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A method of internal-detector electron holography is the time-reversed version of photoelectron
holography. Using an energy-dispersive x-ray detector, an electron gun, and a computer-controllable
sample stage, we measured a multiple-energy hologram of the atomic arrangement around the Ti atom in
SrTiO; by recording the characteristic Ti Ka x-ray spectra for different electron beam angles and
wavelengths. A real-space image was obtained by using a fitting-based reconstruction algorithm. 3D
atomic images of the elements Sr, Ti, and O in SrTiO; were clearly visualized. The present work reveals
that internal-detector electron holography has great potential for reproducing 3D atomic arrangements,

even for light elements.
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To develop state-of-the-art materials, knowledge of
three-dimensional (3D) arrangements of atoms is impor-
tant to understand the relationships between their physical
properties and their structures. Atomic-resolution hologra-
phy using electrons [1], x rays [2], or neutrons [3] can
provide 3D images of atoms around specific elements
without prior knowledge of their structures. Because of
their elemental selectivities, atomic-resolution holography
is especially powerful for determining the local structures
around impurities, dopants, and adsorbates. Often, material
physical properties are determined by them rather than by
the matrix. In addition to this ability, another characteristic
of atomic-resolution holography is a middle-range local
structure analysis within 2 nm [4,5]. The x-ray absorption
fine structure technique and the electron energy-loss fine
structure technique can also investigate local atomic
structures around a specific element; this can be adopted
even for disordered materials. However, one can obtain
only one-dimensional information about atomic distances,
i.e., directionally averaged pair distribution functions.
Moreover, the information obtained is usually limited to
the second or third neighboring atoms due to the short
mean free path of x-ray-excited photoelectrons.

Thus, atomic-resolution holography is more informative
for local structure analyses. Holography, which was devel-
oped by Gabor [6] in 1948, can record the intensities
and phases of waves scattered from an object, which are
then used to reconstruct 3D images of that object. Szoke
[7] proposed that atomic-resolution holography can be
achieved by measuring the interference of photoelectrons
or fluorescent x rays from samples. To date, atomic-
resolution holography techniques with electrons [1,8],
x rays [2,4,5,9], y rays [10], and neutrons [3,11] have
been developed and applied toward examining the environ-
ments around adsorbates [12], the local structures of
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dopants [13], quasicrystal structures [14], lattice distor-
tions of mixed crystals [5], and the phase transition of a
shape memory alloy [4]. However, since atomic-resolution
holography has mainly been implemented in large experi-
mental facilities, such as synchrotron radiation facilities or
reactors, due to the need for energy-tunable and strong x-
ray or neutron sources, its use has been limited, despite its
great potential. We propose a method of internal-detector
electron holography [15-17], which is the time-reversed
version [9] of conventional photoelectron holography and
uses electron beams as holographic waves and excitation
sources. In contrast to x-ray or neutron beams, strong
electron beams at the desired energies can be easily ob-
tained at the laboratory scale. In this Letter, we demon-
strate the recording of a multiple-energy hologram of the
environment around Ti in SrTiO; using the internal-
detector electron holography and the reconstruction of a
real-space image using a fitting-based reconstruction
algorithm.

Figures 1(a) and 1(b) show the principles of photoelec-
tron holography and internal-detector electron holography,
respectively. In photoelectron holography, part of a photo-
electron wave from a source atom excited by x rays is
scattered by neighboring atoms; it then interferes with the
nonscattered photoelectron wave, forming an intensity
distribution of photoelectrons outside the sample. The
scattered and nonscattered electrons serve as the object
and reference waves in the hologram, respectively. The
intensity distribution of these photoelectrons can be inter-
preted as a hologram recording the atomic arrangement
around atoms emitting photoelectrons. Atomic-resolution
holography using wave sources inside samples, such as
photoelectron holography, is called internal-source holog-
raphy. By applying a Fourier transformationlike algorithm
[18] to the hologram, a 3D atomic image can be obtained.
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FIG. 1. Charts showing the principles of two schemes of
atomic-resolution electron holography: (a) photoelectron holog-
raphy and (b) internal-detector electron holography.

On the other hand, in internal-detector electron hologra-
phy, an external electron beam is used for the generation of
waves for holography and for the excitation of atoms. Part
of the electron wave from the external source is scattered
by neighboring atoms; it interferes with the nonscattered
electron wave, resulting in the generation of an electron
standing wave field pattern inside a sample. The intensity
of characteristic x rays is proportional to the intensity of
the electron wave field at atoms emitting characteristic
X rays (target atoms), and it is modulated by the wave-
number vector of the electron beam k, whose holographic
amplitude is approximated as

x(k) = YW, (K + Oik) W, (k) + Po(k)W;, (k)],
h

D

where ®,(k) and W,(k) are the reference wave function
and the object wave function scattered by an atom located
at a,, respectively, and /4 is the integer index for the atom.
The target atoms act as monitors or detectors for recording
holograms. The holograms have essentially the same
structural information as is obtained by photoelectron
holography.

Compared with conventional atomic-resolution holog-
raphy techniques, the present method has a great advantage
in terms of the ease of performing multiple-energy holog-
raphy. Multiple-energy x-ray or photoelectron holography,
which measures holograms at different energies (wave-
lengths), can strongly suppress false images and ghosts.
Therefore, most x-ray holography experiments have been
carried out by the multiple-energy method. However,
multiple-energy holography requires an energy-tunable
x-ray source such as synchrotron radiation. On the
other hand, internal-detector electron holography uses an
electron gun instead of an x-ray source. Since the accel-
eration voltage of the electron beam can be freely tuned,

Electron gun

FIG. 2 (color). Experimental setup for internal-detector elec-
tron holography inside a SEM (Hitachi High-Technologies
Corporation ~ S-3400N). A  Ge  solid-state  detector
(CANBERRA GULO0055P) with a detection area of 50 mm?
and a fast digital signal processor (XIA LLC DXP Saturn)
were used to measure the Ti K line spectra. The 6-¢ two-axis
rotation stage was computer-controlled. The ¢ stage was con-
tinuously scanned during the recording of the hologram for each
rotation of ¢, and 6 was increased in increments of 1.0°. The
solid angle of the detector was 0.564 sr, and the emission current
of the electron gun was 0.003 75 mA.

holograms at different electron wavelengths can be easily
recorded in in-house experiments.

Figure 2 shows a schematic illustration of the experi-
mental setup, which is composed of an electron gun, an
energy-dispersive x-ray detector, and a sample stage that
can change the incident angles of the electron beam.
Because of the simplicity of the experimental setup,
many similar experiments have been carried out in the
past. For example, half a century ago, the interference of
an incident electron beam was observed in the measure-
ment of secondary electron emission with a change in the
crystal sample orientation [19]. However, a clear hologram
pattern, which can produce high quality atomic image, has
not been reported because one must choose carefully the
incident electron energy and estimate accurately the inten-
sities of secondary radiation.

We used a single crystal of SrTiO5 (001) to estimate the
performance of the internal-detector electron holography
method. Characteristic Ti K« x rays were excited by using
6.00-6.30 keV electron beams. We chose these electron
acceleration voltages because they are close to the Ti K
absorption threshold (4.965 keV). This effectively sup-
presses the Ti K lines caused by inelastically scattered
electrons, which are incoherent and thus do not contribute
to the formation of the hologram. Therefore, the use of an
electron beam energy slightly higher than the absorption
threshold is the key [16].

To perform multiple-energy holography, the electron
acceleration voltages were chosen to be 6.00, 6.08, 6.15,
6.22, and 6.30 kV, with corresponding wave numbers k of
39.68, 39.95, 40.18, 40.41, and 40.66 A, respectively.
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To minimize the twin image problem in multiple-energy
holography for clear reconstruction, the adequate Aka
range was estimated to be 7, where a is the interatomic
distance between the target and the scattered atoms [20]. In
our experiment, since Ak is 9.8, Aka = 7 is satisfied at
a = 3.2 A. Thus, images of the first, second, and third
neighboring atoms can be properly visualized by recon-
struction from multiple-energy holograms recorded at
these energies.

The sample stage of the scanning electron micrograph
(SEM) was scanned two-dimensionally within the angular
ranges of 0° = ¢ =360° (A =1.1°) and 0° =0 =
75° (A@ = 1.0°) while irradiating the electron beam, and
the x-ray spectrum was detected at each point. The total
number of spectra collected was 24 600. All of the inten-
sities of the characteristic Ti Ka x rays were estimated by
applying the Gaussian fitting method to the spectra. The
average intensity at each pixel is 4145 counts.

The obtained hologram is shown in Fig. 3(a). An ap-
proximately 10% undulation pattern was observed. We can
clearly see forward-focusing peaks and dark lines. The
dark lines are similar to Kikuchi lines in the photoelectron
hologram. Here, we call them electron standing wave lines,
analogous to the x-ray standing wave lines in inverse x-ray
fluorescence holography. The intensities of the forward-
focusing peaks are weaker than those of the normal holo-
grams observed at 400-1000 eV photoelectron ranges.

To verify this measured hologram pattern, theoretical
holograms of SrTiO; were calculated by using a 5457
atom cluster with a radius of 25 A [21]. This calculated
hologram pattern in Fig. 3(b) resembles the experimental
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FIG. 3 (color). Holograms of SrTiO;. (a) Experimental and
(b) calculated holograms in k space. The acceleration voltage of
the electron beam is 6.0 kV (k = 396.8 nm). In the hologram
calculation, a spherical 5457 atom cluster with a radius of 25 A
was used. In both holograms, forward-focusing peaks and elec-
tron standing wave lines can be observed. The angular ranges of
0 for the experimental and calculated data are 0° = 6 = 75° and
0° = 6 = 90°, respectively. The intensities of both holograms
were normalized with respect to their average intensities. The
background intensity due to the excitation of Ti by inelastically
scattered electrons was not taken into account in the calculation.
Thus, the contrast of the hologram in (b) is much greater than
that in (a).

pattern and reproduces the weak forward-focusing peaks
and the electron standing wave lines. We found that the
weak forward-focusing peak is a result of the long mean
free path of the high-energy electron. It is known that a
single scattering atom plays the role of an electron convex
lens and produces a forward-focusing peak. However,
when the mean free path is long, the electron must go
through many scattering atoms in a line; i.e., the electron
goes through many convex lenses. Therefore, the forward-
focusing peak is defocused. The evident difference
between the two patterns is in the contrast with the back-
ground. The reason for the low contrast of the experimental
hologram originates from the characteristic x rays excited
by inelastically scattered electrons, which were emitted
mainly from deep regions. If we choose a very thin film
with a thickness below the inelastic mean free path of the
electrons (8 nm), the contrast will be improved by increas-
ing the ratio of the characteristic x rays contributing to the
hologram in the total ones.

The simplest and most commonly used tool for 3D
atomic image reconstruction for atomic-resolution holog-
raphy is the Barton algorithm [18], which is based on a
Fourier transformation. However, in the case of internal-
detector electron holography, this algorithm gives a blurred
image because of the phase shift effect [22]. To overcome
this problem, we adopted an advanced reconstruction
method called the scattering pattern extraction algorithm
using the maximum-entropy method (SPEA-MEM), which
is a fitting-based reconstruction algorithm [23]. Because
this algorithm, originally developed for photoelectron
holography, includes phase shifts and angular anisotropies
in electron scattering, it can reproduce a clear 3D image of
the original atomic arrangement without artifacts or ghosts.

The theory of the SPEA-MEM is briefly explained here.
Equation (1) can be extended as

x(k) = j G(a)t(k, a)da, ()

1(k, a) = |al[| W, (k)]* + @F (k) W, (k) + Py (k) ¥ (k)]
3)

where #(k, a) is defined as the scattering pattern function
representing the holographic pattern produced by an atom
located at position vector a. The function |a|G(a) repre-
sents the atomic distribution function. The maximum-
entropy method is an effective method for obtaining the
function G(a). Before applying the SPEA-MEM, we ex-
tended the measured hologram data to a 47 sphere by
using the crystal symmetry of cubic perovskite structures
and the measured electron standing wave lines. Scattering
patterns, as functions of the scattering angle and the dis-
tance from the scatterer, were obtained by calculating
electron scattering by Ti atoms at 6.00, 6.08, 6.15, 6.22,
and 6.30 keV. In this calculation, the multiple-scattering
effect was taken into account, which is strong in the
forward-scattering case.

045502-3



PRL 107, 045502 (2011)

PHYSICAL REVIEW LETTERS

week ending
22 JULY 2011

()

I AV A

FIG. 4 (color). 3D images of SrTiO; reconstructed from
multiple-energy holograms taken at 6.00, 6.08, 6.15, 6.22, and
6.30 kV. (a) Surface rendering of the reconstruction. Green, red,
and blue objects correspond to Sr, Ti, and O atoms, respectively.
Slices along the (001) plane at z =2 (b) and 4 A (c), which
correspond to the Sr-O and Ti-O planes, respectively.

Figure 4(a) shows the 3D real-space images obtained
around the Ti atom by using the SPEA-MEM. The atoms of
all of the elements are clearly shown at the theoretical
coordinates, even for the light element O, which is normally
difficult to reconstruct due to its low-electron-scattering
cross section. Generally, with increasing atomic weight,
the image becomes more distinct. Two-dimensional images
of the atoms in two crystallographic planes are shown in
Figs. 4(b) and 4(c). In these figures, the images of heavier
atoms are sharply reconstructed. The spatial resolution of
the sharpest Sr images reaches 0.6 A. Another interesting
feature is the smearing of O images perpendicular to the Ti-
O-Ti chains shown in Fig. 4(c). This smearing is due to the
splitting of O atoms, resulting from the electronic instabil-
ity of the Ti-O bonds [24]. Such smearing has also been
observed in atomic images of O obtained by anomalous
diffuse scattering [25].

In summary, using internal-detector electron hologra-
phy, we successfully recorded multiple-energy electron
holograms of SrTiO; at energies of approximately 6 keV.
The measured holograms have the characteristic features
of conventional photoelectron holograms, such as forward
focusing and Kikuchi-line-like electron standing wave

lines. Image reconstruction was also successfully imple-
mented by using the SPEA-MEM, and it is sensitive even
to the weak effect of the light atom smearing. Compared
with conventional atomic-resolution holography tech-
niques, the present method has a great advantage in its
ease of performing multiple-energy holography, which can
strongly suppress false images and ghosts. Moreover, since
SEM has a spatial resolution on the order of micrometers, it
will be possible to measure 3D atomic structures from
micrometer-sized samples. In addition to the demonstra-
tion of the internal-detector electron holography, we have
explored atomic-resolution electron holography at keV
energies, the advantage of which is the capability of
middle-range local structure analysis within the few-
nanometer region owing to the long inelastic mean free
path of keV electrons [26].
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