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Abstract 

This study investigates the crystal structure, microstructure, electronic, thermal transport 

properties, and thermoelectric performance of α-MgAgSb synthesized through various ball 

milling techniques. Variations in synthesis methods can significantly impact thermoelectric 

performance. Our findings indicate that impurity phases, particularly the secondary phase 

Ag₃Sb, hinder grain growth and decrease carrier mobility. By systematically adjusting milling 

conditions, the increased grain size resulting from the suppression of impurity formation 

improves charge carrier mobility and enhances the power factor. Low-temperature resistivity 

analysis reveals distinct scattering mechanisms influenced by impurity levels. α-MgAgSb with 

a tiny content of Sb primarily exhibits electron-electron scattering, whereas higher impurity 

levels introduce both electron-electron and electron-phonon scattering. Additionally, thermal 

conductivity analysis using three Effective Medium Theory (EMT) methods shows that the 

distribution of Ag3Sb increases interfacial resistance. The maximum zT value of 1.36 was 

achieved in a compound with an α-MgAgSb to Sb ratio of 99%:1%. 
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1. Introduction 

Waste heat is commonly dissipated into the environment due to industrial, commercial, and 

automotive processes, which poses questions of concern related to global warming and energy 

efficiency issues. As an effort to mitigate waste heat loss, investigation, and development of 

thermoelectric (TE) materials is meaningful. TE materials, exhibiting semiconductor behavior,  

can compose solid-state devices that convert heat into electric power, and vice versa [1–4]. The 

dimensionless figure of merit (zT), zT = 𝑆𝑆2𝜎𝜎𝜎𝜎/(𝜅𝜅l+ 𝜅𝜅e), where S, σ, T, 𝜅𝜅l  and 𝜅𝜅e  are the 

Seebeck coefficient, electrical conductivity, absolute temperature, lattice thermal conductivity 

and electronic thermal conductivity, characterizes the thermoelectric performance of a material.  

A trade-off between the temperature-dependent S, σ, and 𝜅𝜅e exists to achieve high performance, 

prompting a multifaceted investigation of the effects of synthesis modification on TE properties. 

For instance, enhancing 𝑆𝑆2𝜎𝜎, otherwise known as the power factor (PF), while suppressing 

lattice thermal conductivity 𝜅𝜅l is imperative for maintaining a high zT [5–9]. Furthermore, total 

thermal conductivity of a thermoelectric material is the sum of the electronic and lattice thermal 

conductivity, as given by 𝜅𝜅 = 𝜅𝜅l+ 𝜅𝜅e . With regard to suppressing 𝜅𝜅l , both the electronic 

thermal conductivity and the electrical conductivity are proportional to the charge carrier 

concentration, which establishes a trade-off between PF and 𝜅𝜅e. This explains why efforts are 

underway to suppress 𝜅𝜅l. Advancements focus on optimizing thermoelectric properties have 

focused on optimizing properties through band structure engineering [10–15] and 

nanostructuring [5,6,16–18], aiming to enhance thermoelectric performance. 

α-MgAgSb has emerged as a promising thermoelectric material due to its unique properties 

and potential applications for mid-temperature from 300 K to 550 K, which can replace 

traditional thermoelectric material Bi2Te3 [19–23]. MgAgSb exhibits three distinct phases 

characterized by structural and electronic properties at different temperature ranges [24,25]. 

The α-phase (space group 𝐼𝐼4�𝑐𝑐2) behaves as a typical p-type semiconductor at low temperatures 

(below 573 K). In the temperature range of 573–643 K, the β-phase (space group 𝑃𝑃4/𝑛𝑛𝑛𝑛𝑛𝑛) 

displays metallic properties. Above 643 K, the γ-phase (space group 𝐹𝐹4�3𝑚𝑚) adopts a half-

Heusler structure and exhibits semiconducting behavior. Among these, the α-phase MgAgSb 

is particularly notable for its low thermal conductivity, which is attributed to significant local 

disorder within the crystal lattice [26–29]. This intrinsic disorder scatters phonons effectively, 

reducing thermal conductivity, which enhances the thermoelectric performance.  

Its potential to replace traditional Bi-Te-based materials is particularly significant, given the 

abundance and lower cost of its constituent elements. The n-type Mg3Sb2-based compounds 



are widely studied as counterparts to the p-type semiconducting α-MgAgSb [30–38]. While 

both materials achieve high thermoelectric performance, α-MgAgSb exhibits lower 

performance compared to Mg3Sb2-based materials. 

Numerous studies have focused on developing high-performance α-MgAgSb. Various 

approaches, such as band engineering [39], doping  (Li [29], In [40], Zn [41–43], and Yb [44]), 

and defects [45,45], have been explored to enhance thermoelectric performance. Notably, 

obtaining a pure phase of α-MgAgSb has been challenging, often leading to intrinsic Ag- and 

Sb-deficiencies and the formation of secondary phases. Therefore, recent research continues to 

explore synthesis parameters to improve the purity of the MgAgSb phase, including sintering 

conditions and ball milling techniques [50]. For example, different ball milling techniques can 

yield distinct impurity compositions within α-MgAgSb, as demonstrated in comparisons 

between high-energy and planetary ball milling methods [51]. While it is reported that the two-

step ball milling process has successfully yielded α-MgAgSb phase without secondary phases 

[52], implementing a cleaning step during the two-step ball milling process can either reduce 

impurities further or introduce new impurity phases, underscoring the complexity of synthesis 

method effects on the properties of α-MgAgSb [47]. Modifying the melting method, for 

example, by using various quartz tubes such as carbon-coated silica and tantalum-sealed tubes, 

provides control over the types and levels of impurity phases [40,53]. Microwave-assisted 

synthesis of α-MgAgSb differs from conventional box furnace melting by including minor 

quantities of Ag3Sb [54]. Subsequent annealing for two weeks also enables the achievement of 

the pure α-MgAgSb phase through a combination of ball milling (BM), spark plasma sintering 

(SPS), and post-annealing [25]. However, the effectiveness of annealing varies; annealing for 

one week yielded α-MgAgSb along with secondary phases such as Sb and Ag3Sb, which could 

be due to annealing temperature or preceding processing steps [24].  

While most previous studies primarily focused on the synthesis process for material design and 

described the general thermoelectric performance of α-MgAgSb [46–49,51], our research 

examines in-depth the specific carrier transport mechanisms. We clarify how systematic 

modifications of BM conditions impact the properties of α-MgAgSb by elucidating how 

secondary phases influence its structural characteristics, carrier transport behavior, and overall 

thermoelectric performance.  

By methodically modifying BM strategies, we observed a direct correlation between refined 

grain size distribution and enhanced charge carrier mobility, leading to an improved power 

factor. Low-temperature electrical resistivity analysis below the Debye temperature revealed 

that in α-MgAgSb with negligible levels of secondary phase Sb, electron-electron scattering 



dominates carrier transport. In contrast, higher impurity levels introduce both electron-electron 

and additional electron-phonon scattering, which reduces carrier mobility. This distinction in 

scattering mechanisms based on impurity levels deepens the understanding of fundamental 

electronic interactions within α-MgAgSb.  

Furthermore, thermal conductivity analysis, conducted using the Effective Medium Theory 

(EMT), demonstrated that the distribution of Ag3Sb significantly increases interfacial thermal 

resistance. Our comprehensive analysis of the microstructural changes induced by different 

synthesis methods provides an important understanding of how microstructure influences 

electrical resistivity, carrier mobility, and thermoelectric performance. Ultimately, 

thermoelectric performance is enhanced by optimizing microstructure and our findings 

emphasize the critical role of achieving high carrier mobility for high thermoelectric 

performance of α-MgAgSb. 

 

  



2. Material and methods 

2.1 Synthesis 

The α-MgAgSb alloys were prepared by one-step and two-step high-energy ball-milling (BM), 

with a nominal composition is MgAg0.97Sb0.99. In one-step BM process, high-purity Mg 

(99.95%), Ag (99.99%), and Sb (99.999%) were precisely weighed and loaded into a stainless-

steel ball milling jar under an argon atmosphere. Milling was conducted using a SPEX 

SamplePrep 8000D Mixer/Mill. It has been shown that samples with the stoichiometric 

composition Mg1Ag1Sb1 tend to exhibit Ag- and Sb-related impurity phases [24,43,52,53], and 

pure single-phase region for MgAgSb in the Mg-Ag-Sb phase diagram is slightly shifted 

towards the Mg-rich and Sb-rich side [47]. To avoid the formation of impurities, we chose the 

nominal composition MgAg0.97Sb0.99 in our study. The summary of sample identities and 

synthesis procedures for the prepared samples is provided in Table 1. Samples were labeled as 

follows: S1 was milled for 5 h, and S2 was milled for 10 h. For the two-step ball-milling method, 

Mg and Ag were initially processed, followed by the addition of Sb in the second step. S3 was 

subjected to 5 h of milling in the first step, followed by an additional 10 h in the second step. 

S4 was subjected to an initial milling period of 10 h, followed by another 10 h in the second 

step. The ball-milled powders (S1, S2, S3, and S4) were sintered at 573 K for 5 min under a 

uniaxial pressure of 60 MPa using a Spark Plasma Sintering system (Fuji SPS, DR. SINTER 

LAB Jr. SERIES 322Lx). Subsequently, sintered samples were annealed in a vacuum quartz 

tube at 573 K for 6 h. After annealing, the sintered powder was ground in an Ar atmosphere 

for PXRD measurement, ensuring that the XRD data reflected the structural properties of the 

as-sintered state. The sintered bulk samples were cut and polished for various other 

measurements. Ag3Sb sample was prepared similarly to α-MgAgSb using a one-step ball 

milling process for 10 h with Ag and Sb, followed by SPS at 573 K under 60 MPa pressure, 

and post-annealing at 723 K for 24 h. 

Table 1 Summary of sample identities and synthesis procedures for MgAgSb samples. 

Sample name One-step BM (h) Two-step BM 
(h) 

S1 5 - 
S2 10 - 
S3 5 10 
S4 10 10 

 

2.2 Characterization and measurements 



Room temperature powder X-ray diffraction (XRD) analysis of samples S1, S2, S3, and S4 

was conducted using Cu Kα radiation (40 kV, 15 mA) with a 2θ scan range from 10° to 70° at 

a scan rate of 1°/min (MiniFlex 600-Cu, Rigaku, Japan). Microstructure analysis was 

performed using a field emission scanning electron microscope (Hitachi SU8000, Hitachi 

High-Tech Corporation, Japan) equipped with energy dispersive spectroscopy (EDS) mapping 

(Xflash Flat QUAD 5060F). 

Thermoelectric properties including electrical resistivity 𝜌𝜌 (𝑇𝑇) and Seebeck coefficient 𝑆𝑆 (𝑇𝑇) 

above room temperature were measured using a thermoelectric measurement system (ZEM-3, 

ULVAC-RICO, Japan) under a He atmosphere. Thermal conductivity 𝜅𝜅 was determined as  

𝜅𝜅 = 𝑑𝑑s𝐶𝐶p𝜆𝜆 , where 𝑑𝑑s , 𝐶𝐶p , and 𝜆𝜆  denote sample density (measured using the Archimedes 

method), heat capacity, and thermal diffusivity, respectively. Thermal diffusivity was 

measured by the laser flash diffusivity method (LFA-467, Netzsch, Germany). 

Electrical resistivity 𝜌𝜌 (𝑇𝑇) at low temperatures (2–300 K) was measured using the PPMS 

(Physical Property Measurement System, Quantum Design, USA). Hall resistivity 𝜌𝜌xy 

measurements were conducted using a four-probe contact method with the PPMS, employing 

a sweeping magnetic field range of -5 T ≤ H ≤ 5 T. Parameters such as Hall coefficients 𝑅𝑅H, 

Hall carrier concentration 𝑛𝑛H, and Hall mobility 𝜇𝜇H were derived from the equations 𝑅𝑅H =

𝜌𝜌xy/𝐻𝐻, 𝑛𝑛H = 1/𝑒𝑒𝑅𝑅H, and 𝜇𝜇H = 𝑅𝑅H/𝜌𝜌 = 1/𝜌𝜌𝜌𝜌𝑛𝑛H, where the 𝜌𝜌xy is the Hall resistivity. 

Longitudinal (𝑣𝑣l) and transverse (𝑣𝑣t) sound velocities were measured at room temperature 

using a sing-around ultrasonic velocity measurement instrument (UVM-2, Ultrasonic 

Engineering Co., Ltd.). The corresponding average sound velocity (𝑣𝑣) was calculated via the 

equation: 𝑣𝑣−3 = 1
3
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3. Results and discussion 

Fig. 1 depicts the powder X-ray diffraction patterns of samples S1, S2, S3 and S4. The phase 

quantification analyzed from Rietveld refinement is listed in Table 2. Samples S1 and S2 

contain more impurity phases compared to S3 and S4. As the milling time increases, there is a 

noticeable trend towards higher formation of α-MgAgSb and a decrease in the proportions of 

secondary phases such as Sb, Ag3Sb, γ-MgAgSb, and Mg3Sb2. The phase ratio of α-MgAgSb 

increases with increasing ball milling (BM) time as follows: 52% for S1, 81% for S2, 95% for 

S3, and 99% for S4. The simple one-step BM process was initially applied to examine whether 

it is feasible to obtain α-MgAgSb with negligible impurities in a time-efficient way. In the case 

of one-step BM, both S1 and S2 exhibit the main phase α-MgAgSb along with various 

secondary phases. The Mg3Sb2 impurity observed in S1 was effectively eliminated in S2 by 

increasing the milling time to 10 h. However, S2 still exhibits several impurity phases. The 

two-step BM approach is employed to further reduce impurities, specifically those related to 

Sb. Samples S3 and S4 are primarily composed of the α-MgAgSb phase, with S4 showing an 

exceptionally low proportion of Sb. Sample S3, which was milled for 10 h in the first step 

followed by 5 h in the second, still contained common impurity phases, such as Ag3Sb and Sb. 

In contrast, the highest purity of α-MgAgSb is achieved with sample S4, which involved a total 

milling duration of 20 h (10 h in each step), emphasizing the importance of the milling process 

and duration for impurity reduction. This demonstrates that both the number of BM steps and 

the milling time influence phase composition. 

We can estimate the average crystallite size and internal strain of samples by Williamson-Hall 

plot [55]: 

𝛽𝛽cos𝜃𝜃 = 4𝜀𝜀 sin𝜃𝜃 + 𝐾𝐾𝐾𝐾
𝐷𝐷

                                                    (1) 

where 𝛽𝛽 is the full width at half maximum (FWHM) of the diffraction peaks, 𝜀𝜀 is the internal 

lattice stain, 𝐾𝐾  (0.9) is the shape factor, 𝜆𝜆 is the wavelength of the X-ray source, 𝐷𝐷  is the 

crystallite size, and θ is the peak position in radians. Fig. 1(b) shows the relationship between 

milling conditions and crystallite size. The average crystallite size of the samples increases 

monotonically: 60.20 nm for S1, 74.46 nm for S2, 92.30 nm for S3, and 94.64 nm for S4. The 

internal lattice strain decreases, with values of 0.13 (10-4%), 0.11 (10-4%), 0.13 (10-4%), and 

0.09 (10-4%) for samples S1, S2, S3, and S4, respectively, listed in Table S6.  



 
Fig. 1. (a) Powder XRD patterns and (b) Williamson-Hall plot of samples S1, S2, S3, and S4, 

where D is the crystallite size. 

 
 
Table 2 Phase quantification by using X-ray diffraction analysis and Hall carrier concentration 

(𝒏𝒏𝐇𝐇) and mobility (𝝁𝝁𝐇𝐇) for samples S1, S2, S3, and S4. 

Sample 
name 

Phase ratio (%) 𝑛𝑛H 
(1019 
cm-3) 

𝜇𝜇H 
(cm2 V-1 

s-1) 
α-

MgAgSb Sb Ag3Sb γ-
MgAgSb Mg3Sb2 

S1 52 4 17 10 17 9.46 18 
S2 81 1 11 7 0 7.28 29 
S3 95 2 3 0 0 4.56 60 
S4 99 1 0 0 0 4.60 83 

 
 

 

The SEM analysis further complements the XRD results by revealing differences in grain size 

and impurity distribution. EDS analysis of sample S1 (Fig. 2(a-d)) reveals an inhomogeneous 

distribution of Mg, Ag, and Sb elements, indicating the presence of Ag3Sb and Sb within α-

MgAgSb. Specifically, Ag3Sb particles are distributed in sizes ranging from 2–4 μm, while Sb 

particles are smaller, less than 2 μm (Figs. 2(d) and S3(a)). In contrast, sample S4 exhibits a 

more homogeneous distribution of elements and larger grain sizes compared to S1, as depicted 

in Fig. S3. As shown in Fig. 2(e) and (f), the average grain size of samples S1 and S4 are around 

9 and 14 μm, respectively. This consistent increase in grain size, which aligns with the 

crystallite size from XRD, suggests that the BM process not only reduces secondary phases but 

also promotes grain growth. S1 exhibits multiple secondary phases, including Sb, Ag3Sb, γ-

PC
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MgAgSb, and Mg3Sb2, whereas S4 contains a negligible 1% of Sb as a secondary phase. The 

main phase α-MgAgSb in S4, characterized by considerably low secondary phase content, 

exhibits superior grain growth compared to S1 with the multi-phase structure. Due to its 

predominantly single-phase composition with minimal secondary phase content (1% Sb), 

sample S4 exhibits significantly larger grain sizes compared to S1. 

 
Fig. 2. Microstructural characterizations. (a) SEM and (b-d) EDS mapping images of sample 

S1. SEM images showing the average grain size of samples (e) S1 and (f) S4. 

 

It is interesting that the grain size increased despite the longer BM duration, which typically 

would reduce grain size. The potential reasons for this anomaly might be the dissolution of 

secondary phases and the Zenner pinning effect. As the duration of milling time increases, 

secondary phases might dissolve back into the matrix MgAgSb, leading to a more 

homogeneous single-phase material. This can cause grain growth, as the dissolution of 

secondary phases removes grain boundaries, allowing grains to grow larger.  

The different BM processes involve not only the duration but also the sequence of adding Sb 

into the BM jars. For the one-step BM, all elements—Mg, Ag, and Sb—are milled 

simultaneously. This increases the high chances of forming impurity phases rather than the α-

MgAgSb phase since the area of the α-MgAgSb single phase in a Mg-Ag-Sb phase diagram is 

small compared to other regions of α-MgAgSb with impurity phases [47]. The formed impurity 

phases can indeed act as pinning points within the matrix and at the grain boundaries, inhibiting 

grain growth. In contrast, during the first step of the two-step BM process, only Mg and Ag are 

involved, forming MgAg. In the second step, Sb is added to the MgAg phase, allowing Sb to 



dissolve into MgAg and form the α-MgAgSb phase. This two-step BM process provides more 

chances for the grain growth of the α-MgAgSb phase by preventing the formation of secondary 

phases. 

 

 
Fig. 3. (a) Electrical resistivity, Hall carrier mobility, and weighted mobility as functions of 

crystallite size at room temperature. (b) Power factor as a function of Hall carrier mobility at 

room temperature including this work and literature values [26,29,40–46,49,51,53,56–58]. (c) 

Temperature-dependent electrical resistivity for samples S1, S4, MgAg0.97Sb0.99 [26], and 

MgAg0.94Sb0.98 [26] with experimental data shown as scatter points and fitted results using 

model 1 represented by a line. (d) Temperature-dependent electrical resistivity for sample S1, 

with experimental data shown as scatter points and fitted results using model 2 represented by 

a line. 

 



Fig. 3(a) shows the relationship between electrical resistivity, Hall carrier mobility, and 

weighted mobility as functions of crystallite size, which was determined using the Williamson-

Hall plot at room temperature. The weighed mobility is calculated from the Seebeck coefficient 

and electrical conductivity using the following equation [59]: 

𝜇𝜇w = 3ℎ3𝜎𝜎
8𝜋𝜋𝜋𝜋(2𝑚𝑚e𝑘𝑘B𝑇𝑇)3/2 �

exp � | 𝑆𝑆 |
𝑘𝑘B/𝑒𝑒−2�

1+exp�−5� | 𝑆𝑆 |
𝑘𝑘B/𝑒𝑒−1��

+
3
𝜋𝜋2

| 𝑆𝑆 |
𝑘𝑘B/𝑒𝑒

1+exp�5� | 𝑆𝑆 |
𝑘𝑘B/𝑒𝑒−1��

�.                        (2) 

As crystallite size increases, there is a marked decrease in electrical resistivity, accompanied 

by an increase in both Hall mobility and weighted mobility. The grain size of sample S4 is 

larger than that of S1, as observed in the SEM images (Fig. 2(e) and (f)). Both crystallite size 

and grain size are linked to the improved quality of the α-MgAgSb phase resulting from the 

suppression of secondary phase formation. This suggests that the reduction of impurity phases 

increases the grain size of α-MgAgSb and decreases grain boundary scattering. The smaller 

grain size in sample S1 leads to a higher density of grain boundaries compared to sample S4, 

indicating that charge carriers encounter more boundary resistance within the material. 

Therefore, we conclude that the increase in both crystallite size and grain size, along with the 

improved quality of the α-MgAgSb phase due to the suppression of secondary phase formation, 

enhances carrier mobility and reduces electrical resistivity. 

Moreover, the decreasing trend of internal lattice strain reflects that the reduction of secondary 

phases results in the relaxation of internal lattice strain. This reduction in lattice strain is 

consistent with the increase in mobility, as it can reduce lattice imperfections that scatter charge 

carriers. Thus, both the grain growth and the relaxation of internal lattice strain contribute to 

the improved electronic transport properties, reducing resistivity and enhancing mobility.  

Fig. 3(b) illustrates the power factor as a function of Hall carrier mobility, incorporating both 

our experimental results and literature values. The trend clearly indicates that as mobility 

increases, the power factor exhibits a notable improvement in almost all α-MgAgSb samples. 

In our samples, the reduction in impurity phases, particularly in sample S4, promotes the 

dominance of the α-MgAgSb phase and enhances grain growth, which contributes to improved 

electronic transport properties and improved power factor. Furthermore, the direct interplay 

between grain size, carrier mobility, and electrical resistivity highlights the critical role of grain 

size in enhancing the power factor in α-MgAgSb. 

For a more detailed analysis of carrier transport properties and thermoelectric performance, we 

conducted the measurement of electrical resistivity at low temperatures  (2–180 K) for samples 

S1 and S4. Alongside our samples, we extended our investigation to include additional 



literature samples: MgAg0.97Sb0.99 and MgAg0.94Sb0.98 [26]. Fig. 3(c) depicts the fitting of 

resistivity for samples S1, S4, MgAg0.97Sb0.99 and MgAg0.94Sb0.98 using the following equation 

(model 1): 

𝜌𝜌 (𝑇𝑇) = 𝜌𝜌0 + 𝐷𝐷𝑇𝑇𝑛𝑛                                                       (3) 

This equation characterizes the conventional metallic behavior of samples [60]. The residual 

resistivity, 𝜌𝜌0, independent of temperature, is proportional to the concentration of the impurity, 

grain boundaries, defects, and dislocations. The second term represents the temperature 

dependence of resistivity, where 𝐷𝐷  is a scaling factor and 𝑛𝑛  characterizes the electron 

scattering mechanism. The large residual resistivity value indicates the abundance of impurities 

and defects in the material. By eliminating impurity phases, sample S4 exhibits a lower 𝜌𝜌0 than 

sample S1 with multiple impurity phases. 

As for temperature dependence of resistivity, we found that α-MgAgSb with a larger 𝑛𝑛-value 

tends to have lower carrier mobility, as shown in Fig. S4(a). S1 has an 𝑛𝑛-value of 2.41 with a 

mobility of 18 cm² V⁻¹ s⁻¹, whereas S4 has an 𝑛𝑛-value of 2.07 with a mobility of 83 cm² V⁻¹ 

s⁻¹, as shown in Fig. 3(c). The literature samples exhibit the same tendency, including 

MgAg0.97Sb0.99 with 𝑛𝑛 = 2.28 and a carrier mobility of 𝜇𝜇H = 71 cm2 V-1 s-1, and MgAg0.94Sb0.98 

with 𝑛𝑛 = 2.30 and 𝜇𝜇H  = 61 cm2 V-1 s-1. The lower 𝑛𝑛-value in sample S4 indicates reduced 

scattering, leading to the improved charge carrier mobility. Consequently, the higher mobility 

with the low 𝑛𝑛-value enhances the power factor, as illustrated in Fig. S4(b). Therefore, we 

propose that the temperature exponent of electrical resistivity at low temperatures can serve as 

an important indicator of thermoelectric performance. 

The quadratic relationship when 𝑛𝑛 = 2 indicates that electron-electron scattering dominates 

across the temperature range below the Debye temperature [60]. The variation in 𝑛𝑛-value 

suggests changes in the dominant scattering mechanism. We propose two possible mechanisms 

to explain the electronic transport behavior in samples S1 and S4, particularly the deviation 

from the 𝑛𝑛-value of 2 in sample S1. First, the larger 𝑛𝑛-value in sample S1 can be interpreted in 

terms of carrier concentration. A larger 𝑛𝑛-value indicates that electrical resistivity increases 

more rapidly with temperature. The high carrier concentration in sample S1, as listed in Table 

2, can be related to a lower thermal activation energy, which enhances the thermal excitation 

of carriers and correlates with a higher 𝑛𝑛-value due to the increased contribution of scattering 

from thermally activated carriers and impurities.  

Secondly, the larger n-value in sample S1 can also be attributed to enhanced phonon scattering. 

When the electron-phonon scattering dominates, the electrical resistivity exhibits a strong 
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temperature dependence characterized by the relationship 𝜌𝜌 (𝑇𝑇) ∝ 𝑇𝑇5 according to the Bloch–

Grüneisen model [60]. We modeled the resistivity of sample S1 using the following equation 

(model 2), accounting for both electron-electron and electron-phonon scattering:  

𝜌𝜌 (𝑇𝑇) = 𝜌𝜌0 + 𝑎𝑎𝑇𝑇2 + 𝑏𝑏𝑇𝑇5.                                                 (4) 

The fitted resistivity of sample S1 shows two distinct temperature regimes, corresponding to 

different scattering mechanisms, as shown in Fig. 3(d). At the low temperatures (𝑇𝑇 ≤ 50 K), 

the electrical resistivity fits well to 𝜌𝜌 (𝑇𝑇) ∝ 𝑇𝑇2 , indicating that electron-electron scattering 

dominates. At the high temperatures (𝑇𝑇 ≥ 80 K ), the exponent increases to 5 , reflecting 

enhanced electron-phonon interactions. This crossover from 𝑇𝑇2 to 𝑇𝑇5 in sample S1, contrasted 

with sample S4, which maintains electron-electron scattering dominance throughout the 

temperature range, suggests that electron-phonon scattering is enhanced due to presence of 

impurities. Impurities in the material not only influence residual resistivity but also play a 

significant role in modifying the temperature dependence of resistivity. These impurities 

introduce defects—such as vacancies, antisite defects, and interstitials—into the lattice, which 

can alter the density of states near Fermi level. This modification affects both electron-electron 

and electron-phonon interactions, leading to changes in the dominant scattering mechanisms. 

As a result, impurities affect not only the residual resistivity but also the temperature exponent 

of resistivity, as observed in sample S1. In impurity-rich sample S1, the increased 𝑛𝑛-value can 

be attributed to the reconstructed Fermi surface, which enhances electron-phonon scattering at 

higher temperatures. This explains the transition from 𝑇𝑇2  to 𝑇𝑇5  behavior, reflecting a shift 

from electron-electron scattering at low temperatures to electron-phonon scattering at higher 

temperatures. 

Fig. 4(a) depicts the electrical resistivity of samples S1, S2, S3, and S4 above room temperature. 

Fig. S5 demonstrates the repeatability of sample S4, showing heating-cooling data from 

repeated measurements. The temperature-dependent electrical resistivity above 400 K of 

samples S1, S1, S3, and S4 are fitted to the following Arrhenius equation [61–63]: 

𝜌𝜌(𝑇𝑇) = 𝐴𝐴exp (∆/𝑘𝑘B𝑇𝑇).                                                   (5) 

This equation is commonly used to analyze typical semiconductor behavior, where ∆ is the 

thermal activation energy. The calculated ∆ values are 0.0042, 0.30, 0.26, and 0.28 eV for 

samples S1, S1, S3, and S4, respectively. The carrier concentration has a relationship with the 

thermal activation energy, given by 𝑛𝑛 ∝ exp (−∆/𝑘𝑘B𝑇𝑇) . Lower thermal activation energy 

leads to higher carrier concentration at a given temperature. The high carrier concentration 

promotes the electrically activated states. Sample S1 has a higher carrier concentration due to 

PC
Fig. S4 cannot come after Fig. S5.

BACK Songyi
We’ve exchanged the number of figures S4 and S5. Please find the supplementary file.



its lower thermal activation energy than the other samples. This observation is consistent with 

the electronic transport behavior where we identified the more pronounced temperature 

dependence of resistivity in sample S1, related to its higher carrier concentration and lower 

thermal activation energy.  

 

Fig. 4. Temperature-dependent (a) electrical resistivity, (b) Seebeck coefficient, (c) weighted 

mobility, and (d) power factor of samples S1, S2, S3, and S4. 

 

To model the effect of impurities including the effect of boundary and grain size in transport 

properties, we assume that our samples consist of two phases: metallic Ag3Sb and 

semiconducting α-MgAgSb, and we apply the effective medium theory [64,65], a common 

approach to describe the transport properties of multi-phase compounds. For the EMT analysis, 

we utilize the properties of sample S4 as α-MgAgSb and the measured values of Ag3Sb, which 

are listed in Table S7. The effective electrical conductivity 𝜎𝜎eff is given by: 

𝑣𝑣1
𝜎𝜎1−𝜎𝜎eff
𝜎𝜎1+2𝜎𝜎eff

+ 𝑣𝑣2
𝜎𝜎2−𝜎𝜎eff
𝜎𝜎2+2𝜎𝜎eff

= 0                                              (6) 



where 𝜎𝜎1 and 𝜎𝜎2 are the electrical conductivity of phase 1 and phase 2, and 𝑣𝑣1 and 𝑣𝑣2 are the 

volume fractions of phase 1 and phase 2, respectively. According to the EMT, the electrical 

conductivity of samples is expected to be higher as the content of Ag3Sb increases, as shown 

in Fig. S6. However, the electrical resistivity of sample S1 with 58% α-MgAgSb, 17% Ag3Sb, 

and other impurities are more than double that of sample S4 (37 μΩ⋅m compared to 15 μΩ⋅m), 

which has 99% α-MgAgSb and 1% Sb, not consistent with the simple EMT model.  

Kuo et al. proposed a two-phase model composed of a grain phase and a grain boundary phase 

[66]. This model explicitly accounts for the inhomogeneous nature of the grain boundary region 

by treating the space-charge region induced by the grain boundary as a separate phase. In this 

simplified model where the grain and grain boundary phases are connected in a series circuit, 

the overall electrical resistivity can be calculated using the resistivity of two phases by the 

follow equation: 

𝜌𝜌 = (1 − 𝑡𝑡)𝜌𝜌G+𝑡𝑡𝜌𝜌GB                                                     (7) 

where the subscripts G and GB refer to the grain and grain boundary phase, respectively. The 

size fraction of the grain boundary phase is denoted as 𝑡𝑡 = 𝑡𝑡GB/𝑡𝑡G. By applying the series 

circuit model to our samples with two phases, α-MgAgSb and metallic Ag3Sb, assuming 𝜌𝜌G = 

1 μΩ⋅m, 𝜌𝜌GB = 0.1 Ω⋅m, and 𝑡𝑡GB = 2 nm, we calculated the grain sizes to be 6 μm for sample 

S1, 7 μm for S2, 9 μm for S3, and 14 μm for S4. The variation in grain size calculated by this 

model aligns with estimates derived from the Williamson-Hall plot and SEM images. 

Consequently, the reduction in electrical resistivity is attributed to the increase in grain sizes, 

as depicted in Fig. S7. This demonstrates that the large grain size enhances electronic transport 

properties, leading to a higher power factor. 

The Seebeck coefficients of the samples are nearly constant, except for sample S1. This is 

because the Seebeck coefficient is not influenced significantly by the carrier scattering rates. 

This tendency is clearly observed in comparisons between single crystal and polycrystalline of 

a sample material [59,66,67]. However, the Seebeck coefficient is generally proportional to the 

inverse of carrier concentration, consistent with our observation. Sample S4 exhibits the lowest 

electrical resistivity and a well-maintained Seebeck coefficient, as illustrated in Fig. 4(a) and 

(b). Consequently, the power factor of S4 has significantly improved, as depicted in Fig. 4(d). 

This demonstrates that the large grain size enhances electronic transport properties, leading to 

the higher power factor.  

The total thermal conductivity consists of the summation of electronic and lattice thermal 

conductivity. The electronic thermal conductivity is given by 𝜅𝜅e = 𝐿𝐿𝐿𝐿𝐿𝐿, where 𝐿𝐿 is the Lorenz 



number by Wiedemann-Franz’s law. We calculated the Lorenz number to determine the 

electronic and lattice thermal conductivities using a single parabolic model [68]. The 

temperature-dependent Lorenz number and electronic thermal conductivity of the samples are 

illustrated in Fig. S8, with detailed equations provided in Supplementary Information 

(Supplementary note 2). The thermal conductivity of the samples decreases with the reduction 

of impurities and the increase of α-MgAgSb content within the materials, as shown in Fig. 5(a). 

Sample S1, which contains a large amount of impurity phases, exhibits high thermal 

conductivity. The increase in thermal conductivity implies the distinctive metallic properties 

of Ag3Sb. Generally, metals have higher Debye temperatures compared to semiconductors due 

to stronger atomic bonds and faster vibrational frequencies. As listed in Table S8, the measured 

sound velocity and Debye temperature increase with higher Ag3Sb content, reflecting the 

higher Debye temperature and faster sound velocity typically associated with metals compared 

to semiconductors. Since thermal conductivity is proportional to sound velocity, the increased 

sound velocity leads to an increase in lattice thermal conductivity. This correlation between 

higher sound velocity and increased thermal conductivity highlights the impact of the metallic 

nature of Ag3Sb within α-MgAgSb. 

 



Fig. 5. (a) Temperature-dependent thermal conductivity of samples S1, S2, S3, and S4. (b) 

Effective thermal conductivity according to the EMT, Maxwell theory, and modified 

Maxwell theory (denoted m-M), alongside the thermal conductivity of samples S1, S2, S3, 

and S4. Temperature-dependent (c) lattice thermal conductivity, and (d) zT of samples S1, 

S2, S3, and S4 with literature values for MgAg0.97Sb0.99 synthesized by two-step BM (for 8 h 

and 5 h) [29], MgAg0.97Sb0.995 with an additional cleaning step of BM jar [47] and tantalum-

sealed melted MgAgSb [53]. 

 

We conduct a quantitative investigation into the increase in thermal conductivity with 

increasing impurity levels using three methods: EMT, Maxwell theory and modified Maxwell 

theory, which describe the effective thermal conductivity of materials with multi-phases. 

Despite the presence of various impurity phases in samples S1 and S2, which contain 

significant quantities and types of impurities, our analysis primarily focused on Ag3Sb due to 

its distinctive metallic properties compared to other phases. Among the impurities present in 

all four samples, Ag3Sb exhibited the most systematic variation. We could disregard Sb due to 

its low quantity, and other phases like Mg3Sb and γ-MgAgSb were excluded because of their 

semiconductor characteristics. This simplification allowed us to categorize the samples into 

two primary phases: α-MgAgSb and metallic Ag3Sb.  

Considering the intrinsically low thermal conductivity of α-MgAgSb (0.7–1.11 W m-1 K-1) 

[39,52,69] and the significantly higher thermal conductivity of Ag3Sb (6.26 W m-1 K-1, as listed 

in Table S7), the thermal conductivity of the samples is expected to be influenced 

predominantly by the amount of Ag3Sb present. This prediction is well-supported by the EMT. 

The effective thermal conductivity, 𝜅𝜅eff, by EMT can be calculated by the following equation 

[64,65]: 

𝑣𝑣1
𝜅𝜅1−𝜅𝜅eff
𝜅𝜅1+2𝜅𝜅eff

+ 𝑣𝑣2
𝜅𝜅2−𝜅𝜅eff
𝜅𝜅2+2𝜅𝜅eff

= 0                                               (8) 

where 𝜅𝜅1 and 𝜅𝜅2 are the thermal conductivity of phase 1 and phase 2, and 𝑣𝑣1 and 𝑣𝑣2 are the 

volume fractions of phase 1 and phase 2, respectively. However, as depicted in Fig. 5(b), the 

experimental thermal conductivity values at room temperature are lower than those predicted 

by EMT. This discrepancy suggests that while EMT provides a qualitative framework for 

understanding the thermal conductivity trends based on phase composition, additional factors 

such as microstructural features or interactions between phases may influence the actual 

thermal conductivity observed experimentally.  



The Maxwell theory specifically addresses the effective thermal conductivity of materials 

containing dispersed spherical inclusions, while the EMT focuses on predicting averaged 

material properties. The effective thermal conductivity by Maxwell theory is calculated by [70]:  

𝜅𝜅eff = 𝜅𝜅m
2𝜅𝜅m+𝜅𝜅p−2𝜙𝜙�𝜅𝜅m−𝜅𝜅p�
2𝜅𝜅m+𝜅𝜅p+𝜙𝜙�𝜅𝜅m−𝜅𝜅p�

                                                (9) 

Here, 𝜅𝜅m  and 𝜅𝜅p  denote the thermal conductivities of the matrix and spherical particles, 

respectively. 𝜙𝜙  represents the volume fraction of the particles. The effective thermal 

conductivity calculated from Maxwell theory decreases compared to EMT, as depicted in Fig. 

5(b). However, Maxwell theory still cannot quantitatively describe the thermal conductivity of 

samples S1, S2, S3, and S4. 

The modified Maxwell model integrates interfacial thermal barrier resistance for materials with 

spherical inclusions, addressing structural complexities that EMT and Maxwell theory may not 

fully account for. According to the modified Maxwell theory, the effective thermal 

conductivity of a multi-phase compound is expressed as [71]: 

𝜅𝜅eff = 𝜅𝜅m
𝜅𝜅p(1+2𝛼𝛼)+2𝜅𝜅m+2𝑓𝑓��𝜅𝜅p(1−𝛼𝛼�−𝜅𝜅m�
𝜅𝜅p(1+2𝛼𝛼)+2𝜅𝜅m−𝑓𝑓��𝜅𝜅p(1−𝛼𝛼�−𝜅𝜅m�

                                     (10) 

Parameters 𝛼𝛼 and 𝑓𝑓 are dimensionless, where 𝛼𝛼 is defined as 𝑎𝑎k/𝑎𝑎, indicating the ratio of the 

Kapitza radius (𝑎𝑎k=𝑅𝑅Bd𝜅𝜅m) to the radius (𝑎𝑎) of the dispersed particles, and 𝑓𝑓 is the volume 

fraction of embedded particles. When 𝛼𝛼 > 1, the effective thermal conductivity becomes lower 

than the 𝜅𝜅m. Conversely, the 𝜅𝜅eff increases when the particle radius exceeds the Kapitza radius. 

This reflects that the size of spherical inclusions should be small in order to reduce the thermal 

conductivity, which is a key method for enhancing thermoelectric performance.  

In SEM images (Figs. 2(c) and S3(a)), since the Ag3Sb particles were several micrometers in 

size, 𝑎𝑎 was set to 3 micrometers, resulting in a fitting parameter, 𝛼𝛼, of 0.18. As shown in Fig. 

5(b), the increase in thermal conductivity with higher Ag3Sb content in samples aligns well 

with the predictions from the modified Maxwell model. This model, which incorporates both 

interfacial resistance and particle shape, effectively explains the variation in thermal 

conductivity of samples S1, S2, S3, and S4. The thermal conductivity of samples S1, S2, S3, 

and S4 is influenced not only by the shape of dispersed particles but also by thermal boundary 

resistance. The distribution of Ag3Sb within the α-MgAgSb matrix significantly enhances 

interfacial resistance, which emerges as a crucial factor. 

At high temperatures (𝑇𝑇 > 𝜃𝜃D ), the phonon–phonon (Umklapp) scattering predominates, 

described by the Debye-Callaway model with the relationship [72–74]:  

𝜅𝜅L ≈
𝑘𝑘B
2𝜃𝜃D

2𝜋𝜋2𝑣𝑣s𝑇𝑇
∝ 1

𝑇𝑇
                                                       (11) 



Samples S1, S2, S3, and S4 exhibit a weak temperature dependence in lattice thermal 

conductivity, as depicted in Fig. 5(c). Unlike typical cases where 𝜅𝜅L ∝ 𝑇𝑇−1  at high 

temperatures, the temperature exponent 𝑥𝑥 values, 𝜅𝜅L ∝ 𝑇𝑇𝑥𝑥, of our samples are −0.11 for S1, 

−0.32 for S2, −0.43 for S3, and −0.43 for S4, respectively. The deviation from the 𝜅𝜅L ∝ 𝑇𝑇−1 

trend in α-MgAgSb was examined using theoretical phonon calculations [75]. The phonon 

scattering rate of α-MgAgSb shows minimal variation between 300 and 600 K, which indicates 

that phonon scattering is nearly independent of temperature. This observation gives rise to the 

weak temperature dependence of lattice thermal conductivity in samples S1, S2, S3, and S4, as 

the reduced temperature sensitivity of phonon scattering limits the expected 𝜅𝜅L  decline 

typically observed at high temperatures. 

As depicted in Fig. 5(d), the zT values of the samples are ranked in order of impurity content. 

Sample S1, with high impurity phase content and low carrier mobility, exhibited the lowest zT. 

In contrast, sample S4, characterized by an almost "impurity-free" α-MgAgSb compound (with 

only 1% antimony), showed the significantly enhanced zT across all temperature ranges. The 

peak zT value of 1.36 was achieved by sample S4 at 473 K.  

 

4. Conclusion 

In this study, our exploration of α-MgAgSb through varied ball milling techniques provides 

insights into crystal structure, microstructure, electronic, thermal transport properties, and 

thermoelectric performance. Systematic adjustment of BM conditions allowed us to control 

grain size, resulting in the enhancement of charge carrier mobility, the reduction of resistivity, 

and the improvement of thermoelectric performance of α-MgAgSb. The analysis of electrical 

resistivity and thermal conductivity contributes significantly to the understanding of how α-

MgAgSb can be optimized for the enhancement of thermoelectric performance. α-MgAgSb 

with lower Sb content favors electron-electron scattering, while higher impurity levels 

introduce electron-phonon scattering, which diminishes carrier mobility. Additionally, thermal 

conductivity analysis comparing three different methods revealed that the distribution of Ag3Sb 

significantly enhances interfacial resistance. These results underscore the importance of precise 

control over synthesis conditions to optimize the thermoelectric performance of α-MgAgSb. 

This study contributes to a deeper understanding of α-MgAgSb and provides a basis for further 

employing α-MgAgSb as thermoelectric materials. 
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