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Abstract. The Nd, + &Fe4B, compound, built up by the interpenetration of two mutually 
incommensurate substructures, presents a novel example of Vernier structure or chimney- 
ladder structure. This compound has been investigated by means ofx-ray diffraction, electron 
diffraction and electron microscopy. The results indicate that the Nd, + EFe,B, compound 
exhibits the characteristicsof infinitely adaptive structures. Several different superstructures, 
at least on the microscopic scale, have been observed. It is suggested that the structure 
adaptability in this system is realised due to the displacive flexibility of one-dimensional Nd 
atom chains along the c direction. 

Since the outstanding magnetic properties of Nd-Fe-B were discovered, the identified 
minor phase Ndl + &Fe4B4 ( E  = 0. l ) ,  also called the boron-rich phase, has been subject 
to several investigations (e.g. Bezinge etaf  1985, Givord etal 1985,1986a7 b, c, Niarchos 
et a1 1986). In particular, most efforts have been devoted to its unique structural aspect. 
As first proposed by Braun et a f  (1982), this compound is built up by the interpenetration 
of two mutually incommensurate substructures, i.e. Fe-B substructure and Nd sub- 
structure. A similar structural build-up principle can also apply to the other R1 + &Fe4B4 
(R represents rare earth elements) compounds (e.g. Bezinge et a f  1985). The general 
structural feature of the Ndl + &Fe4B4 compound has been revealed by Givord et a f  
(1985,1986a7 b). In this compound, the framework of three-dimensionally linked edge- 
sharing tetrahedra of Fe atoms, strongly coupling with dumbbells of B atoms, forms the 
Fe-B substructure; on the other hand the infinite Nd-Nd chains, parallel to the c 
axis, spacing in the octogonal channels of the former substructure, constitute the Nd 
substructure. Two substructures both belonging to the tetragonal system share the same 
lattice dimensions in the tetragonal basal plane. However, of particular interest is that 
their periods in the c direction do not match. Accordingly the c uniaxial periodicity of 
this compound has to be characterised simultaneously by two translation vectors c(Fe- 
B) and c(Nd), and the Ndl + &Fe4B4 compound forms the Vernier structure or chimney- 
ladder structure. It was found that in the MnSi2-, related system of the Nowotny phase 
(e.g. Knott et a1 1967, de Ridder et a1 1976, Ye and Amelinckx 1986) and Ba, + xFe2S4 
(e.g. Grey 1974, 1975) a similar structural principle applies. 

In order to examine structure variation of the Ndl + &Fe4B4 compound with the 
composition, several samples with different nominal compositions were investigated by 
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Table 1. The lattice parameters of the Nd, + tFe4B4 compound for the cases of different 
nominal compositionx in NdxFe4B4 samples. The numbers in parentheses are the estimated 
deviations for the last significant figure. 

X 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 

a (nm) 0.7117(1) 0.7122(1) 0.7124(1) 0.7109(1) 0.7114(2) 0.7109(3) 0.7116(1) 0.7119(5) 
c ~ ~ - ~  (nm) 0.3891(1) 0.3893(1) 0.3896(1) 0.3892(3) 0.3894(1) 0.3893(2) 0.3900(1) 0.3888(4) 
cNd (nm) 0.3559(2) 0.3546(3) 0.3513(2) 0.3505(3) 0.3496(4) 0.3482(6) 0.3466(1) 0.3446(5) 
1 + E  1.093 1.098 1.109 1.110 1.114 1.118 1.125 1.128 

x-ray diffraction. As the ratio c(Fe-B)/c(Nd) can hardly be represented by two relatively 
small integers, the Ndl + &Fe4B4 compound forms either the incommensurate struc- 
tures, or the commensurate superstructures with unusual long period in the c direction. 
Unfortunately the resolution of the presently available x-ray diffraction data fails to give 
an unambiguous judgement on this point; also the results of electron diffraction on such 
compounds have been little reported so far. One purpose of this paper is to reveal by 
electron microscopy further structural aspects of the Ndl + &Fe,B, compound. 

The alloys with nominal composition Nd,Fe4B4 (x = 0.8, 0.9, . . . , 1.5) have been 
produced by vacuum arc melting of high-purity constituents. For homogenisation, the 
obtained ingots were sealed in evacuated quartz tubes, and annealed at 1300 K for 40 
days. The powder specimen of each bulk sample was examined on a Rikagu dif- 
fractometer using monochromated Cu Ka radiation. The lattice parameters were fitted 
by the least-squares method. In order to prepare the specimen for observation on TEM, 
the ingots were crushed into rather fine fragments, then dispersed in ethyl alcohol and 
collected on carbon-coated, perforated plastic films supported by copper meshes of 
3 mm in diameter. The properly selected fragments were observed on an H-800 electron 
microscope at the accelerating voltage 200 KV. 

The x-ray diffraction results indicate that in each bulk sample the Nd, + &Fe4B4 
compound serves as the main phase in equilibrium with other impurity phases. For the 
sake of convenience, the samples are labelled by their nominal compositionsx, although 
the actual compositions of the samples deviate from x owing to loss during melting. The 
powder x-ray diffraction patterns for the Ndl + &Fe,B, compound consist of two sets of 
relatively strong reflections which can be attributed to either Fe-B substructure, or Nd 
substructure, or the common contribution of these two substructures. For the samples 
with different nominal compositions, the corresponding x-ray diffraction patterns of the 
Ndl + &Fe4B4 compound show little difference apart from the small position shift of 
certain reflections. The fitted lattice parameters, under the acceptance of tetragonal 
symmetry and the coexistence of dual periods, are presented in table 1. It can be seen 
that the dimensions in the tetragonal basal plane and c(Fe-B) all exhibit little variation 
as the nominal composition x changes. However, c(Nd) which ranges from 0.3559 
to 0.3446nm shows a relatively strong dependence on x .  According to the atomic 
arrangement in the crystal structure of Ndl + &Fe4B4, refined by Givord et a1 (1985, 
1986a, b) and Bezinge et a1 (1985), its composition E can only be related to the ratio of 
two periods in the c axis, i.e. 1 + E = c(Fe-B)/c(Nd). It follows from this relation 
that the Ndl + &Fe4B4 compound spans a homogeneity range of 0.093 < E < 0.128 as 
indicated in table 1. Of great interest is that such a variation of composition attains 
through the change of c(Nd) as a function of x in NdxFe,B, rather than the usual way 
of solid solution (either substitutional or interstitial). Such structural feature can be 
characterised by ‘infinitely adaptive structures’. This terminology was proposed by 
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Anderson (1973, 1977) to describe certain crystalline systems in which ‘within certain 
composition limits, every possible composition can attain a unique, fully ordered struc- 
ture, without defects arising from solid solution effects and with no biphasic coexistence 
ranges between successive structures’, but to date such systems have not often been well 
recognised (Cheetham 1981). For a given value of the ratio c(Fe-B)/c(Nd), one can, of 
course, always find two integers p and q ,  with a specified tolerance, to meet the need 
of p / q  = c(Fe-B)/c(Nd). Thus high-order commensurate models Nd,(Fe,B,), can be 
constructed, Sml,(Fe4B4),5 and Ndlo(Fe4B4)9, for example, are selected by Bezinge et 
a1 (1985) and Givord et a1 (l985,1986a, b) in structure refinements. 

As argued by Anderson (1977), the adaptive structure presents a way in which long- 
period modulation can be impressed on the basic lattice. However, in powder x-ray 
diffraction patterns of the Nd, + &Fe4B, compound, only several reflections attributed 
to the basic lattice of Fe-B substructure and Nd substructure appear; no satellite 
reflections corresponding to superlattice structure can be observed. Such deficiency is 
expected to be overcome by electron diffraction and electron microscopy. 

To understand the observed electron diffraction patterns (hereafter denoted by 
EDP), we first discuss the predicted EDP based on the general structural feature of the 
Ndl + &Fe4B4 compound. Since period mismatching happens only in the c axis, the most 
typical and useful EDP should be (UVO)* sections. Taking the extinction rules arising 
from the space groups P42/ncm of the Fe-B substructure and I4/mmm of the Nd 
substructure (Givord et a1 1985) into account, we expect patterns composed of just the 
basic reflections as in figures l(a) and l(c). Such patterns, although not really existing 
but nevertheless playing an important role in characterising the general feature of EDP 
of the Ndl + &Fe4B4 compound, are defined as the basic patterns. Here the notation of 
four indices (hkll12) is adopted in view of the coexistence of two incommensurable 
sublattices. (hkl,lz) represents the basic reflections of the Nd substructure for I ,  = 0, 
those of the Fe-B substructure for l2  = 0, and those contributed commonly by the two 
substructures when Il = l2 = 0. Apparently, the basic patterns only present the idealised 
case of a Vernier structure which is interpenetrated by two undistorted substructures. 
As a matter of fact, two substructures would interact with each other rather than be 
completely independent. Therefore satellite reflections should arise. The periodicity (if 
any) of the coupled superstructure determines the distribution of the satellites whose 
extinction rules are determined by the symmetry of the selected Nd,(Fe,B,), model. 
Thus the qualitative EDP (i.e. without considering the intensity) of commensurate models 
Ndlo(Fe,B4)9 (space group Pccn, Givord et a1 1985) with c = 10c(Nd) = 9c(Fe-B) and 
Nd9(Fe4B& (space group Ccca+) with c = 9c(Nd) = 8c(Fe-B), for instance, are illus- 
trated in figures l (b)  and l(d),  respectively. They are, qualitatively, in agreement with 
the observed EDP shown in figure 2 ,  which confirms in the Ndl + &Fe,B, compound the 
structural build-up principle of the Vernier structure. From several representative 
observed EDP in figure 2, one can see that the satellites whose corresponding positions 
are indicated by arrows in figure l(b) and l(d) exhibit the unexpected strong intensity; 
also the (001112) rows in (loo)* patterns show different characteristics from those in 
(ilO)* patterns. It was found that such phenomena are attributed to the dynamical effect 
of electron diffraction. Seen from figure 2 ,  the diffraction vectors of the reflections in 
the observed EDP can be represented, according to the Vernier model, by G + 2mg,  
where G represents the reciprocal vector of either the Fe-B or Nd sublattices and lgl is 
equal to l/c(Nd) - l/c(Fe-B). Although clearly showing similarities for the same zone 
patterns, the EDP with differently distributed satellites are identified by scrutiny. The 
illustration for each long-period superstructure is presented by the onsets, with the 



7516 Z B Zhao et a1 

0 1 2 0  o i o i  0101 0 1  20 
m a 

I 0 zc;, 
( Q l  

0007 0030 0 0 0 0  0020 0 0 0 2  

o i  ?o o i o i  p . 4  o i o i  
U W 

01 20 01 o i  
ibl -o--w--- 

-0- 0007 o o i o  I I 
2 4 6 8 10 I2 14 16 I8 2 0  

o i i o  o i o i  o i o i  o i z o  

1102 1102 

1120 1 1 7 0  11 00  1110 1120 
I C )  

a 

CUOZ 0002  
h 
w 

-%cl 0000 0020 

-- i i o 2  1102 
A 

iTTo 7700 7710 1720 

0 2 4 6 8 10 12 14 16 18 

Figure 1. Illustration of the predicted EDP of the Nd, + &Fe,B, compound, visualised accord- 
ing to-the Vernier structure model. Parts (a) and (c) present the basic patterns of (loo)* 
and (110)*, respectively. Under the commensurate models, the qualitative EDP (loo)* of 
Nd,o(Fe4B4)9 (b) and ( i l O ) *  of Nd9(Fe4BJ8 (d) can be obtained. The arrows indicate 
that the observed satellites corresponding to these positions exhibit the unexpected strong 
intensity due to the double diffraction. 0 indicates the basic reflection of the Fe-B substruc- 
ture; 0 the basic reflection of the Nd substructure; 0 the reflection commonly contributed 
by Fe-B and Nd substructures; the satellite reflection. 
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Figure 2. The observed EDP of Nd, + EFe4B4 com- 
pounds. Each pattern can be characterised approxi- 
mately by a commensurate model with the selected 
valuesofpandq,althoughitseemslikely that incom- 
mensurateness (i.e. spacing anomaly in EDP) is 
intrinsic for the Nd, + &Fe4B4 compound. (a )  p = 8, 
q = 7; ( b ) p  = 9,q  = 8; (c )p  = 10.9 = 9; ( d ) p  = 11, 
9 = 10; (e) p = 12, 9 = 11; (f) p = 13; q = 12; (g) 
p = 15, q = 14. 
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opposite contrast, in figure 2(a-g). In terms of the commensurate models, each satellite 
is rationalised to the rational numbers which are determined by the selected value of p 
and q. Because of the close spacing of the satellites, it is difficult to obtain more exactp 
and q.  However, the commensurate model we choose here is merely used to characterise 
the differences among the EDP; the accurate values of p and q are unimportant in this 
respect. In fact, only typical examples of EDP which are near to the commensurate models 
are presented in figure 2. The positions of satellites seems to exhibit the quasicontinuous 
drift within a certain range and the spacing anomaly arises, i.e. there is no smallest 
common multiple of c(Fe-B) and c(Nd). One can see, for instance, that in figure 2(a) 
the satellite labelled 6 is not exactly halfway between the satellites labelled 5 and 7. Also 
in view of the frequent occurrence of the orientation anomaly (Zhao et a1 1989), it 
seems likely that the incommensurateness is the intrinsic structural feature for the 
Nd, + &Fe4B4 compound. In the terminology of Janner et a1 (1980) and Janssen et a1 
(1987), such systems which are composed of two or more incommensurate subsystems 
are called incommensurate composite structures. 

No unique relationship between the EDP of the Ndl + &Fe4B4 compound and the 
nominal compositions x in N&Fe4B4 can be observed. Occasionally, the same-zone EDP 
with different characteristics can also be obtained in the same bulk samples. Accurately 
speaking, the bulk samples are microscopically inhomogeneous, even after long-period 
(40 days) annealing treatment. The x-ray diffraction results in table 1 can be considered 
as those of a statistically averaged Vernier structure. 

The structure adaptability of the Ndl + eFe4B4 compound can also be reflected by 
the fringe images (g-fringe) corresponding to 2g vectors indicated in figure l(b). As 
shown in figures 3(a) and 3(b) ,  the interspacing of fringe images can be related to the 
periods of two substructures, namely equal to c(Fe-B)c(Nd)/(c(Fe-B)-c(Nd)). The 
nature of such fringe contrast has not yet been well understood. In the incommensurate 
composite systems, the modulation owing to the interaction between the subsystems has 
been both observed experimentally (e.g. Johnson and Watson 1976, Currat 1984) and 
considered theoretically (e.g. see Theodorou and Rice 1978, Axe and Bak 1982). We 
suggest that the fringes imaged by the 2g vector are perhaps the modulation-wave- 
related contrast. As the periods of two substructures, particularly c(Nd), change as a 
function of composition, a variation of interspacing in fringe images is expected. Such a 
variation can be observed by two examples in figure 3. In most cases, the fringe images 
are not as perfect as in figure 3(a). The imperfection of the fringe images, e.g. in 
figure 3(b) ,  may be indicative of further structural details such as the local existence 
of composition fluctuation or misalignmented interpenetration of two substructures. 
However , the accumulated experimental evidence is insufficient to open this argument. 

As mentioned above, the Ndl + &Fe4B4 compound can couple to various different 
superstructures, without apparent destruction of long-range ordering, in response to the 
composition variation. According to the results of Givord et a1 (1985, 1986a, b), Fe-B 
distances on average are 15% shorter than the sum of their atomic radii. This fact 
suggests the rather strong interaction between Fe and B atoms. Therefore the framework 
of the Fe-B substructure is of remarkable rigidity and shows almost independence of 
the nominal composition x .  It can be concluded that the structure adaptability attains 
chiefly due to the elongating or shrinking of the repeat length of one-dimensional Nd 
atom chains. The relatively wide variation range of c(Nd) (see table 1) requires the 
displacive flexibility of Nd atoms along the c direction. The atomic vibration factors of 
RI  + &Fe4B4 compounds have not been given in the structure refinements of Givord et 
a1 (1985, 1986a, b) and Bezinge et a1 (1985). However, many RT4B4 compounds (T  
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Figure 3. Twog-fringe images with different interspacings of the Nd, + EFe,B, compound. 
In the case of (h), the fringe image is not as perfect as in (a) and the locally-bent area exhibits 
a dislocation-like configuration. 

represents the transition elements) with the NdCo4B4 structure type have very similar 
atomic linkage and, simply, the period of the R substructure agrees with that of the T- 
B substructure. In such a kind of tetraboride, the vibration factors of rare earth atoms 
often show an extremely large component in the c direction (e.g. Hiebl et a1 1981, Rogl 
1980). Thus it seems likely that the structure adaptability is realised owing to the 
displacive flexibility of the Nd atoms. 

In conclusion, it is worthwhile to mention, in view of its unique structural feature, 
that the Nd, + &Fe4B4compound may be expected to serve as an incommensurate system 
which can be described by the devil’s staircase (Bak 1982). 
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Note added. It can be derived, based on the argument of Buerger (1947) about the symmetry of derivative 
crystal structure, that the space group symmetry of the commensurate model Nd,(Fe4B4), is dependent on 
the parity combination ofp and q ,  and in case ofp odd and q even the highest symmetry of Nd,(Fe,B,), should 
be Ccca in the revised supercell with translation vectorsA = a + b ,  B = b - a and C = e .  
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