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by electron tomography using high-angle annular dark-field scanning
transmission electron microscopy
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We have studied three-dimensional shapes and distribution of FePd nanoparticles, prepared by
electron beam deposition and postdeposition annealing, by means of single-axis tilt tomography
using atomic number contrasts obtained by high-angle annular dark-field scanning transmission
electron microscopy. Particle size, shape, and locations were reconstructed by weighted
backprojection �WBP�, as well as by simultaneous iterative reconstruction technique �SIRT�. We
have also estimated the particle size by simple extrapolation of tilt-series original data sets, which
proved to be quite powerful. The results of the two algorithms for reconstruction have been
compared quantitatively with those obtained by the extrapolation method and those independently
reported by electron holography. It was found that the reconstructed intensity map by WBP contains
a small amount of dotlike artifacts, which do not exist in the results by SIRT, and that the particle
surface obtained by WBP is rougher than that by SIRT. We demonstrate, on the other hand, that
WBP yields a better estimation of the particle size in the z direction than SIRT does, most likely due
to the presence of a “missing wedge” in the original data set. © 2010 American Institute of Physics.
�doi:10.1063/1.3280026�

I. INTRODUCTION

Recent developments in ultrahigh density magnetic stor-
age technology rely on novel recording media with a high
magnetocrystalline anisotropy energy �MAE�, in order to in-
crease storage density and to reduce recording noises. FePd
alloy nanoparticles with the L10-type ordered structure is one
of the candidate materials suitable for the ultrahigh density
magnetic storage media. The hard magnetic properties of
these alloy nanoparticles originate from the tetragonal or-
dered structure, which gives rise to a high MAE,1,2 and thus
the atomic ordering is a key issue for improving the hard
magnetic properties of the L10-type alloy nanoparticles.
Therefore previous studies have focused on the atomic struc-
ture inside the nanoparticles.3–5 On the other hand, high-areal
density packing of nanoparticles and control of magneto-
static interaction among nanoparticles are considered as the
next step to realize ultrahigh density magnetic storage media.
For this purpose, it is desired to visualize and understand
three-dimensional �3D� shapes of nanoparticles and spatial
configuration of neighboring particles precisely. One of the
interests here is the height �thickness� and the aspect ratio
�height/diameter� of particles from view points of the shape
anisotropy of very small nanoparticles. However, in trans-
mission electron microscopy �TEM�, an accurate evaluation
of the sample height is usually difficult and subject to careful
examinations.

Electron tomography, especially its applications to mate-
rials science, is a novel technique, which can retrieve 3D

structural information usually missing in TEM and scanning
TEM �STEM�. A 3D structure can be reconstructed by pro-
cessing a tilt series of electron micrographs with mass-
thickness contrasts, formed by several different imaging
techniques: bright-field �BF� TEM,6–8 dark field TEM,9–11

atomic number �Z� contrast of STEM,12–14 energy-filtered
TEM,13 and electron holography.15 The recent progress in
this field has been summarized in review articles.16,17 In all
the techniques, acquisition of clear contrast images and ac-
curate alignments of the sample position and/or the tilt axis
are essential for subsequent 3D reconstruction. Some model
simulations on the accuracy of reconstruction have been pre-
sented in detail.13 Quantitative analyses have revealed the
complex 3D structures of nanoporous gold.18,19 Recent re-
ports have shown, for example, facetted surfaces in recon-
structed Pt nanoparticles20 or Pd nanoparticles.21 Alloyeau et
al.22 have carried out a quantitative thickness analysis of
CoPt nanoparticles by comparing a focal series of high-
resolution TEM �HRTEM� images with the reconstructed 3D
structures of BF-TEM tilt series. As demonstrated by them,
an investigation for a novel method to quantify 3D recon-
structed structures is one of the fundamental interests in the
electron tomography.

In this study we have examined 3D shapes and distribu-
tions of L10-FePd alloy nanoparticles epitaxially grown on
the single crystal NaCl�001� substrate by means of electron
tomography using Z-contrast of high-angle annular dark-
field �HAADF� STEM. The Z-contrast can be regarded as a
suitable mass-thickness contrast required for electron tomog-
raphy, where incoherent imaging is dominant with negligible
contribution of diffraction contrasts. We compare, in a semi-
quantitative manner, the accuracy of thickness of the nano-
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particles deduced by different reconstruction techniques us-
ing a tilt-series data set of HAADF-STEM images of the
FePd nanoparticles.

II. EXPERIMENTAL PROCEDURES

FePd nanoparticles were fabricated by sequential elec-
tron beam deposition of Pd and Fe onto a NaCl�001� sub-
strate at 673 K.3,4 After deposition of Fe, an amorphous
Al2O3 thin film was deposited to protect the particles from
oxidation. The as-deposited specimen film was then removed
from the NaCl substrate by immersing the substrate into dis-
tilled water, and was mounted onto conventional copper
grids for STEM observation. Postdeposition annealing of the
as-deposited film on a copper grid at 873 K for 3.6 ks led to
the formation of the L10-type ordered structure in FePd
nanoparticles.23 The mean cooling rate after the annealing
was about 10 K/min. The orientation relationship between
FePd islands and the NaCl substrate, as confirmed by elec-
tron diffraction, is �001�FePd� �001�NaCl, �100	FePd� �100	NaCl.
The average alloy composition was Fe-49 at. % Pd according
to the results of energy dispersive x-ray spectroscopy. Details
of the atomic structures of FePd nanoparticles have been
described in our previous articles.3–5,23

Z-contrast STEM images were obtained using an FEI
Titan 80–300 �S�TEM operating at 300 kV with a field emis-
sion gun. We set the beam convergence to be 10–14 mrad in
half-angle, taking into account the spherical aberration coef-
ficient �1.2 mm� of the prefield of objective lens. The tilt
series of Z-contrast images were acquired by using a
HAADF-detector �Fischione model 3000� with the inner
angle higher than 60 mrad. The XPLORE3D software �FEI Co.
Ltd� was used for data sets acquisition taking the dynamic
focus into consideration. A single-tilt holder �Fischione
model 2020� and a triple-axes holder �Mel-Build model
HATA-8075� were used for the tilt-series acquisition with the
maximum tilt angle of 70°. Alignment of the tilt axis for the
obtained data set by an iterative cross-correlation technique
and subsequent 3D reconstruction were performed by using
the INSPECT3D software package �FEI Co. Ltd�. As for the
algorithm for 3D reconstruction, we employed weighted
backprojection �WBP�,24 as well as simultaneous iterative
reconstruction technique �SIRT�.25 The reconstructed 3D
density data were then visualized using the AMIRA 4.1 soft-
ware �Visage Imaging�.

III. RESULTS AND DISCUSSION

Figure 1 shows Z-contrast images acquired during a tilt-
series observation, after tilt-axis correction. The tilt series
was observed sequentially from 0° to �70° and then 0° to
+70°. The tilt angle increments were set 2° for angle ranges
of 0° to 
50
° and 1° for 
50
° to 
70
°. Out of this data set, we
employed, by careful inspection of contrasts, images taken at
tilt angles between �66° and +64° for later 3D reconstruc-
tion. These tilt angles and increments are in a typical range
usually employed in the single tilt-axis STEM HAADF elec-
tron tomography.8,13,16,21 Large particles of bright contrasts
about 30 nm in size, as indicated by arrows in Figs. 1�b� and

1�c�, are Cu particles later deposited onto the specimen film.
The reconstructed volume, 75�75 nm2 in size and 36 nm in
depth, is also indicated in Fig. 1�a�.

Figure 2 compares an original image �Fig. 2�a�� and cor-
responding reconstructed images processed by WBP �Fig.
2�b�� and SIRT �Fig. 2�c��, viewed along the z axis, which is
parallel to the beam incidence direction. The tilt axis is the x
axis, about which the specimen film is sequentially tilted
toward the y direction. As seen, general features, such as
particle shape, size, and location, projected onto x-y plane,
are clearly reconstructed in Figs. 2�b� and 2�c�, irrespective
of the algorithm. However, it is noted that some floating
dotlike artifacts, as indicated by the arrows, are seen in the
reconstructed image obtained with WBP �Fig. 2�b��, while
the result by the SIRT shows a smooth surface with little
apparent artifacts.

The reconstructed result using WBP is shown in Fig. 3
with x-y �plan-view�, y-z, and z-x �side-view� projections.
All the nanoparticles exist on the same plane, namely the
substrate surface because they grew epitaxially on a single
crystal substrate. The particle growth direction is in the z
direction as indicated. As seen, the particle shape is rather
oblate characterized by a diameter longer than thickness.
Here the term, particle thickness or height, is defined as the

FIG. 1. Z-contrast images acquired during a tilt-series observation, after
tilt-axis correction. �a� �=0°, �b� �=−66°, and �c� �=+64°. The tilt series
was observed sequentially from 0° to �70° and then 0° to +70°. The recon-
structed area, 75�75 nm2 in size, is also indicated in Fig. 1�a�. Large Cu
particles are indicated by arrows in Fig. 1�b�.
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distance from the bottom to the top surfaces of a nanoparticle
in the z direction. Also dotlike artifacts are seen in the y-z
and the z-x projections. These artifacts can be minimized by
adjusting a threshold value of the visualizing software
�AMIRA�, although it ended up making a hole inside a nano-
particle as indicated by arrows in the x-y projection. When
the threshold value was so set that all these floating artifacts
are gone, it was found that some of the fine details of nano-
particles also diminish. This observation suggests that there
exists a best condition of the threshold value for reconstruct-
ing the shapes of nanoparticles without influencing their
sizes. This criterion can be employed in a reliable manner by
comparing them with original Z-contrast images. In fact,
these subtleties of the optimization procedure led us to a
conclusion that the small amounts of floating artifacts cannot
be eliminated in the WBP method.

In contrast, SIRT gives a clear 3D morphology as shown

in Fig. 4. Besides the absence of floating artifacts, significant
differences between Figs. 3 and 4 can be noticed. For ex-
ample, particle surface appears smooth in SIRT images. It
can be noticed that particle heights, i.e., particle lengths in
the z direction, shown in Fig. 4, are apparently longer than
those in Fig. 3. Indeed SIRT gave particle heights, which are
almost comparable to or even longer than the particle diam-
eter, while rather flat 3D shapes can be seen in the result by
WBP �Fig. 3�. The difference in the aspect ratio of the recon-
structed results is pronounced when viewed from an oblique
direction as shown in Fig. 5. Nanoparticles in the upper im-
age �WBP� show oblate 3D-shapes, while those in the lower
images �SIRT� are prolate, i.e., elongated in the z direction.

When considering the resolution of a reconstructed
structure in electron tomography, a proper alignment of the
tilt axis of a data set is necessary prior to reconstruction. To
satisfy this fundamental requirement, we followed the stan-
dard alignment procedure based on cross-correlation. Be-
sides, there exist two kinds of factors that may affect the
accuracy of reconstruction. One is a finite number of two-
dimensional �2D�-slice images due to a discrete image acqui-

FIG. 2. �Color online� An original image �a�, corresponding reconstructed
images processed by WBP �b� and SIRT �c�, viewed along the z axis, which
is parallel to the beam incidence direction. Arrows in �b� indicate floating
dotlike artifacts. The tilt axis is the x axis, about which the specimen film is
sequentially tilted.

FIG. 3. �Color online� Reconstructed result of the FePd nanoparticles pro-
cessed by WBP. The reconstructed volume is 75�75�36 nm3. Arrows in
the x-y projection indicate the artifacts �hole� inside the nanoparticles. Par-
ticle growth direction is also indicated in the y-z projection.

FIG. 4. �Color online� Reconstructed images of the FePd nanoparticles pro-
cessed by SIRT with 20 iterations. The reconstructed volume is identical to
that processed by WBP shown in Fig. 3. SIRT gives a clear 3D morphology
without the floating artifacts.
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sition and the other is a maximum tilt angle limited by the
pole-piece design of a microscope. These points have been
summarized in the recent article by Midgley and Weyland.13

In the framework of single-axis tilt geometry, the resolution
along x, y, and z directions are all different. The resolution
along the tilt axis �x axis� corresponds to the resolution of the
microscope and therefore the highest resolution is expected
in this direction. On the other hand, the resolution along the
y and z axes, dy and dz, respectively, are expressed as
follows:24,26,27

dy =
�D

N
, �1�

dz = dyeyz, �2�

eyz =�� + sin � cos �

� − sin � cos �
, �3�

where N, D, and � denote the number of images used for
reconstruction, the diameter of the reconstructed volume as-
suming a cylindrical shape �the tilt axis corresponds to the
axis of the cylinder�, and the tilt angle, respectively. Note
that Eq. �1� assumes the tilting range from �90° to +90°
with an equal angular increment. Hence it is only an approxi-
mation in the case of electron tomography, where tilting
range is limited. The parameter eyz is known as an elongation
factor, which expresses the effect of a missing data set at
high angles on reconstruction. In the present experimental
setup, images at tilt angles from 
70
° to 
90
° cannot be
obtained and the information inside this area is thus missing,
as often referred to as the missing wedge. The resolution
defined by Eqs. �1� and �2�, predicts an apparent elongation
of the reconstructed image in the z direction. Numerically,
we derived the resolution in the present study by applying
the experimental parameters �N=81, D=75 nm, and �
=65° �average of �66° and +64°�� into Eqs. �1�–�3�, which

yielded the following values; dy =2.9 nm, dz=4.1 nm with
eyz=1.42 for reconstructed volume �xyz� of 75�75
�36 nm3. Thus, a simple estimation predicts possible elon-
gation of the reconstructed image as large as 42%.

Figure 6 shows a series of Z-contrast images taken at
different tilt angles. As seen, the apparent particle length in
the y direction becomes shorter as the tilting angle increases.
A nanoparticle enclosed by the circle in the figure is one of
the examples to demonstrate the reduction in the particle
image in the y direction. According to our previous study

FIG. 5. �Color online� Oblique-view of the reconstructed volume processed
by �a� WBP �upper� and �b� SIRT �lower�. Large discrepancy in particle
thickness �height� is apparent between these two images. Nanoparticles in
the upper image show oblate 3D-shapes, while those in the lower images are
prolate. The reconstructed volume is 75�75�36 nm3.

FIG. 6. �Color online� �a� A series of Z-contrast images taken at different tilt
angles. �b� The analyzed particle length in the y direction as a function of
the tilt angle. The particle length decreases as the tilt angle increases toward
90°, indicating the fact that the particle height is shorter than the diameter.
Extrapolation of particle length in the y direction to the value expected at the
tilt angle �=90° leads to an elucidation of the true particle height. Here, the
extrapolation was performed by fitting the data points at angles higher than
40° using cosine of the tilt angle.
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using electron holography, it was found that the FePd nano-
particles have flat top surfaces parallel to the substrate plane
and possess almost pyramidal shape with curved corners.3

Quantitative analysis of the interference images also revealed
that the particle thickness is about 60% shorter than the par-
ticle diameter. If this is the case, the apparent particle length
in the y direction, which is the diameter, should decrease
with tilting. To examine a possible elongation of a recon-
structed particle height in the z direction, we therefore mea-
sured projected particle length in the y direction as a function
of tilt angle and deduced the true particle height by extrapo-
lating the projected length to the value expected at the tilt
angle �=90°. The results are plotted in Fig. 6�b�. As seen,
the projected length clearly decrease with tilting, which in-
dicates that the particle height is actually shorter than the
diameter. Note that this simple extrapolation of the raw data
led to a result, which agrees well with the previous study
using electron holography. Here, the extrapolation was per-
formed by fitting the data points at angles higher than 40°
using cosine of the tilt angle because of the fact that the
projected y length is proportional to cos � at high angles
when the particle height is shorter than the diameter.

Using the aforementioned procedure, here termed “tilt-
series extrapolation �TSE� method” in the present paper, we
obtained a relation, which summarizes the relation between
particle diameter and thickness estimated by using several
different techniques �Fig. 7�. Solid triangles and solid
squares indicate the results obtained from the reconstructed
images based on SIRT and WBP, respectively. The large er-
ror bar for WBP indicates a possible elongation of dz

=4.1 nm, as suggested by Eqs. �2� and �3�. Therefore, we
divided the apparent particle thickness �tz�, which was de-
duced from the 3D volumes based on WBP, by the elonga-
tion factor �eyz=1.42� for the present experimental condition.
The results, tz /eyz, are indicated by open squares. It should
be mentioned here that the validity of the tz /eyz has been
demonstrated by comparing the measured thickness based on
the WBP with those deduced from the focal series of HR-
TEM images.22 Solid circles denote the deduced particle
thickness measured from the TSE method. A solid curve in-

dicates the previous result based on the electron holography.3

Note that the deduced thicknesses obtained by the TSE agree
well with those obtained by WBP �tz /eyz� as well as those by
electron holography. On the other hand, the thicknesses sug-
gested by SIRT are much larger than the values deduced by
the TSE method or electron holography. In contrast, the ap-
parent thickness predicted by WBP is close to the deduced
values with an error of about 1–4 nm in thickness, without
taking the elongation factor into consideration. Therefore,
within a framework of single-axis tilt geometry, it is demon-
strated in a semiquantitative manner that the WBP gives a
better result in terms of the accuracy of the particle length in
the z direction than that predicted by SIRT, despite the fact
that the latter algorithm is superior to the former from the
viewpoints of artifacts.

In the present study, 20 iterations were carried out in
SIRT to minimize the differences between the original pro-
jected series and the calculated ones. Because of the iterative
and direct-methodological natures of the SIRT, which does
not use Fourier transformation, the resolution defined by
Eqs. �1�–�3� cannot be directly applied to the reconstructed
results by SIRT. It has been demonstrated that the SIRT re-
constructions converge after about ten cycles of iteration.25

Our examination also suggested that the particle thickness
remained fairly constant even after large number of iterations
up to 50 cycles. We have also observed that the surface of the
reconstructed nanoparticles become rather rough after 30–50
cycles compared to that of the 20 cycles. A quite small in-
crease in the particle thickness, corresponding to only one to
two pixels �less than 0.5 nm�, was recognized for the results
after five to ten cycles. Therefore, 20 cycles of iterations
were considered appropriate for the reconstruction in the
present study. Indeed, Aronova et al.28 have pointed out the
existence of an optimal number of iterations when raw data
sets contain Poisson noise. They employed 20–30 iterations
for SIRT. Similar tendency was also reported in a study by
Tong et al.29 To summarize, the present comparison demon-
strated that, 3D structural information of the nanoparticles
can be refined during the iteration process, however, at the
same time, it also showed that artifacts in the z direction due
to the existence of a missing wedge cannot be effectively
removed during the iterations, leading to an apparent elon-
gation of particles in the z direction. The reason for this
artifact is not clear at this moment. To reduce the artifacts, a
minimization of the missing wedge will be most effective,
which can be attained by increasing the maximum tilt angle
together with number of 2D-slice images as possible. For
this purpose, dedicated future studies, including dual-axis
tomography,29,30 will be necessary.

Finally, we applied 3D tomography in order to elucidate
spatial configuration of as-deposited Fe/Pd nanocomplex par-
ticles. A tilt series of Z-contrast images were acquired using
a triple-axes holder with tilting angles of �70° to +66° at 2°
increments and reconstruction was carried out using SIRT
with 20 iterations. Z-contrast image shown in Fig. 8�a� in-
cludes two kinds of contrast regions: bright regions corre-
sponding to nanoparticles and weak contrast regions between
neighboring particles, as indicated by the arrows. According
to our previous study,23 as-deposited bcc-Fe particles were

FIG. 7. �Color online� The relation between particle diameter and thickness
�height� for the FePd nanoparticles estimated by using several different tech-
niques. The large error bar for WBP indicates a possible elongation of dz

=4.1 nm, as suggested by Eqs. �2� and �3�.
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found to epitaxially grow onto fcc-Pd islands, which had
been grown epitaxially on the NaCl�001� substrate. Thus, the
weak contrast region is likely to arise from unalloyed Fe
because of the sequential deposition of Fe onto Pd nanopar-
ticles. The rather weak contrast seen between the neighbor-
ing particles indicates that only a small amount of Fe exists
here. The 3D reconstruction revealed that these unalloyed Fe
regions between the neighboring Pd particles locate at the
bottom side of the nanoparticles as indicated by the arrow in
Fig. 8�c�. This observation hence demonstrates that STEM-
tomography can be used to understand the spatial configura-
tion of partially coalesced nanoparticles, and the mechanism
of alloy formation clearly.

IV. SUMMARY

We have studied 3D shapes and spatial configuration of
10 nm sized FePd nanoparticles by means of single-axis tilt
tomography using HAADF-STEM images obtained in the
tilting range of �66°–�64°. The algorithms employed for
reconstruction were WBP and SIRT and the resultant 3D
information was compared with those estimated by the TSE
method, and those obtained by the previous holographic
study. Main results are summarized as follows:

�1� Floating dotlike artifacts were observed in the image
reconstructed by WBP, while SIRT can reproduce
smooth surface with no apparent floating artifacts.

�2� Estimated resolution of the reconstructed size by WBP
was 2.9 and 4.1 nm for the y direction �perpendicular to
the tilt axis� and the z direction, respectively, based on
the number of 2D-slices, size of the reconstructed vol-
ume �75�75�36 nm3�, and the maximum tilt angle.

�3� The particle size in the z direction was examined quan-
titatively. The results by TSE agree well with those ob-
tained by WBP as well as electron holography, while
SIRT led to an overestimation of 3–8 nm, indicating that
SIRT is more prone than WBP to the overmeasure of
particle size in the z direction, when data in a certain
angular region are missing.

�4� The above results suggest that, during the iteration of
SIRT, structural information, including 3D surface mor-
phology, can be refined; while artifacts in the estimation
of the size in the z direction cannot be effectively re-
duced within the present experimental setup or condi-
tions.

�5� It is also demonstrated that a method based on a simple
extrapolation of a raw data set, referred to here as TSE
method, is found to be reliable and useful, in order to
examine the accuracy and resolution of 3D reconstructed
information provided by different algorithms.
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