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Neutrons:

no charge

spin=1/2
massive:

mc2~1GeV

v

daughter nuclei
==

2-3n+7s




How do we produce neutrons
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Development of Neutron Science Facilities
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Brockhouse and Shull Share 1994 Nobel Prize in Physics
for the invention of neutron scattering techniques

When the neutrons
collide with atoms inthe

sample material, they

change direction (are |

scatt ered) - elastic ’ Q ) Research reactor
scatt ering. ; Q Q9

gj d Atomsina

L
. aymlllnesample J

Detectors record the directions
of the neutrons and a diffraction
pattern is obtained.

The pattern shows the
positions of the atoms relative
to one another.

Crystal that sorts and
forwards neutrons of
a certain wavelength
(energy) - mono-
chromatized neutrons

Betram N. Brockhouse,
MdMater Universty, Hamilton,
Ontario, Canada, receives one
half of the1594 Nobd Prize

In Physics for the development

of neutron pecroscopy.

Clifford G. Shull, miT,
Camebridge, Massachusetts,
USA, recdves one half of the
1554 Nobed Frize In Physics for
development of the neutron
difraction technique

3-axis spectrometer with ~
rot atable crystals and o
rot atable sample Al

Changes inthe
energy of the
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. : neutrons are first
Atomsin a Q b g Q analysed in an
§

crystalline sample Q Sg vy analyser crystal...
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When the neutrons >
penetrate the sample .

they start or cancel
oscillations in the
atoms. If the neutrons
create phonons or
magnons they
themselves lose the
energy these absorb

- inelastic scattering

Crystal that sorts and
forwards neutrons of
a certain wavelength
(energy) - mono-
chromatized neutrons

«.and the neutrons
then countedin a
detector.



The Neutron as a Wave

Energy, wave vector, wavelength, velocity :

k=—1-=2" E=k,T =0.08617meve K™ xT

A’k R 2w, 81.81 meve A’
E = =— ()" = R

2m, 2m,

n

Neutrons with J typical of interatomic spacings
(~ 2 A) have energies typical of
elementary excitations in solids (~ 20 meYV)




The Neutron as a Wave

Energy, wave vector, wavelength, velocity :

k=—1-=2" E=k,T =0.08617meve K™ xT

A’k R 2w, 81.81 meve A’
E = =— ()" = vE

2m, 2m,

n

- Energy (meV) Temperature (K) Wavelength (A)

Cold 0.1-10 1-120 4 — 30
Thermal 5-100 60 — 1000 1-4

Hot 100 — 500 1000 — 6000 04 -1



The High Flux
Reactor at the ILL
and its moderators

and beam ports
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flux(v) in arb. units

Neutrons have mass
so higher energy means faster — lower energy means slower

v (km/sec) =3.96/ A (A)

ﬂ * 4 A neutrons move at ~ 1 km/sec
30 K * DCS: 4 m from sample to detector
* [t takes 4 msec for elastically
scattered 4 A neutrons to travel 4 m

15

-
o
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* msec timing of neutrons 1s easy
* 0OE/E~1-3% - very good !

O,
1

3000 K

v (km/sec)

We can measure a neutron’s energy, wavelength by measuring its speed
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Development of Neutron Science Facilities
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The Basic Neutron Scattering Experiment

6,0

Incident Beam Scattered Beam

® Monochomatic ® Resolve its energy
® “White” ® Don’t resolve its energy

® “Pink” ® Filter its energy



Fermi’s Golden Rule

within the |st Born approximation

W= (5 |V




Neutrons scatter off nucler

Si Al Mg O D H

X-Rays “...' @
Neutrons‘ ® o 00 .‘ ‘.

—
o
T

(%))
T

Scattering length b (fm)

o

.Ti

20 30 40 50 60 70 80
Atomic Number Z

90

Neutrons ‘“see”
nuclei and
maghetism

X-rays -
electromagnetic
radiation
“see” electrons




Dipole moment of the neutron interacts with
the maghnetic field generated by the electron

y=1.913 nuclear magneton = e h/2m, Pauli spin operator

VM === ‘u n ¢ B electrons

QO

Dipole field due to Dipole field due to
orbital currents Spin of the electron(s)




“Killer Applications”

for Neutron Scattering

O Magnetism
® Hydrogenous materials
® 4D é,hw studies

O Studies at depth

— —




What are we typically trying to understand?
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Bragg’s law: nA = 2d sin(0)
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What is the atomic and magnetic structure of new materials?
What are the dynamic properties of the atoms
and the magnetic moments?
How are structure and dynamics related to physical properties?



Diffraction in Momentum (Q) space

In momentum space,
our sample is
represented
e e o o by its
reciprocal lattice

0000}27” Q




Diffraction in Momentum (Q) space

Origin of
reciprocal
space

27

Remains ——

fixed for

all sample -
orientations



Diffraction in Momentum (Q) space

Bragg diffraction

constructive
interference when

Q = ki — kf =7
= a reciprocal lattice
vector



Diffraction in Momentum (Q) space

Bragg diffraction

constructive
interference when

Q = ki — kf =7
= a reciprocal lattice
vector



Phonon Polarizations

ceceeceoeeoeeoee Longitudinal Acoustic

Transverse Acoustic

Transverse Acoustic

X Transverse Optic



Elementary Excitations

Energy
hw

.\detector

optical

acoustic

-nt/a 0 n/ ;

Momentum Q = ki - ks

é ,B excitation 42
** ho= ;I—m(kiz‘kfz)
5 e Q-kek,



Phonon eigenvectors and eigenvalues

Momentum Q = K - ks



v(THz)

Phonons in 3D
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Brockhouse’s Triple Axis Spectrometer

Betram N. Brockhouse,

| McdMater Universty, Hamilton,
Ontario, Canada, recedves one
half of the 1594 Nobe Prize

In Physics for the development
of neutron P ecroscopy.
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Brockhouse’s Triple Axis Spectrometer
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Brockhouse’s Triple Axis Spectrometer




Two different ways of performing
constant-Q scans

Q = Constant k; Q = Constant k;



Mapping Momentum (Q) and Energy ( i@ ) space

In momentum space,
our sample is
represented
e e o o by its
reciprocal lattice

.-.:}27” Q




Mapping Momentum (Q) and Energy ( i@ ) space

Origin of
reciprocal
space

27

Remains ——

fixed for

all sample -
orientations
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Constant-Q triple axis data
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Constant Q, constant E
triple axis techniques
allow us to put Q and E
on a grid, and scan through
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Constant-E triple axis data
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The coherent neutron scattering

cross section for phonons

1
2NM

1
®,(q)

S(Q,hw)=———e 7N 10 £,(q) 1’
Jrq

The displacement (eigenvectors) of the atoms
must be // to the momentum transfer

x (1+n(hw)) §Q-q-1) S(ho—ho,(q))

The neutron can always
create a phonon, but
it cannot destroy a phonon
unless
one is already present

Momentum must Energy must
be conserved be conserved



The coherent neutron scattering
cross section for phonons

200
Lo, [EO . L.
T q
Longitudinal scan, q || € Transverse scan, q L ¢
S@ho)= e PTG e, (@)1~
2NM j\q wj(Q)

x (1+n(hw)) 8(Q-q-1) 8(ho-ho,(q))



The coherent neutron scattering
cross section for phonons
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The Magnhetic Cross Section

What fraction of neutrons scatter off the sample
with a particular:

® Change in momentum: é = I;: — I?j:
21.2 272

® Change in energy: Ao = Wk _mk;
2m  2m

Fermi’s Golden Rule: |st order perturbation theory

d°o - -
. i,kl,al % ,k ,G
0QOE, /Ko,
m_ Kk |V\°1?- >I25(E—E — ho)
kinematic interaction energy conserving

matrix element delta function



Understanding this means understanding:

Vu = ﬁn : Eelectrons CEI D

maghnetic field
due to S=1/2 of
unpaired electrons:
Bs
neutron
e spin

maghnetic field
due to orbital motion
of electrons: B.



Bottom lines for magnetic

heutron scattering

Comparable in strength to nuclear scattering

(5 F,(Q))" Goes like magnetic form factor squared

® 2(50,[, Q Qﬁ) Sensitive only to components
of magnetic moment | Q

® Dipole selection rules

Goes like <f ‘S“‘ i\ with §° d' ;,



Magnetic Form Factors:

, Magnetic electrons are extended
B in space around the nucleus

*hkO
° Ok

-1 15

CALCULATION Gd>* HARTREE - FOCK

-Gd° DIRAC - FOCK p/b

0.5

] ] 1 i | |
o 0.2 04 06 o8 10 12
' - ain @/)

Fia. 13. Comparison of the experimental “*Gd form factor at 96 K as measused by Moos ef o, with

e Neutrons can interfere
destructively from the same
magnetic electron cloud

The magnetic form factor, F,(Q) , is the Fourier transform
of the spatial distribution of magnetic electrons.

It usually falls off with Q on scale of _*__3 4
1A



