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Neutron Journey

Bachelors PhD Post Doc Professor

William Jewell College The Ohio State Johns Hopkins CSUF
Liberal Arts RO1 RO1 Comprehensive
Neutron Usage Neutron Usage Neutron Usage Neutron Usage

Part of the atom?? Diffraction: ORNL Mail-in  Diffraction: ORNL SNS Mail-in  Diffraction: ORNL SNS Mail-in
“Mail-in” NIST and Los Alamos “Mail-in” NIST and ORNL

PDF: ORNL SNS HFIR

DyPDF: ORNL SNS PDF: ORNL SNS
DyPDF: ORNL SNS
ISIS
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Agenda and Acknowledgements

Short history of Dr. Ashfia Hug (Molecular Foundry)
powder diffraction =Dr. Cora Lind-Kovac (U of Toledo)
Intro to theory of Dr. Saul Lapidus (Advanced Photon

powder diffraction  Source)
Neutron powder Dr. Joshua Goldberg (OSU)
diffraction Dr. Patrick Woodward (OSU)

applications
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Development of X-ray Technology

Bragg's Laws First
Loe e 99 Commercial
ety Bragg & Bragg's Diffractometer
CTRNNY formulation of
Roentgen's il Ve diffraction laws in = Philips' introduction
groundbreaking e eg 1912-1913 f of the PW1050 in
discovery in 1895 f el e T Nobel Prize in 1915 - 1947
I
I
I
I
I
]
1

55> @ > @ > @ >>

Diffraction of Powder
X-rays Diffraction
von Laue's work on Independent

X-ray diffraction in
1912

development by:
Debye and Scherrer

in Germany 1916

Hull in US 1917
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Development of X-ray Technology

Bragg's Laws il
/ ! \ Commercial
ATS Bragg & Bragg's Diffractometer

formula‘uon of
Roentgen's

groundbreaking \\\'\'.“..'l.‘.‘.."“”/

discovery in 189

Detectors and optics have
Improved a lot,
but basic design remains similar!
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X-ray diffraction in I ®*  development by:
1912 5 Debye and Scherrer

l in Germany 1916

i . o HullinUs1917
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Observations from Single Crystals

1 orientation

1 orientation T —
in real space reciprocal = sssssesssas
eibice S ae———
« Rotating the crystal rotates the reciprocal lattice @~ = = ssssssssssssssnnnsas
« Reciprocal lattice points are resolved and will .
result in diffraction intensity when they touch the )
Ewald sphere Real space Reciprocal space

Diffracted beam

Incident AL 'ﬁ_() C/tz )
peam | So /A ,

—in =

'
Crystal, hkl planes’

F\A,

Real space Reciprocal space

Ewald’s sphere
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Diffraction Samples

Single Crystal Diffraction Powder Diffraction
Diffracted Diffracted
Beam Beam

Incident
Beam

Incident
Beam
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Original Powder Setups

« Oldest method: Debye-Scherrer camera
 Capillary sample surrounded by cylindrical film
- Simple, cheap setup

N/

knife-edge ' L_[_. \\

shadow . —
Uk

(b)

Fig. 6-5 Methods of film loading in Debye cameras. Corresponding lines have the same

Fig. 6-1 Debye-Scherrer camera, with cover plate removed. (Courtesy of Philips numbers in all films.
Electronic Instruments, Inc.)

Cal State Cullity; “Elements of X-ray Diffraction”



When we measure powders we get peaks?

) VI

150 200
film length (mm)

/‘ film
ANG/ZIE
> c |
. é 20, 50 100
SI ‘ x-lray Cu Kq
« Circles of diffraction off the :
polycrystalline sample
- Intensity of the diffraction .
glveS peaks 20 40 60 80

CalState Morelhdo, S. L. https://doi.or

“Debye-Scherrer”

cones

300

flat plate

http://pd.chem.ucl.ac. uk/pdnn/lnst2/I|nearea htm
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Diffraction is the fingerprint of the structure
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What is in a powder diffraction pattern?

/ x-Axis = 20 \ lSi
This is twice the angle between the incoming beam and the x-ray Cu Kq
sample. Units are in degrees, as it refers to the angle between
the incident beam and the detector.
Other units d (R), Q (A1), and TOF (t) —
-
\_ > k)
>
K7
C
2
L
| e
20 40 60 80

26 (°)
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What is in a powder diffraction pattern?

Si

x-ray Cu K,
5
L
2
4 Peaks ) %
When the angle, 6, and the interplanar spacing, d,,,, satisfy =
Bragg’s Law, constructive interference occurs, and a peak is
observed.
\_ v l b
20 40 60 80

26 (°)

Cal State Fullerton 14




What is in a powder diffraction pattern?

Si

x-ray Cu K,
S
L
Py
»
-
2
k=

. -
4 y-Axis = Intensity h 210 4[0 610 8'0
Proportional to the radiation that reaches the detector and the 26 (°)

scattering factor of each atom on the diffracting planes. Units
are arbitrary as absolute units are related to the amount of
\_ sample and radiation flux. /

Cal State Fullerton 15




Braggs’' Law

1 A N LT
Incident Diffracted

beam \ beam
\ oA

Bragg’s law
nA = 2d sinB

A must be

similar in size
to the spacing
between the

atoms

@@ OO OO
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Radiation Sources

X-ray Neutron
A: 109m - 10-1m thermal A: 1-4 A
Source: Source:

Lab diffractometers Reactors (fission) (e.g. HFIR)
Synchrotron Sources Spallation Source (e.g. SNS)

Cal State Fullerton 17




Spallation Source — TOF Experiments

Neutrons are particles with mass, so wavelength and velocity are
correlated (de Broglie)

_h _ . . _ .
A= v o mL combine with Braggs Law A = 2d sin0
2dsinOmL
t= -

Data are plotted as a function of t (TOF)

Cal State Fullerton



Structure Factor

Intensity of diffraction peaks is proportional to |F(hkl)|?

N

",
F(hkD= ) f.exp(2Ti [ hx: +kv: +1z: ) )- _8228'n(9)
o ;Jexp( mi (o yJ+ZJ))eXpl 2| >< 22

Cal State Fullerton 19




Structure Factor

Intensity of diffraction peaks is proportional to |F(hkl)|?

N in2
) 1 | N 02 [ o\ [sin ()
F(hkD)= fJuXp(ZTﬂ (hxj"'kYJ"'IZJ) )-exp l g <u > ( A2 )]

=1

Scattering Factor
« Dependent upon
the identity of
the atom

Cal State Fullerton 20




Structure Factor

Intensity of diffraction peaks is proportional to |F(hkl)|?

N in2
< oo L o o) 9\ [sin©(8)
F(hkl)= fJexp(21Tl (hxj+kyj+|zj))‘,xpl am <u >< \2 )]

j=1

Exponential Phase Term
« Accounts for atomic
positions in the unit cell

Cal State Fullerton 21




Structure Factor

Intensity of diffraction peaks is proportional to |F(hkl)|?

N

n2
F(hkD= Y fexp(2i (hx;+ky:+z _gn2 [y2) (8= O)
o ;Jexp( mi (o yJ+ZJ))eXpl 2| >< 22

Debey Waller Factor
« Accounts for atomic displacements

. <u2> mean squared displacement of atoms

Cal State Fullerton 22




Simple Example

N

F(hkl)= z frexp(2i (hxi+ky;+z;) )
=1

Simple cubic cell with one atom basis at (000)
F(hkl)=fjexp(2ni(h0+k0+I0))=f

Intensity (a.u.)

Body centered cubic cell with atoms at (000) and (V2 2 )
1
F(hkl)=fj [exp(21Ti(h0+k0+10))+exp(2tTi(h+k+l) 5 )]= 2f for even (h+k+l)
= 0 for odd (h+k+l)

Cal State

— Simple Cubic

Body Centered Cubic

A
(001)
(011)
(111)
20 4IO 6l0 8IO
26 (°)
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Systematic Absences in Cubic

(h2+k2+12)[o1 2 3 4 5 6 . 8 9 10 11 12 13 14 . 16 17 18 19 20 21 22 .24

SC

bcc

fcc

diamond

Cal State Fullerton 24




Form Factor Differences

0 5

Cal State Fullerton
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Form Factor Differences

Synchrotron X-ray Neutron
Peak intensities drop off at high angles b/c of the Intensities do not drop off at high angles b/c
decrease in form factor neutrons are scattered from the nucleus and thus

the form factor is not angle dependent

s . G_K3MOO3F3

a-K5;MoO5F; | TOF Neutron
Synchrotron |

——ma AT
-

|

N

' ' ' ' 30 40 50 60 70 80
5 10 15 20

20 Milliseconds

Intensity (a.u.)

Intensity (a.u.)
é-’— 49?-.—i—* -
=
é“f_"_"."_
{ tm

CalState Fullerton Fry, A. M.; Woodward, P. M. https://doi.org/10.1021/cg401342q.



Differences in scattering

x-rays neutrons i LE 20 element  ocoh (barn) selected isotopes
. IH ! H 1.76 O @ O
L 15 1 2
- ® Z2H(D) m— £ ¢ s @
1 & 12¢ £ Mn 1.75 O
e — 10 .V
5
® 5 16 £
O ® 5 Ni 13.30 Q O Q
. . 325 45 % 60 62
> ﬂ |
‘ ® SSre Gun7.3 S 0 Pd 439 Q 58
—
0x10% cm 40x102cm 3 Ho 8.06 Q
total cross coherent scattering length = 5
section (scattering factor) 0 20 40 60 R0 i B Q
atomic number Z

Castellanos, M. et al, https://doi.org/10.1016/j.csbj.2016.12.004 Zaluzhnyy, I.; Schreiber, F. X-Ray and Neutron Scattering.
Cal State Fullerton P g j.csbj

Dronskowski, R. et al, https://doi.org/10.1515/zkri-2024-0001.



Neutron powder diffraction on the rise

Number of the annual entries in the Inorganic Crystal Structure
Database based on neutron powder diffraction data.

1000
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200 °®
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1950 1960 1970 1980 1990 2000
Year

Dronskowski, R. et al, https://doi.org/10.1515/zkri-2024-0001.
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Neutron powder diffraction on the rise

Number of the annual entries in the Inorganic Crystal Structure

Database based on neutron powder diffraction data. / w Powder d iﬂ:ra Ction iS Of \

1000 - . minimal value in crystal
| T structure analysis and is
™ . 0 not discussed in this book.”
% 600 4 : ° Ladd and Palmer in ‘Structure determination by
o X-ray crystallography’ Plenum Press (early ed)
" \ J
— 400 ~ o
200 - .o... 3
oLn g™ " .
1950 1960 1970 1980 1990 2000
Year

Dronskowski, R. et al, https://doi.org/10.1515/zkri-2024-0001.

Cal State Fullerton Bill David, PST Powder Diffraction Workshop June 2008



Neutron powder diffraction on the rise

Number of the annual entries in the Inorg~

Database based on neutron powdy “The main interest in this book is

. structure determination for which
| powder methods have, until recent
500 - years, been inappropriate, mainly
g because of the problem of overlap of
g | the X-ray reflections which causes
S 5 | three-dimensional data information to
- collapse on to a one-dimensional
L powder record.”
0_-_.7_..,....,00' _."‘T. ._ 2 Ladd and Palmer in ‘Structure determination by X-ray
1950 1960 1970 1980 199b crystallography’ Plenum Press (5t ed)

Year

Dronskowski, R. et al, https://doi.org/10.1515/zkri-2024-0001.
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Goal of crystallography?

Single crystal

Prepare
Sl Collect Data

Determine

Unit Cell Solve
Powder Skructure Optimize
Structure

Cal State 31




Goal of crystallography?

Single crystal

Difficult

Prepare
=amples Collect Data .
Determine
Unit Cell Colve
Powder Easy Structure Optimize

Skructure
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Goal of crystallography?

Single crystal

Difficult

Easy

Prepare
=amples Collect Data .
Determine
Unit Cell Colve
Powder Easy Structure Optimize

Easy

Skructure
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Goal of crystallography?

Single crystal

Difficult
Easy
Prepare - Easy
Sl Collect Data .
Determine
Unit Cell Solve
Powder Easy Structure Optimize
Easy Con be Structure
very hard
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Goal of crystallography?

Single crystal

Difficult

Easy
Prepare - Easy
=amples Collect Data .

Determine
Unit Cell
Powder Easy c
asy Can be
very hard

Cal State

Often
Ensy

Colve
Skruckure

Con be
very hard

Optimize
Skructure
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Goal of crystallography?

Single crystal

Difficult

Easy
Prepare - Easy
=amples Collect Data .

Determine
Unit Cell
Powder Easy c
asy Can be
very hard

Cal State

Often
Easy Often
Ensy
Solve
Structure Optimize
Structure
Con be
very hard Requires
care

36




How did we reach the goal?

Single crystal

Difficult
Ensy
— Easy Often
;ﬁf;;i Easy Often
Collect Data - . Ensy
etermine
Unit Cell Solve
Powder Easy | Structure Optimize
Easy Con be Structure
very hard Con be
very hard Requires

core

Cal State Fullerton 37




Hugo Rietveld
J. Appl. Cryst. 2, 65, 1969

“A structure refinement method is
described which does not use integrated
neutron powder intensities,

single or overlapping, but employs
directly the profile intensities obtained
from step-scanning measurements of the
powder diagram. Nuclear as well as
magnetic structures can be refined, the
latter only when their magnetic unit cell is
equal to, or a multiple of, the nuclear cell.

The least-squares refinement procedure Dr. Rietveld at the neutron powder
allows, with a simple code, the diffractometer at the High Flux Reactor
introduction of linear or quadratic of the Energy Research Foundation ECN in
constraints between the parameters.” Petten, The Netherlands. (1987)

Cal State 38




What can we get from powder neutron diffraction?

Phase identification (qualitative Phase transition behavior
phase analysis) In situ diffraction experiments

Phase fraction analysis Temperature-induced phase transitions
(quantitative phase analysis) Pressure-induced phase transitions

Kinetic studies

Lattice parameters Studies in different gases

Rietveld refinement (structural Line shape analysis

analysis .
ysis) Texture analysis

Structure Solution

Magnetic structure
determination

Cal State Fullerton 39




Phase Identification and Phase Fraction Analysis

Time (Hr) 1 15 2 25 3 35 4
1001 LagoSry1C00; 5 i Lag 95r01C0035 I LagoSry1C00;.5
[ \ Reduction — Reduction Dwell Oxidation
Research Question 80 Neutron| [ -~ +——+Neytron] 3 Neutron
What structural phases £ I
does LSCO adopt during
the partial oxidation of 5o ; -
\ methane? / . ]
Temperature (K) 723 823 923 1023 1123 1 1.5 2 1123 3 3.5 4 550 750 950 1150
Temperature (K) Time (Hr)

Temperature (K)
Reduction of oxygen gas and oxidation of OTM

0, (g + 2V, +4e” = 202 +4h°

m /Role of Neutron Diffraction\

F 3 rF 3 | o o
| 04040 « Phase ID of all phases present
g N L « Determination of catalytically
0 v = o ). ovYoYo ;
~ <+ N 2 040 active phases
m . Quantification of all phases
‘ ' S « Determination of structural
2CH, + 202~ +4h" = 2CO + 4H, + 2V, + 4e” ABO, A,BO, (n=1) \ mechanism /
Partial oxidation of methane and reduction of OTM Perovskite Ruddlesden-Popper
Cal State Fullerton Nguyen, D. D. et al https:

POWGEN


https://doi.org/10.1021/acsmaterialsau.4c00177

Proof of diffraction

1 1 1 1

5] 5]
LaD_QSrD_J]i.'.'JI:Jf.'.'.‘!:lr 450 °C . LBD.QSFD.J]CDDE 550 °C
MNeutron Meutron
Reduction Oxidation
R :6.602 R :8.730
wp wp
3 3
S @
Lk -
= %
= =
c 2
E ‘ = W
— ULLUULUTER N T LI R I B ||
WO norr o | | |
L TR R R |
1 15 2 1 1.5 | 2 2.5
d-spacing

d-spacing

41
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Y
Proof of diffraction

La, 4Sr, ;C00, ; Neutron La, ,Sr, ,FeO, . Neutron
(| Il ! LaCoO; 120

Time (min)

uononpay
IemMa M e€cLi

[PMaM ECLL
uonoNpay

] |

1.4 1.6 1.8 2 22 24 1 1.2 14 1.6 1.8 2 2.2
d-spacing (A) d-spacing (A)

N
*seq o BunesH

Cal State Fullerton 42




Benefit of neutron: size dependent intermediates
8LaCoO5; — 2La,Co050,,5 + 2C00 + O,

= obs

cale

diff
LEICDOS
LEIECDDdf

CoO
La,Co O

La4CO3010 — La2COO4 + La203 + COO +02

4773710

'ul.mm Jl‘.}% Jﬁ \ .JAL,_

Intensity (a.u.)

1 1.5 2 2.5 3
d-spacing

Ruddlesden-Popper

43
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Lattice Parameters

/" Research Question
What structural changes
occur during cycling
hydrogenation in
hydrogen storage material
LisN and what can they
tell us about the cycling?

LigN+2H5—LioNH+LiH+2Ho -LiNH,+2LiH

I'ﬁ'g | — -

Hdeuteration
deuferation

200C

Moles

30
Time (Hours)

/ Role of Neutron Diffraction \
« Quantification of all phases
during cycling
« Confirmed rxn mechanism
« Determined the existence of
non-stoichiometric phases
during hydrogenation from

Hugq, A. et al. https:

Cal State Fullerton

doi.org/10.1021/j
http://chemistryworld.com/features/hydrogen-storage-gets-real/3010794.article

lattice parameters

- /

070026d.

1.010

10408

1.006

)

(200C

1.004

A

1.0002

1. MMy
1.034

1.0321
1,030
. 1.028

1.026

1.024
1.014

1.012

~.1.010
b4
=
Q 1.008
=
=

1. 006

1.004

’0
*
*

“ <
Vi = 9.63x107+T+1.002

4

Vipy = 3.995107+T+0.99_

‘-H“i

=3.48x107 4 T+1.02

Li)ND

Vi = -1:26x10°74T+1.09

\-HN

= 6.2

2

x10°%T+1.007

LiD

. -
Vpn=-1.49x10 |+|.umf

_—WWMW.

K11

40

Time (Hours)

S0


https://doi.org/10.1021/jp070026d

Rietveld Refinement and Structural Solution

K Research Question \
What is the oxygen and
fluorine ordering in the
ferroelectric a-K;Mo0;F;

and is the ordering driving

S
\_ ferroelectricity- Y,

X
o<

Cal State

How to differentiate
b/t O and F with
diffraction?

vij=exp |Ro=d;j/0.37|

z Vij =oxidation state

X4
.

Fry, A. M.; Woodward, P. M. https://doi.org/10.1021/cg401342q.

L

& 4t

A,BB'OF,

14,
a~a,V/5=19.38613(3)A
c ~4a,=34.86739(8)A
V= 13103.93(4) A3
Z=80

104 crystallographically
independent sites

KRoIe of Neutron Diffraction\
Structural solution and
refinement of a massive

unit cell

Determination of oxygen

and fluorine positions and

K polarization vector )

POWGEN



Magnetic structure determination

\_

Research Question
What is the magnetic
structure across the BFO-
CFWO solid solution?

J

Cal State Fullerton

‘ﬁ'ﬁ.,.‘_
] "i.
0.1 _# . \N
8007 b 0.15
R3c | | BB o T ———
T —&
o Pnma o L]
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| wr | e P
i ;
f!-- 600 | 025 toitbeenenas
> |
5 ' 05 :
-ﬁr FErEr H‘IOHUH}"‘-:" .......
E 1
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= TS S
ﬁ I |
___ (110)(011) .
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Composition (x)

Role of Neutron Diffraction

« Correlation of the nuclear and magnetic structure via
precise oxygen positions and magnetic scattering

J

Crawford, C. A. et al https: i. .
https://physics.aps.org/articles/v2/20

POWGEN

)
b4

o
8

=]

g
Pnma BO, distortion (x10°%)


https://doi.org/10.1021/acs.inorgchem.5c01516
https://doi.org/10.1021/acs.inorgchem.5c01516

4@
Phase Transitions and Synthesis -

1,000 \
Complete melt

b 80

4 )

Research Question ol

What phases can be CeNio 74Gaase

- 60

isolated from Ce and Ni in §
a Ga flux? 3l
\ ) - | 40

°
$ compound

High temp

M

:::ir tentative 6
d-Spacing (Angstrom)

870 K Ni;Ga; = sample composition

670 K t{*i{{i
e 5 B : :
ﬁ} Y Role of Neutron Diffraction

{-t{-i iz « Determined the temperature for

ok Gt formation of different structures

| « Allowed for the ex situ isolation

& of phases that would have been

N ICOeNi520CeNi330CeN‘:? (SjéNi 60 7C()e;Ni§0 a e \ missed otherwise /

Ce;Ni7

POWGEN



https://doi.org/10.1021/acs.inorgchem.2c02588
https://doi.org/10.1016/j.jssc.2020.121895

Line Shape Analysis

K Research Question
How mechanical
properties change in the
high entropy alloy at
elevated temperatures
relative to RT.

-

~

J

1200
¢) R
—=— 111M
10004 [l & 220M
L & 31IM
B ¥
800 4 Ve 220P
= Ll 122P
= T
b~ -
. 6004 -
-
s
Z T o
= 4004 ] /L
o . i~ 7
200 4 >
v
R —
- alminit
"' v Al L v Ll L 4
0 2000 10000 15000 20000 25000
: o
Lattice strain (x107)
500
d) 700°C
400 4 ’ﬁt _3";.':
i3 s 55
? & R
a 300 4 “
—
- .4
< ‘
a -2
g 2004 " :
- ,‘ - 111M
.- 7, S A 220M
v 20P
“.‘“‘ 400P
0._-.* - . Y
0 2000 4000 6000 8000

Lattice strain (x10°)

https://www.meche.engineering.cmu.edu/news/2018/11/exploring-high-entropy-alloys.htmi

dp—d
Lattice strain: ep = h‘é' hkl,0
hkl,0

Role of Neutron DiffractioN
« Determine the lattice strain
as a function of temperature
and loading
« Determine that load is
transferred from the FCC
lattice to the precipitate
« Determine that the
formation of precipitates may
be key in improving

Kmechanical properties at high

temp.
VULCAN

Cal State

Park, K et al https://doi.org/10.1016/j.jallcom.2024.178199.




Contact me!

* Powder diffraction is a powerful
tool that allows for the
determination of the structure
under a growing number of stimuli

' * Neutron powder diffraction has

Dr. Ally Fry-Petit many strengths that allow for

Professor of Materials, Inorganic, and Analytical intereSting and different prOblemS

Chemistry to be understood

California State University, Fullerton
afry@fullerton.edu

Cal State Fullerton



Reciprocal Space

=\We do not see the periodic electron density directly
during a diffraction experiment
oWe only observe the intensity distribution of X-ray scattering
from the crystal(s)
»The diffraction intensity is correlated to the electron
density in the crystal by a Fourier transform
o Often referred to as direct space and reciprocal space

= This means that we sample reciprocal space with our
diffraction experiments

oWe can define a reciprocal lattice that corresponds to the
direct (crystal) lattice

Cal State Fullerton 50




Time of flight instrument (POWGEN)

moderator I ; . .
/;7 \:_\\prlmary shutter ) guide section II1 guide section IV
§/ .\\\\ bandwidth guide section I ‘within
y / A choppers auxiliary shutter
‘I‘." ‘."‘f 4 ’ \“I—‘,‘I I ’ v 4 v
o r | I - LA
\ "‘\, fi' ﬂ."} v A U
\\\ \\ // // guide section Il gap for insertable
\\\\,_,__/,./ y T, chopper Soller collimator
POWGEN3 diffractometer

0 8 43 52 57  60m
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  λ =  h  mv =   ht  mL


  t=   2dsinθmL h
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   ⟨   u 2 ⟩  


  F  (  hkl ) =  ∑  j =1 N   f j exp(2πi  (  h  x j +k  y j +l  z j ) )  


  F  (  hkl ) =  f j exp(2πi  (  h 0 +k 0 +l 0 ) )=


  F  (  hkl ) =  f j [ exp(2πi  (  h 0 +k 0 +l 0 ) )+exp(2πi  (  h+k+l )  1 2 )]= 2f for even (h+k+l)


  	 = 0 for odd (h+k+l)


    Li 3 N+   2H 2 →   Li 2 NH+LiH+   2H 2 ↔   LiNH 2 +2LiH


    α − Li 3 N


  LiD


    Li 2 ND


    LiND 2


   v  ij =exp  [   R 0 −  d  ij /0.37 ]


  ∑   v  ij =oxidation state


   ε  hkl =    d  hkl −  d  hkl,0   d  hkl,0

