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Summary  

 

Contrary to the similar thermoelectric performance among both AZn2Sb2 and AMg2Bi2 

compounds, their isostructural counterparts, AMg2Sb2, can exhibit thermoelectric 

figure of merit values that vary by orders of magnitude with different A elements. Here, 

we reveal physical origins accounting for the significantly differing performance 

among AMg2Sb2-based compounds (A = Ca, Sr, Sm, Yb, and Mg) through 

comprehensive analyses, where it is shown that the disparities in performance at the 

macroscale essentially originate from the widely varying activation energies that equal 

amounts of dopant can induce. Meanwhile, a few unusual transport behaviors regarding 

electrical conductivity, carrier concentration, or lattice thermal conductivity among 

these compounds have been identified, and we also present their rationales in depth. 

This mechanism-focused study can not only promote further understanding of the 

complex transport behaviors in condensed matter, but be instrumental in rationally 

tuning the physical properties of materials as well. 

 

Keywords: thermoelectric, transport behavior, activation energy, valence state, phonon 

scattering 

 

MAP scale: 3 – Understanding 



 3 

1. Introduction 

The atomic structure and the chemical composition jointly regulate properties of a 

material. AM2X2-type (A = an alkaline earth metal or a divalent lanthanide; M = a 

transition metal or Mg; and X = a nitrogen group element) materials constitute an 

immense group of compounds that has aroused strong interest among the scientific 

community in recent years due to their varied structural features and diverse chemical 

constituents. At the same time, these variations enable AM2X2-based compounds to 

exhibit fascinating physical properties applicable to a broad set of research fields, 

especially superconductivity and thermoelectricity. K-doped BaFe2As2 and K- or Cs-

doped SrFe2As2 were the first reported superconducting AM2X2-type compounds, with 

superconducting transition temperatures (Tcs) being 38 K and 37 K, respectively.1,2 

Following these two pioneering studies, a few other isostructural compounds, such as 

CaFe2As2, EuFe2As2, BaNi2As2, and SrNi2P2, were also reported to be superconducting 

at varying Tcs.3–6 Meanwhile, there are also a number of AM2X2-type materials being 

semiconductors and have shown promise for thermoelectric applications. CaxYb1-

xZn2Sb2 was the first material in this group reported to exhibit a decent peak 

thermoelectric figure of merit (zT) of ~0.6 at 773 K.7 Since then, many more compounds 

of the AM2X2 kind, including Mg3Sb2, YbCd2Sb2, CaMg2Bi2, SmMg2Bi2, etc., have 

been identified as promising thermoelectric materials.8–11  

While these superconducting or thermoelectric materials can exhibit the same 

qualitative behavior within either specific group, their quantitative performance differs 

significantly. For instance, although doped BaFe2As2 and SrFe2As2 can have Tcs well 

above 30 K and Pr-doped CaFe2As2 even shows a Tc as high as ~49 K, making them a 

notable group of high-temperature superconductors, other non-Fe-based isostructural 

compounds like BaNi2As2 and SrNi2As2 have been reported to enter the 
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superconducting state only at much lower Tcs below 1 K.5,12 Likewise, despite the 

decent zT values realized in p-type AZn2Sb2 and AMg2Bi2 thermoelectric materials, p-

type AMg2Sb2 compounds generally exhibit markedly inferior thermoelectric 

performance and, more critically, with varied A elements, we find that they show huge 

differences in performance (Figure 1).7,9,10,13–19 However, research efforts on 

superconducting and thermoelectric materials to reveal the underlying mechanisms for 

such distinctions have been widely divergent: almost as soon as the discovery of those 

superconducting AM2X2 compounds that show different Tcs was reported, there were 

already several studies attempting to explain their dissimilarities;20,21 however, the 

underlying mechanisms responsible for the huge variations in performance among p-

type thermoelectric AM2X2 compounds remain unrevealed. While there is 

understandable complexity in deciphering the underlying mechanisms due to the many 

physical parameters that define zT [zT = S2sT/(kl + ke), where S, s, T, kl, and ke are the 

Seebeck coefficient, the electrical conductivity, the absolute temperature, and the lattice 

and electronic thermal conductivity, respectively] and the strong interplay among them, 

fundamental analyses of thermoelectric materials frequently bring about new 

discoveries, a recent example of which is the inspirational finding of a very rare 

phenomenon—local symmetry breaking upon warming—in a few crystal structures,22–

25 such that these analyses can not only be instrumental in the proper tuning of materials’ 

thermoelectric properties, but can provide insight for deeper understanding of the 

carrier or phonon transport in condensed matter systems as well.  

Here we use a combination of experimental and theoretical analyses to contribute to 

the understanding of the differences in thermoelectric performance among p-type 

AMg2Sb2 compounds, the crystal structure visualization for which is shown in Figure 

2(A).26 Ca, Sr, Sm, Yb, and Mg are selected to be the A element in this study, 
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representing alkaline earth metals (Ca and Sr), divalent lanthanides (Sm and Yb), and 

Mg itself. We first construct and compare electronic band diagrams for these AMg2Sb2 

pristine compounds. Subsequently, the electrical properties of AMg2Sb2-based 

materials, controlled by the carrier transport behavior, and their thermal properties, 

primarily governed by the phonon transport behavior, are explored thoroughly. In 

particular, for the SrMg2Sb2- and SmMg2Sb2-based compounds, both properties are 

experimentally reported for the first time. We find that equal Na dopant concentrations 

in these compounds result in dramatically different electrical conductivities, which is 

explained by the huge variations in activation energy that equal amounts of Na doping 

induce. In addition, several other previously unreported phenomena for AMg2Sb2 are 

identified here, including the anomalous carrier concentration in the Sm-based 

compound due to its unusual Sm valence state, as well as the violation by SmMg2Sb2 

of the expected trend of average atomic mass with respect to lattice thermal 

conductivity, rationales for which are also presented in depth. This mechanism-focused 

study can provide a deeper understanding of carrier and phonon transport behavior 

fundamentally, as well as assist in the tuning of physical properties of materials for 

applied research. 

 

2. Results and discussion 

2.1. Electronic band structure 

We first studied AMg2Sb2 (A = Ca, Sr, Sm, Yb, and Mg) pristine compounds through 

their electronic band structures, as shown in Figure 2(B–F). CaMg2Sb2, SrMg2Sb2, 

SmMg2Sb2, and YbMg2Sb2 show generally similar band structures, each having an 

indirect band gap of around 1 eV with the valence band maximum (VBM) located at 
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the G point and the conduction band minimum (CBM) located at the M point. However, 

slight differences among their band structures should also be noted—in particular, (1) 

the number of bands for SmMg2Sb2 is doubled by magnetic exchange splitting as a 

result of the magnetic moments carried by its 4f electrons, and (2) the top two valence 

bands for SrMg2Sb2 are degenerate at the valence band edge. Given that the anion p 

orbitals of all four compounds are split by both crystal field and spin orbit, the two-fold 

degeneracy exhibited in SrMg2Sb2 is unique, in comparison to the band configuration 

of the other three singly degenerate compounds, since it allows both bands to 

substantially contribute to the p-type carrier (hole) transport.  

The band structure of Mg3Sb2 also exhibits an indirect band gap with the VBM 

located at the G point, like that for the other four compounds, but the CBM is located 

at the K point. The calculated band gap for Mg3Sb2 is ~0.55 eV, much smaller than that 

for the other four compounds. It is also worth mentioning that for Mg3Sb2, the energy 

offset between the two bands near the VBM appears relatively larger than that for the 

other four compounds, implying the inferior contribution to the carrier transport that 

the lower and heavier valence band is able to make. On the other hand, the narrowed 

band gap for Mg3Sb2 implies that less thermal energy is required for an electron to 

transition from the ground to the excited state, which should thus benefit electrical 

conductance. Carrier pocket visualizations at 0.1 eV below the VBM (plotted in blue) 

and 0.1 eV above CBM (plotted in red) for all five compounds studied were also 

constructed, as shown in Figure S1. 

2.2. Electrical and carrier transport properties 

Compared to pristine A′Zn2Sb2 (A′ = Ca, Sr, Eu, and Yb) and A′′Mg2Bi2 (A′′ = Ca, 

Sm, Eu, and Yb) compounds that reportedly have band gaps of less than 0.5 eV,9,10,27 
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AMg2Sb2 compounds, as discussed above, mostly exhibit band gaps that are double this 

value and they are thus placed into a disadvantageous position when judging their 

electrical conductivity. To alleviate this deficiency, 1% (atomic) Na was introduced in 

an undifferentiated manner into all studied AMg2Sb2 compounds as a control variable, 

to serve as carrier donors in order to obtain higher carrier concentrations in the p-type 

A0.99Na0.01Mg2Sb2 samples. While this study is not aimed at exploring or enhancing the 

peak zT values of these compounds, such a maneuver is also reasonable in terms of 

performance since, unlike those of A′Zn2Sb2 and A′′Mg2Bi2, the highest zT values of all 

reported p-type AMg2Sb2 have only been realized when the compounds are chemically 

doped to some extent.15,17,28 Meanwhile, temperatures of interest in this study are in the 

range from room temperature to 573 K, except for Sr0.99Na0.01Mg2Sb2, which 

experiences two solid phase transitions at ~520 K and ~717 K as revealed by a 

differential scanning calorimetry measurement (DSC, Figure S2) and is thus studied 

over a temperature range capped at the even lower 473 K. 

The electrical conductivity of the A0.99Na0.01Mg2Sb2 compounds with respect to 

temperature is displayed in Figure 3(A). It is intriguing to see that the room-

temperature electrical conductivity value of each of these compounds varies by at least 

one order of magnitude in comparison with its nearest neighbors, with that of 

Sr0.99Na0.01Mg2Sb2 being the lowest, on the order of 10-2 S m-1, and that of 

Mg2.99Na0.01Sb2 being the highest, on the order of 104 S m-1. In addition, their electrical 

conductivities also show rather divergent trends with increasing temperature. In 

contrast, both A′Zn2Sb2 and A′′Mg2Bi2 compounds have temperature-dependent 

electrical conductivity values that generally resemble one another, as summarized in 

Figure S3. We calculated the crystallite size for each of these A0.99Na0.01Mg2Sb2 

samples using the Scherrer formula based on X-ray diffraction data (XRD, Figure 
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S4),29–33 and found that the values are very close to one another, which indicates that 

the variations in properties do not originate from those in crystallite size (Table S1). 

As such, the huge disparity in the electrical conductivity values among 

A0.99Na0.01Mg2Sb2 seems oddly fascinating, and hence we are inspired to put effort into 

unraveling the underlying reasons for such a discrepancy.  

While the addition of a carrier-donating dopant is necessary for boosting the 

performance of thermoelectric AMg2Sb2 compounds, the presence of the Na dopant 

alters the pristine nature of AMg2Sb2 such that the A0.99Na0.01Mg2Sb2 semiconductors 

become essentially extrinsic, which means that, unless at rather high temperatures when 

activation of intrinsic carriers becomes dominant, their band gap plays an insignificant 

role in the determination of their electrical conductivity compared to that of the dopant. 

For these extrinsic compounds, the Na dopant is able to create an impurity level very 

close to the VBM, such that much less energy is needed for the transition of electrons 

to take place, which therefore serves as the major mechanism influencing the electrical 

conductivity of these doped compounds. In the temperature range over which charged 

carriers gradually get excited (excitation region), the electrical conductivity and the 

temperature can be related via the activation energy (e1, the energy related to that 

required for a charged hole to be excited to the impurity level) through the expression: 

s = s0exp[-e1/(kBT)]                                                                            (Equation 1) 

where kB is the Boltzmann constant and s0 is a coefficient.34,35 Taking the logarithm for 

Equation 1 in cases when T is nonzero, it follows that: 

lns = lns0 + (-e1/kB)(1/T)                                                                    (Equation 2)  

Equation 2 makes it possible to evaluate the activation energies that 1% Na doping 

gives rise to in A0.99Na0.01Mg2Sb2 via the negatively correlated linear relationship 
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between lns and 1/T over such a region; correspondingly, such a plot was created with 

the obtained experimental data, as presented in Figure 3(B).  

From Figure 3(B), it can be clearly observed that, except for Mg2.99Na0.01Sb2, each 

compound shows a negative relationship between lns and 1/T from a certain higher 

measured temperature down to room temperature: 473 K (highest measured 

temperature) for Sr0.99Na0.01Mg2Sb2, 573 K (highest measured temperature) for 

Sm0.99Na0.01Mg2Sb2, and 423 K for Yb0.99Na0.01Mg2Sb2 and Yb0.99Na0.01Mg2Sb2. Linear 

fits were subsequently obtained for data points where negative linear correlations are 

evident in order to obtain accurate activation energies produced by 1% Na doping and, 

since each of the resulting slope values should be numerically equal to -e1/kB as shown 

in Equation 2, the activation energies were eventually determined to be 371 meV for 

Sr0.99Na0.01Mg2Sb2, 69 meV for Sm0.99Na0.01Mg2Sb2, 94 meV for Ca0.99Na0.01Mg2Sb2, 

and 28 meV for Yb0.99Na0.01Mg2Sb2. On the other hand, Mg2.99Na0.01Sb2 exhibits no 

negative relationship between lns and 1/T throughout the studied temperature range; in 

fact, as shown in Figure 3(A), the monotonic decrease of its electrical conductivity with 

increasing temperature is characteristic of a degenerate semiconductor. In this scenario, 

it is inferred that the effective activation energy for Mg2.99Na0.01Sb2 is zero. By 

associating the activation energy values of the studied A0.99Na0.01Mg2Sb2 compounds, 

as the magnitudes of the slopes in Figure 3(B) proportionally illustrate, with their 

corresponding logarithms of electrical conductivity values, it can be seen that, for all 

compounds other than Sm0.99Na0.01Mg2Sb2, the lns is negatively correlated to the 

activation energy value at any given temperature within the excitation region, which 

indicates that the larger the e1 a compound has, the lower the s  it will exhibit. However, 

it is worth mentioning that a larger e1 can allow a faster multiplication in electrical 

conductivity with respect to temperature, and this behavior can be understood 
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mathematically: since all compounds other than Mg2.99Na0.01Sb2 are within the 

excitation region from 298 K to 423 K, we chose these two temperatures to plug into 

Equation 1 and divided one by the other, resulting in: 

s423 K/s298 K = exp[(e1/kB)(1/298 K-1/423 K)]                                   (Equation 3) 

from which it is analytically evident that there is a positive correlation between s423 

K/s298 K and e1. Such a correlation can also be concluded from the inset to Figure 3(C), 

in which the data, as well as their fitting, further validate the exponential increase of 

multiplication in electrical conductivity with increasing activation energy. 

On the other hand, as shown in Table S2, except for the smaller intercept of the linear 

fit for the Sm0.99Na0.01Mg2Sb2 data points, those for others are similar and they do not 

in fact have an impact on the ranking of electrical conductivities here. In addition, from 

Figure 3(B) it should be noted in particular that even though the critical temperature at 

which each excitation region ends differs among the A0.99Na0.01Mg2Sb2 compounds, 

because of their significantly varying electrical conductivities at room temperature, any 

different trend in lns vs. 1/T beyond the critical temperature cannot negate such ranking 

over the entire studied temperature range, which further demonstrates the potent impact 

of the activation energy on the electrical conductivity of A0.99Na0.01Mg2Sb2 compounds. 

2.3. Anomalous carrier concentration in Sm0.99Na0.01Mg2Sb2 

Sm0.99Na0.01Mg2Sb2 has a disproportionately low electrical conductivity considering 

its modest e1 value, and we found that, in parallel, this compound also shows an out-of-

trend low carrier concentration (n) with respect to e1 [Figure 3(C)]. It is also this lower 

n that resulted in the smaller intercept of the linear fit for Sm0.99Na0.01Mg2Sb2 in Figure 

3(B). This low carrier concentration in Sm0.99Na0.01Mg2Sb2 seems quite anomalous 
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since, for semiconductors with approximately the same amount of available dopant at 

a certain temperature within the abovementioned region, the number of carriers should 

depend primarily on the thermal energy needed for a ground-state electron to be excited 

to the impurity level. In other words, provided that the total number of available carriers 

generated by the dopant in a group of semiconductors is approximately the same for 

each, the lower the e1 value is, the larger the n should generally be at a certain 

temperature. In fact, all other studied compounds strictly follow this correlation [Figure 

3(C)]. Thus, the anomaly in Sm0.99Na0.01Mg2Sb2 led us to reach a counterintuitive 

inference: the Sm0.99Na0.01Mg2Sb2 sample has a total number of carriers smaller than 

what 1% Na doping is inherently able to produce within the region, i.e., there exists a 

competing effect negatively impacting the carrier concentration such that not all the Na 

dopant introduced into this compound can be ionized effectively.  

To grasp this hypothesis, one should start with the electron configurations of Sm, Eu, 

and Yb—[Xe]4f66s2, [Xe]4f76s2, and [Xe]4f146s2, respectively—which hint at the 

reason why these three elements can even be divalent, in comparison to other 

lanthanides that generally only show the trivalent state: the 4f orbital of an element can 

contain up to 14 electrons, and there are respectively 7 (half filled) and 14 (fully filled) 

electrons located on the 4f orbitals of Eu and Yb atoms; for both situations, according 

to Hund’s rules, an orbital tends to be more stable than other kinds of fillings. It is thus 

relatively hard for a third electron to escape either Eu or Yb after it has lost two 

electrons located on the 6s orbital of its electron shell, which turns it into a stable 

divalent ion. On the other hand, there are only 6 electrons located on the 4f orbital for 

a Sm atom and, although the electron configuration of Sm2+ can still be retained since 

its 4f orbital is nearly half filled, this divalent state is less stable. That being said, we 

doubted that Sm in Sm0.99Na0.01Mg2Sb2 is indeed divalent.  
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X-ray photoelectron spectroscopy (XPS) was first employed to analyze the valence 

state of Sm. However, considering the existence of a minor impurity phase SmSb, in 

which Sm has a different nominal valence state, in the Sm0.99Na0.01Mg2Sb2 sample as 

detected by XRD, a new sample, Sm0.94Na0.01Mg2Sb1.95, in which the impurity phase 

containing trivalent Sm is minimized while the AMg2Sb2-type structure is maintained, 

was specifically synthesized for such a measurement (Figure S4). Surprisingly, the XPS 

result depicted in Figure 3(D) indicates the complete absence of divalent Sm, i.e., all 

Sm on the surface of Sm0.94Na0.01Mg2Sb1.95 should be indexed as trivalent. To the best 

of our knowledge, this result is a reflection of the intrinsic valence feature of the sample 

since we made great efforts to avoid oxygen contamination of the sample surface during 

the measurement. The observation of only trivalent Sm on the surface of a bulk 

Sm0.94Na0.01Mg2Sb1.95 sample in this study is analogous to the result of a previous study 

on the size effect of the Sm valence, in which it was concluded, based on a carbon-

supported Sm cluster, that Sm on the surface of a bulk sample is predominantly trivalent 

due to the predominantly reduced surface coordination.36 We then attempted to further 

determine the Sm valence of this sample as a whole by measuring its magnetic 

susceptibility. Since all other ions in the composition are diamagnetic, the total 

magnetic moment of the sample should be solely contributed by that of the Sm ions. 

The experimental effective magnetic moment of Sm3+ is 1.5 µB, while that of Sm2+ is 

a non-constant but much higher value.37,38 As shown in Figure 3(E), we utilized the 

Curie–Weiss fitting to obtain the effective magnetic moment of the 

Sm0.94Na0.01Mg2Sb1.95 sample, which is ~12.6 µB, much higher than Sm3+ alone can 

provide. In this scenario, we can conclude that the Sm ions in the sample are 

predominantly divalent (Sm2+), while there is also a fraction of Sm3+ ions naturally 

existing in it. In fact, the presence of Sm3+ should be a natural feature of Sm-containing 
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compounds since there has been extensive reporting of the mixed valence states of Sm, 

consisting of both Sm2+ and Sm3+, in compounds like SmB6,39 Sm4Bi3,40 and 

SmOs4Sb12,41 and even in nominally Sm-divalent SmS42–44 and SmO45, in addition to 

the material studied here.  

Based on the above discussion, the lower-than-expected carrier concentration of 

Sm0.99Na0.01Mg2Sb2 can be explained by the existence of trivalent Sm in the sample: 

the naturally existing Sm3+ in the p-type compound, in which the nominal valence state 

of Sm is divalent, has a counter-doping effect by serving as an electron donor to 

Sm0.99Na0.01Mg2Sb2, competing against the Na doping that gives rise to numerous 

positively charged holes. Therefore, even though holes remain the dominant carriers in 

the compound and can maintain its p-type character, a considerable proportion of the 

holes generated by Na doping must withstand the aforementioned countereffect, where 

these oppositely charged carriers cancel out, such that not all the 1% Na doped into the 

compound can be ionized effectively. This results in the intrinsically lower number of 

available carriers in Sm0.99Na0.01Mg2Sb2, which, despite its modest e1 value, exhibits a 

lower carrier concentration and thus decreased electrical conductivity. 

2.4. Thermal and phonon transport properties 

Thermal properties of this group of compounds have also been investigated here with 

a combination of both experimental and theoretical efforts. The experimental 

temperature-dependent thermal conductivity (k) of A0.99Na0.01Mg2Sb2 compounds is 

displayed in Figure 4(A), which shows that the k of all compounds decreases 

monotonically with increasing temperature within the studied range. To understand 

which component of the total k plays the dominant role, the contributions from the 

lattice (kl) and electronic (ke) components were separately evaluated. It can be observed 
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from Figure S5 that the ke value of each compound is boosted at higher temperatures, 

exhibiting a trend different from its respective total k value, while the kl values, as 

shown in Figure 4(B), all decrease with increasing temperature, which essentially 

accounts for the corresponding reductions in total k values. In addition to their 

temperature-dependent trends being rather similar, the kl of each compound also 

dominates its overall k quantitatively—as can be seen in the inset to Figure 4(A), the 

ke/kl ratio falls far below unity for all the compounds. 

There is an empirical trend sometimes useful that the kl of a material should decrease 

with its increasing average atomic mass (mave). All other factors being equal, a heavier 

mave results in smaller velocities for heat-carrying acoustic phonons. Nevertheless, such 

a correlation does not fully apply among the materials studied here, as can be seen from 

Figure 4(B), in which the kl values of Sm0.99Na0.01Mg2Sb2 and Mg2.99Na0.01Sb2 are 

anomalously lower than that of Yb0.99Na0.01Mg2Sb2, even though Sm and Mg each have 

a smaller atomic mass than Yb such that their mave values are smaller. The other studied 

compounds, by contrast, strictly follow the aforementioned relation. The exceptionally 

low kl of Mg3Sb2-based compounds has already been studied in depth in recent years, 

and the presence of a soft branch of phonons, and thus highly anharmonic transverse 

phonon modes, in Mg3Sb2 is now a well-accepted explanation to this anomaly given 

the small radius of Mg cations at the A site [Mg(1)], which stabilizes the A–Sb bond 

less rigidly in comparison to that for other A cations in other AMg2Sb2 compounds.46,47 

This rationale, however, does not apply to the case of Sm0.99Na0.01Mg2Sb2 since Sm has 

the largest radius among all A elements in the compounds studied here (its radius is 

even larger than that of Yb due to lanthanide contraction). Clearly, there exists some 

other mechanism that transcends the mass effect and leads to the suppression of its kl.  
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To understand the origin of the anomalous kl of 1%-Na-doped SmMg2Sb2, 

theoretical calculations were performed in order to compare the thermal transport 

properties of SmMg2Sb2 and YbMg2Sb2: we calculated their group velocities and three-

phonon scattering rates, in which the effect of 1% Na mass variation scattering was also 

included. As depicted in Figure 5(A–F), except in the case of in-plane group velocity 

of the first branch, SmMg2Sb2 was generally found to have larger group velocities than 

YbMg2Sb2 in each of the first three acoustic branches, which, as aforementioned, was 

not surprising and should have resulted in a higher kl of SmMg2Sb2 than that of 

YbMg2Sb2. Nevertheless, when we examined the phonon–phonon scattering rates as 

shown in Figure 5(G–I), it can be seen that the scattering rates in all of the first three 

acoustic branches, particularly those in the first branch, are larger for SmMg2Sb2 than 

for YbMg2Sb2, which supports a trend for kl opposite to that by the group velocity 

results. We then broke down the theoretical kl values of SmMg2Sb2 and YbMg2Sb2 into 

their per-branch contributions, and the results are shown in Table 1. It can be observed 

that for the second and third acoustic branches, the theoretical kl values of SmMg2Sb2 

are very narrowly larger than those of YbMg2Sb2 primarily due to their slightly higher 

out-of-plane contributions, but for the first branch, while the out-of-plane kl 

contribution for SmMg2Sb2 is also slightly higher, its in-plane kl value is remarkably 

lower than that for YbMg2Sb2. Collectively, the huge advantage of the low first-branch 

kl value of SmMg2Sb2 over that for YbMg2Sb2, which can be ascribed to the synergistic 

effect of higher phonon scattering rates [Figure 5(G)] and smaller in-plane group 

velocities [Figure 5(A)] in SmMg2Sb2, manipulates comparison of the total theoretical 

kl values of these two compounds. 

Despite the discovery of strong phonon–phonon scattering and small in-plane group 
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velocities in SmMg2Sb2, this is still not adequate to account for the dramatically low 

experimental kl in comparison to the corresponding theoretical results (inset, Figure 6), 

which motivated us to investigate other possible mechanisms that additionally reduce 

the kl in SmMg2Sb2. Since it is generally expected that electron–phonon scattering has 

only a marginal impact on the kl of most materials unless at rather high temperatures, 

and phonon–boundary scattering is widely considered to be a low-temperature (<100 

K) phenomenon, we focused on phonon–impurity scattering and it was believed to have 

played a major role in the additional suppression of the experimental kl in SmMg2Sb2. 

The characteristic feature of phonon–impurity scattering lies in the resulting kl behavior 

as a function of temperature: the kl–T relationship of crystalline materials at elevated 

temperatures can be expressed as kl ∝ T-a (kl = AT-a, A is a coefficient), where a is a 

positive number depending on scattering mechanisms. Generally, three-phonon 

scattering results in an a close to 1, while phonon-impurity scattering can lead to 

significantly less temperature-dependent kl values such that the corresponding a is 

much smaller. We then investigated a for experimental and theoretical kl values of the 

1%-Na-doped SmMg2Sb2 by calculating the logarithm for the direct-proportion relation 

shown above to acquire the equation lnkl = -alnT + lnA such that the absolute values of 

slopes of the linear fit to the (lnT, lnkl) data would represent their respective a values. It 

can be determined from the results shown in Figure 6 that the a value corresponding to 

the theoretical kl values of SmMg2Sb2 is indeed close to 1, while that for the 

experimental kl values is the much smaller 0.36, confirming the presence of strong 

phonon–impurity scattering in SmMg2Sb2, which essentially leads to the further 

reduction of its kl. The thermal conductivity study described here illustrates the 

complex phonon transport behavior and phonon scattering mechanisms of this group of 
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materials, which can promote further understanding of the fundamental phonon 

transport, and guide the thermal conductivity manipulation for applications. 

Here, we also give an explanation to the strong phonon–impurity scattering in 

SmMg2Sb2. The energy above the convex hull (Ehull)—the decomposition energy of a 

composition decaying into its corresponding stable phases—is a parameter used for 

characterizing the thermodynamic phase stability of a material.48 An Ehull equal to zero 

indicates that the material is thermodynamically stable, while the larger the Ehull value 

a material has, the less stable it will be.48,49 We looked up all the AMg2Sb2 compounds 

studied here in the Materials Project database and noticed that, while all other 

compositions have an Ehull value of zero, that for SmMg2Sb2 is the larger 31 meV/atom, 

which implies that this composition is thermodynamically unfavorable and can be 

prone to decompose, thereby giving rise to intrinsic impurities in it.49–52 This point can 

also be visualized from the result of Rietveld refinement for the powder XRD data of 

the Sm0.99Na0.01Mg2Sb2 sample (Figure S6). Such intrinsic impurities serve as 

additional scattering centers for phonons and introduce inherently strong phonon–

impurity scattering in SmMg2Sb2, therefore leading to the further suppression of its kl.  

2.5. Thermoelectric performance 

The Seebeck coefficient, a measure of the electrical potential difference induced in a 

thermoelectric material in response to a temperature gradient, was explored for all 

A0.99Na0.01Mg2Sb2 compounds. Figure 7(A) shows the experimental Seebeck 

coefficient values of all A0.99Na0.01Mg2Sb2 compounds with respect to temperature, and 

it can be observed that the values for Sr0.99Na0.01Mg2Sb2 and Mg2.99Na0.01Sb2 are the 

highest and lowest, respectively, throughout the temperature range studied here. 

Notably, the ranking of these compounds’ Seebeck coefficient values from highest to 
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lowest is exactly opposite to that of their corresponding electrical conductivity values 

[Figure 3(A)], which is an expected correlation given the contrary in relationship of 

them to the carrier concentration in general.  

Combining the experimental Seebeck coefficient and electrical conductivity results, 

the thermoelectric power factor (PF = S2s) values of these compounds with respect to 

temperature are shown in Figure 7(B), from which it is clear that the PF of each 

compound increases with increasing temperature. Throughout the studied temperature 

range, Mg2.99Na0.01Sb2 and Yb0.99Na0.01Mg2Sb2 have the largest PF values, followed in 

order by Ca0.99Na0.01Mg2Sb2 and Sm0.99Na0.01Mg2Sb2, while that of Sr0.99Na0.01Mg2Sb2 

is the smallest. The differences in PF among the A0.99Na0.01Mg2Sb2 compounds are 

remarkable, with values varying across several orders of magnitude. These wide 

differences can be mainly attributed to the differing electrical conductivity values 

among the A0.99Na0.01Mg2Sb2 compounds since they can vary dramatically with one 

another by up to six orders of magnitude [Figure 3(A)], while the Seebeck coefficient 

values vary comparatively slightly, with none varying from any other by even one order 

of magnitude at a specified temperature [Figure 7(A)], such that the narrow differences, 

even though squared, cannot offset the huge variations in electrical conductivity values. 

Finally, looking back to Figure 1(A), it can be seen that the ranking and trends of the 

temperature-dependent zT values of A0.99Na0.01Mg2Sb2 compounds generally resemble 

those for the power factor values—Mg2.99Na0.01Sb2 has the highest peak zT value of 

~0.3 at 573 K thanks to its ultralow thermal conductivity, Yb0.99Na0.01Mg2Sb2 has a 

peak zT of ~0.2 at 573 K, Ca0.99Na0.01Mg2Sb2 has one on the order of 10-2 at 573 K, and 

Sm0.99Na0.01Mg2Sb2 and Sr0.99Na0.01Mg2Sb2 exhibit minute peak zT values on the order 

of 10-3 at 573 K and 473 K, respectively. The giant discrepancy among these zT values 

apparently results from the compounds’ varying power factor values, which in turn stem 
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from the variation in electrical conductivity values, since their thermal conductivities 

[Figure 4(A)] do not differ by a comparative degree. Conversely, given the similar 

electrical conductivity values among A′Zn2Sb2 compounds and among A′′Mg2Bi2 

compounds, along with their optimal bandwidths, these compounds exhibit much more 

analogous zT values and show higher thermoelectric performance [Figure 1(B and 

C)].9,10,18,19 It should be noted, however, that despite the inferior zT values of 

A0.99Na0.01Mg2Sb2 compounds, AMg2Sb2 has potential for exhibiting much better 

thermoelectric performance—in fact, we have previously achieved a peak zT higher 

than those of pristine A′Zn2Sb2 and A′′Mg2Bi2 compounds in an AMg2Sb2-based 

composition through a series of combined tactics.17 As such, we have demonstrated 

here that the varying thermoelectric performance of A0.99Na0.01Mg2Sb2 compounds is a 

macroscale physical phenomenon originating from their disparate electrical 

conductivities essentially given rise to by variation of the activation energy values that 

equal amounts of Na doping induces on the microscale.  

 

3. Conclusions 

In this study, we unveil physical origins of the significantly varying thermoelectric 

performance among AMg2Sb2-based compounds through combinational analyses of 

experimental and theoretical results. Moreover, a few extraordinary carrier and phonon 

transport behaviors for these compounds are first identified here, rationales for which 

are meticulously presented as well. Major discoveries and conclusions are summarized 

below. This mechanism-focused study will contribute to further understanding of the 

complex carrier and phonon transport behavior in condensed matter, and also be pivotal 

in guiding modulation of physical properties of materials in a sensible manner. 
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(1). The electrical, thermal, and thermoelectric properties of p-type SrMg2Sb2- and 

SmMg2Sb2-based compounds were experimentally determined for the first time.  

(2). The dramatically varying electrical conductivity values among 

A0.99Na0.01Mg2Sb2 compounds were found to be primarily a consequence of their widely 

ranging activation energies induced by 1% Na doping on the microscale.  

(3). 1%-Na-doped SmMg2Sb2 has an out-of-trend lower carrier concentration. We 

showed that this phenomenon can be ascribed to the naturally existing trivalent Sm in 

the composition, which has a countereffect against the p-type doping such that not all 

Na dopant can be ionized effectively. 

(4). The trend of lattice thermal conductivity decreasing with increasing average 

atomic mass was found not to be followed in SmMg2Sb2, which showed an ultralow 

lattice thermal conductivity. We demonstrated that such an anomaly can be attributed 

to the joint effect of the intrinsically strong phonon–phonon scattering and small in-

plane group velocities of its first acoustic phonon branch, as well as the strong phonon–

impurity scattering in SmMg2Sb2.  

(5). Given that neither the Seebeck coefficient nor the thermal conductivity values 

for the A0.99Na0.01Mg2Sb2 compounds vary to the extent that their electrical conductivity 

values do, the significantly differing thermoelectric performance among these 

compounds is concluded to be a macroscale physical phenomenon essentially stemming 

from the huge variation in activation energy values that the same amount of Na doping 

can induce.  

 

4. Experimental procedures 
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4.1. Resource availability  

Lead contact: Further information and requests for resources and materials should 

be directed to the lead contact, Zhifeng Ren (zren@uh.edu). 

Materials availability: This study did not generate new unique reagents.  

    Data and code availability: The data or code supporting the findings of this study 

are available from the lead contact upon reasonable request.  

4.2. Sample preparation 

For each sample, strontium (Sr, Sigma-Aldrich, 99%, granules), samarium (Sm, Alfa 

Aesar, 99.9%, pieces), ytterbium (Yb, Sigma-Aldrich, 99.9%, chunks), magnesium 

(Mg, Alfa Aesar, 99.98%, turnings), sodium (Na, Sigma-Aldrich, 99.9%, cubes), and 

antimony (Sb, Alfa Aesar, 99.8%, shots) were weighed according to their stoichiometry 

and loaded into a stainless-steel jar inside a glove box with an argon atmosphere. The 

jar was subsequently removed from the glove box and the contents were ball-milled 

using a high-energy ball mill (SPEX 8000X) for 10 h. The resulting powder was then 

carefully loaded into a graphite die with an inner diameter of 12.7 mm inside the glove 

box, after which the die was removed from the glove box and the powder was 

consolidated under a pressure of ~60 MPa by AC hot pressing at ∼923 K for 2 min. 

Each obtained sample is disk-shaped with a thickness of ~2 mm.  

4.3. Measurements and characterizations 

The electrical conductivity and Seebeck coefficient of each sample were measured 

simultaneously on a commercial apparatus (ZEM-3, ULVAC) using the four-point DC 

switching method. The thermal conductivity of the samples was calculated by k = DCpd, 

where D is the thermal diffusivity measured by the laser flash method (LFA 457, Netzsch), 
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Cp is the specific heat evaluated by the Dulong–Petit law, and d is the density obtained 

from Archimedes’ method. The electronic thermal conductivity was computed according 

to the Wiedemann–Franz formula ke = LsT, where L is the Lorenz number evaluated by 

L = 1.5 + exp(-|S|/116) as proposed by Kim et al. for the simple parabolic model.53 The 

lattice thermal conductivity was determined by kl = k - ke. The phase transition 

temperature of Sr0.99Na0.01Mg2Sb2 was measured by differential scanning calorimetry 

(DSC, Mettler Toledo STAR) with a heating rate of 5 K/min. The room-temperature Hall 

concentration of the samples was obtained by n = 1/eRH, where RH is the Hall coefficient 

measured using a Physical Property Measurement System (PPMS, Quantum Design) 

under a magnetic field of 3 T and with a current of 8 mA. Magnetization measurements 

from 300 K to 2 K under 1 T were carried out via the Magnetic Property Measurement 

System (MPMS, Quantum Design). We have also conducted band gap measurements for 

A0.99Na0.01Mg2Sb2 samples, the results of which are shown in Figure S7. The band gap 

values were determined from Tauc plots obtained using UV-Vis-NIR transmission 

(Cary 4000 UV-Vis-NIR Spectrophotometer, Agilent Technology). To ensure accurate 

band gap values, background absorption was subtracted from the original absorption 

spectrum before plotting ideal Tauc plots and performing extrapolation.54 The actual 

composition of the A0.99Na0.01Mg2Sb2 samples (Table S1) was measured using the 

energy dispersive spectrometer (EDS) on a scanning electron microscope (SEM, JEOL 

JSM-6330F). The phase structure of the samples was characterized by X-ray diffraction 

(XRD, Rigaku SmartLab). The valence state of Sm on the Sm0.94Na0.01Mg2Sb1.95 sample 

surface was characterized by X-ray photoelectron spectroscopy (XPS, PHI Quantera).  

4.4. Theoretical calculations 

The electronic structure determination for CaMg2Sb2, SrMg2Sb2, SmMg2Sb2, 
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YbMg2Sb2, and Mg3Sb2 was carried out using previously reported experimental lattice 

parameters.37,55–57 The free internal coordinate of Mg and Sb atoms was relaxed using the 

generalized gradient approximation of the Perdew, Burke, and Ernzerhof (PBE) 

functional by total energy minimization.58 In the case of SmMg2Sb2, a magnetic PBE+U 

calculation with U = 7 eV was conducted since its 4f electrons yield magnetic moments. 

For YbMg2Sb2, a PBE+U calculation was used with U = 6 eV to localize the 4f states 

away from the band edge. For both band structure and carrier transport evaluations, the 

modified Becke Johnson (mBJ) potential was subsequently applied to include the spin–

orbit coupling in the calculation.59 In this case, a magnetic mBJ+U calculation with U= 

7 eV and an mBJ+U calculation with U = 6 eV were conducted on SmMg2Sb2 and 

YbMg2Sb2, respectively. All calculations were done with the general potential linearized 

augmented planewave method as implemented in WIEN2k.60,61  

Phonon dispersions (Figure S8) were calculated from harmonic inter-atomic force 

constants (IFCs), which are computed with the finite difference method aided by the 

Phonopy package.62 First-principles calculations were carried out in the plane wave basis 

as implemented in the Vienna Ab initio simulation package (VASP) with the projector 

augmented wave (PAW) potentials.63–67 We used 5×5×3 supercells that contain 375 

atoms with a 4×4×4 k grid. The third-order anharmonic IFCs were also computed using 

the finite difference method with the same supercells and k grid.68 Based on the harmonic 

and anharmonic IFCs, we computed the phonon group velocities, phonon–phonon 

scattering rates, and phonon thermal conductivity values for each material, as described 

previously.68–70 
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Figure titles and legends 

 

Figure 1. Comparison of temperature-dependent zT values for AMg2Sb2-, 
AZn2Sb2-, and AMg2Bi2-based compounds 

(A) Temperature-dependent zT values for A0.99Na0.01Mg2Sb2 (A= Ca, Sr, Sm, Yb, and 
Mg) compounds. Data for Ca0.99Na0.01Mg2Sb2 are from our previous study.17 

(B) Temperature-dependent zT values for A′Zn2Sb2 (A′ = Ca,18 Sr,19 Eu,18 and Yb18) 
compounds. 

(C) Temperature-dependent zT values for A′′Mg2Bi2 (A′′ = Ca,9 Sm,10 Eu,9 and Yb9) 
compounds.  

 

Figure 2. Crystal structure and calculated electronic band structures of AMg2Sb2 
compounds 

(A) Crystal structure visualization for AMg2Sb2 compounds.26 

(B–F) Calculated electronic band structures for CaMg2Sb2 (B), SrMg2Sb2 (C), 
SmMg2Sb2 (D), YbMg2Sb2 (E), and Mg3Sb2 (F). 

 

Figure 3. Physical properties of A0.99Na0.01Mg2Sb2 compounds 

(A) Temperature-dependent electrical conductivity of A0.99Na0.01Mg2Sb2 compounds. 

(B) lns vs. 1/T for A0.99Na0.01Mg2Sb2 compounds. Solid lines: linear fits to the data to 
determine activation energies produced by 1% Na doping.  

(C) The room-temperature carrier concentration–activation energy relationship for 
A0.99Na0.01Mg2Sb2 compounds. The arrow indicates the lower-than-expected carrier 
concentration of Sm0.99Na0.01Mg2Sb2. Inset: s423 K/s298 K vs. e1 for A0.99Na0.01Mg2Sb2 
compounds. Solid line in inset: exponential fitting for s423 K/s298 K vs. e1 for 
A0.99Na0.01Mg2Sb2 compounds. 

(D) High-resolution XPS spectra of Sm 3d and Na 1s for Sm0.94Na0.01Mg2Sb1.95. Dashed 
lines: the characteristic binding energies for the Sm2+ ion.  

(E) The reciprocal of magnetic susceptibility for Sm0.94Na0.01Mg2Sb1.95 as a function of 
temperature. Dashed line: Curie–Weiss fitting to determine its effective magnetic 
moment at room temperature.  

Electrical conductivity and room-temperature carrier concentration data for 
Ca0.99Na0.01Mg2Sb2 are from our previous study.17  
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Figure 4. Thermal conductivity of A0.99Na0.01Mg2Sb2 compounds 

(A) Temperature-dependent total thermal conductivity values for A0.99Na0.01Mg2Sb2 
compounds. Inset: temperature-dependent ratios of lattice to electronic thermal 
conductivity for these compounds. 

(B) Temperature-dependent lattice thermal conductivity values for A0.99Na0.01Mg2Sb2 
compounds.  

Data for Ca0.99Na0.01Mg2Sb2 are from our previous study.17 

 

Figure 5. Calculated group velocities and phonon–phonon scattering rates of 
SmMg2Sb2 and YbMg2Sb2 at room temperature, with the 1%-Na-contributed 
mass variation included 

(A–C) Calculated first-branch (A), second-branch (B), and third-branch (C) in-plane 
group velocities of SmMg2Sb2 (red) and YbMg2Sb2 (green). 

(D–F) Calculated first-branch (D), second-branch (E), and third-branch (F) out-of-
plane group velocities of SmMg2Sb2 (red) and YbMg2Sb2 (green). 

(G–I) Calculated first-branch (G), second-branch (H), and third-branch (I) phonon–
phonon scattering rates of SmMg2Sb2 (red) and YbMg2Sb2 (green). 

 

Figure 6. Theoretical and experimental lnkl vs. lnT data and their linear fits for 
the 1%-Na-doped SmMg2Sb2 

Inset: temperature-dependent theoretical and experimental lattice thermal 
conductivities of the 1%-Na-doped SmMg2Sb2. 

 

Figure 7. Seebeck coefficient and thermoelectric power factor of A0.99Na0.01Mg2Sb2 
compounds 

(A) Temperature-dependent Seebeck coefficient values for A0.99Na0.01Mg2Sb2 
compounds. 

(B) Temperature-dependent thermoelectric power factor values for A0.99Na0.01Mg2Sb2 
compounds.  

Data for Ca0.99Na0.01Mg2Sb2 are from our previous study.17  
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Tables 

 

Table 1. Calculated acoustic phonon branch contributions to the in-plane and out-
of-plane lattice thermal conductivity of SmMg2Sb2 and YbMg2Sb2, as well as their 
weighted average lattice thermal conductivity values, at room temperature, with 
1%-Na-contributed mass variation included 

branch direction 
kl, 

Sm0.99Na0.01Mg2Sb2  
(W m-1 K-1) 

kl,  
Yb0.99Na0.01Mg2Sb2  

(W m-1 K-1) 

1  

in-plane 0.58 1.06 

out-of-plane 1.07 0.84 

weighted average 0.74 0.99 

2 

in-plane 0.67 0.72 

out-of-plane 0.86 0.72 

weighted average 0.73 0.72 

3  

in-plane 0.73 0.59 

out-of-plane 0.90 0.74 

weighted average 0.79 0.64 

total weighted average 2.26 2.35 
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