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ABSTRACT OF THE DISSERTATION

Photo-induced Force Microscopy and Spectroscopy at Space and Time Limits

By

Junghoon Jahng

Doctor of Philosophy in Physics

University of California, Irvine, 2016

Associate Professor Eric O. Potma, Chair

The vast advances made in nanotechnology have spurred a need for imaging tools with

high sensitivity and with high spatial resolution. Many existing imaging techniques with

nanoscopic resolution or better, including scanning electron microscopy (SEM), atomic force

microscopy (AFM) and scanning tunneling microscopy (STM) methods, can generate highly

detailed maps of nanoscopic structures. Such techniques yield high resolution views of the

morphological properties of nanomaterials, yet it has proven challenging to derive chemical

information from the corresponding images. Combining scan probe techniques with opti-

cal illumination is a powerful approach to add spectroscopic sensitivity to the nanoscopic

resolution provided by a sharp tip. Examples of this approach include existing techniques

such as scattering-type scanning near-field optical microscopy (s-SNOM) and tip-enhanced

Raman spectroscopy (TERS). A new and emerging technique in this area is photo-induced

force microscopy (PiFM), which enables spectroscopic probing of materials with a spatial

resolution well under 10 nm.

In the PiFM, the sample is optically excited and the response of the material is probed

directly in the near-field by reading out the time-integrated force between the tip and the

sample. The PiFM approach can be used for probing optical fields near surfaces and nanos-

tructures, as well as for detecting spectroscopic transitions in the sample. This latter capabil-

ix



ity derives from the notion that the magnitude of the force is dependent on the photo-induced

polarization in the sample. The photo-induced forces measured in PiFM are spatially con-

fined on the nanometer scale, which translates into a very high spatial resolution even under

ambient conditions. The PiFM approach is compatible with a wide range optical excitation

frequencies, from the visible to the mid-infrared, enabling nanoscale imaging contrast based

on either electronic or vibrational transitions in the sample. These properties make PiFM

an attractive method for the visualization and spectroscopic characterization of a vast vari-

ety of nano materials, from semi-conducting nanoparticles to polymer thin films to sensitive

measurements of single molecules. In this dissertation, we review the principles of the PiFM

technique and highlight the imaging properties of the PiFM instrument. Furthermore, we

show that the PiFM approach can be used to probe both the linear and nonlinear optical

properties of nano materials as well as several examples of PiFM imaging applications such

as surface plasmon polaritons.
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Chapter 1

Introduction

Advances in the fabrication of nanoscale materials have led to vast diversity of nano-structures

that span a wide range of chemical compositions and morphologies. The new nanoscale syn-

thesis capabilities have also triggered a need for analytical tools that can suitably characterize

these nano-materials. Chemical selectivity and a high spatial resolution are among the prob-

ing capabilities that facilitate analysis at the nanoscale. Although many existing techniques

feature either chemical selectivity or nanoscale spatial resolution, the combination of both

is not trivial to achieve.

Optical spectroscopy is a powerful analytical tool that allows non-contact probing of ensem-

bles of nano-structures. The electronic and vibrational transitions in the material that are

accessible through optical spectroscopy form useful fingerprints for identifying or character-

izing the specimen. When carried out in an optical microscope, spectroscopic measurements

can be performed with sub-µm spatial resolution, as dictated by the diffraction-limit of light.

Although single nano-structures can be examined when sparsely distributed on the substrate

surface, standard far-field optical microscopy is unable to resolve the spatial properties of

nano-materials on the relevant spatial scale. Even recent super-resolution techniques[1],
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which are based on the specific photo-physics of selected chromophores, cannot be univer-

sally applied to enable spectroscopy measurements with nanoscale resolution.

A more direct way to bring spectroscopic sensitivity to the nanoscale is the use of near-

field optical techniques. By exciting and/or detecting the nano-targets in the near-field,

material properties can be examined at sub-diffraction limited spatial resolution. Most spec-

troscopic near-field methods achieve high spatial resolution by using a sharp tip, which

transmits the information from the near-field through scattering radiation to a far-field

photo-detector[2]. Examples of near-field vibrational spectroscopy include tip-enhanced Ra-

man scattering methods[3, 4, 5, 6] and near-field infrared techniques[7, 8, 9], which have

been utilized to interrogate nano-structured materials with a resolution down to several tens

of nanometers.

The resolution in scattering-based near-field methods is governed by the spatial dimensions of

the confined fields at the tip antenna. For practical tip designs, it is not trivial to reduce the

size of the local field below ∼10 nm, unless different physical effects at the tip are leveraged

to further confine the effective probing volume. This notion also opens up the possibility

of exploring methods that use alternative mechanisms, beyond the detection of scattered

radiation, for reading out the local response near the tip-sample junction.

One high-resolution, non-optical detection strategy is based on registering the local force in

the junction. Used extensively in atomic force microscopy (AFM) methods[10, 34, 11], local

forces such as electrostatic, van der Waals, and Casimir forces, manifest themselves over

nanometer scale distances between the tip and the sample, translating into a high lateral

resolution that routinely dips well below 10 nm under optimized conditions. Under optical

illumination of the tip-sample junction, photo-induced forces are present as well, which can be

detected by modulating the incident light and employing demodulation detection techniques.

Among the photo-induced forces, which can generally be divided into scattering and gradient

forces, are attractive interactions between the optically driven tip dipole and the optically

2



Figure 1.1: (a) topography and (b) PiFM image of molecular clusters (Si-naphthalocyanine).
The size of molecular cluster pointed by the white arrow is 4nm.

induced polarization of the sample material[24]. Such forces are in a few tens – hundreds

of pN range, and can be conveniently detected with demodulation techniques. Since photo-

induced forces carry information on the sample’s optical polarizability, it is possible to use

this quantity as a read-out mechanism for probing spectroscopic transitions with sub-10 nm

spatial resolution.

The photo-induced force microscope (PiFM) combines the high spatial resolution of the AFM

microscope with the analytical capabilities provided by optical spectroscopy. As shown by

Wickramasinghe and co-workers in 2010, PiFM can generate high-resolution images with

contrast based on linear absorption of light by chromophores in the sample[21]. In addition

to linear spectroscopic contrast, PiFM has also been used to probe nonlinear optical tran-

sitions in materials, including nonlinear excited state absorption[28] and stimulated Raman

vibrational transitions[22]. Optical measurements are not limited to the visible range of the

spectrum. By changing the excitation wavelength to the mid-infrared range, PiFM contrast

can be obtained from dipole-allowed excitations of vibrational modes[29]. PiFM is differ-

ent from other spectroscopically sensitive force-detection techniques, such as infrared-based

AFM[16, 18, 19, 20], in that it can be conducted in non-contact mode and is insensitive to

heat diffusion effects, yielding high-resolution measurements in the sub-10 nm range under

ambient conditions.

PiFM is a new technique. The theoretical description of the PiFM approach is still under

3



development, although early models appear already capable of extracting quantitative infor-

mation from PiFM images[23, 25]. Despite the young age of the PiFM technology, it is clear

that the merger of AFM-like imaging properties with spectroscopic sensitivity constitutes an

important leap forward for the visualization and characterization of nanoscale materials. In

this dissertation, we describes the basic principles of the PiFM technique, discuss the layout

of the instrument, present the imaging properties of the technique and highlight nascent

applications enabled by PiFM.
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Chapter 2

Theory of photo-induced force

In this Chapter, we discuss an analytical description of the photo-induced force. To simplify

the description, several approximations are made, among which the assumption that both

the tip and the sample can be described as point dipoles. Under the conditions considered

here, relatively simple expressions for the photo-induced force are obtained. We discriminate

between the force resulting from the field acting on the tip in free space (optical tweezer

force), the force between the tip and its image dipole in a nearby substrate (image dipole

force), and the force between the tip and a small polarizable object (optical binding force).

We will show the differences and similarities between these photo-induced forces, and point

out the spectroscopic sensitivity that can be achieved in these different scenarios.

2.1 Time-averaged Lorentz force: dipole approxima-

tion

We consider a monochromatic electromagnetic wave with angular frequency ω, which is

incident on a polarizable particle in Fig. 2.1 (a). The time harmonic electric and magnetic

5



field components at location r can be written as:

E(r, t) = <
{
E(r)e−iωt

}
(2.1)

B(r, t) = <
{
B(r)e−iωt

}
(2.2)

To the first order in the fields, the induced dipole moment of the particle assumes the same

time dependence and is given as:

~µ(r, t) = <
{
~µ(r)e−iωt

}
(2.3)

We assume that the particle has no static dipole moment. In this case, to the first order,

the induced dipole moment is proportional to the electric field at the particle’s position r

~µ(r) = α(ω)E(r) (2.4)

where α denotes the polarizability of a particle. For polarizable point dipoles located on a

cubic lattice, the Clausius-Mossotti relation is exact in the zero-frequency limit, but is no

exact at finite frequencies. The motion of charged particles in external force fields necessarily

involves the emission of radiation whenever the charges are accelerated. Since we will be

considering only periodic electric fields, it is straightforward to allow for the “radiative

reaction” by assuming that, in addition to the electric fields due to other sources, each

dipole is exposed to a “radiative reaction” electric field Erad = 2
3
ik3P (Jackson,”Classical

Electrodynamics”, Ch.16, 1975), in which case

P = αE = α0(Eint + Erad) (2.5)

6



where α0 satisfies the Clausius-Mossotti equation as

α0 = 4πε0εm

(
εp − εm
εp + 2εm

)
a3 (2.6)

where a is the particle radius and εp is the relative permittivity of the particle and εm is the

relative permittivity of the medium. which implies a polarizability (now assuming that the

coordinate system is chosen so that α0 is diagonalized)

α =
α0

1− ik3α0/(6πε0εm)
≡ α′ + iα′′ (2.7)

where α′ is a real part of a particle polarizability and α′′ is a imaginary part of a particle

polarizability. The polarizability differs from Eq. (2.6) only through the term inversely

proportional to ik3α0/(6πε0εm), which clearly vanishes in the zero frequency limit (k → 0)

or the continuum limit a → ∞. This “radiative reaction” corection will generally be a

minor one in those cases where the discrete dipole model provides a good approximation.

Generally, α is a tensor of rank two, but for atoms and molecules it is legitimate to use a

scalar representation since only the projection of ~µ along the direction of the electric field is

of direct relevance. Using the discrete dipole approximation for calculating the force on the

tip, the force F on an object due to the electromagnetic field is computed as

< F > = <
1

2
<{(~µ∗ · ∇)E + (~̇µ

∗ ×B)} > (2.8)

Eq. (2.8) is a general description of the force for the spatial variation of the field between

the particle and the tip dipoles.[46, 47, 24] The first term originates from the inhomogeneous

electric field, the second is the familiar Lorentz force. The first term and the second term are

not yet defined as a gradient force and scattering force because both of them have a complex

polarizability and the curl of each of terms are non-zero.

7



2.2 Gradient and Scattering forces

The computation of the force also requires the magnetic field radiated by the scattering

object. The time averaged dipole force is cast as:

< F > = <
1

2
<{(~µ∗ · ∇)E + (

∂

∂t
~µ∗)×B} >

= <
1

2
<{(~µ∗ · ∇)E− ~µ∗ × (

∂

∂t
B) +

∂

∂t
(~µ∗ ×B)} > (2.9)

In the time average, the last term vanishes. By using Faraday equation, ∂B(r, ω)/∂t =

−∇× E(r, ω), it is written as:

< F > = <
1

2
<{(~µ∗ · ∇)E + ~µ∗ × (∇× E)} > (2.10)

(~µ∗ · ∇)E = α∗(E∗x∂xEx + E∗y∂yEx + E∗z∂zEx)x̂+ α∗(E∗x∂xEy + E∗y∂yEy + E∗z∂zEy)ŷ

+α∗(E∗x∂xEz + E∗y∂yEz + E∗z∂zEz)ẑ (2.11)

~µ∗ × (∇× E) = α∗[E∗y(∂xEy − ∂yEx)− E∗z (∂zEx − ∂xEz)]x̂

+α∗[E∗z (∂yEz − ∂zEy)− E∗x(∂xEy − ∂yEx)]ŷ

+α∗[E∗x(∂zEx − ∂xEz)− E∗y(∂yEz − ∂zEy)]ẑ (2.12)
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(~µ∗ · ∇)E + ~µ∗ × (∇× E) = α∗(Ex∂xEx + Ey∂xEy + Ez∂xEz)x̂

+α∗(Ex∂yEx + Ey∂yEy + Ez∂yEz)ŷ + α∗(Ex∂zEx + Ey∂zEy + Ez∂zEz)ẑ

=
∑
i
α∗E∗i∇Ei (2.13)

with ∂i = ∂
∂i

where i = x, y, z. Therefore the force formulas are simplified as:

〈F〉 = <
∑
i

1

2
<{µ∗i∇Ei} > (2.14)

By implementing α = α′ + iα′′, the force are written as:

〈F〉 = <
α′

2

∑
i

<{E∗i∇Ei} > + <
α′′

2

∑
i

={E∗i∇Ei} > (2.15)

The first term of Eq. (2.15) is recognized as the gradient force, Fg, and the second term is

denoted as the scattering and absorption force, Fsc. The gradient force originates from the

field inhomogeneities, and is proportional to the dispersive part (real part) of the complex

polarizability, and is a conservative force which means ∇ × 〈Fg〉 = 0. On the other hand,

the scattering and absorption force is proportional to the dissipative part (imaginary part)

of the complex polarizability, and is a non-conservative force which means ∇× 〈Fg〉 6= 0.

∇× {∑
i
E∗i∇Ei} = [∂y(E

∗
x∂zEx + E∗y∂zEy + E∗z∂zEz)− ∂z(E∗x∂yEx + E∗y∂yEy + E∗z∂yEz)]x̂+ . . .

= [∂yE
∗
x∂zEx − ∂zE∗x∂yEx + ∂yE

∗
y∂zEy − ∂zE∗y∂yEy + ∂yE

∗
z∂zEz − ∂zE∗z∂yEz]x̂+ . . .

= <{0x̂+ 0ŷ + 0ẑ}+ ={[2(∂yE
′
x∂zE

′′
x − ∂yE ′′x∂zE ′x) + . . .]x̂+ . . .} (2.16)

with Ei = E ′i + iE ′′i where E ′i is a real part of the complex electric field and into E ′′i is an

imaginary part of the complex electric field.
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Figure 2.1: Graphical representation of three kinds of the z-directional gradient forces in the
presence of the longitudinal electric field. (a) optical tweezer force (b) image dipole force (c)
photo-induced force (optical binding). r denotes the center of mass coordinate.

2.3 Photo-induced force for various geometries

Eq. (2.14) is a general force description of a dipole in an external field. In the following,

we will discuss three different geometries, all of which are relevant to actual experimental

scenarios. The first geometry is that of a tip exposed to an external field in the absence

of a substrate. This force resembles the situation encountered in optical tweezers, where a

polarizable object is subject to a strongly focused field. This force is referred to as the optical

tweezer force. The second geometry is the force experienced by the tip in the presence of

a nearby semi-infinite substrate. This situation is well described by considering the image

dipole of the tip in the substrate, and, therefore, we refer to this case as the image dipole

force. The last case considered here is that of the tip in presence of a small polarizable

object. The force that results from the coupling mediated by the optical field is sometimes

referred to as the optical binding force, which we discuss here in some detail.
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2.3.1 Tip interacting with field in free space: optical tweezer force

If the light is focused on the tip without any sample and substrate, as in Fig. 2.1(a), the force

is the so-called optical tweezer force.[24] In this geometry, the assumption can be made that

the phase of the electric field components vary slowly in space. This assumption warrants

that the field components can be written as a (real) amplitude E0 and a phase φ:

E(r) = E0(r)eiφ(r)nE (2.17)

with nE denoting the unit vector in the direction of the polarization. In this limit, the

expression for the photo-induced force can be recast as:

〈F〉 =
α′

2
∇ < |E|2 > +ωα′′ < E×B > (2.18)

Eq. (2.15) doesn’t lose any generality but Eq. (2.18) is only applicable to real amplitude of

the field in space. This formula is usually workable in many electromagnetic force case but

if the field is varied rapidly in space such as a localized field, the formula is generally not

satisfied the situation. In Eq. (2.18), the first term is the gradient force whereas the second

term represents the scattering force. It can be clearly seen that the gradient force scales

with the real part of the tip’s polarizability and that the scattering force is proportional to

the imaginary part of the tip’s response. Note that if the incident field is a plane wave, the

gradient force disappears and only the scattering force remains.
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2.3.2 Tip across from an interface: image dipole force

If the tip is placed close to a flat, semi-infinite substrate, the mutual coupling between

the tip and the substrate material in the presence of the optical field has to be taken into

consideration. A convenient way to model this scenario is to consider the image dipole that

is induced by the tip in the substrate. Each dipole will interact with the field and, therefore,

alter the near-field experienced by the other dipole. This case is sketched in Fig. 2.1(b).

Because the photo-induced force microscope is very sensitive to the z-directional force due

to the tip geometry, for our discussion here, we assume that the forces along the z dimension

dominate the cantilever response. We consider ~µt = µtz ẑ and ~µt′ = µt′z ẑ, the z components

of the dipole moment of the tip and the image dipole respectively. In the simple mutual

interaction picture, the induced dipole moments in each of the two particles are:

~µt = αtE = αt(E0 + Et′) (2.19)

~µt′ = αt′E = αt′(E0 + Et) (2.20)

where E0 is the electric field of the incident laser, which is given as E0 = E0x exp(jkz)x̂+E0z ẑ

and ~µt and ~µt′ are the effective dipole moments of the tip and the image dipole, respectively.

E0z is due to the longitudinal field. Et and Et′ are the near-fields of the tip and the image

dipole, respectively. Under these conditions, the static electric fields of the induced dipoles

are

Ei =
1

4πε0εm

(3~µi · r̂)r̂− ~µiz
r3

(2.21)
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where r =
√
x2 + y2 + z2, i = t, t′, m = 1, 2 respectively and r̂ is the unit vector associated

with r. The static dipole field is also defined as Ei ≡ Eixx̂+Eiyŷ+Eiz ẑ with respect to the

tip and molecule. The static fields at r = {0, 0, z} are given as:

Etz =
1

4πε0ε1

2µtz
z3

, Et′z =
1

4πε0ε1

2µt′z
z3

, (2.22)

Etx = Ety = 0, Et′x = Et′y = 0. (2.23)

Because of the azimuthal symmetry, Eix is same to Eiy along to the z-direction. When we

apply the incident electric field E0 = E0xx̂+E0z ẑ to the tip and sample, by substituting Eq.

(2.22) and Eq. (2.23) into Eq. (2.19) and Eq. (2.20), in the near-field limit, the z-component

of the tip’s dipole moment and its corresponding electric field Et can be found as:

µtz =
2z3παtzε0ε1(αt′z + 2z3πε0ε1)E0z

4z6π2ε2
0ε

2
1 − αt′zαtz

(2.24)

Etz =
αtz(αt′z + 2z3πε0ε1)E0z

4z6π2ε2
0ε

2
1 − αt′zαtz

(2.25)

Eq. (2.15) is a general description of the gradient and the scattering force for the spatial

variation of the complex field between the particle and the tip. By substituting the Eq. (2.24)

and Eq. (2.25) into Eq. (2.15) under the assumption 4z6π2ε2
0ε

2
1 � αt′zαtz , or the product of

the polarizabilities is very small, the z-component of the gradient force and scattering force

take on the following form:

〈Fg〉z '
α′tz
2
<{(Az

3(Az3)E∗0z
A2z6

)(
(3Az2αt′z)E0z(A

2z6)− (6A2z5)(Az3αt′z)E0z

(A2z6)2
)}ẑ

= −
3α′tzα

′
t′z

2πε0ε1z4
|E0z|2ẑ (2.26)
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〈Fsc〉z '
α′tz
2
={(Az

3(Az3)E∗0z
A2z6

)(
(3Az2αt′z)E0z(A

2z6)− (6A2z5)(Az3αt′z)E0z

(A2z6)2
)}ẑ +

k

2
α′′tz |E0x|2ẑ

' −
3α′′tzα

′′
t′z

2πε0ε1z4
|E0z|2ẑ +

k

2
α′′tz |E0x|2ẑ (2.27)

where A = 2πε0ε1. Eq. (2.26) shows that the gradient force exhibits a 1/z4 distance

dependence. It is an attractive and conservative force. The scattering force in Eq. (2.27)

has two terms. The first term shows a 1/z4 distance dependence, it is attractive but it is

non-conservative. Although this term has the same distance dependence as the gradient

force, the physical origin is different.The second term of Eq. (2.27) is the repulsive constant

scattering force related to the momentum of the incident field. By writing |αt′z | = ε̄|αtz | and

ε̄ ≡ |(ε2 − ε1)/(ε2 + ε1)|, the total photo-induced force is rewritten as:

〈Ft〉z = 〈Fg〉z + 〈Fsc〉z

' − 3ε̄2|αtz |2

2πε0ε1z4
|E0z|2ẑ +

k

2
α′′tz |E0x|2ẑ (2.28)

The first term is the attractive local image dipole force. This local force is proportional to

to the magnitude of the polarizability of the tip, i.e. |αtz |2 = α′t
2 + α′′t

2. The second term in

Eq. (2.28) is the repulsive non-local scattering force that is related to the momentum of the

incident field, and acts as a constant pressure on the tip.

2.3.3 Forces between tip and small object: optical binding force

In this section we consider the tip placed in the vicinity of a small and polarizable object.

Similar to the situation of the image dipole, the resulting force is sensitive to the mutual

interaction between the tip and sample dipole. To describe this geometry, shown in Fig.

2.1(c), we consider both the induced dipole moment of the tip µt(r1) placed at r1, and the
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induced dipole moment of the particle µp(r2), which is placed at (r2). The dipole components

can be expressed as:

µti(r1) = αtiEi(r1), µpi (r2) = αpiEi(r2) (2.29)

where αt and αp are the scalar polarizabilities of the tip and particle, respectively, and i

denotes x, y, z. The total electric field at the position of the dipole is given by the sum of

the incident field E0(r)and the field emitted by the other dipole,

Ei(r1) = E0i(r1) +Gii(r1, r2)αpiEi(r2),

Ei(r2) = E0i(r2) +Gii(r2, r1)αtiEi(r1), (2.30)

where we used the field propagator between the two dipoles Ḡ (also called the dyadic Green′s

function) in the form

Glm =
exp(jkR)

rπε0εmR3
[(3− 3ikR− k2R2)

RlRm

R2
+ (k2R2 + jkR− 1)δlm]. (2.31)

Here R is the length given by R = r1 − r2, k = 2π/λ is the wave number of the light in

the medium, ε0 is the permittivity of vacuum, εm is the relative permittivity of the medium,

and δjk denotes the Kronecker delta. The solution of Eq. (2.30) at the tip is given as:

Ei(r1) = [Ī− Ḡ(r1, r2)αpḠ(r2, r1)αt]
−1
ii (E0i(r1) +Giiα

p
iE0i(r1)) (2.32)

Once the total electric component of the optical field is known, by substituting Eq. (2.32)

into Eq. (2.14) the time-averaged component Fz of the optical force acting on the tip can
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be expressed as

F t
z =

1

2
<{αt∗i [E0j(r1) +Giiα

p
iE0i(r2)]∗ × [∂z1E0i(r1) + ∂z1(Gii)α

p
iE0i(r2)]} (2.33)

The force acting on the particle can be obtained by interchanging the letters t and p and

positions r1 and r2. The total optical force (2.33) can be further simplified by assuming that

only particles much smaller than the radiation wavelength are included. Their polarizabilities

are generally very small and therefore terms with a product of three or more αi can be

ignored. The resulting expression of the force on the tip is:

F t
z '

1

2
<{αt∗i E∗0i(r1)∂z1E0i(r1) + αt∗i G

∗
iiα

p∗
i E

∗
0i(r2)∂z1E0i(r1) + αt∗i E

∗
0i(r1)∂z1(Gii)α

p
iE0i(r2)}(2.34)

Writing the incident electric field is E0 = E0x exp(jkz)x̂+ E0z ẑ, the force acting on a tip is

found as:

F t
z '

k

2
={αt}|E0x|2ẑ +

<{α∗tαp}|E0z|2

8πε0εmz4
[(2k2z2 − 6) cos(kz)− 6kz sin(kz)]ẑ (2.35)

In the near-field limit kz << 1,

< Ft >z≈ −
3<{α∗tαp}|E0z|2

4πε0εmz4
ẑ +

k

2
={αt}|E0x|2ẑ (2.36)

In Eq. (2.36) the first term is the constant scattering force due to radiation pressure. The

second term of Eq. (2.36) is the attractive local force due to field inhomogeneities. The
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localized force is proportional to the real part of complex polarizability product of the tip

and the sample, given as <{α∗tzαpz} = α′tα
′
p+α′′tα

′′
p, and carries the spectroscopic information

of the particle.

2.4 Discussion of chemical contrast of photo-induced

force

The photo-induced force sprouts from the intricate interplay between tip, sample and sub-

strate in the presence of the electromagnetic field. A detailed model of the photo-induced

force should thus include not only the tip–sample interactions, but also the simultaneous

multiple scattering effects between the tip and substrate, and between the sample and sub-

strate. Such interactions require more advanced descriptions than what is presented here.

Nonetheless, the expressions discussed in this contribution touch on several relevant cases

that yield intuitive results within the dipole approximation. The optical tweezer force, im-

age dipole force and optical binding force all represent interpretable contributions to the

photo-induced force in a typical experiment. The separation into gradient and scattering

forces highlights the physical underpinning of the forces in terms of dispersive and dissipative

contributions to the measured photo-induced force. In the cases of the image dipole force

and the optical binding force along the z dimension, we find a natural separation into a local

and a non-local force. The attractive local force bears a steep distance dependence (1/z4),

and is manifest only for nanometer scale tip-sample distances. The repulsive non-local force

extends over the dimensions of the incident electromagnetic field, which approaches ∼ µm

distances for tightly focused optical fields.

The local component of the optical binding force carries spectroscopic information, which is

contained in the term <{α∗tzαpz} = α′tα
′
p +α′′tα

′′
p. Note that the polarizabilities are functions
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of frequency. It is interesting to consider a few limiting cases. If the plasmonic resonance of

the tip is far from the frequency ω of the incident radiation, the α′′t contribution is relatively

small, whereas the real part of the tip polarizability may still be substantial. In this case,

the dominant term in the photo-induced force is α′tα
′
p. For narrow resonances of the particle,

the resulting frequency dependence of the force near resonance will follow a dispersive line

shape. Such conditions were examined for the ∼ 809 nm resonance of Si-naphthalocyanine,

which produced a dispersive PiFM line shape [26]. On the other hand, if ω is close to a

tip resonance, the term α′′tα
′′
p can be substantial, resulting in a Lorenztian-shaped PiFM fre-

quency dependence [21]. In the mid-IR excitation measurements that follow, if the tip has a

large imaginary (k) index, emphasizing the α′′tα
′′
pterm and providing a sensitive measurement

of the imaginary part of the sample’s polarizability [29]. Therefore, the spectral line shape

in PiFM strongly depends on the experimental conditions. Knowledge of the tip resonances

can be used to enhance and control the spectroscopic readout in PiFM measurements.
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Chapter 3

Analytical description of

photo-induced force microscopy

In the previous Chapter, we have discussed the nature of the photo-induced force. This force

will act on the tip and induce motions that are registered and processed for analysis. In order

to understand the signals measured in the PiFM instrument, it is necessary to understand

how the photo-induced forces affect the dynamics of the cantilever. In this Chapter, we will

examine the cantilever dynamics in detail and discuss how quantitative force information

can be extracted from PiFM measurements.

Figure 3.1: Graphical representation of the cantilever motion. z is the instantaneous position
of cantilever. zc is the average position, z1 is the oscillation of fundamental resonance, and
z2 is the oscillation of the next resonance.
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3.1 Continuous beam model of cantilever dynamics

The Euler-Bernoulli equation describes the bending of a rectangular and homogeneous can-

tilever along its longitudinal axis. The Euler-Bernoulli equation for a continuous and uniform

cantilever beam under the action of external forces applied at its free end is

EI
∂

∂x4

[
w(x, t) + a1

∂w(x, t)

∂t

]
+ ρbh

∂2

∂t2
= −a0

∂w(x, t)

∂t
+ δ(x− L)[Fext(t) + Fts(d)](3.1)

where E is the cantilever’s Young’s modulus; I is the area moment of inertia; a1 is the

internal damping coefficient; ρ is the mass density; W , h and L are, respectively, the width,

height, and length of the cantilever; a0 is the hydrodynamic damping; w(x, t) is the time-

dependent vertical displacement of the differential beam’s element placed at the x position

(Fig. 3.1); Fext is the excitation force; while the tip-surface interaction is represented by Fts

with

z = zc + w(x, t) (3.2)

as the instantaneous tip-surface separation. We substitute the ansatz w(x, t) = ϕ(x)Y (t) in

Eq. (3.1) and apply the following boundary conditions:

ϕ(0) = 0 (vertical displacement at x = 0 is zero),

ϕ′(0) = 0 (slope at x = 0 is zero),

ϕ′′(0) = 0 (vertical internal torque at x = L is zero),

ϕ′′′(0) = 0 (vertical internal force at x = L is zero).
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The cantilever at x=0 is clamped [Eqs. (3.1) and (3.1)] while it is free at x=L [Eqs. (3.1)

and (3.1)]. The above boundary conditions introduce a discrete number of solutions to Eq.

(3.1), then the vertical displacement can be expanded into a series of eigenmodes,

w(x, t) =
∞∑
n=1

φn(x)Yn(t) (3.3)

Where can be defined as [43],

φn(x) = cos(κn
x

L
)− cosh(κn

x

L
)− cos(κn) + cosh(κn)

sin(κn) + sinh(κn)
[sin(κn

x

L
)− sinh(κn

x

L
)] (3.4)

with κn as the n-th positive real root of the equation

1 + cos(κn) cosh(κn) = 0 (3.5)∫ L

0
φn(x)φm(x)dx = Lδn,m (3.6)

φn(0) = 0 (3.7)

φn(L) = 2(−1)n. (3.8)

On the other hand, the time-dependent function for each eigenmode, , obeys the set of

anharmonic differential equations

mnŸn(t) + bnẎn(t) + knYn(t) = Fn(t), n = 1, 2, 3 . . . (3.9)
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where effective masses mn, the effective damping coefficient given as bn = kn
ωnQn

, eigenmode

resonances ωn, quality factors Qn, the force constant kn and external forces Fn(t) of the n-th

eigenmode are defined by

ωn =
(
αn
L

)2 EI

ρWh
(3.10)

mn = ρWh
∫ L

0
|φn(x)|2dx = ρWhL ≡ mc, (3.11)

Qn =
ωn

a0
ρWh

+ a1ω2
n

(3.12)

Fn(t) =
∫ L

0
fext(x, t)φn(x)dx =

∫ L

0
δ(x− L)[Fext(t) + Fts(z)]φn(x)dx

= 2(−1)n[Fext(t) + Fts(z)] (3.13)

The total mass of the cantilever is expressed as mc while fext(x, t) represents the density of

external forces per length. Then, the actual tip motion can be calculated as

w(L, t) =
∞∑
n=1

φn(L)Yn(t) =
∞∑
n=1

2(−1)nYn(t) ≡
∞∑
n=1

zn(t) (3.14)

where zn(t) is the modal projection of the tip motion. Combination of the above definitions

and multiply φn(L) to Eq. (3.9) gives the corresponding differential equation for zn(t),

mz̈n(t) + bnżn(t) + knzn(t) = Fext(t) + Fts(z), n = 1, 2, . . . (3.15)

(3.16)

where m = 0.25mc It is shown then that the modal effective mass m is one fourth of the total

mass of the cantilever. This is true whenever we deal with homogeneous and rectangular
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cantilevers. The above number coincides with the result given by Sader in Ref. [44]. Each

mode is described by its modal parameters, eigenfrequency ωn, spring constant kn = mω2
n,

and quality factor Qn.

3.2 Point-mass spring model: direct mode

3.2.1 Direct modulation mode in photo-induced force microscopy

We next consider the dynamics of the cantilever-tip system in the presence of the photo-

induced force Fpif = Fg + Fsc. The cantilever motion is modeled as a simple collection

of independent point-mass harmonic oscillators, with motion confined to the z-coordinate

only. In practice, two mechanical resonances are of relevance to the photo-induced force

microscopy experiment, namely the first and a higher-order mechanical eigenmode of the

cantilever-tip system. The first mechanical resonance is excited by the external driving

force F1 with frequency ω1, whereas the higher-order resonance at ωn is actively driven by

Fpif . This mode is very similar to the amplitude modulated Kelvin probe force microscopy

technique [54]. This mode directly measures the photo-induced force itself. In addition,

the cantilever-tip is subject to the interaction force Fint, which includes all relevant Van der

waals, Casimir forces, electrostatic, magnetic force and so on [39, 34, 32]. In this model, the

equations of motion for the displacement of the first (z1) and higher-order (zn) mode are

found as:

mz̈1 + b1ż1 + k1z1 = F (t) (3.17)

mz̈n + bnżn + knzn = F (t) (3.18)
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where m is the effective mass of the cantilever; ki and bi are, respectively, force constant and

the damping coefficient of the ith eigenmode [32]. The total external force is given as:

F (t) = F1 cos(ω1t) + Fint + FDC
pif + FAC

pif cos(ωnt+ θpif ) (3.19)

where F1 is an external driving force for the fundamental resonance, Fint is a mechanical tip-

sample interaction force and FDC
pif + FAC

pif cos(ωmt + θpif )) is a photo-induced force through

an acousto optical modulator (AOM). The beam can be modulated with any VDC and

VAC so that FDC
pif is generally different to FAC

pif . If the beam is modulated by 0VDC and

1VAC with the duty cycle 50%, like a TTL signal, the modulated force is described as

Fpif = 1
2
(FDC

pif + FAC
pif cos(ωmt+ θpif )) where FDC

pif = FAC
pif .

In the following, we will set n = 2, corresponding to the tip displacement of the second

mechanical resonance, but the analysis applies equally to higher-order modes. The instan-

taneous tip-surface distance is represented by

z(t) = zc + z1(t) + z2(t) +O(ε) (3.20)

≈ zc + A1 sin(ω1t+ θ1) + A2 sin(ω2t+ θ2)

where zc is the equilibrium position of the cantilever, Ai is the amplitude and θi is the

phase shift of the ith eigenmode; O(ε) is a term that carries the contribution of the other

modes and harmonics. Substituting Eq. (3.20) and (3.19) into Eqs. (3.17) and (3.18) by

multiplying both sides of the resulting equation by sin(ωit+θi) and cos(ωit+θi), followed by

an integration over the oscillation period, the following general relations for the amplitude,
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the phase, the mechanical interaction force and the photo-induced force are obtained:

(ki −mωj2)
Aj
2

=
1

T

∫
0

T

F (t) sin(ωjt+ θj)dtdt (3.21)

biωjAj
2

=
1

T

∫
0

T

F (t) cos(ωjt+ θj)dt (3.22)

where i, j = 1, 2. If the form of Fint and Fpif is known, the amplitudes A1, A2 and the phase

shifts θ1, θ2 can be calculated through numerical integration of Eqs (3.21)-(3.22).

3.2.2 Small oscillation limit

When we assume the oscillation is sufficiently small, the Eq. (3.21) and Eq. (3.22) can be

analytically solved. The total external force F (z) can be expanded as:

F (z) ≈ F (zc) +
∂F

∂z
|zc(z − zc) +

∂2F

∂z2
|zc(z − zc)2 + . . . (3.23)

where zc is an equilibrium position of a cantilever. We can assume that the higher order cou-

pling terms (over the second order) are ignored. In general, Fint is a nonlinear function of the

tip-sample distance z and contains both conservative and dissipative (i.e., nonconservative)

forces,

Fint = Fc(z) + Fnc, (3.24)

where the conservative term Fc, by definition, depends only on the distance z which includes

all relevant force potential such as Van der waals, Casimir forces, electrostatic, magnetic

force and so on [39, 34, 32]. For our description here, we assume that the nonconservative
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force can be written as Fnc = −Γ(z)ż, where Γ represents the effective damping coefficient of

a given dissipative interaction. Such a form of force may describe many physical interactions

such as the hydrodynamic or capillary meniscus forces [33, 34]. Note that although the term

−Γ(z)ż may be replaced by some other specific forms of dissipation, one can still employ

the effective and intuitive coefficient Γ as a parameter describing a given dissipation [36, 37].

Under these conditions, the mechanical interaction force and the photo-induced force can be

expressed by

F (z) ≈ F (zc) +
∂F

∂z
|zc(z − zc) + . . .

= F1 cos(ω1t) + F̄c(zc)− Γ(zc)ż +
∂F̄c
∂z
|zc(z − zc) + . . .

+FDC
pif (zc) +

∂FDC
pif

∂z
|zc(z − zc) + . . .

+(FAC
pif (zc) +

∂FAC
pif

∂z
|zc(z − zc) + . . .) cos(ω2t+ θpif ) (3.25)

By substituting Eq. (3.25) into Eqs. (3.21) and (3.22), the Eq. (3.21) and the Eq. (3.22)

are rewritten as:

(k1 −mω1
2)
A1

2
=

1

T

∫
0

T

F (t) sin(ω1t+ θ1)dtdt (3.26)

b1ω1A1

2
=

1

T

∫
0

T

F (t) cos(ω1t+ θ1)dt (3.27)

(k2 −mω2
2)
A2

2
=

1

T

∫
0

T

F (t) sin(ω2t+ θ2)dtdt (3.28)

b2ω2A2

2
=

1

T

∫
0

T

F (t) cos(ω2t+ θ2)dt (3.29)

The eigenmode frequencies, ω1 and ω2 are required to be commensurable; i.e., ω1/ω2 = p1/p2

for a certain pair of integers p1 and p2. This is always possible with high accuracy such as

p1 = 15 and p2 = 94 for ω2 = 6.27ω1 and ωm = 7.27ω1. The physical meaning of p1 and
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p2 is to increase the measuring time. By integrating the above equations over the period

T = 2πp1/ω1 = 2πp2/ω2 in which the signal z(t) is periodic, the following general relations

for the amplitude and the phase of each modes are given as:

A1(ω1) ' F1√
m2(ω′21 − ω2

1)2 + (b′1ω1)2
(3.30)

A2(ω2) ' Fpif√
m2(ω′22 − ω2

2)2 + (b′2ω2)2
(3.31)

θ1(ω1) = tan−1 m(ω′21 − ω2
1)

b′1ω
2
1

(3.32)

θ2(ω2) = tan−1 m(ω′22 − ω2
2)

b′2ω
2
2

+ θpif (3.33)

with ω′i =
√

(ki − ∂F̄c

∂z
|zc)/m and b′i = bi + Γ(zc) where F̄c = Fc + Fpif .

3.2.3 Reconstruction of distance-dependent force

The amplitude and phase of the first and second resonances are experimentally accessible

quantities. We next describe an approximate method to relate the forces active at the tip-

sample junction to these experimental quantities. The photo-induced force and mechanical

interaction forces can be reconstructed by using A1, A2, θ1 and θ2 as:

F̄c(z) =
∫ ∞
z

[
F1

A1(z)
sin θ1(z)− (k1 −mω2

1)]dz (3.34)

Γ(z) =
F1

A1(z)ω1

cos θ1(z)− b1 (3.35)

|Fpif (z)| = A2(z)
√
m2(ω′22 − ω2

2)2 + b′22 ω
2
2 (3.36)

θpif = θ2 − tan−1 m(ω′22 − ω2
2)

b′2ω
2
2

(3.37)
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with ω′2 =
√

(k2 − ∂Fc

∂z
|z)/m and b′2 = b2 + Γ(z). The formalism outlined by Eqs. (3.34)-

(3.36) makes it possible to reconstruct the distance dependent mechanical and photo-induced

force from experimentally accessible parameters. Note that the Eq. (3.36) describes, in

general, any applied force on the second resonance of a cantilever with modulation frequency

f02 as a function of A1, A2, θ1 and θ2. One may apply this theoretical model to other systems

to calculate the force acting on the second resonance such as bimodal force microscopy and

amplitude modulated Kelvin probe force microscopy.

3.2.4 Force-distance simulations and experiments

We first study the general trends of the cantilever dynamics in the presence of both me-

chanical and photo-induced forces using Eqs (3.21)-(3.22). For this purpose, it is required to

choose a functional form of the forces Fint and Fpif that are active at the tip-sample junction.

We assume that Fint is described by a conservative Lennard-Jones-type force that contains

a 1/z6 (repulsive) and a 1/z2 (attractive) force term,

Fint = f0(
l4

3z6
− 1

z2
) (3.38)

where f0 is a constant and l is the characteristic distance at which the attractive force is

minimized. For Fpif we obtain from Eqs. (2.36) :

Fpif ≈ −
β

z4
+ Fsc (3.39)

where β = 3<{α∗tαp}|E0z|2/4πε0εm and Fsc = k
2
={αt}|E0x|2 from Eq.(2.36). Figure 3.2

shows the distance dependent amplitude (a) and the phase (b) of the first resonance, as well

as the amplitude of second resonance (c) as simulated with Eqs.(3.21)-(3.22) and the chosen

mechanical tip-sample interaction (d) and photo-induced force (e) curves with simulation

parameters [41]. The z-dependent amplitude and phase of the first resonance show the
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expected profile for the chosen form of Fint that the repulsive force is dominant. The total

force gradient kint = ∂F̄c/∂z decreases the amplitude of the fundamental and increases the

phase curve in approaching to the sample because of the attractive force gradient (repulsive

force). The amplitude of the second resonance, on the other hand, displays a very different

profile, depicted by the black curve in Fig. 3.2(c). A peak near z ≈ 11 nm is seen, the

amplitude of which is dependent on the magnitude of the effective polarizability. Around

z ≈ 15 nm a sharp dip is observed, followed by a plateau at longer distances. Unlike the

first resonance, the second resonance is sensitive to the presence of Fpif . The characteristic

shape of the amplitude-distance curve reflects the presence of both the attractive gradient

force and the repulsive scattering force. At shorter distances, the gradient force dominates,

whereas for longer tip-sample separations the response is governed by the scattering force.

The dip appears when the two photo-induced forces cancel, i.e. Fg + Fsc = 0.

The red curve in Fig. 3.2(c) is obtained by increasing the magnitude of Fg by a factor of two,

i.e. β is twice as large as for the black curve, whereas Fsc remains the same. Two immediate

changes are observed. First, the maximum amplitude A2 is significantly larger for the 2β

case, as can be expected for an increase in the magnitude of the gradient force. Second, the

cancelation of the two optical forces now occurs at a longer distance, near ∼ 18 nm rather

than near ∼ 15 nm in this simulation. An increase in the gradient force thus gives rise to an

amplitude-distance curve that appears shifted to longer distances.

The formalism outlined in Eqs. (3.34)-(3.36) can be used to reconstruct the mechanical and

optical forces between the tip and sample from the simulated amplitude-distance curves. The

black solid line in Figure 3.2(d) represents the functional form of the assumed mechanical

force, as given by Eq. (3.38). The purple dots indicate the reconstructed force from the

simulated measurement. The close correspondence between the assumed and reconstructed

data indicates that the assumptions made in (3.34)-(3.36) are justified. Similarly, the solid

black line in Figure 3.2(e) shows the chosen form of the optical force, described by Eq. (3.39),
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Figure 3.2: Simulation of the amplitude-distance curve (a) and the phase-distance curve of
the fundamental resonance of a cantilever. The free oscillation amplitude of A01 is 20 nm.
(c) Amplitude-distance curve of 2nd resonance of the cantilever for Fg with β (black) and 2β
(red). (d) Pre-assumed Lennard-Jones type force (solid black) and the reconstructed force
(purple dots). (e) Pre-assumed total magnitude of the optical force for β (solid black) and
2β (solid red), along with the corresponding reconstructed forces for β (purple dots) and 2β
(green triangle). The experimental parameters of the simulation are given in [41].
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Figure 3.3: The amplitude (a) and the phase (b) of the fundamental resonance with respect
to tip-sample distance on Si-naphthalocyanine (SiNc). The zero is the setpoint of tip is
engaged. The sample is in negative side. The tip is retracted from the sample. (c) The
amplitude of the 2nd resonance of the cantilever on SiNc. (d) The reconstructed optical
forces on SiNc.
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whereas the purple dots correspond to the reconstructed data. The simulated experiments

presented in Figure 3.2 underline that the optical force can be extracted from measured

amplitude-distances curves.

The red line in Figure 3.2(e) corresponds to the situation where β is twice as large as for the

black solid line. Similarly to Fig. 3.2(c), the point where Fg and Fsc cancel lies at a longer

distance. The shift of the cancelation point is a direct manifestation of the situation where

Fg increases while Fsc remains constant. The set-point of the cantilever thus has a profound

influence on the relative magnitude of the measured photo-induced forces. Consider the two

curves in Figure 3.2(e), representing an object in the sample with β (black) and a second

object with 2β (red). Depending on the set-point of the cantilever, the contrast between

these two objects may vary drastically. For the values used in this simulation, if the set-point

is at ∼ 15 nm the force measured at the object represented by black curve is minimum while

the net photo-induced force measured at the object with red curve is substantial. However,

if the cantilever set-point is moved to 20 nm, the situation is reversed. The strongest force is

now measured at the object with the weaker gradient force, as the net force at this distance

is governed by Fsc. Hence, objects which give rise to a stronger Fg do not always produce

the strongest signals in photo-induced force microscopy. The contrast observed is dependent

on the cantilever set-point. Consequently, knowledge of the force-distance curve is essential

for interpreting images generated with photo-induced force microscopy.

Figure 3.3(a) and (b) show the amplitude- and phase-distance curves, respectively, when

the illuminated tip is positioned on the large cluster of molecules. These measurements

help identify the onset of tip engagement and the regime in which hard-contact (blue data

points) is reached. Photo-induced force measurements are performed by overlapping the

laser modulation frequency with the third mechanical resonance of the cantilever at f03 =

1033.190 kHz. At this higher frequency, the effects of fluctuating thermal force contributions

is expected to be reduced. The amplitude of the third mechanical resonance is shown in
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3.3(c) and the extracted force is plotted in 3.3(d). Similar to the measurements on the gold

nanowire, a clear dip can be seen in the force-distance curve, which is attributed to the

cancellation of Fg and Fsc. Using Eq. (3.39), the force-distance curve can be fitted. From

the fit, we find that Fsc = 59.0 pN and β = 6.10 × 10−43 N·m4. Note that the β pre-factor

in the SiNc measurements is smaller than in the measurements on gold, indicating that the

gradient force between the tip and the SiNc is weaker than for the case of the gold nanowire.

3.3 Point-mass spring model: sideband mode

Multifrequency atomic force microscopy (AFM) promises to study the physical properties

of a nanomaterial beyond to measure simple topography [32]. One can explore an enhanced

contrast of a local contact potential difference [53] and a local mechanical properties such

as a stiffness and a damping of a material [55, 56] by using the amplitude and the phase

information of multiple eigenmodes of a cantilever. Recently the technique is extended to

simultaneously measure topography with linear and nonlinear optical properties such as

Raman, pump-probe transition and IR by registering the local field behavior on molecules

[21, 22, 25, 28, 30, 27, 29]. The contrast mechanism can be further enhanced by using the

sideband coupling technique which couples two different frequencies as sum or difference on

the resonator. Because the sideband technique is sensitive to the force gradient, the im-

age contrast is sharper than force measurement. For example, in the Kelvin probe force

microscopy (KPFM) technique, the frequency modulated KPFM (sideband mode) shows

shaper contrast of the contact potential difference than the amplitude modulated KPFM

(direct mode) [52]. However, general analysis of nonlinear cantilever dynamics of the ampli-

tude and phase is still challengeable.

In the presence of the nonlinear tip-sample interaction force, the modulated force gradient

resulted in the sideband coupling through the carrier frequency [52]. In this letter, we will
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firstly demonstrate the sideband coupling mechanism in the photo-induced force microscopy

by implementing a simple harmonic oscillator model in the presence of a nonlinear tip-

sample interaction force. Understanding the detailed nonlinear cantilever dynamics opens

the quantitative analysis of the contrast mechanism in microscopy and improve the technique

to powerful tool for investigating the material’s properties rather than simple microscope.

3.3.1 Sideband coupling mode in photo-induced force microscopy

The dynamical motion for such a continuous beam system of a cantilever is described with

Euler-Bernoulli model [58]. The motion of the tip end can be approximated as a point-mass

model which is a superposition of its eigenmodes [59, 31]. Because the higher eigenmodes

give the less contribution on the cantilever motion [60], for our discussion here, we assume

that a fundamental and a second resonance is dominant. The motions of the cantilver with

two degrees of freedom are generally described as [31]:

mz̈ + b1ż + k1z = F (t) (3.40)

mz̈ + b2ż + k2z = F (t) (3.41)

where m is a mass of a cantilever, F (t) is an external force, ki and bi are an i-th spring

constant and damping coefficient of a cantilever respectively. The sideband motion is induced

by coupling the modulated force gradient with the carrier frequency. In the PiFM with the

sideband mode, we modulate the fundamental eigenmode of the cantilever for tracking the

topography and apply the optical force at the modulated angular frequency ωm which has
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the relation as ωs± = ωm ± ω1. Therefore the total external force is in general:

F (t) = F1 cos(ω1t) + Fint + FDC
pif + FAC

pif cos(ωmt+ θpif ) (3.42)

where F1 is a driving force for the fundamental resonance, Fint is an tip-sample interaction

force, FDC
pif + FAC

pif cos(ωmt+ θpif ) is a photo-induced force through an acousto optical mod-

ulator. Note that the beam has no negative intensity which means that it is modulated

through DC+AC. Generally the beam can be modulated with any VDC and VAC so that

FDC
pif is different to FAC

pif . If the beam is modulated with 0VDC and 1VAC like a TTL signal,

the modulated force is described as Fpif = 1
2
(FDC

pif +FAC
pif cos(ωmt+θpif )) where FDC

pif = FAC
pif .

The instantaneous tip-sample distance is represented by z(t) ' zc+z1(t)+zm(t)+zs(t)+O(ε)

where zc is an equilibrium position, z1 is a motion of the fundamental eigenmode, and zs

is a sideband coupled motion. The motion out of resonance zm and zs can be described

as the superposition of eigenmodes at that frequencies, given as zm(ωm) ≈
2∑
i=1

zi(ωm) and

zs(ωs±) ≈
2∑
i=1

zi(ωs±). If we consider the motion is sinusoidal, the instantaneous tip-sample

distance is given as

z(t) ≈ zc + z1(t) + zm(t) + zs(t) +O(ε) (3.43)

≈ zc + A1 sin(ω1t+ θ1) +
∑

Ami
sin(ωmt+ θmi

) +
∑

Asi sin(ωs±t+ θsi)

where Ai and θi are the amplitude and phase of i-th eigenmode at angular frequency ωi,

and Ami
and θmi

are the amplitude and phase of i-th eigenmode at angular frequency ωm.

Substituting Eqs. (3.42) and (3.43) into Eqs. (3.40) and (3.41) by multiplying both sides of

the resulting equation by sin(ωjt+ θj) and cos(ωjt+ θj), followed by an integration over the
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Figure 3.4: Sideband coupling mechanism

oscillation period, the following general relations for amplitude and phase are obtained:

(ki −mω2
j )
Aj
2

=
1

T

∫
0

T

F (t) sin(ωjt+ θj)dt (3.44)

biωjAj
2

=
1

T

∫
0

T

F (t) cos(ωjt+ θj)dt (3.45)

where i = 1, 2, j = 1,mi, si. The Eq. (3.44) and Eq. (3.45) are general forms of the sideband

coupling theory in the photo-induced force microscopy. If the form of F (t) is known, the

amplitudes A1, Ami
, Asi and the phase shifts θ1, θmi

, θsi can be calculated through numerical

integration of the equations.

3.3.2 Small oscillation limit

When we assume the oscillation is sufficiently small, the Eq. (3.44) and Eq. (3.45) can be

analytically solved by regarding the zs as a perturbation. Note that this small oscillation ap-

proximation is the first order approximation of the general motion of the cantilever dynamics

[39]. The instantaneous tip-surface distance is represented by

z(t) ' zc + z1(t) + zm(t) + zs(t) +O(ε) (3.46)
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where zc is an equilibrium position of the cantilever, z1 is a motion of a fundamental eigen-

mode, zm is a motion due to beam modulation, zs is a sideband coupled motion due to

nonlinear force and O(ε) is a higher order coupling term which can be regarded as small. By

considering two eigenmodes, the cantilever motions are generally addressed as:

z1(t) = A1 sin(ω1t+ θ1) (3.47)

zm(t) = Am1 sin(ωmt+ θm1) + Am2 sin(ωmt+ θm2)

zs(t) = As1 sin(ωs±t+ θs1) + As2 sin(ωs±t+ θs2)

where ωs± = ωm ± ω1. Ami
and θmi

are an amplitude and a phase due to Fpif (z) through

the fundamental and second eigenmodes, Asi and θsi are an amplitude and a phase due to

the coupling force term through the fundamental and second eigenmode. The equations of

motion for the driven damped harmonic oscillator with two degrees of freedom are recast as:

mz̈ + b1ż + k1z = F (3.48)

mz̈ + b2ż + k2z = F (3.49)

where F (t) = F1 cos(ω1t) + Fint + FDC
pif + FAC

pif cos(ωmt + θpif ). The total external force can

be expanded at the equilibrium position zc as

F (z) ≈ F (zc) +
∂F

∂z
|zc(z − zc) + . . .

= F1 cos(ω1t) + F̄c(zc)− Γ(zc)ż +
∂F̄c
∂z
|zc(z − zc) + . . .

+FDC
pif (zc) +

∂FDC
pif

∂z
|zc(z − zc) + . . .

37



+(FAC
pif (zc) +

∂FAC
pif

∂z
|zc(z − zc) + . . .) cos(ωmt+ θpif ) (3.50)

where Fint(z) = Fc(z)− Γ(z)ż and F̄c(z) = Fc(z) + FDC
pif (z). We can assume that the higher

order coupling terms (over the second order) are ignored in the small oscillation limit. The

origin of sideband comes from the product of the carrier motion and the modulated force

gradient in the second term of Eq. (3.50).

F (ωs±) =
∂F

∂z
|zcz1

=
∂FAC

pif

∂z
|zc cos(ωmt+ θpif )A1 sin(ω1t+ θ1)

= ±
∂FAC

pif

∂z
|zc
A1

2
sin(ωst+ θpif ± θ1) (3.51)

where ωs± = ωm ± ω1 respectively.

When we consider the sideband motion as a perturbed motion, by substituting Eq. (3.50)

and Eq. (3.51) into the equations of motion Eq. (3.48), by multiplying both sides of the

resulting equation by sin(ωjt + θj) and cos(ωjt + θj), where i = 1, 2 and j = 1,mi, si, the

integration can be calculated over the period T = 2πp1/ω1 = 2πps/ωs = 2πpm/ωm in which

the signal z(t) is periodic. The eigenmode frequencies, ω1, ωs and ωm, are required to be

commensurable; i.e., ω1/ωs = p1/ps, ω1/ωm = p1/pm and ωs/ωm = ps/pm for a certain pair

of integers p1 and ps. This is always possible with high accuracy such as p1 = 15, ps = 94

and pm = 109 for ωs = ω2 = 6.27ω1 and ωm = 7.27ω1. The physical meaning of p1, ps and

pm is to increase the measuring time.

The sideband signal is evolved immediately after applied the modulated force gradient.

The perturbed force gradient make the amplitude and frequency changes of the fundamental

resonance iteratively. For the zero order iteration with the perturbation, the following general
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relations for the amplitude and the phase of the carrier and the sideband motion are given

as:

A1(ω1) =
F1√

m2(ω′21 − ω2
1)2 + (b′1ω1)2

(3.52)

Ami
(ωm) =

FAC
pif (zc)√

m2(ω′2i − ω2
m)2 + (b′iωm)2

(3.53)

Asi±(ωsi±) =
kACpif (zc)A1/2√

m2(ω′2i − ω2
s)

2 + (b′iωs)
2

(3.54)

θ1(ω1) = tan−1 m(ω′21 − ω2
1)

b′1ω
2
1

(3.55)

θmi
(ωm) = tan−1 m(ω′2i − ω2

m)

b′iω
2
m

+ θpif (3.56)

θsi±(ωsi±) = − cot−1
m(ω′2i − ω2

si±
)

b′iω
2
m

+ θpif ± θ1(ω1) (3.57)

with ω′i =
√

(ki − ∂F̄c

∂z
|zc)/m, kACpif =

∂FAC
pif

∂z
|zc and b′i = bi + Γ(zc) where F̄c = Fc + FDC

pif .

In the case of ωs− = ωm − ω1 = ω2 to amplify the sideband signal by using the second

resonance, the As1− is sufficiently small compared to As2− . Therefore the zs is reduced as

zs(t) ≈ As2− sin(ωst+ θs2−) ≡ As sin(ω2t+ θs).

As(ω2) ' F1√
m2(ω′21 − ω2

1)2 + (b′1ω1)2

kACpif (zc)/2√
m2(ω′2i − ω2

2)2 + (b′iω2)2
(3.58)

θs(ω2) ' − cot−1 m(ω′2i − ω2
2)

b′iω
2
2

+ θpif − tan−1 m(ω′21 − ω2
1)

b′1ω
2
1

(3.59)

The zero order sideband perturbation make a change to the carrier amplitude and phase.

For the n-th order iteration with the perturbation, the following general relations for the

39



amplitude and the phase of the carrier and the sideband motion are given as:

A
(n)
1 (ω1) = G1(ω1)kACpif (zc)

A(n−1)
si±

2
(3.60)

A(n)
si±

(ωsi±) = Gi(ωsi±)kACpif (zc)
A

(n−1)
1

2
(3.61)

θ
(n)
1 (ω1) = − cot−1 m(ω′21 − ω2

1)

b′1ω
2
1

− θpif ± θ(n−1)
si±

(3.62)

θ(n)
si±

(ωsi±) = − cot−1
m(ω′2i − ω2

si±
)

b′iω
2
m

+ θpif ± θ(n−1)
1 (3.63)

where Gi(ωj) = 1/
√
m2(ω′2i − ω2

j )
2 + (b′iωj)

2 and the n ≥ 1.

The DC photo-induced force gradient decreases the amplitude of the fundamental and the

sideband. One the other hand, the As is proportional to the AC photo-induced force gradient.

The sideband signal depends on many parameters such as total interaction force gradient, tip-

sample distance, light intensity, the carrier oscillation amplitude and mechanical properties

such as stiffness and damping of a probe. The As is very sensitive to the force inhomogeneity

than the direct mode based PiFM which is given as [25]:

Ad(ωd) =
FAC
pif (zc)√

m2(ω′22 − ω2
d)

2 + (b′2ωd)
2
. (3.64)

The direct mode is proportional to the Fpif resulted in the localized (attractive) and the non-

localized (repulsive) force behavior in the amplitude [26]. On the other hand, the sideband

mode is proportional to the force gradient of the photo-induced force. Therefore the As

can enhance the localized force behavior and relatively reduce the constant scattering force.

Compared to the direct mode, the sideband mode can achieve a very sharp contrast by

controlling the total tip-sample interaction force and the driving amplitude. We will discuss

about the comparison between the sideband and direct mode contrast in the Section 3.3.4

with simulation and experimental results.
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3.3.3 Force-distance simulations and experiments

We first study the general trends of the cantilever dynamics in the presence of both mechan-

ical and photo-induced forces by using the Eqs. (3.30) and (3.31). For this purpose, it is

required to choose a functional form of the forces Fint and Fpif . There are numerous kinds

of a conservative Fc and a nonconservative force Fnc [35, 33, 34, 36]. In this simulation we

will consider the simplest case that the tip-sample interaction force is only an attractive van

der Waals conservative force and the photo-induced forces are an attractive localized Fg and

a repulsive constant scattering force Fsc [25] as:

Fint(z) = −HR
6z2

(3.65)

Fpif (z) = − β
z4

+ Fsc (3.66)

where H is the Hamaker constant, R is the tip radius, z is the distance between the tip’s

apex and the sample surface, which is larger than the intermolecular distance (0.165 nm)

[33], β = 3<{α∗tαp}E2
0z/2πε0 where E0z is a z-directional electric field of an incident beam,

αt and αp are the complex polarizability of the tip and molecule respectively [61]. The Fsc

is regarded as a constant in the near-field region.

Fig.3.5 shows the distance dependent amplitude curves of a (a) fundamental resonance and a

(b) sideband mode with the chosen simulation parameters [62]. When the tip approaches to

the sample surface, the amplitude curve of the fundamental resonance is decreased because of

the increment of the force gradient of the DC photo-induced force in ω′i. When the localized

force is doubled i.e 2β which is the red solid line, the DC force gradient change slightly

retracts the amplitude distance curve from the sample surface. If one operate the system in

the attractive (repulsive) tip-sample interaction force region, the amplitude-distance curve is

retracted (attracted) from sample by increasing the force gradient. This is well-known effect
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Figure 3.5: Sideband coupled signals: (a) amplitude curve of a fundamental resonance and
(b) a sideband mode with respect to tip-sample distance and the beta prefactor [62].
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Figure 3.6: (a) the amplitude of fundamental resonance and (b) the amplitude of second
resonance with respect to tip-sample distance by using the cantilever of a spring constant
of 38 N/m, a resonance frequency f01 = 266.1kHz, fm = 1945.3kHz and free oscillation
amplitude A01 = 13nm with the beam intensity by 30uW.
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called as optical force artifact in the scattering near-field optical microscope [66, 67].

A1 shows the expected profile for the chosen form of Fint and Fpif , as simulated with Eq.

(3.30). Unlike the first resonance, the sideband mode is sensitive to the presence of the

modulated force gradient of photo-induced force kACpif . In Fig.3.5(b) the peak near z ≈ 4.3

nm in black solid line is seen by the chosen beta prefactor [62], the magnitude and the width

of the peak is dependent on the effective polarizability. Increasing the photo induced force by

2 times of the beta prefactor (red solid line), the AC force gradient enhance the magnitude

and width of the curve. The peak of red line is increased and shifted to z ≈ 5nm. Because

the force gradient removes the constant scattering force, the amplitude curve of the sideband

mode is much sensitive to the localized force behavior rather than the constant scattering

force. Compared to the direct mode behavior, the sideband mode effectively reduces the

scattering force effect in the amplitude curve.

We next apply the developed formalism to experimentally obtained amplitude-distance mea-

surements. Gold nanowires deposited on a glass surface are chosen as the test object. Fig-

ure 3.6 shows the amplitude of a fundamental (a) and a second (b) resonance with the

k1 = 38N/m, f01 = 266.1kHz, Q1 = 467, k2 = 2078.7N/m, f02 = 1679.2kHz and Q2 = 532

cantilever, operated with a free oscillation amplitude A01 = 13nm and the beam intensity by

30uW, which are recorded simultaneously while the tip is parked over the glass (black) and

gold nanowire (red). In Fig.3.6(a) the A1 shows a less change between the gold nanowire

and the glass substrate. On the other hand, Fig.3.6(b) clearly shows the characteristic peak

near z ≈ 3nm in the glass curve. The As curve of the gold nanowire is increased and the

width of it is expanded. The experimental measurement is remarkably well corresponded to

the theoretical expectation.
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Figure 3.7: (a) Comparison between the sideband coupled signals of the experiment (pink
square dots) and the calculation fit (red solid line) by using Eq.(3.31) and the direct modu-
lation signals of the experiment (black square dots) and the calculation fit (blue solid line)
by using Eq.(3.64) with respect to the intensity at tip-sample distance around 10nm. The
topography (b), (e) the sideband (c), (f) and the direct modulation (d), (g) images of SiNc
clusters at tip-sample distance 10nm and 26nm respectively.
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3.3.4 Compare the contrast of sideband mode and direct mode

The direct mode is directly sensitive to the photo-induced force measurement. On the other

hand the sideband mode is sensitive to measure the force gradient of the photo-induced

force. Fig.3.7(a) shows the comparison between the sideband and the direct mode signal with

respect to the beam intensity at 10 nm above the SiNc molecules. Because the β corresponds

to the induced dipoles [26] which proportional to the beam intensity, the measured curve can

be analyzed by the equations (3.31) and (3.64). Note that there is a turning point on the As

in a large β limit but the Ad is saturated. This is because of the characteristic response of

As and Ad with respect to β at the same tip-sample distance. As is roughly described as a

function of β/
√
β4 + const (3.31) which shows a peak and decaying curve behavior because

kACpif and ω′0i which implicitly contains kDCpif . On the other hand Ad is described as a function

of β/
√
β2 + const (3.64) which shows a saturated behavior with respect to β. The pink

square dots and black circular dots are the experimental measurement of As and Ad with

respect to the intensity on the SiNc dye molecules at the tip-sample separation around 10

nm. The red line is the fit of the experimental curve with Eq. (3.31) and blue line is the fit

of the experimental curve with Eq. (3.64). They are dramatically well correspond with each

other.

Before the turning point around 0.5 mW, the signal is a linearly increased and the slope

of As is stiffer than the Ad signal. This means that the image with the sideband mode is

expected to be a sharper contrast than the direct mode. In the Fig.3.7, the sideband image

of SiNc clusters (c) at the tip-sample distance 10nm clearly shows the enhanced contrast

than the direct mode image (d). The topography (b) and the direct mode image (d) are

replotted from the Ref. [25]. The sideband image (d) is obtained right after obtaining the

direct mode image.

The advantage of the sideband coupling is dramatically shown in the large tip-sample sep-
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aration because it can remove the constant scattering force. In the tip-sample separation

around 26nm in which the scattering force is dominant, the direct mode image in Fig.3.7(g)

can not resolve the molecular structure. However, because the sideband mode can reduce the

scattering force and amplify the localized force behavior by controlling the carrier amplitude

of A1, the As image clearly reveals the molecular cluster.
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Chapter 4

Experiments and Results

In this chapter we will discuss about the details of the PiFM experiment. We first introduce

the setup of the system and explains the experiment parameters with respect to the exper-

imental purpose. According to the Chapter 2, the PiFM experiment can be classified by

three parts. First, the tip interacts with localized optical field on the surface. Second, the

tip interacts with a molecule through a linear optical response by using the field. Finally, the

tip interacts with a molecule though a nonlinear optical response such as Raman and pump-

probe transition. We will demonstrate the experiments with respect to the classification and

then discuss about the application of the PiFM.

4.1 Experimental methods

4.1.1 The PiFM system

The PiFM measurements that follow in the remainder of this dissertation are obtained

with a custom-designed inverted microscope outfitted with a sensitive AFM detection head

48



Figure 4.1: Sketch of the photo-induced force microscope

(Molecular Vista Inc.) operating in amplitude modulation mode (AM-AFM) under ambient

conditions. Instead of detecting optical radiation, the primary signal in PiFM is the time-

integrated, photo-induced force as registered by the AFM head. The light source in the PiFM

system is a laser, which can be either a continuous wave (cw) of pulsed laser, depending

on the type of optical experiment. For steady-state spectroscopic measurements, tunable

cw laser light sources work well in PiFM. Ultrafast pulsed lasers can be used for inducing

forces that are a consequence of nonlinear optical excitations. Similar to all-optical pump-

probe experiments, PiFM can be used to resolve the time-dependent excitation dynamics

of chromophores, as will be discussed in a later Section. An impression of the layout of a

nonlinear optical PiFM experiment is shown in Figure 4.1.

4.1.2 Light source

The reported experiments are carried out with a femtosecond light source. The pulsed

light is derived from a ti:sapphire laser (MaiTai, Spectra-Physics), which delivers 200 fs

pulses with a center wavelength of 809 nm. The secondary light source used in some of
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the experiments described herein is a synchronously pumped optical parametric oscillator

(Insight OPO, Spectra-Physics), providing tunable fs pulses throughout the visible range.

The pulse repetition rate is 80 MHz and the average power of the laser beam at the sample

plane is 40–90 µW. The laser light is pre-compressed with a prism compressor to account

for dispersion in the microscope optics. The light beams are subsequently coupled into

the microscope frame and focused by a high numerical aperture (NA) objective. Focusing is

needed to confine the illumination area, which minimizes light exposure of unexamined parts

of the sample. In addition, since photo-induced forces are weak, focusing helps to increase

the magnitude of the effect by raising light intensity in the illuminated spot. A typical

objective used in PiFM studies is an oil immersion lens with a NA of 1.40 (UPLSAPO

100XO, Olympus). Imaging is achieved by moving the sample relative to the position of the

focal spot, commonly accomplished with a piezo-electric stage. The microscope objective

generates a diffraction-limited focal spot at the sample surface using x-polarized laser light.

In the focal plane, significant portions of y-polarized and z-polarized light are present, which

have distinct focal field distributions. The tip is positioned at the location of maximum z-

polarized light [38] to enhance the sensitivity of the measurement to the z-directed gradient

forces. In addition, the laser light is amplitude modulated at a frequency that coincides with

a higher-order mechanical resonance of the cantilever used in the experiment, as indicated

below.

4.1.3 Atomic force microscope

A custom-modified atomic force microscope (Vista Scope, Molecular Vista Inc.) is used for

the photo-induce force experiments. A 15 nm diameter gold coated silicon tip is used in

the rest of experiments (FORTGG, ACTGG in AppNano Inc.). The two cantilever system

are implemented: one is a soft cantilever whose mechanical properties are k1 = 1.6N/m,

f01 = 63.0kHz, Q1 = 189, k2 = 63.2N/m, f02 = 396.0kHz and Q2 = 572, operated with
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a free oscillation amplitude A01 = 38nm. Another cantilever is a stiff cantilever whose

mechanical properties are k1 = 38N/m, f01 = 266.1kHz, Q1 = 467, k2 = 2078.7N/m,

f02 = 1679.2kHz and Q2 = 532, operated with a free oscillation amplitude A01 = 13nm.

Theoretically, the minimum detectable forces of each cantilever eigenmode can be computed

as Fmini
=
√

4kikBTB/Qiω0i[80, 81] where B is the measurement bandwidth and i is i–

th eigenmode. For the second resonance with B = 10Hz and T = 300K, the minimum

detectable forces are 8.58 × 10−14N for the FORTGG cantilever and 2.48 × 10−13N for the

ACTGG cantilever respectively. In the practical experiments, performed under ambient

temperature and pressure, the noise floor is determined by not only for the thermal noise

but also the electrical measurement noise, and is slightly increased.

The AFM head system has a position sensitive photo-detector (PSPD) and a detection laser

of 900nm wavelength to register a cantilever motion. The head system lies on the inverted

optical microscope so that the 900nm bandpass filter is required in front of the PSPD to

remove the interference from an excitation laser source. The topographic and photo-induced

force images are acquired simultaneously. This is achieved by demodulating the tip response

at f01 to retrieve the topography image and at f02 (or f03) to retrieve the photo-induced

force image. The AFM controller of the Molecular Vista system includes a digital lock-in

amplifier, used for demodulation of the signals, and a digital function generation with a field

programmable gate array (FPGA), used for generating synchronized clock signals.

4.1.4 Sample materials

Two test samples are used in this study. The first sample is a composed of a 0.17 mm

thick borosilicate coverslip with deposited gold nanowires. The nanowires are fabricated

by the lithographically patterned nanowire electrodeposition technique.[40] The resulting

nanowires feature an average width of 120 nm and an average height of 25 nm, whereas
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the length of the nanowires extends over millimeters. The second sample is a borosilicate

coverslip with deposited nanoclusters of silicon naphtalocyanine (SiNc). The samples are

prepared by spincasting a concentrated solution of SiNc in toluene onto the plasma-cleaned

coverslip. After evaporation of the solvent, nanoscale aggregates of SiNc are formed, varying

in size from several micrometers to less than 10 nm in diameter.

4.1.5 PiFM measurement

To discriminate the photo-induced forces from all other forces present in the tip-sample

junction, the laser light beams are amplitude modulated. In the case of a single beam, linear

optical experiment, the beam is modulated at fm. In the case of a dual beam, nonlinear

optical excitation experiment, both beams are modulated at independent frequencies, f1 and

f2, respectively. Amplitude modulation can be carried out with acoustic-optic or electro-

optic modulators. Typical modulation frequencies are in the 100 kHz to 10 MHz range,

which allows data collection with short pixel dwell times and preserves the ability to acquire

images at moderately high speeds.

To detect the optical response of the excited chromophores in the sample, the tip of the

AFM head is positioned in illumination spot. Precise positioning of the tip is critical, as the

magnitude of the photo-induced forces is sensitively dependent on the spatial distribution of

the focal fields. The gradient force is optimized through the presence of strong z-polarized

fields, in line with the polarization direction in which the strongest surface fields at the

atomically sharp tip are found [63]. For linearly polarized input fields, the z-polarized

component of the field, which grows when focused with higher NA lenses, is found at off-axis

positions in the focal spot [64]. Maximum gradient forces are thus measured when the tip

is positioned off from the center of the focal spot, at the peak of the z-polarized focal field

[38]. Alternatively, radially polarized incident fields can be used [65, 2], in which case the
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maximum gradient forces are expected when the tip is placed on-axis in the focal spot.

The PiFM instrument is capable of simultaneously detecting the sample’s topography and

the photo-induced forces. The topography is registered in regular AFM mode using a can-

tilevered tip. The cantilever is actively driven at a mechanical resonance, f01, with an

amplitude A1. This eigenfrequency may correspond to the first mechanical resonance of the

cantilever, but in some cases, the second mechanical resonance can be chosen instead. The

set point of the cantilever, which relates to the distance between the sample and the average

cantilever position, is fixed and maintained through feedback control. The topography image

is obtained by monitoring the amplitude and phase variations at the f01 resonance while the

sample is moved relative to the (illuminated) tip. To detect the photo-induced force sepa-

rately from other forces present in the tip-sample junction, it is detected at a mechanical

frequency away from the f01 resonance of the cantilever. The cantilever-tip system exhibits

multiple eigenfrequencies[31, 32], and detecting the effects of the optical modulation at an

alternate eigenfrequency of the cantilever allows resonant detection of the otherwise weak

photo-induced force. The alternate eigenfrequency is denoted as f02, and may correspond

to the second mechanical resonance of the cantilever, or any other, as long as it is different

from f01. For example, when f01 is chosen to correspond to the first mechanical resonance,

the second mechanical resonance can be chosen as f02.

The photo-induced force is detected by demodulating the registered motions of the cantilever

at a frequency that contains information on the effective optical modulation frequency fm.

The modulation frequency is simply fm = f1 when single beam excitation is used, or fm =

f1 − f2 when dual beam excitation is used. Two main detection schemes can be recognized.

In the first scheme, called direct-mode, the optical modulation is tuned into direct resonance

with f02, i.e. fm = f02 [25]. In the second scheme, the signal is demodulated at a side-band

frequency of fm. This scheme is called the sideband-mode, where the optical modulation is

chosen such that the side-band frequency fm±f01 is tuned into resonance with f02 [22]. Both
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schemes are sensitive to the photo-induced force, but they display different sensitivities to

the sample’s polarizability and the laser intensity. The side-band mode is more sensitive to

the gradient force and displays a steeper dependence on the tip-sample distance, whereas the

direct-mode is better suited for extracting quantitative information the PiFM measurements.

The locality of the measured gradient force is related to its confinement along the z-dimension.

The z−4 dependence ensures that the gradient force is detectable for tip-sample distances of

only a few nanometers, which also limits the lateral extent over which the force is manifest.

This intrinsic local character of the gradient force stipulates that the spatial resolution of the

PiFM method is not solely dictated by the spatial dimensions of the optical fields near the

junction, which often exceed the 10 nm scale. The sharp tips used in PiFM are, therefore, not

primarily optimized for confinement of the optical field, as they are in scattering-based near-

field methods. Instead, tips are chosen based on their ability to register the local forces, sim-

ilar to the conditions maintained for proper operation of AFM imaging. Field-enhancement

through excitation of surface plasmon resonances at the tip increases the magnitude of the

photo-induced force. Indeed, most PiFM measurements are performed with tips coated with

either gold or silver. However, PiFM measurements can also be carried out with nonmetallic

tips, including bare Si tips [30], indicating that field confinement alone is sufficient and that

plasmonic enhancement is not necessarily required for successful PiFM experiments.

4.2 Tip interacting with local field

4.2.1 Photo-induced force in the focal volume

When linearly polarized input fields are used, the spatial variation of the photo-induced

force (PiF) in the focal plane is expected to follow the shape of the z-component of the focal

field [30]. Figure (4.2b) shows an image that is obtained by focusing a linearly polarized
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Figure 4.2: (a) Diagram of probing the double lobes with PiFM (b) simulation of the distri-
bution of |E0z|2 (c) toporgraphy (d) PiFM amplitude

laser beam to a tightly focal spot at a glass/air interface, and mapping the magnitude of

the PiF as the tip is scanned through the focal fields. It can be seen that the strongest

photo-induced forces are indeed observed at the off-axis locations where the z-polarized field

is maximized, shown in Figure (4.2c). This measurement also underlines that the PiFM

approach can be used to precisely probe electric field distributions in the near-field, without

relying on scattering radiation to a far-field photo-detector [30]. Whereas the image in Figure

(4.2b) is acquired by demodulating the signal at f02, the topography image can be obtained

simultaneously by demodulating the signal at f01. For the glass/air interface examined here,

no significant contrast is expected. Nonetheless, as shown in Figure (4.2a), the two-lobed

pattern reminiscent of the z-polarized field distribution is also weakly observed in the f01

channel. This indicates that, besides the mechanical conservative forces that commonly

govern the topographic contrast, a dc (non-modulated) photo-induced force is detected as

well. This effect has been previously noted in tip-illuminated AFM studies, and is known

as the ‘optical force artifact’ [66, 67]. It results from the effective dc change in average tip-

sample distance as a consequence of the sinusoidal modulation of the photo-induced force,
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which can be modeled as FPiF (1 + cos(ω2t)). At low average illumination powers of 100

µW or less, this distance-dependent effect is usually sufficiently small as not to affect the

topography image. However, for excitation powers over a mW, in combination with strong

field enhancement at the tip, this effect is regularly observed in the f01 channel of PiFM

measurements.

4.2.2 Surface plasmon polaritions

Surface plasmon polaritions (SPPs) are propagating surface plasmon modes, whose relevance

as carriers of electromagnetic information in photonic devices has been growing steadily over

the years.[70] The electric field distribution associated with the SPP mode is manifest in

the near-field only, and to visualize the mode requires a near-field interaction that pro-

duces a detectable signal. Popular methods to probe SPPs rely on coupling information

from the near-field to the far-field, such as detecting the leakage-radiation with a far-field

photodetector[71], near-field coupling to a waveguide[72] or using sub-wavelength optical

antennae to scatter near-field information to the far-field.

The aforementioned methods for probing SPPs are all based on detecting an optical signal.

The SPP modes can also be visualized with non-optical detection methods, examples in-

clude electric field mapping based on photon-emission electron microscopy.[83] In the latter,

electrons are ejected in the near-field and detected by a far-field electron detector. In this

contribution, we report a new non-optical approach for imaging SPP excitations on flat sur-

faces. Our method is based on detecting the force exerted by the surface electric field on

the polarizable apex of a cantilevered tip. Unlike most approaches, the force is inherently

detected in the near-field, without the need to transfer information to a far-field detector.

It is well-known that polarizable objects subjected to the steep gradients of surface plasmon

modes can experience sizable forces. Such forces have previously been described[73], and
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have, for instance, been used in applications that involve optical tweezers.[74, 75] Forces

associated with plasmon modes have also been proposed for their utility in various forms of

scan probe microscopy.[76, 77] Here we use the gradient force that is exerted on an atomic

force microscopy tip as a probe for detecting the electric component of the SPP surface field.

This can be accomplished with the photo-induced force microscopy technique, an approach

for generating force maps that has previously been developed for visualizing molecules at

the nanoscale.[21, 22, 25, 26, 28] Recently, the PiFM technique was used to map the electric

field distribution of freely propagating light in the focal plane of a high numerical aperture

lens.[30] The photo-induced force can also be used to map purely evanescent fields, as re-

cently suggested for the measurement of a localized surface plasmon on a bowtie antenna.[78]

However, localized surface plasmons in nanoscopic gaps are a challenge to measure with a

tip, as the tip may alter the gap mode. Questions remain about the origin of the detected

force in the immediate vicinity of the gap, as thermal artifacts may govern the mechanical

response of the cantilever. Here we focus on the evanescent fields associated with propagat-

ing SPP modes, whose surface fields are well described by analytical expressions, and show

that the electric field can be mapped through the gradient force in a clean and artifact-free

manner.

A schematic of our measurement is given in Figure 4.3, depicting an interface between

three media, labeled as 1, m and 2, which are characterized by their permittivity ε1,m,2 and

permeability µ1,m,2. The interface is illuminated with light of wave vector k1 in the lower

medium 1 at an angle θ1. If the medium m is a thin metal film, beyond the critical angle,

an evanescent field is generated at the interface between medium m and medium 2 with

amplitudes Ei polarized along i = x, y, z. A tip with a (isotropic) polarizability α = α′+ jα′′

is placed in the upper medium 2 and allowed to interact with the components of evanescent

field, inducing a dipole pi = αEi at the apex. The time averaged force that is exerted on the
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tip by the field is written as:[24]

〈F (t)〉 =
1

2

∑
i

<{p∗i∇Ei} (4.1)

In the case of p-polarized incident fields with amplitude Ep
0 , the photo-induced force contains

components along the x̂ and ẑ directions are as follows:

〈F p(t)〉 =
1

2
|Ap|2 [α′′k1 sin θ1x̂− α′γẑ] (4.2)

where γ is related to the decay length of the evanescent field along ẑ, and Ap is given as:

Ap = Ep
0t
p(θ1)

{
2
ε1µ1

ε2µ2

sin2 θ1 − 1

}1/2

e−γz (4.3)

Here tp(θ1) is the Fresnel transmission coefficient for the three layered medium with p-

polarized light, and µ1,2 are the permeabilities for media 1 and 2, respectively. Note that

in this simple model, multiple scattering effects that describe coupling between the tip and

interface are not considered.

Eq. (4.2) shows two force components. The component directed along x̂ scales with the

imaginary part of α, and originates from the scattering force. The force component along

ẑ is proportional to the real part of α, and stems from the gradient force. Hence, in this

configuration, the force components from the gradient and scattering force are projected

in orthogonal directions. Because of the cantilever-based measurement is most sensitive to

forces directed along the ẑ direction, the detected force is dictated by the gradient force

in the configuration considered here. In this fashion, p-polarized evanescent fields can be

probed directly in the near field by registering the photo-induced gradient force exerted on

the tip.

SPP modes at the gold/air interface are excited when the p-polarized evanescent field of

optical frequency ω is momentum matched to the propagating surface field with wave vector
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Figure 4.3: Schematic of the setup for measuring the electric field of a propagating SPP
mode at a gold/air interface.

kspp ≈ (ω/c) {εm(ω)/ [εm(ω) + 1]}1/2. Under these conditions, achieved at the surface plas-

mon coupling angle θsp, the dominant evanescent field contributions result from the surface

plasmon excitation, and the measured gradient force becomes an effective probe for the SPP

mode.

The multiple eigenmodes of the cantilever can be used for measuring both the topography

and the PiFM signal. In common AFM measurements, the first mechanical resonance is typ-

ically chosen to probe the sample’s topography. However, in principle, other eigenmodes of

the cantilever can be used for AFM measurements as well.[32] In this work, the topographic

measurements are carried out at the second resonance at f02, which, compared to the first

resonance, has an higher stiffness suitable for maintaining a small oscillation amplitude at

a stable tip-sample distance. The cantilever is actively driven at f02 with an oscillation

amplitude of A2 = 15nm, and the average tip-interface distance is set at 56nm. The PiFM

signal is obtained in the sideband coupling mode and detected at the first mechanical res-

onance at f01. For this purpose, the laser beam is amplitude modulated at a frequency

of fm = f01 + f02 with an acoustic optic modulator. Under these conditions, the detected
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Figure 4.4: Force amplitude in the near-field as a function of the incident illumination angle.
(a) PiFM images near the illumination spot for various incident angles. The scale bar is 5um.
(b) Calculated force exerted by the SPP excitation based on Eq.(4.2). The force is shown
for both p-polarization (red) and s-polarization (black) of the incident light. (c) Measured
PiFM amplitude when the tip is placed in the tail of the propagating SPP mode.

force is demodulated at fm − f02, which overlaps with the first mechanical resonance of the

cantilever.[21] The sideband coupling mode is chosen because it is sensitive to the gradient

force while contributions from the scattering force are suppressed.

As shown in Fig. 4.3, the system acquires PiFM (f01 channel) and topography images (f02

channel) simultaneously. For the flat gold films studied here, no significant features are

expected in the topography image. Optical artifacts in the topography channel, due to

light-induced changes in the tip-sample distance, are kept below the noise. In the PiFM

channel, on the other hand, clear photo-induced forces of the order of 10 pN are observed

upon illumination.

Fig. 4.4(a) shows PiFM images recorded in the vicinity of the focal spot for different incident

angles θ1. The bright spot indicates that the tip experiences an optically induced force when
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scanned across the focus. A detectable force is seen for both p and s-polarization of the

laser beam with almost equal magnitude for small incident angles, as shown here for θ1 = 0.

For larger θ1, however, the measured photo-induced force differs markedly for different input

polarizations. Close to θsp, near 43◦, the force induced by p-polarized light grows stronger,

whereas the force amplitude measured for s-polarized fields remains weak. In addition, a

propagating tail, in the direction of the SPP wave vector, is seen emanating from the focal

spot for p-polarized light. This tail is not observed when the polarization state of the laser

beam is changed to s. For larger angles, beyond 43◦, the measured photo-induced force

decreases for both input polarizations.

We attribute the observed tail to the excitation of the SPP mode, which, based on momentum

matching, is expected under the examined conditions for θ1 = 42.84◦. Figure 4.4(b) shows

the calculated force based on Eq.(4.2) as a function of θ1, assuming a tip-sample distance of

56nm. The increase in the photo-induced force beyond the critical angle is predicted only for

p-polarized light, as expected for the excitation of the SPP mode. This polarization selective

behavior is reproduced in the experiment. In Figure 4.4(c) the measured force amplitude is

plotted as a function of incident angle. In this measurement, the force was determined in

the propagation tail 6µm away from the center of the focal spot. The maximum force at

this location is found at 43◦, close to the expected θsp of the SPP mode. The shape of the

experimental curve lacks the sharp offset near θsp seen in the calculation, which we attribute

to the limited angular resolution of the experiment, determined by the angular width of the

focused pencil beam (∼ 2.5◦).

To investigate the SPP-induced component to the force signal further, we mapped the spatial

distribution of the mode away from the launching spot. Figure 4.5(a) show a PiFM image of

the SPP mode excited with p-polarized light at the SPP coupling angle. The image reveals

that the intensity decays along the propagation direction in an exponential matter, with a

fitted 1/e value of 7.83µm. We note that away from the central spot, no field contributions
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Figure 4.5: (a) PiFM image for φ = 90o (upper panel) and one dimensional cross section
along the propagation direction (lower panel). The red line is an exponential fit with a 1/e
value of 7.83 µm. (b) SPPs intensity with respect to φ, measured 6µm from the center of the
illumination spot. The scale bar is 5µm. The black dots denote the measured PiFM signal
and the red line is a fit with the function sin2 φ.

from the original light field are expected, and thus the surface field solely results from the

SPP mode. Therefore, these measurements demonstrate that PiFM is capable of registering

electric field distributions in the near-field, such as those associated with SPP excitations.

The exponential decay of the measured photo-induced force in the direction of propagation

mimics the exponential decay of a propagating SPP mode subject to dissipative losses. The

predicted propagation length of the SPP mode at 809 nm, using εm of a 30 nm gold film,

is 7.54µm [24, 82], which corroborates the distances observed in the PiFM measurements

presented here.

As the polarization angle φ is changed, the relative component of p-polarized light changes

as well. When φ = 90◦, the input light is purely p-polarized, wheres at φ = 0◦, the incident

beam is s-polarized. In Figure 4.5(b) the magnitude of photo-induced force is given as a

function of the polarization angle φ. If it is assumed that the detected force is proportional to

the modulus square of the SPP surface field, as in Eq. (4.2), we expect that the force follows

a sin2 φ dependence. The red curve in Fig 4.5(b) is a fit to the sin2 φ function, indicating

that the measured force is approximately linearly proportional to the intensity of the SPP

field.

62



Note that the measurements were obtained in non-contact scanning mode of the tip, where

the tip never touches the gold film. In this configuration, the system is expected to be insen-

sitive to thermal expansion artifacts, which are estimated to affect the tip-sample distance

by less than 10 pm in our measurements.[20] Measuring the thermal expansion would require

tip-sample distances in the pm range, which is orders of magnitude smaller than the smallest

tip-sample distances in our measurements. Therefore, the detected force is attributed to a

purely electromagnetic force, the gradient force, as described in Eq. (4.2). Under the condi-

tions examined here, the PiFM images resemble intensity maps of the SPP mode with the

correct decay length and polarization dependence. These observations can be satisfactorily

explained by the simple model used here, indicating that electromagnetic coupling between

the tip and sample is relatively small at distances of 50 nm or more. Nonetheless, for shorter

distances, coupling between tip and sample is expected to become important, and a more

complete modeling of the fields in the junction would be appropriate.

The results discussed here clearly show that the PiFM technique is capable of mapping

propagating SPP modes on flat surfaces. Our analysis shows that PiFM is sensitive to the

gradient force exerted on the tip by the electric component of the evanescent SPP field. The

PiFM approach for mapping surface fields is complementary to near-field optical detection

techniques, although it is based on a fundamentally different detection strategy. One of the

merits of the force detection method compared to optical scattering near-field techniques

is the insensitivity to far-field interference effects. Besides the mapping of SPP modes on

flat metal surfaces, the PiFM method is also promising for the real space visualization of

other propagating surface modes, such as plasmons in graphene and the evanescent fields of

semiconductor waveguides. In addition, the force detection approach may prove useful for

imaging of localized surface modes. As a scan-probe technique, PiFM features a high spatial

resolution, which can reach 10 nm or less in tapping mode.[22, 25] Combined with the high

resolution topographic contrast readily available through the AFM detection channel, the

PiFM technique may grow into a practical near-field tool for mapping localized surface fields
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on nanoscopic devices such as nano-antennae and photonic crystal resonators.

4.3 Tip interacting with molecules: linear response

One of the main advantages of PiFM over AFM is that the photo-induced force can contain

spectroscopic information, allowing the generation of chemical maps at the nanoscale. Ac-

cording to Equation (2.36), the gradient force is proportional to the real part of the optical

polarizability. For optical transitions described by isolated, Lorentzian-like bands, the real

part of the polarizability follows a dispersive line-shape. Hence, the spectroscopic signatures

in PiFM are expected to be encoded in dispersive spectral features[23]. The red dots in

Figure (4.6) depict the spectral variation of the PiFM signal recorded from a SiNC nano

cluster. The real and imaginary optical response of SiNC are also shown in the Figure for

the relevant range near 800 nm. It can be seen that the PiFM measurement traces the real

part of the optical response. In principle, the absorption spectrum of the chromophore can be

retrieved from PiFM experiments with the aid of a Kramers-Konig transformation, although

the original dispersive line shapes acquired in PiFM are often sufficient to spectroscopically

resolve structures at the nanoscale. Note that the dispersive line shape proves that the

type of tip-sample interaction probed in PiFM is different than in thermal-expansion based

nanoscopy techniques, which are based on the dissipative (imaginary) part of the material’s

optical response.

4.3.1 PiFM imaging contrast

The image contrast in PiFM is determined by the optical polarizability α of the material.

However, α is not the only parameter that controls the observed contrast in PiFM images.
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When operated in the direct detection mode, the PiFM experiment is sensitive to both the

scattering and the gradient force. These two forces exhibit different dependencies on the tip-

sample distance. While Fsc shows no marked variation on the nanometer scale, Fg changes

dramatically due to its z−4 dependence. This implies that the contrast observed in the

PiFM image can change significantly depending on the cantilever set point: for tip-sample

distances of only a few nanometers, the gradient force dominates, while at larger distances

the scattering force dominates. In addition, the Fg (attractive) and Fsc (repulsive) typically

have opposite signs, implying that at a given distance, they may cancel each other. This is

explained in Figure (4.7), which shows the force-distance curve obtained from a SiNc nano

cluster and from a bare glass substrate by using the Eq. (3.36) in Section 3.2.3. It can be

seen that for short distances (pink region), the rapidly changing gradient force dominates,

followed by a minimum where Fg and Fsc cancel each other, whereas at larger distances the

shallow z-dependence of the scattering force is evident. The figure (4.7) also shows that

both the SiNc and the glass sample have similar force-distance curves, with the important

exception that the SiNc sample gives rise to a stronger gradient force in the short-distance

limit. The latter is a direct consequence of the much higher polarizability of SiNc, which

was resonantly excited near 809 nm. The blue range indicated in the Figure, starting at

zero tip-sample distance, represents the hard contact region. In this region, the cantilever

shows static bending, making the system sensitive to thermal expansion of the sample. This

is the limit most relevant to IR-AFM studies, which probe the absorptive properties of the

specimen through the thermal expansion of the material[16, 18, 19, 20]. PiFM, on the other

hand, can be conducted in the non-contact to soft-contact (tapping) mode, measuring the

electromagnetic forces in the junction rather than the expansion of the sample.

The characteristics of the force-distance curve are encoded in the PiFM images. In Figure

(4.8), PiFM measurements are performed at two distinct cantilever set points. In panel

4.8a and 4.8b, the topography and PiFM image of several SiNc nano clusters are shown,

respectively. These images are obtained for a large relatively tip-sample distance (18 nm).
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Figure 4.6: Spectral dependence of SiNc

Figure 4.7: Photo-induced force distance curves which is calculated by Eq. (3.36) with
measured the amplitude and phase of the fundamental and second resonances.
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Figure 4.8: Contrast inversion with respect to tip-sample distance. (a) Topography and
(b) photo-induced force image with 18nm tip-sample distance, and (c) topography and (d)
photo-induced force image with 8nm tip-sample distance.

At this distance, the Fg contributions are expected to be negligible, and contrast is governed

by Fsc and residual forces. As expected, under these conditions, no significant spectroscopic

contrast is observed. The situation changes when the cantilever set point is changed to 8

nm, as shown in panels 4.8(c) and 4.8(d). Now the gradient force becomes prominent, and

spectroscopic contrast, which was invisible at larger distances, can be observed in the PiFM

image. The several nano clusters seen in 4.8(a) are clearly resolved in the PiFM image.

It is also worthwhile pointing out that the topography image has changed upon lowering the

cantilever set point. The topography image now appears to carry a negative imprint of the

PiFM image, resulting in indented structures. This is a manifestation of the ‘optical force

artifact’, where the dc component of the photo-induced force is clearly resolved in the f01

channel. In this case, the optical force has an opposite sign relative to the effective mechanical

interaction force experienced by the tip. It is interesting to note that the resolution of the

PiFM signal is higher than that of the topography signal. This is a direct consequence of

the steep z−4 dependence of the gradient force, producing a much more localized interaction

than the long range, van der Waals dominated mechanical interaction forces, which follow

a shallower z−2 dependence.[34] The smallest feature in the Figure (4.8) measures ∼5 nm,
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Figure 4.9: Chemical imaging of a thin film of a coblock polymer (PSb- P2VP) based on
IR-absorption contrast using a CW IR laser. (a) PiFM image taken at 1492 cm−1. (b) Image
taken at 1589 cm−1. Scale bar is 100 nm.

which is clearly resolved in (d) but it is barely observed in the topography (a).

Optical absorption measurements are not limited to the visible range of the spectrum. By

changing the excitation wavelength to the mid-infrared range, PiFM contrast can be obtained

from dipole-allowed excitations of vibrational modes. An example is given in Figure 4.9,

which shows PiFM images of a 30 nm thick film of a poly(styrene-block-2-vinylpyridine)

coblock polymer. The expected pitch between the poly styrene (PS) and poly-2-vinylpyridine

(P2VP) blocks is 46 nm, which is clearly revealed in the PiFM images. The 1492 cm−1 mode

is stronger in PS, while the 1589 cm−1 mode is stronger in P2VP. Upon tuning the IR laser

from 1492 to 1589 cm−1 mode, it can be seen that the contrast becomes inverted, illustrating

the chemical imaging capabilities of PiFM. Ref. [29] shows more details about the IR-PiFM

measurement.

4.4 Tip interacting with molecules: nonlinear response

PiFM measurements are not limited to linear optical excitations. Higher order optical effects,

such as those described by the third-order polarization P (3), can also give rise to detectable

forces. The time-integrated force resulting from a third-order optical light-matter interaction
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can be written as:[68]

〈F〉 ∝ <
{
P (3)(r) · ∇E∗(r)

}
(4.4)

An example of a nonlinear PiFM experiment is shown in Figure (4.10). Here a SiNc nan-

ocluster is illuminated with a femtosecond pulse pair. The first pulse at 809 nm, called

pump, excites the SiNc molecule to the first excited state. A second pulse at 605 nm, called

probe, subsequently excites the molecule to a higher lying excited state. To tune the exper-

iment to this process of excited state absorption, the pulse trains are individually amplitude

modulated at f1 and f2, and the cantilever signal is demodulated at f1− f2. In this fashion,

only those photo-induced forces are measured that are brought about by both pulses. Upon

delaying the probe pulse relative to the pump pulse, the photo-induced force decays expo-

nentially, corresponding to the lifetime of the first excited state. The time-resolved PiFM

experiment is thus sensitive to the same excited-state dynamics as probed in optical pump-

probe experiments. The advantage of such a PiFM experiment is that force measurements

can be performed on very small objects, down to the single molecule level, which is very

challenging to accomplish with all-optical pump-probe experiments[26].

Beyond electronic excitations, PiFM measurements can also be designed for probing vi-

brational excitations. For instance, using cw laser and a vibrational pump-probe scheme,

stimulated Raman scattering signals from nano clusters of selected chromophores has been

measured[22]. Another example is given in Figure (4.11), where a stimulated Raman transi-

tion is triggered in coomassie blue with femtosecond pulses. The frequency of the excitation

pulses is tuned such that their difference frequency Ω matches the frequency of a strong ring

vibrational mode near a Raman shift of 1600 cm−1. Panels 4.11b-d show the topography of a

nanocrystal of coomassie blue, measured for various settings of the frequency difference be-

tween the laser pulses. Whereas the topography is insensitive to Ω, the PiFM signal displays

a marked dependence on the frequency difference. Stronger signals are seen near 1590 cm−1,
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Figure 4.10: (a) Jablonsky diagram; (b) Time-resolved trace; (c) topograpy and PiFM mea-
surement series.

slightly red shifted from the maximum of the Raman peak. These experiments demonstrate

that PiFM allows measurements of nonlinear vibrational transitions on the nanoscopic scale,

both with cw and femtosecond pulses.
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Figure 4.11: Spectral dependent stimulated Raman force images of Coomassie blue dyes;(a)
Jablonsky diagram; (b) spectral-resolved stimulated Raman trace with conventional optical
microscope; (c) topograpy and PiFM measurement series.
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Chapter 5

Summary

In this dissertation, we have studied the principles and applications in the photo-induced

force microscopy. We have provided a theoretical description of the photo-induced forces,

the sum of the localized and the non-localized forces. This new form of microscopy operates

in the noncontact/tapping mode which is a regime away from the hard-contact mode, as is

required in IR AFM techniques. Consequently, the thermal expansion of the sample after

optical excitation is not the primary contrast mechanism in photo-induced force microscopy.

Such conditions are ideal for the nondestructive visualization and characterization of a broad

range of nanostructures materials.

Because the photo-induced force is a tiny usually under a few tenth pN in the tip-sample

separation within a few nm range, the force is detected at modulation frequencies that co-

incide with higher-order resonances of the cantilever system to amplify the motion of the

cantilever, called as direct mode which directly measures the photo-induced force. This op-

tical contrast can be further enhanced by using a nonlinear coupling technique, called as

sideband mode which measures the force gradient of the photo-induced force. The amplitude

of the cantilever at the higher-order mechanical resonance frequency reflects the competition
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between the attractive localized force Fg and the repulsive non-localized force Fsc (i.e. con-

stant scattering force). The simulated amplitude-distance curve reveals a minimum at the

tip-sample distance where Fg and Fsc cancel. The z-distance at which the minimum occurs

may change as a function of lateral position in the sample, as the relative contributions of

Fg and Fsc may vary from point to point. Therefore, the positive (attractive) contrast in

PiFM is dictated by the spatial variation of Fg relative to Fsc. Our formulation allows the

reconstruction of the optical forces from amplitude-distance measurements. This notion em-

phasizes that understanding the mechanisms at play in optical force microscopy is essential

for interpreting the images produced with this technique.

We also have shown that the nonlinear optical response such as the excited state absorption

and the stimulated Raman effect can be detected through an entirely different channel–

namely, photo-induced force microscopy, by measuring the force between a nonlinear excited

molecular feature and a gold coated probe tip in a scanning probe microscope. This new

form of microscopy operates in a regime away from the hard-contact mode, as is required in

photo-thermal infrared AFM techniques [18, 20]. While apertureless near-field microscopes

based on light scattering from tips have had great success in imaging nanoscopic objects

from the visible to the infrared, including the Raman effect through fluorescence, the signals

are very weak since they are based on far-field optical detection of a near-field interaction

[42]. We believe that our approach – measuring optical response with non-optical method

– can be readily extended to a single molecule level and may track conformational changes

within a molecule. The ability to apply the AFM for nanometer scale optical spectroscopic

analysis opens new opportunities in materials science and biology by probing nonlinear

optical excitations in individual molecules.
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