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and a gap size of the antenna much smaller than the reso-
nant arm length results in a huge enhancement of the opti-
cal field. Theoretical [4–6] and experimental [7, 8] studies 
have led to a good understanding of the relevant localized 
dipole modes. In addition to linear polarization, circular 
polarization represents an interesting polarization state for 
enhanced near fields, because circularly polarized near 
fields concentrate angular momentum to a very small area, 
promoting catalytic chemical reactions [9], spectroscopic 
investigations [10], all-optical magnetic switching [11], and 
spin-polarized electron sources [12].

For circular polarization, Biagioni et al. [13] proposed a 
cross dipole antenna structure in analogy to the cross dipole 
antennas used for microwave technology, which transforms 
the incident electrical field to a near-field focus preserving 
the polarization state of the incoming wave. The proposed 
configuration [13, 14] is composed of four rectangular bars 
arranged as two dipole antennas sharing a gap. Accord-
ingly, the enhanced localized field is confined in a focus 
of <50  nm. Although the cross dipole antenna fulfills the 
requirement of a polarized near field in simulations, fabri-
cation of such a structure with high precision is still chal-
lenging keeping this field of research open to look for the 
most efficient way of manipulating the polarization.

In view of the potentially strong interaction, it is in par-
ticular an open question whether the polarized near-field 
enhancement of fabricated cross antennas can be described 
by the excitation of two arbitrary orthogonal dipole modes. 
The interaction of individual plasmon supporting struc-
tures, resulting from Coulomb forces between particles at 
sub-wavelength distance, leads to a rich variety of new cou-
pled plasmon modes [5]. In addition to modes with a strong 
dipole moment maintaining a strong coupling to scattered 
light, coupled plasmon modes give rise to additional near-
field modes without strong dipole moments having only a 

Abstract  The field enhancement of individual cross-
shaped nanoantennas for normal incident light has been 
measured by the relative photoemission yield using a pho-
toemission electron microscope. We not only measured the 
electron yield in dependence on the intensity of infrared 
light (800  nm, 100  fs), but also the polarization depend-
ence. In the normal incidence geometry, the electrical field 
vector of the illuminating light lies in the surface plane of 
the sample, independent of the polarization state. Strong 
yield variations due to an out-of-plane field component as 
well as changes in the polarization state described by the 
Fresnel laws are avoided. The electron yield is related to 
the near-field enhancement as a function of the polarization 
state of the incident light. The polarization dependence is 
well explained by numerical simulations.

1  Introduction

The rapid progress in nanolithography has enabled the 
enhancement of light–matter interaction by tailored antenna 
structures [1–3]. Localized dipole plasmon modes excited 
in these antenna structures confine light on a nanoscale, 
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weak coupling to the far field [15]. These dark modes have 
a longer lifetime due to the absence of a radiative decay 
channel providing a larger near-field enhancement [16, 17].

We investigated the cross-shaped structures shown in 
Fig.  1. In a previous publication [18], we could explain 
the polarization-dependent near-field enhancement for 
linear polarized light with numerical simulations consid-
ering the actual shape of the antennas. In this work, we 
discuss the dependence of the electron yield on the illumi-
nating light intensity, and the lifetime of excited plasmon 
modes as determined by the autocorrelation function. The 
dependence on the polarization state of the incident light 
can be explained by a projection of the observed polariza-
tion dependence onto two independent orthogonal dipole 
modes.

2 � Experimental

We fabricated cross antennas starting from single-crys-
talline gold flakes deposited on glass. The thickness of 
the Au flakes was approximately 80 nm (see Fig. 1). The 
glass was coated before by a layer of conductive indium 
tin oxide (ITO). A series of nanostructures was cut out of 
the flake using focused ion beam (FIB) milling. As a rep-
resentative example, we describe here results obtained 
with five neighboring antennas on one sample. The design 
of the nanostructures roughly followed the proposition 
of Refs. [13, 14] with deviations from the ideal symmet-
ric shape due to the limitations of the fabrication. The arm 
length of the structures increases from 240 to 300 nm. This 
interval includes the nominal resonance length for 800-nm 

excitation wavelength. The nominal resonance length is 
275 nm calculated from the cross section of the wires and 
considering the dielectric constant of the substrate (see Ref. 
[18]). For comparison, we also show results for a single 
dipole antenna.

The near-field intensity is almost completely concen-
trated in the center of the nanostructures. The near-field 
intensity is related to the photoemission yield [18] that 
has been measured and analyzed here. The exciting laser 
wavelength of is 800  nm. The photoemission electron 
microscope (PEEM) is equipped with a two-dimensional 
delay-line detector allowing for the discrimination of indi-
vidual nanoantennas while simultaneously measuring the 
electron yield of all nanoantennas in the field of view. The 
negligible dark count rate makes a background correction 
obsolete.

The experimental setup is illustrated in Fig. 2. A mov-
able mirror switches between grazing incidence and normal 
incidence illumination. In the standard PEEM geometry, 
opaque samples can only be illuminated from the front 
at grazing incidence at an angle of 65◦ with respect to the 
surface normal because smaller angles are blocked by the 
objective lens. We performed measurements with normal 
incidence illumination which is facilitated by transpar-
ent substrates. In contrast to the grazing incidence, normal 
incidence conserves the incident polarization for all polari-
zation states.

Excitation is performed by a beam of femtosecond 
laser pulses (100-fs pulse width, 80-MHz repetition rate, 
pulse energy 0.4 nJ, average laser power 32 mW) that was 
focused by an in situ singlet lens. The footprint of the laser 
beam on the surface is a circle with a beam diameter of 

Fig. 1   a Scanning electron 
microscopy (SEM) image 
of cross-shaped nanoanten-
nas a1–a4. A high-resolution 
SEM image of antenna a1 is 
shown in (c). b PEEM image 
(hν = 1.55 eV) showing the 
multi-photon photoemission 
yield of the same antennas 
(a1–a4) excited by circularly 
polarized light. The photoemis-
sion yields shown in Figs. 3, 4, 
and 6 result from an integration 
over the indicated circular areas. 
c Magnified SEM image of 
antenna a1. d SEM image of the 
two-arm antenna a5 SEM 
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100 µm. Variation in the polarization is achieved by half- 
and quarter-wave plates on rotatable mounts. An autocor-
relator setup is used for the determination of excitation 
lifetimes.

3 � Results

The photoemission yield I increases with laser power P 
according to I ∝ Pα revealing the order α of the photoemis-
sion process. Since the photon energy of 1.55 eV is much 
smaller than the work function of the sample, a higher-
order process is necessary. The work function of our sample 
as measured by photoemission spectroscopy is (4 ±  0.4) 
eV. This value is larger than the work function of a pristine 
Au surface (4.8–5.4 eV). We assume that this is caused by a 
surface contamination from the lithography process or from 
the sample handling under ambient conditions. In order to 
exceed the work function, one expects a third-order pho-
toemission process. In this case, a final excitation energy 
of three times the photon energy is larger than the work 
function. This is illustrated in the logarithmic plot shown 
in Fig. 3. The linear fit resulting in a slope of α = 3.2± 0.5 
confirms the three-photon photoemission (3PPE) process 
for all measurements discussed here, except for larger laser 
power where a saturation effect is observed. Please note 
that the relative emission yields considerably vary for each 
antenna structure.

Figure 4 shows an exemplary result of a phase-integrated 
autocorrelation measurement. By dividing the laser beam 
into two beams of equal intensity using a beamsplitter and 
merge them after one beam is delayed with respect to the 
second beam by a variable delay time, we determined the 

photoemission yield as a function of the delay time. For 
the 3PPE photoemission process, the photoemission yield 
results from a third-order autocorrelation of the exciting 
laser pulse. The ideal third-order autocorrelation of the 
laser pulse is reproduced by the photoemission yield from 
the nonresonant channel, whose response is instantane-
ous. Photoemission from the flat, nonstructured area of 
the flake approximates instantaneous response as the life-
time of excited photoelectrons far above the Fermi energy 
represents a few femtoseconds, only [19]. For a Gaussian 
laser field amplitude, the third-order autocorrelation leads 
to a Gaussian response function with an increase in its full 

Fig. 2   Illustration of the experi-
mental PEEM setup with front 
illumination at grazing inci-
dence (usual standard mode of 
a PEEM) and normal incidence 
illumination Beam
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Fig. 3   Double-logarithmic plot of the electron yield as a function of 
the average laser power revealing a 3PPE process for lower intensi-
ties. The polarization was adjusted to linearly polarized light along 
the x-axis (p-polarization). Data were measured for normal incidence. 
The linear fit results in a slope α corresponding to the order of the 
photoemission process
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width at half maximum (FWHM) by a factor of 1.253 [20] 
with respect to the laser pulse width (in comparison with 
an increase by 

√
2 for a second-order nonlinear process). 

An intermediate excitation state after the first laser pulse 
increases the width of the autocorrelation function. This 
increase corresponds to the lifetime of the intermediate 
state, which we assume here to be a plasmon excitation. For 
a quantitative determination of the plasmon lifetime τp, we 
fit the experimental data with a Gaussian function. Figure 4 
reveals that the fit with a Gaussian function approximates 
the experimental data sufficiently well. As a rough approxi-
mation, the plasmon lifetime is then calculated accord-
ing to τp = (FWHM(ai)− FWHM(Au))/1.253 , where 
FWHM(ai) (FWHM(Au)) corresponds to the fitted FWHM 
value for antenna ai and flat Au surface. The statistical error 
of the fit results in a standard deviation of 2  fs. Since τp 
results from a difference of two values, the statistical error 
amounts to 4  fs. Please note that a numerical simulation 
considering all excitation channels would be necessary in 
order to determine correct lifetime values [20].

In particular, antenna a2 shows a large broadening. Val-
ues for the lifetimes are depicted for antennas a1–a5 in 
Fig. 5. Lifetime values are in a range of 5–30 fs which can 
be expected for localized plasmons in Au nanostructures 
[21]. The lifetime is typically larger for linear polarization 
along the y-axis (azimuthal angle ϕ = 90◦) than for lin-
ear polarization along the x-axis (ϕ = 0◦). It is expected 
that a longer lifetime should result in a higher electron 
yield. Hence, in most cases, these lifetime dependencies 
of individual antennas can be reconciled well with the 
normalized electron yields in Fig.  6 for different polari-
zation states. Comparing the photoemission yields for the 
five investigated antennas at the same polarization state 

antennas a1 and a4 shows the highest electron yield while 
a2 and a5 show the lowest near-field enhancement, differ-
ing by an order of magnitude. This is in contrast to the 
expected response from the lifetime measurements where 
antennas a2 and a5 show comparatively large lifetimes. 
A tentative explanation for this behavior is that the abso-
lute near-field enhancement is strongly influenced by the 
real structure of the antennas. Moreover, the arm length 
is chosen such that antennas a2, a3, and a5 are close to 
the resonant arm length for 800-nm excitation wavelength 
while antennas a1 and a4 are out of resonance. Hence, 
the resonant condition seems to be more important for a 
long plasmonic lifetime than for the absolute near-field 
enhancement.

Results for the polarization dependence of the pho-
toelectron yield are shown in Fig. 6. Please note that the 
exciting electrical field is always in-plane and a phase shift 
of two orthogonal field components does not occur. The 
photoemission yield for linear polarization shows a much 
richer behavior than expected from the fourfold symmetry 
of the nanoantennas. Obviously, the photoemission yield 
behaves differently for each individual nanoantenna. Only 
in the case of the single dipole antenna, one observes the 
expected maximum yield when the electric field vector 
points along the long axis of the dipole. The photoemis-
sion yield for circular polarization is almost equal to the 
case of linear polarization along the x-axis. Assuming 
that the photoemission yield is proportional to the third 
power of the near-field intensity, the observed polariza-
tion dependence has been explained by finite-difference 
time-domain simulations [18]. The variations observed for 
antennas a1–a4 have been ascribed to nanoscale deviations 
from the intended symmetric geometry of the cross anten-
nas [18].
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4 � Discussion

In order to understand the response of the cross antennas 
on the basis of two orthogonal dipole modes, we describe 
the enhanced field Enf  in the antenna gap by a response ten-
sor C:

where Ei is the incident electrical field, represented in 
the two-dimensional Jones formalism. Please note that 
in this case, the distribution of near-field enhancement 
within the antenna structure is simplified to just two num-
bers for the two orthogonal components. Perpendicu-
lar components of the near field are neglected [22]. For a 
precise description using finite-difference time-domain 
simulations, we refer to Ref. [18]. In the case of linear 
polarized light with the polarization axis rotated by angle 
ϕ, the normalized incident field components are given by 
Ei,x = − cosϕ and Ei,y = sin ϕ. The observable quantity 
is the electron yield, which is in the case of a 3PPE pro-
cess related to the third power of the intensity and to the 

(1)Enf = CEi,

sixth power of the electrical field. The near-field intensity 
Inf = |Enf ,x|2 + |Enf ,y|2 can be directly calculated from 
Eq. 1. The electron yield Ie− is given by:

Using this simplified model, we fit the experimentally 
observed polarization dependence shown in Fig.  6c–g for 
each cross antenna (See dashed lines). Fit parameters are 
the components of the response tensor Ci,j, (i = 1, 2 and 
j = x, y ). The two orthogonal dipole modes 1 and 2 may 
correspond to two orthogonal high symmetry axes of the 
nanostructure. In the case of an ideal dipole antenna oriented 
along the x-axis, the response tensor has only one nonzero 
component C1,x. For a rotated ideal dipole antenna along the 
diagonal as close to the case of antenna a5, one expects

and the ideal cross antenna avoids any oriental preference, 
i.e., one expects the unit tensor.
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Fig. 6   Photoemission yield for normal incidence illumination of the 
nanoantennas a1–a5 denoted in Fig. 1. Top left Schematic geometry. 
a, b Nanoantenna geometry with respect to the horizontal plane as 
seen from the side of the substrate. c–g Normalized photoemission 
yield as a function of azimuthal angle ϕ for linearly polarized light. h, 

l Normalized photoemission yield as a function of the rotation angle 
θ of the quarter-wave plate. At θ = 0◦, the laser light is linearly polar-
ized along the x-axis and at θ = 45◦ circularly polarized. Dashed 
lines results of a fit using the components of the response tensor as fit 
parameters
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Please note at this point that the model presented here 
has a weak point as it does not consider differences in the 
field localization of the two modes. Therefore, the rapid 
oscillations as observed for example in the case of antenna 
a3 are not reproduced by the present simple model but fit to 
numerical simulations.

The comparison of the fit and the experimental data 
shown in Fig.  6c–g reveals a fair agreement. Fit param-
eters are summarized in Table  1. The response tensor 
of antenna a5 is close to the expectation. In the case of 
antenna a3, showing the highest symmetry in the polar-
ization-dependent electron yield, the response tensor is 
very close to the unit tensor as expected for an ideal cross 
antenna.

In the case of circular polarization (see Fig.  6h, l), the 
quarter-wave-plate rotation causes a smooth transformation 
from linear polarization to circular polarization and back to 
linear polarization.

We calculate the polarization of the incident light as a 
function of the rotation angle θ according to:

with R denoting the rotation tensor

The near field Enf  is again calculated by Eq.  1. The 
photoemission yield Ie− results from Eq.  2, except for a 
normalization factor, and is shown in Fig.  6h, l. Assum-
ing that the excitation by circular polarization is a linear 
combination of dipolar modes as described by our simple 
model, an agreement of experimental and calculated data 
is expected. This is obviously not the case. The model 
overestimates the strong reduction in the maximum abso-
lute value of the field vector going from linear to circular 
polarization. The only cases where this model fits to some 
extent is the symmetric antenna a3 and the single dipole 
antenna a5.

(4)Ei(θ) = R
−1

(

1 0

0 i

)

R

(

1

0

)

,

(5)R =
(

cosθ sinθ

−sinθ cosθ

)

.

5 � Summary

Using photoemission microscopy, we have analyzed the 
photoemission yield of individual lithographically fabri-
cated cross antennas in dependence on the polarization 
state of the exciting femtosecond laser pulses. We find a 
dominating 3PPE process to be responsible for the pho-
toemission yield. The photoemission yield reflects the 
polarization-dependent near-field enhancement. The life-
time of plasmonic excitations is in the order of 5–30 fs. The 
lifetime shows larger values for resonant wavelengths than 
in the off-resonant case. This can be expected because for 
the resonant case, the photoemission yield is prolongated 
by the excited localized plasmon with long lifetime.

The electron yield was investigated as a function of the 
polarization for various polarization states for normal inci-
dent light. Normal photon incidence leads to a polarization 
dependence that reflects the symmetry of the antennas. The 
polarization dependence of the electron yield reveals small 
deviations from the design structure of individual antennas 
that are due to the fabrication process.

Tentatively, we describe the dependence of the elec-
tron yield on the polarization state by the excitation of two 
orthogonal dipole modes as motivated by the symmetry 
of the cross antennas. Only one mode exists for the two-
arm antenna. While the rough features can be described 
by this simple model fairly well, details of the polariza-
tion dependence that are caused by the real structure of the 
antennas require an improved model description based on 
finite-difference time-domain methods.
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