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Photonic force spectroscopy on metallic and absorbing nanoparticles
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We present a detailed study of the optical trapping and manipulation of nanoparticles with complex permit-
tivity using an apertureless near-field probe. We use a three-dimensional, self-consistent description of the
electromagnetic scattering processes that accounts for retardation and the intricate many-body interaction
between the substrate, the particle, and the probe. We analyze the influence of absorption on the optical force.
For metals we describe how the optical force spectrum is influenced by the optical response of the metal, and
in particular by plasmon resonances. We find that the optical force spectrum can provide an intrinsic signature
of the particle composition which can be used to achieve a material-selective trapping and nanomanipulation.
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[. INTRODUCTION negligible, compared to this gradient force, for small par-
Since the pioneering work of Ashki? the use of optical  ticles. However, absorbing and metallic particles, due to the
forces has led to the development of optical tweezers tecHlONZero imaginary part of their relative permittivity, experi-
niques which use light to manipulate dielectric particles€Nce an absorbing force of the same order of magnitude as
larger than the waveleng@h® On the other hand, schemes to the gradient force. We shall investigate the consequences of

trap and manipulate nanometric objects in a controlled and{!!S force on the stability of the optical trap. Moreover, we
selective manner are still scarce. In a previous arficke shall address the effect of the plasmon resonance of small

. . . , _ particles on the optical forces.
prqposed a schem_e HEIth'Ver manlp_ulatdlelectrlc Nano- = Since the details of the computation of optical forces have
objects on a flat dielectric substrate in air or vacuum. Thlsbeen described previousiy;L® only a brief account of the
manipulation was achieved using the scattering of evanesp, :

. eory is given in Sec. Il. Section Il A presents the results
cent waves at the apex of an apertureless near-field probg,, absorbing dielectric particle.g., quantum do}s Sec-

However, that study was restricted to lossless dielectric pakiop || B addresses the case of metallic particles. The influ-

ticles. _ _ _ ence of plasmon resonances on the optical trapping is dis-
The case of metallic particles is more complex due to the:yssed, with a particular emphasis on the case of silver

imaginary part of the relative permittivity and the existenceparticles which exhibit an intricate behavior. In Sec. Ill C we

of plasmon resonances. For large partidlesmpared to the study the possibility of scanning the surface in tapping mode

wavelength of illuminatiopy a two-dimensional optical trap with a metallic particle trapped at the tip apex. Finally, we

can be created under special conditions, i.e., using JEM present our conclusions in Sec. IV.

and TEM, laser mode$?® But it is only very recently that

large metallic particle have been trapped in three Il. CALCULATION OF THE OPTICAL FORCES

dimension’1? In the case of small particles, i.e., particles \\e use the coupled dipole meth6@DM) to compute the
smaller than the wavelengtiRayleigh particlel the optical  gptical forces. The method consists in discretizing the object
trapping can be achieved in three dimensitin&!The large  under study as a set of polarizable subunits arranged on a
interest of small metallic particles is their plasmon resonanceupic lattice. As the incident fieldE,) is time-harmonic-
which produces an enhancement of the optical force experigependent, we shall omit the frequency dependence. The

enced by the particle. This can be used in photonic forcgje|q at each subunit is obtained by the following self-
microscopy* or to trap single molecules to study surface- consistent relation:

enhanced Raman scatteritiyg.

In this article, using the selective trapping scheme pro- _
posed in Refs. 6 and 16, we extend the analysis of our optical (") = Eo(ri) + gl [Trirp) +S(rirlalrE(ry), (1)
trap to the selective manipulation of absorbing and metallic :
particles. The optical trapping of dielectric particles is thewherea(r;) is the polarizability of subunit, T is the electric
result of the gradient force only, as the scattering force idield linear susceptibility in free spaéé,and S denotes the

N
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FIG. 2. z component of the force experienced by an absorbing
sphere[Re(e)=2.25] vs the imaginary part of the relative permit-
tivity. The tungsten tip is in contact with the sphere and the angle of
| incidence is§=43°. (a) TM polarization.(b) TE polarization.

FIG. 1. Schematic of the configuration. A sphere on a flat di-
electric surface is illuminated under total internal reflection, i.e,,NOManipulation process. The trapping is performed with a
6> 6, with \esin(6;)=1. A tungsten probe is used to create an 'tungsten tip of radius at the apex 10 nm. The wavelength
optical trap. The illumination can be done either in TM polarizationiS A=514 nm. The angle of incidence for the illumination is
(as drawn in the figuneor in TE polarization. chosen to be#=43°; this is the angle at which the optical
potential is deepedf. We recall briefly here the procedure
used to manipulate a particle; the procedure has been de-
scribed in detail for dielectric particles in Refs. 6 and 16 and

sures that the optical theorem is satisfié@ Since we are it remains the same in the case of absorbing or metallic par-

dealing with optical frequencies, we need to compute théiclgas. In TE pqlarization, the probe scans the surfz_:lce to lo-
time-averaged force. This net force on one subuf is calize the particles. In that case the optical force is always
negative. Then the polarization is switched to TM and the

= (r N}l )

field linear susceptibility in the presence of a substfaféhe
polarizability contains the radiative reaction term which en-

optical force becomes positive when the tip is cléagew
2 nanometersto the particle. Once the particle is trapped at
the apex of the tip, it can be manipulated and subsequently
whereu or v stands for eithek, y, or z, p(r;) is the electric  released by switching back to TE polarization.
dipole moment of théth subunit, and: denotes the complex Figure 2 shows the component of the force experienced
conjugate. Notice that the derivative of the electromagnetidy the sphere, for the two polarizations, when the imaginary
field is obtained by differentiation of Eq1) with respect to  part of the relative permittivity increasé¢&ig. 2(a), trans-
the vectorr;. Hence, the net optical force on the object isverse magneti¢TM) polarization, and Fig. ®), transverse
obtained as electric (TE) polarizatior] and the tip is in contact with the
sphere. For both polarizations, the magnitude of the force is
F=S Fr) 3) _enhanced when the imaginary part of the rela'give permittivity
= increases. For a better understanding of this effect, let us
decompose the polarizability of a small spherécompared
to the wavelength of illuminationinto its real and imaginary

Fu(r) = (1/2)Re<2 p(r)————

ll. RESULTS parts?*
Consider a particle with complex relative permittivity 3(8r 1)(sr+2)+s
e=¢g,+ig; placed in air above a flat dielectric substraila- Re(a) = (8, +2)2+ &2 g2 (4)

tive permittivity e=2.25. The particle is illuminated by two

evanescent waves created by the total internal reflection of

plane waves at the substrate/air interféée- 6.=41.8° with Im(a) = asi
Vesin 6,=1). These two waves are counterpropagating eva- (e +2)%+&?

nescent waves, i.&k;=-k;, with the same polarization and a . ,
random-phase relatiofFig. 1, see Ref. 16 for the more de- wherea is the radius of the sphere. For our geometry zhe

tails). The irradiance due to the laser illuminating the surface component of the optical force on the small sphere is mainly
is taken to be 0.05 Wim?16 d ue to the gradient foré@which is proportional to the real

part of the polarizability of the sphere. From Ed) it is

obvious that wherz; increases, the real part of the polariz-

ability increases and so does the gradient force, hence the
In this section we consider an absorbing particle with raforce becomes more positive for TM polarization, and more

diusa=10 nm and Ré&:)=2.25. We shall study the influence negative for TE polarization. Note that asbecomes very

of the complex relative permittivity on the trapping and na-large, Ré«a) tends toward a finite limit.

©)

A. Absorbing particles
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FIG. 3. Lateral(x) component of the force experienced by an
absorbing sphergRe(e) =2.25| vs the imaginary part of the relative
permittivity if the symmetric illumination is not used. The tungsten
tip is in contact with the spher@=43°.(a) TM polarization.(b) TE
polarization.

FIG. 4. zcomponent of the force experienced by the sphere as a
function of the distance between the sphere and the substrate for
TM polarization. The sphere is placed at the apex of the probe.
0=43°. Solid linee=2.25, dashed line=2.25+3, dot-dashed line
e=12.5+H.

Figure 3 shows the lateral force experienced by the sphere . ,
for both polarizations if only one laser beam is used for theenced by the sphere, and hence it helps trap and manipulate
illumination. The force is plotted for the cake>0 (illumi-  the particle. In the case af=12.5+, due to the large real
nation from the left side of Fig.)1 We note that for both Part of the polarizability, the component of the force is
polarizations, the lateral optical force is never zero and therecl€arly stronger than in the two previous cases. But a closer
fore it should be difficult to trap a particle with a single beam 00k at the curves shows that ta@omponent of the force is
illumination. The symmetric illumination prevents the spherenot directly proportional to Re). We have fore=2.25,
from escaping from the optical trdf.For TM polarization, R&(@)=0.3% for ¢=2.25+3, Re(@)=0.5% and for ¢
the increase of the absorption only gives an enhancement &f12.5+, Re(a)=0.8a>. Between the lossless dielectric
the lateral force as the two forces—the gradient force and thephere and the sphere with+12.5+, the real part of the
absorbing force—are both positiigéhe gradient force is polarizability is multiplied by 2.6 and the force by a factor 8.
positive because the maximum of the intensity of the elecThe proportionality relation only applies for a sphere in free
tromagnetic field is obtained slightly to the right of the tip space. However, due to the strong interaction between the
apex due to the nonsymmetric illuminatioBut for TE po-  sphere and the tungsten tip, there is a strong enhancement of
larization the behavior is different because the sign of théhe field around the tip apex when the relative permittivity of
lateral force changes. When the absorbing part of the relativéhe particle increases. This effect improves the efficiency of
permittivity vanishes, only thénegative gradient force re- the trapping and, therefore, the larger the real part of the
main (the scattering force is negligible due to the small sizepolarizability, the easier the manipulation. Notice that al-
of the particle compared to the wavelength of illuminajion though the radius of the trapped sphere is about 10 nm, we
Conversely to the TM polarization, for TE polarization the have checked that the trapping is achieved up to a radius of
minimum of the intensity of the electromagnetic field is ob-85 nm for the absorbing sphefe@=3+i). Hence the ap-
tained slightly to the left of the tip apex which produces aproach presented here could, for instance, allow one to ma-
negative gradient force. But when the imaginary part of thenipulate quantum-dot nanocrystals and place them into a spe-
polarizability increases, there appears an absorbing forceific configuration to study dot-dot interactions, or one
This absorbing force comes from the incident evanescermanocrystal could be isolated to study single-dot propetfies.
wave which propagates parallel to the substrate. Due to the We have not plotted the force experienced by the sphere
choice of illumination, this force is positive. Because theversus the distance between the sphere and the tip, nor did
lateral gradient force is weak, it is easily outweighed by thewe plot the evolution of the optical force as the tip scans the
absorbing force which yields the main contribution. This issurface above the substrate, because these results are similar
why a large, positive lateral force exists in this case. to those obtained for dielectric particl¥sHowever, we em-

Since we have show(Fig. 3) the importance of using a phasize that it is particularly important to use a symmetric
symmetric illumination, all the following computations will illumination with absorbing particles to avoid the disruptive
be done in that case. Figure 4 shows zreomponent of the  effect of the lateral force.
force when the sphere is lifted by the protibe sphere is
placed at the tip apexWe have plotted the results for three
values of the relative permittivity: a lossless dielectric sphere
with £=2.25 (which is our referende and two absorbing In this section, we consider metallic particles which ex-
spheres witle=2.25+3 ande=12.5+, respectively. Acom- hibit plasmon resonances, i.e., gold, silver, and copper par-
parison of the lossless sphere caselid line) and the ab- ticles. We shall start by illustrating the convergence of the
sorbing casddashed ling shows that a nonzero imaginary CDM calculation for a sphere in free space. This problem
part of the relative permittivity increases the force experi-can be solved exactly in the form of a Mie series which we

B. Metallic particles
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FIG. 6. z component of the force experienced by a sphere of
radiusa=10 nm vs the wavelength of illumination. The tungsten tip
is in contact with the sphere. The solid line pertains to a gold
sphere, the dotted line a copper sphere, and the dashed line a di-
electric sphere(@) TM polarization.(b) TE polarization.

FIG. 5. Force experienced by a sphere with radigd0 nm in
free space vs the wavelength of illumination. Solid line: Mie calcu-
lation. Dotted line: CDM withd=4 nm. Dashed line: CDM with
d=0.95 nm. (a) Without symbol: gold sphere; circles: copper
sphere(b) Silver sphere.

shall use as a reference. The comparison to the Mie result is Figure 6 shows the component of the force experienced
done for the three metals studied in this work; the sphere hady a sphere versus the wavelength of illumination for both
a radiusa=10 nm. We plot in Fig. &) the optical force for polarizations when the tip is in contact with the sphere and
the gold and copper spheres. The Mie results are plotted witthe sphere is lying on the glass substretee Fig. 1 The
a solid line. The other curves pertain to the CDM. With asolid line pertains to a gold sphere, while the dotted line is
dotted line we plot the result computed withr4 nm, and  related to a copper sphere. In both cases the sphere has a
with a dashed line the force computed with0.95 nm. Itis  radiusa=10 nm. Since the relative permittivity of the tung-
obvious that whenl decreases, the force computed with thesten tip depends on the wavelength, the dashed line corre-
CDM converges toward the Mie result. With=4 nm, the  sponds to the case of a dielectric sphere with constant per-
error in the magnitude of the force is sméile slightly over- ~ mittivity, and shows the influence of the tungsten tip only.
estimate the optical for¢e hence a lattice spacing of We see that in TM polarization, trecomponent of the force
d=4 nm is sufficient for our purpose of studying the generalexperienced by the dielectric sphere increases with the wave-
physical process of optical trapping and manipulation of melength\. This is due to the fact that the imaginary part of the
tallic particles. For a silver sphere, as shown in Fi¢h)5 relative permittivity of tungsten increases slowly wkhFor
again the CDM converge towards the Mie result whien TE polarization, as we have no enhancement of the field at
decreases. However, the convergence is slower than for gothe tip apex, the force is less sensitive to the slow variation
or copper. To get a quantitatively accurate representation dff the relative permittivity of tungsten. For the gold sphere,
the resonance, one should take the smaller discretization, bafd for TM polarization, we find a very strong enhancement
for the sake of computation time and memory, we shall take&f the z component of the force forA=643 nm
d=4 nm for the silver as well. Notice that the comparison(F,=180 pN. Notice that the plasmon resonance for a small
with Mie is for a sphere in free space. In a more complexgold sphere is about=520 nm. This difference is due to the
geometry, such as ours, the variation of the field is mosstrong coupling between the tungsten tip and the sphere. In
likely stronger. However, because the sphere is very smafiact, we do not have the plasmon resonance of one sphere but
and it is discretized, we are taking into account the variatiora plasmon mode of the cavity formed by the sphere and the
of the field inside the sphere, and we can assume that thepex of the tip, which redshifts the resonance of the sptfere.
degree of convergence of the CDM remains the same in oudutside the resonance of the plasmon mode, the force is 20
complex configuration. times weaker, but stays stronger than in the case of a dielec-
Notice that beside the dipole mode, a metallic sphere catric sphere. For TE polarization, tkzecomponent of the force
support quadrupole or higher electromagnetic modes. Bgs always negative. We can point out that the force varies
cause the sphere is discretized in small subunits, we actualliftle with the wavelength of illumination. Only around
take into account all the multipolar modes of the sphere as =520 nm do we observe a decrease of the force by a factor
described in Ref. 27, hence our force calculation takes int@f 2. This minimum corresponds to the plasmon resonance of
account the multipolar response of the sphere. However, fdhe sphere alone. This is due to the lack of field enhancement
a small metallic sphere, as in our case, the effect of modest the tip apex for TE polarization, which produces a weak
higher than the dipole mode is negligible. One can see igoupling between the tip and the sphere. For the copper
Ref. 28 that for a small metallic sphefsn an evanescent sphere we have the same behavior; for TM polarization the
incident field, the plasmon resonance computed with themaximum is a\=605 nm, hence the plasmon resonance of
dipole approximation or with the CDM gives an accuratethe copper sphere is redshifted by the presence of the tip. As
result. The multipole expansion only changes the magnitudér TE polarization, the minimum of the force is found again
of the scattered field, and therefore no important physics igt the plasmon resonance of a single sphere, ie.,
overlooked by treating the sphere as a dipole. A=585 nm.
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Figure 7 pertains to a silver sphe@=10 nm. At first the =~ marker pertain to forces computed at the plasmon resonance wave-
results for the force spectrum are intriguing. For TM polar-length(Aa,=640 nm,Ac, =605 nm,\ 55 =480 nn). Curves without
ization, a maximum of the component of the force is found @ marker are computed away from the plasmon resonance
at A=480 nm (the plasmon resonance of a silver sphere ig*au=400 NM,A¢,=400 NM,\ag=300 nm).
around A=360 nn) while the force is close to zero at
A=324 nm. For TE polarization, we get a range of wave-
lengths over which a weak positive force alanig obtained,
unlike anything we found for gold, copper, or absorbing di-
electric particles. To explain the behavior of the silver
sphere, let us recall that the gradient force experienced by
small particle in thez direction can be written as

fore the gradient force is always negative irrespective of the
dipole moment(i.e., the nature of the sphereNotice that
this force is strongest when the dipole moment associated to
the sphere is largest, as is the case near the plasmon reso-
nance. As a result, for the silver sphere with a TE polarized
fAcident field, the interaction between the tip and the sphere
is weak and the only significant contribution to the optical
F,=Rea)d,|E|%/2. (6)  force experienced by the sphere comes from the interaction
) . with the substrate. Accordingly, a strong negative force is
Therefore, the sign df, depends on the sign of Re). Inthe  found at\=385 nm, which is close to the plasmon resonance
case of a dielectric, gold, or copper particle, we havepf the sphere alone. On the other hand, aronr®20 nm
Re(@) >0, which produces, for an incident field evanesceniye have Réx)>0 and the sphere is attracted toward low-
along thez direction, a negative gradient force. For the silverintensity regions, yielding a positive gradient force. How-
sphere, we have Re)<O0 in the 316-351 nm spectral ever, the modulus of the polarizability is small, which entails
range. Therefore, within that range, the sphere experiences small negative force due to the interaction of the sphere
from the incident evanescent field a force directed towardyith itself via the substrate. The net force in that case is close
regions of lower intensity of the field, that is, away from the to zero. For TM polarization, the explanation is more com-
substrate(note that ain=316 and\=351 nm the gradient plex. Due to the field enhancement at the apex of the tip
force on the sphere vanishes as the dipole associated to tigere is a positive contribution to the optical force, but the
sphere is in quadrature with the phase of the incident)field force remains weak at=320 nm as Rer) =0 at this wave-
Hence, for silver, the incident evanescent field produces gength, hence the sum of all the contributions to the gradient
positive optical force. On the other hand, the interaction beforce vanishes. We observe a redshift of the maximum of the
tween the sphere and the substrate always leads to a negatb@ve which is now ah=480 nm as the p|asm0n resonance
optical force, irrespective of the dielectric constant of thejs now a plasmon mode of the cavity shaped by the tip and
sphere'”18 This force can be understood as the interactionthe sphere. We mentioned previously that wherfaRe 0
between the dipole associated to the sphere and the reflectggy example, at\=340 nmj, the sphere is pushed toward
field at the dipole location. For a dipole close to a losslessow-intensity regions. Therefore, the enhancement of the
dielectric substrate, the reflected field at the location of thq|e|d at the t|p apex inTM po|arization should create, in that
dipole is always in phase with the dipole. This is why thecase, a negative optical force on the sphere, however this is
force due to the reflected field is always negative. This isiot the case. This is due to the fact that strong evanescent
easy to understand as the scattered field at the location of thy mponents of the field exist near the tip. As shown in Ref.
dipole can be written as 18[see, for instance, E413)], in the presence of an evanes-
N—or 1. ) cent field, a sphere close to a dielectric surféomgsten at
Eri) =Sri.rp(ry), ™ the wavelengths we consider in this paper behaves as an
wherep(r;) is the dipole moment associated with the sphereabsorbing dielectricwill experience a gradient force that
Since the dipole is close to the substrate, we can use theill pull it towards the surface irrespective of the nature of
static approximation wherei®=b/z® with z the distance the sphere.
from the dipole to the substrate ard a real positive In Fig. 8, we present the component of the force expe-
constant’"1® HenceE(r;) is in phase withp(r;) and there- rienced by a gold, silver, or copper sphere at different wave-
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lengths(in and out of plasmon resonancas the sphere is sphere. This maximum is always smaller than the optical
trapped and manipulated by the tip. The behaviors of thdorces over the distande(see Fig. 8 even when the particle
three spheres are similar and show that it is easier to manipis manipulated with a wavelength of illumination out of the
late the particle at the plasmon resonance. Notice that thelasmon resonance, hence it would be possible to scan the
resonance for the three metallic spheres occurs at differesurface while keeping the sphere at the tip apex, in spite of
wavelengths, and more generally, the behavior of the forcéhe oscillations of the tip. The advantage of scanning the
versus the wavelength is different. By using the dependencgurface with a small metallic sphere as a nanoprobe is to
of the force on the spectral response of the sphere, it woultprove the quality of the imaging owing to the increase of
be possible to perform a material-selective trapping. For exthe scattered field, as shown in Refs. 31 and 32. Accordingly,
ample, af\ =325 nm thez component of the force on a silver at a given operating wavelength, one can choose the nature
sphere is close to zero and for this same wavelength the forc the particle trapped at the tip apex such that it yields the
on the gold sphere is around 12 pN. Hence only the goldargest enhancement of the scattered field. This enhancement
sphere would be trapped and manipulated at this wavelengtlfi€lds a better resolution of the near-field microscope. Also,
Fina”y, we can mention that the decay of meomponent of following the resolution wanted one can Change also the size
the force with the sphere-substrate distance is different foff the particle trapped, as the smaller the probe is, the better
each curve. This is due to the use of a different wavelength ifvould be the resolution.
each case, thus the decay of the evanescent field is different. IV. CONCLUSION

When we have many spheres clustered together, for ex-
ample three identical spheres in contact and aligned follow- In conclusion, we have presented a detailed study of the
ing the x axis, we have shown in a previous article that, innanomanipulation of particles with a complex relative per-
the case of dielectric spheres, it is possible to adapt the angittivity, using an apertureless near-field probe. We consid-
of incidence so as to capture, say, the middle spHarethe  ered both absorbing dielectric and metallic particles. In the
case of metallic spheres it is more complex, as the behavidgrase of absorbing dielectric particles, such as quantum dots,
depends on the wavelength. For three gold spheres, our cdhe presence of an imaginary part in the relative permittivity
culations show that depending on the wavelength, it may oincreases the efficiendylepth of the optical trap and helps
may not be possible only to capture the middle sphere.  manipulate the particle. In the case of metallic particles, the
manipulation is improved if the wavelength of illumination
corresponds to the plasmon resonance of the cavity formed
by the tip and the particle. We showed that depending on the

We have seen in the previous section that a metalli;qature of the metallic sphere, the characteristics of the optical
sphere can be trapped and manipulated at the apex of a tunigrce spectrum are very different. This suggests the possibil-
sten tip. By keeping the same polarizatid@), it should be ity of achieving a material selective manipulation. Similarly,
possible to scan the surface in taping mode, i.e., the tip vithe present approach can be applied to the optical manipula-
brating perpendicularly to the substrate, in the so-called apion of semiconductor nanoparticlegsadius smaller than
ertureless scanning near-field optical microscopy n#fde. 100 nnm), under an excitonic resonance condition which can
Typically, the frequency used in this modefis4 kHz with a  increase the optical force as much as four orders of magni-
magnitude for the oscillationsi=10-200 nn?® We take tude more than in the absence of excitafidn.
h=100 nm. Assuming a sinusoidal  oscillation,
z(t)=h sin(wt)/2 with w=27f, we can compute the com- ACKNOWLEDGMENTS
ponent of the inertial force experienced by the sphere P.C.C. thanks Kamal Belkebir for many fruitful discus-
during this oscillationf(t) =mdfz(t)/dt?=-mhw? sin(wt)/2.  sions. A.R. thanks the Ecole Centrale de Lyon BQR program
Hence the maximum force experienced by the sphere ifor funding. M.N-V acknowledges grants from the Spanish
mhw?/2=25 aN for agold sphere and 14 aN for a silver MCYT and from the EU.

C. Apertureless probe with a metallic sphere at the tip apex
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