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Ripples in graphene are extensively investigated because they ensure the mechanical stability of
two-dimensional graphene and affect its electronic properties. They arise from spontaneous symmetry
breaking and are usually manifested in the form of domains with long-range order. It is expected that
topological defects accompany a material exhibiting long-range order, whose functionality depends on
characteristics of domains and topological defects. However, there remains a lack of understanding
regarding ripple domains and their topological defects formed on monolayer graphene. Here we explore
configuration of ripple domains and their topological defects in exfoliated monolayer graphenes on SiO,/Si
substrates using transverse shear microscope. We observe three-color domains with three different ripple
directions, which meet at a core. Furthermore, the closed domain is surrounded by an even number of cores
connected together by domain boundaries, similar to topological vortex and anti-vortex pairs. In addition,
we have found that axisymmetric three-color domains can be induced around nanoparticles underneath the
graphene. This fascinating configuration of ripple domains may result from the intrinsic hexagonal
symmetry of two-dimensional graphene, which is supported by theoretical simulation using molecular
dynamics. Our findings are expected to play a key role in understanding of ripple physics in graphene and
other two-dimensional materials.

rippling, and/or wrinkling. These interesting phenomena arise from the large degree of deformation

between bending and stretching caused by external mechanical stimuli, because the elastic energy for
stretching or compressing the sheet decreases as a result of out-of-plane deformation'~*. Minimization of the
total elastic energy by wrinkling of the elastic membrane can accommodate the mechanical instability under
applied strain®~. Since monolayer graphene is a two-dimensional crystalline system with atomic-scale thickness®,
it exhibits intrinsic rippling with smooth undulations such that out-of-plane elastic deformations can provide
stability of graphene in spite of external thermal energy fluctuation”®.

The surface corrugations are expected to strongly influence the electronic properties of graphene®'! because
local structural deformation is predicted to modify local electron density, which can generate a pseudomagnetic
field and change the chemical activity'>'*. It is also suggested that charge conductivity can be limited by ripples
where charge carriers are scattered by flexural phonons'*. In addition, anisotropic behavior is expected for charge
propagation due to periodic ripple structures.

Previously, it was reported that ripple domains in exfoliated monolayer graphene on SiO,/Si substrate can be
observed using contact-mode atomic force microscope (AFM)'>'. Each ripple domain shows friction anisotropy
due to long-range ordering of ripples. This phenomenon may result from inhomogeneous mechanical stress on a
two-dimensional hexagonal lattice of graphene during mechanical exfoliation". Recently, we have demonstrated
that zigzag directional ripples are preferred in these domains using both AFM and angle-resolved photoemission

T wo-dimensional crystalline systems and elastic membranes often exhibit spontaneous buckling, bending,
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spectroscopy (ARPES). In addition, we estimated the ripple size as
~5.7 nm by considering the interaction energy between graphene
and substrate'”. This ripple domain with long-range order should be
associated with structural spontaneous symmetry breaking that is
usually accompanied by topological defects, such as domain bound-
aries and vortices'®??. Thus, the exploration of spatial structure of
ripple domains is of paramount importance in order to have a better
understanding of both elastic deformation and carrier transport of
graphene.

Here, we explore configuration of ripple domains as well as related
topological defects and their response to stress in exfoliated mono-
layer graphenes on SiO,/Si substrates using transverse shear micro-
scope (TSM), which are difficult to be spatially resolved using
transmission electron microscope (TEM) or scanning tunneling
microscope (STM). We observe three-color domains with three dif-
ferent ripple directions, which meet at a core. Each closed domain is
surrounded by an even number of cores connected together by
domain boundaries, similar to topological vortex and anti-vortex
pairs. In addition, we have found that axisymmetric three-color
domains can be induced around nanoparticles underneath the gra-
phene. This fascinating configuration of ripple domains may result
from the intrinsic hexagonal symmetry of two-dimensional gra-
phene, which is supported by theoretical simulation using molecular
dynamics. Our findings are expected to play a key role in understand-
ing of ripple physics in graphene and other two-dimensional
materials.

Results and Discussion

Monolayer graphenes were prepared on SiO,/Si substrate by mech-
anical exfoliation method and confirmed by Raman spectroscopy
(see Supplementary Figure S1 online). During the preparation of
graphene samples on SiO,/Si substrates, particles were introduced
onto the surface of substrates and buried under the graphene layers.
Figure 1a shows an AFM topographic image of a single exfoliated
monolayer graphene sheet with wrinkled, folded edges and the part-
icles underneath it. The distribution of ripple domains (Figure 1b) is
revealed using a TSM, which monitors AFM cantilever torsion
resulting from net shear forces on an AFM tip by scanning it in
the longitudinal direction with respect to the cantilever body>. We
demonstrated that ripple domains with different ripple directions
could be effectively visualized by measuring the cantilever torsion

due to the interaction between the scanning tip and the ripples using
TSM and lateral force microscope (LFM)'>'°. Because cantilever tor-
sion measured using TSM can be related with the elastic shear
deformation properties of crystal surface”, TSM can afford
enhanced sensitivity to ripples. Actually, TSM has produced clearer
ripple domain contrasts than those produced by LEM**.

A single monolayer graphene sheet exhibits complex ripple
domain structures that mostly appear near the folded or wrinkled
edges. Such local aspects are similar to structural deformation of
elastic membrane under an applied stress, where folds induce loca-
lized strain that influences wrinkles in their neighborhood™. In other
words, the strain localization via folds can lead to regions of increased
stress near the folded area. Complex ripple domain structures are
often observed in monolayer graphene sheets with wrinkled and
folded edges, whereas a wrinkle- or fold-free monolayer graphene
sheet only shows a single ripple domain (see Supplementary Figure
S2 online)*>". This implies that the strain distribution in graphene
under external stress strongly affects the ripple domain structures
observed everywhere of graphene. We should note that TSM or LFM
signals of each domain fit well with simple sinusoidal functions of
sample rotation angle and showed constant line profiles, which
might be caused by homogeneously well-arranged ripples in one
domain'*""”. The complex ripple domain structure of our large gra-
phene consists of “only” three-distinctive domains, i.e., there are
only three ripple directions in the monolayer graphene, which can
be determined by the dependence of TSM and LFM images on the
sample rotation angle (see Supplementary Figures S3 and S4 online).
Furthermore, we also observed that elastic shear anisotropy (the
difference between shear force maximum and minimum values
obtained by TSM) and friction anisotropy (by LFM) of each domain
were respectively same as those of other domain'>'®. It indicates that
each ripple domain has the common origin of such anisotropy and
the similar structural features of ripples with those in other domain.

In our previous work (Ref. 17), we have demonstrated that ripples
are preferentially formed along the zigzag directions of graphene.
Because hexagonal graphene has three zigzag axes, there are only
three preferred ripple directions on graphene. Therefore, a tensile
(compressive) strain along the direction rotated in the range of —30°
to 30° from the positive or negative directions of a zigzag axis (per-
pendicular-to-zigzag direction) can induce the formation of ripples
parallel to the zigzag axis. The area, where is governed by such
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Figure 1| Ripple domains in a single monolayer graphene sheet. (a) AFM topographic image of a single monolayer graphene sheet equivalent to
patching 9 partial images with a dimension of 40 X 40 um?, showing folds and wrinkles at the edge. P1, P2, P3, and P4 denote regions with embedded
particles under the graphene. (b) TSM image obtained by longitudinal scan across the monolayer graphene sheet. Three domain contrasts correspond to
three ripple directions. Red-dashed rectangular area in (b) is described in Figure 2. The inset of (b) shows the top view of the cantilever, and the scan
direction is marked by the red-dotted arrow. Note that the prepared graphene sample was treated in high vacuum before imaging.
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strains, can be manifested as a domain which has ripples parallel to
one zigzag axis. The same color domains, e.g. those around one
particle, in a TSM image should have the same directional ripples
but may be caused by tensile (compressive) strains along the dir-
ection rotated in the range of —30° to 30° from the positive or
negative directions of a zigzag axis (perpendicular-to-zigzag
direction).

To have a better understanding of the ripple domain structure, we
have analyzed the TSM image of the red-dashed rectangular area in
Figure 1b. Interesting domain network patterns are observed near the
folded edge as shown in Figure 2a. Specifically, we find regularity of
ripple domain networks: three distinguishable domains, whose rip-
ple directions have three-fold symmetry, merge at one point (called a
core). An even more intriguing observation is that each core can be
identified by the vorticity of domain configurations, i.e., as vortex (o—
B-v, clockwise) or anti-vortex (o[-, anti-clockwise). The vortex
(blue dot) and the anti-vortex (red dot) are always paired. The near-
est neighbor of a vortex along a continuous domain boundary is an
anti-vortex and vice versa. Moreover, we can observe this regularity
of ripple domain network patterns in other regions of our large
monolayer graphene (see Supplementary Figure S5 online).

To investigate the response of ripple domains with external stim-
uli, we carried out high humidity exposure experiments®**. It is
known that water can diffuse between graphene and SiO, which
often induces lower friction as subsurface lubricant®. Such an inter-
action can induce structural deformation of graphene by introducing
wrinkles, folds, and shrinkage. All of these can lead to strain local-
ization and redistribution of stress, resulting in a rearrangement of
ripple domain structures. Figure 2b exhibits rearrangement of
domain network patterns after one week of exposure of graphene
to high humidity (relative humidity of 80-90%). Although high
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Figure 2 | Rearrangement of ripple domain network and accompanied
pairing of the vortex and anti-vortex. (a, b) Magnified TSM images of a
red-dashed rectangular area in Figure 1b, obtained before (a) and after (b)
high humidity exposure (80-90% RH). Colored two-way arrows denote
three different ripple directions which correspond to three different
domains. The ripples in one domain are rotated by 60° with respect to
those in the neighboring domain. The lower panels show schematic
pictures of three-color domain structures (o gray, B: pink, and y: sky-
blue). Blue and red dots designate the vortex and anti-vortex cores,
respectively.

humidity exposure can lead to a change in the domain network
patterns of graphene and the interface energy between graphene
and SiO,/Si substrate due to intercalated water, the regularity of
the ripple domain network remains unchanged. It should be noted
that the difference between domain contrasts in Figures 2a and 2b is
due to different scan directions (see Methods).

We now focus on the closed ripple domains that are surrounded by
domain boundaries connected to vortices and anti-vortices. It is
obvious that there are two y (Figure 2a) and two P (Figure 2b) closed
ripple domains before and after high humidity exposure, respect-
ively. Although the shapes and characteristics of closed ripple
domains before and after exposure of graphene to high humidity
are different, each closed ripple domain as shown in Figure 2 is
surrounded by one pair of vortex and anti-vortex. The closed ripple
domains are often observed in the vicinity of folded and wrinkled
edges of graphene. The intriguing feature is that the closed ripple
domain is usually surrounded by n pairs of vortex and anti-vortex (n
=0, 1, and 2). Figures 2a and 2b show the case of n = 1, whereas
Figures 3b and 3¢ correspond to the case of n = 2. The ripple domain
image shown in Figure 3b is obtained from another monolayer gra-
phene sheet with strongly folded and wrinkled edges shown in
Figure 3a. Moreover, we can observe a region with only two neigh-
boring domains (n = 0), as seen in Figure 1b, which can be consid-
ered as one where strain directions are constrained and cannot cover
the directions rotated in the range of —30° to 30° from the positive or
negative directions of one zigzag axis.

Vortices that can be considered to be a topological defect are
commonly observed in condensed matter, including optical vortex
patterns in liquid crystal®, vortices in superconductor®’, multiferroic
vortex*>*!, and vortex of ferroelectric domain walls*>. Such topo-
logical defects are controlled by both symmetry breaking and phase
transition'®?>*>”’. The interaction among topological defects can
induce the emergence of a vortex and anti-vortex pair at the cost
of explicit symmetry breaking'®'. For the topological disorder in
polycrystalline graphene grown by chemical vapor deposition, a pair
of edge dislocations is observed with the Stone-Wales defect, e.g. a
pentagon-heptagon pair, leading to structural deformation by
elongation and/or compression of carbon-carbon bonds, shear,
and lattice rotations®®*. In contrast to such surface corrugations
arising from topological disorder, the pairing of vortex and anti-
vortex in ripple domains of single crystalline exfoliated graphene
seems to be unexpected and an intrinsic characteristic of its lattice
structure mechanically interacting with surroundings. This is reas-
onable considering that the ripple directions of three distinctive
domains merge at the core having three-fold symmetry. As a result,
ripple domain boundaries and their cores can be considered to be
new types of topological defects without dislocation because long-
range ordered ripples result from the breaking of the lattice sym-
metry of graphene™.

Besides the formation of ripple domain networks arising primarily
from the surface stress induced by the folds and wrinkles at the edge
of the graphene sheet, intriguing radial ripple domain patterns are
observed around some particles (Figure 4). During mechanical exfo-
liation, the particles in question can become sandwiched between the
graphene sheet and the SiO,/Si substrate. Biaxial stress on graphene
can be expected near graphene—particles contact position. We inves-
tigated four different regions around the particles, as indicated by red
squares in Figure la. The radial domain patterns on P1 (Figure 4a)
and P2 (Figure 4b) are formed within the region where the ripple
direction is indicated by the blue arrow, while the background
domain of P3 (Figure 4c) and P4 (Figure 4d) have the ripple direction
indicated by the red arrow. As can be seen from Figure 4, each radial
domain pattern seems to have a couple of two-lobed shape domains
within one background domain. In view of the ripple directions, each
pattern has six domains, i.e., two sets of three-color domains (insets
of Figures 4a-4d), whose ripples meet at domain boundaries with

| 5:9390 | DOI: 10.1038/srep09390

3



Figure 3 | Closed ripple domain surrounded by two pairs of vortex and anti-vortex. (a) AFM topographic image and (b) simultaneously obtained TSM
image adjacent to folded and wrinkled edge of monolayer graphene. (c) The corresponding schematic ripple domain structure, where the closed

domain is surrounded by two pairs of vortex and anti-vortex.

only 60° forming angle and show six-fold rotational symmetry
accompanied by mirror symmetry. We should note that ripple size
in the domain around a pariticle is expected to be same as that in the
three-fold domain, as observed in Figs. 2 and 3, without any particle
because both domains show the same TSM contrast and LFM
anisotropy".

The emergence of six ripple domains is a result of the radial stress
imposed by the external particles, which is similar to the radial wrin-
kles in elastic membrane under an axisymmetric traction force at the
center>*. It has been suggested that the generated wrinkles are par-
allel to the applied tension and perpendicular to the applied com-
pression*®. On the other hand, in theoretical predictions for elastic
properties of graphene nano-ribbons under uniaxial tensile stress,
the variation of the bond length and bond angle occurs along or close
to the tension direction®. It has been also predicted that the variation
of C-Cbond along the armchair tension direction is much larger than
that along the zigzag tension direction®, which suggests the easier
deformation of C-C bond along the armchair direction. According
to the above, six-ripple domain configurations as well as their ripple
directions with six-fold rotational symmetry can be understood by
the schematic atomic scale drawing shown in Figure 4e. Radial stress
around a particle preferentially induces deformation of the C-C
bond along armchair directions (black-dashed arrows), leading to
in-plane compressive stress in azimuthal directions (blurred black,
blue, and red arrows). The azimuthal compressive stress and the
remaining radial tensile stress along zigzag directions (black, blue,
and red arrows) can cause zigzag directional ripples with six-fold
rotational and mirror symmetry. Because graphene has pre-formed

ripples along one zigzag direction", the effect of the particle appears
strongly along the major zigzag direction and weakly along two other
minor zigzag directions, resulting in a couple of two-lobed shape
domains within one background domain as shown in Figures 4a—
4d. In contrast to an elastic membrane with continuous wrinkling
along radial directions, rippling in graphene forms in specific direc-
tions that are correlated with its lattice structure.

To indentify the scenario for the six-fold ripple, we performed
atomic molecular dynamics on graphene under a local perpendicular
uplift. The circular uplift was perpendicularly applied to the gra-
phene and the radius of the protuberant area was ~2.5 nm. We find
that the circular uplift induces a six-fold symmetric ripple with
respect to the center of the protuberant area and the height of the
ripples is ~0.5 nm as shown in Figure 5. In addition, the six-fold
ripples appear along zigzag directions, which is consistent with our
prediction in Figure 4(e). The out-of plane deformation of the pro-
tuberant ares is ~2 nm in high.

Conclusion

Using the transverse shear microscope (TSM), we observed unique
configurations of ripple domains in the exfoliated monolayer gra-
phene where the local stress develops around folded or wrinkled
edges and external particles. The redistribution of the strain results
in an interesting network of three-color ripple domains with three
different ripple directions. Seemingly irregular domain networks
exhibit an arrangement of three-color domains meeting at one point
(core) and the emergence of vortex and anti-vortex pairing as a new
type of topological defect in graphene. In addition, an extraneous

Figure 4 | The emergence of radial ripple domain pattern. (a—d) Expanded TSM images showing radial ripple domain patterns, which are obtained by
scanning over P1 (a), P2 (b), P3 (c), and P4 (d) in Figure la, respectively. Black-, blue-, and red-colored two-way arrows marked on domains represent
three-variant directions of ripple. Lower right insets show six-domain configuration around one particle with two sets of three-color domains. (e)
Schematic picture of the formation of six ripple domains under radial stress developed by an extraneous particle (shown with shaded area). The
development of rippling parallel to the tension (indicated by arrows in black, blue, and red) toward the center and perpendicular to the in-plane
compression (indicated by arrows in blurred black, blue, and red) results in the arrangement of six distinct domains. The black-colored dashed arrows
represent the expected strain along the armchair direction resulting from radial stress.
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Figure 5 | The atomic structure of graphene under a local uplift perpendicularly applied to the plane of graphene obtained by moledular dynamics. The
thermal environment was assumed to be at 300 K and the geometry was at the time of 1.6 ns. The inset of the figure is one part of the ripples,

which shows that the ripples appear along the zigzag direction.

particle induces a central force on the surface of graphene, leading to
radial stress that results in six-ripple domains around it. The rippling
is caused by the coupling between the radial zigzag directional ten-
sion and the azimuthal armchair directional compression due to the
unique features of a graphene lattice, which is supported by theor-
etical simulation using molecular dynamics. Our observation pro-
vides an essential understanding of ripple physics for application of
graphene in flexible and nanoscale devices.

Methods

Preparation of graphene. Mechanical exfoliation method was used to prepare
graphene sheets on the SiO, (300 nm)/Si substrate under ambient condition. Using
an optical microscope, we observed the exfoliated graphene sheets of various sizes and
shapes.

Characterization of graphene. We obtained AFM topography, LFM, and TSM
images simultaneously with the contact mode using two AFMs (SPA-300HV from
SEIKO and XE-100 from PSIA) at ambient condition. Because scan size of PSIA XE-
100 AFM (50 pm) is much larger than that of SEIKO SPA-300HV AFM (20 um),
PSIA XE-100 AFM has the advantage for observing a large area of the graphene sheet,
as shown in Figure 1. As PSIA XE-100 has a low resolution, we used SEIKO SPA-
300HV AEM to obtain high resolution TSM images at ambient condition. We used
lateral friction tips (PPP-LFMR with spring constant of 0.2 N/m, Nanosensors) to
obtain AFM topographic and TSM images. During AFM measurements, we
maintained the loading force at 0 nN. The definition of AFM scan directions has been
described in earlier publications''®. In order to obtain TSM and LFM images to
determine ripple directions, we need two different scan directions: one being a lateral
scan when the AFM cantilever is moved perpendicular to the cantilever arm, and the
other being a longitudinal scan when the AFM cantilever is moved parallel to the
cantilever arm. Since the TSM provides much clearer image for observing the
configuration of ripple domain structures than LFM', we can investigate the ripple
domain structures in various exfoliated monolayer graphene sheets using TSM
images.

Theoretical simulation. We performed atomic molecular dynamics on graphene
using the consistent valence forcefield (CVFF)*, which includes the bond-stretching
energy term, the angle-bending energy term, the torsion-angle (dihedral) energy
term, the out-of-plane energy term (improper torsion), and the van der Waals energy
term. In the CVFF, the bond-stretching and angle-bending energy terms were
described by a simple harmonic potential form, and the van der Waals energy term
was described by the Lennard-Jones (12-6) potential form. The large-scale atomic
molecular massively parallel simulator (LAMMPS) package®® was used for all
simulations. For the molecular dynamics simuations, 70 nm X 70 nm graphene with
186,304 carbon atoms was used. The Nose-Hoover thermostat was used and the
thermal environment is 300 K.

1. Holmes, D. P. & Crosby, A. J. Draping films: A wrinkle to fold transition. Phys.
Rev. Lett. 105, 038303 (2010).

2. Kim, P., Abkarian, M. & Stone, H. A. Hierarchical folding of elastic membranes
under biaxial compressive stress. Nature Mater. 10, 952-957 (2011).

3. Huang, J. et al. Capillary wrinkling of floating thin polymer films. Science 317,
650-653 (2007).

4. Geminard, J.-C., Bernal, R. & Melo, F. Wrinkle formations in axi-symmetrically
stretched membranes. Eur. Phys. J. E 15, 117-126 (2004).

5. Cerda, E. & Mahadevan, L. Geometry and physics of wrinkling. Phys. Rev. Lett. 90,
074302 (2003).

6. Geim, A. K. & Novoselov, K. S. The rise of graphene. Naure. Mater. 6, 183-191
(2007).

7. Fasolino, A., Los, ]. H. & Katsnelson, M. L. Intrinsic ripples in graphene. Nature
Mater. 6, 858-861 (2007).

8. Meyer, J. C. et al. The structure of suspended graphene sheets. Nature 446, 60-63
(2007).

9. Katsnelson, M. I. & Geim, A. K. Electron scattering on microscopic corrugations
in graphene. Philos. Trans. R. Soc. A 366, 195-204 (2008).

10. Castro Neto, A. H., Guinea, F., Peres, N. M. R, Novoselov, K. S. & Geim, A. K. The

electronic properties of graphene. Rev. Mod. Phys. 81, 109-162 (2009).

. Tapaszto, L. et al. Breakdown of continuum mechanics for nanometre-wavelength

rippling of graphene. Nature Phys. 8, 739-742 (2012).

Guinea, F., Katsnelson, M. I. & Geim, A. K. Energy gaps and a zero-field quantum

Hall effect in graphene by strain engineering. Nature Phys. 6, 30-33 (2010).

13. Levy, N. et al. Strain-induced pseudo-magnetic fields greater than 300 tesla in
graphene nanobubbles. Science 329, 544-547 (2010).

14. Ni, G.-X. et al. Quasi periodic nanoripples in graphene grown by chemical vapor
deposition and its impact on charge transport. ACS Nano 6, 1158-1164 (2012).

15. Choi, J. S. et al. Friction anisotropy-driven domain imaging on exfoliated
monolayer graphene. Science 333, 607-610 (2011).

16. Choi, J. S. et al. Facile characterization of ripple domains on exfoliated graphene.
Rev. Sci. Instrum. 83, 073905 (2012).

17. Choi, J. S. et al. Correlation between micrometer-scale ripple alignment and
atomic-scale crystallographic orientation of monolayer graphene. Sci. Rep. 4,7263
(2014).

18. Chae, S. C. et al. Self-organization, condensation, and annihilation of topological
vortices and antivortices in a multiferroic. Proc. Natl. Acad. Sci. U.S.A. 107,
21366-21370 (2010).

19. Chae, S. C. et al. Direct observation of the proliferation of ferroelectric loop
domains and vortex—antivortex pairs. Phys. Rev. Lett. 108, 167603 (2012).

20. Vasudevan, R. K. et al. Exploring topological defects in epitaxial BiFeOj3 thin films.
ACS Nano 5, 879-887 (2011).

21. Balke, N. et al. Enhanced electric conductivity at ferroelectric vortex cores in
BiFeO;. Nature Phys. 8, 81-88 (2012).

22. Choi, T. et al. Insulating interlocked ferroelectric and structural antiphase domain
walls in multiferroic YMnOs. Nature Mater. 9, 253-258 (2010).

23. Kalihari, V., Tadmor, E. B., Haugstad, G. & Frisbie, C. D. Grain orientation
mapping of polycrystalline organic semiconductor films by transverse shear
microscopy. Adv. Mater. 20, 4033-4039 (2008).

24. Lee, M. ]. et al. Characteristics and effects of diffused water between graphene and
a SiO, substrate. Nano Res. 5, 710-717 (2012).

25. Kim, J.-S. et al. Between scylla and charybdis: Hydrophobic graphene-guided
water diffusion on hydrophilic substrates. Sci. Rep. 3, 2309 (2013).

26. Brasselet, E., Murazawa, N., Misawa, H. & Juodkazis, S. Optical vortices from
liquid crystal droplets. Phys. Rev. Lett. 103, 103903 (2009).

27. Blatter, G., Feigel'man, M. V., Geshkenbein, V. B., Larkin, A. I. & Vinokur, V. M.
Vortices in high-temperature superconductors. Rev. Mod. Phys. 66, 1125-1388
(1994).

1

—

1

N

| 5:9390 | DOI: 10.1038/srep09390



28. Warner, J. H. et al. Dislocation-driven deformations in graphene. Science 337,
209-212 (2012).

29. Lehtinen, O., Kurasch, S., Krasheninnikov, A. V. & Kaiser, U. Atomic scale study
of the life cycle of a dislocation in graphene from birth to annihilation. Nature
Commun. 4, 2098 (2013).

30. San-Jose, P., Gonzalez, ]. & Guinea, F. Electron-induced rippling in graphene.
Phys. Rev. Lett. 106, 045502 (2011).

31. Zhao, H., Min, K. & Aluru, N. R. Size and chirality dependent elastic properties of
graphene nanoribbons under uniaxial tension. Nano Lett. 9, 3012-3015 (2009).

32. Gaedt, K. & Holtje, H.-D. Consistent valence force-field parameterization of bond
lengths and angles with quantum chemical ab initio methods applied to some
heterocyclic dopamine D;-receptor agonists. J. Comput. Chem. 19, 935-946
(1998).

33. LAMPPS Molecular Dynamics Simulator. Available at http://lammps.sandia.gov/
(last accessed October 28 2014).

Acknowledgments

This work was supported by the National Research Foundation of Korea (NRF) grants
funded by the Korea government (MSIP) (No. 2013R1A3A2042120, 2011-0030229,
2014R1A1A1006405,and 2012R1A1A1013124).].S.C. acknowledges the Creative Research
Program of the ETRI (14ZE1110) of Korea. We thank H. Kim for help with micro-Raman
spectroscopy.

Author contributions

J.S.C., T.C. and B.H.P. planned the experiments; Y.P., M.J.L. and J.S.C. prepared samples;
Y.P. carried out AFM measurements with the help of J.S.C. and M.J.L; M.P. and H.L.
performed and analyzed the calculations; Y.P., ].S.C,, T.C., QJ. and B.H.P. interpreted the
results; all authors participated in discussion and writing the manuscript.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Park, Y. et al. Configuration of ripple domains and their topological
defects formed under local mechanical stress on hexagonal monolayer graphene. Sci. Rep. 5,
9390; DOI:10.1038/srep09390 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
5v License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 5:9390 | DOI: 10.1038/srep09390


http://lammps.sandia.gov
http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	Title
	Figure 1 Ripple domains in a single monolayer graphene sheet.
	Figure 2 Rearrangement of ripple domain network and accompanied pairing of the vortex and anti-vortex.
	Figure 3 Closed ripple domain surrounded by two pairs of vortex and anti-vortex.
	Figure 4 The emergence of radial ripple domain pattern.
	References
	Figure 5 The atomic structure of graphene under a local uplift perpendicularly applied to the plane of graphene obtained by moledular dynamics.

