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Abstract: Plasmonic wave packet propagation is monitored in
dielectric-loaded surface plasmon polariton waveguides realized from
para-hexaphenylene nanofibers deposited onto a 60 nm thick gold film.
Using interferometric time resolved two-photon photoemission electron
microscopy we are able to determine phase and group velocity of the
surface plasmon polariton (SPP) waveguiding mode (0.967c and 0.85c
at λLaser = 812nm) as well as the effective propagation length (39 µm)
along the fiber-gold interface. We furthermore observe that the propagation
properties of the SPP waveguiding mode are governed by the cross section
of the waveguide.
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1. Introduction

The confinement of surface plasmon polaritons (SPP) to metal-dielectric interfaces makes this
kind of propagating electromagnetic modes an essential ingredient when it comes to the re-
alization of broadband nano-photonic devices [1–3]. This perspective is one of the driving
forces for the multitude of current research activities in the field of plasmonics [4–6]. It is
therefore of utmost importance to develop nanoscale plasmon-optical elements which can be
integrated into a device in a flexible manner and to explore in detail their actual impact on
the plasmonic propagation. Waveguides are considered as a vital control unit to be used in fu-
ture nano-photonic circuits. Different plasmonic waveguiding schemes have been proposed and
successfully realized in the recent past. Examples include metallic nanowires and nanogrooves,
coupled metallic nanodots [7, 8], or dielectric ridges on top of a metal surface [9–12]. The latter
hybrid-configuration is often referred to as dielectric-loaded SPP waveguide (DLSPPW) [13].
Particularly polymethyl-methacrylate (PMMA) has been frequently used for DLSPPWs [14–
16] and SPP propagation lengths of several ten micrometers in the telecom wavelength regime
(1.55 µm) have been reported [17]. Another promising dielectric component for the realization
of DLSPPWs are needlelike para-hexaphenylene (p-6P) nanofibers [18]. Their capability to
support plasmonic waveguiding has recently been proven by Radko et al., who observed prop-
agating SPP-modes at a p-6P nanofiber/gold interface via leakage radiation microscopy [19].
This adds to a multitude of other interesting optical properties of p-6P nanofibers. Photonic
waveguiding was demonstrated up to wavelengths in the near ultraviolet [20]. Furthermore,
p-6P nanofibers exhibit a considerable nonlinear optical second-order susceptibility [21] and
also one-dimensional random lasing in individual fibers was reported [21–23]. Finally, it was
shown that p-6P nanofibers can be used as efficient and highly localized light-couplers for SPP
exaction at metal surfaces [24]. This variety regarding the interaction with electromagnetic
waves and a high degree of flexibility in tuning structural and optical properties [25–27] make
such phenylene-based nanofibers a very attractive component for the use in nano-photonic cir-
cuits. This paper reports on the quantitative characterization of plasmonic waveguiding at the
interface between individual p-6P nanofibers and a gold substrate. We particularly address pe-
culiarities of SPP propagation that are governed by the 1-dimensional geometrical constraints
in combination with the dielectric response of the nanofiber material. For the experiment sub
20-femtosecond SPP wave packets are injected into the waveguide via light coupling and the
consequent propagation is probed in a highly local manner by static and interferometric time-
resolved photoemission electron microscopy (PEEM) [27–30]. The structural characterization
of the addressed fibers by scanning force microscopy (AFM) complements these experiments
and allows for a direct correlation of fiber geometry and SPP propagation.

2. Experimental

For static and interferometric time-resolved PEEM experiments we used a photoemission elec-
tron microscope with integrated sample stage (IS PEEM, Focus GmbH) [31] mounted in an ul-
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trahigh vacuum (UHV) µ-metal chamber (base pressure 1 ·10−10 mbar) and providing a lateral
resolution of better than 40 nm. The samples were excited at an angle of incidence of 65◦ to-
wards the sample surface normal with ultrashort laser pulses of 18 fs duration at a central wave-
length of 812 nm and the plasmonic response was probed via two-photon photoemission [29].
Spectral and temporal pulse characterization was performed by linear and second order auto-
correlation measurements, respectively. The experimentally determined pulse parameters were
used as direct input for the fit procedure to the PEEM data described later in the publication. For
the interferometric time-resolved PEEM (ITR-PEEM) measurements we used an actively sta-
bilized Mach-Zehnder interferometer following a design described in detail in reference [32].
A mercury-vapor lamp attached to the UHV-system provides 4.9 eV photon energy and was
used for complementary sample characterization in conventional threshold PEEM mode. Fur-
ther details of the experimental PEEM setup are described in [24]. AFM measurements were
conducted with a Veeco Dimension V AFM in tapping mode using a RTESPA Silicon probe
[33]. The nanofibers were grown by molecular beam epitaxy on a freshly cleaved and heated
muscovite mica substrate [34]. Parallel aligned DLSPPW were prepared by defined transfer of
the p-6P nanofibers onto 60 nm thick gold films deposited on silicon substrates. The transfer of
the nanofibers from the mica substrate onto the gold films was performed by a roll-on transfer
technique [35] and by a stamping transfer technique [36], respectively. Prior to the photoemis-
sion measurements, the samples were in-situ covered with a small amount of cesium (coverage
<< 1 monolayer) from a well degassed SAES getter source. This treatment is required to lower
the work function of the gold surface from a value of about 5.5 eV to below 3 eV to facilitate
a two-photon photoemission (2PPE) process with the 812 nm light pulses. AFM and optical
microscopy measurements performed after the PEEM experiments show that the structural and
optical properties of the nanofibers are not modified by this treatment. However, we find that
the observed photoemission contrast is sensitive to the cesium coverage. Low coverages yield
a high two-photon photoemission yield from the nanofibers and a low two-photon photoemis-
sion yield from the gold film. For higher coverages the contrast becomes reversed and the
two-photon PEEM signal is governed by electrons photo-emitted from the gold film. All data
shown in this work were recorded in the low coverage regime. This approach turned out to be
very helpful for a clear observation of fiber-located SPP modes.

3. Results

Figure 1(a) shows an optical brightfield microscopy image of p-6P nanofibers after the roll-
on transfer onto a gold film. Fiber lengths in the range of 30 to 70 µm are observed and the
typical fiber-to-fiber distance lies between 10 and 30 µm. Plasmon propagation in DLSPPWs
depends critically on fiber width and fiber height [13], information that can be provided from
AFM measurements via nanofiber cross-section analysis. Figure 1(b) is an AFM image of an
individual p-6P nanofiber of the sample. AFM cross-section data of five different nanofibers
are compared in Fig. 1(c). For the fiber width we find a mean value of 525 nm (FWHM), with
a small fiber-to-fiber variation of about ±50 nm. In contrast, the differences in fiber height
are significant and we observe values ranging between 40 nm and 85 nm, significantly larger
than the difference observed for the fibers as-grown on the mica substrate. We ascribe these
differences to the rolling procedure applied within the transfer process.

It should be noted that scanning electron microscopy (SEM) measurements of other samples
showed a systematic deviation in the nanofiber width by about 15% towards smaller values
in comparison to AFM measurements. This could be an indication that the nanofiber width is
slightly overestimated in the AFM experiments. However, we also observe that the nanofibers
often get structurally modified during SEM scans [37]. In the following no quantitative state-
ment will made that relies on the accurate knowledge of the nanofiber width.
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Fig. 1. (a) Optical microscopy image of p-6P nanofibers deposited onto a gold film; the
nanofibers (dark shapes) are up to 70 µm in length and their parallel alignment is kept upon
deposition; (b) Atomic force microscopy image of a single p-6P nanofiber; (c) cross-section
profiles of five different nanofibers of the sample.

The PEEM measurements, which will be presented in the following, were restricted to well
separated p-6P nanofibers without any obvious defect sites. Figure 2(a) shows a PEEM image
of an individual p-6P nanofiber recorded at illumination with UV light from the mercury vapor
lamp (hν = 4.9 eV). SPP modes at this energy are neither supported by the gold-fiber interface
nor by the gold-vacuum interface. We therefore can assume that this photoemission image pri-
marily provides information about the fiber geometry. The image shows a rather homogeneous
photoemission signal from the fiber and we particularly do not observe any break in the fiber
over the entire length of 49 µm. The identical nanofiber is shown in Fig. 2(b), now mapped in
the two-photon PEEM mode at excitation with p-polarized laser pulses incident from the left.
The image shows clear signatures for the presence of two different plasmonic modes. First,
there is a periodically modulated and damped intensity pattern that emerges perpendicular to
the nanofiber in both directions into the gold film. In two-photon PEEM, such intensity pat-
terns result from the superposition of an excitation laser field and the polarization field of the
(phase-coupled) SPP [29]. The periodic modulation is a beating pattern characteristic for the
wave vector mismatch

kbeat = kSPP − kLaser (1)

between SPP and laser pulse. In this specific case, the signal arises from a SPP mode which
propagates at the gold-vacuum interface and away from the nanofiber. As has been shown in
a preceding work, the local dielectric modulation provided by the nanofiber acts here as an
efficient laser-plasmon coupling device [24]. A quantitative analysis of the PEEM intensity
pattern shows that SPPs are emitted on both sides of the fiber in forward direction at an angle
of about 27◦ with respect to the fiber orientation.

Secondly, and marked by the red frame in the image, we also observe a periodic modulation
in the two-photon photoemission signal along the nanofiber. This signature is assigned to a 1-
dimensional SPP waveguiding mode propagating along the gold-nanofiber interface. The 2PPE
intensity profile along the nanofiber is shown in black in Fig. 2(c). It is characterized by the
periodic modulation and, furthermore, by a decrease in intensity with increasing distance from
the left hand fiber end. Overall, we observe similar 2PPE intensity patterns for about 60% of
the nanofibers. In all these cases, the pattern emerges from the end of the nanofiber that points
towards the incidence direction of the laser pulse.

A Fourier-transformation of the 2PPE intensity profile yields the spectrum shown in Fig.
2(d). The beating pattern signature is the peak in the spectrum at a wave vector kbeat =
(0.160± 0.004)µm−1 corresponding to a periodicity of (6.25± 0.15) µm. The error includes
the broadening of the Fourier spectral distribution (FWHM) and uncertainties in the image cali-
bration (2%). For a laser pulse with a center wavelength of 812 nm and incident onto the sample
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Fig. 2. (a) Threshold PEEM image of a p-6P nanofiber recorded at UV-illumination (hν =
4.9 eV); (b) same nanofiber imaged at illumination with 18 fs laser pulses at 812 nm central
wavelength; the laser light is polarized within the plane of incidence (p-polarized); the
red frame marks the periodic DLSPPW signature along the fiber used for the quantitative
analysis; (c) experimental two-photon PEEM intensity profile along the p-6P nanofiber
(black), corresponding fitted profile (red) and exponential decay of the two-photon PEEM
signal (blue); (d) Fourier transformation of the intensity profile yielding a periodicity in
the two-photon PEEM signal of 6.25 µm; the red line is a Gaussian fit to the DLSPPW
peak; (e) illustration of the electric field distribution (transversal component |Ez| of the
fundamental TM00 mode) of an SPP waveguiding mode supported by a rectangular p-6P
nanofiber on top of a gold surface; the electric field distribution at an excitation wavelength
λLaser = 812 nm has been calculated using the finite-element method.

at 65◦, the wave vector mismatch equation kbeat allows us to finally extract the wavelength of
the monitored SPP waveguiding mode, λSPP = 784± 4 nm [38]. A further quantity that can
be provided from this analysis is the effective index of refraction neff = λLaser/λSPP. We find
neff = 1.036, a value that agrees very well with data reported for p-6P nanofibers on gold in
reference [19].

For illustration Fig. 2(e) depicts the electric field distribution of such a waveguiding mode
(transversal component |Ez| of the fundamental TM00 mode) as supported by the presence of a
nanofiber at the gold surface. Shown are results of a finite-element calculation at an excitation
wavelength λLaser = 812 nm for a nanofiber with an rectangular cross section of 50nm×525 nm
on top of a 60 nm thick gold film on SiO2.

An exponential fit to the 2PPE intensity maxima in 2(c) (blue line) yields a characteristic
decay length of the beating pattern of 15 µm. This value can only be considered as the lower
limit of the SPP damping length κ which is governed by processes such as ohmic losses, cou-
pling to the radiation field at defects of the nanofiber, or coupling to SPP-modes propagating
along the gold-vacuum interface: beside the plasmonic polarization field amplitude the signal
probed in a static two-photon PEEM experiment depends, however, also on the group velocity
mismatch between laser light and SPP. This quantity determines the effective co-propagation
distance of both pulses, and therefore, the effective probing length for SPP propagation. Based
on ITR-PEEM data we will provide an accurate value for κ later in this publication.

Figure 3(a) shows static two-photon PEEM images of three further p-6P nanofibers of the
same sample. For all fibers we observe a damped periodic beating pattern characteristic for
SPP waveguiding. FFT spectra are compared in 3(b). Beating pattern peaks are found at kbeat =
(0.165± 0.004)µm−1, (0.166± 0.004)µm−1 and (0.155± 0.004)µm−1, respectively yielding
SPP wavelength of (780± 3) nm, (780± 3) nm, and (787± 2) nm. These values correspond
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Fig. 3. (a) Three different p-6P nanofibers of the same samples recorded in two-photon
PEEM mode; the periodic DLSPPW signatures are marked with red rectangles. (b) Fourier
transformation of the intensity profiles along the nanofibers for analysis of the beating
pattern periodicity.

to effective indices of refraction of 1.04, 1.04, and 1.03. This result shows that similar fibers,
which have been prepared and deposited under identical conditions, support similar SPP modes.
Below, we will, however, see that drastic changes of the fiber morphology can substantially
modify the waveguiding properties.

ITR-PEEM data enable us to gain further information about the propagation properties of
the SPP waveguiding mode. In Fig. 4(a) five selected experimental ITR-PEEM snapshots of the
p-6P nanofiber shown in Fig. 2, recorded at different delays within one optical cycle of the ex-
citation laser pulse, are compared. The image series exhibit the typical characteristics for SPP
propagation in ITR-PEEM experiments as reported in other works before [24, 29, 39]. The most
obvious signature is the split-up of beating pattern maxima for distinct phase delays, starting at
a distance of 18 µm from the left hand fiber end (see red arrows). Figure 4(b) shows a delay-
intensity profile plot of a complete ITR-PEEM scan, a depiction that provides us quantitative
information on SPP phase- and group-velocity. Each horizontal line in the image represents
a PEEM intensity profile along the nanofiber measured at a distinct time delay between ex-
citation and probing pulse. For the measurements a delay step width of 0.266 fs was chosen
and SPP propagation was probed over a total distance of 45.3 µm. To correct for distortions in
the photoemission scans that are not related to the SPP wave packet propagation, in particular
some obvious intense spots at large distances (see grey arrows in Fig. 2(b)), a static background
profile was subtracted for each delay. Furthermore, the individual delay profiles are intensity
normalized, which helps to emphasize the actual wave packet dynamics. The periodic intensity
variations in Fig. 4(a) arise from alternating constructive and destructive interference between
excitation and probing pulse modulated by the interaction with the propagating plasmon. A first
signature in the graph that is directly related to the SPP propagation is a characteristic shift of
the interference pattern maxima with the time delay starting at time delays > 20 fs (red dashed
line in Fig. 4(b). The slope s of the interference pattern is a measure for the phase velocity of
the SPP mode [40].

vph,SPP =
s · c‖
s+ c‖

. (2)

Here, c‖ is the component of the vacuum speed of light c projected onto the sample surface
plane. A quantitative analysis yields vph,SPP = (0.967±0.01)c, a value which is very compatible
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Fig. 4. (a) ITR-PEEM snapshots at five different phase delays within a single oscillation
period of the laser field showing the characteristic splitting of the static and the dynamic
part of the beating pattern (red arrows); the complete ITR-PEEM movie is provided in the
supplemental data (Media 1); (b) ITR-PEEM delay-intensity profile of the p-6P nanofiber
shown in Fig. 2; intensity profiles have been corrected for static signal contributions by
background subtraction and are normalized to maximum intensity; the slope of the interfer-
ence pattern indicated by the tilted red dashed line is a indirect measure for the phase veloc-
ity of the waveguiding mode; the white arrows indicate the position of splitting signatures
characteristic for the group velocity of the waveguiding mode; (c) simulated ITR-PEEM
delay-intensity profiles for different group velocities of the SPP wave packet (0.80c, 0.85c
and 0.90c); the white arrows display the position of the splitting signature as determined
in the experiment; (d) simulated ITR-PEEM intensity traces at a fixed position within the
fiber (see red lines in Fig. 4(b),(c)) for five different SPP group velocities in comparison to
the experimental data (black line).

with the effective index of refraction extracted from the static PEEM data:

vph,SPP =
ωLaser

kSPP
=

c
neff

= 0.965c. (3)

In a further step the ITR-PEEM results are used to determine the group velocity vg,SPP at which
the SPP wave package is propagating along the gold-nanofiber interface. This quantity can be
evaluated from comparison with model simulations with the group velocity vg,SPP as free adjust-
ment parameter. For the simulations we assumed a Gaussian temporal profile of the excitation
laser pulse of 18 fs (FWHM) and a SPP wavelength of 784 nm. The SPP damping constant κ
has only very weak influence on the simulated delay-intensity profile patterns, but mainly af-
fects the amplitude, which is not considered here. For convenience the value of κ was set to
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60 µm in the simulations.
In the experimental delay-intensity profile plot characteristic nodes are visible where the

tilted interference pattern maxima split off from the horizontal interference pattern maxima.
These nodes, which are marked in Fig. 4(b) by the white arrows, can be interpreted as a sig-
nature of the SPP wave packet envelope separating from the undisturbed interference pattern
because of the propagating nature of the plasmon. In fact, the simulations show that the po-
sition of the nodes are a critically sensor for the group velocity of the SPP. This is especially
the case for the node at 39 µm, since the splitting becomes more evident for larger propaga-
tion distances of the SPP wave packet. Figure 4(c) displays simulation results for vg,SPP = 0.8c,
vg,SPP = 0.85c, and vg,SPP = 0.9c for comparison with the experimental data. The position of the
nodes as observed in the experiments are indicated by the white arrows. Best agreement with
the experiment is found for vg,SPP = 0.85c. The sensitivity of the ITR-PEEM data to the SPP
group velocity is furthermore highlighted in Fig. 4(d) which shows an experimental intensity-
delay trace at a fixed nanofiber position of 40.8 µm (see red line in Fig. 4(b)) in comparison to
corresponding simulations calculated for different values of vg,SPP. In the graph, the two vertical
black lines separate the pure (horizontal) laser interference pattern at the left from the interfer-
ence pattern affected by the SPP propagation at the right. At the particular fiber position the
experimental data do not show any periodic modulation in the photoemission signal amplitude
in the interstitial area between the two lines. The comparison with the simulations once again
shows that this behavior can be best reproduced for vg,SPP = 0.85c.

Fig. 5. (a) Two-photon PEEM image of a p-6P nanofiber prepared in another deposition
run showing a considerably deviating cross section in comparison to the nanofibers of the
sample shown in Fig. 1; (b) AFM cross section of the nanofiber in (a); (c) FFT spectrum of
the two-photon PEEM beating pattern; the DLSPPW shows a beating period of 4.76 µm,
corresponding to a SPP wavelength of 745 nm.

Knowledge of the SPP group velocity enables us to finally perform a fit to the intensity
profile of the static PEEM measurements (see Fig. 2(c)) with the damping length κ and the
ratio A in the electric field amplitude between laser pulse and SPP wave packet as the only
free parameters. The result of the fit is added as a red line to Fig. 2(c). The best fit yields a
propagation constant κ = 39 µm and a value A= 0.59. The value for κ is particularly consistent
with the decay length of the beating pattern of 15 µm, which is additionally reduced by the group
velocity mismatch between laser pulse and SPP.

In Fig. 5(a) we finally show static 2P-PEEM measurements of a p-6P nanofiber grown under
different preparation parameters and deposited onto another gold substrate, this time by means
of the stamping transfer technique. At a nanofiber height of about 45 nm the resulting SPP
waveguide has a width of 1 µm (see Fig. 5(b)) and is therefore significantly broader than the
waveguides of the first sample. The PEEM data give clear evidence that the modified waveg-
uiding geometry also affects the waveguiding properties. The FFT spectrum of the nanofiber
intensity profile shown in Fig. 5(c) provides a beating pattern periodicity of 4.76 µm, corre-
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sponding to a SPP wavelength of 745 nm (neff = 1.074). A trend to larger effective index of
refraction for increasing width of the waveguide is indeed expected from effective index theory
[13].

4. Conclusions

Para-hexaphenylene nanofibers exhibit a variety of interesting optical properties which makes
them highly attractive for the use in nanooptical devices. In this work we particularly addressed
the capability of deposited p-6P nanofibers to act as dielectric loaded SPP waveguides. In a
combined static and time-resolved PEEM experiment we were able to determine for a specific
nanofiber geometry the relevant SPP propagation parameters, namely phase velocity, group
velocity and damping length. Furthermore and in qualitative agreement with theoretical predic-
tions, we could experimentally show that the SPP propagation is considerably affected by the
details of the fiber geometry. The high degree of flexibility in designing p-6P based nanofibers
of different dimensions and different cross-sectional shape [41], hence opens up the possibility
to fabricate custom-made SPP waveguides for designated applications. For instance, the SPP
damping length, one of the most critical parameters for the use in plasmonic circuits, is pre-
dicted to significantly depend on the height of the nanofibers [13]. This perspective asks for
ongoing systematic studies on SPP waveguiding in this type of nanooptical building block.

Acknowledgments

This work was funded by the German Science Foundation (DFG) through Priority Program
1391 ”Ultrafast Nanooptics” as well as by the Danish Research Agency through various grants.

#182243 - $15.00 USD Received 21 Dec 2012; revised 14 Feb 2013; accepted 14 Feb 2013; published 28 Mar 2013
(C) 2013 OSA 8 April 2013 | Vol. 21,  No. 7 | DOI:10.1364/OE.21.008251 | OPTICS EXPRESS  8260




