
Adsorbed rare-gas layers on Au(111): Shift of the Shockley surface state studied
with ultraviolet photoelectron spectroscopy and scanning tunneling spectroscopy

Thomas Andreev,* Ingo Barke, and Heinz Hövel†

University of Dortmund, Experimentelle Physik I, D-44221 Dortmund, Germany
(Received 20 April 2004; published 23 November 2004)

The energetic position of the Au(111) Shockley surface state is compared before and after adsorbing differ-
ent rare gas monolayers(Ar, Kr, and Xe). We used ultraviolet photoelectron spectroscopy(UPS) and scanning
tunneling spectroscopy(STS) in combination to get more complete information by using the advantages of
both methods. For determining the energetic position and the effective mass of the surface state in UPS an
analytic mathematical method is used, which takes the finite angular resolution of the analyzer into account.
We performed STS scans for the pure Au(111) surface as well as covered with a monolayer Kr and Xe. For an
accurate analysis it is possible to use an extended Kronig-Penney model to take into account the influence of
the 233Î3 reconstruction. We found that the first monolayer of a rare gas induces shifts of around
50–150 meV increasing with the gas atomic number, whereas a second monolayer has only a small influence
of about 3–18 meV. Using an image potential model it is possible to characterize these shifts qualitatively. For
a semiquantitative analysis the phase accumulation model is applied. Within this model we can describe the
experimental data roughly with a Coulomb potential changing in dependence of the electron affinity and the
dielectric constant of the rare gas.
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I. INTRODUCTION

Shockley surface states are two-dimensional systems
which are formed by electron confinement due to the surface
band gap of the bulk material and the vacuum barrier of the
surface. They are of fundamental interest as model systems
for a two-dimensional free electron gas. The properties ener-
getic positionE0, effective massm*, and the lifetime were
investigated thoroughly for different materials. Some dis-
crepancies existed in earlier studies in particular for the com-
parison of ultraviolet photoelectron spectroscopy(UPS) and
scanning tunneling spectroscopy(STS). New high-resolution
experiments are in better agreement, cf., e.g., Refs. 1–4.

Due to its location at the sample surface the surface state
can be influenced significantly by adsorbing various materi-
als. Depending on the adsorbate the effect turns out qualita-
tively different. While some materials induce a shift,5 chemi-
sorbed atoms and molecules often completely quench the
surface state.6 Here we want to focus on the change of the
propertiesE0 and m* after adsorption of different rare-gas
layers.7–9 These rare gases induce a shift towards higher en-
ergies, and the variation of the adsorbed gas offers a handle
to investigate the underlying interactions in a systematic
way. For the systems discussed here, the adsorbate layers can
be described with simple models and they form incommen-
surate two-dimensional layers on Au(111), whereby the in-
teraction with other substrates can be more complicated.10–14

In particular for the reconstructing Au(111) surface it is ad-
vantageous to use UPS and STS in combination. It helps to
identify possible discrepancies between different experi-
ments, e.g., due to variations in the sample preparation and
allows a view on the results in a more complete frame.

With STS it is possible to measure the influence of adsor-
bates on the local density of states(LDOS) at different posi-
tions of the reconstruction. In order to determine the ener-

getic position and the lifetime of the surface state we
consider the local variation of the surface potential induced
by the 233Î3 reconstruction.15,16

Angle resolved UPS allows to measure the energetic dis-
persion of the surface state for monolayers(ML ) and multi-
layers of rare gases on Au(111). We include the finite angular
resolution of the analyzer with an analytic model. With this
we get more accurate data for the energetic position and the
effective mass of the surface state.

For the discussion of the experimental results we use the
surface potential and the so-called phase accumulation
model, which allows us to classify these shifts with the prop-
erties electron affinity EA and the dielectric constant« of the
rare gas. Using a surface potential, which was applied before
for image states17,18 we can classify the positions of the sur-
face state qualitatively. It is also possible to explain the dif-
ference between an adsorbed rare gas monolayer and a
multilayer of rare gas.

For more quantitative calculations we use the phase accu-
mulation model which was applied before mainly for image
states and quantum well states.19–21 Within this model it is
possible to describe the barrier potential with either a step or
a Coulomb potential. From the comparison of the measured
and calculated positions of the surface state we find that the
relevant potential for the surface state is essentially influ-
enced by the electron affinity and the dielectric constant of
the rare gas.

II. EXPERIMENT

The experiments were performed using low-temperature
scanning tunneling microscopy(STM) which is combined
with UPS in a common ultrahigh vacuum(UHV) system.22 It
consists of two main chambers, a preparation chamber
equipped with a high-resolution hemispherical electron en-
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ergy analyzer for UPS and an analysis chamber containing
the low-temperature STM.

The STS data, eitherdI /dV spectra measured with vary-
ing V at a single position ordI /dV maps measured for fixed
V, were taken under open loop conditions by lock-in detec-
tion. The set point before switching off the feedback loop
was betweenV=−1 V andV= +1 V and the tunneling cur-
rent varied from I =0.1 nA to I =0.3 nA. For the single
point spectroscopy data we used a modulation voltage of
7 mVrms and a frequency around 700 Hz. The lock-in time
constant was set to 30 ms and the acquisition time was
ù80 ms to avoid time constant effects. All STM and STS
data were measured atT=5 K.

Our hemispherical analyzer has a radius of 125 mm. As a
photon source we use HeI light with the energy of 21.2 eV.
We have achieved with this setup a resolution of 10 meV.22

In the experiments presented here we chose slightly lower
energy resolutions with higher counting rates. We used an
angular acceptance of about ±1° and the data point distance
is set to 5 meV. For the UPS measurement and the sample
preparation the Au(111) samples were mounted on a manipu-
lator, which can be cooled down belowT=10 K, by means
of a liquid helium flow cryostat. This manipulator allows
transferring cold samples between the two chambers and into
the STM. The angular accuracy of the manipulator is about
0.2° for the adjustable rotation around the manipulator axis.
The fixed angle perpendicular to the axis is 0° ±0.3°.

The Au(111) single-crystal sample was prepared by re-
peated cycles of ion sputtering(1 keV Ar+ or Kr+ ions) and
heating up to 900 K for 1 or 2 h. We checked the cleanliness
of the sample by measuring the UPS peak of the Au(111)
surface state, which is very sensitive to contamination. An
ultimate check is imaging the sample in the STM. See for
example Fig. 6, which shows the excellent sample quality
after rare gas adsorption. Some contamination occurs during
the low-temperature UPS measurements. We checked that
the resulting decrease of the surface-state intensity was not
significant on the time scale of the photoemission experi-
ment. Alternatively also samples with a Au(111) film on mica
were used. These films were produced in a separate vacuum
chamber following the procedure of Ref. 23 by evaporation
of a 100 nm Au film on freshly cleaved mica atT=360 °C.
After introducing the Au/mica samples into the UHV system
the surface was cleaned with ion sputterings20 mind and
heatings600 Kd. While the mesoscopic surface structure and
the crystalline orientation was better defined for the Au(111)
single crystal, the terrace areas were larger on the Au/Mica
samples(cf. Sec. V).

A controlled number of rare-gas monolayers were dosed
onto the samples by controlling the partial pressure with a
quadrupole mass spectrometer and a leak valve. The exact
time, partial pressure, and temperature for adsorbing well-
defined monolayers of rare gases were determined with UPS
by monitoring thep signals of the corresponding rare gas.
The energetic position of the measuredp signals gives us
information about the film thickness of the adsorbed mono-
layers. Thenth atomic layer has a signal which is shifted to
lower energies compared to the first layer.24–27We monitored
the peak integral of a specificp signal as a function of time
to get the adsorption time and temperature at a given partial

pressure. One example for this procedure is shown in Fig. 1.
We used a constant rare-gas pressure(around 6
310−8 mbar) in the preparation chamber. Then we linearly
decreased the temperature. When the signal of thep peak
emerges, the monitored monolayer begins to grow. At this
point we held the temperature constant and stopped the time
Dt until the signal of the monolayer has saturated. This
shows that the monolayer is complete. Because we fixed the
temperature just below the limit for monolayer growth, the
second monolayer cannot be adsorbed[cf. the phase diagram
for Ar and Kr on Ag(111) (Ref. 28)]. If the temperature is set
to a lower value(not shown) the signal decreases again after
the first monolayer is complete. This is an indication that the
second monolayer begins to grow and the signal of the first
monolayer is attenuated. After the production of the desired
coverage the gas flux is stopped which puts the pressure back
into the UHV regime and the temperature is reduced far be-
low the adsorption temperature. Both changes take only a
few seconds and therefore stabilize the rare gas film in its
final configuration for the UPS and STM/STS measurements.

This preparation method allows a perfect layer-by-layer
growth which is shown in Fig. 2 for the adsorption of the
first monolayer of Xe on Au(111). There the surface state
peak of the clean Au(111) surface attenuates with increasing
Xe coverage. Simultaneously a second peak appears at a
higher energetic position. It corresponds to the shifted sur-
face state on Xe/Aus111d and reaches maximum intensity at
a coverage of one monolayer. STM images show that in the
submonolayer regime the adsorbed Xe arranges in islands of
several 1000 nm2 [cf. also the STM images for Kr/Aus111d
shown in Fig. 6]. Hence the energetic position does not shift
continuously but the two systems Au(111) and Xe/Aus111d
coexist in one sample.

III. UPS RESULTS

In the last decades angle resolved photoelectron spectros-
copy has become an important tool for the observation of the

FIG. 1. Controlled adorption of the first ML Kr on Au(111) by
monitoring the intensity integrated over the 4p peak. The tempera-
ture is ramped down from 66 K to 53 K with 0.5 K per minute
and then held constant. The parameters time and temperature are
indicated on the bottom and top scale, respectively. The signal de-
crease at the beginning of the measurement is caused by a drift of
the channeltron counters after switching on their high-voltage
supply.
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surface state of metals. For the correct interpretation of the
experiments it is important to consider the finite energetic
and angular resolution of the electron analyzer. This problem
is described extensively in Refs. 29 and 30.

Here we give an analytical mathematical expression for
the influence of the finite angular resolution on a photoelec-
tron spectra of an electron state with parabolic dispersion.

The energy dispersion of the surface state can be written
as,

E = E0 + "2ki
2/2m* s1d

with the onset of the parabolic surface stateE0, and its ef-
fective massm*. The wave vector parallel to the surface is
ki=Î2mEKin /"2 sinu, EKin is the kinetic energy of the pho-
toelectrons after leaving the surface,m is the free electron
mass, andu the angle of electron emission. In UPS only the
parallel part of thek vector can be measured directly. The
finite angular resolution of the electron analyzer applies not
only for the anglea, which we are able to change by rotating
the manipulator, but also for the angleb corresponding to the
direction perpendicular to the manipulator axis, which is in
our experiment adjusted at zero. We suppose that the distri-
bution of the angles is Gaussian, because the aperture of the
analyzer is small. A two-dimensional Gaussian function[Eq.
(2)] gives the distribution around the adjusted anglesa0 and
b0:

Psa,bd =
1

2psa
2 expF−

sa − a0d2 + sb − b0d2

2sa
2 G . s2d

In this formulasa is the angular resolution of the analyzer,
which is assumed to be isotropicssa=sbd.

For a realistic comparison between theory and experiment
all angles have to be considered. The probability distribution
of Eq. (2) can be transformed into an energetic one:

Psa,bddadb = PsEddE.

Because for the surface state both anglesa0 andb0 are small
and sa!1, it is u2=a2+b2!1 and the energy(1) can be
approximated as

E < E0 + cu2 with c = Ekinsm/m*d. s3d

The use of cylinder coordinates(a=u cosw andb=u sinw)
gives

PsEddE= duuE
0

2p

dwPsu,wd

with

Psu,wd =
1

2ps a
2 expF−

su cosw − a0d2 + su sinw − b0d2

2s a
2 G .

Now we get forPsEddE,

PsEddE= duu
1

2ps a
2 expS−

u2 + a0
2 + b0

2

2s a
2 D

3E
0

2p

expS2ua0 cosw + 2ub0 sinw

2s a
2 Ddw. s4d

Solving the integral in Eq.(4) leads to31

PsEddE= duu
1

s a
2 expS−

u2 + a0
2 + b0

2

2s a
2 DI0S u

s a
2
Îa0

2 + b0
2D .

In this formulaI0 is the regular modified cylindrical Bessel
function of the order zero. After the substitution ofu
=ÎsE−E0d /c from formula (3) and EkinsEd=E+hn−F,
where F is the work function, the probability distribution
finally transforms to

PsEd =
1

2cs a
2

EkinsE0d
EkinsEd

expF− SE − E0

c
+ a0

2 + b0
2D/2s a

2G
3I0SÎE − E0

c

Îa0
2 + b0

2

s a
2 D . s5d

The function(5) has to be convoluted numerically with a
Lorentzian(finite lifetime). As only occupied states contrib-
ute to the spectra, the result is multiplied with a Fermi func-
tion corresponding to the sample temperatureT. Finally a
convolution with a Gaussian is performed due to the finite
energy resolution of the analyzer.

To fit the calculated set of spectra to the experiments we
varied the following parameters: The energetic positionE0,
the effective electron massm* of the surface state, the start
angleastart from where the others follow in the same distance
(here 1°), the angular resolutionsa, the width of the Lorent-
zian G, and the energy resolutionsGauss.

FIG. 2. UPS surface-state signal in normal emission of clean
Au(111) and with increasing coverages of Xe.
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To compare the measured data of the surface state to the
calculated, we first have to subtract a background intensity.
The background can be induced, for example, by satellites
from the photon source or by signal from defects and it is
approximated by a linear function. The structure of the back-
ground is angle independent for small angles. So we use the
zero degree angle to fit a Fermi function multiplied with a
linear function in a region without signal from the surface
state. This is shown for one example in Fig. 3. With this fit
we get the position of the Fermi energyEF very accurately as
well, which is needed to calculate the absolute energetic po-
sition of the surface state.

Angle resolved UPS spectra for a monolayer and a bilayer
krypton on Au(111) are presented in Fig. 4, spectra for other
rare gases in Fig. 5. For each sample system just one set of
parameters as described above is used to fit all spectra for
different angles simultaneously. Only a constant factor is ad-
justed for each curve individually to match the peak ampli-
tudes. Generally the agreement between the calculated
curves and the experiment is very good.

For the krypton bilayer in Fig. 4(b) the signal on the lower
energy shoulder is higher than the calculated curve. This
could be caused by photon induced desorption of a part of
the second monolayer induced by the helium lamp, which
leads to a small signal of the first monolayer krypton. A
similar effect is also visible for Ar/Aus111d [cf. Fig. 5(d)].

It has to be taken into account that the mean free path of
the electrons is finite in the rare-gas layers.32 The surface
state signal was around three to four times higher for the first
monolayer krypton than for the second monolayer krypton.
For this reason a higher accumulation time is needed for the
second monolayer Kr.

The fit parameters sa s0.7° –1.1°d, sGauss

s17 meV–45 meVd, andG s18 meV–40 meVd used in Figs.
4 and 5 are not independent. Partly they are influenced by
measurement artifacts as, e.g., errors for the adjustment of
the anglesa0 and b0 due to not perfectly flat sample sur-
faces, in particular for the Au/Mica samples. The angleb0
was adjusted to 0° within ±0.3° at the sample holder. For the
comparison with the experiment we also have to adjust the

difference between the calculated starting angleastart and
zero which could be ±0.5°. The parametersE0 andm* for the
different samples will be summarized in Sec. V.

With the fitting routine we were much more sensitive for
calculating the energetic position and the effective electron
mass for the dispersion relation of the surface state than by
simply measuring peak positions. For example, the lowest
peak position in Fig. 4(a) would indicateE0< –347 meV
which is 27 meV too high, mainly because of the systematic
error induced by the asymmetric broadening due to the finite
angular resolution.

IV. STS RESULTS

With STS we are able to measure the energetic position of
the surface state onset very accurately. It is possible to
change the position of the tip and measure in different re-
gions of the reconstruction and far away from step edges and
defects.

The periodic Au(111) reconstructionsa=6.3 nmd can be
separated into a fcc, a hcp, and two transition regions.33–36

Figure 6 shows two STM images, one overview picture
which shows the clean Au(111) surface and parts covered

FIG. 3. The dots are the measured photoemission data for the
angle nearest to zero. The line shows the calculated fit of a Fermi
function multiplied with a linear function. The region between the
dashed vertical lines was excluded for the fit.

FIG. 4. High-resolution angle resolved photoemission curves of
the surface state from Au(111) on mica covered with(a) one and(b)
two monolayers krypton. The dots are the measured photoemission
data after background subtraction and the solid lines show the cal-
culated spectra from the model as presented here. The curves were
measured in steps of 1.0°. Accumulation time per point: 1 s for the
monolayer Kr, 2 s for the bilayer. A vertical line marks the position
of the Fermi energyEF=0. The calculated spectrum closest to nor-
mal emission is plotted with a thick line.
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with 1 ML krypton [Fig. 6(a)], and an atomically resolved
image of the Au(111) reconstruction with one monolayer
krypton adsorbed[Fig. 6(b)]. The few bright dots on the
uncovered Au(111) terraces in Fig. 6(a) correspond to small
Kr islands located at the step edges but partly also at the
knees of the herringbone reconstruction. White horizontal
lines indicate that some of these islands are shifted by the tip.
The dark spots on the rare gas covered part are vacancies in
the Kr film. Some of them occur as horizontal lines also
indicating a tip surface interaction. The 233Î3 reconstruc-

tion is visible on both, the clean and the Kr covered, areas.
The bright dots in Fig. 6(b) represent the atomic structure of
the krypton layer, which is incommensurate to the Au(111)
surface. The two bright stripes are the transition regions and
the part inside is the hcp region. Outside the transition re-
gion, the fcc region is imaged as the broader part.

The influence of the reconstruction on the surface state
was considered in Ref. 15 by applying a Kronig-Penney
model for the periodic effective potential with the widtha1 in
the fcc regions anda2 in the hcp regions:

VKPsxd = HV1 for 0 ø x , a1

V2 for a1 ø x , a1 + a2
J ; VKPsx + a1 + a2d = VKPsxd.

A special lock-in technique for mapping the surface potential
spacially resolved was used in Ref. 16. A strongly structured
potential was found at the transition regions of the recon-
struction in addition to the difference between hcp and fcc
sites. We obtained a similar result by observing that the
Kronig-Penney potential as used in Ref. 15 could not repro-
duce all features in the experimental STS spectra. The agree-

ment was significantly better if we extended the Kronig-
Penney model withd distributions at the narrow transition
regions. The extended Kronig-Penney potentialVEKPsxd can
be summarized as

VEKPsxd = VKPsxd + Vdsxd with Vdsxd = Afdsxd + dsx − a1dg.

FIG. 5. High-resolution angle resolved photoemission curves of the surface state from(a) Au(111) on mica atT=50 K and(b) Au(111)
single crystal at room temperature. The spectra for Au(111) on mica covered with(c) Xe and(d) Ar were measured atT=50 K or 15 K,
respectively. The dots are the spectra for each angle with the background subtracted and the solid line shows the calculated spectra. A vertical
line marks the position of the Fermi energyEF=0. The calculated spectrum closest to normal emission is plotted with a thick line.
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The intensityA of thed distribution can be either negative
or positive. The potential also satisfies the periodicity condi-
tion:

VEKPsx + a1 + a2d = VEKPsxd.

Here we compare the measured STS data with the calculated
density of states of the extended Kronig-Penney model. The
two-dimensional local density of states LDOSsE,x,yd can
be written as

LDOSsE,x,yd =
V

2p2

d

dE
E

«skx,kydøE

uckx,ky
sx,ydu2dkx dky,

where «skx,kyd is the electron dispersion relation. To con-
sider the one-dimensional influence of the reconstruction we
have to split the wave function in a free-electron likey com-
ponent and a Bloch component inx direction:

ckx,ky
sxd ~ eikyyeikxxukx

sxd.

Here ukx
sxd is a function with the periodicity of the recon-

struction. From this we get for the LDOSsE,xd,

LDOSsE,xd ~ E
«skxdøE

uckx,ky
sx,ydu2

ÎE − «skxd
dkx.

With the potentialVsxd we have the complete Hamiltonian
and we are able to calculate the wave function within the
transfer matrix formalism.37 The density of states is evalu-
ated numerically. The calculation can be compared with the
STS spectra after a convolution with a Gaussian and a
Lorentzian function.

For Au(111) and Xe/Aus111d, respectively, measured raw
data are shown in Fig. 7. The measured STS spectra show
the step-shaped onset of the surface state atV<−0.5 V and
V<−0.35 V, respectively, superimposed on a background
which is given by the transmission coefficient.38 Using

FIG. 6. (a) Top: STM image s1503150 nm2d of Au(111)
on mica partly covered with Kr; bottom: line profile marked
in the top image (b) STM image s737 nm2d of one stripe
of the reconstruction of Au(111) on mica covered with a
monolayer krypton(sample voltage −0.93 V, tunneling current
0.24 nA).

FIG. 7. MeasureddI /dV spectra for a clean Au(111) surface
(solid) and a Xe covered Au(111) surface(dashed). Each spectrum
is an average of 25 single spectra which enhances the signal/noise
ratio. For both systems the spectra were taken in the center of the
hcp region as well as in the fcc region.
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Tsd,Vd ~ expH− 2dÎ2me

"2 Sf̄ −
eV

2
DJ

with the tip surface distanced and the mean work function
f̄, the background signal can be fitted to the low-voltage tail
of the spectra, assuming a constant bulk density of states. In
addition one observes peaks and kinks which display char-
acteristic differences for measurements in the hcp and fcc
region.

For the calculated data we adjusted four free parameters:
a1, DV=V1−V2, and A, which determine the shape of the
spectra, and the absolute energetic positionV1. We used an
effective electron mass ofm* =0.24me, which is the average
value measured for the Au(111) surface state with UPS(see
Sec. V). A possible change ofm* by the rare gas is negligible
for this calculation(cf. Table I). For a clean surface the life-
time of the Au(111) surface state is betweent=31 fs(Ref. 3)
and t=35 fs.2 For the system Xe/Ags111d a lifetime de-
crease of the surface state was observed.9 For Au(111) we
could neglect this effect and use the same Lorentzian line
width of 18 meV for all coverages. This indicates that the
lifetime change is not strong compared to the lifetime of the
clean surface. The width of the Gaussian iss=5 meV, which
is the energy resolution of our experimental setup.39 We no-
tice here that the observed agreement in the width of the step
onset and the first peak in the hcp region(cf. Fig. 8) corrobo-
rates the lifetimes of Refs. 2 and 3. The suma=a1+a2
=6.3 nm is the period length of the reconstruction.33–36From
different STM pictures no significant change of the recon-
struction was found after adsorbing different rare gases, in

contrast to the significant change of reconstruction after ad-
sorbing oxygen.40

Figure 8 shows STS data for a single Au(111) crystal and
Kr on Au(111) on mica after subtraction of the background
signals as discussed in the context of Fig. 7. The experimen-
tal spectra are compared with the calculated LDOS. The
overall shape of this spectrum roughly corresponds to the
step function expected for the two-dimensional density of
states. In the hcp region of the reconstruction we see in ad-
dition a peak at the step onset, which is caused by the one-
dimensional influence of the reconstruction. In the fcc region
the surface state onset exhibits a reduced LDOS. The essen-
tial structures are reproduced by the model, i.e., the first peak
in the hcp region at the surface state onset, as well as the
feature at the second band gap ofEskid at V<−350 mV for
clean Au(111), respectively,V<−270 mV for Kr/Aus111d.
The main parameter for the amplitude of the peak in the hcp
region is DV and it changes from 18–39 meV for pure
Au(111), to 50 meV for Kr/Aus111d, and from 65–70 meV
for Xe/Aus111d. This indicates that also the local modula-
tion of the potential is modified by the rare-gas layer.

Without adding thed distributions to the Kronig-Penney
model, we could only find agreement between calculated and
measured LDOS with extremely asymmetric ratiosa1/a2, in
particular concerning the feature at the second band gap.
This would be contradictory to experimental measured re-
construction widths.41,33

Here we focus on the spatially averaged potential which
can be calculated as

TABLE I. Energetic position of the surface state for different rare-gas systems on Au(111) measured with
STS and UPS. The effective electron mass was determined from the UPS fit described above. For 2 ML
Xe/Aus111d only the normal emission spectrum was taken. For some systems we show values for different
samples. Some complement values for Cu(111) and Ag(111) are given in Ref. 7–9.

System
Energetic position

UPS (meV)
Energetic position

STS (meV)
Effective mass

m* / me

Au(111) single
crystal

−429 sT=300 Kd
and −487T=30 K

from Ref. 49

−499 to −494 0.26 and
0.255 from Ref. 49

1 ML Xe/Aus111d
single crystal

¯ −349 and −363 ¯

Au(111)
Mica

−442 and −453 −465 and −469 0.245 and 0.23

1 ML Ar/Au s111d
Mica

−400 ¯ 0.24

1 ML Kr/Au s111d
Mica

−374 −414 0.27

2 ML Kr/Au s111d
Mica

−356 ¯ 0.28

1 ML Xe/Aus111d
Mica

−315 −319 0.25

2 ML Xe/Aus111d
Mica

−312 ¯ ¯
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kVl =
a1V1 + a2V2 + 2A

a1 + a2
.

Hence by considering the extended Kronig-Penney model we
are able to calculate the energetic position of the surface state
more accurately. The value ofkVl which is given by the STS
measurement far away from step edges and defects can be
compared to the energetic positions observed with UPS,
which averages over a macroscopic area.

V. DISCUSSION

One influence for the energetic shift of the surface state
induced by the rare gas, may be the change of the work
function. We determined the work function for, e.g., clean
Au(111) to 5.36 eV and Xe/Aus111d to 5.04 eV by using the
full energy width of the UPS spectrum, i.e., the difference
between the Fermi energyEF and the low energy onset of the
secondary electronsESE, as f=hn−sEF−ESEd. For these
work function spectra a sample bais of −5 V was applied.
Considering only the work function change a small shift of
the surface state to lower energies would be expected19 but
we get an upward shift of the surface state after rare-gas
adsorption, in opposite direction to the work function

change. So other effects have to be considered.
UPS averages over a macroscopic area of the sample(in

our measurements an area of about 3 mm diameter), and
therefore includes defect induced signals. The data from STS
are measured on large plane areas of the surface. So by com-
bining both methods we can estimate the possible influences
from step edges and other defects, which induce a shift to
higher energies,42,43 an asymmetry of the surface state peak
in UPS (Ref. 44), and local variations in the density of
states.45,46

In Table I the measured energetic positions of the surface
state for different rare-gas systems are given. The compari-
son between the measured UPS and STS data shows the
effect of spatial averaging in UPS. The energetic position of
the surface state is always lower in STS, which is consistent
with the arguments before. In addition the influence of the
tip-surface potential47 shifts the surface state as measured
with STS about 15 meV to lower energies for the clean
Au(111) surface.48

The surface state also shifts by using different types of
Au(111) samples. With the STM we observed a larger num-
ber of small terraces for the single crystal used here than for
Au(111) on mica. We think that this was caused by some
residual stress of the crystal in the sample holder, because we
observed distorted shapes for the herringbone reconstruction.
On the other hand, there are cloughs between the different
Au crystallites on mica. Inside these cloughs no surface state
exists. The small single crystallites for Au(111) on mica may
be mechanically stressed too. Stress affects the shape of the
reconstruction35 and causes a shift of the surface state.50

From four series of data we get the position of the surface
state of the Au(111) single crystal between −494 meV and
−499 meV in STS. On Au(111) on mica we have measured a
position of the surface state around 30 meV higher: between
−465 meV and −469 meV(see Table I).

In addition it has to be noticed that the Au(111) on mica
sample is not as plane as the single crystal. So the angular
distribution can be broader in UPS.

For an exact comparison we have to consider the different
temperatures of the measurements.51 Higher temperatures in-
duce a shift of the surface state of about 0.2 meV/K to
higher energies. This is most important for the UPS data of
the Au(111) single crystal[Fig. 5(b)], which were measured
at room temperature. For the comparison of the STS and the
UPS data at temperatures from 5 K to 50 K this effect is
small because it is induced by a changing of the lattice pa-
rameters which levels off at low temperatures. We observed
no significant change of the effective electron massm* (cf.
Table I) after adsorption of different rare gas monolayers, in
agreement with results for rare gases on Ag(111) and
Cu(111).7–9

Now we summarize and discuss the data for the several
different rare-gas systems measured in this work. In the UPS
data of Table I and Fig. 9 we can see that the shift of the
surface state is small after adsorbing a second monolayer,
whereas different rare gases induce significantly different
shifts. The corresponding STS data for the clean and 1 ML
systems are systematically shifted to lower energies due to
the local character of the measurement44–46and the influence
of the tip-surface potential47,48 as discussed above. But the

FIG. 8. STS spectrum of the surface state(a) of a clean single
crystal and the(b) for Kr/Aus111d on mica, in the hcp(left) and the
fcc (right) region, respectively. The calculated LDOS curves are
plotted with dashed lines and the experimentaldI /dV spectra are
normalized to the calculated curves. We useda1=3.15 nm, DV
=18 meV, kVl=−494 meV, andA=−22 meV nm for Au(111) and
a1=3.15 nm,DV=50 meV,kVl=−414 meV, andA= +35 meV nm
for Kr/Aus111d, respectively. Because the different fit parameters
have independent effects on the calculated LDOS, it is possible to
arrive at unique parameter sets by manually fitting the experimental
curves.
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general effect of the rare-gas coverage is confirmed and the
relative shifts are similar to the UPS data. We also note that
the relative shifts for 1 ML Ar, Kr, and Xe as compared to
the clean surface are in good agreement with UPS data for
Cu(111).7

The potential change induced by the rare gas is investi-
gated in Refs. 17 and 18. The rare-gas monolayer is de-
scribed by a dielectric medium, positioned between the metal
surface and the vacuum. The image potential in the vacuum
and the rare-gas film can be calculated by the following
functions:17,18

Inside the rare gas it is

Vi = −
e2

16p«0«z
+

e2s« − 1d
16p«0«s« + 1dst − zd

+
e2s« − 1dst + 2zd

16p«0«s« + 1dst + zdt
+ dViszd − EA

with

dViszd = −
e2z2

8p«0«t3ok=2

`
s− 1dk

ksk2 − z2/t2dS« − 1

« + 1
Dk

. s6d

In the vacuum the potential is given by

Va = −
e2

8p«0s« + 1dz
−

e2s« − 1d
16p«0s« + 1dsz− td

+ dVaszd

with

dVaszd = −
e2«t

4p«0s« + 1d2z
o
k=1

`
s− 1dk−1k

skt + zd S« − 1

« + 1
Dk

.

Here «0 is the vacuum dielectric constant,« the dielectric
constant of the rare gas film,t the thickness of the film,e the
elementary charge, and EA the electron affinity of the rare
gas(see below for EA values used). To overcome the singu-
larity at z= t the potential is interpolated linearly within a
layer of 0.3 nm thickness.17,18

For « we have used the bulk values given in the Refs. 52
and 53: «Ar=1.56, «Kr =1.78, and«Xe=1.98. Low-energy
electron diffraction studies of rare gases on metals have
shown that the lattice parameter of the first rare-gas mono-
layer can be different compared to the bulk.54 This small
influence is neglected in the following calculations.

Using this potential, we now qualitatively interpret the
shifts induced by different rare gases and coverages. For a
quantum well of the same width but with a higher barrier the
electronic states shift to higher energies. If the width is get-
ting narrower the states also shift but the relative effect is
much stronger. In Fig. 10(a) we calculate the potential for
different layer thicknesses of Xe. One can see that inside the
quantum well, for energies around or below the Fermi energy
EF the width is the same for all rare-gas film thicknesses.
Additional layers of Xe change the quantum well mainly at
the top. So the influence on the surface state, with an ener-
getic position some hundred meV below the Fermi energy, is
small. If the rare gas is changed we get a small change at the
top of the potential but the width changes at the bottom
[Figs. 10(b) and 10(c)]. So we see that from Ar to Xe the
potential is getting narrower and we can explain the large
shift induced by using different rare gases, compared to the
small shift of additional rare-gas monolayers.

In Fig. 10(c) it is visible that the width of the potential
changes the most between the clean Au(111) surface and the
different rare gases. This is in disagreement with the experi-
ment, for which the relative shifts are of similar size going
from the clean surface to Ar, Kr, and Xe. Possible reasons for
this disagreement will be discussed later.

Quantitative values for the energetic positions of the sur-
face state can be calculated using the phase accumulation
model. The model consists of two reflection phases: the bar-
rier phase and the crystal phase. If the sum of the barrier
phaseFB and the crystal phaseFC is a multiple of 2p, i.e.,
FB+FC=2pn, bound states(so called image states) occur.
For the special case of the surface state the sumFB+FC
must be zero.

This model is well suited to describe the position of the
image states and the quantitative results are sensitively de-
pendent on the exact position of the image planez0.

19,20,55

The image state properties of different metal adsorbate
interfaces were studied in the past(see e.g., Refs. 17, 18, 56,
and 57). The model is described in detail in Refs. 19, 20, 57,
and 58.

The crystal phase can be calculated as in Refs. 21 and 55
by

FIG. 9. Energetic position of the surface state of Au(111) after
adsorbing different rare gases(one and two monolayers). The num-
ber zero identifies the substrate itself. The symbol shape distin-
guishes between the different rare gases. UPS results are indicated
by full symbols, whereas for the data points derived from STS
measurements open symbols are used. The UPS data points for
different rare gases are connected to guide the eye, whereby inter-
mediate positions do not exist.
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FCsEd = 2 arcsinÎ E − EL

EU − EL
.

In this equationEL=−1.05 eV andEU=3.35 eV are the po-
sitions of the lower and upper surface band gap of an
Au(111) single crystal.1

The experimental results in Table I and Fig. 9 show that
the influence of the second rare gas monolayer is small.

Therefore it is useful to compare the energetic position of the
surface state calculated for an infinite number of monolayers
with the measured data of one and two monolayers rare gas.

Two possible potential models for the barrier phase are
the step potential and the Coulomb potential. Both are inter-
esting to consider because they, respectively, take into ac-
count different aspects of the rare-gas layer and the substrate.

The image potential of Eq.(6) changes for an infinite
thickness of rare gas to a Coulomb potential considering the
dielectric constant« of the rare gas:

V = −
e2

4p«0«

1

4z
. s7d

For a clean metal surfaces«=1d the barrier phase for the
Coulomb potential as given in Ref. 19 can be rationalized
using the binding energies of the image statessn
=1,2,3, . . .d with respect to the vacuum energyEV in the
limit of an infinite barrier at the crystal surfacesFC=−pd
(Ref. 20):

En − EV = −
1

16
ERyd

1

n2 .

This gives for«=1 (cf. Ref. 58)

FB
CoulsEd =ÎERyd/4

EV − E
− p.

A dielectric constant«Þ1 changes the Rydberg energy

ERyds«d =
mee

4

32p2"2s««0d2 =
13.6 eV

«2 .

Together with the shift of the vacuum energy by the electron
affinity EA of the rare gas this results in

FB
CoulsE,«d =Î 3.4 eV/«2

EV − EA − E
− p.

We use for the vacuum energyEV=5.3 eV (Ref. 1) and for
the electron affinity EAAr =−0.4 eV, EAKr =0.3 eV and
EAXe=0.5 eV, respectively.52

The reflection phase for the step potential is only influ-
enced by the electron affinity:19,20

FB
stepsEd = 2 arctanS−ÎEV − EA

E − EF
D .

For calculating the bound states we use the alternative crystal
termination which fixes the image plane at the crystal surface
and allows the electrons to propagate freely in a range of
z0.

19,20 This results in the following equation which defines
the energetic position of the bound states with a free param-
eterz0:

FB + FC + 2k'z0 = 0.

In the surface band gapk'<p /a (Ref. 21) will not change
significantly for the small energetic shifts considered here.
For the phase shifts given byk'z0 we assume a constant
value for all samples, which is adjusted to the experimental
position of the surface state for the Ar covered surface. The

FIG. 10. Image potentials calculated using Eq.(6) for (a) one,
two, and three monolayers Xe(b) one monolayer Ar, Kr, and Xe.
The potential close to the surface is shown in(c). The potential is
plotted regarding to the vacuum energy(binding energy) and the
Fermi energyEF, respectively. In(c) the gray box illustrates the
position of the lower band edge for the conduction electrons,
5.51 eV below the Fermi energy, of a free electron gas with the
parameters of gold(rS=3.01 Bohr radii). The potential for a clean
Au surface corresponding to Eq.(7) with «=1 is added.
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reason for this choice will be discussed below.
First we discuss the energetic positions calculated with a

step potential in Fig. 11.
In Fig. 11(b) it is visible that the calculated shifts disagree

qualitatively with the experiment in case of Kr and Xe
though the magnitude of the rare-gas induced shifts is of the
order of 0.1 eV as in the experiment. The only influence
considered here is the electron affinity EA of the rare gas. Its
sign determines the main direction of the shift.

In Fig. 12(b) the calculated relative shifts for the different
adsorbed rare gases using the Coulomb potential occur in the
same qualitative direction as experimentally observed. It has
to be noticed that the shift between the clean surface and the
rare-gas covered surfaces is largely overestimated. This be-
havior can be explained as follows. It is visible in Fig. 12(a)
for the Coulomb phase and in Fig. 10(c) for the image po-
tential that the largest difference occurs between the rare-gas
covered and the clean surface. This is in disagreement with
the experiment. Possibly the large shift predicted with the
Coulomb potential is partly compensated by a change of,

e.g., the image planez0. In order to focus on the comparison
between the different rare gases we fixed the image plane on
the position of the surface state for Ar on Au(111).

The calculated relative shifts for the three different rare
gases in Fig. 12(b) are of the correct magnitude but in abso-
lute numbers about a factor of 3 larger than in the experi-
ment. This discrepancy would be even worse for the bare
Coulomb potential[cf. Eq. (7)] without changing the value
of EA. The difference between Ar and Xe(«Ar =1.56;
«Xe=1.98) would then be about as large as the difference
between Ar and vacuum. The close “bunching” of the rare-
gas potentials[cf. Fig. 10(c)] and barrier phases(cf. Fig. 12)
only occurs due to the combination of the respective values
of EA and« which partly cancel in their effects.

For a quantitative comparison of calculation and experi-
ment the exact values of« for the different rare gases would
be essential. However, a correction of the bulk parameters
was needed, e.g., to explain the experimental results for stud-
ies of the image states.59 For thin rare-gas films this may be
connected to a lattice constant different to the bulk value.54

To summarize the discussion, we started from the experi-
mental observation that the main shift of the surface state

FIG. 11. (a) The crystal phase(fat dashed) and the barrier phase
(thin dashed) and their sum(solid) are plotted for pure Au(111) and
Ar, Kr, and Xe on Au(111) for a step barrier. The vertical and
horizontal thin lines show the adjustment of the phase offsetk'z0

for Ar/Aus111d. In the inset the region determining the energetic
position is magnified.(b) Energetic position of the surface state of
clean Au(111) and after adsorbing different rare gases. The graph
shows the experimental UPS values compared to the calculated
ones for the step potential. For Kr and Xe both experimental values,
for 1 ML and 2 ML, are given.

FIG. 12. (a) The crystal phase(fat dashed) and the barrier phase
(thin dashed) and their sum(solid) are plotted for pure Au(111) and
Ar, Kr, and Xe on Au(111) for a Coulomb potential. The vertical
and horizontal thin lines show the adjustment of the phase offset
k'z0 for Ar/Aus111d. (b) Energetic position of the surface state of
clean Au(111) and after adsorbing different rare gases. The graph
shows the experimental UPS values compared to the calculated
ones for the Coulomb potential. For Kr and Xe both experimental
values, for 1 ML and 2 ML, are given.
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energy is already induced by the first ML of rare gas and we
compared calculations for a half space of rare gas above the
sample surface within the phase accumulation model using a
step and a Coulomb potential. In this way we were able to
distinguish between the general trends given by the macro-
scopic parameters EA and« of the different rare gases. It is
interesting to compare this to the interpretation of the surface
state shift as due to the Pauli repulsion between the rare-gas
atom and the metal,60,61 for which also the interaction with
the rare-gas atoms directly at the surface is crucial.

For a better determination of the surface state position a
calculation is needed, which takes into account the potential
near the surface on an atomic scale, as used for the surface-
and image-state properties of clean Au(111) and Ag(111).49,62

Of course these results have to be combined with the influ-
ence of the rare gas, as it was done for the case of image
states for Ar/Cus100d.56 But the main effects will be de-
scribed already with semiquantitative model potentials as
used here.

VI. CONCLUSION

On a Au(111) surface with a controlled number of ad-
sorbed rare-gas monolayers we characterized the surface
state with STS and UPS. The combination of both techniques
helped to identify possible influences of, e.g., step edges and
other defects and it presents a rather complete view of the
effects induced by the rare-gas coverage.

For the angle resolved UPS data we included the finite
angular resolution in a model which can be calculated ana-
lytically. For the STS data an extended Kronig-Penney
model reproduced the structures induced by the influence of
the 233Î3 reconstruction and helped us to quantify the
surface-state onset. CalculatingkVl from this model we can
evaluate the spatially averaged energetic position of the sur-

face state. The rare gas on Au(111) induces a shift of the
surface state. We measured that the first monolayer of
the different rare gases produces a shift between
50 to 150 meV and the second monolayer adds only a small
additional shift of around 10 meV.

These shifts are interpreted qualitatively by an image po-
tential, which was used for image and quantum well states
before. Assuming that the dielectric constant and the electron
affinity are the main characteristic parameters of the rare gas
for the shift of the surface state, we can calculate the position
of the surface state with a phase acculumation model. This
model is applied to a rare-gas film of infinite thickness, be-
cause already the influence of the second monolayer was
found to be small in the experiment. For the barrier phase we
used different potentials. The step potential only includes the
electron affinity of the rare gas, whereas the Coulomb poten-
tial additionally comprises the dielectric constant«. The
comparison with the measured surface-state positions reveals
that a realistic phase has to take into account both, the di-
electric constant and the electron affinity. However, for a
quantitative theoretical determination of the rare-gas influ-
ence on the surface state the electronic interactions will have
to be considered on an atomic scale using more advanced
and therefore more complex techniques.

Note added in proof.It is interesting to compare the band-
gap features in the STS spectra(cf. Fig. 8) with the density
of states of the surface-state electrons on the reconstructed
Au(111) surface as determined in Ref. 63 using angle-
resolved photoemission.
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