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• Intro: On the use of graphene for spintronics 

• Starting point ➞ gr/Ir(111) 
• Intercalation process ➞ gr/Pb/Ir(111) 
• Structure of the lead inter-layer 

• Inter-valley scattering and Dirac point 

• Electronic structure: Discrete set of states 
• Theoretical model: Spin-Orbit coupling 
• Additional data and alternative solutions 
• SUMMARY

OUTLINE



dau quantization of the electronic spectrum was
observed by scanning tunnelingmicroscopy (STM),
which revealed pseudo–magnetic fields in excess
of 300 T. Such enormous strain-induced pseudo–
magnetic fields may allow the electronic proper-
ties of graphene to be controlled through various
schemes for applying strain (11), as well as the
exploration of new high-field physical regimes.

Strained graphene nanobubbles were created
by in situ growth of sub-monolayer graphene
films in ultrahigh vacuum on a clean Pt(111) sur-
face (12) in order to avoid external contamination
and trapped gases. The epitaxial graphene was
grown by exposure of Pt(111) to ethylene followed
by annealing (13, 14). Graphene grown on Pt is
expected to be minimally coupled to the substrate,
compared to graphene grown on other catalytic
metals (15, 16). A Dirac-like band structure is
preserved for graphene on Pt(111), as verified by a
recent photoemission study (17). An STM to-

pograph of the graphene/Pt(111) surface prepared
in this manner (Fig. 1A) reveals a flat graphene
patch (partially surrounded by Pt) that encom-
passes five graphene nanobubbles. Graphene na-
nobubbles frequently appear near the edges of a
graphene patch, but are also sometimes observed
in the center of flat patches or near the boundaries
between patches and are presumably pinned near
these locations (Fig. 1A). These nanobubbles are
likely related to the larger-scale “wrinkle” struc-
tures observed by low energy electron microscopy
that form upon cooling as a result of the differing
thermal expansion coefficients of graphene and the
platinum surface (17).

Individual nanobubbles often have a triangu-
lar shape (Fig. 1A, inset), reflecting the lattice
symmetry of the graphene and the underlying Pt
surface, and are typically 4 to 10 nm across and
0.3 to 2.0 nm tall. Atomic-resolution imaging of
the nanobubbles confirms the honeycomb struc-

ture of graphene here (Fig. 1A, inset), although
the lattice is distorted because of the large strain
occurring in these structures. The expected strain-
induced pseudo–magnetic field in a graphene na-
nobubble can be estimated by using the relation
F ¼ ðbh2=laÞF0 for the flux per ripple in a dis-
torted graphene sheet (6), where h is the height, l
is the width, a is on the order of the C-C bond
length, andF0 is the quantum of flux. The param-
eterb ¼ ∂logðtÞ=∂logðaÞ relates the change in the
hopping amplitude between nearest neighbor
carbon atoms (t) to bond length and has a typical
magnitude of 2 < b < 3 for graphene. For a
nanobubble of l = 4 nm and h = 0.5 nm, this yields
a Bs of order 100 T. The large curvature and
correspondingly high strain incorporated into
the triangular nanoscale bubbles observed here
make them ideal candidates for the observation
of pseudo-LL because of large strain-induced
pseudo–magnetic fields.

The local electronic structure of strained graphene
nanobubbles and surrounding graphene films
was characterized by scanning tunneling spec-
troscopy (STS) performed at ~ 7.5 K by using
standard lock-in techniques to obtain differen-
tial conductance (dI/dV). The measurement of
dI/dV reflects features in the local density of
states (LDOS) of the surface at the position of the
STM tip (18). STS measurement of the bare Pt
surface was used to calibrate the LDOS of the tip
upon approach and between sequences of
spectra. STS spectra measured over the bare Pt
regions (Fig. 1B) are relatively featureless and
show the expected Pt(111) surface state (19).
Spectra recorded over the flat graphene patches
show a subtly modified structure compared with
the clean Pt(111) surface, and no clear signatures
of the graphene Dirac point were observed in
these regions (Fig. 1B). Spectra measured at the
boundary between the flat graphene and the
nanobubbles (fig. S2) exhibit features consistent
with a Dirac point located ~300 mV above the
Fermi energy, as recently observed by photoemis-
sion (17), as well as a gaplike feature with a full
width at half maximum (FWHM) of 127 T 9 mV
centered at the Fermi energy (Vsample = 0) recently
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Fig. 1. STM images and STS spectra
taken at 7.5 K. (A) Graphene mono-
layer patch on Pt(111) with four
nanobubbles at the graphene-Pt bor-
der and one in the patch interior.
Unreacted ethylene molecules and a
small hexagonal graphene patch can
be seen in the lower right (Itunneling =
50 pA, Vsample = 350 mV, 3D z-scale
enhanced 4.6×). (Inset) High-resolution

image of a graphene nanobubble showing distorted honeycomb lattice resulting from strain in the
bubble (Itunneling = 50 pA, Vsample = 200 mV, max z = 1.6 nm, 3D z-scale enhanced 2×). (B) STS
spectra of bare Pt(111), flat graphene on Pt(111) (shifted upward by 3 × 10−11 ohm−1), and the
center of a graphene bubble (shifted upward by 9 × 10−11 ohm−1). Vmod = 20 mV.
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Fig. 2. (A) Sequence of eight dI/dV spectra (T ~ 7.5 K, Vmod =
20 mV) taken in a line across a graphene nanobubble shown in
the image in (B). Red lines are data with quartic background
subtracted; black dotted lines are Lorentzian peak fits (center of
peaks indicated by dots, with blue dots indicating n = 0).
Vertical dash-dot lines follow the energy progression of each
peak order. (C) Normalized peak energy versus sgn(n)
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peaks observed on five different nanobubbles follow expected
scaling behavior from Eq. 1 (dashed line).
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INTRODUCTION
• POTENTIAL USE OF GRAPHENE IN SPINTRONICS 

‣ Positive: Large spin diffusion length 
‣ Negative: Hard to manipulate the spin 

• Landau levels attributed to pseudo-magnetic fields 

induced by LARGE LATTICE DEFORMATIONS 

✴ F. Guinea et al, Nat. Phys. 6, 30 (2010) 

✴ N. Levy et al, Science 329, 544 (2010) 

✴ D. Guo et al, Nat. Comm. 3, 1068 (2012) 

✴ W. Yan et al, Nat. Comm. 4, 2159 (2013) 

• Alternative route: Enhancement of the Spin-Orbit 

coupling through interaction with heavy atoms 

✴ C. Weeks et al, Phys. Rev. X 1, 021001 (2011) 

✴ D. Marchenko et al, Nat. Comm. 3, 1232 (2012)  

• Here we study the gr/Pb/Ir(111) system 

‣ Morphologic structure: Negligible deformations 
‣ Electronic structure: Series of sharp resonances 
‣ Model: SO coupling ➞ Landau-like levels

dau quantization of the electronic spectrum was
observed by scanning tunnelingmicroscopy (STM),
which revealed pseudo–magnetic fields in excess
of 300 T. Such enormous strain-induced pseudo–
magnetic fields may allow the electronic proper-
ties of graphene to be controlled through various
schemes for applying strain (11), as well as the
exploration of new high-field physical regimes.

Strained graphene nanobubbles were created
by in situ growth of sub-monolayer graphene
films in ultrahigh vacuum on a clean Pt(111) sur-
face (12) in order to avoid external contamination
and trapped gases. The epitaxial graphene was
grown by exposure of Pt(111) to ethylene followed
by annealing (13, 14). Graphene grown on Pt is
expected to be minimally coupled to the substrate,
compared to graphene grown on other catalytic
metals (15, 16). A Dirac-like band structure is
preserved for graphene on Pt(111), as verified by a
recent photoemission study (17). An STM to-

pograph of the graphene/Pt(111) surface prepared
in this manner (Fig. 1A) reveals a flat graphene
patch (partially surrounded by Pt) that encom-
passes five graphene nanobubbles. Graphene na-
nobubbles frequently appear near the edges of a
graphene patch, but are also sometimes observed
in the center of flat patches or near the boundaries
between patches and are presumably pinned near
these locations (Fig. 1A). These nanobubbles are
likely related to the larger-scale “wrinkle” struc-
tures observed by low energy electron microscopy
that form upon cooling as a result of the differing
thermal expansion coefficients of graphene and the
platinum surface (17).

Individual nanobubbles often have a triangu-
lar shape (Fig. 1A, inset), reflecting the lattice
symmetry of the graphene and the underlying Pt
surface, and are typically 4 to 10 nm across and
0.3 to 2.0 nm tall. Atomic-resolution imaging of
the nanobubbles confirms the honeycomb struc-

ture of graphene here (Fig. 1A, inset), although
the lattice is distorted because of the large strain
occurring in these structures. The expected strain-
induced pseudo–magnetic field in a graphene na-
nobubble can be estimated by using the relation
F ¼ ðbh2=laÞF0 for the flux per ripple in a dis-
torted graphene sheet (6), where h is the height, l
is the width, a is on the order of the C-C bond
length, andF0 is the quantum of flux. The param-
eterb ¼ ∂logðtÞ=∂logðaÞ relates the change in the
hopping amplitude between nearest neighbor
carbon atoms (t) to bond length and has a typical
magnitude of 2 < b < 3 for graphene. For a
nanobubble of l = 4 nm and h = 0.5 nm, this yields
a Bs of order 100 T. The large curvature and
correspondingly high strain incorporated into
the triangular nanoscale bubbles observed here
make them ideal candidates for the observation
of pseudo-LL because of large strain-induced
pseudo–magnetic fields.
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nanobubbles and surrounding graphene films
was characterized by scanning tunneling spec-
troscopy (STS) performed at ~ 7.5 K by using
standard lock-in techniques to obtain differen-
tial conductance (dI/dV). The measurement of
dI/dV reflects features in the local density of
states (LDOS) of the surface at the position of the
STM tip (18). STS measurement of the bare Pt
surface was used to calibrate the LDOS of the tip
upon approach and between sequences of
spectra. STS spectra measured over the bare Pt
regions (Fig. 1B) are relatively featureless and
show the expected Pt(111) surface state (19).
Spectra recorded over the flat graphene patches
show a subtly modified structure compared with
the clean Pt(111) surface, and no clear signatures
of the graphene Dirac point were observed in
these regions (Fig. 1B). Spectra measured at the
boundary between the flat graphene and the
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with a Dirac point located ~300 mV above the
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sion (17), as well as a gaplike feature with a full
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der and one in the patch interior.
Unreacted ethylene molecules and a
small hexagonal graphene patch can
be seen in the lower right (Itunneling =
50 pA, Vsample = 350 mV, 3D z-scale
enhanced 4.6×). (Inset) High-resolution

image of a graphene nanobubble showing distorted honeycomb lattice resulting from strain in the
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20 mV) taken in a line across a graphene nanobubble shown in
the image in (B). Red lines are data with quartic background
subtracted; black dotted lines are Lorentzian peak fits (center of
peaks indicated by dots, with blue dots indicating n = 0).
Vertical dash-dot lines follow the energy progression of each
peak order. (C) Normalized peak energy versus sgn(n)

ffiffiffiffiffi
jnj

p
for

peaks observed on five different nanobubbles follow expected
scaling behavior from Eq. 1 (dashed line).

www.sciencemag.org SCIENCE VOL 329 30 JULY 2010 545

REPORTS

 o
n 

Au
gu

st
 2

, 2
01

0 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 



XPS

Preobrajenski et al. Phys. Rev. B 78, 073401 (2008)

Metal supported graphene
Substrate dependent: 

‣ interaction strength 

‣ doping level 

In the case of gr/Ir(111): 

‣ weak interaction 

‣ low doping 

ED ≈ 100 meV 

Lattice mismatch results 

in MOIRE PATTERNS that 

introduce long range 

periodicity in the system
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Figure 1. (a) Graphene on Ir(111). The moiré with its 25.3Å periodicity is
clearly visible (1300Å⇥ 1300Å, UT = 1.5V and IT = 0.5 nA). (b) Attached to
an iridium step edge (left) lies a graphene flake (100Å⇥ 100Å, UT = �0.17V
and IT = 21 nA). The superstructure unit cell is marked as a white rhombus.
(c) LEED pattern of the partially graphene covered Ir(111) surface (inverted,
80.4 eV). The spots consist of two main spots (inner spot due to iridium (111)
and outer spot due to graphene) which are surrounded by smaller satellite
spots reflecting the periodicity of the moiré. Inset: the center spot (46.7 eV) is
also surrounded by moiré-induced spots. (d) Graphene on Ir(111). An atomic
carbon row has been highlighted by white dots. The row is in parallel with
the superstructure (154Å⇥ 54Å).

the limits of error this agrees with the periodicity of a single carbon layer in graphite
(2.4612Å) [22]. The superstructure unit cell repeat vector has a length of 25.2± 0.4Å.

A symmetric LEED pattern of this surface can be observed (figure 1(c)) [17]. It consists of
six pairs of spots. The inner spot of each pair originates from the Ir(111) surface, the outer spot
is due to the carbon overlayer which has a smaller lattice repeat vector than the iridium surface.

New Journal of Physics 10 (2008) 043033 (http://www.njp.org/)

gr/Ir(111) MOIRE

9.3 x 9.3 incommensurate moire pattern 
A.T. N’Diaye et al. New Journal of Physics 10, 043033 (2008)
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Figure 1. (a) Graphene on Ir(111). The moiré with its 25.3Å periodicity is
clearly visible (1300Å⇥ 1300Å, UT = 1.5V and IT = 0.5 nA). (b) Attached to
an iridium step edge (left) lies a graphene flake (100Å⇥ 100Å, UT = �0.17V
and IT = 21 nA). The superstructure unit cell is marked as a white rhombus.
(c) LEED pattern of the partially graphene covered Ir(111) surface (inverted,
80.4 eV). The spots consist of two main spots (inner spot due to iridium (111)
and outer spot due to graphene) which are surrounded by smaller satellite
spots reflecting the periodicity of the moiré. Inset: the center spot (46.7 eV) is
also surrounded by moiré-induced spots. (d) Graphene on Ir(111). An atomic
carbon row has been highlighted by white dots. The row is in parallel with
the superstructure (154Å⇥ 54Å).

the limits of error this agrees with the periodicity of a single carbon layer in graphite
(2.4612Å) [22]. The superstructure unit cell repeat vector has a length of 25.2± 0.4Å.

A symmetric LEED pattern of this surface can be observed (figure 1(c)) [17]. It consists of
six pairs of spots. The inner spot of each pair originates from the Ir(111) surface, the outer spot
is due to the carbon overlayer which has a smaller lattice repeat vector than the iridium surface.

New Journal of Physics 10 (2008) 043033 (http://www.njp.org/)

LEED



FFT

TOPO

3 nm

GrapheneIr CA CB

gr/Ir(111) MODEL

Moire



Starting point: gr/Ir(111)

gr free area

Ir steps

gr wrinkles
gr/Ir

100 nm



Dosing lead at 800K ➞ INTERCALATION
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STM-FFT analysis
gr/Pb/Ir gr/Ir

Graphene: 27.3 ± 0.2 nm-1 Moire: 2.8 ± 0.2 nm-1 Graphene: 27.5 ± 0.2 nm-1 Moire: 2.8 ± 0.2 nm-1

Graphene and moire lattices are preserved upon Pb intercalation 

No significant distortion of the graphene layer
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LEED

iridium lead d1graphene lead d2 lead d3

STM-FFT

LEED and STM-FFT data agree about the lead interlayer 

Rectangular structure COMMENSURATE with iridium

gr/Pb/Ir



Graphene Moire LeadIr Pb CA CB

Proposed lead structure in real space: c(4x2)-2Pb



5 nm-1

4qF

Normalized* diameter: 

4qF = 0.73 ± 0.08 nm-1

Graphene’s dispersion relation: 

E(q) = ±⏐ħvF⏐q

ED = ±⏐ħvF⏐qF

Fermi velocity of free G: 

vF = 106 m/s

Estimated Dirac point: 

ED = ± 110 ± 20 meV

* Graphene’s lattice parameter normalized to 246 pm

gr/Pb/Ir
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B. Theoretical model 

B.1- DFT calculations for Pb/graphene: Spin Orbit Coupling 

In order to check the existence of sizeable spin-orbit splitting in the π bands of 

graphene induced by the interaction with Pb, we have performed first-principles Density 

Functional Theory (DFT) calculations [see also section B.3 Methods] for gr/Pb model 

systems that capture the essential features of the one experimentally observed.S3 Specifically, 

we have used a commensurate 2×2 rectangular arrangement of Pb atoms centered at hollow 

sites of the graphene honeycomb lattice, located at different vertical distances. This 

arrangement is practically equivalent to a Pb monolayer in a c(4×2) arrangement with respect 

to the Ir(111) lattice. In figure S6 we show the DFT band structure for two representative 

examples of large and short vertical distances between the graphene plane and the Pb layer. 

 
 
Figure S6 Band structure along the Γ-X direction for a 2×2 array of Pb atoms at two 
different vertical distances from the graphene layer of 7Å (upper panels) and 2.7Å (lower 
panels) in two different approximations: without Spin-Orbit Coupling (left panels) and with 
Spin-Orbit Coupling (right panels). The orbital character of the bands is shown with different 
colours for C(pz) [blue], Pb(px) [green], Pb(py) [yellow] and Pb(pz) [red]. 
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DFT graphene + Pb c(4x2) COMMENSURATE



Dirac-like Hamiltonian SCALARGAUGE

Tight-Binding model: Spin flip hopping to 1st and 2nd neighbours
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SUMMARY
• HT deposition ➞ Lead intercalation in gr/Ir(111) 

• LEED & STM-FFT data allow us to propose a structure 
‣ Rectangular unit cell commensurate with iridium 

‣ No significant distortions observed in graphene 

• Inter-valley scattering rings detected 
‣ Ring anisotropy ➞ Sub-lattice symmetry is preserved 

‣ Ring size ➞ Dirac point estimated in ±110 ±20 meV 

• Discrete set of states observed in STS 
‣ Linear distribution in energy, centred at DP 

‣ Consistent energy shift when moving to gr/Ir 

• Theoretical model ➞ Landau-like levels caused by a 
strong and spatially modulated S-O coupling induced 
in graphene by the lead inter-layer



• Energy spread ∆E → flake rotation ! 

• Coherence length → > 1"m ! 

• Electric field dependence → linear 

• Magnetic field dependence → no (3T) 

• SW or QPI patterns → ? 

• …

OPEN QUESTIONS
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