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OVERVIEW

Lecture I1s addressed to newcomers in the field

(few formulae, focus on concepts rather than technical details)

A Introduction to Inelastic Neutron Scattering (INS)
A Relation to other methods

A Three Axes (Triple Axis) Spectrometer

A Examples (taken from experiments)

A Formal and technical aspects (Appendix)



ELASTIC VS. INELASTIC SCATTERING / TAS
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ELASTIC VS. INELASTIC SCATTERING / TAS
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INELASTIC NEUTRON SCATTERING (INS)

General distribution of instruments fairly stable
(at least over the last decade):

A ~ 100 neutron spectrometers,
l.e. ~30% of all instruments at neutron labs,
are designed to study inelastic scattering

A ~ 45 Triple Axis Spectrometers (nearly one half of INS)

A non-resonant inelastic scattering with meV resolution
still largely absent at synchrotons
(exception: ~5 instruments at ESRF, APS, SPring-8,
further instruments planned)

A provides in-depth information on a huge range of
phenomena in physics, chemistry, biology, materials
science, geosciences ¢



SCATTERING PROCESS

Detector
'‘probe".particle «= wave

n, X-rays, ¢ ... /
K, Bt S
—_—
Ki, Ei, S

initial final
momentum p=tKk p=t k;
energy =f (bpb) E=t ¥, E=t v,
spin (polarization) S; S;

Ei ¥ INELASTIC SCATTERING :




aNatural 66 vari abl es for

l es

Momentum transfer qp =1t (k;-k;) =1 Q
Energy transfer qE=E-E=t( ¥i¥v,)=t ¥

Spin and magnetic scattering is not discussed in the following !

gpand oE allanfotmatiom!

Energy transfer and momentum
transfer are not independent :

Photon (m=0): E=pc=t kc
Y gE=t c(k-k

Neutron, el ectBE=p¥@h)m{Iik)?2/@n)

Y @E=t2(k2-k?2) /(2m)

v



Wavelength, A

10

—
o

o
4}

0.1

RELATION ENERGYWAVELENGTH for
PHOTONS, NEUTRONS, and ELECTRONS

AN
X-ray photon
B \\
N A
N\
T~ ey
™S
- Neutrons
N
Electrons \\
\ u
\\
N
\\:hH
5 10 50

Photon energy, keV
Neutron energy, 0.01 eV

Electron energy, 100 eV

100

Notedifferent slopes
for particles with

m =0 (photon)
m | 0 (neut

\: 0.1 nm (t
> = 0. 10 nr
12.4 keVV photon
/8 meV neutron

144 eV electron

o

8



A Generally, the scattering process can be described by a
so-cal | ed ascats{i@r)ing functiono

A In many applications only the momentum transfer Q is analyzed,
S(Q,¥)Y S(Q), sothatonly part of the information provided by
the scattering experiment is made use of.

For example:
A X1 ray scattering (nearly always)

A Neutron diffraction

A Small angle neutron scattering

A The investigation of inelastic processes requires
analysis of the energy transfer

Note: energy and momentum transfer + ¥ and t Q are frequently discussed without

taking into account the constant t . In practical units, therefore, the momentum
transfer usually has the dimension of a reciprocal length while the energy transfer can
be represented as an energy, a frequency or a temperature. 2
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The scattering function S(Q, ¥) in the

experimental study of various physical systems
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Nobel Prizes related to neutrons

The Nobel Prize in
Physics 1994

The Nobel Prize in
Physics 1935

) : "In simple terms.
James Chadwick p

Clifford G. Shull
has helped answer the question for the

of where atoms are. development of
the neutron

diffraction
and technique”

Bertram N. Brockhouse the
question of what atoms do*,
(Nobel citation)

"for the discovery of the neutron”  "for pioneering contributions to the
development of neutron scattering
techniques for studies of

condensed matter” "for the
development of

neutron
spectroscopy”

11



OVERVIEW

A Introduction to Inelastic Neutron Scattering (INS)
A Relation to other methods

A Three Axes (Triple Axis) Spectrometer

A Examples (taken from experiments)

A Formal and technical aspects
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QA

Transfer of
ENERGY and
MOMENTUM

accessible with
various probes

Photons
Neutrons
Electrons

E=t cQ (slope=1)
E=12/(2m) Q2 (slope=2)
define maximum energy

and momentum transfer for
photons and neutrons
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Accessible (Q, E) range

r/A
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Energy units in use for inelastic scattering:

1meV [ 1.602 x 102 [ 8.066cm™* [
[ 0.2418 x 10 Hz [ 11.605 K

[E=ft ¥ BO=hcE/a=kT Y dispensing with constants gives ¥, Q
1Joule = 6.2415x10* meV | 1.5092x10*' THz | 7.243x10%?K | 5.034x10% cm™
1meV=  1.602x10%} 0.2418 THz 11.605 K 8.066 cm™
1THz = 6.626x10%) 4.1357 meV 47.97 K 33.36 cm™
1 Kelvin= 1.38065x10% ) 0.08617 meV 0.2085 THz 0.695 cm™
1emt= | 1.9865x10%°) | 0.1240 meV 0.02998 THz 1.439 K

Neutrons: E [meV] =2.072 k?*[A?] & 2k?[A?]

X-rays: E [keV] =1.973k[A] & 2k [A]

Example: =2A (k=3.14A1) gives for

ldr T,

Neutrons: E=20.5meV or 237 K X-rays: E=6.2keV or 7.2x 10’ K

(typical values for condensed matter)

15



COMPARISON OF TECHNIQUES
( cf. typical Brillouin zone dimensions: 10 nm™)

Typical excitation (phonons): 3O 10 THz, *k O 1
[ Remember: EM Radiation: E=pc=t kc, E=1 c (k-k Njgk,=k-k']

Light (Raman, Brillouin scattering): E ~ 500 THz, k ~ 1x10% nm™*
Y E apk = Q b tpo small

Infrared: E, k are at least 10 x smaller than for visible light
Y same problem

Ultrasound:30 100 MHZnmK b&thcg® and ok i ns

Y The above techniques work only in the long wavelength limit
at the center of the Brillouin zone

X-rays: 3~1x10°THz, k~20nm* Y E, ok are suit a
but: energy resolution < 10°° required !
(very difficult, yet possible)

Neutrons: 3 ~20 THz, k ~50 nm* Y excellent probe ¢




CONSEQUENCES FOR INELASTIC SCATTERING /1

Both energy and momentum have to be conserved.

Momentum: t (k;-k;) =t Q

From a geometrical point of view it is equivalent to consider

KiT ki=0
which can be visualized as the so-called scattering triangle.
Q=K1 ki

Note: sometimes one also can find the definition k;T k; = Q
depending on whether the position of the neutron or the sample is adopted
in describing the scattering process. Of course, either choice is possible
(but they should not be mixed). Besides, in calculating actual scattering

cross sections usually only the quantity Q2 is needed.
17



CONSEQUENCES FOR INELASTIC SCATTERING /2
SCATTERING TRIANGLE (e.g. in a phonon measurement)

In a real experiment, both the direction and the length of the vectors k; and k; are not
defined exactly but only within certain limits as given by the resolution of the
instrument. Therefore, some scatter in the measured momentum transfer Q will be
observed (e.g. Qoand Q0)0

Determination of Q to a certain precision (say, a few %) presupposes that the vectors
k; and k; are defined with sufficient precision.

Spread of k; 2 Typically, the lengths of k., k,
5 and Q all are of the same
order ~5A-1 (= 50 nm'L).
Therefore, in defining k; and
k; a precision of ~10-2 would
.= ke be generally sufficient.

In principle, this holds for
both neutrons and X-rays!

Spread of k;— ¥ But € 18



CONSEQUENCES FOR INELASTIC SCATTERING /3

€ consider the energy transfer! |If
energy of 20 meV with a precision of 5%, we need a resolution of 1 meV.

Neutrons: Typical neutron energies in phonon measurements are in the
range 10 -100 meV. Therefore, in defining E; and E; a precision of ~10-2 will
be generally sufficient in accordance with the required precision of
momentum transfer.

X-rays: Typical energies are ~10 keV. So, in order to resolve the energy
transfer to within 1 meV, a precision of ~10 is required!

This is very hard to achieve and has become possible only within the last
decade.

In addition, using special techniques the resolution in neutron experiments
can be extended from meV downto egeV and even neV which is cleary
beyond the reach of X-rays.

Y |l nel asti ¢c scattering 1 s .st

19
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A Introduction to Inelastic Neutron Scattering (INS)
A Relation to other methods

A Three Axes (Triple Axis) Spectrometer

A Examples (taken from experiments)

A Formal and technical aspects
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THREE AXES SPECTROMETER

Comparison with other inelastic neutron scattering techniques
Range of momentum and energy transfer
Monochromators, analyzers

Principles of instrument operation

Thermal, cold and hot instruments
Elementary excitations (phonons, [magnonsj)
Dynamic structure factor

Lattice dynamical models - simulation

21



INELASTIC TECHNIQUES / INSTRUMENTS

A Three Axes Spectrometer
A Time of Flight Techniques
A Filter Spectrometers

A Backscattering

A Spin Echo Instruments

Resolution: typically several percent
of iIncoming energy

pEAJ~1 Y time scale !
eg..ql~t /pE t+(@ ¥)=1/r
¥=2 ALTHzY U 1.6x10"s

22



QUASIELASTIC and INELASTIC

SCATTERING
covered by other techniques :
(TOF, Backscattering, NSE) Typical TAS case
o Inelastic
SRS Quasielastic Elaafil e Scattering
Broadening
Energy — DE < O Energy — DE S O

Width of the elastic line usually defined

by the resolution of the instrument
23



Momentum Transfer, Q (A1)

1074 107° 107 107! 1 L 10? 10 eV
7/ FILTER TECHINIQUES
Neutrons /\ Intermuttiplet Spittings -1 eV
in Condensed Minoran induced
M atter : TI Magnets — Excitations |
OF %m:' :M"'““ Distrbutions}®/ 1100 meV
THREE HEHT ™ e
] and Liquids Vihretions -10 meV -
eLgsTic AXES || /] wwe oo A 2
@ <——[umr Objects Resotved| - utmcal' | . ombranes C.r‘y:;!.:':d W cc:r:c:.w':“cmmm -1 meV -
S Wicelles, Polymers” D] T Swuctures [ Sreteme . Anharmonicty - Gl =y
i eon SINNG oo / =
SCATTERING o, [ / 2
/X te / / —100 ueV =
/ (Syovoms. %‘:@ / 110 pev
/ BACKSCATTERING | .
SPINECHO L
/ m.«mombw/ 4100 neV
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Range of inelastic instruments

Reflectometry " Diffraction

~1(A) S
Filter Analyzer
Spectrometer
Time of Flight
Spectrometers
Backscattering
Spectrometer

Triple Axis |
Spectro-
meters

Spin Echo
Spectrometer

Al Al I I Ll

01 Q(A-l) 1

Complementary pairs of variables
displayed on opposite axes !

J. Mesot, Zuoz 2006



incoming wave

~

diffracted wave

MONOCHROMATORS

and

ANALYSERS

PRINCIPLE:
< BRAGG-REFLECTION:

2dsind=nao

REALISATION:

Array of monocrystalline platelets
allowing for focussing

Adjustable curvature as a function of
- sample distance
- sample size
- required resolution
- angle of incident neutron beam

26
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Neutron source THREE AXES
| - SPECTROMETER
Radiation AR MEASURING

protection
SQ, ¥)

Collimator «,

Monochromator —

Goal:.choose experimental

set-up for selected values of
Q=k;1 k; and

¥ =E T E

S XX
RS OAR

Collimator a,— s
’0:.\:.0’00’0 %

Sample

Collimator ay

Analyser

Collimator oy —

BF, counter
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Neutron source
(Continuous Energy Spectrum)

fres v @
ZETIPRS

1Rk :
SR
AT ([
Has8

e

Monochromator —

Collimator a,—

Sample

“as L
Collimator «, b "

o

e

o ae, @ ST S

LA 21 s

R DS AR
SER AT 2

9\, ,..' rgo A

7S A .(.

DI )

Collimator ay

Analyser

Collimator «,—

BF, counter

Radiation
protection

THREE AXES

SPECTROMETER
FOR MEASURING

¥ )

S (Q,

~Reactor provides a continuous
spectrum of differenk;
(indicated by different lengths
of arrows) and corresponding;
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Neutron source
(Continuous Epergy Spectrum)

THREE AXES
~ SPECTROMETER
— il ;‘;’;‘,‘t’e'ii';ﬂ FOR MEASURING

AR S e
(21) pOTR 42 & .3 P e T e
d (P 8.9 9o, 17

NS o\ !Y' A
SR LN BV S (?
o, [t 2 et ‘)“
( ) )

Monochromator —

1.AXIS: choice of incident energy E,

Collimator a,— 4/k|, Ei (Y bklb )
Sampl 2 Pu / /
ampc = - . -
I e ¥ First side oScattering Triangle
Collimator a, \\ / " |S now deflned
; ! 29g 0
Analyser N - . — k - k
; | f
28, \
k.
Collimator «,—
o / kf
BF, counter ﬁﬁ__ﬁ_k___ A
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Collimator «,

Monochromator

Collimator a,—

Sample

Neutron source
(Continuous Energy Spectrum)

THREE AXES
'~ SPECTROMETER
T e oo FOR MEASURING

LERC - .
TATNIR NI

2 ..D..
.,.. '_."( l '\ .,}'t'. o\
(M g M [ A mb “ S (Q b} Y )

S 1.AXIS: choice of ir_1_cident energy E,
:jf‘;/ki; Ei (Y bklb )

\ sample position: man
| </ ple p y

Collimator ay

Analyser

Collimator ay—

/s, scattering processes may
- 2\ take place leading to
- N different E; and k;
%
20,
BF, counter ——— ﬁ/ = /
[ B
\ 30



Neutron source
(Continuous Energy Spectrum)

- I IA RO
Collimator «, e B R T
0 e PP R A T
LB 8.9 .90 gt
o:, 20 S AI S
o ANANIE
Monochromator —
/k
2 o3
Collimator a,— 9 8 Ei

Sample
/

Ky K Koy i
Analyser— EilLEiZ, .Ef31 noc ) e

Collimator ay

2 19[; ko

2 (9,'\
Collimator «,—
BF, counte [ |
3 r - o=t L /

\. 2 9 /:
\ .

THREE AXES
SPECTROMETER

e ecion  FOR MEASURING

S, ¥)

21 1.AXIS: choice of incident energy E,

(Y bkb)

2.AXI1S: choice of angle
between k; and k;

First side ofScattering Triangle
and theScattering Anglare now
defined

= Ki - K
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Collimator «,

Collimator a,—

Sample

Neutron source
(Continuous Energy Spectrum)

THREE AXES
SPECTROMETER

—F Radiation
eyl TR protection FOR MEASURING
S@Q, )
A — T 1.AXIS: choice of incident energy E,
| / 2.AXIS: choice of angle
29 X
—— <: between k; and k;

Collimator «,

Analyser

Collimator ay—

BF, counter

l<f1,l ktz’ l(fer’ s ¥
E; By B

2 ‘98 kO

3.AXIS: choice of
final energy E; (Y bkb)

"

S _ —
b 1o, E; Second side dbcattering Triangle
/ is now defined
¥ A
R~
\




Collimator «,

Collimator a,—

Sample

Neutron source
(Continuous Energy Spectrum)

THREE AXES
SPECTROMETER

Collimator «,

Analyser

Collimator ay—

BF, counter

i Radiati
Tl e prowecion  FOR MEASURING
S (Q, ¥)
e S 1.AXIS: choice of incident energy E
5 % / 2.AXIS: choice of angle
| <: between k; and k;
— \
kfl.’. kfz’ l_<f3_1 ==X K
S B B oo N 3.AXIS: choice of
Ny final energy E; (Y bkb)
' bkb, E,
/ SCATTERING TRIANGL
K ok = ki - kf
R~
\
: K 33




I
Monochromator / |
Radioprotection

. g ‘A
Neutron Detector / Analyzer | [z
Protective Shielding Protective [

(Background Reduction) Shielding |

,,,,,,,,,,,,,,

Sample /
Sample Environment
M (Magnet, Cryostat, Furnace,
Pressure Chamber, ...)

L Neutron Source
(not visible)

Three Axes Spectrometer TASP / SINQ .y



Monochromator /
Radioprotection

Beam
Collimation

i
i - |
* 2 7
s _—
'

. Analyzer /
Protective |

Neutron Detector /
Protective Shielding
B (Background Reduction)

Neutron Source
(not visible)

/?

Air Cushions on
aTanzbou
(Dancing Floor)

Sample /
Sample Environment
(Magnet, Cryostat, Furnace,
Pressure Chamber, ...)

Three Axes Spectrometer TASP / SINQ



Most important advantage of triple axis spectrometers
(TAS) over other instruments:
Access to S (Q, ¥) for arbitrary combinations of Q and ¥

Most of the basic elements of TAS were developed already 1950-60 by
B.Brockhouse (Nobel prize 1994) and his group at the research reactor

at Chalk River (Canada).

Today, typically 10-20% of the instruments at sources providing a
continuous flux of neutrons (mostly nuclear reactors) are TAS.

At pulsed sources (essentially spallation sources) Time-of-Flight
techniques (TOF) are more appropriate.

36



CURRENT TECHNICAL DEVELOPMENTS
with RELEVANCE FOR TAS

(not covered In this presentation)

Computer simulation of neutron sources, neutron transport and
Instrument design already during planning (optimisation of use
of produced neutrons)

Focussing devices (higher neutron flux on samples)

Remote control of experiments including sample environment
(cryogenics, furnaces, pressure, magnetic field, ...)

Multi-analyser arrangements (higher data acquistion rates)

Computer simulation of experiments during planning and in
real-time taking into account both instrument and sample

Multi-analyser arrangements

Event-based data acquisition systems
37
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Inelastic scattering processes can bring about an or an
of the scattered neutron. In the first case energy is

transferred from the neutron to the sample, in the second case from the
sample to the neutron.

The In a neutron scattering experiment (more
precisely: the accessible range of and of

according to the creation or annihilation of an
follows from the following consideration:

Energy-momentum relation: qE =t v =1 ?(k2-k?)/(2m)
For the quantities k; and k; this yields
k >k : k=a(k?2i 2m¥ /1)
k <k: k=a(k2+2my¥/t)
In addition the following inequality must hold for k; and k; :
ki ki Obk i kb O k +k

By these conditions the accessible Q - ¥ range is completely definggl.



diffuse scattering
due to substitutions,
small angle scattering

b)

Q lf’\"]

+ 125 HOT SOU BCE

4100
4 meV

structure determination
of high resolution in
real space,spin- density

N ¥
)

-
N

scattering with energy gain of the neutron

scattering with [fle— G(r 0) from liquids
energy loss
of the neutron

00 75 50 25 0 25 50 75 100

h w[meV]

THERMAL BEAM TUBE j‘ 5.0

S(Q, w), dispersion-relations
Q [ﬁ\"]

125

anomalous scattering of Cd and Sm

47/
L= h w[meV]

0 25 50 75 100

! 100 75 50 25

10.0

+75 | structure determination
— o . .
displacive disorder

+ 5.0

+25

4 it 1 i® PR ;hw[meV]

Accessible energy and momentum range for experiments
with (a) cold, and (c) hot neutrons 20



WHERE DO PHONONS PLAY A ROLE ?

In the Harmonic approximation the knowledge of the
dispersion relations, eigenvectors and density of states
permits to calculate macroscopic quantities such as

- lattice specific heat
- Debye temperature
- elastic moduli

The study of Anharmonic effects reflected by

phonon energy shifts and finite linewidths contributes to our
understanding of macroscopic properties such as

- heat conduction
- thermal expansion.

On the microscopic level it provides information on, e.g.,
- higher terms of the interatomic potential

- the mechanisms underlying various phase transitions
- superconductivity

- phonon scattering processes

41



MODEL OF DISPERSION RELATIONS IN
SIMPLE CUBIC LATTICE (1 ATOM)

/4 ; wi } wi {
I = : [ _850',_
L ot | L RECIPROCAL
0 ey SPACE
S e | .
.3 L
o V3%
o ydan REAL SPACE
ST Sed
a b © a) q|[100], {gz*, qy*» 4z}
. . =¢{1,0,0}, ¢ = 27/a,
- General case: N atoms in unit cell b) q|| [101], {ga*,qy, gor}
Y 3N phonon branches - =¢{1,0,1},
- 'Pure’ polarization (longitudinal, transverse) q é V2-2afa,
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Example: Phonon Dispersion Curves for KBr
(Model calculation using simple Rigid lon Model)
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Dynamic Structure Factor
for coherent one-phonon scattering

Ston (7 ws) -
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Energy
conservation

Phonon creation (+)
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Simulation of lattice vibrations using the program
UNISOFT (Gétz Eckold, Uni Géttingen)

APolarisation and eigenvectors
APhonon dispersion curves
ADynamical structure factors
ADensity of states

ASpecific heat
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* Direction of
NaCl: phonon modes propagation

[ momentum
c@ .

vector (

Program UNISOFT @ W Transv.
( G.Eckold ) mtide




A The average number of phonons with frequency ¥ excited at a temperature T is given by the
Bose-Einstein distribution function

A For small x, i.e. for small phonon frequencies ¥ and/or for large temperatures T, the function approaches 1/x
A For large x, i.e. for large phonon frequencies ¥ and/or for small temperatures T, the function approaches exp[-X]

A The scattering cross section for phonon annihilation (i.e. the neutron gains energy in the scattering process) is
proportional to the number of excitedphonons, i.e. the Bose-Einstein distribution

A The scattering cross section for phonon creation (i.e. the neutron loses energy in the scattering process) is
proportional to the number of excited phonons, i.e. the Bose-Einstein distribution, multiplied by exp(2¥ /kT)

Bose—Finstein distribution

Bose—FEinstein distribution
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OVERVIEW

A Introduction to Inelastic Neutron Scattering (INS)
A Relation to other methods

A Three Axes (Triple Axis) Spectrometer

A Examples (taken from experiments)

A Formal and technical aspects
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1.

@ moer

EXAMPLES

partly didactic / partly current research

PHONON / MAGNON DISPERSION in IRON
under HIGH PRESSURE investigated with
NEUTRONS ¢é

é and SYNCHROTRON RADI ATI ON

INTRAMOLECULAR MODES in G,

ANHARMONICITY:
MODE GRUNEISEN PARAMETERS in RbBr

HYDROGEN in METALS: LOCAL MODES

SPIN EXCITATIONS in FePNICTIDES

RATTLER MODES in THERMOELECTRIC MATERIALS
SPIN DYNAMICS in BaFg ¢C0y ;AS,

ELASTIC SCATTERING
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PHONON / MAGNON DISPERSION ~ Comparison of changes in

magnon and phonon peaks

IN IRON UNDER HIGH PRESSURE with pressure
LLB: S.Klotz, M.Braden, PRL 85 (2000) 3209 T~

Alnterest: iron under extreme conditions important for
geophysical models of the earth

APhase transition bcc Y hcp af
Are there precursor phenomena like in other bcc metals ?

ATwo surprises: -- stiffening of all phonon branches
-- magnon dispersion does not change

phonon dispersion relations

N r H P T phonon density 1.0 1.1 1.2
' .' of states\ [h h O] (r.L.u)
] 120 ~C y y T

. 550 |
100F 2o R

450
80 - F
- 400
0 100 200 300

T(K)
40F bee-Fe (300 K)

dots: 0 GPa
| circles: 10 GPa

¢ D GPa
o 98 GPa

60

lines: BvK

calculation
[ ]

20

0 10 20 30 40 50



PHONON DISPERSION IN IRON UNDER HIGH PRESSURE

with

T

Elastic line

o o e (o4 (=] -2
=} o o o o o
T T T T T T

Intensity [Counts/180 s]

—
o
T

-50 -30 -10 10 30 50
Energy [meV]

Fig. 3. Example of an inelastic X-ray scattering pattern ob-
tained from a bcc iron foil at ambient conditions using the
(8 8 8) monochromator reflection, providing an energy resolution
of 5.5meV. Scanning time is Sh. Q = 6.16nm™!. The experi-
mental data (open circles) are plotted with their error bars along
with the corresponding fits.

SYNCHROTRON RADIATION (for comparison)

ESRF: G.Fiquet et al., Science 291 (2001) 468

Fig. 3. LA phonon dis-
persion curves of iron
at different pressures.
Lines represent the re-
sults of the fit of Eq. 1.
Solid symbols and
dashed lines stand for
measurements carried
out on the bce phase at
0.2 and 7 GPa. Open
symbols and solid lines
correspond to the pat-
tern recorded on the
hcp structure of iron at
19, 28, 45, 55, 64, and
110 GPa from bottom
to top, respectively.
The energy position of
the phonons could be
determined within 3%
(error bars).

Y
50} :
40
of

Energy [meV]
N W

0 12 14

ESRF, ID28
Inelastic Beamline

Monochromator: Si (n,n,n)

Bragg angle 89.98°,
T control in the mK range,

E~ 1371 25keV
source CFE/E ~ 10717 10°%¢,
N— Photon flux after Mone1

10°7 101 /s

Detectors
Monochromatic Multilayer
it Mirror . .
Backscattering beam ; Spherical
Monochromator Be lens Analyzers
Collim,
i Be lens
o \\ oo
Mirror post-Monoch. _ \\  oooom
2 nie
Premonochromatic High Heat Load Undulator
pre-Monoch.
beam
75m 70m 65Sm 60m 55m 50m 45m 3 5m 30m 0m



INTRAMOLECULAR MODES

174 intramolecular modes, icosahedral
symmetry

10 Raman active r
4 Infrared active

solid state: weak van der Waals interaction
Y internal modes only weakly influenced

oA

2 3 4 5 <] F)

B 4 : . i : ¥ i i ; "

Astudy of frequencies and ok [ n

eigenvectors (displacement i _;‘.\
patterns) 21

Acomparison with 10
different models (ab initio,
phenomenological)

Asingle crystal + powder

LLB: R.Heid, L.Pintschovius, - |
PRB 56 (1997) 5925 single crystal data

E=33meV, H,(1)mode

ansity (a

It




Anharmonicity: mode Grlneisen parameters
Anomalous thermal expansion in RbBr

Interest: explain macroscopic
behaviour in terms of
microscopic properties

3

w (10Brags™
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Dominating excitations at low T

(a)
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e phonon dispersion curves
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branches with negative mode-2

=

A

L

A Thermal expansion is due to the anharmonicity of the
interatomic potential. At low temperatures only low-
energy phonons are excited.

A Therefore the anharmonic potential contributes to
thermal expansion only along those directions which
correspond to displacements induced by low-

frequency modes ! .
q y usual behaviour at low T:

Thermal expanslion U~T3

determine frequency
changes under
hydrostatic pressure

mode Grineisen parameters

4|  |dno(q,))
L dinV |,

(dimensionless guantities)

Risg: G.Ernstet al., Anomaly: negative thermal e&®ansion

PRB 29 (1984) 5805



Hydrogen in metals

(a) V(x)=a,x?
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Three types of hydrogen potential
(a) Harmonic potential

(b) Trumpet-like potential

(c) Well-like potential

[S.Ikeda, J.Phys.Soc.Japan 65 (1987) 565]

Local Modes

Hydrogen atoms (protons)
occupy interstitial sites
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Energy spectrum of local
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sample, Time of Flight

measurement !) >4



Rattler Modes in Thermoelectric Materials

Interest: combination of high electrical and low thermal conductivity

Concepts: apbberponhrghassystal o , rattl.i
Potential applications: use of waste-heat, novel refrigerators
o , b o
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Avoided crossing of acoustic mode of cage structure
and flat rattling mode of guest atom in BagGa,;Ge,, 25

[PSI: M.Christensen, Nature Materials 7 (2008) 811]



Spin Dynamics in BaFe; ¢cCo, ;:AS,

Interest: understanding of pairing mechanism in unconventional (high T.)
superconductors. Existence of magnetically mediated Cooper pairing ?

Resonance peak

N

Wavevector dependence of 5{Q, @) measured at the resonance energy

a 2,500 :
Q= Qe = N2 O/ 1) i
It~
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500 e 0 Coounts, 10 mind

2 500 \
] Awm=95 rr'i-_"-.-"\\ 4K
2000 - _F 60 K
7
500 [od

1500

Bk
1,000 k

i |
1y T
0 -{=F i3 ¥ E'q-:._ﬁL
| I I
0.4 05 06
Hin (HH1)

Spin excitations in the vicinity of the AFM wavevector Qarm, in the superconducting (T =4 K) and the normal state (T =60 K).

Important step towards theoretical understanding of superconductivity in
iron arsenides [FRM2, LLB: D.S.Inosov, Nature Physics 2010]

56



Asymmetric spin-excitation spectra in Fe-pnictides
J.T.Park et al., Phys. Rev. B 82 (2010) 134503

Experimental INS intensity
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Resonance energy region: Experiment
vs. results from DFT calculations

The magnetic resonant mode is the most
prominent signature of superconductivity
in the spin excitation spectrum of several
unconventional superconductors

() {O BaFe, CoAs, Cuprates
75 BaFe, Nips, KT o 4
S 12- /N Ba, KFeAs, [85]
£ 0] > FeTe, Se =43 kT
> .
@ ) -
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& 6- 88] .Y L
g 0 (88l 1 187] N
@ . 1 . [85] Chnsh_anson ef al.
Mook et al.,
2 Wen et al.,
0 | Argyriou et al.
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Resonance energy vs T, for different
o7
Fe-based superconductors.



normalized intensity
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9x10%
8x10%
7x10°
6x10°

5x10°

Distortion scattering in Li,O

[ G.Krexner et al., PRL 91 (2003) 135502 (LLB) ]

Formation of metallic Li colloids in irradiated samples
(size < 10 nm) gives rise to distortion scattering

Requires excellent

Q resolution
and very

low background
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Triple axis spectrometers (in particular cold TAS) are not
only used for the investigation of inelastic scattering !

Elastic scattering is studied as well if

A the discrimination of inelastic scattering is important

A good resolution and low background is required

Examples are

A diffuse scattering (e.g. due to defects)

A distortion scattering around Bragg peaks
A short i range order

A neutron holography (needs thermal or hot TAS)
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OVERVIEW

A Introduction to Inelastic Neutron Scattering (INS)
A Relation to other methods

A Three Axes (Triple Axis) Spectrometer

A Examples (taken from experiments)

A Formal and technical aspects
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FORMAL and TECHNICAL ASPECTS

The scattering geometry
Resolution function

Correlation functions (van Hove)
Phonon density of states

KBr : a detailed example
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" SCATTERING GEOMETRY (1)

REPRESENTATION OF
INELASTIC SCATTERING
PROCESSES IN THE
\————Bwald spher RECIPROCAL LATTICE

k<kq

Reciprocal lattice diagrams representing (a) zero-order (Bragg)
scattering of neutrons, (b) first~order scattenng of neutrons with loss of energy
(phonon emission), (c) first-order scattering of neutrons with gain of energy

(phonon absorption) (after Willis 1969).

Scattering surface

k> ke

Scattering
surface

62
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SCATTERING GEOMETRY (2)

SCATTERING GEOMETRY

FOR THE
MEASUREMENT OF
/rk — TRANSVERSE AND
T ene ) | woom—3X LONGITUDINAL
F \\L.
& NP A PHONONS
(Il . (5[

Fig. 8. Reciprocal lattice of a fcc
structure with the [011] direction per-
pendicular to the experimental plane.
Some conventional symbols for symmetry
noints are given in the upper right.
Scattering diagrams for transverse pho-
nons (top) and for longitudinal phonons
(bottom) in [100] direction are in-
serted. k, and kg are the incoming and

scattered wavevectors of the neutron,
¢ the scattering angle, Q the momentum
transfer of the neutron, and q the pho-
non wavevector -

63



EFFECTS due to
FINITE RESOLUTION (1)

b)

COLLIMATION AND
——— MONOCHROMATOR

TTINCIDENT BEAM
““““ SAMPLE
—— SCATTERED BEAM

~_COLLIMATION AND
ANALYSER

—COUNTER

| |o|o|0
I

(no) 1(010) | | (310)

Fig. la-c. Inelastic neutron scattering: (a) path of neutrons in real space with
"black boxes" for the determination of neutron energy before and after scattering;
(b) corresponding distribution of neutrons Vi and Vg in reciprocal space around the
mean wave vectors ky and kg; (c) momentum transfer Q of the neutron in relation to

the reciprocal lattice of the sample (vectors 1) and the phonon wave vector g.
(DORNER and COMES, 1977)
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EFFECTS due to
FINITE RESOLUTION (2)

| ’ ﬂ

Fig. 4. Q-constant scan with k; fixed. ¢ and y are scattering angle and sample orien-
tation. The hetched areas give the distributions of k; around kj and of k¢ around

kF. g is the phonon wavevector.In g-w space a constan% Q scan 1s drawn W1§h vawsing
resolution. (DORNER, 1976)



EFFECTS due to
FINITE RESOLUTION (3)

g

DISPERSION EXPTL
/ CURVE RESOLUTION

DEFOCUSED %
RESULT

FREQUENCY

C"'_"'—'-)w
FOCUSED
/ / RESULT
—» -
INTENSITY Y T INTENSITY

INFLUENCE OF INSTRUMENTAL RESOLUTION
ON THE MEASUREMENT OF

PHONON DISPERSION CURVES 66



EFFECTS due to
FINITE RESOLUTION (4)

Fig. 6. (a) Resolution or transmission volume of a TAS: (1) path of the neutron
beam; (R) reactor, (M) monochromator, (S) sample, (A) analyser, (D) detector;

(2) reflection from a single crystal monochromator with mosaic width n and Bragg
angle 8y. The hatched area gives the distribution of Ei around gI; (3) scattering

diagram for (1) in reciprocal space; (4) projections of the resolution. (DORNER, 67
1976). (b-d) Resolution or transmission volumes of a TAS in different geometries.
Diagrams (1,3,4) are as defined in (a)



CORRELATION FUNCTIONS

The differential scattering cross section can be
Interpreted as the Fourier transformation of a correlation
function in both space and time (van Hove 1954)

Coherent case: Pair correlation function

Incoherent case: Auto (Self-) correlation function

d’ ) Bk ixr—iof
(dQ.a’e 5 mﬁkoffd'dfem s %)

d’% ) inc inr—iot
(m = bt f / rie NN

inc
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PHONON DOS (1)

SINGULARITIES IN THE DENSITY OF STATES
(MODEL CALCULATION)

Longitudinal waves in a linear AB-chain

(mass ratio of atoms 3:1) o



