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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 probe microscopy. Based on recent
spectroscopic experiments, its extension and use for a novel form of chemical scanning probe nanoimaging was proposed. Here, we provide the theoretical basis in terms of spectral behavior, resonant
enhancement, and distance dependence of the optical gradient force from numerical simulations in a
coupled nanoparticle model geometry. We predict an asymmetric line shape of the optical gradient
force for molecular electronic or vibrational resonances, corresponding to the real part of the dielectric
function of the sample materials. Yet the line shape can become symmetric and absorptive for
collective polaritonic excitations. The corresponding magnitudes of the force range from fN to pN,
respectively. The distance dependence scales considerably less steeply than simple point dipole model
predictions due to multipole 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 addition we provide a perspective for further resonant enhancement and
control of optical forces.

1. Introduction
The combination of scanning probe microscopy with optics offers optical spectroscopy with nanometer spatial
resolution. Under light illumination, the induced coupled optical polarization between scanning probe and
sample forms the basis of scanning near-ﬁeld optical microscopy (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 in ﬁgure 1(a) [3, 4].
Optically induced forces, associated with gradient, scattering, and thermal expansion, have been studied in
scanning probe microscopy for topographic and near-ﬁeld optical imaging with a focus on the spatial
dependence, as well as for particle trapping and manipulation [4–6]. In scanning probe microscopy, the optically
induced forces, as competing factors to the van der Waals 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 probe was used for near-ﬁeld optical or force mapping 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
vibrational material resonances of the sample. While the frequency dependence of the optically induced force is
often explored in optical trapping of micro-/nanoparticles [5, 26–32], and in the optically induced mechanical
response of plasmonic structures [33, 34], the extension for spectroscopic nano-imaging was not explored.
Recently, the concept of using the optical gradient force for scanning probe optical spectroscopy was
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
© 2016 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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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 µmt ms . (b) The optical excitation is accompanied by absorption, with the resulting thermal
expansion Dh giving rise to a competing force reaction of the atomic force microscope tip.

addition, experimental efforts on measuring the optical near-ﬁeld gradient force have not been conclusive. For
example, a force image of a metal 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]. For molecular electronic as well as vibrational resonance spectroscopy symmetric
absorptive spectral lineshapes were observed and attributed to the optical gradient force [35, 39, 41], in marked
contrast to the predictions in this work of an asymmetric spectral response. In addition, a nearly instantaneous
(few ps) response from ultrafast experiments [42] and polarization dependence in imaging plasmonic particles
[43] showed characteristics of the expected optical gradient force behavior. However, both experiments lacked
spectroscopic information which would 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 force without
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
sample materials across their resonances. We predict the spectral behavior of the optical gradient force based on
a coupled nanoparticle model geometry using Maxwell’s stress tensor. In general, the real and imaginary part of
the complex dielectric function ( = 1 + i 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 for molecular electronic or
vibrational and other single particle excitations, in contrast to recent experimental claims of gradient force
nano-spectroscopy [35, 40]. We ﬁnd 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 force microscope (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 for molecular 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 using ﬁnite element
electromagnetic simulation (COMSOL Multiphysics, RF and AC/DC Module). The time averaged force áFñ on
«
the illuminated tip is given by intergrating the Maxwell stress tensor T as
áFñ =

1
2

{ò

S

«
á T ñ · ndS

}
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«
with tip surface S and surface normal n . The components of the Maxwell stress tensor T have the form of
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where Ei is the ith component of the electric ﬁeld, Bi is the ith component of the magnetic ﬂux ﬁeld. Under a
plane wave incidence with vertical polarization, it is well known that the gradient components of the force
2

(2)
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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 is much smaller than the laser wavelength λ, the nearﬁeld tip and sample interaction under plane wave 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 in ﬁgure 1(a). This coupled nanoparticle geometry
has been used extensively and with great success, predicting general behaviors accurate to within an order of
magnitude [4, 5, 29]. While the exact geometry of tip and sample affects both the details of magnitude and
spectral response of the optical gradient force [49, 50], especially for strong polaritonic resonances, the limiting
case of two ﬁnite 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
mesh with element size of 0.2 nm or less is applied near the spheres, and the distant surrounding is meshed with
maximum element size of 20 nm. A uniform electric ﬁeld E = 106 V m−1 along the z direction is applied. This
electric ﬁeld corresponds to an average laser intensity of I0 = 1.33 mW mm-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) dye molecules is modeled as a single harmonic oscillator for its
dielectric function  (w ) = 1 (w ) + i 2 (w ), with transition energy of 2.42 eV, and line width of 0.41 eV, as a
best ﬁt to experimental results. A tungsten tip with r = 10 nm is used to ensure a ﬂat spectral response of the tip
in the relevant visible spectral region. For the molecular vibrational resonance, a gold tip sphere is used to
interact with a sample sphere (both with r = 10 nm) of poly(methyle methacrylate) (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 are modeled as the tip and sample system.

3. Results
Figure 2(a) shows the resulting force spectrum between the tungsten tip and R6G sample at a distance of
z = 2 nm . The force spectrum follows the trend of the real part of the dielectric function 1 (w ) 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 for molecular
electronic resonances.
Correspondingly, ﬁgure 2(c) shows the force spectrum of the Au sphere interacting with the carbonyl
vibrational resonance of PMMA at a separation of z = 20 nm (black). The force increases 20 times in magnitude
to a peak value of F » 1 fN when decreasing the distance to z = 2 nm (red). Due to the smaller vibrational
dipole moment compared to the electronic counterpart, the force is much weaker than the case of R6G but
exhibits a larger relative spectral variation across the resonance from 0.2 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 1 (w ) (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 the well known symmetric resonance behavior corresponding to the imaginary part of the dielectric
function  2 (w ). Except for a change in magnitude, 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 in ﬁgure 2(f). Due to increasing multipole contributions with decreasing
distance, the distance scaling follows neither a simple exponential nor power law, and is far more shallow than
what one would expect based on a simple dipole–dipole interaction (µz -4 ). The magnitude of absorption (blue)
only increases slightly due to local ﬁeld enhancement with decreasing distance.
Figure 3(a) shows the force spectrum of two silver spheres (r = 10 nm) separated by z = 20 nm for an
applied optical ﬁeld of E = 106 V m−1. The plasmonic resonant force spectrum with a slight asymmetry peaks at
3.5 eV with Fmax  30 fN. For comparison, ﬁgure 3(b) shows the absorption spectrum for the two silver spheres.
The normalized complex polarizability of a silver sphere a¯ = ( Ag - 1) ( Ag + 2) is shown in the inset. As can
be seen, both optical gradient force and absorption spectra follow the imaginary part of polarizability Im (a¯ )(w ).
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, the magnitude of optical absorption does not
3
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Figure 2. (a) Electronic resonant force spectrum between a tungsten tip and R6G sample (both of radius r = 10 nm) subject to an
optical ﬁeld E = 106 V m−1, separated by z = 2 nm. (b) Dielectric function of R6G  (w ) = 1 (w ) + i 2 (w ) 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 ) = 1 (w ) + i 2 (w ) around the carbonyl resonance at 1729 cm -1. (e) Simulated PMMA absorption 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 law nor exponential scaling. The slight increase of optical
absorption (blue) is due to local ﬁeld enhancement in the gap region.

Figure 3. (a) Optical gradient force spectrum of two silver spheres with radius r = 10 nm separated by z = 20 nm subject to external
optical ﬁeld E = 106 V m−1. (b) Absorption spectrum of the two spheres with symmetric resonance at 3.5 eV. Inset: real and
imaginary part of the normalized polarizability a¯ = ( Ag - 1) ( Ag + 2) for a silver sphere. Force and absorption spectra follow the
imaginary part of a¯ (w ) .
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Figure 4. Simulated optical gradient force (a) and absorption (b) spectra for two silver spheres of r = 10 nm at different separations.
The peak magnitude of optical force on resonance increases by a factor ~103 from z = 20 nm to z = 1 nm. Meanwhile the resonance
of the force spectrum red shifts due to plasmonic coupling. In comparison, the magnitude 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 .

change signiﬁcantly with separation as shown in ﬁgure 4(b). The distance dependence of the optical gradient
force on- (red) and off-resonance (blue) is plotted in ﬁgure 4(c). Both increase with decreasing distance
approximately following a power law µz n , 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 > 2r , with resulting force proportional to
the polarizabilities of the tip at = at¢ + iat and sample as = a¢s + ias , [4],
1 ⎡ 1 6at a*s E 2 ⎤
E2
E2
*s )
¢ a¢s + ata s) ,
Re
áF ñ = - Re ⎢
µ
a
a
µ
a
(
(
⎥
t
t
2 ⎣ 4p 0
z4 ⎦
z4
z4

(3)

with at , s = 4pe0r 3(et , s - 1)/(et , s + 2). For typical metallic tips, at¢  at because of the Drude response in the
infrared with large values for real and imaginary part of the tip dielectric function [53]. Thus for a non-resonant
tip with at¢a¢s  atas , áF ñ µ (at¢a¢s )E 2/z 4 , i.e., the force is proportional to a¢s (w ) in contrast to the result in
[41]. This explains the asymmetric force spectra in ﬁgure 2 for a tungsten tip and a R6G 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, thus making the optical gradient force spectra extend more outside of resonance than
corresponding absorption spectra. It is interesting to note that the optical gradient force can in principle also
become repulsive for Re (as ) crossing zero. When tip and sample consist of the same material (e.g. silver), the
force spectrum is proportional to the square of the polarization, i.e. F µ Re (at a*s ) µ ∣aAg ∣2, and is absorptive
when Re (aAg ) crosses zero as for the case of two plasmonic silver spheres.
In the following we address the feasibility of measuring the optical gradient force and its distinction from
thermal expansion. The sensitivity of force detection in AFM 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
⎡ 4k TkB ⎤1 2
Fmin = ⎢ B
⎥ ,
⎣ wQ ⎦

(4)

with Boltzmann’s constant kB, temperature T, spring constant k, detection bandwidth B, and Q factor of the
cantilever. The minimal detectable force gradient due to a change in sample–tip interaction operating in noncontact mode can also be derived as [54, 55]
F ¢min =

1 27kB TkB
,
A0
wQ

(5)

with cantilever oscillation amplitude A0. Using typical values from force detection experiments [35–38, 47, 56], we
get Fmin » 0.3 pN (T = 300 K, k = 3 N m−1, B = 10 Hz, w » 500 kHz , Q » 100 ) and F ¢min » 0.03 pN nm−1
(A0 = 10 nm , T = 300 K, k = 3 N m−1, B = 10 Hz, w » 500 kHz , Q » 100 ). As shown in ﬁgure 4(c), the optical
gradient force based on a plasmonic resonance can reach a few pN. Thus a plasmon resonance induced force
5
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should be detectable under typical laser intensities below the sample damage threshold. In contrast under the same
laser power, force detection due to molecular electronic and vibrational resonances is two orders of magnitude
below the detection limit of conventional room temperature AFM. Though larger forces can be achieved with
higher laser power, potential sample damage limits practical laser power to below I0  10 mW mm-2 [11]. We
can also compare the optical gradient force to the van der Waals force of a sphere-plane geometry, which has a 1 z 2
distance dependence in comparison to the 1 z 4 of optical gradient force at long distance [32, 57]. The optical
gradient force is typically weaker than the van der Waals force at short distances, however, under plasmonic
resonances the optical gradient force can exceed the van der Waals force [29, 32].
The effect due to thermal expansion Dh can be estimated based on Dh = aT DT [47]. Assuming a sample
thickness of 10 nm, typical thermal expansion coefﬁcients aT = 10-4 - 10-5K−1, and a sample temperature
increase of a few K after laser illumination [11, 47], we get a thermal expansion value of Dh = 0.1—100 pm.
When this expansion of the sample is modulated at a resonance frequency of the cantilever, the corresponding
force becomes Fthermal = k Dh ´ Q , where k is the cantilever spring constant of typically 3 N m−1, and
Q = 100—200. The resulting force is in the range of Fthermal = 10 pN—1 nN. Thus the thermal expansion
effect can readily be measured with AFM as shown experimentally even down to monolayer sensitivity with a
single chemical bond expansion of a few pm [47].
In previous attempts to detect the optical gradient force, a large force magnitude of F ~ 2 pN and an
excellent agreement of the force spectrum with the far-ﬁeld molecular 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 pN on resonance [37]. This assignment is feasible in principle according to our
predictions. However, a force due to thermal expansion of similar magnitude is expected, leaving the underlying
mechanism of 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 two mechanisms. 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 change with distance as determined by the tip radius (ﬁgure 2(f) and ﬁgure 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-nm distances above the sample, independent of tip radius.
A way to differentiate the two mechanisms in imaging plasmonic optical antennas is to map the spatial force
distribution. The optical force is proportional to the local optical electric ﬁeld, while the thermal expansion/
absorption is due to resistive heating associated with electric currents. Thus distinct spatial maps result for the
two different mechanisms since the current distribution peaks at the positions of minima in the electric ﬁeld 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 polarization with coherent excitation is induced nearly
instantaneously in the fs to ps range, as determined by the spectral line width. 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 vibrational material 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 weak with forces in the fN to pN range, their detection with advanced atomic force
microscopy techniques can provide a novel form of optical scanning probe for nano-imaging and -spectroscopy.
The magnitude 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 interaction with multiple light ﬁelds.
Compatible with a wide 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.

6

New J. Phys. 18 (2016) 053042

H U Yang and M B Raschke

Acknowledgments
Funding from the National Science Foundation (NSF Grant CHE 1306398) and AFOSR (grant
FA9550-14-1-0376) is gratefully acknowledged. We thank M A Belkin, H K Wickramasinghe, and A Belyanin
for valuable discussions.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

Betzig E, Trautman J K, Harris T D, Weiner J S and Kostelak R L 1991 Science 251 1468
Zenhausern F, Martin Y and Wickramasinghe H K 1995 Science 269 1083
Depasse F and Courjon D 1992 Opt. Commun. 87 79
Nieto-Vesperinas M, Chaumet P C and Rahmani A 2004 Phil. Trans. R. Soc. A 362 719
Ng J, Tang R and Chan C T 2008 Phys. Rev. B 77 195407
Dholakia K and Zemánek P 2010 Rev. Mod. Phys. 82 1767
Girard C, Dereux A and Martin O J F 1994 Phys. Rev. B 49 13872
Zhu X, Huang G-S, Zhou H-T, Yang X, Wang Z, Ling Y, Dai Y-D and Gan Z-Z 1997 Opt. Rev. 4 A236
Lienau C, Richter A and Elsaesser T 1996 Appl. Phys. Lett. 69 325
Gucciardi P G, Colocci M, Labardi M and Allegrini M 1999 Appl. Phys. Lett. 75 3408
Downes A, Salter D and Elﬁck A 2006 Opt. Express 14 5216
Kohlgraf-Owens D C, Greusard L, Sukhov S, Wilde Y D and Dogariu A 2014 Nanotechnology 25 035203
Mertz J, Hipp M, Mlynek J and Marti O 1994 Appl. Phys. Lett. 64 2338
Vilfan M, Muševič I and Čopič M 1998 Europhys. Lett. 43 41
Abe M, Sugawara Y, Sawada K, Andoh Y and Morita S 1998 Japan. J. Appl. Phys. 37 L1074
Nonnenmacher M and Wickramasinghe H K 1992 Ultramicroscopy 42 351
Ghislain L P and Webb W W 1993 Opt. Lett. 18 1678
Stout A L and Webb W W 1997 Methods in Cell Biology 55 99–116
Florin E-L, Pralle A, Heinrich Hörber J and Stelzer E H 1997 J. Struct. Biol. 119 202
Mor F M, Sienkiewicz A, Forró L and Jeney S 2014 ACS Photon. 1 1251
Nieto-Vesperinas M and Arias-Gonzalez J R 2011 arXiv:1102.1613
Chaumet P C and Nieto-Vesperinas M 2000 Opt. Lett. 25 1065
Lester M, Arias-González J R and Nieto-Vesperinas M 2001 Opt. Lett. 26 707
Arias-González J R, Nieto-Vesperinas M and Lester M 2002 Phys. Rev. B 65 115402
Iida T and Ishihara H 2007 Nanotechnology 18 084018
Xu H and Käll M 2002 Phys. Rev. Lett. 89 246802
Pelton M, Liu M, Kim H Y, Smith G, Guyot-Sionnest P and Scherer N F 2006 Opt. Lett. 31 2075
Volpe G, Quidant R, Badenes G and Petrov D 2006 Phys. Rev. Lett. 96 238101
Chu P and Mills D L 2007 Phys. Rev. Lett. 99 1
Miljković V D, Pakizeh T, Sepulveda B, Johansson P and Käll M 2010 J. Phys. Chem. C 114 7472
Berthelot J, Aćimović S S, Juan M L, Kreuzer M P, Renger J and Quidant R 2014 Nat. Nanotechnol. 9 295
Hallock A J, Redmond P L and Brus L E 2005 Proc. Natl Acad. Sci. USA 102 1280
Li M, Pernice W H P, Xiong C, Baehr-Jones T, Hochberg M and Tang H X 2008 Nature 456 480
Mousavi S H, Rakich P T and Wang Z 2014 ACS Photon. 1 1107
Rajapaksa I, Uenal K and Wickramasinghe H K 2010 Appl. Phys. Lett. 97 2010
Rajapaksa I and Wickramasinghe H K 2011 Appl. Phys. Lett. 99 161103
Jahng J, Fishman D A, Park S, Nowak D, Morrison W, Wickramasinghe H K and Potma E 2015 Acc. Chem. Res. 48 2671
Kohoutek J, Dey D, Bonakdar A, Gelfand R, Sklar A, Memis O G and Mohseni H 2011 Nano Letters 11 337
Katzenmeyer A M, Chae J, Kasica R, Holland G, Lahiri B and Centrone A 2014 Adv. Opt. Mater. 2 718
Jahng J, Brocious J, Fishman D A, Huang F, Li X, Tamma V A, Wickramasinghe H K and Potma E O 2014 Phys. Rev. B 90 155417
Nowak D et al 2016 Sci. Adv. 3 e1501571
Jahng J, Brocious J, Fishman D A, Yampolsky S, Nowak D, Huang F, Apkarian V A, Wickramasinghe H K and Potma E O 2015 Appl.
Phys. Lett. 106 083113
Huang F, Ananth Tamma V, Mardy Z, Burdett J and Wickramasinghe H K 2015 Sci. Rep. 5 10610
De Angelis F, Zaccaria R P and Di Fabrizio E 2012 Opt. Express 20 29626
Dazzi A, Prazeres R, Glotin F and Ortega J M 2005 Opt. Lett. 30 2388
Dazzi A, Prater C B, Hu Q, Chase D B, Rabolt J F and Marcott C 2012 Appl. Spectrosc. 66N62 1365
Lu F, Jin M and Belkin M A 2014 Nat. Photon. 8 307
Anetsberger G, Arcizet O, Gavartin E, Unterreithmeier Q, Weig E, Kotthaus J and Kippenberg T 2009 Nat. Phys. 5 909
McLeod A S, Kelly P, Goldﬂam M D, Gainsforth Z, Westphal a J, Dominguez G, Thiemens M H, Fogler M M and Basov D N 2014 Phys.
Rev. B 90 085136
Thomas S, Wachter G, Lemell C, Burgdörfer J and Hommelhoff P 2015 New J. Phys. 17 063010
Berweger S, Nguyen D M, Muller E A, Bechtel H A, Perkins T T and Raschke M B 2013 J. Am. Chem. Soc. 135 18292
Romero I, Aizpurua J, Bryant G W, García F J and Abajo De 2006 Opt. Express 14 9988
Olmon R L, Slovick B, Johnson T W, Shelton D, Oh S -h, Boreman G D and Raschke M B 2012 Phys. Rev. B 86 235147
Martin Y, Williams C C and Wickramasinghe H K 1987 J. Appl. Phys. 61 4723
Giessibl F J 2003 Rev. Mod. Phys. 75 949
Lu F and Belkin M A 2011 Opt. Express 19 19942
Novotny L and Henkel C 2008 Opt. Lett. 33 1029
Olmon R L, Rang M, Krenz P M, Lail B A, Saraf L V, Boreman G D and Raschke M B 2010 Phys. Rev. Lett. 105 167403

7

