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Structural Characterization

The SEM photographs and grazing-angle incidence X-ray diffraction (GIXD) patterns of the 

ribbons after MS are shown in Fig. S1. The side of the ribbons contacting with the copper wheel 

after MS is defined as ‘contacting face’. Another side of the ribbons is defined as ‘free face’. As 

shown in Fig. S1a, fine uniform crystal grains with the size below 200 nm are observed in the free 

face. The phases of these crystalline grains in the free face, identified by GIXD measurement with a 

5º grazing angle (see Fig. S1c), are CoSb3, CoSb2, and Sb. Whereas, in the contacting face, the 

intensity of all the GIXD peaks is very weak (the peaks from 20-25º arise from the substrate during 

the measurement), indicating weak crystallization due to the ultrafast cooling rate on this side when 

the melt liquid contact the high-speed-rotated copper wheel. There is also almost no crystallization 

observed in the contacting face by SEM.

Figure S2 shows the X-ray diffraction patterns for R0.2Co4Sb12 (R = Nd, Sm, Gd, Tb, Dy, and 

Tm) samples prepared by the NEMH process. The main phase for all the samples is CoSb3 (JCPDS 

No. 65-3144). Some impurity diffraction peaks, which are identified as belonging to CoSb2 and RSb 

phases, are observed in the X-ray diffraction patterns for filler Tm, Dy, Tb, and Gd.

Lattice parameters calculated by an analytical extrapolation function of (cos2/sin+cos2/)/2 

are shown in Fig. S3. The lattice parameters of these rare-earth filled RyCo4Sb12 follow the similar 

increasing trend with Yb- or K-filled skutterudites, but lower than that of Ba- or Eu-filled 

skutterudites1-5.

Low-temperature Thermal Conductivity

Figure S6 shows the low-temperature Lfrom 10 to 300 K for CoSb3 and RyCo4Sb12 (R = Nd, Sm, 

Gd, Tb, and Dy). Debye approximation is used to model the temperature dependence of the low-

temperature L for all the samples. In the Debye model7,8, lattice thermal conductivity is given by
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where ,  is the phonon frequency, kB is the Boltzmann constant, ћ is the reduced / Bx k T h

Planck constant, D is the Debye temperature, v is the velocity of sound, and c is the phonon 

scattering relaxation time. The overall phonon scattering relaxation rate is written as1
c
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where L is the grain size, A, B and C are the fitting parameters, and 0is the resonance frequency. 

The terms on the right side of Eq. (S2) are the relaxation times for grain boundary scattering, point 

defect scattering, phonon-phonon Umklapp scattering and resonant phonon scattering, respectively. 

In our calculations, the Debye temperature D = 287 K) and the velocity of sound v = 2700 m/s) 

are taken from literatures9. The fitted curves of low-temperature L using Eq. (S1) and (S2) are 

plotted in Fig. S6. The solid lines fit the experimental data very well over the entire temperature 

range for all the samples. The fitted parameters are listed in Table S2. 

The fitted grain size (L) varies from about 1 to 4 m for all the samples, consistent well with 

the observations by Scanning Electron Microscope (SEM). The fitted parameter A for point defect 

scattering increases monotonously with increasing filling fractions (y) due to the enhanced phonon-

point defect scattering when the fillers insert into CoSb3 lattice. For Umklapp scattering, the 

parameter B is around 3.5×10-18 s/K for all the samples and no obvious trend as a function of y is 

observed. For resonant phonon scattering, the parameter C is proportional to the concentration of 

resonant scattering center formed by the fillers in the voids of CoSb3 lattice, and 0is the resonant 

frequency of the fillers. 
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Supplementary Figures and Tables

Fig. S1 SEM photographs of the ribbons after MS: (a) free face and (b) contacting face, as well as 

(c) GIXD patterns for the ribbons after MS.

Fig. S2 XRD patterns for RyCo4Sb12 (R = Nd, Sm, Gd, Tb, Dy, and Tm) prepared by the NEMH 
method. 
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Fig. S3 Lattice parameter as a function of actual filling fraction y for RyCo4Sb12 (R represents the 
fillers: Nd, Sm, Gd, Tb, Dy, and Tm)1-6. The dashed lines are guides to the eyes.

Fig. S4 Temperature dependence of power factorfor RyCo4Sb12 (R = Nd, Sm, Gd, Tb, Dy, and Tm). 
The data for the Nd-filled sample prepared by TMQA method, and the Gd- and Sm-filled samples 
prepared by HP method are included for comparison6,10,11.
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Fig. S5 Temperature dependence of lattice thermal conductivity Lfor RyCo4Sb12 (R = Nd, Sm, Gd, 
Tb, Dy, and Tm). The data for the Nd-filled sample prepared by TMQA method, and the Gd- and 
Sm-filled samples prepared by HP method are included for comparison6,10,11.

Fig. S6 Low-temperature lattice thermal conductivity Lfrom 10 to 300 K for CoSb3 and RyCo4Sb12 
(R represents the fillers: Nd, Sm, Gd, Tb, and Dy). The solid lines are fitting curves based on Eq. 
(S1) and (S2). 
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Fig. S7 Cycling measurements of (a) electrical conductivityand (b) Seebeck coefficient  for 
SmyCo4Sb12.

Table S1 Nominal composition, actual composition of the fillers (R) based on the EDS 
measurement, lattice parameter a, and room temperature lattice thermal conductivity L, Hall carrier 
concentration n, electrical conductivity , Seebeck coefficient , electron effective mass m* and zT 
in RyCo4Sb12 (R = Nd, Sm, Gd, Tb, Dy, and Tm).

Nominal Actual R a L n   m* zT

Composition Composition (Å) (W/m·K) (1020 cm-3) (105 -1m-1) (V/K) (m0)

Tm0.2Co4Sb12 --- 9.034 6.8 0.08 0.04 -285 --- 0.02

Dy0.2Co4Sb12 0.017 9.035 5.1 0.25 0.23 -271 2.1 0.1

Tb0.2Co4Sb12 0.029 9.036 4.6 0.37 0.36 -243 2.2 0.13

Gd0.2Co4Sb12 0.036 9.038 4.1 0.61 0.54 -231 2.7 0.19

Nd0.2Co4Sb12 0.148 9.046 2.1 3.35 1.64 -134 3.5 0.29

Sm0.2Co4Sb12 0.154 9.048 2.4 3.59 2.11 -136 3.9 0.33
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Table S2 Fitted parameter L, A, B, C, and0 by Debye model for CoSb3 and RyCo4Sb12 (R = Dy, 
Tb, Gd, Nd, and Sm).

RyCo4Sb12 L (m) A (10-43 s3) B (10-18 s/K) C (1034 s-3) 0 (cm-1)

CoSb3 4.22 3.4 4.04 --- ---

Dy0.017Co4Sb12 1.04 24.1 3.11 1.69 72

Tb0.029Co4Sb12 2.45 34.4 3.12 2.54 96

Gd0.036Co4Sb12 2.00 45.0 3.63 3.53 172

Nd0.148Co4Sb12 1.35 116 3.32 15.6 231

Sm0.154Co4Sb12 1.97 127 3.08 16.7 320
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