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The Effect of Light Rare Earth Elements Substitution in Yb14MnSb11 
on Thermoelectric Properties  

Yufei Hu,a Sabah K. Bux,b Jason H. Grebenkemper,a and Susan M. Kauzlarich*a 

After the discovery of Yb14MnSb11 as an outstanding p-type thermoelectric material for high temperatures (≥ 900 K), site 

substitution of other elements has been proven to be an effective method to further optimize the thermoelectric properties. 

Yb14-xRExMnSb11 (RE = Pr and Sm, 0 < x < 0.55) were prepared by powder metallurgy to study their thermoelectric properties. 

According to powder X-ray diffraction, these samples are iso-structural with Yb14MnSb11 and when more than 5 % RE is used 

in the synthesis the presence of (Yb,RE)4Sb3 is apparent after synthesis. After consolidation and measurement, (Yb,RE)Sb 

and (Yb,RE)11Sb10 appear in the powder X-ray diffraction patterns. Electron microprobe results show that consolidated 

pellets have small (Yb,RE)Sb domains and that the maximum amount of RE in Yb14-xRExMnSb11 is x = 0.55, however, 

(Yb,RE)11Sb10 can not distinguished by electron microprobe. By replacing Yb2+ with RE3+, one extra electron is introduced into 

Yb14MnSb11 and carrier concentration adjusted. Thermoelectric performance from room temperature to 1275 K was 

evaluated through transport and thermal conductivity measurements. The measurement shows that Seebeck coefficients 

initially increase and then remain stable and that electrical resistivity increases with substitutions. Thermal conductivity is 

slightly reduced. Substitutions of Pr and Sm lead to enhanced zT. Yb13.82Pr0.18Mn1.01Sb10.99 has the best maximum zT value of 

~1.2 at 1275 K, while Yb13.80Sm0.19Mn1.00Sb11.02 has its maximum zT of ~1.0 at 1275 K, respectively ~45% and ~30% higher than 

Yb14MnSb11 prepared in the same manner.

1. Introduction 

The great demand for energy and consumption of fossil fuels 

have propelled research on energy conversion materials, since 

combustion of fossil fuels provides wasted heat that could be 

converted into useful energy.1 Therefore, thermoelectric 

materials, which can directly convert heat into electricity, have 

been undergoing a renewed prosperity. As sustainable, reliable 

and flexible energy sources, thermoelectric materials have 

successfully been applied to Radioisotope Thermoelectric 

Generators (RTGs) for space explorations and to remote power 

such as oil pipelines and deep sea detection.2,3 The efficiency of 

a thermoelectric material can be evaluated by the 

dimensionless figure of merit (zT) using Equation (1):  

                                             zT = α2σT / κ                                         (1) 

where α represents Seebeck coefficient (ΔV/ΔT), σ represents 

electrical conductivity, T represents the average temperature 

and κ represents thermal conductivity.4 According to the 

equation, a high efficiency thermoelectric material should have 

three characteristics: a high Seebeck coefficient, high electrical 

conductivity and low thermal conductivity.  

  The highest peak zT value reported to date is 2.6 at 923 K 

discovered in the study of SnSe crystals, while several other 

systems were reported to possess peak zT values larger than 2 

in bulk phases.5-8 In general, materials that are considered to be 

superior for thermoelectric applications have maximum zT 

values around 1 to 1.5, although great efforts have been made 

to optimize existing thermoelectric materials, discover new 

ones and improve average zT. The difficulty of improving zT 

values in thermoelectric materials lies in the fact that the three 

variables (Seebeck coefficient, electrical resistivity and thermal 

conductivity) are related to each other and more or less 

dependent on carrier concentration. Electrical resistivity and 

Seebeck coefficient (assuming a single parabolic model) can be 

presented by Equation (2) and (3): 

                                          σ = neμ                                                     (2) 

                       α = 8π2kB
2m*T × (π/3n)2/3 / 3eh2                              (3) 

where n  represents carrier concentration, μ represents 

mobility, m* is the effective mass of carriers, kB is the Boltzman 

constant and h is the Planck’s constant.9 Thus, a high electrical 

conductivity relies on a large carrier concentration and a high 

carrier mobility. Meanwhile, a high Seebeck coefficient relies on 

a large effective mass of carriers and a small carrier 

concentration. The reverse effect of carrier concentrations on 

electrical resistivity and Seebeck coefficient requires a careful 

control of carrier concentrations to optimize thermoelectric 

materials and achieve high zT values. Generally speaking, 

semiconductors can meet aforementioned requirements due to 
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its medium carrier concentration and the balance between 

Seebeck coefficient and electrical resistivity. Considering 

thermal conductivity, the effect of carrier concentration is more 

complex. Thermal conductivity is a sum of electronic κe, lattice 

κl and bipolar κb terms. Among the three terms, electronic term 

is related to electrical conductivity: 

                                    κ = κe + κl + κb                                                 (4) 

                                         κe = LσT                                                     (5) 

where L is Lorenz number.9 Therefore, a large carrier 

concentration will also increase thermal conductivity and the 

other two terms of thermal conductivity make it difficult to 

improve zT through tuning carrier concentration. A simulation 

of Bi2Te3 shows that an optimum zT value is achieved when 

carrier concentration is appropriately adjusted.9,10  

  Another way to improve thermoelectric materials is to 

decrease lattice thermal conductivity. Slack proposed a 

corresponding concept “Phonon Glass Electron Crystal” (PGEC), 

which specifies that a good thermoelectric material should 

behave like glass to scatter phonons without significant 

disruption of electrons transportation.4 Intrinsic low lattice 

thermal conductivity can be found in compounds owning heavy 

elements and complex unit cells, such as clathrates, 

skutterudites and Zintl phases.11-13 Site disorders and 

substitutions can decrease lattice thermal conductivity further.  

  As a Zintl phase compound, Yb14MnSb11 (Fig. 1) well illustrates 

the PGEC concept.14-16 This compound crystalizes in the space 

group of I41/acd and one unit cell contains eight formula units. 

Each formula unit contains fourteen Yb2+ cations, one [MnSb4]9- 

tetrahedron, one linear Sb3
7- anion and four isolated Sb3- anions. 

The Mn in [MnSb4]9- tetrahedron was found to be divalent and 

thus an electron hole is present, making Yb14MnSb11 a p-type 

thermoelectric material.17 Calculations on the band structures 

of its iso-structural analogs also support this interpretation.18,19 

Yb14MnSb11 is the best p-type thermoelectric material in the 

high temperature region so far and has a zT value of ~1 at 1200K 

owing to its low thermal conductivity(less than 1 W/ (m•K)) as 

well as its reasonable Seebeck coefficient and resistivity. Its 

potential applications for RTGs have been studied.2,20,21  

  To optimize the thermoelectric properties of Yb14MnSb11, 

studies have been carried out by employing solid solutions of 

various substituents.22-30 Seebeck coefficient and electrical  

Figure 1. Unit cell of Yb14MnSb11 projected along c direction. Blue 

spheres represent Yb atoms, green tetrahedra represent [MnSb4]9-, red 

spheres represent Sb atoms and Sb3
7- is shown with yellow bonds. 

conductivity may be tuned due to the change of carrier 

concentration. Lattice thermal conductivity will also decrease 

because of the introduction of different atoms.4 Substitutions 

on the Sb site have limited choices and Ge and Te only 

substitute a trace amount of Sb into the structure.22,23 Mn can 

form solid solution with Zn and Al, while on the Yb site, La, Tm 
and Lu are found to form limited solid solutions (less than 5%) 

and Ca forms a full solid solution.24-30 The effects of these four 

elements on thermoelectric properties are different. When 

trivalent La and Tm substitutes Yb, one more electron is 

donated to the structure to decrease the carrier (holes) 

concentration, leading to a higher Seebeck coefficient, a higher 

electrical resistivity and a lower thermal conductivity.27,28 Ca has 

similar effects since Ca is more electropositive than Yb and can 

transfer electrons more completely to the structure, although 

both Yb and Ca are divalent. The Lu substitution of La, Tm and 

Ca can also decrease lattice thermal conductivity due to the 

addition of different atoms. However, Lu substitution has a 

reverse effect and the reason is unclear.29  
  Despite the aforementioned research, many possible 

substituents remain unstudied. As in the case of skutterudites 

where different rare earth elements lead to distinct properties, 

other rare earth elements substitution for Yb may also provide 

variable results.31-34 In order to explore more possibilities to 

optimize Yb14MnSb11 and systematically study the effect of 

substituting Yb with rare earth elements on thermoelectric 

properties, the solid solutions Yb14-xRExMnSb11 (RE = Pr and Sm, 

0 < x < 0.55) were synthesized and their thermoelectric 

properties were measured. Thermoelectric properties of Pr 

substituted samples will be presented and discussed and then 

compared with Sm substituted samples. 

2. Experimental Details 

2.1 Synthesis 

Elemental Yb pieces (Metall Rare Earth Limited, 99.99%), Pr 

pieces (Ames Lab, 99.99%), Sm pieces (Ames Lab, 99.99%), Mn 

pieces (Alfa Aesar, 99.95%) and Sb shots (Alfa Aesar, 99.999%) 

were used for synthesis. Yb, Pr, Sm and Mn were cut into small 

pieces (~1 mm3) and Sb was used as received. All elements were 

handled in an argon filled drybox with water levels < 0.5 ppm. 

Powder samples were synthesized through a powder 

metallurgy method using a melt of “Mn+11Sb” as precursor. 

The elements were loaded at the ratio of Yb: RE: Mn: Sb = 14-p: 

p: 1: 11 (p = 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, 1. p is the preparative 

amount of rare earth elements used in the synthesis. It is 

different from the experimentally determined amount in the 

product, represented by x). Mn and Sb were loaded into a 50 

cm3 WC ball mill container with one large WC ball (diameter = 

11 mm) and two small balls (diameter = 8 mm) and ball milled 

on a SPEX 8000 M mixer/mill for 15 minutes. The mixture was 

then transferred into a BN crucible and sealed in a fused silica 

tube under vacuum. The silica tube was annealed at 1025 K for 

3 days. The melted chunk was then ball milled for 15 minutes 

into fine powder, mixed with Yb and Pr or Sm, and ball milled 

again for 3 hours with 15 minutes on-and-off mode. Afterwards, 
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5 grams powder was transferred into a ~7 cm long niobium tube 

(inner diameter = 7 mm), where one end had been clamped and 

sealed in an arc welder under argon. Then the other end of the 

niobium tube was also clamped and sealed in the arc welder. 

Afterwards, the tube was sealed in a fused silica jacket under ¼ 

atmosphere pressure and annealed under 1375 K for 7 days. 

The reactions were opened in a glovebox and dark grey powder 

was harvested. 

2.2 Powder X-ray Diffraction 

Powder X-ray diffraction (PXRD) data were collected on each 

sample using a Bruker zero background holder on a Bruker D8 

Advance Diffractometer operated at 40 kV and 40 mA utilizing 

Cu Kα radiation. Kβ radiation is cut off by a Ni filter. WinPLOTR 

(version Jan 2012) software was used for background 

subtraction and pattern analysis and EDPCR 2.00 software was 

used to perform fitting.35,36 

2.3 Consolidation of Powder 

Bulk powder samples were consolidated into dense pellets via a 

Dr. Sinter SPS-2050 spark plasma sintering (SPS) system 

(Sumitomo, Tokyo, Japan)  in a 12.7 mm high-density graphite 

dies (POCO) under vacuum (<10 Pa). The temperature was 

increased from room temperature to 1000 K in 5 minutes, and 

remained stable for 10 minutes. When the temperature 

reached the maximum, the force increased from 3 kN to 6-7 kN. 

Afterwards samples were cooled to room temperature with 

pressure released. Sample densities were larger than 97% of the 

theoretical density. 

2.4 Electron Microprobe Analysis 

Small pieces of consolidated pellets were analyzed using a 

Cameca SX-100 Electron Probe Microanalyzer equipped with a 

wavelength-dispersive spectrometer with 20 keV accelerating 

potential and 20 nA beam current. The samples were mounted 

in epoxy and polished to a smooth surface. The epoxy and 

sample were coated by carbon for better conduction. X-ray 

elemental maps were taken at a representative area for each 

sample. Net elemental intensities for Yb, Mn, and Sb were 

determined with respect to crystals of Yb14MnSb11, and PrPO4 

and SmPO4 was respectively used as standards for net 

elemental intensities of Pr and Sm. The composition of each 

sample was determined by calculating averages and standard 

deviations from at least 10 randomly selected data points of the 

main phase. The amounts of Pr and Sm determined by electron 

microprobe are different from the amounts used in synthesis. 

2.5 Electrical Resistivity, Hall Effect and Seebeck Coefficient 

The van der Pauw technique was used to measure the electrical 

resistivity (ρ) with a current of 100 mA in a special high-

temperature apparatus.37 The Hall coefficient was measured 

simultaneously on the same instrument utilizing a forward and 

reverse magnetic field value of about 7480 G. The charge carrier 

density (n) was calculated from the Hall coefficient (RH) 

assuming a scattering factor of 1.0 in a single-carrier scheme, 

with n = 1/RHe, where e is the charge of the electron. The 

uncertainty of resistivity is ± 5 %.5,38,39 The Seebeck coefficient 

(α) was measured in a graphite heater using W/Nb 

thermocouples with light pulses to create a temperature 

difference.40 The uncertainty of Seebeck coefficient is ± 5 

%.5,38,39 All data were collected to 1275 K, and fit into six order 

polynomial functions for zT calculations. 

2.6 Thermal Conductivity 

Thermal diffusivity (D) from 300 K to 1275 K was measured on 

the pellets obtained from SPS in a Netzsch LFA-457 unit.41 The 

pellet surfaces were well polished and coated with graphite. 

The measurement was conducted under high vacuum. Thermal 

conductivity was calculated using the equation κ = D × d × Cp, 

where d is the density and Cp is the heat capacity at constant 

pressure. Room-temperature density was measured with 

geometric method and high-temperature density was derived 

using thermal expansion data from a previous paper on 

Yb14MnSb11.42 The Cp was also estimated from a previous 

paper.25 The uncertainty of thermal conductivity is ± 5 % and 

the total uncertainty of zT is ± 10 %.5,38 

3. Results and Discussion 

3.1 PXRD Patterns after Synthesis  

Samples of Yb14-pREpMnSb11 (RE = Pr and Sm, p = 0.2, 0.4, 0.6, 

0.7, 0.8, 1.0) where p is the preparative amount, were 

synthesized by ball milling the elements and annealing at 1375 

K for 7 days. For samples with RE = Pr and p ≥ 0.7, an impurity 

phase (Yb,Pr)4Sb3 could be identified in the PXRD patterns 

(Supporting Information). For the samples with p < 0.7, unit cell 

parameters increase with increasing Pr amount based on 

refinement (Table 1.). Although Pr3+ (0.99 Å) is smaller than Yb2+ 

(1.02 Å), the increase of unit cell parameters may be attributed 

to the change of bond angles and bond lengths in [MnSb4]9- 

caused by substitution.18,43,44 For the samples with (Yb,Pr)4Sb3, 

the secondary phase was considered in the refinement. Unit cell 

parameters remained approximately the same after reaching 

the maximum at p = 0.7. Meanwhile, the peak intensity of 

(Yb,Pr)4Sb3 increased when p is larger than 0.7. Therefore, the 

substitution of Pr enlarges the unit cell, and a secondary phase 

(Yb,Pr)4Sb3 forms when the synthetic amount of Pr exceeds 

0.7.44 Attempts were made to remove the secondary phase 

(Yb,Pr)4Sb3 by annealing for longer time at high temperature. 

However, the attempts failed presumably because Yb4Sb3 is the 

 
Table 1. Unit cell parameters of Yb14-pREpMnSb11 (RE = Pr and Sm, p = 0.2, 

0.4, 0.6, 0.7, 0.8, 0.9, 1) 

p a ( Å) c ( Å) c/a V ( Å3) 
Yb14-pPrpMnSb11 

0 16.6106(1) 21.9962(2) 1.3243 6069.0(1) 
0.2 16.6220(1) 22.0017(2) 1.3236 6078.6(1) 
0.4 16.6323(1) 22.0223(2) 1.3241 6092.1(1) 
0.6 16.6471(1) 22.0383(2) 1.3238 6107.4(1) 
0.7 16.6519(1) 22.0439(2) 1.3238 6112.5(1) 
0.8 16.6471(1) 22.0398(2) 1.3240 6107.8(1) 
1 16.6509(1) 22.0371(2) 1.3235 6109.8(1) 

Yb14-pSmpMnSb11 
0.2 16.6213(1) 22.0159(2) 1.3246 6082.3(1) 
0.4 16.6249(1) 22.0272(2) 1.3250 6088.0(1) 
0.6 16.6336(1) 22.0411(2) 1.3251 6098.3(1) 
0.8 16.6375(1) 22.0511(2) 1.3254 6103.9(1) 
0.9 16.6413(1) 22.0539(2) 1.3253 6107.4(1) 
1 16.6397(1) 22.0606(2) 1.3258 6108.1(1) 
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most stable binary compound between ytterbium and 

antimony stable up to 1900 K.45 For Yb14-pSmpMnSb11 (p = 0.2, 

0.4, 0.6, 0.7, 0.8, 0.9, 1.0), a similar trend was observed. When 

p exceeds 0.9, impurity phases appears and unit cell parameters 

reach their maximum. When the same amount of Yb was 

substituted, the Pr containing sample has a larger unit cell 

volume than the Sm phase, since Pr3+ has a larger size than Sm3+. 

Samples with p ≤ 0.8 were consolidated by SPS for transport and 

thermal conductivity measurements. 

3.2 Electron Microprobe and PXRD Patterns after Measurement   

Dense pellets (p ≤ 0.8) were examined by electron microprobe 

analysis and elemental mapping images (Supporting 

Information) showed inhomogeneous distributions, most 

clearly seen in the RE elemental maps. The experimental 

compositions of these pellets were calculated from WDS data 

points measured on homogeneous matrix and listed in Table 2. 

The measured Pr amounts in the matrix, x, are smaller than the 

amount used in the synthesis, p. When p = 0.6, the experimental 

amount reaches the maximum of x = 0.55 and when p = 0.8, the 

measured amount drops to x = 0.45. Pr and Sb rich regions 

increase with increasing Pr amount and correspondingly, Yb 

relative compositions are low in these regions. This phase is 

determined to be (Yb,Pr)Sb and leads to lower values of x for 

Yb14-xRExMnSb11 than the preparative amount, p. Since the 

microprobe was performed after transport and thermal 

conductivity measurements, this impurity must form either 

during consolidation or measurement. Some Yb rich regions are 

also observed and by comparing with other elements, these 

regions should be Yb2O3. Only two Sm substituted samples (p = 

0.2 and 0.8) were examined and they show the same tendency, 

i.e. the experimental value, x, is lower than the preparative 

amount, p, and impurities can be discerned in the elemental 

mapping images and in the PXRD. In the discussion of resistivity, 

Seebeck coefficient, thermal conducitivity and zT, experimental 

compositions, x values, will be used.  

  After transport measurements, pellets were ground into 

powder and tested by PXRD (Supporting Information). Peaks of 

(Yb,RE)Sb and (Yb,RE)11Sb10 were observed.46,47 It is difficult to 

identify (Yb,RE)11Sb10  from PXRD as its peaks overlap with 

Yb14MnSb11 but the refinement improved with the inclusion of 

Yb11Sb10 as a component. (Yb,RE)11Sb10 is not apparent by 

electron microprobe, presumably because it does not provide 

sufficient contrast to Yb14MnSb11 and is present in small 

amounts. The thermoelectric properties of (Yb,RE)11Sb10 and 

YbSb have been studied.18,48,49 These two compounds have 

small Seebeck coefficients and low resistivity. These small 

domains should have little effect on the Seebeck coefficient and 

resistivity of Yb14MnSb11, however, these impurities will add 

more grain boundaries in the pellets which will increase 

resistivity and therefore decrease thermal conductivity. The 

formation of these impurities may also cause the bend-over of 

resistivity in the highest temperature region (vide infra).50 

3.3 Electrical resistivity 

Figure 2 shows electrical resistivity of Yb14-xPrxMnSb11 (x = 0.18, 

0.34, 0.45, 0.55). The resistivity increases from 2 mΩ•cm at 

room temperature to 6-7.5 mΩ•cm at 1275 K. All samples  

Table 2. Carrier concentration of Yb14-xRExMnSb11 and amount of RE from 
calculation and measurement 

p Compositions from electron 
microprobe analysis 

Measured 
Carrier 

concentration 
(1020/cm3) 

Estimated 
carrier 

concentration 
(1020/cm3) 

Yb14-xPrxMnSb11 
0 -- 10.1(1) -- 

0.2 Yb13.82(6)Pr0.18(1)Mn1.01(5)Sb10.99(5) 6.3(1) 8.3 
0.4 Yb13.59(15)Pr0.34(1)Mn1.00(7)Sb11.08(9) 5.7(1) 6.7 
0.6 Yb13.45(15)Pr0.55(1)Mn1.03(7)Sb10.97(9) 5.2(1) 4.6 
0.8 Yb13.53(15)Pr0.45(1)Mn1.02(7)Sb10.99(9) 5.3(1) 5.6 

Yb14-xSmxMnSb11 
0.2 Yb13.80(5)Sm0.19(1)Mn1.00(1)Sb11.02(7) 6.1(1) 8.2 
0.8 Yb13.50(7)Sm0.53(1)Mn1.06(2)Sb10.89(9) 4.3(1) 4.8 

 

possess linearly increasing resistivity in the low temperature 

region, indicating heavily doped semiconducting properties of 

these samples. Around 1100 K, the resistivity increases more 

slowly with temperature attributed to both a bipolar effect 

caused by excitation of carriers at high temperatures and the 

presence or formation of the impurities. The resistivity goes up 

with x values except for x = 0.45 (p = 0.8), which has the most 

impurities with (Yb,RE)Sb, (Yb,RE)11Sb10 and (Yb,RE)4Sb3. In 

general, more Pr substitution amount leads to higher resistivity 

because Pr3+ can donate one more electron than Yb2+ and the 

electron fills the hole to decrease carrier concentration. 

However, the x = 0.45 sample has the highest resistivity because 

the increased amount of impurities compared with x = 0.55 add 

more grain boundaries which scatter electrons and increase 

resistivity. Compared with other optimized Yb14MnSb11 

systems, Pr substituted samples have smaller resistivity than La 

substituted Yb14MnSb11 but higher values than Ca substituted 

samples.27,30 

  The carrier concentrations of these samples fall into the range 

of 6.3~5.2 × 1020/cm3 (Table 2), matching with that of previous 

work.27 A large drop in carrier concentration is observed 

between Yb14MnSb11 and Yb13.82Pr0.18Mn1.01Sb10.99. The amount 

x in formula unit is estimated to decrease the carrier 

concentration by x • (1 × 1021/cm3) (each Pr3+ contributes an 

additional electron compared with Yb2+). Therefore, carrier 

concentrations can be calculated based on the compositions 

obtained by electron microprobe. For example, when x = 0.18, 

the carrier concentration is 10.1 – 0.18 • (1 × 1021) = 8.3 ×  

Figure 2. Electrical resistivity of Yb14-xPrxMnSb11 (x = 0.18, 0.34, 0.45, 

0.55). The resistivity of Yb14MnSb11 synthesized by the same method is 

also shown in the plots. 
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1020/cm3. However, calculated carrier concentrations disagree 

with the results from experimental measurement for x = 0.18 

and 0.34 and the carrier concentration is more reduced than 

can be accounted for by simply electron counting. This result 

suggests that the simple single parabolic band model is overly 

simplistic and that subtle changes in compositions, including the 

presence of the partially filled 4f-orbitals of Pr may change the 

band structure at the top of valence band. This would account 

for the difference between calculated and experimental carrier 

concentration and the result is a larger reduction in the carrier 

concentrations at small x between substituted and pristine 

Yb14MnSb11. Considering Yb14Mn1-yAlySb11 (y = 0.2, 0.4, 0.6, 0.8, 

0.95, 1) compounds, in which a linear change of carrier 

concentrations is observed, substitutions on different sites will 

affect the band structure differently, leading to the observed 

changes in carrier concentrations and properties.9,25 Another 

example of Yb14MnSb11-mTem shows that a trace amount of Te 

on the Sb sites could increase the Seebeck coefficient and 

electrical resistivity dramatically.23 Therefore, the effects of 

substitutions on the three sites (Yb, Mn and Sb) will indicate the 

sites’ contributions to the band structure near the Fermi level. 

This can help understand the intrinsic electronic property of 

Yb14MnSb11 and provide guidance for further optimization of 

Yb14MnSb11 by multiple substitutions. 

3.4 Seebeck coefficient 

Figure 3a shows the measured curves of Seebeck coefficient of 

Yb14-xPrxMnSb11 (x = 0.18, 0.34, 0.45, 0.55). The differences are 

Figure 3. a) Seebeck coefficients and b) estimated band gaps of Yb14-

xPrxMnSb11 (x = 0.18, 0.34, 0.45, 0.55). At the bottom right of a) is an 

enlarged plot for temperature between 1000 and 1250 K. Dashed lines 

are arbitrary lines for convenience. The values of Yb14MnSb11 

synthesized by the same method are also shown in the plots. 

small and within the uncertainty. The Seebeck coefficient of all 

samples increase from ~40 μV/K at room temperature to 

215~230 μV/K at high temperatures, close to that of 

Yb13.6La0.4MnSb11 and higher than those of Yb14-zCazMnSb11 (z = 

1, 2, 4). Similar to electrical resistivity, the curves of Seebeck 

coefficient increase linearly in the low temperature region and 

reach maxima around 1100 K. The decline of Seebeck 

coefficient in the high temperature region is similar to that 

observed for resistivity and is attributed to both the bipolar 

effect and the presence or formation of the secondary phases. 

Pr substituted samples show much higher Seebeck coefficient 

than pristine Yb14MnSb11, which agrees with the lower carrier 

concentrations.  

  The effective band gap (Eg) of these samples (Fig 3b) can be 

estimated according to Equation (6):  

                                   Eg = 2 × e × αmax × Tmax                                 (6) 

where αmax is the peak Seebeck coefficient and Tmax is the 

temperature at which the peak occurs.51 The effective band 

gaps are close to reported values and are consistent with 

calculation results on iso-structural analogs.18,19,26,52 Pr 

substituted samples have similar values while pristine 

Yb14MnSb11 has a smaller value. Considering the discussions on 

carrier concentration, this could also be attributed to possible 

change in band structure when Yb is substituted by Pr. 

3.5 Thermal conductivity and zT 

Thermal conductivities and zT values are presented in Figure 4. 

Figure 4. a) Total thermal conductivity and lattice thermal conductivity, 

and b) calculated zT values of Yb14-xPrxMnSb11 (x = 0.18, 0.34, 0.45, 0.55). 

Dots are measured values and solid curves are the polynomial fits. 

Dashed lines are the polynomial fits of the calculated lattice thermal 

conductivity. The values of Yb14MnSb11 synthesized by the same method 

are also shown in the plots. 
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These compounds have low and similar thermal conductivity 

that slightly decreases with Pr substitutions. The addition of 

lattice and bipolar thermal conductivities were calculated using 

Equation (4) and (5), and Lorenz numbers were calculated from 

measured Seebeck coefficient according to Equation (7) and 

Equation (8):  

                     L = (kB/e)2 × [3F0(η)F2(η)-4F1(η)2]/F0(η)2                  (7) 

                               α = (kB/e) × [2F1(η)/F0(η)-η]                             (8) 

Where η is the reduced Fermi level and Fn(η) is the Fermi-Dirac 

integral.53,54 The Lorenz number is calculated to be ~2.3 × 10-8 

W • Ω/K2 at room temperature, approaching the value for free 

electrons (2.44 × 10-8 W • Ω/K2), while the values are ~1.6× 10-8 

W • Ω/K2 at high temperatures. The lattice and bipolar thermal 

conductivities are calculated to be within the rang of 6-8 

mW/(cm • K) and the increase at high temperature is attributed 

to bipolar effect, consistent with the experimental Seebeck 

coefficients and electrical resistivity. The small substitution of 

Pr has little effect on lattice thermal conductivity while large 

substitution of Pr obviously lowers the lattice thermal 

conductivity, which agrees with the PGEC concept. The 

presence of impurities as the amount of Pr increases will also 

help decrease thermal conductivity. Compared with electronic 

thermal conductivity, lattice and bipolar thermal conductivity 

contributes more to total thermal conductivity. The drops in 

both electronic and lattice thermal conductivity contribute to 

the drop of total thermal conductivity. Generally speaking, 

thermal conductivity of these samples are within previously 

reported range since the intrinsic complex structure leads to 

low thermal conductivity which is difficult to dramatically 

decrease. 

  Among all the samples, Yb13.82Pr0.18Mn1.01Sb10.99 has the largest 

peak zT values of 1.2 at 1275 K. Yb13.59Pr0.34Mn1.00Sb11.08 and 

Yb13.45Pr0.55Mn1.03Sb10.97 have close zT values whose peaks are 

between 1.0-1.1 at 1200 K. Yb13.53Pr0.45Mn1.02Sb10.99 has the 

smallest zT values and the peak at 1100 K reaches 1.0. 

Yb13.82Pr0.18Mn1.01Sb10.99 has a higher maximum zT value than 

previously reported optimized Yb14MnSb11 systems using the 

same experimental heat capacity adjusted for composition 

(Supporting Information).25,26 Considering the inhomogeneity 

of the pellets, even higher zT values may be possible if phase 

pure pellets can be prepared.   

3.5 Comparison between Pr and Sm substitution 

Figure 5 shows the thermoelectric properties of 

Yb13.82Pr0.18Mn1.01Sb10.99, Yb13.45Pr0.55Mn1.03Sb10.97, 

Yb13.80Sm0.19Mn1.00Sb11.02 and Yb13.50Sm0.53Mn1.06Sb10.89. The 

compositions were chosen in order to compare both low and 

high substitution level. Yb13.80Sm0.19Mn1.00Sb11.02 and 

Yb13.82Pr0.18Mn1.01Sb10.99 almost have the same resistivity while 

Yb13.50Sm0.53Mn1.06Sb10.89 has a larger resistivity than 

Yb13.45Pr0.55Mn1.03Sb10.97. Similar carrier concentrations for the 

same substitution amount confirmed the resistivity and the 

differences in the x ~ 0.5 resistivity may be attributed to 

differences in microstructure. Seebeck coefficients as well as 

effective band gaps display similar values and tendencies within 

the four compositions. Thermal conductivity of Sm substituted 

samples is lower than that of Pr substituted samples and the 

Figure 5. a) Electrical resistivity, b) Seebeck coefficient, c) total thermal conductivity and lattice thermal conductivity, d) calculated zT values 

of Yb14-xRExMnSb11 (RE = Pr and Sm). Dots are measured values and solid curves are the polynomial fits of measured dots. Dashed lines in c) 

are the polynomial fits of the calculated lattice thermal conductivity. 
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difference is larger with more substitution. The increase of 

thermal conductivity above 1000 K is attributed to bipolar effect 

and the presence of impurity phase, consistent with the 

Seebeck and resistivity data. Finally, Yb13.80Sm0.19Mn1.00Sb11.02 

has a maximum zT of 1.0 at 1275 K and the zT of 

Yb13.50Sm0.53Mn1.06Sb10.89 peaks at 0.9 at 1100 K. 

  Generally speaking, Sm and Pr substituted samples have 

similar thermoelectric properties. When more Pr or Sm is 

substituted into the structure, a higher electrical resistivity and 

a lower carrier concentration are expected. Decrease in lattice 

thermal conductivity can be observed when substitutions are in 

large amounts. Seebeck coefficients and effective band gap do 

not show clear tendency with increasing x and tend to initially 

improve and then remain stable. Overall effect is a limited range 

of zT values and Yb13.82Pr0.18Mn1.01Sb10.99 has the best zT values 

due to its slightly higher Seebeck coefficient. The substitution of 

RE3+ for Yb2+ increases the Seebeck coefficients, electrical 

resistivity and decreases the thermal conductivity. The initial 

decrease in carrier concentration upon RE3+ substitution is 

larger than expected suggesting that the single parabolic band 

model is too simplistic for this system. In addition, light REs have 

partially filled f-levels that are nearer to the top of the Fermi 

level compared to Yb2+ f-levels, which may contribute to the 

band structure. Theoretical calculations on this complex 

structure will provide insight and help interpret this change. 

Conclusions 

Yb14-xRExMnSb11 (RE = Pr and Sm, 0 < x < 0.55) were synthesized 

and characterized by PXRD and electron microprobe. Results of 

electron microprobe show the presence of the (Yb,RE)Sb 

impurity and that the amounts of Pr in the sample are lower 

than the preparative amounts. The presence of (Yb,RE)Sb and 

(Yb,RE)11Sb10 is apparent in the PXRD patterns after 

measurement, especially when the amounts of rare earth 

substitutions are high. Thermoelectric properties were 

measured on selected samples. In Yb14-xPrxMnSb11, carrier 

concentrations decrease with increasing Pr amounts in the 

samples thus the electrical resistivity increases. The Seebeck 

coefficients and effective band gaps initially increase and then 

remain stable. Thermal conductivity drops with substitution and 

the net effect is a large increase in zT values. 

Yb13.82Pr0.18Mn1.01Sb10.99 has the best maximum zT value of ~1.2 

at 1275 K. Sm substituted samples show similar properties and 

Yb13.80Sm0.19Mn1.00Sb11.02 has its maximum zT of ~1.0 at 1275 K. 
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