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NMR study of Li adsorbed on the Si(111)-(3X 1)-Li surface

C. Bromberger, H. J. Jansch, O. Kihlert, R. Schillinger, and D. Fick
Philipps-Universitat, Fachbereich Physik and Zentrum fur Materialwissenschaften, D-35032 Marburg, Germany
(Received 2 December 2003; revised manuscript received 27 February 2004; published 30 Jyine 2004

Li adsorption on the(3x1)-Li reconstructed $111) surface has been studied IBtnuclear magnetic
resonance experimentseasurements af; times). Arich variety of temperature, coverage, and magnetic field
dependencies were observed, which reflect a metal-semiconductor-metal transition while adsorbing Li with
increasing coverage on(& X 7)-reconstructed $111) surface in such a way that tl{8 < 1) 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 coveiggés 0.01 ML) could be
understood consistently. The donor energy of adsorbed Li ori3hel) surface has been determined to be
Ep~ 100 meV. This success proves additionally that the theoretical results of a completely ionized Li chain in
the (3X 1) reconstruction are correct. The observed semiconductor-metal transition for adsorption of 0.14 ML
additional Li on the already3 X 1)-reconstructed surface points to the existence of an empty state near the
Fermi energy(probably the so-calle8; statg. The diffusion energy of Li on the 8i11)-(3X 1) surface could
be estimated to bEyi ~410 meV.
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[. INTRODUCTION completed for monovalent adsorbates at a metal coverage of
1/3 of a monolayefML), measured in units of one (&11)

- . layer(see Refs. 13,16,18,22,23 and references theigimll
various types of reconstructions. Except for th€1$i)-(7 lstructural modelé18-2L27the metal atoms form one chain

X 7) one, which has many hallmarks of a metallic surface, al er unit cell. They are separated by Si chains. Among the

the adsorbate driven ones stay semiconducting as the hydrBFoposed structural models. the recent “560560" miS@al
gen terminated $111)-(1x1):H one or the metal adsorp- 54 the similar honeycomb-chain-chaniICC) modet?

tion driven S{111-(3X 1) reconstructiongsee Refs. 1-3 56 the lowest total energy and explain most of the struc-
and references thergirOnly the hydrogen terminated recon- ,ra| features seen in scanning tunneling microso@mM)
struction preserves the small X 1) unit cell of the S(111)  5nq diffraction experiments.
surface and is free of electronic surface states within the From energy considerations it seems obvious that the al-
fundamental band gap. In contrast, a narrow almost dispeka|i metal atoms act as electron donors, saturating the un-
sionless surface state pins the Fermi level of ((h& 7) re- paired Si dangling bond in the8 X 1) reconstruction. This
constructed surface thus causing its metallitifyThere are  aside, very little is known about the role of the metal atom in
now also growing experimental and particularly theoreticalthe reconstruction itself. Albeit performed at elevated tem-
indications for the importance of electron-electron Correla‘peratures, recent nuclear magnetic reson@Nd4R) experi-
tions in understanding the electronic properties of (e  ments contributed information about the local geometry and
X 7)-reconstructed surface and of the hydrogen terminateghe electronic structure of the Li siféA large, positive elec-
one!~ As the metal driver(3x 1) reconstructions are con- tric field gradient at the adsorbed Li nucleus places the Li
cerned with the importance of electron-electron correlationsite inside surrounding Si atoms and not above the surface, in
is less obvious despite the fact that they exhibit quite unusualccordance with the “560560” and HCC mod&ise Fig. 1
surface chemical and electronic propertigsv oxygen up- in Ref. 19 for the “560560” model and Fig. 1 in Ref. 13 for
take and a large band gap, respectiyelye to their quasi- the HCC modeél Since it is known that for semiconductor
one-dimensional structuf& Moreover the observation of surfaces experiments at as low temperatures as possible im-
an almost dispersionless surface state in photoemissigirove the spectroscopic quality of the datsseemed impor-
experiment3!? also points to the importance of electron- tant to us to resume the NMR experiments at as low sample
electron correlations for this reconstruction, as it is undertemperatures as feasible and to extend them to the measure-
bound by 0.31 eV compared to local density approximationrments ofT, times28-30They are a useful tool to study local
calculationst3 density of states at the adsorbate. Such experiments have
Since its first observatidfi'>the (3 X 1) reconstruction of been feasible for Li adsorbates for some ti#e2 “Local”
the S{111) surface has generated widespread interest. Theeally means here electron density at the adsorbed Li
semiconducting3x 1) structures can be formed by alkali nucleus.
metals, alkaline earths, and by ARefs. 3 and 13-26in a Even though th€3 X 1) reconstruction can be obtained by
rather simple procedursee Ref. 16 and references thejein adsorption of various metal atoms the Li-induced reconstruc-
Despite some uncertainties about the details of the atomition is of special interest because of the simple electronic
arrangement there is a consensus that this reconstruction s&ructure of Li and its accessibility to NMR measurements.
driven by the metal adsorbate and that the reconstruction iShe favored model$HCC and “560560f have five Si sur-

Due to its dangling bonds the (311) surface undergoes
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face orbitals per unit cell and thus five surface states. Therliness of the surface was monitored by AES. To achige
are altogether six electrons available to fill these states, fivex1) reconstructions the samples were covered by about
from the Si atoms and one from the Li atom. Since the sur2 ML of Li and heated up to about 850 K afterwartiee
face is semiconducting three filled surface states and twRef. 1. At this temperature the surplus Li desorbs and the
empty ones are expected. The band structure calculated Witjopility of the surface atoms is high enough to form the
the HCC modef confirms this reasoning; two occupied sur- (3 1) ‘reconstruction as also observed by LEE&e Ref.
face state bandss], S;) with positive inversion symmetry in 10). The Li coveragesd,; of the individual (3% 1) recon-

r_espect to_a mirror plane on the_ surface and one W't.h a NeY% ctions were determined by integrals over TPD spectra
tive one(S,) are found. The assignment of an inversion sym—(See Ref. 3.

metry is based on the theoretical finding that the Li atoms, At coverages below 0.29 ML the @il1) surface is only

which drive the reconstruction, are fully ionized. Sinte artially (3 1) reconstructed while the remaining surface is
times reflect among others local electronic properties the\f) y 9

might be a useful tool to check this result. still (7 X 7) reconstructed. STM experiments showed that the

Almost nothing is known yet about the local geometry, (3 1) reconstruction nucleates at step edye$.And in-
the electronic structure and spectroscopic properties dfieed, in the present experiments LEED patterns displayed
alkali-metal adsorbates on tfi8 x 1)-reconstructed surface. both(7Xx7) and(3X 1) ones at the same time. A full recon-
This is not only an academic problem, since an easy way tétructed(3X 1) surface was observed in LEED already for
produce a three domain Li-induce@ X 1)-reconstructed coverages of;=0.29+0.02 ML. This is in quite good ac-
Si(112) surface is Li adsorption of 1—-2 ML and subsequentcordance with the results of Ref. 16 and with the structural
thermal desorption of the excess amount to induce(the models(“560560*° and HCG?) which contain only one Li
X 1) structure'® This preparation relies entirely on thermal Atom per (3X1) unit cell and thus a coverage d;
programmed desorptio(TPD) spectroscopy and produces =1/3 ML. The fact that already at a coverage @;
the desired structure reproducibly with minimum effort. But=0.29+0.02 ML a full reconstructe(3x 1) surface is ob-
in doing so small quantities of adsorbed Li up to a few per-served in LEED can be understood either by the error in the
cent of a monolayefML) may be left, acting as a dopant of coverage calibration by TPDabout +0.02 ML), or by the
the surface. fact that at about this coverage there is not much contiguous
space on the surface left for completéx 7) unit cells.
Il. EXPERIMENT Therefore due to the limited correlation length the LEED

The experiments were conducted at the Max-PlanckPattern may vanish before the complete surface is converted
Institute for Nuclear Physics in Heidelberg. THei-3 to a (3% 1) reconstruction. Finally, we report that tH8
-NMR technique has already been described elsewhere itf 1) LEED pattern was observed up to Li coverages over
detail323435 Therefore we describe this part of the experi-0.5 ML.26
ment only briefly. The UHV chamber was connected via a differential

The experiments were performed in an UHV chambempumping section to the chamber in which the source for a
with a base pressure of abouka.0 ! mbar. The chamber thermal nuclear spin polarizefLi atomic beam was in-
was equipped with conventional surface characterizatiostalled. RadioactivéLi with a half life of only 0.84 s was
techniques such as low-energy electron diffracibBEED),  producedin situ by bombarding a deuterium gas target with
Auger electron spectroscogfES) and a mass spectrometer a 24 MeV’Li%* ion beam from the MP-tandem accelerator at
for temperature programmed desorptioiPD) measure- the MPI for Nuclear Physics in Heidelberg inducing the
ments. A Li getter sourc€SAES Getterswas also available. 2H("Li, 8Li)*H nuclear reaction. Its nuclear spih=2) was
The chamber was equipped with a homemade load lock for golarized by optical pumping in a magnetic field either in the
fast transfer of the silicon crystals. m=+2 or in them=-2 state(positive and negative polariza-

The samples used were modespi{B)- and n(P)-doped  tion). The source provided at the site of the sample a thermal
Si(111) crystals with a misorientation 0£0.5°. They were atomic beam of about f£0ithium atoms/s containing a
prepared outside the UHV chamber as hydrogen terminateginall amount of about % 10* atoms/s of the nuclear spin
Si(11D)-(1x1):H surfaces with a wet chemical polarized radioactive isotopéli.32 Only these®Li atoms
procedureé’®3® This detour was chosen in order to deal out-served as probes for the measurement$,aimes (nuclear
side the UHV chamber with rather inert surfaces, whichspin relaxation rateg=1/T,).
moreover are improved in their properties during the wet 8Li is a g-decaying nucleus. Therefore its nuclear polar-
chemical treatmeri The as prepared samples were trans-zation (magnetizatiop can be detected using th&decay
ferred into the UHV chamber via the fast load lock andasymmetry® There are more electrons emitted opposite to
clamped onto a small Mo plate on the vertically mountedthe direction of the nuclear spin than in its direction. These
manipulator. Heating was available by electron bombardasymmetriess were measured with two scintillator tele-
ment from the rear, cooling by contact to a liquid nitrogenscopes positioned at 0° and 180° in respect to the external
reservoir. After the sample was transferred into the UHV itmagnetic field(see Fig. 1. The asymmetry and thus the
was flashed to about 1200 K in order to remove the adsorbepolarizationP of he nuclear spin of the adsorbédi is de-
hydrogen and to enforce th@ X 7) reconstruction. After- termined from the normalized difference of the two count
wards a cleaf7 x 7) LEED pattern was observed. The clean- rates
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FIG. 1. The principle of3-NMR: The decay electrons are emit- 20

ted with a higher probability opposite to the direction of the nuclear
spin. Therefore, the normalized asymmetryof the count rate 15
N(0°) andN(180°) yields the polarization of the spin ensemble.

. 10 @etadh Wil
_N(0°)-N(180°) _ 1 W S PR R T
“TN(O°)+N(180°) 3 ¢ 3
HereN(0°) andN(180°) denote the count rates of the emit- 0F 1
ted electrons at the angle indicated. The factor [
(-1/3) reflects the properties of théi B decay(allowed -5
Gamow-Teller decay, Ref. 39, Vol.).2Systematic errors in . . .
the measurement of the asymmetry are removed by perform- 0 1 2 3 4
ing measurements with both positive and negative polariza- (b) tis]
tions.

FIG. 2. (8 Asymmetrye vs time at 284 K forLi adsorbed on

| |arizati ith ti | . | i a Si111-(3x 1)-Li surface with §;=0.47 ML, that is an Li cov-
nuclear polarization with timenuclear spin relaxatigncan erage of about 0.14 ML in addition to the ofte’3 ML) to form the

be e?(pressed in general as the §um of four exponem'ﬁ?ais (3% 1) reconstruction(b) Asymmetrye vs time at 100 K for ex-
details see Ref. 40 and Appendix A of Ref.)4ln practice, tremely low Li coverage on a Gi11)-(3x 1)-Li surface. No depo-

at most two exponentials, fast and slow nuclear spin polaryization of the nuclear spin is observed. Both data are measured
ization, were sufficient to describe such data in the st ith a magnetic field of 0.8 T.

detailed discussion in Ref. 33But it was not always pos-
sible to disentangle them with high precision. However, thebetween 10* and 102
lowest relaxation ratésmallest depolarizatigrcould always
be determined accurate{gee Fig. 2, left We therefore con-
centrate in this paper ongg,~a=1/T; only in describing

e(t)

Since 8Li possesses a nuclear spir2 the decay of

of a ML). The data show that within
the error bars no nuclear spin depolarization occurs and thus
the relaxation rate from the fjiw=(0.007+0.017 s™%, solid
line] is within the error bars zero.

We close this section with the remark that contrary to
£(t) = 08 = e M (2)  conventional NMR experimer§*° the determination ofx

or T, does not require the application of resonant rf fields.

and postpone the discussion of the other variables, includin§ince the nuclear spin polarizatidd is in thermal equi-
the determination o€, to a forthcoming publication. librium of the order of 10°, it can be neglected compared

In Fig. 2 two examples of measured asymmetsegrsus to the initial polarization of théLi ensemble of 0.8 or 0.9
time are shown together with fits of the data to E2). On  (see Ref. 28
the left side data af=284 K andB=0.8 T are displayed for
a Si111)-(3x 1)-Li surface with an additional Li coverage
of about 0.14 ML to the 1/3 ML necessary for the formation
of the (3X1) reconstruction. A relaxation rate ot Figures 3-5 display the observed relaxation rates as func-
=(0.23+0.01 s was obtained by the fitsolid line). Onthe  tion of surface temperature, magnetic field and Li coverage
right side of Fig. 2 data from the @i11)-(3x 1)-Li surface  ¢,;. The data exhibit a rich variation in particular as functions
alone atT=100 K andB=0.8 T are showr{Li coverage in  of temperature and coverage. Since for increasing coverage

IIl. EXPERIMENTAL RESULTS
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FIG. 3. Nuclear spin relaxation rates=1/T, as a function of

the Li coveraged,; of Si(111) surfaces. The data were taken at a 0-81 i
magnetic field oB=0.8 T. Data taken at temperatures of 100 and
284 K are shown. The lower data point ét;=0.47 ML (full 0.6 B
circle) was taken at 111 instead of 100 K because of experimental ey
reasons. =

= 0.44 o

up to 6,;=1/3 ML the (3 1) 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 metalli€x 7) to a

0.2

[¢3
e+
T

semiconducting3 X 1) one. The data for a surface tempera- 0.0 L
ture of 100 K indicate this tren¢full circles in Fig. 3. At 0 20 40 60 80 100
6,;=0.29 ML, where the entire surface i8x1) recon- (b) 1B [1/7T)

structed, a vanishing relaxation rate is obseryeompare

also with the lower part of Fig.)2 The temperature depen- FIG. 5. Nuclear spin relaxation rates=1/T, for 8Li adsorbed
dence of the relaxation rate at this coverage exhibits, howen the S{111)-(3x 1)-Li surface at a coverage of;=0.47 ML
ever, a kind of thermal activated behavi&iig. 4). Thus, the [i.e., a fully reconstructed3 x 1) surface with an additional cover-
coverage dependence of the relaxation rates at an elevatede of 0.14 ML. (a) Relaxation ratex as a function of temperature
temperature of 284 K appears quite different with respect tdor B=0.8 T. The inset shows the data with an additional data point
what was observed at the lower temperature of 10@pen  at T=439 K which has, however, a very large error kfay. Relax-
circles in Fig. 3. At 100 K the relaxation rate increases ation ratea as a function of 1B? (the inverse of the magnetic field
again at6; =0.47 ML, 0.14 ML above the one necessary to Squareglat T=284 K.

complete the semiconductin@ < 1) reconstruction. Also,

quite surprising temperature dependencies were obtained ftiis coverage. The data of Fig(ep indicate up to 300 K a
linear dependence of the relaxation rate with temperature,

0.8 - which points to a metallic behavi$¥?® (Korringa relax-
ation). The inset of this figure shows the same data with an
additional data point at =439 K with a large error due to a
061 i low count rate and a small asymmetry effect Beyond
300 K the relaxation rate seems to rise in addition exponen-
tially (thermally activateyl This exponential rise points to
diffusion as an additional relaxation mechanism which is
supported by the B2 magnetic field dependence of the re-
8 0.2 - laxation rates in Fig. ®) measured aT=284 K. This is a
strong indication for such a mechanigsee Sec. IV.

0.0

IV. DISCUSSION

0 100 200 300 400
TIK] A. Nuclear spin relaxation on the semiconducting
(83X 1) surface
FIG. 4. Nuclear spin relaxation rates=1/T; as a function of
temperature fofLi adsorbed on the §111)-(3% 1)-Li surface at a _For coverages below;=1/3 ML the as prepared
coverage off;=0.29 ML [i.e., the coverage where the entire sur- Si(111)-(7 % 7) surface is developing with increasing cover-
face is(3x 1 reconstructed The data were taken at a magnetic age larger and large(3 X 1) reconstructed islands until the
field of B=0.8 T. The solid line is a fit to the dataee Sec. IV. complete reconstruction is reachedégt=1/3 ML. In order
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to obtain a systematic understanding of the complex coverspins with electron spins is only possible with electrons in
age and temperature dependence seen in Figs. 3-5 we stdré conduction band. As the band gap of tBe< 1) recon-

with the discussion of the coverage dependence of the relastructed surface is quite larg@about 1 eW) nuclear spin
ation rates at 100 K, the lowest temperature at which dataelaxation with intrinsic electrons would not be observable
were taken (full circles in Fig. 3. Up to 6 below temperatures of about 500 K. Therefore we are forced
=0.29+0.02 ML they meet our expectation. The nuclear spirto consider another mechanism for semiconducting surfaces:
relaxation ratex starts at very low coverage with the value Li atoms themselves adsorbing during the nuclear spin relax-
known for the “metallic”(7 X 7) reconstruction. At the fully —ation measurements or here also small quantities of surplus
developed semiconducting3xX 1) reconstruction it ap- Li from the formation of the(3X 1) reconstruction may act
proaches a value consistent with zero. At the coverage ias dopants of the surface. Electrons from a donor level are
between a value “in between” is adopted reflecting the ratiexcited into the conduction band at low temperatures and
of the (3X 1) reconstructed islands to the remainif¥gx 7) thus, nuclear spin relaxation due to Fermi contact interaction
reconstructed surface. The increasing relaxation rate beyoriday be observable also at lower temperatures. For bulk
6,;=1/3 ML will be discussed in the next subchapter. semiconductors such a situation leads t¢Tedependence of

Prior to a discussion of the coverage dependence at thi#e relaxation raté8 which is certainly not in agreement
elevated temperatui@pen circles in Fig. Bwe discuss first  with the observed temperature dependence of the relaxation
the temperature dependence of the relaxation rateg;at rate « in Fig. 4. In order to see whether the lower dimen-
=0.29 ML at which already a completé3x 1) recon- sionality of our problem is the reason for the kind of thermal
structed and thus semiconducting surface was obsgRigd  activated temperature dependence found here, we reformu-
4). The relaxation rates seem to vanish below 100 K andated for a two-dimensional system the theoretical treatment
their temperature dependence points to a kind of thermadriginally formulated for bulk semiconductors assuming that
activated process. At first glance diffusive relaxation as théhe Li dopants are concentrated in a two-dimensional layer
underlying mechanism comes into one’s mind, as, e.g., oben the surface.
served for Li adsorption on a R201) surfacé!*?or here at Thus, the electron gas in the conduction band will be
a coverage off;=0.47 ML (see next subsectipnUsing  delocalized in two dimensions only and localized in the third
thermal activated diffusion in a BPP mod&f° named after one perpendicular to the surface, say for simplicity within an
the initials of its authoré? the data of Fig. 4 can indeed be infinite high rectangular potential barrier of width Aside
perfectly described with the aid of Eq€Z) and (8). (The  from this assumption we will follow the conventional treat-
result of the fit is almost not distinguishable from the solid ment of relaxation rates and electron densities in the valence
line in Fig. 4) However, the extremely small diffusion en- band, in particular we will treat the electrons as nondegener-
ergy of Eg4=48+10 meV and the extremely large prefactor ate with a Boltzmann distribution. The essential steps to find
of 7o=(5+2)x 107" s found renders this model very unlikely the final result
to describe the real origin of the fluctuations causing the
relaxation rates of Fig. 4With the “standard” prefactor of
7,=10"13s, Ref. 44, it was not possible to describe the data _ 1 2m327 Lim)\? 4@ @

- : a=—-= Me |®(0)|*- p? - n@(T) (3
at all) Consequently, we have to envisage electronic relax- T, A 9 I
ation (fluctuating electron spinsas the most probable origin
of the observed relaxation rates.

The main source of electronic nuclear spin relaxation iscan be found in the Appendix, whereagand y, denote the
caused by Fermi contact interaction of the nuclear spin witinagnetic moments of the electron and the nucleus, respec-
fluctuating electron spir:2°Since for all realistic situations tively. |®(0)[? is the(energy independenprobability to find
the electron correlation time is much smaller than the nuclea&n electron at the nuclegand thus a dimensionless numper
Larmor period(at B=0.8 T, for 8Li, 1/ =0.2 us), the re- andp'® the energy independent density of states per volume
laxation rate for a electronic relaxation mechanism is indeof a two-dimensional free electron gas which is localized in
pendent of the magnetic field strength. For nuclear spin rethe third dimension perpendicular to the surface within a
laxation (depolarization to occur the necessary energy rectangular potential barrier of width*®
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. @_ 1
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 suffates
[see also Fig. ®)]. But this approach does not allow a van- wherem* denotes the effective electron mass in the conduc-
ishing relaxation rate fof >0 K as observed on the com- tion band.(Contrary to the original work of Abragathp®
pletely (3 1) reconstructed surfaqéig. 4). As this surface denotes the total density of states rather the one for a specific
is definitely semiconducting the description of the relaxationelectronic spin statgThe only temperature dependent factor
process has to be adopted to this situation. in Eq. (3) is the two-dimensional electron densit{?(T) in

On a semiconducting surface there are no electrons at tHbe conduction band for a nondegenerate electrorfayaso-
Fermi energy. Thus, Fermi contact interaction of nucleaigous formula as in three dimensions, see, e.g., Ref. 46

= ()
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2n® 0.84 o, 1ML
n@(T) = '(32) _ (5) e
nD ED e 3
1+\/1+4 2 exp(—) 0.6- "
nd(T) kT @ O
E 10"
The factorng) is the area density of the donors am{fi)(T) a = 0.47 i
suitable normalization factor for the two-dimensional prob- i
lem 3 0.2 L
1m*
(2) - = 0.0
n T -_— kT. 6 T T T T T T T
o (D L A © 0 100 200 300 400 500 600
TIK]
Ep in Eq. (5) denotes the energy difference between the do- g\ g, Nuclear spin relaxation rates=1/T; as a function of
nor level and the conduction band. temperature foPLi adsorbed on the §111)-(3x 1)-Li surface at a

From Eq.(5) it is obvious that for small enough donor ¢overage ofg; =0.29 ML (same data as Fig)4Fits of the relax-
denSitiemg) [i.e., n(D2)< nf)z)(T)] or high enough temperatures ation model on semiconductor surfaces with three different Li cov-
the electron density in the conduction band(T) would  erages; are shown.
equal the donor density> and thusn?(T) becomes tem-
perature independent. Consequently, the relaxation ¢#ate  Having this interpretation in mind we can now also un-
would become temperature independent as well. But conderstand the coverage dependence at 284pgen circles in
trary to the three-dimensional problem in two dimensionsFig. 3). First the data point af;=0.29 ML is just part of
(i.e., on a surfacehigh donor densities in respect of)(T) the ones in Figs. 4 resp. 6 and its value follows from the
are possible. There are aboux20'® adsorption sites on a arguments given above. It deviates from zero as observed for
Si(111) single crystal surface and thus the coverage depent00 K because thermal activated Li donor atoms contribute
dent donor density amounts [‘[g):(zx 10" 6,,)/(L cmd). to electronic relaxation. At lower coverages the relaxation
At a temperature of 300 mgz)(-l—) [Eq. (6)] has a value of rates seem to be enhanced as compared to the Ipw tempera-
about 163 (L cn?) and thus the raticmg)/ngz)(T) in Eq. (5) ture data(Fig. 3). That is probably of the same origin: on the
amounts to about 2 1% 6 at 300 K. Under these circum- (83X 1) reconstructed islands adsorbed Li acts as donor and

stances the nuclear spin relaxation process described abo?/gnt”b“teS together with the relaxatlon_from the remaining
would show a pronounced temperature dependence even fmetalllc (7% 7) reconstructed parts additionally to the relax-

6, as low as 10?—10* ML [Egs.(3) and(5)]. ation ratea.

The solid line in Fig. 4 shows a fit to the data based on the
relaxation process described abo\gs. (3)«5)]. For the B. Adsorption of additional Li on the (3X 1)
measurements without any additional coverage the Li dose reconstructed surface

stems either from adsorbed Li out of the atomic beam during
data taking or from surplus Li from the preparation of the
(83X 1) reconstruction. Thus, the Li coverage is known to be
small, but not exactly how small. Furthermore, because o
the unknown widthL of the two-dimensional surface layer
the temperature independent prefactors in(By.in particu-

At a Li coverage off;=0.47 ML that is an additional
0.14 ML aside from the 1/3 ML necessary to generate the
?i(lll)—(3>< 1)-Li surface the nuclear spin relaxation rates
are considerably different from those found for a coverage of
6,;,=0.29 ML [see Figs. 4 and(8)]. The first three data

lar |®(0)|?, cannot be determined. Therefore Fig. 6 shows ﬁtspomts are in accordance with a straight line crossing the

e bscissa at zerfdashed line in Fig. &)]. This points to a
to the data for three coverages, each differing by one order &t : A A h
magnitude. Obviously it is possible to fit the data in Fig. Gmedtalhc systﬁn( Korringa relaxat_lon,_R?f. 28629’ 41, 45,
with all coverages assumed yielding values Ey which and 50. As the(3x1) reconstructlop Is formed at a cover-
vary only in between 80 and 120 m&¥see Table)l Accord- age of 6;=1/3 ML the surface with a coverage of;
ingly, however, the rati®(0)[2/L changes by about one 20.47 ML may be conS|de_red for the_t!me bel_ng as an inert
order of magnitude to compensate for the different values o;emmonductmg surface with an additional Li coverage of

6.;. The values found foE are larger than the one known 6“@‘;;‘:0'14 ML'l ib) h .
for Li doping of Si single crystalgabout 32 meV. Refs. There are at least two possible ways that a semiconduct-

47-49. The insensitivity of the results in the low coverage ing surface can be transformed into a metallic one by adsorb-

regime(Fig. 6) also solves another puzzle. Due to accumu- _

lated 8Li and in particular7Li atoms from the atomic beam, TABL_E |. Energy dl_fferenceE_D between the donor level and the
the actual Li coverage on the surface is rising during the run§onduction band for different Li coveragés.

which sometimes last for about 2 h before a fresh surface is 5 3 .
prepared. Nevertheless, the measured relaxation datesse fi (ML) 10 100 100
found to be Fime_and thus coverage independent in the tem- Ep (MeV) 80+18 92+17 116+16
perature regime investigated.
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ing an alkali-metal such as Li. First, the growing density oftimes 7.>1/w, to be valid. We remind here that for elec-
the adsorbate can induce an overlap of the wave functions afonic relaxation always,<1/w; which is the reason that it
the valence electron®s for Li) and thus lead to delocaliza- does not contribute to the magnetic field dependence. of
tion (Mott criteriorP’~53. Second, the electrons injected into  The solid curves in Figs.(8) and %b) show a fit based on
the system by the Li adsorbate can fill an unoccupied surfacelectronic Korringa relaxationy,,,, linear in temperature,
state near the Fermi-enerdt. In this caseEr would be  plus relaxation by diffusion:
pinned at this state and the surface would be metallic. This
possibility was, for example, favored to describe on the
semiconducting $001) surface an additional surface state atThere are in general four parameters to be adjusséal, Tor
Er during Li adsorption(¢,;~0.08...0.36 ML.>* Egir and the slope of the straight lif@;T)y,,. But since in
The first possibility is rather unlikely to occur here as thene temperature regime investigategr.> 1 only the ratio
nuclear spin relaxation rates, e.g., on the semiconducting0)/r, can be determined by the fit. If fa8(0) a typical
Si(11D)-(1x 1):H surface covered with 0.25 ML Li can still 5, of (101 eV)? is assumedsee Refs. 41 and 5one
be described assuming a semiconducting sufagéus, the obtains with a large error the prefactey~10"2s in agree-
second possibility seems to be the more realistic one. Anghant with the typical value around T§'s (Ref. 44. The

indeed the calcglated band structure ba_sed on the HCGiher two parameterBy; and (T;T)xor depend only weakly
model® of the S{111)-(3X 1) surface predicts an unoccu- o, variations 0fG(0)/ 7.

a = Qo T Qg - (9

pied surface state neg (calledS; in Ref. 13 while on the For the diffusion barrier a value ;=410 meV is
Si(111-(1x 1):H surface thege exists no surface state in theypiqined by the fit. At an external magnetic field Bf
fundamental band gap at &ff! =0.8 T and at a temperature of 300 K this leads to a value

At temperatures above about 300 K the nuclear spin rey, w_7.= 244 (for 7,=10712 s) confirming the assumption of
laxation rates start to deviate from the straight lifeg.  ,, 7 > 1. The value foiEyy is significantly smaller than the
5(@)]. It looks as to whether an additional probably thermalgnes found for diffusion of alkali metals and H on(Ei)
activated relaxation process starts to become active. And ins;rfaces: Li about 1 eV, Ref. 57: H about 1.7 to 2 eV, Ref.
deed, relying on results of previous experiments it may beg: kK Rb and Cs about 1.6—1.9 eV, Ref. 59. This difference
identified with relaxation induced by the diffusion of the Li 314 most likely be explained by the different surface recon-
atoms over the surface. The mechanism was explained igyyctions used in the diffusion experiments, high tempera-
large detail in a former paper for a metallic ®0D  {yre(1x 1) phase in Ref. 57 and th@ x 7) reconstruction in

surface’! Through binding to the surface an electric dipole pefs 58 and 59. For the electronically driven part of the
moment is induced at the Li atom. That is also true at semir, ,cjear spin relaxation a value 6F;T)ygy=1220%50 s K is

conducting surfaces at least for small coverages. The Li altound [dashed line in Fig. @]. This value is significantly

oms generate therefore an electric field gradiéBEG) higher than the value ofT,T)x.,=498+117 s K found on

o : 13 A
around them(electric f|_eld of a d|p(_)le 1/r*). Diffusing the metallic(7 X 7) reconstructed surface at lower magnetic
over the surface from time to time®i atom passes closely fields33

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 V. SUMMARY
the cause of thermal activated diffusive relaxation. ) ) )
The nuclear spin relaxation rates;; induced by diffu- Li adsorption on thé3 X 1)-Li reconstructed $111) sur-

sion can phenomenologically be described with the Bppace has been studied in nuclear spin relaxafiR) ex-

modep829.43 periments with the probLi. A rich variety of temperature,
coverage and magnetic field dependencies were observed,
_GO) 27 which reflect a metal-semiconductor-metal transition while
Gdiff = "2 1+ (0 7% @) adsorbing Li with increasing coverage on a

(7% 7)-reconstructed $111) surface in such a way that the
The factorG(0) characterizes the strength of the quctuating(3><1) reconstruction is driven. At a Li coverage @f;
interaction,w_ is the Larmor frequency which is proportional —q 29+0.02 ML, just the one for a perfe8x 1) recon-
to the external magnetic field. The corr'elation timer can  giryction to occur(d,=1/3 ML), the observed relaxation
be interpreted as the mean residence time of the ensemble plyeq o pe explained by an electronically driven process on
an adsorption site and can be expressed in terms of a pref-gemiconducting surface with a two-dimensional Li induced
actor 7 and the diffusion barrieEq donor level about 100 meV below the conduction band.
Egir At a higher coverage ofj;=0.47 ML a Korringa-like
Tc=To eXF{ﬁ)- (8) relaxation behavior is observed which points surprisingly to
a metallic surface at a coverage of only 0.14 ML beyond the
For w 7.>1 (i.e., for low enough temperatunethe relax- 1/3 ML to form the(3X 1) reconstruction. The difference to
ation rate should show a Bf dependencysee Eq.(7)] in Li adsorption on the semiconducting($11)-(1X 1):H sur-
accordance with the results of the magnetic field dependendace which stays semiconducting even for higher covePages
observed fore=1/T, [Fig. Xb)]. This supports the assump- can be explained by the fact that there are no surface states
tion of an additional relaxation mechanism with correlationwithin the fundamental band gap of the la&é&f,while for

245424-7



BROMBERGEREet al. PHYSICAL REVIEW B 69, 245424(2004)

the Li induced(3 X 1) reconstruction at least theoretically an support of the Max-Planck-Institut fiir Kernphysik, Heidel-
empty statgcalledS)) is predicted near the Fermi energy. Li berg, at which the experiments were performed.
valence electrons may fill this state pinning the Fermi energy
L . s . APPENDIX

and causing in this way the metallicity of the surface at quite _ _ _
low additional Li coverage. Unfortunately, this filled surface  In order to derive an expression for the relaxation rate of
state is not observed yet in photoemission experiments prol& nuclear spin in a two-dimensional nondegenerate electron
ably due to selection rules and an improper polarization ogas we start with Eq(58) of Chapter X in Abragam’s text-
the used synchrotron light. Using the proper polarization of0ok Principles of Nuclear Magnetisth
the synchrotron light it would, however, be very interesting 2 %

. S 1 27 (8w 5\°1 4
to compare our results with photoemission data from(the o = 5 ?Ye'ynh Z|(I>(O)|
X 1) reconstruction with additional alkali-metal coverage. At 1
temperatures above 284 K an additional relaxation process (A1)

caused by diffusion of the Li atoms over the surface with a . . : .
diffusion barrier of about 410 meV is found. This value is Wherep(E) is the density of states for a three-dimensional

significantly smaller than the ones found for diffusion of al- €lectron gas for a given spin orientatig,(0)|* the (energy
kalis and H on other §111) surfaces. mdepender)tprobablhty to find an electron at the nuc_le@s

In summary, out of this experiment a consistent picture ofimensionless quantinand P(E) =a- exd—E/KT). The inte-
the temperature, coverage and magnetic field dependence @f@l runs from the bottom of the conduction band to infinity.
T, times emerged. With the aid of a formulated concept of LiThe constana and thus implicitly the Fermi energy is deter-
donors localized on a semiconducting surface the temperdnined by requiring the normalization
ture dependence of relaxation rates for Li adsorbed on the w % 1
(3% 1) reconstructed $111) surface could be understood J p(E)P(E)dE:af p(E)e‘E’deEzén(T). (A2)
consistently. As a by-product the donor energy of adsorbed 0 0

Li on the (3X1) surface could be determined. This successrne factor 1/2 appears, singgE) is chosen in Abragam’s
proves additionally that the theoretical results of a comyreatment to be the density of states for only one spin orien-
pletely ionized Li chain in thé&3 X 1)-reconstruction is cor-  tation.

rect. If not, the remaining electrons at the Li chains and To deal with a two-dimensional electron gas being bound
consequently the missing ones at the Si atoms forcing th@ithin a (infinite high) potential well of widthL in the third
(3x1) reconstruction would be able to fluctuate and thusgjrection (surface normalwe have to replace by p@/2 of
contribute to the relaxation rate. Since, in contrast to Li ad€q. (4) (p'? is the density of states including both spin di-
sorption on the(7 x 7) surface?®®! this mechanism is miss- rectiong andn(T) by n®(T) of Eq. (5). Having in mind that
ing electron-electron correlations probably affect the energyhe gyromagnetic ratio of a particle with spin | is related to

of surface states only but nof, times. The observed ijts magnetic moment by=pu/%l and that the spin of the
semiconductor-metal transition for adsorption of 0.14 ML electron is 1/2, one obtains EB) Straightaway_

additional Li on the already3x 1)-reconstructed surface For the derivation ofn®(T) the dimensionality of the

points to the existence of an empty state near the Fermiroblem matters only in so far that the now energy indepen-
energy (probably the so-called5, statg. Here as a by- dent two-dimensional density of states always has to be used
product an estimate for the diffusion energy of Li on the[Eq. (4)]. Otherwise, as usual, only the approximation that

P(E)p*(E)dE,
0

Si(111)-(3% 1) surface could be obtained as well. the electrons in the conduction band are not degenerate
(Boltzmann distributed enters®52 Furthermore, we as-
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