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Tetrahedrite (Cu12Sb4S13) is a new type of thermoelectric material with an extremely low thermal conductivity attributed to the anomalous large
thermal vibration of specific Cu sites. The tetrahedrite crystal was observed from the [111] direction by high-angle annular dark-field (HAADF)
imaging and the image intensity was found to be 64% lower at specific sites. This could be explained by the blurring of the intensity distribution
owing to a large atomic displacement, suggesting that anomalous large thermal vibrations at specific sites in the crystal can be distinguished in
HAADF images. © 2017 The Japan Society of Applied Physics

T
he conversion of thermoelectric (TE) energy to
renewal energy is attracting increasing attention,
with much effort being devoted to develop new TE

materials.1) Tellurobismuthite (Bi2Te3), a well-known high-
TE material, has been put to practical use for TE power
generation or in a Peltier cooling device. However, it is
preferable to avoid bismuth (Bi) and tellurium (Te) in TE
materials as they are rare elements and high in cost.

Tetrahedrite (Cu12Sb4S13) is the most important copper-
containing TE mineral,2–7) as it has been suggested that its
thermal conductivity (κ) is suppressed by the large vibration
of Cu atoms at specific sites, as determined by X-ray diffrac-
tion analysis, and the dimensionless figure of merit (ZT ) was
reported to reach 0.7 with the substitution of Ni atoms.3)

Tetrahedrite is a highly symmetric cubic crystal (I�43m)
consisting of SbS3 pyramids, CuS4 tetrahedra, and unique
CuS3 triangle planes [Fig. 1(a)]. In comparison with the
copper atoms at the center of the CuS4 tetrahedron [denoted
as Cu(1)], the Cu atoms at the center of a CuS3 triangle plane
[denoted as Cu(2)] have large atomic displacement parame-
ters (ADPs) along the plane perpendicular to the triangle
plane, and have been considered to be the scattering centers
of the thermal phonons. Local information, such as the
scattering center, is one of the key factors in improving the
performance of TE materials.

Scanning transmission electron microscopy (STEM) is a
powerful tool for obtaining local structural information, and
high-angle annular dark-field (HAADF) imaging is a STEM
method that allows the acquisition of elemental information
at individual atomic columns (Z contrast).8) Consequently,
HAADF imaging is conventionally used for the identification
of dopant atoms in ceramics or silicon crystals and elemental
modulation at interfaces.9–12) Furthermore, HAADF imaging
has the potential to identify atomic sites with the same
elements but different ADPs.

Abe et al.9) found anomalous large ADPs of the Al atomic
sites in the decagonal cluster of Al72Ni20Co8 quasicrystals.9)

However, except for this study, the relationship between
HAADF intensity and ADP values of individual atomic sites
has rarely been reported. This may be due to the fact that
the HAADF intensity depends not only on the ADP values but
also on the channeling of the transmitted electron. In
the double perovskite oxide of the La2CuSnO6 crystal, the
La atoms have been suggested to have different ADP values
depending on their sites in the HAADF image.13) Quantita-

tively, ADP values were estimated by comparing the experi-
mentally obtained HAADF image with the simulated image,
but this requires the intensity distribution of the electron probe
and precise sample thickness, which are difficult to obtain.14)

In this study, two different Cu atomic sites were identified
with different ADPs, CuS4 tetrahedra and CuS3 triangle
planes, in a tetrahedrite crystal by HAADF imaging. The Cu
sites with large thermal vibrations showed lower intensities
than the other Cu sites.

Tetrahedrite polycrystal ingots were synthesized by the
fusion method2) and crushed in ethanol. The specimens were
prepared by desiccating a drop of this suspension onto a holey
carbon support film. The HAADF images were taken at the
acceleration voltage of 200 kV using JEM-200F (ARM). The
incident electron probe had a convergent semi-angle of 24
mrad, and the inner and outer angles for the HAADF detector
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Fig. 1. (a) Schematic illustration of tetrahedrite crystal. The unit cell is
indicated by bold lines. (b) Schematic illustration of atomic configurations of
tetrahedrite crystal viewed from the [111] direction. The unit cell is indicated
by a bold rhombus.
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were 90 and 370mrad, respectively. The tetrahedrite crystal
was observed from the [111] direction, so that two different
Cu sites were individually visible [Fig. 1(b)]. In Fig. 1(b),
three Cu(1) atomic columns are located inside the triangle of
three Sb atomic sites. Along these atomic columns, the Cu(1)
atoms overlap with the sulfur (S) atoms, which are slightly
misaligned from the row of Cu(1) atoms [noted as the
Cu(1)+S atomic column]. Six Cu(2) atomic columns were
located around the Sb atomic column, with three columns
displaying Cu(2) atoms overlapping with the sulfur (S) atoms,
which are slightly misaligned from the row of Cu(2) atoms
[denoted as Cu(2)+S atomic column], and at the remaining
columns, only Cu(2) atoms are aligned. The number densities
of Cu(1) and Cu(2) atoms are the same among these columns.

The atomically resolved HAADF image was obtained
at the edge of the wedged specimen in order to avoid the
dynamical effect of the scattering electrons (see Fig. S1 in the
online supplementary data at http://stacks.iop.org/APEX/10/
045601/mmedia). From the transmission electron diffraction
(TED) pattern taken from the observation area (see Fig. S2 in
the online supplementary data at http://stacks.iop.org/APEX/
10/045601/mmedia), it was found that six {440} diffracted
spots had the highest intensity. The intensities decreased in
the order of {440}, {220}, and {422} spots. Such an order
was similar to that obtained by kinematical approximation,
indicating that the sample must be very thin. By simulating
the TED patterns with different thicknesses by multislice
calculation, the experimental TED pattern was found to be
close to the simulated pattern for a 10 nm thickness.

In order to simulate the TED patterns and HAADF images,
multislice calculation was performed using the HREM™
program,15) including the absorptive potential approximation
that makes use of the Weikenmeier–Kohl scattering factor. In
this simulation, a lattice constant of 1.032 nm was assumed,
with the fractional atomic coordinates and ADP of each
atomic site taken from Pfitzner et al.16) [The ADP values of
Cu(1) and Cu(2) were reported to be 2.45 and 6.15 × 10−4

nm2, respectively.] The convergent semi-angle and annular
detector semi-angles were the same as those in the experi-
ments. In the calculation, the reciprocal space resolution was
0.34 nm−1 and the cutoff scattering vector (= sin θB=λ) was
set at 40 nm−1 (scattering angle of 160mrad). The defocus
was chosen to be 2 nm below the top specimen surface,
where the column intensity is maximum.17) To enable com-
parison with the experimental results, the simulated HAADF
image was convolved with a Gaussian function (Fig. S3 in
the online supplementary data at http://stacks.iop.org/APEX/
10/045601/mmedia) as the experimental HAADF image
was obtained with a field emission gun having a finite
source (partially coherent), whereas the simulated HAADF
image was obtained by assuming a point source (fully
coherent).18,19) The simulated HAADF image that convolved
with a Gaussian function of 100 pm at full width at half
maximum (FWHM) was found to be the closest to the
experimentally obtained HAADF image.

Figure 2 shows the processed HAADF image of a
tetrahedrite crystal viewed from the [111] direction. It was
obtained by applying the radial difference filter to the raw
HAADF image (the filter passes the reciprocal information
below 20 nm−1 with the edge smoothed from 20 to 24
nm−1).20) In Fig. 2, the Cu(1)+S, Cu(2)+S, and Cu(2) atomic

columns are clearly identified and the peaks corresponding
to three neighboring Cu(1)+S, Cu(2)+S, and Cu(2) atomic
columns appear periodically in the intensity profile. The three
neighboring Cu(1)+S columns have different peak intensities
because the overlapped S atoms are slightly misaligned,
relative to each other, toward different directions from the
position of Cu atoms [see Fig. 1(b)]. Obviously, the peak
intensities decrease in the order of Cu(1)+S, Cu(2)+S, and
Cu(2) columns. The lowest peak intensity of the Cu(2)
columns can be explained by the fact that the spacing of the
neighboring Cu atoms along the Cu(2) column are so large
that the channeling of the transmitted electrons is relatively
weak. It is not clear why the intensity of the Cu(2)+S column
is lower than that of the Cu(1)+S column as the numbers of
Cu and S atoms are the same in both atomic columns.

The peak intensity of each atomic column was measured
by subtracting the constant background [see Fig. 4(b)] to
construct the intensity histogram shown in Fig. 3. Each
histogram has a certain dispersion around the mean value,
which may be due to measurement error, statistical error
due to a low signal-to-noise ratio, or thickness difference, for
example. The mean value was estimated to be 123, 79, and
54, respectively, for Cu(1)+S, Cu(2)+S, and Cu(2) atomic
columns in the histogram. The intensity ratio of Cu(2)+S to
Cu(1)+S columns was determined to be 0.64 (64%).

In order to explain the intensity ratio of 0.64 (64%), five
simulated HAADF images of the tetrahedrite crystal with
different ADPs of the Cu(2) atomic site viewed from the
[111] direction are shown in Fig. 4. The ADP of the Cu(1)
atomic site was assumed to be 2.45 × 10−4 nm2, as reported

Fig. 2. Upper: typical HAADF image of tetrahedrite crystal viewed from
the [111] direction. Lower: intensity profile along the line indicated by white
arrows.

Fig. 3. Peak intensity histogram for Cu(1)+S, Cu(2)+S, and Cu(2) atomic
columns. The average intensities were estimated to be 123, 79, and 54,
respectively.
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previously,16) while that of the Cu(2) atomic site was
assumed to be 6.15, 5.06, 4.00, 3.06, or 2.44 × 10−4 nm2.
In the intensity profiles in Fig. 4(a), the peak intensities of the
two neighboring Cu(1)+S columns are unchanged, but that
of the Cu(2)+S column decreases with increasing ADP of the
Cu(2) atomic site. This indicates that the intensity ratio of
Cu(2)+S to Cu(1)+S columns depends on the difference in
ADP between the Cu(1) and Cu(2) atomic sites. Quantita-
tively, the peak intensities at the individual atomic columns
were measured by subtracting the background, as shown in
Fig. 4(b), and the graph of the intensity ratio of Cu(2)+S to
Cu(1)+S columns was obtained as a function of the ADP of
the Cu(2) atomic site [Fig. 4(c)]. In this graph, the intensity
ratio exponentially decreases with increasing ADP of the
Cu(2) atomic site. The experimental intensity ratio of 0.64
was found to correspond to the ADP of 6.0 × 10−4 nm2. Since
this value is almost the same as that in the X-ray diffraction
(6.15 × 10−4 nm2) results, the intensity ratio of 0.64 can be
explained by the difference between the ADPs at the Cu(1)
and Cu(2) atomic sites.

In this analysis, the isotropic thermal vibration of Cu(2)
atomic sites was assumed since the intensity distribution of
the Cu(2)+S column was almost isotropic regardless of its
anisotropic thermal vibration. This isotropic intensity dis-
tribution can be explained by the Gaussian-like broadening of
the electron probe. Previously, we evaluated the electron
probe to be broadened similarly to a Gaussian function,
with the FWHM of approximately 80 pm owing to the finite
source size (partial coherent).18) The FWHM seems to be
around 50 to 100 pm, depending not only on the source size
but also on the probe current and=or lens aberrations. Since
the FWHM is larger than the amplitude of the anisotropic
thermal vibration, it is difficult to distinguish the anisotropic
intensity distribution at the Cu(2) atomic column.

In general, it is difficult to distinguish either the misalign-
ment of S atoms (channeling effect) or large ADP values as
required to explain the reduction in peak intensity. However,
we believe that the experimentally observed intensity differ-
ence between Cu(1)+S and Cu(2)+S atomic columns can
be explained by the difference in thermal vibration between

Cu(1) and Cu(2) sites, because tetrahedrite sample used was
previously confirmed by XRD analysis1,3,16) atomic coordi-
nation of Cu and S sites. In the present study, assuming
isotropic thermal vibrations, the amplitude of the thermal
vibration at the Cu(2) atom is estimated to be approximately
25 pm, while that at the Cu(1) atom is about 15 pm. The
intensity distribution at the Cu(2)+S column must be more
blurred and the peak intensity becomes lower than that at the
Cu(1)+S column as a result of the larger thermal vibration.

We propose that it will be possible to distinguish either
the misalignment of S atoms (channeling effect) or large
ADP values if the electron probe can be made sharper by
fabricating a coherent electron source and improving the lens
aberration corrector. In the case of constituent atoms being
exactly aligned along the column, the atomic site has been
estimated with a precision of 3 to 4 pm in HAADF images.21)

This suggests that the intensity distribution at the Cu+S
atomic columns, consisting of misaligned S atoms, can be
described by superimposing the intensity distribution of the
Cu atomic site with that of the S atomic site. Also, the
intensity distribution will be blurred anisotropically owing to
the anisotropic thermal vibration of Cu atoms. Theoretically,
from the viewpoint of each incident electron, the vibrating
atoms seem to be frozen in place, since the period of atomic
vibration (∼10−13 s) is much longer than the interaction
time of the incident electron beam with an atom, which has
been reported to be of the order of 10−15 s on the basis of
Heisenberg’s uncertainty principle.22) Therefore, the HAADF
image can be reproduced by summing many snapshots of the
atomic structure with different atomic displacements due to
thermal vibration.22) As a result, both misaligned S atoms and
anisotropic ADP values may be distinguished from each
other by analyzing the intensity distribution at the atomic
column by STEM with an improved performance.

As mentioned above, Abe et al. found that the Al atomic
sites with anomalous large thermal vibrations had higher
peak intensities than the other Al sites in the quasicrystal.9)

This is not in agreement with our experimental results and
may be explained by the different range of annular detector
angles. The inner and outer angles of the annular detector
were 45 and 90mrad, respectively, in the previous study of
Abe et al., while the inner and outer angles of 90 and 370
mrad, respectively, were used in this study. At the accelera-
tion voltage of 200 kV, the TDS cross section of the Cu atom
was shown to increase with increasing ADP value below
the detector angle of 50mrad, while it was shown to be
almost constant regardless of the ADP value above 50mrad
(see Fig. S4 in the online supplementary data at http://
stacks.iop.org/APEX/10/045601/mmedia). This suggests
that the decrease in peak intensity can be explained by the
increase in the thermal vibration of the constituent atoms in
the column, which corresponds to the ADP value, when
collecting high-angle scattering electrons. Therefore, the ratio
of two different ADPs can be estimated simply from the peak
intensity ratio, as shown in Fig. 4(c), which is an advantage
of the present experimental conditions of HAADF imaging.

In conclusion, an anomalously large vibration of the
specific Cu(2) atomic sites in the tetrahedrite crystal was ob-
served by HAADF imaging when collecting scattering elec-
trons above 90mrad. The peak intensity at one specific Cu
column was found to be lower by 0.64 (64%) than that at the

(a)

(b) (c)

Fig. 4. (a) Simulated HAADF images of tetrahedrite crystal viewed from
the [111] direction with different ADPs of Cu(2) atomic site. The intensity
profile was obtained along the line indicated by arrows. (b) Intensity of each
atomic column obtained by subtracting the constant background. The
intensity of the Cu(1) atomic column was determined by averaging those of
two neighboring Cu(1) atomic columns. (c) Graph of intensity ratio of ICu2 to
ICu1 as a function of ADP of Cu(2) atomic site.
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other Cu column. The intensity ratio of 0.64 was explained
by the difference in ADP between the specific and other Cu
sites, and well reproduced the previous X-ray diffraction
results. The simulated HAADF images showed that the peak
intensity of the atomic column decreases with increasing
ADP of the constituent atoms, suggesting that the amplitude
of the anomalous atomic vibration can be estimated quan-
titatively by comparison with that of the normal atomic
vibration in the same specimen; this will be helpful in the
development of TE materials. Anisotropic thermal vibrations
were not detected in this study because of the Gaussian-like
broadening of the electron probe. Nonetheless, we will be
able to distinguish an anisotropic thermal vibration directly in
the HAADF image by fabricating a coherent electron source
and improving the lens aberration corrector.
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