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ABSTRACT: The reaction of MnTe with AgSbTe2 in an equimolar ratio (ATMS) provides a new semiconductor, AgMnSbTe3. 

AgMnSbTe3 crystallizes in an average rock-salt NaCl structure with Ag, Mn, and Sb cations statistically occupying the Na sites. 

AgMnSbTe3 is a p-type semiconductor with a narrow band gap of ~0.33 eV. A pair distribution function analysis indicates that local 

distortions are associated with the location of the Ag atoms in the lattice. Density functional theory calculations suggest a specific 

electronic band structure with multi-peak valence band maxima prone to energy convergence. In addition, Ag2Te nanograins precip-

itate at grain boundaries of AgMnSbTe3. The energy offset of the valance band edge between AgMnSbTe3 and Ag2Te is ~0.05 eV, 

which implies that Ag2Te precipitates exhibit a negligible effect on the hole transmission. As a result, ATMS exhibits a high power 

factor of ~12.2 μWcm-1K-2 at 823 K, ultralow lattice thermal conductivity of ~0.34 Wm-1K-1 (823 K), high peak ZT of ~1.46 at 823 

K, and high average ZT of ~0.87 in the temperature range of 400–823 K.  

■ INTRODUCTION 

The thermoelectric technology can directly convert heat into 

electrical power and can enable energy savings by efficiently 

harvesting and managing waste heat.1Therefore, thermoelectric 

power generator prototypes have been intensively explored in 

recent years,2 involving many thermoelectric materials, such as 

Bi2Te3,
3 PbTe,4-5 Mg2Si,6-7 half-heusler8 and GeTe9. To enable 

their widespread deployment, high energy conversion efficien-

cies η of thermoelectric modules and thus high thermoelectric 

figures of merit ZT of the employed materials are required. ZT 

is defined as ZT = S2σT/(кe + кL), where S, σ, кe, кL, and T are 

the Seebeck coefficient, electrical conductivity, electronic ther-

mal conductivity, lattice thermal conductivity, and absolute 

temperature, respectively. The major challenge in enhancing ZT 

is to decouple the physical contraindicated interrelationship of 

S, σ, and кe. Over the past two decades, through theoretical and 

technological innovations, superior ZT values have been ob-

tained for several systems, such as PbTe,10 PbSe,11 GeTe,12-13 

AgSbTe2,
14-15 Cu2Se,16 SnSe,17-19 CuInTe2,

20-21 and half-Heusler 

alloys.22 Recently, entropy engineering of such materials23-24 

has been used to stabilize higher-symmetry crystal structures in 

thermoelectric materials (e.g., GeSe,25 SnSe,26 GeTe,27 AgSnS-

bSe3
28). The entropy engineering also reduces the lattice ther-

mal conductivity owing to the strengthened lattice distortion, 

atomic mass fluctuation, point defects, and other crystallo-

graphic defects.29-30  

MnTe is a p-type chalcogenide semiconductor with a direct 

band gap of 1.3 eV and indirect band gap of 0.8 eV at room 

temperature, which has attracted increasing attention among the 

thermoelectric community as a lead-free alternative.31-32 How-

ever, the low electrical conductivity of pristine MnTe owing to its 

low carrier concentration (~1018 cm-3) and low hole mobility (~6 

cm2V-1s-1) severely restricts its thermoelectric performance, with a 

ZT value of only ~0.5 at 823 K.33 Therefore, it is of interest to en-

hance its electrical conductivity through substitution of monovalent 

metals (e.g., Ag,32 Cu,34 Li,35 Na36) for Mn and incorporation of in-

clusions with high electrical conductivities (e.g., SnTe,37 Ag2S,38 
Graphene,39 Sb2Te3).

40 Generally, MnTe crystallizes in a hexago-

nal crystal structure with a space group of P63/mmc (No. 194). 

However, it can also crystallize in the cubic NaCl structure under 

specific preparation methods. For example, cubic MnTe films can 

be obtained on (001) GaAs substrates by molecular beam epitaxy41 

or on a cleaved sodium chloride by vapor deposition.42  

In this study, we introduce a direct route to stabilize cubic MnTe 

by entropy-driven alloying of AgSbTe2. AgSbTe2 exhibits a 

rock-salt crystal structure with a space group of Fm-3m (No. 225) 

and ultrahigh ZT of ~1.5 at room temperature and ~2.6 at 573 K by 

cadmium doping (i.e., AgSb0.94Cd0.06Te2).
15 AgMnmSbTem+2 (m = 



 

 

1–10) samples (i.e., MnTe matrix and 5–50% AgSbTe2) were syn-

thesized by melting and quenching (see experimental section in 

the Supporting information for details). Phase and microstructure 

analyses show that the sample with m = 1 (AgMnSbTe3), i.e., the 

equimolar mixture of AgSbTe2 and MnTe, is composed of 

AgMnSbTe3 (main phase) and Ag2Te (impurity). To distinguish 

the AgMnSbTe3 sample from the proper AgMnSbTe3 com-

pound, we refer to the AgMnSbTe3 sample as antimony tellu-

rium manganese silver (ATMS). The AgMnSbTe3 compound 

exhibits the same rock-salt structure. Density functional theory 

(DFT) calculations suggest that it is a narrow-band-gap semi-

conductor with a specific electronic structure with multiple va-

lence band peaks near the Fermi energy. These features result in 

superior electrical transport properties in ATMS, including a power 

factor of 12.2 μWcm-1K-2 at 823 K, compared to 5.4 μWcm-1K-2 

for MnTe at 823 K and 8.5 μWcm-1K-2 for AgSbTe2 at 723 K. 

The unique composite arrangement combined with local distor-

tion created by disordered Ag, Mn, and Sb cations strengthen 

the phonon scattering in ATMS, resulting in an ultralow lattice 

thermal conductivity of ~0.34 Wm-1K-1 at 823 K. The superior 

electrical and thermal transport properties to those of MnTe pro-

vide a peak ZT of ~1.46 at 823 K for ATMS combined with a 

high average ZT of ~0.87 (400–823 K), thus a high potential 

for thermoelectric power generation.  

 

■ RESULTS AND DISCUSSION  

1. Phase formation, crystal structure, and microstructure 

We prepared the AgMnmSbTem+2 (m=1, 2, 4, 6, 10) series of sam-

ples by melting stoichiometric quantities of elemental Ag, Mn, 

Sb, and Te at 1173 K for 20 h followed by water quenching (see 

experimental section in the Supporting Information for details). 

Figure 1A shows powder X-ray diffraction (PXRD) patterns of 

MnTe and AgMnmSbTem+2 (m = 1, 2, 4, 6, and 10). The Bragg 

peaks of MnTe are indexed to the NiAs structure with hexago-

nal symmetry (P63/mmc). With the AgSbTe2 alloying, new 

Bragg peaks at 29.6, 30.2, 60.8, and 70.0° emerged, which be-

long to the rock salt structure. For m = 1 (i.e., ATMS), all Bragg 

peaks belong to that rock salt structure, while the peaks of 

MnTe are undetectable. Rietveld refinement (Figure 1B) on the 

PXRD pattern of ATMS yielded a cubic cell parameter a = 

6.0198(4) Å, smaller than that of AgSbTe2 (a = 6.0677 (9) Å)43 

owing to the smaller atomic radius of Mn (1.32 Å) than those 

of Ag (1.44 Å) and Sb (1.60 Å). In this cubic structure, the Ag, 

Mn, and Sb cations are believed to be statistically disordered at 

the (0.5, 0.5, 0.5) sites in an ideal structure (Figure S1, Support-

ing Information). This indicates that the hexagonal MnTe can be 

destabilized and converted to a cubic structure, presumably by en-

tropy-driven alloying of the equimolar fraction of AgSbTe2 to form 

a new phase of AgMnSbTe3. Such a chemical modification route 

was also used to convert GeSe25 and SnSe26 to a NaCl structure 

by the entropy-driven alloying of AgBiSe2 and AgSbSe2, re-

spectively. In addition, according to the Rietveld refinement, a 

small amount of Ag2Te (~3 mol%) was indexed in the PXRD 

of ATMS, which is often observed in AgSbTe2-based materi-

als.44-45 The presence of Ag2Te was confirmed by transmission 

electron microscopy (TEM), as discussed below.  

In addition, the Bragg peaks of MnTe and rock-salt 

AgMnSbTe3 simultaneously exist for the samples with m = 2, 

4, 6, and 10, without Bragg peak shift of MnTe and AgMnSbTe3 

compared to that of the MnTe and ATMS samples, which im-

plies that these materials are a mixture of MnTe and 

AgMnSbTe3. Our Rietveld refinements show that the cell pa-

rameters of AgMnSbTe3 are similar for the samples with m = 2, 

4, 6, and 10; the cell parameters of MnTe are also similar (Table 

S1 in the Supporting Information). Therefore, a single 

AgMnSbTe3 can only be formed when MnTe and AgSbTe2 re-

act in an equimolar ratio. To better analyze this new compound, 

AgMnSbTe3, we mainly focused on the microstructure, elec-

tronic structure, and thermoelectric performance of ATMS. 

We performed a synchrotron X-ray total scattering analysis 

using the atomic pair distribution function (PDF) analysis tech-

nique at 300 K to understand the crystal structure of 

AgMnSbTe3. The long-range X-ray PDF peaks (e.g., with r of 

14–28 Å) of AgMnSbTe3 fit well with the cubic rock-salt struc-

ture model (Figure S1), which was refined to a weighted Rw 

value of ~7.9 % (Figure 1C). However, the short-range X-ray 

PDF peaks (with r of 2.5–5.0 Å) had a poor fit with the cubic 

rock-salt structure, with Rw as high as 15.1%. The good fit in 

the long range and poor fit in the short range indicate local non-

periodic lattice distortion in the cubic AgMnSbTe3. Therefore, 

we used a distorted model shown in Figure 1E to fit the short-

range X-ray PDF peaks (2.5–5.0 Å) and obtained a reasonable 

description of the local distortion with Rw = 4.7 % (see Figure 

3F). The distorted model requires off-centering of the Ag atoms 

toward the <100> direction with a displacement of ~0.12 Å un-

der P1 symmetry (cell parameters: a = 5.996 (5) Å, b = 5.776 

(2) Å, c = 6.278 (3) Å, α = β = γ = 90○). The off-centering of the 

Ag atoms leads to statistical disorder along all possible <100> 

directions, as observed in Sn1-xGexTe,46 AgPbBiSe3,
47 

Ge2Sb2Te5,
48 and PbSe, 49-50 and is expected to contribute to the 

low lattice thermal conductivity of AgMnSbTe3. 

To understand the microstructure of ATMS, we performed a 

back-scattered electron (BSE) imaging analysis using scanning 

electron microscopy to investigate the polished surface of the 

ATMS sample. The BSE image (Figure 2A) shows that ATMS 

is composed of two phases. The corresponding chemical com-

positions were analyzed by energy-dispersive X-ray spectros-

copy (Figure 2B). The main phase (dark contrast) was the 

AgMnSbTe3 compound, whose grain size is tens of microme-

ters; while Ag2Te was a secondary phase (light contrast), dis-

tributed dispersedly at the grain boundaries of AgMnSbTe3 with 

nanoscale grain sizes (Figure S2 in the Supporting Infor-

mation).  

Furthermore, we performed scanning transmission electron 

microscopy–energy-dispersive X-ray spectroscopy (STEM-

EDS) elemental mapping of ATMS (Figure 2C, D), which re-

vealed that Ag, Mn, Sn, and Te were distributed uniformly 

throughout the AgMnSbTe3 grains. In addition, submicron pre-

cipitates were observed at the grain boundaries of AgMnSbTe3 

(Figure 2E). Clear lattice fringes of the precipitate are observed 

in the high-resolution TEM image (Figure 2F). The correspond-

ing fast Fourier transform pattern of the precipitate is presented 

in the inset of Figure 2F. The bright dots of the pattern can be 

indexed to the (1
-

02), (2
-

13), and (11
-

1
-

) planes of the monoclinic 

Ag2Te along its [211] zone axis. Therefore, our XRD, BSE, and 

STEM-EDS results confirm that ATMS is composed of mi-

croscale AgMnSbTe3 and nanoscale Ag2Te gathered at the grain 

boundaries of AgMnSbTe3.  

 



 

 

2. Electronic band structure of AgMnSbTe3 

We performed first-principle DFT calculations on the special 

quasi-random structure (SQS, Figure S3 in the Supporting In-

formation)51-52 of AgMnSbTe3, because the standard DFT cal-

culations are not directly applicable to random alloys expressed 

by average occupancies of constituent atoms.53. The SQS leads 

to the best periodic supercell approximation for a truly disor-

dered state, which can mimic the electronic properties of disor-

dered systems to a reasonable extent, thus is widely used to as-

sess the electronic structure of disordered solid solution sys-

tems.54 The SQS structure of AgMnSbTe3 is different from the 

distorted one shown in Figure 1E and average rock salt structure 

shown in Figure S1. 55 Additional details for these calculations 

are provided in the Supporting Information. Considering that 

the Mn2+ centers are paramagnetic with a d5 electronic configu-

ration, Figure 3a and 3b show the calculated spin-up and spin-

down electronic band structures of AgMnSbTe3, respectively. 

The Fermi level is at 0 eV in both cases to separate the valence 

band maximum (VBM) from the conduction band minimum 

(CBM). The absence of electronic state in both spin channels at 

the Fermi level reflects the semiconductor structure of 

AgMnSbTe3, which has a direct band gap of ~0.10 eV in the 

spin-up channels and indirect band gap of ~0.12 eV in the spin-

down channels. The DFT calculations under-estimated the band 

gap of AgMnSbTe3, which is lower than the measured optical 

band gap (~0.36 eV, Figure S4).  

Notably, the calculations indicate that AgMnSbTe3 has a 

complex multiple-peak valence band structure. For the spin-up 

channels, the first and second VBMs are located at the Q and F 

points, respectively, and there is third VBM along the Q–Z di-

rection with an energy difference between the first and third 

VBM of ~0.07 eV. For the spin-down channels, the first VBM 

is located at point F, the second and third VBMs are along the 

Q-Z and Q-F directions, respectively, and the energy difference 

between the first and third VBM is ~0.06 eV. Such small energy 

differences are promising for multiple valence band conver-

gence resulting (upon hole doping) in high Seebeck coefficient 

and power factor, as observed for other thermoelectric materi-

als.56-57  

The total density of states (DOS) (Figure 3C) reveals similar 

results, as for the electronic band structure profile, with the 

Fermi level remaining in the gap in both spin-up and spin-down 

states, indicating its semiconducting structure. The total DOS 

also shows a slight difference between the spin-up and spin-

down states, particularly near the Fermi level. This difference 

is attributed mainly to the difference in Mn 3d for spin-up and 

spin-down channels, as shown by the partial densities of states 

in Figure 3D. In addition, the main valence band peaks around 

the Fermi level in both spin-up and spin-down states originate 

from the strong hybridization between Ag 4d, Mn 3d, Sb 5p, 

and Te 5p orbitals.  

Figure 3E shows ultraviolet photoelectron spectroscopy 

spectra of AgMnSbTe3 and Ag2Te measured at 300 K. The on-

set edge values of AgMnSbTe3 and Ag2Te are estimated to be 

0.10 and 0.25 eV, while the cutoff edge values of AgMnSbTe3 

and Ag2Te are estimated to be 17.3 and 17.4 eV, extracted from 

the ultraviolet photoelectron spectroscopy spectra, respectively. 

Therefore, the valence band values of AgMnSbTe3 and Ag2Te 

are -4 and -4.05 eV, respectively. Thus, the energy offset of the 

valance band between AgMnSbTe3 and Ag2Te is only 0.05 eV 

(Figure 3F), which shows a good band alignment between 

AgMnSbTe3 and Ag2Te. This implies a “barrier-free access” for 

hole transmission between these two phases. 

 

3. Thermoelectric performance 

Figure 4 shows the thermoelectric properties of AgMnmS-

bTem+2, (m = 1, 2, 4, 6, and 10), along with those of MnTe and 

AgSbTe2 for comparison. As mentioned above, MnTe has a low 

electrical conductivity of ~7.1 S/cm at room temperature owing 

to its low hole concentration and mobility. The poor electrical 

conductivity is largely enhanced by the AgSbTe2 alloying and 

reaches ~158.4 S/cm at room temperature for ATMS. Hall co-

efficient measurements (see experimental section in the Sup-

porting Information for details) reveal that the increase in elec-

trical conductivity is attributed to the simultaneous enhance-

ments in Hall carrier concentration (e.g., ~1.5 × 1019 cm-3) and 

mobility (64 cm2V-1s-1) of ATMS. The observed enhancement 

in mobility is very important for the thermoelectric community, 

as point defect engineering and nanostructuring commonly re-

sult in a reduction in mobility. We attribute the enhancement in 

the mobility of MnTe to the large change in the electronic band 

structure by the AgSbTe2 alloying, resulting in a smaller band 

effective mass in ATMS. In addition, the high mobility implies 

that the highly ordered Te atoms over the Cl sites of the NaCl 

lattice are conducive to the maintenance of a high electric con-

ductivity in AgMnSbTe3, although its cations are highly disor-

dered.48  

The electrical conductivity of ATMS exhibits a heavily 

doped semiconductor behavior in the temperature range of 300–

623 K, which is reduced from 158.4 S/cm at ~300 K to a mini-

mum value of 91.1 S/cm at 623 K. It then increases to 242 S/cm 

at 823 K with the further increase in temperature, owing to the 

well-known intrinsic excitation for narrow-band-gap semicon-

ductors. In addition, the AgMnmSbTem+2 samples with 2 ≤ m ≤ 

10 are mixtures of MnTe and AgMnSbTe3, as reflected by the 

XRD pattern. Thus, the electrical conductivity increases with 

the decrease in m as a consequence of the increasing amount of 

the AgMnSbTe3 phase. 

The Seebeck coefficients (Figure 4B) of AgMnmSbTem+2 (m 

= 1, 2, 4, 6, and 10) are positive, which implies that holes are 

the majority carriers in these samples, in good agreement with 

the Hall measurements. The Seebeck coefficients decrease with 

the decrease in m as a result of the increase in the amount of 

AgMnSbTe3, i.e., hole concentration, as shown in Table S2 in 

the Supporting Information. ATMS has the lowest Seebeck co-

efficient, which increases from ~197 μV/K at 300 K to a maxi-

mum value of ~289 μV/K at 573 K and exhibits a heavily doped 

semiconductor behavior. The Seebeck coefficient then de-

creases to ~225 μV/K at 823 K owing to the intrinsic excitation 

(i.e., bipolar carrier diffusion). We estimated the Goldsmid–

Sharp band gap of ATMS using Egs = 2e|S|maxTmax, where Tmax is 

the temperature at which the Seebeck coefficient is maximized 

at Smax.
58 Egs is estimated to be ~0.33 eV, very close to the opti-

cal value obtained using Fourier-transform infrared spectros-

copy (~0.36 eV, Figure S4).  

The power factor S2σ of AgMnmSbTem+2 (m = 1, 2, 4, 6, and 

10) increases with the decrease in m, as shown in Figure 4C. 

ATMS has the highest power factor in the system, which in-

creases from ~6.1 μWcm-1K-2 at ~ 300 K to 12.2 μWcm-1K-2 at 

https://www.sciencedirect.com/topics/physics-and-astronomy/conduction-bands


 

 

823 K. The average power factors of MnTe and AgMnSbTe3 

are ~2.4 and ~8.5 μWcm-1K-2 in the temperature range of 400 to 

823 K respectively, which shows an increase of ~254%. 

Figure 4D shows the thermal conductivities of AgMnmS-

bTem+2 (m = 1, 2, 4, 6, and 10) and MnTe for comparison. The 

thermal conductivity of MnTe increases from ~1.2 Wm-1K-1 at 

~300 K to 1.38 Wm-1K-1 at ~323 K owing to the transition be-

tween antiferromagnetism to para–ferromagnetism.35-36 Similar 

tendencies are observed for the samples with m = 10 and m = 6 

with dominant MnTe. With the further increase in the content 

of AgMnSbTe3, e.g., at m = 4, 2, and 1, such tendency disap-

pears. ATMS exhibits a low thermal conductivity of ~0.7 W m-

1K-1 at 300 K, ∼40% lower than that (∼1.2 Wm-1K-1) of MnTe. 

With the increase in temperature, the thermal conductivity of 

ATMS decreases to 0.57 Wm−1K−1 at 623 K. Figure 4E shows 

the lattice thermal conductivities of the AgMnmSbTem+2 samples 

obtained by extracting the electronic thermal conductivity κe 

(Figure S5 in the Supporting Information), which was estimated 

using the Wiedemann–Franz relation, κe = LσT. The tempera-

ture-dependent Lorentz number, L, was estimated by the meas-

ured Seebeck coefficient according to a semi-empirical equa-

tion, L = 1.5 + exp(-S/116).59 The lattice thermal conductivity 

of AgMnmSbTem+2 decreases with the decrease in m, i.e., ATMS 

exhibits the lowest lattice thermal conductivity in the system, 

which is only slightly higher than that of AgSbTe2. At 300 K, 

the lattice thermal conductivity of ATMS is ~0.62 Wm-1K-1, 

compared to 0.55 Wm-1K-1 for AgSbTe2 and ~1.2 Wm-1K-1 for 

pristine MnTe. The low value continually decreases to ~0.34 

Wm-1K-1 at 823 K, which is among the lowest values for well-

known thermoelectric semiconductors (e.g., InTe,60 α-Cu2Se,61 

SnSe,19, 62 and Ag8SnSe6).
63 We attribute the ultralow lattice 

thermal conductivity in ATMS to the synergy of local distortion 

of Ag, high anharmonicity, and high cation disorder in the lat-

tice. Notably, the level of phonon scattering at the 

AgMnSbTe3/Ag2Te interface is more challenging to assess be-

cause these precipitates are generally large (hundreds of na-

nometers) and occur sparsely in the grain boundaries of the 

sample. The strong phonon scattering in ATMS is also reflected 

in the mean sound velocity of 1792 m/s at room temperature 

(see experimental section in the Supporting Information for de-

tails), which is lower than those of PbS (2128 m/s), SnTe (2066 

m/s), GeTe (2190 m/s), InSb (2062 m/s), FeNbSb (3473 m/s) 

and PbSe (1963 m/s).63  

Figure 4F shows the thermoelectric performances of 

AgMnmSbTem+2 (m = 1, 2, 4, 6, and 10). The high power factor 

and low thermal conductivity of ATMS lead to the highest ZT 

in the AgMnmSbTem+2 system, which is ~0.27 at 300 K and 

reaches a maximum of ~1.46 at 823 K, higher than those of 

MnTe (ZTmax ~ 0.6 at 823 K) and AgSbTe2 (ZTmax ~ 1.0 at 673 

K). Furthermore, the average ZT (ZTavg) (400–823 K) of 

ATMS is ~0.87, compared to ~0.2 for MnTe (400–823 K) and 

~0.85 for AgSbTe2 (400–723 K). Such a high average ZT is 

comparable to those of other well-known thermoelectric mate-

rials (e.g., SnSe,64 SnTe,65 and BiCuSeO66). In addition, the 

ATMS has a Vickers microhardness hardness of ~190 HV (see 

experimental section in the Supporting Information for details), 

which is higher than that of state-of-the-art thermoelectric ma-

terials,67 including Bi2Te3 (~64 HV), PbTe (~35 HV), PbSe (~59 

HV), Cu2S (~92 HV), GeTe (~145 HV). Such high thermoelectric 

performance and hardness imply that AgMnSbTe3 should be 

practically useful for mid-temperature thermoelectric applica-

tions. 

 

■ CONCLUDING REMARKS 

This study proposes a new route to achieve cubic MnTe through 

entropy-driven alloying of AgSbTe2 and reveals a promising p-

type thermoelectric material, AgMnSbTe3 (ATMS, i.e., 

equimolar mixture of AgSbTe2 and MnTe). Our phase and mi-

crostructure analyses revealed that ATMS was composed of 

AgMnSbTe3 and Ag2Te compounds, where AgMnSbTe3 exhib-

ited a rock-salt crystal structure with Ag, Mn, and Sb cooccu-

pying the Na sites and had local lattice distortion. In addition, 

AgMnSbTe3 is a narrow-band-gap semiconductor with an opti-

cal band gap of ~0.3 eV and has a specific multiple valence 

band structure with a low energy separation between the top 

three VBMs. Ag2Te with an amount of 3 mol% was distributed 

at the boundaries of the AgMnSbTe3 grains, which acted as 

transmission channels for holes in ATMS. As a consequence, 

ATMS exhibited better electrical and thermal transport proper-

ties than those of pristine MnTe and AgSbTe2, which provided 

an ultralow lattice thermal conductivity of ~0.34 Wm-1K-1 at 

823 K, peak ZT of ~1.46 at 823 K, and high average power 

factor of ~ 8.5 μWcm-1K-2 and average ZT of 0.87 in the tem-

perature range of 400–823 K. This shows the high potential of 

the lead-free ATMS for medium-temperature thermoelectric 

power generators.  
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Figure captions 

 

Figure 1. Crystal strucure of AgMnSbTe3. (A) Powder X-ray diffraction (XRD) patterns of MnTe and AgMnmSbTem+2, (m=1, 2, 

4, 6 and 10). (B) Rietveld refinement of the powder XRD pattern of m=1 sample (ATMS). (C) Long r region fit using disordered 

cubic AgMnSbTe3 (Figure S1). (D) Low r region fit using cubic disordered AgMnSbTe3 (Figure S1). (E) Fitting crystal structure of 

distorted AgMnSbTe3 with off-centered Ag atoms (cations red, anions blue) under P1 symmetry. (F) Low r region fit using distorted 

AgMnSbTe3 (panel E). 

Figure 2. Microstructure of ATMS. (A) Back-scattered electron image and (B) energy-dispersive X-ray spectroscopic analysis of 

points 1, 2, 3, 4 marked in panel A. (C) Scanning transmission electron microscopic (STEM) image and (D) EDS mapping for 

AgMnSbTe3 grains. (E) transmission electron microscopic (TEM) image of ATMS, (F) high resolution TEM image of the area marked 

in panel E, the inset of panel F is the Fourier Fast Transform pattern of Ag2Te. 

Figure 3. Electronic profile of AgMnSbTe3. Spin-polarized electronic band structure for AgMnSbTe3 in spin up (A) and spin down 

(B). (C) Total density of state (DOS) for spin up and spin down channels of AgMnSbTe3, (D) orbital projected DOS for spin up and 

spin down channels of AgMnSbTe3. (E) Ultraviolet photoelectron spectroscopy spectra of AgMnSbTe3 (blue curve) and Ag2Te (red 

curve). (F) Schematic diagram of the valence band alignment in ATMS. 

Figure 4. Thermoelectric performance of AgMnmSbTem+2 (m=1, 2, 4, 6 and 10). Temperature dependent (A) electrical conduc-

tivities, (B) Seebeck coefficients, (C) power factors, (D) thermal conductivities, (E) lattice thermal conductivities and (F) figure of 

merit ZT values. 
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Figure 3. Electronic profile of AgMnSbTe3. Spin-polarized electronic band structure for AgMnSbTe3 in spin up (A) and spin down 

(B). (C) Total density of state (DOS) for spin up and spin down channels of AgMnSbTe3, (D) orbital projected DOS for spin up and 

spin down channels of AgMnSbTe3. (E) Ultraviolet photoelectron spectroscopy spectra of AgMnSbTe3 (blue curve) and Ag2Te (red 
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Figure 4. Thermoelectric performance of AgMnmSbTem+2 (m=1, 2, 4, 6 and 10). Temperature dependent (A) electrical conduc-

tivities, (B) Seebeck coefficients, (C) power factors, (D) thermal conductivities, (E) lattice thermal conductivities and (F) figure of 

merit ZT values. 
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