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We show that while the equilibrium band dispersion of the Shockley-type surface state of two-dimensional

Au(111) quantum films grown on W(110) does not deviate from the expected free-electron-like behavior, its

nonequilibrium energy-momentum dispersion probed by time- and angle-resolved photoemission exhibits a

remarkable kink above the Fermi level due to a significant enhancement of the effective mass. The kink is

pronounced for certain thicknesses of the Au quantum well and vanishes in the very thin limit. We identify the

kink as induced by the coupling between Au(111) surface state and emergent quantum-well states which probe

directly the buried gold−tungsten interface. The signatures of the coupling are further revealed by our time-

resolved measurements which show that surface state and quantum-well states thermalize together behaving

as dynamically-locked electron populations. In particular, relaxation of hot carriers following laser excitation

is similar for both surface state and quantum-well states and much slower than expected for a bulk metallic

system. The influence of quantum confinement on the interplay between elementary scattering processes of the

electrons at the surface and ultrafast carrier transport in the direction perpendicular to the surface is shown to be

the reason for the slow electron dynamics.

I. INTRODUCTION

The Au(111) surface state is one of the most prominent ex-

amples of Shockley-type surface states [1–4]. It is supposed

to have an ideal parabolic band dispersion which is well de-

scribed in terms of the free-electron-like approximation, and a

spin-orbit splitting on a scale of ∼100 meV which is caused by

the Rashba-Bychkov effect [5, 6] due to the high atomic num-

ber of Au [7, 8]. Recently, an alternative description of the

Au(111) surface state in the framework of topological theory

of solids was proposed [9]. Based on the connectivity of the

surface state to the bulk bands far above the Fermi level and

relying on the parity analysis of the calculated band structure

[9], the Au surface state was identified as topologically non-

trivial owing to the predicted Z2-type invariants of Au [9]. Al-

though the model appears elegant it can be applied only con-

ditionally, because without an artificial increase of spin-orbit

coupling strength [9] bulk Au(111) does not exhibit a contin-

uous band gap along the time-reversal-symmetric direction of

its surface Brillouin zone [10]. This fact, in turn, precludes

a topological description from the dispersion of the Au(111)

surface state. Especially for metals, the situation is neverthe-

less controversial as in the most general case the surface-state

deviation from a parabolic band dispersion and its connec-

tivity to the bulk bands do not necessarily imply topological

protection [11]. An important example is the Rashba-split sur-

face state of Ir(111), where the connectivity and parity of the

bands resemble those of a topological system [12, 13].

In this work, we experimentally follow the dispersion of the

Au surface state beyond the Fermi level EF, finding a remark-

able deviation of the Au surface state (SS) band dispersion

from the expected free-electron-like behavior. We show that

in a purely two-dimensional Au(111) film forming a quantum

cavity grown on W(110), the SS can couple to quantum-well

states (QWSs) residing inside the cavity and, as a result of

the interaction of QWSs with the substrate, the SS acquires

a significant renormalization of its effective mass. Our main

finding is a kink structure in the energy-momentum dispersion

E(k) of the SS which is observed as a deviation from a natu-

rally parabolic band which is demonstrated to be not related

to topological properties but – even for thick quantum films –

to the substrate. We further show that such coupling requires

proximity of the SS to QWSs in energy-momentum space and

hence the kink vanishes at small thickness (i.e., small width

of the quantum well). As the kink resides within the unoccu-

pied band structure, we use time- and angle-resolved photoe-

mission (tr-ARPES) to access the band dispersion above EF.

The signatures of the coupling are also evidenced by our mea-

surements of the ultrafast electron dynamics, which reveal that

the renormalized SS and QWSs behave as dynamically-locked

electron populations exhibiting universal relaxation times sig-

nificantly slower than expected for a bulk metallic system.

II. METHODS

We performed tr-ARPES experiments using linearly-

polarized 1.5 eV pump and 6 eV probe femtosecond (fs)-

laser pulses. The pulses were generated with a homemade

Ti: Sapphire fs oscillator coupled to an ultrafast amplifier

laser system (RegA, Coherent) operated at 150 kHz repeti-

tion rate. The time delay ∆t between pump and probe pulses

was varied using an optical delay stage. The time resolution
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of the experiment was ∼200 fs, and the pump fluence ∼100

µJ/cm2. Additional synchrotron-based ARPES measurements

were carried out using linearly-polarized undulator radiation

at the U125-2-PGM beamline of BESSY-II in Berlin. Pho-

toelectrons were detected with a Scienta R4000 analyzer at

the RGBL-2 end station and the base pressure of the exper-

imental setup was better than 1×10−10 mbar. The angular

and energy resolutions of the photoemission experiments were

0.1◦ and 20 meV, respectively. Au(111) quantum films were

grown by deposition of 1-16 nm of Au on W(110) as de-

scribed elsewhere [14]. Density functional theory (DFT) cal-

culations were carried out within the all-electron full-potential

linearized augmented-plane-wave formalism as implemented

in the FLEUR [15] code. We used the Perdew-Burke-Ernzerhof

(PBE) functional, an angular momentum cutoff of lmax = 10

in the atomic spheres and a plane-wave cutoff of 3.5 bohr−1.

Strain was simulated in all directions by rescaling the lattice

constant. All calculations were performed for a freestanding

4 nm-thick Au slab. Scanning tunneling microscopy (STM)

studies were conducted with an Omicron VT STM using a

polycrystalline tungsten tip prepared as detailed elsewhere

[16].

III. RESULTS AND DISCUSSION

A. Equilibrium band structure

Figure 1(a) shows the SS of a 7 nm-thick Au(111) quan-

tum film grown on W(110) as seen by ARPES in equilibrium

(no pump photons) along the Γ − K direction of the surface

Brillouin zone (SBZ) [Fig. 1(d)]. The parabolic dispersion

of the SS with the band bottom located at the Γ point of the

SBZ and at ∼0.43 eV binding energy is clearly visible. The

bands next to the SS correspond to QWSs [14, 17–22] occur-

ring due to confinement of sp electrons in the potential well

of the film. The Fermi surface map in Fig. 1(b) shows a char-

acteristic onion-like arrangement of sharp QWSs around the

circular contour of the SS confirming the excellent structural

quality of the quantum cavity. The homogeneous thickness of

the Au film is also revealed by our STM images [Figs. 1(e)

and 1(f)]. In particular, the dark hexagonal spots are surface

features of only 1–2 monolayer (ML) deep. In agreement with

previous studies on Au quantum films [23], the Rashba-type

spin-orbit splitting of the SS is not observed. We attribute this

effect to an enhanced electron scattering at a network of sur-

face distortions occurring due to strain, which is induced in the

Au film by the low-symmetric W(110) substrate. These dis-

tortions, which might be responsible for lateral modulations

of the electron wave function [24, 25], occur as arrays in do-

mains with different orientations [Fig. 1(c)] and have a period-

icity of ∼25-30Å as seen from the zoomed STM image shown

in Fig. 1(f). The superstructure can be identified as a reshaped

herringbone (22
√
3) reconstruction. Interestingly, we observe

such dislocations more ordered than in earlier STM works

[26]. Their well-defined periodicity is also confirmed by the

perfectly-ordered superstructural constellations seen by low-

energy electron diffraction (LEED) [Fig. 1(c)].

FIG. 1. Gold quantum films on W(110). (a) Au(111) surface state

(SS) of a 7 nm-thick film measured in equilibrium by ARPES at 6 eV

photon energy. The multiple sharp bands next to it are quantum-well

states (QWSs) occurring due to perpendicular-to-the-surface confine-

ment of sp electrons. (b) At the Fermi surface, both SS and QWSs

form onion-like perfectly concentric contours. (c) Low-energy elec-

tron diffraction reveals sharp spots of Au(111) surrounded by a spa-

tially anisotropic superstructure originating from a herringbone re-

construction (22
√
3) modified by the strain induced from the sub-

strate. (d) Sketch of the surface Brillouin zone of Au(111) [or-

ange] and W(110) [violet] in mutual correspondence. (e),(f) Scan-

ning tunneling microscopy (STM) images. In (f), a zoom-in on the

herringbone-derived reconstruction is shown.

B. Kink structure above EF

Figure 2(a) shows the energy-momentum band dispersion

of Au SS and QWSs measured by tr-ARPES at ∆t=0 fs for

different widths of the quantum well. The unoccupied part of

the band structure is now transiently populated with excited

electrons and can be accessed directly. While for a narrow

potential well [1 nm film, left panel in Fig. 2(a)] a parabolic

dispersion of the Au SS is seen, a deviation from this behavior

can be identified with increasing quantum-well thickness.

In particular, at energies of ∼0.15 eV above EF, the SS

dispersion exhibits a kink structure and the electron group

velocity decreases, evidencing a significant enhancement of

the effective mass. The accurate extraction of the photoe-

mission peaks along with parabolic fits of the band dispersion

[Fig. 2(b)] reveals that due to the kink structure the effective

mass of the SS increases by about a factor of 2 within the band

itself, i.e. from ∼0.33−0.36 me [blue lines] to ∼0.63−0.53

me [red lines]. Here me denotes the free-electron mass. Inter-

estingly, at 1 nm thickness [left panels in Figs. 2(a) and 2(b)],

the effective mass of the whole SS band increases up to ∼ 0.51

me. We attribute this effect to the influence of strain, which in
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FIG. 2. (a) From left to right, tr-ARPES spectra of Au(111) quantum films of different thicknesses measured at ∆t=0. The energy-momentum

dispersions of surface state and quantum-well states are labelled as SS and QWS, respectively. (b) Band dispersions of Au SS extracted

from (a). The kink structure in the SS dispersion corresponds to an enhancement of the effective mass from ∼0.36−0.33 me [blue lines]

to ∼0.63−0.53 me [red lines]. (c,d) Band structures of (c) bare W(110) and (d) 3 nm-thick Au film on W(110) measured with synchrotron

radiation at 62 eV photon energy. The linearly dispersing band edge of W (red dashed line) causes kinks in the QWS bands (yellow ticks). It

is also responsible for the kink in the SS due to SS-QWS coupling (see text for details). White dashed lines mark the edges of the bulk W gap

projected onto the (110) surface. The directions of the surface Brillouin zones of Au(111) and W(110) along which the band structures are

sampled are indicated with red solid lines in the insets of (a) and (c), respectively.
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FIG. 3. Sketch illustrating the coupling between Au(111) surface

state (SS) and quantum-well states (QWSs) in Au quantum films.

(a) For extremely thin films the spectrum is discrete but SS (red

line) and QWS bands (orange lines) have large separation in energy-

momentum space, and the coupling is weak. (c) For thicker Au

quantum films the number of QWS bands increases, reducing the

separation and enhancing the coupling, thereby giving rise to a kink

structure in the SS dispersion (red arrows). The vanishing spin-orbit

splitting is based on the experimental findings (see text).

addition causes the energy shift of the SS dispersion [horizon-

tal blue dashed lines in Fig. 2(a)] and the surface distortions

responsible for the broadening of the SS peaks.

C. Relevance of QWSs for the kink structure

The overall behavior of the energy-momentum dispersion

of the SS seen in Figs. 2(a) and 2(b) indicates that QWSs and

their coupling to the SS are highly relevant for the appearance

of the kink structure. Indeed, the width of the quantum cavity

defined by the Au thickness determines the electron confine-

ment and hence the discrete energy spectrum of QWSs. One

can thus assume that at certain thickness, the QWS band re-

siding closer to the border of surface-projected band gap of

Au(111) approaches the SS band localized therein and couples

to it causing the kink. This effect is qualitatively illustrated in

Fig. 3, which shows a schematic representation of the elec-

tronic band structures of thin [Fig. 3(a)] and thick [Fig. 3(b)]

Au(111) quantum films. In line with this assumption, it was

earlier shown that the SS of Cu(111) can gain effective mass

even due to coupling to non-confined states of the bulk [27],

however no kink structure exists in the bulk limit [9, 27] and

the mass enhancement is much stronger in the case of cou-

pling to QWSs as shown in the present work.

D. Influence of strain on the SS and its topological character

To understand whether the kink structure is inherent to

the quantized electronic structure of Au(111), we performed

model DFT calculations for a 4 nm-thick Au slab as shown in

Fig. 4. In the course of the simulation, we changed the bind-

ing energy of the SS via small variations of the lattice con-

stant, simulating in this way the strain induced in the Au film

by the W substrate. This allowed us to move the Au SS band

close to the region above EF near the border of the Au(111)

surface band gap and, accordingly, closer to the QWS band

with lowest binding energy. One can see that, while the en-

ergy spectrum of QWSs is less perturbed by such a change,

the SS band dispersion reacts very sensitively [28].

Figure 4 shows four panels corresponding to different

grades of strain induced in the Au slab: zero strain [Fig. 4(a)],

expansive strain of +1% [Fig. 4b)], compressive strain of -5%

[Fig. 4(c)] and extreme compressive strain of -10% [Fig. 4(d)].
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FIG. 4. Density-functional theory (DFT) calculations of the band structure of a 4 nm-thick Au slab subjected to different grades of strain. (a)

No strain, (b) expansive strain of +1%, (c) compressive strain of -5%, (d) extreme compressive strain of -10%. Strain causes an energy shift

of the surface state (SS) band dispersion, a change in its effective mass and a reduction of the spin splitting. The deviation from free-electron-

like behavior in the SS dispersion becomes more pronounced close to the region where the SS connects to quantum-well state (QWS) bands

[orange dashed rectangles in (a)]. For an extremely strained Au film in (d), the opening of an inverted band gap along the time-reversal-invariant

direction Γ−M [orange circle] is shown by the connectivity of the bands.
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FIG. 5. (a) DFT calculation of bulk W projected

on the surface Brillouin zone (gray) compared

to the bands of a 4 nm Au slab as in Fig. 4(a) in

the direction Γ − K. (b) k-dependent decay of

the SS wave function within the 4 nm slab. The

red circle in (a) indicates the position of the ex-

perimentally observed kink. The colored arrows

in (a) indicate the energy-momentum points at

which the curves in panel (b) are obtained.

Strain not only causes an energy shift of the SS dispersion and

a change of its effective mass, but also a reduction of the spin

splitting. These findings, which are qualitatively in line with

our experimental results of Fig. 2, are related to the fact that

strain directly affects orbital hybridization [24, 25]. The ef-

fect also manifests at energies of ∼2–4 eV above EF [region

marked with orange dashed rectangles in Fig. 4(a)], where

there is strong deviation of the free-electron-like character of

the SS dispersion. In particular, one of the spin-subbands of

the Rashba-split SS is more affected by the interaction with

the QWS which is closest to it in energy-momentum space,

pinpointing the importance of the coupling. Conversely, from

the results in Fig. 4, one can also see that the SS kink at ∼0.15

eV above EF is negligible. This result is surprising consider-

ing that the calculation captures qualitatively most of the rel-

evant aspects of the experimental band dispersion of Fig. 2,

namely (i) the energy shift of the SS, (ii) the change in its ef-

fective mass, (iii) the vanishing spin splitting, and (iv) the im-

portance of the coupling between SS and QWS bands. There-

fore, we conclude that the origin of the kink structure in Fig. 2

must be necessarily related to the quantized electronic struc-

ture of Au(111), but in a much more complex way, as we will

discuss further below.

We also point out that the calculation in Fig. 4 shows no

global band gap opening at high energy, as evidenced in the

entire Brillouin zone by the fact that QWSs do not disperse

in the direction perpendicular to the surface. This situation

is also the case of an extremely strained (-10%) Au film

[Fig. 4(d)], which exhibits a local band gap opening only in

the region marked with an orange dashed circle in Fig. 4(d).

On this basis, taking into account that the Γ − M direction

of the Au(111) SBZ connects two time-reversal invariant mo-

mentum points, the observed connectivity of the bands in the

marked circle is not related to topological properties but to the

fact that the Au SS lies in an inverted band gap [1].

E. Influence of the substrate band structure

Coming back to the kink structure observed in Figs. 2(a)

and 2(b), the fact that it is not reproduced by our calcula-

tions in Fig. 4 indicates that the electronic band structure of

the underlying W(110) substrate must play a decisive role.

To verify the effect of the W substrate, Fig. 2(d) displays the

overall band structure of ∼3 nm-thick Au on W(110) mea-

sured with synchrotron light at a photon energy of 62 eV

along the Γ − K direction of the Au(111) SBZ [equivalent

to the Γ − H direction of the W(110) SBZ, as sketched in

Fig. 1(d)]. Very clearly, the dispersions of the QWS bands

exhibit kinks (marked by yellow ticks) along the borders of

the surface-projected band gap of W(110) [Fig. 2(c)] due to

enhanced interface reflectivity of the standing electron waves
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FIG. 6. (a), (b) Decay constants of surface state [red (light) color] and quantum-well states [blue (dark) color] for Au quantum films of (a) 7

nm and (b) 3.5 nm thickness. The corresponding time-resolved intensities as a function of time delay at different selected energies are shown

in the insets. The data were extracted from small energy-momentum windows such as the ones shown in (c). Green (light) solid lines are fits

to the data (see text). (c) From left to right, tr-ARPES dispersions at selected time delays after optical excitation. (d) Thickness dependence of

the decay times at an energy of 0.21 eV above EF. Gray solid line is a guide to the eye.

[14]. The linearly dispersing band of W at the border of the

gap is marked by red dashed lines in Figs. 2(c) and 2(d). It

crosses the Au SS dispersion just above EF at nearly the same

k-value where the kink structure appears [red arrow in figure].

We propose that the kink structure, similarly to the kinks

in the QWS bands, occurs due to the influence of this linear

W(110) band [which is actually an edge of the projection of

the W bulk bands onto W(110)]. In Fig. 5(a), we superimpose

the band structure of the 4 nm slab of Fig. 4(a) on a calcula-

tion of the bulk W substrate (gray lines). With a red circle,

we highlight the approximate position of the experimentally

observed kink. It is very apparent that this position coincides

with the crossing of the Au SS with the linear band of W that

corresponds to the red dashed line in Fig. 2(d). This theoreti-

cal result supports the experimental evidence that the presence

of the substrate plays a decisive role in the appearance of the

kink. To further verify the role of QWS bands, we plot in

Fig. 5(b) the calculated decay of the SS wave function within

several layers from the surface of the 4 nm slab. The curves

are taken for the SS at four different momenta, as marked by

the colored arrows in Fig. 5(a). It is clear that as we move

away from the Γ point, the proximity to QWS bands increases

and, in consequence, the SS decay length becomes longer due

to the coupling to QWSs.

Therefore, we conclude that the influence of the W(110)

band structure on the Au SS must be necessarily mediated

by QWSs, which transfer the band structure information from

the buried Au/W interface to the surface of the Au film [14].

This exclusive role of QWSs, which is inherent to the Au

band structure, is further supported by the absence of a mass-

renormalization kink in the SS dispersion for very thin films

[left panels in Figs. 2(a) and 2(b)], meaning that in this dif-

ferent scenario the overall coupling picture described in Fig. 3

still holds.

F. Revealing the importance of SS-QWS coupling

via electron dynamics

To further investigate if the coupling between different

states is important for the appearance of the kink, we exam-

ined the ultrafast temporal evolution of the transient electron

populations above EF within SS and QWS bands, as shown in

Fig. 6 for different widths of the quantum cavity. In particular,

this type of measurements allow us to understand whether the

coupling influences the relevant scattering channels respon-

sible for charge and energy transfer between different states,

and whether there is a simultaneous thermalization of carri-

ers. In Figs. 6(a) and 6(b), we show the dependence of the

decay time constants τ on the energy of excited electrons

above EF for two selected thicknesses of the quantum cav-

ity (7 and 3.5 nm, respectively). The decay constants were

extracted separately for the SS and QWS bands (red and blue

symbols, respectively) from the exponential decay seen in the

time evolution of the tr-ARPES intensities (an example for the

SS at selected energies is shown in the corresponding insets).

The tr-ARPES intensities were integrated at each time delay

within several small energy-momentum windows distributed

at different energies within the SS and QWS bands. An ex-

ample of such windows is shown in Fig. 6(c), which displays

snapshots of the band structure at selected time delays for a

7-nm thick film.
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From the disappearance of the tr-ARPES intensity above

EF, one can see that the system is almost back to equilibrium

after ∆t∼1 ps. Moreover, excited electrons within the SS and

QWS bands decay synchronously with nearly identical decay

constants, behaving as dynamically-locked electron popula-

tions, which evidences the signatures of the coupling between

the different states. This behavior suggests that interband scat-

tering processes of the electrons at the surface are one of the

key mechanisms underlying the simultaneous thermalization.

Note that by thermalization we refer to the situation in which

the whole electronic system is described by a global Fermi-

Dirac distribution.

More in detail, as seen from Figs. 6(a) and 6(b), the energy

dependence of τ for Au SS and QWSs follows a universal

monotonic behavior that can be described as τ ∝(E-EF )−2

(green solid lines). This correspondence evidences the Fermi-

liquid-like behavior of charge carriers [29, 30] which is ex-

pected for hot electrons in metals [31]. However, the values

of τ exceed by far the predicted decay times for the bulk sys-

tem [32, 33]. The decay time τ according to Ref. [34] is given

by τ−1=τ−1

l
+z−1τ−1

FL
, where τl is an effective time constant

related to the contributions of electron-phonon scattering as

well as electron transport and τFL is the lifetime associated to

Fermi-Liquid behavior due to inelastic electron-electron scat-

tering. Consistent with this, from the linewidth analysis near

EF we derive an energy independent lifetime of ∼(11±4) fs

associated with elastic impurity scattering which contributes

negligibly to the measured decay times. The scaling coeffi-

cient z was introduced for Au(111) films by Cao et al. [34]

and determined as 6.5 in order to eliminate the discrepancy

with jellium-model-calculations by Quinn [30], providing in

this way an estimation for τFL but not accounting for screen-

ing effects caused by Au 5d electrons. In our present work,

the best fit to the experimental data of Figs. 6(a) and 6(b) pro-

vides for the 7 nm (3.5 nm) film τl= 511(600)±44(48) fs and

z=27(38)±5(7), which supports the description of Au quan-

tum films on W(110) in the framework of the jellium model

[30]. The fact that screening effects by Au d-electrons are not

taken into account make the model nevertheless applicable to

our system since the d-bands in quantum wells are suppressed

due to electron confinement [23, 35, 36].

G. Transversal electron transport as a benchmark for the

influence of the substrate band structure

Figure 6(d) displays the thickness dependence of the decay

times extracted near the region of the kink structure at an en-

ergy of 0.21 eV above EF. One can see that the decay times of

SS and QWS bands increase with decreasing thickness. This

behavior can also be noticed in the energy dependence of the

decay times when comparing Figs. 6(a) and 6(b). There are

several effects that can explain this observation. One of them

is the influence of ultrafast carrier transport (ballistic or diffu-

sive) [37–40] from the surface to the bulk of the Au film with

increasing thickness. However, the efficiency of these chan-

nels should be weak, as no Au bulk states are observed in our

photoemission spectra. In addition, as the SS is located within

FIG. 7. Schematic representation of the main thermalization mech-

anisms observed in Au(111) quantum films grown on W(110). Three

fundamentally different thermalization routes are highlighted: 1)

electron-electron (e-e) scatterings, responsible for energy and charge

transfer between surface state (SS) and quantum-well state (QWS)

bands; 2) electron-phonon (e-ph) scatterings, responsible for charge

transfer between bands as well as energy dissipation into the lattice;

and 3) transport from surface of the film towards the substrate, lead-

ing to both charge and energy transfer between QWS bands and a

continuum of W bulk states (BS). Notice how this transversal trans-

port channel is blocked for the SS within the region of the surface-

projected band gap of Au(111) (see text).

the surface-projected band gap of Au(111), there cannot be an

electron transport channel from the SS to the bulk of the Au

film without interband scattering because no Au bulk states

are available inside the gap.

Alternatively, one might consider the opening up of elec-

tron transport channels from the surface of the Au film to the

interface with the W substrate. It is known that these type of

transversal transport can act as a net loss of electron popu-

lation through the leakage of electrons towards the substrate.

The efficiency of this process, however, ultimately depends

on the electronic band-structure mismatch between overlayer

and substrate. Therefore, in the most general case, this type of

transport channels will be completely blocked in the region of

energy-momentum space where there is a relative band gap of

the substrate. For the Au SS within the region of the surface-

projected gap, one can see by comparing Figs. 2(c) and 2(d)

that near EF there is a continuum of W bulk states available

around Γ. However, as the SS is strongly localized at the

Au(111) surface, efficient electron transport directly from the

Au SS towards the W substrate should result in faster decay

times with decreasing thickness, in contrast to our observa-

tions in Fig. 6.

We do note that the continuum of W bulk states is also avail-

able for electron transport through QWSs, which due to crys-

tal momentum conservation and the symmetry match of the

propagating electrons [17, 18] continue dispersing outside and

near the edge of the W gap. Thus, it is clear that transversal

electron transport from the surface of the Au film towards the

W substrate is necessarily mediated by QWSs, and that this
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proccess cannot proceed without interband scattering which

is the main mechanism responsible for the simultaneous ther-

malization of SS and QWS bands. The fact that both aspects

are critically important in the electron dynamics is in line with

our conclusion that QWSs and their coupling to the SS are key

ingredients for the influence of the W substrate in the appear-

ance of the kink.

We can finally exclude any significant role of ultrafast lon-

gitudinal transport along the direction parallel to the surface in

the dynamics. Considering the large (∼300 µm) lateral spot

size of the pump pulse and the estimated group velocity of SS

electrons (<0.7 nm/fs), the lateral propagation range of ex-

cited electrons will not exceed 1.5 µm (even without taking

into account the electron mean-free-path which is ∼200-300

Å at a given kinetic energy of 2-3 eV).

H. Influence of quantum confinement on the thermalization

time scales as a verification of the coupling scenario

In Fig. 7, we show a schematic representation which on

the basis of our present findings summarizes the most im-

portant channels of ultrafast charge and energy transfer be-

tween different bands, as well as their energy dissipation

into the lattice. Interband transitions via electron-electron

and electron-phonon scatterings are predominantly respon-

sible for the overall transfer of charge and energy between

SS and QWS bands. When the separation between SS and

QWS bands in energy-momentum space increases and their

coupling becomes weak (see Fig. 3), the energy and charge

transfer channels between SS and QWS bands become less ef-

fective because electron-electron and electron-phonon scatter-

ings require larger k transfers, with predominance of electron-

electron scatterings the higher the energy. Notice that, due

to the presence of a surface band gap, intraband scattering

would lead instead to different chemical potentials in the SS

and QWS bands which is clearly not the case here.

In addition, quantization of electronic states with decreas-

ing Au thickness in the direction perpendicular to the surface

reduces the phase space for electron-electron scattering, caus-

ing the decay times to increase with decreasing thickness, as

seen in Fig. 6(d). Quantization effects also reduce the effec-

tiveness of electron transport towards the substrate, which to-

gether with electron-phonon scatterings being responsible for

the transfer of energy into the lattice, are the only two mech-

anisms relevant to the dynamics in the vicinity of EF. The

influence of these effects in the electron dynamics is consis-

tent with the overall coupling scenario behind the origin of the

kink structure discussed in previous sections.

It should be emphasized that, for the pump intensities em-

ployed here (∼6.3×108W/cm2), no heating of the lattice it-

self needs to be considered [34]. In other words, the electron-

phonon coupling strength, which has been shown to be rather

independent of film thickness [41], is not affected by the pump

excitation itself. Taking into account that the electron-phonon

scattering time in Au is about 30 fs and that ~ωD=15 meV

where ωD is the Debye frequency [29], we estimate that it

will take about 420 fs for an electron to lose 0.21 eV. This

time scale is clearly above the decay times seen in Fig. 6(d)

and it cannot entirely explain the larger values of the effec-

tive time constant τl extracted from Figs. 6(a) and 6(b). On

the one hand, this result highlights the impact of quantization

effects on the efficiency of transversal electron transport near

EF, which is the main reason for the increasing values of τl
with decreasing thickness. On the other hand, it also provides

further evidence for the importance of electron-electron scat-

tering which is in any case a slow channel of thermalization

due to Auger-like secondary electron emission upon recombi-

nation of the hot electron with a hole [40].

IV. SUMMARY

In conclusion, the present results offer an alternative route

to engineer the band dispersion of surface states in two-

dimensional metallic systems where quantum-size effects are

important. Using photoemission in combination with time,

energy and momentum resolution, we have accessed the

band dispersion of the Shockley-type SS of two-dimensional

Au(111) quantum films grown on W(110) above and below

EF. Our results show that the SS dispersion significantly devi-

ates from the parabolic behavior expected for a free-electron-

like system. The deviation appears more pronounced above

EF where we observe a kink structure that is consistent with

a remarkable enhancement of the SS effective mass. In com-

bination with DFT calculations, we have analyzed various as-

pects that are relevant for the modification of the SS disper-

sion, namely the impact of strain, the influence of the sub-

strate band structure, and the crucial role of QWSs and their

coupling to the SS for the appearance of the kink. Finally,

we have provided further evidence for the decisive role of the

substrate band structure and the overall coupling scenario be-

hind the origin of the kink structure through direct measure-

ments of the electron dynamics. These measurements also re-

veal a unique relationship between the decay time scales and

the influence of quantum confinement on the efficiency of the

relevant channels responsible for ultrafast charge and energy

transfer following optical excitation.
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