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Who uses polarized

9 BASIS - BL-2 NOMAD - BL-1B USANS « BL-1A ARCS - BL-18 SEQUOIA « BL-17 VISION - BL-16B
n e u r o n S a P Backscattering Spectrometer Nanoscale-Ordered Ultra-Small-Angle Neutron Wide Angular-Range Fine-Resolution Fermi Vibrational Spectrometer
Dynamics of macromolecules, constrained Materials Diffractometer Scattering Instrument Chopper Spectrometer Chopper Spectrometer Vibrational dynamics in molecular
molecular systems, polymers, biology, Liquids, solutions, glasses, polymers, Life sciences, polymers, materials science, Atomic-level dynamics in materials science, Dynamics of complex fluids, quantum systems, chemistry .
chemistry, materials science nanoarystalline and partially ordered earth and environmental sciences chemistry, condensed mater sciences fluids, magnetism, condensed matter, neutrons.ornl.gov/vision
neutrons.ornl.gov/basis complex materials neutrons.ornl.gov/usans neutrons.ornl.gov/arcs materials science
neutrons.ornl.gov/nomad neutrons.ornl.gov/sequoia

NSE - BL-15

Neutron Spin Echo Spectrometer
High-resolution dynamics of slow processes,
polymers, biological macromolecules
neutrons.ornl.gov/nse

SNAP . BL-3

Spallation Neutrons and

Pressure Diffractometer
Materials science, geology, earth and
environmental sciences

Magnetic Moment Contrast

HYSPEC - BL-14B
Hybrid Spectrometer

JoEsmmsssnmmnz Dynamics of quantum materials with optional
polarization analysis
: MAGREF - BL-4A neutrons.ornl.gov/hyspec
\ = (ar—F (N Pl u| Magnetism Reflectometer
I J LI C l"j CI r » p I rl \J O rl [rcl > [ m | (ondensed matter, materials science and
u magnetism of interfaces
: neutrons.ornl.gov/mr FNP «BL-13
- Fundamental Neutron Physics
Beam Line

Enhanced Resolution via ‘Larmor’ LIQREF « BL-4B
Liquids Reflectometer

Te C h n | q u e S Interfaces in complex fluids,

polymers, chemistry
neutrons.ornl.gov/Ir

Fundamental properties of neutrons
neutrons.ornl.gov/fnpb

TOPAZ . BL-12

: Single-Crystal Diffractometer
VENUS - BL-10 Atomic-level structures in chemistry, biology,

Studies of the neutron itself

Cold Neutron Chopper Versatile Neutron Imaging Instrument earthsience, mateils sienc,
Spectrometer Energy selective imaging in materials science, engineering, condensed matter thf‘“
Condensed matter physics, materials science, materials processing, environmental sciences and biology neutrons.ornl.gov/topaz
chemistry, biology, environmental science neutrons.ornl.gov/venus

neutrons.ornl.gov/cncs

VY

. \ —
EQ-SANS - BL-6 VULCAN - BL-7 - CORELLI - BL-9 MANDI - BL-11B POWGEN - BL-11A
-
Extended Q-Range Engineering Materials Diffractometer |m | Elastic Diffuse Scattering Spectrometer Macromolecular Neutron Diffractometer Powder Diffractometer ﬁ
Small-Angle Neutron Mechanical behaviors, materials science, materials processing ™ Detailed studies of disorder in arystalline materials Atomic level structures of proteins, macromolecules and DNA Atomic-level structures in chemistry, materials science, and | &
Scatteri ng Diffractometer neutrons.ornl.gov/vulcan : neutrons.ornl.gov/corelli neutrons.ornl.gov/mandi condensed matter physics including magnetic structure | &4
Ioow g
Polymers, soft materials and colloidal systems, - neutrons.ornl.gov/powgen 9
materials science, life science, earth and 1
environmental sciences I Operating instrument in user program
neutrons.ornl.gov/eqsans - Under construction The Spallation Neutron Source is a facility of Oak Ridge National Laboratory,

managed by UT-Battelle LLC for the US Department of Energy.
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Who uses polarized
neutrons at HFIR?

Multimodal Advanced
Radiography Station
Transmission imaging of natural and
engineered materials
neutrons.ornl.gov/mars

Detector Test Station Optics Development
Defractometer
Sample alignment and optics

Spectrometer
Low-energy excitations, magnetism,
structural transitions
neutrons.ornl.gov/veritas

Reactor Detector development and testing
Pressure Neutron | ? neutrons.ornl.gov/
Vessel Source developmentbeamlines

[ ] EEEEEEEEER l.
GP-SANS - CG-2
General-Purpose Small-Angle

Neutron Scattering Diffractometer
Materials structure and processing, metallurgy,
polymers, geophysics, high-Tc superconductors,
complex fluids, magnetism and spin textures
neutrons.ornl.gov/gpsans

> \ A Bio-SANS - CG-3
f Biological Small-Angle Neutron

PTAX - HB-1
Polarized Triple-Axis

Spectrometer
Polarized neutron studies of magnetic
materials, low-energy excitations,
structural transitions
neutrons.ornl.gov/ptax

POWDER - HB-2A %)

Magnetic Moment Contrast

I 3 3 e 4 :
I J LIC | eal O0IN C ontrast Neutron Powder Diffractometer L Scattering Instrument
- S ) R N Structural studies, magnetic structures, oy Proteins and complexes, pharmaceuticals,
y biomaterials

texture and phase analysis
neutrons.ornl.gov/powder

Enhanced resolution via ‘Larmor’
techniques

Wide-Angle Neutron
Diffractometer
Diffuse-scattering studies of single crystals
and time-resolved phase transitions
neutrons.ornl.gov/wand

v/Dlosans

neutrons.ornl.g

TAX - HB-3 DEMAND - HB-3A

HIDRA- HB-2B

developmentbeamlines

n
u . N . . . . .

= Polarized Neutron High Intensity Diffractometer | | Triple-Axis Spectrometer Laue Diffractometer £
= Development Station for Residual stress Analysis Medium- and high-resolution inelastic Neutron Diffractometer Development Beamline Spectrometer Atornic resolution structures in bioogy, - [
m|  Development of new components and Strain, texture, and phase mapping in Stanff'”q atthermal HEie Small unit-cell nuclear & magnetic Development of larmor m High-resolution inelastic scattering chemistry and complex rnatenais =1
m| techniques for utilizing polarized neutrons engineering materials neutrons.ornl.gov/tax structural studies precession techniques = atcold neutron energies neutrons.oml.gov/imagine S
n neutrons.ornl.gov neutrons.ornl.gov/hidra neutrons.oml.gov/demand neutrons.oml.gov. neutrons.ornl.gov/ctax %
n i
|

-

igh Flux Isotope Reactor is a facility of Oak Ridge National Laboratory,
managed by UT-Battelle LLC for the US Department of Energy.
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NIST

National Institute of
Standards and Technology

U.S. Department of Commerce

NGB
30m SANS
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Software / workflow Polarization Development

presentations & presentations m \

exercises
'~ O\

Mag2Pol

4
i Magnetic PDF Welcome
Navid Qureshi!

(ILL)
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From neutron scattering 101 to polarized neutron
scattering
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CHARACTER:
Neutrons sometimes behave as particles, and sometimes as waves

= 4
.. It’s a __
o g particle! 5 Neutrons
s B Too!

e
. M Ly
- It’s a % i
| wave! /

flt

. ffﬁ
Isaac Newton Christiaan
..wf;\"

-

g

Confusion about Light “Solved” with
Quantum
Mechanics
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CHARACTER:
Neutrons sometimes behave as particles, and sometimes as waves,
and sometimes they just get absorbed...

Scatter like a wave Scatter like a particle Absorption
[ /e
N ]
“Coherent” scattering “Incoherent” scattering The nuclear reaction
you’re used to...
“Feels” more of a volume all at once, Single point of contact, scatters
Scattering VERY direction dependent in random directions Prompt gammas, beta
rays, etc.
Examples of coherent scattering: Loses ‘coherence’ via:
Diffraction (feels adjacent scatter planes) Random isotopes Most common
Phonons (feels collective wiggles) Random nuclear spin orientations ‘detector’ mechanism
Index of refraction (feels density) Suppression of coherent scattering
Think ‘scattering length’ Think ‘cross-sectional area’

#,OAK RIDGE | it

National Laboratory | REACTOR



CONTRAST: Neutrons scatter via 2 different forces, too

Nuclear
Strong force

Interaction with nuclei of atoms
Depends on the isotope
Depends on spin of the nuclei
Depends on nuclear resonances

“Sees” lattice structure via nuclei location
“Sees” phonons & vibrational modes

Includes both scattering and

( is a nuclear reaction, Think
creating a new isotope

with an additional neutron)

“Contrast” of
the scattering
neutron

% OAK RIDGE | o5

National Laboratory | REACTOR

Magnetic force

4

Interaction with the magnetic field
in a region about atoms

“Sees” magnetic structure
“Sees” magnetic excitations

4




Combine Contrast & Character; or Particles, Waves & Forces

. Shielding, optics, What we use it for...
‘ Absorption ‘ detection

Nuclear atomic Ferromagnetic structure

structure (diffraction) Magnetic multilayer structure

Index of refraction ‘- = Skyrmion structure

(SANS & reflectometr Su_perconductor, structure &
Coherent spin waves

Phonons cross-talk or Quantum Materials

interference

Spin incoherence (separating Paramagnons in
|nCOherent & isolated motion from collective |nCOherent & gaseous state

motion)

Strong Magnetic

Isotope incoherence (mostly
annoying, but polarized standard)

Isolated chemical vibration &
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“A rotation, especially H,

J Strong force Contrast Magnetism C’
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Specific neutron scattering instruments prioritize...

[ < Absorption @

LIQREF MAGREF
L BIO-SANS, EQ-SANS GP-SANS
_ IMAGINE-X, MANDI ‘_ Gl TOPAZ, DEMAND, CORELLI
o POWGEN, SNAP - POWDER, WAND?
()
5 HIDRA, VULCAN Coherent SEQUOIA, CNCS, HYSPEC,
2 ARCS, TAX cross-talk or DAL PG USRS
% interference
o
)
S BASIS, NSE
. Incoherent & VISION Incoherent &
() .
|5 Strong VENUS, MARS Magnetic
3
=
A

Contrast Magnetism \ *

>
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Different science thrusts roughly map

[ < Absorption @

Materials & Engineering Quantum Materials

& Biology

» Soft Matter & Polymers ‘_

EJ Geology

(]

o Coherent

L: cross-talk or

% interference

o

(1)

S Chemistry

= Incoherent & Incoherent &

T Strong Magnetic

S

£

ﬁ

J Strong force Contrast Magnetism \ *

>
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Early impact of magnetic coherent diffraction & C*

v The first direct evidence of antiferromagnetism was produced in
determining the magnetic structure of MnO - 1949

EEEEEEEEEEEEEEEEECEEEEEEEEE e e aTELIE AL REVIEW VOLUME 83, NUMBER 2
ORNL Graphite Reactor i’ e
1943-1963 > ] il

Neutron Diffraction by Paramagnetic and Antiferromagnetic Substances

C. G. Smorr, W. A STRAUSER, AND E. 0. Worran
Oak Ridge National Laboratory, Oak Ridge, Tennessee
(Received March 2, 1951)

Detection of Antiferromagnetism by Neutron Tante IT, Comparison between observed MnO antiferromag-
netic intensities and those calculated for various models of mag-
D iﬂractiu“ * netic orientation with respect to crystallographic axes. %
. (5, SHULL (100) (111) L[111] Observed
Oak Ridge National Laboralory, Oak Ridge, Tenneises @ ® © {neutrons /min) (5 é |
aeoomo w9 RS9
A (331) 129 109 - 132 | d) (5 |
J. SAMUEL SMakrT ggggg} 54 n . 70 Q (5 Q({) Q@
Noeal Orduence Laborafory, White ok, Siver Spring, Maryland .
August 29, 1949 X

& 3 8 8

i B DT —]
! + i } sereBsi
et '/fm;ah
80°K Ma_ATOMS IN_MnQ
N Mﬂ

v the first magnetic form-factor data were obtained by measuring the paramagnetic
scattering by Mn compounds (1951)

v the production of polarized neutrons by Bragg reflection from ferromagnets
was demonstrated (1951)

%OAK RIDGE
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E=1/2 mv? leads to useful matching of size to energy scales

Dispersion

1.E+05

1.E+03

1.E+01

Thermal

1.E-01 Neutrons

1.E-03

Cold
Neutrons

1.E-05

1.E-07 Ultra-Cold
Neutrons

Energy (eV)

1.E-09

1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01
6.3 um 6.3nm 6.3 Angstrom

%O AK RIDGE wave vector (A-1)
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What do neutrons enable us to study in these materials?

Different measurements : Different techniques & probes : Different beamlines

Structure Dynamics
Diffraction: crystal ) veV Quasielastic: diffusion, etc.

structure (Phonons \

A Diffuse scattering: M
impurities, dislocations, agnons
etc. J ||| Resonances
Reflectivity: depth profiling | 8|| Spin Waves

()
C
LLl

Small Angl.e Scattering: KCrystal fields)
statistical information on . ‘ .
mesoscale structures Rotation and vibration
like vortex lattices modes

um- eV

‘Size R
Momentum transf

um

Chemical bonds

%OAK RIDGE
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Momentum transfer direction during scattering éa defines what
magnetism orientations will contribute to scattering contrast

(neutron) Energy loss (neutron) Energy gain Neutron vs excitation
Elastic |k;| = |kf| |k;| > |kf| : momentum ( vsq)

Inelastic / spectroscopy —
convention Q — k —kf

(V —ky Q_>/v —ky s —ky

— ——— —
A 6 k; B 0 Ik B 0 Kk
ks ks kr
21,2
Elastic / diffraction E = h"k
convention Q_e) — k—f) _ E’ 2my,
Q/k_f) l CREATES excitation in material ANNIHILATES excitation in material
4 - _ —_— stample(qb) é\ _ Q/lQl
-k Qs% o Q
Qe = —0s
%OAK RIDGE

National Laboratory Lab frame vs single crystal sample frame



CONTRAST: Vector-ing from the perspective of the 2 forces

Strong force Magnetic force ‘
Spin: d Dipole moment: ‘
Op = 72 f, = —1.913 uy
Nuclear magneton:
Quantum Uy = 5.051E — 27 JT 1
weirdness Uy = 3.15E — 5 meV/T
— don’tlik ' i .
i jgg’;h;r; - interacting with --- —
Relative q \ -ﬂ‘_"f“ins of atomic nuclii Relative orien “ - ~erials
--- leads to changes in ---

| ered intensity Reorientation Of the
Enrico Fermi spin or magnetietassadpuarks dancing
%OAK RIDGE | it X of the neuttBpide each neutron
National Laboratory | REACTOR 18



I ¥OakRIDGE  Changes depend on polarization of incident beam

Changes in Scattered Neutron Intensity Changes in Neutron Orientation

19



Yet, with unpolarized neutron scattering alone...

%

OAK RIDGE | g riux

National Laboratory | REACTOR

All different kinds of
scattered intensities
get mixed together

Scattered intensity

Cannot observe
neutron
reorientation

Reorientation of the
spin or magnetic moment
of the neutron

20



If only we had a way to filter and play with

the neutron spin or magnetic moment...

% OAK RIDGE |13
National Laboratory

REACTOR
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We could isolate different features

We could reveal different dimensions

We could answer new questions
%OAKRIDGE

Natonl Laborsory (that we’ll call ‘CAPABILITIES’)




But beware, ‘polarization’ has 4 meanings for heutron
scattering

%OAK RIDGE

1 Labor: CTOR



What? ANOTHER meaning for polarization?

This time, we’re NOT referring to polarization of the neutron
‘ INSTEAD, we’re co-aligning either ATOMIC NUCLEI spins or

magnetic moments inside of some material

In this case, the MATERIAL is ‘polarized’ instead of the neutron!

Polarized materials can change scattered intensity of polarized

neutrons f}‘f @ f}‘}‘
1 B

%OAK RIDGE

1 Labor: CTOR 24



Ingredients for CONFIGURATIONS: Polarization Optics

Guide fields, Flippers, and Filters

%OAK RIDGE | }iSH ftox

National Laboratory | REACTOR
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Guide fields & Larmor precession

lce skater Break dancer

%OAK RIDGE | fgH v

National Laboratory | REACTOR

Rope dancer

26



Guide fields & Larmor precession

-aAr
=
(mostly) parallel Right angle (mostly) antiparallel
P~1 P~0 P~-1

%OAK RIDGE

1 Labor CTOR 27



Guide fields as ‘nutators’
Steering neutron moment while flying is possible
-IF- we precess fast enough to track the change in field direction

I

HIGH FLUX
ISOTOPE
REACTOR

%OAK RIDGE

National Laboratory
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A Quantum perspective for Larmor Precession
helps to figure how FILTERS work

s >

==
Classical @

T

Quantum So, if we could FILTER while the neutron is experiencing an external magnetic field,
we could pass through up to half the neutrons!?!

Naming convention for filters:
‘Polarizer’ is the filter for the incident, pre-sample neutron beam
‘Analyzer’ is the filter for the scattered neutrons after the sample

% OAK RIDGE | o5

National Laboratory | REACTOR
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National Laboratory

Guide fields and nutators Flippers

* ‘Quantum’ has its advantages... e Larmor precession, via torque T on Optionally invert the neutron spin-state
neutron magnetic moment fi by with respect to the ambient guide

applied magnetic field B field

I ¥QakRIDGE  Po|grization optics: ingredients for P. Configurations

— Unpolarized classical has arrows
pointing everywhere

— In ambient field, though, a quantum T=[UXB,w=-yB

2?%eg,p§§('jtc'f\’;n, y = -1.833E4 rad/Gauss-sec B B
_ Afilter can achieve up to* 50% * Frequency w is INDEPENDENT of

transmission polar angle ¢ between applied field 5

and moment Q

B B e Magnetic ‘guide’ fields keep [i either =

\ . aligned or anti-aligned with respect to
Z, 1z ;
L

of B slowly

*Actual transmission varies widely... B >
>
@\.
>

l‘\ ‘ — Keeps w fast while changing direction ®

31



I ¥0akRIDGE  Po|grization opftics

Guide fields and nutators Flippers ﬁ

Heusler crystal Polarizing Supermirror Permanent Magnet  Rotatable nutator Mezei Radio-Frequency
Yoked Assemblies

Cryogenic Adiabatic Fast
(Meissner screen) Passage /w 3He

32



No system is perfect...

Polarization P

NT—N* . . ——rotrrp
B 1\/T + NJ’ e—te— HU Mrr Flip
g 300 o == HU Rad NoFlip
—-1<P<I1 s
:=< 250 PG Rad NoFlip
Flipping ratio F : = 20
F —_ % 150
Due to imperfect "
 Filters >0 zﬁmm
* Guide fields 0

* Modeling precession can help... 0 10 ] 20 . 30 40
* Flippers i (meV)

* Even samples can introduce depolarization
effects

%OAK RIDGE

National Laboratory



Scattering changes accessed by different
CONFIGURATIONS

Ways to measure changes in scattered intensity and/or changes in neutron polarization orientation

$,0AK RIDGE iy
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Add changes to scattered intensity to the Contrast / Character Matrix

. 3He filters absorb just
ARl ‘ 1 spin state* @
D (

Dynamic Nuclear When ‘polarizing® your
Polarization sample

. . s p i Ferromagnets
When ‘polarize*’ the | ‘_ | Ferrimagnets
nuclei L )] Paramagnets

Constructive / deconstructive

interference for specific Bragg peaks:
Coherent e.g. Heusler crystals

cross-talk or Magnetic chiral
interference structures

IMAGINE-X

Scatters only one spin
Incoherent & state for 'H Incoherent &
Strong Naphtaline as Magnetic

polarization filter for

unscattered beam*

No change

+—
c
(<)
=
(]
e
(@)
o
}
(]
]
(S)
(L)
} S
(1)
o
)
—
c
(<]
—
o
N
(@)
(@)
c
ﬁ

Contrast Magnetism \ *

>

%OAK RIDGE

*N. Niketic et al, J. Appl. Cryst. (2015).
National Laboratory

48, 1514-1521



Add Vector Reorientation to the Contrast / Character Matrix

Absorption ‘

Spin-incoherent scattering

Strong (H & V) Magnetic
No spin flip for

Isotope incoherent scattering
Suppressed coherent (TiZr)

d No spin flip for L Sometimes spin flip,
[ Srerit & sometimes other
Nuclear coherent frlertic reorientations

= scattering ’

% Known dependence on
S Coherent momentum transfer

Q

O cross-talk or

- interference

(]

©

L

< 2

O R I Random spin flip

g Incoherent & 3 SPInfupfor Incoherent &

5

e

(@)

(@)

£

),

J Strong force Contrast Magnetism \ *

>
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Formulas on next pages leverage lattice periodicity & coherent
scattering

%OAK RIDGE

National Laboratory

Coherence mechanism #1:
Leverage lattice periodicity for single

crystals or powders
(think Bragg’s law, Block equations, etc.)

Useful for diffraction and coherent inelastic
scatting in comparable Q ranges

Leads to ‘Maleev-Blume’ equations with ‘simple’
formulas relating various contributions to scattering
into changes in neutron scattering intensity and/or
polarization state

Will utilize Maleev-Blume vector equations as
instructional aid for this introduction

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

SOURCE

REACTOR

Coherence mechanism #2:
Leverage # density variations
leading into optical density
variations

Useful for small angle neutron scattering
(SANS) and reflectometry

For e.g. 1D multilayer systems, NOT periodic so
must directly solve Schrodinger’s equation

Similar approach to coherent interference
effects
(here often called ‘contrast matching’)



Maleev-Blume vector equations for single crystals & powders

Add changes to scattered intensity to the Contrast / Character Matrix

I=I,+N'N+I;+M M, +P-MN+P -M,Nt +iP-(MT xM),)

Sile (N £ M)?
' NTN /[ P-Min |
+P-M NT ﬁLﬁl ) B
\] / +iP- (M! xM,)
Incoherent & Incoherent &
Strong Magnetic
L, + I

%OAK RIDGE

National Laboratory

1S.V. Maleev, V. G. Bar'yaktar, and R. A. Suris, The scattering of slow neutrons by complex magnetic structures Sov. Phys. Solid State 4, 2533 (1963)
2M. Blume, Polarization effects in the magnetic elastic scattering of slow neutrons, Phys. Rev. 130, 1670 (1963).



Maleev-Blume vector equations for single crystals & powders
Add Vector Reorientation to the Contrast / Character Matrix

by measuring filtered intensity

1
PI=P <1n +NTN — §Isi> +(P- MM, +P -M)OM! —p(M'M,)+iN(Px M) —iNT(Px M)+ NM! + NtM, —i(MT x M)

(.MM
B o it o4 L,
. IN(P > M) +(P-M )M
P(NTN) —iNT(PxM,) S

+ N (MIM,)

+N'|'1‘—4)J_ —l(M_LXMJ_)
Incoherent & Incoherent &
Strong . 1 Magnetic

P <In — —ISl-)

O R 1S.V. Maleev, V. G. Bar'yaktar, and R. A. Suris, The scattering of slow neutrons by complex magnetic structures Sov. Phys. Solid State 4, 2533 (1963)
% AK RIDGE 2M. Blume, Polarization effects in the magnetic elastic scattering of slow neutrons, Phys. Rev. 130, 1670 (1963).

National Laboratory




Qualitatively digging into vector reorientation just a bit more

Sab(Q» (1)) Full Magnetic Structure Factor Tensor

Su(@Q®) $,Q0) 5,0

Neutron Spin State

- . . ‘Polarized’ Analyzed’
Syx(Q' “)) Syy(Q» “’) Syz(Q» “’) Incident Scattered

s — — T (no neutron T
Szx(Q’w) Szy(Q"‘)) Szz(Q'w) 1 spin change) 1

@% @'_ Gl 1 (neutron 1

_>1 1 spin change) T
I & T —
T 1 Off-Diagonal elements
Diagonal elements geedsdogi?ld;? sample
Multiferroics eyond spin-rlp
Antiferromagnets Need for more exotic systems
Diffuse scattering (chiral, spin-lattice coupling’)

%gﬁﬁ&{gﬁg ). Phys.: Condens. Matter 9, 4729 (1997)



Meet the “Vector family

R, Coordinates of one atom in unit cell for crystal
m Which way and how strong a magnetic moment of an ATOM points
A measure of how ‘polarized’ the incident beam is, and average Real space
P Polarization orientation of those neutrons’ spin (or magnetic moment) at sample
position (definition #2)
ﬁ The new polarization of the scattered neutrons
— Momentum Incident neutron momentum .
Q transfer minus final neutron momentum Quap = ki-
Magnetic Reci l
— : — eciproca
M(Q) structure Fourier transform of M, P
factor* space
S . The component of the Magnetic structure factor perpendicular to the
M, M perp -
momentum transfer Q
OAK RIDGE | HH FLX | SPALLATION *components are found in various terms of the magnetic structure factor tensor

National Laboratory | REACTOR | SOURCE




Polarization CONFIGURATIONS access
Intensity and/or Polarization State

POLARIZATION mered | optics
CONFIGURATION P
neutron
- Nuclear structure factor Half Polarized
— iQ‘R
N(Q) = znb”e " Dynamic Nuclear : 1 filter
- . Intensity .
M, =eyxM(Q)Xeg “M perpendicular” Polarization 1 flipper
0 Fourier transform of magnetic
_ R
M(Q) = ZnMnelQ n moments / magnetic structure Longitudinal Analysis (1) Filtered intensity
factor of speaﬂc 2 fl'Iters
eg = Q/1Q| Unit vector along momentum pol.arlzatl.on 1 flipper
reorientations
transfer Q Loneitudinal Analvsis (I
Ig; Spin incoherent scattered intensity onsitu |n'a nalysis (ll) 2 filters
] — - — Spherical Neutron Both .
PP Initial and final polarization _ 2 flippers
Polarimetry

Changes in scattered intensity
I=l,+NIN+I;+MM, +P-MIN+P -M Nt +iP - (MT xM),)
1 Changes in neutron orientation (filtered intensity)
PI=P(L,+NIN-ZI;|+(P-M)M, +P-M)OM! —P(MTM,)+iN(PxM")—iNt(PxM,)+NM' + NtM, —i(M} xM,
3 1 L 1 L 1 1

1S. V. Maleey, V. G. Bar'yaktar, and R. A. Suris, The scattering of slow neutrons by complex magnetic structures Sov. Phys. Solid State 4, 2533 (1963)
2M. Blume, Polarization effects in the magnetic elastic scattering of slow neutrons, Phys. Rev. 130, 1670 (1963).

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
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Tensor form of vector reorientations,
Orthogonal orientations WRT Q, & single final direction

P; =TP; + P’
'NN*—M, - M} 2Im[NM},] 2Im[NM},)]
To =| —2Im[NM;,] NN*—M, M} +2Re[M ,M},] 2Re[M M} ,]

] —Zlm[Nij] 2Re[MlZij] NN*—M, - M| + 2Re[M M7 ,]|
Z

'—Zlm :Mly MJ*_Z]- vy Pz‘ (initial polarization)

P'oc=| 2Re[NM},] JAN -
""-.._ 7
2Re[NM},] e y
RN Q (scattering vector)
Sample‘ X
‘ y /"‘ k; ‘/kf>
x along the direction of scattering vector Q, z perpendicular to the —-""x
scattering plane, y completes the Cartesian set PR

P r (final polarization)

Geometry of neutron polarimetry

%OAK RIDGE

National Laboratory



CONFIGURATIONS, what they access, and their optics

Changes in scattered intensity
I=N'N+Ig+MIM, +P - MIN+P-M Nt +iP- (M xM,)
1 Changes in neutron orientation (filtered intensity)
PI=P (NTN - §Isi> +(P-M)OM, +@P -M)OM! —Pp(MIM,) +iN(Px M) —iNT(Px M)+ NM! + NtM, —i(MT x M)

‘analyzed’
scattered
unpolarized beam
incident
neutron
Sl filter

scattered
filter beam

incident

Scattered
intensity

beam varies

CONFIGURATIONS
 Unpolarized

b (e ¥
* Half Polarized: 1 filter 1 flipper

+ Longitudinal (1): 2filter 1 flipper ‘P°l‘i‘(;izef"
* Longitudinal (2): 2 filter 2 flipper reeen

beam
%OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE




CAPABILITIES truncate those equations
Yes, the Maleev-Blume equations are VERY busy

9D

e Leverage personality flaw found in some scientists

A. Make assumptions about the system you are studying

B. Eliminate terms
C. Simplify/ Streamline the math

- Linear algebro
N equations & N unknowns - solvable problem

- Let’s call the solutions to the streamlined equations

“Capabilities” @X@

« Thinkword problems in reverse...
. OAK RIDGE | sere gyl

National Laboratory | REACTOR | SOURCE




CONFIGURATIONS, CAPABILITIES and Capability Families

* “Configurations” are specific combinations of polarization optics enabling access to
different Maleev-Blume equations
=  Will show examples of configurations in upcoming slides!
* “Capabilities” are specific solutions to streamlined Linear algebra problems
= Canonly be solved utilizing a subset of “Configurations”
= Assume certain terms in Maleev-Blume equations aren’t present
= Polarization-state ‘equation’ is actually several equations
* “Capability families” are intuitive (?) groupings of those specific solutions

Capability Families Color Key

Isolate nuclear scattering N&I, .
Isolate spin-incoherent scattering . Nuclear Scattering (COherent
Leverage dynamic nuclear polarization NS & isotope-incoherent)
50"13 Phase Problem N&M. Spin-Incoherent Scattering
Explore magnetic scatterin M . Z

P ST : = Magnetic Scattering
Explore coinciding of nuclear and N with Mo -
magnetic scattering Dynamic Nuclear
Explore magnetic chirality M, cross terms Polarization

Other

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE

REACTOR




Ingredients for your ‘polarized’ application statement
As a [SCIENCE AREA] neutron scattering experimentalist, | want to

[INEUTRON SCATTERING TECHNIQUE]
so | can [APPLICATION statement] for [SCIENCE EXAMPLE]

SCIENCE NEUTRON SC; ?S%:;lj NEUTRON
AREA SCATTERING L ein POLARIZATION
TECHNIQUE P CONFIGURATION

l of sample
- CAPABILITY H
STATEMENTS
SCIENCE —
EXAMPLE
— CAPABILITY
FAMILY
APPLICATION —

OAK RIDGE Pslg ¥¥¥¥¥¥¥¥ ’ AAAAAAAAAA STATE M E NT

NNNNNNN
nal Labor:



Mapping from your science area into demonstrated capability
families, then into Configurations

Science areas Capability Families Configurations
> w»n oo [%2) > =] o O d N c > =
W g| £ 03 © S| ¥ 2 Q| ol ©| © & 2
o — QL = w o < N Q ') = o E
© €l o & o| | o .2 ol Nl N5 el =
— > Q =5 E 7] o © = = o = ©
© 5| €| T ¢ G| » o ©| & =z 5| -
a Eo E E S © &l ol o = LO‘3
o3| o 8 1S 1= L'T_U el _g [=¥
sl | 22 z | 3 Bl
2l ol § € (S £l £ &
Ll 2 8§ c T| ©T| &
Sl & S (o) S| 3| &
2| =S| 5§09 = =2 =
= 8 O > oo| o
S| © o S 8
nl > =
Isolate nuclear scattering N&I,
Isolate spin-incoherent scattering

Leverage dynamic nuclear polarization

Solve Phase Problem

Explore magnetic scattering M.

Explore .comudm.g of nuclear and N with M.
magnetic scattering

Explore magnetic chirality M | cross terms

‘+’ refers to the need for a little something extra

DY EI AN IS[CETd el Tgv£Ndlelalals 0 requires co-aligning spins of atomic nuclei
Solving the Phase Problem for reflectometry also requires a substrate whose magnetization can be reoriented
Spherical Neutron Polarimetry also requires a zero-field chamber about the sample and additional spin manipulation optics

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE

REACTOR




Canl even use the needed
polarization capability at the
desired instrument?

§ w2
w5 : 5 o [a] L.
2|1 51 @ €| E|Impactsthe | u | = < | 8| w
Q Q. < .Q 8 [a] < < g: o L
POLARIZATION CONFIGURATION E 2| ®|32 scattered 2| s | F % g 2
o - a.
x|%=| 8 S| 8| neutron o | u T | =S
| Q2 E
c Y
)
i #*
Half Polarized, high vert. H 1|1 1 2 Intensity
Half polarized, high horiz. H 1(1 1 2 Intensity
Longitudinal Analysis I, vertical 1 2
3D Longitudinal Analysis | 511 3 6 | Polarization
Long 1, vertical and 'x' 2 4 State
Long 1, wide h+v angle, account |_si 5 |10
Longitudinal Analysis Il 2|2 1 4 Both
Spherical Neutron Polarimetry 2|2 6 24 Both
Polarizati
Larmor 2|2 many clarization
State

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE

REACTOR




%

OAK RIDGE | g riux

National Laboratory | REACTOR

Configuration drill-down

With slight detours to better understand neutron polarization components

50



This introductory lecture is broader than the workshop focus.

You can skip or ‘leapfrog’ some topics

[ < Absorption @
Magnetism C’

»

Incoherent &
Magnetic

Incoherent &
Strong

—
c
()
p -
[}

<
(@]
O
| .
()
)
(&)
@®©
|
®©
e
(&)
—
c
)
p -
()
<
(@]
(@)
c
Jo

J Strong force Contrast
%OAK RIDGE

al Labor



“Half Polarized” Configuration: 1filter, 1 flipper

I=N'IN+Ig+MM, +P-MIN+P-M Nt +iP- (M} xM,)

2 measurements

Doesn’t care about
neutron spin

: reorientation
unpolarized
incident :Ts 3 /Polarized neutron\
neutron beam stays
beam parallel or
antiparallel to
| fi!ter _ kmagnetic field B/ Scattered
incident % intensity
beam = varies
& Qf
(o
S @
o
@)
‘polarized’ :
ri)ncident Various neutron —
beam spin interactions

with the sample

%OAK RIDGE

HIGH FLUX
- ISOTOPE
National Laboratory

REACTOR

SPALLATION
NEUTRON

SOURCE




Equivalent “Half Polarized” Configuration for MAGREF

I=N'IN+Ig+MM, +P - MIN+P-M Nt +iP- (M} xM,)

unpolarized
incident
neutron
beam

-

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE

-

Treated as a
superposition of
spin-up and
spin-down

‘-----\

~

Polarized neutron

beam stays parallel
or antiparallel to

magnetic field B

Split
scattered
beam

Various neutron —

[ 1 measurement ]

Scattered
intensity

it)ﬂ varies

------'

Splitter: polarizing supermirror

spin interactions Configuration useful

with the sample

for reflectometers



“Half Polarized” Capabilities

I=N'IN+Ig+M M, +P-MIN+P-M Nt +iP- (M} xM,)

Separate magnetic susceptibility from nuclear and spin-
incoherent signal
Solve the phase problem using an additional magnetic layer

*
* Identify coinciding of nucl d tic coh t
* entify coinciding of nuclear and magnetic coheren
*
IS
*

scattering in reciprocal space

Identify presence but not direction of a magnetic chiral
structure

Magnon energy gain OR energy loss

Enhance coherent scattering contrast and S:N for hydrogen

Capabilities are ‘word problems’ in reverse!




‘polarized’ or ‘dominant domain’ samples
important for half-polarized configuration

This time, we’re NOT referring to polarization of the neutron
‘ INSTEAD, we’re co-aligning either ATOMIC NUCLEI spins or

magnetic moments inside of some material

In this case, the MATERIAL is ‘polarized’ instead of the neutron!

Polarized materials can change scattered intensity* of polarized

neutrons
11T 811/
/ D (]
%OAKIIEDGE Grot *Chiral structures can change scattered intensity too

55



For many Half-polarized measurements,
you ‘must’ magnetically saturate your sample!

Think ‘dominant
domain’, ‘field cooling’,
etc.

HIGH FLUX | SPALLATION
#}NOAK RIDGE ISOTOPE NEUTRON
- Nat:

ional Laboratory | REACTOR | SOURCE



solenoid

. The field inverts, moving from
For gOOd NUtathn, please be @ @ outside to inside & back. There’s a
Nimble around the Nodes

0-point ring with no field, often
close to beam elevation

Asymmetric magnet Compensated magnet Beware the Bar magnet

Move the node vertically out of the Add an additional outer counter- Bar magnets can also introduce
beam by having a vertical-bore field coil just outside of the main wild swings in field direction
split-coil magnet generate slightly coils, to suppress the stray fields

higher field in one of the caoils. . .
-Better for flippers and filters

-Seems to (sometimes) also
provide enough field magnitude
near a node to preserve
polarization.

51=-123°

% OAK RIDGE Y. Nambu et al, PRL 125, 027201 (2020)
National Laboratory https://doi.org/10.1103/PhysRevLett.125.027201



‘
+ 4

I ¥OAKRIDGE  ‘Exfreme’ half-polarized samples make the best polarization filters ﬁ
Polarizing supermirrors™ Heusler Bragg Optics _

e MM, +P MIN+P-MN"+N'N  « MM, +P -MIN+P M, NT+ NN ol = ol + ol = alt

(but using mdex of refraction)

Absorption @

G- -

These also demonstrate different ways (Capabilities) to access changes in the Maleev-Blume intensity equation
*Supermirrors don’t strictly arise from the Maleev-Blume equations...



Dynamic Nuclear Polarization at IMAGINE

160 )
Anti-aligned Proton Aligned
140 - &Y — Coherent
Yo +++++ Incoherent Better
~ O s
Better = . Total and
g 106.4 \\\ opposite
- teean,, \ H
= o] SN sign
. oy
= S
88 %1 Bestofluck P
& est of luck [™
’Y‘ o . N
" = measuring N
o 601  withthis... \
+ = R
c N
9 40 4\ 42.0 \\
g N
o) 20 1 L .
@) | <
b nti-aligned, 0 o—— 1 0. H H
5 il ¥ 2 ue Anti-aligned -
5 - 3 | :
(] Proton Polarization Nailed Al|gned
E . the
= Hydrogen Unpolarized hydrogen
o location
)
c
()
P -
(D)
=
(@)
(@)
=

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

National Laboratory




Cross sections tabulated for ‘thermal’ neutrons

Column
1:  ZSymbA nuclide: charge number Z - element symbol - mass number A4
2: porT,, abundance (in %) or half-live T, ,
301 nuclear spin /
4: b, bound coherent scattering length (in fm)
50 b, spin-dependent scattering length for /+1/2 (in fm)
6: b spin-dependent scattering length for /-1/2 (in fm)
7. ¢ indication whether separate (b, - b_) values are available (+/-)
and/or a strong energy dependence exists (E)
8 O coherent cross section in barn
9: o, incoherent cross section in barn
10: o, total cross section in barn
11: oy thermal absorption cross section in barn for 0.0253 eV
* stands for estimated values
OAK RIDGE

%

National Laboratory

ZSymbA  por Ty I be by b. ¢ Ccoh Oinc Oscatt Gabs
0-N-1 103MIN 12 -37.0(6) 0 -37.0(6) 43.01(2) 43.01(2) 0

1.H -3.7409(11) 1.7568(10)  80.26(6)  82.02(6)  0.3326(7)
1-H-1 99.985 12 -3.7423(12)  10.817(5) -47.420(14) = +/-  1.7583(10) 8027(6)  82.03(6) 0.3326(7)
1-H-2 0.0149 1 6.6746)  9.53(3)  0.975(60) 5.592(7)  2.05(3) 7.643)  0.000519(7)
1-H-3 1226Y 12 479227)  4.18(15)  6.56(37) 2.89(3) 0.14(4) 3.03(5) <6.0E-6
2-He 3.26(3) 1.34Q2) 0 1.34(2) 0.00747(1)
2-He-3 0.00013 12 | 5747y 437470) 9835(77) E  442(10)  1.53220)  6.0(4)
2-He-4 0.99987 0 3.26(3) 1.34(2) 0 1.34(2) 1]

3-Li -1.90(3) 0.454(10)  092(3)  1.37(3) 70.5(3)
3-Li-6 7.5 1 2.0(1) 0.67(14) 4.67(17) +- 0.51(%) 0.46(5) 0.97(7) 940.0(4.0)
3-Li-7 92,5 3 22202)  4156) 1.008)  +-  061911)  0.78(3) 1.4003) 0.0454(3)
4-Be-9 100 372 7.79(1) 7.63(2) 0.0018(9) 7.63(2) 0.0076(8)
5-B 5.30(4) 3.54(5) 1.70(12) 5.24(11) 767.0(8.0)
5.B-10 19.4 3 0.2(4) -4.2(4) 5.2(4) 0.144(6) 3.0(4) 3.1(4) 3835.0(9.0)
5-B-11 80.2 32 6.65(4) 5.6(3) 8.3(3) 5.56(7)  021(7)  5.77(10)  0.0055(33)
6-C (.64R40123) S851UN Hontid) S851(N D035

Neutron Data Booklet, ILL (2003)



Spin Exchange Optical Pumping for He Filters ALSO leverages IR

Dynamic Nuclear Polarization, but for 3He nuclei instead of H

v z !
H < -
[ Tag/ )
!ty AN
L lom N
| 1 LN
/ £FF.
\ N - \

SANS tank Sample polarizer

teamlper  hnelipper 3He analyzer on MAGREF 3He analyzer on IMAGING

Drop-in cell for GPSANS
%OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE




Assumes [ = [V

Longitudinal Analysis (7) Configuration

1
P = P(NTN —§Isi> +(P-M)OM, +@P -M)OM! —p(MIM,) +iN(PxMD)—iNT(PxM,)+NM! + NtM, —i(MT xM))

‘analyzed’
scattered

[ 2 measurements ]

unpolarized beam
incident :Ts _,(Polarized neutron )
neutron B beam stays
beam parallel or filter
antiparallel to scattered
filter magnetic field B beam
incident " £ /

beam

‘polarized’ :
- Various neutron -
beam spin interactions

with the sample

distinguish between spin flip and non-flip at sample

HIGH FLUX
ISOTOPE

SPALLATION
NEUTRON

%OAK RIDGE

National Laboratory

REACTOR | SOURCE



Longitudinal Analysis (7) Capabilities

1
PI=P (NTN - §ISL-> +(P-M)OM, +@P -M)OM! —P(MIM,)+iN(PxMT)—iNT(PxM,)+NM! + NtM, —i(MT x M)

Separate nuclear scattering from spin-incoherent scattering

Separate spin-incoherent scattering from nuclear scattering

Determine quickly whether a signal is magnetic in origin

Track an order parameter for ferromagnetism of a powder via depolarization of thru beam
Separate nuclear scattering from both spin-incoherent scattering and magnetic scattering
Separate spin-incoherent scattering from both both nuclear scattering and magnetic scattering
Quantify the isotropic magnetic moment magnitude via separation from nuclear and spin-
incoherent scattering

Quantify the magnetic moment magnitude and direction and separate it form both nuclear and
spin-incoherent scattering

Enhance coherent scattering contrast and S:N for hydrogen and Separate from spin-incoherent
scattering

3D

N
%
PAg
*
PAg
NAg
*




HYSPEC: Data correction in polarization configuration

Most characterization measurements with TiZr (Nuclear incoherent)
Vanadium (Spin incoherent) and Quartz (Nuclear incoherent )

Non Spin Flip: IYY = N*N + + /51,
SpinFlip: [V = + 2/, 1
InsF . F 1
FR = ; Correct for flipping SE,.,,., = —SF + — NSF
Isp F-1 F-1
15 Tizr rod 204 Vanadium rod ( = Nuclear spin incoherent)
. nuclear —@— NSF
£ | incoherent >
5 = 15
o 1.01 >
8 2
> T 10
= >
3 0.5 2
< 2 051
e‘“e;::;;f-g""””M“H'!s-;:‘: =========== 0.0 ea90Eaage" | . : . : S s =z
-2 -1 0 1 2 -2 -1 0 1 2
%OAK RIDGE Energy transfer (meV) Energy transfer (meV)
National Laboratory



A tale of two incoherent scatterers, and how we measure

flipping ratios

Vanadium, spin incoherent

TiZr, isotope incoherent

ZSymbA porTiz 1 b br M ¢ Ocwh Ginc How does one get spin-incoherent
i D e scattering from two (partly) coherently
23-V-51 99.75 712 -0.402(2) 4.93(25) -7.58(28) +- 0.0203(2) 5.07(6) .
scattering elements!?!
I[=7/2 ZSymbA porTyy I be b b. ¢ Geoh  Ginc
) 22.Ti 3.370(13) 14852)  2.8703)
SqU|reS (271 ) through (275) Onl.y refer 22Ti46 8 0 475 3.05(7) 0
tO Scatteri ng freq Uency nOt ChanceS Of 22-Ti-47 7.5 512 3.53(7) 0.46(23)  7.64(13) 1.66(11) 1.5(2)
. . . 77 22-Ti48 737 0 -5.86(2) 1650) 0
S p In _ﬂl p ornon-s p In ﬂ“l p 22-Ti-49 5.5 72 0.98(5) 2.6(3) -1.2(4) 0.14(1) 33(3)
22Ti-50 53 0 588(10) 4.80(12) 0

Squires (9.25) through (9.30) discuss
spin-incoherent scattering with spin-
flip (SF=2/3) & non-spin-flip (NSF=1/3)

Enemy of 2/3 vs 1/3 SF vs NSF is
MULTIPLE SCATTERING, so prefer
skinny, annulus, or flat plate...

%OAK RIDGE -
National Laboratory

40-Zr

40-7r-90
40-Zr-91
40-7x-92
40-Zr-94

40-7Zr-96

5148
11.23
17.11
17.4
28

0
512
0
0
0

7.16(3)
6.5(1)
8.8(1)
7.5(2)
8.3(2)
5.5(1)

7.92)

10.1(2)

+/-

6.44(5)
5.1(2)
9.5(2)
6.9(4)
8.4(4)
3.8(1)

0.02(15)
0
0.15(4)
U
0
0

How does one get spin-incoherent
scattering from two (partly) coherently

scattering elements!?!

Squires (2.60) through (2.70), &

1
b.ri = _Echr lead to

(B)*~0 and BZ %0

Neutron Data Booklet, ILL (2003)
G.L. Squires, Introduction to the theory of Thermal Neutron Scattering, (1978)

Other routes to flipping ratio

Nuclear coherent scattering
e Quartz, broad features

* \ycor® porous glass, small
angle scattering from the air
bubbles

Non-spin-flip from (only) nuclear
Bragg peaks

Spin-flip from uniquely magnetic
Bragg peaks

For superconducting samples (no
spherical neutron polarimetry), one
needs several FR’s at different
omegas to account for variations in
depolarization



Longitudinal Analysis (2) Configuration 4measurements

Allows I™ = '

I=NIN+Ig+MM, +P - MIN+P-M Nt +iP- (M} xM,)

1
P = P(NTN —§Isi> +(P-M)OM, +@P -M)OM! —p(MIM,)+iN(PxMT)—iNT(PxM,)+NM! + NtM, —i(MT xM))

‘analyzed’
[ scattered ]
unpolarized beam
incident 'Ts _,(Polarized neutron )
neutron B beam stays
beam parallel or filter
antiparallel to scattered

filter
incident

Kmagnetic field §j ‘ beam

beam

optional flipper
w
QO
3
©
!

‘polarized’ :
- Various neutron -
beam spin interactions

HIGH FLUX
ISOTOPE

%OAK RIDGE

National Laboratory

seaLATON with the sample

SOURCE

REACTOR




Equivalent Longitudinal Analysis (2) Configuration for MAGREF

2 measurements for
I=NIN+Ig+MM, +P - MIN+P-M Nt +iP- (M} xM,) MAGREF 1D
1
P /=P (NTN - §Isi> +(P-M)OM, +@P -M)OM! —Pp(MIM,) +iN(Px M) —iNT(PxM,)+NM! + NtM, —i(MT x M)
[ ‘analyzed’ ]
scattered
unpolarized mﬂ beam
incident fs 3 (Polarized neutron ) M
neutron beam stays
beam parallel or Split
- antiparalleltoﬁ scattered
kmagnetic field B/ beam
(e Vg
o ‘polarized’ :
T aE T Various neutron —
T spin interactions

seaLLATON with the sample

SOURCE

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE

REACTOR




Flip for horizontal field-at-sample using 3D coilg 4measurements

Allows I™ = '

I=NIN+Ig+MM, +P - MIN+P-M Nt +iP- (M} xM,)

1
P = P(NTN —§Isi> +(P-M)OM, +@P -M)OM! —p(MIM,)+iN(PxMT)—iNT(PxM,)+NM! + NtM, —i(MT xM))

unpolarized

beam

T T = ‘analyzed’
—_> scattered

incident B /Polarized neutron\
neutron beam stays
beam > parallel or filter
antiparallel to scattered
filter magnetic field B beam
incident - J

beam : : 7

‘polarized’ :
T Rient Various neutron —
SEE spin interactions
$,OAK RIDGE |rox | sosron with the sample
National Laboratory | REACTOR | SOURCE




v" Description of linear neutron polarization analysis technique - 1969

PHVYSICAL REVIEW VOLUME 181, NUMBER 2 10 MAY 1969

Polarization Analysis of Thermal-Neutron Scattering*

R. M. Moon, T. Riste,} anp W. C. KoEHLER Ralph Moon
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 1 929—2004
B * Onlythe moment component perpendicular
fiipper 1 T to Q is observed (Sperp)

* Scattering depends on the direction of
polarization vector (P) with respect to Q:

Pl Qor PLQ (for single detector)

flipper 2

analyser
| analy detector

m =1 D=1 = f—

=1 m =1 Urt=b=pdut Bl
— — U—=b+pS.,—BI,,

“Non-spin-flip” “Spin-flip [

U= “’p(Slm_I—iSly)_,—B(Ix_'—?:Iy) ’
U T= —P(Slx—@Sly)‘l-B(Ix—ZIy) .

%OAK RIDGE https://doi.org/10.1103/PhysRev.181.920

National Laboratory


https://doi.org/10.1103/PhysRev.181.920

Longitudinal Analysis 2 Capabilities

I=N'IN+Ig+M M, +P - MIN+P-M Nt +iP- (M} xM,)

1
PI=P (NTN - §ISL-> +(P-M)M, + P -M)OM! —P(MIM)+iN(PxM)—iNt(Px M) +NM! + NTM, —i(MT x M)

Quantify magnetic moment and direction

Quantify 3D aspect of the coinciding of nuclear and magnetic
coherent scattering in reciprocal space

Partly quantify chiral magnetic structure or dynamics

* X X

Demonstration experiment N20 leverages the

Longitudinal 2 configuration
Rarely used.

Impossible with magnet due to
size restrictions

SPALLATION
NEUTRON
SOURCE

HIGH FLUX
ISOTOPE

%OAK RIDGE

National Laboratory

REACTOR




I %OAK RIDGE
National Laboratory

Complementarity
between polarized

neutron scattering
- &-

X-ray magnetic

circular dichroism

e |n addition to the other
pro’s & con's comparing
neutrons & x-rays...

72

Polarized
neutrons

polarized diffraction goes beyond

element specificity to lattice-site-

specific moment measurements

Not element specific in general

Relatively direct measurement of
magnetism

Indirectly could leverage neutron
isotope specificity, possibly with
coherent interference effects

X-ray
dichroism

Element specificity near absorption

edges

Access to magnetism when x-rays
excite an electron that contributes

to magnetism
(transition metals —d electrons
—L x-ray edges)

Calculation gymnastics

Potentially separate magnetism into
orbital and spin moments




*
¢+ %

=

Demystifying and expanding the Polarization Neutron
Optics collection

Spherical Neutron Polarimetry as special case

$,0AK RIDGE 1o
ACTOR

al Labor:
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Adiabatic vs non-Adiabatic

Non-Adiabatic: Field direction or magnitude

Adiabatic: Neutron moment follows the field change is ‘too rapid’ so neutron moment ‘stays’

Guide fields & Nutation

§T S —>

it

Nuclear Magnetic Resonance: neutron moment,
while precessing, can ‘catch’ a resonant photon and

follow it upside down

. photon,—,,
b B photon
i
%OAK RIDGE
National Laboratory

1

Neutron observes ‘instantaneous’ change in
magnetic field as it passes through some
kind of field barrier

Neutron has ‘no time’ to respond to change

Can be field direction change

9 t
180°: ¢ v

or magnitude changé to zero field (or back)
T 0 Gauss



How Mezei flippers work

Ferelgibz V _e ei

O field outside, uniform field inside, for uniform
cylindrical shape infinitely long & high coil density Ifiip = 0 Amp

BmSlde = uoNIZ Icompensation =0Amp

Boutsiaze = 0 T T T T ¢

@mmmm} 1

Approximation with finite length
& rectangular cross section T

-

0 Gauss

0 Gauss
=

O

I _ Boutside / \/E
compensation — i, XV X
HoN TP

%OAK RIDGE

National Laboratory



Field suppression

‘Suck in’ high permeability, p-metal (or permalloy)

‘Rejection’ via superconductor, Meissner effect

80% nickel 20% iron alloy Implication: below Tc, field next to superconductor

, o prefers to be tangent to surface...
Needs annealing and doesn’t like to be sneezed at

D.C. PERMEABILITY
100,000

| *After final annealin

10,000

1,000

B - FLUX DENSITY-GAUSS

100

10 . :
.0001 001 01 1 10 10 100

H - MAGNETIZING FORCE - OERSTEDS

T>Tg T<Tc

%8%‘&%255 www.Mu-metal.com
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Other non-adibatic flippers which leverage abrupt field
reversal (180°, full ‘flip in one go...)

Drabkin flipper Dabbs Foil (current sheet) Cryo flipper (Meissner screen)
Ton spin fllp T

u])
—
—
(@]
—
—
vl

§T—> —>T

it—=i—1 1 Of® t

S|
l

Wy SN

i l }——SRBP CLAMPING BAR
it ° Fr

t o} f Jll * ?o -— T 0.5mm ALUMINIUM PLATE
' .

T ! o I < SRBP FRAME

&\\ /]j! i {‘“uu ouT p

Fig. 6. Multiwire current sheet spin flipper.
%OAK RIDGE T.J.L. Jones, W.G. Williams, ‘Non-adiabatic spin flippers for thermal neutrons, NIM 152, 463-469 (1978)
National Laboratory ~https://doi-org.ornl.idm.oclc.org/10.1016/0029-554X(78)90047-2



NMR-style flippers

Refresher: Nuclear magnetic RF flippers: Adiabatic Fast Passage:
resonance NMR on the neutron itself NMR on nuclei of

Bstatic 1 BRF

Fun fact: Those neutrons or nuclei
with moments aligned with B have
slightly more energy than those
anti-aligned (small energies; don’t worry!)

So, while we discussed the
classical (adiabatic) perspective
already, one can from a quantum
mechanical perspective view this
as either photon absorption (anti- to

aligned), Or resonant emission (aligned

to anti-)

—1.913-5.051x1

AE=%Hm=

_ u Tl Tl
- phOtOle_wL Oabs = Oabs @2 Oabs
B O Bar

, T 2
n -

it !
Vary Larmor precession frequency 3He — *He

via varying guide field

strength|Bguide| while keeping Vary RF frequency

For a neutron:

%OAK RIDGE

National Laboratory

Bgulde L Bgr phOtml_ai:wL
Brr
o o
(~1073T)(£1) = 2x10""meV T l l

Both a filter AND a flipper!



Flippers finally explained!

Mezei flipper & Radio Frequency
precession chamber flipper

Adiabatic Fast Passage Cryogenic
Flipper on 3He Filter (Meissner screen)

Think: NMR on the Think: NMR on the 3He Non spin flip
neutron in flight nuclei to invert preferred T O T
absorption

@

Spin flip

O,

YBCO film
Mu-metal yoke
Superconducting coil
Copper Core
YBCO film
Superconducting coil
YBCO film

%OAK RIDGE
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Depolarizers

Steel sheet: random polarized grains Worst-Mezei-Flipper-Ever...

/7‘ ']‘/ Aluminum wire, not anodized, not touching
‘\ \ \l, C 2N
\ T C ) %\ W
C P4
C Ced
(DO
C ) Co
/ (N

Each intergrain boundary represents a non-adiabatic
transition for the neutron flying through

€

Can also be used as an order parameter measurement
in powders. Depolarization as a function of
temperature

N\
\ V)

%OAK RIDGE

National Laboratory



I ¥O0aKRIDGE  Prelude to the final polarization configuration: 3 more components

Zero field region Meissner (superconducting) barrier

* /nstead of preserving neutron e B atinterface is either || surfaceor 0  Like Mezei flipper, but rotates to
moment direction with ‘guide field’ & arbitrary angle, not just 180°
Larmor precession

Coupled with nutator or another

* Only way* to move beyond ‘spin-flip’ precession chamber, enables
and ‘non-spin-flip’ for scattering at arbitrary orientation for neutron
sample moment

One screen on this precession chamber couples with — Established before sample
external guide field, & the opposite screen couples with

Zero-field chamber established in part with zero-field chamber — Extracted after sample

p-metal enclosure

YBCO film
Mu-metal yoke
Superconducting coil
Copper Core
YBCO film
Superconducting coil
YBCO film

*Not entirely true. One published demonstration combined SNP & Larmor technique. Never repeated to my knowledge.

81 W. Schweika, “Time-of-flight and vector polarization analysis for diffuse neutron scattering” Physica B 335 157 (2003)




Moving past the ‘spin flip / non spin flip’ paradigm

Spherical Neutron Polarimetry as special case

$,0AK RIDGE iy
ACTOR

1 Labor:



Sample region: Guide field vs Zero field, moving beyond the
‘spin-flip / non-spin-flip’ paradigm

Guide field Zero field

Preserves polarization via Larmor precession, for Preserves polarization via DON’T TOUCH IT! Provide
neutron moments either aligned (parallel) or anti- NO field to introduce NO Larmor precession

aligned (anti-parallel) to the magnetic guide field ) . . . .
Point the neutron momentin an arbitrary direction at

Point the neutron momentin an arbitrary direction at the sample by using neutron reorientation optics
the sample by pointing the guide field using 3D coils before the zero-field region to orient the neutron

Neutron reorientation during scatter at sample

Captures well spin-flip and non-spin-flip behaviors Neutron reorientation during scatter at sample

because the SAME guide field STILL preserves Stays in ANY reoriented direction (notjust 0° or 180°)
polarization while staying in the Zero field region

Spins out of control* when neutron B Captured well using neutron reorientation optics
moment reorientation # 0° or 180° between the zero-field region and the scattered-beam

polarization filter (called an ‘analyzer’)

%OAK RIDGE *W. Schweika, Physica B 335, p 157 (2003)
National Laboratory https://doi-org.ornl.idm.oclc.org/10.1016/S0921-4526(03)00229-1



Mezei flipper vs precession region

(same) Establish horizontal field using a coil and fixed current
although mean goes through solenoid-like coil

Abrupt change of field direction (non-adiabatic)
For fixed current works for SINGLE energy ONLY
(not same)

Aim for 0 or 180 rotation using current that’s a function of Ei
for horizontal ‘axis’ solenoid-like coil in precession region

Second, vertical axis coil along beam path isolates guide field
upstream from flip field inside

Turn off BOTH coils when not flipping to regain vertical guide
field

Downstream, neutron returns to guide field & ‘gits dizzy’

%OAK RIDGE

National Laboratory

(same) Establish horizontal field using a coil and fixed current
although coils stradadle beam

Abrupt change of field direction (non-adiabatic)
For fixed current works for SINGLE energy ONLY
(not same)

Aim for arbitrary rotation angle using continuous current range
for horizontal ‘axis’ coil/poles in precession region

Meissner shield along beam path isolates guide field
upstream from zero or flip field inside (and mu-metal shields
on top and sides finish the box)

Turn off flip coil/poles when not flipping to establish / extend
zero field region

Downstream, neutron enters zero field region (upstream only)

ANY guide field MUST be || Meissner shield surface at the
interface...

Easier to establish a zero field on one end...



Spherical Polarimetry Configuration

[ many measurements ]

A A { NO MORE JUST “spin flip” OR }
o o “non spin flip”
B B P P A

Nutation B=0 Nutation | 5

llllllllllllllllllllllllllllllllllllllllll

a| [ ) L) = [l
inCident :‘llllllllllllllllllllllllllllllllllllll‘l.‘: Scattered
[beam O Procession . (1) [sample] @@ @ ﬁy beam

\4

Field Barriers: o | T OXD
Meissner shield
pu-metal shield HE-NG [ sample ] ﬂ ; Needs Zero field region

------------------------------------------ NeedS Pl’eCGSSIOI”I reg|0n

llllllllllllllllllllllllllllllllllllllll

* L4
lllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllll

%OAKRIDGE - @ [Sample] @

National Laboratory
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Sab(Q» w) Full Magnetic Structure Factor Tensor

Neutron spin parallel \©\
. B or antiparallelto B L sample
S""(Q’ a)) S"Y(Q‘ w) SXZ(Q‘ “’) Neutron Spin State

- . . ‘Polarized’ Analyzed’
Syx(Q' ‘U) Syy(Q» “’) Syz(Q» “’) Incident Scattered

. ~ — T (no neutron
Szx(Q' (U) Szy(Ql w) SZZ(Q' w) 1 spin change

1
N
0% ©- Ol 1 ()%

T® t— Ti

Off-Diagonal elements

needs O field at sample

Beyond Spin-Flip

Need for more exotic systems

(chiral, spin-lattice coupling?)
%QEKRIDGE

ional Laboratory ). Phys.: Condens. Matter 9, 4729 (1997)

1 spin change

Diagonal elements
Multiferroics
Antiferromagnets
Diffuse scattering




Tensor form, but Orthogonal orientations, single final
direction

P; =TP; + P’
'NN* — M, - M* 2Im[NM* ] 2Im[NM}, ]
To =| —2Im[NM;,] NN*—M, - M} +2Re[M,M;,] 2Re[M,,M7,]
- —2Im[NM}, ] 2Re[M,,M},] NN*—M, - M’ + 2Re[M,,M},]|

Z

'—ZIm :Mly MJ*_Z]- vy Pz‘ (initial polarization)
! _ i * Sso X
P'o=| 2Re[NMi,) JA

S
-
Nellt;:"‘a z
On ""-..,.‘

2Re[NM,] - y
RN Q (scattering vector)
Sample‘ < /
Z ”f, L,. ]‘*f
y - i
x along the direction of scattering vector Q, z perpendicular to the —-""x
scattering plane, y completes the Cartesian set PR

P r (final polarization)

Geometry of neutron polarimetry

%OAK RIDGE

National Laboratory



Spherical Polarimetry Capabilities

I=N'IN+Ig+M M, +P - MIN+P-M Nt +iP- (M} xM,)

1
PI=P (NTN - §Isi> +(P-M)M, + P -M)OM! —P(MIM,)+iN(PxM!)—iNt(Px M) +NM! + NTM, —i(MT x M)

Quantify magnetic moment and direction
Quantify 3D aspect of the coinciding of nuclear and magnetic coherent scattering in reciprocal
space

* Quantify magnitude and direction of chiral magnetic structure or dynamics
7,'\\( Insight into magnetic domains

Best approach for polarization analysis of any superconducting sample of unusual shape

OAK RIDGE

HIGH FLUX
- ISOTOPE
National Laboratory

SPALLATION
NEUTRON

REACTOR | SOURCE




Polarization contrast, reality check

%OAK RIDGE

National Laboratory



I %OAK RIDGE
National Laboratory

«t— PG Mrr Flip

=—te—HU Mrr Flip

=3

e == HU Rad NoFlip
(C.

X

PG Rad NoFlip

M e
0

0 10 20 30 40

Ei (meV)

* Weak signal from low

moment samples
(for magnetism)

— Tryto minimize
background to enhance
S:N

— Recover statistics via flux-
resolution trade-off
90

Reality Check

Low Transmission, Spectra Imperfect Polarization

e Polarization P
NT . Nl
T NT+ N
—-1<P<1

* Flippingratio F
NT
F = m

* Due to imperfect
— Filters
- Guide fields

* Modeling precession can
help...

— Flippers
- Evensamples can

infroduce depolarization

effects

Neutron beam trajectory & Sample

conditions
* Notwide angle

e OK agqetized sample

e OKwide angle

* Not OK magnetized sample

Thanks to NCNR for providing wide
angle ‘banana’ 3He cell for ORNL

Many measurements

¢ N x measurements
* Errors pile up

-  And with low
tfransmission statistics

can be bad to begin
with...

* Recommend modeling to
the measurement instead
of working back to the
model

For many polarized neutron applications, you benefit from completing an unpolarized
neutron scattering experiment in advance



Different polarization optics are compatible with different
kinds of measurements

%OAK RIDGE

National Laboratory

Energy Range Cross section Flipping Sample Environment
Simultaneous Tunable /Divergence Ratio 'Transmission' Compatibility Compatibility
(meV) (meV)
Filters
Heusler ~0.2 meV window |1-30 meV ~0.5° 81020 ~10%
Supermirror m & bend...
flat mirror
C-bender
S-bender ~15meV (mchoice) |1-20 meV ~100 ~10%
V-channel
Supermirror array wide
~60°
angle
Magnetic field
3He ~20 meV 1-90 meV ~90° gtog0  |'ariesbypressure uniformity
& energy requirements limit
magnets
Retain polarization
Guide fields ~20 meV (~10 Gauss) | (same) limited
uncompensated
Nutators ~20 meV (~10 Gauss) | ($aMe) ~60° magnets
Zero Field Chambers any (same) no ferromagnets no magnets
Flippers
Mezei ~0.2 meV window |1-30 meV ~3° 81020
Precession Coil ~0.2 meV window |1-30 meV ~3° 81020
RF flipper ~20 meV 1-30 meV ~6° 81020
AFP for 3He ~20 meV 1-90 meV ~90° ~100
preffered for
Cryo flipper ~20 meV (~10 Gauss) |1-90 meV ~60° (?) 81020 uncompensated
magnets
Drabkin flipper ~20 meV 1-90 meV ~3° ??
Dabbs foil ~20 meV 1-90 meV ~60° ??




When to not bother with polarized neutrons

Signal is clearly magnetic as shown by
* Cross section at lower Q is larger
* Temperature dependence

Magnetic signal is separated in reciprocal
space from nuclear (phonon) signal

No interest in separating signals or in
specific components of polarization
tensor

%OAK RIDGE

National Laboratory

Why not start with polarized neutrons?

Better to understand your sample with
unpolarized neutrons first

* |ndicator of whether polarized neutron
scattering might make sense

* Polarized experiments are slower and
have weaker signal

* Generally, more challenging to reduce
(but getting better)



I %QakRIDGE Y our invitation to take the red pilll -

Active development and community For future reading

* Semiannual meetings / proceedings of PNCMI (Polarized * Several dissertations
Neutrons for Condensed Matter Investigations) _ See instrument-specific publication lists

— Proceedings from 2016: Workshop slides, Polarization for Quantum Materials

https://iopscience.iop.org/issue/1742-6596/862/1

— Ovi, Masa, Yiging & me, every other year

— Proceedings from 2018:
https://iopscience.iop.org/issue/1742-6596/1316/1

Various online slide decks and tutorials

— Ross Stuart,
http://www.oxfordneutronschool.org/2011/lectures/osns_stewart_polarised_2011.pdf

— Proceedings from 2022:

https://iopscience.iop.org/issue/1742-6596/2481/1 — Kathryn Krycka, "Neutron Polarization’slides & video at
' ' ' https://neutrons.ornl.gov/nxs/2021/lectures

* Aspirations & new directions at ORNL & NCNR — Werner Schweika, https://juser.fz-
juelich.de/record/20415/files/C6_Schweika.pdf

_ |
LR * Books /chapters
e Actively building user community via training workshops — Tapan Chatterji (ed.), Neutron Scattering from Magnetic Materials
(that’s you, silly!) (2006) / several chapters

— Stephen W Lovesey, Theory of Neutorn Scatteirng from Condensed
Matter V2 (1984) /ch 10

— (. Shirane, SM Shapiro, JM Tranquada, Neutron Scattering with a Triple
Axis Spectrometer (2002) / ch 8

Still great after 57 years!
93 — Moon et al, https://doi.org/10.1103/PhysRev.181.920



http://www.oxfordneutronschool.org/2011/lectures/osns_stewart_polarised_2011.pdf
https://neutrons.ornl.gov/nxs/2021/lectures
https://juser.fz-juelich.de/record/20415/files/C6_Schweika.pdf
https://juser.fz-juelich.de/record/20415/files/C6_Schweika.pdf
https://juser.fz-juelich.de/record/20415/files/C6_Schweika.pdf
https://doi.org/10.1103/PhysRev.181.920
https://iopscience.iop.org/issue/1742-6596/862/1
https://iopscience.iop.org/issue/1742-6596/862/1
https://iopscience.iop.org/issue/1742-6596/862/1
https://iopscience.iop.org/issue/1742-6596/1316/1
https://iopscience.iop.org/issue/1742-6596/1316/1
https://iopscience.iop.org/issue/1742-6596/1316/1
https://iopscience.iop.org/issue/1742-6596/2481/1
https://iopscience.iop.org/issue/1742-6596/2481/1
https://iopscience.iop.org/issue/1742-6596/2481/1

Enhanced Resolution via

Precession segway...

‘Larmor’ Techniques

== O

Known or measurable phase Random, unknown phase

% OAK RIDGE | o5

National Laboratory | REACTOR



Enhanced Resolution via
‘Larmor’ Techniques

Enhances in only One Direction

Neutron Spin Echo

AE or At enhancement

g
_efitangled Quan

states, too (?)

Wollaston Prism System

AQ or Ad enhancement

1 to dispersion enhancementin Q — E or ‘reciprocal’ space
%OAK RIDGE

National Laboratory
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