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Li adsorption on thes331d-Li reconstructed Si(111) surface has been studied byb-nuclear magnetic
resonance experiments(measurements ofT1 times). A rich variety of temperature, coverage, and magnetic field
dependencies were observed, which reflect a metal-semiconductor-metal transition while adsorbing Li with
increasing coverage on as737d-reconstructed Si(111) surface in such a way that thes331d reconstruction is
driven. With the aid of a formulated concept of Li donors localized on a semiconducting surface the tempera-
ture dependence of relaxation rates for Li adsorbed at extremely low coverages(up to 0.01 ML) could be
understood consistently. The donor energy of adsorbed Li on thes331d surface has been determined to be
ED<100 meV. This success proves additionally that the theoretical results of a completely ionized Li chain in
the s331d reconstruction are correct. The observed semiconductor-metal transition for adsorption of 0.14 ML
additional Li on the alreadys331d-reconstructed surface points to the existence of an empty state near the
Fermi energy(probably the so-calledS1

− state). The diffusion energy of Li on the Sis111d-s331d surface could
be estimated to beEdiff <410 meV.

DOI: 10.1103/PhysRevB.69.245424 PACS number(s): 73.20.Hb, 76.60.2k, 68.43.Jk

I. INTRODUCTION

Due to its dangling bonds the Si(111) surface undergoes
various types of reconstructions. Except for the Sis111d-s7
37d one, which has many hallmarks of a metallic surface, all
the adsorbate driven ones stay semiconducting as the hydro-
gen terminated Sis111d-s131d :H one or the metal adsorp-
tion driven Sis111d-s331d reconstructions(see Refs. 1–3
and references therein). Only the hydrogen terminated recon-
struction preserves the smalls131d unit cell of the Si(111)
surface and is free of electronic surface states within the
fundamental band gap. In contrast, a narrow almost disper-
sionless surface state pins the Fermi level of thes737d re-
constructed surface thus causing its metallicity.4–6 There are
now also growing experimental and particularly theoretical
indications for the importance of electron-electron correla-
tions in understanding the electronic properties of thes7
37d-reconstructed surface and of the hydrogen terminated
one.7–9 As the metal drivens331d reconstructions are con-
cerned with the importance of electron-electron correlations
is less obvious despite the fact that they exhibit quite unusual
surface chemical and electronic properties(low oxygen up-
take and a large band gap, respectively) due to their quasi-
one-dimensional structure.10,11 Moreover the observation of
an almost dispersionless surface state in photoemission
experiments3,12 also points to the importance of electron-
electron correlations for this reconstruction, as it is under-
bound by 0.31 eV compared to local density approximation
calculations.13

Since its first observation14,15the s331d reconstruction of
the Si(111) surface has generated widespread interest. The
semiconductings331d structures can be formed by alkali
metals, alkaline earths, and by Ag(Refs. 3 and 13–26) in a
rather simple procedure(see Ref. 16 and references therein).
Despite some uncertainties about the details of the atomic
arrangement there is a consensus that this reconstruction is
driven by the metal adsorbate and that the reconstruction is

completed for monovalent adsorbates at a metal coverage of
1/3 of a monolayer(ML ), measured in units of one Si(111)
layer (see Refs. 13,16,18,22,23 and references therein). In all
structural models13,18–21,27the metal atoms form one chain
per unit cell. They are separated by Si chains. Among the
proposed structural models, the recent “560560” model19,20

and the similar honeycomb-chain-channel(HCC) model13

have the lowest total energy and explain most of the struc-
tural features seen in scanning tunneling microscopy(STM)
and diffraction experiments.

From energy considerations it seems obvious that the al-
kali metal atoms act as electron donors, saturating the un-
paired Si dangling bond in thes331d reconstruction. This
aside, very little is known about the role of the metal atom in
the reconstruction itself. Albeit performed at elevated tem-
peratures, recent nuclear magnetic resonance(NMR) experi-
ments contributed information about the local geometry and
the electronic structure of the Li site.24 A large, positive elec-
tric field gradient at the adsorbed Li nucleus places the Li
site inside surrounding Si atoms and not above the surface, in
accordance with the “560560” and HCC models(see Fig. 1
in Ref. 19 for the “560560” model and Fig. 1 in Ref. 13 for
the HCC model). Since it is known that for semiconductor
surfaces experiments at as low temperatures as possible im-
prove the spectroscopic quality of the data1 it seemed impor-
tant to us to resume the NMR experiments at as low sample
temperatures as feasible and to extend them to the measure-
ments ofT1 times.28–30They are a useful tool to study local
density of states at the adsorbate. Such experiments have
been feasible for Li adsorbates for some time.31–33 “Local”
really means here electron density at the adsorbed Li
nucleus.

Even though thes331d reconstruction can be obtained by
adsorption of various metal atoms the Li-induced reconstruc-
tion is of special interest because of the simple electronic
structure of Li and its accessibility to NMR measurements.
The favored models(HCC and “560560”) have five Si sur-
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face orbitals per unit cell and thus five surface states. There
are altogether six electrons available to fill these states, five
from the Si atoms and one from the Li atom. Since the sur-
face is semiconducting three filled surface states and two
empty ones are expected. The band structure calculated with
the HCC model13 confirms this reasoning; two occupied sur-
face state bandssS1

+,S2
+d with positive inversion symmetry in

respect to a mirror plane on the surface and one with a nega-
tive onesS2

−d are found. The assignment of an inversion sym-
metry is based on the theoretical finding that the Li atoms,
which drive the reconstruction, are fully ionized. SinceT1
times reflect among others local electronic properties they
might be a useful tool to check this result.

Almost nothing is known yet about the local geometry,
the electronic structure and spectroscopic properties of
alkali-metal adsorbates on thes331d-reconstructed surface.
This is not only an academic problem, since an easy way to
produce a three domain Li-induceds331d-reconstructed
Si(111) surface is Li adsorption of 1–2 ML and subsequent
thermal desorption of the excess amount to induce thes3
31d structure.16 This preparation relies entirely on thermal
programmed desorption(TPD) spectroscopy and produces
the desired structure reproducibly with minimum effort. But
in doing so small quantities of adsorbed Li up to a few per-
cent of a monolayer(ML ) may be left, acting as a dopant of
the surface.

II. EXPERIMENT

The experiments were conducted at the Max-Planck-
Institute for Nuclear Physics in Heidelberg. The8Li-b
-NMR technique has already been described elsewhere in
detail.32,34,35 Therefore we describe this part of the experi-
ment only briefly.

The experiments were performed in an UHV chamber
with a base pressure of about 5310−11 mbar. The chamber
was equipped with conventional surface characterization
techniques such as low-energy electron diffraction(LEED),
Auger electron spectroscopy(AES) and a mass spectrometer
for temperature programmed desorption(TPD) measure-
ments. A Li getter source(SAES Getters) was also available.
The chamber was equipped with a homemade load lock for a
fast transfer of the silicon crystals.

The samples used were modestlypsBd- and nsPd-doped
Si(111) crystals with a misorientation of,0.5°. They were
prepared outside the UHV chamber as hydrogen terminated
Sis111d-s131d :H surfaces with a wet chemical
procedure.33,36 This detour was chosen in order to deal out-
side the UHV chamber with rather inert surfaces, which
moreover are improved in their properties during the wet
chemical treatment.33 The as prepared samples were trans-
ferred into the UHV chamber via the fast load lock and
clamped onto a small Mo plate on the vertically mounted
manipulator. Heating was available by electron bombard-
ment from the rear, cooling by contact to a liquid nitrogen
reservoir. After the sample was transferred into the UHV it
was flashed to about 1200 K in order to remove the adsorbed
hydrogen and to enforce thes737d reconstruction. After-
wards a clears737d LEED pattern was observed. The clean-

liness of the surface was monitored by AES. To achieves3
31d reconstructions the samples were covered by about
2 ML of Li and heated up to about 850 K afterwards(see
Ref. 16). At this temperature the surplus Li desorbs and the
mobility of the surface atoms is high enough to form the
s331d reconstruction as also observed by LEED(see Ref.
10). The Li coveragesuLi of the individual s331d recon-
structions were determined by integrals over TPD spectra
(see Ref. 37).

At coverages below 0.29 ML the Si(111) surface is only
partially s331d reconstructed while the remaining surface is
still s737d reconstructed. STM experiments showed that the
s331d reconstruction nucleates at step edges.17,38 And in-
deed, in the present experiments LEED patterns displayed
both s737d ands331d ones at the same time. A full recon-
structeds331d surface was observed in LEED already for
coverages ofuLi =0.29±0.02 ML. This is in quite good ac-
cordance with the results of Ref. 16 and with the structural
models(“560560”19 and HCC13) which contain only one Li
Atom per s331d unit cell and thus a coverage ofuLi

=1/3 ML. The fact that already at a coverage ofuLi

=0.29±0.02 ML a full reconstructeds331d surface is ob-
served in LEED can be understood either by the error in the
coverage calibration by TPD(about ±0.02 ML), or by the
fact that at about this coverage there is not much contiguous
space on the surface left for completes737d unit cells.
Therefore due to the limited correlation length the LEED
pattern may vanish before the complete surface is converted
to a s331d reconstruction. Finally, we report that thes3
31d LEED pattern was observed up to Li coverages over
0.5 ML.16

The UHV chamber was connected via a differential
pumping section to the chamber in which the source for a
thermal nuclear spin polarized8Li atomic beam was in-
stalled. Radioactive8Li with a half life of only 0.84 s was
producedin situ by bombarding a deuterium gas target with
a 24 MeV7Li 3+ ion beam from the MP-tandem accelerator at
the MPI for Nuclear Physics in Heidelberg inducing the
2Hs7Li, 8Li d1H nuclear reaction. Its nuclear spinsI =2d was
polarized by optical pumping in a magnetic field either in the
m=+2 or in them=−2 state(positive and negative polariza-
tion). The source provided at the site of the sample a thermal
atomic beam of about 108 lithium atoms/s containing a
small amount of about 53104 atoms/s of the nuclear spin
polarized radioactive isotope8Li.32 Only these8Li atoms
served as probes for the measurements ofT1 times (nuclear
spin relaxation ratesa=1/T1).

8Li is a b-decaying nucleus. Therefore its nuclear polar-
ization (magnetization) can be detected using theb-decay
asymmetry.28 There are more electrons emitted opposite to
the direction of the nuclear spin than in its direction. These
asymmetries« were measured with two scintillator tele-
scopes positioned at 0° and 180° in respect to the external
magnetic field(see Fig. 1). The asymmetry« and thus the
polarizationP of he nuclear spin of the adsorbed8Li is de-
termined from the normalized difference of the two count
rates
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« =
Ns0 ° d − Ns180 °d
Ns0 ° d + Ns180 °d

= −
1

3
P. s1d

HereNs0°d andNs180°d denote the count rates of the emit-
ted electrons at the angle indicated. The factor
s−1/3d reflects the properties of the8Li b decay(allowed
Gamow-Teller decay, Ref. 39, Vol. 2). Systematic errors in
the measurement of the asymmetry are removed by perform-
ing measurements with both positive and negative polariza-
tions.

Since 8Li possesses a nuclear spinI =2 the decay of
nuclear polarization with time(nuclear spin relaxation) can
be expressed in general as the sum of four exponentials(for
details see Ref. 40 and Appendix A of Ref. 41). In practice,
at most two exponentials, fast and slow nuclear spin polar-
ization, were sufficient to describe such data in the past(see
detailed discussion in Ref. 33). But it was not always pos-
sible to disentangle them with high precision. However, the
lowest relaxation rate(smallest depolarization) could always
be determined accurately(see Fig. 2, left). We therefore con-
centrate in this paper onaslow=̂a=1/T1 only in describing
«std

«std = «0e
−at = «0e

−t/T1 s2d

and postpone the discussion of the other variables, including
the determination of«0, to a forthcoming publication.

In Fig. 2 two examples of measured asymmetries« versus
time are shown together with fits of the data to Eq.(2). On
the left side data atT=284 K andB=0.8 T are displayed for
a Sis111d-s331d-Li surface with an additional Li coverage
of about 0.14 ML to the 1/3 ML necessary for the formation
of the s331d reconstruction. A relaxation rate ofa
=s0.23±0.01d s−1 was obtained by the fit(solid line). On the
right side of Fig. 2 data from the Sis111d-s331d-Li surface
alone atT=100 K andB=0.8 T are shown(Li coverage in

between 10−4 and 10−2 of a ML). The data show that within
the error bars no nuclear spin depolarization occurs and thus
the relaxation rate from the fit[a=s0.007±0.017d s−1, solid
line] is within the error bars zero.

We close this section with the remark that contrary to
conventional NMR experiments28–30 the determination ofa
or T1 does not require the application of resonant rf fields.
Since the nuclear spin polarizationP is in thermal equi-
librium of the order of 10−5, it can be neglected compared
to the initial polarization of the8Li ensemble of 0.8 or 0.9
(see Ref. 28).

III. EXPERIMENTAL RESULTS

Figures 3–5 display the observed relaxation rates as func-
tion of surface temperature, magnetic field and Li coverage
uLi. The data exhibit a rich variation in particular as functions
of temperature and coverage. Since for increasing coverage

FIG. 1. The principle ofb-NMR: The decay electrons are emit-
ted with a higher probability opposite to the direction of the nuclear
spin. Therefore, the normalized asymmetry« of the count rate
Ns0°d andNs180°d yields the polarization of the spin ensemble.

FIG. 2. (a) Asymmetry« vs time at 284 K for8Li adsorbed on
a Sis111d-s331d-Li surface withuLi =0.47 ML, that is an Li cov-
erage of about 0.14 ML in addition to the ones1/3 MLd to form the
s331d reconstruction.(b) Asymmetry« vs time at 100 K for ex-
tremely low Li coverage on a Sis111d-s331d-Li surface. No depo-
larization of the nuclear spin is observed. Both data are measured
with a magnetic field of 0.8 T.
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up to uLi =1/3 ML the s331d reconstructed islands grow to
finally cover the surface totally one would naively expect a
continuously decreasing relaxation rate indicating the con-
tinuous transition of the surface from a metallics737d to a
semiconductings331d one. The data for a surface tempera-
ture of 100 K indicate this trend(full circles in Fig. 3). At
uLi .0.29 ML, where the entire surface iss331d recon-
structed, a vanishing relaxation rate is observed(compare
also with the lower part of Fig. 2). The temperature depen-
dence of the relaxation rate at this coverage exhibits, how-
ever, a kind of thermal activated behavior(Fig. 4). Thus, the
coverage dependence of the relaxation rates at an elevated
temperature of 284 K appears quite different with respect to
what was observed at the lower temperature of 100 K(open
circles in Fig. 3). At 100 K the relaxation rate increases
again atuLi .0.47 ML, 0.14 ML above the one necessary to
complete the semiconductings331d reconstruction. Also,
quite surprising temperature dependencies were obtained forthis coverage. The data of Fig. 5(a) indicate up to 300 K a

linear dependence of the relaxation rate with temperature,
which points to a metallic behavior28,29 (Korringa relax-
ation). The inset of this figure shows the same data with an
additional data point atT=439 K with a large error due to a
low count rate and a small asymmetry effect«. Beyond
300 K the relaxation rate seems to rise in addition exponen-
tially (thermally activated). This exponential rise points to
diffusion as an additional relaxation mechanism which is
supported by the 1/B2 magnetic field dependence of the re-
laxation rates in Fig. 5(b) measured atT=284 K. This is a
strong indication for such a mechanism(see Sec. IV).

IV. DISCUSSION

A. Nuclear spin relaxation on the semiconducting
„3Ã1… surface

For coverages belowuLi =1/3 ML the as prepared
Sis111d-s737d surface is developing with increasing cover-
age larger and largers331d reconstructed islands until the
complete reconstruction is reached atuLi =1/3 ML. In order

FIG. 3. Nuclear spin relaxation ratesa=1/T1 as a function of
the Li coverageuLi of Si(111) surfaces. The data were taken at a
magnetic field ofB=0.8 T. Data taken at temperatures of 100 and
284 K are shown. The lower data point atuLi .0.47 ML (full
circle) was taken at 111 instead of 100 K because of experimental
reasons.

FIG. 4. Nuclear spin relaxation ratesa=1/T1 as a function of
temperature for8Li adsorbed on the Sis111d-s331d-Li surface at a
coverage ofuLi .0.29 ML [i.e., the coverage where the entire sur-
face is s331 reconstructed]. The data were taken at a magnetic
field of B=0.8 T. The solid line is a fit to the data(see Sec. IV).

FIG. 5. Nuclear spin relaxation ratesa=1/T1 for 8Li adsorbed
on the Sis111d-s331d-Li surface at a coverage ofuLi .0.47 ML
[i.e., a fully reconstructeds331d surface with an additional cover-
age of 0.14 ML]. (a) Relaxation ratea as a function of temperature
for B=0.8 T. The inset shows the data with an additional data point
at T=439 K which has, however, a very large error bar.(b) Relax-
ation ratea as a function of 1/B2 (the inverse of the magnetic field
squared) at T=284 K.
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to obtain a systematic understanding of the complex cover-
age and temperature dependence seen in Figs. 3–5 we start
with the discussion of the coverage dependence of the relax-
ation rates at 100 K, the lowest temperature at which data
were taken (full circles in Fig. 3). Up to uLi
=0.29±0.02 ML they meet our expectation. The nuclear spin
relaxation ratea starts at very low coverage with the value
known for the “metallic”s737d reconstruction. At the fully
developed semiconductings331d reconstruction it ap-
proaches a value consistent with zero. At the coverage in
between a value “in between” is adopted reflecting the ratio
of the s331d reconstructed islands to the remainings737d
reconstructed surface. The increasing relaxation rate beyond
uLi =1/3 ML will be discussed in the next subchapter.

Prior to a discussion of the coverage dependence at the
elevated temperature(open circles in Fig. 3) we discuss first
the temperature dependence of the relaxation rates atuLi
.0.29 ML at which already a completes331d recon-
structed and thus semiconducting surface was observed(Fig.
4). The relaxation rates seem to vanish below 100 K and
their temperature dependence points to a kind of thermal
activated process. At first glance diffusive relaxation as the
underlying mechanism comes into one’s mind, as, e.g., ob-
served for Li adsorption on a Ru(001) surface41,42 or here at
a coverage ofuLi .0.47 ML (see next subsection). Using
thermal activated diffusion in a BPP model,28,29 named after
the initials of its authors,43 the data of Fig. 4 can indeed be
perfectly described with the aid of Eqs.(7) and (8). (The
result of the fit is almost not distinguishable from the solid
line in Fig. 4.) However, the extremely small diffusion en-
ergy of Ediff =48±10 meV and the extremely large prefactor
of t0=s5±2d310−7 s found renders this model very unlikely
to describe the real origin of the fluctuations causing the
relaxation rates of Fig. 4.(With the “standard” prefactor of
t0=10−13 s, Ref. 44, it was not possible to describe the data
at all.) Consequently, we have to envisage electronic relax-
ation (fluctuating electron spins) as the most probable origin
of the observed relaxation rates.

The main source of electronic nuclear spin relaxation is
caused by Fermi contact interaction of the nuclear spin with
fluctuating electron spins.28,29Since for all realistic situations
the electron correlation time is much smaller than the nuclear
Larmor period(at B=0.8 T, for 8Li, 1 / nL.0.2 ms), the re-
laxation rate for a electronic relaxation mechanism is inde-
pendent of the magnetic field strength. For nuclear spin re-
laxation (depolarization) to occur the necessary energy
change for the mutual spin flip of the nucleus and the elec-
tron can happen only for electrons which occupy states with
energies for which occupied and unoccupied states exist.
These are for a degenerate electronic system the ones near
the Fermi energy. Then the relaxation rate becomes strictly
linear in temperature as observed, e.g., on metal surfaces41,45

[see also Fig. 5(a)]. But this approach does not allow a van-
ishing relaxation rate forT.0 K as observed on the com-
pletely s331d reconstructed surface(Fig. 4). As this surface
is definitely semiconducting the description of the relaxation
process has to be adopted to this situation.

On a semiconducting surface there are no electrons at the
Fermi energy. Thus, Fermi contact interaction of nuclear

spins with electron spins is only possible with electrons in
the conduction band. As the band gap of thes331d recon-
structed surface is quite large(about 1 eV11) nuclear spin
relaxation with intrinsic electrons would not be observable
below temperatures of about 500 K. Therefore we are forced
to consider another mechanism for semiconducting surfaces:
Li atoms themselves adsorbing during the nuclear spin relax-
ation measurements or here also small quantities of surplus
Li from the formation of thes331d reconstruction may act
as dopants of the surface. Electrons from a donor level are
excited into the conduction band at low temperatures and
thus, nuclear spin relaxation due to Fermi contact interaction
may be observable also at lower temperatures. For bulk
semiconductors such a situation leads to aÎT dependence of
the relaxation rates29 which is certainly not in agreement
with the observed temperature dependence of the relaxation
rate a in Fig. 4. In order to see whether the lower dimen-
sionality of our problem is the reason for the kind of thermal
activated temperature dependence found here, we reformu-
lated for a two-dimensional system the theoretical treatment
originally formulated for bulk semiconductors assuming that
the Li dopants are concentrated in a two-dimensional layer
on the surface.

Thus, the electron gas in the conduction band will be
delocalized in two dimensions only and localized in the third
one perpendicular to the surface, say for simplicity within an
infinite high rectangular potential barrier of widthL. Aside
from this assumption we will follow the conventional treat-
ment of relaxation rates and electron densities in the valence
band, in particular we will treat the electrons as nondegener-
ate with a Boltzmann distribution. The essential steps to find
the final result

a =
1

T1
=

2p

"

32p2

9
me

2SmI

I
D2

· uFs0du4 · rs2d ·ns2dsTd s3d

can be found in the Appendix, whereasme andmI denote the
magnetic moments of the electron and the nucleus, respec-
tively. uFs0du2 is the(energy independent) probability to find
an electron at the nucleus(and thus a dimensionless number)
andrs2d the energy independent density of states per volume
of a two-dimensional free electron gas which is localized in
the third dimension perpendicular to the surface within a
rectangular potential barrier of widthL,46

rs2d =
1

Lp
·

m*

"2 , s4d

wherem* denotes the effective electron mass in the conduc-
tion band.(Contrary to the original work of Abragam29 rs2d

denotes the total density of states rather the one for a specific
electronic spin state.) The only temperature dependent factor
in Eq. (3) is the two-dimensional electron densityns2dsTd in
the conduction band for a nondegenerate electron gas(analo-
gous formula as in three dimensions, see, e.g., Ref. 46)

NMR STUDY OF Li ADSORBED ON THE Sis111d-s331d-Li SURFACE PHYSICAL REVIEW B69, 245424(2004)

245424-5



ns2dsTd =
2nD

s2d

1 +Î1 + 4
nD

s2d

n0
s2dsTd

expSED

kT
D . s5d

The factornD
s2d is the area density of the donors andn0

s2dsTd a
suitable normalization factor for the two-dimensional prob-
lem

n0
s2dsTd =

1

L

m*

p"2kT. s6d

ED in Eq. (5) denotes the energy difference between the do-
nor level and the conduction band.

From Eq. (5) it is obvious that for small enough donor
densitiesnD

s2d [i.e.,nD
s2d!n0

s2dsTd] or high enough temperatures
the electron density in the conduction bandns2dsTd would
equal the donor densitynD

s2d and thusns2dsTd becomes tem-
perature independent. Consequently, the relaxation ratea
would become temperature independent as well. But con-
trary to the three-dimensional problem in two dimensions
(i.e., on a surface) high donor densities in respect ofn0

s2dsTd
are possible. There are about 231015 adsorption sites on a
Si(111) single crystal surface and thus the coverage depen-
dent donor density amounts tonD

s2d=s231015 uLid / sL cm2d.
At a temperature of 300 Kn0

s2dsTd [Eq. (6)] has a value of
about 1013/ sL cm2d and thus the rationD

s2d /n0
s2dsTd in Eq. (5)

amounts to about 23102 uLi at 300 K. Under these circum-
stances the nuclear spin relaxation process described above
would show a pronounced temperature dependence even for
uLi as low as 10−2–10−4 ML [Eqs.(3) and (5)].

The solid line in Fig. 4 shows a fit to the data based on the
relaxation process described above[Eqs. (3)–(5)]. For the
measurements without any additional coverage the Li dose
stems either from adsorbed Li out of the atomic beam during
data taking or from surplus Li from the preparation of the
s331d reconstruction. Thus, the Li coverage is known to be
small, but not exactly how small. Furthermore, because of
the unknown widthL of the two-dimensional surface layer
the temperature independent prefactors in Eq.(3), in particu-
lar uFs0du2, cannot be determined. Therefore Fig. 6 shows fits
to the data for three coverages, each differing by one order of
magnitude. Obviously it is possible to fit the data in Fig. 6
with all coverages assumed yielding values forED which
vary only in between 80 and 120 meV(see Table I). Accord-
ingly, however, the ratiouFs0du2/L changes by about one
order of magnitude to compensate for the different values of
uLi. The values found forED are larger than the one known
for Li doping of Si single crystals(about 32 meV, Refs.
47–49). The insensitivity of the results in the low coverage
regime(Fig. 6) also solves another puzzle. Due to accumu-
lated 8Li and in particular7Li atoms from the atomic beam,
the actual Li coverage on the surface is rising during the runs
which sometimes last for about 2 h before a fresh surface is
prepared. Nevertheless, the measured relaxation ratesa were
found to be time and thus coverage independent in the tem-
perature regime investigated.

Having this interpretation in mind we can now also un-
derstand the coverage dependence at 284 K(open circles in
Fig. 3). First the data point atuLi .0.29 ML is just part of
the ones in Figs. 4 resp. 6 and its value follows from the
arguments given above. It deviates from zero as observed for
100 K because thermal activated Li donor atoms contribute
to electronic relaxation. At lower coverages the relaxation
rates seem to be enhanced as compared to the low tempera-
ture data(Fig. 3). That is probably of the same origin: on the
s331d reconstructed islands adsorbed Li acts as donor and
contributes together with the relaxation from the remaining
metallic s737d reconstructed parts additionally to the relax-
ation ratea.

B. Adsorption of additional Li on the „3Ã1…
reconstructed surface

At a Li coverage ofuLi .0.47 ML that is an additional
0.14 ML aside from the 1/3 ML necessary to generate the
Sis111d-s331d-Li surface the nuclear spin relaxation ratesa
are considerably different from those found for a coverage of
uLi .0.29 ML [see Figs. 4 and 5(a)]. The first three data
points are in accordance with a straight line crossing the
abscissa at zero[dashed line in Fig. 5(a)]. This points to a
metallic system(“Korringa” relaxation, Ref. 28, 29, 41, 45,
and 50). As the s331d reconstruction is formed at a cover-
age of uLi =1/3 ML the surface with a coverage ofuLi
.0.47 ML may be considered for the time being as an inert
semiconducting surface with an additional Li coverage of
uLi,add.0.14 ML.

There are at least two possible ways that a semiconduct-
ing surface can be transformed into a metallic one by adsorb-

FIG. 6. Nuclear spin relaxation ratesa=1/T1 as a function of
temperature for8Li adsorbed on the Sis111d-s331d-Li surface at a
coverage ofuLi .0.29 ML (same data as Fig. 4). Fits of the relax-
ation model on semiconductor surfaces with three different Li cov-
eragesuLi are shown.

TABLE I. Energy differenceED between the donor level and the
conduction band for different Li coveragesuLi.

uLi (ML ) 10−2 10−3 10−4

ED (meV) 80±18 92±17 116±16
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ing an alkali-metal such as Li. First, the growing density of
the adsorbate can induce an overlap of the wave functions of
the valence electrons(2s for Li) and thus lead to delocaliza-
tion (Mott criterion51–53). Second, the electrons injected into
the system by the Li adsorbate can fill an unoccupied surface
state near the Fermi-energyEF. In this caseEF would be
pinned at this state and the surface would be metallic. This
possibility was, for example, favored to describe on the
semiconducting Si(001) surface an additional surface state at
EF during Li adsorptionsuLi <0.08. . .0.36 MLd.54

The first possibility is rather unlikely to occur here as the
nuclear spin relaxation rates, e.g., on the semiconducting
Sis111d-s131d :H surface covered with 0.25 ML Li can still
be described assuming a semiconducting surface.55 Thus, the
second possibility seems to be the more realistic one. And
indeed the calculated band structure based on the HCC
model13 of the Sis111d-s331d surface predicts an unoccu-
pied surface state nearEF (calledS1

− in Ref. 13) while on the
Sis111d-s131d :H surface there exists no surface state in the
fundamental band gap at all.2,56

At temperatures above about 300 K the nuclear spin re-
laxation rates start to deviate from the straight line[Fig.
5(a)]. It looks as to whether an additional probably thermal
activated relaxation process starts to become active. And in-
deed, relying on results of previous experiments it may be
identified with relaxation induced by the diffusion of the Li
atoms over the surface. The mechanism was explained in
large detail in a former paper for a metallic Ru(001)
surface.41 Through binding to the surface an electric dipole
moment is induced at the Li atom. That is also true at semi-
conducting surfaces at least for small coverages. The Li at-
oms generate therefore an electric field gradient(EFG)
around them(electric field of a dipole,1/r3). Diffusing
over the surface from time to time a8Li atom passes closely
enough another Li atom, leading to a fluctuating interaction
in time of the quadrupole-moment of the first one with the
EFG generated by the second one. This mechanism can be
the cause of thermal activated diffusive relaxation.

The nuclear spin relaxation ratesadiff induced by diffu-
sion can phenomenologically be described with the BPP
model28,29,43

adiff =
Gs0d

"2

2tc

1 + svLtcd2 . s7d

The factorGs0d characterizes the strength of the fluctuating
interaction,vL is the Larmor frequency which is proportional
to the external magnetic fieldB. The correlation timetc can
be interpreted as the mean residence time of the ensemble on
an adsorption site and can be expressed in terms of a pref-
actort0 and the diffusion barrierEdiff

tc = t0 expSEdiff

kT
D . s8d

For vLtc@1 (i.e., for low enough temperatures) the relax-
ation rate should show a 1/B2 dependency[see Eq.(7)] in
accordance with the results of the magnetic field dependence
observed fora=1/T1 [Fig. 5(b)]. This supports the assump-
tion of an additional relaxation mechanism with correlation

times tc@1/vL to be valid. We remind here that for elec-
tronic relaxation alwaystc!1/vL which is the reason that it
does not contribute to the magnetic field dependence ofa.

The solid curves in Figs. 5(a) and 5(b) show a fit based on
electronic Korringa relaxationaKorr, linear in temperature,
plus relaxation by diffusion:

a = aKorr + adiff . s9d

There are in general four parameters to be adjusted:Gs0d, t0,
Ediff and the slope of the straight linesT1TdKorr. But since in
the temperature regime investigatedvLtc@1 only the ratio
Gs0d /t0 can be determined by the fit. If forGs0d a typical
value of s10−11 eVd2 is assumed(see Refs. 41 and 57) one
obtains with a large error the prefactort0<10−12 s in agree-
ment with the typical value around 10−13 s (Ref. 44). The
other two parametersEdiff andsT1TdKorr depend only weakly
on variations ofGs0d /t0.

For the diffusion barrier a value ofEdiff <410 meV is
obtained by the fit. At an external magnetic field ofB
=0.8 T and at a temperature of 300 K this leads to a value
for vLtc=244 (for t0=10−12 s) confirming the assumption of
vLtc@1. The value forEdiff is significantly smaller than the
ones found for diffusion of alkali metals and H on Si(111)
surfaces: Li about 1 eV, Ref. 57; H about 1.7 to 2 eV, Ref.
58; K, Rb and Cs about 1.6–1.9 eV, Ref. 59. This difference
can most likely be explained by the different surface recon-
structions used in the diffusion experiments, high tempera-
tures131d phase in Ref. 57 and thes737d reconstruction in
Refs. 58 and 59. For the electronically driven part of the
nuclear spin relaxation a value ofsT1TdKorr=1220±50 s K is
found [dashed line in Fig. 5(a)]. This value is significantly
higher than the value ofsT1TdKorr=498±117 s K found on
the metallics737d reconstructed surface at lower magnetic
fields.33

V. SUMMARY

Li adsorption on thes331d-Li reconstructed Si(111) sur-
face has been studied in nuclear spin relaxation(NMR) ex-
periments with the probe8Li. A rich variety of temperature,
coverage and magnetic field dependencies were observed,
which reflect a metal-semiconductor-metal transition while
adsorbing Li with increasing coverage on a
s737d-reconstructed Si(111) surface in such a way that the
s331d reconstruction is driven. At a Li coverage ofuLi

=0.29±0.02 ML, just the one for a perfects331d recon-
struction to occursuLi =1/3 MLd, the observed relaxation
rates can be explained by an electronically driven process on
a semiconducting surface with a two-dimensional Li induced
donor level about 100 meV below the conduction band.

At a higher coverage ofuLi .0.47 ML a Korringa-like
relaxation behavior is observed which points surprisingly to
a metallic surface at a coverage of only 0.14 ML beyond the
1/3 ML to form thes331d reconstruction. The difference to
Li adsorption on the semiconducting Sis111d-s131d :H sur-
face which stays semiconducting even for higher coverages55

can be explained by the fact that there are no surface states
within the fundamental band gap of the latter,2,56 while for
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the Li induceds331d reconstruction at least theoretically an
empty state(calledS1

−) is predicted near the Fermi energy. Li
valence electrons may fill this state pinning the Fermi energy
and causing in this way the metallicity of the surface at quite
low additional Li coverage. Unfortunately, this filled surface
state is not observed yet in photoemission experiments prob-
ably due to selection rules and an improper polarization of
the used synchrotron light. Using the proper polarization of
the synchrotron light it would, however, be very interesting
to compare our results with photoemission data from thes3
31d reconstruction with additional alkali-metal coverage. At
temperatures above 284 K an additional relaxation process
caused by diffusion of the Li atoms over the surface with a
diffusion barrier of about 410 meV is found. This value is
significantly smaller than the ones found for diffusion of al-
kalis and H on other Si(111) surfaces.

In summary, out of this experiment a consistent picture of
the temperature, coverage and magnetic field dependence of
T1 times emerged. With the aid of a formulated concept of Li
donors localized on a semiconducting surface the tempera-
ture dependence of relaxation rates for Li adsorbed on the
s331d reconstructed Si(111) surface could be understood
consistently. As a by-product the donor energy of adsorbed
Li on the s331d surface could be determined. This success
proves additionally that the theoretical results of a com-
pletely ionized Li chain in thes331d-reconstruction is cor-
rect. If not, the remaining electrons at the Li chains and
consequently the missing ones at the Si atoms forcing the
s331d reconstruction would be able to fluctuate and thus
contribute to the relaxation rate. Since, in contrast to Li ad-
sorption on thes737d surface,60,61 this mechanism is miss-
ing electron-electron correlations probably affect the energy
of surface states only but notT1 times. The observed
semiconductor-metal transition for adsorption of 0.14 ML
additional Li on the alreadys331d-reconstructed surface
points to the existence of an empty state near the Fermi-
energy (probably the so-calledS1

− state). Here as a by-
product an estimate for the diffusion energy of Li on the
Sis111d-s331d surface could be obtained as well.
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APPENDIX

In order to derive an expression for the relaxation rate of
a nuclear spin in a two-dimensional nondegenerate electron
gas we start with Eq.(58) of Chapter IX in Abragam’s text-
book Principles of Nuclear Magnetism29

1

2T1
=

2p

"
S8p

3
gegn"2D21

4
uFs0du4E

0

`

PsEdr2sEddE,

sA1d

wherersEd is the density of states for a three-dimensional
electron gas for a given spin orientation,uFs0du2 the (energy
independent) probability to find an electron at the nucleus(a
dimensionless quantity) andPsEd=a·exps−E/kTd. The inte-
gral runs from the bottom of the conduction band to infinity.
The constanta and thus implicitly the Fermi energy is deter-
mined by requiring the normalization

E
0

`

rsEdPsEddE= aE
0

`

rsEde−E/kTdE=
1

2
nsTd. sA2d

The factor 1/2 appears, sincersEd is chosen in Abragam’s
treatment to be the density of states for only one spin orien-
tation.

To deal with a two-dimensional electron gas being bound
within a (infinite high) potential well of widthL in the third
direction(surface normal) we have to replacer by rs2d /2 of
Eq. (4) (rs2d is the density of states including both spin di-
rections) andnsTd by ns2dsTd of Eq. (5). Having in mind that
the gyromagnetic ratio of a particle with spin I is related to
its magnetic moment byg=m /"I and that the spin of the
electron is 1/2, one obtains Eq.(3) straightaway.

For the derivation ofns2dsTd the dimensionality of the
problem matters only in so far that the now energy indepen-
dent two-dimensional density of states always has to be used
[Eq. (4)]. Otherwise, as usual, only the approximation that
the electrons in the conduction band are not degenerate
(Boltzmann distributed) enters.46,62 Furthermore, we as-
sumed that we are dealing with temperatures where thermal
intrinsic activation out of the valence band can be neglected
and only the thermal activated donor electrons contribute to
the conduction band.
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