
Nanoscale Photoelectron Mapping and Spectroscopy with an Atomic Force Microscope

Ping Yu and Jürgen Kirschner

Max Planck Institute of Microstructure Physics, Weinberg 2, 06120 Halle, Germany
(Received 8 April 2013; revised manuscript received 16 June 2013; published 8 August 2013)

The tip of an atomic force microscope is used as a local probe for photoelectrons excited by laser

illumination. The tip-sample distance is precisely controlled by the van der Waals force and the pure

photoemission current is measured without tunneling current contribution. The nanoscale photoelectron

mapping with high current contrast is obtained on a cesium covered Au(111) surface. By sweeping the

laser photon energy, the local photoelectron spectra are measured on Cs islands and terraces. The results

reveal distinct electronic states and photoemission thresholds for different Cs coverage, providing the

photoemission current contrast mechanism. The contrast in photoelectron mapping can be further tuned

by the incident laser polarization exploiting the symmetry selection rules in the optical excitation.
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The study of light-matter interaction on the nanometer
scale has been boosted by the rapid growth of nanoscience
and nanotechnology. In contrast to traditional optical
experiments, which investigate the electromagnetic field
far away from radiation sources, near-field optical micros-
copy can identify the local distribution of optical electric
field on the nanometer scale [1]. Near-field microscopy is
therefore allowed to solve long-standing issues such as the
local enhancement of Raman scattering [2] and provide
significant insight into the design of optical antenna and
plasmonic devices [3]. However, as in all typical optical
experiments, detailed information regarding the electronic
structure, which plays an important role in the optical
excitation, is not directly accessible. This technical barrier
can be surmounted by mapping the photoelectrons emitted
from the sample surface, which provides information not
only of the optical near field [4–6] but also of the local
electronic states that contribute to the photoemission (PE)
processes [7]. Compared to conventional photoemission
electron microscopy, whose spatial resolution is limited
by various aberrations, mapping the photoelectrons with
the scanning probe microscopy (SPM) technique can offer
unprecedented possibilities.

Several groups made significant effort to collect photo-
electrons by using the SPM tip as a local detector. Gray and
Okuda et al. detected the PE current in the tunneling
region. To separate the PE current from the tunneling
current, they modulated the laser and synchrotron radiation
so that the associated modulation of PE current could be
measured by a lock-in technique [8,9]. Gimzewski et al.
detected the PE current by the SPM tip retracted several
tens of nm away from the sample surface [10]. Although
they obtained submicrometer photoelectron imaging, they
did not clarify the origin of the current contrast. So far,
there has been no report on the local photoemission
spectroscopy measured by the tip in the near-field region,
which is a crucial step to investigate the nanometer-scale
electron emission properties and understand the contrast

mechanism of photoelectron mapping. Here, we report a
method to measure the nanoscale photoelectron mapping
and spectroscopy in the near-field region by combining
atomic force microscopy (AFM) with laser excitation of
the tip-sample junction. The tip-sample distance is
precisely controlled just beyond the tunneling region while
the attractive van der Waals force is still sufficient to
stabilize the tip for scanning the surface morphology.
With this method, nanoscale PE current mapping with
high current contrast is observed on a Cs=Auð111Þ surface.
Different electronic states and photoemission thresholds
are observed in the local photoelectron spectra, which
contribute crucially to the photoelectron mapping contrast
mechanism. Because of the symmetry selection rules in
the optical excitation, the PE current mapping contrast
depends sensitively on the laser polarization.
The Cs=Auð111Þ surface is prepared by depositing Cs

from a getter source on the Au(111) surface at 300 K. We
use the qPlus sensor with a tungsten tip as a local probe
which can be operated in either STM or AFM mode [11].
Figure 1(a) shows the STM topography of Cs=Auð111Þ
measured with 0.2 V tip bias and 0.5 nA tunneling current.
There are three Cs islands with thickness of 3 monolayer
(ML) on top of a 1 ML Cs underlayer. Photoemission can
be generated by focusing the laser onto the tip-sample
junction. The laser is incident at an angle of 60 deg with
respect to the surface normal and focused to 20 �m by a
lens in the ultrahigh vacuum chamber with a focal length of
65 mm. The laser has an average power of 1.8 mW with
tunable wavelength from 680 to 950 nm [12]. To image the
pure PE current, we adjust the frequency shift in the AFM
mode for making the tip-sample distance as small as
possible but without any tunneling current contribution.
This frequency shift is used as a feedback for keeping the
tip-sample distance constant while scanning the surface
morphology. The PE current flowing within the junction
can be detected simultaneously at the sub-pA level using a
current-voltage converter [13]. Figures 1(b) and 1(c) are
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the AFM topography and the corresponding PE current
images measured at �1 Hz frequency shift and þ2 V tip
bias voltage with 680 nm laser excitation. Without laser
illumination, only a constant current background of 150 fA
can be detected, which is the leakage current through the
electronics. The PE current data shown throughout this
Letter are corrected for this dark current background. We
find that the PE current values are larger on the Cs islands
than on the terrace. The lateral resolution of PE current
imaging is estimated by taking line profiles along the
horizontal lines as shown in Fig. 1(d). The lateral resolu-
tion of 12 nm is obtained from the PE current line profile
(16%–84% distance between the minimum and maximum
currents). By taking account of 8 nm as the intrinsic width
of the island step, which is obtained from the STM line
profile, we estimate that the lateral resolution of the PE
current imaging is about 4 nm.

To understand the contrast mechanism in the photoelec-
tron mapping, it is important to identify the local work
function and electronic states, from which the photoelec-
trons are optically excited. We measured PE current spec-
troscopy by sweeping the photon energy in 10 meV steps
from 1.33 to 1.83 eVon the Cs island and terrace as marked
by I and T in Fig. 1(a), respectively. For each photon
energy, the PE current is measured for 50 s and then
averaged to the same flux of 6� 1015 photons per second
with p-polarization while the shift frequency and the tip
bias voltage are set as�1 Hz andþ2 V. The averaged PE
current values are plotted as a function of the incident
photon energy in Fig. 2(a). It clearly shows that the Cs
island has a lower photoemission threshold and the PE
current is higher than that from the Cs terrace. In
Fowler’s theoretical model of photoemission, he derived
that the quantum yield (number of photoelectrons per
incident photon) near the threshold of photoemission is

proportional to the square of h�� ’, in which ’ is the
work function of the sample [14]. By this relation, a plot of
the square root of the quantum yield as a function of photon
energy should give a straight line intersecting the photon
energy axis at the value of the work function. The data
points in Fig. 2(b) are the square root of the quantum yield
based on the PE current values in Fig. 2(a), and the two
dotted lines are the linear fits according to Fowler’s model.
The values of the work function are determined to be 1.31
and 1.45 eV for the Cs island and terrace. These values are
much smaller than the work function of Au(111) (5.31 eV).
To explain our observed values of work function, one can
first consider the influence of the alkali metal adsorption.
Since the Cs ionization potential is less than the Au sub-
strate work function, the valence electrons of Cs adatoms
transfer to the substrate which reduces the Au work func-
tion to around 2 eV [15,16]. In addition, the work function
is reduced by the static electric field between tip and
sample. Our tip-sample distance is adjusted just beyond
the tunneling region, estimated to be 5 nm [17]. The local
barrier for photoelectrons to transport from the sample to
the tip can be reduced by the image potential and the

FIG. 2 (color online). (a) Averaged PE current as a function of
photon energy measured at the same photon number of 6� 1015

per second in AFM mode with �1 Hz shift frequency and bias
Vtip ¼ þ2 V on the Cs island and terrace. (b) Square root of

quantum yield on the Cs island and terrace are plotted with the
photon energy. The dotted lines are the linear fittings near their
photoemission thresholds. (c) The derivative of the PE current in
(a) with respect to the photon energy for the island and the
terrace.

FIG. 1 (color online). (a) Topography image of Cs=Auð111Þ
measured in STM constant current mode (Vtip ¼ 0:2 V, Itunnel ¼
0:5 nA). (b),(c) Topography and PE current images of
Cs=Auð111Þ measured in AFM mode with �1 Hz shift fre-
quency and bias Vtip ¼ þ2 V. (d) Line profiles crossing the

island step edge along the horizontal lines marked in (a)–(c).
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electric field applied by the tip bias, which is about 4�
106 V=cm in our experiments [18,19]. The photoemission
thresholds measured by our method actually represent the
local energy barrier at the nanometer tip-sample distance,
which can be 0.4 eV lower than the macroscopic work
function value in the field of 106 V=cm and 5 nm away
from the sample surface [20]. Considering these two fac-
tors, our observed local energy barriers are reasonable
values. We attribute the lower energy barrier on Cs islands
to their higher Cs coverage. In previous experiments, it was
also observed that the work function of Na overlayers on
Cu(111) reaches its maximum value at one monolayer and
then drops down by about 0.2 eV when the second layer is
formed [21]. The work function of alkali metal films as a
function of thickness was also investigated. For Cs, it has
been found that its work function gets maximum value at
1.5 monolayer, and is reduced at higher thicknesses [22].
Thus, the thickness dependence is one possible reason for
Cs islands showing higher photoemission current and
lower threshold than the Cs terrace.

In addition to the local energy barrier difference between
Cs islands and terraces, their contributing electronic states
in the photoemission process are different. Figure 2(c)
shows the derivative photoelectron spectra by differentiat-
ing the PE current in Fig. 2(a) with respect to the photon
energy h�. In a simple approximation, the derivative pho-
toelectron spectrum represents the joint density of states
involved in the photoemission process [23]. As seen in
Fig. 2(a), the derivative photoelectron spectrum on the Cs
island shows a pronounced peak at photon energy of about
1.7 eV while the spectrum on the terrace shows a mono-
tonic increase with photon energy without any peak fea-
ture. Since only electrons at the Fermi level can be excited
at the threshold photon energy, the peak at 1.7 eVobserved
on the Cs island (’ ¼ 1:3 eV) indicates an electronic state
at 0.4 eV below the Fermi level probed by photoemission.
Although there has been no report on the electronic struc-
ture of Cs=Auð111Þ, we can take Cs=Cuð111Þ as a refer-
ence since Au(111) and Cu(111) have quite similar
electronic band structures. They both possess an sp-
band gap along the [111] direction and within the gap there
is a surface state located below the Fermi level [24].
Lindgren and Walldén found that the Cu(111) surface state
shifts to lower energy with increasing Cs coverage. After
0.5 ML of Cs adsorption, the Cu(111) surface state reaches
the lower edge of the gap and then disappears [25].
Because of the band gap of the substrate, the valence
electrons in the Cs overlayer are reflected between the
substrate and the vacuum interface. Quantum well states
are observed in multilayers of Cs on Cu(111) [26]. For 4
ML Cs coverage, the quantum well state is observed at
0.39 eV below the Fermi level [27]. Based on the results of
Cs=Cuð111Þ, we infer that the electronic state in our de-
rivative spectrum on the Cs island could originate from the
quantum well state of Cs valence electrons confined by the

Au(111) band gap and the vacuum interface. Moreover, in
our experiments, the Cs islands have the same height.
Increasing the Cs coverage leads to the increase of island
number and lateral size rather than the island height. At
higher Cs coverage, Cs atoms form amorphous clusters
instead of well-ordered islands. This preferred height of Cs
islands might be connected to the quantum well state, in
which, if the energy contribution of the quantized elec-
tronic state in the Cs overlayers prevails over the strain
energy, a particular height is energetically more favorable
than others [28].
We have changed the polarization of the exciting laser

field to provide insight into the symmetry properties of the
Cs induced electronic states involved in the photoemission
process. Figure 3(a) shows the optical geometry for p- and
s-polarized excitation in our experiments. The shaded area
displays the optical plane spanned by the incident laser
beam and the surface normal. The polarization rotation

FIG. 3 (color online). (a) Optical geometry for p- and s-
polarized excitation. (b) The PE current as a function of
the polarization rotation angle on Cs island and terrace. The
dotted lines are fittings with the square of the electric field:
a cos�êx þ b sin� sin30�êy þ c sin� cos30�êz. For Cs island

a ¼ 3:5� 10�7, b ¼ 4:9� 10�7, c ¼ 2:9� 10�7, while for
terrace a ¼ 5:9� 10�8, b ¼ 5:1� 10�7, c ¼ 3:0� 10�7.
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angle � is defined as the angle between s-polarization and
the adjusted polarization. The x, y, and z axes represent the
[1�10], [11�2], and [111] directions (along the tip) of
Au(111) substrate. With p-polarization, the optical electric
field not only has its perpendicular vector along the tip but
also has an in-plane component along the crystal direction
[11�2]. The optical electric field can be calculated by pro-
jecting it onto the x, y, and z directions. Figure 3(b) shows
the PE current as a function of the polarization angle on a
Cs island and the terrace, respectively. The data points are
measured with �1 Hz shift frequency and þ2 V tip bias
voltage with 680 nm laser illumination. The laser polar-
ization is rotated from s-polarization in 10 deg steps to
360 deg. The main difference between the Cs island and
the terrace is that the PE current on the terrace gets its
highest value with p- polarization while for the Cs island
the PE current maximum is at 36 deg away from
p-polarization. According to the golden rule formula, the
PE current is proportional to the square of matrix elements
of the dipole operator with the initial and final state [29].
We fit the experimental data of PE currents with the square
of the optical electric field a cos�êx þ b sin� sin30�êy þ
c sin� cos30�êz. The fitting parameters represent the pho-
toemission transition dipole moments along the different
optical electric field directions (x, y, and z). Comparing the
fitting parameters of Cs island and terrace, we find that
their photoemission transition dipole moments along the y
and z directions of the optical electric field are nearly the
same. The main difference is the value of the transition
dipole moment along the x direction of the optical electric
field, in which the dipole moment of the Cs island is 1 order
of magnitude larger than that of the Cs terrace. Thus, it is
the in-plane electric field orientation which makes the
difference, suggesting that the electronic states on the Cs
island and terrace have different in-plane orbital symme-
tries. According to the selection rule, since the final state of
normal emission is symmetric with respect to reflection
about the optical plane, for the optical electric field along
the x direction, normal to the optical plane, only an odd
initial state such as p-type orbital oriented along the x
direction (px) can lead to a photoemission signal [30]. So
we infer that, compared to the Cs terrace, Cs islands have
an additional px orbital symmetry. As a consequence, Cs
islands and terraces get maximum PE currents at different
laser polarizations. Thus, the contrast of PE current map-
ping depends on the laser polarization, as shown in Fig. 4.
The current contrast (difference divided by the sum)
between the Cs island and terrace is plotted as a function
of the polarization angle, which shows a maximum con-
trast at about 20 deg and a minimum contrast at about
110 deg. The dotted curve in Fig. 4 is a fit with the square
of the difference between the x and y components of the
electric field (a cos�êx � b sin� sin30�êy), agreeing

qualitatively with the experimental data. This confirms
our inference that, due to the different in-plane orbital

symmetries, the PE current contrast depends on the varia-
tion of the in-plane electric field.
Using our method, we successfully probed the local

orbital character of the Cs state and separated the px and
py orbital contributions. We found that the py orbital

dominates the photoemission process on the Cs terrace.
While on the Cs islands, there is an additional px orbital
symmetry besides the py orbital symmetry. The increase of

the px orbital contribution on the Cs islands can be under-
stood in a simple physical picture: the x direction is along
the [1�10] crystal direction of the Au(111) substrate, which
is the shortest bonding direction for the fcc(111) surface.
Thus, the in-plane electronic orbital overlap of the sub-
strate is much stronger along the x direction than that along
the y direction. On the Cs terrace, which has only one Cs
layer, the hybridization of the px orbital between the Cs
layer and the substrate must be stronger than that of the py

orbital. Thus, the Cs state with px orbital symmetry cannot
be confined between the vacuum level and the substrate
band gap on the Cs terrace. On the Cs islands, due to the Cs
thickness increase, the hybridization of the electronic
states between the Cs layer and the substrate gets much
weaker. The electronic states with px and py orbital sym-

metries are both well confined between the substrate band
gap and the vacuum barrier. This picture is also consistent
with our photoelectron spectrum result that a peak feature
of the electronic state is observed only on the Cs island,
which we attribute to the Cs quantum well state.
To summarize, near-field photoemission current map-

ping with nanometer resolution is obtained by illuminating
the junction with the laser while the tip-sample distance is
set precisely beyond the tunneling region. Different elec-
tronic states and photoemission thresholds are observed on
Cs islands and terraces by measuring the local photoelec-
tron spectra, which crucially contribute to the contrast
mechanism of the photoelectron mapping. By adjusting
the laser polarization, it is found that the initial state of
the Cs island has an additional p-type orbital along the
[1�10] direction, which leads to the laser polarization de-
pendent PE current mapping contrast. This method can be

FIG. 4 (color online). Polarization dependence of PE current
imaging contrast between Cs islands and terraces. The dotted
line is a fitting of the square of the difference between the x and y
components of the electric field.
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widely used to investigate the electronic state and orbital
symmetry of nanostructured materials under optical
excitation and to explore the mechanism of near-field
photoemission.

We acknowledge helpful discussions with C.-T. Chiang.
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