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Overview

Magnetism and magnons

Review: PM, Annual Rev. Condensed Matter Physics (2022)

Interaction effects

Detecting magnon surface states in materials

Topology 



Lodestone



Magnetism

Phenomenon of magnetic ordering not understood at 
microscopic level until advent of quantum mechanics

Lodestone is mainly magnetite Fe3O4 which is ferrimagnetic now famous among 
condensed matter physicists for frustration and charge order below 120K

Pierre Curie in the 19th century found that magnetism (magnetic 
order really) is lost above some critical temperature

Classical no-go



Varieties of Magnetic Ordering

Mertig et al. review 2018

Diamond lattice cobalt 
based antiferromagnet 

Nagler et al.
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<latexit sha1_base64="CTWWiVCB0d5HVQmrIH3Qu5HMd+c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi3iqaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mnGCfkQHkoecUWOlh7veRa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979eaV2ncdRhCM4hlPw4BJqcAt1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/LnY12</latexit><latexit sha1_base64="CTWWiVCB0d5HVQmrIH3Qu5HMd+c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi3iqaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mnGCfkQHkoecUWOlh7veRa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979eaV2ncdRhCM4hlPw4BJqcAt1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/LnY12</latexit><latexit sha1_base64="CTWWiVCB0d5HVQmrIH3Qu5HMd+c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi3iqaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mnGCfkQHkoecUWOlh7veRa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979eaV2ncdRhCM4hlPw4BJqcAt1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/LnY12</latexit><latexit sha1_base64="CTWWiVCB0d5HVQmrIH3Qu5HMd+c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi3iqaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mnGCfkQHkoecUWOlh7veRa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979eaV2ncdRhCM4hlPw4BJqcAt1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/LnY12</latexit>
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a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

c
<latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit>

a
<latexit sha1_base64="oE2iNPU05wb+xi/cRTkSW9Oczbo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJjmej+oNt+kugNaJV5IGlOiM6l9+JEmWUGEIx1oPPTc1QY6VYYTTec3PNE0xmeIxHVoqcEJ1kC8yz9GFVSIUS2WfMGih/t7IcaL1LAntZJFPr3qF+J83zEx8E+RMpJmhgiwPxRlHRqKiABQxRYnhM0swUcxmRWSCFSbG1lSzJXirX14nvaum5za9h+tG+7asowpncA6X4EEL2nAPHegCgRSe4RXenMx5cd6dj+VoxSl3TuEPnM8fdbeR8g==</latexit><latexit sha1_base64="oE2iNPU05wb+xi/cRTkSW9Oczbo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJjmej+oNt+kugNaJV5IGlOiM6l9+JEmWUGEIx1oPPTc1QY6VYYTTec3PNE0xmeIxHVoqcEJ1kC8yz9GFVSIUS2WfMGih/t7IcaL1LAntZJFPr3qF+J83zEx8E+RMpJmhgiwPxRlHRqKiABQxRYnhM0swUcxmRWSCFSbG1lSzJXirX14nvaum5za9h+tG+7asowpncA6X4EEL2nAPHegCgRSe4RXenMx5cd6dj+VoxSl3TuEPnM8fdbeR8g==</latexit><latexit sha1_base64="oE2iNPU05wb+xi/cRTkSW9Oczbo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJjmej+oNt+kugNaJV5IGlOiM6l9+JEmWUGEIx1oPPTc1QY6VYYTTec3PNE0xmeIxHVoqcEJ1kC8yz9GFVSIUS2WfMGih/t7IcaL1LAntZJFPr3qF+J83zEx8E+RMpJmhgiwPxRlHRqKiABQxRYnhM0swUcxmRWSCFSbG1lSzJXirX14nvaum5za9h+tG+7asowpncA6X4EEL2nAPHegCgRSe4RXenMx5cd6dj+VoxSl3TuEPnM8fdbeR8g==</latexit><latexit sha1_base64="oE2iNPU05wb+xi/cRTkSW9Oczbo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJjmej+oNt+kugNaJV5IGlOiM6l9+JEmWUGEIx1oPPTc1QY6VYYTTec3PNE0xmeIxHVoqcEJ1kC8yz9GFVSIUS2WfMGih/t7IcaL1LAntZJFPr3qF+J83zEx8E+RMpJmhgiwPxRlHRqKiABQxRYnhM0swUcxmRWSCFSbG1lSzJXirX14nvaum5za9h+tG+7asowpncA6X4EEL2nAPHegCgRSe4RXenMx5cd6dj+VoxSl3TuEPnM8fdbeR8g==</latexit>

b
<latexit sha1_base64="obWLaoiew077Ay7apBtUYL7hhfw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJnk4H9UbbtNdAK0TryQNKNEZ1b/8SJIsocIQjrUeem5qghwrwwin85qfaZpiMsVjOrRU4ITqIF9knqMLq0Qolso+YdBC/b2R40TrWRLaySKfXvUK8T9vmJn4JsiZSDNDBVkeijOOjERFAShiihLDZ5ZgopjNisgEK0yMralmS/BWv7xOeldNz216D9eN9m1ZRxXO4BwuwYMWtOEeOtAFAik8wyu8OZnz4rw7H8vRilPunMIfOJ8/dzyR8w==</latexit><latexit sha1_base64="obWLaoiew077Ay7apBtUYL7hhfw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJnk4H9UbbtNdAK0TryQNKNEZ1b/8SJIsocIQjrUeem5qghwrwwin85qfaZpiMsVjOrRU4ITqIF9knqMLq0Qolso+YdBC/b2R40TrWRLaySKfXvUK8T9vmJn4JsiZSDNDBVkeijOOjERFAShiihLDZ5ZgopjNisgEK0yMralmS/BWv7xOeldNz216D9eN9m1ZRxXO4BwuwYMWtOEeOtAFAik8wyu8OZnz4rw7H8vRilPunMIfOJ8/dzyR8w==</latexit><latexit sha1_base64="obWLaoiew077Ay7apBtUYL7hhfw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJnk4H9UbbtNdAK0TryQNKNEZ1b/8SJIsocIQjrUeem5qghwrwwin85qfaZpiMsVjOrRU4ITqIF9knqMLq0Qolso+YdBC/b2R40TrWRLaySKfXvUK8T9vmJn4JsiZSDNDBVkeijOOjERFAShiihLDZ5ZgopjNisgEK0yMralmS/BWv7xOeldNz216D9eN9m1ZRxXO4BwuwYMWtOEeOtAFAik8wyu8OZnz4rw7H8vRilPunMIfOJ8/dzyR8w==</latexit><latexit sha1_base64="obWLaoiew077Ay7apBtUYL7hhfw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJnk4H9UbbtNdAK0TryQNKNEZ1b/8SJIsocIQjrUeem5qghwrwwin85qfaZpiMsVjOrRU4ITqIF9knqMLq0Qolso+YdBC/b2R40TrWRLaySKfXvUK8T9vmJn4JsiZSDNDBVkeijOOjERFAShiihLDZ5ZgopjNisgEK0yMralmS/BWv7xOeldNz216D9eN9m1ZRxXO4BwuwYMWtOEeOtAFAik8wyu8OZnz4rw7H8vRilPunMIfOJ8/dzyR8w==</latexit>

c
<latexit sha1_base64="qHQIi+kndmpsoMJgbb/A+rEc8dw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJjmZj+oNt+kugNaJV5IGlOiM6l9+JEmWUGEIx1oPPTc1QY6VYYTTec3PNE0xmeIxHVoqcEJ1kC8yz9GFVSIUS2WfMGih/t7IcaL1LAntZJFPr3qF+J83zEx8E+RMpJmhgiwPxRlHRqKiABQxRYnhM0swUcxmRWSCFSbG1lSzJXirX14nvaum5za9h+tG+7asowpncA6X4EEL2nAPHegCgRSe4RXenMx5cd6dj+VoxSl3TuEPnM8feMGR9A==</latexit><latexit sha1_base64="qHQIi+kndmpsoMJgbb/A+rEc8dw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJjmZj+oNt+kugNaJV5IGlOiM6l9+JEmWUGEIx1oPPTc1QY6VYYTTec3PNE0xmeIxHVoqcEJ1kC8yz9GFVSIUS2WfMGih/t7IcaL1LAntZJFPr3qF+J83zEx8E+RMpJmhgiwPxRlHRqKiABQxRYnhM0swUcxmRWSCFSbG1lSzJXirX14nvaum5za9h+tG+7asowpncA6X4EEL2nAPHegCgRSe4RXenMx5cd6dj+VoxSl3TuEPnM8feMGR9A==</latexit><latexit sha1_base64="qHQIi+kndmpsoMJgbb/A+rEc8dw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJjmZj+oNt+kugNaJV5IGlOiM6l9+JEmWUGEIx1oPPTc1QY6VYYTTec3PNE0xmeIxHVoqcEJ1kC8yz9GFVSIUS2WfMGih/t7IcaL1LAntZJFPr3qF+J83zEx8E+RMpJmhgiwPxRlHRqKiABQxRYnhM0swUcxmRWSCFSbG1lSzJXirX14nvaum5za9h+tG+7asowpncA6X4EEL2nAPHegCgRSe4RXenMx5cd6dj+VoxSl3TuEPnM8feMGR9A==</latexit><latexit sha1_base64="qHQIi+kndmpsoMJgbb/A+rEc8dw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFNy4r2Ad0hpLJZNrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHKmjet+O5WNza3tnepubW//4PCofnzS0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g+nd4Xff6JKMykezSylQYLHgsWMYGMl3w8ljxJsJjmZj+oNt+kugNaJV5IGlOiM6l9+JEmWUGEIx1oPPTc1QY6VYYTTec3PNE0xmeIxHVoqcEJ1kC8yz9GFVSIUS2WfMGih/t7IcaL1LAntZJFPr3qF+J83zEx8E+RMpJmhgiwPxRlHRqKiABQxRYnhM0swUcxmRWSCFSbG1lSzJXirX14nvaum5za9h+tG+7asowpncA6X4EEL2nAPHegCgRSe4RXenMx5cd6dj+VoxSl3TuEPnM8feMGR9A==</latexit>
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Spin Waves
This is a talk about spin waves or magnons - collective excitations around some 
ordered spin texture



Using neutrons to probe spin waves



Modern neutron tools

Three co-aligned single 
crystals for INS experiment

ISIS neutron source: target station 2

LET detector chamber
Spin waves in CoTiO3 measured on MERLIN



Dirac point

Intensity variation around linearly dispersing magnons
e.g. Nodal Lines

CoTiO3 Gadolinium

CrBr3
CrCl3

Yuan et al, PRX (2020); Elliot et al. Nat Comm. (2021) Scheie et al, PRL (2022)

Nikitin et al. (2022)
Seung-Hwan Do et al. (2022)



A Winding Number in Magnons

CoTiO3 Gadolinium

Inelastic neutron scattering signature of spin momentum locking

CrBr3 CrCl3

Elliot, PM et al. Nat Comm. (2021) Scheie, PM et al, PRL (2022)

Nikitin et al. (2022)

Seung-Hwan Do et al. (2022)

Shivam, Moessner, Coldea, PM (2017)

Heff = vk ⋅ σ



Wavefunctions in Brillouin zone may carry winding numbers that are 
insensitive to local deformation of the band structure

Bulk topological invariants have observable consequences.


Hermitian topology: Bulk-boundary correspondence tells us that topological 
invariant is associated with presence of surface states

Topology

(a)

(d) (e)

(b) (c)

(f)



(a)

(d) (e)

(b) (c)

(f)

Topological Magnons
Winding numbers in wavefunctions with observable consequences

Simple example: Chern number in two band model

(a)

(d) (e)

(b) (c)

(f)
C=1

C=-1

Bulk bands

Spectrum on slab geometry

H(kx, ky) = d(kx, ky) ⋅ σ

Chern number: sphere covering number

Surface state

Edge state group velocity

Chiral surface states
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Chern Magnon Bands: An Example
Kitaev-Heisenberg Model

Moment

direction

H = J
X

hi,ji

Si · Sj +
X

hi,ji�

2KS�i S
�
j � h ·

X

i

Si

Relevant to various honeycomb ruthenates, iridates …
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``Gapped” Magnon Topology
Many Chern magnon models…

e.g. Kitaev-Heisenberg-Gamma model in polarized phase
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FIG. 3. (a) Field dependence of κxy for sample 2. (b)
Temperature dependence of κxy near TN . Inset shows the
field dependence of d2|κxy(H)|/dH2 below and above TN .

ments were performed on two different single crystals in
the same batch, samples 1 and 2, at Kyoto Univ. and
at Univ. of Tokyo, respectively, by using similar setups
with different calibrated thermometers (Cernox CX1070
and CX1050 bare chips were used in the setups at Kyoto
and at Tokyo, repspectively). As shown in Figs. 2(a) and
4(a), both κxx(T ) and κxy(T ) of sample 1 well coincide
with those of sample 2.
Figure 2(a) depicts the in-plane thermal conductivity

κxx(T ) of α-RuCl3 single crystals in zero and finite mag-
netic fields (H) perpendicular to the 2D planes. The
overall T -dependence is similar to the previous reports
[28–30]. At TN , κxx exhibits a sharp kink anomaly. Al-
though the magnetic susceptibility shows a tiny anomaly
at 14K due to the transition associated with stacking
faults in the crystals [Fig. 1(d)] [26, 31], κxx and specific
heat exhibit no corresponding anomaly [Figs. 1(d) and
2(a)], indicating that this effect is negligible in the present
analysis. As α-RuCl3 is a good insulator, in which electri-
cal resistivity is hard to measure even at room temper-
ature, mobile charge carriers are absent. In insulating
spin systems, impurities usually act as scattering centers
that reduce κxx regardless of magnetic and non-magnetic
ones. Therefore, the fact that the magnitude of κxx in the
present crystals is 2-3 times larger than the previously
reported values suggest the high quality of the present
crystals with smaller impurity/disorder levels and longer
mean free path of heat carriers.
As shown in Fig. 2(b), κxx(H) decreases with H . The

suppression of κxx(H) in perpendicular field is much
weaker than that in parallel field, which is due to the
strong magnetic anisotropy of α-RuCl3 [32] (Although
not shown here, our results in parallel fields are essen-
tially the same as those reported in [28, 30]). In the
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(a)

FIG. 4. (a) Temperature dependence of κxy/T of α-RuCl3
in several magnetic fields in the spin-liquid and magnetically
ordered states. The right scale represents (κ2D

xy /T )/(k
2
B/!),

where κ2D
xy = κxyd (d = 5.72 Å is the interlayer distance

[4]). Violet dashed line represents the quantized thermal
Hall effect; (κ2D

xy /T )/(k
2
B/!) = π/12. (b) Numerical results of

(κ2D
xy /T )/(k

2
B/!) plotted as a function of T/(JK/kB) for the

pure Kitaev model in the presence of the effective magnetic
field h∗ proportional to H3, which is introduced by treat-
ing H as a perturbation [22]. Inset shows the same plot on a
semi-logarithmic scale of T/(JK/kB). Regimes I and II repre-
sent the T -regime below and above ∆G/kB in the spin-liquid
state, respectively, and regime III represents the conventional
paramagnetic state.

present system, the heat is carried by spin excitations
and phonons; κxx = κsp

xx+κph
xx. As the magnetic field en-

hances the phonon mean free path due to the alignment
of spins, suppressing the spin-phonon scattering rate, κph

xx

is expected to increase with H . Thus the observed re-
duction of κxx(H) with H is caused by κsp

xx. However,
lacking detailed information on spin-phonon scattering,
which is suggested to be present in this material [28], the
quantitative contribution of spin excitations is difficult to
be extracted from κxx(H). Thermal Hall effect is, there-
fore, a more suitable probe to unveil the nature of spin
excitations.

As shown in Fig. 3(a), κxy, obtained by anti-
symmetrizing thermal response with respect to the field
direction, is clearly resolved, establishing a finite thermal
Hall effect. Since the magnitude of κxy is three orders of
magnitude smaller than κxx even at 12T, special care
was taken to detect the intrinsic thermal Hall signal [20].
Figure 3(b) and its inset depict the T -dependence of κxy

and H-dependence of d2|κxy|/dH2, respectively, below
and above TN . In the spin-liquid state above ∼ TN , κxy

is positive and displays a superlinear field dependence
(κxx ∝ Hα with α > 1 and d2|κxy|/dH2 > 0), while it be-
comes negative and exhibits a sublinear field dependence

Berry curvature of Chern bands leads to thermal Hall effect
Candidate to explain thermal Hall at intermediate fields in RuCl  though controversialα− 3
Detection of surface states presents a challenge: neutral, microscopic, low energy

PM, Dong, Gohlke, Rau, Pollmann, Moessner Penc, PRB 98 060404 (2018)

Kasahara et al. PRL (2018)
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Czajka et al., Naturę Materials 2022
Zhang et al., PRB 2021



Varieties of Topological Magnons - A Snapshot
Chern Magnons - various different ground states

Weyl Magnons

Owerre, JPCM (2016)

Shindou, Matsumoto, Murakami, Ohe, PRB (2012)

PAM, Dong, Gohlke, Pollmann, Moessner, Penc, PRB (2018)

Li, Li, Kim, Balents, Yu, Chen Nature Comm. (2016)

Joshi, PRB (2016)

Jian, Nie, PRB (2018)

Chisnell et al., PRL (2015)

Dirac Magnons
Yuan et al., PRX (2020)

Scheie et al., PRL (2022)

Higher Order Degeneracies
Corticelli, Moessner, McClarty, PRL (2023)

Antiferromagnetic TI
Kondo, Akagi, Katsura (2019)

Magnon Landau Levels
Weber et al., Science (2022)

Review: PM, Annual Rev. Condensed Matter Physics (2022)

Higher Order TIs
YB Kim et al. PRB (2021) and Mook et al., PRB (2021)



Main Differences between Electronic 
and Magnonic Topological Materials

Generally no quantized response

But instead varied set of response functions in 
magnon systems including thermal Hall for 
Chern magnon bands

Interactions always present - these may be crucial

Bosonic and at finite energy

Bulk-boundary correspondence and magnonic surface states



General problem of how to probe single magnetic layers

How to measure surface states

e.g. van der Waals magnets

For structure can use X-rays but harder for dynamics/excitations

Neutrons interact weakly with matter : bulk probe only

Magnetization, heat capacity etc. : hard to discern signal 

…though for mesoscopic systems may use Hall measurements for magnetization

Two proposals so far:

Pump into surface states

Electronic tunneling



Topological Magnon Amplification

∑
k

gk

2 (a†
−ka

†
k b + h . c . )

Radiation field coupling to surface states - in particular the anomalous terms

Kagome ferromagnet with out-of-plane DMI has Chern magnon bands

For certain edge states couple  modesk = ± π
Malz, Knolle, Nunnenkamp, Nature Comm. (2019)



Topological Magnon Amplification II

Conventional thermal Hall effect Driven case

−∇T
Temperature-
gradient primary

Surface state 
population primary

Malz, Knolle, Nunnenkamp, Nature Comm. (2019)



Inelastic Tunneling
Single site case: pick up (approximately) local density of states 

See also work from Knolle et al. for density of magnetic states



Quasi-particle Interference

LDSF-Real Space LDSF - K Space JDOS

Scattering of magnons from “simple” disorder leads to clear interference patterns

e.g. single vacancy - a non-magnetic ion in magnetic lattice

This interference pattern is connected to the joint density of states

%(ω, q) = ∑
k

δω,ϵk+q
δω,ϵk

Mitra, Corticelli, Ribeiro, PM, PRL (2023)



Nano letters (2023)

Experimental progress
Work from Somesh Chandra Ganguli, Markus Aapro, Shawulienu Kezilebieke, Mohammad Amini, Jose L. Lado, Peter Liljeroth

Quasi-particle interference study of CrBr3 monolayer ferromagnet

https://arxiv.org/search/cond-mat?searchtype=author&query=Ganguli%2C+S+C
https://arxiv.org/search/cond-mat?searchtype=author&query=Aapro%2C+M
https://arxiv.org/search/cond-mat?searchtype=author&query=Kezilebieke%2C+S
https://arxiv.org/search/cond-mat?searchtype=author&query=Amini%2C+M
https://arxiv.org/search/cond-mat?searchtype=author&query=Lado%2C+J+L
https://arxiv.org/search/cond-mat?searchtype=author&query=Liljeroth%2C+P


Magnon Surface States
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Interplay between

topology 


and interactions

Non-Hermitian topology

Topological bound states

Chern band protection

Interaction-induced topology



Magnon-Magnon Interactions

Magnon-magnon interactions from Holstein-Primakoff beyond 1/S

H3 =
1

2

X

kµ

V3(k1,k2,k3)(a
†
k1
a†k2

ak3 + h.c.) + . . .

Generally number non-conserving terms

✏k3 = ✏k2 + ✏k1

Four-magnon terms to same order.

Single particle picture may not survive in any detail
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✏k3 = ✏k2 + ✏k1

Decay channels



The Death of Topological Magnons?

Mook, Menk, Mertig (2014)

Chernyshev, Maksimov (2016)

Kagome ferromagnet with Dzyaloshinskii-Moriya exchange

Chernful bands

Large two magnon density of 
states in neighborhood of single 
magnon bands



-2.0 -1.5 -1.0 -0.5 0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Hh,0,0L
En
er
gy
Hm
eV
L

-2.0 -1.5 -1.0 -0.5 0.0
0.0

0.5

1.0

1.5

2.0

Hh,0,0L

En
er
gy
Hm
eV
L

Two Magnon 
States

High Field

Low Field

One-Two 
Magnon Overlap

Decay 
Kinematically 

Allowed

Topological Magnons Live?



1 2 3 4 5 6 7 8 9 10

x

0.0

0.5

1.0

I

(d) (e)

1

3

5

7

2

4

6

8
9

10

1.0

2.0

3.0

!

1.0

2.0

3.0

!

-º 0.0 º

k

1.0

2.0

3.0

!

-º 0.0 º

k

-º 0.0 º

k

LSWT NLSWT DMRG+tMPO

(a)

(b)

(c)

x = 1

x = 5

x = 9

Non-perturbative robustness of 
magnon chiral edge states

Sxi S
x
j S

z
i
S
z
jS y

i S y
j

Chern magnon bands appear 
generically in Kitaev honeycomb 
magnets in FM and field-polarized 
regimes



NonHermitian Topology in Magnons
Lineshape winding and nonHermitian topology

c Linewidth

HNH = v(kxσx + kyσy + kzσz) − i(a0 + a ⋅ σ)

NonHermitian Hamiltonian coming from expansion around linear 
touching point with some self-energy 

Meff(k) = [M(k) + Σ′ (k, ω0)] + Σ′ ′ (k, ω0)

Non-Hermitian Topology 
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EP

EP

Exceptional points topologically protected - can only be annihilated in pairs

Focus on universal physics in vicinity of two-band touching 

Four parameter non-hermitian part:

Re[!] ⇠ |k|1/2
<latexit sha1_base64="N5EI3cVqcRUZGLAtBoCIWz7rWM8=">AAACFHicbVDLSgMxFM34rPVVdekmWARBqDNF0KXoxmUV+4CZsWTS2xqaTIYkI5RxPsKNv+LGhSJuXbjzb8y0Xfg6EHI4517uvSdKONPGdT+dmdm5+YXF0lJ5eWV1bb2ysdnSMlUUmlRyqToR0cBZDE3DDIdOooCIiEM7Gp4VfvsWlGYyvjKjBEJBBjHrM0qMlbqV/SxQAl9C7gdSwICEgWYC3wWR5D09EvbLhvnddeYd1PNuperW3DHwX+JNSRVN0ehWPoKepKmA2FBOtPY9NzFhRpRhlENeDlINCaFDMgDf0pgI0GE2PirHu1bp4b5U9sUGj9XvHRkRutjQVgpibvRvrxD/8/zU9I/DjMVJaiCmk0H9lGMjcZEQ7jEF1PCRJYQqZnfF9IYoQo3NsWxD8H6f/Je06jXPrXkXh9WT02kcJbSNdtAe8tAROkHnqIGaiKJ79Iie0Yvz4Dw5r87bpHTGmfZsoR9w3r8Ah+SfGw==</latexit><latexit sha1_base64="N5EI3cVqcRUZGLAtBoCIWz7rWM8=">AAACFHicbVDLSgMxFM34rPVVdekmWARBqDNF0KXoxmUV+4CZsWTS2xqaTIYkI5RxPsKNv+LGhSJuXbjzb8y0Xfg6EHI4517uvSdKONPGdT+dmdm5+YXF0lJ5eWV1bb2ysdnSMlUUmlRyqToR0cBZDE3DDIdOooCIiEM7Gp4VfvsWlGYyvjKjBEJBBjHrM0qMlbqV/SxQAl9C7gdSwICEgWYC3wWR5D09EvbLhvnddeYd1PNuperW3DHwX+JNSRVN0ehWPoKepKmA2FBOtPY9NzFhRpRhlENeDlINCaFDMgDf0pgI0GE2PirHu1bp4b5U9sUGj9XvHRkRutjQVgpibvRvrxD/8/zU9I/DjMVJaiCmk0H9lGMjcZEQ7jEF1PCRJYQqZnfF9IYoQo3NsWxD8H6f/Je06jXPrXkXh9WT02kcJbSNdtAe8tAROkHnqIGaiKJ79Iie0Yvz4Dw5r87bpHTGmfZsoR9w3r8Ah+SfGw==</latexit><latexit sha1_base64="N5EI3cVqcRUZGLAtBoCIWz7rWM8=">AAACFHicbVDLSgMxFM34rPVVdekmWARBqDNF0KXoxmUV+4CZsWTS2xqaTIYkI5RxPsKNv+LGhSJuXbjzb8y0Xfg6EHI4517uvSdKONPGdT+dmdm5+YXF0lJ5eWV1bb2ysdnSMlUUmlRyqToR0cBZDE3DDIdOooCIiEM7Gp4VfvsWlGYyvjKjBEJBBjHrM0qMlbqV/SxQAl9C7gdSwICEgWYC3wWR5D09EvbLhvnddeYd1PNuperW3DHwX+JNSRVN0ehWPoKepKmA2FBOtPY9NzFhRpRhlENeDlINCaFDMgDf0pgI0GE2PirHu1bp4b5U9sUGj9XvHRkRutjQVgpibvRvrxD/8/zU9I/DjMVJaiCmk0H9lGMjcZEQ7jEF1PCRJYQqZnfF9IYoQo3NsWxD8H6f/Je06jXPrXkXh9WT02kcJbSNdtAe8tAROkHnqIGaiKJ79Iie0Yvz4Dw5r87bpHTGmfZsoR9w3r8Ah+SfGw==</latexit><latexit sha1_base64="N5EI3cVqcRUZGLAtBoCIWz7rWM8=">AAACFHicbVDLSgMxFM34rPVVdekmWARBqDNF0KXoxmUV+4CZsWTS2xqaTIYkI5RxPsKNv+LGhSJuXbjzb8y0Xfg6EHI4517uvSdKONPGdT+dmdm5+YXF0lJ5eWV1bb2ysdnSMlUUmlRyqToR0cBZDE3DDIdOooCIiEM7Gp4VfvsWlGYyvjKjBEJBBjHrM0qMlbqV/SxQAl9C7gdSwICEgWYC3wWR5D09EvbLhvnddeYd1PNuperW3DHwX+JNSRVN0ehWPoKepKmA2FBOtPY9NzFhRpRhlENeDlINCaFDMgDf0pgI0GE2PirHu1bp4b5U9sUGj9XvHRkRutjQVgpibvRvrxD/8/zU9I/DjMVJaiCmk0H9lGMjcZEQ7jEF1PCRJYQqZnfF9IYoQo3NsWxD8H6f/Je06jXPrXkXh9WT02kcJbSNdtAe8tAROkHnqIGaiKJ79Iie0Yvz4Dw5r87bpHTGmfZsoR9w3r8Ah+SfGw==</latexit>

a0
<latexit sha1_base64="gwD//9HljKVxM0QjC+ybfbqSX7M=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpgfa9vlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AecTjYg=</latexit><latexit sha1_base64="gwD//9HljKVxM0QjC+ybfbqSX7M=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpgfa9vlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AecTjYg=</latexit><latexit sha1_base64="gwD//9HljKVxM0QjC+ybfbqSX7M=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpgfa9vlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AecTjYg=</latexit><latexit sha1_base64="gwD//9HljKVxM0QjC+ybfbqSX7M=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpgfa9vlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AecTjYg=</latexit>

constant damping

HNH = v (kx�x + ky�y)� i (a0 + a · �)
<latexit sha1_base64="YTbYSKCvn1hEkVbxksi0EDv4JjA="></latexit><latexit sha1_base64="YTbYSKCvn1hEkVbxksi0EDv4JjA="></latexit><latexit sha1_base64="YTbYSKCvn1hEkVbxksi0EDv4JjA="></latexit><latexit sha1_base64="YTbYSKCvn1hEkVbxksi0EDv4JjA="></latexit>

Vector part leads to splitting of touching point into line connecting (non-diagonalizable) 
exceptional points.

Length

Arc perpendicular to 

2|a|/v
<latexit sha1_base64="XHWvN/jUDI4OfbeOGIHsiuTulIg=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiZF0GXRjcsKthaaUCaTSTt0MhNmJoUSunLjr7hxoYhbv8Gdf+MkzUJbDwxzOOde7r0nSBhV2nG+rcrK6tr6RnWztrW9s7tn7x90lUglJh0smJC9ACnCKCcdTTUjvUQSFAeMPATjm9x/mBCpqOD3epoQP0ZDTiOKkTbSwD5uesbW0AsEC9U0Nl+GZrAQzycDu+40nAJwmbglqYMS7YH95YUCpzHhGjOkVN91Eu1nSGqKGZnVvFSRBOExGpK+oRzFRPlZccYMnholhJGQ5nENC/V3R4Zila9oKmOkR2rRy8X/vH6qoys/ozxJNeF4PihKGdQC5pnAkEqCNZsagrCkZleIR0girE1yNROCu3jyMuk2G67TcO8u6q3rMo4qOAIn4Ay44BK0wC1ogw7A4BE8g1fwZj1ZL9a79TEvrVhlzyH4A+vzB1p1mQo=</latexit><latexit sha1_base64="XHWvN/jUDI4OfbeOGIHsiuTulIg=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiZF0GXRjcsKthaaUCaTSTt0MhNmJoUSunLjr7hxoYhbv8Gdf+MkzUJbDwxzOOde7r0nSBhV2nG+rcrK6tr6RnWztrW9s7tn7x90lUglJh0smJC9ACnCKCcdTTUjvUQSFAeMPATjm9x/mBCpqOD3epoQP0ZDTiOKkTbSwD5uesbW0AsEC9U0Nl+GZrAQzycDu+40nAJwmbglqYMS7YH95YUCpzHhGjOkVN91Eu1nSGqKGZnVvFSRBOExGpK+oRzFRPlZccYMnholhJGQ5nENC/V3R4Zila9oKmOkR2rRy8X/vH6qoys/ozxJNeF4PihKGdQC5pnAkEqCNZsagrCkZleIR0girE1yNROCu3jyMuk2G67TcO8u6q3rMo4qOAIn4Ay44BK0wC1ogw7A4BE8g1fwZj1ZL9a79TEvrVhlzyH4A+vzB1p1mQo=</latexit><latexit sha1_base64="XHWvN/jUDI4OfbeOGIHsiuTulIg=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiZF0GXRjcsKthaaUCaTSTt0MhNmJoUSunLjr7hxoYhbv8Gdf+MkzUJbDwxzOOde7r0nSBhV2nG+rcrK6tr6RnWztrW9s7tn7x90lUglJh0smJC9ACnCKCcdTTUjvUQSFAeMPATjm9x/mBCpqOD3epoQP0ZDTiOKkTbSwD5uesbW0AsEC9U0Nl+GZrAQzycDu+40nAJwmbglqYMS7YH95YUCpzHhGjOkVN91Eu1nSGqKGZnVvFSRBOExGpK+oRzFRPlZccYMnholhJGQ5nENC/V3R4Zila9oKmOkR2rRy8X/vH6qoys/ozxJNeF4PihKGdQC5pnAkEqCNZsagrCkZleIR0girE1yNROCu3jyMuk2G67TcO8u6q3rMo4qOAIn4Ay44BK0wC1ogw7A4BE8g1fwZj1ZL9a79TEvrVhlzyH4A+vzB1p1mQo=</latexit><latexit sha1_base64="XHWvN/jUDI4OfbeOGIHsiuTulIg=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiZF0GXRjcsKthaaUCaTSTt0MhNmJoUSunLjr7hxoYhbv8Gdf+MkzUJbDwxzOOde7r0nSBhV2nG+rcrK6tr6RnWztrW9s7tn7x90lUglJh0smJC9ACnCKCcdTTUjvUQSFAeMPATjm9x/mBCpqOD3epoQP0ZDTiOKkTbSwD5uesbW0AsEC9U0Nl+GZrAQzycDu+40nAJwmbglqYMS7YH95YUCpzHhGjOkVN91Eu1nSGqKGZnVvFSRBOExGpK+oRzFRPlZccYMnholhJGQ5nENC/V3R4Zila9oKmOkR2rRy8X/vH6qoys/ozxJNeF4PihKGdQC5pnAkEqCNZsagrCkZleIR0girE1yNROCu3jyMuk2G67TcO8u6q3rMo4qOAIn4Ay44BK0wC1ogw7A4BE8g1fwZj1ZL9a79TEvrVhlzyH4A+vzB1p1mQo=</latexit>

a? ⌘ (ax, ay)
<latexit sha1_base64="fWBU1dAdpMtGVoaPOpM5AinlhSs=">AAACEXicbVDLSgNBEJz1GeMr6tHLYBAiSNgVQY9BLx4jmAdkw9I76SRDZh/OzAbDkl/w4q948aCIV2/e/Btnkxw0sWCYoqqb7i4/Flxp2/62lpZXVtfWcxv5za3tnd3C3n5dRYlkWGORiGTTB4WCh1jTXAtsxhIh8AU2/MF15jeGKBWPwjs9irEdQC/kXc5AG8krlFw/Eh01CsyXwthL3RhlPKYu3id8SEvgPZxS8EYnXqFol+0J6CJxZqRIZqh6hS+3E7EkwFAzAUq1HDvW7RSk5kzgOO8mCmNgA+hhy9AQAlTtdHLRmB4bpUO7kTQv1HSi/u5IIVDZ0qYyAN1X814m/ue1Et29bKc8jBONIZsO6iaC6ohm8dAOl8i0GBkCTHKzK2V9kMC0CTFvQnDmT14k9bOyY5ed2/Ni5WoWR44ckiNSIg65IBVyQ6qkRhh5JM/klbxZT9aL9W59TEuXrFnPAfkD6/MHiC2dZQ==</latexit><latexit sha1_base64="fWBU1dAdpMtGVoaPOpM5AinlhSs=">AAACEXicbVDLSgNBEJz1GeMr6tHLYBAiSNgVQY9BLx4jmAdkw9I76SRDZh/OzAbDkl/w4q948aCIV2/e/Btnkxw0sWCYoqqb7i4/Flxp2/62lpZXVtfWcxv5za3tnd3C3n5dRYlkWGORiGTTB4WCh1jTXAtsxhIh8AU2/MF15jeGKBWPwjs9irEdQC/kXc5AG8krlFw/Eh01CsyXwthL3RhlPKYu3id8SEvgPZxS8EYnXqFol+0J6CJxZqRIZqh6hS+3E7EkwFAzAUq1HDvW7RSk5kzgOO8mCmNgA+hhy9AQAlTtdHLRmB4bpUO7kTQv1HSi/u5IIVDZ0qYyAN1X814m/ue1Et29bKc8jBONIZsO6iaC6ohm8dAOl8i0GBkCTHKzK2V9kMC0CTFvQnDmT14k9bOyY5ed2/Ni5WoWR44ckiNSIg65IBVyQ6qkRhh5JM/klbxZT9aL9W59TEuXrFnPAfkD6/MHiC2dZQ==</latexit><latexit sha1_base64="fWBU1dAdpMtGVoaPOpM5AinlhSs=">AAACEXicbVDLSgNBEJz1GeMr6tHLYBAiSNgVQY9BLx4jmAdkw9I76SRDZh/OzAbDkl/w4q948aCIV2/e/Btnkxw0sWCYoqqb7i4/Flxp2/62lpZXVtfWcxv5za3tnd3C3n5dRYlkWGORiGTTB4WCh1jTXAtsxhIh8AU2/MF15jeGKBWPwjs9irEdQC/kXc5AG8krlFw/Eh01CsyXwthL3RhlPKYu3id8SEvgPZxS8EYnXqFol+0J6CJxZqRIZqh6hS+3E7EkwFAzAUq1HDvW7RSk5kzgOO8mCmNgA+hhy9AQAlTtdHLRmB4bpUO7kTQv1HSi/u5IIVDZ0qYyAN1X814m/ue1Et29bKc8jBONIZsO6iaC6ohm8dAOl8i0GBkCTHKzK2V9kMC0CTFvQnDmT14k9bOyY5ed2/Ni5WoWR44ckiNSIg65IBVyQ6qkRhh5JM/klbxZT9aL9W59TEuXrFnPAfkD6/MHiC2dZQ==</latexit><latexit sha1_base64="fWBU1dAdpMtGVoaPOpM5AinlhSs=">AAACEXicbVDLSgNBEJz1GeMr6tHLYBAiSNgVQY9BLx4jmAdkw9I76SRDZh/OzAbDkl/w4q948aCIV2/e/Btnkxw0sWCYoqqb7i4/Flxp2/62lpZXVtfWcxv5za3tnd3C3n5dRYlkWGORiGTTB4WCh1jTXAtsxhIh8AU2/MF15jeGKBWPwjs9irEdQC/kXc5AG8krlFw/Eh01CsyXwthL3RhlPKYu3id8SEvgPZxS8EYnXqFol+0J6CJxZqRIZqh6hS+3E7EkwFAzAUq1HDvW7RSk5kzgOO8mCmNgA+hhy9AQAlTtdHLRmB4bpUO7kTQv1HSi/u5IIVDZ0qYyAN1X814m/ue1Et29bKc8jBONIZsO6iaC6ohm8dAOl8i0GBkCTHKzK2V9kMC0CTFvQnDmT14k9bOyY5ed2/Ni5WoWR44ckiNSIg65IBVyQ6qkRhh5JM/klbxZT9aL9W59TEuXrFnPAfkD6/MHiC2dZQ==</latexit>

Dispersion about EP

Non-Hermitian Topology II

⌫nm = � 1

2⇡

I

�
rkarg (En(k)� Em(k)) · dk

<latexit sha1_base64="9PM5t0p4ps4IyKYsokMTLARV47s="></latexit><latexit sha1_base64="9PM5t0p4ps4IyKYsokMTLARV47s="></latexit><latexit sha1_base64="9PM5t0p4ps4IyKYsokMTLARV47s="></latexit><latexit sha1_base64="9PM5t0p4ps4IyKYsokMTLARV47s="></latexit>

Exceptional points topologically protected 
- can only be annihilated in pairs

Eigenvalues swap discontinuously passing through arc

Topological invariant

where loop is taken around exceptional point

⌫ = ±1/2
<latexit sha1_base64="lPgjtJvvxgRjjh5Z6C1KEfBhlcA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU02KoBeh6MVjBfsBSSib7aZdutkNuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4edYzKNGVtqoTSvYgYJrhkbeAgWC/VjCSRYN1ofDfzu09MG67kI0xSFiZkKHnMKQEr+YHMboI0wd5Fo1+tuXV3DrxKvILUUIFWv/oVDBTNEiaBCmKM77kphDnRwKlg00qQGZYSOiZD5lsqScJMmM9PnuIzqwxwrLQtCXiu/p7ISWLMJIlsZ0JgZJa9mfif52cQX4c5l2kGTNLFojgTGBSe/Y8HXDMKYmIJoZrbWzEdEU0o2JQqNgRv+eVV0mnUPbfuPVzWmrdFHGV0gk7ROfLQFWqie9RCbUSRQs/oFb054Lw4787HorXkFDPH6A+czx/d15BP</latexit><latexit sha1_base64="lPgjtJvvxgRjjh5Z6C1KEfBhlcA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU02KoBeh6MVjBfsBSSib7aZdutkNuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4edYzKNGVtqoTSvYgYJrhkbeAgWC/VjCSRYN1ofDfzu09MG67kI0xSFiZkKHnMKQEr+YHMboI0wd5Fo1+tuXV3DrxKvILUUIFWv/oVDBTNEiaBCmKM77kphDnRwKlg00qQGZYSOiZD5lsqScJMmM9PnuIzqwxwrLQtCXiu/p7ISWLMJIlsZ0JgZJa9mfif52cQX4c5l2kGTNLFojgTGBSe/Y8HXDMKYmIJoZrbWzEdEU0o2JQqNgRv+eVV0mnUPbfuPVzWmrdFHGV0gk7ROfLQFWqie9RCbUSRQs/oFb054Lw4787HorXkFDPH6A+czx/d15BP</latexit><latexit sha1_base64="lPgjtJvvxgRjjh5Z6C1KEfBhlcA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU02KoBeh6MVjBfsBSSib7aZdutkNuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4edYzKNGVtqoTSvYgYJrhkbeAgWC/VjCSRYN1ofDfzu09MG67kI0xSFiZkKHnMKQEr+YHMboI0wd5Fo1+tuXV3DrxKvILUUIFWv/oVDBTNEiaBCmKM77kphDnRwKlg00qQGZYSOiZD5lsqScJMmM9PnuIzqwxwrLQtCXiu/p7ISWLMJIlsZ0JgZJa9mfif52cQX4c5l2kGTNLFojgTGBSe/Y8HXDMKYmIJoZrbWzEdEU0o2JQqNgRv+eVV0mnUPbfuPVzWmrdFHGV0gk7ROfLQFWqie9RCbUSRQs/oFb054Lw4787HorXkFDPH6A+czx/d15BP</latexit><latexit sha1_base64="lPgjtJvvxgRjjh5Z6C1KEfBhlcA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU02KoBeh6MVjBfsBSSib7aZdutkNuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4edYzKNGVtqoTSvYgYJrhkbeAgWC/VjCSRYN1ofDfzu09MG67kI0xSFiZkKHnMKQEr+YHMboI0wd5Fo1+tuXV3DrxKvILUUIFWv/oVDBTNEiaBCmKM77kphDnRwKlg00qQGZYSOiZD5lsqScJMmM9PnuIzqwxwrLQtCXiu/p7ISWLMJIlsZ0JgZJa9mfif52cQX4c5l2kGTNLFojgTGBSe/Y8HXDMKYmIJoZrbWzEdEU0o2JQqNgRv+eVV0mnUPbfuPVzWmrdFHGV0gk7ROfLQFWqie9RCbUSRQs/oFb054Lw4787HorXkFDPH6A+czx/d15BP</latexit>

Appearance of exceptional points generic for Dirac touching points 

Lifetime of magnon branch discontinuous passing through arc
Shen, Zhen, Fu (2017)

Winding of imaginary part of eigenvalue reflected in winding of spectral function - 
happens in anti-phase in upper and lower bands

Number non-conservation from three-body terms

PM, Rau, PRB (2019)



Interaction-induced Topology

Gohlke, Corticelli, Moessner, PM, Mook, PRL 2023
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Honeycomb lattice antiferromagnet with DMI:

LSW insensitive to DMI which enters only as 3- and 4-body terms 

DMRG+tMPO reveals degeneracy breaking effects of DMI: leaving touching points at  
and 

Γ
K′ 

LSW
…

plus 

Interactions

Instance of anisotropy blindness of LSW theory resolved by including further neighbour 
couplings of equivalent symmetry



H = J
X

hi,ji

Si · Sj + J 0
X

hhi,jii

Si · Sj

First/second neighbor isotropic antiferromagnetic  
exchange 

J 0/J . 0.65Ground state is singlet tiling for

O((J 0
/J)5)Triplon modes don’t acquire dispersion up to 

Three degenerate almost dispersionless triplon modes

Shastry-Sutherland: dimers and triplons

Dispersion and degeneracy breaking mainly from Dzyaloshinskii-Moriya



0 T 0.7 T 1.4 T 2.8 T0 T 0.7 T 1.4 T 2.8 TOptical mode with minimum around 3 meV. Parabolic dispersion at low energies.

Meets Brillouin zone boundaries around 3.8 meV

Constant energy cut at 3.3 meV shows rings

Shastry-Sutherland and Topological Bound States

Data taken on SrCu2(BO3)2
Experiment inspired by Romhanyi, Penc, Ganesh, Nat. Comm. (2015)
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2-triplon BS

Triplon bands

2-triplon BS

Triplon bands

1.4 T(a)  Exp.

(b)  Theory

Two triplon bound state hybridizes with single triplons - visible hybridization gaps

Result from theory: bound states inherit topology from single triplon modes

Sequence of topological transitions in magnetic field

PM et al. Nature Physics (2017)



Topological Magnons Outlook 

Materials Discovery

Progress in various directions but experiment lags theory

Symmetry-based approaches make identification efficient

Workflow: TQC to candidate materials to INS
Large gap Chern, higher velocity Weyl points, multi-fold bosons, Chernful nodal planes, TCI

Response of these systems

Surface States

Various ideas: magnonic crystals and BLS as promising route to detection

Gateway to exploring 2D magnets, possible manipulation and spintronics connections

Beyond topological magnons

Spin-space groups in electronic systems e.g. altermagnets

Topology in strongly interacting systems
Bound states can be topological

Topology of multi-particle continua? 

Quantum spin liquids from topological magnon condensation?




