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Abstract

Zintl compounds containing Sb have been studied extensively because of their promising
thermoelectric properties. In this study, we prepared As/P-based Zintl compounds, Euln2As,-—xPx
(x=0to 2) and SrSn,As», and examined their potential for use as thermoelectric materials. These
compounds show p-type polarity with Hall carrier concentrations of ~10'° cm™ for EulnzAs, «Px
and ~10% cm3 for SrSn,As; at 300 K. The high carrier concentration of SrSn,As; is likely owing
to self-doping by hole-donating Sn vacancies. The electrical power factor reaches ~1 mW m-1 K2
at ~600 K for EulnoAs,—xPx with x = 0.1 and 0.2, which is almost twice that of the end-member
compounds (x = 0 and 2). The lattice thermal conductivity x is determined to be 1.6-2.0 W m!
K- for EulnzAsz and SrSnzAs; and 2.8 W m~t K1 for EulnzP; at 673 K. The dimensionless figure
of merit reaches ZT = 0.29 at 773 K for Euln2As;-«xPx with x = 0.2 owing to the optimized carrier
concentration and/or electronic structure, as well as a reduced lattice thermal conductivity in the
solid solution. First-principles calculations show that Euln,As; and SrSn,As; are topologically
nontrivial materials with band inversion, while EulnzP2 is a conventional semiconductor with a
bandgap. The present study demonstrates that As/P-based Zintl compounds can also show
promising thermoelectric properties, thus expanding the frontier for efficient thermoelectric

materials.



Introduction

Thermoelectric devices enable the interconversion between temperature difference and
electricity without rotating parts or gas emissions. Consequently, they may provide a means to
generate electricity from waste heat or pump heat using electricity. The efficiency of a
thermoelectric device is primarily determined by the Carnot efficiency and the material’s
dimensionless figure of merit, ZT = S*Tp '« !, where T is the absolute temperature, S is the
Seebeck coefficient, p is the electrical resistivity, and x is the thermal conductivity.! The
development of materials that exhibit high values of ZT is desired for efficient thermoelectric
conversion; however, this is a difficult task because the transport properties of these materials

generally exhibit conflicting dependencies on, for example, the carrier concentration.

Various thermoelectric materials have been investigated for the past several decades.
Among them, Zintl compounds, which consist of covalently bonded anionic frameworks and
cations, have been studied extensively because of their fascinating compositional/structural
varieties and promising thermoelectric properties.”’ For example, AB2Xz, A14BXi1, A3BXj,
AsB2Xe, AoB4+5Xo, and A2BX>—where A denotes an alkali/alkaline-earth/rare-earth metal, B is a
(post-) transition metal, and X is a pnictogen—have been demonstrated as promising
thermoelectric materials.®!° In particular, Mg3(Sb,Bi)>—which is also categorized as an AB>X»
system because the Mg atoms are located at two crystallographic sites—exhibits Z7'=1.51 at
716 K.'** So far, most studies of Zintl thermoelectric compounds have employed Sb as the
constituent pnictogen X, while investigations that employ lighter pnictogens such as As and P
are still sporadic and not firmly established.'®!” However, recent studies have demonstrated that

As-based Zintl compounds, including (Ba, K)Zn2As> and (Ba, K)Cd»As», can also show



promising thermoelectric properties.'®2° Furthermore, n-type polarity was unexpectedly
observed in EusInAss.2! Although the use of arsenides is not straightforward for practical
applications, expanding the frontier for efficient thermoelectric materials may provide a new
paradigm for developing next-generation energy materials, as exemplified by iron-arsenide

superconductors with high transition temperatures.*?

Crystal structures of Zintl compounds EulnoAs(P)> and SrSnxAs: belong to the space
groups P63/mmc for EulnaAs(P), and R3m for SrSnxAss, as shown schematically in Figure 1.232
EulnxAs(P); are attractive because of negative colossal magnetoresistance at around magnetic
transition temperature (16 K for Euln,As; and 24 K for EulnP2).2*2?* Euln,As; and SrSnzAs;
have also attracted considerable attention as topological materials.?®? Interestingly,
topologically nontrivial electronic states and efficient thermoelectric properties are often
observed in similar materials, such as (Bi,Sb)>(Te,Se)s and (Pb,Sn)(Te,Se), because these
compounds have the same required material features, including a narrow bandgap, heavy
constituent elements, and large spin—orbit coupling.*3” Therefore, it is worth investigating the
thermoelectric properties of Euln,As(P)2 and SrSnzAsz. Furthermore, unique and exotic transport
properties have been reported in related materials. For example, a decrease in thermal
conductivity was demonstrated for NaSn2Asz and NaSnAs, with emphasis on the existence of
lone-pair electrons.*® Moreover, low thermal conductivity has been demonstrated for
Lii—Snz+:As(P)2, mainly because of their local ordering.>**’ Direction-dependent carrier polarity
has been demonstrated for NaSn2As> and NaSnAs, suggesting its applicability for transverse
thermoelectric conversion.*!*** In addition to being thermoelectric materials, these compounds

are interesting because they undergo superconducting transitions at low temperatures.*-43



In this study, we determined the thermoelectric properties of the As/P-based Zintl
compounds EulnzAsz—<P» (x = 0 to 2) and SrSnzAs:. In the early stage of this work, we first
investigated the thermoelectric properties of SrSnaAs;. It was found that high carrier
concentration (~10%' cm™) of undoped SrSn,As,—Ilikely due to Sn vacancies—makes it difficult
to optimize its thermoelectric properties. Then, we examined Euln2As(P)2, aiming to decrease
carrier concentration by replacing Sn by In. As expected, Euln2oAs(P), exhibited carrier
concentration of ~10'° cm 3. Furthermore, we prepared EulnoAs>—P, solid solution to increase
the thermoelectric properties. We have also used first-principles calculations to investigate the

electronic structures and thermoelectric properties of these materials.
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Figure 1. Schematic illustrations of the crystal structures of (a) Euln2As>—P. and (b) SrSnxAs,.

The outlined regions represent the unit cells.



Methods

Sample preparation

We prepared polycrystalline EulnoAs» by reacting EuAs, InAs, and In (99.99%) powder.
We first prepared EuAs by reacting a Eu (99.9%) with As (99.9999%) in a 1:1 stoichiometric
ratio at 800—850 °C for 20 h in a carbonized silica tube. We scraped the surface of the Eu ingot
mechanically by filing it before use. We then cut or crushed the Eu ingot and As grains into
small pieces to ensure feasibility of the reaction by increasing the surface area. We carried out
carbonization of the silica tube via the evaporation of acetone. We prepared InAs by reacting In
with As in a 1:1 stoichiometric ratio at 950 °C for 10 h in a sealed silica tube. Then, we prepared
a stoichiometric mixture of EuAs, InAs, and In in a 1:1:1 ratio that we pelletized, placed in a

carbon crucible, and heated at 900 °C for 40 h in a sealed silica tube.

Similarly, we synthesized EulnzP> by reacting EuP, InP, and In in a 1:1:1 stoichiometric
ratio at 900 °C for 40 h. We prepared EuP by reacting Eu with P (99.999%) grains, which we
crushed into powder, at 800—900 °C for 15 h in a carbonized silica tube. We then prepared InP
by reacting In with P in a 1:1 stoichiometric ratio at 900 °C for 10 h in a sealed silica tube. We
prepared EulnoAsy—Px (x =0, 0.1, 0.2, 0.6, 1, and 2) in the same manner. We prepared SrSnxAs»
by reacting SrAs, SnAs, and Sn (99.99%) powder in a 1:1:1 stoichiometric ratio at 600 °C for 25
h. We prepared SrAs by reacting a Sr (99.9%) rod, which we cut into small pieces, with As in a
1:1 stoichiometric ratio at 800 °C for 20 h in a sealed silica tube. We prepared SnAs by reacting

Sn with As in a 1:1 stoichiometric ratio at 500 °C for 18 h in a sealed silica tube.

We compressed the obtained samples by hot-pressing them in a graphite die at 50 MPa

for 30 min. We pressed EulnzAs;—.Px at 800 °C and SrSnzAs; at 600 °C. We calculated the



geometric density of each sample to be >95% of the corresponding unit-cell density. It was found
that the obtained samples endure at least 1 week of exposure to air without visible signs of

oxidation/hydrolysis.

To examine the effects of different sample-preparation procedures, we prepared Euln,As»
using ball-milling followed by hot-pressing. We placed stoichiometric amounts of Eu and InAs
into a ZrO; vessel and milled them with ZrO> balls in a planetary ball-mill apparatus (Fritsch
Pulverisette 7) at a rotation speed of 500 rpm for 6 h in an Ar atmosphere. After milling them,

we placed the powders in graphite dies and hot-pressed them at 850 °C for 30 min.

Note that As is highly toxic and experiments related to this elements must be handled
with extreme care. For instance, it is suggested to conduct extra-long purging after hot-pressing

before the chamber is vented.

Sample characterization

We examined the chemical compositions of the obtained samples using energy-dispersive
X-ray spectrometry (EDX; Oxford SwiftED3000). We measured the X-ray diffraction (XRD)
patterns in the laboratory with CuKa radiation using a Rigaku Miniflex 600 equipped with a
D/teX Ultra detector. In addition, we measured synchrotron X-ray diffraction (SXRD) patterns at
BL02B2 of SPring-8 under proposal number 2020A1096. The diffraction data were collected
using a high-resolution, one-dimensional, semiconductor detector MY THEN.* The wavelength

of the radiation beam was determined to be 0.495395(1) A using a CeO; standard. We refined



the crystal-structure parameters by the Rietveld method using RIETAN-FP.>° The crystal

structure was visualized using VESTA %!

Transport measurements

We measured the Hall coefficient Ry using the five-probe method with a physical-
property measurement system (Quantum Design). We calculated the Hall carrier concentration as
n = 1/Ru e, where e is the charge of an electron. We measured the electrical resistivity and
Seebeck coefficient using a four-probe method and a quasi-steady-state method, respectively
(ZEM-3, Advanced Riko). We used pressure contact probes for these measurements. We
measured the thermal diffusivity using a laser-flash method (TC1200-RH, Advanced Riko). We
calculated the thermal conductivity using the relationship x = DCpd, where D, Cp, and d are the
thermal diffusivity, specific heat, and sample density, respectively. We estimated C, using the
Dulong—Petit model, Cp, = 3n.R, where na is the number of atoms per formula unit, and R is the

gas constant.

First-principles calculations

We performed first-principles band-structure calculations using VASP 5.4.4°%%3 to obtain
the electronic structures of Euln2Asz, EulnoP2, and SrSnzAs; by adopting the experimentally
determined structure parameters for single crystals.>*>> We calculated the electronic density,
including spin—orbit coupling, self-consistently within the generalized gradient approximation

proposed by Perdew, Burke, and Ernzerhof (PBE)>* using a 9 x 9 x 2 k-mesh for Euln,As; and



EulnoP> and an 18 x 18 x 18 k-mesh for SrSnzAs;. The cutoff energy for the plane-wave basis set
was fixed at 350 eV. For Eu, we used potentials obtained with the open-core treatment for the f-
electrons. We calculated the Seebeck coefficient within Boltzmann transport theory, as
implemented in the BoltzTrap2 code,> using a 44 x 44 x 9 k-mesh for Euln,As; and Euln,P> and
a 25 x 25 x 25 k-mesh for SrSn,Asz. We assumed the rigid-band approximation and constant
relaxation time to calculate the Seebeck-coefficient tensors. For comparison with the
experimental results for polycrystalline samples, we obtained the final results for the Seebeck

coefficients by averaging over the xx, yy, and zz components of the Seebeck-coefficient tensor.

Results and Discussion

Crystal structures and chemical compositions

Figure 2 shows the SXRD pattern and the Rietveld refinement results for Euln2Asi gPo.2
(x =0.2) as a representative sample. Most of the diffraction peaks can be assigned to space group
P63/mmc, indicating that EulnAs>-.P, is the primary phase. We estimated the amounts of
impurity phases using Rietveld refinement: InAs (1.3 wt%) and In (1.2 wt%). We determined the
lattice parameters of the end-member compounds (x = 0 and 2) to be a = 4.21354(13) A and ¢ =
17.9489(5) A for x = 0 and a = 4.06659(9) A and ¢ = 17.5559(4) A for x = 2, which are in
agreement with previously reported results.?*** The lattice parameters of Euln,As>—Py change
almost linearly with x, as shown in Figure 3. The chemical composition determined using EDX
indicates that the sample composition is almost consistent with the nominal composition of the

starting materials, as shown in Figure 4.
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Similarly, most of the diffraction peaks from SrSn»As; can be assigned to space group
R3m, as shown in Figure S2, and we determined the lattice parameters to be a = 4.20467(3) A
and ¢ = 26.71906(19) A, consistent with a previous report.?> The chemical composition

determined using EDX is Sr:Sn:As = 19.92(19):40.45(23):39.61(11) for SrSn>As>.

Intensity (10° counts)

I |

5 10 15 20 25 30 35 40

20 (deg)
Figure 2. Observed SXRD pattern of Euln2AsisPo2 and the Rietveld refinement results. The
circles (red) and solid lines (black) represent the observed and calculated patterns, respectively.
The difference between the observed and calculated patterns is shown at the bottom (blue). The
vertical marks (green) indicate the Bragg reflection positions for Euln2AsisPo2, InAs, and In,

respectively, from upper to lower. Analogous data for other samples are shown in Figure S1 and

S2 in the Supporting Information.

11



4.25 — T T T T

4201 e .

a(A)
N
&

T
1

4.10 - -

4.05 1 1 1 1 1
18.0 T T T T T

17.8 - -

c(A)
oe

176 - -

1 1 1 1 1
0.0 0.5 1.0 15 2.0
x of Euln,As, P,

Figure 3. The lattice parameters a and ¢ of EulnAs>-(Px as functions of x. The results obtained
using XRD with CuKa radiation (closed red circles) and using a synchrotron (open black squares)

as the X-ray source are shown. The error bars are smaller than the symbols.

0.3~ , , , , 0.5 , , , ,
2 g
o} o} °
R T T 1§04 »§o+9 ------------------------------ ]
S eole o L] I <
Z IS

Ol 1 1 1 1 1 03 1 1 1 1 1

04|09 1 04f é

% e
953 0.3} Q B = 0.3} B
5 8 °
. c R

o 0.2t L ] { 8 02} .
< 0

0.1f 1 o1t o ]

'y
®
00, ., . e oo
00 05 10 15 20 00 05 10 15 20

x of Euln,As,_ P,

12



Figure 4. The chemical compositions of EulnoAs,—P, as functions of x, obtained using EDX. The

dashed lines represent the nominal compositions of the starting materials.

Electrical transport properties of Euln2As2 Py

Figure 5 shows the charge-carrier transport properties—the Hall carrier concentration,
electrical resistivity, Hall carrier mobility, and Seebeck coefficient—as functions of x for
EulnzAs>-<P, at 300 K. The positive signs of the Hall and Seebeck coefficients confirm that holes
are the dominant carriers in these compounds. The Hall carrier concentration is on the order of
10" cm™3, and it tends to decrease with increasing x. For x = 0, the electrical resistivity and
Seebeck coefficient are 14 uQ m and 68 pV K-!, respectively. Both the resistivity and the
Seebeck coefficient tend to increase with increasing x, which is generally consistent with the
change in carrier concentration. Assuming a single parabolic band and acoustic-phonon
scattering,’%>8 the density-of-states effective mass is in the range 0.3—0.7 mo, where my is the rest
mass of a free electron, as shown in Figure S3. The Hall carrier mobility is ~100 cm? V' s7!, and
the mobility decreased at x = 0.6 and 1. This is probably due to point-defect scattering of the
carriers in the solid solution. Notably, these charge-carrier transport properties do not change
linearly with x; this may correlate with electronic transitions between topologically nontrivial
states and trivial states, as we discuss later with the aid of first-principles calculations. Notably,
we obtained different values of the transport properties for different batches of samples with x =
0.2, although the XRD and EDX characterizations indicate that the purity and compositions of
these samples are almost the same. We present both measurement results because we believe that
these are also the valuable information. Hereafter, we denote these samples as x = 0.2A and

0.2B.
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Figure 6 shows the temperature dependence of the transport properties of EulnaAsz—Py:
the electrical resistivity, Seebeck coefficient, and electrical power factor (S?p!). Both the
electrical resistivity and the Seebeck coefficient increase with increasing temperature, as
expected for a degenerate semiconductor. The calculated power factor reaches almost 1 mW m™'
K2 at around 600 K for x = 0.1 and 0.2—which is almost twice that of the end-member
compounds (x = 0 and 2)—because they have relatively low resistivities and high Seebeck
coefficients. To examine the thermal stability, we have repeated measurements of electrical
resistivity and Seebeck coefficient for x = 0.2. As shown in Figure S4, x = 0.2 exhibits very small
thermal hysteresis in the repeated measurements up to 773 K, suggesting thermal stability of this
sample to this temperature. We note that the direction-dependence of these transport

measurements is not significant, as shown in Figure S5.
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Figure 5. Charge-carrier transport properties at 300 K: the Hall carrier concentration #, electrical

resistivity p, Hall carrier mobility x, and Seebeck coefficient S for Euln;Asz-<Px. For x = 0.2,

measurement results for different batches of samples (labeled as A and B) are shown. The electrical

resistivity of x = 0.2A and 0.2B is almost coincident.
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Figure 6. The electrical resistivity p, Seebeck coefficient S, and electrical power factor PF as a

function of temperature 7 for Euln;Asz—Px.
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Thermal transport properties and Z7 for Euln2As2-Px

Figure 7a shows thermal conductivity as a function of temperature for EulnoAs>—P,. We
found the thermal conductivity at 300 K to be 3.9 W m™' K~! for x =0 and 6.8 W m~! K~! for x =
2. The thermal conductivity is generally expressed as the sum of electronic and lattice
components. The electronic thermal conductivity can be obtained from the Wiedemann—Franz
relationship xe = LTp !, where L is the Lorentz number. We calculated L using the formula L =
1.5 + exp(S/116), where L and S are in units of 10 W Q K2 and pV K-, repectively.”® We
obtained the lattice thermal conductivity by subtracting the electronic component from the total
thermal conductivity. We evaluated the lattice thermal conductivities of the end-member
compounds to be 3.4 W m™ K~! forx=0and 6.7 W m™' K~! for x = 2 at 300 K. The high value
of x1 at x = 2 (EulnzP) is in agreement with the general view that a lighter constituent leads to a
higher value of x because of its high phonon group velocity.®® The lattice thermal conductivity
decreases with increasing temperature, indicating that the Umklapp process is the dominant
phonon-scattering process in these compounds. The lattice thermal conductivity as a function of
x is shown in Figure 7b. For x < 1, the lattice thermal conductivity is almost unchanged. This is
probably due to at least two contributions: (1) an increase in x1 owing to the increase in the
phonon group velocity with increasing x and (i1) a decrease in x1 because of increased point-

defect scattering in the solid solution; i.e., the so-called alloy scattering.®'%*

Figure 8 shows the calculated ZT for Euln2As> »Px. The value of ZT reaches 0.29 at 773 K
for x = 0.2B, which is almost twice that of the end-member compounds. This is mainly because
of the increased power factor while lattice thermal conductivity is reduced by alloy scattering, as

described above.

16



Furthermore, we investigated the different sample-preparation procedures for EulnyAso.
Ball-milling followed by hot-pressing has been employed to synthesize various thermoelectric
Zintl compounds.®!® In addition, enhanced thermoelectric properties were demonstrated for
classic thermoelectric materials, such as Sij—«Ge,* and (Bi,Sb)2Te3,% by using ball-milling
owing to the reduced particle size. Figures S6 and S7 show the thermoelectric transport
properties of Euln2As; prepared using both the solid-state reaction technique and ball-milling
followed by hot-pressing. These samples exhibit almost identical transport properties, confirming
that the electrical and thermal transport properties described above are indeed intrinsic properties
of the polycrystalline Euln2As;. These results also support the reproducibility of the present

work.

In preliminary experiments, we have also investigated the thermoelectric properties of
Euj-,SriIn2As: (x <0.3). We expected a decrease in the lattice thermal conductivity because of
increased point-defect scattering caused by Sr doping. Characterization results of Euj—Sr:In2Asz
using XRD and EDX are shown in Figure S8—-S10. Regrettably, the electrical and thermal

transport properties were barely changed because of Sr doping, as shown in Figure S11.
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Thermoelectric properties of SrSn2As:

The typical transport properties of SrSnoAs; at 300 K are as follows: a Hall carrier
concentration of 1.6 x 10! cm™, an electrical resistivity of 3.7 uQ m, a Hall carrier mobility of
11 cm? V-1 57!, and a Seebeck coefficient of 37 pV K~!. Undoped SrSnAs: has a high hole
concentration, probably because of self-doping by the hole-donating Sn vacancies, which occurs
similarly in other Sn-containing compounds, such as SnTe.®> To suppress the Sn vacancies, we
prepared several batches of SrSnaAs; under different conditions, including Sn-rich compositions
of the raw materials. However, our preliminary experiments show that tuning the carrier
concentration seems to be difficult for SrSnoAs». It should be noted that some of Zintl-phase
compounds show high hole concentration due to vacancies of cations (such as Eu, Sr, and

Yb).%6¢7 Indeed, we have no experimental evidence of Sn vacancies, which is not easy to detect

19



in experiments. However, it was reported that EuSn2As, shows low electrical resistivity and
Seebeck coefficient (for example, p < 10 pQm at 300 K and S = 28 pV/K at 373 K).%8% This
result suggests that high hole concentration of SrSn,As; is resulted from Sn vacancy, rather than

Sr vacancy.

Figure 9 shows the charge-carrier transport properties of SrSnoAs; as a function of
temperature. We observed slight differences in different batches of samples, suggesting that the
electrical transport properties are affected by the sample stoichiometry. In addition, we observed
a dependence on the direction in which the measurements were performed. Figure 10 shows the
thermal conductivity of SrSnaAs; versus temperature. It is noteworthy that the lattice thermal
conductivity is approximately comparable to that of EulnoAs», and it is higher than that of
NaSn;As;. Previous studies have demonstrated that the value of x1 for NaSnAs is lower than that
of NaSn,As; because of the effects of double lone-pair electrons;*®i.e., NaSn,As; has lone-pairs
only in the As atoms, while NaSnAs has lone-pairs in both the As and Sn atoms. According to a
simple 1onic-bonding model, SrSnxAs, may also have double lone-pairs in As and Sn, where
schematic illustrations of the crystal structures of NaSnAs, Na(Sr)SnyAsz, and Euln2As(P); are
shown in Fig. S12. However, this scenario does not seem to be supported by the high lattice
thermal conductivity of SrSnyAs> because SrSn2As; is better categorized as a Zintl compound,
Sr?*[SnAs]*", rather than by a simple ionic description such as Sr**Sn**,As* . However, X-ray
photoemission spectroscopy of SrSnpAs> shows that the Sn 4d and 5d spectra are similar to those
of SnO, implying that Sn is in the ionic state Sn*" in SrSnyAs.”® Further studies will be required

to elucidate the actual nature of the chemical bonding in SrSn»As».
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First-principles calculations

Figure 11 shows the electronic band structures of EulnAs;, EulnyP», and SrSnzAs;. For
EulnxAs(P)2, the valence band around the Fermi level originates mainly from the As(P) p-
orbital. The top of the p. band of Euln;As; is positioned ~0.1 eV above the Fermi energy;
therefore, the bandgap originates from mixing between the conduction and valence bands due to
spin—orbit coupling. It is shown that Euln,As> can exhibit a nontrivial topological electronic
state, as discussed in the reports by Xu et al.?® and Sato et al.”” When As is substituted by P, the
top of the p- band sinks below the Fermi level. Euln,P; is therefore a semiconductor with a
bandgap of ~0.4 eV. SrSnxAs> is also a topologically nontrivial material with band inversion, as

reported by Gibson et al.?® and Rong et al.?

Figure 12 shows the densities of states (DOSs) of EulnzAs», Euln,P», and SrSnzAs;. The
density of states in SrSnyAs; near the Fermi energy is larger than that in Euln2As(P),. This can
be understood from the band structure along the '-A and I'-Z lines (Fig. 11), where the A and Z
points are (0, 0, m/c) and (0, 0, 31/c), respectively. Although the length of the I'-Z line for
SrSnzAs: is longer than the lengths of the I'—A lines for Euln2As(P)2, the valence-band energy
difference between the I' and Z (A) points is ~1 eV for EulnpAs(P)> and 0.5 eV for SrSnyAs»,
which results in the difference in the DOS effective mass between them. Notably, the DOS near
the Fermi energy of SrSn>As: has the character of As p-orbitals and Sn s/p-orbitals while that of

Euln2As(P)2 mainly consists of the As(P) p; orbital.

Figure 13 shows the calculated results for the Seebeck coefficient plotted against carrier
concentration at 300 K; they are roughly in agreement with the experimental results. First-

principles calculations tend to underestimate the Seebeck coefficient’! 7. In particular, there is a
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large difference between the calculated and experimental Seebeck coefficient for EulnoP». This
may be because the Boltzmann transport theory cannot be applied at this low carrier
concentration, where the chemical potential is positioned within the bandgap. Because of the
small bandgaps of Euln,As; and SrSn;As;, the Seebeck coefficient is maximum in the low-
carrier-concentration regime. Comparing the carrier concentration dependence of the Seebeck
coefficient of all the compounds, we observed that SrSn,As; has a large Seebeck coefficient at
~10?° cm ™ owing to the difference in the effective mass, as described above. The temperature
dependence of the Seebeck coefficient shown in Figure S13 indicates that the bandgap of
EulnoP» is expected to be larger than the theoretically obtained value (0.4 eV) because the
calculated Seebeck coefficient of Euln,P> is maximized at ~800 K, whereas the experimental
result increases linearly with increasing temperature. The calculated power factor is maximized
at ~1 x 10" cm™ so that the experimental carrier concentration of Euln,P> is near the optimal

doping level.

Notably, both EuSn2As> and EuSn;P> have been shown to be intrinsic magnetic
topological insulators through first-principles calculations and angle-resolved photoemission
spectroscopy.®®7+7> This contrasts with the results of our calculations, which indicate that a
nontrivial topological electronic structure for EulnaAs: turns into a trivial electronic structure for
Euln,P;. Consequently, the solid solution of EulnoAs>-,Px may provide an attractive stage for
exploring quantum phase transitions between topologically nontrivial electronic states and
conventional semiconducting states, which is also fascinating for efficient thermoelectric

materials.>%>7

23



Eulnz2As2

Al
\\
rk

Energy (eV)
o

=
o~ >

>”#Séu/'

|_
T
>

=0
Sate

>

L
2
S

Energy (eV)
(=]

-
I

N —_

ﬁ%
WA

=

il

M K rA

2 9rSNzAs:z
LSO\
/V\
/\\

L r F

_

Energy (eV)
o

2%

N
=

Figure 11. Band structures of Euln2As;, Euln2P2, and SrSnoAss.

24



12

Euln,As, —
EUIn2P2 ===
| SrSn>As; -.-

10

DOS (states eV™")

Energy (eV)

Figure 12. The densities of states (DOSs) in Euln2As;, Euln,P>, and SrSnyAso.

300 T |
\‘\ 300K calc. exp.
250 ‘\ Euln,As; ®
‘\\ Euln,P;, ---- O
200 - ‘\ SrSn,As; —-—- ™
¥
2 150 |
(%)
100 -
50
P
0 : | >
1018 1019 1020 1021

hole concentration (cm-3)
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Conclusion

In summary, we have investigated the thermoelectric properties of the A/P-based Zintl

compounds Euln,As, P, and SrSnyAs,. With a carrier concentration of ~10'° cm™, EulnaAs,—Py
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shows promising transport properties, including an electrical power factor of ~1 mW m~! K2
and a dimensionless ZT of 0.29 at 773 K. On the other hand, a reduced carrier concentration is
required to optimize the thermoelectric properties of SrSnaAs>, which has been challenging to
obtain in our experiments so far. Furthermore, there seems to be room for decreasing the lattice
thermal conductivity to improve ZT. First-principles calculations strongly suggest the possible
existence of a phase transition between topologically nontrivial electronic states and
conventional semiconducting states in EulnoAs>-<P,, making this system an attractive stage for

exploring topological states as well as efficient thermoelectric materials.
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Figure S1. Observed SXRD pattern of Euln2As,-«Px (x = 0, 0.6, and 1.0) and the Rietveld
refinement results. The circles (red) and solid lines (black) represent the observed and calculated
patterns, respectively. The difference between the observed and calculated patterns is shown at
the bottom (blue). The vertical marks (green) indicate the Bragg reflection positions for
EulnaAso-«Py, InAs, and In, respectively, from upper to lower. Amounts of impurity phases are
denoted in the inset.
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Figure S2. Observed SXRD pattern of SrSn2As; and the Rietveld refinement results. The circles
(red) and solid lines (black) represent the observed and calculated patterns, respectively. The
difference between the observed and calculated patterns is shown at the bottom (blue). The
vertical marks (green) indicate the Bragg reflection positions for SrSn,As; and SnsAss,

respectively, from upper to lower. Amount of impurity phase are denoted in the inset.
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Figure S3. Seebeck coefficient as a function of carrier concentration for EulnAs>—xPx at 300 K.

The dashed lines are generated assuming a single parabolic band and acoustic-phonon scattering

with density-of-states effective masses of 0.7 mo and 0.3 mo, where mo is the rest mass of a free
electron.
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Figure S4. Repeated measurements of the electrical resistivity p and Seebeck coefficient S as a
function of temperature T for Euln2As: gPo.».

Figure S5. Powder XRD pattern of Euln,As; prepared by ball-milling followed by hot-pressing.
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Arrows denote the diffraction peaks due to In (black) and As (blue) impurities.
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Figure S6. Temperature dependence of the electrical resistivity p and the Seebeck coefficient S
for samples of EulnAs prepared by using the solid-state reaction (SSR) method and by ball-
milling followed by hot-pressing (BM). For the SSR sample, the results of measurements made
parallel (P;) or perpendicular (P.) to the hot-pressing direction are also shown.
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Figure S7. Temperature dependence of the thermal conductivity x of Euln,As, prepared using the
solid-state reaction (SSR) method and by ball-milling followed by hot-pressing (BM). For both
samples, the measurements were made parallel to the hot-pressing direction.
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Figure S8. XRD patterns of Eui—xSrxIn2As (x = 0.1 and 0.3). Arrows denote the diffraction peaks
due to InAs (black) and In (blue) impurities.
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Figure S9. Lattice parameters of Eui—xSrxIn2As;. Error bars are smaller than the symbols.
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Figure S10. Chemical compositions of Eui-xSrxIn2Asz obtained using EDX. The dashed lines
represent the nominal compositions of the starting materials.
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Figure S11. Temperature dependence of the electrical resistivity p, the Seebeck coefficient S, the
total thermal conductivity «, and the lattice thermal conductivity x of Eui—xSrxIn2As,.
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Figure S12. Schematic illustrations of the crystal structures of (a) Euln,As,—xPx (Space group
P6s/mmc) and (b) Sr(Na)SnzAs; (space group R3m), and (c) NaSnAs (space group P6smc)). The

outlined regions represent the unit cells.
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Figure S13. Temperature dependence of the experimentally and theoretically determined Seebeck
coefficients. To calculate the Seebeck coefficient, we fixed the hole concentrations of Euln2Asy,

EulnzP2, and SrSnzAs; to be 4.0 x 10'° cm3, 1.0 x 10'° cm3, and 1.6 x 10?* cm™3, respectively.
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