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Electron correlations in the clean and hydrogen-covered $111)-(7 X% 7) surface
at extremely low Li coverages
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The observation of “Korringa” nuclear spin relaxatigspin-lattice relaxationof 8Li probe atoms, ad-
sorbed at extremely low coveragézelow 10 ° ML) on the S{111)-(7x 7) surface points to the existence of
a highly correlated two-dimensional electron gas at this surfaoetallic” surface). The observed large
relaxation rates, as compared to Li adsorption on metals, is interpreted as an interplay of longer correlation
times and a reduction of electronic density of states. Surprisingly, relaxation rates, linear in temperature and
independent of magnetic field were observed for Li adsorbed on a hydrogen-covergét)-£7 X 7) surface
also. Various explanations for this surprising and puzzling result are discussed.
[S0163-182699)00636-0

[. INTRODUCTION The theoretical work concerning thex77 reconstruction
of the S{111) surface addressed in the past mainly questions
Since its discoveryin 1959 the (7 7) reconstructed concerning the reconstruction geométry® and the local
Si(111) surface has received quite some attention within theelectronic structuré?42%2428ut until two recent publica-
surface sciences, earlier mainly experimentally, but in recerfions that discussed electron correlation effects in the
years due to increasing computing power also theoreticallySi(111)7x 7 reconstructiot?° only one attempt has been
The surface electronic properties have been analyzed expefade® to understand the effects of the two-dimensional
mentally with various techniques. Photoemission experi€/€ctron gas associated with the adatoms dangling kdind

ments revealed density of states at the Fermi 4B0S states. However, the latter lacks from the fact that it was
(Ep)] caused by a surface stat&,j 0.2 to 0.3 eV below undertaken just prior to the establishment of the DAS model

it.>~* Energy-resolved scanning tunneling microsc¢gyM) in 1985.
was able to connect spectroscopic and structural a)
information®>® the adatoms of the (77) unit cell were
identified to cause th&, surface state and thus, the finite
DOS(Eg), which in turn is responsible for the Fermi level
pinning at about 630 meV above the valence band
maximum’ This leads to the acceptance of the dimer—
adatom stacking faultDAS) model®® which furthermore is
confirmed theoretically in several publicatiofs*

A finite DOS(Eg) alone, however, does not necessarily
mean that the $111)-(7X7) surface is metallic. The surface
stateS,; responsible for the finite DO&() is almost disper-
sionless, in contrast to real metals that are characterized by a
dispersive energy band crossing the Fermi enerdy=atr.
However, electron energy loss experiménts®(EELS) and
the above mentioned STM experimetftgave evidence that
the S{111D-(7x7) surface is “truly metallic,’’ even c)
though no real model based understanding existed. See, in
particular, the discussion in Sec. VIII of Ref. 16, which in-
dicates the problems to understand the metallicity of the
Si(111)-(7X 7) surface on the basis of the ultraviolet photo-
emission spectroscopy, STM, and EELS experiments, prior
to the DAS model and its experimental establishment.

The geometry of the DAS structure model is shown in

Figs. X&) and ?3([3) in the well-known representation by g, 1. Geometry of the §111)-(7x 7) reconstruction(a) top
Takayanaggt al.”” displaying the 12 adatoms, 6 rest atoms, yjew, (b) side view. Adatoms are represented by the largest black
and the 9 dimers of the unit cell. Figurécl shows a sim-  dots. The hopping integrals and s between nearest- and next-
plification of the surface reconstruction introduced by Floresheighbor adatoms are show() Scheme showing the corner ring
et al,'®!9 assigning the adatoms to two groups: the dimerstructuresCR) and dimers D; , i =1,2,3) formed by the adatoms
adatoms and the ring adatoms. (taken from Ref. 18

b)
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These recent publications on electron correlationductor surfaceS—>8lead to a picture that the Li valence elec-
effectd®!® are based on local density approximati@DA)  trons strongly interact with an empty adatom db. Due to its
calculations of the surface band structure of thelBD-(7  chemical binding the few adsorbetlLi nuclear moments
X 7) surface. Models are then constructed to describe thghus watch the fluctuations of the electron gas without chang-
correlation properties of the electrons localizedhe surface ing its overall properties.
adatom dangling bonds. The model calculations in both pub- Nuclear spin lattice relaxation is only observed if the Li
lications result in a highly correlated adatom derived two-pond to the surface is not completely ionic. This question is
dimensional electron gas with correlation times as short agised since the ionicity of the alkali metal atom bond to Si
10 ** s for electrons within the central adatom danglingsurfaces or of the charge transfer between alkali metal adsor-
bonds?® The correlation time associated with the hoppingbate and substrate still play a role in the discussion of these
integral in between the central and ring adatom db’s is aboutystems. It is somehow ill defined, since there is no well-
3x10 **s. It is this correlation in the two-dimensional ad- defined measure for these quantities. Part of the recent theo-
atom electron gas, which finally renders a finite D@9§( retical investigations characterized the Li bond on (tinere-
Whether such a system, with correlation times by more thamonstructedl Si(111) surface as more ionic than coval&tt’
an order of magnitude longer than in classical metals can bghile anothet* finds a more ionic than covalent bond. Be-
called “truly metallic” or just a highly correlated two- cause the type of spin-lattice relaxation we are aftéor-
dimensional electron gas is certainly a matter of taste. ringa relaxation relies on the interaction of theLi nuclear

One of the most direct means to learn about the correlaspins with delocalized electrons its observation will defi-
tion time of an electron gas is the observation of nuclear spimitely exclude a highly ionic bond.
relaxation (nuclear depolarization, spin-lattice relaxadion
For a qualitative discussion see in particular Ref. 27, chapter
IX and Ref. 28, chapter)5 The quctuating electron spins 1. EXPERIMENTAL SETUP AND RELAXATION RATES
generate at a nucleus a fluctuating local field with correlation
time 7. For correlation times much shorter than the inverse Most of the tools to perform the experiments have been
nuclear Larmor frequency; * (in our case a few MHzthe  described in detail elsewhet&>* Therefore, the technique
nuclear spin relaxationfNSR) rate a is proportional to Used is sketched only briefly. It concerns mainly the prepa-
> . . , ration of the clean $111)-(7X7) reconstruction and the
7.|H1|, the transition probability between nuclear spin SUb‘hydrogen—covered 8i11) surface, used for comparison, the
states caused by the random perturbatidt (t). The bar  jnstrumentation of the ultrahigh vacuutHV) chamber,
indicates the time average anddenotes the inversg, time  he polarized®Li atomic beam, and, most important, tire
by which a given nuclear polarization decays exponentiallysit detection of the nuclear polarization of the adsorbed po-
For a Fermi-distributed electron gas the number of electrongyized 8Li as function of time. Since NMR techniques are in
that participate in the relaxation process is rougklYEr  general not so well known within the surface sciences com-
and thus, munity we elaborate a bit more than usual on them in what

1 KT follows.

e p— ) _2.—
a T 7o|H1| E. (1)

The NSR rate depends linear on surface temperature and is A. UHV equipment and sample preparation

independent of the strength of an applied external magnetic The UHV-chamber has a base pressure sfl® ! mbar.

field2"293%(A quantitative expression will be used in Sec. Apart from the detection for th@-NMR experiments, the

IC). UHV system is equipped with a conventional low energy
Application of conventional nuclear magnetic resonanceelectron diffraction(LEED) optics (Physical electronigs an

(NMR) techniques to determing; times is hampered for Auger-electron spectrometéRibern, a mass spectrometer

surface science experiments by severe experiment@Balzers for rest gas analysis and temperature programmed

limitations®! Moreover, among the stable Si isotopes onlydesorption spectroscopy, leak valves for gas dosing, and a

29gj with an abundance of about 5% carries a magnetic moeommercial Kelvin probéDelta Phj for work function mea-

ment. Since at least about *Gquivalent nuclear spins are surements. Stable Li isotopes can be codeposited from Li

required for a conventional solid state NMR experiment,getters(SAES Getters

which is able to determine relaxation rates, such an experi- In order to test the independence of the results from the

ment is obviously not feasible on a($11)-(7x7) surface amount and type of doping a heavilydoped(Sh) sample

of typically 1 cn?, which carries only about 210" 2%i  (about 5x<10*¥/cm?®, around the critical density of the

atoms. Moreover, at present no means are known to achievenmetal-metal transitidd and a modestp-doped (B)

a surface sensitivity in such experiments. However, using theample (about 18%cm®) were used. The 8i11) samples

newly developed particle detected-NMR method®—* (15 mmx12 mm) were cut from two 1.5 mm thick noncom-

such measurements are feasible 8hi adsorbed on a mercial wafers n-type (Sb), 0.01 Qcm, maximum miscut

Si(11D)-(7Xx 7) surface with a Li area density as low as only 0.8° and p-type (B), 10 Qcm, maximum miscut+0.2°],

108 Li atoms per cri. This corresponds to a coverage of fully characterized in Ref. 43.

about 107 ML. The samples were slotted and mounted on a sample
Qualitative considerationflarge Coulomb repulsion for holder comparable to the one described by Bozeckl*

two electrons in one dbin addition to experimental and Temperature was measured by a tantalum-wrapped NiCr/

theoretical results for alkali metal adsorption on semiconNiAl thermocouple inserted in a slot at one side of the



PRB 60 ELECTRON CORRELATIONS IN THE CLEAN AND . .. 8785

sample. Temperature was controlled by a proportional inte-
gral differential controller setup on a personal computer to a
precision of 10 K.

Prior to insertion into the vacuum chamber the samples
were cleaned in an etching process containing the first step to
the RCA-clean procedure, using research grade chenfitals.
After bakeout, the samples were outgased several hours at
900 K. Then the oxide was removed by flashes with increas-
ing temperature, finally reaching 1200 K. Hereby the pres-
sure did not exceed @10 ° mbar. Carbon removal was
achieved by Af-ion sputtering at 500 eV ion energy.

Preparation of the §111)-(7X7) surface thus was per-

detector 0°

detector 180°

. ) L . FIG. 2. The principle of3-NMR: The decay electrons are emit-
formed by Ar sputtering and resistive heating to 1200 K ted with a higher probability opposite to the direction of the nuclear

followed by a slow cool-down process passing the "(1 spin. Therefore, the normalized asymmetnof the count rateN

X1)" to (7X7) phase transition. The resulting surfaces ey andN (180°) yields the polarization of the spin ensemble.
show O and C contamination at or below the detection limit

of our Auger electron spectroscopy-spectrometer. Sharp (7 . .

X 7) spots are seen in the LEED pattern. During the mea- = N(0®)—N(180°% __ EP 3)
surements the surface is cleaned from Li and O every 15 min N(0°)+ N(180°) 3

by flashes to 1200 K.

¢ Th'e Ey((jjrogen—coviredhlsurface is greﬂﬁ)fre;ij;/ adtsorbingl(oo) denotes the count rate for electrons emitted along the
atomic_hydrogen on freshly prepared( .)'( ) a 2 direction of the magnetic field, whildl(180°) denotes the
sample temperature of 200 K. The atomic hydrogen is ob-

tained by dissociating molecular hydrogen at a hot tungsteCount ratel fqr electrons emitted opposite tc(l-‘tt.g. 2. The

fil £ (T=2000 K (Refs. 46 and 47located 3 " Fhctor “—3" is due to the pr(_)pertles of _th@Ll B de_cay
ament (T els. 20 an ocated s cm apart ) 5ved Gamow-Teller transitidf). Details of the signal

from the sample surface. The hydrogen partial pressure W8S iaction can be found in Ref. 34

typically 1x 10 ® mbar. At a hydrogen dose of 150(Le., T

150x 10 torrs), hydrogen saturation of the (@il1)-(7 _ _

X 7) reconstruction was found. This hydrogen dose is used C. Nuclear spin relaxation rates

throughout this paper for the preparation of the hydrogen- Nuclear spin relaxatiofNSR) ratesa or their inverse, the

covered surface. T, times, describe the exponential decay of the original po-

larization towards its thermal equilibrium. Even though they
B. Nuclear polarization are for a spin =2 nucleus in general a sum over up to four

exponential decay functiof€ within the accessible time do-

main (see belowit was sufficient to describe the time decay

of the asymmetrynuclear polarizationby one exponential:

The detection section for electrons from tBedecay of
nuclear spin polarizedLi is connected via a differential
pumping section to the source providing a polariZéd
atomic beam of thermal velocity. This source, described in
detail in Ref. 32 provides a thermal atomic beam of about e(t)=e(0)e “'=¢(0)e VT, (4)
10° lithium atoms/s, containing a small amount of about 5

x 10° atoms/s of the nuclear spin-polarized radioactive iSO'Contrary to conventional NSR experimer(Refs. 27, 29

81 ; 8y :
tope “Li. Only "Li serves as a probe nucleus for the NMR 54 3 the determination of th&, time does not require the

investigations. Its polarization, to which the detectedyppjication of resonant rf fields, since the nuclear spin polar-
B-asymmetry is sensitive, is given as the normalized expeGyzation p in thermal equilibrium(of the order of 10°) can

tation value of the nuclear spincomponents be neglected compared to the initial polarization of fe
ensemble of 0.8 to 0.9 after deposition.

() 1 m=+1 1 1 The NSR experiments consist of two stéfs details see
pP= IZ =7 > mxnm=n+2+§n+1—§n—1—n—z- Ref. 33: The production of8Li and the accumulation of
m=—I

polarized 8Li atoms on the surfacéactivation period typi-
2 cally 0.5 9. The ion beam, as the main source of background
signals, is switched off afterwards and tAeelectron asym-
Hereinn,, denotes the occupation probability of theom-  metry e [Eq. (3)] is detected as function of time over 2 s.
ponentm of the nuclear spin | ofLi (1=2). After optically Examples of measured time dependences of NSR rates
pumping the®Li atomic beam, the nuclei are mainly in the are displayed in Fig. 3. In order to receive one set of NSR
m=2 state. Typically, the polarizatiof is about 0.8 to 0.9. rate data, the above mentioned cycle has been repeated for
Spin polarization itself is detected via the directional de-360 times. During the sequence always after ten cycles the
cay asymmetry of thgg decay of the®Li atom. The asym- direction of the external magnetic field has been inverted.
metry e of the B-electron intensity with respect to the mag- After 80 cycles the surface was cleaned frdin and the
netic field(Fig. 2) is measured through scintillator telescopesadsorbed rest gas by a temperature flash. The flash tempera-
and the nuclear polarization of the ensemble is determinetlire was close to 1200 K in case of a clean or a Li-dosed
through the observation of the asymmetry surface and close to 400 K for a Si-surface on which H was
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O T S, T200K T Si(H1)-(7x7), T-200K | 150 L L
i3 0=0.47+0.02 571 0=0.640.06 s°1 Si(111)-(7%7)
" 0.05 + : y % } + H _10F o niype .
0.00 ++ | * 2 F @ piype |
? LI =
i 1 _ 0.5F [ ] -
0.15F L ! T € T T T T |
Li/Si(111):H, T=130K Si(111)-(7x7), T=750K
010k 0=1.00.2 5-1 (R ] 0
005 1 ] L
+ H+ + ¢ + . 1 ) 1 ) 1 ) 1
- T Tt 4 f 0 100 200 300 400
' + T ¢ PRITT ™ ¢ 4 A + Temperature [K]
u . : . | : A \ 1 FIG. 4. Nuclear spin relaxation rate as a function of the sub-

0.0 0.5 1.0 15 2000 05 1.0 15 20 strate temperature fdiLi adsorbed on a $111)-(7x 7) surface of
Time [s] Tims [s] samples that were either heavityor modestlyp doped. The aver-
FIG. 3. Nuclear spin relaxation rates as a function of substrateige lithium coverage from the atomic beam was below 1BIL.
temperature fofLi adsorbed on several @il1) substrates under

various conditions and at various temperatures. The average lithium 3 8y :

coverage from the atomic beam was below 1QML. Only low _ 256m 2 p(CLi)
. a= Me

asymmetries up to about 10% are observed. 9 I

2 kT
} LDOS (EF)ZX. (5)

adsorbed. Thus, for the H-covered surface the trace amountdus, Korringa relaxation is identified by its linear depen-
of Li were not removed at each cycle. dence on the substrate temperature and its independence of
In the examples displayed in Fig. 3 the decay of the spirthe strength of the external magnetic field. Besides the mag-
polarization with time is shown for varying experimental hetic dipole moments of electron and nucleusand . (°Li)
conditions, together with a fit of an exponential to the specrespectively, the temperature and the value of the nuclear
tra. Both, the initial effec(0) and the NSR rate, the latter ~ SPin (for °Li 1=2), Eq.(5) contains only the LDOH;) as
listed within the plots, depend crucially on surface prepara@ Variable, which can be determined from measured NSR
tion, on the choice of coadsorbates, and on their coverag&dtes without additional theory. The LDOEJ) itself can be
Figure 3a) shows NSR for lithium adsorbed on a hydrogen-factorized
covered Si111)-(7X7) surface, while Fig. ®) displays the
decay of polarization under the same conditions, just for the LDOS(Ef)=(|¥(0)|?)- DOS(Ef) (6)
clean sample. The difference observed in the NSR date
dlrectlybrelated tofthe dlffrek:ence in elect:conollc stkr)ucture of theIin the DOSE;) and the probability(|W (0)[?) to find an
two substrate surfaces. The coverage of adsorbate atoms aig o1 4t the adsorbed Li nucleti€®*° The DOSE;) is
|r.1fluences the_ NSR, as demonstrated in F(g),al\{here the intimately connected to the correlation timgsof the elec-
signal from Li-covered $111)-(7X7) surfaces_ is shown._ trons, causing Korringa relaxatijgnompare Eqs(5) and(6)
However, coverage dependent NSR rates will not be disy;th Eq. (1)]. More localized electrons increase the correla-
cussed within this paper. Figure[d} on the other hand ijon time 7. On the other hand, a reduced fraction of active
shows that the initial polarization is dgstroyed at 750 K. SUr-glectrons within the unit cell causes the DES) to de-
face temperature so fast that a meaningful determination frease. The resulting DOB) is therefore always an inter-

NSR rates is not feasible any more. play between these two entities.
Since the physics involved in spin-lattice relaxation rates

can be either found in text books®3%*%r has been dis-
cussed extensively for surface experiments elsevifigrere lll. EXPERIMENTAL DATA

give here only a brief sketch of the relation entering the data Figure 4 displays«(T) data in between 160 and 500 K for

analysis and 'ts. physmal cqnt_ent. . __low Li coverage (10° ML and below on the clean surfaces
As already indicated within the Introduction the main ¢ p w0 samples, the heavily dopeetype one and the mod-
source for electronic NSR iastate dominated highly corre- erately dopedh-type one. 160 K was the lowest achievable
lated electrons systems is caused by Fermi contact interagyrface temperature at the time of the measurement. The
tion of the nucleus with fluctuating electronic spins. FOrNSR ratea increases linearly with temperature, as expected
Fermi-distributed electrons the necessary mutual spin flip ofor a correlated electron system that is Fermi distributed, but
the nucleus and an electron can only occur for electrons at does not depend on doping, even though the heavily
the Fermi energy. The widely accepted view of this processp-doped sample (% 10'¥cm®) may have already passed the
which is abbreviated further on as Korringa relaxation, isnon metal-metalMott) transition [critical density for Sb-
that a nonequilibrium nuclear magnetization returns to itsdoped Si (3.6:0.2) 13%cm?® #2]. This shows clearly that the
thermal equilibrium value by a NSR rate=1/T, that is observed linear increase of the NSR rate does not depend on
given by bulk properties, but it is rather due to a Fermi-distributed
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because of the larger initial effect observed for this surface

s Vv T T Tt NSR rates observed for the clean and hydrogen covered sur-
Si(111)-(7x7) faces the experiment probes features of the sample surface
033mT itself and not features of the Li adsorbate. The measurements
L e66mT for the hydrogen covered surface exhibit smaller error bars
1.0 |

a[s 1]

05 + _

0 100 200 300 400
Temperature [K]

500

[see Fig. 8)].

On the basis of the experimental results shown in Figs. 4
to 6 it is tempting to interpret the observed linear dependence
of the NSR ratea on temperature and its independence on
the strength of the magnetic field as caused by Korringa re-
laxation[Eq. (5)] and therefore the slope of the data in terms
of an LDOSEg) [Eq. (6)]. From a fit to the data one obtains
for the clean surface LDO{) =(0.17+0.01) eV 1 A ~3,

This interpretation implies strong evidence that the
lithium bond to the SiLl11)-(7X7) surface(and hydrogen-

FIG. 5. Nuclear spin relaxation rateas a function of substrate gyered ong cannot be ionic. If it was purely ionic, the

temperature and two different magnetic fields fbr adsorbed on a
clean S{111)-(7%7) surface. Open symbols indicate an external
magnetic-field strength of 33 mT, while full ones a field of 66 mT.
The average lithium coverage from the atomic beam was belovf
10" 7 ML. The solid line is a fit to the data assuming pure Korringa
relaxation[Eq. (5)]. The dashed line indicates the relaxation rates
found for low-coverage’Li adsorption on a metallic R001) sur-

face from Refs. 49 and 55.

electron gas in the surface. Moreover, relaxation processes
due to spin-spin interaction with the Sb nuclear spins can by
ruled out.(The two stable Sb isotopes carry both a nuclea

spin associated with sizeable nuclear moments.

Figure 5 displays all the:(T) data collected for the clean
7 X7 reconstruction of the 8il11) surface. The error bars
are rather large as a consequence of the small initial asy
metry observed for the surfa¢see Fig. 3. Most of the data
are taken at 33 mT as external magnetic-field strength, b
doubling it does not change the results within the statistica

error bars.

LDOS(Eg) should vanish, since the probability to find an
electron at the Li nucleug ¥ (0)|?) vanishedEq. (6)]. But

just the contrary is observed. Thus, the bond has to be to a
arge extent “covalent,” irrespective of a quantitative defi-
nition of this quantity.

At that point it should be mentioned that for the clean
surface in similar experiments performed withi at much
higher sample temperatures as 1000 K a NSR rate of about 4
s ! has been observéd?>® which is twice as large as ex-
ected from an extrapolation of the present data to this tem-

Iperature(Fig. 5). [Relaxation rates fofLi and 8Li are di-

rectly comparable since theiru(l) ratios (y factorg are
accidentally identical within 1% New data indicate that this
high-relaxation rate is caused by relaxation through
diffusion®* Surface diffusion causes moreover at the low

n?ﬁagnetic fields used in the present experiment such high

relaxation rates at 750 K that it prevents any meaningful
etermination of them at this temperatilisee Fig. 8d)].

Finally, Fig. 6 shows results for the hydrogen covered
surface. The NSR rates are by a factor of 2.5 smaller, but still ) . . o
show as distinct features a linearity in surface temperature 1he observation of Korringa relaxation with its linear de-
and independence of the external magnetic field strengttp€ndence on surface temperatliféermi distribution of the
Furthermore, because of the distinctly different values for thé!€ctrons, its independence of doping and its independence

A. Discussion: the S{111)-(7x 7) surface

0.8

0.6

0.4

os]

0.2

0

Si(111)-"(1x1)"H

O 33mT
B 66mT

0

100 200

300

400

Temperature [K]

500

600

of the external magnetic field strengthapidly fluctuating
electronic spins at the Li nucleus as compared to the Larmor
precession time of the nuclear spin in the external magnetic
field) points to a highly correlated two-dimensional electron
gas on the Li-Sil11)-(7X7) surface at extremely low Li
coverages, which is mainly generated by the electrons popu-
lating the adatom dangling bonds. This is in accordance with
the results of EELS(Refs. 4, 15, and l)6and STM
experiments® on the clean surface but for the moment ham-
pered by the observation of flat bands of the adatom derived
surface stat&,; (corresponding to rather localized electrpns
causing the DOK) .2 This, however, might be at least par-
tially a consequence of the large unit céimall cell ink
space.®

In addition to the relaxation rate data for th& 7 recon-

FIG. 6. Nuclear spin relaxation rateas a function of substrate Struction, Fig. 5 displays as dashed line the relaz(atlon rates
temperature and two different magnetic fields fai adsorbed on a  found for low-coverage adsorption 8Ei on Ru(002). SNt
hydrogen covered 8i11)-(7X 7) surface. Open symbols indicate a @ first glance, it looks very surprising that adsorption®bf
strength of the external magnetic field of 33 mT, while full ones aOn a real metal, with one conduction electron per atomic site,
field of 66 mT. The average lithium coverage from the atomic beanyields a relaxation rate that is by 40% smaller than the one
was below 107 ML. observed for the X7 reconstruction of the 8ill) surface.
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The relaxation rates ofLi on Ru(001) are understood quan-  Hopping integrals of only 25 or 75 ?"eV lead to correla-
titatively in all electron local density calculations for as low ;“0” tlmtﬁs T chf albout_ 3 IOF lttllmeé %Ult_”& ut%'totﬁo ‘t‘lmetsl

6,57 onger than for classical metals, but still within the “metal-
coverages as 0.1 ML’ They turn out to be about 60% of Iic”gre ime.®* But anyhow, this time is still much smaller
the ones for Li in Li metal. Their size can, therefore, be gime. y '

considered as typical for Li adsorbed on a metal surface. IrIIhan the Larmor precession time of the nuclear spin of the

. probe nuclei 1b, =2x 10" s in the external magnetic field.
the (7x7) reconstruction of the 8ill) surface, hOWeVer, 1 js hys not in conflict with the independence of NSR rates
only in between on€ to five electron®° per unit cell (49

: _ _ from the strength of the external magnetic field.

atomg contribute to the correlated two-dimensional electron  The adsorption of alkali metals is always accompanied by
gas. One thus expects an about one order of magnitudg strong reduction in sample work function, which is ex-
smaller electron density of states. Even though there is preplained at least for low coverage with a strong charge trans-
ently no means to conclude that alsoBt the density of fer from the alkali metal to the substrate surface. This charge
states is reduced similarly it would be a big surprise if not.transfer can only proceed through adsorption at the adatom
Thus, an enhancement of the relaxation rate of low-coverag@te, since the corner and rest atom sites are already occupied
8Li on Si(111)-(7x7) as compared to a metéRu) surface and cannot take up the extra charge from the Li atom. Thus,
is most probably due to the second term in E&j.or in other %t low enough coverage ;[]he valence e:jectroné)g the ahdsorbed
terms due to the correlation time [Eq. (1)]. To be in ac- Li interacts strongly with an empty adatom db. At the ex-

) . tremely low coverage at which the experiments have been
cordance with the experimental results they have to be aﬁerformed (10° ML and below only a very minor fraction

least an order of magnitude larger as compared to metalgs glectrons is added to the correlated two-dimensional elec-
Such a trend is, however, not so surprising. In early NMRtron gas of the clean surface without influencing its proper-
experiments in semiconductdfs® NSR rates and thus cor- ties. We thus believe that as compared to a m@a) sur-

relation times have been found to be enlarged considerablface the enhanced measured NSR rates directly reflect the
through the repulsivgCoulomb interaction of correlated enlarged correlation times of the two-dimensional electron
electrons. gas of the bare X7 reconstruction of the §il1) surface.

The DAS model of the $111)-(7x7) reconstruction® At present no quantitative relationship between the mea-
(Fig. 1) leaves 19 dangling bonds of the originally 49, one ofsured LDOSE) at the Li nucleus and the electronic struc-
the corner hole atoms, 6 of the rest atoms, and 12 of théure of the clean $111)-(7x7) exists. Because of the large
adatoms. Experimental and theoretical investigations Sho\;\;mt_cell all ele_ctron calculations for Iow—coveragg adsorption
that the corner and rest atom db’s are energetically located @f Li on the S{111)-(7X7) surface are not feasible. To re-
to 2 eV below Fermi level and thus occupied by two duce the size of the unit cell we _presently study the LDOS
electrons;®10:1113.14,18-2024.38 3v/ing only five electrons oc- (Eg) at the Li nucleus as a function of Li coverage on the
cupying the twelve adatom db’s. Two recent theoretical pahydrogen-terminated i11)-(1x1):H surface. In this way,
pers analyze the distribution of the five electrons over the 12he unit cell will be reduced considerably and hopefully
adatoms db’s on the basis of static LDA calculations andnodel calculations, following the spirit of the ones for the
subsequently study correlation effects with a newly formeddare surface would*® become feasible on this highly per-
model Hamiltoniart®*° Figure ¥c) displays the arrangement fect semiconductor surface.
of the 12 adatoms in the (Z7) unit cell of the DAS model, , ,
together with those from adjacent cells. Closest to one an- B. Discussion: the S{111-(1x1)-H surface
other are the electrons of dangling bonds in the “ring”  The significance of the LDO%) for NSR rates may
around the corner hole and within the “dimers.” A calcula- perhaps be tested by using a hydrogen saturatgd Bi(7
tion of the ground state energy shows as most favorable conx 7) surface’®626% Even though this surface is not to be
figuration the one with three electrons in the ring and twomistaken for the highly perfect @i11)-(1X 1):H-terminated
electrons distributed over the three adatom dimers of a ungurface, prepared by wet-chemical preparation, it is charac-
cell formed from the central adatoms. Within this model it isterized by a largely reduced density of states at the Fermi
the threefold degeneracy of this configuration that finallylevel®4%° |t, however, shows a large density of various de-
creates the correlated two-dimensional electron (gastal-  fect structure§® In particular, one finds still isolated adatoms
licity of the surfacé. Thus, within this model there are in and small islands that are made up of the missing adatoms
lowest order two electrons per unit cell moving along thefrom the exposed regions of the rest layef: Fig. 4 or Ref.
different dimers and rings, which make up the surface me66). Moreover, also top layer atoms with a missing hydrogen
tallicity. This has to be compared with about one electron peare observef?53
unit cell estimated from the width of the elastic scattering Nevertheless, in the present experiments relatively large
peak in an EELS experimett. relaxation ratesFig. 6), which are only by a factor of about

The hopping integrals amount te=75 meV for hopping 2.5 smaller than for the clean surfadeig. 5, have been
within the ring or within one adatom dimer, but only 0  observed. Despite the claimed vanishing D83( they
~25 meV for hopping between two dimers or the ring and ashow all properties of Korringa relaxation: linearity in sur-
dimer or vice versa®*® The main effect of the hopping in- face temperatur& and magnetic field independence.
tegrals is to connect the threefold degenerate ground state In any case the finite and magnetic field-independent re-
configuration thus lifting the degeneracy and allowing twolaxation rate points towards electronic relaxation with fluc-
electrons per unit cell to move along the adatom dimerstuations much faster than the Larmor frequency. Whenever it
From the detailed model calculation a band arokpavith a  was checked quadrupolar relaxation turned out to be by or-
width of about 100 meV appears. ders of magnitude too small to account for the observed re-
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laxation rates. Thus, the simplest but rather unlikely solutiortwo electrons per (%7) unit cell contribute to the DOS
to explain the observed data would assume a still existing butEg), causing its strong reduction as compared to metal sur-
extremely small DOSr) not visible in UPS experiments. It faces, where about one electron per surface atom contributes
might be compensated in the observed LDBS([Eqg. (6)] to its metallicity. The large LDOE) at the Li nucleus
by a still further enhanced correlation timeg for the fluctu- adsorbed on the (%7) reconstructed $i11) surface is
ating electrons interacting with tH&.i nuclear spin as com- therefore most likely caused by an interplay of an enlarged
pared to the clean (X 7) surface. probability to find a delocalized electron at the adsorbed Li
A certainly more promising way to analyze the data is tonucleus(longer correlation times as in classical mekalsd a
assume that the surface is really semiconducting and theeduced DOSE) of the S{(111)-(7X7) surface itself. The
fluctuating electrons in the valence band obey a Boltzmanmather long correlation times found in a theoretical analysis
distribution. Then for completely ionized dondrsumber of  of the electronic structure of the surfa&&®are supported by
conduction electrons independent Bf the relaxation rate our NSR experiments.
will be proportional taT? (for a derivation see Chap. IX, Il This picture may perhaps be valid also for the surprisingly
of Ref. 27. For the other extreme, a free electron gas inobserved finite LDO$) at the Li atoms adsorbed on the
thermal equilibrium the number of electrons in the valencehydrogen covered surface. An extremely small DBS(
band is proportional td%? (see Chap. 28 of Ref. 6and the  not observable in UPS experiments might be compensated in
relaxation rates becomes proportional T8. Certainly all  the observed LDOS;) [Eq. (6)] by a still further enhanced
intermediate powers will appear, also the one around 1. Atorrelation timer. and thus the probability to find a still
the moment a more detailed analysis is asked for. Howeveryeakly delocalized electron at the adsorbed Li nucleus.

prior to such one the donors at the hydrogen coverétldi To obtain a detailed understanding, a quantitative com-
surface, their amount and their properties have to be identparison of theoretical predictions and our results is called for.
fied. Meanwhile, all electron calculations of the LDASY) for Li

A final possibility that comes into one’s mind rather natu- adsorbed at various coverages on a méral) surface are
rally thinking of the imperfection of the hydrogen covered available®®®’ It has to be seen in the future whether com-
surface is nuclear spin relaxation through coupling to paraputer facilities are capable enough for codes treating the
magnetic centergunpaired electronic spinggenerated by problem of low coverage adsorption of Li on(811)-(7
structural defects. For a detailed discussion of this mechax 7).
nism see Chap. IX of Ref. 27. Aside from a strength factor Such calculations should also treat the adsorption site of
including average distances to the sixth power, the momentsi on the reconstructed (7) surface. NMR experiments
and spins squared, and numerical factors the relaxation rat@nsitive to the static electric field gradiefFG) at the

is proportional to nucleus indicate that it is positive for Li adsorption on the
(7x7) surface® Adsorption of Li on closed packed metal
27, surfacesW, Mo, and Iy leads to negative EFG%.This is
Q% ——————. (7)  interpreted as an adsorption on top of the surface atoms. It is,
1+(7e 1) therefore, very unlikely that Li adsorbs on top of an adatom,

denotes the Larmor frequency. which depends on thSNce that would lead to a negative EE&Only adsorption
L guency, whi P fh between the two Si adatoms of an adatom dimer or of two

streniqtth oft'the fexterr)alﬂma}[gnﬁtlc fle][dthamg degotes the adatoms of a ringsee Fig. 1 might lead to a positive EFG,
correfation ime for Spin fuctuations of the nearby paramagss ., geometry is such, that Si atoms and the adsorbed Li
netic centers. Magnetic field independence is achieved i

: - toms are roughly within a plane perpendicular to the surface
w 7e<1, that isTe<w, '=10"". If so, howeverp would be gny P perp

proportional tor., which governs now the temperature de- normal.
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