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Direct measurements of theL-gap surface states on the„111… face of noble metals
by photoelectron spectroscopy

F. Reinert,* G. Nicolay, S. Schmidt, D. Ehm, and S. Hu¨fner
Fachrichtung Experimentalphysik, Universita¨t des Saarlandes, 66041 Saarbru¨cken, Germany

~Received 6 October 2000; published 1 March 2001!

We present a comprehensive photoemission study of theL-gap surface states of the~111! surfaces of Cu,
Ag, and Au by high-resolution angle-resolved photoelectron spectroscopy~PES!. With an angular resolution of
aboutDu560.15° and an energy resolution ofDE'3.5 meV, our data establish new values for the intrinsic
lifetime broadening and the dispersion relation of these surface states. We compare our photoemission results
to recently published theoretical calculations and measurements by scanning tunneling spectroscopy~STS!. In
the case of the Au~111! state, we observe particular qualitative discrepancies in comparison to the STS data:
the PES data show a split dispersion and Fermi surface, possibly caused by a spin-orbit interaction of the
surface state electrons.

DOI: 10.1103/PhysRevB.63.115415 PACS number~s!: 73.20.At, 79.60.2i
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I. INTRODUCTION

Since the first spectroscopic investigation of theL-gap
surface states on the~111! surface of noble metals1,2 there
has been a large effort to study in detail the dispersion r
tions, temperature dependence, the interaction with ad
bates, and the line shape of these paradigmatic electr
systems. These surface states are prototype quasi-
dimensional electron states that—as shown
Shockley3—appear in a projected energy gap of the bu
bands, because of the termination of the infinite crystal
the surface.

Just recently, the internal lifetime of the Ag~111! surface
state was determined independently by use of a scan
tunneling microscope~STM! and high-resolution photoemis
sion spectroscopy~PES! at the band minimum.4,5 Such ex-
perimental and theoretical6 investigations of the lifetime of
surface states are important for the understanding of m
processes that take place at the surface of solids, like,
chemical reactions and catalytic processes.7 In addition, the
lifetime of electronic states in solids is not very well unde
stood, although it is closely related to fundamental solid-s
properties like superconductivity, magnetism, or transp
properties.

In principle, there are three experimental methods to
termine the lifetime of electronic states: tunnelin
spectroscopy4 using the tip of a STM, high-resolution pho
toemission spectroscopy5 and time resolved pump-prob
experiments8–11using two or more photon excitations. Bas
on the example of published photoemission spectra of
Ag~111! surface state from the last 25 years, Fig. 1 dem
strates the technological development in photoemission s
troscopy, which consists mainly of an improvement of t
energy resolution by nearly two orders of magnitude. In
dition, there are significant improvements concerning the
gular resolution, the detection efficiency, and, not last,
UHV conditions.

Some simple metallic systems show surface states
can be used as excellent model systems for the study o
influence of many-body effects on the dispersion and l
0163-1829/2001/63~11!/115415~7!/$15.00 63 1154
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shape of the spectral function. For the noble metals th
exist detailed PES investigations of electron-phonon effe
on the binding energy and the linewidth.12–15 For other sys-
tems, such as, e.g., the surface states on Be~0001! or
Mo~110!, the coupling between electron and phonon exc
tions~given by the coupling parameterl! is much larger than
in the noble metals and leads, therefore, to particular feat
in the spectral properties.16–21

Another experimental approach for the investigation
surface states is the spectroscopy with a scanning tunne
microscope by measuring the current-voltage characteris
at a particular position of the surface~scanning tunneling
spectroscopy: STS!.22 From the width of the steplike onset i
thedI/dV curve, one can determine the lifetime width of th
surface state at the band minimum. New experiments by S
~Ref. 23! have shown significantly larger lifetimes than th
classic high-resolution photoemission spectra of the last
years.12–15,24,25In addition to the lifetime measurements,
detailed analysis of the voltage dependence of the Frie
oscillations at point and line defects on the surface allows
extract Fermi surfaces and dispersion relations by Fou
transform methods and appropriate model fits.26–28

In contrast to the photoemission spectroscopy~PES! ex-
periment, the tunneling experiment has the advantage th
investigates the microscopic topology on an atomic scale
fore the spectroscopic measurements are performed.29 There-
fore, it is possible to choose an almost perfect, defect-f
area on the single crystal, which is typically of the size
*3000 nm2. On the other hand, photoemission with the d
charge lamp integrates over a comparatively large sam
area of about 1 mm2, with all its steps and defects and oth
imperfections. This principle difference between the tw
methods was believed to be the reason for the observed
crepancy in the lifetime width of the noble metal surfa
states.4,23

In the particular case of the Au~111! surface LaShell, Mc-
Dougall, and Jensen25 observed by photoemission—wit
high angular and energy resolution—a characteristic splitt
of the surface state and explained this splitting as being
to a spin-orbit coupling, that breaks the spin degenerac
the system. This explanation was corroborated by rec
©2001 The American Physical Society15-1
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tight-binding model calculations.31 The authors did rule ou
several other possible explanations, especially those rel
to the herringbone reconstruction32,33 (233)), which has
been considered in the literature as being responsible fo
fluencing the STS results.34 The observed splitting leads t
two peaks in the energy distribution curves~EDC’s! with an
energy separation proportional to the in-plane wave ve
k5ukiu reaching values of aboutD«*110 meV close tokF .
The experimental values for the Fermi vectors given in R
25 are 0.153 and 0.176 Å21 at room temperature. A depen
dence of thekF values on the measuredk-space direction
~Ḡ2M̄ or Ḡ2K̄! or on the photon energy could not be d
tected. However, the physical origin of the observed splitt
is still discussed, in particular because STS and PES s
quantitatively and qualitatively different results for th
Au~111! surface state and an equivalent splitting for t
other noble metal surface states could not be observed
PES.

In this paper we report on high-resolution PES measu
ments to investigate the dispersion and the lifetime of

FIG. 1. Technological development in PES since the first ob
vation of the Ag~111! surface state in photoemission spectra:~A!
from Ref. 2 measured at room temperature~RT! with Ar I ( hn
511.83 eV), angular integrated;~B! from Ref. 30 at RT withhn
513 eV, DE'60 meV and Du51°; ~C! from Ref. 13 at T
556 K with Ar I, DE521 meV, andDu50.9°; ~D! present data a
T530 K with He I (hn521.23 eV), DE53.5 meV and Du
560.15°.
11541
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L-gap surface states on the~111! surface of copper, silver
and gold.

II. EXPERIMENTAL SETUP

The photoemission data presented here have been
sured with a SCIENTA SES 200 spectrometer and a mo
chromatized He discharge lamp~GAMMADATA ! posi-
tioned under an incidence angle of 45° to the analyz
direction. The angular mode of the analyzer allows us
measure a window of67° simultaneously, which~at He I
excitation! is large enough to map the complete relevank
range in one direction without any sample rotation. T
angles in the orthogonal direction—necessary for comp
Fermi surface mappings~see below!—could be reached by a
subsequent change of the in-axis rotational degree of f
dom of the manipulator~tilt !. For example, in the case of th
Ag~111! surface state, the time of the measurement of
complete dispersion in one direction could be reduced
approximately 5 min. However, the accumulation of a who
Fermi surface map~FSM! with a tilt step size of 0.2° took
approximately 3 h.

The base pressure of the UHV systems was below
310211mbar, increasing—due to the He leakage from t
discharge lamp—to&8310210mbar during the measure
ments. The samples could be cooled down to approxima
T58 K on the manipulator. During the measurements,
temperature was set toT530 K because of the accelerate
surface degradation at lower temperature.35 A comparison of
normal emission spectra atT58 K and T530 K showed,
that atT530 K, the contributions from thermally activate
phonons to intrinsic linewidth and binding energy of the s
face states are negligible. This is in accordance with the
perimental and calculated temperature dependence rep
in the literature.12,13,15

The surfaces of the single crystalline noble metals w
prepared by the standardin situ sputter-annealing cycles~Ar
sputtering at low energies of approximately 1 kV, anneal
by back-side electron bombardment for several hours
500 °C!, repeated until the linewidth at normal emission h
reached the minimum values presented here. The time in
val from the end of the annealing procedure to the start of
measurement at 30 K was approximately 10 min.

The energy resolution of the system was determined
measuring a Fermi edge of a polycrystalline Ag sample
T58 K and a least-squares fit by a Gaussian-broade
Fermi-Dirac distribution at this temperature. The resulti
value in the angular mode and with He Ia radiation (hn
521.23 eV) wasDE53.560.2 meV. The angular resolu
tion, determined both from a standard calibration samp36

and directly from the broadening of the surface states in
branches of the parabolas~see below!, is given by Du
560.15°. Slight deviations of the measured vs the nomi
emission angle by nonperfect instrumental alignment h
been corrected numerically.37

III. RESULTS

A. Lifetime width at normal emission

Figure 2 shows the photoemission spectra of the th
investigated surface states on a common energy scale,

r-
5-2
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DIRECT MEASUREMENTS OF THEL-GAP SURFACE . . . PHYSICAL REVIEW B 63 115415
sured at normal emission~equivalent to the center of th
surface Brillouin zoneḠ!. Here, the peak dispersion has
minimum and the lines appear with the smallest experim
tal linewidth. The peak positions at normal emission for t
Au~111!, Cu~111!, and Ag~111! surface states are 484, 43
and 63 meV, respectively.

To extract the intrinsic linewidth of the surface states,
used a simple model for the description of the experime
photoemission data at normal emission. In the case of
and Cu, the spectra can be described by a single Lorent
with a full width at half maximumG ~FWHM! broadened by
the finite experimental resolution, which we approximat
by a Gaussian with fixed FWHMDE53.5 meV. Depending
on the individual sample surface, the spectra showed a s
asymmetry, which can be seen more pronounced in the s
tra ~B! and~C! in Fig. 1. For our data at normal emission w
can rule out that this asymmetry is due to the finite angu
resolution of the spectrometer, confirmed by respective d
modelations~see below!. The asymmetry is most probabl
due to a stepped surface with additional defects, and dif
slightly from preparation to preparation.38 In our model, we
describe this intrinsic asymmetry by a line shape consis
of two independent Lorentzian halfs with FWHMG, for the
high-binding energy side andG. for the low-binding energy
side towards the Fermi energy. This leads to an asymm
parameterA05(G,2G.)/(G,1G.).38 To compare our
data with the STM results or other values from the literatu
we considered only the high-binding energy sideG, for the
determination of the intrinsic lifetime width~see, e.g., Ref.
13!. In summary, the model curve for the normal emission
consists of four independent parameters, i.e., the binding
ergy «0 , the intrinsic lifetime widthG5G,, the asymmetry
parameterA0 , and the energy resolutionDE53.5 meV,
which was constant for all spectra analyzed here.

Figure 3 shows the result of a least-squares fit with t
model for the Ag~111! surface state. The shear measur

FIG. 2. L-gap surface states at normal emission~Ḡ-point! and
T530 K for Au, Cu, and Ag on a common energy scale, measu
with He Ia radiation (hn521.23 eV). Note that the experiment
peak positions and linewidths~FWHM! differ slightly from the fit-
ted values given in Table I.
11541
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linewidth ~open circles! amounts to FWHM59 meV, includ-
ing experimental broadening and asymmetry. The resul
model parameters from the least-squares fit of this spect
are binding energy«0563.3 meV, intrinsic Lorentzian
FWHM G56.2 meV, and asymmetry parameterA0
520.09. The analysis of the data on different surfac
showed slight variations of the individual parameters, es
cially for the asymmetry parameterA0 . A small asymmetry
was usually correlated with a high-binding energy. Howev
within a comparatively small scatter, the results could
repeatedly reproduced.

The Cu~111! surface state was analyzed analogously~see
Fig. 4!, the result for the intrinsic linewidth is given in Tabl
I, the other fit parameters are given in the figure captions.
both Ag and Cu there is no influence of the finite angu
resolution to the line shape of the spectra at theḠ point, not
even for the asymmetric tailing to lower-binding energies

The understanding of the Au~111! state is more complex
although the normal emission spectrum gives the most
row line, the binding energy does not correspond to the b
minimum, because the line consists of the contributions fr
the two~probably spin orbit! split parabolas shifted in oppo
site k direction from the normal emission~see Fig. 8!. How-
ever, the analysis of the narrowest experimentally obser
line ~see Fig. 5! in the way described above yields a value
G52561 meV for Au~111!, and accordingly, a surface-sta
lifetime of approximatelyt527 fs. Because of the particula
splitting of the Au~111! surface-state dispersion, the fini
angular resolution leads—in contrast to Ag and Cu—to
slight additional broadening atḠ; at angles 0.5°&u&5° off
normal emission, this broadening transforms to a split p
in the EDC’s. We included the dispersion of the two parab

d FIG. 3. Least-squares analysis of theL-gap surface state o
Ag~111! at normal emission measured with He Ia radiation atT
530 K. The experimental data~circles! were fitted by an asymmet
ric Lorentzian, convoluted with the resolution function~Gaussian!.
The least-squares result is plotted by a dashed line, the intri
Lorentzian (FWHM56.2 meV) by a solid line. The dotted curve
the fit result without the asymmetry~A050, see text!. The residue
of the least-squares fit is given by black bars.
5-3



n-

e
d

s
te
d
-
o

te

a
g

-
th
s

our
rly

ers,
ral
ly

ea-
ray-

para-
the

l
een
u/

to
tra-
ng
ors
is-

two

ur-
sly.

the
ap-

f

-

ns
r

lts
l
a
a

f

-

nsic
r
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las in the line shape fit by a convolution ink space with a
semielliptic angular window function. The size of the wi
dow is given by the angular resolution ofDu560.15°. As
anticipated from the dispersion relations in Fig. 8, the resp
tive fit gives a slightly larger binding energy of the ban
minimum and a reduced intrinsic linewidth ofG521
61 meV.

Table I gives a comparison of the intrinsic lifetime width
G of the three surface states at the band minimum, de
mined by photoemission as described above, by STS, an
new theoretical calculations.23 The very close agreement be
tween the experimental results are quite striking, in view
the very different sampling areas. However, this indica
that there is either an additional broadening mechanism
the STS data, which has not been revealed and is of the s
order of magnitude as the unavoidable defect scatterin
PES,39 or that the effect of surface imperfection is less im
portant for the data presented here than anticipated. In
context we emphasize that we reduced the time between

FIG. 4. Least-squares analysis of theL-gap surface state o
Cu~111! at normal emission measured with He Ia radiation atT
530 K. The experimental data~circles! were fitted by an asymmet
ric Lorentzian, convoluted with the resolution function~Gaussian!.
The least-squares result is plotted by a dashed line, the intri
Lorentzian (FWHM523.0 meV) by a solid line. Fit parameters fo
this spectrum:«05434.6 meV,A0520.018,G523.0 meV.

TABLE I. Comparison of experimental and theoretical resu
for the natural linewidth of the investigated surface states. AlG
values are given in meV. The theoretical and the STM results
taken from Ref. 23, the PES values are taken from the least-squ
fit at normal emission. The lifetimet5\/G was calculated from the
PES linewidth. The value of the PES result on Au~111! is the fit
result including the existence of the split dispersion~see text!.

GSTS G theory GPES t @fs#

Ag 6 7.2 660.5 110
Cu 24 21.7 2361 29
Au 18 18.9 2161 31
11541
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face preparation and experiment as far as possible in
experimental setup. The influence of surface quality clea
deserves further investigation.

It should be mentioned that the STS data of the Au~111!
surface state are characteristically different from the oth
because thedI/dV spectra—although averaged over seve
tip positions—show a high-frequency distortion, probab
due to the herringbone reconstruction.23 This makes the in-
terpretation of the STS data on Au~111! less straightforward
than the data on Cu and Ag.

B. Dispersion relation: Analysis of MDC

The left-hand panels of Figs. 6, 7, and 8 show the m
sured dispersion relation of the three surface states as a g
scale plot. The surface states can clearly be detected as
bolic curves with an opening at the top, positioned inside
gap of the projected band structure of the bulk~only faint in
the chosen intensity scale!. The respective two-dimensiona
data sets—i.e., intensity vs angle and energy—have b
measured with one or two shot experiments for Ag and C
Au, respectively. The slight asymmetry in intensity is due
the asymmetry of the experimental setup: the vacuum ul
violet light comes from the right-hand side and—accordi
to the characteristics of the photoemission process—fav
the emission of the parabola branch left of the normal em
sion. The data sets for Cu and Au were assembled from
successively measured sets at low~circles! and high-binding
energy~squares!, because the whole energy range of the s
face state dispersion could not be detected simultaneou
Due to some nonlinearities in the parallel detection of
angles, the matching of both regions is not perfect and

ic

re
res

FIG. 5. Least-squares analysis of theL-gap surface state o
Au~111! at normal emission measured with He Ia radiation atT
530 K. The experimental data~circles! were fitted by an asymmet
ric Lorentzian, convoluted with the resolution function~Gaussian in
energy space! and the angular broadening~semielliptic ink space!.
The least-squares result is plotted by a dashed line, the intri
Lorentzian (FWHM521 meV) by a solid line. Fit parameters fo
this spectrum: «05487.3 meV, A0520.035, G521 meV, Du
560.15°.
5-4
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FIG. 6. Dispersion of the
Ag~111! surface state. Left panel
gray-scale plot from parallel de
tection directly from the spec-
trometer; right panel: dispersion
of MDC maxima ~circles! and
least-squares fit result~solid line!.
The shaded area symbolizes th
L-gap of the 111 surface. The
crossing of the Fermi level a
62.17° is equivalent with Fermi
vectors at kF560.08 Å21. The
black box indicates the experi
mental uncertainties due to finit
angle and energy resolution.

FIG. 7. Dispersion of the
Cu~111! surface state~cf. Fig. 6!.
The crossing of the Fermi level a
65.85° is equivalent with Fermi
vectors at kF560.215 Å21.
Here, the left panel is in a loga
rithmic intensity scale. The bend
ing of the data points on the lef
~negative! branch of the parabola
are due to distortions at the dete
tor edge. The complete dispersio
is assembled from two data sets
low ~circles! and high-binding en-
ergies~squares!.

FIG. 8. Dispersion of the
Au~111! surface state~cf. Fig. 6!.
The splitting ink is clearly visible
on the gray-scale plot on the lef
side. The crossing of the Ferm
level at 64.5560.1° and 65.2
60.1° is equivalent with Fermi
vectors atkF560.167 Å21 and
kF560.192 Å21, respectively.
The complete dispersion is as
sembled from two data sets at low
~circles! and high-binding ener-
gies ~squares!.
115415-5
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pears as slight kinks in the branches of the parabolas. H
ever, this apparative deviation from the parabolic behavio
only marginal~i.e., within the given experimental errors! and
was taken into consideration for the least-squares analys

The k splitting of the Au~111! surface state can be see
directly from the gray-scale plot in Fig. 8 without any furth
data analysis. There is obviously no such splitting for Ag a
Cu on the scale of our instrumental angular and energy r
lution, which means clearly below 5 meV or 0.01 Å21. From
the atomic p3/2-p1/2 spin-orbit splittings—which are 470
110, and 31 meV for Au, Ag, Cu, respectively40—one would
expect close toEF to an estimatedp-band splitting of 26
meV for Ag and and 7 meV for Cu.25 Such a splitting should
actually be resolved under our experimental conditions.

To analyze the dispersion of the surface states, we u
cuts in a horizontal direction, which then describe the an
lar or momentum distribution at a certain energy. In an an
ogy to the usual photoemission spectra or energy distribu
curves~EDC! these are called MDC~momentum distribution
curves!. Thus, one is able to investigate strongly dispers
features without the influence of the broadened Fermi-D
distribution on the data, which results in a shift of the pe
maximum positions and a change of line shape in the ED
at energies close toEF . We analyzed the MDC’s by least
squares fits with two@four in the case of Au~111!# Lorentz-
ians, extending up to energies of about 15 meV56kBT
aboveEF .41 The resulting positions are plotted as circles a
squares in the right panels of Figs. 6–8. The maxima foll
a parabolic dispersion, which can be translated to the ph
cal parameters given in Table II. These parameters are
perature dependent,13 e.g., the values measured by LaShe
McDougall, and Jensen25 have been extracted from da
taken at room temperature and, therefore, show slight dif
ences to ours. For the Au surface state, we used two par

TABLE II. Summary of the~parabolic! dispersion fit results.
The two parabolas of the Au~111! surface states are centered
60.013 Å21.

«0 @meV# m* /me kF @Å 21#

Ag 6361 0.397 0.080
Au 48761 0.255 0.167/0.192
Cu 43561 0.412 0.215
11541
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las with identical parameters for band minimum«0 and cur-
vature, shifted ink direction symmetrically from theḠ point
by 6Dk.

The resulting parabolic dispersions of the peak maxi
give the Fermi vectorkF and—from the curvature of the
parabola—the effective electron mass m*
5\2@d2«(k)/dk2#21. The resulting values are summarize
in Table II. Note that the observed maximum binding en
gies «0 of the investigated surface states~cf. Table II! are
typically '4% smaller than the STS values.23 The two pa-
rabolas of the Au~111! surface state are shifted byDk
560.013 Å21 from the Ḡ point, equivalent with a linear
dependence of the energy splitting onk with D«(k)
'0.8@eV/Å#3k.

A renormalized band dispersion close toEF , as was ob-
served for a Mo~110! surface state,20 is not resolvable in our
data for any of the investigated surfaces~see Figs. 6–8!.
Furthermore, in contrast to observed methodical discrep
cies in the determination of the Fermi vector on oth
compounds,42 several standard methods gave the same
sults forkF in our case.43

C. Fermi surface mappings—FSM

Finally, we present in Fig. 9 the three two-dimension
Fermi surfaces~FSM! as measured by PES, which are
principle, also determinable by Fourier transform STM27

The Fermi surfaces are centered at theḠ point, the slight
asymmetries and deviations from the circular shape are
to problems with the spectrometer lens and the surface a
during the tilt series. The data of the FSM’s have been ta
after the high-resolution EDC measurements, on surfa
that show already slight degradation effects. Therefore,
Fermi vectorkF , defining the volume of the Fermi surfac
has already decreased by approximately 2%~for Cu/Au!, up
to 9% ~for Ag!, in comparison to freshly prepared surface
Again clearly observable is—in contrast to Ag and Cu—t
split Fermi surface of the Au~111! surface state. The two
individual Fermi surfaces form two closed concentric circ
connected to the inner and outer branches of the«(k) pa-
rabolas in Fig. 8, with thekF values given in Table II.

IV. CONCLUSION

In conclusion, we have presented a comprehensive h
resolution photoemission study of theL-gap surface states o
e
dom
FIG. 9. Fermi surface maps~FSM! of the investigated noble metal surface states centered atḠ. The data were taken after a surfac
exposition of about 0.5 h in a 3 hrun. Q labels the parallel angular detection of the analyzer, ‘‘tilt angle’’ the rotational degree of free
of the manipulator. The time order of the tilt goes from negative to positive angles.
5-6
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Ag~111!, Cu~111!, and Au~111!, from which other values o
the lifetime, binding energy, and dispersion can be es
lished. The photoemission linewidths are in striking agr
ment with recent theoretical and spectroscopic results
scanning tunneling microscopy~STM!, which gave signifi-
cantly larger values for the lifetime than previous photoem
sion measurements. However, there remain qualitative
crepancies in the case of the Au~111! surface, in respect to
the split Fermi surface and band dispersion observed by p
toemission. An eventual clarification of this point requir
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further theoretical and experimental investigations on t
noble-metal surface states.
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Hüfner, Phys. Rev. B62, 1631~2000!.
6P. M. Echenique, J. M. Pitarke, E. V. Chulkov, and A. Rub

Chem. Phys.251, 1 ~2000!.
7Electronic Surface and Interface States on Metallic Systems, ed-

ited by E. Bertel and M. Donath~World Scientific, Singapore
1994!.

8W. Steinmann, Appl. Phys. A: Mater. Sci. Process.49, 365
~1989!.

9T. Hertel, E. Knoesel, M. Wolf, and G. Ertl, Phys. Rev. Lett.76,
535 ~1996!.

10J. Cao, Y. Gao, R. J. D. Miller, H. E. Elsayed-Ali, and D.
Mantell, Phys. Rev. B56, 1099~1997!.

11W. Wallauer and T. Fauster, Surf. Sci.374, 44 ~1997!.
12B. A. McDougall, T. Balasubramanian, and E. Jensen, Phys.

B 51, 13 891~1995!.
13R. Paniago, R. Matzdorf, G. Meister, and A. Goldmann, Surf.

336, 113 ~1995!.
14R. Paniago, R. Matzdorf, G. Meister, and A. Goldmann, Surf.

331–333, 1233~1995!.
15R. Matzdorf and A. Goldmann, Surf. Sci.359, 77 ~1996!.
16T. Balasubramanian, E. Jensen, X. L. Wu, and S. L. Hulp

Phys. Rev. B57, R6866~1998!.
17M. Hengsberger, D. Purdie, P. Segovia, M. Garnier, and Y. B

Phys. Rev. Lett.83, 592 ~1999!.
18M. Hengsberger, R. Fre´sard, D. Purdie, P. Segovia, and Y. Ba

Phys. Rev. B60, 10 796~1999!.
19S. LaShell, E. Jensen, and T. Balasubramanian, Phys. Rev.61,

2371 ~2000!.
20T. Valla, A. V. Fedorov, P. D. Johnson, and S. L. Hubert, Ph

Rev. Lett.83, 2085~1999!.
21E. Rotenberg, J. Schaefer, and S. D. Kevan, Phys. Rev. Let84,

2925 ~2000!.
22J. Li, W. Schneider, R. Berndt, O. R. Bryant, and S. Cram

Phys. Rev. Lett.81, 4464~1998!.
n-

r.

S.

,

.

ev.

i.

i.

rt,

er,

,

s.

n,

23J. Kliewer, R. Berndt, E. V. Chulkov, V. M. Silkin, P. M. Ech-
nique, and S. Crampin, Science288, 1399~2000!.

24R. Matzdorf, Appl. Phys. A: Mater. Sci. Process.63, 549 ~1996!.
25S. LaShell, B. A. McDougall, and E. Jensen, Phys. Rev. Lett.77,

3419 ~1996!.
26J. Li, W. Schneider, and R. Berndt, Phys. Rev. B56, 7656~1997!.
27L. Petersen, P. T. Sprunger, P. Hofmann, E. Lægsgaard, B. G.

Briner, M. Doering, H.-P. Rust, A. M. Bradshaw, F. Besen-
bacher, and E. W. Plummer, Phys. Rev. B57, R6858~1998!.

28L. Bürgi, L. Petersen, H. Brune, and K. Kern, Surf. Sci.447,
L157 ~2000!.

29J. Li, W. Schneider, S. Crampin, and R. Berndt, Surf. Sci.422, 95
~1999!.

30S. D. Kevan and R. H. Gaylord, Phys. Rev. B36, 5809~1987!.
31L. Petersen and P. Hedega˚rd, Surf. Sci.495, 49 ~2000!.
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