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Momentum transfer to small particles by passing electron beams

F. J. Garcia de Abajo
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The force exerted on nanoparticles and atomic clusters by fast passing electrons like those employed in
transmission electron microscopes are calculated and integrated over time to yield the momentum transferred
from the electrons to the particles. Numerical results are offered for metallic and dielectric particles of different
sizes(0—500 nm in diametgras well as for carbon nanoclusters. Results for both linear and angular momen-
tum transfers are presented. For the electron beam currents commonly employed in electron microscopes, the
time-averaged forces are shown to be comparable in magnitude to laser-induced forces in optical tweezers.
This opens up the possibility to study optically trapped particles inside transmission electron microscopes.
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I. INTRODUCTION electron beam to small particles. This applies to optically

Electromagnetic forces in optical tweezers are currentyifaPped particles, as mentioned above, but also to other
employed to trap small particles ranging in size from nanomforms of trapping, like particles deposited on solid sub-
eters to several microd€ and to manipulate them in all Strates, or particles trapped by afg., in a scanning tunnel
spatial direction$:* This type of force is also used to char- microscopeSTM) set ug.
acterize the elastic properties of deformable tiny objects
(e.g., living cell§), to obtain quantitative information on me-

chanical properties at small length scaes)d in general, to ll. THEORY
fix the position of those particles so that they can be manipu-
lated at will. The electromagnetic force exerted on a particle in vacuum

In this context, transmission electron microscopy offers ds given by the integral of Maxwell's stress tensor over a
potentially useful tool to study optically trapped particles, surfaceS embedding the particlé as
providing excellent spatial resolutiggometimes below 1 A
when subnanometer electron beams are emplbyddle al-
lowing spectroscopic characterization with sub-electronvolt
accuracy. Actually, transmission electron microscopes are
routinelygexploited to probe local optical response
properties, and more recently, also to determine photonic n
structures of complex materidls. - §(|E(S’t)|2 + |H(S't)|2)} -
A major problem that may arise when combining electron
microscopy with optical tweezers or other types of optical
trapping (e.g., optical lattices is that the passing elec- wheref is the surface normal and Gaussian units are used.
trons can kick the particles out of the trapping locati®se  The momentum transferred to the partic, is obtained by
Fig. 1). In this work, we show that the momentum trans-integrating ofF(t) over the time. This yields
ferred from the passing electrons to the particles can be well
below the threshold needed to kick them out for commonly
employed trapping laser intensities, although a detailed com- Ap
parison between trapping forces and electron-induced forces
suggests that both weak and strong perturbation regimes are
possible depending on the distance between the particles and
the beam, all of them within the range that allows a suffi- b
ciently large electron-particle interaction as to perform elec- \
tron energy loss spectroscoflyELS) with significant statis- a
tics for in vacuooptically trapped particles. Ap
The moving electrons can be in fact regarded as a source %
of evanescent electromagnetic field that probes the sample
locally, and in this sense, they can be also used to produce
deformation in elastic particles, oscillations of trapped par-
ticles around their equilibrium positions, and other interest- F|G. 1. (Color online. Schematic representation of the process
ing effects associated to the transfer of momentum withinconsidered in this work: a fast electron moving with impact param-
accurately controlled spatial regions. eterb and velocityv with respect to a polarizable particle transfers
The present work addresses, in a quantitative way, thenomentum Ap=(Ap,,Ap,) to the particle via electromagnetic
issue of both linear and angular momentum transfer from ainteraction.

F(t) = if ds[ E(s,t)E(s,t) - A+ H(st)H(s,t) -
S

Z A

electron
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Ap=f F(t)dt= f“ F(w)dw, (1)

0

where

Flw)= # RE{J ds{E(s,w)[E(s,w) “A]* + H(s,0)
S

X[H(s,w)* - Ai)* - g(|E(s,w)|2+IH(S.w)Iz]H,
(2

and the Fourier transform is defined a&(r,w)

= [dtE(r ,t)expli wt}.

The force acting on the particle is due in part to radiation
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Symmetry considerations lead to the conclusion that Ray-
leigh scattering of the external-electron evanescent {i#éld
produces a radiation pattern with inversion symmetry with
respect to a plane perpendicular to the trajectory. This means
that the overall transfer of momentum to the induced radia-
tion is zero in the small-particle limit, so thaip, accounts
for all momentum transfer to the moving electron alang
Then, the contribution of eacla component to the electron
energy loss rate is, within the nonrecoil approximation valid
for sufficiently energetic electrons;F,(w). Actually, one
finds that the identityF,(w)=%wP(w) is satisfied, where
P(w) is the frequency-resolved loss probability as previously
obtained for small particle¥.As a consequencé, vanishes
in the w— 0 limit, since P(w) remains finite.

This behavior is quite different fronf¥,, which goes

emitted as a result of interaction with the electron and in parto a finite value for small w's, namely, F,(«=0)
to the reaction force experienced by the projectile. For smal-4e’Re{a(0)}/v%b?. (Incidentally, momentum transfer along
particles, the effect of radiation emission is negligible andx produces negligible energy transfer in the nonrecoil ap-

the trajectory is deflected by an angieAp/mv, wherem

proximation) This latter formula can be used to derive a

andv are the mass and velocity of the electron. Nonretardedlose expression fakp, valid for arbitrarily large, finite ob-
calculations have shown that this angle is too small to bgects in the large impact parameter limit. In that case, only

easily measuret®

A. Small particles

small w’s contribute toF(w), due to the effective exponential
cut-off imposed by the modified Bessel functiddgandK;.
This means that only long wavelengths are relevént
which the object appears as smgadlo that it can be described

Let us first consider a small isotropic particle §uff|C|entIy_ by its static polarizability. Then, the integral can be per-
far away from the electron beam as to neglect higher multl-formed numerically to yield
poles beyond induced dipoles. The particle is then character-

ized by its frequency-dependent polarizabilitfw), and the

force exerted by each frequency component of the external

field E(r,w) reduces t&*

Fo) = Re{aZ EN(r,w) V[EX(r,w)]* } 3)
]

(6)

Ap, = (5.55165/+ 1'85059) ezRe{CZ(O)}.
0% vb

For comparison, the momentum transferred to a chawrea
distanceb from the beam is\p=—(2€?/bv)X.
The largeb limit given by Eq.(6) is compared in Fig. 2

This expression can be derived from E8) by considering ith more detailed calculations that include higher-multipole

an integration surface arbitrarily close to the object and b

Ynoments, as described below. Also, the small particle limit

using the expressions for the electric and magnetic fieldg¢ Eq. (5) is discussed in Fig. 3.
induced by a small polarizable particle in terms of its polar-

izability «. For an electron moving with velocity toward a
positive z direction and passing by the origin &t0, the
external field is readily calculated from Maxwell’s equations

to yield

-2ew . R\R i R\.
Eext(r1w): > we""Z/U|:K1<w—>———KO(w_>Z:|,
vy vy/ Ry \vy

(4)

whereR=(x,y) and y=1/y1-v?/c? Inserting Eq.(4) into
Eq. (3), one obtains

3
Flw) = 2625—(0{— Re{a}f’(w—b>§( + 2y Im{a}f<w—b>2} ,
1% 73 vy vy
(5)
where
f(2) = KH(Q + K31,

and the particle is taken to be situatedRat(—b,0) with
respect to the bearfsee Fig. 1

B. Arbitrary size

For larger particles or for close electron-particle encoun-
ters, higher multipoles become relevant in the induced
forces!® Then, it is convenient to express the evanescent
field of the electron in terms of multipoles centered at the
particle, so that the external electric and magnetic fields ad-
mit the following decompositiof®’

E*ro)=2> [wt”*exl - i—kwE*extV XL ]J’L(kr)
L

and

HeX(r, w) = - > {zpf’ex‘l_ + i—klp["'eX‘V X L}jL(kr),

L

where L=(I,m), k=w/c, j (kr)=i'j(kn)Y_(F), L =—ikr xV
is the orbital angular momentum operator, ari(joe’“ (for v
=E,M) are multipole coefficients given by’
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FIG. 2. (Color onling. Momentum transfer to small spherical ~ FIG. 3. (Color onling. Particle size dependence of the momen-
particles by a passing 200-keV electron as a function of the distanceim transfer normalized to the particle mags under the same
from the trajectory to the center of the sphebesthe momentum  conditions as in Fig. 2: small particle limitlashed curvgsversus
transfer has been scaled using the veloeity0.7c, the sphere ra- full multipole calculation(solid curveg. The particle is made of
dius a, and the impact parametér The perpendicular component Al,Os (densityp=4.02 g/cnd), the electron energy is 200 keV, and
of the momentum transfer with respect to the trajectdpy (solid  the distance from the trajectory to the particle surface is 10 nm.
curveg has been represented for spheres of radm$0, 50, 200, Dotted curves show the momentum transferred from light in an
and 500 nm(notice the rapid increase iip, nearb=a). The par-  optical trap(see text for details
allel componentAp, (dashed curvgds only shown fora=200 and
500 nm. Dielectric alumina spheres and metallic silver spheres are _ ; ' ; ’;
consideredleft and right plot, respectivejyrespectively. The large |E: (+)j|(p olp .1J|(p l)? *elp oJ(|+()P 0] J|'(p1) ,
b limit for perpendicular momentum transfgg. (6)] is shown by h™(po)lpaii(po)]" = elpohi™ (po)]'ji(p1)
horizontal dotted lines.

where py=ka, plzpov’; with Im{p;} >0, and the prime de-

notes differentiation with respect g and p;.

[zﬁﬁ"’m] - 27-ri1"ek{ ZmAv/c] [w_b] @ At this point, it is convenient to write the operatdrsand
m Ll

pEe | T 10+ Dhc | By vy (1/K)V in matrix form. One finds
with LjiL=2 Lo

L/

[21+21(1 = |m|)!

A = ——2m-1!!
L . (I + |m|)|( |m| ) and
n 1
! s C<m|+1/z>(2> Vi =2 N,
(o) wylm M o) ST

respectively, where
BL = AmiCs = A miCo, pecivel

Lo =28/ [Comer (X = i9)/2 + C g e (X +19)/2

and

C,=\(+m+ 1)1 = m). * M 2],
Here, s,=1 if m=0, s,=(-1)™ if m<0, and Cﬁ? is the 1" +m)(l" - m)
Gegenbauer polynomid?. The impact parametdris defined 2Ny =i (S +8o1) o, (8)

The induced field around the particle is given by similargng thek andy components o are obtained from Eq8)
expressions obtained by substituting®* by coefficients  py rotating the reference frame using rotation matrices for
vind - andj, by the Hankel functiorhf”.lg In particular,L  spherical harmonic® Exactly the same matrices as above
=(lI,m) is conserved for spherical particles and one has apply toL and(1/k)V acting on Hankel functionla(L+). Fur-
linear dependence] ™=t/ y;"*, wheret} are scattering ma- thermore, these matrices satisfy the propertiésL and
trices that are given by analytical expressions in the case af*=-N.

homogeneous particles of dielectric functieand radiusa'® Now, the electric field admits an expansion of the form
—Ji(po)pali (p1) + poii (p0)ji(py) ex = pext
M = & <] . (J'r) ! ES(r,w) = >, EXY (kr),
h " (po)paii (p1) = polhi ™ (po)]"ji(p1) L
and where the coefficients
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=y |_LL,lr,,M,,e><t+ i Niu’ % L*LHL,(//E,,ext into Eq._(Z) and perfqrm the integr;_al over a s_phere in Eh_e
L L — oo limit. Then, the first two terms inside the integrand give

a vanishing contribution because the induced far-field is

are obtained from the above expressions. S_ir(;nilar fqrg‘maﬁansverse. The remaining part of the integral can be recast,
are obtained foH®!and for the induced fieldg8" andH™ noticing that only real terms must be retained

in terms of multipole coefficients. Finally, we insert them

1 . ) - , o . )
Fw) = WZ Reffi . X ([EPYE) * + HPHT) * 11 - (- 1) —i[EMYED) * + HMYHE) * 11 - (- 1))
LL’
+ 2LELUED) * + HYHT) * DY, )
[

where full-multipole calculation[Egs. (1) and (9), solid curve$

agrees well with the small particle limjEgs. (1) and (5),

AL :f dQY*,(Q)ﬁ(Q)YL(Q) (10) dashed curvgswhena is much smaller thal—-a=10 nm.
- Even though the electron-particle interaction increases with

the radiusa, the actual change in the particle velocity shows
a nearly exponential decay with increasiag

In a situation where the particle is trapped by lagers.,
in optical tweezersor in optical stretchefy, one should
compare the interaction with the electrons to the interaction
with the laser light. To this end, we will consider a trapping

Figure 2 shows the dependence of the momentum transféW-Ti:sapphire 100-mW laser emitting at a wavelength
on electron impact parametds for alumina and silver =785 nm and focused on a region of radRis- 10 um. Fur-
spheres of different radius, as calculated from Eds.and thermore, we will contemplate.the momentum transferred by
(9). Measured optical data have been used for the dielectrite laser during the average time speinbetween two con-
function of these materiafsOne can observe a nearly expo- Secutive passing electrons in a transmission electron micro-
nential decay of the momentum transfer withBesides, the SCOPe operating at a current of 1 nA. The particle polarizabil-
momentum transferred along the direction of the electrody @ is all that is needed to calculate light forces for the
velocity vector(Ap,, dashed curvess generally smaller than Small radii under discussiofa<\), according to Eq(3).
the remaining perpendicu]ar Componeﬁpx’ solid Curve$ Now, for reala this equatiOﬂ defines a conservative gradient
which finds an explanation in the fact that the contribution offorce that responds to the potentialat2)|E[?, whereE is
these components to the energy ldssis vAp,+(Ap,)?/m,  the laser light field, whereas the imaginary partaofepre-
wherem is the electron mass: sinca > Ap, Ap, is allowed ~ sents photon absorption by the particle that translates into
to take larger values thafp, for each fixedw. light pressureé! These two components are represented sepa-

Notice also that\p, converges quickly to the lardelimit
[Eq. (6), dotted curvel producing a finite result under the
scaling of Fig. 2, unlikeAp,, which goes faster to 0 for large
b. In this limit, the electron induces a dipole in the particle \
directed toward the electron, which results in an attractive
force between these two similar to the image potential at
surfaceg? leading to a momentum transfaip ~Ap,X. For
small metallic particles and closer encounters this picture is
no longer valid andAp, can actually reverse its sign and
have a net repulsive behavi@.g., in Fig. 2 for Ag particles
of radiusa=10 nm and also for the fullerenes of Fig. 4 Ap,

A more detailed analysis of the magnitude of the momen-
tum transfer effect is given in Fig. 3. The momentum transfer %% " 0s 08 10 3 5 9
is normalized to the particle madd and the result is the
change in the particle velocity induced by the passage of the
electron as a function of particle radias The trajectory of FIG. 4. (Color online. Momentum transferred from a 5-keV
the 200-keV electron under consideration passes 10 nmlectron to a G, cluster as a function of impact parameterThe
away from the surface of the spherical alumina particles. Thenomentum is normalized to the cluster mass

and A(Q) = VA 3[(X+i§) Y11/ V2= (X=i§) Y11/ 2 +2Y 1] is
the radial vector as a function of the polar directi@n

IIl. RESULTS AND DISCUSSION

1.0 1 1000

Ap/M (cm/s)

o
=]

(s/um) py/dy

Impact parameter b (nm)
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rately in Fig. 3 after multiplication byAt/M (dotted curvep Tk T T T ]
The light pressure contribution is calculated for an incidence T E
plane wave with the same photon flux as the laser at its
focus. The gradient force component is obtained from the ‘g
maximum force in the focus region assuming a Gaussian '§ 1 E
profile for the laser field intensityi.e., |E|2=exd-R?/ 5
(R¢/In 2)?)). Finally, it is convenient to define the polariz- fa)
ability from its relation to the scattering matrix, whichupon § 01¢ E
inspection permits writinga:3tE/2k3. Unlike the well- R=
known expressior? a=a%(e—1)/(e+2), the former relation &
predicts a nonzero value for {r} even for particles with _§ 0.01F 4
real e (like our alumina spheresarising as a pure retardation © e ===

: . T o 0 10 20
correction associated to radiation scatteritigs is actually Particle radius a (nm)
the origin of the light pressure component of Fig. @nci-
dentally, gravity would produce a velocity changgt FIG. 5. (Color onling. Change in the particle angular velocity
=1.56 nm/s, which is well compensated for in currently 55 g result of the torque exerted by the electron. The particle is
available optical trapping systems. made of ALO; (density p=4.02 g/cn), the electron energy is

An important conclusion that can be extracted from Fig. 3200 keV, and the distance from the trajectory to the particle surface
is that the crossover of trapping light into the main source ofs 10 nm.

momentum occurs for particles of 20 nm in diameter when
the electrons pass at a distance of 10 nm from the particlg
surface, thus allowing one to perform energy loss analysis o
the transmitted electrons with significant statistics. Theres
fore, transmission electron microscopy can be combine
with in vacuo optical trapping to study particles of sizes

above_ some tens nm. . .. =5 are needed for convergence within the rangb ohder
Wh||(_a the tra_nsfer of momentum by the trapping light consideration Even at a distance of 9 nigmotice that G
occurs in a continuous smooth fashion, the electrons deposits 4 diameter of only 0.7 nnthe change in velocity pro-
aIIAof_the momfentum dun?g a small time mtervaJa/ﬁ duced by the passing electron can be substantial. Therefore,
(<At=0.16 ns for 1nA electron currentHowever, the  yhe interaction of fast electrons with small clusters can pro-

change in particle v_elocity per_electr()vertical scale in _Fig. duce dramatic effects if these are not mightily bound by a
3) produces a mmtéjte particle displacement duriag mechanism stronger than optical trapping.
(smaller than 1.& 10° nm<a), and therefore, the effect of Finally, the passing electron can induce a torque on the

the ;ljassm? electrons is e>f<per|encetd b%hthte. pgrtlclgbazl rticle that changes its angular momentixh,) and makes
hearly: continuous source ol momentum that IS describablig iq1e This is the effect discussed in Fig. 5. Like the elec-

by_ an average forcap/At. Actuall_y, Fig. 3 suggests that tromagnetic force above, the torq@is obtained from the

using more intense el_ectron pea(wsth even smaller impact integral of Maxwell's stress tensét,which yields

parametensacting during periods of the order of one second

will still not produce ejection of the particles from their trap- e

ping locations. G=—R f dy(h-E)*(EXA)+({N-H)*(HXA)],
It should be stressed that the momentum transfers that we A s

have calculated using classical electromagnetic theory must

. - Wheres is the radius of a sphere where the particle is em-
be understood as the average value over many |ncom|rc1)§

wed to obtaint” will be given elsewheré* At relatively

mall interaction distancds thez component of the momen-
um is larger than th& component and the latter is negative.
hese are effects that can be hardly found in the above ex-
amples and that originate in high-order multipolestually,

electrons, since the actual strength of the interaction is n edded. Proceeding in a way similar to the derivation of the

large enough as to guarantee that many photons are e orce presentgd in Sec. ll, this expression can be written in
) : € €&rms of multipole components as

changed between each electron and a given particle. Like in

aloof EELS experiment$,most electrons will not interact 1 e{ 1

with the particles at all, so that the present results must beG = —— I(1+ 1R [E\”(I +m+ 1)1 = M) g (X

3
understood under the perfectly valid perspective of a statis- AR

tical average performed over many beam electrons. The qua- 1

dratic deviation from these average forces can also play a  -iy)+ E\s’(l -m+ D) (I +M)Spg (X +iY) + mammi}
role (similar to straggling in stopping power thegrput this

subject is left for future consideration. x [wE,ind(wE,,ind) * 4 lrljtll,ind(wM,,ind) *

We have also studied momentum transfer tg €usters
(Fig. 4). The scattering matricep have been obtained within E.ind, Eext  M.ind, M,ex
the discrete-dipole approximati@A?® where each carbon g M ynTY > T ) * 1 1)
atom is described by an induced dipole whose polarizability
is fitted to reproduce correctly the measured optical responsequation(11) has been used to obtain Fig. 5, which shows
of graphite’ Further details concerning the procedure fol-the change in angular velocity of the particle per incident
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electron,AQ=AL,/1, wherel=(2/5)a?M is the moment of causing ejection of the particles from their trapping posi-
inertia of the alumina sphere. tions. The experimental challenge consists in combining

Averaging over the electrons of a 1 nA electron beamelectron microscopy with optical trapping in vacuum, and we
passing at 10 nm from the surface of an alumina sphere dfope that this work can contribute to stimulate further re-
radius a=20 nm, one finds an angular acceleration ofsearch in this direction. Besides, the linear and angular mo-
39 MHz/s. Under these conditions, the linear momentunmentum transfers discussed here can play a relevant role in
transferred by the electrons can be absorbed by the trappirgher types of trapping, like for particles deposited on a sub-
light, as discussed above. However, the angular momentussirate, or for particles trapped by a tip, where the forces and
is not absorbed, and the particle will spin with increasingtorques induced by the passing electrons can push, pull, re-
angular velocity until either the centrifugal force breaks itposition, or reorient the trapped particles.
apart or radiation emission at the rotation frequefw@acuum
friction) compensates for the electron-induced torque. ACKNOWLEDGMENTS
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