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Å Structure property relation 

Å High Temperature Ceramic Converters 

Å Soft-chemistry synthesis 

Å Perovskite-type Titanates 

Å Half-Heusler Materials 

Motivation 



applications 
ωHigh thermal heat flow conversion 

vs. thermal insulation 
ωtransp.prop., regenerativity, .. 

Tailoring of TE materials 

synthesis 
Åάchimie douceάΣ USC, flame 

spray, flux, MW, plasma 
Å Homogenation, densification 
Å Single Crystals 

materials choice 
ωPGEC 
ωperovskites-type oxides  
ωheusler compounds 

characterisation 
Å DoS, structure, comp. 
Å Defect structure 
Å Dynamic behavior 

function, form,        scalability  
 

Design rules  

test  

>1W/cm2 



HT Synthesis and Characterisation Equipment 

Sinter Anneal 

HTXRD 

ZEM 

LFA 

TGA-MS Dilatometer 

Arc melting 



 Joachim Bill, Dirk Rothenstein  University of Stuttgart  Institute for Materials Science 

Materials Synthesis Directed by Biological Templates 

ÅBiomineralization of materials with 

microalgae 

 

ÅMineralization using specifically interacting 

peptides 

 

ÅNano-structuring with bio-templates 

 

ÅBiomineral structures as models for new 

functions 

1 µm 

SUBSTRATE 

500 µm500 µm500 µm

1 µm 

TMV-ZnO layer Au 



Stability tests (>100h) 
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ÁHigh power density: 

1.4 W/cm3  

 

ÁNo degradation during 110 h of high 

temperature thermoelectric conversion 

Saucke, G., Populoh, S., Thiel,P., Xie, W., Funahashi, R. and 
Weidenkaff, A., Journal of Applied Physics, 118, (2015) 035106. 



Experimental 

Starting  
Material  

mix 
 

ingot 
 

sealing grinding 
powder 

 

W. Xie, T. Zou 

 dissolve 
gel 

 

Soft- chemistry 

process 

Photo-Seebeck light 

recrystal
lisation 

 

flux 



[100]  
3mm  

Antiferrodistortive phase transition in EuTiO3, Phys. Rev. B 86, 054112 (2012) 
 

Competing Instabilities in EuTiO3, PRL 110, (2013) 027201. 

Titanates: EuTiO3 ceramics  

Á Perovskite structure ABO3 (Pmσm symmetry) 

Á Structural distortion below RT [1] 

  Eu2+ 

4f localized electrons 

AFM ordering at 5.3 K 

Strong spin-lattice coupling 
Ti4+ 

Transition metal 

 3d electrons 

Strongly correlated 

electrons 

O2- 

octahedron 

ABX3 



 Localized Eu 4f electron band 

L. Sagarna, K.Z. Rushchanskii, A. Maegli, S. Yoon, S. Populoh, A. Shkabko, et al., J. Appl. Phys. 114 (2013) 033701 

EuTiO3 
 

ÁBand gap < 1 eV 

ÁLocalized Eu 4f electron band 

near the Fermi level Ÿ high 

Seebeck coefficient    

S ́  [Öln n(E)/ÖE]E=EF. 

Vienna ab-initio Simulation Package (VASP) code, Heyd-Scuseria-Ernzerhof (HSE) hybrid functional 



Thermoelectric properties of EuTiO3-d & EuTi0.98Nb0.02O3-d 

ÅEuTiO3 is one of the oxides with highest 
| S| = 1081 mV/K at T = 268 K 

ÅDecrease of s by Nb 2% substitution: 
one order of magnitude at high T 

Electrical resistivity Seebeck coefficient 

L. Sagarna et al, Appl. Phys. Lett. 101, APL (2012) 033908  

-> n-type thermoelectric leg material 



EuTiO3: One of the best perovskite-type TE materials 

EuTi0.98Nb0.02O3 

ZT = 0.43 at T = 1040 K 

 

EuTiO3 

ZT = 0.37 at T = 1090 K 

Figure of Merit: 



SrxLn1-xTiO3-  ɻPerovskite-type thermoelectric titanates 
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A. V. Kovalevsky, et al , Phys. Chem. Chem. Phys.,16, 
(2014) 26946-26954  
  

2 nm

50 nm

RP defects

A.Kovalevsky, A. Yaremchenko, M. Aguirre, S. 
Populoh, S. Patrício, J.Macías, A.Weidenkaff, J.Frade 



    BaTiO3  

Band gap: ~ 3.2 eV 

Ferroelectric, piezoelectric, 

dielectric, thermoelectric,é 

      EuTiO3  

Band gap: ~ 1 eV 

Magnetic,  dielectric, 

incipient ferroelectric, 

Huge Seebeck,é 

Similarities of BTO & ETO:  

Ån-type semiconductor 

Åhigh Seebeck coefficient 

Åhigh temperature stability 

Å flexible perovskite structure 

Ba1-xEuxTiO3 

Ferroelectric 

éé 

ferromagnetic 

Thermoelectric ? 

ETO as thermoelectric:  

Åhigh electric conductiviy 

Åhigh lattice thermal conductivity 

Å rare earth element 

Åband structure: localised Eu 4f 

BTO as thermoelectric:  

Å low electric conductivty 

Å low lattice thermal conductivity 

Åabundent elements 



Synthesis: Ba1-xEuxTiO3 

Eu2O3 dissolves in hot water 

Eu3+ 

Eu2+ 



±ŜƎŀǊŘΩǎ law: distances of the nearest-neighbor ions become shorter due to the contraction of the unit cell 

BaxEu1-xTiO3-  ɻ 

Unit cell parameters as function of the Eu concentration  

homogeneous morphology 

with particle size ~ 40 nm. 

X. Xiao et al, PCCP, in press 
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high T limit:  Heikes formula 

 

P. M. Chaikin et al. Phys. Rev. B 13, 647 (1976) 

n = carriers per unit cell 

Seebeck coefficient of Ba1-xEuxTiO3-ŭ  
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KBT «U0 on-site repulsion (U0 = 0.1~1 eV) 

× low temperature: no well-

defined relation between Eu 

content and S value; 

 

×high temperature (T > 1000 K): 

the  |S|  value decreases with 

Eu content.  



Electrical conductivity of Ba1-xEuxTiO3-ŭ  

intrinsic excitation  
regime  

extrinsic excitation 

regime  

intrinsic excitation  

regime  

Eu 4f electrons are excited into the 

conduction band and dominate the 

electron transport properties at high 

temperature.. 

schematic diagram of the band structure of BTO and ETO. 



Electron transport mechanism of Ba1-xEuxTiO3-ŭ  
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Arrhenius formula: Mottôs adiabatic small polaron  

conduction model: 

hopping binding energy:  

Wp = 2(EA - ES) 

EA ι ES: thermally activated hopping   

EA 
ES 

lnr and S as a function of 1000/ T 
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(a) The charge carrier concentration (n), electrical conductivity (s) and (b) carrier mobility (m) as 

a function of Eu-content (x) at 1123 K. 

Electron transport mechanism of Ba1-xEuxTiO3-ŭ  

×x Ò 0.6, EA ι ES   

dominated conducting 

mechanism belongs to 

polaron hopping 

conduction. 

×x ι 0.6, thermally activated 

band conduction ? 



Thermal conductivity of Ba1-xEuxTiO3-ŭ  

×k follows a T-1 dependence, indicating the dominant phonon scattering mechanism 

is the Umklapp scattering (phononïphonon interactions). 

×Eu substitution decreases the TiïO distance, strengthening the TiïO bond, 

resulting in higher kL.  

× In this studied system, the changes in the bond strength appear to be more 

effective for depressing the thermal conductivity than the simultaneously 

occurring point defect scattering. 

Hiroaki Muta ,z Ken Kurosaki, Shinsuke Yamanaka,J ournal of Alloys and Compounds 368 (2004) 22ï24 
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Power factor & ZT value of Ba1-xEuxTiO3-ŭ  

×Eu substitution significantly enhances the Power factor and the ZT value, 

resulting from that Eu substitution causes a particularly strong improvement 

in electrical conductivity. 

×Eu0.9Ba0.1TiO3   ZT = 0.24 at 1122 K  
 



Intermetallics: half-Heusler compounds 

M=Ti, Zr, Hf  

Ni/Co 

Sn/Sb 

n-type TiNiSn, p-type TiCoSb  

narrow bands 

high effective mass  

a large Seebeck coefficient 

Four fcc sublattices shifted ¼ along (111).                   
              A (0,0,0) occupied by Ni/Co  
              B (¼, ¼,¼) occupied by M 
  
              C (¾,¾,¾) occupied by Sn/ Sb 
             

high thermal conductivity 

TiNiSn: ~10-20 W/mK 
commercial Bi2Te3: ~1-2 W/mK 



Properties and functions of Heusler compounds 

 

Permanent magnets  

Multiferroics  

Piezoelectrics  

Thermoelectrics 

Photovoltaics 

p-type transparent conductors   

Superconductors 

Topological insulators 

Χ 



(Ti0.2Hf0.8)Co1 ╖ xMnxSb   (0 < x < 0.16) 

Mixing metals/Arc 
melting/annealing 

Induction/MW 
melting 

SPS 

Polishing 

Cutting 

TE-HH: Synthesis methods 



XRD : Zr0.43Hf0.57NiSn 
 

Å Diffusion t1 = 8 min, t2 = 32 min; t3 = 72 min 

Å Main phase: half-Heusler 

Å Expanded phase with the same symmetry. 



Electrical resistivity of Zr0.43Hf0.57NiSn 

  Sample 

Parameters t1 t2 t3 

T range (K) 170 ς 998 250 ς 998 145 ς 998 

ɲ90 (meV) 330 ± 8 233 ± 6 349 ± 5 

ɲ91 (meV) 108 ± 2 26 ± 2 118 ± 1 

Å Intrinsic behaviour at high-T 

Å Presence of an impurity level 

Å Metallic behaviour at low-T 

 



Half-Heusler phases defect control: Ti0.37Zr0.37Hf0.26NiSn  

Å impurity  band merge with conduction band.  
Å modification of the DOS near the edge of the conduction 

band enhance charge carrier concentration  

Half-Heusler (XYZ) 

K. Galatzka  et al, in preparation 

Interstitial Ni defects act as classical dopants ς 
control of n 



FH nanoprecipitates in HH matrix 

HRSTEM with HAADF in aberration 
corrected TEM (Titan G3 at 300 keV)  
by Myriam Aguirre, Zaragoza  

K. Galatzka, S. Populoh, MH Aguirre, W. Xie  et al, in preparation 



Summary and Conclusions 

New materials :  

V band gap and defect control by innovative synthesis processes 

V large thermopower in correlated electronic systems  

ü Giant Seebeck in EuTiO3 (S>1000 µV/K) 

V low thermal conductivity by hindering phonon transp. on grain boundaries 

ü synthesis method for titanate nanocubes and foams 

V thermoelectric conversion at T > 700°C in air demonstrated  

ü high T thermoelectric conversion: power output improved 10 times 
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Zr0.4Hf0.6-xTaxNiSn 

David Wanasuria et al, in preparation 

Zr0.4Hf0.6-xTaxNiSn Half-Heusler Compounds 

reduce Hf content 



Full Heusler/Half Heusler compounds 

Zr 
Sn 
Ni 
Ni 

XY2Z XYZ 
Removing  4a Ni atoms per unit cell = change of symmetry 

Heusler structure, 

Ὂάσά symmetry 

Half-Heusler structure, 

Ὂτσά symmetry 

T. Graf et al., Prog. Solid State Chem., vol. 39, pp. 1ς50, 2011 

<-> 



SrxLn1-xTiO3-  ɻ

Å EuTiO3: Sr for Eu substitution up to x = 0.75 has no 
detrimental effect on the TE properties 

Å strong hybridization of the localized Eu 4f states 
with the delocalized Ti 3d states 

Å reduced titanates possess up to 5 orders of 
magnitude lower electrical resistivity, confirming 
that oxygen vacancies act as electron donors 

Å Soft chemistry synthesis method for 
nanostructured titanates 
k from >7 W K-1 m-1  to <2.5 W K-1 m-1 
 
 
 



Oxygen content of titanates 

30HAr-ETO: ŭ = 0.007(5)   EuTiO2.993(5)  slight O-deficiency 

5HAr-ETO:   ŭ = -0.013(3)  EuTiO3.013(3)  slight O-excess 

Sr/Eu 

Ti 

O 



Eu1-xCaxTi(O,N)3±  ɻ
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ABO
3

*

Eu0.4Ca0.6Ti(O,N)3±  ɻ Eu0.3Ca0.7Ti(O,N)3±  ɻ

Eu0.2Ca0.8Ti(O,N)3±  ɻ Eu0.1Ca0.9Ti(O,N)3±  ɻ



X-ray Photoelectron Spectroscopy (XPS) 

Ti 2p Eu 3d 

30HAr: small 

content of Ti3+ 

5HAr: larger content of 

Eu3+ than 30HAr 

Ratio: Eu3+/Eu2+ 

SrxEu1-xTiO 3-�/ 


