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Direct evidence of the occupied valence states for adsorbed Cs atoms on
the Si(111) surface
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(Received 8 December 1988)

Metastable deexcitation spectroscopy (MDS) has been applied to detect occupied valence-band
features for Cs atoms adsorbed on a Si(111) surface. The MDS spectrum exhibited a clear peak
structure of the Cs 6s-derived level near the saturation coverage, which is contrary to the concept
of full ionization of adsorbed alkali-metal atoms. Direct evidence of the valence-band charge
redistribution as a function of Cs coverage is presented.

The adsorption of alkali-metal atoms on solid surfaces
has attracted considerable interest because of its work
function lowering effect and its catalytic role in surface
chemical reactions, which provide several technological
applications. A principal objective of the existing experi-
mental and theoretical investigation has been the deter-
mination of coverage dependence of the work function
within the submonolayer range and the related physical
background of this dependence. ' The conventional model
of Gurney describes this adsorption phenomenon as fol-
lows: At low coverages the s level of an adsorbed alkali-
metal atom is broadened and its center of mass is located
above the Fermi level forming a resonance. An electric
dipole is formed by the ionized absorbate and the elec-
trons screening its Coulomb potential, causing the initial
steep decrease of the work function. With increasing cov-
erage, the depolarization field from neighboring dipoles
acts to lower the energy of the s resonance, thus regaining
electrons from the substrate.

Very recently, two different theoretical investigations
appeared, both opposed to the conventional model. One is
a calculation of the electronic structure of the K/Si(001)
surface by Ciraci and Batra. Their conclusion is that ad-
sorbed K atoms are fully ionized irrespective of the cover-
age. The other investigation was made by Ishida and
Terakura with the Na/jellium and the Na/Al(001) (Ref.
5) systems. They assert that the adsorbed alkali-metal
atom is almost neutral and that the dipole moment is in-
duced by the atomic polarization due to hybridization of
valence-band states. This is essentially in agreement with
the concept introduced by Wimmer et al.

In order to settle this controversy, it seems to be most
important to experimentally clarify the valence-band
charge states of adsorbed alkali-metal atoms. Ultraviolet
photoemission spectroscopy (UPS) however has provided
rather disappointing results on this subject, namely, near-
ly no occupied electronic structures just below the Fermi
level. ' This may be due mainly to the very low cross sec-
tion for the dipole transition of the s state.

Metastable deexcitation spectroscopy (MDS) is an ex-
tremely sensitive technique of probing the electronic
structure of the topmost atomic layers. When a surface is
approached by a metastable excited helium He* (ls2s),
electrons are ejected by either of two different Auger pro-
cesses. The local work function just over the alkali-metal

adsorbate is considerably lower than that over substrate
atoms. When the He* atom reaches the former position,
electrons are ejected from the adsorbate by Auger deexci-
tation (AD) of He*. These electrons are strictly dis-
tinguished from electrons ejected from the substrate by
Auger neutralization (AN) of He+ previously produced
by resonant ionization (RI) of He*. The matrix element
for the AD transition of an adsorbate orbital is roughly
proportional to its overlap integral with the He* 1s orbit-
al. ' Therefore, the MDS technique can probe the local
density of alkali-metal-derived states below EF at the po-
sition of the He* atom hardly being affected by the selec-
tion rule, which contrasts with the UPS.

In this Rapid Communication we report the first MDS
study of the electronic structure of the adsorbed Cs layer
on Si(111)surface. We will show direct evidence that the
6s-derived state of the adsorbed Cs atoms are partially oc-
cupied, and that its local density of states in the vacuum
region varies drastically with increasing Cs coverage.

The experimental apparatus has been described else-
where. " The metastable-atom source works in a pulsed
hot-cathode discharge mode. It produces a beam of excit-
ed helium atoms (He*) mainly in the triplet state (2 S).
The beam also includes atoms in the singlet state (2'S) of
about 10% or less. Since these are efficiently transformed
into the 2 S state before deexcitation at alkalated sur-
faces, ' ' we can regard the present spectra as actually
being due to deexcitation of 2 S He* (excitation energy
19.8 eV). The mean velocity of He* is around 3X10
cm/s. Ultraviolet photons, produced in the pulsed
discharge, reach a target earlier than He*. The time-of-
Aight separation of photons from He* makes it possible to
use UPS simultaneously with the MDS. " The electron-
energy distribution is produced by numerically dif-
ferentiating the integral spectrum obtained by a
retarding-field analyzer. The deposition of Cs onto the
Si(111)7X7surface was made by evaporation with a Cs
dispenser (SAES getter). The relative amount of deposit-
ed Cs was monitored by Auger electron spectroscopy
(AES). Although the residual gas pressure in the chamber
was raised up to 6 x 10 Pa by operating both the deposi-
tion source and the He* beam source, no contaminants
were detected in the Auger spectrum.

Figure 1 shows the MDS spectrum of a Cs-adsorbed
Si(111) surface at a saturation coverage (effective cover-
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FIG. 1. An MDS spectrum from a Cs-adsorbed Si(111) sur-
face at saturation coverage. The dotted curve is a direct output
of the retarding-field analyzer, whereas the solid curve is ob-
tained by differentiating the dotted curve.

age 8* =1). The work function of this system is known to
decrease by more than 3 eV. Therefore, the electron at
the He* 2s level cannot tunnel to the unoccupied states of
the substrate. The electron emission occurs via the Auger
process where the following four one-electron states parti-
cipate: An occupied state in the surface, He* 2s, ls, and
a free state in the continuum. The spectrum consists of a
sharp peak just below EF and a pair of peaks in the
binding-energy range of 11.5-13.5 eV. A weak structure
at 7 eV may be produced by contaminants (mainly oxy-
gen) introduced during Cs deposition. Electron emission
scarcely occurred in the energy range of 4-10 eV where
the density of electronic states of the substrate Si surface
should inherently be located. This means that the ad-
sorbed Cs atom efhciently screens the spread of the sub-
strate electron orbitals leading to the drastic decrease of
Auger deexcitation probability for a Si plus He system.
Thus the spectrum of Fig. . 1 provides clear evidence that
the MDS really probes local electronic structures of only
topmost atomic layers.

The peak just below EF should be derived from the
widely expanded Cs 6s orbital. Other electronic states
which have high amplitude in the bonding region between
Si and Cs or in the substrate surface region are considered
to scarcely contribute to the AD process. The doublc-
peak structure in the 11.5-13.5 eV region is attributed to
the Cs Sp&g y2 states by comparing with the UPS spec-
trum. The fact that the Cs Sp peak height is much lower
than the Cs 6s one suggests the matrix-element eA'ect, i.e.,
the wave functions belonging to higher binding-energy
states extend less to the vacuum region which results in
lower transition probability to the He 1s level. The ap-
pearance of the Cs 6s-derived peak in Fig. 1 is clear evi-
dence which confronts the calculation by Ciraci and Ba-
tra that the adsorbed alkali-metal layer is fully ionized at
the saturation coverage.

In Fig. 2 we show a series of MDS spectra for diA'erent
Cs coverages. Curve a for the clean Si(111) surface cor-
responds to Hagstrum's and Becker's spectrum by ion-
neutralization spectroscopy, ' which implies the deexcita-
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FIG. 2. MDS spectra: Curve a from the clean Si(111) sur-
face and curves b-g from the Cs/Si(111) system. The unity of
0* is defined as a coverage at which the Auger intensity is sa-
turated (see text and Fig. 3).

tion of He* via RI+AN process at this surface. Curves b
and c extend to a higher kinetic energy region above the
maximum energy of the RI+AN part. This is a sign that
the AD process begins to occur at Si-exposed sites com-
peting with the RI+AN process. At low coverages, there-
fore, the superposition of the AD component of Si and
that for the growing Cs layer is important in the energy
range of 14-16cV.

The Cs 6s-derived peak drastically increased in intensi-
ty from curve d. Variation of this peak intensity with in-
creasing Cs coverage is demonstrated in Fig. 3. Although
data points in low coverages include uncertainty due to
the mingling of Si components, the following discussion
and conclusion are not thereby aff'ected. Variation of the
Cs-WOO Auger intensity versus Cs coverage is inserted in
Fig. 3. The fact that the Auger intensity increased in pro-
portion to the coverage and was saturated after a clear
break point typically indicates the monolayer adsorption
character of Cs. We define the unit effective coverage
(8 -1) at this break point. The MDS intensity was al-
ready saturated below 8*=1. This is due to the apparent
decrease of possible impact parameters of He* incidence
for each adsorbate when the mean separation between ad-
sorbates is decreased below the sum of the covalent diam-
eters of Cs and He*. The most noticeable point in Fig. 3
is that there exists a clear transition around 8,*=0.3.
The slope of the coverage dependence of the Cs 6s intensi-
ty before saturation corresponds to the valence-band
charge density per adsorbed atom. Therefore, this result
means that the local density of the Cs 6s-derived state at
the position of the He nucleus undergoes an abrupt
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FIG. 3. Varlatlon of the Cs 6$-derived peak lntens1ty 1n

MDS and Cs XOO Auger intensity as a function of Cs coverage.

change at around 8, from a small value for low coverages
to a large one for high coverages. Such valence-band
charge redistribution should be a strong factor that con-
trols the work-function variation for alkalated surfaces.

Although the Cs 6s peak shape in Fig. 2 does not direct-
ly correspond to a real shape of the local density of states,
it reilects the density of states convoluted with an experi-

mental error function. The Cs 6s peak position slightly
shifted towards higher binding energy with increasing Cs
coverage. This implies that the shape of the electron den-
sity of states near I9* =1 is di6'erent from that for low cov-
erages. We tentatively explain this phenomenon as fol-
lows: At low coverages the Cs 6s state forms a resonance
whose center of mass is above EF. The measured spec-
trum corresponds to a low-energy tail of the resonance,
thus exhibiting the peak position to be near EF. Near the
saturation coverage, the interaction between Cs atoms in
the adlayer is strong enough to form a two-dimensional
band whose density of states is like a step function, lead-
ing the averaged peak position to be somewhat lower than
EF.

In conclusion, adsorbed Cs atoms are not perfectly ion-
ized from the limit of zero coverage up to the saturation,
confronting Ciraci's and Batra's theoretical viewpoint.
The local density of Cs 6s-derived states increased
abruptly at the eAective coverage of about 0.3, which cor-
responds to coverage-dependent charge redistribution.
This result strongly supports the concept of polarization-
induced work function change by Ishida and Terakura. '
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