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Fingerprints of Multiple Electron
Scatterings in Single-Layer
Graphene
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The electrons in graphene exhibit unusual behaviours, which can be described by massless Dirac
quasiparticles. Understanding electron scattering in graphene has been of significant importance for its
future application in electronic devices because electron scattering determines electrical properties such
as resistivity and electron transport. There are two types of electron scatterings in graphene: intervalley
scattering and intravalley scattering. In single-layer graphene, to date, it has been difficult to observe
intravalley scattering because of the suppression of backscattering resulting from the chiral nature of
the electrons in graphene. Here, we report the multiple electron scattering behaviours in single-layer
graphene on a metallic substrate. By applying one- and two-dimensional Fourier transforms to maps of
the local density of states, we can distinguish individual scattering processes from complex interference
patterns. These techniques enable us to provide direct evidence of intravalley scattering, revealing a
linear dispersion relation with a Fermi velocity of ~7.4 × 105 m/s.
Graphene, a two-dimensional (2D) honeycomb carbon lattice, has drawn considerable interest since its first successful isolation in a single layer1. Graphene has been proposed as a promising material for future electronic
devices owing to its unique electrical properties1–5. When electrons are confined at graphene or noble metal
surfaces, the incident and scattered electrons around imperfections produce standing wave patterns6–11. Electron
scatterings in graphene are characterized by intervalley and intravalley processes, which occur on non-equivalent
Dirac cones8. One of the central issues of electron scattering process in graphene is intravalley scattering in
single-layer graphene (SLG). Quasiparticle interference associated with intravalley backscattering is known to be
forbidden in SLG owing to the pseudospin and chirality of its electrons8,9,12. In contrast, bilayer graphene (BLG),
which has a different distribution of pseudospin textures, allows intravalley scattering8. Experimentally, intra- and
intervalley scatterings can be probed by Fourier-transform scanning tunnelling spectroscopy (FT-STS)8,9,12,13,
which allows one to understand the complex electron scattering behaviours from quasiparticle interference patterns in various systems14–17. Despite intravalley scattering being forbidden in SLG, however, some theoretical
studies predicted that the localized impurity potential in SLG could generate long-wavelength Friedel oscillations
through intravalley scattering18–21. Experimental observations of intravalley scattering indicate that it is a rare but
feasible process in SLG11,22. In this article, we report direct evidence of intravalley scattering on SLG/Cu(111). We
utilize dipole moments developed at the atomic steps of the underlying Cu substrate to induce a localized potential in SLG for intravalley scattering. On a metallic substrate, the electronic states of both the graphene and substrate affect the electron scatterings at surface, resulting in intervalley, intravalley, and interband scatterings. We
can visualize a linear dispersion relation and verify each scattering process by applying one- and two-dimensional
Fourier transformations (FTs) to the scanning tunnelling spectroscopy (STS) map.
We investigated the electronic structure of SLG on Cu(111) by using scanning tunnelling microscopy (STM)
and STS at cryogenic temperatures. Figure 1a shows an STM image of a SLG island on Cu(111). The graphene
edge and defects function as scattering centres, resulting in the formation of interference patterns in STM topography6,7. The periodicity of modulation changes according to the sample bias because the standing wave pattern is
determined by the energy of electrons, i.e. the Fermi wave vector of electrons. Figure 1b shows a one-dimensional
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Figure 1. Multiple electron scatterings at the edge of SLG on Cu(111). (a) Topographic STM image of SLG
on Cu(111) (Vsample =  0.1 V, sample bias; Itunnel =  0.5 nA, tunnelling current). (b) 1D-STS map of SLG along the
dashed line in a. (Vsample =  0.05 V; Itunnel =  2.0 nA) (c) Fourier-transformed map of b as a function of k and the
sample bias voltage. (d) 1D FT-STS map of a clean Cu(111) surface. The dashed parabolic curves marked in c
and d indicate the dispersion relations of Cu surface states.

(1D) STS map plotting the differential conductance dI/dV as a function of sample bias and position along the line
marked in Fig. 1a. The dI/dV(r, V) map represents the spatial variation of the local density of states (LDOS). The
horizontal and vertical modulations in the 1D-STS map correspond to the energy-resolved standing waves and
LDOS at specific positions, respectively. In general, dispersion relation can be resolved by measuring the wave
vector as a function of energy, and this method has been quite useful and widely used in previous studies for verifying dispersion relations6,7,10,11,13,22,23. However, it requires a large data set to fit the dispersion relation precisely.
In this study, instead of acquiring STS maps at various energies, we applied a 1D-FT to the dI/dV(r, V) map
through the x-axis to obtain the dispersion relation. By applying a FT through each horizontal line in the dI/dV(r, V)
map, we can illustrate a dI/dV map in the momentum space (Fig. 1c). The wave vector, k, of standing waves is
derived using k = π/λ because the imaged standing waves represent the charge density waves. Interestingly, the
dispersion relation is parabolic: E =  E0 +  (ћk)2/2m*, where E0, ћ and m* are the binding energy of the surface
state, Planck’s constant divided by 2π and the effective mass of an electron, respectively. Through the parabolic
fitting, we obtain E0 and m* as –0.30 ±  0.02 eV and (0.393 ±  0.004)me, respectively. For reference, we obtained the
dispersion relation of a clean Cu(111) surface using 1D FT-STS (Fig. 1d). The clean Cu(111) surface also shows
a parabolic dispersion relation, in which E0 and m* are –0.44 ±  0.02 eV and (0.396 ±  0.004)me, respectively, in
good agreement with previous measurements6,24–26. This means that the standing wave observed in SLG (Fig. 1a)
is mainly attributed to the upward shift of the surface state of Cu(111), rather than to the electronic states of
graphene. Graphene does not affect the effective mass of electrons in the underlying Cu(111) surface, implying
weak electronic coupling between the graphene and Cu(111). As SLG is electronically transparent near Fermi
level (EF)23, the surface state of the underlying Cu substrate appears in STS. In general, the energy level of the
Dirac point (ED) has been assigned as a “dip” in dI/dV. As noted above, when graphene is prepared on a metal
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Figure 2. Intravalley scattering in SLG at a step of the underlying Cu substrate. (a) Spectroscopic map of
dI/dV at 0.1 V for SLG lying across a step of the Cu substrate. The dashed line in a is parallel to the dashed line
in (b), which passes through the Γ and K points. (b) q-space map of interference patterns obtained from the
2D-STS map of (a) Inner and outer hexagons represent the first Brillouin zone and the reciprocal lattice of
graphene, respectively. (c) 1D-STS map along the dashed line marked in (a) (Vsample =  0.3 V; Itunnel =  1.0 nA).
(d) 1D FT-STS map of b showing the linear dispersion relation of SLG (yellow dashed line) and parabolic
dispersion relation of Cu(111) (red dashed curve).

surface having surface states, it is inappropriate to determine ED in such a manner. If the shifted surface state and
ED are located close to each other, it is difficult to distinguish the two by using normal dI/dV spectra.
Although there are additional complex features in the 1D-STS of graphene, we could not resolve the electronic
structure of SLG. Neither the SLG edge nor the extrinsic impurities cause intravalley scattering in our results
(Fig. S1). Graphene does not have specific electronic structures near the Γ point of k-space at EF. Unlike the
normal electron scattering processes on a noble metal surface, the intravalley scattering and tunnelling density of
states (TDOS) are sensitive to the propagating direction of electron waves with respect to the graphene lattice20.
Therefore, the orientation of line spectroscopy is expected to be an important factor for the observation of intravalley scattering in 1D FT-STS map of SLG (Fig. S2). In this regard, we examined the electron scattering around
a step of the underlying Cu substrate along the specific direction. Figure 2a shows a dI/dV(x, y) map of SLG
lying flat on the Cu step. From the 2D-FT of the dI/dV(x, y) map, we can verify the contribution of wave vectors,
which determine the observed interference patterns combining multiple scatterings (Fig. 2b). The asymmetric
concentric rings at the corners of the first Brillouin zone in q-space constitute evidence of intervalley scattering.
In the case of intravalley scattering, electron scattering in a single Dirac cone should be mirrored on the Γ point
of q-space in the 2D FT-STS map8,9,12, hence a ring-type contour is expected at the centre. However, the shifted
surface state of the underlying Cu(111) near ED and other scattering processes make it difficult to distinguish
intravalley scattering. We performed 1D line spectroscopy along the line marked in Fig. 2a, which is parallel
to the line crossing the Γ and K points (Fig. 2b). By applying 1D-FT, we can successfully produce an E-k map
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Figure 3. Bulk-state electron scattering at Cu substrate below SLG. (a) Topographic STM image (left)
and corresponding dI/dV map (right) of SLG (Vsample =  0.3 V; Itunnel =  2.0 nA). The inset in (a) shows a highresolution STM image of SLG with an intrinsic impurity in the underlying substrate (2 ×  2 nm2; Vsample =  0.05 V;
Itunnel =  2.0 nA). (b) Double-ring-type interference patterns at the Γ point of q-space, acquired from the 2D-FT
of the dI/dV map in a (7 ×  7 nm−2). Plot shown in b is an angular average of the interference patterns at the Γ
point. Black and blue arrows indicate the outer (surface-state scattering) and inner (bulk-state scattering) rings.
(c) Inverse-Fourier-transformed interference patterns of bulk-state (left) and surface-state (right) scatterings.
(d) Energy dispersions for bulk-state (blue) and surface-state (black) scatterings as functions of k, as determined
from the 2D FT-STS maps at various energies.

revealing the parabolic dispersion relation of the Cu(111) surface state as well as the linear dispersion relation of
the SLG (Fig. 2d). The dispersion relation (dotted line in Fig. 2d) originating from intravalley scattering is fitted
by E(k) =  ± ħvFk + ED, where vF is the Fermi velocity. The ED is located –300 meV below EF. It should be noted
that vF is twice the slope of a linear fit in 1D FT-STS because it reflects the diameter of constant-energy circles.
Here, vF is estimated as (7.36 ±  0.12) ×  105 m/s. As the wave vector of intervalley scattering is much larger than
that of intravalley scattering, energy is found to be linearly dependent on the wave vector on the basis of the plot
of the radius of the scattering ring contour at the K points in q-space as a function of energy. The vF estimated
from the intervalley scattering has a similar value of (7.79 ±  0.93) ×  105 m/s (Fig. S3). There are two main reasons
for the observation of the forbidden intravalley scattering in SLG. First, dipole moments develop at the step edge
of Cu(111), which induce a localized electric field in graphene27. Second, when SLG grows on the Cu surface, it
conformally covers Cu steps owing to van der Waals interaction and its high flexibility. Therefore, the corrugation
of SLG at the Cu step can break the symmetry of the carbon lattice. Consequently, intravalley scattering becomes
available, as predicted in a previous report21.
There is an additional feature in the 2D FT-STS map of SLG. Double ring contours appear at the Γ and K
points in the 2D FT-STS (Fig. 2b). The double ring contours at the K points are caused by interband scattering
between the Cu substrate and SLG (Fig. S3). We cannot observe double ring contours at the Γ point when the
impurity density is low. Figure 3a shows an STM topography (left) and corresponding dI/dV map (right) of
SLG/Cu(111). Here, many defects also appear in STM image. From the atomically resolved STM image (inset of
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Fig. 3a), we can confirm that the point defects are impurities on the Cu(111) surface rather than those in SLG.
Indeed, we can also observe two concentric rings at the Γ point (Fig. 3b). The outer ring originates from the
surface state of Cu(111), whereas the inner ring is attributed to electron scattering caused by the impurities in
bulk Cu28–30. An additional ring results from the scattering of bulk state electrons with the k vector around the
‘neck’ of the bulk Fermi surface. The inverse-FT image clearly visualizes these contributions (Fig. 3c). For the
surface-state scattering, standing waves show a depression at the impurity positions. In contrast, the bulk-state
scattering exhibits the maximum intensity at these locations, and the interference patterns are localized near
impurities. The dispersion relation associated with the bulk-state scattering shows anomalous behaviour (Fig. 3d),
as it diverges above the EF. Below the EF, electrons from the surface state of Cu tunnels into the STM tip, leaving
holes at the bottom of the surface state31. In this process, electrons with higher energy at the surface state and the
bulk state can pass through the hole by inter- and intraband transitions which enhance decay rate of electrons31,32.
The radius of the ring reflects the surface-parallel component of the wave vector, k‖. Above the EF, the electron
decay rate becomes comparable to the tunnelling rate, and the contour becomes broader and blurred at a constant
radius. Furthermore, the surface-normal component k⊥ increases, while k‖ is confined to the projected bulk
states, i.e. the radius of neck of Fermi surface. From the 1D FT-STS, we can also confirm the dispersion relation
for the bulk-state scattering, the vertex of which is located at ~–0.55 eV (Fig. 1c).
Our results demonstrate that the apparent quantum interference pattern is generated from the different origins of multiple scattering processes in weakly interacting SLG/metal systems. The electronic states of both the
graphene and substrate are preserved well even after contact, revealing simultaneously linear and parabolic dispersion relations. Imperfections in the underlying substrate, however, have a considerable effect on the electron
scattering in the SLG: the imperfections are sufficiently strong to allow intravalley scattering in the SLG. We
believe that our results can further the understanding of multiple electron scattering processes in SLG and provide a fundamental basis for understanding other hetero-junction systems of different electronic structures, such
as topological insulators, molecular films, and transition metal dichalcogenides (TMDs).

Methods

All experiments were performed using an ultrahigh-vacuum low-temperature scanning tunnelling microscope
(SPECS, JT-STM) at 1.2 K. The base pressure of our system is less than 4.5 ×  10−11 Torr. A Cu(111) single crystal
was cleaned by several cycles of sputtering and annealing. After cleaning the substrate, SLG was grown through
an Ar-assisted growth method33,34. Ethylene (99.8%, Sigma-Aldrich) and Ar gases were introduced into the preparation chamber at a pressure of 1.5 mTorr. The partial pressure of ethylene was 1.5 ×  10−4 Torr. The temperature
of the substrate was kept at 1073 K for 10 min. We measured the differential conductance, dI/dV with a lock-in
detection technique by applying 5 ~ 50 mV (r.m.s.) modulation to the sample bias voltage at 727 Hz. In the 1D
FT-STS maps, we removed the data at k =  0 for a clear visualization.

References

1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666–669 (2004).
2. Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in graphene. Nature 438, 197–200 (2005).
3. Bolotin, K., Ghahari, F., Shulman, M. D., Stormer, H. L. & Kim, P. Observation of the fractional quantum Hall effect in graphene.
Nature 462, 196–1999 (2009).
4. 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).
5. Young, A. F. & Kim, P. Quantum interference and Klein tunnelling in graphene heterojunctions. Nature Phys. 5, 222–226 (2009).
6. Crommie, M. F., Lutz, C. P. & Eigler, D. M. Imaging standing waves in a two-dimensional electron gas. Nature 363, 524–527 (1993).
7. Hasegawa, Y. & Avouris, P. Direct observation of standing wave formation at surface steps using scanning tunneling spectroscopy.
Phys. Rev. Lett. 71, 1071–1074 (1993).
8. Rutter, G. et al. Scattering and interference in epitaxial graphene. Science 317, 219–222 (2007).
9. Brihuega, I. et al. Quasiparticle chirality in epitaxial graphene probed at the nanometer scale. Phys. Rev. Lett. 101, 206802 (2008).
10. Yang, H. et al. Quantum interference channeling at graphene edges. Nano Lett. 10, 943–947 (2010).
11. Xue, J. et al. Long-wavelength local density of states oscillations near graphene step edges. Phys. Rev. Lett. 108, 016801 (2012).
12. Mallet, P. et al. Role of pseudospin in quasiparticle interferences in epitaxial graphene probed by high-resolution scanning tunneling
microscopy. Phys. Rev. B 86, 045444 (2012).
13. Leicht, P. et al. Rashba splitting of graphene-covered Au(111) revealed by quasiparticle interference mapping. Phys. Rev. B 90,
241406 (2014).
14. Sprunger, P. T., Petersen, L., Plummer, E. W., Lægsgaard, E. & Besenbacher, F. Giant friedel oscillations on the beryllium(0001)
surface. Science 275, 1764–1767 (1997).
15. Hoffman, J. E. et al. Imaging quasiparticle interference in Bi2Sr2CaCu2O8+δ. Science 297, 1148–1151 (2002).
16. Lee, J. et al. Real space imaging of one-dimensional standing waves: Direct evidence for a Luttinger liquid. Phys. Rev. Lett. 93, 166403
(2004).
17. Roushan, P. et al. Topological surface states protected from backscattering by chiral spin texture. Nature 460, 1106–1109 (2009).
18. Ando, T., Nakanishi, T. & Saito, R. Berry’s phase and absence of back scattering in carbon nanotubes. J. Phys. Soc. Jpn. 67, 2587–2862
(1998).
19. Cheianov, V. V. & Fal’ko, V. I. Friedel oscillations, impurity scattering and temperature dependence. Phys. Rev. Lett. 97, 226801
(2006).
20. Mariani, E., Glazman, L. I., Kamenev, A. & von Oppen, F. Zero-bias anomaly in the tunneling density of states of graphene. Phys.
Rev. B 76, 165402 (2007).
21. Bena, C. Effect of a single localized impurity on the local density of states in monolayer and bilayer graphene. Phys. Rev. Lett. 100,
076601 (2008).
22. Zhang, Y., Brar, V. W., Girit, C., Zettl, A. & Crommie, M. F. Origin of spatial charge inhomogeneity in graphene. Nature Phys. 5,
722–726 (2009).
23. Jeon, I. et al. Passivation of metal surface states: microscopic origin for uniform monolayer graphene by low temperature chemical
vapor deposition. ACS Nano 5, 1915–1920 (2011).
24. Jeon, C. et al. Rotated domains in chemical vapor deposition-grown monolayer graphene on Cu(111): an angle-resolved
photoemission study. Nanoscale 5, 8210–8214 (2013).
25. Tamai, A. et al. Spin-orbit splitting of the Shockley surface state on Cu(111). Phys. Rev. B 87, 075113 (2013).

Scientific Reports | 6:22570 | DOI: 10.1038/srep22570

5

www.nature.com/scientificreports/
26. Hörmandinger, G. Imaging of the Cu(111) surface state in scanning tunneling microscopy. Phys. Rev. B 49, 13897–13905 (1994).
27. Smoluchowski, R. Anisotropy of the electronic work function of metals. Phys. Rev. 60, 661–674 (1941).
28. Petersen, L., Laitenberger, P., Lægsgaard, E. & Besenbacher, F. Screening waves from steps and defects on Cu(111) and Au(111)
imaged with STM: Contribution from bulk electrons. Phys. Rev. B 58, 7361–7366 (1998).
29. Schouteden, K., Lievens, P. & Van Haesendonck, C. Fourier-transform scanning tunneling microscopy investigation of the energy
versus wave vector dispersion of electrons at the Au(111) surface. Phys. Rev. B 79, 195409 (2009).
30. Koen, L., Koen, S., Ewald, J., Chris Van, H. & Peter, L. Dependence of the NaCl/Au(111) interface state on the thickness of the NaCl
layer. J. Phys. Cond. Matter 24, 475507 (2012).
31. Kliewer, J. et al. Dimensionality effects in the lifetime of surface states. Science 288, 1399–1402 (2000).
32. Becker, M., Crampin, S. & Berndt, R. Theoretical analysis of STM-derived lifetimes of excitations in the Shockley surface-state band
of Ag(111). Phys. Rev. B 73, 081402 (2006).
33. Robinson, Z. R., Tyagi, P., Mowll, T. R., Ventrice, C. A., Jr. & Hannon, J. B. Argon-assisted growth of epitaxial graphene on Cu(111).
Phys. Rev. B 86, 235413 (2012).
34. Jung, M. et al. Atomically resolved orientational ordering of C60 molecules on epitaxial graphene on Cu(111). Nanoscale 6,
11835–11840 (2014).

Acknowledgements

This research was supported by Basic Science Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science, ICT & Future Planning (Grant No. 2011-0014807 and NRF2014R1A1A2059072) and by IBS (IBS-R019-D1).

Author Contributions

H.-J.S. conceived and designed the experiments. M.J. carried out the experiments. H.-J.S. and M.J. wrote the
paper. All authors discussed the results and commented on the manuscript.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Jung, M. et al. Fingerprints of Multiple Electron Scatterings in Single-Layer Graphene.
Sci. Rep. 6, 22570; doi: 10.1038/srep22570 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International 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 to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

Scientific Reports | 6:22570 | DOI: 10.1038/srep22570

6

