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Abstract of the Thesis 

Ultrafast Photo-induced Force Microscopy 

By 

Jordan Brocious 

Doctor of Philosophy in Physics 

University of California, Irvine, 2014 

Professor Eric O. Potma Irvine, Chair 

 

 Photo-induced force microscopy is a novel technique where mechanical 

detection with a cantilevered probe replaces the detection of photons to 

investigate optically induced processes and states. A theoretical and experimental 

analysis is performed here of the forces present in photo-induced force 

microscopy operated in tapping mode, which reveals two dominant optically 

induced forces, the gradient force and the scattering force. Force-distance curves 

are reconstructed from experimental amplitude and phase information for glass, 

gold nanowires and molecular clusters of silicon naphtalocyanine samples. The 

scattering force is shown to be insensitive to both nano-scale tip-sample distances 

and sample polarizability and is dependent on the form of the tip. The gradient 

force demonstrates a z-4 tip-sample distance dependence, localized to a few 

nanometers, and is strongly dependent on the polarizability of the sample which 
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enables spectroscopic imaging through force detection. The different distance-

dependence and polarizability-dependence of the gradient and scattering forces 

give rise to a complex force-distance curve which determines imaging contrast 

along with the cantilever set-point, knowledge of which is essential for image 

interpretation.  

Photoinduced force microscopy is then extended to ultrafast pump-probe 

measurements of the material’s nonlinear polarization. It is demonstrated that the 

photo-induced force is sensitive to the same excited state dynamics as measured 

in optically-detected experiments. Ultrafast pump-probe force microscopy brings 

nanoscale spatial resolution with non-optical detection to time-resolved studies of 

excited state dynamics with sensitivities approaching the single molecule limit.
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Chapter One 

 

Introduction 

 

1.1 Optical microscopy and the diffraction limit  

The study of optically-induced processes in single molecules and nano-structures 

can yield vast information on the chemical world, from the identification of 

chemical components, the conformational changes of molecules, and the 

dynamics of vibrational and electronic transitions [1]. 

When investigating these processes through optical detection however, the spatial 

resolution is limited to separations larger than the diffraction limit 
𝜆

2 𝑁𝐴
 , where 

𝜆 is the illumination wavelength and NA is the numerical aperture of the 

collection optics. Being restricted to approximately half the wavelength, the 

spatial resolution limits the information that can be gathered from ensembles of 

nanoscopic systems, such as ensembles of molecules. When ensembles are 

probed rather than the individual, averaging over optical properties occurs, which 

1 
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blurs information about conformational and transitional states of molecules. To 

track the dynamics of individual molecules, they have to be measured one at a 

time. Single molecule measurements are greatly facilitated by a higher spatial 

resolution, which enables the differentiation of two closely spaced molecules. 

Several optical techniques have been developed that allow probing of 

nanostructures with a resolution beyond the diffraction limit.  

 

 

Figure 1.1: Single molecular emitter in the focal plane a) and the smearing of 
images b) from unresolved intensity distributions c) [2] 

 
 

Fluorescence of single molecules in cryogenic and then ambient conditions has 

been well established with the development of single-photon detectors [3, 4]. 

Recently, the ability to control the density of emission of fluorophores combined 

with knowledge of the single-molecule position within the point-spread function 

of the microscope has allowed 3D imaging of labeled-biological structures with 

a) 
b) 

c) 
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resolution down to 20nm [5, 6]. This technique is known as single-molecule 

photoactivated localization microscopy (PALM) and works by gathering multiple 

frames of sparsely distributed fluorophores whose individual locations are 

determined by mathematical fitting, allowing image reconstruction with super-

resolution. 

Manipulating the shape of a pump laser and a second donut-shaped erasing laser 

can also improve resolution beyond the diffraction limit, for instance through the 

process of stimulated emission depletion of fluorophores in the periphery of the 

focal volume [7, 8].  

Techniques like PALM however do not provide direct information on the optical 

properties of the sample in question and rely on tags to localize the structure.  

To directly probe single molecules without fluorescent tags, Raman-based 

techniques can be used. However, the Raman effect is notoriously weak and 

strong amplification is needed to raise the Raman response to detectable levels. 

This can be accomplished by equipping molecules with plasmonic antennae. The 

strong plasmonic resonances in noble metals, which originate from collective 

oscillations of conduction electrons coupled with electromagnetic waves, can 

generate field enhancement up to 103 and surface-enhanced Raman spectroscopy 

(SERS) intensity enhancement factors theoretically of ~1015 [9-11]. This has 

allowed studies of single molecule resonant Raman spectroscopy[12] and even 

single molecule time-resolved  coherent anti-Stokes Raman spectroscopy (CARS) 
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using dumbbell geometry plasmonic substrates, following vibrational motions in 

real time [13]. 

Well-separated single molecules with large optical cross-sections such as carbon 

nanotubes have also been imaged and characterized with Raman spectroscopy, 

CARS, and pump-probe techniques [14, 15]. 

The use of optical fields for mechanical manipulation of objects, most commonly 

optical tweezer techniques, has advanced to the manipulation of nano-sized 

objects through the use of fields resonant to the object’s electronic transitions 

[16-19]. Optical force manipulation with resolution beyond the diffraction limit 

has been shown with these techniques.  

1.2 Atomic force microscopy and material 

characterization  

Scanning probe techniques, however, are capable of imaging features thousands 

of times smaller than the optical diffraction limit. Specifically, the scanning probe 

technique known as atomic force microscopy (AFM), which relies on neither 

photons nor electrons for imaging detection, developed in 1986 by Binnig et al., 

has matured to the point of enabling visualization of individual atoms and 

intermolecular bonds [20-22]. AFM is primarily an imaging tool, generated by 

variations in the local forces between the cantilevered-atomically sharp tip and 

the sample surface.  
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In dynamic AFM modes, amplitude or frequency modulated, the cantilever 

feedback and subsequent image contrast can come from the shift in resonance 

frequency, phase shift, or the amplitude variation in the oscillation. Much of the 

image contrast used for surface topography is due to the very short range 

repulsion of electron orbital overlap, but through analysis of force-versus-

distance curves for tip-sample separation further force interactions can be 

investigated and formulas for these forces can be determined from the 

mechanical response of the AFM [23-25]. So, while AFM is exceptional at 

imaging surface topography in vacuum, air, or liquid environments, it can also be 

used to characterize certain material properties. In phase-imaging AFM the 

elasticity, adhesion and friction can be determined, and by voltage-biasing the tip 

the electronic properties such as the dielectric constant and capacitance can be 

found, a technique known as electrostatic force microscopy or Kelvin probe 

force microscopy [24, 26, 27]. In UHV a tip coated in magnetic material can use 

short-range magnetic exchange force for magnetic imaging on the sub-nanometer 

scale [28]. Through the functionalizing of the AFM tip with particular chemical 

groups specific chemical fingerprinting is enabled, allowing imaging of interaction 

sites on single proteins or the chemical determination of a lattice [29, 30]. 
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1.3 Combined techniques and optical force 

microscopy 

However, the AFM, without the difficult and poorly controlled tip-

functionalization, is largely insensitive to the chemical details of the sample, and 

there are only a few techniques which combine the spectroscopic power of 

optical microscopies with the spatial resolution of AFM.  

By introducing an optical probe in the near-field of the sample the spatial 

resolution is determined by the sharpness of the probe while still retaining the 

spectroscopic benefits of far-field optical techniques. Localized illumination is 

created by a tip scanned closely over the sample, known as near-field scanning 

optical microscopy (NSOM). In aperture-type NSOM an optical fiber is pulled to 

an aperture on the order of tens of nanometers, and can be used to generate or 

collect evanescent fields for a resolution of 50-100 nm. However, this technique 

is incompatible with fs-pulses because of the spectral and temporal broadening 

due to the fiber [10, 31]. In apertureless NSOM (ANSOM) a much sharper tip is 

used and it relies on the scattering of light and the locally enhanced optical fields. 

However, ANSOM is more complex and less understood, though attempts have 

been made at a general nano-focusing theory [32].  Tip-enhanced Raman 

spectroscopy (TERS) in ambient conditions has been done with single-molecule 

specificity by comparing dilute isotopologues [33]. Nonlinear and femtosecond 
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tip-enhanced experiments have been carried out despite the difficulties related to 

high peak-power photodamage and undesirable nonlinear effects [31, 34].  

Recent developments in combining light-induced molecular excitations with 

mechanical force detection are of particular interest, as these approaches seek to 

add chemical selectivity to force microscopy. Instead of relying on optical 

detection of the optically-induced states and interactions, these techniques use 

mechanical detection of the subsequent forces. This avoids some of the 

difficulties of optical detection, the infrequent single photons of frequency-

shifted scattered light for Raman imaging or the minute changes in the probe 

modulation train for pump-probe techniques, and instead is detected on a 

separate mechanical channel, without an optical background, localized to the 

spatial scale near the size of the mechanical probe.  

The photo-thermal induced resonance technique (or AFM-IR) uses tunable IR 

sources to directly excite dipole-allowed vibrational transitions producing thermal 

expansion, which is detected by a contact-mode AFM [35-38]. Overlapping the 

laser repetition rate with the first mechanical resonance of the cantilever 

combined with the field enhancement of the tip has allowed AFM-IR 

spectroscopy of single monolayers and sensitivity detection limits down to ~30 

molecules [39].  



8 
 

  
Figure 1.2: Photo-induced force microscopy illustration, where the incident field, 

and the induced dipole of the tip and molecule all interact, and these optically 
induced dipole interactions are mechanically detected by the AFM probe.  

 

Photo-induced force microscopy is an alternative method that does not rely on 

thermal expansion, but instead directly probes the optically induced changes in 

the dipolar interactions between the polarizable AFM tip and sample, first 

demonstrated by the Wickramasinghe group [40]. Any optical transition, 

including multiphoton absorption and Raman processes, may introduce a change 

in the local interaction force, which can in turn be measured via the cantilever 

deflection. This technique is not restricted to contact-mode as in AFM-IR and 

tip dipole 

induced dipole 
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can gain the benefits of dynamic-mode operation. It is also advantageous to 

directly probe optical transitions without relying on energy dissipation and 

subsequent thermal expansion in the sample. Theoretically, the spectroscopic 

information probed in this technique is similar to information accessible through 

coherent optical spectroscopy with heterodyne detection [41]. Pump-probe 

processes can be observed without optical background, and since the optically-

induced forces are spatially confined to the probe tip and excitation dipole 

dimensions, the spatial resolution is improved beyond TERS and AFM-IR, with 

near-field detection and decoupled from heat diffusion, ~4nm [42].  

The current theoretical treatment of the relevant forces in the tip-sample junction 

is inadequate to develop Photo-induced force microscopy. Here we will consider 

the attractive gradient interactions and the repulsive scattering force in terms of 

classical fields and forces, for a simple description of the operating principle of 

the technique. Through the simulation and experimental comparison of the 

force-distance curves we identify the distances regimes in which the attractive 

gradient force are dominant and where chemically selective signals are optimized.  

 

 



10 
 

Chapter Two 

 

Photo-induced Force Theory  

 

2.1 Optical Force Interactions at the Tip  

 

To begin to develop a theory of the optical force interactions at the AFM tip, we 

first consider a polarizable particle illuminated with a monochromatic 

electromagnetic wave, of angular frequency ω, where the time harmonic electric 

and magnetic field components at location r can be described by: 

 𝐄(𝐫, 𝑡) = Re[𝐄(𝐫)ℯ−𝑖𝜔𝑡] (2.1) 

 𝐁(𝐫, 𝑡) = Re[𝐁(𝐫)ℯ−𝑖𝜔𝑡] (2.2) 

The particle then acquires an induced dipole moment with the same time 

dependence as the incident fields, and can be written as:  

 µ⃗ (𝐫, 𝑡) = Re[µ⃗ (𝐫)ℯ−𝑖𝜔𝑡] (2.3) 
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Figure 2.1: Induced dipole moments of an AFM tip and particle with incident 
electromagnetic field, where r is the center of mass coordinate 

 

Assuming the particle has no static dipole moment of its own, the induced dipole 

moment, to the first order, is proportional to the electric field at the particle 

position r given as: 

 µ⃗ (𝐫) = 𝛼(𝜔)𝐄(𝐫) (2.4) 

where α denotes the polarizability of a particle that satisfies the Clausius-Mossotti 

relation 

 
α = 4𝜋𝜖0 (

𝜖 − 1

𝜖 + 2
)𝑎3 

(2.5) 

where a is the particle radius and 𝜖 denotes the complex dielectric permittivity. 

For particles such as single molecules the projection of µ⃗  along the direction of 
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the magnetic field is the only relevant component, we can treat α as a scalar 

quantity, instead of a tensor of rank 2.  

The AFM cantilever cannot respond at optical frequencies, such as ω, so the 

time-averaged Lorentz force in the dipole approximation is [43] 

 
⟨𝐅⟩ =

α′

2
∇⟨|𝐄|𝟐⟩ + ωα′′⟨𝐄 × 𝐁⟩ 

(2.6) 

where the particle polarizability is separated by the relation 𝛼(𝜔) =  𝛼′(𝜔) +

𝑖 α′′(ω) into α′, the real part, and into α′′, the imaginary part. We will call the 

first term the gradient force (also described as the dipole force) and the second 

term is called the scattering force (or also the absorption force). These two forces 

will be described separately below. 

 

2.2 Gradient force 

 

The gradient force stems from variations in the electromagnetic field and is 

proportional to the real (dispersive) part, α′, of the complex polarizability. The 

electric field at the particle dipole is due to both the incident electric field as well 

as the evanescent field from the induced dipole at the tip, and vice versa. We can 

model the mutual interaction if we consider the tip and molecule as spheres of 

volume 
4𝜋

3
𝑟3 each with their own effective polarizabilities, as in Fig 2.1, and the 

induced dipole moments become:   
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 µ⃗ 𝒕 = α𝑡(𝐄0 + 𝐄𝑝) (2.7) 

 µ⃗ 𝒑 = α𝑝(𝐄0 + 𝐄𝑡) (2.8) 

where E0 is the electric field of the incident laser, and µ⃗ 𝒕 and µ⃗ 𝒑 are the effective 

dipole moments of the tip and molecule, respectively. Et is the evanescent field of 

the tip, and Ep is of the particle. The cantilever response is mostly confined to the 

z direction and therefore only the z components of the tip and molecule dipoles 

are relevant, µ⃗ 𝒕 = µ𝒕�̂� and µ⃗ 𝒑 = µ𝒑�̂� respectively. The evanescent fields of the 

induced dipoles are given as: 

 
𝐄𝑖 =

1

4𝜋𝜖0

(3µ⃗ 𝒊 ∙ 𝐫)𝐫 − µ⃗ 𝒊
𝑟3

 
(2.9) 

where 𝐄𝑖 = E𝑖𝑥  x̂  +  E𝑖𝑦 ŷ  +  E𝑖𝑧  ẑ, 𝑟 = √𝑥2 + 𝑦2 + 𝑧2, and 𝑖 =

𝑡, 𝑝 respectively. Using equations (6)-(8) expressions for the z-component of the 

molecule’s induced dipole moment and the electric field at the molecule can be in 

terms of the tip and particle polarizabilities and incident field in z as: 

 
𝜇𝑝 =

2𝑧3𝜋𝑎𝑝𝜖0(𝑎𝑡 + 2𝑧3𝜋𝜖0)𝐸0𝑧

4𝑧6𝜋2𝜖0
2 − 𝑎𝑝𝑎𝑡

 
(2.10) 

 
𝐸𝑝𝑧 =

𝑎𝑝(𝑎𝑡 + 2𝑧3𝜋𝜖0)𝐸0𝑧

4𝑧6𝜋2𝜖0
2 − 𝑎𝑝𝑎𝑡

 
(2.11) 

When the relative sizes of the tip and molecule are assumed to be smaller than 

the gap distance, z > at and z > ap,  and as the tip and molecule polarizibilities 

scale with the cube of the radius (Eq. 2.5) we can also safely assume that 𝑧 ≫
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𝑎𝑝
3𝑎𝑡

3. With these assumptions equations (9) and (10) can be simplified and an 

expression for the z-component can be described simply as: 

 
𝐹𝑔 ≡ ⟨𝐅𝒈⟩𝑧

≅ −
3𝑎𝑝

′ 𝑎𝑡
′

2𝜋𝑧4
𝐸0𝑧

2  
(2.12) 

There a few significant things to note from equation (11), which is similar to the 

formula described in [42]. First, the gradient force is attractive. Secondly, there is 

a 𝑧−4 spatial dependence, and thus is relevant for only very-short tip-molecule 

separations. Lastly, the strength of the force is proportional to the dispersive part 

of the molecule’s polarizability and therefore information can be gained about the 

molecule’s optical properties from studying this force. It will be helpful to 

characterize the magnitude of this force by collapsing the gradient force 

coefficients into the simple parameter 𝛽, as: 

 
𝛽 =

3𝑎𝑝
′ 𝑎𝑡

′

2𝜋
𝐸0𝑧

2  
(2.13) 

 

2.3 Scattering Force 

 

The other optically induced contribution, known as the scattering force, 

predicted by Eq. (2.6) is a repulsive force where the magnitude is proportional to 

the dissipative part of the light-particle interaction, the imaginary part of the 

complex polarizability, described as: 
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 𝐹𝑠𝑐 ≡ ⟨𝐅𝒔𝒄⟩𝑧 ≅ ωα𝑡
′′⟨𝐄𝟎 × 𝐁𝟎⟩𝑧 (2.14) 

where 𝐁𝟎 = B0𝑥  x̂  +  B0𝑦  ŷ  +  B0𝑧   ẑ. The transverse components of the 

electric and magnetic field are the only contributors to the force along the tip axis 

in the z-direction. The dominant component of the incident field is polarized 

along x, 𝐄0 ≈ E0𝑥  x̂, then the scattering force can be simplified as: 

 
⟨𝐅𝒔𝒄⟩𝑧 =

2𝜋α𝑡
′′

λ
𝐸0𝑥

2  
(2.15) 

where λ is the wavelength of the incident beam. Whereas the gradient force scales 

z-4 with tip-sample distance, the scattering force is independent of distance in the 

nanoscale region of the tip, since the distance-dependence is implicitly contained 

in the spatial extent of the excitation field E0x. The excitation field dimension in 

the focal plane is in the (sub)-µm range, the scattering force is manifested over a 

different spatial scale than the local gradient force. We expect, therefore, that the 

short range nanoscopic interactions are governed by the gradient force, while at 

longer distances the scattering force is dominant. The scattering force is generally 

repulsive unlike the attractive gradient force, so there may tip-sample distance 

where the two optical forces cancel in magnitude.  
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2.4 Cantilever Dynamics 

  
Figure 2.2: Cantilever motion representation, z1 is the motion of the fundamental 
resonance, z2 is of the higher resonance, the instantaneous tip-sample position is 

given by z and the average position is zc. 

 

The dynamics of the cantilever-tip system in the presence of the optically induced 

force, 𝐹𝑜𝑝𝑡 = 𝐹𝑔 + 𝐹𝑠𝑐, can be modeled as a simple harmonic oscillator with 

motion confined to the z-coordinate only. The relevant motion of the cantilever 

is between two mechanical resonances of the system for photo-induced force 

microscopy experiments. The fundamental mechanical resonance of the 

cantilever is external driven with force F1 and frequency ω1, and a higher-order 

resonance is actively driven by the optical force, 𝐹𝑜𝑝𝑡. The interaction force, 𝐹𝑖𝑛𝑡, 

which bundles all relevant van der Waals and Casimir forces present in AFM, acts 

on the motion of both resonances. In this model, the equations of motion for the 

displacement of the first (z1) and higher-order (zn) mode are found as: 

 𝑚�̈�1 + 𝑏1�̇�1 + 𝑘1𝑧1 = 𝐹1 cos(𝜔1𝑡) + 𝐹𝑖𝑛𝑡(𝑧(𝑡)) (2.16) 
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 𝑚�̈�𝑛 + 𝑏𝑛�̇�𝑛 + 𝑘𝑛𝑧𝑛 = 𝐹𝑜𝑝𝑡(𝑧(𝑡)) cos(𝜔𝑛𝑡) + 𝐹𝑖𝑛𝑡(𝑧(𝑡)) (2.17) 

where m is the effective mass of the cantilever; Qi; ki, and bi are, respectively, the 

quality factor, force constant, and the damping coefficient of the ith  

eigenmode[44]. For this chapter n=2, which corresponds to the tip motion on the 

second mechanical resonance but this formalism holds for higher resonances as 

well. The resonance frequency, driving force, and damping coefficient can be 

represented by experimental parameters of the AFM system, respectively: 

𝜔𝑖 = √𝑘𝑖/𝑚,  𝐹1 = 𝑘1𝐴01𝑄1 where 𝐴01 is the free oscillation amplitude of the 

driven fundamental mechanical resonance, and  𝑏𝑖 = 𝑚𝑖𝜔𝑖𝑄1. Then the 

instantaneous tip-surface distance is given by 

 𝑧(𝑡) = 𝑧𝑐 + 𝑧1(𝑡) + 𝑧2(𝑡) + 𝑂(𝜀) (2.18) 

                                            ≈ 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. (2.18) into Eqs. (2.16) and 

(2.17) 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 amplitude, phase, mechanical interaction force and 

optical force are obtained: 

 
(𝑘1 − 𝑚𝜔1

2) 
𝐴1

2
=

𝐹1

2
sin 𝜃1  +∫ 𝐹𝑖𝑛𝑡

𝑇

0

 sin(𝜔1𝑡 + 𝜃1) 𝑑𝑡 
(2.19) 
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 𝑏1𝜔1𝐴1

2
=

𝐹1

2
cos 𝜃1 +∫ 𝐹𝑖𝑛𝑡

𝑇

0

 cos(𝜔1𝑡 +𝜃1) 𝑑𝑡 
(2.20) 

(𝑘2 − 𝑚𝜔2
2) 

𝐴2

2
=  ∫ [𝐹𝑖𝑛𝑡

𝑇

0

+ Fopt cos(𝜔2𝑡 )] sin(𝜔2𝑡 + 𝜃2) 𝑑𝑡 
(2.21) 

 𝑏2𝜔2𝐴2

2
=  ∫ [𝐹𝑖𝑛𝑡

𝑇

0

+ Fopt cos(𝜔2𝑡 )] cos(𝜔2𝑡 + 𝜃2)  𝑑𝑡 
(2.22) 

Given a model function for both the interaction forces, Fint, and the optical force, 

Fopt, the cantilever dynamics of the oscillation amplitudes of both resonances, A1 

and A2, and the corresponding phase shifts, 𝜃1 and 𝜃2, can be calculated through 

numerical integration of Eqs (2.19)-(2.22). 

 

2.5 Reconstruction of Interaction Forces 

 

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. 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 (2.23) 

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

For our description here, we assume that the nonconservative force can be 
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written as 𝐹𝑛𝑐 = − 𝛤(𝑧)�̇� , 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 van der Waals, electrostatic, hydrodynamic, or 

capillary meniscus forces[45]. Note that although the term − 𝛤(𝑧)𝑧 ̇ 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 

[23, 46]. 

We use two approximations to simplify the description. First, we assume that the 

tip displacement is small such that the force at z can be obtained through a 

Taylor expansion of the force at the equilibrium position zc. Under these 

conditions, the mechanical interaction force and the optical force can be 

expressed by  

𝐹𝑖𝑛𝑡(𝑧(𝑡)) = 𝐹𝑐(𝑧) −  𝛤(𝑧)�̇� 

 
≈ 𝐹𝑐(𝑧𝑐) + 

𝜕𝐹𝑐(𝑧)

𝜕𝑧
|𝑧𝑐

(𝑧 − 𝑧𝑐) −  𝛤(𝑧𝑐)�̇� 
(2.24) 

 
𝐹𝑜𝑝𝑡𝑖𝑐(𝑧(𝑡)) ≈ 𝐹𝑜𝑝𝑡𝑖𝑐(𝑧𝑐) + 

𝜕𝐹𝑜𝑝𝑡𝑖𝑐

𝜕𝑧
|𝑧𝑐

(𝑧 − 𝑧𝑐) 
(2.25) 

Second, we assume that the frequency of the first and second mechanical 

resonance are related as 𝜔2 ≈ 6𝜔1. In practice, the frequency of the 2nd 

resonance is 6.27𝜔1 [44]. Although the approximation 𝜔2 ≈ 6𝜔1 gives rise to 

numerical differences in the integration of Eqs. (2.19)-(2.22), this difference is 
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small while the general physics of the problem remains preserved. Using the 

approximation 𝜔2 ≈ 6𝜔1, the forces are simplified to 

 
𝐹𝑐(𝑧) =  ∫ [

𝐹1

𝐴1(𝑧)
sin 𝜃1(𝑧) − (𝑘1 − 𝑚𝜔1

2)𝑑𝑧 
∞

𝑧

 
(2.26) 

 
𝛤(𝑧) =

𝐹1

𝐴1(𝑧)𝜔1
cos 𝜃1(𝑧) − 𝑏1 

(2.27) 

 
|𝐹𝑜𝑝𝑡𝑖𝑐(𝑧)| = 𝐴2(𝑧)√𝑚2(𝜔2

′ 2
− 𝜔2

2)
2
+ 𝑏2

′ 2𝜔2
2  

(2.28) 

 

𝜔2
′ = √(𝑘2 −

𝜕𝐹𝑐

𝜕𝑧
|𝑧)/𝑚   

(2.29) 

 𝑏2
′ = 𝑏2 −  𝛤(𝑧) (2.30) 

The formalism outlined by Eqs. (2.26)-(2.28) makes it possible to reconstruct the 

distance dependent mechanical and photo-induced force from experimentally 

accessible parameters. 
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Chapter Three 

 

Experimental 

 

3.1 Experimental Apparatus 

The primary light source for the reported experiments is the Mai Tai HP 

titanium:sapphire laser, commercially available from Spectra-Physics, with 

tunable output from 690-1100nm, 80 MHz repetition rate, and a pulsewidth 

near 150 femtoseconds. The Mai Tai is tuned to a center wavelength of 809nm 

and the 2.8 W average power pumps an Optical Parametric Oscillator (OPO, 

Spectra-Physics Inspire AUTO), providing two fs tunable outputs, from 480 

nm to 2.5 µm, and also the depleted pump pulse from the Mai Tai. Each pulse 

train is separately amplitude-modulated by an acousto-optic modulator (AOM, 

Crystal Technologies) and the dispersion throughout the system is compensated 

by a folded geometry prism compressor. The beam is also focused through a 

pinhole spatial filter to clean up the spatial mode; a good Gaussian beam is 
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useful for aligning the focal spot onto the AFM tip, as described below. The 

AOM modulation frequency is selected to coincide with the second or third 

mechanical resonance of the particular cantilever being used in the atomic force 

microscope. Some of the early gold nanowire images (see 4.2) were taken using 

a CW-tunable diode laser (Xperay) centered at 702nm. 

A commercially available atomic force microscope system (Molecular Vista) was 

customized over an inverted optical microscope setup with a high NA (1.43) 

100x oil-immersion objective (Olympus). The sample is prepared (as below) 

onto 170µm glass slides fixed to the sample stage scanner where the AFM scan 

head is mounted. The scan head’s low profile and more open geometry allows 

for transmission optics for sample illumination and alignment as well as 

simultaneous modular optical detectors in addition to reflection optics and 

CCD detector. The entire experimental system is vibrationally-isolated on two 

floating optical tables (Newport and Thorlabs), due to table-space restrictions, 

weakly-coupled together by mounting plates. The AFM/inverted microscope 

setup is encased in a home-built acoustic enclosure and otherwise operates 

under ambient conditions.  
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Figure 3.1: Schematic of the Photo-induced Force Microscope system 

The Molecular Vista system utilizes a digital function generator with a field 

programmable gate array which generates synchronized clock signals for the 

digital lock-in amplifier that allows for multiple channels for signal 

demodulation. The quadrant detector signal is demodulated at the first and 

higher-order mechanical resonances. This provides for simultaneous 

measurements of the sample topography on the first mechanical resonance, f01, 

and the optical force images on the second (or third), f02 (or f03), resonance.  

A 10 nm radius commercially gold coated silicon tip is used in the experiments 

(FORTGG, AppNano). Two cantilever systems are employed. The first 

cantilever system has k1 = 1.61 N/m, Q1 = 181.93, and a first mechanical 
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resonance f01 = 58.73 kHz. The second mechanical resonance of the cantilever 

is at f02 = 372.41 kHz, with k2 = 52.24 N/m and Q2 = 561.36. The free 

oscillation amplitude of the fundamental resonance A01 is set to 38 nm in the 

experiments below. The laser modulation frequency was set to 372.41 kHz for 

optical force measurements, coinciding with the second mechanical resonance 

of the cantilever. The second cantilever system exhibits a mechanical resonance 

at f01 = 58.58 kHz with 𝑘1= 1.6 N/m and Q1 = 178, operated with a free 

oscillation amplitude A01 = 32 nm. The optical force measurements with this 

system are carried out at the third mechanical resonance of the cantilever, 

which is found at f03 = 1033.190 kHz. The corresponding spring constant and 

quality factor of this resonance are k3 = 492.51 N/m and Q3 = 539, 

respectively.  

Before the microscope the linear polarization is controlled by a half-wave plate 

(denoted as x-polarization). The high NA microscope objective tightly focuses 

to a diffraction-limited spot, which generates significant electric field 

components in the y-direction as well as in the longitudinal z-axis, the field 

intensity profile is given in Figure 3.2.  
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Figure 3.2: (a), Longitudinal field intensity |Ez|

2 and (b) total intensity |E|2in the 
focal region of the X-Y plane [47] 

 
The positioning of the tip within the focal spot is critical to the alignment. With 

the sample stage and optical focus fixed, the AFM head is scanned over the 

focal spot and on the higher-order mechanical resonance an image of the light-

tip interaction is produced. The tip is most sensitive to the force components 

along its axis in the z-direction, and under the proper conditions the two lobes 

of the longitudinal field intensity can be seen, as in Figure 3.3. However, the 

scattering force is strongest at the center of the focal spot, which may 

contribute to the distortions from the expected two-spot image. The tip is 

positioned at the peak of the light-tip interaction and the sample stage is then 

scanned with the tip and focal spot held fixed.  
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Figure 3.3: AFM head scanned over the focal spot, mapping the optical force 
interaction of a SiNc thin film 

 

3.2 Sample Preparation  

Studies were conducted on two samples of interest. Silicon naphtalocyanine 

(SiNc) was commercially available from Sigma-Aldrich (389935). SiNc was 

dissolved in Toluene and then spin-coated onto plasma-cleaned standard 170 

µm microscope slides. After the toluene evaporates the SiNc forms nanoscale 

clusters of varying dimensions, down to less than 10 nm. An absorption 

spectrum was taken with a Cary 50 spectrophotometer of one of the SiNc 

sample slides. The excitation pulse is tuned to overlap with a significant portion 

of the SiNc absorption peak, but not centered over it due to the OPO’s pump 

power requirements. SiNc was chosen as a model chemical for its high 
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absorption cross-section (Figure 3.4), as well as an exceptionally high cross 

section for excited state absorption useful for future nonlinear optical 

experiments [48]. 

The other samples considered were gold nanowires. The nanowires are 

fabricated onto the same standard microscope slides by the lithographically 

patterned nanowire electrodeposition technique carried out by the Penner 

group[49].  

The nanowires feature an average width of 120 nm and an average height of 10-

25 nm, with the length of the nanowires extending over millimeters. The average 

power of the laser beam at the sample plane is between 23 µW and 38 µW, 

depending on the experiment. 

 



28 
 

400 500 600 700 800 900 1000

0.0

0.2

0.4

0.6

A
b

s
o

rb
a

n
c
e

Wavelength (nm)
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Chapter Four 

 

Results and Discussion 

4.1 Force-distance simulations  

From the expressions derived for the cantilever dynamics of the amplitude and 

phase of both resonances simulations can be run of the general dynamics once a 

functional form is chosen for the electrostatic/mechanical forces, Fint, and the 

optically induced interactions, Fopt. Assuming Fint can be described as a 

conservative Lennard-Jones model with 1/z6 (repulsive) and a 1/z2 (attractive) 

force terms of the form,          

 
𝐹𝑖𝑛𝑡 = 𝑓0  (

𝑙4

3𝑧6
−

1

𝑧2
) 

(4.1) 

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

force is minimized. The photo-induced forces are modeled by both the gradient 

force and the scattering force from Eqs. (2.12) and (2.15),  

 
𝐹𝑜𝑝𝑡 = −

3𝛼𝑡
′𝛼𝑝 

′

2𝜋𝑧4
𝐸0𝑧

2 +
2𝜋𝛼𝑡

′′

𝜆
𝐸0𝑥

2  
(4.2) 
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Figure 4.1: Simulation of the amplitude 

(a) and phase (b) of the first resonance 

as a function of tip-sample distance, 

with a free oscillation amplitude of 

20nm. (c) Comparison of second 

resonance amplitude-distance curves 

for Fg system with β and 2β. (d) 

Lennard-Jones type force (black) and 

reconstructed force (red dots). (e) Fg 

comparison with β and 2β and 

reconstructed force (dots). Simulation 

parameters based on typical 

experimental values are: f0=3× 10-27 

N·m2, : f0l
4/3=3× 10-55 N·m6, F1= 16× 

10-11 N, β = 5 × 10-43 N·m4, k1=1.6 

N/m, k2=62.9 N/m, ω01=60 kHz, 

ω02=376.2 kHz, Q1=200, Q2=1254, 

Fsc=1× 10-11 N. 
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Figure 4.1 shows that the first resonance amplitude (a) and phase (b) curve 

follows the expected trend for a cantilever interacting with Lennard-Jones type 

forces. On the higher-order resonance the amplitude curve (c) is quite different 

due to the presence of Fopt. At further distances there is a plateau that is due to 

the repulsive scattering-force, independent of β and tip-sample spacing. At 

shorter distances the attractive Fg dominates and a peak is observed that is 

dependent on the effective polarizability magnitude. The dip is the point where 

the scattering and gradient optical forces cancel. When the gradient force 

parameter β is doubled the peak second resonance amplitude is correspondingly 

increased, but also the dip where Fg and Fsc cancel is shifted to further distances, 

while the Fsc plateau is unchanged.  

Now having used an assumed functional form for Fint and Fopt, we can reverse 

this and use Eqs. (2.26)-(2.28) to reconstruct the optical and mechanical forces 

from the simulated amplitude-distance curves. This is done for the simulated 

amplitude-distance curves, (d) and (e), to demonstrate that the assumptions used 

in the theoretical description are valid, and that the form of the optical force can 

be extracted from experimental amplitude-distance curves. Again, we see in (e) 

that differences in β shift the Fg and Fsc cancellation point and subsequently image 

contrast can vary dramatically. Depending on the cantilever set-point the contrast 

between a sample with a high Fg and substrate can be positive, negative, or 

nonexistent, which demonstrates that knowledge of the force-distance curve is 

necessary for microscopy interpretation. 
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4.2 Photo-induced forces near gold nanowires  

 

Figure 4.2: AFM topographical image (a) of a gold nanowire, and optical force 
image (b) illuminated with a 702nm CW-laser 

 

Gold nanowires deposited on a glass surface were chosen as a test material. 

Figure 4.2 shows much higher structural contrast on the optical force image, 

under cw-illumination, than the standard topography, and while it may not 

necessarily be optimized for topography this demonstrates the use of this 

technique for imaging contrast. The force cross sections between thick gold 

clusters and the thinner sections in Figure 4.3 show the short-range nature of the 

gradient force contrast and subsequent insensitivity to bulk properties.  

a) b) 
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Figure 4.3: Gold nanowire topography (a) and optical force image (b), the 
corresponding linecuts, (c) and (d) respectively, show the very local nature of the 

gradient force 
 

However, interpretation of the contrast in Figure 4.2 is difficult as it requires 

knowledge about the exact spatial form of the optical forces of Figure 4.3. A first 

step towards a more complete interpretation of the image contrast is the 

reconstruction of the optical force from the experimental amplitude-distance 

curves by using the formalism developed in Chapter 2. In Figure 4.4, amplitude-

distance curves are shown for a single location on a gold nanowire under fs-

a) 

c) d) 

b) 
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illumination. In Fgure 4.4c the characteristic peak and a small dip can be seen in 

the second resonance amplitude, before the tip reaches the contact-mode regime, 

noted in blue, and settles to a value ~75pN. In that region the thermal expansion 

of the nanowire dominates, and A1 and θ1 do not vary. Further away the sample 

and the scattering force gives rise to the plateau seen in A2.   

The optical force is reconstructed in Figure 4.4d and fitted in red by Eq (4.2) to 

estimate the strength of the scattering force interaction and the gradient force 

pre-factor, as Fsc = 6:13 pN and β = 2.26 × 10-40 N·m4
 respectively. The contact 

mode regime at short distances appears as a plateau before the gradient force 

interaction dominates before dip where Fg + Fsc = 0 and it begins to level off to 

the scattering force value mentioned above. However at the dip the force does 

not reach zero due to thermal noise at the second resonance frequency, which 

shows as an offset[50, 51].  
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Figure 4.4: The amplitude (a) 

and phase (b) of the first 

mechanical resonance on a 

gold nanowire, the second 

resonance is driven under 

809nm fs-illumination and A2 

with respect to tip-sample 

distance is given in (c). The 

optical forces (d) are then 

reconstructed from the 

amplitude and phase curves. 
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4.3 Photo-induced forces and molecular 

resonances  

 

Figure 4.5: Silicon naphtalocyanine (SiNc) nanoclusters imaged in topography (a) 
and simultaneous photo-induced force imaging (b) in resonance with the 
absorption band, corresponding line-cuts shown in green for topography (c) and 
in the optical force case (d) resolve smaller clusters more clearly. 
 

The next test material studied with photo-induced force microscopy is silicon 

naphtalocyanine (SiNc), chosen for its high absorption cross section (Fig. 3.4) 

that is roughly resonant with the 809nm fs pulse. In Figure 4.5, simultaneous 

topographical and optical force images are shown of SiNc nanoclusters. Many of 

the smaller features are detectable only in the optical force images, with sizes 



37 
 

down to the approximate spatial resolution of the AFM tip. In a previous optical 

force experiment, this has been seen and attributed to very small copy numbers 

of similar dye molecules[40]. In the larger cluster of SiNc molecules, 

topographical variation is seen that is not as evident in the optical force image, 

which is due to the effect’s extremely local nature and its insensitivity to volume 

effects. 

Force-distance measurements were taken over a SiNc nanocluster and are shown 

in Figure 4.6. In contrast to the force-distance measurements on the gold 

nanowires, the laser modulation frequency was chosen to overlap with the third 

mechanical resonance, at f03 =1033.190 kHz, of the cantilever. This higher 

frequency reduces the thermal noise contributions. The optical force-distance 

curve is extracted in the same way from the amplitude and phase data, and in Fig. 

4.6d we see that that the point where Fg + Fsc = 0 is on a lower offset due to the 

higher modulation frequency. Again, from fitting the reconstructed optical force 

data to Eq. 4.2), shown in red, we can extract the force parameters, found to be 

Fsc = 59:0 pN and β = 6.10 × 10-43 N·m4.  
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Figure 4.6: Force-distance 

curves for the amplitude (a) 

and phase (b) of the first 

mechanical resonance over a 

nanocluster of SiNc, and 

third mechanical resonance 

amplitude (c) driven in 

resonance with 809nm fs-

pulses. Reconstructed optical 

force (d) with fit in red. 
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Figure 4.7: Comparison of reconstructed optical force data and corresponding 
fits for SiNc and glass slide substrate. 

 

On another cluster of SiNc force-distance measurements were taken then the tip 

was moved onto the glass substrate nearby and the force spectroscopy was re-run 

for comparison. The reconstructed optical forces and corresponding fits are 

shown in Figure 4.7. The extracted scattering force, Fsc = 52.1 pN for the SiNc 

cluster and Fsc = 45.3 pN for the glass surface, is relatively similar for both 

materials, which is expected from the optical force equation (4.2) as the scattering 

force contribution is independent of sample polaribizilities and is governed by the 

optical response of the tip. For the gradient force coefficient we found for the 

SiNc cluster β = 1.64 × 10-42 N·m4 and for the glass surface β = 1.75 × 10-43 

N·m4. Due to the optical resonance with the 809nm pulse the gradient force is 

strongest in SiNc and subsequently the Fg + Fsc = 0 point is shifted to further 
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sample distances. This was theoretically shown in Fig. 4.1e and highlights the 

need for an understanding of the set-point to gain good imaging contrast. This 

also shows that that the gradient force is a sensitive probe of material optical 

properties on the nanoscale.      
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Chapter Five 

 

Pump-Probe Force Microscopy 

 

5.1 Introduction 

Pump-probe microscopy enables the investigation of ultrafast dynamics in matter 

on the characteristic time scales of its electronic and vibrational excitations. 

Pump-probe optical microscopy techniques provide fluorescence-free and label-

free imaging contrast [52], but generally rely on large ensembles to produce 

strong optical signals where the unique response from individual particles is lost 

and the spatial resolution is diffraction-limited, which obscures differentiation in 

heterogeneous samples on the nanoscale.  

Optical pump-probe in the far-field towards single molecule sensitivity [53] 

remains very difficult because optical detection of the pump-probe effect relies 

on measuring a pump-induced intensity change in the scattered probe and 

therefore is not background free. While using optical excitation combined with 
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scanning-probe techniques can reduce the spatial limit beyond the diffraction 

limit and near-field pump-probe techniques have utilized fs infrared pump-probe 

to change the local plasmonic SNOM-tip excitation to investigate plasmon 

dynamics in graphene [54], study the nonlinear response of quantum dots using 

pump-probe induced transient reflectivity [55], and to study exciton dynamics 

with SNOM-collection of the probe [56]. However, these still rely on the optical 

detection of the probe variation which is not background free and presents 

difficulties to reach the single molecule limit.  

Non-optical detection then offers a promising alternative towards improving the 

detection sensitivity towards the single molecule limit with nanoscale spatial 

resolution. The photo-induced microscope is capable of probing various forms 

of optical interaction, including nonlinear processes, as demonstrated for 

stimulated Raman scattering under CW illumination [42], through the non-

contact mechanical detection of optical transitions by measuring the gradient 

force between the light-induced dipoles in the tip and molecule. We have shown 

the feasibility of using fs pulses in PiFM experiments and can now apply the 

technique to ultrafast pump-probe processes at the nanoscale, without the 

problems associated with the presence of a large optical background. Here we 

will investigate the excited state dynamics of SiNc and then demonstrate that the 

PiFM is sensitive to the same temporal dynamics as conventional optical pump-

probe microscopy. 
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5.2 Pump-probe Basics and Nonlinear Optical 

Spectroscopy 

In order to understand and prepare for the nonlinear photo-induced force 

microscopy experiment of SiNc the optical response, thermal properties, and 

relevant timescales has to be well understood. This was accomplished through 

optical pump-probe microscopy, where the detection mode is optical rather than 

force detection. The optical pump-probe experiment was carried out to 

determine the excited-state lifetimes and microscopic structure of deposited 

SiNc. Here, two ultrafast pulses are used, where the pump pulse sets up the 

system of interest by exciting it, and after a controlled time delay, the probe pulse 

subsequently investigates the transient states created. Various contrast 

mechanisms can be employed in pump-probe microscopy depending on the 

pulse timing and molecular wavelength response, which includes stimulated 

emission, ground state depletion, and excited-state absorption, illustrated in fig. 

5.1.  
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Figure 5.1: Pump-probe microscopy energy-level diagrams of a) excited state 
absorption, b) stimulated emission, and c) ground state depletion, d) typical 

energy transfer modulation scheme. [57, 58] 
 

The detection of these processes in microscopy relies on a modulation transfer 

scheme, where the pump pulse train intensity is modulated at high frequency by 

an acousto-optical modulator (AOM) and the probe pulse train picks up this 

modulation through interaction with the sample and is detected by a lock-in 

amplifier, where the probe pulse experiences a relative gain or loss in amplitude 

depending on the interaction. 

In stimulated emission microscopy the pump pulse sets up an excited electronic 

state in the molecule, which is stimulated back down to its ground state by the 
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probe pulse when the frequency is matched to this transition and a new photon 

coherent to the probe is emitted with the same phase, frequency and polarization. 

With the addition of these new photons the demodulated probe pulse 

experiences an increase in the in-phase signal. This signal can be maximized by 

introducing a time delay to allow for fast vibrational relaxation in the excited 

state, enabling efficient stimulated emission from the lowest lying singlet excited 

state. 

Ground state depletion microscopy has been used for absorption imaging 

contrast down the single molecule level [53]. When both the pump and probe 

pulses are resonant with the absorption of the molecule, the absorption of the 

pump pulse causes the probe pulse to be absorbed less, resulting in a relative gain 

in the in-phase probe detection channel. When the pump is absent the probe is 

attenuated through absorption from the ground state. 

In excited state absorption microscopy the pump excites the molecule to an 

excited electronic state and afterward the probe can further excite the system to a 

higher state. When the pump is not present the probe is not absorbed (or to a 

lesser extent) and there is a gain in the transmitted probe pulse train which 

corresponds to an 180° phase shift to the pump modulation. The demodulated 

signal is maximized by a few hundred femtosecond delay to allow vibrational 

relaxation in the excited electronic state. The lifetime of the excited state 𝑆1 can 

be characterized by controlling the delay between pulses. 
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Figure 5.2: Linear absorption spectrum of SiNc in toluene solution and dried on 
glass substrate 

 

Linear and time-resolved nonlinear absorption experiments were carried out on 

SiNc in solution to gain insight into the transient absorption spectrum. 

Naphthalocynanines possess significant nonlinear susceptibilities, high chemical 

and thermal stability, and their excited state absorption has been theoretically 

considered [48].  

Here, a Ti:sapphire chirped pulse amplified system (CPA-2001, from Clark-MXR 

Inc.) was used as the light source for a transient absorption experiment of SiNc 

dissolved in toluene. The linear absorption spectrum shown in Fig. 5.2 shows 

that the SiNc dried on a glass slide is red-shifted from the solution, due to the 
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strength of the interaction between the dye and the substrate. The 150 fs laser 

output was tuned to 775nm accordingly, and split in two parts, one used as the 

pump pulse, and the other path passed through a 1 cm water cuvette to generate 

white light continuum and used as the probe pulse. The two pulses were focused 

into the SiNc solution cuvette and the probe beam was spectrally resolved with a 

monochromator (150mm Acton Spectra Pro 150), while a mechanical delay line 

introduced temporal separation. Figure 5.3 shows the change in transmission of 

the spectrally-broad probe beam across roughly 70 ps of pump-probe delay. The 

peak in excited state absorption is seen at a probe wavelength of 605 nm, and at 

approximately ~700 nm the transient absorption reverses sign to positive and 

ground state depletion dominates the response as the probe pulse begins to 

overlap with the absorption spectrum. At the excited state absorption peak the 

decay of the primary relaxation pathway from 𝑆1, with lifetime 𝜏1, was found to 

be approximately 7.9 ps. 
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Figure 5.3: Excited state absorption spectrum with broad probe and time delay, in 

3D representation from several perspectives 
 

 

5.3 Pump-probe Optical Microscopy of SiNc 

To directly compare pump-probe microscopy results taken optically at the 

diffraction limit with pump-probe force microscopy at the nanoscale, an all-

optical experiment was conducted with similarly prepared samples. The optical 

pump-probe microscopy experimental setup (illustrated in Figure 5.4) uses the 

ultrafast light source and OPO described in Section 3.1 and employs both 
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outputs, the probe pulse from the OPO signal output and the pump pulse from 

the depleted Mai Tai laser. The two pulses are temporally overlapped with a 

motorized stage providing adjustable delay and then spatially combined on a 

dichroic mirror. The pump pulse is intensity modulated by an acousto-optical 

modulator at 5MHz whereas the probe is not modulated. The high modulation 

frequency is needed to overcome laser intensity noise at lower frequencies, 

known as 1/𝑓 noise.  

 

 

Figure 5.4: Schematic of optical pump-probe microscopy system[59] 
 

The overlapped pulses enter the scanning microscope (commercial Olympus IX-

81 and Fluoview scanning unit) where the focal spot is scanned over the sample 

plane through a NA 1.43 (oil), 100x objective lens. After the interaction with the 

sample, the transmitted probe is separated from the pump, which is detected for 
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transmission imaging, using a dichroic mirror and a bandpass filter before being 

detected by a fast photodiode. In the epi-direction, scattered photons are 

spectrally filtered to isolate the electronic CARS anti-Stokes emission and 

detected by a photo-multiplier tube (PMT) to simultaneously measure the 

electronic CARS signal for understanding the image contrast and temporally 

synchronizing the pulses. 

The photodiode signal is filtered with an electrical bandpass filter and directed to 

a lock-in amplifier (HF2 Zurich), which is synchronized to the AOM modulation 

frequency. The lock-in amplifier measures the modulation transfer to the probe 

from the pump through the contrast-interactions with the sample described 

above. This signal is scaled appropriately for contrast and input into the 

microscope software for synchronized pump-probe, CARS, and transmission 

imaging.  
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Figure 5.5: Nonlinear optical imaging of SiNc clusters with a) electronic CARS, b) 
magnitude of transient absorption and c) phase of and transient absorption, 

image size is 32µm x 32µm. 
 

Again, the SiNc was spin-coated onto microscope slides forming nano and µ-

scale clusters of varying morphologies, down to less than 10 nm determined by 

AFM. In the images shown in figure 5.5, the pump pulse was tuned to 809nm, 

near the peak of the linear absorption and intensity modulated at 5MHz, the 

probe pulse was tuned to 719nm and was detected by the forward photodiode, 

both pulses were approximately 40µW average power at the sample. The back-

a) 

b) c) 
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scattered light was optically filtered at the CARS emission centered at 647nm 

and the subsequent PMT signal provides the CARS four-wave mixing image 

shown in (5.5a). The image shows the aggregation of SiNc into small clusters. 

The demodulated x-component of the pump-probe signal is shown in (5.5b) 

and the phase information in (5.5c), the contrast of the SiNc clusters is negative 

in regards to the glass substrate background and the phase is shown to be 

shifted by 180° and is indicative of an excited state absorption process. Excited 

state absorption is expected at this probe wavelength. 

 

Figure 5.6 Excited state absorption of a SiNc cluster at various pulse delays, 
resolution is diffraction-limited and the image size is 6.5 µm x 6.5 µm 

 

To determine the temporal dynamics of the excited state absorption of SiNc, a 

time delay is introduced through a mechanical stage in the probe beam path, 

where the microscope takes an image at each time setting.  The probe beam was 

tuned to the absorption peak, 605nm, of the excited state, and the pump, 809nm, 

remained tuned near the linear absorption peak; the average powers at the sample 

were 180 µW and 58 µW respectively. In Fig 5.6 the pump-probe image of a 

SiNc cluster is shown for various pulse delays, and some residual contrast is seen 
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at negative delay timing, which may indicate the presence of a relaxation pathway 

that is longer than the time between successive pump pulses, at least over 12.5 ns. 

 

 
Figure 5.7: Excited state absorption decay dynamics of SiNc cluster for 809nm 
pump excitation and 605nm probe absorption, a) demodulated in-phase signal 

with arbitrary y-axis units and b) microscopy images at different time delays, size 
is 32µm x 32µm 

 

Figure 5.7 shows the excited state decay curve for a microscopic cluster of SiNc 

over the entire range of the mechanical delay stage. Temporal overlap and t0 is 

determined by the maximum CARS signal, which is only present when the pulses 

are overlapped. Figure 5.8 shows the decay of the primary relaxation pathway 

from 𝑆1, with lifetime 𝜏1, was found to be approximately 8 ps, in agreement with 

the optical spectroscopy results.   

-5 15 35 55 75 95 115 135

Time delay (µs) 
b) 

a) 
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Figure 5.8: Decay dynamics showing rise times and excited state absorption peak, 
and 25 µm x 25 µm images.  
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5.4 Nonlinear Ultrafast Photo-induced Force 

Microscopy

 

Figure 5.9 Photo-induced force microscope for nonlinear processes 

 

The nonlinear optical microscopies described above that provide rich spectrally-

resolved information on the ultrafast time-dynamics of chemical systems are 

limited in terms of spatial resolution and ensemble effects. However, the photo-

induced force microscopy discussed in previous chapters can be extended from 

the previous linear absorption and CW Raman work into the ultrafast regime of 

pump probe microscopy on the nanoscale [42]. This allows spatial resolution 
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beyond the diffraction limit, on the order of ten nanometers, and does not rely 

on the monitoring the change in intensity on top of the probe background. 

The pump-probe extension of the optical force microscope, shown in Fig. 5.9, is 

comprised of the addition of another pulse train from the OPO, its amplitude is 

modulated at a separate frequency and the temporal delay is controlled with a 

mechanical stage. The experiments were carried out between two microscope 

systems, the Molecular Vista commercial system described in Section 3.1, or with 

the Olympus IX-81 microscope base modified with a scanning sample stage and 

a Nanosurf FlexAFM.  

The pump, at optical frequency 𝜔1, and the probe, at 𝜔2, are amplitude 

modulated by separately driven AOMs at frequencies 𝑓1 and 𝑓2 respectively. The 

pump and probe pulses together prepare induced dipoles in the tip-molecule 

junction and the field gradient between the tip and the molecule results in a 

gradient force. For a nonlinearly induced polarization that is third-order in the 

fields, 𝑃(3), the time-averaged force is described as[16]: 

 
〈𝐅〉 ∝  Re∫𝑑𝐫 𝑃(3)(𝐫) ⋅ ∇ 𝐄𝟐

∗(𝐫,𝜔)  
(5.1) 

where 𝐄𝟐 is the total probe field in the junction, and 𝐫 is the molecule’s position 

relative to the tip dipole. For comparison, in the optically-detected case the signal 

𝑆, detected at the far field position 𝐑 is seen as [60]: 

 
𝑆 ∝  Im∫𝑑𝐫 𝑃(3)(𝐫) ⋅  𝐄𝟐

∗(𝐑)  
(5.2) 
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Here we see that while both methods are based on the coherent mixing of the 

complex nonlinear polarization with the probe field, the force in PiFM depends 

on the real part of the interaction and the polarization mixing occurs with the 

field gradient in the near-field, whereas the optical signal comes from the 

imaginary part and the mixing occurs at the far-field detector. 

The amplitude modulation frequencies of the pump and probe are chosen so that 

the difference directly overlaps with the second mechanical resonance of the 

AFM cantilever, 𝑓02 = 𝑓1 − 𝑓2 , or is sideband coupled off the first mechanical 

resonance, 𝑓02 = 𝑓01 + 𝑓1 − 𝑓2. As before, this allows the simultaneous 

acquisition of the topographic imaging to take place on the fundamental 

resonance and the photo-induced force imaging to be detected on and amplified 

by the second mechanical resonance.  
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Figure 5.10 Tip scanned over the focal spot of two beams on plain glass substrate 

 

The tip-scan over a fixed two-beam optical focus onto a glass substrate is shown 

in Fig. 5.10, here the nonlinear optical force is seen for a two-beam interaction at 

the difference frequency when the pulses are temporally overlapped, and when 

compared to the single beam profile in Fig. 3.3 the two-spot image is not 

apparent under these conditions. The cantilever characteristics on the first 

resonance were 𝑓01=178 kHz, 𝑄1=490, and a stiffness constant 𝑘1=58 N/m, 

and on the second resonance 𝑓02=1098 kHz, 𝑄2=588, and 𝑘2=2267 N/m, and 

operated with a free oscillation amplitude of 𝐴01=47 nm.  
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The PiFM was then applied to investigate the pump-probe response of SiNc at 

the nanoscale. SiNc was spin cast as in section 2.3 into nanoclusters ranging from 

several micrometers to below 10 nm. The pump was tuned to 809 nm, near the 

linear absorption peak, and the probe to the peak of the excited state absorption 

spectrum at 605 nm. The amplitude modulation frequencies were set to 𝑓1= 1000 

kHz and 𝑓2=2098 kHz so that ∆𝑓 =𝑓02 , overlapping the second mechanical 

resonance of the cantilever.  
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Figure 5.11 Negative probe timing topography a) and optical force c) simultaneously acquired; 
with positive pulse timing the optical force contrast d) is dramatically increased, while the 

topography b) is unchanged 
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In Fig. 5.11 topographic and photo-induced force images of SiNc nanoclusters 

are presented for two time delays between pulses, one where the probe was 

several picoseconds before the pump, and the other at positive-time near t0. The 

image is unchanged in the topographic channel with respect to pulse timing, but 

on the second resonance the photo-induced force images show little contrast 

during negative timing and then dramatic nanocluster contrast is seen on the 

excited state absorption peak with features as small as the tip curvature of ~10nm 

being resolved. As the gradient force is only dominant at very close nm distances 

and insensitive to volume effects the contrast in signal magnitude is quite 

uniform.   

In Figure 5.12 a topographic and an optical force image are shown for another 

negative and positive-time image pair. Here, the topography images and the 

negative-time PiFM image show very little structural contrast while the positive-

time optical force image shows dramatic nanocluster contrast. While the setup is 

optimized for measuring the optical force, we have seen other images (Fig 4.5) 

where the PiFM image provides greater contrast than the topographic image, 

which could be due to smaller clusters where the height is below the topographic 

noise floor, but due to the highly localized gradient force interaction and 

sensitivity can be still be seen through the optical force.  
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Figure 5.12 Topographic images at negative- a) and positive-time c) with no apparent structural 
contrast, optical force image demonstrates high contrast at positive-time d) where little was seen at 

negative-time b) 
 

 

5.5 Time-resolved Pump-probe Force 

Microscopy 

The use of nonlinear femtosecond excitation with the photo-induced force 

microscope can provide useful time-resolved information on the ultrafast 

dynamics of excitation and lifetime decay at the nanoscale. The non-optical 

detection sensitivity provided by PiFM opens possibilities for the time-resolved 
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study of a single chomrophore’s excited state dynamics. 

To extend the pump-probe PiFM imaging contrast into truly time-resolved 

information of the excited state decay dynamics images were taken at several 

time-delays. 

In Figure 5.13 the pump-probe PiFM images of two SiNc nanoclusters are 

shown for various probe delays, providing time-resolved information about the 

lifetime of the  𝑆1 excited state on the nano-scale. The time-delay dependence for 

decay of an excited state population is expected to be the same for PiFM pump-

probe experiments as for optically-detected methods, since the dynamics in both 

pump-probe experiments are governed by excited state populations, and should 

then decay with 𝜏1. 
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Figure 5.13 Time-resolved pump-probe 
PiFM for two SiNc nanoclusters, 
separated from the same image for clarity 
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In Figure 5.14 a direct comparison is made between the excited-state absorption 

dynamics for SiNc with completely optical detection on the microscopic scale 

and force detection by tr-PiFM images of nanoclusters. Here it is seen that both 

signals decay to the same dynamics as the system decays from the 𝑆1 state with 

the approximately the same lifetime 𝜏1. This demonstrates that the PiFM 

technique is capable of interrogating the nonlinear optical properties of small 

quantities of molecules.  
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Figure 5.14 Comparison of excited state absorption dynamics for photodiode optical detection 
(orange line) and optical force detection (black circle dots)
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Chapter Six 

 

Conclusions 

 

6.1 Summary   

 

Previous photo-induced force microscopy experiments were done under CW 

illumination [40, 42]. The use of 200fs light pulses in this experiment is 

interesting because of several issues that may arise with the much greater peak 

powers when compared to cw illumination. Besides for the obvious potential 

photo-induced damage to the sample due to linear heating, optical nonlinearities 

at the tip could harm the stability of the experiment, especially since plasmon-

resonances in the gold-coated tip can be excited by the 809nm wavelength used 

in our force-distance experiments [32, 61]. The strong fields then generated in the 

tip could cause nonlinear photodamage to the tip’s structure, which changes the 
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tip’s effective polarizibility. However we found that the use of a high repetition 

rate laser and average powers below 100 µW at the sample sustained stable 

imaging conditions for several hours. 

The PiFM technique is directly sensitive to the electromagnetically induced forces 

in the tip-sample junction. As such it can operate in non-contact modes, unlike 

IR AFM techniques, and thermal expansion is not the primary contrast 

mechanism. 

For single-beam studies it was shown that the contrast in linear photo-induced 

force microscopy is dictated by the spatial variation between two forces, the 

attractive gradient force, sensitive to the sample’s polarizability and highly 

localized with a z-4 dependence, and the repulsive scattering force, an interaction 

between the excitation light and the tip. A theoretical description was provided of 

the cantilever dynamics in the presence of this optical force and the formulation 

developed allows for the reconstruction of the photo-induced forces from 

experimental amplitude-distance measurements.  

The photo-induced force microscope probes various forms of optical transitions 

in chromophores by detecting the gradient force between the light-induced 

dipoles in tip and molecule. This extends to nonlinear optical excitations of the 

material, and we applied the PiFM to monitor the ultrafast excitation dynamics of 

SiNc at the nanoscale through non-optical detection. We demonstrated that time-

resolved pump-probe force microscopy is sensitive to the same excited state 

absorption dynamics as far-field optical pump-probe measurements, with PiFM 

66 
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signals from molecular assemblies as small as 10 nm, near the resolution of the 

microscope. The pump-probe force microscope benefits in sensitivity from the 

absence of a large optical background and further optimization could bring this 

technique to the limit of the single chromophore. The nonlinear PiFM technique 

can now be applied to a wide array of ultrafast spectroscopy studies at the 

nanoscale.  
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