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Ù -N M R exp eri ments w it h hyp erp olari zed 8 Li adsorbed on semicond uc-

tor and metal sur facesare describ ed (adsorption on Si( 111)- ( 7È 7 ) , Si(111)- H ,
Si(111)- ( 1 È 1) :H , Ru( 001)) . T hey yield detailed inf ormation on the electronic
prop erties of these adsorbate {surf ace systems. Brie Ûy a scenario usin g hy-

p erp olari zed X e isotop es is sketched, w hich will extend the potential of the
use of hyp erp olarized species in N MR experiments on surf aces.

PACS numb ers: 68.35.{p, 68.47.De

1. I n t rod uct io n

Nucl ear m agneti c resonance (NM R) is one of the most powerf ul to ols to
study l iqui ds and sol ids, since di rect inform atio n can be obta ined on the chemical
envi ronm ent, on the local geom etry and very im porta nt on dyna m ical processes,as
electron Ûuctuati ons, di ˜usi on, hoppi ng etc. Its appl icati ons range from sol id-sta te
physi cs to analyti cal chemistry , protei n structure investigati on, and medical NMR
im aging. D espite thi s large potenti al , very l i ttl e of the NMR techni ques have been
appl ied to study properti es of sing le crysta l surfaces, since thei r use is ham pered
by the inherentl y low sensiti vi ty of NMR . In a typi cal sol id-sta te appl icati on a
m inimum num ber of 1 0 1 7 to 1 0 1 9 equivalent nucl ei must be present in the probe
[1]. W i th appro xi matel y 1 0 1 5 adsorpti on sites on 1 cm 2 surface area of a typi -
cal laborato ry sing le crysta l, there is a di screpancy of more tha n tw o orders of
m agni tude in sensiti vi ty . It increases sti l l further if adsorbate pro perti es at low
covera ges are to be inv estigated. Thi s m ight happ en e.g. in di ˜usi on studi es i f
m utua l intera cti on of the adsorbates ought to be avoided.
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The use of \ hyp erpolarized" adsorbates circum vent these di£ culti es. In par-
ti cul ar, for the alkal i-meta l adsorbates over the last decade special m etho ds have
been developed to overcom ethe sensiti vi ty problem on single crysta l surfaces. They
al l use highl y nucl ear spin polari zed (\ hyp erpolari zed" ) ato mic beam s. Uti lizing
the stable isoto pes as 6 ;7 Li and 2 3 Na [2, 3] the experi menta l techni ques were de-
duced from techni ques ori gina lly developed for nucl ear reacti on experim ents wi th
polari zed heavy ions [4]. Certa inl y, in parti cul ar the use of the \ small" Li a tom
requi res careful checks whether i t real ly adsorbs o n the surface, or penetra tes into
the bul k [5, 6].

W e wi l l report here m ainly on present achi evements on Ù -NMR exp eriments
wi th hyp erpolarized 8 Li ato mic beam s for whi ch a U HV suita ble source has been
bui l t at the Hei delberg MP tandem accelerato r [7]. Exp erim ental results for the
unco vered and hydro gen covered Si(111)- (7 È 7 ) and the Ru(0 01) surfaces deal ing
m ainly wi th the electroni c structure and wi th phase tra nsiti ons wi l l be discussed
bri eÛy. Fi nal ly, a new developm ent usi ng adsorpti on of hyp erpolari zed 1 2 9 Xe gas
in connecti on wi th a conven ti onal NMR spectrom eter, to whi ch a UHV chamber
had been added, wi ll be presented.

2. E x per i m en t a l

The idea to use Ù -(detected) NMR wi th hi ghly polari zed 8 Li adsorbates to
overcome the NMR sensiti vi ty probl em stem s from the experience in sol id-sta te
Ù -NMR experim ents [8, 9]. However, opposite to such experim ents in whi ch po-
lari zed recoi led nucl ei from nucl ear reacti ons can be used, Ù -NMR on surf aces
requi res a gentl e landi ng of the adsorbates and thus therm al nucl ear spi n polar-
ized 8 Li ato m s (nucl ear spin I = 2 ). Because of the hal f l if eof 8 Li of about 0.8 s the
exp eriment has to be situa ted at an accelerato r, here the MP- T andem accelerator
in Hei delberg.

Fig. 1. Schematic view of the experimental setup. A descriptio n is given in the text.
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A sketch of the m ost importa nt com ponents of the experim enta l setup is
given in Fi g. 1. It consists of f our essential parts : a bakeable source for a therm al
nucl ear spin polari zed 8 Li beam , an NMR region includi ng detecto rs for the 8 Li
decay electrons, a fast load lock, and a conventi onal UHV chamb er wi th stan-
dard analysis to ols. Mo st of the equipm ent has been described in some deta i l
recentl y [7, 10{ 12]. The 8 Li isoto pe is pro duced in the 2H (7 Li ; 8 Li )p reacti on
from a 24 MeV 7 Li 3 + ion beam. T o ensure the gentl e \ landi ng" on the surf aces
and not an im planta ti on of the 8 Li the fast reacti on pro ducts are therm al ized
by impl anting them into a tubul ar graphi te stopper, f rom whi ch they evaporate
therm ally [7]. The therm al ato mic beam thus form ed is highl y polari zed by laser
opti cal pum ping. A shutter ensures contro l led ti m ing of the ato mic beam .

A di ˜erenti a l pum ping section separates the beam producti on chamber f rom
the NMR surf aces analysis chamber situa ted in a m agneti c Ùeld of up to 0.9 T
pro vi ded by an electrom agnet. In between pole shoes and the chamber, pai rs of
pl astic scinti l lato r detecto rs are placed on ei ther side. They are connected to l ight
gui des and photo m ul tipl iers to detect the decay electro ns. D etai ls of the signal
detecti on can be f ound in Refs. [11, 12].

The crysta l can be positi oned into the center of the m agnet or in front of
several analyti cal to ols by a mani pulato r tha t also al lows for heati ng and cool ing
(90 K up to 1500 K). The UHV chamber i tsel f has a base pressure of 5 È 1 0 À 1 1 mbar.
The crysta ls are cleaned using conventi onal metho ds as argon ion bombardm ent
and pro longed heati ng, someti m esin an oxygen atm osphere, fol lowed by a sequence
of Ûashes and annealing steps. Addi ti onal l i thi um can be dosed onto the surface
usi ng tho roughl y outg ased SAES di spenser sources.

In between the UHV chamb er and the NMR region a hom e-m ade load lock
is insta l led, bui l t m ainly f or a fast tra nsfer of wet chemically prepared hydro gen
term inated Si(111)- (1 È 1 ) :H surfaces [13]. Mo st of the constructi on is m ade f rom
non-magneti c steel to avoid any ki nd of stra y m agneti c Ùelds duri ng NMR exper-
im ents. From feeding the load lock wi th the sampl e i t lasts about four m inutes to
reach 5 È 1 0 À 8 m bar and after opening the valve to the UHV chamber another
seven m inutes unti l the sam ple is in an UHV envi ronm ent of 3 È 1 0 À 1 1 m bar.

8 Li is a Ù -decayi ng nucl eus wi th a hal f-l i fe of 1 2 = 0 8 4 s. Spin polarizati on
of the adsorbate 8 Li i tsel f can theref ore be detected vi a the di recti onal asymm etry
of the -decay electro n (end-point energy 12.4 MeV). The nucl ear polari zati on
of the 8 Li ensembl e is determ ined from the observed asym metry of the -electro n
intensi ty wi th respect to the m agneti c Ùeld as

=
(0 ) (1 8 0 )

(0 ) + (1 8 0 )
=

1

3
(1)

Here (0 ) denotes the count rates f or electro ns emi tted along the di recti on of the
m agneti c Ùeld, whi le (1 8 0 ) denotes the count rate for electro ns emi tted opp osite
to it. The factor ( 1

3
) is due to the nucl ear properti esof the 8 Li -decay. System ati c
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errors in the determ inati on of ¯ are eliminated by perf orm ing the experim ent wi th
the reversed polari zati on P as well .

The nucl ear spin relaxati on experim ents consi st basically of three subsequent
steps whi ch are repeated m any ti mes. It starts wi th a collecti ng period (typi cal ly
1.5 s) duri ng whi ch 8 Li is produced and accumul ated in the therm al izer (Fi g. 1).
Af terwa rds i t is released whi le pro ducti on is sti l l going on. An ato m ic beam is
form ed and nucl ear spin polari zed by opti cal pum pi ng. The therm al 8 Li ato m s are
accum ul ated on the surface for 0.5 s. Fi nal ly, duri ng the detecti on period of 4 s
the Ù -electron asym metry ¯ (Eq. (1)) is measured as a functi on of ti m e. D uri ng
the detecti on period the ion beam, as the m ain source of background signals, is
swi tched o˜. Mea nwhi le, i t is also possible to m easure the asymm etry duri ng the
acti vati on period ta ki ng properly into account the large background caused by
neutro ns whi ch are generated by nucl ear reacti ons ini ti ated by the 24 MeV 7 Li
beam .

The observed exponenti al ti m e dependence of ¯ ( t ) or P ( t ) , Eq. (1), bears the
inf orm ati on on the nucl ear spin relaxati on rate ˜ or i ts inv erse, the T1 ti m e, well
kno wn from NMR l itera ture [14{ 16]:

¯ ( t ) = (0 ) e = (0 ) e (2)

Co ntra ry to conven ti onal NMR experi ments the determ inati on of the 1 ti m e does
not requi re the appl icati on of resonant rf Ùelds, since the nucl ear spi n polarizati on

in the therm al equi l ibri um (of the order of 1 0 6 ) can be neglected com pared to
the ini ti al polari zati on of the 8 Li ensembl e of 0.8 to 0.9 after adsorpti on.

( )

3. 1. T he metal l icit y of the (7 7 ) reconst ruct ion

D ue to i ts dangl ing bonds the (7 7 ) reconstructi on of the Si(111) surface
has around room tem perature m any hal l marks of a m etal l ic surface. Recentl y,
not onl y a parabol ic dispersive band located in the center of the (7 7 ) Bri l loui n
zone has been identi Ùed [17], but also \ Korri nga-l ike nucl ear spin relaxa ti on" was
observed in NMR experim ents on Li , adsorbed at extrem ely low coverages of 10 4

m onolayer (ML) and below [18]. Relyi ng on com mon wi sdom , the observati on of
\ Ko rri nga- like nucl ear spin relaxati on" is considered as a uni vocal sign for the
\ m etal l icit y" of a system [14{ 16, 19]. In what fol lows, we wi l l be more careful and
consider i t as a sign for an at least partl y delocal ized electron gas wi th correla ti on
ti m es much smal ler tha n the inverse electron Larm or frequency at the m agneti c
Ùeld used. It derives mainl y f rom adato m dangling bonds whi ch are onl y parti al ly
occupied [20, 21]. Since i t is known, at least theoreti cal ly, tha t Li adsorbs m ainly
at these adato ms [22], we expect tha t nucl ear spin relaxati on experi ments on Li
adsorbed wi th very smal l coverage probe the electro n correlati ons generati ng the
di spersive band.
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The previ ous experim ents [18] were m eanwhi le extended to hi gher m agneti c
Ùelds and perform ed under much better v acuum condi ti ons using the newl y in-
sta l led UHV suita ble polarized 8 Li source described in Sec. 2. W hi le ta ki ng T 1

data on Li adsorb ed on the clean Si(111)- (7 È 7 ) surface i t was Ûashed each 10 m in
to about 500 K and each one to two hours to 1000 K, thus preventi ng non-polari zed
7 Li whi ch represents the m ajor part of the ato m ic beam to accum ulate to a con-
siderable fracti on on the surface. In such a way at m ost 1 0 À 4 ML of Li was accu-
m ulated (tha t is one Li ato m per 200 uni t cells of the (7 È 7 ) reconstructi on).

Fig. 2. N uclear spin relaxation rates ˜ = 1= T 1 as a function of substrate temp erature

for three di ˜erent magnetic Ùelds for 8 Li adsorb ed on a clean Si(111)- (7 È 7) surf ace.

Data w ere observed for n - and p -dop ed material, resp ectively .

Fi gure 2 displ ays the data for ˜ = 1 =T 1 as a functi on of tem perature [13].
They are independent of magneti c Ùeld strength and independent of doping, as
shown al ready previ ously [18]. D oubtl ess, the data fol low qui te wel l a l inear tem -
perature dependence whi ch can be characteri zed by 1 = (4 9 8 1 1 7 ) s K. Thi s
value is in perfect agreement wi th the slope of previ ous data [18]. Li tera l ly, the
pro perti es of these data may theref ore be ta ken as a sign of the m etal l ici ty of the
(7 7 ) reconstruct ion of the Si (111) surf ace. However, since the relaxa ti on rates

= 1 1 exceed by about 70% tho se f ound under simi lar circum stances for 8 Li
adsorbed on the m etal surface R u(001) ( 1 = (8 5 2 1 3 1 ) s K, [23] and Sec. 5)
a more detai led di scussion is indi cated.

And indeed, for the \ m etal l ic" (7 7 ) -reconstructi on, we cannot exp ect tha t
l ike for \ rea l " meta ls the descripti on of nucl ear spin relaxati on rates can be based
on \ free" electro ns, occupyi ng pl ane wave Bl och states (non- intera cti ng electron
gas). As wel l the recentl y found narrow band around [17] as the al ready m en-
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ti oned larger relaxati on rates as compared to tho se of 8 Li adsorb ed on the Ru(0 01)
m etal surface point to an increased electro n local izati on. Here, i t is worthwhil e to
m enti on addi ti onal ly tha t on the basis of a Hubba rd- l ike Ha mi l to nian describing
the degenerate electro n gas of the adato m dangl ing bonds, hoppi ng integ ra ls of
25 meV and 75 m eV were f ound leading to a band around the Ferm i energy wi th
a wi dth of only 100 m eV [20, 21]. Thi s value is considerabl y smal ler tha n the band
wi dth of 300 m eV found experim enta l ly [17]. Certa inl y, i t is a matter of ta ste,
whether one wants to cal l such a system sti l l m etal l ic or not. But the correla ti on
ti m es of a few 1 0 À 1 4 s associ ated to such a pi cture are sti l l short enough tha t
\ Ko rri nga relaxati on" woul d be vi sible (see below).

For such com plex system as low covera ge Li adsorpti on on Si(111)- (7 È 7 )

T 1 ti m es are at present not predi ctable theoreti cal ly even using highly para l lelized
codes. T o obta in neverthel ess at least a qual i tati ve picture of what is going on
we fol low here argum ents ori ginal ly devel oped for simi lar experim ents in l iqui d
semiconducto rs [24] and use the correl ati on ti m e form al ism to deri ve an appro xi -
m ate analog of the standard expression of relaxa ti on rates for a free electron gas.
The necessary m utua l spi n Ûip of the nucl eus and of the electron can only oc-
cur for electro ns around Fermi energy whi ch yi elds the l ineari ty of the relaxa ti on
rate wi th surface tem perature T [14{ 16, 19]. Cho osing as correl ati on ti m es §e, the
\ l i feti m e of residence" of an electron at the 8 Li site (dangl ing bond), the T1 ti m e
can be expressed wi thi n a factor ¤ =4 by the fam i liar form (Eqs. (14), (21), (22) of
R ef. [24])

˜ =
1

T 1

=
2 5 6 ¤ 3

9 ñh
ñ

( Li )

I
( 0) D OS( )

ñ
(3)

( ( Li ) m agneti c m oments, (0 ) 2 probabi l i t y to Ùnd an electron at the
nucl eus and D OS( ) density of sta tes at the Ferm i energy). T hus, an incre asing
correlati on t ime , equivalent t o an increasi ng local izat ion, leads to an enhanced
nucl ear spin relaxat i on. Thi s is the basic reason why the relaxa ti on rates for Li
adsorbed on Si(111)- (7 7 ) exceeds considerably the one observed for Li adsorpti on
on the m etal l ic Ru(0 01) surface.

3.2. Coverage induced metal {i solator {met al transi tion

Pho ton electro n spectroscopy on an alkal i-m etal (K) covered Si(111)- (7 7 )

surf ace displ ays wi th increasing covera ge v anishing emission f rom states near the
Ferm i energy [25]. Tha t is comm only interpreted as tra nsiti on from a m etal l ic to
a semiconducti ng surface. A sim i lar behavi our is observed for Li adsorpti on, but
onl y i f the experim ents are perform ed at low tem peratures, around 100 K [26]. It
wa s theref ore an obvi ous idea to determ ine at tha t tem perature 1 ti m es for Li as
a functi on of coverage.

The coverage dependence of = 1 1 has been measured at a Ùxed surface
tem perature (110 K) and hi gh m agneti c Ùeld (0.8 T) in order to suppress di ˜usi onal
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Fig. 3. A t a surf ace temp erature of 110 K and a magnetic Ùeld of 0.8 T nuclear spin

relaxation rates as a function of Li- coverage È .

relaxa ti on [23]. For each data point the surface has been f reshly covered by Li f rom
a getter source. The relaxati on rates were then observed for 8 Li ato ms adsorb ed
at a very low addi ti onal coverage of about 1 0 À 4 . Fi gure 3 displays the data up
to a covera ge È of about 4 ML. (Co verage È = 1 i s equal to one adsorb ed Li
ato m per Si ato m of the Si(111) surface.) Starti ng at extrem ely low covera ges the
relaxa ti on rate Ùrstl y increaseswi th coverage to m ore tha n twi ce i ts value. Aro und
È ¤ 0 : 1 5 i t passesa maxi mum . At about thi s coverage al l empty dangl ing bonds of
the adato ms are occupi ed by one unpa ired electro n: Al to gether for the unco vered
surf ace there are 12 adato m s in the (7 È 7 ) uni t cell , out of whi ch 5 are popul ated
by an electron. They cause the meta ll ici t y of the (7 È 7 ) reconstruc ti on [20, 21].
As m enti oned al ready above, Li adsorbs preferenti al ly at the adato m dangl ing
bonds [22] Ùll ing them further. Obvi ously at a covera ge of ((1 2 À 5 ) 4 9 0 1 5 ) al l
dangl ing bonds are Ùlled wi th one unpa i red electron. Thi s leads to a m axi mum of
the DOS( ) (m etal l ici ty) and thus to a m axi mum of the relaxati on rate.

Beyo nd tha t covera ge, dangl ing bonds are Ùlled further wi th an addi ti onal
electron. The surface reconstructs back to a \ 1 1 " l ike structure [26]. At m onolayer
covera ge al l its dangl ing bonds are Ùlled wi th electron pai rs. They hybri dize in a
bi ndi ng and anti binding state. The bi ndi ng state m oves well below Fermi energy
generati ng an isolato r (semiconducto r) wi th vanishing DOS( ) [25]. Beyond a
covera ge of 1 ML the relaxa ti on rates increase again and reach at 4 ML a value
comparable wi th the value found for 8 Li relaxati on in Li metal (a t 110 K, =

1 1 = 0 3 5 s 1 [27]). The Li overl ayer is then ful ly meta l lic again and f rom
extrem ely low coverage to high ones metal { isolato r{ metal tra nsi ti ons exist on the
Si (111) surface.
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4. T he h yd r ogen co ver ed an d t er m i nat ed Si (111) su r f aces

In order to study nucl ear spin relaxati on of Li adsorb ed on a \ real " semi-
conducto r surface, temperature dependent relaxa ti on rates ˜ = 1 =T 1 have been
m easured f or Li adsorbed on \ cold" and \ hot" hydro gen covered, as well as \ wet"
chemical ly hydro gen term inated Si(111) surfaces[13] (Fi g. 4). As sam plesm odestl y
n - and p -doped crysta ls wi th resisti vi ti es between 1 and 1 0 0 ¨ cm were used. The
Si(111):H sam ples were prepared by two in sit u techni ques, both adsorbi ng ato m ic
H, either onto a \ cold" [28, 29] or \ hot" [30, 31] Si(111)- (7 È 7 ) hydro gen covered
surf ace and Si(111)- (1 È 1 ) :H ones by Cha bal' s ex situ \ wet" chemical techni que
of hydro gen term inati on [32]. Onl y the \ wet" chemical ly term inated surf aceshave
been annealed to about 500 K for several m inutes after the tra nsfer into the UHV.

Fig. 4. From above to below nuclear spin relaxatio n rates as functions of substrate

temp erature for Li adsorb ed on \cold " and \hot" hydrogen covered, as well as \w et"

chemical hydrogen terminated Si(111) surf aces. V arious symb ols indicate various mag-

netic Ùelds used. T he data are indep endent of the use of n - or p-dop ed material, resp ec-

tively . Since the surf ace could not be Ûashed each ten minutes, the Li coverage was in

b etw een 1 0
À to 10

À ML.



N MR on Surfaces: Present Achi evements . . . 623

The m ajor di ˜erence to the previ ous m easurements on the clean (7 È 7 )

reconstruc ti on is tha t the hydro gen covered and term inated surfaces could not be
Ûashed about every hour to prevent accum ulatio n of non-polarized 7 Li . Otherwi se,
the adsorb ed hydro gen would have desorb ed as well . The data points of Fi g. 4 have
theref ore been obta ined by accum ul ati ng data for about a day thus accum ulati ng
non-polari zed 7 Li of about 1 0 À 3 to 1 0 À 2 of a ML.

D espite adsorpti on on a real semiconducto r surpri sing ly again m agneti c Ùeld
independent nucl ear spin relaxa ti on rates sti l l l inear in tem perature were observed,
whi ch are about a factor of two smal ler tha n the ones observed for the unco vered
surf ace (Fi g. 2). They do not depend on m agneti c Ùeld streng th (Fi g. 4) and on
bul k dopi ng. Surpri singly, for al l three ki nds of preparati on they display the same
l inear temperature dependence wi th an inverse slope wi th tem perature of about
T 1 T ¤ 1 0 0 0 s K.

In discussing these results one should keep in m ind tha t at hydro gen satura -
ti on the \ cold" and \ hot" hydro gen covered surf ace are far from being as perfect
as the \ wet" chemicall y term inated one. The \ cold" prepared one consists sti l l of
isolated adato ms upon the rest layer and smal l islands whi ch are m ade up of the
m issing adato ms from the exp osed regions of the rest layer [28]. Al so, the \ hot"
hydro gen covered surface exhi bi ts num erous point defects, the m ost frequentl y oc-
curri ng one being adato m tri hydri des and to p- layer ato m s wi th a m issing hydro gen
adato m (dangl ing bond) [30]. But the alm ost identi cal T 1 ti m es found for these
Si(111):H surf aces and in parti cular thei r agreement wi th the T1 ti m es f ound for
the almost perfect \ wet" chemical hydro gen term inated Si(111)- (1 È 1 ) :H surface
forces an interpreta ti on whi ch consi ders the adsorb ed Li i tsel f as the source of the
Ûuctua ti ng electro n spins (m oments) ra ther tha n, as for the unco vered surface, the
electronic structure of the surf ace i tsel f.

T o gain at least a qual i ta ti ve picture we recal l tha t in the Si bul k Li is a
donor wi th an ionizati on energy of 33 m eV [33, 34]. Thus, the donor electron wa ve
functi on is qui te extended and i ts Bohr radius am ounts to about 20 ¡A. Mo reover,
wi th the dopant concentra ti ons of the sam pl es in m ind (i n between 1 0 1 5 / cm 3 and
1 0 1 8 / cm 3 ), the screening length [35] is always larger tha n 100 ¡A. Lacki ng other
inf orm ati on we now assume tha t the radi us is also typi cal of the extensi on of the
Li donor on the hydro gen covered or term inated surf ace. Then at about 1 0 À 3 ML
the donor wa ve functi ons start to overl ap, f orm ing a band whi ch determ ines the
Ferm i energy. Para l lel, the Fermi level movesto the botto m of the conducti on band.
Thi s pi cture is in accordance wi th hi gh resoluti on electron energy loss spectro scopy
(HR EELS) exp eriments, whi ch Ùnd at very low pota ssium coverage the form ati on
of a charge accum ulatio n layer (two -dim ensional electron gas) at the surf ace of a
hydro genated Si(111)- (1 È 1 ) crysta l [36]. It is f urther corro borated by very recent
density functi onal calculati ons [37].
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5. Ad sor pt io n of L i on a m et al (R u( 001) ) sur f ace

The question of the \ nature" of the alkal i-metal bond to wards a meta l sub-
stra te is sti l l debated. For m etal l ic nearl y free electro ns, describable by the Bl och
functi ons, the correlati on ti me §c appro aches

§ c = ñh D OS( ¯ F ) (5)

and Eq. (3) ta kes the f ami l iar form for \ Ko rri nga relaxati on" in m etals [14{ 16].
The local densi ty of sta tes at the nucl eus and at the Fermi energy, deÙned as

LD OS( ¯ F ) = j hj ˆ (0 ) j D OS( ) (6)

is then the appro pri a te quanti ty to investi gate the nature of the bond [19, 23]. At
an al lotted tem perature i t can be determ ined di rectl y from the relaxati on rates i f
di ˜usi onal relaxa ti on is suppressed su£ cientl y by hi gh enough m agneti c Ùelds (here
0.35 T) and low enough temperatures (here 100 K). Careful checks showed tha t thi s
choice sati sÙedthe requi rem ents for the exp erimenta l data to be di scussednow.

Fi gure 5 di splays the coveragedependence of LD OS( ) determ ined f rom
ti m esthro ugh Eqs. (3), (5), and (6) (f ul l squares) [38]. W ith respect to the num ber
of substra te ato m s of the surf ace 1 monolayer (ML) corresp onds to a covera ge of
0.78 [39]. The open squares stem from previ ous m easurements at 800 K and lower
m agneti c Ùelds [23]. They are corrected for relaxati on due to di ˜usi on [23] and then
accordi ng to Eq. (3) rescaled to a tem perature of 100 K. The constant LD OS( ) at
low covera gesand the associ ated l inear decrease in the changeof wo rk functi on (not
shown) was al ready understo od as a result of a constant electri c dipole mom ent
per alkal i-m etal ato m and the fact tha t the di poles of the adsorbed Li ato m s repel
each other [23]. Since local electroni c distorti ons are shi elded qui ckly on m etal
surf aces, at low enough covera ge al l neighbori ng Li ato ms experience the same
electronic envi ronm ent.
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Incl uded into Fi g. 5 are the predi cti ons of al l electro n calcul ati ons of Ma nn-
stadt and Freeman (open dots) [40] to gether wi th the ones from our own group
(f ul l dots) [41]. Despite the value at highest covera ge, both calcul ati ons agree qui te
wel l wi th each other, but disagree wi th the experim ent in the m edium coverage
regim e. They both underesti m ate LD OS( ¯ F ) slightl y at low coverage. These al l
electron calcul ati ons del iver electron di stri buti ons whi ch show an accum ulatio n of
electron density between the Ùrst R u layer and the Li adsorba te, but certa inl y no
indi cati on, wha tsoever, for an ioni c bond.

6. Su m m ar y an d f ut ur e pr osp ect s

Ob vi ously, NMR on single crysta l surfaces is feasibl e using hyp erpolari zed
species to enhance the sensiti vi ty (up to now only alkali -meta l a tom s). The Ù -NMR
exp eriments di scussedneed as l i ttl e as 1 0 4 equiva lent nucl ear spins per cm 2 surface
area. It is an enhancement of about 13 orders of m agni tude as com pared to the
conventio nal techni que. Thi s success lives from two sources: on the one hand,
thro ugh the high polarizati on of the adsorb ed 8 Li a factor of about 1 0 5 i s gained
as com pared to conventi onal NMR experim ents for whi ch at m oderate condi ti ons
(T = 3 0 0 K, B = 2 T) the polari zati on amounts to about 1 0 À 5 onl y. On the
other hand, one gains a factor of about 1 0 8 thro ugh the \ noiseless" counti ng of
the Ù -decay electrons. Ab out f our orders of m agni tude less gain in sensiti vi ty
is obta ined in the experim ents wi th the stabl e Li and Na isoto pes [2, 3], since
the detecti on of the nucl ear polari zati on vi a laser induced Ûuorescence beam foi l
spectroscopy is by a factor of about 104 lesssensiti ve as com pared to the Ù -electro n
detecti on.

As in real l i fe, however, one has to pay a pri ce: we need m achi nes whi ch
are for a \ norm al" surf ace scienti st qui te exoti c: accelerato rs, polari zed sources,
nucl ear electro nics, etc.. Thi s and the fact tha t alkali -meta l ato m s are chemical ly
also qui te reacti ve pro bes l imit thi s new m etho d considerably. W e have theref ore
looked careful ly for al terna ti ves and found tha t the nobl e gas Xe seems to be a
good choice for an inert pro be to study not only Xe adsorpti on but also adsorpti on
of other species by Xe coadsorpti on. On the one hand, i t can be highl y polari zed
by polarizati on tra nsfer from opti cal ly pum ped Rb [42, 43]. Thus, wi th a signal
enhancement of about Ùve orders of magnitude even conventio nal NMR signal
detecti on wi th an rf coi l is feasibl e. Thi s has been demonstra ted wi th subm onolayer
am ounts of Xe adsorbed on a l iqui d ni tro gen cooled glassÙnger [44]. On the other
hand, Xe is very sensiti ve to the physi cal and chemical properti es of i ts local
envi ronm ent because of its hi gh electri c polari zabi l i ty. Thi s high sensiti vi ty has
al ready been used in NMR studi es of large surface area m ateri als [45, 46] and in a
few caseseven to study wal l intera cti ons al ready by the use of hyp erpolari zed 1 2 9 Xe
or 1 3 1 Xe [47, 48]. The high electri c polari zabi l i ty also pl ays an im porta nt ro le for
another single crysta l surface analysis techni que cal led photo emission spectro scopy
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of adsorb ed Xe (PAX), whi ch is used to sense the local potenti al o f adsorpti on
sites [49]. In addi ti on to thi s, in the future spi n tra nsfer techni ques m ight be able
to study a large variety of other coadsorb ed species conta ining 13 C; 14C ; 29Si , etc.
di rectl y [50, 51].
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