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SUMMARY

Refractory rare-earth tellurides with the Th3P4 structure type have attracted

considerable interest as high-performance thermoelectric materials since the

1980s due to their high dimensionless figure of merit (ZT). Extensive work has

been conducted on La3�xTe4 with peak ZT values greater than 1.1 at 1,273 K.

The high ZT of La3-xTe4 is in part due to a large peak in the density of states

near the Fermi level from the La 5d states. Here, we revisit Pr3�xTe4, for which

our electronic structure calculations predict a favorable modification of the

density of states by the introduction of praseodymium’s 4f electrons. This was

experimentally verified by preparing Pr3�xTe4 samples with varying Pr vacancy

concentrations using a mechanochemical synthesis approach. The thermo-

electric properties were measured and a ZT of 1.7 at 1,200 K was achieved

with Pr2.74Te4. The 50% improvement in peak ZT compared with La3�xTe4
resulted from an increased effective mass, improved Seebeck coefficient, and

lower thermal conductivity.

INTRODUCTION

Thermoelectric materials have been integrated into solid-state energy conversion

devices, which can either function as electrical power generators or be utilized as

heat pumps for electronic refrigeration. Si-Ge alloys, PbTe, and Te-Ag-Ge-Sb

(TAGS) have been successfully integrated into radioisotope thermoelectric genera-

tors (RTGs) to enable deep space and planetary scientific exploration of our solar

system for more than 50 years. RTGs have demonstrated long-term reliability and

longevity, as evidenced by the Voyager 1 and Voyager 2 missions operating contin-

uously for over 40 years.1

While systems built using heritage thermoelectric materials have demonstrated high

reliability, one limiting factor is the fact that they exhibit modest thermal-to-electric

energy conversion efficiency (approximately 6.5% at the system’s beginning-of-life,

BOL). This is because their average dimensionless figure of merit (ZT) values over their

operating temperature range are significantly lower than 1 (about 0.80 for PbTe/TAGS

materials across a 811–483 K temperature range and 0.55 for Si-Ge alloys over a

1,273–573 K temperature range).2–5 The dimensionless thermoelectric figure of merit

is defined as ZT = S2T
rk
, where S is the Seebeck coefficient, T is temperature, r is electrical

resistivity, and k is thermal conductivity. Therefore, identifying materials that possess a

high Seebeck coefficient, low resistivity, and low thermal conductivity would allow for

larger scientific payloads, decrease the amount of radioisotope heat-source fuel

used, and reduce the weight of the RTG for a given power level.6

Context & Scale

Thermoelectric generators have

been an enabling technology for

reliably powering many long-lived

space science and exploration

missions by the National

Aeronautics and Space

Administration such as the

Voyager missions and the recent

Mars rover, Curiosity. A significant

increase in conversion efficiency

by materials such as Pr3�xTe4
would translate into a reduction in

the amount of expensive heat-

source fuel and could allow for an

increase in the available power as

well as more capable payloads for

a given mission. Beyond space

applications, higher efficiencies

would benefit the recent surge of

interest in implementing

thermoelectrics for terrestrial

applications such as waste heat

recovery from automobiles and

industrial processes.
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Lanthanum telluride (La3�xTe4) has been identified as a potential material for high-

temperature thermoelectric applications.3 La3�xTe4 possesses the defect thorium

phosphide (Th3P4) structure type, with 28 atoms per unit cell, which accommodates

vacancies on up to one-ninth of the rare-earth sites. Each La atom donates three

electrons and each tellurium atom accepts two electrons, resulting in one free

electron per La3Te4 formula unit. Therefore, the carrier concentration is tied to the

number of La vacancies and the electronic properties can be tuned betweenmetallic

behavior when x= 0 (La3Te4) and semi-insulating when x= 0.33 (La2.67Te4). Addition-

ally, La3�xTe4 exhibits a relatively low lattice thermal conductivity resulting from the

complexity of the Th3P4 structure type, electron-phonon scattering from the high

carrier concentration, and phonon scattering from vacancies. As a result, La3�xTe4
has a high peak ZT of 1.1 at 1,273 K for x = 0.23.7

Other rare-earth tellurides possessing the Th3P4 structure type have also been studied

for potential use as thermoelectric materials.4,8–14 This is due to their stability in the

high-temperature range of interest for RTGs and the large ZT values exhibited by

some of the compounds.4,15 However, reproducibility of the thermoelectric properties

of specific stoichiometry of these compounds has proved challenging.Melt synthesis or

solid-state reactions of the elemental species were used extensively in reports exam-

ining the rare-earth tellurides.16–18 These techniques often require high temperatures

(>2,000 K) and typically result in inhomogeneous samples. The large difference in

melting points between tellurium (722 K) and the rare-earth elements (1,193 K for

lanthanum and 1,208 K for praseodymium) leads to vapor-phase loss of tellurium and

alters the final stoichiometry of the products, which are very sensitive to stoichiometric

deviations due to vacancy doping. Additionally, the oxygen sensitivity of the rare-earth

elements and tellurides is problematic, especially at elevated temperatures. Recently it

has been demonstrated that mechanochemical synthesis can be used to synthesize

La3�xTe4 at low temperatures.7 The use of mechanochemical synthesis circumvents

the challenges associated with high-temperature synthetic techniques by mechano-

chemically synthesizing La3�xTe4 product in a closed system (ball mill vial) operating

at room temperature, thereby allowing samples to be prepared reproducibly with pre-

cise stoichiometry and in a short period of time.

The band structure of La3�xTe4 has been shown to be favorable for a large Seebeck

coefficient due to heavy conduction bands.19 The electronic density of states (DOS)

in the conduction band of La3�xTe4 is composed almost entirely of La states, while

the Te states dominate the valence band.19,20 A large Seebeck coefficient can be

achieved at high carrier concentrations due to a sharp peak in the DOS near the

Fermi level in the conduction band. Modifications of the DOS to further improve

the Seebeck coefficient have been attempted using divalent substitutions of Ca

and Yb on the La site, but were found to have little impact on the thermoelectric

properties.21,22 Examination of the DOS of La3�xTe4 reveals that while the main

contribution to the peak in the conduction band comes from the La 5d orbital, there

is also contribution from the 4f states. The smaller contribution of the 4f orbitals re-

sults from the absence of f electrons in La 4f shell. However, since the 4f states are

located above the Fermi level, an increase in the DOS or sharpening of the peak

at the Fermi level by introduction of 4f electrons could increase the Seebeck

coefficient and ultimately the thermoelectric performance of the material.

Previously we have studied the effects of Ce3�xTe4, where Ce possesses 1 electron in

the valence shell. We found that the thermoelectric properties of Ce3�xTe4 were

similar to that of La3�xTe4
20 (also J.P. Fleurial, personal communication). To investi-

gate the effects of the 4f electrons on the DOS, we studied Pr3�xTe4, where the Pr
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atoms include three 4f valence electrons in the valence shell. This addition of f elec-

trons has given Pr-containing compounds novel optical, magnetic, and supercon-

ducting properties.23–25 While the electronic properties of Pr3�xTe4 have been

previously reported, the use of melt synthesis led to inconsistencies in reported

values.4,26,27 To avoid these issues, we employed mechanochemical synthesis to

produce Pr3�xTe4 samples with increasing vacancy concentrations and measured

the thermoelectric properties.

RESULTS AND DISCUSSION

Pr3Te4 Electronic Structure

Band engineering is one of the key tools for optimizing ZT of complex materials. An

important difference between Pr3Te4 and La3Te4 is the presence of three additional

f electrons in Pr. We have studied the band structures and DOS of these two materials

to understand the extent to which the f states affect the thermoelectric properties. Fig-

ure1Acompares theDOSof La3Te4 andPr3Te4. The sharppeaks observed in theDOSof

bothcompoundsaremainlyassociatedwith the forbitals (seediscussion in thenextpara-

graph).While the fpeak in La3Te4 is located far above the Fermi level, the fpeak inPr3Te4

Figure 1. Calculated Electronic Band Structure of Pr3Te4 and La3Te4

(A) Comparison of density of states (DOS) of La3Te4 and Pr3Te4. The Fermi level is defined as Ef = 0 for both compounds.

(B) Calculated electronic band structure diagram of La3Te4.

(C) Calculated electronic band structure diagram of Pr3Te4.

(D) Seebeck coefficient of Pr3Te4 as a function of temperature and rare-earth vacancy concentration.
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is situated near and at the Fermi level, resulting in a higher DOS in the energy range of

interest ton-type thermoelectricmaterials. This enhancement inDOSat theFermi level is

one of the important requirements for improving transport properties. To have an

enhanced transport property, the Fermi energy for the experimental value of the elec-

tron density should be close enough to the resonance in the DOS such that band contri-

butions to ZT become dominant. An example of this observation can be found for the

case of Ce3Te4, where the f peak is too far from the Fermi level to significantly contribute

to the Seebeck coefficient at practical experimental conditions.20

The role of f electrons on the electronic properties can be further investigated by

comparing partial DOS of La3Te4 and Pr3Te4. As seen from Figures S1 and S2, the

main contribution to the DOS peak in the La3Te4 and Pr3Te4 comes from 5d and 4f

orbitals of La and Pr, respectively. However, because the La 4f peak in La3Te4 is located

far from the Fermi level, significant contribution to the DOS and, thus, transport prop-

erty at and near the Fermi level relies mostly on La 5d orbitals for La3Te4. On the other

hand, although the two peaks (the large and small ones) observed in Pr3Te4 DOS

are also mainly contributed by the f orbitals and d orbitals, the contribution from

the f orbitals dominates at the Fermi level. Consequently, for Pr3Te4 it is expected

that the presence of three f electrons in Pr atoms would enhance the transport proper-

ties, compared with La atoms with no electrons in the f shells. In addition, Figures S1

and S2 also show a gap that separates the f peak from other lower energy states

(with energy of less than �1.4 eV) in both cases. The gap is �0.91eV for Pr3Te4, which

is smaller than that of La3Te4 (�1.01 eV). While the main contribution to the DOS

peak is the 4f orbitals, far below the Fermi level in the valence band at the energy of

�1.4 eV, Te 5p orbitals are found to contribute the most to the DOS.

To acquire further insight into the difference in electronic properties of La3Te4 and

Pr3Te4, we examined the band structures of both compounds. Figures 1B and 1C

show the band structures of La3Te4 and Pr3Te4. Slightly above the Fermi level in

the band structure of Pr3Te4 a denser region of flat bands is observed, which

originates from the 4f orbitals of Pr atoms. Further above the Fermi level

(�0.5 eV), significant changes in the band structure are also observed for the case

of Pr3Te4, especially at the H, N, and G points. The bands become flatter, and

band degeneracy is changed dramatically. Due to the effect of f orbitals, the bands

at the G point have smaller curvatures for the Pr3Te4 case than for La3Te4. Conse-

quently, the effective masses are expected to be larger for Pr3Te4 than for La3Te4.

The Seebeck coefficients for Pr3Te4 and La3Te4 are computed using standard

expressions derived from the linearized Boltzmann Transport Equation and the rigid

band approximation to describe the variation of electron concentration due to

vacancies.19,28,29 In the rigidbandapproximation, thebandstructureof the studiedcom-

pounds is assumed to be unchanged when varying the electron concentration; only the

position of the Fermi energy is adjusted. Figure 1D presents the Seebeck coefficients of

Pr3Te4 as a function of temperature and carrier concentration. Here the Seebeck coeffi-

cient increases with increasing temperature, and decreases with increasing carrier con-

centration. Figure S3 compares the Seebeck coefficient of both compounds. The plot

shows larger Seebeck coefficients for Pr3Te4 than for La3Te4 for all carrier concentrations

of interest (1020–1022 cm�3). The results are consistent with the increase in DOS due to

the presence of f electrons observed near and at Fermi energy.

Sample Characterization

Densified, sintered compacts were ground using a mortar and pestle and their phase

purities analyzed using powder X-ray diffraction (XRD). The diffraction pattern shown
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in Figure 2A is of a representative sample. No secondary or oxide phases were de-

tected, and the pattern correlated with the Pr3Te4 pattern previously reported.28 Phase

homogeneity of the samples further verified by the backscattered electrons (BSE) on

samples consolidated by spark plasma sintering (SPS) as shown in Figure 2B is typical

of all samples, and the uniform contrast reflects the phase homogeneity of the sample.

The dark areas in Figure 2B resulted from trace amounts of residual porosity in the

sample. From Figure 2B, the porosity was calculated to be approximately 2.5%.

To determine the composition of each sample, we employed both wavelength disper-

sive X-ray spectroscopy (WDS) (on sintered samples) and Rietveld analysis (on ground

compacts). These values were compared with nominal compositions in Table 1. Ten

WDS measurements were averaged for each value given. WDS and nominal composi-

tions were in good agreement for all compositions, as were the values calculated from

Rietveld for samples near the compositions Pr3Te4 and Pr2.67Te4. The Rietveld calcula-

tions were found to underestimate the vacancy concentrations for intermediate compo-

sitions due to the XRD scan quality not having the necessary resolution for consistent

calculation of the fractional occupancy, although the values are in good agreement

with the nominal compositions. The lattice parameter for each sample was also

determined from Rietveld analysis, as shown in Figure 2C. There was little change in

the lattice parameter when the maximum number of vacancies was introduced, which

Figure 2. Phase and Compositional Analysis of Pr3–xTe4 Samples

(A) X-ray diffraction pattern of Pr2.74Te4 mixed with a Si internal standard. The pattern is

representative of the diffraction patterns of other Pr3�xTe4 samples in this study, with no secondary

or oxide phases present. Rietveld refinement was performed and the calculated pattern and

difference curve are shown. The fit from the Rietveld analysis is in agreement with the Pr3Te4 phase.

The goodness of fit was found to be 2.39 and wR = 0.770%.

(B) BSE micrograph of the polished surface of the Pr2.74Te4 sample. The uniformity of the image

contrast reflects the homogeneity of the samples. Dark regions in the image are from the small

amount of residual porosity present in the sample.

(C) Lattice parameter calculated from Rietveld analysis as a function of vacancy concentration.

Error bars in lattice parameters represent the diffractometer limit of G0.001 Å and error bars

in x represent 5%.
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is consistent with prior structural investigations of Pr3�xTe4.
28,29 The small change

in lattice parameter is also observed in La3�xTe4; however, the mass density of

La3�xTe4 is constant at 6.58 g cm�3 whereas that of Pr3�xTe4 is 7.27 g cm�3 when

x = 0 and 6.91 g cm�3 when x = 0.33.19,30–32 The difference in the density behavior

as a function or rare-earth atomic vacancies for these two materials is not well under-

stood and warrants further investigation.

Electronic Transport Properties

Electrical resistivity as a function of temperature was measured, and is shown in

Figure 3A along with values previously reported for La3�xTe4.
19 All samples ex-

hibited behavior expected for a degenerately doped semiconductor. The resistiv-

ity of the samples increased with increasing vacancy concentration due to the

reduction in carrier concentration. Measurements made on samples with x =

0.33 were conducted but the high resistivity of the samples presented difficulties

in making ohmic contacts, which resulted in inaccurate Van der Pauw resistivity

values. The resistivity of Pr3�xTe4 samples trends well with the values of La3�xTe4
for lower vacancy concentrations. However, at higher vacancy concentrations the

Pr3�xTe4 samples exhibited higher resistivity values than La3�xTe4 with equivalent

vacancy concentrations.

The temperature-dependent Seebeck coefficient is shown in Figure 3B. The See-

beck coefficient increased with increasing vacancy due to the reduction in carrier

concentration, as expected. Similar to what was observed with the high-temperature

resistivity, the Pr3�xTe4 samples with lower vacancy concentrations were found to be

similar to those of La3�xTe4, and at higher vacancy concentrations the Pr3�xTe4 sam-

ples yielded higher Seebeck coefficients compared with La3�xTe4. Specifically, the

Pr2.74Te4 composition exhibited a 25% increase in the Seebeck coefficient when

compared with La2.74Te4. The improved Seebeck coefficient of Pr2.74Te4 resulted

in an increased power factor (sS2) over La2.74Te4 (Figure 3C).

An effective mass of m* = 3.5me and 2.13me were calculated for Pr2.74Te4 and

La2.74Te4, respectively, using a single parabolic bandmodel (Figure S8). An effective

mass of 2.13me matches well with previously reported values for La3�xTe4, which

range from 1.6me to 2.75me.
4,7,9 The increased effective mass of Pr2.74Te4 over

La2.74Te4 is consistent with the observed increase in the Seebeck coefficient at

equivalent vacancy concentrations, and supports the hypothesis that the 4f electrons

modified the band structure favorably over La3�xTe4.

Table 1. Nominal Sample Composition Compared with Compositions Measured from WDS and

Rietveld Analysis

Nominal Composition WDS Composition Rietveld Composition

Pr3Te4 Pr3.03Te4 Pr2.97Te4

Pr2.90Te4 Pr2.93Te4 Pr2.92Te4

Pr2.86Te4 Pr2.86Te4 Pr2.91Te4

Pr2.78Te4 Pr2.78Te4 Pr2.86Te4

Pr2.74Te4 Pr2.78Te4 Pr2.79Te4

Pr2.70Te4 Pr2.70Te4 Pr2.68Te4

Pr2.67Te4 Pr2.61Te4 Pr2.67Te4

The nominal andWDS compositions were in good agreement with one another. Compositions calculated

via Rietveld analysis were in good agreement with nominal and WDS compositions for samples near

Pr3Te4 and Pr2.667Te4, but samples with intermediate compositions were found to underestimate the

vacancy concentrations.
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Thermal Transport Properties

The total thermal conductivity is shown in Figure 4A andwas calculated from k =DCpd,

where D is the measured thermal diffusivity, Cp is the measured heat capacity (Fig-

ure S9), and d is the sample density (Table S2). Thermal conductivities were found to

range from 5 to 35 mW cm�1 K�1, with the thermal conductivity decreasing with

increasing vacancy concentration. This was expected, as the total thermal conductivity

is composed of two components, the electronic and lattice thermal conductivities, and

is given by k = ke + kL. Therefore the increased vacancy concentration had a reduced

electronic term from the corresponding decreased carrier concentration. This behavior

is similar to that previously reported for La3�xTe4.

When samples with equivalent vacancy concentrations were compared, it was found

that Pr3�xTe4 samples exhibited a significantly lower thermal conductivity than

La3�xTe4. To determine whether this decrease was due to a change in the electronic

or lattice contributions, we calculated the lattice thermal contribution. The lattice

Figure 3. High-Temperature Electronic Properties of Pr3–xTe4 Samples

(A) Temperature-dependent resistivity of Pr3�xTe4 samples compared with that of La3�xTe4.
7 The samples are indicated by their nominal compositions.

The higher vacancy concentration Pr3�xTe4 samples had resistivities much higher than equivalently vacancy doped La3�xTe4.

(B) Seebeck coefficient as a function of temperature of Pr3�xTe4 samples compared with that of La3�xTe4.
7 Pr3�xTe4 samples at higher vacancy

concentrations exhibited significantly larger Seebeck values compared with La3�xTe4.

(C) Temperature-dependent power factor (sS2) of Pr3�xTe4 and La3�xTe4 samples. An increase was observed for Pr2.74Te4 over La2.74Te4 across the

temperature range measured.
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thermal conductivity was found by first calculating the electronic contribution using the

Wiedemann-Franz law ke = LsT, where L is the Lorenz number and s is the electrical

conductivity; the electronic contribution was then subtracted from the total thermal

conductivity. A simplified variable Lorenz number was used, which was calculated as

a function of Seebeck coefficient using the approximation L = 1.5 + exp(�jSj/116)

and resulted in Lorenz numbers between 1.5 and 2.2 3 1021 WU K�2.33

Figure 4B shows the calculated lattice contributions to the total thermal

conductivity, kL, for vacancy concentrations similar to La2.74Te4. The intrinsically

low kL resulted from the complexity of the Th3P4, which promoted substantial

Umklapp scattering of acoustic phonons.22 kL values for the Pr3�xTe4 samples

were found to be similar to one another and lower than that calculated for

La2.74Te4 from room temperature to 1,275 K. To investigate the origin of the

reduced kL in Pr3�xTe4, we measured the elastic moduli and sound velocities of

both La2.74Te4 and Pr2.74Te4 from room temperature up to 573 K. The elastic moduli

Pr2.74Te4 was found to be slightly lower than La2.74Te4. Combined with the higher

density of Pr2.74Te4, this led to a small decrease in the speed of sound (Figure S4),

which is consistent with the lower kL.

Thermoelectric Figure of Merit

Combining the electronic and thermal transport properties, the ZT was calculated as

a function of temperature (Figure 4C), with a propagated error of 30%. ZT was found

to increase with increasing vacancy concentration until x = 0.26 and then began to

decrease. A peak ZT of 1.7 at 1,200 K was achieved. This represents a 50%

Figure 4. Temperature-Dependent Thermal Conductivity and Dimensionless Figure of Merit of

Pr3–xTe4

(A) Total thermal conductivities of Pr3�xTe4 compared with La2.74Te4.
7

(B) Lattice thermal conductivities calculated using the Wiedemann-Franz law. Pr3�xTe4 samples

with higher carrier concentrations were omitted due to strong deviation from the Wiedemann-

Franz law.

(C) Temperature-dependent thermoelectric figure of merit, ZT, as a function of temperature.

The optimized ZT for La3�xTe4 is shown for comparison. The error in ZT is approximately 30%.7
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improvement over the optimized ZT of 1.1 reported for La3�xTe4.
7 The improvement

in ZT resulted from the large increase in the Seebeck coefficient from the electronic

states introduced by the 4f electron in addition to the lower thermal conductivity,

which resulted from a decreased lattice contribution.

Conclusion

Density functional theory was used to calculate the DOS and energy band diagram

for Pr3Te4. It was found that the 4f electrons of Pr cause a sharp increase in the DOS

near the conduction band edge when compared with La3�xTe4. The increase in the

DOS was predicted to improve the Seebeck coefficient of n-type Pr3�xTe4. A series

of Pr3�xTe4 samples with varying vacancy concentrations were successfully synthe-

sized using mechanochemical methods. The stoichiometry and phase purity were

analyzed through a combination of WDS and XRD. The electronic and thermal

properties were measured and Pr3�xTe4 exhibited a 25% improvement in the

Seebeck coefficient over La3�xTe4 near optimal vacancy concentration levels. Addi-

tionally, Pr3�xTe4 was found to have decreased thermal conductivity due to a smaller

lattice contribution than La3�xTe4. The increased Seebeck coefficient and reduced

thermal conductivity resulted in a peak ZT of 1.7 at 1,200 K. The successful theoret-

ical prediction and experimental verification of the modified band structure of

Pr3�xTe4 due to the 4f electrons suggests that further improvements can be made

by incorporating other rare-earth elements.

EXPERIMENTAL PROCEDURES

Synthesis

Amechanochemical approach was used to synthesize samples of the desired stoichi-

ometry. Elemental Pr (99.9%, Stanford Materials) and Te shot (99.999, 5N Plus) were

combined and sealed under argon in stainless-steel ball mill vials with stainless-steel

balls. They were then milled (SPEX SamplePrep 8000) for over 10 hr until homoge-

neous black powders of Pr3�xTe4 were produced. The powders were then densified

in graphite dies through SPS at a pressure of 80 MPa and at temperatures above

1,200�C for 30 min under vacuum. The Archimedes method was used to measure

density, and the compacted samples were found to be 97% dense or greater of

theoretical values (Table S2).

Characterization

XRD data were collected with a Phillips PANalytical X’Pert Pro diffractometer using

Cu Ka radiation. Compacted samples were ground using a mortar and pestle and

then mixed with Si powder (�325 mesh, 99.999%, Alfa Aesar) to use as an internal

standard during Rietveld analysis. Due to the Pr3�xTe4 powders being highly air

sensitive, the powders were sealed with 1-mm thick Kapton film on an Si zero back-

ground holder under argon. Scans were performed over a 2q range of 25�–100�, with

a 0.02� step size and a time of 11.5 s per step. Rietveld refinement was done using

GSAS-II crystallographic data analysis software.34 Structural data for the cubic phase

with space group I43d from Mitarov et al. was used for refinement.30 To perform a

stable refinement of the Pr occupancy, the occupancy on the Te position was held

at 100% as no vacancies were expected.

WDSwas performed to assess the elemental compositions of the sintered compacts.

A JEOL JXA-8200 electron probe microanalyzer was utilized, with PrPO4 and

elemental Te as the standards. Ten points were measured for each sample and

the elemental compositions were averaged to determine the composition of the

samples. Backscattered electron scanning electron microscopy images were taken

on a Zeiss 1550 VP scanning electron microscope.
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A custom-built combined 4-point probe and Hall effect system was used to

measure the electrical resistivity and Hall voltage, from which the carrier concentra-

tion and mobility were calculated.35 The Seebeck coefficient was measured

using a custom-fabricated instrument.36 Thermal diffusivity was measured using a

commercial Netzsch LFA 457 system and specific heat capacity was measured

using a Netzsch DSC 404. The thermal conductivity was calculated by k = DCpd,

where k is the thermal conductivity, D is the thermal diffusivity, Cp is the

specific heat capacity, and d is the sample density. Errors in electrical resistivity,

Seebeck, and thermal conductivity were found to be approximately 5%, 20%,

and 10%, respectively. The measured properties of the samples were not found

to change with repeated thermal cycling, indicating high stability for the rare-earth

vacancies.

High-temperature resonant ultrasound spectroscopy (RUS) measurements from

300 K to 573 K (300�C) were performed on bulk samples using a Magnaflux-RUS

Quasar 4000 system under flowing argon to minimize oxidation with a frequency

range of 0–500 kHz with 16.67-Hz step size. Data were analyzed using the

Quasar2000 ClyModel software package.

DFT Calculations

The structural relaxation and electronic properties of La3Te4 and Pr3Te4 were

computed with the open-source DFT software package Quantum Espresso.37 It

is well known that the f states in rare-earth compounds are not adequately

described by standard local density approximation (LDA) and generalized-gradient

approximation due to strong electronic correlation effects.38,39 To address this

shortcoming, PBE plus on-site Coulomb interaction (PBE + U) was used in this

work.40–42 The on-site Coulomb interaction serves to correct the self-interaction

for the f electrons localized at the rare-earth sites. Projected augmented wave

(PAW) potentials generated with the AUTOPAW program were used for La and

Pr with an energy cutoff of 60 Ry for the wave functions and a charge density cutoff

of 540 Ry.43,44 Since Pr3Te4 and La3Te4 are metallic, the Mazari-Vanderbilt smear-

ing scheme was used to expedite the convergence toward self-consistency.45 Bril-

louin zone k-point sampling of 13 3 13 3 13 and 17 3 17 3 17 were used for the

structural relaxation and transport property calculations (Seebeck coefficient),

respectively. The choice of energy cutoff and k points was derived from the details

of convergence tests.

La3Te4 and Pr3Te4 have the Th3P4 structure, belonging to the cubic crystal system

and space group I43d.4,7 The atomic positions of both structures were relaxed for

various fixed lattice parameters. The lattice parameter corresponding to the mini-

mum total energy is found to be 9.70 Å for La3Te4, in good agreement with the

experimental values of 9.622 Å.7 For Pr3Te4, we computed the lattice constant for

several values of U. We found that U = 4.0 eV gives a relaxed lattice constant of

9.50 Å, in excellent agreement with the experimental value of 9.482 Å, with an error

of �0.2%.30 At room or higher temperatures, both materials are paramagnetic. For

this reason, we discuss the electronic properties of Pr3Te4 for non-spin polarized

calculations, since it more closely describes the properties of Pr3Te4 at or above

room temperature.
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