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Abstract: A new vibrational spectroscopy method aimed at the investigation of solid surfaces in
ultrahigh vacuum, called “Surface Action Spectroscopy (SAS)”, is described and the first results
are reviewed. This technique is based on ideas and experiments performed in the gas phase. A
surface is exposed to a messenger species at low temperature. This messenger species is desorbed
via absorption of tunable infrared light from a free-electron laser and the desorption rate of the
messenger species is recorded via mass spectrometry. It is shown that the technique is extremely
surface sensitive and we discuss the basic mechanisms of the technique. We show a feasibility
study on a V2O3(0001) surface, where we know the surface structure. We then proceed to the
example of iron oxide films to study the surface structure in parallel with calculations of the
surface phonons, which allow us to confirm the surface structure of Fe3O4(111) to be Fetet
terminated. It also provides evidence for the so-called biphase structure. To conclude, we discuss
possibilities to apply the technique to interesting questions in model and real catalysis, since the
technique may provide interesting information independent of long-range order of the sample.

Keywords: Surface Structure, Surface Action Spectroscopy, Vibrational Properties, Oxide
Surfaces

1. Introduction

Vibrational spectroscopy is a very important source of
information in almost all fields of natural sciences. We restrict
ourselves here to vibrational studies of molecules, small
particles, and surfaces of solid materials.[1] Vibrational spectro-
scopy provides information on structure and structural changes
upon modification of the system. Infrared absorption spectro-
scopy is a standard tool used for molecules in solution. For

infrared absorption in the gas phase, one has to deal with the
given sample density. In fundamental gas phase studies
involving molecular beams the density is often so low that
simple absorption measurements, even when sophisticated
laser-based techniques are involved, are bound to fail. This
situation has changed with the advent of IR photodissociation
spectroscopy[2–10] in combination with messenger tagging.[11–13]

At surfaces infrared reflection absorption spectroscopy (IRAS)
is often employed to measure spectra of adsorbed molecules
with concentrations well below a single monolayer.[14,15]

However, surface-related signals are weak compared to bulk-
and spectrometer-related contributions, so that one bases the
analysis on so-called difference spectra, where a reference
spectrum, for example of the clean surface, is divided by the
sample spectrum. This leads to features in the spectra, that are
not necessarily associated with the adsorbed molecules per se,
and need to be identified separately.[16] Also, depending on the
nature of the surface studied, particular selection rules apply.
In general, an infrared band to be observed needs a non-
vanishing dynamic dipole moment (first derivative of the
dipole moment with respect to the movement of the atoms).
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At a metal surface a further restriction applies-the dynamic
dipole moment must have a non-vanishing component along
the surface normal because the metal electrons screen dipole
moment variations parallel to the surface.[17] This is called the
metal surface selection rule. There is another variation of
infrared spectroscopy at surfaces called Surface Enhanced
Infrared Absorption (SEIRA), where on rough metal surfaces
the IR bands are enhanced by the presence of plasmons.[18,19]

Non-linear laser based spectroscopy, i. e. Sum-Frequency
Generation (SFG) has also been used to study surface
vibrations. Here, the selection rules are different from IR
spectroscopy, as they depend on the second order non-linear

optical susceptibility. Raman spectroscopy is another option to
perform vibrational spectroscopy. Here the change in polar-
izability is essential. It is frequently applied in the investigation
of powder heterogeneous catalysts, but less often in surface
science due to sensitivity issues.[1] On the other hand, Electron
Energy Loss Spectroscopy (EELS) is suitable for surface studies
if low-energy electrons are employed.[20] Resolution is an issue-
not more than 1–2 meV are commonly achieved in real-life
studies. Also, there are classes of materials, such as oxides,
where the substrate‘s very intense so-called Fuchs-Kliewer
excitations[21] overshadow less intense transitions, which makes
their identification difficult. However, EELS has a peculiar
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property: two different excitations mechanisms with different
selection rules. While in specular scattering dipole selection
rules apply, similar to those active in infrared spectroscopy,
under non- or off-specular conditions impact scattering
dominates.[22]

This brief overview indicates that there are several tools to
study vibrational properties, but it also shows that there is a
need for development and there are difficulties that need to be
overcome.

In gas phase studies a concept has been established, which
is called “action spectroscopy”. In molecular beam experiments
the species to be analyzed with respect to vibrational properties
is tagged with messengers.[23–29] Messengers are typically rare
gas atoms or small molecules such as H2 and isotopic
variations. The composite is exposed to tunable laser light in
the infrared spectral region, leading to the detachment of the
messenger. The rate of the detachment of the messenger is
measured via a mass spectrometer and plotted as a function of
the photon energy. This plot, the “action spectrum” represents
the vibrational properties of the system studied, as it reveals
the “action” of the laser light towards a detachment of the
messenger. A spectacular example for such a study is

documented in a paper[30] on the identification of the structure
of an Au7 cluster among 5 different possible isomers, whose
vibrational spectra had been predicted using density functional
calculations, and ranked with respect to stability. Figure 1
shows the structure of the isomers as well as the predicted
vibrational spectra. At the bottom the “action spectrum” is
documented, clearly indicating that Iso1 represents the likely
structure of the Au7 cluster. In this case Kr has been used as
messenger.

Based on these ideas we have developed a strategy to use
“action spectroscopy” to interrogate solid surfaces.[31–33] A
schematic illustration of the experimental setup is shown in
Figure 2.

A solid surface, for example, an oxide surface, is exposed to
a messenger, for example, a rare gas, which adsorbs on the
surface at low temperature. An infrared beam from a free-
electron laser (in the present case the infrared free-electron
laser of the Fritz Haber Institute, FHI-FEL) may desorb the
messenger if the infrared light excites a surface vibration (either
of the clean surface or of adsorbed molecules). The messenger
desorption rate plotted as a function of the photon energy is

Figure 1. (A): FIR-MPD spectrum of Au7 with a Krypton messenger attached. (C) to (F): calculated spectra (DFT) of 4 low-lying Au7 isomers (Iso1 to Iso4). (B):
computed spectrum of Iso1 with a Kr atom attached. From.[30] Reprinted with permission from AAAS.
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the action spectrum, as mentioned above. This is schematically
depicted in Figure 2.

This approach is not far-fetched as rare gas desorption via
so-called DIET (desorption induced by electronic transitions)
processes has been studied before using light or electrons. The
most studied substrates were solid surfaces, in particular metal
surfaces.[34,35] In DIET, desorption is based on electronic
excitations and not on vibrational ones. Authors have also
studied the effect of vibrational excitation of adsorbed
molecules by pulsed infrared laser light.[36] They found only
thermal desorption related to transient sample heating and
alluded to the relevant role of energy dissipation into the
metallic substrate. It has been shown in the literature that
when DIET experiments are performed on dielectric substrates
exhibiting a band gap, as opposed to a metal, the desorption
cross sections increase considerably, due to different energy
dissipation channels (see ref.[36] and references therein). This is
one of the main reasons, why we have performed our specific
experiments discussed below on dielectric thin films on single
crystal metal substrates. For such samples, a significant part of
the infrared beam power may be absorbed at vibrational
resonance energies of the film and the sample may warm up to
temperatures above the rare gas desorption temperature. The
FHI free-electron laser reaches a time-averaged power in the
range of 1 W,[37] which may warm up a cooled sample by a
few Kelvin. This temperature rise will induce adsorbate

desorption if the sample temperature before laser illumination
is not sufficiently low, allowing under laser illumination a
temperature rise above the messenger desorption temperature.
Vibrations of monolayer or sub-monolayer adsorbate films or
microscopic vibrational surface states absorb at most a few
percent of the infrared beam power (see for instance
Refs.[38,39]). Consequently, the temperature rise will be much
smaller and thermally induced desorption is unlikely. If
desorption occurs, then most likely a non-thermal desorption
channel is responsible for this. The two limiting cases of rare
gas desorption will be discussed in the following:
1) Desorption in the thermal channel is induced by a

temperature rise resulting from a high energy uptake.
Vibrations with a high absorption cross section such as
bulk polaritons are responsible for this. The energy is
mostly absorbed in the bulk, and a transfer of energy to the
surface is required as an intermediate step to induce
desorption. For this reason, this channel may also be called
indirect channel.

2) In the direct coupling channel, infrared light excites
surface vibrations which directly couple to the adsorbed
species. The energy dissipation channels guide sufficient
energy into the bond of the messenger species to the
surface, eventually breaking it. Both, the energy uptake rate
and the time and position averaged sample temperature rise
will be small. A weak coupling of the vibration to the bulk

Figure 2. Schematic representation of a surface action spectroscopy experiment. Blue, red, gray, and white spheres represent substrate atoms, while the green
spheres represent messenger species.[33] https://pubs.acs.org/doi/10.1021/jacs.9b13164 (further permissions related to the material excerpted should be directed to
the ACS)( Ref.[33]).
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(resulting in a high lifetime) should be beneficial since this
reduces energy dissipation into the bulk.
It should be noted at this point that the term “action

spectroscopy” is also used in connection with Inelastic
Scanning Tunneling Microscopy.[40] Here the tunneling
electrons of STM are used to excite vibrations of adsorbed
molecules, which results in bond breaking or reactions in more
general terms.[41]

The present paper reviews the experimental setup we have
established, as well as the first experimental studies, so far
published. Beyond this we will discuss possible future experi-
ments and perspectives of the technique to study surfaces in
general and catalyst surfaces in particular.

2. The Experiment

Figure 3 shows a schematic drawing of the experimental setup
[Ref.29].

The sample holder with the sample is cooled by a liquid-
helium cooled flow cryostat, and a quadrupole mass spectrom-
eter (QMS) from Extrel (Extrel MAX 500 HT) is employed
for detection of the desorbing messenger atoms/molecules. A
low-temperature AFM/STM system is added to the setup to
provide a possibility to characterize the sample. In the
experiments, rare gas atoms (mainly neon or argon) as well as
hydrogen molecules and their isotopic variations have been
used as messenger atoms.

The QMS mounting is crucial for a proper operation of
the instrument, as it is important to reduce the infrared
radiation power reaching the sample from the surrounding
(chamber walls, QMS housing, etc.). This is minimized by
cooling the QMS housing with liquid nitrogen. As a side
effect, this reduces the chamber pressure and the pressure in
the QMS housing, which is essential as it minimizes the
adsorption of rest gases at the cold sample surface. Further
reduction of the infrared radiation power was achieved by
blocking the direct view of the sample to the filament of the
mass spectrometer with two cold metal sheets (see Figure 4).[31]

Dosing of the messenger was carried out by filling the QMS
housing with the rare gas, while the sample was positioned in
front of the opening in the QMS housing. A computer-
controlled piezo dosing valve was used to adjust the gas flow.

The sample surface is illuminated by the laser light at an
angle of 83○with respect to the surface normal through a
cesium iodide window. The area on the surface illuminated by
the beam had an extension on the surface of a few millimeters.
A signal proportional to the infrared beam power is provided
by a type K thermocouple coated with an infrared absorbing
layer, as it is hit by the laser beam.

The characteristics of the FHI FEL are macro pulses (5–
8 μs long pulse trains at 5 or 10 Hz repetition rate) consisting
of some thousand short pulses (“micropulses”) at a rate of 1
GHz. Each of them has a duration of a few picoseconds.[42]

The energy per micropulse is ~10 μJ, corresponding to ~50–
80 mJ per macro pulse. The spectral width of the radiation is

Figure 3. Experimental setup of the surface action spectroscopy experiment. Reprinted from,[31] with the permission of AIP Publishing.
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about 0.5% (full width at half maximum) of its central
wavelength.[42]

The various thin oxide film systems described below have
been prepared according to published recipes.[43–55] The metal
was deposited with electron beam evaporators manufactured
by Focus, Germany. The deposition rate of the evaporators
was calibrated with a quartz microbalance before metal
deposition onto the sample. After deposition the metal deposit
has been oxidized and heated to elevated temperatures until
LEED patterns indicated structural uniformity.

3. Systems Studied

Unraveling the structure-reactivity relationships in heteroge-
neous catalysis is vital for guiding the production of highly
efficient heterogeneous catalytic materials, which involve
significant industrial processes for energy and environment.
Since the working catalysts are complex, and there are
numerous factors influencing their structural and electronic
properties which finally control their reactivity, it is a challenge
to characterize the structure-reactivity relation of working
catalysts at the atomic level. The model catalyst approach
provides a pathway towards a better understanding by using
simplified models for catalytic materials and systematically

increasing the complexity of those from simple to more
complex.[56] Various levels of model catalysts have been
developed starting from simple gas phase clusters towards
systems containing deposited clusters on, for example, oxide
single crystals or thin films. Through the interplay between
experiment and theory, the hope is to understand those
systems at the atomic level, and systematically build up an
understanding of working catalysts (see Figure 5).

To reveal these fundamental phenomena on surface at the
atomic level, it requires the development of specific, surface
sensitive techniques. In this paper we restrict ourselves to the
above-described surface action spectroscopy and its contribu-
tions towards a better understanding of complex surfaces.

To check whether the method is capable of detecting
surface-located vibrations, a thin V2O3(0001) film grown on
an Au(111) substrate has been investigated. The V2O3(0001)
film is terminated with a layer of vanadyl (V=O) groups, only
present at the surface but not in the bulk, as verified by an IV
LEED and STM study.[57] The characteristic V=O stretching
mode with an energy about 1040 cm� [1] as determined by
IRAS and HREELS can be used to check the surface sensitivity
of the surface action spectroscopy method.[58–60] The
V2O3(0001) film (around 10 nm thick) was prepared accord-
ing to the recipe published in reference.[60] Neon atoms were
used as messengers to determine the action spectra of clean
and adsorbate covered V2O3(0001)/Au(111) surfaces. The data
are shown in figure 6.

Curve c) in Figure 6 B represents the action spectrum of
V2O3(0001)/Au(111) recorded with neon messenger atoms.
The characteristic vibration of surface vanadyl groups is indeed
detected at 1043 cm� 1. Apart from this characteristic vibration,
there are vibrational states related to surface defects (mostly
missing V=O groups) at 759 and 1008 cm� 1. They are
commonly formed during heating of the film in UHV as
verified by STM data.[60,61] A bulk-related feature is observed at
681 cm� 1 which will be discussed later.[60,61] Next we look at
the influence of adsorbates (Figure 6A). Curve c) represents
the action spectrum of V2O3(0001)/Au(111) covered with a
monolayer of methanol. The chemisorbed layer leads to
vibrations at 1034 and 1134 cm� 1 assigned to the C� O
stretching and the C� H rocking modes, respectively,[62] while
the vanadyl mode at 1043 cm� 1 is quenched. Curve b) displays
the action spectrum of V2O3(0001)/Au(111) covered with a
half monolayer of iron deposited at 300 K. The surface
vibrations of V2O3(0001)/Au(111) are completely quenched
after iron deposition, while the vibration at 681 cm� 1 is only
slightly decreased in intensity. These data manifest that the
surface action spectroscopy is a highly surface sensitive
technique capable of detecting the surface vibrations as well as
the vibrations of adsorbates.

The IRAS and HREELS spectra of a V2O3(0001)/Au(111)
are shown in figure 6 B to illustrate how surface action

Figure 4. Schematic of the QMS housing seen from the side. Reprinted
from,[31] with the permission of AIP Publishing.
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spectroscopy compares to other vibrational spectroscopies.
Curve a) displays the IRAS spectrum which was obtained via
dividing the sample spectrum by a reference spectrum: the
sample spectrum was taken from the V2O3(0001)/Au(111)
with a full coverage of vanadyl groups, while the reference
spectrum was taken from a V2O3(0001)/Au(111) film where
the surface vanadyl groups were removed by electron
bombardment.[63] This vanadyl free, reduced film is quite
reactive and able to extract oxygen from CO2 in the
background to form isolated V=O groups on the surface, as we
know from infrared spectroscopy.[64] The vibration of such
isolated V=O groups has a lower energy than 1040 cm� 1 due
to the reduced dipole coupling between V=O groups,[64]

leading to the peak at 1008 cm� 1 in the action spectrum.
Therefore, when the sample IRAS spectrum is divided by the
reference spectrum, a negative peak shows up, related to the
V=O vibration mode of isolated vanadyl groups at 1008 cm� 1

as detected in the surface action spectroscopy. To properly
detect surface-located vibrations using IRAS, one should
carefully select a reference sample without vibrations at critical
energies. The presence of spectral intensities at critical energies
in the reference spectrum is a common, but rarely discussed

obstacle in IRAS. Surface action spectroscopy can overcome
this problem (of course, only under UHV conditions), since it
is a non-referenced spectroscopy. HREELS is also a reference
free spectroscopy, but it contains large contributions from the
bulk polaritons in oxide films or other samples of ionic
materials.[20] As shown in figure 6 B, the bulk related states of
V2O3(0001)/Au(111) are much more obvious in HREELS
than in IRAS and surface action spectroscopy, resulting in the
broad and intense peak in the energy range between 600 and
700 cm� 1 in HREELS (curve d). Besides, HREELS has a
comparatively low resolution which is disclosed by the vanadyl
peak which is much wider for HREELS than for IRAS and
surface action spectroscopy.

We now move on to a discussion of the desorption
mechanism relevant to the surface action spectroscopy method.
The temperature of the sample is measured with a thermo-
couple spot-welded to the backside of the Au(111) single
crystal. Curve e) in figure 6 B shows the change in temperature
induced by the laser radiation. While in the energy range
related to the V2O3 bulk states we see a considerable temper-
ature increase,[60,61] no such temperature rise is observed in the
energy range above 700 cm� 1, where the surface vibrations are

Figure 5. Pictorial representation of model systems with increasing complexity from left to right. Below each box the experimental and theoretical progress that
has been made to achieve a proper representation/description is indicated: green: yes, achieved; red: no, not achieved. It is also indicated whether UHV and
ambient condition studies have been performed. Reprinted by permission from Springer Nature: Catalysis Letters[56] with permission…Models in Catalysis, J.
Sauer, H.-J. Freund, COPYRIGHT 2015.
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located. This indicates that there are two different channels for
the desorption of messenger species: one is the thermal channel
where the sample temperature is raised up due to the infrared
light absorption by bulk-related states to result in the thermal
desorption of messenger gas; the other one is the non-thermal
channel without a detectable sample temperature rise. This
was mentioned already above in this paper. How does the
non-thermal channel work? According to the present inter-
pretation, vibrational energy is transferred from the excited
surface vibration to the surface-messenger bond via a direct
vibrational coupling. The transferred energy should be
sufficient to overcome the activation energy for desorption of
messenger species from the sample. Curve b) in figure 6 B
shows a surface action spectrum of the V2O3(0001) surface
taken with argon, instead of neon, as a messenger species.
Interestingly, the argon-based action spectrum shows no
spectral features at all. The contrast between argon and neon
may be understood as argon has a much higher activation
energy for desorption from the surface than neon (660-
960 cm� 1 vs. 80–300 cm� 1 according to the thorough thermal
desorption study performed early on by Schlichting.[65,66]) The
FEL micropulse has an energy of ~10 μJ with ~1% being
absorbed by the surface vanadyl groups according to the IRAS
spectrum. The diameter of the infrared beam on the sample is
around 3 mm and there is one vanadyl group per unit cell on
the surface.[57] Therefore, we estimate that one vanadyl group

absorbs on average ~0.1 photons per micropulse. The time
between two sequential micropulses (1 ns) is larger than the
typical lifetime of a vibrational excitation, which renders it
unlikely that excited states above the first excited state can be
reached. Also, indications for non-linear optical processes were
not found when the beam intensity was varied. Therefore, the
process of infrared induced desorption in the case of vanadyl
groups is probably a single photon process. If every absorbed
photon would cause desorption, then all messenger gas atoms
would have desorbed after one macro-pulse (containing
thousands of micropulses). This is not the case, indicating that
only a small fraction of the absorbed photons actually induces
desorption. The same conclusion does apply to desorption
generated by excitation of other surface-located vibrational
levels. Since argon has much higher desorption energy, the
fraction of photons leading to desorption will be too small to
have the argon desorption detectable.

Based on the discussion of the desorption mechanism for
surface action spectroscopy, we move to some considerations
concerning the factors influencing the surface sensitivity of the
method. We call this the selectivity rule of this method. After
a surface mode has been excited, the vibrational energy will
dilute into numerous channels. How much of this energy can
be transferred to the desorption channels depends on the
efficiency of channels transferring energy below the surface:
the more efficient these channels are the less energy will be

Figure 6. A) Surface action spectra with neon messengers of (a) vanadyl-terminated V2O3(0001)/Au(111), (b) 0.5 monolayer iron deposited at 300 K on
V2O3(0001)/Au(111), (c) methanol on V2O3(0001)/Au(111) (dosage at 8 K followed by a short warm-up to 200 K to remove methanol above the first layer); B)
Different spectra of V2O3(0001)/Au(111). Spectra (b) and (c) are surface action spectra measured with Ar and Ne messengers, respectively. Spectrum (e) shows
the sample temperature increase for spectrum (c) relative to the temperature before infrared irradiation (blue scale on the right ordinate axis). Figure adapted with
permission from Ref. 30. Copyright 2017 American Physical Society.
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available for desorption. Therefore, the more a surface
vibration is decoupled from the bulk, the more energy may be
transferred into the channels leading to messenger desorption,
which will eventually increase the sensitivity of the detection of
surface vibrations. In addition, the vibrational energy of the
target vibration level should not be smaller than the activation
energy for desorption of the chosen messenger gas from the
sample surface. Thus, a careful choice of messenger gas is
advised to improve the surface sensitivity of the surface action
spectroscopy method. The lower the activation energy for
desorption of the messenger species, the more sensitive the
messenger will be. It also depends on the energy transfer paths
provided by the messenger.

One way to proceed in this direction would be to compare
messenger species with similar thermal desorption energies but
different number of transfer paths.[66] The two candidates we
studied were neon and a molecule, H2. Shown in figure 7,

curve c) and d) are the action spectra of sub-monolayer FeO
islands on Pt(111) measured with neon and H2 as messenger
gases; curves a) and b) are the HREELS spectra of nano-islands
of FeO and a closed FeO film on Pt(111), taken from the
reference.[67] HREELS shows that the Fe� O vibration and the
interface vibration of FeO islands on Pt(111) have energies of
447 and 383 cm� 1, respectively.[67] In the surface action
spectra, neon is blind to the vibrations of sub-monolayer FeO
islands on Pt(111), whereas H2 is able to respond to the
surface vibrations of this system. Compared to HREELS, some
detailed features are even better resolved in the surface action
spectroscopy with H2 as messenger gas. The data show that the
sensitivity of H2 is much higher than that of neon for the
vibration levels of sub-monolayer FeO islands on Pt(111). A
preliminary interpretation is that the enhanced sensitivity is
due to the additional vibrational modes in the H2-substrate
system resulting from the additional atom. Some of these
modes (possibly all except the H� H stretching mode) may be
available for energy transfer to the H2-substrate bond, resulting
in an enhanced sensitivity. As a consequence, the surface
sensitivity of the surface action spectroscopy method may be
improved with a proper choice of the messenger species. With
respect to hydrogen there is another option to vary the
messenger properties by using isotopes, such HD and D2. This
has been briefly explored, and we will show below the results
of a study on iron oxide films using HD. Helium has the
smallest desorption energy among the gas atoms/molecules,
hence the implementation of helium as messenger gas would
be another beneficial choice.

Coming back to the iron oxide films, we show in Figure 8
the SAS spectra using HD as messenger of a number of iron
oxide films in order to explore the applicability of SAS for
surface structure determination.[33] The corresponding LEED
patterns are shown on the right of Figure 8. The spectra vary
considerably as we change the structure of the film, indicating
that the SAS spectra represent fingerprints of the surface
structure. The spectrum of the FeO(111)/Pt(111) system with
its typical Moiré LEED pattern is plotted in Figure 8 c and
shows similarities to the spectrum of the half monolayer film
shown in Figure7 (above). Since the Moiré superlattice of the
film leads to a strong variation of Fe� O bond lengths,[68–70] the
phonon energies vary considerably, leading to a wide distribu-
tion of vibrational energies ranging from 380 to 450 cm� 1 in
the SAS spectrum (Figure 8 c). This broad feature bears
similarities with a structure at about 20 cm� 1 lower energy in a
surface phonon spectrum calculated by Spiridis et al. for 1 ML
FeO(111) on Pt(111).[71] A surface structure intensely dis-
cussed in the literature is that of Fe3O4(111). A thin film
prepared on a Pt(111) substrate, with a LEED pattern as
shown, leads to a SAS spectrum displayed in Figure 8 a. Its
assignment will be discussed in the following. However, we
note in passing, that the so-called biphase structure, where the

Figure 7. HREELS of 0.25 ML FeO nanoislands (a) and 1 ML FeO film (b)
grown on Pt(111); Surface action spectra (SAS) of 0.5 ML FeO nanoislands
on Pt(111) with Ne (c) and H2 (d) as messenger gas; curve (a) and (b) are
reproduced with permission from Ref.[67] Copyright 2010, American
Chemical Society.
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magnetite phase of Fe3O4 co-exists with a layer of FeO (the
detailed structure is still under debate), and which is often
encountered during the preparation procedure (LEED pattern
is shown) displays a SAS spectrum as shown in Figure 8 b.
The peak intensities are different and the features between 350
and 450 cm� 1 are broader than those in the Fe3O4(111)
spectrum, but there are still considerable similarities. The
larger width of the low energy features indicates, that, indeed,
FeO like spectral features may contribute to the biphase
spectrum.

In order to assign the Fe3O4(111) spectral features, the
phonon modes of the two commonly discussed surface
terminations of Fe3O4(111), one with Fe in tetrahedral sites
and one with octahedral sites have been calculated[33] and
they are compared with the experimental spectrum in
Figure 8. Graphical illustrations of the three most intense
Fetet surface vibrational modes are presented on the right of
the figure. The comparison of vibrational energies with
experiment reveals that the surface must be tetrahedrally

terminated. However, both calculations miss the peak at
485 cm� 1. It was shown in ref.,[33] that this peak is most
likely related to a water contamination. The structure of the
contaminated site is shown in Figure 9 together with its
phonon spectrum, in direct comparison to the experimental
spectrum. We refer to ref.[33] for a more detailed discussion.

4. Conclusion and Perspective

In summary, we have developed a novel method for the
measurement of surface-located vibrations: surface action
spectroscopy with messenger gas on the basis of ideas from
gas phase studies. It is a non-referenced vibrational spectro-
scopy with a high surface sensitivity in particular with a
proper choice of messenger gas. After a feasibility study on
the V2O3(0001)/Au(111) system and a detailed discussion of
the desorption mechanisms, we have discussed SAS spectra
of different iron oxide layers on Pt(111), with the goal of

Figure 8. Surface action spectra obtained for different iron oxide films on Pt(111). LEED images for the samples are shown in the right panel [(a),(c):
Eelectron=66 eV; (b): Eelectron=54 eV.
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elucidating the suitability of SAS for surface structural
characterization with the help of computations. The surface
modes are highly sensitive to the structural arrangement of
the surface atoms, and therefore the surface vibrations
represent a fingerprint of the surface structure. SAS may be
used to reveal this information. In agreement with preceding
publications it was shown that Fe3O4 (111) is terminated
with a Fetet1 layer, which is contaminated with a small
amount of dissociatively adsorbed H2O under usual UHV
conditions. In addition to this we were able to present
spectroscopic evidence that biphase Fe3O4 (111) consists of
regular Fe3O4(111) coexisting with FeO(111), as also
commonly discussed in the literature.

The two most relevant aspects of SAS are probably that it
can be applied to rough surfaces and that it does not require
the presence of long-range ordered structures, such as IV–
LEED and GIXRD, which makes weakly ordered or even
disordered systems suitable for full or partial structure
determination as long as repeating structure elements are
available, and comparison with calculations can be provided.
To this point, one aspect of the surface action spectroscopy

that should be addressed is that it is possible to prepare
messenger gas layers on inhomogeneous surfaces such that only
areas with high adsorption energies are covered. By controlling
the coverage of messenger gas or choosing the proper
adsorption temperature of messenger gas, it is possible to
populate surface sites such as clusters, defects, or interface sites
in a selective way, thus the measured vibrational information
would be exclusively from these selective-decorated sites. A
schematic representation of such an approach is shown in
Figure 10. Here, a surface is shown decorated with metal
particles. If a proper temperature is chosen, one may succeed
in only covering the supported metal particles with the
messenger gas and via SAS record the vibrational spectra of
such metal particles. Those may then be directly compared
with the equivalent data from gas phase studies. Such studies
are to be performed.

Figure 9. (a) Graphical comparison of computed vibrational energies with SAS peak energies for the Fetet1 and Feoct2 terminations of Fe3O4(111) and for the Fetet1
termination with one H2O molecule adsorbed per unit cell. The blue curve is the experimental SAS spectrum. A model of Fetet1 terminated clean Fe3O4(111) (top
view) is shown in the inset. (b),(c),(d): Graphical illustration of the three most intense Fetet1 surface vibration modes (side view), and of the most intense vibration
of Fetet1 with a water adsorbate (e). Color code: Fetet1 and Fetet2, violet balls; Feoct1 and Feoct2, light blue balls; and orange and red balls represent two inequivalent
surface oxygen atoms, denoted as Ob (orange), Oa (red), and H (in OH, light pink).

P e r s o n a l A c c o u n t TH E CH EM I C A L R E CORD

Chem. Rec. 2021, 21, 1270–1283 © 2020 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH Wiley Online Library 1280

Wiley VCH Mittwoch, 16.06.2021

2106 / 182922 [S. 1280/1283] 1



Acknowledgments

We thank A. Plucienik, M. Naschitzki, S. Gewinner, W.
Schöllkopf, X. Li, J. Paier, and J. Sauer for important
contributions and discussions with respect to previous experi-
ments. Y.L. and Z.W. thank the Alexander von Humboldt
Foundation (AvH) for supporting. Open access funding
enabled and organized by Projekt DEAL.

References
[1] Vibrational Spectroscopy of Molecules on Surfaces. in: Methods of

Surface Characterization, ed. T. E. Madey, J. T. Yates, Springer
Science and Business Media, Heidelberg, 1987, Vol. 1

[2] A. S. Sudbø, P. A. Schulz, Y. R. Shen, Y. T. Lee, Multiple-
Photon Excitation and Dissociation of Polyatomic Molecules ed. by
C. D. Cantrell, Springer Berlin Heidelberg, Berlin, Heidelberg,
1986, Vol. 35, pp. 95–122.

[3] E. J. Bieske, J. P. Maier, Chem. Rev. 1993, 93, 2603–2621
10.1021/cr00024a002.

[4] J. M. Lisy, Int. Rev. Phys. Chem. 1997, 16, 267–289 10.1080/
014423597230208.

[5] T. Ebata, A. Fujii, N. Mikami, Int. Rev. Phys. Chem. 1998, 17,
331–361 10.1080/014423598230081.

[6] E. J. Bieske, O. Dopfer, Chem. Rev. 2000, 100, 3963–3998
10.1021/cr990064w.

[7] M. A. Duncan, Int. Rev. Phys. Chem. 2003, 22, 407–435
10.1080/0144235031000095201.

[8] P. Ayotte, J. Kim, J. A. Kelley, S. B. Nielsen, M. A. Johnson, J.
Am. Chem. Soc. 1999, 121, 6950–6951 10.1021/ja990814j.

[9] W. H. R. M. A. Johnson, Ann. Rev. Phys. Chem. 2003, 54,
173–213 10.1146/annurev.physchem.54.011002.103801.

[10] J. Oomens, B. G. Sartakov, G. Meijer, G. von Helden, Int. J.
Mass Spectrom. 2006, 254, 1–19 https://doi.org/10.1016/
j.ijms.2006.05.009.

[11] M. Putter, G. von Helden, G. Meijer, Chem. Phys. Lett. 1996,
258, 118–122 https://doi.org/10.1016/0009-2614(96)00656-2.

[12] J. Lemaire, P. Boissel, M. Heninger, G. Mauclaire, G. Bellec,
H. Mestdagh, A. Simon, S. L. Caer, J. M. Ortega, F. Glotin, P.
Maitre, Phys. Rev. Lett. 2002, 89, 273002 10.1103/PhysRev-
Lett.89.273002.

[13] M. Gerhards, C. Unterberg, A. Gerlach, Phys. Chem. Chem.
Phys. 2002, 4, 5563–5565 10.1039/B208304 C.

[14] B. E. Heyden, A. M. Bradshaw, Surf. Sci. 1983, 125, 787–802
https://doi.org/10.1016/S0039-6028(83)80060-0.

[15] A. M. Bradshaw, F. M. Hoffmann, Surf. Sci. 1978, 72, 513–
535 https://doi.org/10.1016/0039-6028(78)90367-9.

[16] M. K. Ainsworth, M. R. S. McCoustra, M. A. Chesters, N.
Sheppard, C. De La Cruz, Surf. Sci. 1999, 437, 9–17 https://
doi.org/10.1016/S0039-6028(99)00691-3.

[17] S. A. Francis, A. H. Ellison, J. Opt. Soc. Am. 1959, 49, 131–
138 10.1364/JOSA.49.000131.

[18] O. Masatoshi, Bull. Chem. Soc. Jpn. 1997, 70, 2861–2880
10.1246/bcsj.70.2861.

[19] F. Neubrech, C. Huck, K. Weber, A. Pucci, H. Giessen, Chem.
Rev. 2017, 117, 5110–5145 10.1021/acs.chemrev.6b00743.

Figure 10. Schematic representation of messenger adsorption on oxide supported metal or oxide particles as an example for a structurally heterogeneous surface.

P e r s o n a l A c c o u n t TH E CH EM I C A L R E CORD

Chem. Rec. 2021, 21, 1270–1283 © 2020 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH Wiley Online Library 1281

Wiley VCH Mittwoch, 16.06.2021

2106 / 182922 [S. 1281/1283] 1



[20] H. Ibach, D. L. Mills, Electron Energy Loss Spectroscopy and
Surface Vibrations. Editor, Elsevier Inc., 1982, pp. 378.

[21] R. Fuchs, K. L. Kliewer, Phys. Rev. 1965, 140, A2076-A2088
10.1103/PhysRev.140.A2076.

[22] M.-C. Wu, C. Truong, D. W. Goodman High-Resolution
Electron Energy-Loss Studies of Metal Oxides. in: Adsorption on
Ordered Surfaces of Ionic Solids and Thin Films. Springer
Series in Surface Sciences, ed. H.-J. Freund, E. Umbach,
Springer Verlag, Berlin, Heidelberg, 1993, Vol. 33

[23] B. Simard, S. Dénommée, D. M. Rayner, D. v. Heijnsbergen,
G. Meijer, G. v. Helden, Chem. Phys. Lett. 2002, 357, 195–203
https://doi.org/10.1016/S0009-2614(02)00529-8.

[24] M. Brümmer, C. Kaposta, G. Santambrogio, K. R. Asmis, J.
Chem. Phys. 2003, 119, 12700–12703 10.1063/1.1634254.

[25] A. Fielicke, G. Meijer, G. von Helden, J. Am. Chem. Soc. 2003,
125, 3659–3667 10.1021/ja0288946.

[26] D. van Heijnsbergen, K. Demyk, M. A. Duncan, G. Meijer, G.
von Helden, Phys. Chem. Chem. Phys. 2003, 5, 2515–2519
10.1039/B212654 K.

[27] A. Fielicke, A. Kirilyuk, C. Ratsch, J. Behler, M. Scheffler, G.
von Helden, G. Meijer, Phys. Rev. Lett. 2004, 93, 023401
10.1103/PhysRevLett.93.023401.

[28] A. Fielicke, C. Ratsch, G. v. Helden, G. Meijer, J. Chem. Phys.
2005, 122, 091105 10.1063/1.1872834.

[29] A. Fielicke, G. von Helden, G. Meijer, B. Simard, D. M.
Rayner, J. Phys. Chem. B 2005, 109, 23935–23940 10.1021/
jp055856a.

[30] P. Gruene, D. M. Rayner, B. Redlich, A. F. G. van der Meer,
J. T. Lyon, G. Meijer, A. Fielicke, Science 2008, 321, 674–676
10.1126/science.1161166%J Science.

[31] Z. Wu, A. Plucienik, Y. Liu, M. Naschitzki, W. Wachsmann, S.
Gewinner, W. Schöllkopf, H. Kuhlenbeck, H.-J. Freund, Rev.
Sci. Instrum. 2018, 89, 083107 10.1063/1.5045324.

[32] Z. Wu, A. Płucienik, F. E. Feiten, M. Naschitzki, W.
Wachsmann, S. Gewinner, W. Schöllkopf, V. Staemmler, H.
Kuhlenbeck, H.-J. Freund, Phys. Rev. Lett. 2017, 119, 136101
10.1103/PhysRevLett.119.136101.

[33] Y. Liu, Z. Wu, M. Naschitzki, S. Gewinner, W. Schöllkopf, X.
Li, J. Paier, J. Sauer, H. Kuhlenbeck, H.-J. Freund, J. Am.
Chem. Soc. 2020, 142, 2665–2671 10.1021/jacs.9b13164.

[34] Desorption induced by electronic transitions DIET I. in: Springer
Series in Chemical Physics, ed. N. H. Tolk, M. M. Traum, J. C.
Tully, T. E. Madey, Springer-Verlag, Berlin, Heidelberg, New
York, 1983, Vol. 24

[35] Desorption induced by electronic transitions DIET V. in: Springer
Series in Surface Science, ed. A. R. Burns, E. B. Stechel, D. R.
Jennison, Springer-Verlag, Berlin, Heidelberg, 1993, Vol. 31

[36] A. Dereux, A. Peremans, J. P. Vigneron, J. Darville, J. M.
Gilles, J. Electron Spectrosc. Relat. Phenom. 1987, 45, 261–268
https://doi.org/10.1016/0368-2048(87)80074-9.

[37] M. R. Fagiani, X. Song, P. Petkov, S. Debnath, S. Gewinner,
W. Schöllkopf, T. Heine, A. Fielicke, K. R. Asmis, Angew.
Chem. Int. Ed. 2017, 56, 501–504 10.1002/anie.201609766.

[38] Y. J. Chabal, Surf. Sci. Rep. 1988, 8, 211–357 https://doi.org/
10.1016/0167-5729(88)90011-8.

[39] Y. Wang, C. Wöll, Chem. Soc. Rev. 2017, 46, 1875–1932
10.1039/C6CS00914 J.

[40] B. C. Stipe, M. A. Rezaei, W. Ho, Phys. Rev. Lett. 1998, 81,
1263–1266 10.1103/PhysRevLett.81.1263.

[41] Y. Kim, K. Motobayashi, T. Frederiksen, H. Ueba, M. Kawai,
Prog. Surf. Sci. 2015, 90, 85–143 https://doi.org/10.1016/
j.progsurf.2014.12.001.

[42] W. Schöllkopf, S. Gewinner, H. Junkes, A. Paarmann, G.
von Helden, H. Bluem, A. M. Todd, The new IR and THz FEL
facility at the Fritz Haber Institute in Berlin. Editor, SPIE, 2015,
Vol. 9512.

[43] M. Abu Haija, S. Guimond, Y. Romanyshyn, A. Uhl, H.
Kuhlenbeck, T. K. Todorova, M. V. Ganduglia-Pirovano, J.
Dobler, J. Sauer, H. J. Freund, Surf. Sci. 2006, 600, 1497–
1503.

[44] X. Song, E. Primorac, H. Kuhlenbeck, H.-J. Freund, Surf. Sci.
2016, 653, 181–186.

[45] M. Baron, O. Bondarchuk, D. Stacchiola, S. Shaikhutdinov,
H. J. Freund, J. Phys. Chem. C 2009, 113, 6042–6049
10.1021/jp9001753.

[46] J. L. Lu, H. J. Gao, S. Shaikhutdinov, H.-J. Freund, Surf. Sci.
2006, 600, 5004–5010.

[47] D. R. Mullins, Surf. Sci. Rep. 2015, 70, 42–85 https://doi.org/
10.1016/j.surfrep.2014.12.001.

[48] D. R. Mullins, P. V. Radulovic, S. H. Overbury, Surf. Sci.
1999, 429, 186–198.

[49] W. Weiss, W. Ranke, Prog. Surf. Sci. 2002, 70, 1–151 10.1016/
s0079-6816(01)00056-9.

[50] M. Lewandowski, I. M. N. Groot, Z.-H. Qin, T. Ossowski, T.
Pabisiak, A. Kiejna, A. Pavlovska, S. Shaikhutdinov, H.-J.
Freund, E. Bauer, Chem. Mater. 2016, 28, 7433–7443
10.1021/acs.chemmater.6b03040.

[51] Y.-N. Sun, L. Giordano, J. Goniakowski, M. Lewandowski, Z.-
H. Qin, C. Noguera, S. Shaikhutdinov, G. Pacchioni, H.-J.
Freund, Angew. Chem. Int. Ed. 2010, 49, 4418–4421 10.1002/
anie.201000437.

[52] Y. Liu, F. Yang, Y. Zhang, J. Xiao, L. Yu, Q. Liu, Y. Ning, Z.
Zhou, H. Chen, W. Huang, P. Liu, X. Bao, Nat. Commun.
2017, 8, 14459 10.1038/ncomms14459, https://www.nature.-
com/articles/ncomms14459#supplementary-information.

[53] F. Mirabella, E. Zaki, F. Ivars-Barceló, X. Li, J. Paier, J. Sauer,
S. Shaikhutdinov, H.-J. Freund, Angew. Chem. Int. Ed. 2018,
57, 1409–1413 10.1002/anie.201711890.

[54] E. M. Davis, K. Zhang, Y. Cui, H. Kuhlenbeck, S. Shaikhutdi-
nov, H.-J. Freund, Surf. Sci. 2015, 636, 42–46 https://doi.org/
10.1016/j.susc.2015.02.004.

[55] L. R. Merte, L. C. Grabow, G. Peng, J. Knudsen, H. Zeuthen,
W. Kudernatsch, S. Porsgaard, E. Lægsgaard, M. Mavrikakis, F.
Besenbacher, J. Phys. Chem. C 2011, 115, 2089–2099 10.1021/
jp109581a.

[56] J. Sauer, H.-J. Freund, Catal. Lett. 2015, 145, 109–125
10.1007/s10562-014-1387-1.

[57] F. E. Feiten, H. Kuhlenbeck, H.-J. Freund, J. Phys. Chem. C
2015, 119, 22961–22969 10.1021/acs.jpcc.5b06943.

[58] J. S. F. Pfuner, M. Sock, S. Surnev, M. G. Ramsey, F. P. Netzer,
J. Phys. Condens. Matter 2005, 17, 4035.

[59] M. A. Haija, Thesis 2006.
[60] M. A. Haija, S. Guimond, Y. Romanyshyn, A. Uhl, H.

Kuhlenbeck, T. K. Todorova, M. V. Ganduglia-Pirovano, J.

P e r s o n a l A c c o u n t TH E CH EM I C A L R E CORD

Chem. Rec. 2021, 21, 1270–1283 © 2020 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH Wiley Online Library 1282

Wiley VCH Mittwoch, 16.06.2021

2106 / 182922 [S. 1282/1283] 1



Döbler, J. Sauer, H. J. Freund, Surf. Sci. 2006, 600, 1497–1503
https://doi.org/10.1016/j.susc.2006.02.003.

[61] G. Kresse, S. Surnev, J. Schoiswohl, F. P. Netzer, Surf. Sci.
2004, 555, 118–134 https://doi.org/10.1016/
j.susc.2004.02.009.

[62] Y. Romanyshyn, S. Guimond, D. Göbke, J. M. Sturm, H.
Kuhlenbeck, J. Döbler, M. V. Ganduglia-Pirovano, J. Sauer,
H.-J. Freund, Top. Catal. 2011, 54, 669 10.1007/s11244-011-
9685-y.

[63] F. E. Feiten, H. Kuhlenbeck, H.-J. Freund, Phys. Chem. Chem.
Phys. 2016, 18, 3124–3130 10.1039/C5CP07390 A.

[64] M. A. Haija, Y. Romanyshyn, A. Uhl, H. Kuhlenbeck, H.-J.
Freund, Top. Catal. 2017, 60, 413–419 10.1007/s11244-017-
0810-4.

[65] H. Schlichting, PhD Thesis 1990.
[66] H. Schlichting, D. Menzel, Rev. Sci. Instrum. 1993, 64, 2013–

2022 10.1063/1.1143992.
[67] Y. Yao, Q. Fu, Z. Wang, D. Tan, X. Bao, J. Phys. Chem. C

2010, 114, 17069–17079 10.1021/jp1036537.

[68] Y. Liu, Y. Ning, L. Yu, Z. Zhou, Q. Liu, Y. Zhang, H. Chen, J.
Xiao, P. Liu, F. Yang, X. Bao, ACS Nano 2017, 11, 11449–
11458 10.1021/acsnano.7b06164.

[69] W. Zhang, Z. Li, Y. Luo, J. Yang, J. Phys. Chem. C 2009, 113,
8302–8305 10.1021/jp810751j.

[70] L. Giordano, G. Pacchioni, J. Goniakowski, N. Nilius, E. D. L.
Rienks, H.-J. Freund, Phys. Rev. B 2007, 76, 075416.

[71] N. Spiridis, M. Zając, P. Piekarz, A. I. Chumakov, K. Freindl,
J. Goniakowski, A. Kozioł-Rachwał, K. Parliński, M. Ślęzak, T.
Ślęzak, U. D. Wdowik, D. Wilgocka-Ślęzak, J. Korecki, Phys.
Rev. Lett. 2015, 115, 186102 10.1103/PhysRev-
Lett.115.186102.

Manuscript received: September 9, 2020
Revised manuscript received: October 9, 2020
Version of record online: November 6, 2020

P e r s o n a l A c c o u n t TH E CH EM I C A L R E CORD

Chem. Rec. 2021, 21, 1270–1283 © 2020 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH Wiley Online Library 1283

Wiley VCH Mittwoch, 16.06.2021

2106 / 182922 [S. 1283/1283] 1


