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ABSTRACT. The new crystal structure of the intermetallic compound (Nd,Mg)2(Ni,Al)7 has been 

determined by scanning transmission electron microscopy and electron diffraction. This crystal 

structure is different from that (either 2H or 3R) usually reported for the intermetallic compound R2T7 

(R: rare-earth elements and T: transition-metal elements) in the constitution of block layers. While the 

block layer for the crystal structure usually reported is of the R2T7 stoichiometric composition 

consisting of one R2T4 unit layer and two RT5 unit layers, the block layer for the new crystal structure 

consists of a sub-block layer of the RT3 stoichiometry (formed with one R2T4 unit layer and one RT5 

unit layer) and a sub-block layer of the R5T19 stoichiometry (formed with one R2T4 unit layer and 

three RT5 unit layers), which alternately stack on top of each other. The crystal structure is described 

based on the order-disorder (OD) theory and the simplest crystal structures (polytypes) among many 

other polytypes belonging to the same OD family is deduced to be of the 2H-type with the space group 

of 26mP and of the 6R-type with the space group of mR3 . The experimentally observed polytype 

corresponds to the second simplest form of the 6R-type. 

KEYWORDS. Hydrogen storage material, Order-disorder (OD) theory, Polytype, Scanning 

transmission electron microscopy, Superlattice structure, La2Ni7 
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1. INTRODUCTION 

 Since the discovery of the excellent hydrogen absorption-desorption properties in 2000 [1], the 

intermetallic compound based on R2T7 (R: rare-earth elements and T: transition-metal elements) has 

received a considerable interest not only scientifically [2-9] but also industrially [10]. This stems from 

the fact that the additions of Mg completely alter the hydrogen absorption-desorption properties of 

La2Ni7 [1], which had been believed to exhibit properties not useful for the application as negative 

electrode materials of rechargeable nickel-metal hydride (Ni-MH) batteries because of the occurrence 

of non-rechargeable amorphization upon hydrogenation at ambient temperature [11]. Since then, many 

studies have devoted to the intermetallic compound based on R2T7, such as La2Ni7 and (La,Mg)2Ni7 

in order to develop alloys that exhibit better hydrogen absorption-desorption properties as negative 

electrode materials of rechargeable Ni-MH batteries. One of the focuses in the alloy development has 

been to establish the structure-properties relationships, paying special attention to the control of phase 

constitution, crystal structure (polytype) by alloying additions and their preferential sites. One of the 

most significant scientific characteristics in the intermetallic compound based on R2T7 is in its crystal 

structure, as in other series compounds. The unit cells of a series of compounds in the R-T system, RT3, 

R2T7 and R5T19 are known to be made of some block layers, each consisting of one unit layer of the 

R2T4 (Laves)-type and some unit layers of the RT5-type [12-14] (Fig. 1). The number (n) of RT5-type 

unit layers in a block layer is 1, 2 and 3 for RT3, R2T7 and R5T19, respectively. Thus, this series of 

compounds are formulated to be RTx with x=(5n+4)/(n+2) [12]. Of significance to note is that for all 

these compounds RTx, each block layer possesses the stoichiometric composition of the corresponding 

intermetallic compound and that depending on the stacking of these block layers, some different 

polytypes (such as 2H and 3R according to the Ramsdell notation [15]) are generated for each of these 
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Figure 1. Crystal structures of (a) RT2 (R2T4), (b) RT3, (c) R2T7, (d) R5T19 and (e) RT5. RT2 and RT5 
have C15 (Laves)- and CaCu5-type structures, respectively. The crystal structures of (b) RT3, 
(c) R2T7 and (d) R5T19 consist of block layers, each of which consists of R2T4 and RT5 unit 
layers, and the polytype 2H is illustrated for these intermetallics. 

 

compounds RTx (Fig. 1). During the course of research on the development of alloys based on the 

intermetallic compound R2T7, we have recently found a new crystal structure for the R2T7 phase in the 

Nd-Mg-Ni-Al quaternary system, the crystal structure of which cannot simply be described according 

to the above-mentioned method with the stacking of block layers possessing the stoichiometric 

composition of the corresponding intermetallic compound. 

In the present paper, we report the results of crystal structure assessment made for the R2T7 

phase in the Nd-Mg-Ni-Al quaternary system by means of high-resolution scanning transmission 

electron microscopy (STEM) as well as electron diffraction. We describe the crystal structure based on 

the order-disorder (OD) theory [16-21] and deduce the simplest crystal structures (polytypes) of many 

other polytypes belonging to the same OD family, together with their space groups. 
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2. EXPERIMENTAL PROCEDURES 

 Two different Nd-Mg-Ni-Al quaternary alloys (1 and 2) were prepared by induction-melting 

the constituent elements in their desired molar fractions, followed by annealing at 950 °C for 48 h in 

Ar gas and furnace-cooling. The molar ratio of (Nd+Mg):(Ni+Al) was set at 2:7 for both alloys, 

assuming all Nd and Mg atoms occupy the R sites while all Ni and Al atoms occupy the T sites in the 

intermetallic compound R2T7. The alloy 2 contains less Nd and more Mg than the alloy 1, as tabulated 

in Table 1. Microstructures (phase constitution) and their crystal structures in these alloys were 

examined with JEM-2100F scanning transmission electron microscope (STEM) operated at 200 kV. 

Phase compositions were examined by energy-dispersive spectroscopy (EDS) in the STEM. Thin foils 

for STEM observations were perforated by ion milling with 3 keV Ar ions.  

Table 1. Nominal compositions of the alloys 1 and 2. 

 

(at.%) Nd Mg Ni Al 

Alloy 1 16.7 5.6 74.4 3.3 

Alloy 2 15.6 6.7 74.4 3.3 

 

3. RESULTS 

 The alloy 1 consists of four phases, R2T7, R5T19, RT5 and RT2, with R2T7 being the major 

constituent phase. Figures 2(a) and (b) show a typical high-resolution HAADF (high-angle annular 

dark-field)-STEM image and a selected-area electron diffraction (SAED) pattern with the [21 10] 

incidence of a crystal grain of the R2T7 phase. EDS analysis indicates that the chemical composition of 

the R2T7 phase is on average Nd-2.1Mg-79.5Ni-1.4Al (at.%). The R2T7 phase of Fig. 2(a) consists of 
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block layers of the R2T7 stoichiometric composition formed with one R2T4 unit layer and two RT5 unit 

layers. These block layers stack in the c-axis direction so as to form the AB-type stacking (2H 

polytype), as schematically illustrated in the inset of Fig. 2(a). Stacking faults (the disturbance of the 

AB-type stacking as well as the intergrowth of other phases with different block layer structures) were 

observed only sporadically in grains of the R2T7 phase. The SAED pattern of Fig. 2(b) is consistently 

indexed as that of R2T7 of the 2H polytype. The discreteness of diffraction spots together with the 

absence of streaks in the SAED pattern of Fig. 2(b) is consistent with the high-resolution STEM image 

of Fig. 2(a) showing a very regular AB-type stacking (2H polytype) of the R2T7 phase without 

stacking faults.  

 The alloy 2 also consists of four phases, R2T7, RT5, RT3 and RT2, with R2T7 being the major 

constituent phase. EDS analysis indicates that the chemical composition of the R2T7 phase is on 

average Nd-5.6Mg-77.2Ni-2.9Al (at.%), which is a little more in Mg and Al than in the R2T7 phase in 

the alloy 1. Figures 3(a) and (b) show a typical high-resolution HAADF-STEM image and a SAED 

pattern with the [2110] incidence of a crystal grain of the R2T7 phase. The SAED pattern of Fig. 3(b) 

is completely different from that of the R2T7 phase of the 2H polytype. Analysis of the stacking of 

block layers in Fig. 3(b) indicates that unlike in the R2T7 phase ever reported, the block layer of this 

R2T7 phase consists of a block layer of the RT3 stoichiometry (formed with one R2T4 unit layer and 

one RT5 unit layer) and that of the R5T19 stoichiometry (formed with one RT3 unit layer and three RT5 

unit layers) alternately stacked on top of each other. This new R2T7 phase is thus described to consist 

of the block layer of the R2T7 stoichiometry formed with alternatively stacked sub-block layers of the 

RT3 and R5T19 stoichiometries. The R2T7 block layer stacks in the c-axis direction so as to form the 

ABC-type stacking to complete the  
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Figure 2. (a) Typical high-resolution 
HAADF-STEM image and (b) SAED pattern 
with the [2110] incidence for a crystal grain 
of the R2T7 phase in the alloy 1. 

 

Figure 3. (a) Typical high-resolution 
HAADF-STEM image and (b) SAED pattern 
with the [2110] incidence for a crystal grain 
of the R2T7 phase in the alloy 2. 
 

 

three-layer unit cell, as schematically shown in the inset of Fig. 3(a). The ABC-type three-layer 

stacking is usually observed for this R2T7 phase and seems the lowest energy configuration. The 

space group of mR3  can thus be assigned to this new crystal structure. The SAED pattern of Fig. 
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3(b) is consistently indexed with the assigned space group of mR3  for the new crystal structure of 

the R2T7 phase. Although the crystal structure can also be considered as an intergrowth structure 

of the RT3 and R5T19 phases, we believe the structure is regarded as a new crystal structure in 

view of the very regularity of the incidence of sub-block layers of the RT3 and R5T19 

stoichiometry and rather wide areas of the appearance of the structure, as shown in a low-

magnification HAADF-STEM image of Fig. 4. Being consistent with the occurrence of streaks in 

the SAED pattern of Fig. 3(b), the incidence of stacking faults SF1 and SF2 are observed in Fig. 4, 

although the density of stacking faults is not generally remarkably high in other areas. A sub-

block layer of the R5T19 stoichiometry is missing for the stacking faults SF1, while for the 

stacking fault SF2, a sub-block layer of the RT3 stoichiometry is missing. Stacking fault between 

adjacent block layers of the R2T7 stoichiometry to disturb the ABC-type three-layer stacking of 

the new crystal structure is rarely observed. In the same specimen, crystal grains of the R2T7 

phase with the well-known crystal  

 

 

Figure 4. Low-magnification HAADF-STEM image of the R2T7 phase in the alloy 2. Positions of 
stacking faults (SF1 and SF2) are indicated in the right of the figure. 
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structure of the 2H polytype (space group P63/mmc) are also frequently observed. These grains 

tend to have chemical compositions with less Mg and Al than grains of the R2T7 phase with the 

new crystal structure, although the difference in chemical composition is not always remarkable.  

 

4. DISCUSSION 

4.1. The crystal structure description of RT3, R2T7 and R5T19 with the order-disorder theory 

 Although two polytypes, 2H and 3R are frequently described to be observed 

experimentally for a series of compounds in the R-T system, RT3, R2T7 and R5T19, many other 

polytypes with larger unit cell dimensions along the stacking direction as well as virtually one-

dimensionally stacking disordered structures are possible to be formed, since their unit cell is 

based on the stacking of block layers, each of which consists of one unit layer of the RT2 (Laves)-

type and some unit layers of the RT5-type. Here, we describe the crystal structures of a series of 

compounds in the R-T system (RT3, R2T7 and R5T19) according to the so-called order-disorder 

theory [16-21] in order to generalize the crystal structures. The theory of the OD structure (OD 

theory) was originally developed to describe crystal structures with one-dimensional stacking 

disorder observed in many minerals, such as wollastonite [22-27]. In the OD theory, a crystal 

structure is described with two sets of partial operations (POs) of symmetry, λ-POs and σ-POs 

[16-21]. The λ-POs correspond to POs that transform an OD layer into itself, while σ-PO 

transforms an OD layer into an adjacent one above it. For a given set of λ-POs, i.e. a given layer 

group, a set of σ-POs can be derived based on the symmetry of the layer group. The POs 

sustaining the orientation of the layer are denoted as τ-POs, while those turning the layer upside 

down are called ρ-POs. Both λ- and σ- POs can be either τ or ρ. A whole family of the derivative 
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structures described with a complete set of POs is called an OD-groupoid family. 

 The choice of OD layers in the crystal structure description according to the OD theory is 

not unique and there are some different possibilities. The block layer with the stoichiometric 

composition (either RT3, R2T7 or R5T19) is one of them. The structural block can indeed be 

divided into two different OD layers corresponding respectively to sub-block layers of the R2T4 

(Laves)- and the RT5-types, as shown in Figs. 5(a)-(c). This choice of OD layers is convenient to 

describe the crystal structures of these three intermetallic compounds in a quite similar way 

according to the OD theory. These two different OD layers are denoted in the following as Ln and 

Mn: 

(i) OD layer Ln, corresponding to a sub-block layer of the R2T4-type (Figs. 5(a)-(c) and 6(a)-(b)). 

The layer group of the OD layer Ln is 13mp  (short symbol) or ( )1113Pmmm  (full seven-

entry symbol). The layer is non-polar. There is one λ-ρ plane. 

(ii) OD layer Mn, corresponding to a sub-block layer of the RT5-type (Figs. 5 (a)-(c) and 6 (c)-(f)). 

This OD layer contains all unit layers of the RT5-type in the sub-block layer for each of these 

three compounds. Thus, the number of unit layers of the RT5-type contained in the OD layer 

is 1, 2 and 3 for RT3, R2T7 and R5T19, respectively. The number of unit layers of the RT5-type 

contained in the OD layer does not alter the symmetry of the OD layer. The layer group of the 

OD layer Mn is mmmp /6  (short symbol) or ( )mmmmPmmm 6  (full seven-entry symbol). 

The layer is non-polar. There is one λ-ρ plane. 

The crystal structures of these three intermetallic compounds can thus be considered to consist of 

these two OD layers stacked alternately along the c direction. The diagrams of symmetry elements 

for the 13mp  and mmmp /6  layer groups corresponding to the λ-POs in the OD layers Ln and Mn 

are illustrated in Figs. 6(g) and (h), respectively [28]. Because the crystal structure is composed of 

 10 



two OD layers both of which are non-polar (as is evident from the presence of λ-ρ plane), all the 

three intermetallics can be considered to belong to the category IV OD structures [20, 29-31]. The  

 

Figure 5.  Crystal structures of (a) 2H-RT3, (b) 2H-R2T7, and (c) 2H-R5T19 projected along the [2
1 10] direction. The constituting OD layers and packets are described in the right-hand 
of each figure. 

 

choice of OD layers in OD structures of the category IV is not unique and a boundary between 

two adjacent OD layers can be set in more than one way [20]. Here, the boundary between two 

adjacent Ln and Mn OD layers is set so that T atoms on the boundary (highlighted with light blue 

color in Fig. 6) belong to both OD layers.  

The so-called NFZ relation [18, 20, 21] is useful to consider the number of geometrically 

equivalent stacking positions of the OD layers. The NFZ relation calculates the value of Z, the 

number of the possible distinct positions of the OD layer Lp+1 relative to the fixed position of the 

OD layer Lp. The value of Z depends on the order N, the general multiplicity of the group of the λ-

τ-POs valid for the single OD layer Lp, as well as on the order F, the general multiplicity of the 

group of the λ-τ-POs valid both for the single OD layer Lp and for the pair of the adjacent OD 
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layers Lp and Lp+1. For OD structures in the category IV, the value of Z is calculated through the 

relation, Z = N/F. In the case for stacking an OD layer Mn on top of an OD layer Ln , the order N 

for the OD layer Ln is six out of 12 symmetry operations of the 13mp  layer group [28]. Since all 

the six operations are valid for the pair of the adjacent OD layers Ln and Mn, the order F is also 

six. Thus, the number Z = N/F = 6/6 = 1, indicating that there is only one possible position for the 

OD layer Mn to stack on top of the OD layer Ln. In the case for stacking an OD layer Ln+1 on top 

of that an OD layer Mn, on the other hand, the order N for the OD layer Mn is 12 out of 24 

symmetry operations of the mmmp /6  layer group [28]. Since only six out of the 12 operations 

are valid for the pair of the adjacent OD layers Mn and Ln+1, the order F is also six. Thus, the 

number Z = N/F = 12/6 = 2. This indicates that there are two possible stacking positions when 

stacking an OD layer Ln+1 on top of that an OD layer Mn. 

The symmetry of an OD structure is not described by a space group but is by a groupoid, 

which is a set of λ- and σ-POs [16-21]. A whole family of derivative structures described with the 
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Figure 6.  (a,c,d,e) [21 10] and (b,f) [0001] projections of the OD layers (a,b) L and (c,d,e) M, 
respectively, in the (c) RT3, (d) R2T7, and (e) R5T19 phases. (g,h) Diagrams of 
symmetry elements for the 13mp  and mmmp /6  layer groups corresponding to the λ-
POs in the OD layers L and M, respectively. 

same set of λ- and σ-POs is called an OD groupoid family and is generally described with the so-

called OD-groupoid family symbol, which consists of two lines [16-21]. For the OD structures in 

the category IV composed of two different kinds of OD layers, the first line presents the λ-POs of 

the layer groups of the constituting OD layers, while the second line presents the positional 

relation between the adjacent OD layers, given in a square bracket by two components of the 

vector connecting the origins of the two adjacent layers projected into the layer plane [20, 21, 29-

31]. The OD groupoid family symbol for all three intermetallics is thus described as, 

( )
]3/1,3/2[

11136 Pmmmmmm
m

Pmmm 







        (1) 

Of significance to note is that the OD groupoid family symbol is the same for all three 

intermetallics and does not alter with the thickness (the number of unit layers of the RT5-type) of 

the OD layer Mn.  

 It is often more instructive and useful to describe OD structures with structural units called 

OD packets, which by definition represent the smallest continuous part of the OD structure with 

the stoichiometric composition and is larger than individual OD layers considered previously [32]. 

The OD packet consists of half the OD layer Mn-1, the whole OD layer Ln and half the OD layer 

Mn with the packet boundaries being taken to coincide with the λ-ρ plane of the OD layers Mn-1 

and Mn (Figs. 5 and 7(a)). The OD packet nP  is thus virtually identical with the structural blocks 

used for explaining the crystal structures in Section 1, although the packet boundary is shifted by 

half the OD layer Mn when compared with that between structural blocks. Here, the boundary 
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between two adjacent OD packets is set so that R and T atoms on the λ-ρ plane in the OD layer Mn 

belong to both OD packets (highlighted with green and orange color in Fig. 6(c), cyan color in Fig.  

 

Figure 7. (a) [21 10] and (b) [0001] projections of the OD packet in the R2T7 phase. (c) Arrays of 
symbolic figures showing the symmetry of the OD packet. (d,e) Two different manners 
of stacking the adjacent OD packet on the preceding OD packet at the position A. (d) 
A⇒A’ with the stacking vector t1, (e) A⇒B with the stacking vector t2. (f) One of the 
two manners of stacking the adjacent OD packet on the preceding OD packet at the 
position A’ (A’⇒C’). 

 

6(d), and dark green and brown color in Fig. 6(e), respectively). The symmetry of the OD packet 

for all three intermetallics is identical with the symmetry of the OD layer Ln, 13mp . It is useful to 

further describe the OD packet with a symbolic figure, which simply illustrates the symmetry of 

the OD packet [33]. The OD packet projected along the stacking direction and symbolic figure for 
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the OD packet are shown in Figs. 7(b) and (c), respectively. The symbolic figure has 3  symmetry 

about the stacking direction and mirror planes perpendicular to the <11 2 0> directions. The origin 

of the adjacent packet 1+nP  may be shifted relative to that of the packet nP  by either of the 

following stacking vectors, 

 01 ct =           (2a) 

 0212 3
1

3
2 caat ++=         (2b) 

where c0 corresponds to the unit vector of the OD packet along the stacking direction. In the 

former case, the packet 1+nP  is stacked right above the packet nP  after ±60 or 180° rotation about 

the c-axis (AA’: Fig. 7(d))1. In the latter case, the packet 1+nP  is stacked obliquely above the 

packet nP  without rotation (AB: Fig. 7(e)). When the packet nP  has a different orientation (±60 

or 180° rotation about the c-axis; A’ position), the packet 1+nP  can be stacked right above the 

packet nP  after ±60 or 180° rotation about the c-axis (A’A), after shifting the origin by the 

following stacking vector,  

01' ct = ,          (2c) 

or obliquely above the packet nP  without rotation (A’C’: Fig. 7(f)) after shifting the origin by 

the following stacking vector,  

 caat ++= 212 3
2

3
1' .        (2d) 

1The apostrophe means that the OD packet has the opposite orientation within the basal plane. 
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The stacking vector t1 shifts the stacking positions like AA’, BB’, CC’, while t2 and 2't

shift the stacking positions like AB, BC, CA, and A’C’, B’A’, C’B’, respectively. 

An infinite number of periodic and non-periodic polytypes can thus be obtained for these three 

intermetallics (RT3, R2T7 and R5T19) by a random occurrence of the stacking vectors it  and i't  (i 

= 1 and 2).  

 Among the periodic polytypes, the simplest ones are called maximum degree of order 

(MDO) polytypes. Each MDO polytype is characterized by a generating operation, whose 

continuous application gives rise to the MDO structure. In the present case of the OD groupoid 

family for RTx with x=(5n+4)/(n+2), one generating operation is the σ-PO of n0,2 (c2), indicated in 

Fig. 7(d). Continuous application of this operation yields an MDO polytype (MDO1) with the AA’ 

stacking sequence. The unit cell of the MDO1 polytype belongs to the space group of P63/mmc 

with a hexagonal unit cell of 1
)1(

1 aa =MDO , 2
)1(

2 aa =MDO  and c(MDO1) = 2c0 because the σ-PO of n0,2 

(c2) (Fig. 7(d)) becomes a total operation, c glide plane, in the hexagonal cell. In the Ramsdell 

notation, the MDO1 polytype is designated 2H. Another generating operation is the σ-PO of a 

glide plane of n1/3,2, indicated in Fig. 7(e). Continuous application of this operation results in 

another MDO polytype (MDO2) with the ABC stacking sequence. The MDO2 polytype belongs 

to the space group of mR3  with the rhombohedral unit cell of 1
)2(

1 aa =MDO , 2
)2(

2 aa =MDO  and 

c(MDO2) = 3c0 because the σ-PO of n1/3,2 becomes a total operation, g(1/6, 1/3, 1/3), in the 

rhombohedral cell. In the Ramsdell notation, the MDO2 polytype is designated 3R. 

 

4.2. The crystal structure description of R2T7 of the new crystal structure with the order-disorder 

theory 
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 We now describe the new crystal structure of R2T7 we identified presently with the OD 

theory. Although it is possible to choose OD layers as in the previous section (Figs. 5, 6, and 7), 

the crystal structure description is rather complicated because the structural block with the R2T7 

stoichiometric composition consists of as many as three different kinds of OD layers (L4n, M4n+1, 

L4n+2 and M‴4n+3, with M4n+1 and M‴4n+3 containing one and three unit layers of the RT5-type, 

respectively). To simplify the description, two different kinds of OD layers can be chosen as 

follows.  

(i) OD layer L′ (L′3n and L′3n+1), consisting of a R2T4-type unit layer sandwiched by half the 

RT5-type unit layer on both sides (top and bottom) (Fig. 8 and Figs. 9(a), (b)). The layer 

group of the OD layer L′ is 13mp  (short symbol) or ( )1113Pmmm  (full seven-entry symbol). 

The layer is non-polar. There is one λ-ρ plane. 

(ii) OD layer M′ (M′3n+2), consisting of a RT5-type unit layer sandwiched by half the RT5-type 

unit layer on both sides (top and bottom), i.e., two RT5-type unit layers (Fig. 8 and Figs. 9(c), 

(d)). The layer group of the OD layer M′3n+2 is mmmp /6  (short symbol) or 

( )mmmmPmmm 6  (full seven-entry symbol). The layer is non-polar. There is one λ-ρ plane. 

Then, the structural block with the R2T7 stoichiometric composition can simply be described to 

consist of OD layers L′3n, L′3n+1 and M′3n+2. In the case for stacking an OD layer L′3n on top of an 

OD layer M′3n-1, the order N for the OD layer M is 12 out of 24 symmetry operations of the 

mmmp /6  layer group [28]. Since only six out of the twelve operations are valid for the pair of 

the adjacent OD layers M′3n-1 and L′3n, the order F is also six. Thus, the number Z = N/F = 12/6 = 

2, indicating that the existence of two possible stacking positions for the OD layer L′3n to stack on 

top of the OD layer M′3n-1. In the case for stacking an OD layer L′3n+1 on top of an OD layer L′3n, 

the order N for the OD layer L′3n is six out of 12 symmetry operations of the 13mp  layer group 
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[28]. Since only three out of the six operations are valid for the pair of the adjacent OD layers L′3n, 

and L′3n+1, the order F is also three. Thus, the number Z = N/F = 6/3 = 2, indicating that the 

existence  

 

Figure 8. Schematic illustration of the 
crystal structure of the intermetallic 
compound (Nd,Mg)2(Ni,Al)7 (6R-polytype). 
The constituting OD layers and packets are 
described in the right-hand of the figure. 

 

Figure 9. (a,c) [21 10] and (b,d) [0001] 
projections of the OD layers (a,b) L′ and (c,d) 
M′, respectively, in the (Nd,Mg)2(Ni,Al)7 
phase of the new crystal structure. 
 

 

 

Figure 10. Schematic illustration of the 
OD packets nP2  and 12 +nP  constituting the 
(Nd,Mg)2(Ni,Al)7 phase of the new crystal 
structure. 

 

of two possible stacking positions for the OD layer L′3n+1 to stack on top of the OD layer L′3n. In 
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the case for stacking an OD layer M′3n+2 on top of an OD layer L′3n+1, on the other hand, the 

order N for the OD layer L′3n+1 is six out of 12 symmetry operations of the 13mp  layer group. 

Since all the six operations are valid for the pair of the adjacent OD layers L′3n+1 and M′3n+2, the 

order F is also six. Thus, the number Z = N/F = 6/6 = 1, indicating that there is only one possible 

position for the OD layer M′3n+2 to stack on top of the OD layer L′3n+1. Because the crystal 

structure is composed of three OD layers all of which are non-polar (as is evident from the 

presence of λ-ρ plane), the structure can be considered to belong again to the category IV OD 

structures [20, 29-31]. The OD groupoid family symbol for the crystal structure is thus described 

as, 

( ) ( )

]3/1,3/2[]3/1,3/2[

111311136 PmmmPmmmmmm
m

Pmmm 







       (3) 

The OD packet can be taken to consist of half the OD layer M′ and the OD layer L′ (Fig. 10), so 

that the structure can be described with the alternate stacking of the OD packet nP2  and 12 +nP , 

which are related with each other by inversion symmetry (with respect to the origin of the OD 

layer M′). The boundary between two adjacent OD packets is set so that R and T atoms in the OD 

layer L′ highlighted with green and orange color in Fig. 11(a) and those in the OD layer M′ 

highlighted with dark green and brown colors in Fig. 11(a) belong to both OD packets. The OD 

packet projected along the stacking direction and symbolic figure for the OD packet are shown in 

Figs. 11(b) and (c), respectively.  

The origin of the adjacent packet 12 +nP  may be shifted relative to that of the packet nP2  by 

either of the following stacking vectors, 

 01 ct =            (4a) 
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1

3
2 caat ++=          (4b) 

where c0 corresponds to the unit vector of the OD packet along the stacking direction. In the 

former case, the packet 12 +nP  is stacked right above the packet nP2  after ±60 or 180° rotation 

about the c-axis ( ↑A  ↓A' : Fig. 11(d))2. In the latter case, the packet 12 +nP  is stacked obliquely 

 

 
 
Figure 11. (a) [21 10] and (b) [0001] projections of the OD packet in the (Nd,Mg)2(Ni,Al)7 

phase of the new crystal structure. (c) Arrays of symbolic figures showing the 
symmetry of the OD packet. (d,e) Two different manners of stacking the adjacent 
OD packet on the preceding OD packet at the position ↑A . (d) ↑A  ↓A'  with the 

2The upward and downward arrows indicate that the OD layer L′ is located on the top or in the 
bottom of the OD packet, respectively (see Figure 10). 
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stacking vector t1, (e) ↑A  ↓B  with the stacking vector t2. (f) One of the two 
manners of stacking the adjacent OD packet on the preceding OD packet at the 
position ↑A'  ( ↑A'  ↓C' ). 

 

above the packet nP2  without rotation ( ↑A  ↓B : Fig. 11(e)). When the packet nP2  has a 

different orientation (±60 or 180° rotation about the c-axis; ↑A'  position), the packet 12 +nP  can be 

stacked right above the packet nP2  after ±60 or 180° rotation about the c-axis ( ↑A'  ↓A ), after 

shifting the origin by the following stacking vector,  

01' ct = ,           (4c) 

or obliquely above the packet nP  without rotation ( ↑A'  ↓C' : Fig. 11(f)) after shifting the origin 

by the following stacking vector,  

 caat ++= 212 3
2

3
1' .         (4d) 

The stacking vector t1 shifts the positions like ↑A  ↓A' , ↑B  ↓B' , ↑C  ↓C' , while t2 and 

2't shift the positions like ↑A  ↓B , ↑B  ↓C , ↑C  ↓A , and ↑A'  ↓C' , ↑B'  ↓A' , ↑C'  ↓B' , 

respectively. An infinite number of periodic and non-periodic polytypes can be obtained by a 

random occurrence of the stacking vectors it  and i't  (i = 1 and 2) similarly for R2T7 formed 

based on the stacking of the structural block consisting of a sub-block layer of the RT3 

stoichiometry (formed with one R2T4 unit layer and one RT5 unit layer) and a sub-block layer of 

the R5T19 stoichiometry (formed with one R2T4 unit layer and three RT5 unit layers).  

 A similar argument holds true in deducing the MDO polytypes. In the case of the OD 

groupoid family for the R2T7 phase with the new crystal structure, one generating operation is 

the σ-PO of 66, indicated in Fig. 11(d). Continuous application of this operation yields an MDO 

 21 



polytype (MDO1) with the ↓↑A'A  stacking sequence. The unit cell of the MDO1 polytype  

 

Figure 12. Schematic illustration of the (imaginary) crystal structure of the intermetallic 
compound (Nd,Mg)2(Ni,Al)7 (2H-polytype). The constituting OD layers and packets 
are described in the right-hand of the figure.   

 

belongs to the space group of 26mP  with a hexagonal unit cell of 1
)1(

1 aa =MDO , 2
)1(

2 aa =MDO  and  

c(MDO1) = 2c0 because the σ-PO of 66 becomes a total operation, 
+

6 , in the hexagonal cell (Fig. 

12). In the Ramsdell notation, the MDO1 polytype is designated 2H. Another generating 

operation is the σ-PO of 3  indicated in Fig. 11(e). Continuous application of this operation 

results in another MDO polytype (MDO2) with the ↓↑↓↑↓↑ CBACBA  stacking sequence (Fig. 8). 

The MDO2 polytype belongs to the space group of mR3  with the rhombohedral unit cell of 

1
)2(

1 aa =MDO , 2
)2(

2 aa =MDO , and c(MDO2) = 6c0 because the σ-PO of 3  becomes a total operation 

g(1/6, 1/3, 1/3) in the rhombohedral cell. In the Ramsdell notation, the MDO2 polytype is 

designated 6R. The experimentally observed polytype is mR3  (MDO2), which is the second 
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simplest polytype in the OD family. Of importance to note here is that the actual number of 

block layers in the unit cell for the 6R polytype is six ( ↓↑↓↑↓↑ CBACBA ) but not three (ABC), if 

we take into account of the inversion symmetry between two neighboring block layers on their 

stacking. 

4.3. Stacking faults and electron diffraction 

 Diffraction from OD structures usually produces two different types of reflections; family 

reflections and characteristic reflections [20, 34]. Family reflections appear at the common 

positions for all polytypes if they belong to the same OD family, while characteristic reflections 

appear at different positions specific to a given polytype, with which polytype identification is 

possible. If some different polytypes are incorporated or if some stacking disorder is present, 

sharp streaks are observed in the reciprocal lattice rows of characteristic reflections while 

discrete diffraction spots are preserved for family reflections, as far as the stacking made is only 

those allowed to form the same OD family [21, 35]. On the other hand, if some different phases 

are incorporated in the form of intergrowth or if some stacking disorder that is not allowed to 

form the same OD family occurs, streaks are observed in the reciprocal lattice rows of both 

family and characteristic reflections. 

 The reflection conditions for the family reflections can be obtained by considering 

reflection conditions for the so-called ‘family structure’, a fictitious superimposed structure that 

is obtained by simultaneous application of all possible σ-POs [20, 21, 35]. The reflection 

conditions for the family reflections of R2T7 with the new crystal structure are described as 

follows: 

( )integer:,3,3:0 nmnLmHLHH ==        (5) 
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where the indices in capital letters refer to the unit cell of the MDO2 (6R) polytype. Indexing of 

the SAED patterns of Fig. 3(b) was made assuming the MDO2 (6R) polytype. Calculation of 

SAED patterns with the [2110] incidence indicates that the m[011L]* reciprocal lattice rows (m 

= 3n, where m and n are integers) correspond to those of family reflections, while the m[011L]* 

reciprocal lattice rows (m ≠ 3n) to those of characteristic reflections. Although the intensity is 

fairly low, streaks are observed in Fig. 3(b) along reciprocal lattice rows of both family and 

characteristic reflections. This indicates either the incorporation of some different phases in the 

form of intergrowth or the introduction of some stacking disorder that is not allowed to form the 

same OD family. When judged from the HAADF-STEM image of Fig. 4, the intergrowth 

structures, in which, for example, a sub-block layer of either RT3 or R5T19 stoichiometry is 

missed (SF’s 1 and 2 in Fig. 4), are identified to be responsible for the occurrence of streaks. In 

other words, R2T7 with the new crystal structure is relatively stable with respect to other 

polytype, since the incorporation of other polytypes is less frequent. 

 

4.4. Further possible crystal structures with different stoichiometric compositions and with 

different stacking structures 

 A series of compounds in the R-T system, RT3, R2T7 and R5T19 possess a crystal 

structure based on the stacking of block layers, each of which has their own stoichiometric 

composition consisting of one unit layer of the R2T4 (Laves)-type and some unit layers of the 

RT5-type [12-14, 36] (Fig. 1). As the number (n) of RT5-type unit layers in the block layer 

increases, intermetallics richer in T (n=1, 2 and 3 for RT3, R2T7 and R5T19, respectively) are 

successively formed so as to be formulated as RTx with x=(5n+4)/(n+2) [12]. Theoretically, it is 

possible to form intermetallic compounds RTx with the value of n exceeding 4 (RT4, R7T29 and 
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R4T17 for, n=4, 5 and 6, respectively). Although these intermetallics with higher x values have 

never been reported in the R-T binary system, the intermetallic compound RT4 (La5MgNi24) with 

n=4 has indeed been reported to form in the La-Mg-Ni ternary system [37]. The intermetallic 

compound RT4 is reported to exhibit better discharge capacity than that based on R5T19 when 

examined as a negative electrode of Ni-MH batteries [37].  

 The new crystal structure of R2T7 presently identified is different from those of these 

intermetallics RTx with higher x values in that although the structure is formed similarly based on 

the stacking of block layers, the block layer for the new crystal structure consists of one sub-

block layer of the RT3 stoichiometry (formed with one R2T4 unit layer and one RT5 unit layer) 

and one sub-block layer of the R5T19 stoichiometry (formed with one R2T4 unit layer and three 

RT5 unit layers), which alternately stack on top of each other. If the block layer is allowed to 

consist of more than two kinds of sub-block layers (either of RT3, R2T7 or R5T19 stoichiometry), 

it is possible to form an infinite number of intermetallic compounds at stoichiometric 

compositions in between RT2 and RT5. Although the stoichiometric composition of the new 

structure formed with one sub-block layer of the RT3 stoichiometry and one sub-block layer of 

the R5T19 stoichiometry is R2T7, the stoichiometric composition is changed to R7T23 if the sub-

block layer of the R5T19 stoichiometry is replaced with that of the R2T7 stoichiometry (Fig. 

13(b)). This crystal structure of R7T23 (La5Mg2Ni23) has indeed been observed to exist in the La-

Mg-Ni ternary system [1, 38]. The intermetallic compound R7T23 is reported also to exhibit 

better discharge capacity than that based on RT5 [1]. Similarly, the intermetallic compound 

R3T11 is formed with the block layer consisting of one R2T7 sub-block layer and one R5T19 sub-

block layer (Fig. 13(c)). Another crystal structure of the intermetallic compound R2T7 is formed 

with the block layer consisting of one RT3 sub-block layer, one R2T7 sub-block layer and one 
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R5T19 sub-block layer (Fig. 13(d)). If the block layer consists of two RT3 sub-block layers and 

either R2T7 or  

 

Figure 13. Further possible crystal structures with different stoichiometric compositions and 
with different stacking structures. 

 

R5T19 sub-block layer, the stoichiometric composition is either R5T16 (Fig. 13(e)) or R11T37 (Fig. 

13(f)). Needless to say, all these crystal structures can be described with the OD theory (as 

described in Sections 4.1 and 4.2), as far as they are based on the stacking of block layers.  

 The crystal structure variation as mentioned above is empirically known not to occur in 

simple R-T systems, unless Mg is added to replace some R atoms [1, 37-41]. In this sense, Mg is 

considered to play an important role in controlling the stability of crystal structures. 

Electrochemical properties of intermetallic compounds RTx containing Mg have frequently been 

reported to be better than those of their base compounds [3, 7, 8, 11, 42-46]. Our preliminary 

experiment has indicated that the alloy 2 containing grains of the R2T7 phase with the new 

crystal structure tends to exhibit better discharge capacity than the alloy 1 containing grains of 

the R2T7 phase with the conventional 2H polytype structure (See the Supplementary Figure S1). 

Their properties cannot simply be inferred from the rule of mixture of the intermetallic 

compounds R2T4 and RT5 that constitute the block layer [11, 42, 45]. This indicates that there is 
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a chance to find out a new compound that exhibits excellent electrochemical properties as a 

negative electrode of Ni-MH batteries through controlling crystal structures based on the 

stacking of block layers with additions of Mg and some other alloying elements. Mg is reported 

to preferentially occupy R atom sites in the R2T4 unit layer of the block layer in a series of 

compounds RTx in the R-T system. In the presence of a quaternary element that has preferential 

occupancy in particular sites in either R2T4 or RT5 unit layer, there is a possibility that the 

occupancy behavior of Mg in the R2T4 unit layer varies with sub-block layers if the block layer 

consists of sub-block layers with different stoichiometric compositions, as in the presently 

identified new crystal structure of R2T7. We believe that Al is one of the effective quaternary 

elements that also play an important role, since Al has been known to preferentially occupy T 

sites between R2T4 and RT5 unit layers and between RT5 unit layers [37]. Indeed, the present 

study clearly indicates that crystal grains of the R2T7 phase with the new crystal structure tend to 

possess more Mg and Al than those of the R2T7 phase with the conventional 2H polytype 

structure. Ways to control the constitution and stacking of block layers of the intermetallic 

compounds RTx correlating with the occupancy behavior of Mg and other alloying elements are 

currently under survey experimentally and theoretically in our research group. 

 

5. CONCLUSIONS 

(1) The new crystal structure of the intermetallic compound (Nd,Mg)2(Ni,Al)7 has been 

determined as that based on the stacking of the block layer of the R2T7 stoichiometry that 

consists of a sub-block layer of the RT3 stoichiometry (formed with one R2T4 unit layer and one 

RT5 unit layer) and a sub-block layer of the R5T19 stoichiometry (formed with one R2T4 unit 

layer and three RT5 unit layers), which alternately stack on top of each other in the stacking of 
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the ABC-type. This is quite different from the crystal structures (either 2H or 3R polytypes) 

usually reported for the intermetallic compound R2T7, in which the block layer of the R2T7 

stoichiometry consists simply of one R2T4 unit layer and two RT5 unit layers. 

(2) The new crystal structure is described based on the order-disorder theory. The crystal 

structure belongs to the category IV OD structure composed of two types of non-polar OD layers 

(L′ and M′). Due to the selectivity property of the orientation of the OD layer L′, there are two 

possible equivalent positions to stack an OD layer L′ on top of an OD layer L′ or M′. The OD 

groupoid family symbol expressing the OD structure is: 

( ) ( )
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(3) The space groups for the two simplest forms (MDO polytypes) of the intermetallic compound 

R2T7 are determined to be 26mP  (MDO1) and mR3  (MDO2). In the Ramsdell notation, these 

forms are designated 2H and 6R, respectively. The experimentally observed polytype is mR3  

(MDO2), which is the second simplest polytype in the OD family. 
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 Figure 1. Crystal structures of (a) RT2 (R2T4), (b) RT3, (c) R2T7, (d) R5T19 and (e) RT5. RT2 and 
RT5 have C15 (Laves)- and CaCu5-type structures, respectively. The crystal structures 
of (b) RT3, (c) R2T7 and (d) R5T19 consist of block layers, each of which consists of 
R2T4 and RT5 unit layers, and the polytype 2H is illustrated for these intermetallics. 

Figure 2. (a) Typical high-resolution HAADF-STEM image and (b) SAED pattern with the [21
10] incidence for a crystal grain of the R2T7 phase in the alloy 1. Positions of sub-
block layers of the RT5- and R2T4-types are indicated in the figure. 

Figure 3. (a) Typical high-resolution HAADF-STEM image and (b) SAED pattern with the [21
10] incidence for a crystal grain of the R2T7 phase in the alloy 2. Positions of sub-
block layers of the RT3- and R5T19-types are indicated in the figure.  

Figure 4. Low-magnification HAADF-STEM image of the R2T7 phase in the alloy 1. Positions 
of stacking faults (SF1 and SF2) are indicated in the right of the figure. 

Figure 5.  Crystal structures of (a) 2H-RT3, (b) 2H-R2T7, and (c) 2H-R5T19 projected along the [2
1 10] direction. The constituting OD layers and packets are described in the right-
hand of each figure. 

Figure 6.  (a,c,d,e) [21 10] and (b,f) [0001] projections of the OD layers (a,b) L and (c,d,e) M, 
respectively, in the (c) RT3, (d) R2T7, and (e) R5T19 phases. (g,h) Diagrams of 
symmetry elements for the 13mp  and mmmp /6  layer groups corresponding to the λ-
POs in the OD layers L and M, respectively. 

Figure 7. (a) [21 10] and (b) [0001] projections of the OD packet in the R2T7 phase. (c) Arrays 
of symbolic figures showing the symmetry of the OD packet. (d,e) Two different 
manners of stacking the adjacent OD packet on the preceding OD packet at the 
position A. (d) A⇒A’ with the stacking vector t1, (e) A⇒B with the stacking vector 
t2. (f) One of the two manners of stacking the adjacent OD packet on the preceding 
OD packet at the position A’ (A’⇒C’). 

Figure 8. Schematic illustration of the crystal structure of the intermetallic compound 
(Nd,Mg)2(Ni,Al)7 (6R-polytype). The constituting OD layers and packets are 
described in the right-hand of the figure. 

Figure 9. (a,c) [21 10] and (b,d) [0001] projections of the OD layers (a,b) L′ and (c,d) M′, 
respectively, in the (Nd,Mg)2(Ni,Al)7 phase of the new crystal structure. 

Figure 10. Schematic illustration of the OD packets nP2  and 12 +nP  constituting the 
(Nd,Mg)2(Ni,Al)7 phase of the new crystal structure. 

Figure 11. (a) [21 10] and (b) [0001] projections of the OD packet in the (Nd,Mg)2(Ni,Al)7 
phase of the new crystal structure. (c) Arrays of symbolic figures showing the 
symmetry of the OD packet. (d,e) Two different manners of stacking the adjacent 
OD packet on the preceding OD packet at the position ↑A . (d) ↑A  ↓A'  with the 
stacking vector t1, (e) ↑A  ↓B  with the stacking vector t2. (f) One of the two 
manners of stacking the adjacent OD packet on the preceding OD packet at the 
position ↑A'  ( ↑A'  ↓C' ). 

Figure 12. Schematic illustration of the (imaginary) crystal structure of the intermetallic 
compound (Nd,Mg)2(Ni,Al)7 (2H-polytype). The constituting OD layers and packets 
are described in the right-hand of the figure.   
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Figure 13. Further possible crystal structures with different stoichiometric compositions and 
with different stacking structures. 

Table 1. Nominal compositions of the alloys 1 and 2. 
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Figure S1: Charge/discharge cycle dependence of discharge capacities ratio (max. 
capacity = 1) of three-electrode test cells using negative electrodes of the alloy 1 and 2.  
. 
Figure indicates variations in the discharge capacity ratio (maximum capacity = 1) with 
respect to the number of charge/discharge cycles. After 50 charge/discharge cycles, the 
cell using a negative electrode of the alloy2 exhibit a higher discharge capacity ratio 
than that with the alloy 1 electrode, which indicates better cycle behavior of the 
negative electrode of the alloy 2. 
For the evaluation of the discharge capacity, a three-electrode test cell composed of a 
Nd-Mg-Ni-Al  alloy electrode, a counter electrode of sintered nickel electrode, an 
Hg/HgO reference electrode, and electrolyte of a 30 mass% KOH aqueous solution. 
Pellet-type negative electrodes of the Nd-Mg-Ni-Al alloy was prepared from a mixture 
of the quaternary alloy and Ni powders and compressed under pressure of 150 MPa. 
The test cell was charged at 150 mA g−1 for 2 h and 50 min and discharged at 150 mA 
g−1 until the negative electrode potential reached −0.7 V with respect to the reference 
electrode.  
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