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Electronic states of the C 6H6/Cuˆ111‰ system: Energetics, femtosecond
dynamics, and adsorption morphology

D. Velic, A. Hotzel, M. Wolf,a) and G. Ertl
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

~Received 6 May 1998; accepted 19 August 1998!

Two-photon-photoemission~2PPE! spectroscopy is employed to characterize electronic states of a
bilayer C6H6/Cu$111% system at 85 K. The unoccupied benzenep* e2u state is observed with a
binding energy of 4.6 eV above the Fermi level. This result agrees with inverse-photoemission~IPE!
data and provides a case where the determination of the binding energy is identical for 2PPE and
IPE. Thep* e2u state is assigned in the 2PPE scheme as a final state which is the first observed final
state in 2PPE of adsorbate-surface systems. The dependence of the electron dynamics on the
morphology of an incomplete adsorption layer is also investigated. Two (n51)-like image potential
statesA and B are observed which presumably originate from two different C6H6 adsorption
geometries in the bilayer regime. The two image statesA and B are characterized by electron
effective masses of 1.1 and 1.9me , binding energies of 3.30 and 3.45 eV above the Fermi level, and
lifetimes of 40 and 20 fs, respectively. The dielectric continuum model and the Kronig–Penney
model are employed to simulate the origin of (n51)-like image states. The work function decreases
from 4.9 eV at clean Cu$111% to 4.0 eV at bilayer coverage. The change of the work function and
the observation of two image states suggest the redefining of the ratio of the numbers of benzene
molecules in the first and the second layers of the bilayer regime to approximately 1:1 instead of 1:2,
as previously reported. 2PPE is shown to be sensitive to the changes of morphologies, local work
functions, and adsorbate-surface potentials during the layer formation. ©1998 American Institute
of Physics.@S0021-9606~98!70344-7#

I. INTRODUCTION

Electronic excitation is an important step in chemical
reactions. The energetics and lifetime of this process directly
govern the reaction probability. In order to possibly control a
pathway along the reaction coordinate, the electron dynamics
must be determined. The time scale of elementary electronic
processes varies from pico to femtoseconds, and, only the
progress in ultrafast laser technology has allowed the prob-
ing of such fast events at surfaces in real time.1 In recent
years, time-resolved two-photon-photoemission~2PPE!
spectroscopy has been employed to determine the dynamics
of photoexcited electrons with energy and momentum reso-
lution on the femtosecond time scale.2 2PPE was used in
various adsorbate-surface systems to study adsorbate-
induced and image potential states.2–17 The variety of adsor-
bates investigated on the Cu$111% surface spans from small
molecules, like CO,7 through atomic overlayers, like Xe,9 to
larger molecules, like C6H6.

14,15 In this paper we present a
2PPE investigation of the C6H6 bilayer coverage on Cu$111%.
This system was chosen for two main reasons. The first rea-
son is to electronically characterize the adsorbed benzene
molecule which traditionally serves as a model system for
large molecules. The benzenep* e2u state is observed in the
2PPE spectrum at 4.6 eV above the Fermi level, in agree-
ment with inverse photoemission~IPE!.18 This state is as-
signed in the 2PPE scheme as the final state which represents
the first observation of an adsorbate-induced final state. Pre-

viously, Giesenet al.17 observed a similar final state behav-
ior on Ag$111%, which was, however, assigned to energy
pooling between two electrons in an intermediate image po-
tential state. The second reason to study the C6H6/Cu$111%
system is the complex adsorption geometry of the benzene
bilayer19 which is used to investigate the influence of the
incomplete layer morphology on electron dynamics. The for-
mation of two (n51)-like image statesA andB is observed,
presumably as a result of different adsorption geometries in
the first and the second layer of benzene. The femtosecond
dynamics of these two states is determined, presenting a first
measurement of the electronic lifetimes in an incomplete
layer of adsorbates. The 2PPE was shown to be sensitive to
local work functions and adsorbate-surface potentials which
are associated, in this case, with the different benzene ad-
sorption morphologies. This study can also shed some light
on the electron dynamics of inhomogeneous or laterally con-
fined systems.

Lowest unoccupied~LUMO! and highest occupied mo-
lecular orbitals~HOMO! of adsorbates are of interest for
rehybridization with the bulk bands.20 Using 2PPE, the life-
time of the CO LUMO on Cu$111% was recently determined
to be less than 5 fs.7 Another class of electronic surface
states is formed by the Coulombic tail of the image
potential.8–10 The wave functions of these image potential
states are localized at the surface and decay exponentially
into the bulk. The lifetimes of image states were previously
investigated. In general,5,9 with an increasing number of phy-
sisorbed adsorbate layers, the lifetimes of image states area!Electronic mail: wolf@fhi-berlin.mpg.de; fax:149 30 84135106.
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found to increase, because the wave functions are located
farther away from the surface. Interestingly, Hotzelet al.8

showed that the lifetime of a surface state in O2/Xe/Cu$111%
decreases with increasing number of Xe spacer layers, as a
result of coupling between then51 image state and a nega-
tive ion resonance of the molecular oxygenX 2Pg state. An-
other complex behavior of image states was observed for
cyclohexane/Ag$111% andn-heptane/Ag$111%.5 The observed
multiple peaks of then51 image state at the cyclohexane
bilayer coverage were attributed to the incomplete layer
growth. Double peaks of then51 state were also observed
in the Ag/Pd$111% system.3 In these cases, 2PPE was shown
to be sensitive to the growth morphology of adsorbate layers.

The C6H6/Cu$111% system was previously studied with
2PPE,14,15 temperature programmed desorption~TPD!, high-
resolution electron energy loss spectroscopy~HREELS!,
near-edge X-ray absorption fine structure~NEXAFS!,19

IPE,18 and scanning tunneling microscopy~STM!.21 Using
2PPE, Munakataet al.14,15 observed a spectral fine structure
of C6H6/Cu$111% at about 1 eV above the Fermi level. The
state responsible for this structure was assigned as the ex-
cited lowest triplet state of adsorbed benzene.14 Based on the
HREELS and NEXAFS results, the estimated benzene cov-
erage, and the size of the C6H6 molecule, Xi et al.19 con-
cluded that the benzene molecules in the first and the second
layer of the bilayer regime are oriented with theirp rings
approximately parallel and perpendicular to the surface
plane, respectively.19 The picture of flat-lying benzene at low
coverages was also supported by STM measurements21 as
well as by theoretical calculation.22 The IPE18 spectrum of
C6H6/Cu$111% showed the twofold degenerate antibonding
e2u state ~LUMO! of benzene at 4.660.1 eV above the
Fermi level with a full width at half maximum~FWHM! of
1.260.2 eV.

II. EXPERIMENT

The 2PPE experiments were performed in an ultrahigh
vacuum chamber (1310210 mbar) equipped with a custom
designed electron time-of-flight~TOF! spectrometer and
coupled to a femtosecond laser system. The details of this
experimental setup were described elsewhere.10 Briefly, a
200 kHz femtosecond Ti-sapphire oscillator/amplifier~Co-
herent, Mira 900/RegA 9000!, pumped with an argon ion
laser~Coherent, Innova 400!, and pumping an optical para-
metric amplifier~Coherent, OPA 9400!, was used. Tunable
visible ~VIS! pulses of the OPA at wavelengths between 470
and 730 nm were used to generate ultraviolet~UV! second
harmonic pulses in a 0.2 mm thick beta barium borate crys-
tal. The temporal widths of the VIS and UV pulses were
compressed by two pairs of prisms to achieve pulse duration
of ,80 fs. In the time-resolved 2PPE experiments, the UV
and VIS pulses were delayed with respect to each other,
using a translation stage. The pulses were then noncol-
linearly ~,0.5° skew! focused on the Cu$111% crystal. The
temporal spread introduced by this skew angle was estimated
to be less than 5 fs.11 The laser beams, which were eitherp-
or s-polarized, were incident on the sample under 45° with
respect to the surface normal. Photoemitted electrons were
detected within63.5° along the surface normal (ki50) after

drifting through the 300 mm field-free region of the TOF
spectrometer, which had an energy resolution of 8 meV
~FWHM! at 1 eV kinetic energy.8 In the dispersion measure-
ments the detection angle was varied. To avoid space charge,
rise of the electronic temperature, and laser induced modifi-
cation of the C6H6 layers, a low pulse fluence of 10mJ/cm2

was used.
The Cu$111% crystal was mounted on a manipulator

equipped with heating and cooling units. The Cu$111% sur-
face was cleaned by standard sputtering-annealing cycles,23

and the benzene was purified by a freeze–pump–thaw
method prior to dosing. The benzene was dosed through a
pinhole doser~5 mm hole, 2 cm away from the surface, 0.5
mbar back-pressure of the doser!. The temperatures of the
crystal during the dosing and the 2PPE measurements were
120 and 85 K, respectively.

III. RESULTS AND DISCUSSION

A. 2PPE from Cu ˆ111‰

The 2PPE spectrum of clean Cu$111% at 85 K is shown
in Fig. 1, plotted as 2PPE intensity versus final state energy
above the Fermi level. The spectrum shows four main fea-
tures: a secondary electron peak~the vacuum energy edge!,
the Cud-band peak, the peak of the Cu$111% surface state,
and the Fermi edge. Using the 2PPE spectrum shown in Fig.
1, which was measured with 3.85 eV photon energy, the

FIG. 1. 2PPE spectrum of Cu$111% at 85 K, plotted as 2PPE intensity vs
final state energy above the Fermi level. The inset describes the 2PPE pro-
cess where two photons are required to emit an electron from the occupied
surface state into the vacuum. The left side of the inset represents the
Cu$111% bulk, consisting of electronic bands~dotted! and thesp-band gap
~white! alongki50, and the right side represents the vacuum. The spectrum
in the inset is identical with the main plot.
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work function is determined to be 4.9 eV. This value of the
Cu$111% work function and also the calculated surface state
binding energy of 0.4 eV below the Fermi level are in agree-
ment with previously measured values of 4.932 and 0.42 eV
at 25 K,11 respectively.

The nature of the 2PPE is shown in the inset of Fig. 1 for
2PPE from the surface state on Cu$111%. The left side of the
inset represents the Cu$111% bulk electronic structure, con-
sisting of electronic bands~dotted! and the sp-band gap
~white! along ki50, and the right side represents the
vacuum. The spectrum shown in the inset is identical to the
main plot. With 3.85 eV photon energy, two photons are
required to observe the 2PPE surface state peak where the
electron is excited from the occupied surface state via a vir-
tual state to the final state above the vacuum level. However,
2PPE probes both occupied and unoccupied states and can
also distinguish between the unoccupied intermediate and the
unoccupied final states, as discussed below.

The detailed 2PPE schemes in Fig. 2 show how to iden-
tify an initial state, Fig. 2-1, an intermediate state, Fig. 2-2,
and a final state, Fig. 2-3. The schemes present the wave-
length dependence of these states where the 2PPE peak en-
ergy varies with the photon energy. To illustrate this depen-
dence, we used two different photon energies,hn1 andhn2 .
Figure 2-1 shows that the energy of a photoemitted electron
from a discrete occupied initial state below the Fermi level
varies with twice the photon energy difference
@2xDhn52x(hn12hn2)#. Figure 2-2 shows that for a peak
arising from an intermediate state, like an image state, the
kinetic energy varies with once the photon energy (1xDhn).
Finally, Fig. 2-3 shows that the energy of a final state peak
does not vary with the photon energy in 2PPE.

B. Work function of C 6H6 /Cuˆ111‰ and definition of
ML

The benzene adsorption results in a decrease of the work
function which is attributed to an electron-donating character
of C6H6. As shown in Fig. 3, the work function change was
studied as a function of the benzene adsorption coverage.

Before this dependence is discussed, we define a unit of cov-
erage. The inset of Fig. 3 shows the TPD data, as the quad-
rupole mass spectrometer~QMS! intensity of mass 78 plot-
ted versus the desorption temperature, which are used to
define one monolayer~1 ML!. The inset shows four desorp-
tion curves assigned as 0.5, 1.0, 1.2, and 2.0. These numbers
represent the relative integrated TPD intensities in compari-
son with the intensity of the 1.0 curve. The TPD curve of 1.0
is identical with the TPD measurement by Xiet al.,19 and the
corresponding coverage, representing the formation of the
first benzene layer on Cu$111%, is defined as 1 ML.

Based on the TPD results,19 three coverage regimes were
observed:~i! the monolayer regime at exposures below 2.5 L
(1 L51026 Torr s) where the TPD peak temperature shifted
from 240 to approximately 150 K with the benzene expo-
sure,~ii ! the bilayer regime observed between 2.5 and 7 L
with the TPD peak approximately constant at 155–157 K,
and~iii ! the multilayer regime at exposures above 7 L where
the TPD peak shifted to 152 K. The main reason to also
present our TPD measurements here is to clearly define the
monolayer as a coverage unit which is used in this paper.
Note that because our TPD data and the results presented by
Xi. et al.19 are identical, the bilayer and multilayer TPD
curves are not shown. The TPD peak temperature is observed
to be approximately constant during the bilayer formation
with a value of 155 K, which is represented by the 2.0 curve

FIG. 2. The variation of a 2PPE peak with the photon energy allows us to
distinguish between an initial state peak~1!, an intermediate state peak~2!,
and a final state peak~3!. The initial state peak varies with twice the photon
energy~23Dhn; Dhn5hn12hn2!, the intermediate state peak with once
the photon energy (13Dhn), and the final state peak does not vary with the
photon energy.

FIG. 3. Work function vs benzene coverage on Cu$111%. Three different
linear trends correspond to the formation of the first, the second, and the
multilayers, respectively. The upward and downward arrows indicate the
assignments of monolayer and bilayer completions based on TPD and 2PPE,
respectively. The inset shows the TPD spectra of C6H6 from Cu$111% where
the 1.0 curve represents the first layer of benzene on Cu$111% and defines the
1 ML coverage.
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shown in the inset of Fig. 3. The further change of the TPD
peak temperature from 155 to approximately 150 K was pro-
posed to correspond to the multilayer formation. Using TPD
and HREELS, Xiet al. estimated the ratio of the numbers of
benzene molecules in the first and the second layer to be
1:1.8.19 Based on our TPD measurements, this ratio in the
bilayer coverage was estimated to be the same, about 1:2.
However, this coverage is contradictory to the density of
solid benzene where the ratio of the numbers of benzene
molecules in two adjacent layers is 1:1.24 Using 2PPE re-
sults, our arguments to redefine the coverage of the bilayer
completion on Cu$111% are discussed in Sec. III D 2.

The main panel of Fig. 3 presents the dependence of the
work function on the benzene coverage. The coverages for
the 2PPE experiments were obtained from subsequent TPD
measurements and expressed in ML, as discussed above. The
two downward arrows point out the coverages where the
completions of the first and the second layer are observed,
based on the work function change. Note that the upward
arrows point out the coverages of layer completions, based
on the TPD results. The work function dependence on the
benzene coverage displays three linear trends: below 1, be-
tween 1 and 2, and above 2 ML. The first trend is a decrease
from 4.9 for clean Cu$111% to 4.2 eV for 1.0 ML coverage.
We note the agreement between the first layer completion
assigned by TPD and the work function trend. This agree-
ment is demonstrated in Fig. 3 by the overlap of downward
and upward arrows at 1 ML. Zhouet al.25 investigated the
similar system of C6H6/Ag where the work function change
for the first layer was measured to be20.7 eV. The second
trend is a further decrease with a smaller slope from 4.2 to
4.0 eV, due to the second layer formation. The surface is
saturated with respect to the change of the work function at
approximately 2.0 ML. Interestingly, this trend, further dis-
cussed in Sec. III D 2, does not coincide with the completion
of the second layer as estimated by TPD. The third trend is a
constant work function with increasing coverage during
multilayer formation above 2.0 ML.

C. 2PPE of C6H6 /Cuˆ111‰

1. Coverage dependence

In Fig. 4, two sets of 2PPE spectra measured at two
photon energies are displayed. At low coverages of 0.1, 0.3,
and 0.5 ML, a photon energy of 4.12 eV was used. The
spectrum of 0.1 ML shows thed-band peak and the broad-
ened surface state peak. The broadening of the surface state
during the initial adsorption of benzene is in agreement with
the result of Munakataet al.15 Such a broadening of the sur-
face state might be explained by the interaction of Cu and
benzene where the benzene HOMO might be involved. The
energy differences between the benzeneb2g and e2u

~LUMO! states in the gas phase and on Ag$111% are approxi-
mately the same.18 Therefore, we assume that also on
Cu$111% the energy differences between the molecular orbit-
als are approximately the same as in the gas phase. Using the
e2u position of C6H6

18 and the energy spacing in gas phase
benzene,26 we estimated the binding energy of the benzene
HOMO to be approximately 0.5 eV below the Fermi level,

close to the surface state. The spectral broadening of the
surface state might thus indeed be attributed to an interaction
between the surface state and the benzene HOMO. However,
this interaction is not discussed in this paper, as the main
focus is on the bilayer regime. At higher coverages of 0.8,
1.7, and 3.0 ML, as shown in Fig. 4, a photon energy of 3.73
eV was used to avoid one-photon photoemission. At the ben-
zene coverage of approximately 1.7 ML, a new benzene-
induced peak appears close to the secondary edge, thed-band
peak of Cu$111% remains qualitatively unchanged, only
shifted due to the different photon energy, and the surface
state peak develops into two peaks which are labeled as
statesA andB with increasing kinetic energy. The progres-
sion and characterization of the peaks A and B are discussed
in Sec. D.

The low coverage regime is of interest, because Mu-
nakata et al.14,15 observed the fine structure of
C6H6/Cu$111% at the exposure of 0.32 L. Their spectrum,
measured with 3.87 eV photon energy, showed a progression
of four peaks of less than 0.2 width, with about 0.2 eV spac-
ing. These features were proposed to originate from benzene-
induced excited states about 1 eV above the Fermi level.
Using the exposure of 0.32 L and Munakata’s reported factor
of 214 between his and Xi’s exposures,19 the corresponding
coverage is estimated to be 0.4 ML. However, Fig. 4 shows
no fine structure at this coverage. This submonolayer cover-
age should induce a work function change of approximately
20.3 eV, based on the results shown in Fig. 3. However, this

FIG. 4. 2PPE spectra of C6H6 /Cu$111% measured at two different photon
energies. At low coverages thed- band peak and the broadened surface state
peak are observed. At the benzene coverage of approximately 1.7 ML, a
benzene-induced peak appears close to the secondary edge, thed-band peak
of Cu$111% remains qualitatively unchanged, and the surface state peak
progresses into two peaks A and B.
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is not the result presented by Munakataet al.,14 where the
work function change was estimated to be about20.8 eV. At
the higher coverage of 1.7 ML, as shown in Fig. 4, the work
function change is20.8 eV. Using the comparable photon
energy as Munakataet al., only one broad peak is observed
in the energy range from 4 to 5 eV above the Fermi level
where Munakataet al. observed the fine structure.14 Con-
cluding, we report that the fine structure is not reproduced in
our experiments at any coverage. A possible explanation
could be that these features are a result of either some spatial
or temporal inhomogeneities of the benzene coverage. Note
that Stranicket al. observed with STM a formation of ben-
zene islands which diffuse freely at 77 K on Cu$111% at
submonolayer coverage.21

2. Wavelength dependence

In order to characterize the 2PPE features of
C6H6/Cu$111%, the wavelength dependence of the peak po-
sitions is analyzed, as shown in Fig. 5. The photon energy
was tuned from 3.46 to 3.87 eV for a benzene coverage of
1.7 ML where all the features are observed: the benzene-
induced peak near the secondary edge~rhombs!, the Cud-
band peak~squares!, and the A~triangles! and B ~circles!
peaks. The four data sets show linear dependences on the
photon energy and their fits yield slopes of 0, 2.0, 1.0, and
1.1, respectively. Note that the detailed schemes of the 2PPE
process are displayed in Fig. 2. All the 2PPE spectra pre-

sented in this paper are measured withp-polarized light
~electric field vector parallel to the plane of incidence!. Using
s-polarized light, the benzene-induced peak near the second-
ary edge and the Cud-band peaks remain unchanged, but the
peaks A and B disappear, suggesting that the statesA andB
haves-symmetry.

The benzene-induced peak near the secondary edge
shows no kinetic energy dependence on photon energy
(slope50) and can be assigned as a final state in the 2PPE
scheme, as illustrated in Fig. 2-3. The binding energy of this
state is calculated to be 4.660.05 eV above the Fermi level
with a FWHM of 0.5 eV. In accordance with the IPE18 result
determining the benzene LUMOp* e2u state at 4.6 eV
above the Fermi level, we assign the 2PPE benzene-induced
peak as the LUMO state. The polarization dependence of the
benzene-induced peak is also consistent withe2u symmetry.
The observation of this adsorbate-induced final state is some-
how unique in 2PPE investigations reported so far.

Traditionally, unoccupied electronic states are deter-
mined by IPE. 2PPE then represents an alternative technique
to probe these states. The comparison of the binding energies
determined by these two techniques is of interest, because of
their different excitation mechanisms. In principle, the bind-
ing energies measured with IPE and 2PPE could differ, be-
cause their final states are systems with (n11) and (n21)
electrons, respectively. In the case of IPE, an electron is
added to the system and a photon is detected. In the case of
2PPE, a photon is used to emit an electron from the system.
The agreement between the determined binding energies
suggests that the 2PPE photohole is generated in the Cu bulk,
allowing the complete screening of the hole on the time scale
of the 2PPE process. Interestingly, the results of x-ray emis-
sion and absorption of C6H6/Cu$110%27 do not provide a
similar binding energy for thep* e2u state. In this case, the
photohole is located at the carbon atom and presumably can-
not be effectively screened on the time scale of the
absorption/emission processes. We conclude that our 2PPE
result describes an experimental case where the photohole is
screened and therefore, the binding energies determined by
2PPE and IPE are in agreement.

The C6H6 coverage used in the IPE measurement18 was
estimated to be (261) monolayers. However, it was not
discussed whether the observed LUMO at 4.6 eV above the
Fermi level was thee2u state of the molecules in the first or
in the second layer. In general, the energetic position of an
unoccupied molecular orbital is lower in a molecule ad-
sorbed on a metal surface than in a free molecule. Three
effects contribute to this downshift:~i! the image charge
screening by the metal substrate,~ii ! the polarization of the
neighboring adsorbed molecules, and~iii ! possible delocal-
ization ~band formation! within the adsorbate layers. Thee2u

state of the C6H6 molecule in the gas phase is situated 1.15
eV above the vacuum level.28 If we for the moment neglect
the influence of the neighboring C6H6 molecules, the down-
shift induced by the image charge screening of the metal is
given by2Ry/(2z), where Ry is the Rydberg constant, and
z the distance of the molecule from the image plane in units
of the Bohr radius. Identifying the image plane with the

FIG. 5. The wavelength dependence of the C6H6 /Cu$111% 2PPE peak po-
sitions. The energy above the Fermi level is plotted vs the laser photon
energy. At the benzene coverage of 1.7 ML, all four features are observed:
the benzene-induced peak~rhombs! assigned as the C6H6 LUMO, the Cud-
band peak~squares!, and the A~triangles! and B~circles! peaks assigned as
image states.
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metal surface, and assuming a work function of 4.1 eV, the
measured LUMO energy is reduced by 0.65 eV compared to
the free molecule, which corresponds to a distance of 5.5 Å
from the surface. Considering that the first layer consists of
flat-lying C6H6 molecules,19 this value is only consistent with
the assumption that the measured LUMO is thee2u state of
the molecules in the second layer. Thee2u state of benzene
in the first layer is certainly shifted further down, most prob-
ably below the vacuum level. A possible reason why it is not
observed in 2PPE might be that it is extremely broadened by
the interaction with the metal surface. We can rule out that
either stateA or B is the e2u state of the first layer, since
these states shows-symmetry, and the intensities and widths
of the peaks are much smaller than those of the observed
LUMO of the second layer. In summary, we conclude that
the observede2u state originates from benzene in the second
layer.

The position of the Cud-band peak shifts with twice the
photon energy (slope52.0). Such a shift is expected for the
occupied initial states, as shown in Fig. 2-1. Both the peak A
and the peak B shift with once the photon energy~slope
51.0 and slope51.1, respectively!, a behavior which is ex-
pected for intermediate states, as shown in Fig. 2-2. This
observation provides the evidence that theA andB states are
unoccupied electronic states with binding energies of 3.30
60.10 and 3.4560.10 eV above the Fermi level, respec-
tively. The possibility that one of these states could be either
an occupied surface state or the benzene HOMO can be ruled
out. The polarization dependence showed thes-symmetry of
the statesA and B. Note that the image states were previ-
ously shown to haves-symmetry.2 Thus, based on their
binding energies close to the vacuum level and theirs-
symmetry, the statesA andB are assigned as image potential
states. The difference between the binding energies of the
n51 andn52 image states is typically about 0.5, e.g., 0.57
for clean Cu$111% and 0.48 eV for one monolayer
Xe/Cu$111%.9 The two peaks A and B are spectrally resolved
with FWHMs of 0.15 and a peak-to-peak separation of 0.15
eV. Therefore, an assignment of the statesA and B as the
n51 andn52 image states, respectively, is unlikely. The
absence of the third peak from then53 state at higher en-
ergies also suggests that the peaks A and B are more likely
two (n51)-like image states. A detailed discussion of the
formation and characterization of the image statesA andB is
provided in the following section.

D. Image potential states of C 6H6 /Cuˆ111‰

1. Coverage dependence

The 2PPE peak of then50 surface state is initially
broadened at low benzene coverages and is presumably
quenched when the benzene coverage is further increased
~see Ref. 18!. On the other hand, image potential states have
been observed for a wide variety of adsorbate-surface sys-
tems at different coverages.2–17 The evolution of the two
image state peaks A and B with benzene coverage is pre-
sented in Fig. 6, using 3.65 eV photon energy. The 2PPE
intensity is plotted as a function of the binding energy below
the vacuum level. The transformation is shown for 2PPE

spectra at benzene coverages of 1.0, 1.2, 1.5, and 2.0 ML.
The 2PPE intensities in Fig. 6 are normalized to thed- band
intensity and the peaks are fitted with Gaussian profiles to
guide the eye. Note that the benzene coverage of 1.0 ML
corresponds to the completion of the first layer on Cu$111%.
Therefore, the 2PPE feature at the 1.0 ML coverage is attrib-
uted to a state induced by the first layer of benzene and
assigned as the image stateA. When the benzene coverage is
increased above the first layer~1 ML!, a shoulder appears on
the higher energy side of the image state peak A. The shoul-
der is attributed to the image stateB which is presumably
induced by the formation of the second layer. At the benzene
coverage of 1.5 ML, the two peaks of the image statesA and
B are spectrally resolved. Note that because the FWHM of
the image state peak A at 1.0 ML coverage is slightly greater
than at 1.5 ML, a possible disorder of the first layer cannot
be excluded. When the benzene coverage is further increased
to 2.0 ML, only one feature is observed and assigned as the
image stateB.

We note that the spectra shown in Fig. 6 were obtained
by exposing the crystal to well-defined benzene doses at 120
K. With a different preparation technique, where the crystal
was exposed to higher doses and subsequently annealed, a
broadened peak with a shoulder was obtained rather than two

FIG. 6. The evolution of the two image state peaks A and B with the
benzene coverage, using 3.65 eV photon energy. The 2PPE intensity is
plotted vs the binding energy below the vacuum level. The formation of the
two image states is proposed to be induced by the change of the benzene
adsorption geometry from the flat-lying benzene molecules in the first layer
to the almost vertical benzene molecules in the second layer. The adsorption
mechanism is sketched in the four insets where the patch A and the patch B
are proposed to provide the different work functions and adsorbate-surface
potentials to support the formation of the image statesA andB, respectively.
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well-separated peaks. This behavior might be assigned to
differences in the growth morphology.19

A similar formation of multiple image state peaks in
incomplete adsorbate layers was also observed for the
cyclohexane/Ag$111%5 and Ag/Pd$111%3 systems. The mul-
tiple peaks induced by cyclohexane provided evidence of
incomplete layer growth; upon annealing they developed into
a single peak. In the case of Ag deposition on Pd$111%, the
double peaks were observed in the incomplete layer and only
one image state was observed for a complete layer. In this
paper the investigation of the image state dynamics is fo-
cused on the image states at the intermediate coverage, be-
tween the monolayer and the bilayer.

2. Morphology model

The dependence of theA and B formation on the ben-
zene coverage, shown in Fig. 6, and the correlation between
the benzene coverage and the benzene adsorption geometry19

suggest the following hypothesis. The formation of the two
image states is proposed to be induced by two different ad-
sorption morphologies of benzene, progressing from the flat-
lying benzene molecules in the first layer to the almost
vertical-lying benzene molecules in the second layer. The
adsorption scenario is sketched in the four insets of Fig. 6.
The change of the work function between the benzene cov-
erages of 1.0 and 2.0 ML was determined to be20.2 eV.
The formation of the two image states is then associated with
the work function change and presumably also with a change
of the adsorbate-surface potential. In other words, each im-
age state is supported by a different local work function and
a different local potential.3,29 The image stateA is proposed
to be induced by the first layer of flat-lying benzene mol-
ecules on the surface. We can visualize a unit which gener-
ates the work function change and the adsorbate-surface po-
tential supporting the image stateA. This ‘‘morphology
unit’’ is shown in the inset of Fig. 6 by the 1.0 ML peak and
assigned as a patch A. When the coverage is increased, the
benzene molecules start forming the second layer where they
are tilted, as schematically shown in the following insets of
Fig. 6. Such a geometry, which is assigned as a patch B, can
provide a different work function as well as a different
adsorbate-surface potential in comparison with the patch A.
The patch B is visualized in the inset of Fig. 6 by the 1.2 ML
peak and is proposed to support the formation of the image
stateB.

The experimentally observed coexistence of the two im-
age states, together with the proposed mechanism of the two
patches A and B, still leaves open the question of the size of
the patches, i.e., whether the benzene molecules of the sec-
ond layer form islands or are randomly distributed. In the
latter case, the state B would be supported by single benzene
molecules at coverages slightly above 1 ML, which would
imply a localized state with zero dispersion~i.e., infinite ef-
fective mass!. At coverages close to the bilayer completion,
the situation would be reversed, the stateA would be sup-
ported by isolated vacancies, and again show zero disper-
sion. At intermediate coverage, the states would either re-
main at zero dispersion, or show an energetic downshift due
to delocalization energy. However, as discussed in the fol-

lowing section, the statesA andB show effective masses of
1.1 and 1.9me , respectively, at 1.5 ML coverage~me

5free electron mass!, and almost no coverage dependence of
their binding energies~Fig. 6!. This shows that the patches B
which support the respective image state cannot be formed
by randomly distributed molecules. We therefore conclude
that the incomplete second benzene layer forms islands, and
that the image statesA andB are supported by the area be-
tween the bilayer islands~patches A!, and by the islands
themselves~patches B!, respectively. In other words, the
patches A are identified with the monolayer, and the patches
B with the bilayer. This conclusion is supported by the STM
observation of freely diffusing benzene islands at submono-
layer coverage at 77 K.21 This result suggests that also the
molecules of the second layer, which are more weakly bound
according to TPD, can diffuse freely at our experimental
conditions, which is prerequisite to island formation.

At 2.0 ML coverage, where the ratio between the num-
bers of benzene molecules in the first and the second layer is
1:1, only the peak of the image stateB is observed. The inset
of Fig. 6 by the 2.0 ML peak illustrates the saturation of the
patches B on the Cu$111% surface. According to TPD, as
shown in the inset of Fig. 3, and also according to Xi’s
results,19 the complete bilayer is formed at 3 ML coverage
where the ratio of the benzene molecules in the first and the
second layer is 1:2. Thus, a further growth of the islands and
a further decrease of the work function might be expected at
coverages above 2.0 ML. However, Fig. 3 shows that the
work function is saturated at about 2.0 ML. This result, as
well as the observation of the single image state peak B,
suggests that the benzene bilayer on Cu$111% is actually
completed at 2.0 ML coverage. This conclusion is supported
by the structure of solid benzene,24 where the ratio between
the numbers of benzene molecules in two adjacent layers is
also 1:1. Therefore, we propose that the ratio between the
numbers of benzene molecules in the first and the second
layer of the bilayer is approximately 1:1. In this case, the
observation of the two image states in 2PPE seems to be
more sensitive than TPD in the determination of the benzene
bilayer completion. The fact that the FWHM of the image
state peak B at 2.0 ML coverage is slightly smaller than at
1.5 ML suggests a more ordered structure at 2.0 ML. This
suggestion supports the island-like morphology at 1.5 ML
which is more disordered in comparison with the more ho-
mogeneous morphology at 2.0 ML. The mechanism pre-
sented by a cartoon of the four insets in Fig. 6 qualitatively
describes the formation of the two image states. However,
the 2PPE intensity ratios of the two image states are not
completely explained. This is presumably due to the signal
normalization with respect to the Cud-band intensity where
the variation of the 2PPE intensity with the coverage is not
known.

3. Dispersions of the two image states

The spectrally separated image statesA andB at 1.5 ML
coverage, as shown in Fig. 6, are used in the measurements
of dispersions and lifetimes. To determine theki dispersion,
the angle between the Cu$111% surface normal and the TOF
spectrometer is varied. In these measurements, the bias of the
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crystal is adjusted to match the vacuum energies between
Cu$111% and the TOF spectrometer~graphite coated with a
work function of about 4.5 eV!. This adjustment minimizes
the deviation of electrons due to the external electric field,
before they enter the field-free region inside the spectrom-
eter. The beam position on the sample is optimized for the
maximum 2PPE signal intensity with a gate on an image
state peak. The measured kinetic energy of the photoelec-
trons (Ek), the angle with respect to the surface normal~u!,
and the free electron mass (me) are used to calculate theki

component of the electron wave vector,5

ki5~2meEk /\2!1/2 sin u. ~1!

Figure 7 shows the dependence between the electron kinetic
energy andki for the image statesA andB. The dispersion
measurements are performed with 3.65 eV photon energy.
The inset of Fig. 7 compares the dispersions of the
C6H6/Cu$111% image statesA andB and the Cu$111% surface
state. The dispersion curves of the image statesA andB were
fitted by a parabolic5 function,

Ek5E01\2ki
2/~2meff!. ~2!

The fits determine the electron effective masses (meff) for the
image statesA and B to be (1.160.1) and (1.960.2) me ,
respectively. The mass of the image stateA is almost the free
electron mass, suggesting that the potential of the monolayer
C6H6/Cu$111% is almost flat in the direction parallel to the
surface. The higher effective mass of the image stateB might

then be explained with a modulation of the bilayer
C6H6/Cu$111% potential parallel to the surface, as discussed
in Sec. III D 6. This modulation along the patches B may be
attributed to the different, almost perpendicular, binding ge-
ometry of the benzene molecules in the second layer.

4. Lifetimes of the two image states

In time-resolved 2PPE, the electron temporal evolution
can be followed by recording ‘‘snapshots’’ of the 2PPE sig-
nal intensity as a function of the pump/probe time delay.9 In
order to determine the lifetimes of the image statesA andB,
a cross-correlation curve of the surface state on the clean
Cu$111# surface is initially recorded as a measure of the
temporal shape of the laser pulses. 2PPE from the surface
state is an instantaneous process via a virtual state due to the
absence of electronic states in thesp-band gap of Cu$111%.
Therefore, the cross-correlation signal from this state repre-
sents the correlation function of the pump/probe laser pulses.
The photon energies used in these experiments were 1.88 of
VIS and 3.75 eV of UV. The VIS-UV cross-correlation
curve for the surface state peak is shown in Fig. 8. This curve
is fitted by the convolution of a sech2 function with itself,9

assuming that both laser pulses have sech2 shapes and the
same widths. Compared to Gaussian, Lorentzian, and Voigt
pulse shapes, the sech2 shape provides the best fit to the
measured cross-correlation pulse profiles.9 The determined

FIG. 7. The dispersion of the image statesA andB parallel to the surface.
The parabolic fits~lines! determine the electron effective masses (meff) with
respect to the free electron mass (me). The dispersions of the image statesA
andB of C6H6 /Cu$111%, and of the surface state of Cu$111% are compared
in the inset.

FIG. 8. Cross-correlation curves~data points! of the image statesA andB.
The photon energies of 1.88 and 3.75 eV were used at 1.5 ML C6H6 cov-
erage. The cross correlation of the Cu surface state is the measure of the
temporal shapes of the laser pulses. The fits~lines! of the cross-correlation
curves of the image statesA and B yield the lifetimes, which are approxi-
mately proportional to the shifts of the maxima of the curves with respect to
time zero.
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FWHM of the laser pulses is 80 fs, which is 65% of the
FWHM of the measured cross-correlation curve, as shown in
Fig. 8. The position of this curve serves as the time zero of
the pump/probe delay. Wolf and co-workers showed that the
lifetimes of excited states, which are considerably shorter
than the laser pulse duration, can be resolved if the precise
time zero of the delay is known.9,10 Figure 8 also shows the
cross-correlation curves of the image statesA and B, both
fitted with the convolution of two sech2 functions and an
exponential decay function.9 The maximum of the curve of
the image stateA is shifted by 33 fs with respect to time
zero. This positive time delay corresponds to the case where
the UV pump pulse arrives before the VIS probe pulse. Com-
paring the temporal responses between the virtual state and
the image state, the observed shift is a consequence of the
excitation process and is proportional to the lifetime. The
lifetime of the image stateA obtained from the analysis9 of
the cross-correlation curve is (4065) fs. The temporal shift
and lifetime of the image stateB are determined to be 17 and
(2065) fs, respectively.

Since the dominant decay channel of image states is
electron–electron scattering in the metal substrate, their life-
times are approximately inversely proportional to their over-
laps with the substrate, i.e., the integrated probability densi-
ties inside the crystal. On Cu$111%, this overlap depends
strongly on the energetic position of the image state. The
farther the image state is located from the center of thesp-
band gap~1.6 eV above the Fermi level! toward the upper
band gap edge~4.1 eV above the Fermi level!, the shorter its
lifetime, due to the longer penetration length of the wave
function into the substrate.9 The image statesA and B with
their binding energies of 3.30 and 3.45 are 0.80 and 0.65 eV
below the upper band gap edge, respectively. These positions
suggest short lifetimes. The lifetimes of the image statesA
and B were experimentally determined to be very short, 40
and 20 fs, respectively, but they are clearly different. How-
ever, this difference in the lifetimes cannot be explained by
the small difference in binding energies of only 0.15 eV.
Another possible explanation for the difference could be that
defects can enhance the relaxation processes, and therefore
decrease the lifetimes. In the case of the image stateB, the
island-like morphology or irregular growth of the second
layer in the patches B could lead to scattering of the elec-
trons away fromki50 to higherki values where the Cu
sp-band gap is smaller, which would lead to a faster decay
compared to image stateA.

5. Simulation using the dielectric continuum model

In the case of Xe multilayers physisorbed on noble metal
surfaces, the dielectric continuum model has been success-
fully employed to simulate the spectroscopic and dynamic
properties of image potential states.6,8,30 In this model, the
adsorbate overlayers are treated as a homogeneous dielectric
slab whose effect on the image potential is determined by
two parameters: the dielectric constant« and the electron
affinity EA. The dielectric constant« leads to a screening of
the image charge in the metal, and to the creation of an
additional image potential well at the dielectric–vacuum in-

terface, due to the polarization of the dielectric. The electron
affinity EA leads to a constant energy shift of the image
potential inside the dielectric slab.

The binding energies of the image states are calculated
by solving Schro¨dinger’s equation for the modified image
potential in the dielectric slab and on the vacuum side, and
matching the wave function to the solutions of the nearly
free electron model in the metal substrate. The lifetimes of
the image states can also be estimated within this model,
since they are approximately inversely proportional to the
overlap of the wave function square with the substrate. More
details of this model can be found in Refs. 6 and 8.

We have applied the dielectric continuum model to the
systems of a monolayer and a bilayer of benzene on Cu$111%,
in order to try to reproduce the properties of the image states
A and B. The parameters used were«52.284 ~liquid
benzene31! and EA521.15 eV~free C6H6 molecule28!. Note
that the measured position of the LUMO at 4.6 eV above the
Fermi level agrees well with the electron affinity of the free
molecule, if we assume that we measured the LUMO of the
second C6H6 layer ~Sec. III C 2!. From the bond lengths of
C6H6, we estimated the thickness of the~flat-lying! C6H6

monolayer~patch A! to be 2 Å, and the thickness of the
bilayer ~patch B! to be 7 Å. The work functions used in the
simulation were 4.2 and 4.0 eV for statesA and B, respec-
tively. In order to avoid singularities at the dielectric–
vacuum interface, the potentials were linearly interpolated
over a range of 2 Å around the interface.

Figure 9 shows the model potentials and the calculated
wave function squares of the lowest-lying image states for
one and two C6H6 layers on Cu$111%, which correspond to
the image statesA andB, respectively. The calculated bind-
ing energies are 3.41 and 3.52 eV above the Fermi level for
the monolayer and the bilayer, which agrees reasonably well
with the measured values of (3.3060.10) and (3.45
60.10) eV, respectively. On the other hand, the calculated
overlaps of the wave function squares with the substrate
were only 2.4% for the monolayer and 4.0* 1023% for the
bilayer, whereas the measured lifetimes of 40 and 20 fs cor-
respond to overlaps around 10%–20%.10,32 Thus, the calcu-
lated overlap for the image stateB on the C6H6 bilayer is too
small by several orders of magnitude. The reason for the
small overlap in the simulation can be seen in Fig. 9, where
due to the negative electron affinity, the C6H6 bilayer acts as
a barrier which effectively decouples the image states from
the substrate.

A possible explanation for this discrepancy between our
model and the experimental findings is that the electron af-
finity of the C6H6 bilayer is actually less negative, so that
there is a higher probability density of the image stateB
inside the second C6H6 layer. However, since we measured
the binding energy of the LUMO to be 4.6 eV above the
Fermi level, there is little room for the assumption of a less
negative electron affinity of the C6H6 molecules in the sec-
ond layer. An appealing way out of this dilemma lies in the
consideration of the structure of the second layer. Since the
molecular density is presumed to be the same as in the first
layer ~Sec. III D 2!, while the molecules are oriented more
perpendicular to the surface, there is obviously considerable
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space between the molecules. If the wave function of the
image stateB is predominantly located between the mol-
ecules in the second layer, the effective electron affinity will
be something between zero and the electron affinity of the
molecules. At the same time, in the direction parallel to the
surface, the molecules will act as barriers which reduce the
interaction between adjacent potential wells. This will lead to
a higher effective mass in the direction parallel to the sur-
face, a prediction which agrees with the experimental finding
that the effective mass of image stateB is 1.9, compared to
1.1me for image stateA. Thus, both the lifetime and the
effective mass of the image stateB suggest that a consider-
able part of its wave function is located between the C6H6

molecules of the second layer.

6. Kronig –Penney model for the image state B

The relatively loose arrangement of benzene molecules
in the second layer leads to a periodic modulation of the
electron affinity~and thus of the potential acting on an elec-
tron! parallel to the surface~see Fig. 10!. This is presumably
the reason for the effective mass of 1.9me of the image state
B. It is suggestive to estimate the effect of this periodic
modulation with the aid of the well-known Kronig–Penney
model.33 This model describes the formation of electronic
bands in a crystal by a one-dimensional periodic square-well
potential.

We have simulated the potential parallel to the surface in
the second C6H6 layer by a Kronig–Penney potential consist-
ing of periodic square wells~zero potential! of 10 Å width,
separated by square barriers~potential U0! of 2 Å width.
These widths correspond roughly to one upright C6H6 mol-
ecule of the second layer every two flat-lying C6H6 mol-
ecules of the first layer~see Fig. 10!. Assuming that the C6H6

bilayer is symmetric in the two dimensions parallel to the
surface, this would result in the same number of C6H6 mol-
ecules in the first and the second layers. Note that the actual
structure of the bilayer certainly differs from this simplified
model. In order to obtain an effective mass of 1.9me , the
barrier heightU0 must be chosen as 2.81 eV, which is con-
siderably higher than the negative electron affinity of 1.15
eV of a single C6H6 molecule. However, this difference can
be rationalized by the argument that the image state wave
function at the position of a C6H6 molecule could be a com-
bination of several molecular orbitals, not only the LUMO.

The upper panel of Fig. 10 shows the Kronig–Penney
potential used to simulate the potential parallel to the surface
in the second C6H6 layer, together with the square of the
calculated wave function withki50. The calculated energy
of this state is 0.21 eV. As can be seen in Fig. 10, this energy
is mainly the localization energy needed to confine the wave
function to the potential wells between the molecules. Con-
sidering that the same localization energy will be needed in
the other dimension parallel to the surface, this model yields
an effective electron affinity of'20.4 eV, which is indeed

FIG. 9. Simulation of the image statesA and B within the dielectric con-
tinuum model. Thez axis is the direction normal to the surface. The model
potentialsV(z) are image potentials modified by the presence of the C6H6

mono- or bilayer, respectively~indicated by the sketched C6H6 molecules!.
The overlaps of the calculated wave function squaresc2(z) with the Cu
substrate are approximately inversely proportional to the lifetimes of the
states.

FIG. 10. Kronig–Penney model of the potential parallel to the surface in the
second C6H6 layer. Upper panel: The model potentialV(x) corresponds to a
simplified bilayer structure indicated by the sketched C6H6 molecules~see
text!. The calculated wave function squarec2(x) for ki50 is mainly located
in the potential wells between the upright molecules of the second layer. The
dashed line is the zero line ofc2 and indicates the calculated binding energy
E(ki50)50.21 eV. Lower panel: The calculated dispersion curve for the
model potentialV(x). The effective mass is 1.9me. The free-electron dis-
persion curve is shown for comparison.
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considerably less negative than the value of21.15 eV of a
single C6H6 molecule. The lower panel of Fig. 10 shows the
dispersion curve parallel to the surface calculated with the
Kronig–Penney model potential shown in the upper panel.
The curvature atki50 corresponds to an effective mass of
1.9me . The free-electron dispersion curve is also plotted for
comparison.

Concluding, we have shown that a Kronig–Penney
model potential with physically meaningful parameters can
reproduce the effective mass of 1.9me parallel to the surface
observed for the image stateB. The calculated wave function
is mainly localized in the potential wells between the upright
C6H6 molecules of the second layer, which was postulated in
the last section to explain the short lifetime of (2065) fs of
the image stateB. Thereby, the effective electron affinity of
the second C6H6 layer is considerably increased compared to
the value of21.15 eV for a single molecule.

IV. CONCLUSION

Two-photon-photoemission spectroscopy was employed
to determine the electron dynamics of C6H6/Cu$111% in the
bilayer coverage regime. The C6H6 p* e2u unoccupied state
~LUMO! was observed at the binding energy of 4.6 eV
above the Fermi level. The LUMO state appeared in the
2PPE scheme as a final state which is the first observed final
state in 2PPE for adsorbate-surface systems. An agreement
between the binding energies determined with 2PPE and
IPE18 was found, presumably due to effective screening of
the photohole. An estimation of the image charge screening
suggested that the observed LUMO was thee2u state of the
benzene in the second layer.

The work function change was20.9 eV upon the bilayer
formation. Interestingly, 2PPE suggested that the ratio of the
numbers of benzene molecules in the first and the second
layer is approximately 1:1 instead of 1:2, as previously esti-
mated by TPD and HREELS.19 Our result is consistent with
the structure of solid benzene.

Two image potential states assigned asA and B were
observed at a coverage of approximately 1.5 ML, which is
the intermediate benzene coverage between the first and sec-
ond layers. The binding energies of the image statesA andB
were measured to be 3.30 and 3.45 eV above the Fermi level,
respectively. The two states show different upward disper-
sions with effective electron masses of 1.1 and 1.9me , re-
spectively. Time-resolved 2PPE was used to measure the
lifetimes of the image statesA andB as 40 and 20 fs, respec-
tively. The image statesA and B are proposed to be sup-
ported by patches with monolayer and bilayer coverage, re-
spectively. A simulation of the two states within the
dielectric continuum model could not reproduce the short
lifetime of the stateB. However, a simple Kronig–Penney
model for the bilayer can explain this shortcoming, and at the
same time reproduce the high effective mass of the stateB.
This investigation presents the dynamics of the incomplete
bilayer, which can be viewed as a laterally confined struc-

ture, and can shed some light on the role of adsorption mor-
phology in electron dynamics.
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