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SEM observation
Figure S1a shows sample positions in the Mg2-xLixSn ingots used for each 
measurement. SEM images of the x = 0.02 ingot revealed that there were white dots in 
the edge area, whereas such dot was not found in the center area (Figures S1b and S1c, 
respectively). From the EDX analysis (Figure S1b1), the white dots were identified to 
be Sn secondary phase. The absence of the Sn secondary phase was confirmed by the 
elemental mapping images shown in Figures S1c1 and S1c2. 

Figure S1. (a) Sample positions in the Mg2-xLixSn ingots used for each measurement. 
(b) SEM image at the edge of the x = 0.02 ingot. In (b1), the EDX analysis of a white 
dot is shown. (c) SEM image at the center of the x = 0.02 ingot. In (c1) and (c2), 
elemental mapping images of the same region of (c) are shown.
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Laue X-ray diffraction (XRD)
Figures S2a-e show the Laue XRD patterns of the Mg2-xLixSn (x = 0,1 0.005, 0.015, 
0.020, and 0.025) ingots. The patterns coincided with a simulation for the Mg2Sn phase 
along the [111] direction (Figure S2f), indicating that the Mg2-xLixSn ingots were single 
crystals (SCs).

Figure S2. (a-e) Laue XRD patterns of the Mg2-xLixSn (x = 0,1 0.005, 0.015, 0.020, and 
0.025) ingots. (f) Simulated Laue XRD pattern for the Mg2Sn phase along the [111] 
direction.
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SC-XRD
For the crystal structure analysis of the Mg2-xLixSn SCs, we performed SC-XRD. A 
structure model of Mg2-xLixSn with Mg vacancies (VMg) was used. Table S1 lists the 
evaluated wR-factor, good-of-fitness (gof), Mg site occupancy, and equivalent isotropic 
displacement parameters Uiso of the Mg2-xLixSn (x = 0.005, 0.015, 0.020, and 0.025) 
SCs obtained from the SC-XRD. The VMg fraction was derived by subtracting the 
Mg/Li occupancy from 100%.

Table S1. wR factor, gof, and refined structural parameters for the Mg2-xLixSn (x = 
0.005, 0.015, 0.020, and 0.025) SCs.

X wR (%) gof Mg/Li occupancy
at the Mg site (%)† Uiso of Mg (Å2) Uiso of Sn (Å2)

0.005 2.05 1.61 94.55(120)/0.25 0.0116(4) 0.00778(15)
0.015 2.98 2.38 89.45(200)/0.75 0.0100(7) 0.00744(15)
0.020 2.88 2.39 89.00(180)/1.00 0.0097(7) 0.00730(15)
0.025 4.04 3.08 84.50(300)/1.50 0.0089(11) 0.0066(2)

†The Li content was fixed to the nominal composition.
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Transmission electron microscope (TEM) observation
Nanoscale precipitates around 44 nm (17 – 69 nm in size) were examined in a low-
magnification TEM image of the Mg1.980Li0.020Sn (x = 0.020) SC, as shown in Figure 
S3a. Figure S3b shows the electron diffraction pattern from the region containing 
several precipitates (the white dash circle in Figure S3a).

Figure S3. (a) Low-magnification TEM image of the Mg1.980Li0.020Sn (x = 0.020) SC. 
(b) Electron diffraction pattern from the region inside the white dash circle of Figure 
S2a. 
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Electronic thermal conductivity
The electronic thermal conductivity, κel, was estimated using the Wiedemann-Franz 
law: κel = LσT, where L, σ, and T are the Lorenz number, electrical conductivity, and 
absolute temperature, respectively. The L value was calculated from the measured 
Seebeck coefficient, S, using:2

. (S1)
𝐿 = 1.5 +  𝑒𝑥𝑝( ‒

|𝑆|
116)

The deviation of L is within 5%.2 This is because the electronic band structure and a 
dominant phonon scattering mechanism of Mg2Sn are a single parabolic band and 
acoustic phonon scattering, respectively. 

Figure S4 shows the estimated κel of the Mg2-xLixSn (x = 0,1 0.005, 0.015, 0.020, 
and 0.025) SCs as a function of temperature. The κel increased with increasing the Li 
content x. By the Li-doping, κel became higher than the 2% Ga-doped Mg2Sn SC,1 
reflecting the higher σ of the Mg2-xLixSn SCs.

Figure S4. Temperature dependence of κel of the Mg2-xLixSn (x = 0.005, 0.015, 0.020, 
and 0.025) SCs. The data of the undoped and 2% Ga-doped Mg2Sn SC1 are also shown 
for comparison.
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Bipolar thermal conductivity
The bipolar thermal conductivity κbip was given by the following equation:3

    , (S2)
𝜅𝑏𝑖𝑝 =

𝜎𝑒𝜎ℎ

𝜎𝑒 + 𝜎ℎ
(𝑆𝑒 ‒ 𝑆ℎ)2𝑇

where σe, σh, Se, and Sh are the electron conductivity, hole conductivity, electron 
Seebeck coefficient, and hole Seebeck coefficient, respectively. The σe, σh, Se, and Sh 
were calculated by fitting the measured σ and S using the following equations:3  

    , (S3)𝜎 = 𝜎𝑒 + 𝜎ℎ

    , (S4)𝜎𝑒 = 𝑛𝑒𝑒𝜇𝑒

    , (S5)𝜎ℎ = 𝑛ℎ𝑒(𝐴𝜇𝑒)

    , (S6)
𝑛𝑒 = 4𝜋(2𝑚 ∗

𝑒 𝑘𝐵𝑇

ℎ2 )
3
2𝐹1

2

(𝜉)

    , (S7)
𝑛ℎ = 4𝜋(2𝑚 ∗

ℎ 𝑘𝐵𝑇

ℎ2 )
3
2𝐹1

2

( ‒ 𝜉 ‒ 𝜉𝐺)

    , (S8)
𝑆 =

𝜎𝑒𝑆𝑒 + 𝜎ℎ𝑆ℎ

𝜎

    , (S9)
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𝑘𝐵

𝑒 [(𝑟 +
5
2) ∙ 𝐹

𝑟 +
3
2

(𝜉)

(𝑟 +
3
2) ∙ 𝐹

𝑟 +
1
2

(𝜉)
‒ 𝜉]

    ,

𝑆ℎ =
𝑘𝐵

𝑒 [(𝑟 +
5
2) ∙ 𝐹

𝑟 +
3
2

( ‒ 𝜉 ‒ 𝜉𝐺)

(𝑟 +
3
2) ∙ 𝐹

𝑟 +
1
2

( ‒ 𝜉 ‒ 𝜉𝐺)
+ 𝜉 + 𝜉𝐺]

(S10)

    , (S11)
𝜉𝐺 =

𝐸𝑔 ‒ 𝑏𝑇

𝑘𝐵𝑇

where ne, nh, e, μe, A, me
*, mh

*, kB, h, Fn(ξ), ξ, ξG, r, Eg, and b are the electron carrier 
concentration, hole carrier concentration, elementary charge, fitting parameter, electron 
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effective mass, hole effective mass, Boltzmann constant, Plank constant, Fermi 
integral, reduced Fermi energy, temperature-dependent band gap, scattering parameter 
(here, r = -1/2), band gap, and temperature coefficient, respectively. The used 
parameters are presented in Table S2. The calculation details can be found in our 
previous papers.4-6

Table S2. Parameters used for the calculation of the κbip of the Mg2-xLixSn (x = 0.005, 
0.015, 0.020, and 0.025) SCs.

The temperature dependence of κbip of the Mg2-xLixSn SCs is shown in Figure S5. 
The calculated κbip of the undoped and 2% Ga-doped Mg2Sn SCs1 is also shown. The 
κbip decreased as the Li content x increased, confirming the suppression of bipolar 
conduction by increasing the majority carriers, i.e., hole carriers due to the Li-doping.

Figure S5. Temperature dependence of κbip of the Mg2-xLixSn (x = 0.005, 0.015, 0.020, 
and 0.025) SCs, with the undoped and 2% Ga-doped Mg2Sn SCs.1

Eg (eV) b (eV/K) A me
* mh

*

x = 0.005 0.36 7 3×10-4 7 1 1.08 0.507

x = 0.015 0.36 7 3×10-4 7 1 1.08 0.497

x = 0.02 0.36 7 3×10-4 7 1 1.08 0.588

x = 0.025 0.36 7 3×10-4 7 1 1.08 0.525
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Lattice Thermal Conductivity
The lattice thermal conductivity, κlat, was calculated by using the Debye model:8

,
𝜅𝑙𝑎𝑡(𝑥) =

𝑘𝐵

2𝜋2𝑣(𝑘𝐵𝑇

ℏ )3

𝜃𝐷
𝑇

∫
0

𝑥4𝑒𝑥

𝜏 ‒ 1
𝑡𝑜𝑡(𝑒𝑥 ‒ 1)2

𝑑𝑥, 𝑥 ≡
ℏ𝜔
𝑘𝐵𝑇

(S12)
where v, , θD, τtot, and ω are the sound velocity, reduced Planck constant, Debye ℏ
temperature, total relaxation time for phonon scattering, and phonon frequency, 
respectively. 

Considering that phonons are scattered by the Umklapp process (UP; three phonon 
scattering process), point defects (PDs), dislocation cores (DCs) and nano precipitates 
(NPs), the τtot

-1 can be described by the following equation:9

, (S13)𝜏 -
1

𝑡𝑜𝑡 (𝜔) = 𝜏 -
1

𝑈𝑃 (𝜔) + 𝜏 -
1

𝑃𝐷 (𝜔) + 𝜏 ‒ 1
𝐷𝐶(𝜔) + 𝜏 ‒ 1

𝑁𝑃(𝜔)

The relaxation time of UP is given as:

, (S14)
𝜏 -

1
𝑈𝑃 (𝜔) =

ℏ𝛾2

𝑀𝑣2𝜃𝐷

𝜔2𝑇𝑒
( ‒

𝜃𝐷
3𝑇)

where the γ and M are the Grüneisen parameter and average atomic mass, respectively. 
The relaxation time of PD scattering is given by

, (S15)
𝜏 ‒ 1

𝑃𝐷(𝜔) =
𝑉0𝜔4

4𝜋𝑣3
Γ

where the V0, and Γ are the average atomic volume and disorder parameter, 
respectively. The PD scattering mainly comes from two aspects: mass fluctuation and 
stain. Thus, the Γ can be described as following equations:10,11

, (S16)Γ = Γ𝑀𝑔 + Γ𝑆𝑛

, (S17)
Γ𝑀𝑔 = Γ𝑀𝑔(𝑉𝑀𝑔) + Γ𝑀𝑔(𝐿𝑖)

,
Γ𝑀𝑔(𝑉𝑀𝑔) =

2
3(�̅�𝑀𝑔

�̅� )2𝑝(1 ‒ 𝑝 ‒ 𝑞){[ 𝑀𝑉𝑀𝑔
‒ 𝑀𝑀𝑔

𝑝𝑀𝑉𝑀𝑔
+ (1 ‒ 𝑝 ‒ 𝑞)𝑀𝑀𝑔]2 + 𝜀𝑀𝑔[ 𝑟𝑉𝑀𝑔

‒ 𝑟𝑀𝑔

𝑝𝑟𝑉𝑀𝑔
+ (1 ‒ 𝑝 ‒ 𝑞)𝑟𝑀𝑔]2}

(S18)

,
Γ𝑀𝑔(𝐿𝑖) =

2
3(�̅�𝑀𝑔

�̅� )2𝑞(1 ‒ 𝑝 ‒ 𝑞){[ 𝑀𝐿𝑖 ‒ 𝑀𝑀𝑔

𝑞𝑀𝐿𝑖 + (1 ‒ 𝑝 ‒ 𝑞)𝑀𝑀𝑔
]2 + 𝜀𝑀𝑔[ 𝑟𝐿𝑖 ‒ 𝑟𝑀𝑔

𝑞𝑟𝐿𝑖 + (1 ‒ 𝑝 ‒ 𝑞)𝑟𝑀𝑔
]2}

(S19)
  , (5)Γ𝑆𝑛 = 0

where the average atomic mass is denoted as  (considering both the Mg and Sn sites) �̅�
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and  (at the Mg site); p and q represent the VMg fraction and Li dopant content, �̅�𝑀𝑔

respectively; M is the atomic mass and r is the atomic radius, with subscripts of VMg, 

Mg, Li ( = 0 u, = 0 Å);  is the strain field factor at the Mg site. The 
𝑀𝑉𝑀𝑔

𝑟𝑉𝑀𝑔 𝜀𝑀𝑔

evaluated , , and  values are presented in Table S3. The relaxation time of the Γ𝑀𝑔 Γ𝑆𝑛 Γ

phonon scattering by the DCs,  was calculated by:𝜏 ‒ 1
𝐷𝐶

, (S20)
𝜏 ‒ 1

𝐷𝐶(𝜔) = 𝑁𝐷𝐶
𝑉4/3𝜔3

𝑣2

where the  is the density of the DCs. The expression to estimate the relaxation time 𝑁𝐷𝐶

of NPs, , is given by𝜏 ‒ 1
𝑁𝑃

, (S21)
𝜏 ‒ 1

𝑁𝑃(𝜔) = 𝑣[(2𝜋𝑅2) ‒ 1 + (𝜋𝑅24
9(∆𝜌

𝜌0
)2(𝜔𝑅

𝑣 )4) ‒ 1]𝑉𝑁𝑃

where  is the density of the NPs (here, VNP = 2.6×1020 m-3), R is the average radius 𝑉𝑁𝑃

(here, R = 2.2×10-8 m),  is the density of the matrix, i.e., the single crystal region of 𝜌0

the Mg2Sn phase, and  is the density difference between the NP and the Mg2Sn phase. ∆𝜌

The used parameters for the calculation of , , , and  are 𝜏𝑈𝑃(𝜔) 𝜏𝑃𝐷(𝜔) 𝜏𝐷𝐶(𝜔) 𝜏𝑁𝑃(𝜔)

presented in Table S4. 

Table S3. Calculated , , , and  values of the Mg2-xLixSn (x = 0.005, 
Γ𝑀𝑔(𝑉𝑀𝑔) Γ𝑀𝑔(𝐿𝑖) Γ𝑆𝑛 Γ

0.015, 0.020, and 0.025) SCs.

Table S4. Parameters used for the calculation of κlat of the Mg2-xLixSn (x = 0.005, 0.015, 
0.020, and 0.025) SCs.

Li content x Γ𝑀𝑔(𝑉𝑀𝑔)
Γ𝑀𝑔(𝐿𝑖) Γ𝑆𝑛 Γ

0.005 0.0579 0.000171 0 0.0581
0.015 0.107 0.000512 0 0.107
0.020 0.108 0.000681 0 0.109
0.025 0.149 0.000850 0 0.150

v (m/s) θD (K) γ εMg εSn

3000 12 240 13 1.95 5
8 14 23 14
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