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Mg3Sb2−Mg3Bi2 alloys have been heavily studied as a competitive
alternative to the state-of-the-art n-type Bi2(Te,Se)3 thermoelec-
tric alloys. Using Mg3As2 alloying, we examine another dimen-
sion of exploration in Mg3Sb2−Mg3Bi2 alloys and the possibility
of further improvement of thermoelectric performance was investi-
gated. While the crystal structure of pure Mg3As2 is different from
Mg3Sb2 and Mg3Bi2, at least 15% arsenic solubility on the anion
site (Mg3((Sb0.5Bi0.5)1−xAsx)2: x=0.15) was confirmed. Density
functional theory calculations showed the possibility of band con-
vergence by alloying Mg3Sb2−Mg3Bi2 with Mg3As2. Because of
only a small detrimental effect on the charge carrier mobility com-
pared to cation site substitution, the As 5% alloyed sample showed
zT=0.6-1.0 from 350 K to 600 K. This study shows that there is
an even larger composition space to examine for the optimization
of material properties by considering arsenic introduction into the
Mg3Sb2−Mg3Bi2 system.

n-type Mg3Sb2−Mg3Bi2 alloys have attracted significant atten-
tion as they are one of the most potent thermoelectric materials
in the low (near room temperature) to mid-temperature (≈700
K) range1–4 because of their highly degenerate conduction band
structure1,2,5 and extremely low phonon thermal conductivity.6

Since the discovery of n-type Mg3Sb1.5Bi0.5 with zT of 1.6 at 700
K in 2016,1 extensive research has been conducted to optimize
their thermoelectric performance by engineering the electronic band
structure,7,8 chemical doping,9–15 and optimization of microstruc-
ture.16–20 Further improvements in the performance could lead to
new opportunities for energy harvesting and IoT (Internet of things)
devices being made using this system which has better mechani-
cal properties21,22 and consists of abundant elements compared to
commercially used Bi2Te3-based materials.23–25

The crystal structure of Mg3Sb2 (space group P3̄m1 No. 164)
which has two Mg sites, octahedrally coordinated Mg(1), and tetra-
hedrally coordinated Mg(2) is shown in Figure 1(a). Mg3Bi2 has
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Fig. 1 (a) Crystal structure of Mg3(SbBi)2 (space group P3̄m1 [164])
and (b) Mg3As2 (space group Ia3̄ [206]). The high temperature phase
of Mg3Sb2, stable above 1193 K also has the Ia3̄ structure. There are
two Mg sites in the P3̄m1 structure, the octahedrally coordinated Mg(1),
and the tetrahedrally coordinated Mg(2), whereas the Ia3̄ structure has
only tetrahedral Mg sites.

the same crystal structure as Mg3Sb2, and makes a complete solid
solution within the entire composition range. In addition to a more
than 50 % reduction in the lattice thermal conductivity with alloy
scattering, Mg3Bi2 alloying (Bi alloying) was proven to be an ef-
fective way to improve thermoelectric performance by optimizing
the electronic band structure.7,8,26 Alloying Mg3Sb2 with Mg3Bi2
produces a higher mobility, a shift of the peak zT with temperature
and a reduced band gap.8,23,26 On the other hand, the substitution
of the cation (Mg) site with other elements causes a significant
reduction in the thermoelectric performance due to a decreased
charge carrier mobility.11,27 This degraded performance is mainly
attributed to the disruption in the conduction band which originates
from Mg orbital interaction.11,28 This result suggests that alloying
on the anion site should be a better method to improve performance
without hurting the electronic mobility, which is recognized as the
reason for significant success with Bi content optimization.8,29–31

Based on this argument, arsenic alloying on the anion site is chosen,
as arsenic is in the same group as Sb and Bi, as a straightforward
way to enhance thermoelectric performance. However, there are no
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Fig. 2 The conduction band electron energy contour plot for (a)Mg3As2,
(b)Mg3Sb2, (c)Mg3Bi2, (d)Mg3AsSb, (e)Mg3SbBi and (f)Mg3AsBi in
the Γ–A–L–M plane of reciprocal space. The color scale varies over
the range [0 to 0.25eV into the conduction band]. The conduction band
minimas are shown by a white circle symbol. The 6-fold degeneracy of the
conduction band at U* is beneficial for thermoelectrics while the separate
band at Γ has degeneracy of one. Mg3AsBi shows conduction band
minimum (CBM) at Γ which suggests the potential of a band convergence
of Γ and U* by changing the ratio of As, Sb, Bi in Mg3(As, Sb, Bi)2

arsenic alloys reported to date in Mg3Sb2-based systems, except for
some band structure calculations.5,22,32

One of the reasons why As-alloyed Mg3Sb2 has not previously
been synthesized is that the crystal structure of Mg3As2 is dif-
ferent from Mg3Sb2 and Mg3Bi2.

33–35 The crystal structure of
Mg3As2 belongs to space group Ia3̄ from room temperature up to
around 1100 ◦C, which is different from the P3̄m1 space group of
the Mg3Sb2 and Mg3Bi2 structure33 (Figure 1(b)). This suggests
that Mg3As2 alloying may be different from the Mg3Sb2/Mg3Bi2
solid solution case, where you can adjust the Sb/Bi ratio without
changing the crystal structure or producing impurity phases. How-
ever, the high temperature phase of Mg3As2 around 1373 K to
1473 K is actually P3̄m1 suggesting that this structure is close to
being stable. In addition, the high temperature phase of Mg3Sb2
(around 1173 K to 1473 K) is the Ia3̄ structure type, the same as
the low temperature phase of Mg3As2.

34 Considering the pressing
temperature around 873K-1073K, we can assume these two crystal
structures have very similar formation energies. This suggests that
there should be some solubility of arsenic in Mg3(Sb, Bi)2.

The main motivation for arsenic alloying is potential improve-
ment from band engineering by optimizing the As/Sb/Bi ratio. To
see the effect of arsenic alloying on the electronic band structure,
density functional theory (DFT) calculations were performed for 6
chosen compositions in the Mg3(As,Sb,Bi)2 alloy. From the point
of view of n-type transport, the two main bands to consider are U*
and Γ point. Since the position of the conduction band minima
located at a non high-symmetry point U* can shift with alloying
percentage, we plot the 2 dimensional electron energy band con-

tour plot in the Γ-A-L-M plane (see Figure 2) which contains U*.
As reported in the previous studies,1,36 the conduction minima of
Mg3Sb2-Mg3Bi2 alloys (Figure 2 (b), (c), (e)) are found at a point
labeled U* which has band degeneracy of 6. Also, the conduction
band minimum in Mg3As2 (Figure 2 (a) hexagonal P3̄m1 phase)
and Mg3AsSb Figure 2 (b) are at the U* point similar to the Sb-Bi
cases, however, only Mg3AsBi (As:Bi=50:50) displays a minimum
at the Γ point shown in Figure 2 (f). This implies a potential band
convergence of Γ and U* bands in the pseudo-ternary composition
space in Mg3(As, Sb, Bi)2. We note that the convergence with the
Γ band might not be necessarily beneficial because of the effects
of intervalley scattering. Nevertheless, since arsenic alloying can
also lead to the reduction of the thermal conductivity with more
disorder, arsenic alloying opens up an entirely new phase space to
optimize thermoelectric performance of Mg3(Sb, Bi)2 compounds.

Based on these strategies and computational suggestions, we
synthesized various compositions of Mg3(Sb0.5Bi0.5)2 alloyed with
Mg3As2. The Bi:Sb ratio of 50 % composition (Mg3(Sb0.5Bi0.5)2)
was chosen as the matrix composition because of its low thermal
conductivity and high weighted mobility.8,31 5 %, 10%, and 15
% of Mg3As2 (Mg3((Sb0.5Bi0.5)1−xAsx)2: x=0.05, 0.1, and 0.15)
were added to explore the effect of Mg3As2 alloying on the thermo-
electric properties of n-type Mg3(Sb0.5Bi0.5)2. As the solubility of
arsenic in this system was unknown, we performed X-ray diffraction
measurements and microscopic analyses before measuring thermo-
electric transport properties. All the XRD peaks can be indexed
with the hexagonal P3̄m1 crystal structure for x = 0.05-0.15, and
there were no impurity peaks within the detection limit of XRD
measurements (Figure 3). Lattice constants were calculated by Ri-
etveld refinement to check the effect of arsenic substitution on the
unit cell. The linear decrease in lattice constants following Veg-
ard’s law suggests the solubility of arsenic is at least up to 15% on
the anion site in the crystal structure. The diffraction peak shifts
to higher angles as shown in the inset of figure 3(a) indicating a
decrease in the unit cell expected from the smaller As atom. To
confirm homogeneity, energy-dispersive X-ray spectroscopy (EDS)
was performed for the sample with the highest arsenic content (As
= 15%). The actual composition measured by EDS is consistent
with the nominal composition as listed in table 1. The homoge-
neous distribution of As, Sb, and Bi observed in the 15 % alloyed
sample confirms the successful synthesis of Mg3(As,Sb,Bi)2.

We investigated the transport properties with different amount
of arsenic content x in Mg3.05((Sb,Bi)1−xAsx)1.99Te0.01 x=0.05-
0.15.(Figure 4) A small amount of Te, which is known to work
as an electron donor in this system, is added to tune the carrier
concentration.3,37 The increased absolute value of the Seebeck co-

Table 1 Chemical analysis of Mg3.05((Sb0.5Bi0.5)1−xAsx)1.99Te0.01:
x=0.15, obtained from Energy-dispersive X-ray spectroscopy. Values are
consistent with the atomic percentage of the anion site calculated from
the nominal composition.

Element atomic % atomic % at anion site nominal composition
Mg 60.1 N/A N/A
As 6.2 15.6 15.0
Sb 16.8 42.1 42.5
Bi 16.9 42.2 42.5

2 | 1–6Journal Name, [year], [vol.],

Page 2 of 6Dalton Transactions



Fig. 3 (a)X-ray diffraction pattern of Mg3((Sb,Bi)1−xAsx)2: x=0.05-0.15. No impurity peaks were observed. The inset is the enlarged figure for 2θ

= 50-60 ◦ showing the shift of diffraction peaks to higher angle with increasing As content. Data for the sample without As were
extracted from ref.8 (b) Lattice parameters a and c decrease linearly, indicating the inclusion of arsenic in the crystal structure and

decent solubility of arsenic. The dashed line is to guide the eye. The goodness of fit factors of Rietveld refinement for teach alloy are
1.95, 1.65, and 2.2 for x = 0.05, 0.1, and 0.15 respectively. (c) Energy-dispersive X-ray spectroscopy (EDS) mapping for the sample

with the highest As content x= 0.15, showing the homogeneous distribution of Mg, Sb, Bi, and As.

efficient and decreased electrical conductivity with arsenic content x
can be explained by the change in the charge carrier concentration
nH (Figure 4(a)-(c). Interestingly, even though all samples have
the same dopant content (Te amount of 0.01), the carrier concen-
tration decreases as arsenic content increases. In the Mg3(Sb,Bi)2

system, generally, the carrier concentration can be easily controlled
by changing the amount of extrinsic dopants.3,37 The reduction
in the carrier concentration can be attributed to either a reduced
solubility of Te or a change in the defect formation energy which
was also seen in Yb alloyed Mg3(Sb,Bi)2.27 Due to the lower carrier
concentration with the arsenic content x, the electrical conductivity
also decreases. To compare the inherent properties of the material
independent from Fermi level or carrier concentration, the weighted
mobility was also evaluated.38–40 The reduction of the weighted
mobility was observed as the As content x, increases. However, the
extent of the weighted mobility reduction is smaller compared to
the substitution with other elements.(Figure 4(d)) Particularly with
arsenic content x = 0.05, the weighted mobility was reduced by only
≈ 7% at 473 K while, for example, a similar amount of Yb alloying
(Yb content 0.075) and La doping (La content 0.01) on the Mg
site causes ≈34%, and ≈46% reduction in the weighted mobility,
respectively.11,27 The small effect on the mobility with arsenic al-
loying is consistent with the idea that the anion substitution affects
the conduction band states less than cation site substitution.11,28

Although a band convergence effect can be expected from DFT
at some Mg3(As,Sb,Bi)2 alloy compositions, for the compositions
synthesized here no significant improvement in the weighted mo-
bility from the band convergence was observed. Neither a peak
nor a clear trend in effective mass was confirmed with As con-
tent x =0.05, 0.1, and 0.15. Due to the complexity of the system
with 4 elements plus a dopant, it is quite possible that the composi-
tions synthesized are somewhat off from the optimum composition.
There is a vast composition space in the Mg3As2-Mg3Sb2-Mg3Bi2
system, and the band convergence effect might only be activated in
a small window of the composition. Thus, thorough computational
and experimental optimizations might be required to fully take ad-

vantage of the band structure change in these alloys. Additionally,
even though there is no evidence of impurity phases, the formation
of impurity could affect the solubility of the extrinsic dopant Te
and therefore limit the charge carrier concentration. The problem
of the carrier concentration reduction could be avoided by using
cation site dopants, which has been suggested as a more effective
way to dope Mg3Sb2-Mg3Bi2 alloys than with Te.10,11,13

Despite the larger atomic size difference by having arsenic al-
loying with antimony or bismuth, a substantial reduction in lattice
thermal conductivity with arsenic alloying was not observed. (Fig-
ure 4(e) and 5) The lattice thermal conductivity κL is estimated
by calculating κe using the Wiedemann–Franz law, κe = LσT , and
subtracting it from the total thermal conductivity κtot : κL = κtot

- κe where L is the Lorentz number. The Lorentz number can be
approximated using the experimental Seebeck coefficient.41,42 The
reason for little or no reduction in the lattice thermal conductiv-
ity could be due to two reasons: 1. Because the arsenic atom is
lighter than the other two anion atoms, Mg3As2 is expected to have
a higher intrinsic lattice thermal conductivity. Thus, introducing
small amounts of arsenic may not reduce the thermal conductivity
despite the mass difference among the structure. 2. The matrix
composition (Mg3SbBi) was not the best choice to examine the
effect of the lattice thermal conductivity reduction. Since Bi 50%
matrix composition (Mg3SbBi) shows already very small thermal
conductivity, the phonon scattering is almost maximized in this
atomic configuration. To examine these possibilities, we performed
lattice thermal conductivity modeling in the pseudo-ternary phase
diagram of Mg3(As, Sb, Bi)2.

To understand the reason of no reduction in the lattice thermal
conductivity κL, we computed κL values by using the Klemens alloy
scattering model in the pseudo-ternary phase diagram of Mg3(As,
Sb, Bi)2.(Figure 5) The Klemens model accounts for phonon scat-
tering due to atomic mass and size variance in the alloy, and we
follow the procedure outlined in Ref.43. To perform this calcula-
tion, we were required to estimate the lattice thermal conductivity
of Mg3As2 in the P3̄m1 structure type, although this is not the sta-
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Fig. 4 Thermoelectric transport properties of Mg3.05(Sb,Bi)1−xAsx)1.99Te0.01 x=0-0.15 (a) Seebeck coefficient, (b) Hall charge carrier concentration,
and (c) electrical conductivity, (d) weighted mobility, (e) lattice thermal conductivity, and (f) figure of merit zT from 300 K to 600K. Data for the
sample without As were extracted from our previous study for comparison.8

ble phase. The anomalously low thermal conductivity of Mg3Sb2

and Mg3Bi2 has been attributed to the large anharmonicity of the
transverse acoustic modes, which can be rationalized by the struc-
tural instabilities of the Mg atom in the octahedral site44. The
small cation-to-anion ratio violates Pauling’s radius ratio stability
rules, resulting in a distorted octahedral environment44. However,
the larger cation-to-anion ratio in Mg3As2 is expected to better sta-
bilize the Mg in the octahedral site, leading to lower anharmonicity
and higher intrinsic κL. The intrinsic Mg3As2 κL was calculated
from the following expression45,46:

κL = A
M̄v3

s

TV 2/3γ2
(

1
N1/3

), (1)

where M̄ is the average atomic mass, vs is the isotropic speed
of sound, V is the volume per atom, γ is the Grüneisen param-
eter, N is the number atoms per primitive unit cell, and A is a
fitting parameter. The speed of sound was calculated from DFT
elastic constants, and an estimate Grüneisen parameter of 1.3 was
used, which empirical relations show to be a reasonable estimate for
mixed tetrahedral and octahedral bonding environments47. Finally,
the coefficient A was fit to the Mg3Sb2 and Mg3Bi2 end-member
κL data. We predict a Mg3As2 κL value of 4.7 W/m/K, which
is significantly larger than that of the other end-members. As de-
picted in the model predictions (Figure 5), the larger κL value for
Mg3As2 can justify why a reduced thermal conductivity was not
observed with the introduction of As to the Mg3SbBi composition.

The model predictions does suggest, however, that alloy compo-
sitions richer in Sb could exhibit some reductions in κL with the
introduction of As.

Mg3Bi2

Mg3As2 Mg3Sb2
0.6

0.8

1.0

1.2

1.4

κ
L

(W
/m

/K
)

Fig. 5 Lattice thermal conductivity κL predictions (heatmap) with over-
laid experimental datapoints in the Mg3(As, Sb, Bi)2 pseudo-ternary
space using an analytic alloy model including mass and bond length vari-
ance scattering effects. Although Mg3As2 is unstable in the P3̄m1 phase,
we attempt to estimate the thermal conductivity of this structural analog
from its DFT elastic constants. We estimate Mg3As2 to have a larger
κL of 4.9 W/m/K such that introducing arsenic slightly increases the κL
despite the introduction of mass and bond length variance.

Because there are no significant signs of band convergence and
reduction in the lattice thermal conductivity, an improvement of
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zT was not significant with arsenic alloying on Mg3(Sb, Bi)2 in this
study. (Figure 4(f)) Slightly higher zT values around 350K with
arsenic content x = 0.05 compared to no arsenic can be attributed
to the difference in the grain boundary effect as it can be seen in the
deviation from the temperature dependency of weighted mobility
from T−3/2 at lower temperature.16,48(Figure 4(d)) Also, the lower
carrier concentration with arsenic content x shifted the peak zT to
the lower temperature. Nevertheless, zT = 0.6-1.0 from 350 K to
600 K are decent zT values especially considering the lack of good
n-type thermoelectric materials around room temperature to the
mid-temperature range.

In conclusion, the possibility of further improving thermoelectric
performance of Mg3(Sb, Bi)2 with arsenic alloying on the anion
site has been investigated. While the crystal structure of Mg3As2

is different from Mg3(Sb, Bi)2, at least 15% arsenic solubility on
anion site is confirmed. Since the DFT results showed the conduc-
tion band minimum of Mg3AsBi at the Γ point, there is a possi-
bility of band convergence with arsenic alloying with Mg3(Sb,Bi)2.
However, evidence of band convergence was not confirmed with ar-
senic content x = 0.05-0.15 in Mg3.05((Sb,Bi)1−xAsx)1.99Te0.01 and
the significant improvement of thermoelectric performance was not
confirmed with synthesized samples in this study. Possible reasons
for this result is the deviation from the optimum As/Sb/Bi ratio
due to the complexity of the system. Nevertheless, the mobility
reduction is minimized compared to cation site doping or alloying
and relatively high zT = 0.6-1.0 from 350 K to 600 K was achieved.
More importantly, proving the solubility of As in Mg3Sb2-Mg3Bi2
alloys with minimum effect on mobility can lead to an expanded
study of Mg3Sb2-Mg3Bi2 alloys with further trials. To date, re-
search efforts have been heavily focused on trying to investigate
the best Sb/Bi ratio in the composition line between Mg3Sb2 and
Mg3Bi2; however, this work proposed a new dimension to explore
in the pseudo-ternary composition space in Mg3(As,Sb,Bi)2.

Methods
Pure elemental materials of magnesium turnings (99.98 %, Alfa
Aesar), antimony shots (99.9999 %, Alfa Aesar), bismuth granules
(99.997 %, Alfa Aesar) arsenic powder (99 %, Alfa Aesar) and tel-
lurium lumps (99.999 %, Alfa Aesar) were loaded according to the
nominal composition and sealed into stainless-steel vials with two
half inch stainless-steel balls inside the argon-filled glove box. Me-
chanical reaction was conducted by high energy-ball milling with a
SPEX 8000D mill for two hours. The reacted powder was extracted
from vials and transferred into a graphite die under argon atmo-
sphere to prevent the oxidization of the materials. Subsequently,
induction heated rapid hot pressing49 was conducted for 20 min at
1073 K and 45 MPa under argon gas flow to prepare pellet-shaped
samples.50 Pressed samples were gradually cooled down to room
temperature with no load. The Seebeck coefficient of each sam-
ple was measured with Chromel-Nb thermocouples in a two-probe
configuration under high vacuum.50 The Hall coefficient and elec-
tric resistivity was measured simultaneously using a 4-point probe
Van der Pauw technique with a 2 T magnetic field under high
vacuum.51 Thermal diffusivity D was measured by using the flash
method with a Netzsch LFA 457 under dynamic argon atmosphere.
The thermal conductivity κ was calculated by κ = D × Cp × d,

where d is the geometrical density (geometric densities are 99 %,
98 %, and 95 % of theoretical density of each alloy for x = 0.05,
0.1, and 0.15 respectively) and Cp is the heat capacity. Physics
based empirical model was used to estimate the heat capacity to
calculate the thermal conductivity.52 Energy-dispersive X-ray spec-
troscopy maps were obtained using a scanning electron microscope
(Quanta 650 FEG) equipped with a detector (Oxford Instruments
Nordlys) X-ray diffraction of the sample was measured at room
temperature on a STOE-STADI MP powder diffractometer. The
line focused X-ray tube was operated at 50 kV and 40 mA. The
sample was placed on a metallic holder and measured in reflection
geometry in a rotating stage.

The density functional theory (DFT) calculation53 in this
study were performed using Vienna ab initio simulation
package (VASP).54 For structural relaxation, we have used
Perdew–Burke–Ernzerhof (PBE) formulation of the exchange cor-
relation energy functional derived under a gradient-generalized ap-
proximation (GGA).55 Plane-wave basis sets truncated at a con-
stant energy cutoff of 340 eV were used, as were Γ-centered k-point
meshes with a density of ∼8000 k-points per reciprocal atom (KP-
PRA). All structures were relaxed with respect to cell vectors and
their internal degrees of freedom until forces on all atoms were less
than 0.1 eV nm−1. The electron energy band contour plots were
calculated using the mBJ potential56 including spin-orbit coupling
interactions. A simple comparison of the band contour plots re-
quires that the symmetry of the structure and number of atoms
at the various compositions stay the same. For this reason, the
Mg3SbBi, Mg3AsBi, Mg3SbAs structures are obtained by simply
replacing one of the two anion atoms in the end member with
the corresponding alloying element. The isotropic speeds of sound
of end-members were calculated using the christoffel code.57 The
elastic modulus tensor input for the code was calculated from the
Density Functional Perturbation Theory (DFPT) capabilities im-
plemented in VASP.
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