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Implementing two-dimensional materials in technological solutions requires fast,
economic, and non-destructive tools to ensure efficient characterization. In this
context, scattering of keV protons through free-standing graphene was proposed
as an analytical tool. Here, we critically evaluate the predicted effects using
classical simulations including a description of the lattice’s thermal motion and
the membrane corrugation via statistical averaging. Our study shows that the
zero-point motion of the lattice atoms alone leads to considerable broadening of
the signal that is not properly described by thermal averaging of the interaction
potential. In combination with the non-negligible probability for introducing
defects, it limits the prospect of proton scattering at 5 keV as an analytic tool.
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1 Introduction

There are numerous experimental techniques available to study and analyze two-
dimensional (2D) materials. Most commonly Raman spectroscopy [Ferrari et al. (2006);
Tan (2019); Saito et al. (2016)], electron microscopy [Meyer et al. (2007); Li et al. (2018);
Chen et al. (2020)], and scanning probe microscopy [Novoselov et al. (2004); Zhang et al.
(2018); Marchini et al. (2007)] are employed. These are complemented by other methods,
such as diffraction and scattering of massive particles at the membranes [Woznica et al.
(2015); Brand et al. (2015); Brand et al. (2019); Al Taleb et al. (2015); Debiossac et al. (2016);
Borca et al. (2010); Maccariello et al. (2015); Tamtögl et al. (2015); Anemone et al. (2016);
Benedek et al. (2021); Tømterud et al. (2022); Al Taleb and Farías (2016); Tamtögl et al.
(2021); Sacchi and Tamtögl (2023); Bahn et al. (2017); Jiang et al. (2019); Jiang et al. (2021)].
They yield valuable insights into the large-scale structure of the membrane, interaction
potentials, and low-energy excitations. In such measurements, often atomic beams are used.
As the interaction energy is typically in the meV-regime, this approach is completely non-
destructive [Al Taleb et al. (2015)]. It sheds light on the particle-membrane interaction in the
low-energy regime [Zugarramurdi et al. (2015); Debiossac et al. (2016)] and is used to assess
the interaction of graphene with various materials [Borca et al. (2010); Maccariello et al.
(2015); Tamtögl et al. (2015); Anemone et al. (2016)]. If the membrane is weakly bound to
the substrate, intrinsic properties of materials can be assessed, such as electron-phonon
couplings [Benedek et al. (2021)] and the membrane’s bending rigidity [Tømterud et al.
(2022); Al Taleb and Farías (2016)]. Moreover, it is also possible to study the dynamics of
adsorbates on membranes [Tamtögl et al. (2021); Sacchi and Tamtögl (2023); Bahn et al.
(2017)], including the creation of transient molecular bonds [Jiang et al. (2019); Jiang et al.
(2021)].

In this context transmission of protons at 5 keV through graphene has been
proposed as an analytic tool [Ćosić et al. (2018); Ćosić et al. (2019); Hadžijojić et al.
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(2021); Ćosić et al. (2021)]. Describing the interaction of protons
with the membrane via a thermally averaged potential, two
rainbow features are predicted: an “inner” and an “outer” one.
The inner rainbow is present at a few mrad and arises from
trajectories close to center of the hexagon. The outer one stems
from a maximum in the deflection function close to a carbon
atom, leading to a signal at around 170 mrad [Ćosić et al. (2018)].
The authors argue that in combination these give very detailed
insights into the internal temperature [Ćosić et al. (2019)] and
the interaction potential [Ćosić et al. (2021)], the defect
concentration [Hadžijojić et al. (2021)] as well as the
membrane’s orientation and inclination [Ćosić et al. (2018);
Ćosić et al. (2021)]. However, there are several conceptual
issues with the underlying theoretical description. For
instance, even when the protons hit a nucleus head-on they
are always transmitted.

In this publication, we provide a description of the scattering
process based on classical trajectories. We incorporate thermal
effects by statistical averaging over displaced carbon atoms for
each individual scattering event. Additionally, we account for the
membrane’s corrugation as well as the experimental resolution
and quantify their impact on the pattern at the detector. Based on
this, we evaluate the predictions from the literature [Ćosić et al.
(2018); Ćosić et al. (2019); Hadžijojić et al. (2021); Ćosić et al.
(2021)] and test whether classical scattering through membranes
can be used as an analytic tool. In our analysis we find that the
predicted outer rainbow is an artifact from an improper
description of the scattering process. For the inner rainbow
already the zero-point motion of the membrane atoms leads
to a significant broadening of the signal, obscuring part of the
details. Together with the fact that protons at 5 keV have a non-
negligible cross-section for displacing atoms in graphene [Shi
et al. (2019)], this limits their use as an analytic tool for the study
of 2D materials.

2 Theory and methods

To capture the behavior described previously in the literature
[Ćosić et al. (2018); Ćosić et al. (2019); Hadžijojić et al. (2021)], we
consider the transmission of protons with a kinetic energy of 5 keV
through single-layer graphene. These particles propagate along the
z-direction with velocity vz until they interact with the 2D
membrane where they are scattered, as shown in Figure 1. To
describe the interaction of the collision partners, we use the ZBL
potential [Ziegler and Biersack (1985); Ziegler et al. (1983)]

VZBL ρ( ) � ZH ZC e2

4πε0
· 1
ρ
∑
n

αn exp −βn
ρ

a
[ ]. (1)

Here, ρ is the proton-carbon distance, ZH and ZC are the atomic
numbers of hydrogen and carbon, e is the elementary charge, and ε0
is the vacuum permittivity. The screening radius a and the fitting
parameters αn and βn account for the distance-dependent shielding
of the nuclear Coulomb interaction by the electrons [Ziegler et al.
(1983)].

For small scattering angles (θ ≪ 1 rad) the magnitude of the
transferred transverse momentum p⊥ for the binary interaction
between a proton and a lattice atom is

p⊥ r( ) � − r

vz
∫∞

−∞
dV ρ( )
dρ

1������
z2 + r2

√ dz, (2)

where r is the proton-carbon distance in the scattering plane and
ρ � ������

z2 + r2
√

. The total transverse momentum vector p⊥,tot depends
on the impact parameter b and is obtained by summing over all
considered binary interactions [Lehtinen et al. (2010)]

p⊥,tot b( ) � ∑
i

p⊥ ‖b − Ri‖( ) b − Ri

‖b − Ri‖. (3)

The deflection angle θ = (θx, θy) is obtained within the small-
angle approximation

θ � p⊥,tot.

pz
. (4)

While here the protons are always scattered through a single,
central carbon ring, we added six additional hexagons around the
central one to form a coronene-like structure. Furthermore, we
restrict the integration in Eq. 2 to ±1 nm around the scattering plane
(see Supplementary Material). In this description we treat the
protons as classical particles and neglect the wave-nature of the
protons. This is justified by the significant experimental challenges
that ions pose to matter-wave diffraction, which have not yet been
overcome.

To account for the finite angular resolution, we assume a 2D-
Gaussian distribution of incoming angles with a variable standard
deviation. For each scattering event, a random angle was chosen
from the distribution and added to the calculated scattering angle.
Also, the natural corrugation of free-standing single-layer graphene,
that is, its three-dimensional waviness was included [Meyer et al.
(2007)]. When protons scatter at a corrugated membrane, the
effective scattering geometry corresponds to the projection of the
graphene sheet onto the xy-plane. Here, we consider a root-mean-
squared inclination of 75.7 mrad, corresponding to the experimental
value reported for exfoliated graphene [Singh et al. (2022)].

FIGURE 1
Schematic of a proton (red) impinging on a graphene lattice
(grey) at right angles. The interaction with an individual carbon atom
depends on ρ and the in-plane distance r, which is the difference
between the impact parameter b and the position vector Ri of the
atom.
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2.1 Modelling thermal motion

Aprotonwith an energy of 5 keVmoves at 979 km/s, traversing the
interaction zone of 2 nm within 2 fs. This has to be compared to the
frequency range of phonons in graphene, which reaches up to 50 THz
[Yang et al. (2021)]. So, even at the highest phonon mode, atoms
undergo only 0.1 vibrations while a proton is within the interaction
zone. Hence, themovement of the atoms can be approximated as quasi-
static [Pfandzelter et al. (2001)]. However, each proton encounters a
different scattering geometry and one has to average over many
different scattering geometries to obtain a realistic picture. Using the
Debyemodel for the density of states [Kittel (2018)] and describing each
atom as a harmonic oscillator around its lattice site [Cohen-Tannoudji
et al. (1991)], the mean squared displacement σ2 can be expressed as a
function of membrane temperature T [Chen and Yang (2007)]

σ2 � 3Z2

mCkBΘD

T

ΘD
D1

ΘD

T
( ) + 1

4
[ ]. (5)

HeremC is the mass of a carbon atom, kB is the Boltzmann constant,
ΘD = 2100 K the in-plane Debye temperature of graphene [Tohei
et al. (2006); Pop et al. (2012)], and D1 the first Debye function. We
use the same model to describe the zero-point motion of the lattice
atoms. For T close to 0 K, Eq. 5 simplifies to

σ20 �
3
4

Z2

mCkBΘD
(6)

resulting in an in-plane displacement for single-layer graphene of
σ20 � 1.4 × 10−5 nm2. In this study, we assume an uncorrelated 2D
normal distribution for the in-plane displacement of each atom.
Out-of-plane displacements have not been included, as they have no
effect on the signal within this description.

3 Results

We first consider a perfectly collimated beam impinging on a flat
membrane where the position of all carbon atoms is fixed at their
equilibrium position. While such a situation cannot be realized

experimentally, the respective pattern shown in Figure 2A may act
as a point of reference for the latter simulations. It exhibits a six-fold
symmetry, mirroring the honeycomb structure of graphene. Most

FIGURE 2
Scattering simulations including different effects: (A) Flat membrane with atoms fixed at their equilibrium position, (B) flat membrane exhibiting
zero-point motion, and (C) corrugatedmembrane with a root mean square (rms) inclination angle of 75.7 mrad at T =300 K. In (C)we further included an
angular resolution of 100 µrad. All intensities are plotted on a logarithmic scale.

FIGURE 3
Influence of the membrane temperature on the scattering
pattern. Here the effect of the membrane’s corrugation and the
angular resolution was neglected. (A) Line traces through the y-axis
shown for 0 K (black) and 2000 K (red). (B) Dependence of the
side lobe’s position on temperature between 0 and 2000 K.
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intensity is scattered at angles below 7.5 mrad and we observe rather
sharp features. These can be traced back to rainbow scattering
originating from a maximum in the deflection angle close to the
center of the hexagon. For larger scattering angles, the signal
continuously decreases in intensity with no discernible features, as
shown in the Supplementary Material. Thus, we do not observe the
outer rainbow feature reported previously in the literature [Ćosić et al.
(2018); Ćosić et al. (2019); Hadžijojić et al. (2021)]. We can, however,
artificially reproduce these features by thermally averaging the
interaction potential (Supplementary Material).

Including the lattice atoms zero-point motion already leads to a
significant broadening of the rainbow lines, as shown in Figure 2B.
While the general shape remains unaffected, the fine features are
washed out. To study the temperature-dependence, we extended the
simulations to a range between 0 and 2000 K. The line plots through the
center of the pattern along the y-axis for 0 and 2000 K are shown in
Figure 3A. The data for the other temperatures and the traces through
the x-axis can be found in the Supplementary Material. In general, the
plots exhibit just a few features: a central lobe and the rainbow peaks
located at≈ 3.0mrad.With increasing temperature these peaks become
less prominent and shift to smaller angles. At 2000 K they are reduced
to shoulders located at θ ≈ 2.2 mrad. The dependence of the peak
position on the temperature is shown in Figure 3B.

Both the membrane’s corrugation and the angular resolution may
lead to further broadening of the signal at the detector. This is shown in
Figure 4. In comparison to a flat membrane (Figure 4A), the effect of the
corrugation [Singh et al. (2022)] on the pattern is on the percentage level

and thus challenging to resolve (Figure 4B). The same is true for an
angular resolution of ϕ = 100 µrad (Figure 4C). Combining these two
effects thus yields a pattern, which is virtually identical to the flat
membrane. This is illustrated in Figures 2B, C for T = 300 K.
Degrading the angular resolution leads to a decrease in the relative
intensity of the side lobes. Furthermore, their position is shifted to smaller
angles (Supplementary Material), resembling the effect of increasing
temperature.

4 Discussion

Classically, rainbow scattering occurs at the extrema of the
scattering function, which maps the impact parameter to a
scattering angle θ. Usually, this is the case at inflection points of
the scattering potential and results in a sharp intensity maximum at
the corresponding scattering angle. Thus, the shape and the position
of the rainbow pattern contain information about the interaction
potential between the membrane and the protons.

Previous calculations of proton transmission through graphene
used thermal averaging of the potential to describe the interaction
[Ćosić et al. (2018)]. In that model, the charge of the C nucleus is
spread over a volume ∝ σ30, replacing the Coulombic singularity at
r = 0 by a Gaussian. Its inflection point produces a second outer
rainbow, which was predicted to be sensitive to temperature and the
orientation of the membrane [Ćosić et al. (2018); Ćosić et al. (2019);
Ćosić et al. (2021); Hadžijojić et al. (2021)]. However, it also entails
that protons are transmitted during head-on collisions.

Thermal averaging of the interaction potential was introduced in
channeling of high-energy ions through crystals [Krause et al. (1986)] and
is still used to investigate possible bias in the detection of dark matter
[Bozorgnia et al. (2010)]. During channeling the ion trajectory oscillates
within the potential originating from the atomic strings. Thermal
averaging of the potential along the channel is the simplest model to
describe these complex oscillations and preserve the axial symmetry.
However, this approach is limited and the effect of crystal atoms
protruding into the channel requires a statistical evaluation [Andersen
and Feldman (1970)]. In the case of 2Dmaterials the thickness is orders of
magnitude smaller than the typical distance between oscillations in the
axial potential. This suggests that there are not enough interactions along
the trajectory to justify an averaged potential.

We start the evaluation of the predicted effects by addressing the
impact of temperature on the scattering pattern. As illustrated in
Figure 3B, the peak position of the side lobes changes by only
0.12 mrad when going from 0 to 600 K. To realize a temperature
resolution of 100 K (500–600 K), a shift in peak position relative to the
peak width of only 4% has to be resolved, which we consider to be
challenging. This has to be compared to Raman spectroscopy and
surface diffraction where a temperature difference of about 60 K can be
resolved [Calizo et al. (2009); Pan et al. (2022)]. Above 1000 K the
impact of temperature becomes more pronounced, but the intensity of
the side lobes deteriorates, making it harder to determine their position
accurately. In general, such issues can be mended by a thorough
characterization of the setup and long integration times. However,
in the current situation we face two fundamental limitations. First,
protons at 5 keV create a single vacancy in graphene with a probability
2 × 10−3 [Shi et al. (2019)]. Thus, the membrane is destroyed
continuously during the measurement process. Second, the constant

FIGURE 4
Influence of the corrugation and the angular resolution on the
signal at 0 K (traces along the y-axis through the center): (A) flat
membrane and infinite angular resolution, (B) corrugated membrane
with a rms inclination of 75.5 mrad, (C) flat membrane and an
angular resolution of 100 µrad. For (B, C) the difference to trace (A) is
shown.
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stream of protons colliding with the membrane leads to artificial
heating. This suggests that scattering of protons at 5 keV provides
only limited insights into the membrane’s temperature.

The large-scale corrugation of the membrane has only a minor
effect on the scattering pattern. Thus, stretching the membrane as
discussed in Nicholl et al. (2017); Nicholl et al. (2015) does not seem
necessary. Regarding angular resolution, we observe that increasing the
value of ϕ resembles the effect of increasing temperature (see
Supplementary Material): at 400 µrad the intensity of the rainbow
peaks is comparable to that at T = 2000 K, cf. Figure 3. The
optimal resolution to study scattering of protons at 5 keV is around
ϕ = 100 µrad. It can be easily realized experimentally and the resulting
pattern (Figure 2C) is virtually indistinguishable from the one with a
perfectly collimated beam (Figure 2B). This allows to capture all
essential details of the pattern.

So far, we have considered a perfect crystal in a single orientation.
This is motivated by advances in the synthesis of graphene [Chen et al.
(2013); Gao et al. (2012); Wu et al. (2013); Yan et al. (2014)]. However,
irradiating such a sample with protons at 5 keV leads to substantial
damage. If we multiply the probability to introduce defects with the 1.6 ×
108 scattered protons required to create an image in Figure 2, we end up
with 3.2 × 105 additional generated vacancies. Thus, using this method to
study defects and assess their concentration is at least questionable.
Extracting information from a poly-crystalline sample with grain
boundaries is even more challenging. Here, several lattices with
different orientations will contribute, further obscuring the image. In
the extreme case of small grain size one would expect a circularly
symmetrical image. However, if the experiment is restricted to low
doses, it should be possible to extract some information on the
interaction potential from the position of the rainbow peaks before
the membrane is damaged too much. The same applies to orientation
of the membrane, which is encoded in the scattering pattern at least for
samples with one predominant crystal orientation.

5 Summary and outlook

In summary, we have investigated classical scattering of protons
through graphene. Including the temperature of the lattice by
displacing the lattice atoms for each scattering event, we could
show that the outer rainbow previously described in the literature is
an artifact. In contrast to that, statistical averaging performed here
quantitatively indicates the maximum level of detail that can be
observed in an experiment. Regarding thermometry, we observe
only a weak dependence of the peak positions on temperature, which
might additionally be obscured by the angular resolution and the
artificial heating due to the colliding protons. Based on this, we
cannot confirm the predicted high sensitivity regarding temperature
based on the contribution of in-plane and out-of-plane motion.

If the dose is restricted, it should be possible to extract some
information on the interaction potential and the orientation of the
membrane. The possibility to study defects seems unrealistic as the
method has a non-negligible probability for inducing defects itself.
This limits the applicability of the proposed method as an analytical
tool as the membrane is always changed during the analysis.

To avoid beam damage and turn proton scattering into a useful
technique, the interaction energy has to be reduced below the damage
threshold, which is predicted around 80 eV [Brand et al. (2019)]. In turn,

this opens new vistas to study the interaction of protons with the
membrane. On the one hand, neutralization will be more prominent
at these energies [Kononov and Schleife (2021)], bringing energy- and
angle-resolved neutralization studies within reach. On the other hand,
exchanging protons by neutral hydrogen atoms facilitates matter-wave
diffraction [Brand et al. (2019)]. In this case the level of detail is expected to
bemuchhigher, allowing to study elastic and inelastic interactions indetail.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Author contributions

JB: Formal Analysis, Investigation, Software,Writing–original draft,
Writing–review and editing. PR: Conceptualization, Methodology,
Writing–original draft, Formal Analysis, Supervision, Writing–review
and editing. CB: Conceptualization, Supervision, Writing–original
draft, Formal Analysis, Writing–review and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

We thank Maxime Debiossac, Maxim Efremov, and François
Aguillon for fruitful discussions.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2023.1291065/
full#supplementary-material

Frontiers in Chemistry frontiersin.org05

Bühler et al. 10.3389/fchem.2023.1291065

https://www.frontiersin.org/articles/10.3389/fchem.2023.1291065/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2023.1291065/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1291065


References

Al Taleb, A., and Farías, D. (2016). Phonon dynamics of graphene on metals. J. Phys.
Condens. Matter 28, 103005. doi:10.1088/0953-8984/28/10/103005

Al Taleb, A., Yu, H. K., Anemone, G., Farías, D., and Wodtke, A. M. (2015). Helium
diffraction and acoustic phonons of graphene grown on copper foil. Carbon 95,
731–737. doi:10.1016/j.carbon.2015.08.110

Andersen, J., and Feldman, L. (1970). Comparison of average-potential models and
binary-collision models of axial channeling and blocking. Phys. Rev. B 1, 2063–2069.
doi:10.1103/physrevb.1.2063

Anemone, G., Climent-Pascual, E., Yu, H. K., Al Taleb, A., Jiménez-Villacorta, F.,
Prieto, C., et al. (2016). Quality of graphene on sapphire: long-range order from helium
diffraction versus lattice defects from Raman spectroscopy. RSC Adv. 6, 21235–21245.
doi:10.1039/C5RA27452D

Bahn, E., Tamtögl, A., Ellis, J., Allison, W., and Fouquet, P. (2017). Structure and
dynamics investigations of a partially hydrogenated graphene/Ni(111) surface. Carbon
114, 504–510. doi:10.1016/j.carbon.2016.12.055

Benedek, G., Manson, J. R., and Miret-Artés, S. (2021). The electron–phonon
coupling constant for single-layer graphene on metal substrates determined from
He atom scattering. Phys. Chem. Chem. Phys. 23, 7575–7585. doi:10.1039/
D0CP04729E

Borca, B., Barja, S., Garnica, M., Minniti, M., Politano, A., Rodriguez-García, J. M.,
et al. (2010). Electronic and geometric corrugation of periodically rippled, self-
nanostructured graphene epitaxially grown on Ru(0001). New J. Phys. 12, 093018.
doi:10.1088/1367-2630/12/9/093018

Bozorgnia, N., Gelmini, G. B., and Gondolo, P. (2010). Channeling in direct dark
matter detection I: channeling fraction in NaI (Tl) crystals. J. Cosmol. Astropart. Phys.
019. doi:10.1088/1475-7516/2010/11/019

Brand, C., Debiossac, M., Susi, T., Aguillon, F., Kotakoski, J., Roncin, P., et al. (2019).
Coherent diffraction of hydrogen through the 246 pm lattice of graphene. New J. Phys.
21, 033004. doi:10.1088/1367-2630/ab05ed

Brand, C., Sclafani, M., Knobloch, C., Lilach, Y., Juffmann, T., Kotakoski, J., et al.
(2015). An atomically thin matter-wave beamsplitter. Nat. Nanotechnol. 10, 845–848.
doi:10.1038/nnano.2015.179

Calizo, I., Ghosh, S., Bao, W., Miao, F., Ning Lau, C., and Balandin, A. A. (2009).
Raman nanometrology of graphene: temperature and substrate effects. Solid State
Commun. 149, 1132–1135. doi:10.1016/j.ssc.2009.01.036

Chen, Q., Dwyer, C., Sheng, G., Zhu, C., Li, X., Zheng, C., et al. (2020). Imaging beam-
sensitive materials by electron microscopy. Adv. Mater. 32, 1907619. doi:10.1002/adma.
201907619

Chen, S., Ji, H., Chou, H., Li, Q., Li, H., Suk, J. W., et al. (2013). Millimeter-size
single-crystal graphene by suppressing evaporative loss of Cu during low pressure
chemical vapor deposition. Adv. Mater. 25, 2062–2065. doi:10.1002/adma.
201204000

Chen, Y.-L., and Yang, D.-P. (2007). Mössbauer effect in lattice dynamics:
experimental techniques and applications. United States: John Wiley and Sons.

Cohen-Tannoudji, C., Diu, B., and Laloë, F. (1991). Quantum mechanics, vol. 1
(United States: Wiley), 1. edn.

Ćosić, M., Hadžijojić, M., Petrović, S., and Rymzhanov, R. (2021). Morphological
study of the rainbow scattering of protons by graphene. Chaos Interdiscip. J. Nonlinear
Sci. 31, 093115. doi:10.1063/5.0059093

Ćosić, M., Hadžijojić, M., Rymzhanov, R., Petrović, S., and Bellucci, S. (2019).
Investigation of the graphene thermal motion by rainbow scattering. Carbon 145,
161–174. doi:10.1016/j.carbon.2019.01.020

Ćosić, M., Petrović, S., and Nešković, N. (2018). The forward rainbow scattering of
low energy protons by a graphene sheet. Nucl. Instrum. Methods Phys. Res. Sect. B 422,
54–62. doi:10.1016/j.nimb.2018.02.028

Debiossac, M., Zugarramurdi, A., Mu, Z., Lunca-Popa, P., Mayne, A. J., and Roncin, P.
(2016). Helium diffraction on SiC grown graphene: qualitative and quantitative
descriptions with the hard-corrugated-wall model. Phys. Rev. B 94, 205403. doi:10.
1103/PhysRevB.94.205403

Ferrari, A. C., Meyer, J. C., Scardaci, V., Casiraghi, C., Lazzeri, M., Mauri, F., et al.
(2006). Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 97, 187401.
doi:10.1103/physrevlett.97.187401

Gao, L., Ren, W., Xu, H., Jin, L., Wang, Z., Ma, T., et al. (2012). Repeated growth and
bubbling transfer of graphene with millimetre-size single-crystal grains using platinum.
Nat. Commun. 3, 699. doi:10.1038/ncomms1702

Hadžijojić, M., Ćosić, M., and Rymzhanov, R. (2021). Morphological analysis of the
rainbow patterns created by point defects of graphene. J. Phys. Chem. C 125,
21030–21043. doi:10.1021/acs.jpcc.1c05971

Jiang, H., Kammler, M., Ding, F., Dorenkamp, Y., Manby, F. R., Wodtke, A. M., et al.
(2019). Imaging covalent bond formation by h atom scattering from graphene. Science
364, 379–382. doi:10.1126/science.aaw6378

Jiang, H., Tao, X., Kammler, M., Ding, F., Wodtke, A. M., Kandratsenka, A., et al.
(2021). Small nuclear quantum effects in scattering of H and D from graphene. J. Phys.
Chem. Lett. 12, 1991–1996. doi:10.1021/acs.jpclett.0c02933

Kittel, C. (2018). Kittel’s introduction to solid state Physics (United States: Wiley),
9. edn.

Kononov, A., and Schleife, A. (2021). Anomalous stopping and charge transfer in
proton-irradiated graphene. Nano Lett. 21, 4816–4822. doi:10.1021/acs.nanolett.
1c01416

Krause, H., Datz, S., Dittner, P., del Campo, J. G., Miller, P., Moak, C., et al. (1986).
Rainbow effect in axial ion channeling. Phys. Rev. B 33, 6036–6044. doi:10.1103/
physrevb.33.6036

Lehtinen, O., Kotakoski, J., Krasheninnikov, A., Tolvanen, A., Nordlund, K., and
Keinonen, J. (2010). Effects of ion bombardment on a two-dimensional target: atomistic
simulations of graphene irradiation. Phys. Rev. B 81, 153401. doi:10.1103/physrevb.81.
153401

Li, X., Sun, M., Shan, C., Chen, Q., and Wei, X. (2018). Mechanical properties of 2D
materials studied by in situ microscopy techniques. Adv. Mater. Interfaces 5, 1701246.
doi:10.1002/admi.201701246

Maccariello, D., Campi, D., Al Taleb, A., Benedek, G., Farías, D., Bernasconi, M., et al.
(2015). Low-energy excitations of graphene on Ru(0001). Carbon 93, 1–10. doi:10.1016/
j.carbon.2015.05.028

Marchini, S., Günther, S., and Wintterlin, J. (2007). Scanning tunneling
microscopy of graphene on Ru(0001). Phys. Rev. B 76, 075429. doi:10.1103/
PhysRevB.76.075429

Meyer, J. C., Geim, A. K., Katsnelson, M. I., Novoselov, K. S., Booth, T. J., and Roth, S.
(2007). The structure of suspended graphene sheets. Nature 446, 60–63. doi:10.1038/
nature05545

Nicholl, R. J. T., Conley, H. J., Lavrik, N. V., Vlassiouk, I., Puzyrev, Y. S., Sreenivas, V.
P., et al. (2015). The effect of intrinsic crumpling on the mechanics of free-standing
graphene. Nat. Commun. 6, 8789. doi:10.1038/ncomms9789

Nicholl, R. J. T., Lavrik, N. V., Vlassiouk, I., Srijanto, B. R., and Bolotin, K. I. (2017).
Hidden area and mechanical nonlinearities in freestanding graphene. Phys. Rev. Lett.
118, 266101. doi:10.1103/physrevlett.118.266101

Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang, Y., Dubonos, S. V.,
et al. (2004). Electric field effect in atomically thin carbon films. Science 306, 666–669.
doi:10.1126/science.1102896

Pan, P., Debiossac, M., and Roncin, P. (2022). Temperature dependence in fast-atom
diffraction at surfaces. Phys. Chem. Chem. Phys. 24, 12319–12328. doi:10.1039/
D2CP00829G

Pfandzelter, R., Mertens, A., and Winter, H. (2001). Computer simulations on energy
transfer of fast atoms to a crystal lattice under surface channeling. Phys. Lett. A 290,
145–150. doi:10.1016/s0375-9601(01)00605-3

Pop, E., Varshney, V., and Roy, A. K. (2012). Thermal properties of graphene:
fundamentals and applications. MRS Bull. 37, 1273–1281. doi:10.1557/mrs.
2012.203

Sacchi, M., and Tamtögl, A. (2023). Water adsorption and dynamics on graphene and
other 2Dmaterials: computational and experimental advances. Adv. Phys. X 8, 2134051.
doi:10.1080/23746149.2022.2134051

Saito, R., Tatsumi, Y., Huang, S., Ling, X., and Dresselhaus, M. S. (2016). Raman
spectroscopy of transition metal dichalcogenides. J. Phys. Condens. Matter 28, 353002.
doi:10.1088/0953-8984/28/35/353002

Shi, T., Peng, Q., Bai, Z., Gao, F., and Jovanovic, I. (2019). Proton irradiation of
graphene: insights from atomistic modeling. Nanoscale 11, 20754–20765. doi:10.1039/
C9NR06502D

Singh, R., Scheinecker, D., Ludacka, U., and Kotakoski, J. (2022). Corrugations in free-
standing graphene. Nanomaterials 12, 3562. doi:10.3390/nano12203562

Tamtögl, A., Bahn, E., Sacchi, M., Zhu, J., Ward, D. J., Jardine, A. P., et al. (2021).
Motion of water monomers reveals a kinetic barrier to ice nucleation on graphene. Nat.
Commun. 12, 3120. doi:10.1038/s41467-021-23226-5

Tamtögl, A., Bahn, E., Zhu, J., Fouquet, P., Ellis, J., and Allison, W. (2015). Graphene
on Ni(111): electronic corrugation and dynamics from helium atom scattering. J. Phys.
Chem. C 119, 25983–25990. doi:10.1021/acs.jpcc.5b08284

Tan, P.-H. (2019). “Raman spectroscopy of two-dimensional materials,” in Springer
series in materials science. edn (Singapore: Springer Singapore), 1. doi:10.1007/978-981-
13-1828-3

Tohei, T., Kuwabara, A., Oba, F., and Tanaka, I. (2006). Debye temperature and
stiffness of carbon and boron nitride polymorphs from first principles calculations.
Phys. Rev. B 73, 064304. doi:10.1103/PhysRevB.73.064304

Tømterud, M., Hellner, S. K., Eder, S. D., Forti, S., Manson, J. R., Colletti, C., et al.
(2022). Temperature dependent bending rigidity of graphene. ArXiv:2210.17250.

Frontiers in Chemistry frontiersin.org06

Bühler et al. 10.3389/fchem.2023.1291065

https://doi.org/10.1088/0953-8984/28/10/103005
https://doi.org/10.1016/j.carbon.2015.08.110
https://doi.org/10.1103/physrevb.1.2063
https://doi.org/10.1039/C5RA27452D
https://doi.org/10.1016/j.carbon.2016.12.055
https://doi.org/10.1039/D0CP04729E
https://doi.org/10.1039/D0CP04729E
https://doi.org/10.1088/1367-2630/12/9/093018
https://doi.org/10.1088/1475-7516/2010/11/019
https://doi.org/10.1088/1367-2630/ab05ed
https://doi.org/10.1038/nnano.2015.179
https://doi.org/10.1016/j.ssc.2009.01.036
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1002/adma.201204000
https://doi.org/10.1002/adma.201204000
https://doi.org/10.1063/5.0059093
https://doi.org/10.1016/j.carbon.2019.01.020
https://doi.org/10.1016/j.nimb.2018.02.028
https://doi.org/10.1103/PhysRevB.94.205403
https://doi.org/10.1103/PhysRevB.94.205403
https://doi.org/10.1103/physrevlett.97.187401
https://doi.org/10.1038/ncomms1702
https://doi.org/10.1021/acs.jpcc.1c05971
https://doi.org/10.1126/science.aaw6378
https://doi.org/10.1021/acs.jpclett.0c02933
https://doi.org/10.1021/acs.nanolett.1c01416
https://doi.org/10.1021/acs.nanolett.1c01416
https://doi.org/10.1103/physrevb.33.6036
https://doi.org/10.1103/physrevb.33.6036
https://doi.org/10.1103/physrevb.81.153401
https://doi.org/10.1103/physrevb.81.153401
https://doi.org/10.1002/admi.201701246
https://doi.org/10.1016/j.carbon.2015.05.028
https://doi.org/10.1016/j.carbon.2015.05.028
https://doi.org/10.1103/PhysRevB.76.075429
https://doi.org/10.1103/PhysRevB.76.075429
https://doi.org/10.1038/nature05545
https://doi.org/10.1038/nature05545
https://doi.org/10.1038/ncomms9789
https://doi.org/10.1103/physrevlett.118.266101
https://doi.org/10.1126/science.1102896
https://doi.org/10.1039/D2CP00829G
https://doi.org/10.1039/D2CP00829G
https://doi.org/10.1016/s0375-9601(01)00605-3
https://doi.org/10.1557/mrs.2012.203
https://doi.org/10.1557/mrs.2012.203
https://doi.org/10.1080/23746149.2022.2134051
https://doi.org/10.1088/0953-8984/28/35/353002
https://doi.org/10.1039/C9NR06502D
https://doi.org/10.1039/C9NR06502D
https://doi.org/10.3390/nano12203562
https://doi.org/10.1038/s41467-021-23226-5
https://doi.org/10.1021/acs.jpcc.5b08284
https://doi.org/10.1007/978-981-13-1828-3
https://doi.org/10.1007/978-981-13-1828-3
https://doi.org/10.1103/PhysRevB.73.064304
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1291065


Woznica, N., Hawelek, L., Fischer, H. E., Bobrinetskiy, I., and Burian, A. (2015). The
atomic scale structure of graphene powder studied by neutron and X-ray diffraction.
J. Appl. Crystallogr. 48, 1429–1436. doi:10.1107/S1600576715014053

Wu, T., Ding, G., Shen, H., Wang, H., Sun, L., Jiang, D., et al. (2013). Triggering the
continuous growth of graphene toward millimeter-sized grains. Adv. Funct. Mater. 23,
198–203. doi:10.1002/adfm.201201577

Yan, Z., Peng, Z., and Tour, J. M. (2014). Chemical vapor deposition of graphene
single crystals. Accounts Chem. Res. 47, 1327–1337. doi:10.1021/ar4003043x

Yang, X., Han, D., Fan, H., Wang, M., Du, M., and Wang, X. (2021). First-principles
calculations of phonon behaviors in graphether: a comparative study with graphene.
Phys. Chem. Chem. Phys. 23, 123–130. doi:10.1039/D0CP03191G

Zhang, H., Huang, J., Wang, Y., Liu, R., Huai, X., Jiang, J., et al. (2018). Atomic force
microscopy for two-dimensional materials: a tutorial review. Opt. Commun. 406, 3–17.
doi:10.1016/j.optcom.2017.05.015

Ziegler, J., Biersack, J., and Littmark, U. (1983). Empirical stopping powers for ions in
solids. Charge states Dyn. Screen. swift ions solids, 88–100.

Ziegler, J. F., and Biersack, J. P. (1985). The stopping and range of ions in matter.
Boston, MA: Springer US, 93–129. doi:10.1007/978-1-4615-8103-1_3

Zugarramurdi, A., Debiossac, M., Lunca-Popa, P., Mayne, A. J., Momeni, A., Borisov,
A. G., et al. (2015). Determination of the geometric corrugation of graphene on
SiC(0001) by grazing incidence fast atom diffraction. Appl. Phys. Lett. 106, 101902.
doi:10.1063/1.4914178

Frontiers in Chemistry frontiersin.org07

Bühler et al. 10.3389/fchem.2023.1291065

https://doi.org/10.1107/S1600576715014053
https://doi.org/10.1002/adfm.201201577
https://doi.org/10.1021/ar4003043x
https://doi.org/10.1039/D0CP03191G
https://doi.org/10.1016/j.optcom.2017.05.015
https://doi.org/10.1007/978-1-4615-8103-1_3
https://doi.org/10.1063/1.4914178
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1291065

	Describing the scattering of keV protons through graphene
	1 Introduction
	2 Theory and methods
	2.1 Modelling thermal motion

	3 Results
	4 Discussion
	5 Summary and outlook
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


