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Neutron Powder Diffraction
and Novel Materials

l Structure of the 90K 
high Tc superconductor

l Left -by X-rays
(Bell labs & others)

l Right -by Neutrons
(many neutron labs)

l The neutron picture 
gave a very different 
idea of the structure -
important in the search 
for similar materials.

YBa2Cu3O7 drawing from Capponi et al. Europhys Lett 3 1301 (1987)
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Why Use Neutron Powder Diffraction ?
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Why Neutrons ?

l Relative Scattering Powers of the Elements

l Neutrons scatter strongly from light elements
(Because neutron scattering is a nuclear interaction)
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Why Neutrons ?

l Neutrons are unique for Magnetic Structures

l H.M. Rietveld 

Structure of Magnetic 
Materials

MnTa4S8 - the famous
example given in the original 
Rietveld manual 
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Why Powders ?

l …Well, if you don’t have a single crystal…

l For many new, interesting materials, 
single crystals are not available

l Zeolites, Superconductors, GMR materials...

l And many other materials are not really
single crystals

l At least not at 0 K, the most important temperature
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Why Powders ?

l Destructive Phase T/Ns
l Classical Perovskite transitions

Small displacements of light atoms
l Subtle changes in the powder ‘profile’ 

- interest of “Profile Refinement”

l And no single crystals
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Why Rietveld Refinement ?

l Strongly overlapping reflections
l Previously, integrated intensities were obtained for 

groups of overlapping reflections.

l Key to success of RR
l inclusion of all the information
l refinement of physically meaningful parameters

(reduction of correlation between parameters)
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Why not X-ray Powder Diffraction ?
(Question from Bruno Dorner)

l Magnetic structures… not possible with x-ray powders
l X-rays best (synchrotrons) for SOLVING structures

Easier to find the heavy atoms first

All atoms are ‘equal’ for neutrons

l Neutrons are best for REFINING structures
Few systematic errors (average over big samples etc…)

Easier sample environment (low temperatures etc…)

l Interest of very precise structure measurements
Precise bond lengths

Study charge ordering, metal-insulator transitions…
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Valence Sum Calculations
What is the valence of Cu in Cu4O3 ? (Exercise)

O'Keeffe, M. Bovin, J. Am. Miner 63 180 (1978)

• Average Cu valence = 2*3/4 = 1.5
•Just from the formula Cu4O3

• 2 types of Cu
• Cu+ at (0,0,0) with 2 oxygens
• Cu++ at (0,0,1/2) with 4 oxygens

• Valence Sum V=Σi[exp(Ro-Ri)/B] 

• Ri = Cu-Oi bond lengths
• Ro= 1.610 for Cu+ to O2-

• B  = 0.370

• Calculate Ri bond lengths & hence V
Hints: 
•All bonds approx equal
•Each bond contributes ~ 0.5
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l Cava, R. J. et al. (1990). Physica C. 165: 419 (Bell labs/CNRS/ILL)
l Jorgensen, .D. et al. (1990) Phys. Rev. B41, 1863 (Argonne)

Valence Sums & “Charge Transfer”

Most cited neutron papers - “charge reservoir” concept in oxide superconductors

l Superc. YBa2Cu3O7 l Non-superc.YBa2Cu3O6 l Charge Reservoir
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l Relation between bond lengths, 
charge transfer and 
superconducting Tc

l The “Charge Reservoir” concept 
encouraged many chemists to 
successfully search for similar 
materials with different charge 
reservoir layers

Valence Sums & “Charge Transfer”
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Popularity of Neutron Powder Diffraction

Number of ILL Publications 1995-1999 per Instrument

6 instruments produce half the ILL's publications (and half the ILL's Phys.Rev.Let.)
Notes: Only publications listed by ILL library. Possible naming errors for NFP instruments.
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K o h l m a n n ,  G i n g l ,  H a n s e n ,  Y v o n  ( 1 9 9 9 )  A n g e w . C h e m i e 3 8 , 2 0 2 9. e t c . .
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C o m p l e t e  d i f f r a c t i o n  p a t t e r n  i n  m i n u t e s  o r  s e c o n d s ,  s c a n  t h r o u g h t e m p e r a t u r e

T i m e / m i n

C
ou

nt
s/

4
m

in
/0

.1
°

2 T h e t a / ° 1 4 0
2 . 6

4 0 0

2 5 0 0 0 0

0

0

A m o r p h o u s

C r y s t a l l i n e
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A p p l i c a t i o n s  o f  l a r g e  f a s t  d e t e c t o r s
P s e u d o - b i n a r y   R M n 2 c o m p o u n d s :  D y 1 - x Y x M n 2

C l e m e n s  R i t t e r ,  R .  C y w i n s k i e t  a l   o n  D 1 B

x=0x=0

x=0.3x=0.3 x=0.7x=0.7

x=0.9x=0.9
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A p p l i c a t i o n s  o f  l a r g e  f a s t  d e t e c t o r s

l L a t r o c h e ,  C h a b r e  e t  a l .  
I n - s i t u  C h a r g i n g  a n d  d i s c h a r g i n g  o f  m e t a l  h y d r i d e  e l e c t r o d e s  L a N i 5  

R e a l - t i m e  e l e c t r o - c h e m i s t r y

I n n e r  N i  a n o d eI n n e r  N i  a n o d e

H y d r i d e  c a t h o d eH y d r i d e  c a t h o d eE l e c t r o l y t eE l e c t r o l y t e

C dC d-- s h i e l d i n gs h i e l d i n g

N e u t r o n  b e a mN e u t r o n  b e a m

o u t e r  N i  a n o d eo u t e r  N i  a n o d e

Q u a r t z  r e a c t o rQ u a r t z  r e a c t o r
D i s c h a r g i n gD i s c h a r g i n g

C h a r g i n gC h a r g i n g

C h a r g i n gC h a r g i n g

D i s c h a r g i n gD i s c h a r g i n g

T i m e / m i nT i m e / m i n

2 T h e t a2 T h e t a

C o u n t s / O . 1 ° / m i nC o u n t s / O . 1 ° / m i n

l F o l l o w  c h e m i c a l  c h a n g e s  w i t h  b a t t e r y  c h a r g e / d i s c h a g e  c y c l e
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V a l e n c e  S u m  C a l c u l a t i o n s
W h a t  i s  t h e  v a l e n c e  o f  C u  i n  C u 4 O 3 ?

O ' K e e f f e ,  M.  B o v i n ,  J .  Am .  M iner  6 3 1 8 0  ( 1 9 7 8 )

• A v e r a g e  C u  v a l e n c e  =  2 * 3 / 4  =  1 . 5

• 2  t y p e s  o f  C u
• C u + a t  ( 0 , 0 , 0 )  w i t h  2  o x y g e n s
• C u + + a t  ( 0 , 0 , 1 / 2 )  w i t h  4  o x y g e n s

• V a l e n c e  S u m  V =Σ i[ e x p ( R o - R i ) / B ]  

• R i  =  C u - O i b o n d  l e n g t h s
• R o =  1 . 6 1 0  f o r  C u + t o  O 2 -

• B   =  0 . 3 7 0

• C a l c u l a t e  R i  b o n d  l e n g t h s  &  h e n c e  V
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E l e c t r o n i c  O r d e r - D i s o r d e r

l O x i d e  s u p e r c o n d u c t o r s ,  C M R ,  V e w e y  t r a n s i t i o n …

l P r e c i s e  s t r u c t u r a l  m e a s u r e m e n t s  v s  t e m p e r a t u r e

l E x am p l e :  c h a r g e  o r d e r i n g  i n  T i 4 O 7 ( L e  P a g e  e t  a l .



I L L  G r e n o b l e

A l a n  H e w a t

8 t h Z u o z  S u m m e r  S c h o o l  o n  N e u t r o n  S c a t t e r i n g

N e u t r o n  P o w d e r  D i f f r a c t i o n
C h a r g e  T r a n s f e r  i n  Y N i O 3
M a r i e - T h e r e s a  F e r n a n d e z - D i a z  e t  a l .

C o m b i n e d  E S R F ,  D 1 B  a n d  D 2 B  d a t a  - A l o n s o  J . A .  e t  a l  ( 1 9 9 9 )  P R L  8 2 ,  3 8 7 3

M e t a l l i c  O r t h o .  Y N i O 3  - >  I n s u l a t i n g  M o n o .  Y N i O 3  T  <  5 8 2 K      N i  v a l e n c e  3-δδ ,  3 +  δδ

V ( N i 1 )  =  2 . 6 2   V ( N i 2 )  =  3 . 1 7

N i 1 N i 2

M ( N i 1 )  =  - 1 . 4 µµ B M ( N i 2 )  =  0 . 7 µµ B
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N i 1 N i 2

l D o u b l e  e v i d e n c e  f o r  c h a r g e  t r a n s f e r

l M a g n e t i c  s u p e r s t r u c t u r e  a n d  d i f f e r e n t  
m o m e n t s  o n  N i - s i t e s

l D i f f e r e n t  N i - O  d i s t a n c e s  a r o u n d  N i 1  a n d  
N i 2  s i t e s  m e a n  ‘ c h a r g e  t r a n s f e r ’  

l N e u t r o n s  p r o v i d e  b o t h .  B u t  n e e d :

l H i g h  r e s o l u t i o n  t o  r e s o l v e  s y m m e t r y

l H i g h  f l u x  t o  s e e  s u p e r s t r u c t u r e

C o m b i n e d  E S R F ,  D 1 B  a n d  D 2 B  d a t a  - A l o n s o  J . A .  e t  a l  ( 1 9 9 9 )  P R L  8 2 ,  3 8 7 3

M e t a l l i c  O r t h o .  Y N i O 3  - >  I n s u l a t i n g  M o n o .  Y N i O 3  T  <  5 8 2 K      N i  v a l e n c e  3-δδ ,  3 +  δδ

V ( N i 1 )  =  2 . 6 2     V ( N i 2 )  =  3 . 1 7

N e u t r o n  P o w d e r  D i f f r a c t i o n
C h a r g e  T r a n s f e r  i n  Y N i O 3
M a r i e - T h e r e s a  F e r n a n d e z - D i a z  e t  a l .
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G i a n t  M a g n e t o - R e s i s t i v e  C e r a m i c s
L a  0 . 3 3 3 C a  0 . 6 6 7 M n O 3

l V e r y  l a r g e  c h a n g e s  i n  e l e c t r i c a l  
r e s i s t i v i t y w i t h  t e m p e r a t u r e

l c f  o x i d e  s u p e r c o n d u c t o r s

l m i x e d  v a l e n c e  c h a r g e - o r d e r i n g  
M n 3 + / M n 4 +

l G M R  e f f e c t  n e a r  r o o m  
t e m p e r a t u r e  

l a p p l i c a t i o n s  t o  m a g n e t i c  s t o r a g e  
o f  d a t a  ( n e w  h i g h  d e n s i t y  I BM  
h a r d  d i s k s )
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G M R  S t r i p e s  a n d  C h a r g e  O r d e r i n g

l R em a r k a b l e  e l e c t r o n  
m i c r o s c o p e  i m a g e s  o f  1 D  
s t r i p e  p a t t e r n  i n  GMR  
L a 0 . 3 3 Ca 3 0 . 6 7 M n O 3

l E v i d e n c e  a l s o  f o r  1 D  
o r d e r i n g  i n  h i g h - T c  
s u p e r c o n d u c t o r s  ( C u 3 +

s t r i p e s ,  s p i n - l a d d e r s e t c )

1 D - o r d e r i n g  ?  D i m e n s i o n a l i t y  i m p o r t a n t  f o r  t h e o r y .

M o r i  e t  a l .  N a t u r e  ( 1 9 9 8 )  3 9 2 , 4 7 3
O t h e r  p a p e r s  i n  P h y s .  R e v .  L e t t e r s
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l E x p e c t  i n s t e a d  M n 3 + / M n 4 + t o  
b e  u n i f o r m l y  d i s t r i b u t e d  ( 2 D  
W i g n e r  c r y s t a l  m o d e l  o f  
G o o d e n o u g h )

l T h e  1 D - s t r i p e  m o d e l  w o u l d  
h a v e  v e r y  i m p o r t a n t  
c o n s e q u e n c e s  f o r  t h e  t h e o r y  
o f  s u p e r c o n d u c t o r s  a n d  GM R  
o x i d e s

G M R  S t r i p e s  a n d  C h a r g e  O r d e r i n g
1 D - o r d e r i n g  ?  D i m e n s i o n a l i t y  i m p o r t a n t  f o r  t h e o r y .



I L L  G r e n o b l e

A l a n  H e w a t

8 t h Z u o z  S u m m e r  S c h o o l  o n  N e u t r o n  S c a t t e r i n g

G M R  S t r i p e s  a n d  C h a r g e  O r d e r i n g

l H i g h  r e s o l u t i o n  s y n c h r o t r o n  
p o w d e r  d a t a  ( B r o o k h a v e n )  
r e v e a l s  t r u e  s y mm e t r y  &  s s

l H i g h  r e s o l u t i o n  n e u t r o n  
p o w d e r  d a t a  ( I L L  G r e n o b l e )  
a l l o w s  r e f i n em e n t  o f  r e a l  
s t r u c t u r e

a ) A v e r a g e  S t r u c t u r e

b ) S t r i p e  S t r u c t u r e

c ) W i g n e r  C r y s t a l  S t r u c t u r e  ( b e s t  f i t )

l T h e  s t r i p e  s t r u c t u r e  i s  n o t  
s u p p o r t e d

N e u t r o n  +  S y n c h r o t r o n  P o w d e r  D i f f r a c t i o n

R a d a e l l i  e t  a l .  ( 1 9 9 9 )  P h y s .  R e v  B
X - r a y  w o r k  o n  X 7 A  ( B N L )  
N e u t r o n  w o r k  o n  D 2 B  ( I L L )
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N e u t r o n  P o w d e r  D i f f r a c t i o n

l W h a t  h a s  b e e n a c h i e v e d ?  E x c i t i n g  n e w  s c i e n c e  ?
l H i g h  i m p a c t  e v e n  o u t s i d e  t h e  c r y s t a l l o g r a p h i c  c o mm u n i t y

l Ma g n e t i s m ,  S u p e r c o n d u c t o r s ,  G i a n t  M a g n e t o - R e s i s t a n c e

l Wh y  N e u t r o n s  ?  W h y  n o t  X - r a y s  ?
l N e u t r o n s + X - r a y s  c o m p l e m e n t a r y  

l S o l u t i o n  o f  s t r u c t u r e s  w i t h  X- r a y s  

l R e f i n e m e n t  o f  i m p o r t a n t  d e t a i l s  w i t h  n e u t r o n s  – v a l e n c e  s u m s

l Wh y  P o w d e r s  ?  W h y  n o t  c r y s t a l s  ?
l C r y s t a l s  s h o u l d  b e u s e d w h e n  a v a i l a b l e

l M u c h  n e w  w o r k  s t a r t e d  w i t h  p o w d e r s  - h i g h  T c ,  GM R . . .


