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Introduction

The development of the STM in 1981 by Gerd
Binnig and Heinrich Rohrer [i1] marked a
breakthrough in microscopy and earned them
the 1986 Nobel Prize. Previously invented
microscopes such as the scanning electron
microscope (SEM) presented lower resolution
(Fig. 1) and relied on the scattering of electrons
off a sample’s surface to image this in the
reciprocal or Fourier space. The transmission
electron microscope (TEM) is capable of even
higher resolution than the STM (e.g. recent phase
contrast TEM techniques [2]) but is only suitable
to image the bulk of a sample. The STM can
image surfaces and resolve electronic structures
at the atomic scale in real space by means of a
long known [3] quantum
phenomenon: quantum tunnelling. In addition,
individual atoms may be manipulated allowing
for the construction of new electron-confinement
structures: quantum corrals.
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Fig. 1. Imaging resolution of different microscopy
techniques [4].

Quantum tunnelling

THEORY

Recalling the first postulate of quantum
mechanics is necessary to understand quantum
tunnelling. This states that for any dynamical
system, such as an electron, the universe, or
yourself the reader, there exists a complex-valued
probability amplitude known as the wave
function that contains all the information on the

physical properties of such dynamical system.
This wave function is a continuous, single-valued
and square-integrable (meaning the indefinite
integral of the square of the modulus of the
wavefunction is 1) function of the parameters of
the dynamical system, including time.

For our purposes, the dynamical system will be
an electron, and the wave function describing
this electron will be a solution of the time
independent Schrodinger equation in one
dimension. This wave function, ¥(z), in a region
with zero potential, U, and travelling in the z
direction may be written as
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Where m, is the mass of the electron, E is its
energy and # is the reduced Planck’s constant
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Consider a scenario where this travelling electron
encounters a potential barrier of total height V.
In classical mechanics, if E >V, this particle
would have enough energy to propagate over the
barrier, but, if E <V, it would not be able to
either propagate or penetrate through it as it
lacks the energy to do so. We say the region

governed by this potential is forbidden in
classical mechanics.

In quantum mechanics however, given a narrow
and shallow enough potential barrier, this
electron with E <V, would be able to penetrate
such region and furthermore transmit through it
with a finite probability. The electron tunnels
through the barrier. What is of special interest in
scanning tunnelling microscopy is the form of the
wavefunction inside this classically forbidden
region as well as the probability of finding an
electron within it. This is given by the square of
the modulus of the wavefunction in the region’s
range

2m,(V, — E) (2)
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We see how the probability depends
exponentially on the mass of the particle, the
width of the barrier (given by a range in z that the
barrier occupies) and its height (given by V, — E).
Therefore, any variations in these, even if small,
will cause significant changes in the probability
of finding a particle in the classically forbidden
region. This is what endows an STM with its
incredible sensitivity and ultimately with its
atomic vertical resolution as will be depicted
next.
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Fig. 2. (a): Potential barrier of total height V, (red line)
and the energy of an electron E. (b): Electron wave
function showing exponential decay inside the barrier
and a reduced amplitude in the transmitted wave
function to the right of the barrier. (c): Modulus of the
wave function squared, i.e. probability of finding an
electron along z. To the left of the barrier we have a
high reflection probability. Inside the barrier the
probability decays exponentially and to the right we
have a low transmission probability.
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APPLICATION

Analogous to an STM, one of the regions to one
side of the potential barrier is a conductive
metallic tip used as the STM’s scanning probe.
The other region to the other side of the barrier
is a sample being scanned by this tip, also
conductive and typically metallic. The potential

barrier is an ultra-high vacuum (UHV) at around
107 Pa and its total height V; is denoted as the
vacuum level. Hence, the tip-to-sample distance
determines the height of the barrier, V, — E.

From equation (2), we infer that most of the
tunnelling will take place from the last atoms in
the tip, or from the surface atoms on the sample,
as tunnelling from other atoms will already pose
an exponentially significant increase in the
distance that electrons will need to tunnel
through in the vacuum. That is, an exponentially
significant increase in the height of the potential
barrier or vacuum level, for this scenario. As a
result, the tunnelling probability from these
atoms is exponentially less than for the last atoms
in the tip (or from the surface atoms on the
sample). In fact, tunnelling from just an atom
above these will already decrease this probability
by around a factor of 150 [4]. In addition, the
previously denoted energy of the electron E is
limited by the energy of the highest occupied
energy level, known as the Fermi level, Er. This is
once again in accordance with what equation (2)
describes: even small increases in the width of the
barrier, such as having electrons tunnel from
lower energy levels, decrease the probability of
tunnelling by an exponentially significant
amount. As a result, tunnelling from the Fermi
level is the most probable.

We have not yet considered however where the
transmitted electrons go. In our current
configuration, a tunnelling current, i.e. a flow of
electrons from the tip to the sample (or from the
sample to tip) is not yet possible. The sole reason
behind this being that all the energy levels in
both the tip and the sample are fully occupied [5].
A potential bias V;, must be applied between
these two for some of the energy levels in either
the tip or the sample to become unoccupied, so
that the tunnelling electron may occupy them
thus producing a current. Mathematically, this is
more conveniently described by the density of
electron (quantum) states per volume per energy
that the electrons may take, known as the density
of states (DOS) [6]. The direction of the current
is determined by the direction of the electric field
generated between the tip and sample as
depicted with arrows in Fig (3). We furthermore



see that because of the applied potential bias, the
potential barrier becomes slightly slanted
towards the lower potential.
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Fig. 3. Schematic of a tunnelling junction with an
applied potential bias V;, between the sample and the
tip. The grey areas represent occupied electron energy
levels and the white areas represent unoccupied
electron energy levels. The potential bias raises or
lowers the Fermi level in the sample and a tunnelling
current flows (arrows). Adapted from [7].

Operation Modes

The STM uses this tunnelling current for its main
operation mode: constant-interaction or
constant-current mode. In such configuration,
the tunnelling current is constantly fed into a
feedback loop in the computer, which in turn
controls the height of the tip in such a way that
the tunnelling current between the tip and the
sample is kept constant as the tip scans over the
sample. If our sample happens to consist of the
same types of atoms (a single element) the DOS
will be uniform, and this technique will serve to
map the topography of the sample’s surface since
the tip-to-sample distance will remain constant
always. As depicted in Fig. (4), if the tip
encounters an atomic step in the sample’s
surface, the feedback loop will correct for this by
increasing the height of the tip such as to
maintain the previous tunnelling current. The
opposite process applies when the tip encounters
a drop in the relief.

The constant height mode is the other common
mode of operation. Here the tip is set at a certain
height and the tunnelling current is recorded as
the tip-to-sample distance varies as the sample is
scanned. In comparison to the previous mode,
there is a greater chance that the tip may be
crashed against the sample when this is
translated as no adjustment is made to the tip’s
height when an atomic step is encountered. In
real experiments this is a very common accident.

(a) Constant-current mode

(b) Constant-height mode
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Fig. 4. (a): Constant-current (denoted in the figure as
I;) mode of operation of the tip. (b): Constant-height
mode of operation. [8].

Key Components

All previous considerations require that the tip is
translated with extraordinary precision. This is
achieved using the piezoelectric effect,
discovered by Jacques and Pierre Curie in 188o0.
Certain materials such as piezoceramics (e.g.
PZT) will generate an electric charge when
mechanical stress is applied on them. Crucially,
the inverse procedure is also possible for these
special materials: when a voltage is applied across
them, they extend or contract depending on the
direction of the applied electric field. This is
known as the converse piezoelectric effect. These
piezoceramics can be stacked to produce
piezoelectric drives which may translate the tip



laterally and vertically and jointly form
piezoelectric actuators.

The most common and preferred actuator for
STMs are piezoelectric tubes (or tube scanners).
These present a greater response of around 5
nm/V and simpler operation than tripod
scanners as well as being more compact [9]. The
tube consists of one inner electrode and four
outer electrodes. Stretching along the vertical z
axis is achieved by applying a voltage between the
inner and all four outer electrodes. Lateral
bending is achieved by applying a voltage
between oppositely facing electrodes. A second
attached tube on top of this one corrects for the
undesired z displacement obtained from laterally
bending the tube, which, by itself, has its motion
limited to a sphere with radius approximately
equal to the length of the tube [4] (instead of a
desired plane perpendicular to the tube’s axis).

(@) (b)

Fig. 5. (a): Side view of a piezoelectric tube actuator.
(b): Top view of the piezoelectric tube actuator.
Adapted from [10] (¢): Two attached tube actuators [4].

The tip is a key component for successful
scanning tunnelling microscopy. A blunt tip will
end in many atoms from which tunnelling may
take place, hence reducing the resolution if not
directly precluding the possibility of achieving
spatial atomic resolution [11]. A ‘bad’ tip may also
end in two or more minitips rather than a single
one, causing tunnelling to take place at a
different minitip as the sample is scanned. This
leads to inaccurate imaging of the sample’s
surface structure [12]. An analogy to this would be
a digital camera consisting of two or multiple
spaced out lenses and a photodiode detector in

common for all lenses. When a photo is taken,
each lens captures light differently since,
although they lie on the same plane, they are each
at a different location. This would double or
multiply the features of the final image and even
distort it as light taken in by each lens would
overlap at the camera’s photodiode.

The standard procedure for tip etching is through
electrochemical etching of tungsten (symbol W)
or niobium (symbol Nb). A thin W or Nb wire
(typically less than 0.3 mm thick) is submerged a
few millimetres into a solution of either a strong
acid such as HCI [13] or a strong base such as
KOH [12]. A counter-electrode is introduced into
this solution to act as the cathode and a current
is applied between this and the tip, which acts as
the anode. Oxidation at the tip is more
prominent just beneath the surface of the
electrolyte [12]. This forms a ‘neck’ in the wire
which progressively becomes thinner until it is
completely decapitated leaving behind an
extremely sharp tip. The current in the external
circuit is automatically cut off at that instant. The
radii of curvature of the end of this tip are
commonly around a few tens of nanometres.

Further necessary refinement of the tips is
achieved through cleaning. The etching process
and exposure to the air will produce oxides such
as WO, [12], NbO, NbO, or Nb,Os [14]. These act
as electrical insulators thereby not allowing
stable tunnel currents and hence the need to

remove these.

(b)

Fig. 6. (a): Etched W tip imaged by a SEM. (b):
Untreated electrochemically etched tip imaged by a
TEM. An insulating oxide layer of WO, is present
around the tip. (c): Treated tip with Ar-ion sputtering
at 4 keV for 10 min. Oxide layer is no longer present.

[12].



Quantum Corrals

The idea that an STM could be used to move
atoms using the tip was already contemplated in
the early years after the invention of the STM
with the impression of an “atomic-scale bit” on a
germanium crystal [15].

The theory behind the ability to modify surface
structures relies on the fact that strong electric
fields can be set between the tip and the sample
by applying certain voltage pulses between them.
Electromagnetic interactions between the tip and
the atoms on the surface of the sample then allow
for three main forms of lateral manipulation [8]:
a “pulling mode”, where the polarity of the
voltage is such that an attractive force is formed
between the tip and the target atom/s; a
“pushing” mode, where the force is repulsive and
a “sliding” mode where a more specific
interaction allows the tip and the target atom/s
to move simultaneously. Finally, atoms may be
stripped from the surface, stuck to the tip and
redeposited elsewhere, although single atom
manipulation using this method requires
especially sharp tips [16].

M. F. Crommie et al. [17] applied this quality of
STMs to the formation of what are known as
quantum corrals. These require a sample material
containing surface state electrons, i.e. electronic
states that exist at the surface of the sample and
that are free to move in discrete energy levels [18]
within a band gap that contains the Fermi energy
[19]. Solutions to the Schrédinger equation for
these electrons show that they can only exist on a
two-dimensional plane on the surface of the
sample since their amplitude decays
exponentially both in the direction towards the
underlying material and towards the overlying
vacuum [19]. In their investigation they
proceeded to confine the surface state electrons
on a sample of Cu(1n1) in a ring of Fe atoms (which
are therefore described more appropriately as Fe
adatoms) positioned using the “sliding” mode of
the tip. Given the ring has a diameter that is
comparable to the surface state electron’s de
Broglie wavelength, these will exhibit quantum
mechanical behaviour [5]. One of these
behaviours is of course that electrons behave as
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Fig. 7. (a): Quantum corral constructed from 48 Fe
adatoms on a defect-free surface of Cu(m) (V, =
0.01V,I, = 1.0 nA). (b): Data (solid) and fitted curve
(dashed) for the tip height along the cross section of
the quantum corral, which had a diameter of 142.6 A.
Note in this paper, the distribution outisde the ring
could not be accounted for by the theory with accuracy.

[17].

matter waves and as such may scatter from the Fe
adatoms and interfere with one another.

These effects were described by E. . Heller et al.
[20] one year after the first publication on
quantum corrals. Let us imagine that the tip is
initially placed at the centre of the ring. If a bias
voltage is applied between the tip and the Cu(i1)
sample, given an appropriate polarity, electrons
will tunnel from the tip onto the Cu(i1) surface.
These electrons may then be regarded as surface
state electrons that, behaving like waves, will
propagate towards the confining Fe adatoms and
will scatter from these. After one scatter (if the
wave is incident normal to the scattering centre
of an Fe adatom) or multiple scattering from
many Fe adatoms, the wave will end up
propagating through the centre of the ring
(where the tip lies). This wave will interfere with



the incoming electrons from the tip, which may
also be regarded as waves, generating standing-
wave patterns. The interference causes
fluctuations in the DOS across the surface and
hence fluctuations in the tunnelling current. This
can be measured and fed to the STM’s feedback
loop to adjust the tip’s height in the constant
current mode. If the tip is then translated to
another location, a complete distribution of the
tip’s height as a function of position can be
obtained for the confined circular area as well as
the surroundings (Fig. 7).

Cu(m1) was chosen as the sample material
because, like other noble metals, Cu(111) is made
from a crystalline lattice such that when it is cut
at a particular orientation, surface state electrons
remain on the flat surface generated by the cut.
On the other hand, the choice of Fe adatoms is
justified due to its scattering properties. In [17]
the scattering strength of Fe adatoms for surface
state electrons at the Fermi energy is quantified
as a phase shift in the scattered wave of -80° + 5°,
which is considered strong scattering. Later in
[20], @ more accurate interpretation of the Fe
adatom scattering was given and a corrected
phase shift of 9o° was calculated. In this paper the
scattering was determined to be absorptive rather
than completely elastic as presented in previous
work [17]. The consequence of this is that half of
the energy of the electron waves is absorbed into
the Cu(i1) bulk and only 25% is reflected. The
remaining 25% was found to be transmitted,
which was in accordance with the previously
unexplained density distributions seen outside
the confining ring in [17].

Researchers continue to explore the physics of
confined electrons by quantum corrals and their
many variations. Other confining shapes have
been considered already such as triangles,
squares, stadiums [21] or ellipses [22]. These last
two play an important role in present studies of
quantum chaos and quantum mirages,
respectively.
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