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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, us
scanning transmission electron microscope. At nonintersecting beam-particle configuration, su
collective modes are isolated from the entire excitation spectrum. The relativistic narrow b
generates a new type of spatial dispersion and may induce an additional spectral quantization.
intensity variations during the mapping can be accounted for quantitatively by using a relatively sim
theoretical model. This method is also suggested as a new way for transmission electron micro
studies of beam sensitive samples. [S0031-9007(97)05029-1]

PACS numbers: 82.80.Pv, 07.79.Fc, 61.16.Bg
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Recently, scanning transmission electron microscop
(STEM) equipped with analyzers for electron energy los
spectroscopy (EELS) achieved the combined capabil
of both high spatial resolution (below 1 nm) and energ
resolution of several tenths of eV [1–9]. In typical EELS
experiments, the scattering cross section includes con
butions from the vacuum and within the solid, a fact tha
complicates considerably the spectrum interpretatio
Separation of the surface excitations can, however,
achieved by using the TEM spatial capabilities at
configuration of no intersection between the beam and t
detected solid. Such an experiment probes the elect
magnetic near field of the sample, where the antenna, i.
thee beam, is of a sub-nm size.

The proposed near-field EELS (NFEELS) is analogou
to optical near-field spectroscopy, since the coupling b
tween the “antenna” and the sample is dominated by t
longitudinal field component. Commonly, transmissio
EELS theories use a classical particle description of th
beam electrons [10], which cannot account properly fo
the transversal momentum distribution of the highly con
fined beam. Here, a quantum mechanical approach is c
sen, incorporating the beam cross section and the sam
size. Note that the experimental conditions greatly sim
plify the theoretical analysis: As long as the beam ele
trons propagate in the vacuum only, short range (impac
collision processes do not take place. Also, the first Bo
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 typically5 Å
and the energy resolution was 0.5 eV. An aperture
6 mrad centered at the forward direction was used as t
entrance to the energy analyzer, while a couple of hig
angle detectors (dark-field mode) enabled a simultaneo
imaging. 2H-MoS2 platelets were prepared using a gas
phase reaction between MoO32x and H2S in a reducing
atmosphere of H2s5%dyN2s95%d at 950 ±C [13]. Using a
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holey carbon grid (typical hole diameter 100 nm), isolate
particles suspended by electrostatic forces into the vacu
could be selected for investigation. Hence, measureme
were free of contributions from the support and the gri
yielding directly the loss spectrum of the desired objec
The atomically smooth and inert van der Waals surface
the platelet offered an ideally abrupt solid surface for i
vestigation. Finally, by interacting from the vacuum, bea
induced damage, mainly via excitation of core electrons
practically eliminated.

A line scan across a representative MoS2 platelet, ap-
proximately 100 nm high and 10 nm wide, is shown
Fig. 1. The spectra agree with the literature of bulk MoS2.
As the beam crosses the platelet surfaces, sharp spe

FIG. 1. A series of EEL spectra, recorded as the incide
probe is rastered across a MoS2 platelet. Left inset shows the
image of the object and the path of the line scan (fromA to B).
Right inset illustrates the conical beam and the main scatter
parameters.
© 1998 The American Physical Society
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FIG. 2. Top: Evolution of line intensities (logarithmic scale
vs the beam-surface distance: the (a) 4.7, (b) 7.7, (c) 13.4, a
(d) 16.6 eV modes. The inset shows several selected spec
after removal of the elastic peak tail (beam-surface distanc
are noted). The small feature at 4.5 eV is an experimen
artifact. Bottom: The intensity ratio of the 16.6 vs the 7.7 eV
mode, manifesting the improvement of lineard dependence:
(e) calculated, without relativistic and beam size effect
(f ) experimental data. Note that with a relativistic correction
the slope of curvee reduces by a factor of,0.84, leading to a
close agreement withf.

changes are observed: the intensity of the zero loss pe
(see variations in its width at the intensity cutoff) an
the appearance/disappearance of the bulk plasmon aro
23.2 eV. The maximal spatial broadening of the beam
estimated from the very first observation of bulk signa
is 25 Å, a value consistent with the expected broadeni
of the beam cone, along the entire platelet length. Wh
the beam is restricted to the vacuum, the surface plasm
around 16 eV and some additional low-energy features a
observed (at 3.3, 4.7, and 7.7 eV), exhibiting a pronounc
intensity even at distances of 100 Å and above. Intere
ingly, along the line scan (Fig. 2, inset), modes of small
energy become relatively more intense at large distance

EELS low-energy lines are commonly ascribed t
single-electron interband transitions. Although a numb
of works [11,14] pointed out that these features can
treated as additional plasmonic modes, this interpretati
has not been widely accepted. The present results prov
for the first time, an experimental evidence for the pla
monic nature of all of the low-energy lines, a conclusio
believed to be of a general validity: Their intensity is
maximal right on the surfaces (both sides of the platele
showing a roughly exponential decay into the vacuum a
into the bulk [7]. A quantitative analysis of line intensi-
ties is presented in Fig. 2, based on decomposition in
Gaussians, where second derivative spectra facilita
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the peak energies determination. Technically, 9 mod
were required to get a high quality reproduction of th
spectrum, reflecting fine spectral details which are seen
the derivative spectra only. Yet, once the decompositi
of a single spectrum was optimized, positions and widt
were kept constant for all subsequent pixels, leaving on
9 free parameters in the fit procedure. As demonstra
in Fig. 2, curvesa d, all of the extracted modes exhibi
a similar decay vs distance, however, with slopes roug
proportional to the mode energy (see discussion below

Considering only general kinematical aspects, the e
hancement of low-energy surface modes at large distan
can be understood from the analysis of the total m
mentum transfer,q. Within the first Born approximation
q $ kiDEy2E0, whereki is the incident beam wave vec
tor, E0 is the incident beam kinetic energy, andDE is the
loss energy. As beam coupling to the exponentially d
caying amplitude of the surface plasmon is more efficie
for small q values, a relative enhancement of the lowDE
modes is expected at large distances.

In our model, the extremely narrowe beam is described
as a one-dimensional free electron wave, propagating al
thex axis, parallel to thex-y face of the nanoparticle. We
assume a rectangular shape for the platelet with squa
sx-yd faces of size2L. In they-z directions, the beam is
modeled by standing waves, confined within a “cavity
whose converging cross section obeyslsxd  l0 1 2ajxj,
where 2L # x # L. We also assume that the beam
surface distanced is much smaller thanL, so that trans-
lational invariance of the particle dielectric response m
be assumed in thex-y plane. A good quantum number in
the experiment is the relativistic total energy of the incom
ing beam electronsEd; hence, the longitudinal momentum
depends on the quantum numbersny , nz  1, 2, . . . of the
transverse (standing) waves. Asa ø 1 and the energy
of the transverse waves is much smaller than the long
dinal beam energy, the former energy levels can be c
culated by using a Born-Oppenheimer-like separation
coordinates (transverse from longitudinal) and first ord
perturbation theory, to findk2

x  sEyh̄cd2 2 smcyh̄d2 2

p2sn2
y 1 n2

z dyl̄2, wherēl ;
p

l0sl0 1 aLd. Similarly, the
total energy of the outgoing (scattered) beam isE-DE, and
its longitudinal momentum depends on the outgoing tran
verse quantum numbersn0

y , n0
z, such that

Dkx ; kx 2 k0
x ø sDEyh̄V d 1 sh̄pyl̄d2

3 sn02
y 2 n2

y 1 n02
z 2 n2

z dVcy2E , (1)

whereV is the initial electron velocity.
Now, as long as the beam is restricted to the vacuu

it is coupled only to the surface charge distribution of th
particle [15], and the inelastic scattering cross section
dominated by the excitation of surface plasmons. With
our model, this cross section is given by the formula
Isv, dd ~
X̀

ny ,nz 1

e2bEtr sny ,nzd
X̀

n0
y ,n0

z 1

DsDkx ; ny , nz , n0
y, n0

z; vdyfkxsny , nzdk0
xsn0

y , n0
zdg , (2)
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where

DsDkx; ny, nz, n0
y, n0

z; v, V d 
Z `

2`

dqx

Z `

2`

dqy ImfrsQ, v, V dge22x1djI12sDkx 2 qx ; ny, nz , n0
y , n0

z; Qdj2 , (2a)
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I12 ;
1

2L

Z L

2L
eisDkx 2qxdxI1sx; ny, n0

y, qyd

3 I2sx; nz , n0
z , Qd dx , (2b)

with

I1 ;
1X

j0

s21djhsincfskj
y 2 qydlsxdy2g

1 sincfskj
y 1 qydlsxdy2gjlsxdy2 ;

I2 ;
1X

j0

s21djRehsinchfsQ 1 ikj
z dlsxdy2gjlsxd ;

sincstd ; sinstdyt; sinchstd ; sinhstdyt; Q ;
p

q2
x 1 q2

y ;
k

j
y,z ; fny,z 1 s21djn0

y,zgpylsxd; and DE  h̄v is the
loss energy.

The integration in Eq. (2b) is limited to the dimension
of the platelet along the beam axis. This approximatio
is justified since the beam-particle interaction potential
strongly attenuated forjxj . L. In Eq. (2), the Gaussian
distribution of the transverse energy levels,Etrsny , nzd ;
sh̄pyl̄d2sn2

y 1 n2
z d, is introduced to take into account the

initial conditions of thee beam before its entrance into
the scattering domain. This is a necessary step in o
infinite potential barrier model, which artificially confines
transversal waves with arbitrarily high quantum numbe
sny , nzd within the “beam cavity.” In the experiment, high
transverse energy states are cut off from the beam by
objective aperture (before the entrance into the scatter
domain). For the energy width parameter1yb, a value
compatible with the spatial width parameter,l̄, is used.

The response function in Eq. (2a) is given by [10]

rsQ, v, V d  f2x1s´ 2 1dysx1´ 1 x2d

2 s1 2 V 2yc2d sx1 2 x2dyx1gysx1 1 x2d ,

where x
2
1 ; Q2 2 svycd2; x

2
2 ; Q2 2 svycd2´svd;

and a Drude-like dielectric function is taken,́svd 
1 2 v2

pysv2 1 ivdd, where vp is the plasma fre-
quency and d is the damping parameter. Spatia
dispersion of ´ is neglected here. The relativistic
nature of the e beam introduces, however, a stron
Q dispersion into the surface plasmon energy, dete
mined by x1´svd 1 x2  0. In the limit of infinite
speed of light, the term expf22x1dg ImfrsQ, v, V dg
reduces to the classical expression, yielding the late
Fourier transform of the image potential [Eq. (2a)]
spyQde22Qd Imfs´ 2 1dys´ 1 1dg.

The function I12 [Eq. (2b)] reflects the relaxed con-
dition of momentum conservation, associated with th
finite size of the particle and the beam: In the limi
when L ! `, a ! 0, and aL , d, I12 is proportional
to dsDkx 2 qxd, yielding a full momentum conser-
784
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vation along the longitudinal direction. The overa
intensity retains then an almost pure exponential dec
vs d, where the exponent is2x1 (essentially proportional
to DE, see Eq. (1)]. Similar to the classical limit [10]
vyV  Dkx in this case. For a finite particle size
I12 is not anymore ad function. Its nonvanishing tails
allow a substantial contribution atqx ! 0, associated
with the long range nature of the Coulombic interactio
term in D [Eq. (2a)]. The distanced, which determines
an effective window inQ space, controls the balance
between those two major contributions, the kinematic
and the Coulombic one.

Another important effect on the intensity variation
arises from theQ dispersionvsQd. The relativistic dis-
persion, for example, produces an energy band, typica
with two distinct edges (compare curvesa and b, inset
of Fig. 3). The low-energy edge corresponds to smallQ
values [large exponential factors in Eq. (2a)] and low de
sity of (plasmonic) states. At this energy, an almost str
linear d dependence is predicted for the logarithm of lin
intensity. On the other hand, many small (and differen
exponential factors contribute to a narrow energy inte
val around the second edge, resulting in an apparent n
linear d dependence. Hence, the relative weight of th

FIG. 3. Calculated scattering intensityIsvd, at several dif-
ferent distances, using a “single plasma” Drude-like dielectr
function. The inset shows the calculated line shape (line
scale) ford  50 Å, based on the different approximations (ap
propriately scaled for clarity): curvea, nonrelativistic; curveb,
relativistic, with an infinite sample; curvec, a full calculation
for a finite sample; curved, like c, however, neglecting nonzero
beam transverse momentum transfers.
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two edges changes withd, leading to an overall impres-
sion of a line shift. This effect, believed to be alread
observed experimentally [16], is demonstrated in Fig. 3.

In general, quantum effects tend to smear the ba
edges, due to the uncertainty in momentum space. Cu
c in the inset of Fig. 3 exhibits the overall broadening ex
pected from the experimental conditions, while curved
isolates the effect of the finite particle sizesL  1000 Åd.
In fact, under appropriate conditions, the extremely sma
cross section of the beam can lead to an observable qu
tization, appearing as an additional fine structure sup
imposed on the dispersion curve. However, observati
of this fine structure depends crucially upon the partic
size: The variations oflsxd along thex direction should
be smaller thanl0, i.e.,L # 100 Å.

Analyzing the evolution of line intensities, one may
start with the low-energy edge of the plasmon band, whe
a pure exponential decay is a good approximation. I
deed, our numerical calculations show that at 14.9 e
a good linear fit is obtained from lnsId vs d, across
a range of200 Å. Deviations from the linear behav-
ior can be estimated by writing lnsId  A 1 Bd 1 Cd2,
yielding for d  50 Å: CdyB ø 0.08. The calculated
slope,B  1.7 3 1023DE, is 25% larger than2x1 (for
qy  0), the exponent extracted from classical consider
tions. Evidently, at the high-energy edge, where nonli
earity is inherently introduced by the relativistic effects
the intensity evolution is qualitatively different, and the
parabolic correction increases toCdyB ø 1.

The above behavior is, in fact, limited to distance
shorter than,1yDkx (the wavelength of the transmitted
photon) and/or the particle size,L. For the sake of
simplicity, we have studied the role of the particle siz
within a nonrelativistic framework, taking advantage o
the fact that theqx ! 0 contributions (vide ultra) do
not depend onDE. Indeed, the nonlinearity associated
with the finite size of the particle is fully removed upon
plotting intensity ratios of modes at differentDE positions
(curve e in Fig. 2). Yet, for d . 150 Å (not shown in
the figure), the linear behavior breaks down rapidly: Th
qx ! 0 contributions become dominant, diminishing th
dependence on mode energy, such that lnsI1yI2d ! 0.

Our experimental results agree very well with the abov
predictions. All of the modes show a roughly exponenti
decay, with slopess1.65 6 0.2d1023DE that lay within
(5–10)% of the calculated value. The slope dependen
on DE explains the remarkable observation that, at larg
distances, low-energy modes become even more inte
than the main plasmon. A quadratic correction,CdyB ø
0.25 (at d  50 Å), is common to all of the main modes.
Moreover, by analyzing intensity ratios (compare curvef
with a d, Fig. 2), the nonlinearity is reduced by a facto
of ,2, in full agreement with the theoretical estimation o
the particle size effect. Obviously, the existence of seve
overlapping surface modes does not permit the observat
of fine details within the plasmonic band. Note that th
y

nd
rve
-

ll
an-
er-
on
le

re
n-
V

a-
n-
,

s

e
f

e
e

e
al

ce
e

nse

r
f
ral
ion
e

intrinsic dispersion of the dielectric function, neglected in
our model, should further blur those details, as its hig
density of states corresponds toQ ! 0.

Finally, the surface plasmons contain significant in
formation about the particle geometry on the nanomet
length scale. A line scan performed along they axis to-
wards the narrow edge of the same platelet, shows th
long wavelength surface modes are extinguished due
the small thickness of the platelet, as expected when
particle side is reduced to the order of1yDkx .

In conclusion, NFEELS has been shown to prob
effectively the electromagnetic near field of nanoparticle
Having a sub-nm probe size and an enhanced sensitiv
to surface plasmons, it is complementary to optical nea
field spectroscopies. A simple theoretical model provide
an accurate reproduction of intensity profiles, with a
considerable sensitivity to finite size effects. In addition
this technique may be applied to samples which a
sensitive to the traditional TEM measurements.
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