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e VL1: Repetition of winter term, basic neutron scattering theory
e VL2: SANS, theory and applications

e VL3: Neutron optics

e VL4: Reflectometry and dynamical scattering theory

e VL5: Diffuse neutron scattering

e \VL6: Magnetic scattering cross section

e VVL7: Magnetic structures and structure analysis

e VL8: Polarized neutrons

e VVL9: 3D polarimetry, spin waves

:>- VL10: 4.7.2016 (8:30!!) Spin waves (continued),
Phase transitions and critical phenomena as seen by neutrons

e VL11: Spin echo spectrocopy ( C. Franz)
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Reminder:
Polarized Neutrons &
3D Polarimetry
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Z

& Heusler 111 polarizing Monochromator

i i i t eutlron source
Adiabatic rotation of  polariger —— S Analyzer Neu

. . f Axis
polarization allows to  Axis B I

measure three ﬂ \ « N0 q‘ T
components (X,y,2) /I | \\\ \\\\‘
CP

P J_ Sample

Polarization vector

Heusler 111 polarizing Analyser

Guide fields

Polarization selector

sample Analyzer
Axis

Assume that scattering Polarizergs t
process at the sample
rotates the polarization

:> Spin precesses in guide field

:> Only component parallel to z is measured

Information is lost!
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Non spin flip Spin flip Polarization dependent

Nuclear incoherent
isotope (I1=0) ! . no

FM, collinear, P perp. 1 0 yes

to Q, M [|Q nuclear coh. + magnetic nuclear incoh.
(b+p vs. b-p)

FM, collinear, P||Q, Useless configuration, 0 no
M perp. to Q eﬁg%a;; ﬁ.?é%é’ rs".’g,'%]" nuclear incoh.

nuclear coh:

AF, non-collinar <1 >0 yes
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Neutron polarization: Things to consider

Reflectivity of polarizing monochromators is weak (have to be
kept single domain). The polarized intensity typically amounts
20-30% of the unpolarized beam.

ﬁ> Guide field necessary, difficulties with magnetic field at the
sample region

All flippers / polarizers /analyzers have finite efficiency!
Corrections needed, difficult for small signals due to leakage
from one channel to the other. *He analyzers are time-
dependent.

E> Four channels instead of one need to be measured!

E> Only the projection of the polarization on the quantization axis
(z-axis, guide field) can be measured

Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016



[Q o emass 3D polarimetry: Theory MLZ

Heinz Maier-Leibnitz Zentrum

Polarization is a vector that may turn at the scattering process!

Rewrite as tensor! P’ = PP, + P”

Final polarization Rotation of polarization Generation of polarization

(N—-MY—-M?=) il* —iIY {
g = | - (N+MY—M?)  Mmia P = | Rv
iTY Miie (N—MY+M?) 1 i
Ttem correlation functions - description
N %( '\TQ N, ) nuclear contribution
My/# (’}-‘?‘0)2—1( \fy J[Ty/ﬂ y- and z-components of the magnetic con-
tribution.
Rylz (v )Tf( N} M7 y/z L} + (M} ty’/z NG)w real parts of the nuclear-magnetic interfer-

ence term.
y/z _f 1 y/z o oY ty/= AT : : o , .
1 (~y1 ).k {\ ULQ)@‘ (jfLQ Ng)w imaginary parts of the nuclear-magnetic
interference term.
(7 i(yrg)? ‘”{ ((mqjﬁa — (M5gM1%),) chiral contribution
Mz (Y70 )2 Lf (\ MY flfi ) (ijQJ[T ‘ »)  mixed magnetic contribution or magnetic-
magnetic interference term
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Name | Ampl. modulated | Circular helix Elliptical helix Cycloid

Different types of
incommensurate spin “spirals”

E> Can be distinguished only
i gt

using 3D polarimetry!

-

XLV /[\ x/[\y

Figure % y
‘ Q+:(UO]—+‘Z;) ‘
k aéy (aé;—iaéy) (aé, —ibé,) (aéy—iaé)
S (2 ( 3 ) 7 — 2 )
M, q B 5:0 05— (03:—5) (035
y —* i = i - P 52 Q_ = (“ [} 1 —I— t(f}
MY | (yro)* (ymo)* S (yro)*% (vro)*g @+ 2 | ..
M? 0 (yro)*e (yr0)*% 0 | a®+14+-2aF§ 0 J
M™= |0 0 0 0 P;; —f o=l
¢ o _ —(oro)’ —(ro)”% T e 0
& | (ro)’% (o)’ F(1L+F§) | ororfrrssh) | (470)°%
-1 0 0 -1 0 0 “ -1 0 0
B 0O 1 0 -1 0 0 pol. tensor pro- g 1 6
0 0 —1 -1 0 0 vided 1n table 2.3 0 0 =1
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Mu-pad of Cryopad:

Heusler 111 polarizing Monochromator

Mu-metal or Meissner shield: Neutron source
Zero field chamber to maintain R \ "
Spin direction 8 Heusler 111 polarizing Analyser
. . . B#0
Spin precession devices: Cridetlildeer /
Turn the spin adiabatically to Dot
the desired direction and back
to the analyzer axis.
Sample

' coupling-coil in

7
sample 8
Field direction 9
1 10
. . 2 l o
polarization -
3 . o
4 / i
. e - 5 —
' ] : S R - . i
coupling-coil out = |- b TH e Dy
n_y ) | e I & A, I i
5 P e il ——
= i o A e =2 SRS
i ( d ~coil L e oo ale - ,
6 13
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Uni-axial polarization analysis vs. 3D polarimetry

Uni-axial polarization analysis 3D polarimetry
P = B Measurement of the 9
P elements of the

polarization matrix

Even slower, but helps
solving almost all magnetic

Measurement of the diagonal

terms only structures

Complicated for FM samples
SIO,W’ but helpg solving most Complicated due to leakage
typical magnetic structures <:> caused by finite efficiencies of
Magnetic field at the sample flipper and analyzer
is possible

No magnetic field at the
Complicated due to leakage sample allowed
caused by finite efficiencies of

flipper and analyzer This is the last measurement

to be done!

Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016
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Measurement strategy for magnetic diffraction

Identification of =) Strong temperature dependence close to T.
magnetic peaks: =) Polarization factor
=) Q-dependence (form factor)

Solving the C} Use symmetry arguments and crystal
magnetic structure symmetry!

@) Use field to align domains/magnetization,
use different polarization factors

.

If more than one =) Use classical uniaxial polarization analysis,
structure remains measure flipping ratio (b+p)2, (b-p)?,
If more than one =) Use 3-D polarimetry

structure remains

Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016
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Spin waves: Magnetic excitations
seen by neutrons
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Spin waves
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Magnetic interactions for spins on a (Bravais) lattice:

Exchange
interaction

|

Single ion
anisotropy

|

Zeemann +

anisotropic g-factor

v
S 3 ST

i#]" op

5 +jZﬂDL(:§§“>)

v

: (B) _(aB)&(2)
2 HsH g ™S,

jop

Dzyaloshinskii-Moriya (no I =SD.($x§.
inversion on bond j, j') oM g‘ ”( j J)

Dipolar interactions

VYYYIPYYYYYY
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Spin waves (physical picture)
:>Collective excitation of the order parameter

Involves oscillation of spin components transverse to the ordered moment

VYYY?PYYYYYY

Quantized excitation: Magnon (spin wave) @phonon

_Dispersion ~q°

35 . , : :
] ] Example: linear chain Heisenberg FM
[ i La_Sr MnO 1
I | 07703 3 . 5 5
30F I ] A=0.5J
< ! Fitsto E=E +Dq’ 4+ 4
= 25r : ’ % T
& L T=wK T o y
5 a0k | = ] = = 1
‘{,'-";20; |§)=188t4mev.&2 3 24 a ;é 2
[ IE, = 0.75 + 0.40 meV L I
g Y S b o |
—~ 15_ | 14 s} \ﬁ_
O | )
%Dw‘ | 3 § 0 . U 0 !
c ; | = 0 2z dn C 0 2n 4n
o ' T=300 K 3 ) < )
5 | - i ® : e - % & 2\
: | D=114+2meVA2 ] £ H=-|132 §S,, H=—J> §8.,-A> (S})
- | E,=0.35+ 022 meV g i j j
0 T 'Y P N TR TR T ' TR |
095 1 105 11 115 12 no = 2|7|S[1-cos(xa) | o =2|1|S[ 1-cos(xa) |+ A
q(0. G ©)
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Spin waves: How to treat them by neutrons

:> Similar to Phonons: Use QM picture with
raising and lowering operator

—1
E> Bose-Einstein occupany (7q) = (e}cp (ﬁw(q)) - 1)
kgl

Inelastic cross-section for single magnon scattering (FM)

Polarization factor Form factor

f / DW factor
/

Lo |- (my X (2n) ~s(1 jq >er(a)] ¢ P >Z/
dQdE" kv, 2 2
xZ[ K—q—T) (hcox—hco)«nh,+1>>+6(w+q—r)5(hmﬁ+hm)<<n”>>]
// //'
Magnon creation Magnon annihilation
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e e

Z

Ferromagnetic spin waves (magnons)

Considering only nearest neighbour interactions on a cubic lattice

inp 1 np -
](K)=—|J|Ze =—n|J|y(r¢) ’}f(rc)=;Ze ::I—E(a}c)

1

Shirane et al., (1965)

.035 J !
Number of nn Fo (4% S0
cubic: n=6 030 |-
.025 |~ /
e ros CREATION 4
. . A 2.2 rou ANNIHILATION
ho, =2nS[T|[1-7(r)] = 2[J[Sna’c”  _ o0l iz AL
2
018 -
2 _ 42 |
ho, ~ D> D=2|]|Sna s L o
w—0 A p
&
% - 2
Spin stiffness 0 I . ] |
0 050 100 150

qalfiw

Neutrons directly measure the spin wave stiffness/dispersion

P

200
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Antiferromagnetic (AF) spin waves (magnons)
Again, split up into two ferromagnetic sublattices

: S(e)Q(w) o Qo) G(a) w  Q(e)&(w)
H = Z Z Jgn bfu bn? + Z Z JE?’ 53‘3‘. bf + Z Z J.r::m' b&j bn?‘
o I.m a LI o m.n'
! t !

Inter-sublattice Interactions on the Interactions on the
interactions "red" sublattice "blue" sublattice
With groundstates ~ §? 0)=$|0) Sz 0) =-S|0) o — A T

(£,.0.0)

Heisenberg AF | (ho,) =4S’ ([J(O)T _[~I(”):'2)

ENERGY (meV)

Nearest neighbour interactions on a cubic lattice (AF)

ho, = vk v=2JSa
K—0 P
£

Spin wave velocity 00 o1 o0z 03 o4 OS5
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Remember unit cell doubling for AF structures!

Nuclear unit cell Magnetic cell 1s twice as large

3
(©

© © 3
> ¥ v
8 € @ J2a $ @
2 z z
= ¢ © o ¢ ) 9

© o—o——>» z $

2 v v
Structural Bragg Structural
8 & |peak
© Magnetic
% @ ® o
I
< — * o —eo
o . Propagation vector Q
5 o o o
() _
e
? 4T ® ®
f 2m/a
1t nuclear BZ 15t magnetic BZ is twice as small
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Example: linear chain AF

magnetic BZ > structural BZ

r 3

F
Y

m & (t:‘
H I | . \-\
‘R .l'ft -

8 J/

< / Structural

’ Bragg peak
27
K
Magnetic
Bragg peak
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Phase Transitions: Seen by Neutrons

Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016



e e

FRM Il o 1
2 T vesrononuae Phase Transitions MLZ

Define an order parameter which is zero in the disordered phase and finite in the
ordered phase (magnetization, particle density...)

Discriminate two different kind of phase transitions (Ehrenfest classification):

(a)uh (b%‘: () FA x=x, (d) FT X3Xe
> 2 » A—a\" . ’
' X x v u u

Jump of the OP, accompagnied by latent heat
ﬁ Transition from one local minima of the free energy to another

(e)u () F . (9)F X=X, (h) F Xk,
second-order /
/ A il

» —L >
1 X°X7I\/U U

Continuous transition of the OP, no latent heat, jump of specific heat
Flat landscape of the free energy

Abundance of critical fluctuations of the OP
Typically, Landau Theory/mean field theory is used

Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016
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Two major descriptions:

L
Landau theory: A T
Expansion of the OP close to T_(OP small) T <T<T*
| g, 1 h o* 1 K2 r
F = Fo+ alp]? + Z|o]* + - VoS A) g = T=Te
2 2mr |\ 2 & 8

T*<T<T,

Lo

T<T*

Mean field theory:
Complicated many body interactions (FM spins)

simplifield to a mean field

System with n spins H=-Y_amS;B-)_ J;8;Si
J L]
N .

Average spin: <§> = %ZS,-
i=0

Expectation value to each spin corresponds to (8)

: : A o e 1 5
Hamiltonian H= —Zg,ubsj (B+ EJ}{S})
J

Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016
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Critical fluctuations: Universal scaling laws (Kadanoff 1970's)

:> Depend only on

Dimensionality of the OP (symmetry group)
Dimensionality of the system
Short range or long range interactions

E> No microscopic details! T= .
Quantity T<T, (ordered) T>T. (disordered) | T=T,
c c c
Spec. heat [hop| <1 C,=1" C, =[h"
Order parameter o=| ¢ =|h| " sign(h)
Compressibility e o
(susceptibility) X1 =1 L1 =T
Correlation length =t -V — &=|n™
Correlation function G(r.0)= \r\_(d_zﬂ‘)
1 . 1 1
+ Landau theory: a=0 BZE =1 0=3 £=0 p=- V=3 n=>0

Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016
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Example:Universal scaling in the liquid-gas transition for eight different liquids

| | | g f

oL s

| | | 1 | | I 1
- _xﬁi —
05| o un“'*v"g-

wl| ¥
T
£ &
sl ¢
0L
.75_; + Ne
j s A
ol 4
:m* :E';'
: A
.65? 0
0
a5 L | ] L_%'n | ] ]
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Example:Universal scaling of the lambda transition of Helium

Scale x1,000,000

T
L - R =

Scale x1000

Specific heat C Jigm deg
=

LD N B o @

1 S [ | | e e |
2-1 -5 0 5 1.0 1.5 i 0 2 4 B 20 -10 0 10 20 30

1
-2
T-T, degrees T-T, milidegrees T-T, microdegrees
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Phase transitions at T=0: Quantum phase transitions

i> Supression of a phase transition at finite T using an control parameter

A non-universal

thermalli 2

L o
g S uantum critical
disordered “\q ,

classical/v

critical

/' quantum

ordered /' disordered

X

Temperature (K)

Superconductivity

inCePd,Si,

10%

state

40 28 kbar

.

0 20 40 |

-|—1.2 {K'i2)

antl- *
ferromagnetic ¢

" superconducting

[ state
.
.
.
P e W
&
0 10 20 30 40

Pressure (kbar)

E> Quantum fluctuations replace classical fluctuations

:> Often new physics emerges!
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Why neutrons are perfect for investigations of (magnetic)phase transitions?

Nh

(1 — e 7)™ (G, w)
-

5%(Q,w) =

Neutrons directly measure generalized susceptibility tensor

—

M*(Q,w) = x*?(Q,w)H"(Q,w)

Measurement of fluctuations as a function of momentum
and energy transfer (space and time correlations)

2 examples from the neutron world:

E>Ferromagnetic fluctuations in iron
[>Brazovskii transition in the helimagnet MnSi

Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016
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Iron: Archetypal ferromagnet, model system to study fundamental properties of
continuous phase transitions

Simple Heisenberg model fails to predict the dynamical scaling:

ﬁ> Linewidth I' = Ag¢® with critical exponent z and constant A

Q> Mismatch (in particular at low q) due to long range dipolar exchange +
short range isotropo FM exchange

Isotropic 3D Heisenberg: z=5/2
Dipolar interactions: z=2

q°q° o
Hamiltonian H = Z —Jo+ Jofa® + Jg ng; g 5,
bilty \o = (@T) = 5o and v = (a.7) -
g =g L) =~ = ane i =gt = ;
Susceptibility Xt q. P g X1 q. 2T+ +
Linewidth of Measurement

['*(q,k,9) = Ag" 7" (x,y)

fluctuations with NRSE

Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016
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RESEDA in MIEZE mode (SANS): Q-dependence linewidth

transverse fluctations around Q=0 N - f[
100 | @ c {1
Critical scattering
@ i % . : o [.)_012}'3\'1 3 |—Astiemeva”
150 | o § “ i § 2 oo | —A=140mevA
o' » 0.020A
' s 0.029A" a =54
—_ . m A=8.0A
é 100 :. v 0038!5\_{ . oTc.Mezel
£ 8 < 0.046A
© 1 100 }
2 A
50 R
:
T::L 50
0
100 f
: 3
Fe 1© =
Tc=10232K gy transmission
1000 1020 1040
T ( K) 0 0 2.0 4.0 6.0 0 2.0 4.0 SlO
FM domains L s s
Critical opalescence a0 A a0 A
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[(ueV)

['(ueV)

' (ueV)

100 F

50

100 f

50 f

100 f

50

Q-dependence linewidth

(a)

—A=119meVA~~
| —A=140mevA™

i

A )X=54A
= A=8.0A
e T Mezei

| () T, +30K

| Iﬂfﬂmﬂﬂ

= A=8.0A

20

40 60 0 20 40

q(10”A") q(10”A")

Deviations al low g

60

from critical scaling z=5/2

(a) 3

¥ (x)

(b) 3

v ()

Scaling functions

® T .+1K
B To+2K
AT +4K
v T-+10K
4 T.+30K

To+2K, gp=0.033A"
—To+4K, g;=0033A"
—T.+10K, q,=0.033A"
—T.+30K, q,=0.033A"
—N=1

—T.+1K, gp=0.014A"

Tc+2K, qp=0.021A"
—T+4K, qp=0.027A"
—T.+10K, g;=0.038A""
—T.+30K, g =0.058 A"

(c) 60F

< 40

S e S

Y 20 -

S — - q,=0.033A"
D 1 1 [ 1 0 1 L L
0 1 2 3 4 5 0 10 20 30

X=K/q T-T,(K)

q,. dipolar interactions
q,: should be temperature independent?

:> Damping due to conduction electrons?
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Ferromagnet: Critical <:> Helimaget: Critical
fluctuations around g=0 fluctuations around g=k
W = ini

% Q, || [111]

55 f

g |
s &
g— .
I, , More phase space for

incoming neutron beam

Scattered neutron peg critical fluctuations

I

qfu [111] Interaction qf critical
fluctuations

1000
100 @
Otherwise 2" order

phase transition is
driven 1%t order

Neutron Intensity (1h)

0.040.04 0 0.04004 0 0.040.04
g, (A
M. Janoschek et al., Phys. Rev B 87, 134407 (2013)

0
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Brazovskii Transition
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Ferromagnet: Critical

fluctuations around g=0

susceptibility
| specifiq heat

16 |
12 = = — e
¥
= & H|[110]
o DT

4F g | — Brazovski Eq. [4]
. I ' " —mean-field i
sl T B T° e

4 [ H||[110]
-0-0 T ]
=01T 4
<02T
*03T |
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Helimaget: Critical
fluctuations around g=k
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the helimagnet MnSi
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Neutron prove the realization of the Brazovskii scenario in
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Physics with Neutrons II, SS 2016, Lecture 10, 4.7.2016
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