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Electron energy-loss spectroscopy is a powerful tool for
identifying the chemical composition of materials'>. It relies
mostly on the measurement of inelastic electrons, which carry
specific atomic or molecular information. Inelastic electron
scattering, however, has a very low intensity, often orders of
magnitude weaker than that of elastically scattered electrons.
Here, we report the observation of enhanced inelastic electron
scattering from silver nanostructures, the intensity of which
can reach up to 60% of its elastic counterpart. A home-made
scanning probe electron energy-loss spectrometer® was used
to produce highly localized plasmonic excitations, significantly
enhancing the strength of the local electric field of silver
nanostructures. The intensity of inelastic electron scattering
was found to increase nonlinearly with respect to the electric
field generated by the tip-sample bias, providing direct
evidence of nonlinear electron scattering processes.

Figure la gives a schematic drawing of the scanning probe
electron energy-loss spectroscopy (SP-EELS) technique used in
this study, the details of which can be found elsewhere®. Briefly,
it consists of a tip-sample system and a toroidal electron energy
analyser (TEEA). The experimental arrangement is sketched in
Fig. 1b. A tip made from a 0.42 mm tungsten wire by electrochemical
etching is approached to a distance of micrometres from the
grounded sample surface, which is prepared by evaporating a
30 nm thin film of Ag on freshly cleaved highly ordered pyrolytic
graphene (HOPG). Silver structures with dimensions of tens of
nanometres are observed on the sample surface, as illustrated
in the inset of Fig. 1b. Electrons are field-emitted from the tip
when a negative tip voltage V, of hundreds of volts is applied,
and surface plasmon resonance (SPR) of the Ag nanostructures is
excited by the field-emission electrons under a strong electric field
introduced by the tip—sample bias. The backscattered electrons from
the sample surface are collected and analysed by the TEEA. In this
way the electron energy-loss spectroscopy (EELS) under a certain
tip—sample distance and tip voltage can be acquired.

It should be mentioned that EELS has been applied for
decades to detect surface plasmons"”™, and in combination with
a scanning transmission electron microscope (STEM) it is capable
of mapping the spatial variation of SPRs at the nanoscale''**. The
energy-loss feature of Ag systems has been studied extensively by
EELS, including low-energy backscattering EELS (refs 1,10) and
high-energy transmission EELS (refs 11,13,14). A typical EELS
spectrum of Ag nanostructures is shown in Fig. lc, which was

obtained at a tip—sample distance of 114 um with a tip voltage
of —246V and a sample current of 10 pA. The energy-loss peak
located at about 3.7V is associated with the SPR excitation of
Ag. Our spectrum is in excellent agreement with those reported by
Palmer’s group, who also used scanning probe electron spectroscopy
to investigate the EELS of Ag surfaces™’. In their experiments, a
tip withdrawn a distance from the tunnelling region was invoked
as a field-emission electron source when a bias voltage of hundreds
of volts was applied. The energy of backscattered electrons was
analysed by means of a hemispherical deflector. One can see a
common feature from these spectra—namely, the Ag SPR excitation
peak (inelastic) is much weaker than the main elastic scattering
(ES) peak. This accords well with the general pattern of the electron
scattering processes.

We have made measurements at three different tip-sample
distances: 92 um, 114 um and 150 pum, respectively. At each distance,
the tip voltage is increased step by step, and the EELS spectra at
different electric fields are obtained. Figure 2a shows five EELS
spectra acquired at a tip—sample distance of 150 um with different
tip voltages. It can be seen that increasing the tip bias has a
significant impact on the intensity of the SPR peak, which can
be enhanced drastically when the value of V; goes beyond 320 V.
It is quite striking to observe that the intensity of the SPR peak
can even reach a value as high as 60% of the ES peak. The full
data acquired at three different tip—sample distances are presented
in Fig. 2b, illustrating the intensity as a function of the energy
loss and tip voltage. One can see that for all three tip-sample
distances the intensity of the SPR peak clearly increases with the
tip voltage.

According to surface electronic excitation theory', the SPRs
are mainly excited by the long-range dipole scattering of incident
electrons with momentum transfer parallel to the sample surface.
Therefore, in the backscattering condition the SPR excitation must
be a multiple-scattering process of large-angle elastic scattering
followed by near-zero-angle dipole scattering (Fig. 3). In this case,
the count rate of inelastic electrons with the energy loss of SPR
excitation (ngpg) can be expressed as follows:

ngpr X Wpr Wei I
where W, and Wy are the transition probabilities of elastic

scattering and dipole scattering, respectively, and I, is the intensity of
the incident electron beam. As the count rate of the elastic scattering
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Figure 1| Experimental arrangement. a, Schematic drawing of the scanning probe electron energy-loss spectroscopy (SP-EELS) technique, which consists
of a tip-sample system and a toroidal electron energy analyser (TEEA). b, Experimental arrangement. A tip is approached to a distance of micrometres
from a grounded highly ordered pyrolytic graphene (HOPG) surface carrying Ag nanostructures (illustrated in the inset). Electrons are field-emitted from
the tip when a negative tip voltage Vi of hundreds of volts is applied, and the surface plasmon resonance (SPR) of the Ag nanostructures is excited by the
field-emitted electrons under a strong electric field introduced by the tip-sample bias. The backscattered electrons are collected and analysed by the TEEA.
¢, EELS spectra acquired at a tip-sample distance of 114 um with a tip voltage of —246 V and sample current of 10 pA (open blue circles) for a 30 nm thick
Ag film on HOPG. An energy-loss peak located at approximately 3.7 eV is clearly observed, which is associated with the SPR excitation of Ag. The

spectrum is compared with that obtained at a tip voltage of —170 V and a sample current of 10 nA for a 200 nm thick Ag film on HOPG by Palmer et al.
(solid red circles)™.
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Figure 2 | Experimental data. a, Five EELS spectra acquired at a tip-sample distance of 150 um with different tip voltages and sample currents. Gaussian
function fitted curves of the elastic scattering peaks and surface plasmon resonance peaks are also shown as solid lines. b, Experimental data for the Ag
nanostructures at three different tip-sample distances shown as tip voltage plotted against energy loss. For comparison, all the EELS spectra obtained have
been background subtracted using a polynomial function and divided by the maximum of the elastic scattering peak.

electrons (1) is proportional to the product of W, and I,—namely,

regime, RI is independent both of the current I, and the strength
s X Wy Jp—then Wep can be expressed as

of the electric field, as often observed in the experimental results
reported so far.

In Fig. 4a-c, the RI values are plotted as a function of tip
voltage at tip-sample distances of 92 pum, 114um and 150 wm,
respectively. It can be found that, for each distance, when the
tip voltage is low, RI, as expected, remains almost unchanged.

n
WSPRO( e =RI

Nels
where the relative intensity RI is defined as the area ratio of the
SPR energy-loss peak to the ES peak in EELS. In the linear response
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Figure 3 | The multiple-scattering process involved in SPR excitation. As
the SPR is mainly excited by dipole scattering with the momentum transfer
parallel to the surface, SPR excitation in the backscattering condition must
be a multiple-scattering process consisting of a large-angle elastic
scattering followed by a near-zero-angle dipole scattering. The inset shows
the first- and second-order interactions involved in the dipole scattering.

However, when the tip voltage increases beyond a certain value,
RI increases rapidly, indicating a strong enhancement of SPR
excitation, and the dependence of RI on the tip voltage fits a
quadratic curve fairly well (shown as a solid line). It is worth
noting that at a larger tip-sample distance the increase of RI
begins at a larger tip voltage. This suggests that the enhancement
of SPR excitation should be attributed to the electric field rather
than the tip voltage or the incident electron energy. According
to the previous experimental observations of Palmer’s group'® in
the energy range of our experiments, the increase of the incident
electron energy should actually cause a decrease of the SPR peak
intensity, rather than the huge enhancement as observed here.
The observation of the nonlinear electron scattering is further
illustrated by the dependence of RI on the sample current at three
tip-sample distances, which is shown in Fig. 4d-f, respectively. In
all these three figures, the RI values are no longer a constant,
but increase nonlinearly with the sample currents. As the field
emitted current is directly associated with the strength of the tip

electric field, which is proportional to the field on the sample
surface, these results further confirm the decisive role played by the
electric field.

It could be argued that the angular range collected by the
spectrometer might affect the spectral profile under different tip
voltages. In our experiments, the energy loss of approximately 3.7 eV
is much smaller than the incident electron energy (tip voltage),
therefore the change of the tip voltage should have very small
influence on the angular collection range of the SPR energy-loss
electron. This has been confirmed by simulating the trajectories
of the backscattered inelastic electrons under our experimental
conditions using charged particle optics (CPO) software (see
Supplementary Methods for details).

Recently, the nonlinear processes induced by SPR have been
revealed in different new spectroscopic studies. For instance, it
was observed in photo-induced near-field electron microscopy
(PINEM), invented by Zewail and co-workers”"?, that the
intensities of both electron energy-loss and energy-gain peaks
became compatible with the zero-loss (elastic) peak under
excitation of SPRs induced by ultrafast lasers. However, it should
be emphasized that in their experiments the generation of SPRs
and electron scattering come from two separate sources and
the electron energy-loss spectra could still be treated by the
linear response'”’. In contrast, both events in our set-up are
caused only by a single electron process. In our experiments,
the maximal incident current is 1 nA and the area of the current
spot on the sample surface is at least several hundred square
micrometres. One can easily estimate that the average time interval
for two subsequent incident electrons interacting with one Ag
nanostructure (less than 0.01 square micrometre according to the
inset in Fig. 1b) is more than 1us. Considering the fact that the
typical damping time of the SPR is less than 1ps, the possible
involvement of two-electron processes can thus safely be ruled
out. The observed huge enhancement of inelastic electron peaks
can thus be attributed to the plasmon-assisted nonlinear electron
scattering process.

As the value of RI directly reflects the process of the near-zero-
angle dipole scattering, it can be described well by perturbation
theory under the dipole approximation. Taking into account the
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Figure 4 | Relative intensity of the SPR energy-loss peak for three tip-sample distances. a-c, Data with error bars shows relative intensity (RI, in arbitrary
units (a.u.)) as a function of tip voltage at tip-sample distances of 92 um, 114 um and 150 um respectively; the sample current is also plotted as open circles
for each distance. A marked increase of Rl is observed after the tip voltage increases beyond a certain value, indicating a strong enhancement associated
with SPR excitation. A solid line with a constant value is fitted to the data before the sudden increase of R, and a quadratic curve is employed afterwards.
d-f, Rl versus sample current. The solid lines are guides to the eyes. The error bars are the standard errors corresponding to peak deconvolution and

background subtraction.
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Figure 5 | Results of experiments on 10 nm and 100 nm thick Ag on HOPG. a-c, Topographies of sample surfaces of 10 nm, 30 nm and 100 nm thick Ag on
HOPG, respectively. d,e, Dependences of relative intensity (RI, in arbitrary units (a.u.)) on tip voltage for 10 nm and 100 nm Ag@HOPG, respectively, plotted
as solid symbols with error bars. The sample currents are also plotted as open circles. A nonlinear dependence of Rl on tip voltage is clearly observed for
the 10 nm Ag@HOPG sample at a tip-sample distance of 121um, whereas no evident enhancement of Rl can be observed for the 100 nm Ag@HOPG
sample at a tip-sample distance of 107 um. The error bars are the standard errors corresponding to peak deconvolution and background subtraction.

second-order interaction, as shown in the inset of Fig. 3, the
transition probability can be expressed as follows

Wo = WO+ W2 o |{(b|E, - Doy |a)?

12

n

2

(b|E, - Dy, [n) (n| E, - D,y |b)
I,/2

where |a) and |b) are the ground state and the final SPR state, |n) is
an intermediate state with energy width I,, Dy,, Dy, and D,, are
the matrix elements of the dipolar moment operator for electron
scattering, E, and E, are the electric field experienced by |a) and
|n), and the sum over # is over all possible intermediate states. In a
normal situation, the second-order term W' is very weak and may
be neglected. Therefore the transition probability is dominated by

the first-order term W,.":

Wiox W) oc|(b] E; - Dy, ) |” o (e Er)*

where pu, is the transition dipole moment between the initial and
final states. When an external electric field E., is applied, E, is
a combination of E., and the electric field E, introduced by the
incident electron. Under normal conditions, we have E. < E,, so
that Wy, often shows no dependence on the external field. However,
in the present work, the probability of SPR excitation is enhanced
enormously, indicating that the second-order term must be taken
into account. According to the expression

2
(bIE; Dy, |n) (n|E, - Dy, |a)
W
ba ; I—vn /2
all intermediate states |n) can in principle contribute to W
Obviously, the high density of intermediate states certainly helps to
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increase the value of W,?', which is actually what Ag nanostructures
can provide. In particular, the exceptionally large transition and
permanent dipolar moments make the final SPR state |b) much
more important than others. As a good approximation, we can
assume that W2 is mostly contributed by one term

: (zﬂbEz>2
X
I,

thus, the transition probability can be expressed as

(b|E,-Dy |b) (b E, - Dy, |a)
/2

@
W,

W=1+B) WY

where B o (2u,E,)/T})” is the enhancement factor, i, is the
permanent dipole moment of state |b), and E, is the electric field
experienced by state |b). For the excited SPR state of the Ag
nanostructure, the dipole moment is expected to be very large, and
the local electric field (E,) is enhanced enormously by the SPR
oscillation. The combination of these two factors will result in a
huge enhancement factor 8, similar to the cases of surface-enhanced
Raman spectroscopy (SERS; refs 20,21) and tip-enhanced Raman
spectroscopy (TERS; refs 22-25). In other words, the SPR peak
of EELS should thus be significantly enhanced, and its transition
probability should be quadratically dependent on the external field,
as clearly confirmed by our experimental observations.

It is noted that with a similar experimental set-up, Palmer’s group
observed no enhancement of SPR excitation on the Ag surface's,
although the strength of the electric field introduced by the tip bias
in their experiments was much larger than ours. This might be
due to the difference in the samples employed. The samples used
in their experiments were prepared by evaporating 200 nm thick
Ag on HOPG, which could result in a relatively flat Ag surface,
whereas small islands of Ag nanostructures are clearly formed in our
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samples. To verify this, we prepared two different Ag samples with
different thicknesses, 10 nm and 100 nm, on HOPG respectively, and
repeated the same experiments. The topographies of the samples
and the dependences of RI on the tip voltage are shown in Fig. 5. For
the 10 nm Ag@HOPG, we again observed nonlinear enhancement
of RI when the tip voltage goes beyond —265 V (Fig. 5d). However,
similar to the results of Palmer’s group'®, an increase of RI has
not been observed for 100nm Ag@HOPG (Fig. 5¢). One most
noticeable difference between samples of 10 nm (as well as 30 nm)
and 100 nm thick Ag is that the former have a much rougher surface
and can form more gaps among nanoparticles, as illustrated in
Fig. 5a—c. In other words, the thinner Ag samples (10 nm and 30 nm)
employed here contain more ‘hot spots, which are known to favour
the generation of the strong plasmon fields, as often demonstrated
in the SERS measurements®?'. The lack of a sufficient number of
‘hot spots’ in the thick Ag film (100 nm) thus makes it incapable of
producing nonlinear electron scattering.

The observation of nonlinear electron scattering lays the
foundation for a new spectroscopic technology, namely nonlinear
electron scattering spectroscopy (NESS). It is certainly useful
for studying the dynamics of plasmon generation in metal
surfaces. More importantly, it offers a powerful tool to study
interfacial systems, such as atoms or molecules adsorbed on metal
nanoparticles. The involvement of the nonlinear electron scattering
process will significantly enhance the signal-to-noise ratio and
improve the spectral resolution of the adsorbates. From the pure
plasmon-based spectroscopy viewpoint, plasmons generated by
electron excitation in an STM have some unique features. As
demonstrated in a recent experimental and theoretical study on the
electroluminescence of molecules in an STM (refs 26,27), a plasmon
in a nanogap can behave like a highly confined ultra-fast laser source
able to produce hot luminance, and even upconversion. The same
concept can certainly be applied in our SP-EELS technique as a
means to improve its spatial and spectral resolution.

Methods

Data analysis. For each measured EELS spectrum, background subtraction using
a polynomial function'® was first performed. The spectrum was then normalized
by the height of the ES peak for comparison. Here we used the maximum of the
ES peak instead of the sample current to scale the data, because in our
experiment, as the sample current increases to a large value, a saturation effect in
the position-sensitive detector employed in the spectrometer would emerge,
resulting in a decrease of the detection efficiency of the apparatus. Gaussian
functions were used to fit the ES peak and SPR energy-loss peak respectively, and
the relative intensity of the SPR peak was calculated from the ratio of these two
fitted Gaussian peak areas.
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