
Exploring phase diagrams with
neutron powder diffraction

Pr. François Goutenoire
UMR6283, IMMM (Institute of Molecules and Materials of le Mans),

University of Maine, 72085 Le Mans, Cedex 9, France

ESS-ILL User Meeting Oct. 2022



Phase diagrams and powder diffraction

Why powder vs crystal ? Why powder vs crystal ? 

Ab-initio structure 
resolution from powder diffraction
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Phase diagrams and powder  diffraction
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State Chem., 40 [3] 318-329 (1981).

Phase diagrams and powder  diffraction
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LaNb0.4W0.6O4.3     60% LaWO4.5

Structural determination from powder 
(X-ray + Neutron)

La7Nb3W4O30         57.14% LaWO4.5

Phase diagrams and powder diffraction

Wrong !!!
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La7Nb3W4O30         57.14% LaWO4.5

Phase diagrams and powder diffraction
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Table 2 
Crystallographic parameters of La7Nb3W4O30 

Atom 

La1 

Nb1 

La2 

W2/Nb2 

Site 

3a 

3b 

18f 

18f 

x 

0 

0 

0.7773(2) 

0.2008(2) 

y 

0 

0 

-0.0170(2) 

0.0154(2) 

z 

0 

0.5 

0.3445(4) 

0.1595(3) 

B(Å2) 

0.9(2) 

1.9(2) 

0.88(5) 

0.36(6) 

Phase diagrams and powder diffraction

(30 atomic parameters)

O1 

O2 

O3 

O4 

O5 

18f 

18f 

18f 

18f 

18f 

0.2458(2) 

0.2935(2) 

0.1689(3) 

0.2045(3) 

0.0351(2) 

0.1003(3) 

0.0433(2) 

0.1127(3) 

-0.0721(3) 

0.1047(2) 

0.3550(2) 

-0.0079(2) 

0.0445(2) 

0.3054(2) 

0.3245(2) 

0.89(7) 

1.03(7) 

1.08(7) 

0.86(6) 

1.05(7) 

Note : Space group R-3 (N°148), Z=3, 
Cell parameters : a= 17.0640 (2) Å, c= 6.8859 (1) Å. 

Rwp=10.7%, 2=3.46, Rexp=5.80%, RB=4.48% (450 reflections) 
Calculated density = 7.08 g.cm-3, measured density = 7.03(1) g.cm-3 
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« Hight temperature phase relation in the system 
La2O3-WO3 », M. Yoshiumura ; A. Rouanet ; 
Mater. Res. Bull. , vol.11 , 151-158, (1976)
F. G. Casteels, M. J. Brabers, and R. DePaus, Rev. 
Int. Hautes Temp. Refract., 16 [4] 424-436 (1980)
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Phase diagrams and powder diffraction
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• Structure

a

c

W5 (P)

W1 (P)

W3 (O)

W2 (P)

Subcell

La18W10O57Starting  formula La14W8O45

53,3% mol. WO3

Reformulation :  La18W10O57 

soit 52,6%mol. WO3

• Hexagonal cell :
• a ≈ 9.0448(1)Å,

Phase diagrams and powder diffraction

Wrong !!!

6 time
The 

subcell
(6H)

c

W4 (O)

W6 (O)

W6 (O)

W4 (O)

La
W

• a ≈ 9.0448(1)Å,
• c ≈ 32.6846(3)Å

• V≈ 2315,25(0,03)Å3

• Space group :
• P-62c (n°190) 

• Z = 2
SDPD Round Robin 3

2008
Armel LeBail (Univ Le Mans)
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La18W10O57

Phase diagrams and powder diffraction
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Crystallographic parameters of La18W10O57 obtained from mixed refinement 

 

Atom Position X Y Z Biso(Å) 
La1 12i 0.6158(7) 0.0398(6) 0.5838(2) 1.3(1) 
La2 12i 0.2764(5) 0.0351(5) 0.3320(2) 0.6(1) 
La3 6h 0.3711(9) 0.4295(10) ¼ 0.8(1) 
La4 6g 0.7434(8) 0.7434(8) ½ 0.9(2) 
W1 4e 0 0 0.5846(2) 0.6(1) 
W2 4f 2/3 1/3 0.6670(2) 0.6(1) 
W3 4f 1/3 2/3 0.0032(2) 0.6(1) 
W4 4f 2/3 1/3 0.3637(2) 2.2(2) 
W5 2a 0 0 ¼ 0.4(2) 

La18W10O57

Phase diagrams and powder diffraction

(64 atomic parameters)

W5 2a 0 0 ¼ 0.4(2) 
W6 4f 2/3 1/3 0.2812(3) 0.9(2) 
O1 12i -0.169(2) -0.016(2) 0.2121(3) -0.05(17) 
O2 12i -0.026(2) -0.177(2) 0.6188(4) 1.3(2) 
O3 12i 0.692(2) 0.510(2) 0.7044(4) 1.1(2) 
O4 12i 0.519(2) 0.709(2) 0.0454(3) 0.2(2) 
O5 12i 0.678(2) 0.506(2) 0.6304(3) 0.6(2) 
O6 12i 0.154(2) 0.179(2) 0.5442(4) 0.9(2) 
O7 12i 0.472(2) 0.186(2) 0.3916(3) 0.00(14) 
O8 12i 0.138(2) 0.594(2) -0.0220(4) 2.5(3) 
O9 6h 0.473(2) 0.180(2) 1/4 1.1(3) 

O10 12i 0.516(2) 0.364(2) 0.3238(4) 1.9(3) 
* half occupied site 

Synchrotron: 1076 reflections, RBragg=8.75%, Rwp=20.0% 

Neutron : 883 reflections RBragg=6.28%, Rwp=15.4%. 

Space group P-62c (N°190), a = 9.04831(4)Å, c= 32.6975(2)Å, 

Z=2, Calculated density = 7.52 g.cm-3, measured density = 7.28(3) g.cm-3 
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Conclusion  :
crystallography
help you to get

good composition



Why Powder

Structure

Cell parameters
a, b, c , a, b, g
(7 crystal systems)

Space group
Punctual symmetry + translation elements

(230 groups)

Atomic positions
x, y, z

Slide 11



Why Powder

Single Crystal

3D

Structural data

Single Crystal
1 000 000 resolutions
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Why Powder

Single Crystal

3D

Structural data

Single Crystal
~  1 000 000 resolutions

Powder

~ 30 000 resolutions

1D
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Quick
Identification
Quantification



Why Powder

3 Dimensions data

Electron diffraction

Individual intensity
I(hkl)
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Why Powder

Ire l

0.1

1 Dimension data
Strong Overlap

0.0

0.0delta (Ire l)0.0

52.2 52.4 52.6 52.8 53.0 53.2 53.4 53.6 53.8 54.02th

Partial structure resolutionSlide 15



Single Crystal

Ideal size 
100-300 mm 

Why Powder

Powder

Ideal size 
1-10 mm 

Slide 16



La2W2O9
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When is it difficult to obtain single crystal ?
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La2W2O9

Why Powder

1366 (hkl)1366 (hkl)
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Crystal. parameters La2W2O9

Why Powder

(52 atomic parameters)

crystallographic 
solution found 

Slide 19

solution found 
directly from 

neutron



Ab-initio resolution from powder diffraction

Final structure

Introduction p4 : The structure determination mazeSlide 20



Hydrogen
(1 electron)

Oxygen
(10 electrons)

Molybdenum
Mo6+ (36 e-)

Lanthanum
La3+ (53e-)

Tungsten 
W6+ (71 e-)

Ab-initio resolution from powder diffraction

X-Rays

Oxygen
5.80

Deuterium
6.67

Molybdenum
6.72

Lanthanum
8.24

Tungsten 
4.86

Neutron
Slide 21



Ab-initio resolution from powder diffraction

Radiation source : laboratory high 
resolution powder diffractometer

in transmission/reflexion mode

Usual wavelength l=1.5406Å Copper 
radiation (Low Cost) 

best resolution    FWHM~ 0.040°

Slide 22

If you are rich ! 10KEuros/day (Proposal)
Synchrotron Radiation

0.4Å < l < 1.6Å      FWHM~ 0.008°

If you are rich ! 25KEuros/day (Proposal)
Neutron Radiation

1.6Å < l < 2.3Å      FWHM~ 0.4°



Ab-initio resolution from powder diffraction

Data collection :
Two sets of data collection:
First set : for indexation

20000 co-crystal

A good counting of the beginning of 
the diagram :

Position [°2?] (Copper (Cu))

10 15 20

0

10000

* 20 to 25 first peaks are needed

* special attention to small peaks
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Ab-initio resolution from powder diffraction

Data collection :
Two sets of data collection:
Second set : for structure solution 
and refinement

La3NbWO10

90000

A good counting statistic of a 
large two-theta range

Position [°2?] (Copper (Cu))

10 20 30 40 50 60 70 80 90 100 110

0

10000

40000

90000 large two-theta range
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Ab-initio resolution from powder diffraction

Indexing (Autoindexation)

Conditions of success :

Accuracy in the peak position
better than 0.03°

D2q=(2  s  cos q)/R      (D2q in radian) 
Example : R=200 mm

If q=10°
D2q =0.03° if s=0.05mm = 50mm

Slide 25

incident beam

goniometer
axe

angular 
displacement D2q

displacement
of the sample (s)

Sample

Single phase !!



Ab-initio resolution from powder diffraction

Space group determination
Special case of inorganic compound

Not so easy !!!

Counts

90000

160000
La3NbWO10

No. a [Å] b [Å] c [Å] a [°] b [°] g [°] Volume [Å3] Indexing Method Not indexed lines FOM
1 12,509 10,062 10,003 90 90 90 1259,0 Treor 2 9
2 10,053 10,053 12,513 90 90 90 1264,6 Treor 3 20
3 10,053 10,053 12,513 90 90 90 1264,6 Treor 3 20
4 19,906 12,533 5,028 90 90 90 1254,4 Treor 3 8

Position [°2Theta] (Copper (Cu))

15 20 25 30

0

10000

40000

90000 4 19,906 12,533 5,028 90 90 90 1254,4 Treor 3 8

Tetragonal
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Ab-initio resolution from powder diffraction

Automatic Space Group Test 
(HighScore Plus)

Slide 27

La3NbWO10



Ab-initio resolution from powder diffraction

Counts

90000

160000

 K8_VCT
La3NbWO10

Le Bail fit ~ a Rietveld refinement without structure 

Refine :
cell parameters

zero shift
peak width (W)

La3NbWO10

Position [°2Theta] (Copper (Cu))
15 20 25 30

0

10000

40000

peak width (W)
peak shape (h) 

with manual background

* * * **
*

*

* impurity
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Ab-initio resolution from powder diffraction

La3NbWO10
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La3NbWO10
Ab-initio resolution from powder diffraction

(39 atomic parameters)

Mixed refinement x-ray (lab/synchrotron) + neutron

Slide 30
Science      Society



b La2Mo2O9

La2Mo2O9 D1B (proposal CRG  O.Isnard ILL)

1000

1100

1200

1300

1400

L
a 2

M
o 4

O
15

L
a 2

M
o 3

O
12

9

Physical Property

a La2Mo2O9

MoO3 10 20 30 40

500

600

700

800

900

L
a 2

M
o 2

O
9

690

810

664

572

Slide 31
Unknown structure !!



900

1000

1100

1200

1300

1400

L
a 2

M
o 4

O
15

L
a 2

M
o 3

O
12

O
9

s)
 (

S
.c

m
-1

)

Temperature (°C)

1000                    500                      300
0

-1

-2

-3

-4 ZrO -

La2Mo2O9

6. 10 -2 S.cm-1 à 800°C

b

LAMOX

Physical Property

(13 atomic parameters)
Cubic P213 
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a

“Designing fast oxide-ion conductors  based on La2Mo2O9”
Ph. Lacorre, Nature, 2000, 404, 856-858



Propriété  physique (isolant thermique haute température)

Michael F. Ashby
Choix de matériaux en
construction mécanique

Physical Property

ZrO2

a= 18 X 10-6K-1



Propriété  physique (électrostriction)Physical Property

https://en.wikipedia.org/wiki/Electrostriction#Applications



Good luck in your structure determination
from powder !!!

collaboration ?
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