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Outline
I. Quick Introduction to Neutron Scattering (reminder)

II. Neutron Diffraction - examples
• Hydrogen, ice and related materials

• Magnetic structures

• In-situ processing

III. An Advanced example: New Fe based superconductors
• Magnetic structure

• phonons

• A clue?  The “resonance”
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Neutrons as a probe of condensed Matter

Compared to x-rays:
•similar wavelength:   structure of materials
•weaker interactions:  bulk probe
•nuclear scattering:     sensitive to both light and heavy elements
•magnetic moment:     sensitive to magnetic structure
•low (meV) energy:    collective excitations - phonons, magnons
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Development of Neutron Diffraction

Neutron diffraction was pioneered at ORNL by 
Clifford Shull and Ernest Wollan, pictured above.  
An early version of the apparatus is shown at 
right.  This work resulted in the award of the 

Nobel prize to Shull in 1994.
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hydrogen and neutron scattering

Shull and Wollan established the rules for 
scattering lengths of H and D (below left), and 
used this to prove that Pauling’s model was 
the correct description for the structure of 
water (right).

• C. G. Shull, E. O. Wollan, G. A. Morton, and W. L. Davidson, Neutron 
diffraction studies of NaH and NaD, Phys. Rev. 73, 842-847 (1948).

• E. O. Wollan, W. L. Davidson, and C. G. Shull, Neutron diffraction study of the 
structure of ice, Phys. Rev. 75, 1348-1352 (1949).
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H-Bonding in Crystals & Structure of Ice

• Henri Levy, Selmer Peterson & colleagues in Chemistry Division

• Wollan & Shull
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Overview of CNS May 23, 2006

Growth of  Ferroelectric Ice Observed by Time-Resolved Neutron Diffraction

A full understanding of the properties of ice is of 
great interest for many branches of research, 
notably including earth and planetary sciences.  
Recent work using the WAND instrument at HFIR 
has shown that the stable phase of ice at low T and 
ambient pressure may be  a ferroelectric structure 
known as ice XI (see figure 1, below).

If true, this may mean that ice particles in 
interstellar space or on remote planets might 
generate a spontaneous electric field.  This could 
explain some anomalous spectra observed in 
interstellar space, and may also play a role in 
phenomena like the formation of planetary rings.

H. Fukazawa, A. Hoshikawa, Y. Ishii, B.C. 
Chakoumakos, and J.A. Fernandez-Baca, 
“Existence of Ferroelectric Ice in the 
Universe.” The Astrophysical Journal, Vol. 
652, L57-L60 (2006)

Fig. 3 Mass fraction of ice 
XI vs. time for deuterated 
ice doped with an 
impurity.  The fraction 
reaches unity after 
approximately 28 days for 
temperatures around 
65K.

Fig. 2 Time-resolved diffraction pattern of ice measured at HFIR using the WAND 

Fig. 1 Atomic structure of (top) 
ordinary ice and (bottom) ice XI.
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Example:  Clathrates
The word clathrate is derived from the Latin Clatratus meaning with bars or a lattice; Made up of bars 
or railings 

Gas hydrates are formed by a lattice of water molecules that encloses 
molecules of a trapped gas.  A large amount of methane is naturally 
‘frozen’ in this form, it has been discovered both in permafrost formations 
and on the ocean floor. 

In-situ neutron studies of clathrate 
structures at high pressure are planned 
by C. Tulk and colleagues.
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C.G. Shull, W.A. Strauser and E.O. Wollan, Phys. Rev. 83, 333 (1951).

Neutrons and Antiferromagnetic Structure
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Interfacial magnetism in LaMnO3 / SrTiO3 superlattices

Two dissimilar interfaces: 
SrO/MnO2 and LaO/TiO2
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Hans Christen, V. Lauter & colleagues
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Interfacial magnetism in LaMnO3 / SrTiO3 superlattices

• LaMnO3/SrTiO3 superlattices have a higher 
magnetization (per Mn) than LaMnO3 films.

• Macroscopic magnetometry measurements 
cannot distinguish between the two types of 
interfaces.

• Polarized neutron reflectometry is used to 
determine the magnetization depth profile.
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Neutron reflectivity 
profiles R+ (red) and 
R- (blue) at H = 1 T in 
the plane of the film. 
Solid lines correspond 
to a model fit to the 
data with a depth-
dependent scattering 
length density. 

T = 300K T = 5K
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Magnetic Field Processing of Steel

Magnetic Field Processing (red 
term) Alters the Free Energy and 
Allows a 3-D Continuum of 
Diagrams!!!

Magnetic fields shift 
phase transformation 
temperatures upward 
and increase solubility 
limits (ThermoCalc 
simulation) for a 1045 
steel exposed to 5T 
(red) and 7T (blue) 
magnetic fields.

G. M. Ludtka, G. Mackiewicz-Ludtka, C. R. Hubbard
Materials Science & Technology Division
J. B. Wilgen, R. A. Kisner 
Engineering Science & Technology Division
J. A. Fernandez-Baca
Neutron Scattering Science Division
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Thermal magnetic system at the WAND

Presentation_name

•Built induction heater insert for a 5T magnet
•T up to 1200 deg C  and H-5T !!
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Demonstration of In-situ WAND Neutron Diffraction 
Measurements on a Ultra-High Purity Fe-0.75wt.%C 
Binary Alloy Using the Thermal Magnetic Insert 

Presentation_name
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Neutron Scattering Investigations of New 
Fe Based Superconductors

Collaborators
• A.  Christianson, M. Lumsden,  G. MacDougall, H. Mook

• D. Abernathy, M. Stone

• T. Egami, K. Lokshin, D. Parshall

• E. Goremychkin, R. Osborn

• M. McGuire, A. Sefat, R. Jin, B. Sales, D. Mandrus

Acknowledgements 
• A.  Christianson, D. Mandrus, B. Sales

• P. Dai, C. dela Cruz et al.

• D. Singh
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Square planar nets of Fe atoms in a tetrahedral environment is the
common feature of all four superconducting structure types

[1111] [122] [111] [11]

“Parent” structures

Single crystals of [11] type 
grown by Brian Sales, ORNL
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Neutron Scattering Instruments

• The combination of 
reactor and spallation 
source instruments is 
very powerful

HB1A

HB3

HFIR

SNS
ARCS

http://neutrons.ornl.gov/hfir_instrument_systems/images/HB-1A_photo_med.jpg�
http://neutrons.ornl.gov/hfir_instrument_systems/images/HB-3photo_med.jpg�
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Neutron Scattering – Magnetism & Structure
LaFeAsO:
Ordered m(Fe) = 0.36 µB 
(other compounds so far are between 0.3 and 1 µB) 

C. de la Cruz et al., Nature 453, 
899 (2008) , M. A. McGuire et al., 
PRB 78, 094517 (2008).
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Phonon Density of States in [1111]  

UBC January 2009

A.D. Christianson et al., Phonon Density of States of LaFeAsO1-xFx, Phys. Rev. Lett. 101, 157004 , (2008).

• Samples were 
synthesized 
independently by Oak 
Ridge and Ames 
Laboratory

• Samples were checked 
by neutron powder 
diffraction

• Tc = 27 (S2) and 23 K 
(S3)
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Inelastic Scattering (ARCS)

• Only empty holder 
subtracted

• Clear Phonon Signal

Inelastic neutron scattering determines the weighted Phonon Density of States 
(PDOS)

Proportional to isotope specific cross 
sectionInversely proportional to mass
Phonon intensity goes as Q2
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Phonon Density of States

• The phonon spectrum agrees with that predicted 
from abinitio calculations.  

• In turn, one can use the PDOS to estimate bounds 
on the superconducting transition temperature TC 
if the electron pairing arises from phonons.

• Superconductivity does not appear to be 
explained by a conventional phonon mechanism  
in the Fe-arsenides.

• This contrasts with other materials including MgB2,
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“Resonant” Magnetic Excitation in 
[122] single crystals

UBC January 2009

Doping Co Into Fe Planes Results in Robust Superconductivity:

LaFe.89Co11AsO, Tc ≈ 15 K    (Sefat et al PRB in press)

BaFe1.84Co0.16As2, Tc= 22 K  (Sefat et al. PRL, in press)
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M. D. Lumsden et al,, Two-dimensional resonant magnetic excitation in BaFe1.84Co0.16As2, To 
be published in Phys. Rev. Lett., arXiv:0811.4755 (2008).

Resonance in Single Crystal BaCo0.16Fe1.84As2
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• “Resonance” found at (½ ½ 0) in optimally 
doped BaCo0.16Fe1.84As2

• This is the square lattice (π 0) point

• Energy scale relative to TC is similar to that 
found in cuprate materials and other [122] Fe-As 
compounds.

• Strong 2-dimensional character

• Suggestive of so-called “S+-” superconductivity

• This could be a clue to the mechanism for the 
superconductivity
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