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Li-induced metal-semiconductor-metal transitions on the Si111)-(7 X 7) surface:
A work function, photoemission, and NMR study
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The metallic (7X7) reconstructed $111)-surface undergoes with increasing Li coverage a metal-
semiconductor-metal transition as seen in work function changes, photoelectron speciratiames deter-
mined in NMR experiments. From zero coverage to about 0.12 ML the partly delocalized electron gas of the
originally metallic S{111)-(7 X 7) surface becomes increasingly localized. Around 1 ML Li coverage the
surface becomes semiconducting and its properties may be understood in a simple local bonding picture in
which the(sp)3-Si orbitals hybridize with the £Li orbital. A further increase of coverage leads to a metallic
overlayer.
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I. INTRODUCTION adsorbed K and Cs display with increasing coverage a van-

. , . ishing density of states around the Fermi enéfgsf26:27
_Due toits dangling bonds t@ > 7) reconstruction of the  \yjje for K adsorption and also for Li adsorption, as shown

Si(111) surface has many hallmarks of a metallic surfacen gec |11, the density of states at the Fermi energy vanishes

Recently, not only a parabolic dispersive band located at theyr saturation coverages; it is already recovered for Na and
center of the(7>< 7) Brillouin zone has been identifiédbut Cs a(_’]sc)r‘pti()ﬁ"8 Thus at saturation coverage thb}( 7) sur-
also “Korringa-like nuclear spin relaxation,” was observed inface becomes semiconducting for Li and K adsorption, but is
nuclear magnetic resonantdMR) experiments on Li, ad- metallic if Na and Cs is adsorbed. Beyond saturation cover-
sorbed at extremely low coverages as a®lfonolayer age UPS experiments indicate for K and Cs adsorption a
(ML) and below’ That is on average only one Li atom per 20 metallization of the surface, while for Li adsorption at room
unit cells of th6(7><7) reconstruction. Nuclear Spin-lattice temperature the formation of silicides is reporfédn con-
relaxation rates, denoted as=1/T,, describe the rate of trast to the other alkali-metals Li may diffuse at room tem-
change of the nuclear polarizatidmagnetization towards  perature into the $111) bulk2%3° Since the amount of Li
thermal  equilibrium [Eq. (2)]. In classical NMR diffusing into the bulk depends crucially on its solubility in
experiment$® T, denotes the built up time; here it denotes Sj and on temperature, low enough temperatugsund

the decay time of the polarization, since its initial value is far100 K) and the choice oh-doped material is essential to
above the one of thermal equilibriuteee Sec. )l suppress it.

Relying on common wisdom, the observation of Metastable-atom deexcitation spectroscopyDS) ex-
“Korringa-like” nuclear spin relaxation—magnetic-field- periments detected even at low cover#ge calibration re-
independent relaxation rates linear in temperature—is conmaining valence electrons on the adsorbed Li atoms which
sidered as a univocal sign for the “metallicity” of a provides clear evidence of a partially occupied Li
system>>7 In what follows, we will be more careful and resonancé? Theoretically, this is explained by adsorption at
consider it as a sign for an at least partly delocalized electrofhe adatom dangling bond.This adsorption site is also
gas with correlation times much shorter than the electroradopted for low coverage K and Cs adsorption, as UPS ex-
Larmor period for the magnetic field used. A recent discusperiments show?24 The results are supported by recent
sion of electron localization and electric conductance in thehigh-resolution electron energy loss spectrosc¢tREELS
(7x7) reconstruction can be found in Ref. 8. experiments which find a clear signature for a metal-

In contrast to the plain §111)-(7 X 7) surface, the hydro- semiconductor transition at the early stage of Na and Cs
gen terminated $111)-(1X 1):H one has saturated dangling adsorption by completely filling half-filled Si-adatom dan-
bonds and is semiconducting, the latter being proven as wegjling bonds?®
experimentally~2 as theoretically:*4-1” Adsorbing, how- An understanding of the coverage-dependent metal-
ever, on the $111) surface at room temperature chemically semiconductor-metal transition driven by alkali-metal ad-
equivalent alkali-metal atoms, instead of hydrogen reflectiorsorption on the $1L11)-(7X7) surface obviously requires
high energy electron diffractio(RHEED) and low electron not only a thorough discussion of the nature of the chemical
energy diffraction(LEED) patterns, show a new appearing bond between the alkali-metal atom and the subst(the
superstructure, called-7X7 or 7X1, while the original past battles on this question became focused within the
(7x7) superstructure is disappearitig?! Its geometrical phrase “jonic versus covalent binding’but one must ad-
structure is not clarified finally. Comparing ultraviolet pho- dress also the issue of electron localization, for which the
toelectron spectrdUPS for the adsorption of K and Cs structure and density of overlayer atoms are apparently cru-
(Refs. 22—25 with those obtained for L{Refs. 18 and 26  cial parameter$32432-34ypPS, HREELS, and Auger electron
similarities but also differences appear. UPS experiments ospectroscopyAES) experiments are suitable techniques to
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study chemical bonds. The observation of nuclear spin depavas flashed to about 1200 K in order to remove the adsorbed
larization(relaxation in 8-NMR (measurement of relaxation hydrogen and to prepare th& X 7) reconstruction. After-
rates—9, which are now feasible for Li adsorbates onwards a cleat7 x 7) LEED pattern was observed. The clean-
semiconductors'*2® is the ideal tool to study localization liness of the surface was monitored by AEShe ratio of
phenomena, since its result is proportional to the electromarbon and oxygen Auger lines to the Si one was kept below
correlation time(see Appendix B in Ref. 2 for detajls 0.01 always.

The description o3-NMR experiments for the Liinduced =~ The UHV chamber was connected via a differential
metal-semiconductor-metal transitions on(18i)-(7X7)  pumping section to the chamber in which the source for a
will therefore be the central part of this paper. For an interthermal nuclear spin polarizefLi atomic beam was in-
pretational support we embed these results, however, intstalled. RadioactivéLi with a half-life of only 0.84 s was
work function changgA®) and UPS results, which were producedin situ by bombarding a deuterium gas target with
obtained parallel over the years. a 24 MeV'Li*" ion beam from the MP-tandem accelerator at
the MPI for Nuclear Physics in Heidelberg including the
2H("Li, 8Li)*H nuclear reaction. Its nuclear spih=2) was
polarized by optical pumping in a magnetic field either in the

The experiments have been performed in two UHV appam=+2 or in them=-2 state(positive and negative polariza-
rati in Marburg and at the Max-Planck-Institute for Nuclear tion). The source provided at the site of the sample a thermal
Physics in Heidelber¢base pressure belowd10 ! mbay), atomic beam of about $0ithium atoms/s containing a small
both equipped with NMR facilities aside from conventional amount of about X 10* atoms/s of the nuclear spin polar-
surface science techniques as temperature programmed dged radioactive isotop&.i.34 Only thesé’Li atoms served as
sorption(TPD), LEED, AES, andA® measurement devices. probes for the measurementsTaftimes(nuclear spin relax-
The experiment in Marburg has been described brieflyation ratesa=1/T;.
recently*®-38|t was used forA® and UPS measurements. It 8.i is a p-decaying nucleus with a half-life of
has an atomic beam facility together with a “retarding field” T,,,=0.84 s. Spin polarization of the adsorb&téitself can
assembly to determine as a function of Li coverage &iso therefore be detected via the directional asymmetry of@dhe
situ work function changes. In addition, UPS measurementslecay. The asymmetry of the 8-electron intensity with re-
using a He light source in connection with a hemisphericakpect to the magnetic field is measured by scintillator
mirror analyzerfHMA) were possible. telescoped® The nuclear polarizatio®® of the ®Li ensemble

The experiments were performed on commercially grownis determined from the observed asymmetrgs
n-type phosphorous-doped($11) samples with a resistivity
of 4to 100 and a miscut of less than 0.3°. The crystals N(O °) - N(180 °) 1
were mounted in an ultrahigh vacuuitdHV) chamber with- €= S ~=--P. (1)
out any prior preparation and cleangdsitu by heating to N(0*)+N(180°) 3
1450 K to remove carbon contamination. Annealing for
30 min at 1200 K followed by slow cooling during the Here N(0°) denotes the count rates for electrons emitted
"1X1' —7X7 phase transition led to samples that showedalong the direction of the magnetic field, whlg180°) de-
no contamination in Auger spectii@he Si signal-to-noise notes the ones opposite to it. The fao(teé) reflects to prop-
ratio was greater than 10p&nd sharp % 7 LEED patterns. erties of the®Li B decay (the allowed Gamow-Teller
The samples were heated resistively by an ac current. decay®. Systematic errors in the determination efare

The B-detected NMR experiments were performed ineliminated by performing the experiment with the reversed
Heidelberg utilizing nuclear spin polarized radioactiéas  polarizationP as well. Details of the signal detection can be
a NMR probe. Together with the radioactive Li also stable Lifound in Refs. 41 and 44.
adsorbs always. Since it has also been described in detail The nuclear spin relaxation experiments consist basically
recently#3>3%-41lwe sketch this tool only briefly. The UHV of three subsequent steps which are repeated many times. It
chamber used in this part of the experiments was equippestarts with a filling periodtypically 1.5 9 during which®Li
with a homemade load lock for a fast transfer of the siliconis produced and accumulated in the thermaf2éfterwards
crystals. The samples used were also moderai@hy-doped it is released while production is still going on. An atomic
Si(111) crystals with a misorientation 0£0.5°. They were beam is formed and nuclear spin polarized by optical pump-
prepared with a wet chemical procedure outside the UHVIng. The thermaPLi atoms are adsorbed on the surface for
chamber as hydrogen-terminated (13i)-(1x1):H 0.5s. Finally during the detection period of 4 s the
surface$:#? This detour was chosen in order to deal outsides-electron asymmetry [Eq. (1)] is measured as a function
the UHV chamber with rather inert surfaces, which, more-of time. During the detection period the ion beam, as the
over, are improved in their properties during the wet chemi-main source of background signals, is switched off. Figure 1
cal treatment. These wet chemically prepared samples wegisplays as a typical exampkt) data for8Li adsorption on
transferred into the UHV chamber via the fast load lock anda Si(111) surface kept alT=110 K and at a magnetic field of
clamped onto a small Mo plate. Heating was achieved by.8 T.
electron bombardment from the backside of the Mo plate, Since®Li has a nuclear spin=2 the decay of nuclear
cooling by contact of the sample holder to a liquid nitrogenpolarization with time can be expressed in general as the sum
reservoir. After the sample was transferred into the UHV itof four exponentials(For details see Ref. 45 and Appendix

II. EXPERIMENTAL
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FIG. 1. Observed asymmetry as a function of time for Li .
adsorbed at 110 K and at a magnetic field of 0.8 T on (419) o .
-(7X 7). The data are fitted according to H) to one exponential
yielding «=(0.24+0.0} or T;=(4.17+0.17 s. 1 1 1 1 1

0 1 2 3 4 5
0 ML)

A of Ref. 46) However, as in Fig. 1 often only one expo-
nential was sufficient to describe the data. It determines the FIG. 2. Work function changA® as function of Li coverag®.
relaxation ratex=1/T; defined through The surface was covered with Li at 90 K.

€= e = e VM, (2 On one hand, this points to a coverage-independent sticking

, N . coefficient of one and, on the other hand, to the possibility

The fit to the data in Fig. 1 yieldedr=0.24£0.01 Or nat 4t these elevated temperatures Li might diffuse already
T1=(4.17+0.17s. _ into the bulk®3 or forms silicides® First, in Fig. 2 the

We close this section with the remark that contrary tochange in work function increases steeply up to about
conventional NMR experiments the determination of: or ©~0.12 ML (see the inset Then it starts to level off,

T, does not require the application of resonant rf fields, Sincechanging its slope twice around 0.12 and around 1 ML in

the initial spin polarizatiorP of the 8Li_ ensemble of about 4 der to approach a constant value in between 2 and 3 ML Li
0.8 exceeds the thermal polarization in an external field by Roverage. In contrast to the adsorption of the other alkali

factor of about 18 metals it does not exhibit a minimuti#84°Further details
of the work function change shall be discussed together with
Il EXPERIMENTAL RESULTS the coverage-dependent UPS and NMR results in Sec. IV.

Figure 3 displays the UPS results as a function of Li cov-

In previous investigations of alkali-metal adsorption onerage. They were obtained with 21.2 eV photons from a He
semiconductor surfaces unfortunately the absolute coveraggjht source incident under 45° to the surface normal and a
in monolayers and more important in number of adsorbat&emispherical mirror analyzgHMA) to observe the elec-
atoms per surface substrate atom was mostly not known, angbn spectra. Photoelectrons emitted along the surface normal
if at all, only poorly!8:19.22-24.262947-5¢or | j adsorption on  were detected without further apertures. The sample was put
Si we have put much effort into this question of employingon a 10 V potential and the resolution amounted to about
TPD data and their correlation with well studied superstruc50 mV. The absolute Li coverage was determined by TPD,
tures, mainly the Li induced3x 1) reconstructiorf®3">!  as described in a separate papeBecause of the low tem-
which at saturation has a coverage of 1/3 in terms of theyerature chosen, surface photovoltage efféatSPV) shift
number of Si-surface atoms. In what follows, the amount ofthe spectra for the uncovered surface by about 400 meV to
coverage always refers to this work. higher kinetic energies as compared to a spectrum obtained

Figure 2 displays the work function change at 90 K of aat room temperature. Since SPV effects probably also depend
Si(111)-(7x7) surface as a function of coverage. It was de-slightly on coverage, on the temperature-dependent morphol-
termined with the diode method described in detailogy, and on the electronic structure of the surface which
elsewheré® A much lower temperature had to be chosen forcould not be controlled sufficiently, the spectra indicate only
the determination oA® with adsorbed Li, as compared to the photoelectron energies and not the Fermi energy.
A® investigations for the other alkali-metaidla, K, C9 The spectra of the plain surface displays all the well
performed commonly at room temperatu@00 K).?44849  known features of the 8i11)-(7 X 7) reconstructior?->7in
Experiments preceding the ones presented here showed thgrticular the well knowrjunresolvegladatom derived states
the LEED pattern taken parallel to thed data for Li are S, andS;. Its high energy tail leaks over the Fermi energy
only at temperatures below 150 K similar to the ones ob-causing the metallicity of this reconstruction. This state indi-
served for the other alkali metals. Moreover, even at 400 Kcates also roughly the position of the Fermi energy. The state
it was not possible to detect via Llffaser-induced fluores- S, can be associated with the fully occupied rest atom dan-
cence for Li adsorption any desorbing Li during exposure. gling bonds. A comparison with UPS spectra for adsorbed K
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0.06 FIG. 4. Relaxation rates observed as a function of coverage of
Li adsorbed on a $111)-(7 X 7) surface. The sample is held at a
0.08 temperature of 110 K and in a static external magnetic field of
B=0.8 T parallel to the surface normal. The solid line is a guide to
0.11 1 the eye. The Li coverag® is given in ML.
0.16 - | | .
lished oneg:%8 As discussed previously in these papers, the
0.23 4 finite relaxation rate is closely related to the metallicity of
the (7X7) reconstruction of the §il1l) surface. Further-
0.32 . )
more, the rather large relaxation rates observed for this sys-
i tem as compared tfLi adsorption on metals are in accor-
0.40 ) L :
dance with electron localization in the adatom dangling
0.54 bonds[longer correlation times,, Eq. (3) in Sec. IV]. In-
creasing the coverage, the relaxation rates first increase
0.66 + steeply by more than a factor of two and reach a maximum
1.08 | around a coverage @=0.12 ML. Beyond this coverage the
) relaxation rate decreases steeply approaching a value consis-
1.49 ] tent with zero within the error bars at a coverage of about 1.2
| ! | . | | | ML [«=(0.0.18+0.02Ds™']. It is tempting, even at that
point of the discussion, to interpret this result as an indica-
26 27 28 29 tion that around a coverage of 1 ML the surface becomes

semiconducting(Due to the limited number of data points
Ekin [GV] around 1 ML the exact coverage range in whielvanishes
could not be determinedincreasing the coverage further,
FIG. 3. As a function of Li coverage on the($11)-(7x7)  the relaxation rates increase again reaching finally beyond a
surface UP spectra determined at 90 K under normal emission withoverage of 4 ML a value found also for higher Li coverages
photons of 21.1 eV energy impinging on the surface under an anglen a metal surface as RaD1).5°
of 45°. The Li coverag® is given in the column on the right side An interpretation of the data of Fig. 4 in terms of elec-
in ML. tronically driven relaxatior(“Korringa relaxation’) requires

i . magnetic-field-independent relaxation ratesin this con-
and Cs(Refs. 48 and 4Pconfirms that only at sufficiently eyt their magnetic field independence has been tested in

low surfac.e temperatures Li adsqrption yields spectra Withyome detail at several coverag&ig. 5). The observed data
features S|m|!ar to the ones obtained for adsorption of the, 5. different coverages display no magnetic field depen-
heavier alkali metals. The gross features of all these datgspce whatsoevefA 1/B2 dependence would be expected
indicate that the state§;, S,, andS, fade away quickly with it the relaxation would be caused by surface diffusiffs
increasing alkali-metal coverages, and thus the metallicity of 5 yetailed discussion and comparison of the coverage de-
the surface, too. A more deeply bound st@f¢ appears al-  hongence of all three measured quantitiésb-data, UP

ready near 0.06 ML coverage. We will discuss these featuregpecira, and the relaxation ratesT1#a—uwill follow in the
in connection with the NMR datdSec. IV) For coverages pext section.

beyond 1 ML the surface conductivity is restored for the
lighter alkali-metal adsorbatd&i, Na, K).

Figure 4 displays the observed relaxation rates as function
of Li coverage for a magnetic field of 0.8 T and a surface
temperature 110 K. The observed value for the lowest cov- In order to understand in more detail the coverage depen-
erage, around I8 ML, agrees favorably with recently pub- dencies of the relaxation rate=1/T, of the work function

IV. DISCUSSION AND CONCLUSIONS
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reach a maximum aroun®=0.12, beyond which they de-
cline steeply in order to finally reach a value consistent with
zero around 1 ML.

One may wonder why the relaxation rates increase if the
states which cause the metallicity of tfieX 7) reconstruc-
tion are disappearing and localization plays an increasing
role. Nuclear spin relaxation of electronic origin relies on
fluctuating electronic spingmagnetic momenjs Choosing
as electron correlation time,, the “lifetime of residence” of
an electron at théLi site for metalliclike systems, th&;
time turns out to be proportional4o

1T, [1s]

00 05 1
BT a= 1 =¥ ONFOOS(E) 7T, ®

FIG. 5. Magnetic field dependence of the relaxation rates at
110 K for Li adsorbed on the §i11)-(7x 7) surface at coverages whereby|(|¥(0)[?)] is the probability per atomic volume to
0 of 0.22 and 0.66 ML. The curves decreasing with magnetic fieldfind an electron at the Li nucleus and DO&) is the elec-
proportional to 1B? indicate the expected magnetic field depen- tronic density of states at the Fermi energy. Clearly, an in-
o_Ience if diffusion plays the dominant part as a source for fIuctuating:re(.;lsing correlation time, which is equivalent to increasing
fields. localization will lead to an increasing relaxation rate

changeAd and of the UP spectra we recall that at low cov- =1/T1 as long the electrons at the Li nucleus are able to
erages alkali-metal atoms as Li adsorb with large probabilitfluctuate in time.
at an empty adatom dangling bond. This is based on theoret- The relaxation rate decreases steeply beyond 0.12 ML
ical and experimental investigatidds?® and also intuitively ~coverage. In parallel the change in work function become
expected. Thé7 X 7) reconstruction of the §111) surface less steep and th€ peak in the UP spectra begins to fade
reduces the number of the 49 dangling bonds of the unrecorfast. According to results obtained with N&ef. 49 the
structed surface to 19 on the expense of considerable streggatom states probably do not pin the Fermi level anymore
within the surface. The electrons in the six rest atom danand consequently band bending moves the Fermi level to-
gling bonds and in the corner hole are bound well below thévards the valence band maximum causing eventually a lev-
Fermi energy and are therefore filled with two electrons. Ineling off of the work function change with coverage. The UP
particular due to intraside Coulomb repulsion the remainingpectra indicate that all states within the band gap start to
five electrons occupy 5 of the 12 adatom dangling bondslisappear and the surface becomes gradually semiconduct-
leading to a degenerate surface electron @astallic sur-  ing. One may speculate that as for K and Cs adsorp#idh,
face which pins the Fermi enerdy-%°Thus we expect that and also for the Li one, the adatom states hybridize with the
at low coverages Li will adsorb at an empty adatom danglind-i 2s orbitals moving the former adatom states down below
bond. Because of intraside Coulomb repulsion its electrorgr- In parallel, bonding to the Li atoms reduces the energy
will become part of the degenerate surface electron gasplitting between the adatom and rest atom states and in-
formed by the electrons already in the adatom danglingreases their mutual interaction. At saturation coverage, the
bonds. This is in accordance with the observed magnetigurface is completely reconstructed tos& X 7 surface at
field independence of the relaxation rat@dg. 5 which  higher temperature and probably a more or less ordered
points to fluctuating electron spirsnagnetic momenjsas  (1Xx1) one at lower temperatures. Localization effects have
the source of the fluctuating fields causing the nuclear spidisappeared and the semiconducting nature of the
relaxation. Li/Si(11D)-(7 X 7) interface can be simply understood in a
There can be up to six adsorbed Li atoms (®x 7) unit  local bonding picture as depicted for K in Fig.(@Dof Ref.
cell, until this picture breaks downcoverage up to 23. At that point, around 1 ML the relaxation rate vanishes.
©=6/49=0.12). For the seventh adsorbed Li atoms per unit[For ®=1.2 ML, «=1/T;=(0.018+0.020 s *]. This demon-
cell in the average all adatom dangling bonds are occupiedtrates convincingly that the surface really became semicon-
by one electron. Because of the intraside Coulomb repulsioducting(see a discussion of relaxation rates for semiconduct-
the energetic degeneracy of its electron would be lifted. ling surfaces in Refs. 13 and 35
would start to localize if no structural changes would occur. Beyond 1.2 ML coverage the work function still becomes
And indeed, at a coverage of abo@=0.12 remarkable a little bit lower until it reaches saturation in between 2 and
changes in the measured quantities are observed: The changidML. That may be caused by a change of the electron af-
in work function changes its slope and it becomes less steefnity while the Fermi level probably stays constant. In this
(Fig. 2); in the UP spectra th&, and theS; peaks have coverage regime the relaxation rates increase already. Excess
already faded and merged into the broageak which be- Li (with respect to the coverag@=1.2 ML around which
gins to reduce its intensity around a coverage of GAi@.  the surface becomes semiconductingy act as a dopant. In
3). Most dramatically, however, this coverage appears withira simple picture for relaxation in two-dimensional
the 1/T, data(Fig. 4). With increasing Li adsorption they semiconductor$:® the rate should first increase with the
first rise from lowest coverages by about a factor of two andsquare root of the excess amount of Li, that is approximately
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with \/(®/ML)-1.2 until a metallic layer starts to grogkor ~ would be certainly very desirable if at least for the bench-
lack of enough data points beyond 1.2 ML an explicit fit to amark coverages where the interface changes its properties
square root behavior was not feasiblst the maximum cov-  considerably(low coverage,=0.12 ML, ®~=1 ML) all
erage, the relaxation rate reach@33+0.08 s™%, a value electron density functional calculations which are now fea-
comparable to the one for relaxation of Li in lithium at the sible for semiconductof$’-%° would be available. Their
present sample temperatfft¢a=0.39 s1). quantitative results would be able to judge the qualitative
In conclusion we may state that for Li adsorption on thearguments presented here. Moreover, such calculations
Si(111)-(7x7) surface the coverage dependencies of alwould be a perfect testing ground whether localization ef-
three quantities measured—work function changes, UP speéects can nowadays be incorporated into such codes, and if
tra, and nuclear spin relaxation rates—can be understood, &0, to what degree.
least qualitatively, in a consistent picture. The main feature
a_lppearing isa metal—semiconductor—.metal transition in_which ACKNOWLEDGMENTS
firstly the metallic(7 X 7) reconstruction becomes semicon-
ducting around 1 ML adsorbed Li, which converts again into  This work was supported partly by the Bundesministe-
a metallic Li surface layer for multilayer adsorption. The rium fur Bildung und Forschung, Bonn, and the Deutsche
discussion shows, furthermore, that localization effects aré&orschungsgemeinschaft. We acknowledge the invaluable
very important in the region where the surface changes fronsupport of the Max-Planck-Institut fir Kernphysik, Heidel-
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