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Spatial variation of a giant spin–orbit e�ect
induces electron confinement in graphene
on Pb islands
Fabian Calleja1, Héctor Ochoa2, Manuela Garnica1,3, Sara Barja1,3, Juan Jesús Navarro1,
Andrés Black1,3, Mikhail M. Otrokov4,5, Evgueni V. Chulkov4,6, Andrés Arnau4,6,
Amadeo L. Vázquez de Parga1,3, Francisco Guinea2* and Rodolfo Miranda1,3*
The electronic band structure of a material can acquire
interesting topological properties in thepresenceof amagnetic
field or as a result of the spin–orbit coupling1–3. We study
grapheneon Ir,withPbmonolayer islands intercalatedbetween
the graphene sheet and the Ir surface. Although the graphene
layer is structurally una�ected by the presence of the
Pb islands, its electronic properties change markedly, with
regularly spaced resonances appearing. We interpret these
resonances as the e�ect of a strong and spatially modulated
spin–orbit coupling, induced in graphene by the Pb monolayer.
As well as confined electronic states, the electronic spectrum
has a series of gaps with non-trivial topological properties,
resembling a realization of the quantum spin Hall e�ect
proposed by Bernevig and Zhang4.

The use of graphene in spintronic devices has been suggested
on the basis of the very large values of the spin diffusion length
expected for graphene5. Apart from this role as spin ‘conserver’, it
would be highly desirable to be able to manipulate the spins in
graphene, which could be achieved by enhancing the rather weak
spin–orbit (S–O) coupling characteristic of the C atoms. Enhancing
the S–O interaction in graphene also has implications from a rather
fundamental point of view. The existence of non-trivial topological
properties induced by a suitable S–O coupling (the topological
insulator state) was first proposed for two-dimensional graphene6,7.
Considering the negligible value of the S–O coupling in graphene,
the observation of topological insulator features in graphene,
however, would require extremely low temperatures and a high
degree of perfection8. Alternative routes to modify the S–O
interaction in graphene have been put forward9. Although these
proposals have not yet been realized, the internal degrees of freedom
of graphene allow pseudo-magnetic fields10 induced by lattice
deformations. The existence of these pseudo-fields leads to the
possibility of confined electronic states in graphene, which has been
experimentally reported around nanobubbles11 andwrinkles12. Here
we show that a spatial variation in the intensity of the S–O coupling
in graphene induced by the partial intercalation of heavy atoms,
such as Pb, with the appropriate symmetries generates a pseudo-
magnetic field that confines electrons and results in a series of sharp,
Landau-like levels in the density of states of graphene.

Graphene can be grown on Ir(111) by direct decomposition of
8× 10−8 torr of ethylene at 1,400K on the Ir surface13,14. Large-
scale images show the presence of an almost complete monolayer
of graphene, with some wrinkles (see also Supplementary Fig. 1a).
The bonding between graphene and Ir(111) is weak15,16. Most of
the graphene overlayer presents a well-known incommensurate
9.3×9.3 moiré superstructure13 with a geometrical corrugation of
35 pm (ref. 16), arising from the lattice mismatch of graphene with
respect to the Ir substrate. In addition, the graphene overlayer is
weakly p-doped by charge transfer to the substrate, with the Dirac
energy at +100meV (above the Fermi level), and it exhibits the
conical band dispersion characteristic of free-standing graphene17.

Intercalation of Pb under the graphene monolayer is easily
achieved by evaporating Pb onto the graphene/Ir(111) (for short,
gr/Ir(111)) sample kept at 800K if the graphenemonolayer presents
domain boundaries, wrinkles or other extended defects18,19 (see
Supplementary Information A.1 for details). Figure 1a shows a
representative, large-scale scanning tunnelling microscopy (STM)
image of the partly Pb-intercalated graphene, corresponding to an
intercalation ratio of the order of 20% of the surface (see also
Supplementary Fig. 1b). Some Pb-intercalated islands appear in the
terraces (frequently close to graphene wrinkles), but most of the
intercalated regions are located at the step edges. The Pb coverage
has been selected so that the lateral size of the islands ranges
from 4 to 12 nm (average of 6 nm) and their average separation is
around 35 nm.

Figure 1b shows an atomically resolved STM image acquired at
the edge of one of the Pb-intercalated islands. The right part of the
image corresponds to the gr/Ir region, where two hexagonal lattices
can be seen: the atomic lattice of graphene and the 9.3×9.3 moiré
structure. As well as these two lattices, the intercalated region on
the left exhibits an additional rectangular structure arising from
the Pb interlayer. Graphene’s atomic lattice covers both regions
continuously across the atomic step, as shown by the line profile
in Fig. 1c, which also demonstrates that graphene on top of the
Pb-intercalated islands presents a negligible corrugation, certainly
well below the small corrugation of gr/Ir(111). The apparent
height of the islands (see Fig. 1c and histogram in Supplementary
Fig. 1b) indicates that the intercalated layer is just one Pb atom thick.
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Figure 1 | Structure of Pb-intercalated graphene. a, Large-scale STM image (470×90 nm2) of gr/Ir(111) after deposition of Pb at 800K. The image has
been taken at 80K. There are areas intercalated with Pb close to the steps and intercalated islands in the middle of the terraces, often associated with the
presence of wrinkles (white areas) in pristine gr/Ir(111). The intercalated areas are indicated by the beige shaded regions, as opposed to the blue tint given
to the non-intercalated regions, for an easier identification. b, Atomically resolved STM image (28× 13 nm2) acquired across the border between
gr/Pb/Ir(111) (left) and gr/Ir(111) (right) in a region similar to the one marked by the purple rectangle in a, taken at 4.6 K. The relevant unit cells on the
intercalated and non-intercalated regions are highlighted in black and white, respectively. c, Height profile along the black line in the image shown in b.
d, Schematic model of the atomic arrangement obtained by STM and LEED: grey and yellow circles represent Ir and Pb atoms respectively. Black filled and
open circles represent the two graphene sublattices. The unit cells of moiré, Pb-intercalated layer and graphene are shown in green (half of the unit cell),
red and blue respectively. Notice that the Pb and Ir(111) lattices are commensurate.

Figure 1d shows the atomic structure of the intercalated system in
real space as deduced from low-energy electron diffraction (LEED)
patterns and Fourier transforms of large-scale, atomically resolved
STM images (see Supplementary Information A.2). According
to our measurements, neither the graphene nor the Ir lattice
parameters change upon Pb intercalation, so that the moiré
pattern is maintained (shown in green). Intercalated Pb atoms
form a rectangular lattice (shown in red) which corresponds to
a c(4× 2) superstructure commensurate with Ir and, therefore,
incommensurate with graphene. The Dirac point for the Pb-
intercalated graphene is estimated to be at±110± 20meV from the
diameter of the inter-valley scattering half-moon rings observed in
the STM Fourier transforms (see Supplementary Information A.2.3
and Supplementary Fig. 3b). Notice that the density of Pb atoms in
the intercalated layer is rather high—one seventh of the density of C
atoms in graphene.

The local density of states (LDOS) at the graphene regions
intercalated with Pb was measured by scanning tunnelling
spectroscopy (STS) at 4.6 K using standard lock-in techniques (see
Supplementary Information A.3). Figure 2 shows a representative
differential conductance spectrum measured on the 10-nm-wide
Pb-intercalated island that appears in the inset of Fig. 2. Up to eight

clearly defined, intense and sharp peaks in an ≈3 eV wide region
are observed. The full-width at half-maximum of the peaks is of
the order of 40meV. The (rather featureless) spectra recorded on
the pristine gr/Ir(111) surface or on a completely Pb-intercalated
graphene monolayer do not show this series of sharp resonances, as
demonstrated in Supplementary Fig. 5 (Supplementary Information
A.3). By placing the estimated Dirac point at −110meV below
the Fermi energy (orange line in Fig. 2; that is, the Pb-intercalated
graphene is slightly n-doped), the peaks seem to be symmetrically
distributed above and below it, with the n= 0 peak missing. The
separation between peaks is nearly constant (that is, En∼n), at an
average of 340meV for an island of this size. The effect is observed
in all gr/Pb islands, and it is robust, independent of the detailed
shape of the Pb islands and of the defects present at the edges (or
interior) of the islands. The peak separation is roughly inversely
proportional to the size of the islands and the peaks can be clearly
detected even at 80K (see Supplementary Information A.3 for
details). These quantized energy levels are similar to the Landau
levels that arise when electrons in two-dimensional systems are
confined by an external magnetic field.

As shown in Fig. 3, the STS spectra recorded when going from
the Pb-intercalated graphene region (red cross on a and red curve
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Figure 2 | STS in a Pb-intercalated graphene island. Di�erential
conductance spectrum recorded at 4.6 K on the centre of the 10-nm-wide
gr/Pb/Ir(111) island shown in the inset. The tunnelling gap was stabilized at
−1.5 V and 50 pA. The orange line marks the Dirac point obtained from
STM–Fast Fourier transform analysis and the red numbers indicate the
assigned quantum numbers. a.u., arbitrary units.

on c) into the gr/Ir area (blue cross on a and blue curve on c)
demonstrate that all the peaks shift, essentially in a rigid fashion
on entering the gr/Ir region. The quantized levels (labelled from
1 to 6, starting at the Dirac point) appear in both regions with
the same energy separation (∼340meV), but shifted in energy by
nearly 200meV, which is almost exactly the difference in Dirac
energy between both regions (−110meV for gr/Pb and +100meV
for gr/Ir). The smooth shift of the quantized levels can be clearly
seen in the central part of Fig. 3c, where we show (in inverted grey
scale) the spatial map of the dI/dV intensity along the green arrow
in Fig. 3a. The shift follows strictly the variation of the Dirac point
whenmoving between the two regions (in fact there is an exception,
namely the unlabelled peak between peaks 5 and 6, which shifts by
nearly 300meV and coalesces with n=5 well into the gr/Ir region).
All the peaks are clearly visible even 10 nm away from the physical
edge of the Pb-intercalated graphene region into the gr/Ir region
(that is, at the position signalled by the blue cross).

Figure 3d shows the energy position of the quantized levels
as a function of their quantum number, n. A linear dependence
that intersects at the respective Dirac points is evident for
both gr/Pb/Ir(111) and gr/Ir(111) data sets. Under an actual
magnetic field, the energy of the Landau levels, En, is expected to
depend linearly on n (En= h̄ωc (n+ 1/2)) for a two-dimensional
electronic system with parabolic dispersion, on n1/2 for graphene20
(En= sgn(n) h̄ωcn1/2) and on [n(n+1)]1/2 (which is roughly similar
to n) for bilayer graphene, a system with a small gap.

The observation of the sharp resonances described above implies
the existence of quasi-localized electronic states. The scale of
the confinement, l , can be inferred from the gaps, 1, between
resonances, l ≈ vF/1 ≈ 2–3 nm. The confinement of electrons
in graphene by scalar potential barriers (for example, at the
island edges) over lengths much greater than the interatomic
distance, a≈0.14 nm, is prevented by theKlein tunnelling associated
with the chirality of the wavefunctions21, and localized states
are typically found only in the presence of defects at the Dirac
energy. Furthermore, although the n–p barriers (≈200meV) at
the interfaces between gr/Pb/Ir(111) and gr/Ir(111) could confine

electrons, it is hard to imagine that the confinement can extend to
states that have energies of several eV, as observed here.

The most common sources of confinement at arbitrary energies
are gauge fields8,10,22. The effective magnetic field required to
generate the observed gaps is B (T)≈ (25/l (nm))2≈80–100 T. The
formation of localized levels similar to the Landau levels by an
effective magnetic field associated with strains has been reported
for nanobubbles in gr/Pt(111) (ref. 11) and highly strained wrinkles
in twisted bilayers in gr/Rh(111) (ref. 12). However, the graphene
layer studied here shows no appreciable strains. If we assume that
the observed confinement is induced by a varying strain which
changes by 1ū over a distance of the order of the size of the Pb
island, R≈ 19 nm, we obtain 1ū≈(aR)/(βl2)≈ 0.05–0.2, where
β = (a/t)∂t/∂a≈ 2 and t ≈ 3 eV is the hopping between nearest
neighbour atoms. The graphene layer studied here is flat and
uniform, and there is no hint of strain, such as that estimated above.

The linear dispersion of the graphene bands allows the existence
of a variety of mechanisms which can induce gauge fields22–25, other
than strains. Hopping between two graphene layers, for instance,
can be formulated as a non-Abelian gauge field25, and this approach
can be generalized in a straightforward way to the Rashba S–O
coupling in graphene. In the following, we show that the existence
of a strong and spatially non-uniform S–O coupling is consistent
with the existence of sharp resonances observed experimentally. The
gauge field associated with the S–O coupling is more complex than
the Abelian field induced by strains, leading to novel structures not
observable in real magnetic fields or in the presence of strains.

We have performed density functional theory calculations for
ordered arrays of Pb atoms adsorbed on isolated graphene (see Sup-
plementary Information B.1 for details) that demonstrate that elec-
trons from graphene tunnelling through the Pb atoms can feel the
large S–O interaction characteristic of these heavy atoms (that is,
the S–O parameter for bulk Pb is 0.91 eV; ref. 26) in such a way
that the graphene bands are spin split by a giant S–O coupling
larger than 100meV (see Supplementary Figs 7, 8 and 10). Peri-
odically arranged heavy adatoms have been predicted9 to stabilize
a Haldane–Kane–Mele phase in graphene6,7. According to the lat-
eral position of the Pb atoms deduced from LEED measurements,
graphene on Pb/Ir(111) feels a rectangular c(4× 2) superlattice.
In this situation, it can be shown (see Supplementary Informa-
tion B.2 for details) that grapheneπ electrons are perturbed by spin-
dependent superlattice potentials in such a way that the effective
Dirac-like Hamiltonian valid at both inequivalent valleys reads

H=vF6 ·(−i∇+A)±A0Sy

where 6= (±σx , σy) and A= (AxSy , AySx). Here σi (Si) are Pauli
matrices acting on sublattice (spin) degrees of freedom, and± holds
for±K valleys.

The field A can be interpreted as a non-Abelian gauge potential,
whereas A0 is a scalar potential with opposite sign at each valley
and coupled to the spin operator along the armchair direction,
which displaces the sequence of Landau levels from zero in opposite
directions. This situation is formally similar to the case of twisted
graphene bilayers25, but with the layer degree of freedom replaced
by the spin. As in that case, a non-uniform spatial change of
the strength of the S–O interaction generated by going from
the Pb-intercalated graphene to graphene directly grown on Ir
leads to a spatial modulation of the non-Abelian gauge field,
which, in turn, leads to a pseudo-magnetic field confining Dirac
electrons. In spite of the local character of S–O coupling, the
effect is detected at long distances from the physical edge of
the Pb-intercalated islands. This reveals the extraordinarily large
distances to which perturbations extend in graphene. We argue that
the peaks present at the STS spectra are, thus, due to electronic
confinement induced by spatially varying S–O fields.
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Figure 3 | Spatially resolved STS. a, STM topography recorded over a gr/Pb/Ir area located next to a monatomic step of the Ir(111) substrate. b, Schematic
model of the atomic arrangement of the Pb-intercalated island. c, Di�erential conductivity of gr/Pb/Ir(111) (in red) and gr/Ir(111) (in blue) recorded at 4.6 K
at the points indicated by the crosses in a. The dI/dV intensity map recorded along the green line in a is shown between the spectra at the extremes. The
tunnelling gap was stabilized at−1.5 V and 50 pA. In all cases, the lock-in signal is plotted on a logarithmic scale for an easier visualization of the peaks.
a.u., arbitrary units. d, Energy positions of the peaks as a function of the quantum number. The error bars correspond to the full-width at half-maximum of
the corresponding peaks that appear in c.

Figure 4a reproduces schematically the spatial evolution of the
intensity of the S–O coupling when moving away from the Pb-
intercalated region of graphene. Figure 4b shows the calculated
LDOS within a tight-binding model, which reproduces the previous
Hamiltonian at Dirac points and is parameterized to produce
electronics bands in agreement with the density functional theory
calculations (see Supplementary Information B.2 and B.3 for
details). The best agreement between theory and experiment is
achieved when a purely Abelian field (either Ax = 0 or Ay = 0) is
generated, but the sharp peaks survive even in the non-Abelian case.
The peaks may be interpreted as pseudo-Landau levels associated
with effective magnetic fields with opposite sign for each in-plane
spin polarization along the armchair direction. The scalar field
displaces the Landau spectra associated with each valley. The system
resembles a realization of the quantum spin Hall effect proposed
by Bernevig and Zhang4. At the edges of the regions where the
S–O coupling varies we expect in-plane spin-polarized counter-
propagating modes, as shown in Fig. 4a. For an odd number of
occupied Landau levels at least one Kramers pair of these edge
modes is topologically protected against disorder by time-reversal
symmetry. The characteristic decay length of these modes into

the region where the S–O changes (the region changing colour in
Fig. 4a) can be estimated from the experiments in ≈20a, which is
much less than the characteristic length (≈60a) over which the S–O
orbit changes in the simulations. The separation between peaks in
the calculation roughly follows the expected behaviour for uniform
magnetic fields, En∝

√
n, although the inclusion of all the possible

S–O terms leads to deviations from this sequence. Note that the
model includes only the S–O coupling terms in graphene induced
by Pb. The nearly constant separation between peaks observed in
the experiment may be recovered in a more accurate calculation if
more terms (not strictly S–O coupling terms) are included in the
model, for instance, opening a spectral gap due to the presence of
Pb, as in other graphene superlattices27.

Hybrid structures made up of different two-dimensional layers
can have properties different from each of their components27,28.
The combination of a graphene and a Pb underlayer leads to a
two-dimensional system with electronic resonances not present in
either material, associated with the enhancement and the spatial
variation of the S–O coupling in the graphene layer. To observe the
effect, the intercalated atoms would have to generate strong S–O
coupling in the graphene bands, preserve the sublattice symmetry
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assume A0=0.06

√
3t (≈0.3 eV), where t is the first-neighbour hopping parameter of graphene (3 eV) and a is the distance between carbon atoms.

of graphene, and exhibit a distribution of small islands, which could
result in a spatial variation of the S–O coupling, whose derivative, in
turn, originates the pseudo-magnetic field able to confine electrons.
Novel and more exotic effects can be expected if these features are
combined with other properties of graphene, such as long-range
magnetic order induced by molecular adsorption29, gauge fields
induced by strains or the additional degrees of freedom found in
twisted graphene bilayers and multilayers30.
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