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Spherical Neutron Polarimetry

A pioneering ILL technique and its unique
contribution to multiferroics research
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Introduction to SNP

Motivation

THE PROBLEM

Unpolarised neutrons only give access to the modulus of the magnetic

interaction vector M via the observed intensity I ~ M M* = |M_|*.

Mi(Q) =Qx(MxQ)  MQ) =} 8;/;(Q)exp(iQr;)

THE RAY OF HOPE

In 1963 Blume and Maleev independently publish their equations

Blume (1963) Phys. Rev. 130 1670

relating the final neutron polarisation to generalised cross sections. Maleev et al. (1963) Sov. Phys. Solid State. 4 2533

THE DREAM

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

The dream come true

THANK YOU FRANCIS !

* Polarising neutron beams with Heusler alloy
 Cryoflipper (no wavelength and stray field dependency)

* Cryogenic Polarisation Analysis Device for SNP

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

* 3He spin filter cell and pumping station
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Introduction to SNP

Milestones (by Francis Tasset)

* 1963 Blume and Maleev independently publish the equations P'l= P(N2 — M, M%)
* 1969 Riste, Moon and Koehler analyse polarisation + 2R[M (P - Mj_)]
+ 2R(N"M )

» 1973 Alperin demonstrates that 3D polarisation analysis is possible
+ P x 23(N*M )

» 1976 FT's sabbatical at ORNL working on superconducting Nb _
—3(M x M)

» 1977 FT's cryoflipper based on superconducting screens

» 1988 First Cryopad taking advantage of Meissner shields
vop ° ° I=N2+M, M,

+2R(P - N"M )
* 1995 Cryopad II +P-S(M, x M?})
* 1998 SNP is finally accepted and adopted by the experts

» 1993 FT introduces the term “Spherical Neutron Polarimetry”

Blume (1963) Phys. Rev. 130 1670
» 2002 Cryopad III (first project of ILL Millennium Programme) Maleev et al. (1963) Sov. Phys. Solid State. 4 2533
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Introduction to SNP

Milestones (by Francis Tasset)

.
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» 2002 Cryopad III (first project of ILL Millennium Programme) T —
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Introduction to SNP

Milestones (by Francis Tasset)

* 1963 Blume and Maleev independently publish the equations ¥ g Vil
* 1969 Riste, Moon and Koehler analyse polarisation @5‘&
» 1973 Alperin demonstrates that 3D polarisation analysis is possible . - Y "3@ 7

» 1976 FT's sabbatical at ORNL working on superconducting Nb :f@\}
» 1977 FT's cryoflipper based on superconducting screens !

» 1988 First Cryopad taking advantage of Meissner shields \

» 1993 FT introduces the term “Spherical Neutron Polarimetry” ‘: L _X\_____
g 3 | it "
20
* 1995 Cryopad II et ; % /
Angle (Pegrees! =
* 1998 SNP is finally accepted and adopted by the experts
« 2002 Cryopad III (first project of ILL Millennium Programme) A olal orr ice A Magnetisen,
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Introduction to SNP

Milestones (by Francis Tasset)

SN

* 1963 Blume and Maleev independently publish the equations
* 1969 Riste, Moon and Koehler analyse polarisation
» 1973 Alperin demonstrates that 3D polarisation analysis is possible

» 1976 FT's sabbatical at ORNL working on superconducting Nb

ADIABATIC SPin-FiELD ROTATOR

» 1977 FT's cryoflipper based on superconducting screens

» 1988 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)

F.Tasset et al. (1988) 1. Appl. Phys. 63 3606
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e he Cryopad

Manipulation of polarised neutron beams

Francis Tasset’s polarisation lab
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e he Cryopad

Manipulation of polarised neutron beams

top view mounted on D3

outer Meissner shield

inner Meissnar shield

axial guide
field

axial guide
field

- Fa
nutators

axially polarized and to analyser

menochromatic beam and detector
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o he Cryopad

Making magic happen
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THE

Local coordination system:
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z vertical
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e he Cryopad

The polarisation matrix

rotational part

Final neutron polarisation is related to initial one by Py i

pi&-"(Ng_ﬂ/IJQ_)_J?JZ _p%'y';:ra_Jyz p‘iz'--’rrs,u_Jyz
Pfa T Pfa i Pfe™ 71—
Pf i = D Piz Jnz+Rr Y p’iy(N2+MJ2_y_ﬂfsz_z)-i_h,”U Piz R'yz‘f_lrf-n Yy
; fy I, Pry I, Pfy 1.
—pizJny+Rn- DiyRy»+ R piz(N°—M3 +M3 )+ Rn.
Pf=z I, Prz L, Pfz I.

Easily distinguish nuclear, magnetic, chiral and interference terms.

I, = N* + M% +pipJy, Ry, =2R(My ,M},) R,,=2R(NM?))
I, =N?+ M3 +piyRuy Jyo =23(MyyM?,) Jny=23(NMI,)
Iz — N2 Sk A"Ij?_ + pianz
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& he Cryopad
The polarisation matrix

rotational part
created/annihilated polarisation

Final neutron polarisation is related to initial one by Py i

Pizc(N2—M?)—J,. —Diy Jr—Jy- DizJrny—Jy
Pra ( I 1)—Jy e iy T J Pia iz . Yy
P J— p'iw'-}.\:.::—FRr:_s_,- p’iy(N2+MJ2_y_MJ2_z)+h)”.f.:' pizRyz‘f_rf.n.-‘r:;
fii = Pfy I, Pfy I, Pfy I,
—piw-)’”!}.-i-fl):,_-_. piyRyz+h).-:: Pzz(N2—f\/fJ2_y+MJ2_z)+H»-
Pfz Iw Prz Iy Pfz I,
1
@O0 @ OO0 @O0 @ OO ON N Q0O
o |O@®O OC®O OO0 OO0 @ 00O OXOXO
. \ooe 00 @ 00 @ oX Xe 00O 00O
nuclear purely magnetic purely magnetic purely magnetic left-handed helix right-handed helix
M,,=0 MLyZO A/fJ_y:MJ_Z Z’MLy:MJ_Z ’L’MLy:—A/f_J_Z
™/
y//§
NEUTRONS

THE EUROPEAN NEUTRON SOURCE
FOR SOCIETY

Scientific council 2023 | Navid Qureshi



Examples

Magnetoelectric and multiferroic materials

» Magnetoelectric effect predicted by P. Curie in 1894

— Magnetically polarizable
- - - - - fe— F i

« Crosstalk between magnetisation and electric polarisation e

== Ferroelectric

= Muttiferroic

» Multiferroics possess at least two (anti)ferroic orders 7/ Magnetoelectric

» Used as magnetic field sensors and transducers

* Immense potential for non-volatile data storage

applications (faster and consumes less energy) Eerensteln et al. (2006) Nature 442759
* spin-transfer torque: ~ 10 f]
* capacitive ME device: ~ 1 aJ (104 less)
/[ §
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Examples

Magnetoelectric and multiferroic materials

» Magnetoelectric effect predicted by P. Curie in 1894

Magnetic Random Access Memory

* Crosstalk between magnetisation and electric polarisation
» 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)

Kleemann and Binek (2013)
Multiferroic and magnetoelectric materials

* spin-transfer torque: ~ 10 f]

* capacitive ME device: ~ 1 aJ (104 less)
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/- Examples

Magnetoelectric and multiferroic materials

» Magnetoelectric effect predicted by P. Curie in 1894

4-bit logic

* Crosstalk between magnetisation and electric polarisation
» 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)

in- e Kleemann and Borisov (2013)
* Spin transfer tOl'CI ues 10 fJ Multiferroic and magnetoelectric materials for spintronics

* capacitive ME device: ~ 1 aJ (104 less)
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/- Examples

Magnetoelectric and multiferroic materials

» Magnetoelectric effect predicted by P. Curie in 1894 MESO logic device, Intel
(MagnetoElectricSpinOrbit)
* Crosstalk between magnetisation and electric polarisation I, . X
supply y
g : : : ME z
Multiferroics possess at least two (anti)ferroic orders 1. (input) \L '
» Used as magnetic field sensors and transducers
* Immense potential for non-volatile data storage
I (output
applications (faster and consumes less energy) I, lJ e foutput
s Ground
* spin-transfer torque: ~ 10 fJ Manipatruni et al. (2019) Nature 565 35

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

Cr20;3 - the prototype magnetoelectric

Astrov (1960) Sov. Phys. JETP 11 708

* Predicted by Dzyaloshinskii in 1960

P f\ 5o | —E-INDUCED !a;f"’ a° "
e kA g
- . . . P-—_._\: Y o H-INDUCED VOLTAGE

* First observation of linear magnetoelectric effect ‘"‘“w-t\, \ w | : b
5 ; .
. P%' = aij or .iﬂl/fz = Cl’j%'Ej . 2 \ - w | 8§
— 1 o :
+ Corundum structure, space group R3¢, Tn = 307 K , R

» Magnetic symmetry (3'm’) breaks spatial and time-inversion

Tﬂ,}f [+] 0o 200 300
FIG. 2 * TEMPERATURE ()

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

Cr20:3 - sign of magnetoelectric coefficient

* 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): P || 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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o (n2  ag2 I P | I .
i J_) ¥ F Y T T p%z}a_quT

Pfax Im Pfax Iy Pfax Iz
P, = P S - 2 Piy (N?+ M7 —dd )k, PRyt
fii Pfy T Pfy T Pfy I.
SRR, S T — e e e R
Pfz jil Pz Iy Pfz 1.

* b || z, moments along ¢ —> no z component
* (-1 0 2) at room temperature: N ~ M|,

e F(N)=0 R(M_.)=0 —> No real interference terms

Rpy = 2R(NMY,) Jny = 2S(NM?,)

LY/ (T




Examples

Cr20:3 - sign of magnetoelectric coefficient

* 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): P || 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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Examples S

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 c

o

i
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Examples

CuO - a high-T multiferroic

AF1 AF2
(collinear) (spiral)

ar- |
o L"—
isssssasssnsas
-
lsssssessss
- ¥
»
»
-~

Paramagnetic

so far the only known binary multiferroic compound

monoclinic space group C2/c

Magnetic susceptibility (10-3 cm® mal-")

spiral magnetic ordering induces electric polarisation at 230 K

DFT + MC: applying pressure drives multiferroic state towards RT

Dielectric constant g,

recently confirmed by neutron diffraction under pressure

Temperature ()

Kimura et al. (2008) Nat. Mater. 7 291
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Examples

CuO - a high-T multiferroic

500
* so far the only known binary multiferroic compound ]
400
» monoclinic space group C2/c <
g 300 ] O
* spiral magnetic ordering induces electric polarisation at 230 K g 200
£
* DFT + MC: applying pressure drives multiferroic state towards RT e 100

* recently confirmed by neutron diffraction under pressure

0 50 100 150 200
Hydrostatic pressure (GPa)

Rocquefelte et al. (2013) Nat. Mater. 4 2511
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/- Examples

\

\_"_/ CuO - a high-T multiferroic

P=0.5 GPa
—e— ICM
-O= CM 3

so far the only known binary multiferroic compound

monoclinic space group C2/c

spiral magnetic ordering induces electric polarisation at 230 K

L]
Integrated intensity (arb. units)

DFT + MC: applying pressure drives multiferroic state towards RT

recently confirmed by neutron diffraction under pressure

7 SRS I I 300
Temperature (K)

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

CuO - a high-T multiferroic
* CuO is a building block of high-Tc cuprates

* magnetism in CuO —> hole pairing mechanism?

* unpolarised neutrons: model ambiguity

Scientific council 2023 | Navid Qureshi

elliptical envelope circular envelope
in a-c plane in b-a plane

%m \f%,y léth_ . ‘ﬂ
® Q) [[Y N

L ee—E %

Y2 =176 Ry =17.0% x* =64 R, =155%

Forsyth, Brown et al. (1988) 1. Phys. C: Solid State Phys 21 2917
Brown, ..., Forsyth, ... and Tasset (1991) J. Phys.: Condens. Matter. 3 4281
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Examples

CuO - a high-T multiferroic

elliptical envelope circular envelope
in a-c plane

* CuO is a building block of high-Tc cuprates Ié
* magnetism in CuO —> hole pairing mechanism?

* unpolarised neutrons: model ambiguity

 correct model determined by SNP

in b-a plane

c

* superior to unpolarised neutrons especially for a1 ,{

weak reflections and non-collinear structures
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Examples

CuO - a high-T multiferroic

elliptical envelope circular envelope
in a-c plane in b-a plane
* CuO is a building block of high-Tc cuprates %ﬁ%“i\@ﬂ %ﬁ—‘iv‘ﬂ
* magnetism in CuO —> hole pairing mechanism?
* unpolarised neutrons: model ambiguity % M
 correct model determined by SNP c
' e — v

h |
weak reflections and non-collinear structures . O O . O O

b
(OOO)”fq o) Yo o (00O
000

* superior to unpolarised neutrons especially for a1 ,{
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Examples

CuO - switching behaviour

051 () E|b
* strong coupling between magnetic order and 0
electric polarisation _0.5!}
o . ) D1 = 80%, D2 = 20%
* electric field control of chiral domains -1 - il a S

.

magnetic chirality is inaccessible with

unpolarised neutrons

.

SNP can tell the difference D1 = 24%, D2 = 76%

B B B = o= o= ononwn on
E > 8 8 & 8 B D W

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

"/ Ccuo - switching behaviour

* strong coupling between magnetic order and
electric polarisation

* electric field control of chiral domains

» magnetic chirality is inaccessible with

unpolarised neutrons

* SNP can tell the difference
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» Examples
' CuO - search for the AF3 phase

usual sequence of magnetic phases in multiferroics (e.g. TbMnO3, NisV20s):

_\__’__f__...__\__,__'___\- paramagnetic

i t
AF3? (L] -=ob - —0b — b — o 4o —em — ~ B — b~ o
' modulation
AF2 = *‘ — — - — my— — \— - —l — — 4 - —\— - —‘ - incogr:;;r:js;.llrate
modulation
AF1 -mP — ¢O= — =P ¢O= — =P —¢O= — =) — ¢O=- commensurate
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/- Examples

macroscopic methods

60

; HF3
“ sinusoidal L b ",
50 oers (ICM) :
HF1 e . : =
collinear AFM L b k. c
40 (cm) 4 . ! g
. @
= K3
T 301 o« AF2 . <
< 4 helicoidal o
20 { (IcM) o !
* o8 * '.) P, T "=. b
b . = =
10+ AF1 . e PE=
colinear AFM || b B o Lﬁtl- g2
(cM) s -
0 T T T T L} 2 T
200 205 210 215 220 225 230 235
T(K)

0.5 K stability range!

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

\_"_/ CuO - search for the AF3 phase

unpolarised neutrons

No anomalies in I(T)

SNP on Pyy and Pxy elements

P
02} ¥ Bw
E P;::y
of .
(000)+q
oz
=04 AF1
0.6
0.8
" o - % ..“.dl lél
200 205 210 215 220 225 230
T (K)

Microscopic proof of AF3!
Qureshi et al. (2020) Sci. Adv. 6 eaay/7661
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/- Examples
\_"/ CuO - search for the AF3 phase

observed vs. calculated analysed with phase coexistence
G obs cal
i P;
-
@ s 4 [ ]
-] o
e s s =
e ) é 1 Qureshi (2019) 1. Appl. Cryst. 52 175
(000) + q (200) —q
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Examples ‘

CuFeO: - pressure-induced multiferroicity

Complex p-T phase diagram Lack of information
including collinear spin-density waves and Limited number of observations (integrated
non-collinear spiral structures intensities) did not allow to reveal:
30 Terada et al. (2014) Phys. Rev. B 83 220403(R)
LI L ! LA B L A LN B ) l rrrTTyTTrTTrTTa I Trrrrrrrr
CuFeO,
25 - o
. Paramagnetic _—
X 50k et J « stability region of ICM1
E _—"-O
E -O_O_..--"'OO ) o ]
g 155.--- (cl)Ck#z) .  ellipsoidicity ratio of ICM2
\q,
a | SDW
£ 10 A . :
= * magnetic structure of ICM3
5 (0,1/2,1/2) (0,9.112) -
Soliew :Irl:)%iilgzlraw general spiral
P S T N O O TN AT W N S O W T < [ O N o T St |
% 2 4 6 8

Pressure (GPa)

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



/— Examples

\ |

0.5x0.5x0.2 mm3

\._ CuFeO: - pressure-induced multiferroicity

non-magnetic pressure cell (up to 10 GPa)

([ 4
) [ (.

THE EUROPEAN NEUTRON SOURCE NEUTRONS

FOR SOCIETY



e SNP under pressure: It's possible!!!

* Determined 5 complex magnetic structures at 3

different pressures in 7 days with a 0.05 mm?3 sample

* SNP is an excellent approach to study novel pressure-

induced phenomena associated with complex magnetic

order

Examples

CuFeO: - pressure-induced multiferroicity

30 I'IlYIII'I\'IIl'lI'IYII1|‘[|Y||II"I1|"I
CuFeO,
25 = ;C
. Paramagnetic _am®®
X 20} et c
4] e 20
3 e Or ==
g Shw ©.0.12
5
|—

proper screw

ellipsoidal canted

CM1 ICM2
5 (0,1/2,1/2) (0,q,1/2) (LCl;\;f?oq] =
collinear ellipsoidal Ll
proper screw general spiral
Oilllllllllk PR TN T T T N N (7 T T N N T T N T O T N 1
0 2 6 8

4
Pressure (GPa)

Terada, Qureshi et al. (2018) Nat. Commun. 9 4368
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v Conclusions
SNP and the future

* SNP is a powerful technique without alternatives for certain scientific challenges
» Magnetic domain sensitivity makes it the ideal probe for switching behaviour 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, but also emerging field of twistronics (2D materials, few-layer limit)
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v Conclusions
SNP and the future

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

» Magnetic domain sensitivity makes it the ideal probe for switching behaviour 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, but also emerging field of twistronics (2D materials, few-layer limit)
* D3 at 50%: overload of 5.9 (!) in College 5B in current proposal round

* We need D3 at 100% in order not to miss out on excellent science!
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