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Abstract

In the 1970s the prominent goal was to overcome the limitations of electron microscopy caused by
aberrations of electron lenses by the development of electron holography. In the meantime this problem has
been solved, not only in the roundabout way of holography, but directly by correcting the aberrations of the
lenses. Nevertheless, many quantitative electron microscopical measurement methods—e.g. mapping and
visualization of electric and magnetic fields—were developed within the context of holography and have
become fields of their own. In this review we focus on less popular electron interferometric experiments
which complement the field of electron holography. The paper is organized as follows. After a short sketch
of the development of electron biprism interferometry after its invention in 1954, recent advances in
technology are discussed that made electron biprism interferometry an indispensable tool for solving
fundamental and applied questions in physics: the development and preparation of conventional and
single-atom field electron and field ion sources with their extraordinary properties. Single- and few-atom
sources exhibit spectacular features: their brightness at 100 keV exceeds that of conventional field emitters
by two orders in magnitude. Due to the extremely small aberrations of diode field emitter extraction optics,
the virtual source size of single-atom tips is on the order of 0.2 nm. As a consequence it illuminates an area
7 cm in diameter on a screen at a distance of 15 cm coherently. Projection electron micrographs taken with
these sources reach spatial resolutions of atomic dimensions and in-line holograms are—due to the absence
of lenses with their aberrations—not blurred. Their reconstruction is straightforward. By addition of a
carbon nanotube biprism into the beam path of a projection microscope a lensless electron interferometer
has been realized. In extremely ultrahigh vacuum systems flicker noise is practically absent in the new
sources. In the context of holography, methods have been developed to record holograms without
modulation of the biprism fringes by waves diffracted at the edges of the biprism filament. This simplifies
the reconstruction of holograms and the evaluation of interferograms (taken, e.g. to extract a spectrum by
Fourier analysis of the fringe system) significantly. A major section is devoted to the influence of
electromagnetic and gravito-inertial potentials and fields on the quantum mechanical phase of matter waves:
the Aharonov—Bohm effect, the inertial Aharonov—Bohm effect and its realization, the Sagnac effect and
Sagnac experiments with atoms, superfluid helium, Bose—Einstein condensates, electrons and ions and their
potential as rotation sensors are discussed. Mollenstedt and Wohland discovered in a crossed beam analyzer
(Wien filter) an optical element for charged particles that shifts wave packets longitudinally that transverse a
Wien filter on laterally separated paths. This new optical element rendered it possible to measure coherence
lengths and the spectrum of charged particle waves by visibility- and Fourier-spectroscopy, to perform a
‘Welcher Weg’ experiment, to re-establish seemingly lost longitudinal coherence in an interferometer for
charged particles and to realize a decoherence free quantum eraser. A precision test of decoherence
according to a proposal from Anglin and Zurek and biprism interferences with helium atoms close the
section on first-order coherence experiments. The topics of the last section are Hanbury Brown—Twiss
correlations and an antibuching experiment of free electrons.
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1. Introduction: early developments in particle
diffraction, interferometry and holography

Diffraction and interferometry of particles, in particular of
electrons, have been firmly established for the past 80 years.
As early as 1925 Elsasser [1] realized that Nature provided
us in single crystals almost perfectly aligned interferometers
also for matter waves. Experimental difficulties caused
a two year delay between Elsasser’s suggestion and the
experimental realization in 1927 by Davisson and Germer [2].
For their diffraction experiment of electrons, periodically
arranged nickel atoms of a single crystal were used. It
was the first experimental proof of the wave—particle duality
hypothesis established theoretically in duc de Broglie’s thesis
in 1924 [3] and of Schrodinger’s, Heisenberg’s and Dirac’s
revolutionary theories governing the microscopic world:
quantum mechanics. In 1930 Estermann and Stern [4]
already reported diffraction of neutral helium atoms by lithium
fluoride crystals and in 1940 the first diffraction experiment of
electrons by macroscopic obstacles was successfully realized
by Boersch [5, 6] in an electron microscope. Unknowingly,
Boersch’s diffraction patterns, produced simply by defocusing
his microscope under conditions of high coherence of the

illuminating beam, were the first in-line holograms taken. In
1949 and 1951 Dennis Gabor introduced in three fundamental
papers [7-9] his ‘microscopy by diffracted wavefronts’ or
‘diffraction microscopy’ in order to overcome the limitations
of the electron microscope caused by geometric aberrations
of the electron lenses in a roundabout way. The projection
method of diffraction microscopy as originally proposed by
Gabor proved to have the disadvantage of requiring very long
exposure times of the order of 30 min of the holograms. Even
today’s state-of-the-art microscopes are not stable enough to
allow these long exposure times. It has been replaced by
the ‘transmission method’ of Haine and Dyson [10] which
consists simply of taking a defocused image of the microscopic
object. The experimental realization of this type of electron
holography in the hands of Haine and Mulvey was extremely
successful: state of the art in 1951 was according to their
own words [11]. ‘In our experiments, by paying careful
attention to mechanical stage design and general instrument
stability both mechanical and electrical, we have so far been
able to obtain a resolution of 5-6 A in the diffraction image.’
And Cosslett reported at the same conference about Haine
and Mulvey’s experiments. ‘It is claimed that a resolution
of about 10 A has been obtained already, the limitation at
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the moment being as much in the reconstruction procedure
as in the actual electron microscopy’ and ‘It is encouraging
that this new method has already reached the same level of
resolution as straight electron microscopy, but it appears that
it is liable to be limited in the end by much the same factors:
the instabilities of the instrument, rather than the aberrations
of the lenses. But if these mechanical and electrical problems
can be solved, it holds out a clear prospect of circumventing
spherical aberration and so allowing a resolution of atomic
order to be achieved’ [15]. It is worth mentioning here that this
remarkable success had been reached nearly ten years before
the invention of the laser. The reconstruction of the holograms
had to be done using light from an arc lamp monochromatized
by interference filters [12—14].

At the same time work was in progress in the United
States and Germany to build an electron interferometer in
close analogy to the interferometers of light optics. To
make a long story short, the group around Marton tried to
realize a beam splitter by the use of diffraction on thin crystal
lamellae [16-20] (amplitude splitting) and Mollenstedt and
Diiker succeeded in 1954 in the development of the biprism
for electrons [21-24] (wave front splitting). The latter became
the standard versatile beam splitter of variable strength in
electron interferometers and electron holography microscopes
while the time for Marton’s delicate amplitude splitting device
had become ripe when large pieces of perfect single crystals
of germanium and silicon were produced for semiconductor
devices and became available on the market in the early 1960s.
By using the anomalous transmission of these crystals for
x-rays, which was discovered by Borrmann in 1941 [26],
Bonse and Hart [27] realized their famous x-ray interferometer.
On the basis of these ideas Bonse and Rauch successfully
developed the perfect crystal neutron interferometer [33]. It
turned out to be the most versatile instrument for neutrons and
unveiled many mysteries of quantum physics from the 1970s
until today [28-32, 34].

It is interesting to recall that Mollenstedt’s group in
Tubingen not only invented the electron biprism but also
succeeded in 1959 in realizing the first double- and multiple
slit interferences with electrons [35,36] with home-made
miniaturized double- and multiple slit systems. Jonsson’s
double slit experiment was awarded to be the most beautiful
experiment ever made in physics in 2002 [37].

The developmental phase of electron interferometry
was followed by one concerned with its application for
measurement purposes and questions of purely fundamental
interest: Fresnel diffraction by circular diaphragms, by
Faget and Fert [24,25], determination of mean inner
potentials [38] in solids, interference microscopy [39]
or the phase shifts of electron waves by a magnetic
flux [40-42] enclosed between the coherent beams were
typical applications [43-46,78] in these early days. The
Brno group, Komrska, Drahos, Delong and Vlachova,
contributed a consistent theoretical interpretation of the
electron interference phenomena produced by an electrostatic
biprism and demonstrated the validity of their model by
impressive experimental interference patterns [47-50].

At the end of the 1960s Mollenstedt and Wahl’s,
Tonomura’s and Tomita et al and Munch’s effort to realize off-
axis holography was successful [51-54]. At about the same
time high brightness, highly coherent field emission cathodes
were introduced into electron microscopy by Crewe [56, 55].
Simultaneously, the first electron interferometer with such
a field emitter was built by Briinger [60] in Tiibingen and
applied to measure contact potentials [61]. This new, by
many orders of magnitude brighter and more coherent electron
source opened the gateway to develop a new generation
of electron microscopes and interferometers, triggered the
development of electron holography and the realization of
experiments which were absolutely inconceivable with the
old thermionic cathodes. In atom interferometry Leavitt
and Bills succeeded to see single slit diffraction patterns of
a thermal atomic potassium beam in 1969 [62]. Another
landmark in the development of electron microscopy and
electron interferometry in the early 1970s was the increasing
availability of image intensifiers for civil research. In 1968
Herrmann ef al observed with such an image intensifier the
build-up of electron diffraction patterns out of single electrons
[63]. In 1976 Pozzi et al [64] for the first time and in 1977
my student Wohland in Tubingen [65] demonstrated—in his
just finished electron biprism interferometer, equipped with
a home-made channel plate image intensifier—the evolution
of electron interference patterns in time. The electron
impact on the fluorescent screen seems to happen at random
locations. However, when by the time some thousand electrons
have been accumulated it becomes evident that they do not
arrive at random locations but create a fringe pattern. In
1979 we observed the build-up of electron interferences at
very low voltages also in our new miniaturized ultrahigh
vacuum (UHV) electron interferometer and presented the new
interferometer and the results at the German Conference on
Electron Microscopy in Tubingen [66, 67]. Image intensifiers
became a standard feature of modern electron microscopes in
the 1980s and in turn the mystery of quantum interference
proved by the build-up of interference fringes out of single
events was reproduced in most of the laboratories around the
world working on electron interferometry and holography, e.g.
the Tonomura group [68] and many others. Already in 1984
we demonstrated the build-up process of electron interference
fringes with our miniaturized interferometer for a whole week
live to the public at the Hannovermesse [73, 74] and in 2004 in
a tent at the physics exhibition ‘Highlights der Physik’ of the
German Physical Society in Stuttgart. I want to stop here this
short and by far not thoroughgoing overview. For details of
developments in the field of electron interferometry until about
1987 please refer to the excellent review articles of Missiroli
et al [69] and Tonomura [70] and the references therein. In
this review we concentrate on electron interferometry and must
exclude the closely related field of electron holography which
has become a research topic of its own.

1.1. The Mollenstedt and Diiker electron biprism (wavefront
splitting)

A positively charged, electrically conductive biprism wire
about 1 um in diameter situated in the middle between two
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electrodes on earth potential (figure 1) splits the wavefront
which is emitted by source s (a demagnified thermionic source
or a field emission cathode with its very small virtual source
size §) into two parts. Since the positive charge of the biprism
filament attracts the two wavefronts, they seem to emerge from
the two virtual sources Q; and Q, separated by a distance c.
Behind the biprism the wavefronts overlap and within this
region form electron biprism fringes which can be detected,
e.g. by magnifying the fringe system electron microscopically.
Two conditions have to be fulfilled to observe biprism fringes.
Firstly the spatial coherence condition, i.e. the width s of the

j real
i and

- biprism

region of
_~"overlap

observation
plane

Figure 1. The electrostatic biprism. b: distance between source Q
and biprism wire; r: distance between source Q and plane of
observation; c: distance between the two virtual sources Q; and Q;;
d: the width in the plane of the biprism that has to be illuminated
coherently; s: width of the source.

source has to be sufficiently small. Secondly, the coherence
length, namely the energy width of the electron source must
be small enough, which is not a problem for all electron and
ion emitters currently in use in electron microscopes and ion
interferometers.

1.2. A glance at the development of electron biprism
interferometers until the end of the 1980s and recent advances

Three pictures of biprism electron interferometers are given
in figure 2. The first on the left-hand side (lhs) is the
legendary instrument of Mollenstedt and Diiker, in the
middle a view of our miniaturized low voltage instrument
on a turn-table (which was rotated up to 1Hz to prove the
Sagnac effect for electron waves) and on the right-hand side
(rhs) the 1 MV biprism holography instrument/interferometer
of Tonomura and co-workers [71]. While the first two
aforementioned instruments were mainly designed as pure
electron interferometers (they use astigmatic lenses and
therefore are limited in recording to electron holograms in
two dimensions), the 1 MV machine of Tonomura ef al is a
high resolution electron microscope with integrated biprism
interferometer mainly intended for use as electron holography
instrument. Today, in a large number of laboratories around
the world, commercial holography electron microscopes in the
100-500kV range equipped with biprisms are in use.

The origin of progress in electron interferometry since
1970 is mainly due to the availability of electron field
emitters as high brightness cathodes, image intensifiers, highly
stable power supplies, electronic image processing systems,
and, for conventional electron interferometers, which are
constructed according to customary principles approved in
electron microscopes, active and passive vibration isolation
systems.

The most serious drawbacks of conventional electron
interferometers are their enormous sensitivity to mechanical
vibrations and alternating magnetic stray fields. In order to

Figure 2. On the lhs an image of the first biprism interferometer of Mollenstedt and Diiker is given. This first version of the instrument
worked with rotationally symmetric lenses. Diiker’s interference fringes out of his PhD thesis which are presented in figure 12 were taken
with the second version which used cylindrically symmetric lenses in order to gain intensity. In the middle the rotating Sagnac electron
interferometer is presented. The interferometer is inside the MUMETAL® box which improves the shielding of the interferometer against
varying low frequency magnetic fields of the order of 1 Hz caused by the rotation in the earth magnetic field. The plastic foil around the
turn-table reduces the air flow around the electronics and in turn, thermal drift. The scales are used to balance the rotating masses. On the
rhs the 1 MV field emission transmission electron microscope/holography instrument of the Tonomura group at the Hitachi Advanced
Research Laboratory is given. (Reproduced from [71], copyright 2003, with permission from the Japanese Society of Microscopy.) By
Lorentz microscopy, e.g. vortices in superconductors were studied. For interferometric and holographic experiments beam paths including

up to three biprisms are available in this instrument (see section 2.6).
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Figure 3. Miniaturized biprism interferometer. (a) As an example, the view of the optical components (28 mm in diameter) of our Sagnac
interferometer is given. They are tightly fixed on a miniaturized optical bench (total length 30 cm) consisting of two precision ceramic rods.
The image intensifier is about 20 cm away from the second magnifying quadrupole lens. (b) Schematic set-up. (c) Beam path. By three
biprisms, charged negatively, positively and again negatively (—,+,—) larger enclosed areas between the coherent beams can be realized,

e.g. for an Aharonov—Bohm or Sagnac experiment. In our Sagnac experiment which is discussed later, we used an arrangement of two

biprisms (—,+).

overcome these deficiencies a new type of electron biprism
interferometer was developed.

Analysis of the construction of conventional interferome-
ters uncovers the following causes for their extremely high sen-
sitiveness to mechanical vibrations and alternating stray fields:
the lack of rigidity of these interferometers—equivalent to a
relatively low mechanical resonance frequency—is the cause
of their extreme sensitivity to mechanical vibrations. This lack
of rigidity is due to the large dimensions and high masses of
the interferometers—they are comparable to those of electron
microscopes or are modified electron microscopes—and due
to the fact that they consist of individual electron optical com-
ponents, e.g. electron gun, demagnifying lenses, biprism hold-
ers, objective and projective lenses only loosely connected to
each other. All these components are usually aligned by rotary
feedthroughs which have an additional detrimental effect on
mechanical stability and furthermore prevent from effectively
shielding magnetic ac stray fields. Therefore it was the primary
goal to design the new interferometer as rigid as possible, i.e. to
raise the mechanical eigenfrequency of the assembly to a value
as high as possible: then, external vibrations coming along the
building floor cause to vibrate the interferometer as a whole
of course, but the relative positions of its components are not
influenced. In turn the visibility of the interference fringes is
not impaired. The consequence of these considerations is that
the dimensions as well as the weight of the interferometer have
to be reduced drastically. The mechanical alignment of the in-
terferometer while operating, e.g. by rotary feedthroughs has
to be abandoned in favor of prealigned high precision optical
components. Fine alignment has to be done exclusively by
electromagnetic deflection systems and coils. The new design

of an electron interferometer that overcomes these deficiencies
is given in figure 3.

A full length paper with construction details of the rugged,
miniature UHV electron biprism interferometer was published
in 1988 only [67], shortly before we successfully realized
proving the rotational phase shift of electron waves (Sagnac
effect) [72,75] with an interferometer of the new type. This
experiment was the rigorous verification that all goals were
reached with the new interferometer design and seemingly
inconceivable investigations (e.g. a biprism interferometer for
ions using matter waves [190, 191, 193] with sub-picometer
wavelength) not only became possible in special laboratories
but can now be realized in any environment.

2. Advances in technology

2.1. Development of bright, highly coherent sources of
electrons and ions for charged particle interferometry and
holography

The extraordinary high brightness of field emitters and
its advantages for electron microscopy and electron
interferometry were well known, at least since the invention
of field electron and field ion microscopy by Miller [298]
and co-workers, already in the 1950s. But, the introduction
of this technology into microscopy and interferometry was
not ripe until UHV became routinely available, not only in
glass technology but in experimental set-ups out of metal.
The first electron biprism interferometer using a field electron
emitterin UHV wasrealized, as already mentioned, by Briinger
[60] in Tubingen. The breakthrough of field emission in
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electron microscopy and electron interferometry is marked
by its introduction by Albert Crewe into scanning electron
microscopy [55,56]. His very first pictures with atomic
resolution in a conventional scanning electron microscope
from 1973 (see e.g. [59]) mark a milestone in the development
of electron microscopy and interferometry. In the last three
decades thermionic field emission sources without and with
an emission supporting substance, e.g. ZrO, have become, due
to their reliability and ease of operation, the standard choice of
electron source in most commercial high resolution electron
microscopes and electron holography instruments. However,
these types of electron sources do not provide the ultimate
possible brightness and/or are sometimes more complicated
than cold field emitters, which were refined in the last two
decades and ultimately developed into tips with a few atoms
or only a single atom at the tip apex. Therefore we want to
concentrate in this section on these more exotic field emitters
with very promising features for electron interferometry, ion
interferometry, microfabrication and micro-machining and
other special applications.

The first step to produce a field emitter tip is to etch an
oriented tungsten single crystal of about 0.1 mm diameter into
a fine tip with a radius of curvature of about 50 nm (preferably
(310), (100) or (111) orientation in order to obtain a high
emission in axial direction of the single crystal). After cleaning
this tip by heating at 107'" bar in an electron field emission
microscope the typical micrograph of a clean tungsten single
crystal field emission pattern is observed. To use such a
field emitter without further processing is not recommended
when the highest possible brightness is indispensable for the
experiment. A clean tungsten tip emits electrons into a large
angle on the order of 20° while only electrons emitted in
angles of less than (1072)° are accepted by electron optical
instruments. Therefore, in order to achieve a confinement of
the emission into small angles of 2° or less by manipulating
the surface morphology of the tip, the following procedures
have been developed:

e optimizing of cold field electron emitters by remolding

(initiated by thermal self-diffusion in an electric field);

e oxygen induced sharpening of field emitter tips;

e sharpening of field emitter tips by sputtering with heavy
ions;

e preparation of ultrasharp single- or few-atom tips;

e noble metal coated W(1 1 1) single-atom tips;

e ‘super-tip’ field electron and gaseous field ion sources

(GFIS):

(a) (super-)tips produced by surface self-diffusion
intiated by Hj or He* ion impact at elevated
temperatures of the tip;

(b) thermodynamically stable, pyramidal, single-atom
super-tips formed by faceting of noble metals on
W(11);

e novel applications of carbon nanotubes: as electron field
emitters, for coherent and intense electron multibeam
generation and as electron biprism.

Albert Crewe used in his famous scanning microscope with
atomic resolution [57-59] a remolded field emission electron
source [55,56,246] at room temperature. In the remolding
process the initially rounded state of the field emitter tip is
transformed into a faceted one by a temperature variation of
the tip while a strong electric field is simultaneously applied
to the tip. Surface migration of atoms is made possible due to
elevated temperature and, because, due to the strong electric
field, the atoms acquire a dipole moment and drift in a direction
along the field gradient. This reforming process of the tip
works independent of the direction of the electric field applied
to the tip. In order to avoid a sudden and uncontrollable onset
of field emission of the tip, the process is usually performed
with a positively charged tip. The progress in the remolding
procedure is again and again controlled by switching the tip
polarity from positive to negative and observing the electron
field emission pattern [280]. When a bright single spot pattern
is achieved, the remolding process was successful and the
cathode is ready to be used. Remolding is performed in situ
and can be applied many times to reshape the cathode (if the tip
has not become too blunt when accidentally damaged) since
the process is reversible. It has been shown that it is even
possible to automate the remolding process of a field emitter
in an electron optical instrument if there exists the possibility to
switch the electron optics into such a condition that during the
remolding process at least a part of the field emission pattern
can be observed. A simple image processing system [247] then
allows computer controlled remolding.

2.1.1. Oxygen induced sharpening of field emitter tips and
sputtering with heavy ions. These [248] are further choices
to prepare field emitters. Modifying field emitter tips by
heating them in oxygen atmosphere and removing the oxide by
subsequently heating again in a vacuum was already reported
by Miuller [249] in 1938. This process has been improved,
e.g. by Veneklasen and Siegel [250], Binh ez al [251] and Kim
et al [252]. In their search for stable, high intensity field ion
sources Kubby and Benjamin Siegel [253] used ion milling for
sculpting the surface contour of polycrystalline and oriented
tungsten tips. They showed that on the initially parabolic
surface of the etched tip, a protrusion with much smaller radius
of curvature is produced by the sputtering process. The field
emission pattern of such a microtip on a more blunt tip emits
charged particles (both electrons and H; field ions) not only
into a single spot but the spot is additionally confined into
a much smaller angle enclosing a few degrees to a fraction
of a degree only—caused by the modified distribution of the
electric field in front of such tips—with the consequence of a
large gain in brightness.

2.1.2. Ultrasharp single-atom tips. They were developed
by Fink [281,282] in order to overcome the problem of
convolution, intrinsic in all scanning tunneling micrographs
taken with standard tips, which end in a large number of atoms.
Apart from this benefit for scanning tunneling microscopy
their additional application as nearly ideal point sources for
field electrons and field ions was realized. The angular
emission cone of these sources is about 0.5° for ions and 2°
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for electrons, respectively. The confinement of the emission
current into such small angles is caused by the fact that the
micro-protrusions are artificially built up on comparatively
blunt (1 1 1) oriented tungsten tips. The local distribution of the
electric field in front of such a tip confines the charged particles
which leave the surface of the mono-atomic protrusion in larger
angles into the just mentioned small angles. With a trimer
tip, i.e. a tip ending in three atoms, stable total currents as
large as 10 £ A of electrons could be drawn without destruction
of the tip. The atomic size emission area, the small angular
divergence, the high brightness and the corresponding high
coherence opened a gateway for new experiments especially
in electron and ion interferometry, electron holography, low
voltage projection microscopy, and improved the resolution of
the topografiner of Young et al [317]—which is a precursor
of the scanning tunneling microscope—by two orders of
magnitude to 3nm. The topografiner is a scanning, non-
contacting instrument for measuring the microtopography of
metallic surfaces. Its prototype achieved a resolution of 3 nm
perpendicular to the surface and 400 nm in the plane of the
surface. It consisted of a fine electron field emisson tip which is
brought close to a conducting surface while a constant current
is being passed through the emitter. The voltage between
the emitter and the surface is amplified and applied to the
piezoelectric element on which the emitter is mounted. This
forms a servo system which keeps the emitter at a constant
distance above the surface. The piezo voltage corresponds
to the altitude of the surface. Two additional piezo elements
scan the emitter over the specimen surface and generate a
topographic map. Characteristic for the topografiner—as for
the tunneling microscope—is that the probe does not contact
and in turn damage the surface. At large spacings between the
probe and the surface the measured field emission current is in
agreement with the Fowler—Nordheim theory. When moved
within 3 nm from the surface it is compatible with Simmon’s
theory of metal-vacuum-metal tunneling [318].

2.1.3. Preparation of single-atom tips. In order to obtain
tips as sharp as possible, Fink has chosen the (1 1 1) tungsten
surface to be the apex plane of the tip. This plane is small in
size due to its relatively high surface free energy and is the best
starting point for the preparation of a single-atom tip. In the
first step, by field evaporation a defect-free surface is created
and then successively single atoms at the edges are field evap-
orated until a plane containing only three atoms is reached.
The last atom on top of this trimer is deposited out of the gas
phase by a tungsten evaporator. Each step of construction of a
single-atom tip must be controlled by imaging the surface sta-
tus of the tip apex, layer by layer in the field ion imaging mode
in order to be able to advance to the next step. The angular
divergence of such a monoatomic point source amounts to less
than 0.5° for ion and 2° for electron emission. The preparation
of these tips is a tedious process and needs a lot of experience.
The detailed procedures are described in [281, 282].

In his 1986 paper, Fink [281] already mentions that
single-atom tips can be created—however, not in a routine
way—by self-diffusion of W atoms by annealing at roughly
1500K and stopping the evolution after a time on the order

of few seconds just at the right moment. Binh and Garcia
[284] developed this method into their field-surface-melting
technique: an electric field is applied to a W(111) tip or a
non-oriented Au tip at temperatures of about one-third of the
bulk melting temperature. The W protrusions produced end
in one atom and are of approximately 2 nm in height on top
of W-based tips of 70—100 nm radius. These sources can emit
coherent metallic ion and electron beams.

Surface melting is governed by the two parameters
temperature 7' and electric field strength F. The temperature
T acts over the whole body, while F acts only on the surface
atoms (either their permanent and/or induced dipole moments)
and reduces the activation barrier for surface diffusion. On
a perfectly flat, densely packed surface the reduction of this
activation barrier is negligible. However, when the surface is
rough with steps and vacancies the atoms at these irregularities
encounter higher forces. In a region of the surface with only a
few defects the few moving atoms will smooth out the surface
roughness. In an area with a large number of defects the
reduction of the activation barrier by the electric field will
be much higher, field surface melting will occur and nano-
protrusions can be formed, and due to the field enhancement
on top of such a protrusion, single-atom tips may be generated.
For an appropriate choice of strength of the electric field F' and
temperature 7 of the tip it is possible that the topmost atom
is field evaporated and simultaneously this topmost atom is
replaced by another one. This combination of field evaporation
and field surface melting leads to a continuous stable metal ion
emission. Beam intensities of about 10°—10° W ions s~! with
a beam opening of about 2° were realized. After cooling and
reversing the electric field, high-brightness electron beams of
up to 0.1 1A collimated to 4° are available.

Another method of field-enhanced diffusion growth of
nanotips is given in the paper by Nagaoka et al [254]. It works
in full analogy with the just described method. The difference
is that the formation of the tips takes place at room temperature
and the material of the nano-protrusion consists of adsorbates
which are gathered by the high electric field. The total
energy distribution (TED) of these tips differs from the normal
Fowler—Nordheim theoretical curve and shows two peaks. The
reason for this behavior is given in the next paragraph.

In his 1988 paper [282] on single-atom tips Fink raises
the question whether the TED of electrons from single-atom
tips which are confined inside the field emitter before emission
into a volume of atomic dimensions differs from the spectra
recorded for macroscopic tips where the electrons are confined
on the apex of the tips to not less than about 3nm. Binh
et al found in 1992 [283] that the TEDs of their single-
atom tips which were prepared by using the field-surface-
melting method consisted of well-separated peaks which
shifted linearly with increasing extraction voltage (figures 4(a)
and (b)). Additionally, their full width at half maximum
(FWHM) was independent of the extraction voltage and the
spectra could not be fitted with the classical equation for
the tunneling current from a metal. All these features are
not present for conventional macroscopic tips. Controversial
discussions arose since at least four other groups observed
ordinary field emission behavior for ultra sharp (1 1 1)-oriented
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Figure 4. (a) Typical TEDs of electrons emitted from single-atom
protrusions with increasing extraction voltage. The two peak
structure becomes more and more pronounced as the length of the
protrusion increases. (b) The linear shift of the spectra with
increasing extraction voltage can be understood by considering the
simplified model of field emission from single-atom tips for two
values of the extraction voltage V. The lightly shaded bands and
spectra (on the rhs) correspond to the lower extraction voltage
Vapp- The black ones are the same bands after they were shifted
by increasing the extraction voltage to V,,,». For details see [283].
(Reproduced from [283], copyright 1992, with permission from the
American Physical Society.)

tips. New evidence for multiple-peaked TEDs from single-
atom tips using the build-up process of Binh et al was reported
by Yu et al [285] in 1996.

The puzzle about the TEDs was resolved by a theoretical
paper of Gohda and Watanabe [286]. They found that multiple
peaks become more and more pronounced as the size of the
single-atom terminated protrusion becomes more extended in
length, e.g. consists of 14 atoms instead of 5 atoms. The well-
separated peak below the Fermi level observed by Binh et al
can be attributed to the difference in size of their single-atom
terminated tips and is caused by the existence of localized states
at the topmost atom and the local potential barrier reduction
in front of the topmost atom. In their reply on the ‘comment
on field-emission spectroscopy of single-atom tips’ Binh et al
write ‘We are not surprised with their experimental results
because the height of the protrusion is the crucial parameter
in determining the emission characteristics...’, which was
confirmed by the results of Gohda and Watanabe.

2.1.4. Generation of thermodynamically stable single-atom
tips.  Another, rather promising direction in the development
of single-atom tips was initiated by the experimental
investigations of Crewe et al [57], Madey et al [290,291,295],
Williams and Bartelt [293] on the stability of ultrathin metal
films on W(110), W(111) and Mo(111) surfaces and
the theoretical studies of ultrathin film-induced faceting on
W(111) and Mo(11 1) surfaces covered with Pd, Pt and Au
by Chen and Che er al [292,294].

It is well known that metallic bee (1 1 1) surfaces undergo
faceting when certain gases are adsorbed. Recently, such an
overlayer induced faceting has been observed also for various
metallic overlayers on bee substrates (figure 5). The energetics
of the adsorption is crucial for the growth of pseudomorphic
layers of different fcc metals, e.g. Au, Pd and Pt on W(111)
and Mo(111) [294]. Since the [21 1] direction makes the
smallest angle with [1 1 1]—and in turn the smallest increase
in surface area (6% only)—it is natural for the (1 1 1) surface
to facet to (2 1 1), i.e. into pyramids exposing three equivalent
facets of {211} surfaces, provided that {211} has lower
surface energy and that the energy anisotropy is large enough
to compensate for the increase in surface area. That is, by
adding a monolayer of, e.g. Pt on a clean W(1 1 1) surface this
system becomes thermodynamically unstable and at elevated
temperature the mobility of the surface atoms increases. In
turn the Pd-covered W(1 1 1) surfaces facet upon annealing
into Pd-covered W(2 1 1) facets since (21 1) is now lower in
energy even after taking into account the area increase due to
faceting. The pyramids are made up of the W atoms coated
with a monolayer of Pt atoms (the increase in the surface
energy for {011} faceting on a bee(111) surface is 22%.
Therefore it occurs sometimes in addition to the energetically
more favorable {2 1 1} faceting).

The experiments on faceting described till now were
performed on planar surfaces, not on sharp tips ending
in an (111) plane. This faceting process suggests the
creation of atomically perfect three-sided pyramids a few
nanometers in size ending in a single atom on the (211)
face of a W field emitter tip. In contrast to the field and
thermally induced tip forming processes, the new procedure
has the advantage that thermodynamically stable single-atom
tips, which are spontaneously formed by annealing, are the
result. The procedure is very simple, and—due to the natural
thermodynamic driving force of faceting—the tip can be
routinely regenerated many times by removing the top few
layers by field evaporation and annealing at 1000K for a
few minutes. Details of the creation and the characterization
process of such tips were published from 2001 on by the group
of Tien T Tsong [255,257]. The state of the art is presented
in [258]. In the early days the W(111) tip was covered
by a Pd monolayer which was deposited by evaporation of
well-degassed Pd in situ. The state of the art is now to
deposit Pd or Pt on the W(1 1 1) single-crystal tips in a liquid
process by electroplating followed by a final vacuum process:
thermal annealing to about 1000 K for 10-20 min in sifu until
the emission angle of the electrons shrinks into an angle of
about 5°-6°. The long annealing time is necessary since by
electroplating a rather thick noble metal layer is deposited on
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Figure 5. Scanning tunneling microscopy (STM) image of a completely faceted W(1 1 1) surface induced by an ultrathin Pd film (~1.2 ML)
upon annealing to 1075 K for 3 min, forming three-sided pyramids with {2 1 1} facets. The dimensions are 1000 x 1000 A? and the vertical
scale is 16.6 A. On the rhs a STM image of a faceted Pd-W(1 1 1) surface with a coverage of ~1.5 ML. The dimensions are 110 x 110 A.
The atomic row and trough structure demonstrates the bee{2 1 1} facets. (Reproduced from [295], copyright 1999, with permission from

Elsevier.)

the tip. The noble metal atoms migrate to the shank of the
tip until a monolayer is left. Then the three-sided pyramidal
tip with {2 1 1} facets is spontaneously formed. A formidable
advantage of the new type of field emitter tips is that the vacuum
process can be performed either in situ in the electron optical
instrument or in a special preparation chamber. From this
chamber the fully prepared tip can be transferred through air
into the final instrument.

The brightness of such an electron source at 100 keV is
estimated to be on the order of 10> Am~2sr~! at a beam
current of ~1nA, which is at least an order of magnitude
larger than that of conventional field emission electron sources.
However, in the energy spread, which was measured for a
Rh-W(111) tip, an additional shoulder at 0.8 V below the
Fermi level is present, which reminds us of the behavior of the
single-atom tips of Binh et al [283]. The emission of electrons
from the tips is highly stable. Step like spikes only occur when
an atom is adsorbed near the topmost atom of the tip.

Only recently field emission spectra of single-atom tips,
trimer and decamer tips with such thermodynamically stable
nanopyramids with three {2 1 1}-faceted sides at the tip apex
out of Pd, Pt, Ir or Rh at 55 K have been measured in detail
by Rokuta er al [273] in comparison with a spectrum of
a tungsten microtip. These current spectra did not include
either peculiar features attributable to resonant tunneling or
electric field penetration. They showed no significantly narrow
energy width and behaved rather like conventional metallic
field emitters at low electric fields as explainable within the
Fowler—Nordheim theory. For single-atom tips and trimers
humps appear in the spectra. Anyway, the Fermi level peak
remains dominant in any spectra regardless of the coating
material, the electric field or the termination of the tips. The
field depending growth of the humps is in accordance with the
predictions of Gohda’s theory [286-288].

2.1.5. Carbon nanotube field electron emitters.  Shortly
after the discovery of carbon nanotubes it was suggested
they have potential as an electron field emitter. The energy
distribution from multiwalled carbon nanotubes (MWCNTSs)
has been measured [297] and was found to be extraction voltage
dependent with a FWHM ranging from below 200 mV up to

about 800 mV. The stability of emission is remarkable when
compared with conventional cold field emitters; however,
the emission characteristics proved to be strongly sample
dependent. This may be the reason that carbon nanotube
electron sources have not yet found broad applications in
electron interferometry and electron microscopy.  High
brightness luminescent elements, x-ray tubes, cathode ray
lamps and flat displays are already on the market [296]. Active
research is going on to produce nanotube electron sources
and arrays of sources reproducibly with the desired features
which make them suitable for high resolution electron beam
instruments.

2.1.6. GFIS for ion interferometry, ion optical applications
and micro-machining.  The field ion microscope (FIM)
invented by Miller in 1956 [298] was the first optical
instrument which achieved atomic resolution. The atoms of
an imaging gas are ionized in front of a fine tip which is on a
high positive potential and cooled down to a few tens of kelvins.
Field ionization is achieved by tunneling of an electron of an
imaging gas atom into a protruding atom of the metallic tip.
The imaging gas atom becomes an ion and is accelerated in the
high electric field apart from the tip toward the viewing screen.
Every single protruding atom of the tip surface forms an image
spot on the screen. The beautiful