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Abstract

We have studied the charge transfer dynamics in azobenzene-functionalized alka-

nethiolate self-assembled monolayers. We compare the core-hole clock tech-

nique, i.e., resonant vs. non-resonant contributions in the azobenzene autoion-

ization of the C1s-π∗ core exciton, with the lifetime of a molecular resonance

determined by two-photon photoemission spectroscopy using femtosecond laser

pulses. Both techniques yield comparable charge-transfer times of 80±20 fs for a

linker consisting of three CH2 groups and one oxygen unit. Thus the quenching

of the excitation is about one order of magnitude faster than the time required

for the trans to cis isomerization of the azobenzene photoswitch in solution.
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time-resolved photoemission, molecular switches
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1. Introduction

Photochromic molecules can serve as reproducible building blocks to opti-

cally manipulate and control surface and interface properties on the nanoscale

[1, 2]. This opens up interesting fields of application such as the operation of

molecular actuators and motors, the development of switchable sensors, or the5

biasing of charge transport across organic devices [3, 4]. Given the impressive
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examples in biology and the large variety of photochromic molecules in solu-

tion, a major challenge is to ensure that the molecular switch maintains its

functionality when adsorbed on a surface. On the one hand excitations in the

substrate can lead to a quenching of the photoexcited state [5]. Therefore the10

coupling between molecular switch and substrate excitations must be controlled

by spacer groups. On the other hand, steric and excitonic interactions among

the chromophores in the adsorbate layer can impede efficient switching [6]. The

latter problem can be overcome introducing large platforms or lateral spacers

[5, 7, 8].15

One of the best investigated molecular linker systems comprises the class of

alkanethiols, which form self-assembled monolayers (SAMs) on gold substrates

[9, 10, 11, 12]. We employ SAMs to form well-ordered surface ensembles of

azobenzene-functionalized molecules as well as to effectively decouple the pho-

toswitch from the substrate. As sketched in Fig. 1 the azobenzene entity is cou-20

pled to the alkane chain via an oxygen bridge in para-position. The alkyl chain

binds with the sulphur head group to the Au(111) surface and the molecules

orient preferentially upright in the SAM with an angle of ∼ 30◦ with respect to

the surface normal [6]. Different rest groups (R = H, CN, CF3) were used as

markers for X-ray photoelectron and near-edge X-ray absorption spectroscopy25

(XPS and NEXAFS) studies [6, 13, 14]. In the following the molecules are

referred to as R-Azn, where n denotes the number of CH2 units of the alkyl

linker.

In the present article azobenzene-functionalized SAMs on gold serve as a

model platform to study the coupling between photoswitch and substrate. We30

compare two experimental methods, resonant photoemission and time-resolved

two-photon photoemission, which both allow for determining the charge-transfer

(CT) time of electrons excited to the lowest unoccupied molecular orbitals

(LUMO+n) into the substrate. Independent of the alkyl spacer length (n =

3, 6, 10) the autoionization spectra of the azobenzene moiety are dominated by35

spectator and participator decay channels. Following the decay of the C1s to

LUMO+1,2 resonances the dominant participator-decay line shows a lower in-

2



SAu

EF

E
n
e
rg
y

Evac

Distance to surface

LUMO+nCT

1s

 ~30° 

X-ray

UV

Figure 1: Alkanethiols bind with the sulphur headgroup to the Au(111) surface and orient

preferentially upright in a self-assembled monolayer (SAM). Thereby the alkyl chain shapes

a tunnel barrier, which allows for decoupling the azobenzene endgroup from the Au metal.

The unoccupied molecular orbital (LUMO+n) is populated either indirectly by electrons op-

tically excited in the gold substrate employing ultraviolet (UV) laser pulses or by resonant

intramolecular excitation of a 1s core electron using X-rays. The charge-transfer (CT) time

is determined by probing the excited state with a second laser pulse in a time-resolved pho-

toemission experiment or by disentangling resonant autoionization from non-resonant Auger

contributions in the core-hole decay.

3



tensity for shorter chain length. Applying the core-hole clock we obtain for the

CF3-Az3 SAM a charge-transfer time of 73± 20 fs.

The 2PPE spectra of H-Az3 show a negative ion resonance at E−EF = 3.6 eV,40

which we attribute to a LUMO+n of the azobenzene chromophore. The reso-

nance has a lifetime of 80 ± 20 fs in good agreement with the result from the

core-hole-clock technique. While the charge-transfer time is compatible with a

tunnel barrier of thickness n = 4 [15, 16], it seems unaffected by the resonance

position.45

2. Experimental

The various R-Azn compounds were synthesized and purified as described

elsewhere [13, 17]. Their purity has been verified by ultrahigh-performance

liquid chromatography. As substrates we used 200 nm thick gold films on mica

(Georg Albert PVD), which exhibit large Au(111) terraces. SAMs were prepared50

by immersing the substrate into 10−4 molar ethanolic solution for 24 hours.

Afterwards the samples were copiously rinsed with pure ethanol, blown dry

with argon, mounted on the sample holder and directly transferred into the

ultrahigh-vacuum chambers (base pressure ≤ 2 · 10−10 mbar). The preparation

procedure was routinely controlled by XPS [13, 14].55

We used two separate experimental setups for resonant and time-resolved

photoemission. Both apparatus were equipped with comparable load locks and

sample holders for sample transfer and cooling. To reduce X-ray beam-damage

experiments were performed at a sample temperature of ∼ 120K [18, 19] and

the X-ray exposure was minimized by scanning the sample and using a fast60

beam shutter.

Resonant photoemission experiments were performed at the undulator beam-

line U41 PGM-1 of the synchrotron facility BESSY II, Helmholtz-Zentrum

Berlin. We used a hemispherical analyzer (Omicron, EA125) equipped with

5 channeltrons. The total energy resolution of the measurements was 0.2 eV65

as established by the width of the S2p XPS line and the Fermi level of the
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clean gold substrate. Measurements were performed in grazing incidence with

an angle of 15◦ between X-ray beam and surface plane. The analyzer chamber

is rotatable around the beam axis. In this way the polarization of the incom-

ing X-ray beam was set parallel to the surface plane and the angle of electron70

detection normal to the surface. This measurement geometry optimizes the ra-

tio between the autoionization signal and the photoemission background [20].

The photon energies and the binding energy scale are referenced to the binding

energy of the Au 4f7/2 core level of 83.95 eV [21].

The laser system for 2PPE spectroscopy consists of two optical parametric75

amplifiers, both pumped by a Ti:Saphire amplifier system running at a repetition

rate of 300 kHz (Coherent, RegA). In this way independently tunable visible

and ultraviolet (UV) light pulses are generated with a duration of ∼ 50 fs and

pulse energies of ∼ 25 nJ and 3 nJ, respectively. A translation stage is used to

adjust the delay of the visible pulse. Both beams impinge nearly collinearly80

on the sample in the horizontal plane, which forms an angle of 45◦ to the

surface normal. Emission angle and kinetic energy of the photoemitted electrons

are measured using a hemispherical electron analyzer (SPECS, Phoibos 100)

equipped with a two-dimensional view-type detector.

3. Results and Discussion85

3.1. The core-hole clock

One means of studying the charge transfer-time between adsorbate and sub-

strate is the so-called core-hole clock (see, e.g. [22] and refs. therein). This

method was pioneered by the groups of Dietrich Menzel in Munich and Nils

Mårtensson in Uppsala initially investigating rare gas layers physisorbed on90

metal surfaces [23, 24]. The method’s keynote is illustrated in Fig. 2. A core-to-

valence excitation starts the core-hole clock, which stops on the time scale of the

core-hole lifetime τΓ. If charge transfer between the excited valence level and

the substrate occurs prior to the core-hole decay, one records an ordinary, i.e.,

non-resonant Auger spectrum. In contrast, if the excited electron stays on the95
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Figure 2: Schematics of the core-hole decay. After resonant excitation of a core-exciton,

the charge-transfer time τCT is deduced by reference to the core-hole lifetime τΓ comparing

the intensities of non-resonant (Auger) and resonant (spectator, participator) decay channels:

τCT/τΓ = (IAuger + Ispectator + Iparticipator)/IAuger.

adsorbate it may either participate in the autoionization or additionally screen

the core-hole decay. This results in either an enhancement of photoemission

lines (participator decay) or a screening shift of the Auger decay spectrum to

higher kinetic energies (spectator shift). Assuming exponential decay, the charge

transfer time τCT can be deduced from the intensities of non-resonant IAuger and100

resonant Iparticipator + Ispectator Auger channels τCT/τΓ = (Ires + IAuger)/IAuger

[25, 26]. Given core-hole lifetimes of 6.6 and 5.4 fs for the carbon and nitrogen

1s-levels [27, 28], charge-transfer times ranging from sub-fs to about 100 fs can

be determined. For the light elements the X-ray emission yield is below 1 %

and can be neglected. A major advantage of the core-hole-clock technique is105

its sub-monolayer sensitivity, which results from the pronounced cross section

of resonant core-to-valence transitions. A challenge for larger molecules is the

increasing number of Auger decay channels. In combination with vibrational

excitations, they lead to complex decay spectra, which are hard to decompose.

3.2. Core-ionized vs. core-excitonic state of azobenzene110

In the core-ionized state a core hole in the azobenzene endgroup will be

screened by polarization of the SAM and the gold substrate. In the core-

excitonic state the binding energy of the resonantly excited occupied molecular

level is increased mainly by the Coulomb interaction with the core hole. To ob-

serve charge transfer between adsorbate and substrate it is a prerequisite that115

6



the energy of the excited molecular level stays above the Fermi level in the core-

excitonic state. In other words, the energy of the NEXAFS resonance has to

exceed the XP binding-energy of the core electron, which refers to EF . In the

azobenzene moiety this becomes element-specific. Figures 3a and b compare

the XP and NEXAFS spectra of the chromophore’s N1s and C1s core-levels120

(top and bottom panels) for SAMs with alkyl chain-lengths of n = 3, 6 and 10,

respectively. Note that on the common energy scale the abscissae of the XP

spectra are reverted so that shake-up excitations are observed on the right of

the main line. Given the preferentially upright geometry of the molecules in all

SAMs and the inelastic mean-free-path of the photoelectrons [29, 30] the C1s XP125

signal is dominated by the azobenzene chromophore with minor contributions

from the alkyl chain.

As evident from Figs. 3a and b the core-hole binding-energies, i.e., the core-

ionized XP final states depend on the alkyl chain length. Both N1s and C1s peak

maxima shift by ∼ 400meV to higher binding energy with increasing number130

of CH2 units. This shift is attributed to a final state effect as the initial state

of the chromophore is comparable for all chain lengths. Image-charge screening

of the core hole becomes less efficient for larger distance to the metal substrate.

Therefore the binding energy increases for longer spacer length. A similar effect

has already been observed in the C1s XP spectra of alkanethiolate SAMs [31]135

and for the N1s XP line of a cyano end group [16].

In contrast to the varying XP binding energies the π∗-resonances stay at

constant energy independent of the alkyl chain-length. Screening of the core hole

is dominated by the interaction with the electron in the unoccupied molecular

orbital forming the core exciton. The resonance at the nitrogen absorption140

edge at 398.3 eV is assigned to the azobenzene N1s to π∗ LUMO transition.

Its energy is lower than the N1s XP peak maximum of CF3-Az3 at 399.4 eV.

As a consequence the core exciton can solely decay via autoionization but not

via transfer of the excited electron into unoccupied states of the substrate.

The significant broadening of the π∗-resonance beyond the natural linewidth of145

100meV is therefore attributed to vibrational excitations.
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Figure 3: Comparison of core-ionized and core-excited states in XP and NEXAFS spectroscopy

for CF3-Azn SAMs with alkyl chain-lengths n = 3, 6 and 10 at a) the nitrogen and b) the

carbon 1s edge. XP and NEXAFS spectra are plotted on a common energy scale referring to

the 1s binding energy and the photon energy, respectively. The XP spectra shift to higher

binding energy with increasing chain length reflecting the reduced image-charge screening of

the XP final state by the substrate. At the N1s edge the π∗-resonance is lower in energy than

the XP core level. Thus the LUMO is pulled below the Fermi energy in the core-excited state

and charge transfer from adsorbate to substrate can not occur. In contrast at the C1s edge

charge transfer is possible out of the energetically higher LUMO+1 and LUMO+2 resonances.8



The situation is different at the C1s absorption edge. The first absorp-

tion line shows a multiple peak structure, which reflects contributions from the

LUMO as well as the LUMO+1 and LUMO+2. A contour plot of the unoccupied

orbitals can be found in Fig. 6 of Ref. [13]. The energy of the resonance max-150

imum at 285.25 eV is clearly above the XP peak position at 284.2 eV (n = 3).

Therefore charge transfer between the azobenzene chromophore and the gold

substrate can occur after resonant excitation of the C1s level.

3.3. Charge-transfer time

To study the charge-transfer time we concentrate in the following on the155

decay spectra after C1s excitation. Figure 4a shows three photoemission spectra

of CF3-Az3 recorded for photon energies below, at, and above the C1s resonance

maximum. The photoemission spectra have been normalized to the gold valence

band intensity and are plotted on a kinetic energy scale.

The spectrum recorded below the π∗-resonance at hν = 275.0 eV is domi-160

nated by photoemission from the gold 6sp and 5d valence bands, which extend

over a range of ∼ 11 eV below EF [32]. In addition there are minor contribu-

tions from the valence orbitals of the SAM and the C1s XP line at 262 eV kinetic

energy ionized by the second harmonic of the undulator (2hν = 550.0 eV).

The spectrum recorded at a photon energy of 312.0 eV above the ionization165

threshold is representative for non-resonant Auger decay. The multitude of

azobenzene valence orbitals involved in the KVV decay of the C1s core hole

give rise to a weakly structured 30-eV wide Auger peak centered at a kinetic

energy of 260.0 eV.

Tuning the photon energy to the resonance maximum at 285.25 eV we res-170

onantly excite the close lying LUMO+2 and LUMO+3, which extend over the

outer and inner phenyl ring of the azobenzene chromophore, respectively. These

core-excited states predominantly decay via resonant photoemission. The cen-

ter of mass of the autoionization spectrum is at 262.0 eV kinetic energy and the

spectrum exhibits a more pronounced fine structure as compared to the non-175

resonant Auger decay. The higher kinetic energy is attributed to a spectator
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Figure 4: a) Photoemission spectra of a CF3-Az3 SAM recorded with photon energies below

(hν = 275.0 eV), at (hν = 285.25 eV), and above (hν = 302.0 eV) the maximum of the C1s to

π∗ LUMO+1,2 transitions (cf. Fig 3b). Spectra have been normalized to equal intensity of

the Ausp band 1 eV below EF . The vertical bars indicate the spectator shift. The HOMO-2,3

participator line is strongly enhanced at resonance. b) Comparison of resonant photoemission

spectra of CF3-Azn for alkyl chain length of n = 3, 6 and 10. All spectra have been recorded at

a photon energy of 285.25 eV and are normalized to equal intensity after subtracting the non-

resonant photoemission background. The shift of the spectra is a final state effect attributed

to distinct polarization screening. As highlighted in the inset the HOMO-2,3 participator

decay line has a 9± 2% lower intensity for the shortest alkyl chain length n = 3 as compared

to n = 6 and 10.
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shift of 2.0±0.2 eV and the fine structure to additional participator decay lines.

The comparable width of the Auger and autoionization spectra indicates that

there exist only weak contributions of non-resonant Auger decay at resonance.

In other words, the charge transfer between adsorbate and substrate must be180

slow compared to the core-hole lifetime. The most prominent spectator line

of the autoionization spectrum is observed at a kinetic energy of 278.15 eV,

which corresponds to a binding energy of E − EF = 2.7 eV. It is attributed to

the nearly degenerate HOMO-2 and HOMO-3 of the azobenzene moiety, which

extend over the inner and outer phenyl ring, respectively. The HOMO is the185

lone-pair orbital of the azo-bridge and thus localized at the nitrogen atoms. It

is therefore not enhanced in resonant photoemission at the carbon edge. Given

the small spectator shift in C1s autoionization it is very difficult to decompose

the decay spectra in resonant and non-resonant contributions. However, we can

extract a charge transfer time for the CF3-Az3 SAM by comparing the intensity190

of the main participator line for the three different alkyl chain length.

Figure 4b shows the decay spectra of CF3-Azn for n = 3, 6 and 10, respec-

tively, recorded at resonance (hν = 285.25 eV) after subtraction of the non-

resonant photoemission background (hν = 275.0 eV). Prior to subtraction, the

spectra have been aligned at the Au 4f level and normalized with respect to195

the NEXAFS spectrum (Fig. 3b), which was recorded in Auger yield. This

procedure yielded identical intensities of the Au 6sp band close to EF in non-

resonant and resonant photoemission. Comparable to the C1s XP spectra of

Fig. 3b the resonant photoemission spectra in Fig. 4b shift by 400meV to higher

kinetic energy (lower binding energy) with decreasing alkyl chain length (n = 10200

vs. n = 3). The identical shift of XP and autoionization spectra suggests that

screening of the one-hole and two-holes-one-electron valence states reached after

autoionization (cf. Fig. 2) is comparable to screening of the 1s core hole. As al-

ready discussed, polarization screening of the excited state is dominated by the

substrate’s contribution and thus rather insensitive to the charge distribution205

in the chromophore but less effective for larger distance to the metal surface.

To evaluate the charge transfer time spectra in Fig. 4b have been normalized
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to equal area. The intensity of the HOMO-2,3 participator line for CF3-Az3 is

by 9 ± 2% smaller than for the longer alkyl spacers n = 6 and 10 (see inset

of Fig. 4b). Assuming that the distribution between participator and spectator210

decay in the azobenzene entity is independent of the spacer and that there is no

charge transfer to the substrate for a chain length of n = 10, the 9±2% intensity

loss can be attributed to non-resonant decay after charge transfer. Applying the

core-hole clock yields a charge transfer-time of τCT = τΓ/0.09 = 73 fs (60−94 fs

including error bars).215

3.4. Two-photon photoemission spectroscopy

Alternatively to the core-hole clock, the charge-transfer time can be stud-

ied directly in the time domain employing two-photon photoemission (2PPE)

spectroscopy with ultrashort laser pulses [33, 34]. In 2PPE a pump pulse is

used to excite the system, while a subsequent probe pulse traces the excited220

state dynamics by photoionization and subsequent angle- and energy-resolved

photoelectron detection. To suppress direct photoemission the photon energy of

each pulse is usually kept below the work function Φ, but their sum is sufficient

to ionize the system (hν1+hν2 > Φ). By varying the time delay between pump

and probe pulses we can extract the lifetime of the intermediate state from its225

transient photoelectron signal. The time resolution of the 2PPE experiment

is limited to a few femtoseconds when the lifetime can be extracted from the

shift and/or broadening of the intermediate state transient with respect to the

cross-correlation trace [35]. Longer lifetimes can be more easily determined from

the tail of the intermediate state signal at delays when the pump pulse is over,230

assuming, e.g., exponential decay rates [36]. A clear drawback of 2PPE with

respect to resonant photoemission is the fact that one may simply not resolve

the unoccupied molecular states. This insensitivity is usually attributed to the

low photon energies used to ionize the system, which hamper the coupling of

the photoemitted electron to free photocurrent-carrying final states. However,235

if applicable, the benefit of time-resolved 2PPE over the core-hole clock is that

the former directly probes the optical-excited photoswitch in the absence of a

12



core hole.

Figure 5a shows a false color plot of a time- and energy-resolved 2PPE

spectrum for a H-Az3 SAM. The photoemission signal has been integrated over240

an angular range of ±2◦ around the surface normal. Spectra recorded with

either only the pump or the probe pulse have been subtracted. The 2PPE

spectrum is quite typical for molecular adsorbates on metal surfaces [5, 37].

Broad spectral features are overlayed with a significant background. When

pump and probe pulses overlap, we find intensity for final state energies between245

4.35 and 6.3 eV above EF (left ordinate). The low-energy threshold marks the

work function Φ of the H-Az3 SAM. The high energy cut-off corresponds to

initial states cut by the Fermi level and shifted by (hν1 + hν2). The 70-fs

temporal width of the photoelectron distribution centered at delay zero reflects

the cross-correlation of pump and probe pulses. Besides two-photon absorption250

we can clearly separate two contributions with finite lifetimes. For positive

pump-probe delay the pulse with larger photon energy hν1 = 4.2 eV acts as

pump pulse, while hν2 = 2.1 eV is the probe pulse. Likewise the energy scale on

the right ordinate refers to intermediate states excited by ultraviolet and ionized

by visible light. For negative delay the role of pump and probe pulses is reverted.255

The intensity at the low-energy cut-off shows long-lived contributions to both

sides of the pump-probe delay. Note that the static pump- and probe-only

spectra have been subtracted. The intensity tail at negative delay is attributed

to hot electrons excited in the gold substrate. At the intermediate state energy

of ∼ 0.2 eV above EF the lifetime of excited electrons in gold is about 300 fs260

[38]. The transient intensity at positive delay cannot stem from hot electrons

in the gold substrate, since their lifetime at E −EF = 2.3 eV is only ∼ 20 fs. It

may thus be attributed to the LUMO of the azobenzene chromophore. However,

one often observes intensity at the low-energy cut-off of arguable origin, such

as inelastic scattering of photoelectrons with primarily higher energy into final265

states close above the vacuum level Evac [39], and we therefore refrain from

evaluating this contribution further.

The 2PPE intensity at 5.7 eV final state energy extends towards positive

13
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Figure 5: a) False color plot of a time- and energy-resolved 2PPE spectrum for a H-Az3

SAM. The left ordinate refers to the final state energy E −EF . The right ordinate shows the

energy of an intermediate state E2 − EF populated with the ultraviolet pulse hν1 = 4.2 eV

and ionized with visible light hν2 = 2.1 eV, which refers to positive pump-probe delay. For

negative pump-probe delay hν2 arrives before hν1 at the sample. b) Time-resolved trace

extracted in an energy range of ±0.1 eV centered at 3.6-eV intermediate state energy. The

solid line is a fit to the data, describing an instantaneous signal plus an exponential decay,

both convolved with a 70-fs Gaussian to account for the cross-correlation of pump and probe

pulses. The finite lifetime of the intermediate state of 80 ± 15 fs corresponds to the pure

exponential decay seen at delays > 100 fs.
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pump-probe delay. It thus stems from an intermediate state at E2−EF = 3.6 eV,

which is populated by the ultraviolet laser pulse hν1 via electron transfer from270

the gold substrate and ionized by the visible pulse hν2. The intermediate state

energy lies 0.1 − 0.2 eV below that of the image-potential state found on pure

alkanethiolate SAMs [40]. Therefore we attribute the transition observed in

the H-Az3 SAM to a negative ion resonance, which couples a LUMO+n of the

azobenzene entity to the image-potential state via charge transfer and/or hy-275

bridization. This may likewise explain, why the pump pulse populates effectively

only one resonance but no lower lying unoccupied molecular orbitals of the chro-

mophore. Our interpretation is in line with a recent 2PPE study of ferrocene

molecules adsorbed on an isolating decanethiolate SAM. For this mixed system

Shibuta et al. observed only one intermediate state close to the image-potential280

state energy, which they likewise attribute to a hybridized molecular resonance

[41].

The lifetime of the molecular resonance was evaluated by integrating the

intensity in an interval of ±0.1 eV around the peak maximum at 3.6 eV. This

yields the time-resolved trace depicted in Fig. 5b in a semi-logarithmic plot.285

The solid line is an exponential fit to the data which was convolved with a

Gaussian to account for the cross-correlation of pump and probe pulses. From

the exponential fit we obtain a lifetime of 80± 15 fs, which we attribute to the

charge-transfer time between azobenzene photoswitch and gold substrate.

3.5. Comparison of charge-transfer times290

Applying the core-hole clock, the groups of Menzel, Feulner, and Zharnikov

teamed up to study the charge transfer across alkyl chains varying their length

from two to four CH2-groups [15, 16]. They used SAMs with a cyano endgroup

directly coupled to the alkanethiolate and measured the charge-transfer time out

of the cyano LUMO after resonant excitation of the N1s to π∗ transition. In the295

core-excited state the π∗-LUMO is located at an energy of 0.91− 0.55 eV above

EF for n = 2 − 4, respectively. With increasing chain length resonant decay

channels dominate the Auger spectrum and the charge-transfer time from the
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cyano endgroup to the substrate increases exponentially with the alkyl chain-

length to τCT = 100± 26 fs for n = 4 [16]. The exponential dependence τCT ∝300

exp(−βd) on the barrier thickness d with β = 0.72 Å−1 [16] can be understood in

a tunnel-barrier or a super-exchange model, which describe the charge transfer

and the related conductivity across the alkyl interface [42, 43].

The charge-transfer time of 100 ± 26 fs for the n = 4 alkyl spacer is only

slightly larger than τCT = 73+21
−13 fs derived for CF3-Az3. This suggests that305

we can count the oxygen bridge (cf. Fig. 1) as an additional spacer unit. It

seems that the charge-transfer time depends primarily on the tunnel-barrier

thickness and is less affected by the variation of the electronic structure along the

chain. This is in line with the observation that the conductivity of SAMs with

aromatic spacer units can be described by a β-value of 0.5 Å−1 [44]. Measuring310

the conductance of alkanethiols with longer chain lengths ranging from n = 10

to 14 through a mercury-drop junction yielded a β parameter of 0.64 Å−1 [43].

This seems close to the value for the short chains, but is likely affected by a

variety of defects that occur within Hg-drop junctions.

Applying 2PPE, Shibuta et al. studied the charge-transfer time across pure315

alkanethiolate SAMs varying the chain-length between n = 12 and 18 [40].

Electrons were photoexcited into an image-potential state located in front of the

SAM surface at 3.7 eV above EF . The charge-transfer time shows a well-defined

exponential increase from about 30 to 80 ps at 90K [40]. The corresponding

β-parameter of 0.097 Å−1 is one order of magnitude smaller than in the above320

described experiments. This indicates that β depends strongly on the resonance

position with respect to the barrier heights, which is at E − EF ∼ 4.0 eV [45].

In a very recent study the authors used a decanethiolate SAM on Au(111)

as template to adsorb and isolate ferrocene molecules [41]. They observed a

molecular hybrid state with a lifetime of 140 fs, which is much shorter than the325

image-potential-state lifetime of 11 ps for the pure decanethiolate SAM. This is

in contrast to the larger participator contribution for longer chain length (CF3-

Az6 and CF3-Az10), which indicates a significant increase in charge-transfer

time, beyond the sensitivity of the core-hole clock.
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The charge-transfer time determined by the core-hole clock technique of330

73+20
−10 fs agrees very well with the lifetime observed in the time-resolved photoe-

mission measurement τCT = 80±15 fs. This is surprising since the energetic po-

sition of the resonances probed in autoionization and 2PPE are E−EF = 1.0 eV

and 3.6 eV and thus significantly different. However, the model of a homoge-

neous tunneling barrier may be too simple to explain the charge transfer times.335

Charge transfer out of the strongly localized state probed by resonant core-level

excitation generally proceeds faster, as has been observed also for C6F6 layers

on Cu(111) [46] and has been attributed to a stronger coupling due to broad

distribution of parallel momenta in the localized state. In contrast in 2PPE

we probe a negative ion resonance which is delocalized in the LUMO+n band340

of the densely packed SAM. In the case of the CF3-Az3 SAM this effect seems

to be balanced by the lower tunneling barrier for the higher lying resonance

probed in 2PPE, since we extract equal charge-transfer times from both tech-

niques. We note that the different endgroups of the aobenzene chromophores

(H vs. CF3 ) should have little effect on the charge transfer time since the345

probability density of the LUMO+n at the endgroup is negligible (cf. Fig. 6 in

Ref. [13]). Fully elucidating the dependence of the charge-transfer time on short

and long chain lengths and on the energy level alignment will require further

2PPE experiments.

The characteristic charge-transfer time is significantly longer than the core-350

hole lifetime. Therefore charge neutralization occurs long after the photoemis-

sion event and the binding energy is lowered by polarization screening of the

photo hole. This is corroborated by the shift of the valence states and core lev-

els in the photoemission spectra to higher kinetic energy with decreasing alkyl

chain length.355

4. Conclusion

Azobenzene-functionalized alkanethiolate SAMs provide a model system to

study the dynamics of the deexcitation of photoswitches at a metal surface.
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Charge transfer between the azobenzene endgroup and the gold substrate across

the alkanthiolate linker of three CH2 groups and one oxygen bridge occurs on an360

ultrafast time scale of∼ 80 fs. The trans to cis photoisomerization of azobenzene

in solution occurs on a time scale of ∼ 1 ps [47, 48, 49]. If charge transfer to

the substrate requires only 100 fs only 10−5 of the azobenzene molecules will

remain excited after 1 ps. Compared to azobenzene in solution we observe a five

orders of magnitude lower isomerization cross-section in a densely packed H-Az3365

SAM at an excitation energy of 3.6 eV corresponding to the π − π∗ transition.

However, increasing the linker length to n = 11 CH2 units and diluting the

molecules with lateral dodecanethiolate spacers switching becomes almost as

effective as in solution [6, 8].
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[22] W. Wurth, A. Föhlisch, Electron transfer investigated by x-ray spec-

troscopy, in: U. Bovensiepen, H. Petek, M. Wolf (Eds.), Dynamics at Solid

State Surfaces and Interfaces, Vol. 1, Wiley-VCH, Weinheim, 2010, pp.

305–322.450

[23] W. Wurth, P. Feulner, D. Menzel, Resonant excitation and decay of adsor-

bate core holes, Phys. Scripta. T41 (1992) 213–216.

[24] O. Björneholm, A. Sandell, A. Nilsson, N. Mårtensson, J. N. Andersen,
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