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Focus on 3 Semiconducting Clathrate Single 
Crystals With Type I Ice Clathrate Structure:       

X8Ga16Ge30,   X= Ba, Sr, Eu

XE20XE24



Large (cm3) Single Crystals of X8Ga16Ge30
(X = Ba, Sr, Eu) Can be Grown For Neutron 
Studies, Some Crystals Grown Using 153Eu

Eu8Ga16Ge30

Ba8Ga16Ge30



Electrical Properties of 3 Crystals Similar
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Carrier Concentrations ≈ 1021 cm-3

Mobilities 10-15 cm2/V-s 
Single Band Effective Mass ≈ 3 me
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Promising Class of New Thermoelectric 
Materials

• Sr8Ga16Ge30 previously shown by Nolas et al. to 
have ZT ≈1 at 700-800 K, and ZT ≈0.5 at 300 K

• Very flexible structure type- cages can be made 
with Ge, Si or Sn, filling atoms can be alkali, 
alkaline earths and some rare earths, 6c site in 
cage structure can be replaced by Cu, Ni, Au, Pd, 
Ni, Ag etc.

• Large fullerene-like cages can form around 
undersized filling atoms- “rattlers”



“Rattlers”

• “Rattlers” are weakly bound atoms that fill cages
• “Rattlers” have unusually large values of Atomic 

Displacement Parameters: <u2>
• Properties of many clathrate-like compounds can 

be understood by treating rattler atoms as 
Einstein oscillators and framework atoms as a 
Debye solid.

• Skutterudites, LaB6, Tl2SnTe5

• A Characteristic Einstein temperature (or 
frequency) can be assigned to each rattler



“Rattlers” and Acoustic Phonons

ω

k

ω

k

(kD,ωD)

ω

k

Debye                  Debye +Einstein              Hybridization

These ideas are  placed on a more quantitative
footing by recent calculations of  Dong, Sankey,
and Myles-PRL 86 (2001) 2361



From low temperature heat capacity data-
approximate Einstein temperatures can be 
extracted.
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Einstein temperatures from heat capacity 
measurements in good agreement with:

• Raman data from Nolas and Kendziora (Phys. 
Rev. B. 62 , 7157 (2000)  

• Theory  (Dong et al. J. Appl. Phys. 87 , 7726 (2000) 



Ba, Sr and Eu are all “rattlers” but temperature 
dependence of lattice thermal conductivity of Ba
clathrate is qualitatively different from that of Sr and Eu
Clathrates : Why ?
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Crystalline vs. Glasslike Thermal Conductivity

Behavior below 2 K
attributed to
Tunneling States

P. W. Anderson, B. I. Halperin
C. M. Varma, Phil. Mag. 25, 1 
(1972).



Thermal Conductivity of Sr8Ga16Ge30 Indicates 
Tunneling States 

J. L. Cohn, et al. PRL 82, 779 (1999)



Ba Nuclear Density Map at Center of Large 
Cage ( 6d site of clathrate structure)

 

0.15 nm



Sr Nuclear Density Map at Center of Large Cage 
Tunneling States?

 

0.15 nm



Eu Nuclear Density Map at Center of Large Cage
Tunneling States !

0.15 nm



ADP Data (<u2> ) From 6d Site
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“Rattling” and Tunneling States
Necessary to Produce Glass-Like 

Thermal Conductivity  

Nuclear Density Maps from 
Sr8Ga16Ge30 and Eu8Ga16Ge30

Crystals May Provide a  “snapshot”
of Tunneling States



Eu8Ga16Ge30: Ferromagnetic Phonon Glass
Tc = 33 K



Ferromagnetism Likely Due To RKKY 
Interaction. Sign and Coupling Strength of Eu
spins F(ncarriers)



Heat Capacity Data for X8Ga16Ge30 Crystals
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Magnetoresistance: Most of effect due to 
suppression of spin-disorder scattering
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Jump in Heat Capacity at Tc approximately 
given by mean field value
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Ultrasonic Attenuation Data on Sr8Ga16Ge30

Single Crystals Indicate Tunneling States

Keppens et al. Phil.
Mag. Lett. 80, 807
2000

Concentration of Tunneling
States about 50 times lower
than in an oxide glass like GeO2



Ferromagnetism of Eu8Ga16Ge30
Semiconductor

• Tc = 33 K
• Effective moment and saturation moment near 

ionic values (μeff = 7.94 μB, μsat = 7 μB)
• Coupling of Eu moments via indirect exchange 

with conduction electrons (RKKY)
• Very soft ferromagnet (coercive field ≈ 10 gauss)
• Not successful yet in changing carrier 

concentration- partially due to proximity of 
competing crystal structure



Conclusions:

• Clathrates are one of the most promising classes of 
thermoelectric materials- flexibilty of structure

• “rattlers” and tunneling states are necessary to produce a 
true glass-like thermal conductivity

• Nuclear Density Maps may provide snapshot of tunneling 
states

• Eu8Ga16Ge30 is a ferromagnetic phonon glass- Tc = 33 K
• No evidence of superconductivity in Ba8Ga16Ge30



Type I Clathrate Structure: Ba6M6X40 (X=Ge,Si)
but with M=Ag,Au,Pd,Cu,etc atoms primarily at 
6c framework sites 
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Ba8Au6Si40 Has Glass-Like 
Lattice Thermal Conductivity
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Ba8MxGe46-x Crystals

Ba8Ag6Ge4

2

Ba8Cu5.3Ge40.7

Ba8Pd4Ge42



Eu8-εGa16Ge30 Phase With the Ba8Ga16Sn30
Clathrate Structure Type: a = 10.62 Å

Eisenmann et al.
J. Less-Common
Metals 118, (1986)43 .



Ba8Ga16Ge30 Shear Modulus: c44
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Sr8Ga16Ge30 Shear Modulus: c44
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Eu8Ga16Ge30 Shear Modulus: c44
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