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Ultrafast low-energy photoelectron diffraction for the study of surface-adsorbate
interactions with 100 femtosecond temporal resolution
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An ultrafast photoemission-based low-energy electron diffraction experiment with monolayer sur-
face sensitivity is presented. In a first experiment on tin-phthalocyanine adsorbed on graphite, we
demonstrate a time resolution of ~ 100fs. Analysis of the transient photoelectron diffraction sig-
nal indicates a heating of the adsorbate layer on a time scale of a few ps, suggesting coupling to
phononic degrees of freedom of the substrate as the primary energy transfer channel for the vibra-
tional excitation of the adsorbate layer. Remarkably, the transient photoelectron diffraction signal
not only provides direct information about the structural dynamics of the adsorbate, but also about
the charge carrier dynamics of the substrate. The presented concept combined with momentum
microscopy could become a versatile tool for the comprehensive investigation of the coupled charge
and vibrational dynamics of relevance for ultrafast surface processes.

Surface-sensitive time-domain techniques such as time-
resolved desorption [1], two-photon photoemission [2],
second-harmonic generation [3] and sum-frequency gen-
eration [4], or, more recently, time-resolved X-ray absorp-
tion spectroscopy [5, 6] and orbital tomography [7] have,
in the past, provided detailed and comprehensive insights
into ultrafast surface-adsorbate interaction processes in-
volving charge and vibrational degrees of freedom of rel-
evance for surface chemical reactions. Time-domain sur-
face electron diffraction techniques [8-10] hold the poten-
tial to greatly enrich this research, as they can provide
quantitative and direct information on how structural or-
ders in molecular adsorbate layers are transiently affected
by such interactions [11-13]. In this context, ultrafast
low-energy electron diffraction (ULEED) would be the
first choice technique due to its exceptional surface sen-
sitivity and the available and established methods for the
quantitative analysis of the data [14]. However, electron
dispersion and Coulomb interaction broadens the probing
electron pulse and considerably limits the time resolution
of ultrafast electron diffraction techniques in general, and
it is particularly critical for the low electron energies typ-
ically used in ULEED [15, 16]. To at least partially com-
pensate for this problem, attempts have been made to
minimize the propagation distance of the electron pulses
from the source to the sample surfaces [17]. The most
sophisticated ULEED design so far uses a micrometer-
sized electron gun and a gun-sample distance of a few
hundred micrometers yielding a time resolution of ~ 1 ps
at several 10eV electron energy [18, 19]. However, even
with this design, the time domain below a picosecond is
not yet accessible.

In this work, we present a surface-sensitive and ultra-
fast electron diffraction experiment capable of probing
structural dynamics in adsorbate layers with a temporal
resolution of = 100 fs. The basic concept of the technique
is illustrated in Fig. 1 in comparison to a schematic of a
ULEED experiment: We analyze the energy-momentum
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FIG. 1. Comparison of ULEED and ULEPD. (a) ULEED:
Few-10eV electron pulses are generated in a photoelectron
gun using NUV laser pulses. An imaging detector records
the diffraction signal in reflection as illustrated by the static
LEED pattern of SnPC/SCG in the top panel. Electron pulse
broadening due to Coulomb interaction is limited by placing
the electron gun close to the sample surface. (b) LEPD: Elec-
tron pulses are generated by photoexcitation in the sample
substrate. Emitted photoelectrons are diffracted as they pass
an ordered adsorbate layer. The top panel shows a calculated
SnPc diffraction pattern for photoelectrons emitted from the
Fermi surface of SCG located at the K-points. Red dots in-
dicate diffraction spots due to photoemission from the red-
marked K-point. Diffraction orders up to the fourth order
were considered. The blue bar near I' indicates the approxi-
mate momentum region probed in the experiment.

distribution of low-energy photoelectrons excited by a
near ultraviolet (NUV) ultrafast laser pulse in a substrate
that are diffracted as they pass through an ordered ad-
sorbate layer. The propagation distance of the (photo-)
electron pulse prior diffraction is limited by the inelas-
tic mean free path of the electrons in the substrate to



typical values of a few nanometers [20], so that a sig-
nificant temporal broadening is omitted. In our study,
which we performed on an ordered monolayer of tin ph-
thalocynanine (SnPc) adsorbed on graphite, we experi-
mentally demonstrate a time resolution of this ultrafast
low-energy photoelectron diffraction (ULEPD) technique
of ~ 100fs, currently limited by the pulse width of the
NUYV laser pulse. The analysis of the transient changes in
the photoelectron diffraction intensity indicates a heat-
ing of the adsorbate layer on a characteristic time scale
of several ps. We associate the changes and the related
time scale with the formation of vibrational disorder in
the adsorbate layer due to coupling to the phonon bath
in the graphite, which is excited by the cooling of the
photoexcited hot carrier distribution.

For the experiments, a monolayer of SnPc molecules
was thermally evaporated onto a single-crystalline
graphite (SCQG) surface, prepared in-situ by cleaving and
subsequent annealing at 700K for 24 hours. LEED
patterns [see top panel of Fig. 1(a)] indicated an or-
dered SnPc overlayer formed from six different rota-
tional domains, in good agreement with past studies on
the adsorption of phthalocyanines on graphite [21, 22].
The ULEPD experiments were carried out with a setup
for time- and angle-resolved photoelectron spectroscopy
(trARPES), which is described in detail in Ref. [23].
We employed 827nm (1.5¢eV), 30fs near infrared (NIR)
pump pulses to excite the SnPc/SCG surface at an ab-
sorbed fluence of ~ 120pnJ/cm?. The probing photo-
electron pulse was generated in the SCG substrate us-
ing 210nm (5.9eV), 95fs NUV pulses. With this pho-
ton energy, about one third of the Brillouin zone of
graphite is accessible in a photoemission experiment.
The diffracted photoelectrons were detected and ana-
lyzed using the hemispherical photoelectron spectrom-
eter of the trARPES setup.

Figure 2(a) shows ULEPD data of SnPc/SCG recorded
near the I-point at a time delay At = —500 fs before NIR
photoexcitation. In agreement with a previous study
[24], we observe a cone-shaped structure in the spectrum
that is completely absent for pristine SCG [see inset of
Fig. 2(a)]. We assign the cone to the m band of SCG at
the K-point [25] that is mapped into the probed energy-
momentum region by diffraction of the photoelectrons
as they pass through the SnPc layer. A comparison of
the data with simulations that take the SnPc superstruc-
ture into account shows that the detected photoelectrons
experienced a fourth-order momentum transfer during
diffraction at the adsorbate layer [see Ref. [24, 26] and
top panel of Fig. 1(b)].

Figure 2(b) shows ULEPD data recorded at At =
300 fs after the arrival of the NIR pump pulse. In compar-
ison to the spectrum in Fig. 2(a) the data show a notice-
able increase of spectral weight above the Fermi energy
FEr. We associate this signal with a transient electron
population of the cone-shaped 7* band at the K-point
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FIG. 2. ULEPD of SnPc¢/SCG. (a) ULEPD intensity map of
SnPc/SCG before excitation with 827 nm pump pulses. The
momentum cut is indicated by the blue bar in the top panel
of Fig. 1(b). The cone shaped signal below Er is the diffrac-
tion signal of the photoelectron pulse due to interaction with
the ordered SnPc layer. The inset shows the same energy-
momentum region recorded for the pristine SCG substrate.
(b) ULEPD intensity map of SnPc¢/SCG at At = 300 fs.
The additional signal above Er indicates the photoexcita-
tion of hot carriers at K, which is diffracted into the energy-
momentum field of view of the experiment. (c) Difference
ULEPD intesity maps at At = 300fs and At = 50 ps reveal-
ing the m band dynamics below Er. The gray shaded areas
in the left panel mark the integration regions used to create
the ULEPD transients shown in (d). (d) ULEPD transients
of m band (blue) and 7" band (red) including fits to the data
(solid lines) as described in the text. The green data points
result from the sum of the two transients and represent the
transient associated with structural excitations in the adsor-
bate layer. The green solid line is a fit of a sigmoidal function
to the data.

of the SCG substrate, generated due to the absorption
of the pump pulse. Like the signal from the 7 band,
also the photoemitted electrons from the 7* band are
diffracted by the SnPc layer into the energy-momentum
region probed in the experiment. A difference intensity
map calculated from the data in Fig. 2(a) and Fig. 2(b)
and shown in the left panel of Fig. 2(c) emphasizes the
photoinduced changes more distinctly. This representa-
tion of the data additionally reveals a decrease in spectral
weight below Fp. This decrease results partly from the
transient generation of photo-holes in the SCG substrate.
Interestingly, we observe residuals of these changes at
time delays At as large as 50 ps [right panel of Fig. 2(c)].
A corresponding signal is absent in the 7* band data.

For the quantitative evaluation of the temporal evolu-



tion of the ULEPD signal, we separately integrated the
difference signal along the two arms of 7 and 7* band in
the energy windows between 117 meV and 23 meV below
and above Fr. The blue and red data points in Fig. 2(d)
are the respective signal intensities I; and I« as a func-
tion of At resulting from this analysis. Both transients
show a sudden onset, indicating the initial photoexcita-
tion of the system by the NIR pump pulses at At = 0fs.
Fitting the signal rise yields a characteristic rise time of
the onset of ~ 115fs. We consider this value as an upper
limit for the time resolution of the ULEPD experiment,
i.e., the NIR pump-photoelectron diffraction probe cross-
correlation signal. The value agrees reasonably well with
the full width at half maximum of a reference NIR pump-
NUV probe cross-correlation of ~ 100 fs [27]. Therefore,
we conclude that the photoelectron pulse is not signifi-
cantly broadened on the way to the surface and suspect
that in the current setup of the experiment, the limiting
factor for the time resolution is the temporal width of
95fs of the NUV pulse. We expect that this value can
be further improved in the future with reasonable efforts
[28, 29].

The further evolutions of the transient diffraction sig-
nals from 7 band and n* band follow a two-phase re-
covery. A fit yields characteristic time constants 7 =
(280 + 100)fs and = (5.3 £ 0.7) ps for the 7 band
and 71 = (360 £ 100) fs and 75 = (5.6 £ 0.2) ps for the
7* band. This two-component decay and the associated
time constants 71 and 75 are in good quantitative agree-
ment with findings of previous studies on the decay of
hot carrier populations in graphitic materials [30-32]. It
has been interpreted as signature for the interaction of
the photoexcited carrier distribution with the optical and
acoustic phonon bath, respectively [33, 34]. The diffrac-
tion signal obviously carries information about the decay
of the hot carrier population in the substrate and the
time scales on which the excess energy of the photoex-
cited electrons is dissipated into the SCG lattice. While
the transient ULEPD signal above Er has essentially re-
gained its original value at around 20 ps, the recovery of
the signal below Er is not completed even after 50 ps, i.e.,
the maximum time delay probed in this study. Instead,
the signal remains at an intensity level that is reduced by
~ 9% compared to the photoelectron diffraction signal
before time zero [26]. The value was determined by av-
eraging the ULEPD signal in the time window between
20 ps and 50 ps. This observation suggests that the signal
changes below Er contain additional information beyond
pure substrate carrier dynamics, as will be explained in
the following.

The integral intensities of electron diffraction peaks
show a characteristic temperature dependence, i.e., a de-
crease with increasing temperature. This behavior is due
to vibrational disorder of the diffracting lattice and can
be described quantitatively by the Debye-Waller factor
DFW = exp(—1/3-|g]* - (u?)) [14]. Here, g is a recip-
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FIG. 3. Temperature of the adsorbate layer and TTM model
for SCG. (a) Comparison of the temperature dependence
of LEED and LEPD diffraction intensities from SnPc/SCG.
LEPD intensities were determined from the same energy-
momentum field of views as used for the analysis of the time-
resolved data. LEED intensities were determined from the
diffraction spots marked in the section of a LEED image in
the inset by the region of interest ROI. The diffraction order
of the selected spots correspond to the diffraction order of
the LEPD signal. A linear fit to the temperature dependent
LEPD data was used to relate the transient changes in the
diffraction intensity of the time-resolved data to a tempera-
ture rise AT. The relative intensity change AT = 0.08 marked
in the figure corresponds to the change in the ULEPD signal
at large time delays. (b) Temperature transients simulated
for the optical and acoustic phonon bath of SCG within a
TTM based on experimental trARPES data of graphite [35]
in comparison with the adsorbate temperature transient de-
rived from the ULEPD data under consideration of the tem-
perature dependence of the LEPD signal shown in (a).

rocal lattice vector and (u?) the mean square displace-
ment of the scattering center of the lattice due to vi-
brational excitation. In thermal equilibrium, also the
LEPD signal resulting from diffraction by an ordered ad-
sorbate layer is attenuated by the Debye-Waller factor
and quantitatively follows the temperature dependence
of the LEED signal [23]. The question arises whether
the reduction of the ULEPD signal that we observe for
SnPc¢/SCG for long time delays can be similarly linked
to a transient change in the adsorbate vibrational dis-
order. In order to relate our result to a change in the
temperature of the adsorbate layer, we performed static,
temperature-dependent LEPD and LEED reference mea-
surements. Figure 3(a) compares relative changes in the
LEPD and LEED peak intensities in the temperature
range between 7' = 300K and 7" = 400 K. To correctly
account for the g-dependence of the DWF, we selected
for the quantitative analysis LEED spots of a diffraction
order corresponding to that of the LEPD signal [see inset
of Fig. 3(a)]. The very good agreement in the tempera-
ture dependence of LEED and LEPD data confirms that
both techniques provide equivalent information on the
thermal excitation of the ordered adsorbate layer. Note
that thermal broadening of the Fermi edge in this tem-
perature range could account only for an intensity change



in the LEPD signal of = 4.6 % in comparison to the ob-
served 40 % change [26]. The dashed horizontal lines in
Fig. 3(a) indicate the relative change in the ULEPD in-
tensity of the m band at large time delays, AI = 8 %.
The static diffraction data enable us to relate Al to a
temperature rise of the SnPc layer of ~ 21 K. This value
agrees very well with an increase in the sample equilib-
rium temperature AT = 16 K calculated under consider-
ation of the heat capacity of SCG and the absorbed pump
laser fluence [26]. This is a further confirmation of the
interpretation of the long-term changes in the ULEPD
signal in terms of vibrational disorder of the adsorbate
layer due to a transient heating following the pulsed pho-
toexcitation.

To quantify the temporal evolution of the vibrational
disorder in the adsorbate layer, the substrate electronic
contribution to the ULEPD =-band signal must be sep-
arated from the lattice contribution of the adsorbate.
The high symmetry of the electronic band structure of
graphite with respect to Ep [25, 36] and the observa-
tion of almost identical electron and hole relaxation times
suggests to use the ULEPD transient of the 7* band as
a background-free reference for the electronic contribu-
tion. To account for the difference in the matrix ele-
ments for photoemission from 7 and 7* band [35, 37], we
normalized the ULEPD transients below and above FEp
to the average signal between 1ps and 2ps. The direct
comparison of the two transients shows that the signal
decay /recovery in this time window is governed in both
cases by the carrier dynamics in the SCG substrate [26].
The contribution from the formation of a vibrational dis-
order of the adsorbate layer becomes relevant only on
longer time scales. In the sum of the two transients nor-
malized in this way, the respective electronic contribu-
tions to the ULEPD signal compensate each other [26].
The resulting signal is shown as green data points in
Fig. 2(d) and represents the lattice response of the ad-
sorbate layer due to the build-up of vibrational disorder
as interrogated by the diffraction signal below Er. The
first few ps after photoexcitation, the transient remains
close to zero indicating that the adsorbate layer is still
hardly excited. At about = 3 ps the signal starts to de-
crease and finally levels off between 10ps and 20 ps to
the final value that is still observed at 50 ps. Fitting a
sigmoidal function to the data [solid green line in Fig.
2(d)] yields a characteristic delay of the signal decay of
tharr = (6.4 &+ 0.4) ps with respect to time zero, a time
constant that is defined by the time at which half of the
final value at 50 ps is reached. For the characteristic rise
time of the signal the fit yields 7, = (2.0 £ 0.3) ps.

In order to identify the relevant excitation channel for
the heating of the adsorbate layer we simulated tem-
perature transients for optical phonon gas and acous-
tic phonon gas in the SCG substrate using a three-
temperature model (TTM) [38]. The coupling param-
eters describing the interaction between initial electronic

excitation and the lattice degrees of freedom of SCG were
deduced from fits of the TTM to electron temperature
transients of graphite evaluated from previous trARPES
data [35]. The pump fluence was adjusted to yield a final
temperature rise in the substrate of AT = 21K, corre-
sponding to the temperature rise determined experimen-
tally from the ULEPD data for the SnPc overlayer. Sim-
ulation results together with the fit to the ULEPD data
representing the adsorbate lattice dynamics are shown in
Fig. 3(b). The direct comparison of the transients and
the related characteristic time scales for heating and cool-
ing hints to an energy transfer between substrate and ad-
sorbate layer mainly governed by an interaction between
the acoustic phonon bath of graphite an the vibrational
degrees of freedom of the adsorbate.

In summary we presented a low-energy photoelectron
diffraction experiment with exceptional surface sensitiv-
ity and particularly suitable for the study of long-range
structural order dynamics in molecular adsorbate layers.
The experimentally proven time resolution of a 100 fs
outperforms reported values of state-of-the-art ULEED
schemes by a factor of 10 [17]. As a trARPES-based
technique the experimental data intrinsically contain also
information on carrier and electronic band structure dy-
namics providing unique capabilities to directly corre-
late ultrafast processes associated with the electronic
and structural degrees of freedom at surfaces. Limited
by the capabilities of the electron analyzer used, the
data presented in this paper was collected along a one-
dimensional cut in momentum space, which significantly
limits the potential depth of information of the technique.
A momentum microscope can overcome this restriction
[39] so that similar to ULEED the full two-dimensional
ULEPD signal of an adsorbate layer becomes accessible,
including ultrafast diffuse scattering information [40, 41].
The use of XUV-pulses from high-harmonic generation
sources or free electron lasers for the generation of the
probe photoelectron pulse [42, 43] will here considerably
extend the accessible momentum field of view. It will also
significantly increase the bandwidth of the detected pho-
toelecton spectra, which will make it easier to separate
the excited carrier and adsorbate lattice contributions of
the ULEPD signal.
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S.I COMPARISON OF LEPD DATA WITH SIMULATIONS

Figure S1 shows the LEPD intensity map in Fig. 2(a) of the manuscript, overlaid with
simulation results for the LEPD signal of graphite near Er under consideration of the SnPc
overlayer epitaxial matrix. Here, the band structure of pristine graphite was approximated
by a two-dimensional isotropic Dirac cone at at K, so that the simulated data represent
hyperbolic slices of Dirac cones. As in the simulated diffraction pattern shown in the top
panel of Fig. 1(b) of the main manuscript, we have considered diffraction orders up to the
fourth order. The simulations show a good agreement with the LEPD data with respect
to the momentum distribution and qualitative reproduce the main cone in the data as well
as the two additional side cones at larger momenta. We attribute the relative energy shifts
between simulations and experiments to the simplified band structure used in the model.

Further details are given in Ref. [1].

S.II CONTRIBUTION OF THE FERMI-DIRAC DISTRIBUTION TO THE
TEMPERATURE DEPENDENCE OF THE LEPD INTENSITY

Figure S2 shows calculated Fermi-Dirac distribution functions F'(E) for 7' = 300K and
T = 400K, which corresponds to initial and final temperature of the static LEED and
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FIG. S1. Experimental LEPD intensity map in comparison to simulation results for the LEPD
signal for SnPc/SCG.

LEPD measurements on the temperature dependence of the diffraction intensities shown in
Fig. 3(a). Both curves were convolved with a Gaussian to account for the energy resolution
of 60 meV of the experiment. The two dotted lines mark the energy interval used to evaluate
the temperature dependence of the LEPD signal. The comparison of the integrals of the
two Fermi-Dirac distribution functions in this energy interval shows that the heating of the
electron gas can account for a maximum relative intensity change of the LEPD signal in
the temperature range of ~ 4.7 %. This value reduces to ~ 4.6 % if the density of state of
graphite is taken into account [2]. The value is significantly lower than the relative change

in LEPD intensity of ~ 40% observed in the experiment.

S.I11I CALCULATION OF THE TEMPERATURE INCREASE OF THE SCG
SUBSTRATE DUE TO ABSORPTION OF THE PUMP PULSE

The increase in temperature of the SCG substrate due to the pump pulse excitation
and after complete thermalization of all electronic and lattice degrees of freedom has been

calculated from the absorbed fluence by
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FIG. S2. Calculated Fermi-Dirac distribution functions F'(F) to estimate its maximum contribution
to the observed changes in the LEPD intensity as a function of temperature. To account for the
finite energy resolution of the experiment, the distributions were convolved with a Gaussian with

a FWHM of 60 meV.

0.06 - Fpuse - cos(O)

‘/exc * Cgraphite * Pgraphite

AT =

~16 K (1)

Here Epyse = 0.045 pJ is the net energy deposited in the SCG substrate due to absorption
calculated using the Fresnel equations. © = 33° is the incidence angle of the pump pulse,
Caraphite = 706 J kg ' K™ [3] and pgraphite = 2.1 g cm™ are the specific heat and density
of graphite, respectively. The factor 0.06 accounts for the probe pulse diameter (dprope =
50 um) being much smaller than the (dpuymp = 185 pm), which guarantees that only the
center of the excitation region is probed. The probed excitation volume Vi, = 98 um? is
given by the probe pulse diameter and the pump pulse penetration depth of 50 nm. The

later value has been calculated from optical constants of graphite [4].

S.IV COMPARISON OF THE ULEPD TRANSIENTS FROM = AND THE r*
BAND

Figure S3 compares the ULEPD transients from the 7 and the 7* band on a semi-logarithmic
scale, with the transient from the 7m band inverted. In this representation of the data, it

can be seen that for time delays between 1ps and 2 ps the slopes of the two transients are
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FIG. S3. 7 and the 7* band transients in Fig. 2(d) of the main text in semi-logarithmic represen-

tation. The 7-band transient was multiplied by a factor (—1)

virtually the same. We conclude that in this time window the the temporal evolution of both
signals is governed by the same process, namely the decay of the hot carrier distribution.
We used the integrated signals in this time interval to normalize the two transients in order
to compensate for the differences in the matrix element for photoemission from the 7 and
the 7* band [5]. By summing, we were able to separate quantitative information about the
structural dynamics in the SnPc top layer from the carrier dynamics in the SCG substrate
in a further step (see section S. V). Note that on longer time scales the m-band transient
starts to deviate from the 7*-band transient as the structural dynamics in the adsorbate

layer becomes more important.

S.V SUMMATION OF 7-BAND AND 7*-BAND TRANSIENTS

The photoexcitation temporarily reduces the electron population in the m band, so that the
corresponding ULEPD signal intensity I,(At) contains information about the subsequent
hole relaxation dynamics. Similarly, the ULEPD signal intensity I.«(At) appears in the
ULEPD data as soon as the 7* band is occupied by photoexcitation. Due to charge con-
servation and neglecting differences in the photoemission matrix elements, I(At) can be
written as o, — I« (At), where Iy, is the ULEPD signal from the m band before photoex-
citation. At the same time, both the transient ULEPD signals from the 7 band and from
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FIG. S4. Total intensity changes in the ULEPD signal of the m band overlaid with the ULEPD
intensity changes associated with the excitation of the adsorbate layer (green line and data points).
The intensity level before time zero was set to 1. For large time delays (At > 20 ps) the adsorbate

layer transient was scaled to match the intensity level of the ULEPD signal of the m band.

the 7* band are reduced by the (time-delay dependent) Debye-Waller factor DWF(At) as
soon as the SnPc layer is heated. The summation of the two signals, taking DWF(At) into

account, results in
[Ior — L« (At)] - DWF(At) + L« (At) - DWF(At) = Iy, - DWF(At) (2)

so that a time-delay dependent signal remains that only governed by the DWF, i.e.; the
vibrational disorder in the adsorbate layer. To account for the differences in the photoemis-
sion matrix elements [5, 6], the transients were normalized before summation, as described

in section S. IV.

S.VI ASSIGNMENT OF THE TEMPERATURE SCALE TO THE ADSORBATE
TRANSIENT IN FIG. 3(B)

All data in Fig. 2(d) show difference intensities with respect to the ULEPD signal before
excitation with the data being normalized to the average difference intensity in the time
window between 1ps and 2ps (see section S.III). In order to relate the time-resolved data

to the temperature scale derived from the analysis of the temperature dependent LEED and



LEPD data in Fig. 3(a), we have to determine the relative intensity changes associated with
the vibrational excitation of the adsorbate [green data points in Fig. 2(d)] with respect to
the ULEPD signal from the m band before excitation. The procedure is illustrates in Fig.
S4. From the raw ULEPD data we extracted the total transient intensity change of the «
band signal and normalized this data set with respect to the intensity level before time zero
(blue data points in Fig. S4). For large time delays, i.e., at time scales where the changes in
the diffraction signal are given by the DWF| i.e., the vibrational excitation of the adsorbate
layer, this data set yields a relative intensity change in the ULEPD signal of Al ~ 8%.
We then overlaid this data with the adsorbate lattice transient derived from the difference
intensity data. Here the zero level of the data (which corresponds to the initial adsorbate
state before excitation) is set to 1, the intensity level at large delays is re-scaled to match
the intensity level of the raw data. The relative intensity changes can now be referred to
the temperature dependent LEPD data in Fig. 3(a) yielding a scale for the time evolution

of the temperature in the adsorbate layer.
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