
Simplicity vs. complexity in 

thermoelectric quantum materials: 

the cases of FeGa3 and RT2Zn20   

Marcos A. Avila 

Grupo de Materiais Quânticos�

06 Apr 2016 ICTP Workshop on Next Generation Materials – IFT / UNESP 



2 

UFABC Collaborators 

Michael Cabrera 

Camilo Alvarez 

Raquel Ribeiro 

Carlos Rettori 

Gustavo Dalpian 

Jorge Osorio 



3 

Other Collaborators 
Hiroshima University 
  

Magnetism and Thermoelectrics 

K. Suekuni, T. Takabatake 
  

High Pressures, 3He Temperatures 

K. Umeo 
  

Single Crystal XRD 
H. Fukuoka, S. Yamanaka 
  

Raman Scattering 
Y. Takasu, M. Udagawa 
  

Ultrasound Attenuation 
I. Ishii, T. Suzuki 
  

SEM, TEM 
T. Ekino 
  

XPS, XANES, RXES 
H. Sato, K. Shimada, Y. Takahashi 

Other Institutions 
 
EXAFS 
F. Bridges (UCSD – San Diego) 
 
XPS 
K. Tanigaki (Tohoku U. – Sendai) 
 
Inelastic Neutron Scattering 
C. H. Lee (AIST – Tsukuba) 
 
THz Optical Conductivity 
T. Mori, N. Toyota (Tohoku U. – Sendai) 
 
Neutron Diffraction 
M. Christensen (Aarhus U. - Denmark) 
	


Mössbauer 
E. Baggio-Saitovitch, J. Munevar (CBPF) 
 
XRD, XPS, XANES, XMCD 
C. Giles (UNICAMP), D. Haskel (APS) 



Outline 

u  Materials Research for Thermoelectrics 

u  Thermoelectric Devices 

u  Thermoelectric Conversion Efficiency 

u  Next Generation Thermoelectric Materials 

u  Thermoelectricity and Magnetism in FeGa3 

u  Experiments and DFT simulations 

u  Electronic Structure and Magnetism in RT2Zn20 

u  Experiments and DFT simulations 

4 



Thermoelectrics Ressurgence 
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Thermoelectric Devices 
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• No moving parts, no vibration; 
• Highly flexible/scalable; 
• Micro/Nano-refrigeration. 

• Free & renewable energy; 
• Waste heat recovery; 
• Environmentally friendly. 

  

Basic Material Requirements: 
p- & n-type | high S | low ρ | low κ

Peltier Effect	
 Seebeck Effect	




Conversion Efficiency 
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S, ρ  e κ  are 
 

inter-dependent! 

S σ κ

 

Common Metals 
 

ZT ≅ 10-4 - 10-2 
 
Best Materials 
 

ZT ≅ 1 
 
(~10% efficiency)	




  

 

~17% Efficiency 

Classic Materials 



  Application Examples 



New Materials Research 
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80’s  Enhance S through strongly correlated electrons 
 

90’s   ⇒ Heavy Fermions, Kondo Semiconductors… 

60’s  Reduce κL using heavy elements 
 

70’s   ⇒ Bi2Te3, PbTe, etc… 

90’s  Reduce loss factors ρ and κ.   Slack (1995): 
 

00’s   ⇒ “Phonon Glass, Electron Crystals” (PGEC) 

Find compounds with new/exotic mechanisms that may 
allow some degree of independence between S, ρ and κ



β-Ba8Ga16Sn30 Structure 
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Unit cell (54 atoms: A8X46) 

Cubic Pm3n (#223); a ~ 1.2 nm 

2×Ba1 (2a) - bcc 

Dodecahedron (X20) 

6×Ba2 (6d) – “fcc” 

Tetrakaidecahedron (X24) 



β-BGS Off-Center Rattling 
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β-BGS Off-Center Rattling 

Lowest κ(T) of all 
type-1 clathrates 
 

Comparable to 
amorphous silica 
glass (a-SiO2)! 



β-BGS Off-Center Rattling 



  

Automotive  
Coolant and Exhaust 

Heat Recovery 
 
 

ZT = 0.5 – 1.0 
is acceptable, if 

device is low cost 
and light weight 

Can TE go “mainstream”? 



Cases at Hand 

u  FeGa3 (layer structure) 

 

u  RT2Zn20 (cage structure) 
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Nicely 
tractable 

model 
system 

Nightmare 
to 

understand 
and model 
the physics 

Fe Ga1 

Ga2 

Unit cell: 
184 atoms 
a ~ 1.5 nm 
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Binary Semiconductor FeGa3 
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Electron-doped FeGa3 
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FeGa3-xGex: New Quantum Material 
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FM 



FeGa3-xGex: New Quantum Material 
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DFT 
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Ga2 layer 

Fe+Ga1 layer 

FM High 
Moment 

(near Ge) 

FM Low 
Moment 

Ge dopant 

AFM High 
Moment 



DFT 
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Evolution from localized towards itinerant 
magnetism with increasing Ge content  



Mössbauer 

2
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Magnetization 
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Magnetization 
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Cage Compounds RT2Zn20 
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Cage Compounds RT2Zn20 
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GdCo2Zn20:  TN ~ 6 K 
 
GdFe2Zn20:  TC ~ 86 K 



Y1-xGdxCo2Zn20 
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Exchange Bottleneck Effect 
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Y1-xGdxCo2Zn20 
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Multiband analysis 

Extreme bottleneck regime 

Unbottleneck regime 



Y1-xGdxCo2Zn20 
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Y1-xGdxCo2Zn20 
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Jfs(0) dominant interaction 



Y1-xGdxCo2Zn20 
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Model RKKY system! 
 

First connection between micro and macro 

= -1.2(2) K  [Exp: -0.7(4) K] 



Current Work – Gd(Co1-yFey)2Zn20 
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Current Work – YbFe2Zn20-xCdx 
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Summary 
u  Thermoelectrics 

u  Noble motivation to seek out next generation of 
energy materials that may also feature novel, 
exciting physics 

u  FeGa3 

u  Simple diamagnetic semiconducting material in 
which surprisingly complex physics emerge with 
Ge doping 

u  RT2Zn20 

u  Complex cage compounds in which surprisingly 
simple and tractable physics are revealed in the 
non-hybridizing compounds. 
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Both cases successful due to synergetic efforts 
between experiment and DFT simulations 
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Research Focus	

�  Design, development and discovery of novel 

materials with academic or functional interest, 
particularly those that exhibit: 

�  Strongly Correlated Electrons; 
�  Termoelectricity;  
� Magnetism;  
�  Superconductivity; 
� Quantum Criticality 



Methodologies	


�  Combine elements into compounds 
�  MgB2 , Yb14MnSb11, YBa2Cu3O7-x ... 

�  Determine crystalline structures 
�  Cubic, tetragonal, hexagonal ... 

�  Characterize physical properties 
�  Modify/optimize desired properties 
�  Use as model systems to: 

�  Advance understanding of physical problems; 
�  Seek solutions for current application demands 



Recent Examples	

� Binaries 

� MgB2, YbB2, FeGa3, YIn3 
 

� Ternaries 
� RT2X2, R2TX6, YbNiX3 
� RPd5Al2, AFe2As2  
� RT4X12, Yb14TSb11, A8M16X30 
 

� Quaternaries 
� RBa2Cu3O7-x, RNi2B2C 

YbNiSi3 



Playground	
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