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How to get microscopic structural information

« 3 main choices - Diffraction has strong advantages

Microscopy
Optical, TEM,
Field ion

Scanning Probes
AFM, STM, SEM

Diffraction Probes

Electron
X-ray

@eu’rron
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Direct Local information only

Direct Local information only

Surfaces only

Quantitative data on @quires fi’r’ring)
correlafions and

distribution of
structural features

Probes entire sample

Neutrons = gives
absolute values




Why neutronse

. Wavelength: Comparable to atomic distances (1- 5 A) @
— Strong nuclear interaction with nuclei < @ >

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

» Neutron spin (4, ): dipole interaction with unpaired electrons - p= -(L + 2§) g
- e.g. 3d°> Fe3* =0 and S=5/2 - 5,

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

« Magnetism can be investigated at a microscopic scale with a high precision
- Magnetic structure
- Quantitative moment size
=2 The best probe for magnetic structure determination
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Neutron Scattering
Bertram Brockhouse and Clifford Shull - 1994 Nobel Laurate in Physics
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Clifford G. Shull (right) and Ernest O. Wollan shown around 1950 with
a spectrometer they used for neutron scattering studies at Oak Ridge.




How to get neutrons: A (very) brief history
« 1920: Rutherford predicted neutron | -

e 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

o Clifford G. Shull received 1994 Nobel prize in Phy5|cs

ORNL Graphite Reactor

1943-1963

9 — d—q %
Cllff ShuII & Ernle Wollan 1949
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FHVSICAL REVIEW VOLUME 83, NUMB

Neutron Diffraction by Paramagnetic and Antiferromagnetic Substances

C. G. SaowL, W. A StravsER, aND E. 0. WoLLAN
QOak Ridge National Laboratory, Oak Ridge, Tennessee

(Received March 2, 1951)

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.

(100) (111) L[111]

(a) (b) ()
(111) 1038 0 1560
(311) 460 675 .
(331) 129 109 " 132
(511)
(333)} 54 N 70
100! ‘(IHI ﬂ:ll [EE] ‘ 1] [ l:ﬁ e85k
a0y
59 BO*K
‘o ﬂ
20 % j L

First direct evidence of antiferromagnetism in MnQO.
Neel model of ferrimagnetism confirmed in Fe;0,.

First magnetic form-factor data obtained in Mh compounds.
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Production of polarized neutrons by Bragg reflection from ferromagnets demonsirated.




Neutron Sources around the world

Forschungs-Neutronenquelle o
Heinz Maier-Leibnitz

NEUTRONS

FOR SOCIETY — Korea Atomic Energ

/KAERI" Research Institute

O Reactor
O Spallation
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Neutron scattering: Reactor and Spallation source

Reactor i Spallation
235y / @pwd““ Ly 202, o”" i
/ 1 80

neutron .) — @ > J neutron @‘ @ @
target @ fission
nucleus product

) neutron
Fast neutrons are slowed by collisions in moderator
(C.H,0O, D,O) to produce thermal neutrons

A pulse of protons impacts on a target (Ta, HQ)
to produce a shower of fast neutrons. These
are slowed down in a moderator (H, CH,)

> A > A
- (72) (72)
|

o AN o o S At
=N/ < I E E
— = c c|
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Time Energy Time
. Each pulse of Pulse of neutrons
Small AA used, but source on all the time neutrons contains a ~30 times per
broad spectrum of second

S energy (A)
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Neutron Scattering

Detector

Scattering
cross section
dQ

incident

Neutron neutrons

sovurce

sample

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

The scattering cross
section can be measured
in absolute units.

incident

Neutron neutrons

sovurce

sample

Flux: ® — Rate of neutrons through area 105109 n/em?/s

area
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Neutron Scattering Cross section

The scattering cross
section can be measured
in absolute units.

incident
Neutron neutrons
source
! sample
e ® — Rate of neutrons through area 106-10° n/cm2/s
area
Rate of scattering: 5= Rate of neutrons scattered Atom = 1 barn =1024 cmz2.
[Cross section] - D Effective surface area of nucleus

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

National Laboratory




Neutron Scattering Cross section

Detector

Scattering .
cross section The scattering cross

dQ section can be measured
in absolute units.

incident

Neutron neutrons
source M ... e
! sample
Flux: ® — Rate of neutrons through area 105109 n/em?/s
area
Rate of scattering: 5= Rate of neutrons scattered Atom = 1 barn =1024 cm?2.
[Cross section] — d Effective surface area of nucleus

Rate of scattering into a do  Rate of neutrons scattered into dQ)

specific solid angle: = Units of barn/steradian.
Differential cross section dQ ® x dQ
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Neutron Scattering Cross section

Detector

Scattering .
cross section The scattering cross

dQ, dE; section can be measured
in absolute units.

incident
neutrons

I\I‘E!lj1rr‘:>'1 ----------------------------------------
source
! sample
e ® — Rate of neutrons through area 106-10° n/cm2/s
area
Rate of scattering: 5= Rate of neutrons scattered Atom > 1 barn =1024 cm2,
[Cross section] o d Effective surface area of nucleus

Rate of scattering into a do  Rate of neutrons scattered into dQ , ,
— Units of barn/steradian.

specific solid angle: =
Differential cross section dQ d x dQ

Rate of scattering info angle d?o Rate of neutrons into dQ and dEf

within energy range:
® x dQ x dE;

= its of T i V
[Partial differential cross section]  dQdE; Units of barn/steradian/me
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Neutron Scattering Cross section

Detector
Q Scattering
cross section The scattering cross
dQ, dE; section can be measured

in absolute units.

incident

neutrons
sl,\loeuurgce)n ........................................ EE K Diffraction do
f
=—9S , W R —
i 00E,~ &, S(Q ) mmm—(p o = 5(Q)
sample
Flux: ® — Rate of neutrons through area 106-10% n/cm?/s
area
Rate of scattering: 5= Rate of neutrons scattered Atom > 1 barn =102 cm?2.
[Cross section] o d Effective surface area of nucleus
Rate of scattering into @ do  Rate of neutrons scattered into dQ , _
specific solid angle: = Units of barn/steradian.
Differential cross section dQ) P x dQ
&%Lemoé ;‘;?gfilerrgnr?gig'o angle d?c _ Rate of neutrons into dQ and dEf . .
[Partial differential cross section] dQdE; ® x dQ x dE; Unifs of barn/steradian/meVv
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Neutron Scattering

Detector
Q 3 Scaﬂering.
“3‘3 cross section
4c© 0“0“5 dQ

incident

Neuitron neutrons

source M SR o asars s dZG - k_ lefrachon

f do
d0dE, k(¥ — - =5(Q)

l

Scattering triangle:

k 4tsin® 2w
Q omentum transfer: | Q -k Q - -

k Elastic scattering: | ki | =|k;]|
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Neutron diffraction: Bragg scattering

Diffraction from a crystal Diffraction in reciprocal space

b*

L oo ®

Bragg peaks when: Q=G

Bragg peaks when: A=2dsin©

Braggs Law
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Scattering by a potential V(r): Born approximation

Born approximation

« Neutron scattering can be treated as scattering

irom a central potential [nuclear or magnetic). « Wavefunction of scattering by a central potential:

e This interaction potential with neutron and
matter is weak. W(r)=e'r +

— Disregard multiple scattering

elk.r

1jd,ikr'V ’LlJ'
= | dr e rvEnwe)

« This allows the use of the Born approximation. * Expand integral (Born series):

1 1
—_—— I ak .r' ! N o~ — I aik .1’ / Nalk.r
4nfdr ekr v (r)W(r') 47Jdr ekr V(r)W(rekr +

. i ) , eik.r' ,
> Neutron cross-section can be completely known ()2 drdr' V@V D+ .

and modelled , o
» Take first term (Born approximation):

() [ aremrvo]

- Work in reciprocal space
where Q=k¢k;

o Cross section is proportional to the Fourier
transform of the potential energy, V(r).
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Scattering potential: Scattering from a single fixed nucleus

, K;
A~2 A Scattered cireul
Incident Q|Qne wave ) o2 o} ‘o, cdailrered circular wave

| TEA Wi (b/r) exp(ik.r)
Y. oc exp(ik.x) 28 ) V(r)
= 3 .| 5 Zx
[k=2ri/A] ~1015m
0. .. Sggue ."‘.0 << )\ _ ]O_]O m
...... @
Nuclear interaction potential: h? T
VNuclear(r) = m bS(I') Nucleus
e Veryshortrange (~10'°m) n

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

e Scattering is elastic 2 nucleus is fixed

« 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 (~1012 cm)
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Scattering potential: Nuclear neutron diffraction

 Nuclear intferaction potential:

2Th?
VNuclear(r) = m, b8(l’)
« Diffraction intensity: S(Q) =|X;b,exp (iQ.r) |>  (sum overallnucleiin sample)
« Rigid crystal: (21)3 :
Scattering only when
S(Q =N v 2 |Fhkl(Q)|26(Q — Gpy) Q=G, i.e. at allowed
(sum overall 0 == N (H.K,L) positions
reciprocal lattice 1
vectors G (hk,l)) N\
N Structure factor
N f unit ;
cglrl?it?wecr:r?/s ’onrI“ Volume of Fiia(Q) = z b; exp (iG. ri)eXp(_Wd.)\ W, - Debye-
unit cell J ~— Waller factor for
(sum over nuclei in unit cell) atomic thermal

motion
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Scatterin g len gTh ( b) Structure factor (nuclear)

Fin(Q) = zeXP (iG.r)exp(—W,)
j

 Measured scattering depends on b, the scattering length

e b varies randomly with Z and isotope

X-ray cross section

- offers advantages over x-rays - ,
- But need to check for absorption 00O O\
H D C O A Si
« Coherent and incoherent nuclear scattering .0‘ '_: 2
Neutron cross section
e b varies with isotope and with nuclear spin orientation
« Consider a sample with two isofopes = ;e and b, . : -
° ® o o Values of b, and o, tabulated:
Random . . © oo h’rTDs://Wvav?ncnr.nislrrf:;ov/resources/n—leanhs/
bib2 @ ¢ « - @ @ € +® OO
® -0 ® 606 O 0O
/ [ 3
i
n
c
Mean b, Deviation from mean o, 9
Coherent Incoherent scattering i
scattering ) Vet di Sl WAL YL
(b> beon) S, (Q) = 2% 0 Incoherent flat background Q
SPALLATION _] :
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https://www.ncnr.nist.gov/resources/n-lengths/

Scattering potential: Magnetic scattering

L. . . Mognef{c scattering is due to
Magnetic interaction potential:  Vagneticar) = — My B(I) interaction of the neutron spin
M, 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 - vector interaction

« Neutrons are only sensitive to the component of the magnetic moment perpendicular to Q
e Anisotfropic scafttering, unlike nuclear scattering.

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

 Depends on electronic states > magnetic form factor is important
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Scattering potential: Magnetic scattering

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

* Interaction described by a potential:
Gyromagnetic ratio: y=-1.91

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

 Magnetic scattering length proportional
to the electron radius e?/m_c?:
r,=-ye?/ m,c?=-0.54x10-"2cm

Magnetic and nuclear scattering lengths are comparable
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Magnetic diffraction intensity

Su(Q) = € ) [Fy(@I28(Q — Gy «
GM

) \ Scattering only when

Q=G,,, i.e. at allowed
(sum over all magnetic reciprocal (H,K,m positions
lattice vectors Gy)

Magnetic Structure factor:

Fy(G) = ) £,(@)m ; exp (iG.r)
J \
(sum over magnetically
ordered nuclei in unit cell)
H,K.L in

reciprocal
Form factor Moment space

(perpendicular to Q)
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Neutrons Only Measure Moments Perpendicular to Q

« Scattering depends on Fourier transform of Vmagnetic(r) = —n,. B(r)

« From Maxwell’s equation: V.B(r) =0 Q M
Fourier transform > 1Q.B(Q) =0
M,

- B(Q) is perpendicular to Q to be non-zero M, (Q) = Q X (M x Q)

In_ experiments Applied
this can be g magnetic field K kf
useful constraint: drives a spin i
flop transition
..... v 4o
—p = | = —P
H>H, Q
1(00L) =0 1(00L) > 0
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Magnetic form factor Vinagnetic = — My B(T)

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

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

« Scattering decreases with increasing Q due to intra-atomic interference.
« Analyfical expressions are tabulated in P.J. Brown International Tables of

Crystallography, Vol. C, section 4.4.5. for j, (spin only),, (orbital) js
(orbital),etc

Fe: 3d° °S
. . . 10
fQ)=c1<p(Q)> + C,,(Q)> + 3, (Q)> + ...
0a Enanlw
f(0) =1 .
: <|.>
06 s Jo
« Form factor depends on valance of ion. Lot
0434=
. ) Large angle
e |In general intensity drop-off more . <i,> :
pronounced for higher Z | £
00 S =
0 1 2 3 4 5 & 7 g
%OAK RIDGE |HigH FLux | spaLLATION 4 SINO/A
National Laboratory | REACTOR | SOURCE




Neutron measurements: Nuclear and Magnetic scattering

* The scafttered intensity S(Q) is given by:

* 3(Q) = |FN(Q) [* + P.(Fy  (QF(Q) + Fy  (QIF(Q)) + [Fy  (Q) 2

« Unpolarized measurements - no interference tferms between nuclear and magnetic scattering
« S(Q) = |Fy(Q) 2 +]Fy (Q) ]2

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

- In refinements this means the nuclear and magnetic phases can be refined separately.
(always case for Representational analysis)

- Measure at low Q to maximize scattered magnetic intensity.

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

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
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or

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 fo considers for an experiment

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

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

 Powders
— Typically the more mass the better 2 experiment and data analysis greatly improved.
— Use of Al can reduces background compared to V.
- Extra peaks, but for magnetic structure determination usually not an issue.
e Single crystal
- Small masses often feasible (< mg), check with instrument tfeams.
— Know crystal quality before experiment (alignment/mosaic/domains/twinning/etc)

%QAK RIDGE

ional Laboratory
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Basics of fitting diffraction datao

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

 Peak positions: determined by size and shape of unit cell

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

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

« Single crystal 2 integrated intensity of each peak is extracted. So in refinement only
need to consider a few parameters (extinction, absorption)

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

SPALLATION
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Fitting your data: Rietveld refinement (powder)

« Hugo Rietveld: “The method of using the fotal integrated infensities 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
offen-detailed profile of these composite peaks. By the use of these profile intensities instead of the integrated
quantities in the refinement procedure, however, this difficulty is overcome and it allows the exfraction of the
maximum amount of information contained in the powder diagram.”

o |f pattern can be modelled, the fit between observed data and model can be optimized.

* |In powder, unlike single crystal, need to model experiment dependent parameters
- Background
— Peak broadening (sample/instrument)
— Lattice constant
— Absorption and sample shape
— Preferred orientation

¢ Refinement 2 need a good starting model

* Neutron data usually required for determining occupancy.
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Peak shape varies with scattering angle

074 & =5, o,=40, o =5, =20, 20 =135 (D2B)

« Cagliofta formula: FWHM2=U tan?6 + Vtan® +W "

e U, V, Wparameters are a function of instrument collimation and £ 04l
monochromartor G. Caglioti et al., Nucl. Instr. 3, 223-228 (1958) d .

 Does not take into account guides or focusing of monochromator. "

« Spallation sources need extra ferms to model resolution from pulse ——
ShCIpe. scatenng angle 20

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

150
100
50

50

100

detector height

-150

0 10 20 30 40 50 60 7O 80 90 100 110 120 130 140 150
scattering angle 26

If converted to 1d =2 asymmetric at low 206, symmetric at 26=90°

%OAK RIDGE
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* Neutrons produced from
a reactor core.

« 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

* Neutrons produced from an
accelerator/target.

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

SNS-STS

« Planned Second Target
Station in 202X

* Most intense pulsed source
of cold neutrons

o Several complimentary diffraction beamlines at ORNL.

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

« Second target station will add further capabilities.
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¥ OAK RIDGE | "

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

H Fl R NEUTRONS.ORNL.GOV

Fixed-Incident-Energy
Triple-Axis

Reactor Pressure
Vessel

Magnetlsm Spectrometer *

HB-1A Development

._Mmmm.::num‘“ Cold Neutron Beam une «CG-1A
sitions L ? Detectors, optics,
e HB-2A Sy | s ST
9 5 4 ~ . " Development

Polarized Triple Axis R SR - e e ¥ Beam Line - CG-1B

() WAN D2 Sueclroml-er-' :' f ! 1 v &) \ S o Santoseaste . M1 General-Purpose SANS -

. e ¢ W : ‘;.-.' . old Neutron
 HB-3A Four-Circle b P e A/ e
(DEMAND) bbbz N " |/

Pasaing DB - 865300 9630 B'D'SAHS '86'3

L e

Proteins and complexes,

L9 WAND - HB-2C

.+ Additional options:s TS SRS ZCNF .y TR

- Wbcm\:umwm
— HB-1A (low
background) Development Station

*HB-2D Neutron Residual Triple-Axis o - W - .
GP_SANS | O Stress Mapping Spectrometer - ; - s Cold Neutron Image-Plate
— ow and fochniques for UUEINg Facility - HB-2B Four-Circle Future Triple-Axis & Single-Crystal
. . S— o g Diffractometer - » Welopment- §  Spectrometer- BN  Difiractometer
Q) oot Orvw 090 19 - CG-48 CG-4C (IMAGINE) - CG-4D
g Fthre Wihresclution inele o resoktion srusure
P «elopment - complex materials

Mo Coo * M5.406. 2000

£6-4A

- HB-1
(polarization)

Fiovn Meleur - 054762779
ot 8 oerd gy

n issioning or Operating
-WMM
I 1 coson o comncson
HIGH FLUX | SPALLATION
%OAK RIDGE ISOTOPE NEUTRON -mmmm The Migh Flux sotop Reactor is 2 facty of Oak Ridge National Laboratory,
National Laboratory | REACTOR | SOURCE managed by UT-Battelie for the US Depatmant of Energy

14-Go0872/ghm



SPALLATION
NEUTRON

;’_@OAK RIDGE

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
M a n etl S m . Backscattering Diffractometer (NOMAD) - BL-1B (ARCS)-BL-18 Spectrometer (SEQUOIA) - BL-17
g ] SDCCllomelel (BASIS) - Liquids, sobuti I s, nanocrystalline and o‘wl fiuids, qu..nh,m n“. magnetism,

BL-2 Ma"yud«odem msteriols

35 + A > Do Alrnativy - 365 6174404 - sDarmativy® 8 0ot G0 Minew SA0ee - B8 200 4 1958 + 5

Dynamics of

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

Spallation Neutrons and > o' oty cial v I Gynamics in molecutar systems, chomistry
o P OWG E N Pressure Diffractometer 4 husd epvirons fonpvieng Chong » IISISTAIOM ¢ changy®omon
(SNAP) - BL-3 rgeman: BL-16A
Materials science, geology, earth and i e
o C O R E L L I Shrtlyincpiequupiant A Neutron Spin Echo Spectrometer
. ‘ pA ) (NSE) - BL-15 Hybrid Spectrometer
. T — - L = 2 g/ :‘l-;ow Wm:'mw. [(HYSPEC) - BL-14B
BL-4A : ) ; \ ¢ = BA55TARAE « Chinng o Alomic-level dynamics in single
P S NAP P crystals, magnetism, condensed
Chamistry, magnetism of layered N matior scikonces
Liquids Reflectometer * BL-14A
BL-4B
Inteefaces in compiex fluids, Fundamental Neutron
PO .o ool B Ol Physics Beam Line - BL-13
Y B - " : Fundamental peoperties of noutrons
. Add I Caoftrey Cretne - 344310000 « grenege ¥ o
Itlona O tlons Cold Neutron Chopper . :
Spectrometer (CNCS)  BL-5 o . ‘ £ R R
TO PAZ (I arg e e o | . . ™ Macromolecular ingle-Crystal Diffractometer
. (g Kniors = B45.206, 044 + ehiavsg ek 00¥ n ¥ ‘ . Neutron (YOPAZ) - BL-12
un |t ce I |S) o g | Diffractometoy ‘ Alomic-lavel structures In chemistry,
Extended Q-Range Small-Angle Neutron ot | Fe ) el blology.eerth sclence. matelals ecionce.
Scattering Diffractometer (EQ-SANS) - BL-6 ' " 17 | Atomic-level structures of AL Notmans - 3455185127 -
N O MAD P D F : Versatile Neutron — = | [osistiiorghins
Cle selance. polymer and colloidel eyslems, mebrias science. Elastic Diffuse Scattering Imaging complexss, ONA
| Wt Mater < 44,249 0000 + Datpewt 80/ O Spectrometer 'strument at SNS {
HYSPEC (CORELLI) - B1-8 (VENUS) - BL-10 A
el i 9| JFesy seiective imagieg in Powder Diffractometer
crystaiiine materials
(pO larizatio n) S oy e | - o e (POWGEN) - BL-T1A
A procossing. environmant: Atomic-tevel structiuros in chomistry,
5 = sciences and biology b
= Opeaatng mw,,m,,wm Engineering Max.."~!s Diffractomers K B - 34334 30 “"mmm':m&::
n 9 (VULCAN) * Bx -~ . KOs LS
Geveogeien b e Mochanics! bohaviars, matorials sckence, - em——
I 1 design or construction materials processing ; = 3
FOAK RIDGE |56 | i [ E—— TR s vt e et s
National Laboratory | REACTOR | SOURCE
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Powder ditfraction (ORNL)

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

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

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

%OAK RIDGE OOOOOOO " | NEvTRON
ACTOR [ SOURCE

1 Labor:




HB-2A: Instrument aims and layout

Ad/d

Magnetic structure Constant wavelength  2.2e3 (variable)  0.2-5.1 A1 (\=2.41 A) 60 x 30 mm Variable.
determination under (vertically focused Ge  Balance between Typical can sizes are  Refinable data in
S ls S lnse . monochromator) high 0.35-8 A1 (A=1.54 A) 6-15 mm 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 — 1700K
Magnetic field: 8T

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

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

National Laboratory




HBOA Gehkl) A (A)  d__(A)  4mwsin/A  Flux (nfcm2s) Resolution:
X (113) 2.41 27.6 0.2-5.1 5 x 108 X Collimation: 12' - 31" - &'
) | Ge (228) A =0.94 A
IﬂS'lTU me I’Tl' (115)  1.54 17.6 0.35-7.9 1x 107 — Goutn) AR
—— Ge (115) 1 =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 (26): 2-155° & goniometer 0 ~N\\&— L4 H LN L
1 2 3 4 5 6 7 8 9 10 1112 13
Beam _ > Q (= 4rn sin®@ /1) (AT)
stop L
) * 23 Monochromator:
- R hil-umou.J..Li.J.LJ.J.,;_*a__
el L o TReEEER X777 - Vertically focused: 15 Ge [HHL]
M g I — o ..
\ i‘a-\““““/‘ e Detector bank Take-off angle 90 '
v\ \“ ‘ g (44 3He tubes)
Collimation:
Beam size: pre-monochromator (al): 12" or open (35’) [Fixed]
2 x 1 inches pre-sample (a2): 6°, 16’, 21°, 31°, open

pre-detector (a3) ( x 44): 12" [Fixed]

SPALLATION
NEUTRON
SOURCE

HIGH FLUX
ISOTOPE
REACTOR

%OAK RIDGE

National Laboratory




HB2A: What science is possible? v Development of

v Temperature dependence of crystal and magnetic structures (0.03 K<T < 700 K) High pressure cells to

Magnetic structure and spin-orbit- study mognetic
driven excitation points to potential Novel Physics in Triangular lattice materials at low T
Weyl fermions antiferromagnets
C. dela Cruz (ORNL) and Y.
Stuart Calder (ORNL) et al. Haidong Zhou (UTK) et al. Uwatoko (Univ. of Tokyo)

NiCrAl “Russian”

pressure cell: 2.5

Gpa

® | BeCu clamp cell:
| 2GPa

L 34
LA 0 160K-240K
32
1 1 2. &
@ rature (K)

AN ol
10 15 20 25 30 35 40
26(°)

3-Sample changer available for

measurements from 1.5 to 300 K. v Pressure studies with v . ge .
. | Magnetic field induced .
This allowed rare magnetic order of He gas cells up to 6 kbar v H|gh-iempercﬂ'ure
U(IV) ions to be investigated in a - I ( ) phenomena, up to é Tesla studies, up to 1200 C
series of compounds. Negative Thermal Expansion (NTE L
| - - in Cubic S[():Fq Maqnetic pole reversal Probing the Long term stability of Solid
B. Greve and A. Wilkinson (Georgla Tech) 1N Lal;xperOZEZ Oxide Fuel Cells
R e M. Shatruk (FSU) et al. Y. Liu and J.W. Fergus (Auburn
os | !;:::m:;:tdrg?")](evaasyur:e"afz:emem University)

® Cubic - X-ray measurement

06 b ( ........ |
Rhombohedral .-+ d
04 F 7 Cubie b

G

L a/Nd T T T T T T T
i MnCoCrO, (800°C) |
Yobs

— Ycalc
Bragg position

Pressure (GPa)

)
[
-
Q' - . [ g Yobs-Ycalc
R ) 02} l 2 =:= n a7 7 ]
| En g AFM/FIM &’ 5 ]
V. 0. Garlea et al., PRX 9, . e RN £
o N L [ , ., 02 oN‘d ote . 08 1.0 1
011038 (2019) 0 50 100 150 200 250 300 X, Nd conter | foen
Temperature (K) T T T u T T T
20 40 60 80 100 120 140
%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

= Measurements of weak ferro- and ferri-magnets. <0.01 pg

= Almost perfect transmission of 50% and flipping ratio of 14. * Collaboration with the Uwatoko group , ISSP,
= The difference scattering from neutron beam polarized parallel and Univ. of Tokyo. _

antiparallel to the applied magnetic field gives an improvement of * Optimized for low-Q scattering

nearly one order of magnitude in moment sensitivity. * Designed for pelletized samples to be

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

Flipping difference (I+ - I-)
obtained on CrO, powder

NiCrAl “Russian” pressure cell: 2.5 GPa
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
Backscattering Diffractometer (NOMAD) - BL-1B (ARCS)-BL-18 Spectrometer (SEQUOIA) - BL-17
Spectrometer (BASIS) + Liquids, solutions, gt 5, nanocrystalline and Atomic-lavel dynamics in matorials sch Oynamics of complex fluids. quantum fluids, magnetism.
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

i POWG E N | ee ‘ ‘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
%OAK RIDGE HIGH FLUX | SPALLATION Ko AR - 865999 5226 - bk - e s 3 fackiny of Ouk Ridge Nationl Labocaseey,
ISOTOPE | NEUTRON Y unoer consigeraton RS Y U1 Sattelie for the US Department of Encegy
National Laboratory | REACTOR | SOURCE
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POWGEN (SNS)

General purpose diffractometer that
encompasses magnetic scattering.

Alternative design to previous spallation o e
diffractometers L1

Moderator
T0O Chopper

Primary Shutter

Bandwidth Chopper #1 & #2

l»ll

Guide Section

8
|

Secondary Shutter
— Guide Section

Translation Table

—> data reduced to single pattern.

Recently upgraded detector layout. Slit #2

Different wavelengths (Frames) available.
& Slit #1

360° Fine Radial Coarse Radial
Collimator 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

SPALLATION

%OAK RIDGE

HIGH FLUX
) ISOTOPE
National Laboratory

REACTOR

SOUR

Sample Vessel

. ———
Beam Monitor ___,—-3-;4

s Recent detector upgrade: https://doi.

Detector Array

/ Get Lost Tube

org/10.1107/S160057671901121X

s

alun:ninum eoppet

ol ————

a . h 8 mm
10 mm

vanadium PAC cans
with titanium collars



Science: magnetism plus structure

- Large Q range for doing simultaneous structural and magnetic

refinements:
- magnetic structure, magnetoelastic coupling, etc.

La/Ce Ce

Mn
oSb : o Sb

;&a, L
(a) Crystallographic structure of CeNiAsO, (b) incommensurate spin density Mn spin-reorientation in CeMnSbO
waves for Ty, < T < Ty, , and (c). coplanar commensurate order for T < ;y,.

Wu et al., Physical Review Letters, 122, 197203 (2019) Zhang et al., Physical Review B, 93, 094413 (2016)

SOO

%OAK RIDGE

1 Labor:




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

National Laboratory | REACTOR




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)

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

 Pressure 0-80 GPa at room temperature.

* 0-10 GPa between 85 and 300 K. (@sok . |
Furnace also available.
-Mw: '\i-' “wmﬁm Jh,‘-
B Y *"”----'"-v rorpbargiy |
" Booe et 1 -
_ (oo :
S. Hirai, et al. “Giant atomic z g"‘*ww A \....h« -
displacement at a magnetic phase T | et st | © .
transition in metastable Mn;O," PRB e ok * * ‘ og——9p
,_ ) | T
87 014417 (2013) o ‘.8 @
J ‘fa‘l | ~_,-' “. :._‘ '.:;\‘1 :._h_.-. .’;l ] l_." = ....l...l
RACTARS A I L SN VN
._H’ Wit fub i g, / 1 {— - = = Q.T__-___ I| !
S U A S b
% OAK RIDGE | 151 | s d-spacing (A)
National Laboratory | REACTOR | SOURCE




Single crystal diffraction (ORNL)

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

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

%OAK RIDGE OOOOOOO " | NEvTRON
ACTOR [ SOURCE

1 Labor:




urrent capabilities at DEMAND

Fixed-Incident-Energy
Triple-Axis
Spectrometer -

Low-energy excitations,
magnetism, structural

Polarized Triple Axis
Spectrometer -
HB-1
Polarized neutron studies of |
magnetic materials, low-enere
excitations, structural transitions
e sse0
%
Neutron Powder
Diffractometer -

Structural studies, magnetic
structures, texture and phase
analysis

WAND - HB-2€

Diffuse-scattering studies of
single crystals and time-resolved
insits

Polarized Neutron
Development Station
*HB-2i
Development of new components
and techniques for uti
polarized ni

Reactor Pressure
Vessel

Development
Beam Line - CG-1A

Cold Neutron
Source & « i. g optics

Development
Beam Line - CG-1B
Sample alignment ics

Cold Neutron
Imaging
Beam Line - CG-1D

imaging of
ineered
s

Trinte-Axis (N NSRS :
SRecirereter: Four-Circle Polarized
Diffractometer - Neutron

Neutron Residual
Stress Mapping
Facility - HB-2B

Cold Neutron
Triple-Axis
Spectrometer -

Station -

Small unit-cell nuclear &
magnetic structural CG-4A/4B scattering at cold
Y

studies
Development of larmor posten

precession techniques

High-resolution inelastic

General-Purpose SANS -
Materlals structure and processing ,
metallurgy, polymers, geophysics,
high-Tc superconductors, and
complex fluids

Bio-SANS - CG-3

Proteins and complexes,
harmaceuticals,
biomaterials

Image-Plate
Single-Crystal
Diffractometer

Development CG-4¢C ’ (IMAGINE) - CG-4D

" Atomic resolution structures
in biology, chemistry and

monochromator bending

HIGH FLUX
ISOTOPE
REACTOR

%OAK RIDGE

National Laboratory

W Wavelengths: 1.005 A, 1.546 A, 2.541 A

SOURCE

20(")

0.50
400
0.45 |-
S
—X; 0.40
k]
]
=y — 0.35 |
. -qx;-' —
= = L
' T 0.30 350
=
W 0.25}
0.20 -
300
0.15 200
1 1 1 1
0 20 40 60 80

Magnetism use 80% beam time



DEMAND - extreme sample environment and polarized
neutron diffraction

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

E =0 - 1100 Volts

Unpolarized/polarized
neutron diffraction

—

seatLation Cao H.B., Chakoumakos B.C., Andrews K.M., Wu Y., Riedel R.A., Hodges J.P., Zhou W., Gregory R., Haberl B., Molaison J.J., Lynn G.W., "DEMAND, a Dimensional
Sobrce”  Extreme Magnetic Neutron Diffractometer at the High Flux Isotope Reactor", Crystals, 9, 1, 5 (2019).

HIGH FLUX
ISOTOPE
REACTOR

%OAK RIDGE

National Laboratory



https://doi.org/10.3390/cryst9010005

Capabilities at DEMAND - high flux

. ) ) 6
B ' Seen on the detector Simulation
f 4

N

Intensity (arb. units)

Crystal: 0.33 x0.33 x 0.2 mm (0.2 mg

»: viardar ; 0 .

T T 151‘1536":&0"'155"&'2& 240 2% S 4 ¥ g4 0 A 2 8 & s 0 100 200

The circular distribution of k-vectors definitively — = 1K)
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Capabilities at DEMAND - high pressure
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Capabilities at DEMAND - high g-resolution
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g,OAK RIDGE | Higs FLux

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

Recently upgraded detector.

120 degree coverage in-plane.

Plus/minus 7.5 degree out of plane.

High flux, medium to low resolution.

« Array of complex sample environment with
easy access to install.

0.05 K, 1000 K, 0-8 T, Pressure

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE
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Science
« LaSrCu0O4

lgor Zaliznyak

T =300 K; HK2

LSCO

« 3D mapping of
diffuse scattering

[0,K.0] (In 1.667 A™-1)

r—1
1

Pr— 8l ! SIS S S S S S S S S
>

0
[H,0,0] (in 1.667 A™-1)
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Science
« LaSrCuO4
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WAND?
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WAND?

« Shorter data
collection time =
In-situ synthesis

* Pump-Probe
experiments

« Stroboscopic
measurement for
reversible
processes
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WAND?

- Shorter data
collection time =
In-situ synthesis

* Pump-Probe
experiments

« Stroboscopic
measurement for
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processes
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WAND?
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WAND?

« Shorter data
collection time =
In-situ synthesis

* Pump-Probe
experiments

« Stroboscopic
measurement for
reversible
processes

100ms
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Corelli (SNS)

- Large detector coverage

* Most/all HKL covered for
crystals

oVl e

* Diffuse scattering.

| * Magnets, pressure, dilution
/ temperatures available.

| Shutter Insert |

Neutron Guide -

Sample
Scaflenng Vessel
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CORELLI - Science

L LU R B LA A )

Magnetic diffuse scattering with

alternating kagome/triangular lattices—
LuBaCo407
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CORELLI - Science

PHYSICAL REVIEW B 93, 140403(R) (2016)

RAPID COMMUNICATION:!

(b)Dy:GxAy (¢)Fe:A,G,C, (d)Fe:G,AF,
=4

¢
+ “ ¢ 6 z=1
- 1

Simultaneous occurrence of multiferroism and short-range magnetic order in DyFeO,

Jinchen Wang,"->* Juanjuan Liu,' Jieming Sheng,' Wei Luo,' Feng Ye,>* Zhiying Zhao,**¢ Xuefeng Sun,*>-
Sergey A. Danilkin,” Guochu Deng,” and Wei Bao'+"
! Department of Physics, Renmin University of China, Beijing 100872, China
2Quantum Condensed Matter Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
3Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506, USA
*Hefei National Laboratory for Physical Sciences at Microscale, University of Science and Technology of China, Hefei,
Anhui 230026, People’s Republic of China
3Key Laboratory of Strongly-Coupled Quantum Matter Physics, Chinese Academy of Sciences,
Hefei, Anhui 230026, People’s Republic of China
5Collaborative Innovation Center of Advanced Microstructures, Nanjing, Jiangsu 210093, People’s Republic of China
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neutron, Dy:LRO
neutron, Dy:SRO
neutron, Fe reorientation
M (T), Dy:LRO

M (T), Fe reorientation
mosshauer [24]

* multiferroic [7,28)
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Conclusion: Determining a magnetic structure with neutron scattering ...

THERMAL
NEUTRON
SCATTERING

* Find a good problem and grow sample (powder or crystal)
« Do lots of characterization measurements in laboratory

. Understand background/theory of sample and neutron [t
o Apply for beamtime (speak to instrument scientist)

« Sample and experiment preparation are crucial (speak to instrument
scientist)

e Perform measurement

« Analyze crystal structure (maybe need more measurements)

 Analyze magnetic structure: Starting model (magnetic symmetry) =
compare 1o data =2 repeat

o |f lucky write up paper

o Otherwise more data - Powder - single crystal - polarization - inelastic
- etc
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Learn about the STS and have input on the development

Third Webinar in Series

AL D D 2 A

Initial Instrument Concepts for the
Second Target Station at
Spallation Neutron Source

Exploring transformative capabilities ' ' } \ b b 4 A4
Science at the Second
Target Station Workshop

for discovery science

November 6, 2019, 1:00 p.m. EST

Exploring transformative capabilities
for discovery science

December 9-10, 2019

Read more: conference.sns.gov/e/STS_Science
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