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ABSTRACT 
Compositional diversity and intriguing structural features have made Zintl phases excellent 
candidates as thermoelectric materials. Zintl phase with 21-4-18 composition has shown high 
thermoelectric performance in the mid to high-temperature ranges. The complex crystal structure 
and favorable transport properties of these compounds indicate the potential for high 
thermoelectric efficiency. Arsenic-based Eu21Zn4As18, belonging to the Ca21Mn4Sb18 structure 
type, exhibits a semiconductor-like p-type transport behavior and has a calculated bandgap of 0.49 
eV. The compound is paramagnetic at high temperatures, with an antiferromagnetic transition 
occurring at TN = ~10 K. The moment obtained from the Curie-Weiss data fit aligns with Eu2+ ions. 
At the same time, field-dependent measurement at 2 K indicates complex magnetic ordering with 
a saturation moment consistent with Eu2+ ions. Pristine Eu21Zn4As18 exhibits ultra-low lattice 
thermal conductivity of 0.40 W m-1 K-1 at 873 K. Electronic transport properties measurement 
shows evidence of bipolar conduction across much of the measured temperature range (450 K to 
780 K). However, the Seebeck coefficient remains extremely high (>440 µV/K) across this range, 
indicating the potential for high zT if an appropriate dopant is found. This work represents the first 
report on the temperature-dependent thermal conductivity, Seebeck coefficient, and thermoelectric 
efficiency of the arsenic-containing Zintl phase with 21-4-18 composition, showcasing its promise 
for further optimization of thermoelectric performance. 

1 INTRODUCTION 
Thermoelectricity holds the promise of being an eco-friendly solution for generating clean energy 
from waste heat. This niche technology can complement popular clean energy sources, such as 
solar, wind, and geothermal, to enhance energy generation and distribution efficiency. Moreover, 
thermoelectric materials can also be used in other heat-generating applications, including heavy 
industries and electric vehicles, to improve energy utilization and reduce operational energy loss. 
The efficiency of thermoelectric materials is calculated by the dimensionless figure of merit, zT = 
S2T/rk, where S is the Seebeck coefficient, T is the absolute temperature, r is electrical resistivity, 
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and k is the total thermal conductivity (k = kl + ke, where kl is the lattice thermal conductivity and 
ke is the electronic thermal conductivity).1 One approach to improve zT entails reducing the lattice 
thermal conductivity by deploying strategies, such as grain-boundary engineering through 
microstructural modification,2 hierarchical architectures,3 and introducing nano-precipitates.4 
Another method for enhancing zT is by improving the electronic properties through carrier 
concentration tuning,5 band convergence,1 and band sharpening.6 However, the thermoelectric 
properties are complexly interrelated, making optimization of thermoelectric properties to provide 
an overall high zT a difficult task. 

Zintl phases have become excellent candidates for thermoelectric applications due to possessing 
high mobility regions like electron-crystal and phonon-inhibiting regions like phonon-glass.7 
However, despite possessing unique bonding and properties compared to the heavier pnictides, 
such as antimony and bismuth,8,9 arsenic-containing Zintl phases have only recently drawn interest 
for thermoelectric applications.10–12 Arsenic-containing Zintl phases have also been highlighted 
for other properties, such as topological insulators,13 superconductors,14,15 and magnetism.16 Due 
to the complexities of tuning properties, materials with inherently low lattice thermal conductivity 
have become attractive choices for exploring thermoelectric properties.17 Zintl phases, such as 
Yb14MnSb11,18 Yb10.5MgSb9,19 and Yb21Mn4Sb18,20 possess large complex crystal structures 
leading to intrinsically low lattice thermal conductivity. The lattice thermal conductivity is derived 
from the equation, klattice = 1/3Cvνgl, where Cv is the specific heat capacity, νg is the phonon group 
velocity, and l is the phonon mean free path.21 High density in Zintl phases leads to minimum 
variations in the heat capacity regardless of the composition.22 As a result, the phonon group 
velocity and phonon mean free path act as dominating factors in determining lattice thermal 
conductivity. Zintl compounds have a low phonon group velocity due to the presence of heavy 
atoms and soft covalent bonding in their structural units. This is further influenced by the large 
crystal structures with many atoms and flattened phonon modes, which result from increased gaps 
between phonon modes caused by large mass contrast. On the other hand, the phonon mean free 
path is determined by the scattering mechanisms such as phonon-phonon scattering, point defect 
scattering, and boundary scattering. The presence of anharmonic bonds and rattling atoms leads to 
increased scattering of phonons. Overall, a larger volume with more atoms in the primitive cell 
might be conducive to low lattice thermal conductivity.17 As a result, Zintl phases with composition 
A21M4Pn18 (A = Ca, Sr, Ba, Eu, Yb; M = Mn, Zn, Cd; and Pn = As, Sb, Bi) could potentially exhibit 
ultra-low lattice thermal conductivity because of possessing volume > 4000 Å3 and > 300 atoms 
per unit cell.23,24 

Zintl phases with composition A21M4Pn18 have unique structural features suitable for 
thermoelectric applications.23–25 There are subtle differences that arise from the connectivity of the 
MPn4 structural units, leading to different structure types within this class of compounds. The 
compounds of this composition crystallize in different space groups: C2/c, C2/m, and Cmce. 
Eu21Zn4As18 contains a large unit cell boasting 84 Eu2+ cations, 6 [As2]4- dumbbells, 16 isolated 
As3- anions, and 2 [Zn8As22]48- clusters formed by connecting edges and corners of [ZnAs4] 
tetrahedral subunits.24 Its large and complex crystal structure might help attain a low lattice thermal 
conductivity, while a high density of states near the Fermi level could result in a high Seebeck 
coefficient for this composition.26 Though structural and magnetic properties of different 
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compounds of this composition have been reported in the literature, only Yb21Mn4Sb18 has been 
investigated for thermoelectric efficiency.20,26 Yb21Mn4Sb18 (bandgap 0.394 eV) shows impressive 
thermoelectric performance at medium-high temperatures, reaching a peak zT of 0.8 at 800 K. 
However, bipolar conduction is observed above 600 K in this compound. Having the more 
electronegative arsenic atom in the anionic unit leads to a higher bandgap in compounds with 
similar compositions and, therefore, should suppress carrier excitations and reduce the impact of 
bipolar transport on the Seebeck coefficient at high temperatures.18 This suggests that arsenic-
based Eu21Zn4As18 might also be a good thermoelectric material. 

In this work, high-purity polycrystalline Eu21Zn4As18 (21-4-18) samples were prepared via ball-
milling using binary precursors and subsequent high-temperature annealing. In the investigation 
of the synthetic route, progressive growth in the crystallinity of the samples was observed by 
systematically increasing the annealing temperature. The phase purity was determined using 
powder X-ray diffraction analysis and Rietveld refinement, while energy dispersive spectroscopy 
(EDS) confirmed the homogenous distribution of elements in the compound. We have explored 
the incorporation of Na+ (1.02 Å)/K+ (1.38 Å) as dopants into the Eu2+ (1.17 Å) sites to optimize 
the thermoelectric properties. Temperature and field-dependent magnetization studies show that 
Eu is Eu2+ with a Curie-Weiss temperature dependence and an antiferromagnetic transition at about 
10 K. The saturation moment at 2 K with an applied 7 T field confirms the Eu2+ oxidation state. 
Laser flash analysis (LFA) confirms that Eu21Zn4As18 possesses ultralow lattice thermal 
conductivity as anticipated, which is a good starting point for optimizing thermoelectric properties 
through carrier concentration modification. Moreover, electrical resistivity and Hall measurements 
revealed insights into the electrical transport properties of the compound. Finally, the Seebeck 
coefficient is reported for the thermoelectric efficiency of arsenic-based 21-4-18 for the first time, 
showing the promise of this phase for thermoelectric applications. 

2 EXPERIMENTAL SECTION 

2.1 Reagents 
Eu Ingot (Stanford Advanced Materials, 99.99%), Zn shots (Alfa Aesar, 99.999%), As chips 
(Johnson Matthey Chemicals, 99.9999%), NaH (Sigma-Aldrich, 95%), and KH (Sigma-Aldrich, 
30 wt% dispersion in mineral oil) were used for the synthesis. KH was washed with hexane several 
times to remove the oil and was dried under dynamic vacuum overnight. All elements and reagents 
were handled inside an argon-filled glovebox with an oxygen level <0.5 ppm. Binary precursor 
EuAs was synthesized by taking the elements in 1:1 ratio in a stainless-steel ball mill vial. The vial 
was sealed in a mylar bag and milled for 30 minutes in a mixer machine. After the first milling, 
the wall of the vial was scrapped with a chisel inside the glovebox. The powder was milled again 
for 1 hour by flipping the vial after 30 minutes. The sample was annealed at 850 °C using a ramp 
rate of 100 °C/hour for 12 hours. Zn3As2 was also synthesized by adding stoichiometric amounts 
of the elements to a ball mill vial and following the same procedure as described above for EuAs 
but annealing at 650 °C with a ramp rate of 100 °C/hour for 12 hours. The powder X-ray diffraction 
(PXRD) patterns are provided in the Supporting Information (SI), Figure S1, and Figure S2. 
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Caution: NaH and KH are highly reactive to moisture. They must be handled carefully under an 
inert atmosphere or inside a glove box. 

2.2 Synthesis 
Powder samples of Eu21Zn4As18 were prepared using binary precursors following an adaptation of 
our group’s previous works.26,27 Stoichiometric amounts of EuAs, Zn3As2, and Eu metal were 
added to a stainless steel ball mill vial with a Viton O-ring. The vial was sealed inside a mylar bag 
to ensure no oxidation occurred during milling. The reagents were mechanically milled in a 
SPEX8000 M High-Energy ball mill mixer machine for 30 minutes. The vial was then scraped 
with a chisel inside the glovebox and milled again for 1 hour (the vial was flipped after 30 minutes). 
The homogeneously mixed powder was loaded into a one-side welded Ta tube inside the glovebox 
and the open end was crimped shut. The Ta tube was transferred under Ar(g) to an Ar(g) arc welder 
to seal the other side. The sealed Ta tube was encapsulated inside a quartz tube under vacuum. The 
reagents were heated at 650 °C, 800 °C, and 950 °C using a ramp rate of 100 °C/hour for 96 hours. 

The doped samples of Eu21-xNaxZn4As18  were synthesized by taking the molar ratio of the elements 
as Eu: Na: Zn: As = 21-x: x: 4: 18 (x = 0.1 and 0.2) where Eu, Zn, As, and Na were supplied by 
EuAs, Zn3As2, and NaH binaries. Similarly, Eu21-xKxZn4As18 (x = 0.1 and 0.2) samples were 
synthesized using the same method described above, with the only difference being that KH was 
employed as the K source. The homogeneously mixed ball-milled powdered samples were heated 
to 950 °C and held for 96 hours, using a ramp rate of 100 °C/hour. 

Caution: The reaction of hydrides with arsenic might lead to the formation of highly toxic arsine 
gas. Taking the necessary precautions when handling the quartz and the metal tubes post-reaction 
is crucial. Ball mill vials and chisels used in handling these reagents should not be immediately 
cleaned with water. All procedures must be conducted under a fume hood with proper personal 
protective equipment. 

2.3 Powder Xray-Diffraction (PXRD)  
The synthesized samples were ground and analyzed with a Bruker D8 ECO ADVANCE X-ray 
diffractometer on zero background off-axis quartz plates. The finely ground powder was placed on 
quartz plates using solvent-smearing techniques with ethanol. The scans were 80 minutes long, 
utilizing Cu Kα radiation in the 2θ angle 20−80° with a step size of 0.02° operated at 40 KV and 
25 mA. GSAS-II28 software was used to analyze the powder pattern employing Rietveld 
refinement. 

2.4 Spark Plasma Sintering 
The powder sample was ground and sieved through a 100-mesh screen before loading into a 12.7 
mm graphite die. The die was carefully sealed with graphite foils on both sides of the plunger to 
ensure air-free conditions. The powder was initially cold pressed using a Dr. Sinter Junior Spark 
Plasma Sintering system (Fuji Electronic Industrial Co., LTD) under Ar gas. The powder was 
sintered to 850 °C in 10 minutes while the force was gradually increased from 6 kN to 10.5 kN. 
Then, the die was heated to 900 °C and dwelled at this temperature for 30 minutes. The geometric 
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densities of the samples were >98% of the theoretical density measured using the Archimedes 
method. 

2.5 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 
(EDS) 

A piece of the densified sample was mounted on an epoxy resin disk for polishing with 1000-grit 
sandpaper. The sample was further polished on a polishing wheel with 1µm colloidal diamond 
suspension. The sample was analyzed for SEM/EDS with an FEI Scios DualBeam FIB/SEM 
instrument equipped with an Oxford Instruments X-Max 50 mm2 Si drift detector. The accelerating 
voltage was 20 kV. The secondary images were collected using 20 kV accelerating voltage and 1.6 
nA beam current with an Everhart−Thornley detector. 

2.6 Magnetism  
DC magnetization measurement of the pressed pallet of polycrystalline Eu21Zn4As18 sample was 
carried out in a Quantum Design magnetic property measurement system (MPMS) in zero-field-
cooled (ZFC) and field-cooled cooling (FCC) conditions. The mass of the sample is 12.43 mg +/- 
0.01 mg, and the error of the mass is smaller than 0.1%. The sample was loaded between two 
plastic straws before attaching them to the sample holder rod. The measurements were performed 
under an applied magnetic field of up to 7 T from 2 K to 300 K. 

2.7 Thermal Conductivity  
The thermal diffusivity of the samples using a laser flash analyzer Netzsch LFA 457 instrument 
under argon atmosphere. The pressed pellets were sprayed with graphite to ensure maximum laser 
absorption. The total thermal conductivity was calculated using the formula = D ×r × Cp, where 
D is the thermal diffusivity, r is the density of the sample measured by the Archimedes method, 
and Cp is the heat capacity of the compound. Cp is approximated from the Dulong-Petit law.  

2.8 Seebeck, Resistivity and Hall Measurement 
The Seebeck coefficient of the pellets was measured using a custom-built instrument under a low 
pressure of 300 Torr in a nitrogen atmosphere from 300 K to 775 K.29 Resistivity and Hall 
measurements were conducted using an in-house built instrument based on Van der Pauw 
geometry.30 The Hall coefficient measurements were done with 15-20 mA current and 1 T magnetic 
field. Hall carrier concentration was estimated from the equation, n = 1/eRH where e is the charge 
of the electron and RH is the Hall coefficient. Hall mobility was calculated using µH = RH/r where 
r is the electrical resistivity. 

3 RESULTS AND DISCUSSION 

3.1 Synthesis and Composition 
Figure 1a shows the crystal structure of Eu21Zn4As18. The complexity of the structure arises from 
[ZnAs4]4- subunits forming [Zn8As22]48- clusters, which are hallmarks of compounds with the 21-
4-18 composition.24 The ZnAs4 tetrahedra connects and forms two symmetrically equivalent 
[Zn2As6] subunits joined together through an As-As bond, creating the clusters, as shown in Figure 
1b. Eu21Zn4As18 structure belongs to the monoclinic space group C2/m of the Sr21Mn4Sb18 
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structure type, which is isostructural to a related compound b-Ca21Mn4Sb18.31 It should be noted 
that there are two polymorphs (a- and b-), with a- Ca21Mn4Sb18 belonging to C2/c space group.25 
Our group has shown that the synthesis of complex ternary Zintl phases can be controlled by 
employing binary phases as reaction precursors.27 A series of stoichiometric reactions with the 
ratio (Eu: Zn: As = 21: 4: 18) was carried out at different temperatures to determine the optimum 
temperature for phase pure synthesis of the compound. The PXRD patterns of the samples from 
reactions at different temperatures, along with the calculated pattern from the crystallographic 
information file (CIF), are shown in Figure 1c.24 The samples become progressively more 
crystalline with increasing temperatures from 650 °C to 950 °C. The formation of the crystalline 
Eu21Zn4As18 phase requires high temperature due to the slow solid-state diffusion, which limits the 
reaction rates. Increasing the temperature increases diffusion rates as it is an activated process.32 
However, the diffraction peaks of the Eu21Zn4As18 phase disappear at 1100 °C, and the more 
thermodynamically stable phase of Eu14ZnAs11 is observed. The comparison of the experimental 
data with Eu14ZnAs11 diffraction peaks is provided in SI, Figure S3. 
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Figure 1. (a) Crystal structure of Eu21Zn4As18 where Eu, Zn, and As are represented by purple, 
golden, and black spheres. The ZnAs4 polyhedra are indicated in yellow. (b) A view of the 
[Zn8As22]48- cluster in Eu21Zn4As18. (c) Powder diffraction patterns of the reactions of Eu21Zn4As18 
at different temperatures compared with the CIF. 

The Rietveld refinement of PXRD data by GSAS-II software revealed acceptable agreement (wRp 
= 9.82 % and c2 = 1.39) with the calculated pattern shown in Figure 2.33 The refined lattice 
parameters a = 16.9854(4) Å, b = 16.1867(4) Å, c = 16.7124(4) Å, and b = 92.0249(14) are similar 
to published ones a = 16.9580(6) Å, b = 16.1660(6)  Å, c = 16.668(6) Å, and b = 92.008(6) by 
Suen et al..24 The theoretical density (6.95 g cm-3) obtained from the refinement was close to the 
experimentally found value (6.87 g cm-3). The crystallographic sites, fractions, multiplicity, and 
isotropic thermal parameters obtained from Rietveld Refinement are provided in SI, Table S1. The 
slight differences in lattice parameters compared to the single crystal data were due to the 
differences in temperature, as the PXRD was collected at room temperature while the single crystal 
CIF data were collected at 200 K. The Zintl formalism can be used to explain the valence-balanced 
nature of the compound. The structure contains 84 Eu2+, 16 As3-, 6 [As2]4-, and 2 [Zn8As22]48- 
making it charged balanced in nature. 

Figure 2. Rietveld refinement shows the experimental data with fit obtained from refining the 
structure by Suen et al.24 The black points represent the observed data; the pink curve represents 
the calculated pattern from the CIF, the green line represents the background, the brown line 
represents the difference between the observed and calculated data, and the blue vertical lines 
represent the expected peaks from the crystal structure. 
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Figures 3a and 3b show the PXRD patterns of samples prepared with Na and K, respectively. The 
patterns of x = 0.0, Na-doped (x = 0.1), and K-doped (x = 0.1, 0.2) samples look similar to the 
calculated patterns. However, Na-doped (x = 0.2) and K-doped (x = 0.3) samples show new peaks 
at 31° and 34° 2q, suggesting Na content (x = 0.1) and K content (x = 0.2) might be the maximum 
doping concentration of the respective elements that could be incorporated into the structure. 
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Figure 3. PXRD patterns of (a) Eu21-xNaxZn4As18 (x = 0.1, 0.2) and (b) Eu21-xKxZn4As18 (x = 0.1, 
0.2). The PXRD patterns of pristine Eu21Zn4As18 (x = 0.0) are added in both (a) and (b) as a 
reference for comparison purposes. Major impurity peaks are marked by asterisks (*). 
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SEM images and EDS elemental maps of the pristine Eu21Zn4As18 sample are shown in Figure 4. 
The back-scattered image confirms the homogeneity and absence of a secondary phase, while the 
secondary electron image confirms the high density of the sample. The uniform distribution of 
each element is shown by the elemental maps. SEM images and elemental maps of Na-doped (x = 
0.1) and K-doped (x = 0.1) samples are shown in SI, Figures S4 and S5. Compositional results of 
pristine Eu21Zn4As18 and Eu21-xKxZn4As18  (x = 0.1) samples from EDS are provided in SI, Table 
S2. There are slight deviations from the nominal composition attributed to the close proximity of 
emission lines of the elements, as shown in SI, Figure S6. However, due to the large overlaps of 
Na Ka (1.04 keV) and Zn Lb (1.03 keV) emission lines, as shown in SI, Figure S7, the EDS 
compositional analysis of Eu21-xNaxZn4As18  (x = 0.1) sample is not provided. The density of the 
pressed pellets was >98% of the calculated density. 
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Figure 4. (a) Backscattered image of Eu21Zn4As18 shows homogeneity of the compound (b) 
Secondary electron image reveals the topography and high density of the pressed pellets (c) 
Elemental maps from EDS show Eu, Zn, and As are well-dispersed and homogeneously distributed 
in the compound. 

3.2 Magnetic Properties 
Figure 5a shows the magnetic susceptibility vs. temperature plot. At the applied field of 0.1 T, 
there is no difference between zero-field cooled (ZFC) and field-cooled cooling (FCC) data. 
Eu21Zn4As18 is paramagnetic at higher temperatures, consistent with the data previously reported 
for the antimony analog, Eu21Zn4Sb18, by Suen et al.24 The high-temperature paramagnetic 
behavior is expected for this compound containing Eu2+ with 7 unpaired core electrons in the 4f 
orbital. The Curie-Weiss law, c (T) = C/(T - q) where c is the magnetic susceptibility, C is the 
Curie constant, and q is the Curie-Weiss temperature, is used to fit the portion of the data above 
the Neel temperature, TN = ~10 K. It reveals an effective moment of 8.1 µB per Eu, as shown in 
Figure 5b. This is slightly higher than, but close to, the theoretical value of the effective moment 
of free Eu2+ ions (7.94 µB).24 Europium compounds have exhibited an effective moment of 8.1 µB 
per Eu due to the presence of divalent Eu cation previously.34 Thus, the temperature-dependent 
magnetic susceptibility also confirms the Eu2+ content in the compound. The magnetization shows 
a bend around 18 K and nearly remains constant around 10 K. Below 7 K, the magnetization starts 
to decrease, which resembles the behavior of antiferromagnetic ordering. 

The positive Curie-Weiss temperature of 20.1 K indicates ferromagnetic interactions between 
Eu2+, suggesting a more complex low-temperature magnetic ordering.24 The field-dependent 
magnetization measurement at 2 K from 7 T to -7 T is shown in Figure 5c. The magnetic moment 
starts to saturate around 3T. If all 21 Eu2+ ions were fully saturated, the theoretical saturation 
moment would be 147 µB, which is slightly smaller than the experimental saturated magnetic 
moment of 155.6 µB. 
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Figure 5. (a) Field-cooled cooling (FCC) and zero-field cooled (ZFC) temperature-dependent 
magnetic susceptibility of pristine Eu21Zn4As18 at 0.1 T. The inset shows the low temperature 
magnetic phase transition. (b) Temperature-dependent magnetic susceptibility of Eu21Zn4As18 at 1 
T on the left axis H/M versus temperature with the Curie-Weiss fitting on the right axis. Red line 
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represents the linear fit line. (c) Magnetization as a function of magnetic field at 2 K. All markers 
are experimental data points. 

3.3 Thermal Transport Properties 
Figure 6 represents the thermal transport properties of Eu21Zn4As18 samples as a function of 
temperature. The total thermal conductivity of the pristine Eu21Zn4As18 sample is ultra-low at 0.68 
W m-1 K-1 at room temperature, owing to the complex crystal structure of the compound. It 
decreases to 0.42 W m-1 K-1 at 873 K. The decrease in total thermal conductivity with increasing 
temperature is due to the Umklapp phonon-phonon scattering at high temperatures.  

 

Figure 6. Temperature-dependent total thermal conductivity and lattice thermal conductivity of 
Eu21Zn4As18 sample. Markers are experimental data points. 

It is common to see extremely low lattice thermal conductivity in large complex crystal structures 
with many atoms. For instance, Zintl phases, such as Eu11Zn4Sn2As12,35 Eu2ZnSb2,36 Yb14ZnSb11,18 
Yb21Mn4Sb18,26 and Yb10MnSb937 have shown low total thermal conductivity dominated by lattice 
thermal conductivity with very small contribution from electronic thermal conductivity. This is 
likely the case for Eu21Zn4As18, potentially making this compound a good thermoelectric material. 
We have calculated the lattice thermal conductivity of Eu21Zn4As18 by subtracting the electronic 
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portion of the thermal conductivity from the total thermal conductivity. The electronic thermal 
conductivity is estimated by the Wiedemann-Franz law, ke = LrT where, r is the electrical 
resistivity, T is the absolute temperature, and L is the Lorenz number (in 10-8 W W K2). Assuming 
a parabolic band and acoustic phonon scattering, the simplified model of the Lorenz number is 
calculated by,38 

𝐿 = 1.5 + 𝑒𝑥𝑝	[−
|𝑆|
116] 

where S is the Seebeck coefficient. The lattice thermal conductivity of pristine Eu21Zn4As18 is 0.68 
W m-1 K-1 at room temperature, which is indistinguishable from the total thermal conductivity due 
to the almost negligible contribution of electronic thermal conductivity.  

The total thermal conductivity of doped samples that have not shown any impurity phases are 
represented in SI, Figure S8. The Na- and K-doped samples show little to no changes in total 
thermal conductivity for the entire temperatures measured. There is a slight increase in the total 
thermal conductivity of the K-doped Eu21-xKxZn4As18  (x = 0.1) sample compared to the pristine 
sample, which is within the error limit of the measurement. There is no significant effect of doping 
on the total thermal conductivity of Eu21Zn4As18. Therefore, we will focus our further analysis and 
discussion on the pristine (x = 0.0) sample. 

3.4 Electronic Transport Properties 
The temperature-dependent electronic transport properties of the pristine Eu21Zn4As18 sample are 
shown in Figure 7. Pristine Eu21Zn4As18 sample shows ultra-high resistivity at low temperatures. 
The resistivity starts at  29 W cm at 324 K and decreases to 0.53 W cm at 773 K, which is typical 
of a semiconductor.39 Its resistivity is much higher than the only other 21-4-18 compound, 
Yb21Mn4Sb18, reported till now for thermoelectric applications.26 This unusually high resistivity 
implies the presence of very few intrinsic defects, which may be attributed to the strict 
stoichiometric control facilitated by the binary precursor-based synthesis of ternary Zintl phases.27  
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Figure 7. (a) Resistivity (b) Seebeck coefficient (c) Hall carrier concentration, and (d) Hall 
mobility of Eu21Zn4As18 samples as a function of temperature. Markers are experimental data 
points. 

The temperature-dependent Seebeck coefficient of Eu21Zn4As18 is presented in Figure 7b. The 
Seebeck coefficients are positive over the entire temperature range measured, indicating p-type 
transport properties. The Seebeck coefficient of the pristine sample increases from 444 µV/K at 
321 K to a maximum of 545 µV/K at 446 K before decreasing. There is a sharp decline in the 
Seebeck coefficient in the temperature range of 500 K to 780 K. This decline can be attributed to 
bipolar conduction, also indicated by the steep increase in Hall carrier concentration at the same 
temperature range. The overall efficiency of a thermoelectric material is limited by thermally 
excited minority carriers reaching the maximum Seebeck coefficient at a certain temperature.40 
This phenomenon is determined by the band gap of the compound. As a result, increasing the 
bandgap could increase the thermopower of the compound leading to better thermoelectric 
performance at higher temperatures. The Goldsmid-Sharp formula can be used to approximate the 
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bandgap from the maximum Seebeck coefficient and the corresponding temperature, Eg = 
2e|S|maxTmax, where Eg is the bandgap, |S|max is the maximum Seebeck coefficient, and Tmax is the 
temperature of the maximum Seebeck coefficient.41 The bandgap of Eu21Zn4As18 is 0.49 eV, 
categorizing it as a narrow bandgap semiconductor. The bandgap is also estimated from the 
Arrhenius plot of electrical resistivity, yielding a value of 0.38 eV for pristine Eu21Zn4As18, as 
shown in SI, Figure S9. So, the bandgap of Eu21Zn4As18 is larger than that of Eu21Zn4Sb18 (0.2 
eV), supporting our hypothesis that replacing antimony with arsenic would result in a higher 
bandgap in Eu21Zn4Pn18 (Pn = As, Sb).24,42 Moreover, a high Seebeck coefficient might be 
attributed to a high effective mass, which is dependent on the overall density of state (DOS). 
Assuming a single parabolic band and acoustic phonon scattering to be the dominant scattering 
mechanism, the density of state effective mass of the pristine sample is calculated to be m* = 0.25 
me at 373 K,  m* = 0.54 me at 446 K, and m* = 0.73 me at 513 K. This evolution in the effective 
mass is likely due to the increasing Hall carrier concentration associated with charge carrier 
activation. Extrapolating the Seebeck coefficient to 0 K, it appears to linearly approach 0 µV/K, 
in contrast to Yb14MnSb11.43 With an effective dopant, we expect this effective mass to rise; 
presently, transport is limited to the very extrema of the valence band edge and with a cell of this 
complexity, there are likely nearby lower energy bands.   

The high resistivity in Eu21Zn4As18 can also be explained by the temperature-dependent Hall 
carrier concentration data shown in Figure 7c. The positive values of the Hall coefficient indicate 
the p-type carrier transport of the compound. The Hall carrier concentration is 2.35 ´1016 h+ cm-3 
at ~324 K for the pristine sample, which is much lower than that of heavily doped semiconductors 
considered ideal for thermoelectric applications.44 The low carrier concentration could be 
attributed to the stoichiometric synthesis45 and the Zintl bonding phenomena,46 which assumes the 
complete transfer of valence electrons from the cations to the anions. The low carrier concentration 
suggests a very low level of defects in this compound. Filled valence bands, where the valence 
bands and conduction bands do not overlap, lead to intrinsic semiconductor behavior, as exhibited 
by Eu21Zn4As18, with a low charge carrier concentration.47 The ultimate result is high resistivity in 
the compound because resistivity and carrier concentration are proportionally related by the 
following equation, 1/r = neµ, where n is the Hall carrier concentration, e is the charge of an 
electron, and µ is the Hall mobility. Another avenue for further investigation could be tuning the 
carrier concentrations of the compound to 1020 h+ cm-3 by doping the tetrahedron ZnAs4. For 
instance, Yb21Mn4Sb18 was successfully doped with Cd2+ into the Mn2+ sites.20 Despite the 
isoelectronic nature of the dopant, there was a considerable increase in hole carrier concentrations 
to >1020 h+ in doped Yb21Mn4-xCdxSb18 (x = 1.5), resulting in a zT of ~0.92 at 800 K due to more 
electronegative Cd providing more states for hoes to occupy compared to Mn. However, the 
Seebeck coefficient is inversely related to the carrier concentration by the following equation, S = 
(8π2kB2/3eh2) m*T (π/3n)2/3, where kB is the Boltzmann’s constant, e is the charge of an electron, h 
is the Planck’s constant, m* is the density of states effective mass, T is the temperature, n is the 
carrier concentration. As a result, increasing the carrier concentration will decrease the Seebeck 
coefficient, so systematically adjusting the carrier concentration is important. 

The Hall carrier mobility of Eu21Zn4As18 is illustrated in Figure 7d. Eu21Zn4As18 shows low Hall 
mobility of 9.14 cm2 V2 s-1 at 324 K and decreases to 5.42 cm2 V2 s-1 at 720 K. The mobility of the 
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charge carrier decreases with increasing temperature for the pristine sample due to phonon 
scattering, a trend typically observed in semiconductors.48 The presence of such low Hall carrier 
concentration and mobility can account for the ultra-high resistivity of the pristine compound. This 
type of electronic transport behavior has been seen in a recently reported Zintl phase containing 
Eu, Zn, and As, the layered Eu11Zn4Sn2As18.35 

4 POWER FACTOR AND FIGURE OF MERIT 
The power factor (PF) and the thermoelectric figure of merit zT as a function of temperature are 
presented in Figure 8 (a), (b). The pristine Eu21Zn4As18 sample shows a maximum zT of 0.08 at 
750 K. This relatively low thermoelectric efficiency is primarily due to a low PF caused by 
significantly high resistivity. Thermal conductivity is close to the glassy limit, and further 
decreases are unlikely to be realized. Consequently, the electrical resistivity is this compound's 
main limiting factor in thermoelectric performance. Neither Na-doping nor K-doping into the Eu2+ 
sites has been an effective means to tune the thermoelectric properties of the compound 
significantly. The thermoelectric properties of K-doped samples are presented in SI, Figure S10.  
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Figure 8. (a) Power factor and (b) the thermoelectric figure of merit, zT as a function of 
temperature of Eu21Zn4As18. Calculated from polynomial fits to the temperature-dependent 
Seebeck coefficients, electrical resistivity, and thermal conductivity data. 

5 CONCLUSIONS 
In summary, we present the thermoelectric properties of Zintl arsenide of 21-4-18 composition as 
a follow-up to our recently published article highlighting the limited availability of thermoelectric 
data on arsenic-based Zintl compounds.49 We have shown that, at the right temperature, binary 
precursors allow the synthesis of high-purity complex ternary phase Eu21Zn4As18 polycrystalline 
samples using the stoichiometric reaction of reagents. The magnetic properties measurement 
indicates paramagnetic behavior at high temperatures, consistent with other Eu2+-containing 
compounds. The Curie-Weiss fit shows an effective moment of 7.94 µB, confirming the presence 
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of only Eu2+ ions. Additionally, antiferromagnetic ordering has been observed at temperatures 
below 10 K. At 2 K, the magnetization measurement shows all 21 Eu2+ reaching saturation at 3T.   

We have measured the thermal and electronic transport properties of the compound to reveal its 
thermoelectric efficiency. This p-type narrow bandgap semiconductor of ~0.49 eV boasts an ultra-
low thermal conductivity and a very-high Seebeck coefficient, which are essential for achieving 
high thermoelectric efficiency. However, due to the high resistivity of pristine Eu21Zn4As18, the 
overall thermoelectric efficiency, governed by the figure of merit zT, is low. This is attributed to 
the very low Hall carrier concentration (~1016 h+ cm-3) of the pristine compound. In addition, the 
effect of cation site doping on the thermoelectric properties of Eu21Zn4As18 polycrystalline samples 
is studied. Neither Na+ nor K+ is shown to be an effective hole doping element at the present 
concentrations. Nonetheless, the unique structural properties, large volume, lattice thermal 
conductivity, and electronic bandgap are attractive starting points, providing optimism for further 
research on this and other arsenic-containing 21-4-18 compositions.  
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ray spectra of K-doped sample; Temperature dependent total thermal conductivity of all samples; 
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