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Abstract. The tetragonal ternary intermetallics RE6Fe13X(RE = Pr, Nd; X = Ag, Au, Si, Ge,
Sn, Pb), which all crystallize in the Nd6Fe13Si structure, are found to absorb approximately 12–
18 hydrogen atoms/formula unit in a largely irreversible reaction at 390 K under a gas pressure of
1 bar. The unit cell volume expands by 10–15% without any change in the crystal symmetry and
structure type, corresponding to an increase of volume per hydrogen atom of∼ 2.9×10−3 nm3.
Lattice expansion is highly anisotropic, being an order of magnitude greater alongc than along
a. The anisotropic lattice expansion and hydrogenation characteristics are explained in a model
where the hydrogen atoms enter the∼ 0.7 nm rare-earth slabs in an amount controlled by the
elementX. The∼ 0.5 nm iron slabs expand little. Magnetization and Mössbauer measurements
on the parent compounds show them to be essentially antiferromagnetic with a net moment of
0–1 µB/formula unit but on hydrogenation there is ferromagnetic behaviour with a moment of
23–27µB/formula unit at room temperature.

1. Introduction

A search for new rare-earth iron alloys which may be useful as hard magnetic materials
has continued over the past decade. Iron-based alloys are desirable for reasons of cost, and
because iron has the largest magnetization of the 3d elements. However, dense-packed iron-
based alloys are weak ferromagnets with a pronounced tendency towards antiferromagnetic
interaction at small iron–iron distances. Hence they has been an interest in modifying their
magnetic properties by inserting small atoms from the gas phase (hydrogen, nitrogen). All
these issues are discussed in a new book [1]. Iron compounds of the RE6Fe13X family
are frequently obtained when transition-metal-rich alloys with X additives are prepared
as starting materials for RE2Fe14B-type permanent magnets [2, 3]. It is of interest to
understand the effect of hydrogen on their magnetic properties both as a problem in solid-
state magnetism and also because hydrogen is increasingly used in the manufacture of rare-
earth iron permanent magnets, and magnetic impurity phases may have a critical influence
on coercivity [1].

A great many ternary intermetallics with general formula RE6T13−xX1+x (RE = light
rare earth, T= Fe, Co; X= Cu, Ag, Au, Zn, Cd, Hg, Al, Ga, In, Tl, Si, Ge, Sn, Pb,
As, Sb, Bi) [4–7], crystallize in the body centred tetragonal Nd6Fe13Si structure type with
I4/mcm space group symmetry [5] (figure 1), which is an ordered variant of the La6Co11Ga3

structure type [8]. In many cases there is a homogeneity range within the overall 6:14
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Figure 1. Crystal structure of RE6Fe13X.

stoichiometry. Precise atom parameters and interatomic distances have been derived from
single-crystal x-ray counter data refinements of Nd6Fe13Si [5], Pr6Fe13Pb [6], Nd6Fe13Au
[7] and Nd6Fe13Sb [9]. The crystallographic unit cell contains two rare-earth sites (16l, 8f),
four iron sites (16l1, 16k, 16l2, 4d) and one site (4a) which is occupied by X. The RE6Fe13X
crystal structure can be understood as amultilayeredone where slabs of iron atoms alternate
with slabs of rare-earth atoms (see figure 1). The iron slabs are built up of iron inz = 0
positions (16k, 4d) between puckered eight-membered rings of iron in 16l1 and 16l2 sites
while the rare-earth slabs include a layer of X at the centre in the 4a site coordinated by
a bicapped Archimedian antiprism [R8+2X] of rare-earth atoms in 16l and 8f sites. All the
atom positions derived for these compounds reveal a characteristic bonding scheme with
Fe–Fe distances close to the sum of their atomic radii (2rFe = 0.254 nm). Only iron on the
4d site has a shorter average Fe–Fe distance (∼ 0.24 nm) [6, 7, 9].

Several studies have been made of the magnetic properties of these compounds
[2, 5, 6, 7, 9–14] which are relatively insensitive to the element X. Common features of
the iron compounds are the following.

(i) They order magnetically near room temperature, in the range 250–550 K.
(ii) The net magnetization is considerably less than expected for collinear ferromagnetic

alignment, being∼ 1.5 µB fu−1 for 6:11:3 compounds [11, 15] and 0–2.0 µB fu−1 for
6:13:1 compounds [2, 4, 6, 11]. The small moments have been explained by ferrimagnetic
[2, 6, 7, 11] or antiferromagnetic [12] spin arrangements.

(iii) Magnetic structures are at present unknown, but they are certainly complex. For
example Nd6Fe13Cu showsc-axis anisotropy, but none of the four iron sublattices has a
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moment aligned alongc [2].
(iv) Strong anisotropy exists for rare earths withL 6= 0. The electric field gradient is

possibly of different sign at the two rare-earth sites [15].
(v) A sharp increase in slope of the magnetization curve is found in an applied field of

1–35 T [2, 11, 15–17]. Hysteresis is observed at the first-order magnetization process.

By contrast, the La6Co13X compounds are ferromagnets with Curie temperatures ranging
from 150 to 500 K, according to the nature of X. They seem to have canted ferromagnetic
spin structures with a net moment of 12µB fu−1 [6].

Here we analyse the influence of hydrogen on the crystal structure and magnetic
properties of the iron-based intermetallics. We have already reported that the 6:13:1
compounds absorb prodigious quantities of hydrogen in an irreversible manner, and that the
magnetization increases dramatically, to more than 30µB fu−1, without, however, attaining
the value expected for collinear ferromagnetic alignment of all the rare-earth and iron
sublattices [2, 9]. Here we describe the hydrogen uptake in more detail, and extend the
chemical systematics with element X. The remarkable anisotropic hydrogen-induced strain
and the main features of the magnetic behaviour are modelled by treating the 6:13:1 structure
as an RE–Femultilayer composed of alternating∼ 0.7 nm slabs of rare earth (and X) and
∼ 0.5 nm slabs of iron, as seen in figure 1.

Figure 2. Typical hydrogen uptake for Nd6Fe13Ag heated in hydrogen at a rate of 10 K min−1.

2. Experimental methods

The ternary compounds with RE= Pr or Nd and X= Ag, Au, Si, Ge, Sn or Pb were
prepared by arc melting pure elements (> 99.9%), followed by annealing at 870 K for



3456 A Leithe-Jasper et al

periods typically of 350 h. Details are given elsewhere [4, 6, 7]. X-ray powder diffraction
was carried out at room temperature on all twelve parent compounds and the hydrogenated
products.

Figure 3. Degassing characteristics for Nd6Fe13AgH18 heated in vacuum at a rate of 10 K min−1.

Hydrogenation was carried out in a thermopiezic analyser (TPA) [18] where the sample
is heated at a constant rate (10 K min−1) in a small quartz tube connected to a fixed volume
containing hydrogen gas, monitoring the pressure. The amount of the hydrogen absorbed
was determined from the pressure drop observed in the TPA after cycling back to room
temperature.

Magnetization curves were measured using a vibrating-sample magnetometer based on
a novel permanent magnet configuration producing fields up to 1.1 T at room temperature
[19].

Mössbauer spectra at 290 and 15 K were obtained using a conventional constant-
acceleration spectrometer with a source of57Co in rhodium. The 15 K data were obtained
using a closed-cycle two-stage helium refrigerator.

3. Results

3.1. Hydrogen uptake of RE6Fe13X compounds

A typical hydrogen absorption curve is shown in figure 2 where the specific pressure change
1P/m is plotted versus temperature. The two-stage reaction is typical of iron-rich rare-earth
intermetallics such as Nd2Fe17 [20], Sm2Fe17 [20, 21] or Nd2Fe14B [22]. A large quantity of
hydrogen is taken up at about 390 K, and some of it leaks out again on further heating up to
the onset of decomposition of the sample at approximately 670 K. The hydrogen content in
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R6Fe13X compounds cooled to room temperature in 1 bar hydrogen pressure ranges from 12
to 20 atoms per formula unit depending on the element X. The temperature for H absorption
onset is slightly lower for the Pr-containing compounds than for the Nd-containing ones.
Heating Nd6Fe13AgH18 from vacuum in the TPA shows hydrogen loss beginning at 400 K
(see figure 3). After heating to 870 K for 2 h in vacuum Nd6Fe13AgH18 had decomposed
into NdH2+δ, Fe, Ag and H2. In order to obtain a further idea of the temperature stability
of the RE6Fe13XHy compounds, the Nd6Fe13AgH18 sample was annealed at temperatures
from 400 K to 770 K under H2. After heat treatment at 400, 420 and 570 K, samples
revealed the Nd6Fe13AgH18 structure whilst samples at 670 and 770 K showed complete
decomposition into NdH2+δ, Fe and Ag (see table 2). Similar decomposition behaviour at
870 K was also observed for the compounds Pr6Fe13AuH16.6 and Pr6Fe13AuH13.6.

Figure 4. XRD patterns for (a) Nd6Fe13Ag, (b) Nd6Fe13AgH18 hydrogenated at 420 K and (c)
decomposed Nd6Fe13AgH18 heated in H2 at 670 K.

The powder XRD patterns of Nd6Fe13Ag, Nd6Fe13AgH18, and the decomposition
products are shown in figure 4. The hydrogen-loaded compound retains the same tetragonal
structure as the parent compound with increased lattice parameters, especially in the
c direction. The unit cell expands by 10–15% on hydrogen absorption, with an excess
volume per absorbed hydrogen of 2.8–3.0 × 10−3 nm3 for RE6Fe13(Si, Ge, Sn, Pb, Sb,
Bi, Cu)Hx which is in agreement with the value of 2.9 × 10−3 nm3 usually observed for
intermetallic compounds [23]. RE6Fe13(Ag, Au)Hx show slightly enlarged excess volumes
up to 3.4 × 10−3 nm3 per hydrogen atom. The expansion of thec axis is in the range of
8–13%, whereas the expansion of thea axis is less than 2%. Lattice parameters and cell
volume are summarized in table 1. The largest hydrogen uptake and lattice expansion are
found when X= Cu, Ag and Au (see table 1 and figure 6), whereas the smallest effects are
found for X = Sb, Sn, Bi and Pb.
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Table 1. Crystallographic data for ternary alloys RE6Fe13X and RE6Fe13XHy (RE = Pr, Nd;
X = Ag, Au, Si, Ge, Sn and Pb), space groupI4/mcm, Nd6Fe13Si type.

Compound a (nm) 1a/a (%) c (nm) 1c/c (%) V (nm3) 1V/V (%) c/a

Pr6Fe13Ag 0.8121(1) — 2.2819(9) — 1.5050(7) — 2.810
Pr6Fe13AgH17.0 0.8270(3) 1.7 2.5578(7) 12.1 1.7494(11) 16.2 3.092
Pr6Fe13Au 0.8098(1) — 2.2659(6) — 1.4860(6) — 2.798
Pr6Fe13AuH16.6 0.8204(2) 1.3 2.5474(7) 12.4 1.7145(9) 15.4 3.105
Pr6Fe13Si 0.8059(1) — 2.2854(9) — 1.4846(8) — 2.835
Pr6Fe13SiH14.7 0.8123(1) 0.7 2.5410(8) 11.2 1.6768(7) 12.9 3.128
Pr6Fe13Ge 0.8064(2) — 2.2933(8) — 1.4914(9) — 2.843
Pr6Fe13GeH13.9 0.8128(1) 0.8 2.5421(8) 10.8 1.6798(8) 12.6 3.127
Pr6Fe13Sn 0.8097(2) — 2.3499(9) — 1.5407(10) — 2.902
Pr6Fe13SnH13.6 0.8189(4) 1.1 2.5425(9) 8.2 1.7053(10) 10.7 3.104
Pr6Fe13Pb 0.8118(2) — 2.3574(9) — 1.5539(7) — 2.903
Pr6Fe13PbH13.1 0.8199(1) 1.0 2.5425(7) 7.9 1.7092(7) 10.0 3.101

Nd6Fe13Ag 0.8104(2) — 2.2715(9) — 1.4920(9) — 2.802
Nd6Fe13AgH18.0 0.8230(1) 1.5 2.5438(7) 12.0 1.7230(9) 15.5 3.091
Nd6Fe13Au 0.8090(2) — 2.2602(6) — 1.4793(4) — 2.793
Nd6Fe13AuH16.6 0.8190(1) 1.2 2.5316(6) 12.0 1.6981(7) 14.8 3.091
Nd6Fe13Si 0.8040(1) — 2.2771(7) — 1.4720(6) — 2.832
Nd6Fe13SiH14.7 0.8103(2) 0.8 2.5254(8) 10.9 1.6581(10) 12.6 3.116
Nd6Fe13Ge 0.8046(1) — 2.2836(8) — 1.4784(7) — 2.838
Nd6Fe13GeH14.5 0.8098(2) 0.6 2.5266(7) 10.6 1.6570(11) 12.1 3.119
Nd6Fe13Sn 0.8089(1) — 2.3354(9) — 1.5282(7) — 2.887
Nd6Fe13SnH13.3 0.8163(3) 0.9 2.5245(9) 8.1 1.6822(10) 10.1 3.092
Nd6Fe13Pb 0.8088(1) — 2.3417(9) — 1.5318(8) — 2.895
Nd6Fe13PbH13.1 0.8164(1) 0.9 2.5267(6) 7.9 1.6844(7) 10.0 3.094

Table 2. Crystallographic data for Nd6Fe13AgH18 and Pr6Fe13AuH16.6 annealed in hydrogen
atmosphere at different temperature for 1–3 h.

Lattice parameters (nm)
Experimental Phase
conditions analysis a c V (nm−3)

398 K, H2, 1 h Nd6Fe13AgH18 0.8230(1) 2.5438(7) 1.7230(1)
420 K, H2, 3 h Nd6Fe13AgH18 0.8251(1) 2.5432(7) 1.7317(1)
570 K, H2, 3 h Nd6Fe13AgH18 0.8232(1) 2.5425(8) 1.7232(2)
770 K, H2, 3 h NdH2+x 0.5509(3) — 0.1672(1)

α-Fe 0.2861(2) — 0.0234(4)
Ag 0.4085(5) — 0.0682(2)

870 K, H2, 1 h PrH2+x 0.5560(3) — 0.1719(2)
α-Fe 0.2866(1) — 0.0235(1)
Au traces

3.2. Magnetization

Some typical magnetization curves (collected at room temperature) on fixed powder samples
of Nd6Fe13Sn, Nd6Fe13Au, Nd6Fe13SnH13.3 and Nd6Fe13AuH16.6 are shown in figure 5.
Before hydrogenation the curve shows either a small net magnetization (Nd6Fe13Sn) or
no net magnetization (Nd6Fe13Au), but the magnetization of the hydrides is completely
different. There ferromagnetic-like magnetization curves approach saturation at 1.1 T at
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Figure 5. Magnetization curves for Nd6Fe13Au, Nd6Fe13AgH16.6, Nd6Fe13Sn, Nd6Fe13SnH13.3

measured at room temperature.

room temperature. The moment (table 3) is around 25µB fu−1.

3.3. Mössbauer spectroscopy

Some typical M̈ossbauer spectra of hydrogenated and parent compounds measured at 15
and 290 K are shown in figures 9–11. As for data on RE6Fe13X(X = Sb, Bi) and
their hydrogenation products reported previously [9] these spectra were fitted with four
subspectra having an intensity ratio of approximately 1:4:4:4, which are associated with the
four inequivalent iron sites 4d, 16k, 16l1 and 16l2. The subspectra are assigned on the basis
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Figure 6. Volume expansion of RE6Fe13XHy .

of intensity and the rule that iron neighbours tend to increase the57Fe hyperfine field and
rare-earth nearest neighbours decrease it [24]. The largest hyperfine field is associated with
the 4d sites which have 12 iron and no rare-earth neighbours. The smallest hyperfine field
should be on 16l2 sites where there are seven iron and five rare-earth nearest neighbours.
The 16k sites have 10 iron and two rare-earth neighbours whereas the 16l1 sites have nine
iron and three rare-earth neighbours. Hence the order of hyperfine fields for different sites
is Bhf (4d) > Bhf (16k) > Bhf (16l1) > Bhf (16l2). Hyperfine fields are given in tables 3
and 4 and the average hyperfine fields are shown in figure 8.

4. Discussion

4.1. Hydrogenation and site occupancy

The two-stage reaction with hydrogen evident in figure 2 is typical of rare-earth
intermetallics [20–22]. The two stages can be written schematically:

R6Fe13X+(y/2)H2 → R6Fe13XHy (1)

R6Fe13XHy → 6RH2+δ+13Fe+ X. (2)

The decomposition products are more stable than hydrogen-loaded 6:13;1 intermetallics by
an energy of the order of 600 kJ mol−1.
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Table 3. Magnetic properties of RE6Fe13X and RE6Fe13XHy (RE = Pr, Nd; X = Si, Ge, Sn,
Pb, Ag and Au).

σ 〈Bhf 〉 〈µFe〉
(JT−1 kg−1) (µB fu−1) (T) (µB )

Compound 293 K 15 K 293 K 15 K 293 K

Pr6Fe13Aga 0.0 0.0 29.2 15.9 1.94 1.06
Pr6Fe13AgH17.0 60.3 19.4 35.4 30.3 2.36 2.02
Pr6Fe13Aua 0.0 0.0 29.1 22.3 1.94 1.49
Pr6Fe13AuH16.6 72.4 23.1 35.6 29.1 2.37 1.94
Pr6Fe13Si 0.0 0.0 22.3 1.49
Pr6Fe13SiH14.7 78.1 22.6 30.6 23.9 2.04 1.59
Pr6Fe13Geb 2.5 0.15 30.6 22.3 2.04 1.49
Pr6Fe13GeH13.9 72.2 21.4 33.3 25.5 2.22 1.70
Pr6Fe13Sn 0.5 0.15 23.5 1.57
Pr6Fe13SnH12.4 67.2 20.5 34.8 26.8 2.32 1.79
Pr6Fe13Pb 0.0 0.0 23.1 1.54
Pr6Fe13PbH13.1 68.9 22.1 35.0 27.4 2.33 1.83

Nd6Fe13Aga 0.0 0.0 29.5 23.7 1.97 1.58
Nd6Fe13AgH18.0 61.0 18.8 36.2 30.7 2.41 2.05
Nd6Fe13Aua 0.0 0.0 29.4 22.7 1.96 1.51
Nd6Fe13AuH16.6 76.9 24.9 35.2 28.3 2.35 1.89
Nd6Fe13Si 1.7 0.5 24.3 1.62
Nd6Fe13SiH14.7 80.2 23.5 32.1 24.3 2.14 1.62
Nd6Fe13Geb 3.0 0.7 30.0 24.3 2.0 1.62
Nd6Fe13GeH14.5 75.9 22.8 32.2 23.8 2.15 1.59
Nd6Fe13Snc 2.0 0.6 30.9 24.8 1.65
Nd6Fe13SnH13.3 74.0 22.8 33.9 25.3 2.26 1.69
Nd6Fe13Pbc 0.6 0.2 30.8 24.9 1.66
Nd6Fe13PbH13.1 70.4 22.6 34.8 25.3 2.32 1.69

a Mössbauer data at 4.2 K [4].
b Mössbauer data at 15 K [10].
c Mössbauer data at 4.2 K [3].

However, disproportionation is inhibited by the diffusion kinetics of the metal atoms.
Gas-loaded iron-rich intermetallics normally decompose in the range 700–1000 K, whether
they are hydrogen or nitrogen loaded [25]. This is the temperature where the diffusion
length of iron reaches atomic dimensions on the experimental timescale. Since the diffusion
constant of hydrogen is some 20 orders of magnitude greater than that of iron, it readily
enters the intermetallic skeleton and forms the hydrogen-loaded intermetallic. The difficulty
in removing all the hydrogen from R6Fe13XHy under vacuum (figure 3), unlike RE2Fe17 or
R2Fe14B, suggests that most of the absorbed hydrogen is firmly bound in the rare-earth slabs
in the structure. The likely absorption sites are the interstices with rare-earth neighbours,
which have been enumerated previously [9]. We note here the greater hydrogen absorption
of 6:13:1 intermetallics with noble metals compared to metalloids, and the tendency for the
absorption to decrease on passing down a column in the periodic table. Both tendencies
may be rationalized by considering the enthalpies of reaction. At infinite dilution, the heat
of reaction of hydrogen with Pr or Nd is about−50 and−60 kJ mol−1 [26], whereas with
Ag or Si it is +63 and+180 kJ mol−1 [26], respectively.

The octahedral [RE(1)4RE(2)X] 8f interstitial sites just above and below thez =
1/4, 3/4 planes (figure 1) have five RE and one X neighbours, whereas the 16l tetrahedral
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Table 4. Mössbauer parameters of RE6Fe13X and RE6Fe13XHy (RE = Pr, Nd; X = Ag, Au,
Si, Ge, Sn, Pb, Sb, Bi).

15 K 293 K

Compounds 4d 16k 16l1 16l2 4d 16k 16l1 16l2

Pr6Fe13Aga 36.3 32.2 30.0 23.5 26.1 23.8 17.8 3.7
Pr6Fe13AgH17.0 39.3 37.4 34.6 33.1 32.8 32.5 29.7 28.0
Pr6Fe13Aua 36.6 32.8 30.1 23.5 27.3 24.1 23.9 17.6
Pr6Fe13AuH16.6 38.6 36.9 34.1 34.9 31.9 30.5 29.1 26.9
Pr6Fe13Si 30.5 25.2 22.7 16.9
Pr6Fe13SiH14.7 34.6 33.3 29.4 28.2 33.2 31.7 24.1 13.6
Pr6Fe13Geb 34.9 34.2 30.7 25.8 29.9 25.3 22.7 17.0
Pr6Fe13GeH13.9 35.2 34.9 32.6 31.9 27.9 26.8 26.6 22.6
Pr6Fe13Sn 30.1 28.3 23.8 16.5
Pr6Fe13SnH12.4 37.9 35.9 35.5 32.3 29.6 28.0 27.5 24.1
Pr6Fe13Pb 28.2 28.2 23.2 11.8
Pr6Fe13PbH13.1 38.1 35.6 34.9 33.8 29.4 28.6 28.4 24.7

Nd6Fe13Aga 37.0 32.8 30.5 23.3 26.9 26.8 24.7 18.7
Nd6Fe13AgH18.0 37.6 37.4 35.6 35.3 31.9 31.6 29.3 29.0
Nd6Fe13Aua 36.8 33.0 30.4 23.0 27.4 25.4 23.6 17.8
Nd6Fe13AuH16.6 37.1 37.3 35.1 32.7 30.9 29.0 28.4 26.8
Nd6Fe13Si 28.3 27.7 25.6 18.7
Nd6Fe13SiH14.7 34.3 32.7 32.8 30.3 27.6 25.6 25.1 21.4
Nd6Fe13Geb 35.4 34.4 31.0 23.4 28.3 27.7 25.7 18.5
Nd6Fe13GeH14.5 34.7 34.3 32.1 29.5 25.3 25.4 24.9 20.7
Nd6Fe13Snc 36.5 34.5 33.3 23.7 29.3 28.4 26.3 18.6
Nd6Fe13SnH13.3 36.9 35.0 34.9 31.1 28.2 27.2 26.0 22.1
Nd6Fe13Pbc 36.3 34.5 33.2 23.5 29.0 28.3 26.4 19.2
Nd6Fe13PbH13.1 35.7 35.8 35.5 32.9 29.4 26.9 26.4 21.5

a Mössbauer data at 4.2 K [4].
b Mössbauer data at 15 K [10].
c Mössbauer data at 4.2 K [3].

[RE(1)4] interstices are entirely surrounded by RE atoms. The bond energies in these
sites may be roughly estimated: for example the 8f octahedron has a bond energy
(5 × (−50) + 63)/6 = −22.8 kJ mol−1 when M = Ag but when M = Si the result is
−3.3 kJ mol−1, while the 16l [RE(1)4] tetrahedron seems to be the most stable configuration
with bond energies of (4× (−50))/4 = −50 kJ mol−1. The interstitial sites with one or
two X neighbours are increasingly unfavourable as one goes down a column in the periodic
table, since the occupancy becomes restricted due to the steric problem of increasing atomic
size and the site bond energy becomes more positive.

In summary, the hydrogen is expected, from energetic considerations, to be bound in
the rare-earth slabs, first in interstices with only RE neighbours, the 16l [RE(1)4] tetrahedra,
next in the 16l [RE(1)3Fe(3)] and 16l [RE(1)2RE(2)Fe(3)] and 4c [RE(2)2Fe(2)2] tetrahedra
and finally in the sites with RE and X neighbours (two 8f [RE(1)5X] octahedral and
16l [RE(1)3X] tetrahedral sites). Occupancy of the latter sites strongly depends on the
element X. No significant occupancy of the interstitials coordinated solely by iron can be
expected. We obtain 84 interstices per unit cell summing up the previous mentioned sites.
52 of them have no X neighbours, being solely surrounded by (RE, Fe) atoms and occupation
of them alone would account for 13 hydrogen atoms per formula unit as encountered in the
RE6Fe13(Sn, Pb, Sb, Bi)H13 series. The environment of the remaining 32 sites (eight per
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Figure 7. X-dependence of the hydrogen content in RE6Fe13XHy compounds.

formula unit) also contains X atoms and the higher H content of the other compounds (up
to 20 atoms per formula unit observed in Nd6Fe13CuH20) could be qualitatively described
by successive filling of these sites with H atoms considering Westlake’s rule, which forbids
occupancy of interstitials which are closer than 0.21 nm [27].

4.2. Lattice expansion

Having seen that the hydrogen goes into the rare-earth slabs of the structure, giving them an
approximate composition RH2+δ, while avoiding the iron layers, it is possible to understand
the lattice expansion. The overall expansion per hydrogen atom has the familiar value of
2.9 × 10−3 nm3 [23] but the remarkable feature of the 6:13:1 compounds is that the strain
is highly anisotropic. We model this behaviour by considering amultilayer where Young’s
modulus and Poisson’s ratio of the constituents areRRE and νRE for the rare earth layer
and EFe and νFe for the iron layer respectively. To give a semiquantitative explanation
for the much largerc-axis extension thana-axis extension (table 1) we make the following
simplifying assumptions.

(i) The iron and rare-earth layers each obey Hooke’s law for isotropic media:

σij = E

1 + ν
(εij − ε0δj ) + νE

(1 + ν)(1 − 2ν)
δij Tr(εij − ε0δij )
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Figure 8. Variation of the average hyperfine field〈Bhf 〉 over all four inequivalent iron sites for
RE6Fe13XHy .

where E and ν are Young’s modulus and Poisson’s ratio, respectively.ε0 is the linear
lattice expansion of the unconstrained hydride;σij andεij are the stress and strain tensors,
respectively.

(ii) The interstitial sites occupied by hydrogen are located in the rare-earth layers.
Thereforeε0(RE) = εRE andε0(Fe) = 0.

(iii) Poisson’s ratio is assumed to be the same for each layer,ν(RE) = ν(Fe) = ν. Due
to the tetragonal symmetry of the crystal, the principal componentsεii of the strain tensor
εij obeyεxx(Fe) = εxx(RE) = εyy(Fe) = εyy(RE) = εxx . The remaining three independent
strain componentsεxx, εzz(RE) and εzz(Fe) are obtained by minimizing the elastic energy
UE :

UE = 1
2

3∑
ij=1

∫
(εij − ε0δij )σij dr.

The result [28] is

εxx = [f (RE)ERE/(f (RE)ERE + f (RE)EFe)]εR

ezz(RE) = [(1 + ν)/(1 − ν)]εRE − [2ν/(1 − ν)]εxx

and

εzz(Fe) = −[2ν/(1 − ν)]εxx
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Figure 9. The57Fe Mössbauer spectra for (a) Pr6Fe13XHy , (b) Nd6Fe13XHy at 293 K and 15 K
and (c) Pr6Fe13X and Nd6Fe13X at 293 K (X = Ag, Au, Si, Ge, Sn and Pb). The fits described
are shown by the full lines. Vertical bar represents 1% absorption.

wheref denotes the volume fractions of the layers. UsingEFe = 215 GPa andEFe =
ELa = 39 GPa [29] and assumingν = 1/3, εRE = 8% andf (RE) = 0.6, f (Fe) = 0.4 we
obtain εxx = 1.7%, εzz(Fe) = − 1.7% andεzz(RE) = 14.3%. This implies1a/a = 1.7%
and1c/c = 7.9%, which is in fair agreement with the experimental values given in table 1.
Closer accord is achieved by taking a smaller value of Young’s modulus for the hydrogenated
rare-earth layer, and a larger value for Poisson’s ratio. For example ifERE = 20 GPa and
νRE = 0.4, we find1a/a = 1.0%, 1c/c = 10.0%. However, the assumption (i) of linear
elasticity cannot be quantitatively accurate in view of the large strains involved.

4.3. The hyperfine field

There is evidence that the iron hyperfine field, particularly at the 16l2 sites, increases
significantly after hydrogenation. The new field values are about 20% greater than in the



3466 A Leithe-Jasper et al

Figure 9. (Continued)

parent compounds and a similar increase of average iron moment is likely. Although the site
moments in rare-earth intermetallics are not strictly proportional to their hyperfine fields, a
fair correlation often exists between the average moment and the average hyperfine field [30].
The iron in related intermetallics is nearly a strong ferromagnet with a much greater density
of states at the Fermi level in the↓ subbands than in the↑ subbands. The probable cause of
the moment increase on hydrogenation is not so much volume expansion (2εxx(Fe)+εzz(Fe)
is unlikely to exceed 1–2% in the iron layers) as charge transfer towards the rare-earth–
hydrogen units. The hydrogen in REH2+δ is electronegative or anionic in character, which
leaves the rare-earth atoms electron deficient. A charge transfer of∼ 0.3 electron/atom
from the iron to the rare-earth atom could suffice to account for the increase of the iron
moment. It is interesting that the effect of hydrogenation is greatest on the hyperfine fields
of the 16l2 iron which has the largest number of rare-earth neighbours. Here there will be
a direct effect when hydrogen occupies the 16l tetrahedral sites with three RE(1) and one
Fe(3) neighbours.
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Figure 9. (Continued)

4.4. The isomer shift

The change in the isomer shift on hydrogenation (1IS = 0.15 mm s−1) is large. We have
argued that the change in volume of the iron layer is only 1–2%, so the volume effect
δIS/δ ln V would only contribute 0.02 mm s−1 [31]. Most of the effect is due to a charge
redistribution of iron electrons.

5. Discussion

It is interesting to compare the present results with those on hydrogen in RE–Fe and RE–
Co binary alloys with a comparable ratio of 4d:3d elements. The data were reviewed
by Wiesinger and Hilscher [32], The iron moment at low temperatures in REFe2 (MgCu2

structure) and REFe3 (PuNi3 structure) compounds is well established and is not much
changed by hydrogen absorption. The net Fe–Fe exchange is weakened. In the cobalt
alloys, the critical concentration for the appearance of magnetism lies close to the 1:2
composition. These alloys do not have a stable cobalt moment, and they exhibit band
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metamagnetism [33]. However, the cobalt moment is well established in the 1:3 and 2:7
compounds. The first hydrogen absorbed in RECo3 (β-phase) leads to a large, anisotropic
expansion in thec direction [34], as in the present system. The preferred sites are likely to
be in the vicinity of the rare-earth-rich planes in the PuNi3 structure. However the effect
of increasing hydrogen uptake is to reduce the magnetization, then increase it and then
reduce it again, as the alloy changes from a ferromagnetic to an antiferromagnetic state. In
contrast to RE6Fe13X at high hydrogen loadings, which is driven from an antiferromagnetic
to a ferromagnetic state, the effect of high hydrogen loading on the RECo3 and RE2Co7 (γ -
phases) is just the opposite [35], as the Co–Co intersublattice interaction becomes negative.
The RE–Co interaction is significantly weakened on hydrogenation.

6. Conclusions

The large and partly irreversible hydrogen uptake in the 6:13:1 intermetallic compounds
reflects the crystal structure which consists of alternating slabs of rare-earth atoms and iron
atoms of thickness∼ 0.7 nm and∼ 0.5 nm respectively. The maximum hydrogen uptake is
determined by the hydrogen disaffinity of the X atoms which lie at the heart of the RE slabs.
Hydrogen is strongly bound in the tetrahedral interstices having only RE neighbours, but it
is bound less strongly in the other interstitial sites in the RE slabs having one X neighbour or
in the [RE3Fe] tetrahedral and [RE3Fe3] octahedral sites. The hydrogenated intermetallics
therefore combine characteristics of RH2+δ hydrides and hydrogen solid solutions such as
RE2Fe17Hy . The changes in the average iron hyperfine field and isomer shift indicate
electron transfer away from the iron layers on hydrogenation. The disproportionation
above 660 K is typical of hydrogen-loaded RE–Fe-intermetallics, which are metastable
in a thermodynamic sense. They disproportionate into more stable products as soon as
atomic diffusion permits.

Modelling the compounds as multilayers offers a semiquantitative explanation of the
highly anisotropic lattice expansion in terms of the elastic properties of the two constituents.
Although the details of the essentially antiferromagnetic structures of the parent compounds
remain to be elucidated, hydrogen-induced metamagnetism is found in every case. The
effect may perhaps be explained by a change in sign of the weak exchange coupling of the
iron layers which is mediated by the rare-earth slabs. It is suggested that future work should
be directed at the multilayer aspects of this family of compounds where nonmagnetic (La)
or magnetic (Pr, Nd, Sm) rare-earth layers alternate with iron layers. The transport and
magnetic properties of the lanthanum compounds in particular merit investigation.
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