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1. Introduction

Thermoelectric materials are the basis 
for devices that can directly convert heat 
to electricity and vice versa, thus holding 
promises to solve the growing energy 
crisis nowadays. The performance of a 
thermoelectric material is evaluated by a 
dimensionless figure of merit value, ZT = 
σS2T/κ, where σ, S, T, and κ are electrical 
conductivity, Seebeck efficiency, abso-
lute temperature (in Kelvin), and thermal 
conductivity, respectively. An ideal ther-
moelectric material should be simultane-
ously a decent charge conductor and a 
heat insulator, i.e., phonon glass electron 
crystal (PGEC) as proposed by Slack.[1] 
Among all state-of-the-art material series 
explored so far, skutterudites are deemed 
as decent mid-temperature thermoelectric 
materials for their unique and regulable 
crystal structure.

Skutterudite, characterized by the 
chemical formula MX3 (M = Co, Rh, or 
Ir and X = P, As, or Sb), represents an 
extended group of materials that can be 
derived from the cobalt arsenide min-

eral (Co,Fe,Ni)As3 discovered in 1845.[2] Under ambient condi-
tions, skutterudite exhibits a high-symmetrical cubic structure 
(space group: Im3, No. 204) with intrinsic inner “cages” formed 
by corner-sharing MX6 octahedra, in which a variety of guest 
atoms can be filled.[2] The atoms in the cages are thus termed as 
fillers. Figure 1a shows the crystal structure of a filled skutteru-
dite in the depiction using 8 × MX6 corner-sharing octahedra 
(see the red-and-green ball-and-stick model) in a unit cell as 
well as the cage-like structure formed by filler-Sb12 icosahedra 
(see cyan cages). In this unit cell, atoms M and X are located 
at the 8c and 24g  Wyckoff positions, respectively, while the 
filler (F) occupies the 2a position, i.e., the apex and body center 
of the unit cell lattice. It is therefore common in literature to 
describe skutterudite as the half of the unit cell, FM4X12.[2]

The most studied skutterudites for mid-temperature 
thermoelectric applications are antimony-based alloys, i.e., 
(Fe,Co)4Sb12, due to the relatively high power factor (σS2) and 
comparatively low thermal conductivity that could be achieved 
deliberately through structural modifications.[3–6] The most 
effective structural modification in (Fe,Co)4Sb12 is to introduce 
fillers into the interstitial sites of the cage-like (Fe,Co)4Sb12 lat-
tice. The fillers are usually foreign atoms, for instance, alkali 

As one of the most fundamental order parameters, the coordinate order of 
atoms is a cornerstone in determining the physical and chemical proper-
ties of materials. Off-centering shifts of atoms from their centrosymmetric 
positions, a phenomenon that is closely related to symmetry breaking and 
structural transitions in crystals, is of key importance in modifying a broad 
range of fundamental properties, such as ferroelectricity, antiferroelectricity, 
and piezoelectricity. In thermoelectric materials, which can be used to directly 
interconvert heat to electricity, off-centering has been proposed in, e.g., lead 
tellurides, halide perovskites, type I and II clathrates, and filled skutterudites, 
to be the physical origin of the experimentally measured exceptionally low 
thermal conductivity, but only indirectly supported from structural refine-
ments and experimental/theoretical vibration mode analyses. In this work, 
Yb partially filled and Ce fully filled skutterudite is taken as a model system 
for directly measuring the off-centering shifts of filler atoms, i.e., rattlers, with 
picometer precision in real space, by means of atomic-resolution negative 
spherical aberration imaging transmission electron microscopy. This finding 
allows an in-depth understanding of the relationship between the off-cen-
tering and the thermoelectric performance, and the presented methodology 
here is also applicable to investigate the off-centering phenomena in other 
functional materials, e.g., ferroelectrics and solar cells.
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metals,[7,8] rare earth,[9–12] alkaline earth,[13–15] and the XIII group 
elements,[16–19] which are believed to enhance phonon scat-
tering and thus lower the thermal conductivity.[2] It is generally 
accepted that this effect on the thermal transport is attributed 
to the interaction between heat-carrying phonons and “rattling” 
fillers. In this regard, filler atoms are assumed to be loosely 
bonded with surrounding (Fe,Co)-Sb “cages” and thus rattling 
around individual equilibrium positions with one or more char-
acteristic frequencies (thus called rattlers).[20–22] Hereby, filled 
skutterudites exhibit the synergetic characteristic of “rigid/stiff 
framework” and “glass-like vibrator,” thus matching quite well 
with the concept of PGEC in thermoelectrics.[1]

However, the scenario that filler atoms rattle in the (Fe,Co)-
Sb cages with fixed frequencies fails to explain the experimen-
tally-measured exceptional low lattice thermal conductivity, as 
the nondispersive and localized resonant scattering of pho-
nons by fillers only provides a rather limited impedance on 
the thermal transport. Off-centering of filler atoms was then 
proposed in skutterudites to explain this discrepancy, and its 
function could be interpreted as either of the two aspects as 
follows. In the aspect of lattice strain, off-centered fillers could 
result in anisotropic distortion on surrounding icosahedral 
“cages”; while in the aspect of phonon spectrum, the off-center 
effect broadens the resonant frequency of rattlers thus leading 
to a flattened lattice vibration spectrum. Chakoumakos et al. 
reported in 1999 an anomalously large displacement of La off 
the “cage” center in LaFe3CoSb12 by structural refinement based 
on neutron diffraction experiments;[23] Goto et al. deduced a 
thermally activated off-center rattling of Pr ion in the cage of 
Sb-icosahedron in PrOs4Sb12 from experimental observations 
of an ultrasonic dispersion of elastic constants; using electron-
spin-resonance technique;[24] Garcia et al. found the coexistence 
of on-center and off-center Yb3+ rattles in Ce/Yb double-filled 
FeP3;[25] most recently, Fu et al. demonstrated Sn off-centers in 
its coordination cage, which leads to low-frequency Goldstone-
like modes and accounts for the ultralow lattice thermal con-
ductivity in SnFe4Sb12.[26]

In addition, extensive efforts have also been devoted to the 
detection of fillers in real space, i.e., using advanced atomic-
resolution transmission electron microscopy (TEM).[4,27–30] 
However, direct evidence of positions as well as concentration 

for filler atoms was rarely reported, in particular at the atomic 
resolution. Up to now, the widely-used technique for investiga-
tion of the off-center behavior of the fillers has been high-angle 
annular dark-field (HAADF) scanning transmission electron 
microscopy (STEM), whose image contrast is approximately 
proportional to Z2 (Z: atomic number).[31] It is thus commonly 
called Z-contrast imaging. Therefore, a major challenge for 
HAADF STEM imaging is that the contrast from filler atoms is 
typically weak, either below the detection sensitivity or far from 
being quantitative. This is not only due to the low Z nature of 
filler atoms, e.g., Ga (Z = 31), but also due to the partial occu-
pancy in the cage because of limited solubility.

For example, in <111>  zone axes, as shown in Figure  1c, 
the filler atoms align coincidently with M (e.g., Fe, Co) atoms, 
resulting in intrinsic difficulties in quantitative measurements 
of filling atoms (Supporting Information Note 1). While in 
<100> zone axes, as shown in Figure 1b, the density of the iso-
lated filler atoms (per projected atomic columns) is only half 
that of the neighboring X atoms (e.g., Sb with Z = 51). The den-
sity is even lower given the partially filled nature at the posi-
tions. These together lead to relatively weak contrast of the 
filler atoms so that they cannot be distinguished from the sur-
rounding Sb in HAADF STEM imaging (Supporting Informa-
tion Note 2). Furthermore, the residual aberrations, scanning 
distortion, etc., are also non-trivial issues in the quantification 
of the filler atoms. Therefore, techniques that can image the 
filler atoms with high spatial resolution and high image con-
trast are crucial to understand the relation between the ther-
moelectric performance and the behavior of the filler atoms in 
skutterudites.

In this work, we present a detailed TEM study of both N-type 
and P-type filled (Co,Fe)4Sb12 thermoelectric alloys employing 
the negative spherical aberration imaging (NCSI) technique.[32] 
This technique provides high contrast of both light and heavy 
atoms and allows ultra-high precision measurement of atom 
positions.[33–35] We have observed the filler atoms of nominally 
20 at.% Yb and fully-filled Ce in skutterudite (Co,Fe)4Sb12 and 
measured their off-center shifts cage-by-cage with picometer 
precision on the basis of quantitative high-resolution TEM 
(HRTEM). The influence of off-center shifts of rattling filler 
atoms on the thermoelectric properties is further evaluated 

Figure 1.  Schematics of the crystal structure of a filled skutterudite FM4X12. a) Perspective of a unit cell. M atoms: green; X atoms: red; Filler atoms (F): 
blue. b) Projection of 2 × 2 × 2 unit cells along the <100> axis. The filler atoms are isolated by the skutterudite framework atoms-M4X12. The selection 
of unit cell, marked by the black frame, is deliberately shifted away from the filler site as in (a) so that all atoms are fully included in the cell. c) Projec-
tion of a filled skutterudite along the <111> direction. Note that the filler atoms align coincidently with M atoms in the viewing direction, resulting in 
intrinsic difficulties in quantitative characterization of filling atoms.
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based on a modified Debye-Callaway model. Our work, for the 
first time, provides direct evidence on the off-centering rattlers 
in skutterudites and may shed light on further evidencing off-
center atoms in real space for a broad series of thermoelectric 
materials.

2. Results and Discussion

2.1. Visualization of Filler Atoms Using NCSI

Figure 2a–c shows the atomic-resolution TEM images recorded 
along the <001> crystal axis under the NCSI conditions for the 
unfilled Co4Sb12 (pure), nominally 20 at.% Yb filled Co4Sb12 
(N-type) and 100 at.% Ce filled (CoFe3)Sb12 (P-type) samples, 
respectively. In striking contrast to HAADF STEM images (Sup-
porting Information Note 2), all atomic columns, including the 
low concentration filler Yb (and even Li, see Supporting Infor-
mation Note 3), are clearly resolved using NCSI (see, e.g., Yb 
atom marked by the filled arrow in Figure  2b). The visualiza-
tion is more pronounced from the unit-cell-averaged experi-
mental images (marked by red frames) overlaid on the bottom 

right corner of Figure  2a–c, alongside the best-fit simulated 
images marked by green frames (See Supporting Information 
Note 4 for more details). From the best-fit images, the concen-
tration of filler atoms averaged over the region of measurement 
is also determined, which is ≈17.5 at.% for Yb and 80 at.% for 
Ce. The deviation of Ce from its nominal filling stoichiometry 
indicates a limited solubility of Ce in skutterudites. A similar 
reduction in solubility has also been reported in CeFe4Sb12

[36] 
and Ce0.1Co4Sb12.[37]

This unique capability of the NCSI technique further allows 
different configurations of the filler atoms to be studied cage-by-
cage in both N- and P-type samples. Four individual configura-
tions of filler atoms, i.e., d1 to d4 (white ellipses in Figure 2b,c) 
are displayed in Figure  2d as examples. Unlike the P-type 
sample that has a relatively high filling rate (thus high and 
homogeneous Ce occupancy shown in Figure  2c), the N-type 
skutterudite shows local inhomogeneity in the filler’s distribu-
tion, as directly evidenced by the presence of empty Yb sites 
(see, e.g., d1 and those marked by open arrows in Figure  2b) 
with no evident contrast in comparison with those occupied 
positions indicated by filled arrows (e.g., d2). This finding is 
consistent with the low filling ratio in the N-type sample.

Figure 2.  Atomic-resolution TEM images of a) unfilled Co4Sb12 (pure), b) nominally 20 at.% Yb filled Co4Sb12 (N-type) and c) nominally 100 at.% Ce 
filled (CoFe3)Sb12 (P-type) samples along the <100> crystal axis. Images were recorded under the NCSI conditions. Unit-cell-averaged experimental 
images and correspondingly the best-fit simulated images are shown in the insets marked by red and green frames, respectively, on the bottom right 
corner. Images in (a) to (c) are displayed in the same grey scale. d) Magnified images of individual cages, namely d1 to d4, marked by ellipses in (b) 
and (c), showing four representative configurations of the filler atoms.
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Noticeably, the filler atoms are found not always to locate the 
centrosymmetric positions (i.e., cage center) as illustrated in 
Figure 1a. Instead, they exhibit essential off-center shifts away 
from the centrosymmetric positions, e.g., in cage d3 and d4, 
where the off-center shifts of the Ce atoms are marked by red 
arrows in Figure 2d. Such shifts turn out to be more prominent 
in the Ce-filled P-type sample, in comparison with the Yb-filled 
N-type skutterudite.

2.2. Quantitative Measurements of Off-Center Shifts

In order to quantify this off-centering phenomenon, the 
actual position of each individual intensity maximum in 
the original image is then determined by fitting 2D Gauss-
ians to its intensity distribution.[38] After proper correction 
of the effects resulted from imaging imperfections (such 
as unavoidable sample mistilt from ideal Laue zone direc-
tions and residual lens aberrations; so-called imaging arti-
facts) using quantitative image simulations (Supporting 
Information Note 4), the measured positions of the intensity 
maxima in the image represent the atomic positions in the 
material. Using these positions, the measurement error,[35] 
defined by the root mean square (rms) of atom-site devia-
tions between the experimental and the best-fit periodic lat-
tice of the Co4Sb12 framework, is better than 7 pm in both 
horizontal (x) and vertical (y) directions for all samples used 
(see Supporting Information Note 5). This measurement 
error, i.e., precision of atom position measurement, serves 
as an important basis criterion for subsequent analyses of 
the filler atoms.
Figure 3 shows the results of off-center shifts in the P-type 

sample after correction for the known imaging artifacts. In 
Figure 3a, a larger specimen area is used in order to get better 
statistics. The off-center shifts of the Ce filler atoms are meas-
ured as the position deviation of Ce with respect to the calcu-
lated center of the two closest Sb neighbors (in the projected 
plane), as demonstrated in the inset to Figure 3a. In this inset 
image, the Ce filler and the Sb atoms are denoted by blue and 
green filled circles, respectively, and the calculated Sb center by 
the open circle. In this way, we can provide a simplified solu-
tion to evaluate the off-centrosymmetric-position shifts (i.e., 
shifts from the cage center) by using the relative shift between 
Ce and the calculated Sb position only. The validity of such 
measurements is also guaranteed by the fact that the calculated 
center of Sb is found to be coincident with the cage center (see 
Supporting Information Note 6). In Figure  3a, the amplitude 
of the shift vectors can be as large as 60 pm, with an average 
value (i.e., mean) of 18.6 pm and the spread of shift amplitude 
(i.e., standard deviation, sd) of 10.0 pm (Figure  3b), further 
evidencing that the off-center shifts of the Ce filler atoms are 
prominent.

We further plot the histograms of the shift components in 
the x and y direction as shown in Figure  3c,d, respectively. It 
is shown that the averaged value of the Ce atom shifts deviates 
from the cage center by 10.4 and 0.6 pm, with standard devi-
ations of 10.0 and 15.3 pm in the x and y directions, respec-
tively, demonstrating that locally (i.e., within the field of view 
in Figure  3a) the off-center shifts can have directionality. In 

addition, it should be mentioned that in comparison with 
the measurement error of <7  pm, both the average value of 
measured shifts (Figure  3b) and the measured shift spreads 
(Figure 3c,d) are of statistical significance, confirming the true 
off-center shifts of the Ce filler atoms in skutterudites.

Similarly, we have also measured the off-center shifts of the 
Yb filler atoms in the N-type sample. Due to the uneven distri-
bution of Yb in the skutterudite lattice, here we chose positions 
of the Yb atoms in Figure 4 with significant image contrast for 
quantification. The amplitudes of the shift vectors are meas-
ured to be between zero and 37 pm with the mean and standard 
deviation values of 15.4 and 7.5 pm, respectively. Meanwhile, the 
local directionality of the off-center shifts is not observed.

Since in the P-type skutterudite, the filling ratio of Ce is 
much higher than that of Yb in the N-type sample and the 
replacement of Co4 by CoFe3 may also introduce local inhomo-
geneity in the Co/Fe atom dispersion as well as local charge 
redistribution, interactions between neighboring fillers and/or 
interactions with local Fe/Co dispersion could be responsible 
for the observed directionality of the off-center shifts. Indeed, 
it has been reported that in the P-type La and Ce filled Fe4Sb12, 
quasi-harmonic coupling between the fillers and the host lattice 
is a dominant factor to the low thermal conductivity.[20] Thus, 
the observed directionality may have implication for the break-
down of phonon glass paradigm.

The measurement results are further summarized in Table 1, 
confirming that the off-center shifts are essentially larger in the 
P-type sample than that in the N-type sample. This, together 
with the large filling ratio and the local directionality of shifts, 
is expected to cause stronger influence on the thermoelectric 
performance in comparison with the effect of the Yb in the 
N-type skutterudite.

2.3. Rattlers Off-Centering and Lattice Thermal Conductivity

As demonstrated by our NCSI TEM results, partially-filled 
N-type Yb0.2Co4Sb12 exhibits considerably lower off-centering of 
the fillers in comparison with fully filled P-type Ce(CoFe3)Sb12 
sample, as schematically illustrated in Figure 5a. Thermoelec-
tric performance measurements (see Supporting Information 
Note 8 for details) reveal that Ce(CoFe3)Co12 has a much lower 
lattice thermal conductivity κl than Yb0.2Co4Sb12. In order to 
evaluate the influence of off-centering on phonon scattering, 
we have conducted a Debye–Callaway model simulation for 
pure Co4Sb12, partially filled Yb0.2Co4Sb12, and fully filled 
Ce(CoFe3)Co12.

As stated in the introduction part, the off-center effect can 
be understood in terms of either lattice strain or phonon 
spectrum (vibration mode) perturbation. To accommodate 
the Debye-Callaway model, additional factor that off-center 
rattling (as compared with on-center rattling) imposes 
on phonon scattering is hereby concluded to be a lattice 
strain parameter ΓS, which represents the lattice distortion 
due to fillers’ deviation from the equilibrium center posi-
tions. The (on-center) rattling is evaluated via the classic 
resonant scattering model and the Fe/Co alloying in P-type 
Ce(CoFe3)Co12 is assumed to introduce mass and strain fluc-
tuations as traditional point defect scattering. The scattering 
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factors considered in the simulation is then outlined as fol-
lows: (i) pure Co4Sb3: phonon-phonon scattering + grain 
boundary scattering; (ii) N-type Yb0.2Co4Sb12: phonon-phonon 
scattering + grain boundary scattering + resonant scattering + 
strain scattering; (iii) P-type Ce(CoFe3)Co12: phonon-phonon 
scattering + grain boundary scattering + Fe/Co alloying 
scattering + resonant scattering + strain scattering (see 

Supporting Information Note 9 for details). The final simu-
lated results are shown in Figure 5b.

Spectral lattice thermal conductivity simulation (Supporting 
Information Note 9) for P-type Ce(CoFe3)Co12 reveals that Fe/
Co alloying scattering has minimal effect on phonon scattering 
due to the very small difference in mass and radius between 
Fe and Co. It is also shown that resonant scattering dominates 

Figure 3.  Quantitative measurements of the off-center shifts of the Ce filler atoms in the P-type skutterudite. a) Vector map of the relative shifts of the 
Ce atoms with respect to the calculated center of two neighboring Sb, overlaid on the experimental NCSI image. The inset in the left to (a) illustrates 
how to measure the off-center shift. The arrowhead marks the direction and its length represents the amplitude of the shift. The area marked by the 
green rectangle is also shown in Figure 2c. b) Histogram of the amplitude of the Ce shift vectors in (a). Panels (c) and (d) are histograms of the Ce 
shifts along the x and y directions defined in (a), respectively, showing the local directionality of the off-center shifts, i.e., toward +x direction. The 
effects of imaging imperfections have been removed.
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at a very localized frequency range only. Direct comparison 
between N-type Yb0.2Co4Sb12 and P-type Ce(CoFe3)Co12 indi-
cates that i) lattice strain due to the off-center feature of Yb/
Ce fillers strongly scatters heat-carrying phonons of a broad fre-
quency range, and ii) the lattice strain (ΓS ≈ 0.55) in fully filled 
Ce(CoFe3)Co12 is considerably larger than that (ΓS ≈0.15) in par-
tially filled Yb0.2Co4Sb12. Since the parameter ΓS directly reflects 
the extent of lattice (icosahedral “cage”) distortion induced by 
off-center fillers, our simulations agree well with the NCSI 
TEM results that Ce in fully filled Ce(CoFe3)Co12 exhibits a 
relatively larger statistic off-center shift. The fact that off-center 

rattling (on-center rattling + lattice distortion) could scatter 
heat-carrying phonons for a much broader frequency range 
than on-center rattling that only scatter phonons at a localized 
one thus provides an alternative clue to help understand the 
ultralow lattice thermal conductivity in filled skutterudites.

3. Conclusion

In summary, using atomic-resolution NCSI TEM, the filler (rat-
tling) atoms in Sb-based skutterudite (Co,Fe)4Sb12, including 
both 20 at.% partially filled Yb and fully filled Ce, are atomically 
resolved with high contrast in real space. Based on quantita-
tive image simulations, the off-center shifts of filler atoms are 
unambiguously confirmed and directly measured cage-by-cage 
with picometer precision. The off-centering of Yb, Ce fillers 
is believed to cause considerable lattice strain in (Co,Fe)-Sb 
“cages” and results in a distinct phonon spectrum compared to 
on-centering fillers based on the evaluation using a modified 
Debye–Callaway model. Our findings in this work shed light on 
further evidence for atom off-center shifts in real space for a 
broad series of material systems.

Table 1.  The measured filling ratio, maximal filler shift, amplitude of 
shift vector, off-center shifts x and y for the N-type Yb0.2Co4Sb12 and 
P-type Ce(CoFe3)Sb12 samples. The values in the brackets are standard 
deviations.

Measured 
filling ratio

Maximal filler 
shift  
[pm]

Amplitude of 
shift vector  

[pm]

Off-center 
shift x  
[pm]

Off-center 
shift y  
[pm]

N-type 17.5% 37 pm 15.4 (7.5) 1.1 (14.4) 1.7 (9.2)

P-type 80% 60 pm 18.6 (10.0) 10.4 (10.0) 0.6 (15.3)

Figure 4.  Quantitative measurement of the off-center shifts of the Yb atoms in the N-type skutterudite. a) Vector map of the relative shifts of the Yb 
atoms with respect to the calculated center of two neighboring Sb atoms, overlaid on the experimental NCSI image. The area marked by the yellow 
rectangle is also shown in Figure 2b.
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4. Experimental Section
Materials Synthesis: Co4Sb12 (pure), Yb0.2Co4Sb12 (N-type), and 

Ce(CoFe3)Sb12 (P-type) skutterudite samples were synthesized by 
vacuum melting and spark plasma sintering (SPS). The raw materials 
consisted of high-purity Co (power, 99.99%), Sb (power, 99.99%), Ce 
(power, 99.99%), and Yb (power, 99.99%). The mixtures were first loaded 
in double quartz tubes at ≈10−4 Pa, which could prevent samples from 
exploding in the tube during the cooling process. Then, the mixtures 
were heated to 1273 K and maintained for 10 h. After soaking for 
10 h, the tubes were brought to room temperature in 10 h. The obtained 
ingots were crushed and ground into powder by high-energy ball milling 
at 800 rpm for 10 min. The powder was loaded into a ϕ20 mm graphite 
die and consolidated using an SPS system (SPS-211Lx, Japan) at 923 K 
under a pressure of 50 MPa for 5 min.

Phase Structure Characterization: The phase structure of the 
samples was determined using X-ray diffraction (XRD) on a Bruker D8 
diffractometer with monochromated Cu Kα 1 radiation (wavelength = 
1.541 Å). The XRD scan ranges from 10 to 70° with a speed of 10° min−1 
and a step size of 0.02°.

Thermoelectric Properties Measurement and Analysis: The electrical 
conductivity (σ) and Seebeck coefficient (S) of all samples were 
measured (ZEM-3, ULVAC-RIKO, Japan) in a rarefied helium atmosphere. 
The thermal diffusivity (D) of all bulk samples was measured by laser 
flash method (LFA 457, NETZSCH LFA, Germany) in an Ar atmosphere 
using Cowan model plus pulse correction, and the total thermal 
conductivity (κ) was calculated on the basis of κ  = DCPρ (CP: heat 
capacity and ρ: density). The Archimedes method was used to measure 
the density ρ. Finally, the experimentally determined uncertainty of the 
Figure of merit ZT value is ≈15–20%. The approximated lattice thermal 
conductivity κl and fitting details with Debye–Callaway model can be 
found in Supporting Information Note 9.

TEM Sample Preparation: Specimens for transmission electron 
microscopy investigations were prepared from the as-synthesized bulk 
polycrystals by standard procedures including cutting, mechanical 
grinding, dimpling, and polishing. The final thinning of the specimens 
was carried out using 5  kV Ar-ion milling in a GATAN Precision Ion 
Polishing System II, followed by a cleaning process at 1  kV in order to 
remove damaged layers that may be introduced during the previous 
step. Specimens for scanning transmission electron microscopy energy 
dispersive X-ray spectroscopy (Supporting Information Note 1) were 
prepared using focused ion beam milling with Ga ions in an FEI Helios 
NanoLab 460F1 dual beam system.[39]

Transmission Electron Microscopy: Electron microscopy at atomic 
resolution was performed using the negative spherical aberration 
(CS) imaging technique on an image CS-corrected FEI Titan 80–300 

transmission electron microscope working at an accelerating voltage 
of 300  kV and a Rayleigh resolution of 80 pm.[40] The NCSI technique 
yields strong image contrast that is localized as much as possible on the 
respective atomic columns, allowing ultra-high precision measurement 
of atom positions on the basis of computer-based image analysis.[33–35] 
Residual lens aberrations of the microscope were measured by the 
Zemlin tableau method and minimized rightly before image acquisition. 
The images were recorded using a GATAN UltraScan 1000 2k × 2k 
charge-coupled device camera at a sampling rate of 9 pm per pixel. 
Atomic-resolution high-angle annular dark-field scanning transmission 
microscopy imaging and corresponding energy dispersive X-ray 
spectroscopic (EDXS) elemental mapping displayed in the Supporting 
Information Note 1 were carried out at 200 kV in an FEI Titan G2 80–200 
ChemiSTEM microscope equipped with a high-brightness field emission 
gun, a probe CS corrector, and a super-X EDXS system.[41] The incident 
electron beam convergence semi-angle for HAADF STEM imaging was 
≈25 mrad, while the collection semi-angle was 70–200 mrad. EDXS were 
collected and analyzed using Bruker ESPRIT and Thermo Scientific Velox 
software.

Image Simulations and Quantification: Multislice image simulations 
for both NCSI and HAADF STEM were carried out using Dr. Probe 
software.[42] Atomic models used in the simulations were modified 
using home-made scripts on the basis of ICSD-185372[37] and were 
visualized using VESTA software.[43] Quantitative comparison between 
experimental and simulated NCSI images was performed on the 
absolute contrast scale[34,44,45] by taking into account the effect of 
camera modulation-transfer function, specimen absorption, and image 
spread resulting mainly from thermal-magnetic field noise (Johnson 
noise)[46] in the optical path of a microscope using an iterative and 
semi-automatic approach with the assistance of home-made software 
package. Prior to comparison, the mean intensity of each image was 
normalized to a dimensionless value of 1, and the corresponding 
standard deviation of intensity spread represented the image contrast.[34] 
Simulation parameters for the best-fit NCSI images are listed in Table S1 
(Supporting Information).

[Further details of the crystal structure investigation(s) may 
be obtained from the Fachinformationszentrum Karlsruhe, 76 344 
Eggenstein-Leopoldshafen (Germany), on quoting the depository 
number ICSD-185372].

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 5.  a) Schematics of lattice strain induced by off-centering rattlers. b) Lattice thermal conductivity of unfilled Co4Sb12, Yb partially filled Yb0.2Co4Sb12 
and Ce fully filled Ce(CoFe3)Sb12 skutterudite samples.
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