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Abstract 

 Electron-phonon interactions are fundamentally important physical processes responsible for many 

key discoveries in condensed matter physics and material sciences. Herein, by exploiting the scattering-

type scanning near-field optical microscope (s-SNOM) excited with a femtosecond infrared (IR) laser, we 

explored the strong coupling between IR phonons in few-layer graphene (FLG) with ultra-hot electrons, 

which are heated up by the intense laser field enhanced by the s-SNOM tip. More specifically, we found 

that the intensity of the phonon resonance can be tuned systematically by varying the laser power that 

controls the electron temperature. Furthermore, the high spatial resolution of s-SNOM allows us to map the 

local phonon characteristics at sharp boundaries and nanostructures. Our findings offer insights into the 

intriguing physics behind the electron-phonon interactions in nonequilibrium conditions and open new 

pathways for manipulating phonons with optical means. 

 

Main text 

 In recent years, graphene and its thicker counterparts attract tremendous research interest owing to 

their superior properties [1-3], which profoundly promote both fundamental sciences and technological 

applications [4-7]. Nearly all the electronic, optical, and thermal properties of these materials are closely 

related to the responses of electrons, phonons, and their coherent interactions. Indeed, electron-phonon 

interactions are responsible for many peculiar physical phenomena in graphene and few-layer graphene 

(FLG), such as Fermi-velocity renormalization [8,9], giant tunneling conductance [10], magnetophonon 

oscillations [11,12], and unconventional superconductivity [13,14]. These fascinating phenomena have 

therefore inspired further studies of graphene phonons and their coupling with electronic excitations in the 

2D flatland. 

 Infrared (IR) spectroscopy has been proven to be a powerful tool in probing optical phonons in 

FLG (i.e. two layers and above) [15-18], but not in single-layer graphene (SLG) due to the lack of net dipole 

moments. There are many unique phenomena related to IR phonons in FLG, among which the “charged-
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phonon” effect attracts a lot of research interest [15-22]. This effect is originated from the coupling between 

IR phonons with interband electronic excitations in FLG, resulting in interesting gate-tunable phonon 

anomalies. So far, the studies of IR phonons of FLG and their interactions with electrons were performed 

mainly by far-field spectroscopy that typically has a low excitation power due to the usage of weak IR 

sources (e.g. Globar). Therefore, IR phonons are coupled with relatively cold electrons at equilibrium 

conditions. Responses of graphene phonons interacting with nonequilibrium hot electrons remain largely 

unexplored.  

 In this Letter, we report a nano-IR spectroscopy study of phonon responses in FLG using the 

scattering-type scanning near-field optical microscope (s-SNOM) that is built on an atomic force 

microscope (AFM) (see Supplemental Material [23]). By coupling s-SNOM with a broadband femtosecond 

(fs) laser, we were able to perform IR spectroscopy with a high spatial resolution (~ 20 nm), which is 

convenient for probing and mapping small graphene microcrystals and nanostructures. The spectral window 

of the laser is selected to be 1100 – 1900 cm-1 (corresponding to 0.14 – 0.24 eV) that covers the graphene 

phonon resonance (~0.2 eV). The fs laser has a pulse width of ~100 fs and average power up to 1 mW. With 

further enhancement by the conductive s-SNOM tip, electrons can be heated up to very high temperatures 

[23,24] and strongly impact the phonon resonance of FLG.  

 Our nano-IR setup is illustrated in Fig. 1(a), where the laser pulses are focused at the apex of the s-

SNOM tip. The tip-scattered pulses, which are partially collected by the detector, contain key nano-IR 

signals of the sample right underneath the tip. By implementing a Michelson interferometer setup (Fig. S1), 

we can extract both the amplitude and phase of the nano-IR signals. We discuss in the main text the 

amplitude (s) signal that ideal for revealing phonon resonances [25,26]. The phase data are consistent with 

the amplitude and are discussed in the Supplemental Material [23]. Our samples were fabricated by 

mechanical exfoliations of bulk graphite onto the standard SiO2/Si substrates. The thicknesses and stacking 

orders of graphene samples were determined by a combination of optical microscopy, AFM, and s-SNOM 

imaging (Fig. S2). Throughout the paper, we label the thickness of single-layer to penta-layer graphene as 

“1L” to “5L”, respectively. For stacking orders, we use “AB”, “ABA”, etc. for Bernal stacking and “ABC”, 

“ABCA”, etc. for rhombohedral stacking. 

 In Fig. 1(b), we plot the nano-IR amplitude spectra s() of graphene/graphite samples with various 

thicknesses and stacking orders. Here graphene samples were electrically doped by gating. All IR spectra 

were normalized to that of gold and displaced vertically for clarity. Gold is a standard reference material in 

IR due to the overall flat response. As shown in Fig. 1(b), there is one dominant resonance at ~1130 cm-1 

(blue arrow) in the spectra, which is attributed to the optical phonon of SiO2 [25,26]. Besides, there is a 

weaker resonance feature centered at ~1580 cm-1 (red arrow) in nearly all samples except SLG, ABA-3L 

graphene, and graphite, which is originated from the IR-active Eu or E’ phonons [Fig. 1(c)] [15,22,27]. The 

IR phonon does exist in ABA-3L graphene and graphite, according to far-field studies [18,22], but they are 

too weak to be resolved by s-SNOM. Clearly, both the intensity and shape of phonon resonances are 

different from sample to sample. As reported previously [15,17,18], the observed thickness- and stacking-

dependence of phonon resonances of FLG are directly linked to the coherent electron-phonon interactions. 

In this work, we focus on ABC-3L graphene for quantitative analysis of the hot-electron responses. Other 

FLG samples share similar responses and are discussed in the Supplemental Material [23]. 
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  We first performed nano-IR spectroscopy of FLG by tuning its carrier density with back gating. As 

an example, we plot in Fig. 2(a) gate-tunable IR spectra s() of ABC-3L graphene. Here we label the 

difference between the gate voltage (Vg) and the charge-neutral voltage (VCN), namely Vg - VCN, which is 

proportional to the carrier density. We mainly focus on the hole doping side (Vg - VCN < 0) in the current 

work. The responses of phonon resonances on the electron doping side are expected to be similar according 

to previous studies [15,18]. In all gating measurements, we used a low laser power (~ 78 μW) that has 

relatively small heating on electrons. Clearly from Fig. 2(a), the phonon resonance demonstrates a 

systematic dependence with doping, which is a direct evidence of electron-phonon coupling. Gate-tunable 

IR phonons were also observed in other types of FLG (Fig. S3). Detailed discussions about gate-tunable 

phonons of FLG could be found in previous far-field studies [15,16,18].   

 While gating tunes the carrier density, varying the laser power (P) can effectively control the 

electron temperature (Te) of graphene [24,28-30]. In Fig. 2(b), we plot the P-dependent nano-IR spectra of 

hole-doped ABC-3L graphene (Vg - VCN = -80 V), where one can see that the phonon resonance shrinks 

systematically with increasing P. Following Ref. 15, we fit the background-subtracted phonon resonances 

with the Fano formula 2 2 2( ) ( / ){( 2 1) / [ (1 )]}s W q qz q z =  + − +   with 
02( ) /z  = −   . Here W 

describes the phonon intensity, 0 is the resonance frequency,  is the linewidth, and q is the dimensionless 

parameter that describes Fano asymmetry. We discuss mainly the responses of W here, and the effects of 

other parameters are less prominent and are introduced in the Supplemental Material [23]. The extracted W 

of ABC-3L graphene is plotted in Fig. 2(c,d), where one can see that W can be controlled effectively by 

tuning Vg or P. More interestingly, the power dependence of W appears to be exponential while the gate 

dependence is approximately linear. Power-dependence measurements have also been performed in other 

FLG samples (Fig. S4). In all cases, exponential decay of the phonon intensity with increasing P has been 

observed.  

 Before discussing the power-dependent responses, we first briefly describe electron-phonon 

interactions for cold electrons at equilibrium conditions. According to previous studies [15-21], the 

interactions are mainly due to the coupling between the phonon resonance and interband transitions. More 

specifically, the strong interband resonance can transfer oscillator strength to the phonon resonance, thus 

significantly enhancing the latter. The interband transitions are also responsible for other interesting 

responses (e.g. Fano asymmetry and phonon softening) of the phonon resonance (see Ref. 15 and 

Supplemental Material [23]). Among all possible interband transitions, the most relevant ones to the phonon 

intensity are between the high- (low-) lying valence (conduction) bands in the case of hole (electron) doping. 

We sketched in Fig. 3(a) these interband transitions (blue arrows) on the band structure of hole-doping 

ABC-3L graphene. The relatively flat bands close to the maxima of the valence bands [marked with EH and 

EL] result in high densities of states (DOS) [Fig. 3(b)] and hence strong interband transitions. From Fig. 

3(a), one can see that more states are available for interband transitions at higher doping levels, which 

accounts for the observed gate dependence of phonon resonances in Fig. 2(a) [15,18]. For FLG with 

different thicknesses and stacking orders, the energy and intensity of the interband resonance vary from one 

to another [31], resulting in their unique phonon resonances and responses [see Fig. 1(b) and Refs. 15,17,18]. 

The hump-shaped interband resonance of the ABCAB-5L graphene with a linewidth of ~500 cm-1 and a 

peak frequency of ~1800 cm-1 (black arrow) can be seen in our nano-IR spectra (Fig. S3 and Fig. S4). In 
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the case of other FLG samples, the peak energies of the interband resonance are higher [31] and out of the 

experimental range [see Fig. 3(b) and Fig. S11].  

 When exciting graphene with tip-enhanced fs pulses, electrons can be heated up significantly. The 

heating is initiated by the absorption of broadband IR photons through both interband and intraband 

transitions. After an extremely fast carrier thermalization (< 30 fs) [24,29,30], carriers are characterized by 

a single Fermi-Dirac distribution with an effective Te. To estimate Te, we performed finite-element 

simulations considering tip-enhanced pulse heating, thermal transport, and electron-phonon heat transfer. 

Detailed discussions about the simulations are given in the Supplemental Material [23]. According to the 

simulations, the average Te of ABC-3L graphene underneath the tip scales monotonically with laser power, 

and it can reach up to 1600 K at full laser power [Fig. S12(d)]. Electrons do transfer heat to optical phonons 

close to K and  points [Fig. S12(b)], but the entire lattice remains relatively cold, so the system is in a 

nonequilibrium state within the pulse duration [28].  

 The most obvious effect of hot electrons is the thermal broadening of the Fermi surface, which 

strongly affects the interband transitions responsible for phonon enhancement. To demonstrate that, we plot 

in Fig. 3(c) the electron occupation at both room temperature (Te = 300 K) and a high temperature (Te = 

1600 K) based on the Fermi-Dirac function f(E) = {exp[(E-EF)/kTe] + 1}-1, where k is the Boltzmann’s 

constant. We mark in Fig. 3(c) the relevant low (EL) and high (EH) energies for the key interband transitions 

sketched in Fig. 3(a). The Fermi energy (EF) is estimated to be about -0.08 eV for ABC-3L graphene with 

Vg – VCN = -80 V (hole doping), so EF is sandwiched by EL and EH. At Te ≈ 300 K, electron states are almost 

fully occupied at EL and unoccupied at EH, so interband transitions from EL to EH are largely unaffected. At 

Te = 1600 K, states at both EL and EH are partially occupied, so interband transitions will be suppressed.  

 For quantitative discussions, we refer to the charged-phonon theory of FLG introduced previously 

[20,21]. According to the theory, the phonon intensity W of FLG is proportional to [Re(χ)]2, where χ is the 

mixed current-phonon response function and can be obtained by summating [f(Ei) - f(Ef)]/[ℏ0 – (Ef – Ei) 

+ i] over all the states for the relevant interband transitions. Here Ei and Ef are the energies for the initial 

and final states of transition, ℏ0 ≈ 0.2 eV is the phonon energy, and  is the broadening parameter of 

interband transitions [21]. We set  to be 0.01 eV following a previous far-field study of ABC-3L graphene 

[32]. If considering only the key interband transitions sketched in Fig. 3(a) for approximation, W has the 

following relationship: 

2

0

( ) ( )
( ) Re

( )

L H
e

H L

f E f E
W T A

E E i 

  − 
   

− − +   

,                          (1) 

where A is a Te-independent coefficient. Based on Eq. 1, we plot in Fig. 3(d) the normalized W(Te) curve of 

ABC-3L, where one can see that W drops systematically as Te increases. The decay is exponential due to 

the factor f(EL) - f(EH), which accounts for the thermal broadening picture described above [Fig. 3(c)]. In 

Fig. 3(d), we also add the experimental data points of ABC-3L graphene after converting laser power into 

Te based on the calculated P-Te dependence curve [Fig. S13(d)]. The general trend of the theory curve 

matches that of the experimental data points. For more accurate calculations, one needs to consider all 

possible interband transitions and the temperature dependence of .   

 Finally, we took advantage of the high-resolution capability of the s-SNOM to probe the nano-IR 

phonon characteristics of FLG. In Fig. 4, we present the results taken at two representative sample regions: 
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an ABC/ABA/ABC-3L graphene junction and an ABC-3L graphene nanobubble. The nanobubble here is 

formed when air, water, or hydrocarbons are trapped underneath the sample during the sample fabrication 

process [33-35]. In Fig. 4(a,b), we plot the s-SNOM and AFM images to reveal the local structure and 

geometry of the two sample regions. The nano-IR signal shown in the s-SNOM image [Fig. 4(a)] is 

integrated over the spectral range from 1100 to 1900 cm-1. Figures 4(c) and 4(d) are hyperspectral maps 

with horizontal and vertical axes corresponding to the tip location (x) and IR frequency , respectively. 

Each hyperspectral map consists of 40 nano-IR spectra taken as tip scans step by step (step size = 25 nm) 

along the white dashed lines in Fig. 4(a,b). We plot two representative spectra from each sample in Fig. 

4(e,f), which correspond to the vertical line-cuts at marked locations (arrows) in the hyperspectral maps 

[Fig. 4(c,d)].  

 The dominant feature in the hyperspectral images [Fig. 4(c,d)] is the bright IR phonon line close to 

 = 1580 cm-1 in ABC-3L graphene (marked with dashed lines). The phonon line is not seen inside ABA-

3L graphene due to the extremely weak intensity as discovered earlier [17,18]. The sharp cut-off of the 

phonon line at the ABC-ABA boundary proves the high resolution (~25 nm) of our technique, which is 

required to probe small nanostructures. The ABC-3L graphene bubble shown in Fig. 4(b) is one such 

nanostructure. The diameter of the bubble is ~200 nm with a height of ~33 nm. Interestingly, we found that 

the phonon line curved downward in the bubble region. At the bubble center, the phonon frequency is ~1565 

cm-1, 16 cm-1 lower than that of the flat sample region (~1581 cm-1) [Fig. 4(f)]. The phonon softening is 

mainly due to the increase of tensile strain in the bubble region, which has been reported in previous Raman 

spectroscopy studies [36,37]. Nevertheless, the spatial resolution of far-field Raman spectroscopy is 

typically above 300 nm, which is not enough to resolve local strain distributions in small nanobubbles. In 

addition to phonon frequency, phonon intensity also drops significantly (by ~30% at the bubble center), 

which is partly due to the shift of the phonon frequency away from the interband resonance and partly due 

to the decrease of doping when the sample is away from the substrate [38]. The change of doping (< 5.8 × 

1012 cm-2) also contribute slightly to the phonon softening, but it is estimated to be within 2 cm-1 [18].  

 In summary, we have performed a comprehensive nano-IR spectroscopy study of the intrinsic 

phonons in FLG using s-SNOM excited with a broadband fs laser. We demonstrated that our nano-IR 

spectroscopy with a nanoscale resolution is convenient for probing and mapping the local phonon 

characteristics in FLG microcrystals and nanostructures. Moreover, we found that the IR phonon intensity 

decreases systematically with increasing laser power, which is attributed to the strong coupling between 

phonons and nonequilibrium hot electrons excited by the laser. Quantitative analyses and simulations 

indicate that the average Te of electrons, which is tunable by controlling the power, can reach up to 1600 K 

and can thus significantly quench the interband transitions and hence the phonon resonance. Our work 

deepens the understanding of nonequilibrium electron-phonon interactions in FLG and paves the way for 

future studies in a wide variety of quantum systems (e.g. unconventional superconductors [39,40], Weyl 

semimetals [41], perovskite semiconductors [42], semiconductor quantum dots [43], etc.), where electron-

phonon coupling plays an essential role. Unlike electrical gating that is only effective in 2D materials, 

tuning Te with power control can be applied in materials of all dimensions.  
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FIG. 1. (a) Illustration of the s-SNOM study of FLG excited by an fs IR beam. (b) The nano-IR spectra of 

the SiO2/Si substrate, graphite, and graphene layer(s) with different thicknesses and stacking orders. Here 

we use 1L”, “2L”, … to label the thickness, and use “AB”, “ABA”, “ABC”, etc. to label the stacking order. 

The spectra are displaced vertically for clarity. The blue and red arrows mark the SiO2 and graphene 

phonons, respectively. (c) Sketch of the atomic displacements of the IR-active Eu phonon in bilayer 

graphene as indicated by the arrow directions. 
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FIG. 2. (a) Nano-IR spectra revealing gate-tunable phonon resonance in ABC-3L graphene. The average 

power is set to be 78 μW. The labeled voltages are Vg - VCN, namely the difference between the gate voltage 

(Vg) and the charge neutrality point (VCN). (b) Power-dependent nano-IR spectra of ABC-3L graphene with 

Vg -VCN = -80 V. The blue dashed curves in (a,b) mark the background signal. (c),(d) The phonon intensity 

W versus Vg - VCN and laser power, which were extracted from (a,b), respectively. The red dashed curves 

here are drawn to guide the eye. 
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FIG. 3. (a) The band structure of ABC-3L graphene obtained with first-principle calculations [23]. The red 

and black dashed line marked the estimated EF (~ -0.08 eV) and the low (EL) and high (EH) energies 

associated with the key interband transitions (arrows). (b) The calculated DOS of various FLG samples. (c) 

The Fermi-Dirac distribution for Te = 300 K and 1600 K, respectively. (d) Experimental and calculated 

phonon intensity W(Te) of ABC-3L graphene, normalized to W at P = 24 W and Te = 358 K, respectively. 
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FIG. 4. (a) The nano-IR amplitude image of an ABC/ABA/ABC-3L graphene junction. (b) The AFM 

topography image revealing a nanobubble in ABC-3L graphene. The scales bars represent 200 nm. (c),(d) 

Hyperspectral maps that were taken along the white dashed lines in (a) and (b), respectively. The horizontal 

and vertical axes correspond to tip location (x) and IR frequency (), respectively. The black dashed lines 

mark the peak frequency of the phonon resonance. (d) (e),(f), The nano-IR spectra extracted from the 

hyperspectral maps at locations marked by the arrows in (c),(d).  
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1. Detailed introduction about the experimental setup  

 To perform nano-infrared (IR) studies of phonons in few-layer graphene (FLG), we used a 

scattering-type scanning near-field optical microscope (s-SNOM, from Neaspec GmbH). The s-SNOM is 

built based on an atomic force microscope (AFM), so it can simultaneously obtain both topography and 

optical signals of the sample. For nano-IR spectroscopy measurements, the s-SNOM was excited by 

broadband mid-IR femtosecond (fs) pulses produced by a different frequency generator (DFG). The pulse 
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width is ~100 fs, the repetition rate is 80 MHz, and the spectral window is selected to be 1100 – 1900 cm-1 

for the studies of phonons in FLG. The average laser power (P) for this spectral window is tunable from 24 

W to 985 W with step attenuators (www.Lasnix.com), and half of the laser power reaches the sample 

due to the presence of a beam splitter (Fig. S1). The pulse fluence density directly from the laser is about 

0.01 J/m2 on the sample surface, which can be significantly (2-3 orders of magnitude) enhanced by the s-

SNOM tip (see Section 6 below). As illustrated in Fig. S1, the s-SNOM, the DFG system, and a HgCgTe 

(MCT) detector are connected in the Michelson interferometer configuration. With such a setup, we can 

obtain both near-field amplitude and phase spectra of the sample. In the main text, we discuss the amplitude 

spectra s() that are ideal for revealing phonon resonances. The phase spectra are briefly discussed in 

Section 3 below. All the spectra are normalized to that of the gold reference. In addition to nano-IR 

spectroscopy, we also perform nano-IR imaging to characterize the stacking orders of FLG. For each nano-

IR spectrum and image, it takes about 2 min and 20 min, respectively.  

 

2. Sample preparation and characterization 

 Our FLG samples were fabricated by mechanical exfoliation of bulk graphite and then transferred 

onto the silicon (Si) wafers with a 300-nm-thick SiO2 layer. Standard back gating was used to tune the 

carrier density of FLG. To determine the thickness and stacking orders of FLG, we used a combination of 

optical microscopy, AFM, and nano-IR imaging with s-SNOM. Optical microscopy is the most convenient 

and efficient method to determine the sample thickness. After characterizing samples with optical 

microscopy, we will then confirm the thickness with AFM measurements. The nano-IR imaging data 

simultaneously taken with AFM can be used to determine the stacking order of FLG. As an example, we 

show in Fig. S2 the optical microscope (OM), AFM, and nano-IR imaging data of a typical FLG sample 

that contains both single-layer graphene (1L) and trilayer graphene (3L). The AFM and nano-imaging data 

were taken simultaneously on the sample area marked in Fig. S2(a) (rectangle). With AFM and optical 

microscope images [Fig. S2(a,b)] as well as the AFM line profiles [Fig. S2(c)], we were able to determine 

the thicknesses of the sample. By performing nano-IR imaging with a continuous-wave CO2 laser ( ≈ 887 

cm-1) [Fig. S2(d)], we could identify two types of stacking orders within trilayer graphene. At this frequency, 

we are probing mainly the Drude response of FLG. The region with higher IR amplitude in Fig. 1(c) 

corresponds to ABA-3L graphene, which has a higher conductivity than that of ABC-3L graphene when 

they are equally doped. It is the same for FLG with other thicknesses. Bernal-stacked samples normally 

have a higher conductivity than that of rhombohedral-stacked ones. With nano-IR imaging of the Drude 

and plasmonic responses, we could also determine the charge-neutrality voltage (VCN) of the FLG samples. 

All the voltages shown in the current work are difference between gate voltage (Vg) and charge neutral 

voltage, namely Vg - VCN . 

 

3. Additional nano-IR spectroscopy data  

 Gate-dependence spectra. In Fig. S3, we plot additional gate-tunable nano-IR spectra of bilayer 

graphene (AB-2L), ABCA-4L, and ABCAB-5L graphene. In both Fig. 2(a) and Fig. S3, we can see a clear 

evolution of the phonon resonance (marked with red arrows) of FLG with gate voltages. The phonon 

resonance is stronger at higher doping levels and is much weaker or not clearly seen close to the charge 

neutrality point. The physics of the doping dependence of phonons has been fully described in previous 
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studies [1-4]. In short, as doping (electron or hole) increases due to the increases of |Vg -VCN|, more states 

are available for the key interband transitions [see Fig. 3(a) in the main text], so the interband resonance 

becomes stronger. According to the charged-phonon theory [5-7], the phonon resonance is strongly 

enhanced by interband electronic transitions due to the electron-phonon coupling. As a result, when the 

intensity of interband resonance increases with doping, the phonon resonance becomes stronger as well. 

The consistency in the responses of interband resonance and the phonon resonance upon gate tuning can be 

seen in the spectra of ABCAB-5L graphene [Fig. S3(c)]. Here the broad interband resonance of ABCAL-

5L with a linewidth of ~500 cm-1 and a peak frequency at ~1800 cm-1 is partially seen in our spectral range. 

The peaks frequencies of the interband resonances of other FLG (e.g. AB-2L, ABC-3L, and ABCA-4L 

graphene) are at higher energies, thus not shown in our spectral range.  

 

 Power-dependence spectra. In Fig. S4, we plot the power-dependent nano-IR amplitude spectra of 

AB-2L, ABCA-4L, and ABCAB-5L graphene, where we can see the phonon resonance (marked with red 

arrows). The extracted intensities of phonon resonance are plotted in Fig. S5 (see Section 4 for the phonon 

fitting process). Like ABC-3L graphene [see Fig. 2(b,d) in the main text], the intensity of the phonon 

resonances decreases systematically with increasing laser power. In Fig. S4(c), we can also see that the 

intensity of the interband resonance of ABCAB-3L graphene (marked with a black arrow) decreases with 

increasing laser power. The consistency between the phonon resonance and the interband resonance upon 

power tuning is expected according to the charged-phonon theory. Quantitative discussions of the power 

dependence are given in the main text.   

 

 Nano-IR phase spectra. As discussed in the main text, the s-SNOM collects both the amplitude (s) 

and phase () near-field signal. In Fig. S6, we plot gate-voltage-dependent () of ABC-3L graphene [Fig. 

S6(a)] and power-dependent () of ABC-3L, ABCA-4L and ABCAB-5L graphene [Fig. S6(b-d)], which 

were taken simultaneously with the amplitude spectra of these FLG samples [Fig. 2 in the main text and 

Fig. S4]. To better visualize the phonon resonance, we subtracted the spectra baseline due to interband 

transitions. In nearly all the phase spectra, the phonon resonance at around 1590 cm-1 can be seen. Like in 

the amplitude spectra, the phonon peak height in the phase spectra  also shows dependence with both 

gate voltage and laser power. This is expected for the weak & sharp phonon resonance sitting on the strong 

& broad interband resonance.   

 

4. Phonon resonance fitting 

 Following previous studies [1,3], we subtracted the background or baseline of the spectra using a 

low-order polynomial fitting procedure. We then fit the phonon resonances in the background-subtracted 

nano-IR spectra with a Fano formula [1]  2 2 2( ) ( / ){( 2 1) / [ (1 )]}s W q qz q z =  + − +  with 

02( ) /z  = −  , where W is the phonon intensity, 0 is the phonon resonance frequency,  is the 

linewidth, and q is the dimensionless parameter that describes Fano asymmetry. Here we take ABC-3L 

graphene as an example. The background-subtracted s-SNOM spectra and fitting spectra of ABC-3L 

graphene at various gate voltages and laser powers are plotted in Fig. S7. Note that the phonon resonance 

of the spectrum at the charge neutrality point (Vg – VCN = 0 V) is too weak and not identifiable.  
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 Among the four fitting parameters, the response of the phonon intensity W is most prominent and 

is discussed in the main text. The other three fitting parameters ,  and q of ABC-3L graphene at various 

gate voltages and laser powers are plotted in Fig. S8 and S9 and are discussed qualitatively in the following 

paragraphs. To account for the responses of these parameters, we will consider two types of interband 

transitions here. Type-1 interband transitions are those discussed in the main text [marked with blue arrows 

in Fig. 3(a) in the main text and Fig. S10]. Type-2 interband transitions are from the highest-energy valence 

band to the lowest-energy conduction band (marked with green arrows in Fig. S10). Type-2 interband 

transitions in principle do not interact with Eu phonons in an ideal condition according to symmetry analysis 

[5]. Nevertheless, the electron-hole asymmetry and interlayer doping asymmetry might enable this 

“forbidden” interaction between the Eu phonon and type-2 interband transitions according to Kuzmenko et 

al. [1]. As discussed in Ref. [1]  and the following paragraphs, type-2 interband transitions might play an 

important role in the responses of  and q due to the potential overlap between the transition energy with 

the phonon energy.  

 

 The phonon frequency 0. As shown in Fig. S8(a) and Fig. S9(a), 0 decreases slightly with 

increasing hole doping and with increasing laser power [Fig. S9(a)]. The gate-tunable phonon softening 

behavior has been observed previously in far-field IR studies of both AB-2L [1] and ABC-3L graphene [4]. 

According to theoretical studies [5,6], the frequency shift 0 is directly related to the phonon self-energy 

:  = Re()/ℏ  The self-energy for the zone-center optical phonons can be approximately written as: 

interband 0
   states

( ) ( )

( )

i f

if

f i

f E f E
B

E E i 

−
  

− − +
 .                         [S1] 

Here the summation is over all available states for interband transitions, i and j label the initial and final 

states of interband transitions,  is a broadening parameter, B is a positive coefficient, if is the square of 

the respective electron-phonon matrix elements [5], f(Ei) and f(Ef) are Fermi-Dirac functions: f(E) = 

{exp[(E-EF)/kTe] + 1}-1, where k is the Boltzmann’s constant. If considering only type-1 interband 

transitions labeled in Fig. 3(a) and Fig. S10, we have Ef – Ei ≈ EH – EL ≈ 0.3 eV that is larger than 0 ≈ 0.2 

eV, so 0 ~ Re() is negative indicating phonon softening. When increasing gate voltages, more states 

are available for interband transitions, so stronger phonon softening is expected. This explains the gate-

tunable phonon softening behavior shown in Fig. 8(a). Equation S1 also explains the power-tunable 

behavior of phonon frequency shown in Fig. S9(a). As Te increases, |f(Ef) – f(Ei)| will drop systematically 

[see Fig. 3(c)] due to the broadening of the Fermi surface, so the phonon softening effect will be weaker at 

higher Te. As a result, the phonon frequency 0 increases at larger laser power [Fig. S9(a)].  

 

  The phonon linewidth . As shown in Fig. S8(b) and Fig. S9(b),  shows a weak dependence 

with both gate voltages and laser power. The absence of strong gate dependence of  in ABC-3L graphene 

was discovered in a previous far-field IR study [4]. We first discuss doping dependence. With increasing 

|Vg - VCN|,  increases very slightly and then starts to decline after |Vg - VCN| reaches 100 V [Fig. S8(b)]. 

According to theory [5],  is directly related to the imaginary part of the phonon self-energy :  = -

Im()/ℏ Based on Eq. S1, type-1 interband transitions tend to increase , but the increase is limited due to 

the relatively small  (in the order of 0.01 eV) compared to Ef – Ei - ℏ0 ≈ 0.1 eV. As suggested by 
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Kuzmenko et al. in their work of AB-2L graphene [1], type-2 interband transitions might play an important 

role in . This is due to the potential overlap of the transition energy Ef - Ei of type-2 interband transitions 

with the phonon energy ℏ0 ≈ 0.2 eV that leads to the divergence of Im() (Eq. S1) and hence a sizable . 

Note that type-2 interband transitions are only enabled when Ef - Ei ≥ 2|EF|, so the overlap of Ef - Ei with 

ℏ0 is impossible when |2EF| is larger than 0.2 eV. Therefore, as EF increases over 0.1 eV, which occurs as 

|Vg - VCN| ≈ 100 V, the divergence of Im() disappears, so one expects a drop of . Indeed, we can see a 

slight drop of  in ABC-3L graphene for |Vg - VCN| > 100 V [Fig. S8(b)], but the drop is much smaller 

compared to that observed in AB-2L graphene [1]. We argue that this is partly due to the limited gating 

range in our experiment (|Vg - VCN| is only up to 140 V, corresponding to an |EF| of 0.12-0.13 eV), and partly 

due to the sizable thermal broadening of Fermi level [kTe ~ 0.04 eV at P = 78 W, see Fig. S12(d)]. Now 

we discuss the power dependence of  With increasing laser power,  drops slightly at low power regime 

(< 300 W), and then becomes stabilized afterward [Fig. S9(b)]. Here in the power-dependence 

experiments, Vg - VCN was set to be -80 V, corresponding to an EF of ~ -0.08 eV, so type-2 interband 

transitions with Ef - Ei = 0.2 eV are enabled. These interband transitions are affected by the thermal 

broadening of the Fermi surface, so  is expected to drop with increasing laser power. Nevertheless, 

because EF ≈ -0.08 eV is very close to Ei = -0.1 eV, electron occupation at Ei is less than 70% at room 

temperature, leaving limited room for further reduction of f(Ei) with increasing Te. Also, due to the 

exponential dependence of f(Ei) on Te, the reduction of f(Ei) occurs mainly at the low Te region. This is 

consistent with our observation of a slight decrease of  with increasing P at the low power region [Fig. 

S9(b)]. 

 

 The asymmetry parameter q. As shown in Fig. S8(c) and Fig. S9(c), q also varies slightly with 

both gating and laser power. Note that q is always negative [1,7]. For convenience, we discuss its absolute 

value |q| instead below. A larger |q| corresponds to a more symmetric phonon resonance. We found that |q| 

of ABC-3L graphene is larger than that reported about AB-2L graphene [1] indicating that ABC-3L 

graphene is more symmetric. This is consistent with the findings of the previous far-field IR spectroscopy 

[4]. We first discuss the gating responses of |q|. With increasing |Vg - VCN|, |q| first remains constant and 

then slightly increases after |Vg - VCN| surpasses 100 V. According to the charge-phonon theory [5,6], q is 

directly related to the charge-phonon response function χ: q = -Re(χ)/Im(χ). As discussed in the main text, 

χ can be obtained by summating [f(Ei) - f(Ef)]/[ℏ0 – (Ef – Ei) + i] over the relevant electronic states for 

interband transitions. For type-1 interband transitions, ℏ0 – (Ef – Ei) ≈ -0.1 eV is nearly constant, so q is 

not sensitive to gating. In the case of type-2 interband transitions, the imaginary part of χ diverges when Ef 

– Ei matches the phonon energy ℏ0 = 0.2 eV. Therefore, type-2 interband transitions might play an 

important role in the responses of q [1]. Type-2 interband transition with Ef – Ei = 0.2 eV will be turned off 

when |EF| is over 0.1 eV (corresponding to |Vg - VCN| ≈ 100 V). Therefore, we expect a drop of Im(χ) and 

hence an increase of |q| at higher doping, which is consistent with Fig. S8(c). The power dependence of |q| 

can also be understood by the effect of thermal broadening (similar to  see discussions in the previous 

paragraph). Due to the thermal broadening, type-2 interband transitions with Ef – Ei = 0.2 eV are weaker at 

higher Te, so |q| is expected to increase. Nevertheless, the increase is expected to be small because EF ≈ -

0.08 eV is very close to Ei = -0.1 eV [Fig. S9(c)].  
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5. First-principle calculations of band structures and DOS 

 The band structures and density of states (DOS) results shown in Fig. 3(a,b) in the main text and 

Fig. S11 were obtained via first-principles calculations, which were performed using density functional 

theory as implemented in Vienna Ab initio Simulation Package (VASP) [8,9]. We used Perdew-Burke-

Ernzerhof exchange-correlation functional [10]. The interaction between ions and valence electrons was 

described by projector-augmented wave method [11]. Wavefunctions were expanded using a plane-wave 

basis set with the energy cut-off 400 eV. The lattice constant of graphene was set to be 2.46 Å. The atomic 

positions were relaxed until the forces became smaller than 0.02 eV/Å. 24×24×1 k-point meshes were used 

in the self-consistent calculations, and 360×360×1 for the calculations of the density of states. The van der 

Waals energy was accounted for using DFT-D3 method [12]  

 

6. Estimation of the electron temperatures 

 We estimate the electron temperature (Te) of ABC-3L graphene upon laser heating using the heat 

transfer module of Comsol Multiphysics. The pulse fluence density directly from the laser is about 0.01 

J/m2 on the sample surface (see Section 1). The pulse intensity can be strongly enhanced by the s-SNOM 

tip. The amount of field enhancement is dependent on the tip-sample distance (ztip) that is changing due to 

the tip-tapping. Note that the tip-sample near-field coupling is much stronger at small tip-sample distances. 

Therefore, we estimate the average tip-sample distance <ztip> by considering the near-field coupling weight 

function 2 exp( )tipq qz− , where q is the near-field wavevector [13]. The weight function describes an 

exponential decay of near-field coupling with increasing tip-sample distance. The near-field wavevector q 

has a range of values. For approximation, we set q to be q0 = 1/a that has the strongest near-field coupling 

[13], where a ≈ 25 ± 5 nm is the radius of the tip apex. Our calculation indicates that the average tip-sample 

distance <ztip> is about 12 nm. In Fig. S12(a), we plot the simulated in-plane field intensity (|Exy|) map with 

ztip = 12 nm. The parameters of the tip in the model were set based on our s-SNOM tip (Arrow NCPT tips 

from NanoAndMore). The frequency is set to be  = 1500 cm-1 that is the peak frequency of our spectral 

range 1100 -1900 cm-1. Unlike the out-of-plane field (Ez), the strongest in-plane field |Exy| appears not 

directly underneath the tip apex, but ~40 nm away [Fig. S12(a)], where |Exy| is enhanced by 35 ± 5 times. 

The uncertainty is mainly due to the modeling parameters of the tip.  

For ABC-3L graphene, 1 is calculated to be about 1.5G0 on average in our spectral range when 

doped with a carrier density of 5.8×1012 cm-2 (Vg - VCN = -80 V), where G0 = e2/4ℏ ≈ 6.08 × 105 Ω-1 is the 

universal optical conductivity. The corresponding optical absorption rate is about 3.4% on average in the 

spectral range. The electronic component of the thermal conductivity is about 100 W/m/K at our 

temperature range [14]. The electronic specific heat Ce is calculated using  ( ) (0)e e eC U T T T=  −  , 

where ( ) ( ) ( )eU T Ef E D E dE


−
=   is the energy of electrons. Our calculation indicates that Ce of trilayer 

graphene is roughly 2-3 times that of single-layer graphene, and it scales with Te
2 at the high-temperature 

regime. We have also considered the heat transfer from hot electrons to strongly coupled optical phonons 

(phonons at the K and  points) in our heat transfer simulations following previous studies [15,16]. The 

simulation results are shown in Fig. S12(b-d). 
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 Figure S12(b) plots the electron temperature (Te, solid red) and optical phonon temperature (Tph, 

solid black) over time right underneath the tip. In Fig. S12(c), we plot the spatial distribution of Te at various 

snapshots of time. Here one can see that the highest Te can be found ~40 nm away from the s-SNOM tip, 

corresponding to the location with the highest in-plane field enhancement. The electronic temperature 

underneath the tip is lower due to the relatively weak |Exy|, but it is still considerably high o the thermal 

transport within the sample plane. Based on Fig. S12(b,c), we estimate the average Te underneath the tip 

over the pulse duration. It reaches as high as ~1600 ± 250 K at full laser power and decreases monotonically 

with reducing laser power P. Close examination indicates that P scales roughly with Te
3, which is consistent 

with the Te
2 scaling of electronic specific heat Ce. The uncertainty in the Te calculations mainly comes from 

the estimation of field enhancement.  

 We have also considered the hypothetic scenario of complete thermal equilibrium of electrons and 

lattices upon laser excitation. In this case, the average temperature of the sample can only be increased by 

~100 K above room temperature. The limited heating is mainly due to the orders of magnitude higher 

specific heat and thermal conductivity of the lattice than the pure electronic components. Therefore, hot 

electrons with average temperature up to 1600 K is indeed due to nonequilibrium heating. 

 

 
FIG S1. Illustration of the s-SNOM, the DFG laser system, and an MCT detector that are connected in a 

Michelson interferometer configuration.   
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FIG. S2. (a) The optical microscopy (OM) image of the FLG sample in the main text. (b) The AFM image 

of the FLG sample region marked with a rectangle in (a). (c) The nano-IR image of the FLG sample region 

marked with a rectangle in (a) taken at 883 cm-1. (d) The AFM topography profiles across the SiO2/1L 

graphene boundary (top panel) and 1L/3L graphene boundary (bottom panel).  

 

 

FIG. S3. The gate-tunable IR phonon resonances of AB-2L, ABCA-4L, and ABCAB-5L graphene. The 

average power is set to be 78 μW, and the labeled voltages are the difference between the gate voltage and 

the charge-neutral voltage Vg -VCN. The red arrows mark the phonon resonance of FLG. The black arrow 

marks the peak frequency of the broad interband resonance of ABCAB-5L graphene. The blue dashed 

curves mark the spectral baseline.  

 

 

FIG. S4. Power-dependent nano-IR spectra of AB-2L, ABCA-4L, and ABCAB-5L graphene at Vg -VCN = 

-80 V. The red arrows mark the phonon resonance. The black arrow marks the peak frequency of the 

interband resonance of ABCAB-5L graphene. The blue dashed curves mark the spectra baseline. 

 



20 
 

 

FIG. S5. The extracted phonon intensity of AB-2L, ABCA-4L, and ABCAB-5L graphene versus laser 

power from the spectra shown in Fig. S4. The red dashed lines are drawn to guide the eyes.  

 

 

Fig. S6. (a) The nano-IR phase spectra () of ABC-3L at different gate voltages (Vg - VCN). (b)-(d), The 

nano-IR phase spectra () of ABC-3L, ABCA-4L, and ABCAB-5L graphene respectively excited with 

different laser power.   
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FIG. S7. Background-subtracted near-field amplitude spectra s() (black) and fitting spectra (red dashed) 

of ABC-3L graphene with various gate voltages (a) and ABC-3L graphene taken with various laser powers 

(b). The phonon resonance at the charge-neutrality point (Vg - VCN = 0 V) is not clearly resolved.  

 

 

FIG. S8. The parameters 0, , and |q| of ABC-3L graphene at various gate voltages Vg - VCN. Here laser 

power was set to be 78 W. The phonon resonance at the charge-neutrality point is not clearly resolved, so 

there is no data point at Vg - VCN = 0 V. 

 

 

FIG. S9. The parameters 0, , and |q| of ABC-3L graphene at various laser powers. Here Vg - VCN was set 

to be -80 V. 

 

 

FIG. S10. Illustration of two types of interband transitions of ABC-3L graphene: type-1 (blue arrows) and 

type-2 (green arrows).  
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Fig. S11. The band structures of 1L (a), ABA-3L (b), ABCA-4L (c), and ABCAB-5L (d) graphene obtained 

from first-principle calculations. The blue arrows mark the key interband transitions responsible for the 

phonon intensity enhancement.  

 

 

FIG. S12. (a) The simulated |Exy| map of ABC-3L graphene on SiO2 under tip enhancement. (b) The 

calculated transient temperature of electrons (red solid) and strongly coupled optical phonons (black solid) 

over time underneath the s-SNOM tip (averaging for r ≤ 25 nm). At t = 0 fs, pulse intensity reaches the 

maximum. (c) The calculated electron temperature at various time delays versus radial distance to the tip 

apex (r). (d) The average electron temperature underneath the tip over the pulse duration versus excitation 

laser power.  
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