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Outline
• Basics

– Photoelectric effect
– Sources and electronananalyzers
– A bit of quantum mechanics
– Photoemission cross section&Cooper minimum

• Valence band angle resolved photoemission
– momentum conservation
– band mapping
– dipole selection rules

• Core level photoemission
– Element specificity
– Sensitivity to chemical environment
– Photoelectron diffraction
– Time evolution
– Microscopy
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The photoemission experiment
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The electron must overcome the 
sample work function φsample in 
order to reach the vacuum; 
a f t e rwa rds i t s ene rgy i s 
changed by the difference in 
work function between the 
analyzer and the sample. So:
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dNi ∝ (no. of atoms of species i at x, y, z)
i (photon flux at x, y, z)
i (differential cross section of relevant level of species i)
i (probability of no loss escape of electrons from x, y, z)

⎧

⎨
⎪⎪

⎩
⎪
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        i (acceptance solid angle of the electron analyzer)
        i (detection efficiency)

⎧
⎨
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The total photoemission intensity from species i is obtained by integrating:
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 The incoming photons

• Laboratory sources (relatively cheap) use characteristic 
transition lines:

– noble gas discharge (e.g. HeIα=21.22 eV)

– solid target emission lines (AI Kα=1428 eV; Mg Kα=1253 eV 

• Synchrotron radiation (expensive!) gives tunable, 
polarized and bright radiation

UV to soft x-rays ( hν ~10 to ~1500 eV 
or  λ ~ 1240 to ~ 5 Å)
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The incoming photons

A laboratory source:
the Mg K emission 
region before (dots) 
and after subtraction 
o f t h e d a s h e d 
background (line).

1253 eV
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Electron mean free path
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Photoemission atomic cross section
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The photoemission spectrum of 
a “dirty” aluminum sample is 
dominated by the oxygen 1s 
level . The core levels of 
oxidized aluminum show a shift 
with respect to the metal. 
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The spherical 
electron energy 
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Position sensitive detection

Wednesday, July 10, 2013



Theory
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The hamiltonian for a system with an external em field,described by a vector potential  
and a scalar potential φ  is:

 

A

Wednesday, July 10, 2013



Theory

 
H =

1
2m

p + e

A(r ,t)
c

⎛
⎝⎜

⎞
⎠⎟

2

− eφ(r ,t) +V (r )

With the transverse gauge (no charges, no currents)

 


∇ ⋅

A = 0

φ(r ,t) = 0
⎫
⎬
⎪

⎭⎪
→ ∇2 A +

1
c2

∂ 2

A

∂t 2
= 0

 
H =

1
2m

p2 + e
2mc

p ⋅

A +

A ⋅ p( ) − e

2mc2
A2 +V (r )

So the hamiltonian becomes:

 
p,

A{ } = 0

The hamiltonian for a system with an external em field,described by a vector potential  
and a scalar potential φ  is:

 

A

Wednesday, July 10, 2013



Theory

 
H =

1
2m

p + e

A(r ,t)
c

⎛
⎝⎜

⎞
⎠⎟

2

− eφ(r ,t) +V (r )

With the transverse gauge (no charges, no currents)

 


∇ ⋅

A = 0

φ(r ,t) = 0
⎫
⎬
⎪

⎭⎪
→ ∇2 A +

1
c2

∂ 2

A

∂t 2
= 0

 
H =

1
2m

p2 + e
2mc

p ⋅

A +

A ⋅ p( ) − e

2mc2
A2 +V (r )

So the hamiltonian becomes:

~ 0
 
p,

A{ } = 0

The hamiltonian for a system with an external em field,described by a vector potential  
and a scalar potential φ  is:

 

A

Wednesday, July 10, 2013



Theory

 
H =

1
2m

p + e

A(r ,t)
c

⎛
⎝⎜

⎞
⎠⎟

2

− eφ(r ,t) +V (r )

With the transverse gauge (no charges, no currents)

 


∇ ⋅

A = 0

φ(r ,t) = 0
⎫
⎬
⎪

⎭⎪
→ ∇2 A +

1
c2

∂ 2

A

∂t 2
= 0

 
H =

1
2m

p2 + e
2mc

p ⋅

A +

A ⋅ p( ) − e

2mc2
A2 +V (r )

So the hamiltonian becomes:

~ 0
 
p,

A{ } = 0

The hamiltonian for a system with an external em field,described by a vector potential  
and a scalar potential φ  is:

 

A

 
H =

1
2m

p2 + e
mc

A ⋅ p +V (r )

Wednesday, July 10, 2013



H = H0 + H1
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We can write:

where

is the perturbation.
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The incoming radiation can be described as a superposition of plane waves of the form:

We put all this into the time dependent perturbation theory to get: 
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For photoemission the wavelength λ=2π/|q| is always much longer than the size of the atoms.
So we can approximate the exponential with 1 

this formula represents the so-called dipole approximation
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σ ω( ) = P ω( )

I ω( )

dI
I
= −nσdx

η =
2ωκ
c

= nσ

We define the photoionization cross section:

where P(ℏω) is the number of photons absorbed by one atom per unit time at photon energy 
ℏω (phot×s-1) and I(ℏω) is the incident photon flux (phot×s-1×cm-2)

For a medium with n atoms per unit volume and photons traveling a distance dx 

I(x) = I0e
−nσ x

or

σ is generally measured in Megabarn (Mb, 1Mb=10-18cm2)
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For a spherically symmetric system (isolated atom) the initial and final states 
can be expressed as product of a radial and angular part:

The Ψf can also be regarded as
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dσ nl (hν)
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=
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For a spherically symmetric system (isolated atom) the initial and final states can 
be expressed as product of a radial and angular part obtaining:

In which
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dσ nl (hν)
dΩ

=
σ nl (hν)
4π

1+ βP2 (cosγ )[ ]

For spherically symmetric systems (free atoms) the well known selection rules (Δl=±1) 
apply. 
One can write the intensity for emission at a given angle γ from the polarization of the 
beam in the following form

P2 (cosγ ) =
3cos2 γ −1

2

σ nl (hν) =
4π 2αa0

2

3
Nnl

2l +1
hν lRl−1

2 (εk ) + (l +1)Rl+1
2 (εk )⎡⎣ ⎤⎦

This term controls the weight 
of Δl =+1 and Δl =-1 channels

-1≤β ≤ 2

At γ=54.7˚ (magic angle) P2=0: the measurement is independent of β
For l=0 (s levels) β≡2
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dσ nl=0 (hν)
dΩ

=
σ nl=0 (hν)
4π

(cosγ )2

For l=0 (s levels) β≡2
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The Ag XPS spectrum
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The Ag XPS spectrum
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Example: the Ag 4d level
(from J.J. Yeh: “Atomic calculation of photoionization cross sections and asymmetry parameters”,Gordon Breach) 
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Example: the Ag 4d level
(from J.J. Yeh: “Atomic calculation of photoionization cross sections and asymmetry parameters”,Gordon Breach) 

Cooper minimum
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The Cooper minimum
is due to a node in the initial state

 f (Ek = 0)
p i > 0

Δl=+1, Ek=0 (i.e. at threshold)

 f (Ek = 0)
p i < 0

At some kinetic energy 
the integral will become 
positive!
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The Cooper minimum
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The Cooper minimum
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Example: the Ag 4d level
(from J.J. Yeh: “Atomic calculation of photoionization cross sections and asymmetry parameters”,Gordon Breach) 
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Example: the Ag 4d level
(from J.J. Yeh: “Atomic calculation of photoionization cross sections and asymmetry parameters”,Gordon Breach) 

Cooper minimum
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Valence band angle resolved 
photoemission (ARUPS)

• Bulk and surface states
• Band mapping
• Selection rules

– determination of the symmetry
– determination of adsorption geometry
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Schematic representation of the wave 
functions of initial states (a), (b) and (c), 
and final states (d), (e) and (f), involved in 
opt ica l t rans i t ions g iv ing r ise to 
photoelectron emission. States (c) and (f) 
correspond to bulk Bloch states hardly 
modified by the presence of the surface. 
States (b) and (e) are more strongly 
evanescent (surface resonances). States 
(a) and (d) have essentially no amplitude 
in the interior of the solid and correspond 
respectively to a true bound surface state 
and the case of band-gap emission.
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: Momentum conservation

, i.e. vertical transitions 

(energy and momentum
conservation laws cannot be satisfied 
at the same time).

q

q
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In order to satisfy both energy and momentum conservation

Ef=Ei+hv  &   kf=ki+G
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At the surface the crystal symmetry is conserved in the surface plane but 
is broken perpendicularly to the surface: the component of the electron 
momentum parallel to the surface plane (k//) is conserved, but k_|_ is not 
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Momentum conservation
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Band mapping: GaAs
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At the surface the crystal symmetry is conserved in the surface plane but 
is broken perpendicularly to the surface: the component of the electron 
momentum parallel to the surface plane (k//) is conserved, but k⊥ is not 
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First important results:

Band mapping is therefore completely determined for 2D 
systems and surface states for which k// is a good quantum 
number 

k// =

�
2m∗Ek

�2
sin θout ≈ 0.512

�
Ek sin θout

Ek = hν − |EB|− ΦAnalyzer
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courtesy of A. Damascelli

State-of-the-art 
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Mapping Two-dimensional band E = E(kpar) 

Discrete quantum well states of an atomically flat 150 Å Ag film on Pt(111) 
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Mapping Two-dimensional band E = E(kpar) 

Discrete quantum well states of an atomically flat 150 Å Ag film on Pt(111) 
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Mapping Two-dimensional band E = E(kpar) 

Discrete quantum well states of an atomically flat 150 Å Ag film on Pt(111) 
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Courtesy of Ph. Hofmann
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Cu (111) surface 
band structure
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Shockley Surface States of Noble Metal (111) Surfaces

PES Experiment, Reinert, Nicolay, Ehm, and Hüfner, PRB 63, 115415 (2001)

Ag(111)
Z=29 Z=47 Z=79
Cu(111) Au(111)

Two parabolas: spin-orbit splitting
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Figure 1 |Observation of a gap opening in hydrogenated graphene. a–c, Photoemission intensity along the A–K–A’ direction of the Brillouin zone

(see inset) for clean graphene on Ir(111) (a), graphene exposed to a 30 s dose of atomic hydrogen (b) and graphene exposed to a 50 s dose of atomic

hydrogen (c).
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Figure 2 | STM images of hydrogen adsorbate structures following and preserving the Moiré pattern of graphene on Ir(111). a, Moiré pattern of clean

graphene on Ir(111) with the superlattice cell indicated. b–e, Graphene exposed to atomic hydrogen for very low dose, 15 s, 30 s and 50 s, respectively. The

data show the evolution of hydrogen structures along the bright parts of the Moiré pattern with increasing hydrogen dose. f, Fourier transform of the image

in e, illustrating that hydrogen adsorbate structures preserve the Moiré periodicity. The inset in f shows a line profile through the Fourier transform along

the line indicated. The separation of the peaks corresponds to a real-space distance of 21.5Å, which is equal to 25Å×cos(30
◦
), confirming the Moiré

superlattice periodicity.
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Bandgap opening in graphene induced by
patterned hydrogen adsorption
Richard Balog1, Bjarke Jørgensen1, Louis Nilsson1, Mie Andersen1, Emile Rienks2, Marco Bianchi3,
Mattia Fanetti4, Erik Lægsgaard1, Alessandro Baraldi3,4, Silvano Lizzit5, Zeljko Sljivancanin6,
Flemming Besenbacher1, Bjørk Hammer1, Thomas G. Pedersen7, Philip Hofmann2 and Liv Hornekær1*
Graphene, a single layer of graphite, has recently attracted

considerable attention owing to its remarkable electronic and

structural properties and its possible applications in many

emerging areas such as graphene-based electronic devices
1
.

The charge carriers in graphene behave like massless Dirac

fermions, and graphene shows ballistic charge transport,

turning it into an ideal material for circuit fabrication
2,3
.

However, graphene lacks a bandgap around the Fermi level,

which is the defining concept for semiconductor materials

and essential for controlling the conductivity by electronic

means. Theory predicts that a tunable bandgap may be

engineered by periodic modulations of the graphene lattice
4–6

,

but experimental evidence for this is so far lacking. Here, we

demonstrate the existence of a bandgap opening in graphene,

induced by the patterned adsorption of atomic hydrogen

onto the Moiré superlattice positions of graphene grown on

an Ir(111) substrate.

Several schemes have been proposed to open a tunable bandgap
in graphene4–8, but only few have been realized experimentally.
One example is substrate-induced gaps for graphene supported
on SiC but their existence is being heavily debated9,10. Another
approach is the creation of gaps through confinement, such as
in graphene nanoribbons11,12. At present, this approach is the
only proven way to induce a substantial bandgap in single-layer
graphene. Unfortunately, it is difficult to control the size of the
gap in nanoribbons because it is very sensitive to their width,
edge geometry13 and chemical functionalization13,14. An alternative
strategy would be the construction of periodic structures such
as antidot lattices15,16 or, as we propose here, regular patterns of
hydrogen-covered regions, resulting in a confinement potential
for the carriers in the pristine graphene regions, thus leading
to a bandgap opening. The rational for the latter idea is based
on density functional theory (DFT) calculations revealing that
hydrogenation of graphene leads to a bandgap opening: for
example, fully hydrogenated graphene, referred to as graphane,
has been shown to be a wide-bandgap semiconductor17, whereas
half-hydrogenated graphene has a bandgap of 0.43 eV (ref. 18) and
a single hydrogen atom in a 32-carbon-atom slab generates a gap of
about 1.25 eV (ref. 4). Furthermore, calculations have also shown
that hydrogen pairs arranged in lines can create semiconducting or
metallic waveguides through confinement effects5. A large bandgap

1
Department of Physics and Astronomy and Interdisciplinary Nanoscience Center (iNANO), Aarhus University, 8000 Aarhus C, Denmark,

2
Institute for

Storage Ring Facilities and Interdisciplinary Nanoscience Center (iNANO), Aarhus University, 8000 Aarhus C, Denmark,
3
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CENMAT, University of Trieste, Via Valerio 2, 34127 Trieste, Italy,
4
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Sincrotrone Trieste S.C.p.A., S.S. 14 km 163.5, 34012 Trieste, Italy,
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7
Department of Physics and Nanotechnology, Aalborg University, and Interdisciplinary Nanoscience Center (iNANO), 9220, Aalborg East, Denmark.

*e-mail: liv@phys.au.dk.

opening in hydrogen-covered regions would lead to an effective
potential barrier for the electrons in the clean parts, in complete
analogy to the antidot lattice. Experimentally, both disordered
hydrogen adsorption and antidot lattices have been shown to
influence the transport properties in graphene through localization
effects16,19, but the physics behind this mechanism is altogether
different from a confinement-induced bandgap opening in the
single-particle band dispersion.

Although the experimental evidence to support the idea of a
confinement-induced gap so far is limited, the essential conditions
seem to be fulfilled: hydrogen has been shown to adsorb on free
graphene20, as well as on supported graphene layers21,22. Further-
more, scanning tunnelling spectroscopy has shown the expected
depletion of the local density of states nearby adsorbed hydrogen21.

Here, we demonstrate that patterned hydrogen adsorption on
graphene induces a bandgap of at least 450meV around the
Fermi level. A templated adsorption is mediated by the Moiré
superlattice in graphene/Ir(111), as revealed by scanning tunnelling
microscopy (STM). Angle-resolved photoemission spectroscopy
(ARPES) demonstrates the existence and size of the overall gap.
Calculations indicate that the observed gap opening is indeed due to
a confinement effect in the residual bare graphene regions: whereas
a surface that is entirely covered with hydrogen has a very large gap,
the observed gap in the graphene π-band stems from the remaining
hydrogen-free areas. The width of the gap is coverage dependent,
but reaches a well-defined value at a certain hydrogen dose owing
to the regular dimensions of the hydrogen pattern.

Figure 1a shows the photoemission intensity near the Fermi level
EF for a clean layer of epitaxial graphene on Ir(111). For simplicity,
we interpret this as a picture of the electronic band structure. The
data are recorded along the A–K–A� direction of the Brillouin zone,
as indicated in the inset. One clearly identifies theπ-band dispersion
associated with graphene and the pinning of the Dirac point close to
the Fermi level, in excellent agreement with previous results23. The
minigaps visible in the bare graphene π-band at a binding energy of
about 0.7 eV are related to the Moiré superstructure visible in low
energy electron diffraction and STM images23,24. Their observation
in ARPES is indicative of the excellent long-range ordering in the
graphene layer. Figure 1b,c illustrates the evolution of the π-band
for increasing exposures to atomic hydrogen. A comparison of
the ARPES results for the clean and hydrogenated graphene layer

NATUREMATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials 1
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Mattia Fanetti4, Erik Lægsgaard1, Alessandro Baraldi3,4, Silvano Lizzit5, Zeljko Sljivancanin6,
Flemming Besenbacher1, Bjørk Hammer1, Thomas G. Pedersen7, Philip Hofmann2 and Liv Hornekær1*
Graphene, a single layer of graphite, has recently attracted

considerable attention owing to its remarkable electronic and

structural properties and its possible applications in many

emerging areas such as graphene-based electronic devices
1
.

The charge carriers in graphene behave like massless Dirac

fermions, and graphene shows ballistic charge transport,

turning it into an ideal material for circuit fabrication
2,3
.

However, graphene lacks a bandgap around the Fermi level,

which is the defining concept for semiconductor materials

and essential for controlling the conductivity by electronic

means. Theory predicts that a tunable bandgap may be

engineered by periodic modulations of the graphene lattice
4–6

,

but experimental evidence for this is so far lacking. Here, we

demonstrate the existence of a bandgap opening in graphene,

induced by the patterned adsorption of atomic hydrogen

onto the Moiré superlattice positions of graphene grown on

an Ir(111) substrate.

Several schemes have been proposed to open a tunable bandgap
in graphene4–8, but only few have been realized experimentally.
One example is substrate-induced gaps for graphene supported
on SiC but their existence is being heavily debated9,10. Another
approach is the creation of gaps through confinement, such as
in graphene nanoribbons11,12. At present, this approach is the
only proven way to induce a substantial bandgap in single-layer
graphene. Unfortunately, it is difficult to control the size of the
gap in nanoribbons because it is very sensitive to their width,
edge geometry13 and chemical functionalization13,14. An alternative
strategy would be the construction of periodic structures such
as antidot lattices15,16 or, as we propose here, regular patterns of
hydrogen-covered regions, resulting in a confinement potential
for the carriers in the pristine graphene regions, thus leading
to a bandgap opening. The rational for the latter idea is based
on density functional theory (DFT) calculations revealing that
hydrogenation of graphene leads to a bandgap opening: for
example, fully hydrogenated graphene, referred to as graphane,
has been shown to be a wide-bandgap semiconductor17, whereas
half-hydrogenated graphene has a bandgap of 0.43 eV (ref. 18) and
a single hydrogen atom in a 32-carbon-atom slab generates a gap of
about 1.25 eV (ref. 4). Furthermore, calculations have also shown
that hydrogen pairs arranged in lines can create semiconducting or
metallic waveguides through confinement effects5. A large bandgap
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opening in hydrogen-covered regions would lead to an effective
potential barrier for the electrons in the clean parts, in complete
analogy to the antidot lattice. Experimentally, both disordered
hydrogen adsorption and antidot lattices have been shown to
influence the transport properties in graphene through localization
effects16,19, but the physics behind this mechanism is altogether
different from a confinement-induced bandgap opening in the
single-particle band dispersion.

Although the experimental evidence to support the idea of a
confinement-induced gap so far is limited, the essential conditions
seem to be fulfilled: hydrogen has been shown to adsorb on free
graphene20, as well as on supported graphene layers21,22. Further-
more, scanning tunnelling spectroscopy has shown the expected
depletion of the local density of states nearby adsorbed hydrogen21.

Here, we demonstrate that patterned hydrogen adsorption on
graphene induces a bandgap of at least 450meV around the
Fermi level. A templated adsorption is mediated by the Moiré
superlattice in graphene/Ir(111), as revealed by scanning tunnelling
microscopy (STM). Angle-resolved photoemission spectroscopy
(ARPES) demonstrates the existence and size of the overall gap.
Calculations indicate that the observed gap opening is indeed due to
a confinement effect in the residual bare graphene regions: whereas
a surface that is entirely covered with hydrogen has a very large gap,
the observed gap in the graphene π-band stems from the remaining
hydrogen-free areas. The width of the gap is coverage dependent,
but reaches a well-defined value at a certain hydrogen dose owing
to the regular dimensions of the hydrogen pattern.

Figure 1a shows the photoemission intensity near the Fermi level
EF for a clean layer of epitaxial graphene on Ir(111). For simplicity,
we interpret this as a picture of the electronic band structure. The
data are recorded along the A–K–A� direction of the Brillouin zone,
as indicated in the inset. One clearly identifies theπ-band dispersion
associated with graphene and the pinning of the Dirac point close to
the Fermi level, in excellent agreement with previous results23. The
minigaps visible in the bare graphene π-band at a binding energy of
about 0.7 eV are related to the Moiré superstructure visible in low
energy electron diffraction and STM images23,24. Their observation
in ARPES is indicative of the excellent long-range ordering in the
graphene layer. Figure 1b,c illustrates the evolution of the π-band
for increasing exposures to atomic hydrogen. A comparison of
the ARPES results for the clean and hydrogenated graphene layer
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Figure 4 |Hydrogen adsorbate structures, calculated band structures and bandgaps. a, Hydrogen atom adsorbate structures forming graphane islands
with hydrogen coverage ranging between 6% and 54% (corresponding to 3%–27% of the top sites) following the Moiré superlattice periodicity. b, Band
structures for graphane-like islands with medium and high hydrogen coverage. Filled and empty bands are shown in red and green, respectively. For
comparison, the band structure of intact graphene is shown in grey (dashed). c, Bandgap opening as a function of hydrogen coverage. A maximum of
0.77 eV is reached with 54% coverage (corresponding to 27% top site coverage). d, Adsorbate structures composed of increasing amounts of hydrogen
pairs in para and ortho dimer configurations. e, Band structures with and without ortho-hydrogen dimers. f, Bandgap opening as a function of hydrogen
coverage. At 23% coverage a bandgap opening as large as 0.73 eV is obtained. In b,c,e and f, numbers 1–5 refer to absorbate structures formed by
hydrogen atomes at all the positions marked by the corresponding numbers in a and d respectively.

In Fig. 4a such periodic structures of graphane patches reflecting
the hydrogen adsorbate structures observed in STM are shown.
Between 6% and 54% of the carbon atoms are bonded to
hydrogen, corresponding to hydrogen coverages of 3%–27% in
the experiment. The corresponding band structures are shown in
Fig. 4b. As for the experimental results, the dispersion is shown
along the A–K–A� line. For all structures investigated, a clear
bandgap is observed at K. The calculated band structures are flatter
than the observed dispersion curves at high energies. This is not
surprising owing to the approximations inherent in the DFTB
calculations. However, whereas the detailed dispersion can be less
reliable, the existence of a fundamental bandgap is expected to be
a stable feature in the theory. Figure 4c shows the evolution of the
gap with increasing hydrogen coverage. A hydrogen atom coverage
of 42% (corresponding to 21% coverage in the experiment) is
sufficient to produce a gap of 0.5 eV tallying with the experimentally
observed minimal gap opening but still small compared with the
3.5 eV gap of actual graphane.

TheARPESdata in Fig. 1 demonstrate that the observed bandgap
opening is stable towards the long-range disorder clearly present
in the hydrogen adsorbate structures shown in Fig. 2. A theoretical
investigation of the effects of long-range disorder goes beyond the
present work. However, the sensitivity of the bandgap opening
to local disorder was studied by randomly removing hydrogen
atoms from the adsorbate cluster. DFTB calculations show that the
resulting disorder introduces localized gap states and affects the
density of states at the gap edges (see Supplementary Information).
However, it does not affect the very existence of the gap.

Our experimental results and calculations demonstrate that
periodic structures of graphane-like islands are characterized by
distinct bandgaps. We also explore whether the same holds for
hydrogen adsorbate structures built from hydrogen dimer units—a

commonly found hydrogen structural entity on free-standing
graphene and graphene on other substrates21,22,27–30. Investigated
structures with hydrogen atoms in stable dimer positions on
nearest-neighbour sites (ortho) or on opposite sides of a carbon
hexagon (para; refs 21, 22, 27–30) are shown in Fig. 4d. To
facilitate comparison of the size of the bandgap opening with that
obtained for graphane islands, the periodicity given by the Moiré
superstructure was used. For all structures investigated, a clear
bandgap is observed at the K point (see Fig. 4e). At 23% coverage,
a bandgap opening as large as 0.73 eV was obtained (see Fig. 4f).
Hence, bandgap opening by patterned hydrogen adsorption is not
dependent on the formation of graphane-like islands, but could also
be realized in other graphene systems by, for example, patterned
hydrogen adsorption templated by a self-assembledmolecular layer.

Combining all of the experimental and theoretical results, a
consistent picture of the hydrogen-induced changes in the band
dispersion of graphene on Ir(111) evolves: locally, the adsorption
of atomic hydrogen leads to a re-hybridization from sp2 to sp3 and
hence to elimination of the π-band. For low hydrogen coverage,
this happens only near the adsorption sites defined by the Moiré
pattern. In between these sites, the graphene surface remains clean,
but as the relative area of these regions is decreasing, so is the
π-band emission intensity. The gap opening itself is explained by
the confinement as such and the broadening of the bands can be
understood by the fact that the very confinement gives rise to an
increased uncertainty in the crystal momentum k. It is difficult
to obtain a precise value of the k broadening because of the high
background and the vicinity of other bands. However, following
a 50 s hydrogen dose (corresponding to Fig. 1c), the resulting k
broadening is of the order of 0.2Å−1 and it is thus in reasonable
agreement with the Moiré periodicity of 25 Å observed for the
hydrogen adsorbate structures. The evolution of the gap opening
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Bandgap opening in graphene induced by
patterned hydrogen adsorption
Richard Balog1, Bjarke Jørgensen1, Louis Nilsson1, Mie Andersen1, Emile Rienks2, Marco Bianchi3,
Mattia Fanetti4, Erik Lægsgaard1, Alessandro Baraldi3,4, Silvano Lizzit5, Zeljko Sljivancanin6,
Flemming Besenbacher1, Bjørk Hammer1, Thomas G. Pedersen7, Philip Hofmann2 and Liv Hornekær1*
Graphene, a single layer of graphite, has recently attracted

considerable attention owing to its remarkable electronic and

structural properties and its possible applications in many

emerging areas such as graphene-based electronic devices
1
.

The charge carriers in graphene behave like massless Dirac

fermions, and graphene shows ballistic charge transport,

turning it into an ideal material for circuit fabrication
2,3
.

However, graphene lacks a bandgap around the Fermi level,

which is the defining concept for semiconductor materials

and essential for controlling the conductivity by electronic

means. Theory predicts that a tunable bandgap may be

engineered by periodic modulations of the graphene lattice
4–6

,

but experimental evidence for this is so far lacking. Here, we

demonstrate the existence of a bandgap opening in graphene,

induced by the patterned adsorption of atomic hydrogen

onto the Moiré superlattice positions of graphene grown on

an Ir(111) substrate.

Several schemes have been proposed to open a tunable bandgap
in graphene4–8, but only few have been realized experimentally.
One example is substrate-induced gaps for graphene supported
on SiC but their existence is being heavily debated9,10. Another
approach is the creation of gaps through confinement, such as
in graphene nanoribbons11,12. At present, this approach is the
only proven way to induce a substantial bandgap in single-layer
graphene. Unfortunately, it is difficult to control the size of the
gap in nanoribbons because it is very sensitive to their width,
edge geometry13 and chemical functionalization13,14. An alternative
strategy would be the construction of periodic structures such
as antidot lattices15,16 or, as we propose here, regular patterns of
hydrogen-covered regions, resulting in a confinement potential
for the carriers in the pristine graphene regions, thus leading
to a bandgap opening. The rational for the latter idea is based
on density functional theory (DFT) calculations revealing that
hydrogenation of graphene leads to a bandgap opening: for
example, fully hydrogenated graphene, referred to as graphane,
has been shown to be a wide-bandgap semiconductor17, whereas
half-hydrogenated graphene has a bandgap of 0.43 eV (ref. 18) and
a single hydrogen atom in a 32-carbon-atom slab generates a gap of
about 1.25 eV (ref. 4). Furthermore, calculations have also shown
that hydrogen pairs arranged in lines can create semiconducting or
metallic waveguides through confinement effects5. A large bandgap
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opening in hydrogen-covered regions would lead to an effective
potential barrier for the electrons in the clean parts, in complete
analogy to the antidot lattice. Experimentally, both disordered
hydrogen adsorption and antidot lattices have been shown to
influence the transport properties in graphene through localization
effects16,19, but the physics behind this mechanism is altogether
different from a confinement-induced bandgap opening in the
single-particle band dispersion.

Although the experimental evidence to support the idea of a
confinement-induced gap so far is limited, the essential conditions
seem to be fulfilled: hydrogen has been shown to adsorb on free
graphene20, as well as on supported graphene layers21,22. Further-
more, scanning tunnelling spectroscopy has shown the expected
depletion of the local density of states nearby adsorbed hydrogen21.

Here, we demonstrate that patterned hydrogen adsorption on
graphene induces a bandgap of at least 450meV around the
Fermi level. A templated adsorption is mediated by the Moiré
superlattice in graphene/Ir(111), as revealed by scanning tunnelling
microscopy (STM). Angle-resolved photoemission spectroscopy
(ARPES) demonstrates the existence and size of the overall gap.
Calculations indicate that the observed gap opening is indeed due to
a confinement effect in the residual bare graphene regions: whereas
a surface that is entirely covered with hydrogen has a very large gap,
the observed gap in the graphene π-band stems from the remaining
hydrogen-free areas. The width of the gap is coverage dependent,
but reaches a well-defined value at a certain hydrogen dose owing
to the regular dimensions of the hydrogen pattern.

Figure 1a shows the photoemission intensity near the Fermi level
EF for a clean layer of epitaxial graphene on Ir(111). For simplicity,
we interpret this as a picture of the electronic band structure. The
data are recorded along the A–K–A� direction of the Brillouin zone,
as indicated in the inset. One clearly identifies theπ-band dispersion
associated with graphene and the pinning of the Dirac point close to
the Fermi level, in excellent agreement with previous results23. The
minigaps visible in the bare graphene π-band at a binding energy of
about 0.7 eV are related to the Moiré superstructure visible in low
energy electron diffraction and STM images23,24. Their observation
in ARPES is indicative of the excellent long-range ordering in the
graphene layer. Figure 1b,c illustrates the evolution of the π-band
for increasing exposures to atomic hydrogen. A comparison of
the ARPES results for the clean and hydrogenated graphene layer
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Figure 4 |Hydrogen adsorbate structures, calculated band structures and bandgaps. a, Hydrogen atom adsorbate structures forming graphane islands
with hydrogen coverage ranging between 6% and 54% (corresponding to 3%–27% of the top sites) following the Moiré superlattice periodicity. b, Band
structures for graphane-like islands with medium and high hydrogen coverage. Filled and empty bands are shown in red and green, respectively. For
comparison, the band structure of intact graphene is shown in grey (dashed). c, Bandgap opening as a function of hydrogen coverage. A maximum of
0.77 eV is reached with 54% coverage (corresponding to 27% top site coverage). d, Adsorbate structures composed of increasing amounts of hydrogen
pairs in para and ortho dimer configurations. e, Band structures with and without ortho-hydrogen dimers. f, Bandgap opening as a function of hydrogen
coverage. At 23% coverage a bandgap opening as large as 0.73 eV is obtained. In b,c,e and f, numbers 1–5 refer to absorbate structures formed by
hydrogen atomes at all the positions marked by the corresponding numbers in a and d respectively.

In Fig. 4a such periodic structures of graphane patches reflecting
the hydrogen adsorbate structures observed in STM are shown.
Between 6% and 54% of the carbon atoms are bonded to
hydrogen, corresponding to hydrogen coverages of 3%–27% in
the experiment. The corresponding band structures are shown in
Fig. 4b. As for the experimental results, the dispersion is shown
along the A–K–A� line. For all structures investigated, a clear
bandgap is observed at K. The calculated band structures are flatter
than the observed dispersion curves at high energies. This is not
surprising owing to the approximations inherent in the DFTB
calculations. However, whereas the detailed dispersion can be less
reliable, the existence of a fundamental bandgap is expected to be
a stable feature in the theory. Figure 4c shows the evolution of the
gap with increasing hydrogen coverage. A hydrogen atom coverage
of 42% (corresponding to 21% coverage in the experiment) is
sufficient to produce a gap of 0.5 eV tallying with the experimentally
observed minimal gap opening but still small compared with the
3.5 eV gap of actual graphane.

TheARPESdata in Fig. 1 demonstrate that the observed bandgap
opening is stable towards the long-range disorder clearly present
in the hydrogen adsorbate structures shown in Fig. 2. A theoretical
investigation of the effects of long-range disorder goes beyond the
present work. However, the sensitivity of the bandgap opening
to local disorder was studied by randomly removing hydrogen
atoms from the adsorbate cluster. DFTB calculations show that the
resulting disorder introduces localized gap states and affects the
density of states at the gap edges (see Supplementary Information).
However, it does not affect the very existence of the gap.

Our experimental results and calculations demonstrate that
periodic structures of graphane-like islands are characterized by
distinct bandgaps. We also explore whether the same holds for
hydrogen adsorbate structures built from hydrogen dimer units—a

commonly found hydrogen structural entity on free-standing
graphene and graphene on other substrates21,22,27–30. Investigated
structures with hydrogen atoms in stable dimer positions on
nearest-neighbour sites (ortho) or on opposite sides of a carbon
hexagon (para; refs 21, 22, 27–30) are shown in Fig. 4d. To
facilitate comparison of the size of the bandgap opening with that
obtained for graphane islands, the periodicity given by the Moiré
superstructure was used. For all structures investigated, a clear
bandgap is observed at the K point (see Fig. 4e). At 23% coverage,
a bandgap opening as large as 0.73 eV was obtained (see Fig. 4f).
Hence, bandgap opening by patterned hydrogen adsorption is not
dependent on the formation of graphane-like islands, but could also
be realized in other graphene systems by, for example, patterned
hydrogen adsorption templated by a self-assembledmolecular layer.

Combining all of the experimental and theoretical results, a
consistent picture of the hydrogen-induced changes in the band
dispersion of graphene on Ir(111) evolves: locally, the adsorption
of atomic hydrogen leads to a re-hybridization from sp2 to sp3 and
hence to elimination of the π-band. For low hydrogen coverage,
this happens only near the adsorption sites defined by the Moiré
pattern. In between these sites, the graphene surface remains clean,
but as the relative area of these regions is decreasing, so is the
π-band emission intensity. The gap opening itself is explained by
the confinement as such and the broadening of the bands can be
understood by the fact that the very confinement gives rise to an
increased uncertainty in the crystal momentum k. It is difficult
to obtain a precise value of the k broadening because of the high
background and the vicinity of other bands. However, following
a 50 s hydrogen dose (corresponding to Fig. 1c), the resulting k
broadening is of the order of 0.2Å−1 and it is thus in reasonable
agreement with the Moiré periodicity of 25 Å observed for the
hydrogen adsorbate structures. The evolution of the gap opening
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Ag band 
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What does a photoemission spectrum look like?

Cu(100)

Bulk or surface states?   Why are bulk bands quite sharp anyway?
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in-plane dispersion along Γ − Κ − Μ − Κ − Γ
Photon energy: 105eV (ΔE≈50meV) 

ba

c

MgB2
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Recognize surface states from bulk bands

fix k// and change k_|_. Bulk states should have dispersion, surface 
states should not.

Easiest way: fix k//=0 ( Γ , normal emission) and change the photon energy 
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Γ− Α direction
Normal emission geometry
Photon energy: 95 eV - 185 eV (ΔE≈50meV) 

No dispersive peak at 1.65 eV: 
Mg terminated MgB2(0001) surface state

Weak no dispersive peak at 3.2 eV:  
B terminated MgB2(0001) surface state 
(B terminated domains)

I.I.Mazin V.P.Antropov, Physica C 385, 49 (2003)
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Surface states and k_|_ mapping: 
example Al(100)
Photon energy changed at normal emission k//=0
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Surface states and k_|_ mapping: 
example Al(100)
Photon energy changed at normal emission k//=0
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Surface states and k_|_ mapping: 
example Al(100)
Photon energy changed at normal emission k//=0
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Determining Fermi vectors by angle resolved photoemission
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Determining Fermi vectors by angle resolved photoemission
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kout =
�

2m∗

�2
Ekin

kin =
�

2m∗

�2
(Ekin + V0)

k�out = k�in = sin θout

�
2m∗

�2
Ekin

kin⊥ =
�

2m∗

�2
(Ekin cos2 θout + V0)

k_|_

k//

Bulk Fermi Surface mapping: case studies Cu

Wednesday, July 10, 2013



k_|_= 2.83 Å-1

k_|_=3.33Å-1

k_|_=4.11 Å-1

Slices of the Fermi surface
in the k// plane at different k_|_ 

Less defined k_|_ at low 
kinetic energy (broader 
Fermi contours, ie. 
thicker slices).

3D reconstruction of the 
Fermi surface shape is 
possible
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The photoelectron spectrum consists of “spikes” at energies Ekin

The intensity is modulated by the matrix element |Mfi|2=|<kf|A0p|ki>|2
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Selection rules

 
cf ,i ∝


A ⋅ f


∇ i δ ω −ω i, f( ) = Ax f ∂

∂x
i + Ay f ∂

∂y
i + Az f ∂

∂z
i⎡

⎣
⎢

⎤

⎦
⎥δ ω −ω i, f( )

In the dipole matrix element:

both     and      must belong to irreproducibile representations of the symmetry operations of the 
surface. 

If electrons are collected along a direction contained for example in a mirror plane, |f> has 
even parity with respect to mirroring: an odd function has node in the plane.   

By orienting the polarization in a direction contained in the same mirror plane 
(even operator) only even initial states contribute to the spectrum. if the 

polarization is perpendicular only odd states are seen.

i f
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Applications of selection rules
a) knowing the geometry one can determine the symmetry of the states:Cu(110)
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p polarized

s polarized

Applications of 
selection rules

b) knowing the symmetry of the states one 
can dermine the geometry: orientation of 
CO/Ni(100)

4σ

the 4σ disappears for an 
antisymetric geometry:
CO is standing upright 

1π+5σ
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8 6 4 2 0
Binding energy (eV)

Even hv =70 eV

Odd hv =35 eV

Even hv =35 eV

Matrix effects on a molecular crystal: C60
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hv = 21..2 eV

hv = 35 eV

Matrix effects on the Fermi surface shape in Bi2212

M.C. Asensio et al., PRB (2003)
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Application of the Cooper minimum effect to alloys
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Resonant photoemission

Two constrains on the 
time scale of the process:

1) To have a coherent 
interfering process the 
time scale of the two 
channels must be 
comparable.

2) The the excited electron 
must remain localized on 
the same atom of the core 
hole for a time scale 
bigger or comparable to 
the core hole lifetime
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Gd@C82 resonant photoemission

Wednesday, July 10, 2013
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When excited to these states, 
C1s core electrons delocalize 
well before the core hole 
decay.

Wednesday, July 10, 2013



Core level photoemission (XPS or ESCA)

• Element specificity
• Sensitivity to chemical environment

– the core level shift
• Photoelectron diffraction
• Examples
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Surface chemical analysis. 
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K L - I L - I I L - I I I M - I M - I I M - I I I M - I V M - V
1 s 2 s 2p1/2 2p3/2 3 s 3p1/2 3p3/2 3d3/2 3d5/2

1 H 13.6
2 He 24.6*
3 L i 54.7*
4 B e 111.5*
5 B 188*
6 C 284.2*
7 N 409.9* 37.3*
8 0 543.1* 41.6*
9 F 696.7*
10 Ne 870.2* 48.5* 21.7* 21.6*
11 Na 1070.8+ 63.5+ 30.4+ 30.5*
12 M g 1303.0+ 88.6* 49.6+ 49.21
13 A l 1559 117.8* 72.9* 72.5*
14 S i 1839 149.7*b 99.8* 99.2*
15 P 2145.5 189* 136* 135*
16 S 2472 230.9 163.6* 162.5*
17 C l 2822 270* 202* 200*
18 A r 3205.9* 326.3* 250.6+ 248.4* 29.3* 15.9* 15.7*
19 K 3608.4* 378.6* 297.3* 294.6* 34.8* 18.3* 18.3*
20 Ca 4038.5* 438.4+ 349.7+ 346.2+ 44.3+ 25.4+ 25.4+
21 Sc 4492 498.0* 403.6* 398.7* 51.1* 28.3* 28.3*
22 T i 4966 560.9+ 460.2+ 453.8+ 58.7+ 32.6+ 32.6+
23 V 5465 626.7+ 519.8+ 512.1+ 66.3+ 37.2+ 37.2+
24 C r 5989 696.0+ 583.8+ 574.1+ 74.1+ 42.2+ 42.2+
25 M n 6539 769.1+ 649.9+ 638.7+ 82.3+ 47.2+ 47.2+
26 Fe 7112 844.6+ 719.9+ 706.8+ 91.3+ 52.7+ 52.7+
27 Co 7709 925.1+ 793.2+ 778.1+ 101.0+ 58.9+ 59.9+
28 N i 8333 1008.6+ 870.0+ 852.7+ 110.8+ 68.0+ 66.2+
29 Cu 8979 1096.7+ 952.3+ 932.7 122.5+ 77.3+ 75.1+
30 Z n 9659 1196.2* 1044.9* 1021.8* 139.8* 91.4* 88.6* 10.2* 10.1*
31 Ga 10367 1299.0*b 1143.2+ 1116.4+ 159.51 103.5+ 100.0+ 18.7+ 18.7+
32 Ge 11103 1414.6*b 1248.1*b 1217.0*b 180.1* 124.9* 120.8* 29.8* 29.2*
33 As 11867 1527.0*b 1359.1*b 1323.6*b 204.7* 146.2* 141.2* 41.7* 41.7*
34 Se 12658 1652.0*b 1474.3*b 1433.9*b 229.6* 166.5* 160.7* 55.5* 54.6*
35 B r 13474 1782* 1596* 1550* 257* 189* 182* 70* 69*

Each element has a specific set of accessible core levels
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Energy of core 
level peaks. 
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Neglecting relaxation...

Comparison of experimental XPS C 
1s binding energies with those 
calculated via Koopman's theorem 
for C in a range of molecules. 
A l t h o u g h e x p e r i m e n t a l a n d 
theoretical values differ by 15 eV 
(associated with relaxation effects) 
the systematic comparison is 
excellent as indicated by the 
straight line of unity slope
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A particular case of core level shift: the 
surface core level shift
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 Measured spectrum
 fit
 surface component
 bulk component

d
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Y (E) =
Γ(1− α)

(E2 + γ2)
(1−α)

2

cos
�
πα

2
+ (1− α) arctan

�
E

γ

��

The Doniach-Šunjić lineshape
J. Phys. C 3, 285 (1970)
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The 
Doniach-
Šunjić 

lineshape
J. Phys. C 3, 285 

(1970)
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Reactions on surfaces
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Reactions on surfaces
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Reactions on surfaces

O
C

1
O
C

2

Wednesday, July 10, 2013



Reactions on surfaces
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Reactions on surfaces
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Reactions on surfaces

O C
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Reactions on surfaces

•Distinguish 1 (CO on top) from 2 (CO on a 
bridge site) and from 3 (dissociated CO)

O C

O
C

1
O
C

2
3
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Reactions on surfaces

•Distinguish 1 (CO on top) from 2 (CO on a 
bridge site) and from 3 (dissociated CO)

•Follow changes from 1 to 2 and/or to 3

O C

O
C

1
O
C

2
3
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Example of surface reaction

Intermediate reactions:

2NO+CO→N2+CO2

NO→ NOads →Nads +Oads

Nads +Nads → N2
ads →N2

gas

Oads +COgas →CO2
ads → CO2

gas
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Why XPS?
• has unambigous correspondence between  

surface species and spectral features;
• is quantitative;
• is applicable to both molecular and atomic 

adsorbates;
• changes in both adsorbate and substrate can 

be detected.
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For t<1994 XPS used to be a 
“slow”  technique

Typical acquisition time ~30 minutes for adsorbates


only “frozen” and/or low resolution experiments were 
possible


better to go for vibrational spectroscopies!
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First attempts to use XPS to follow surface 
reactions: dissociation of CO/W(110)

E. Umbach, J.C. Fuggle, D. Menzel, J. Electron Spectrosc. 10,15 (1977)
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With 3rd generation SR sources:
flux& resolution at the same time
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Measure surface 
time-dependent phenomena

• Trigger the phenomenon (e.g. open a leak valve!)

• Measure a lot of spectra

• Analyze them to get quantitative information
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CO thermal desorption from Rh
(110)

• Two adsorption sites
• Migration and desorption
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Desorpotion of CO/Rh(110)
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CO/Rh(110): 
CO desorption 
& migration
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CO titration of oxygen overlayers 
on Rh (110) at T=200 K

Effect of surface restructuring on reaction rate

Oads +COgas →CO2
ads → CO2

gas
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CO titration of oxygen overlayers on Rh (110)
T=200 K
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La struttura O–c(2x8) con gli atomi di 
ossigeno nei siti threefold nei solchi non 
ricostruiti (azzurri-più reattivi) e nei solchi 
ricostruiti (verdi-meno reattivi)
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CO titration of oxygen overlayers on Rh (110)
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CO titration of oxygen overlayers on Rh (110)

CO2 production 
from 
O-(2x1)p2mg 
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Adsorption and dissociation of 
Nitric Oxide on Rh(110)

Observation of an adsorption state precursor 
to dissociation
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O1s spectra during NO exposure at 270 K
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NO dissociation on Rh (110)

Selection of O 
1s spectra 
during NO 
exposure at 
270 K
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NO dissociation on Rh (110)
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Photochemistry of CH4 on Pt
(111) 

Photodesorption of multilayers
Dissociation into C+CH3 species

Wednesday, July 10, 2013



C
 1s

 In
te

ns
ity

 (a
rb

. u
ni

ts
)

8006004002000
Time (s)

 284.2 eV
 283.5 eV
 282.9 eV

 
 

Ph
ot

oe
m

is
si

on
 In

te
ns

ity
 (a

rb
. u

ni
ts

)

286 285 284 283 282 281
Binding Energy (eV)

Photochemistry of CH4 on Pt(111) 

Wednesday, July 10, 2013



In
te

ns
ity

 (a
rb

. u
ni

ts
)

286 285 284 283 282
Binding Energy (eV)

∆E~400 meV
 

CH3

C

High resolution C 1s spectrum after long exposure to hν
Photochemistry of CH4 on Pt(111) 

Wednesday, July 10, 2013



The surface core level shift
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 surface component
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Identification of adsorbate bonding 
by changes in the substrate Surface 

Core level Shift

Evolution of the del SCLS of low Miller indices Rh surfaces 
as a function of O2 dose
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Rh(111): evolution of the Rh 3d5/2 peak during exposure to O2
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Rh(111): evolution of the Rh 3d5/2 peak during exposure to O2

Wednesday, July 10, 2013



SC
LS

 In
te

ns
ity

 [a
rb

. u
ni

ts
]

0.50.40.30.20.10.0
Oxygen Coverage [ML]

(1x1)

p(2x1)

p(2x2)

Θ=0.5 ML
p(2x1)p(2x2)

Θ=0.25 ML

Wednesday, July 10, 2013



Identification of adsorbate bonding 
by the substrate SCLS 

2)$ O on Ru(1010)
_
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SiC formation by decomposition of C60/Si
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The supersonic molecular beam
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Application of the supersonic 
molecular beam

Reaction between O2 and H2 on Pt50Rh50(100) via 
Surface core level shift
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The supersonic 
molecular 

beam
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Reactivity of carbon nanotubes
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Reactivity of carbon nanotubes

When contaminants are removed from SWCNTs they show 
little (or no) interaction of SWCNTs with O2, H2O and N2 

(countrary to what reported by P.G. Collins et al., Science 
287, 1801 (2000))

Strong reactivity of purified SWCNTs towards NOx and SOx 
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Temperature dependence of 
core levels

• Temperature dependent surface core level 
shift
– surface thermal expansion

• T-dependent width of C 1s in C60

– a measure of surface specific heat
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A real effect?

comparison of the residuals obtained by forcing the SCLS to its low-T value with a T-
dependent SCLS
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Surface thermal expansion
• Calculations (Xie and Scheffler) show that Δd12/d0 goes from -2.5% 

(at 0 K) to 0% (at 770 K)

• The calculated SCLS is 0.62 eV for Δd12/d0 ~ 0 (Andersen et al.) in 
very good agreement with our measurements and increasing with 
decreasing Δd12

Our measurements support an inward relaxation in 
agreement with theory but not with LEED which gives 
Δd12/d0~+1% at 300 K (Teeter et al.) 
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Surface calorimetry
If

a core level lifetime broadening is small
and

there is a gap in the vibrational excitation spectrum
then

surface calorimetry by XPS is possible molecular 
solids such as C60 are good candidates
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Molecular solids such as C60 are good 
candidates as core level lifetime broadening 
is small
and
there is a gap in the vibrational excitation 
spectrum
then
surface calorimetry by XPS is possible
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The bulk phonon modes of solid C60
ϑD ~ 2400 K

On-ball Modes

Interball Modes
ϑD ~ 70 K

$ Two well separated energy regions: 

 The contribution from the low 
energy modes to Cp is almost 
saturated above 40 K

 The high energy modes start to 
appreciably contribute to  Cp above 
100 K
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SuperESCA beamline
hν  = 380  eV

ΔE = 60 meV
(overall)

Photoemission experiments performed at:

Double-pass hemispherical analyzer
96-channels detector
~ 20 seconds per spectrum
high signal-to-noise ratio
fine temperature control (± 0.1 K)

C60(111) thick film (20 ML) grown in situ on Ag(100)

Sample:
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Temperature dependence of C1s level 
width
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Photoemission microscopy:
spatial+chemical information

Wednesday, July 10, 2013



ESCAmicroscopy Beamline and Scanning 
Photoelectron  microscope layout

   
 Flux density in a 0.01 µm2 spot ~ 1- 5*109 ph/sec.

scanning stage

focusing optics (ZP&OSA)

undulator

monochromator

HS analyser
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Elemental maps recorded with SPEM showing propagating 
pulse trains in the system Rh(110)/NO + H2.
Experimental conditions: T= 530 K, pNO=1.7x10-7 mbar, 
pH2=6.4x10-7 mbar, photon energy 625.7 eV

O 1s image Rh 3d5/2 image
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The principle of photoelectron diffraction

Modulations in the intensity of 
the photoemitted electron 
wave are measured. For a 
given arrangment of atoms, the 
intensity depends on the 
photon energy and on the 
emission angle
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Forward scattering is the dominant 
mechanism at high kinetic energy
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The single 
scattering cluster 
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CO/Ni(100): forward 
scattering produces a 

pronounced peak along 
the molecular axis (along 

the surface normal)
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CO/Pd(110): a 
compressed 
zig-zag 
structure
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External wave source
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External wave source

Wednesday, July 10, 2013



External wave source
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�E(�r, t) = �E0e
i(�k·�r−ωt)

∆�k = �G

Diffraction

If one considers the wavevector k of the plane wave

with k=2π/λ, Braggʼs law can 
be expressed in a more 
general vectorial form:

where G is a 
reciprocal lattice 
vector
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Diffraction
A Laue pattern: Si(100)
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Internal wave source
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Internal wave source
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Internal wave source
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Internal wave source
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Internal spherical wave source:

1)% Measure what happens at the absorber
% (i.e. absorption) short range order

2)%  Measure outside the sample 
% (i.e. photoemission)  short range
% order+same orientation at different sites

External plane wave source:
single crystal (long range order)
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LP/ RCP/ LCP/ UL
radiation field

ε

φ0 φj
φk

Refraction effect

Polar scan

Ek

angle-resolved 
detector

Ω
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Azimuthal scan

Polar scan
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emitter scatterer
rj

rjcosθj

θj

φ0

φj

The basic scattering event:
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θout

θinkin

kout

Refraction at the surface
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Sensitivity to structural parameters in different 
measurement conditions: clean Rh(100)
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“Fingerprinting”: CO/Pt(111)
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Forward scattering
       direction

Polar scan

Azimuthal scan
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Chemical shift 
photoelectron diffraction 
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W4f XPS spectra from the W(110)-(1x1)-O surface as excited by Al Kα radiation. The triangles represent a 
bulk-sensitive  spectrum taken with emission normal to the surface. The circles represent data taken at a 
maximally surface-sensitive direction (Θ,φ)=(12°,26°), where Θ is the take-off angle with respect to the 
surface and φ is measured with respect to [001].The surface-sensitive spectrum is fitted well by the solid 
curve composed of two pairs of peaks having the same shape and separation. The dashed curve is that for 
normal emission and the dotted curve derived from this peak fitting we associate with electrons from the 
first-layer ʻʻoxideʼʼ W atoms which are directly bound to oxygen. The latter exhibit a core-level shift of 0.73 
eV due to charge transfer from W to oxygen.
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SCLS induced by CO on Pd(110)
A. Locatelli  et al., Phys. Rev. Lett. 73, 90 (1994)
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In the c(4x2) 
structure of 

CO/Pt(111) the 
adsobate 

occupies two 
adsorption sites:

the photoelectron 
diffraction pattern 
is different for the 

two components 
and allows to 

measure the local 
geometry 
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Multiple scattering 
calculations 

reproduce the 
experimental data, 

confirm the peak 
assignment and give 

the structural 
parameters 
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Be (1010): a complex core 

Wednesday, July 10, 2013



Structure of the Be (1010) surface
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Hofmann et al., PRB 53, 13715 (1996)
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energy dependence
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The assignment of 1. And 2. layers is 
reversed between theory and experiment  

R. Stumpf, to be published

! ! ! 1. layer! 2. layer! 3. layer! 4. layer! 5. layer

full SCLS! ! -0.42! -0.69! -0.25!! -0.19!! -0.18
init. state!
    electrost.!  0.06!! -0.54!! -0.07!! -0.11! !  0.01
    XC! ! ! -0.11! ! -0.03!!  0! !  0! !  0
final state! ! -0.37!! -0.12!! -0.18!! -0.08!! -0.19

experiment!! -0.70! -0.50! -0.22!! -0.22?

Wednesday, July 10, 2013



Same fitting 
parameters

114 113 112 111 110
Binding Energy (eV)

h   = 180 eVν

Be 1s

S1S3S2
B

                    ! Johansson et al.      this study

S3 (eV)! ! ! 0.22   ! ! ! 0.24
S2 (eV)! ! ! 0.50!! ! ! 0.50
S1 (eV) ! ! ! 0.70!! ! ! 0.71
WLor bulk (eV)! 0.09 ! ! ! 0.09
Asym bulk! ! 0.02!! ! ! 0.05
WGau bulk (eV)! 0.21!! ! ! 0.19
WLor  surf (eV)! 0.09 ! ! ! 0.10
Asym surf! ! 0.06 ! ! ! 0.08
WGau surf (eV)! 0.24!! ! ! 0.20
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fo rwa rd s c a tte ring ge o me try :

e-

Azimuthal scan 75° away from the surface normal at
 high kinetic energy (> 400 eV):

we expect (schematically):

2π0
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Same assignment as theory
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