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Near-Field Electron Energy Loss Spectroscopy of Nanoparticles
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Near-field spectroscopy of nanoparticles was performed with a subnanometer probe size, using a
scanning transmission electron microscope. At nonintersecting beam-particle configuration, surface
collective modes are isolated from the entire excitation spectrum. The relativistic narrow beam
generates a new type of spatial dispersion and may induce an additional spectral quantization. Line
intensity variations during the mapping can be accounted for quantitatively by using a relatively simple
theoretical model. This method is also suggested as a new way for transmission electron microscopy
studies of beam sensitive samples. [S0031-9007(97)05029-1]

PACS numbers: 82.80.Pv, 07.79.Fc, 61.16.Bg

Recently, scanning transmission electron microscopesoley carbon grid (typical hole diameter 100 nm), isolated
(STEM) equipped with analyzers for electron energy losgarticles suspended by electrostatic forces into the vacuum
spectroscopy (EELS) achieved the combined capabilitgould be selected for investigation. Hence, measurements
of both high spatial resolution (below 1 nm) and energywere free of contributions from the support and the grid,
resolution of several tenths of eV [1-9]. In typical EELS yielding directly the loss spectrum of the desired objects.
experiments, the scattering cross section includes contriFhe atomically smooth and inert van der Waals surface of
butions from the vacuum and within the solid, a fact thatthe platelet offered an ideally abrupt solid surface for in-
complicates considerably the spectrum interpretationvestigation. Finally, by interacting from the vacuum, beam
Separation of the surface excitations can, however, beduced damage, mainly via excitation of core electrons, is
achieved by using the TEM spatial capabilities at apractically eliminated.
configuration of no intersection between the beam and the A line scan across a representative Mqffatelet, ap-
detected solid. Such an experiment probes the electrgroximately 100 nm high and 10 nm wide, is shown in
magnetic near field of the sample, where the antenna, i.ekig. 1. The spectra agree with the literature of bulk MoS
the e beam, is of a sub-nm size. As the beam crosses the platelet surfaces, sharp spectral

The proposed near-field EELS (NFEELS) is analogous
to optical near-field spectroscopy, since the coupling be:
tween the “antenna” and the sample is dominated by the
longitudinal field component. Commonly, transmission
EELS theories use a classical particle description of the
beam electrons [10], which cannot account properly for
the transversal momentum distribution of the highly con-
fined beam. Here, a quantum mechanical approach is chcz
sen, incorporating the beam cross section and the samp &
size. Note that the experimental conditions greatly sim-2
plify the theoretical analysis: As long as the beam elec-
trons propagate in the vacuum only, short range (impact £
collision processes do not take place. Also, the first Borr
approximation is very well justified for electrons of typi-
cally 100 keV [11].

Measurements were performed on a VG STEM instru-
ment (100 keV), fitted with a Gatan 666 parallel-EELS
spectrometer [12]. The beam diameter was typicali
and the energy resolution was 0.5 eV. An aperture of 5
6 mrad centered at the forward direction was used as th Loss Energy (eV)
entrance to the energy analyzer, while a couple of high . o
angle detectors (dark-field mode) enabled a simultaneogC: 1. A series of EEL spectra, recorded as the incident

. : PH-M latelet d usi probe is rastered across a Mofatelet. Left inset shows the
iImaging. -MoS, platelets were prepared using a gas'image of the object and the path of the line scan (ftbrio B).

phase reaction between MeQ and HS in a red_ucing Right inset illustrates the conical beam and the main scattering
atmosphere of KH5%)/N,(95%) at950°C [13]. Usinga parameters.
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] A the peak energies determination. Technically, 9 modes
P /\ were required to get a high quality reproduction of the
L I §4 a4 spectrum, reflecting fine spectral details which are seen in
j . 22 \//,@/A\\ the derivative spectra only. Yet, once the decomposition
95 ] SR~ N of a single spectrum was optimized, positions and widths
= ™ T R T H A were kept constant for all subsequent pixels, leaving only
Tg0] 2 Loss Energy (eV) 9 free parameters in the fit procedure. As demonstrated
1 in Fig. 2, curvesa—d, all of the extracted modes exhibit
85] a similar decay vs distance, however, with slopes roughly
] proportional to the mode energy (see discussion below).
04: Considering only general kinematical aspects, the en-
3 | f hancement of low-energy surface modes at large distances
:1, o4 e\.\.\ can be understood from the analysis of the total mo-
T mentum transferg. Within the first Born approximation
T 041 \\0 g = k;AE/2E,, wherek; is the incident beam wave vec-

T - p” tor, Ey is the incident beam kinetic energy, aAd is the

4oDistance (A)6 loss energy. As beam coupling to the exponentially de-
. L . . caying amplitude of the surface plasmon is more efficient
FIG. 2. Top: Evolution of line intensities (logarithmic scale) ying P b

vs the beam-surface distance: the (a) 4.7, (b) 7.7, (c) 13.4, anf((j-)r sma_llq values, a relative (_enhancement of the law

(d) 16.6 eV modes. The inset shows several selected spectil0odes is expected at large distances.

after removal of the elastic peak tail (beam-surface distances In our model, the extremely narrosmwbeam is described
are noted). The small feature at 4.5 eV is an experimentahs a one-dimensional free electron wave, propagating along
artifact. Bottom: The intensity ratio of the 16.6 vs the 7.7 eV ¢ axis, parallel to the-y face of the nanoparticle. We

mode, manifesting the improvement of linedrdependence: .
(e) calculated, without relativistic and beam size effects;aSsume a rectangular shape for the platelet with squared

(f) experimental data. Note that with a relativistic correction, (x-¥) faces of siz&L. In they-z directions, the beam is
the slope of curve reduces by a factor 0£0.84, leading to a modeled by standing waves, confined within a “cavity,”
close agreement witi. whose converging cross section obéys = I + 2a|x|,
changes are observed: the intensity of the zero loss pedkere —L = x = L. We also assume that the beam-
(see variations in its width at the intensity cutoff) andSurface distance is much smaller thatd, so that trans-
the appearance/disappearance of the bulk plasmon aroul@lional invariance of the particle dielectric response may
23.2 eV. The maximal spatial broadening of the beambe assumed in the-y plane. A good quantum number in
estimated from the very first observation of bulk signal,the experiment is the relativistic total energy of the incom-
is 25 A, a value consistent with the expected broadenin§d beam electrofE); hence, the longitudinal momentum
of the beam cone, along the entire platelet length. Whef€epends on the quantum numbegsn. = 1,2,... of the
the beam is restricted to the vacuum, the surface plasmdfansverse (standing) waves. As<1 and the energy
around 16 eV and some additional low-energy features ar@f the transverse waves is much smaller than the longitu-
observed (at 3.3, 4.7, and 7.7 eV), exhibiting a pronounceginal beam energy, the former energy levels can be cal-
intensity even at distances of 100 A and above. Interes€ulated by using a Born-Oppenheimer-like separation of
ingly, along the line scan (Fig. 2, inset), modes of Sma”e,coordlnat'es (transverse.from longitudinal) and first order
energy become relatively more intense at large distanceglerturbation theory, to find; = (E/hic)> — (mc/h)* —
EELS low-energy lines are commonly ascribed tom>(n; + n2)/I>, wherel = \/Iy(lp + «L). Similarly, the
single-electron interband transitions. Although a numbefotal energy of the outgoing (scattered) beaiHA £, and
of works [11,14] pointed out that these features can bés longitudinal momentum depends on the outgoing trans-
treated as additional plasmonic modes, this interpretatiod€rse quantum numbeng,n;, such that
has not been widely accepted. The present results provide, _ ;o w2
for the first time, an experimental evidence for the plas- Aky = ke = by =~ (AE/RV) + (R /D)
monic nature of all of the low-energy lines, a conclusion X ()} = ny +n = nd)Ve/2E, (1)
believed to be of a general validity: Their intensity is ) o ,
maximal right on the surfaces (both sides of the platelet)VNe€reV is the initial electron velocity.
showing a roughly exponential decay into the vacuum and NOW; as long as the beam is restricted to the vacuum,
into the bulk [7]. A quantitative analysis of line intensi- 't IS coupled only to the surface charge distribution of the
ties is presented in Fig. 2, based on decomposition intgarticle [15], and the inelastic scattering cross section is

Gaussians, where second derivative spectra facilit%tegﬁ:nm(?;i? ?gistr::?oes);cgggtci)gnoifssg;cgrfisIf;]sen}g?r?uIZVithin

20

Ho,d)oc Y e PElman) % D(Aky;ny, ng,ny,nl; ) /[ke(ny, no)ky(ny, nl)], )
ny,n,=1 n;,,iz§=1
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where

D(Akx;nysnz,n;s n;;w, V) = f dq;c] de Im[r(Q’ wsv)]872X1d|112(Akx - Qx;nys nan;s n£3Q)|29 (2a)

| vation along the longitudinal direction. The overall
1 (L KBk —as . intensity retains then an almost pure exponential decay
I = oL 7Le T (x5 ny, ny, qy) vs d, where the exponent By; (essentially proportional
to AE, see Eq. (1)]. Similar to the classical limit [10],
X L(x;ng,nl,Q)dx, (2b)  w/V = Ak, in this case. For a finite particle size,
with I, is not anymore & function. Its nonvanishing tails
1 allow a substantial contribution aj, — 0, associated
I = Z(—l)/’{sin({(k}f — gy)l(x)/2] with the long range nature of the Coulombic interaction
Jj=0 term in D [EqQ. (2a)]. The distancé, which determines
+ sind (k! + g,)1(x)/2]H(x)/2; an effective window inQ space, controls the balance
1 ’ between those two major contributions, the kinematical
L = Z(—l)fRe{sincf[(Q + ikD)I(x)/2]H (x) ; and the Coglomb|c one. . ' .
j=0 Another important effect on the intensity variations
. o . o .~ _ 33  arises from the) dispersionw(Q). The relativistic dis-
?jnc(;) [; Slnff)(/iSflr,l(’:k(i)T/_[()Scl)nrgr)]{thQE _ ﬁZf lJ; i]ﬁe p(_ersion, fo_r e_xample, produces an energy band,_ typically
I(Svgs eneivgzy ¥z ’ Wlth.tWO distinct edges (compare curvesand b, inset
The integration in Eq. (2b) is limited to the dimensionsmc Fig. 3). The low-energy edge corresponds to sniall

. . .~ . “values [large exponential factors in Eqg. (2a)] and low den-
of the platelet along the beam axis. This approxmaﬂqr’gity of (plasmonic) states. At this energy, an almost strict

is justified since the beam-particle interaction poten'gial Sinear d dependence is predicted for the logarithm of line

3:;’:83;' a;ter;liﬁte?r;ﬂwl/ >rsé : ;rérqul(%/)e’&g,](e Gau)sszlan intensity. On the other hand, many small (and different)
2 02 0 2e ransverse energy levelsny, n:) = exponential factors contribute to a narrow energy inter-

(R /1)*(ny + nc), is introduced to take into account the /" nd the second edge, resulting in an apparent non-

initial cond!tlons of t_hee be_am before its entrance N jinear 4 dependence. Hence, the relative weight of the
the scattering domain. This is a necessary step in our

infinite potential barrier model, which artificially confines
transversal waves with arbitrarily high quantum numbers
(ny, n;) within the “beam cavity.” In the experiment, high
transverse energy states are cut off from the beam by the
objective aperture (before the entrance into the scattering

domain). For the energy width parametets, a value
compatible with the spatial width parametgris used.
The response function in Eq. (2a) is given by [10] 100k ——
; A
r(Q,w,V)=[2xi1(e = 1)/(x18 + x2) ] 30 A
A=V~ xd/ )/ +x2), 50 A
{

5

L

<
where xi = 0% - (0/cf x3 =0 = (0/cPe(w); N 70 A
and a Drude-like dielectric function is takes(w) = = Q’q 90 A |
1 — w3 /(0® + iw6), where w, is the plasma fre- XN
quency andé is the damping parameter. Spatial /
dispersion of ¢ is neglected here. The relativistic /
nature of thee beam introduces, however, a strong J\V 200 A
QO dispersion into the surface plasmon energy, deter- L —T 1: oA
mined by y;e(w) + x2 = 0. In the limit of infinite 10'“’12 > s 8

speed of light, the term ekp2yxid]Im[r(Q,w,V)]
reduces to the classical expression, yielding the lateral
Fourier transform of the image potential [Eq. (2a)], FIG. 3. Calculated scattering intensififw), at several dif-
(m/Q)e 224 Im[(e — 1)/(e + 1)]. ferent distances, using a “single plasma” Drude-like dielectric
The function;, [Eq. (2b)] reflects the relaxed con- function. The inset shows the calculated line shape (linear
dition of momentum conservation, associated with thescale) ford = 50 A, based on the different approximations (ap-

- . ; . . . propriately scaled for clarity): curve, nonrelativistic; curve,
finite size of the particle and the beam: In the limit\o5vistic, with an infinite sample; curve, a full calculation

whenL — o, ¢ — 0, Q-ﬂd al < d, I is proportional  for a finite sample; curve, like ¢, however, neglecting nonzero
to 8(Ak, — ¢.), yielding a full momentum conser- beam transverse momentum transfers.
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two edges changes witlh, leading to an overall impres- intrinsic dispersion of the dielectric function, neglected in
sion of a line shift. This effect, believed to be alreadyour model, should further blur those details, as its high
observed experimentally [16], is demonstrated in Fig. 3. density of states corresponds@— 0.

In general, quantum effects tend to smear the band Finally, the surface plasmons contain significant in-
edges, due to the uncertainty in momentum space. Curfermation about the particle geometry on the nanometer
¢ in the inset of Fig. 3 exhibits the overall broadening ex-length scale. A line scan performed along theaxis to-
pected from the experimental conditions, while cudre wards the narrow edge of the same platelet, shows that
isolates the effect of the finite particle sige = 1000 A).  long wavelength surface modes are extinguished due to
In fact, under appropriate conditions, the extremely smalthe small thickness of the platelet, as expected when a
cross section of the beam can lead to an observable quaparticle side is reduced to the orderigfAk,.
tization, appearing as an additional fine structure super- In conclusion, NFEELS has been shown to probe
imposed on the dispersion curve. However, observatioeffectively the electromagnetic near field of nanoparticles.
of this fine structure depends crucially upon the particleHaving a sub-nm probe size and an enhanced sensitivity
size: The variations of(x) along thex direction should to surface plasmons, it is complementary to optical near-
be smaller thar, i.e.,L = 100 A. field spectroscopies. A simple theoretical model provides

Analyzing the evolution of line intensities, one may an accurate reproduction of intensity profiles, with a
start with the low-energy edge of the plasmon band, whereonsiderable sensitivity to finite size effects. In addition,
a pure exponential decay is a good approximation. Inthis technique may be applied to samples which are
deed, our numerical calculations show that at 14.9 e\sensitive to the traditional TEM measurements.
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