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What does diffuse scattering measure?

Water ice

• Correlated disorder, e.g. ice rules  

Pauling, J. Am. Chem. Soc. 57, 2680 (1935)
Bramwell & Harris, PRL 79, 2554 (1997)

Images: Keen & Goodwin, Nature 521, 303 (2015) 

Spin ice
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What does diffuse neutron scattering measure?
• Neutron has magnetic moment à correlated magnetic disorder

Bramwell & Harris, PRL 79, 2554 (1997)
Left data: Fennell et al., Science 326, 415 (2009)
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Diffuse scattering analysis – an overview

Left data: Fennell et al., Science 326, 415 (2009)
Right image: Castelnovo, Moessner & Sondhi, Nature 451, 42 (2008)
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Diffuse scattering analysis – an overview

Left data: Fennell et al., Science 326, 415 (2009)
Right image: Castelnovo, Moessner & Sondhi, Nature 451, 42 (2008)
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Plan for today

• Overview

• Experiment & Theory
• Magnetic structure refinement: Spinvert

• Magnetic interaction modelling: Spinteract
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• Consider scattering intensity integrated over energy transfer

• This measures instantaneous correlations

• Quasistatic approximation:

Neutron scattering

sample

ki,ωi

kf,ωf

2θ

detector

source

kf, Efkf , 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>
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<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>

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>
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• e.g. spin ice, Ho2Ti2O7

Single crystals vs polycrystals (powders)

Left data: Fennell et al., Science 326, 415 (2009)
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breaks the threefold symmetry of the triangular lattice. The impact of this
symmetry mismatch is for the average structure—deduced from analysis
of Bragg diffraction—to appear to have a higher symmetry than that
observed using local spectroscopic probes or expected from crystal chem-
ical considerations. This has led to misconceptions about disordered crys-
tal structures in the past (for example, the apparently linear Si–O–Si bond
in b-cristobalite45), and the clearest way to address this ambiguity is
through direct analysis of the diffuse scattering or through modelling of
the total scattering. Big-box modelling is particularly effective because
local distortions within individual unit cells can be explored (to agree
with PDF data, for example) while still generating an overall structure
that replicates the Bragg diffraction intensities.

Such an approach has been used to address high-temperature beha-
viour in ferroelectric BaTiO3: even within the cubic (paraelectric) phase
the Ti atoms are displaced from the centre of the TiO6 octahedron in
one of the eight Æ111æ directions, mimicking the distorted arrangement
of the ordered low-temperature rhombohedral phase46. These eight Ti
positions average to the central octahedral B-site in the ideal perovskite
structure (Fig. 3a)47. A similar conclusion was reached in studies of the
thermoelectric properties of PbTe (which has the same structure as rock
salt) in terms of large-amplitude displacements of Pb atoms along
Æ100æ-type directions at high temperature48. Likewise, the high ionic
conductivity of d-Bi2O3 was shown to depend on local relaxation of
the Bi-ion coordination geometry towards that adopted in the low-
temperature b-phase; these correlated distortions promote vacancy
migration (Fig. 3b)49. The Bi atoms in the relaxor ferroelectric NBT
(Na0.5Bi0.5TiO3) also assume positions of lower local symmetry than
that of the average lattice in the rhombohedral phase50. These are all
examples where second-order Jahn–Teller distortions of the Bi31, Pb21

and Ti41 coordination environments are responsible for lowering the
local symmetry. Analogous behaviour is observed for molecular systems
where a phase transition can only reduce the overall structural distor-
tion and raise the average symmetry through a superposition of distinct
molecular orientations. An example of this is seen in Fig. 3c where
rotational disorder in the imidazolium cation (C3H5N2)1 above the
ferroelectric phase transition leads to an average hexagonal molecular
shape that is chemically nonsensical51.

For most materials correlated disorder persists only in a high-tem-
perature state, with order emerging on cooling. But in some systems
the disordered state is trapped to low temperatures. One example is
K12x(NH4)xI (with x < 0.5), where the tetrahedral geometry of the
ammonium cation is incompatible with the octahedral symmetry of
its crystallographic site in the rock salt structure52. A second example
is solid C60, where the combination of icosahedral molecular symmetry
and trigonal point symmetry at the crystallographic site frustrates order
and gives rise to glassy dynamics at low temperatures53. A similar
mismatch between symmetry at the molecular and crystal lattice level

also exists in far larger structures, and is even exploited in the
mechanical release of phage DNA from viruses54.

Disorder–property relationships
Perhaps counterintuitively, correlated disorder may actually be an essen-
tial ingredient for functional material properties. There will be even more
cases where disorder—though not by itself the microscopic driving
force—is intimately associated with a particular functionality. Any
switchable ferroic state, for example, emerges from a disordered parent
phase where the correlations that are present describe the ferroic property
of interest. Relaxor ferroelectrics are an extreme example of this relation-
ship, where correlations are so strong that they stabilize polar nanore-
gions, which in turn drive the attractive dielectric properties for which
relaxors are favoured55. Here it is dipolar disorder that results in function,
but there are strong analogies too to the balance of orbital, electronic, and
magnetic disorder implicated in the colossal magnetoresistance of
LaxCa12xMnO3, for example56. Likewise, the proximity of correlated
paramagnetic states to the superconducting transitions of most high-
temperature superconductors has been noted many times previously
(for example, see ref. 57). As these examples illustrate, there is at least
an empirical correspondence between correlated disorder and advanced
function that is increasingly obvious even if not yet well understood.

Correlated disorder is often implicated in cooperative phenomena.
One example is solid-phase ion conduction: superionics are effectively
porous to a particular type of ion precisely because there exists a low-
barrier mechanism for collective displacements. Another example is the
emergence of quasi-particles such as skyrmions in chiral ferromagnets58

and magnetic ‘monopoles’ in the pyrochlore spin ices59, and the poten-
tial application of these phenomena in data storage and spintronic
devices would constitute putting correlated disorder to practical use.
As a final point, we note that the configurational entropy associated
with disordered states has its own set of thermodynamic and lattice
dynamical consequences that affect material properties. Not only would
ice melt at a different temperature were it not for proton disorder, but
the influence of disorder on phonons is exploited in optimizing thermal
conductivity of thermoelectrics60.

Concluding remarks
As we have shown here, simple local rules or distortions can give rise to
surprisingly complex disordered states of matter in a wide range of
material systems. In many cases the presence of disorder—whether
chemical, electronic, magnetic or geometric—and the nature of the
correlations that persist within the disordered phase affect the physical
and chemical properties of the system in question. Just as classical crys-
tallography has helped us to develop an understanding of the structures
of ordered crystalline materials, so modern crystallography and its ever-
improving methods are rapidly improving our ability to characterize
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Figure 2 | Ice-like states on the pyrochlore lattice. a, The structure of cubic
ice is related to that of the pyrochlore lattice (thin black lines). Many different
orientations of the water molecules are capable of satisfying the same hydrogen-
bonding ‘rules’, in which each configuration can be represented uniquely by
decorating the edges associated with the two hydrogen atoms per tetrahedron
(thick black lines). The ice rules are encoded in the provision that no two such
edges join. b, c, The arrangement of dipoles in ‘charge-ices’ (b) and magnetic

moments in ‘spin-ices’ (c) map onto the same edge decorations, linking the
structural complexity of these physically disparate systems. d–g, Diffraction
patterns of the superionic conductor a-Cu1.8Se (ref. 67) (d), the negative
thermal expansion ‘charge-ice’ Cd(CN)2 (ref. 41) (e), the quantum spin ice
candidate Yb2Ti2O7

68 (f) and (water) ice itself69 (g) all show continuous
scattering in related regions of reciprocal space.

REVIEW RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved

2 1 M A Y 2 0 1 5 | V O L 5 2 1 | N A T U R E | 3 0 7



99

• Measure wide range of Q (for crystals)
– e.g. Corelli @ ORNL, SXD @ ISIS…

• Measure and subtract background
– Or polarisation to isolate magnetic signal

• Ensure quasistatic approximation is valid
– Choose Ei > |𝜃CW| (interaction strength)

Experiment design

Top data: Paddison et al., PRB 97, 014429 (2018); 
Centre data: Clark et al., PRL 113, 117201 (2014); Lower data: courtesy J. R. Stewart

2

FIG. 1: (a) Nearest-neighbour AFM interactions (J1) are frustrated
on the face-centred cubic lattice. (b) Next-nearest neighbour AFM
interactions (J2) are not frustrated and drive checkerboard ordering
of the simple cubic sub-lattices.

been restricted to either individual reciprocal-space planes
or the powder average, limiting the information content of
the scattering pattern.25 Advanced neutron-scattering instru-
ments now allow measurement of essentially-complete three-
dimensional (3D) diffuse-scattering patterns,26,27 but a key
problem remains: analysis of these very large datasets is usu-
ally computationally prohibitive.25 Here, we develop an ap-
proach to allow rapid refinement of an atomic-scale model
to magnetic diffuse-scattering datasets containing > 106 data
points. We demonstrate the success of this approach by fit-
ting to the complete 3D magnetic diffuse-scattering pattern
for MnO, allowing us to determine the relationship between
PM and AFM structures.

II. METHODS

Single-crystal neutron-scattering data were collected at
T = 160K (' 1.4TN and 0.3|✓|) using the SXD diffractome-
ter at the ISIS neutron source.26 The data were corrected for
instrumental background scattering by subtracting the scat-
tering intensity from an empty sample holder and were nor-
malised using the incoherent scattering from a vanadium stan-
dard. The crystal structure (space group Fm3̄m) was re-
fined to the nuclear Bragg intensities using the JANA software
package,28 using the lattice parameter a = 4.4344(7) Å ob-
tained from SXD at T = 160K. The data were binned in inter-
vals of 0.04 reciprocal-lattice units, the m3̄m diffraction sym-
metry appropriate for MnO was applied, and nuclear Bragg
peaks were removed by excising regions where the intensity
exceeded a threshold value (plus a small surrounding vol-
ume). A 3D representation of the experimental data is shown
in Fig. 2(a).

We employ reverse Monte Carlo (RMC) refinement14,29,30

to fit spin configurations to our neutron-scattering data. In
RMC refinement, a supercell of the crystallographic unit cell
is generated and classical spin vectors are assigned to each
site, whose orientations are refined to match experimental
data. We use a cubic supercell of side length R = 12a
(N = 6912 spins) with periodic boundary conditions. Re-
finements are initialised with random spin orientations and are

iterated to minimise a cost function

�2 =
X

Q

[sIcalc(Q) +B � Iexpt(Q)]2 , (1)

where I(Q) denotes the magnetic diffuse-scattering intensity
at reciprocal-space position Q, subscript “calc” and “expt”
denote calculated and experimental data points, s is a re-
fined intensity scale factor, and B is a refined flat-in-Q term
which corrects for the significant incoherent scattering from
Mn.31 Results from four separate refinements were averaged
to increase the statistical accuracy. The magnetic diffuse-
scattering intensity is calculated as

I(Q) / [f(Q)]2 exp(�UisoQ
2)

X

G

|F(G)|2 W (Q�G),

(2)
where f(Q) is the Mn2+ magnetic form factor,32 Uiso =
0.00509(9) Å2 is the isotropic atomic displacement factor for
Mn, and G is a reciprocal-lattice vector of the RMC supercell.
The magnetic structure factor

F(G) =
NX

i=1

S?
i exp (iG · ri) , (3)

where Si � [(Si ·G)G] /G2 is the projection of the spin lo-
cated at ri perpendicular to G. We use Lanczos resampling33

to interpolate values of |F(G)|2 at the experimentally-
measured Q-points by applying the weight function33

W (Q) =
Y

↵

sinc (Q↵R/2) sinc (Q↵R/2m) , (4)

where ↵ 2 {x, y, z} denotes Cartesian components, m is an
integer determining the interpolation accuracy, and W (Q) ⌘

FIG. 2: (a) Experimental magnetic diffuse-scattering data for para-
magnetic MnO at T = 160K. Nuclear Bragg peaks have been re-
moved from the data. (b) RMC fit to the experimental data shown
in (a). In (a) and (b), sections of the (101)⇤, (11̄1)⇤, and (001)⇤

reciprocal-space planes are shown. The (001)⇤ plane is shifted
by �0.5 reciprocal-lattice units along the [001]⇤ direction in order
to highlight the strongest diffuse scattering features; i.e., it is the
(h, k,� 1

2 )
⇤ plane. The centre of reciprocal space is indicated by

a white circle.

MnO
SXD @ ISIS

µeff = 0.11µB 

D7 @ ILL

MnO
|𝜃CW|= 500 K
Ei = 40 K
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Debye, Ann. Phys. (Berlin) 351, 809 (1915) 
Blech & Averbach, Physics 1, 31 (1964)  

Nuclear intensity

Debye formula
rij = radial distance
bi = coherent scattering length

Ø Powder

Magnetic intensity
Ø Single crystal Ø Single crystal
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• e.g. spin ice, Ho2Ti2O7

Can we recover ice rules by fitting to diffuse scattering?

Left data: Fennell et al., Science 326, 415 (2009)
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breaks the threefold symmetry of the triangular lattice. The impact of this
symmetry mismatch is for the average structure—deduced from analysis
of Bragg diffraction—to appear to have a higher symmetry than that
observed using local spectroscopic probes or expected from crystal chem-
ical considerations. This has led to misconceptions about disordered crys-
tal structures in the past (for example, the apparently linear Si–O–Si bond
in b-cristobalite45), and the clearest way to address this ambiguity is
through direct analysis of the diffuse scattering or through modelling of
the total scattering. Big-box modelling is particularly effective because
local distortions within individual unit cells can be explored (to agree
with PDF data, for example) while still generating an overall structure
that replicates the Bragg diffraction intensities.

Such an approach has been used to address high-temperature beha-
viour in ferroelectric BaTiO3: even within the cubic (paraelectric) phase
the Ti atoms are displaced from the centre of the TiO6 octahedron in
one of the eight Æ111æ directions, mimicking the distorted arrangement
of the ordered low-temperature rhombohedral phase46. These eight Ti
positions average to the central octahedral B-site in the ideal perovskite
structure (Fig. 3a)47. A similar conclusion was reached in studies of the
thermoelectric properties of PbTe (which has the same structure as rock
salt) in terms of large-amplitude displacements of Pb atoms along
Æ100æ-type directions at high temperature48. Likewise, the high ionic
conductivity of d-Bi2O3 was shown to depend on local relaxation of
the Bi-ion coordination geometry towards that adopted in the low-
temperature b-phase; these correlated distortions promote vacancy
migration (Fig. 3b)49. The Bi atoms in the relaxor ferroelectric NBT
(Na0.5Bi0.5TiO3) also assume positions of lower local symmetry than
that of the average lattice in the rhombohedral phase50. These are all
examples where second-order Jahn–Teller distortions of the Bi31, Pb21

and Ti41 coordination environments are responsible for lowering the
local symmetry. Analogous behaviour is observed for molecular systems
where a phase transition can only reduce the overall structural distor-
tion and raise the average symmetry through a superposition of distinct
molecular orientations. An example of this is seen in Fig. 3c where
rotational disorder in the imidazolium cation (C3H5N2)1 above the
ferroelectric phase transition leads to an average hexagonal molecular
shape that is chemically nonsensical51.

For most materials correlated disorder persists only in a high-tem-
perature state, with order emerging on cooling. But in some systems
the disordered state is trapped to low temperatures. One example is
K12x(NH4)xI (with x < 0.5), where the tetrahedral geometry of the
ammonium cation is incompatible with the octahedral symmetry of
its crystallographic site in the rock salt structure52. A second example
is solid C60, where the combination of icosahedral molecular symmetry
and trigonal point symmetry at the crystallographic site frustrates order
and gives rise to glassy dynamics at low temperatures53. A similar
mismatch between symmetry at the molecular and crystal lattice level

also exists in far larger structures, and is even exploited in the
mechanical release of phage DNA from viruses54.

Disorder–property relationships
Perhaps counterintuitively, correlated disorder may actually be an essen-
tial ingredient for functional material properties. There will be even more
cases where disorder—though not by itself the microscopic driving
force—is intimately associated with a particular functionality. Any
switchable ferroic state, for example, emerges from a disordered parent
phase where the correlations that are present describe the ferroic property
of interest. Relaxor ferroelectrics are an extreme example of this relation-
ship, where correlations are so strong that they stabilize polar nanore-
gions, which in turn drive the attractive dielectric properties for which
relaxors are favoured55. Here it is dipolar disorder that results in function,
but there are strong analogies too to the balance of orbital, electronic, and
magnetic disorder implicated in the colossal magnetoresistance of
LaxCa12xMnO3, for example56. Likewise, the proximity of correlated
paramagnetic states to the superconducting transitions of most high-
temperature superconductors has been noted many times previously
(for example, see ref. 57). As these examples illustrate, there is at least
an empirical correspondence between correlated disorder and advanced
function that is increasingly obvious even if not yet well understood.

Correlated disorder is often implicated in cooperative phenomena.
One example is solid-phase ion conduction: superionics are effectively
porous to a particular type of ion precisely because there exists a low-
barrier mechanism for collective displacements. Another example is the
emergence of quasi-particles such as skyrmions in chiral ferromagnets58

and magnetic ‘monopoles’ in the pyrochlore spin ices59, and the poten-
tial application of these phenomena in data storage and spintronic
devices would constitute putting correlated disorder to practical use.
As a final point, we note that the configurational entropy associated
with disordered states has its own set of thermodynamic and lattice
dynamical consequences that affect material properties. Not only would
ice melt at a different temperature were it not for proton disorder, but
the influence of disorder on phonons is exploited in optimizing thermal
conductivity of thermoelectrics60.

Concluding remarks
As we have shown here, simple local rules or distortions can give rise to
surprisingly complex disordered states of matter in a wide range of
material systems. In many cases the presence of disorder—whether
chemical, electronic, magnetic or geometric—and the nature of the
correlations that persist within the disordered phase affect the physical
and chemical properties of the system in question. Just as classical crys-
tallography has helped us to develop an understanding of the structures
of ordered crystalline materials, so modern crystallography and its ever-
improving methods are rapidly improving our ability to characterize

a

f

b c ed

gf

c d

Figure 2 | Ice-like states on the pyrochlore lattice. a, The structure of cubic
ice is related to that of the pyrochlore lattice (thin black lines). Many different
orientations of the water molecules are capable of satisfying the same hydrogen-
bonding ‘rules’, in which each configuration can be represented uniquely by
decorating the edges associated with the two hydrogen atoms per tetrahedron
(thick black lines). The ice rules are encoded in the provision that no two such
edges join. b, c, The arrangement of dipoles in ‘charge-ices’ (b) and magnetic

moments in ‘spin-ices’ (c) map onto the same edge decorations, linking the
structural complexity of these physically disparate systems. d–g, Diffraction
patterns of the superionic conductor a-Cu1.8Se (ref. 67) (d), the negative
thermal expansion ‘charge-ice’ Cd(CN)2 (ref. 41) (e), the quantum spin ice
candidate Yb2Ti2O7

68 (f) and (water) ice itself69 (g) all show continuous
scattering in related regions of reciprocal space.
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Paddison & Goodwin, PRL 108, 017204 (2012)

• e.g. fit to virtual “data” for spin ice 
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RMC: Proof of principle

Paddison & Goodwin, PRL 108, 017204 (2012)breaks the threefold symmetry of the triangular lattice. The impact of this
symmetry mismatch is for the average structure—deduced from analysis
of Bragg diffraction—to appear to have a higher symmetry than that
observed using local spectroscopic probes or expected from crystal chem-
ical considerations. This has led to misconceptions about disordered crys-
tal structures in the past (for example, the apparently linear Si–O–Si bond
in b-cristobalite45), and the clearest way to address this ambiguity is
through direct analysis of the diffuse scattering or through modelling of
the total scattering. Big-box modelling is particularly effective because
local distortions within individual unit cells can be explored (to agree
with PDF data, for example) while still generating an overall structure
that replicates the Bragg diffraction intensities.

Such an approach has been used to address high-temperature beha-
viour in ferroelectric BaTiO3: even within the cubic (paraelectric) phase
the Ti atoms are displaced from the centre of the TiO6 octahedron in
one of the eight Æ111æ directions, mimicking the distorted arrangement
of the ordered low-temperature rhombohedral phase46. These eight Ti
positions average to the central octahedral B-site in the ideal perovskite
structure (Fig. 3a)47. A similar conclusion was reached in studies of the
thermoelectric properties of PbTe (which has the same structure as rock
salt) in terms of large-amplitude displacements of Pb atoms along
Æ100æ-type directions at high temperature48. Likewise, the high ionic
conductivity of d-Bi2O3 was shown to depend on local relaxation of
the Bi-ion coordination geometry towards that adopted in the low-
temperature b-phase; these correlated distortions promote vacancy
migration (Fig. 3b)49. The Bi atoms in the relaxor ferroelectric NBT
(Na0.5Bi0.5TiO3) also assume positions of lower local symmetry than
that of the average lattice in the rhombohedral phase50. These are all
examples where second-order Jahn–Teller distortions of the Bi31, Pb21

and Ti41 coordination environments are responsible for lowering the
local symmetry. Analogous behaviour is observed for molecular systems
where a phase transition can only reduce the overall structural distor-
tion and raise the average symmetry through a superposition of distinct
molecular orientations. An example of this is seen in Fig. 3c where
rotational disorder in the imidazolium cation (C3H5N2)1 above the
ferroelectric phase transition leads to an average hexagonal molecular
shape that is chemically nonsensical51.

For most materials correlated disorder persists only in a high-tem-
perature state, with order emerging on cooling. But in some systems
the disordered state is trapped to low temperatures. One example is
K12x(NH4)xI (with x < 0.5), where the tetrahedral geometry of the
ammonium cation is incompatible with the octahedral symmetry of
its crystallographic site in the rock salt structure52. A second example
is solid C60, where the combination of icosahedral molecular symmetry
and trigonal point symmetry at the crystallographic site frustrates order
and gives rise to glassy dynamics at low temperatures53. A similar
mismatch between symmetry at the molecular and crystal lattice level

also exists in far larger structures, and is even exploited in the
mechanical release of phage DNA from viruses54.

Disorder–property relationships
Perhaps counterintuitively, correlated disorder may actually be an essen-
tial ingredient for functional material properties. There will be even more
cases where disorder—though not by itself the microscopic driving
force—is intimately associated with a particular functionality. Any
switchable ferroic state, for example, emerges from a disordered parent
phase where the correlations that are present describe the ferroic property
of interest. Relaxor ferroelectrics are an extreme example of this relation-
ship, where correlations are so strong that they stabilize polar nanore-
gions, which in turn drive the attractive dielectric properties for which
relaxors are favoured55. Here it is dipolar disorder that results in function,
but there are strong analogies too to the balance of orbital, electronic, and
magnetic disorder implicated in the colossal magnetoresistance of
LaxCa12xMnO3, for example56. Likewise, the proximity of correlated
paramagnetic states to the superconducting transitions of most high-
temperature superconductors has been noted many times previously
(for example, see ref. 57). As these examples illustrate, there is at least
an empirical correspondence between correlated disorder and advanced
function that is increasingly obvious even if not yet well understood.

Correlated disorder is often implicated in cooperative phenomena.
One example is solid-phase ion conduction: superionics are effectively
porous to a particular type of ion precisely because there exists a low-
barrier mechanism for collective displacements. Another example is the
emergence of quasi-particles such as skyrmions in chiral ferromagnets58

and magnetic ‘monopoles’ in the pyrochlore spin ices59, and the poten-
tial application of these phenomena in data storage and spintronic
devices would constitute putting correlated disorder to practical use.
As a final point, we note that the configurational entropy associated
with disordered states has its own set of thermodynamic and lattice
dynamical consequences that affect material properties. Not only would
ice melt at a different temperature were it not for proton disorder, but
the influence of disorder on phonons is exploited in optimizing thermal
conductivity of thermoelectrics60.

Concluding remarks
As we have shown here, simple local rules or distortions can give rise to
surprisingly complex disordered states of matter in a wide range of
material systems. In many cases the presence of disorder—whether
chemical, electronic, magnetic or geometric—and the nature of the
correlations that persist within the disordered phase affect the physical
and chemical properties of the system in question. Just as classical crys-
tallography has helped us to develop an understanding of the structures
of ordered crystalline materials, so modern crystallography and its ever-
improving methods are rapidly improving our ability to characterize
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Figure 2 | Ice-like states on the pyrochlore lattice. a, The structure of cubic
ice is related to that of the pyrochlore lattice (thin black lines). Many different
orientations of the water molecules are capable of satisfying the same hydrogen-
bonding ‘rules’, in which each configuration can be represented uniquely by
decorating the edges associated with the two hydrogen atoms per tetrahedron
(thick black lines). The ice rules are encoded in the provision that no two such
edges join. b, c, The arrangement of dipoles in ‘charge-ices’ (b) and magnetic

moments in ‘spin-ices’ (c) map onto the same edge decorations, linking the
structural complexity of these physically disparate systems. d–g, Diffraction
patterns of the superionic conductor a-Cu1.8Se (ref. 67) (d), the negative
thermal expansion ‘charge-ice’ Cd(CN)2 (ref. 41) (e), the quantum spin ice
candidate Yb2Ti2O7

68 (f) and (water) ice itself69 (g) all show continuous
scattering in related regions of reciprocal space.
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Paddison & Goodwin, PRL 108, 017204 (2012)breaks the threefold symmetry of the triangular lattice. The impact of this
symmetry mismatch is for the average structure—deduced from analysis
of Bragg diffraction—to appear to have a higher symmetry than that
observed using local spectroscopic probes or expected from crystal chem-
ical considerations. This has led to misconceptions about disordered crys-
tal structures in the past (for example, the apparently linear Si–O–Si bond
in b-cristobalite45), and the clearest way to address this ambiguity is
through direct analysis of the diffuse scattering or through modelling of
the total scattering. Big-box modelling is particularly effective because
local distortions within individual unit cells can be explored (to agree
with PDF data, for example) while still generating an overall structure
that replicates the Bragg diffraction intensities.

Such an approach has been used to address high-temperature beha-
viour in ferroelectric BaTiO3: even within the cubic (paraelectric) phase
the Ti atoms are displaced from the centre of the TiO6 octahedron in
one of the eight Æ111æ directions, mimicking the distorted arrangement
of the ordered low-temperature rhombohedral phase46. These eight Ti
positions average to the central octahedral B-site in the ideal perovskite
structure (Fig. 3a)47. A similar conclusion was reached in studies of the
thermoelectric properties of PbTe (which has the same structure as rock
salt) in terms of large-amplitude displacements of Pb atoms along
Æ100æ-type directions at high temperature48. Likewise, the high ionic
conductivity of d-Bi2O3 was shown to depend on local relaxation of
the Bi-ion coordination geometry towards that adopted in the low-
temperature b-phase; these correlated distortions promote vacancy
migration (Fig. 3b)49. The Bi atoms in the relaxor ferroelectric NBT
(Na0.5Bi0.5TiO3) also assume positions of lower local symmetry than
that of the average lattice in the rhombohedral phase50. These are all
examples where second-order Jahn–Teller distortions of the Bi31, Pb21

and Ti41 coordination environments are responsible for lowering the
local symmetry. Analogous behaviour is observed for molecular systems
where a phase transition can only reduce the overall structural distor-
tion and raise the average symmetry through a superposition of distinct
molecular orientations. An example of this is seen in Fig. 3c where
rotational disorder in the imidazolium cation (C3H5N2)1 above the
ferroelectric phase transition leads to an average hexagonal molecular
shape that is chemically nonsensical51.

For most materials correlated disorder persists only in a high-tem-
perature state, with order emerging on cooling. But in some systems
the disordered state is trapped to low temperatures. One example is
K12x(NH4)xI (with x < 0.5), where the tetrahedral geometry of the
ammonium cation is incompatible with the octahedral symmetry of
its crystallographic site in the rock salt structure52. A second example
is solid C60, where the combination of icosahedral molecular symmetry
and trigonal point symmetry at the crystallographic site frustrates order
and gives rise to glassy dynamics at low temperatures53. A similar
mismatch between symmetry at the molecular and crystal lattice level

also exists in far larger structures, and is even exploited in the
mechanical release of phage DNA from viruses54.

Disorder–property relationships
Perhaps counterintuitively, correlated disorder may actually be an essen-
tial ingredient for functional material properties. There will be even more
cases where disorder—though not by itself the microscopic driving
force—is intimately associated with a particular functionality. Any
switchable ferroic state, for example, emerges from a disordered parent
phase where the correlations that are present describe the ferroic property
of interest. Relaxor ferroelectrics are an extreme example of this relation-
ship, where correlations are so strong that they stabilize polar nanore-
gions, which in turn drive the attractive dielectric properties for which
relaxors are favoured55. Here it is dipolar disorder that results in function,
but there are strong analogies too to the balance of orbital, electronic, and
magnetic disorder implicated in the colossal magnetoresistance of
LaxCa12xMnO3, for example56. Likewise, the proximity of correlated
paramagnetic states to the superconducting transitions of most high-
temperature superconductors has been noted many times previously
(for example, see ref. 57). As these examples illustrate, there is at least
an empirical correspondence between correlated disorder and advanced
function that is increasingly obvious even if not yet well understood.

Correlated disorder is often implicated in cooperative phenomena.
One example is solid-phase ion conduction: superionics are effectively
porous to a particular type of ion precisely because there exists a low-
barrier mechanism for collective displacements. Another example is the
emergence of quasi-particles such as skyrmions in chiral ferromagnets58

and magnetic ‘monopoles’ in the pyrochlore spin ices59, and the poten-
tial application of these phenomena in data storage and spintronic
devices would constitute putting correlated disorder to practical use.
As a final point, we note that the configurational entropy associated
with disordered states has its own set of thermodynamic and lattice
dynamical consequences that affect material properties. Not only would
ice melt at a different temperature were it not for proton disorder, but
the influence of disorder on phonons is exploited in optimizing thermal
conductivity of thermoelectrics60.

Concluding remarks
As we have shown here, simple local rules or distortions can give rise to
surprisingly complex disordered states of matter in a wide range of
material systems. In many cases the presence of disorder—whether
chemical, electronic, magnetic or geometric—and the nature of the
correlations that persist within the disordered phase affect the physical
and chemical properties of the system in question. Just as classical crys-
tallography has helped us to develop an understanding of the structures
of ordered crystalline materials, so modern crystallography and its ever-
improving methods are rapidly improving our ability to characterize
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Figure 2 | Ice-like states on the pyrochlore lattice. a, The structure of cubic
ice is related to that of the pyrochlore lattice (thin black lines). Many different
orientations of the water molecules are capable of satisfying the same hydrogen-
bonding ‘rules’, in which each configuration can be represented uniquely by
decorating the edges associated with the two hydrogen atoms per tetrahedron
(thick black lines). The ice rules are encoded in the provision that no two such
edges join. b, c, The arrangement of dipoles in ‘charge-ices’ (b) and magnetic

moments in ‘spin-ices’ (c) map onto the same edge decorations, linking the
structural complexity of these physically disparate systems. d–g, Diffraction
patterns of the superionic conductor a-Cu1.8Se (ref. 67) (d), the negative
thermal expansion ‘charge-ice’ Cd(CN)2 (ref. 41) (e), the quantum spin ice
candidate Yb2Ti2O7

68 (f) and (water) ice itself69 (g) all show continuous
scattering in related regions of reciprocal space.
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Paddison, Stewart & Goodwin, J. Phys.: Condens. Matter 25, 454220 (2013)breaks the threefold symmetry of the triangular lattice. The impact of this
symmetry mismatch is for the average structure—deduced from analysis
of Bragg diffraction—to appear to have a higher symmetry than that
observed using local spectroscopic probes or expected from crystal chem-
ical considerations. This has led to misconceptions about disordered crys-
tal structures in the past (for example, the apparently linear Si–O–Si bond
in b-cristobalite45), and the clearest way to address this ambiguity is
through direct analysis of the diffuse scattering or through modelling of
the total scattering. Big-box modelling is particularly effective because
local distortions within individual unit cells can be explored (to agree
with PDF data, for example) while still generating an overall structure
that replicates the Bragg diffraction intensities.

Such an approach has been used to address high-temperature beha-
viour in ferroelectric BaTiO3: even within the cubic (paraelectric) phase
the Ti atoms are displaced from the centre of the TiO6 octahedron in
one of the eight Æ111æ directions, mimicking the distorted arrangement
of the ordered low-temperature rhombohedral phase46. These eight Ti
positions average to the central octahedral B-site in the ideal perovskite
structure (Fig. 3a)47. A similar conclusion was reached in studies of the
thermoelectric properties of PbTe (which has the same structure as rock
salt) in terms of large-amplitude displacements of Pb atoms along
Æ100æ-type directions at high temperature48. Likewise, the high ionic
conductivity of d-Bi2O3 was shown to depend on local relaxation of
the Bi-ion coordination geometry towards that adopted in the low-
temperature b-phase; these correlated distortions promote vacancy
migration (Fig. 3b)49. The Bi atoms in the relaxor ferroelectric NBT
(Na0.5Bi0.5TiO3) also assume positions of lower local symmetry than
that of the average lattice in the rhombohedral phase50. These are all
examples where second-order Jahn–Teller distortions of the Bi31, Pb21

and Ti41 coordination environments are responsible for lowering the
local symmetry. Analogous behaviour is observed for molecular systems
where a phase transition can only reduce the overall structural distor-
tion and raise the average symmetry through a superposition of distinct
molecular orientations. An example of this is seen in Fig. 3c where
rotational disorder in the imidazolium cation (C3H5N2)1 above the
ferroelectric phase transition leads to an average hexagonal molecular
shape that is chemically nonsensical51.

For most materials correlated disorder persists only in a high-tem-
perature state, with order emerging on cooling. But in some systems
the disordered state is trapped to low temperatures. One example is
K12x(NH4)xI (with x < 0.5), where the tetrahedral geometry of the
ammonium cation is incompatible with the octahedral symmetry of
its crystallographic site in the rock salt structure52. A second example
is solid C60, where the combination of icosahedral molecular symmetry
and trigonal point symmetry at the crystallographic site frustrates order
and gives rise to glassy dynamics at low temperatures53. A similar
mismatch between symmetry at the molecular and crystal lattice level

also exists in far larger structures, and is even exploited in the
mechanical release of phage DNA from viruses54.

Disorder–property relationships
Perhaps counterintuitively, correlated disorder may actually be an essen-
tial ingredient for functional material properties. There will be even more
cases where disorder—though not by itself the microscopic driving
force—is intimately associated with a particular functionality. Any
switchable ferroic state, for example, emerges from a disordered parent
phase where the correlations that are present describe the ferroic property
of interest. Relaxor ferroelectrics are an extreme example of this relation-
ship, where correlations are so strong that they stabilize polar nanore-
gions, which in turn drive the attractive dielectric properties for which
relaxors are favoured55. Here it is dipolar disorder that results in function,
but there are strong analogies too to the balance of orbital, electronic, and
magnetic disorder implicated in the colossal magnetoresistance of
LaxCa12xMnO3, for example56. Likewise, the proximity of correlated
paramagnetic states to the superconducting transitions of most high-
temperature superconductors has been noted many times previously
(for example, see ref. 57). As these examples illustrate, there is at least
an empirical correspondence between correlated disorder and advanced
function that is increasingly obvious even if not yet well understood.

Correlated disorder is often implicated in cooperative phenomena.
One example is solid-phase ion conduction: superionics are effectively
porous to a particular type of ion precisely because there exists a low-
barrier mechanism for collective displacements. Another example is the
emergence of quasi-particles such as skyrmions in chiral ferromagnets58

and magnetic ‘monopoles’ in the pyrochlore spin ices59, and the poten-
tial application of these phenomena in data storage and spintronic
devices would constitute putting correlated disorder to practical use.
As a final point, we note that the configurational entropy associated
with disordered states has its own set of thermodynamic and lattice
dynamical consequences that affect material properties. Not only would
ice melt at a different temperature were it not for proton disorder, but
the influence of disorder on phonons is exploited in optimizing thermal
conductivity of thermoelectrics60.

Concluding remarks
As we have shown here, simple local rules or distortions can give rise to
surprisingly complex disordered states of matter in a wide range of
material systems. In many cases the presence of disorder—whether
chemical, electronic, magnetic or geometric—and the nature of the
correlations that persist within the disordered phase affect the physical
and chemical properties of the system in question. Just as classical crys-
tallography has helped us to develop an understanding of the structures
of ordered crystalline materials, so modern crystallography and its ever-
improving methods are rapidly improving our ability to characterize
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Figure 2 | Ice-like states on the pyrochlore lattice. a, The structure of cubic
ice is related to that of the pyrochlore lattice (thin black lines). Many different
orientations of the water molecules are capable of satisfying the same hydrogen-
bonding ‘rules’, in which each configuration can be represented uniquely by
decorating the edges associated with the two hydrogen atoms per tetrahedron
(thick black lines). The ice rules are encoded in the provision that no two such
edges join. b, c, The arrangement of dipoles in ‘charge-ices’ (b) and magnetic

moments in ‘spin-ices’ (c) map onto the same edge decorations, linking the
structural complexity of these physically disparate systems. d–g, Diffraction
patterns of the superionic conductor a-Cu1.8Se (ref. 67) (d), the negative
thermal expansion ‘charge-ice’ Cd(CN)2 (ref. 41) (e), the quantum spin ice
candidate Yb2Ti2O7

68 (f) and (water) ice itself69 (g) all show continuous
scattering in related regions of reciprocal space.
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Spinvert example 2: Manganese oxide, MnO

• Single-crystal magnetic reverse Monte Carlo

Paddison, Gutmann, Stewart et al., PRB 97, 014429 (2018)

2

FIG. 1: (a) Nearest-neighbour AFM interactions (J1) are frustrated
on the face-centred cubic lattice. (b) Next-nearest neighbour AFM
interactions (J2) are not frustrated and drive checkerboard ordering
of the simple cubic sub-lattices.

been restricted to either individual reciprocal-space planes
or the powder average, limiting the information content of
the scattering pattern.25 Advanced neutron-scattering instru-
ments now allow measurement of essentially-complete three-
dimensional (3D) diffuse-scattering patterns,26,27 but a key
problem remains: analysis of these very large datasets is usu-
ally computationally prohibitive.25 Here, we develop an ap-
proach to allow rapid refinement of an atomic-scale model
to magnetic diffuse-scattering datasets containing > 106 data
points. We demonstrate the success of this approach by fit-
ting to the complete 3D magnetic diffuse-scattering pattern
for MnO, allowing us to determine the relationship between
PM and AFM structures.

II. METHODS

Single-crystal neutron-scattering data were collected at
T = 160K (' 1.4TN and 0.3|✓|) using the SXD diffractome-
ter at the ISIS neutron source.26 The data were corrected for
instrumental background scattering by subtracting the scat-
tering intensity from an empty sample holder and were nor-
malised using the incoherent scattering from a vanadium stan-
dard. The crystal structure (space group Fm3̄m) was re-
fined to the nuclear Bragg intensities using the JANA software
package,28 using the lattice parameter a = 4.4344(7) Å ob-
tained from SXD at T = 160K. The data were binned in inter-
vals of 0.04 reciprocal-lattice units, the m3̄m diffraction sym-
metry appropriate for MnO was applied, and nuclear Bragg
peaks were removed by excising regions where the intensity
exceeded a threshold value (plus a small surrounding vol-
ume). A 3D representation of the experimental data is shown
in Fig. 2(a).

We employ reverse Monte Carlo (RMC) refinement14,29,30

to fit spin configurations to our neutron-scattering data. In
RMC refinement, a supercell of the crystallographic unit cell
is generated and classical spin vectors are assigned to each
site, whose orientations are refined to match experimental
data. We use a cubic supercell of side length R = 12a
(N = 6912 spins) with periodic boundary conditions. Re-
finements are initialised with random spin orientations and are

iterated to minimise a cost function

�2 =
X

Q

[sIcalc(Q) +B � Iexpt(Q)]2 , (1)

where I(Q) denotes the magnetic diffuse-scattering intensity
at reciprocal-space position Q, subscript “calc” and “expt”
denote calculated and experimental data points, s is a re-
fined intensity scale factor, and B is a refined flat-in-Q term
which corrects for the significant incoherent scattering from
Mn.31 Results from four separate refinements were averaged
to increase the statistical accuracy. The magnetic diffuse-
scattering intensity is calculated as

I(Q) / [f(Q)]2 exp(�UisoQ
2)

X

G

|F(G)|2 W (Q�G),

(2)
where f(Q) is the Mn2+ magnetic form factor,32 Uiso =
0.00509(9) Å2 is the isotropic atomic displacement factor for
Mn, and G is a reciprocal-lattice vector of the RMC supercell.
The magnetic structure factor

F(G) =
NX

i=1

S?
i exp (iG · ri) , (3)

where Si � [(Si ·G)G] /G2 is the projection of the spin lo-
cated at ri perpendicular to G. We use Lanczos resampling33

to interpolate values of |F(G)|2 at the experimentally-
measured Q-points by applying the weight function33

W (Q) =
Y

↵

sinc (Q↵R/2) sinc (Q↵R/2m) , (4)

where ↵ 2 {x, y, z} denotes Cartesian components, m is an
integer determining the interpolation accuracy, and W (Q) ⌘

FIG. 2: (a) Experimental magnetic diffuse-scattering data for para-
magnetic MnO at T = 160K. Nuclear Bragg peaks have been re-
moved from the data. (b) RMC fit to the experimental data shown
in (a). In (a) and (b), sections of the (101)⇤, (11̄1)⇤, and (001)⇤

reciprocal-space planes are shown. The (001)⇤ plane is shifted
by �0.5 reciprocal-lattice units along the [001]⇤ direction in order
to highlight the strongest diffuse scattering features; i.e., it is the
(h, k,� 1

2 )
⇤ plane. The centre of reciprocal space is indicated by

a white circle.

3

0 outside the range �m < Q↵R/2⇡ < m. We take m = 4,
which allows the spin correlations to be calculated with ±1%
accuracy for 0  r↵  12 Å. Importantly, the computational
cost of updating I(Q) after a single spin rotation scales ap-
proximately linearly with the number of Q-points, and avoids
redundant calculations necessary in current approaches where
the supercell is divided into multiple “sub-boxes”.34,35 Our ap-
proach therefore allows rapid refinement of atomic-scale mod-
els to very large datasets (here, ⇡ 1.5⇥ 106 Q-points).

III. RESULTS

The RMC fit to neutron-scattering data is shown in
Fig. 2(b). Excellent agreement is achieved with the experi-
mental data (the weighted-profile R-factor Rwp = 8.3%). To
the best of our knowledge, this result represents the first time
that an atomistic configuration has been refined to a full 3D
I(Q) data set.

The spin Hamiltonian of MnO has previously been charac-
terised using inelastic neutron-scattering measurements in the
ordered AFM phase18 and diffuse-scattering measurements of
the (110)⇤ plane in the PM phase.23 A Heisenberg model with
AFM nearest and next-nearest neighbour exchange constants
J1 = �3.3K and J2 = �4.6K provides a good descrip-
tion of the diffuse-scattering data at T ⇡ 160K.23 As a check
on our RMC refinement, we simulated this J1-J2 model at
T = 160K using a direct Monte Carlo approach. Fig. 3(a)
compares the radial spin correlation function hS(0) · S(r)i
obtained from RMC refinement with the results for the J1-J2
model. The trend in the correlations is identical between the
two calculations; quantitatively, the difference in magnitude
of the next-nearest neighbour correlation value is 7%. The
spin correlation length ⇠ = 2.258(1) Å ' a/2 was obtained
by fitting exp(�r/⇠) to |hS(0)·S(r)i| over the set of distances
for which |hS(0) · S(r)i| is larger than at all longer distances.
We will come to show that local magnetic order persists over
a length-scale substantially larger than ⇠. Motivated by the
evidence from �-ray diffraction for a non-spherical distortion
of the d-electron density in the PM phase,36 we also calcu-
lated the distribution of spin orientations from our RMC re-
finements but observed no statistically-significant anisotropy
in the spin orientations. This result is consistent with the ob-
servation that the magnetic dipolar interaction is mainly re-
sponsible for magnetic anisotropy in MnO,37,38 but its strength
DS(S + 1) ⇡ 11K (Ref. 18) is much smaller than the ther-
mal energy at T = 160K. The results from RMC refinement
therefore agree closely with the J1-J2 Heisenberg model of
paramagnetic MnO, validating the methodology of 3D RMC
refinement.

Access to 3D spin configurations allows us to probe mag-
netic structure in more depth than given by radial spin correla-
tion functions alone. Our particular interest is in understand-
ing the relationship between the PM and AFM states in MnO.
The hS(0) · S(r)i function shown in Fig. 3(a) already hints
that the PM correlations do not simply resemble the AFM
correlations multiplied by a decreasing function of distance.
As expected from the relative magnitudes of J1 and J2, the

FIG. 3: (a) Radial spin correlation function hS(0)·S(r)i for MnO at
T = 160 K. Black bars show results for the J1-J2 model described
in the text and red diamonds show results from RMC refinement to
single-crystal magnetic diffuse-scattering data. The dashed grey line
shows the fit of an exponential envelope to the RMC |hS(0) ·S(r)i|,
which yields spin correlation length ⇠ = 2.258(1) Å. Grey squares
show the |hS(0) · S(r)i| values included in the fit. (b) 3D spin cor-
relation function hS(0) · S(r)i obtained from RMC refinement. The
figure shows the (xy0) plane (i.e., a cubic face). A square-root scale
is use to show the longer-range correlations more clearly. The crys-
tallographic unit cell is shown as a black box. (c) Schematic rep-
resentation of hS(0) · S(r)i for MnO in the PM phase. Red ar-
eas indicate FM correlations and grey areas AFM correlations. (d)
Schematic representation of hS(0) ·S(r)i for a single domain of the
ordered low-temperature AFM structure of MnO. (e) Schematic rep-
resentation of hS(0) ·S(r)i obtained for the AFM structure with the
point symmetry of the Mn site in the PM state applied.

strongest correlation is between next-nearest neighbours, for
which AFM interactions are not frustrated. However, signifi-
cant AFM correlation is present at the nearest-neighbour dis-
tance in the PM phase, whereas this correlation is exactly zero
for the ordered AFM state. This result implies that the ab-
sence of long-range order allows frustrated nearest-neighbour
interactions to be partially satisfied in the PM phase. In or-
der to assess the influence of the frustrated geometry on the
spin correlations, we consider the 3D spin correlation function
hS(0) · S(r)i. This function reveals the dependence of spin
correlations on the lattice geometry, which is expected to be
key in frustrated systems.39 Fig. 3(b) shows that a distinctive
pattern—hidden in the radial correlation function—emerges
in hS(0) · S(r)i. The hS(0) · S(r)i can be described as a set
of nested octahedral shells, with the sign of the spin correla-
tions alternating between FM and AFM for successive shells
as distance is increased [Fig. 3(c)]. As anticipated, this pat-
tern extends over length-scales much greater than ⇠. Hence,
taking each Mn atom in turn as the origin, Mn neighbours at
coordinates r/a = [x, y, z] are (on average) ferromagnetically

Paramagnetic MnO, 160 K (SXD, ISIS)

Data RMC fit Spin-spin correlation function
~ 3D magnetic PDF
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Plan for today

• Overview

• Experiment & Theory

• Magnetic structure refinement: Spinvert

• Magnetic interaction modelling: Spinteract
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Diffuse scattering analysis – an overview

Left data: Fennell et al., Science 326, 415 (2009)
Right image: Castelnovo, Moessner & Sondhi, Nature 451, 42 (2008)

(004)

(220)

Data Model**

Reciprocal space Real space

structure
refinement

interaction
modelling
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Magnetic interaction modelling has a long history
• e.g. paramagnetic MnO;

Blech & Averbach, 
Physics 1, 31 (1964)

Hohlwein et al., PRB 68, 
140408(R) (2003)

Fitted J1 = 3.3 K, J2 = 4.6 K Fitted J2 = 4.65 K

Single-crystal data Powder data

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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Spinteract program

Paddison, arXiv:2210.09016 (2022)
Brout & Thomas, Physics Physique Fizika 3, 317 (1967)

James & Roos, Comp. Phys. Commun. 10, 343 (1975) 

Define spin Hamiltonian and guess interaction values

Calculate diffuse scattering via field theory

Send goodness-of-fit to least-squares optimiser

Receive new values of interactions from optimiser

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>

I(Q) / [f(Q)]2�0T

1� �0[J(Q)� �]
<latexit sha1_base64="mU4gkAEDpsLKWAkSBZ7mhKnJ4Oc="></latexit>

J(Q) =
X

j

Jij exp(iQ ·Rj)
<latexit sha1_base64="nBI42fndTz7/56lCNWzYjyQrN8M="></latexit>

joe.paddison.com/software



2626

Spinteract example 1: MnO

Paddison, arXiv:2210.09016 (2022) 
Data: Paddison, Gutmann, Stewart et al., PRB 97, 014429 (2018)

• Same data as previously shown (SXD @ ISIS)
Data

T = 160 K
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Spinteract example 1: MnO

Paddison, arXiv:2210.09016 (2022) 
Data: Paddison, Gutmann, Stewart et al., PRB 97, 014429 (2018)

• Same data as previously shown (SXD @ ISIS)
Data

T = 160 K
Fit

J1 = 3.26 K; J2 = 4.45 K 
Difference
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Spinteract example 2: Skyrmion crystal Gd2PdSi3

• Below TN: “Giant” topological Hall effect in applied field

Right image: Kurumaji et al., Science 365, 914 (2019)
Saha et al., Phys. Rev. B 60, 12162 (1999)

Space group P6/mmm
a = 4.069 Å, c = 4.088 Å

Gd3+ (S = 7/2
ϴW ~ 30 K)

Skyrmion crystal (SkL)

Andrew Christianson
Andrew May

Binod Rai
Stuart Calder

Matthew Stone
Matthias Frontzek
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Spinteract example 2: Gd2PdSi3

Paddison et al., PRL 129, 137202 (2022)

• Above TN: Good fit with 5 interaction parameters 
– Jc is inter-layer coupling

Saha et al.

Jc (K) J1 (K) J2 (K) J3 (K) J4 (K)

1.97(46) 0.31(9) 0.19(15) 0.27(18) �0.21(5)
<latexit sha1_base64="DgBXUqENzAImyRsGiZK2RLHrLSE="></latexit>

Ferromagnetic values are +ve
Uncertainties 3𝜎
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Spinteract example 2: Gd2PdSi3

Utesov, arXiv 2109.13682 (2021)
Paddison et al., PRL 129, 137202 (2022)

Data: Hirschberger et al., PRB 101, 220401(R) (2020) Calculation: Classical Monte Carlo

H = �1

2

X

i,j

JijSi · Sj + gµBB

X

i

S
z
i +D

X

i>j

Si · Sj � 3 (Si · r̂ij) (Sj · r̂ij)
(rij/r1)

3

<latexit sha1_base64="+omrlt6SU0dthvnoCIuf6iIoHec="></latexit>

Jc (K) J1 (K) J2 (K) J3 (K) J4 (K)

1.97(46) 0.31(9) 0.19(15) 0.27(18) �0.21(5)
<latexit sha1_base64="DgBXUqENzAImyRsGiZK2RLHrLSE="></latexit>
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Spinteract example 3: KYbSe2

Scheie, Ghioldi, Xing, Paddison et al., arXiv 2109.11527 (2021)
Scheie et al., arXiv 2207.14785  (2022)

Allen Scheie
ORNL/LANL

Alan Tennant
ORNL/UTK

• Triangular lattice of Yb3+ with effective spin-½ 
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Spinteract example 3: KYbSe2

Scheie, Ghioldi, Xing, Paddison et al., arXiv 2109.11527 (2021)
Scheie et al., arXiv 2207.14785  (2022)

• Fits show <3% deviation from Heisenberg model

ORF ORF
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Conclusions

• Magnetic diffuse scattering is a rich source of information
– Spin correlations (mPDF): Reverse Monte Carlo (Spinvert, RMCProfile, 

RMCDiscord)
– Magnetic interactions: Spinteract

• Powder data often more informative than we might expect!

• I’ll distribute tutorial files at the tutorial sessions

joepaddison.com/software
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Thanks for listening!
Spin ice:
Andrew Goodwin, Oxford, UK
Ross Stewart, STFC-ISIS, UK

Dy3Mg2Sb2O14:
Siân Dutton, Cambridge, UK
Martin Mourigal, Georgia Tech, USA
Xiaojian Bai, ORNL, USA
Matt Tucker, ORNL, USA
Harapan Ong, Cambridge, UK
Claudio Castelnovo, Cambridge, UK
James Hamp, Cambridge, UK
Nick Butch, NIST, USA

Gd2PdSi3:
Andy Christianson, ORNL, USA
Matt Stone, ORNL, USA
Stuart Calder, ORNL, USA
Drew May, ORNL, USA
Binod Rai, SRNL, USA

MnO:
Andrew Goodwin, Oxford
Matthias Gutmann, ISIS
Matthew Tucker, ORNL
David Keen, ISIS
Martin Dove, QMUL
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KYbSe2:
Allen Scheie, ORNL, USA
Jie Xing, ORNL, USA
Cristian Batista, UT, USA
D. Alan Tennant, ORNL & UT, USA

Email: paddisonja@ornl.gov Programs: joepaddison.com/software


