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Reviewers' Comments: 

Reviewer #1: 

Remarks to the Author: 

P The manuscript entitled “Imaging quantum pathways of lightwave-driven massless Dirac 

fermions” by Soonyoung Cha et al. presents an interesting work on high harmonic generation 

(HHG) from graphene embedded in a field-effect transistor device. The authors measured HHG 

intensity and polarization as a function of hole doping level, driven by linearly and elliptically 

polarized mid-infrared laser pulses. They showed that multiphoton excitation channels are 

destructively interfered and can be partially closed by tuning the chemical potential. In addition, 

they found that the complex dynamics between the interband and intraband transitions can be 

decoupled, according to the dependence of HHG polarization states on the laser ellipticity. The 

authors suggested that quantum pathways of massless Dirac fermions in graphene can be mapped 

out through HHG spectroscopy. 

The manuscript reports a beautiful experiment, but I have several questions and concerns on the 

viewpoints. 

1. The authors claimed that they observed the lightwave-driven dynamics of massless Dirac 

fermions, but the laser intensity of 3.1 GW/cm2 was adopted in measurement shown in Fig. 2-3. 

Unfortunately it is not in the non-perturbative regime. As displayed in Fig. 1e, the intensity of the 

5th harmonic scales as  5 ∝ 5 @  = 3.1 GW/cm2, in which multiphoton excitation dominates the 

nonlinear current and gives perturbative harmonic generation. The authors may check if the 

experimental observation can be reproduced in the framework of nonlinear optics by taking into 

account the fifth-order susceptibility. 

In the intense laser field regime, strong field ionization, such as Zenner tunneling [Science 356, 

736 (2017); Nature 550, 224 (2017)], the subsequent acceleration of electron-hole pair and 

generalized recollision lead to the emission of high harmonics [Phys. Rev. Lett. 113, 073901 

(2014)]. In this work the laser field strength may not be the primary driving force of Dirac electron 

dynamics, but the multi-photon transitions. 

The enhancement of the 5th harmonic, H5, is attribute to the partial closing of competing 

transition channels due to Pauli blocking. To this extent, the closing of interference channels dose 

not possess lightwave-driven character. Therefore, whether the present finding can be called as 

lightwave-driven Dirac fermions is open to debate, and the authors should give more convincing 

arguments on this. 

2. In Fig. 2c and d, there exists a dip around 2||=0.4eV on the curve of 5 versus chemical 

potential. Why is that? Should this phenomenon be attribute to selectively closing of some 

interference channels, or the jitter of the measurements? Also, note that the dip is absent in Fig. 

S4b, please clarify. 

3. The number of photons involved in multiphoton processes should be an integer. It is 

interesting to notice that the resonance-like profiles of 5 peaks at 2|| 

ph = 3.4. Intuitively, 

the Pauli blocking should take place once 2|| exceeds 3ph. Could the authors give an explanation? 

4. Is there a connection between the linear energy dispersion of the Dirac cone and the 

observed modulation of HHG? If the Dirac band replaced by other types of dispersion, such as 

parabolic band with a narrower bandgap, can the unique ellipticity dependence of HHG still be 

observed? 

5. Some key experimental parameters are not given in the manuscript, such as, dimensions 

of the graphene sample between the electrodes, and the focal spot size of the pump pulses. Will 

the H5 be affected if the focused laser illuminates on the graphene–metal junction? How to 

exclude that influence? 



6. Figure 1e shows that the pump intensity of  =3.1 GW/cm2 can be viewed as a starting 

point where electron dynamics changes from perturbative to non-perturbative. This transition 

region has not been well explored previously, and the competition between the multiphoton 

excitation and lightwave-driven electron dynamics ought to be revealed. I would be happy to see it 

being clarified. 

Reviewer #2: 

Remarks to the Author: 

In their work, Cha et al. present an interesting experimental work on high-harmonic generation 

(HHG) in graphene monolayer, supported by theoretical simulations. They investigate the role of 

chemical doping on the HHG in graphene and demonstrate interesting experimental findings, in 

particular the role of the chemical doping on the polarization state of the emitted harmonics. 

Because of the specific nature of the Dirac cone, the authors show that the interband excitation 

channel can be suppressed in the strong doping case, thus affecting the harmonic emission. 

This work is timely and interesting and deserves publication. However, I find that the authors must 

address some points before the manuscript can be recommended for publication. 

These points are listed below: 

i) I find the title over-claiming the results of the manuscript. What the authors show is at best a 

dependence on the pathways. I felt to see in which aspect they are visualizing them. Especially, 

the understanding of the results can only be made because of the theoretical support, and the 

experiment alone cannot “visualize” anything. 

ii) I think that the explanation of the forbidden excitation channel is related to some prior works. 

In particular, in condensed matter, there is a quantity called the joint-density-of-state, which is 

exactly related to the quantity of available optical transitions. Maybe the authors could refer to this 

quantity and compute it for the different doping, as done for instance in [Phys. Rev. Lett. 118, 

087403 (2017)] or in [Nature Photonics volume 14, pages 183–187 (2020)]. 

iii) While the results are interesting, I find the analysis of the results a bit weak, especially for Fig. 

2. Following the argument in introduction, one would expect an abrupt change of the yield versus 

doping at exactly 2µ/E_ph=1. However, around this value, almost nothing is happening. 

I think that the authors should explain this better. 

iv) The same figure displays a maximum around 3.4, as nicely shown by the authors for various 

samples. However, again, this value is not explained. 

At the moment, we do not know if this value is due to a material’s property, a laser property, or a 

combination of both. 

I think that the simulations here could come at help. The authors could also simulate the results of 

Fig. 2 and try to explain the physical origin of the maximum at 3.4. Which mechanism is dominant 

for instance. In fact, the same plot as Fig. 2c-d, but decomposed into interband and intraband 

could really provide some insights here. 

I would suggest the authors to add this simulations.



1. Reply to Reviewer #1 

Original comment (1): 

General remarks of Reviewer 1: 
The manuscript entitled “Imaging quantum pathways of lightwave-driven massless Dirac 

fermions” by Soonyoung Cha et al. presents an interesting work on high harmonic 

generation (HHG) from graphene embedded in a field-effect transistor device. The authors 

measured HHG intensity and polarization as a function of hole doping level, driven by 

linearly and elliptically polarized mid-infrared laser pulses. They showed that multiphoton 

excitation channels are destructively interfered and can be partially closed by tuning the 

chemical potential. In addition, they found that the complex dynamics between the 

interband and intraband transitions can be decoupled, according to the dependence of HHG 

polarization states on the laser ellipticity. The authors suggested that quantum pathways of 

massless Dirac fermions in graphene can be mapped out through HHG spectroscopy. The 

manuscript reports a beautiful experiment, but I have several questions and concerns on 

the viewpoints. 

 

Our reply: 
We deeply appreciate the referee for her/his effort to review our manuscript. In addition, 

we thank for her/his appreciation of the importance of our work and valuable feedbacks 

which have been tremendously helpful to improve our manuscript. We have addressed 

her/his questions and concerns carefully as below. 

 

Original comment (2): 
1. The authors claimed that they observed the lightwave-driven dynamics of massless Dirac 

fermions, but the laser intensity of 3.1 GW/cm2 was adopted in measurement shown in Fig. 

2-3. Unfortunately it is not in the non-perturbative regime. As displayed in Fig. 1e, the 

intensity of the 5th harmonic scales as ܫுହன  ∝ ௘௫௖ହܫ   exc = 3.1 GW/cm2, in whichܫ @ 

multiphoton excitation dominates the nonlinear current and gives perturbative harmonic 

generation. The authors may check if the experimental observation can be reproduced in 

the framework of nonlinear optics by taking into account the fifth-order susceptibility. In 



the intense laser field regime, strong field ionization, such as Zenner tunneling [Science 

356, 736 (2017); Nature 550, 224 (2017)], the subsequent acceleration of electron hole pair 

and generalized recollision lead to the emission of high harmonics [Phys. Rev. Lett. 113, 

073901 (2014)]. In this work the laser field strength may not be the primary driving force 

of Dirac electron dynamics, but the multi-photon transitions. The enhancement of the 5th 

harmonic, H5, is attribute to the partial closing of competing transition channels due to 

Pauli blocking. To this extent, the closing of interference channels does not possess 

lightwave-driven character. Therefore, whether the present finding can be called as 

lightwave-driven Dirac fermions is open to debate, and the authors should give more 

convincing arguments on this. 

 

Our reply:  
We appreciate the reviewer for her/his critical comment on the interpretation of our 

experimental results. We totally agree with the reviewer that enhancement of ܫுହன through 

multi-photon transitions can be well-explained by light-matter interaction in the 

perturbative regime. However, although it is not completely in the non-perturbative regime, 

our results at 3.1 GW cm-2 reports emerging new features in HHG which cannot be 

explained by the perturbative electron dynamics. 

 

First of all, our apology for the unclear presentation of Fig. 1e in the previous version. For 

the laser intensity of 3.1 GW cm-2 and its neighboring intensity range, the 5th harmonic 

intensity roughly scales as ܫுହன  ∝ ଼.௘௫௖~ଷܫ   (Fig. R1), which indicates the light-matter 

interaction is deviating from the perturbative regime. We have added a black arrow to 

indicate the specific data point clearly in the log-log plot in the revised manuscript. 

 



 
Figure. R1. Intensity of the fifth harmonics as a function of the laser peak intensity ܋ܠ܍ࡵ. a, ୣܫ ୶ୡ-dependent harmonic intensity under ୣܫ ୶ୡ from 1.8 to 55 GW cm-2. Black 

arrow indicates ୣܫ ୶ୡ of 3.1 GW cm-2. b, ୣܫ ୶ୡ-dependent harmonic intensity near ୣܫ ୶ୡ  = 

3.1 GW cm-2. Intensity of the fifth harmonics scales to the ~ 3.8 order of ୣܫ ୶ୡ. 
 

In addition, under elliptically polarized excitation, the polarization axis of the 5th harmonics 

rotates as the laser intensity increases from 2.4 GW cm-2 to 10.1 GW cm-2 (Fig. 1g) while 

the ellipticity of the laser pulse is fixed at 0.3. This rotation of the polarization axis is clear 

indication of the non-perturbative response at 3.1 GW cm-2. In nonlinear optics in the 

perturbative regime, where the fifth-order susceptibility are independent on the laser 

intensity, the polarization axis cannot rotate as the intensity increases. We assume that the 

perturbative contribution from higher-order susceptibility on the fifth harmonic generation 

is negligible considering more than an order magnitude weaker 7th harmonic generation as 

shown in Fig. 1d which is taken even at 50 GW cm-2. 

 

In the perturbative nonlinear optics, the intensity of a fifth harmonic signal ܫ௜ሺ5ωሻ under 

laser-field ܧሺωሻ can generally be calculated by the following equation 

௜ሺ5ωሻܫ ∝ ቚ ௜ܲሺହሻሺ5ωሻቚଶ ∝ ቮ ෍ ߯௜௝௞௟௠௡ሺହሻ௝௞௟௠௡ ሺ5ωሻܧ௝ሺωሻܧ௞ሺωሻܧ௟ሺωሻܧ௠ሺωሻܧ௡ሺωሻቮଶ 



where ௜ܲሺହሻ(5ω) is a induced nonlinear polarization at 5ω and ߯௜௝௞௟௠௡(ହ)  is the component of 

fifth-order nonlinear susceptibility tensor. In our HHG set up in the transmission geometry, 

Ez becomes zero, which simplifies all components as follows 

ቆ ௫ܲ෩ܲ௬෩ ቇ = ቀ߯௫௫௫௫௫௫ ߯௫௬௬௬௬௬ ߯௫௫௬௬௬௬     ߯௫௫௫௬௬௬ ߯௫௫௫௫௬௬ ߯௫௫௫௫௫௬߯௬௫௫௫௫௫ ߯௬௬௬௬௬௬ ߯௬௫௬௬௬௬     ߯௬௫௫௬௬௬ ߯௬௫௫௫௬௬ ߯௬௫௫௫௫௬ቁ
ۈۉ
ۇۈۈۈ

ۋی௬ܧ௫ସܧ௬ଶܧ௫ଷܧ௬ଷܧ௫ଶܧ௬ସܧ௫ܧ௬ହܧ௫ହܧ
 .ۊۋۋۋ

௫ܲ෩  and ௬ܲ෩  are the fifth harmonic polarization along x-axis and y-axis, respectively, which 

can be expressed with the following equations 

௫ܲ෩ = ௫ܲ݁௜ఋೣ 

௬ܲ෩ = ௬ܲ݁௜ఋ೤ 

where ௫ܲ( ௬ܲ) and ߜ௫(ߜ௬) are magnitude and phase of the polarization along x-axis (y-axis), 

respectively. In the case of the laser excitation of ellipticity ߳, Ey can be replaced to (݅߳)Ex  

ቆ ௫ܲ෩ܲ௬෩ ቇ = ቀ߯௫௫௫௫௫௫ ߯௫௬௬௬௬௬ ߯௫௫௬௬௬௬     ߯௫௫௫௬௬௬ ߯௫௫௫௫௬௬ ߯௫௫௫௫௫௬߯௬௫௫௫௫௫ ߯௬௬௬௬௬௬ ߯௬௫௬௬௬௬     ߯௬௫௫௬௬௬ ߯௬௫௫௫௬௬ ߯௬௫௫௫௫௬ቁ
ۈۉ
ۇۈۈ

ۋی௫ହܧ௫ହ(݅߳)ଵܧ௫ହ(݅߳)ଶܧ௫ହ(݅߳)ଷܧ௫ହ(݅߳)ସܧ௫ହ(݅߳)ହܧ
 ۊۋۋ

௫ܲ෩  and ௬ܲ෩  are represented by tensor components and Ex 

௫ܲ෩ = (߯௫௫௫௫௫௫ + ߯௫௬௬௬௬௬(݅߳)ହ + ߯௫௫௬௬௬௬(݅߳)ସ + ߯௫௫௫௬௬௬(݅߳)ଷ + ߯௫௫௫௫௬௬(݅߳)ଶ +߯௫௫௫௫௫௬(݅߳))ܧ௫ହ. 

௬ܲ෩ = ቀ߯௬௫௫௫௫௫ + ߯௬௬௬௬௬௬(݅߳)ହ + ߯௬௫௬௬௬௬(݅߳)ସ + ߯௬௫௫௬௬௬(݅߳)ଷ + ߯௬௫௫௫௬௬(݅߳)ଶ +߯௬௫௫௫௫௬(݅߳)ቁܧ௫ହ. 

 

Therefore, both relative magnitude and phase of ௫ܲ෩  and ௬ܲ෩  do not change over laser 

intensity. For elliptical polarization, angle of the major polarization axis ߠ can be expressed 

with ௫ܲ , ௬ܲ , and relative phase ߜ between ௫ܲ  and ௬ܲ ߜ)  = ௬ߜ −௫ߜ ) [Hecht, E. Optics 

(Pearson, 2017)] 



tan 2θ =  2 ௫ܲ ௬ܲܿߜݏ݋( ௫ܲ)ଶ  −  ( ௬ܲ)ଶ = 2( ௫ܲ/ ௬ܲ)ܿߜݏ݋( ௫ܲ/ ௬ܲ)ଶ  − 1  

Thus, this indicates that the polarization axis of high harmonics cannot rotate over intensity 

in the perturbative regime. 

  

More interestingly, in Fig. 3b and 3c, rotation direction of the polarization axis (either 

clockwise or counter-clockwise) can be controlled by the helicity of the elliptically 

polarized laser (i.e. the relative phase of the laser fields along the x- and y-directions). 

 

Therefore, we believe that the non-perturbative electron dynamics significantly contribute 

to our experimental data (Fig. 2 and 3) measured at 3.1 GW cm-2 although the perturbative 

electron dynamics such as the multi-photon transitions contributes strongly as well. 

However, we totally agree with the reviewer that more rigorous studies including 

systematic control of carrier envelop phase (CEP) of the laser field are required to claim 

our observed phenomena as the lightwave-driven phenomena. We have removed our 

expression “lightwave-driven” referring to our observed phenomena in graphene and 

included the discussion above in the revised main text and supplementary information 

following the reviewer’s comment. 

 

Original comment (3): 

2. In Fig. 2c and d, there exists a dip around 2|0.4 = |ߤ eV on the curve of ܫ௫ହன versus 

chemical potential. Why is that? Should this phenomenon be attribute to selectively closing 

of some interference channels, or the jitter of the measurements? Also, note that the dip is 

absent in Fig. S4b, please clarify. 

 

Our reply:  
We thank the reviewer for her/his effort to carefully check our experimental data and 

provide us valuable comments which encourage us to obtain deeper understanding on the 

chemical potential dependence of the 5th harmonic signal. In fact, experimental data in Fig. 

2 and Fig. S4 are taken from two different samples. Despite being taken under the similar 

laser intensity, the samples exhibit slightly different features including the presence of a 



dip-like profile around 2|0.4 = |ߤ eV as the reviewer points out. We observe that the dip-

like profiles are also occasionally observed in other samples (Fig. R2). The dip-like profiles 

around 2|0.4 = |ߤ eV shown in Fig. 2c is observed in sample 1 and 2, but not in sample 3 

and 4. This implies that quality of ion-gel or graphene grown by chemical vapor deposition 

(CVD) might affect the detailed features in the curve of ܫ௫ହன versus chemical potential. 

 

 
Figure. R2. ࣆ-dependent HHG for various samples under linearly-polarized 

excitation. Normalized harmonic intensity versus 2|ߤ| taken from four different 

samples under linearly-polarized excitation with ܧ୮୦  of 0.28 eV. All data are 

acquired under same experimental conditions as the measurement for Fig. 2c. The 

dip-like profiles around 2|0.4 = |ߤ eV shown in Fig. 2c is observed in sample 1 and 

2, but not in sample 3 and 4. 

 

Interestingly, our theoretical calculation (Fig. R3) also shows a dip-like profile around at 

similar chemical potential. As dephasing time T2 decreases from 4 fs to 2 fs, the dip-like 

profile becomes more pronounced while the resonance-like profile (originating from 

channels via multiphoton transitions) is heavily suppressed. In fact, the theoretical 

calculation reveals that two characteristic profiles are combined in ܫ௫ହன as a function of 

chemical potential: the resonance-like profile at 2|μ|/ܧ௣௛ = 3.4 and the plateau-like profile 

at 2|μ|/ܧ௣௛ < 2. While the resonance-like profile is originated from multi-photon transition 

channels, the physical origin of the plateau-like profile is not clear at the moment. 

Identifying the physical origin of this profile requires comprehensive experimental and 

theoretical investigation with systematic control of laser intensity and sample qualities 



which will allow to quantify and to control dephasing time. Although this will be certainly 

of our future interest, unfortunately, this goes beyond the scope of the current study. We 

have included the discussion above in the main text and the supplementary information of 

the revised manuscript. 

 

 
Figure. R3. Calculated ࣆ-dependent HHG with different dephasing time (T2). 

Harmonic intensity is given by ۸୲୭୲(τ) = ۸(τ) = ∑ Tr ቂபୌܓ(ಜ)பܓ ρܓ(τ)ቃ୩ . Note that the 

intensity is I(ω) ~ ωଶ|۸(ω)|ଶ  with ۸(ω) = ∫ dτ۸(τ)e୧னத  from the Fourier 

transformation. The spectral weight is then defined to be I୬୲୦ = ∫ dωI(ω)(୬ା଴.ହ)ன౛౮ౙ(୬ି଴.ହ)ன౛౮ౙ  

for the nth order harmonic intensity. Harmonic intensity is calculated with T2 of 4 fs 

(blue curve), 3 fs (red curve) and 2 fs (black curve). 

 

Original comment (4): 
3. The number of photons involved in multiphoton processes should be an integer. It is 

interesting to notice that the resonance-like profiles of ܫ௫ହன peaks at ଶ|ஜ| ா೛೓  = 3.4. Intuitively, 

the Pauli blocking should take place once 2|ߤ| exceeds 3ܧph. Could the authors give an 

explanation? 

 

Our reply: 



We appreciate the reviewer for raising this important question on the resonance-like profile 

of ܫ௫ହன which shows the maximum intensity at  2|μ|/ܧ௣௛ = non-integer. As the reviewer 

points out, the number of photons involved in multiphoton transition processes is an integer 

which will show series of multiple sharp resonance-like profiles at 2|μ|/ܧ௣௛ = n (n is an 

integer). In the perturbative regime without considering the scattering process, such profile 

has been theoretically predicted for ܫ௫ହன  by the recent theoretical study [PRB 99, 

195407(2019)], which we have drawn in Fig. R4 using their results. 
 

 
Figure. R4. Perturbative theoretical calculation of ࣑(૞)  without considering 

scattering process. The fifth harmonic susceptibility of graphene ߯(ହ)  versus 

 ௣௛ is calculated without any broadening contributions, exhibiting series ofܧ/|ߤ|2

sharp resonance-like profiles at 2|ܧ/|ߤ௣௛ = n. 

 

However, intense laser excitation creates high density of photocarriers in graphene, which 

enables rapid electron scattering process. Then, series of sharp resonance-like profiles can 

be drastically broadened and merged together, forming one resonance-like profile located 

at 2|μ|/ܧ௣௛  = non-integer. For example, even in the perturbation regime, the recent 

experimental and theoretical results [Fig. 4c in Nature Photonics 12, 430–436 (2018) and 

New J. Phys. 16, 053014 (2014)] shows that the 3rd harmonic intensity becomes the highest 

when 2|μ|/ܧ௣௛ is away from 2. 



 

In order to investigate such possibility for ܫ௫ହன in our case, we have theoretically calculated 

5th harmonic intensity as a function of chemical potential (Fig. R5) by employing quantum 

master equation which fully takes into account electronic scattering processes under strong 

laser field. Fig. R5b and R5c show how massless Dirac states around the Dirac point in the 

momentum space contributes to generate 5th harmonic current ܬ௫ହன  in graphene under 

linearly polarized excitation along the x-direction (ܧ୶). Dashed lines are constant energy 

contours on a Dirac cone, which describes electronic states vertically separated by energy ݉ܧ୮୦. m is an integer. Real and imaginary parts of ܬ௫ହன (Fig. R5b and R5c, respectively) 

are most strongly generated from Dirac states in the region between 2ܧ୮୦  and 4ܧ୮୦ . 

Depending on the photon number required for multi-photon transitions and the azimuthal 

angle, Dirac states generate ܬ௫ହன  with characteristic sign and magnitude, which 

destructively interfere when radiating ܫ௫ହன. As  2|μ| increases, Pauli blocking sequentially 

disables contribution from the Dirac states starting from near the Dirac point to higher 

energy. As shown in Fig. R5a, ܫ௫ହன  increases as the destructive interference is partly 

eliminated while ܫ௫ହன eventually disappears as all the resonant Dirac states are disabled. 

Our theoretical calculation (Fig. R5a) also shows that the maximum intensity is exhibited 

around at 2|μ|/ܧ௣௛  = 3.4, which is the most common value for 2|μ|/ܧ௣௛  in our 

experimental data (Fig.S5). We have included the discussion above in the revised 

manuscript. 

 

 



Figures. R5. Theoretical calculation of the fifth harmonic intensity and current 
amplitude in the momentum space. a, Calculated fifth harmonic intensity as a 

function of 2|ܧ/|ߤ௣௛ under linearly-polarized excitation with ୣܫ ୶ୡ of 3.1 GW cm-2. b 

and c, (b) Real part and (c) imaginary part of 5th harmonic current ܬ௫ହன generated by 

Dirac states around Dirac point in the momentum space. The red (blue) color represents 

for positive (negative) values. Dashed lines are constant energy contours on a Dirac 

cone, which describe the conduction band states vertically separated by nܧ୮୦ from the 

valence band. 

 

Original comment (5): 
4. Is there a connection between the linear energy dispersion of the Dirac cone and the 

observed modulation of HHG? If the Dirac band replaced by other types of dispersion, 

such as parabolic band with a narrower bandgap, can the unique ellipticity dependence of 

HHG still be observed? 

 

Our reply: 
We appreciate the reviewer for her/his critical question on a connection between the linear 

energy dispersion and the ellipticity dependence of HHG in graphene. In the regime where 

carriers are dominantly excited by multi-photon transitions, our studies show that the 

ellipticity dependence of HHG originates from the nonlinear coupling between interband 

and intraband transitions. For the linear energy band dispersion from ܪ = ߪிݒ± ∙ ࢑ , 

linearly polarized laser-field along the x-direction (ܧ୶ ) excites charge carriers in the 

peculiar anisotropic distribution in the momentum space as shown in Fig. 4a and 4b, which 

reflects the transition dipole moment texture of massless Dirac fermion (Fig. 4c). Under 

elliptically polarized laser-field, additional laser-field along the y-direction with a phase 

delay of 2/ߨ (ܧ୷) can modify the anisotropic distribution by driving charge carriers within 

the same bands. Our theoretical calculation (Fig. 4f) shows that this pathway (ܯ୶୧୬୲ୣ୰ + ܯ୷୧୬୲୰ୟ) can generate ܫ୷ efficiently. 

 



In order to answer the reviewer’s question, we have investigated the ellipticity dependence 

of HHG from the “massive” Dirac fermions by introducing a gap of ~ 600 meV which 

corresponds to ~ 2.2ܧ୮୦. ܧ୮୦ is the photon energy of laser excitation in our experiment. 

Both the linear band dispersion (black solid line in Fig. R6c) and the anisotropic transition 

dipole moment texture (Fig. R6d) are relaxed in the cases of “massive” Dirac fermions 

(blue solid line in Fig. R6c and Fig. R6e). Under the same laser intensity and ellipticity, 

massive Dirac fermions generates significantly smaller ܫ୷ (red solid line in Fig. R6b) in 

comparison to massless Dirac fermions (red solid line in Fig. R6a). This indicates that the 

observed ellipticity dependence of HHG is strongly connected to the linear band dispersion. 

However, we note that considerable amount of ܫ୷ can be still generated even from massive 

Dirac fermions. This is potentially because the anisotropy of the transition dipole moment 

texture (Fig. R6e) is not completely relaxed. 

 

 
Figure R6. Comparison between massless Dirac fermions and massive Dirac 
fermions. a and b, Calculated fifth harmonic intensity as a function of εexc on massless 



Dirac Hamiltonian with 2|2.2 = |ߤEph (a) and massive Dirac Hamiltonian with Eg = 

2.2Eph (b). c, The Band dispersion of massless Dirac fermions (black curve) which is 

linear and massive Dirac fermion (blue curve). d and e, Transition dipole texture of 

massless (d) and massive (e) Dirac dispersion.  

 

In principle, we suspect that similar ellipticity dependence of HHG might be observable 

from parabolic bands with a narrow bandgap if their transition dipole moment exhibits 

strong anisotropy like massless Dirac fermions. However, detailed information of 

wavefunctions and crystal structures is required in order to search for such a system, which 

is unfortunately beyond the scope of the current work. On the other hand, in stronger field 

regime where charge carriers are driven in light-induced semi-metallized band structure 

under extremely strong laser-field, the previous work [Phys. Rev. B 94, 241107 (2016)] 

shows that even parabolic bands can efficiently generate ܫ୷  under elliptically polarized 

excitation. 

 

Therefore, in the revised manuscript, we have changed our expression “unique mechanism 

for massless Dirac fermions” to “characteristic mechanism for massless Dirac fermions” 

in order to address the reviewer’s concern. 

 

Original comment (6): 
5. Some key experimental parameters are not given in the manuscript, such as, dimensions 

of the graphene sample between the electrodes, and the focal spot size of the pump pulses. 

Will the H5 be affected if the focused laser illuminates on the graphene–metal junction? 

How to exclude that influence? 

 

Our reply:  
We appreciate the reviewer for her/his effort to carefully check our experimental 

configuration. Following the reviewer’s comments, we have included information about 

dimension of the graphene samples and the focal spot size of pump pulses in the revised 



manuscript. The mid-infrared pulse is focused on graphene by a ZnSe objective lens, and 

the spot size of the pulse is measured as 150 ߤm (full width at half-maximum of intensity, 

FWHM) by using knife-edge method. Our graphene device is shown in the Fig. R7 below. 

The size of graphene device is typically a few millimeters by a few millimeters, which is 

wide enough to avoid the graphene-metal junction being illuminated by focused laser. 

During the experiment, the mid-infrared laser beam is illuminated roughly at the center of 

graphene devices by monitoring position of a guiding HeNe laser (632 nm) beam spot 

which propagates along the same optical path of mid-infrared laser. 

 

 
 

Figure. R7.  Image of the graphene device on the slide glass. Graphene is located 

between the source and drain contact, surrounded by red lines. 

 

Original comment (7): 

6. Figure 1e shows that the pump intensity of ܫexc = 3.1 GW/cm2 can be viewed as a starting 

point where electron dynamics changes from perturbative to non-perturbative. This 

transition region has not been well explored previously, and the competition between the 

multiphoton excitation and lightwave-driven electron dynamics ought to be revealed. I 

would be happy to see it being clarified. 

 



Our reply: 
We appreciate the reviewer for providing us an invaluable comment that our pump intensity 

can be considered as a transitioning point where electron dynamics change from 

perturbative to non-perturbative. In the perturbative regime, generation of 5th harmonic can 

be explained mostly by resonances from multi-photon interband transitions. However, as 

the laser intensity increases, high harmonics starts showing distinctive features which 

cannot be explained by the perturbative electron dynamics. At ܫexc = 3.1 GW cm-2, charge 

carriers in graphene are still dominantly excited by multiphoton interband transitions while 

a nonlinear coupling with intraband transitions plays an important role to generate high 

harmonics. Multi-photon transitions excite charge carriers in a specific distribution in the 

momentum space, which is subsequently driven by intraband dynamics. In graphene, this 

coupling enables efficient generation of high harmonics under elliptically polarized laser-

field, which drastically rotates polarization axis of 5th harmonics following the helicity of 

the laser pump. 

 

As the laser intensity increases further, we would expect that charge carriers are excited 

dominantly by Zener tunneling [Nature 550, 224–228 (2017), Phys. Rev. B 94, 241107 

(2016), Phys. Rev. Lett. 116, 016601 (2016)] or light-induced semi-metallized band 

structure [Rev. B 94, 241107 (2016), Phys. Rev. Lett. 116, 016601 (2016)]. Chemical 

potential dependence of HHG at higher laser intensity will allow to investigate how charge 

carriers excited by different mechanisms interfere each other. Unfortunately, such 

investigation is experimentally challenging at this moment due to the long-term laser 

damage issue as shown in Fig. S2. HHG study with fewer cycle laser pulses can help to 

address the laser damage issue, which is of our future interest. We have included the 

discussion above in the introduction and conclusion parts of the revised manuscript. 

 

2. Reply to Reviewer #2 

Original comment (1): 
In their work, Cha et al. present an interesting experimental work on high-harmonic 

generation (HHG) in graphene monolayer, supported by theoretical simulations. They 

investigate the role of chemical doping on the HHG in graphene and demonstrate 



interesting experimental findings, in particular the role of the chemical doping on the 

polarization state of the emitted harmonics. Because of the specific nature of the Dirac 

cone, the authors show that the interband excitation channel can be suppressed in the strong 

doping case, thus affecting the harmonic emission. This work is timely and interesting and 

deserves publication. However, I find that the authors must address some points before the 

manuscript can be recommended for publication. These points are listed below: 

 

Our reply: We deeply appreciate the referee for her/his effort to review our manuscript. 

In addition, we thank for her/his appreciation of the importance of our work and valuable 

comments on the experimental and theoretical results which have been tremendously 

helpful to improve our manuscript. We have addressed her/his questions and concerns 

carefully as below. 

 

Original comment (2): 
1. I find the title over-claiming the results of the manuscript. What the authors show is at 

best a dependence on the pathways. I felt to see in which aspect they are visualizing them. 

Especially, the understanding of the results can only be made because of the theoretical 

support, and the experiment alone cannot “visualize” anything. 

 

Our reply:  

We appreciate the reviewer for her/his critical comment on the title of our manuscript. We 

agree with the reviewer that our expressions such as “imaging” or “visualizing” would not 

be appropriate. Although our experimental results combined with the theoretical support 

provide critical information to resolve pathways of high harmonic generation in graphene, 

we do not physically image their trajectory either in the momentum space or the real space. 

Following the reviewer’s comment, we have changed the title of our manuscript to ‘Gate-

tunable quantum pathways of high harmonic generation in graphene’ and revised all the 

related descriptions in the main text. 

 



Original comment (3): 
2. I think that the explanation of the forbidden excitation channel is related to some prior 

works. In particular, in condensed matter, there is a quantity called the joint-density-of-

state, which is exactly related to the quantity of available optical transitions. Maybe the 

authors could refer to this quantity and compute it for the different doping, as done for 

instance in [Phys. Rev. Lett. 118, 087403 (2017)] or in [Nature Photonics volume 14, pages 

183–187 (2020)]. 

 

Our reply:  
We appreciate for the reviewer’s suggestion to improve our explanation on the observed 

phenomena by using a quantity such as the joint-density-of-states (JDOS). For linear 

optical process, JDOS is simply proportional to E from the Dirac point in graphene [J. 

Phys. Soc. Jpn. 75, 074716 (2006)]. However, for high-order nonlinear optical processes 

like 5th harmonic generation in our study, calculating JDOS can be quite complicated due 

large number of intermediate states involved in high-order electronic processes. 

Furthermore, even for given energy separation (E) between valence and conduction bands, 

electronic states can generate nonlinear current differently depending on their exact 

azimuthal positions in the momentum space due to transition dipole moment, for example, 

as shown in Fig.4a and 4b. 

 

In order to address the reviewer’s comment, we have theoretically calculated map of ܬ௫ହன 

in the momentum space (Fig. R1b and R1c) which describes how massless Dirac states 

contributes to generate 5th harmonic current ܬ௫ହன  in graphene under linearly polarized 

excitation along the x-direction (ܧ୶). Dashed lines are constant energy contours on a Dirac 

cone, which describes electronic states vertically separated by energy ݉ܧ୮୦  (m is an 

integer). Real and imaginary parts of ܬ௫ହன  (Fig. R1b and R1c, respectively) are most 

strongly generated from Dirac states in the region between 2ܧ୮୦ and 4ܧ୮୦. Depending on 

the photon number required for multi-photon transitions and the azimuthal angle, Dirac 

states generate ܬ௫ହன with characteristic sign and magnitude, which destructively interfere 

when radiating ܫ௫ହன. As  2|μ| increases, Pauli blocking sequentially disables contribution 



from the Dirac states starting from near the Dirac point to higher energy. As shown in Fig. 

R1a, ܫ௫ହன increases as the destructive interference is partly eliminated while ܫ௫ହன eventually 

disappears as all the resonant Dirac states are disabled. Our theoretically calculated result 

(Fig. R1a) shows excellent agreement with our experimental data (Fig. 2c). Following the 

reviewer’s comment, we have included the discussion above in the revised manuscript in 

order to improve our explanation on how forbidden channels contribute to HHG in 

graphene. 

 

 
Figure. R1. Theoretical calculation of the fifth harmonic intensity and current 
amplitude in the momentum space. a, Calculated fifth harmonic intensity as a 

function of 2|ܧ/|ߤ௣௛ under linearly-polarized excitation with ୣܫ ୶ୡ of 3.1 GW cm-2. b 

and c, (b) Real part and (c) imaginary part of 5th harmonic current ܬ௫ହன generated by 

Dirac states around Dirac point in the momentum space. The red (blue) color represents 

for positive (negative) values. Dashed lines are constant energy contours on a Dirac 

cone, which describe the conduction band states vertically separated by nܧ୮୦ from the 

valence band. 

 

Original comment (4): 
3. While the results are interesting, I find the analysis of the results a bit weak, especially 

for Fig. 2. Following the argument in introduction, one would expect an abrupt change of 

the yield versus doping at exactly 2µ/Eph=1. However, around this value, almost nothing is 

happening. I think that the authors should explain this better.  



 

Our reply: 
We are grateful for the reviewer’ suggestion to improve the analysis of our experimental 

results on chemical potential dependence of 5th harmonics intensity. As the reviewer points 

out, one photon transition does excite tremendous number of charge carriers, which can be 

blocked when 2|μ|/ܧ௣௛ = 1. However, only small fraction of these photo-excited carriers 

participates to generate 5th harmonics through series of interband or intraband transitions 

across all electronic states in the momentum space. Instead, carrier excitation via multi-

photon transitions can provide more efficient pathways to generate 5th harmonics as the 

recent theoretical study [PRB 99, 195407(2019)] demonstrates. In the perturbation regime, 

Fig. R2 shows susceptibility for 5th harmonics generation as a function of chemical 

potential. Contribution from one photon transition is drastically weaker than three- or four-

photon transitions. 

 

 
Figure. R2. Perturbative theoretical calculation of ࣑(૞)  without considering 

scattering process. The fifth harmonic susceptibility of graphene ߯(ହ)  versus 

 ௣௛ is calculated without any broadening contributions, exhibiting series ofܧ/|ߤ|2

sharp resonance-like profiles at 2|ܧ/|ߤ௣௛ = n. 

 



Furthermore, as schematically shown in Fig. R3, our mid-infrared excitation laser has 

many-cycles of laser-field. Before reaching sufficiently strong laser-field in the middle of 

the pulse, where supposedly the 5th harmonic is most strongly generated, first few cycles 

of laser-field can create large number of background photocarriers which effectively 

increase doping in graphene even when “static” chemical potential is placed at the Dirac 

point. For this reason, we believe that we do not observe any abrupt change at 2|μ|/ܧ௣௛ = 

1. We have included the discussion above in the revised manuscript. 

 

 
Figure. R3. Temporal profile of the laser pulse employed as excitation source. 
Estimated temporal profile of electric field for excitation laser pulse. Difference 

frequency generation serves multi-cycle mid-infrared pulses with pulse width of 120 

fs and Eph of 0.28 eV. 

 

Original comment (5): 
4. The same figure displays a maximum around 3.4, as nicely shown by the authors for 

various samples. However, again, this value is not explained. At the moment, we do not 

know if this value is due to a material’s property, a laser property, or a combination of both. 

I think that the simulations here could come at help. The authors could also simulate the 

results of Fig. 2 and try to explain the physical origin of the maximum at 3.4. Which 

mechanism is dominant for instance. In fact, the same plot as Fig. 2c-d, but decomposed 



into interband and intraband could really provide some insights here. I would suggest the 

authors to add this simulations. 

 

Our reply:  

We appreciate the reviewer for this important comment which encourages us to provide 

deeper understanding on 5th harmonic generation, which is tremendously helpful to 

improve our manuscript. Following the reviewer’s suggestion, we have theoretically 

calculated ܬ௫ହன from Dirac states in the momentum space which are decomposed to separate 

contributions from interband and intraband transitions (Fig. R4). Both interband and 

intraband transitions participate actively in 5th harmonic generation. Intensity of 5th 

harmonic generation is determined by summation of ܬ௫ହன from all the Dirac states. Fig. R4 

shows intensity of 5th harmonic generation as a function of chemical potential (black solid 

line). The resonance-like profile around at 2|μ|/ܧ௣௛  = 3.4 is largely originated from 

interband transitions (red solid line) instead of intraband transition (blue solid line). 

 

 
Figure. R4. Calculated harmonic intensity as a function of 2|ࣆ|/԰ࢎ࢖ࡱ. Harmonic 

intensity is decomposed into harmonics from interbnad transition, I୧୬୲ୣ୰ (red curve) 

and harmonics from intraband transition, I୧୬୲୰ୟ  (blue curve). I୧୬୲ୣ୰  and I୧୬୲୰ୟ  are 

obtained from the ۸୧୬୲ୣ୰(τ) = ∑ Tr ቂபୌܓ(ಜ)பܓ ρܓ(୭୤୤ିୢ୧ୟ୥)(τ)ቃ୩  , and the ۸୧୬୲୰ୟ(τ) =∑ Tr ቂபୌܓ(ಜ)பܓ ρܓ(ୢ୧ୟ୥)(τ)ቃ୩ , respectively. The full harmonic emission, I୲୭୲, is given by, 



۸୲୭୲(τ) = ۸(τ) = ∑ Tr ቂபୌܓ(ಜ)பܓ ρܓ(τ)ቃ୩  with the following relation ρܓ(τ) =ρܓ(୭୤୤ିୢ୧ୟ୥)(τ) + ρܓ(ୢ୧ୟ୥)(τ) . Note, the intensity is I(ω) ~ ωଶ|۸(ω)|ଶ  with ۸(ω) =∫ dτ۸(τ)e୧னத  from the Fourier transformation and similar manner for ۸୧୬୲ୣ୰/୧୬୲୰ୟ(ω). The spectral weight is then defined to be I୬୲୦ = ∫ dωI(ω)(୬ା଴.ହ)ன౛౮ౙ(୬ି଴.ହ)ன౛౮ౙ  

for the nth order harmonic intensity. 

 

In fact, interband transition via multi-photon excitation are expected to exhibit series of 

multiple sharp resonance-like profiles at 2|μ|/ܧ௣௛ = n (n is an integer). In the perturbative 

regime without considering the scattering process, such profile has been theoretically 

predicted for ܫ௫ହன by the recent theoretical study [PRB 99, 195407(2019)], which we have 

drawn in Fig. R2. 

 

However, intense laser excitation creates high density of photocarriers in graphene, which 

enables rapid electron scattering process. Then, series of sharp resonance-like profiles can 

be drastically broadened and merged together, forming one resonance-like profile located 

at 2|μ|/ܧ௣௛  = non-integer. For example, even in the perturbation regime, the recent 

experimental and theoretical results [Fig. 4c in Nature Photonics 12, 430–436 (2018) and 

New J. Phys. 16, 053014 (2014)] shows that the 3rd harmonic intensity becomes the highest 

when 2|μ|/ܧ௣௛ is away from 2. 

 

In order to investigate such possibility for ܫ௫ହன in our case, we have theoretically calculated 

5th harmonic intensity as a function of chemical potential (Fig.R1) by employing quantum 

master equation which fully takes into account the scattering process. Fig. R1 shows how 

massless Dirac states around the Dirac point in the momentum space contributes to 

generate 5th harmonic current ܬ௫ହன in graphene under linearly polarized excitation along the 

x-direction (ܧ୶ ). Dashed lines are constant energy contours on a Dirac cone, which 

describes electronic states vertically separated by energy ݉ܧ୮୦(m is an integer). Real and 

imaginary parts of ܬ௫ହன (Fig. R1b and R1c, respectively) are most strongly generated from 



Dirac states in the region between 2ܧ୮୦  and 4ܧ୮୦ . Depending on the photon number 

required for multi-photon transitions and the azimuthal angle, Dirac states generate ܬ௫ହன 

with characteristic sign and magnitude, which destructively interfere when radiating ܫ௫ହன. 

As  2|μ|  increases, Pauli blocking sequentially disables contribution from Dirac states 

starting from near the Dirac point to higher energy. As shown in Fig. R1, ܫ௫ହன increases as 

the destructive interference is partly eliminated while ܫ௫ହன eventually disappears as all the 

resonant Dirac states are disabled. Our theoretical calculation (Fig. R1a) also shows that 

the maximum intensity is exhibited around at 2|μ|/ܧ௣௛ = 3.4, which is the most common 

value for 2|μ|/ܧ௣௛ in our experimental data. We have included the discussion above in the 

revised manuscript. 



Reviewers' Comments: 

Reviewer #1: 

Remarks to the Author: 

In their revised manuscript, the authors carefully revisited the interpretations of their experimental 

findings. The authors did clarify many of my concerns. In my opinion, they have positively 

increased the scope of their work by clarifying the ultrafast dynamics of the messless Dirac 

fermions in gate tunable graphene. They also elucidated the interference between quantum 

pathways beyond the perturbative regime, in which both interband and intraband transition can be 

effectively coupled under elliptically polarized strong laser fields. 

Their work will be highly interesting to the solid-HHG community and will stimulate series of works 

on the study of laser-field-driven dynamics with an extra gate control. As such, I recommend 

publication of the present manuscript in Nature Communications. 

Reviewer #2: 

Remarks to the Author: 

The authors have revised their manuscript taking into account the comments of both reviewers. I 

believe that the revised manuscript have addressed all my previous comments, and I am happy to 

recommend it publication.



REVIEWER COMMENTS 
 
1. Reply to Reviewer #1 

Original comment (1): 

General remarks of Reviewer 1: 
In their revised manuscript, the authors carefully revisited the interpretations of their 

experimental findings. The authors did clarify many of my concerns. In my opinion, they 

have positively increased the scope of their work by clarifying the ultrafast dynamics of 

the massless Dirac fermions in gate tunable graphene. They also elucidated the interference 

between quantum pathways beyond the perturbative regime, in which both interband and 

intraband transition can be effectively coupled under elliptically polarized strong laser 

fields.  

Their work will be highly interesting to the solid-HHG community and will stimulate series 

of works on the study of laser-field-driven dynamics with an extra gate control. As such, I 

recommend publication of the present manuscript in Nature Communications. 

 

Our reply: We sincerely appreciate the referee for her/his appreciation of the 

improvements in our revised manuscript and for her/his recommendation on our work for 

the publication in Nature Communications. Following her/his valuable comments and 

advice, our manuscript was significantly improved. 
 

 

2. Reply to Reviewer #2 

Original comment (1): 
The authors have revised their manuscript taking into account the comments of both 

reviewers. I believe that the revised manuscript have addressed all my previous comments, 

and I am happy to recommend it publication. 

 



Our reply: We sincerely appreciate the referee for her/his appreciation of the 

improvements in our revised manuscript and for her/his recommendation on our work for 

the publication in Nature Communications. Following her/his valuable comments and 

advice, our manuscript was significantly improved. 
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