribution. This results in
an asymmetric recoil lineshape from the vibrational oscillators.

(ii) The ability of the vibrational oscillators to contain
thermal energy (related to the specific heat) is diminished
due to the quantization. Thermal vibrational energy is added
to the zero-point energy, but the added amount is smaller than
the corresponding thermal energy would be in a classical
vibrational oscillator. In quantum oscillators, the added energy
is seen as hot-band recoil excitations from thermally populated
higher vibrational levels. These hot-band transitions are
approximated in our independent oscillator model by an addi-
tional Gaussian broadening.

In polyatomic molecules, all vibrational modes combine as
the recoil-excited vibrational profile in the photoemission
spectrum. Combining many vibrational normal mode excita-
tions in larger molecules often renders the individual transi-
tions unresolvable. However, the total recoil lineshape still
retains the asymmetry that arose from the quantization of each
individual oscillator.

The overall description of the lineshape is given by its first
(average recoil shift), second (variance, or broadening of the profile)
and third (skewness, or asymmetry) statistical moments:

E. = JE~(Er)E1~dEr = VEemv

o’ = JFr(Er)(Er —E,)*dE, (5)

[Fi(E)(E: — E;)*dE;
a3 '

M:

Since the emitter atom is the initial recipient of the recoil
momentum and energy, the mean recoil shift £, of the line-
shape is independent of the total size of the system, and is only
determined by the mass of the emitter atom (eqn (2)). The
overall width of the recoil lineshape ¢ is dependent on the
system’s size and geometry.

3 Distribution of recoil amongst the
normal modes

In order to model the recoil lineshape for a particular system, it
is necessary to know the contributions from each normal mode
oscillator to the total recoil lineshape. These are obtained from
the normal-mode analysis. When the normal-mode vectors are
expressed in the coordinate displacement (x, y, 2); i=1,2... N
basis, the energy fractions of atom i = A in each mode n are
given by:

(B + 3+ 2
C b)

C = Zm,- (xin +y127” + Zi”>7
i=1

fn =
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where m; is the mass of atom i. Factors f, represent the degree
of involvement of the emitter atom in a particular normal
mode.>*> For example, in the symmetric stretch mode of CO,,
the C atom is at rest, does not have a share in the vibrational
energy, and therefore f= 0 and the mode is recoil-inactive in C
1s photoemission. In contrast, the mode is involved in the
recoil of the O 1s photoemission.

Knowing the coefficients f,, the Poisson distributions of
recoil-induced vibrational excitations in each vibrational oscil-
lator n at T = 0 K can be obtained.*® They have the mean
(average recoil energy), variance and skewness as

— 1,
Er.n = ganEenh

1
2 _ 1.
g, = gfanemhwm (7)

| 3hawy,
‘Ltn ﬁ? VEem ’

where Aw, is the vibrational quantum of the oscillator. The
total recoil lineshape F; (E,) is then obtained as a convolution of
the asymmetric vibrational contributions, further convoluted
by the symmetric Gaussian translational and rotational con-
tributions as well as the hot-band contributions (approximated
also by Gaussian broadening). Eqn (7) illustrates the quantum
nature of the recoil in a vibrational oscillator in zero-point
motion. By reducing the quantum #w, one approaches a
classical oscillator, the recoil lineshape narrows and becomes
more symmetric, eventually collapsing into a delta-function F; ,,
(By) =0 (B — Ey).

The application of the above-described model to the experi-
ment as well as the strength of the recoil excitations in the
HAXPES regime is illustrated by Fig. 1, reproducing the C 1s
spectrum of CF, measured at 330 eV>® and 8.5 keV.'® It is
apparent from the figure that in the HAXPES regime, the recoil
effects are a major and integral part of the photoemission
process and also, that the recoil modeling is able to reproduce
the spectrum with very good accuracy. Since there is almost no
Franck-Condon excitations in this spectrum?®’ (the asymmetry
of the peak is due to the post-collision-effect (PCI)), population
of the individual vibrational levels (blue bars) in the HAXPES
spectrum is entirely a recoil effect. The total recoil energy in
this case is 0.375 eV, which is the shift of the centroid of the
HAXPES profile relative to the low-energy one. The shift of the
v = 0 level, 51 meV, is due to the recoil in the translational
degrees of freedom.

3.1 Recoil in gas-phase 10-aminodecane-1-thiol

In this work we use the 10-aminodecane-1-thiol (SH-C;oHs-
NH,) molecule, where the thiol and amine groups are terminat-
ing the decane chain, as an example. The only molecule-
specific part of the recoil excitation and the lineshape analysis
is obtaining the normal mode vectors. Geometry optimization
and normal mode analysis was done using the GAMESS quan-
tum chemistry package®® as a self-consistent-field (SCF)
restricted Hartree-Fock (RHF) calculation, using the 6-31G
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Fig. 1 The C 1s photoelectron spectrum from gas-phase CF, molecule,
measured near the ionization threshold®® (red) and in the HAXPES regime®
(blue). The HAXPES spectrum is fitted using the recoil lineshape model.
Excitations of vibrational levels are shown by vertical bars. The near-
threshold spectrum shows no vibrational excitations, while the HAXPES
spectrum is strongly modified by the recoil. Dashed curve shows the
instrument function for the HAXPES measurement.

basis set.’” It provided the normal-mode vectors as coordinate
displacements and the normal-mode frequencies.

Fig. 2 shows the recoil lineshape simulations for the electron
emission energy of 10 keV for both the N 1s and the C 1s
photoelectrons. Since the molecule contains 10 C atoms, the
lineshape shown for the C 1s is sum of their individual recoil
lineshapes. The lower curves correspond to a low temperature
of 20 K, where the contributions from the translational and
rotational Doppler broadening are minor. The molecule has 35
atoms and 105 degrees of freedom, and the resulting lineshape
at 20 K is essentially defined by the 99-fold convolution of the
discrete excitations in the individual vibrational quantum
oscillators, resulting in a very large number of vibrational
overtones. The broadening and asymmetry arise from these
excitations. The recoil lineshape has the mean energy of
392 meV for N 1s and 457 meV for C 1s, equal to the recoil
energy in a free N and C atom emitting a 10 keV photoelectron
(eqn (2)), correspondingly.

The upper curves show the same recoil lineshapes but at
room temperature. The additional Gaussian broadening now
arises because of the translational and rotational thermal
motion and also because of the hot bands in vibrational
excitations.

The recoil lineshape represents a loss of electron kinetic
energy in experimental photoelectron spectra. When applying
the recoil lineshape to the experimental photoelectron spectra,
further broadenings due to core-hole lifetime and instrumental
resolution must be added. Also, core-level photoionization
typically exhibits Franck-Condon vibrational excitations due
to the changes in the molecular potential energy surfaces upon
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Fig. 2 Simulated recoil lineshapes of the N 1s and C 1s photoemission
from isotropically oriented gas-phase aminodecane-thiol molecules for
the photoelectron kinetic energy of 10 keV and for two temperatures of
the sample gas.

core ionization. Each vibrational peak in the Frack-Condon
profile is represented by one recoil lineshape.

4 Photoemission and recoil in self-
assembled monolayers

Although the above model was presented for single molecules
in gas phase, the photoelectron recoil effect is much more
general and is an integral part of surface photoemission, for
example.®'3%3% It could yield valuable additional information
on molecular species, adsorbed on surfaces. Next, we explore
the recoil lineshapes for photoemission from a single, oriented
molecule anchored to a surface, as the simplest representation
of molecules in self-assembled monolayers (SAMs).

Creating SAMs of molecules on surfaces is a very efficient
way of tailoring surface properties.***> Common molecules
used in SAMs consist of a linear chain of various length,
terminated by a head group that will chemically bond to the
substrate and a tail group at the other end, that is modified to
functionalize the surface. A large variety of molecules can be
used to form SAMs, with different head and tail group, and the
connecting chain. Typically these are fairly large molecules,
making them a suitable target for the application of the recoil
lineshape model. The molecule in the example above, 10-
aminodecane-1-thiol, represents a very common group of mole-
cules forming SAMs.****™*” The -SH head group bonds to a
typically metallic substrate.*’** Various tail groups of can used
in functionalizing the thiol SAMs, the amine group being one of
the most common.*°

Core-level photoelectron spectroscopy (XPS) has been often
used as a method to characterize SAMs, typically using home
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lab equipment and characteristic X-ray excitation.*>***° Analy-
sis of the C 1s, S 2p and N 1s photolines, for example, provides
valuable information about chemical bonding.*® Using syn-
chrotron radiation for the characterization of SAMs***>3°
allows for superior resolution in revealing the details of the
photoelectron lineshape; it also offers tunable photon energy
extending into the HAXPES regime where the recoil excitations
are efficiently created.

There are particular advantages in exploring the photoelec-
tron recoil effects in SAMs as opposed to gas-phase targets:

(i) Strong recoil effects are observed in the HAXPES regime,
particularly for core-ionization of light elements (C,N,0) where
the emitted electrons have high kinetic energy. This, however,
comes at the cost of much reduced photoabsorption cross-
sections compared to the near-threshold ionization. Conse-
quently, the low target densities of gas-phase molecules present
a challenge in obtaining spectra of sufficient quality and the
high target density of SAMs helps to overcome it.

(ii) As described above, in the gas phase the recoil lineshape
incorporates thermal Doppler broadening of the translational
and rotational motion of the molecules, which increases pro-
portionally to the square root of the electron kinetic energy.
This broadening contains little useful information on the
molecule’s structure but can obscure the more interesting
recoil features. When a molecule in anchored on surface, it
eliminates the translational and rotational Doppler broaden-
ing. Furthermore, since the recoil momentum is still initially
fully contained in the emitter atom as in the gas phase, but as
the translational degrees of freedom are now unable the receive
recoil energy, correspondingly more vibrational excitations are
created.

(iii) The amount of rotational Doppler and hot-band broad-
ening can be greatly reduced by cooling the surface, as lower
temperatures than in gas phase — as low as 2 K, see Ref. 51 - can
be more easily reached.

(iv) The orientation of the molecules in gas phase is typically
isotropic and unknown for each photoionization event,
although in some cases for small molecules, the orientation
could be determined in an electron-ion coincidence measure-
ment. In SAM’s, control over the photoemission direction in the
molecular frame is much more easily achieved by altering the
surface orientation with respect to the electron detection
direction.

4.1 Photoelectron recoil in SAMs of 10-aminodecane-1-thiol

In extending the recoil lineshape model from gas phase to
SAMs and adsorbates in general, the attachment of the head
group to the surface must be taken into account and the
orientation of the electron emission in the molecular frame
must be specified. In this first exploration of recoil effects in
the HAXPES spectra of molecules-on-surface, our focus is not in
the adsorbate chemistry but on the changes that arise when the
molecule becomes fixed in space. In chosing the simplest yet
physically reasonable - for the purpose of recoil analysis —
method of modeling the attachment to the substrate, we relied
on studies of molecular geometry and vibrations in adsorbates.

Phys. Chem. Chem. Phys., 2022, 24,10465-10474 | 10469
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The closest to our case is a vibrational analysis by Gale of
SCygH3; on Au[111],°* but most insight is provided by the
vibrational analysis of thiophenolate on silver.*" They found
that for 11 of the high-frequency modes, the change of fre-
quency between the free molecule and adsorbate is between 30
and 50 cm ™' (3.7-6.2 meV); for the rest, the change is smaller
The authors conclude that “the vibrational normal modes of
the thiophenolate, except modes 7, 11, and 28, are not changed
qualitatively by the adsorption.”

The most direct transition from isotropically oriented gas-
phase molecules to oriented, fixed-on-space molecules on
surfaces is given by “anchoring” the atom that bonds to the
substrate by assigning it a very large mass. This utilizes the
vibrational analysis of the isolated molecule to a large extent.
After the geometry optimization and obtaining the Hessian
force constant matrix for a free molecule, the attachment to the
substrate in SAM was effectively created (for recoil purposes) by
replacing the sulfur atom in the head group of 10-
aminodecane-1-thiol by a large mass of M = 10000 p. The
normal-mode eigenvalue analysis was then repeated, leaving
the geometry and the force constants unchanged. Calculating
the recoil normal-mode energy fraction coefficients f,, for a
chosen emitter atom (other than the surface-bonded atom) now
effectively removes the contribution from the translational
modes and modified the rotational modes so that the molecule
rotates around the attachment point. The new normal mode
vectors and eigenvalues also reflect the immobility of the
S atom.

In order to further confirm the suitability of the simple
anchoring approach for the recoil study purposes, we per-
formed normal mode analysis for three scenarios: (i) for
isolated 10-aminodecane-1-thiol molecule, (ii) by anchoring
the S atom and (iii) with the S atom bonded to a rudimentary
cluster of three Ag atoms. As for (i), also for case (iii) the
geometry optimization was performed at the restricted
Hartree-Fock (RHF) level of theory using the 6-31G basis set.®”
Fig. 3 shows a comparison between these three cases as the
fractions the N atom contributes to the vibrational energy of each
normal mode, plotted against the eigenenergies of the modes. In
other words, it shows how recoil-active (for N 1s emission) is each
mode, and what are the vibrational quanta of the modes - this is
all the information needed to calculate the recoil lineshape for
core-level photoemission from the N atom. As seen, neither the
anchoring nor adding the rudimentary Ag substrate significantly
affects the high-frequency modes. The high-frequency modes are
the ones that mostly define the features of the recoil lineshape
that are particular to the given molecule, emitter atom and
orientation.

The low-energy modes are, as expected, much more strongly
affected in Fig. 3 by the substrate or anchoring. However, the
recoil excitations of low-frequency modes do not result in
distinct features in the recoil lineshape, but mainly contribute
to the broadening of the profile. Although the recoil that goes to
the low-frequency modes in a free molecule is distributed over a
larger number of normal modes of the adsorbate-substrate
system, the expected effect on the recoil lineshape would be
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Fig. 3 The contributions of the N atom to the kinetic energy of all normal
modes of 10-aminodecane-1-thiol, plotted against the energy of the
vibrational quanta. The translational and rotational modes are at zero
energy. Normal mode analysis was performed for three scenarios, as
described in the text.

practically indistinguishable from a free molecule. We there-
fore conclude that the simple anchoring approach is suitable
when recoil momentum is received by the atoms not directly
involved in bonding to the substrate.

The primary difference in the recoil from oriented
(anchored) and isotropic (free) ensemble of molecules comes
from accounting for the directionality of the emission in the
molecular frame. AN 1s photoelectron emitted along the x-axis,
e.g., recoil excites only the normal modes where the N atom
moves along the x-axis. The photoemission orientation from
the anchored molecules is easily accounted for, since the 3N
normal modes are separated in the three spatial dimensions
and in modeling photoemission along a certain axis, only the
corresponding modes (oscillators) receive any weight.

First, let us investigate recoil in the N 1s photoemission
from the amino-group tail. Fig. 4 shows three modelled recoil
lineshapes for the N 1s photoemission from 10-aminodecane-1-
thiol molecules anchored on surface by the thiol group, for the
photoelectron kinetic energy of 10 keV. A low surface tempera-
ture of 20 K was used for the simulation, minimizing the
rotational Doppler broadening and the contributions by the
hot vibrational bands. The three curves differ by the emission
direction of the electron, as shown in the inset.

All three recoil lineshapes in Fig. 4 have the same mean
energy value of 392 meV, same as for the isotropic N 1s
emission in gas phase. However, the shapes of the three curves
are very different. The broad and smooth profile from along-
the-chain photoemission (red curve) is in fact very well
described by the shifted gamma distribution that was proposed
as the analytical approximate model shape for recoil excitations
in HAXPES.”> The perpendicular recoil, in contrast, exhibits
more distinct vibrational structures. These cannot be assigned
to one particular normal mode, but to a number of modes
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Fig. 4 Recoillineshapes of the N 1s photoemission from a self-assembled
monolayer (SAM) of aminodecanethiol molecules on surface. The emis-
sion direction is noted by the correspondingly coloured arrow in the inset
(the molecule is slightly rotated around the vertical axis to make the shape
more visible). Electron kinetic energy of 10 keV and the surface tempera-
ture of 20 K were used for the simulations.

excited by recoil, that have the vibrational quantum in the order
of 150 meV. In the case of the blue curve in Fig. 4, for example,
one of such modes can be described as the asymmetric stretch-
ing of the C-C-N bonds near the tail group.

In our chosen molecule, the total photoionization cross section
for C 1s photoemission is much larger than for N 1s simply because
of the larger number of the C atoms. Therefore it is worthwhile to
explore also the recoil lineshape for C 1s. A practically relevant recoil
linehape would be created by adding up the lineshapes from each of
the ten carbon atoms, as done in Fig. 5. Here, all the curves have the
mean recoil energy of 457 meV, corresponding to a carbon atom
emitting a 10 keV photoelectron. In the case of vertical emission
(red curve) one notices a “noisy” region in the lefthand part. It
appears in the simulated shape, since the discrete vibrational
excitations, although there is a very large number of them, are
not completely smoothed out by the Gaussian components in the
recoil lineshape. In particular, there is almost no rotational recoil
excitation in the combined C 1s photoemission of all atoms in
vertical emission, while in horizontal emission the rotational recoil
with its associated Gaussian broadening is the largest factor for
obtaining a smooth lineshape. Individual C atoms all exhibit
different recoil lineshapes and the summation over those as in
Fig. 5 naturally smoothes out the individual features in the com-
bined profile. In ESL} these individual profiles are shown sepa-
rately, also adding the chemical shift of each carbon as obtained at
the level of Koopman’s theorem from our calculations.

We thus saw that the recoil presents a very different excita-
tion pattern depending on the photoemission direction in the
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Fig. 5 Combined recoil lineshapes of the C 1s photoemission from all
C atoms in a self-assembled monolayer (SAM) of aminodecanethiol
molecules on surface. The emission directions are indicated by the
correspondingly coloured arrow in the inset. Electron kinetic energy of
10 keV and the surface temperature of 20 K were used for the simulations.

molecular frame, more clearly so for the single-atom photo-
emission of N 1s.

4.2 Time-evolution of recoil excitations

The differences in recoil lineshapes for the different photo-
emission direction indicate that quite different manifolds of
vibrational excitations are created by recoil. Investigating the
recoil-energy-sharing coefficients f,, confirms these differences
and also shows that a large number of normal modes are
excited. It would be illustrative in terms of the types of vibra-
tional modes excited to visualize the recoil excitations and to
follow in time, how the recoil momentum that is initially
located at the emitter atom spreads across the molecule. Such
time-evolution study is also based on the normal mode analy-
sis, but is conveniently carried out in the momentum space.
Representing the normal-mode vectors in momentum space
allows to consider them directly together with the initial recoil
vector: the latter is represented as a unique linear combination
of the normal modes. First, the initial recoil vector is defined
on the emitter atom only, and is antiparallel to the photoemis-
sion direction. This vector is then represented in the normal-
vector basis by solving the matrix equation:

Clxl 't Clx3N A Prec,1x
Clyl 7 Clp3N 2 Prec,ly
Clzi 0 ClzaN 3 | = | Preciz (8)
CNz1  *° CNz3N /3N Prec,Nz

The leftmost matrix contains the amplitudes for the atomic
momenta p;, ,, . for each of the 3N (N-number of atoms) normal
mode (columns) and the vector 4 gives of the decomposition of
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the given recoil vector p,.. in that normal mode basis. For
example, in the photoemission from atom 1 in the x-direction,
only the first value p,ec 1, of the vector p;.. is nonzero.

The solution vector /4 gives the amplitudes and initial phases
of the recoil-induced vibrational excitations in momentum
representation. Each oscillator n has its own oscillation fre-
quency w, and therefore, although at ¢ = 0 they combine to give
exactly the recoil vector pi.., they move out of phase, quickly
spreading the recoil momentum across the molecule.

The three video animations in the ESI,{ show a 500 fs period
following the photoemission along and perpendicular to the
decane chain. The animations show the initial momentum
localized at the N atom. As it spreads across the molecule,
the S atom remains anchored in place due to the assignment of
a very large mass to it. Vertical photoemission (‘Aminodecane-
thiol anchor X.mp4’) excites notably the bending, but also
stretching modes along the C;, chain. Also vibrations involving
the N-H bonds in the amino group are strongly excited. In
contrast, photoemission perpendicular to the C;, chain, but on
the C-C-C bending plane (‘Aminodecanethiol anchor Y.mp4’),
excites a very different set of normal modes. In particular, one
can consider which vibrational motion can be associated with
the vibrational structure seen in Fig. 4 for perpendicular emis-
sion (blue curve) in the ‘Aminodecanethiol anchor Y.mp4’
animation. We can identify its origin as the C-C-N asymmetric
stretching motion near the tail group.

As the emitter atom is at the extreme distance Ry from the
center-of-mass (the anchoring point, S atom), the initial recoil
Pyhasa large angular momentum Ly = Py X Ry. This results in
recoil excitation of a rotational normal mode, but the rotation
is combined with a strong low-frequency bending excitation of
the C;o chain. In this case also, the N-H excitations in the
amino group are strong. In the third animation ‘Aminodecane-
thiol anchor Z.mp4’, the emission is also perpendicular to the
C,0 chain, but now also perpendicular to the C-C-C bending
plane excites rotational recoil accompanied by strong torsional
excitations of the C-C-C bend.

5 Discussion

The above simulations of the recoil lineshape demonstrates
that the recoil can be distinctly orientation-dependent even in
photoemission from large molecules. In principle, analysis of
the recoil lineshape in HAXPES spectra could provide informa-
tion on the geometry, arrangement and surroundings of the
molecules in SAMs or adsorbates in general, in addition to the
chemical information from the traditional ESCA approach. One
can point out a few questions that are closely linked to the
properties of the recoil lineshape:

(i) What is the orientation of the molecules on the surface and
has the geometry of the molecule changed upon adsorption?

(ii) How do the neighboring molecules interact with the
molecule receiving the photoelectron recoil? As noted before,
the attachment of the molecule to the surface is modelled here
in the simplest possible fashion, which allows rotational
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motion around the anchoring point (the sulfur atom) and thus
also rotational Doppler broadening. Full rotational motion is,
of course, not possible in a SAM. Instead, the interaction with
the neighboring molecules would replace it with different types
of motion, which can in general be described as collective
vibrational modes. In a further in-depth analysis such motions
can be added as additional oscillators to the recoil model. For
example, Gale performed a force-field-based normal-mode
analysis of thiols, SC;5H;, on gold surface® and obtained 672
normal modes of motion in the SAM, as compared to 168 in an
isolated molecule. These additional modes can be accommo-
dated by the recoil model and would represent collective recoil
excitations in a SAM. However, as discussed earlier, the addi-
tional modes appear in the low-frequency range of the vibra-
tions, which collectively contribute to the lineshape
broadening, but not increasing the total broadening as the
same recoil momentum will be subdivided between a larger
number of vibrations.

(iii) How is the photoemission defined in the molecular
frame of reference? The recoil model assumes that there is a
single event in which momentum is divided between the
photoelectron and the emitter atom (ion). However, the photo-
electron can also scatter on other atoms of the molecule - more
generally described as scattering of the electron wave on the
molecular potential.>*> The scattering effects have mostly
been investigated for relatively low outgoing electron energies
(below ~100 eV), where the recoil effects are minor. Recently,
however, the interaction of the outgoing photoelectron with the
molecular environment has be studied also for kinetic energies
approaching 1 keV and thus the HAXPES regime.*® Considering
our example of Fig. 5, one can speculate that there could be
significant scattering effects also in HAXPES regime, for exam-
ple when the C 1s photoelectrons are emitted along the decane
chain. The recoil model used here does not account for events
beyond the initial atomic photoemission, nor are we aware of
recoil studies that include post-emission scattering. It would be
an interesting and possibly, in some cases necessary, extension
of the recoil models.

At extremely high kinetic energies of the photoelectron, such
as about 40 keV,** new aspects of the interplay between the
recoil, molecular dissociation and photoemission appear, again
possibly requiring refinements to the recoil lineshape model.

The present exploration of the recoil effects in the HAXPES
spectra and their dependency on the emission angle is at a
conceptual level. In practical applications, resolving the rele-
vant features are limited because of other broadening in the
spectra — the lifetime width, instrumental resolution, chemical
shifts in case of chemically nonequivalent atoms. Also, Franck-
Condon excitations must be added to the recoil lineshape,
requiring good-quality near-threshold reference data.

6 Conclusions

Photoelectron recoil effects in the HAXPES regime are a pro-
minent and integral part of the photoemission process,
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significantly contributing to the observed lineshape. They can
also bring new opportunities for probing the molecular proper-
ties and intermolecular interactions. An interesting and
hitherto unexplored avenue is molecules as adsorbates on
surfaces, particularly as self-assembled monolayers (SAMs).
Recoil lineshape modeling can predict, with relatively little
computational effort, recoil-related features in the HAXPES
spectra of molecules consisting of tens and even hundreds of
atoms. Even for such large systems, the recoil-induced line-
shape effects in photoemission can be specific and distinct
enough to provide useful insights for example into molecular
geometry and orientation. Furthermore, by probing the recoil
on specific atoms could shed light on whether it is involved on
forming a chemical bond with the subtrate, complementing the
chemical shifts information from X-ray photoelectron spectra.
That potential is enhanced if the recoil lineshape and the
underlying internal ro-vibrational excitations can be studied
at different emission directions in the molecular frame, such as
observing photoemission at variable angles from SAMs. Experi-
mentally however, such investigations are likely to be highly
demanding on the instrumentation, requiring for example
high-resolution monochromators and high-transmission and
-resolution electron energy analyzers covering an extended
energy range.

Here we have presented simulations that are based on the
simplest (from the recoil aspect) model of molecules on sur-
faces. Numerous additional interactions due to the chemical
bonding to the surface and inter-molecular interactions
between molecules in SAMs are likely to modify the recoil
effects, which could be a topic of future experimental and
theoretical works.
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