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Adsorbed rare-gas layers on Au(111): Shift of the Shockley surface state studied
with ultraviolet photoelectron spectroscopy and scanning tunneling spectroscopy
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The energetic position of the A111) Shockley surface state is compared before and after adsorbing differ-
ent rare gas monolaye¢ar, Kr, and Xe). We used ultraviolet photoelectron spectroscdp®S and scanning
tunneling spectroscop§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(ALl) 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 23x 3 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 getic position and the lifetime of the surface state we

consider the local variation of the surface potential induced
Shockley surface states are two-dimensional systemy the 23x 43 reconstructiof®16

which are formed by electron confinement due to the surface Angle resolved UPS allows to measure the energetic dis-

band gap of the bulk material and the vacuum barrier of thyersion of the surface state for monolayévi_) and multi-
surface. They are of fundamental interest as model systemayers of rare gases on AlLL1). We include the finite angular
for a two-dimensional free electron gas. The properties enefesolution of the analyzer with an analytic model. With this
getic positionE,, effective massn*, and the lifetime were we get more accurate data for the energetic position and the
investigated thoroughly for different materials. Some dis-effective mass of the surface state.
crepancies existed in earlier studies in particular for the com- For the discussion of the experimental results we use the
parison of ultraviolet photoelectron spectroscg¥PS and  surface potential and the so-called phase accumulation
scanning tunneling spectrosco@®TS. New high-resolution  model, which allows us to classify these shifts with the prop-
experiments are in better agreement, cf., e.g., Refs. 1-4. erties electron affinity EA and the dielectric constarnf the

Due to its location at the sample surface the surface statgyre gas. Using a surface potential, which was applied before
can be influenced significantly by adsorbing various materifor image statéd:'*8we can classify the positions of the sur-
als. Depending on the adsorbate the effect turns out qualitdace state qualitatively. It is also possible to explain the dif-
tively different. While some materials induce a sRitthemi-  ference between an adsorbed rare gas monolayer and a
sorbed atoms and molecules often completely quench thgultilayer of rare gas.
surface staté.Here we want to focus on the change of the  For more quantitative calculations we use the phase accu-
propertiesk, and m* after adsorption of different rare-gas mulation model which was applied before mainly for image
layers’~® These rare gases induce a shift towards higher enstates and quantum well stafés2! Within this model it is
ergies, and the variation of the adsorbed gas offers a handjsossible to describe the barrier potential with either a step or
to investigate the underlying interactions in a systematica Coulomb potential. From the comparison of the measured
way. For the systems discussed here, the adsorbate layers cail calculated positions of the surface state we find that the
be described with simple models and they form incommenrelevant potential for the surface state is essentially influ-

surate two-dimensional layers on @dl), whereby the in-  enced by the electron affinity and the dielectric constant of
teraction with other substrates can be more complic®€d.  the rare gas.

In particular for the reconstructing Alll) 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 The experiments were performed using low-temperature
allows a view on the results in a more complete frame. scanning tunneling microscopdTM) which is combined
With STS it is possible to measure the influence of adsorwith UPS in a common ultrahigh vacuufdHV) systen?? It
bates on the local density of stai@OS) at different posi- consists of two main chambers, a preparation chamber
tions of the reconstruction. In order to determine the enerequipped with a high-resolution hemispherical electron en-

II. EXPERIMENT
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ergy analyzer for UPS and an analysis chamber containing Time [min]

the low-temperature STM. e 9 12 10 20 ob o8 02 50 4
The STS data, eithatl/dV spectra measured with vary- Kr/Au(111) At=10min i

ing V at a single position odl/dV maps measured for fixed integral mode

V, were taken under open loop conditions by lock-in detec- 0.5K/min

tion. The set point before switching off the feedback loop

was betweerV=-1V andV=+1 V and the tunneling cur-

rent varied froml=0.1 nA to 1=0.3 nA. For the single

point spectroscopy data we used a modulation voltage of

7 mV,,s and a frequency around 700 Hz. The lock-in time

constant was set to 30 ms and the acquisition time was

=80 ms to avoid time constant effects. All STM and STS

data were measured at5 K. PR TP PR PR U T T=53K
Our hemispherical analyzer has a radius of 125 mm. As a 66 84 62 60 58 56 4

photon source we use Hel light with the energy of 21.2 eV. Temperature [K]

We have achieved with this setup a resolution of 10 rfeV. ) )

In the experiments presented here we chose slightly lower FIG- 1. Controlled adorption of the first ML Kr on ALLL) by

energy resolutions with higher counting rates. We used afonitoring the intensity integrated over thp peak. The tempera-

angular acceptance of about +1° and the data point distandd'e iS ramped down from 66 K to 53 K with 0.5 K per minute

is set to 5 meV. For the UPS measurement and the samp?é‘d then held constant. The parameters time and temperature are

preparation the A@11) samples were mounted on a manipu- indicated on the bottom and top scale, respectively. The signal de-

lator, which can be cooled down beldfi=10 K, by means crease at the beginning of the meas_ure_ment is cau_sed_ by a drift of

of a liquid helium flow cryostat. This manipulator allows the channeltron counters after switching on their high-voltage

transferring cold samples between the two chambers and intsdjpply'

the STM. The angular accuracy of the manipulator is aboupressure. One example for this procedure is shown in Fig. 1.

0.2° for the adjustable rotation around the manipulator axiswe used a constant rare-gas pressuf@ound 6

The fixed angle perpendicular to the axis is 0°+0.3°. X 1078 mbay in the preparation chamber. Then we linearly
The Au11l) single-crystal sample was prepared by re-decreased the temperature. When the signal ofptipeak

peated cycles of ion sputterirg@ keV Ar" or Kr* ions) and  emerges, the monitored monolayer begins to grow. At this

heating up to 900 K for 1 or 2 h. We checked the cleanlinespoint we held the temperature constant and stopped the time

of the sample by measuring the UPS peak of th¢1lAl) At until the signal of the monolayer has saturated. This

surface state, which is very sensitive to contamination. Arshows that the monolayer is complete. Because we fixed the

ultimate check is imaging the sample in the STM. See fotemperature just below the limit for monolayer growth, the

example Fig. 6, which shows the excellent sample qualityg€cond monolayer cannot be adsorpefdthe phase diagram

after rare gas adsorption. Some contamination occurs durinlg” Ar and Kr on Ag111) (Ref. 28]. If the temperature is set

the low-temperature UPS measurements. We checked thi @ lower valugnot shown the signal decreases again after

the resulting decrease of the surface-state intensity was nipe first monolayer is complete. This is an indication that the

significant on the time scale of the photoemission experi—Second monolayer begins to grow and the signal of the first

ment. Alternatively also samples with a @11) film on mica monolayer is attenuated. After the production of the desired
Were.used. These films were produced in a separate vacuu(liﬁverage the gas flux is stopped which puts the pressure back
chamber following the procedure of Ref. 23 by evaporatio into the UHV regime and the temperature is reduced far be-

; ; Now the adsorption temperature. Both changes take only a
of 2100 nm Au film on freshly cleaved mica 360 °C. o\ seconds and therefore stabilize the rare gas film in its

After introducing the Au/mica samples into the UHV system<in, configuration for the UPS and STM/STS measurements.
the surface was cleaned with ion sputteri(@p min and This preparation method allows a perfect layer-by-layer
heating(600 K). While the mesoscopic surface structure andgrowth which is shown in Fig. 2 for the adsorption of the
the crystalline orientation was better defined for th&¥d)  first monolayer of Xe on A(L11). There the surface state
single crystal, the terrace areas were larger on the Au/Micpeak of the clean All1l) surface attenuates with increasing
samplegcf. Sec. V. Xe coverage. Simultaneously a second peak appears at a
A controlled number of rare-gas monolayers were dosedhigher energetic position. It corresponds to the shifted sur-
onto the samples by controlling the partial pressure with dace state on Xe/AWd11) and reaches maximum intensity at
guadrupole mass spectrometer and a leak valve. The exagtcoverage of one monolayer. STM images show that in the
time, partial pressure, and temperature for adsorbing wellsubmonolayer regime the adsorbed Xe arranges in islands of
defined monolayers of rare gases were determined with UPSeveral 1000 nf[cf. also the STM images for Kr/Aa11)
by monitoring thep signals of the corresponding rare gas.shown in Fig. §. Hence the energetic position does not shift
The energetic position of the measurpdsignals gives us continuously but the two systems A1) and Xe/Ay111)
information about the film thickness of the adsorbed mono<coexist in one sample.
layers. Thenth atomic layer has a signal which is shifted to
lower energies compared to the first lay&®’We monitored
the peak integral of a speciffz signal as a function of time In the last decades angle resolved photoelectron spectros-
to get the adsorption time and temperature at a given partiaopy has become an important tool for the observation of the

p=6-10"°mbar

Peak intensity [arb. units]

Ill. UPS RESULTS
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L ) v R For a realistic comparison between theory and experiment
Au(111) hv =21.2 eV all angles have to be considered. The probability distribution
o T<50K T of EqQ. (2) can be transformed into an energetic one:
- . 7 P(a, B)dadB = P(E)dE
: Because for the surface state both anglgand 3, are small

. kY ] ando,<1, it is *=a”+pB°<1 and the energyl) can be
2 e . —— ] approximated as
3 L T . r
g E ~ Eg+ ¢ with ¢=E,(mVm’). (3)
= [ g 13MLXe 7] , , :
i - \'\__‘ The use of cylinder coordinatés= 6 cose and B=6sin ¢)
2T . gives
E

B - 2

s “ 2/3 ML Xe

Ty ~ N~—— ] P(E)dE=d#6 f doP(6,¢)

- - 0

I , . 1MLXe | with

- 1 6 cosep - +(fsing—

A P(6,6) = —s exg - 050~ a0+ (Bsing ﬂ&]
-0.6 -0.4 02  E=00 2mos, 20,
Energy [eV] Now we get forP(E)dE,
FIG. 2. UPS surface-state signal in normal emission of clean P+ a2 +,3
Au(111) and with increasing coverages of Xe. P(E)dE = dgu = exp( 0 0)

surface state of metals. For the correct interpretation of the )
experiments it is important to consider the finite energetic XJ exp<296¥o Cos¢ +20p, sin 90)ng @)
and angular resolution of the electron analyzer. This problem 2g§ '
is described extensively in Refs. 29 and 30.

Here we give an analytical mathematical expression forSoIvmg the integral in Eq(4) leads t8
the influence of the finite angular resolution on a photoelec-

tron spectra of an electron state with parabolic dispersion. &+ o+
g P P P(E)dE= d90—2 exp( M)lo( o a0+30>

The energy dispersion of the surface state can be written
as,
In this formulalg is the regular modified cylindrical Bessel
E = Eq + #%k/2m* (1)  function of the order zero. After the substitution @f
=\|(E-Ep)/c from formula (3) and E,(E)=E+hv-®,
where @ is the work function, the probability distribution
finally transforms to

with the onset of the parabolic surface st&tg and its ef-
fective massn*. The wave vector parallel to the surface is
k,=v2mE;, /A% sin 6, Ey;, is the kinetic energy of the pho-
toelectrons after leaving the surfagm,is the free electron 1 Eunl(Eo) E-E ,
mass, and) the angle of electron emission. In UPS only the P(E) = expl —| ——— taptBy)/20

. 2CO’ Ekln(E)
parallel part of thek vector can be measured directly. The

finite angular resolution of the electron analyzer applies not ” ( [E-E, \"afﬁ' ,33) 5)
O - 5 .
c

only for the angler, which we are able to change by rotating 2
. . g

the manipulator, but also for the angdecorresponding to the “
direction perpendicular to the manipulator axis, which is in  The function(5) has to be convoluted numerically with a
our experiment adjusted at zero. We suppose that the distri-orentzian(finite lifetime). As only occupied states contrib-
bution of the angles is Gaussian, because the aperture of thie to the spectra, the result is multiplied with a Fermi func-
analyzer is small. A two-dimensional Gaussian func{igg. tion corresponding to the sample temperatiireFinally a
(2)] gives the distribution around the adjusted anglgand  convolution with a Gaussian is performed due to the finite
Bo: energy resolution of the analyzer.

To fit the calculated set of spectra to the experiments we
varied the following parameters: The energetic posiign
the effective electron mass* of the surface state, the start
angleag,; from where the others follow in the same distance
In this formula o, is the angular resolution of the analyzer, (here 19, the angular resolutionr,, the width of the Lorent-
which is assumed to be isotropio,=op). zianT", and the energy resolutiangyss

_(a— ap)®+ (B - Bo)?

25°

o

Pla,p) = 2
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i ~ 1ML Kr/Au(111) 1 L 1 ML Kr/Au(111) T=15K |
E =-874 meV ]

Intensity
Intensity

-0.6 -0.4 -0.2 0.0 02 (a)
Energy [eV]

- E =-356 meV

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

dashed vertical lines was excluded for the fit.

Intensity

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 (b)

linear funct!on in a region without Slgpal from th? surf_acg FIG. 4. High-resolution angle resolved photoemission curves of

state. This is shown for one e)fample in Fig. 3. With this fItthe surface state from AlLil1) on mica covered witlia) one andb)

we get the p_OSItIOH of the Fermi enerBy very accurately aS  two monolayers krypton. The dots are the measured photoemission

We_”’ which is needed to calculate the absolute energetic PYata after background subtraction and the solid lines show the cal-

sition of the surface state. ~ culated spectra from the model as presented here. The curves were
Angle resolved UPS spectra for a monolayer and a bilayefeasured in steps of 1.0°. Accumulation time per point: 1 s for the

krypton on Ay111) are presented in Fig. 4, spectra for other monolayer Kr, 2 s for the bilayer. A vertical line marks the position

rare gases in Fig. 5. For each sample system just one set gf the Fermi energf-=0. The calculated spectrum closest to nor-

parameters as described above is used to fit all spectra f@fal emission is plotted with a thick line.

different angles simultaneously. Only a constant factor is ad-

justed for each curve individually to match the peak ampli-jitterence between the calculated starting analg,; and
tudes. Generally the agreement between the calculateg, o\ hich could be +0.5°. The parametBssandm* for the
curves and the experiment is very good_. different samples will be summarized in Sec. V.

For the krypton bilayer in Fig.®) the signal on the lower ity the fitting routine we were much more sensitive for
energy shoulder is higher than the calculated curve. Thiggicyating the energetic position and the effective electron
could be caused by photon induced desorption of a part gf,,55 for the dispersion relation of the surface state than by
the second monolayer induced by the helium lamp, whichin 1 measuring peak positions. For example, the lowest
Igads to a small S|gna! of the first monolayer krypton. Apeak position in Fig. @) would indicate Eg~—347 meV
similar effect is also visible for Ar/AW1Y) [cf. Fig. Xd)]. which is 27 meV too high, mainly because of the systematic

It has to be taken into account that the mean free path ofyror induced by the asymmetric broadening due to the finite
the electrons is finite in the rare-gas lay&she surface angular resolution.

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. With STS we are able to measure the energetic position of
The fit parameters o, (0.7°-1.19, Ocauss the surface state onset very accurately. It is possible to
(17 meV-45 meY, andl’ (18 meV—-40 meVY used in Figs. change the position of the tip and measure in different re-
4 and 5 are not independent. Partly they are influenced bgions of the reconstruction and far away from step edges and
measurement artifacts as, e.g., errors for the adjustment ofefects.
the anglesa, and 8, due to not perfectly flat sample sur-  The periodic Ag111) reconstructiona=6.3 nm can be
faces, in particular for the Au/Mica samples. The angle separated into a fcc, a hcp, and two transition regfns.
was adjusted to 0° within £0.3° at the sample holder. For thé=igure 6 shows two STM images, one overview picture
comparison with the experiment we also have to adjust thevhich shows the clean Alill) surface and parts covered

Energy [eV]

IV. STS RESULTS
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[ Au(111) mica ' T_50 K M1 ML Xe/Au(111) ' T-50K ]
[ E=-442 meV ] - E=-315meV =) ]
{EEAS i __Jk
=21 ‘@
c k - S F 1
£r ] £ _‘———k .
3 ] = e
(a) (c)
?Aud11)gnmeévaal ' T_300 K ] 1 ML Ar/Au(111) ' T=15K
- E--429m . [ £
y X 9 me — ] [ EO_-398meV."“h:_:_....-
2z 2z
E £
-0.6 -0.4 -0.2 0.0 0.2 -0.6 -0.4 -0.2 0.0 0.2
(b) Energy [eV] (d) Energy [eV]

FIG. 5. High-resolution angle resolved photoemission curves of the surface statéajrdm(111) on mica atT=50 K and(b) Au(111)
single crystal at room temperature. The spectra foflAl) on mica covered witl{c) Xe and(d) Ar were measured a&f=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 enerfg=0. The calculated spectrum closest to normal emission is plotted with a thick line.

with 1 ML krypton [Fig. 6@)], and an atomically resolved tion is visible on both, the clean and the Kr covered, areas.
image of the Aglll) reconstruction with one monolayer The bright dots in Fig. @) represent the atomic structure of
krypton adsorbedFig. 6b)]. The few bright dots on the the krypton layer, which is incommensurate to the( i)
uncovered Aqlll) terraces in Fig. @) correspond to small surface. The two bright stripes are the transition regions and
Kr islands located at the step edges but partly also at ththe part inside is the hcp region. Outside the transition re-
knees of the herringbone reconstruction. White horizontagion, the fcc region is imaged as the broader part.

lines indicate that some of these islands are shifted by the tip. The influence of the reconstruction on the surface state
The dark spots on the rare gas covered part are vacancieswas considered in Ref. 15 by applying a Kronig-Penney
the Kr film. Some of them occur as horizontal lines alsomodel for the periodic effective potential with the widthin
indicating a tip surface interaction. The 23/3 reconstruc- the fcc regions and, in the hcp regions:

V, forO=x<a Vieof ) = Vieo(x)
; X+a;+ay = X).
V, foragsx<a;+a, KP 12 KP

Vkp(X) = {

A special lock-in technique for mapping the surface potentiament was significantly better if we extended the Kronig-
spacially resolved was used in Ref. 16. A strongly structuredPenney model withy distributions at the narrow transition
potential was found at the transition regions of the recon+egions. The extended Kronig-Penney potertiglp(x) can
struction in addition to the difference between hcp and fcdoe summarized as

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 agreeVegp(X) = Vip(X) + Vs(X) with V4(x) = Al 8(x) + S(x—a;)].
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FIG. 6. (a) Top: STM image (150X 150 nn?) of Au(111)
on mica partly covered with Kr; bottom: line profile marked
in the top image(b) STM image (7X7 nn?) of one stripe
of the reconstruction of AWll) on mica covered with a
monolayer krypton(sample voltage -0.93 V, tunneling current
0.24 nA.

The intensityA of the § distribution can be either negative
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—— Au(111)
---- Xe/Au(111) 7

dl/ dV[arb. units]

-0.8
Voltage [V]

FIG. 7. Measuredll/dV spectra for a clean A@ll) surface
(solid) and a Xe covered Al1l) surface(dashegl 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.

Vekp(X+ @y + @) = Vegp(X).

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 LD@E,x,y) can

be written as

vV d
Py pr= f | i, (x.Y) Pk d,

elkyky)<E

LDOS(E,x,y) =

where (k,,ky) 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 likeom-
ponent and a Bloch componentxrdirection:

lpkxyky(x) x eikyyeikxxukx(x) .

Here uy (x) is a function with the periodicity of the recon-
struction. From this we get for the LDO&E, x),

LDOS(E, X) = f Wi O (x,y)|2dkx
, (K)<E VE_E(kx)

With the potentialV(x) we have the complete Hamiltonian
and we are able to calculate the wave function within the
transfer matrix formalism? 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/Ay111), respectively, measured raw
data are shown in Fig. 7. The measured STS spectra show
the step-shaped onset of the surface staM=at0.5 V and

or positive. The potential also satisfies the periodicity condi-V=-0.35 V, respectively, superimposed on a background

tion:

which is given by the transmission coefficiéftUsing

205426-6
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TABLE I. Energetic position of the surface state for different rare-gas systems @iBHumeasured with
STS and UPS. The effective electron mass was determined from the UPS fit described above. For 2 ML
Xe/Au(111) only the normal emission spectrum was taken. For some systems we show values for different
samples. Some complement values fo(1d) and Ag111) are given in Ref. 7-9.

Energetic position Energetic position Effective mass
System UPS(meV) STS(meV) m*/ mg
Au(11]) single -429(T=300 K) —-499 to -494 0.26 and
crystal and -487T=30 K 0.255 from Ref. 49
from Ref. 49
1 ML Xe/Au(11]) —-349 and -363
single crystal
Au(111) -442 and -453 -465 and -469 0.245 and 0.23
Mica
1 ML Ar/Au(11) -400 0.24
Mica
1 ML Kr/Au(111) -374 -414 0.27
Mica
2 ML Kr/Au(11)) -356 0.28
Mica
1 ML Xe/Au(11]) -315 -319 0.25
Mica
2 ML Xe/Au(11)) -312
Mica

2m.(— eV contrast to the significant change of reconstruction after ad-
T(d,V) = exp) - 2d ?(tﬁ Y sorbing oxyger{?
Figure 8 shows STS data for a single(Al) crystal and

with the tip surface distancé and the mean work function Kr on Au(111) on mica after subtraction of the background
#, the background signal can be fitted to the low-voltage taiSignals as discussed in the context of Fig. 7. The experimen-
of the spectra, assuming a constant bulk density of states. &l spectra are compared with the calculated LDOS. The
addition one observes peaks and kinks which display chaverall shape of this spectrum roughly corresponds to the
acteristic differences for measurements in the hcp and fcstep function expected for the two-dimensional density of
region. states. In the hcp region of the reconstruction we see in ad-

For the calculated data we adjusted four free parametersgtition a peak at the step onset, which is caused by the one-
a;, AV=V;—-V,, and A, which determine the shape of the dimensional influence of the reconstruction. In the fcc region
spectra, and the absolute energetic positignWe used an the surface state onset exhibits a reduced LDOS. The essen-
effective electron mass oh* =0.24m,, which is the average tial structures are reproduced by the model, i.e., the first peak
value measured for the Alil1) surface state with UP&ee  in the hcp region at the surface state onset, as well as the
Sec. V). A possible change afi* by the rare gas is negligible feature at the second band gapktk,) at V~-350 mV for

for this calculation(cf. Table ). For a clean surface the life- jagn AY111), respectivelyV~-270 mV for Kr/Au111).
time of the AY111) surface state is betweer 31 fS(Ref. 3 The main parameter for the amplitude of the peak in the hcp

_ 2 e . )
and 7=35 fs* For the system Xe/Ag1)) a lifetime de region is AV and it changes from 18-39 meV for pure

crease of the surface state was obsefvEdr Au(111) we Au(111), to 50 meV for Kr/Au111), and from 65-70 meV

could neglect this effect and use the same Lorentzian lin -
width of 18 meV for all coverages. This indicates that the?or Xe/Au(11D). This indicates that also the local modula-

lifetime change is not strong compared to the lifetime of thelion Of the potential is modified by the rare-gas layer.

clean surface. The width of the Gaussiawris5 meV, which Without adding thes distributions to the Kronig-Penney

is the energy resolution of our experimental sefijve no- model, we could only find agreement between calculated and
tice here that the observed agreement in the width of the stepeasured LDOS with extremely asymmetric ra@gsa,, in
onset and the first peak in the hcp regioh Fig. 8 corrobo-  particular concerning the feature at the second band gap.
rates the lifetimes of Refs. 2 and 3. The swama;+a, This would be contradictory to experimental measured re-
=6.3 nm is the period length of the reconstructfdr®From  construction width§!33

different STM pictures no significant change of the recon- Here we focus on the spatially averaged potential which
struction was found after adsorbing different rare gases, itgan be calculated as
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15f Au(111l) single cryst'al 11 Au(111l) single cryst'al ) change. So other effects have to be.con5|dered. _
hep toc UPS averages over a macroscopic area of the safimple
our measurements an area of about 3 mm diarpeterd
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
— experiment higher energie$?43an asymmetry of the surface state peak
- - - theory in UPS (Ref. 44, and local variations in the density of
1 stateg>46
In Table | the measured energetic positions of the surface
: ' [ T Kr/Au2111) ] state for different rare-gas systems are given. The compari-
A 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 potentidl shifts the surface state as measured
with STS about 15 meV to lower energies for the clean
Au(111) surface?®
The surface state also shifts by using different types of
0.0} - Au(111) samples. With the STM we observed a larger num-
06 oy 02 .06 oy Y ber of small terraces for the single crystal used here than for
(b) Voltage [V] Voltage [V] Au(111) on mica. We think that this was caused by some
. residual stress of the crystal in the sample holder, because we
FIG. 8. STS spectrum of the surface stedgof a clean single  ysaryed distorted shapes for the herringbone reconstruction.
crystal and theb) for Kr/Au(111) on mica, in the hcpleft) and the 5 yhe gther hand, there are cloughs between the different
fcc (righ) region, respectively. The calculated LDOS curves are,, orystallites on mica. Inside these cloughs no surface state
pIotted'W|th dashed lines and the experimertbldV spectra are exists. The small single crystallites for A1) on mica may
normalized to the calculated curves. We us®d3.15 nm, AV be mechanically str dt St ffects the sh f th
=18 meV, (V)=—494 meV, andA=-22 meV nm for Ag111) and ically Stressed 100. Stress aftects € shapé ot the
reconstructio?® and causes a shift of the surface stite.

a;=3.15 nm,AV=50 meV,(V)=-414 meV, andA=+35 meV nm E f . fd h o f th f
for Kr/Au(111), respectively. Because the different fit parameters rom four series of data we get the position of the surlace

have independent effects on the calculated LDOS, it is possible tgtate of the AWl1]) single crystal between —494 meV and

arrive at unique parameter sets by manually fitting the experimentaT49_9_ meV in STS. On AWL11) on mica we have_ measured a
CLIVES. position of the surface state around 30 meV higher: between

—465 meV and —469 meVsee Table)l
In addition it has to be noticed that the A1) on mica
- M_ sample is not as plane as the single crystal. So the angular
atay distribution can be broader in UPS.

For an exact comparison we have to consider the different
cgmperatures of the measuremettsligher temperatures in-

uce a shift of the surface state of about 0.2 meV/K to

igher energies. This is most important for the UPS data of

SE% Au11l) single crystalFig. 5b)], 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-

V. DISCUSSION rameters which levels off at low temperatures. We observed

no significant change of the effective electron ma#s(cf.

One influence for the energetic shift of the surface staterable | after adsorption of different rare gas monolayers, in
induced by the rare gas, may be the change of the worligreement with results for rare gases on(#d) and
function. We determined the work function for, e.g., cleanCuy(111).”°
Au(111) to 5.36 eV and Xe/A(L11) to 5.04 eV by using the Now we summarize and discuss the data for the several
full energy width of the UPS spectrum, i.e., the differencedifferent rare-gas systems measured in this work. In the UPS
between the Fermi enerdst and the low energy onset of the data of Table | and Fig. 9 we can see that the shift of the
secondary electrong&sg as ¢=hv—(Er—Esp. For these surface state is small after adsorbing a second monolayer,
work function spectra a sample bais of -5 V was appliedwhereas different rare gases induce significantly different
Considering only the work function change a small shift ofshifts. The corresponding STS data for the clean and 1 ML
the surface state to lower energies would be expéttaat  systems are systematically shifted to lower energies due to
we get an upward shift of the surface state after rare-gathe local character of the measurentérft®and the influence
adsorption, in opposite direction to the work function of the tip-surface potenti#l“® as discussed above. But the

LDOS / (m*/ z )

experiment
- -~ theory

0.0

=z

15}

LDOS / (m*/ n 1)

—— experiment
- == theory

experiment
- - - theory

V)

Hence by considering the extended Kronig-Penney model w
are able to calculate the energetic position of the surface sta
more accurately. The value ¢¢) which is given by the STS
measurement far away from step edges and defects can
compared to the energetic positions observed with UP
which averages over a macroscopic area.
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300 ' o | () = Pot (- 1)k‘1k(s—1)k
20} $— 7. 2= Ameg(e + 1)°zicy (kt+2) \e+1/)
340+ -
Led ]
360 - ° / L Here g, is the vacuum dielectric constant,the dielectric
constant of the rare gas filmthe thickness of the filng the
o -380F T elementary charge, and EA the electron affinity of the rare
g 400 ] gas(see below for EA values usgdio overcome the singu-
5 | v i larity at z=t the potential is interpolated linearly within a
2 20} o i layer of 0.3 nm thicknes¥.18
. For e we have used the bulk values given in the Refs. 52
440 o * Xe . and 53:e,,=1.56, g¢,=1.78, andey.=1.98. Low-energy
° K } ups 1 electron diffraction studies of rare gases on metals have
460 F v Ar 4 . .
8 ] shown that the lattice parameter of the first rare-gas mono-
-480 | © Xe } sTs 1 layer can be different compared to the betkThis small
B Kr influence is neglected in the following calculations.
-500 | 8 . L Using this potential, we now qualitatively interpret the
0 1 2 shifts induced by different rare gases and coverages. For a
Number of monolayers on Au(111) quantum well of the same width but with a higher barrier the

FIG. 9. Energetic position of the surface state of £il) after glectronic states shift to higher e_nergies. If the V.Vidth s ge_t-
adsorbing different rare gasésne and two monolayeysThe num- ting narrower the st_ates also shift but the relative _effect is
ber zero identifies the substrate itself. The symbol shape distinuch stronger. In Fig. 18) we calculate the potential for
guishes between the different rare gases. UPS results are indicatéifferent layer thicknesses of Xe. One can see that inside the
by full symbols, whereas for the data points derived from STSgquantum well, for energies around or below the Fermi energy
measurements open symbols are used. The UPS data points fag the width is the same for all rare-gas film thicknesses.
different rare gases are connected to guide the eye, whereby inteAdditional layers of Xe change the quantum well mainly at
mediate positions do not exist. the top. So the influence on the surface state, with an ener-

getic position some hundred meV below the Fermi energy, is
general effect of the rare-gas coverage is confirmed and themall. If the rare gas is changed we get a small change at the
relative shifts are similar to the UPS data. We also note thatop of the potential but the width changes at the bottom
the relative shifts for 1 ML Ar, Kr, and Xe as compared to [Figs. 1@b) and 1@c)]. So we see that from Ar to Xe the
the clean surface are in good agreement with UPS data fgsotential is getting narrower and we can explain the large
Cu11y.’ shift induced by using different rare gases, compared to the

The pOtential Change induced by the rare gaS is inVeStisma” Sh|ft Of additiona' rare_gas mono'ayers_
gated in Refs. 17 and 18. The rare-gas monolayer is de- |n Fig. 1qc) it is visible that the width of the potential
scribed by a dielectric medium, positioned between the met&&hanges the most between the cleariida) surface and the
surface and the vacuum. The image potential in the vacuumgjfferent rare gases. This is in disagreement with the experi-
and the rare-gas film can be calculated by the followingment, for which the relative shifts are of similar size going

funCti(?”S-U’lB . from the clean surface to Ar, Kr, and Xe. Possible reasons for
Inside the rare gas it is this disagreement will be discussed later.
2 (e - 1) Quantitative values for the energetic positions of the sur-
V=- + face state can be calculated using the phase accumulation
16megez  16mege(e + 1)(t-2) model. The model consists of two reflection phases: the bar-
(s - 1)(t+22) rier phase and the crystal phase. If the sum of the barrier
L6mege(e + D(t+ 2t +0Vi(2) -EA phaseds and the crystal phaséc is a multiple of 27, i.e.,
€oBl® z ®g+dc=2mn, bound stategso called image statg®ccur.
with For the special case of the surface state the deynd,
must be zero.
er = (- 1)k e—1\K This model is well suited to describe the position of the
oVi(2) =~ 8 th e 22/t2)< n 1) : (6)  image states and the quantitative results are sensitively de-
TEOE k=2 © pendent on the exact position of the image plant2°-5°
In the vacuum the potential is given by The image state properties of different metal adsorbate
interfaces were studied in the pdsee e.g., Refs. 17, 18, 56,
e e - 1) and 573. The model is described in detail in Refs. 19, 20, 57,
Va="3g - +Vq(2) and 58.
meg(e + 1)z 16mep(e + 1)(z—-1t) )
The crystal phase can be calculated as in Refs. 21 and 55
with by
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Therefore it is useful to compare the energetic position of the
15 surface state calculated for an infinite number of monolayers
with the measured data of one and two monolayers rare gas.
— 44 . . .
> Two possible potential models for the barrier phase are
= 15 5 the step potential and the Coulomb potential. Both are inter-
g % esting to consider because they, respectively, take into ac-
£ {2 & count different aspects of the rare-gas layer and the substrate.
£ & The image potential of Eq6) changes for an infinite
£ 11 thickness of rare gas to a Coulomb potential considering the
dielectric constant of the rare gas:
EA10
_6 1 1 1 1 1 1 1 1 1 F 62 1
00 02 04 06 08 10 1.2 1.4 16 1.8 20 V:—4 e (7)
(@) Distance z [nm] TEQE H4Z
0 ——— et For a clean metal surface=1) the barrier phase for the
Coulomb potential as given in Ref. 19 can be rationalized
-1F using the binding energies of the image statés
3, =1,2,3,..) with respect to the vacuum energy, in the
= 2r & limit of an infinite barrier at the crystal surfad®~=-m)
% 3l - (Ref. 20:
o
g 2 11
E AL L En_EV__1_6ERydn_2-
St el This gives fore=1 (cf. Ref. 58
]
'600 0'1 0'2 0'3 0'4 0'5 0I6 0'7 0I8 0'9 1.0 Coul Erya/4
. . . . : : ; ; s . . q)B (E) - S Lo S
(b) Distance z [nm] E,-E
2 3 A dielectric constant # 1 changes the Rydberg energy
_ a4l f o o) = me'  13.6eV
3 5[ 5 Ryd &)= 327h%(se)? T
> —
6L > . .
§’ 6 12 Together with the shift of the vacuum energy by the electron
® 7r 3 ffinity EA of th thi Its i
> 4 29 affinity of the rare gas this results in
2 gl
5 314 2
£ -9t Coul | 3.4 eVEk
o -4 O E )=\ 00—
10 clean Au 1s B E,-EA-E
-11
12 . . . {-6 We use for the vacuum enerdg,=5.3 eV (Ref. 1) and for
0.00 0.02 0.04 0.06 0.08 0.10 the electron affinity EA,=-0.4 eV, EA,=0.3eV and
© Distance z [nm] EAy.=0.5 eV, respectively?

The reflection phase for the step potential is only influ-

FIG. 10. Image potentials calculated using E8). for (a) one,  enced by the electron affinify;2°
two, and three monolayers X&) one monolayer Ar, Kr, and Xe.

The potential close to the surface is showr(éh The potential is stey— _ [Ey— EA

plotted regarding to the vacuum ener@yinding energy and the b E)=2 arctar{— E-Er )

Fermi energyEg, respectively. In(c) the gray box illustrates the

position of the lower band edge for the conduction electronsFor calculating the bound states we use the alternative crystal

5.51 eV below the Fermi energy, of a free electron gas with thedermination which fixes the image plane at the crystal surface

parameters of goldrs=3.01 Bohr radij. The potential for a clean and allows the electrons to propagate freely in a range of

Au surface corresponding to E() with =1 is added. 2,.1%20 This results in the following equation which defines
the energetic position of the bound states with a free param-

) E- EL eterzo:
®(E) =2 arcsi .
EU_EL (I)B+qjc+2kJ_ZO:0.

In this equationE, =-1.05 eV andE;=3.35 eV are the po- In the surface band gdp =~ w/a (Ref. 21 will not change
sitions of the lower and upper surface band gap of arsignificantly for the small energetic shifts considered here.
Au(111) single crystak For the phase shifts given by, z, we assume a constant
The experimental results in Table | and Fig. 9 show thatvalue for all samples, which is adjusted to the experimental
the influence of the second rare gas monolayer is smalposition of the surface state for the Ar covered surface. The
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2n
T
3
3 <
© o
o
D_ -
0
-.-.-.----""'"“'s Au A
--------- i
E
-t M II . |F PR R SR TP S B [$)
83 2 A1 0 1 2 3 4 5 6 (@)
(a) Energy [eV]
T T T *
T T T ool |
% Step potential %‘ ¥
%‘ -03F Experimental, 1% ML . = 54 »
= Experimental, 2™ ML g2 T s~ §
8 2
8 S 06} ]
o 5
g 04} 3% ' 5
“g’) 2 -08F % Coulomb potential -
® ¥ w Experimental, 1% ML
B ¥ 1.0} * Experimental, 2" ML |
22 " " ! * ] Au Ar Kr Xe
Au Ar Kr Xe (b) Rare gas on Au(111)
(b) Rare gas on Au(111)

FIG. 12. (a) The crystal phas@at dashegland the barrier phase
FIG. 11. (a) The crystal phas¢at dashegland the barrier phase (thin dashegland their sunisolid) are plotted for pure A@11) and

(thin dashegland their suntsolid) are plotted for pure Ad11) and  Ar, Kr, and Xe on A111) for a Coulomb potential. The vertical
Ar, Kr, and Xe on Aylll) for a step barrier. The vertical and and horizontal thin lines show the adjustment of the phase offset
horizontal thin lines show the adjustment of the phase ofseg k, zy for Ar/Au(112). (b) Energetic position of the surface state of
for Ar/Au(111). In the inset the region determining the energetic clean Ay111) and after adsorbing different rare gases. The graph
position is magnified(b) Energetic position of the surface state of shows the experimental UPS values compared to the calculated
clean Ayl11l) and after adsorbing different rare gases. The graplones for the Coulomb potential. For Kr and Xe both experimental
shows the experimental UPS values compared to the calculateghlues, for 1 ML and 2 ML, are given.
ones for the step potential. For Kr and Xe both experimental values,

for 1 ML and 2 ML, are given. e.g., the image plan®. In order to focus on the comparison
between the different rare gases we fixed the image plane on
reason for this choice will be discussed below. the position of the surface state for Ar on @Aal).
First we discuss the energetic positions calculated with a The calculated relative shifts for the three different rare
step potential in Fig. 11. gases in Fig. 1) are of the correct magnitude but in abso-

In Fig. 11(b) it is visible that the calculated shifts disagree lute humbers about a factor of 3 larger than in the experi-
qualitatively with the experiment in case of Kr and Xe ment. This discrepancy would be even worse for the bare
though the magnitude of the rare-gas induced shifts is of th€oulomb potentialcf. Eq. (7)] without changing the value
order of 0.1 eV as in the experiment. The only influenceof EA. The difference between Ar and Xés, =1.56;
considered here is the electron affinity EA of the rare gas. ltgyx.=1.98 would then be about as large as the difference
sign determines the main direction of the shift. between Ar and vacuum. The close “bunching” of the rare-

In Fig. 12b) the calculated relative shifts for the different gas potential$cf. Fig. 1Q.c)] and barrier phasgsf. Fig. 12
adsorbed rare gases using the Coulomb potential occur in thanly occurs due to the combination of the respective values
same qualitative direction as experimentally observed. It hasf EA ande which partly cancel in their effects.
to be noticed that the shift between the clean surface and the For a quantitative comparison of calculation and experi-
rare-gas covered surfaces is largely overestimated. This beent the exact values effor the different rare gases would
havior can be explained as follows. It is visible in Fig(d2 be essential. However, a correction of the bulk parameters
for the Coulomb phase and in Fig. (&0 for the image po- was needed, e.g., to explain the experimental results for stud-
tential that the largest difference occurs between the rare-gass of the image staté8.For thin rare-gas films this may be
covered and the clean surface. This is in disagreement witbonnected to a lattice constant different to the bulk vafue.
the experiment. Possibly the large shift predicted with the To summarize the discussion, we started from the experi-
Coulomb potential is partly compensated by a change oftmental observation that the main shift of the surface state
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energy is already induced by the first ML of rare gas and wdace state. The rare gas on Adl) induces a shift of the
compared calculations for a half space of rare gas above thmurface state. We measured that the first monolayer of
sample surface within the phase accumulation model using the different rare gases produces a shift between
step and a Coulomb potential. In this way we were able t&b0 to 150 meV and the second monolayer adds only a small
distinguish between the general trends given by the macraadditional shift of around 10 meV.
scopic parameters EA andof the different rare gases. It is These shifts are interpreted qualitatively by an image po-
interesting to compare this to the interpretation of the surfacéential, which was used for image and quantum well states
state shift as due to the Pauli repulsion between the rare-gé®fore. Assuming that the dielectric constant and the electron
atom and the met&P:%1 for which also the interaction with affinity are the main characteristic parameters of the rare gas
the rare-gas atoms directly at the surface is crucial. for the shift of the surface state, we can calculate the position
For a better determination of the surface state position af the surface state with a phase acculumation model. This
calculation is needed, which takes into account the potentiahodel is applied to a rare-gas film of infinite thickness, be-
near the surface on an atomic scale, as used for the surfaceause already the influence of the second monolayer was
and image-state properties of cleanAl1) and Ag111).#%62  found to be small in the experiment. For the barrier phase we
Of course these results have to be combined with the influused different potentials. The step potential only includes the
ence of the rare gas, as it was done for the case of imagaectron affinity of the rare gas, whereas the Coulomb poten-
states for Ar/C(100).5 But the main effects will be de- tial additionally comprises the dielectric constant The
scribed already with semiquantitative model potentials asomparison with the measured surface-state positions reveals
used here. that a realistic phase has to take into account both, the di-
electric constant and the electron affinity. However, for a
guantitative theoretical determination of the rare-gas influ-
ence on the surface state the electronic interactions will have
On a Ay111) surface with a controlled number of ad- t0 be considered on an atomic scale using more advanced
sorbed rare-gas monolayers we characterized the surfa@®d therefore more complex techniques.
state with STS and UPS. The combination of both techniques Note added in prooflt is interesting to compare the band-
helped to identify possible influences of, e.g., step edges ar@@p features in the STS spectd. Fig. 8 with the density
other defects and it presents a rather complete view of thef states of the surface-state electrons on the reconstructed
effects induced by the rare-gas coverage. Au(11l) surface as determined in Ref. 63 using angle-
For the angle resolved UPS data we included the finitd€solved photoemission.
angular resolution in a model which can be calculated ana-
lytically. For the STS data an extended Kronig-Penney ACKNOWLEDGMENTS
model reproduced the structures induced by the influence of The authors would like to thank B. Grimm for important
the 23x\3 reconstruction and helped us to quantify theexperimental contributions. This work was supported by the
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