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Outline
• Introductions


• Dispersion relations in materials physics


• Elastic waves and classification of phonons


• Phonon inelastic X-ray scattering examples


• Resonance phenomena in multi-electron atoms


• Resonant inelastic X-ray scattering examples
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Uncorrelated electron systems

Correlated electron systems

Electron-electron interactions do not dominate material behavior 


Well-established theoretical framework describes most properties 
of semiconductors (Si,Ge,GaAs), good metals (Cu,Ag,Al,Au)

Electron-electron interactions dominate material behavior 

 

Often includes magnetism, more exotic behavior 


Theoretical treatment is very limited


High potential for applications and interesting basic science



Collective excitations in 
materials

• “Fields” of spin, charge, nuclear 
displacement self organize according to 
interactions and confining potential 

• Disturbances in the pattern form excited 
states relevant to material behavior

Spins

Inelastic X-ray scattering can probe  
many different fundamental excitations



The Electromagnetic Field

• Photons are bosons, independent, luminal


• Described by Maxwell’s equations at low energy, QED 
at high energy


• Fully understood, quantized, modes are described as 

Vector potential:



• Sample can exchange energy, momentum with EM field

Spectroscopy, general remarks
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• Sample can exchange energy, momentum with EM field

Spectroscopy, general remarks

ARPES

EELS

Related spectroscopies:
Neutron

n  
n  

(sample) (vacuum)

One photon 
Optical spectroscopy 

X-ray absorption 

Two photon  
Raman 

Inelastic X-ray Scattering



• IXS and RIXS (also REXS, Raman)


• Probes electronic excitations in a 
momentum-resolved way


• Technical advances making rapid 
progress

Photon spectroscopies

• Can measure from reflection or transmission in 
time or frequency domain


• Use Fresnel’s equations to determine               ,                      
.                   ,                    and relate to 
fundamental behavior


• X-ray absorption collected differently, through 
total electron or total fluorescence yield

n+ ik
�1 + i�2�1 � i�2

Measure

Reflection

One-photon Two-photon

Synchrotron
Transmission

Drain  
current

Q

A

Synchrotron  
X-ray source

Energy-
integrating 
detector



Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength
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Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string 

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="oxit9kugyUTck1ZTd34rjcjqJmw=">AAACOXicfVBNS8MwGE79nPOr6tFLcAieRjuGehGGXjxOcB+wdiPN0i0sTUuSDkfp3/Liv/AmePGgiFf/gOlWRDfxgcDzPu/zJnkfL2JUKst6MpaWV1bX1gsbxc2t7Z1dc2+/KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJX1W2MiJA35rZpExA3QgFOfYqS01DPrji8QTpwICUUR61agn35X8K5bSS9mDjtNxrr61660oWeWrLI1BVwkdk5KIEe9Zz46/RDHAeEKMyRlx7Yi5SbZlZiRtOjEkkQIj9CAdDTlKCDSTaabp/BYK33oh0IfruBU/TmRoEDKSeBpZ4DUUM73MvGvXidW/rmbUB7FinA8e8iP9YohzGKEfSoIVmyiCcKC6r9CPEQ6G6XDLuoQ7PmVF0mzUrZPy9Wbaql2mcdRAIfgCJwAG5yBGrgGddAAGNyDZ/AK3owH48V4Nz5m1iUjnzkAv2B8fgGfeK6c</latexit>

@2f

@x2
=

1

v2
@2f

@t2
<latexit sha1_base64="9qfWWtNSRAZG2MwosGHPKpya/jg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BItQD5ZEinosevFYwX5AG8pmu2mXbjZhd1IsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JGagXlp4sxnveKJafizGGvEjcjJchQ7xW/uv2IJiGTSAXRuuM6MXopUcipYNNCN9EsJnREBqxjqCQh0146P3dqnxmlbweRMiXRnqu/J1ISaj0JfdMZEhzqZW8m/ud1EgxuvJTLOEEm6WJRkAgbI3v2u93nilEUE0MIVdzcatMhUYSiSahgQnCXX14lzcuKe1WpPlRLtdssjjycwCmUwYVrqME91KEBFEbwDK/wZsXWi/VufSxac1Y2cwx/YH3+AIoEjw8=</latexit>

f(x� vt)

<latexit sha1_base64="0HFEbRqMcO4x0hx7xyYEq/LJBqY=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUTdC0Y3LCvYBTSiTyaQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccw/3zglSzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqySShLZLwRHYDrChngrY005x2U0lxHHDaCUa3U7/zSKViiXjQ45T6MR4IFjGCtZH69vG1F0lM8pqXsknucZMM8aRvV5yqMwNaJm5BKlCg2be/vDAhWUyFJhwr1XOdVPs5lpoRTidlL1M0xWSEB7RnqMAxVX4+O3+CzowSoiiR5gmNZurvRI5jpcZxYCZjrIdq0ZuK/3m9TEdXfs5EmmkqyHxRlHGkEzTtAoVMUqL52BBMJDO3IjLEpg5tGiubEtzFLy+Tdq3qXlTr9/VK46aoowQncArn4MIlNOAOmtACAjk8wyu8WU/Wi/VufcxHV6wicwR/YH3+AG54lc8=</latexit>

=
2⇡

�



<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string 

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="oxit9kugyUTck1ZTd34rjcjqJmw=">AAACOXicfVBNS8MwGE79nPOr6tFLcAieRjuGehGGXjxOcB+wdiPN0i0sTUuSDkfp3/Liv/AmePGgiFf/gOlWRDfxgcDzPu/zJnkfL2JUKst6MpaWV1bX1gsbxc2t7Z1dc2+/KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJX1W2MiJA35rZpExA3QgFOfYqS01DPrji8QTpwICUUR61agn35X8K5bSS9mDjtNxrr61660oWeWrLI1BVwkdk5KIEe9Zz46/RDHAeEKMyRlx7Yi5SbZlZiRtOjEkkQIj9CAdDTlKCDSTaabp/BYK33oh0IfruBU/TmRoEDKSeBpZ4DUUM73MvGvXidW/rmbUB7FinA8e8iP9YohzGKEfSoIVmyiCcKC6r9CPEQ6G6XDLuoQ7PmVF0mzUrZPy9Wbaql2mcdRAIfgCJwAG5yBGrgGddAAGNyDZ/AK3owH48V4Nz5m1iUjnzkAv2B8fgGfeK6c</latexit>

@2f

@x2
=

1

v2
@2f

@t2
<latexit sha1_base64="9qfWWtNSRAZG2MwosGHPKpya/jg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BItQD5ZEinosevFYwX5AG8pmu2mXbjZhd1IsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JGagXlp4sxnveKJafizGGvEjcjJchQ7xW/uv2IJiGTSAXRuuM6MXopUcipYNNCN9EsJnREBqxjqCQh0146P3dqnxmlbweRMiXRnqu/J1ISaj0JfdMZEhzqZW8m/ud1EgxuvJTLOEEm6WJRkAgbI3v2u93nilEUE0MIVdzcatMhUYSiSahgQnCXX14lzcuKe1WpPlRLtdssjjycwCmUwYVrqME91KEBFEbwDK/wZsXWi/VufSxac1Y2cwx/YH3+AIoEjw8=</latexit>

f(x� vt)

<latexit sha1_base64="0HFEbRqMcO4x0hx7xyYEq/LJBqY=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUTdC0Y3LCvYBTSiTyaQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccw/3zglSzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqySShLZLwRHYDrChngrY005x2U0lxHHDaCUa3U7/zSKViiXjQ45T6MR4IFjGCtZH69vG1F0lM8pqXsknucZMM8aRvV5yqMwNaJm5BKlCg2be/vDAhWUyFJhwr1XOdVPs5lpoRTidlL1M0xWSEB7RnqMAxVX4+O3+CzowSoiiR5gmNZurvRI5jpcZxYCZjrIdq0ZuK/3m9TEdXfs5EmmkqyHxRlHGkEzTtAoVMUqL52BBMJDO3IjLEpg5tGiubEtzFLy+Tdq3qXlTr9/VK46aoowQncArn4MIlNOAOmtACAjk8wyu8WU/Wi/VufcxHV6wicwR/YH3+AG54lc8=</latexit>

=
2⇡

�



<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string 

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="oxit9kugyUTck1ZTd34rjcjqJmw=">AAACOXicfVBNS8MwGE79nPOr6tFLcAieRjuGehGGXjxOcB+wdiPN0i0sTUuSDkfp3/Liv/AmePGgiFf/gOlWRDfxgcDzPu/zJnkfL2JUKst6MpaWV1bX1gsbxc2t7Z1dc2+/KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJX1W2MiJA35rZpExA3QgFOfYqS01DPrji8QTpwICUUR61agn35X8K5bSS9mDjtNxrr61660oWeWrLI1BVwkdk5KIEe9Zz46/RDHAeEKMyRlx7Yi5SbZlZiRtOjEkkQIj9CAdDTlKCDSTaabp/BYK33oh0IfruBU/TmRoEDKSeBpZ4DUUM73MvGvXidW/rmbUB7FinA8e8iP9YohzGKEfSoIVmyiCcKC6r9CPEQ6G6XDLuoQ7PmVF0mzUrZPy9Wbaql2mcdRAIfgCJwAG5yBGrgGddAAGNyDZ/AK3owH48V4Nz5m1iUjnzkAv2B8fgGfeK6c</latexit>

@2f

@x2
=

1

v2
@2f

@t2
<latexit sha1_base64="9qfWWtNSRAZG2MwosGHPKpya/jg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BItQD5ZEinosevFYwX5AG8pmu2mXbjZhd1IsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JGagXlp4sxnveKJafizGGvEjcjJchQ7xW/uv2IJiGTSAXRuuM6MXopUcipYNNCN9EsJnREBqxjqCQh0146P3dqnxmlbweRMiXRnqu/J1ISaj0JfdMZEhzqZW8m/ud1EgxuvJTLOEEm6WJRkAgbI3v2u93nilEUE0MIVdzcatMhUYSiSahgQnCXX14lzcuKe1WpPlRLtdssjjycwCmUwYVrqME91KEBFEbwDK/wZsXWi/VufSxac1Y2cwx/YH3+AIoEjw8=</latexit>

f(x� vt)

<latexit sha1_base64="0HFEbRqMcO4x0hx7xyYEq/LJBqY=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUTdC0Y3LCvYBTSiTyaQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccw/3zglSzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqySShLZLwRHYDrChngrY005x2U0lxHHDaCUa3U7/zSKViiXjQ45T6MR4IFjGCtZH69vG1F0lM8pqXsknucZMM8aRvV5yqMwNaJm5BKlCg2be/vDAhWUyFJhwr1XOdVPs5lpoRTidlL1M0xWSEB7RnqMAxVX4+O3+CzowSoiiR5gmNZurvRI5jpcZxYCZjrIdq0ZuK/3m9TEdXfs5EmmkqyHxRlHGkEzTtAoVMUqL52BBMJDO3IjLEpg5tGiubEtzFLy+Tdq3qXlTr9/VK46aoowQncArn4MIlNOAOmtACAjk8wyu8WU/Wi/VufcxHV6wicwR/YH3+AG54lc8=</latexit>

=
2⇡

�



<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string 

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="oxit9kugyUTck1ZTd34rjcjqJmw=">AAACOXicfVBNS8MwGE79nPOr6tFLcAieRjuGehGGXjxOcB+wdiPN0i0sTUuSDkfp3/Liv/AmePGgiFf/gOlWRDfxgcDzPu/zJnkfL2JUKst6MpaWV1bX1gsbxc2t7Z1dc2+/KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJX1W2MiJA35rZpExA3QgFOfYqS01DPrji8QTpwICUUR61agn35X8K5bSS9mDjtNxrr61660oWeWrLI1BVwkdk5KIEe9Zz46/RDHAeEKMyRlx7Yi5SbZlZiRtOjEkkQIj9CAdDTlKCDSTaabp/BYK33oh0IfruBU/TmRoEDKSeBpZ4DUUM73MvGvXidW/rmbUB7FinA8e8iP9YohzGKEfSoIVmyiCcKC6r9CPEQ6G6XDLuoQ7PmVF0mzUrZPy9Wbaql2mcdRAIfgCJwAG5yBGrgGddAAGNyDZ/AK3owH48V4Nz5m1iUjnzkAv2B8fgGfeK6c</latexit>

@2f

@x2
=

1

v2
@2f

@t2
<latexit sha1_base64="9qfWWtNSRAZG2MwosGHPKpya/jg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BItQD5ZEinosevFYwX5AG8pmu2mXbjZhd1IsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JGagXlp4sxnveKJafizGGvEjcjJchQ7xW/uv2IJiGTSAXRuuM6MXopUcipYNNCN9EsJnREBqxjqCQh0146P3dqnxmlbweRMiXRnqu/J1ISaj0JfdMZEhzqZW8m/ud1EgxuvJTLOEEm6WJRkAgbI3v2u93nilEUE0MIVdzcatMhUYSiSahgQnCXX14lzcuKe1WpPlRLtdssjjycwCmUwYVrqME91KEBFEbwDK/wZsXWi/VufSxac1Y2cwx/YH3+AIoEjw8=</latexit>

f(x� vt)

<latexit sha1_base64="0HFEbRqMcO4x0hx7xyYEq/LJBqY=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUTdC0Y3LCvYBTSiTyaQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccw/3zglSzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqySShLZLwRHYDrChngrY005x2U0lxHHDaCUa3U7/zSKViiXjQ45T6MR4IFjGCtZH69vG1F0lM8pqXsknucZMM8aRvV5yqMwNaJm5BKlCg2be/vDAhWUyFJhwr1XOdVPs5lpoRTidlL1M0xWSEB7RnqMAxVX4+O3+CzowSoiiR5gmNZurvRI5jpcZxYCZjrIdq0ZuK/3m9TEdXfs5EmmkqyHxRlHGkEzTtAoVMUqL52BBMJDO3IjLEpg5tGiubEtzFLy+Tdq3qXlTr9/VK46aoowQncArn4MIlNOAOmtACAjk8wyu8WU/Wi/VufcxHV6wicwR/YH3+AG54lc8=</latexit>

=
2⇡

�



<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string 

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="oxit9kugyUTck1ZTd34rjcjqJmw=">AAACOXicfVBNS8MwGE79nPOr6tFLcAieRjuGehGGXjxOcB+wdiPN0i0sTUuSDkfp3/Liv/AmePGgiFf/gOlWRDfxgcDzPu/zJnkfL2JUKst6MpaWV1bX1gsbxc2t7Z1dc2+/KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJX1W2MiJA35rZpExA3QgFOfYqS01DPrji8QTpwICUUR61agn35X8K5bSS9mDjtNxrr61660oWeWrLI1BVwkdk5KIEe9Zz46/RDHAeEKMyRlx7Yi5SbZlZiRtOjEkkQIj9CAdDTlKCDSTaabp/BYK33oh0IfruBU/TmRoEDKSeBpZ4DUUM73MvGvXidW/rmbUB7FinA8e8iP9YohzGKEfSoIVmyiCcKC6r9CPEQ6G6XDLuoQ7PmVF0mzUrZPy9Wbaql2mcdRAIfgCJwAG5yBGrgGddAAGNyDZ/AK3owH48V4Nz5m1iUjnzkAv2B8fgGfeK6c</latexit>

@2f

@x2
=

1

v2
@2f

@t2
<latexit sha1_base64="9qfWWtNSRAZG2MwosGHPKpya/jg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BItQD5ZEinosevFYwX5AG8pmu2mXbjZhd1IsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JGagXlp4sxnveKJafizGGvEjcjJchQ7xW/uv2IJiGTSAXRuuM6MXopUcipYNNCN9EsJnREBqxjqCQh0146P3dqnxmlbweRMiXRnqu/J1ISaj0JfdMZEhzqZW8m/ud1EgxuvJTLOEEm6WJRkAgbI3v2u93nilEUE0MIVdzcatMhUYSiSahgQnCXX14lzcuKe1WpPlRLtdssjjycwCmUwYVrqME91KEBFEbwDK/wZsXWi/VufSxac1Y2cwx/YH3+AIoEjw8=</latexit>

f(x� vt)

<latexit sha1_base64="0HFEbRqMcO4x0hx7xyYEq/LJBqY=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUTdC0Y3LCvYBTSiTyaQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccw/3zglSzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqySShLZLwRHYDrChngrY005x2U0lxHHDaCUa3U7/zSKViiXjQ45T6MR4IFjGCtZH69vG1F0lM8pqXsknucZMM8aRvV5yqMwNaJm5BKlCg2be/vDAhWUyFJhwr1XOdVPs5lpoRTidlL1M0xWSEB7RnqMAxVX4+O3+CzowSoiiR5gmNZurvRI5jpcZxYCZjrIdq0ZuK/3m9TEdXfs5EmmkqyHxRlHGkEzTtAoVMUqL52BBMJDO3IjLEpg5tGiubEtzFLy+Tdq3qXlTr9/VK46aoowQncArn4MIlNOAOmtACAjk8wyu8WU/Wi/VufcxHV6wicwR/YH3+AG54lc8=</latexit>

=
2⇡

�



<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string 

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="oxit9kugyUTck1ZTd34rjcjqJmw=">AAACOXicfVBNS8MwGE79nPOr6tFLcAieRjuGehGGXjxOcB+wdiPN0i0sTUuSDkfp3/Liv/AmePGgiFf/gOlWRDfxgcDzPu/zJnkfL2JUKst6MpaWV1bX1gsbxc2t7Z1dc2+/KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJX1W2MiJA35rZpExA3QgFOfYqS01DPrji8QTpwICUUR61agn35X8K5bSS9mDjtNxrr61660oWeWrLI1BVwkdk5KIEe9Zz46/RDHAeEKMyRlx7Yi5SbZlZiRtOjEkkQIj9CAdDTlKCDSTaabp/BYK33oh0IfruBU/TmRoEDKSeBpZ4DUUM73MvGvXidW/rmbUB7FinA8e8iP9YohzGKEfSoIVmyiCcKC6r9CPEQ6G6XDLuoQ7PmVF0mzUrZPy9Wbaql2mcdRAIfgCJwAG5yBGrgGddAAGNyDZ/AK3owH48V4Nz5m1iUjnzkAv2B8fgGfeK6c</latexit>

@2f

@x2
=

1

v2
@2f

@t2
<latexit sha1_base64="9qfWWtNSRAZG2MwosGHPKpya/jg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BItQD5ZEinosevFYwX5AG8pmu2mXbjZhd1IsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JGagXlp4sxnveKJafizGGvEjcjJchQ7xW/uv2IJiGTSAXRuuM6MXopUcipYNNCN9EsJnREBqxjqCQh0146P3dqnxmlbweRMiXRnqu/J1ISaj0JfdMZEhzqZW8m/ud1EgxuvJTLOEEm6WJRkAgbI3v2u93nilEUE0MIVdzcatMhUYSiSahgQnCXX14lzcuKe1WpPlRLtdssjjycwCmUwYVrqME91KEBFEbwDK/wZsXWi/VufSxac1Y2cwx/YH3+AIoEjw8=</latexit>

f(x� vt)

<latexit sha1_base64="0HFEbRqMcO4x0hx7xyYEq/LJBqY=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUTdC0Y3LCvYBTSiTyaQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccw/3zglSzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqySShLZLwRHYDrChngrY005x2U0lxHHDaCUa3U7/zSKViiXjQ45T6MR4IFjGCtZH69vG1F0lM8pqXsknucZMM8aRvV5yqMwNaJm5BKlCg2be/vDAhWUyFJhwr1XOdVPs5lpoRTidlL1M0xWSEB7RnqMAxVX4+O3+CzowSoiiR5gmNZurvRI5jpcZxYCZjrIdq0ZuK/3m9TEdXfs5EmmkqyHxRlHGkEzTtAoVMUqL52BBMJDO3IjLEpg5tGiubEtzFLy+Tdq3qXlTr9/VK46aoowQncArn4MIlNOAOmtACAjk8wyu8WU/Wi/VufcxHV6wicwR/YH3+AG54lc8=</latexit>

=
2⇡

�



<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string 

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
(Wave speed=slope)

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="oxit9kugyUTck1ZTd34rjcjqJmw=">AAACOXicfVBNS8MwGE79nPOr6tFLcAieRjuGehGGXjxOcB+wdiPN0i0sTUuSDkfp3/Liv/AmePGgiFf/gOlWRDfxgcDzPu/zJnkfL2JUKst6MpaWV1bX1gsbxc2t7Z1dc2+/KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJX1W2MiJA35rZpExA3QgFOfYqS01DPrji8QTpwICUUR61agn35X8K5bSS9mDjtNxrr61660oWeWrLI1BVwkdk5KIEe9Zz46/RDHAeEKMyRlx7Yi5SbZlZiRtOjEkkQIj9CAdDTlKCDSTaabp/BYK33oh0IfruBU/TmRoEDKSeBpZ4DUUM73MvGvXidW/rmbUB7FinA8e8iP9YohzGKEfSoIVmyiCcKC6r9CPEQ6G6XDLuoQ7PmVF0mzUrZPy9Wbaql2mcdRAIfgCJwAG5yBGrgGddAAGNyDZ/AK3owH48V4Nz5m1iUjnzkAv2B8fgGfeK6c</latexit>

@2f

@x2
=

1

v2
@2f

@t2
<latexit sha1_base64="9qfWWtNSRAZG2MwosGHPKpya/jg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BItQD5ZEinosevFYwX5AG8pmu2mXbjZhd1IsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JGagXlp4sxnveKJafizGGvEjcjJchQ7xW/uv2IJiGTSAXRuuM6MXopUcipYNNCN9EsJnREBqxjqCQh0146P3dqnxmlbweRMiXRnqu/J1ISaj0JfdMZEhzqZW8m/ud1EgxuvJTLOEEm6WJRkAgbI3v2u93nilEUE0MIVdzcatMhUYSiSahgQnCXX14lzcuKe1WpPlRLtdssjjycwCmUwYVrqME91KEBFEbwDK/wZsXWi/VufSxac1Y2cwx/YH3+AIoEjw8=</latexit>

f(x� vt)

<latexit sha1_base64="0HFEbRqMcO4x0hx7xyYEq/LJBqY=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUTdC0Y3LCvYBTSiTyaQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccw/3zglSzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqySShLZLwRHYDrChngrY005x2U0lxHHDaCUa3U7/zSKViiXjQ45T6MR4IFjGCtZH69vG1F0lM8pqXsknucZMM8aRvV5yqMwNaJm5BKlCg2be/vDAhWUyFJhwr1XOdVPs5lpoRTidlL1M0xWSEB7RnqMAxVX4+O3+CzowSoiiR5gmNZurvRI5jpcZxYCZjrIdq0ZuK/3m9TEdXfs5EmmkqyHxRlHGkEzTtAoVMUqL52BBMJDO3IjLEpg5tGiubEtzFLy+Tdq3qXlTr9/VK46aoowQncArn4MIlNOAOmtACAjk8wyu8WU/Wi/VufcxHV6wicwR/YH3+AG54lc8=</latexit>

=
2⇡

�



<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string 

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
(Wave speed=slope)

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="oxit9kugyUTck1ZTd34rjcjqJmw=">AAACOXicfVBNS8MwGE79nPOr6tFLcAieRjuGehGGXjxOcB+wdiPN0i0sTUuSDkfp3/Liv/AmePGgiFf/gOlWRDfxgcDzPu/zJnkfL2JUKst6MpaWV1bX1gsbxc2t7Z1dc2+/KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJX1W2MiJA35rZpExA3QgFOfYqS01DPrji8QTpwICUUR61agn35X8K5bSS9mDjtNxrr61660oWeWrLI1BVwkdk5KIEe9Zz46/RDHAeEKMyRlx7Yi5SbZlZiRtOjEkkQIj9CAdDTlKCDSTaabp/BYK33oh0IfruBU/TmRoEDKSeBpZ4DUUM73MvGvXidW/rmbUB7FinA8e8iP9YohzGKEfSoIVmyiCcKC6r9CPEQ6G6XDLuoQ7PmVF0mzUrZPy9Wbaql2mcdRAIfgCJwAG5yBGrgGddAAGNyDZ/AK3owH48V4Nz5m1iUjnzkAv2B8fgGfeK6c</latexit>

@2f

@x2
=

1

v2
@2f

@t2
<latexit sha1_base64="9qfWWtNSRAZG2MwosGHPKpya/jg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BItQD5ZEinosevFYwX5AG8pmu2mXbjZhd1IsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JGagXlp4sxnveKJafizGGvEjcjJchQ7xW/uv2IJiGTSAXRuuM6MXopUcipYNNCN9EsJnREBqxjqCQh0146P3dqnxmlbweRMiXRnqu/J1ISaj0JfdMZEhzqZW8m/ud1EgxuvJTLOEEm6WJRkAgbI3v2u93nilEUE0MIVdzcatMhUYSiSahgQnCXX14lzcuKe1WpPlRLtdssjjycwCmUwYVrqME91KEBFEbwDK/wZsXWi/VufSxac1Y2cwx/YH3+AIoEjw8=</latexit>

f(x� vt)

Linear dispersion also found in: 
X-rays and light


Sound at long wavelengths

Shallow water waves

Gravitational waves


<latexit sha1_base64="0HFEbRqMcO4x0hx7xyYEq/LJBqY=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUTdC0Y3LCvYBTSiTyaQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccw/3zglSzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqySShLZLwRHYDrChngrY005x2U0lxHHDaCUa3U7/zSKViiXjQ45T6MR4IFjGCtZH69vG1F0lM8pqXsknucZMM8aRvV5yqMwNaJm5BKlCg2be/vDAhWUyFJhwr1XOdVPs5lpoRTidlL1M0xWSEB7RnqMAxVX4+O3+CzowSoiiR5gmNZurvRI5jpcZxYCZjrIdq0ZuK/3m9TEdXfs5EmmkqyHxRlHGkEzTtAoVMUqL52BBMJDO3IjLEpg5tGiubEtzFLy+Tdq3qXlTr9/VK46aoowQncArn4MIlNOAOmtACAjk8wyu8WU/Wi/VufcxHV6wicwR/YH3+AG54lc8=</latexit>

=
2⇡

�



<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�

Elastic waves
• Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:


permits solutions of the form:


All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string 

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
(Wave speed=slope)

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="kCLn1bHatSVIEuimgz3pS37ZTJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0Y3LCvYBTSiTyaQdOpkJM5NCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGFXacb6t0srq2vpGebOytb2zu2fvH7SVSCUmLSyYkN0AKcIoJy1NNSPdRBIUB4x0gtHt1O+MiVRU8Ac9SYgfowGnEcVIG6lvH42vvUginIWeiMkA5Vk4yvt21ak5M8Bl4hakCgo0+/aXFwqcxoRrzJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DOYqJ8rPZ9Tk8NUoIIyFNcQ1n6u+JDMVKTeLAdMZID9WiNxX/83qpjq78jPIk1YTj+aIoZVALOI0ChlQSrNnEEIQlNbdCPEQmDG0Cq5gQ3MWXl0n7vOZe1Or39WrjpoijDI7BCTgDLrgEDXAHmqAFMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AEjQZWv</latexit>

v =
d!

dk

<latexit sha1_base64="oxit9kugyUTck1ZTd34rjcjqJmw=">AAACOXicfVBNS8MwGE79nPOr6tFLcAieRjuGehGGXjxOcB+wdiPN0i0sTUuSDkfp3/Liv/AmePGgiFf/gOlWRDfxgcDzPu/zJnkfL2JUKst6MpaWV1bX1gsbxc2t7Z1dc2+/KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJX1W2MiJA35rZpExA3QgFOfYqS01DPrji8QTpwICUUR61agn35X8K5bSS9mDjtNxrr61660oWeWrLI1BVwkdk5KIEe9Zz46/RDHAeEKMyRlx7Yi5SbZlZiRtOjEkkQIj9CAdDTlKCDSTaabp/BYK33oh0IfruBU/TmRoEDKSeBpZ4DUUM73MvGvXidW/rmbUB7FinA8e8iP9YohzGKEfSoIVmyiCcKC6r9CPEQ6G6XDLuoQ7PmVF0mzUrZPy9Wbaql2mcdRAIfgCJwAG5yBGrgGddAAGNyDZ/AK3owH48V4Nz5m1iUjnzkAv2B8fgGfeK6c</latexit>

@2f

@x2
=

1

v2
@2f

@t2
<latexit sha1_base64="9qfWWtNSRAZG2MwosGHPKpya/jg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BItQD5ZEinosevFYwX5AG8pmu2mXbjZhd1IsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JGagXlp4sxnveKJafizGGvEjcjJchQ7xW/uv2IJiGTSAXRuuM6MXopUcipYNNCN9EsJnREBqxjqCQh0146P3dqnxmlbweRMiXRnqu/J1ISaj0JfdMZEhzqZW8m/ud1EgxuvJTLOEEm6WJRkAgbI3v2u93nilEUE0MIVdzcatMhUYSiSahgQnCXX14lzcuKe1WpPlRLtdssjjycwCmUwYVrqME91KEBFEbwDK/wZsXWi/VufSxac1Y2cwx/YH3+AIoEjw8=</latexit>

f(x� vt)

Linear dispersion also found in: 
X-rays and light


Sound at long wavelengths

Shallow water waves

Gravitational waves


<latexit sha1_base64="0HFEbRqMcO4x0hx7xyYEq/LJBqY=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUTdC0Y3LCvYBTSiTyaQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccw/3zglSzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqySShLZLwRHYDrChngrY005x2U0lxHHDaCUa3U7/zSKViiXjQ45T6MR4IFjGCtZH69vG1F0lM8pqXsknucZMM8aRvV5yqMwNaJm5BKlCg2be/vDAhWUyFJhwr1XOdVPs5lpoRTidlL1M0xWSEB7RnqMAxVX4+O3+CzowSoiiR5gmNZurvRI5jpcZxYCZjrIdq0ZuK/3m9TEdXfs5EmmkqyHxRlHGkEzTtAoVMUqL52BBMJDO3IjLEpg5tGiubEtzFLy+Tdq3qXlTr9/VK46aoowQncArn4MIlNOAOmtACAjk8wyu8WU/Wi/VufcxHV6wicwR/YH3+AG54lc8=</latexit>

=
2⇡

�



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6



What about atomic scale disturbances?
• Consider monatomic 1D chain and wavelengths approaching lattice parameter a

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="GDzWG/Z12s+eM0uuRrAQ9p4yaLI=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSqaUsd0V3bisYB/QGUomk2lDk5kxyRTK0D9x40IRt/6JO//GTFtBRQ8EDuecy705QcqZ0gh9WGvrG5tb26Wd8u7e/sGhfXTcVUkmCe2QhCeyH2BFOYtpRzPNaT+VFIuA014wuS783pRKxZL4Ts9S6gs8ilnECNZGGtq2x004xJ5igt5DFw/tCqoiA9eFBXEayDGk2WzUak3oLCyEKmCF9tB+98KEZILGmnCs1MBBqfZzLDUjnM7LXqZoiskEj+jA0BgLqvx8cfkcnhslhFEizYs1XKjfJ3IslJqJwCQF1mP12yvEv7xBpqOGn7M4zTSNyXJRlHGoE1jUAEMmKdF8ZggmkplbIRljiYk2ZZVNCV8/hf+Tbq3quNX6bb3SulrVUQKn4AxcAAdcgha4AW3QAQRMwQN4As9Wbj1aL9brMrpmrWZOwA9Yb59aU5OA</latexit>

� ' 6a

<latexit sha1_base64="xAxAEmr6CVMnr2FqnG716JeYDOw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkyd6nRXdOOygn1AZyiZTKYNzTxMMoUy9E/cuFDErX/izr8xfQgqeiBwOOdc7s0JMs6kQujDWFldW9/YLG2Vt3d29/bNg8O2THNBaIukPBXdAEvKWUJbiilOu5mgOA447QSj65nfGVMhWZrcqUlG/RgPEhYxgpWW+qbpcR0OsSdZTO+hg/tmBVn1OnIcFyKrhqpVp6YJOq+6rg1tC81RAUs0++a7F6Ykj2miCMdS9myUKb/AQjHC6bTs5ZJmmIzwgPY0TXBMpV/ML5/CU62EMEqFfomCc/X7RIFjKSdxoJMxVkP525uJf3m9XEWuX7AkyxVNyGJRlHOoUjirAYZMUKL4RBNMBNO3QjLEAhOlyyrrEr5+Cv8n7aplX1jOrVNpXC3rKIFjcALOgA0uQQPcgCZoAQLG4AE8gWejMB6NF+N1EV0xljNH4AeMt09rfpOL</latexit>

� ' 4a

<latexit sha1_base64="RomMmyC5UqXLIZkO1wXdQNX3LQY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWSmnVp3RTcuK9gHtKVk0rQNzWTGJFMoQ//EjQtF3Pon7vwbM20FFT0QOJxzLvfmBDFnSiP0YeXW1jc2t/LbhZ3dvf0D+/CoqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gcp35rSmVikXiTs9i2gvxSLAhI1gbqW/bXW7CA9xVLKT30MN9u4gcVPFLlz5Ejo/cqpcRz3cRKkHXQQsUwQr1vv3eHUQkCanQhGOlOi6KdS/FUjPC6bzQTRSNMZngEe0YKnBIVS9dXD6HZ0YZwGEkzRMaLtTvEykOlZqFgUmGWI/Vby8T//I6iR5WeykTcaKpIMtFw4RDHcGsBjhgkhLNZ4ZgIpm5FZIxlphoU1bBlPD1U/g/aXqOW3HKt+Vi7WpVRx6cgFNwDlxwAWrgBtRBAxAwBQ/gCTxbqfVovVivy2jOWs0cgx+w3j4BVFiTew==</latexit>

� ' 2a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="SkNiSo/vC5xrTqSUE3+TP2uG4Zg=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIqMeiF48V7Ac0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG8f5RqW19Y3NrfJ2ZWd3b/+genjU1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wvpv5nQlTmsfy0UwT5kdkKHnIKTFW8r1QEZp5Cc8zkverNafuzIFXiVuQGhRo9qtf3iCmacSkoYJo3XOdxPgZUYZTwfKKl2qWEDomQ9azVJKIaT+bH53jM6sMcBgrW9Lgufp7IiOR1tMosJ0RMSO97M3E/7xeasIbP+MySQ2TdLEoTAU2MZ4lgAdcMWrE1BJCFbe3YjoiNgdjc6rYENzll1dJ+6LuXtUvHy5rjdsijjKcwCmcgwvX0IB7aEILKDzBM7zCG5qgF/SOPhatJVTMHMMfoM8fYdeSgw==</latexit>⇡

a

<latexit sha1_base64="UeeVQ++93577goHivvIbsbhQD14=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QxLLZbtqlm03Y3Sgl5H948aCIV/+LN/+N2zQHbX0w8Hhvhpl5fsyZ0rb9bZVWVtfWN8qbla3tnd296v5BR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Gbmdx+pVCwS93oaUy/EI8ECRrA20sOZG0hMUjdmWYqzQbVm1+0caJk4BalBgdag+uUOI5KEVGjCsVJ9x461l2KpGeE0q7iJojEmEzyifUMFDqny0vzqDJ0YZYiCSJoSGuXq74kUh0pNQ990hliP1aI3E//z+okOrryUiTjRVJD5oiDhSEdoFgEaMkmJ5lNDMJHM3IrIGJsctAmqYkJwFl9eJp3zunNRb9w1as3rIo4yHMExnIIDl9CEW2hBGwhIeIZXeLOerBfr3fqYt5asYuYQ/sD6/AHNUJK6</latexit>

�⇡

a

<latexit sha1_base64="FPhxW3kUbRMsAFhj1WJS5Z6SAd4=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oYtlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZqDtj4YeLw3w8w8P+ZMadv+tkpr6xubW+Xtys7u3v5B9fCoq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/ejP3e49UKhaJez2LqRfisWABI1gb6cENJCZpw41ZluJsWK3ZdTsHWiVOQWpQoD2sfrmjiCQhFZpwrNTAsWPtpVhqRjjNKm6iaIzJFI/pwFCBQ6q8NL86Q2dGGaEgkqaERrn6eyLFoVKz0DedIdYTtezNxf+8QaKDKy9lIk40FWSxKEg40hGaR4BGTFKi+cwQTCQztyIywSYIbYKqmBCc5ZdXSbdRdy7qzbtmrXVdxFGGEziFc3DgElpwC23oAAEJz/AKb9aT9WK9Wx+L1pJVzBzDH1ifP9Zskr8=</latexit>

2⇡

a
0

<latexit sha1_base64="y3V/bB1FGd5w6vf7fz6OjOKApjI=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVcmMbW13RTcuK9gHdIaSyWTa0MzDJCOUoeDGX3HjQhG3/oQ7/8b0IajogcDhnHO5ucdLOJMKoQ8jt7S8srqWXy9sbG5t75i7e20Zp4LQFol5LLoelpSziLYUU5x2E0Fx6HHa8UYXU79zS4VkcXStxgl1QzyIWMAIVlrqmwcO12EfO5KF9AY6gcAkO8WTzJ70zSIq2RVUr1kQlZCGbWtSQVa9WoXWTEGoCBZo9s13x49JGtJIEY6l7FkoUW6GhWKE00nBSSVNMBnhAe1pGuGQSjeb3TCBx1rxYRAL/SIFZ+r3iQyHUo5DTydDrIbytzcV//J6qQpqbsaiJFU0IvNFQcqhiuG0EOgzQYniY00wEUz/FZIh1jUoXVtBl/B1KfyftO2SVS2Vr8rFxvmijjw4BEfgBFjgDDTAJWiCFiDgDjyAJ/Bs3BuPxovxOo/mjMXMPvgB4+0TSc+X9g==</latexit>

� ' 3a

2
<latexit sha1_base64="6JYFDSlY2nkuVXzz9nVFFqMWIBs=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUnTmtRd0Y3LCvYBTSmT6aQdOpPEmYlQQsGNv+LGhSJu/Ql3/o2TtoKKHhg4nHMud+7xY0alsqwPI7e0vLK6ll8vbGxube+Yu3stGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvji8xv3xIhaRReq0lMehwNQxpQjJSW+uaBx3R4gDxJObmBXiAQTl00TZ1p3yxapbOaY5/a0CpZlmtXnIzYbtWuwLJWMhTBAo2++e4NIpxwEirMkJTdshWrXoqEopiRacFLJIkRHqMh6WoaIk5kL53dMIXHWhnAIBL6hQrO1O8TKeJSTrivkxypkfztZeJfXjdRQa2X0jBOFAnxfFGQMKgimBUCB1QQrNhEE4QF1X+FeIR0DUrXVtAlfF0K/yctu1R2StWrarF+vqgjDw7BETgBZeCCOrgEDdAEGNyBB/AEno1749F4MV7n0ZyxmNkHP2C8fQJoFJgK</latexit>

� ' 7a

6

Lattice waves are periodic in momentum, just like the lattice


Quantum mechanics applied to lattice 

vibrations lead to the concept of “phonons”


Loosely, each k value refers to a different "phonon mode”



How do X-rays scatter from atoms?

• Off resonance, an X-ray can cause an atom to recoil in a momentum 
conserving collision

Synchrotron 
X-ray photon

Atom at rest

<latexit sha1_base64="vEXl8q8Nw8oKa+jam/eUJs6QLow=">AAAB8HicdVBNSwMxEM36WetX1aOXYBE8ld1SansrevFYwX5Iu5RsOtuGJtklyRbK0l/hxYMiXv053vw3ZtsKKvpg4PHeDDPzgpgzbVz3w1lb39jc2s7t5Hf39g8OC0fHbR0likKLRjxS3YBo4ExCyzDDoRsrICLg0Akm15nfmYLSLJJ3ZhaDL8hIspBRYqx0358CTSfzARsUim7JtahWcUa8mutZUq/XyuU69haW6xbRCs1B4b0/jGgiQBrKidY9z42NnxJlGOUwz/cTDTGhEzKCnqWSCNB+ujh4js+tMsRhpGxJgxfq94mUCK1nIrCdgpix/u1l4l9eLzFhzU+ZjBMDki4XhQnHJsLZ93jIFFDDZ5YQqpi9FdMxUYQam1HehvD1Kf6ftMslr1qq3FaKjatVHDl0is7QBfLQJWqgG9RELUSRQA/oCT07ynl0XpzXZeuas5o5QT/gvH0Cd86Q3w==</latexit>

~ki

Before collision



How do X-rays scatter from atoms?

• Off resonance, an X-ray can cause an atom to recoil in a momentum 
conserving collision

Synchrotron 
X-ray photon

Atom at rest

<latexit sha1_base64="vEXl8q8Nw8oKa+jam/eUJs6QLow=">AAAB8HicdVBNSwMxEM36WetX1aOXYBE8ld1SansrevFYwX5Iu5RsOtuGJtklyRbK0l/hxYMiXv053vw3ZtsKKvpg4PHeDDPzgpgzbVz3w1lb39jc2s7t5Hf39g8OC0fHbR0likKLRjxS3YBo4ExCyzDDoRsrICLg0Akm15nfmYLSLJJ3ZhaDL8hIspBRYqx0358CTSfzARsUim7JtahWcUa8mutZUq/XyuU69haW6xbRCs1B4b0/jGgiQBrKidY9z42NnxJlGOUwz/cTDTGhEzKCnqWSCNB+ujh4js+tMsRhpGxJgxfq94mUCK1nIrCdgpix/u1l4l9eLzFhzU+ZjBMDki4XhQnHJsLZ93jIFFDDZ5YQqpi9FdMxUYQam1HehvD1Kf6ftMslr1qq3FaKjatVHDl0is7QBfLQJWqgG9RELUSRQA/oCT07ynl0XpzXZeuas5o5QT/gvH0Cd86Q3w==</latexit>

~ki

Before collision
Recoiled atom

Detuned X-ray photon

<latexit sha1_base64="2pYUmb7K052S5fkJ1fdKWj3pOVI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GhLp9LErunHZgrWFdiiZNG1DM5khyRTK0I9w40IRt36PO//GTFtBRQ9cOJxzL/feE8SCa4PQh5Pb2Nza3snvFvb2Dw6Piscn9zpKFGVtGolIdQOimeCStQ03gnVjxUgYCNYJpjeZ35kxpXkk78w8Zn5IxpKPOCXGSp3+jNG0tRgUS8j1EK5XqhC5CGHPq1hSr9c8jCG2SoYSWKM5KL73hxFNQiYNFUTrHkax8VOiDKeCLQr9RLOY0CkZs56lkoRM++ny3AW8sMoQjiJlSxq4VL9PpCTUeh4GtjMkZqJ/e5n4l9dLzKjmp1zGiWGSrhaNEgFNBLPf4ZArRo2YW0Ko4vZWSCdEEWpsQgUbwten8H9yf+XiiltulUuN63UceXAGzsElwKAKGuAWNEEbUDAFD+AJPDux8+i8OK+r1pyznjkFP+C8fQLqO4/6</latexit>

~Q

<latexit sha1_base64="/nQ+ksJ1DNqn/GfgOq6VwvPT4j4=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQpLWtu6KblxWsA9IQ5lMJ+3QyUyYmRRK6Ge4caGIW7/GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd5RIJSZtLJiQvRApwignbU01I71EEhSHjHTDyU3ud6dEKir4vZ4lJIjRiNOIYqSN5PenBGeT+SCL5oNS2bGvGjXv0oOO7Th1r1LLiVevehXoGiVHGazQGpTe+0OB05hwjRlSynedRAcZkppiRubFfqpIgvAEjYhvKEcxUUG2OHkOz40yhJGQpriGC/X7RIZipWZxaDpjpMfqt5eLf3l+qqNGkFGepJpwvFwUpQxqAfP/4ZBKgjWbGYKwpOZWiMdIIqxNSkUTwten8H/S8Wy3ZlfvquXm9SqOAjgFZ+ACuKAOmuAWtEAbYCDAA3gCz5a2Hq0X63XZumatZk7AD1hvn0jike8=</latexit>

~kf

After collision



How do X-rays scatter from atoms?

• Off resonance, an X-ray can cause an atom to recoil in a momentum 
conserving collision

Synchrotron 
X-ray photon

Atom at rest

<latexit sha1_base64="vEXl8q8Nw8oKa+jam/eUJs6QLow=">AAAB8HicdVBNSwMxEM36WetX1aOXYBE8ld1SansrevFYwX5Iu5RsOtuGJtklyRbK0l/hxYMiXv053vw3ZtsKKvpg4PHeDDPzgpgzbVz3w1lb39jc2s7t5Hf39g8OC0fHbR0likKLRjxS3YBo4ExCyzDDoRsrICLg0Akm15nfmYLSLJJ3ZhaDL8hIspBRYqx0358CTSfzARsUim7JtahWcUa8mutZUq/XyuU69haW6xbRCs1B4b0/jGgiQBrKidY9z42NnxJlGOUwz/cTDTGhEzKCnqWSCNB+ujh4js+tMsRhpGxJgxfq94mUCK1nIrCdgpix/u1l4l9eLzFhzU+ZjBMDki4XhQnHJsLZ93jIFFDDZ5YQqpi9FdMxUYQam1HehvD1Kf6ftMslr1qq3FaKjatVHDl0is7QBfLQJWqgG9RELUSRQA/oCT07ynl0XpzXZeuas5o5QT/gvH0Cd86Q3w==</latexit>

~ki

Before collision

<latexit sha1_base64="vEXl8q8Nw8oKa+jam/eUJs6QLow=">AAAB8HicdVBNSwMxEM36WetX1aOXYBE8ld1SansrevFYwX5Iu5RsOtuGJtklyRbK0l/hxYMiXv053vw3ZtsKKvpg4PHeDDPzgpgzbVz3w1lb39jc2s7t5Hf39g8OC0fHbR0likKLRjxS3YBo4ExCyzDDoRsrICLg0Akm15nfmYLSLJJ3ZhaDL8hIspBRYqx0358CTSfzARsUim7JtahWcUa8mutZUq/XyuU69haW6xbRCs1B4b0/jGgiQBrKidY9z42NnxJlGOUwz/cTDTGhEzKCnqWSCNB+ujh4js+tMsRhpGxJgxfq94mUCK1nIrCdgpix/u1l4l9eLzFhzU+ZjBMDki4XhQnHJsLZ93jIFFDDZ5YQqpi9FdMxUYQam1HehvD1Kf6ftMslr1qq3FaKjatVHDl0is7QBfLQJWqgG9RELUSRQA/oCT07ynl0XpzXZeuas5o5QT/gvH0Cd86Q3w==</latexit>

~ki
<latexit sha1_base64="/nQ+ksJ1DNqn/GfgOq6VwvPT4j4=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQpLWtu6KblxWsA9IQ5lMJ+3QyUyYmRRK6Ge4caGIW7/GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd5RIJSZtLJiQvRApwignbU01I71EEhSHjHTDyU3ud6dEKir4vZ4lJIjRiNOIYqSN5PenBGeT+SCL5oNS2bGvGjXv0oOO7Th1r1LLiVevehXoGiVHGazQGpTe+0OB05hwjRlSynedRAcZkppiRubFfqpIgvAEjYhvKEcxUUG2OHkOz40yhJGQpriGC/X7RIZipWZxaDpjpMfqt5eLf3l+qqNGkFGepJpwvFwUpQxqAfP/4ZBKgjWbGYKwpOZWiMdIIqxNSkUTwten8H/S8Wy3ZlfvquXm9SqOAjgFZ+ACuKAOmuAWtEAbYCDAA3gCz5a2Hq0X63XZumatZk7AD1hvn0jike8=</latexit>

~kf
<latexit sha1_base64="2pYUmb7K052S5fkJ1fdKWj3pOVI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GhLp9LErunHZgrWFdiiZNG1DM5khyRTK0I9w40IRt36PO//GTFtBRQ9cOJxzL/feE8SCa4PQh5Pb2Nza3snvFvb2Dw6Piscn9zpKFGVtGolIdQOimeCStQ03gnVjxUgYCNYJpjeZ35kxpXkk78w8Zn5IxpKPOCXGSp3+jNG0tRgUS8j1EK5XqhC5CGHPq1hSr9c8jCG2SoYSWKM5KL73hxFNQiYNFUTrHkax8VOiDKeCLQr9RLOY0CkZs56lkoRM++ny3AW8sMoQjiJlSxq4VL9PpCTUeh4GtjMkZqJ/e5n4l9dLzKjmp1zGiWGSrhaNEgFNBLPf4ZArRo2YW0Ko4vZWSCdEEWpsQgUbwten8H9yf+XiiltulUuN63UceXAGzsElwKAKGuAWNEEbUDAFD+AJPDux8+i8OK+r1pyznjkFP+C8fQLqO4/6</latexit>

~Q = - is the momentum delivered to the atom 

<latexit sha1_base64="vEXl8q8Nw8oKa+jam/eUJs6QLow=">AAAB8HicdVBNSwMxEM36WetX1aOXYBE8ld1SansrevFYwX5Iu5RsOtuGJtklyRbK0l/hxYMiXv053vw3ZtsKKvpg4PHeDDPzgpgzbVz3w1lb39jc2s7t5Hf39g8OC0fHbR0likKLRjxS3YBo4ExCyzDDoRsrICLg0Akm15nfmYLSLJJ3ZhaDL8hIspBRYqx0358CTSfzARsUim7JtahWcUa8mutZUq/XyuU69haW6xbRCs1B4b0/jGgiQBrKidY9z42NnxJlGOUwz/cTDTGhEzKCnqWSCNB+ujh4js+tMsRhpGxJgxfq94mUCK1nIrCdgpix/u1l4l9eLzFhzU+ZjBMDki4XhQnHJsLZ93jIFFDDZ5YQqpi9FdMxUYQam1HehvD1Kf6ftMslr1qq3FaKjatVHDl0is7QBfLQJWqgG9RELUSRQA/oCT07ynl0XpzXZeuas5o5QT/gvH0Cd86Q3w==</latexit>

~ki
<latexit sha1_base64="2pYUmb7K052S5fkJ1fdKWj3pOVI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GhLp9LErunHZgrWFdiiZNG1DM5khyRTK0I9w40IRt36PO//GTFtBRQ9cOJxzL/feE8SCa4PQh5Pb2Nza3snvFvb2Dw6Piscn9zpKFGVtGolIdQOimeCStQ03gnVjxUgYCNYJpjeZ35kxpXkk78w8Zn5IxpKPOCXGSp3+jNG0tRgUS8j1EK5XqhC5CGHPq1hSr9c8jCG2SoYSWKM5KL73hxFNQiYNFUTrHkax8VOiDKeCLQr9RLOY0CkZs56lkoRM++ny3AW8sMoQjiJlSxq4VL9PpCTUeh4GtjMkZqJ/e5n4l9dLzKjmp1zGiWGSrhaNEgFNBLPf4ZArRo2YW0Ko4vZWSCdEEWpsQgUbwten8H9yf+XiiltulUuN63UceXAGzsElwKAKGuAWNEEbUDAFD+AJPDux8+i8OK+r1pyznjkFP+C8fQLqO4/6</latexit>

~Q
<latexit sha1_base64="/nQ+ksJ1DNqn/GfgOq6VwvPT4j4=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQpLWtu6KblxWsA9IQ5lMJ+3QyUyYmRRK6Ge4caGIW7/GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd5RIJSZtLJiQvRApwignbU01I71EEhSHjHTDyU3ud6dEKir4vZ4lJIjRiNOIYqSN5PenBGeT+SCL5oNS2bGvGjXv0oOO7Th1r1LLiVevehXoGiVHGazQGpTe+0OB05hwjRlSynedRAcZkppiRubFfqpIgvAEjYhvKEcxUUG2OHkOz40yhJGQpriGC/X7RIZipWZxaDpjpMfqt5eLf3l+qqNGkFGepJpwvFwUpQxqAfP/4ZBKgjWbGYKwpOZWiMdIIqxNSkUTwten8H/S8Wy3ZlfvquXm9SqOAjgFZ+ACuKAOmuAWtEAbYCDAA3gCz5a2Hq0X63XZumatZk7AD1hvn0jike8=</latexit>

~kf

Recoiled atom

Detuned X-ray photon

<latexit sha1_base64="2pYUmb7K052S5fkJ1fdKWj3pOVI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GhLp9LErunHZgrWFdiiZNG1DM5khyRTK0I9w40IRt36PO//GTFtBRQ9cOJxzL/feE8SCa4PQh5Pb2Nza3snvFvb2Dw6Piscn9zpKFGVtGolIdQOimeCStQ03gnVjxUgYCNYJpjeZ35kxpXkk78w8Zn5IxpKPOCXGSp3+jNG0tRgUS8j1EK5XqhC5CGHPq1hSr9c8jCG2SoYSWKM5KL73hxFNQiYNFUTrHkax8VOiDKeCLQr9RLOY0CkZs56lkoRM++ny3AW8sMoQjiJlSxq4VL9PpCTUeh4GtjMkZqJ/e5n4l9dLzKjmp1zGiWGSrhaNEgFNBLPf4ZArRo2YW0Ko4vZWSCdEEWpsQgUbwten8H9yf+XiiltulUuN63UceXAGzsElwKAKGuAWNEEbUDAFD+AJPDux8+i8OK+r1pyznjkFP+C8fQLqO4/6</latexit>

~Q

<latexit sha1_base64="/nQ+ksJ1DNqn/GfgOq6VwvPT4j4=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQpLWtu6KblxWsA9IQ5lMJ+3QyUyYmRRK6Ge4caGIW7/GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd5RIJSZtLJiQvRApwignbU01I71EEhSHjHTDyU3ud6dEKir4vZ4lJIjRiNOIYqSN5PenBGeT+SCL5oNS2bGvGjXv0oOO7Th1r1LLiVevehXoGiVHGazQGpTe+0OB05hwjRlSynedRAcZkppiRubFfqpIgvAEjYhvKEcxUUG2OHkOz40yhJGQpriGC/X7RIZipWZxaDpjpMfqt5eLf3l+qqNGkFGepJpwvFwUpQxqAfP/4ZBKgjWbGYKwpOZWiMdIIqxNSkUTwten8H/S8Wy3ZlfvquXm9SqOAjgFZ+ACuKAOmuAWtEAbYCDAA3gCz5a2Hq0X63XZumatZk7AD1hvn0jike8=</latexit>

~kf

After collision



How do X-rays scatter from crystals?

• Probability of scattering off of a given phonon is strong when 
the displacements are along Q

Synchrotron 
X-ray photon

Detuned X-ray

<latexit sha1_base64="vEXl8q8Nw8oKa+jam/eUJs6QLow=">AAAB8HicdVBNSwMxEM36WetX1aOXYBE8ld1SansrevFYwX5Iu5RsOtuGJtklyRbK0l/hxYMiXv053vw3ZtsKKvpg4PHeDDPzgpgzbVz3w1lb39jc2s7t5Hf39g8OC0fHbR0likKLRjxS3YBo4ExCyzDDoRsrICLg0Akm15nfmYLSLJJ3ZhaDL8hIspBRYqx0358CTSfzARsUim7JtahWcUa8mutZUq/XyuU69haW6xbRCs1B4b0/jGgiQBrKidY9z42NnxJlGOUwz/cTDTGhEzKCnqWSCNB+ujh4js+tMsRhpGxJgxfq94mUCK1nIrCdgpix/u1l4l9eLzFhzU+ZjBMDki4XhQnHJsLZ93jIFFDDZ5YQqpi9FdMxUYQam1HehvD1Kf6ftMslr1qq3FaKjatVHDl0is7QBfLQJWqgG9RELUSRQA/oCT07ynl0XpzXZeuas5o5QT/gvH0Cd86Q3w==</latexit>

~ki
<latexit sha1_base64="/nQ+ksJ1DNqn/GfgOq6VwvPT4j4=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQpLWtu6KblxWsA9IQ5lMJ+3QyUyYmRRK6Ge4caGIW7/GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd5RIJSZtLJiQvRApwignbU01I71EEhSHjHTDyU3ud6dEKir4vZ4lJIjRiNOIYqSN5PenBGeT+SCL5oNS2bGvGjXv0oOO7Th1r1LLiVevehXoGiVHGazQGpTe+0OB05hwjRlSynedRAcZkppiRubFfqpIgvAEjYhvKEcxUUG2OHkOz40yhJGQpriGC/X7RIZipWZxaDpjpMfqt5eLf3l+qqNGkFGepJpwvFwUpQxqAfP/4ZBKgjWbGYKwpOZWiMdIIqxNSkUTwten8H/S8Wy3ZlfvquXm9SqOAjgFZ+ACuKAOmuAWtEAbYCDAA3gCz5a2Hq0X63XZumatZk7AD1hvn0jike8=</latexit>

~kf

<latexit sha1_base64="2pYUmb7K052S5fkJ1fdKWj3pOVI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GhLp9LErunHZgrWFdiiZNG1DM5khyRTK0I9w40IRt36PO//GTFtBRQ9cOJxzL/feE8SCa4PQh5Pb2Nza3snvFvb2Dw6Piscn9zpKFGVtGolIdQOimeCStQ03gnVjxUgYCNYJpjeZ35kxpXkk78w8Zn5IxpKPOCXGSp3+jNG0tRgUS8j1EK5XqhC5CGHPq1hSr9c8jCG2SoYSWKM5KL73hxFNQiYNFUTrHkax8VOiDKeCLQr9RLOY0CkZs56lkoRM++ny3AW8sMoQjiJlSxq4VL9PpCTUeh4GtjMkZqJ/e5n4l9dLzKjmp1zGiWGSrhaNEgFNBLPf4ZArRo2YW0Ko4vZWSCdEEWpsQgUbwten8H9yf+XiiltulUuN63UceXAGzsElwKAKGuAWNEEbUDAFD+AJPDux8+i8OK+r1pyznjkFP+C8fQLqO4/6</latexit>

~Q

<latexit sha1_base64="2pYUmb7K052S5fkJ1fdKWj3pOVI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GhLp9LErunHZgrWFdiiZNG1DM5khyRTK0I9w40IRt36PO//GTFtBRQ9cOJxzL/feE8SCa4PQh5Pb2Nza3snvFvb2Dw6Piscn9zpKFGVtGolIdQOimeCStQ03gnVjxUgYCNYJpjeZ35kxpXkk78w8Zn5IxpKPOCXGSp3+jNG0tRgUS8j1EK5XqhC5CGHPq1hSr9c8jCG2SoYSWKM5KL73hxFNQiYNFUTrHkax8VOiDKeCLQr9RLOY0CkZs56lkoRM++ny3AW8sMoQjiJlSxq4VL9PpCTUeh4GtjMkZqJ/e5n4l9dLzKjmp1zGiWGSrhaNEgFNBLPf4ZArRo2YW0Ko4vZWSCdEEWpsQgUbwten8H9yf+XiiltulUuN63UceXAGzsElwKAKGuAWNEEbUDAFD+AJPDux8+i8OK+r1pyznjkFP+C8fQLqO4/6</latexit>

~Q = -

<latexit sha1_base64="vEXl8q8Nw8oKa+jam/eUJs6QLow=">AAAB8HicdVBNSwMxEM36WetX1aOXYBE8ld1SansrevFYwX5Iu5RsOtuGJtklyRbK0l/hxYMiXv053vw3ZtsKKvpg4PHeDDPzgpgzbVz3w1lb39jc2s7t5Hf39g8OC0fHbR0likKLRjxS3YBo4ExCyzDDoRsrICLg0Akm15nfmYLSLJJ3ZhaDL8hIspBRYqx0358CTSfzARsUim7JtahWcUa8mutZUq/XyuU69haW6xbRCs1B4b0/jGgiQBrKidY9z42NnxJlGOUwz/cTDTGhEzKCnqWSCNB+ujh4js+tMsRhpGxJgxfq94mUCK1nIrCdgpix/u1l4l9eLzFhzU+ZjBMDki4XhQnHJsLZ93jIFFDDZ5YQqpi9FdMxUYQam1HehvD1Kf6ftMslr1qq3FaKjatVHDl0is7QBfLQJWqgG9RELUSRQA/oCT07ynl0XpzXZeuas5o5QT/gvH0Cd86Q3w==</latexit>

~ki

<latexit sha1_base64="/nQ+ksJ1DNqn/GfgOq6VwvPT4j4=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQpLWtu6KblxWsA9IQ5lMJ+3QyUyYmRRK6Ge4caGIW7/GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd5RIJSZtLJiQvRApwignbU01I71EEhSHjHTDyU3ud6dEKir4vZ4lJIjRiNOIYqSN5PenBGeT+SCL5oNS2bGvGjXv0oOO7Th1r1LLiVevehXoGiVHGazQGpTe+0OB05hwjRlSynedRAcZkppiRubFfqpIgvAEjYhvKEcxUUG2OHkOz40yhJGQpriGC/X7RIZipWZxaDpjpMfqt5eLf3l+qqNGkFGepJpwvFwUpQxqAfP/4ZBKgjWbGYKwpOZWiMdIIqxNSkUTwten8H/S8Wy3ZlfvquXm9SqOAjgFZ+ACuKAOmuAWtEAbYCDAA3gCz5a2Hq0X63XZumatZk7AD1hvn0jike8=</latexit>

~kf

is the momentum delivered to the crystal 

Crystal 
excited by 

one phonon

Crystal at rest



How do X-rays scatter from crystals?

• Probability of scattering off of a given phonon is strong when 
the displacements are along Q

Synchrotron 
X-ray photon

Detuned X-ray

<latexit sha1_base64="vEXl8q8Nw8oKa+jam/eUJs6QLow=">AAAB8HicdVBNSwMxEM36WetX1aOXYBE8ld1SansrevFYwX5Iu5RsOtuGJtklyRbK0l/hxYMiXv053vw3ZtsKKvpg4PHeDDPzgpgzbVz3w1lb39jc2s7t5Hf39g8OC0fHbR0likKLRjxS3YBo4ExCyzDDoRsrICLg0Akm15nfmYLSLJJ3ZhaDL8hIspBRYqx0358CTSfzARsUim7JtahWcUa8mutZUq/XyuU69haW6xbRCs1B4b0/jGgiQBrKidY9z42NnxJlGOUwz/cTDTGhEzKCnqWSCNB+ujh4js+tMsRhpGxJgxfq94mUCK1nIrCdgpix/u1l4l9eLzFhzU+ZjBMDki4XhQnHJsLZ93jIFFDDZ5YQqpi9FdMxUYQam1HehvD1Kf6ftMslr1qq3FaKjatVHDl0is7QBfLQJWqgG9RELUSRQA/oCT07ynl0XpzXZeuas5o5QT/gvH0Cd86Q3w==</latexit>

~ki
<latexit sha1_base64="/nQ+ksJ1DNqn/GfgOq6VwvPT4j4=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQpLWtu6KblxWsA9IQ5lMJ+3QyUyYmRRK6Ge4caGIW7/GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd5RIJSZtLJiQvRApwignbU01I71EEhSHjHTDyU3ud6dEKir4vZ4lJIjRiNOIYqSN5PenBGeT+SCL5oNS2bGvGjXv0oOO7Th1r1LLiVevehXoGiVHGazQGpTe+0OB05hwjRlSynedRAcZkppiRubFfqpIgvAEjYhvKEcxUUG2OHkOz40yhJGQpriGC/X7RIZipWZxaDpjpMfqt5eLf3l+qqNGkFGepJpwvFwUpQxqAfP/4ZBKgjWbGYKwpOZWiMdIIqxNSkUTwten8H/S8Wy3ZlfvquXm9SqOAjgFZ+ACuKAOmuAWtEAbYCDAA3gCz5a2Hq0X63XZumatZk7AD1hvn0jike8=</latexit>

~kf

<latexit sha1_base64="2pYUmb7K052S5fkJ1fdKWj3pOVI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GhLp9LErunHZgrWFdiiZNG1DM5khyRTK0I9w40IRt36PO//GTFtBRQ9cOJxzL/feE8SCa4PQh5Pb2Nza3snvFvb2Dw6Piscn9zpKFGVtGolIdQOimeCStQ03gnVjxUgYCNYJpjeZ35kxpXkk78w8Zn5IxpKPOCXGSp3+jNG0tRgUS8j1EK5XqhC5CGHPq1hSr9c8jCG2SoYSWKM5KL73hxFNQiYNFUTrHkax8VOiDKeCLQr9RLOY0CkZs56lkoRM++ny3AW8sMoQjiJlSxq4VL9PpCTUeh4GtjMkZqJ/e5n4l9dLzKjmp1zGiWGSrhaNEgFNBLPf4ZArRo2YW0Ko4vZWSCdEEWpsQgUbwten8H9yf+XiiltulUuN63UceXAGzsElwKAKGuAWNEEbUDAFD+AJPDux8+i8OK+r1pyznjkFP+C8fQLqO4/6</latexit>

~Q

<latexit sha1_base64="2pYUmb7K052S5fkJ1fdKWj3pOVI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GhLp9LErunHZgrWFdiiZNG1DM5khyRTK0I9w40IRt36PO//GTFtBRQ9cOJxzL/feE8SCa4PQh5Pb2Nza3snvFvb2Dw6Piscn9zpKFGVtGolIdQOimeCStQ03gnVjxUgYCNYJpjeZ35kxpXkk78w8Zn5IxpKPOCXGSp3+jNG0tRgUS8j1EK5XqhC5CGHPq1hSr9c8jCG2SoYSWKM5KL73hxFNQiYNFUTrHkax8VOiDKeCLQr9RLOY0CkZs56lkoRM++ny3AW8sMoQjiJlSxq4VL9PpCTUeh4GtjMkZqJ/e5n4l9dLzKjmp1zGiWGSrhaNEgFNBLPf4ZArRo2YW0Ko4vZWSCdEEWpsQgUbwten8H9yf+XiiltulUuN63UceXAGzsElwKAKGuAWNEEbUDAFD+AJPDux8+i8OK+r1pyznjkFP+C8fQLqO4/6</latexit>

~Q = -

<latexit sha1_base64="vEXl8q8Nw8oKa+jam/eUJs6QLow=">AAAB8HicdVBNSwMxEM36WetX1aOXYBE8ld1SansrevFYwX5Iu5RsOtuGJtklyRbK0l/hxYMiXv053vw3ZtsKKvpg4PHeDDPzgpgzbVz3w1lb39jc2s7t5Hf39g8OC0fHbR0likKLRjxS3YBo4ExCyzDDoRsrICLg0Akm15nfmYLSLJJ3ZhaDL8hIspBRYqx0358CTSfzARsUim7JtahWcUa8mutZUq/XyuU69haW6xbRCs1B4b0/jGgiQBrKidY9z42NnxJlGOUwz/cTDTGhEzKCnqWSCNB+ujh4js+tMsRhpGxJgxfq94mUCK1nIrCdgpix/u1l4l9eLzFhzU+ZjBMDki4XhQnHJsLZ93jIFFDDZ5YQqpi9FdMxUYQam1HehvD1Kf6ftMslr1qq3FaKjatVHDl0is7QBfLQJWqgG9RELUSRQA/oCT07ynl0XpzXZeuas5o5QT/gvH0Cd86Q3w==</latexit>

~ki

<latexit sha1_base64="/nQ+ksJ1DNqn/GfgOq6VwvPT4j4=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQpLWtu6KblxWsA9IQ5lMJ+3QyUyYmRRK6Ge4caGIW7/GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd5RIJSZtLJiQvRApwignbU01I71EEhSHjHTDyU3ud6dEKir4vZ4lJIjRiNOIYqSN5PenBGeT+SCL5oNS2bGvGjXv0oOO7Th1r1LLiVevehXoGiVHGazQGpTe+0OB05hwjRlSynedRAcZkppiRubFfqpIgvAEjYhvKEcxUUG2OHkOz40yhJGQpriGC/X7RIZipWZxaDpjpMfqt5eLf3l+qqNGkFGepJpwvFwUpQxqAfP/4ZBKgjWbGYKwpOZWiMdIIqxNSkUTwten8H/S8Wy3ZlfvquXm9SqOAjgFZ+ACuKAOmuAWtEAbYCDAA3gCz5a2Hq0X63XZumatZk7AD1hvn0jike8=</latexit>

~kf

is the momentum delivered to the crystal 

Crystal 
excited by 

one phonon

Crystal at rest



Polarization of phonons
• Atoms can move in three directions, different dispersion for different directions

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="+uQyNRflh6ZfpBt0Osl+e4sjuBk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6quNBg==</latexit>y

<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

X-direction: Longitudinal acoustic wave (aka sound)

<latexit sha1_base64="w/xuVwZRweUXGVU/R+5eTjFb7T8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZeNZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gChEI/G</latexit>

~k
Y or Z directions: Transverse acoustic waves

Displacement 
direction
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Polarization of phonons
• Atoms can move in three directions, different dispersion for different directions

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="+uQyNRflh6ZfpBt0Osl+e4sjuBk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6quNBg==</latexit>y

<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

X-direction: Longitudinal acoustic wave (aka sound)

<latexit sha1_base64="w/xuVwZRweUXGVU/R+5eTjFb7T8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZeNZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gChEI/G</latexit>

~k
Y or Z directions: Transverse acoustic waves

Displacement 
direction
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Polarization of phonons
• Atoms can move in three directions, different dispersion for different directions

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="+uQyNRflh6ZfpBt0Osl+e4sjuBk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6quNBg==</latexit>y

<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

X-direction: Longitudinal acoustic wave (aka sound)

<latexit sha1_base64="w/xuVwZRweUXGVU/R+5eTjFb7T8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZeNZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gChEI/G</latexit>

~k
Y or Z directions: Transverse acoustic waves

Displacement 
direction
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Polarization of phonons
• Atoms can move in three directions, different dispersion for different directions

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="+uQyNRflh6ZfpBt0Osl+e4sjuBk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6quNBg==</latexit>y

<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

X-direction: Longitudinal acoustic wave (aka sound)

<latexit sha1_base64="w/xuVwZRweUXGVU/R+5eTjFb7T8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZeNZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gChEI/G</latexit>

~k
Y or Z directions: Transverse acoustic waves

Displacement 
direction
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Polarization of phonons
• Atoms can move in three directions, different dispersion for different directions

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="+uQyNRflh6ZfpBt0Osl+e4sjuBk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6quNBg==</latexit>y

<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

X-direction: Longitudinal acoustic wave (aka sound)

<latexit sha1_base64="w/xuVwZRweUXGVU/R+5eTjFb7T8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZeNZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gChEI/G</latexit>

~k
Y or Z directions: Transverse acoustic waves

Displacement 
direction

(Out of page)

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

Transverse 
Acoustics (x2)

Longitudinal 
Acoustic



Measuring acoustic phonons with IXS
• Q sets the direction of atomic displacements 

• Polarization of atomic displacement wrt reduced q can be 
changed by scanning different directions

(0,0,0)

(3,3,0)
<latexit sha1_base64="H6CRPetUnqPyQANL+0Xd3Y2Yfcw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxw9xvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZY1Zv1xxq+4CZJ14OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3vkZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1bupXjeuK7X7PI4inME5XIIHt1CDR6hDExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AF5jo+s</latexit>

~Q

(0,0,0)

(3,3,0)
<latexit sha1_base64="H6CRPetUnqPyQANL+0Xd3Y2Yfcw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxw9xvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZY1Zv1xxq+4CZJ14OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3vkZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1bupXjeuK7X7PI4inME5XIIHt1CDR6hDExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AF5jo+s</latexit>

~Q

Transverse scan

Longitudinal scan

Longitudinal 
Acoustics

Transverse 
Acoustics

Longitudinal 
Acoustics



What about more complicated unit cells?
• Monatomic 1D chain


• Diatomic 1D chain

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

Red atom beats against blue atom

Red atom follows blue atom



What about more complicated unit cells?
• Monatomic 1D chain


• Diatomic 1D chain

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

Red atom beats against blue atom

Red atom follows blue atom



What about more complicated unit cells?
• Monatomic 1D chain


• Diatomic 1D chain

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

Red atom beats against blue atom

Red atom follows blue atom



What about more complicated unit cells?
• Monatomic 1D chain


• Diatomic 1D chain

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

Red atom beats against blue atom

Red atom follows blue atom



What about more complicated unit cells?
• Monatomic 1D chain


• Diatomic 1D chain

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

Red atom beats against blue atom

Red atom follows blue atom



What about more complicated unit cells?
• Monatomic 1D chain


• Diatomic 1D chain

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

Red atom beats against blue atom

Red atom follows blue atom



What about more complicated unit cells?
• Monatomic 1D chain


• Diatomic 1D chain

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

“Acoustic” 
phonon branch

Red atom beats against blue atom

Red atom follows blue atom



What about more complicated unit cells?
• Monatomic 1D chain


• Diatomic 1D chain

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
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Raman=inelastic light scattering

https://www.nanophoton.net/

Raman Stokes scattering

Raman  
anti-Stokes  
scattering

Raman/Stokes  
scattering

Rayleigh/Thomson  
scattering

Strong limitation: 
momentum of light  

is very small

Discovered 1928 
Nobel 1930



Energy transfer and Raman shift

• Laser source=high resolution


• Lattice excitations easy to see


• Electronic and magnetic excitations possible
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Energy transfer and Raman shift

• Laser source=high resolution


• Lattice excitations easy to see


• Electronic and magnetic excitations possible

Anti-Stokes  
scattering

Stokes  
scattering

Light or X-ray gains energy Light or X-ray loses energy

Raman shift (cm-1)

Energy transfer (meV)
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Inelastic X-ray scattering spectra from liquid Mg
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How can we disperse X-rays according to energy/wavelength?

Prism?

Grating?

Inefficient 
Index changes too small to be effective 

Index of Refraction = (1-delta)-i(beta)

If feature sizes can  
be on order wavelength 

Good choice for lasers up to 
soft X-ray ~ 1 nm

Feature size (atoms) of  
order X-ray wavelength 

Hard X-ray << 1nm

Crystal?



Diffracting X-rays crystals

• Collecting inelastically scattered photons requires high 
quality, large, diced, bent crystal analyzers 

• APS is a world leader in analyzer development
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High Energy Resolution Inelastic X-ray Scattering
• Sector 30, Advanced Photon Source, Argonne National Lab 

• 23,724 eV incident energy 

• <1 meV incident bandwidth 

• Resolving power Ei/∆Ei= 2×107 

• 9 analyzers sample, 9 momenta transfers simultaneously, 9m 
arm 

• 1.5 meV energy resolution 

• 20µm x 5µm spot size 

• Measures energy and momentum distribution of lattice 
vibrations S(~q,!)
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Scattered 
X-rays    

Sample and environment Raw IXS data
Pressure-dependent dispersion

Interpretation - fermi surface  
changes at high pressure

High pressure FSLow pressure FS



• Structural transitions can be described 
as the “freezing” of a phonon mode

High temperature structure Low temperature structure

Journal of the Ceramic Society of Japan 127(6):404-408 (2019)



Non-phonon IXS-active excitations
• Different d electron orbitals have different 

energy when placed in a crystal 

• Gives rise to “crystal field excitations”
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Non-phonon IXS-active excitations
• Different d electron orbitals have different 

energy when placed in a crystal 

• Gives rise to “crystal field excitations”

arXiv:1504.01098v7 



Thank you!

Feedback

Lecture – 8:30 – 9:30
Inelastic X-ray Scattering - Jason Hancock 
https://forms.office.com/g/mXiC92R1B4


