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• Broad features beneath and between the sharp (Bragg) peaks

• e.g. magnetic scattering from MnO

What is diffuse scattering?

Shull and Smart, Phys Rev 76, 1256 (1949) 

T < TN

T > TN

Magnetic Bragg scattering
à long-range magnetic order

Magnetic diffuse scattering
à short-range magnetic order

Clifford Shull
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• Deviations from long-range order (either chemical or magnetic)

• Correlated disorder à structured diffuse scattering
– e.g. “ice rules” in water ice

What does diffuse scattering measure?

Water ice
Real space, r

Model Neutron data* 
Reciprocal space, Q

*Wehinger et al., JPCM 26 265401 (2014)
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• Deviations from long-range order (either chemical or magnetic)

• Correlated disorder à structured diffuse scattering
– e.g. “ice rules” in spin ice

What does diffuse scattering measure?

Spin ice
Real space, r Reciprocal space, Q

0 1

(004)

(220)

Model Neutron data* 

*Fennell et al., Science 326, 415 (2009)
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Why study diffuse scattering?
• Functional materials 

– Behaviour often driven by local structure distortions
– e.g. relaxor ferroelectrics, colossal magnetoresistance manganites

• Exotic (possibly quantum) magnetic states 
– May not show conventional magnetic order, so best understood via 

diffuse and inelastic scattering
– e.g. quantum spin liquids, spin ice, “hidden” order

• Insight into interactions
– Magnetic diffuse scattering à magnetic Hamiltonian
– Thermal diffuse scattering à lattice force constants

Dipole orientations in a 
relaxor ferroelectric*

Spin orientations in 
spin ice

*Pasciak et al., PRB 85, 224109 (2012)
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How do we measure diffuse scattering using neutrons?

sample

ki,ωi

kf,ωf

2θ

detector

source

kf,kf , Ef
<latexit sha1_base64="yQCRE6XiN9/Y3r5lm3iv96Se1Po=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg9bPs9GbmWXf1hmmYJfAisSrSQBVarv5tDyKaBCwEKohSfcuMwUmJBE4Fy+p2olhM6JgMWT+nIQmYctJyrwwf58oA+5HMTwi4VP92pCRQahJ4eWUxo5r3CvE/r5+Af+mkPIwTYCGdfuQnAkOEi5DwgEtGQUxyQqjk+ayYjogkFPIoixCs+ZUXSefMsEzDujtvNK+qOGroEB2hE2ShC9REt6iF2oiiJ/SC3tC79qy9ah/a57R0Sat6DtAMtK9f0wihiw==</latexit><latexit sha1_base64="yQCRE6XiN9/Y3r5lm3iv96Se1Po=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg9bPs9GbmWXf1hmmYJfAisSrSQBVarv5tDyKaBCwEKohSfcuMwUmJBE4Fy+p2olhM6JgMWT+nIQmYctJyrwwf58oA+5HMTwi4VP92pCRQahJ4eWUxo5r3CvE/r5+Af+mkPIwTYCGdfuQnAkOEi5DwgEtGQUxyQqjk+ayYjogkFPIoixCs+ZUXSefMsEzDujtvNK+qOGroEB2hE2ShC9REt6iF2oiiJ/SC3tC79qy9ah/a57R0Sat6DtAMtK9f0wihiw==</latexit><latexit sha1_base64="yQCRE6XiN9/Y3r5lm3iv96Se1Po=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg9bPs9GbmWXf1hmmYJfAisSrSQBVarv5tDyKaBCwEKohSfcuMwUmJBE4Fy+p2olhM6JgMWT+nIQmYctJyrwwf58oA+5HMTwi4VP92pCRQahJ4eWUxo5r3CvE/r5+Af+mkPIwTYCGdfuQnAkOEi5DwgEtGQUxyQqjk+ayYjogkFPIoixCs+ZUXSefMsEzDujtvNK+qOGroEB2hE2ShC9REt6iF2oiiJ/SC3tC79qy9ah/a57R0Sat6DtAMtK9f0wihiw==</latexit><latexit sha1_base64="yQCRE6XiN9/Y3r5lm3iv96Se1Po=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg9bPs9GbmWXf1hmmYJfAisSrSQBVarv5tDyKaBCwEKohSfcuMwUmJBE4Fy+p2olhM6JgMWT+nIQmYctJyrwwf58oA+5HMTwi4VP92pCRQahJ4eWUxo5r3CvE/r5+Af+mkPIwTYCGdfuQnAkOEi5DwgEtGQUxyQqjk+ayYjogkFPIoixCs+ZUXSefMsEzDujtvNK+qOGroEB2hE2ShC9REt6iF2oiiJ/SC3tC79qy9ah/a57R0Sat6DtAMtK9f0wihiw==</latexit>

ki, Ei
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Energy transfer

Wavevector transfer

E = Ei � Ef
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Q = ki � kf
<latexit sha1_base64="jJehZqDdkzF7v5GHrAV99lm7OWI=">AAACJHicbZDLSsNAFIYn9VbrLerSzWAR3FgSERREKLpx2YKthTaUyXTSDp1MwsxEKGEexo2v4saFF1y48VmcpBG07Q8DH/85hznn92NGpXKcL6u0tLyyulZer2xsbm3v2Lt7bRklApMWjlgkOj6ShFFOWooqRjqxICj0Gbn3xzdZ/f6BCEkjfqcmMfFCNOQ0oBgpY/Xty16I1MgP0qa++sWx7qc5izClWp8s8gOtK3276tScXHAe3AKqoFCjb7/3BhFOQsIVZkjKruvEykuRUBQzoiu9RJIY4TEakq5BjkIivTQ/UsMj4wxgEAnzuIK5+3ciRaGUk9A3ndmOcraWmYtq3UQFF15KeZwowvH0oyBhUEUwSwwOqCBYsYkBhAU1u0I8QgJhZXLNQnBnT56H9mnNdWpu86xavy7iKIMDcAiOgQvOQR3cggZoAQwewTN4BW/Wk/VifVif09aSVczsg3+yvn8AapCnHQ==</latexit><latexit sha1_base64="jJehZqDdkzF7v5GHrAV99lm7OWI=">AAACJHicbZDLSsNAFIYn9VbrLerSzWAR3FgSERREKLpx2YKthTaUyXTSDp1MwsxEKGEexo2v4saFF1y48VmcpBG07Q8DH/85hznn92NGpXKcL6u0tLyyulZer2xsbm3v2Lt7bRklApMWjlgkOj6ShFFOWooqRjqxICj0Gbn3xzdZ/f6BCEkjfqcmMfFCNOQ0oBgpY/Xty16I1MgP0qa++sWx7qc5izClWp8s8gOtK3276tScXHAe3AKqoFCjb7/3BhFOQsIVZkjKruvEykuRUBQzoiu9RJIY4TEakq5BjkIivTQ/UsMj4wxgEAnzuIK5+3ciRaGUk9A3ndmOcraWmYtq3UQFF15KeZwowvH0oyBhUEUwSwwOqCBYsYkBhAU1u0I8QgJhZXLNQnBnT56H9mnNdWpu86xavy7iKIMDcAiOgQvOQR3cggZoAQwewTN4BW/Wk/VifVif09aSVczsg3+yvn8AapCnHQ==</latexit><latexit sha1_base64="jJehZqDdkzF7v5GHrAV99lm7OWI=">AAACJHicbZDLSsNAFIYn9VbrLerSzWAR3FgSERREKLpx2YKthTaUyXTSDp1MwsxEKGEexo2v4saFF1y48VmcpBG07Q8DH/85hznn92NGpXKcL6u0tLyyulZer2xsbm3v2Lt7bRklApMWjlgkOj6ShFFOWooqRjqxICj0Gbn3xzdZ/f6BCEkjfqcmMfFCNOQ0oBgpY/Xty16I1MgP0qa++sWx7qc5izClWp8s8gOtK3276tScXHAe3AKqoFCjb7/3BhFOQsIVZkjKruvEykuRUBQzoiu9RJIY4TEakq5BjkIivTQ/UsMj4wxgEAnzuIK5+3ciRaGUk9A3ndmOcraWmYtq3UQFF15KeZwowvH0oyBhUEUwSwwOqCBYsYkBhAU1u0I8QgJhZXLNQnBnT56H9mnNdWpu86xavy7iKIMDcAiOgQvOQR3cggZoAQwewTN4BW/Wk/VifVif09aSVczsg3+yvn8AapCnHQ==</latexit><latexit sha1_base64="jJehZqDdkzF7v5GHrAV99lm7OWI=">AAACJHicbZDLSsNAFIYn9VbrLerSzWAR3FgSERREKLpx2YKthTaUyXTSDp1MwsxEKGEexo2v4saFF1y48VmcpBG07Q8DH/85hznn92NGpXKcL6u0tLyyulZer2xsbm3v2Lt7bRklApMWjlgkOj6ShFFOWooqRjqxICj0Gbn3xzdZ/f6BCEkjfqcmMfFCNOQ0oBgpY/Xty16I1MgP0qa++sWx7qc5izClWp8s8gOtK3276tScXHAe3AKqoFCjb7/3BhFOQsIVZkjKruvEykuRUBQzoiu9RJIY4TEakq5BjkIivTQ/UsMj4wxgEAnzuIK5+3ciRaGUk9A3ndmOcraWmYtq3UQFF15KeZwowvH0oyBhUEUwSwwOqCBYsYkBhAU1u0I8QgJhZXLNQnBnT56H9mnNdWpu86xavy7iKIMDcAiOgQvOQR3cggZoAQwewTN4BW/Wk/VifVif09aSVczsg3+yvn8AapCnHQ==</latexit>

Q = |Q| = 4⇡ sin ✓

�
<latexit sha1_base64="h7R+0tVxn9tJSASZwsZUk7uvF5g=">AAACF3icbVDLSsNAFJ3UV62vqEs3wSK4KokIuikU3bhswT6gCWUynbRDJ5MwcyOUNH/hxl9x40IRt7rzb5y0WWjrgYHDOffOzDl+zJkC2/42SmvrG5tb5e3Kzu7e/oF5eNRRUSIJbZOIR7LnY0U5E7QNDDjtxZLi0Oe0609uc7/7QKVikbiHaUy9EI8ECxjBoKWBWWvVZ26IYewHaSub1d1AYpJeujFzFRMujCngLHW5vnGIs8rArNo1ew5rlTgFqaICzYH55Q4jkoRUAOFYqb5jx+ClWAIjnGYVN1E0xmSCR7SvqcAhVV46z5VZZ1oZWkEk9RFgzdXfGykOlZqGvp7MI6hlLxf/8/oJBNdeykScABVk8VCQcAsiKy/JGjJJCfCpJphIpv9qkTHWzYCuMi/BWY68SjoXNceuOa3LauOmqKOMTtApOkcOukINdIeaqI0IekTP6BW9GU/Gi/FufCxGS0axc4z+wPj8AR+VoIE=</latexit><latexit sha1_base64="h7R+0tVxn9tJSASZwsZUk7uvF5g=">AAACF3icbVDLSsNAFJ3UV62vqEs3wSK4KokIuikU3bhswT6gCWUynbRDJ5MwcyOUNH/hxl9x40IRt7rzb5y0WWjrgYHDOffOzDl+zJkC2/42SmvrG5tb5e3Kzu7e/oF5eNRRUSIJbZOIR7LnY0U5E7QNDDjtxZLi0Oe0609uc7/7QKVikbiHaUy9EI8ECxjBoKWBWWvVZ26IYewHaSub1d1AYpJeujFzFRMujCngLHW5vnGIs8rArNo1ew5rlTgFqaICzYH55Q4jkoRUAOFYqb5jx+ClWAIjnGYVN1E0xmSCR7SvqcAhVV46z5VZZ1oZWkEk9RFgzdXfGykOlZqGvp7MI6hlLxf/8/oJBNdeykScABVk8VCQcAsiKy/JGjJJCfCpJphIpv9qkTHWzYCuMi/BWY68SjoXNceuOa3LauOmqKOMTtApOkcOukINdIeaqI0IekTP6BW9GU/Gi/FufCxGS0axc4z+wPj8AR+VoIE=</latexit><latexit sha1_base64="h7R+0tVxn9tJSASZwsZUk7uvF5g=">AAACF3icbVDLSsNAFJ3UV62vqEs3wSK4KokIuikU3bhswT6gCWUynbRDJ5MwcyOUNH/hxl9x40IRt7rzb5y0WWjrgYHDOffOzDl+zJkC2/42SmvrG5tb5e3Kzu7e/oF5eNRRUSIJbZOIR7LnY0U5E7QNDDjtxZLi0Oe0609uc7/7QKVikbiHaUy9EI8ECxjBoKWBWWvVZ26IYewHaSub1d1AYpJeujFzFRMujCngLHW5vnGIs8rArNo1ew5rlTgFqaICzYH55Q4jkoRUAOFYqb5jx+ClWAIjnGYVN1E0xmSCR7SvqcAhVV46z5VZZ1oZWkEk9RFgzdXfGykOlZqGvp7MI6hlLxf/8/oJBNdeykScABVk8VCQcAsiKy/JGjJJCfCpJphIpv9qkTHWzYCuMi/BWY68SjoXNceuOa3LauOmqKOMTtApOkcOukINdIeaqI0IekTP6BW9GU/Gi/FufCxGS0axc4z+wPj8AR+VoIE=</latexit><latexit sha1_base64="h7R+0tVxn9tJSASZwsZUk7uvF5g=">AAACF3icbVDLSsNAFJ3UV62vqEs3wSK4KokIuikU3bhswT6gCWUynbRDJ5MwcyOUNH/hxl9x40IRt7rzb5y0WWjrgYHDOffOzDl+zJkC2/42SmvrG5tb5e3Kzu7e/oF5eNRRUSIJbZOIR7LnY0U5E7QNDDjtxZLi0Oe0609uc7/7QKVikbiHaUy9EI8ECxjBoKWBWWvVZ26IYewHaSub1d1AYpJeujFzFRMujCngLHW5vnGIs8rArNo1ew5rlTgFqaICzYH55Q4jkoRUAOFYqb5jx+ClWAIjnGYVN1E0xmSCR7SvqcAhVV46z5VZZ1oZWkEk9RFgzdXfGykOlZqGvp7MI6hlLxf/8/oJBNdeykScABVk8VCQcAsiKy/JGjJJCfCpJphIpv9qkTHWzYCuMi/BWY68SjoXNceuOa3LauOmqKOMTtApOkcOukINdIeaqI0IekTP6BW9GU/Gi/FufCxGS0axc4z+wPj8AR+VoIE=</latexit>

• Quantity of interest is energy-integrated intensity

• Approximated by diffraction measurements if E ≪ Ef 

• Measures instantanenous correlations (“snapshot picture”)

I(Q) =

Z 1

�1
I(Q, E) dE
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How do we measure diffuse scattering using neutrons?

sample

ki,ωi

kf,ωf

2θ

detector

source

kf,kf , Ef
<latexit sha1_base64="yQCRE6XiN9/Y3r5lm3iv96Se1Po=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg9bPs9GbmWXf1hmmYJfAisSrSQBVarv5tDyKaBCwEKohSfcuMwUmJBE4Fy+p2olhM6JgMWT+nIQmYctJyrwwf58oA+5HMTwi4VP92pCRQahJ4eWUxo5r3CvE/r5+Af+mkPIwTYCGdfuQnAkOEi5DwgEtGQUxyQqjk+ayYjogkFPIoixCs+ZUXSefMsEzDujtvNK+qOGroEB2hE2ShC9REt6iF2oiiJ/SC3tC79qy9ah/a57R0Sat6DtAMtK9f0wihiw==</latexit><latexit sha1_base64="yQCRE6XiN9/Y3r5lm3iv96Se1Po=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg9bPs9GbmWXf1hmmYJfAisSrSQBVarv5tDyKaBCwEKohSfcuMwUmJBE4Fy+p2olhM6JgMWT+nIQmYctJyrwwf58oA+5HMTwi4VP92pCRQahJ4eWUxo5r3CvE/r5+Af+mkPIwTYCGdfuQnAkOEi5DwgEtGQUxyQqjk+ayYjogkFPIoixCs+ZUXSefMsEzDujtvNK+qOGroEB2hE2ShC9REt6iF2oiiJ/SC3tC79qy9ah/a57R0Sat6DtAMtK9f0wihiw==</latexit><latexit sha1_base64="yQCRE6XiN9/Y3r5lm3iv96Se1Po=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg9bPs9GbmWXf1hmmYJfAisSrSQBVarv5tDyKaBCwEKohSfcuMwUmJBE4Fy+p2olhM6JgMWT+nIQmYctJyrwwf58oA+5HMTwi4VP92pCRQahJ4eWUxo5r3CvE/r5+Af+mkPIwTYCGdfuQnAkOEi5DwgEtGQUxyQqjk+ayYjogkFPIoixCs+ZUXSefMsEzDujtvNK+qOGroEB2hE2ShC9REt6iF2oiiJ/SC3tC79qy9ah/a57R0Sat6DtAMtK9f0wihiw==</latexit><latexit sha1_base64="yQCRE6XiN9/Y3r5lm3iv96Se1Po=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg9bPs9GbmWXf1hmmYJfAisSrSQBVarv5tDyKaBCwEKohSfcuMwUmJBE4Fy+p2olhM6JgMWT+nIQmYctJyrwwf58oA+5HMTwi4VP92pCRQahJ4eWUxo5r3CvE/r5+Af+mkPIwTYCGdfuQnAkOEi5DwgEtGQUxyQqjk+ayYjogkFPIoixCs+ZUXSefMsEzDujtvNK+qOGroEB2hE2ShC9REt6iF2oiiJ/SC3tC79qy9ah/a57R0Sat6DtAMtK9f0wihiw==</latexit>

ki, Ei
<latexit sha1_base64="Jcu8tB7yKgHXsttr1YdH79As1YU=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg5Vl2ejPzrLt6wzTMEniRWBVpoAotV/+2BxFNAhYCFUSpvmXG4KREAqeCZXU7USwmdEyGrJ/TkARMOWm5V4aPc2WA/UjmJwRcqn87UhIoNQm8vLKYUc17hfif10/Av3RSHsYJsJBOP/ITgSHCRUh4wCWjICY5IVTyfFZMR0QSCnmURQjW/MqLpHNmWKZh3Z03mldVHDV0iI7QCbLQBWqiW9RCbUTRE3pBb+hde9ZetQ/tc1q6pFU9B2gG2tcv3F+hkQ==</latexit><latexit sha1_base64="Jcu8tB7yKgHXsttr1YdH79As1YU=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg5Vl2ejPzrLt6wzTMEniRWBVpoAotV/+2BxFNAhYCFUSpvmXG4KREAqeCZXU7USwmdEyGrJ/TkARMOWm5V4aPc2WA/UjmJwRcqn87UhIoNQm8vLKYUc17hfif10/Av3RSHsYJsJBOP/ITgSHCRUh4wCWjICY5IVTyfFZMR0QSCnmURQjW/MqLpHNmWKZh3Z03mldVHDV0iI7QCbLQBWqiW9RCbUTRE3pBb+hde9ZetQ/tc1q6pFU9B2gG2tcv3F+hkQ==</latexit><latexit sha1_base64="Jcu8tB7yKgHXsttr1YdH79As1YU=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg5Vl2ejPzrLt6wzTMEniRWBVpoAotV/+2BxFNAhYCFUSpvmXG4KREAqeCZXU7USwmdEyGrJ/TkARMOWm5V4aPc2WA/UjmJwRcqn87UhIoNQm8vLKYUc17hfif10/Av3RSHsYJsJBOP/ITgSHCRUh4wCWjICY5IVTyfFZMR0QSCnmURQjW/MqLpHNmWKZh3Z03mldVHDV0iI7QCbLQBWqiW9RCbUTRE3pBb+hde9ZetQ/tc1q6pFU9B2gG2tcv3F+hkQ==</latexit><latexit sha1_base64="Jcu8tB7yKgHXsttr1YdH79As1YU=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCQi6LIogssK9gFNCJPppB06eTBzI5aQv3Djr7hxoYhb3fk3JmkWtvXADGfOuZe593ix4ApM80dbWl5ZXVuvbdQ3t7Z3dvW9/Y6KEklZm0Yikj2PKCZ4yNrAQbBeLBkJPMG63vi68LsPTCoehfcwiZkTkGHIfU4J5JKrGzawR0jL2/PTcZa5qR0QGMkg5Vl2ejPzrLt6wzTMEniRWBVpoAotV/+2BxFNAhYCFUSpvmXG4KREAqeCZXU7USwmdEyGrJ/TkARMOWm5V4aPc2WA/UjmJwRcqn87UhIoNQm8vLKYUc17hfif10/Av3RSHsYJsJBOP/ITgSHCRUh4wCWjICY5IVTyfFZMR0QSCnmURQjW/MqLpHNmWKZh3Z03mldVHDV0iI7QCbLQBWqiW9RCbUTRE3pBb+hde9ZetQ/tc1q6pFU9B2gG2tcv3F+hkQ==</latexit>

Energy transfer

Wavevector transfer

E = Ei � Ef
<latexit sha1_base64="6/AXaIFOfnr8ZXwwoNNDa40927o=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwY5kRQTdCUQouK9gHtMOQSTNtaJIZkoxQhtm68VfcuFDErX/gzr8x086ith4InJxzL/feE8SMKu04P1ZpZXVtfaO8Wdna3tnds/cP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE49vc7zwSqWgkHvQkJh5HQ0FDipE2km/DxnXDT/sc6ZHkKc2ys7lvmGUV3646NWcKuEzcglRBgaZvf/cHEU44ERozpFTPdWLtpUhqihnJKv1EkRjhMRqSnqECcaK8dHpJBk+MMoBhJM0TGk7V+Y4UcaUmPDCV+Y5q0cvF/7xeosMrL6UiTjQReDYoTBjUEcxjgQMqCdZsYgjCkppdIR4hibA24eUhuIsnL5P2ec11au79RbV+U8RRBkfgGJwCF1yCOrgDTdACGDyBF/AG3q1n69X6sD5npSWr6DkEf2B9/QLNwppl</latexit><latexit sha1_base64="6/AXaIFOfnr8ZXwwoNNDa40927o=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwY5kRQTdCUQouK9gHtMOQSTNtaJIZkoxQhtm68VfcuFDErX/gzr8x086ith4InJxzL/feE8SMKu04P1ZpZXVtfaO8Wdna3tnds/cP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE49vc7zwSqWgkHvQkJh5HQ0FDipE2km/DxnXDT/sc6ZHkKc2ys7lvmGUV3646NWcKuEzcglRBgaZvf/cHEU44ERozpFTPdWLtpUhqihnJKv1EkRjhMRqSnqECcaK8dHpJBk+MMoBhJM0TGk7V+Y4UcaUmPDCV+Y5q0cvF/7xeosMrL6UiTjQReDYoTBjUEcxjgQMqCdZsYgjCkppdIR4hibA24eUhuIsnL5P2ec11au79RbV+U8RRBkfgGJwCF1yCOrgDTdACGDyBF/AG3q1n69X6sD5npSWr6DkEf2B9/QLNwppl</latexit><latexit sha1_base64="6/AXaIFOfnr8ZXwwoNNDa40927o=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwY5kRQTdCUQouK9gHtMOQSTNtaJIZkoxQhtm68VfcuFDErX/gzr8x086ith4InJxzL/feE8SMKu04P1ZpZXVtfaO8Wdna3tnds/cP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE49vc7zwSqWgkHvQkJh5HQ0FDipE2km/DxnXDT/sc6ZHkKc2ys7lvmGUV3646NWcKuEzcglRBgaZvf/cHEU44ERozpFTPdWLtpUhqihnJKv1EkRjhMRqSnqECcaK8dHpJBk+MMoBhJM0TGk7V+Y4UcaUmPDCV+Y5q0cvF/7xeosMrL6UiTjQReDYoTBjUEcxjgQMqCdZsYgjCkppdIR4hibA24eUhuIsnL5P2ec11au79RbV+U8RRBkfgGJwCF1yCOrgDTdACGDyBF/AG3q1n69X6sD5npSWr6DkEf2B9/QLNwppl</latexit><latexit sha1_base64="6/AXaIFOfnr8ZXwwoNNDa40927o=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwY5kRQTdCUQouK9gHtMOQSTNtaJIZkoxQhtm68VfcuFDErX/gzr8x086ith4InJxzL/feE8SMKu04P1ZpZXVtfaO8Wdna3tnds/cP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE49vc7zwSqWgkHvQkJh5HQ0FDipE2km/DxnXDT/sc6ZHkKc2ys7lvmGUV3646NWcKuEzcglRBgaZvf/cHEU44ERozpFTPdWLtpUhqihnJKv1EkRjhMRqSnqECcaK8dHpJBk+MMoBhJM0TGk7V+Y4UcaUmPDCV+Y5q0cvF/7xeosMrL6UiTjQReDYoTBjUEcxjgQMqCdZsYgjCkppdIR4hibA24eUhuIsnL5P2ec11au79RbV+U8RRBkfgGJwCF1yCOrgDTdACGDyBF/AG3q1n69X6sD5npSWr6DkEf2B9/QLNwppl</latexit>

Q = ki � kf
<latexit sha1_base64="jJehZqDdkzF7v5GHrAV99lm7OWI=">AAACJHicbZDLSsNAFIYn9VbrLerSzWAR3FgSERREKLpx2YKthTaUyXTSDp1MwsxEKGEexo2v4saFF1y48VmcpBG07Q8DH/85hznn92NGpXKcL6u0tLyyulZer2xsbm3v2Lt7bRklApMWjlgkOj6ShFFOWooqRjqxICj0Gbn3xzdZ/f6BCEkjfqcmMfFCNOQ0oBgpY/Xty16I1MgP0qa++sWx7qc5izClWp8s8gOtK3276tScXHAe3AKqoFCjb7/3BhFOQsIVZkjKruvEykuRUBQzoiu9RJIY4TEakq5BjkIivTQ/UsMj4wxgEAnzuIK5+3ciRaGUk9A3ndmOcraWmYtq3UQFF15KeZwowvH0oyBhUEUwSwwOqCBYsYkBhAU1u0I8QgJhZXLNQnBnT56H9mnNdWpu86xavy7iKIMDcAiOgQvOQR3cggZoAQwewTN4BW/Wk/VifVif09aSVczsg3+yvn8AapCnHQ==</latexit><latexit sha1_base64="jJehZqDdkzF7v5GHrAV99lm7OWI=">AAACJHicbZDLSsNAFIYn9VbrLerSzWAR3FgSERREKLpx2YKthTaUyXTSDp1MwsxEKGEexo2v4saFF1y48VmcpBG07Q8DH/85hznn92NGpXKcL6u0tLyyulZer2xsbm3v2Lt7bRklApMWjlgkOj6ShFFOWooqRjqxICj0Gbn3xzdZ/f6BCEkjfqcmMfFCNOQ0oBgpY/Xty16I1MgP0qa++sWx7qc5izClWp8s8gOtK3276tScXHAe3AKqoFCjb7/3BhFOQsIVZkjKruvEykuRUBQzoiu9RJIY4TEakq5BjkIivTQ/UsMj4wxgEAnzuIK5+3ciRaGUk9A3ndmOcraWmYtq3UQFF15KeZwowvH0oyBhUEUwSwwOqCBYsYkBhAU1u0I8QgJhZXLNQnBnT56H9mnNdWpu86xavy7iKIMDcAiOgQvOQR3cggZoAQwewTN4BW/Wk/VifVif09aSVczsg3+yvn8AapCnHQ==</latexit><latexit sha1_base64="jJehZqDdkzF7v5GHrAV99lm7OWI=">AAACJHicbZDLSsNAFIYn9VbrLerSzWAR3FgSERREKLpx2YKthTaUyXTSDp1MwsxEKGEexo2v4saFF1y48VmcpBG07Q8DH/85hznn92NGpXKcL6u0tLyyulZer2xsbm3v2Lt7bRklApMWjlgkOj6ShFFOWooqRjqxICj0Gbn3xzdZ/f6BCEkjfqcmMfFCNOQ0oBgpY/Xty16I1MgP0qa++sWx7qc5izClWp8s8gOtK3276tScXHAe3AKqoFCjb7/3BhFOQsIVZkjKruvEykuRUBQzoiu9RJIY4TEakq5BjkIivTQ/UsMj4wxgEAnzuIK5+3ciRaGUk9A3ndmOcraWmYtq3UQFF15KeZwowvH0oyBhUEUwSwwOqCBYsYkBhAU1u0I8QgJhZXLNQnBnT56H9mnNdWpu86xavy7iKIMDcAiOgQvOQR3cggZoAQwewTN4BW/Wk/VifVif09aSVczsg3+yvn8AapCnHQ==</latexit><latexit sha1_base64="jJehZqDdkzF7v5GHrAV99lm7OWI=">AAACJHicbZDLSsNAFIYn9VbrLerSzWAR3FgSERREKLpx2YKthTaUyXTSDp1MwsxEKGEexo2v4saFF1y48VmcpBG07Q8DH/85hznn92NGpXKcL6u0tLyyulZer2xsbm3v2Lt7bRklApMWjlgkOj6ShFFOWooqRjqxICj0Gbn3xzdZ/f6BCEkjfqcmMfFCNOQ0oBgpY/Xty16I1MgP0qa++sWx7qc5izClWp8s8gOtK3276tScXHAe3AKqoFCjb7/3BhFOQsIVZkjKruvEykuRUBQzoiu9RJIY4TEakq5BjkIivTQ/UsMj4wxgEAnzuIK5+3ciRaGUk9A3ndmOcraWmYtq3UQFF15KeZwowvH0oyBhUEUwSwwOqCBYsYkBhAU1u0I8QgJhZXLNQnBnT56H9mnNdWpu86xavy7iKIMDcAiOgQvOQR3cggZoAQwewTN4BW/Wk/VifVif09aSVczsg3+yvn8AapCnHQ==</latexit>

Q = |Q| = 4⇡ sin ✓

�
<latexit sha1_base64="h7R+0tVxn9tJSASZwsZUk7uvF5g=">AAACF3icbVDLSsNAFJ3UV62vqEs3wSK4KokIuikU3bhswT6gCWUynbRDJ5MwcyOUNH/hxl9x40IRt7rzb5y0WWjrgYHDOffOzDl+zJkC2/42SmvrG5tb5e3Kzu7e/oF5eNRRUSIJbZOIR7LnY0U5E7QNDDjtxZLi0Oe0609uc7/7QKVikbiHaUy9EI8ECxjBoKWBWWvVZ26IYewHaSub1d1AYpJeujFzFRMujCngLHW5vnGIs8rArNo1ew5rlTgFqaICzYH55Q4jkoRUAOFYqb5jx+ClWAIjnGYVN1E0xmSCR7SvqcAhVV46z5VZZ1oZWkEk9RFgzdXfGykOlZqGvp7MI6hlLxf/8/oJBNdeykScABVk8VCQcAsiKy/JGjJJCfCpJphIpv9qkTHWzYCuMi/BWY68SjoXNceuOa3LauOmqKOMTtApOkcOukINdIeaqI0IekTP6BW9GU/Gi/FufCxGS0axc4z+wPj8AR+VoIE=</latexit><latexit sha1_base64="h7R+0tVxn9tJSASZwsZUk7uvF5g=">AAACF3icbVDLSsNAFJ3UV62vqEs3wSK4KokIuikU3bhswT6gCWUynbRDJ5MwcyOUNH/hxl9x40IRt7rzb5y0WWjrgYHDOffOzDl+zJkC2/42SmvrG5tb5e3Kzu7e/oF5eNRRUSIJbZOIR7LnY0U5E7QNDDjtxZLi0Oe0609uc7/7QKVikbiHaUy9EI8ECxjBoKWBWWvVZ26IYewHaSub1d1AYpJeujFzFRMujCngLHW5vnGIs8rArNo1ew5rlTgFqaICzYH55Q4jkoRUAOFYqb5jx+ClWAIjnGYVN1E0xmSCR7SvqcAhVV46z5VZZ1oZWkEk9RFgzdXfGykOlZqGvp7MI6hlLxf/8/oJBNdeykScABVk8VCQcAsiKy/JGjJJCfCpJphIpv9qkTHWzYCuMi/BWY68SjoXNceuOa3LauOmqKOMTtApOkcOukINdIeaqI0IekTP6BW9GU/Gi/FufCxGS0axc4z+wPj8AR+VoIE=</latexit><latexit sha1_base64="h7R+0tVxn9tJSASZwsZUk7uvF5g=">AAACF3icbVDLSsNAFJ3UV62vqEs3wSK4KokIuikU3bhswT6gCWUynbRDJ5MwcyOUNH/hxl9x40IRt7rzb5y0WWjrgYHDOffOzDl+zJkC2/42SmvrG5tb5e3Kzu7e/oF5eNRRUSIJbZOIR7LnY0U5E7QNDDjtxZLi0Oe0609uc7/7QKVikbiHaUy9EI8ECxjBoKWBWWvVZ26IYewHaSub1d1AYpJeujFzFRMujCngLHW5vnGIs8rArNo1ew5rlTgFqaICzYH55Q4jkoRUAOFYqb5jx+ClWAIjnGYVN1E0xmSCR7SvqcAhVV46z5VZZ1oZWkEk9RFgzdXfGykOlZqGvp7MI6hlLxf/8/oJBNdeykScABVk8VCQcAsiKy/JGjJJCfCpJphIpv9qkTHWzYCuMi/BWY68SjoXNceuOa3LauOmqKOMTtApOkcOukINdIeaqI0IekTP6BW9GU/Gi/FufCxGS0axc4z+wPj8AR+VoIE=</latexit><latexit sha1_base64="h7R+0tVxn9tJSASZwsZUk7uvF5g=">AAACF3icbVDLSsNAFJ3UV62vqEs3wSK4KokIuikU3bhswT6gCWUynbRDJ5MwcyOUNH/hxl9x40IRt7rzb5y0WWjrgYHDOffOzDl+zJkC2/42SmvrG5tb5e3Kzu7e/oF5eNRRUSIJbZOIR7LnY0U5E7QNDDjtxZLi0Oe0609uc7/7QKVikbiHaUy9EI8ECxjBoKWBWWvVZ26IYewHaSub1d1AYpJeujFzFRMujCngLHW5vnGIs8rArNo1ew5rlTgFqaICzYH55Q4jkoRUAOFYqb5jx+ClWAIjnGYVN1E0xmSCR7SvqcAhVV46z5VZZ1oZWkEk9RFgzdXfGykOlZqGvp7MI6hlLxf/8/oJBNdeykScABVk8VCQcAsiKy/JGjJJCfCpJphIpv9qkTHWzYCuMi/BWY68SjoXNceuOa3LauOmqKOMTtApOkcOukINdIeaqI0IekTP6BW9GU/Gi/FufCxGS0axc4z+wPj8AR+VoIE=</latexit>

• For single crystals: Measure large volume of Q (e.g. Corelli, Topaz, Mandi @ SNS) 

• For non-magnetic powders: Maximize Qmax (e.g. Nomad, Powgen @ SNS)

• For magnetic materials: Maximize flux at small Q (e.g. Powder, Wand2 @ HFIR)

• For all materials: Measure and subtract background signal

• For all materials: Increase sample size and counting time vs. Bragg diffraction
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Magnetic intensity (spin-only, single type of magnetic atom)  

How do we calculate diffuse scattering, mathematically? 

Debye, Ann. Phys. (Berlin) 351, 809 (1915) 
Blech & Averbach, Physics 1, 31 (1964)  

Nuclear intensity

Debye formula
rij = distance between atoms i and j
bi = coherent scattering length

• Powder (Debye formula):

• Single crystal: • Single crystal:

C =

✓
µ0

4⇡

�ne2

2me

◆2

= 0.07265 barn
<latexit sha1_base64="aERGawwN7rNLj/IyfWx8zf+uFJc="></latexit><latexit sha1_base64="aERGawwN7rNLj/IyfWx8zf+uFJc="></latexit><latexit sha1_base64="aERGawwN7rNLj/IyfWx8zf+uFJc="></latexit><latexit sha1_base64="aERGawwN7rNLj/IyfWx8zf+uFJc="></latexit>

S? = S�QS ·Q/Q2
<latexit sha1_base64="em7vkch/D3hAQoa4AQrJQz7Mb+s=">AAACMXicbZDLSsNAFIYnXmu9RV26GSyCG2tSBN0IRTddtmgv0KRlMpm0QyeZMDMRSsgrufFNxE0Xirj1JUzaSLX1wMDH/5/DnPM7IaNSGcZEW1ldW9/YLGwVt3d29/b1g8OW5JHApIk546LjIEkYDUhTUcVIJxQE+Q4jbWd0l/ntRyIk5cGDGofE9tEgoB7FSKVSX69ZPlJDx4vvk15shUSEyc1cOv/BRjIXLexyNTcuGr24khT7eskoG9OCy2DmUAJ51fv6i+VyHPkkUJghKbumESo7RkJRzEhStCJJQoRHaEC6KQbIJ9KOpxcn8DRVXOhxkb5Awan6eyJGvpRj30k7s0XlopeJ/3ndSHnXdkyDMFIkwLOPvIhBxWEWH3SpIFixcQoIC5ruCvEQCYRVGnIWgrl48jK0KmXTKJuNy1L1No+jAI7BCTgDJrgCVVADddAEGDyBV/AG3rVnbaJ9aJ+z1hUtnzkCf0r7+gYPFqvf</latexit><latexit sha1_base64="em7vkch/D3hAQoa4AQrJQz7Mb+s=">AAACMXicbZDLSsNAFIYnXmu9RV26GSyCG2tSBN0IRTddtmgv0KRlMpm0QyeZMDMRSsgrufFNxE0Xirj1JUzaSLX1wMDH/5/DnPM7IaNSGcZEW1ldW9/YLGwVt3d29/b1g8OW5JHApIk546LjIEkYDUhTUcVIJxQE+Q4jbWd0l/ntRyIk5cGDGofE9tEgoB7FSKVSX69ZPlJDx4vvk15shUSEyc1cOv/BRjIXLexyNTcuGr24khT7eskoG9OCy2DmUAJ51fv6i+VyHPkkUJghKbumESo7RkJRzEhStCJJQoRHaEC6KQbIJ9KOpxcn8DRVXOhxkb5Awan6eyJGvpRj30k7s0XlopeJ/3ndSHnXdkyDMFIkwLOPvIhBxWEWH3SpIFixcQoIC5ruCvEQCYRVGnIWgrl48jK0KmXTKJuNy1L1No+jAI7BCTgDJrgCVVADddAEGDyBV/AG3rVnbaJ9aJ+z1hUtnzkCf0r7+gYPFqvf</latexit><latexit sha1_base64="em7vkch/D3hAQoa4AQrJQz7Mb+s=">AAACMXicbZDLSsNAFIYnXmu9RV26GSyCG2tSBN0IRTddtmgv0KRlMpm0QyeZMDMRSsgrufFNxE0Xirj1JUzaSLX1wMDH/5/DnPM7IaNSGcZEW1ldW9/YLGwVt3d29/b1g8OW5JHApIk546LjIEkYDUhTUcVIJxQE+Q4jbWd0l/ntRyIk5cGDGofE9tEgoB7FSKVSX69ZPlJDx4vvk15shUSEyc1cOv/BRjIXLexyNTcuGr24khT7eskoG9OCy2DmUAJ51fv6i+VyHPkkUJghKbumESo7RkJRzEhStCJJQoRHaEC6KQbIJ9KOpxcn8DRVXOhxkb5Awan6eyJGvpRj30k7s0XlopeJ/3ndSHnXdkyDMFIkwLOPvIhBxWEWH3SpIFixcQoIC5ruCvEQCYRVGnIWgrl48jK0KmXTKJuNy1L1No+jAI7BCTgDJrgCVVADddAEGDyBV/AG3rVnbaJ9aJ+z1hUtnzkCf0r7+gYPFqvf</latexit><latexit sha1_base64="em7vkch/D3hAQoa4AQrJQz7Mb+s=">AAACMXicbZDLSsNAFIYnXmu9RV26GSyCG2tSBN0IRTddtmgv0KRlMpm0QyeZMDMRSsgrufFNxE0Xirj1JUzaSLX1wMDH/5/DnPM7IaNSGcZEW1ldW9/YLGwVt3d29/b1g8OW5JHApIk546LjIEkYDUhTUcVIJxQE+Q4jbWd0l/ntRyIk5cGDGofE9tEgoB7FSKVSX69ZPlJDx4vvk15shUSEyc1cOv/BRjIXLexyNTcuGr24khT7eskoG9OCy2DmUAJ51fv6i+VyHPkkUJghKbumESo7RkJRzEhStCJJQoRHaEC6KQbIJ9KOpxcn8DRVXOhxkb5Awan6eyJGvpRj30k7s0XlopeJ/3ndSHnXdkyDMFIkwLOPvIhBxWEWH3SpIFixcQoIC5ruCvEQCYRVGnIWgrl48jK0KmXTKJuNy1L1No+jAI7BCTgDJrgCVVADddAEGDyBV/AG3rVnbaJ9aJ+z1hUtnzkCf0r7+gYPFqvf</latexit>

• Powder:

Aij = Si · Sj � (Si · r̂ij) (Sj · r̂ij)
Bij = 3 (Si · r̂ij) (Sj · r̂ij)� Si · Sj

Im(Q) = C[gf(Q)]2

8
<

:
2

3
S(S + 1) +

1

N

X

i,j 6=i

Aij


sinQrij
Qrij

+Bij

✓
sinQrij
(Qrij)3

� cosQrij
(Qrij)2

◆�9=

;
<latexit sha1_base64="tXvZ4x+LR/VtLqksf2BlZ1bHsIM="></latexit><latexit sha1_base64="tXvZ4x+LR/VtLqksf2BlZ1bHsIM="></latexit><latexit sha1_base64="tXvZ4x+LR/VtLqksf2BlZ1bHsIM="></latexit><latexit sha1_base64="tXvZ4x+LR/VtLqksf2BlZ1bHsIM="></latexit>

⌦
b2
↵
+

1

N

X

i,j 6=i

hbibji exp [iQ · (rj � ri)]

<latexit sha1_base64="6usmEOUz3/VbLepmGHYHclU1w1g="></latexit><latexit sha1_base64="6usmEOUz3/VbLepmGHYHclU1w1g="></latexit><latexit sha1_base64="6usmEOUz3/VbLepmGHYHclU1w1g="></latexit><latexit sha1_base64="6usmEOUz3/VbLepmGHYHclU1w1g="></latexit>

C[gf(Q)]2
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i · S?

j

↵
exp [iQ · (rj � ri)]
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;
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Im(Q) = C[gf(Q)]2
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✓
sinQrij
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;
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⌦
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X
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sin(Qrij)

Qrij
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f(Q) = magnetic form factor
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• Non-magnetic case: Fourier transform of powder data yields 
pair-distribution function (powder PDF) à Kate Page’s lecture
– Histogram of inter-atomic distances
– e.g. coal

How can we visualize diffuse scattering data?

X-ray data Powder PDF

Fourier transform

110 T H E  I N T E R P R E T A T I O N  OF D I F F U S E  X - R A Y  D I A G R A M S  OF CARBON 

Limits of numerical integration 
In  the case of a single homogeneous scattering sub- 

stance of normal dimensions the integral in equation (1) 
consists of two distinct parts, due respectively to the 
observable intensity function i(s) and to the unobser- 
vable peak function which occurs in the neighbourhood 
of s = 0. The content of the latter is independent of the 
structure and would have the same value for a similar 
volume of continuous scattering substance of uniform 
density equal to P0, the macroscopic density of the 
material considered. For such a continuous, uniform 
substance i(s) would be zero for all values of s greater 
than a very small value which is experimentally in- 
accessible (the exact value depends on the size and shape 
of the scattering material). The experimentally observed 
values of i(s) are due to the deviations of p from P0 in 
the real substance. We may  therefore write 

o 

47rr~{P(r) -Po} = 4rrr~AP = 8n si(s) sin (2nsr) ds, (2) 

where here the integral, although extending to s = 0 ,  
contains only the observable intensity function. 

In finely divided solids which show low-angle scat- 
tering, part  of the zero-angle intensity peak becomes 
spread over measurable values of s. In many eases the 
low-angle scattering is nevertheless sharply separated 
from the rest of the diffraction pattern. The integration 
in equation (2) may then be carried out for the function 
si(s) excluding the low-angle scattering. In the present 
ease, however, the extensive low-angle scattering is 
inseparable from the rest of the diffraction pattern, and 
must therefore be included in the integral. Measure- 
ments were made to values of s as small as the experi- 
mental arrangement permitted (<0.1), and the in- 
tensity extrapolated to s = 0. There remains, however, 
a modified unobservable peak function at s=0 .  The 
contribution of this in equation (2) is 4rrr~po, where Po 
is no longer the true density of the diffracting substance, 
but the mean density of the particles together with such 
spaces between them as are responsible for the accessible 
low-angle scattering. If, for example, the dispersion of 
the fine particles were increased, the observable low- 
angle scattering would increase at the expense of the 
unobservable peak function, and the value of P0 would 
further decrease. 

Owing to the somewhat arbitrary value of Po, which 
cannot readily be measured with any certainty, only 
Ap and the function 4rrr~Ap will be considered in what 
follows. 

The upper limit of the integral in equation (2) is s = oo. 
In  practice it is necessary to impose a finite upper limit 
to the integration at s = S and to assume that  i(s) is zero 
for all values of s greater than S. This is further dis- 
cussed below. 

Calculation of si(s) 
To calculate the function si(s) the corrected experi- 

mental intensity curve (Fig. 2, curve I) was obtained 

in electron units, and the incoherent scattering was 
subtracted by making use of the intensity values at  
large angles of scattering. The principle of this method, 
as normally applied, is tha t  for non-crystalline materials 
the interference effects at large angles are negligible and 
the observed intensity is equal to the independent 
scattering (coherent + incoherent), i.e. f f  +/inc., where 
/inc. is the incoherent scattering. In the present case, 
interference effects at  large angles are not negligible, 
but, since measurements were made for values of s up 
to 2.2, at  which point the coherent scattering is only 
12 % of the total independent scattering, there is little 
scope for error in placing the independent scattering 
curve (Fig. 2, curve II). 

0 

I i i I i I I I t I I 

\ 

d2 0.~ 0!6 0'.8 1!0 1'.2 1!4 1!6 1'.8 2'-0 2!2 
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Fig. 3. The function si(s). 

The form of the independent scattering curve shown 
in Fig. 2 is derived from the values of/inc, tabulated by 
Compton & Allison (1935) and the atomic scattering 
factor calculated by James & Brindley (1931). The 
function si(s) obtained from the experimental intensity 
curve after subtraction of the incoherent scattering and 
division b y f f  is shown in Fig. 3. I t  is clear that  a maxi- 
mum in si(s) occurs nears = 2-2. This last peak was there- 
fore assumed to have approximately the same shape 
as the preceding ones, and si(s) was assumed to come to 
zero at s--2-4 in the manner indicated in the figure. 

The atomic distribution function 
For calculation of 47rr~Ap (equation (2)) it was 

assumed that  si(s)--0 for s > 2.4, and the integral was 
replaced by the sum of 120 terms si(s)sin (27rsr)As 
spaced at intervals of 0-02(--As) in s. This approxi- 
mation leads to a function rap which is periodic, the 
full period being 1/As = 50 A. I t  may therefore be used 
to obtain 4nr~Ap for values o f t  up to 1/2As =25 A. only 
if Ap is zero for all values of r greater than 25 A. In 
reality this condition is not exactly fulfilled, and the 
accuracy of the calculation is therefore somewhat re- 
duced for the larger values of r. 

In Fig. 4 the function 4nr2Ap calculated in this way 
is shown for values of r up to 9 A. Ordinates were 
calculated for values of r at intervals of 0.21 A., inter- 
mediate points being obtained where necessary in the 
neighbourhood of important maxima or minima. The 
interatomic distances within a single graphite layer are 
also indicated at the base of the figure, the height of the 
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In Fig. 6 there is sufficient resemblance between 
curves Z and II  to prove conclusively that the carbon 
contains graphite-like layers. The amplitude of the 
fluctuations in curve I is, however, consistently less 
than in curve II, the difference increasing with increasing 
values of r. Here three factors must be distinguished: 

(1) The structure of the graphite-like layers may be 
imperfect. This would render the peaks weaker and more 
diffuse, the magnitude of the effect increasing rapidly 
with increasing r. 
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Fig. 5. The atomic scattering factor. Full line, due to James 
& Brindley; broken line, as modified to reduce the peaks at 
0"4 and 0.8 A. in Fig. 4. 
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Fig. 6. Curve I, the atomic distribut'ion function obtaiffed after 
multiplying the corrected intensity ctlrve by exp(--0.4s2). 
Ctu~e II, the function which would be given by a single 
infnito graphite layer under the same conditions. 

(2) I t  is possible that  not all of the carbon is in the 
form of graphite-like layers. This would reduce the 
amplitude for the whole curve, independently of the 
value of r. 

(3) The graphite-like layers may be perfect but very 
small. The form of the peaks would be unchanged, but 
the amplitude would decrease with increasing r. 

From Fig. 6 it is clear that  the influence of (1) is 
extremely slight, the shape of the peaks in the two curves 
being closely similar. In particular, the apparition of 
the small peak at 5.6 A. and the form of the well-isolated 
peak at 6.4 A. show that even for relatively large values 
err  the influence of structural imperfections is negligible. 

The difference between the amplitudes of the experi- 
mental and theoretical peaks at small distances (1-4 and 
2.45 A.) can therefore certainly not be attributed to 
disorder. I t  must be assumed that (2) is operative. The 
ratio of the observed and calculated amplitudes for 
small values of r is about -3-, e indicating that  about § 
of the carbon is in the form of graphite-like layers. The 
remainiflg ½ makes no measurable contribution to the 
function 47rr~Ap, and must be in a much less highly 
organized state. 

To account for the decreasing amplitude with in- 
creasing r in curve I as compared with curve I I  (Fig. 6) 
it must be supposed that  the layers, though perfect, are 
sufficiently small for the number of atoms at distance r 
from a given atom to be significantly reduced for values 
of r greater than a few ~ngstrSm units. From the 
magnitude of this effect a rough estimate of the diameter 
of the layers can be made. 

For a circular layer of diameter L the number of 
atoms at distance r = a L  from a given atom is given by 
naPr, where Pr is the number for an infinite layer, and 
n a is the area in common between two circles of unit 
area (diameter 2/~/zr) whose centres are at a distance 
2a/~/Tr apart (eft Wilson (1948, p. 37)). The dependence 
of n~ on a is such that for n a -~ 0-5, a :  0.4. In Fig. 6 the 
ratio of observed to theoretical amplitudes decreases 
from about ~ for small values of r to about ½ at r-- 7 A., 
thus indicating a layer diameter of between 15 and 
20 A. 

The possible influence of mutual orientation of the 
graphite-like layers has not so far been considered. I t  
is clear that  the general rise in curve I (Fig. 6) in the 
neighbourhood of 3.7-4.4 A. must be attributed to a 
weak diffuse maximum at about 4 A. due to the inter- 
layer spacing. 

The particle distribution funct ion  
The function 47rr~Ap was given in Fig. 6 for values of 

r up to 9 A. only. The limitation is due to the method of 
numerical calculation, which gives results decreasing in 
accuracy with increasing r and becoming valueless as r 
approaches 25 A. The method is also extremely tedious. 

Since the graphite-like layers are only 15-20 A. in 
diameter, it may be expected that, for values of r larger 
than this, fluctuations in density due to the structure 
of a single graphite layer will not be observed. Any 
fluctuations observed at large distances must represent 
the form and spatial distribution of the layers or groups 
of layers. That is, for large values of r the density 
function is essentially the Fourier transform of the low- 
angle scattering. To obtain 4nrgAp for values of r 
approaching 50 A. the calculation was therefore simpli- 
fied by using only the low-angle part of the experimental 
scattering curve. The accuracy was increased by the 
use of an improved method of numerical calculation 
devised by V. Luzzati (private communication). Among 
other advantages, the method gives directly values of 
raAp (the normal method gives rAp) and is therefore of 

Q/4⇡ (Å
�1

) r (Å)

Rosalind
Franklin

Franklin, Acta Cryst. 3, 107 (1950)
Farrow & Billinge, Acta Cryst. A 65, 232 (2009)
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• Non-magnetic case: Fourier transform of single-
crystal data with Bragg subtracted yields 3D-ΔPDF 

• Characteristic signals for different disorder types

How can we visualize diffuse scattering data?

Displacive disorder

Substitutional disorder

Size-effect disorder

Images courtesy Arkadiy Simonov
Weber & Simonov, Z Krist 227, 238 (2012)

Total scattering Removed Bragg Fourier transformed
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• Non-magnetic case: Fourier transform of single-
crystal data with Bragg subtracted yields 3D-ΔPDF 

• Characteristic signals for different disorder types
– e.g. intermetallic ScV6Sn6

How can we visualize diffuse scattering data?

Displacive disorder

Substitutional disorder

Size-effect disorder

3D-ΔPDFX-ray diffuse scattering

Gomez Alvarado et al., PRB 110, L140304 (2024)
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• Magnetic case: Fourier transform of magnetic single-crystal data yields 
3D magnetic PDF (spin-pair correlation function)
– Positive (negative) peaks indicate ferromagnetic (antiferromagnetic) correlations
– e.g. magnetically-enhanced thermoelectric MnTe at T > TN

How can we visualize diffuse scattering data?

Baral et al., Matter 5, 1853 (2022)
 diffpy.mpdf software: Frandsen et al., J Appl. Cryst. 5, 1377 (2022). https://www.diffpy.org/products/mPDF.html

Fourier transform

Neutron diffuse scattering
Nuclear scattering subtracted

3D magnetic PDF
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*Fennell et al., Science 326, 415 (2009)

**Castelnovo, Moessner & Sondhi, Nature 451, 42 (2008)

(004)

(220)

Data* Model**

Reciprocal space Real space

structure
refinement

interaction
modelling

How can we analyze diffuse scattering data?
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How can we analyze diffuse scattering data?

structure
refinement

Big-box refinement 

Many unit cells 
Model long-range 
and short-range order

e.g. reverse Monte Carlo

Small-box refinement 

Single unit cell 
Model short-range order 
à Kate Page’s lecture

e.g. PDF analysis

Images: Hui et al., JPCM 17, S111 (2005)



15

RMCProfile software: Tucker et al., JPCM 19, 335218 (2007)
Spinvert software: Paddison, Stewart, Goodwin JPCM 25, 454220 (2013). www.joepaddison.com/software

RMCDiscord software: Morgan et al., J. Appl. Cryst. 54, 1867 (2021)

Create ~104 atoms with random displacements (spins with 
random orientations)

Move a random atom (Rotate/flip a random spin)

Calculate change in goodness-of-fit to data & constraints

Accept move if fit improved; otherwise accept move with 
some probability

Reverse Monte Carlo (RMC) method

http://www.joepaddison.com/software
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Amorphous example: a-Si

Cliffe & Goodwin, Phys Stat Sol B 250, 949 (2013)
RMCProfile software: Tucker et al., JPCM 19, 335218 (2007)

• RMC produces most disordered configuration consistent with data 
à constraints are often essential

• Software such as RMCProfile facilitates constrained RMC
Accurate model RMC RMC + invariant-environment constraint
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Inorganic example: Relaxor ferroelectric PbMg⅓Nb⅔O3

Image: Goodwin, Nat. Commun.10, 4461 (2019)

• Local Pb displacements are correlated to form polar nano-regions
• Dense packing of nano-regions with different polarization directions
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Inorganic example: Relaxor ferroelectric PbMg⅓Nb⅔O3

Eremenko et al., Nat. Commun. 10, 2978 (2019) 

• RMC refinement to multiple data sets (neutron, X-ray, EXAFS) provides 
quantitative model of local structure between 1—100 Å 
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Magnetic example: Kagome ice Dy3Mg2Sb3O14 

Sanders et al., J. Mater. Chem. C 4, 541–550 (2016)

Space group Fd–3m Space group R–3m

Pyrochlore Dy2Ti2O7 Kagome Dy3Mg2Sb3O14 
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–
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Magnetic example: Kagome ice Dy3Mg2Sb3O14 

Paddison et al., Nature Commun. 7, 13842 (2016)

Local magnetic structureDiffuse scattering

–

+

–

+

+

–

“Emergent charge” correlations
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*Fennell et al., Science 326, 415 (2009)

**Castelnovo, Moessner & Sondhi, Nature 451, 42 (2008)

(004)

(220)

Data* Model**

Reciprocal space Real space

structure
refinement

interaction
modelling

How can we analyze diffuse scattering data?
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Interaction refinement

Spinteract software: Paddison, J Phys Cond Matt 35, 495802 (2023). www.joepaddison.com/software  
Sunny software: Dahlbom et al., arXiv:2501.13095 (2025). https://github.com/SunnySuite/Sunny.jl   

Define Hamiltonian and guess interaction values
 

Calculate diffuse scattering (e.g. using field theory or 
Monte Carlo simulations)

Send goodness-of-fit to least-squares optimizer

Receive new values of interactions from optimizer 

H = J1

X

hi,ji

Si · Sj + J2

X

hhi,jii

Si · Sj

<latexit sha1_base64="tVD2ibrs0EMtyiPPvGsseLseC9k="></latexit><latexit sha1_base64="tVD2ibrs0EMtyiPPvGsseLseC9k="></latexit><latexit sha1_base64="tVD2ibrs0EMtyiPPvGsseLseC9k="></latexit><latexit sha1_base64="tVD2ibrs0EMtyiPPvGsseLseC9k="></latexit>
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Magnetic example: Spin-liquid candidate KYbSe2

Scheie et al., Nat. Phys. 20, 74 (2024)

• Magnetic Yb3+ with effective spin-½ occupy a triangular lattice

• Antiferromagnetic interactions à frustration 

?
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Magnetic example: Spin-liquid candidate KYbSe2

Scheie et al., Nat. Phys. 20, 74 (2024)

• Neutron data from CNCS @ ORNL

• Fitted interactions place material near quantum spin-liquid phase

fit fit

?
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Intermetallic example: Kagome metal ScV6Sn6

• Trimers of Sn-Sc-Sn occupy a triangular lattice

• Each trimer occupies one of two positions along z à frustration?

Sn-Sc-Sn trimer Trimer-trimer interactions

Gomez Alvarado et al., PRB 110, L140304 (2024)

?
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Intermetallic example: Kagome metal ScV6Sn6

Gomez Alvarado et al., PRB 110, L140304 (2024)

• Frustrated antiferro interactions between trimers explain 
temperature and Q-dependence of diffuse scattering

?
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Macromolecular example: Gag protein from Feline Foamy virus

*Welberry, Heerdegen, Goldstone & Taylor, Acta Cryst. B 67, 516 (2011)

• Protein molecules occupy a triangular lattice

• Each molecule occupies one of two positions along z à frustration?

X-ray diffuse data*.

?
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Macromolecular example: Gag protein from Feline Foamy virus

*Welberry, Heerdegen, Goldstone & Taylor, Acta Cryst. B 67, 516 (2011)

• Frustrated antiferro interactions between molecules explain 
Q-dependence of diffuse scattering

X-ray diffuse data*.
Model

Nearest + next-nearest neighbor

?
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Summary
• Diffuse scattering arises from correlated disorder 

– Disordered species can be atoms, spins, molecules, or collective objects 

• Instruments at SNS and HFIR can measure diffuse scattering accurately
– Powder and single-crystal data both information-rich

• Lots of useful software, much of it co-developed at ORNL
– RMCProfile: Matt Tucker tuckermg@ornl.gov, Yuanpeng Zhang zhangy@ornl.gov
– RMCDiscord: Zach Morgan morganzj@ornl.gov
– Spinvert & Spinteract: Joe Paddison paddisonja@ornl.gov
– Su(n)ny: David Dahlbom dahlbomda@ornl.gov
– Discus: Thomas Proffen tproffen@ornl.gov

• Don’t hesitate to contact instrument scientists or developers!

Email: paddisonja@ornl.gov


