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B-NMR experiments with hyperpolarized ®Li adsorbed on semiconduc-
tor and metal surfaces are described (adsorption on Si(111)-(7x7), Si(111)-H,
Si(111)-(1x1):H, Ru(001)). They yield detailed information on the electronic
properties of these adsorbate—surface systems. Briefly a scenario using hy-
perpolarized Xe isotopes is sketched, which will extend the potential of the
use of hyperpolarized species in NMR experiments on surfaces.

PACS numbers: 68.35.—p, 68.47.De

1. Introduction

Nuclear magnetic resonance (NMR) is one of the most powerful tools to
study liquids and solids, since direct information can be obtained on the chemical
environment, on the local geometry and very important on dynamical processes, as
electron fluctuations, diffusion, hopping etc. Its applications range from solid-state
physics to analytical chemistry, protein structure investigation, and medical NMR,
imaging. Despite this large potential, very little of the NMR, techniques have been
applied to study properties of single crystal surfaces, since their use is hampered
by the inherently low sensitivity of NMR. In a typical solid-state application a
minimum number of 1017 to 10'° equivalent nuclei must be present in the probe
[1]. With approximately 10'® adsorption sites on 1 ¢cm? surface area of a typi-
cal laboratory single crystal, there is a discrepancy of more than two orders of
magnitude in sensitivity. It increases still further if adsorbate properties at low
coverages are to be investigated. This might happen e.g. in diffusion studies if
mutual interaction of the adsorbates ought to be avoided.
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The use of “hyperpolarized” adsorbates circumvent these difficulties. In par-
ticular, for the alkali-metal adsorbates over the last decade special methods have
been developed to overcome the sensitivity problem on single crystal surfaces. They
all use highly nuclear spin polarized (“hyperpolarized”) atomic beams. Utilizing
the stable isotopes as ©7Li and ?3Na [2, 3] the experimental techniques were de-
duced from techniques originally developed for nuclear reaction experiments with
polarized heavy ions [4]. Certainly, in particular the use of the “small” Li atom
requires careful checks whether it really adsorbs on the surface, or penetrates into
the bulk [5, 6].

We will report here mainly on present achievements on S-NMR experiments
with hyperpolarized 3Li atomic beams for which a UHV suitable source has been
built at the Heidelberg MP tandem accelerator [7]. Experimental results for the
uncovered and hydrogen covered Si(111)-(7 x 7) and the Ru(001) surfaces dealing
mainly with the electronic structure and with phase transitions will be discussed
briefly. Finally, a new development using adsorption of hyperpolarized '*°Xe gas
in connection with a conventional NMR spectrometer, to which a UHV chamber
had been added, will be presented.

2. Experimental

The idea to use 3-(detected) NMR with highly polarized ®Li adsorbates to
overcome the NMR sensitivity problem stems from the experience in solid-state
B-NMR, experiments [8, 9]. However, opposite to such experiments in which po-
larized recoiled nuclei from nuclear reactions can be used, §-NMR on surfaces
requires a gentle landing of the adsorbates and thus thermal nuclear spin polar-
ized 8Li atoms (nuclear spin I = 2). Because of the half life of Li of about 0.8 s the
experiment has to be situated at an accelerator, here the MP-Tandem accelerator
in Heidelberg.
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Fig. 1. Schematic view of the experimental setup. A description is given in the text.
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A sketch of the most important components of the experimental setup 1s
given in Fig. 1. It consists of four essential parts: a bakeable source for a thermal
nuclear spin polarized 3Li beam, an NMR region including detectors for the ®Li
decay electrons, a fast load lock, and a conventional UHV chamber with stan-
dard analysis tools. Most of the equipment has been described in some detail
recently [7, 10-12]. The SLi isotope is produced in the ?H("Li, ®Li)p reaction
from a 24 MeV 7Li3t ion beam. To ensure the gentle “landing” on the surfaces
and not an implantation of the ®Li the fast reaction products are thermalized
by implanting them into a tubular graphite stopper, from which they evaporate
thermally [7]. The thermal atomic beam thus formed is highly polarized by laser
optical pumping. A shutter ensures controlled timing of the atomic beam.

A differential pumping section separates the beam production chamber from
the NMR surfaces analysis chamber situated in a magnetic field of up to 0.9 T
provided by an electromagnet. In between pole shoes and the chamber, pairs of
plastic scintillator detectors are placed on either side. They are connected to light
guides and photomultipliers to detect the decay electrons. Details of the signal
detection can be found in Refs. [11, 12].

The crystal can be positioned into the center of the magnet or in front of
several analytical tools by a manipulator that also allows for heating and cooling
(90 K up to 1500 K). The UHV chamber itself has a base pressure of 5x 10~ mbar.
The crystals are cleaned using conventional methods as argon ion bombardment
and prolonged heating, sometimes in an oxygen atmosphere, followed by a sequence
of flashes and annealing steps. Additional lithium can be dosed onto the surface
using thoroughly outgased SAES dispenser sources.

In between the UHV chamber and the NMR region a home-made load lock
is installed, built mainly for a fast transfer of wet chemically prepared hydrogen
terminated Si(111)-(1 x 1):H surfaces [13]. Most of the construction is made from
non-magnetic steel to avoid any kind of stray magnetic fields during NMR exper-
iments. From feeding the load lock with the sample it lasts about four minutes to
reach 5 x 107% mbar and after opening the valve to the UHV chamber another
seven minutes until the sample is in an UHV environment of 3 x 10~ mbar.

8Liis a f-decaying nucleus with a half-life of 77, = 0.84 s. Spin polarization
of the adsorbate 3Li itself can therefore be detected via the directional asymmetry
of the f-decay electron (end-point energy 12.4 MeV). The nuclear polarization P
of the 8Li ensemble is determined from the observed asymmetry ¢ of the G-electron
intensity with respect to the magnetic field as

_ N(0°) = N(180°) 1

T N(0°) + N(180°) 3" M

Here N(0°) denotes the count rates for electrons emitted along the direction of the
magnetic field, while N (180°) denotes the count rate for electrons emitted opposite
to it. The factor (— %) is due to the nuclear properties of the 3Li #-decay. Systematic
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errors in the determination of € are eliminated by performing the experiment with
the reversed polarization P as well.

The nuclear spin relaxation experiments consist basically of three subsequent
steps which are repeated many times. It starts with a collecting period (typically
1.5 s) during which 8Li is produced and accumulated in the thermalizer (Fig. 1).
Afterwards it is released while production is still going on. An atomic beam is
formed and nuclear spin polarized by optical pumping. The thermal ®Li atoms are
accumulated on the surface for 0.5 s. Finally, during the detection period of 4 s
the f-electron asymmetry ¢ (Eq. (1)) is measured as a function of time. During
the detection period the ion beam, as the main source of background signals, is
switched off. Meanwhile, it is also possible to measure the asymmetry during the
activation period taking properly into account the large background caused by
neutrons which are generated by nuclear reactions initiated by the 24 MeV 7Li
beam.

The observed exponential time dependence of €(#) or P(t), Eq. (1), bears the
information on the nuclear spin relaxation rate « or its inverse, the 7] time, well
known from NMR literature [14-16]:

e(t) = (0)e™ " = e(0)e ™, (2)

Contrary to conventional NMR, experiments the determination of the 7} time does
not require the application of resonant rf fields, since the nuclear spin polarization
P in the thermal equilibrium (of the order of 107°) can be neglected compared to
the initial polarization of the 3Li ensemble of 0.8 to 0.9 after adsorption.

3. The Si(111)-(7 x 7) surface
3.1. The metallicity of the (7 x 7) reconstruction

Due to its dangling bonds the (7 x 7) reconstruction of the Si(111) surface
has around room temperature many hall marks of a metallic surface. Recently,
not only a parabolic dispersive band located in the center of the (7 x 7) Brillouin
zone has been identified [17], but also “Korringa-like nuclear spin relaxation” was
observed in NMR experiments on Li, adsorbed at extremely low coverages of 104
monolayer (ML) and below [18]. Relying on common wisdom, the observation of
“Korringa-like nuclear spin relaxation” is considered as a univocal sign for the
“metallicity” of a system [14-16, 19]. In what follows, we will be more careful and
consider it as a sign for an at least partly delocalized electron gas with correlation
times much smaller than the inverse electron Larmor frequency at the magnetic
field used. It derives mainly from adatom dangling bonds which are only partially
occupied [20, 21]. Since it is known, at least theoretically, that Li adsorbs mainly
at these adatoms [22], we expect that nuclear spin relaxation experiments on Li
adsorbed with very small coverage probe the electron correlations generating the
dispersive band.
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The previous experiments [18] were meanwhile extended to higher magnetic
fields and performed under much better vacuum conditions using the newly in-
stalled UHV suitable polarized ®Li source described in Sec. 2. While taking T}
data on Li adsorbed on the clean Si(111)-(7 x 7) surface it was flashed each 10 min
to about 500 K and each one to two hours to 1000 K, thus preventing non-polarized
“Li which represents the major part of the atomic beam to accumulate to a con-
siderable fraction on the surface. In such a way at most 10~* ML of Li was accu-
mulated (that is one Li atom per 200 unit cells of the (7 x 7) reconstruction).
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Fig. 2. Nuclear spin relaxation rates o = 1/77 as a function of substrate temperature
for three different magnetic fields for ®Li adsorbed on a clean Si(111)-(7 x 7) surface.

Data were observed for n- and p-doped material, respectively.

Figure 2 displays the data for o = 1/7} as a function of temperature [13].
They are independent of magnetic field strength and independent of doping, as
shown already previously [18]. Doubtless, the data follow quite well a linear tem-
perature dependence which can be characterized by 777 = (498 £ 117) s K. This
value is in perfect agreement with the slope of previous data [18]. Literally, the
properties of these data may therefore be taken as a sign of the metallicity of the
(7 x 7) reconstruction of the Si(111) surface. However, since the relaxation rates
« = 1/T7 exceed by about 70% those found under similar circumstances for 8Li
adsorbed on the metal surface Ru(001) (717" = (852 £ 131) s K, [23] and Sec. 5)
a more detailed discussion is indicated.

And indeed, for the “metallic” (7 X T)-reconstruction, we cannot expect that
like for “real” metals the description of nuclear spin relaxation rates can be based
on “free” electrons, occupying plane wave Bloch states (non-interacting electron
gas). As well the recently found narrow band around ¢r [17] as the already men-
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tioned larger relaxation rates as compared to those of ®Li adsorbed on the Ru(001)
metal surface point to an increased electron localization. Here, it is worthwhile to
mention additionally that on the basis of a Hubbard-like Hamiltonian describing
the degenerate electron gas of the adatom dangling bonds, hopping integrals of
25 meV and 75 meV were found leading to a band around the Fermi energy with
a width of only 100 meV [20, 21]. This value is considerably smaller than the band
width of 300 meV found experimentally [17]. Certainly, it is a matter of taste,
whether one wants to call such a system still metallic or not. But the correlation
times of a few 107'* s associated to such a picture are still short enough that
“Korringa relaxation” would be visible (see below).

For such complex system as low coverage Li adsorption on Si(111)-(7 x 7)
71 times are at present not predictable theoretically even using highly parallelized
codes. To obtain nevertheless at least a qualitative picture of what is going on
we follow here arguments originally developed for similar experiments in liquid
semiconductors [24] and use the correlation time formalism to derive an approxi-
mate analog of the standard expression of relaxation rates for a free electron gas.
The necessary mutual spin flip of the nucleus and of the electron can only oc-
cur for electrons around Fermi energy which yields the linearity of the relaxation
rate with surface temperature 7' [14-16, 19]. Choosing as correlation times 7., the
“lifetime of residence” of an electron at the 8Li site (dangling bond), the T} time
can be expressed within a factor #/4 by the familiar form (Eqs. (14), (21), (22) of
Ref. [24])

T T Ton Pe\TT

1 2567 (ﬂ(SLi
h

>) (02 EDOS(er)r (3)

(pte, p(®Li) magnetic moments, [{|{¥(0)|?)|r probability to find an electron at the
nucleus and DOS(er) density of states at the Fermi energy). Thus, an increasing
correlation time T, equivalent to an increasing localization, leads to an enhanced
nuclear spin relaration. This is the basic reason why the relaxation rates for Li
adsorbed on Si(111)-(7x7) exceeds considerably the one observed for Li adsorption
on the metallic Ru(001) surface.

3.2. Coverage induced metal-isolator—-metal transition

Photon electron spectroscopy on an alkali-metal (K) covered Si(111)-(7 x 7)
surface displays with increasing coverage vanishing emission from states near the
Fermi energy [25]. That is commonly interpreted as transition from a metallic to
a semiconducting surface. A similar behaviour is observed for Li adsorption, but
only if the experiments are performed at low temperatures, around 100 K [26]. It
was therefore an obvious idea to determine at that temperature 77 times for Li as
a function of coverage.

The coverage dependence of & = 1/7} has been measured at a fixed surface
temperature (110 K) and high magnetic field (0.8 T) in order to suppress diffusional
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Fig. 3. At a surface temperature of 110 K and a magnetic field of 0.8 T nuclear spin

relaxation rates as a function of Li-coverage ©.

relaxation [23]. For each data point the surface has been freshly covered by Li from
a getter source. The relaxation rates were then observed for ®Li atoms adsorbed
at a very low additional coverage of about 10~%. Figure 3 displays the data up
to a coverage @ of about 4 ML. (Coverage @ = 1 is equal to one adsorbed Li
atom per Si atom of the Si(111) surface.) Starting at extremely low coverages the
relaxation rate firstly increases with coverage to more than twice its value. Around
© = 0.15 it passes a maximum. At about this coverage all empty dangling bonds of
the adatoms are occupied by one unpaired electron: Altogether for the uncovered
surface there are 12 adatoms in the (7 x 7) unit cell, out of which 5 are populated
by an electron. They cause the metallicity of the (7 x 7) reconstruction [20, 21].
As mentioned already above, Li adsorbs preferentially at the adatom dangling
bonds [22] filling them further. Obviously at a coverage of ((12 —5)/49 & 0.15) all
dangling bonds are filled with one unpaired electron. This leads to a maximum of
the DOS(er) (metallicity) and thus to a maximum of the relaxation rate.

Beyond that coverage, dangling bonds are filled further with an additional
electron. The surface reconstructs back to a “1x1” like structure [26]. At monolayer
coverage all its dangling bonds are filled with electron pairs. They hybridize in a
binding and antibinding state. The binding state moves well below Fermi energy
generating an isolator (semiconductor) with vanishing DOS(er) [25]. Beyond a
coverage of 1 ML the relaxation rates increase again and reach at 4 ML a value
comparable with the value found for 8Li relaxation in Li metal (at 110 K, o =
1/Ty = 0.35 s71 [27]). The Li overlayer is then fully metallic again and from
extremely low coverage to high ones metal-1solator-metal transitions exist on the
Si(111) surface.
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4. The hydrogen covered and terminated Si(111) surfaces

In order to study nuclear spin relaxation of Li adsorbed on a “real” semi-
conductor surface, temperature dependent relaxation rates o = 1/7} have been
measured for Li adsorbed on “cold” and “hot” hydrogen covered, as well as “wet”
chemically hydrogen terminated Si(111) surfaces [13] (Fig. 4). As samples modestly
n- and p-doped crystals with resistivities between 1 and 100 €2 cm were used. The
Si(111):H samples were prepared by two in situ techniques, both adsorbing atomic
H, either onto a “cold” [28, 29] or “hot” [30, 31] Si(111)-(7 x 7) hydrogen covered
surface and Si(111)-(1 x 1):H ones by Chabal’s ex situ “wet” chemical technique
of hydrogen termination [32]. Only the “wet” chemically terminated surfaces have
been annealed to about 500 K for several minutes after the transfer into the UHV.

", 0.6
t* 05 “cold”
‘H ® B=65mT
3 0.4 B s=1z0mT
0.3
0.2
0.1

3

o
o -
‘;’annn'nn':nu TTTT[TITT[TITI[TITT[TTIT[TTTIT]

04 "hot”™
® B=65mT
0.3
0.2
k- ¢
0.4 F *
- wet
0.3 :— ® B=eEmT
F W g=g9mT
02 F "
01 F
O:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 100 200 300 400 500 600

temperature [K]

Fig. 4. From above to below nuclear spin relaxation rates as functions of substrate
temperature for 11 adsorbed on “cold” and “hot” hydrogen covered, as well as “wet”
chemical hydrogen terminated Si(111) surfaces. Various symbols indicate various mag-
netic fields used. The data are independent of the use of n- or p-doped material, respec-
tively. Since the surface could not be flashed each ten minutes, the 11 coverage was in
between 107° to 1072 ML.
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The major difference to the previous measurements on the clean (7 x 7)
reconstruction is that the hydrogen covered and terminated surfaces could not be
flashed about every hour to prevent accumulation of non-polarized “Li. Otherwise,
the adsorbed hydrogen would have desorbed as well. The data points of Fig. 4 have
therefore been obtained by accumulating data for about a day thus accumulating
non-polarized “Li of about 10~3 to 10~2 of a ML.

Despite adsorption on a real semiconductor surprisingly again magnetic field
independent nuclear spin relaxation rates still linear in temperature were observed,
which are about a factor of two smaller than the ones observed for the uncovered
surface (Fig. 2). They do not depend on magnetic field strength (Fig. 4) and on
bulk doping. Surprisingly, for all three kinds of preparation they display the same
linear temperature dependence with an inverse slope with temperature of about
71T ~ 1000 s K.

In discussing these results one should keep in mind that at hydrogen satura-
tion the “cold” and “hot” hydrogen covered surface are far from being as perfect
as the “wet” chemically terminated one. The “cold” prepared one consists still of
isolated adatoms upon the rest layer and small 1slands which are made up of the
missing adatoms from the exposed regions of the rest layer [28]. Also, the “hot”
hydrogen covered surface exhibits numerous point defects, the most frequently oc-
curring one being adatom trihydrides and top-layer atoms with a missing hydrogen
adatom (dangling bond) [30]. But the almost identical 77 times found for these
Si(111):H surfaces and in particular their agreement with the 7} times found for
the almost perfect “wet” chemical hydrogen terminated Si(111)-(1 x 1):H surface
forces an interpretation which considers the adsorbed Li itself as the source of the
fluctuating electron spins (moments) rather than, as for the uncovered surface, the
electronic structure of the surface itself.

To gain at least a qualitative picture we recall that in the Si bulk Li is a
donor with an ionization energy of 33 meV [33, 34]. Thus, the donor electron wave
function is quite extended and its Bohr radius amounts to about 20 A. Moreover,
with the dopant concentrations of the samples in mind (in between 101®/cm3 and
10'8/ecm?), the screening length [35] is always larger than 100 A. Lacking other
information we now assume that the radius is also typical of the extension of the
Li donor on the hydrogen covered or terminated surface. Then at about 1073 ML
the donor wave functions start to overlap, forming a band which determines the
Fermi energy. Parallel, the Fermilevel moves to the bottom of the conduction band.
This picture is in accordance with high resolution electron energy loss spectroscopy
(HREELS) experiments, which find at very low potassium coverage the formation
of a charge accumulation layer (two-dimensional electron gas) at the surface of a
hydrogenated Si(111)-(1 x 1) crystal [36]. It is further corroborated by very recent
density functional calculations [37].
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5. Adsorption of Li on a metal (Ru(001)) surface

The question of the “nature” of the alkali-metal bond towards a metal sub-
strate is still debated. For metallic nearly free electrons, describable by the Bloch
functions, the correlation time 7. approaches

7. = hDOS(ep) (5)
and Eq. (3) takes the familiar form for “Korringa relaxation” in metals [14-16].
The local density of states at the nucleus and at the Fermi energy, defined as

LDOS(er) = [{|#(0)[*)[r DOS(er) (6)

is then the appropriate quantity to investigate the nature of the bond [19, 23]. At
an allotted temperature it can be determined directly from the relaxation rates if
diffusional relaxation is suppressed sufficiently by high enough magnetic fields (here
0.35 T) and low enough temperatures (here 100 K). Careful checks showed that this
choice satisfied the requirements for the experimental data to be discussed now.
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Fig. 5. For Li adsorption on a Ru(001) surface the local density of states at the nucleus
and at the Fermi energy LDOS(er) as a function of coverage. The open and full squares
are experimental results, while the open and full round symbols indicate theoretical

predictions.

Figure 5 displays the coverage dependence of LDOS(¢ep) determined from 74
times through Eqgs. (3), (5), and (6) (full squares) [38]. With respect to the number
of substrate atoms of the surface 1 monolayer (ML) corresponds to a coverage of
0.78 [39]. The open squares stem from previous measurements at 800 K and lower
magnetic fields [23]. They are corrected for relaxation due to diffusion [23] and then
according to Eq. (3) rescaled to a temperature of 100 K. The constant LDOS(¢r) at
low coverages and the associated linear decrease in the change of work function (not
shown) was already understood as a result of a constant electric dipole moment
per alkali-metal atom and the fact that the dipoles of the adsorbed L1 atoms repel
each other [23]. Since local electronic distortions are shielded quickly on metal
surfaces, at low enough coverage all neighboring Li atoms experience the same
electronic environment.
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Included into Fig. 5 are the predictions of all electron calculations of Mann-
stadt and Freeman (open dots) [40] together with the ones from our own group
(full dots) [41]. Despite the value at highest coverage, both calculations agree quite
well with each other, but disagree with the experiment in the medium coverage
regime. They both underestimate LDOS(ep) slightly at low coverage. These all
electron calculations deliver electron distributions which show an accumulation of
electron density between the first Ru layer and the Li adsorbate, but certainly no
indication, whatsoever, for an ionic bond.

6. Summary and future prospects

Obviously, NMR, on single crystal surfaces is feasible using hyperpolarized
species to enhance the sensitivity (up to now only alkali-metal atoms). The S-NMR
experiments discussed need as little as 10? equivalent nuclear spins per cm? surface
area. It is an enhancement of about 13 orders of magnitude as compared to the
conventional technique. This success lives from two sources: on the one hand,
through the high polarization of the adsorbed ®Li a factor of about 10° is gained
as compared to conventional NMR, experiments for which at moderate conditions
(T = 300 K, B = 2 T) the polarization amounts to about 1075 only. On the
other hand, one gains a factor of about 10® through the “noiseless” counting of
the [-decay electrons. About four orders of magnitude less gain in sensitivity
is obtained in the experiments with the stable Li and Na isotopes [2, 3], since
the detection of the nuclear polarization via laser induced fluorescence beam foil
spectroscopy is by a factor of about 10 less sensitive as compared to the S-electron
detection.

As 1n real life, however, one has to pay a price: we need machines which
are for a “normal” surface scientist quite exotic: accelerators, polarized sources,
nuclear electronics, etc.. This and the fact that alkali-metal atoms are chemically
also quite reactive probes limit this new method considerably. We have therefore
looked carefully for alternatives and found that the noble gas Xe seems to be a
good choice for an inert probe to study not only Xe adsorption but also adsorption
of other species by Xe coadsorption. On the one hand, it can be highly polarized
by polarization transfer from optically pumped Rb [42, 43]. Thus, with a signal
enhancement of about five orders of magnitude even conventional NMR signal
detection with an rf coil is feasible. This has been demonstrated with submonolayer
amounts of Xe adsorbed on a liquid nitrogen cooled glass finger [44]. On the other
hand, Xe is very sensitive to the physical and chemical properties of its local
environment because of its high electric polarizability. This high sensitivity has
already been used in NMR studies of large surface area materials [45, 46] and in a
few cases even to study wall interactions already by the use of hyperpolarized 12°Xe
or 131Xe [47, 48]. The high electric polarizability also plays an important role for
another single crystal surface analysis technique called photoemission spectroscopy
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of adsorbed Xe (PAX), which is used to sense the local potential of adsorption
sites [49]. In addition to this, in the future spin transfer techniques might be able
to study a large variety of other coadsorbed species containing 13C, C, 29Si, etc.

directly [50, 51].
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