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Abstract
The optical gradient force provides optomechanical interactions, for particle trapping and
manipulation, as well as for near-field optical imaging in scanning probemicroscopy. Based on recent
spectroscopic experiments, its extension and use for a novel formof chemical scanning probe nano-
imagingwas proposed.Here, we provide the theoretical basis in terms of spectral behavior, resonant
enhancement, and distance dependence of the optical gradient force fromnumerical simulations in a
coupled nanoparticlemodel geometry.We predict an asymmetric line shape of the optical gradient
force formolecular electronic or vibrational resonances, corresponding to the real part of the dielectric
function of the samplematerials. Yet the line shape can become symmetric and absorptive for
collective polaritonic excitations. The correspondingmagnitudes of the force range from fN to pN,
respectively. The distance dependence scales considerably less steeply than simple point dipolemodel
predictions due tomultipole effects. The combination of these characteristics of the optical gradient
force offers the chance to experimentally distinguish it from competing processes such as thermal
expansion induced forces. In additionwe provide a perspective for further resonant enhancement and
control of optical forces.

1. Introduction

The combination of scanning probemicroscopywith optics offers optical spectroscopywith nanometer spatial
resolution. Under light illumination, the induced coupled optical polarization between scanning probe and
sample forms the basis of scanning near-field opticalmicroscopy (SNOM) [1, 2], with the near-field signal
typically detected by far-field scattering. The coupled optical polarization is expected to also give rise to an
optical gradient force between the tip and the sample as illustrated infigure 1(a) [3, 4].

Optically induced forces, associatedwith gradient, scattering, and thermal expansion, have been studied in
scanning probemicroscopy for topographic and near-field optical imagingwith a focus on the spatial
dependence, as well as for particle trapping andmanipulation [4–6]. In scanning probemicroscopy, the optically
induced forces, as competing factors to the van derWaals force, have been studied in the context of topographic
artifacts in SNOM imaging [7–12]. Used as the signal of interest in itself, the nanomechanical detection of the
optically induced forces has also enabled an alternative to photon detection for near-field optical imaging [3, 13–
16]. In addition, a trapped particle as a probewas used for near-field optical or forcemapping in photonic force
microscopy [17–20]. However, despite several theoretical studies [4, 21–25], these works provided limited
insight into the spectral characteristics of the optical gradient force and its dependence on electronic and
vibrationalmaterial resonances of the sample.While the frequency dependence of the optically induced force is
often explored in optical trapping ofmicro-/nanoparticles [5, 26–32], and in the optically inducedmechanical
response of plasmonic structures [33, 34], the extension for spectroscopic nano-imagingwas not explored.

Recently, the concept of using the optical gradient force for scanning probe optical spectroscopywas
proposed based on empirical experimental observations [35–37]. However, key questions on the spectral line
shape of the force spectrum and its relation to conventional absorption spectroscopy have not been explored. In
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addition, experimental efforts onmeasuring the optical near-field gradient force have not been conclusive. For
example, a force image of ametal bowtie antenna on resonance at l = 1550 nm was interpreted to result from
an optical gradient force [38]. In contrast, similar force images on gold split ring resonators were attributed to
thermal expansion [39]. Formolecular electronic as well as vibrational resonance spectroscopy symmetric
absorptive spectral lineshapes were observed and attributed to the optical gradient force [35, 39, 41], inmarked
contrast to the predictions in this work of an asymmetric spectral response. In addition, a nearly instantaneous
(few ps) response fromultrafast experiments [42] and polarization dependence in imaging plasmonic particles
[43] showed characteristics of the expected optical gradient force behavior.However, both experiments lacked
spectroscopic informationwhichwould be desirable for a unique assignment. The situation is equally confusing
regarding theory.Most studies so far have treated both tip and sample as point dipoles [35, 40], even at close
proximity where the dipole approximation fails, or only calculated the distance dependence of the forcewithout
considering its spectral response [44]. This leaves key questions open on the experimental feasibility and
distinguishing spectral characteristics.

Here, we numerically calculate the optical gradient force between a scanning tip and different types of
samplematerials across their resonances.We predict the spectral behavior of the optical gradient force based on
a coupled nanoparticlemodel geometry usingMaxwell’s stress tensor. In general, the real and imaginary part of
the complex dielectric function (  = + i1 2) across a resonance follow an asymmetric (dispersive) and a
symmetric (absorptive) line shape, respectively. The spectroscopic response of the optical gradient force is found
to give a dispersive line shape corresponding to the real part of the dielectric function formolecular electronic or
vibrational and other single particle excitations, in contrast to recent experimental claims of gradient force
nano-spectroscopy [35, 40].Wefind that only polariton resonances can give rise to an absorptive spectral line
shape. The effect is distinct from the accompanying thermal expansion due to optical absorption (figure 1(b)),
which results in absorptive resonance spectra in all cases [45–47].While the optical gradient force off-resonance
is below the thermal cantilever noise limit of a room temperature atomic forcemicroscope (AFM), we assess that
in the cases of collective plasmonic and phonon polariton resonances the force in the pN range should be
detectable in typical room temperature experiments. The optical gradient force formolecular electronic and
vibrational resonances could also be detectable with improved force detection or under cryogenic conditions, as
established in cavity optomechanics [48].

2.Numerical simulation

In this work, we numerically calculate the optical gradient force between the tip and sample usingfinite element
electromagnetic simulation (COMSOLMultiphysics, RF andAC/DCModule). The time averaged force á ñF on

the illuminated tip is given by intergrating theMaxwell stress tensor
«
T as
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where Ei is the ith component of the electric field,Bi is the ith component of themagnetic fluxfield. Under a
planewave incidencewith vertical polarization, it is well known that the gradient components of the force

Figure 1. (a)Optical gradient force induced by excitation of coupled optical polarization between tip dipole (mt ) and sample image
dipole (ms), with resulting force F m mµ t s. (b)The optical excitation is accompanied by absorption, with the resulting thermal
expansion Dh giving rise to a competing force reaction of the atomic forcemicroscope tip.
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dominate the vertical direction (along the tip axis), while the radiation pressure acts in the transverse direction
[4, 22]. Thus only the gradient force, which is responsible for the tip–sample interaction in the vertical direction,
is considered. Since the radius of the tip apex r 10 nm ismuch smaller than the laser wavelengthλ, the near-
field tip and sample interaction under planewave illumination can be analyzed in the quasistatic approximation
by assuming the probe to be a polarizable sphere with radius r. The resulting field distribution on the sample can
be effectively reduced to an image sphere of radius r, as shown infigure 1(a). This coupled nanoparticle geometry
has been used extensively andwith great success, predicting general behaviors accurate towithin an order of
magnitude [4, 5, 29].While the exact geometry of tip and sample affects both the details ofmagnitude and
spectral response of the optical gradient force [49, 50], especially for strong polaritonic resonances, the limiting
case of twofinite spheres provides enough general insight into the spectral variation of the force spectrum and its
distance dependence.

Considering incident polarization along the tip axis, and rotational symmetry along the z-axis allows
simulation in reduced dimensions to decrease the computational complexity. For the field simulation, a dense
meshwith element size of 0.2 nmor less is applied near the spheres, and the distant surrounding ismeshedwith
maximumelement size of 20 nm.A uniform electric field =E 106 Vm−1 along the z direction is applied. This
electric field corresponds to an average laser intensity of m= -I 1.33 mW m0

2 as used under typical experiment
conditions [35, 51].

We consider two types of resonant processes of the sample: i)molecular electronic and vibrational
resonances, and ii) plasmonic resonances. The results are readily generalizable to samples with other types of
resonances including phonons, excitons, and related polaritons. For the case of an electronic resonance, a
sample consisting of Rhodamine 6G (R6G) dyemolecules ismodeled as a single harmonic oscillator for its
dielectric function ( ) ( ) ( )  w w w= + i1 2 , with transition energy of 2.42 eV, and line width of 0.41 eV, as a
bestfit to experimental results. A tungsten tipwith =r 10 nm is used to ensure aflat spectral response of the tip
in the relevant visible spectral region. For themolecular vibrational resonance, a gold tip sphere is used to
interact with a sample sphere (bothwith r= 10 nm) of poly(methylemethacrylate) (PMMA)with characteristic
carbonyl resonance (C=O) at 1729 cm−1. Finally, to study the case of plasmonic resonance, two silver spheres
of =r 10 nm aremodeled as the tip and sample system.

3. Results

Figure 2(a) shows the resulting force spectrumbetween the tungsten tip andR6G sample at a distance of
=z 2 nm. The force spectrum follows the trend of the real part of the dielectric function ( ) w1 shown in

figure 2(b). The relatively small force variation between 23 fN to 25 fN across the resonance is due to the large
broadband offset as a result of  1 2, which is a characteristic property of the dielectric function formolecular
electronic resonances.

Correspondingly, figure 2(c) shows the force spectrumof theAu sphere interacting with the carbonyl
vibrational resonance of PMMAat a separation of =z 20 nm (black). The force increases 20 times inmagnitude
to a peak value of »F 1 fNwhen decreasing the distance to =z 2 nm (red). Due to the smaller vibrational
dipolemoment compared to the electronic counterpart, the force ismuchweaker than the case of R6Gbut
exhibits a larger relative spectral variation across the resonance from0.2 fN to 1 fN (for z= 2 nm). Irrespective of
distance, and similar to the electronic resonance case, the force spectra are dispersive and follow the real part of
the dielectric function of PMMA ( ) w1 (figure 2(d)). For comparison, figure 2(e) shows the absorption spectra at
=z 20 nm and =z 2 nm in black and blue, respectively. In contrast to the force spectra, the absorption spectra

show thewell known symmetric resonance behavior corresponding to the imaginary part of the dielectric
function ( ) w2 . Except for a change inmagnitude, peak position and line shape of both optical gradient force
and absorption spectra are invariant with respect to tip–sample distance. The distance dependence of the optical
force on resonance (red) is shown infigure 2(f). Due to increasingmultipole contributions with decreasing
distance, the distance scaling follows neither a simple exponential nor power law, and is farmore shallow than
what onewould expect based on a simple dipole–dipole interaction (µ -z 4). Themagnitude of absorption (blue)
only increases slightly due to localfield enhancement with decreasing distance.

Figure 3(a) shows the force spectrumof two silver spheres (r= 10 nm) separated by =z 20 nm for an
applied optical field of =E 10 V6 m−1. The plasmonic resonant force spectrumwith a slight asymmetry peaks at
3.5 eVwith F 30max fN. For comparison, figure 3(b) shows the absorption spectrum for the two silver spheres.
The normalized complex polarizability of a silver sphere ¯ ( ) ( ) a = - +1 2Ag Ag is shown in the inset. As can
be seen, both optical gradient force and absorption spectra follow the imaginary part of polarizability ( ¯ )( )a wIm .

Figure 4(a) shows the spectral evolution of the force as a function of distance.When the separation of the two
spheres decreases from =z 20 nm to =z 1 nm, the optical gradient force increases by a factor of~103

reaching »F 10 pN. Correspondingly, the resonance frequency of the force spectrum red-shifts due to the
plasmonic coupling between the two spheres [52]. In contrast, themagnitude of optical absorption does not
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Figure 2. (a)Electronic resonant force spectrumbetween a tungsten tip andR6G sample (both of radius =r 10 nm) subject to an
optical field =E 106 Vm−1, separated by =z 2 nm. (b)Dielectric function of R6G ( ) ( ) ( )  w w w= + i1 2 modeled as a single
harmonic oscillator. (c)Corresponding force spectra between a gold sphere and PMMA sample of radii =r 10 nm.Dispersive force
spectrum at separation distance =z 20 nm (multiplied by 20, black) compared to force spectrum at =z 2 nm (red). (d)Dielectric
function of PMMA ( ) ( ) ( )  w w w= + i1 2 around the carbonyl resonance at 1729 cm-1. (e) Simulated PMMAabsorption at
distances =z 20 nm (black) and =z 2 nm (blue). (f)The distance dependence of the optical force (red) on resonance shows a
complex distance scaling, neither following a simple dipole–dipole power lawnor exponential scaling. The slight increase of optical
absorption (blue) is due to localfield enhancement in the gap region.

Figure 3. (a)Optical gradient force spectrumof two silver spheres with radius =r 10 nm separated by =z 20 nm subject to external
optical field =E 106 Vm−1. (b)Absorption spectrumof the two spheres with symmetric resonance at 3.5 eV. Inset: real and
imaginary part of the normalized polarizability ¯ ( ) ( ) a = - +1 2Ag Ag for a silver sphere. Force and absorption spectra follow the
imaginary part of ¯ ( )a w .
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change significantly with separation as shown infigure 4(b). The distance dependence of the optical gradient
force on- (red) and off-resonance (blue) is plotted infigure 4(c). Both increase with decreasing distance
approximately following a power lawµzn, with » -n 2, i.e. again less steep than the point dipole -z 4

dependence.

4.Discussion

The different spectral behaviors of the optical gradient force can be rationalized based on the dipole–dipole
interaction assuming two independently polarized spheres when >z r2 , with resulting force proportional to
the polarizabilities of the tip a a a= ¢ + it t t and sample a a a= ¢ + is s s , [4],

( ) ( ) ( )
*

*
p

a a
a a a a a aá ñ = - µ µ ¢ ¢ +  

⎡
⎣⎢

⎤
⎦⎥F

E

z

E

z

E

z

1

2
Re

1

4

6
Re , 3t s

t s t s t s
0

2

4

2

4

2

4

with ( ) ( )a pe e e= - +r4 1 2t s t s t s, 0
3

, ,/ . For typicalmetallic tips, a a¢ t t because of theDrude response in the
infraredwith large values for real and imaginary part of the tip dielectric function [53]. Thus for a non-resonant
tipwith a a a a¢ ¢  t s t s , ( )a aá ñ µ ¢ ¢F E zt s

2 4/ , i.e., the force is proportional to ( )a w¢s in contrast to the result in
[41]. This explains the asymmetric force spectra infigure 2 for a tungsten tip and aR6G sample in the visible, and
a gold tip and a PMMA sample in the infrared. In general, a dispersive line shape is spectrally broader than an
absorptive line shape, thusmaking the optical gradient force spectra extendmore outside of resonance than
corresponding absorption spectra. It is interesting to note that the optical gradient force can in principle also
become repulsive for ( )aRe s crossing zero.When tip and sample consist of the samematerial (e.g. silver), the
force spectrum is proportional to the square of the polarization, i.e. ( ) ∣ ∣*a a aµ µF Re t s Ag

2, and is absorptive
when ( )aRe Ag crosses zero as for the case of two plasmonic silver spheres.

In the followingwe address the feasibility ofmeasuring the optical gradient force and its distinction from
thermal expansion. The sensitivity of force detection inAFM is limited by thermal fluctuations of the cantilever
[54, 55]. The smallest detectable force is when the cantilever oscillation amplitude equals that induced by
thermal noise given by

( )
w

=
⎡
⎣⎢

⎤
⎦⎥F

k TkB
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B
1 2

with Boltzmann’s constant kB, temperatureT, spring constant k, detection bandwidthB, andQ factor of the
cantilever. Theminimal detectable force gradient due to a change in sample–tip interaction operating in non-
contactmode can also be derived as [54, 55]
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with cantilever oscillation amplitudeA0. Using typical values from force detection experiments [35–38, 47, 56], we
get »F 0.3min pN (T= 300K, k= 3Nm−1,B= 10 Hz, w » 500 kHz, »Q 100) and ¢ »F 0.03min pNnm−1

( =A 10 nm0 ,T= 300K, k= 3 Nm−1,B= 10Hz, w » 500 kHz, »Q 100). As shown infigure 4(c), the optical
gradient force based on aplasmonic resonance can reach a fewpN.Thus a plasmon resonance induced force

Figure 4. Simulated optical gradient force (a) and absorption (b) spectra for two silver spheres of =r 10 nm at different separations.
The peakmagnitude of optical force on resonance increases by a factor ~ =z10 from 203 nm to =z 1nm.Meanwhile the resonance
of the force spectrum red shifts due to plasmonic coupling. In comparison, themagnitude of the corresponding absorption spectra
has no significant distance dependence. (c)The optical gradient force, both on-resonance (red) and off-resonance (blue), follows a
power law distance dependence on z .
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shouldbedetectable under typical laser intensities below the sample damage threshold. In contrast under the same
laser power, force detection due tomolecular electronic andvibrational resonances is twoorders ofmagnitude
below thedetection limit of conventional roomtemperatureAFM.Though larger forces can be achievedwith
higher laser power, potential sample damage limits practical laser power to below  m -I 10 mW m0

2 [11].We
can also compare the optical gradient force to the vanderWaals force of a sphere-plane geometry,whichhas a z1 2

distancedependence in comparison to the z1 4 of optical gradient force at long distance [32, 57]. Theoptical
gradient force is typicallyweaker than the van derWaals force at short distances, however, under plasmonic
resonances theoptical gradient force can exceed the van derWaals force [29, 32].

The effect due to thermal expansionDh can be estimated based on aD = Dh TT [47]. Assuming a sample
thickness of 10 nm, typical thermal expansion coefficients a = -- -10 10T

4 5K−1, and a sample temperature
increase of a fewK after laser illumination [11, 47], we get a thermal expansion value ofD =h 0.1—100 pm.
When this expansion of the sample ismodulated at a resonance frequency of the cantilever, the corresponding
force becomes = D ´F k h Qthermal , where k is the cantilever spring constant of typically 3Nm−1, and

=Q 100—200. The resulting force is in the range of =F 10thermal pN—1 nN. Thus the thermal expansion
effect can readily bemeasuredwithAFMas shown experimentally even down tomonolayer sensitivity with a
single chemical bond expansion of a few pm [47].

In previous attempts to detect the optical gradient force, a large forcemagnitude of ~F 2 pN and an
excellent agreement of the force spectrumwith the far-fieldmolecular absorption spectrum [35, 40] strongly
suggest that the observed experimental results were in fact due to thermal expansion and not due to the optical
gradient force as claimed.Optical gradient force detection has also been assigned to the force contrast on bowtie
antennas reaching a few pNon resonance [37]. This assignment is feasible in principle according to our
predictions. However, a force due to thermal expansion of similarmagnitude is expected, leaving the underlying
mechanismof the imaging contrast unclear.

In practice, the differences both in distance dependence and spectral frequency dependence of the optical
gradient force and thermal expansion can be used to differentiate the twomechanisms. Notably, the optical
gradient force is a longer range effect, determined by the spatial extent of the near-field of the tip apex, and thus
follows a continuous changewith distance as determined by the tip radius (figure 2(f) andfigure 4(c)). In
contrast, the force exerted on the tip through sample expansion requires a direct physical tip–sample contact,
and should decay on even sub-nmdistances above the sample, independent of tip radius.

Away to differentiate the twomechanisms in imaging plasmonic optical antennas is tomap the spatial force
distribution. The optical force is proportional to the local optical electricfield, while the thermal expansion/
absorption is due to resistive heating associatedwith electric currents. Thus distinct spatialmaps result for the
two differentmechanisms since the current distribution peaks at the positions ofminima in the electricfield in
optical antennas [58].

Fundamentally, the optical gradient force due to optical polarization and thermal expansion due to energy
dissipation are two dynamic processes occurring on different time scales. This provides an additional
opportunity for their distinction. Optical polarizationwith coherent excitation is induced nearly
instantaneously in the fs to ps range, as determined by the spectral linewidth. In contrast, thermalization of an
optical excitation underlying optical absorption leads to thermal expansion on ns time scales.

5. Conclusion and outlook

In summary, the dispersive line shape in probing electronic and vibrationalmaterial resonances as related to the
real part of the dielectric function of the sample can serve as a distinguishing attribute in optical gradient force
spectroscopy. Albeit weakwith forces in the fN to pN range, their detectionwith advanced atomic force
microscopy techniques can provide a novel formof optical scanning probe for nano-imaging and -spectroscopy.
Themagnitude of the force can be increased by exploring the resonance enhancement with a sharp gradient on
resonance, such as slow light and electromagnetically induced transparency. The gradient force spectroscopy
can also be expanded to nonlinear and coherent interactionwithmultiple lightfields.

Compatible with awide range of spectroscopies, including coherent and ultrafast techniques, optical
gradient force spectroscopy can complement related all-optical scattering scanning near-field optical
microscopy (s-SNOM). Our calculation provides guidance for the key parameters of strength, distance
dependence, and spectral behavior for a simplified tip geometry, yet can readily be extended to specific tip
geometries and other optical processes, including inelastic, e.g. Raman, as well as nonlinear excitations.
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