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Phase Boundary Mapping to Obtain n-type
Mg3Sb2-Based Thermoelectrics

Despite theoretical predictions of high thermoelectric performance (zT) in n-type

Zintl compounds, zT > 1.5 has only been found in Mg3+xSb1.5Bi0.5-yTey with excess

Mg recently. We show here that this has been due to killer Mg-vacancy defects that

make Sb-excess material p-type. Recognizing that another thermodynamic state

(Mg-excess) exists, we explain the recent discovery and demonstrate zT n-type

Mg3Sb2 even without Bi and much less excess Mg. Such phase boundary mapping

will enable discovery of new semiconducting states of nominally the same

compound.
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SUMMARY

Zintl compounds make excellent thermoelectrics with many opportunities for

chemically tuning their electronic and thermal transport properties. However,

the majority of Zintl compounds are persistently p-type even though computa-

tion predicts superior properties when n-type. Surprisingly, n-type Mg3Sb2-

based thermoelectrics have been recently found with exceptionally high figure

of merit. Excess Mg is required to make the material n-type, prompting the sus-

picion that interstitial Mg is responsible. Here we explore the defect chemistry

of Mg3Sb2 both theoretically and experimentally to explain why there are two

distinct thermodynamic states for Mg3Sb2 (Mg-excess and Sb-excess) and why

only one can become n-type. This work emphasizes the importance of exploring

all of the multiple thermodynamic states in a nominally single-phase semicon-

ductor. This understanding of the existence of multiple inherently distinct

different thermodynamic states of the same nominal compound will vastly

multiply the number of new complex semiconductors to be discovered for

high zT thermoelectrics or other applications.

INTRODUCTION

Introductory textbooks often wish to tabulate material properties such as electrical

and thermal conductivity of pure materials, including semiconductors, such as Si,

S, GaAs, and ZnS, thinking of them as ‘‘line compounds’’ where all samples of the

same nominal composition will have the same properties. However, it has been

known1,2 from growing binary semiconductors that at least two different AB semi-

conductors can be produced (at a given temperature) depending on whether the

growth is A-excess or B-excess (usually as vapor phase, where vapor pressure

adds an additional variable). These two different semiconductors, AB with A-excess

(AB equilibrated with A) or AB with B-excess (AB equilibrated with B), have distinctly

different properties: one possibly being n-type and the other p-type. In complex sys-

tems, especially containing more elements, there are multiple, generally more than

two, distinctly defined thermodynamic states.3 For the discovery of new functional

semiconductors, these multiple, distinct states of the same nominal composition

expand the space of materials to be investigated. In thermoelectrics, for example,

researchers have been examining thousands of nominally single-phase materials

for decades in search of, for example, n-type Zintl compounds with predicted high

thermoelectric efficiency.4,5 The discovery of high-performance n-type Mg3Sb2,
6

only recently, highlights the importance of examining all of the distinct thermody-

namic states (Mg-excess as well as Sb-excess in this case) by crossing the phase

boundaries that are experimentally mapped in nominal composition space, and

the fact that perhaps we have been looking at less than half the available new semi-

conductors that we could have in these past decades.

Context & Scale

While there has been good

progress in finding high

thermoelectric efficiency (zT) p-

type Zintl compounds, high zT n-

type Zintl compounds have

eluded discovery for 10 years

despite the theoretical

predictions that these wouldmake

even better thermoelectric

materials. Here we show that even

in a ‘‘line compound’’ multiple

thermodynamic states exist that

profoundly affect the electronic

properties by suppressing the

formation of unwanted defects

differently. To form the desired n-

type Mg3Sb2-based compound it

is most critical to make the Mg-

excess thermodynamic state. This

understanding suggests a

synthesis strategy we call ‘‘phase

boundary mapping’’ that could be

counter-intuitive from the normal

perspective that favors

thermodynamic phase purity: to

add excess constituents until the

impurity phase is identified. This

strategy can help discover many

different versions of any

compound, even ones considered

to be a ‘‘line compound’’ with no

measurable compositional

variation.
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Thermoelectric Semiconductors

Thermoelectric devices can directly convert waste heat into useful electricity, attract-

ing considerable attention as a means to harvest the energy that is currently lost by

dissipation. The efficiency of a thermoelectric device is largely dependent on the

figure of merit of the thermoelectric materials, which is zT = a2s
k
T , where a is the See-

beck coefficient, s is the electrical conductivity, k is the total thermal conductivity,

and T is the absolute temperature.7,8 Typical zT < 1 values of known materials are

insufficient for many proposed applications, making it of interest to explore new

materials with beneficial characteristics.

Zintl compounds9 are a promising class of materials from which good thermoelectrics

continue to be discovered. A covalently bonded anionic framework forms the basis of

the crystal structure in Zintl compounds,10,11 while the electropositive cations donate

electrons satisfying the valence requirement. With anions fulfilling the octet rule with

electrons from cations,12 the undoped Zintl compound is, in principle, a semiconductor

that canbedoped tohaveanoptimumcarrier concentration for thermoelectrics. Several

Zintl compounds showexcellent zT at high temperatures: Yb14MnSb11,
13Ca9Zn4+xSb9,

3

Sr3GaSb3,
14 Ca5Al2Sb6,

15 and YbCd2Sb2,
16 to name but a few.

Almost all Zintl thermoelectric materials are found to be p-type, while computed

electronic structures suggest that some of these persistently p-type materials would

also make good, or even better n-type materials because of the band structure.4,17

For instance, a high-throughput computational search (using density functional the-

ory [DFT] and BoltzTraP) predicted LiZnSb to be an excellent n-type thermoelectric,

expected to be more than ten times better than its p-type performance, which

reached zT � 0.1.17,18 This persistent p-type behavior is also observed in the

AZn2Sb2 (A = Ca, Yb, Eu, Sr) system (member of the so-called 1-2-2 phases), where

the A cation vacancy acts as an ‘‘electron killer,’’19 preventing n-type samples to

form. Studies on this system have revealed how a prudent choice of theA atom could

affect the formation energy of the electron killer defects, suggesting that selecting

the appropriate A cation is key to overcoming the persistent p-type behavior.

Mg3Sb2 is a special case of the 1-2-2 family (Mg occupies both the A and Zn site in

AZn2Sb2) where, after a long history since its first discovery in 1933,20 the compound

has recently been synthesized as n-type by Tamaki et al. using excess Mg.6 This

achievement is quite remarkable considering how often this structure type has

been considered for thermoelectrics. Previous studies have only found good

p-type thermoelectrics, starting from AZn2Sb2,
21 and then, including Cd for Zn16

and Bi for Sb,22 by which zT � 1 has been achieved. Nearly all previous attempts

with Mg3Sb2
23,24 including Mn, Zn, Cd, Na substitution on the Mg site25–28 and

Pb, Bi substitution on the Sb site,29–33 have produced p-type materials. Mn

substituted single crystals with largely excess Mg were found to be n-type, but

with low carrier concentration (<1018 cm�3).25

Outstanding n-type Mg3Sb2-based thermoelectrics had been anticipated based on

the conduction band complexity17 that includes a high-degeneracy Fermi surface

with six carrier pockets.6,34 High valley degeneracy is known to lead to a high ther-

moelectric material quality factor35 and is found in most good thermoelectric mate-

rials such as Bi2Te3,
36,37 PbTe,38,39 Mg2(Si,Sn),

40 CoSb3 skutterudites,41 and some

half-Heusler thermoelectrics.42

Tamaki et al. reported n-type Mg3.2Sb1.5Bi0.49Te0.01 with zT of 1.5 at 715 K followed

by similar results by Zhang et al. and Shuai et al.6,43,44 Figure 1 compares the
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experimental zT of p- and n-typeMg3Sb2-based compounds including newly synthe-

sized samples that successfully reproduce the optimum n-type composition. A clear

contrast in the maximum zT is seen, which is mainly due to the advantage of having a

larger valley degeneracy (Nv) in the conduction band (Nv = 6) than in the valence

band (Nv = 1) (see Figures S1 and S2).72

Due to the substantial excess of Mg in the nominal composition needed

(Mg3.2(Sb,Bi,Te)2) to make the material n-type, it has been previously proposed

that Mg interstitials are responsible for the n-type carriers.6 Indeed, defect calcula-

tions showed that the Mg interstitial defect energy was sufficiently low to enable

Mg3+xSb2 to become somewhat n-type. Here we find, however, that Mg interstitials

are not essential in obtaining n-type Mg3Sb2 compounds. In the optimally doped

composition, Mg interstitials are eventually so far outnumbered by vacancies that

the equilibrium composition is actually Mg deficient, x < 0 in Mg3+x(Sb,Bi,Te)2,

rather than Mg-excess. This result underscores the significance of the cation

vacancies and essential Experimental Procedures to access the thermodynamic state

where vacancy formation is most suppressed.

RESULTS AND DISCUSSION

Defect Chemistry in Mg3Sb2

In many previous experimental attempts, Mg3Sb2 largely remained p-type despite

the addition of excess Mg.24,29 Even doping with a substituent that would normally

provide n-type carriers has, until recently, not been successful. Such persistent

behavior is characteristic of an intrinsic ‘‘killer’’ defect45 present even in the undoped

system that prevents or ‘‘pins’’ the Fermi level (EF) from moving into or near to the

conduction band (i.e., limits of concentration of free electrons).

The p-type pinning behavior can be readily explained by the presence of a low-en-

ergy electron acceptor defect VMg
2� (MgMg 0 VMg

2� + 2h+) producing excess

holes h+ (or absorbing excess electrons). The formation energy of negatively
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charged defects such as VMg
2� becomes lower with an increasing Fermi level

(which indicates having more excess electrons in the system) because it absorbs

excess electrons. This makes the slope of the formation energy for VMg
2� versus

EF in Figure 2A negative (the slope is positive for donor defects). Once a defect

formation energy is no longer positive, it will spontaneously form even at

T = 0 K. Forming VMg
2� produces holes and reduces EF, enabling the system to

reach an equilibrium EF and vacancy concentration. Alternatively, if one tries to in-

crease EF (by adding impurity donor dopants, for example) to reach the conduc-

tion band (i.e., move toward n-type behavior), the formation of Mg vacancies

will become more favorable and EF will change less than anticipated. If an intrinsic

acceptor defect energy reduces to zero by increasing EF, then EF can never be

greater than this value as the intrinsic acceptor defects will always form, reducing

the EF. In this way intrinsic acceptor defects can pin the EF of a material to always

be p-type (similarly, intrinsic donor defects can pin the EF of a material to always

be n-type). For example, in Sb-excess Mg3Sb2, even when we try to introduce a

foreign n-type dopant, the EF can never get closer to the conduction band

because of the creation of cation vacancies, which move the EF back toward the

valence band (Figure 2A).

In general, it is reasonable to suspect cation vacancies (Mg vacancies in this case) as

the majority defect in Zintl compounds even before resorting to defect energy cal-

culations. Cations generally have much smaller ionic radii than anions, making cation

vacancies the likely species for defect formation in antimonides. Although intersti-

tials are also common for small cations such as Mg2+, the persistent p-type behavior

observed in Mg3Sb2 suggests that the acceptor Mg vacancies (MgMg/ VMg
2� +

2h+) rather than the electron donor Mg interstitials (MgMg/ Mgi
2+ + 2e�) explain

the behavior. Persistent p-type behavior has been long observed and recently ex-

plained in AZn2Sb2 (A = Ca, Yb, Eu, Sr), which has the same crystal structure as

δ in Mg3+δSb2
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Figure 2. The Mg-Sb Phase Diagram Near Mg3Sb2 and Its Influence on the Dominant Defects

(A) The Mg-vacancy (VMg
2�) formation energy in Mg3Sb2 as a function of Fermi level (EF) showing it

is a killer acceptor defect for Sb-excess Mg3Sb2 (formation energy is negative within the band gap)

preventing EF from entering conduction band. Mg-excess Mg3Sb2 has a high vacancy formation

energy even for EF inside the conduction band (above ECBM).

(B) The calculated Mg-Sb phase diagram near Mg3Sb2. The phase boundary on the left (light blue) is

the Sb-excess solubility limit determined by the chemical potential of elemental Sb and the

boundary on the right side (dark blue) is the Mg-excess limit determined by the chemical potential

of elemental Mg.
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Mg3Sb2. Formation of a sufficient number of stable A-site vacancies actually leads to

their suitability as p-type thermoelectric semiconductors without impurity p-type

doping.19,46

The concentration of intrinsic defects such as VMg
2� and its temperature depen-

dency can be seen in the equilibrium phase diagram (Figure 2B). Like most valence

balanced semiconductors (Zintl compounds), Mg3Sb2 could be described as a line

compound because the range of single-phase compositions is very narrow. How-

ever, because defects provide entropy, no real compound is exactly a line com-

pound. In Figure 2B the narrow compositional range for Mg3Sb2 is expanded,

whereby the significant concentration of the VMg
2� vacancies is manifested in the

extension of the Mg3Sb2 single-phase composition range at the Sb-excess side of

the single-phase region. The extension of the phase width at the Mg-excess side

is much less due to the higher defect energy of Mg interstitials. For a nominal

composition (i.e., overall starting composition) that is Mg-excess (900 K), e.g.,

Mg3.2Sb2, the actual composition of the matrix phase (Mg3Sb2 phase) would be

fixed at the Mg-excess side phase boundary yielding an intrinsic composition of

Mg3+dSb2, where d = 0.0005. We note that the large Mg solubility in Mg3Sb2 shown

in a previous binary phase diagram (up to Mg3.28Sb2)
47 is not consistent with our

experimental (see Figures S3 and S4; Tables S1 and S2) or computational results

(Figure 2B); the original report on which the phase diagram is based showed the

Mg-solubility line as uncertain.48

These phase boundaries are determined by the chemical potentials of the constitu-

ent atoms. The Mg-excess boundary is defined by the Mg-chemical potential in the

Mg3Sb2 phase being the same as elemental Mg, while the Sb-excess boundary is

defined by the Sb-chemical potential in the Mg3Sb2 phase being the same as

elemental Sb. The large chemical potential difference between Mg-excess and

Sb-excess in Mg3Sb2—across a narrow phase width—leads to a nearly step function

change in the thermodynamic potentials (manifested in Figure 3). For practical
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(A) The step change of Seebeck coefficient with increasing nominal Mg content in Mg3+xSb1.99Te0.01 (synthesized using Mg-slug) indicates the abrupt

transition in thermodynamic state from Sb-excess to Mg-excess. The thermopower remains almost constant after p-to-n transition even with addition of

extra Mg added after Mg3Sb2 reaches Mg-excess.

(B) The step change of Seebeck coefficient with increasing nominal Mg content in Mg3+xSb1.5Bi0.49Te0.01 (synthesized using Mg powder).

(C) The continuous decrease in the thermopower (jSj) up to high Te content for the Mg-excess compositions as expected from an electron donor

dopant. Lines are guides to the eye.
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purposes, this composition range of the Mg3Sb2 single-phase region is so narrow

that real samples are better thermodynamically defined when their nominal compo-

sitions are safely on one side or the other with the desired matrix phase in equilib-

rium with a small amount (<�2%) of impurity phase; otherwise, the sample is likely

to have small but significant compositional variations and result in transport proper-

ties indicative of inhomogeneous samples. Therefore, reliable samples of Mg3Sb2

should be in one of the two distinct thermodynamic states of accessible samples:

Mg-excess and Sb-excess.

The difference in atomic chemical potentials for Mg-excess and Sb-excess Mg3Sb2

(e.g.,DmMg) leads to their distinctly different defect formation energies.When the for-

mation of a defect involves the decrease (increase) in the number of atoms, the chem-

ical potential of that atom adds to (subtracts from) the defect formation energy (see

Experimental Procedures); the added (subtracted) chemical potential of that atom is

identical to that of the other coexisting phase(s) in equilibrium. InMg-excessMg3Sb2,

having the Mg-chemical potential of elemental Mg leads to the distinctly higher

defect formation energy for VMg
2� (by DmMg = 0.82 eV) than for VMg

2� in Sb-excess

Mg3Sb2 (this difference is thermodynamically guaranteed to exist regardless of the

DFT method being used). In this sense, Mg-excess and Sb-excess Mg3Sb2 are ther-

modynamically different ‘‘states.’’ Thus an effective way to suppress the formation

of VMg
2� killer defects is to maintain the Mg3Sb2 in the Mg-excess state. Thermody-

namically, it is much more difficult to accommodate Mg vacancies in a system with

excess Mg—according to Le Châtelier’s principle—and thus a sample nominally

Mg-excess would promote filling Mg vacancies. Having a positive formation energy

of VMg
2� at the conduction band edge (ECBM in Figure 2A) allows Mg-excess Mg3Sb2

to become n-type, whereas in Sb-excess Mg3Sb2, the low and even negative VMg
2�

formation energy near the conduction band will pin the EF to p-type. This difference

also determines whether an extrinsic (impurity) n-type dopant can actually make

Mg3Sb2 n-type, as we explain in the following section.

Extrinsic Doping with Te Impurities in Mg3Sb2-yTey
The high concentration (�1020/cm3) of excess electrons needed to make a good

thermoelectric is typically supplied by extrinsic, or impurity dopants such as Te

atoms (with 6 valence electrons) replacing an Sb (with only 5 valence electrons).

These electrons in the conduction band are accounted for by increasing EF toward

the conduction band edge (ECBM).

With Te-doping, EF can be moved higher in Mg3Sb2-yTey but the effect may be

almost entirely compensated by the formation of other defects, most notably

VMg
2� killer defects. To calculate these contributing effects (at the typical processing

temperature of 900 K) we use standard DFT methods described previously.6 The

important low-energy defects (Figures 4A–4C) that determine EF are Mg vacancies

on both Mg sites (V2�
Mg(1), V

2�
Mg(2)), Te substitution on the Sb site (Te1+Sb), Mg in-

terstitials (Mg2+
i), Sb vacancies (V1+

Sb), and Sb on Mg(1) anti-site defects (Sb1+
Mg(1)).

For Sb-excess Mg3Sb2-yTey, EF is pinned (Figure 4B), keeping the material p-type up

to the solubility limit of Te (0.2 at.% or yz 0.01).

The dramatic increase in VMg
2� defect energy going from Sb-excess to Mg-excess

due to the step change in Mg-chemical potential enables a step change in n-type

dopability (Figure 4C). Once the vacancies are suppressed, gradually increasing

the Te concentration gradually increases the n-type carrier concentration (Figure 3C)

and, ultimately, good n-type thermoelectric properties of Mg3Sb2�yTey with

Mg-excess (Figure 1). The predicted n-type carrier concentration (Figure 5) is in
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good agreement with experimental measurements from Te-doping showing a small

reduction in doping effectiveness due to compensating defects.49

Role of Interstitial Mg

The requirement of excess Mg to produce n-type Mg3Sb2 has previously led to the

suspicion that Mgi
2+ interstitials are perhaps responsible. Unlike other 1-2-2 com-

pounds examined previously, Mg3Sb2 could possibly accommodate a small extent

of excess of Mg and become slightly n-type; however, at the high n-type doping

levels needed for high zT, the concentration of Mgi
2+ becomes insignificant and

less than the concentration of VMg
2� vacancies as shown in Figure 5.

The ternaryMg-Sb-Te phase diagram (900 K) in the vicinity of theMg3Sb2 phase (Fig-

ures 6B and 6C) illustrates this point. The red dashed line in Figure 6 delineates the

compositions when acceptor and donor defects exactly charge-balance, separating

compositions that give n- and p-type behavior. The orange dashed line delineates

the stoichiometric composition (d = 0) in Mg3+dSb2�yTey, separating d < 0 composi-

tions from d > 0 compositions. To avoid confusion, here we explicitly distinguish

Mg3+dSb2�yTey, where d refers to the actual composition of the matrix phase, from

Mg3+xSb2�yTey, where x is a nominal (i.e., overall starting) composition. The actual

composition of Sb-excess Mg3+dSb2�yTey, shown as the light-blue line in Figure 6B

(Sb-solubility limit), is always d < 0 and always p-type. Mg-excess Mg3+dSb2�yTey,

shown as the dark-blue line (Mg-solubility limit), is always n-type but crosses

from d > 0 to d < 0 as the Te content increases (Figure 6B) because Mg interstitials

are outnumbered by Mg vacancies. This d = 0 line crosses the Mg-excess Mg3Sb2

phase boundary, making the optimum composition samples (around 0.2 at.%

of Te) always Mg deficient (d < 0).

Phase Boundary Mapping to Explore All Equilibrium States of New Phases

Mg3Sb2 demonstrates the dramatic difference in electronic properties from

two types of samples with a matrix phase composition that is essentially the

same. Only Mg-excess Mg3Sb2-based compounds can make efficient n-type
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Figure 4. Defect Chemistry in the Te-Doped Mg3Sb2 System

(A) The crystal structure of Mg3Sb2 indicating atomic and interstitial positions.

(B) Defect formation energy ðDE
j
def Þ for Sb-excess Mg3Sb2 showing the Fermi level at 900 K (EF) around the valence band edge even with the addition of

Te donor dopants.

(C) Defect formation energy for Mg-excess Mg3Sb2. The undoped Fermi level (EF) at 900 K (black dash-dotted line) moving deep into the conduction

band (ECBM < EF) at the maximum Te-doping limit (z0.35 at.%) (red dash-dotted line) shows the extrinsic n-type doping capability for Mg-excess

Mg3Sb2. The defect energies were calculated by considering the equilibria of three phases (Mg3Sb2-Sb-MgTe for B; Mg3Sb2-Mg-MgTe for C). See also

Figure 6A.
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thermoelectrics. The nominal composition at which the Mg-excess phase boundary

is reached turns out to heavily depend on the synthesis route taken. For example,

oxidation during preparation or pressing, with oxides in any of the starting elements

or even SiO2 or Al2O3 reaction containers, easily becomes a source of MgO, which

effectively removes Mg from the Mg-Sb equilibria. With relatively high vapor pres-

sure and reactivity, Mg loss can also result from vaporization during hot pressing,

SPS, or annealing.

Because some Mg loss always exists, the only way to ensure that the Mg-excess phase

boundary composition is reached isbydetectingMg impurities in thefinalmaterial tobe

measured. Even for reproducible routes of syntheses, there will be a critical nominal

composition where the p-to-n transition happens that may not be at a nominal Mg/Sb

ratio of 3:2 and also quite different depending on synthesis conditions (compare the

threshold composition within the light-gray regime in Figures 3A and 3B made by Mg

powder or slugs). Only by detecting a small amount of elemental Mg or Sb can one

be sure which chemical potential defines the properties of the matrix phase.

In general we call this method ‘‘phase boundary mapping’’ in the nominal composi-

tion space, whose aim is to purposely make materials in equilibrium with small

amounts of impurity phases that exactly define the chemical potentials in order to

find the phase boundary in terms of nominal composition.3 Since most semiconduc-

tors are valence balanced (e.g., Zintl compounds9), they are typically considered line

compounds with narrow phase widths, particularly regarding the cation-to-anion ra-

tio. Therefore, practical samples will generally tend to be on one side or the other,

making observation of equilibrium impurity phases the best way to define the
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Individual Defects (Dashed Lines) in Mg3Sb2 at 900 K with Increasing Te Content

(A) Mg-excess Mg3Sb2. The n-type carrier concentration follows the Te content (TeSb
1+) with some

reduction due to Mg vacancies (VMg
2�) at the doping concentration needed to make an efficient

thermoelectric (0.2 at.% of Te).

(B) Sb-excess Mg3Sb2. The net carrier concentration is always p-type despite the addition of

Te donor dopants because of the excessive compensation from Mg vacancies. Data points

(black circles) are converted from Hall measurements (see Experimental Procedures) on samples

with nominal compositions of Mg3.2Sb2�yTey, where y = 0.005 and 0.01 in increasing order of

Te content.
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thermodynamic state. Compound semiconductors will have at least two (most likely

more than two) distinct thermodynamic states with distinctly different dopability and

transport properties.71 To explore all synthetically accessible thermodynamic states

of the same new semiconductor, one should map all the thermodynamic phase

boundaries and continue to change composition (as we added Mg in Mg3Sb2) until

the equilibrium impurity phase changes (as excess Mg was observed instead of Sb).

When vacancies are the dominant defects, excess metal should promote n-type dopa-

bility while excess non-metal should promote p-type dopability.2 Here, we re-empha-

size that the main purpose of conducting phase boundary mapping is to fully explore

different thermodynamic states in an apparent line compound by crossing the phase

boundary, and not to obtain the exact location or actual composition of phase bound-

aries. The difference in the actual composition between two different thermodynamic

states is often not detectable with standard chemical analyses.

A systematic implementation of the phase boundary mapping procedure will lead to

a better understanding of the doping capability of new semiconductors for a variety

of applications. In thermoelectrics, related approaches have been used to ascertain

that cation vacancies are killer defects that lead to persistent p-type materials in

Ca9Zn4+xSb9,
3 YCuTe2,

50 Cu2Se,
51 ZnSb,52 Zn4Sb3,

53 and YbZn2Sb2.
46 We find, in

general, several recent cases where significant findings result from a systematic

investigation of the phase boundaries: filling capabilities in Skutterudites54–56 and

finding low-defect photovoltaic compounds.57–59 All these cases highlight the gen-

eral significance of phase boundary mapping.

EXPERIMENTAL PROCEDURES

Synthesis

Magnesium slugs (99.95%, Alfa Aesar), antimony shots (99.9999%, Alfa Aesar), bis-

muth granules (99.997%, Alfa Aesar), and tellurium lumps (99.999%, Alfa Aesar) were

used for the sample set #1 (see below) as starting elements. Note that the purities

reported by the supplier are ‘‘metals basis,’’ meaning that the oxygen content is
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Figure 6. The Ternary Phase Diagram of Mg-Sb-Te

(A) The ternary diagram showing the position of d = 0 in Mg3+d(Sb,Te)2 (orange dashed line) and the line that distinguishes p- and n-type materials in the

Mg3Sb2 single-phase region (red dashed line).

(B) Enlarged section of the 900 K ternary phase diagram near the Mg3Sb2 single-phase region. The Sb-excess Mg3Sb2 phase boundary (light blue) always

remains p-type and deficient in Mg (d < 0) while the Mg-excess Mg3Sb2 phase boundary (dark blue) is n-type even though it also is deficient in Mg (d < 0)

when sufficiently doped to make a good thermoelectric (0.2 at.% of Te). The open square on the d = 0 line denotes the composition Mg3Sb1.99Te0.01

(0.2 at.% of Te).

(C) Further enlargement in the vicinity of the phase boundaries.
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unknown. Each of the rawmaterials was cut into small pieces, weighed to be the stoi-

chiometric amount, and loaded into a stainless-steel vial with half-inch stainless-steel

balls under argon. Mechanical alloying was conducted by a high-energy mill (SPEX

8000D) for 2 hr. The black powder was extracted from the vial and transferred to a

high-density graphite die in the glove box. Subsequently, induction heating rapid

hot press (RHP) was conducted at 873 K with 45 MPa for 1 hr with flowing argon.60

Both geometric and wet densities of the pressed disk-shaped pellets were measured

and confirmed to be >95%. Samples of sample set #2 (see below) were prepared

with a different method and discussed in Tamaki et al.6 Following the ball mill by

planetary mill with a process control agent (stearic acid), the press was done by

SPS instead of RHP.

Sample Set #1

Mg3+xSb2 (x = �0.1, 0, 0.2, 0.3), Mg3+xSb1.99Te0.01 (x = �0.2, �0.1, 0, 0.1, and

0.2), Mg3.2Sb2�yTey (y = 0.005, 0.01, 0.03, 0.06, 0.08, 0.1, and 0.15), and

Mg3+xSb1.5Bi0.49Te0.01 (x = 0.03) were prepared and measured at Northwestern

University.

Sample Set #2

Mg3+xSb1.5Bi0.49Te0.01 (x = 0.1, 0.16, 0.18, 0.2, and 0.3) and Mg3.2Sb1.5Bi0.49�yTey
(y = 0, 0.005, 0.01, 0.015, 0.02, and 0.04) were synthesized and measured at

Panasonic.

Characterization

Here we describe the details of characterization for sample set #1 (methods for sam-

ple set #2 can be found in Tamaki et al.6). Seebeck coefficient was measured with

Chromel-Nb thermocouples by oscillating the temperature gradient across the sam-

ple under vacuum.61 The Van der Pauw technique was used to measure electrical

resistivity and Hall coefficients with a 2-T magnetic field using pressed Mo probes

under dynamic vacuum. The Hall factor used to convert the Hall carrier concentration

to a chemical carrier concentration was calculated by using the EF estimated from

measured thermopower under the assumption of single effective mass model with

acoustic phonon scattering. The thermal conductivity was calculated from thermal

diffusivity measured by a Netzsch LFA 457 under argon, together with heat capacity.

Here the averages of experimental heat capacities (see Bhardwaj and Misra31

for Mg3.2Sb1.99Te0.01 and Tamaki et al.6 for Mg3.2Sb1.5Bi0.49Te0.01) were applied

for a better comparison. The samples were examined by X-ray diffraction performed

on polished bulk polycrystalline samples using CuKa radiation, followed by scanning

electron microscopy with a Hitachi S-3400N-II. The chemical compositions

of Mg2.9Sb2 and Mg3.2Sb2 samples were determined by energy-dispersive X-ray

spectroscopy and wavelength-dispersive X-ray spectroscopy. High-resolution syn-

chrotron powder diffraction data of Mg3+xSb2 (x = 0.2 and - 0.1) samples were

collected using beamline 11-BM at Advanced Photon Source, Argonne National

Laboratory, with a wavelength of 0.414537 �A.

Phase Diagram Calculation

The temperature-dependent dilute-limit solvus boundaries for Mg3Sb2 in the

Mg-Sb-Te ternary phase space were constructed using defect formation energies

calculated from first-principles DFT calculations in conjunction with a statistical

mechanics model. The DFT calculations were performed within the generalized

gradient approximation of Perdew-Burke-Ernzerhof.62 The projector augmented

wave formalism was utilized as implemented in the VASP software package.63

Defect formation energies were calculated using the standard supercell
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approach.64 A plane-wave cutoff energy of 340 eV along with a 43 43 4 G-centered

Monkhorst pack k-point grid was used to calculate the total energies of defect super-

cells containing 90 atoms. The formation energy DEj
def for defect j was calculated as

a function of Fermi level measured from EVBM ( 3F = EF�EVBM) and atomic chemical

potential due to a set of N-phase equilibrium ðmo
i +DmiÞ using

DE j
def ðfDmg; 3FÞ=E

j � Eo �
X3

i = 1
DNj

i

�

mo
i +Dmi

�

+qjðEVBM + 3FÞ+Ecorr; (Equation 1)

where Ej and Eo are the DFT total energy of the defect containing Mg3Sb2 supercell

and the pristine Mg3Sb2 supercell, respectively. DN
j
i is the number of atoms of the

species i added ðDNj
i>0Þ or removed ðDNj

i<0Þ from the pure supercell to construct

the defect supercell. mo
i is the reference chemical potential of the atom species i in

the standard elemental condition and Dmi is the deviation from the reference chem-

ical potential mo
i . Dmi = 0 corresponds to i-excess conditions. The reference chemical

potentials were obtained by fitting to a set of measured formation enthalpies of

compounds under standard conditions. This procedure of determining the refer-

ence chemical potentials is inspired by the Fitted Elemental Reference Energies.65

The region of phase stability of a given compound sets the bounds on Dmi. q
j and

EVBM are the number of electrons added (qj< 0) or removed (qj> 0) from the defect

containing supercell (i.e., the charge state of defect j) and the valence band

maximum, respectively. Ej and Eo were computed using the procedure discussed

in Stevanovi�c et al.65 and Ortiz et al.66 by relaxing the defect supercells. Ecorr is

the various finite-size and band-gap corrections that were applied within the super-

cell approach as outlined in Ortiz et al.66 and Martinez et al.67 The underestimation

of the band gap in DFT-GGA was rectified by applying band edge shifts determined

from GW quasi-particle energy calculations.64 The following sets of corrections

(Ecorr) were applied to the total energies, following the methodology in Lany and

Zunger:64 (1) image-charge correction for charged defects, (2) potential alignment

correction, (3) band-filling correction for shallow defects, and (4) band-gap correc-

tion for shallow acceptors/donors. The calculation setup and analyses were

performed using a software package developed for automation of point defect cal-

culations.68 Defect formation energies of all vacancies, antisites, interstitials, and

substitutional defects were determined in charge states q = �3, �2, �1, 0, 1, 2, 3.

Vacancies and antisites derived from all uniqueWyckoff positions in the crystal struc-

ture were considered in the calculations. The lowest-energy interstitial geometries

were determined by performing Voronoi tessellations followed by structural relaxa-

tion with DFT, as implemented in the automated software package.68

The position of the Fermi level, the corresponding defect, and charge carrier con-

centrations at a given temperature were calculated self-consistently by establishing

charge neutrality. The defect concentrations were calculated using the Boltzmann

relation. As mo
i is a constant, the dependence of DE j

def on atomic chemical potential

in a set of phase equilibria can essentially be captured through Dmi. We determine

Dm
3;m
i for three-phase region m (described by the notation in the superscript) using

DHk =

X3

i = 1
cikDm

3;m
i ; (Equation 2)

where DHk and cik are the formation energies of the phase k and the composition of

the atomic species i in this phase. The set of fDm2;l
i g for a two-phase regions l com-

mon to adjacent three-phase regions m and q were calculated as a weighted sum

of Dm3;m
i and Dm

3;q
i using

Dm2
i = ð1� lÞDm3;m

i + ðlÞDm
3;q
i ; (Equation 3)

where l (0 < l < 1) is the weighting fraction.
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The temperature dependence of 3F in Equation 1 was determined through reduced

Fermi level (h = 3F/kBT) by numerically solving for the charge neutrality condition

given by

n� p �
X

j
Dqjnj = 0; (Equation 4)

where the number of electrons (n) and holes (p) in the system are calculated using the

effective band model equations

n; p = 4p

�

2m�
c;v ; kBT

h2

�

3
2

F1=2ðhÞ (Equation 5)

FnðhÞ=

Z

N

0

ende

ee�h
+ 1

; (Equation 6)

where m�
V = 0:409me and m�

C = 0:542me are the density of states masses for valence

band and conduction band, respectively. The sum in Equation 4 is the charge due to

point defects in the system where the concentration of the defect j (nj) is calculated

using

nj =N
j
siteexp

 

�DE j
def

kBT

!

; (Equation 7)

where Nj
site is the site density of defect the j. The change in the number of atoms of

species i (per formula unit) relative to the stoichiometric 0 K phase due to equilibrium

concentration of defects is given by

DNiðT ; fDmgÞ=
X

j
DNj

inj: (Equation 8)

Using Equation 8, temperature dependence of composition for element i at the

phase boundary is calculated by

xiðT ; fDmgÞ=
No

i +DNi
P

i

�

No
i +DNi

� : (Equation 9)

For constructing the phase boundary around Mg3Sb2 single-phase region we

consider the most stable charged states across the band-gap of Mg3Sb2 such as

VMg
2+ (see Bajaj et al.69). The slight underestimation of predicted dopant solubility

is what is expected from the dilute-limit approximation, which does not take into

account defect interactions and change in vibrational entropy.70
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