Polarization 101 Exercise:
- build a “polarization application” statement for your research -

SHUG 2023, Polarization Town Hall

Polarized neutrons enable a variety of capabilities which enhance ‘unpolarized’” neutron scattering techniques by separating different aspects
and dimensions of scattering, or by providing high-resolution in energy and/or angle. This poster / handout is intended for prospective users
of polarized neutrons, as a workflow to determine whether and how polarized neutrons might help you answer some of your more pressing
guestions, to navigate the wide range of capabilities, and to help you prepare proposals for experiments. This template approach is utilized in
neighboring posters / handouts to provide a consistent framework for understanding the wide range of applications which leverage polarized
neutrons, and to clarify which neutron scattering instruments can access which configurations.

STATEMENT TEMPLATE

As a [SCIENCE AREA] neutron scattering experimentalist, | want to [CAPABILITY FAMILY] when using [NEUTRON SCATTERING
TECHNIQUE] with [NEUTRON POLARIZATION CONFIGURATION] so | can [APPLICATION statement| for [SCIENCE EXAMPLE]

SCIENCE AREA SCIENCE EXAMPLE NEUTRON SCATTERING TECHNIQUE

* Biology » What system(s) or material(s) are you , ° Imaging

- Soft matter & Polymers studying right now? S « Reflectometry

» Materials & Engineering :2: * (n)Small Angle Neutron Scattering
V)

» Condensed mat_ter & - Diffraction (powder or single crystal)
Quantum materials CAPABILITY FAMILY - Quasielastic Scattering

« Chemistry / Geology Isolate nuclear scattering N &I,
Isolate spin-incoherent

scattering /
Leverage dynamic nuclear

larizati .
UNPOLARIZED LIMITATION? [ Ve APPLICATION STATEMENT

* Direct Geometry / Triple Axis Spectroscopy
* Indirect Geometry Spectroscopy

 Environmental Science

Dynamics

Si

: : , Explore magnetic scatterin M : : o : :

* ...with the unpolarized data you've Exglore Coifciding v nucleir + » Describe how this capability family will
already obtained and are trying to and magnetic scattering N with ML remove the unpolarized limitation and help
analyze. M, cross you better understand your science example

* Do you need to separate Explore magnetic chirality terms
contributions to the observed Enhance time / energy I N&M N(Q) = b 0i0-Ry Nuclear structure factor
scattering? resolution v B 0=2 o

M, =epxXxM(Q) X eg “M perpendicular”

5 d enh . t Enhance Q / size resolution
O YOU neea ennancead momentum Match resolution to
N &M,

and / or energy resolution? dispersion

M(Q) — 2 MneiQ-Rn Fourier transform of magnetic moments
4 / magnetic structure factor

eo = Q/|0Q| Unit vector along momentum transfer Q
MALEEV-BLUME EQUATIONS ACCESS SCATTERED

INTENSITY & CHANGES IN NEUTRON POLARIZATION STATE IIIIENYEE B R

I=NIN+Ig+M M, +P-MN+P-M,Nt+iP-(M! xM,)
)

1
P =P (In +NTN — §Isi> +(P-MOM, +P-M)OM! —P(MI M) +iNPxM)—iNt(PxM)+NM! + NTM, —i(MT x M)

SEPARATE: IDENTIFY RELEVANT TERMS IN M-B EQUATIONS... TO DETERMINE CONFIGURATION
Measures the
» Applications which separate or isolate (spin) incoherent from coherent, or magnetic POLARIZATION CONFIGURATION | scattered Optics
direction-dependent contributions neutron
- Select one or a few terms in the Maleev-Blume equations which speak to the Half Polarized o | 1 filter
capability which you intend to leverage Dynamic Nuclear Polarization - Intensity |y gor oo
» Special case #1: Coalign system nuclei to switch from /; to N Longitudinal Analysis | Polarization | 2 filters
» Special case #2: two different M| substrates to solve phase problem State 1 flipper
. . . 1 - : Y : : (o Longitudinal Analysis Il 2 filters
Special case #3: P || P, i.e. change in polarization state is other than just ‘spin Spherical Neutron Polarimetry Both 2 flippers

flip’ or ‘non-spin-flip’ due to cross terms (chirality and lattice-magnetic interference)

* Fortunately, most terms in the M-B

RESOLUTION: IDENTIFY NEEDED ENHANCEMENT equations can be safely ignored by

- Applications which enhance resolution (energy, momentum transfer, or some accounting for the physics of the system

combination) for a given neutron scattering technique (preserves the energy or under study

momentum transfer range) - Becomes a linear / vector algebra problem,
» Special case #4: Evaluation of polarization state is tied to deliberate precession / with multiple choices for incident (P) and

phasing of neutron polarization state. This manipulation of P & P! is not found in sometimes final (P!) polarization

the M-B equations » Polarization terminology for different

» Larmor precession: T=[ixB, w=—yB scattering technique / instrument classes
has developed independently, so this
terminology is not universal
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Neutron Polarization Optics & Competencies

Polarization Steering Committee & Neutron Optics & Polarization Group, SHUG 2023
J. Leiner, B. Winn

FILTERS & SPLITTERS

Polarization filters select those neutrons with one of two quantum polarization states, with respect to an ambient magnetic field, via transmission, reflection or diffraction. Polarization splitters reflect neutrons of one polarization state while transmitting the other. Different filters
utilize different physics, are optimal in different neutron wavelength or energy ranges, have different angular acceptances, transmission, and degrees of polarization, and may or may not be compatible with strong stray magnetic fields.
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A 60°x15° wide angle array was
developed and constructed by
the Paul-Sherrer Institut for
HYSPEC

These filters co-align the nuclei of 3He atoms. Those neutrons with spin anti-parallel to the 3He nuclei spin are preferentially absorbed. High field uniformity and special glass surfaces are required to
minimize 3He depolarization. The NOP group provides operational support for drop-in cells, and in-situ systems, in active development for a decade, provide stable, low maintenance performance.

Magnetically saturated Heusler (Cu,MnAl) crystals have a (111) Bragg
peak which has nearly complete constructive (destructive) interference
between nuclear and magnetic scattering lengths, depending on neutron
spin state. This optic can then double as a diffraction crystal and as a
polarization filter simultaneously.

At ORNL we utilize single crystals grown at ILL (a skill no longer available).
ORNL provides crystal characterization and yoked assemblies, and shares
several stand-alone standards for polarization characterization between
instruments. Heusler arrays are used at PTAX and HYSPEC.

POLARIZATION DEVELOPMEN @ HFIR

r
B
4 k

Guide fields provide ambient magnetic field (10-50 Gauss) in the neutron flight path, parallel or anti-parallel to the
neutron moment, in which the neutron experiences Larmor precession. If the precession frequency is fast with
respect to changes in the guide field direction, the neutrons ‘nutate’ or remain aligned with the changing guide field.

Goniometer

Solenoid

Rotation Cylinder

Pole Pieces

FLIPPERS

Flippers change the neutron polarization with respect to the ambient guide field, between parallel and anti-parallel. Some flippers can
in principle establish other neutron polarization directions but when using a guide field this depolarizes the beam.

ZERO-FIELD CHAMBERS & PRECESSION CHAMBERS

Zero-field chambers are required for the Spherical Neutron Polarimetry configuration, useful for measuring off-diagonal
elements of the polarization tensor. They are also useful for studying materials in the superconducting state with polarized
neutrons, since they establish a separate and well-defined Meissner screen geometry. Precession chambers utilize
superconducting coils and Meissner screens to achieve conditions analogous to the ‘compensation’ coil of Mezei flippers, and
enable neutron orientations not parallel to the precession chamber surfaces. At ORNL, we utilize a combination of u-metal
(room temperature or below), YBCO film on flat substrates (20 K with 1%t stage CCR), and/or Niobium foil (<8 K with 2"9 stage
CCR) to achieve these conditions. The SNP system is already available via the user program for PTAX, and will be at GP-SANS
once polarization filters are implemented in a planned upgrade. Wide-angle SNP is a configuration undergoing active
development and design.

YBCO film
Mu-metal yoke

Superconducting coil
Copper Core

YBCO film 1
Superconducting coil ::ireem o oo T
YBCO film - B

LARMOR COMPONENTS

Larmor components enable Larmor labeling or encoding, for enhanced sensitivity to a neutrons speed or direction. In contrast to guide fields and nutators, Neutron Spin Echo (NSE) coils and Wollaston prisms establish a magnetic field
perpendicular to the neutron polarization. The Mezei flipper or precession chamber concepts can be modified to create a ©/2 rotation from guide field to precession field.

Copper connector

HTS coil

=

Side frame

— Pole piece

Bottom contact

Mu metal
Watch tap

The NOP Group utilizes both Acquisition? leverages Reduction software has (to some extent) been
MAGNET® and COMSOL®? for 3D _ _ EPICS at the SNS and integrated with the MANTID python package.
NMR : . 1 A variety of planning
_ System magnetic modeling, and McStas tools have b (for now) SpICE at
e TR for polarized neutron optics 0I5 have been HFIR.
—— design developed for various
B Cenerator ' kinds of experiments.

Cryogenics,
Liquid He

Research was performed at HFIR and SNS, DOE Office of Science User Facilities
OAK RIDGE HIGH FLUX | SPALLATION Willendrup, P.K., Lefmann, K., “McStas (ii): An overview of components, their use, and advice for user contributions” J. of Neutron . U.S. DEPARTMENT OF Office of
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Half Polarized Configuration
(1 filter, 1 flipper, scattered intensity variations only)
Powder & Single Crystal Diffraction

SHUG 2023, Polarization Town Hall

The Half-Polarized Configuration is readily accessible at several instruments via the user program.
Exciting new contrast-enhancing Capabilities and Applications are on the horizon.

0- Nuclear structure factor
MALEEV-BLUME EQUATION FOR SCATTERED N(@) = ) byei@Fn
n
; + : ; . ; M, =ey XxM(Q) X e M perpendicular

I=N'N+I;+M M, +P-MN+P-MN"+ (P - (MJ_ X MJ_) M(Q) = z M, ¢i0Rn Fourier transform of magnetic moments /

e—— n magnetic structure factor
With both polarized neutrons and polarized Independent of  Magnetization density and local site  Chiral magnetic structures in eg = Q/|0Q| Unit vector along momentum transfer Q

nuclei, one can shift scattered intensity from polarization state magnetic susceptibility in ~ antiferromagnets I Spin incoherent scattered intensity
spin incoherent scattering to nuclear coherent so not directly paramagnets, ferrimagnets and p p! initial and final polarizati
scattering (and we’re hiding a P) used for half ferromagnets, and Interference of ) nitial ana Tinal polarization

polarized work magnetic and nuclear scattering

PTAX (HB-1, HFIR)

Condensed matter

Condensed matter
M(N2H5 )2(504)2 powder, metal-organic

Condensed matter

Science Area

: MnP single crystal, helical magnet Sc. E EuPtSi single crystal, =S EX'frameworks (MOF’s) with 1D spin chains
Science Examplewhich exhibits superconductivity under . X'skyrmion material Cap. Fam.Explore magnetic scattering
— : high pressure — Cap. Fam.Explore magnetic chirality M-B ¥
Capability FamilyExplore magnetic chirality A i P-MN+P- M NT
Relevant M-B P (M} x M) M-B iP- (M xM,) Cap.Determine magnetization density
l .
te.rr.ns — = - Cap.Chirality show different site magnetization for
CapabilityChirality App. St.

M=Cu®*, Co**, or Mn*"
S. Calder et al., Phys. Rev. Mater. 6 124407 (2022)

Evaluate existence of chirality
and its domain population

K. Kaneko et al., J. Phys. Soc. Jpn. 88

. _ By aligning the neutron App. St.
Tl N spin parallel and antiparallel to h,
' ' Applicationthe magnetic intensities from two
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Neutron diffraction intensities in the NSF and SF channels around the (0, 0, 2 +6) magnetic — i)
Bragg reflections at 5 K and at ambient pressure (a) and the (0, 1 - 6, 1) magnetic Bragg A 0.02 0 0.02 D A D = A »
reflection at 5 K and at 1.8 GPa (b) (h,-02+h,03) (r.l.u.)
T Y Sc. A.Condensed matter

(a) Schematic drawing of the half polarized scattering setup at HB-1. Neutron spin is polarized parallel=antiparallel to the scattering vector Q. Setup
for was realized by reversing the sign of the guide field. (b) lllustrative scan trajectory and positions of magnetic peaks in the ground state (blue) and |
the intermediate phase (red) with respect to the horizontal dh; h; |p scattering plane. (c)—(e) Incident polarization dependence of scans along dh; h; AL k. Sc. Ex.

Ob across 00; 0:2; 0:3P measured at (c) 1.5 K, (d) 1.5 K with reversed guide field, and (e) 3.0 K with original guide field. : , rende.ring quantum -anomalous Hall effect
and diverse topological states

AGINE (CG_4D, HF|R) Cap. Fam [Explore magn:tlc scattering
Sc. A.Biology M-B P-MN+P -MNT
Sc. Ex.| wt*T4L single crystal ¥ | 1 Cap.Determine magnetization density

= - | MnBisTe; single crystal, a 2D van der Waals
system and magnetic topological insulators

Flipping ratio of 136 reflections enables
conversion to magnetization density

Lei Ding et al., J. Phys. D: Appl. Phys. 54 74003 (2021)

l Cap. Fam.Dynamic Nuclear Polarization

M-B NTN + I

App. St.

Cap.Dynamic Nuclear Polarization
App. St.

= . . ] ] 3.5 35
I\ k=).Pierce et al, in preparation g L@ _ i 3
. T , = I 'S
. Anti-aligned - Aligned Posl | ! 26
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gg 80 - = oL e, X=136 M -0.04
o O 05 1 15 2 25 3 35 2 4 6 8 10 /A
g 60 1 Calculated flipping ratio
e (a) The observed and calculated flipping ratios using 136 reflections. (b) Projection of the spin
20 1 _ density within the unit cell on the (ab)-plane for MnBi,Te, under the magnetic field of 0.83 T.
Anti-aligned Aligned

0 4 00

Proton Polarization

HYSPEC (BL-14B, SNS)

: Sc. A.Condensed matter — . —
Unpolarized N
Sc. Ex Lag.4CeqsCo,P; powder, a weak ferromagnet H // P // Z ( 05 T)

"~ which vanishes at a structural transition 001 (a) T=280K

. . . 0. 010 [rmmevsbencsssmtiatysngsmssinsas b

Cap. Fam.[Explore magnetic scattering A\ § 0.015 O IF-T goo

0] ] _ S o.01- IR C 00 EmiK
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Cap.Determine Magnetization Density o 0.000 - %jﬁf’ Promrmeed Wvseremimcatggyme

App. St.Measure weak 0.15(1) ug per Co atom 5_0_005 _ L

ev. Mat. 4 074412 (2020) =_0.010 - -g_g-giwwww

l | ' 1 ' | ' 1 = 001] (e) | T.=10K

. 20 25 30 35 ooo|hmmtmesmmernin
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La, ,Ce, Co,P, undergoes a weak ferromagnetic ordering at ~225 K (~0.15 mB per Co atom) followed by a structural
collapse at ~190 K, which leads to a strong suppression of magnetization. A combination of magnetic
measurements and polarized neutron scattering experiments suggests that La, ,Ce, ,Co,P, enters a disordered state
with gradual dissipation of the ferromagnetic ordering taking place simultaneously with the structural collapse.

OAK RIDGE HIGH FLUX | SPALLATION 1S, V. Maleey, V. G. Bar'yaktar, and R. A. Suris, The scattering of slow neutrons by complex magnetic structures Sov. Phys. &~<%, U.S. DEPARTMENT OF Office of

. ISOTOPE NEUTRON Solid State 4, 2533 (1963) Oak Ridge National Laboratory is managed by G :
National Laboratory | REACTOR | SOURCE 2M. Blume, Polarization effects in the magnetic elastic scattering of slow neutrons, Phys. Rev. 130, 1670 (1963). UT-Battelle LLC for the US Department of Energy ENER Y Science



https://sites.google.com/view/cryspy

Accelerating Discovery Using DNP-Enhanced Neutron Protein Crystallography

Neutron Scattering Division: Josh Pierce, Malcolm Cochran, Flora Meilleur, Andrey Kovalevsky, Zach Morgan,
Bryan Chakoumakos, Dean Myles

Neutron Technologies Division: Dominic Giuliano, Matt Loyd, Lowell Crow, Matt Frost, Amy Jones

Spin Dependence of Neutron Scattering from Hydrogen = Goherent ross-secion
: —®— Incoherent cross-section
: . . 140 “‘-‘_ — A Total cross-section
* The spin dependence of the hydrogen cross section is large [ fa
120 - 'AA‘
— For hydrogen b = —3.74 + 14.56 X P, X Py s ."m“....‘“‘
. . . ® 7 [} A
* Nuclear incoherent scattering can be removed entirely (true for any nucleus) < 1065 barr "°-‘:‘:é‘ 79:9 barn
. . -g 80 - ‘ ° X-ray Cross Section Z dependence
* Coherent scattering can be increased by a factor of 7 (or 20) g bes, : »
. . . . . . . o 60- 42.1barn . g g g g
* An increase in signal to noise enters squared in figure of merit 8 / “‘&.‘ 14.7 barn :__86 = 3
. . . . . . 40 \._.\ I‘: A ‘? BNV R
— Factor of 10 in signal to noise is a factor of 100 in flux/sample size/data " "2;;“&' -
. . 20 .I. .8 barn o A
collection time . ", o - i
. . . . . . 0 T I ' .... .... ' > -100% Polarized
* The hydrogen nucleus is polarizable via Dynamic Nuclear Polarization, DNP 100 50 0 0 7o

b
Hydrogen Polarization (%) 0 barn

Breakthrough High Impact Biological Science

Enabled Science and Capability

DNP-enhanced macromolecular crystallography will deliver >10-100 fold gains in
performance for neutron analysis of hydrogenous materials, enabling break-
throughs in our understanding and control of complex biological systems

 Large >> 10-100 fold increases in S/N of the data

- Radically smaller crystals ( << 0.01 mm?3)

- Larger proteins/complexes
- Membrane proteins

» Amplifying diffraction intensity and minimizing incoherent scattering DNP: Amplifying/tuning Hydrogen
background Maximizes signal: Gain 1 x8
— Higher resolution data from radically smaller protein crystals (< 0.01 mm?3) Minimizes background: Gain | x10
— More rapid data collection (hours or days) IMAGINE X:
— Enables the visibility of hydrogen atoms to be amplified and enhanced in situ Maximizes signal: Gain 1 x2
Minimizes background: Gain J x4

— New ways to collect, analyze and amplify diffraction from biological systems
Together, DNP-IMAGINE-X Gains: ™1 x10’s

* General — ALL hydrogenated proteins from ANY biological system.

Proof-of-Principle: Amplifying Hydrogen in Biological Crystals

* Prototype: x~3 gains S/N (already comparable to Deuteration)
— 100% negative polarization: -18.30 fm
— 100 % positive polarization: +10.82 fm o | |
— Dramatically enhances scattering/visibility of hydrogen P * o0
* Tunable Difference Measurements
— Adiabatic Fast Passage or neutron spin flipper

can reverse polarization more quickly . .
— Only thing that changes is the cross section for the DNP NMC tunes the spin dependent scattering length of H, by a near order of magnitude:
A-B) Measured DNP NMC diffraction at ORNL: Spin aligned (A), Spin anti-aligned (B);

C) Calculated DNP nuclear maps.

nuclei, and that changes in a predictable manner

DNP-IMAGINE-X: unique capability and science

* Continuous DNP system — 10-fold gains in S/N
* Cryogen free, superconducting 5 T Helmholtz Coil
— ~21t Acceptance for scattered neutrons
* High power, cryogen free 1 K recirculating *He refrigerator
* SiPM based anger cameras — 5-fold gains in S/N
— 45 cm detector distance (like MaNDi)
— 40 cameras in 2 banks (assuming current design)

* Tunable, reversible and in situ control (~¥10-fold) of spin-dependent coherent
scattering within a single “perfectly isomorphous” sample

» (~100 mK), high field (5 T), cold (2-10 A) neutron Laue diffraction experiments,
well matched to advanced magnetic and quantum material science

* A new, unique capability that will open and extend new fields of neutron

research and discovery for the decade(s) ahead DNP-IMAGINE-X: conceptual design of the new DNP sample environment,

detector banks and upstream neutron polarization and spin-flipper system,
installed at the end station of the current IMAGINE beamline

Research was performed at the HFIR and SNS, DOE Office of Science User Facilities. Parts of the research were supported by ORNL’s Laboratory Directed Research and Development (LDRD) program.

. Oak Ridge National Laboratoryis managed by
Natlonal Laboratory REACTOR SOURCE UT-Battelle LLC for the US Department of Energy
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Longitudinal Polarized #1 Configuration
(2 filters, 1 flipper, spin-flip & non-spin-flip only)

Diffraction, Depolarization & Inelastic Scattering
SHUG 2023, Polarization Town Hall

M. Matsuda, O. Garlea, B. Winn

Longitudinal-1 and 3D Polarization Analysis Configurations are readily accessible at these two spectrometers via the user program. Up to 8 T applied vertical field at both instruments
is compatible with a 1D configuration, up to 0.8 T horizontal field via permanent magnet yoked systems is available, and for a wide range of temperatures a 3D configuration enables
multi-dimensional access. HYSPEC’s wide-angle supermirror array analyzer enables wide-angle polarization analysis. At both spectrometers, transition between polarized and
unpolarized mid-experiment is routine.

DIFFRACTION DEPOLARIZATION
e ——

Science AreaCondensed matter Sc. A/Condensed matter Sc. A/Condensed matter Sc. A.Condensed matter
: kovite with ' in- I Si a candidate Weyl k t
Science Examplepbcr03 powder, a peroskovite with a Sc. EX.Ba3'COszo.4 single crystal, a spin 1/2 Sc. EX.YanBlz single crystal, y Sc. EX.La9,4Ce0_§CozP2 powder, a wea magne
charge-glass state equilateral triangular-lattice antiferromagnet metal which vanishes at the structural transition
Capability Familylsolate nuclear & magnetic scattering | |Cap. Fam.Explore magnetic scattering Cap. Fam.Separate Mag. and Nuc. scattering Cap. Fam.Explore magnetic scattering
Relevant M-B| PNTN + (P-M)M, + (P -M )M VB (P-MDOM, + (P -M)OM! VLB PNTN+(P-M))M, + (P -M )M ve (P MM, + (P -M)OM!
o T - o T - —p M'I'M o T
terms P(MM,) P(MM,) (MM, ) P(M'M,)
Capabilitylsolate nuclear & magnetic scattering Cap.Determine spin directions Separate magnetic and nuclear, and Cap.Depolarization of transmitted beam
Application . Determine that the spins are in the ab Cap.determine orientation of magnetic Track magnetic order parameter as a
Clarify nature of anomalous peak App. St. App. St. .
Statement plane moment function of temperature
R.Yuetal., JACS 137, 12719 (2015) J. Ma et al., Phys. Rev. Lett. 116 0872011 (2016) Confirm low temperature J.K. Clark et al, Phys. Rev. Mat. 4 074412 (2020)
. . o Abp. St antiferromagnetic structure determined
IR Su/Q e Th'e‘111 peqk Is magneticin - ¢ so b asassy © [ enn . @& PP- ‘with unpolarized neutrons and refine
z T=5K o 7 origin, but since the g o : |7 E , : . = Q (A
5 jsoof . L : ! Pllq = Mn moment magnitude and direction X (A™)
£ L magneic Cden® transition temperature IS i m flip off ~ ] -
Z 1000 s 20 different from that of E 1 o flip on 110 E . Zaliznyak et al, J. Phys.: Conf. Ser. 862 012030 (2017) S 40{ (f)
E coo b :'.. unknown : '_‘ _ . ~ p | - =
= o Py P ﬁC'rbO Bt’ IL Sth T;Id be q é i (%lip off ' % ) -g
25 30 325theta ?doegree:)S 50 55 atirioute o e secondary (3 NS 4 - N < flip on ‘&‘ | ] 0 g 2 E 20 -
phase, most probably to 35 -3 33 36 35 34 .33 : 5
Pb,CrO. 2theta (deg.) 2theta (deg.) : % '
1200 s .P.b,c.ro“ ...... 4 0.100 0O 0 | e e e e e | bttt
gmoog . e (1) | Magnetic model calculations 3 : 0010‘; 100 125 150 175 200 225 230
£ : * ] = =
é 800 | ‘e, AU Index Isp/Insg ab plane model  ac plane model o - Temperature (K)
% 600 — o | . . ] |2 32/3 ll 016(2 0.12 0.88 _ ':)i)Fg.F54l1(.o 15 2.0 ?Jl.EoHE;Km 15 2.0 ?:owt:).tho 15 2.0
zaof  °7°o0go “;3 1?3 1 0,36(_3; 0.33 0.67 L N L The temperature dependence of the
B 20f ®ooe o [1/31/3 3] 0.81(2) 0.82 0.18 N IR neutron depolarization factor by the
N T | [1/31/35]  0.942) 0.92 0.08 i nhtir,
0 B0 400 {50 200 550 300 £ o it b gbt & & Sample
Temperature (K) 0 1 |(rf_u_) 3 4 0 1 I(r.%.u.) |(rf_u_)
P =P(1,+ NN -1, (P- MM, + P -M)HOM! —P(M' M)
_ n 3 Sl 1 1 1 1 14* L
: : Cannot explore either nuclear magnetic interference terms or chiral structures with only spin-
Isolate nuclear coherent with  |solate spin- Separate contributions of different moments in the g 5 v op

flip and non-spin-flip operations at the sample. These are the only options because neutron
spins can only be parallel or anti-parallel to the guide field.

INELASTIC SCATTERING

HYSPEC HYSPEC with magnet

Sc. A.Condensed matter Sc. A.Chemistry Sc. A.Condensed matter
Sc. Ex.H,0 and D,0 Sc. Ex Ba,FeSi,07 single crystal, an S=1 antiferromagnet with

isotope incoherent scattering  incoherent scattering material to magnetic scattering

Ba,Mg,Fe1,0,; single crystal, in field-induced

SC. Ex-noncomnear commensurate ferrimagnetic phase Cap. Fam.[solate spin-incoherent scattering strong easy-plane a.nisotmpv |
. . + Cap. Fam.Explore magnetic scattering
Cap. Fam.Explore magnetic scattering M-B PNTN == Pl : Ry
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(P-M)M, +(P-M,)M! : - ¥
M-B P(M M) Ca Separate nuclear scattering from P(MM, )
— L IO'spin-incoherent scattering Cap.lIsolate transverse and longitudinal magnon modes
Cap.Determine orientation of mangetic excitations App. ¢ [SOlate autocorrelation function for Aog. st EXPlore magnetic field dependence of longitudinal
App. St Determine that spin waves are transverse PP- >t oth water and deuterated water PP- ‘magnons near quantum critical point
"~ 'modes |. Zaliznyak et al, in preparation S.H. Do et al, in preparation

T. Nakajima et al., Phys. Rev. B 93, 035119 (2016)
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Sc. Ex.Fe1.,TeossSeoas single crystal, Ay~0.03 o ‘% 0 "é o 5 . Top row A: Magnetic phase. Bpttom row B SL.Jperconducting phas.e.
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o090 5 neutron spin polarization and Q is wave vector transfer) measured at
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Polarized Neutron Reflectometry

SHUG 2023, Polarization Town Hall
Timothy Charlton, Valeria Lauter

Polarized neutron reflectometry (PNR) as a unique tool that provides simultaneously high-
resolution depth profile of chemical composition and of the in-plane magnetization vector
and, thus, effectively probes structure and magnetization at buried interfaces and complex
magnetic structures. At ORNL, the Magnetism Reflectometer (MR) is operational since
2008. MR is a time-of-flight instrument with wavelengths band of 2.5 - 12.5 A and
polarization of 98.5 - 99% of the neutron beam.

POLARIZED NEUTRON REFLECTOMETRY - s

* Non-destructive access to distribution of the magnetic induction along the surface normal
Access to the lateral magnetic domain distribution
Direct observation of anti-ferromagnetic and spiral magnetization alignments.

Improved sensitivity in soft matter or any non-magnetic layered systems with the use of a
magnetic reference layer

Y | In general, R**(Qz) is the Fourier transform of the |
Exit o corresponding nuclear and magnetic scattering length density g
polalnzatnon profiles Nb.(z) and Nb_(z) in the Z-direction, and N is the
My™7 g SREg nuclear number density.
Y Mx . V £ 107}
ﬁ% 5 zm 5 107
2 VI+ T (E-V) p (1) =0 Vi o y
' = h v, — Y, "0 001 002 003 004 005 006 007 008
layers - 4
27Th2 q, A ,
Entrance slit V(Z) — m Nib; F pp, - B; 7 o b
n ’L:]. Ir] R R+
L Incident polarized C=m_ u /2th?>=2.31x10"*nm2T"! N
Nanomaterials 2020, 10, 851 neutrons 10t
Courtesy of B. Toperverg
Schematic of PNR experiment with polarization analysis Non-spin-flip reflectivity: D oo o oo o o o oo
along the Y-axis. The ellipsoid indicates the coherence volume R*™ =1/4|(r* +r )+ (r" —17) cos %, a) Multilayer (ML) Fe/Cr on sapphire: R+ and R- refleCtIVlty PrOflleS as a function
of neutrons defined by the beam divergence and the wavelength R =1/4|(t" + 1) - (" — 17) cos 712 of momentum transfer q,; positions of the Bragg peaks are determined by the bilayer
range B thickness d, the Kiessig fringes are due to the total film thickness D.
' p T , b) ML in a remanent external magnetic field resulting in the opposite alignment of
+,F : : y
PNIR. mtgasuggs :our rfe f![(;,;ctlwft Ie:; R. (.3) ltoybchanglngd tfl;e Spln-ﬂlp reﬂect1v1ty: the magnetization vectors in the alternating magnetic layers. b) R* and R~ have 2
PO arlzg 'on - direc |.on .O © 0 © Ihciaent beam an y R—-=R-* :1/4| 'SP O |2 sin27/ and 3/2 - order Bragg peaks additional to ones in Fig.a, they are determined by the
analyzing the polarization of the reflected beam. ’ doubling of the magnetic part of the scattering length density profile.

Magnetism Reflectometer Examples: Half Polarized Reflectometry Configuration (1 polarizer 1 flipper)

Half Polarized Configuration Unconventional interlayer exchange Signatures of superconducting In operando PNR: Spin Seebeck effect
(1 polarizer 1 flipper,) mechanism via chiral phonons in triplet pairing in Ni—-Ga-bilayer in YIG on GGG
Condensed matter, Soft- matter Synthetlc mag netIC OXIde junCtions Sketch of the Al/insulator [Al,O5 (/EuS)]/Ni— Zj Ve | theon|]
: : Ga junction. The Al and Ga electrodes are g
Sc. A.with the use of a magnetic heterostructures REETENS intrinsically superconducting, while ﬁ @ z 2
reference layer R — o proximity effects additionally turn the " i
Cap.Explore Structure and ol N £ w _’; ) intrinsically weakly ferromagnetic Ni film 4
Fam.Magnetism g E :E into a superconducting one I H
Measure small variation in the £\ § = 2 et S ] O i = "\i/ o
Cap.magnetic distribution under B[ B S z Paramagneticl == | | MSLD Paramagnetionio — | Qz (1/A)
< A a . e MSLD Diamagnetic x10 ====- 1
different conditions o T , I ‘ i-a» o é " Z Ni Observation of the non o
Extract the structure and the T T oo T f oo 5 : | uniform magnetization throughs 3 |
& - "/_L a YIG film due to thes ;
in-plane magnetization vector _ _ o _ _ _ 0.4 | , BRILEE 0 L 3 generation of a spin voltage :f VA" N
App. St'distribution < 3 function of Chiral phonons in artificial oxide superlattices mediate 0 o o1 o o ” " 00 caused by a temperature “® T m m s s s @ i
depth ?nterlayer exchange inter.action. across a nonmagnetic QA ] Depth [A] gradient in a ferromagnet. The Z (A)
: Insulator, leading to a spiral spin structure PNR results for the Ni (5.6 nm)-Ga (25 nm) bilayer delivered ~ temperature  gradient was ke 1 PRE 96.104404(2017
Jeong et al., Sci. Adv. 8, eabm4005 (2022) information about the structure and magnetization of this ~ controlled through a resistive oo ot ol /ghjs’Reva: 031012( (201)6)
Jeong et al., Small Methods, accepted for publication (2023) interface, and detected a paramagnetic Meissner response in ~ Wire deposited on the YIG

Ga, which revealed that the proximity-coupled bilayer  surface. The reflectivity signal
induces superconducting triplet pairings around the Ni-Ga ~ was then separated Dby a
interface. Andreas Costa et al New J. Phys. 24 033046 (2022) ~ hybrid model.

Magnetism Reflectometer Examples: Full Polarized Reflectometry with Off-specular Scattering Configuration (2 polarizers 2 flippers)

Magnetic Materials with tunable Properties: Magnetization

configurations in continuous and patterned FeRh films
FeRh films continuous

Non-collinear magnetization vector

reversal in organic spin-valve
SrTiO,//LaSrMnO,/ (PFO)/Co/Ag

FeRh features a temperature- or field-induced
metamagnetic transition from the antiferromagnetic
order (AF) to the ferromagnetic order (FM) that occurs
at 370 K at zero magnetic field. Strong spatial
confinement and strain have a significant impact on
the phase coexistence and reversal dynamics of the
transition.

0.06

—0.04

Q, [A1

002 ¥

0.00

ki,~kf, [102A™"]

7 €W & L S MR
. / Kiz-kf, [10°2A71]
. . 2:10:7 i | 2V The general configuration of
Schematic of PNR experiment * organic spintronic device

PNR established that a residual
positive moment in thin films in the AF
phase originates from interfaces, most
likely a result of strain and disorder.
The reflectivity fitting of stripes
suggest behavior similar to a
continuous film, but with addition of
defects throughout the depth of the
film, likely at the wire edges, which
influence the FeRh phase and

transition.
Sheena Patel et al., in preparation, 2023

with Off-Specular scattering consists of two hard and soft

0
!
- - : x107 | 1 FM electrodes separated b

and polarization analysis E | P y

| B | 2x107 |- . an organic layer to form a

o o B > B SD-PFO. .

- e 3x107 ‘ sandwich structure
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: 241 ] '
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PNR and Physical Properties Measurements System (PPMS) experiments.
PNR results indicated that the optimized La, ,Sr, sMnO; (LSMO) and Co
FAN analyzer layers are ferromagnetic (FM) so that they can act as good soft and hard

V G Syromyatnikov et al J. Phys.: Conf. Ser. 528 012021 (20214) ferromagnetic electrodes in the devices.

J Keum et al., in preparation, 2023
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High resolution boosted by Larmor labeling of neutron spin
Fankang Li', K. Burrage', F. Funama', L. Crow’, M. Matsuda?, K. Hong?3, M. Manley#, R. Hermann#, O. Delaire?

1. Neutron Technologies Division, ORNL. 2. Neutron Scattering Division, ORNL. 3. Center for Nanophase Materials Sciences, ORNL.
4. Materials Science and Technology Division, ORNL. 5. Mechanical Engineering and Materials Science, Duke University.

Conventional diffractometer
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Principle of Larmor diffraction
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Capable of measuring the Gruneisen parameter
with large sample (8 cm?3) and low pressure
(1kbar) due to the high energy resolution of INSE.
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Development of Spherical Neutron Polarimetry for HFIR and Beyond

Chenyang Jiang', Nicolas Silva'l, Jacob Tosado', Tianhao Wang', Masaaki Matsuda?, Barry Winn?, Lowell Crow’
'"Neutron Technologies Division, Oak Ridge National Laboratory
°Neutron Scattering Division, Oak Ridge National Laboratory

Motivation

Essential components SNP on a Chiral magnet sample

* Distinguish between polarization Double-layer zero field chamber SNP in chiral magnet NiCo,TeOg  (001.77) magnetic Bragg peak at 1.4
rotation and depolarization W I——
» Study complex magnetic materials 3
— Spin-topological matter .

- MagnetO'eleCtnC CryStaIS L’Lﬁgfmdumm X -0.873 -0.171 -0.011
(0,0,1.23) v, 0.274 0.037 0.306
— Superconductors, etc. :

Precession region

Two imbalanced chirality durnains/
Finite ellipticity a
Tilted ellipsoid (finite o) ——— ¢

» chirality domain ratio ~ 0.685 :
0.315

 ellipticity 1.0: 0.7

« a~45°

» Decouple the incoming and
outgoing neutron polarization

— Zero-field chamber

— Combination of adiabatic and
non-adiabatic transitions to
control neutron polarization

Nutator

Towards time-of-flight instruments

Rotation Cylinder

\ . Pole Pieces  No SNP device for time-of-flight
* LY .
"’aﬁ;..‘ B 1_;,%“ guide field instruments to date
o\ 0. %
2N - N

Fotd (61 * Neutron polarization precession is energy
>50 dependent

— Extremely difficult to align different wavelength
neutron polarization

2 « HYSPEC at SNS

B :ero field

chamber

Field [G]
>0.1

guide field

0.075 37.5

0.05

/ -:_;_‘}w ) .
Nine Pr electromagnets 0.025 il S 12.5 Direct geometry spectrometer
Precession chamber — Monochromatic incident beam
. Region :
guide field ° . ° — Polychromatic scattered beam
J B « SNP on HYSPEC
) B .
Longitudinal polarimetry Spherical neutron polarimetry - Only need to focus on the scattered beam side
— Rely on adiabatic transition to align the neutron
, _ _ polarization to the analyzer
y p P. Q B L =1 7 Incoming Neutron
==L N AN
Neutron ! . ”' AR
: — — .E-'*f_ P RIAY &, . o
Adiabatic ' Adiabatic &“@Ci_"\ | defield®
transition Precession Precession o Y I N\ \‘ o
transition & \ v \ ,y\ Adiabatic
o o, ®
' Solenoid guide field Rotatable Guide field & l l l ransion

60000 60000

Portable High-Tc Polarization Analysis Device
(PHitPAD)

¢ ¢
S o
s 5
) & &
sample @ Outgoing
anvironment —— precession arm . _ S _ .
Current (Amps) Current (Amps)
I n:ﬂ.m inl ® Measured Counts — e===Sinusoidal Fit ® Measured Counts — e===Sinusoidal Fit
precession arm Outgoing
\ Nutator Peak Type | Theoretical Measured Polarization Matrix
Polarization Matrix
Intnming ' Silicon Nuclear 1 0 O 0.883 + 0.003 0.034 +0.002 -0.022 4+ 0.002
- (1,1,1) 0 1 0 0.019 £ 0.002 0.883 +£0.003 —0.012 4+ 0.002
Nutator 00 1 0.048 + 0.002 0.022 +0.002  0.854 + 0.003
Rismuth Ferrite Magnetic -1 0 O —0.829 + 0.014 —-0.0154+0.010 0.005+ 0.011 ] . .
BiFeO, (0.5,0.5,0.5) 0 0 0 0.025+0.010  0.031+0.010  0.021+0.011  PHItPAD in HFIR user program
0 0 O | 0.022+0.011 0.0368+ 0.011 —-0.012+ 0.0114
CYCO Nuclear 1 0 O " 0.828 +0.009 —-0.005+0.007 0.027 £0.007 7 .
Ca,Y,Cus0;, (0,0,2) \0 1 0] 0.027 +0.007  0.837 +0.009 —0.027 + 0.007 * User experi ments scheduled on HB-1
0 0 1 —0.030 + 0.007 0.012 + 0.007 0.831 + 0.009 _ . .
CYCO Magnetic -1 0 0 —0.842 + 0.014 —0.003 + 0.006 —0.006 + 0.006] e Design of SNP on HYSPEC is underway
Ca,Y,Cus04, (0,0,1) 0 1 O 0.017+0.006  0.834 +£0.004  0.027 £ 0.006
Iem_ﬁeld chamber 0 0 -1 | 0.001 +£0.006 —0.020+0.006 —0.806+ 0.0131
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Polarized Neutron applications
for Biology, Soft Matter, & Chemistry

25" National School on Neutron & X-Ray Scattering, 2023

at MACS (NCNR)

at SANS

Science Area Chemistry Wide Angle Analyzer Cell 1 Q 1'1 };\_1 - ° oo t' | nﬁgﬁ | | InStru ment TAI KAN
=1. . oheren u}
o . u]
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3 : :
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factors in a wide Q range st P Family scattering 1
C .. . 5307 1 2 5 TN —=PI_.
Application Sensitive measurement of weak ) S0 o ! Relevant terms PN'N —2Ply
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AR " . . . = ' o - . . .
W. Chen et al, "Wide-angle polarization analysis on g B o oot Application  Sensitive measurement of weak
the multi-axis crystal spectrometer for the study of @0 ' o2r o 1 Statement coherent scattering
. . . . ) i ~ . ‘_,.-"’ b] . n . . .
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i;;;(;igea , Fhysica B-Longensead viatter E (meV) QA neutron scattering with a 3He spin filter at a pulsed
Fie. 3. Fit of the experimental data according to Eq. (13) at O = 1. -1 The Fig. 4. a) The area of the coherent spectra. Notice the location of the maximum
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fitting of the coherent and incoherent spectra using Eq. (13). The dash-dot red
line represents the fit of the incoherent spectral width to a Fickian diffusion
model in the range up to Q = 0.85 A~ . Notice how the results of the coherent

dashed, blue dotted, and green dash-dotted lines represent the Lorentzian
function before convolution, the linear background, and the height scaled re-
solution function respectively. (For interpretation of the references to colour in

LR | T rmrrrrrrf T T T rrrrr

- 9 - . 3 P . . o
. : s . this figure legend, the reader is referred to the web version of this article.) signal do not follmzu the Q" behavior C_'f the Fickian diffusion and a slowing (a) ®  eonlQ) (SA bank) ®  inc(@) (SA bank)
Fig. 1. Top view of the layout of the spin filter apparatus in the MACS sample down of the dynamics can be observed in correspondence of the prepeak. (For O leonl@) (MA bank) O lincl@) (MA bank) ]
area (top picture). Cold incident neutrons are polarized by a polarized *He cell interpretation of the references to colour in this figure legend, the reader is ® lunpoilQ) (SAbank)  —— hual(Q) (SA bank) -
that is located in an RF end-compensated solenoid surrounded by an aluminum referred to the web version of this article.) O lunpoll@) (MAbank ) ===l () (MA bank]
shielding box and focused at the sample position. After scattering from the 1k leonlQ) (NSE)
sample, neutrons are spin-analyzed by a horseshoe-shaped wide angle *He - finelQ) (NSE)
analyzer (bottom picture) and detected with a 20-detector bank system. -
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C b c I c f . CO m pa re co h ere nt intensities are normalized to I, (Q — 0) for clarity. “F o loon(Q) (MA bank) % ]
apability structure factors in a o in) S ban0
108 : . : O lipe(Q) (MA bank) P,
; i i i I I . — inc TEA-TF — inc TEATF ® linpollQ) (SA bank) ¥
wide Q range ] Application scattering to simulation 10°| Q=09 TR il aersa | T ineTeAT o | Moo °
E - - coh TEA -TF —- coh TEA_-TF " hiota(Q) (SA bank)
Obse rve COI Iective —F: 100 | Statement for bOth St rU Ctu re a nd ' - resolution ‘. ---- resolution - --l hatall @) (MA bank) | |
Application . z ENS ~ 107 - g 00 o 04 E
fluctuations at L gl Q %. %. A
Statement ™ oo il THER TR : § Bomwsti® | % QA7)
mesoscales ki T. Burankova et al, "Linking Structure = n S S R B R Figure 4
L ( Y . . . . . . . 107p et ] Pl 0% B $megot 10 e R o *-qs;;: Double logarithmic plots of the SANS profiles obtained for the colloidal
A. Arbe et al, "Coherent structural B to Dynamics in Protic lonic Liquids: A ook T o, 08 particle dispersions of (a) TBP/(HNO), and (b) PICly(BEHU-H),
FIG. 1. (a) The ratio between coherent and incoherent differen- [+ }e] H 1 o @ P H : :
re I axatl on Of Wate r fro m meso tO s crm ovtioms (30 /3 )con /(30 /32 )mc of D20 at 298 K (hollow N e ut ron Scatte rl ng St u dy Of a) % b) P oo ) comple?cei-. {S]Elmpiiesfl E}IS)ZEE;H'IE I\:Pﬁié‘esulttis. ie. Imh-{Ql) (;ed close]d tsim:dl
- dots) as a function of @ obtained by diffraction with PA (D7 at 107 — — e : 107 — — e open cucles) an inc ue closed and open curcles), arc plolie
. . ?::nin:[l]t;nil;ﬁ:nﬁgg(e;:d?f::o E]e:: g.rxz»:nﬁf)l[f]'rigdﬁcgﬂfg IZJL?;: I d d H I . I He o E [?ﬁ?av] o Ho e e E l?ﬁgw e e together with their sum, [, ,(Q) (green solid and dashed lines). SANS
I nte r m O I e C u I a r S Ca I e S m e a S u re d u S I n g includes the additional y-axis scale (right) cnrresponding t(; S(0) = CO r re ate a n S I n g e- Pa rt I C e pmﬁles Obtﬁin@d USng an unpolarized inCidEHt neutron beam are
(30 /8S2)eon/[Teon/ (477)] Where Oy /(A7) = liMg ..o (DT /3 eon- Figure 6. Coherent dynamic structure factor of TEA-TF (dashed red line) and TEA-TF (dashed blue line) T p .
Squares represent the QENS amplitudes (rescaled to match the D7 : 1" : ‘L . . . . indicated b}' black closed and open circles. The NPA results obtained
. h I . . daqm Obmﬁed ent IlleQzl limifm e ot LT recults M Ot I O n S SC | e n t Ifl C R e p O rt S 8 1 6400 at the charge-charge (a) and adjacency (b) correlation peaks. The incoherent dynamic structure factor of the . A .
neu t ron s p e Ct rosco py Wi t p olari Zat folp (filled, E; = 3.84 meV; ef}fp[)f’ E = 1.81 meV). (b) and (c) Com- , , protonated sample (black solid line) is presented for comparison. The gray dotted line is the resolution linewidth using an NSE spectrometer for sample 1 only are indicated 'll‘l (a) _b:"r
. n . . parison of the coherent and incoherent dynamical_ sT.r_'ucmre factors ( 20 1 8) at zero energy transfer for the D7 spectrometer. orange closed and open squares for [L‘Clh{Q] and finr:':Q]: I"BSPECUVBI}', with
dand |y5|5 ) P hyS Ica l R eview R esedarc h 2 122;8:;1?:(chl-fe?;f-ll-oi:zjl‘:jr:l?;.It’:rgc‘:;z;lzift::idll?::n:;?::;:ft an intensity scale factor of approximately 0.9. The abbreviations SA and
OZZO]_S(R) (2020) the resolution FWHM. MA denote the small-angle and middle-angle detector banks, respec-
‘ tively.

DNP / Half at iIMATERIA (BL-20, J-PARC)

Science Area Biology Science Area Soft Matter

DNP / Half at IMAGINE (CG-4D, HFIR)

N | & % Sc. A.Biology
, Sc. Ex., wt*T4L single crystal Science Example Hair with water, , follicles aligned vertically Science Example Silica-filled Rubber (2 component
l Cap. Fam.Dynamic Nuclear Polarization Dynamic Nuclear Polarization (with fast sample system)

Capability Family : L. :
M-B NN + I exchange) E sl il Dynamic Nuclear Polarization (with fast

Relevant terms NTN + [ sample exchange)
. Relevant terms NTN + I

Cap.Dynamic Nuclear Polarization
App. St.

Vary Hydrogen polarization to explore coherent

Capability scattering of Hydrogen with different soaking Vary Hydrogen polarization to explore

{.Pierce et al, in preparation conditions Capability coherent scattering of Hydrogen in
Anti-aligned - Aligned

160 — Application industrial samples
RN et Statement Determine water distribution in hair Application Sample is a new standard utilized to
N == =Total . . o . . . .
g e ® Y. Noda et al, "Water distribution in human hair microstructure Statement calibrate the DNP system
g elucidated by spin contrast variation small-angle neutron Y. Noda et al, "First Experiment of Spin Contrast Variation
88 g i n . .
5= scattering,” J. Appl. Cryst 56 (2023) Small-Angle Neutron Scattering on the iMATERIA
< 60 1 .
S Instrument at J-PARC," Quantum Beam Sci 2020, 33 (2020)
40 A
| (a) Dry state e 1000 ¢
20 1 1.7
Anti-aligned ’ o Aligned
i ‘TE 'TE 1 PH
Proton Polarization = = 1000 E W +722%
-E %‘ 3 O +31.1%
2 £ - & 0%
. £ = £ 100 - -31.6%
Unpolarized S ® -632%
; ?, 10
001 t:f11 K A =
q/A q/A" 1 _
(d) D20-swollen state T Py ey P\ : o ? % —
(e) TD ‘Pj;ﬂ% (f) FAD "’_‘;ﬂ% 0l R TS~
FAD 100 o 100 rr 0.01 01
+26.5% +26.5% / A-‘
T o wwah | e ® +57.4% 9
%‘ 0 %‘ 0 _ Figure 7. SANS profiles with limited neutron wavelength from 4 A to 10 A, for the silica-filled rubber
£ £ | at various Py.
1 1 —
0.1 : 0.1 F
001 T T o0 o1
Figure 6 alh qf,ﬁﬂ
DNP-SANS experimental results. Two-dimensional image of scattered neutron intensity on the small-angle detector bank [(a) dry hair at PyPx =
—61.9%, (d) D,O-swollen hair at PPy = —54.0%], with the neutron wavelength range 3—4 A. Dotted white lines indicate areas for sector averaging.

One-dimensional SANS profiles are shown for dry hair in TD (b) and FAD (c) and for D-0-swollen hair in TD (e) and FAD ( f). The horizontal axis is
the magnitude of the scattering vector ¢ [= (4m/A)sin &, where X is the neutron wavelength and 26 is the scattering angle]. The solid black and gray dotted
curves are numerically calculated profiles with and without considering the smear effect, respectively.
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Polarized Neutron applications
for Materials & Engineering

25" National School on Neutron & X-Ray Scattering, 2023

Longitudinal 2 Configuration (2 filters, 4 t/2 flippers) Longitudinal 1 Configuration (2 filters, 1 flipper)
Tensor Imaging at CONRAD, HZB (V7, RIP) SANS at NCNR, NG7SANS

Science Area Materials & Engineering Science Area Materials & Engineering T eKBomT . TR0R BT
S (1) Electric coil, (2) trapped magnetic flux within type-1 superconductor  science Example ferromagnetic alloy Nig 5oV, 14 - © S 6,;?%‘; 1

lead Capability Family explore magnetic scattering o 3K, 7mT+100mT, ="
Capability Family explore magneth scattering Capability Isolate magnetic scattering i I loor Z
Larmor T=UXB, w=—-yB . ' o > : i

_ - , _ _ , Identify small magnetic cluster contributions. 5

Capability Nov'el tenso.rlal multlpllca?tlve ..algebralc reconstruction technique, with Application Azimuthal angle dependence of spin-flip and i 1.

9 spin polarized neutron imaging measurements Statement non-spin flip scattering reveal magnetic L2080 1 & Ll
Application Quantify field magnitude and direction and domain structures, where contributions at different length scales Angle (deg) | o (nm™)
SR direct probes cannot access K. Hiroi et al, "Revealing magnetic correlations in ferromagnetic | Figure 3: (a) Neutron scattering intensity (spin flip response) vs. azimuthal angle ¢ collected
A. Hilger et al, "Tensorial neutron tomography of three-dimensional magnetic vector alloys with polarized SANS," Journal of Physics, CONfErence SEries i i w5, () Mt e ventor 01
fields in bulk materials," Nature Communications 9, 4023 (2018) 2481, 012001 (2023) (PNCMI) M2 or 173 of tho totel isotropic magnetic response M. A

included with open symbols. Solid lines follow Eq. (4)

Vectors of the magnetic field

. produced by an electric coil Half Polarized Configuration (1 filters, 1 flipper)
= (including leads). D)-F)
: reconstruction of simulated Single crystal diffractometer at Heinz Maier-Leibnitz Zentrum, POLI
Ha measurement. G)-1) Measured
magnetic vector field distribution Science Area Materials & Engineering
of the real coil. ) . ]
Science Example ferromagnetic shape memory alloy Ni,MnGa (b) I
Capability Family separate nuclear and magnetic scattering 020§ 110 ITH _—
g Relevant terms N'N+MM, +P-MIN+P- -M Nt o o ;
& L — !
o === .y . . Lo > [101 '
= @ Capablllty separate nuclear and magnetic scattering .
%w, . . . . .
Application Follow moment reorientation as a function of
e i i~ fi 200 14
A Statement compressive stress and magnetic field © ey o) erom,
: - . . 160 . 800 -
Magnetic flux density B (m) Y.B. Ke et al, "Unraveling magneto-structural coupling of o =10 g03870908%98 5
. . . . . K120 ' -— _ S 8t
Ni,MnGa alloy under the application of stress and magnetic field < 00 8 @eeeedennnediie, N, 2
. . . . . = so} [
using in situ polarized neutron diffraction," Appl. Phys. Lett. 117, . 1.0 MPa 4l ° 1.0 MPa
40 2} -
081905 (2020) | e
00 04 08 12 16 20 00 04 08 12 16 20
Magnetic Field (T) Magnetic Field (T)
FIG. 3. (a) Change in the one-dimensional integrated peak profiles of (101), and
(020)g with spin up neutrons during the application of the magnetic field under a
compressive stress of 1.0 MPa. (b) Schematic of the magnetization process driven
by the magnetic field under constant stress (o). Variations of (c) the nuclear struc-
: B (mT) ture factor Fy and (d) the magnetic structure factor Fy, of the (020)g peak as a func-
0.10 0.14 0.18 tion of the magnetic field.

Magnetic vector field inside a superconducting lead sample measured at T=4.3 K. A) Some selected magnetic
field lines show the location of magnetic field insidethe sample indicated by the cuboid. B) in a selected xy plane
(silhouette marked by dotted lines). Scalebar, 5 mm. C) in a selected yz plane. Scale bar, 5 mm.

I g Longitudinal 1 Configuration (2 filters, O flipper, non-spin-flip only)
Polarizer . " "
_— . Depolarization Imaging at MARS, HFIR CG-1D
o Sc. A Materials & Engineering Sc. A.Materials & Engineering Sc. A Materials & Engineering
Sc. Ex.[Cylindrical coil at varying current Sc. Ex Single crystal of superconductor Sc. Ex.Ferromagnetic powder Fe;Pt
Cap. Fam.Explore Magnetism YBa,Cuz0; Cap. Fam.Explore Magnetism
~ Cap. Fam.Explore Magnetism
Larmor T=[UXB, w=—yB M-B (P'MI)ML+(P'MJ_)MI_P(MIMJ_)
— _ M-B (P- MM, +(P-M ) )M! —P(MIM))
Cap.Depolarization of transmitted beam Cap.Depolarization of transmitted beam
Observe depolarization effects of Cap.Depolarization of transmitted beam
App. St.electromagnet as a function of position App. St Observe trapped fields within 515, St.Observe transition from ferromagnetic
and current "~ lsuperconductor to paramagnetic state through T,
. Dhiman et al, Rev. Sci. Instrum. 88 095103 (2017) [T. Wang et al, Rev. Sci. Instrum. 90 033705 (2019) . Dhiman et al, Rev. Sci. Instrum. 88 095103 (2017)
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N Polarized transmission neutron radiographs of a

cylindrical coil with inner diameter = 19 mm, length ~ The sample area is labeled by a black dashed
=150 mm, and 614 windings, measured as a line: (a) zero trapped field, (b) FC trapped field
function of current: (a) 0.4 A, (b) 0.8 A, (c) 1.2 A, (d)  of 7.5 G parallel to the YBCO block surface,
1.6 A, using monochromatic neutron beam. Dotted and (c) FC trapped field of 15 G parallel to the
lines in the radiographs indicate the coil diameter YBCO block surface.

uoissiwsue.|

Plans for more polarized imaging

at both MARS & VENUS (SNS, BL-10) Polarized neutron radiographs for Fe3Pt (10 x 3 x 20 mm3) as a function of temperature, with an exposure time of 600 s: (a) 425 K, (b) 430 K, (c) 435 K, (d)

440 K, (e) 445 K, (f) 450 K. Measurements are carried out while heating the sample from 425 K to 450 K. White dashed boxes show the sample area.
Contrast of the radiographs is enhanced artificially to improve the visualization of magnetic effects inside the sample.

Depolarization Imaging at J-PARC, RADEN (BL22)

Sc!ence Area Materials & Engmeermg. P o (Tr (P()-Tr (P(}))) X 10° Science Area Materials & Engineering
Science Example Inductor with Mn-Zn ferrite core : —

Science Example Electric motor

0
Capability Family explore magnetic scattering % ‘% Capability Family explore magnetic scattering
Larmor ?=j{ixB, o=-yB E% Larmor ?=j[ixB, o=-yB
Capability Depolarization é Capability Depolarization
Quantify field magnitude and direction within E Quantify field magnitude and direction within
Application the ferrite core of an inductor, where direct E % Application an electric motor, where direct probes cannot
Statement probes cannot access E_ = Statement access

operating inductor," Scientific Reports 13, 9184 (2023) usingpolarizedpulsed neutrons at J-PARC/MLF," Journal of
Physics, Conference Series 862, 012008 (2017) (PNCMI)
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We’'re just getting started.:
Emerging polarized neutron configurations on fresh instruments

SHUG User meeting 2023
L. Debeer-Schmitt, H. Bilheux, Y. Zhang, M. Frontzek, C.Y. Jiang, L. Crow, F. L1

Polarized neutrons enable a variety of capabilities which enhance ‘unpolarized’” neutron scattering techniques by separating different aspects
and dimensions of scattering, or providing high resolution in energy and/or angle. At ORNL, we are expanding the utility of polarized neutron
scattering to more neutron scattering techniques, enabling a more nuanced understanding of the systems under study.

Gradient field
Sample Guide field

-

(a) *He holding field

Small Angle Neutron Scattering at GP-SANS, HFIR CG-2

Longitudinal 1 Configuration

Half Polarized Configuration Larmor Configuration
(1 filter 1 flipper, intensity variations only) (2 filter 2 Wollaston Prisms)

3
Heicsll (2 filters 1 flipper, spin-flip and non-spin-flip only)
totoct 55:'“ > :5“'" SULLIS - e g Science AreaCondensed matter Sc. A.Condensed matter Sc. A.Materials & Engineering
etector analyzer sample area eam guide box : - - —= ;
tank RF-flipper polarizer : | Single crystal of helical magnet Sc. EX.Nanoplllars of ferromagnetic CoFe;04 in Sc. EX.Mesoporous silica forming over
N\ % >cience Examp ®Cru/sNbS, ferroelectric BaTiO; time
' = om| Capability FamilyExplore Magnetism Cap. Fam.Explore Magnetism Cap. Fam.Enhance resolution
SO T T
DN Relevant M-B| (P M| )M, + (P -M )M M-B P-MIN+P-M,N L s
| ’?‘ Ea F—— N N terms —P(Mim)) Llels TEEXE w=-yh
" ' ' 72N N\ — Difference is predominantly a measure

W R AN CapabilityCompare M. to M Cap'of M Up to 2.5 um sensitivity via

. : Cap. :
7N i i || S N ApplicationQuantify ellipticity of chiral Compare to nano-pillar model to enhanced angle resolution
g = AR b / L . Observe simultaneous emergence
Statementstructure App. St.distinguish and locate 2 magnetic App. St. ) ticl 4B 5 y
T. Wang et al, Physica B 551 492 (2018) phases in nanopi”ars | sch O ?r;igspzr ICIZ e/\sﬂan lraggfpea >
. Schmitt et a ppl. Mater. Interfaces
T.0. Farmer et al, Phys. Rev. Mat. 3 081401(R) (2019 ’
0.01 () PR A PR U BEL N RS HE R ')'/I”“'""I """ ARRRARE ( ) ( ) 12 28461 (2020)
g - 37 = R A TR 19 F. Li et al, Sci Rep 9 8563 (2019)
> 0 15064010 | 0'04%-5-1‘”-‘ AT B 15
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(a) Raw 2D scattering data of the +/- spin state of the helical magnets < om % 3
Cr,/sNbS, (b) Raw 2D scattering data of the +/+ spin state of the helical — ©%" 3 2=

: -3
# -10 -5 ¢ & 10
k:‘ 5 E

Y position (mm)

Upgrade planned for GP-SANS for more magnets Cr, ;NbS, (c) Peaks represent helical periodicity. Comparison 004 g ; = Intensity modulation of one of the spin states with air
. . . ) ) ) ) ) LB~ T e ety ot & ; : ;
routine configuration changes between the two spin configurations of the azimuthal integrated AR AT IR NIRRT N being the blank. The wavelength of this frame is
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 y X o . .
scattering cross section as a function of Q after the effect of the 3He Q(A") Q (A" 6.27A. The the yellow box indicates the area of
decay has been taken into consideration interest used to calculate I _ _ _ _ _ _

SANS with polarized neutron beam for +7 mT and model fit: (a),(b) 1+(Q), (c),(d) I-(Q). The ring
feature is identified at Q = 0.0168 A-1. (e) Schematic of neutron experiment. The final wave

F = ~siNsm

vector k; lies inside the cone. The scattering vector Q lies in the green colored plane at the L S B
position of the sample. Pillars parallel to the incident beam and the neutron beam polarization. :v A
Samples were saturated with a +7 T out-of-plane field ex situ and then measured at +7 mT L _ w ﬁ:s)_om_m:

(near remanence) and =500 mT field where the sign is taken with respect to the saturation field

(a) Monochromator
Aperture
Polarizer

Longitudinal 1 Configuration (2 filters, O flipper, non-spin-flip only)

L Depolarization Imaging at MARS, HFIR CG-1D
- Sc. A.Condensed matter Sc. A.Condensed matter Sc. A.Condensed matter
Sc. Ex.Cylindrical coil at varying current Sc. Ex Single crystal of superconductor Sc. Ex.Ferromagnetic powder Fe;Pt
Cap. Fam.Explore Magnetism ~ YBa,Cuz0y Cap. Fam.Explore Magnetism
~ Cap. Fam.Explore Magnetism
Larmor T=[xXB w=-yB M-B (P-MO)M, +@ m)OM —pP(Mim))
— _ M-B (P- MM, +(P-M ) )M! —P(MIM))
Cap.Depolarization of transmitted beam Cap.Depolarization of transmitted beam
Observe depolarization effects of Cap.Depolarization of transmitted beam
App. St.electromagnet as a function of position App. St Observe trapped fields within 515, S’t.Observe transition from ferromagnetic
and current "~ lsuperconductor to paramagnetic state through T,

. Dhiman et al, Rev. Sci. Instrum. 88 095103 (2017) [T. Wang et al, Rev. Sci. Instrum. 90 033705 (2019)

|. Dhiman et al, Rev. Sci. Instrum. 88 095103 (2017)
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Polarized transmission neutron radiographs of a 050 2
cylindrical coil with inner diameter = 19 mm, length ~ The sample area is labeled by a black dashed 025 &
=150 mm, and 614 windings, measured as a line: (a) zero trapped field, (b) FC trapped field 0.00 >

function of current: (a) 0.4 A, (b) 0.8 A, (c) 1.2 A, (d)  of 7.5 G parallel to the YBCO block surface,
1.6 A, using monochromatic neutron beam. Dotted and (c) FC trapped field of 15 G parallel to the
lines in the radiographs indicate the coil diameter YBCO block surface.

Plans for more polarized imaging

at both MARS & VENUS (SNS, BL-10) Polarized neutron radiographs for Fe3Pt (10 x 3 x 20 mm3) as a function of temperature, with an exposure time of 600 s: (a) 425 K, (b) 430 K, (c) 435 K, (d)

440 K, (e) 445 K, (f) 450 K. Measurements are carried out while heating the sample from 425 K to 450 K. White dashed boxes show the sample area.
Contrast of the radiographs is enhanced artificially to improve the visualization of magnetic effects inside the sample.

Configuration Configurations to enhance contrast access either changes in scattered
(1 filter, 1 flipper, changes in scattered intensity only) neutron intensity and/or polarization state.

Powder Diffraction at WAND2Z. HFIR HB-2C Capabilities access specific contributions to these changes, either as
d found in the Maleev-Blume equations, via Larmor precession of the

Science AreaCondensed matter | : : :
: : 20 e _100] o neutrons, or via changes in absorption.
Science ExamplePolycrystalline ferromagnet Fe " Ferod £ | 7 Pieperort C , » h lution | 1 .
Capability FamilyExplore Magnetism ;5:_ E;pt)%ng gm: onflguratlons to enhance resolution everage Larmor precession
Relevant M-B T 7 £ before and/or after the sample.
terms - T T 9;10:- 0; 20 :;]L 60 80 100 120
CapabilityDetermine magnetization density 2o ‘ %
£ \ : i
Application|nitial demonstration, magnetization 5_' ‘ 1 ]
. * ]
Statementdensity in room temperature Fe rod ol A ]
. . 0 20 40 60 80 100 120
unpublished; early demonstration 20
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Instruments with Polarization Configurations at HFIR & SNS

Polarization Steering Committee

We're just
getting started

[ Limited Polarization Development }

Half-Polarized, Longitudinal-1,
- - CG-1A
S p h erica I N eu t ron PO I arim Et ry & NeERITRe Interice Dl ucs Detector Test Station {": Optics Development Multimodal Advanced

Spectrometer .
° ° ] P g . Reactor Detector development and testing Defractometer Radiugraphy Station
L W I I t c f t Low-energy excitations, magnetism, P :
armor oliasion on Ig urations structural transitions ressure A % elutrons.ogjnl,go;.f, Sample alignment and optics Transmission imaging of natural and
neutrons.ornl.gov/veritas Vessel , _ & it Wil neutrons.ornl.gov/ engineered materials
N, developmentbeamlines neutrons.ornl.gov/mars

/ GP-SANS « CG-2
General-Purpose Small-Angle

Neutron Scattering Diffractometer

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 e

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

Bio-SAN> - °G-3

B ° - ‘T Biological Small-Angle Ne ™
H d If' PO I ari ZEd Co nfl g u rat on Neutron Powder Diffractometer o Scattering Instrument
Structural studies, magnetic structures, Proteins and complexes, pharmaceuticals,

biomaterials
neutrons.ornl.gov/biosans

i texture and phase analysis
neutrons.ornl.gov/powder

YW AU E

WAND? . HB-2C

W ’ o t Wide-Angle Neutron
ere j us Diffractometer
. Diffuse-scattering studies of single crystals
and time-resolved phase transitions / \
neutrons.ornl.gov/wand H a If Po I a ri zed
i | =, = ° ° °
HB-2D HIDRA- HB-2B TAX-HB-3 | DEMAND - HB-3A JG-4B CTAX.CG-4C | IMAGINE - CG-4", Dynamic Nuclear Polarization
Polarized Neutron High Intensity Diffractometer [y ¥ Triple-Axis Spectrometer : Dimensional Extreme Magnetic | | Cold Neutron Polarties Cold Neutron Triple-Axis | Laue Diffractome £ . .
Development Station for Residual stress Analysis Medium- and high-resolution inelastic |y Neutron Diffractometer Development Beamline Spectrometer - | Atomicresolution structureggffbiology, r;;: CO nfl g ur at 1on
Development of new components and Strain, texture, and phase mapping in SatEing At them?al E”ETgt'ES : Small unit-cell nuclear & magnetic Development of larmor High-TeSolutigg inelastic scattering chimlstnrand c+|:nmpl fhaterials
techniques for utilizing polarized neutrons engineering materials REWTORS.OINIQOVI v structural studies precession techniques at cold necT™NggLies NEUTrons.orml.agv/imagine S' I C I 'ff H
neutrons.ornl.gov/ neutrons.ornl.gov/hidra : neutrons.ornl.gov/demand neutrons.ornl.gov/ neutrons.ornl.govne I I ng e rVSta D l ra Ct l o n
developmentbeamlines [ developm{?tbeamlines (2
— Operating instr j USEr program The High Flux Isotope Reactor is a facility pboratory,

I Cperating devel samline managed by UT-Battelle LLC for

Half-Polarized Configuration
Single Crystal Diffraction

4 Half-Polarized, Longitudinal-1, Spherical Neutron Polarimetry S —— — From demonstration\

& [ETNGITAVLUER G Configurations T to user program
- Hall Expansion

¥ NB-5 GP-SANS
' Replaces CG-2

N

I . NB-4 MARS
Common Guide NB-6 MANTA - = Replaces CG-1D

I & Shielding Replaces CG-4C

NB-3 Bio-SANS I
Replaces CG-3 I

I —\g Lt e =m—— ' - NB-2 Spin Echo

ElfuhldConfiguration,
Losing a critical polarization 1 [ { . New Instrument rectroscorg

\J

NB-2A Alignment NB-1 IMAGINE | - Labs, Instrument Support,
I Replaces CG-1B Replaces CG-4D | Sample Environment, Sample
Management Spaces

I —
Half-Polarized Dynamic Nuclear Polarization Configuration

BASIS « BL-2

Backscattering Spectrometer
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FIG. 4. Capturing the spin textures in the W(5 nm)/TmIG(10 nm) by neutron techniques at 200 K. (a) Polarized neutron reflectivities (with =5 * F.:?
a 700-mT in-plane field) for the spin-polarized R'T and R** channels. Inset: Corresponding models with structural and magnetic scattering

length densities (SLDs) used to obtain the best fits. (b) The spin asymmetry ratio (R'" — R**)/(R"" + R*") between the R'" and R** channels. o4 Tee iz 7GSRI T A0 0 Az A0 Mo 0 a0 a0 a0

The error bars are +1 s.d. Photon energy (eV)

FIG. 3. Capturing the exchange interactions in the W(5 nm)/TmIG(10 nm) by x-ray techniques. (a) XAS and (b) XMCD spectra taken at
the Fe L; edge at 80 and 300 K. (c) XAS and (d) XMCD spectra taken on the Tm M;s edge at 80 and 300 K. XAS taken on the W N3 edge at
300 K (e) and 80 K (g) with two opposite x-ray helicities, p(+) and p(—). XMCD at the W N3 edge taken at 300 K (f) and 80 K (h). The inset
in (h) illustrates relative spin alignments of the Fe, Tm, and induced W moment at 80 K based on the sign of XMCD.
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