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Normal Process                         Umklapp Process 

momentum is conserved                             momentum is NOT conserved 

€ 

K1 +K2 = K3

€ 

K1 +K2 = K3 +G

Anharmonic effects – phonon can decay 

Finite phonon thermal conductivity 



Anharmonic Effects 

€ 

U x( ) ≈Ueq + bx 2 +cx 3
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change 



Anharmonic Effects 



Thermal Effect on Crystals 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ε ω ,T( )

Lattice parameter 



Thermal Expansion  

Linear expansion coefficient 

Volumm expansion coefficient 



T (K) 

Posi7ve Thermal Expansion  



Nega7ve Thermal Expansion  



Gruneisen Parameter 



Anharmonic Effects  
‐‐ in Neutron Sca?ng Spectroscopy  

harmonic 

anharmonic 



Neutron Sca@ering 
‐‐ Probe Phonon Spectra 

€ 

Eneutron =
p2

2Mn

Neutrons interacts with nuclei of the atoms of 
materials, thus can be used to see the ordering of 
atoms! 



2θ 

Ei, Ki 

Ef, Kf 

sample 

source 

detector 

Conservation of energy 

Conservation of momentum 

Ki 

Kf 

-Kf 

Q 

scattering  
triangle provides kinematic constraints 

Neutron Sca@ering ‐‐ Principle 

ε > 0     “energy loss” 
   < 0    “energy gain” 



•  No charge 

•  Energy:       meV range -tunable 

•  Wavelength:  Å range 

•  Great penetration 

•  Interact with nuclei 

 Simple scattering form factor 

•  Sensitive to lattice degrees of freedom 

neutron: 

λ (Å) = 6.283/k(Å-1) 

      = 9.045/√E (meV) 

      = 30.81/ √T (K) 

Why Neutrons? 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Neutron Sca@ering Intensity 

- Measuring cross section 

€ 

dΩ Give the rate of removal of particles from ki as 
The result of being scattered into an angle dΩ 
Within an energy range of dEf 



Axis 1: monochromator 

Axis 2: sample 

Axis 3: analyzer 





HFIR SNS 

Oak Ridge Na7onal Laboratory  
‐‐ The Neutron Valley 



Q = τ + q 

[h,0,0] 

[0,k,0] 

phonon 

magnon 

phonon 

Example: Phonon Dispersion of La0.7Ca0.3MnO3 





X‐Ray Measurements of Phonon Spectra 
⌘    high energy 
        -- low resolution 
⌘   interacting with  
      electrons 
        -- large background 

⌘   requires less sample 
        -- large background 

⌘   high flux 
        -- sample damage 

⌘   also informative to non  
      -crystalline materials 



X‐Ray versus Neutron 


