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* Squires, Introduction to the Theory of Thermal Neutron Scattering
advanced text, comprehensive
Shirane, Shapiro and Tranquada, Neutron scattering with a triple-axis spectrometer
nicely written book which deals with more practical side of TAS
Lovesey, Theory of Neutron Scattering from Condensed Matter
advanced text, if you wish to go in depth
* Furrer, Mesot and Strassle, Neutron Scattering in Condensed Matter Physics
basic introduction to theory and experiment
Sivia, Elementary Scattering Theory for X-ray and Neutron Users
basics of scattering theory from a slightly different perspective
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Physical properties
G

e

Energy Classification
0-5meV Cold
5-100 meV Thermal
100 meV -1 eV Epithermal
1eV-100 eV Resonant

2/ Wy = AN 100 eV - 100 keV Intermediate

ki S NGt 100 keV - 10 MeV Fast

e B SRS 10 MeV - 10 GeV Ultra-fast

>10 GeV Relativistic

2 . .
(MeV/c?) (kHz/G) - Neutrons are subatomic particles
te 1/2

£IZ0Ial : 2nd 000 that have a net zero charge
Muon te 1/2 105.7 13.6 .
- Possess a magnetic moment and
Proton +e 1/2 938.3 4.26 " .
So are sensitive to magnetic fields
Neutron 0 1/2 939.6 - 2920
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Physical properties
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27T muv? h2k?2
= — = E = =
ke A’ p hk, 2 2m

— — 2 __ 1 _ A—11\2
E[meV] = 0.08617 T[K] = 5.227(v[km/s])?= 81.81 TG =2.072(k[A"1])

0.5
T = 293K - | Masxwellian flux distribution
v = 2.20 km/s T o4 —— T=293K
E = 25.3 meV % 0.34
1=1.798 A 2 .
5 0
? — =
k=349 A1 @
% 0.1
=
comparable to energy and length scales of static and dynamic = oo

correlations in condensed matter 0 1000 2000 3000 4000 5000 6000 7000 BOOD
Neutron velocity (m/s)
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GComparison of different scattering t ques
77
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X Ray
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Neutrons vs K-rays

e

e X-ray sources are orders of magnitude Scattering power

brighter, high flux neutron source
. . . A-Iay = o Neutrons
e X-ray scattering intensity proportional to ° O O

number of electrons - sees heavy elements

* Intensity of (nuclear) neutron scattering
proportional to square of scattering length
(strong force)

* Neutron scattering intensity randomly
varies for elements - can see all elements

e X-rays scatter from electrons, neutrons
scatter from nucleus

* Neutrons have large penetration depths -
see through materials

=PrL
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 Condensed matter physics
(magnetism, superconductivity, glasses, liquids)

* Materials research
(stress/strain, hydrogen in materials)

* Soft condensed matter
(polymers, composites)

e Structural chemistry
(catalysis, reactions, parametric studies, molecular spectroscopy)

 Geology
(minerals at high P,T, hydrogen in rocks)

e Life sciences

(membranes, protein structure, -dynamics, and -complexes)
e Particle physics

(basic properties of the neutron, basic guantum mechanics)
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Sh ” When the neutrons
u collide with atoms inthe -~
sample material, they \T,'
change direction {are
scatt ered) = elastic l_j . g Research reactor
scatt ering. : Q

; 9
;.j- !_j Atomsina ij

. crystalline sample

J7s S« |
Neutrons show JJ-{ ;..jg;j o ) %# )
where atoms are ser F_L;,ﬁ X ek o ﬁ.wf‘i
k e ._ 3 ) _,: J__; F '

Clifford G. Shull, M1T, ) . ;_j a T
Camebridge, Massachusetts, . Tt ‘ 2

USA, recdves coe half of the " ) I o

1954 Nobed Prize In Physics for i ﬁ

development of the neutron

diffraction echnigue

3-ax is spactrometar with ~
BrOCkhouse rot atable crystals and ,_D'I
rot atable sample F Lp
A ’ R
1 }_10 By i _\';D Changes inthe
e o 74 energy of the

i Q"'L . d\‘:'ﬂ-. . 3 neutrons are first
Atomsina 1 T o £y 49 analysed in an

crystalline sal.mplnxf,:’uﬂ o analyser crystal...
Betram N. Brockhouse,

h '\-"_? {:}"’ 3 :' :l:') -}\{"_."ff: - = ::; C
Neutrons show %?E;h% " W 5‘ P, i
what atoms do leg, 7{ ;g o ﬁ
N E i, 4
o ey ::;‘ D‘-\L ':; ri.""" -
McdMater Universty, Hamilton, \J\-‘:""\\T.-’* 3 .\'dj:ﬁ
Ontarlo, Canada, recelves one y 8 | ’

half of the 1594 Nobd Prize Whan the neutrons >

In Physics for the development

of neutron B ecomopy. panet rate the samplea .
they start or cancel

Neutrons interacts with the cores of the atoms, and...
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1994 Nohel Prize in Physics Ly emae
s :_ |ﬂ| ]1| . \ s
neutrons have a (small) MAGNETIC moment. | [} [ .
.. -—-—'—J k._,) [ ‘_.;}\. .

They can be used to study: d R R Ll b ]

Mn O S W B

* microscopic magnetic structure i, - o
with atomic spatial resolution il I |

Fia. 1. Neutron diffraction patterns for Mol at room
temperatire and at BO"E

* magnetic fluctuations with
1 GHz to 100 THz (10 femto-second) frequencies

A

Ry
* Neutrons have SPIN. They can probe quantum effects CP

MAGMNETIC CHEMIGAL
UNIT CELL UNIT CELL

—> Neutron research in solid state and materials science: Mo ATOMS IN A0
currently >1000 experiments / year and similar number of publications
in Europe alone
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Theory of neutron scattering
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@ Constructive interference @ Destructive interference
resulting in an antinadal line resulting in a nodal line

"

=PrL

e Thenrv



e

Nobel Prize 1915

\_

incident
angle
i

Ve reflected
angle

. r A
atomic
plane

n=2

atomic

WH. Brass WL Brags plane | !

L L i £

(LB&2-1942) (LE90-1971) 5
o sina
21992 Encyclopaedia Britannica, Ine.

“for their services in the analysis of crystal
structure by means of X-rays”

A= Zdhkl Sin Hhkl
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Total and differential cross-sections

e

kf Direction
0.¢
ds
,
¢
d
Incident K; A 9
S ———- ——
neutrons —3 = 4XIS
Target
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number of neutrons impinging on a surface per second

* Flux o=

surface area perpendicular to the neutron beam direction

. 1
o CrOSS-SeCtlon o= T number of neutrons scattered per second

e Differential cross-section

do 1 number of neutrons scattered per second into solid angle 2

aQ -~ U A0

e Partial differential cross-section

d?o B l no. of neutrons scattered per sec. in d€) with energies [Et; Et + dE¥]
dQdE: U dQd Ey
do do d?o
. o= | —df. — = /—ffEf
* Integral relations / dS) Q) ) dQdE
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 We go from initial state to final state

* Initial state: | o

— Of neutron: plane wave [
— Of sample L ||
* Final state a K3
— Of neutron FTT:,_",E'“N__H )
— Of sample ‘v¥%;wm

* Elastic scattering: state of sample does not change
* Final state from single particle is a spherical wave

_h.
Vg(r) =1 i(r j)

]
r — 1

exp(iksr —rj|)
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* J|nitial neutron state (vis normalisation) -

. _ ; . /.vf:
i(r) = —= exp(ik; - r) ; S / .

-
/"vI'

VY ,

U = |t'i|gf" = 1F

neutron flux

Density * velocity —,, _ hks ? -. | /) i
Mn . . bk
* Final neutron state — spherical wave: ] e

Yr(r) = ¥irj)— exp(ike|r — r;|) -/ j
|r_lj| Bt Detector
Long distance approximation:  [1]? =~ F;?:,-I(}'F;-Q dQ) = dA /1>
_ 1 b2hke
— Number of neutrons in dQ per second: ¥y, = 77— df I
n

cPrL Theorv



e

* Sum of two outgoing neutron waves

ve(r) = —b Vi (r;) ti(ry)

exp(ik|r —r;[) + exp(ik|r —rj|)

L=y v —rj
* Approximations =
1 b
s (r) = ¥ exp(iks - r) [exp(i(k; — k) - rj) +exp(i(k; — k¢) - rj0)]
\ I
}2 " ) m=02 o m=05 crest
no. of neutrons per sec. in df) = %E ”Tlflf dS) lexp(iq - r;) +exp(iq - rj)|” =1 ot rogh
* Definition: scattering vector: Q = K; — K¢ \

e Differential cross-section

o _
dQ
e Theorv

b2

exp(iq - r;) +exp(iq - rj)|* = 2b% (1 + cos[q - (rj — rj/)])
cPrL
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A
* The scattering length b depends on the nuclear isotope, spin relative to the neutron and
nuclear eigenstate

2

do _ 2’9 expiQ - I Coherent scattering
daq — " " * Correlations between the same and
. different nuclei — interference,
- Zn: ; Onbm exp Q- (= Tn) structure and also collective
dynamics
do _
a0 z (bn)(bym) €xp iQ - (= Try) + z (br) Incoherent scattering
nEm

| n=m ) ;o No information on structure — gives
— Z Z(bn)(bm) expiQ - (r, —ry) + 2 (bn) — (bn) flat background

Coherent scattering Incoherent scattering
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o = probability that a neutron scatters at an atom

o ~1bamn =10 cm’

19

cPrL Theorv



e

Surface of France:

1000 x 1000 km?
= 10° km? = 10'% m?
= 10*® mm? = 10%* um?

So 1 barn = chance of
hitting a 100 x 100 um? spot

in France !

Luckily, we have 10?3 atoms

=PrL

20

e Thenrv



A

=PrL

n=1+06+if

Pfeiffer et al., PRL 96 215505 (2006)
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Scattering Incoherent
length scattering  Absorption
Z Nucleus | b (1075 m) oy (1072 m?) 0,4, (1072 m?)
1 TH | -3.742 80.27 0.3326
1 D | 6.674 2.05 0.000519
2 3He | 5.74 1.532 5333
2 “He | 3.26 0 0
3 Li | -1.90 0.92 70.5
4 Be | 7.79 0.0018 0.0076
5 B | 5.30 1.70 767
6 C | 6.6484 0.001 0.00350
7 N | 9.36 0.50 1.90
8 O | 5.805 0 0.00019
0 F | 5.654 0.0008 0.0096
10 Ne | 4.566 0.008 0.039
11 Na | 3.63 1.62 0.530
12 Mg [1580 0.08 0.063
13 Al | 3.449 0.0082 0.231
14 Si | 4.1507 0.004 0.171
15 P | 513 0.005 0.172
16 S | 2.847 0.007 0.53
17 Cl | 9.5792 5.3 33.5
18 Ar | 1.909 0.225 0.675
19 K | 3.67 0.27 2.1
20 Ca | 4.70 0.05 0.43
21 Sc | 12.1 45 27.5
22 Ti [ 837 | 2.87 6.09
23 V | -0.443 5.08 5.08
24 Cr | 3.635 1.83 3.05
25 Mn | -3.750 0.40 13.3
26 Fe | 0.45 0.40 2.56
27 Co | 2.49 4.8 37.18
28 Ni | 10.3 5.2 4.49
20 Cu | 7.718 0.55 3.78
30 Zn | 5.68 0.077 1.11
32 Ge | 8.185 0.18 2.20
48 Cd | 4.83 3.46

S
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Neutrons can be absorbed in the nuclei

e.g.: 3He+n —3H +H + 765 keV

No scattering, so only total cross-section
Absorption cross-section: vy, = 2.2 km/s

Uth /\
Ta = Oa, th—— =— Ta, thV—
v }"th

Attenuation:
U(z) =T(0)exp(—pz)

-

. N iTa,i N
IUEL — '[T - ;I'ln—'r_'l.l

1 i

Htot = Hscatt + Ha

cPrL Theorv

Scattering Incoherent
length scattering  Absorption
Z Nucleus [ b (107 P m) 5. (100 m?) o4 (1072 m?)
1 TH | -3.742 80.27 0.3326 DA
1 2D | 6.674 2.05 0.000519
2 3He | 5.74 1.532 5333
2 4He | 3.26 0 0
3 Li | -1.90 0.02 70.5
4 Be | 7.79 0.0018 0.0076
5 B | 5.30 1.70 767
6 C | 6.6484 0.001 0.00350
7 N | 9.36 0.50 .00 "\
8 O | 5.805 0 0.00019 N
9 F | 5.654 0.0008 0.0096
10 Ne | 4.566 0.008 0.039 > transparent
11 Na | 3.63 1.62 0.530 4
12 Mg | 5.375 0.08 0.063 /
13 Al | 3.449 0.0082 0.231
14 Si | 4.1507 0.004 0.171
15 P| 513 0.005 0.172
16 S | 2.847 0.007 0.53
17 Cl | 9.5792 5.3 33.5
18 Ar | 1.909 0.225 0.675 .
19 K | 3.67 0.27 2.1 highly
20 Ca | 4.70 0.05 0.43 absorbing
21 Sc | 12.1 4.5 27.5
22 Ti | -3.37 2.87 6.09
23 V | -0.443 5.08 5.08
24 Cr | 3.635 1.83 3.05
25 Mn | -3.750 0.40 13.3
26 Fe | 9.45 0.40 2.56
27 Co | 2.49 4.8 37.18
28 Ni | 10.3 5.2 4.49
29 Cu | 7.718 0.55 3.78
30 Zn | 5.68 0.077 1.11
32 Ge | 8.185 0.18 2.20
48 Cd | 4.83 3.46 2520
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Normalised intensity
o o I o < o o
w =N (6] [e)] ~ (o] ©
T T T T T T

Q
o

0.1

"LiHoF4
"LiYbF4 |
LiErF4 |
"LiGdF4

Sample thickness [mmi]

10

15 ' 20

Neuntron scattering lengths and cross sections

Isotope conc |Coh b Inc b |Coh xs Inc xs Scatt xs | Abs xs

Er --- |1.79
162Er (0.14 22 0
164Er (15682 0
166Er (334 |106 [0
167Er [22.9 3.0 |1.0
168Er 27174 D
1T0Er (14996 0

HH http:/fwww.nenr.nist.gov/resources/n-lengths/elernents/er.htrml

763
g7
g4

1.

0

1

8.7 159.(4))
9.7 19.(2))
8.4 13.02)
14.1 19.6(1.5)
1.2 659.(16.)
6.9 274
11.6(1.2)[5.8

e Thenrv

Scattering Incoherent
length scattering  Absorption
Z Nucleus | b (107" m) oy (107 m?) 0,4, (1072 m?)
1 TH | -3.742 80.27 0.3326
1 ’D | 6.674 2.05 0.000519
2 He | 5.74 1.532 5333
2 ‘He | 3.26 0 0
3 Li| -1.90 0.92 70.5
4 Be | 7.79 0.0018 0.0076
5 B | 5.30 1.70 767
6 C | 6.6484 0.001 0.00350
7 N | 9.36 0.50 1.90
8 O | 5.805 0 0.00019
9 F | 5.654 0.0008 0.0096
10 Ne | 4.566 0.008 0.039
11 Na | 3.63 1.62 0.530
12 Mg | 5.375 0.08 0.063
13 Al | 3.449 0.0082 0.231
14 Si | 4.1507 0.004 0.171
15 P | 513 0.005 0.172
16 S | 2.847 0.007 0.53
17 Cl | 9.5792 5.3 33.5
18 Ar | 1.909 0.225 0.675
19 K | 3.67 0.27 2.1
20 Ca | 4.70 0.05 0.43
21 Sc | 12.1 4.5 27.5
22 Ti | -3.37 2.87 6.09
23 V | -0.443 5.08 5.08
24 Cr | 3.635 1.83 3.05
25 Mn | -3.750 0.40 13.3
26 Fe | 9.45 0.40 2.56
27 Co | 2.49 4.8 37.18
28 Ni | 10.3 5.2 4.49
29 Cu | 7.718 0.55 3.78
30 Zn | 5.68 0.077 1.11
32 Ge | 8.185 0.18 2.20
48 Cd | 4.83 3.46 2520
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Total cross-section of a system of particles

e

Fo A | do +2—f stho) + 22| 5(hw)
— w w
dQdE; ~ L. dOdE;|  dOdE; do do
J inc coh j nc coh
VANADIUM (207 K)
| | 100) (1109
; T | 5 ‘ i
% - § %0 9900000 000 O 0 A0 0 OO ey Sy
8 z
:.)
! z
_ _ A
N I AT R T TR oL - - . |
10 20 30 40 50 60 70 a0 90 SC‘?TCT’EM ANGLE % 40 d

26
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Intensity

=PrL

Diffraction from an
ordered material

| .

Bragg peaks when
J A = 2d sin 6

e Thenrv

Intensity

L

Diffraction from a
disordered material

d .09090090

o Ye e 0® %90

g"g‘eeee @@
. 70

@ 09 0¥ 0 "9

First peak when
Q = 2m/d

25



Polycrystal Single crystal

iE LU R LII RERE

(a) Q fl BaMnAsF . —~———
[ . 294 T=4K<T single full powder
L~ 071 N crystal
Jliz=2a14; average
@ | I . i © lch\ A
- i & I | - - __—iC
g 1: lije B8 | i ——
= - a L LS A g e .
o J 0 | . obs cal
= - | Nuclear peaks
S ‘ 1 ! | -
>, | | | Magnetic peaks ,
‘ﬁ | i 13.=154 Al . N y e .
5 | ‘I O > ?few grains ’
= H P TR T > in beam
= AR PINEN T T W . >
O e i (e ke e o R
s . =
| EL W | oe IIIIll‘IVI !_Illllllllllllll1 I e _—
1 2 3 4 5 6 7 8
Q(A™)
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d2
dndEf = )P ), P £ d0dE;

‘:{i Jl,{]'f

ﬂ'i,ﬂi—l‘ﬂ'ﬁlf
Fermi’s Golden Rule: Scattering potential
* Interaction between neutron and sample _ N
Final state of sample Initial state of sample

d?c kf(rn 2 \\ ,ﬁfﬁ

) (o7, kr, Ar|V |01, ki, 2:)| 8 (E: — Ef + hw)

dQdE le; \2mh?
f i
G-i”h_}ﬂ-f”lf ; _'_'\
Final spin and wave Initial spin and wave
state of neutron state of neutron

=PrL



Magnetic scattering potential
G S

e

neutron
HN = —VHNO

* Magnetic interaction potential:
Vm(R) = —uy - B(R)

Iy neutron magnetic moment
B(R) magnetic field from distribution of
electron spin and orbital currents

_ Ho 1 5 1 )
_I-I-N'B—EVﬂNzﬂBG'E[VXSXR_EpXR]

=PrL
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kidi)|* 0(EN, — EN, + hw)

d?c Ky [ my, . (kphs [V
df) d.Ef N—As - k; 2?‘1’73!2 VR FAS

Neutrons treated as plane waves: ~
Fourier transform in
ks > =V ""2exp(ik-r, )]s, > - space/momentum
Energy conservation = integral rep.: > - time/energy
-/ \ 1 - i(hw+E;—E;)t/h
hw+E; — Ef) = — e
‘ o 2mh ) )

=PrL



Magnetlc Ilﬂllll’ﬂll scattermg GI'IISS SBGIIOII

G A

(kpAs [V

\ |2

“
.k

f

|

¢

ma,ﬂf(r 2ﬁ HUNIUB Oy -

spin-spin

d*o ) (R—R')- 3
o) = L 3 (0as—Qa@Qp)lFR(Q)P Y [ dee R (55 0) 55 (1))
(dEIdEf nag i’L ‘Zz RR’

o dipole factor
cross-section pre factor correlation function
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* A magnetic moment is spread out in space due to
spatial distribution of unpaired electrons around a
magnetic ion

Al | |

Co?T (LazCo0Qy)
Fe?t (FeSe,Te1_z) |

0.8}

* Dipole approximation: 0.6

(0.5,0,0.5)
(0.5,0.5,0)

{(70(Q))

M, (Q) = —upl({o(Q) + G2(QNLy + 2(0(Q))S,] e

()
()

00 0.2+

Um(Q)) :f r2p(1r)j,, (QT) dr H

0

=PrL



Dipole factor — neutrons see only component perpto @
R,

e

IM, | = |[M|sina

Geometrically: Q

M,=M-(M-Q)Q=QxMxQ

M, M, = Z(5aﬁ - Qa@ﬁ)M:{:Mﬁ
af

[ Kronecker delta
Summation over {x,y, z}

=PrL



Dynamic, Static and Instantaneous structure factor

e

* Dynamic structure factor: inelastic

S(Q, w) f dt et (S,, ()S, (0))

o Periodic, sin(wyt) = peakat §(wy — w) Elastic

o Decay, exp(—t/7) = Lorentzian 1/(1 + w?7?)

5(Q w)

Inelastic

Quasi-elastic

» Static structure factor: elastic
as t - o, (S, (£)S, (0)) becomes independent of time

S(Q w=0) (S, }{Sn)
o Bragg peaksatw =0 0

* Instantaneous structure factor — integrate over energy

5Q) = f dw S(Q, w) f dt 8(t) (S ()Sn (0)) = (S (O)Sn (1))

o Finite time/length scale of correlations

=PrL
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Differences from nuclear Bragg scattering

* Magnetic intensity proportional to the square of the

do magnetic moment
— | IFJ_M(Q) |25(G —Q+ k) can track the temperature dependence of the magnetic
dQ M moment
A = * Q-dependence — decreasing intensity at larger Q
Fim(Q) =QxFy(Q) xQ magnetic peaks strongest at small Q

F _ —Wy, ,iQ-Ty, * Measure component of magnetisation perpendicular to Q

M(Q) o fn(Q)Hne € can use external magnetic field to change spin orientations

n

* Polarisation analysis
provide additional information about the spin structure and
domains

=PrL
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The general magnetic moment distribution m,, at position r,, for a single-k structure
m, = SKexp(ik.1) + S;¥exp(—ik.1)

S K = (85" to ensure my,is real

Sk basis vector complex-valued basis vector which describes the
direction in which a moment is pointing

k propagation vector describes how moments on equivalent atoms
are related in nuclear cells

| translation vector real space translation vector between unit cells

=PrL
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The general magnetic moment distribution m,, at position r,, for a single-K structure

m, = SKexp(ik.1) + S, X exp(—ik.1)

> S ~ N
S S S S Example
S F F  F "
N N N N .
I I I I . k= (0 0 5)
Py

-« SK=(100)

Therefore, if we know Kk and S¥ we can calculate the
magnetic moment orientation in any cell of the
nuclear lattice

=PrL



Magnetic structures and their prop nvectors
s

e

o—o—0 O 0 ¢

Ferromagnet Antitferromagnet Cycloid

k = (00) k=(1/21/2) k=(1/30)
t ¢ ¢ 1 / v 1 b N
¥ % 9 / v b o~
—+ ¢ 4 / y 4 bt

Magnetic unit cell
s I Y1 Y a4
g g cor -k ’

=PrL



Representation analysis

e

If we have n atoms in the unit cell, we would in general
have for each ion, SX which for is a vector along {x, y, z}
and can be complex, along with ¢,, we would need to
determine 2 X 3 X j + (j — 1) parameters (one phase
can be fixed)!

,J
\C) For 4 atoms in the cell, this would correspond to 27
3

@ parameters.
1

CD/ Fortunately we can apply use the symmetry of the

4 crystal structure to greatly reduce the number of free
parameters that need to be fitted provided,

a) Kk propagation vector and

b) crystal symmetry are known

Some software packages are available to help:
* SARAh

* Baslreps

* Isotropy

=PrL



LOF

(100) (110) (111) (200) (311)

&4 o \ (3‘u_‘ i (3‘30 (5;0%_8.85& looaash |

W.

293°k

0 20 30 rv) 50

or(ss?)

Mn_ATOMS IN_MnO ™ A
124 rc(mcﬂc MEAT)
g N‘tmm)
Pioneering work by Shull and Brockhouse showed by 3
neutron scattering that MnO orders magnetically below I L

120 K with AFM planes stacked along (111) direction. it
EPFL TEMPERATURE (°K)



Example of very complicated magnetic structure

e

_ Qs = (0.158, 0.354,0.5), Thn =11 K
CuzTe,0sXz (X = Br, Cl) Qo = (0.150, 0.422. 0.5). Ty = 18 K
?2500:I Mo ‘#".‘S\‘o‘.:a’,
) 1" AR & .—i
Sl y | Voo AR
> i 1 , r -\ Yy
£ ! 14 K » g P $
2 W 8 K ‘\:f Yo =3 A
£ 1000} M 12 K y \ § y p
: | WM A V7 A=)
soo ™ Ao’ s oad 18 K 2}45;\ VoF 7 7> pla
20 60 70 =

O. Zaharko et al., Phys. Rev. Lett. 93, 217206 (2004)
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Powder neutron diffraction Single-crystal neutron diffraction

- Find many peaks which may not be easy to index

- Not sensitive to small moments = 0.1ug - Need to worry about corrections
- Sometimes difficult to refine complex magnetic - Only look at certain Q positions, may miss something
structures such as cycloids and helices - Require a large, good quality single-crystal which are
- Cannot study effects of applied magnetic fields, pressure, harder to synthesise
etc along specific directions
( (7] [FREEE

B HRPT, PSI TRICS, PSI
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Scattering of neutrons from nucleus and electron cloud: 4
M,,(Q)
d?a 2
T (o7, kp, A¢|b + Bl.o — M, .00, Kk, A)| 6(E; — Ef + hw)
f - P y
M, (Q)

Consider a neutron beam polarised along z: _ _
Final spin state

x 1 Q
IT) 1)
NSF SF
CE}_ |T) O-(Z,Z) zb_MJ_Z'I‘BIZ O-(_Z,Z) = _lMJ_y‘I‘B(Ix'I‘lIy)
:Eg SE NSF
= 1) 0(z,—z) = iM,, + B(I, —il}) o(-z,—z)=b+M,, —BI,

e Coherent nuclear scattering is non spin-flip (NSF)

* Magnetization parallel to neutron spin is non-spin-flip (NSF)

* Magnetization perpendicular to neutron spin is spin-flip (SF)

* Can separate incoherent, coherent nuclear and magnetic scattering

* Can determine directions of magnetic moments from one or few Bragg peaks
“P-L * Nuclear-magnetic interference can determine magnetization densities
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Magnetlc Ilﬂllll’ﬂll scattermg GI'IISS SBGIIOII

G A

(kpAs [V

\ |2

“
.k

f

|

¢

ma,ﬂf(r 2ﬁ HUNIUB Oy -

spin-spin

d*o ) (R—R')- 3
o) = L 3 (0as—Qa@Qp)lFR(Q)P Y [ dee R (55 0) 55 (1))
(dEIdEf nag i’L ‘Zz RR’

o dipole factor
cross-section pre factor correlation function
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Dynamic structure factor

e

Spin-spin correlation function

N

G -}( W T dte 1Q(R—R') —Lﬂ(ga(()) q L!(_{L)>

Dynamic structure factor
1’_’3.20' l ;ltf 9 ZIT Z Q Q ‘ ,
df) ﬂiEf mag ﬁ ’gte 7. P c XI)[ J - [ a3 a eg 3

Fluctuation dissipation theorem = gen. susceptibility

B o ‘ Q. w)
S(Q,w) = w 1 W) = , - ~
(Qw) = [nlw) + 1INAQw) = T S i)

intrinsic dynamics <> response to perturbation

=PrL



Generalized suscentibility

e

e Magnetic susceptibility y relates how magnetisation M changes with applied field H
M = yH
* If the applied field varies in space and time, we would measure the generalised
susceptibility ¥(Q, w)

M(Q w) = x(Q w)H(Q, w)

this applies when the system responds linearly to the applied field

* Ingeneral M is not in phase with H and y is complex

X(Qr (U) — X!(Qr (U) _ iX”(Q; CU)
* Neutrons are a probe which provides a magnetic perturbation which varies
in space and time

K 1
ap ——

1 1
—hw e X (Qw) = —(1+ n)x"(Q w)

=PrL
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Between long range ordered states
Selected examples

e Spin-flip, singlet-triplet,
dispersive triplets

e 1D spin chain
— Spinons vs spin waves

2D HAF zone boundary anomaly
— as instability of spin waves ?
—the smoking gun of RVB ?

... and spin liquids

EPFL i



i i excitat
paramagnetic spins $=1/2 e

G A

. Two states I’]\>, |\l/>, can be magnetlzed
e Zeemann-split energy of the levels

s

|

* A gap for transitions

0
&> 2
£
&
gugH R o
H 50.
Cus0,-5D,0 1>

e Local excitation
—> ho Q-dependence

=PrL



Take two - the spin pair

e

H=J3S;-S

J No magnetization or susceptibility up to critical field

Antiferromagnetic: J >0
[T, L), [TO)+ L)

= E
. -c L
E=1/4J Swi=1  triplets g 3
A >
= 2.5¢
e
J 2 2
8 1 5-A
N VL
E=-3/4J So=0 4
v singlet @1
M) - 1) o5
o=
C 4

Singlet ground state: (§%;) = (5%,)=0

=PrL



Take two - the spin pair

Structure factor along pairs: =~
S(q) ~ cos(d||-q) + cos(d,-q)

E

11,1>

11,0>

10,0
~ ‘>H

11,-1>

Intensity

0T H
0 4 8 12 i
- 8T
Field [T] 19T
200 -
* .. oo l:}cl .‘
gee Co Dog @
oo ® -m . 8
1 2 3 4 6

Energy [meV]

=PrL

Ba,Cu(BO;),

SrCu,(BO3),

Riegg, HMR, Demmel et al.

Zayed, Ruegg, HMR et al.



The Heisenherg model

e

 Seem innocently simple for a spin pair

H=J) S;-S;
(i.]

* for extended systems, do we understand it well enough ?

=PrL



Ferromagnets are easy, exact solution:

s
- Q =_ 2Qz 4 1(S+ G- - Q+
H= er'Jrr'Sr Sr’ = -] Z<r,r'=r+d>S rS et /Z(S rS r’-l-S rS r')

1 nearest neighbour N

Ordered ground state, all spin up: H|g>=E,|g>, Eg=-zNSZJ

Single spin flip not eigenstate: |r>=(2S)* S, |g>, S.S*.|r>=2S|r'>
H|r>=(-zNS2J+2zSJ)|r> - 2SJ5, | r+d> flipped spin moves to neighbors

Periodic linear combination: |k>= N7z el |r> plane wave

Is eigenstate: H|k>=E_+E, |k>, E=S)51-e dispersion = 2SJ (1-cos(kd)) in 1D

Time evolution: |k(t)> = et| k> = eBt| k> sliding wave —
8JS
Dispersion:
relation between time- and space-
modulation period

Energy

X E|
ol M|

Same result in classical -
=P-L calculation = precession:



Spin waves in a “ferromagnet”

=PrL

CuSO, - 5D,0

Cu,(SO,), - 10D,0

1 Cu S=1/2 uncoupled
1 Cu S=1/2 chain

o o ot
'S o o0

Energy [meV]

e
b

0 01 02 03 04 05 06
Q [rlu]

dispersion = 2SJ (1-cos(kd))

Actually it is an antiferromagnet polarized by 5T field

G



Quantum antiferromagnets are tricky

Fluctuations stronger for fewer neighbours

—  [J

1D: Ground state ‘guantum disordered’ spin liquid of

S=1/2 spinons. Bethe ansatz ‘solves’ the model

2D: Ground state ordered at T=0 <S>=60% of 1/2  (although

not rigorously proven).

3D: Ground state long range ordered, weak quantum-effects



e

=0
Tt IR E DT 1 1
5 = oo [N N YRR SR AL ML SRR Classical AF

e
TITLTLT LTITLT

TlTLT¢T§T¢EiTLT¢TM
TITITTLTLLTITLY
TITTLITITLLTITLY

Ground state (Bethe 1931) — a soup of domain walls
=PrL



SIIIIIOII excltatlons
G

e

Elementary excitations:
— “Spinons”: spin S =% domain walls with respect to local AF ‘order’
— Need 2 spinons to form S=1 excitation we can see with neutrons

VR S U SR S N
(VR U ST L U R
(VR AU SV B
(U 3 S U SRR S

2.5

Energy: E(g) =E(k,) + E(k,) _ 20f
Momentum: qgq=  k; + k, Wk
Spin: S= % + % A
Continuum of scattering = 0'5 !

OO s 7o 15 20

=Pr-L k in m/d



A

=PrL

FM: ordered ground state (in 5T mag. field)
semiclassical spin-wave excitations

AFM: quantum disordered ground state
Staggered and singlet correlations
Spinon excitations

< o <

Energy [meV]

e
)

e o e
= =) o0

Energy [meV|]

o
o

S(q.m)

S(q.m)

— Algebraic Bethe ansatz for inelastic lineshape

0.1

0.2

0.3
Q [rlu]

04

0.5

0.6

— Beyond Miiller-conjecture =

0.1

0.2

0.3
Q [rlu]

0.4

0.5

0.77] Wb O g=n
06t (" Muller ||
' o Muller+res
0.5- - — —Caux
! = = = Caux+res
0.4+ ?% ED
R
0.3; A
02+
0.1+
0 L
—0.1 '
|| T
0.7 I =07
I O ¢=0.7n
0.6 i
0.5 1l
I
04 r |f‘
0.3 df" }#
0.2 i I\?
- il J‘x
0.1 9&} II % J
AR NS
—0.1 : :

2 3 4
w/J

Mourigal et al. Nat Phys 9, 435 (2013)



Resonant Inelastic K-ray scattering
7

. S

— — RIXS spectra of La;CuO; at Cu L,-edge

|

€nergy | valence band

® ®

photon in | \ photon out (a) 1996 AE=1.6 eV

kw " |
= | (b) 2000 AE=1.2 eV

4’ -

N |

core level (C) 2003 AE=0.8 eV
4 Charge Transfer
Phonons

(Bi-)

Magnons

Energy loss (eV)

S— New measure of

=PEL 50 meV 500 meV 15eV 2eV Energy magnetic excitations

60



A

Sr,CuO; Much higher energy scale

s
| (a.u.)

Resonant Inelastic X-ray scattering "3
Sees both magnetic and orbital excitations " """"""" " 2
Dispersive ‘orbitons’ S %
. . . v
Spinon-orbiton separation e S
= 9, B
d ) Initial state Intermediate state Final state ) LN g
YR R Y RN 3
v hv (T)
& 3 A — c 1
* y R V% oy ouw
2
vy ek O 2
. &
- 5 yw W -
vy % kX 04 00 04

Momentum transfer (2n/a)
J. Schlappa et al., Nature 485, 82 (2012)
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A A

Rose inside a lead container
(source: FRMII)

... Superman would do better
with neutron vision...

Figure 7: Transmission
radiographs (left) and

tomographicviews

(middle) made from a

concrete sample embed-

ded with steel fibreswith

X-ray and neutrons. X-rays and neutrons yield

complementary information

neutron photograph

cPrL Annlicat ¢ Radinora



Finite contrast Zero contrast

H hydrogen negative, D deutrium

positive — phase contrast ° .
* Alter H and D ratio to see different ..

individual parts of materials P N
 Examine different parts of biological

samples
* Examine material on surfaces of

water (cleaning products)

D,0 o H,0

cPrL Annlicat



e

a CCD detector

incident beam
\ =

ey

detector

|
il

* Neutrons undergo magnetic refraction
when transversing non-uniform magnetic
fields

* Phase-sensitive detection using Talbot-Lau
neutron imaging

e Allows for a 3D imaging of magnetic domains

Strobl, PRL 101, 123902 (2008) . .
Manke, Nature 1, 125 (2010) In FeSi

cePrL Annlicat
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Biological ons
i

s

Particle form factor: 10°
(spheres)

107

3sin(qR)—chos(qR) i )
(aR)’ &

Small q: Guinier T
10°

~ exp(—g(qR)z) .

Large q: Porod

9

~ = (qR)™
2(CI)

SANS and soft-condensed matter growing field of NS

Contrast variation H,0/D,0

cPrL Annlicat
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Locating the minor components of
double-stranded RNA bacteriophage ¢6

by neutron scattering

Teemu Ikonen,* Denis Kainov,” Peter Timmins, Ritva Serimaa®

and Roman Tuma®*

E-mail: roman.tuma@helsinki.fi

The polymerase core of double-stranded (ds) RNA virus provides the
molecular machinery for RNA packaging and replication. Procapsid of
bacteriophagce &6 constitutes the best studied model of such dsRNA-

?Department of Physical Sciences, PO. Box 64, FIN-00014, University of Helsinki,
Finland, ®Institute of Biatechnology, P.O. Box 56, FIN-00014, University of Helsinki,
Finland, € Large Scale Structures Group, Institut Laue-Langevin, 212-ILL20, 6, rue
Jules Horowitz, BP 156 - 38042 Grenoble Cedex 0, France.
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week ending

PRL 102, 097001 (2009) PHYSICAL REVIEW LETTERS 6 MARCH 2009

WX [l
[n
\U

T

(a)vortex lattice

%,  Measured SANS on single crystal
* Symmetry of reflections implies hexagonal
. - e o e DT vortex lattice at low fields, wavevector Q of
4 = 120 \ observed reflections implies spacing of vortices
o naenthen i |« Scattering at small angles, small Q, large

structure
* At higher fields get (nearly) square lattice

=PrL
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. . T L T T v T Observed g o0 [ : e
* Perform time- and spatially- .%Iu RN it | e Srwel - g?sacrﬁ;rﬁg.ng N
. . —~ . | ——— Difference E,’ 46 = b
resolved neutron diffraction 2 | | - ,fe_ﬁ | S 144f 0 EXSU(A2V) | o mpinapwet i 0]
. = qu ) \J ,thwww Yl Discharged 27V) & l‘frfr-"” 1
experlments g '-LiMO M\WMMNMM’QWW“MM Nt v‘v“'\-./ é 2‘90=-= T
* Clear contrast between charge % e L A g 1 <
. > fl bilos © 280} . e =
and discharge cycles Sl e A A JA YN crargea a2y o o
. = -LI MO, MM&MW\»———VVNM\W\JWW e 2.75 7//—103 g
* Observe changes in structure t.'Ss LB THALE A e - ‘ ; 1% =
and Chem|stry INn 1n-Situ 06 08 10 12 14 16 18 20 " R AL ST :_;go =
. . . d A A s s s . s P [o] TP N
measurements in 2.5 min bins *) 0 5 10 15 20 25 30 4045 X
over 1.5 hours of charging o it g Ty :
_ y 23 S ,33 ”
Discharging = I ¥ [
- 6000 | T I
g 4000} i Failed region
Charging u | % i of battery
0 oV .-L. g Wl [y g ‘ l‘ i : s : Jo (b)
- 40 35 30 25 22 2440 20 0 -20 -40 \
Voltage (V) Current (A)
Wang et al, Scientific Report 2, 747 (2012)
=PrL 68
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Generating neutrons for solid state physics: fis

e

Fission

Uranium 235

slow neutron fission of the
excited nucleus

Fission

chain reaction
triggered by
moderated neutrons

* Neutron absorption causes unstable nuclei

* Nuclei decays and releases neutrons

* Nuclear reactor: a continuous neutron source

cPrL In<triim

nvs spaliation
S

e

Spallation

inbra-nuclear cascade
- 0@
4

LS
impinging fast target nuflei inter-nuclear cascade

patticles

~1 Giga

electronvolt

Sp

» —

cascade J 4
particle

» —

g
|
b

¢ proton highly excited !

& neutron nucleus evaporation

allation
Accelerated proton fired into heavy element nuclei

Excess energy makes nuclei unstable, neutrons
released



e

Tog source Accelerator’@/get

15t generation facilities:
— re-use research reactors

2"d generation facilities:
— Dedicated to neutron scattering:
— ILL, France, FRMII Germany, SINQ Switzerland
ISIS, UK etc.
» 3rdgeneration facilities:
— SNS, US 1.4bS, commission 2006 :
— J-Parc, Japan 150b¥, commission 2008 =5 T S —a- U JZBER

L TR~
50GeM OO MR

— ESS, Sweden 1.8b€, start 2015, commission 2020 A (B 1600m)
— (China Spallation source, start 2011, commission 2018)

2"d to 3" generation gains of 10-1000 times!
— Faster experiments, smaller samples, better data
— Time resolved physics
— New fields of science

cPrL In<triim



Triple-axis spectrometer

e

Monochromator

Advantages

Neutron beam

* Precise control of (Q, E)
e Can focus on a particular (Q, E) point
e Can use polarisation analysis
g * Can obtain constant-E or constant-Q scans
Q * Ability to tune using focusing and collimation to
trade between flux and resolution

Filter or precession
coils (optional)

Slit: .
" Disadvantages

* Scan requires movement of various arms of
spectrometer — lose time on moving

* Requires understanding of the instrument and how
it works

* Cannot get an overview of (Q, E)-space

Analyser

=PrL

e |n<triim



TASP, SINQ,'TDauI Scherrer Institut
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Time-of-flight spectrometer

e

Advantages

e Capture a large volume of (Q, E)-space in one time

e Can obtain intensity in absolute units which can be
compared to theory

* Relatively new technique which may improve
further

Incident neutron beam

Background chopper — |

Disadvantages
Fermi chopper
e Cannot perform constant-E or constant-Q scans
| * Less flexible
* Optimum need a large number of detectors —
Helium-3 expensive and in short supply
* Sample environment can block large portions of
the detectors
e Requires pulsed beam

Sample

PSD array

=PrL
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a

E Unused time window Unused time window
m—m— o Detector  _® | T AN '
“
o
Q
(&)
c
o
0
)
_Sample L o Ml e o
Frame unit
_Chopper
Moderator

Pulse 1 Pulse 2 Time of flight
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High magnetic fields Low/high temperatures Applied pressure

G—

To encoder ‘
‘_

100 mm ~—
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