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Electrodynamics in the near-field regions of anisotropic nanoscopic films and platelets
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An electromagnetic theory of valence electron excitations by an external electron beam in the near field
regions of uniaxial anisotropic nanoplatelets is presented. It is shown that in an interface of high symmetry
(i.e., perpendicular to the symmetry axisnly extraordinary waves can be excited by the electron beam,
usually as surface-plasmon-polariton modes. However, the anisotropy also allows excited extraordinary waves
to propagate as waveguide modes. In an interface of low symmetry a mixture of both waves is inseparably
excited. Application is made to directional near-field electron energy loss spectroscopy of uniaxial dielectric
nanoplatelets. It is found that all relevant length parameters in this spectroscopy happen to fall in the same
range, giving rise to enhanced sensitivity of the electron energy(kfsk) signal to the size and geometry of
the detected nanoparticle. The breakdown of momentum conservation in the electron-plasmon scattering event,
associated with the finite size of the platelet along the beam direction, strongly changes the EEL signal pattern.
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[. INTRODUCTION conditions and the external current distribution. In the gen-
eral case, this is a very complicated mathematical problem
The electronic properties of conducting and semiconductdue to the boundary conditions on surface intersections, and
ing materials with restricted dimensions on a nanometeto the asymmetry between the various surfaces, dictated by
length scale have attracted much attention recently. Variouthe anisotropy of the medium, the latter giving rise, for ex-
spectroscopical techniques for investigating the electroniample, to the existence of ordinary and extraordinary waves
structure of these materials have been developed. In particin a uniaxial symmetry.To our best knowledge, such a com-
lar, the excitation of electromagneiEM) waves in crystal- prehensive electrodynamic theory of the surface collective
line nanoparticles by external high energy electron beams (modes has not been published yet. Lueasl® presented a
beams$ have been exploited to study unique aspects of thelielectric model for calculating the electron energy loss spec-
valence electron properties in these nanostructtirks. tra of multishell fullerenes. This work focused on geometri-
In a special configuration available in scanning transmiscal and size effects, neglecting, however, dielectric anisot-
sion electron microscopd$STEM), where thee beam is re- ropy and retardation effects. A more recent work
stricted to the vacuum surrounding a selected nanopafticleinvestigated nonradiative SPP in metal-cladded isotropic di-
the beam-particle interaction is determined by those modeglectric cylinders, using fully retarded calculations. Some
which generate nonvanishing electric fields outside the parelevant theoretical considerations can also be found in re-
ticle boundaries. The dominant coupling in the near-field recent experimental papers published by the Orsay group and
gions is, therefore, with nonradiative collective oscillationscollaborators®~*3who focused mainly on probing radial and
such as surface plasmons, surface plasmon-polari@PB$  tangential plasmon modes in layered nanospheres and nano-
or wave-guide modesWith beam electrons of relativistic tubes by near-field electron-energy loss spectrostdfayw-
velocity, i.e.,v ~0.5¢, typical to these microscopes, the char- ever, their theoretical approach neglected EM retardation and
acteristic wavelength, ~v/w, of an EM excitation with fre- quantum effects.
quencyw is in the range of 10 nm, where the SPP modes In the present paper we develop a theory for EM surface
have a strong spatial dispersion. As shown below, this uniquand wave-guide modes in an anisotrofiiciaxial) dielectric
feature of the spectroscopical technique under consideratidiim. The EM theory is applied to the calculation of the elec-
enables a very sensitive detection of geometrical and sizton energy los$EEL) function of nanoplatelets in the near-
effects of the nanocrystal via selection of impact parametefield configuration, at two different orientations of tle
and beam-object orientation. beam with respect to the nanoparti¢ke=e Fig. 1z andy,
The problem of collective EM excitations in anisotropic scans.
media with restricted dimensions is of general interest. A We find that under certain conditions the dielectric anisot-
comprehensive study of surface plasmons propagating at threpy introduces additional energy gaps into the SPPs band
boundary of a semi-infinite isotropic dielectric medium andstructure. In these energy gaps SPPs transform into guided
in a thin isotropic film was carried out by RaetfiérAn  modes. The unique feature of these modes is that, unlike the
adequate theoretical description of surface plasmon excitardinary wave-guide modes existing in isotropic films, they
tions in a nanoplatelet, taking into account retardation efhave a longitudinal electric field component, which allows
fects, material anisotropy, and the platelet finite dimensionsgoupling with an externaé beam. These anisotropy-induced
requires a solution of Maxwell equations for an anisotropicexcitations tend, however, to wash out upon introduction of
medium with the account of the corresponding boundaryealistic damping parameters. On the other hand, a strong
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z lar to symmetry axis, while in the second case the film faces
are parallel toz, e.g., aty=*+b*. The external charge and
y current distributionsp(r,t) andj(r,t), respectively, which
z—-scan e-beam generate the EM field, are assumed to vanish inside the film,
- so that the fields can be described by the inhomogeneous
> > macroscopic Maxwell equations
b e 2c
— AH(r,t)
¢’ CUrIE(r,t): Mo oo (2)
v _ ot
y,—scan e-beam 0 X
\ 2" . aD(r,t)
curlH(r,t)=j(r,t)+ P (3
y,—scan e-beam divH(r,t)=0, (5)

FIG. 1. A schematic illustration of various beam configurationsWith the appropriate boundary conditions at the film surfaces
relative to a rectangular uniaxial anisotropic platelbgeam direc-  Z=*c* (or y==*b*). Here E(r,t),H(r,t), D(r,t) are the
tions are indicated by the bold arrowg scan: thee beam is above  vectors of the electric, magnetic and electric induction fields,
a surface normal to the symmetryaxis. y, andy, scans: thee  respectively. We assume the film to be nonmagnetic, so that
beam is above a surface normal to thexis, and normaln) or  the magnetic induction can be written Bs- uoH.

parallel(p) to the symmetry axis, respectively. The platelet dimen- In the linear response approximation the time Fourier
sions are 2" X2b*x2c*. b is the distance between thebeam  transforms of the electric induction and the corresponding
path and the surfacghe impact parametgr electric field with frequency are connected by the material

equations inside the anisotropic crystalline film,

sensitivity of the near-field spectroscopy to size and geo-
metrical effects is found when the impact parameter ap- Di(r,w)=epei(w)E(r,w), (6)

roaches the corresponding particle dimensions and both ar . . L
gomparable with therznversg r?momentumtransfer between thvé/ehereas outside the filnwhich is assumed to be a free
beam electron and the SPP. Space

The paper is organized as follows. The general formalism DOUY(r, o) = £ oEU(T, w). @

is presented in Sec. Il. In Sec. Il we analyze the surface EM
normal modes of an anisotropic dielectric film by solving the  The solution of Maxwell equations outside the film can be
homogeneous parts of the corresponding Maxwell's equafacilitated by using the Hertz vector formalis:*® The
tions. In Sec. IV the dielectric tensor is calculated in theHertz vectodI(r, w), outside the film satisfies the equatién
framework of the electronic shell model, and the dispersion
relations of the various SPP modes are derived. In Sec. V the w? 1
inhomogeneous boundary problem is solved for two distinct VAII(r,0) + — TI(r,0) = e (ho), (8)
configurations of the external narrambeam with respect to ¢ 0
the anisotropic dielectric film. In both cases field amplitudesso that the corresponding electric and magnetic fields can be
are calculated and analytical expressions for the electron eRyritten as
ergy loss function are obtained. A comparison of the theory

with experimental data taken for Mg®anoplatelets is also . _ w?
presented in Sec. V. E°UY(r, ) = graddiMl(r, ) + gﬂ(hw), 9)
Il. GENERAL FORMALISM HOUY(r, ) = —i we oCUHTI(T, ). (10)

Consider the response of a dielectric film to an external
high frequency EM field. The bulk crystal is described by a
uniaxial dielectric tensork; (w), written in the principal

The electric field inside the anisotropic crystalline film is
determined by the wave equations

axesx,y, andz as w2
) curlcurE(r,w) = ——¢ege(w) Er(r, ). (12
exx=eyy=¢,(w)=Reg (0)+ilme, (w), ) c? omik )
(o o : .
e,=¢|(w)=Res|(w)+iIme|(w). For a uniaxial crystal Eq(11) has two essentially differ-

ent solutions: an ordinary wave wave, with electric field
Two different film orientations are distinguished by the me-E°(r,w), and an extraordinary wavee( wave, with
dium symmetry axis, namely theaxis (see Fig. L in the  E®(r,w).” Theo wave is polarized in the plane perpendicular
first the film is bounded by the planes- = c*, perpendicu- to the symmetry axis, and it is purely transverse, so that
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divE®°=0. Thee wave satisfies the condition ddf=0 and
has a component parallel to the symmetry axis. In the non
relativistic limit w/c—0 the o wave vanishes, while the
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wave reduces to a purely longitudinal one, determined by the

equation cuE®=0. Consequently, the electric and magnetic

fields inside the anisotropic film can be written as a superpo-

sition of extraordinary and ordinary waves:

E(r,0) =E&(r,w) + E°(I, ), (12

H(r, w) =H®(r,w) +H°(r, w). (13

Ill. SURFACE PLASMON POLARITON MODES IN A
UNIAXIAL ANISOTROPIC DIELECTRIC FILM

In the linear response approximation all EM excitations

can be obtained from the homogeneous Maxwell’s equations.
We first consider the case when the film surfaces are perpen-

dicular to the symmetry axig&he z axis). In the absence of
external current the solution of E() can be represented as
a Fourier integral:

H(r,w)sz dkxfw dk, exi(kx+ky)]  (14)

XTI(Z,ky Ky, @). (15)

In the regions outside the filrtat z>c* andz<—c*; see
Fig. 1, I1,(z,k,,k,,w)=0, and the other components have
the form

|

where the extinction coefficient, in the free space is given
by

HX(Z!kX !ky ,(1))
T ,(2,ky Ky, @)

A, _
B, _

) exd F a,(z¥c*)], (16)

17

From Eqgs(9) and(10) we obtain the tangential field com-
ponents outside the film:

ol w?
ESUtZIkXE‘FHX ?—kf() , (18
Il
EQU'= —kk,I1,+ |k”—zz, (19)
HYU'= we ok, 11, (20)
H§Ut= —weokyIl,—iweg (gzx' (21

Inside the film thee wave has the electric and magnetic
field components

E(z.ky . ky,w)=A%exp(q7z) + B®exp(—0352), (22

go—ii, oL 75 23
- x| szsl Ea (23
e
e_. & &
ES=i Ve 7z (24)
wWEpnE
HE=K,ES kg lge, (25)
wege
Hy= ko lge, (26)
where
2
e_ [ 2 @
g, 8| k Czsl. (27)

The e-wave normal componeriE; supports the surface
induced charges at= =+ c*.°> Theo wave is polarized only in
the xy plane (i.e., parallel to the film surfage It has the
following field components

Ex(z.ky ky,0)=A°exp(q7z) + B°exp(—q;z), (29
k
E;’z—k—ng, (29)
y
1 k, JES
o_ _;:_— X X
Hx= oug Ky 9z (30
1 JES
o_ X
=i (31)
where
2
w
6= VK- Ze (32

The continuity of the tangential compone#ig, andH, ,
at the surfaceg= = c* results in a system of eight equations
which has a non-trivial solution for thewave and for the
wave, provided the following conditions are satisfied, respec-
tively:

203, coth295c*) + (e, )?+(a3)?=0,  (33)

2q2a;, coth(295¢* ) + a5 +($)*=0. (34)
Due to the symmetry of the filnf with respect to the
central planez=0), these equations can be factorized, e.g.,

in the case of thee wave [Eq. (33)], into two independent
equations, which determine the dispersion relations of the
SPP modes, having either symmetric or antisymmetric field
profiles, respectively:

e, a,+(;tanh(gsc*) =0, (35
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e €~k —
€1 az+ QZ COt“ qzc ) =0. (36) Ee: kxkz Ee (45)

i i K- (0¥cP)e,
Equation (34) for the o wave has no real solutions for (o €1

a,>0,07>0, implying that theo wave is not a surface EM

mode. It can propagate, however, within the film as a wave- o ik, IES
guide mode, as will be shown below. The various possibili- Ey=- K- (w¥cd)e W’ (46)
ties of wave-guide modes can be examined by allowifig z +
andq; to be purely imaginary, and assuming real dielectric 2 e
' 0 o g (wlc) JE;
functions[Egs.(1)]. For ano wave,q?=i|qg3| under the con- HS=i 5 , (47)
dition wpo ki—(w?lc?)e, Iy
e, >k%*c% w?, 37 o Ky (wlc)? e e
e_i|~€ : y© 2 2, 2 e E,, H;=0, (48)
whereas for ae waveq;=i|qs|, provided opo ki —(w®/c)e,
e, where
g>k*c?lw?, —>0 (39
| w2
or ay=\/ K+ K- et (49)
&
s|<kc?w?, —<0. (39) 5| o2
” 0=\ 5, Ktk e (50)

The latter condition corresponds to the strong anisotropy
situation, when the dielectric function Componeﬂlsande” Here, in contrast to the previous case, bethnd o waves
have opposite signs in a certain frequency range. have a component perpendicular to the film fages+ b*,

The dispersion relation&34)—(36) for purely imaginary  and can support surface plasma modes.
gy andqg reduce to the well-known dispersion relations for  The Hertz vector components in the regidis<y and
symmetric and antisymmetric guided modé3he guidedo  y<—b* are given, respectively, by
wave can exist only foe, >0 (see Eq.(37)), whereas the
guidede-wave can exist for botl, >0 ande, <0, depend- (Hx(y,kX ,kz,w)) <A+,_
ing on the sign and magnitude of, as seen in Eq$38) and =
(39). The latter property resul?ll in a series of alternating Ty ko bz, ) Bi.-
energy bands of wave-guide and SPP modes, due to the comndI1,(z k,,k,,»)=0, where
plicated frequency dependence of the dielectric fundtifom
(1)] (see Sec. V. In realistic situations the dielectric func- w2
tion in the frequency range of interest here is a complex ay= K2+ ki——z. (52
function, and so ang wave develops both evanescent and ¢
oscillatory fields inside the film, so that the distinction be-
tween SPP and guided modes is not very clear.

Now consider the case when the film faces are parallel t '
the symmetry axis. The electric and magnetic fields E®
andH®, H®, inside the film|y|<b*, are given, respectively,

)exp: +ay(y+b*)], (51

ic and magnetic field componenk,,D,=¢, E,,H, and
y at the facey= = b* yield a system of eight linear equa-
tions, analogous to the eight equations obtained=at- c*

b )
y ando waves cannot be separated due to symmetry breaking
E3(y,kx K, @)=A° exp(q?y) +BOexp— qu), (40) in they direction. For this reason, only a mixture @hndo
surface modes can be excited. An explicit solution, though
1 very complicated, can be derived in such a case. It has a
Ep=i k—qSES, E;=0, (41)  relatively simple form in the limiting case of a semi-infinite
X sample, withb* —c. The resulting system of four linear
o homogeneous equations has a nontrivial solution when:
o K, o .k, OEy
Hx:_ y Hy:| P (42) (0] e\ __
w,uo (,L),lLokX ay D(qy 1qy) - 01 (53)
ith
1 0)2 Wi
HO=——— —sL—kz) EC (43)
L opok| ¢? o D(99.99)=—(a)*~ (a9 ay+ (a)2(ki—kle, —¢, qSay)
and +q3(k§ay+ kislqs—siqsai)-i-k)z(slas
Eg(y, Ky Kz, ) =A® exp( qsy) +Bexp(— Q§y), (44) tey Q§C¥yk§ : (54)
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Expression(53) is the dispersion relation for such a hybrid 27 H . R .
(=3
(@

mode. !
IV. DISPERSION RELATIONS 21 /‘

[

In this section our main purpose is to gain deeper insight f
into the nature of those SPP modes which can propagate on 5| |
face of a uniaxial anisotropic dielectric film. This can be i
achieved by studying in detail the dispersion relations of the® :'
various modes. We use a simplified dielectric function, basec 4| !
on the electron shell model, first proposed by Dick and H
Overhauséf and later elaborated by several H
researcher§~2* In this model the relevant charge oscilla- ;| ¢
tions is considered as displacements of the center of gravity !
of the valence electronic shell with respect to the ion core,
and the frequency and wave vector dependent dielectric ten
sor is calculated in the harmonic approximation for these 0 10 20 30
displacements. The characteristic wavenumber of the excita ho(eV)
tions in the STEM-EEL spectroscopy under consideration is
aroundw/v, which is about 10 nnifor electron beam ve-

locities v/c=0.54-0.77, corresponding to 100-300-kev [ ?eeu ®
e-beam energigs Thus one can use the so called “local” -1 | me,, |

(k—0), or “optical” dielectric function expressed in the
principal crystallographic axes of the uniaxial crystal,
=X,Y,Z, as s

< ©p.oll) @
=1 Lo : 55
Saa(w) +]_21 wﬁ(j)—wz—iwrb(j) ( )

where o, ,(J) = w, .(k—0,j) is the effective long wave-

length plasmon frequency at theth electronic branch j( 3

=1,2,...,3; nis the number of atoms in a unit cellThere

are 3 electronic branches with bound frequencieg(j),

and the corresponding damping parameters Bgé;). 3
Restricting ourselves to the low-lying electron branches, 0 10 20 30

we further simplify the analysis by using only three oscilla- hw(eV)

_tors. For the uniaxial medium StUdIGd. here _there are only two FIG. 2. Frequency dependent dielectric tensor representing a

independent components for the d'.elefcmc tensQrZ?sl\ uniaxial anisotropic crystal in the electronic plasma oscillations re-

and s,,=gy,=¢, . The anisotropy is introduced via the gion- ()¢ =g and(b) e,/~=¢|. Calculations are according to the

plasmon frequencies only, while the bound frequencies anawree-oscillator shell moddEq. (55)] with oscillator parameters:

the damping parameters are assumed to k_)e the_same for bgfbund frequencieswy(1)=w,;=2.5 eV, w,=4.9 eV, and w;

components. The three-oscillator model dielectric tensor eX=12 ev and damping constanfs(1)=T,=1.1 eV,T,=3.1 eV,

ploited in the calculation beloysee Figs. 2 and(8)] pro-  andT';=6 eV, plasma frequenciea) wpx(1)=0,q=8 eV, u,;

vides a reasonable reproduction of the 2H-MeSperimen-  =125eV, and w,g=17eV (b) w,,(1)=0,=6.5eV, w,

tally derived function. =9 eV, andw,3=22.5 eV. Note that the calculated dielectric func-
Dispersion relations for the various SPP modes can béons resemble those derived experimentally for 2H-a8ported

obtained now by solving Eq$35) and(36) under the addi- in (Ref. 25.

. . o 9 .

tional con;tr§|nt$rz>0 qnd[qz(g))] >0, which ensure that 836) reduce to the equatioa, @,+g5=0, which should be

the electric field associated with the corresponding charg - .z .

oscillations decays on both sides of the film face. In the IimitSOI\_’ed_ under th_e_ con(_JI|t|0r21qE) >0. '2I'he solution for the

where all the damping parametdPg(j) vanish so that the &xtinction coefficient IS 7= _(‘*’éc) (ej=1)/(e &)~ 1)

dielectric functions are purely real bot(w) and and correspondinglyof)“= (e, a,)°. The dispersion rela-

tions following from this solution, k?=(w/c)%¢ (s,

[qg(w)]Zz(sl /8”)[6!3((1))_((1)/(:)2(8“_1)] (56) _1)/(8H8L_'l),.f0r our model dieleCtri(.: tenSCEFlg:;(a)],
are shown in Fig. @). The corresponding dispersion rela-
should be positive for all the SPP frequencigsocated be- tions for the isotropic case, =¢|, are shown in Fig. ).
low the light line(LL), w=ck [or a,(w)=0]. The salient feature of the dispersion lines obtained in the
To study the effect of anisotropy let us first consider theanisotropic situation is the emergence of a split-off subband
semi-infinite limit c* —. In this case both Eqg35), and at the LL (@,=0) from each main band, except for the top
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LL’/ (d) Isotropic film

Size splitting

0 (OGN 10 o, 20 o,

2000900 2992952259 LL/

/
. W , . .
l&s ,” (e) Anisotropic film

/o,

FIG. 3. Dispersion relations of nonradiative, symmetst,(v*), and antisymmetric§,w) SPP and wave-guide modes, respectively, in
uniaxially anisotropic dielectric filnfwith thickness 2* =40 A (e)]. The dielectric tensor used in the calculations show(ajris identical
to that presented in Fig. 2 with all damping parameters set equal to zero. Frequency and wave-number scales are given ), units of
=10 eV andk,=w,/c, respectively,o,, in (&) corresponds to the maximum of the upper dispersion brand)inThe corresponding
dispersion lines in an isotropic film are shown(d). The limiting case of a semi-infinite slab is shown() and(c). Note that the bound
frequenciesw, , 3 shown by long-dashed lines, determine the lower edges of the SPP bands. Also note the emergence of a split-off subband
from the main SPP band {i¢), and the related anisotropic splittings(&). The enlarged portion of the low-lying band is shown in the insets.
The light line,w=ck, and thee-beam line,w=vk are indicated by LL an@-L respectively. Also note the continuous connection between
SPP and wave-guide subbands within any branch belonging to a given symmetry.

one, at frequency, whereg =1, corresponding to a zero where
of g5 [see Eq(56)]. The subband terminates at a second zero
of g5, whereg, =0.
Returning to the finite slab, the long wavelength limit,
gsc*=<1, turns out to be quite useful. Approximating s g|
tanhx~x, and cothx~1/x+ x/3, the solution of Eqg35) and a(w)= oot | 1=
(36) yields the following implicit forms of the dispersion
relations:

tefe) 2 o)

(58)

K2= @ 2+[as,a(w)]2 (57) is the solution for the extinction coefficient obtained from the
c z ’ symmetric branch of the dispersion relatid#q. (35)] and
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3¢ w 2/ 9 \2 spectral loss function the standard expressgae, e.g., Ref.
ad(w)= —*( —1+|1+ —c*) (3—) (g)—1) 14), derived under the assumptions that the path of the beam
2¢c ¢ el electron is classical and rigid.e., not affected by the inter-
4 2 action with the dielectric medium These assumptions are
_ 306, ] (59 clearly violated in some interesting cagese below. Let us,

for the sake of simplicity, ignore such quantum mechanical
is the extinction coefficient derived from the antisymmetriceffects for a moment. Thus, within the framework of the
branch[Eg. (36)]. Note that the branch-point of the square- classical approach, the total power lo&%V of the beam
root in either Eq.(58) or (59) occurs at a maximum of the electron, moving along thg axis, which is assumed to be
corresponding dispersion cur{see Figs. &) and 3e)]. parallel to an infinite object face, is given by
We may now distinguish between essentially two different
frequency regions, depending on the relative signs aind
e, , as explained below Eq$38) and (39). o
In the first case, where both, ande| are negative, i.e., AW=ef
e, />0, the dispersion lines follow essentially the well
known band structure of an isotropic medium, shown in Fig.
3(d), where bands ofsymmetric and antisymmetiiavave-  where rq(t)=(vt,0b) is the position vector defining the
guide modes appear in energy gaps of SPP modes. Thegctron classical trajectory, and (—e) are the electron ve-
guided-wave modes are always restricted to the close vicinocity and charge respectively. The corresponding differential
ity of the LL, a,=0. power loss, per unit path length per unit loss energy,
In the second case, wheeg /<0, the anisotropy is  d?p/dwdx, is given bydAW/dx= [ dw? w(d?P/dwdx).*
essential, that is, the isotropic limit can not be approached we start with the situation when the symmetry axis

without crossing a zero of either, or ¢|. As can be seen perpendicular to the exposed platelet face. The current den-
from Egs. (56) and (59), in the frequency range where sjty associated with the beam,

g|(w)>0 ande, (0)<O0 [in Fig. 3@ see the anisotropic

band, the wave-guide modes can exist at lakyaway from

the LL [see the wave-guide mode branchesn Fig. 3(e), i(r,)=—evd[z—(c* +b)]8(y)S(x—vt), (61
corresponding to the antisymmetric branch of the dispersion

relations, Eq.(36)]. These anisotropy-induced modes have

strong polarization character and can be coupled effectivelgorresponds to an electron propagated at a disthncthe
to the external electron via its exponential tail outside theimpact parametg¢rabove the nanoplatelet faee=c* with
film (see Sec. V. velocity v along thex axis.

All dispersion lines shown in Figs. 3 are restricted to the To apply the theory developed above for a finite rectan-
region lying below the LL,a,=0, corresponding to nonra- gular platelet we restrict the beam position to the spatial
diative modes. Mathematically speaking, one may carry outegion near a platelet face, and sufficiently far from its edges,
an analytical continuation of the algebraic equatidf), into  where the influence of the corners can be neglected. Under
the regiona§<0, which yields radiative modes, lying above these circumstances one may be allowed to use the separa-

odtE[re(t), 1, (60)

the light-line in Fig. 3(see Sec. V. tion of variables method employed in the implementation of
The SPP dispersion relations described above are of gretite boundary conditions in Sec. lll.
importance because of the higdtelativistic) velocity of the To find the component of the electric field,(r,t), re-

e-beam, which sets the scale of the electron-plasmon masponsible for the power loss at the beam positions, we should
mentum transfer along the beam direction lgi= w/v now solve the system of equations for the coefficiehtnd

~ wl/c. This situation is illustrated in Fig. 3, where in addi- B (obtained from the boundary conditions at *=c*),

tion to the LL, w=ck, the so called &-beam line’(e-L), which include the particular solution of inhomogeneous
w=vk, is shown. The close proximity of these lines, typical equations8),

to the experiments, implies that the excitation by ¢Hgeam

occurs at the strongly dispersive region of the SPP modes,

their characteristic wavelength coinciding with the nanom- oxt mev

eter dimensions of the particle, thus providing enhanced sen- Lz ky Ky, 0) = i wena 8k — w)

sitivity of the spectroscopy to particle geometry and $&ze 07

Sec. V. Xexfl —a,z—(c*+b)[], (62

V. APPLICATION OF THE ELECTRODYNAMIC THEORY

TO NEAR-FIELD EELS associated with the current densitiq. (61)]. The coeffi-

cientsA, andB, are the only ones needed for the calcula-
The general EM theory, developed in the previous section of the loss functioEqg. (60)].
tions, can now be applied to a concrete physical situation of Combining Eqs(18),(9),(16), and(51), and the calculated
the energy loss processes probed by a converging STEMalues of A, and B, , and substituting into Eq(60), one
electron beam. It is customary to use for the correspondingbtains the following expression:
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the allowed values ok, can be considered as quasicontinu-
1 ous sinceAk,~ 1/b* <k, even in the low energy region.
However, in ay-scan configuration, where the exposed
platelet face has a small dimensi@r., along thez axis), the

d?p® e? 0 a,
dodx 2w280v2hf0 dky Im exp(—ZaZb)xe

2 2 2_ 02 > -
_ k_ 1— v @;—Q; boundary conditions a= *c* should be considered more
a’ 2] |2q2a;, coth(2q3c* ) + a2+ (q?)? carefully. These conditions stem from the continuity Ef
) and HY at z==*c*, which yield, e.g., for the symmetric
(e,a,)°—0q; branch, the confinement condition
28, @05 coth 2q5¢*) + (s, )+ (q9)?) |

VKE+19%— (w?/c?)
k, ’

(63 tank,c* = (66)

Note that in deriving this expression we have taken ad- o_ o_ ~4 2912 T A12
vantage of the time reversal symmetry of the dielectric rexv?erely—gm (gy—(zw/ \/EC){[K +(Ime,)7] _K_ }. ' fﬂm_d
sponse function, implying that the integrand is everkjn K*=(clw)*(k;+ k) ~Ree, . In the nonrelativistic limit,
and that the dielectric tensor components satisff —w)  K?>1, this condition reduces to tdpc* ~k,c*
=g} (). In the limiting case of a semi-infinite isotropic ~ \(w/v)c*, which imposes quantization on the possible
medium, Expressiof63) coincides with that derived in Ref. values ofk,. For a sufficiently thin film such thate{/v)c*

14. When each of the two denominators appearing in Eq<1, the smallest possible value kf is

(63) vanishes there is a resonant contribution to the loss

function corresponding to excitation of a collective EM 1l w 12
mode by thee beam. The corresponding conditions coincide Kz, min™~ —~ ;C*) .
with the dispersion relations, Eq&3) and (34), and their ¢
separated appearance in E63) reflects the separability of Thjs implies that the integral ovés, in Eq. (64) for the loss

the ordinary and extraordinary waves propagating along th@nction in they-scan configuration should be replaced by a
surface normal to the symmetry axis. It should be notedgiscrete sum, starting with the minimal valkg ,,. The
however, that only the wave can satisfy the resonance con-resulting cutoff of the corresponding extinction coefficient
dition for a surface modesee the discussion in Sec.)Ill ay significantly alters the dependence of the loss function on

A similar procedure, though more involved, yields for the jy \yith respect to that obtained in tizescan configuraticit
valence electron excitation in a slab parallel to the symmetrysee Sec. Wi
axis, and ane beam corresponding tg,(r,t)=—evdy Applying the model dielectric functiofEq. (55)] (as
—(b* +b)]6(2) 6(x—vt), specified in Fig. 2 to the above expressions for the loss
function in both thez- andy-scan configurations, it is now
possible to study in detail thedependence of the EEL spec-
trum of nanoplatelets, which is capable of revealing various
EM quantum size effects. For example, the development of

dZP(Y) e2 foc

dwdx 2m2sghv?

dk, Im‘ expl—2ayb)
0

02 A(qs ,qi) the well known surface plasmon splitting, due to the interac-
Xy~ 1=% T e tion between two opposite faces of the platélegn be de-
¢/ a,D(ay,qy) tected just by varying the impact parameter. The idea is il-

02 e~0 2
N 2a,[9y"—e, 0,0y T ky(e, —1)] platelet for values of the impact parametewaried through
D(ay.qy) the value of the platelet thicknesx®2 The high energy
broad band around 18 eV gradually splits into two resolved
whereD(qy ,qy) is determined by expressidf4), and lines asb increases.

o e o4 o3 or2 5 o . This dependence on the impact paraméteeflects a fil-
A(qy.ay)=(ay)"—(ay) ay+(ay)(— kit ke, te,ayay)  tering effect in momentum space of the exponentially decay-
ing factore™2®, which suppresses contributions of SPPs to
the loss processes with wavelengths shorter thanThus,

—Slcﬁaykf- (65) fc_Jr b< c*, large values oi_<, at which t_he size splitting is
significantly reducedlsee Fig. &)], dominate the loss func-
In the special case of isotropic mediuqﬁz qizqy, inthe  tion. For larger values db only small values ok, for which
nonrelativistic limit, Eq. (64) reduces to a well known the splitting is pronounced, contribute significantly to the
expressioff. loss function, thus resulting in larger splitting energy.

An interesting situation may be realized experimentally It should be noted that for many realistic materials the
when the nanoplatelet dimension along one direction, say theffect of the dielectric function anisotropy on the loss func-
z axis, is small compared to the characteristic wavelengthion in the energy range of interest here is not very important.
c/v, and much smaller than along the other ones, such thathis is mostly due to significant interband transitions, result-
b*>c*. Hence for thee beam in az-scan configuration the ing in large damping parametels,(j). To study the effect
boundary conditions at= *+b* are not very important, and of this damping the loss function shown in Fig(ay for

” lustrated in Fig. 4, by plotting the loss function of a thin
, (64

2 2 2 2 2
+ q;(kxay— kxslqg— qugay) +kie ay
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FIG. 5. Electron energy los(EEL) in isotropic =¢,) and
FIG. 4. Thek-space filtering effect, demonstrated by the devel-anisotropic €)#¢,) films with small and large damping param-
opment of SPP splitting as a function of the impact paranigtar eters(indicated by SD and LD, respectivelyin (a) the film thick-
the range where it is comparable to corresponding object dimenaess is 2* =40 A and the only apparent effect of the anisotropy is
sions (see the tejt Calculated loss functions are based @h a in enhancing the finite-size splitting of the high energy SPP band
three-oscillator dielectric functiofsee Fig. 2 and(b) optically de-  [compare Figs. @) and 3e)]. In (b) the film thickness is &*
rived dielectric function of 2H-Mog (Ref. 25. The film thickness =200 A, and the anisotropy leads to a significant splitting of the
is 2c* =40 A and the beam electron velocityzis=0.54c. intermediate band, which is completely washed out by the large
damping parameters. The other parametersbat&0 A anduv/c

. . L =0.54. The small dampin¢SD) situation was calculated with 25%
impact parametel=30 A is recalculated for unrealistically of the large dampingLD) constants(used in Fig. 2 Note the

small values of the damping parameters. As expef$e¢  remarkable correlation between peak positions and the high density

Fig. 5a)], all major peaks in the loss function are correlatedof states (k/dw) regions in the dispersion lines shown in Fige)3

very well with the asymptoti¢high density of statessectors

of the corresponding dispersion lines shown in Fig).3For S

a thicker film, where the finite size effects are suppressed, th@1mentum along the beam direction in the electron-plasmon

anisotropy-induced split-off subband, discussed at the end gfcatterlng. This constraint is inherent to the rigid classu_:al

Sec. IV, is clearly seen, yet at small damping only, as showdf&jectory model used above for the beam electron, which

in Fig. 5(b). For the realistic values of the damping param-ignores the momentum uncertainty originating from the f|r_1|te

eters this splitting is practically washed out. size of the target object. This effect can be introduced into
An important, qualitatively different, size effect arises the classical theory by replacing the strict delta function with

from the platelet finite dimension along tedeam direction ~a continuous distribution function ok{v — w). The form of

(x axis; see Fig. L The delta functions(k,v — ), appear- this distribution can be determined by comparing the classi-

ing in Egs.(63), reflects the requirement of conservation of cal expression for the loss functipiq. (63)], to that derived
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FIG. 6. Calculated loss functions for a 2H-MoSanoplatelet in FIG. 7. Experimental near-field electron energy loss spectra of a
a z-scan configuration, in which the condition of momentum con-2H-MoS, nanoplatelet ire- andy-scan configurations. The impact
servation along the beam direction is relaxed due to the finite size dparameter values are as follows: in thscanb=236, 72, and 108 A
the platelet(see the tejt Curves corresponding to four sizes are for curves 1, 2, and 3, and in thescanb=25, 55, and 85 A for

shown: 2* =200, 600, and 1000 A, and. The other parameters curves I, 2*, and 3, respectively. Calculated spectfdashed
curves correspond td=36 A in zandb=25 A in y (the other

used are 2*=100 A, v/c=0.54, andb=30 A. The experimen-
parameters: @ =100 A andv/c=0.54). The effect of the break-

tally derived dielectric tensor of 2H-M@Ss used.
down of momentum conservation along the beam axis due to the
in Ref. 3 by means of a full quantum mechanical approachfinite size of the object is illustrated by the dot-dashed curve. All
Thus we write calculated spectra are scaled by the same incoming beam flux pa-
rameter. An experimental dielectric function of 2H-Mo®&Ref. 25
d?pP,, a* d?P,(k is used in the calculations.
L= —f dk{sing (ke— w/v)a* J}2x ——o
dodx X X dwdx '’ ) ) .
(67) integral overk, in Eq. (67), for which the values o, were

) . . ) purely imaginary, and the SPP dispersion lines could pen-
whereP¢(k,) is the classical expression, given by E63)  etrate beyond the light line. Under these conditions ¢he
and  sie(qa*)=(1/a*)/*",. expig¥)dx=sin(@a*)/(qa*).  beam can be coupled to radiative modes of the platelet,
Evidently, in the limit a*—o, the distribution which should be reflected in smoothlyonexponentially
(a*/m)sind(ga*) tends to a delta function and E¢7)  decaying dependence on the impact parameter. This striking
reduces to the classical res{iiq. (63)]. In Fig. 6 the influ-  situation requires a further study.
ence of this quantum mechanical correction on the loss func- Experimental confirmation of the size effect discussed be-
tion is illustrated for thez-scan configuration of the beam.  low Eq. (64) is shown in Fig. 7. The experimental da&ee
It is seen that the breakdown of the strict momentum conRef. 3 for detaily correspond to a MoSectangular platelet,
servation condition along the beam direction, as expressegh 100< 100X 10 nn? in size, and are beam, propagating
by Eq. (67), suppresses the power loss of thédbeam to  alongx axis and progressively advancing along #ra y line
excitations of internal degrees of freedom of the platelet, dugcans. Spectra of representative pixels along the two line
to momentum transfer to the platelet as a whole. Evidentlyscans are shown, thescan advancing along theaxis to-
the skeleton of this quantum smearing effect is recognized agards the large platelet face and $hecan approaching the
a classical recoil effect. The reduction of the EEL intensityplatelet narrow face along thg axis. Comparingy- and
becomes particularly strong in the energy region near zscan spectra, one may observe some minor spectral differ-
~vla*, where the momentum smearink,~1/a* ap- ences, yet the most striking observation concerns the line
proaches the characteristebeam line momentunw/v. intensities, which show quite significant differences in decay
Thus, by varying the platelet siz the shape of the entire rates. The high energy mode, for example, attenuates toward
electron loss spectrum changes drastically as compared to thigey direction on a length scale about two times shorter than
classical one. Note the substantial reduction of the EEL inthe corresponding-scan attenuation.
tensity in the low energy region even for films as thick as Representative loss functions, calculated with HGS)
2a*=1000=A, which reflects the long range nature of the and (64) [including the quantum correction, E(7)], using
electron-plasmon interaction at the low energy branches nean experimentally derived dielectric functfGnare also pre-
the e-beam line(see Figs. B sented in Figs. 7. In the-scan configuration the calculated
Finally, it should be noted that for sufficiently small val- spectral features are in very good quantitative agreement
ues ofa* there would be significant contributions to the with the corresponding experimental data. Given the ap-
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proximate nature of the calculations, the comparison of thalicular to the symmetry axis. The extraordinary wave itself
corresponding line intensities is rather good. It is stresseéxhibits fine anisotropy splitting, which tend to easily smear
that only a single free parameter, the incoming beam fluxas soon as large imaginary parts of the dielectric function are
has been used here, kept with an identical value in all calcuintroduced, namely, with typically realistic values in the en-
lated spectra. In thg-scan configuration the agreement be-ergy range of interband transitions. In contrast, it shows a
tween theory and experime(tioth in terms of line positions great sensitivity to size and geometrical parameters at impact
and intensitiesdeteriorates quickly as the impact parameterparameter values, which are comparable to corresponding
b increasegnot shown. This finding is not well understood object dimensions. Under certain conditions for the dielectric
yet. It may arise from the complete neglect of the effect offunction components SPP modes transform into TE and TM
the platelet corners in our calculation, which becomes a seguided modes.
rious shortcoming in thg-scan configuration when the im- The predicted sensitivity to size effects is due to a unique
pact parameter becomes comparable to the narrowcsize coincidence of all relevant length parameters in the STEM-
It is interesting to note that, similar to the experimental EEL spectroscopy, and to the momentum space filtering im-
spectra, the calculated line scans differ substantially in theiposed by the exponentially decaying electron-plasmon inter-
intensity decay as a function of the impact parambtdrin-  action in the vacuum, a value controlled by selecting the
ear fits used to evaluate the effective attenuation parameteb®am-nanoparticle impact parameter.
in both the calculated and experimental loss data, yield a Two qualitatively different size effects could be distin-
directional ratioa, / o, of about 2. The origin of this effect is guished. The first, relating particle finite dimensions in the
in the smaller size of the platelet along thexis, and the plane perpendicular to the beam direction, strongly influ-
strong quantization of the corresponding wave nunkheas  ences the intensity decay constants, thus resulting in direc-
explained in the paragraph below H§6). The minimal at-  tional sensitivity to the particle shape. The second effect is
tenuation parameter along the scan is o)""=(w/v)(1  raised by the finite object size along the beam directéord
—-BA)Y2, while amin:(w/v)[UZ Lmin/w2+(1_,32)]1/2%(w/v) the corresponding breakdown of momentum conservation in
X[v/wc*+(1—,8¥)]l/2. For typical values of the electron the electron-plasmon scatteringrhis effect provides new
velocity v=0.54, and the energy loskw=10 eV in this  channels of radiative plasmon excitations and results in dras-
experiment, we find the classical longitudinal wavelengthfic changes of the EEL pattern. An interesting interplay of
k;lzv/awlOO A, so that for the platelet thickness relativistic and spatial dispersions has been shown to imply
=50 A realized in the experiment, we find the theoreticalfUrther effects on the spectral appearance of the surface

estimatea, /a,~1.95, in very good agreement with the ex- modes. . . .
perimentally derived value. Comparing our theory with experimental data of a semi-

isolated Mo$ nanoplatelet, a good quantitative agreement is

obtained in the range of validity of our approximations. In

particular, a strong EM quantum size effect is revealed by the
We have developed a theory for collective electromag-dependence of the loss function on the impact parameter.

netic modes, which dominate the near-field regions outside
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