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Historical context
Motivation

THE PROBLEM 

Unpolarized neutrons only give access to the modulus of the magnetic 

interaction vector        via the observed intensity                                . M?
<latexit sha1_base64="F4hBSIjtzqfXk1hkhmcR1iEk4Dk=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwISVRQZcFN26ECvYBTQiT6U07dDIJM5NCCf0TNy4UceufuPNvnLRZaOuBgcM593LPnDDlTGnH+bYqa+sbm1vV7drO7t7+gX141FFJJim0acIT2QuJAs4EtDXTHHqpBBKHHLrh+K7wuxOQiiXiSU9T8GMyFCxilGgjBbbtxUSPwih/mAVeCjIN7LrTcObAq8QtSR2VaAX2lzdIaBaD0JQTpfquk2o/J1IzymFW8zIFKaFjMoS+oYLEoPx8nnyGz4wywFEizRMaz9XfGzmJlZrGoZkscqplrxD/8/qZjm79nIk00yDo4lCUcawTXNSAB0wC1XxqCKGSmayYjogkVJuyaqYEd/nLq6Rz2XCvGu7jdb15UdZRRSfoFJ0jF92gJrpHLdRGFE3QM3pFb1ZuvVjv1sditGKVO8foD6zPH99Sk70=</latexit>

<latexit sha1_base64="xR/lpCAIEXtf/MyyjYRjHkGTEgQ="></latexit>

M?(Q) = Q̂⇥ (M⇥ Q̂)

THE RAY OF HOPE 

In 1963 Blume and Maleev independently publish their equations 

relating the final neutron polarization to generalized cross sections.
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I ⇠ M?M
⇤
? = |M?|2

THE DREAM 

Be able to measure all the terms in these equations precisely.

Blume (1963) Phys. Rev. 130 1670

Maleev et al. (1963) Sov. Phys. Solid State. 4 2533

<latexit sha1_base64="YYIWGIbnn0bBZz6vCXAZ3pQdeL4="></latexit>

M(Q) =
X

j

Sjfj(Q) exp(iQrj)
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The dream come true

• Polarizing neutron beams with Heusler alloy 

• Cryoflipper (no wavelength and stray field dependency) 

• Cryogenic Polarization Analysis Device for SNP  

(with major contributions by S. Pujol and P. J. Brown) 

• 3He spin filter cell and pumping station 

THANK YOU FRANCIS !!!

Francis Tasset (1944 - 2023)

Historical context
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Milestones (by Francis Tasset)

Blume (1963) Phys. Rev. 130 1670

Maleev et al. (1963) Sov. Phys. Solid State. 4 2533

<latexit sha1_base64="IiYcqEHPFN76iamp6M1jAoWccc4="></latexit>
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• 1963 Blume and Maleev independently publish the equations 

• 1969 Riste, Moon and Koehler analyze polarization 

• 1973 Alperin demonstrates that 3D polarization analysis is possible 

• 1975 FT’s sabbatical at ORNL working on superconducting Nb 

• 1976 FT’s cryoflipper based on superconducting screens 

• 1986 First Cryopad taking advantage of Meissner shields 

• 1993 FT introduces the term “Spherical Neutron Polarimetry” 

• 1995 Cryopad II 

• 1998 SNP is finally accepted and adopted by the experts 

• 2002 Cryopad III (first project of ILL Millennium Programme)

Historical context
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Milestones (by Francis Tasset)

Moon et al. (1969) Phys. Rev. 181 920

• 1963 Blume and Maleev independently publish the equations 

• 1969 Riste, Moon and Koehler analyze polarization 

• 1973 Alperin demonstrates that 3D polarization analysis is possible 

• 1975 FT’s sabbatical at ORNL working on superconducting Nb 

• 1976 FT’s cryoflipper based on superconducting screens 

• 1986 First Cryopad taking advantage of Meissner shields 

• 1993 FT introduces the term “Spherical Neutron Polarimetry” 

• 1995 Cryopad II 

• 1998 SNP is finally accepted and adopted by the experts 

• 2002 Cryopad III (first project of ILL Millennium Programme)

Historical context
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Milestones (by Francis Tasset)

Alperin (1973) International Conference on Magnetism, 
Moscow, ed., Proc. ICM-73

• 1963 Blume and Maleev independently publish the equations 

• 1969 Riste, Moon and Koehler analyze polarization 

• 1973 Alperin demonstrates that 3D polarization analysis is possible 

• 1975 FT’s sabbatical at ORNL working on superconducting Nb 

• 1976 FT’s cryoflipper based on superconducting screens 

• 1986 First Cryopad taking advantage of Meissner shields 

• 1993 FT introduces the term “Spherical Neutron Polarimetry” 

• 1995 Cryopad II 

• 1998 SNP is finally accepted and adopted by the experts 

• 2002 Cryopad III (first project of ILL Millennium Programme)

Historical context
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Milestones (by Francis Tasset)

F.Tasset et al. (1988) J. Appl. Phys. 63 3606

• 1963 Blume and Maleev independently publish the equations 

• 1969 Riste, Moon and Koehler analyze polarization 

• 1973 Alperin demonstrates that 3D polarization analysis is possible 

• 1975 FT’s sabbatical at ORNL working on superconducting Nb 

• 1976 FT’s cryoflipper based on superconducting screens 

• 1986 First Cryopad taking advantage of Meissner shields 

• 1993 FT introduces the term “Spherical Neutron Polarimetry” 

• 1995 Cryopad II 

• 1998 SNP is finally accepted and adopted by the experts 

• 2002 Cryopad III (first project of ILL Millennium Programme)

Historical context
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Manipulation of polarised neutron beams

Francis Tasset’s polarization lab

The Cryopad



T H E  E U R O P E A N  N E U T R O N  S O U R C EIntroduction to SNP | Navid Qureshi

top view

Manipulation of polarised neutron beams

The Cryopad

mounted on D3
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Pi k x Pf k y

Pf,i = Pyx =
n+ � n�

n+ + n�

The Cryopad
Where the magic happens

Local coordination system:  

x || Q 
z vertical 

y completes right-handed set
<latexit sha1_base64="P5zDhs3Mh2YzoFJ2vK4Nw0fj9m4=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJxNdGKLpxI1SwD2hCmEwn7dBJMsxMxBLixl9x40IRt/6FO//GSZuFth64cDjnXu69x+eMSmVZ30Zpbn5hcam8XFlZXVvfMDe3WjJOBCZNHLNYdHwkCaMRaSqqGOlwQVDoM9L2h1e5374nQtI4ulMjTtwQ9SMaUIyUljxzxwmRGvhBepN5qcOJ4IcPGbyAlmdWrZo1BpwldkGqoEDDM7+cXoyTkEQKMyRl17a4clMkFMWMZBUnkYQjPER90tU0QiGRbjr+IIP7WunBIBa6IgXH6u+JFIVSjkJfd+b3ymkvF//zuokKzt2URjxRJMKTRUHCoIphHgfsUUGwYiNNEBZU3wrxAAmElQ6tokOwp1+eJa2jmn1aO7k9rtYvizjKYBfsgQNggzNQB9egAZoAg0fwDF7Bm/FkvBjvxsektWQUM9vgD4zPH8aKlnM=</latexit>

M?,x = 0
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Pf = PPi +P0
<latexit sha1_base64="pjHZuH8uZ6qbtwAm00+lydx5zLA=">AAACG3icbVDLSsNAFL2pr1pfUZduBosoKCWpgm6EghuXFewD2hAm00k7dPJgZiKU0P9w46+4caGIK8GFf+OkDVhbDwyce869zL3HizmTyrK+jcLS8srqWnG9tLG5tb1j7u41ZZQIQhsk4pFoe1hSzkLaUExx2o4FxYHHacsb3mR+64EKyaLwXo1i6gS4HzKfEay05JrVboDVwPPT+tj10TWalARzXc847PS3OHbNslWxJkCLxM5JGXLUXfOz24tIEtBQEY6l7NhWrJwUC8UIp+NSN5E0xmSI+7SjaYgDKp10ctsYHWmlh/xI6BcqNFFnJ1IcSDkKPN2ZrSjnvUz8z+skyr9yUhbGiaIhmX7kJxypCGVBoR4TlCg+0gQTwfSuiAywwETpOEs6BHv+5EXSrFbs84p9d1GuneVxFOEADuEEbLiEGtxCHRpA4BGe4RXejCfjxXg3PqatBSOf2Yc/ML5+AIupoag=</latexit>

Final neutron polarization is related to initial one by  
rotational part

created/annihilated polarisation

Easily distinguish nuclear, magnetic, chiral and interference terms.

The polarization matrix

<latexit sha1_base64="LhJ7G0/X9GV1GctdZrjY4XY9HRM="></latexit>
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The Cryopad

<latexit sha1_base64="vXexYT414l0u1DnXFQdH0Ov9Gq8=">AAACDXicbZDLSgMxFIYz9VbrrerSTbAKglBmireNUHCjC6WKvUA7Dpk0bUMzmZBkhHaYF3Djq7hxoYhb9+58G9N2Flr9IfDxn3M4Ob8vGFXatr+szMzs3PxCdjG3tLyyupZf36ipMJKYVHHIQtnwkSKMclLVVDPSEJKgwGek7vfPRvX6PZGKhvxWDwRxA9TltEMx0sby8jsX3hCewqu7EtyHl15LECnGLLyYDpMbL+bDxMsX7KI9FvwLTgoFkKri5T9b7RBHAeEaM6RU07GFdmMkNcWMJLlWpIhAuI+6pGmQo4AoNx5fk8Bd47RhJ5TmcQ3H7s+JGAVKDQLfdAZI99R0bWT+V2tGunPixpSLSBOOJ4s6EYM6hKNoYJtKgjUbGEBYUvNXiHtIIqxNgDkTgjN98l+olYrOUfHw+qBQLqZxZMEW2AZ7wAHHoAzOQQVUAQYP4Am8gFfr0Xq23qz3SWvGSmc2wS9ZH99tI5nm</latexit>

Iz = N2 +M2
? + pizRnz
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Iy = N2 +M2
? + piyRny
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Ix = N2 +M2
? + pixJyz
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⇤
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Pf = PPi +P0
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Final neutron polarization is related to initial one by  
rotational part

created/annihilated polarisation

The Cryopad

nuclear
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The polarization matrix

purely magnetic
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M?z = 0
purely magnetic
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M?y = 0
<latexit sha1_base64="L6yWcxDuQP4XEBuQUvrgcpaHz04=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1JmxNdGKLhxI1SwD2iHIZOmbWgmE5KMMA6DG3/FjQtF3PoV7vwb03YQbT1w4eSce8m9JxCMKu04X1Zhbn5hcam4XFpZXVvfsDe3GiqKJSZ1HLFItgKkCKOc1DXVjLSEJCgMGGkGw8uR37wjUtGI3+pEEC9EfU57FCNtJN/eufbTjiBSwCSDF/DndZ/5dtmpOGPAWeLmpAxy1Hz7s9ONcBwSrjFDSrVdR2gvRVJTzEhW6sSKCISHqE/ahnIUEuWl4xMyuG+ULuxF0hTXcKz+nkhRqFQSBqYzRHqgpr2R+J/XjnXv3EspF7EmHE8+6sUM6giO8oBdKgnWLDEEYUnNrhAPkERYm9RKJgR3+uRZ0jiquKeVk5vjcvUwj6MIdsEeOAAuOANVcAVqoA4weABP4AW8Wo/Ws/VmvU9aC1Y+sw3+wPr4Blxvlrc=</latexit>

M?y = M?z

purely magnetic left-handed helix
<latexit sha1_base64="UHOehSHkbN5lMrU1Uml9CTzrL8s=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZQZ8bURCm7cCBXsA9phyKRpG5rJhCQjjMOAG3/FjQtF3PoT7vwb03YQbT1w4eSce8m9JxCMKu04X1Zhbn5hcam4XFpZXVvfsDe3GiqKJSZ1HLFItgKkCKOc1DXVjLSEJCgMGGkGw8uR37wjUtGI3+pEEC9EfU57FCNtJN/eodd+2hFECphk8AL+vO4z3y47FWcMOEvcnJRBjppvf3a6EY5DwjVmSKm26wjtpUhqihnJSp1YEYHwEPVJ21COQqK8dHxDBveN0oW9SJriGo7V3xMpCpVKwsB0hkgP1LQ3Ev/z2rHunXsp5SLWhOPJR72YQR3BUSCwSyXBmiWGICyp2RXiAZIIaxNbyYTgTp88SxpHFfe0cnJzXK4e5nEUwS7YAwfABWegCq5ADdQBBg/gCbyAV+vRerberPdJa8HKZ7bBH1gf3ysWlyo=</latexit>

iM?y = M?z

right-handed helix
<latexit sha1_base64="ccZ2VLDWVbwXM4HriQI3poJBBiw=">AAACBHicbVDLSgMxFM34rPU16rKbYBFcaJkRXxuh4MaNUME+oB2GTJppQzOZkGSEcZiFG3/FjQtF3PoR7vwb0weirQcunJxzL7n3BIJRpR3ny5qbX1hcWi6sFFfX1jc27a3thooTiUkdxyyWrQApwigndU01Iy0hCYoCRprB4HLoN++IVDTmtzoVxItQj9OQYqSN5Nsleu1nHUGkgGkOL+Dhz/M+9+2yU3FGgLPEnZAymKDm25+dboyTiHCNGVKq7TpCexmSmmJG8mInUUQgPEA90jaUo4goLxsdkcM9o3RhGEtTXMOR+nsiQ5FSaRSYzgjpvpr2huJ/XjvR4bmXUS4STTgefxQmDOoYDhOBXSoJ1iw1BGFJza4Q95FEWJvciiYEd/rkWdI4qrinlZOb43L1YBJHAZTALtgHLjgDVXAFaqAOMHgAT+AFvFqP1rP1Zr2PW+esycwO+APr4xubpJdh</latexit>

iM?y = �M?z
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The Cryopad
The polarization matrix

Polarization matrix elements are elegantly calculated using the density matrix formalism:

density matrix of the 
incoming neutron beam

density matrix of the 
scattered neutron beam

density matrix of the 
scattering system

Allows for any direction of Pi and Pf
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The Cryopad
The polarization matrix

Purely nuclear scattering: 

Purely magnetic scattering, Re(M⟂) || Im(M⟂): 

Chiral magnetic scattering, Re(M⟂) ⟂ Im(M⟂): 

Nuclear-magnetic interference 
(in or out of phase): 

Nuclear-magnetic interference 
(in phase quadrature)

Pi is rotated towards Pi x M⟂ 

Pi is not affected

Pi is rotated by 180° around M⟂

Pi is rotated towards ±Q  
(scattered intensity depends on Pi, polarization created) 

Pi is rotated within the plane containing Pi and M⟂  

(scattered intensity depends on Pi, polarization created)

SNP at a glance
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Examples
Magnetoelectric and multiferroic materials

Eerenstein et al. (2006) Nature 442 759

• Magnetoelectric effect predicted by P. Curie in 1894 

• Crosstalk between magnetization and electric polarization 

• Multiferroics possess at least two (anti)ferroic orders 

• Used as magnetic field sensors and transducers 

• Immense potential for non-volatile data storage 

applications (faster and consumes less energy) 

• spin-transfer torque: ~ 10 fJ 

• capacitive ME device: ~ 1 aJ (104 less)



T H E  E U R O P E A N  N E U T R O N  S O U R C EIntroduction to SNP | Navid Qureshi

Examples
Magnetoelectric and multiferroic materials

Kleemann and Binek (2013)  
Multiferroic and magnetoelectric materials 

Magnetic Random Access Memory

• Magnetoelectric effect predicted by P. Curie in 1894 

• Crosstalk between magnetization and electric polarization 

• Multiferroics possess at least two (anti)ferroic orders 

• Used as magnetic field sensors and transducers 

• Immense potential for non-volatile data storage 

applications (faster and consumes less energy) 

• spin-transfer torque: ~ 10 fJ 

• capacitive ME device: ~ 1 aJ (104 less)
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Examples
Magnetoelectric and multiferroic materials

Kleemann and Borisov (2013)  
Multiferroic and magnetoelectric materials for spintronics

4-bit logic

• Magnetoelectric effect predicted by P. Curie in 1894 

• Crosstalk between magnetization and electric polarization 

• Multiferroics possess at least two (anti)ferroic orders 

• Used as magnetic field sensors and transducers 

• Immense potential for non-volatile data storage 

applications (faster and consumes less energy) 

• spin-transfer torque: ~ 10 fJ 

• capacitive ME device: ~ 1 aJ (104 less)
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Examples

Manipatruni et al. (2019) Nature 565 35

Magnetoelectric and multiferroic materials

MESO logic device, Intel  
(MagnetoElectricSpinOrbit)

• Magnetoelectric effect predicted by P. Curie in 1894 

• Crosstalk between magnetization and electric polarization 

• Multiferroics possess at least two (anti)ferroic orders 

• Used as magnetic field sensors and transducers 

• Immense potential for non-volatile data storage 

applications (faster and consumes less energy) 

• spin-transfer torque: ~ 10 fJ 

• capacitive ME device: ~ 1 aJ (104 less)
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Examples
Cr2O3 - the prototype magnetoelectric

• Predicted by Dzyaloshinskii in 1960 

• First observation of linear magnetoelectric effect 

•                  or 

• Corundum structure, space group        , TN = 307 K 

• Magnetic symmetry (       ) breaks spatial and time-inversion

<latexit sha1_base64="0zAHGmTQ7ym49QdAJbBzQ8oJ2z8=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBU5gRt4sQ9JJjBLNAMgw9nZ6kk56eobtHiEPwV7x4UMSr/+HNv7GzHDTxQcHjvSqq6gUJZ0o7zreVW1peWV3Lrxc2Nre2d+zdvbqKU0lojcQ8ls0AK8qZoDXNNKfNRFIcBZw2gsHt2G88UKlYLO71MKFehLuChYxgbSTfPqj6DF2jNuZJD/sZ648qft+3i07JmQAtEndGijBD1be/2p2YpBEVmnCsVMt1Eu1lWGpGOB0V2qmiCSYD3KUtQwWOqPKyyfUjdGyUDgpjaUpoNFF/T2Q4UmoYBaYzwrqn5r2x+J/XSnV45WVMJKmmgkwXhSlHOkbjKFCHSUo0HxqCiWTmVkR6WGKiTWAFE4I7//IiqZ+W3IvS+d1ZsXwziyMPh3AEJ+DCJZShAlWoAYFHeIZXeLOerBfr3fqYtuas2cw+/IH1+QOSMZSv</latexit>

Pi = ↵ijHj

<latexit sha1_base64="VlNYeLBMn6COkCA8ILvyILnLvAw=">AAAB8HicbVDLTsMwENyUVymvAkcuFhUSpyrhfazgwrEg+kBtVDmu01q1nch2kKooX8GFAwhx5XO48Te4bQ7QMtJKo5ld7e4EMWfauO63U1haXlldK66XNja3tnfKu3tNHSWK0AaJeKTaAdaUM0kbhhlO27GiWASctoLRzcRvPVGlWSQfzDimvsADyUJGsLHS4303wCo9zUivXHGr7hRokXg5qUCOeq/81e1HJBFUGsKx1h3PjY2fYmUY4TQrdRNNY0xGeEA7lkosqPbT6cEZOrJKH4WRsiUNmqq/J1IstB6LwHYKbIZ63puI/3mdxIRXfspknBgqyWxRmHBkIjT5HvWZosTwsSWYKGZvRWSIFSbGZlSyIXjzLy+S5knVu6ie351Vatd5HEU4gEM4Bg8uoQa3UIcGEBDwDK/w5ijnxXl3PmatBSef2Yc/cD5/AJ/wkE8=</latexit>

R3̄c

<latexit sha1_base64="/VHmCxFxNwBlA8v+VkjE7ObAUxg=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjF4Irvi60j04hETeUTYkNlhFibMzG5mZk3Ihr/w4kFjvPo33vwbB9iDgpV0UqnqTndXEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q1FGiCG2QiEeqHWBNOZO0YZjhtB0rikXAaSsY3U791hNVmkXywYxj6gs8kCxkBBsrPXYDrNLqpCzKvWLJrbgzoGXiZaQEGeq94le3H5FEUGkIx1p3PDc2foqVYYTTSaGbaBpjMsID2rFUYkG1n84unqATq/RRGClb0qCZ+nsixULrsQhsp8BmqBe9qfif10lMeO2nTMaJoZLMF4UJRyZC0/dRnylKDB9bgoli9lZEhlhhYmxIBRuCt/jyMmmeVbzLysX9eal2k8WRhyM4hlPw4ApqcAd1aAABCc/wCm+Odl6cd+dj3ppzsplD+APn8wfRn5Bf</latexit>

3̄0m0

Astrov (1960) Sov. Phys. JETP 11 708

Rado and Folen (1961) Phys. Rev. Lett. 7 310

<latexit sha1_base64="RQF8IFrHIYlqzb3IFmtiQAS8phM=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRLxtRGKIrgRKtgHtCHcTKfttJNJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954g5kxpx/m25uYXFpeWcyv51bX1jU17a7uqokQSWiERj2Q9AEU5E7Simea0HksKYcBpLehfjfzaA5WKReJeD2LqhdARrM0IaCP59u6tz/AFbgKPu+CnPTa89nu+XXCKzhh4lrgZKaAMZd/+arYikoRUaMJBqYbrxNpLQWpGOB3mm4miMZA+dGjDUAEhVV46vn6ID4zSwu1ImhIaj9XfEymESg3CwHSGoLtq2huJ/3mNRLfPvZSJONFUkMmidsKxjvAoCtxikhLNB4YAkczcikkXJBBtAsubENzpl2dJ9ajonhZP7o4LpcssjhzaQ/voELnoDJXQDSqjCiLoET2jV/RmPVkv1rv1MWmds7KZHfQH1ucPiNuUqQ==</latexit>

Mi = ↵jiEj
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Examples
Cr2O3 - sign of magnetoelectric coefficient

• Problem: presence of 180° magnetic domains 

• Annealing under field achieves domain selection 

• Domains indistinguishable with unpolarized neutrons 

• SNP can tell the difference! 

• b vertical, (-1 0 2): Pi || z rotates towards +/- x 

• information about sign of magnetoelectric coefficient
Brown, Forsyth and Tasset (1998) J. Phys.: Condens. Matter. 10 663
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• Problem: presence of 180° magnetic domains 

• Annealing under field achieves domain selection 

• Domains indistinguishable with unpolarised neutrons 

• SNP can tell the difference! 

• b vertical, (-1 0 2): Pi || z rotates towards +/- x 

• information about sign of magnetoelectric coefficient
Brown, Forsyth and Tasset (1998) J. Phys.: Condens. Matter. 10 663

Cr2O3 - sign of magnetoelectric coefficient

Examples
<latexit sha1_base64="LhJ7G0/X9GV1GctdZrjY4XY9HRM="></latexit>
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CCCA

• b || z, moments along c —> no z component 

• (-1 0 2) at room temperature:  

•                                       —>  No real interference terms
<latexit sha1_base64="BCXiVo+sfMog7yHpb/7u0yCONdM=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr4sQ9KIXiWAemCxhdjKbDJmZXWZmhbDkL7x4UMSrf+PNv3GS7EETCxqKqm66u4KYM21c99tZWFxaXlnNreXXNza3tgs7u3UdJYrQGol4pJoB1pQzSWuGGU6bsaJYBJw2gsH12G88UaVZJB/MMKa+wD3JQkawsdJj+1aU7o7QJXI7haJbdidA88TLSBEyVDuFr3Y3Iomg0hCOtW 55bmz8FCvDCKejfDvRNMZkgHu0ZanEgmo/nVw8QodW6aIwUrakQRP190SKhdZDEdhOgU1fz3pj8T+vlZjwwk+ZjBNDJZkuChOOTITG76MuU5QYPrQEE8XsrYj0scLE2JDyNgRv9uV5Uj8ue2fl0/uTYuUqiyMH+3AAJfDgHCpwA1WoAQEJz/AKb452Xpx352PauuBkM3vwB87nDyM7j0Y=</latexit>

=(N) = 0
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<(M?) = 0

<latexit sha1_base64="27eHdTVAk+ZjFsBvDVAgdDoDpY4=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRLxtSy6caNUsA9oQphMJ+3QyWSYmYgxFH/FjQtF3Pof7vwbp20W2nrgwuGce7n3nlAwqrTjfFtz8wuLS8ullfLq2vrGpr213VRJKjFp4IQlsh0iRRjlpKGpZqQtJEFxyEgrHFyO/NY9kYom/E5ngvgx6nEaUYy0kQJ798ZDQsjkAV4HuSeIFDAbBnbFqTpjwFniFqQCCtQD+8vrJjiNCdeYIaU6riO0nyOpKWZkWPZSRQTCA9QjHUM5iony8/H1Q3hglC6MEmmKazhWf0/kKFYqi0PTGSPdV9PeSPzP66Q6OvdzykWqCceTRVHKoE7gKArYpZJgzTJDEJbU3ApxH0mEtQmsbEJwp1+eJc2jqntaPbk9rtQuijhKYA/sg0PggjNQA1egDhoAg0fwDF7Bm/VkvVjv1sekdc4qZnbAH1ifP2AdlTE=</latexit>

N ⇡ M?y

<latexit sha1_base64="vyadvqGaH2ktjZYSWPsqbrNv60k=">AAACFHicbVDLSgMxFM3UV62vqks3wSL4gDIjvjZC0Y0bpYqtQqcOmfS2DWYyQ5IRhmE+wo2/4saFIm5duPNvTB8LbT1w4XDOvcm9x484U9q2v63cxOTU9Ex+tjA3v7C4VFxeqaswlhRqNOShvPWJAs4E1DTTHG4jCSTwOdz496c9/+YBpGKhuNZJBM2AdARrM0q0kbzijtt/I+1IAJHhKy8VSYaP8a57BZsX53fbXupGICOcZFtesWSX7T7wOHGGpISGqHrFL7cV0jgAoSknSjUcO9LNlEjNKIes4MYKIkLvSQcahgoSgGqm/YUyvGGUFm6H0pTQuK/+nkhJoFQS+KYzILqrRr2e+J/XiHX7qJkyEcUaBB181I451iHuJYRbTALVPDGEUMnMrph2iSRUmxwLJgRn9ORxUt8tOwfl/cu9UuVkGEceraF1tIkcdIgq6AxVUQ1R9Iie0St6s56sF+vd+hi05qzhzCr6A+vzB3cmndA=</latexit>
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Examples

Brown, Forsyth and Tasset (1998) J. Phys.: Condens. Matter. 10 663

Cr2O3 - sign of magnetoelectric coefficient

• Problem: presence of 180° magnetic domains 

• Annealing under field achieves domain selection 

• Domains indistinguishable with unpolarized neutrons 

• SNP can tell the difference! 

• b vertical, (-1 0 2): Pi || z rotates towards +/- x 

• information about sign of magnetoelectric coefficient

(reported sign was wrong… reanalyzed and rectified)
Bousquet et al. (2024) J. Phys.: Condens. Matter. 36 155701
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Examples
LiNi0.8Fe0.2PO4 - bulk AF quaternary memory

• Slowing down of Moore’s law requires paradigm change 

• Literature: quaternary memory only with ferro component 

• LiNi0.8Fe0.2PO4 reveals four magnetic domains 

• E x H field cooling can achieve domain selection 

• SNP can tell the difference between the domains

Qureshi et al. (2026) Nat. Commun.
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Examples
LiNi0.8Fe0.2PO4 - bulk AF quaternary memory

• Slowing down of Moore’s law requires paradigm change 

• Literature: quaternary memory only with ferro component 

• LiNi0.8Fe0.2PO4 reveals four magnetic domains 

• E x H field cooling can achieve domain selection 

• SNP can tell the difference between the domains

Qureshi et al. (2026) Nat. Commun.
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Examples
LiNi0.8Fe0.2PO4 - bulk AF quaternary memory
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CCCA

• b || z, E x H in a-c plane 

• (101) has nuclear and magnetic contribution 

• Antiparallel spins related by 1’ —>  

• b component —>  

• a component —>
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Examples
LiNi0.8Fe0.2PO4 - bulk AF quaternary memory

thin-tail inside magnet

single crystal glued on 
capacitor plate

closed  
electric-field stick

D3’s electromagnet

D3’s zone

cryostat inside Cryopad
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Examples
LiNi0.8Fe0.2PO4 - bulk AF quaternary memory

1

-1

0

Majority domain:   up to 91(2)% 
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Examples
LiNi0.8Fe0.2PO4 - bulk AF quaternary memory

1

-1

0

• E x Ha selects toroidal domain 

• Hc selects rotation domain (DM)

Majority domain:   up to 91(2)%                           up to 66(2)%
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Examples
LiNi0.8Fe0.2PO4 - bulk AF quaternary memory

• E x Ha selects toroidal domain 

• Hc selects rotation domain (DM)
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Examples
LiNi0.8Fe0.2PO4 - bulk AF quaternary memory

• E x Ha selects toroidal domain 

• Hc selects rotation domain (DM)

H-only cooling: 33(2)% : 67(2)%
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Examples
CuO - a high-T multiferroic

• so far the only known binary multiferroic compound 

• monoclinic space group C2/c  

• spiral magnetic ordering induces electric polarisation at 230 K 

• DFT + MC: applying pressure drives multiferroic state towards RT 

• recently confirmed by neutron diffraction under pressure
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Kimura et al. (2008) Nat. Mater. 7 291

Examples
CuO - a high-T multiferroic

• so far the only known binary multiferroic compound 

• monoclinic space group C2/c  

• spiral magnetic ordering induces electric polarisation at 230 K 

• DFT + MC: applying pressure drives multiferroic state towards RT 

• recently confirmed by neutron diffraction under pressure
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Rocquefelte et al. (2013) Nat. Mater. 4 2511

Examples
CuO - a high-T multiferroic

• so far the only known binary multiferroic compound 

• monoclinic space group C2/c  

• spiral magnetic ordering induces electric polarisation at 230 K 

• DFT + MC: applying pressure drives multiferroic state towards RT 

• recently confirmed by neutron diffraction under pressure



T H E  E U R O P E A N  N E U T R O N  S O U R C EIntroduction to SNP | Navid Qureshi

Terada et al. (2022) Phys. Rev. Lett. 129 217601

Examples

• so far the only known binary multiferroic compound 

• monoclinic space group C2/c  

• spiral magnetic ordering induces electric polarisation at 230 K 

• DFT + MC: applying pressure drives multiferroic state towards RT 

• recently confirmed by neutron diffraction under pressure

CuO - a high-T multiferroic
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Examples
CuO - a high-T multiferroic
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Forsyth, Brown et al. (1988) J. Phys. C: Solid State Phys. 21 2917

elliptical envelope 
in a-c plane

circular envelope 
in b-𝛂 plane

Brown, …, Forsyth, … and Tasset (1991) J. Phys.: Condens. Matter. 3 4281

• CuO is a building block of high-TC cuprates 

• magnetism in CuO —> hole pairing mechanism?  

• unpolarized neutrons: model ambiguity
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Examples
CuO - a high-T multiferroic

elliptical envelope 
in a-c plane

circular envelope 
in b-𝛂 plane
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• CuO is a building block of high-TC cuprates 

• magnetism in CuO —> hole pairing mechanism?  

• unpolarized neutrons: model ambiguity 

• correct model determined by SNP 

• superior to unpolarized neutrons especially for 

weak reflections and non-collinear structures
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Examples
CuO - a high-T multiferroic
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elliptical envelope 
in a-c plane

circular envelope 
in b-𝛂 plane

• CuO is a building block of high-TC cuprates 

• magnetism in CuO —> hole pairing mechanism?  

• unpolarized neutrons: model ambiguity 

• correct model determined by SNP 

• superior to unpolarized neutrons especially for 

weak reflections and non-collinear structures
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Examples
CuO - switching behavior

Babkevich et al. (2012) Phys. Rev. B 85 134428

• strong coupling between magnetic order and 

electric polarization 

• electric field control of chiral domains 

• magnetic chirality is inaccessible with 

unpolarized neutrons 

• SNP can tell the difference
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Examples
CuO - switching behavior

• strong coupling between magnetic order and 

electric polarization 

• electric field control of chiral domains 

• magnetic chirality is inaccessible with 

unpolarized neutrons 

• SNP can tell the difference
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usual sequence of magnetic phases in multiferroics (e.g. TbMnO3, Ni3V2O8):

paramagnetic

incommensurate 
longitudinal amplitude 

modulation

incommensurate 
cycloidal 

modulation

commensurateAF1

AF2

AF3?

Examples
CuO - search for the AF3 phase
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Microscopic proof of AF3!

Examples

Qureshi et al. (2020) Sci. Adv. 6 eaay7661

CuO - search for the AF3 phase
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unpolarized neutrons SNP on Pyy and Pxy elements

Wang, Qureshi et al. (2016) Nat. Commun. 7 10295

macroscopic methods

0.5 K stability range! No anomalies in I(T)
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Examples
CuO - search for the AF3 phase

SDW 𝜇 || b

(a) (b) (c) (d)(a) (b) (c) (d)
A B C

1
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0

-0.5

-1

obs cal

observed vs. calculated

Qureshi (2019) J. Appl. Cryst. 52 175

analyzed with

SDW 𝜇 || 𝛼

phase coexistence
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Complex p-T phase diagram 

including collinear spin-density waves and 
non-collinear spiral structures

Lack of information 

Limited number of observations (integrated 
intensities) did not allow to reveal:

• stability region of ICM1  

• ellipsoidicity ratio of ICM2 

• magnetic structure of ICM3

Terada et al. (2014) Phys. Rev. B 83 220403(R) 

Examples
CuFeO2 - pressure-induced multiferroicity
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0.5 x 0.5 x 0.2 mm3

Examples
CuFeO2 - pressure-induced multiferroicity

non-magnetic pressure cell (up to 10 GPa)
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Examples
CuFeO2 - pressure-induced multiferroicity

• SNP under pressure: It’s possible!!! 

• Determined 5 complex magnetic structures at 3 

different pressures in 7 days with a 0.05 mm3 sample  

• SNP is an excellent approach to study novel pressure-

induced phenomena associated with complex magnetic 

order

Terada, Qureshi et al. (2018) Nat. Commun. 9 4368
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SNP is a very powerful technique for the determination of complex magnetic structures 
and magnetic domain populations, but there are limitations…

SNP - strengths and limitations

• SNP yields the precise direction of the magnetic interaction vector 

• A few reflections are sufficient to determine the magnetic structure uniquely 

• Scattering from a multi-domain state —> depolarization occurs (strength: distinguish 

between depolarization and rotation away from polarization/analysis axis) 

• Ferro- and ferrimagnetic samples depolarize the beam 

• If purely magnetic scattering —> no information about the magnetic moment amplitude or 

magnetic moment configuration (e.g. A, G or C modes)  

• Nuclear and magnetic scattering —> precise knowledge of the nuclear structure is beneficial

Conclusions
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Conclusions
SNP and its application to condensed matter physics

• SNP is a powerful technique without alternatives for certain scientific challenges 

• Magnetic domain sensitivity makes it the ideal probe for switching behavior of smart materials   

• Weak signals (small moments, small samples, thin films) are no problem as long as different from background 

• Importance for future spintronic candidates
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