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Spectroscopy That Doesn’t
Scratch the Surface
Researchers have demonstrated a way of measuring the electronic states
of a material’s surface while avoiding signal contaminations from deeper
layers.

By Atsuo Kawasuso

T he electronic states of a material’s surface might only
be 2D, but they offer a depth of interesting physics. Such
states, which are distinct from those of the material’s

bulk, dominate many phenomena, such as electrical
conduction, magnetism, and catalysis, and they are responsible
for nontrivial surface effects found in topological materials and
systems with strong spin-orbit interaction. Surface electronic
states also control the properties of so-called 2D materials, such

Figure 1: Sketch of the Auger-mediated positron surface sticking
technique demonstrated by Fairchild and colleagues. (Left) A
low-energy positron (red) is directed toward a single layer of
graphene (SLG) on a copper (Cu) substrate. Interacting via a virtual
photon (green), the positron causes an electron (blue) to be
emitted from the SLG. (Center) The virtual photon has an energy
equal to the sum of the positron’s initial kinetic energy and the
surface-state binding energy. (Right) By absorbing the virtual
photon, an electron is ejected from the valence band with an
energy equal to that of the virtual photon minus the electron
binding energy and the electron work function.
Credit: A. J. Fairchild et al. [1]; adapted by APS/Alan Stonebraker

as graphene. To understand surface phenomena and harness
them in practical devices, researchers chiefly rely on
photoemission spectroscopy, which measures the energy and
momentum of electrons emitted when photons hit the material.
The high resolution with which electron energy and momentum
can be characterized allows physicists to measure both the
band structure and the density of states (DOS) in the few surface
layers where escaping photoelectrons originate. However, the
contribution of bulk electrons to photoemission signals makes
it difficult to obtain the electronic states of only the outermost
layer of a sample. Now Alexander Fairchild at the University of
Texas at Arlington (UTA) and colleagues have invented a new
method—based on a modification of a technique that liberates
electrons using positrons rather than photons—to selectively
determine the electron DOS of the first surface layer without
any contributions from the bulk [1].

The team’s technique, called Auger-mediated positron surface
sticking (AMPS), is not the first that can determine the electronic
states of a material’s top-most layer. So far, several such
methods have been created, the best known being
spectroscopic-imaging scanning tunneling microscopy [2]. In
this method, Fourier transformation of the real-space image
allows researchers to measure the surface local DOS and to map
the electronic states in k-space. A limitation is that the sample
must be electrically conductive. A second method for probing
surface electronic states is metastable-atom deexcitation
spectroscopy, in which the material surface is probed using
atoms (typically, helium) that have been excited to a metastable
electronic state [3]. These metastable atoms pick up electrons
at the first surface layer, which causes the atoms to decay to the
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ground state. The excess energy liberated through the decay
provides the DOS of the first surface layer. A limitation of this
technique is the fact that in metals the decay occurs through a
so-called Auger process involving two electrons, making it
difficult to reconstruct the electronic bands. New methods are
required to compensate for the weaknesses of these
techniques.

A promising approach is positronium spectroscopy. In this
method, a positron beam scanned across the sample implants
positrons into the subsurface region. These positrons diffuse
back to the surface and, after picking up electrons, they are
emitted as positronium, an electron-positron bound state. In
the sample’s bulk, the high electron density screens the
Coulomb interaction between a positron and an electron,
meaning positronium is formed only in the
low-electron-density region beyond the material’s outer
surface, where the screening effect vanishes. This ensures that
the detected positronium particles carry energy and
momentum information about electrons in only the first surface
layer. Recently, a group at the University of California, Riverside,
succeeded in obtaining the DOS of a copper surface by
measuring the positronium energy spectrum with meV energy
resolution [4], while my own group observed the spin-polarized
electronic states of certain ferromagnet surfaces [5]. However,
this method is only applicable to systems with a negative
positronium work function, that is, systems in which
positronium atoms are spontaneously emitted. For example,
bismuth-based topological insulators—which are widely used
models for research into topological materials—have a positive
positronium work function and hence cannot be inspected
using positronium spectroscopy. The new AMPS method has no
such restriction.

The new method grows out of work conducted by the UTA
group to develop magnetically guided, low-energy positron
beams for positron annihilation-induced Auger electron
spectroscopy, in which positrons projected at the sample form
bound states on the sample’s surface [6]. Eventually, these
positrons annihilate with core electrons of the surface atoms,
leaving core holes. As electrons from higher states make the
transition to fill the core holes, the excess energy is emitted via
Auger electrons, the energies of which convey information
about the surface electronic state. If the width of the valence
band is large enough (10–20 eV), then Auger electrons from the

valence band are also emitted via the transition of valence
electrons into deeper valence holes [7]. (The spectrum of this
“VVV” Auger process has long been overlooked in conventional
Auger electron spectroscopy.)

The UTA group discovered an additional Auger electron
spectrum—different from both the core-hole-mediated peaks
and the VVV spectrum—that emerges when the positron energy
exceeds a certain threshold. This spectrum, which AMPS
exploits, reflects the contribution of a distinct Auger-emission
process in which the positrons don’t penetrate the sample but
are captured in the mirror potential formed outside of the
surface. Because there is no need for the spontaneous emission
of positronium atoms, the technique can be used to
characterize materials with a positive positronium work
function. And because the positrons interact with surface
electrons via “virtual” photons that do not penetrate the
sample, the energy spectrum of the Auger electrons emitted via
the AMPS process represent the DOS of the outermost surface
layer only. The team confirmed the surface specificity of AMPS
by applying the technique to a clean copper surface and to a
single layer of graphene on a copper substrate (Fig. 1). They
found that the AMPS spectrum shape differed significantly for
the two surfaces: the spectrum for the clean copper surface
showed a broad feature determined by the contribution of the
material’s 3d and 4s electrons, while the graphene exhibited the
expected “Dirac cone” DOS shape with no contribution from the
underlying copper layer.

There are many potential applications for a spectroscopy
method that is sensitive to only the surface DOS. While Fairchild
and colleagues showed that the pure graphene on copper
maintained the characteristic linear dispersion of the Dirac
cone, it is predicted that the Dirac cone of graphene on other 3D
metals, such as cobalt and nickel, will be destroyed because of
better lattice matching between graphene and those metals [8].
A systematic survey of the modulation of graphene’s band
structure depending on the substrate material would be
important to confirm this prediction [9]. Topological surface
states might also be intriguing in a similar context. The energy
resolution of the AMPS method is approximately 0.2–0.5 eV for
electron energies of 1–5 eV [10]. Improving this resolution will
be essential to observe the surface DOS in more detail. Such an
improvement will make the observation of an energy gap in
some 2D superconductors a realistic prospect, potentially
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confirming that Cooper pairs exist at a superconductor’s
top-most layer. Additionally, if spin-polarized AMPS
spectroscopy becomes available, more applications in
spintronics can be envisioned.

Atsuo Kawasuso: National Institutes for Quantum Science and
Technology, Takasaki, Japan
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