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Plasticity in single-crystalline Mg3Bi2 
thermoelectric material

Peng Zhao1,9, Wenhua Xue1,2,9, Yue Zhang2,9, Shizhen Zhi1, Xiaojing Ma1, Jiamin Qiu1, 
Tianyu Zhang1, Sheng Ye1, Huimin Mu3, Jinxuan Cheng1, Xiaodong Wang1,4, Shuaihang Hou1, 
Lijia Zhao5, Guoqiang Xie1,6, Feng Cao7, Xingjun Liu1,6, Jun Mao1,6 ✉, Yuhao Fu3 ✉, 
Yumei Wang2,8 ✉ & Qian Zhang1,6 ✉

Most of the state-of-the-art thermoelectric materials are inorganic semiconductors. 
Owing to the directional covalent bonding, they usually show limited plasticity at  
room temperature1,2, for example, with a tensile strain of less than five per cent. Here 
we discover that single-crystalline Mg3Bi2 shows a room-temperature tensile strain of  
up to 100 per cent when the tension is applied along the (0001) plane (that is, the ab 
plane). Such a value is at least one order of magnitude higher than that of traditional 
thermoelectric materials and outperforms many metals that crystallize in a similar 
structure. Experimentally, slip bands and dislocations are identified in the deformed 
Mg3Bi2, indicating the gliding of dislocations as the microscopic mechanism of plastic 
deformation. Analysis of chemical bonding reveals multiple planes with low slipping 
barrier energy, suggesting the existence of several slip systems in Mg3Bi2. In addition, 
continuous dynamic bonding during the slipping process prevents the cleavage of the 
atomic plane, thus sustaining a large plastic deformation. Importantly, the tellurium- 
doped single-crystalline Mg3Bi2 shows a power factor of about 55 microwatts per 
centimetre per kelvin squared and a figure of merit of about 0.65 at room temperature 
along the ab plane, which outperforms the existing ductile thermoelectric materials3,4.

Metals are usually malleable and ductile, benefitting from the metallic 
bonding that involves a strong electrostatic force between the delocal-
ized electrons and metal cations. In contrast, semiconductors are brittle 
owing to the directional covalent or ionic bonding, and repulsive inter-
action appears when atoms slide5. Traditional thermoelectric materials 
are inorganic semiconductors and they show limited deformability.

Recently, some inorganic semiconductors with plastic deformability 
have been reported, for example, Ag2S alloys3,4,6, ZnS (ref. 7), InSe (ref. 8) 
and several van der Waals materials9. As flexible thermoelectric devices 
mainly aim at applications such as human body heat harvesting and 
personalized thermoregulation3,10, materials with high thermoelectric 
performance at ambient temperature are highly desirable. Unfortu-
nately, room-temperature thermoelectric materials are limited11, let 
alone the additional requirement for plastic deformability. Here we 
discover that Mg3Bi2 single crystals are plastic at room temperature, and 
they also show promising thermoelectric properties that outperform 
the state-of-the-art ductile semiconductors.

Plasticity in Mg3Bi2 single crystal
Mg3Bi2 crystallizes in the typical anti-α-La2O3 structure type (P3m1), 
as shown in Fig. 1a. To characterize the plastic deformability of 

Mg3Bi2-based materials, both single-crystalline (S) and polycrystalline 
(P) samples were prepared (Supplementary Figs. 1–6). Both polycrys-
talline and single-crystalline Mg3Bi2 can realize large compressive 
strains above 50% (Fig. 1b,h). In comparison, thermoelectric materials 
such as Bi0.5Sb1.5Te3, Bi2Te2.7Se0.3, GeTe and ZrNiSn show a maximum 
compressive strain of less than 5% (Fig. 1b and Supplementary Fig. 7). 
As Mg3Bi2 crystallizes in the hexagonal lattice (Fig. 1a), a comparison 
of the tensile stress–strain curves between Mg3Bi2 and several hexago-
nal close-packed (hcp) metals along with other ductile semiconductors 
has been made (Fig. 1c and Supplementary Fig. 8). The single-crystalline 
Mg3Bi2 withstands a tensile strain of up to 100%, which is higher than 
that of hcp metals and ductile semiconductors and comparable to 
annealed Ag2Te0.7S0.3 (ref. 4).

As shown in Fig. 1d, the tensile properties of the single-crystalline 
Mg3Bi2 are highly anisotropic. When the tension is applied along 
(0001) plane (that is, θ = 0°), it can realize a large tensile strain of 
about 100%. However, when the tension is applied along the direc-
tion with a non-zero angle (that is, θ ≠ 0°) with respect to the (0001) 
plane (Fig. 1d, inset), the maximum tensile strain reduces markedly, 
and it is only about 12% when the angle is about 40°. Such anisotropy 
should be attributed to the easy cleavage between the ab plane. 
When tension is applied along the direction with a non-zero angle 
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with respect to the (0001) plane, a component of the tension along 
[0001] direction will result in the cleavage of the single-crystalline 
Mg3Bi2. This also partially explains why the maximum tensile strain of 
the polycrystalline sample is lower than that of the single crystal. In the 
following discussion, all the tensile stress–strain curves of the Mg3Bi2 
single crystals are characterized with the tension applied along the  
(0001) plane.

A comparison of the tensile properties between Mg3Bi2 and tradi-
tional thermoelectric materials is shown in Fig. 1e and Supplementary 
Fig. 9. The maximum tensile strain of single-crystalline Mg3Bi2 is one 
order of magnitude higher than that of traditional thermoelectric 
materials. The inset of Fig. 1e shows the elongated single crystals with 
different tensile strains. It is noteworthy that the single-crystalline 
Mg3Bi2 can be easily deformed, and it has been folded, twisted or bent 
into the letters showing ‘HITSZ’ (Fig. 1f). In addition, the three-point 
bending test has also been conducted on the single-crystalline Mg3Bi2. 
The two ends of the bent sample are barely affected and maintain a 90° 
angle (Fig. 1g and Supplementary Fig. 10), indicating a localized plastic 
deformation. The deformability not only exists in single crystals but 
also is noticeable in polycrystalline Mg3Bi2. The bulk cylinder of the 
polycrystalline sample can be easily compressed (Fig. 1h) and machined 
into the long lathes (Supplementary Fig. 11).

The microscopic mechanism for plasticity
To understand the microscopic mechanism of the plastic deforma-
tion in Mg3Bi2, microstructural characterizations were performed. 
Slip bands in the deformed Mg3Bi2 were identified (Fig. 2a and Sup-
plementary Fig. 12), indicating the collective gliding of high-density 

dislocations (Supplementary Fig. 13). To further characterize the 
dislocations and identify the slip systems, high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) 
was applied (Fig. 2 and Supplementary Figs. 14 and 15). Figure 2b–i 
and Supplementary Fig. 15 show the edge dislocations in the deformed 
Mg3Bi2 single crystal. The Burgers vector of the neighbouring edge 
dislocations is in the direction of [1121.2] and its magnitude is d2 (1122), 
where d(1122) is the spacing between the neighbouring (1122) planes. 
Extra half-planes (1011) and (0111) and the slip plane (1100) can be 
determined from the STEM images in Fig. 2b and Supplementary 
Fig. 15d. To distinctly show the dislocation core, a filtering processing 
was preformed for Fig. 2c. The obtained filtered images from diffrac-
tion spots 1011 and  0111 clearly show the inserted extra half-plane in 
Fig. 2d,e, respectively. As Mg3Bi2 crystallizes in a hexagonal lattice, 
it is reasonable to expect the slip systems in Mg3Bi2 to be similar to 
those in the hcp metals12. The main slip systems in the hcp metals 
include the basal slip {0001}⟨1120⟩ , the prismatic slip {1100}⟨1120⟩  
and  {1100}⟨1123⟩, and the pyramidal slip  {1101}⟨1120⟩, {1101}⟨1213⟩ and 
{1122}⟨1123⟩ (Supplementary Fig. 16)13–15. Experimentally, the observed 
Burgers vector can be viewed as the projection of vectors of [1123] 
and/or [1120]. Therefore, the edge dislocations in the deformed  
Mg3Bi2 can be generated by the activation of the {1100}⟨1123⟩ and/or 
{1100}⟨1120⟩ slip systems (Fig. 2f), that is, the prismatic c a⟨ + ⟩ and/
or a⟨ ⟩ slip systems. As the tension is applied perpendicular to the 
[0001] direction, the activation of the  {1100}⟨1123⟩ and/or  {1100}⟨1120⟩ 
slip systems can contribute to the plastic deformation in Mg3Bi2.

In addition, edge dislocations with Burgers vector b = c[0001] cor-
responding to the slip plane (1210) (Fig. 2g) were observed. The filtered 
image from the diffraction spot 0002 in Fig. 2g clearly shows the 
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Fig. 1 | Plastic deformability of Mg3Bi2. a, The crystal structure of Mg3Bi2, 
where γ is the supplementary angle between the a and b axes. b, Compressive 
stress–strain curves of different thermoelectric materials and ductile 
semiconductors. c, Tensile stress–strain curves of different hcp metals and 
ductile semiconductors. The data for Ti, Zr, Mg, Hf and Co were obtained in  
this work. d, Anisotropic tensile properties of single-crystalline Mg3Bi2. Inset: 
the schematic view shows the angle (θ) between the tension and the ab plane.  

e, Tensile stress–strain curves of different thermoelectric materials. Inset: 
comparison between the elongated and the pristine single-crystalline Mg3Bi2. 
The data for Bi0.5Sb1.5Te3, Bi2Te2.7Se0.3, GeTe-based, PbTe-based, MgAgSb and 
ZrCoSb were obtained in this work. f, Morphed single-crystalline Mg3Bi2 
showing the letters ‘HITSZ’. g, Bent single-crystalline Mg3Bi2. h, Comparison  
of the bulk polycrystalline Mg3Bi2 with different compressive deformation.
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inserted extra half-plane (Fig. 2h). In addition, edge dislocations with 
Burgers vector b = c/2[0001] corresponding to the slip plane (0110) 
were also observed (Fig. 2i), suggesting slip of the atomic plane along 
the [0001] direction during plastic deformation. However, when ten-
sion is applied perpendicular to the [0001] direction, such slip along 
the [0001] direction should be difficult. In principle, the slip process 
is governed by Schmid’s law, that is, the shear stress applied along the 
slip direction should be larger than the corresponding critically 
resolved shear stress. Therefore, whether a certain slip system can be 
activated in a single crystal depends on the relation between crystal 
orientation and the direction of tension. According to Schmid’s law, 
the resolved shear stress along the [0001] direction is negligible when 
the tension is applied perpendicular to the [0001] direction. In the 
tensile test, crystal rotation occurs when plastic deformation becomes 
noticeable (Supplementary Fig. 17). In this scenario, non-vanishing 
resolved shear stress along the [0001] direction can be produced, and 
the slip across the (0001) planes becomes possible and contributes 
partly to the plastic deformability.

Density functional theory calculations were performed to further 
understand the slip systems in Mg3Bi2. Specifically, basal, prismatic 
and pyramidal slip systems with slip direction along ⟨1120⟩ and ⟨1123⟩ 
were considered (Supplementary Fig. 18 and Supplementary Tables 1 
and 2). During slipping, the position of the slip planes and their inter-
layer distance can be changed. This process is simulated by dividing 
the slip within one crystallographic period along the slip directions of 
⟨1120⟩ and ⟨1123⟩ into 30 steps. For every step, the total energy as a 
function of interlayer distance (d) is calculated. The slipping barrier 
energy (ΔEs) is the change in energies between the material’s initial 
total energy and the state with the largest energy during slipping.  

The large plastic deformability requires the material to have a low slip-
ping barrier energy along the slipping plane. Figure 3a,b shows that 
the slipping barrier energy of the slip system {1100}⟨1123⟩  is about 
39 meV Å−2 and it is about 20 meV Å−2 for the slip system {1100}⟨1120⟩ 
(Supplementary Fig. 19). The low slipping barrier energy of the pris-
matic slip systems explains the observed edge dislocations with Burg-
ers vector in the direction of [1121.2] and the magnitude of d2 (1122). 
Compared with the slip of the whole atomic plane that involves the 
breaking and reforming of the chemical bonds, edge dislocation 
requires only the additional atomic plane to move a very short distance. 
Therefore, the existence of the dislocations can greatly reduce the 
slipping barrier energy and further facilitate the slipping process. In 
addition, the slipping barrier energy for all the other slip systems is 
less than 55 meV Å−2 (Supplementary Figs. 19 and 20). Similarly, Ag2S 
and InSe also have low slipping barrier energies along certain crystal-
lographic planes (Supplementary Fig. 21). Therefore, this suggests that 
multiple slip systems are possible in Mg3Bi2, which can account for the 
plasticity of this material. In addition to the low slipping barrier energy, 
the atoms between the neighbouring slipping planes should have 
strong interaction to prevent cleavage and the formation of cracks, 
that is, high cleavage energy (ΔEc). As shown in Supplementary Table 3, 
the atomic planes in Mg3Bi2 have relatively high cleavage energy during 
slipping. Besides, the slipping barrier energy and cleavage energy of 
different 1-2-2 Zintl phase materials have been calculated (Supplemen-
tary Table 4). There are several materials with higher values for the 
ratio of cleavage energy to slipping barrier energy than that of Mg3Bi2, 
suggesting possible plasticity in single-crystalline samples.

To gain more insight into the microscopic mechanism for the plas-
ticity, an analysis of the chemical bonding in Mg3Bi2 was performed. 
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The electron localization function, which is the probability of finding 
an electron pair in a space region, is an intuitive tool that enables the 
visualization of bonding pairs. The calculated electron localization 
function for prismatic slip systems {1100}⟨1123⟩  and {1100}⟨1120⟩   
shows significant dynamic bonding near the slip plane (Fig. 3d and 
Supplementary Fig. 22). The integrated crystal orbital Hamilton 
population (ICOHP), which quantifies the bonding strength for each 
step of the slipping process visualizing these bonds, is also calculated 
as shown in Fig. 3c. Schematic diagrams of the slipping interfaces of 
Mg3Bi2 are shown in Supplementary Fig. 23 and the calculated crystal 
orbital Hamilton population (COHP) of other slip system is shown in 
Supplementary Figs. 24–26. Despite continuous breaking and reform-
ing of magnesium (Mg)–bismuth (Bi) bonds during the slipping pro-
cess, robust dynamic bonding persists at each step, thus preventing 
the fracture of the material, and it is quite similar to Ag2S (refs. 6,16; 
Supplementary Figs. 27 and 28). During the slip process, there are 
multiple slip pathways in Ag2S, and the silver (Ag)–sulfur (S) octagon 
framework moves easily, accompanied by the formation of Ag–Ag 
metallic bonds16. However, there are also some differences between 
the two materials. According to the COHP calculations, the Ag–S 

bonds are strongly antibonding near the valence-band edges in Ag2S 
(Supplementary Fig. 29d). Conversely, the Mg–Bi bonds are mainly 
bonding states near valence-band edges. In particular, the bonding 
between Mg and Bi is relatively weak near the valence-band maximum 
and gradually strengthens when moving into valence bands (Sup-
plementary Fig. 29c).

It is noted that elemental Mg shows limited plasticity due to the 
restricted basal slip {0001}⟨1120⟩  and tensile twin {1012}⟨1011⟩ 13,15.  
However, it becomes much more malleable when alloyed with other 
elements17–21, owing to the additional activation of other slip systems. 
Similarly, Bi is a semimetal whose 6p orbital energy (−0.17519 eV) is 
almost degenerate with the 3s orbital energy (−0.17563 eV) of Mg when 
relativistic effects are considered22. This metallic tendency and orbital 
energy similarity leads to partial metallic-like bonding between Mg 
and Bi. Notably, the electronegativity difference between the elements 
(for example, Mg 1.31 and Bi 2.02) indicates more intricate bonding in 
Mg3Bi2, potentially involving ionic, covalent and metallic interactions. 
Mg3Bi2 is a typical Zintl phase structure composed of metallic Mg and 
metalloid Bi. According to the Zintl chemical rules, as the main group 
elements become heavier, their bonding shows a more metallic 
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character23. Consequently, the mechanical properties of Mg3Bi2 are 
expected to be more metallic-like, consistent with the discussed bond-
ing analysis and its semi-metallic nature. This mixed bonding feature, 
especially the presence of partial metallic bonding, has weak, non-local 
characteristics, which can improve the material’s tolerance to atomic 
movement during deformation. In addition, the interlayer Mg1 bonds 
with multiple adjacent Bi atoms (coordination number is 6), which is 
also conducive to maintaining dynamic bonding. Thus, the mixed bond-
ing of Mg3Bi2 shares similarities with the weak, diffuse and multicentred 
Ag–S bond in Ag2S (ref. 6). This multifaceted bonding is the key to the 
unexpected plasticity of Mg3Bi2.

Thermoelectric performance of Mg3Bi2−xTex

Mg3Bi2-based alloys with promising thermoelectric performance 
around room temperature have been reported24,25. Our results show that 
the thermoelectric properties of the n-type single-crystalline Mg3Bi2 are 
highly anisotropic (Supplementary Figs. 30–32). The electrical resistiv-
ity (ρ) and the Seebeck coefficient (S) of Mg3Bi2−xTex are higher in the 
ab plane than in the c plane and the thermal conductivity (κ) is higher 
in the c plane than in the ab plane. Such abnormal anisotropy should 
be ascribed to the semi-metallic nature of the Mg3Bi2-based materials 
(Supplementary Figs. 33 and 34), that is, the transport properties are 
jointly determined by the electrons and holes. The valence band is 
highly anisotropic and the hole effective mass along the Γ–A direction 
(along the c direction) is only about 0.002m0, whereas it is about 0.77m0 
along the K′–Γ–K direction (in the ab plane) and about 0.88m0 along the 
M′–Γ–M direction (in the ab plane), where m0 is the free electron mass. 
The much smaller hole effective mass along the Γ–A direction contrib-
utes to higher hole mobility and eventually leads to lower resistivity 
and larger electronic thermal conductivity in the c plane. Calculation 
of the transport properties has also been performed by the BoltzTraP2 
code (Supplementary Fig. 35), and their trends are in reasonably good 

agreement with the measured results. The calculation also suggests 
reduced anisotropy at higher electron concentrations, which can be 
attributed to the disappearance of the isoenergy surface of the valence 
band (Supplementary Fig. 36). It should be noted that our results are 
in good agreement with a recent report26 (Supplementary Fig. 37).

The thermoelectric properties of Mg3Bi2−xTex along the ab plane are 
shown in Fig. 4. The electrical resistivity of Mg3Bi2 increases with tem-
perature, showing the metallic character, and Te doping can increase 
the Hall carrier concentration (Supplementary Fig. 38) and reduce the 
electrical resistivity (Fig. 4a). The undoped Mg3Bi2 shows a high Seebeck 
coefficient of −180 μV K−1 at room temperature (Fig. 4b). Compared with 
other semimetals27,28, which usually have an absolute Seebeck coeffi-
cient less than 100 μV K−1, such a high Seebeck coefficient in Mg3Bi2 is 
quite remarkable. Slight Te doping (x = 0.002) can even tune the ratio 
of the majority carrier concentration (that is, electron concentration) 
to the minority carrier concentration (that is, hole concentration), thus 
further increasing the Seebeck coefficient (Supplementary Fig. 39). 
Owing to the occurrence of bipolar conduction, the Seebeck coeffi-
cient of Mg3Bi2−xTex decreases with the increase in temperature. Mg3Bi2 
achieves a room-temperature power factor of about 34 μW cm−1 K−2, and 
it is as high as about 55 μW cm−1 K−2 for Mg3Bi1.998Te0.002 (Fig. 4c). The ther-
mal conductivity of Mg3Bi2−xTex increases with temperature owing to 
the bipolar effect. Eventually, Mg3Bi2 shows a room-temperature figure 
of merit (zT ) of about 0.35, and it is about 0.65 for Mg3Bi1.998Te0.002. The 
repeatability of the electrical transport properties of Mg3Bi1.998Te0.002 
was verified (Supplementary Fig. 40). For practical application, the 
chemical and thermal stabilities of the material are of great impor-
tance29–31. The thermoelectric properties of Mg3Bi2 were cycled 
between 300 K and 573 K ten times, and the results were nearly identical  
(Supplementary Fig. 41). In addition, Mg3Bi2 was stored in dry air for 
30 days and the thermoelectric properties remained highly compara-
ble (Supplementary Fig. 42), indicating good chemical stability of the 
material once the isolation of the water can be guaranteed30,31.
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Fig. 4 | Thermoelectric properties of the single-crystalline Mg3Bi2−xTex 
along the ab plane. a–e, Temperature-dependent electrical resistivity (a), 
Seebeck coefficient (b), power factor (c), thermal conductivity (d) and zT (e) of 
Mg3Bi2−xTex. It is noted that the thermoelectric properties of Mg3Bi2−xTex are 

measured along the ab plane. f, Comparison of the relationship between the 
maximum engineering tensile strain and room-temperature zT and power 
factor among the different thermoelectric materials.
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A comparison of the maximum tensile strain, zT and power factor 

among different thermoelectric materials is shown in Fig. 4f. As can be 
seen, Bi2Te2.7Se0.3 and Bi0.5Sb1.5Te3 can realize high zT and large power 
factor at room temperature, but their tensile strain is only less than 
3%. The ductile semiconductors Ag2S and InSe can realize a relatively 
higher tensile strain, but their thermoelectric performance is poor6,8. 
Most thermoelectric materials fail when a tensile strain is less than 
10%. In contrast, Mg3Bi2 and Mg3Bi1.998Te0.002 can realize very large 
tensile strain above 90% (Supplementary Fig. 43) and a high zT and 
power factor at room temperature. The Te doping has a negligible 
effect on the stress–strain behaviour and the formation of slip bands 
of single-crystalline Mg3Bi2 (Supplementary Figs. 44–47), and can be 
ascribed to the low doping concentration (only about 0.1 at%). As Sb 
alloying on Mg3Bi2 can effectively improve the thermoelectric proper-
ties24,25,32, its effect on plasticity was also studied. The maximum tensile 
strain of Mg3Bi2−ySby is noticeably lower than that of the pristine Mg3Bi2 
(Supplementary Fig. 48).

In addition, the p-type single-crystalline Mg3Bi2 was prepared by tun-
ing the stoichiometry, and it also showed a large tensile strain of about 
110% (Supplementary Fig. 49). Different from the electrical transport 
properties of Mg3Bi2-based materials that are dependent on the Mg 
content32,33, the formation of slip bands in Mg3Bi2 is insensitive to the 
Mg stoichiometry (Supplementary Fig. 50). Owing to the anisotropy 
in the valence band (Supplementary Fig. 51), there are disparities in 
the thermoelectric transport properties of p-type Mg3Bi2 between 
the ab plane and the c plane (Supplementary Figs. 52 and 53). The 
room-temperature zT of the p-type single-crystalline Mg3Bi2 is only 
about 0.1, which is inferior to the n-type counterpart. Such a great 
difference in the thermoelectric performance between the n-type and 
p-type Mg3Bi2 can be attributed to the disparity in the valley degeneracy, 
which is six for the conduction band and only one for the valence band 
(Supplementary Fig. 54).

Conclusion
In summary, we discovered that single-crystalline Mg3Bi2 shows a 
room-temperature tensile strain of 100%. The existence of the slip 
bands and a high density of edge dislocations in the deformed Mg3Bi2 
have been identified, confirming the gliding of dislocations as the 
underlying mechanism for plastic deformability. The calculation 
reveals the existence of several atomic planes with low slipping bar-
rier energy, suggesting that multiple slip systems can be activated 
in Mg3Bi2. Dynamic bonding of Mg–Bi persists during the slipping 
process, thus preventing the cleavage of the atomic plane. In addition, 
the single-crystalline Mg3Bi2-based materials show a power factor of 
about 55 μW cm−1 K−2 and a zT of ~0.65 at room temperature, which 
outperforms the state-of-the-art ductile thermoelectrics.
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Methods

Crystal growth and material preparation
Single-crystalline samples. Mg3Bi2 single crystals were prepared 
by using the slow-cooling method. To prepare the n-type single- 
crystalline Mg3Bi2-based materials, magnesium (Mg ingots, ZNXC, 
99.995%), bismuth (Bi shots, ZNXC, 99.999%) and tellurium (Te ingots, 
ZNXC, 99.999%) were weighed according to the nominal composition 
of Mg3+δBi2 (δ = 0.05, 0.08 and 0.2), Mg3.2Bi2−xTex (x = 0, 0.002 and 
0.004) and Mg3.2Bi1.998−ySbyTe0.002 (y = 0.05 and 0.10). To prepare the 
p-type single-crystalline Mg3Bi2, the nominal composition of Mg2.99Bi2 
was used. The elements were sealed in a niobium tube (with an inner 
diameter of 22 mm and a length of 100 mm) with the partial pressure 
of argon by using an arc welder. The niobium tubes were then sealed 
in the quartz tube in a vacuum. The sample was heated to 1,223 K 
within 12 h and maintained at this temperature for 48 h, then slowly  
cooled to 923 K at the rate of 3 K h−1, and followed by the furnace  
cooling.

Polycrystalline samples. Magnesium (Mg turnings, ZNXC, 99.95%), 
bismuth (Bi shots, ZNXC, 99.999%) and tellurium (Te ingots, ZNXC, 
99.999%) were weighed according to the nominal composition 
of  Mg2.99Bi2, Mg3.2Bi2 and Mg3.2Bi1.998Te0.002. The weighed elements were 
loaded into a ball-milling jar in a glove box. Then the raw materials were 
ground into powders by a high-energy ball miller (SPEX 8000M). The 
mechanically alloyed powder was then loaded into a graphite die under 
an argon atmosphere and sintered at 973 K under uniaxial pressure of 
about 50 MPa for 2 min.

Composition and microstructure characterization
The phase composition and crystal structure of the cleaved Mg3Bi2- 
based single crystals were examined by X-ray diffraction with Cu Kα 
radiation (D/Max-2500 PC, Rigaku). The microstructure and chemical 
compositions of samples were investigated using a scanning electron 
microscope (crossbeam 350, Zeiss) equipped with energy-dispersive 
X-ray spectrometer. The TEM samples were prepared using focused ion 
beam milling. TEM and HAADF-STEM investigations were conducted 
using a double spherical-aberration-corrected electron microscope 
( JEOL ARM 200F) equipped with a cold field emission gun source oper-
ated at 200 kV.

Mechanical properties characterization
Single-crystalline (Mg3Bi2) and polycrystalline samples (Mg3Bi2, Ti, Zr, 
Mg, Hf, Co, Bi0.5Sb1.5Te3, Bi2Te2.7Se0.3, GeTe-based, PbTe-based, MgAgSb, 
ZrNiSn and ZrCoSb) were cut by wire electrical discharged machining 
and then polished with sandpaper to specified dimensions. For the com-
pression test, the specimen of polycrystalline Mg3Bi2 was prepared into 
cylinders with a diameter of about 4 mm and a height of about 6 mm; the 
specimens of other materials were processed into bars with the size of 
3 × 3 × 4 mm3. The specimen size was 2 × 1 × 12 mm3 for the 3-point bend-
ing test, and the test span was 7 mm and the crosshead speed was set to 
0.05 mm min−1. The size of the tensile specimen was shrunk based on the 
international standard, with the length of the narrow parallel-sided por-
tion being about 5 mm. A universal/tensile testing machine (AGX-VD, 
50 kN, Shimadzu) was used to evaluate the compressive, bending and 
tensile stress–strain curves of the bulk single-crystalline and polycrys-
talline Mg3Bi2 and other polycrystalline thermoelectric materials and 
metals. A strain rate of 0.0001 s−1 was applied for all the mechanical  
properties tests.

Thermoelectric properties characterization
The single crystals along the ab plane and the c plane were cut into the 
bar-shaped samples with dimensions of about 2 mm × 2 mm × 8 mm 
for simultaneous electrical resistivity and Seebeck coefficient 
measurement from 300 K to 573 K on commercial apparatuses 

(CTA, Cryoall and ZEM-3, Ulvac-Riko) under a helium atmosphere. 
The temperature-dependent Hall coefficients (RH) were measured 
using the van der Pauw technique and a four-probe configuration 
under a reversible magnetic field of 1.5 T and an electrical current 
of 100 mA from 300 K to 573 K. The Hall carrier concentration (nH) 
and Hall mobility (μH) were calculated using the relations nH = 1/(eRH) 
and μH = RH/ρ, where e is the elementary charge. The single crystals 
along the ab plane and c plane were cut into the disks with dimen-
sions of about 6 mm × 6 mm × 1 mm for the measurement of ther-
mal diffusivity (LFA 457, Netzsch). The specific heat of the sample 
was measured via the heat capacity option in a physical properties 
measurement system (PPMS DynaCool, Quantum Design), and a dif-
ferential scanning calorimeter (DSC 404 F3, Netzsch), as shown in 
Supplementary Fig. 55. The density of the sample was measured by 
the Archimedean method. Eventually, the thermal conductivity was 
calculated from the product of thermal diffusivity, specific heat and  
density.

Theoretical calculation
Calculations were performed within the framework of density 
functional theory by using plane-wave projector-augmented-wave  
methods34 as implemented in the Vienna Ab initio Simulation Package 
(VASP)35,36. We used the generalized gradient approximation formu-
lated by Perdew, Burke and Ernzerhof 37 as the exchange-correlation 
functional. The 3s (Mg), 6s and 6p (Bi), 4d and 5s (Ag), 5s and 5p (In), 
3s and 3p (S), and 4s and 4p (Se) electrons were treated explicitly as 
valence electrons. The kinetic energy cut-offs for the plane-wave 
basis set were set to 260 eV for Mg3Bi2, 340 eV for Ag2S and 320 eV 
for InSe. The k-point meshes with a grid spacing of 2π × 0.03 Å−1 were 
used for electronic Brillouin zone integration. Structural optimiza-
tions were done through total energy minimization with the residual 
forces on the atoms converged to below 10−3 eV Å−1. To properly take 
into account the long-range van der Waals interactions that play a 
non-ignorable role in the layered Ag2S and InSe, the SCAN+rVV10 
functional38 was adopted. The slipping barrier energies were cal-
culated for all potential slip systems under rigid slip constraints.  
A series of Mg3Bi2 and Ag2S supercells were utilized to calculate the 
slipping barrier energies, and maintain the translational periodicity 
of the crystal structure during the simulated sliding. The chemical 
bonding was extracted from the VASP wave functions by adopting 
the LOBSTER package39–42.

The electronic structures of Mg3Bi2 were calculated by utilizing the 
modified Becke–Johnson potential of Tran and Blaha, known for pro-
viding an accurate electronic band structure of semiconductors43,44. 
A tuning parameter (system-dependent c parameter in the modified 
Becke–Johnson potential) of 1.2 was employed and the obtained overlap 
between valence and conduction bands was 0.05 eV, in good agree-
ment with the experiment results. Spin–orbit coupling was included 
as it is potentially important for the electronic structure of heavy 
p-electron systems such as Mg3Bi2. For the self-consistent calculations, 
a 21 × 21 × 13 k-point mesh was used to sample the Brillouin zone. The 
maximally localized Wannier function method was employed to gen-
erate the Fermi surface as implemented in the Wannier90 code45–47. 
The Fermi surface was visualized using the XCrySDen software48. The 
resulting electronic structures were used to obtain electrical trans-
port properties. This was done using semiclassical Boltzmann theory49 
and the BoltzTraP250 code with first-principles electronic structures 
evaluated on approximately 570,000 k-points in the irreducible  
Brillouin zone.

Data availability
The data supporting the findings of this study are available within the 
paper or from the corresponding authors. Source data are provided 
with this paper. 
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