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We have measured the very low energy photoelectron spectra of Cs-covered Cu�111� surfaces, and deter-
mined the mechanism for the appearance of a spike structure due to the interaction of emitted electron with its
image charge. At high Cs coverage of 0.10 and 0.14 monolayers �ML�, the spike structure appeared at the
vacuum level. No such structure was found at low coverage of 0.06 ML. The vacuum level at high coverage

lies in the energy gap at the �̄ point in the surface Brillouin zone of the Cu�111� surface, while it lies outside
the energy gap at low coverage. These results confirm the validity of our proposed mechanism that the spike
structure appears when the vacuum level lies in the energy gap.

DOI: 10.1103/PhysRevB.72.195425 PACS number�s�: 79.60.�i, 73.20.At, 61.14.�x

I. INTRODUCTION

Recently we found that a spike structure arising from the
energy loss of the photoelectron by interaction with its image
charge appears at the vacuum level in very low energy pho-
toelectron spectra.1–3 This spike structure was observed in
the Cu�001� and Ag�001� spectra, but not in the Cu�110� and
Cu�111� spectra. On the basis of these results we described
the dynamics of very low energy photoelectrons near the
solid surface as follows. Since the wave vector parallel to the
surface k� of the photoelectron excited by a low energy pho-

ton is very small, we focus on the electrons at the �̄ point in
the surface Brillouin zone. The photoelectron emitted into
vacuum can lose energy down to zero kinetic energy �i.e., the
energy position of the vacuum level� by interacting with its
image charge. The photoelectron can return to the bulk if

bulk states �at the �̄ point� are available at the vacuum level.
On the other hand, if the vacuum level lies in the energy gap

at the �̄ point, the photoelectron that lost energy cannot re-
turn to the bulk, and hence the electron population builds up
at the vacuum level. Consequently such photoelectrons are
collected by the detector and form the spike structure at the
vacuum level in the spectra. From the above consideration
we proposed a mechanism that the spike structure appears

when the vacuum level lies in the energy gap at the �̄ point.
In this paper we demonstrate this mechanism by measur-

ing the photoelectron spectra by varying the energy position
of the vacuum level relative to the energy gap. It is widely
known that the Cs adsorption on a metal surface leads to a
considerable decrease in the work function.4–6 The band
structures of the Cu�111� and its Cs-covered surfaces have
been well studied theoretically and experimentally.6–20 For
these reasons we have chosen the Cs/Cu�111� surface as a
test case. The clean Cu�111� surface has a projected band gap

at the �̄ point extending between −0.92 and 4.12 eV relative
to the Fermi level �EF� as shown in Fig. 1.7,8 The shaded
areas and the dotted line indicate the projected bulk band and

a surface state at the �̄ point, respectively. The surface state

lies at �0.4 eV below EF.9 The vacuum level � of the clean
Cu�111� surface lies at �4.9 eV,9 which is above the upper
edge of the band gap. When this surface is covered by Cs,
the vacuum level shifts to lower energy with Cs coverage �
�we have defined � to be 1 monolayer �ML� for a close
packed p�2�2� Cs overlayer�, reaching �1.5 eV at �=0.5
ML.6 From this coverage dependence of the vacuum level
relative to the energy gap, one can expect that the vacuum
level of the Cs/Cu�111� surface moves into the energy gap
above a certain coverage. Thus if the proposed mechanism is
correct, the spike structure should appear in the spectra of the
Cs/Cu�111� surface when the vacuum level moves into the
energy gap. We have verified this effect in the present ex-
periment.

FIG. 1. Projected band structure at the �̄ point of the Cu�111�
surface. The shaded areas and the dotted line indicate the projected

bulk band and the surface state at the �̄ point, respectively. The
vacuum levels � of the clean Cu�111� surface and the 0.5 ML
Cs/Cu�111� surface are also shown.
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II. EXPERIMENTAL

The sample was set in an ultra-high vacuum chamber with
a pressure of �5�10−11 mbar. The Cu�111� surface was
cleaned by repeated cycles of Ar ion sputtering �600 V,
�1.7 �A, 1 h� and annealing �690 K, 1 h�. The cleanliness
and flatness of the surface was confirmed by the sharp spots
in the low energy electron diffraction image. The Cs atoms
were evaporated onto the Cu�111� surface at room tempera-
ture by resistive heating �6.5 A, �2.0 V� of a Cs evaporation
source located in front of the surface. The pressure during
evaporation was �7�10−11 mbar. The Cs coverage � was
obtained by comparing the change of the work function ����
measured from the photoelectron spectra with the ���� curve
reported in the literature.6 The typical evaporation rate was
0.01 ML/min.

The experimental configuration of the very low energy
photoelectron spectroscopy has been described elsewhere,1–3

and we describe here only the main components. The photon
energy of the incident laser beam was tuned by using a pi-
cosecond Ti:sapphire laser in combination with second and
third harmonic generation crystals. The pulse width and the
repetition rate of the laser beam were 2 ps and 82 MHz,
respectively. The p-polarized laser beam was shined on the
sample surface with a spot diameter of �100 �m and with
intensity of �2 �W-cw equivalent.

The photoelectrons emitted normal to the sample surface
were analyzed by a hemispherical electron energy analyzer.
The pass energy and the acceptance angle of the analyzer
were set at 0.5 eV and 1° around the surface normal, respec-
tively. To minimize spectral distortion due to stray electric
and magnetic fields, and to collect the very low energy pho-
toelectrons effectively, a bias voltage of −7.0 V was applied
to the sample with the analyzer entrance hole grounded. We
have confirmed that there is no bias voltage dependence of
the spectra up to −10 V. Under these experimental arrange-
ments the resolution of the analyzer was 6 meV. The spectral
distortion due to the nonlinear �multiphoton� effect20–22 and
the space charge effect23 was not observed.

III. RESULTS AND DISCUSSION

Figure 2 shows the very low energy photoelectron spectra
of Cs/Cu�111� surfaces at three different Cs coverages. The
vertical axis is the photoelectron intensity normalized by the
cw-equivalent laser power and the photon energy. The hori-
zontal axis is the final state energy, which is the energy of the
photoelectron relative to EF. The sample temperature was
kept at 97 K. The upper and lower cutoff energies coincide
with the photon energy and the work function, respectively.
The work function is 4.146, 3.702, and 3.368 eV, and the Cs
coverage estimated from the work function is respectively
0.06, 0.10, and 0.14 ML. The peaks marked with an arrow
correspond to the surface state of the Cu�111� surface,6,10,19

and are shifted to the lower energy as the Cs coverage in-
creases. This energy shift is caused by the increase of the
occupancy of the surface band as a result of the electrons
transferred from Cs atoms.10,11 The inset shows the enlarged
view of the spectra very close to the vacuum level. At high

coverages of 0.10 and 0.14 ML we see a spike structure at
the vacuum level in the spectra, while no such structure ex-
ists in the spectrum at low coverage of 0.06 ML.

Now let us examine the relative position between the en-
ergy gap and the vacuum level at each coverage. Figure 3

shows the details of the projected band structure at the �̄
point described in Fig. 1 and the location of the vacuum level
for each Cs coverage. The vacuum level lies below the upper
edge of the band gap at high coverages. On the other hand, it
lies above the upper edge of the band gap at low coverage. In
other words the vacuum level lies in the energy gap at high
coverages, while it lies out of the energy gap at low cover-
age. For the spike structure to appear, the vacuum level must
lie in the energy gap according to our proposed mechanism.

FIG. 2. Very low energy photoelectron spectra of Cs/Cu�111�
surfaces taken at the photon energy of 5.024 eV. The peaks marked
with arrows correspond to the surface state of the Cu�111� surface.
The inset shows the enlarged view of each spectrum around the
vacuum level.

FIG. 3. Projected bulk band at the �̄ point described in Fig. 1
and the location of the vacuum level � for each Cs coverage. Note
that the vacuum level at high coverages lies in the energy gap.
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Thus the spike structure should appear only in the spectra at
high Cs coverages, which we see in the present experimental
results.

Next we want to show that the appearance of the spike
structure is independent of the incident photon energy. Fig-
ure 4 shows the photon energy dependence of the very low
energy photoelectron spectra at �=0.14 ML. The small peaks
marked with an arrow originate from bulk band transitions,10

not from the energy loss of photoelectrons by interaction
with the image charge discussed here. As seen in the inset,
the appearance of the spike structure does not depend on the
photon energy, and neither does the spectral line shape of the
spike structure. Although the photon energy dependence of

the spike structure at �=0.10 ML is not presented here, it is
identical to that at �=0.14 ML. In addition the spike struc-
ture is not found in the spectra at �=0.06 ML taken at vari-
ous photon energies. Thus we conclude that the spike struc-
ture appeared in the spectra because the vacuum level was
moved into the energy gap by Cs adsorption. The present
results directly demonstrate our proposed mechanism for the
appearance of the spike structure.

The spike structure is more pronounced for �=0.14 ML
than for �=0.10 ML. A possible explanation of this feature is
that the photoelectrons are less probable to return into the
bulk at �=0.14 ML, because the vacuum level lies further
down in the energy gap at �=0.14 ML than at �=0.10 ML.
To arrive at a definitive conclusion, measurement of the very
low energy photoelectron spectra of Cs/Cu�111� surface
with higher Cs coverage is needed in the future.

IV. CONCLUSION

We have performed very low energy photoelectron spec-
troscopy of the Cs-adsorbed Cu�111� surface. The spike
structure arising from the energy loss of photoelectrons by
interaction with the image charge was found at the vacuum
level in the spectra for �=0.10 and 0.14 ML, and not for �
=0.06 ML. This coverage dependence confirms our proposed
mechanism that the spike structure appears when the vacuum

level lies in the energy gap at the �̄ point.
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FIG. 4. Photon energy dependence of very low energy photo-
electron spectra of 0.14 ML Cs/Cu�111� surfaces. The inset shows
the enlarged view of each spectrum around the vacuum level.
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