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S1. Driving force for each eigenmode  

 

The motion of the probe can be approximated by a point-mass model and described by the 

superposition of its eigenmodes in small oscillation limit. Because the higher eigenmodes contribute 

negligibly to the cantilever motion for our discussion here, we may assume that only the fundamental, 

second and third mechanical resonances of the beam system are significant. The dynamics of the 

cantilever in two degrees of freedom can be described by 

1 1 1 1 1 ( ; ( ))mz b z k z F t z t+ + =   (S1) 

2 2 2 2 2 ( ; ( ))mz b z k z F t z t+ + =       (S2) 

3 3 3 3 3 ( ; ( ))mz b z k z F t z t+ + =       (S3) 

where m, ki and bi are the mass, i-th spring constant and damping coefficient of the cantilever, 

respectively. F(t; z(t)) is the total external force including the mechanical driving force, F0, electrostatic 

force, Fes, photo-induced force, Fdip, and other tip-sample interaction force, Fts. Then the total force is 

given as below: 

𝐹(𝑡; 𝑧(𝑡)) = 𝐹0 cos(𝜔3𝑡) + 𝐹es(𝑧) + 𝐹dip(𝑧) + 𝐹ts(𝑧)     (S4) 

The other tip-sample interaction force has numerous forms for each experimental condition so that, 

in this study, we assume the force as the attractive van der Waals force in the non-contact region 

without considering the damping force for simplicity1-2. Then each force can be rewritten as below: 

𝐹dip = −
3Re{𝛽}
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where 𝑧 > 𝑟0 and r0 is the interatomic distance (~0.3 nm)3. Heff, R, VAC, VCPD and VDC are the effective 

Hamaker constant between tip and sample, the tip radius, the AC voltage, the contact potential 

difference (CPD) and the DC voltage between tip and sample for KPFM feedback to nullify the CPD, 

respectively. The cantilever dithers at the carrier frequency (3) and the light is modulated at the sum 

or difference frequency between the fundamental and third eigenmodes 𝜔𝑚 = 𝜔3 ± 𝜔1 . The 

sideband motion is generally induced by coupling m with 3. Assuming that the motion is sinusoidal, 

the instantaneous tip-sample distance can be written as: 

                      𝑧(𝑡) ≃ 𝑧𝑐 + 𝑧1(𝑡) + 𝑧2(𝑡) + 𝑧3(𝑡)     (S5) 

𝑧1(𝑡) ≃ 𝐴1(𝑧𝑐)sin (𝜔1𝑡 + 𝜃1(𝑧𝑐))  

𝑧2(𝑡) ≃ 𝐴2(𝑧𝑐)sin (𝜔2𝑡 + 𝜃2(𝑧𝑐))  

𝑧3(𝑡) ≃ 𝐴3(𝑧𝑐)sin (𝜔3𝑡 + 𝜃3(𝑧𝑐))  

where zc is the equilibrium position, z1 is the coordinate of the fundamental eigenmode for the 

sideband-coupled photo-induced motion, z2 is the coordinate of the motion due to the electrostatic 

force at 2, and z3 is the coordinate of the carrier motion at 3. In the small oscillation limit, we can 

expand the van der Waals force and the photo-induced force with the below relation: 
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𝐹(𝑧) ≈ 𝐹(𝑧𝑐) +
𝜕F

𝜕𝑧
|𝑧𝑐

(𝑧 − 𝑧𝑐) +
1

2

𝜕2𝐹

𝜕𝑧2
|𝑧𝑐

(𝑧 − 𝑧𝑐)2 + ⋯ 

where 𝑧 − 𝑧𝑐 ≃ 𝑧1 + 𝑧2 + 𝑧3 . Then, the total applied force to each eigenmode is given as below, 

respectively:  

𝐹(ω1) ≈
𝜕𝐹dip

𝜕𝑧
𝐴3 sin(ω1t) +

𝜕𝐹vdW

𝜕𝑧
𝐴1 sin(ω1t)    (S6)  

𝐹(ω2) ≈
𝜕𝐶

𝜕𝑧
(𝑉DC − 𝑉CPD)𝑉AC sin(ω2t) +

𝜕𝐹vdW

𝜕𝑧
𝐴2 sin(ω2t)  (S7)  

𝐹(ω3) ≈ 𝐹0 sin(ω3t) +
𝜕𝐹vdW

𝜕𝑧
𝐴3 sin(ω3t) .      (S8) 

By substituting (S6) to (S8) into (S1) to (S3), each amplitude is derived as below simple Lorentzian 

form: 

𝐴𝑖(𝜔𝑖) =
𝐹𝑖 𝑘𝑖⁄

√𝑚2(𝜔′𝑖
2−𝜔𝑖

2)2+(𝑏𝑖𝜔)2
      (S9) 

with the driving forces of 

𝐹1(ω1) ≈
𝜕𝐹dip

𝜕𝑧
𝐴3 sin(ω1t)      (S10) 

𝐹2(ω2) ≈
𝜕𝐶

𝜕𝑧
(𝑉DC − 𝑉CPD)𝑉AC sin(ω2t)   (S11) 

𝐹3(ω3) ≈ 𝐹0 sin(ω3t)        (S12) 

where 𝜔′𝑖 = √(𝑘𝑖 −
𝜕𝐹

𝜕𝑧
)/𝑚. In general, 𝑏𝑖 can be replaced as 𝑏′𝑖=𝑏𝑖+ by considering the external 

damping coefficient, . 
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S2. Raman measurement of exfoliated few-layer graphene 

 

Confocal Raman spectroscopic measurements (an excitation wavelength of 532 nm) are carried out 

by Witec Micro-Raman Spectrometer Alpha 300. In Fig. S1B, the presence of a sharp 2D peak 

(represented by the black solid line) indicates the existence of a monolayer graphene. Meanwhile, in 

Fig. S1C, the increasing intensity of the G mode in a linear manner suggests that the graphene layers 

are stacked, with the number of layers ranging from 1L to 4L. The shift and shape of the 2D mode 

signal reveal that the stacked graphene layers are Bernal stacked graphene layers4-6. 

 

 

Figure S1. Raman measurements of few layer graphene. A. optical image of the FLG which is the 

same sample in Fig.2. B. Raman spectrum on each layer. C. Raman G peak intensity. D. Raman 

spectra of 2D mode with an offset for clarity.  
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S3. Calibration of CPD by using Au-Si-Al standard sample 

 

The CPD calibration was performed using a calibration sample (PFKPFM-SMPL from Bruker, US), 

consisting of an Al-Si-Au step sample. The VCPD values measured on Al, Si and Au were 1.2 V, 0.7 V 

and 0.1 V respectively. Considering the fact that the surface potentials of Al, Si and Au are known to 

be 4.1 eV, 4.6 eV and 5.1 eV respectively, by using the relation 𝑊tip = 𝑊sample + 𝑒𝑉CPD, the work 

function of the gold-coated tip is estimated as 5.2 - 5.3 eV.  

 

Figure S2. Calibration of CPD image by using standard KPFM sample of Al-Si-Au strip. A. 

Topography and B. CPD image of the Al-Si-Au strip. C and D. The line cuts along with the white line 

in the images   
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S4. Optical image of the extrinsically stacked FLG on SiO2 substrate. 

 

The extrinsically stacked FLG samples are prepared by exfoliating a monolayer graphene on a SiO2 

substrate, followed by the transfer of an additional exfoliated FLG onto the monolayer graphene, 

using PMMA as the transfer agent. 

 

Figure S3. Optical image of the extrinsically stacked FLG on SiO2 substrate. A. Bottom layer by 

exfoliating a monolayer graphene on a SiO2 substrate. B. Extrinsically stacked FLG by the transfer of 

an additional exfoliated FLG onto the monolayer graphene, using PMMA as the transfer agent.  
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S5. s-SNOM measurement of the exfoliated FLG on SiO2 substrate. 

 

The s-SNOM measurement is helpful to characterize the origin of the photo-induced force, because 

the amplitude of s-SNOM is directly proportional to the effective polarizability. The s-SNOM 

measurement is conducted on the same sample in Fig. 2 by the neaSNOM from Neaspec GmbH 

coupled with the tunable QCL (MIRcat, Daylight Solutions). The Pt-coated AFM tips (ARROWNCPt, 

Nano World) had a typical tapping frequency Ω around 260 kHz, and the used oscillation amplitude 

was 60–70 nm in a non-contact mode8. The background-free interferometric signal9 demodulated at 

the third harmonic 3Ω was used to generate all near-field images. This clearly demonstrates that the 

photo-induced dipole force is dominant in the few-layer graphene. This is because the thermal 

expansion of few layer graphene is very limited due to the graphene’s high thermal conductivity. 

 

Figure S5. s-SNOM measurements of exfoliated FLG on SiO2 substrate which is the same 

sample in Fig. 2. s-SNOM images at A. 1590 cm-1 (off resonance) and B. 1584 cm-1 (on resonance). 

The image size is 16 m x 16 m.  
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