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Overview

A Why use neutrons?

A Neutron sources: A (very) brief history

A Theoretical concepts of neutron scattering (recap)

A Practical aspects of neutron scattering and refinements

A Where to perform experiments: Diffraction instruments at ORNL
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How to get microscopic structural information

A 3 main choices A Diffraction has strong advantages

Microscopy Direct Local information only
Optical, TEM,

Field ion

Scanning Probes Direct Local information only

AFM, STM, SEM
Surfaces only

Diffraction Probes Quantitative data on @quires fitting >
correlations and
Electron distribution of

- structural features
Neutron

Probes entire sample

Neutrons A gives
absolute values
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Why neutrons?

A Wavelength : Comparable to atomic distances (1 -5 A) @
d Strong nuclear interaction with nuclei » @ >

A Neutron spin _(u,): dipole interaction with unpaired electrons A p=-(L+29ug
d e.g. 3d °> Fe3* L=0 and S=5/2 A 5y,

0 observed scattering of a similar magnitude to nuclear scattering (often
smaller, sometimes larger)

A No charge : Can travel through thick samples (cm) and equipment

A Magnetism can be investigated at a microscopic scale with a high precision
d Magnetic structure

d Quantitative moment size
A The best probe for magnetic structure determination
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Neutron Scattering
Bertram Brockhouse and Clifford Shull - 1994 Nobel Laurate in Physics

The Nobel Prize 1§
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Clifford G. Shull (right) and Ernest O. Wollan shown around 1950 with B8
a spectrometer they used for neutron scattering studies at Oak Ridge.
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How to get neutrons: A (very) brief history

A 1920: Rutherford predicted neutron

i

Chadwick

A 1932: Neutron discovered by James Chadwick

PHYSICAL REVIEW VOLUME 73, NUMBER 8 APRIL 15, 1948

1942: First

The Diffraction of Neutrons by Crystalline Powders
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First determination of magnetic structure performed at ORNL

A Clifford G. Shull received 1994 Nobel prize in Physics.

ORNL Graphite Reactor : g7 A

1943-1963

FHVSICAL REVIEW VOLUME 83, NUMBER 2

Neutron Diffraction by Paramagnetic and Antiferromagnetic Substances

TasLe IL. Com'panson between observed MnO antiferromag-
netic intensities and those calculated for various models of mag-
netic orientation with respect to crystallographic axes.

C. G. SaowL, W. A StravsER, aND E. 0. WoLLAN
QOak Ridge National Laboratory, Oak Ridge, Tennessee
(Received March 2, 1951)
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A First direct evidence of antiferromagnetism in
A Neel model of ferrimagnetism confirmed in Fe

A First magnetic form -factor data obtained in

A Production of polarized neutrons by Bragg reflection from
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Neutron Sources around the world

Forschungs-Neutronenquelle o
Heinz Maier-Leibnitz

NEUTRONS

FOR SOCIETY — Korea Atomic Energ

/KAERI" Research Institute

O Reactor
O Spallation

HIGH FLUX | SPALLATION
%OA’K RIDGE ISOTOPE NEUTRON
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Neutron scattering: Reactor and Spallation source

) neutron
Reactor — S pallation
235| @ produit 202y
/' 1p
\
A pulse of protons impacts on a target (Ta, Hg)

target @ fission
nucleus product
to produce a shower of fast neutrons. These

) neutron
Fast neutrons are slowed by collisions in moderator are slowed down in a moderator (H, CH )
(C,H,0, D,0) to produce thermal neutrons ’ 4

1
0”" 1

A A
2 2 > >
8 ) "5 =
5 G 5 < c| et
- Q
=N/~ . = |~
Time Energy Time
. _ Each pulse of Pulse of neutrons
Small gd used, but source on all the time neutrons contains a. ~30 times per
broad spectrum of second

s energy ( 1)

SOURCE
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Neutron Scattering

Detector

Scattering
Cross section
dN

Incident

Neutron neutrons

source

sample

A Neutron source produces an incident beam of neutrons that scatters from a_
nucleus or unpaired electron[ sample ] into a defined cross -sectiond N
[detector ].
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Neutron Scattering Cross section

Incident

Neutron neutrons

source

sample

The scattering cross
section can be measured
in absolute units.

Flux:

2 AOAEAOOOEDOATAA

AOAA

106-10° n/cm 2/s
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Neutron Scattering Cross section

iIncident
neutrons

The scattering cross
section can be measured
in absolute units.

Neutron
source
| sample
o 5 2 ADAEAO Q OE D OATAA 105108 nfem 2/s
AOAA
Rate of scattering: £ 2 ADEEAOOOAROOAOAA Atom A 1 barn=10 2% cm?2
[Cross section] 5 Effective surface area of nucleus
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Neutron Scattering Cross section

Detector
Scattering
Cross section The scattering cross
dN section can be measured

in absolute units.

incident
Neutron neutrons
o e— I ST
| sample
- 5 2 ADKEAO OOE 0 DA AA 105109 n/em 2/s
AOAA
Rate of scattering: £ 2ADFEAOCOORRAOOAOAA Atom A 1 barn=10 2% cm?2
[Cross section] 5 Effective surface area of nucleus

Rate of scattering into a

specific solid angle: - - Units of barn/steradian.
Differential cross section
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Neutron Scattering Cross section

Detector

Scattering _
Cross section The scattering cross

dN, dE section can be measured
in absolute units.

iIncident
neutrons

P\IEBLJtI’()r1 ----------------------------------------
source
| sample
- 5 2 AOAEA OOOE 0 DA AA 105-10° n/em 2/s
AOAA
Rate of scattering: £ 2 AODKEEAOOORAMOOAOAA Atom A 1barn =10 ?*cm?2,
[Cross section] 5 Effective surface area of nucleus

Rate of scattering into a A R TR -
A -~ Units of barn/steradian.

specific solid angle:
Differential cross section

Units of barn/steradian/ meV

within energy range:

it energy ranger o Ak 2 ADAEAOD
[Partial differential cross section] A"mA" % g
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Neutron Scattering Cross section

Detector
Scattering

Cross section The scattering cross

dN, dE section can be measured
in absolute units.

iIncident
neutrons

P\IEBLJtI’()r1 ----------------------------------------
source
| sample
- 5 2 AOAEA OOOE 0 DA AA 105-10° n/em 2/s
AOAA
Rate of scattering: £ 2 AODKEEAOOORAMOOAOAA Atom A 1barn =10 ?*cm?2,
[Cross section] 5 Effective surface area of nucleus

Rate of scattering into a A R TR -
A -~ Units of barn/steradian.

specific solid angle:
Differential cross section

Units of barn/steradian/ meV

within energy range:

it energy ranger o Ak 2 ADAEAOD
[Partial differential cross section] A"mA" % g
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Neutron Scattering
Q

Detector

Scattering
Cross section
dN

Incident

Neutron neutrons

source

Scattering triangle:

K

Q Momentum transfer: 1 TA?HI cg/;

k Elastic scattering: | kj|=| ki
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Neutron diffraction: Bragg scattering

Diffraction from a crystal Diffraction in reciprocal space

O
hkl=(2,1,0)

hkl
® ®

b*

L 4+ (0,00)

Bragg peaks when:  Q=G,,

Bragg peaks when:  1=2dsiné

Braggs Law

SPALLATION
OOOOOOO NEUTRON
ACTOR | SOURCE



Scattering by a potential

A

A

%OAK RIDGE

National Laboratory

Neutron scattering can be treated as scattering
from a central potential (nuclear or magnetic).

This interaction potential with neutron and
matter is weak.

o Disregard multiple scattering

This allows the use of the Born approximation.

Neutron cross -section can be completely known
and modelled

Work in reciprocal space
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SOURCE

V(r): Born approximation

Born approximation

A Wavefunction of scattering by a central potential:

eik.l’

q( rek = Ti Q> ek N "Iee(l(rl)l]i—

A Expand integral (Born series):

T% O ek My(»)q( r Nj)% Q> el Mo(»)q( e'NjY

(_) < O ek . T Nj

> »S
A Take first term (Born approximation):
(=) 1 &|—. AKrere w2
where Q= k-k;

A Cross section is proportional to the Fourier
transform of the potential energy, V(  r).

6 O )+. . .




Scattering potential: Scattering from a single fixed nucleus

1~2A EV’ .
Incident plane wave T Scattered circular wave
_ P P8 -blr) exp(ik.r)
D.8 exp(ik.x) "'-2_6*,;_‘) V(r)
k=26/1] L. & X
. ~10-15m

0..‘.... aw ."‘.o << I —~ 10-10 m

llllll @
Nuclear interaction potential: 5 . CA. S ~ . >

. 0A1I AA0 T @ Nucleus

A Very short range (~10 15 m)

A Isotropic scattering
Diffraction theory: If waves of any kind scatter from an object of a size <<
then the scattered waves are spherically symmetric (S -wave scattering).

—)

A Scattering is elastic A nucleus is fixed

A Details of the potential (V(r)) are unimportant.

V(r) can be described by a scalar parameter b that depends only on the
nucleus and isotope [Fermi Pseudopotential]
b = scattering amplitude / length (~10 12 cm)

%OAK RIDGE

SPALLATION
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National Laboratory

SOURCE




Scattering potential: Nuclear neutron diffraction

A Nuclear interaction potential:

N QA S,
6 6ii dao @
|
A Diffraction intensity: 3'"E sB GA B g (sum over all nuclei in sample)
A Rigid crystal: . ., CAN O . . : Scattering only when
3 E v 6 Q&EE]ES;] E €re; Q=G, i.e. at allowed
(sum over all e N \ (H,K,L) positions
reciprocal lattice
vectors G (h,k,l)) \
N Structure factor
Number of unit . > . :
. SN DERSRA B Pw.
cells in crystal Volume of St G\ OERB1Y 4| WyA Debye -
unit cell ~— Waller factor for
(sum over nuclei in unit cell) atomic thermal

motion
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Structure factor (nuclear)

8 ¢ iE @A DERSIA @ Do

Scattering length (b)

A Measured scattering depends on b, the scattering length

A b varies randomly with Z and isotope

X-ray cross section

d offers advantages over x -rays —
o But need to check for absorption o OQOO -
H D C 0O A Si Fe
A Coherent and incoherent nuclear scattering .“ °* e
Neutron cross section
A b varies with isotope and with nuclear spin orientation
A Consider a sample with two isotopes A b,® and b , . - . oo
N W ) ® 0 o O © 0 Values of b, and R, tabulated:
Random https://www.ncnr.nist.gov/resources/n __-lengths/
bl,b2 ®:- - - © o0 +0 00
® -0 ® 606 O 0O
/ [ 2
N
c
Mean b, Deviation from mean A Q
Coherent Incoherent scattering <
scattering (o)
(0A Deon) 3% E = 0 Incoherent flat background o

SPALLATION
NEUTRON
SOURCE
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https://www.ncnr.nist.gov/resources/n-lengths/

Scattering potential: Magnetic scattering

o _ ] " Magnetic scattering is due to
A Magnetic interaction potential: 6. sci dpea 1BA interaction of the neutron spin
K, with the magnetic field of
an unpaired electron,  B(r).

B(r) depends on electron spin and orbital currents
Potential depends on direction of neutron spin A vector interaction
Neutrons are only sensitive to the component of the magnetic moment perpendicular to Q

Anisotropic scattering, unlike nuclear scattering.

Depends on orientation of neutron spin A polarization analysis can be powerful

o o Do To Do D>

Depends on electronic states A magnetic form factor is important

HIGH FLUX
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SOURCE
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Scattering potential: Magnetic scattering

A Magnetic scattering is due to the interaction of the neutron
spin with the magnetic field of an unpaired electron

A Interaction described by a potential: )
Gyromagnetic ratio: A=-1.91

-p-H:-ApNﬁ ‘H Nuclear magneton: - py=(m, Hg) / m,
Pauli spin operator: 0

A Magnetic scattering length proportional
to the electron radius e 2/m c2:

r,=-Ae2/m ,c2=-0.54x10"2cm

Magnetic and nuclear scattering lengths are comparable

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE
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Magnetic diffraction intensity

3'E 0 & e E £

f \
(sum over all magnetic reciprocal
lattice vectors G,,)
Magnetic Structure factor:
& ¢ QET A D@L
(sum over magnetically
ordered nuclei in unit cell)
H,K,L in
reciprocal
Form factor Moment space

(perpendicular to Q)

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE
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Scattering only when
Q=G,,, i.e. at allowed
(H,K,L) positions



Neutrons Only Measure Moments Perpendicular to Q

A Scattering depends on Fourier transform of 6i Aci Apea 16A
AFrom Maxwel |l 6s "8y lafli on: Q M
Fourier transform A TMBAE 1
A B(Q) is perpendicularto Qtobenon -zero - (B "E - 'E M,
In experiments Applied
this can be a magnetic field K K,
useful constraint: drives a spin i
flop transition
..... o= 4o~
—p =P = —9
<o 4o |ee <o
H>HC Q
I(00L) = 0 1(00L) > 0

HIGH FLUX
ISOTOPE
REACTOR

01K RIDGE SR
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Magnetic form factor 6i sci Kbei (8A

A Nuclear scattering of neutron is from a point charge A no form factor
A X-ray scattering is from charge cloud A form factor

A Magnetic scattering of neutron: B(r) depends on the electron spin and
orbital motion A form factor

A Scattering decreases with increasing Q due to intra -atomic interference.

A Analytical expressions are tabulated in P.J. Brown International Tables of
Crystallography, Vol. C, section 4.4.5. for  j; (spin only), j, (orbital), |,
(orbital), etc Fe': 34° °g

f(Q)=C 1<Ip(Q)> + € ,<|5(Q)> +Cc 3<|y( Q) > + 6"
f0) =1 08 St e

06 0

A Form factor depends on valance of ion. 1 g>’
043=
. . Large angle
A In general intensity drop -off more 0 <i.> :
pronounced for higher Z £ -
00—t =
0 1 2 3 4 5 & 7 g
%OAK RIDGE |HigH FLux | spaLLATION 4x sind/A
National Laboratory | REACTOR | SOURCE




Neutron measurements: Nuclear and Magnetic scattering

A The scattered intensity S( Q) is given by:
A SQ)=IF Q) ?+P.(Fy (Q)RJ(Q) +Fy (QFR(Q)) +IF y (Q)I 2

A Unpolarized measurements A no interference terms between nuclear and magnetic scattering

A SQ) =F Q) ? +HF y (Q)I

A The scattered intensity is simply the two components added together.

d Inrefinements this means the nuclear and magnetic phases can be refined separately.
(always case for Representational analysis)

d Measure at low Q to maximize scattered magnetic intensity.

d Make use of the constraint that neutrons only measure perpendicular component.

HIGH FLUX
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REACTOR

SPALLATION
NEUTRON
SOURCE
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Overview
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A Neutron sources: A (very) brief history

A Theoretical concepts of neutron scattering

A Practical aspects of neutron scattering and refinements
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world?
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Powder

or

SIS U S 8

Advantages

Often easier synthesis
See everything
Propagation vector

If powders work then
saved a lot of effort.

Measurement more
routine.

Disadvantages

Information is
averaged and lost.

Hard to uniquely
assign propagation
vector.

No domain info
Field measurements

hard to interpret
quantitatively

%OAK RIDGE

HIGH FLUX
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SOURCE
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Single crystal ?

Advantages

Propagation vector
unambiguously
determined.

Low background so
can see smaller
moments
Directional
dependence of field
(or strain, etc)
Domain information

Smaller mass (~mg)

Disadvantages

Synthesis can be hard

Data correction:
absorption, extinction,
etc

Need to search large
reciprocal space (or
have large detectors)

Sample alignment
considerations.




Things to considers for an experiment

A Magnetic scattering is often weak and only observable at low Q due to magnetic form
factor. Preparation is key to a successful experiment.

A Characterization in the lab is crucial (XRD, Magnetization, Heat capacity, etc)
A know your sample and where to look with neutrons

A Powders

o Typically the more mass the better A experiment and data analysis greatly improved.
d Use of Al can reduces background compared to V.

A Extra peaks, but for magnetic structure determination usually not an issue.
A Single crystal
d Small masses often feasible (< mg), check with instrument teams.
d Know crystal quality before experiment (alignment/mosaic/domains/twinning/ etc)

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE
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Basics of fitting diffraction data

Measured peaks have position (O or HKL), intensity and width

A Peak positions: determined by size and shape of unit cell

A Peak intensities: determined by the atomic number and position of the various
atoms in the unit cell

A Peak widths: determined by instrument parameters as well as temperature,
crystal size/quality, strain,

A Single crystal A integrated intensity of each peak is extracted. So in refinement only
need to consider a few parameters (extinction, absorption)

A Powder A Overlapping peaks means modelling whole pattern. [Rietveld Refinement]

SPALLATION
OOOOOOO NEUTRON
ACTOR | SOURCE




Fitting your data: Rietveld refinement (powder)

A Hugo Ri eThe mdthdd of uging the total integrated intensities of the separate groups of overlapping
peaks in the least -squares refinement of structures, leads to the loss of all the information contained in the
often -detailed profile of these composite peaks. By the use of these profile intensities instead of the integrated
guantities in the refinement procedure, however, this difficulty is overcome and it allows the extraction of the
maxi mum amount of i nformation contained in the powder di

A If pattern can be modelled, the fit between observed data and model can be optimized.

A In powder, unlike single crystal, need to model experiment dependent parameters
o Background Hugo Rietveld in the Petten Recto; (~1987)

. . ; - — . B A 1

Peak broadening (sample/instrument) '{/ - ‘ PEERE P

0

Lattice constant
Absorption and sample shape
Preferred orientation

o Oox Qx o«

A Refinement A need a good starting model

A Neutron data usually required for determining occupancy.

HIGH FLUX
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Peak shape varies with scattering angle

074 & =5, o,=40, o =5, =20, 20 =135 (D2B)
A Cagliotta formula: FWHM 2=Utan2é + Vtané +W "
A U, V, W parameters are a function of instrument collimation and % 04
monochromator G. Caglioti etal., Nucl. Instr. 3, 223-228 (1958) 0a
A Does not take into account guides or focusing of monochromator. "
A Spallation sources need extra terms to model resolution from pulse —_—
Shape. scatienng angle 20

A Debye -Scherrer cone scattering causes asymmetric peak shapes at low/high angle
in 1(Q) 1d plots.

150

£ 100
o
s 50
Y
o 0
o
S 50
@
o 1K
© 150 ‘ axr i : :
0 10 20 30 40 50 &0 70 80 a0 100 110 120 130 140 150
scattering angle 26
%QAKIIIHD(EE s | REbTRO If convertedto 1d A asymmetric at low 2 €&, symmetric at 2d=90°
ational aboratory
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A Why use neutrons?

A Neutron sources: A (very) brief history

A Theoretical concepts of neutron scattering

A Practical aspects of neutron scattering: performing a successful experiment

A Where to perform experiments: Diffraction instruments at ORNL
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-~

A Neutrons produced from
a reactor core.

A Highest flux reactor
based source in the U.S.
(80 MW)

Oak Ridge National Laboratory (ORNL)

-

N
" VK B — ST Rt
ST, . S

SNS-FTS

A Neutrons produced from an
accelerator/target.

A Most intense pulsed neutron
beam. (60Hz, 1.4 MW)

A Several complimentary diffraction beamlines at ORNL.

SNS-STS

A Planned Second Target
Station in 202X

A Most intense pulsed source
of cold neutrons

A Science of the material will dictate choice of instrument(s).

A Second target station will add further capabilities.

HIGH FLUX
ISOTOPE
REACTOR
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SOURCE
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¥ OAK RIDGE | "

" National Laboratory | REACTOR The United States’ highest flux reactor-based neutron source

H FI R NEUTRONS.ORNL.GOV
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2 Spectrometer « V. g i ) >,
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Neutron Powder \ 5 : £ 2 ‘ T Transmission imaging
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Masting DOwux - 345384 9630
BRI T Gy

Proteins and complexes,

L9 WAND - HB-2C

A Additional options:» M SSISSENS SN | N el

3 HB-1A (low "
background) Development Station

*HB-2D Neutron Residual Triple-Axis . . S
T — - Stress Mapping Spectrometer - n %  Cold Neutron image-Plate
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paytanta Born ov future Wmm in blology, chemistry and
P «elopment - complex meterinis

Mo Coo * M5.406. 2000

£6-4A

Fiovn Meleur - 054762779
ot 8 oerd gy

0 HB-1
(polarization)
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SPALLATION
NEUTRON

SOURCE World’s most intense pulsed, accelerator-based neutron source
NEUTRONS.ORNL.GOV

;’_@OAK RIDGE

National Laboratory

SNS

Wide Angular-Range

Nanoscale-Ordered Materials Chopper Spectrometer Fine-Resolution Fermi Chopper
M t . Backscattering Diffractometer (NOMAD) - BL-1B (ARCS)-BL-18 Spectrometer (SEQUOIA) - BL-17
ag n e ISl I l . Spectrometer (BASIS) - Liquids, solutions, g %, nanooryetaling snd of complex fluids, qw,,,,,,,,m, Togrietem,

BL-2 Ma"yud«odem msteriols

L35 +

Dynamics of

y: ﬂng Instrument Vibrational Spectrometer (VISION) -
(USANS)-BL-1A BL-16B

A POWGEN e ] e
A CORELLI

Materials science, geology, earth and
environamental scionces

SSTEINA - Dtcw

Neutron Spin Echo Spectrometer
(NSE) +BL-15

Lougctometer . - =, = 87 /2 High-resolution o ...‘Z'c.""".... (HYSPEC) - BL-14B

Hybrid Spectrometer

BL-4A , i \ £ « 05574 A8 « Chiong - Alomic-lavel dynamics In single
y v crystals, magnetism, condensed
Chamistry, magnetism of layered - e matier scloncos
systems and interfaces / =S f 1 [ B, S RRGRREE)
Valons Lavter » 44 387 5300 + lnuerrd 0l O \ < Wy ¥ NAINOARIV - W PUGINGWY

Liquids Rellectometer * BL-14A

BL-4B
Interfaces in complex fluids,
potymers, chomistey

R Arhee » 65 TTTASTD + ks

Fundamental Neutron
Physics Beam Line - BL-13

- . . - — Fundamental peopertios of noutrons
A Additional options: e —— =
Spectrometer (CNCS) - BL-5 - , | , L7 R
6 TOPAZ (Iarge Condesed matier physics, matoials science : [ . ™ Macromolecular ingle-Crystal Diffractometer
i ” Qutry daon - ML U A - stseg oo n e | ! Neutron (TOPAZ) - BL-12
BL- . | Diffractometey T —
unlt ce S) Extended Q-Range Small-Angle Neutron . e | A e lMannn-m.n ““mc:’;:"m:%:i“;:“‘“"
Scattering Diffractometer (EQ-SANS) - BL-6 ' . R Nomeievd stvctures o

6 N O MAD P D F A ———— Versatile Neulron —— = [posseassbimbaongbicia
- polymar and colloidl syste science, Elastic Diffuse Scattering Imaging i compiexes ONA
PEEEE—

| O 2 A i G s Spectrometer \strument at SNS
Fas of doe 5y selcctve imaging in Powder Diffractometer
PPy Y e s (POWGEN] - BL-T1A

materials science, and condensed matter

6 HYSPEC (CORELLD - BL-9 [y.“us].g-m
(pOIarlzatlon) *Scheduted commissioning date 2 | copinesiog. me = PN RL T

= udmoumdb&oiooy 1
Engineering Maiw.. ~!s Diffractomets* Heswna Bow
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devolopment beoming. Mochanical bohaviers. matorisls seiknca,
I 1 design or construction materials processing
OAK RIDGE HIGH FLUX | SPALLATION K AR - 865999 5236 - b . ree s 3 fackiny of Ouk Ridge Nationa! Laborasoey,
ISOTOPE | NEUTRON [ unoer consicenation s 1eiie foe the US Department of Encegy
National Laboratory | REACTOR | SOURCE

14-GO0875A gim



Powder diffraction (ORNL)

A HB-2A (HFIR) A Majority of science is magnetism. Half-polarized option. Variety
of sample environments.

A POWGEN (SNS) A Highest resolution for detailed crystal structure. Large Q
available.

A WAND? (HFIR) A High flux, medium/low resolution

%OAK RIDGE OOOOOOO ’ NEUTRON
ACTOR [ SOURCE

1 Labor:




HB-2A: Instrument aims and layout

SR e
Ok RKRU

Magnetic structure Constant wavelength 2.2e3 (variable) 0.25.1 A6 <T H ®n M60 X 30 mm Variable.
determination under (vertically focused Ge Balance between Typical can sizes are Refinable data in
extreme environmentSlgylelglelelslfelasF-1te]p) high 0.358 A16 < T m ® p n 6-15 inm diameter  minutes.

Polarized capabilities. flux/resolution and 50 mm height. Magnetic structure in
0.5- 8 hours.
Typically need gram
sized sample for
magnetic structures.

Flexible open design to allow for variety of complex
and easily changeable sample environments.

Temperature: 30mK T 1700K
Magnetic field: 8T

Pressure: 2 GPa (BeCu clamp cell)
6kbar (Al helium gas pressure cell)

SPALLATION
NEUTRON
SOURCE

HIGH FLUX
ISOTOPE
REACTOR
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HB2A Ge(thkl) & ( U) d_.(U) 4 singl>  Flux (ncms) | Resolution:

: (113) 2.41 27.6 0.2-5.1 5 x 106 ; Collimation: 12" - 31" - &'
: | Ge (228) A =0.94 A
Instrument (115)  1.54 17.6 0.35-7.9 1 x 107 o (i1
— Ge (115) r=1.54 A
e L 2 —_— Ge (113) L=241A
Detector bank: gl
<
44 3He tubes (11 cm x 3 cm) 14
spaced at ~ 2.7° intervals Instrument shutter
i Sample table / \
Scattering range (2d): 2-155° & goniometer = 0N\ ‘L{ftmxuo---~1HFHH—1L-—
1 2 3 4 5 6 7 8 9 10 1112 13
Beam _ > Q (= 4rn sin®@ /1) (AT)
stop L
e =) Monochromator:
- R hil-umou.J..Li.J.LJ.J.,;_*a__
el L o TReEEER X777 - Vertically focused: 15 Ge [HHL]
=== T — ..
\ i‘a-\“““!“ﬂ P Detector bank Take-off angle 90A ‘ '
v\ \“ ‘ g (44 3He tubes)
Collimation:
Beam size: pre-monochromator (U1):1 26 or open (35 X
2 x 1 inches pre-sample (U2): 6 6 , 2 1,® 63opeh,
pre-detector (U3) (x 44):1 2 6 [ Fi xed]

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
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HBZA What suence IS possmle’? V Developmestofof
, s(UOSKEDI FOOKYO0 K)  Higih pressure=celidiido

Magnetic structure and spin-orbit- study magneticic

driven excjtation points to potential Novel Physics in Triangular lattice materialssatildwl T

Weyl feSr:S;?tnéalder (ORNL) et a . antiferromagnets C. dela Cruz (ORNL) and Y.
: Haidong Zhou (UTK) et al. Uwatoko (Univ. of Tokyo)

NiCrAld w dza a
pressure cell: 2.5
Gpa

BeCuwlamp cell:
= 2GPa

a 10| up
0 % 0 160K-240K
= 1
k>
34 ’

Intens;ty (a.u.)

-10
10 15 20 25 30 35 40
26 (")

3-Sample changer available for

measurements from 1.5 to 300 K. V Pressure studies withh 3 ALl A

. . V Magnetitdiéldlihdudeded .
Th Il d t d f - elm[&EadfﬂIE
UV) ions © be investigated ina 1€ BSCEHBUDAA® 6 KA phonomenacutoid Feslala v High-t —

series of compounds. Negative Thermal Expansion (NTE) " ol I studies; uptool 2000C°
in Cubic ScF, adnetic pole reversa Probing the Long term stability of Sol
B. Greve and A. Wilkinson (Georgia Tech) in Lay;,Pr,Co,P, Oxide Fuel Cells
R e M. Shatruk (FSU) et al. Y. Liu and J.W. Fergus (Auburn
18 | ¥ Manbobedn-Xrymessrerent | University)
® Cubic - X-ray measurement
|l ..&a. *& La/Nd @ T e e
o 6F AR 3 @0320Z0092 - v 7\ | MnCoCrO, (800°C) |
@ ($Rhombohedra d % ’ ‘o%o L. Yobs
a 04 ....."" Cubic T b4 ’o “? § 7;:::;position ?
E 0'" e . 8] 150 o ? w‘ g Yobs-Ycale
il /e 02 f l o 3:2 o : - o o” 3 & z2 ]
""""" AFM/FIM X AR b § -
V. 0. Garlea etal., PRX 9, o8 n . g~ ;0&& I £ I
o N g a , ., 02 04 06 08 10 “ c .
011038 (2019) 0 S0 10 150 200 250 30 % Nd content ] ot
Temperats (6 P S S A A )
%OAK RIDGE | HigH FLux | seacLation 2 theta (degree)
National Laboratory | REACTOR | SOURCE




Recent developments

Polarized neutron diffraction at HB2A Design and development of a High Pressure Cell
& V-cavity polarizer commissioned. optimized for magnetic structure determination
C Measurements of weak ferro- and ferri-magnets. <0.01 g _ _
¢ Almost perfect transmission of 50% and flipping ratio of 14. ACollaboration with the Uwatoko group , ISSP,
C The difference scattering from neutron beam polarized parallel and Univ. of Tokyo. _
antiparallel to the applied magnetic field gives an improvement of AOptimized for low-Q scattering
nearly one order of magnitude in moment sensitivity. ADesigned for pelletized samples to be

pressurized up to 2 Gpa
ACompatible with low temperature liquid Helium
cryostats to reach base temperatures of 1.5K

Flipping difference (I+1-) NiCrAIA Russi ano pressurt
obtained on CrQpowder Multigram sample in BeCu clamp cell: 1.5 GPa
In-situ Al-He gas cell: 6 kbar

Intensity (arb. units)

The University of Tokyo

-8 z 2o 3 30 * 48 The Institute for
Q (A-1) Solid State Physics



http://www.issp.u-tokyo.ac.jp/index_en.html

¥ OAK RIDGE | fsssie

National Laboratory | SOURCE World’s most intense pulsed, accelerator-based neutron source
S N S NEUTRONS.ORNL.GOV
Wide Angular-Range
Nanoscale-Ordered Materials Chopper Spectrometer Fine-Resolution Fermi Chopper
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BL-2 poru:my ofa«od eompm mloﬂm Y. ¢ d matter - d matier, mat
ics of . o —— Some) Nt lind ML NS+ pe v D0usg Atraaivy - 845 617 4424 - sDermathy® O 0 oY / M trew Saoae - 845 200 4 LA+ adCnemd

A POWG E N | ‘ ‘mmr . w Ultra-Small-Angle Neutron

Scattering Instrument Vibrational Spectrometer (VISION) -
(USANS) - BL - 1A BL-16B

Spallation Neutrons and T Uo sclonces, polymers, X
Pressure Diffractometer - : W?WW
[SNAP) + BL-3 \ \ :

~

lhmw:lckoco geology, earth and
viconmental scionces

A AT P04 - Dl

Neutron Spin Echo Spectrometer
(NSE) +BL-15

Hybrid Spectrometer

Magnetism Reflectometer ¢ 2 7 [(HYSPEC) - BL-14B
BL-4A | i . . ot T —— Alomic-level dynamics In single

crystals, magnetism, condensed
Chamistry, magnetism of layered ; e § e 0 -\ matier scloncos
systems and interfaces f : = f X \ o
VaIoR Lautte + 964,307,550 + Ionderyr ot O3
Liquids Reflectometer BL-14A

BL-4B

Interfaces in complex fluids,
pokym«t. ch«nhlry

e Anks W5 ITT ALY »

Fundamental Neutron
Physics Beam Line - BL-13

Fundamental pmpoﬂm of noutrons

Cold Neutron Chopper —
Spectrometer (CNCS) < BL-5 :
cmwa,mn« physlcs, materials scence, & ‘ i . N Macromolecular Single-Crystal Diffractometer
o e ML LA MG \w ‘ \ Neutron (TOPAZ) - BL-12
- - : Diffractometer Atomic-lavel structures In chomistry,
Extended Q-Range Small-Angle Neutron -88 | + | IRt | Deios7. conih science, materils science,
Scattering Diffractometer (EQ-SANS) - BL-6 ' o ; 7 AP LTI
RPE OINCH, FOYIRMN =8 CUNOH B WSS Mo V5 gury, Elastic Diffuse Scattering Imaging
| s Matier « S45.243 0000 + Dadprwt H o/ O Spectrometer Instrument at SNS i
(CORED-BL-9 g (VENUS)-BL10 _
eyt el | ooy selective imaging in Powder Diffractometer
crystaliine matevials 2 ‘saatecials SCHNCS.
*Scheduted commissioning date 9 Vo - S0C.576.0031 - yel) G oend 90 g i 9 I (POWGEN) - BL-11A

"Im‘:' " ' Alomic-level structiuros in chomistry,

materials science, and condensed matier
-Oomwmw'nv‘«wwm Engineering Materials Diffractometer B - 45 3640 et oo St
— oo oparing (VULCAN) - BL.-7 AT B
I 1~ design or construction materials processing
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P OWG E N (S N S) Moderator Secondary Shutter

— Guide Section
T0O Chopper

Bandwidth Chopper #1 & #2

l»ll

Translation Table

Guide Section

A General purpose diffractometer that
encompasses magnetic scattering.

A Alternative design to previous spallation e s

diffractometers 11
A data reduced to single pattern.

Detector Array

i
NG S / Get Lost Tube
RN

Sample Vessel

A Recently upgraded detector layout. Slit #2

A Different wavelengths (Frames) available. ;... vonior ==t==
& Slit #1

360° Fine Radial
Collimator

Beam Stop

Coarse Radial

Collimator with Argon

Detector Array Balloons

Standard settings for data collection at POWGEN for which the
instrument is calibrated.

J"‘CE nler

‘:“'min ".“ma:t l|'j'lr.ﬂin dﬂ'l.ﬂ.:ﬂ. Qmin Qma:t

Frequency  (A) (A) (A) (A) (A) (AT (AT

60 0.800 0267 1333 013 82 0.766 46.9
60 1.500 0967 2033 0485 14.0 0.449 12.9
60 2.665 2132 3198 1070 222 0.283 5.9
60 4.797 4264 5330 2140 330 0.190 2.9

alun:ninum eoppet
ol ————
a . h 8 mm

vanadium PAC cans
with titanium collars

10 mm

%OAK RIDGE

HIGH FLUX
) ISOTOPE
National Laboratory

REACTOR

wie Recent detector upgrade: https://doi.org/10.1107/S160057671901121X

SOUR




Science: magnetism plus structure

d Large Q range for doing simultaneous structural and magnetic

reflnements:

d magnetic structure, magnetoelastic coupling, etc.

+  (b) | ¢
//‘! /‘} g
- BT 2 2 )

[ Naq | 2 @ oy
// 2 /-, / ~ | “
4 s ) AR B [

(a) Crystallographic structure GeNiAsQ(b) incommensurate spin density
waves forT,< T < ; , and (c)coplanar commensurate order for T <;yp.

Wu et al., Physical Review Letters, 122, 197203 (2019)
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‘ La/Ce Ce
Mn j 1

LR > <o M
of Tjesb | Sb
KN~ : |

Mn spin-reorientation in CeMnSbO

Zhang et al., Physical Review B, 93, 094413 (2016)



POWGEN Mail -in program

24-sample PAC changer available for
measurements from 10 to 300 K:
mail-in / rapid access proposals

https://neutrons.ornl.gov/powgen/mail-in

%OAK RIDGE

HIGH FLUX
ISOTOPE
National Laboratory

REACTOR

SPALLATION
NEUTRON
SOURCE



https://neutrons.ornl.gov/powgen/mail-in

Magnetite (Fe304)

« Sample cooled down to 10 K at a nominal 1 K/minute

* Temperature controlled for a near constant DT/D(pcharge) =
constant counting statistics

* Ramping accelerates with increasing beam power & halts
when it trips

2.5e+7

2.0e+7 A Mo- 250

1.5e+7 A

Plot of proton charge Magnetic structure

and fr:czjmrolleg siref- refinement taken from a
point during data slice of temperature
collection on Fe304. ramping data at 295 K

3,400 Ta Fe304 ma. [o @ |[=] ||n=F Bkg f4 - Diffuse thermal 0.00 %
D F Fe304 61.73 %
9 5 = 3 E Q 5 3 2 E r
3.200 o = M= F-] Che Fe304 mag 33.50 %
3,000 Hematite 281 %
2,8004 Hematite-mag 196 %
2,600

- 50 2,400

2,200

o
o
Temperature (K)

1.0e+7 1

Proton charge (pC)

5.0e+6 -

2,000
¢ _ 18001
= 0 21,6004
C 1,400

0 50 100 150 200 250 300 £ 1,200

— 1,0001
Time (minutes) ool
400

1 o
— 166
0 0 | 148 148 150 152 154 156 ' }
. I I I T

200  hewnitpial,
-4007

00| | ‘ o I A I il bl
%OAK RIDGE | Her i | seaarion oy e e un.Mn.IUMMMMW
ISOTOPE NEUTRON

52 5 48 46 44 42 4 38 36 34 32 3 28 26 24 22 2 18 16 14 12 1 08 08
SOURCE d
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Spallation Neutron Source at QOak Ridge National Laboratory - ‘ASNS

The world’s most intense pulsed, accelerator-based neutron source o e

Wide Angular-Range

Nanescale-Ordered Materials Chopper Spectrometer Fine-Resolution Fermi Chopper

Backscattering

snecuomete' (BASIS] - Liquids, sciutions, glasses, polymers, nanoorystalline and Atomicdevel dynamics in matorials sclence, ‘ Oynamics of complex flulds, quantum fluids, magnetism,
BL-2 partially crdered complex materials ¢ Y, Cond: d matter | condensed matter, materials science

»
Vibrational Spectrometer (VISION) «

Ditfractometer (INOMAD) - BL-1B (ARCS)-BL-18 Spectrometer (SEQUOIA) - BL-17

824014 . e 9 Abwrna ’ t CER

Cynamics of macromolecules, constrained
molecular systems, polymers, blology,

L SNUNATR SRR Uitra-Small-Angle Neutron
— - Scattering Instrument
1A (2018°)

BL-16B

Viteational dynamics in molecular systems, chemistry

Spallation Neutrons and

Pressure Dillractometer
(SNAP] - BL-3
Matorials sclence, geology. earth and

envircnmental sclences
. 5 ‘

BL-16A

Neutron Spin Echo Spectrometer Hybrid Polarized Beam

(NSE) - BL-15 Spectrometer

. High-resoiution aynamics of slow processes -
Magnetism Relleclometer « Rl bekogicnd macvomoiascies (HYSPEC) - BL-14B
Alomic-lavel dynamics In single

BL-4A s & 8 A DN + 005 574.8476 » oh T
& crystals, magnetism, condensed
Chemistry, magnetism of layered £ v = s matier sciences
systems and interfaces > o f I\ i &

o oM

Liquids Reflectometer * BL-14A
BL-4B
Interfaces in complex fluids, Fundamental Neutron

Physics Beam Line +BL-13

Fundamental properties of neutrons

polymers, chemistry

!

Cold Neutron Chopper > ' ' ' \ '-:‘,: a
Spectrometer (ENCS) - BL-5 § "

9 " = «C",J:
o . '8
Condensed matter physics, matorisls science, ) 2 : \ , N Macromelecular
chemistry, biology, environmental sclence | 4 \ 3
e % - 042060024 + s Dol pov N Neutron

| Diffractometer

Extended Q-Range Small-Angle Neutron . | (MaNDI) - BL-T1B

Scattering Diffractometer (EQ-SANS) - BL-6 - 1 1 Atomic-level structures of
Versatile Neutron — Feedane proteing, drug
J ONA

Imaging 454
Spectrometer (CORELLD - Instrument at SNS
BL-9(2014°) [VENUS) - BL-10

Single-Crystal Diffractometer
(TOPAZ) - BL-12

Mo.'nlc-itvnl illuciurn In chomistry,
biology, earth science, materials sclence,
condonsed matier physics

Life sclence, polymer and collcidal systems, materials science, Elastic Dilfuse S(:a"eﬂng
oarth and envitoamental sclences

Detalled stucios of disorcer In - %7 —
b o crystailine materials it Powder Diffractometer (POWGEN) -
Scheduled commissioning date 000 Ve - 3465765801 - yor1 B eesl gy engineering, materiala BL-TIA

procossing, environmental

Atomic-love! structures In chamistry, matecials sclence, and

sclences and biology -
R Oorasng instrument in usee program Engineering Materials Diffractometer sains B - 60N RSt sy elos Michiniig sy oM Svuchibes
In commissioning or operating lVUlclNl a Bl -1
-“"m W Boaciline Mechanical bohaviors, materlals seence, o Q " e
In design or construction materials processing U.S. CEPARTMENT OF \K ﬁ‘ y v \ 2 .
%OAK RIDGE |} | il uocer consigerstion e ‘ e ENERGY RIDGE | NEUTRON SCIENCES
National Laboratory | f T Office of Science A |




SNAP (SNS)

A Dedicated pressure beamline.
A Powders and single crystals possible.
A Accessible Q as low as 0.78 AL,

A Pressure 0-80 GPa at room temperature.

A 0-10 GPa between 85 and 300 K. (@mok |
Furnace also available.
L ij’ '\i-' “wmﬁm . e
B S MR e T |
" Booe et 1 1
_ (b :
S. Hirai, et al . (\)GiEaM‘JaMWKQ;
displacement at a magnetic phase e SN c
transition in metastable Mn ;0,6 PRB e * " et oy
87 014417 (2013) | @QBE T
1 L W .: ,'
L iR A i SOMn?t {1
P S T | W Y
;_Hg-"‘.-._‘,-mf,-\ T 1 | {_ e ‘.__ I| ,
1 2 s s oo T T T b
% OAK RIDGE | 151 | s d-spacing (A)
National Laboratory | REACTOR | SOURCE




Single crystal diffraction (ORNL)

A HB-3A (DEMAND) A magnetic structure determination A new detector for
larger Q coverage and use with extreme sample environments

A Corelli A Diffuse and large access to full reciprocal space.
A WAND? A Diffuse and standard diffraction. Very fast!

%OAK RIDGE OOOOOOO " | NEvTRON
ACTOR [ SOURCE
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Current capabillities at DEMAND

Fixed-Incident-Energy Reactor Pressure
Triple-Axis Vessel
Spectrometer -

HB-1A Development

Beam Line - CG-1A

Low-energy excitations, cold Neutron
Source & > = Optics

4 L n Development
Polarized Triple Axis Y g e 4 4 / Beam Line - CG-1B
S ics

magnetism, structural

Spectrometer » y 3
HB-1 > d y ou Santodonsto - & s General-Purpose SANS -
z v 8 €6-2
T e o proceteing,
Cold Neutron Fantalgy, polvenere; geaphyelen,
Imaging T compien hkay
Beam Line - C6-10 .

Neutron Powder R 7 & / oo
Diffractometer - T i 7 G engineered
A ¢ | Z s e Bio-SANS - CG-3

Structural studies,
ructural studies, magnetic Proteins and complexes,
pharmaceuticals,
i ?

structures, texture and phase
‘analy

WAND - HB-2€

Diffuse-scattering studies of
single crystals and time-resolved
phase transitions

Polarized Neutron
Development Station B e b %,
- HB-2D Neutron Residual Triple-Axis 7 I Eokt Nowiren e
" and tochniques for utling. §;’,f,f.s.,na,:'§_';‘3 sneclwmaeler Polarized Triple-Axis L Single-Crystal
r—— Diffractometer - 8 Neutron Spectrometer - Diffractometer
train and ph: Development CG-4C (IMAGINE) - CG-4D

|
| Atomic resolution structures
in biology, chemistry and

pping in
‘materials Stati
ation -
Small unit-cell nuclear & High-resolution inelastic
magneti structural CG-4A/4B scattering at cold
studies.

Development of larmor
Pr i hini

monochromator bending

400
045 -
S
=] 0.40 -
= mam
i
==un sy -
~=~\.- — 0.35
Loms T | iy
== S o0
- T 0.30 350
S
L 025}
0.20 -
300
015 | 200

o 2 4w & 8@ 10 Magnetism use 80% beam time
el Wavelengths: 1.005 A, 1.546 A, 2.541 £°1)

:_(,OAK RIDGE | it fLux
National Laboratory | REACTOR | SOURCE




DEMAND 0 extreme sample environment and polarized
neutron diffraction

T=50mK -800 K
H=0-5T
P=0-10GPa

E =0- 1100 Volts

Unpolarized/polarized
neutron diffraction

—

seaLLation Cao H.B., Chakoumakos B.C., Andrews K.M., Wu Y., Riedel R.A., Hodges J.P., Zhou W., Gregory R., Haberl B., Molaison h G, Wn'DEMAND, a Dimensional

source”  Extreme Magnetic Neutron Diffractometer at the High Flux Isotope Reactor”, Crystals,9, 1, 5 (2019).
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