" The Probes (perturbations)

1) Electro-magnetic field :

gLectmmagnebc wave dil
— . o
E = éE el(kT-wt) he
E=hw=—
1 A !
- > o E(A=1A) =12.4 keV '*
B = — k X E ( ) !L‘W;‘w‘\
(,() llﬂ!l\“i‘l
: ik.7
2) Particles Y~e
. Nuclei ions
electron positrons neutrons proton A Avnt
7X 7X"
m.=9,1 mp=9,1 My\=1,675 M,=1,673 Z.Mp+ ~Z.Mp+
x10731 kg x10731 kg x1027 kg %1027 kg (A-Z).My-Eg/c? (A-Z).My-Eg/c?
-e +e 0 +e +Ze + ne
0if Zand A are even Debends on n
1/2 1/2 1/2 $ > 1/2 for 75% of P
isotopes (ue >>'“LNucIeus)

(Internal probe)
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nheutron

mass m, =1.675x10""kg
charge 0
spin s=Y
—eh .
magnetic dipole moment 4, = gs, with g =3.826
212
p=lk f=2"
2m, A
e E[meV] _ 8181
AP A

Interaction with matter:
Coulomb interaction —
strong-force interaction v
magnetic dipole-dipole v
iInteraction

=> For wave-lengths ~ interatomic distances, E ~ 10 meV

Neutron
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"nteraction of Neutrons with Matter

elastic scattering inelastic scattering
strong-force interaction | position of nuclei in solid lattice vibrations
(lattice structure) (phonons)
magnetic interaction position and orientation of spin excitations

electronic magnetic moments (magnons, spin waves)
in solids (ferromagnetism,
antiferromagnetism)

| detector

AQ  solid angle element covered by detector
do

= # of neutrons scattered into solid angle element 4Q per unit time,

A%

normalized to incident flux. Material-specific quantity, experimental
conditions (size of detector, incident flux) normalized out.

area

. o {da} 1
dimensions:

aa | [AQ][][s]

dimensionless
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""""Neutron Sources Worldwide

— i A
ILJ TuDel IF2 HZB ...

- Research reactors
- Spallation sources

"
[, P

.

e Korea Atomic Energy

J KAERI Rewrarch Instituts

Kyoto University
Research Reactor Institute

Qnsto
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Wearcﬁ Reactors

PU+n—> A+B+23n (A, B: fission fragments)

||]“"
1 UU' Il “... ”I”Hl

Research reactor FRM-Il in Munich, Germany

Qutside view of the building (left) and layout of the experimental hall (right). The neutron beam
tubes (blue) tap into the flux emitted from the reactor core (center) and guide the neutrons to
various neutron scattering instruments. http:///www.frm2.tu-muenchen.de
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”searcﬁ Reactors

Research Reactors:

PU+n—>A+B+23n (A, B: fission fragments)

- Optimized for neutron flux => Low power (Research reactors are poor electrical generators)
- Fission is most favorable for thermal neutrons

-

neutron /

Maxwellian profile
flux

~ 30 meV energy

N
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Front-End Systems
{Lawrence Berkeley)

L

S ‘::Mm"v
By

" -
“H
(Los Alamos and ey
Jefferson)

&5

Instrument Systems | :

(Argonne and Oak Ridge)

Crystal Analyzer Magnetism
Microvolt and Liquids
Spectrometer Reflactometers

100-Microvolt
Spectrometer

SANS Instrument

Engineering
Ditfractometer

Powder
Diffractometer

ation Source
p+Hg > A+ B+ xN

x =20-30 !!

Accumulator Ring
(Brookkaven)

Target
{Oak Ridge)

Chopper Spectrometer

Disordered
Matarials
Instrument

Single-Crystal
Diffractometar
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N Source

EUROPEAN
SPALLATION
SOURCE

Functions

Frant End
- |

Visitors Gallery
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"7 Neutron Detectors

Neutrons have no charge and interact weakly with matter: hard to detect directly

Idea: convert them into charge particles
n+3He - 3H +p

The protons are collected by a high electric field and converted into electric
current.

&
iy has a high

Another type ¢ CNCS
neutron captul Doutle ik

Chopper

n+P°B—"Li+

. 60 Hz
The energetic e
again collecte:

les, which are

Shielding

Neutron

60 Hz Guide

Bandwidth
Chopper

300 Hz
Fermi
Chopper

Source — Sample
Distance: 36.2 m
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" Neutron vs X-ray Scattering

Reminder

Incident x-ray
hw, k;, & o

WWW»
do - 2ra % A2l ENI2 = N o i0T 772
20 (@) =@ ep?|F(Q)] with F(Q) = [ p(Me'rdr

How did we get there ?

Thomson scattering from ¢ integrated over space

T

2 A2

2T e“A

Wir = 7

om p(Er)

v
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" Neutron vs X-ray Scattering

Incident x-ray neutron
N M No interaction with electronic cloud
E, k, e

WWWWW\»> e
do _ j o
d—g(Q) = TOZWNZ with F(Q) = [ p(¥)el7 d7

How did we get there ?

Th%scattering from ¢ integrated over space

2

21 2
Wip =—|\F I p(EF)
Interaction of elewctro-magnetic field

ey
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" Neutron vs X-ray Scattering

2
21 || | 2k’ -
Wir = 7 F m (7” — R) I p(Er)
. n
Incident x-ray neutron , ,
— Interaction of neutrons with nucleus: strong-force
EI' kl

YWWWWW\» ®

My,

do ;= :
£ (Q) = ? See exercises
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" Neutron Scattering length

. 20 + - i
b: scattering length .
il .I. I (1 .I I. _
2 L [ e g L 4’%
V(R = bs(—R) = j/--ur o | AR -Lug.f ! I
m, . ' k = - i
10 . -
0 l 10 l 20 l 30 l 40 l 50 l 60 l 70 l 80 l 90 l 100

Atomic Number

http://www.ncnr.nist.gov/resources/n-lengths/

- ‘Random ‘ variation from nucleus to nucleus but also among isotopes !
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"Neutron Scattering Experiment

neutron k.o, incoming neutron Q= ’I‘f i
source -
. b gy 32 2
>Mf’ . excitation D=0 — 0, = b (k" —F, )
neutron | £ 4 scattered neutron =0 elastic scattering
detector F2=F

@ =0 Inelastic scattering

Conceptually very similar to photons/x-rays !

=> Calculation of the scattering cross-section in the exercise class

BUT possibility of magnetic scattering
(resolution of magnetic structures)
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" Neutron vs X-ray Scattering

- plane waves, normalized to sample size L

PrAE)= [I’] 5

: do
\27) dE for single nucleus: — = |p[
dEHSil‘_\-_' of de}
?EEE in In a crystal: |f all nuclei are identical:
-space
do ) 2;’3—]
s A g}— o) K
i 2o(0-£)

0

for unit cell with several atoms, basis vector d

do _ (1)
d<l vy

ZbQ K‘FN

Fy(K)=>.¢ Q b;  "nuclear structure factor’
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Mass attenuation factar

Massenschwichungskoeffizient (cm’/g) ————————— =

sorption

A-rays thermmal neutrons fast neutrons
= Fontgenstrahlung @ Thermische Neutronen ® Schnelle Meutronen
(120 kV) (25 meV) (1.9 MeV)
1025 o
==~
% | Wasserstoff
hvdrogen -
3
10 o

[ Y]

]

S

L ein

(4]

107

0 10 20 30 40 50 60 70 80 a0 100

Kernladungszahi :
huclear charge

16
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7 Neutron Absorption
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" Neutron Absorption

in s e

L & da . . 5;*' J
LR Pm Y, M T e "‘_L

v N " ., .‘:!III'
s & \U‘b.‘ I‘ ¢ TR L '
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" Neutron vs X-ray Radiography

Neutrons

http://mnrc.ucdavis.edu/radiography.html

19 Solid State Spectroscopy — Neutron Scattering



Neutron Reflectivity

nonmagnetic films

10°
107
10°
o
[V
°
([

10°
10"
10°
o

107

10°
10"

10°
[
o
10°
[V

10"
el

51 subsirate

LR i mal el mal

500 A Nb on
51 substrate

(AT RTTT T IRTT™T IRRTTIT (T |

TTRN] TN} T TT o TToy Ty

|. 4

[30 A Mb /50 A Fel*12
on-Si subsirala

.|ﬂ|lllll|||.ll ool il

0
0.00

0.04

0.08

0612 0.6

q[A]

o
=]

rea: 2y 10 A

/ WY
g

500 A Fe

\

30 ANb
30 AFe

(x12)

i

Neutron reflectivity from nonmagnetic and magnetic films
http:/weew_orau orag/councill/02presentations/klose_pdf

magnetic films

m.f' . -\ T T T T T E
13; Fe surface 7
107 g :
107§ w1
10 E
1oL I A | B
IG':' " T T T T T 3
1! :_Y\\ 500 AFeon
10° g o I Si substrate
10°f MY :
| D—d- B Y 3
0% | Wmﬂ*”"%
10'5 : 1 L I Mﬂ"hﬂ ]
b T T T N
10 [30 AND / 50 A Fe]*12 ?
1DJE ."‘I,III on Si substrate 1
107 ¢ ; 1
1074 ﬁ‘\{[ .

10°F | \‘ &

I:F'E E 1 1 1 1 1 ]
poo 004 0o D42 016 020
q [A--i] e 23107 &
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slit systern | slit system 2

iletactors

A & spin Mipper

.munilﬂ:

Polarized-beam reflectometer
http:/Awwaw _orau ora/council/02presentations/klose pdf
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neutron
source

neutron
detector

Inelastic Neutron Scattering

k.o,

>\N\f' q.® excitation

’F{f"

m. -

incoming neutron

scattered neutron

0= ’EF B 'Z:
N ) )
O=0,—0,=—I\k, -k’
4 Emﬂ[ 4 ]
@ =0 elastic scattering

@ =0 Inelastic scattering



polychromatic monochromator crystal

beam

neutron source

sample

detector

analyser crystal
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[Access to Monochromator| (77 Z B AR

[y
o

it
o
-
-
.

«d}— Neutrons o

o
o~
-

[
i

s "
(=

ertically movable
Segments
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pulsed poly- o pulsed mon_gchromatfc
chromatic beam 2 beam E..k,
heutron f,,?'f fg’f 72 5// ,{{.:"// ?
source ) é;’ %A% /ﬁ [ é é N é S é N O sample
Fermi ) R-a' g
chopper '

Neutron ‘Time-of-flight” ¢ = Ri %

Vi Uf
R
f

Vr =7 R,

t— l/’l?l'

1 1 R \*
Er=— 2 =

2 - o (t o Ri/v-)
l
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MARI Spectrometer @ISIS
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/N

V

neutron
source
spin polarizer

Neutron Spin Precession

~

/}\*\

)

solenoid 1

- B

Larmor precession frequency

Cl)L:

SO L

sample

I\

solenoid 2

spin analyzer |

YunB

2

detector

27
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detector

L
< >
o e O S
Bk,
neutron sample
source solenoid 1
spin polarizer solenoid 2
. . spin analyzer |
Neutron Spin Precession
¢ = —wit &
L
= —wq, ;

Back to initial polarization if v. = v; (elastic scattering)
But shift AQ if ve=VitAv# v, Ap = ¢ — ¢y = L (5 — ——)~“ Ay

a)LL hw

hw = % (vf? — v;%)=myAv A = WLTsE
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L
< >
N> =2 O \
E. K,
neutron sample
source solenoid 1
spin polarizer solenoid 2

spin analyzer |

detector

NB: If the beam is not perfectly monochromatic (spread of v,),
it is depolarized at the sample position BUT recombination works the same !

Consequence: monochromaticity of the incident beam does not limit the experimental
resolution that can be enhanced by order of magnitudes here !
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L T
N

r

5 1
A gty
ALY L

3

e
T

s
S
e

.; '._.

. NSE at NIST
http://www.ncnr.nist.gov/instrumen
ts/nse/NSE_70deg 20010226.png
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Neutron scattering from
guantum condensed matter

Steven T. Bramwell and Bernhard Keimer

Collective quantum phenomena such as magnetism, superfluidity and superconductivity have been
pre-eminent themes of condensed-matter physics in the past century. Neutron scattering has provided
unique insights into the microscopic origin of these phenomena.

NATURE MATERIALS | VOL 13 | AUGUST 2014 | www.nature.com/naturematerials 763
Ex: Superfluid He Analogy with BEC
i ——— b 20— —
| ,|-“l
15} " « LOO K
| o » 212 K
// o 227 K
o) — 427K
= 10 s -
5— .."'; — ‘B0
= g T=11K 2
.l / W .
= [ = ¥
g I'r,r .05 ‘t.
J .'~|
# : i
0 S L | ST ) R
0 05 1.0 1.5 20 25 a 1 2 3
Momentum, p/h (A7) pLAT)
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TrinlosdniciCia.

Dispersion Measurement

BG | |

S

Q

=

Lo

-

E) - s g
QO —

-

@

f*_- s €Y o

SAB 8 & 8 3/

0

000102030405

q_(r.lu.)

Neutron counts

Constant-q scans

a b c
Lay 45Ndg Srg 1,Cu0, Lay g75Bag 125CUO, " Lay_g75Bag.125Cu0,
2501 400} 4001
®q=(0.2500) ®q=(0.2500) | ©q=(0.2500)
0q=(01500) | a50| ©@=(0.1500) | 350 ©a=(0.1500)
il | 300 K
200+ 300 300+
250 - 250+
150+ 200} 200}
1o 150 - 150 |
100+ qo'd § r
A 100} 100}
% s0f §on | 50|
50 n L i 4). L L L O. kL L 1 1
60 70 80 390 60 70 80 90 60 70 80 90
Energy (meV) Energy (meV) Energy (meV)
L]
Constant-E scans (nb: here magnons)
sop|- 60 meV 335 meV
3
- f—1
Z 00 M
£ :
0.2 0.4 0.6 08 0.2 0.4 06 0.8
Atrlu) Hirlu)

Pintschovius et al. PRB 2004
Reznik et al. Nature 2006
Hinkov et al. Nature Physics 2007
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f "
0.4 0.6 0 02 04 06 08 H]E

04 06 . .
AL hrlu) hirlu,)
130+ 10 meV +
. N L

04— s D 0 0 L 0
0 02 04 06 08 10 0 02 04 06 08 10 0 02 04 06 08 1.0
frirlu hirlu) hrlu) frrlu)

Reciprocal space maps at constant energy transfer

Vignolle et al. Nature Physics 3 163 (2007)
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