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The deexcitation rate of metastable 3S He� atoms was measured during the growth of Na, K, and Cs
films on a Cu(100) surface. As a consequence of the reduced work function, which is caused by adsorp-
tion of small amounts of alkali metals, the He� deexcitation mainly takes place via Auger deexcitation.
Since the incident He� atoms interact only with the vacuum side tails of the electronic states of the
surface atoms, the deexcitation rate for this mechanism reflects the electronic surface density of states.
At coverages of about 0.4 monolayer a dramatic increase in the deexcitation rate was obtained, which is
attributed to the subsequent filling of the alkali metal valence band and thus the onset of metallization.

PACS numbers: 73.50.–h, 71.20.Dg, 71.30.+h, 73.20.At
The adsorption of alkali metal (AM) atoms on surfaces
has been studied extensively since Langmuir discovered
a large enhancement of electron emissivity for AM cov-
ered metal surfaces [1–4]. Although AM atoms are con-
sidered as prototypical chemisorption systems because of
their electronic simplicity, they reveal a rather complex be-
havior. Because of their different electron affinity com-
pared to metal substrates a significant fraction of the AM
valence s electron is displaced towards the metal surface
and creates a dipole moment. With increasing coverage
these dipoles become depolarized and the AM atoms be-
gin to form a metallic film. Since then this classical pic-
ture, originally proposed by Gurney [5], has been refined
by realistic quantum theoretical calculations [4,6,7]. The
metallic character of a complete AM monolayer on metal
substrates is well established [2], whereas the metallization
transition itself is difficult to observe experimentally.

The direct observation of occupied AM s-valence states
by ultraviolet photoelectron spectroscopy, the standard tool
to study the electronic structure of adsorbate systems, is
hampered by the low density of states (DOS) of the s band
which is superimposed on the high density of states of the
substrate at the Fermi level and additionally by the small
photoemission cross section of s states [8]. Woratschek
et al. utilized the unique surface sensitivity of metastable
deexcitation spectroscopy (MDS) [9] to overcome this
difficulty and measured the occupation of the 4s level
of K atoms adsorbed on Cu(110) [8,10]. However, their
interpretation was questioned in a later MDS study by
Hemmen and Conrad who demonstrated that the observed
electron emission near the Fermi edge is mainly caused
by an autodetachment process of the impinging metastable
He� atoms [11].

Here we introduce a new approach by combining the
high sensitivity of ground state He atom scattering (HAS)
for measuring the AM coverage and the extreme surface
sensitivity of the metastable atom deexcitation rate to
detect modifications of the electronic surface structure.
We report on measurements of the survival probability
0031-9007�99�83(2)�360(4)$15.00
of He� atoms scattered from a Cu(100) surface as a
function of the Na, K, and Cs coverage. At relative K
and Cs coverages of u � 0.13 and u � 0.11, respectively,
a drastic reduction of the He� survival probability with
further coverage appears and is attributed to the filling of
the AM s band and thus reflects the onset of metallization.

This experiment was carried out with a UHV atom scat-
tering apparatus (base pressure 7 3 10211 mbar) which al-
lows the angular and time-of-flight resolved detection of
scattered ground state He and metastable He� atoms. It
is described in detail elsewhere [12]. Essentially, an in-
tense supersonic 23S1 He� beam of thermal kinetic en-
ergy (Ei � 100 meV) is produced by a cold discharge
burning within the expansion zone [13]. The scattered
He and He� atoms are simultaneously detected by a mag-
netic mass spectrometer and a channeltron, respectively,
mounted at fixed angles of 90± and 60± relative to the in-
cident beam. By rotating the sample angular distributions
can be recorded. The Cu(100) sample was prepared in
UHV by standard cleaning procedures involving sputter-
ing and annealing cycles until the corresponding Auger
electron spectra revealed no traces of contaminations and
a sharp specular peak was obtained in the He atom angu-
lar distributions. The AM films were prepared in situ by
evaporation of Na, K, and Cs from SAES Getters dis-
pensers at a surface temperature of 120 K. Growth was
monitored via HAS which reveals characteristic specular
intensity oscillations with increasing coverages [see inset
of Fig. 1(a)] [14]. The actual submonolayer coverage was
determined through the deposition time relative to that
for a monolayer as indicated by the first sharp oscillation
maximum which is displayed in Fig. 1(a) for the growth
of Cs. The corresponding relative monolayer (ML) cov-
erages with respect to the substrate, uML, depend upon the
size of the AM atoms, and values of 0.50, 0.37, and 0.27
for Na, K, and Cs, respectively, have been determined by
LEED (see, e.g., [15]).

Figure 1(b) displays the intensity of He� atoms scat-
tered from the Cu(100) surface as a function of AM
© 1999 The American Physical Society
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FIG. 1. (a) HAS reflectivity and (b) scattered He� signal
recorded during evaporation of alkali metal atoms on Cu(100)
at T � 120 K. Note that the He� signal is drawn in a
logarithmic scale. The inset displays the typical oscillations
of the specular He atom reflectivity (growth curve) during the
growth of AM multilayers. (c) Corresponding work function
as the function of the various AM coverages (see [15]).

coverage upon formation of the first monolayer of Na, K,
and Cs. For all of the AMs initially a steep increase in
the He� signal was obtained which reaches a maximum at
about 0.15 ML. The value of the maximum depends upon
the size of the AM atoms and is largest for Cs which is
more than 2 orders of magnitude higher than for the clean
Cu(100) surface. For K and Cs coverages of 0.35 ML
(uK � 0.13) and 0.40 ML (uCs � 0.11) the He� signal
starts to decrease dramatically and reaches the same
asymptotic monolayer value for all of the AMs. It is
about 6 times larger than for the clean Cu(100) surface and
remains constant for multilayer films. Very broad, cosine
shaped angular distributions of the scattered He� atoms are
observed with a FWHM of about 40± in agreement with
previous measurements for clean and absorbate covered
surfaces [12,16]. The total He� survival probability was
determined by angular integration of the measured He� sig-
nal and is found to be proportional to the He� signal close
to the specular condition [12]. Therefore the scattered He�

intensity was recorded to monitor the He� survival proba-
bility during the growth of the AM films.

To gain further information on the electronic properties
of the AM films from the measurements an understanding
of the underlying He�-surface interaction and the result-
ing deexcitation processes is required. Whereas in general
He� deexcitation can take place via different mechanisms,
all of which have been identified previously by extensive
MDS studies and by comparison of the resulting elec-
tron emission spectra with the corresponding UP spectra
[9,11], some of them can be omitted in the present system.
On clean metal surfaces the deexcitation of He� is domi-
nated by the resonance ionization (RI) mechanism which is
shown schematically in Fig. 2(a). In the first step the He�

j2s� electron is resonantly transferred to an empty surface
state jk�, leaving a He1 ion behind, that is neutralized in
the second step by an Auger type transfer involving filling
of the j1s� state and emission of a surface electron. Be-
cause this (resonant) process is very efficient, the result-
ing total He� surviving probability is only about 1026 for
Cu(100) [12]. If the work function, F, of the surface be-
comes smaller than the effective ionization energy of the
metastable atom Ei

eff, the RI process is suppressed, because
no unoccupied resonant states exist for the 2s electron, and
deexcitation takes place only via Auger deexcitation (AD).
As depicted in Fig. 2(b) the empty He� j1s� state is filled
by a substrate surface electron and the He� j2s� electron
is emitted simultanously in an Auger process, carrying the
excess energy of the system. The most important feature
of this process in terms of the present experiment is its de-
pendence on the electron density of states at the surface.
In a first order approximation the deexcitation rate for this
process GAD is proportional to the overlap of the wave
functions of the empty He j1s� state and the filled surface
state jk� [17]:

GAD ~ j�1sjk�j2. (1)

The reduction of RI with decreasing work function there-
fore leads to an increase in the scattered He� signal
that stops abruptly when the work function equals Ei

eff.
This is apparent in the Na curve [see Fig. 1(b)], where
exclusion of RI appears at a Na coverage of 0.1 ML.

FIG. 2. Schematic potential diagrams for the resonance ion-
ization (RI) and Auger deexcitation (AD).
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Comparison with the corresponding work function which
is shown in Fig. 1(c) gives an effective ionization energy
of Ei

eff � 4.0 eV. Hagstrum et al. demonstrated that the
actual value of Ei

eff depends upon the closest distance of
the He� atom from the surface. The image potential inter-
action leads to an upward shift of the occupied levels and
a downward shift of the affinity levels. For Ei

eff � 4.0 eV
these calculations yield an interaction distance between
He� and the surface imaging plane of about 4 Å [18].

For K and Cs the initial increase of the He� signal at
low coverages is far greater than the increase that was
found for Na. The AD deexcitation rate, which becomes
the determining factor after exclusion of RI, must there-
fore be very much lower for the K or Cs covered sur-
faces in comparison to the Na covered surface. This can
be understood in terms of a surface screening by the AM
adatoms. At low coverages alkali atoms have a reduced
electron density on their vacuum side [5–7], which lowers
the deexcitation rate and reduces, with increasing adatom
size, the interaction of the He� atom with the substrate sur-
face. Therefore, the surviving He� intensity is highest for
the largest investigated alkali metal, cesium. In addition,
the dipole moments of the isolated AM atoms attract the
incident He� atoms due to their high polarizability and thus
reduce the effective visible copper surface area. From the
relative coverage, corresponding to the largest He� inten-
sity for K and Cs, an effective screening cross section of
about 160 Å2 per adatom can be calculated which is simi-
lar to the He atom cross section for isolated AM adatoms
of about 120 Å2 as deduced from the initial decrease of the
HAS reflectivity [14].

As mentioned initially the interpretation of MD spectra
at low work function is further complicated by the oc-
currence of singlet-to-triplet conversion and autodetach-
ment deexcitation processes. These arise when the work
function becomes smaller than the affinity level of the
He� atom, whose empty j2s� level can then be filled by
a surface electron [11]. In the second step the electron
with antiparallel spin relative to the j1s� electron is either
emitted into the surface (singlet-to-triplet conversion) or
into the empty He j1s� state under synchronous emission
of the second j2s� electron into the vacuum (autodetach-
ment). While singlet-to-triplet conversion is excluded in
the present experiment by using a pure triplet He� beam,
the latter process might have a measurable influence on the
He� survival measurements. However, the integrated elec-
tron emission corresponding to this deexcitation channel
compared to the total MD spectrum is negligible. Even
for the deexcitation of singlet He�, where autoionization is
enhanced, it contributes less than 5% of the total spectrum
intensity [19].

The Cs experiment has also been carried out for
metastable Ne. Despite the small incident Ne� beam
intensity, the relatively higher survival probability allowed
a measurable signal. As displayed in Fig. 3(a) the shape
of the recorded Ne� intensity versus coverage curve was
identical to the one obtained for He�.
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FIG. 3. (a) Comparison of the intensities of scattered He�

atoms (black line, left axis) and Ne� atoms (grey line, right
axis) from a Cu(100) surface during the growth of a monolayer
of Cs. (b) Coverage dependent relative occupation of the
surface electronic states upon completion of the Cs monolayer
obtained from the decrease of the scattered He� signal.

In summary, the only significant deexcitation process for
AM coverage above 0.15 ML in the present He� scattering
experiment is the Auger deexcitation. Thus the observed
decrease in the He� intensity (� increase in GAD) above
0.4 ML reflects the increase of the surface electronic DOS
(SDOS) corresponding to the subsequent filling of the AM
s band. The proportionality between the band filling n
and the deexcitation rate GAD [Eq. (1)] makes it possible
to convert the measured He� signal, IHe� , into a relative
band filling. Because the deexcitation process is a first
order reaction, an exponential decay law gives the number
of the surviving metastables; hence GAD ~ 2 log�IHe� �.
Substituting jk� in Eq. (1) by the SDOS n yields the
expression

n ~ 2 log�IHe� � . (2)

As plotted in Fig. 3(b) for the Cs layer the relative band
filling starts to increase at about 0.4 ML (u � 0.11) and is
already almost saturated at about 0.7 ML.

In an accompanying spot profile analysis LEED study
of the submonolayer structure of K and Cs on Cu(100),
diffraction pattern with characteristic sharp isotropic
diffraction rings have been observed for coverages
below about 0.5 ML [20]. From the radius of the
diffraction patterns, which arise from a quasihexagonal
superstructure with appreciable azimuthal disorder but
with a well defined nearest-neighbor spacing d, average
adatom separations can be calculated [15] and values of
dK � 8.5 Å and dCs � 7.6 Å were found for the onset
of metallization which correspond to 55% and 68% of the
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nearest-neighbor bulk distances of potassium and cesium,
respectively. Furthermore, at slightly higher coverages of
about u � 0.17, the formation of azimuthally regularly
ordered hexagonal overlayers takes place. In contrast,
sodium is found to order in commensurate superstructures
on Cu(100) already at coverages of u � 0.12 [21]. The
different behavior observed for sodium is in accordance
with the significantly shorter bond length of Na with
respect to the copper surface plane. This causes a very
effective screening of the initial dipole moment and has
also been found to affect the AM adatom vibrations [15].
Similar differences in the AM-substrate interaction were
also reported in a previous ab initio study for K and Na
on Al(111) [22].

To test our interpretation, the scattered He� signal was
also measured during subsequent exposure of the vari-
ous AM monolayer (at 120 K) to oxygen. This causes a
continuous increase in the He� signal until after an expo-
sure of 3 L O2 the maximum values obtained at the initial
AM coverages of 0.2 ML were again reached. Since the
adsorption of oxygen on cesiated surfaces causes an ad-
ditional lowering of the work function [8] and thus an
increase in the He� deexcitation probability through au-
todetachment, the measured increase of the He� scattering
signal corroborates further that this deexcitation channel
is of no relevance for the present experiment. Instead it
is attributed to the demetallization of the AM film due to
the oxygen-cesium interaction. A similar effect has re-
cently been reported for the coadsorption of CO and Cs on
Ru(0001) [23].

In summary, we have demonstrated that recording of
the intensity of scattered He� or Ne� atoms is a very sen-
sitive tool for measuring metallization transitions on sur-
faces and thin films which have a sufficiently low work
function to suppress RI. In contrast to HAS, He� scatter-
ing is not sensitive to geometrical disorder on surfaces and
thus also provides a method to study electronic properties
of polycrystalline surfaces. A quantitative analysis of the
metallization based on the present data deserves detailed
calculation of the deexcitation rate GAD .

The authors thank Professor J. P. Toennies for his sup-
port and Dr. Artur Böttcher, Dr. A. G. Borisov, and Pro-
fessor J. P. Gauyacq for fruitful discussions. This work
was funded by the Deutsche Forschungsgemeinschaft
(Contract No. WI 1361).
[1] I. Langmuir and K. H. Kingdon, Phys. Rev. 21, 380
(1923); I. Langmuir, J. Am. Chem. Soc. 54, 2798
(1932).

[2] T. Aruga and Y. Murata, Prog. Surf. Sci. 31, 61 (1989).
[3] R. D. Diehl and R. McGrath, Surf. Sci. Rep. 23, 43 (1996).
[4] F. Bechstedt and M. Scheffler, Surf. Sci. Rep. 18, 145

(1993).
[5] R. W. Gurney, Phys. Rev. 47, 479 (1935).
[6] H. Ishida, Phys. Rev. Lett. 63, 1535 (1989); Phys. Rev. B

42, 10 899 (1990).
[7] P. S. Bagus and G. Pacchioni, Phys. Rev. Lett. 71, 206

(1993).
[8] B. Woratschek, W. Sesselmann, J. Küppers, G. Ertl, and

H. Haberland, J. Chem. Phys. 86, 2411 (1987).
[9] Y. Harada, S. Masuda, and H. Ozaki, Chem. Rev. 97,

1897 (1997).
[10] B. Woratschek, W. Sesselmann, J. Küppers, G. Ertl, and

H. Haberland, Phys. Rev. Lett. 55, 1231 (1985).
[11] R. Hemmen and H. Conrad, Phys. Rev. Lett. 67, 1314

(1991); R. Hemmen and H. Conrad, Appl. Phys. A 55,
411 (1992).

[12] P. Fouquet, P. K. Day, and G. Witte, Surf. Sci. 400, 140
(1998).

[13] Note that the majority of the He atoms are still in the
ground state and that the relative population of He� in the
beam is about 1025.

[14] E. Hulpke, J. Lower, and A. Reichmuth, Phys. Rev. B 53,
13 901 (1996).

[15] P. Senet, J. P. Toennies, and G. Witte, Chem. Phys. Lett.
299, 389 (1999).

[16] P. Fouquet and G. Witte, Surf. Rev. Lett. 6, 103 (1999).
[17] W. Sesselmann, B. Woratschek, G. Ertl, J. Küppers, and

H. Haberland, Surf. Sci. 146, 17 (1984).
[18] See, for example, J. W. Gadzuk and H. Metiu, Phys. Rev.

B 22, 2603 (1980); H. D. Hagstrum, P. Petrie, and E. E.
Chaban, Phys. Rev. B 38, 10 264 (1988).

[19] B. Woratschek, W. Sesselmann, J. Küppers, G. Ertl,
and H. Haberland, Phys. Rev. Lett. 55, 1231 (1985);
A. Böttcher, A. Morgante, R. Grobecker, T. Greber, and
G. Ertl, Phys. Rev. B 49, 10 607 (1994).

[20] J. Braun, R. Büker, J. P. Toennies, and G. Witte (to be
published).

[21] A. P. Graham and J. P. Toennies, Phys. Rev. B 56, 15 378
(1997).

[22] J. Neugebauer and M. Scheffler, Phys. Rev. B 46, 16 067
(1992).

[23] S. Fichtner-Endruschat, V. De Renzi, A. Morgante,
S. Schwegmann, H. Bludau, R. Schuster, A. Böttcher,
and H. Over, J. Chem. Phys. 108, 774 (1998).
363


