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•  The magnetic space group characterizing a surface is a lower-symmetry subgroup of the infinitely periodic bulk


• Thus, low-symmetry properties (ferromagnetism, ferroelectricity…) more readily emerge at surfaces and interfaces 

Surfaces of quantum materials are a platform for emergent, functional 
phenomena



Outline
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I. An unconventional bulk-boundary correspondence  
(a) Bulk materials subjected to electric fields versus surfaces in equilibrium


(b) Specific case: surface properties of bulk magnetoelectrics (MEs)


II. Bulk ME responses as predictors of surface magnetic properties 
(a) Surface ferromagnetism in antiferromagnets1,2


(b) Surface antiferromagnetism (rotation or magnitude changes of bulk Néel vector)3


(c) Surface linear ME effects in bulk higher-order magnetoelectrics4


III. Outlook 
(a) Relevance for van der Waals materials

1. SFW*, A. Urru* et al., Phys. Rev. X 14, 021033 (2024) 
2.  O. V. Pylypovskyi*, SFW* et al., Phys. Rev. Lett. 132, 226702 (2024)

3.  SFW et al., Phys. Rev. X 15,  021094 (2025)
4.  S. Bhowal…SFW et al.,  Phys. Rev. Lett. 134, 146703 (2025)



• The point group of a bulk crystal subjected to an external electric field is the intersection of their isolated point groups


• The operations in              determine the properties (magnetization, polarization, strain…) that the electric field can induce             
3
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Bulk materials under applied electric fields versus surfaces in equilibrium



•             is identical to the point group describing a surface whose normal is parallel to    :      
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E

Bulk materials under applied electric fields versus surfaces in equilibrium
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• Properties induced by     in the bulk should arise in equilibrium at a surface, in the absence of any applied field!!    
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gbulk+E = gsurf→n̂↑E

Bulk materials under applied electric fields versus surfaces in equilibrium



• Cross coupling of electric and magnetic fields:     induces      and     induces     in the bulk


•      and    can be induced at linear as well as higher orders of     and     (nonzero responses determined by bulk symmetry) 
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<latexit sha1_base64="tK2H2rYG97LCI1ygiw+Cevdg6K0=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgapippa27ggouK9gHtkPJpJk2NJMZkoxQhv6FGxeKuPVv3Pk3ZtoKKnogcDjnXnLu8WPOlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJxeZ37mnUrFI3OppTL0QjwQLGMHaSHf9EOuxH6RXs0Gx5Njn9Wq5UkWO7Tg1t+xmpFyrnFWQa5QMJViiOSi+94cRSUIqNOFYqZ7rxNpLsdSMcDor9BNFY0wmeER7hgocUuWl88QzdGKUIQoiaZ7QaK5+30hxqNQ09M1kllD99jLxL6+X6KDupUzEiaaCLD4KEo50hLLz0ZBJSjSfGoKJZCYrImMsMdGmpIIp4etS9D9pl223aldvKqXG5bKOPBzBMZyCCzVowDU0oQUEBDzAEzxbynq0XqzXxWjOWu4cwg9Yb58UBJE4</latexit>

E
<latexit sha1_base64="1udhl/apCZBJUpp9lvwOmKIxOh8=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgqkyK9LEr6KLLCrYW26Fk0kwbmskMSUYoQ//CjQtF3Po37vwbM20FFT0QOJxzLzn3+LHg2rjuh5NbW9/Y3MpvF3Z29/YPiodHXR0lirIOjUSkej7RTHDJOoYbwXqxYiT0Bbv1p5eZf3vPlOaRvDGzmHkhGUsecEqMle4GITETP0hb82Gx5JZd18UYo4zgWtW1pNGoV3Ad4cyyKMEK7WHxfTCKaBIyaaggWvexGxsvJcpwKti8MEg0iwmdkjHrWypJyLSXLhLP0ZlVRiiIlH3SoIX6fSMlodaz0LeTWUL928vEv7x+YoK6l3IZJ4ZJuvwoSAQyEcrORyOuGDViZgmhitusiE6IItTYkgq2hK9L0f+kWynjarl6fVFqXq3qyMMJnMI5YKhBE1rQhg5QkPAAT/DsaOfReXFel6M5Z7VzDD/gvH0CBXqRLw==</latexit>

H
<latexit sha1_base64="1BxbepudM7op6J6TC7YOsD8jfqk=">AAACA3icdZDLSgMxFIYz9VbrbdSdboJFcFUmRXrZFXThRqhgL9COJZNm2tBkZkgyQhkG3Pgqblwo4taXcOfbmGkrqOiBwMf/n0PO+b2IM6Ud58PKLS2vrK7l1wsbm1vbO/buXluFsSS0RUIeyq6HFeUsoC3NNKfdSFIsPE473uQs8zu3VCoWBtd6GlFX4FHAfEawNtLAPugLrMeen1ymN8mMpUi8mE/SdGAXnZLjOAghmAGqVhwD9XqtjGoQZZapIlhUc2C/94chiQUNNOFYqR5yIu0mWGpGOE0L/VjRCJMJHtGewQALqtxkdkMKj40yhH4ozQs0nKnfJxIslJoKz3RmW6rfXib+5fVi7dfchAVRrGlA5h/5MYc6hFkgcMgkJZpPDWAimdkVkjGWmGgTW8GE8HUp/B/a5RKqlCpXp8XG+SKOPDgER+AEIFAFDXABmqAFCLgDD+AJPFv31qP1Yr3OW3PWYmYf/Cjr7RO3hZjm</latexit>

Mbulk
<latexit sha1_base64="vFXrQOzx7e6NIiE3EP43qXg6XJA=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUhiSOuuoAuXFewD2lgm00k7dPJgZiKUEHDjr7hxoYhbf8Kdf+OkraCiBy4czrmXe+/xE0aFNM0PrbS0vLK6Vl6vbGxube/ou3ttEacckxaOWcy7PhKE0Yi0JJWMdBNOUOgz0vEn54XfuSVc0Di6ltOEeCEaRTSgGEklDfSDfojk2A+yZn6TzTgPMz9lkzwf6FXTOKu7tuNC0zDNmmVbBbFrzqkDLaUUqIIFmgP9vT+McRqSSGKGhOhZZiK9DHFJMSN5pZ8KkiA8QSPSUzRCIRFeNvshh8dKGcIg5qoiCWfq94kMhUJMQ191FleK314h/uX1UhnUvYxGSSpJhOeLgpRBGcMiEDiknGDJpoogzKm6FeIx4ghLFVtFhfD1KfyftG3Dcg33yqk2LhZxlMEhOAInwAI10ACXoAlaAIM78ACewLN2rz1qL9rrvLWkLWb2wQ9ob5/PXZj1</latexit>

Pbulk

<latexit sha1_base64="Imzt/8AV3Irkvk9d1tv5VBHARtw="></latexit>

Mi = ↵ijEj + �ijkEjEk + �ijklEjEkEl + ...
<latexit sha1_base64="alwwIWQXi44QL6oW8LQDrXtiwtE="></latexit>

Pi = ↵ijHi + ⌦ijkHiHj + ijklHiHjHk + ...

Linear ME 
response tensor

Quadratic Cubic 

<latexit sha1_base64="gz9o+WL3ujiuzfC3FiEfEpolypI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFEVxWsA9sS8mkd9rQTGZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJecePxZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESq41ONgktsGm4EdmKFNPQFtv3JTea3n1BpHskHM42xH9KR5AFn1FjpsRdSM/aD9HY2KFfcqjsHWSVeTiqQozEof/WGEUtClIYJqnXXc2PTT6kynAmclXqJxpiyCR1h11JJQ9T9dJ54Rs6sMiRBpOyThszV3xspDbWehr6dzBLqZS8T//O6iQmu+ymXcWJQssVHQSKIiUh2PhlyhcyIqSWUKW6zEjamijJjSyrZErzlk1dJ66Lq1aq1+8tKvZ7XUYQTOIVz8OAK6nAHDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MHsrKQ8g==</latexit>

E

<latexit sha1_base64="gz9o+WL3ujiuzfC3FiEfEpolypI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFEVxWsA9sS8mkd9rQTGZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJecePxZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESq41ONgktsGm4EdmKFNPQFtv3JTea3n1BpHskHM42xH9KR5AFn1FjpsRdSM/aD9HY2KFfcqjsHWSVeTiqQozEof/WGEUtClIYJqnXXc2PTT6kynAmclXqJxpiyCR1h11JJQ9T9dJ54Rs6sMiRBpOyThszV3xspDbWehr6dzBLqZS8T//O6iQmu+ymXcWJQssVHQSKIiUh2PhlyhcyIqSWUKW6zEjamijJjSyrZErzlk1dJ66Lq1aq1+8tKvZ7XUYQTOIVz8OAK6nAHDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MHsrKQ8g==</latexit>

E

<latexit sha1_base64="7A+SCyCbMn/rwyiQVhfDA7TqhZs=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFN26ECvaBbSmZ9E4bmskMSUYoQ//CjQtF3Po37vwbM+0stPVA4HDOveTc48eCa+O6305hbX1jc6u4XdrZ3ds/KB8etXSUKIZNFolIdXyqUXCJTcONwE6skIa+wLY/ucn89hMqzSP5YKYx9kM6kjzgjBorPfZCasZ+kN7NBuWKW3XnIKvEy0kFcjQG5a/eMGJJiNIwQbXuem5s+ilVhjOBs1Iv0RhTNqEj7FoqaYi6n84Tz8iZVYYkiJR90pC5+nsjpaHW09C3k1lCvexl4n9eNzHBdT/lMk4MSrb4KEgEMRHJzidDrpAZMbWEMsVtVsLGVFFmbEklW4K3fPIqaV1UvVq1dn9ZqdfzOopwAqdwDh5cQR1uoQFNYCDhGV7hzdHOi/PufCxGC06+cwx/4Hz+AL7akPo=</latexit>

M
<latexit sha1_base64="FRIQX4ZXLzoMWv5AS+tsGHxp064=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFN11WsA9sS8mkd9rQTGZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJecePxZcG9f9dgobm1vbO8Xd0t7+weFR+fikraNEMWyxSESq61ONgktsGW4EdmOFNPQFdvzpXeZ3nlBpHskHM4txENKx5AFn1FjpsR9SM/GDtDEflitu1V2ArBMvJxXI0RyWv/qjiCUhSsME1brnubEZpFQZzgTOS/1EY0zZlI6xZ6mkIepBukg8JxdWGZEgUvZJQxbq742UhlrPQt9OZgn1qpeJ/3m9xAS3g5TLODEo2fKjIBHERCQ7n4y4QmbEzBLKFLdZCZtQRZmxJZVsCd7qyeukfVX1atXa/XWlXs/rKMIZnMMleHADdWhAE1rAQMIzvMKbo50X5935WI4WnHznFP7A+fwBt0GQ9Q==</latexit>

H
<latexit sha1_base64="CutenOituyBRQQpBtADVjP0qKH0=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUSkuiy4cVnBPrANZTKdtEMnkzBzI5TQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwa84Glapbc+cgq8QrSBUKNAeVr/4wZmnEFTJJjel5boJ+RjUKJvms3E8NTyib0BHvWapoxI2fzRPPyLlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjjZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLKtsSvOWTV0n7subVa/X7q2qjUdRRglM4gwvw4BoacAdNaAEDBc/wCm+OcV6cd+djMbrmFDsn8AfO5w/DaZD9</latexit>

P

<latexit sha1_base64="7A+SCyCbMn/rwyiQVhfDA7TqhZs=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFN26ECvaBbSmZ9E4bmskMSUYoQ//CjQtF3Po37vwbM+0stPVA4HDOveTc48eCa+O6305hbX1jc6u4XdrZ3ds/KB8etXSUKIZNFolIdXyqUXCJTcONwE6skIa+wLY/ucn89hMqzSP5YKYx9kM6kjzgjBorPfZCasZ+kN7NBuWKW3XnIKvEy0kFcjQG5a/eMGJJiNIwQbXuem5s+ilVhjOBs1Iv0RhTNqEj7FoqaYi6n84Tz8iZVYYkiJR90pC5+nsjpaHW09C3k1lCvexl4n9eNzHBdT/lMk4MSrb4KEgEMRHJzidDrpAZMbWEMsVtVsLGVFFmbEklW4K3fPIqaV1UvVq1dn9ZqdfzOopwAqdwDh5cQR1uoQFNYCDhGV7hzdHOi/PufCxGC06+cwx/4Hz+AL7akPo=</latexit>

M
<latexit sha1_base64="CutenOituyBRQQpBtADVjP0qKH0=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUSkuiy4cVnBPrANZTKdtEMnkzBzI5TQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwa84Glapbc+cgq8QrSBUKNAeVr/4wZmnEFTJJjel5boJ+RjUKJvms3E8NTyib0BHvWapoxI2fzRPPyLlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjjZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLKtsSvOWTV0n7subVa/X7q2qjUdRRglM4gwvw4BoacAdNaAEDBc/wCm+OcV6cd+djMbrmFDsn8AfO5w/DaZD9</latexit>

P
<latexit sha1_base64="FRIQX4ZXLzoMWv5AS+tsGHxp064=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFN11WsA9sS8mkd9rQTGZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJecePxZcG9f9dgobm1vbO8Xd0t7+weFR+fikraNEMWyxSESq61ONgktsGW4EdmOFNPQFdvzpXeZ3nlBpHskHM4txENKx5AFn1FjpsR9SM/GDtDEflitu1V2ArBMvJxXI0RyWv/qjiCUhSsME1brnubEZpFQZzgTOS/1EY0zZlI6xZ6mkIepBukg8JxdWGZEgUvZJQxbq742UhlrPQt9OZgn1qpeJ/3m9xAS3g5TLODEo2fKjIBHERCQ7n4y4QmbEzBLKFLdZCZtQRZmxJZVsCd7qyeukfVX1atXa/XWlXs/rKMIZnMMleHADdWhAE1rAQMIzvMKbo50X5935WI4WnHznFP7A+fwBt0GQ9Q==</latexit>

H
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<latexit sha1_base64="tK2H2rYG97LCI1ygiw+Cevdg6K0=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgapippa27ggouK9gHtkPJpJk2NJMZkoxQhv6FGxeKuPVv3Pk3ZtoKKnogcDjnXnLu8WPOlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJxeZ37mnUrFI3OppTL0QjwQLGMHaSHf9EOuxH6RXs0Gx5Njn9Wq5UkWO7Tg1t+xmpFyrnFWQa5QMJViiOSi+94cRSUIqNOFYqZ7rxNpLsdSMcDor9BNFY0wmeER7hgocUuWl88QzdGKUIQoiaZ7QaK5+30hxqNQ09M1kllD99jLxL6+X6KDupUzEiaaCLD4KEo50hLLz0ZBJSjSfGoKJZCYrImMsMdGmpIIp4etS9D9pl223aldvKqXG5bKOPBzBMZyCCzVowDU0oQUEBDzAEzxbynq0XqzXxWjOWu4cwg9Yb58UBJE4</latexit>

E
<latexit sha1_base64="1udhl/apCZBJUpp9lvwOmKIxOh8=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgqkyK9LEr6KLLCrYW26Fk0kwbmskMSUYoQ//CjQtF3Po37vwbM20FFT0QOJxzLzn3+LHg2rjuh5NbW9/Y3MpvF3Z29/YPiodHXR0lirIOjUSkej7RTHDJOoYbwXqxYiT0Bbv1p5eZf3vPlOaRvDGzmHkhGUsecEqMle4GITETP0hb82Gx5JZd18UYo4zgWtW1pNGoV3Ad4cyyKMEK7WHxfTCKaBIyaaggWvexGxsvJcpwKti8MEg0iwmdkjHrWypJyLSXLhLP0ZlVRiiIlH3SoIX6fSMlodaz0LeTWUL928vEv7x+YoK6l3IZJ4ZJuvwoSAQyEcrORyOuGDViZgmhitusiE6IItTYkgq2hK9L0f+kWynjarl6fVFqXq3qyMMJnMI5YKhBE1rQhg5QkPAAT/DsaOfReXFel6M5Z7VzDD/gvH0CBXqRLw==</latexit>

H
<latexit sha1_base64="1BxbepudM7op6J6TC7YOsD8jfqk=">AAACA3icdZDLSgMxFIYz9VbrbdSdboJFcFUmRXrZFXThRqhgL9COJZNm2tBkZkgyQhkG3Pgqblwo4taXcOfbmGkrqOiBwMf/n0PO+b2IM6Ud58PKLS2vrK7l1wsbm1vbO/buXluFsSS0RUIeyq6HFeUsoC3NNKfdSFIsPE473uQs8zu3VCoWBtd6GlFX4FHAfEawNtLAPugLrMeen1ymN8mMpUi8mE/SdGAXnZLjOAghmAGqVhwD9XqtjGoQZZapIlhUc2C/94chiQUNNOFYqR5yIu0mWGpGOE0L/VjRCJMJHtGewQALqtxkdkMKj40yhH4ozQs0nKnfJxIslJoKz3RmW6rfXib+5fVi7dfchAVRrGlA5h/5MYc6hFkgcMgkJZpPDWAimdkVkjGWmGgTW8GE8HUp/B/a5RKqlCpXp8XG+SKOPDgER+AEIFAFDXABmqAFCLgDD+AJPFv31qP1Yr3OW3PWYmYf/Cjr7RO3hZjm</latexit>

Mbulk
<latexit sha1_base64="vFXrQOzx7e6NIiE3EP43qXg6XJA=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUhiSOuuoAuXFewD2lgm00k7dPJgZiKUEHDjr7hxoYhbf8Kdf+OkraCiBy4czrmXe+/xE0aFNM0PrbS0vLK6Vl6vbGxube/ou3ttEacckxaOWcy7PhKE0Yi0JJWMdBNOUOgz0vEn54XfuSVc0Di6ltOEeCEaRTSgGEklDfSDfojk2A+yZn6TzTgPMz9lkzwf6FXTOKu7tuNC0zDNmmVbBbFrzqkDLaUUqIIFmgP9vT+McRqSSGKGhOhZZiK9DHFJMSN5pZ8KkiA8QSPSUzRCIRFeNvshh8dKGcIg5qoiCWfq94kMhUJMQ191FleK314h/uX1UhnUvYxGSSpJhOeLgpRBGcMiEDiknGDJpoogzKm6FeIx4ghLFVtFhfD1KfyftG3Dcg33yqk2LhZxlMEhOAInwAI10ACXoAlaAIM78ACewLN2rz1qL9rrvLWkLWb2wQ9ob5/PXZj1</latexit>

Pbulk

<latexit sha1_base64="Imzt/8AV3Irkvk9d1tv5VBHARtw="></latexit>

Mi = ↵ijEj + �ijkEjEk + �ijklEjEkEl + ...
<latexit sha1_base64="alwwIWQXi44QL6oW8LQDrXtiwtE="></latexit>

Pi = ↵ijHi + ⌦ijkHiHj + ijklHiHjHk + ...

• We’ll focus just on      induced by polar vector     for connection to surface magnetization
<latexit sha1_base64="7A+SCyCbMn/rwyiQVhfDA7TqhZs=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFN26ECvaBbSmZ9E4bmskMSUYoQ//CjQtF3Po37vwbM+0stPVA4HDOveTc48eCa+O6305hbX1jc6u4XdrZ3ds/KB8etXSUKIZNFolIdXyqUXCJTcONwE6skIa+wLY/ucn89hMqzSP5YKYx9kM6kjzgjBorPfZCasZ+kN7NBuWKW3XnIKvEy0kFcjQG5a/eMGJJiNIwQbXuem5s+ilVhjOBs1Iv0RhTNqEj7FoqaYi6n84Tz8iZVYYkiJR90pC5+nsjpaHW09C3k1lCvexl4n9eNzHBdT/lMk4MSrb4KEgEMRHJzidDrpAZMbWEMsVtVsLGVFFmbEklW4K3fPIqaV1UvVq1dn9ZqdfzOopwAqdwDh5cQR1uoQFNYCDhGV7hzdHOi/PufCxGC06+cwx/4Hz+AL7akPo=</latexit>

M
<latexit sha1_base64="gz9o+WL3ujiuzfC3FiEfEpolypI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFEVxWsA9sS8mkd9rQTGZIMkIZ+hduXCji1r9x59+YaWehrQcCh3PuJecePxZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESq41ONgktsGm4EdmKFNPQFtv3JTea3n1BpHskHM42xH9KR5AFn1FjpsRdSM/aD9HY2KFfcqjsHWSVeTiqQozEof/WGEUtClIYJqnXXc2PTT6kynAmclXqJxpiyCR1h11JJQ9T9dJ54Rs6sMiRBpOyThszV3xspDbWehr6dzBLqZS8T//O6iQmu+ymXcWJQssVHQSKIiUh2PhlyhcyIqSWUKW6zEjamijJjSyrZErzlk1dJ66Lq1aq1+8tKvZ7XUYQTOIVz8OAK6nAHDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MHsrKQ8g==</latexit>

E



There is a one-to-one symmetry mapping for bulk ME responses with 
applied electric field, and surface magnetization without electric field!

8

• Induced magnetization determined by subgroup of bulk operations retained in presence of 


• Surface with normal    acquires same magnetization components as bulk for            

<latexit sha1_base64="tK2H2rYG97LCI1ygiw+Cevdg6K0=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgapippa27ggouK9gHtkPJpJk2NJMZkoxQhv6FGxeKuPVv3Pk3ZtoKKnogcDjnXnLu8WPOlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJxeZ37mnUrFI3OppTL0QjwQLGMHaSHf9EOuxH6RXs0Gx5Njn9Wq5UkWO7Tg1t+xmpFyrnFWQa5QMJViiOSi+94cRSUIqNOFYqZ7rxNpLsdSMcDor9BNFY0wmeER7hgocUuWl88QzdGKUIQoiaZ7QaK5+30hxqNQ09M1kllD99jLxL6+X6KDupUzEiaaCLD4KEo50hLLz0ZBJSjSfGoKJZCYrImMsMdGmpIIp4etS9D9pl223aldvKqXG5bKOPBzBMZyCCzVowDU0oQUEBDzAEzxbynq0XqzXxWjOWu4cwg9Yb58UBJE4</latexit>

E

<latexit sha1_base64="CcWFSk8YSgYTpY8tjoWdB4I4XYs=">AAACFXicbZDLSsNAFIZPvNZ6i7p0M1gEF1ISkepGKIrgsoq9QFvLZDpph04uzEyEEvISbnwVNy4UcSu4822ctJFq6w8DH/85hznnd0LOpLKsL2NufmFxaTm3kl9dW9/YNLe2azKIBKFVEvBANBwsKWc+rSqmOG2EgmLP4bTuDC7Sev2eCskC/1YNQ9r2cM9nLiNYaatjHrY8rPqOG98kd/EPXybJBM8m2DELVtEaCc2CnUEBMlU65merG5DIo74iHEvZtK1QtWMsFCOcJvlWJGmIyQD3aFOjjz0q2/HoqgTta6eL3EDo5ys0cn9PxNiTcug5ujPdUE7XUvO/WjNS7mk7Zn4YKeqT8UduxJEKUBoR6jJBieJDDZgIpndFpI8FJkoHmdch2NMnz0LtqGiXiqXr40L5PIsjB7uwBwdgwwmU4QoqUAUCD/AEL/BqPBrPxpvxPm6dM7KZHfgj4+MbZIOgOg==</latexit>

REE = E
<latexit sha1_base64="TUMnOvhIBhNU0nWjDKSs/JnmG/Y=">AAACNHicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVBcKRREEN1XsA9pYJtNJOnTyYGYilJCPcuOHuBHBhSJu/QYnbQq29cDAuefcy9x77JBRIQ3jTcstLC4tr+RXC2vrG5tb+vZOQwQRx6SOAxbwlo0EYdQndUklI62QE+TZjDTtwWXqNx8JFzTw7+UwJJaHXJ86FCOppK5+0/GQ7NtO7CYP8YRfJcl5aVLcTRuHZ1kB3UznXmxHbJAkXb1olI0R4DwxM1IEGWpd/aXTC3DkEV9ihoRom0YorRhxSTEjSaETCRIiPEAuaSvqI48IKx4dncADpfSgE3D1fAlH6t+JGHlCDD1bdaZbilkvFf/z2pF0Tq2Y+mEkiY/HHzkRgzKAaYKwRznBkg0VQZhTtSvEfcQRlirnggrBnD15njSOymalXLk9LlYvsjjyYA/sgxIwwQmogmtQA3WAwRN4BR/gU3vW3rUv7XvcmtOymV0wBe3nF0tdras=</latexit>

gE = (RE) < gbulk for which 

<latexit sha1_base64="kvEeFgqKlMZOCMcODOrIPZ4sOUc=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNKJPppB06mYSZSaGE/IkbF4q49U/c+TdO2iy09cDA4Zx7uWdOkHCmtON8W5WNza3tnepubW//4PDIPj7pqjiVhHZIzGPZD7CinAna0Uxz2k8kxVHAaS+Y3hd+b0alYrF40vOE+hEeCxYygrWRhrbtRVhPgjDzJlhnIs+Hdt1pOAugdeKWpA4l2kP7yxvFJI2o0IRjpQauk2g/w1Izwmle81JFE0ymeEwHhgocUeVni+Q5ujDKCIWxNE9otFB/b2Q4UmoeBWayyKlWvUL8zxukOrz1MyaSVFNBlofClCMdo6IGNGKSEs3nhmAimcmKyARLTLQpq2ZKcFe/vE66Vw232Wg+Xtdbd2UdVTiDc7gEF26gBQ/Qhg4QmMEzvMKblVkv1rv1sRytWOXOKfyB9fkDSiiUGw==</latexit>

n̂
<latexit sha1_base64="cT1vL0ZWX3zpMDYvDnNIWdH4Y7Y=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclUSkuiyK4LKCfUATymQ6aYdOJmFmIpSQD3Djr7hxoYhbP8Cdf+OkjaCtBwYO55zL3Hv8mDOlbfvLWlpeWV1bL22UN7e2d3Yre/ttFSWS0BaJeCS7PlaUM0FbmmlOu7GkOPQ57fjjq9zv3FOpWCTu9CSmXoiHggWMYG2kfqXqhliP/CC9ztwYS8w55T+SO8I6FVlmUnbNngItEqcgVSjQ7Fc+3UFEkpAKTThWqufYsfZSLDUjnGZlN1E0xmSMh7RnqMAhVV46PSZDx0YZoCCS5gmNpurviRSHSk1C3yTzPdW8l4v/eb1EBxdeykScaCrI7KMg4UhHKG8GDZikRPOJIZhIZnZFZGQqIdr0VzYlOPMnL5L2ac2p1+q3Z9XGZVFHCQ7hCE7AgXNowA00oQUEHuAJXuDVerSerTfrfRZdsoqZA/gD6+MberqcjQ==</latexit>

E k n̂

<latexit sha1_base64="qfSdVrywzqAxXG7D08QvhvDsMUY=">AAACWnicbZHdq9MwGMbTHj378mPn6J03xSFMDpR2yDw3wkAH3ggT3HZgneVtlm5Zk7YmqTBC/0lvRPBfEUy7XrgdXwg8eX55Sd4nUc6oVJ73y7IvHjy8bLU73d6jx0+e9q+uFzIrBCZznLFM3EUgCaMpmSuqGLnLBQEeMbKMkvcVX34nQtIs/aIOOVlz2KY0phiUscL+t08h/aoDDmonuI4KlpTlsN5GsZ6Wr98FwPIdhJruy2 m4vwliAVj7pR6VQURUDZKKTMPkBG6B8yNlDZ6G7MZ13bA/8FyvLue+8BsxQE3Nwv6PYJPhgpNUYQZSrnwvV2sNQlHMSNkNCklywAlsycrIFDiRa11HUzqvjLNx4kyYlSqndv/t0MClPPDInKyGluesMv/HVoWKb9eapnmhSIqPF8UFc1TmVDk7GyoIVuxgBGBBzVsdvAOTjzK/0TUh+Ocj3xeLkeuP3fHnN4PJhyaONnqBXqIh8tFbNEEf0QzNEUY/0R/r0mpZv23b7ti941HbanqeoZOyn/8FKZW2KQ==</latexit>

Mbulk
i (E) = ↵ijEj +

1

2
�ijkEjEk +

1

2
�ijklEjEkEl + ...

Cr2O3 

(Linear ME)

<latexit sha1_base64="6yzjlQIl+lREl4ghE0ZI6lts5Ho=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rIggssK9gFNKJPpTTt0MgkzE6GEfIAbf8WNC0Xc+gHu/BsnbQRtPTBwOOdc5t7jx5wpbdtfVmlldW19o7xZ2dre2d2r7h90VJRICm0a8Uj2fKKAMwFtzTSHXiyBhD6Hrj+5yv3uPUjFInGnpzF4IRkJFjBKtJEG1ZobEj32g/Q6c2MiCefAfyR3THQqs8yk7Lo9A14mTkFqqEBrUP10hxFNQhCacqJU37Fj7aVEakY5ZBU3URATOiEj6BsqSAjKS2fHZPjEKEMcRNI8ofFM/T2RklCpaeibZL6nWvRy8T+vn+jg0kuZiBMNgs4/ChKOdYTzZvCQSaCaTw0hVDKzK6ZjUwnVpr+KKcFZPHmZdM7qTqPeuD2vNZtFHWV0hI7RKXLQBWqiG9RCbUTRA3pCL+jVerSerTfrfR4tWcXMIfoD6+MbgDicjw==</latexit>

E → r̂



• Induced magnetization determined by subgroup of bulk operations retained in presence of 


• Surface with normal    acquires same magnetization components as bulk for            

There is a one-to-one symmetry mapping for bulk ME responses with 
applied electric field, and surface magnetization without electric field!
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<latexit sha1_base64="tK2H2rYG97LCI1ygiw+Cevdg6K0=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgapippa27ggouK9gHtkPJpJk2NJMZkoxQhv6FGxeKuPVv3Pk3ZtoKKnogcDjnXnLu8WPOlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJxeZ37mnUrFI3OppTL0QjwQLGMHaSHf9EOuxH6RXs0Gx5Njn9Wq5UkWO7Tg1t+xmpFyrnFWQa5QMJViiOSi+94cRSUIqNOFYqZ7rxNpLsdSMcDor9BNFY0wmeER7hgocUuWl88QzdGKUIQoiaZ7QaK5+30hxqNQ09M1kllD99jLxL6+X6KDupUzEiaaCLD4KEo50hLLz0ZBJSjSfGoKJZCYrImMsMdGmpIIp4etS9D9pl223aldvKqXG5bKOPBzBMZyCCzVowDU0oQUEBDzAEzxbynq0XqzXxWjOWu4cwg9Yb58UBJE4</latexit>

E

<latexit sha1_base64="CcWFSk8YSgYTpY8tjoWdB4I4XYs=">AAACFXicbZDLSsNAFIZPvNZ6i7p0M1gEF1ISkepGKIrgsoq9QFvLZDpph04uzEyEEvISbnwVNy4UcSu4822ctJFq6w8DH/85hznnd0LOpLKsL2NufmFxaTm3kl9dW9/YNLe2azKIBKFVEvBANBwsKWc+rSqmOG2EgmLP4bTuDC7Sev2eCskC/1YNQ9r2cM9nLiNYaatjHrY8rPqOG98kd/EPXybJBM8m2DELVtEaCc2CnUEBMlU65merG5DIo74iHEvZtK1QtWMsFCOcJvlWJGmIyQD3aFOjjz0q2/HoqgTta6eL3EDo5ys0cn9PxNiTcug5ujPdUE7XUvO/WjNS7mk7Zn4YKeqT8UduxJEKUBoR6jJBieJDDZgIpndFpI8FJkoHmdch2NMnz0LtqGiXiqXr40L5PIsjB7uwBwdgwwmU4QoqUAUCD/AEL/BqPBrPxpvxPm6dM7KZHfgj4+MbZIOgOg==</latexit>

REE = E
<latexit sha1_base64="TUMnOvhIBhNU0nWjDKSs/JnmG/Y=">AAACNHicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVBcKRREEN1XsA9pYJtNJOnTyYGYilJCPcuOHuBHBhSJu/QYnbQq29cDAuefcy9x77JBRIQ3jTcstLC4tr+RXC2vrG5tb+vZOQwQRx6SOAxbwlo0EYdQndUklI62QE+TZjDTtwWXqNx8JFzTw7+UwJJaHXJ86FCOppK5+0/GQ7NtO7CYP8YRfJcl5aVLcTRuHZ1kB3UznXmxHbJAkXb1olI0R4DwxM1IEGWpd/aXTC3DkEV9ihoRom0YorRhxSTEjSaETCRIiPEAuaSvqI48IKx4dncADpfSgE3D1fAlH6t+JGHlCDD1bdaZbilkvFf/z2pF0Tq2Y+mEkiY/HHzkRgzKAaYKwRznBkg0VQZhTtSvEfcQRlirnggrBnD15njSOymalXLk9LlYvsjjyYA/sgxIwwQmogmtQA3WAwRN4BR/gU3vW3rUv7XvcmtOymV0wBe3nF0tdras=</latexit>

gE = (RE) < gbulk for which 

<latexit sha1_base64="qfSdVrywzqAxXG7D08QvhvDsMUY=">AAACWnicbZHdq9MwGMbTHj378mPn6J03xSFMDpR2yDw3wkAH3ggT3HZgneVtlm5Zk7YmqTBC/0lvRPBfEUy7XrgdXwg8eX55Sd4nUc6oVJ73y7IvHjy8bLU73d6jx0+e9q+uFzIrBCZznLFM3EUgCaMpmSuqGLnLBQEeMbKMkvcVX34nQtIs/aIOOVlz2KY0phiUscL+t08h/aoDDmonuI4KlpTlsN5GsZ6Wr98FwPIdhJruy2 m4vwliAVj7pR6VQURUDZKKTMPkBG6B8yNlDZ6G7MZ13bA/8FyvLue+8BsxQE3Nwv6PYJPhgpNUYQZSrnwvV2sNQlHMSNkNCklywAlsycrIFDiRa11HUzqvjLNx4kyYlSqndv/t0MClPPDInKyGluesMv/HVoWKb9eapnmhSIqPF8UFc1TmVDk7GyoIVuxgBGBBzVsdvAOTjzK/0TUh+Ocj3xeLkeuP3fHnN4PJhyaONnqBXqIh8tFbNEEf0QzNEUY/0R/r0mpZv23b7ti941HbanqeoZOyn/8FKZW2KQ==</latexit>

Mbulk
i (E) = ↵ijEj +

1

2
�ijkEjEk +

1

2
�ijklEjEkEl + ...

Cr2O3 

(Linear ME)

<latexit sha1_base64="kvEeFgqKlMZOCMcODOrIPZ4sOUc=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNKJPppB06mYSZSaGE/IkbF4q49U/c+TdO2iy09cDA4Zx7uWdOkHCmtON8W5WNza3tnepubW//4PDIPj7pqjiVhHZIzGPZD7CinAna0Uxz2k8kxVHAaS+Y3hd+b0alYrF40vOE+hEeCxYygrWRhrbtRVhPgjDzJlhnIs+Hdt1pOAugdeKWpA4l2kP7yxvFJI2o0IRjpQauk2g/w1Izwmle81JFE0ymeEwHhgocUeVni+Q5ujDKCIWxNE9otFB/b2Q4UmoeBWayyKlWvUL8zxukOrz1MyaSVFNBlofClCMdo6IGNGKSEs3nhmAimcmKyARLTLQpq2ZKcFe/vE66Vw232Wg+Xtdbd2UdVTiDc7gEF26gBQ/Qhg4QmMEzvMKblVkv1rv1sRytWOXOKfyB9fkDSiiUGw==</latexit>

n̂

<latexit sha1_base64="tdW4AUB2NIJXc4bUOKMhN17E+2g="></latexit>

M surf
i (n̂) / ↵ijnj + �ijknjnk + �ijklnjnknl + ...

<latexit sha1_base64="o+ffYBYnCdk6feU3yQ6MgSAsVIY="></latexit>

gn̂ = (Rn̂) < gbulk for which 
<latexit sha1_base64="+8BLLvySI7VBoJWtviURsYLumaY=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARXJVEpLpRim5cVrEXaGKZTCft0MkkzEyEEvI2bnwVN4KK6NI3cdJG0NQfBn6+cw5zzu9FjEplWZ9GaWFxaXmlvFpZW9/Y3DK3d9oyjAUmLRyyUHQ9JAmjnLQUVYx0I0FQ4DHS8caXWb1zT4SkIb9Vk4i4ARpy6lOMlEZ989wJkBp5fnKT3iU/3hkhlfA0TYvgrAj6ZtWqWVPBeWPnpgpyNfvmizMIcRwQrjBDUvZsK1JugoSimJG04sSSRAiP0ZD0tOUoINJNpnem8ECTAfRDoR9XcEp/TyQokHISeLoz21MWaxn8r9aLlX/qJpRHsSIczz7yYwZVCLPQ4IAKghWbaIOwoHpXiEdIIKx0tBUdgl08ed60j2p2vVa/Pq42LvI4ymAP7INDYIMT0ABXoAlaAIMH8ARewZvxaDwb78bHrLVk5DO74I+Mr2/9W6kc</latexit>

Rn̂n̂ = n̂

<latexit sha1_base64="6yzjlQIl+lREl4ghE0ZI6lts5Ho=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rIggssK9gFNKJPpTTt0MgkzE6GEfIAbf8WNC0Xc+gHu/BsnbQRtPTBwOOdc5t7jx5wpbdtfVmlldW19o7xZ2dre2d2r7h90VJRICm0a8Uj2fKKAMwFtzTSHXiyBhD6Hrj+5yv3uPUjFInGnpzF4IRkJFjBKtJEG1ZobEj32g/Q6c2MiCefAfyR3THQqs8yk7Lo9A14mTkFqqEBrUP10hxFNQhCacqJU37Fj7aVEakY5ZBU3URATOiEj6BsqSAjKS2fHZPjEKEMcRNI8ofFM/T2RklCpaeibZL6nWvRy8T+vn+jg0kuZiBMNgs4/ChKOdYTzZvCQSaCaTw0hVDKzK6ZjUwnVpr+KKcFZPHmZdM7qTqPeuD2vNZtFHWV0hI7RKXLQBWqiG9RCbUTRA3pCL+jVerSerTfrfR4tWcXMIfoD6+MbgDicjw==</latexit>

E → r̂

<latexit sha1_base64="La41F58e+qfZqa6d0Heb8j2XMho=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rIggssK9gFNKJPppB06mYSZG6GEfIAbf8WNC0Xc+gHu/BsnbQRtPTBwOOdc5t7jx4JrsO0vq7Syura+Ud6sbG3v7O5V9w86OkoUZW0aiUj1fKKZ4JK1gYNgvVgxEvqCdf3JVe5375nSPJJ3MI2ZF5KR5AGnBIw0qNbckMDYD9LrzI2JIkIw8SO5YwKpzDKTsuv2DHiZOAWpoQKtQfXTHUY0CZkEKojWfceOwUuJAk4FyypuollM6ISMWN9QSUKmvXR2TIZPjDLEQaTMk4Bn6u+JlIRaT0PfJPM99aKXi/95/QSCSy/lMk6ASTr/KEgEhgjnzeAhV4yCmBpCqOJmV0zHphIKpr+KKcFZPHmZdM7qTqPeuD2vNZtFHWV0hI7RKXLQBWqiG9RCbUTRA3pCL+jVerSerTfrfR4tWcXMIfoD6+MbeiCciw==</latexit>

E → n̂
<latexit sha1_base64="q2MXyVFU7l+78qD9J2Q6geCPSGk=">AAAB+XicbVBNS8NAFHypX7V+RT16CRbBU0lEqseCF48VbC00oWy2m3bpZhN2Xwol9J948aCIV/+JN/+NmzYHbR1YGGbe481OmAqu0XW/rcrG5tb2TnW3trd/cHhkH590dZIpyjo0EYnqhUQzwSXrIEfBeqliJA4Fewond4X/NGVK80Q+4ixlQUxGkkecEjTSwLb9mOA4jHJ/TDCX8/nArrsNdwFnnXglqUOJ9sD+8ocJzWImkQqidd9zUwxyopBTweY1P9MsJXRCRqxvqCQx00G+SD53LowydKJEmSfRWai/N3ISaz2LQzNZ5NSrXiH+5/UzjG6DnMs0Qybp8lCUCQcTp6jBGXLFKIqZIYQqbrI6dEwUoWjKqpkSvNUvr5PuVcNrNpoP1/VWq6yjCmdwDpfgwQ204B7a0AEKU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ASY6UGQ==</latexit>

n̂



Outline
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I. An unconventional bulk-boundary correspondence  
(a) Bulk materials subjected to electric fields versus surfaces in equilibrium


(b) Specific case: surface properties of bulk magnetoelectrics (MEs)


II. Bulk ME responses as predictors of surface magnetic properties 
(a) Surface ferromagnetism in antiferromagnets

(b) Surface antiferromagnetism (rotation or magnitude changes of bulk Néel vector)

(c) Surface linear ME effects in bulk higher-order magnetoelectrics


III. Outlook 
(a) Relevance for van der Waals materials



• Given a nonzero element      of ME tensor, we expect a 2D equilibrium magnetization along    for a surface  

      

• Higher-order bulk ME materials also have symmetry-mandated surface magnetization!                                                       

(e.g. for nonzero        we also expect   -oriented magnetization on surface       )

<latexit sha1_base64="3JffCuiUVUVuAO7lwWwbOoYhu3U="></latexit>

↵Cr2O3 =

0

@
↵? 0 0
0 ↵? 0
0 0 ↵k

1

A
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<latexit sha1_base64="4PbBImiL3tNqw6Csa4KbV7ge7S0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5nfudR1SaJ/LBTFMMYjqSPOKMGiv5Pdf1gkG15tbdBchf4hWkBgVag+pnf5iwLEZpmKBa9zw3NUFOleFM4KzSzzSmlE3oCHuWShqjDvLFsTNyZpUhiRJlSxqyUH9O5DTWehqHtjOmZqxXvbn4n9fLTHQd5FymmUHJlouiTBCTkPnnZMgVMiOmllCmuL2VsDFVlBmbT8WG4K2+/Je0L+peo964v6w1b4o4ynACp3AOHlxBE+6gBT4w4PAEL/DqSOfZeXPel60lp5g5hl9wPr4BvNaOAA==</latexit>

[001]Basal plane

Net surface magnetization in magnetoelectric (ME) antiferromagnets

<latexit sha1_base64="MvsNSzx5mYitIXTg4Q31JV1Ngq4=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16CRbBU0lEqhehoIIXoYL9gDaEzXbTbrvZhN2NWEL+ihcPinj1j3jz37htc9DWBwOP92aYmefHjEpl299GYWV1bX2juFna2t7Z3TP3yy0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp++Orqd9+JELSiD+oSUzcEA04DShGSkueWb7z6GUPsXiIvJSOshtv5JkVu2rPYC0TJycVyNHwzK9eP8JJSLjCDEnZdexYuSkSimJGslIvkSRGeIwGpKspRyGRbjq7PbOOtdK3gkjo4sqaqb8nUhRKOQl93RkiNZSL3lT8z+smKrhwU8rjRBGO54uChFkqsqZBWH0qCFZsognCgupbLTxEAmGl4yrpEJzFl5dJ67Tq1Kq1+7NK/TqPowiHcAQn4MA51OEWGtAEDE/wDK/wZmTGi/FufMxbC0Y+cwB/YHz+ANhElFg=</latexit>

Mi = ωijEj

<latexit sha1_base64="EzQCnodm3gwA0j1CQKAL+gmDeSg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md7nffeLaiFg94izhfkTHSoSCUbRSdzChmIn5sFpz6+4CZJ14BalBgdaw+jUYxSyNuEImqTF9z03Qz6hGwSSfVwap4QllUzrmfUsVjbjxs8W5c3JhlREJY21LIVmovycyGhkziwLbGVGcmFUvF//z+imGt34mVJIiV2y5KEwlwZjkv5OR0JyhnFlCmRb2VsImVFOGNqGKDcFbfXmddK7qXqPeeLiuNZtFHGU4g3O4BA9uoAn30II2MJjCM7zCm5M4L86787FsLTnFzCn8gfP5A5xpj8M=</latexit>

î

<latexit sha1_base64="aaXCXd9m7UEVoPZ0XzafGzKD9ic=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw4rGC/YA2lM12067dbOLupFBCf4cXD4p49cd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecJJwP6IDJULBKFrJ7yZcJ6Q7pJg9Tnulsltx5yCrxMtJGXLUe6Wvbj9macQVMkmN6Xhugn5GNQom+bTYTQ1PKBvRAe9YqmjEjZ/Nj56Sc6v0SRhrWwrJXP09kdHImEkU2M6I4tAsezPxP6+TYnjjZ0IlKXLFFovCVBKMySwB0heaM5QTSyjTwt5K2JBqytDmVLQheMsvr5LmZcWrVqr3V+VaLY+jAKdwBhfgwTXU4A7q0AAGT/AMr/DmjJ0X5935WLSuOfnMCfyB8/kD5qiSMw==</latexit>

→ ĵ

<latexit sha1_base64="7YgneLxE1f/KJfHKner6ACqESHg=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix48VjBfkAayma7addudsPuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluRAwTXLIWchSsm2pGkkiwTjS+nfmdJ6YNV/IBJykLEzKUPOaUoJWCHhHpiPRz/jjtV6pezZvDXSV+QapQoNmvfPUGimYJk0gFMSbwvRTDnGjkVLBpuZcZlhI6JkMWWCpJwkyYz0+euudWGbix0rYkunP190ROEmMmSWQ7E4Ijs+zNxP+8IMP4Jsy5TDNkki4WxZlwUbmz/90B14yimFhCqOb2VpeOiCYUbUplG4K//PIqaV/W/Hqtfn9VbTSKOEpwCmdwAT5cQwPuoAktoKDgGV7hzUHnxXl3Phata04xcwJ/4Hz+AJ8qkX0=</latexit>ωij

<latexit sha1_base64="/U/gvuyJEDLbxG200RfhzeWwVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2ildm9EMXua9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGzzo/U</latexit>

x̂
<latexit sha1_base64="gVQNoDK8MFPSGU0t24Jt5aSrsAE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J0II/RFePCji1d/jzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbT27nffeTaiFg9YJZwP6JjJULBKFqpO5hQzLPZsFpz6+4C5C/xClKDAq1h9XMwilkacYVMUmP6npugn1ONgkk+qwxSwxPKpnTM+5YqGnHj54tzZ+TMKiMSxtqWQrJQf07kNDImiwLbGVGcmFVvLv7n9VMMr/1cqCRFrthyUZhKgjGZ/05GQnOGMrOEMi3srYRNqKYMbUIVG4K3+vJf0rmoe4164/6y1rwp4ijDCZzCOXhwBU24gxa0gcEUnuAFXp3EeXbenPdla8kpZo7hF5yPb7VTj9U=</latexit>

ŷ
<latexit sha1_base64="6V9KxO2Ks7wKBiUzPKd+yG1/4QY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J0IN/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2ildm9EMXua9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AG22I/W</latexit>

ẑ

<latexit sha1_base64="6V9KxO2Ks7wKBiUzPKd+yG1/4QY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J0IN/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2ildm9EMXua9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AG22I/W</latexit>

ẑ

<latexit sha1_base64="gVQNoDK8MFPSGU0t24Jt5aSrsAE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J0II/RFePCji1d/jzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbT27nffeTaiFg9YJZwP6JjJULBKFqpO5hQzLPZsFpz6+4C5C/xClKDAq1h9XMwilkacYVMUmP6npugn1ONgkk+qwxSwxPKpnTM+5YqGnHj54tzZ+TMKiMSxtqWQrJQf07kNDImiwLbGVGcmFVvLv7n9VMMr/1cqCRFrthyUZhKgjGZ/05GQnOGMrOEMi3srYRNqKYMbUIVG4K3+vJf0rmoe4164/6y1rwp4ijDCZzCOXhwBU24gxa0gcEUnuAFXp3EeXbenPdla8kpZo7hF5yPb7VTj9U=</latexit>

ŷ

<latexit sha1_base64="/U/gvuyJEDLbxG200RfhzeWwVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2ildm9EMXua9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGzzo/U</latexit>

x̂

<latexit sha1_base64="zE+IERFPbnj8yVBDpntWarT3kY4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8xV2R6DHoxWME84DNEmYns8mQ2YczvYG45Du8eFDEqx/jzb9xkuxBEwsaiqpuurv8RAqNtv1trayurW9sFraK2zu7e/ulg8OmjlPFeIPFMlZtn2ouRcQbKFDydqI4DX3JW/7wduq3RlxpEUcPOE64F9J+JALBKBrJc23b8c47A4rZ06RbKtsVewayTJyclCFHvVv66vRiloY8Qiap1q5jJ+hlVKFgkk+KnVTzhLIh7XPX0IiGXHvZ7OgJOTVKjwSxMhUhmam/JzIaaj0OfdMZUhzoRW8q/ue5KQbXXiaiJEUesfmiIJUEYzJNgPSE4gzl2BDKlDC3EjagijI0ORVNCM7iy8ukeVFxqpXq/WW5dpPHUYBjOIEzcOAKanAHdWgAg0d4hld4s0bWi/VufcxbV6x85gj+wPr8AdzBkYo=</latexit>

[001]/ẑ

<latexit sha1_base64="/U/gvuyJEDLbxG200RfhzeWwVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2ildm9EMXua9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGzzo/U</latexit>

x̂

<latexit sha1_base64="gVQNoDK8MFPSGU0t24Jt5aSrsAE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J0II/RFePCji1d/jzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbT27nffeTaiFg9YJZwP6JjJULBKFqpO5hQzLPZsFpz6+4C5C/xClKDAq1h9XMwilkacYVMUmP6npugn1ONgkk+qwxSwxPKpnTM+5YqGnHj54tzZ+TMKiMSxtqWQrJQf07kNDImiwLbGVGcmFVvLv7n9VMMr/1cqCRFrthyUZhKgjGZ/05GQnOGMrOEMi3srYRNqKYMbUIVG4K3+vJf0rmoe4164/6y1rwp4ijDCZzCOXhwBU24gxa0gcEUnuAFXp3EeXbenPdla8kpZo7hF5yPb7VTj9U=</latexit>

ŷ

<latexit sha1_base64="bHtyktjn+YHmmS+O6qcgrMSE57w=">AAACCXicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac0pWy2m3bpZhN2J2IJuXrxr3jxoIhX/4E3/42bNAdtfTDweG+GmXleJLgG2/62Siura+sb5c3K1vbO7l51/6Cjw1hR1qahCFXPI5oJLlkbOAjWixQjgSdY15teZ373ninNQ3kHs4gNAjKW3OeUgJGGVewGBCaen7gTAolMUzciigjBRC48pMNqza7bOfAycQpSQwVaw+qXOwppHDAJVBCt+44dwSAhCjgVLK24sWYRoVMyZn1DJQmYHiT5Jyk+McoI+6EyJQHn6u+JhARazwLPdGZ360UvE//z+jH4l4OEyygGJul8kR8LDCHOYsEjrhgFMTOEUMXNrZhOTBIUTHgVE4Kz+PIy6ZzVnUa9cXtea14VcZTRETpGp8hBF6iJblALtRFFj+gZvaI368l6sd6tj3lrySpmDtEfWJ8/YJWbbQ==</latexit>

n̂ → x̂

<latexit sha1_base64="5n7FUVtSsUC+jYtk6Cx337cGl9g=">AAACCXicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy2k3bpZhN2N0INuXrxr3jxoIhX/4E3/42bNgdtfTDweG+GmXl+zJnStv1tlVZW19Y3ypuVre2d3b3q/kFHRYmk0KYRj2TPJwo4E9DWTHPoxRJI6HPo+pPr3O/eg1QsEnd6GoMXkpFgAaNEG2lQxW5I9NgPUndMdCqyzI2JJJwDnwkP2aBas+v2DHiZOAWpoQKtQfXLHUY0CUFoyolSfceOtZcSqRnlkFXcREFM6ISMoG+oICEoL519kuETowxxEElTQuOZ+nsiJaFS09A3nfndatHLxf+8fqKDSy9lIk40CDpfFCQc6wjnseAhk0A1nxpCqGTmVkzHJgmqTXgVE4Kz+PIy6ZzVnUa9cXtea14VcZTRETpGp8hBF6iJblALtRFFj+gZvaI368l6sd6tj3lrySpmDtEfWJ8/Y5+bbw==</latexit>

n̂ → ẑ

<latexit sha1_base64="WZCtH/sB9RAcjdO/tZWeKgafKys="></latexit>

msurf → x̂

<latexit sha1_base64="Zbc60GVW8JZprVndvcidDTqQTyM="></latexit>

msurf → ẑlinear ME response tensor

<latexit sha1_base64="J/vIBS4XGk+sO1a+VDRe2uXxcAE=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiQi1Y1Q0IIboYJ9QBvCZHrTTjN5MDMRSij4K25cKOLW73Dn3zhts9DWAxcO59zLvfd4CWdSWda3sbS8srq2Xtgobm5t7+yae/tNGaeCQoPGPBZtj0jgLIKGYopDOxFAQo9DywuuJ37rEYRkcfSgRgk4IelHzGeUKC255uGdy666HijiZmwYjGvusOYGrlmyytYUeJHYOSmhHHXX/Or2YpqGECnKiZQd20qUkxGhGOUwLnZTCQmhAelDR9OIhCCdbHr+GJ9opYf9WOiKFJ6qvycyEko5Cj3dGRI1kPPeRPzP66TKv3QyFiWpgojOFvkpxyrGkyxwjwmgio80IVQwfSumAyIIVTqxog7Bnn95kTTPynalXLk/L1Vv8jgK6Agdo1NkowtURbeojhqIogw9o1f0ZjwZL8a78TFrXTLymQP0B8bnD/nAlYY=</latexit>

Mi = ωijkEjEk

<latexit sha1_base64="B7LnuIKLFahbO3AdXzFnDl/yiEI=">AAACA3icbVDLSgMxFM3UV62vUXe6GSyCqzIjUt0IBS24ESrYB7RDyKSZNp0kMyQZoQwFN/6KGxeKuPUn3Pk3po+Fth64cDjnXu69J0gYVdp1v63c0vLK6lp+vbCxubW9Y+/uNVScSkzqOGaxbAVIEUYFqWuqGWklkiAeMNIMoqux33wgUtFY3OthQnyOeoKGFCNtJGgf3EJ62ekhzhHM6CBioyocVGFUhQzaRbfkTuAsEm9GimCGGrS/Ot0Yp5wIjRlSqu25ifYzJDXFjIwKnVSRBOEI9UjbUIE4UX42+WHkHBul64SxNCW0M1F/T2SIKzXkgenkSPfVvDcW//PaqQ4v/IyKJNVE4OmiMGWOjp1xIE6XSoI1GxqCsKTmVgf3kURYm9gKJgRv/uVF0jgteeVS+e6sWLmexZEHh+AInAAPnIMKuAE1UAcYPIJn8ArerCfrxXq3PqatOWs2sw/+wPr8Abwql5s=</latexit>

Mi = ωijklEjEkEl

<latexit sha1_base64="waGBTDmlajCGo95Pcng23vkLa4s=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bbzSbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB1M7uZ++4lrI2L1iNOE+xEdKhEKRtFK3V7AkfYzMR7P+uWKW3UXIOvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5rNRLDU8om9Ah71qqaMSNny1OnpELqwxIGGtbCslC/T2R0ciYaRTYzojiyKx6c/E/r5tieOtnQiUpcsWWi8JUEozJ/H8yEJozlFNLKNPC3krYiGrK0KZUsiF4qy+vk9ZV1atVaw/XlXo9j6MIZ3AOl+DBDdThHhrQBAYxPMMrvDnovDjvzseyteDkM6fwB87nD58fkX0=</latexit>

ωijj

<latexit sha1_base64="EzQCnodm3gwA0j1CQKAL+gmDeSg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md7nffeLaiFg94izhfkTHSoSCUbRSdzChmIn5sFpz6+4CZJ14BalBgdaw+jUYxSyNuEImqTF9z03Qz6hGwSSfVwap4QllUzrmfUsVjbjxs8W5c3JhlREJY21LIVmovycyGhkziwLbGVGcmFUvF//z+imGt34mVJIiV2y5KEwlwZjkv5OR0JyhnFlCmRb2VsImVFOGNqGKDcFbfXmddK7qXqPeeLiuNZtFHGU4g3O4BA9uoAn30II2MJjCM7zCm5M4L86787FsLTnFzCn8gfP5A5xpj8M=</latexit>

î

<latexit sha1_base64="aaXCXd9m7UEVoPZ0XzafGzKD9ic=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw4rGC/YA2lM12067dbOLupFBCf4cXD4p49cd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecJJwP6IDJULBKFrJ7yZcJ6Q7pJg9Tnulsltx5yCrxMtJGXLUe6Wvbj9macQVMkmN6Xhugn5GNQom+bTYTQ1PKBvRAe9YqmjEjZ/Nj56Sc6v0SRhrWwrJXP09kdHImEkU2M6I4tAsezPxP6+TYnjjZ0IlKXLFFovCVBKMySwB0heaM5QTSyjTwt5K2JBqytDmVLQheMsvr5LmZcWrVqr3V+VaLY+jAKdwBhfgwTXU4A7q0AAGT/AMr/DmjJ0X5935WLSuOfnMCfyB8/kD5qiSMw==</latexit>

→ ĵ

quadratic response tensor

cubic response tensor



Surface magnetization arises even for planes that are magnetically 
compensated in the bulk!

<latexit sha1_base64="zE+IERFPbnj8yVBDpntWarT3kY4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8xV2R6DHoxWME84DNEmYns8mQ2YczvYG45Du8eFDEqx/jzb9xkuxBEwsaiqpuurv8RAqNtv1trayurW9sFraK2zu7e/ulg8OmjlPFeIPFMlZtn2ouRcQbKFDydqI4DX3JW/7wduq3RlxpEUcPOE64F9J+JALBKBrJc23b8c47A4rZ06RbKtsVewayTJyclCFHvVv66vRiloY8Qiap1q5jJ+hlVKFgkk+KnVTzhLIh7XPX0IiGXHvZ7OgJOTVKjwSxMhUhmam/JzIaaj0OfdMZUhzoRW8q/ue5KQbXXiaiJEUesfmiIJUEYzJNgPSE4gzl2BDKlDC3EjagijI0ORVNCM7iy8ukeVFxqpXq/WW5dpPHUYBjOIEzcOAKanAHdWgAg0d4hld4s0bWi/VufcxbV6x85gj+wPr8AdzBkYo=</latexit>

[001]/ẑ

<latexit sha1_base64="/U/gvuyJEDLbxG200RfhzeWwVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2ildm9EMXua9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGzzo/U</latexit>

x̂

<latexit sha1_base64="gVQNoDK8MFPSGU0t24Jt5aSrsAE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J0II/RFePCji1d/jzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbT27nffeTaiFg9YJZwP6JjJULBKFqpO5hQzLPZsFpz6+4C5C/xClKDAq1h9XMwilkacYVMUmP6npugn1ONgkk+qwxSwxPKpnTM+5YqGnHj54tzZ+TMKiMSxtqWQrJQf07kNDImiwLbGVGcmFVvLv7n9VMMr/1cqCRFrthyUZhKgjGZ/05GQnOGMrOEMi3srYRNqKYMbUIVG4K3+vJf0rmoe4164/6y1rwp4ijDCZzCOXhwBU24gxa0gcEUnuAFXp3EeXbenPdla8kpZo7hF5yPb7VTj9U=</latexit>

ŷ

<latexit sha1_base64="5n7FUVtSsUC+jYtk6Cx337cGl9g=">AAACCXicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy2k3bpZhN2N0INuXrxr3jxoIhX/4E3/42bNgdtfTDweG+GmXl+zJnStv1tlVZW19Y3ypuVre2d3b3q/kFHRYmk0KYRj2TPJwo4E9DWTHPoxRJI6HPo+pPr3O/eg1QsEnd6GoMXkpFgAaNEG2lQxW5I9NgPUndMdCqyzI2JJJwDnwkP2aBas+v2DHiZOAWpoQKtQfXLHUY0CUFoyolSfceOtZcSqRnlkFXcREFM6ISMoG+oICEoL519kuETowxxEElTQuOZ+nsiJaFS09A3nfndatHLxf+8fqKDSy9lIk40CDpfFCQc6wjnseAhk0A1nxpCqGTmVkzHJgmqTXgVE4Kz+PIy6ZzVnUa9cXtea14VcZTRETpGp8hBF6iJblALtRFFj+gZvaI368l6sd6tj3lrySpmDtEfWJ8/Y5+bbw==</latexit>

n̂ → ẑ
<latexit sha1_base64="Zbc60GVW8JZprVndvcidDTqQTyM="></latexit>

msurf → ẑ

vacuum

bulk

• Surface magnetization is unsurprising when 2D planes are already ferromagnetic in bulk                                       
(“uncompensated” surface magnetization)

<latexit sha1_base64="3JffCuiUVUVuAO7lwWwbOoYhu3U="></latexit>

↵Cr2O3 =

0

@
↵? 0 0
0 ↵? 0
0 0 ↵k

1

A [001] surface
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Surface magnetization arises even for planes that are magnetically 
compensated in the bulk!

<latexit sha1_base64="zE+IERFPbnj8yVBDpntWarT3kY4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8xV2R6DHoxWME84DNEmYns8mQ2YczvYG45Du8eFDEqx/jzb9xkuxBEwsaiqpuurv8RAqNtv1trayurW9sFraK2zu7e/ulg8OmjlPFeIPFMlZtn2ouRcQbKFDydqI4DX3JW/7wduq3RlxpEUcPOE64F9J+JALBKBrJc23b8c47A4rZ06RbKtsVewayTJyclCFHvVv66vRiloY8Qiap1q5jJ+hlVKFgkk+KnVTzhLIh7XPX0IiGXHvZ7OgJOTVKjwSxMhUhmam/JzIaaj0OfdMZUhzoRW8q/ue5KQbXXiaiJEUesfmiIJUEYzJNgPSE4gzl2BDKlDC3EjagijI0ORVNCM7iy8ukeVFxqpXq/WW5dpPHUYBjOIEzcOAKanAHdWgAg0d4hld4s0bWi/VufcxbV6x85gj+wPr8AdzBkYo=</latexit>

[001]/ẑ

<latexit sha1_base64="/U/gvuyJEDLbxG200RfhzeWwVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2ildm9EMXua9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGzzo/U</latexit>

x̂

<latexit sha1_base64="gVQNoDK8MFPSGU0t24Jt5aSrsAE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN2J0II/RFePCji1d/jzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbT27nffeTaiFg9YJZwP6JjJULBKFqpO5hQzLPZsFpz6+4C5C/xClKDAq1h9XMwilkacYVMUmP6npugn1ONgkk+qwxSwxPKpnTM+5YqGnHj54tzZ+TMKiMSxtqWQrJQf07kNDImiwLbGVGcmFVvLv7n9VMMr/1cqCRFrthyUZhKgjGZ/05GQnOGMrOEMi3srYRNqKYMbUIVG4K3+vJf0rmoe4164/6y1rwp4ijDCZzCOXhwBU24gxa0gcEUnuAFXp3EeXbenPdla8kpZo7hF5yPb7VTj9U=</latexit>

ŷ

• More surprising for surface planes that are antiferromagnetic in bulk! (“induced surface magnetization”)


• Modification of magnetic moments from bulk order due to symmetry lowering at surface

<latexit sha1_base64="3JffCuiUVUVuAO7lwWwbOoYhu3U="></latexit>

↵Cr2O3 =

0

@
↵? 0 0
0 ↵? 0
0 0 ↵k

1

A

13

<latexit sha1_base64="bHtyktjn+YHmmS+O6qcgrMSE57w=">AAACCXicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac0pWy2m3bpZhN2J2IJuXrxr3jxoIhX/4E3/42bNAdtfTDweG+GmXleJLgG2/62Siura+sb5c3K1vbO7l51/6Cjw1hR1qahCFXPI5oJLlkbOAjWixQjgSdY15teZ373ninNQ3kHs4gNAjKW3OeUgJGGVewGBCaen7gTAolMUzciigjBRC48pMNqza7bOfAycQpSQwVaw+qXOwppHDAJVBCt+44dwSAhCjgVLK24sWYRoVMyZn1DJQmYHiT5Jyk+McoI+6EyJQHn6u+JhARazwLPdGZ360UvE//z+jH4l4OEyygGJul8kR8LDCHOYsEjrhgFMTOEUMXNrZhOTBIUTHgVE4Kz+PIy6ZzVnUa9cXtea14VcZTRETpGp8hBF6iJblALtRFFj+gZvaI368l6sd6tj3lrySpmDtEfWJ8/YJWbbQ==</latexit>

n̂ → x̂
<latexit sha1_base64="WZCtH/sB9RAcjdO/tZWeKgafKys="></latexit>

msurf → x̂

<latexit sha1_base64="Pu6WfuaRl507DE4mfTpi3D0FghY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosevFYwX5AEspmu2mXbjZhdyLUUPCvePGgiFd/hzf/jds2B219MPB4b4aZeWEquAbH+bZKK6tr6xvlzcrW9s7unr1/0NZJpihr0UQkqhsSzQSXrAUcBOumipE4FKwTjm6mfueBKc0TeQ/jlAUxGUgecUrASD37yHNcJ/BToogQTPhDAvnjpGdXnZozA14mbkGqqECzZ3/5/YRmMZNABdHac50Ugpwo4FSwScXPNEsJHZEB8wyVJGY6yGfnT/CpUfo4SpQpCXim/p7ISaz1OA5NZ0xgqBe9qfif52UQXQU5l2kGTNL5oigTGBI8zQL3uWIUxNgQQhU3t2I6NElQMIlVTAju4svLpH1ec+u1+t1FtXFdxFFGx+gEnSEXXaIGukVN1EIU5egZvaI368l6sd6tj3lrySpmDtEfWJ8/862VhQ==</latexit>

[010] → ẑ

<latexit sha1_base64="YSl1rCtmSAPlw+lRPy7KxvBgBtM=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYn4WhbduHBRwT6gCWUynbRDJw9mboQa8g1u/BU3LhRx68qdf+OkDaitBwbOnHMv997jxYIrsKwvY25+YXFpubRSXl1b39g0t7abKkokZQ0aiUi2PaKY4CFrAAfB2rFkJPAEa3nDy9xv3TGpeBTewihmbkD6Ifc5JaClrnnYsSzbdWIiiRBMOAMC6X328w8IDDw/vc5w16xYVWsMPEvsglRQgXrX/HR6EU0CFgIVRKmObcXgpkQCp4JlZSdRLCZ0SPqso2lIAqbcdHxShve10sN+JPULAY/V3x0pCZQaBZ6uzFdU014u/ud1EvDP3ZSHcQIspJNBfiIwRDjPB/e4ZBTESBNCJde7YjrQaVDQKZZ1CPb0ybOkeVS1T6snN8eV2kURRwntoj10gGx0hmroCtVRA1H0gJ7QC3o1Ho1n4814n5TOGUXPDvoD4+MbsaOeJw==</latexit>

[001] k ẑ k L

<latexit sha1_base64="APctTBKYIrfJ+LCg9H1OOdyOQbQ=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFZIi1WXRjcsK9gFJKJPppB06mYSZiVhC/sKNv+LGhSJudeffOGkDauuBC4dz7uXee4KEUals+8uorKyurW9UN2tb2zu7e+b+QVfGqcCkg2MWi36AJGGUk46iipF+IgiKAkZ6weSq8Ht3REga81s1TYgfoRGnIcVIaWlgWm7DsX0vQQIxRpgXITUOwswbI5XxPP8xCuE+H5h127JngMvEKUkdlGgPzE9vGOM0IlxhhqR0HTtRfoaEopiRvOalkiQIT9CIuJpyFBHpZ7O/cniilSEMY6GLKzhTf09kKJJyGgW6s7hbLnqF+J/npiq88DPKk1QRjueLwpRBFcMiJDikgmDFppogLKi+FeKxTgIrHWVNh+AsvrxMug3LaVrNm7N667KMowqOwDE4BQ44By1wDdqgAzB4AE/gBbwaj8az8Wa8z1srRjlzCP7A+PgGqGug7Q==</latexit>

[210] → n̂ → x̂

<latexit sha1_base64="xf1NULq8dZPIaybe9vVS5yagD3w=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRKR6rLoxmUF+4AklMl00g6dTMLMRAghf+HGX3HjQhG3uvNvnLQBtfXAhcM593LvPUHCqFS2/WXUVlbX1jfqm42t7Z3dPXP/oCfjVGDSxTGLxSBAkjDKSVdRxcggEQRFASP9YHpd+v17IiSN+Z3KEuJHaMxpSDFSWhqalms7tu8lSCDGCPMipCZBmHsTpHJeFD9GKWTF0Gzalj0DXCZORZqgQmdofnqjGKcR4QozJKXr2InycyQUxYwUDS+VJEF4isbE1ZSjiEg/n/1VwBOtjGAYC11cwZn6eyJHkZRZFOjO8m656JXif56bqvDSzylPUkU4ni8KUwZVDMuQ4IgKghXLNEFYUH0rxBOdBFY6yoYOwVl8eZn0ziynZbVuz5vtqyqOOjgCx+AUOOACtMEN6IAuwOABPIEX8Go8Gs/Gm/E+b60Z1cwh+APj4xumkKDs</latexit>

[010] → n̂ → ŷ
[010] surface

[210] surface



• Energetic preference for finite surface magnetization


• Sign of surface M switches for opposite bulk domains! (can be used for domain readout in spintronics) 14

<latexit sha1_base64="YSl1rCtmSAPlw+lRPy7KxvBgBtM=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYn4WhbduHBRwT6gCWUynbRDJw9mboQa8g1u/BU3LhRx68qdf+OkDaitBwbOnHMv997jxYIrsKwvY25+YXFpubRSXl1b39g0t7abKkokZQ0aiUi2PaKY4CFrAAfB2rFkJPAEa3nDy9xv3TGpeBTewihmbkD6Ifc5JaClrnnYsSzbdWIiiRBMOAMC6X328w8IDDw/vc5w16xYVWsMPEvsglRQgXrX/HR6EU0CFgIVRKmObcXgpkQCp4JlZSdRLCZ0SPqso2lIAqbcdHxShve10sN+JPULAY/V3x0pCZQaBZ6uzFdU014u/ud1EvDP3ZSHcQIspJNBfiIwRDjPB/e4ZBTESBNCJde7YjrQaVDQKZZ1CPb0ybOkeVS1T6snN8eV2kURRwntoj10gGx0hmroCtVRA1H0gJ7QC3o1Ho1n4814n5TOGUXPDvoD4+MbsaOeJw==</latexit>

[001] k ẑ k L

<latexit sha1_base64="A6hiVRu9oRL4CoOBKRO6IEv1gQ8=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRbBU0lEqseiF48V7AckoWy2m3bpZhN2J0IJuXnxr3jxoIhX/4I3/42bNgdtfTDweG+GmXlBwpkC2/42Kiura+sb1c3a1vbO7p65f9BVcSoJ7ZCYx7IfYEU5E7QDDDjtJ5LiKOC0F0xuCr/3QKVisbiHaUL9CI8ECxnBoKWBeezaju17CZaYc8q9CMM4CDNvjCETeT4w63bDnsFaJk5J6qhEe2B+ecOYpBEVQDhWynXsBPwMS2CE07zmpYommEzwiLqaChxR5WezP3LrVCtDK4ylLgHWTP09keFIqWkU6M7iTrXoFeJ/nptCeOVnTCQpUEHmi8KUWxBbRSjWkElKgE81wUQyfatFxjoSAjq6mg7BWXx5mXTPG06z0by7qLeuyziq6AidoDPkoEvUQreojTqIoEf0jF7Rm/FkvBjvxse8tWKUM4foD4zPHz2+mZk=</latexit>

[010] k n̂

SFW*, A. Urru* et al., Phys. Rev. X 14, 021033 (2024)

(Featured in Physics)

Induced surface magnetization in Cr2O3 confirmed by density functional 
theory (DFT) and magnetotransport



15

<latexit sha1_base64="UUy06YPcWqOwOmzsg9oWJRTLTAA=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQhJjW3cFN+Kqgn1AE8pketMOnTyYmQgl9DfcuFDErT/jzr9x0lZQ0QMDh3Pu5Z45QcqZVJb1Yaysrq1vbJa2yts7u3v7lYPDjkwyQaFNE56IXkAkcBZDWzHFoZcKIFHAoRtMrgq/ew9CsiS+U9MU/IiMYhYySpSWPC8iahyE+c1sAINK1TIvGzXHrWHLtKy67dgFceruuYttrRSooiVag8q7N0xoFkGsKCdS9m0rVX5OhGKUw6zsZRJSQidkBH1NYxKB9PN55hk+1coQh4nQL1Z4rn7fyEkk5TQK9GSRUf72CvEvr5+psOHnLE4zBTFdHAozjlWCiwLwkAmgik81IVQwnRXTMRGEKl1TWZfw9VP8P+k4pl0zL27dahMv6yihY3SCzpCN6qiJrlELtRFFKXpAT+jZyIxH48V4XYyuGMudI/QDxtsnjAOR8A==</latexit>

Je
<latexit sha1_base64="55zXab/xSd6LfUKou7wN9MB9dOE=">AAAB83icdVDLSgMxFL1TX7W+qi7dBIvgashIW9tdwY24qmAf0BlKJs20oZkHSUYoQ3/DjQtF3Poz7vwbM20FFT0QOJxzL/fk+IngSmP8YRXW1jc2t4rbpZ3dvf2D8uFRV8WppKxDYxHLvk8UEzxiHc21YP1EMhL6gvX86VXu9+6ZVDyO7vQsYV5IxhEPOCXaSK4bEj3xg+xmPlTDcgXbNew063WEbYydasMxpNlsGBE5RslRgRXaw/K7O4ppGrJIU0GUGjg40V5GpOZUsHnJTRVLCJ2SMRsYGpGQKS9bZJ6jM6OMUBBL8yKNFur3jYyESs1C30zmGdVvLxf/8gapDhpexqMk1Syiy0NBKpCOUV4AGnHJqBYzQwiV3GRFdEIkodrUVDIlfP0U/U+6F7ZTt2u31UoLreoowgmcwjk4cAktuIY2dIBCAg/wBM9Waj1aL9brcrRgrXaO4Qest0+qqZIF</latexit>

Js

<latexit sha1_base64="ukUwJWb7loCukajDDiagJxa7m8c=">AAACA3icdZDLSsNAFIYn9VbrLepON4NFcFUSW6vdFdwUVxXsBdoQJtNJO3QmCTMToYSAG1/FjQtF3PoS7nwbJ2kFFf1h4OM/5zDn/F7EqFSW9WEUlpZXVteK66WNza3tHXN3ryvDWGDSwSELRd9DkjAakI6iipF+JAjiHiM9b3qZ1Xu3REgaBjdqFhGHo3FAfYqR0pZrHgw5UhPPT65SN8lZ8KSFGEtT1yxblUamOpxDtaHBqtlWtQrtipWrDBZqu+b7cBTimJNAYYakHNhWpJwECUUxI2lpGEsSITxFYzLQGCBOpJPkN6TwWDsj6IdCv0DB3P0+kSAu5Yx7ujPbUv6uZeZftUGs/AsnoUEUKxLg+Ud+zKAKYRYIHFFBsGIzDQgLqneFeIIEwkrHVtIhfF0K/4fuacWuV86ua+UmXMRRBIfgCJwAG5yDJmiBNugADO7AA3gCz8a98Wi8GK/z1oKxmNkHP2S8fQK335jK</latexit>

JHall

<latexit sha1_base64="6Q6LCmt0rB7cWXAz36ZYidQ2uBo=">AAACA3icbZDLSsNAFIZPvNZ6i7rTzWARXJVEvC2LblxWsBdoY5lMJ+3QmSTMTIQSAm58FTcuFHHrS7jzbZymWWjrDwMf/zmHOef3Y86Udpxva2FxaXlltbRWXt/Y3Nq2d3abKkokoQ0S8Ui2fawoZyFtaKY5bceSYuFz2vJH15N664FKxaLwTo9j6gk8CFnACNbG6tn7XYH10A9Skd2nOUuRqkQGWdazK07VyYXmwS2gAoXqPfur249IImioCcdKdVwn1l6KpWaE06zcTRSNMRnhAe0YDLGgykvzGzJ0ZJw+CiJpXqhR7v6eSLFQaix80znZUs3WJuZ/tU6ig0svZWGcaBqS6UdBwpGO0CQQ1GeSEs3HBjCRzOyKyBBLTLSJrWxCcGdPnofmSdU9r57dnlZqV0UcJTiAQzgGFy6gBjdQhwYQeIRneIU368l6sd6tj2nrglXM7MEfWZ8/t+iY3w==</latexit>

msurf

<latexit sha1_base64="wW/FYuM+uQPEIsfDWGUcEmwyeqw=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVm71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHtfGM5A==</latexit>

V

Cr2O3

Pt

• Out-of-plane surface magnetization also detected in magnetotransport measurements of collaborators

Spin-Hall 
magnetoresistance

<latexit sha1_base64="0QmKojmGcc1/PbTHVZ/b5li6kyE=">AAACLXicbVDNSsNAGNzUv1r/oh69BIvgqSQi1WNRD8VTBVsLbQyb7aZdupssuxuhhLyQF19FBA8V8epruEmjaOvAwjAzH/t943NKpLLtqVFaWl5ZXSuvVzY2t7Z3zN29joxigXAbRTQSXR9KTEmI24ooirtcYMh8iu/88WXm3z1gIUkU3qoJxy6Dw5AEBEGlJc+86jOoRn6QXKdeknPBkiakNE37XERcRdZ3gqX3PwkZiyDNJjgWPPXMql2zc1iLxClIFRRoeeZLfxChmOFQIQql7Dk2V24ChSKI4rTSjyXmEI3hEPc0DSHD0k3ya1PrSCsDK4iEfqGycvX3RAKZlBPm62S2rZz3MvE/rxer4NxNSMhjhUM0+yiIqaU7yKqzBkRgpOhEE4gE0btaaAQFREoXXNElOPMnL5LOSc2p1+o3p9XGRVFHGRyAQ3AMHHAGGqAJWqANEHgEz2AK3own49V4Nz5m0ZJRzOyDPzA+vwA68KvT</latexit>

JHall / msurf

?

Magnetotransport

DFT

O. V. Pylypovskyi*, SFW* et al., 
Phys. Rev. Lett. 132, 226702 (2024)

(Editor’s suggestion)


SFW*, A. Urru* et al., Phys. Rev. X 14, 
021033 (2024) (Featured in Physics)

Induced surface magnetization in Cr2O3 confirmed by DFT and 
magnetotransport

Denys Makarov

(Helmholtz-Zentrum, Dresden)



Beyond bulk magnetoelectrics

• Even if bulk crystal symmetry disallows net ME response, local, atomic-site ME responses still occur


• If local ME responses have same sign on all atoms: net ME response. 


• If local tensors are antiferroically ordered: an antiferroic ME response!!

<latexit sha1_base64="DcA5eoa2qXg6+Fkw3l3ZLLqLVyQ=">AAACDnicbVDLSsNAFJ34rPVVdelmsBRclUSkuhGKIrisYB/QxHAzmbbTziRhZiKU0C9w46+4caGIW9fu/Bunj4W2HrhwOOde7r0nSDhT2ra/raXlldW19dxGfnNre2e3sLffUHEqCa2TmMeyFYCinEW0rpnmtJVICiLgtBkMrsZ+84FKxeLoTg8T6gnoRqzDCGgj+YWSG1KuAQufXbgqFX7fBZ70wM9Yf3Sf8ZiMrv2+XyjaZXsCvEicGSmiGWp+4csNY5IKGmnCQam2Yyfay0BqRjgd5d1U0QTIALq0bWgEgiovm7wzwiWjhLgTS1ORxhP190QGQqmhCEynAN1T895Y/M9rp7pz7mUsSlJNIzJd1Ek51jEeZ4NDJinRfGgIEMnMrZj0QALRJsG8CcGZf3mRNE7KTqVcuT0tVi9nceTQITpCx8hBZ6iKblAN1RFBj+gZvaI368l6sd6tj2nrkjWbOUB/YH3+ABDrnMg=</latexit>

�mi =
X

j

↵loc
ij Ej

<latexit sha1_base64="QGL1Cjr1Yb3YqoJ3ew5Cqj+3TOg=">AAACEXicbVA9SwNBEN2LXzF+RS1tFoNgFe5Eoo0QFMFSwWggF4+9zcRssnt37M4J4chfsPGv2FgoYmtn579x81Fo4oOBx3szzMwLEykMuu63k5ubX1hcyi8XVlbX1jeKm1s3Jk41hxqPZazrITMgRQQ1FCihnmhgKpRwG/bOhv7tA2gj4uga+wk0FbuPRFtwhlYKivt+CyQyqgJx4ptUBV0/BGRBJrq9wV0mYz44D7rnQS8oltyyOwKdJd6ElMgEl0Hxy2/FPFUQIZfMmIbnJtjMmEbBJQwKfmogYbzH7qFhacQUmGY2+mhA96zSou1Y24qQjtTfExlTxvRVaDsVw46Z9obif14jxfZxMxNRkiJEfLyonUqKMR3GQ1tCA0fZt4RxLeytlHeYZhxtiAUbgjf98iy5OSh7lXLl6rBUPZ3EkSc7ZJfsE48ckSq5IJekRjh5JM/klbw5T86L8+58jFtzzmRmm/yB8/kDSfud9g==</latexit>
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Bulk E-field 
response

Local ME 
tensors

net ME

response

anti-ME

response

X. H. Verbeek et al., 
Phys. Rev. Research 5, 
L042018 (2023)



Compensated 
magnetic dipoles

Antiferroic local 
ME responses

Bulk anti-ME 
response

Antiferroic 
surface 

modifications

Ferroic local ME 
responses Bulk ME response Net surface 

magnetization
Compensated 

magnetic dipoles

Bulk “anti-MEs” have analogous symmetry-dictated surface magnetic order

17

SFW et al., Phys. Rev. X 15,  
021094 (2025)


• An AFM surface stays AFM, but surface Néel vector gets modified (rotations and length changes)



DFT-based validation: surface magnetic order of CuMnAs
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Local quadratic 
ME tensors

Local linear 
ME tensors

Based on relative signs of local bulk ME tensors, for the (010) surface we expect:


1. Out-of-plane canting                  which is antiferroic in-plane (surface Néel vector rotation)


2.  Equal and opposite changes in length of dipole moments                  (surface Néel vector length change)


3. In-plane canting                 which is ferroic in-plane, but switches sign between layers                                                        

    (“roughness sensitive” surface ferromagnetism)
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SFW et al., Phys. Rev. X 15,  
021094 (2025)




surface Néel vector length changes

Energetics validate ME-based predications
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out-of plane Néel vector rotation “roughness-sensitive” 
surface ferromagnetism

SFW et al., Phys. Rev. X 15,  021094 (2025)




Additional surface property of higher-order bulk MEs:                                     
surface linear ME effect

20

• E.g. quadratic ME FeF2; (110) surface has equilibrium surface magnetization, and a change in surface magnetization linear 
in an external electric field! (Surface linear ME effect)


• Surface linear ME tensor           is proportional to effective electric field           , 

FeF2

layer 
magnetization electric dipole local linear ME 

tensors
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ijj Esurf
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S. Bhowal, A. Urru, SFW and N. A. Spaldin, 
Phys. Rev. Lett. 134, 146703 (2025)




Outline
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I. An unconventional bulk-boundary correspondence  
(a) Bulk materials subjected to electric fields versus surfaces in equilibrium


(b) Specific case: surface properties of bulk magnetoelectrics (MEs)


II. Bulk ME responses as predictors of surface magnetic properties 
(a) Surface ferromagnetism in antiferromagnets

(b) Surface antiferromagnetism (rotation or magnitude changes of bulk Néel vector)

(c) Surface linear ME effects in bulk higher-order magnetoelectrics


III. Outlook 
(a) Relevance for van der Waals materials



Some general spintronics utilities for surface magnetic properties

• Surface magnetization: domain readout in antiferromagnets, exchange bias…


• Surface Néel vector modifications: possible efficiency increases in spin-orbit torque (?!)


• Surface linear ME effects; enhanced magnitudes of magnetoelectric coupling

22

T. Kosub et al., Nature Comm. 8, 
13985 (2017)



Symmetry guided search for layered (“bulk”) van der Waals materials with 
surface magnetic properties

• Layered vdWs with space groups allowing for bulk ME responses will have discussed surface magnetic properties, analogously to 
covalent magnetic materials 

Strengths of vdW motif:


1. High tunability and control of synthesis can enable tailored design of desired bulk symmetries


2. Ultra-clean, unreconstructed surfaces: enhanced responses


3. Quasi-2D nature; potential to decouple, and separately control, surface and “bulk” properties

Y. Liu et al., Nature Reviews 
Materials 1, 16042 (2016)

B. Niu et al., Nano Lett. Materials 
20, 553-558 (2020)
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Application to monolayer limit

• Monolayer symmetries (“layer” point groups) are not equivalent to surface symmetries                                                                             
(e.g., a surface can never preserve inversion)


• But any surface point group can also be a monolayer point group (converse not true!): 


• Provides strategy for symmetry-based search/design of “surface symmetry” van der Waals monolayers

24

<latexit sha1_base64="PLtrIgmBmHjJ0xbwhOCILWE7Dkg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTia1l047KCfUATymQ6aYdOJmFmUighf+LGhSJu/RN3/o2TNgttPTBwOOde7pkTJJwp7TjfVmVtfWNzq7pd29nd2z+wD486Kk4loW0S81j2AqwoZ4K2NdOc9hJJcRRw2g0m94XfnVKpWCye9CyhfoRHgoWMYG2kgW17EdbjIMy8MdaZyPOBXXcazhxolbglqUOJ1sD+8oYxSSMqNOFYqb7rJNrPsNSMcJrXvFTRBJMJHtG+oQJHVPnZPHmOzowyRGEszRMazdXfGxmOlJpFgZkscqplrxD/8/qpDm/9jIkk1VSQxaEw5UjHqKgBDZmkRPOZIZhIZrIiMsYSE23KqpkS3OUvr5LORcO9blw9Xtabd2UdVTiBUzgHF26gCQ/QgjYQmMIzvMKblVkv1rv1sRitWOXOMfyB9fkDSdaUGg==</latexit>

n̂

<latexit sha1_base64="XYV8LXXK7vri5pm3IxFhv5oJQOo=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlChbGChbFI9CG1oXJcJ7Xq2JHtgKIoMwu/wsIAQqx8ARt/g9tmgJYjXenonHt17z1+zKjSjvNtlZaWV1bXyuuVjc2t7R17d6+tRCIxaWHBhOz6SBFGOWlpqhnpxpKgyGek44+vJn7nnkhFBb/VaUy8CIWcBhQjbaSBfRjeZSqRQd6XNBxpJKV4gEaLBBcMpUTmA7vq1Jwp4CJxC1IFBZoD+6s/FDiJCNeYIaV6rhNrL0NSU8xIXuknisQIj1FIeoZyFBHlZdNXcnhslCEMhDTFNZyqvycyFCmVRr7pjJAeqXlvIv7n9RIdXHgZ5XGiCcezRUHCoBZwkgscUkmwZqkhCEtqboV4hCTC2qRXMSG48y8vkvZpza3X6jdn1cZlEUcZHIAjcAJccA4a4Bo0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5AyPDm9U=</latexit>

gsurf → gmonolayer



Thank you!
ETH Zürich

Andrea Urru 
(now at Rutgers)

Sayantika Bhowal 
(now at IIT Bombay)

Claude Ederer Nicola Spaldin

Helmholtz-Zentrum Dresden-Rossendorf

Denys Makarov

Oleksandr V. Pylypovskyi

Pavlo Makushko

Ihor Veremchuk

25



Currently hiring postdoc! (application deadline July 15th)

sophie.weber@chalmers.se

mailto:sophie.weber@chalmers.se

