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X-ray 

λ :  0.1 Å - 10 Å  

λ[Å] = 12.398/Eph[keV] 

Source:   

•  Lab diffractometers 

•  Synchrotron Sources 

Neutron 

thermal  λ : 1 - 4 Å 

En[meV] =81.89/ l2[Å]  

Source: 

•  Reactors (fission) 

•  Spallation Source  

We need wavelength (λ) ~ Object size (for condensed matter that is Å)  
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This is amalgam dental filling 
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•  Powder diffraction file, maintained by ICDD 
http://www.icdd.com/products/overview.htm 

* CCDC (Chembridge Crystallographic database): organic 
structures 
* ICSD (Inorganic crystal structure database): FIZ 
* NIST & MPDS 
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      Neutrons “see” NUCLEI   
"   sensitive to light atoms 
"   can exploit isotopic substitution  
"   use contrast variation to differentiate complex structures 
"   Electrically neutral, allows non-destructive analysis and ease of in-
situ experiments, e.g. T, Pr, B, chemical reaction etc. 

 
Neutrons have a  

MAGNETIC moment 
"    determine 
microscopic magnetic 
structure 
"    study magnetic 
fluctuations  

 
 

Neutrons have SPIN   
"   can be formed into 
polarized neutron 
beams 
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Ba2CuWO6: An Ordered Tetragonal Perovskite 

Simple cubic AMX3 
perovskite: a = 3.8045. 

Double Perovskites  A2MM’O6 

Iwanaga et. al. J. Solid State. Chem. 147, 291(1999) 

Out of 3 possible ordering only 2 observed 

Cu2+ is a Jahn Teller active ion è  elongates CuO6 octahedra along c-axis 

Model	
  #1	
  –	
  Layered	
  Ordering:	
   Model	
  #2	
  –	
  Rock	
  Salt	
  Type	
  Ordering:	
  

Layered Ordering Rock Salt Type Ordering 
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Roudebush, J.H., C. de la Cruz, B.C. Chakoumakos, S.M. Kauzlarich, Neutron Diffraction Study of the Type-I 
Clathrate Ba8AlxSi46-x: Site occupancies, cage volumes and the interaction between the guest and host 
framework.  Inorganic Chemistry, 2011 

This clathrate crystal 
structure  consists of a host 

framework 
 (Al and Si polyhedral cages) 
enclose one Guest (Ba) atom 

in each. 

Ba8AlxSi46-x : Tuning thermoelectric materials at the atomic 
level 

new findings emphasize the 
importance of site 
occupancies in the framework 
sites NEAREST to the guest 
atom in the large cage. 



Neutrons have a  
MAGNETIC moment 

"    determine 
microscopic magnetic 
structure 
"    study magnetic 
fluctuations  

 
 

Neutrons have SPIN   
"   can be formed into 
polarized neutron 
beams 
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è originates from orbital and spin motions of unpaired 
electrons and their interactions 

ferromagnetic 

antiferromagnetic 

ferrimagnetic 

triangular canted umbrella 

Sine or Cosine 
Circular helix Elliptical helix 
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Monoclinic: C2/m 

Jahn-Teller distortion of Mn3+O6   
(3d4) 

Ferro-orbital ordering 

Magnetoelastic effect in the Triangular Lattice System 
CuMnO2 F. Damay et al., PRB  80, 094410 (2009) 

V. O. Garlea et al.,  PRB 83, 172407 (2011) 
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Cu(Mn1-xCux)O2 :  Tuning of Magnetism by chemical 
substitution 
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Phase separation in nanocrystalline  La5/8Ca3/8MnO3, C. Dhital et al., Phys. Rev. B 84, 
144401 (2011)  

 

NANOSCALE MATERIALS 
à magnetic proprieties 

influenced by grain 
boundaries, surface  
strain effects, etc. 
 

 LCMO : Additional 
Magnetoresistance (MR)  
feature appears in ball 
milled nanopowder 
 Magnetic phase 
separation in the 
nanoregime? 
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•  Phase separated A-type AF 
order in nanopowder, due to an 
anomalous enhancement of 
strain in the nanopowder 

•  AF order reversibly annealed 
 out of sample 

•  TN coincides with second MR 
feature in nanopowder 

(0
10

) 
(1

01
) 
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• 
• 

• 
• 

Neutrons are NEUTRAL particles 
"   are highly penetrating 
"   nondestructive probes 
"   study samples in extreme environments 
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FERROELASTICITY 

FERROELECTRIC 
ORDER 

MAGNETIC 
ORDER 
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Kimura, T. et al., Nature 426, 55–58 (2003). 

Hur, N. et al., Nature 429, 392–395 (2004). 

TbMn2O5 

TbMnO3 

Kimura, T. et al., Phys. Rev. B 71, 224425 (2005) 



Biennial workshop with NCNR 
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Elements Neutron scattering 
length : b 

Atomic 
Number : Z 

Li 
(natural) 

-1.9 3 

Mn -3.73 25 

Co 2.49 27 

Ni 10.3 28 

Space Group : R -3 m 
a = 2.85, c = 14.28 
Li(Ni0.33Mn0.33Co0.33)O2 

Space Group : C 2/m 
a=4.94,b=8.55, c = 5.04, b =109.3 
Li(Li0.2Ni0.17Mn0.6Co0.03)O2 

Space Group : F d 3 m 
a = 8.17 
Li(Ni0.425Mn1.5Co0.075)O4 

ü  Develop/design materials to increase 
performance of electrodes and 
electrolytes in batteries 

ü  Structural information is crucial to 
understand the electrochemical 
properties and motion of Li in the 
system.  
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ü  No TM ordering in the spinel phase. 

ü  Li and TM ordering converts the nominally layered (R3m) phase to form a monoclinic phase 
(C2/m) where superstructure reflections are observed.  

ü  Impurity cubic phase is identified as Ni6MnO8, instead of the traditional cubic LixNi1-xOy. 

ü  Ex-situ XRD reveals entire layered phase (C2/m) transforms irreversibly into cubic spinel 
(Fd-3m with 3V plateau) in the composite cathodes during extended cycling.   





28  Managed by UT-Battelle 
 for the U.S. Department of Energy 

•  Oxygen from the air is reduced at the 
cathode. 

O2 + 4e- → 2O2- 

 

•   Oxidation of fuel at the anode. 

H2+ O2- → H2O +  2e- 

 

•  Current cells have a reformer to 
generate CO/H2 fuels from 

hydrocarbons.  

CO + O2- à CO2 + 2e- 

 

•  Ideally we can utilize hydrocarbons 
directly: 

CH4+ 4O2- → CO2 + 2H2O +  8e- 
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. 
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An integrated sample environment that includes a 
high temperature furnace, a gas flow insert, a pO2 
sensor and Residual Gas Analyzer (RGA) make 
experiments possible under operational condition. 

A basic understanding of the structure-function 
relationship that describes the influence of 
crystal structure and composition on oxygen ion 
transport is needed to fully optimize the 
performance of these materials.   
 
This valuable structural information must be 
obtained under operational condition. 

Challenge 
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P. Dai  Group 

Dai Group                               

 

Paul Chu’s Group                              
 



32  Managed by UT-Battelle 
 for the U.S. Department of Energy 

LaO1-xFxFeAs  
(Kamirahara et al.) 

(Ce and Sm)O1-xFxFeAs 
(G.F. Chen et al. and X.H. Chen et al.) 

GdO1-

xThxFeAs 
(Wang et al.) 

La1-xSrxFeAs  
(H-H. Wen et al.) 

(Nd and Pr)O1-xFxFeAs 
(G.F. Chen et al. and Z. Ren et al.) 

A1-xKxFe2As2 (A=Sr,Ca,Ba) 
Ba(Fe1-xCox)2As2  
Rotter et al., Sasmal et al., Sefat et al. 

(Li or Na)FeAs 
Wang et al.,Tapp et al.,  
Pitcher et al.  α-FeSe 

Hsu et al. 
Sr2VO3FeAs 
Zhu et al. 
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h+k+l=2n   magnetic unit cell: √2aNx√2bNx2cN 
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nuclear cell 
aNxbNxcN 
P112/n 

c 
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BT7 data 
HB-1a data 
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Temperature dependence of the order parameter 
at Q = 1.53 Å-1 
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J. Zhao, Q. Huang, C. de la Cruz, S. Li, J. W. Lynn, Y. Chen, M. A. Green, G. 
F. Chen, G. Li, Z. C. Li, J. L. Luo, N. L. Wang, and P. Dai, 

Nature materials (2008) 

CUPRATES 
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T=623 oC 

T=818 oC 
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Trophozoites infect red blood cells, digest 
hemoglobin, squester Fe-porphyrin 
(would be toxic if it remained in solution). 

Malaria 
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Infected erythrocytes, with lumps of hemozoin, in a 
capillary in the brain 
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Heme Polymer? 
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β-hematin and malaria pigment 
■  β-hematin is chemically 

and crystallograpically 
identical to the malaria 
pigment isolated from 
infected red cells. 

■  it was prepared in the 
laboratory as a powder, by 
dehydrohalogenation of 
hemin*. 

red cell 

Infected red cell 

Difference = Malaria pigment 
Synthetic β-hematin 

*D.S. Bohle and J.B. Helms, Biochem. and Biophys. Res. Commun. 193 (1993) 504-508.  
** D.S. Bohle, R.E. Dinnebier, S.K. Madsen, and P.W. Stephens,  J. Biol. Chem. 272, 713 (1997). 

** 
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Solve a new structure from powder data 
1.  Get data 
2.  Find the lattice 
3.  Space group (internal symmetries) systematic 

absences,  density, guess, luck 
4.  Extract intensities of each individual (hkl) 

peak 
5.  Solve structure 
     a. Momentum space - Direct methods 
     b. Real space  
6.   Refine 

2

 atoms

)exp(∑ ⋅=
j

jhkljhkl RQifI
!!

Given atom positions, it is straightforward 
to compute the diffraction pattern 
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3 torsions 

3 torsions 1 torsion 

1 torsion 

The resulting 6 torsions in the propionic groups will show   
the molecular connectivity in β-hematin. 

Fe (protoporphyrin-IX) 

(No solution in P1 was better) 

_ 

Triclinic, Z=2. 
a=12.204Å, b=14.722Å, c=8.042Å  
α=90.20°, β=96.85°, γ =96.996° 
The solution in  P1  (two 
molecules related by inversion 
symmetry) consists of finding: 
✔  3 spatial coordinates, 
✔  3 Eulerian angles, 
✔  8 torsions. 
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There is no polymer! 
The structure consists of chains of hydrogen bonded dimers, 
in which each molecule is linked through iron-carboxylate bonds. 
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1.  Caps the growth of the polymer 
 
2.  Inhibits a proposed polymerization 

enzyme 
 
3  Otherwise interferes with the chemistry 

of heme oxidation and hemozoin crystal 
growth 

 
    3a. Adsorbs on growing surface and 

interferes with crystal growth 
 Supporting evidence from autoradiography 
with labeled chloroquine 

Current models of action of chloroquine and related drugs 
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Strong motivation for understanding the 
morphology of hemozon/hematin crystals  

(100) 

(010) 

[001] 

Growth along what 
faces? 
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chloroquine 
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View ⊥ (010) 
plane 

View ⊥ (100) 
plane 

View along  
[001] axis  
(growth direction) 

How does the structure fit into the 
crystallites? 
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REBaCo2O5±δ	
  :	
  cathode	
  materials	
  for	
  SOFC	
  

Ø  Samples	
   of	
   (Nd	
   and	
   Pr)BaCo2O5±δ 
were	
   measured	
   @	
   four	
   different	
  
p O 2	
   a n d 	
   f o u r 	
   d i ff e r e n t	
  
temperature	
  at	
  each	
  pO2	
  

Ø  Equilibrium	
  state	
  was	
  achieved	
  by	
  
measuring	
   the	
   laPce	
   parameter.	
  
Once	
   the	
   laPce	
   parameter	
  
stopped	
   changing,	
   longer	
   data	
  
was	
  collected.	
  

Ø  Temperature	
   of	
   the	
   sample	
   was	
  
calibrated	
   using	
   a	
   standard	
  
powder	
  under	
  idenScal	
  condiSon.	
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Neutrons show Oxygen migration pathway 
in NdBaCo2O5±δ 
 

Ø  High Q data allows refinement of anisotropic thermal parameters and oxygen vacancy.  Combined 
with near neighbor distances, it allows us to directly visualize the oxygen diffusion pathway. 

 
Ø  The structure is Tetragonal and not Orthorhombic as previously suggested in these pO2 values. 
 
Ø  O3 site exhibits the largest vacancy and anisotropic motion.  Motion of O2 is also very anisotropic 

which can hop to the near neighbor in the vacancy rich NdO plane. Fully Occupied O1 site has very 
small displacement and hence limited motion. 

R.A. Cox-Galhotra, A. Huq, J.P. Hodges, J.H. Kim, C. Yu, X. 
Wang, A. J. Jacobson, S. McIntosh, “Visualizing oxygen anion 
transport pathways in NdBaCo2O5+d by in situ neutron 
diffraction”, J. of Mater. Chem. A 1, 3091 (2013) 


