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M A T E R I A L S  S C I E N C E

Soft anharmonic phonons and ultralow thermal 
conductivity in Mg3(Sb, Bi)2 thermoelectrics
Jingxuan Ding1, Tyson Lanigan-Atkins1, Mario Calderón-Cueva2, Arnab Banerjee3,4,  
Douglas L. Abernathy3, Ayman Said5, Alexandra Zevalkink2, Olivier Delaire1,6,7*

The candidate thermoelectric compounds Mg3Sb2 and Mg3Bi2 show excellent performance near ambient tem-
perature, enabled by an anomalously low lattice thermal conductivity (l) comparable to those of much heavier 
PbTe or Bi2Te3. Contrary to common mass-trend expectations, replacing Mg with heavier Ca or Yb yields a three-
fold increase in l in CaMg2Sb2 and YbMg2Bi2. Here, we report a comprehensive analysis of phonons in the series 
AMg2X2 (A = Mg, Ca, and Yb; X = Bi and Sb) based on inelastic neutron/x-ray scattering and first-principles simula-
tions and show that the anomalously low l of Mg3X2 has inherent phononic origins. We uncover a large phonon 
softening and flattening of low-energy transverse acoustic phonons in Mg3X2 compared to the ternary analogs 
and traced to a specific Mg-X bond, which markedly enlarges the scattering phase-space, enabling the threefold 
tuning in l. These results provide key insights for manipulating phonon scattering without the traditional reli-
ance on heavy elements.

INTRODUCTION
Thermoelectric (TE) materials directly interconvert electrical and 
thermal gradients, providing opportunities in waste heat recovery 
and cooling applications (1–4). Improving TE conversion efficiency 
requires minimizing the thermal conductivity tot = e + l (sum of 
electronic and lattice components) and simultaneously maximizing 
the electronic power factor (3, 4). While first-principles band struc-
ture calculations have enabled a predictive understanding of elec-
tronic transport properties and in silico material design, achieving 
a quantitative microscopic understanding of thermal transport in 
strongly anharmonic materials has remained challenging (3, 4). Im-
pressive advances in TE performance have been achieved over the 
past decade at intermediate to high temperature (T > 450 K) (5–12), 
enabled in part because l is strongly suppressed by anharmonic 
scattering for high phonon occupations (scaling with T). Around 
room temperature, a relative paucity of material candidates has 
hampered TE developments, with (Bi, Sb)2(Te, Se)3 alloys remain-
ing the best for decades (13, 14). Recently, however, n-type 
Mg3(Bi, Sb)2 Zintl compounds were reported to achieve comparable 
performance near ambient conditions, potentially with much lower 
cost (15–18).

Despite their much lighter weight than conventional TE com-
pounds PbTe or Bi2(Te, Se)3, these promising Zintl compounds ex-
hibit strikingly low values of l. For instance, l = 1.4 W m−1 K−1 was 
achieved in polycrystalline Mg3Sb2 at 323 K (19), despite its low 
mass and relatively simple crystal structure. This low l is compara-
ble to those of 2.5× heavier compounds PbTe and Bi2(Te, Se)3 or 
barium clathrates with complex structures, contradicting the ex-
pected trend of l ∝ M−1 [from the inverse relationship between the 

square of phonon frequency, , and mass, M, and the proportional-
ity of group velocity vg and . l of polycrystalline PbTe, Bi2Te3, and 
Ba8Ga16Ge30 are 2.0, 1.2, and 1.5 W m−1K−1 at room temperature 
(20–22). The mass densities of Mg3Sb2, PbTe, and Bi2Te3 are 4.02, 
8.16, and 7.74 g/cm3, respectively.] Further, this surprisingly low l 
in Mg3X2 is strongly tunable upon targeted substitutions: Replacing 
A-site Mg with heavier Ca or Yb results in a striking anomalous 
increase in l by a factor of 2 to 3 (23, 24), again directly contradict-
ing the expected suppression from more complex composition and 
heavier mass, and suggests heretofore unknown mechanisms capable 
of strongly suppressing phonon propagation in simple, lightweight 
crystalline compounds.

Experimental and theoretical TE investigations of Mg3X2 have 
so far mainly focused on the electronic properties, for example, the 
origin of n-type behavior (25, 26), the multivalley character of the 
conduction band (27–30), and routes to increased carrier mobility 
(17, 18, 31–33). In contrast, the origin of the intrinsically low l of 
Mg3X2 and the counterintuitive increase of l in homologous ternary 
AMg2X2 have remained puzzling, although the low l plays an equally 
important role in achieving high zT. Previous computational studies 
suggested that the anharmonic interlayer shearing transverse acoustic 
(TA) modes (23, 24) and anharmonic mid-energy optical phonons 
(24) suppress l. Simulations of alloys also predicted that doping 
25% Ca or Yb on the A-site reduces l by reducing the averaged 
phonon velocity, while the averaged phonon lifetime remains un-
changed (29). Measurements of elastic moduli revealed soft shear 
moduli in Mg3Sb2 and a higher rate of softening upon warming 
than in ternary AMg2X2, which was interpreted in terms of ionic 
radii, unit cell volumes, and large negative Gr  u ¨   neisen parameters in 
TA modes (23). Yet, a clear microscopic picture of phonon scattering 
remains elusive because of the lack of detailed phonon measure-
ments, precluding a clear understanding of the origin of the abnor-
mally low l in Mg3X2.

Here, we reveal the phononic origins of the unusual thermal 
conductivity of Mg3X2 using both inelastic neutron scattering (INS) 
and inelastic x-ray scattering (IXS), supported by computational mod-
eling based on density functional theory (DFT) and ab initio molecular 
dynamics (AIMD). We uncover a striking phonon softening (shift to 
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lower energy) in Mg3X2 compared with ternary compounds (A= Ca 
or Yb) and an unusual flat low-frequency TA phonon branch in 
Mg3X2 that considerably stiffens upon substitution with Ca or Yb. 
Combining our extensive phonon measurements and simulations, 
we quantitatively determined the origin of the low l in Mg3X2. In 
particular, we identify the importance of a weak A-X nearest-neighbor 
bond in Mg3X2. This weak bond effectively destabilizes TA phonons, 
leading to a soft branch along  − M, overcoming expected mass 
trends between Mg and heavier A-site ions (A = Ca and Yb). Con-
comitant with a suppression in group velocities, we show how the 
phonon softening markedly increases (fivefold) the weighted scat-
tering phase-space, overcoming an actual suppression (50%) in third- 
order force constants (FC). These results quantitatively account for 
the anomalous two- to threefold suppression in l in binary Mg3X2 
compared to ternary AMg2X2 despite the lighter mass and simpler 
chemistry of the former. Our momentum and energy-resolved pho-
non measurements thus rationalize the basis of the high thermal 
performance of Mg3X2 for TE applications.

RESULTS AND DISCUSSION
Soft phonons in Mg3X2
The Zintl compounds AMg2X2 (A = Mg, Ca, and Yb; X = Sb and Bi) 
belong to the CaAl2Si2-type family that crystallize in a trigonal con-
ventional cell with space group  P 3 ̄  m1  (no. 164). Their structures 
consist of alternating [Mg2X2] and A atom layers, as shown in 
Fig. 1A. Despite the structural anisotropy, the bonding and elec-
tronic structure are fairly isotropic (24). In the following, we refer to 

Mg on the octahedrally coordinated A-site by X atoms as Mg(1) and 
Mg on the tetrahedrally coordinated sites as Mg(2).

The phonon density of states (DOS) of six AMg2X2 (A = Mg, Ca, 
and Yb; X = Sb and Bi) powder samples were measured with INS as 
a function of temperature, using the wide angular-range chopper 
spectrometer (ARCS) at the Spallation Neutron Source (34). The 
contributions from different atoms are spectrally well separated, as 
seen from the calculated partial DOS (Fig. 2A and fig. S9). For in-
stance, in Mg3Bi2, Mg(2) contributes mainly at energies greater than 
20 meV, Bi contributes mostly below 10 meV, and Mg(1) dominates 
the intermediate region. The lower vibrational frequency of Mg(1) 
than Mg(2) thus suggests a weaker bonding environment of Mg(1). 
When replacing A-site Mg(1) with Ca or Yb, the Mg(2) modes at 
E > 20 meV remain almost unaffected in both experiments and sim-
ulations (figs. S5 and S9). This indicates relatively unchanged local 
environments and bondings for Mg(2) across compositions. Con-
sidering that the atomic mass directly shifts phonon frequencies 
(2 ∝ K/M, where K is the spring constant and M is the mass), all 
else being fixed, heavier atoms should exhibit lower phonon ener-
gies. Naturally, the heavier Yb atoms vibrate at a lower frequency than 
Mg or Ca (173, 24, and 40 atomic mass units, respectively). However, 
when comparing Mg(1) and Ca, the partial DOS of Mg(1) contrib-
utes more to the lower energy side and is substantially broader than 
for Ca (fig. S9). Substitution on the A-site also strongly affects the X 
partial DOS at low energy, reflecting a strong change in the A-X 
interaction, which we will explain later.

A strong phonon stiffening (energy increase) is observed at E < 
12 meV when substituting Mg(1) with Ca or Yb. This is clearly seen 
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Fig. 1. Soft phonons from inelastic neutron scattering. (A) Crystal structure of AMg2X2 and illustration of octahedral A-site and tetrahedral Mg(2) atoms. Red, orange, 
and blue represent A, Mg(2), and X, respectively. d1 and d2 are the nearest- and second-nearest-neighbor Mg(2)-X bonds. The nearest-neighbor A-X bond is d3. Comparison 
of experimental neutron DOS Ei = 20 meV at 300 K of (B) Mg3Bi2 (blue) and YbMg2Bi2 (purple) and (C) Mg3Sb2 (red) and CaMg2Sb2 (orange). Significant stiffening is ob-
served in ternary compounds despite a heavier mass of Ca or Yb than Mg. Extra shoulders at low energy are observed only in binary compounds. Neutron dynamical 
structure factor S(∣Q∣, ) of (D) Mg3Bi2, (E) YbMg2Bi2, (F) Mg3Sb2, and (G) CaMg2Sb2, the same datasets as in (B) and (C). Total intensities are normalized to the value of 
Mg3Bi2. Much stronger intensities at the low-energy region can be observed in binary compared to ternary compounds.
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in the Ei= 20 meV INS data at 300 K, as shown in Fig. 1 (B and C) 
and fig. S4. Compared with Mg3X2, all the peaks in CaMg2X2 below 
12 meV are stiffened, with relative shifts (E/E) as large as +6.4, 
+15.1, and +4.6% in Bi compounds, and +12.3, +12.7, and +6.2% in 
Sb compounds (see table S1). On the basis of mass alone, one would 
predict a softening of −3% in CaMg2X2 from DFT. Even for the heavy 
YbMg2Bi2, where Yb contributes significantly below 12 meV, stiffer 
phonon energies are observed compared to Mg3Bi2 for 8 < E < 12 meV 
(see fig. S4B). The frequency stiffening of the X partial DOS in 
ternary compounds relative to the binaries again suggests that the 
interactions between Ca-X and Yb-X are stronger than Mg(1)-X. While 
a 10% stiffening on average is observed in the DOS, specific modes 
stiffen significantly more. Our DFT calculations show that the lowest 
TA mode at the zone boundary M-point stiffens by more than 60% (E = 
3.33, 5.40, and 5.53 meV for Mg3Bi2, CaMg2Bi2, and YbMg2Bi2; see 
fig. S8). Notably, an extra shoulder is seen at low energy around 3.5 meV 
in Mg3Bi2 (5 meV in Mg3Sb2) that does not exist in the ternaries.

The powder-averaged dynamical structure factor from INS, 
S(∣Q∣, ), shown in Fig. 1 (D to G), reveals more details. In all 
four compounds, vertical intensity streaks disperse out from the 
elastic line (at 0 meV), corresponding to acoustic phonons. The top 
of the acoustic phonon and the low-energy optical phonons con-
tribute to the strong intensity between 6 and 10 meV. At 2 to 4 meV, 
only the binary Mg3X2 show strong intensity, especially visible at 
higher Q, which originate from the softened acoustic phonons, and 
give rise to the extra shoulder in the DOS.

The soft phonon and low-energy shoulder seen in Mg3X2 with 
INS are well captured by our DFT simulations, as shown in fig. S6. 
We resolve the low-E shoulder as a softened TA branch in binaries, 
as shown by the red curves in fig. S7 (a peak/shoulder in the DOS 
arises from a less dispersive branch over an extended volume of the 
Brillouin zone). The lowest-energy TA branch along  − M is dras-
tically less dispersive in Mg3X2 than in CaMg2X2 or YbMg2X2 (high-
lighted in red in fig. S8). We note that previous studies (24) reported an 
unphysical unstable phonon branch for Mg3Bi2, in particular around 
the L-point. Our simulations resolved this issue by using the Perdew- 
Burke-Ernzerhof revised for solids (PBEsol) functional and including 
spin-orbit coupling (SOC). The softer dispersion and flat TA branch in 
Mg3X2 result in suppressed phonon group velocities (vg =∣∇k∣, 
where E = ℏ). Simultaneously, the three-phonon scattering phase-
space is strongly expanded, as detailed below and in section S4.

We further compare the INS DOS with first-principles simula-
tion including anharmonic effects. We performed temperature- 
dependent effective potential (TDEP) simulations, which include 
anharmonic frequency renormalization but no anharmonic broad-
ening, and calculations of the velocity autocorrelation function 
(VACF) from AIMD, capturing anharmonic mode broadening as 
well as shifts. As seen in Fig. 2A, peak positions from TDEP (gray) 
agree well with the INS DOS for Mg(2) and Bi-dominated modes at 
300 K (blue). However, a stronger broadening is seen in INS for 10 < 
E < 20 meV, corresponding to Mg(1) modes, reflecting an anhar-
monic bonding environment for Mg(1). This broadening is well cap-
tured by the VACF at 300 K (black). Additional INS results for all 
compounds as a function of temperature are shown in figs. S2 and S3. 
The entire spectrum broadens upon warming as a result of anhar-
monic lifetime suppression when vibrational amplitudes increase, 
but the Mg(1) modes broaden the most in panels (A) and (D).

Origin of soft TA modes in Mg3X2
To fully elucidate the origins of the anomalous low-E acoustic 
modes, we performed Q-resolved dispersion measurements with 
IXS on small single crystals of Mg3Bi2 (T = 80, 300, and 600 K) and 
YbMg2Bi2 (T = 300 K), using the high-energy-resolution inelastic 
x-ray spectrometer (HERIX) beamline (sector 30) at the Advanced 
Photon Source (35, 36). The IXS spectra show well- defined peaks 
(see fig. S16), enabling accurate estimates of the phonon energies. The 
phonon energies from IXS are compared with our DFT simulations 
in Fig. 2 (B and C). Very good agreement is observed for YbMg2Bi2, 
which exhibits strongly dispersive TA along  − M,  − A, and the 
long-wavelength portion of  − L (we track the lowest-energy TA 
by phonon polarization; see fig. S13). Good agreement is also found 
in Mg3Bi2. Upon warming Mg3Bi2 from 80 to 600 K, most phonons 
soften and broaden, but the TA branch at the L-point anomalously 
stiffens, consistent with the negative Grüneisen parameter from our 
quasi-harmonic simulations (fig. S10) and those in (23).

The lowest TA branch along  − M is significantly softer in 
Mg3Bi2 than in YbMg2Bi2, which explains the extra shoulder observed 
in the DOS. To rationalize this soft TA branch, we analyze the mod-
ulus of the second-order FC (∣(2)∣) from DFT for Mg3Sb2 (red), 
CaMg2Sb2 (orange), Mg3Bi2 (blue), and YbMg3Bi2 (purple), respec-
tively, as shown in Fig. 3A and as a function of bond length in fig. 
S14A. The two strongest bonds are the nearest-neighbor (d1) and 
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Fig. 2. Anharmonic Mg(1) phonon modes and momentum-resolved measurements from inelastic x-ray scattering. (A) Phonon DOS of Mg3Bi2 from INS at 300 K (blue) 
and 600 K (red), compared with VACF calculation at 300 K (black) and renormalized DOS from TDEP (gray). The computed total DOS is NW and convolved with the experi-
mental resolution. (B and C) Momentum-resolved IXS measurements on single crystals (markers), compared with DFT phonon dispersions (solid lines) for Mg3Bi2 and YbMg2Bi2. 
Blue, green, and red markers correspond to the fitted phonon energy at 80, 300, and 600 K. (D) Brillouin zone (irreducible wedge in red) and high-symmetry points.
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second-nearest-neighbor (d2) Mg(2)-X bonds. For these bonds, 
∣(2)∣ varies less than 20% between binaries and ternaries. However, 
for the A-X nearest-neighbor bond (d3), ∣(2)∣ very strongly depends 
on the A cation: 1.06 and 0.52 eV/   A  ̊    2   in CaMg2Sb2 and Mg3Sb2 and 
1.17 and 0.75 eV/   A ̊     2   in YbMg2Bi2 and Mg3Bi2, respectively. This 
large increase in ∣(2)(d3)∣ by 105% (Sb) and 56% (Bi) in the ter-
nary compounds reveals a strong change in A-X bonding. The 
much smaller ∣(2)∣ for d3 than d1 or d2 also leads to the lower 
phonon frequency of Mg(1) than Mg(2) in the DOS. The weak d3 
bond directly controls the TA branch along the  − M direction. As 
we show in fig. S14F, artificially replacing (2)(d3) in Mg3Bi2 with 
that from YbMg2Bi2 leads to a more dispersive TA branch along 
 − M, while changing (2) for d1 or d2 has relatively little effect.

The change in (2) can be related to the electronic bonding via 
the crystal orbital Hamiltonian population (COHP), here calculated 
with the LOBSTER software (37–40). Figure S15 shows the project-
ed partial COHP for bonds d1, d2, and d3, comparing Mg3Sb2 (solid 
lines) and CaMg2Sb2 (dashed lines). Bonding states are negative and 
antibonding states are positive. All states are bonding below −2 eV. In 
the valence band near the Fermi energy (EF = 0 eV), Mg3Sb2 and 
CaMg2Sb2 have similar pCOHP for d1 and d2. However, for d3, 
Mg(1)-Sb remains nonbonded down to −1 eV, while Ca-Sb has 
antibonding interaction in the valence band down to −2 eV. The 
pCOHP for Mg(1)-Mg(2) (d5) in Mg3Sb2 was shown to involve 
nonbonding states at the valence band maximum but bonding states 
at the conduction band minimum in (33). The integrated pCOHP 
(IpCOHP) probes covalency and relative bond strength, where a more 
negative value corresponds to a stronger covalent bonding (41). We 
note that all AMg2X2 compounds are isostructural with only A-site 
substitution, so comparing their pCOHP is justified. As seen in 
Fig. 3B, the −IpCOHP values at EF for d1 are slightly larger than d2 
in both Mg3Sb2 and  CaMg3Sb2, and much larger than d3, which 
matches the trend of the corresponding ∣(2)∣. While a slightly 
smaller −IpCOHP for d1 and d2 is found in CaMg2Sb2 than in 
Mg3Sb2, the −IpCOHP for d3 is larger, which supports the observa-
tion of weaker Mg(1)-Sb than Ca-Sb bonds. Meanwhile, the defor-
mation charge density (Fig.  3,  C  and  D) shows that despite the 
larger charge transfer in the case of CaMg2Sb2, the charge density 
around Mg(2) is similar in both cases. A more ionic character was 

found in Ca-Mg(2) compared to Mg(1)-Mg(2) (d5) in agreement with 
a prior study (29).

Differences in Mg(1)-X versus Ca-X bonding character cannot 
fully explain the surprising disparity in d3 FC. The softer Mg(1)-X 
bonds likely arise in part from negative chemical pressure experi-
enced by Mg(1). Although Mg is much smaller than Ca (atomic ra-
dii: 1.45 versus 1.94; ionic radii: 0.72 versus 1.00 in Å), the difference 
between the Ca-Sb versus Mg(1)-Sb bond lengths (d3) is only 0.14 Å. In 
the binary compounds, the Mg(1) coordination environment can 
thus be described as an oversized pnictide cage. The MgX6 octahe-
dra in the binaries are highly distorted compared with the near- 
ideal octahedral geometry of the ternary compounds. Both binaries 
exhibit a high-temperature -phase in which Mg is tetrahedrally 
coordinated by X (42). The formation of the Mg3X2 compounds in 
the CaAl2Si2 structure type at lower temperatures is a testament to 
the extreme chemical adaptability of Mg (43). The binaries can be 
seen as a textbook example of driving a system to the edge of 
structural stability to achieve soft TA modes by negative chemical 
pressure.

Thermal conductivity analysis
We now rationalize the anomalously low l in Mg3Sb2 and Mg3Bi2. 
Replacing Mg(1) with Ca or Yb leads to two- to threefold higher 
l in polycrystalline samples, as shown in Fig. 4 (A and B) (filled 
markers) (24, 44, 45). The l of Mg3X2 is twice higher in single crys-
tals (46) versus polycrystals owing to the absence of boundary scat-
tering. Our calculated l using TDEP (details in the Supplementary 
Materials) matches very well with the single-crystal measurements 
in Mg3X2 at 300 K (red and blue hollow markers versus solid lines). 
Further, we find an almost isotropic l at all temperatures (e.g., 2.38 
in-plane, 2.29 out-of-plane for Mg3Sb2 and 6.30 in-plane, 6.05 out-
of-plane for CaMg2Sb2 at 300 K), in agreement with previous Mg3Sb2 
simulations (29). The calculated l of CaMg2Sb2 is about 3× higher 
than for Mg3Sb2 (2× in Bi compounds), matching the experimental 
trend (only polycrystalline data available).

Figure 4E and fig. S18 show the spectrally decomposed thermal 
conductivity, l(E), revealing that phonons below 15 meV dominate 
the overall l in both Mg3Sb2 and CaMg2Sb2 (12 meV in AMg2Bi2). 
The peak contribution to l(E) corresponds to the top of the acoustic 
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Fig. 3. Weakened A-X bonds in binary Mg3X2 compared with ternary CaMg2X2. (A) Modulus of second-order FC (∣(2)∣) in Mg3Sb2 (red), CaMg2Sb2 (orange), Mg3Bi2 
(blue), and YbMg2Bi2 (purple). Bonds d1 through d5 are defined in (C) and (D). The largest change is found for the d3 bond, which is much weaker in binaries than in terna-
ries. (B) The negative integrated pCOHP (−IpCOHP) for d1, d2, and d3. The larger absolute value of IpCOHP at the Fermi energy of d3 in CaMg2Sb2 than in Mg3Sb2 is in ac-
cordance with the ∣(2)∣. Deformation electron density in (C) Mg3Sb2 and (D) CaMg2Sb2 at an isosurface value of 0.004 e/    A ̊     3  . Yellow and blue are positive and negative 
values, respectively.
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branches, around 5 meV in Mg3Sb2 and 7 meV in the CaMg2Sb2. A 
marked suppression of l is observed in Mg3Sb2 over the range 1 < 
E < 15 meV. The l ratios (2 to 3) between binaries and ternaries are 
directly reflected in their phonon linewidths ( ∝   l  

−1  ) in both Sb and 
Bi compounds (Fig. 4, C and D, and fig. S18). The much larger 
phonon linewidths below 4 meV in Mg3X2 correspond to the flat TA 
mode (e.g., along  − M). These are strongly scattered, as they satisfy 
the energy conservation rules for phonon-phonon scattering easily. 
They also have low phonon group velocities and thus contribute little 
to the total l. In ternary compounds, these phonon branches are more 
dispersive, are less scattered, and carry more heat. Zhang et al. (24) 
emphasized these TA phonons and mid-energy optical phonon (13 to 
20 meV) as the main suppression mechanism. However, this is in-
sufficient, as the suppression happens over the entire energy range. The 
anharmonic scattering rates (∝ linewidth) calculated in (24), using har-
monic (2), are almost 10 times larger in Mg3Sb2 than in CaMg2Sb2, 
leading to an underestimated l even lower than polycrystalline data. 
We note that using harmonic phonon dispersions significantly over-
estimates the scattering phase-space.

We further examine the thermal transport mechanism by isolat-
ing the relative contribution of Cv, vg, and  in l, and revealing 
the critical importance of the d3 bond in modulating the scattering 
phase-space. We use the TDEP l of Mg3Sb2 and CaMg2Sb2 as ref-
erences and replace each component in Mg3Sb2 with its counterpart 
from CaMg2Sb2, as shown in Fig. 4F. For instance, the blue curve labeled 
as “vg Ca” represents     l   =  1 _ 3 ∑  C   V  M g  3  S b  2        v  g  CaM g  2  S b  2      

2      M g  3  S b  2     . As one would 
expect, the heat capacity effect is minimal, which almost overlaps 
with the l of Mg3Sb2 (black hollow circles). The energy shift ob-
served in INS indicates a strong change in vg. As shown in table S5, 
at some Q vectors, vg is enhanced by more than 50% in CaMg2Sb2, 
showing a corresponding increase in mode l compared to Mg3Sb2. 

However, the overall increase in l is only 22% (blue), which is a 
small part of the actual difference (∼3×) in total l. On the other 
hand, replacing  leads to a 2.4× higher l (green). The scattering 
rate (∝−1) results from a product of the scattering phase-space, 
weighted by the phonon occupation factor, and the scattering prob-
ability  ∣  V   ′      ′′   

±   ∣  involving phonon modes , ′, and ″. The latter can 
be viewed as the mass-, frequency-, and eigenvector-weighted Fou-
rier transform of the third-order FC ((3)). (2) controls the pho-
non group velocity, frequency, and eigenvector and determines the 
scattering phase-space. (3) only determines the scattering proba-
bility. By separately replacing (2) and (3) of Mg3Sb2 with those of 
CaMg2Sb2, we further break down the contributions to l. As can be 
seen in fig. S14B, ∣(3)∣ only differs by 10% on average between the 
two Sb compounds, while weak Mg(1)-X bonds are again found. 
These weaker d3 bonds result in a 50% smaller scattering probabili-
ty, and substituting the Ca (3) (blue) leads to 50% decrease in l 
(fig. S19). However, substituting the Ca (2) (green) results in a 5× 
increase in l, arising from frequency and scattering phase-space 
renormalization by the d3 bond. The weighted scattering phase-
space (W), defined by equation S7, is shown in the inset of Fig. 4E. A 
large increase in W is observed for Mg3Sb2 compared with CaMg2Sb2, 
in the same energy range where l is suppressed. This renormalization 
is controlled by (2) as shown in fig. S18E.

Through a systematic investigation of phonons and thermal 
transport in AMg2X2 compounds with INS, IXS, and first-principles 
modeling including AIMD, we revealed how the superior thermal 
properties of Mg3X2 for TE applications originate from specific 
bonding characteristics, especially a weak d3 bond associated with 
Mg(1)-X. This weak bond plays a critical role in destabilizing TA 
phonons, leading to a soft flat branch along  − M, overcoming ex-
pected mass trends between Mg and heavier A-site ions (Ca and 

A

B

EC

FD

Fig. 4. Lattice thermal conductivity analysis and origin of suppression in binary Mg3X2. Reported l of (A) AMg2Sb2 and (B) AMg2Bi2 from (24, 44–46) compared with 
our TDEP simulations. l of Mg3X2 is two to three times lower than in the Ca or Yb compounds in both experiments and simulations. Comparison of phonon linewidths 
from TDEP for (C) AMg2Sb2 and (D) AMg2Bi2. Binary compounds exhibit a factor of 2 to 3 larger linewidths, similar to the ratio in l. (E) Spectrally decomposed l in Mg3Sb2 
and CaMg2Sb2. Inset shows the corresponding weighted phase-space (W). A three times larger W is observed in Mg3Sb2 below 10 meV. (F) l comparison of Mg3Sb2 and 
CaMg2Sb2. Red and orange markers are the same l in (A). Blue, green, and black hollow markers represent the l when replacing vg, , and Cv with the values from 
CaMg2Sb2 (details in the main text).
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Yb). Our thermal conductivity analysis fully accounts for the unex-
pected threefold suppression in the l of Mg3X2 compared to heavi-
er ternaries, revealing the impact of this soft d3 bond. While group 
velocity suppression reduces l by a modest 20%, the soft anhar-
monic dispersion enables a threefold increase in phonon scattering 
primarily by enhancing the scattering phase-space. These findings 
rationalize the microscopic origins of the outstanding thermal 
properties of AMg2X2 compounds and provide fundamental insights 
into means to control thermal transport properties, which will en-
able the further design of highly efficient TE materials.

MATERIALS AND METHODS
For a detailed description of methods, see the Supplementary Mate-
rials. Neutron experiments were performed on AMg2X2 powders using 
the ARCS time-of-flight neutron spectrometer at the Spallation 
Neutron Source, Oak Ridge National Laboratory. The samples were 
sealed in a 1.27-centimeter-diameter thin-walled aluminum can and 
placed in a high-T closed-cycle refrigerator in an inert atmosphere. 
IXS measurements were performed on small single crystals mounted 
on standard copper posts with a beryllium dome and heated with 
high-T closed-cycle refrigerators in vacuum, using the HERIX beam-
line at Sector 30 at the Advanced Photon Source, Argonne National 
Laboratory. Powder samples were grown by solid-state reaction and 
single crystals were synthesized by the self-flux growth method.

Theoretical calculations were performed with the Vienna ab ini-
tio simulation package (VASP 5.4) (47–49), using PBEsol (50–52). 
SOC was included for Bi compounds. Phonon and thermal conduc-
tivity calculations were performed with Phonopy (53), ShengBTE (54), 
and TDEP (55, 56).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/21/eabg1449/DC1

REFERENCES AND NOTES
 1. H. J. Goldsmid, Introduction to Thermoelectricity (Springer, 2010), vol. 121.
 2. C. Uher, Materials Aspect of Thermoelectricity (CRC Press, 2016).
 3. A. Zevalkink, D. M. Smiadak, J. L. Blackburn, A. J. Ferguson, M. L. Chabinyc, 

O. Delaire, J. Wang, K. Kovnir, J. Martin, L. T. Schelhas, T. D. Sparks, S. D. Kang, 
M. T. Dylla, G. J. Snyder, B. R. Ortiz, E. S. Toberer, A practical field guide 
to thermoelectrics: Fundamentals, synthesis, and characterization. Appl. Phys. Rev. 5, 
021303 (2018).

 4. J. He, T. M. Tritt, Advances in thermoelectric materials research: Looking back and moving 
forward. Science 357, eaak9997 (2017).

 5. Y. Tang, Z. M. Gibbs, L. A. Agapito, G. Li, H.-S. Kim, M. B. Nardelli, S. Curtarolo, G. J. Snyder, 
Convergence of multivalley bands as the electronic origin of high thermoelectric 
performance in CoSb3 skutterudites. Nat. Mater. 14, 1223–1228 (2015).

 6. C. Fu, S. Bai, Y. Liu, Y. Tang, L. Chen, X. Zhao, T. Zhu, Realizing high figure of merit 
in heavy-band p-type half-Heusler thermoelectric materials. Nat. Commun. 6, 8144 
(2015).

 7. J. P. Heremans, V. Jovovic, E. S. Toberer, A. Saramat, K. Kurosaki, A. Charoenphakdee, 
S. Yamanaka, G. J. Snyder, Enhancement of thermoelectric efficiency in PbTe by 
distortion of the electronic density of states. Science 321, 554–557 (2008).

 8. Y. Pei, X. Shi, A. LaLonde, H. Wang, L. Chen, G. J. Snyder, Convergence of electronic bands 
for high performance bulk thermoelectrics. Nature 473, 66–69 (2011).

 9. L.-D. Zhao, S.-H. Lo, Y. Zhang, H. Sun, G. Tan, C. Uher, C. Wolverton, V. P. Dravid, 
M. G. Kanatzidis, Ultralow thermal conductivity and high thermoelectric figure of merit 
in SnSe crystals. Nature 508, 373–377 (2014).

 10. T. Lanigan-Atkins, S. Yang, J. L. Niedziela, D. Bansal, A. F. May, A. A. Puretzky, 
J. Y. Y. Lin, D. M. Pajerowski, T. Hong, S. Chi, G. Ehlers, O. Delaire, Extended 
anharmonic collapse of phonon dispersions in SnS and SnSe. Nat. Commun. 11, 4430 
(2020).

 11. J. L. Niedziela, D. Bansal, A. F. May, J. Ding, T. Lanigan-Atkins, G. Ehlers, D. L. Abernathy, 
A. Said, O. Delaire, Selective breakdown of phonon quasiparticles across superionic 
transition in CuCrSe2. Nat. Phys. 15, 73–78 (2019).

 12. J. Ding, J. L. Niedziela, D. Bansal, J. Wang, X. He, A. F. May, G. Ehlers, D. L. Abernathy, 
A. Said, A. Alatas, Y. Ren, G. Arya, O. Delaire, Anharmonic lattice dynamics and superionic 
transition in AgCrSe2. Proc. Natl. Acad. Sci. U.S.A. 117, 3930–3937 (2020).

 13. B. Poudel, Q. Hao, Y. Ma, Y. Lan, A. Minnich, B. Yu, X. Yan, D. Wang, A. Muto, D. Vashaee, 
X. Chen, J. Liu, M. S. Dresselhaus, G. Chen, Z. Ren, High-thermoelectric performance 
of nanostructured bismuth antimony telluride bulk alloys. Science 320, 634–638 (2008).

 14. S. I. Kim, K. H. Lee, H. A. Mun, H. S. Kim, S. W. Hwang, J. W. Roh, D. J. Yang, W. H. Shin, 
X. S. Li, Y. H. Lee, G. J. Snyder, S. W. Kim, Dense dislocation arrays embedded in grain 
boundaries for high-performance bulk thermoelectrics. Science 348, 109–114 (2015).

 15. J. Mao, H. Zhu, Z. Ding, Z. Liu, G. A. Gamage, G. Chen, Z. Ren, High thermoelectric cooling 
performance of n-type Mg3Bi2-based materials. Science 365, 495–498 (2019).

 16. M. Wood, J. J. Kuo, K. Imasato, G. J. Snyder, Improvement of low-temperature zT 
in a Mg3Sb2–Mg3Bi2 solid solution via Mg-vapor annealing. Adv. Mater. 31, 1902337 
(2019).

 17. X. Shi, C. Sun, Z. Bu, X. Zhang, Y. Wu, S. Lin, W. Li, A. Faghaninia, A. Jain, Y. Pei, Revelation 
of inherently high mobility enables Mg3Sb2 as a sustainable alternative to n-Bi2Te3 
thermoelectrics. Adv. Sci. 6, 1802286 (2019).

 18. F. Zhang, C. Chen, H. Yao, F. Bai, L. Yin, X. Li, S. Li, W. Xue, Y. Wang, F. Cao, X. Liu, J. Sui, 
Q. Zhang, High-performance N-type Mg3Sb2 towards thermoelectric application near 
room temperature. Adv. Funct. Mater. 30, 1906143 (2020).

 19. A. Bhardwaj, N. S. Chauhan, D. K. Misra, Significantly enhanced thermoelectric figure 
of merit of p-type Mg3Sb2-based Zintl phase compounds via nanostructuring 
and employing high energy mechanical milling coupled with spark plasma sintering. 
J. Mater. Chem. A 3, 10777–10786 (2015).

 20. O. Delaire, J. Ma, K. Marty, A. F. May, M. A. McGuire, M.-H. Du, D. J. Singh, A. Podlesnyak, 
G. Ehlers, M. D. Lumsden, B. C. Sales, Giant anharmonic phonon scattering in PbTe.  
Nat. Mater. 10, 614–619 (2011).

 21. M. Carle, P. Pierrat, C. Lahalle-Gravier, S. Scherrer, H. Scherrer, Transport properties 
of n-type Bi2(Te1−xSex)3 single crystal solid solutions (x ⩽ 0.05). J. Phys. Chem. Solid 56, 
201–209 (1995).

 22. B. C. Sales, B. C. Chakoumakos, R. Jin, J. R. Thompson, D. Mandrus, Structural, magnetic, 
thermal, and transport properties of X8Ga16Ge30 (X = Eu, Sr, Ba) single crystals. Phys. Rev. B 
63, 245113 (2001).

 23. W. Peng, G. Petretto, G.-M. Rignanese, G. Hautier, A. Zevalkink, An unlikely route to low 
lattice thermal conductivity: Small atoms in a simple layered structure. Joule 2, 
1879–1893 (2018).

 24. J. Zhang, L. Song, B. B. Iversen, Insights into the design of thermoelectric Mg3Sb2 and its 
analogs by combining theory and experiment. npj Comput. Mater. 5, 76 (2019).

 25. S. Ohno, K. Imasato, S. Anand, H. Tamaki, S. D. Kang, P. Gorai, H. K. Sato, E. S. Toberer, 
T. Kanno, G. J. Snyder, Phase boundary mapping to obtain n-type Mg3Sb2-based 
thermoelectrics. Joule 2, 141–154 (2018).

 26. H. Tamaki, H. K. Sato, T. Kanno, Isotropic conduction network and defect chemistry 
in Mg3+Sb2-based layered Zintl compounds with high thermoelectric performance.  
Adv. Mater. 28, 10182–10187 (2016).

 27. J. Zhang, L. Song, A. Mamakhel, M. R. V. Jørgensen, B. B. Iversen, High-performance 
low-cost n-type Se-doped Mg3Sb2-based Zintl compounds for thermoelectric 
application. Chem. Mater. 29, 5371–5383 (2017).

 28. J. Zhang, J. J. Cunningham, J. S. Brown, R. A. Gatenby, Integrating evolutionary dynamics 
into treatment of metastatic castrate-resistant prostate cancer. Nat. Commun. 8, 1816 
(2017).

 29. X. Sun, X. Li, J. Yang, J. Xi, R. Nelson, C. Ertural, R. Dronskowski, W. Liu, G. J. Snyder, 
D. J. Singh, W. Zhang, Achieving band convergence by tuning the bonding ionicity 
in n-type Mg3Sb2. J. Comput. Chem. 40, 1693–1700 (2019).

 30. X. Tan, G.-Q. Liu, H. Hu, H. Shao, J. Xu, J. Jiang, Band engineering and crystal field 
screening in thermoelectric Mg3Sb2. J. Mater. Chem. A 7, 8922–8928 (2019).

 31. J. Shuai, J. Mao, S. Song, Q. Zhu, J. Sun, Y. Wang, R. He, J. Zhou, G. Chen, D. J. Singh, Z. Ren, 
Tuning the carrier scattering mechanism to effectively improve the thermoelectric 
properties. Energ. Environ. Sci. 10, 799–807 (2017).

 32. Z. Ren, J. Shuai, J. Mao, Q. Zhu, S. Song, Y. Ni, S. Chen, Significantly enhanced 
thermoelectric properties of p-type Mg3Sb2 via codoping of Na and Zn. Acta Mater. 143, 
265–271 (2018).

 33. M. Wood, K. Imasato, S. Anand, J. Yang, G. J. Snyder, The importance of the Mg–Mg 
interaction in Mg3Sb2-Mg3Bi2 shown through cation site alloying. J. Mater. Chem. A 8, 
2033–2038 (2020).

 34. D. L. Abernathy, M. B. Stone, M. J. Loguillo, M. S. Lucas, O. Delaire, X. Tang, J. Y. Y. Lin, 
B. Fultz, Design and operation of the wide angular-range chopper spectrometer ARCS at 
the Spallation Neutron Source. Rev. Sci. Instrum. 83, 015114 (2012).

 35. A. H. Said, H. Sinn, R. Divan, New developments in fabrication of high-energy-resolution 
analyzers for inelastic x-ray spectroscopy. J. Synchrotron Radiat. 18, 492–496 (2011).

http://advances.sciencemag.org/cgi/content/full/7/21/eabg1449/DC1
http://advances.sciencemag.org/cgi/content/full/7/21/eabg1449/DC1


Ding et al., Sci. Adv. 2021; 7 : eabg1449     21 May 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 7

 36. A. H. Said, H. Sinn, T. S. Toellner, E. E. Alp, T. Gog, B. M. Leu, S. Beana, A. Alatasa, 
High-energy-resolution inelastic x-ray scattering spectrometer at beamline 30-ID 
of the Advanced Photon Source. J. Synchrotron Radiat. 27, 827–835 (2020).

 37. R. Nelson, C. Ertural, J. George, V. L. Deringer, G. Hautier, R. Dronskowski, LOBSTER: Local 
orbital projections, atomic charges, and chemical bonding analysis from projector-
augmented wave-based density-functional theory. J. Comput. Chem. 41, 1931–1940 
(2020).

 38. S. Maintz, V. L. Deringer, A. L. Tchougréeff, R. Dronskowski, Analytic projection 
from plane-wave and PAW wavefunctions and application to chemical-bonding analysis 
in solids. J. Comput. Chem. 34, 2557–2567 (2013).

 39. V. L. Deringer, A. L. Tchougréeff, R. Dronskowski, Crystal orbital Hamilton population 
(COHP) analysis as projected from plane-wave basis sets. J. Phys. Chem. A 115, 5461–5466 
(2011).

 40. R. Dronskowski, P. E. Blöchl, Crystal orbital Hamilton populations (COHP): Energy-
resolved visualization of chemical bonding in solids based on density-functional 
calculations. J. Phys. Chem. 97, 8617–8624 (1993).

 41. J. Hong, O. Delaire, Phase transition and anharmonicity in SnSe. Mater. Today Phys. 10, 
100093 (2019).

 42. M. Calderón-Cueva, W. Peng, S. M. Clarke, J. Ding, B. L. Brugman, G. Levental, 
A. Balodhi, M. Rylko, O. Delaire, J. P. S. Walsh, S. M. Dorfman, A. Zevalkink, Anisotropic 
structural collapse of Mg3Sb2 and Mg3Bi2 at high pressure. Chem. Mater. 33, 567–573 
(2021).

 43. J. Wang, J. Mark, K. E. Woo, J. Voyles, K. Kovnir, Chemical flexibility of Mg in pnictide 
materials: Structure and properties diversity. Chem. Mater. 31, 8286–8300 (2019).

 44. L. Song, J. Zhang, B. B. Iversen, Simultaneous improvement of power factor and thermal 
conductivity via Ag doping in p-type Mg3Sb2 thermoelectric materials. J. Mater. Chem. A 
5, 4932–4939 (2017).

 45. J. Shuai, Z. Liu, H. S. Kim, Y. Wang, J. Mao, R. He, J. Sui, Z. Ren, Thermoelectric 
properties of Bi-based Zintl compounds Ca1−xYbxMg2Bi2. J. Mater. Chem. A 4, 
4312–4320 (2016).

 46. Y. Pan, M. Yao, X. Hong, Y. Zhu, F. Fan, K. Imasato, Y. He, C. Hess, J. Fink, J. Yang, 
B. Büchner, C. Fu, G. J. Snyder, C. Felser, Mg3(Bi,Sb)2 single crystals towards high 
thermoelectric performance. Energ. Environ. Sci. 13, 1717–1724 (2020).

 47. G. Kresse, J. Hafner, Ab initiomolecular dynamics for liquid metals. Phys. Rev. B 47, 
558–561 (1993).

 48. G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total energy calculations 
using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).

 49. G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals 
and semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6, 15–50 (1996).

 50. J. P. Perdew, A. Zunger, Self-interaction correction to density-functional approximations 
for many-electron systems. Phys. Rev. B 23, 5048–5079 (1981).

 51. J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple. 
Phys. Rev. Lett. 77, 3865–3868 (1996).

 52. J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuseria, L. A. Constantin, 
X. Zhou, K. Burke, Restoring the density-gradient expansion for exchange in solids 
and surfaces. Phys. Rev. Lett. 100, 136406 (2008).

 53. A. Togo, I. Tanaka, First principles phonon calculations in materials science. Scr. Mater. 
108, 1–5 (2015).

 54. W. Li, J. Carrete, N. A. Katcho, N. Mingo, ShengBTE: A solver of the Boltzmann transport 
equation for phonons. Comp. Phys. Commun. 185, 1747–1758 (2014).

 55. O. Hellman, I. A. Abrikosov, S. I. Simak, Lattice dynamics of anharmonic solids from first 
principles. Phys. Rev. B 84, 180301 (2011).

 56. O. Hellman, I. A. Abrikosov, Temperature-dependent effective third-order interatomic 
force constants from first principles. Phys. Rev. B 88, 144301 (2013).

 57. O. Arnold, J. C. Bilheux, J. M. Borreguero, A. Buts, S. I. Campbell, L. Chapon, M. Doucet, 
N. Draper, R. Ferraz Leal, M. A. Gigg, V. E. Lynch, A. Markvardsen, D. J. Mikkelson, 
R. L. Mikkelson, R. Miller, K. Palmen, P. Parker, G. Passos, T. G. Perring, P. F. Peterson, 
S. Ren, M. A. Reuter, A. T. Savici, J. W. Taylor, R. J. Taylor, R. Tolchenov, W. Zhou, 
J. Zikovsky, Mantid—Data analysis and visualization package for neutron scattering 
and SR experiments. Nucl. Instrum. Methods Phys. Res. A. 764, 156–166 (2014).

 58. Y. Lin, F. Islam, M. Kresh, Multiphonon: Phonon density of states tools for inelastic 
neutron scattering powder data. J. Open Source Softw. 3, 440 (2018).

 59. K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal, volumetric 
and morphology data. J. Appl. Cryst. 44, 1272–1276 (2011).

Acknowledgments 
Funding: We thank O. Hellman for access to and support with the TDEP software package. 
X-ray and neutron scattering data collection and analysis by J.D. and T.L.-A. and first-principles 
simulations by J.D. were supported by the U.S. Department of Energy (DOE), Office of Science, 
Basic Energy Sciences, Materials Sciences and Engineering Division, under award  
no. DE-SC0019299. Sample synthesis by M.C.-C. was supported by the U.S. DOE, Office of 
Science, Basic Energy Sciences, Materials Sciences and Engineering Division under award  
no. DE-SC0019252. The use of the Advanced Photon Source was supported by the U.S. DOE, 
Office of Science, Office of Basic Energy Sciences, under contract no. DE-AC02-06CH11357. 
The use of Oak Ridge National Laboratory’s Spallation Neutron Source was sponsored by the 
Scientific User Facilities Division, Office of Basic Energy Sciences, U.S. DOE. Theoretical calculations 
were performed using the National Energy Research Scientific Computing Center, a U.S. DOE Office 
of Science User Facility supported by the Office of Science of the U.S. DOE under contract  
no. DE-AC02-05CH11231. Author contributions: O.D. and A.Z. designed the research. J.D., T.L.-A., 
A.B., and D.L.A. performed neutron scattering measurements. J.D., T.L.-A., and A.S. performed 
inelastic x-ray scattering measurements. M.C.-C. and A.Z. grew and characterized the samples. 
J.D. performed simulations and analyzed data. J.D. and O.D. wrote the paper. Competing 
interests: The authors declare that they have no competing interests. Data and materials 
availability: All data needed to evaluate the conclusions in the paper are present in the paper 
and/or the Supplementary Materials. Additional data related to this paper may be requested 
from the authors. The numerical data for the figures are available from the Harvard Dataverse 
Repository at https://doi.org/10.7910/DVN/XKUSKJ.

Submitted 14 December 2020
Accepted 1 April 2021
Published 21 May 2021
10.1126/sciadv.abg1449

Citation: J. Ding, T. Lanigan-Atkins, M. Calderón-Cueva, A. Banerjee, D. L. Abernathy, A. Said, 
A. Zevalkink, O. Delaire, Soft anharmonic phonons and ultralow thermal conductivity in Mg3(Sb, Bi)2 
thermoelectrics. Sci. Adv. 7, eabg1449 (2021).

https://doi.org/10.7910/DVN/XKUSKJ

