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1. INTRODUCTION
Nearly half a century ago, on December 29, 1959, Richard
P. Feynman gave a visionary talk at the annual meeting of
the American Physical Society, entitled There is Plenty of
Room at the Bottom �1�. It was an invitation to enter a new
field of physics, the problem of manipulating and controlling
things on a very small scale, the nanoscale. Feynman was not
afraid to consider the final question as to whether, ultimately—
in the great future—we can arrange the atoms the way we
want, the very atoms, all the way down! What would happen
if we could arrange the atoms one by one the way we want
them� � �The principles of physics do not speak against the pos-
sibility of maneuvring things atom by atom. It is not an attempt
to violate any laws, it is something, in principle, that can be
done, but, in practice, it has not been done because we are too
big� � �
When we get to the very, very small world—circuits of seven

atoms—we have a lot of new things that would happen that
represent completely new opportunities for design. Atoms on
a small scale behave like nothing on a large scale, for they
satisfy the laws of quantum mechanics. So, as we go down and
fiddle around with the atoms down there, we are working with
different laws, and we can expect to do different things. We can
manufacture in different ways. We can use, not just circuits,
but some system involving the quantized energy levels, or the
interactions of quantized spins, etc� � � At the atomic level, we

have new kinds of forces and new kinds of possibilities, new
kind of effects� � �
But it is interesting that it would be, in principle, possible

for a physicist to synthesize any chemical substance that the
chemist writes down. Give the orders and the physicist synthe-
sizes it. How? Put the atoms down where the chemist says,
and so you make the substance. The problems of chemistry
and biology can be greatly helped if our ability to see what we
are doing, and to do things on an atomic level, is ultimately
developed—a development which cannot be avoided.
In 1981 the vision of Feynman became closer to real-

ity with the invention of the scanning tunneling microscope
(STM) by G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel
[2, 3]. They describe their invention as follows [3]. The prin-
ciple of the STM is straightforward. It consists essentially in
scanning a metal tip over a the surface at constant tunnel cur-
rent as shown in Figure 1. The displacements of the metal
tip given by the voltages applied to the piezodrives then yield
a topographic picture of the surface. The very high resolution
of the STM rests on the exponential dependence of the tunnel
current on the distance between the two tunnel electrodes, i.e.,
the metal tip and the scanned surface.
Subsequently the STM and its numerous descendents

have become the natural tool for investigations on the
atomic scale. This instrument has allowed us to perceive
individual atoms on surfaces and it was realized that the
tip of the STM is a very versatile instrument, not only for
imaging, but also for manipulation of individual atoms.
The first experiment to show a stunning realization of

the atom-by-atom construction of artificial, man-made nano-
structures in the spirit of Feynman was performed in 1990
by D. M. Eigler and E. K. Schweizer [4]. Using a scanning
tunneling microscope operated at a temperature of 4 K, they
were able to position Xe atoms on a single-crystal Ni sur-
face with atomic-scale precision. This capability allowed the
authors to fabricate structures of their own design, a linear
cluster of 7 Xe atoms and the letters IBM consisting of 35
Xe atoms, atom by atom.
The last sentence in their publication The prospect of

atomic scale logic circuits is a little less remote indicated
the research direction which led to the realization of an
atomic switch realized with the STM [5] just one year later.
The authors report the operation of a bistable switch which
derives its function from the motion of a single Xe atom
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on Scanning Tunneling Microscopy/Spectroscopy and Related
Techniques, which were organized in Santiago de Com-
postela (Spain) in 1986, Oxnard (USA) in 1987, Oxford
(UK) in 1988, Oarai (Japan) in 1989, Baltimore (USA) in
1990, Interlaken (Switzerland) in 1991, Beijing (China) in
1993, Snow Mass Valley (USA) in 1995, Hamburg (Ger-
many) in 1997, Seoul (South Korea) in 1999, Vancouver
(Canada) in 2001 give an excellent account on the progress
made in the field. The interested reader will find a wealth
of valuable information in these publications which provide
a good starting point to enter the field.
The present chapter is organized as follows. In Section 2,

typical state-of-the-art setups of a low-temperature STM in
ultrahigh vacuum and the different modes for scanning tun-
neling microscopy and spectroscopy including electrons and
photons as probes are outlined. Subsequently, in Section 3,
results on single, supported atoms concerning the Kondo
effect are presented. In Section 4, the lifetime of surface
state electrons is addressed and standing wave phenomena
due to the scattering of surface state electrons at islands,
steps, corrals, and other quantum well structures on the
(111) surfaces of noble metals are reviewed. Section 5 deals
with adsorbed molecules and two-dimensional supramolec-
ular self-assembly. Section 6 summarizes the knowledge
obtained on individual molecular and metal clusters. Sec-
tion 7 discusses the dielectric and magnetic properties of
nanostructures, with a brief account on vortices of magnetic
flux lattices in classic and high-temperature superconduc-
tors. Finally, Section 8 presents a short summary and an
outlook for the field.

2. EXPERIMENTAL
At low temperatures, due to the reduced broadening of the
Fermi level of the STM tip and the sample, an energy res-
olution from the meV down to the 
eV range in scanning
tunneling spectroscopy (STS) is achievable. Moreover, the
absence of surface diffusion together with the spatial resolu-
tion of the STM enables detailed studies of electronic states
on and near single adsorbed atoms, molecules, clusters, and
other nanoscale structures [69].
Typical low-temperature ultrahigh-vacuum (UHV) STMs

[4, 25, 41, 71–86] operate at a pressure of 10−11 mbar and
employ temperatures down to 4 K and 1.3 K. In some of
these low-temperature STMs, magnetic fields are applied
in the tip-sample region [85–87] and, in addition, lumines-
cence measurements are carried out [87]. More recently, a
few new instrumental developments towards the millikelvin
range using a dilution refrigerator [88] or a 3He refrigerator
[6, 89, 90] with magnetic fields up to 7 and 11 Tesla in the
tunnel junction have been reported. As STM tip material,
usually, electrochemically etched W, Pt, or Ir tips were pre-
pared in UHV by heating and rare-gas ion bombardment.
Information of the local density of states (LDOS) [91]

is generally obtained by measuring the differential conduc-
tance dI/dV versus the sample bias voltage V performed
under open feedback loop conditions with lock-in detec-
tion; see, for example, [13]. Constant-current topographs
very close to the Fermi level have been shown to correspond
to the LDOS of the sample surface[13]. Moreover, simulta-
neously spectroscopic (dI/dV ) and constant-current images

are acquired [26]. For recording spectra on, for example,
semiconductors or ultrathin insulators, over wide voltage
intervals, the tip-sample separation is varied continuously
during the voltage sweep in different modes, (i) by a linear
ramp [92], (ii) by keeping constant either the tunnel current
or (iii) the tunnel resistance. In these modes, band onsets
naturally appear as peaks [93, 94].
The tip-surface region of an STM emits light when the

energy of the tunneling electrons is sufficient to excite lumi-
nescent processes [95]. Photons emitted from the tunneling
gap are collected by a lens [8, 10] or a parabolic mirror
[9] and transmitted through a sapphire viewport. Outside
the vacuum chamber these photons are refocused onto an
optical fiber leading to a cooled multi-alkali photomultiplier
which is operated in a pulse counting mode. The count-rate
is recorded by the STM electronics quasi-simultaneously
with the acquisition of constant-current topographs for each
image pixel [8, 11]. For spectroscopic measurements the
light is focused outside the vacuum chamber onto the slit of
a UV/visible-grating spectrograph and detected with a liquid
nitrogen cooled CCD camera [9, 11, 96, 97].

3. MAGNETIC ADATOMS
The STM has been used to perform local spectroscopy with
atomic-scale resolution in a study of Fe atoms on a clean
Pt(111) surface [98]. Resonances of 0.5 eV width were found
in the adatom local density of states above the Fermi level.
Characteristic circular standing wave patterns around sin-
gle adatoms have been detected in spatially resolved spec-
troscopic STM images [13, 14, 16, 18, 99]. Recently the
local pair-breaking effects of a single magnetic adatom on a
classical superconductor have been observed with scanning
tunneling spectroscopy [30]. In what follows, the effects of
magnetic and nonmagnetic adatoms on the LDOS of noble
metal surfaces are reviewed. In particular, a depletion of the
LDOS near the Fermi energy, which occurs for magnetic
adatoms only, is interpreted in terms of Kondo scattering.
The interaction of a single magnetic impurity with the

conduction electrons of its nonmagnetic metallic host gives
rise to unconventional phenomena in magnetism, trans-
port properties, and the specific heat. As the temperature
approaches T = 0 K, the local moment is gradually screened
by the conduction electrons of the metal host and a many-
body nonmagnetic singlet ground state is formed close to the
Fermi energy. These low-energy excitations with a charac-
teristic width of � = kTK (TK is the Kondo temperature and
k the Boltzmann constant) are known as Abrikosov–Suhl
[103, 104] or Kondo resonance [105–110]. High-resolution
photoelectron spectroscopy (PES) provided direct experi-
mental evidence of such a resonance [111–113]. However, a
direct observation of the Kondo effect from a single mag-
netic impurity on an atomic length scale was achieved only
recently in STM and STS experiments [24–26].
In the first experiment, magnetic Ce adatoms on a single-

crystal Ag(111) surface were chosen to represent a typi-
cal Kondo system [24, 109, 112, 113]. Isolated Ce atoms
and, for comparison, isolated Ag atoms on Ag(111) were
deposited by evaporation from a tungsten filament onto
the Ag substrate at T = 5 K. The adatoms appear as pro-
trusions with ≈0�9 Å and ≈1�2 Å height for Ag and Ce,
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or chemical composition. In more detailed measurements
the width of the onset denoted � is resolved. This width
reflects the lifetime of the surface state hole left behind by
a tunneling electron [136].
An alternative approach to measuring lifetimes, first indi-

cated by Hasegawa and Avouris [14], is to analyze the spatial
decay of electron standing wave patterns near defects [152].
An analytical relation between the experimental width �

and the ARPES linewidth � = 2�, where � is the imaginary
part of the electron self-energy, is obtained, using approxi-
mations which have shown to be very acceptable in the con-
text of surface state spectroscopy [13, 16, 18, 19, 99, 134].
The surface state is modeled by a two-dimensional electron
gas with effective mass m∗ and binding energy ES . Lifetime
effects are included via a constant self-energy �. The density
of states at the surface, n!E", then is [153]

n!E" = NB +m∗�% − &!E − ES"�/2%
2 (1)

where

cos&!E" = E/
√
E2 + �2 (2)

NB represents a constant background of bulk states at the
surface.
A simple expression for the tunneling current can be used

if the tip is electronically featureless, the coupling between
the tip and the sample is weak, and the energy and momen-
tum dependence of the tunneling matrix elements can be
neglected. This yields

I!V " = C
∫ �

−�
n!( + V " �f !("− f !( + V "� d( (3)

where C is a constant and f the Fermi function. From
Eq. (3), the differential conductance is

dI

dV
= CNB + Cm∗

2%2

∫ �

−�
�

E2 + �2
f !E − V + ES" dE (4)

Equation (4) describes a sharp increase near ES , with a
width determined by � as observed experimentally. A Som-
merfeld expansion of Eq. (4)—which is reasonable since in
the experiment at 5 K thermal broadening of the Fermi edge
is small compared to �— yields

� 	 %�
[
1+O !T /�"2

]
(5)

Equation (5) shows that the self-energy can be directly
obtained from the experimental width of the onset �. Ther-
mal broadening can safely be neglected. More detailed cal-
culations outlined below corroborate this result although the
factor % is slightly modified to 	0�9% in the case of Ag(111).
This smaller value results from the part of the electronic
wavefunction in the tunneling barrier region where � = 0.
For more realistic calculations of the conductance,

multiple-scattering techniques were employed to obtain the
sample Green function [154]. Lifetime effects were taken
into account via an imaginary self-energy which is constant
and restricted to the sample. For a tip modelled by a single
atom, using a 4-eV optical potential to give a realistic spec-
tral density [155], conductance spectra are obtained within

the many-body tunnelling theory of Zawadowski and Appel-
baum and Brinkman [156]. � affects the broadening of the
onset of the surface state band. In addition, one observes
that � also modifies the relative contribution of the surface
state to the conductance above the onset. A comparison of
low-temperature STM spectra with these calculations leads
to an estimated imaginary self-energy of � ∼ 5 meV. For this
value there is, in addition, an approximate agreement of the
relative contribution of the surface state to the total conduc-
tance for voltages above the onset. The surface state doubles
the total conductance in both experiment and calculation.
In ARPES, after eliminating experimental factors, �

causes the full width at half maximum of the Lorentzian
lineshape of the peak associated with the surface state
� = 2�. McDougall et al. [149] have evaluated the tem-
perature dependence of the width of the Cu(111) surface
state. They observed � varying linearly between 75 meV at
625 K and 30 meV at 30 K and compared these data to
a perturbative treatment of the electron-phonon coupling
[157] with the Debye model and Fermi liquid theory for the
electron-electron scattering [158]. Their model provides a
quantitative explanation of the observed linear temperature
dependence which is attributed to a dominant phonon con-
tribution [149]. Nevertheless, the predicted absolute value
� ∼ 14 meV at T = 30 K lies well below the observa-
tions. Surface roughness has been invoked to explain this
difference [149]. In agreement with this proposal, Theil-
mann et al. [150] observed a correlation between the pho-
toemission linewidth and the width of LEED spots from
the same surface. However, extrapolation to perfect surface
order yields � = 43± 5 meV at room temperature, leaving a
considerable gap to the theoretical estimate of � = 30 meV.
For Ag(111), the situation was comparable. Using the

ARPES data of Paniago et al. [117]—� = 20 meV at T = 56
K—and repeating the calculations of [149] with an electron-
phonon mass enhancement parameter of 0.13 [157] and
Debye energy of 18 meV, one finds � = 5 meV at T = 0 K
for states at the surface state binding energy. The phonon
contribution increases � at T = 56 K to ∼6 meV. Again, a
sizeable difference exists to the ARPES value.
The value for � (=�/2) of 5 meV represents a signif-

icantly lower experimental estimate of � than previously
available. New experimental data obtained under improved
experimental conditions by Kliewer et al. [159] indicate a
yet smaller value of � ∼ 3 meV (see Fig. 6). Along with
new, similar STM results for Au(111) and Cu(111), these
data are explained by calculations which go beyond previ-
ous quasi-free electron gas models and take band-structure
effects into account [159]. These calculations show that the
contribution of electron-hole scattering for occupied surface
states has previously been underestimated and remove the
remaining discrepancy between experimental and calculated
self-energies of noble-metal surface states.
On the other hand, new high-resolution photoemission

data [160, 161] achieved now an instrumental resolution
comparable to the one of STS, of � = 2� of 6 meV and
23 meV for the surface states on Ag(111) and on Cu(111),
respectively. In view of the much larger surface area seen
in photoemission, this is a bit surprising. In a recent STS
investigation with still improved experimental conditions a
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