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ABSTRACT: Ever since the discovery of graphene and sub-
sequent explosion of interest in single-atom-thick materials,
studying their mechanical properties has been an active area of
research. Atomistic length scales often necessitate a rethinking of
physical laws, making such studies crucial for understanding and
ultimately utilizing material properties. Here, we report on the
investigation of nanoscale periodic ripples in suspended, single-
layer graphene sheets by scanning tunneling microscopy and
atomistic scale simulations. Unlike the sinusoidal ripples found in
classical fabrics, we find that graphene forms triangular ripples,
where bending is limited to a narrow region on the order of a few
unit cell dimensions at the apex of each ripple. This nonclassical
bending profile results in graphene behaving like a bizarre fabric,
which regardless of how it is draped, always buckles at the same angle. Investigating the origin of such nonclassical mechanical
properties, we find that unlike a thin classical fabric, both in-plane and out-of-plane deformations occur in a graphene sheet. These
two modes of deformation compete with each other, resulting in a strain-locked optimal buckling configuration when draped.
Electronically, we see that this in-plane deformation generates pseudo electric fields creating a ∼3 nm wide pnp heterojunction
purely by strain modulation.
KEYWORDS: graphene, strain, nonclassical, mechanical properties, electronic properties, STM

■ INTRODUCTION
From the folds in our textiles to ripples in plastic wrap and
draped tablecloths, deformations of thin sheets are common
everyday occurrences. The essential physics of these everyday
observations was worked out more than a century ago by Lord
Rayleigh in his book Theory of Sound.1 Unlike familiar thin
fabrics with finite measurable thicknesses, single-atom-thick
two-dimensional (2D) materials are the ultimate limit of thin
sheets, and understanding how they deform has been the focus
of research over the past decade. From a fundamental
viewpoint, it is important to understand how the mechanical
properties of 2D materials, especially rippling, buckling,
folding, and crumpling, differ from those of classical fabrics.
From an application viewpoint, the potential to develop novel
electronic devices, which exploit the ability of 2D materials to
deform into complex three-dimensional structures while
bending with very small radii, makes these studies crucial.2−6

One of the earliest studies of graphene’s mechanical properties
was done by Lee et al.7 by making indentations in suspended
graphene with an atomic force microscope. They found that
graphene has Young’s modulus of 1 TPa (5 times that of most
steels) and an intrinsic strength of 130 GPa (50 to 100 times

that of most steels)�the highest for any material ever
measured. On the theoretical side, efforts were also made to
go beyond numerically expensive first-principles calculations
toward equivalent continuum models that can explain the
mechanics of larger graphene sheets as a fabric.8−10 Finding an
equivalent description of 2D materials analogous to classical
fabrics is challenging for two main reasons. First, the inability
to properly define the plate thickness of a single atomic layer
results in wide variations in bending and Young’s moduli
among different studies, known as Yakobson’s paradox.11,12

Second, an equivalent description of a discrete lattice is
challenging when the length scale of strain variation becomes
comparable to the lattice constant. In particular, it is plausible
that Rayleigh’s theories get modified when deformation length
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scales approach the atomic limit when electronic interactions
(which were unknown when the classical theory was
developed) between neighboring atoms can become impor-
tant. Indeed, Tapaszto et al.13 found that nanometer-length-
scale graphene ripples have shapes that cannot be described by
a continuum mechanics approach valid for a classical fabric.14

Interestingly, Bai et al.15 found that this discrepancy persists for

ripples measuring up to 100 nm, length scales much larger than
the lattice constant, whereas micron-sized ripples were well
described by continuum mechanics.16 This suggests two
regimes in which ripples in graphene follow different sets of
laws. Continuum mechanics describes well graphene ripples
with a wavelength of around 1 micron and greater, and another
unknown set of laws governs the rippling of graphene on the

Figure 1. Rippling in classical fabrics: (a) Applying tensile stress to a fabric in the longitudinal direction (x) results in a Poisson compression in the
transverse direction (y), creating ripples. The shape of ripples in a classical fabric is determined by balancing energy contributions from two
deformations: stretching in the longitudinal direction (with corresponding energy cost Ust) and bending in the transverse direction (energy cost
Ub). (b) Plastic wrap spread over two concentric cylinders, with a taller inner cylinder, also yields such tension ripples. As strain γ is kept constant,
ripple wavelength λ and sheet length L follow a scaling law L ∝ λ2, as in eq 2 of the text. In the figure, ripples on the right have a smaller wavelength
(red) and amplitude than those on the left. But to stabilize the larger ripples, the left ripples must run diagonally, increasing the effective sheet
length L (blue).

Figure 2. Creating nanoscale ripples in graphene: (a) STM topograph of graphene grown on copper with large (up to ∼35 nm high) step edges
(current setpoint Iset = 70 pA, sample bias Vs = 0.1 V; all displayed STM data in the paper is obtained at temperature T = 80 K and unfiltered). (b)
Magnified image of a step edge (Iset = 80 pA, Vs = 0.1 V) shows graphene draping over the step forming ripples as it is stretched by the contact
forces of the Cu substrate. The black box highlights the ripple near the crest of which the spectra shown in Figure 5c are taken. The faintly visible
tilted parallel lines in the flat terraces are surface reconstructions of the Cu substrate underneath graphene, as also observed by Tian et al.32 (c)
Analogous to corners of a draped tablecloth, high-curvature regions are associated with higher ripple density (and hence smaller ripple wavelength)
as highlighted in the topographic profile (d), extracted along the blue line (Iset = 170 pA, Vs = 0.12 V).
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length scales below 100 nm. Here, we investigate the origin of
the latter, with graphene ripple wavelengths on the order of
tens of nanometers.
Ripples are necessary for the stability of 2D materials17−19

and are commonly observed in scanning tunneling microscopy
(STM) investigations of graphene. However, the development
of a thorough formalism of 2D material deformation at the
nanoscale, equivalent to that for classical fabrics, has been
hindered due to the difficulty of creating reproducible
nanoscale ripples such that physically relevant parameters
like wavelength, amplitude, sheet length, and curvature can be
systematically varied and measured over a large parameter
space. Instead, experimental studies have typically relied on the
good fortune of finding wrinkles in 2D materials.15,20−25

Though it is possible to induce controlled strain by patterning
substrates,26−28 this approach tends to create wrinkles with
deformation length scales much larger than the lattice spacing.
In contrast to these traditional approaches, we develop a
technique to create reproducible nanoscale ripples by draping
graphene over Cu step edges and experimentally investigate a
large parameter space of wavelengths, amplitudes, and sheet
lengths.
In describing the deformation of a classical sheet, Rayleigh

argued1 that there are two ways a uniform isotropic thin sheet
can deform: out-of-plane bending and in-plane stretching.
When a sheet of thickness t bends with a radius of curvature R,
then the strain due to bending, γb, varies through its thickness
as γb ∼ z/R where z is the axis normal to the sheet surface.

Figure 3. Shape of graphene: (a) topography of ripples on draped graphene (Iset = 30 pA, Vs = 0.1 V) from whence we extract profiles (b) down the
sheet ( 1/ 1), revealing sheet length, and (c) along the sheet ( 2/ 2), showing ripple wavelength and the apex angle. Dashed lines highlight the
triangular shape. Profiles are offset for clarity and have different scales for the horizontal and vertical axes. (d) Rippling angle is conserved at 168°
(±3°), independent of step height and curvature, ripple amplitude, and wavelength (pictured here, with two standard deviation ranges shaded
pink). (e) Measurements of sheet length and ripple wavelength from three separate step edges show the violation of classical scaling, which predicts
L ∝ λ2.
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Hence, the energy density due to bending, Ub, is Ub ∼ ∫ γb2 dz
∼ t3. Similarly, the energy density due to a uniform stretch is
Ust ∼ ∫ γst2 dz ∼ t. Thus, the total energy U due to deformation
is

U t t(bending) (stretching)3 + (1)

As the deformation should minimize energy cost, Rayleigh
remarked ‘when the thickness is diminished without limit, the
actual displacement will be one of pure bending’.1 Scaling laws
relating wavelength, sheet length, and strain magnitude for a
thin classical rippled sheet were deduced by Cerda and
Mahadevan.14,29 In particular, they showed that ripples in a
classical fabric (Figure 1a) obey the scaling law relating
wavelength λ, strain γ, sheet length L, and thickness t

L
t

2

(2)

This scaling law implies that for a sheet under constant strain,
the sheet length L varies as λ2. An example of this is illustrated
in Figure 1b, where the ripples on the left have a larger
wavelength and amplitude than those on the right, but to
accommodate the larger ripples, the sheet must drape down
diagonally, effectively increasing the sheet length. We sketch
the origin of this scaling law in the Supporting Information,
Section 9.

■ RESULTS
For most STM studies of graphene, an atomically flat substrate
is desired to facilitate the growth of large grains and to ease
scanning. However, to encourage the rippling of graphene in
our study, we grow graphene via low-pressure chemical vapor
deposition at a high temperature (1020 °C) on an electro-
polished Cu substrate (see the Supporting Information,
Section 1). Under these growth conditions, step bunching
leads to the formation of large steps up to 35 nm tall30,31

(Figure 2a). Graphene drapes down these large steps forming
ripples (Figure 2b) in the draped (suspended) regions.
These ripples occur preferentially in regions of higher step

edge curvature (Figure 2c,d). This is analogous to the classical
case of ripples forming at the corners of a tablecloth, a result of
having more expendable materials at that location. In Figure 3,
we present measurements of their wavelength, amplitude, and
sheet length. The wide variation of parameters from more than
200 independent measurements across multiple steps enables
us to explore a large parameter space. This, in turn, allows us to
avoid the necessity of estimating experimentally unmeasured
quantities like the effective thickness of the graphene sheet and
its Poisson’s ratio at the nanoscale13,15 and instead look for
scaling relationships to directly test classical laws (Figure 3).
Figure 3c shows that contrary to a sinusoidal profile of

ripples observed in classical fabrics, these ripples have a
triangular shape. The technique to extract linecuts from draped
graphene regions is detailed in the Supporting Information,
Section 7. More interestingly, all ripples have the same bending

Figure 4. Atomistic scale simulations: building process and simulation results for an atomistic representation of a curved Cu step with rippled,
suspended graphene. To investigate formation of ripples in graphene draped over a curved Cu step edge (a), we place a sheet of graphene in close
proximity to this Cu step (b) and let the system relax to form rippled, suspended graphene (c). Cut along the crest of the ripple, showing only half
the system is presented in (d), while the ripple profile can be seen in the highlighted cyan atom chain (e) and in an extracted profile showing the
apex angle (f). Profiles obtained from the final structure for two models with different Cu step radii of curvature (model A: 10 nm; model B: 15 nm;
see the Supporting Information, Section 3) (g) down the sheet reveal sheet length and (h) along the sheet show ripple wavelength and apex angle.
The profiles are offset for clarity.
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angle at the vertex, 168° (±3°), consistent across order of
magnitude variations in wavelength (Figure 3d), amplitude,
and step height. This conserved bending angle means that the
ripple’s wavelength is proportional to its amplitude. Such a
situation arises in the classical theory for ripples with uniform
strain due to transverse inextensibility. A sheet that is stretched
in the longitudinal direction with strain γ Poisson contracts in
the transverse direction. The transverse inextensibility of the
sheet implies that when a flat region of width λ′ buckles
forming a ripple of wavelength λ and amplitude A, then they

are related by ( ) ( ) A
2

2

2

2 2+ . The contraction in the

transverse direction due to this out-of-plane buckling is
A2 2

= for Δλ ≪ λ. As this contraction results
i n t h e P o i s s o n c o m p r e s s i o n , w e h a v e

A
transverse

2 2

2= = = , where ν is Poisson’s ratio. Thus,
we have A , as also derived in ref 14. We also note that
triangular deformations like these were also predicted using
molecular dynamics simulations when graphene is placed in a
Cu matrix.33

These two scaling laws, viz., A and L
t

2

(eq 2),
imply that for any two arbitrary ripples in a classical fabric, only
two scenarios are possible: either (i) γ is the same, in which
case both A ∼ λ and L ∼ λ2 or (ii) γ is different, in which case
neitherA ∼ λ nor L ∼ λ2. As we observe a conserved bending
angle at the crest of each ripple (Figure 3d), the ripples satisfy
the scaling relation A ∼ λ. If the observed ripples are classical,
then from case (i) above, they must also satisfy L ∼ λ2. We test
this prediction directly by measuring sheet length L and
wavelength λ of ripples. Figure 3a displays two regions on the
same step where measurements were taken. For these two
regions, the local ripple wavelengths, shown in Figure 3c along
the ripple direction 2 and 2, differ by a factor of 2 (λB ≈
2λA), while the sheet lengths (Figure 3b) are nearly identical,
LB ≈ LA in strong contrast with the classical prediction of LB ≈
4LA (from eq 2). A plot of sheet length versus wavelength for
several ripples observed on three different step edges (Figure
3e) highlights the lack of any clear correlation between the two
variables. The disagreement between scaling laws predicted by
the classical theory of rippling and our measurements
demonstrates that the classical theory is not valid for nanoscale
ripples in graphene. We also note a potential caveat that the
classical scaling law L ∝ λ2 is strictly valid for a flat geometry,
but the ripples were observed on curved step edges, and
whether that can invalidate our arguments showing graphene
to be nonclassical. We address this issue in the Supporting
Information, Section 9, where we show that as the local radius
of curvature of the underlying step edges is several orders of
magnitude larger than all of the other length scales in the
problem, like wavelength, amplitude, and sheet length, it only
adds negligibly small higher-order corrections to the classical
scaling law.
We next turn to addressing some potential issues that can

arise when imaging 2D materials on a tilted surface using STM.
Tip artifacts are common when imaging 2D materials with
STM, particularly because they tend to stick to the tip.
However, such effects are generally more pronounced for
unstretched micron-sized suspended sheets.26 The graphene
sheet in our study should be much less susceptible to such
behavior as it is under tension and is suspended only over a

very small region (tens of nanometers). Topographs taken in
forward and backward scans, as well as under order of
magnitude ranges of tunneling current (∼100 pA to 1 nA), are
similar, implying that graphene is not sticking to the tip. The
experimentally measured rippling angle and its triangular shape
(Figure 3d) are also found consistent with atomistic
simulations (presented later in Figure 4h), further supporting
that tip artifacts are negligible in the experimental data.
Imaging a tilted region, like the draped region, can also create
artifacts as the standard technique of plane subtraction can lead
to artificial compression. Instead, we rotate the coordinate
system to extract accurate lengths on draped graphene
(Supporting Information, Section 7).
To understand the origin of these nonclassical mechanical

properties, we performed atomistic scale calculations of a
graphene sheet draped over a curved Cu step edge (Figure 4).
While density functional theory (DFT) calculations are widely
used to model graphene structures,34−38 such simulations are
computationally expensive and not feasible for modeling a
graphene sheet suspended over a Cu step edge, which requires
consideration of at least a few thousand atoms. On the other
hand, none of the widely used classical force fields�which are
generally suitable for simulating large systems�such as
AMBER,39 CHARMM,40 GROMOS,41 or OPLS,42 can be
used to correctly reproduce the mechanical properties of
graphene while simultaneously satisfying chemically justified
carbon−copper interactions. Fortunately, a recently developed
Cu−C ReaxFF parameter set43 can be used to model a
graphene sheet at a copper step edge, as it not only includes
the parameters for interactions between carbon atoms that
correctly describe the mechanical properties of graphene but
has also been shown to accurately model experimentally
observed draping of a suspended graphene ribbon at a copper
step.44 Thus, we used the ReaxFF method with a recently
updated version of this parameter set to further stabilize the
carbon−copper interactions to perform atomistic simulations
and understand the mechanical properties of our system. See
the Supporting Information, Section 3 for more information on
the ReaxFF simulations performed. All presented simulation
snapshots were visualized using visual molecular dynamics
(VMD)45 or the Schrodinger package,46 while all atomistic
simulations were performed with the use of the ADF
software.47

As the ripples are observed to form preferentially on curved
step edges (Figure 2c,d), we model them by generating a series
of Cu steps of varying height h and curvature (Figure 4a) and
placing 8 nm square graphene sheets near them (Figure 4b).
All considered structures were first energy-minimized,
proceeded by a series of NPT (i.e., keeping the number of
particles, the pressure, and temperatures constant) simulations.
The sheet temperature was initially set to 5 K to allow the
graphene to slowly connect with the Cu substrate. Then, to
facilitate deformations of the graphene sheet including
additional attachment to the substrate, the sheet temperature
was raised to 175 K. After 15 ps, the graphene formed visible
ripples for all considered systems. In Figure 4c, the final
structure for one such model (described as model A in the
Supporting Information, Section 3) with a step height of 1.6
nm is presented. Unlike the STM data, where it is not possible
to see underneath the graphene sheet, for the simulated
system, we can create a cut-away view (Figure 4d), highlighting
the suspension of the graphene in the draped region. Thus, the
simulation implies that ripples similar to those experimentally
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observed can be induced in graphene just by draping it on a
curved Cu step edge (analogous to a draped tablecloth) and
does not require the formation of any vicinal surface
reconstructions in the substrate, which might occur at high
growth temperatures.32 We note that even if the flat terraces
are not perfectly uniform, the simulation implies that these
small substrate imperfections are not required in forming
ripples or determining the ultimate shape of rippled graphene.
Next, we compare the shape of the ripples obtained from

these simulations and find them to be consistent with
experimental observations. To better visualize the shape of
the rippled graphene sheet, in Figure 4e, we make all carbon
atoms translucent except for a line of atoms across the ripple
highlighted in cyan. In the extracted profile of these
highlighted atoms (Figure 4f), we see that these simulated
ripples are also triangular (as highlighted by black dashed
linear guides to the eye) rather than sinusoidal, with an apex
angle of 170° (±2°) across all considered systems (Table T2 in
the Supporting Information, Section 3), consistent with the
experimentally measured value of 168° (±3°). Furthermore,
profiles extracted from two different simulated systems show
that it is possible to have ripples with similar sheet lengths
(Figure 4g) but very different ripple wavelengths (Figure 4h�
here λA ≈ 1.5 λB). We also tested the system with a rotated
graphene sheet to confirm that chirality does not play a
significant role in determining the ripple shapes (Figure S2 in
the Supporting Information, Section 3). Thus, our simulations

accurately describe the observed mechanical properties of
these nanometer wavelength ripples in draped graphene.
With simulations capturing the essential physics of the

system, we next try to understand these remarkable
observations. In particular, we try to understand exactly
which parts of classical rippling theory fail when applied to a
graphene sheet and why. One of the advantages of our
simulation approach is the possibility of selectively switching
off particular interactions to assess how important they are for
a given phenomenon to occur. As elaborated further in the
Supporting Information Section 4, we find that switching off
dihedral interactions immediately leads to the disappearance of
these ripples (Figure S3). The dihedral interaction, which is
necessary to correctly describe the presence of conjugated π
bonds, captures the effect of bending a discrete lattice and
hence it is only natural that it plays a crucial role in
determining the shape of the ripples. Lu et al.48 found that the
dihedral interaction is important in determining the bending
modulus of monolayer graphene. In particular, they hypothe-
sized using theoretical calculations that carbon nanotubes must
stretch in the tangential direction when they are rolled from a
graphene sheet, increasing their radius.
These two observations that ripples are eliminated when

dihedral interactions are turned off and that dihedral
interactions can result in transverse stretching of the bonds
suggest that this transverse in-plane stretching is likely a crucial
component missing from the classical theory of rippling. The
classical theory only considers out-of-plane bending, and that

Figure 5. Origin of nonclassical ripples: (a) measuring the LDOS by scanning tunneling spectra taken on rippled graphene shows a series of
equidistant peaks marked by gray dashed lines due to the formation of strain-modulated superlattices.49 Near ripple extrema with height profile
shown in (b), the equidistant LDOS peaks shift toward negative bias as marked by red dashed lines in (c). Such a simultaneous shift of all of the
peaks is the result of shifting of the Dirac point, corroborating that graphene is indeed stretched at the ripple crest. For plot in (c), 100 individual
spectra were taken at each spatial point and averaged. When the graphene lattice is bent under curvature (d) top and (e) side views, the pz orbitals
(shown by red and blue lobes with the colors corresponding to electronic spin) get closer than what they were in a flat graphene sheet, forcing them
to interact (purple dashed lines). Then, the optimal configuration of graphene is where the local bond lengths are stretched to reduce pz−pz orbital
interaction. This local stretching of the bonds at ripple crests makes it behave unlike a thin classical fabric. These out-of-plane and in-plane modes
of deformation occur simultaneously to create a strain-locked optimal buckling configuration in draped graphene sheets.
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may lead to incorrect predictions when applied to ripple
structures in graphene (and likely other 2D materials).
Moreover, such in-plane stretching, should it exist, would
likely occur only where graphene is bent, that is, as the ripples
are triangular, in a very narrow region at the crest of each
ripple. Such a strain variation over a very narrow region is
challenging to resolve using direct atomic imaging techniques.
For example, though such an in-plane mode of deformation
was also proposed by Tapaszto et. al.13 to account for the
breakdown of the classical rippling theory, direct experimental
evidence of the same and measurement of this in-plane strain
and its spatial variation has not been achieved. For that, we
turn to measuring electronic properties, which should be
affected by this local stretching to provide indirect evidence of
in-plane stretching of bonds at ripple extrema. Electronic
properties are dependent on the overlap of electronic
wavefunctions of nearest neighbor atoms and are hence
exponentially more sensitive than STM topography to bond
length distortions.
In Figure 5a, we show the local density of states (LDOS)

measured on rippled graphene, where, in addition to the V-
shape of the Dirac cone, we see a series of equidistant peaks.
Details of the equal energy-spaced peak structure, resulting
from modulated pseudomagnetic fields, are discussed in ref 49.
Briefly, we found that the familiar En ∝√n Landau
quantization only holds when the pseudomagnetic field profile
is uniform. In the present case, the ripples periodically
modulate the pseudomagnetic field, changing it over a length
scale that is comparable to the magnetic length. This
periodically varying pseudomagnetic field results in a novel
quantization with equidistant LDOS peaks. In addition to the
spatially periodic pseudomagnetic fields, local stretching of the
bonds at ripple extrema should also result in a pseudo-electric
field there.50 This pseudo-electric field should shift the entire
tunneling spectrum, and its effect can be visualized by tracking
the shift of the LDOS peaks near ripple extrema. The LDOS
peaks are most prominent for negative biases, with the
asymmetry arising likely due to the next nearest neighbor
hopping in a strained lattice.51 We focus only on those bias
values for our next analysis. Plotting the LDOS at each point of
a linecut profile near a ripple crest (Figure 5b,c), we see that
the equidistant peaks (marked by red dashed lines) shift in
unison toward negative bias, implying a shift of the Dirac point
(DP). Such a DP shift is known to occur due to changing the
local scalar potential and reduced Fermi velocity when
graphene is stretched.50,52−54 Following Guinea et al.,55 we
use this DP shift to estimate strain at the ripple crest. A one-
dimensional stretching of the lattice uxx creates a scalar
potential V = V0 uxx, where V0 ≈ 3 eV. A DP shift of roughly
100 meV over 3 nm implies a pseudo-electric field of strength
E 3 10100 meV

3 nm
7 V

m
| | = = × , suggesting a transverse stretching

of about u 3%xx
E x
V0

= =| | . Notably, this pseudo-electric field

magnitude is comparable to E-fields in the smallest operational
p−n junctions.56,57 We also note that a change in the surface
area resulting from in-plane deformations in rippled graphene
like the one observed here was also predicted in calculations by
Qin et al.58

A possible origin for this transverse in-plane stretching is
explained in Figure 5d,e. Graphene consists of sp2-bonded
carbon atoms with the pz orbitals sticking out of plane. For a
flat graphene sheet, these pz orbitals have minimal overlap.

However, a bent graphene sheet can force these pz orbitals to
interact. By local in-plane stretching of the bonds, the distance
between the pz orbitals can be increased, and hence graphene,
unlike a thin classical fabric, suffers in-plane stretching when it
is subjected to out-of-plane buckling. The local charge
inhomogeneity resulting from such bending and the sub-
sequent rehybridization of electronic orbitals should also help
in stabilizing the ripples.59 Numerous theoretical studies have
treated in-plane and out-of-plane deformations of graphene to
be independent, analogous to classical fabrics.60−62 Our results
suggest that such an approach might be questionable at the
nanometer length scale as these two modes of deformation are
inherently tied together even for small out-of-plane deviations
(∼10°). In addition to the above analysis, based on rigorous
atomistic calculations, in the Supporting Information, Section
5, we also present a simple phenomenological model to capture
the mechanics of graphene bending. There, we show that the
in-plane and out-of-plane modes of deformations compete with
each other resulting in a strain-locked optimal buckling
configuration.
We note that the ReaxFF calculations were performed for

much smaller model systems than those observed exper-
imentally. The largest simulated system had ∼50 000 atoms
with a Cu step edge height of only 1.6 nm, resulting in fewer
and smaller ripples than those observed experimentally.
Nevertheless, the fact that similar observations were made as
in the experiments suggests that the essential physics of the
system is adequately described even by such small systems.
Furthermore, in the simulations, the graphene was placed near
the curved Cu step edge, meaning that the dynamics of the
growth process was neglected, which might also affect the final
draping configuration. Large-scale ReaxFF simulations, using
force-biased Monte Carlo, as previously employed for carbon-
nanotube growth in Ni-clusters,63 may be able to capture these
growth dynamics. Our observations also suggest that electronic
interactions can affect the mechanical properties, forcing
graphene to stretch at the ripple extrema (Figure 5). Electronic
interactions, like electron transfer between Cu and graphene,
are not explicitly accounted for in the ReaxFF method, but
recent reports indicate64 that perhaps e-ReaxFF might be able
to include such effects. Finally, since our samples were grown
at a relatively high temperature of 1020 °C on Cu foils, we
most likely have a polycrystalline substrate and we believe that
our observations reflect the inherent mechanical properties of
graphene. However, we note that further measurements for the
samples with the controlled crystal structure would be
interesting.

■ CONCLUSIONS
We studied graphene sheets as they drape over Cu step edges
and explained the formation of ripples that violate classical
scaling laws. Unlike a thin classical sheet, we found that
graphene undergoes stretching over a few bond lengths at
ripple crests and troughs to reduce interactions between
nearby pz orbitals. Interestingly, the effect of this stretching
over a very narrow region is significant enough that even
ripples much larger than unit cell dimensions (up to tens of
nanometers, where one might be tempted to use a continuum
approximation) differ fundamentally from classical fabrics. This
observation should be considered carefully while developing
strain-enabled and flexible electronics. Furthermore, the
general nature of our arguments implies that other 2D
materials should also form nonclassical ripples when forced
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to buckle at the nanoscale. Suggestively, we note that triangular
ripples have already been observed in WSe2 as well.65 The
validity of the continuum elasticity theory will always be
questionable when it is applied to a discrete lattice. Thus,
based on our results, we expect other 2D materials with out-of-
plane electronic distributions to also stretch like graphene
when they bend resulting in nonclassical ripples. In contrast to
our study of ripples with wavelengths measuring tens of
nanometers, larger ripples, with wavelengths approaching the
micron scale, have been shown to conform to the classical
theory,16 implying the existence of a crossover region where
the bending mechanics of graphene should vary significantly.
Such a variation, where the graphene sheet bends differently
depending on the size of deformations, may help address the
long-standing debate about the bending modulus of monolayer
graphene.3,66−68 Also interesting would be the exploration of
how the hybridized pz orbitals at the ripple crests can affect the
local interlayer slipping and ultimately bending in multilayer
graphene sheets.69 The techniques developed in this paper to
exert strain at the nanoscale and accurately modeling the
effects of such should present a strong foundation for future
work in understanding the mechanical properties of 2D
materials and realizing the promise of straintronics.
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