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Probing long-range structural order in SnPc/Ag(111) by umklapp process assisted low-energy
angle-resolved photoelectron spectroscopy
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Laser-based angle-resolved photoelectron spectroscopy is performed on tin-phthalocyanine (SnPc) adsorbed
on silver Ag(111). Upon adsorption of SnPc, strongly dispersing bands are observed which are identified as
secondary Mahan cones formed by surface umklapp processes acting on photoelectrons from the silver substrate
as they transit through the ordered adsorbate layer. We show that the photoemission data carry quantitative
structural information on the adsorbate layer similar to what can be obtained from a conventional low-energy
electron diffraction (LEED) study. More specifically, we compare photoemission data and LEED data probing
an incommensurate-to-commensurate structural phase transition of the adsorbate layer. Based on our results we
propose that Mahan-cone spectroscopy operated in a pump-probe configuration can be used in the future to probe
structural dynamics at surfaces with a temporal resolution in the sub-100-fs regime.
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I. INTRODUCTION

The relevance of surface umklapp processes in photoemis-
sion has been emphasized in numerous studies [1–8]. These
types of processes can provide information on a part of the
bulk electronic structure which is otherwise hidden beyond
the photoemission horizon [3]. Additionally, the umklapp
processes intrinsically imprint information on the long-range
order of the surface layer onto the photoemission signal and
can, therefore, potentially complement other surface sensitive
diffraction techniques such as low-energy electron diffraction
(LEED) and x-ray photoelectron diffraction [2]. Also, the
presence of a periodic bulk lattice can substantially affect the
photoemission process, particularly at low excitation energies,
as excitation channels in the valence electronic structure that
are forbidden in a free-space scenario can open up [9]. In
the photoemission spectrum these photoexcitation pathways
appear as so-called primary Mahan cones or, if modified by
a surface umklapp process, secondary Mahan cones [10].
Recently, the formation of Mahan cones has attracted some
interest, partly due to the increased application of laser-based
near-ultraviolet harmonic sources in photoemission experi-
ments [11,12]. The most prominent example of a primary
Mahan cone is a resonant sp-intraband transition observed in
low-energy photoemission experiments on silver and copper
[13–15]. Secondary Mahan cones have been observed, for
instance, after adsorption of a monolayer of Zn-phthalocyanine
on Ag(110) [4] and for a Bi-covered Cu(111) surface [5].
Notably, these types of experiments are often performed
using pulsed femtosecond laser sources potentially offering
the capability of studying ultrafast structural processes on the
ultimate time scales intrinsic to the lattice degrees of freedom.

In the present work we present an angle-resolved pho-
toelectron spectroscopy (ARPES) study of SnPc adsorbed
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on Ag(111) using the fourth harmonic of the near-infrared
output of a femtosecond laser system. Past studies reported
a complex structural phase diagram of the SnPc overlayer,
which is schematically illustrated in Fig. 1(a). At low cov-
erages the overlayer forms a disordered gas phase, whereas
at coverages close to a monolayer (ML) a low-temperature
commensurate phase (C-phase) and a high-temperature in-
commensurate phase (I-phase) are observed [16]. In the latter
case repulsive interaction among the molecules results in a
continuous adjustment of the overlayer structure as the cov-
erage is increased. The system attracted additionally interest
owing to the nonplanar geometry of SnPc [see Fig. 1(b)] [17],
resulting in conformationally different adsorption geometries
of the molecules [18,19]. It was shown that a controlled trans-
formation (switching) of individual molecules from the tin-up
to the tin-down configuration is possible by local electron or
hole injection using an STM tip [20].

The ARPES data presented in this work show a multitude
of strongly dispersing bands in the commensurate as well as in
the incommensurate phase that are absent from the pristine
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FIG. 1. (a) Structural phase diagram of SnPc/Ag(111) as a func-
tion of the temperature and coverage in the submonolayer regime;
point A and path B mark the coverages and temperatures for which
LEED and PES measurements were performed in the present study.
(b) Molecular structure of SnPc: top view and side view.
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Ag(111) surface. Based on a comparison with simulations
describing the Ag valence electronic structure in a nearly free
electron approximation, we are able to assign these features
to cuts through specific secondary Mahan cones resulting
from the diffraction of photoexcited electrons in the bulk
as they transit the ordered adsorbate layer. The temperature
dependence of the ARPES signal is affected by thermally
activated vibrational motion of the SnPc molecules and, fur-
thermore, allows monitoring of the first-order phase transition
from the incommensurate to the commensurate phase. In fact,
we show that the quality of the low-energy photoelectron
diffraction data is competitive with that of diffraction data
recorded in a conventional LEED configuration. As the present
photoemission study was conducted with femtosecond laser
pulses we envision that in a pump-probe configuration the
spectroscopy of Mahan cones will in the future enable one
to probe structural dynamics of surfaces with unprecedented
time resolution, providing at the same time information on
the nonequilibrium dynamics of potentially involved pho-
toexcited carriers. By this means time-resolved Mahan-cone
spectroscopy can complement other time-resolved electron
diffraction techniques, which are often intrinsically limited
in their time resolution by space charge broadening due to
Coulomb interaction among the probing electrons [21,22].

II. EXPERIMENT

A scheme of the experimental setup, consisting of a
tunable femtosecond laser system and an ultrahigh vacuum
chamber, is shown in Fig. 2(a). Sub-50-fs laser pulses are
delivered from two noncollinear optical parametric amplifiers
(NOPAs; Orpheus-N-2H and -N-3H; Light Conversion) which
are pumped by the second and third harmonics of a chirped
pulsed amplifier (Pharos; TOPAG; 1030 nm, 220 fs, 500 kHz),
respectively. The system output can be tuned continuously
over a wavelength range from 500 to 950 nm (Orpheus-N-3H)
and from 650 to 900 nm (Orpheus-N-2H). Internal second
harmonic generation stages in both NOPA systems (SH output)
allow extending this range up to 250 nm. Pulse energies
and durations as a function of the wavelength as delivered
by the laser system are shown in Fig. 2(b). ARPES spectra
presented in this work were recorded at a wavelength of
210 nm (5.9 eV) generated by external frequency doubling
of the 420-nm second harmonic output of one of the NOPA
systems. The polarization of the laser light was adjusted with
a zero-order λ/2-wave plate. As shown in Fig. 2(a), the optical
setup is prepared for performing time-resolved bichromatic
experiments by independently combining the various outputs
of the two NOPAs.

Photoelectrons are collected using a hemispherical energy
analyzer (Phoibos 100; SPECS) which allows for simultaneous
detection of the kinetic energy and the emission angle of
electrons emitted from the sample onto a plane determined by
the orientation of the analyzer entrance slit. More specifically,
the experiments presented here were performed in a geometry
as illustrated in Fig. 2(c), with the sample surface normal being
aligned parallel to the analyzer lens axis. Azimuthal rotation
of the sample allowed access to the high-symmetry directions
K−�−K and M(X)−�−M(L) of the Ag(111) surface. The
energy and angular resolution of the analyzer used in this

FIG. 2. (a) Scheme of the laser-based ARPES setup prepared for
performing time-resolved experiments; laser-light is provided by two
independent NOPA systems which are pumped by a chirped pulse
amplifier. For the experiments presented here 210-nm light was used
generated in a fourth harmonic generation unit (FHG). Photoelectrons
are analyzed using a hemispherical 2D electron energy analyzer for
simultaneous detection of the energy and momentum. The ultrahigh
vacuum system is additionally equipped with a LEED unit and a
standard surface preparation chamber. (b) Key specifications of the
laser system: pulse energy and pulse duration of the fundamental and
second harmonic output of the two NOPA systems. (c) Schematic
of the ARPES geometry in reciprocal space: the rectangle marks the
region of the Brillouin zone which can be detected simultaneously
for orientation of the surface normal being parallel to the analyzer
lens axis. Azimuthal rotation of the sample allows for the selection of
different cuts through the surface Brillouin zone.

work were 42 meV and 0.4◦, respectively. To reduce the
effects of stray fields and enlarge the angular range that
can be detected simultaneously, the sample was biased by a
voltage of −10 V with respect to the analyzer entrance. In
the case of a homogeneous and linearly increasing electrical
field between sample and analyzer, the parallel momenta h̄k‖
of the photoelectrons are conserved in spite of the acceleration
[23]. For the experimental setup used in the present study the
effect of a sample bias on the ARPES signal was checked
for voltages of up to −10 V in a two-photon photoemission
experiment from the n = 1 image potential state of a Cu(100)
surface [24].
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The ultrahigh vacuum chamber is, furthermore, equipped
with standard surface preparation and analysis units, including
sputtering, heating, and cooling facilities, a three-cell organic
evaporator (OVD-3; Ventiotec), a microquartz balance, and a
LEED/Auger system with a dual-microchannel plate detector
(BDL600IR MCP2; OCI Vacuum).

For experiments a Ag(111) single crystal (MaTecK) was
prepared by several cycles of argon-ion sputtering (with an
energy of 500 eV at incident angles of ±65◦ for 15 min,
respectively) and annealing to 800 K [25] until sharp LEED
spots and a narrow photoemission bandwidth (<50 meV) of
the Ag(111) Shockley surface state were observed [26].

SnPc molecules were deposited on the Ag(111) surface
at room temperature at a rate of 0.1 ML per minute and
at a base pressure below 2 × 10−10 mbar. The evaporation
rate was checked with a microquartz balance before and after
deposition. A coverage of 0.9 ML was achieved by successive
evaporation and quantitative analysis of the LEED pattern
under consideration of reference data [16]. This procedure
allows the reproducible preparation of a SnPc coverage with an
accuracy of ≈ ±0.05 ML. For the preparation of a coverage of
1.0 ML, a film thickness of >1.0 ML was evaporated, followed
by the removal of the excess coverage by annealing of the
sample to 523 K for 10 min [27].

III. RESULTS AND DISCUSSION

A. Pristine Ag(111)

Figure 3 shows an ARPES intensity map recorded at
a photon energy of 5.9 eV. Two bands are visible in the
photoemission spectrum, which we associate with the Ag(111)
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FIG. 3. ARPES intensity map of pristine Ag(111) recorded at
293 K in the K−�−K direction using p-polarized laser light (hν =
5.9 eV). Final-state energies are given with respect to the vacuum
level Evac. Positive momenta correspond to electrons emitted towards
the incident laser. Red and blue lines are fits to the dispersion of the
Shockley surface state and the sp intraband transition (primary Mahan
cone L0), respectively.

Shockley surface state [28] and a resonant sp-band transition
[14,15], respectively. In the notation introduced below we refer
the sp-band transition to the primary Mahan cone L0. A fit
to the dispersion of the surface state yields an effective mass
of meff,ss = 0.45me with me being the mass of the electron.
This value is in very good agreement with reference literature
[26,28].

The effective mass of the sp-band transition is meff,sp = 1me

in agreement with prior work [29]. It implies a reasonable
description of this spectral signature within a nearly free elec-
tron approximation which is used below for the quantitative
description of spectral modifications observed for adsorption
of SnPc molecules.

The asymmetry in the angular photoemission distribution of
the sp-band transition originates from the broken symmetry in
the detection geometry with respect to the incident laser beam
and the electron emission angles captured by the analyzer [see
Fig. 2(c)]: the photocurrent scales with the scalar product of the
vector potential �A of the incident laser and the photoelectron
momentum h̄�k [30,31]; i.e., a decrease in the photoemission
yield is expected for electron emission towards the incident
laser beam (positive momentum values), in agreement with
our data.

B. 1.0ML SnPc on Ag(111)

Figures 4(a) and 4(c) show ARPES intensity maps for
1.0 ML SnPc/Ag(111) recorded with s-polarized light along
K−�−K and M(L)−�−M(X), respectively. The adsorption
of the SnPc overlayer results in the formation of a multitude of
bands in the spectra. Due to their strong dispersion we exclude
the possibility that molecular orbitals of SnPc are the origin
of these bands. Furthermore, the energies of the bands do not
match the binding energies of molecular orbitals for SnPc on
Ag(111) as reported in STS [32,33] and PES [34,35] studies.
Instead, we show in the following that these bands correspond
to secondary Mahan cones resulting from umklapp-scattering
processes acting on primary Mahan cones of the Ag(111)
substrate in the presence of the adsorbed SnPc superstructure.

The formation of primary Mahan cones in a photoemission
process can most intuitively be understood starting from the
band structure model of a solid in the empty lattice approx-
imation in one dimension [5,10] (details are also given in
[36]). Here, a direct optical transition at a given photon energy
hν from an initial state with momentum �ki and energy Ei

to a final state with energy Ef = Ei + hν and momentum
�kf is only possible if the lattice can deliver the missing
momentum in terms of a reciprocal lattice vector �G = �kf − �ki .
This model can easily be extended to three dimensions: In
this case, possible initial states at energy Ei form isoenergy
surfaces in momentum space which, in a nearly free electron
approximation, are spheres with a radius

√
2meffE/h̄ that

are centered with respect to the reciprocal lattice points.
Possible direct optical transitions at a given photon energy
hν correspond here to rings where the initial-state spheres
shifted by a reciprocal lattice vector �G intersect the final-state
sphere centered at �. The final states Ef (�kf ) that are populated
from the energy continuum of initial states form a so-called
primary Mahan cone around the reciprocal lattice vector �G.
The dispersion of the Mahan cone as probed in a photoemission
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FIG. 4. Mahan cone formation for 1.0 ML SnPc on Ag(111). (a)
ARPES intensity map and (b) calculated secondary Mahan cones
in the K−�−K direction (see inset); cones originating from the
three off-normal �−L directions are depicted in different colors. (c)
ARPES intensity map and (d) calculated secondary Mahan cones in
the M(L)−�−M(X) direction; ARPES data were recorded at 293 K
using s-polarized laser light (hν = 5.9 eV). Final-state energies are
given with respect to the vacuum level Evac. Note that the different
maximum energies in comparison to pristine Ag(111) in Fig. 3 result
from a change in the work function of about 250 meV caused by the
adsorption of SnPc.

experiment is given by Ef (�kf ) and is in the nearly free electron
approximation parabolic. A prominent example of a primary
Mahan cone is the resonant sp-band transition of Ag(111)
mentioned above. The ARPES intensity distribution in Fig. 3
corresponds to a cut through the Mahan cone perpendicular to
the relevant lattice vector �G pointing in the �−L direction. As
for a photon energy of hν = 5.9 eV electron states far inside the
bulk Brillouin zone of silver are probed, the mapped dispersion
can be well described by a free electron parabola.

In the presence of a two-dimensional surface superstructure,
the photoelectrons of a primary Mahan cone can take up
additional momentum via surface umklapp processes, resulting
in the formation of secondary Mahan cones. While the parallel
momentum can be changed by a reciprocal vector �GS‖ of the
surface superstructure, the perpendicular momentum must at
the same time be altered to ensure energy conservation. This
can result in the photoemission of electrons that would not
have enough energy to overcome the surface potential barrier
without the scattering at the surface. From a primary Mahan
cone a multitude of secondary cones can be formed, as the

superstructure can contribute different lattice vectors �GS‖ to
the scattering process.

For interpretation of the ARPES data in Figs. 4(a) and 4(c)
the energy-momentum distribution of the detected photoelec-
trons is simulated for SnPc on Ag(111) under consideration of
Mahan processes using a model presented in Ref. [10]. Details
of the simulations are discussed in [36]. Four primary Mahan
cones must be included in the simulation: the cone centered
along the [111] surface normal direction (L0 cone) and—for
the calculation of secondary cones—three off-normal primary
cones arising from the equivalent �−L directions [111], [111],
and [111] [denoted L1, L2, and L3 cones, corresponding to
the three M(L) points indicated in the inset in Fig. 4(a)]. The
reciprocal lattice vectors �G111 of the equivalent �−L directions
are the shortest to be found in a face-centered cubic structure
(| �G111| = 2 · √

3 · π/a, with a being the lattice constant). It
turns out that all secondary cones arising from primary cones
centered along larger reciprocal lattice vectors (for example,
in the �−X direction with | �G100| = 4 · π/a) exhibit kinetic
energies that are not accessible with the used photon energy
of 5.9 eV. The superstructure of 1.0 ML SnPc on Ag(111)
yields six adsorption domains. Each of them is spanned by
two reciprocal basic vectors which can be calculated from
the superstructure matrices given in Ref. [16]. Any vector
�GS‖ causing the formation of a secondary Mahan cone can
be represented by any linear combination of reciprocal basic
vectors of the same domain. As the Brillouin zone of the SnPc
superstructure is small compared to that of the silver substrate,
the resulting secondary cones lie very close to each other. Due
to the symmetry properties of the substrate and superstructure,
some of the secondary cones turn out to be equivalent: The
twofold mirror symmetry of the substrate reduces the effective
number of differing superstructure domains by a factor of 2.
Additionally, the threefold rotational symmetry of the substrate
affects the Mahan cone spectra, as discussed later.

To account for the resonant sp transition of pristine Ag(111),
we simulated the primary L0 Mahan cone using a photon
energy of hν = 5.9 eV, a lattice constant of aAg = 4.085 Å
[37], and an electron effective mass of meff,sp = 1me. The
inner potential V0, which is defined as the free electron band
minimum E0 with respect to the vacuum energy Evac, is used
as a free parameter in the Mahan cone calculation. A fit to
the data results in an inner potential of V0 = 9.78 eV, in good
agreement with other work [38,39]. This model as well as the
nearly free electron approximation presented before result in
the same parabolic band dispersion and match the experimental
data very well (see blue line in Fig. 3).

Due to matrix element effects in the photoemission process,
the primary L0 cone dominates the ARPES spectrum for
excitation with p-polarized light [14] and strongly conceals
secondary cones. For comparison with the simulations the
ARPES intensity maps of the SnPc-covered Ag(111) surface
shown in Figs. 4(a) and 4(c) were recorded with s-polarized
light. In this case, the primary L0 cone and the resultant
secondary cones are not visible and can be omitted in the simu-

lation. As the typical SnPc domain size (≈ 500 Å
2

[16]) is very
small compared to the laser spot size at the sample surface (≈
4 × 10−2 mm2), all six adsorption domains contribute to the
ARPES signal and must be included in the calculation. Cuts of
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FIG. 5. Structural phase transition of 0.9 ML SnPc on Ag(111) investigated with LEED. (a)–(c) LEED images recorded at 123 K
(commensurate phase), 213 K (at the phase transition), and 293 K (incommensurate phase); red and green points represent calculated LEED
spots of the commensurate and incommensurate phase, respectively, according to the indicated superstructure matrices taken from [16]. Data
were recorded at incident electron energy Ekin = 18 eV. LEED images in (a)–(c) are corrected for an azimuthal sample rotation observed during
the temperature scan. (d) Temperature dependence of LEED spot intensities representing the commensurate phase (red x’s) and incommensurate
phase (green x’s). Representative spot groups selected for this analysis are correspondingly labeled ROI in (a)–(c). Intensity curves in (d) result
from averaging over all equivalent spot groups. Data are referenced with respect to the minimum intensity level of the commensurate phase
(zero level) and the maximum intensity observed in this phase at T = 170 K. Arrows indicate the direction of the respective temperature scan.
The black line is the fit of a Debye-Waller factor to the data in the commensurate phase and during sample heat-up.

the simulation results along the K−�−K and M(X)−�−M(L)
directions are shown for comparison with the ARPES data in
Figs. 4(b) and 4(d), respectively. For clarity, only bands which
can clearly be identified in the experimental data are shown.
Furthermore, the calculated cones are color-coded with respect
to the primary cone (L1, L2, or L3) they originate from. The
comparison with the experimental data show that all three �−L
directions contribute to the photoemission signal.

The ARPES intensity distributions as well as the cal-
culated Mahan cone cuts exhibit different symmetries with
respect to � depending on the probed direction, K−�−K or
M(X)−�−M(L). This difference is caused by the threefold
rotational symmetry of the Ag(111) substrate: whereas the six
K points of the Ag(111) surface are equivalent [see Fig. 2(c)],
the M points can result from a surface projection of the L or
the X point of the three-dimensional Brillouin zone. Hence,
only the pattern formed by the Mahan cone cuts along �−K is
symmetric with respect to � [Figs. 4(a) and 4(b)]. Furthermore,
the detection cut in momentum space as indicated in the
inset in Fig. 4(a) implies a mirror symmetry of L2 and L3

secondary cones with respect to each other, in agreement
with the results of experiment and simulation. Along �−M,
the symmetry of the Mahan cone cuts with respect to �

is lost [Figs. 4(c) and 4(d)]. In this case, one expects the
projections along L1 and L2 to be identical, suggesting that the
secondary cones from these two primary cones lie on top of
each other. Once again, experiment and simulation confirm this
conclusion.

Based on the qualitative agreement, the structures can be
clearly identified as secondary Mahan cones. However, there
are some quantitative deviations between experimental data
and simulations. We attribute these to the simplified description
within the free electron approximation. Details are discussed
in [36].

C. 0.9 ML SnPc on Ag(111)

At a coverage of 0.9 ML the room-temperature phase of
the SnPc overlayer exhibits an incommensurate superstructure.
Upon cooling the sample below 220 K the system undergoes
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a structural transition into a commensurate phase, which is
not observed for a coverage of 1.0 ML. The phase transition
is accompanied by a change in the molecular interaction
from repulsive to attractive, resulting in the formation of
islands with a local coverage of 0.94 ML [16]. The transition
from incommensurate to commensurate phase can be directly
observed as distinct changes in the LEED pattern and, as shown
below, also in changes in the Mahan cone pattern mapped in
the photoemission experiment.

LEED results from a temperature scan of 0.9 ML SnPc
on Ag(111) are summarized in Fig. 5. Starting at room
temperature, the sample was cooled down below 180 K and
then heated up again to room temperature. Figures 5(a)–5(c)
show LEED images recorded in the commensurate phase of
the SnPc overlayer [123 K; Fig. 5(a)], at/near the transition
temperature [213 K; Fig. 5(b)], and in the incommensurate
phase [293 K; Fig. 5(c)]. For comparison, simulated LEED pat-
terns under consideration of the corresponding superstructure
matrices [16] are included in the images and show a very good
agreement with the experimental data. This becomes particu-
larly evident in the LEED image recorded near the transition
temperature where both superstructures are superimposed.

Figure 5(d) shows LEED spot intensities as a function of
temperature as observed for incommensurate (green x’s) and
commensurate phase (red x’s). For the quantitative analysis
equivalent spot groups in the LEED patterns characteristic for
the respective phases were selected. The red and green regions
of interest (ROI) in Figs. 5(a) und 5(c), respectively, show
representatives of these spot groups. In the coexistence regime
shown in Fig. 5(b) the ROIs of both phases are indicated. The
temperature-dependent intensities in Fig. 5(d), finally, result
from an averaging over all equivalent spot groups present in the
LEED pattern. Both traces show a distinct hysteresis indicative
of a first-order phase transition as expected for a structural
phase transition: upon cooling the phase transition occurs at
213 K; upon heating it occurs at 275K. At the same time, the
slopes of the intensity traces at the phase transitions clearly
differ, with the slopes during cooldown being significantly
steeper.

The temperature dependence of the LEED spot intensities
within a structural phase arises from thermal motion of the
atoms in the adsorbate layer. For a quantitative analysis we
assumed that the temperature dependence follows the Debye-
Waller factor B = exp (−�k2

�D
· T ), with �k being the momen-

tum transfer in the diffraction process and �D the Debye
temperature of the adsorbed SnPc layer. Due to multiple
phonon scattering processes contributing to the LEED signal at
low electron kinetic energies, such an analysis has only limited
quantitative significance [40]. However, as we show below,
it allows for a direct comparison of the LEED data with the
photoemission results. The solid black line in Fig. 5(d) is a
fit of the Debye-Waller factor to the experimental data with
�k = 4 · GS‖ as evaluated from the LEED data, yielding a
value of �D ≈ 8 K. In contrast to the commensurate phase,
the Debye-Waller factor of the incommensurate phase cannot
be determined from the LEED data for two reasons. On the one
hand, there is an extra spot of the commensurate phase located
within the ROI of the incommensurate phase. This additional
spot is also the reason for the slope during the cooldown being
different from 0. On the other hand, the six spots within the

FIG. 6. Correlation between LEED pattern and secondary Mahan
cone pattern: LEED image of the incommensurate phase (left) in
comparison to a calculated secondary Mahan cone pattern formed
from equienergy surfaces (right). An intermediate energy value of
E − Evac = 0.5 eV was chosen for calculations of the equienergy
surfaces, as the results at this energy illustrate, at the same time, the
correspondence between Mahan cone signal and LEED pattern as
well as the conelike character of the Mahan pattern. The gray shaded
area indicates the position of the surface-projected first Brillouin zone
with respect to the Mahan cone pattern. � is located outside the image
centered slightly above the top border. Inset: Orientations of the six
adsorption domains.

ROI belong to two different orders of diffraction (second and
third orders); i.e., �k is not uniquely defined.

As the formation of the Mahan cones arises from elastic
scattering of photoemitted electrons by the SnPc superstruc-
ture, information equivalent to the LEED results should also
be encoded in temperature-dependent ARPES spectra. The
equivalence of LEED and Mahan-cone spectroscopy is illus-
trated in Fig. 6 for the incommensurate phase of SnPc/Ag(111).
The LEED pattern coincides with the (calculated) equienergy
surfaces of the secondary Mahan cones at one of the three M(L)
points. Similarly to the differences in the LEED patterns for
the incommensurate and the commensurate phase we therefore
expect also significant changes in the Mahan cone spectra as
the system undergoes the phase transition.

ARPES intensity maps of 0.9 ML SnPc/Ag(111) recorded
in the commensurate phase (115 K) and in the incommensurate
phase (293 K) are shown in Figs. 7(a) and 7(b). In contrast to
Figs. 4(a) and 4(c) for these experiments we used p-polarized
light in order to enhance the signal from the primary L0 cone.
This reference was utilized to compensate for temperature-
dependent shifts in the angular distribution of the photoemis-
sion spectra. The shifts arise from a rotation of the sample,
which is most likely caused by thermal strain acting on the sam-
ple manipulator during cooldown and heat-up. The different
polarization is responsible for the significantly reduced number
of visible Mahan cones in the incommensurate phase compared
to that in the spectra for 1.0 ML SnPc/Ag(111) in Fig. 4. The
structural changes going along with the phase transition can
clearly be discerned in the photoemission data. Besides the
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FIG. 7. Structural phase transition of 0.9 ML SnPc on Ag(111) investigated with photoemission along M(X)−�−M(L). Selected ARPES
intensity maps of (a) the commensurate (115 K) and (b) the incommensurate (293 K) phases. (c) Difference intensity map generated from (a)
and (b) illustrating the spectral changes going along with the phase transition. (d) Photoemission intensity as a function of the temperature from
the ROI highlighted in (a)–(c). The region covers a secondary Mahan cone which is only visible in the commensurate phase. Arrows indicate
the direction of the respective temperature scan. Data are referenced with respect to the minimum intensity level (zero level) and the maximum
intensity observed at T = 170 K.

energy-momentum shifts of the main features, also new Mahan
cone bands appear as the commensurate phase is formed. These
changes are best seen in a difference intensity map generated
from the two spectra as shown in Fig. 7(c). Here, red (blue)
regions indicate a decrease (increase) in the photoemission
intensity as the SnPc overlayer undergoes the phase transition
from the incommensurate to the commensurate phase.

The result of a quantitative analysis of the temperature
dependence of the photoemission intensity maps is shown in
Fig. 7(d). The graph displays the integral photoemission signal
as a function of the sample temperature from the selected ROI
shown in Fig. 7(a) covering a Mahan cone band visible only in
the commensurate phase. The result of this analysis is in quite
good agreement with the temperature-dependent data from
the LEED spot analysis presented in Fig. 5(d). The ARPES
data qualitatively reproduce hysteresis loop and transition
temperatures. We associate the difference in the transition
temperature between LEED and ARPES data during cooldown
with slight differences in the actual SnPc coverage due to the
experimental limitations in the reproducible preparation of a
sample coverage. The broad transition regime observed for the
ARPES data during cooldown results from the high cooling
rates (≈ 1 K/s) in combination with the limited time resolution
available in the ARPES experiments, which require acquisition

times of ≈ 30 s. High-quality LEED images, in contrast, could
be recorded with an exposure time of ≈ 1 s. Furthermore, the
Debye-Waller analysis matches the results of the LEED scan
very well: For the fit to the ARPES data the Debye temperature
was fixed to a value �D = 8 K as determined from the analysis
of the LEED data and the momentum transfer �k was set as
the free fit parameter. The fit yields �k = 4 · GS‖, i.e., in the
experiment a secondary Mahan cone of fourth order is probed,
in agreement with the result of the simulations.

IV. OUTLOOK AND CONCLUSION

Summing up our findings, the conspicuous band struc-
ture observed in the ARPES data on SnPc/Ag(111) can be
associated with secondary Mahan cones resulting from the
diffraction of electrons photoexcited in the silver substrate by
the adsorbate superstructure. Furthermore, the analysis of the
ARPES data yields results quantitatively similar to those ob-
tained in a LEED study, potentially providing detailed insights
into the structural properties of the adsorbate layer as probed
in reciprocal space. Notably and in contrast to the presented
LEED experiments, the diffraction pattern observed in ARPES
is formed from the diffraction of electron pulses generated
by femtosecond laser pulses. This particular detail of the
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present experiment opens up new and fascinating perspectives
for the study of structural dynamics in adsorbate-surface sys-
tems. Time-resolved electron diffraction using pulsed electron
sources has emerged over the last decade as a key instrument
in studying ultrafast structural dynamics in solids and their
surfaces [41]. Different approaches have been presented in the
past, including time-resolved electron diffraction operated in
transmission [42], reflection [43], and LEED [44] geometry.
One of the main problems in the operation of these types of
experiments, substantially limiting the achievable temporal
resolution, arises from the repulsive Coulomb interaction
among the electrons, resulting in the temporal spreading of
an electron pulse as it propagates from the electron source
to the sample. Strategies to compensate for or overcome this
problem include the use of relativistic electrons [45], the
implementation of electron pulse compression units [46], and
an effective reduction of the distance between electron source
and sample [47]. The experimental configuration available in
the present study is the ultimate limit of what can be achieved
for the latter scenario. The electron source, i.e., the silver
substrate, is placed in the direct vicinity of the structure to be
probed, i.e., at an atomic distance from the adsorbate overlayer.
Hence, the electron pulse as it is diffracted by the adsorbate
superstructure is virtually not spread by Coulomb interaction
and is therefore still expected to carry the temporal profile
as imprinted by the excitation laser pulse. A cross-correlation
measurement performed on a graphite sample using the time-
resolved ARPES configuration of the experiment shown in
Fig. 2(a) yields a pulse width of 70 fs (FWHM) for the 210-
nm laser pulse, providing an estimate of the temporal width
of the diffracted electron pulse. Operated in a pump-probe
configuration we therefore envision the realization of time-
resolved electron diffraction experiments routinely providing
a sub-100-fs temporal resolution. Additionally, the capabilities
of time-resolved ARPES will provide insights not only into
ultrafast structural dynamics but also, at the same time, into
dynamics associated with electronic excitations generated
upon absorption of the pump pulse [48,49]. For SnPc/Ag(111),
the analysis of transient changes in the Mahan cone signal
probed in such an experiment will allow, in the first instance,
monitoring in real time of the temperature rise of the adsorbate
layer in response to optical excitation. The time scale for
this process will critically depend on how the adsorbate layer

couples to the substrate. A fast response, on the time scale of a
few hundred femtoseconds, is characteristic for an electronic-
driven process [50,51]. Such a scenario could involve, for
instance, resonant electron transfer processes where a hot
carrier population generated in the substrate by absorption of
the pump pulse couples to electronic states of the adsorbate.
Also, the dynamics of these initiating electronic processes are
potentially observable in the time-resolved ARPES data [49].
For a phonon-driven heat-up of the adsorbate layer we expect,
in contrast, characteristic response times in the picosecond
regime [52]. At sufficiently high pump fluences it might even
become possible to monitor the dynamics associated with a
laser-induced structural phase transition between commen-
surate and incommensurate phase provided that excitation
conditions under which the adsorbate layer is not irreversibly
destroyed can be realized. In a preliminary experiment, we
illuminated the SnPc/Ag(111) sample for 2 h with 60-fs pump
pulses (800 nm) at a fluence of ≈ 1 mJ cm−2, a value which is
of the order of what is typically used for studies of transient
structural phase transitions in bulk solids [42]. Inspection of the
sample with ARPES and LEED before and after illumination
showed no indication of a permanent structural destruction of
the adsorbate layer.

In the present example, primary Mahan cone formation in
silver acts as a characteristic signature required for distinct
spectral discrimination of the diffraction pattern, potentially
limiting the proposed approach to a restricted number of
systems. However, the observation of primary Mahan cones
in low-energy photoemission has been reported for other sub-
strate systems [5,53]. Furthermore, we expect that also other
types of valence electronic spectral signatures can give rise to
a diffraction pattern from a surface superstructure. Notably,
also, other time-resolved electron diffraction techniques are
subject to constraints limiting their application to certain
sample systems and problems.
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