
Introduction to Inelastic X-Ray Scattering
Jason N. Hancock 

University of Connecticut
jason.hancock@uconn.edu

Neutron and X-ray Scattering School 
Argonne National Laboratory, Argonne, IL 

APS, Chicago



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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Particle-in-a-box: the simplest quantum problem
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Particle in a box to the band theory of solids
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Many electron states
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Many electron states
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Many electron states
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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
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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 
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Linear dispersion also found in: 
X-rays and light


Sound at long wavelengths

Shallow water waves

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

<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



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)
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Y or Z directions: Transverse acoustic waves

Displacement 
direction
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<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)
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What about more complicated unit cells?
• Monatomic 1D chain


• Diatomic 1D chain
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Phonons throughout the Brillouin zone

Acoustic mode near Q=(0.1,0.1,0)

Optic mode near Q=(0,0,0)

Gonze, et al, Z. Krist. 220 (2005) 458 

http://exciting-code.org/boron-animate-phonons

Diamond phonon 
dispersion relation

Longitudinal 
Acoustics

Transverse 
Acoustics

Optical  
modes



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

Anti-Stokes  
scattering

Stokes  
scattering

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

Raman shift (cm-1)

Energy transfer (meV)
-125 -100 -75 -50 -25 0 25 50 75 100 125

Inelastic X-ray scattering spectra from liquid Mg



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



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,!)



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”



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 



What is this?

A B
C D
A B
C D

A B
C D
A B
C D

Balmer series of  
emission by hydrogenA flat rainbow snake A fashionable beltThe emission 

spectrum of a  
star at z=0 redshift

There is more than 
one correct answer

E



Balmer series
• Describes transitions between quantized energy levels in hydrogen (one proton, one electron)

Schrodinger equation for 1/r potential:

Hydrogen wavefunctions:

Energy levels: Bohr radius:
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RIXS - Resonant IXS
• Like IXS, but uses a resonant edge to enhance electronic signal 

• Can excite electrons and things they couple to (phonons, magnons, excitons) 

• Understanding resonances topic of next talk, some intro here

ki
kf

�k

Kramers-
Heisenberg:

MERIX at APS, 29-I-D-B (world-leading)



4p

1s

4p e-

h+

and RIXS

1s

�

4p

�

e-h pair 
excitations

Energy (eV)

Co
un

t R
at

e 
(c

ts
/s

ec
)

      E   c

     E||c

8985 8990 8995 9000 9005
2

4

6

8

10 La2CuO4 

Copper K (example)

X-ray absorption
process

X-ray edge absorption…



How do X-rays scatter from atoms… 
….when they are tuned to an atomic resonance?

• On resonance, an X-ray can cause an atom to recoil and become 
electronically or magnetically excited in a momentum conserving collision

Synchrotron 
X-ray photon

Atom at rest

Recoiled 
excited atom

Detuned X-ray photon
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~kf

is the momentum delivered to the atom 

Before collision After collision



Mott gap dispersion in high-Tc cuprates

from Hasan, Science 288, 1811 (2000)

Lu et al. PRL 95, 217003 (2005)
Lu et al. PRB 74, 224509 (2006)

Chen et al. PRL 105, 177401 (2010)
Chabot-Couture et al. PRB 82, 035113 (2010)

Single crystals from Greven group, Stanford (now Minnesota)



Magnetically-ordered states

• Magnetic interactions between magnetic 
ions can lead to ordered states 

• Disturbance in order forms “spin waves” 
or “magnons” 

• Like sound, magnons carry momentum 
and energy 

• Dispersion relation is important



• 2008 Cu K edge RIXS showed 
bi-magnon feature, consistent 
with Raman q=0 result


• 2009 Cu L edge (soft X-ray) RIXS 
showed a shoulder of elastic line 
consistent with single-magnon 
excitation

Magnetic excitations via RIXS

Hill, Blumberg, et al, PRL 100 097001 (2008)

La2CuO4

Braicovich, Ghiringhelli, et al, PRL 102 167401 (2009)



• Suggestive of extended magnetic 
interactions in 2D Mott insulator


Extended interactions in a Mott insulator Sr2CuO2Cl2

Sr2CuO2Cl2

Excitation energy

Crystal 
field 

excitations

Guarise, ...JNH,... et al. PRL 12, 033001 (2010)



Iron pnictide superconductors and Correlated 5d systems

Zhou, et al, Nature Comm. 4, 1470 (2013) Kim, et al, Phys. Rev. Lett. 108, 177003 (2012)

BaFe2As2 SrIr2O4

2nd derivative

Raw data



Other RIXS highlights
• Orbiton dispersion


• Phonons excited through 
core hole intermediates


• Spin-2 (triplon) excitations 


• Incipient CDW effect at Tc 
in YBCO


• Paramagnon fluctuations 
in doped cuprates

Yavas, et al JPCM 22, 485601 (2010)

Ulrich, et al PRL 103, 107205 (2009) Schlappa, et al PRL 103, 047401 (2009)

Le Tacon, et al, Nat. Phys. 2011Ghiringhelli, et al Science 337, 821 (2012)



Future technique directions with RIXS

• Time-resolved RIXS - XFEL

• Tender X-ray RIXS - new edges and opportunities

• Higher energy resolution

• Polarization analysis of scattered photon
Schematic UF-RIXS setup at LCLS

In-vacuum RIXS spectrometer at DESY

Energy scales in correlated electron systems

High potential to resolve 
subtle changes, identify 

excitation channels



Thank you! 

jason.hancock@uconn.edu


