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Abstract
The Zintl compound Eu2ZnSb2 was recently shown to have a promising thermoelectric figure of merit, zT~1 
at 823 K, due to its low lattice thermal conductivity and high electronic mobility.  In the current study, we 
show that further increases to the electronic mobility and simultaneous reductions to the lattice thermal 
conductivity can be achieved by isovalent alloying with Bi on the Sb site in the Eu2ZnSb2-xBix series (x = 
0, 0.25, 1, 2).   Upon alloying with Bi, the effective mass decreases and the mobility linearly increases, 
showing no signs of reduction due to alloy scattering.  Analysis of the pair distribution functions obtained 
from synchrotron X-ray diffraction revealed significant local structural distortions caused by the half-
occupied Zn site in this structure type.  It is all the more surprising, therefore, to find that Eu2ZnBi2 
possesses high electronic mobility (~100 cm2/Vs) comparable to that of AM2X2 Zintl compounds.  The 
enormous degree of disorder in this series gives rise to exceptionally low lattice thermal conductivity, which 
is further reduced by Bi substitution due to the decreased speed of sound. Increasing the Bi content was 
also found to decrease the band gap while increasing the carrier concentration by two orders of magnitude.  
Applying a single parabolic band model suggests that Bi-rich compositions of Eu2ZnSb2-xBix have the 
potential for significantly improved zT, however, further optimization is necessary through reduction of the 
carrier concentration to realize high zT.   

1. Introduction
Space exploration would not be possible without power for communications and scientific instrumentation. 
To date, numerous power sources exist including solar and battery technologies, however for deep space 
exploration past Jupiter, radioisotope thermoelectric generators (RTGs) are the most viable power option 1. 
Increasing the efficiency of RTGs through the development of improved thermoelectric materials allows 
for higher density power systems.  Since thermoelectric couples are segmented with materials that are 
optimized for different temperature ranges2, it is beneficial to develop thermoelectrics that operate 
efficiently not only at the highest temperatures at the interior of RTGs (1000ºC), but at intermediate 
temperatures as well (e.g., 400-600ºC).   Efficient thermal-to-electrical energy conversion requires materials 
with high Seebeck coefficients (), low electrical resistivity () and low thermal conductivity (), which 
are embodied in the thermoelectric figure of merit, zT = 2T/.  This combination of properties is 
exceptionally difficult to achieve simultaneously – posing a fundamental challenge in the development of 
materials with high zT3–5. 

In the past decade, Zintl phases – one of the most structurally diverse classes of intermetallics - have 
emerged as a promising class of thermoelectric materials at temperature ranging from room temperature to 
1000ºC (e.g., Yb14MnSb11, Mg3Sb2, and Ca9Zn4.5Sb9

6,7,16–22,8–15).  Many Zintls exhibit exceptionally low, 
glass-like lattice thermal conductivity due to either structural complexity6 or soft phonon modes 23.  
Recently, Chen et al. reported promising p-type performance (zT ~ 1 at 823 K) in the Zintl compound 
Eu2ZnSb2

11. The layered structure of Eu2ZnSb2, first reported by D. Wilson et al. in 201124, is a defect-
variant of the AlB2 structure type containing a 50% vacant Zn site.  Chen et al. reported a room temperature 
electronic mobility of µ  65 cm2/Vs, which is quite high among Zintl pnictides, and surprising given the 
high concentration of vacancies in the Eu2ZnSb2 structure.  Additionally, the lattice thermal conductivity, 
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κL, was reported to be comparable to that of Yb14MnSb11, a Zintl phase with a much greater number of 
atoms per unit cell. The reported  µ:κL  ratio in Eu2ZnSb2 is higher than that of any Zintl pnictide currently 
known11.  

An improved understanding of disordered 
materials with high µ:κL ratios may open up new 
routes to electron-crystal, phonon-glass behavior 
in complex semiconductors.  In the present study, 
we investigate the thermoelectric properties of the 
solid solution between Eu2ZnSb2 and Eu2ZnBi2 to 
explore the impact of isovalent alloying on the 
mobility and thermal conductivity.  By substituting 
Bi on the Sb site, we can probe the effect of 
increasing the anion size and thus the degree of 
orbital overlap, while simultaneously further 
increasing the degree of site disorder in the system.  
In addition, pair distribution function analysis was 
used for the first time in this structure type to study 
the degree of local structural distortion caused by 
the half-occupied Zn site.

2. Methods
Synthesis: Polycrystalline Eu2ZnSb2-xBix samples (x = 0, 0.25, 1, and 2) were synthesized using a powder 
metallurgy approach.  Stoichiometric amounts of Eu (99.9%, dendritic, Stanford ), Zn (99.999%, shot,  Alfa 
Aesar), and Sb (99.99%, shot, Alfa Aesar) and/or Bi (99.999%, shot, Alfa Aesar) were cut or crushed into 
small pieces for a total of 20 grams.  Eu pieces were mechanically cleaned as necessary to remove the oxide 
layer before weighing. The elements were placed in tungsten carbide vials with two ball bearings and milled 
for two hours using a SPEX 8000D mixer/mill.  To ensure homogenization, the powder was manually 
scraped and mixed half-way through the milling process.  After milling, the powders were placed in 12.7 
mm inner-diameter graphite dies and hot pressed for two hours. While Eu2ZnSb2 was pressed at 850ºC, the 
far less refractory Eu2ZnBi2was pressed at 500ºC. The alloy samples were pressed using a linear rule of 
mixtures. i.e. a linear extrapolation from the two pressing temperatures of the parent compositions. The 
geometric density of all samples were measured to ensure complete sintering, and yielded > 95% of the 
theoretical densities.

Structural characterization: The chemical composition of the target phases was determined by electron 
probe micro-analysis (EPMA) with wavelength dispersive X-ray spectroscopy (WDS) using a JEOL JXA-
8200 system.  EPMA results are shown in Figure SI.1.  Powder X-ray diffraction data was collected using 
a Rigaku Smartlab diffractometer with Cu Kα radiation.  Lattice parameters were obtained via Rietveld 
refinements completed using Rigaku PDXL software.   Additionally, powder Eu2ZnSb2-xBix samples with 
x = 0.25, 1, and 2 were measured at beamline 11-ID-C at the Advanced Photon source using X-rays with a 
wavelength of 0.1174 Å.  Scattered intensities were recorded with a 2D detector up to a wave vector of q  
= 25 Å-1. The experimental diffraction patterns were converted into atomic pair distribution functions 
(PDFs).  Several structure models were tested and refined against the experimental PDF data using the 
software PDFgui 25.  The initial model used to obtain a structure solution was obtained with the aid of 
density functional theory (DFT) calculations to relax the atomic positions in a lower symmetry (space group 
C2/c) superstructure, after which the atomic positions were further refined to fit the experimental PDF.

Computation:  Vienna ab initio Simulations Package (VASP)26 was used to perform DFT calculations with 
projector-augmented wave (PAW)27 pseudopotentials and Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional28 for several different structural models.  None of the structure models tested possess 
a band gap, regardless of the level of theory employed.   However, some structure models were found to 

Figure 1. a) The nominal structure of Eu2ZnSb2: Eu atoms are 
shown in teal, Zn atoms in cyan, and Sb in orange. b) The structure 
consists of planar hexagonal Zn-Sb nets separated by layers of Eu 
which occupy the corners and edges of the hexagonal prism. The 
Zn site is 50% occupied to preserve overall charge neutrality.
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have energies below the convex hull.  The approaches used in this study are described in detail in the 
supplemental information.   By using an ordered superstructure (space group C2/c) and relaxing the atomic 
positions, we were able to obtain a structure model that reproduced important features observed in the PDF 
data. 

Electronic and thermal transport characterization:  Low temperature Hall coefficients and resistivity were 
measured using a Quantum Design, Physical Property Measurement System (PPMS) with the Thermal 
Transport Option (TTO) and AC Transport Measurement System (ACT) options. For the measurements in 
this work, a custom AC van der Pauw with field reversal was incorporated29.  Low-temperature Seebeck 
coefficients were measured using a custom stage in the Quantum Design PPMS.  High-temperature Hall 
coefficients and resistivity were measured using the van der 
Pauw technique in a four-point probe setup with tungsten 
electrodes and a reversible 0.8 T magnetic field 30.  High-
temperature Seebeck coefficients were measured in a custom 
instrument using W–Nb thermocouples and light-pipe heating 
as described in ref. 31. The electronic transport data was 
analyzed using solutions to the Boltzmann transport equation 
within the relaxation time approximation 32.  The room 
temperature longitudinal and transverse speeds of sound were 
measured using a Panametrics NDT 5800 pulser/receiver in 
combination with a Tektronix TDS 1012 digital oscilloscope. 
Samples were coupled to the pulser/receiver via honey. The 
thermal diffusivity, D, was measured using the laser flash 
method with a Netzch LFA-457 and thermal conductivity, κ, 
was subsequently calculated using κ = DCpd, where Cp is the 
Dulong–Petit approximation for heat capacity and d is the 
geometric density of the sample. An error of approximately 
∼5% can be assumed for the thermal diffusivity, and ~10% for 
electrical transport measurements.  

3. Results and Discussion

Characterization of structural disorder: Eu2ZnSb2 and 
Eu2ZnBi2 are members of the same A2ZnPn2 structure type, 
(space group P63/mmc), which were first reported by D. 
Wilson et al. in 201124 and are also formed by small group of 
other compounds with A=Sr or Eu and Pn = P, As, Sb, Bi.  The 
powder XRD patterns of the Eu2ZnSb2-xBix series, shown in 
Figure SI.2, indicate that the samples are single phase, with the 
exception of small impurity peaks (< 5%) identified as 
EuZn2Pn2.  As expected, the lattice parameters of the majority 
phase increase smoothly with substitution of Bi on the Sb site, 
confirming the formation of a complete solid solution. 

Even in the absence of alloying on the pnictogen site, the half-
occupied Zn site in Eu2ZnSb2 and Eu2ZnBi2 leads to a high 
degree of local structural disorder that likely affects transport 
properties.  The Eu2ZnPn2 structure is a defect variant of the 
ZrBeSi structure type, which in turn, is a ternary derivative of the AlB2 structure.  In the ZrBeSi structure, 
Be and Si form planar hexagonal layers in which each Be is coordinated by three Si atoms, and Si is likewise 
coordinated by three Be atoms.  The Zr cations reside between the BeSe layers in hexagonal prisms. 

Figure 2.  a) The experimental PDF of 
Eu2ZnBi2 agrees well with the nominal high-
symmetry structure at long length scales.  b) 
Upon closer inspection, the nominal structure 
fails to predict nuanced experimental features.  
c)  A lower symmetry model with distortions in 
the planar hexagonal Zn-Bi layer captures these 
finer PDF features, as indicated by the yellow 
arrows, suggesting that the covalently bonded, 
planar layers are corrugated. 

Page 3 of 13 Journal of Materials Chemistry A



4

Analogously, in Eu2ZnSb2 the Zn and Sb form the planar hexagonal layers, and the Eu occupies the 
hexagonal prisms.  However, in contrast to the fully ordered ZrBeSi structure, half of the Zn sites in 
Eu2ZnSb2 are vacant in order to maintain charge neutrality, as shown in Figure 1a).  This leads to an 
enormous degree of disorder on the anionic sub-lattice.  

Although many possible structures with long-range ordering of Zn vacancies can be envisioned, the 
observed XRD patterns show no evidence of superstructure peaks.  Thus, the nominal structure is the highly 
symmetric hexagonal unit cell shown in Figure 1, in which the vacancies are randomly distributed on the 
Zn site.  Despite the lack of long-range order, the Zn vacancies still lead to local distortions of the structure, 
which we have characterized using pair distribution function (PDF) analysis.  As shown in Figure 2a, the 
nominal structure fits the PDF pattern for Eu2ZnBi2 reasonably well.  However, a closer look in Figure 2b 
reveals that there are some differences between the experimental and computed data that can only be 
explained by local deviations from the idealized structure.  To obtain a better fit to the experimental PDF, 
we employed an ordered super-structure with lower symmetry (space group C2/c) and relaxed the atomic 
positions in VASP.  This super-structure is able to capture most of the features caused by the local 
distortions, as shown in Figure 2c.   The deviations from the nominal structure model were found to be due 
primarily to two factors; variation of the Zn-Bi bond angle (nominally 120 degrees) and corrugation of the 
nominally planar hexagonal layers.  Further details of the structural modeling and PDF results for additional 
Eu2ZnSb2-xBix samples can be found in the supplemental information (Figure SI.3 and SI.4).  

Electronic transport:  The electronic transport properties of Eu2ZnSb2-xBix (x = 0, 0.5, 1, 2) samples 
measured from 10 – 800 K are shown in Figure 3. The temperature-dependent resistivity (ρ) shown in 
Figure 3a) confirms that un-alloyed Eu2ZnSb2, is a highly resistive non-degenerate semiconductor, 
consistent with previous reports by Chen et al.  This is also consistent with electron counting, which, in the 

Figure 3. Increasing the Bi content, x, leads to a) decreased resistivity due to b) an 
increase in the Hall carrier concentration and c) mobility.   d) The Seebeck coefficients 
decrease with the increase in carrier concentration accordingly. 
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limit of complete electron transfer,  can be written as  to yield a valence precise [Eu2 + ]2[Zn2 +
1/2 Sb3 ― ]2 ―

2
stoichiometry.  As the Bi concentration is increased, the resistivity decreases by more than two orders of 
magnitude with a corresponding shift from a non-degenerate to degenerate semiconducting temperature-
dependence.  

The drastic change in resistivity is due to simultaneous increases in the carrier concentration and carrier 
mobility, as shown in Figure 3b-c).   Although Bi and Sb are isovalent, there is a 100-fold increase in carrier 
concentration upon fully substituting Sb with Bi. This indicates that a significant increase in defect 
concentration occurs with increasing Bi concentration and/or a decrease in the band gap.  From previous 
studies of defect formation in chemically similar Zintl pnictides, vacancies on the Eu site ( ) are the V2 ―

Eu
most likely defects which contribute to the p-type behavior in this structure type 10,33,34.  Acceptor-type 
vacancies on the Zn site ( ) are another possible explanation, consistent with the study by  Chen et al., V2 ―

Zn
in which increased carrier concentration was achieved by synthesizing samples with compositions Eu2Zn1-

xSb2. We note, however, that the Zn site is already 50% vacant in this structure type, meaning a 
stoichiometry of Eu2Zn1-xPn2, corresponds to a Zn occupancy of (1-x)/2.  Unfortunately, the disordered 
nature of the Zn-site and lack of long-range order in this system makes computational determination of 
defects energies prohibitive.

The Seebeck coefficients of the Eu2ZnSb2-xBix series are 
shown in Figure 3d).  Eu2ZnSb2 exhibits the highest Seebeck 
coefficients, which begin to peak at approximately 550 K 
before beginning to decrease.  This decrease is due minority 
carrier activation, as evidenced by the exponentially increasing 
Hall carrier concentration at coinciding temperatures.  With 
increasing Bi content and carrier concentration, the onset of 
minority carrier activation is shifted towards higher 
temperatures.  We can approximate the band gaps (Eg) using 
the Goldsmid-Sharp approximation, Eg = 2Tmaxmax, which 
yields Eg = 0.34 eV, 0.29 eV, and 0.14 eV for the samples with 
x = 0, 0.25, and 1, respectively (Table 1).  For x = 2, the 
Seebeck coefficient increases linearly within the entire 
measured temperature range, so a band gap could not be 
estimated.  However, the observed trend in Eg vs. x suggests 
that the gap for x = 0 is quite small, possibly zero.  

Figure 4a) shows the relationship between the Seebeck 
coefficients and carrier concentration, n, measured at 573 K.  
As expected, increasing n leads to a decrease in the Seebeck 
coefficient.  The three curves in Figure 4a) were generated 
using a single parabolic band (SPB) model under an 
assumption of acoustic phonon scattering.   Eu2ZnSb2 exhibits 
an SPB effective mass of approximately mSPB

*= 0.57 me, 
consistent with prior results from Chen et al. 11, while the 
effective mass of Eu2ZnBi2 is reduced to 0.32 me.    In contrast, 
the varying Zn content used by Chen et al. to increase the 
carrier concentration of Eu2ZnSb2 had no impact on m*. Note 
that there is considerable uncertainty in the estimated m*, 
arising from the sum of the uncertainty in the Seebeck 
coefficients and carrier concentrations.

Figure 4. a) The Seebeck coefficients and b) 
mobility at 573 K show a decrease in m*

SPB, a 
large increase in the intrinsic mobility, o, as 
the Bi concentration increases. 
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The mobility,   of Eu2ZnSb2, calculated from , is approximately 50 cm2/Vs at room 𝜌 = 1/𝑛𝑒𝜇
temperature, consistent with reports by Chen et al. 11.  At low temperatures (10-200 K), the positive slope 
of  in Eu2ZnSb2 is indicative of a resistive grain boundary contribution16 or scattering from ionized 
impurities.  With increasing Bi content, the slope of the low-temperature mobility shifts from positive to 
negative, indicating a transition towards acoustic phonon-dominated scattering.  In pure Eu2ZnBi2, the 
mobility is consistent with acoustic phonon scattering ( T-1.5) across the entire measured temperature 𝜇 ∝  
range and reaches a maximum of 180 cm2/Vs at 10 K.      The high mobility in both Eu2ZnSb2 and Eu2ZnBi2 
is comparable to the rare-earth containing AM2Pn2 compounds3512,36, which is exceptional given the 
enormous degree of disorder and local distortions on the anion sublattice in this structure33,37–39.

As shown in Figure 4b), with  does not decrease with increasing carrier concentration as expected within 
a single parabolic band model with acoustic phonon scattering.   Rather,   increases strongly as a function 
of Bi-content and carrier concentration.  The introduction of point defects via alloying on the pnictogen site 
would also be expected to substantially reduce  due to the mass contrast between Sb and Bi, but no such 
effect is observed here.  One possible explanation is that the scattering due to the partially occupied Zn site 
(and associated local structural distortions) is the dominant factor, essentially obscuring the impact of 
further point defect scattering.   

The complete substitution of Bi on the pnictogen site leads to a four-fold increase in the intrinsic mobility, 
o (see the solid and dashed curves in Figure 4b).  The difference between o of the two end-members can 
be attributed to the significant decrease in the effective mass with Bi alloying.  As discussed in ref. 40, the 
relationship between mobility and effective mass in the limit of deformation-potential scattering (e.g., 
acoustic-phonon scattering), is given by .  Thus, assuming the change in  results from a 𝜇 ∝ 1 (𝑚 ∗ )

5
2 𝑚 ∗

change in band curvature (as opposed to a change in degeneracy), a roughly two-fold reduction in , can 𝑚 ∗

lead to a four-fold increase in mobility, consistent with the observed increase in intrinsic mobility shown 
in Figure 4b).    

The trend towards smaller band gaps and higher mobility in compounds with larger anions has been 
observed in a number of other Zintl compounds including the AM2Pn2 compounds (A = alkaline or rare 
earth, M = metal, Pn = pnictogen)33 and the Mg3Sb2-xBix system 41.  The basic trend can be understood by 
considering the relative ionization energy, electronegativity, and atomic size of the anions. As the ionization 
energy and electronegatively of the anion increases, the energy of the bonding molecular orbital decreases42. 
This results in a larger energy difference between the bonding and antibonding states in the solid which 
would yield a larger gap.  However, as the atomic size increases, orbital overlap of the anion states increases, 
which broadens the bands, simultaneously leading to greater dispersion (smaller effective mass) and a small 
band gap.  

Table 1.  Electronic and thermal properties of the Eu2ZnSb2-xBix series.  Eg was estimated using the Goldsmid-Sharp 
approximation, the effective mass (mSPB

*) and intrinsic mobility (o) were estimated using a single parabolic band 
model, and the elastic moduli (G, K) and speed of sound (vL and vT) were obtained from ultrasound measurements.

Page 6 of 13Journal of Materials Chemistry A



7

Thermal transport: Figure 5a) shows the total thermal conductivity, total, of the Eu2ZnSb2-xBix samples.  
Increased electronic conductivity in the Bi-containing samples results in a considerable increase in the total 
thermal conductivity.  In order to approximate the electronic contribution, e, the Wiedemann-Franz 
approximation (e =LT/) was used for samples with x = 0, 0.25, and 1 with Lorenz number, L, determined 
by the SPB model 43.  Subtracting e from total yields the lattice contribution, L, shown in Figure 5b).  The 
exceptionally low, nearly temperature-independent lattice thermal conductivity of these samples can be 
attributed to the local distortions from the half-occupied Zn site as well as the mixed pnictogen site 
occupation.  When applied to the Eu2ZnBi2 sample (x = 2), the Wiedemann-Franz approximation yields an 
unrealistically high electronic contribution, which, in turn, leads to a negative lattice thermal conductivity 

for all temperatures above 400 K.  This is shown in Figure SI.4, which compares the L values for Eu2ZnBi2 
that were obtained using different assumptions, including the insulating and metallic limits of the Lorenz 
number.  Failure of the Wiedemann-Franz approximation is not uncommon in systems that combine very 
low lattice thermal conductivity with high electronic conductivity44.  Overestimations of the Lorenz number 
(L) can also stem from deviations from a single parabolic band system 45.  Because we cannot confidently 
assign a L value to the Eu2ZnBi2 sample, we instead show the Cahill glassy minimum, min, estimated using 
the experimental speed of sound (see Table 1).  The predicted glassy minimum for Eu2ZnBi2 is slightly 
lower than that of Eu2ZnSb2, due to the shorter, stiffer bonds of the Sb analogue, which lead to its larger G 
and K reported in Table 1. 

Figure of merit:  The figure of merit, zT, of the Eu2ZnSb2-xBix samples is shown in Figure 6a).  Eu2ZnSb2 
has a maximum zT of 0.5, while the sample with x = 0.25 reaches a slightly improved maximum of 0.6 at 
800 K.  This is slightly lower than the zT reported by Chen et al. (zT = 0.6 at 720 K and 0.575 at 800 K) for 
un-altered Eu2ZnSb2

11.  As previously discussed, the mSPB
* and κL of the samples vary as a function of Bi 

concentration, so each sample was fit to an individual SPB model using the parameters summarized in 
Table 1.  According to the model (dashed curves in Figure 6b) the optimum carrier concentration required 
to maximize zT decreases as Bi concentration increases, and the maximum attainable zT value increases. 
This is attributed to the combined impact of increased mobility (see Figure 4) and lower lattice thermal 

Figure 5 The a) total and b) lattice thermal conductivity of the Eu2ZnSb2-xBix series. Across 
the entire temperatures range, L is at or below the glassy limit (orange dashed line for 
Eu2ZnSb2 and blue dashed line for Eu2ZnBi2). The inset illustrates the temperature 
dependence of the SPB Lorenz numbers: note the x = 2 composition is not included in the plot 
as it predicts unrealistic negative lattice thermal conductivity values.
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conductivity.  Thus, while Eu2ZnSb2 has been reported to have a zT of 1 at 823 K, significantly higher zT 
values are anticipated for samples alloyed with Bi, assuming the carrier concentration can be optimized.  

Although the SPB curve is not shown for the end-member compound Eu2ZnBi2, it has an even lighter effect 
mass than Eu2ZnBiSb (x = 1), which shifts the predicted optimal carrier concentration to well below 1019.   
Further, assuming that L = min for Eu2ZnBi2, which is a conservative estimate in this case, one would 
predict a peak zT of ~1.5 at 573 K.   However, this prediction is misleading, and is a direct consequence of 
our “single band” assumption, which does not account for minority carriers.  In reality, effects such as 
minority carrier activation and bipolar thermal conductivity would likely reduce the maximum zT value. 
The band gap of Eu2ZnBi2 is estimated to be roughly 0.06 and 0.14 eV using the Goldsmid-Sharp 
approximation.  However, it is possible that Eu2ZnBi2 does not have a bandgap.  Another challenge lies in 
fighting compensating defects in order to dope Eu2ZnBi2 to carrier concentrations below 1019 cm-3.  
However, these obstacles might be less prominent in the alloyed compositions, providing us with a path to 
synthesizing high zT materials in the low-to mid-temperature regime.

4. Conclusion

The Eu2ZnSb1-xBix system is exceptional in that it exhibits very high electronic mobility despite an immense 
degree of local structural disorder.   This was hinted at in a previous investigation by  Chen et al., which 
showed that among all Zintl compounds, Eu2ZnSb2 appears to have the highest ratio of mobility to lattice 
thermal conductivity.   In the current study, we have revealed the full extent of the local disorder caused by 
Zn vacancies in this material using pair distribution function analysis.   Further, we have shown that 
additional disorder in the form of Bi substitution on the Sb site has no adverse impact on the mobility.  In 
fact, the mobility increases linearly with Bi alloying, leading to an overall increase of a factor of two in the 
Bi end-member.  Simultaneously, the lattice thermal conductivity decreases with increasing Bi substitution.  
Thus, even using conservative approximations, Eu2ZnBi2 now has the highest :L ratio of any Zintl 
compound reported to date.  The remarkably high electronic mobility in this highly disordered material 
system points to a new path forward in the never-ending quest for new materials with phonon-glass electron-
crystal behavior. 

Figure 6.  a) The figure of merit, zT, reaches a maximum of 0.6 at 573 K for the x = 0.25 composition.   
b) SPB models (dashed curves) show that as x increases, the carrier concentration required to optimize 
zT will decrease.  The symbols show the experimental zT values at 573 K.  The highest zT values are 
anticipated in the x = 1 sample if n can be optimized. 
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