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Fig.2  Neutron diffraction pattern and Rietveld analysis of the  
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Fig.3  Neutron diffraction pattern and  Rietveld  analysis of the 
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Table 3  Anisotropic displacement parameters β

ij 

(×10

�

��

�

4 

) for (La,Mg)(Ni,Co)

3.0

D

4.0

 phase 

(La,Mg)(Ni,Co)

3.0

D

4.2

 β

11

,  β

22

 β

33

 β

12

 β

13

, β

23

 

La, Mg 521.5 (103.4) 21.2(5.4) 260.8 (103.4) 0 

Ni

1

, Co

1

 261.5 (79.9) –4.1(1.2) 130.6(79.9) 0 

Ni

2

, Co

2

 277.0 (34.2) 0.0(0.8) 74.3(34.2) 0 

Ni

3

 –11.4 (62.3) 4.4(2.4) –5.5(62.3) 0 

18h

1

, 18h

3

, 18h

5

, 6c

1

, 6c

2

, 36i

2

 41.8 (37.1) 25.0 (3.6) 20.9(37.1) 0 

 

� �� (La,Mg)(Ni,Co)

3.0

�(La,Mg)(Ni,Co)

3.0

D

4.0

 �������

Table 4(a)  Crystallographic data for the (La,Mg)(Ni,Co)

3.0

 and (La,Mg)(Ni,Co)

3.0

D

4.0

 

Phase D/f.u a/nm c/nm V/nm

3

 δ

a

/a/% δ

c

/c/% δ

V

/V/% c/a 

(La,Mg)(Ni,Co)

3.0

 0 0.504 8 2.441 2 0.5386 6 � � � 4.84 

(La,Mg) (Ni,Co)

3.0

D

4.0

 4.2 0.540 7 2.664 1 0.674 39 7.1 9.1 25.2 4.93 

Table 4(b)  Crystallographic data of the AB

5

 and AB

2

 slabs for the (La,Mg)(Ni,Co)

3.0

 and (La,Mg)(Ni,Co)

3.0

D

4.0

 

Phase a/nm c (RM

5

)/nm c(RM

2

)/nm δ

c

/c(RM

5

)/% δ

c

/c (RM

2

)/% c/a δ

V

/V/(%) 

(La,Mg)(Ni,Co )

3.0

 0.504 8 0.403 8 0.409 9 � � 

0.80(RM

5

) 

0.81(RM

2

) 

� 

� 

(La, Mg)(Ni,Co)

3.0

D

4.0

 0.540 7 0.413 5 0.474 5 2.4 15.8 

0.77(RM

5

) 

0.88(RM

2

) 

17.5 (δ

V

/ V

RM

5

) 

32.8 (δ

V

/ V

RM

2

) 
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� ���(La,Mg)(NiCo)

 3

D

4.0  

���������

Table 5  Interatomic distances  in the structure of (La,Mg)(NiCo)

 3

D

4.0

 deuteride 

X, Y, Z of Ligand atom 

Atom Site Ligand atoms 

Distance

a

 /�10

-1 

nm 

X  Y  Z 

La1 

La1 

La1 

(La2, Mg ) 

(La2, Mg ) 

(La2, Mg ) 

(La2, Mg ) 

(Ni1, Co ) 

(Ni1, Co ) 

(Ni1, Co ) 

(Ni1, Co ) 

(Ni1, Co ) 

(Ni1, Co ) 

(Ni1, Co ) 

(Ni2, Co ) 

(Ni2, Co ) 

(Ni2, Co ) 

(Ni2, Co ) 

(Ni2, Co ) 

(Ni2, Co ) 

(Ni2, Co ) 

(Ni2, Co ) 

(Ni2, Co ) 

(Ni2, Co ) 

Ni3 

Ni3 

Ni3 

D1 

D1 

D1 

D1 

D1 

D1 

D1 

D2 

D2 

D2 

D2 

D3 

D3 

D3 

D3 

D3 

D4 

D4 

D4 

D4 

D4 

D4 

D4 

D4 

D4 

D4 

D4 

D4 

D4 

D5 

D6 

D6 

3a 

3a 

3a 

6c 

6c 

6c 

6c 

6c 

6c 

6c 

6c 

6c 

6c 

6c 

18h 

18h 

18h 

18h 

18h 

18h 

18h 

18h 

18h 

18h 

3b 

3b 

3b 

18h 

18h 

18h 

18h 

18h 

18h 

18h 

6c 

6c 

6c 

6c 

18h 

18h 

18h 

18h 

18h 

36i 

36i 

36i 

36i 

36i 

36i 

36i 

36i 

36i 

36i 

36i 

36i 

36i 

6c 

18h 

18h 

D1 

D4 

D6 

D1 

1D3 

2D3 

D6 

(Ni2,Co) 

D1 

D2 

1D4 

2D4 

D5 

D6 

1(Ni2,Co) 

2(Ni2,Co) 

D1 

D2 

D3 

1D4 

2D4 

3D4 

D5 

D6 

(Ni2 ,Co) 

D1 

D3 

D1 

D2 

D3 

1D4 

2D4 

D5 

D6 

D3 

1D4 

2D4 

D6 

1D3 

2D3 

3D3 

D4 

D6 

1D4 

2D4 

3D4 

4D4 

5D4 

6D4 

7D4 

1D5 

2D5 

1D6 

2D6 

3D6 

4D6 

D6 

1D6 

2D6 

2.704(19) 

2.404(20) 

2.348(18) 

2.356(32) 

1.820(39) 

2.296(49) 

2.767(33) 

2.633(12) 

2.833(21) 

1.726(21) 

1.643(23) 

1.743(21) 

1.484(61) 

2.241(25) 

2.547(9) 

2.861(10) 

1.541(18) 

1.667(13) 

1.922(35) 

2.836(27) 

2.626(22) 

1.580(17) 

1.629(42) 

1.635(27) 

2.790(7) 

2.722(13) 

2.998(31) 

2.751(25 ) 

2.731(19 ) 

1.815(40 )

��

2.520(29 ) 

2.090(30 ) 

1.807(49 )

��

1.629 (38 )

��

2.003(64 ) 

2.813(70 ) 

2.146(54 ) 

1.551(28 )

��

2.767(34 ) 

2.641(34 ) 

2.590(72 ) 

2.925(51) 

1.403(51)

��

2.900(31) 

2.935(31) 

2.180(31) 

2.616(31) 

2.507(31) 

1.293(31)

��

2.573(31) 

2.541(75) 

1.727(52)

��

2.267(36) 

1.791(32)

��

2.567(28) 

2.919(31) 

2.730(32 ) 

2.728(50 ) 

2.680(50 ) 

0.163 74 

0.423 26 

0.336 35 

0.163 74 

0.341 08 

0.325 58 

0.336 35 

0.156 98 

0.339 18 

0.000 00 

0.089 92 

0.110 11 

0.000 00 

0.330 32 

0.490 31 

0.490 31 

0.163 74 

0.666 67 

0.341 08 

0.020 19 

0.576 74 

0.423 26 

0.333 33 

0.336 35 

0.156 98 

0.339 18 

0.007 75 

0.163 75 

0.666 67 

0.341 08 

0.020 19 

0.020 19 

0.333 33 

0.336 35 

0.162 80 

0.313 15 

0.353 52 

0.165 15 

0.829 46 

0.341 08 

0.837 21 

0.556 56 

0.831 83 

0.423 26 

0.556 56 

0.020 19 

0.020 19 

0.423 26 

0.576 74 

0.443 44 

0.666 67 

0.333 33 

0.831 83 

0.336 35 

0.168 17 

0.663 65 

0.501 51 

1.336 35 

0.336 35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.327 48 

0.443 44 

0.168 17 

0.327 48 

0.170 55 

0.162 79 

0.168 17 

0.313 95 

0.169 59 

0.000 00 

0.313 15 

0.353 52 

0.000 00 

0.165 16 

0.980 62 

–0.019 38 

0.327 48 

0.333 33 

0.170 55 

0.443 44 

0.556 56 

0.443 44 

0.666 67 

0.168 17 

0.313 95 

0.169 59 

0.503 88 

0.836 26 

0.333 33 

0.170 55 

0.576 74 

0.443 44 

0.666 67 

0.168 17 

0.325 58 

0.089 92 

0.110 11 

0.330 32 

–0.341 08 

0.170 55 

0.162 80 

–0.020 19 

0.168 18 

–0.556 56 

0.576 74 

–0.423 26 

–0.556 56 

0.443 44 

0.020 19 

0.423 26 

0.333 33 

–0.333 33 

0.168 18 

0.168 17 

–0.16818 

–0.168 17 

0.003 02 

0.168 17 

0.168 17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.083 64 

0.019 85 

0.065 39 

0.083 64 

0.118 06 

0.215 28 

0.065 39 

0.410 94 

0.416 98 

0.264 04 

0.353 18 

0.313 48 

0.384 61 

0.267 95 

0.077 60 

0.077 60 

0.083 64 

0.069 30 

0.118 06 

0.019 85 

–0.019 85 

0.019 85 

0.051 28 

0.065 39 

0.410 94 

0.416 98 

0.45139 

0.083 64 

0.069 30 

0.118 06 

0.019 85 

0.019 85 

0.051 28 

0.065 39 

0.784 72 

0.646 82 

0.686 52 

0.732 05 

0.118 06 

0.118 06 

0.215 28 

0.019 85 

0.065 39 

0.01985 

0.019 85 

0.019 85 

0.019 85 

0.019 85 

–0.019 85 

–0.019 85 

–0.051 28 

0.051 28 

0.065 39 

0.065 39 

–0.065 39 

–0.065 39 

0.601 28 

0.065 39 

0.065 39 

a

Atom cut-off distance <0.3 nm 
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Table 6  Interatomic distances in the structure with PuNi

3

  

type of (La, Mg)(NiCo)

3 

alloy 

Atom Site Ligand atoms Distance

a

 /nm 

La1 3a (Ni1,Co) 0.291 41(1) 

(La2,Mg) 6c (Ni2,Co) 0.290 74(44) 

(La2,Mg) 6c Ni3 0.297 69(14) 

(Ni1,Co) 6c (Ni1,Co) 0.291 44(1) 

(Ni1,Co) 6c (Ni2,Co) 0.246 94(60) 

(Ni2,Co) 18h (Ni2,Co) 

0.251 62(43) or 

0.25311(43) 

(Ni2,Co) 18h Ni3 0.251 90(33) 
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Abstract: Crystal structure of annealed alloy La

0.67

Mg

0.33

Ni

2.5

Co

0.5

 and (La

0.67

Mg

0.33

Ni

2.5

Co

0.5

)D

4.0

 deuterides were studied by X-ray 

diffraction, neutron diffraction and Rietveld refinement. It is found that the alloys are mainly composed of (La,Mg)Ni

3

 phase with 

rhombohedra PuNi

3

 type (space group: R3m) structure, and the second phases are LaMgNi

4

 phase (MgCu

4

Sn type) and La

2

Ni

7

 phase 

(Ce

2

Ni

7

 type). In the (La,Mg)Ni

3

 phase, the Mg atoms only occupy at 6c sites in the RM

2

 unit, while the Co atoms mainly occupy at 18 h in 

the RM

5

 unit and 6c positions in the boundary between the RM

5

 and RM

2

 blocks. The full deuteride of the main phase 

(La

0.67

Mg

0.33

Ni

2.5

Co

0.5

)D

4.0

 has a rhombohedral structure. For the (La

0.67

Mg

0.33

Ni

2.5

Co

0.5

)D

4.0

 deuteride, the significant occupancy of 

deuterium atoms are mainly six sites: 6c

1

, 18h

3

 and 18h

1

 within the RM

2

 units and 36i

2

, 18h

5

, 6c

4 

within the RM

5

 units. At the same time, it 

is found that the 6.5(1)D/f.u. is located within the RM

5

 units whereas the 3.2(2) )D/f.u. belongs to the RM

2

 units. For the PuNi

3

 type 

structure of (La

0.67

Mg

0.33

Ni

2.5

Co

0.5

)D

4.0

, the total isotropic lattice expansions of the a-axis and c-axis are δ

a

/a�7.1% and δ

c

/c=9.1%, 

respectively. A significant anisotropic volume expansion (δ

c

/c=15.8%, δ

V

/V

RM

2

=32.8%) is found inside the RM

2

 unit, but inside the RM

5

 unit, 

the volumetric expansions are 2.4% (δ

c

/c) and 17.5% (δ

V

/V

RM

5

). 

Key words: hydrogen storage alloy La

0.67

Mg

0.33

Ni

2.5

Co

0.5

; deuterides; X-ray and neutron diffraction; crystal structure  
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