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Magnesium silicides are favorable thermoelectric materials considering resource abundance and cost.
Chromium (Cr) doping in magnesium silicides has not yet been explored. Using first-principles calculations,
we have studied the stability of Mg,Si with chromium (1.85, 3.7, 5.55, and 6.25% Cr) and tin (12.5 and 50%
Sn). Three Mg,Si compounds doped with Sn, (Sn 4 Bi), and (Sn + Bi 4 Cr) are used to explain doping effects
on thermoelectric performance. Notably, Cr behaves nonmagnetically for <2% Cr, after which ferromagnetic
ordering is favored (<12.96% Cr), despite its elemental antiferromagnetic state. With alloying of Sn (70.4%),
Mg,Si remains an indirect-band-gap semiconductor, but adding small amounts of Bi (3.7%) increases the
carrier concentration such that electrons occupy conduction bands, making it a degenerate semiconductor.
Mg, Sig 206510 .666Bio.037 is found to give the highest thermoelectric figure of merit (ZT) and power factor (PF)
at 700 K, i.e., 1.75 and 7.04 mW m~! K2, respectively. Adding small %Cr decreases ZT and PF to 0.78 and
433 mW m~! K2, respectively. Such a degradation in thermoelectric (TE) performance is attributed to two
factors: (i) uniform doping acting as an electron acceptor, decreasing conduction, and (ii) the loss of low-lying
conduction band degeneracy with doping, decreasing the Seebeck coefficients. A study of configurations of Cr
doping suggests that Cr has a tendency to form clusters inside the lattice, which play a crucial role in tuning the

magnetic and TE performance of doped Mg, Si compounds.
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I. INTRODUCTION

Energy demand is a considerable global concern and it
continues to grow. Among energy-conversion technologies,
thermoelectricity (TE) continues gaining attention because of
the direct conversion of heat into electrical energy. Also, TE
devices do not involve moving parts, so they are easier to
fabricate and are free from noise pollution.

Metals were used for early TE applications due to their
good electrical conductivity, but the TE figure of merits
[ZT values, see Eq. (1)] were low due to their high ther-
mal conductivities. Hence, for band-structure engineering, re-
search developed on doping and alloying to tune thermal and
electrical transport to maximize ZT. Today, a few of the most
popular TE materials are Bi,Tes, Si;_,Ge, and PbTe with
ZT > 1, where ZT > 2 would be commercially competitive
among state-of-the-art TE materials [1-3]. Other bulk materi-
als, such as complex chalcogenides [4,5], skutterudites [6,7],
and quasicrystals [8], also show potential for TE applications.

Mg,Si stands out from all thermoelectric materials due
to its advantage of being synthesized from cheap, abundant,
and eco-friendly raw materials, possessing high output power
per mass unit and offering great potential for efficient TE
performance [9-12]. For pure Mg,Si, depending upon the
synthesis technique, the ZT values are found to range from
0.1 to 0.4 [13]. Efforts have been made to enhance the
thermoelectric performance using the effects of doping, thin
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films, nanostructuring, and nanoparticle additions into bulk
matrix. Bidoped Mg, Si semiconductors yield a ZT of 0.86 at
862 K for 2% Bi in place of Si [14], whereas small amounts
of Sb (<2.5%) increase the conductivity with small decreases
in Seebeck coefficients due to additional charge carriers [15].
With precipitate formation for small amounts of Sb in Mg, Si,
a decrease in thermal conductivity has been observed from
point defect and interface scattering. The best ZT value thus
far is 0.65 at 873 K for 2% Sb doping [15].

Small amounts of Sn reduce the band gap and give smaller
lattice thermal conductivity. ZT > 1.45 at 750 K is reported
for a combined optimal Sn, Sb, and Ge doping for Si in
Mg, Si [16]. Solid solutions of Mg, (Si, Sn) with nanoparticles
and (unavoidable) segregated phases were formed [17] with
a maximum ZT of 0.9. At optimal Sn doping in Mg,Si [9],
ZT as high as 1.1 is reported, comparable to the best PbTe
and n-SiGe alloys. TiO, nanoparticles are found to increase
the thermoelectric efficiency when added in small amounts in
pure and Sn-doped Mg,Si [17-20]. Even (110) surface thin
films of Mg,Si are found to enhance the Seebeck coefficient
over that of bulk [19]. In all, Mg, Si serves as a very promising
and economical TE material with suitable doping and nanos-
tructuring [21]. Transition-metal doping in Mg, Si has not yet
been studied in regards to TE performance. However, a few
reports exist for Cr doped in MnSi,, where Cr is found to
increase the electrical conductivity [22,23]. This also results
in a small decrease in Seebeck coefficients, thereby decreasing
ZT [23].

Here we have performed detailed first-principles calcula-
tions of combined Sn alloying in Mg,Si with codoping of
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Bi and Cr. The calculations address the stability, electronic
structure, and thermoelectric properties, including ZT. Various
magnetic and structural Cr configuration at different levels of
Cr are simulated and a tendency for Cr clustering in the lattice
is found favorable. Alloying with Sn reduces the band gap (but
it remains indirect), whereas small amounts of Bi increase the
carrier concentration and make Mg, Si a degenerate semicon-
ductor. Combined doping, such as Mg,Sig 296510 666B10.037,
yields a high power factor (PF; 7.04 mW m~! K~2) and the
highest ZT (1.75). A small amount of Cr causes a reduction in
ZT to 0.78 at 700 K, attributed to the decrease in Seebeck
coefficient and electrical conductivity (Cr acts as electron
acceptor).

One of the main goals of the present work is to make
accurate prediction of band-gap-related properties for a better
comparison with future experiments on these systems. Lo-
cal density or generalized-gradient-approximation exchange-
correlation functionals are known to underestimate drastically
the band gap. Hybrid functional (HSE06), however, usually
predicts band gaps comparable to experiments. As such, we
have used the HSEQ6 functional to simulate the band proper-
ties of all the system investigated here.

II. COMPUTATIONAL DETAILS

We employ first-principles simulations using density
functional theory (DFT) [24] as implemented in Vienna
abinitio simulation package (VASP) [25-27] with a pro-
jected augmented-wave basis [28] and the generalized gradi-
ent approximation (GGA) exchange-correlation functional of
Perdew, Burke, and Ernzerhof (PBE) [29]. For more reliable
estimates of the band gap, a hybrid functional (HSE06) [30]
is used for all the systems and reveals shortcomings of some
GGA-PBE results. A plane wave cutoff of 500 eV was used
in all calculations. The Brillouin zone sampling was done
by using I'-centered k-point mesh; e.g., for ordered Mg,Si,
meshes of 12 x 12 x 12 (ionic relaxations) and 20 x 20 x 20
[self-consistent field (scf) solutions] were used. Cell volume,
shape, and atomic positions for all the structures were fully
relaxed using conjugate gradient algorithms until the forces
on each atom was below 0.001 eV/A. The total energy was
converged to 107> eV. The tetrahedron method with Blochl
corrections [31] was used to calculate the electronic density
of states. To study various Cr-doping and Sn-alloying concen-
trations, 3 x 3 x 3 and 2 x 2 x 2 supercell geometries were
used. The percentage of doping or alloying is dictated by the
number of atoms replacing the host Mg or Si atoms in the
supercell. For a 3 x 3 x 3 supercell, I"-point relaxation was
used with a 4 x 4 x 4 mesh for scf charges. Fora2 x 2 x 2
supercell, 6 x 6 x 6 and 10 x 10 x 10 meshes were used for
relaxation and scf calculations, respectively.

For a given absolute temperature 7, the conversion ef-
ficiency of a thermoelectric (TE) device depends upon the
transport coefficients of the constituent material through the
following dimensionless figure of merit (ZT) as

S%c

Ke + KL

ZT =

ey

where S is the Seebeck coefficient, o is the electrical con-
ductivity, and «, and « are the thermal conductivity due to

electrons and phonons, respectively. As a TE figure of merit,
higher values of ZT correlate with better efficiency. The main
challenge is to enhance ZT, as the transport parameters S, o,
and k (k. and k) are related to each other and primarily
depend upon the electronic structure, carrier concentration,
and other system-dependent properties. For instance, the elec-
tronic thermal conductivity and electrical conductivity are
related to each other by the Wiedemann-Franz law,

k, = LoT, 2)

where L is the Lorenz number. This relation clearly shows that
increasing o also increases k..

We use the BoltzTraP code [32] to estimate the TE
properties of Mg28i0,2968n0_704, MgZSi()_zg(,SIl()_G“Bio.oy, and
MgllgglCro.m9Sio.296Sn0.666Bi0_037. In this code, the semiclas-
sical Boltzmann transport formalism is used with a constant
relaxation time approximation (cRTA) to determine the See-
beck coefficient (S) and electrical conductivity (o). The «,
was obtained from Eq. (2) with L estimated [33] as

L =15+ SV116 3)

where | S| is the absolute values of Seebeck coefficient in units
of wVK™'. Accurate calculations from the BoltzTraP code
require calculations on a dense k-point mesh. For 3 x 3 x 3
supercell geometries, 10 x 10 x 10 mesh was used to per-
form non-self-consistent field calculations from preconverged
charge densities and the k-mesh was further enhanced (10
times) by interpolation to calculate the transport properties.
In the cRTA, BoltzTraP calculates transport with a constant
carrier relaxation time (7) in which properties like conductiv-
ity (o) are scaled as o/t. The appropriate values of relaxation
time are evaluated by comparing the theoretical (o/7t) values
at a particular temperature (7') and carrier concentration (n)
with the experimentally reported values of o at those T and
n. These t values are then used to obtain the desired o values.
The obtained carrier relaxation time (7) and the lattice thermal
conductivity taken from experimental data [34] are given in
the Supplemental Material [35] (see Sec. I and Fig. S1).
Mg, Si has an antifluorite structure with space group Fm3m
(no. 225); see Fig. 1. With a being the lattice parameter, struc-
tural optimization gives the most stable structure with Wyck-

off positions for Mg at 8c sites [a(}l, %, %) and a(f—w %, %)] and

Si at 4a sites [a(0,0,0)]. The band structures are plotted along
the high-symmetry direction in the Brillouin zone; see Fig. 1.

FIG. 1. Primitive cell of Mg,Si (left) and its first Brillouin zone
(right) showing the high-symmetry lines.
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Formation energy (AE ) of any compound is the energy
cost or gain for the formation of the compound from its
constituent elements. Here, AE; for Cr-doped, Sn-alloyed
system Mg,_ Cr,Si;_,Sn, is calculated as

AE; = E(Mg,_,Cr,Si;_,Sn,)
—[2=x)EMS + xET + (1 - »)ES + yE™'] (4)

from the total energy E of the corresponding compound
(element) in its equilibrium phase. A negative (positive) value
of the AE signifies increased (decreased) stability relative to
its constituent elements.

III. RESULTS AND DISCUSSION

A. Stability and electronic structure

Before calculating the TE properties, we first evaluate the
stability of the alloyed Mg,Si, including Cr (1.85%, 3.7%,
5.55%, and 6.25%), Sn (11.11% and 48.15%), and combined
Cr+Sn compounds. Table I shows AE ¢ for various amounts
of Cr and Sn in Mg, Si. Pure Mg,Si is found to be the most
stable, and it slowly decreases as Cr increases. The configura-
tions where Cr atoms are placed near to each other are more
stable compared to those where they are placed far apart. In
the table, subscript labels 1 and 2 denote configurations where
Sn atoms are placed near or far from each other, respectively.
The lower AE; for the Sn; atoms suggest that Sn atoms
favor being apart from one another; that is, Sn atoms prefer
to be uniformly distributed in a sample rather than forming
precipitates. The increased amounts of Cr and Sn in the
lattice at Mg and Si sites, respectively, make the system less

TABLE 1. AE; (meV/atom) for Cr and Sn in Mg,_.Cr,
Sij_,Sny; “near” (“far”) signifies that the atoms are near (far) in the
lattice. This effect for Sn are checked for 48.15% Sn given by Sn,
and Sn,, respectively.

S. no. Doping configuration Formation energy (meV /atom)
1 Pure Mg, Si —160.26
2 1.85%Cr —128.04
3 1.85%Cr + 11.11%Sn —123.24
4 1.85%Cr + 48.15%Sn —119.66
5 3.7%Cr_far —126.72
6 3.7%Cr_far + 11.11%Sn —122.84
7 3.7%Cr_far + 48.15%Sn, —120.06
8 3.7%Cr_far + 48.15%Sn, —121.49
9 3.7%Cr_near —128.53
10 3.7%Cr_near 4+ 11.11%Sn —124.49
11 3.7%Cr_near + 48.15%Sn, —122.60
12 3.7%Cr_near + 48.15%Sn, —122.99
13 5.55%Cr_far —108.70
14 5.55%Cr_far + 11.11%Sn —105.79
15 5.55%Cr_far + 48.15%Sn —104.50
16 5.55%Cr_near —114.89
17 5.55%Cr_near 4+ 11.11%Sn —109.78
18 5.55%Cr_near + 48.15%Sn —107.33
19 6.25%Cr —107.82
20 6.25%Cr + 12.5%Sn —100.78
21 6.25%Cr + 50%Sn -97.62

TABLE II. Calculated band cap for pure Mg,Si obtained by
using various exchange-correlation functional.

S. no. Ex. correlation functional Band gap (eV)
1 PBE 0.22
2 PBEsol 0.20
3 MetaGGA 0.57
4 PBEO 1.20
5 HSEO03 0.46
6 HSEO06 0.59

stable. However, the sufficiently high negative values of the
formation energy for all the configurations suggests that all
compounds are chemically stable. Because the percentage of
Bi is a small quantity, its effect on formation energy is very
small and hence not shown here.

Calculations are performed to study the band dispersion,
density of states (DOS), and gaps of pure Mg, Si and its alloys
(Mg,_,Cr,Sij_y_.Sn,Bi;). As is well known, accurate pre-
diction of band gaps in these systems is challenging. Various
experiments have reported band gap of Mg,Si to be in the
range of 0.69-0.78 eV [13]. As noted already, simple GGA-
PBE functionals are inaccurate, in general. We have simulated
the band gap of Mg, Si using various functionals, see Table II,
where HSE06 and meta-GGA predicted band gaps closest
to experiment. However, meta-GGA is not suited for higher
throughput band-energy calculations. As such, HSE06 is used
for calculating band properties for Mg, Si-based compounds.

Figure 2 shows the band structure of Mg,Si using PBE
and HSEO6 functional. Both functionals predict Mg, Si to be
an indirect gap semiconductor; however, the band gap from
HSEO06 (0.59 eV) is in better agreement with experimental
results [13] than is PBE (0.22 e¢V). The bands near valence
band maxima (VBM) are composed mostly of Si p orbitals,
whereas the Mg s orbitals mostly contribute to the bands
near conduction band minima (CBM). Figure 2 shows the
atom-projected density of states (DOS) using PBE functional.
Evidently there is major contribution of Si p orbitals at VBM,
whereas Mg s orbitals contribute to the sharp rise of DOS at
CBM. Such a rise of DOS at Ep (or flat dispersion near E )
is desirable feature for better thermoelectric properties. This
essentially offers higher effective mass, resulting in higher
Seebeck coefficients.

Comparing the PBE and the HSEO6 band structure, it is
evident (apart from size of the band gaps) that the topology
of the bands are almost the same. As is well known, the TE
properties depends on the band gap and the band topology.
So, to study the TE properties of Mg, _ Cr,Si;_,_.Sn,Bi; to
a reasonable accuracy, first the simple PBE functional is used
to obtain the band structure, and then the HSEQ6 functional
is employed to get a more accurate band gap. The PBE
conduction bands are then rigidly shifted to match the HSE06
gap. This rigid-band procedure is often used in calculation of
TE properties, and justified due to the close similarity of the
topology of bands from PBE and HSEQ6.

Because valence bands have major contribution from the Si
orbitals and conduction bands from Mg orbitals, any doping
in place of the Mg site is expected to change the conduction
band topology, whereas alloying at the Si site will change
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FIG. 2. (top) PBE electronic dispersion with orbital character
(left) and atom-projected density of states (DOS) (right) and (bottom)
HSEO6 dispersion. Orbital contribution of individual atoms is given
by colored symbols. The Fermi energy is given by the dashed
line.

the valence bands. Figure 3 shows the PBE band structure
of Mg,Sio.206Sn0.704 (top), Mg, Sio.206Sn0.666Bi0.037 (middle),
and Mg1.981Cl"o.()lgSio_z%Sn0.666Bi0.037 (bottom), where the
gap in each case is scaled to the HSEQ6 values. The HSE06
dispersion on a sparse set of k points is shown in the Supple-
mental Material [35] (see Figs. S2, S3, and S4). As expected,
Sn alloying contributes mainly to the valence bands. A small
contribution from Sn is visible in conduction bands also, but a
majority arise from Mg. As Sn has a similar bonding nature as
Si, Mg, (Si, Sn) remains semiconducting with a reduced band
gap.

Interestingly, addition of Bi does not affect the band topol-
ogy much (see Fig. 3). It neither contributes significantly to
the conduction nor to the valence band edges. Bi has major
contributions at very low-lying energies, as evident in Fig. S5
[35]. As Bi has an extra electron, it increase the number of
charge carriers, causing a shift in the Fermi energy and pushes
the extra electron to some conduction bands which were
previously empty. Thus, the Bi doping makes the compound
a degenerate semiconductor. On the other hand, the addition
of Cr in place of Mg, although not affecting the valence bands
much, causes various new states to arise near the conduction
band edges. This major change in the conduction bands is
attributed to the lifting of degeneracy of low-lying conduc-
tion bands. The compound remains degenerate semiconductor
with Cr doping.

==z,

Energy (eV)
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sk

< -0.2F o Mg

3 | i E
Q04 ¢ Sn AE =0.33 eV 3
w [ Bi ]

Energy (eV)

FIG. 3. PBE electronic structure of (top) Mg,Sig2965n0.704;
(middle) Mg, Sio206Sno.666Bio037; and (bottom) Mg, o5, Crooi9
Sip2065M0.666Big.037. Various atomic contributions are shown by
different color symbols. Band gap is scaled to the gap value obtained
from HSEO6 calculations. The dashed line indicates the Fermi
energy.
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FIG. 4. Seebeck coefficient (S), power factor (S?c), and ZT vs
chemical potential p at 7°s for Mg, Si 296 S10.704-

B. Thermoelectric properties

Here we have studied the effect of Sn, Bi, and Cr dop-
ing on Mg,Si with the help of three representative com-
pounds, namely, Mg, Sig.296Sn0.704, Mg, Si0.206Sn0.666B10.037,
and Mg, 43, Cr0.019510.296S00.666B10.037. The experimentally
reported doping of Sn in Mg,Si with optimal thermoelectric
performance varies in the range 60-70% [36,37]. We have
used 70.4% Sn alloying at the Si site to start with. The mo-
tivation behind choosing a small concentration of Bi doping is
to induce charge carriers into the lattice [14], thus enhancing
the electrical conductivity. Finally, a small amount of Cr is
introduced to study its effects on the TE properties.

As explained in Sec. II, the carrier relaxation time (t)
for first two samples were obtained to be 8.26 and 9.80 fs,
respectively (see Sec. I of the Supplemental Material [35]).
Looking at the 7 values of Sn- and (Sn + Bi)-doped samples,
a carrier relaxation time of 10 fs is used for Cr-doped com-
pound, keeping in mind the unavailability of any experimental
data in this case.

Figure 4 shows the chemical potential (1) dependence
of the Seebeck coefficient (S), power factor (S?c), and ZT
at five different temperatures between 300 and 700 K for
Mg, Sip206Sn0.704. The zero chemical potential signifies the
center of the band gap. Any movement of p upward toward
the conduction band minima (CBM) or downward toward
the valence band maxima (VBM) can be thought of as an
increase in n-type or p-type charge carriers. Thus, the carrier
concentration increases as we move away from the zero
chemical potential line. Seebeck coefficients are negative for
n-type charge carriers and positive for p-type charge carriers.

As evident from Fig. 4, an increase in Seebeck coefficient
is observed with small increase in . Further increase in
u causes a reduction and hence saturation of S. Each u
value corresponds to a unique carrier concentration. Seebeck
coefficient attains a maximum value of —453.09 uVK~! for
n-type carrier at a chemical potential of 0.04 eV, a carrier
concentration of ~4.38 x 10"7cm™3. This values is in good
agreement with the experimental reported value of approxi-
mately —460 ,t,LVK’1 at 300 K for Mg,Sip3Sng 7 [38]. The
highest S value for p-type behavior is 549.14 uVK~! at a

carrier concentration of 5.91 x 10'7 cm~3. With increase in T
at any carrier concentration, S decreases due to an increase in
charge carriers. With an increase in carrier concentration, the
electrical conductivity also increases shifting the peak values
of the PF and S?0 to higher u as compared to that of S.
The highest PF for n-type conduction is 3.03mW m~! K2,
corresponding to p of 0.24 eV, at carrier concentration of
1.99 x 10%° cm~3. The maximum PF obtained is comparable
to theoretical reported PF of 2.83 mW m~!' K=2 at 800 K with
a carrier concentration 2.1 x 10%° cm™3 for Mg, Sip.255n0.75
[39]. This also lies in the experimentally reported range of
~3—4mW m~' K2 from 350 to 750 K for Mg,Sig4Sng
[40]. The highest values of PF for p-type charge carriers is
2.78 mW m~! K2 for uof 0.18 eV, at carrier concentration of
1.82 x 10%° cm~3. ZT determines the efficiency or the device
performance which, as evident in Fig. 4, does not correspond
to the maxima position in PF. The maximum ZT values for
n-type and p-type carriers are 0.56 (similar to 0.55 reported
for n-type carrier at 700 K) [39] and 0.63 for carrier concen-
trations of 8.93 x 10'° and 9.04 x 10" cm™3, respectively, at
T =600 K. As observed from the HSE06 dispersion (Fig.
S2 of the Supplemental Material [35]), Mg,Sig 296510704 is
an intrinsic semiconductor. Thus, at higher temperatures, the
bipolar component of thermal conductivity starts to increase
rapidly, decreasing the ZT values, as in the figure.

Small amount of Bi doping (~2%) at Si site has been
reported to increase the electrical conduction [14]. As pointed
out in Sec. IIT A, Bi doping have negligible contribution to
the states near the band edges (VBM and CBM). This is quite
interesting because it means Bi provides an extra free electron,
thus increasing the electrical conduction (n-type) and at the
same time does not affect the Seebeck coefficient values sig-
nificantly. But slight change in S is observed due to the change
in band topology caused by the hybridization of Bi atoms with
its neighboring atoms. The u dependence of S, PF, and ZT
for Mg,Sig 2965n0.666B10.037 at various temperatures is shown
in Fig. 5. Clearly, small increase in S values as compared to
that of n-type Mg, Sip296Sng 704 is observed. The maximum
S for n-type conduction is —636.06 uVK~! corresponding to
a carrier concentration of 4.92 x 10%° cm~3. Because of an
increase in carrier concentration with Bi doping, increases in

600"
400

|
g
|

-0.3 -0.2 -0.1

0 0.1 0.2 0.3 0.4
u(ev)

FIG. 5. Seebeck coefficient (), power factor (S?c), and ZT vs
at T’s for Mgzsi0.2963n0_666Bi0‘037.
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o and hence the PF are observed for n-type conduction. The
peak PF for n-type conduction is 7.04mW m~!' K2 at u =
0.34 eV corresponding to a carrier concentration of 7.77 x
10%° cm~3. Bi doping increases the charge carriers, shifting
the Fermi energy into the conduction bands, making the com-
pound a degenerate semiconductor. This drastically suppress
the bipolar thermal conductivity component as compared to
that observed in the intrinsic semiconductor Mg, Sip 296Sno.704
for the concerned temperature range (as evident in Fig. S1),
eventually enhancing the ZT values. However, it is impor-
tant to note that the bipolar component will become impor-
tant at higher temperatures when the concentration of the
minority carriers becomes significantly large. Along with
the increased PF for n-type conduction, the maximum ZT
value we calculated is 1.75 at u = 0.22 eV corresponding
to carrier concentration of 5.57 x 10%° cm~3. This enhanced
ZT is in agreement with previous experiments that reported
values of 1.55 (773 K) [41], 1.2 (850 K) [42], and 1.4 (800
K) [43] for Mg, 43Sig.375n0.6Big.03, Mg,Sio.57Sn0 4Big 03, and
Mg, 16510.388510.582B10 03, respectively. This is an extremely
promising result and begs an experimental confirmation.

The maximum value of S for p-type conduction is 600.55
wVK™! at carrier concentration of 4.91 x 102 cm—3. In con-
trast, a decrease in maximum PF (2.35mW m~! K~?) at car-
rier concentration of 4.33 x 10%° cm™ is observed for Bi-
doped compound as compared to Mg,Sig 206510 704. Because
of the decrease in lattice thermal conductivity and absence of
the bipolar component of « (see Sec. II of the Supplemental
Material [35]), the overall ZT for Bi-doped compound is
higher than others. Maximum ZT for p-type conduction is
found to be 0.88 at carrier concentration of 4.64 x 10%° cm™=3,

The effect of Cr doping on TE performance of Mg, Si is yet
to be explored. There are some studies of Cr-doping in MnS,,
and they show an enhancement of electrical conductivity and
decrease in S with the increase of Cr content in the sample
[22,23]. The increase in conductivity can be explained by the
fact that Mn with 3d°4s? valence electrons in MnSi, behaves
as electron-deficient species which, when further doped with
Cr (valence electrons 3d°4s'), increases the hole concentra-
tion, making it a better p-type conductor. A collective effect
of electrical and thermal transport causes a small reduction in
ZT with increasing amounts of Cr doping [23].

Here we have studied the TE performance of Mg, o
Crg.019S10. 296510 666Big 037, where small amounts of Cr (re-
placing 1 Mg atom by Cr in a 3 x 3 x 3 supercell) are
doped into Mg2Si0.296Sn0_666Bi0_037. As shown in Fig. 6, a
small decrease in the maximum S values is observed for
both n-type and p-type conduction as compared to Mg, (Si,
Sn, Bi) case. This decrease is due to the lifting of de-
generacy in band structure as observed in Fig. 3 (bottom).
Maximum n-type S is —616.94 uVK~! at a carrier concen-
tration of 4.97 x 10%° cm~>, whereas the maximum p-type
S is 543.54 uVK™! at a carrier concentration of 4.96 x
10%° cm—3. A reduction in PF is observed for both n-type and
p-type charge carriers. The peak PF for n-type conduction
is 4.33mW m~ ' K2 at u = 0.62 eV with a carrier concen-
tration of 4.76 x 10?! cm™3 while for p-type conduction, the
peak PF is 1.52mW m'K~2 at = —2.03 eV and carrier
concentration of 2.50 x 10*2cm™3. Note that the peak value
of these power factors are out of range of chemical potential

L e R L LA e
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FIG. 6. S, $%0, and ZT vs pu at T’s for Mg, gg;Cro019Si0.296
Sng 666Bi0.037-

values shown in Fig. 6. The peak ZT in this case, however,
is smaller compared to the previous case. ZT for n-type and
p-type carriers are 0.78 and 0.47, respectively, corresponding
to a carrier concentration of 6.25 x 10%° cm™3 (1 = 0.17 eV)
and 3.86 x 10 cm™3 (1 = 0.15 eV). This is mainly due to
the small decrease in the S and significant decrease in o
causing an overall reduction in ZT.

As shown in Figs. 4, 5, and 6, the optimal u value (hence
optimal carrier concentration) at each temperature, where the
PF and ZT become maximum, are different. Now, maximizing
PF is relevant when the maximum power/voltage ratio is
required. Optimal carrier concentration where ZT is maxi-
mum, however, is more important, because ZT determines
the TE efficiency. We, therefore, have chosen this optimal
concentration and plotted the temperature dependence of S,
S20, and ZT in Fig. 7. The left (right) panel shows the result
for n-type (p-type) carrier, where data for alloying with Sn
(circles), Sn + Bi (squares), and Sn + Bi + Cr (triangles)
are given. The (ZT)nax values and the corresponding optimal
values of T, n, S, S%c, and o are listed in Table IIL

The Seebeck coefficient at moderate temperature can be

estimated as
72kAT x\*?
S=""B_m(—) . 5
3en? (311) ©)

where kg, h, e, T, m*, and n are the Boltzmann constant,
Planck constant, electronic charge, temperature, carrier ef-
fective mass (in units of electron mass), and carrier concen-
tration, respectively. With a fixed n, the S value increases
with temperature as clearly evident from Fig. 7, for both
n-type and p-type conduction. Optimal carrier concentra-
tion increases by an order of magnitude (10" to 10%) as
we go from Mg, Sig 206510704 t0 Mg,Si0.296Sn0.666B10.037 and
Mg 951 Cr0.019510.296Sn0 666 Bio 037 due to extra charge carriers
provided by Bi. This results in highest PF of 5mWm~! K2
observed for MgZSio_z%Sno_G%Bio'oy. We note that the Cr
doping decreases the TE performance of the Bi-doped com-
pound. This can be explained by the small decrease in S
accompanied by a large reduction in o. Figure 8 shows the
temperature dependence of ¢ for the three systems for both
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FIG. 7. Temperature dependence of Seebeck coefficients (S),
power factor (S 2¢), and ZT for three systems. Here 1, 2, and 3 denote
the Mg, Si296SN0.704, Mg, Si0.206Sn0.666Bi0.037, and Mg, g, Cro 19
Sig206Sn0.666Bio.037, respectively. Optimal carrier concentration for
compounds 1, 2, and 3 are 8.93 x 10" cm—3, 5.57 x 102 cm 3, and
6.25 x 10% cm~3 for n-type carriers, and 9.05 x 10" cm™3, 4.64 x
10%° cm~3, and 3.87 x 10%° cm~? for p-type carriers, respectively.

n-type and p-type conduction. Clearly, a significant decrease
in o is found with Cr doping. Previous reports have suggested
the role of Cr to act like a acceptor when doped at Mn site
in the manganese silicides [22,23]. Because the valence shell
of Cr is composed of 3d° 4s' electrons and the total charge
around Cr atom was found to be 5, it is clear that only one
electron takes part in chemical bonding whereas the rest of
the five are localized. Because one more electron is required
to bind with the surrounding Sn and Si atoms, Cr atoms act
as electron acceptor and, hence, decrease the conductivity.
This, in turn, results in the decreased TE performance of
Mg, g1 Cr0.019510.206500.666B10.037-

IV. DISCUSSION

Doping Mg, Sig 296Sn0.666Bio.037 with Cr was done by re-
placing a Mg atom by Crin a 3 x 3 x 3 supercell of the three-
atom primitive cell. This gives a uniform sparse distribution
of Cr atoms within the lattice. This, however, suppresses

TABLE III. Simulated maximum ZT values obtained for the
three compounds for both n- and p-type conduction and the
corresponding optimal T(K), n (x10®cm™3), S (uVK™), S%0
(mWm™'K?), and o (Scm™).

System Doping type T n S Nt o (ZT ) max
| n 620 .893 —193.08 2.45 656.01 0.56
)4 580 905 219.99 2.46 508.17 0.63
) n 700 5.57 —=264.61 5.0 714.03 1.75
p 700 4.64 226.06 2.13 416.53 0.89
3 n 700 6.25 —222.65 1.63 329.36 0.78
p 700 3.87 193.49 0.93 246.64 0.47

T = B I I I I R I (o
[ %--¢ 1_ptype
900 E--u_n._ O- -8 2_ntype
[ O..g B g x--% 2_ptype
i B - B A A 3_ntype
800 o..g. B.g. a v--v 3_ptype
= ﬂ"“"l-n..n ]
‘I_’\ 700 - °"5‘“'«Q§":"0"°'-0 0--0.0 o0 a 3
£ - BN ©0-0.0.0.¢.. ]
E N *., °0.0.0 ]
o 600 "3'-'.2"0-0..6. *e E
° : R MR SN
500 'A.'A"A,. Aiﬁ"-'g'-'-g'ﬂﬁ"°'°'-0--<>--o_:
E Vv Aaa Sk S ]
- .. A X,
400 Voyg.. A, *
- Vv g AAal ]
- Vveog. o A-a.p ]
3001 VA‘7"‘7"‘7--v-‘7 -
L V9.g.9. .
ST P T P TS PR A I
300 350 400 450 500 550 600 650 700
T(K)

FIG.8. o vs T for MgZSiO_z%Snmm, MgzSio_zgﬁsno_ﬁﬁéBio_()37,
and Mg, g4, Cro.019S10.2965n0.666Bio.037 denoted by 1, 2, and 3, respec-
tively. o values are plotted for carrier concentration (n) at which ZT
attains a maxima. The n values are mentioned in Table III.

the enhancements in TE performance that was gained by Bi
doping. As mentioned earlier, Cr has antiferromagnetic spin
density wave configuration in an elemental state which may
lead to interesting properties. In our present system, there is
one Cr atom sitting in a matrix of 54 Mg sites. This Cr atom
is found to show almost negligible magnetic moment and
thus non-spin-polarized calculation was performed. However,
the influence of magnetism with the slight increase of Cr
concentration and/or the spatial distribution of Cr in the given
lattice can play a crucial role in dictating the TE performance.

To explore other stable configurations of Cr doping into
the lattice, the energetics of various Cr doping (1.85, 3.7,
5.55, 7.4, 9.26, 11.11, and 12.96% Cr) in various magnetic
orderings in the Mg,_ Cr,Si is simulated. For 1.85% Cr,
only one Cr atom is present in the 3 x 3 x 3 supercell of the
three-atom primitive cell. As a result, only nonmagnetic and
ferromagnetic ordering can be studied for 1.85% Cr doping.
In this case, the DFT energies of both the configurations
have a negligible difference, with ferromagnetic ordering
being slightly more stable. For other amounts of Cr (>1.85),
different magnetic ordering states are shown in Fig. 9. Various
abbreviations are used to denote different magnetic states with
near or far distributions of Cr atoms. There are two important
points which emerge from Fig. 9. First, the ferromagnetic
configuration is the most stable order despite Cr being antifer-
romagnetic in its elemental state; >>9.26% doping is a concen-
tration where the energetics trend changes, still keeping the
ferromagnetic ordering the most stable configuration. Second,
as far as the effect of spatial distribution of the Cr atoms
in the lattice is concerned, there can be two possibilities: (i)
accumulation of Cr atoms in a certain region in the lattice and
(ii) uniform distribution of Cr atoms spread out in the lattice.
Depending on the size of the unit cell, we have simulated
the energetics for these two possibilities, where in one case,
Cr atoms were placed as far distance as possible from each
other, and in the other case, they are placed near to each other
(clustering), as labeled by -F and -N, respectively, in Fig. 9.
The position of Cr atoms in the 3 x 3 x 3 supercell for far
(near) configurations are also shown in top (bottom) panel of
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FIG. 9. Relative DFT formation energies of various amounts of
Cr in Mg, Si in different magnetic ordered states. The reference en-
ergy (E.r) for each amount of Cr is chosen to be different from others
to keep the most stable magnetic configuration for a particular level
of Cr at lowest energy (0 eV). Abbreviations: FM-F, ferromagnetic
far; FM-N, ferromagnetic near; AFM-F, antiferromagnetic far; and
AFM-N, antiferromagnetic near. A schematic diagram of the near
and far configurations for each level of Cr (showing only Cr atoms)
is shown at the bottom and top, respectively.

Fig. 9 for each concentration. Looking at the energetics for
these two cases for any given magnetic ordering, it is obvious
that Cr atoms are energetically favored to stick close to each
other in the lattice. This points toward the clustering of Cr
atoms in the structure. Such clustering of atoms is expected
to enhance the TE properties of the concerned material by
reducing the lattice thermal conductivity due to scattering.

V. CONCLUSION

A systematic electronic-structure-based study of disper-
sion, band gap, and thermoelectric properties with selective
alloying (large amounts of Sn and small amounts of Bi and
Cr) in Mg,Si was carried out. With careful combination of
doping, a thermoelectric figure of merit (ZT) as high as 1.75
is achieved. Mg, Sip.296Sng 704 is found to be an indirect band
gap (0.27 eV) semiconductor with Sn majorly contributing to
the valence band edge. Small amount of Bi doping (3.7%)
in the compound enhances the band gap to 0.33 eV but
pushes the Fermi energy into the conduction band making
it a degenerate semiconductor. With small Cr doping at Mg

site, Mg, 951 Cro.019510.296510.666B10.037 maintains the band gap
value (0.33 eV) but lifts the degeneracy of the low-lying
conduction bands.

Bi-doping enhances the carrier concentration by an order
of magnitude. Thus, in turn, enhances the TE properties,
giving a ZT value of 1.75 at 700 K for n-type conduction
as compared to (ZT)pax = 0.56 for n-type with only a Sn-
doped sample. The corresponding Seebeck coefficient, power
factor (PF), and optimal carrier concentration for Bi-doped
compound are found to be —265 /LVK’l, 5.0 mW m ! K2,
and 5.57 x10?° cm~3, respectively. ZT for p-type Bi-doped
compound is 0.89. Interestingly, Cr doping in the (Sn +
Bi) system diminishes the TE performance, giving a (ZT)max
of 0.78 for n-type carrier. This is attributed to the decrease
in § value due to the lifting of low-lying conduction band
degeneracy and also a decrease in electronic conductivity o.

A careful simulation of various magnetic and spatial con-
figuration of Cr atoms suggests that Cr atoms energetically
favor to align ferromagnetically and tend to cluster as opposed
to having a uniform spatial distribution. In other words, they
do not like to mix and must have a low solubility limit in
the actual Cr-doped sample, if prepared in the laboratory.
This clustering of Cr atoms is an advantage for very low
Cr concentrations where the electrical conductivity is weakly
affected by magnetic scattering. Such an agglomeration of any
atom in a lattice structure helps to enhance the phonon scat-
tering, which, in turn, reduces the lattice thermal conductivity.
Simulating such clustered Cr doping requires an extremely
large supercell and is beyond the scope of the present article.
However, checking the same effect in a laboratory should not
be nontrivial. We propose to prepare this compound and char-
acterize it experimentally to shed some light on the present
findings.
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