[ ]

UNIVERSITY OF NEW SOUTH WALES

Never Stand Still

Faculty of Science School of Chemistry

Inelastic (neutron) Scattering:
a brief introduction

John A. Stride
School of Chemistry, UNSW




The Nobel Prize in Physics 1994

"for pioneering contributions to the development of neutron scattering techniques for studies of
condensed matter"

Bertram N.
Brockhouse
(1918-2003)

Clifford G. Shull
(1915-2001)

Massachusetts Institute
of Technology (MIT)
Cambridge, MA, USA

McMaster University
Hamilton, Ontario,
Canada

"for the development of neutron "for the development of the
spectroscopy" neutron diffraction technique”

UNSW

THE UMIVERSITY OF NEW SOUTH WALES




2-axis: diffraction *ﬁfr}}‘_ﬁ
éﬁ i -u'l-'-.l

| hq-;l ﬂ:#r *
5
& i I

\"‘-\._ P
ey
-

Structure

:,g}_.,f,v g

llkestration: Carl Hordling ansd Kjcll |ondin

i

Bagy,
AL

Dynamics
=

3-axis: dynamics

2 2
sinf = % —Q =2k,sin0, but k; = -

i

4
=—nsin6
A

Q? =y +h? =(k, - k,cos(2q))” +(k,sin(2q))’
Q% =k” +k, cos’(2q) - 2k, k,cos(2q) + k,’ sin*(2q)
= k7 +k,*[cos’(2q) +sin’(2q)] - 2k, k,cos(2q)

cos’a +sin*a =1:
Q* =k’ +k} - 2k k,cos(2q)




Consider the properties of a photon

If we take X-rays, then A= 1 A; what is the associated photon energy?

c =AU and E = hv

E he (6.626 x107*)(2.998 x 10°
e T SE- | )(_m ) ~1.986x107°]
A h A 1x10
1.986 x 107"
= 202 . oo eV =12395.5¢V=9.998 x 10" cm™
. X

 If we take a typical vibration of ~1500 cm-L:

_hc _ hc _ 1
E  hc@/ 100" 1500

=6.667 " 10°m

A that diffracts << A associated with atomic motions




Now consider the properties of a neutron
For neutrons of A= 1 A, what is the associated energy?

= N (de Broglie's equation); E :%mnv2

m.y
T 6.626x10°*)’
\v:h%E-lmn(hj: o | 13110073
m | 2 "\m,l ) 2m1* 2(1675x10°7)(1x10")
-20
p=13A0" 51 8mev~ 660cm ™

1.602x10°°

Vibrations and lattice modes lie up to ~3500 cm-?!

A that diffracts = A associated with atomic motions




Neutron spectroscopy - why?....
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Neutron spectroscopy - why?....
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So, how do we do spectroscopy with neutrons..?

« Monochromators can be used to define k; Q= ki — ko

AE =hw=i(k.2_k2)

l o
« However, need to determine k, to obtain AE 2m,

1. use a second monochromator (analyzer) to set k, or use a filter to set k,

l > Sscan k; at the monochromator (and k, at analyzer)

2. time-of-flight (TOF) analysis with fixed k; (direct geometry) time-of-flight with
fixed k, (indirect geometry)

l > need a precise knowledge of the instrument flight paths




Triple axis spectroscopy..... ( 7aipan & Sika)

¥ OPAL REACTOR

-\ Main Shutter
Virtual I I
Source
Saddle
shield
Shielding
wedges
Axis one
Sample
——_ rotation
angle
i 20u g Axis two
Sample table &
goniometers § Sample

Analyser ¢
Axis three S ) Beam stop

Analyser / A Predetector
shielding . » collimator J
wedges ; "

IN20, ILL

20,

205

2= UNSW

THE UNIVERSITY OF NEW SOUTH WALES




Time-of-flight spectroscopy..... (Pelican)

.. for a given packet of neutrons, that start at some moment:




Time-of-flight spectroscopy..... (Pelican)

.. for a given packet of neutrons, that start at some moment:




Time-of-flight spectroscopy..... (Pelican)

... for a given packet of monochromatic neutrons, that start at some moment and then scatter from a sample:

Whilst all neutrons arrive at the sample at the same time
- some will gain energy & others lose energy at the
sample




TOF basics....

De Broglie's equation: / = h _
my m.Ss
ButhEmnvz—M/: 2E
2 m

n

DE=E - E,and t,,, =1, +1,

If L, =clock start- to- sample distance
and L, =sample - to- detector distance:

—i LZ: Ly

(oo o="14
oy, v, 2F, 2E,
mn mn

If distances are known:

either E; can be fixed & t;,- measured
(direct geometry)

OR

E;can be fixed & t;, gives E;
(indirect geometry)

In BOTH cases, we then have AE




TOF instruments
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Correlation functions

Most of the analysis of scattering data is actually in the form of so-called
pair correlation functions

Think of Bragg’'s Law:
What we are measuring is the correlations between regions (planes) of
scattering density

- this may be electron density for X-rays (photons) & electrons

- or nuclei (predominantly) for neutrons

What about inelastic scattering?
We measure the change in some parameter (polarizability, amplitude of
oscillation, etc.)

- if the wave vectors are similar in length to the distance between points
In the reciprocal lattice, then we can have structural and temporal
information!

- alternatively, mis-match gives either structural or temporal information...




Correlation functions

The intensity of elastic, coherent neutron scattering is proportional to the
spatial Fourier Transform of the Pair Correlation Function, G(r); the probability
of finding a particle at position r if there is simultaneously a particle at r = 0.




Correlation functions

The intensity of inelastic coherent neutron scattering is proportional to the
space and time Fourier Transforms of the time-dependent pair correlation
function function, G(r,t) = probability of finding a particle at position r at time t
when there is a particleatr=0and t = 0.




Correlation functions

For inelastic incoherent scattering, the intensity is proportional to the space
and time Fourier Transforms of the self-correlation function, G,(r,t); the
probability of finding a particle at position r at time t when the same patrticle

wasatr=0att=0.




Applications suited to TOF....

A typical TOF experiment gives all correlation functions:
G(r) along the elastic line
G(r,t) + G,(r,t) outside of the elastic region

The given coverage of S(Q,) - kinematic limits - makes TOF ideal for dynamics that
are not restricted to regions or points of reciprocal space

There is no need for single crystal samples - although these can be accommodated
- polycrystalline, powder, amorphous, liquid,......

Molecular spectroscopy & lattice dynamics Guest:host interactions (confinement)
Dynamics of inclusions Magnetism (low dimensional & frustrated)
Single molecule magnets Amorphous materials & liquids (local dynamic/

structure relation)
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Recent (unpublished) data.... PMB
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M. Mudge, B.K. Ng, M. Bhadbhade, K.C. Rule, R.A. Mole & J.A. Stride; unpublished
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comparison of DFT to expt:

neutron energy loss / cm’™*
S 161 242

(]
|

SW) / arbitracy units

)]

IN4, ILL

1 1 1 I 1 1 1 1 1
10.0 20.0 30.0 40.0
neutron energy loss / meV

J.A. Stride, J.M. Adams & M.R. Johnson, Chem. Phys., 317 (2005) 143




d-HMB: isotopic substitution
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neutron energy loss / eV

M.C.C. Ng, D.J. Craig, J.B. Harper, L. van-Eijck & J.A. Stride, Chemistry, Eur. J., 15 (2009) 6569
M.C.C. Ng, J.B. Harper, A.P.J. Stampfl, S. Rols, G.J. Kearley & J.A. Stride, Chem., Eur. J., 18 (2012) 13018
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magnetic sponges: M;(HCO,),
M = Mn?*, Fe?*, Co?*, Ni¢*, Zn?*

bulk ferro-, ferrri- & non-magnetic examples
porous structure

magneto-structural correlations?
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Z. Wang, B. Zang, H. Fujiwara, H. Kobayashi & M. Kurmoo, Chem. Commun., (2004) 416




adsorbed species....
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Currently >40 guests characterised

5, Furan 6. Benzene 7, lodine

Z. Wang, B. Zang, H. Fujiwara, H. Kobayashi & M. Kurmoo, Chem. Commun., (2004) 416

THE UNIVERSITY OF NEW SOUTH WALES




[Mn,(HCO,)J] @ 1,= 3.6 A; E,
T.=8.0K

Energy Transter (meV)
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J.A. Stride, M. Kurmoo and Z. Wang, Physica B, 385-386 (2006) 465
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[Mn;(HCO,)] @ 1,= 4.1 A; E;=4.9 meV
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Energy Transfer (meV)
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framework phonons
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different upon
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Q? phonon-like
behaviour

* no indication of
magnetic
scattering in
difference plot
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phonon density of states of confined
species:

neutron energy loss / cm™
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Conclusions (take home messages)

Inelastic neutron scattering can provide complementary — often unique - information to
other scattering techniques

The whole gamut of condensed matter dynamics is accessible to neutrons:

. from peV through to near eV
. largely motions of atoms & nuclei (coherent, incoherent, diffusive)
. sensitive to fluctuations in magnetic moments (magnons, spin waves)

Isotopic variation can ‘silence’ certain modes

. incoherent scattering of 'H (when present) dominates spectra
. most molecular species have 'H — great sensitivity....
. dynamics on confinement

Absence of selection rules for vibrational modes
. particle-particle interactions — ease of numerical modelling

World class facilities available at ANSTO — complementary techniques in Japan,
Europe & USA.
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