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Electron localization in „7Ã7… reconstructed and hydrogen-covered Si„111… surfaces
as seen by NMR on adsorbed Li
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The observation of ‘‘Korringa-like’’ nuclear-spin-lattice relaxation of8Li probe atoms, adsorbed at ex-
tremely low coverages on the Si~111!-(737) surface (1024 ML and below! points to the existence of a
correlated two-dimensional electron gas. The observed high relaxation rates as compared to adsorption of8Li
on metals are in accordance with an enhanced electron localization in the adatom dangling bonds. For8Li
adsorbed on semiconducting hydrogen covered Si~111! surfaces~now at coverages around 1023 ML)
‘‘Korringa-like’’ spin-lattice relaxation is also observed, quite surprisingly. Independent of the preparation of
the hydrogen coverage, i.e., in vacuum or wet chemically terminated, the relaxation rates are moreover all of
the same size. This points to a narrow band at the Fermi energy generated by the adsorbed Li itself. Quanti-
tative ab initio all-electron density-functional calculations for Li coverage as low as 0.04 on the perfectly
hydrogen-terminated Si~111! surface together with a qualitative reasoning following Mott’s arguments on
semiconductor-metal transitions support this view.

DOI: 10.1103/PhysRevB.65.195319 PACS number~s!: 73.20.Hb, 76.60.2k, 76.30.2v
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I. INTRODUCTION

Due to its dangling bonds the (737) reconstruction of
the Si~111! surface contains many hallmarks of a metal
surface. Recently, not only has a parabolic dispersive b
located at the center of the (737) Brillouin zone been
identified,1 but also ‘‘Korringa-like nuclear-spin relaxation
was observed in NMR experiments on Li, adsorbed at
tremely low coverages of 1024 monolayer~ML ! and below,2

which is on average only one Li atom per 200 unit cells
the (737) reconstruction. Nuclear-spin-lattice relaxatio
rates, henceforth denoted asa51/T1, describe the rate o
change of the nuclear polarization~magnetization! with time
towards thermal equilibrium. In classical NMR
experiments,3–5 T1 denotes the built-up time; here it denot
the polarization decay time, since the initial value is
above the thermal equilibrium value~see Sec. II!.

Relying on common wisdom, the observation
‘‘Korringa-like’’ nuclear-spin relaxation, magnetic-field
independent relaxation rates linear in temperature, is con
ered an unequivocal sign of the ‘‘metallicity’’ of a system.3–6

In what follows, we will be more careful and consider it
sign of an at least partly delocalized electron gas with co
lation times much shorter than the electron Larmor period
the magnetic field used~for details, see Sec. III!.

In contrast to the clean (737) surface, the hydrogen
covered Si~111!:H surface has saturated dangling bonds a
is semiconducting, the latter proven experimentally7–10 as
well as theoretically.11–14 ~See also Fig. 5 below in Sec. IV.!
However, surprisingly enough, in NMR experiments on a
sorbed Li ‘‘Korringa-like’’ nuclear-spin relaxation was ob
served as well.2 This points to fluctuating electromagnet
fields with correlation times much shorter than the nucl
Larmor period in the external magnetic field.~For details see
0163-1829/2002/65~19!/195319~11!/$20.00 65 1953
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the end of Sec. III.! From where could these fluctuation
arise? The dipole-dipole interaction of the proton magne
moments of the adsorbed hydrogen atoms with the adso
Li nuclear magnetic moments is too weak. Moreover, as
gued in more detail previously, the relaxation rate sho
decrease rather than increase with temperature.2 Therefore,
the interaction which causes the fluctuations is more likely
electronic origin. Here, paramagnetic centers may be con
ered, sincein situ hydrogen-covered surfaces are not as p
fect as assumed in theoretical calculations. For one of
preparation methods used~called ‘‘cold’’ hydrogen adsorp-
tion below! one finds with scanning tunneling microscop
~STM! for a saturated surface still isolated adatoms at sm
islands, which are made up of the missing adatoms from
exposed region of the rest layer.8 But, again, if paramagnetic
centers cause magnetic-field-independent spin-lattice re
ation rates, they will decrease rather than increase with t
perature as observed in the experiment.2

Previously, the experiments have been performed within
situ ‘‘cold’’ hydrogen-covered Si~111!:H surfaces only.2

Higher quality surfaces, denoted henceforth as ‘‘ho
hydrogen-covered Si~111!:H ones, are obtained by adsorbin
hydrogenin situ at elevated temperatures around 400 °C
500 °C and strongly increased H/H2 partial pressure.15,16But
the best hydrogen-covered surfaces are obtained through
chemical etching~hydrogen termination!.17,18 The use of the
latter technique requires, however, a kind of ‘‘clean room
and a fast load lock to transfer the ‘‘as-prepared surfac
into the UHV. Moreover, annealing this wet chemically h
drogen terminated Si~111!-(131):H surface seems to b
crucial in the NMR experiments, since due to passivat
through hydrogen, one deals without always anneal
with an undoped surface with midgap Fermi energy.19–22For
such prepared surfaces, ‘‘Korringa-like’’ relaxation shou
disappear.
©2002 The American Physical Society19-1
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It was one of the main purpose of the present experim
to test whether ‘‘Korringa-like’’ relaxation prevails in NMR
experiments on Li adsorbed on hot hydrogen-covered a
most importantly, annealed wet chemically hydroge
terminated Si~111! surfaces~Sec. IV!. To this end, as com
pared to an experiment described in a recent publicati2

more extended experiments on the clean surface will be u
as a reference level~Sec. III!. Moreover, a more sophisti
cated interpretation of the large relaxation rates found in
previous experiment will be presented. The experimen
setup, in particular the part which enables us to use
chemically hydrogen-terminated Si~111!-(131):H surfaces
in the environment of a purely nuclear-physics-based ac
erator laboratory, is described in Sec. II. The paper clo
with an outlook in Sec. V.

II. THE EXPERIMENT

Except for the preparation of the hydrogen-covered a
-terminated surfaces, this experiment has been perfor
with the same technique as described recently.2 We therefore
describe this part of the experiment only briefly.

The UHV chamber used has a base pressure o
310211 mbar. It is equipped with conventional low-energ
electron-diffraction~LEED! optics, an Auger electron spec
trometer ~AES!, a mass spectrometer, leak valves for g
dosing, and a commercial Kelvin probe for work-functio
measurements. ‘‘Temperature programmed desorpti
~TPD! spectroscopy is used as well.

The chamber is connected to a homemade load lock, b
mainly for a fast transfer of wet chemically prepar
hydrogen-terminated Si~111!-(131):H surfaces~see Appen-
dix A!. The Si samples are transferred in a small Mo shut
The construction allows for indirect heating of the sample
electron bombardment and cooling with liquid N2. Most of
the construction is made from low H2 and unmagnetic stee
~1.4429 esu! to avoid any kind of stray magnetic fields du
ing NMR experiments. After feeding the load lock with th
sample it takes about four minutes to reach 531028 mbar
and after opening the valve to the UHV chamber anot
seven minutes until the sample is in an UHV environmen
3310211 mbar.

The clean (737) reconstructed samples from modes
n(P)- andp(B)-doped wafers were prepared in the stand
way as described in more detail in Ref. 2. Hydrogen-cove
Si~111!:H samples were prepared by twoin situ techniques,
both adsorbing atomic H, either onto a ‘‘cold’’8,23 or
‘‘hot’’ 15,16,24 Si~111!-(737) surface and hydrogen
terminated Si~111!-(131):H ones by Chabal et al.’s
ex situ‘‘wet’’ chemical technique of hydrogen termination.25

Aside from LEED patterns and AES spectra TPD expe
ments were mainly used to characterize the hydrog
covered and -terminated surfaces. Additionally, infrar
transmission spectroscopy~IRTS! and an atomic force mi-
croscope~AFM! were applied to characterize the hydroge
terminated surfaces further. Even though highly desira
STM could not be applied because of the already mentio
hostile and strongly vibrating environment of an accelera
19531
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laboratory. Details of the sample preparation are summar
in Appendix A.

Another important but unusual instrument is the sou
providing a polarized 8Li atomic beam of thermal
velocity.26,27 At the site of the sample it provides a therm
atomic beam of about 108 lithium atoms/s~mainly 7Li), con-
taining a small amount of about 104 atoms/s of the nuclear
spin-polarized radioactive isotope8Li ~polarization P
50.8–0.9). It is produced via the2H(7Li, 8Li) 1H nuclear
reaction by bombarding a deuterium gas target with 24-M
7Li31 ions from the MP-tandem accelerator at the Ma
Planck-Institute for Nuclear Physics in Heidelberg. T
source can produce8Li atoms ~nuclear-spinI 52; magnetic
dipole momentm/mN51.65, with mN the nuclear magne
tron! either in theirm512 or m522 state~positive and
negative polarization!.

8Li is a b-decaying nucleus with a half-life ofT1/2
50.84 s. Spin polarization of the adsorbate8Li itself can
therefore be detected via the directional asymmetry of thb
decay. The asymmetrye of the b-electron intensity with re-
spect to the magnetic field is measured by scintillator te
scopes~Fig. 1!. The nuclear polarizationP of the 8Li en-
semble is determined from the observed asymmetrye as

e5
N~0°!2N~180°!

N~0°!1N~180°!
52

1

3
P. ~1!

Here N(0°) denotes the count rates for electrons emit
along the direction of the magnetic field, whileN(180°) de-
notes the count rate for electrons emitted opposite to it. T
factor (2 1

3 ) is due to the nuclear properties of the8Li b
decay. Systematic errors in the determination ofe are elimi-
nated by performing the experiment with the reverse po
izationP as well. Details of the signal detection can be fou
in Refs. 28 and 29.

The nuclear-spin-relaxation experiments consist basic
of three subsequent steps which are repeated many ti
They start with a collecting period~typically 1.5 s! during
which 8Li is produced and accumulated in the thermalize27

Afterwards it is released while production is ongoing. A
atomic beam is formed and nuclear-spin polarized by opt
pumping. The thermal8Li atoms are adsorbed on the surfa
for 0.5 s. Finally during the detection period of 4 s the
b-electron asymmetrye @Eq. ~1!# is measured as a functio
of time. During the detection period the ion beam, the m
source of background signals, is switched off. It is also p
sible to measure the asymmetry during the activation pe
properly taking into account the large background cau
mainly by neutrons which are generated by nuclear react
initiated by the 24-MeV7Li beam. ~See the ‘‘kink’’ in Fig.
2.!

Since 8Li possesses a nuclear-spinI 52 the decay of
nuclear polarization with time can be expressed in genera
the sum of four exponentials.~For details see Ref. 30 an
Appendix A of Ref. 31.! However, in practice two exponen
tials at most were sufficient to describe the data. Figur
displays as a typical examplee(t) data for 8Li adsorption on
a ~‘‘hot’’ ! hydrogen-covered Si~111! surface kept atT
5560 K. Two exponentials are easily visible. The kink
9-2
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ELECTRON LOCALIZATION IN (737) . . . PHYSICAL REVIEW B 65 195319
t50 is a consequence of the end of the activation per
from t50 on, no new8Li is adsorbed on the surface. Param
etrizing the asymmetry as

e~ t !5e0~qfaste
2a fast•t1qslowe2aslow•t! ~2!

with qfast1qslow51, the data in Fig. 2 can be described
the relaxation ratea fast5(16.063.8) s21 and aslow5(0.63
60.09) s21, that is, T1

fast50.063 s andT1
slow51.59 s, re-

spectively. The initial asymmetry turned out to bee0
5(0.2460.03), and the fast and slow fractions wereqfast
50.21 andqslow50.7960.03, respectively.

From NMR experiments in semiconductors it is lon
known that the magnetization of dopants does not decay
noexponentially with time.32–34 This is usually attributed to
the existence of delocalized and localized electrons. The
ter contribute mainly toa fast whereas the delocalized one
contribute mainly toaslow.

It was not always possible to disentangle fast and s
relaxation as nicely as it was for the data of Fig. 2. Howev
the slow relaxation rate could always be determined ac
rately. We therefore mainly concentrate in this paper
aslow[a51/T1 and postpone the discussion of the oth
variables, including the determination ofe0, to a forthcoming
publication.

We close this section by remarking that contrary to co
ventional NMR experiments3–5 the determination ofa or T1
does not require the application of resonant rf fields. Si
the nuclear-spin polarizationP in thermal equilibrium is of
the order of 1025, it can be neglected compared to the init
polarization of the8Li ensemble of 0.8 or 0.9.

III. THE Si „111…-„7Ã7… SURFACE

As mentioned already in the Introduction, recent ultrav
let photoemission spectroscopy~UPS! high-resolution ex-

FIG. 1. The principle ofb NMR: the decay electrons are emi
ted with a higher probability opposite to the direction of the nucl
spin. The normalized asymmetrye of the count ratesN(0°) and
N(180°) yields the polarization of the spin ensemble.
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periments found a narrow parabolic probably adato
derived band with a bottom about 300 meV beloweF .1 The
electronic origin of this band is not yet clarified complete
A complex interplay of rest atom and adatom dangling bon
seems to contribute. Adsorption on these dangling bonds
favored interpretation of alkali-metal adsorption experime
~mainly K!,14,35,36however, for Li there is a preference fo
adsorption on the adatom dangling bonds.37 Thus, we expect
that nuclear-spin-relaxation experiments on Li adsorbed w
very small coverage@1024 and below, that is, one Li atom
per 200 unit cells of the (737) reconstruction# will probe
the electron correlations generating the dispersive band.

While takingT1 data on Li adsorbed on the clean Si~111!-
(737) surface, it was flashed every 10 min to about 500
and every 1–2 h to 1000 K, thus preventing unpolarized7Li
from accumulating to a considerable fraction on the surf
which represents the major part of the atomic beam~Sec. II!.
In such way 1024 ML of Li at most was accumulated. Fig
ure 3 displays the data fora51/T1 as a function of tempera
ture and magnetic-field strength. Part of the 65-mT data
been published previously,2 but remeasured at 200 K, 300 K
and 400 K. The data follow a linear temperature depende
quite well which can be characterized byT1T5(498
6117) s K. This value is in perfect agreement with t
slope of previous data.2 They are, moreover, independent
magnetic-field strength in the experimentally accessi
range. As shown also previously,2 they are independent o
doping, which was considered as an indication that the a
tom dangling bonds are responsible for the fluctuating e
tron spins. The data of Fig. 3 exhibit ‘‘Korringa relaxation
quite well and may therefore be taken as a sign of the m
tallicity of the (737) reconstruction of the Si~111! surface.
However, since the relaxation rates are 1.7 times higher t
those found under similar circumstances for8Li adsorbed on
the metal surface Ru~001! @T1T5(8526131) s K ~Ref.
31!#, a more detailed discussion is necessary.

For metals, the main source of electronic nuclear-spin
laxation is caused by Fermi contact interaction of t
nuclear-spin with fluctuating electron spins. Since for all
alistic situations the electron correlation time is mu
smaller than the nuclear Larmor period~at 1 T about 2

r

FIG. 2. Observed asymmetry as a function of time for a ‘‘ho
hydrogen-covered Si~111! surface. The data are fitted according
Eq. ~2! to two relaxation rates using an unpublished code.~Ref. 62!
9-3
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31027 s), the relaxation rate is, as observed, independen
the magnetic-field strength. The necessary mutual spin fli
the nucleus and of the electron can only occur for electr
around the Fermi energy, which explains the linearity of
relaxation rate with surface temperatureT. ~For further de-
tails see Refs. 3–5 and Appendix B.! However, for a ‘‘me-
tallic’’ surface such as that of the (737) reconstruction, we
cannot expect the description of nuclear-spin-relaxation r
to be based on the interaction of the nuclear-spins with
moments of ‘‘free’’ electrons occupying plane-wave Blo
states@noninteracting electron gas, Eq.~B8! in Appendix B#.
Not only does the recently found narrow band aroundeF ,
point to an increased electron localization1 but so do the
already mentioned larger relaxation rates, as compare
those of 8Li adsorbed on the Ru~001! metal surface.

For a system as complex as that of low coverage Li
sorption on Si~111!-(737), T1 times are theoretically no
yet predictable. We therefore follow arguments here or
nally developed for similar experiments in liqui
semiconductors38 and use the correlation time formalism
derive an approximate analog of the standard expressio
relaxation rates for metal electrons described by Bloch w
functions.~For details see Appendix B.! Choosing as corre
lation timete , the ‘‘lifetime of residence’’ of an electron a
the 8Li site ~dangling bond! by means of Eqs.~B5! and~B6!,
the T1 time can be expressed as

a5
1

T1

5
1024p2

9\
me

2S m~8Li !

I D 2

u^uc~0!u2&u2DOS~eF!•te•
kT

\
.

~3!

(u^uC(0)u2&u is the probability of finding an electron at th
Li nucleus and DOS(e) is the density of states.! For metal
electrons described by the Bloch wave function, the corre
tion time approaches@Eq. ~B7!, Appendix B#

FIG. 3. Nuclear-spin-relaxation ratesa51/T1 as a function of
substrate temperature for three different magnetic fields for8Li ad-
sorbed on a clean Si(111)-(737) surface. The average Li coverag
from the atomic beam was below 1024 ML. The solid line is a fit
to the data assuming a linear dependence on surface tempera
19531
of
of
s

e

es
e

to

-

i-

of
e

-

te5\ DOS~eF! ~4!

and the resulting expression fora51/T1 @Eq. ~3!# agrees
then within a factorp/4 with the familiar form for a degen-
erate noninteracting electron gas@Eq. ~B8!#. Thus, an in-
creasing correlation timete , equivalent to an increasing lo
calization, leads to an enhanced nuclear-spin relaxatio.
This is the basic reason why the relaxation rates for Li
sorbed on Si~111!-(737) considerably exceed the one o
served for Li adsorption on the metallic Ru~001! surface.

Three frequencies/time scales enter the description:
precession frequencies of the nuclear and electronic m
netic moments in the external magnetic fieldB, v I /B
53.943107/(s T) and ve /B51.7631011/(s T), respec-
tively, and the electron correlation timete . It follows from
the discussion of Eq.~B3! (t5tc) that the observed
magnetic-field independence of the relaxation rates requ
v I•te!1. Experimentally, magnetic fields were alwa
lower than 1 T and thuste!2.531028 s, which is generally
fulfilled in ‘‘metallic’’ systems ~see additionally the discus
sion below!.

The picture drawn ‘‘lives’’ from the electromagnetic field
fluctuating in time, which leads to the electron-nuclear-sp
flip flops and thus to a change of the energy of the sp
~magnetic moments! in the external magnetic field. Since th

re.

FIG. 4. From top to bottom nuclear-spin-relaxation rates a
function of substrate temperature for Li adsorbed on ‘‘cold’’ a
‘‘hot’’ hydrogen-covered, as well as ‘‘wet’’ chemical hydrogen
terminated Si~111! surfaces. Various symbols indicate various ma
netic fields used. Since the surface could not be flashed ever
min, the Li coverage was between 1023 and 1022 ML.
9-4
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FIG. 5. Density of states from FLAPW calculations for Li adsorbed on a substitutional site~left! and the threefold hollow siteh3 ~right!.
The lower graphs show the results for a perfect hydrogen-terminated surface and the middle one for (535) Li adsorption. The upper graph
displays the Li projected results, indicating thes-wave part with respect to the Li nucleus by the dashed line.
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magnetic moment of the electron is about three orders
magnitude larger than the nuclear one, it is dominated by
electronic part. This energy can only be absorbed or emi
by electrons with energies aroundeF , since only around the
Fermi energy empty states exist. This leads to the linearit
the relaxation rates with temperature@Eq. ~B6!#.

However, electron-spin flips can occur only if the ban
width is wide enough to accommodate both electronic s
states.39 @For details see Eq.~11! in Ref. 6.# This leads to the
condition

eF.2meB5\ve , ~5!

which meanseF.0.1 meV forB51 T. Furthermore using
in Eq. ~B7! the approximationte.\DOS(eF).\/eF one
obtains

te.
\

eF
,

\

\ve
5

1

ve
, ~6!

that is,

teve,1.

For a magnetic field of, e.g., 1 T, the electronic correlat
time te has to be shorter than 6310212 s in order to observe
‘‘Korringa relaxation.’’ For an electronic system the correl
19531
f-
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of
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tion times can obviously be quite large, which means
electrons can be quite localized and ‘‘Korringa relaxatio
still observable.

Here, it is worthwhile mentioning that on the basis of
Hubbard-like Hamiltonian describing the degenerate elect
gas of the adatom dangling bonds, hopping integrals of
meV and 75 meV were found leading to a band around
Fermi energy with a width of only 100 meV.40,41 This value
is considerably smaller than the bandwidth of 300 m
found experimentally.1 But the correlation times of a few
10214 s associated with such a picture are still short enou
for ‘‘Korringa relaxation’’ to occur.

IV. THE HYDROGEN-COVERED AND -TERMINATED
Si„111… SURFACES

Figure 4 displays from top to bottom the temperature
pendence of relaxation ratesa51/T1 for Li adsorbed on
‘‘cold’’ and ‘‘hot’’ hydrogen-covered, as well as on ‘‘wet’’
chemically hydrogen-terminated Si~111! surfaces.~Part of
the ‘‘cold’’ data has been published previously.2! As samples,
modestlyn- andp-doped crystals with resistivities between
and 100 V cm were used. They were prepared and char
terized as described in Appendix A. Only the ‘‘wet’’ chem
cally terminated surfaces were annealed to about 500 K
several minutes after the transfer into the UHV. Since
results do not depend on doping, the data obtained withn-
andp-doped samples are not plotted separately.
9-5
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The major difference in the previous measurements on
clean (737) reconstruction is that the hydrogen-covered a
-terminated surfaces could not be flashed about every ho
prevent accumulation of unpolarized7Li. Otherwise, the ad-
sorbed hydrogen would have desorbed as well. The d
points of Fig. 4 were therefore obtained by collecting d
over about a day, thus accumulating unpolarized7Li of about
1023–1022 ML.

Despite adsorption on a real semiconductor the relaxa
rates are surprisingly still linear in temperature a
magnetic-field independent. They are, however, about a
tor of 2 smaller than the ones observed for the (737) recon-
structed surface. It is a further surprise that for all three kin
of preparation the linear temperature dependence is abou
same with T1T'1000 s K. Discussing these results o
should keep in mind that at saturation the ‘‘cold’’ and ‘‘ho
hydrogen-covered surfaces are far from being as perfec
the ‘‘wet’’ chemically terminated one.8,16 But the almost
identicalT1 times found for these Si~111!:H surfaces and in
particular their agreement with theT1 times for the almost
perfect ‘‘wet’’ chemically hydrogen-terminated Si~111!-(1
31):H surface forces an interpretation which considers
adsorbed Li itself as the source of the fluctuating elect
spins ~moments! rather than, as for the clean surface, t
electronic structure of the surface. Experimental and theo
ical investigations on potassium adsorbed at elevated co
ages on a ‘‘hot’’ hydrogen-covered and hydrogen-termina
Si~111! surface favor such an interpretation as well.14,42,43

In order to obtain further theoretical insight on the
adsorption, in particular at low coverages, we performedab
initio all-electron full potential linearized augmented plan
wave ~FLAPW! calculations following schema describe
recently.44–46 Those calculations are now able to descr
semiconductors without further assumptions. In order to s
computing time, two adsorption sites were selected for
sorption on the perfectly H-terminated Si~111! surface: a
substitutional site, in which the adsorbed Li replaces an
sorbed H atom, and the threefold hollow siteh3.47 The latter
turned out to be the energetically favored K adsorpt
site.14,43 ~Details of the calculations will be publishe
elsewhere.48! Structural optimization with force and tota
energy calculations were always performed. The lower gr
to the left of Fig. 5 displays the density of states, DOS(e),
for the perfect hydrogen-terminated Si~111!-(131):H sur-
face. A band gap of about 0.85 eV is clearly visible, which
close to the experimentally observed one~about 1.1 eV!.7,19

The graphs in the middle display the results for the (333)
adsorption of Li~coverageQ50.11). The left graph is for
the substitutional site and the right one for the threefold h
low siteh3. The results for the substitutional site support t
view of the chemical similarity of H and Li: Li on a subst
tutional site just changes the DOS in the valence band
about 1.4 eV beloweF , as the Li projected DOS(e) shows,
displayed in the upper panel. The system remains semi
ducting with an essentially unchanged band gap. In contr
adsorbing Li on the threefold hollow siteh3 builds up the
DOS(e) at the bottom of the conduction band~middle graph
on the right!, as identified further in the Li projected DOS(e)
in the upper panel on the right. At this coverage~0.11 ML!
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the sample becomes metallic since the Fermi energy
moved upon Li adsorption to the bottom of the conducti
band. This might also have been expected since Li in b
silicon is a donor with a binding energy of about 33 meV.49,50

Additionally, the lower left panel of the figure displays th
result for a (535) Li structure for theh3 adsorption site
~coverageQ50.04) which still indicates a metallic sample

These results are also in accordance with high-resolu
electron-energy-loss spectroscopy~HREELS! experiments,
which at very low potassium coverage~0.07 of the K satu-
ration coverage! find the formation of a charge accumulatio
layer ~two-dimensional electron gas! at the surface of a
hydrogen-terminated Si~111!-(131):H crystal.9 Since the
electrons building up the DOS aroundeF are essentiallys
electrons with respect to the Li nucleus, as the Li projec
DOS(e) shows~upper graph to the right!, the local density of
states~LDOS! (eF) will become nonzero and we expe
‘‘Korringa-like’’ relaxation rates linear in temperature fo
such a sample.

Unfortunately, such calculations cannot be performed
Li coverage of 1023 because of too large a unit cell. How
ever, in order to obtain nevertheless at least a qualita
estimate down to which coverage adsorbed Li might form
band at the bottom of the conduction band, we may foll
the arguments on the occurrence of the Mott me

FIG. 6. Nuclear-spin-relaxation rates as a function of subst
temperature and magnetic field for Li adsorbed on an unanne
‘‘wet’’ chemically hydrogen-terminated Si(111)-(131):H surface.
Open and full symbols indicate data observed forn- and p-doped
material, respectively. The solid line is a fit to the data assumin
linear dependence on substrate temperature.
9-6
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semiconductor transition, originally developed for t
bulk.51–53 For this we recall again that Li is a donor in bu
silicon with an ionization energy of 33 meV. Thus, the don
wave function is quite extended with a Bohr radius of ab
a0'20 Å (e512). Lacking other information, we now as
sume that this radius is also typical for the extension of
Li donor wave function on the hydrogen-covered surfa
Then below an averaged Li distance of about 4a0'80Å
~Mott criterion51–53! the surface should be metallic. This co
responds to a coverage of about 931024. Certainly, at such
a low coverage the LDOS(eF) will be small, but due to the
enhancement through the probably long ‘‘electron lifetim
of residence’’te @Eq. ~4!# the relaxation rates are enhanc
quite a bit@Eq. ~3!#.

Temperature-dependentT1 data on 8Li adsorbed on the
‘‘as-prepared’’ hydrogen-terminated surface~not annealed!
bear another surprise. The data of Fig. 6 display such data
three values of the magnetic fields. Most striking are
large relaxation rates, which not only exceed the ones for
annealed surface considerably~Fig. 4!, but also the one for
the (737) reconstruction at low magnetic field~Fig. 3!.
They are, moreover, still independent of bulk doping, b
rather strongly dependent on magnetic-field strength. T
deviate slightly from the strict linear temperature depende
which is indicated by the solid lines. Up to now, in none
our T1 data on any system has such behavior been obser
As remarked in the Introduction, without annealing we d
probably with an undoped surface with midgap Fermi ene
due to hydrogen passivation of both the donors a
acceptors.19–22 Thus, nuclear-spin relaxation of adsorb
lithium must be caused again by the adsorbed Li itself.

V. OUTLOOK

It was shown that in the short correlation time lim
v Ite!1, which we only addressed here, nuclear-spin-lat
relaxation rates are proportional to the typical electronic c
relation timete ~‘‘lifetime of residence’’! of the system@Eq.
~3!#. They become longer with increasing localization a
the relaxation rates increase as long as the associated b
width is large enough to accommodate energetically
electron-spin flip@eF.\ve , Eq. ~5!#. For Li adsorption on
the (737) reconstruction this enhancement of the relaxat
rate is counterbalanced by the fact that only a few electr
in the adatom dangling bonds contribute to the DOS(eF).
@Eq. ~3!; according to Refs. 40 and 41 only two electro
contribute.# Thus, the surprisingly high relaxation rate
found for 8Li adsorbed at very low coverages of arou
1024 ML on the (737) reconstruction are a delicate ba
ance between these two contributions. A further understa
ing certainly requires detailed all-electron calculations wh
are, in principle, now feasible,46 certainly not for a coverage
of 1024 ML, but maybe for 231022 ML, that is, about one
adsorbed Li atom per (737) unit cell.

The surprisingly preparation-independent relaxation ra
for Li adsorbed on hydrogen-covered and -terminated s
faces force an interpretation which considers the adsorbe
itself as the source of fluctuating electron spins.~Because of
experimental reasons, the Li coverages in these experim
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now exceed the 1024-ML level and reach 1023–1022 ML.!
The adsorbed Li forms a band and the Fermi energy mo
to the bottom of the conduction band. This interpretation
supported byab initio all-electron density approximation ca
culations. It is further in accordance with recent UPS a
HREELS experiments which find even at very low pota
sium coverages the formation of a two-dimensional elect
gas at the surface of hydrogen-covered Si~111! surfaces.9,42

Since K and Li may act differently, certainly similar exper
ments with Li are necessary to decide finally. UPS expe
ments are underway. First results already confirm our pict
at least for ann-doped Si~111! crystal.54
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APPENDIX A

Prior to any preparation of a hydrogen-covered
-terminated surface each sample was cleaned of remov
contaminants by rinsing with fresh ultrapure~UP! water~UP
water, about 18 MV cm), acetone, UP water, methanol, a
UP water, again. In contrast to our previous experiments2 the
native oxide was of high quality, so that it did not have to
removed before wet chemical processing.

A. In situ preparation

The samples were outgassed for several hours at 90
Then, the oxide was removed by flashes with increasing t
perature, finally reaching 1200 K. Preparation of the Si~111!-
(737) surface~as a starting point! was then performed by
Ar1-ion sputtering and resistive heating to 1200 K follow
by a slow cool down process passing the(‘‘1 31’’) ↔(7
37) phase transition. The resulting surfaces show O an
contamination at or below the detection limit of our Aug
electron spectrometer and a sharp LEED pattern.

The easiest method for obtaining a Si~111!:H surface is to
adsorb atomic hydrogen on a freshly prepared cold (737)
reconstruction. To do so, H2 gas~quality 5.8! was dissociated
at a hot tungsten filament~2000 K! located 2–4 cm away
from the ‘‘cold’’ sample surface kept at 200 K. The hydroge
partial pressure was typically 131026 mbar during 150 s,
resulting in an approximately H-saturated surface showin
modestly sharp (131) LEED pattern. Hydrogen TPD spec
tra show mono-, di-, and trihydride desorption peaks~Fig. 7
below!. Accordingly, as detailed STM studies reveal, a va
ety of imperfections are still present on the
surfaces.8,23,55,56

Polyhydrides, dangling bonds, and structural defects
9-7
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H. WINNEFELD et al. PHYSICAL REVIEW B 65 195319
be greatly reduced, exposing a hot surface to a high dos
atomic hydrogen.15,16,24Applying 3000-L H2 during 150 s to
the ‘‘hot’’ (7 37) reconstructed surface at 660 K and a h
filament to dissociate, we obtained a sharp (131) LEED
pattern and the smallest dihydride to monohydride ratio
the TPD ~Fig. 7 below!. To better pump the high partia
pressure of hydrogen a second turbomolecular pump in
with the UHV turbo pump prevented the H2 molecules from
diffusing back into the UHV.

FIG. 7. From top to bottom H2 TPD spectra of ‘‘cold’’
and ‘‘hot’’ hydrogen-covered and ‘‘wet’’ chemically terminate
Si~111! surfaces. The features for mono-, di-, and trihydrid
are seen clearly. The TPD spectra for the ‘‘wet’’ chemica
hydrogen-terminated Si~111! surface display only the feature
of a monohydride. They are shifted in desorption temperature s
the thermocouple could not be mounted directly on the Si sam
itself.
19531
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n
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B. Ex situ preparation

While ‘‘cold’’ in situ hydrogen-covered samples still po
sess stacking faults, ‘‘hot’’ covered ones suffer from stack
faults only to an extent of about 5% of the surface area16

However, both the concentration of point defects and
long-range order are still poor, as compared to wet che
cally etched Si~111! samples. Therefore, we adopted t
method of hydrogen termination in an aqueous solution
ammonium fluoride as described in the literature.17,18 The
preparation took place under a commercial laminar flow b
located near the accelerator facilities in a dust-reduced e
ronment. An accelerator area is a hostile environment
build up such a simple ‘‘clean room.’’ We therefore tried
approach the ideal setup by installing the flow box within
plastic tent close to the UHV chamber, which is connec
via the source for polarized8Li to the accelerator beam line

A flat Teflon bowl was used for etching. Afterwards th
sample was rinsed with fresh UP water supplied from a co
mercial desktop unit, ~NOWApure select, Fa.KSN-
Wassertechnik, Nistertal, Germany!. The sample was
handled with Al2O3 tweezers at its corners. Certain organi
~visible in the AES! are hard to detect, monitoring resistiv
ties of about 18 MV cm. A weak ozone source~UV lamp!
was therefore added to the UP water machine to stop org
metabolism. This procedure turned out to be rather effec
and as essential as the cleanliness of all instruments.

Within about 60 s after preparation the sample was tra
ferred through the fast load lock system into the vacuum
within about seven minutes into the UHV where each sam
was characterized by AES, LEED and TPD. The TPD spe
now showed only the monohydride desorption feature~Fig. 7
below!. In AES spectra all contaminants were below the d
tection limit and LEED displayed a sharp (131) pattern.

In order to check our preparation further, the samples
to be transported in a mobile chamber to a UHV infrar
~IR! spectroscopy setup and an atomic force microscope
spectra showed a monohydride adsorption peak only and
polyhydrides~Fig. 8 below!. Atomic force microscopy~not

ce
le

FIG. 8. Infrared transmission spectrum for a ‘‘wet’’ chemical
hydrogen-terminated Si~111! surface. Only the Si-H stretch
vibration at 2085 cm21 is observed. The vertical lines mark th
frequencies at which Si-H2 (2112 cm21) and Si-H3 (2145 cm21)
appear.
9-8
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shown! showed monoatomic steps with a terrace wid
corresponding to the macroscopic miscut of 20006170 Å.

C. Characterization

Aside from LEED and AES spectra, TPD experimen
were mainly used to characterize the hydrogen-covered
-terminated surfaces. Additionally, infrared transmiss
spectroscopy~IRTS! and an AFM were applied to characte
ize the terminated surface further. Even though highly de
able, scanning tunneling microscopy~STM! could not be ap-
plied because of the already mentioned hostile and stro
vibrating environment of an accelerator laboratory.

Figure 7 displays from top to bottom TPD spectra of d
sorbing H2 obtained from a ‘‘cold’’ and a ‘‘hot’’ hydrogen-
covered surface as well as from a ‘‘wet’’ hydroge
terminated one. Both, the ‘‘cold’’ and ‘‘hot’’ covered surface
show features for mono-, di- and trihydrides at the we
known temperatures.~See Ref. 57, and the discussio
therein.! The ‘‘hot’’ covered one displays, however, the low
est di- and tri- to monohydride ratio achievable forin situ
adsorption of atomic hydrogen. In contrast, the TPD sp
trum of the hydrogen-terminated surface displays exclusiv
the monohydride feature. It is shifted in desorption tempe
ture since for anex situprepared surface the thermocoup
was mounted at the small Mo shuttle of the fast load lo
which did not have a perfect thermal contact to the
sample.

IRTS was performed at another laboratory at Heidelb
University. For transportation a small bakable vacuum cha
ber (1026 mbar) was used. Since the IRTS setup is desig
for transmission and reflection experiments on thin me
films, the infrared light passed through the sample only on
An IRTS spectrum taken at 130 K is shown as an exampl
Fig. 8. The light was polarized in the plane of incidence a

FIG. 9. Temperature-dependent change in work functionDF for
p- andn-type silicon.DF50 is arbitrarily chosen at high tempera
ture.
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hit the crystal at an angle of 60°. Only one sharp absorpt
line at the position of the Si-H stretch vibration58 of
2085 cm21 with a width of 1.25 cm21 full width at half
maximum was observed. The width reflects the resolution
the spectrometer setup. No indications of lines
2112 cm21 or 2145 cm21 at the frequency of the di- o
trihydrate stretch vibration were found.59

At an ideal Si(111)-(131):H surface all dangling bonds
are saturated by atomic hydrogen, resulting in a surface
of electronic surface states. The position of the Fermi leve
as in the bulk for such a surface. Temperature-indu
changes in carrier-concentration shift the bulk Fermi le
and should be detectable as changes in work function.
data shown in Fig. 9 were obtained during the cooling ph
from samples which had been annealed at 700 K for at le
20 s to remove the near surface passivation of the b
dopants.20 The upper curve is from ap-type sample
(1 –20 V cm) and the lower one from a highly dope
n1-type sample (3.331023 V cm). Changes in work func-
tion are 0.45 eV and 0.1 eV forp andn1 types, respectively,
as expected for a perfect hydrogen-terminated Si~111!:H sur-
face with an unpinned Fermi level.

APPENDIX B

Since NMR is not a widespread technique in surface s
ence yet, we will briefly summarize a few arguments
spin-lattice relaxation rates for ‘‘metalliclike’’ systems. W
follow closely arguments originally developed for similar in
vestigations in liquid semiconductors,38 and of course stan
dard textbooks.~Ref. 3, Chapters I and IX.!

Spin-lattice relaxation is best discussed in terms of ti
correlation functions for the fluctuating interaction betwe
the electron and nucleus responsible for the relaxation.3,4,6

For a random time-dependent perturbationH8(t) the prob-
ability for a transition from nuclear-spin sublevelm to m8 is
given by the standard expression

Wm,m85
1

\2E2`

1`

ei (m82m)v I t

3^muH8~ t !um8&^m8uH8~0!um&dt, ~B1!

wherev I is the nuclear Larmor frequency and the bar d
notes an ensemble average. Since correlation functions
be calculated from first principles in rare cases only,60 a com-
mon procedure is to approximate them by

^muH8~ t !um8&^m8uH8~0!um&5^muH8~0!um8&u2e2utu/t,
~B2!

wheret is an appropriate correlation time of the fluctuatin
interaction. Inserting into Eq.~B1! one yields as the transi
tion probability

Wm,m85
1

\2
u^muH8~0!m8&u2

2t

11@~m82m!v It#2
.

~B3!
9-9



th

ro

d

ee
ne

a

ts

-
an

tity
s
Eq.

p-

e
or

t-

d
ns

H. WINNEFELD et al. PHYSICAL REVIEW B 65 195319
For the purpose of this paper we need to consider only
short correlation time limit (v It!1, extreme motional nar-
rowing, white spectrum!.

We now restrictH8 to the most important interaction
in/on metallic systems, the Fermi contact between elect
and nucleus,

H85
16p

3
meS m~8Li !

I D IWSW d~rW !, ~B4!

with IW andSW the nuclear- and electronic spin operators anrW
the electron coordinate.

Based on the assumption that the incoherence betw
local fields can be ‘‘seen’’ by two different nuclear-spins, o
can express 1/T1 in terms of a fictituousI 51/2, S51/2 fluc-
tuating matrix element~Ref. 3, p. 362!:

a5
1

T1
5

4

\2U K 2
1

2 UH8U12L U2

•t. ~B5!

We may identifyt by te which has the significance of
‘‘lifetime of residence’’ of an electron on a nuclear site.38

Then one obtains finally for the fluctuating matrix elemen
squared

U K 2
1

2UH8U1 1

2
8L U2

5 U256p2

9\2
me

2S m~8Li !

I D 2U
•^uC~0!u2&u2

•te•DOS~eF!•kT.

~B6!

The factor DOS(eF)•kT was introduced additionally; it ac
counts for the effect of energy conservation, which me
.

cs

a

-
.G

ys

195319
e

n

n

s

that only electrons in an interval of widthkT aroundeF can
contribute to the relaxation process. The quan
u^uC(0)u2&u denotes thes-electron probability at the nucleu
averaged over all states at the Fermi energy. Combining
~B5! with Eq. ~B6! we get the result of Eq.~3! in Sec. III.

Returning now to an ‘‘nearly-free-electron gas’’ the a
propriate correlation time is the timet during which an elec-
tron interacts with a particular nucleus. It is roughly the tim
required for an electron to travel at the Fermi velocity f
one nearest-neighbor distancea. For ‘‘nearly free electrons’’
the Fermi velocityvF is related to DOS(eF), the density of
states ateF , by51,61

vF.
2a

\ DOS~eF!
,

hence

te.
a

vF
.\DOS~eF!. ~B7!

Using this limit for the correlation time we obtain by inser
ing Eqs.~B6! and ~4! into Eq. ~B5!

a5
1

T1
5

1024•p2

9\
me

2Fm~8Li !

I G2

u^uC~0!u2&u2DOS~EF!2
kT

\
, ~B8!

which is, within a factorp/4, the standard result obtaine
from a rigorous derivation starting with delocalized electro
described by Bloch functions.3–6
.
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