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Inelastic Neutron Scattering
• Interaction between probe and nucleus

• Simultaneous transfer of energy and momentum by 
the same neutron

• Transitions are proportional to the amplitude of 
motion and the cross section of the nuclei.

• No selection rules.

• In this presentation I will be talking about incoherent 
INS and powders

• For incoherent inelastic neutron scattering, the 
spectral intensity is given by:

Mitchell, P. C. H.; Parker, S. F.; Ramirez-Cuesta, A. J.; Tomkinson, J. Vibrational Spectroscopy with 
Neutrons: with applications in Chemistry, Materials Science and Catalysis; World Scientific: London, 
2005
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The S(Q,w) Map
Fundamental

2nd Overtone
n=3

1st Overtone
n=2

Fundamental
n=1

Overtones & combinations 
are very much apparent. 
Particularly if there is 
hydrogen in the system.
This is a kinematic effect. 
The overtones fall within a 
parabola with a curvature 
associated with the mass of 
the scatterer atom. 
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How to measure INS (1)
Direct Geometry Instrumentation

time

D
is

ta
nc

eIncident neutron beam is 
monochromatic 
determining the incident 
energy E1.
That determines T1. We 
measure the ToF and we 
can work out T2.

L1

L2

Direct geometry instruments 
measure Q trajectory is 
determined by the angle 
and energy transfer. 
Examples: ARCS, CNCS, 
HYSPEC, SEQUIOA
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VISION: a high throughput spectrometer for neutron vibrational spectroscopy  
Yongqiang Cheng, Luke Daemen, A.J. (Timmy) Ramirez-Cuesta 

Spallation Neutron Source, Oak Ridge National Laboratory, Oak Ridge, TN 37931 USA 

VISION is best thought of as 
the neutron analogue of a 
Raman spectrometer. It is 
optimized to characterize 
molecular vibrations in a wide 
range of crystalline and 
disordered materials over a 
broad energy range (1 meV 
to >500 meV), while 
simultaneously recording 
structural changes using 
diffraction detectors in the 
backscattering position and 
at 90°.  

NATURE MATERIALS | www.nature.com/naturematerials 23

SUPPLEMENTARY INFORMATIONDOI: 10.1038/ NMAT4088

 

 

Supplementary Figure 9: Nanothread formed by cycloaddition and intramolecular 
reaction. Top: A reaction mechanism that forms a sp3 nanothread from benzene molecules 
arranged in the benzene II crystal. Benzene molecules are oriented in a slipped stack along both 
the a and b axes of the benzene II crystal structure. An a axis stacking extracted from this crystal 
structure is shown in the leftmost column. A series of [4 +2 ] cycloaddition reactions can form a 
benzene polymer (second and third columns). Aligned olefin functions are then well oriented for 
a zipper cascade30 to give a fully sp3 hybridized nanothread (fourth column). The cycloaddition 
and zipper reactions both have negative activation volumes and would thus be promoted under 
high pressure. The zipper reaction is very exothermic; the slow decompression employed in our 
experiments may aid in controlling this reaction. Tight binding relaxation of the [4 +2 ] 
cycloaddition reaction product spontaneously forms the fully sp3 thread in view of its 
considerable thermodynamic stability. This structure can interconvert to the (3,0) and polymer I 
structures discussed in the main text by Stone-Wales transformation: all three structures should 
be considered members of a single structural family, since current scattering data does not 
provide a firm basis to distinguish between them. Although benzene dimers are prone to 
cycloreversion, benzene oligomers several repeat units long can be formed at hundreds of MPa 
pressures in the liquid state31. High pressure solid-state polymerization appears to facilitate 
formation of much longer structures.  Bottom: Structurally relaxed nanothread formed by this 

Polybenzene nanothreads synthesized at high pressure:  
Structural inference through modeling of vibrational spectra 

 

3 mg sample synthesized on SNAP in diamond 
anvil cells and measured on VISION. 
 
Comparison of the experimental data from 
VISION and a series of DFT calculations of  
hypothetical structures that contain sp3 carbon 
and the correct stoichiometry (C:H ratio 1:1) 
allows us to determine which structure 
corresponds to the measured spectra. 
 
Figures on the far left show the superposition of 
the measured spectrum of polybenzene with 
calculated INS spectra of the structures 
(containing sp3 carbon) shown in the right column: 
top =graphane, middle = tubular structure (highly 
symmetric) and bottom =  zipper structure. The 
zipper structure provides the better agreement 
between calculation and experiment. 

✔ 

✗ 

✗ 

Proposed mechanism of polymerization 
(zipper structure) 
 
Computer modeling is vital to understand 
the spectra. The calculations shown here 
took up to 36 hours using 1024 cores with  
CASTEP/Materials Studio  

VISION is an inverted geometry instrument that offers enhanced 
performance by coupling a white beam of incident neutrons with two banks 
of seven analyzer modules (double-focusing crystal arrays). This 
arrangement leads to improved signal-to-background ratio, and the overall 
count rate in the inelastic signal is more than two orders of magnitude 
greater than that of similar spectrometers currently available.  

VISION offers users a variety of sample environments 
and experimental/computational capabilities:  

The VISION team is always interested in developing and 
adding new sample environment capabilities in collaboration 
with users.  

Benzene samples were compressed to 20 GPa at room temperature, 
maintained at this pressure for one hour, and slowly released to ambient  
pressure at an average rate of 2 GPa /hr to recover a solid white product. 

Collaboration with Malcolm Guthrie, 
John Badding, Vin Crespi 
Original publication on carbon 
nanothreads: Nature Materials, 14, 43 
(2014) 

single nanothreads 

JANIS closed-cycle 
refrigerator (5-600K) 

Gas handling panel for gas  
dosing, mixing, flow, adsorption  
(vacuum to 200 bar) 

Pressure cells (piston, gas, DAC) 

ortho/para H2  
converter 

in situ electrochemical impedance  
spectroscopy (EIS) 

supercomputers and  
computer clusters with  
DFT and past-DFT codes 

Nitrogen adsorption in ZIF-8 metal-organic framework   

ZIF-8 = Zn(mIM)2 = zinc  (methyl imidazole)2 
 
N2 adsorbed in the ZIF-8 framework breaks the synchronicity 
of the methyl  torsions in the lattice. This effects translates  
into a change  in local structure ("gate opening" effect) 

Collaboration with Joaquin Silvestre-Albero, Univeristy of Alicante, Spain 

Order-disorder transition in methylammonium lead iodide 

• Neutron vibrational spectrum 
– Similar to IR and Raman, but no selection rules 
– MA vibrations dominate due to large incoherent neutron 

scattering cross-section for H 
• Density functional theory 

– Use structural data as input to calculate phonons/vibrations 
• Vibrational eigenvectors 
• Use as input to calculate neutron spectrum 
• Provides vibrational mode assignments 
• I. Milas and Y.Q. Cheng (ORNL) 

• Measurements of vibrations and phonons are important for 
understanding 
– Electron-phonon coupling (charge transport) 
– Thermal conductivity (heat capacity) Comparison of neutron and DFT 

spectra provides a demanding test 
of accuracy of DFT calculation 
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MAPbI3
DFT

 Fundamentals
 1st overtones

• Well defined vibrational 
modes at T = 5 K 

• Modes broaden significantly 
with temperature 
– Increasing Debye-Waller 

factor 
• Above the MA order-disorder 

transition at T = 160 K the 
modes are replaced by 
quasielastic scattering 

MAPbI3: Two Structural Phase Transitions 

327 K 

Orthorhombic (a z b z c) 
�2ac x �2ac x 2cc  

Tetragonal (a = b z c) 
�2ac x �2ac x 2cc  

Cubic (a = b = c) 

• Structures determined by 
neutron powder 
diffraction at Spallation 
Neutron Source (ORNL) 

Collaboration with M. Crawford, DuPont 

photovoltaic applications 

Crystallization of amorphous calcium carbonate 

H2O LIBRATIONS 

NOMAD data 

• Amorphous Calcium Carbonate 
(ACC) plays an important role 
in biomineralization 
 
• ACC is also of great interest 
for CO2 sequestration 
 
• Different types/structures of ACC 
with varying amounts of water and  
local order 
 
• What is the nature of the  
crystallization phase transition,  
which is accompanied by the  
expulsion of water? 
 

• Simultaneous inelastic and  
diffraction measurements on  
VISION at increasing temperatures  
show progressive water loss  
without crystallization 
 
• Onset of crystallization  
around 530 K is accompanied by  
water expulsion, but takes 40 mins  
to complete.  
 

Collaboration with K.Page, H-W Wang, A. Stack, ORNL 

Endothermic dehydration of hydrous 
ACC starts at ~100°C, and is 
followed by a sharp exothermic 
crystallization (at ~530K) of the  
anhydrous ACC to calcite.  
 
According to the corresponding 
temperature powder diffraction  
measurements on VISION/NOMAD, 
anhydrous ACC persists up  
to 530K before crystallization to calcite.  
 
 

Schematic representation of  
the free energy profile for the  
nonclassical formation of CaCO3  
from ion pairs in solution. Here  
the two lines for ACC represent  
the bounds of a distribution of  
possible curves depending on  
the bound H2O content (Raiteri P.  
and Gale J.D. J. Am. Chem. Soc.  
2010, 132, 17623.  

How to measure INS (2)
Indirect Geometry Instrumentation

time

D
is

ta
nc

e

Incident neutron beam is white. We 
fix the energy of the scattered 
neutrons using a analyzer and filter 
device.
That fixes T2. We measure the ToF
and we can work out T1.
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VISION @ SNS

This instrument is up 
to 4000x its 
predecessor
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The S(Q,w) Map
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INS and other vibrational tools

Zeise's salt. The anion features a platinum atom with a square planar 
geometry. The salt is of historical importance in the area of 
organometallic chemistry as one of the first examples of an transition 
metal alkene complex.
INS gives quantitative information, IR and Raman, not necessarily so
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Playing the game

2 August 2016

Experiment

Theory Modelling
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Powder Average

(3,0)

(3,1)

(3,2)(2,2)

(2,3)(1,3)(0,3)

(0,0)

2 August 2016

w ~ 50 cm-1

Uniform sampling of the Brillouin zone
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Water in VISION 
(as function of temperature)
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Calculation of INS spectra

a-CLIMAX

• It uses the isolated molecule approximation for 
the study of molecular solids. 

• For extended solid calculations, with a fine 
sampling of the Brillouin zone, it is rigorous; i.e. 
the isolated molecule approximation is not longer 
necessary since there is no distinction between 
external and internal modes. The only 
assumption is the harmonic approximation.

Computer Physics Communications 2004, 157, 226-238
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DFT calculations

1. For the calculations shown in this talk I have used 
CASTEP from Accelrys

2. The convergence criteria used is “Fine”
3. Interpolation algorithms of the dynamical matrix 

allow the sampling of the Brillouin zone with 
different grid sizes

Vibrational Spectroscopy with Neutrons, World Scientific: London, 2005
Chemical Physics 2005, 317, 119–129.
Macromolecules 2006, 2683–2690.



17 NXS2015 

Example MgH2

2 August 2016
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Integrated modeling for data interpretation
Today this is what we do at 
VISION using VirtuES
(Virtual Experiments in 
Spectroscopy) 
High throughout

CASTEP
VASP
Quantum 
Espresso
Gaussian

Vibrational modes 
and frequencies

INS simulation 
(aClimax)

Simulated INS 
spectra

Sample VISION
Data reduction and 
analysis (Mantid)

Measured INS 
spectra

Peak assignment (An)harmonicity
Mapping out the local potential energy profile using finite 
displacement, frozen phonon, molecular dynamics

Phase transition

Measured diffraction

Revealing the kinetics and the transition pathway

Structure-
dynamics 
correlation

Understanding mechanisms and properties at atomic level
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VirtuES helped users to make decisions on-the-fly

[yyc@or-condo-login02 CF3SO2OH]$ ls -lhtr
-rw-r--r-- 1 yyc users 3.6K Nov  4 15:50 F3CSO2OH.cell
-rw-r--r-- 1 yyc users 1.1K Nov  4 15:50 F3CSO2OH.param
-rw-r--r-- 1 yyc users 3.9K Nov  4 15:51 F3CSO2OH_PhonDOS.cell
-rw-r--r-- 1 yyc users  735 Nov  4 15:52 F3CSO2OH_PhonDOS.param
-rw-r----- 1 yyc users 1.1M Nov  4 16:46 F3CSO2OH.castep
-rw-r----- 1 yyc users 7.3M Nov  5 06:15 F3CSO2OH_PhonDOS.phonon
-rw-r----- 1 yyc users 232K Nov  5 06:15 F3CSO2OH_PhonDOS.castep
-rw-r--r-- 1 yyc users 3.3M Nov  5 08:56 CF3SO2OH.aclimax

[yyc@analysis-node02 manualreduce]$ ls -lhtr
-rw-rwx---+ 1 yyc users 2.2M Nov  5 12:34 VIS_20557_5K_for_0.9hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  5 13:28 VIS_20559_50K_for_0.9hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  5 14:23 VIS_20561_75K_for_0.9hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  5 15:56 VIS_20563_100K_for_0.9hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  5 17:21 VIS_20565_125K_for_0.9hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  5 18:44 VIS_20567_150K_for_0.9hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  5 20:23 VIS_20570_175K_for_1.2hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  5 21:58 VIS_20572_200K_for_1.2hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  5 23:29 VIS_20574_225K_for_1.2hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  6 01:00 VIS_20576_250K_for_1.2hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  6 02:28 VIS_20578_275K_for_1.2hr.nxs
-rw-rwx---+ 1 yyc users 2.2M Nov  6 03:57 VIS_20580_300K_for_1.2hr.nxs

Simulation was started at the beginning of the experiment. By the time when experimental data were 
collected, the calculation was already finished with theoretical predication available to be compared 
with experiment. This eventually led to a critical decision made by the user (see next slide). 
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VirtuES helped users to make decisions on-the-fly

Sample
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0 50 100

NH3 solid

Energy transfer (meV)

Hydrogen in a “simple” molecular solid: Beyond 
DFT and harmonic approximation

A 2x2x2 supercell of 
the ammonia (NH3)

Libration/rotation of NH3 group

• DFT calculated energy barrier for 
rigid rotation of NH3: 180 meV

• Energy barrier solved from the rotor 
model : 170 meV

Calculated INS using 
larger amplitude 
displacements
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Solid NH3 vs NH3 in MOF

Libration in solid NH3

Libration in 
adsorbed NH3

From anharmonic to harmonic
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CO2
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CO2 in the solid phase

1200 1300 1400 1500 1600
Energy Transfer (1/cm)

600 650 700 750 800 850
Energy Transfer (1/cm)

0 100 200 300 400
Energy Transfer (1/cm)
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Examples from VISION

0 1000 2000 3000

IN
S

 S
pe

ct
ra

Energy Transfer (1/cm)

Fundamental 
(0-1)
Overtone (0-
2)

1200 1300 1400 1500 1600
Energy Transfer (1/cm)

• Overlap of the an overtone (of 
the translational modes) with a 
fundamental (the C-O 
symmetric stretching): the Fermi 
resonance 

• First observation of CO2 Fermi 
resonance using INS
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Small amount of non-hydrogenous samples

T. J. Bandosz, M. Seredych, E. Rodríguez-Castellón, Y. Q. Cheng, L. L. Daemen, and A. J.
Ramírez-Cuesta. Carbon. 96 (2016): 856–863.

Very small amount of non-hydrogenous gas. In situ observation of surface reactions. Surface 
science,  catalysis, gas capture and storage.

The difference INS spectra before and after CO2 dosing in C-AO (a nanoporous
carbon sample), in comparison with the reference spectra for bulk solid CO2 and H2O. 
Signal from the background and the blank C-AO has been subtracted. 
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High temperature measurement up to 700K
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In situ observation of metal hydride formation

Temperature up to 575K
Hydrogen pressure up to 20 bar

Collaboration with Jacques Huot at UQTR Canada. 



30 NXS2015 

Hydrogen in catalysts

• In situ observation of physical adsorption 
and chemical reaction of para-H2 on Pd
catalysts

• Formation of surface and bulk Pd hydrideAdsorbed 
hydrogen

Surface Pd
hydride

Solid Pd
hydride

Collaboration with Dario Stacchiola, Brookhaven National Laboratory
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Studying H2 adsorption 
in Porous Materials & 

Surfaces with INS
Probing the interactions of molecules 

with the host material
Characterization of the interaction 

strength
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The Theory

2 August 2016

In solid dihydrogen, H2 molecules rotate equally freely about all three axes 
and have the rotational constant B with the same value that in gas phase 
(B=59.6 cm-1). Its energy levels are:

( ) BJJEJ += 1

•H2 ground state (J=0) parahydrogen (p-H2) antisymmetric nuclear spin 
wavefunction (¯) and symmetric rotational wavefunction. 

•The first rotational state, (J=1) orthohydrogen (o-H2) symmetric nuclear 
spin wavefunction () and antisymmetric rotational wavefunction.

• Transitions p-H2 « o-H2 are detected with neutrons because neutrons 
exchange spin states with the H2 molecule.

The minimum separation between energy levels is

BE 2=
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The Interactions

2 August 2016

•A hydrogen compound that has a value of B=29.3 cm-1, H3
would do the trick, D2 also works.

•A hindered H2 rotor constrained to move in two dimensions.

z0

The potential that governs the motion of a H2
molecule on a surface may be expressed as 

BJE D
2

2 =

( ) ( ) ( )cossin,, 22
0 ++= bazzKzV

• a>0 the molecule is aligned to an axis (1D case).
• a<0 the molecule is constrained in a plane (2D 

case) 
• The splitting between levels is 1B if a is large 

and negative, because the energy levels are:
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What are we expecting?
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Interaction of graphite with Hydrogen

2 August 2016



37 NXS2015 

Interaction of graphite with Hydrogen

2 August 2016
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Interaction of SWNT with Hydrogen
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Interaction of SWNT with Hydrogen

2 August 2016
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Interaction of SWNT with Hydrogen
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Interaction of SWNT with Hydrogen

Rotational line splits
Molecule aligns in one direction
Probably along the grooves 
between the SWNT
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Example #1 H2 in Cu-MOF

Franck Millange, Sam Callear, Richard Walton, Timmy Ramirez-Cuesta
Chemical Physics 427 (2013) 9 
doi:http://dx.doi.org/10.1016/j.chemphys.2013.07.020.
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H2 in Cu-MOF #1
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Collaboration with Ingrid Weinrauch and Michael Hirscher, Max Planck Institute for Intelligent Systems, Germany

Quantum sieving is a technique for isotope 
separations; heavier isotopes induce favorable 
adsorption in nanoscale pores due to the difference 
in zero point energy of isotopes.

Site #2

Site #1

Hydrogen is dosed first, so it mostly takes the
lower energy site (Site #1), afterwards deuterium
gas is added and has to go to the available site
(Site #2)

Black trace is hydrogen dosed at 77K and cooled down, further deuterium is added at
77K. Red trace is spectrum after warming sample to 220K and cool down. The
hydrogen in site #1 has been displaced to site #2
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Quantum Sieving Hydrogen in a MOF
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Molecular hydrogen solid
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Molecular hydrogen in porous carbon
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Molecular hydrogen in porous carbon

Presence of elastic line at 77K is 
indication of highly dense molecular 
hydrogen in the pores.
The broadening of the elastic line is 
a consequence of the enhanced 
mobility of the molecules as the 
amount of hydrogen increases in 
the system. Larger pores, where 
hydrogen is less constrained have 
more mobility. In the gas the signal 
is extremely broad.  

Presence of the rotor line at 77K is indication 
of completely immobile molecular hydrogen in 
the pores. In the case of pure para-hydrogen 
(previous figure) the line disappears  when the 
hydrogen melts.
There is very little broadening of the rotor line, 
since the momentum transfer is larger that the 
corresponding one at the elastic line 
(dynamical trajectory of indirect geometry). 
The load keeps increasing even at 40 bar.
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1. The total integral of the spectral intensity is proportional to the amount of hydrogen in the system (left plot)

2. The integrated area under the elastic peak is proportional to the amount of hydrogen that is in a liquid like and solid like 
phase (right panel)

3. The integrated area under the rotor line is proportional to the amount of hydrogen in solid like phase (right panel)

Molecular hydrogen in porous carbon
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Nitrogen in a MOF



51 NXS2015 

Nitrogen in a MOF
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NOTT-V MOF and CO2 adsorption

Collaboration with Sihai Yang and Martin Schroder at University of Manchester. 
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The ultra-high sensitivity of VISION: 
INS measured on milligrams of samples
q 1.25 mg of sucrose (table sugar)

Sugar grains on Al foil 
(magnified, the total 
volume of the grains is 
about 0.8 mm3)

3.8 g

1.25 mg

q 2.5 mmol of CO2

q 3 mg of polybenzene nanothreads

CO2
bending 
mode
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A successful proof-of-principle test at VISION: 
using diamond anvil cell (DAC) for high pressure 
INS experiments

• INS spectrum from 1.6mm3 (1.5mg, 9μmol) sample loaded in the DAC was successfully 
extracted, with significant details retained.

• Approx. 4GPa pressure was applied, leading to major changes in the spectrum.
• The unprecedented capability will open the door to many new areas using INS to study 

materials dynamical behavior under high pressure.

• Largest single crystal diamond for DAC
• One of the smallest samples for INS
• Challenges in sample/beam alignment and 

background subtraction
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VirtuES for high pressure experiments
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VISION Sample changer and 3D printed 
collimator

3D printed collimators have 
been tested for VISION to be 
used in the backscattering 
diffraction bank.
The reduction of the spurious 
peaks from the sample is very 
much noticeable. 

The high throughput rate of VISION 
requires very rapid sample changes 
to make the best use of neutron 
beamtime and run mail-in program.
A sample changer design is being 
finalized and will be tested 
December 2015
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Conclusions

• INS is a very powerful technique to study the dynamics of materials
• Hydrogen scatters very well
• No selection rules
• Provides the phonon density of states averaged over the first Brilloiun

zone weighted by the cross sections
• Neutrons slice through most metals, so sample environment is 

relatively easy
• Hydrogen in a molecular form behaves very differently from atomic 

hydrogen
• Rotational INS of hydrogen is an indication of the state of hydrogen in 

the system 
• INS can be used on hydrogen bonded systems
• Direct and indirect geometry spectrometers complement each other 

when looking at vibrations at different energy ranges
• In general Direct geometry is better at looking higher frequencies 

at low Q
• Indirect has better resolution and fluxes at low frequencies



59 NXS2015 

Questions?


