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Fringe fields in nonlinear photoemission microscopy
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Self-organized Ag nanostructures have been investigated by photoemission electron microscopy where the
electrons are generated by femtosecond laser pulses through a two-photon photoemission process. Bright and
dark areas are observed around the nanostructures when they exceed a certain lateral dimension. The features
are different for both directions of the polarization of the incoming light and s and p polarization. In p
polarization the features consist of several interference fringes that are explained by diffraction. The photo-
emission yield of Ag nanowires also shows a dependence on the polarization direction of the incoming light
with respect to the orientation of the nanowire. This is explained with a particle plasmon state in the Ag
nanostructures that acts as the intermediate state for two-photon photoemission. Also, we present evidence of
far-field mediating interaction between neighboring Ag nanostructures.
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I. INTRODUCTION

Trapping of light in nanostructures, the guiding of light as
plasmon-polariton waves inside a metallic layer, local field
enhancement around metal nanoparticles, and novel photonic
band gap materials offer exciting possibilities for future
nano-optics-based device applications.! Most of the new and
proposed devices make use of the local scattering processes
of light in and around small structures. To analyze the scat-
tered light, one would require either numerical methods or
rather cumbersome and difficult to interpret experiments like
scanning near-field optical microscopy (SNOM) or photon
scanning tunneling microscopy (PSTM).> We show that two-
photon photoemission microscopy (2PPEEM) is well suited
to analyze the interaction of light with metallic particles on a
surface.

Illumination of a sample surface with photons of an en-
ergy larger than the photoelectric work function leads to the
emission of photoelectrons. In photoelectron emission mi-
croscopy (PEEM), this is usually achieved by using ultravio-
let light from a mercury discharge lamp or synchrotron ra-
diation. The photoemission yield (i.e., the total number of
photoemitted electrons) varies locally over the surface, since
it depends on the local electronic and morphologic structure.
Islands of a material with a lower work function, for in-
stance, would have a higher photoelectron yield. PEEM uses
the local differences in the photoemission yield to generate
an image. If a laser is used for illumination, however, the
energy of the laser light is typically lower than the photo-
electric work function of the surface and usually no electrons
are emitted. Only if the laser intensity is sufficiently high can
nonlinear emission processes trigger higher-order emission.
A photoemission process that needs n photons is commonly
referred to as n-photon photoemission (nPPE). While classic
photoemission® predicts a linear dependence of the photo-
emission yield (Y) with light intensity (7), the usual picture
for n photon photoemission assumes that n photons simulta-
neously excite one electron from the Fermi level into the
vacuum, which yields* Y, ppp*I". The necessary intensities
for this can only be obtained from pulsed laser sources such
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as the popular mode-locked Ti:sapphire laser oscillators. The
strong nonlinear dependence of the 2PPE photoemission
yield Y on the electric field intensity makes two-photon pho-
toemission microscopy highly sensitive to small variations of
the exciting field and recommends it as a technique for the
investigation of light interactions with metal surfaces.

II. EXPERIMENT

We used the spectroscopic photoelectron emission micro-
scope (ELMITEC PEEM III) with imaging energy analyzer’
located at the University of Duisburg-Essen. The ultrahigh-
vacuum (UHV) microscope provides a maximum lateral
resolution of 11 nm. Silver islands and nanowires were
grown in situ on 4° vicinal Si(001) substrates inside the mi-
croscope using a home built evaporation system®’ following
the procedure described by Roos et al.:® During deposition,
after the completion of the first (3X2) reconstructed Ag
monolayer,” small rectangular islands and quasi-one-
dimensional nanowires are formed that exhibit a typical
height and width of 150-300 nm and a variable length of
tens of micrometers.

We used a commercial 800-nm fs-Ti:sapphire laser oscil-
lator (FEMTOLASERS) with a repetition rate of 80 MHz for
illumination. The 20-fs short pulses were frequency doubled
in a beta barium borate (BBO) crystal with an effectivity of
14%. The resulting 400-nm (3.1 eV) pulses had a maximum
pulse energy of 1 nJ. After a standard dispersion correction'®
we obtain a pulse length of 40 fs in the vacuum as deter-
mined by an interferometric pump-probe autocorrelation
trace. For Ag, with a photoelectric work function between
46 and 4.8eV (depending on the crystallographic
orientation'!), these pulses create a significant photoemission
yield via a two-photon photoemission process.

III. RESULTS AND DISCUSSION

The order of the photoemission process can easily be veri-
fied by variation of the laser intensity and recording of the
photoemission yield. Figure 1 shows the normalized photo-
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FIG. 1. Log-log plot of the photoemission yield in arbitrary
units as a function of the incident laser pulse intensity. The dashed
line represents a fit of the experimental data points with a power
law function with exponent A=2.0. The markers correspond to the
measured photoemission yield of each individual Ag nanostructure
and the background.

emission yield of various features of the surface as a function
of the laser intensity in a double-logarithmic plot. Open
squares represent the Ag islands from the inset; dark tri-
angles represent the (3 X 2)Ag wetting layer between the is-
lands. The fit in Fig. 1 corresponds to a power law with an
exponent of A=2.0, clearly indicating that in our case the
photoemission proceeds via a 2PPE process.

A. Photoemission yield enhancement through particle plasmon
excitation

We will now show that the intermediate state for 2PPE is
linked to a particle plasmon in the Ag nanostructures. Al-
though surface-plasmon-mediated photoemission enhance-
ment has been known for a decade, the origin of this en-
hancement is still under debate.!> For the Ag islands it is
known that the absorption of the first photon leads to the
excitation of a particle plasmon, while the absorption of a

(a) @ p-polarization
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FIG. 3. (Color online) Schematic representation of the electric
field component at the sample surface of the s- and p-polarized
femtosecond pulses.

second photon triggers the emission of an electron.'314

Figure 2 shows PEEM images of the same area on the
surface under different illumination and illustrates the 2PPE
yield enhancement due to particle plasmon excitation. In (a),
the sample is illuminated with a mercury discharge lamp
(maximum 4.9 eV) and the image shows regular one photon
photoemission contrast. The panels (b) and (c) were taken
under illumination with A=400 nm laser pulses and show the
dependence of the photoemission yield on the polarization
direction of the incoming light. To avoid confusion we define
s and p polarization relative to our laser table (see the sketch
in Fig. 3): while the electric field vector of the s-polarized
light lies completely in the sample plane, the p-polarized
light has a component normal to the sample surface and also
a component in the surface plane caused by the grazing in-
cidence illumination under an angle of 74° relative to the
surface normal. In Fig. 2 the in-plane directions of the elec-
tric field for p- and s-polarized light are schematically shown
at the left bottom side in panels (b) and (c).

The surface morphology in Fig. 2(a) is dominated by Ag
islands and nanowires on top of the (3 X 2)Ag wetting layer.
Scanning emission microscopy reveals that a typical Ag is-
land on Si(001) has a pyramidal shape, with a height of less
than 250 nm. While all Ag nanostructures appear bright on a
dark background in (a), the photoemission yield of individual
islands shows a strong polarization dependence under laser
illumination. The long nanowire (marked by arrow “A”) ap-
pears bright in (b) when the electric field is perpendicular to
its long axis and the energy of the laser light coincides well
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FIG. 2. PEEM images of Ag/Si(001): (a) sample illuminated by UV light (Hg discharge lamp, hv~=4.9 eV) and (b) and (c) same area
as in panel (a) illuminated by p- and s-polarized femtosecond laser light (Av=3.1 eV). The direction of the incoming light is shown by the
white arrow at the left bottom of panel (a). The arrows at the lower left in (b) and (c) indicate the direction of the in-plane component of the

electric field.
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FIG. 4. Micrograph PEEM images of Ag/Si(001): (a) and (b)
sample illuminated by p- and s-polarized femtosecond laser light
(hv=3.1 eV) and (c) same area as in panel (a) and (b) illuminated
by UV light. The white dashed line marks the position of the first
diffraction maximum. The direction of the incoming light is shown
by the white arrow at the right bottom of panel (c). The grayscale
level in panels (b) and (c) is scaled to reveal details in the
background.

with the particle plasmon resonance. The same Ag nanowire
appears dark in panel (c), however, when the electric field
lies parallel to the long axis of the nanowire and cannot
excite the particle plasmon since the plasmon resonance fre-
quency has shifted to lower energies' (larger noble-metal
clusters generally have lower plasmon resonances with
shorter lifetimes!®). The behavior is reversed for the short
nanowire marked by arrow “B,” which is rotated by 90° with
respect to nanowire “A.” Wire “B” also only appears bright
when the electric field is perpendicular to its long axis, which
is the case in panel (c). Accordingly, only the beginning and
the end of the nanowires show up in panel (b). Smaller rect-
angular islands are visible under both polarizations.

The striking feature in Fig. 2 is that the background in-

tensity in panel (c) is much lower than in (b), (%)H :
~(.033, as estimated from the photoemission yield ‘after
background substraction.

Since in our geometry, the p-polarized light has a signifi-
cant component of the electrical field perpendicular to the
surface that is not present in s-polarized light, we can only
explain the high-yield variation by assuming that the field
component perpendicular to the surface is responsible for the
photoemission. We suspect one of the known Ag (3 X 2) sur-
face states'® to act as the initial state for the photoemission
signal in the background.

B. Observation of fringe fields

The most prominent feature in Fig. 2(b) is the dark area
that lies behind the islands in the direction of the incoming
light.

Figure 4 shows a single Ag island with its surrounding
area under illumination with p-polarized laser pulses (a),
s-polarized laser pulses (b), and under illumination with a
mercury discharge lamp (c). For p-polarized light, Fig. 4(a),
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a dark area and several bright and dark fringes are visible
behind the Ag island. Even if the contrast and brightness in
panels (b) and (c) are adjusted to reveal the slightest modu-
lations in the background, none of the fringes are visible
when the sample is illuminated with s-polarized light (b) or
with the mercury discharge lamp (c).

Let us now focus our discussion on the fringe fields and
the origin of the dark area behind the islands, marked by a
dotted line in Fig. 4(a). The dark area cannot be explained by
a simple shadowing effect. In our geometry, a shadow of a
250-nm-high island would extend only 900 nm over the sur-
face. The dark area behind the islands, however, extends sev-
eral um over the surface.

The dark area does also not simply reflect the optical near
fields. As a rule of thumb, if an aperture with diameter a is
illuminated with plane waves of wavelength A, the field dis-
tribution can only be described by Fresnel diffraction (near-
field) within a distance of R$K;\—2 behind the aperture.!” Out-
side R, the diffraction pattern is described by regular
Fraunhofer diffraction (far-field). According to this rule, for
250-nm-large Ag islands on a surface that are illuminated
with A=400 nm light under grazing incidence, the near-field
zone extends only 150 nm over the surface, followed by a
stationary fringe field distribution in the far-field zone. Thus,
the dark area behind the Ag islands does not reflect the near-
field zone but indeed corresponds to the far-field zone.

The shape of the fringes arround the island suggests that
the pattern might be formed just by regular light diffraction.
For the simple case of the illumination of a circular aperture
with coherent plane waves, the intensity distribution is well
known:

2
|10 0

X

Here, J,(x) is a first-order Bessel function, x:’fa sin 6,
with a for the diameter of the aperture, \ for the wavelength
of the incoming light, and the scattering angle 6. The diffrac-
tion pattern on a screen perpendicular to the optical axis
shows a central maximum where more than 90% of the dif-
fracted light is located, followed by a series of concentric
circles of maximum and minimum intensity. The maxima
(minima) of the diffraction are given by the maxima

.. L&) ..
(minima) of IT with the first minimum at my=3.831 66.
From this, the radius r of the first maximum diffraction circle
on a screen at the distance d can be expressed as

N

wa

(2)

r=my

Babinet’s principle states similarity of Fraunhofer diffrac-
tion patterns of complementary objects like an aperture and
an opaque object of the same shape.!” The only difference
between the two cases is that the electric fields of all inter-
fering waves are shifted by 180°. Hence, behind the Ag
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nanoislands we will expect to see a Fraunhofer diffraction
pattern similar to the diffraction pattern of an aperture. The
diffracted light by the Ag nanoislands is distributed within a
cone. This can be easily explained by our geometry. Since
the probing screen—the (3 X 2)Ag wetting layer—is oriented
under grazing incidence with respect to the direction of the
incoming light, the diffraction pattern will be a cross section
across the diffraction cone with an elliptical shape. The in-
tensity directly behind the Ag nanoislands, however, is mini-
mal. This is caused by the interference between the incident
light and the scattered light, which are 180° out-of-phase due
to Babinet’s principle.

From Eq. (2) we can estimate the dimension of the dark
area behind the Ag nanoislands as

A

sin a ma’

3)

r=m

where again A=400 nm, a=15°, h is the height of the par-
ticle, and a is the diameter of the particle. For a 250-nm-high
and 250-nm-wide particle we calculate the size of the dark
area behind the particle from Eq. (3) to 3.8 wm.

With this explanation, it seems astonishing that the fringe
field is not observed in panel (c) of Fig. 4 under illumination
with the mercury discharge lamp. The UV light of the mer-
cury discharge lamp is not polarized and should also have a
p-polarized component. The difference between (a) and (¢) is
that in (a) a two-photon process is necessary for photoemis-
sion, while in (c) the photoemission proceeds via a one-
photon process. Based on the nature of 2PPE where Y,ppr
«I?, the 2PPE signal is much more sensitive to slight varia-
tions of the electric field than regular photoemission, where
simply Yppro<l. Thus, 2PPE strongly amplifies the interfer-
ence fringe contrast of the scattered light around the island.

Surprisingly, the dark areas and fringe fields have so far
not been observed in 2PPEEM, although other groups have
already studied Ag particles deposited on ITO or SiO, (Refs.
19 and 20) with this technique. When Ag nanoislands are
deposited on SiO, with a photoelectric work function of
8.4 eV,?! the photoemission yield of the substrate is almost
zero and thus the probing signal of the near and far fields
around the Ag nanoislands is nonexistent, although the field
distribution will be similar. In our case the (3 X 2)Ag wetting
monolayer with its low photoelectric work function acts as a
“detector” of the near- and far-field distributions around the
Ag nanoislands. The fringe fields are not only visible for Ag
islands on a (3 X 2)Ag monolayer. So far, we observed simi-
lar patterns around obstacles on all surfaces with a suffi-
ciently low work function. These observations draw us to the
conclusion that the sine qua non condition to see the near
and far fields in 2PPEEM is a photoemission signal from
substrate or wetting layer that can be amplified by the non-
linear nature of the 2PPE process.

C. Fringe-field Interaction

We have already shown that the excitation of a particle
plasmon shows a strong dependence on the particle shape
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FIG. 5. 2PPEEM micrograph of two interacting Ag particles
oriented along two perpendicular directions illuminated by
p-polarized femtosecond pulses. The direction of the incoming light
is shown by the white arrow at the left bottom side of the panel.

and that the particle modulates the electric field in its sur-
rounding. Choosing two Ag particles in close proximity, we
will now show how the far-field pattern of one wire modu-
lates the plasmon excitation of the neighboring wire.

Figure 5 shows a 2PPEEM micrograph of two separate
Ag islands labeled “A” and “B,” oriented along two perpen-
dicular directions. The surface is illuminated with
p-polarized femtosecond pulses to enhance the visibility of
the fringe fields around the islands. Both Ag islands are sur-
rounded by their respective fringe fields. The nanowire “B”
appears dark based on the nonresonant excitation of the par-
ticle plasmon in the nanowire as described above and has
been marked by a dotted line. An overlapping of the fringe
fields of “A” and “B” is clearly visible as a modulation of the
grayscale level before and behind “A.” In addition, the pho-
toemission yield of the edge of “A” shows a variation, as a
periodic change of the grayscale level, which correlates with
the fringe field of the nanowire “B.” The right side of the
wire “A” is located on the first maximum of the fringe field
of nanowire “B” and shows a bright contrast followed by a
minimum (a dark area) located on a local minimum of the
fringe field of wire “B.” These minima and maxima become
less pronounced as we approach the left side of “A,” reflect-
ing the weaker modulation of the fringe fields as we move
away from the nanowire “B.” The fringes visible at the lower
right of the image reflect the presence of an Ag island located
outside the field of view.

IV. CONCLUSIONS

In summary we have shown that a photoelectron emission
microscope combined with a femtosecond laser source is a
suitable technique for in situ investigation of light interac-
tions with metallic particles on surfaces. The nonlinear de-
pendence of the photoemission yield on the local field com-
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ponents makes the technique very sensitive for investigations
of light scattering and local field enhancement at metal sur-
faces. 2PPEEM opens new and promising perspectives for
experimentalists from the photonics community. Excitation
of particle plasmons and their dependence on the shape and
size of the particles can be monitored in situ, during growth,
while the particle dimensions can be estimated from the
fringe-field pattern.
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