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Plasmonic nanofocused four-wave mixing for
femtosecond near-field imaging

Vasily Kravtsov', Ronald Ulbricht!, Joanna M. Atkin"? and Markus B. Raschke™

Femtosecond nonlinear optical imaging with nanoscale spatial resolution would provide access to coupled degrees of
freedom and ultrafast response functions on the characteristic length scales of electronic and vibrational excitations.
Although near-field microscopy provides the desired spatial resolution, the design of a broadband high-contrast nanoprobe
for ultrafast temporal resolution is challenging due to the inherently weak nonlinear optical signals generated in
subwavelength volumes. Here, we demonstrate broadband four-wave mixing with enhanced nonlinear frequency
conversion efficiency at the apex of a nanometre conical tip. Far-field light is coupled through a grating at the shaft of the
tip, generating plasmons that propagate to the apex while undergoing asymptotic compression and amplification, resulting
in a nonlinear conversion efficiency of up to 1x10™°. We apply this nonlinear nanoprobe to image the few-femtosecond
coherent dynamics of plasmonic hotspots on a nanostructured gold surface with spatial resolution of a few tens of
nanometres. The approach can be generalized towards spatiotemporal imaging and control of coherent dynamics on the

nanoscale, including the extension to multidimensional spectroscopy and imaging.

nonlinearities. One promising route is to use deep subwave-

length confinement of optical fields enabled by surface
plasmon modes. The resulting mode confinement leads to enhance-
ment of the light-matter interaction and nonlinear optical effects’.

A high degree of localization of optical energy has traditionally
been provided through localized surface plasmon resonances.
However, the achievable bandwidth is limited due to the finite
plasmon lifetime. Ohmic losses cause rapid heating of the entire plas-
monic structure, with potential damage at high optical fields.
Furthermore, the direct excitation of localized plasmons with far-
field radiation creates scattered background fields that undermine con-
trast and sensitivity in spectroscopic applications**. In contrast, by
using nanofocusing of surface plasmon polaritons (SPPs)*%, the exci-
tation can be non-local. Adiabatic compression upon propagation on a
tapered metal structure provides broadband and background-free sub-
wavelength confinement of the optical field®. This enables efficient
nonlinear excitation of near-field coupled emitters, as demonstrated
in multiphoton luminescence of Er’* ions'® or extreme-ultraviolet
emission of Xe atoms!"2. Nanofocused SPPs asymptotically slow
down during propagation with a decrease in group velocity>!® and
the associated mode volume compression in the propagation direc-
tion, which contributes to the total three-dimensional confinement
and enhanced nonlinear conversion efficiency.

Third-order nonlinear effects are particularly relevant for ultrafast
spectroscopy for several reasons. They are less constrained by symmetry
than second-order effects!*, enable all-optical control through modifi-
cation of the refractive index by light'® and allow probing of quantum
coherence and coupling of excitations in multidimensional spectro-
scopies, as well as vibrational dynamics with coherent anti-Stokes
Raman spectroscopy'®.

The use of plasmonic confinement can bring the footprint of
optical devices and the spatial resolution of spectroscopic techniques
to the nanometre scale. Previously, plasmon-enhanced third-order
nonlinearities have been investigated in systems supporting localized
surface plasmon resonances, through third-harmonic generation!”
and non-degenerate four-wave mixing (FWM)!$22 Self-phase

C ontrolling light with light requires large and broadband optical

modulation®® and self-focusing®* have been discussed for uncom-
pressed SPPs, as well as FWM of SPPs with far-field radiation?>.
However, signal levels for reaching higher-order nonlinearities have
been limited by excitation power requirements approaching the
damage threshold of the nanostructures.

In this article, we demonstrate ultrafast and broadband FWM in
plasmonic nanofocusing with a high nonlinear conversion efficiency
of up to 1 x 10>, The nonlinear signal is highly localized in a nano-
scopic volume at the tip apex and provides for the implementation of
new nanospectroscopies, in particular when combined with full
control of the optical waveform of the nanofocused light. As an
example application, we use nanofocused FWM to image the nanoscale
spatial inhomogeneities of the few-femtosecond coherent dynamics of
localized surface plasmon hotspots at the edge of a Au film.

FWM on a metal tip

In the present experiment (see Methods), the third-order nonlinear
optical signal is generated on a three-dimensional conical gold tip
through adiabatic nanofocusing of grating-coupled ultrafast SPPs
(Fig. 1a). SPPs propagate towards the apex of the tip and experience
asymptotic mode volume compression with associated field
enhancement, which leads to increasingly efficient generation and
far-field emission of the nonlinear optical response at the tip apex.

We first characterize the nonlinear signal from the apex of a free-
standing tip that is not interacting with the sample. To observe the
FWM response, we spectrally limit the excitation light with a 785 nm
long-pass filter (optical density of >6) and detect the generated
FWM signal at shorter wavelengths through a 760 nm short-pass
filter. Figure 1b presents normalized spectra of the apex emission,
with a tip-generated nonlinear FWM signal (A <760 nm) and
fundamental SPP light scattered at A > 785 nm.

The power dependence of the spectrally integrated FWM signal
is shown on a log-log scale in Fig. 1c (circles). The linear fit (red
line) with a slope of 3.01+0.08 confirms the expected cubic
dependence in the fundamental laser power.

The generation process of blueshifted FWM by mixing of three
spectral components within the broadband pulse?”? is illustrated
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Figure 1| FWM of nanofocused surface plasmon polaritons. a, Schematic
of the experiment: ~10 fs pulses from a Ti:sapphire laser are shaped in
spectral amplitude A(w) and phase ¢(w), spectrally limited by a long-pass
filter (LPF), and focused onto the Au tip (not to scale). SPPs are launched
through grating-coupling under varying conditions A-C and nanofocused at
the apex. Apex emission (inset: charge-coupled device (CCD) camera
image, tip shape indicated by dashed lines) is detected with a spectrometer
through a short-pass filter (SPF). b, Left: FWM (1< 760 nm) and
fundamental SPP (1> 785 nm, attenuated by 10°) spectra for varying
coupling conditions A-C. Right: illustration of possible mechanisms of FWM
for the generation of blueshifted wpwn emission within the band diagram of
Au (where Eg indicates Fermi energy). The FWM process can involve
resonant contributions: an intraband excitation within the sp band of Au
(left), with required momentum &k provided by the plasmonic near-field and
a two-photon interband transition from the d band to the sp band (right).

¢, Power dependence of spectrally integrated FWM signal on a log-log scale
(circles), with a cubic fit (red line) showing slope of 3.01+ 0.08.

in the right panel of Fig. 1b, with possible pathways®® as indicated
within the band diagram of Au. Both the intraband excitation
(0w < 0.2 eV) of the conduction electrons within the dispersive sp
band of Au near the Fermi level (left) and the two-photon interband
transition (~3.1 eV) from the d band to the sp band (right) can con-
tribute to the FWM process. In contrast to far-field FWM, the intra-
band contribution could be enhanced with the required momentum
8k~ 1x10°cm™ provided by the momentum distribution of the
near-field of the strongly confined plasmon oscillation at the tip
apex corresponding to a radius ry, <m/0k~ 50 nm. The contri-
bution of the d-band electrons to the nonlinearity of noble metals
has been discussed previously®® and is supported by the observed
slow decoherence of holes at the top of the d band?!.

The observed nonlinear signal of the free-standing tip can in
principle include contributions from nonlinear processes other
than FWM, for example, two-photon photoluminescence of Au®
or self-phase modulation-induced broadening of the SPP spec-
trum?. However, the results, in particular the clear cubic power
dependence in Fig. lc, show that those effects are at least two
orders of magnitude smaller and thus negligible in our case.

We can control the spectral shape of the apex field within the
available pump bandwidth by varying the coupling conditions by
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Figure 2 | FWM dependence on spectral phase of the excitation pulse.

a, FWM spectrum as a function of group velocity dispersion f, applied to
the laser pulses, with first (black curve) and second (grey area) moments of
the spectral distribution. b, Spectrally integrated FWM intensity as a function
of 3, (red solid line), together with simulation results (black dashed line).

¢, FWM intensity as a function of the third-order dispersion f5 (red solid line)
and simulation result (black dashed line).

shifting the incident beam laterally relative to the grating (Fig. 1a,
beam positions are indicated by A, B and C). The highest FWM
intensity is observed when coupling in a larger bandwidth at pos-
ition B, while the effect on the FWM spectral shape is minimal as
seen for the normalized FWM spectra in Fig. 1b. The spectral inten-
sity Ipwm(w) of the generated FWM signal is expected to follow
from the fundamental SPP spectrum E(w), with all possible
frequencies w; , 3 within its bandwidth:

Tpwm(w) o [} dwi=1,2,3X(3)(_“’; Wy, — Wy, ;)

(1)

Blw)E (@,)E@)8(0 - 0, + w0, - )|

The simulated FWM spectra (Fig. 1b, black dashed lines), modelled
based on the assumption of transform-limited pulses at the apex
E(w) = /Igpp(w), show good agreement with the experimental
data, except for small deviations that are probably due to the low
but finite dispersion introduced in the nanofocusing process®.
The FWM response, as defined by equation (1), strongly depends
on the spectral phase of the nanofocused SPP field. We investigate
this dependence experimentally by introducing group velocity dis-
persion 3, and third-order dispersion f3; to the spectral phase
d(w) =(ﬁ2/2)(w—w0)2+(ﬁ3/6)(a)—w0)3 of the laser pulses with
central frequency w, using the pulse shaper. Figure 2a shows the
evolution of the measured FWM spectra as a function of applied
group velocity dispersion (note the logarithmic intensity scale).
Transformation of the spectral shape is indicated by the first
moment m; = AIA)dM [I(A)dA  (black curve) and normalized
second moment m, = f(A - my)*I(A)dA/ [I(A)d) (grey area) of the
spectral distribution. The asymmetry in the detected FWM spec-
trum is responsible for the observed shift between the first
moment and the intensity peak position. When the group velocity
dispersion approaches zero, the FWM response grows in intensity
and acquires a steeper spectral shape. The measured dependencies
of the spectrally integrated FWM signal on f3, and f; are shown in
Fig. 2b,c (red solid lines), respectively. Although they are in good
qualitative agreement with the simulation (black dashed lines), sys-
tematic deviations are observed, such as a slight asymmetry with
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Figure 3 | Dynamics of tip-generated FWM. a, Interferometric FWM
spectrogram for two-pulse excitation with inter-pulse delay z. b, Spectrally
integrated FWM autocorrelation traces: experimental results for the case of
non-resonant tip (grey) and simulation assuming a tip response with
dephasing time of T, =0 fs (red solid line, envelope only). The broader trace
is for a resonant tip, due to excitation of a localized surface plasmon at the
apex with dephasing time T, ~ 10 fs (black dashed line, envelope only).
Red arrows indicate delay values selected for the ultrafast nano-imaging
measurement. Inset: Schematic of the experiment with two pulses coupled
into the tip and the FWM from the apex detected as a function of the
inter-pulse delay 7.

respect to positive or negative 3, and f3;, as well as a finite value of
Bs ~ 200 £s> at the maximum of Irwm(fBs). These deviations point
towards an additional spectral phase distortion 8¢spp(w) of the SPP
that is introduced during its propagation on the tip.

To verify the coherent nature of the FWM signal and estimate the
timescale of the tip third-order nonlinear response ', we performed
two-pulse correlation measurements. To this end, collinear pulse pairs
with variable time delay 7 and zero phase offset 8¢ = 0 were generated
by the pulse shaper and coupled into the tip. Figure 3 shows the FWM
signal as a function of 7, with full spectrogram I(z, 1) in Fig. 3a,
and spectrally integrated autocorrelation trace (grey) in Fig. 3b. To
simulate the two-pulse correlation, we assume a resonant response,
characterized by dephasing time T, and centre frequency
wp as ¥ (~w; @, —w,,0;) x [D(w) D(w,)D(-w,) D(w;)]™", where
D(w;) = wy? - wjz - 2iw;/T, and @ = w, - @, + w3. The results of the
simulation, using the experimental SPP input spectrum and an instan-
taneous response of the tip with T, = 0 fs (Fig. 3b, red, only the envel-
ope is shown for clarity), describe the experimental data well,
including the long tail due to the sharp cutoff edge of the long-pass
filter. The near-instantaneous FWM response from this tip is charac-
teristic for most tips in our experiment. The non-resonant character of
the tip response makes it a suitable probe for ultrafast spectroscopy
with few-femtosecond time resolution and can provide an all-optical
analogue for novel electron-based multidimensional spectroscopies™.
In contrast, some tips exhibit a localized surface plasmon resonance at
the apex within the pulse spectral range, as discussed previously**.
This gives rise to a wider autocorrelation trace (Fig. 3b, resonant tip,
black dashed line, envelope only) described by a resonant excitation
with dephasing time T, ~10 fs (Supplementary Fig. 2). This value is
within the range of typical dephasing times of localized plasmons™®.

Coherent ultrafast nanoimaging
As a third-order nonlinear response, FWM is highly sensitive to the
local electric field enhancement at the tip apex. Resonant near-field

interaction with a sample at close proximity will thus modify the
FWM transient response. We used this effect to investigate the
spatial inhomogeneity of the plasmon dynamics at a rough step edge
of a 100-nm-thick Au film evaporated on a Si substrate. We scanned
the tip at a constant tip-sample gap of ~5 nm (see Methods) and
detected the spatial variation of the near-field coupled optical FWM
response. Figure 4 shows the spectrally integrated FWM (Fig. 4a)
and atomic force microscopy (AFM) topography (Fig. 4b), acquired
simultaneously. The high sensitivity of the FWM signal to the local
optical field results in high contrast (see Supplementary Fig. 3 for a
comparison with linear imaging) and reveals the localized plasmon-
enhanced response of two major and one minor ‘hotspots™® indicated
in Fig. 4aas Sy, S, and Ss. Figure 4e shows a line trace across S; and S;
(white dashed line in Fig. 4a,b), with a spatial resolution sufficient to
observe S; with ~50 nm spatial extent.

We then investigated the femtosecond dynamics of these loca-
lized plasmonic modes using two-pulse excitation in consecutive
FWM imaging for variable inter-pulse delays 7 of 0, 8.2 and
16.4 fs, corresponding to the constructive interference peaks in
the autocorrelation trace as shown in Fig. 3b (red arrows).
Figure 4c shows the temporal evolution of the FWM response.
With the colour scale normalized to the FWM intensity at spot
Si, this already qualitatively reveals different coherent dynamics of
S, and S; when compared to S;. The FWM intensity of S, is initially
larger than S; (top, 7=0fs), but decays faster than S; (bottom,
7=16.4 fs). Similarly, faster dynamics is observed at S;. To quantify
the differences in dephasing, the FWM intensities at S; and S, were
averaged over the dashed circular regions as shown in Fig. 4a, nor-
malized to their values at 7= 0 fs and plotted in Fig. 4d as black and
red symbols, respectively. Corresponding two-pulse correlation
analysis (Supplementary Fig. 4) shows similar resonant wavelengths
for Sy and S, of Ay = 800 + 20 nm and Ay = 790 £ 20 nm, yet different
dephasing times of T,=16+3fs and T,=10+2 fs, respectively
(Fig. 4d, black and red lines).

Additionally, the signal from the Au film exhibits a finite dephas-
ing time itself, with faster dephasing in the vicinity of the localized
plasmonic modes, as is evident from the destructive interference
feature along the film edge in Fig. 4c. A possible interpretation of
the observed faster dephasing is the Fano-type interference
between the localized excitation and delocalized plasmonic modes
near S;, S, and S;.

We note that the FWM signal is generated in the tip as well as in
the near-field coupled sample volume in the vicinity of the tip apex.
In general, tip plasmon dynamics needs to be taken into account in
the analysis of the measured time-resolved signals. However, due to
the near-instantaneous response of the tip in our experiment, we
expect the coherent dynamics of the plasmonic hotspots to
remain unaffected.

Prospects of coherent nonlinear nanospectroscopy

To use plasmonic nanofocusing for spatiotemporal scanning probe
imaging, the generated FWM signal has to be localized in a nano-
scopic volume. In contrast to earlier work on grating-coupled
second-harmonic generation”*?, where the nonlinear response is
intrinsically localized at the apex because of the broken symmetry
in the axial direction, the FWM signal is continuously generated
upon SPP propagation. Due to the near-degenerate character of
the observed FWM process and low wavelength dispersion
of the SPPs, the radius-dependent coherence length is given by
I(r) = e/ 2ny(r)w; — ny(r)w, — npwm(r)wpwn) (calculation in Fig. 5a,
red dashed line), where w; = 1.59 eV and w, = 1.45 eV approximately
define the frequency range of the fundamental SPP spectrum and n(r)
is the radius-dependent effective index of refraction. The coherence
length is an order of magnitude larger than the SPP propagation
length I4(r) = 1/(2Im(kspp(r))) (red dash-dotted line) for all radii r.
The FWM process is therefore almost perfectly phase-matched?”%,
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Figure 4 | Femtosecond FWM nanoimaging of coherent plasmon dynamics in gold. a, Near-field FWM image of a Si-Au step, showing ‘hotspots’ Sy, S, and Ss.
b, Simultaneously acquired AFM topography. ¢, FWM images of the same region with two-pulse excitation, corresponding to an inter-pulse delay of

7=0 fs (top), 8.2 fs (middle) and 16.4 fs (bottom), demonstrating evolution of the relative intensities in spots Sy, S, and S3. d, FWM intensity in S; and S,
for the three delays, showing variation in dephasing time T, with simulation for T, =16 fs (black solid line) and T, =10 fs (red solid line). e, Line profiles of
FWM signal (blue), showing ~50 nm spatial resolution, and AFM topography (black), extracted from a and b along the white dashed lines.
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Figure 5 | Localization of FWM response in adiabatic nanofocusing.

a, Magnitude of the optical electric field of the nanofocusing SPP (black, left
axis), FWM coherence length I. (red dashed line, right axis) and propagation
length Iy (red dash-dotted line, right axis) as functions of tip radius r.

b, Evolution of fundamental (Ernq, top) and FWM (Epywa, bottom) electric
field magnitudes along the tip, calculated in the adiabatic approximation.

¢, Ratio of FWM and fundamental emission intensities from the tip apex,
which represents the FWM generation efficiency, as a function of apex
radius r, calculated for a tip with half-angle 8° and SPP propagation distance
15 m. Grey dashed line indicates the maximum efficiency observed in

the experiment.

However, due to the rapid increase of the SPP field at the tip apex, as
predicted by the adiabatic model of nanofocusing (Fig. 5a, black), most
of the FWM signal is expected to originate primarily from the
near-apex region. This is illustrated in Fig. 5b, which shows the
calculated field distribution for both fundamental and FWM fields.
It highlights the dramatic signal increase due to the adiabatic
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compression of the fundamental field, further amplifying the already
nonlinear dependence of the FWM process.

To quantify the localization of the FWM response, we calculated
the FWM field at the tip apex as a function of the apex radius using
the adiabatic model® (Supplementary Fig. 5). We estimate the initial
E-field of the SPP as ~2 x10® V. m™, based on the experimental
conditions, and use an estimate for the Au nonlinear susceptibility
ofX(3) ~ 1x107" m? V2 (ref. 37).

The result of the calculation for the FWM efficiency defined as a
ratio of the FWM and fundamental apex emission # = Ipw/Ipund
is shown in Fig. 5¢, and is seen to increase rapidly for apex radii
<50 nm. Based on this model, the maximum values of # ~ 1 x 107°
observed in our experiments would correspond to a tip radius of
r~ 15 nm. Typical efficiency values for the range of tips investigated
are §~ 1x 107" to 1 x 107, corresponding to r ~ 20-50 nm, that is,
in good agreement with apex radii as determined by scanning elec-
tron microscopy and the <50 nm spatial resolution observed in
Fig. 4a,e in FWM imaging.

Nanofocused FWM provides a tool for nanoimaging of ultrafast
coherent dynamics, as demonstrated in Fig. 4. Our dephasing times
of localized plasmon modes on the rough Au edge of 10-16 fs are in
agreement with the range of typical values controlled by structural het-
erogeneity and radiative decay**>%. This, together with the shorter
dephasing times of 5-6 fs measured on a similar rough metal edge
of Ag using time-resolved photoelectron emission microscopy
(PEEM)*, confirms that tip-sample coupling only weakly perturbs
the plasmon dynamics measured. The longer dephasing times
measured in our case could be due to a possible interference with delo-
calized plasmon modes. We note that our values are considerably
shorter than femtosecond PEEM results from rough Ag films®.
There, based on ~50 fs pulsed excitation, dephasing times of ~100 fs
were reported. However, these results are possibly related to a superpo-
sition of propagating modes rather than strongly localized plasmons.

Ultrafast nanofocused nanoimaging complements related efforts
for spatiotemporal imaging, building on early attempts to combine
femtosecond optical spectroscopy with scanning probe microscopy*..
Based on the reduced background and enhanced optical non-
linearity, adiabatic nanofocusing exceeds the performance of both
conventional aperture-based and apertureless ultrafast near-field
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optical microscopy***’. Compared with ultrafast PEEM>** or trans-
mission electron microscopy (TEM)*, albeit at the expense of field
of view and imaging speed, our approach is experimentally more
simple and does not require ultrahigh-vacuum conditions, which
provides for a broad application space. As an all-optical technique,
in contrast to ultrafast scanning tunnelling microscopy®~, it can
image both linear and nonlinear coherent dynamic processes. The
<50 nm resolution demonstrated (Fig. 4e) is already comparable
to femtosecond PEEM experiments, but even higher spatial resol-
ution has been observed with plasmonic nanofocusing®®, and exten-
sion to single nanometres or even below should be possible with
improved tip designs.

Conclusions

We have investigated intrapulse FWM nanofocused on a Au tip for
ultrafast nanoimaging of few-femtosecond coherent plasmon
dynamics. Due to the asymptotic compression of the SPPs associ-
ated with the nanofocusing process, the nonlinear signal is highly
localized in a nanoscopic volume at the tip apex. The nonlinear
conversion efficiency is greatly enhanced, which provides for a
highly sensitive nanoprobe for ultrafast near-field microscopy
and spectroscopy.

Our FWM femtosecond time-resolved nonlinear nanoimaging
can lead to coherent, ultrafast and multidimensional all-optical
near-field spectroscopic imaging. The FWM response of the tip
itself, sensitive to the spectral phase of the nanofocused broadband
pulse, provides a reference signal for the pulse optimization and,
together with deterministic pulse shaping, full control of the wave-
form in the nanoscopic probe volume. This enables the use of
phase-cycling® and quasi-phase-cycling®® methods to suppress
unwanted background signal and select particular excitation path-
ways, whereas the use of conventional phase-matching based
implementations is limited due to the broad distribution of wave
vectors associated with the nanofocused light.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

The third-order nonlinear optical signal was generated on a three-dimensional
conical gold tip with a half-apical angle of ~10° through adiabatic nanofocusing of
SPPs launched on a grating at a distance of ~15 um from the apex (Fig. 1a). Details
of the tip fabrication based on electrochemical etching and focused ion beam
milling can be found elsewhere?®. Broadband pulses with a centre wavelength of
~800 nm and a pulse duration of ~10 fs from a Ti:sapphire laser oscillator passed
through a dual-mask liquid-crystal-based amplitude and phase pulse shaper in 4f
reflection geometry and were focused onto the tip grating with an achromatic lens.
To ensure transform-limited pulses at the coupling grating, the dispersion of the
optical components was compensated with a multiphoton intrapulse interference
phase scan (MIIPS) algorithm® (Supplementary Fig. 1). Nanofocusing of the SPPs
resulted in highly localized optical fields at the tip apex, which emitted into the far

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

field as a point dipolar source®®. Tip apex emission was collected through a
microscope objective (Olympus, x50/0.5) in a 90° geometry out of plane
with respect to the tip axis and incident k-vector, spatially filtered to reject
grating-scattered light and detected with a CCD spectrometer (Princeton
Instruments, SP500i).

The tips were mounted on quartz tuning forks for shear-force-based atomic
force microscopy (AFM), with ~5 nm tip-sample distance control. The sample was
raster-scanned with subnanometre positioning accuracy using a three-axis piezo stage
(Physik Instrumente, P-517) operated by an AFM controller (RHK Technology, R9).

The sample was prepared by depositing a 100-nm-thick layer of Au onto a Si
substrate at a rate of 0.5 nm s™' by thermal evaporation at a pressure P of
<1 x10° mbar. The Au layer was partially lifted off with tape to create a rough
step-like Au edge.
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