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Atomic Resolution in Lensless Low-Energy Electron Holography
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With the low-energy-electron projection microscope it has been possible to image the lattice of thin

gold films with atomic resolution. A theory modeling the coherent point source as the origin of a spheri-
cal wave is capable of describing both the Gabor-type holograms as well as the atomically resolved lat-
tice images of the gold films.

PACS numbers: 61.16.Di, 07.80.+x

More than 40 years ago, Gabor [1] proposed a new

principle for electron microscopy. His vision was to cir-
cumvent the limitations of electron lenses by recording
both the amplitude and phase information of the scat-
tered wave from an object. This record, an interference
pattern, has been named "hologram" since it contains the
entire information of the scattered wave front at the ob-
ject. Necessary for such a microscopy scheme are a
coherent ensemble of particles with wave nature that pro-
vides a coherent background at some two-dimensional
detector, an object that scatters the wave elastically to
preserve the coherence with the reference wave, and final-

ly a way to magnify the hologram, which is created by
the interference of the reference and the object wave.

The invention of the laser made holography an estab-
lished technique in light optics. For electrons, with about
4 orders of magnitude smaller wavelengths, the develop-
ment of holography was slow due to both the lack of
coherent sources and the aberrations of the lens system
necessary to magnify the hologram. Only recently and
with significant technical eA'ort has electron holography
become a vital tool in electron microscopy as demonstrat-
ed by the work of the Tiibingen and Hitachi groups [2].

We have devised a scheme for electron holography that
employs a coherent divergent electron beam directly
without the need for a lens system. The key to this
scheme is an ultrasharp tip that can ultimately be shaped
into a single-atom tip by field-ion microscopy techniques
[3] and that acts as a coherent point source for electrons.
With this it has been possible to image the lattice of thin

gold films with atomic resolution. A straightforward
theory has been developed that allows us to predict the
essential features of the holograms by including the prop-
er experimental geometry and the nature of the scattering
potential for carbon fibers and thin gold films.

Two kinds of experiments and the corresponding model
calculations will be presented; they are schematically il-
lustrated in Fig. 1.

(a) Gabor-type holography, in which the object, placed
in the divergent electron beam, covers only a small part
of the beam. This situation is illustrated in Fig. 1(a).

Experimentally this is realized by placing the ultrasharp
tip at a submicron distance from a perforated carbon film

containing small fibers crossing the holes. The hologram
of the fibers is observed at a two-dimensional electron
detector 10 cm away. Owing to the close proximity be-

tween tip and sample, electron energies between 20 and

80 eV can be achieved.
(b) In transmission holography, the divergent beam

"illuminates" a thin gold film and the transmission image

is observed at the distant detector. Here the object covers

most of the primary wave as indicated in Fig. 1(b). Im-

aging is done only with the elastic transmitted electrons,

which implies a need for a higher primary current. The

electron energies in transmission microscopy are between

150 and 300 eV.
In the experiments the tip is brought into close proxim-

ity of the sample by orthogonal "inch worms" that allow
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FIG. l. With the low-energy-electron projection microscope
two closely related types of experiments have been performed:
(a) CJabor-type holography, where the sample covers only part
of the divergent electron beam, while most of the reference
wave misses the sample. (b) Transmission microscopy, where a

thin film interacts with all of the electrons emitted from the

point source. To achieve a high magnification, the sample is

placed at a microscopic distance d from the source and the im-

age is observed at a detector placed a macroscopic distance D

away from the source.
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motion over several millimeters. For the fine approach
piezo scanners are used. Images are taken at a TV rate.
A more detailed description of the technique is given in
Ref. [4].

In the model for low-energy-electron projection micros-
copy we assume that a spherical wave emanating from
the point source scatters off the atoms of the object at a
distance d from the source. An elongated carbon cluster
is used to model a fiber, and a more extended gold cluster
of several layers with a few hundred Au atoms each is
used to describe the thin film. The image is formed at a
screen, a distance D from the source, with D»d. We in-

clude single scattering only. With the origin of the coor-

dinate system at the point source, we write the spherical
outgoing wave with wave number k as

exp(ikr) 1 + exp(ikIr —r~+riI)
r iV, =) Ir —r, +r, I

where r~ is the position of the jth atom in the object;
there are N atoms altogether. Next we expand (1) in
spherical waves around each of the % atoms and, to in-
clude scattering from the atoms of the object, we replace
the free wave function in this expansion by the scattering
wave function. Using the asymptotic form of the scatter-
ing wave function for large separations, compared to the
extent of the atomic scattering potential, we obtain

y, (k, r) =— + exp(ikr~) exp(ikpi) (r cos8~ r~)—
2l+ I S( —1 P(

pq I (r +rg —2rr~cos81)'i
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where p~ =~r —r, ~
and the argument of the Legendre polynoinial depends on the angle 8~ between r and r~. Whereas

the geometry of the object enters via the positions r~ of the constituent atoms, the scattering dynamics enters via the
scattering matrix elements SI(k) in the lth partial waves. If rj «r, (2) simplifies further; i.e., if we write y,
=exp(ikr) y„weget
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The contrast on the screen is given by the difference be-
tween the intensities with and without the object, i.e.,

I, =I r=(y,
~

+—(2/r)Re(y, ),
where Re(y) denotes the real part of y. The first term is
the direct scattering term. The second term arises from
the interference between the scattered and the unscat-
tered wave, and produces the holographic image. We
note that the intensity from the interference terms is typi-
cally 2-4 orders of magnitude higher than the squared
term.

Figure 2 shows typical experimental images. Panel (a)
is the holographic image of a carbon fiber taken with the
electron point source at a distance of about 1 pm. We
observe typical interference fringes parallel to the fiber,
but should also note the intensity modulation along the
fiber. Local information is contained in this picture to
the extent that we can roughly identify the position of the
fiber. Panel (b) also shows the holographic pattern pro-
duced around the end of a fiber. Panels (c) and (d) are
produced from thin gold films that are most likely less
than 100 A thick, placed a few thousand angstroms from
the electron point source. Atomic resolution is achieved
with hexagonal and square unit cells clearly visible. The
separation between the intensity spots is what one would
expect with a magnification, D/d, of the order of 10 .

In Fig. 3 we reproduce a series of theoretical images
that will help us interpret details of the experimental pic-
tures. Panel (a) depicts one quadrant of the image calcu-
lated for a carbon fiber consisting of two layers of 151 x 5
carbon atom arranged in a fcc(100) structure with a lat-
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FIG. 2. (a), (b) Holograms of less than 100-A-wide carbon
fibers, observed with electron energies of typically 20-100 eV.
The smallest separation between interference fringes is 3-4 A.
(c),(d) Transmission images of thin gold films taken with elec-
tron energies between 200 and 300 eV show the gold lattice
atomically resolved. The bright part in (d) is due to a very thin
part of the film that is overexposed owing to the limited dynam-
ics of the detector system.
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FIG. 3. Simulated holograms of (a), (b) carbon fibers and
(c),(d) thin gold clusters. See text for detailed discussion.

tice constant a =2.5 A and a lattice plane separation of
1.5 A. The electron energy was set at 50 eV and a
magnification of 10 was achieved by choosing d =10
and D =10 cm. The four quadrants would represent the
projection of an area of 320X 320 4 of the object plane.
We note that the shadow around the fiber up to the first
interference maximum is much larger than the true width
of the fiber, namely, by roughly a factor of 10. Note the
striations along the fiber, which are also noticeable in Fig.
2(b). Also note the beginning repetition (with lower in-

tensity) of the image on the right-hand side of Fig. 3(a);
this is more visible in a larger segment of the image, see
panel (b), where we used a linear intensity scale to
enhance the secondary fringes. Similar results have been
obtained for a cluster of 151X31 carbon atoms and also
for gold ribbons. The above calculations were performed
by using realistic scattering phase shifts for carbon up to
1=4. In anticipation of attempts to invert the experimen-
tal holograms, we have tested the importance of the de-
tails of the phase shifts by repeating the calculations with
s waves only. The main difference is a considerable
brightening in the shadow area. On the other hand, the
s-wave contribution may be adequate in the region far
from the shadow area. Implications for the inversion pro-
cedure will be discussed in a future publication.

We now turn to the theoretical images [Figs. 3(c) and
3(d)] of Au clusters calculated at electron energies of 230
eV each with d=10 A and D =10 cm. For panel (c) we
chose a cluster of two layers with 101 x101 atoms, show-
ing a quarter of the area that corresponds to the projec-
tion of 70X70 A. . The atomic resolution with atoms
spaced 2.88 A apart is clearly visible. Moreover, we can
also see the effect of the second layer of the fcc(100)

as =(d'+ —'w') ' ' d=w'/8d»), — (5)

where w is the width of the object film.
To obtain an undistorted picture of atomic resolution a

further requirement is that the first diffracted beam from
the edges of the object film is outside the zero beam from
the center of the film. This is achieved if w/2d«A. /a,
where a is the lattice constant. Thus we can say that a
crystalline film can be imaged with atomic resolution for
geometries where

Mdiv, « —, w « A,d/a . (6)

structure, in particular in the lower left corner; however,
the appearance of a hexagonal pattern should not be in-
terpreted as evidence for fcc(111) exposure. Looking
down the third row of intensity spots from the right, one
tnight be tempted to see a merging of two atomic rows in
an edge dislocation. It is important to remember that, al-
though we achieved atomic resolution, these pictures are
holographic in nature and can therefore not be interpret-
ed with local ideas only. Panel (d) shows a more com-
plete image, the quadrant being the image of an area of
226 x 226 A of the object film. Two features are
noteworthy: (i) The interference fringes outside the clus-
ter are folded into the image in the shadow of the cluster,
producing intensity variations every few atomic rows; this
feature is also present in experimental images. (ii) One
can see intensity spots at more or less the proper separa-
tion outside the shadow area of the cluster, yet its actual
size can be pinpointed to within one or two atomic dis-
tances.

To understand the feasibility of the direct observation
of local structures, we have performed calculations for a
Au cluster consisting of two halves, one exposing the
fcc(111),the other the fcc(100) structure. One obviously
does not expect a sharp division between the two struc-
tures in the images, but some zone of transition where
both halves of the crystal contribute and pure symmetry
pictures emerge far from the joining line. Again, there is
evidence for this in experimental images. As a last exam-
ple, we mention a calculation in which we removed some
atoms from the cluster to model a hole. Again, one can
identify this local information in the image, suggesting
that with some experience one will be able to develop
enough intuition to interpret images without having to
resort to theory in every instance.

We have demonstrated, both experimentally and
theoretically, that the low-energy-electron projection mi-
croscope yields holographic images that can be pushed to
yield atomic resolution for a crystalline film. It now
remains to develop the criteria for the latter: Atomic
resolution can be achieved if enough atoms in the film
contribute to constructive interference in the center of the
image. This requires that the path difference hs in the
spherical wave at the edge and at the center of the object
film is much larger than the wavelength of the electrons,
A, . We get

1545



VOLUME 67, NUMBER 12 PHYSICAL REVIEW LETTERS 16 SEPTEMBER 1991

Within these limits, the image will contain direct visual
evidence of atomic structure without the need for com-
parison to model calculations or reconstruction of the
wave front at the object.

To conclude, we would like to discuss some of the im-
mediate tasks at hand. The best resolution is of little use
if it is not also related to a high contrast in the imaging
process. For the low-energy-electron projection micro-
scope even light atoms such as carbon give rise to high
phase contrast. We have evidence that the new micro-
scope is ideally suited for imaging large molecules of bio-
logical interest. There is also far less radiation damage
than in conventional high-energy transmission electron
microscopy. On the theoretical side, the assumption of
single scattering must be investigated, although we do not
anticipate dramatic changes. More importantly, the in-
version of the holographic images must be attempted.
Our very simple final formula is very suggestive in this re-
gard. However, we would like to point out that such an
inversion procedure, although desirable, is not absolutely
necessary, as the theory developed so far allows the
straightforward calculation of images for comparison
with experimental ones.
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