


enhancements. 
Strengths 
The research tackles the challenging task of experimentally validating many-body vdW interactions, a topic often theorized
but rarely observed. The utilization of supported graphene as a medium for studying these interactions is particularly astute. 
The paper incorporates a diverse array of experiments, including AFM force measurements on graphene supported by
different substrates and freestanding graphene. Employing high vacuum conditions and thermal annealing to minimize
external influences enhances the reliability of the results. The integration of DFT simulations alongside experimental data
offers a robust understanding of the underlying physics. Comparisons between pairwise vdW theory and many-body
dispersion (MBD) theory elucidate the significance of many-body effects in these systems. 

Shortcomings and Areas for Improvement 
The paper's dense technical language and some of the descriptions may pose challenges for readers unfamiliar with the
subject matter. Simplifying the terminology and providing more detailed explanations of concepts and methodologies could
improve accessibility. While the experiments are well-designed, the reliance on specific substrates and environmental
conditions may limit the generalizability of the findings this needs to be addressed in more details. I find also important to
indicate how possible future investigations could explore a broader range of substrates and environmental parameters to
validate the observed effects universally. A more extensive comparison with prior research in the field is required to enhance
the paper's context. 

Highlighting the advancements made by this study in relation to existing literature. Particularly works like the one by Yu-
Cheng Chiou et al. titled "Direct Measurement of the Magnitude of van der Waals Interaction of Single and Multilayer
Graphene" should be mentioned. Doing so would provide a more comprehensive perspective since Chiou et al. also employ
AFM and DFT simulations but concentrate on quantifying the vdW forces across single, double, and multi-layer graphene,
examining the impact of supporting surfaces on these interactions. They provide a quantifiable measure of vdW forces
across graphene layers and demonstrate how substrates can modulate these forces, thus affecting graphene's physical
properties. Both studies showcase innovative approaches and comprehensive analyses in their investigation of vdW
interactions, employing robust methodologies that combine experimental and simulation techniques. Each paper elucidates
the theoretical and practical implications of their findings, contributing valuable insights into the design and optimization of
2D material-based devices and applications. Both studies rely on DFT simulations, which are subject to assumptions that
could affect the generalizability of the results, such as the treatment of charge transfers and the accuracy of models used.
Being able to do a better work in creating the context for the work would highlight the work novelty. 

Expanding on the experimental methodologies, particularly the AFM experiment is important. At the current stage it would be
impossible for an AFM expert to reproduce the results presented in the work. It is imperative to enhance the clarity and depth
of the experimental parameters. Specifically, elucidating the operational methodology of the Atomic Force Microscopy (AFM)
for force curve acquisition and justifying its selection are crucial aspects. Additionally, addressing the potential
underestimation of adhesion force in the chosen operational mode is essential. While the normalization of data is a
commendable practice, variations in overestimation across different samples should be acknowledged, as this may impact
the range of applicability. While the fundamental essence of the reported outcomes is expected to remain unchanged, such
considerations may offer a broader scope of validity. Noteworthy is your mention of maintaining the tip radius constant
throughout the experiment, a commendable practice. However, direct measurement of tip radius using the methodology
based on critical amplitude could provide further validation and accuracy to your findings. The same is valid for the DFT
simulations. More details are necessary to enhance the credibility and reproducibility of the results. Providing more insights
into computational parameters, the choice of exchange-correlation functionals, and model validation would strengthen the
research's foundation. 

While the paper briefly touches on the relevance of its findings to technologies like microelectromechanical systems and
sensors, a more extensive discussion on potential applications and future research directions would inspire further studies
and technological innovations. 

Conclusion 
The paper represents a significant advancement in comprehending many-body vdW interactions within supported graphene
systems. Its astute experimental setup and comprehensive theoretical analysis offer fresh insights into the non-additive
nature of substrate contributions and the significance of many-body effects. Addressing the identified areas for improvement
and expanding certain aspects of the research would pave the way for future studies to delve deeper into the complexities of
vdW interactions in two-dimensional materials and their technological applications. 

Reviewer #3 

(Remarks to the Author) 
This paper presents combined experimental and theoretical investigations of many body van der Waals (vdW) interactions in
multilayer structures. 
Atomic force microscopy is exploited to estimate the tip adhesion to substrates characterized by different layer-composition,
evidencing the effect of intermediate layers on the overall vdW adhesive force. 

From the theoretical side, authors compare pairwise vdW forces with the many-body dispersion (MBD) model, which
accounts for screening effects at the RPA level. 



While this paper does not introduce new physics or surprising physical effects (see below), the combination of theory and
experiment is novel in this specific context. The strength of this work resides in a convincing demonstration of previously
predicted screening effects. 

In this sense, the content of this paper might be suitable for publication on Nature Communications. However, major revision
is needed to improve the manuscript before it meets the required quality standards. 

Before further considering this work, the following points should be definitely addressed: 

1-Many sentences are hard to interpret due to spelling errors and bad construction. Just a few examples: 

line 41: inheriting from the rapid decay of vdW interactions with separation. (maybe "from" should be removed??) 
line 52: makes the issue so complex that beyond the scope of pure vdW interaction. 
line line 53: let alone the influence of nearly unavoidable contaminates?? (maybe contaminants) in ambient 

Such linguistic problems make the article hard to review, and give a bad impression to readers. 

2-The authors refer to the AFM tip as a "layer". However, the tip has finite size and this can have an impact on vdW forces. 

3-The screening properties of graphene on inert substrates are well known from the 
theoretical viewpoint [JPCL 10, 2044-2050 (2019); PNAS 115, E10295-E10302 (2018); Carbon 139, 486-491 (2018); Phys.
Rev. B 97, 241411(R) (2018)], and qualitatively agree with available experiments [ACS Nano 2014, 8, 12410–12417]. But
no discussion is given here in spite of the close relation with this work. 

4-While MBD actually accounts for many-body effects in finite-gap systems, it is known that 
low-dimensional metals or semi-metals can exhibit non-conventional asymptotic decay of the vdW interaction 
[PRL 96, 073201 (2006); Phys. Rev. X 4, 021040 (2014)]. The exact asymptotic decay is not captured by 
MBD due to charge confinements at quantum oscillators [JCTC 19, 6434-6451 (2023)]. These aspects deserve 
remark and justification. 

5-It is not clear whether CVD growth eventually leads to high quality graphene or not here. Are there defects which could
alter the electronic structure of graphene? Are there interstitial impurities between the layers? These aspect should be
addressed in more detail. 

6-Maybe the tip-substrate distance is easily estimated by experimentalists, but no detailed discussion is 
reported here. 

7-Authors experimentally consider the maximum adhesion energy, and neglect the dependence of vdW forces on 
distance. The underlying reasons are understandable but should be discussed and justified. 

8-In the case of suspended graphene, no estimate is given for the effect of the supporting graphitic structure, although AFM
measurements are conducted close to the edge. What is the expected contribution? 

9-What about the hybridization/charge transfer between graphene and the Cu layer? This should be discussed also in view
of the available literature mentioned at point 3. 

Reviewer #4 

(Remarks to the Author) 
This manuscript reports a careful experimental study of the vdW interaction of suspended/supported graphene with AFM
tips. The main hypothesis is that the AFM tip can sense the substrate beneath graphene. The authors showed by AFM force
measurement the small but definitive difference between tip-substrate interaction measured on Cu/graphene, graphite, and
suspended graphene. Publication is recommended after the authors addressing the following concerns. 

1. Early work has shown that surface contamination by airborne contaminant occurs rapidly on graphene
(https://www.nature.com/articles/nmat3709) and such contamination persist under UHV conditions
(https://doi.org/10.1016/j.elspec.2019.06.001). While the authors conducted mild thermal annealing in their work, it is not
clear if such process actually remove surface contamination on the graphene samples. 

2. The experimental procedure of coating the graphite microwell by graphene (Fig 2a) involves polymer assist transfer and it
is known that thermal anneal of PMMA leave residues. 

3. The theoretical model used H-terminated Si to represent the tip. This is not a realistic model and a -OH termination should
be used instead. Given the sensitivity of the surface to the adhesion and the drastic difference in the polarity between -H and
-OH termination, it might be meaningful to repeat some of the calculations using -OH terminated Si. 

4. Many AFM images do not show the height color scale. AFM image should also be shown with appropriate z-scale to



highlight surface cleanness (or lack thereof). 

5. Loading vs unloading. The authors state that the loading curves show no difference between different samples. This is
very puzzling because the snap-to-contact is due to vdW attraction (since the authors claim that there is no capillary effect)
and should be sensitive to the difference in the substrate. The very different behavior between loading vs unloading raises
serious questions since the unloading force could also be impacted by other factors, such as contact area due to mechanical
deformation of the substrate. 

Version 1: 

Reviewer comments: 

Reviewer #2 

(Remarks to the Author) 

Reviewer #3 

(Remarks to the Author) 
My comments have been addressed. I can recommend publication 

Reviewer #4 

(Remarks to the Author) 
This revision has addressed many of my concerns, however, the following two still remains. 

1. Surface cleanness: the FTIR is convincing but I'd suggest not to include the high resolution contact mode AFM image as
an evidence. I believe that "atomic" resolution contact mode AFM imaging does not imply absence of molecular adsorbates
on graphic surface. The contact mode tip does not have the sharpness to resolve individual carbon atoms, instead it
resolves the underneath lattice structure collectively. If I'm not mistaken, such 'atomic' images (Fig R9) can be obtained on
graphite substrates in air (where there is abundant water and hydrocarbon adsorbed on the surface), as long as the tip is stiff
enough to brush the adsorbates away. 
2. Force-distance curve: the authors claim that the difference of the force experienced by tip during the snap-to-contact
region is buried within noise. Looking at the data, the force experienced by the tip during the snap-to-contact region is on the
order of 1 nN (Fig 1c). The difference in the vdW force during tip snap-off is on the order of 10% (fig 1d). If we assume the
same difference (certainly a big assumption) in force is experienced by the tip before snap-to-contact, that translates to 0.1
nN difference in force. With a tip having spring constant of 0.2N/m, this translates to 0.5 nm of difference in z-height, which
should be easily resolved by modern AFMs. Maybe I missed something here (maybe force vs force gradient)? Regardless of
the validity of my analysis above, this reviewer strongly suggests the authors include a discussion of the noise level of their
instrument. 

Version 2: 

Reviewer comments: 

Reviewer #2 

(Remarks to the Author) 
I am happy with the rebuttal and in my opinion the authors have done the best they could 

Reviewer #4 

(Remarks to the Author) 
Thank you for responding to my comments. My (hopefully the last) comment on the snap-on event: if the force after snap-on
event is not reliable, can we learn anything from the z-height of the snap-on event? One would expect a slightly shift in the z-
height threshold where is snap-on occurs. 
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General remarks:

Comment 1

Comment 2

represents a 

solid verification of the many-body effect in such a unique system through combined experimental 

measurements and theoretical calculations.

Comment 1: 
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Comment 2: 
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General remarks: The paper titled "Many-body van der Waals interaction on the surface of 

supported graphene" provides significant insights into the complex nature of van der Waals (vdW) 

interactions in a trilayer system comprising an atomic force microscopy (AFM) tip, graphene, and 

various substrates (metal and graphite). By combining experimental measurements and density 

functional theory (DFT) simulations, the study investigates the substrate's role in vdW interactions 

and the many-body effects within these systems. Below is an analysis of the paper, focusing on its 

strengths, areas for improvement, and potential enhancements. 

The research tackles the challenging task of experimentally validating many-body vdW interactions, 

a topic often theorized but rarely observed. The utilization of supported graphene as a medium for 

studying these interactions is particularly astute. 

The paper incorporates a diverse array of experiments, including AFM force measurements on 

graphene supported by different substrates and freestanding graphene. Employing high vacuum 

conditions and thermal annealing to minimize external influences enhances the reliability of the 

results. The integration of DFT simulations alongside experimental data offers a robust 

understanding of the underlying physics. Comparisons between pairwise vdW theory and many-

body dispersion (MBD) theory elucidate the significance of many-body effects in these systems. 

Conclusion 

The paper represents a significant advancement in comprehending many-body vdW interactions 

within supported graphene systems. Its astute experimental setup and comprehensive theoretical 

analysis offer fresh insights into the non-additive nature of substrate contributions and the 

significance of many-body effects. Addressing the identified areas for improvement and expanding 

certain aspects of the research would pave the way for future studies to delve deeper into the 

complexities of vdW interactions in two-dimensional materials and their technological applications. 

We thank the reviewer for fully confirming the experimental and theoretical advancements 

of this work. 

Comment 1: The paper's dense technical language and some of the descriptions may pose 

challenges for readers unfamiliar with the subject matter. Simplifying the terminology and 

providing more detailed explanations of concepts and methodologies could improve accessibility. 

While the experiments are well-designed, the reliance on specific substrates and environmental 

conditions may limit the generalizability of the findings this needs to be addressed in more details. 

I find also important to indicate how possible future investigations could explore a broader range 

of substrates and environmental parameters to validate the observed effects universally. A more 

extensive comparison with prior research in the field is required to enhance the paper's context. 

We thank the reviewer for providing useful suggestions, based on which the quality of our 

work has been further improved.  

The accessibility of the manuscript has been improved through simplifying the terminology 

and providing more detailed explanations of concepts and methodologies. The advancement of 

our study is also highlighted through extensive comparative analysis with prior researches. 

To show the generalizability of our findings, we have measured the critical adhesive forces 

exerted on the AFM tip by Ni-supported monolayer graphene (mono@Ni) and Cu-supported 
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insights into the design and optimization of 2D material-based devices and applications. Both 

studies rely on DFT simulations, which are subject to assumptions that could affect the 

generalizability of the results, such as the treatment of charge transfers and the accuracy of models 

used. Being able to do a better work in creating the context for the work would highlight the work 

novelty.

Thanks for this suggestion. 

Chiou et al

Chiou et al.
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Chiou et al.

Comment 3: Expanding on the experimental methodologies, particularly the AFM experiment is 

important. At the current stage it would be impossible for an AFM expert to reproduce the results 

presented in the work. It is imperative to enhance the clarity and depth of the experimental 

parameters. Specifically, elucidating the operational methodology of the Atomic Force Microscopy 

(AFM) for force curve acquisition and justifying its selection are crucial aspects. Additionally, 

addressing the potential underestimation of adhesion force in the chosen operational mode is 

essential. While the normalization of data is a commendable practice, variations in overestimation 

across different samples should be acknowledged, as this may impact the range of applicability. 

While the fundamental essence of the reported outcomes is expected to remain unchanged, such 

considerations may offer a broader scope of validity. Noteworthy is your mention of maintaining 

the tip radius constant throughout the experiment, a commendable practice. However, direct 

measurement of tip radius using the methodology based on critical amplitude could provide further 

validation and accuracy to your findings. The same is valid for the DFT simulations. More details 

are necessary to enhance the credibility and reproducibility of the results. Providing more insights 

into computational parameters, the choice of exchange-correlation functionals, and model 

validation would strengthen the research's foundation.

of experimental methodologies and DFT 

simulations are provided in the Methods and . 
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Comment 4: While the paper briefly touches on the relevance of its findings to technologies like 

microelectromechanical systems and sensors, a more extensive discussion on potential applications 

and future research directions would inspire further studies and technological innovations. 

interfacial spacing and interface intercalation, on the surface 

vdW interaction of 2D materials

Comment 5: Conclusion 

The paper represents a significant advancement in comprehending many-body vdW interactions 

within supported graphene systems. Its astute experimental setup and comprehensive theoretical 

analysis offer fresh insights into the non-additive nature of substrate contributions and the 

significance of many-body effects. Addressing the identified areas for improvement and expanding 

certain aspects of the research would pave the way for future studies to delve deeper into the 

complexities of vdW interactions in two-dimensional materials and their technological applications. 

We thank the  for this positive assessment and insightful suggestions.
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General remarks: This paper presents combined experimental and theoretical investigations of 

many body van der Waals (vdW) interactions in multilayer structures. Atomic force microscopy is 

exploited to estimate the tip adhesion to substrates characterized by different layer-composition, 

evidencing the effect of intermediate layers on the overall vdW adhesive force. From the theoretical 

side, authors compare pairwise vdW forces with the many-body dispersion (MBD) model, which 

accounts for screening effects at the RPA level. While this paper does not introduce new physics or 

surprising physical effects (see below), the combination of theory and experiment is novel in this 

specific context. The strength of this work resides in a convincing demonstration of previously 

predicted screening effects. 

In this sense, the content of this paper might be suitable for publication on Nature Communications. 

However, major revision is needed to improve the manuscript before it meets the required quality 

standards. 

We thank the reviewer for the positive assessment and helpful suggestions. We have 

improved the quality of this work according to the insightful comments/suggestions.

Comment 1: Many sentences are hard to interpret due to spelling errors and bad construction. Just 

a few examples: 

line 41: inheriting from the rapid decay of vdW interactions with separation. (maybe "from" should 

be removed??) 

line 52: makes the issue so complex that beyond the scope of pure vdW interaction. 

line 53: let alone the influence of nearly unavoidable contaminates?? (maybe contaminants) in 

ambient 

Such linguistic problems make the article hard to review, and give a bad impression to readers. 

Thanks for pointing out those language issues. We have revised the manuscript thoroughly. 

Comment 2: The authors refer to the AFM tip as a "layer". However, the tip has finite size and this 

can have an impact on vdW forces. 

Thank the reviewer for the insightful suggestion.

It is true that the finite size of the tip affects the measured vdW forces. To eliminate the 

impact of tip size on the reported results, the normalization of data with respect to the bulk 

graphite (Pbulk) is found to be an effective approach. For instance, although the data presented in 

 Figs. S6 and S8 were acquired by different tips with distinct inert materials (silicon 

or diamond-like-carbon) and radii (ranging from 10 nm to 40 nm), the obtained ratios of 

Pmono@Cu/Pbulk are all close to 1.10. 

Theoretically, we have revealed that the tip-sample interaction is dominated by the 

neighboring layers in contact, for example, the predicted Pmono/Pbulk is around 0.93. Considering 

that thickness of H-passivated silicon layer is significantly larger than that of the monolayer 

graphene, it is reasonable to expect the tip-sample interaction to be dominated by the H-

passivated silicon layer in contact with graphene, and validity of the simulation model in 

investigating the ratios of critical adhesion force. Another practical reason for considering 

rather than a sphere with a comparable size to the AFM tips in the DFT simulation is due to the 
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limitation of amount of computation. We deeply appreciate the reviewer  understanding.

Comment 3: The screening properties of graphene on inert substrates are well known from the 

theoretical viewpoint [JPCL 10, 2044-2050 (2019); PNAS 115, E10295-E10302 (2018); Carbon 139, 

486-491 (2018); Phys. Rev. B 97, 241411(R) (2018)], and qualitatively agree with available 

experiments [ACS Nano 2014, 8, 12410 12417]. But no discussion is given here in spite of the close 

relation with this work. 

Comment 4: While MBD actually accounts for many-body effects in finite-gap systems, it is known 

that low-dimensional metals or semi-metals can exhibit non-conventional asymptotic decay of the 

vdW interaction [PRL 96, 073201 (2006); Phys. Rev. X 4, 021040 (2014)]. The exact asymptotic 

decay is not captured by MBD due to charge confinements at quantum oscillators [JCTC 19, 6434-

6451 (2023)]. These aspects deserve remark and justification. 

Comment 5: It is not clear whether CVD growth eventually leads to high quality graphene or not 

here. Are there defects which could alter the electronic structure of graphene? Are there interstitial 

impurities between the layers? These aspects should be addressed in more detail. 

 The quality of the graphene sample was characterized by Raman spectrum. As shown in Fig. 

R7, the absence of D peak -1), which corresponding to the defects, indicates the high 

quality of graphene samples. Moreover, 

with perfect hexagonal carbon lattice further confirms its high quality. 

As has been commonly observed (Carbon 77, 1082, 2014; Adv. Mater. 27, 1376, 2015; JACS 

133, 12536, 2011), the as-prepared Cu-supported graphene is free of interstitial impurities, since 

the interference between the copper lattice and graphene lattice were clearly discerned. 
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influence here.  

Comment 8: What about the hybridization/charge transfer between graphene and the Cu layer? 

This should be discussed also in view of the available literature mentioned at point 3. 

As graphene is physically adsorbed on Cu substrate, the charge transfer between graphene 

and Cu is not significant, as confirmed by the limited change in plane-average charge density upon 

the formation tip-mono@Cu complex from isolated tip, monolayer graphene, and Cu, as shown in 

Figs. 3a and 3b. It is in consistence with the weak bonding between graphene and Cu reported 

previously (PRL, 101, 026803, 2008). 

As discussed in the manuscript, such a weak bonding between graphene and Cu does not 

result in notable difference in the energies and pressures contributed by PBE interactions (see Fig. 

3c, d). These results are consistent with the fact reported in Carbon 139, 486, 2018, that the 

screening capability of physically adsorbed graphene is not significantly modified by the weak 

graphene-substrate charge transfer. The relevant discussion has been supplemented in the revised 

manuscript.















4 

Reply to Reviewer #4:

General remarks:

Reply:

Comment 1: 

Reply:

Comment 2:

Reply:

Figure R6

Figures R5c

Figures R5b

The force experienced by tip during the snap-to-contact undergoes a sudden increase from 

point B to point C, as illustrated in Figure R6a, corresponding to point 1 to point 2 in Figure R5. 

Ideally, the Z positions of point 1 and 2 in Figure R5 should be the same. However, they are 

different due to continuous changing of the piezo displacement during the measurement and 

limited data-acquiring speed. Given the large slop of the F(D) curve at point C in Figure R6a, such 






