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Electron Holography with Atomic Focusers
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In a modified form of electron holography, as originally proposed by Gabor, a specimen illuminated
by the focused, convergent beam of a scanning transmission electron microscope is followed by a thin
crystal which acts as a periodic array of atomic focusers. Each of the broad diffraction spots of the
crystal then contains a magnified image of the specimen with a resolution limit of 0.05 nm or less. The
method is illustrated by images of crystal lattice planes and tungsten atoms in the diffraction patterns
formed by crystals in the walls of carbon nanoshells.

PACS numbers: 61.14.Nm, 61.14.Lj, 61.48.+c
In recent years, many papers purporting to deal with the
subject of “electron holography” (or “x-ray holography”)
initially quote Gabor [1] as the originator of the hologra-
phy concept, but then describe theory or experiment on the
derivation from diffraction data of real-space information
on relative atomic positions, averaged over large assem-
blies of atoms. Gabor’s ideas on holography referred to
imaging in the accepted sense of a one-to-one correspon-
dence of image features (black or white dots) with indi-
vidual atom positions. Electron holography according to
the scheme originally proposed by Gabor has been shown
to be feasible [2], and many variations on the technique of
electron holography have been shown to be possible and of
practical value [3–6] (despite misleading statements made
in apparent ignorance of this literature [7]). Similarly,
x-ray holography in the true Gabor sense has been widely
investigated, and various workers have achieved important
progress in this respect [8,9].

The so-called electron holography based on the analysis
of the intensities of diffraction patterns for electrons gen-
erated from, or scattered by, atoms within the sample, has
had important successes, particularly for the analysis of
thin surface layers [10]. However, these diffraction pattern
analyses do not constitute electron holography in the Ga-
bor sense. They follow on from the tradition of interpreta-
tion of diffraction effects facilitated by the use of scattering
from reference atoms, as initiated by Bragg [11] and de-
veloped by many others in subsequent years (heavy atom
methods, anomalous scattering methods, etc., as described
in any textbook on x-ray crystallography). It has been sug-
gested that the term “holographic diffraction” may be ap-
propriate for these methods [12].

In the modern version of Gabor’s original scheme [1,2],
a small crossover is formed by electromagnetic lenses, as
in a scanning transmission electron microscopy (STEM)
instrument, close to a thin specimen. The greatly mag-
nified “point-projection” image produced at a large dis-
tance beyond the specimen is recorded as the hologram,
and is processed by optical or digital methods to correct for
the aberrations of the probe-forming lens, thus giving im-
proved resolution. The directly transmitted, “unscattered”
radiation serves as a reference wave providing phase infor-
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mation by interference with the radiation scattered by the
object.

Alternative versions of this scheme, offering means for
resolution enhancement not involving the often difficult
step of correcting for the lens aberrations, are now possible
through the availability of much smaller electron sources.
For low energy electrons (in the range of 50–200 eV) very
small, single-atom, field-emission points can be used [13].
For higher energy electrons (energies in the electron micro-
scope range of 100–400 keV), atomic focusers may pro-
vide such sources [14–18].

The initial theoretical treatment by Smirnov [14]
showed that single heavy atoms, or rows of atoms extend-
ing through a thin crystal, have a focusing effect on an
incident electron wave and can give focused crossovers of
diameter 0.05 nm or less. Used as the final beam-forming
lens in a STEM instrument, an atomic focuser could thus
give a resolution of 0.05 nm or better, as compared with
the resolution limit of normal STEM instruments of about
0.2 nm. It was subsequently shown by Cowley et al.
[15] that equivalent imaging configurations using the
plane-wave illumination of a normal transmission elec-
tron microscopy (TEM) instrument could give the same
resolution enhancement. Also thin crystals could act as
periodic arrays of atomic focusers so that other schemes,
involving the self-imaging effects of coherent periodic
arrays of emitters or scatterers (the formation of Fourier
images) could be envisaged.

One such scheme is illustrated in Fig. 1. A thin object
is illuminated by the focused beam from a STEM instru-
ment and is followed at a distance R by a thin crystal in
axial orientation. It has been shown that, for such crystals
of relatively simple structure, channeling of the electrons
along the rows of atoms parallel to the incident beam di-
rection can have the effect of producing a periodic array of
crossovers at the exit face, each sharp intensity maximum
having a diameter of 0.05 nm or less [15–18].

The portion of the focused, convergent beam that
is transmitted without scattering by the object forms a
convergent-beam electron diffraction pattern of the crystal
at infinity, with each diffraction spot enlarged to form a
disk. This diffraction pattern acts as a reference wave
© 2000 The American Physical Society
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FIG. 1. Diagram suggesting the holographic imaging method.
The convergent beam in a STEM instrument is focused on a thin
specimen held at a Fourier image distance R from a thin crystal.
Magnified images of the specimen appear within the diffraction
spots of the crystal.

for the hologram. The waves scattered by the object are
rescattered by the crystal and generate a Fourier image
at infinity if the distance of the object from the crystal
is a Fourier-image distance, R � 2na2�l (for the one-
dimensional case), where a is the periodicity of the
crystal, l is the electron wavelength, and n is an integer.
It may be considered that each point of the object acts
as a source to form a Fourier image of the crystal, as a
periodic array of points (or of directions for the Fourier
image at infinity), each spread by the dimensions of the
individual crossovers formed by the rows of atoms of the
crystal. Addition of the Fourier images from all points of
the object then gives rise to a periodic array of images of
the illuminated region of the object with a resolution equal
to the diameter of the crossovers, namely, 0.05 nm or less.
Interference of this array of images with the reference
wave, the convergent-beam diffraction pattern of the
crystal, then gives a modulation of the diffraction spots so
that each spot shows a magnified, high-resolution image
of the specimen. The zero spot of the diffraction pattern
contains the same image but with a large background
term due to the directly transmitted beam [19]. A detailed
theoretical treatment of this process is given elsewhere
[19,20].

The practical difficulties involved in the realization
of this scheme include the problem of holding a small
thin object at the Fourier-image distance, of the order of
10–100 nm, from a suitable thin crystal. A convenient
solution to this problem has been found in the use of
carbon nanoshells. These are hollow, near-spherical shells
of graphitic carbon [21] which may sometimes be approxi-
mately 100 nm in diameter with walls 10–30 nm thick.
The walls are composed of thin graphite crystal layers
5–10 nm thick and mutually rotated about their common
c axes [22]. The graphite crystal layers are not ideal
for the purpose, being imperfect, overlapping crystals of
undefined thickness and orientation, but serve the purpose
of providing a convenient test for the imaging method.
When the convergent beam in a STEM instrument is
focused on the middle of such a nanoshell, one of the
graphite crystals in one wall of the nanoshell may act as an
atomic-focuser crystal to produce images of some part of
the opposite wall of the nanoshell. Then the large diffrac-
tion spots from the focuser crystal contain fringe patterns
corresponding to the lattice plane spacings of the graphite
in the imaged specimen area. Figure 2, for example,
shows diffraction patterns obtained with a 100 keV STEM
instrument in which the diffraction spots contain fringes
differing in spacing by a factor of 31�2. Since diffraction
patterns from these areas show only the reflections from
the (100) and (110) graphite planes with any appreciable
intensity, the fringes must correspond to the periodicities
of 0.215 and 0.125 nm for these planes, respectively [19].
This suggests a resolution improvement since the STEM
instrument as used (with Cs � 1.0 mm and an aperture
angle of 1.1 3 1022 rad) has a resolution for normal
STEM imaging of no better than about 0.35 nm, usually
degraded to about 0.5 nm or more by mechanical vibra-
tions of the specimen stage.

Since the imaging of periodic objects represents a spe-
cial case, resolution tests are preferably carried out on non-
periodic objects of known structure. It was shown by Iijima
[23] that if tungsten is evaporated on graphite it tends to
eat away the atom-thick surface layers of the graphite,
forming extended atomically smooth surfaces with occa-
sional atom-high steps. Single atoms or small clumps of
atoms of tungsten appear to be attached to the steps. We

FIG. 2. Fringe images formed within diffraction spots as a
crystal within one wall of a carbon nanoshell acts as an atomic
focuser to give images of parts of the opposite wall. The fringe
spacings correspond to the 0.215 and 0.125 nm spacings of the
(100) and (110) graphite planes. (a) Shows two-dimensional
fringes. (b) Shows finer fringes in the outer spots.
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therefore have evaporated tungsten on the carbon
nanoshells in an attempt to obtain a distribution of
single tungsten atoms as a suitable test specimen for the
atomic-focuser imaging. Simulations of the transmission
of 100 keV electrons through graphite crystals have
suggested that the atomic-focuser imaging in this configu-
ration should give resolutions of about 0.06 nm [20].

The partial diffraction patterns of Fig. 3 were recorded
with a charge-coupled device (CCD) detector. The central
spot of the diffraction pattern was deflected to one side
so that the full range of intensities recorded by the CCD
could be used for the other diffraction spots. The broad
spots form two diffuse rings corresponding to the (100)
and (110) graphite spacings. Fringes within the diffraction
spots provide a calibration of the image magnification.
There is usually a diffuse background to the images arising
from scattering by the specimen and by the crystals for
which the Fourier imaging condition is not satisfied.

The individual diffraction disks contain some single
black and white spots which could possibly correspond
to individual heavy atoms. Without the evaporated tung-
sten, no such spots appeared. With the tungsten, some
dark spots appeared in high-resolution TEM images of the
nanoshells. The theoretical treatment [19,20] suggests that,

FIG. 3. Partial diffraction patterns with the central spot dis-
placed to one side of the CCD detector. Within the diffraction
spots there are small white and [especially in (b)] black spots,
considered to be images of tungsten atoms evaporated on one
wall of a carbon nanoshell and imaged by the atomic-focuser ef-
fect of a graphite crystal within the other wall of the nanoshell.
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as in normal high-resolution TEM or STEM imaging, the
images of atoms in the diffraction disks should be dark
for underfocus and white for overfocus and of variable
size, depending on the defocus. Since, for this case, the
spots may be given by several superimposed graphite crys-
tals, the imaging may be underfocused for some diffraction
spots and overfocused for others. The spot diameters vary
but, by comparison with the 0.125 nm fringe spacings of
the outer ring of Fig. 3(a), for example, the diameters may
be as small as about 0.06 nm.

The theoretical treatment [20] shows that, for the sim-
plest (one-dimensional) case of a weak phase object having
a projected potential distribution w�x�, and an atomic fo-
cuser crystal for which each sharp amplitude peak at the
exit face has a distribution f0�x�, the h diffraction spot has
an intensity distribution, close to the optimum, “Scherzer,”
defocus, given by

Ih�u� � F2
hA�u� �1 1 f0�Rlu� � 2sw�Rlu�s�Rlu�� ,

where Fh is the structure amplitude for the h reflection,
u is the angular variable equal to �2�l� sin�f�2�, where
f is the scattering angle, A�u� is the aperture function for
the probe-forming lens, s is the interaction constant, and
s�x� is the spread function given by Fourier transform of
the imaginary part of the transfer function of the lens. The
� symbol represents a convolution operation.

It is thus seen that the resolution is given by the width
of the f0�x� function and the magnification of the image
is inversely proportional to the separation R. The imaged
area is limited by the aperture function, A�u�, or by the
width of the spread function, s�x�. Both widths are nor-
mally made to be about 1 nm. Images for larger areas may
possibly be accumulated by recording many images with
shifts of the incident beam or of the specimen.

It thus appears likely that this holographic imaging pro-
cess making use of the atomic-focuser effects is capable of
producing images having resolutions close to 0.06 nm in
this case and, if used with suitable thin single crystals of
gold or other heavy element, should give resolutions ap-
proaching 0.03 nm. Remaining difficulties for the wider
application of the method include the limitations of the im-
age areas and the problems of preparing suitable combina-
tions of thin specimens and thin, suitably oriented, crystals
held rigidly with respect to each other with separations of
10–100 nm.
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