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Abstract

Nitrogen enters 3d metals and 3d—4f intermetallic compounds as an interstitial provoking a dilation of the lattice.
Iron-based alloys are most susceptible to modification by nitrogen, which can turn them from weak to strong
ferromagnets. In the 3d-4f compounds it is a major contributor to the crystal field. The influence of nitrogen in BCC,
FCC and HCP iron, and then in iron-based intermetallics with 2:17, 1:12 and 3:29 structure types is reviewed.
Important issues are the role of nitrogen in enhancing the iron moment and raising the Curie temperature. Progress in
processing nitrogen-containing compounds is outlined, and applications of iron nitrides as permanent magnets and as
materials for use in magnetic recording are discussed. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

A few light elements at the beginning of the
periodic table are small enough in their covalent or
metallic state to enter the lattice of the magnetic 3d
metals interstitially. These elements are principally
hydrogen, boron, carbon and nitrogen. Oxygen,
fluorine and chlorine are so strongly elec-
tronegative that they tend to form negative ions. Of
course, size is but one of the factors governing
solubility — hydrogen, the smallest interstitial, is
essentially insoluble in iron, whereas carbon dis-
solves in both o and yFe to yield the most versatile
and useful series of alloys known to man. Nitrogen
is a diatomic gas in normal conditions, like hydro-
gen, but unlike carbon and boron which have very

* Corresponding author. Tel.: + 353-1-608-1470; fax: + 353-
671-1759.
E-mail address: jcoey@tcd.ie (J.M.D. Coey)

high melting points ( > 2500 K). The usual ap-
proach to form nitrides and nitrogen-containing
compounds is gas-phase interstitial modification,
which is quite different to the melting of elements or
prealloys employed with carbon or boron. The
temperatures used may be quite low ( ~ 670 K) and
there is an opportunity to form and retain non-
equilibrium phases at room temperature when the
decomposition kinetics are interminably slow.
High nitrogen pressures may be used, or high effec-
tive pressures achieved by using a nitrogen-con-
taining gas such as ammonia [1]. Thin films can be
prepared by methods such as reactive sputtering in
an Ar/N, mixture or ion implantation.

As an interstitial impurity, nitrogen tends to di-
late the host lattice. In magnetism, maximum inter-
est is focused on iron and iron-based alloys because
these materials are of greatest practical use. Iron
has the highest ferromagnetic polarisation at room
temperature (2.15 T) and it is by far the cheapest
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magnetic element. The magnetic properties of iron
are volume-sensitive, with a critical interplay
between structure and magnetism. The normal
body-centred cubic (BCC) phase aFe is a weak
ferromagnet with a zero-temperature moment of
2.22 ug/atom and a Curie temperature of 1044 K.
A moment of 2.7 pug/atom would be expected if iron
were a strong ferromagnet, with the 3d1 states fully
occupied. Since yFe is unstable at room temper-
ature, the phase must be stabilised, for example as
thin films on an FCC substrate such as copper or at
grain boundaries. The magnetic properties of face-
centred cubic (FCC) yFe are particularly sensitive
to lattice volume, and states may be found which
have a high moment, a low moment or are non-
magnetic according to the lattice parameter. Many
magnetic alloys of practical interest are cubic
solid solutions of iron, with cobalt or nickel,
for example. Iron can also be stabilised in a fer-
romagnetic hexagonal close-packed € phase under
suitable conditions.

There are numerous iron-rich intermetallic com-
pounds, but those of greatest interest in magnetism
involve the 4f rare-earth elements. Typically, the
iron lattice in these intermetallics approximates
a close-packed structure. Compounds such as
Nd,Fe;,B are stabilised by interstitial boron.
Others such as Sm,Fe;; have interstices in their
structure which can be occupied by hydrogen, car-
bon or nitrogen, sometimes with dramatic conse-
quences for the magnetic properties [2].

In developing practically useful magnetic mater-
ials operating at room temperature it is often desir-
able to combine the greatest-possible polarisation
with either negligible coercivity in a soft material or
high coercivity in a hard material. Other consider-
ations such as Curie temperature, magnetostric-
tion, resistivity, mechanical properties and
corrosion resistance may also be critically impor-
tant and no material is perfect in every respect. For
example, the disordered FCC Fe,,Nig, alloy, per-
malloy, is an excellent soft magnetic material used
in many thin film applications because it combines
low anisotropy and negligible magnetostriction. By
a happy coincidence in the Feqoo-,Ni, series,
K, and J, change sign at almost the same com-
position, 0.75 and 0.82, respectively, depending
somewhat on heat treatment. Unfortunately the

polarisation of permalloy is only 1.0 T. Likewise,
Nd,Fe 4B is a versatile high-performance perma-
nent magnet material but its polarisation (1.61 T)
and Curie temperature (585 K) both leave some-
thing to be desired.

Interstitial nitrogen has the potential to alter the
properties of iron-based alloys in a useful sense, and
it may be combined with substitutions or other
interstitials to achieve an optimum set of properties
for a particular application. Here we focus on the
effects of incorporating nitrogen in iron, and some
iron-based intermetallics in order to illustrate the
main effects of nitrogen on the magnetic properties.
We refer to all these materials as ‘nitrides’, although
they do not necessarily possess a fixed
stoichiometry.

2. Iron nitrides

All ordered iron nitrides are metastable com-
pounds, which can persist at moderate temper-
atures because of kinetic constraints. We consider
in turn phases related to o, ¥ and €eFe.

2.1. aFe-N

Equilibrium solubility of interstitial nitrogen in
BCC iron reaches a maximum of just x = 0.4 at%
at 860 K. The lattice dilation in aFe;yo_Ny,
d(In V)/dx is ~ 0.002 [3], and there is a change of
magnitude of the 3’Fe hyperfine field of — 3 T/%
[4]. More nitrogen can be incorporated into the
BCC lattice of thin films prepared by reactive
sputtering or ion implantation. The cubic films
may accommodate up to 10 at% nitrogen, with
a nonuniform profile across the film thickness [5].
They have a microcrystalline structure with pos-
sible secondary y'Fe,N and o"Fe;cN,. Their
polarisation has been reported to be similar to, or
slightly higher than that of aFe [6-8], or else to be
significantly higher, 2.4-2.5T [5,8,9]. The meta-
stable cubic phase is also denoted as o'” or o* [6].
As-deposited films with high nitrogen content often
contain the tetragonal o’ phase (nitrogen marten-
site) discussed below.

Substituting a few percent ( ~ 2-3%) of an ele-
ment X (Al, Ta, Ti, Rh,..) which increases the
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solubility of nitrogen or extends the stable a-phase
field, leads to nitride films with very interesting soft
magnetic properties. The substitutions in aFe-X-N
also inhibit grain growth, stabilizing the soft mag-
netic properties associated with anisotropy aver-
aging in systems of tiny particles to higher
temperatures [10,11]. There can be a reduction in
the cubic anisotropy constant from the value of
48 kJ/m? for pure iron to less than 0.5 kJ/m? for
suitably prepared films. The polarisation remains
close to 2 T, and the saturation magnetostriction
Js» Which is — 9 x 10~ ° in pure iron, changes sign
at about 3 at% nitrogen [12]. The low-anisot-
ropy/low magnetostriction BCC iron-based films
are attractive candidate materials for inductive
thin film write heads in magnetic recording. Cur-
rently these are made of permalloy, sendust
(Fe,4Al;(Si;6), a nonmagnetostrictive amorphous
alloy of typical composition CoggZrsNbs, or
FessNiys which have a polarisation of 1.0, 1.1, 1.4
and 1.6 T, respectively. A polarisation approach-
ing 2 T is needed to create sufficient stray field to
write on the higher-coercivity media (H, =
300-400 kA/m) which are needed as head and bit
dimensions decrease to allow recording densities in
excess of 10 bits/um? (7 Gbits/in?) [10]. In addi-
tion, to accommodate high data transfer rates,
a good high-frequency magnetic response is re-
quired up to a frequency of 100 MHz.

The rapid change in magnetostriction with nitro-
gen content was first attributed to the presence of
v'Fe,N in exchange-coupled nanocomposites [7],
but it has since been shown to be an intrinsic
property of aFe with interstitial nitrogen [3,12].
The presence of y'Fe,N in the films is detrimental,
and it is suppressed for example by Ta [11] or Ti
[14] substitution. y'Fe,N in the films has /, <0,
like aFe. Recent work on films with a {1 1 0) fibre
texture shows that it is the 1, ; ; cubic magnetos-
triction constant that increases monotonically
from — 20 x 10™° with increasing nitrogen, while
/100 remains practically constant at 20 x 10~ °
[13]. The polycrystalline average A, then changes
sign at x = 3 [12].

In order to stabilise the domain structure in the
heads, it is necessary to impose a direction of easy
magnetisation parallel to the airgap. This may be
achieved by magnetic annealing, or by sputtering

aFe-X-N films in a small transverse magnetic field.
The nitrogen has a tendency to align in planes
perpendicular to the applied field. The value of the
induced anisotropy K, is a few hundred J/m* and
in order to stabilise the induced anisotropy, nitro-
gen diffusion has to be suppressed. Lamination of
the BCC iron nitride films with permalloy, SiO,,
SiN or AIN is useful [15-187; it reduces coercivity
to 40 A/m, and improves the high-frequency re-
sponse of the relatively thick films (~ 1 pm) needed
for heads [16].

2.2. d'Fe-N

Another approach to preparing a nitrogen-rich
alpha phase is to quench yFe-N so that it will
transform martensitically into the tetragonal o’ ni-
trogen martensite. The greatest solubility of N in
vFe is x = 10.5 at%, at 920 K. Typically, the mar-
tensitic transformation is incomplete, and the re-
sulting bulk material is a mixture of tetragonal
nitrogen martensite and yFe-N. The nitrogen in
the o phase is disordered, and it induces a lattice
expansion d(In V)/dx of 0.006; d(c/a)dx = 0.01.
There is a continuous range of composition
1 < x < 10. Based on a quantitative phase ana-
lysis, the magnetisation of bulk o'Fe;qo- N, with
x~ 10 is reported to be 250(10) Am?*/kg
(uoM = 2.4(1) T) [19].

Epitaxial thin films of the o phase can be pre-
pared directly by MBE [20], reactive sputtering
[21], ion-beam deposition [22] or by nitrogen ion
implantation [23]. The polarisation of the a” phase
is reported to be 2.2-2.3 T [21,22], or 2.4 T [20],
significantly higher than that of aFe. Due to the
nitrogen disorder, a distribution of hyperfine fields
appears [4,21], with three broad peaks associated
with iron having 0, 1 or 2 nitrogen nearest-neigh-
bours [4].

2.3. a//Fel6N2

Prolonged annealing (tempering) of the o phase
at about 370-420 K leads to an ordering of the
nitrogen to produce the famous ordered nitrogen
martensite a"Fe, s N,, first described by Jack in the
early 1950s [3]. The unit cell with a = 572 pm and
¢ =629 pm is doubled in all three directions, as
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Fig. 1. Crystal structures of aFe, y'Fe,N and o"Fe;(N,, drawn to scale.
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illustrated in Fig. 1. The structure was recently
refined by electron diffraction [25]. There are three
inequivalent sites, 4d (mm2) with no nitrogen
neighbour, 4¢ (4mm) with one nitrogen neighbour
at 193 pm, and 8h (mm) with two nitrogen neigh-
bours at 179 pm. The ordering is constrained by
strain which develops as the nitrogen diffuses to
form the o” phase, which may have nitrogen va-
cancies [24]. Prolonged annealing or higher tem-
perature treatment leads to decomposition of the o”
compound into aFe and y'Fe,N. The limited solu-
bility of nitrogen in yFe, at most 10.5 at%, means
that it is impossible to obtain a pure 16:2 phase
(11.1 at%) by the quench and anneal route. Bulk
samples containing 30-60% o"Fe;sN, have been
produced in this way [19,26,27]. Much larger
amounts of the o” phase (= 80%) can be stabilised
in thin films grown by MBE [20,28-30], reactive
sputtering [6,21], ion implantation [23,31] or ion-
beam deposition [32,33].

Interest in the magnetic properties of the o”
phase dates from the work of Kim and Takahashi
on iron films evaporated in nitrogen [34]. Their
films were a mixture of aFe and the o” phase, and
the polarisation of o"Fe; s N, was inferred to be as
high as 2.8 T, corresponding to an average iron

moment of 3.0 pg. Many groups have subsequently
investigated the magnetic properties of the bulk
and thin film samples containing this iron nitride.
Much of the work was reviewed in symposia at
MMM conferences (J. Appl. Phys. 76, 6620-55; 79,
5564-81). Research was stimulated by the reports of
very large moments by Sugita et al. for single-
crystal thin films grown epitaxially on GaAs or
(Gag gIng ,)As by MBE. [20,28,29]. Moments are
found to be as high as 3.5 pg/Fe [30], with a corre-
sponding polarisation of 3.2 T. These films were
about 50 nm thick, with ~11 at% nitrogen. They
were annealed for a prolonged period at 470 K in
a vacuum of 108 torr to produce the o phase.

The repeated claim by the Hitachi group [30]
and others [35] of a moment far in excess of that
corresponding to strong ferromagnetism of iron on
the Slater—Pauling curve (2.7 pg) caused a consider-
able stir, and led to an extended effort to confirm or
deny the result.

2.3.1. Electronic structure calculations

Many groups have carried out electronic struc-
ture calculations. Most of these use the local spin
density approximation (LSDA), and many make
the atomic spheres approximation (ASA), although
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there are some first-principles calculations using
the full-potential augmented plane wave method
[38,40], and nonlocal corrections have been evalu-
ated using the generalised gradient approximation
[37]. There is a good measure of agreement among
the results of the different band calculations, which
moreover yield reasonable values for the moment
on iron itself and the moments on Fe,N. Ten of
these calculations were summarised by Sakuma
[38], and some others [39-42]. The results of all 14
calculations taken together give the following site
moments in pg, where the standard deviations are
given in brackets: 4e-2.10(19), 8h-2.35(19), 4d-
2.90(20), N- — 0.02(4). The average moment per iron
is therefore 2.45(15) pug. Orbital contributions to the
moment are generally found to be < 0.1 pg, as in
aFe. The corresponding polarisation is 2.22(14) T.

The effects of introducing nitrogen into iron are
(1) to change the 3d density of states, and reduce the
difference in occupancy of the 3dT and | states due
to hybridisation with the sp orbitals of nitrogen, (ii)
to expand the lattice, reducing the 3d-3d overlap,
and hence the bandwidth, which tends to make iron
a strong ferromagnet, and (iii) to change the sym-
metry of the iron sites. Kanamori [43] explained
why there is a reduced moment on the iron sites
that are the nearest-neighbours of nitrogen, and an
enhanced moment on the more distant sites (1a in
Fe N, 4d in Fe 4N,, 6¢c and 9d in Y, Fe;,Nj3). The
process is illustrated in Fig. 2. Hybridisation of the
3d states of the iron that is a nearest neighbour with
the nitrogen sp states reduces the spin splitting, and
especially lowers the potential for 3d| electrons.
There is then charge transfer from the more distant
iron, predominantly from 3d| to 3d| states. This
depletes the 3d| band of the strongly ferromagnetic
distant neighbours, and increases their moment
above 2.7 pug. The mixing and charge-transfer pro-
cess however, cannot increase the average iron mo-
ment above 2.7 pg. These ideas are borne out by
a comparison of the calculated moments in
Fe X5, where X = vacancy or N [38,41], which
allow the lattice expansion and hybridisation ef-
fects to be separated.

2.3.2. Bulk samples
Bulk samples obtained by quenching nitrogen
austenite, and then annealing the martensite to

2nd neighbour 1st neighbour

Fe Fe

z

U

\|/
y/

Fig. 2. Schematic changes in the electronic structure at first and
second neighbour iron sites, induced by hybridisation with ni-
trogen.

produce the ordered o” phase contain 30-60% of
the o” phase [36]. Deducing the magnetisation
requires quantitative phase analysis, based on the
X-ray diffraction or Mdssbauer spectroscopy, since
aFe and yFe as well as y'Fe,N and a highly dis-
ordered phase may be present [24-26]. The room-
temperature magnetisation of the o” phase deduced
in this way by averaging data for 25 samples is
o = 251(28) Am?/kg, corresponding to an average
moment of 2.58(29) uz/Fe and a polarisation of
2.35T. It is worth mentioning that the magnetisa-
tion in none of the multiphase samples was appreci-
ably greater than that of aFe. Furthermore, the
heat treatment to order the nitrogen in the marten-
site produces little change in the total magnetisa-
tion, with increases or decreases of a few percent
being reported [26,45]. This seems to rule out the
idea that a large moment may be associated with
some intermediate degree of order.

2.3.3. Hyperfine fields

Hyperfine fields have been measured by *’Fe
Maossbauer spectroscopy and NMR. In well-or-
dered o"Fe;sN,, three hyperfine patterns are ob-
served, with a 1: 2 : 1 intensity ratio, corresponding
to the three iron sites in the structure (Fig. 1). Here
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the results on bulk specimens and thin films (with
the exception of the MBE films of Sugita et al. [28])
are in good agreement. Averaging six sets of results
[6,19,24,44-46] gives the following low-temper-
ature hyperfine fields in tesla: 4e-30.3(4), 8h-32.4(5),
4d-41.5(5), with an average of 34.2(5). The room-
temperature values are about 3% lower. In order to
infer the iron moment, it is necessary to know the
hyperfine ‘constant’” A. The value for oFe is
A = 15T/ug, whereas that for yFe,N is 12 T/ug.
Since a"Fe N, is chemically and structurally in-
termediate between the two (Fig. 1) a plausible
choice is 13.5 T/ug, which gives an average iron
moment of 2.53(15) ug, and a moment of 3.07(19)
ug on the 4d site. The error here takes account of
some uncertainty in A. The hyperfine constant for
the Fermi contact term in the hyperfine interaction
estimated from the local spin density approxima-
tion calculations is 11.1 T/pg, but it is known that
these calculations systematically underestimate the
hyperfine field by 5 T [39], which brings 4 up to
13.2 T/psg.

An egregious exception is the Mdssbauer spec-
trum of the high-moment films of Sugita et al. [30],
which have a single oFe-like spectrum with
B,y = 33 T, and show no sign of distinct subspectra
for the three sites of the o” structure. The hyperfine
constant there would have to be 10.3 T/p;.

2.3.4. Thin films

Following the work of Kim and Takahashi [34]
thin films containing large proportions of the o”
phase have been studied by many groups [47].
A systematic study of sputtered films by Takahashi
et al. [6] led to the conclusion that the magnetisa-
tion of the o” phase at room temperature did not
exceed 240 Am?/kg (2.47 pg/Fe), and that there was
no strong correlation between the nitrogen order-
ing and magnetic moment. Films prepared by ion
implantation gave an average moment per iron of
2.54 pg [48]. Somewhat higher moments have been
reported in films prepared by ion beam deposition,
reaching a value of 2.9 pg for the thinnest films
(28 nm) [35].

The moments of the MBE-grown films of the
Hitachi group are in a class of their own. Values
deduced from magnetisation measurements of
34 nm thick films are reported as 3.3-3.5 g at

room temperature [30]. The epitaxial films show
a large c-axis anisotropy and the anisotropy field
may be estimated from ferromagnetic resonance
data as approximately 1 T [30,33].

There are some accounts of the effects of substi-
tutions on the stability and magnetisation of the o”
phase [49]. Ti, for example, increases its thermal
stability [50], whereas Co diminishes it [51].

2.3.5. Discussion

It is difficult to rationalise the reports of giant
magnetic moments in 3d alloys and interstitial
compounds such as o"Fe;¢N, in terms of normal
ideas of electronic structure. Extrapolating the
Slater—Pauling curve gives an atomic moment for
strongly-ferromagnetic iron of 2.7 pg. Applying the
magnetic valence model of strong ferromagnetism
[52] to the iron nitrides, assuming a valence of 2 for
iron and — 3 for nitrogen, and taking the number
of iron sp electrons of either spin as 0.7, gives an
average moment per iron of 2.4 pg for FegN, 2.1 pg
for Fe,N and 1.9 pg for FesN. All that is involved
here is counting the electrons, assuming a full 3d>1
sub-band, no spin polarisation of the sp band and
no orbital moment. Any reports of giant moments
such as 3.5 pg/Fe in thin films of a"Fe ;s N, [30],
2.0 pg/atom in nanocrystalline electrodeposited
Fe,3Cog5Niy, [53] or 3 pug/Fe in tiny iron clusters
[54], need to be examined very critically as regards
the magnetisation measurement itself. But if these
claims stand up to scrutiny (and after ten years the
Hitachi results have not been reproduced anywhere
else), the common feature of all the high-moment
systems seems to be the reduced dimensionality,
and a high surface or interface to volume ratio.
Although recent measurements on the interface or
grain-boundary phases in iron [55] or amorphous
Fe-N [56] do not support the conjecture of an
elevated magnetic moment, there remains a possi-
bility that narrow, spin-split sp states enhance the
moment at the surface or interface, perhaps when-
ever there is coexistence of BCC and FCC phases.
It is a practical challenge for the next century to
produce bulk magnetic material with a room-tem-
perature polarisation in excess of 2.45 T, perhaps
by aggregating somehow tiny regions which do
have an enhanced moment. Iron and nitrogen still
look like a promising combination.
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2.4. y'Fe,N

The simplest ordered Fe-N compound is cubic
v'Fe,N (Fig. 1). The FCC lattice is expanded by
33% by interstitial nitrogen in the 1b body centre
position, giving a lattice parameter of 379.5 pm,
compared with 3450pm for vyFe; d(InV)/
dx = 0.017 . There are two inequivalent iron sites;
the body-corner la site with cubic symmetry hav-
ing 12 iron neighbours at 268 pm, and the 3c face-
centre site with two nitrogen neighbours at 190 pm
and 12 iron second neighbours at 268 pm.

The nitrogen-induced expansion stabilises a fer-
romagnetic state for yFe, N with a Curie temper-
ature of 767K. At room temperature, the
polarisation is 1.9 T (¢ = 210 Am?/kg). The easy
directions of magnetisation are {1 00). The mo-
ment at low temperature corresponds to 8.8 pp/for-
mula, or an average of 2.2 ug/Fe. The different
moments on the two crystallographic sites have
been measured by neutron diffraction [57], or de-
duced from the 3’Fe hyperfine fields [42,58]. The
la site has cubic symmetry (m3m), and an iron
moment of 2.98 ug, whereas the 3c site has tetra-

Table 1
Magnetic properties of iron nitrides

411

gonal symmetry (4/mmm) and a moment of 2.01 .
The <{100) easy directions of magnetisation are
deduced from the quadrupole splitting of the 3c site
Mossbauer spectrum; there are two subspectra,
with intensity ratio 2:1 and quadrupole shifts in
the ratio — 1: 2, which are due to the two possible
angles (90°, 0°) between the magnetisation direction
and the local tetragonal N-Fe-N axis, which is the
principal axis of the electric field gradient.

Numerous electronic structure calculations have
been carried out for y'Fe, N. Some results are sum-
marised in Table 1, and detailed references are to be
found in Refs. [36,37,59]. There is good agreement
between the calculations and the experimental re-
sults. The reason why the moments on iron sites
which have nitrogen nearest-neighbours is reduced,
and the second-neighbour iron moments is en-
hanced is given by Kanamori [43], and explained
in Fig. 2.

A series of transition metal nitrides Fe; MN form
with the antiperovskite structure, where the 1c¢ site
may be occupied by Mn, Ni, Pd or Pt. The ordered
compounds are ferromagnetic [60], whereas
Mn, N is ferrimagnetic [61].

a (pm) ¢ (pm) m@T =0 By@T =0 (T) uoM@RT (T) Tc (K) Ky (kJ/m®) J (x10°)
(ns/Fe)
aFe 286.6 222 33.8 2.16 1044 48 -9
aFeq, N3 ms 287 2.2(1) ~0
o'FegoNyp ms 283 312 2.3(1)
o"Fe 6N, mc 4d 572 629 2.90% 41.5 2.3(1) 810 ~ 1000
4e 2.35% 30.3
8h 2.10% 324
av 2.35% 342
v Fe,N qc la 3795 2.98 36.6 1.8 767 —10
3c 2.01 235
av 2.25 26.8
eFe; N qc 269.5 436 26.0 567
(Fe,N qc 483.0 4425 0.05 0.8 9
b =5523
FeN(ZnS) mc 433 - -
FeN(NaCl) mc 450 5.0 49
30" 30

Note: ms: metastable solid solution, mc: metastable compound, gc: quasi-stable compound

*Calculated value.
* Estimate.
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2.5. Other iron nitrides

The hexagonal ¢Fe;N phase has an extended
homogeneity range, with a moment that decreases
rapidly with increasing iron content. The
stoichiometric compound is ferromagnetic, with
T. = 567 K. Iron occupies a single 6c¢ site, with two
nitrogen nearest-neighbours in 1d and le sites of
the P312 space group. The moment is 1.9 pg [62].
Orthorhombic {Fe, N has a similar iron packing,
with different nitrogen order. Mossbauer spectra
indicate that it orders below 9 K, with a tiny hyper-
fine field of 0.8 T [63]. It is possibly a very weak
itinerant ferromagnet.

Metastable cubic nitrides, containing nearly
50 at% N, and having the ZnS or NaCl structures,
can be synthesised by sputtering [63-65]. The
ZnS-type nitride has been shown to be a non-
magnetic metal, while the NaCl-type nitride is an
antiferromagnet, with large magnetic hyperfine
fields of 49 and 30T at 4.2 K which suggest it
should be regarded as an ionic compound. The two
fields are associated with an ordered defect struc-
ture, the composition of the film containing the
Nacl structure being FeNy ¢35 [62].

A noncrystalline Fe-N phase has been produced
by ball milling Fe, N with aFe [56]. The material is
ferromagnetic with a reduced magnetisation, and it
was suggested that it forms in the grain boundaries
of nanocrystalline aFe-N. The system may be
recrystallised into its constituents by annealing
at 470 K. By analogy with other 3d-metalloid

T v T
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Fig. 3. Calculated (open symbol) and measured (solid symbol)
average iron moments in Fe-N compounds.

amorphous systems, the likely composition is
FegoNao.

A summary of the calculated and measured mo-
ments of iron-nitrogen compounds is shown in
Fig. 3. Apart from some of the reports for
o"Fe sN,, there is rather good agreement. The
intrinsic properties of the iron nitrides discussed are
summarised in Table 1. Although the emphasis
here has been on intrinsic magnetic properties, thin
film applications will often depend critically on
nanostructure, especially to achieve exchange aver-
aging of the anisotropy needed for very soft mater-
ial [66].

3. Nitrides of 3d-4f intermetallics

Following the discovery in 1990, by Coey and
Sun [67], that the Curie temperature and anisot-
ropy field of Sm, Fe;,N;_; were superior to those
of Nd, Fe;,B, most interest in 3d—4f nitrides has
focused on the series R, Fe;;N,. This led to invest-
igation of other intermetallics which in their un-
modified form were unsuitable for permanent
magnet applications, such as the ThMn,,-type
compounds R(Fe;,_,.M,) and the R3(Fe,o_M,)
compounds (where M = Ti, Mo, V, Cr). Skomski
[17, Fujii and Sun [68] and Kobayashi [69] review
R,Fe;; N, and related compounds. It was sugges-
ted [ 70] that interstitial modification of Nd,Fe,,B
using N results in an increase in T, of 60 K, with
a reduction in M, and anisotropy field, B,, but
other studies have shown that nitrogenation leads
directly to the decomposition [71,72]. Katter et al.
[73] found that nitrogenation of Sm, Co,- produc-
ed a significant decrease in T, and M, while nearly
doubling its anisotropy field.

3.1. Structure and magnetic properties of
R,Fe;;N3_5 compounds

Without interstitial modification the intrinsic
magnetic properties of the R,Fe;, series render
them useless as permanent magnet materials. As
shown in Fig. 4, the Curie temperatures across the
entire series of rare-earths are close to room tem-
perature, the spontaneous magnetisation is low and
the magnetocrystalline anisotropy is planar.
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Fig. 5. Crystal structure of Sm,Fe;;Ns.

The R,Fe;; intermetallics crystallise in a
rhombohedral Th,Zn,,-type structure for light
rare-earths (Fig. 5) and a hexagonal Th, Ni,,-type

structure for heavy rare-earths. The structures dif-
fer only in stacking sequence, and for R =Y, Gd
and Tb both structure types can coexist. The low
T. and M, for these compounds, in spite of their
high Fe content, is attributed to the short Fe-Fe
distance on the 6e (Th,Zn;;) or 4f (Th,Ni;~)
‘dumbbell’ sites, which leads to negative exchange
and weakens the net positive exchange [74].
Self-consistent spin-polarised electronic structure
calculations show that exchange is long range and
positive on all sites, including the dumbbell sites
[75]. Planar magnetocrystalline anisotropy for all
but R = Tm is attributed to the dominant planar
anisotropy of the Fe sublattice.

Upon exposure to N, gas at 1 bar, at temper-
atures between 620 and 770 K, nitrogen enters the
lattice on 9e sites (Th,Zn, ) or 6h sites (Th,Ni; ),
resulting in a volume expansion of 5-7%. This is
associated with a dramatic enhancement of T,
(Fig. 4) and M, across the entire series; for example
in Sm, Fe,,N;3_;, T, increases from 389 to 749 K,
and puoM, at 300 K increases from 1.0 T to 1.5 T.
The parent compounds are weak ferromagnets,
whereas nitrides and carbides exhibit nearly strong
ferromagnetism [76]. Recently, Li and Morrish
[77] measured the variation with temperature
of magnetic hyperfine fields, using Mdossbauer
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spectroscopy, from which the exchange integrals,
Jij, for each of the Fe-Fe pairs in Sm,Fe;,; and
Sm,Fe;,N; were calculated. The large negative
value of — 201 K for the 6¢c-6¢ (dumbbell) site in
Sm, Fe, -, increases to — 49 K upon nitrogenation,
while a small negative value of — 20K for the
9d-18f pair becomes positive (39 K) and integrals
for other pairs remain positive, in many cases in-
creasing. This is rather direct microscopic evidence
of the influence of nitrogenation on the Curie tem-
perature. The nearest-neighbour exchange integ-

Table 2

rals are mainly determined by the Fe-Fe dis-
tance, which is increased by interstitial nitrogen,
a plot of the data being reminiscent of the
Bethe-Slater-Neel curve (Fig. 6). However, elec-
tronic structure calculations [75,78] show that the
exchange interactions are long range. It is apparent
from the calculations that J;; is influenced by the
environment, and is not only a function of bond
length, according to the Bethe-Slater—N¢éel curve.
There is a pronounced magnetovolume effect in
R,Fe 5 compounds which is evident in both com-
pression and expansion.

The increase in the room temperature spontan-
eous magnetisation can be attributed mostly to the
enhancement of T, since M, at 4 K increases by
only about 10% on nitrogenation. The average
moment per iron atom increases by 20%, but the
increase in cell volume reduces the effect on the
magnetisation [68].

The effects of nitrogen on the moments of the
different sites have been studied by neutron diffrac-
tion [79] and Mossbauer studies [80] on the
Y, Fe;, compound, as well as by LSDA electronic
structure calculation [39,81,82], results for which
are shown in Table 2. The chemical effect of Fe-N
hybridisation must again be distinguished from the
effect of lattice dilation. The latter increases the
moments on all the sites more or less uniformly,
whereas the former has a tendency to reduce the
moment of iron on sites with a nitrogen neighbour
(18f and 18h in the Th,Zn,; structure) while in-
creasing the moment on the more distant sites (6¢
and 9d), as explained in Fig. 2 [43]. An advantage
of the calculations is that the chemical effect can be

Hyperfine fields and Fe site moments near 0 K measured using neutron diffraction and calculated for Y,Fe,, (left columns) and
Y,Fe;;N;_; (right columns). (r) = rhombohedral structure, (h) = hexagonal structure

Fe site Hyperfine field Neutron diffraction Calculation Calculation

(b)/(r) (T) (h) [80] (np/atom) (r) [79] (1p/atom) (h) [81] (ns/atom) (r) [40]
4f/6¢ 34.6 40.1 2.23 2.86 24 2.5 2.5 2.7
6g/9d 329 36.7 1.88 2.12 1.9 2.7 1.5 24
12j/18f 29.7 35.0 1.92 2.01 24 2.1 2.1 1.9
12k/18h 28.2 319 1.87 241 2.1 24 2.0 23
Average 314 359 1.98 2.35 22 24 2.0 22
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separated from that of lattice expansion. Self-con-
sistent calculations have been carried out for
R,Fe;; and R,Fe ;N3 in the atomic spheres ap-
proximation [39,81,83], and in the full-potential
linear combination of atomic orbitals framework
(FLMTO) [39,82], as well as non-self-consistent
calculations using the orthogonalised linear combi-
nation of atomic orbitals (OLCAO) method [84].

The calculations reproduce the average moment
per iron atom to within less than 10%, and show
the existence of a small negative moment
(~ —0.4 ) when R =Y, but little moment on
nitrogen. Compared with neutron diffraction
measurements in Table 2, there is a tendency to
exaggerate the moment reduction due to hybridisa-
tion on the (18f and 18d) sites which have a nitro-
gen neighbour. The largest moment appears on the
6c site, which is farthest from nitrogen.

The average hyperfine constant changes little,
from 15.7 T/pg to 15.3 T/ug on nitrogenation, but
there is a range from 13-17 T/ug on the different
sites, reflecting the relative importance of core
polarisation, 4s and orbital terms [80].

It is only for R = Sm that nitrogenation changes
the sign of the room temperature magnetocrys-
talline anisotropy. The transformation for
Sm,Fe;;Nj_; is dramatic, with the planar anisot-
ropy becoming strongly uniaxial, with
K, = 8.6 MJ/m>, nearly twice that of Nd,Fe,,B.
This large increase is due to the electrostatic field
created by the triangle of interstitial N atoms sur-
rounding the Sm atoms (Fig. 5). The crystal field
parameter 49 is negative, and its value has been
estimated as — 333 Kag 2 or — 453 Ka, 2, accord-
ing to whether or not J-mixing for Sm is included in
the analysis [85]. Since the leading uniaxial anisot-
ropy term can be written (in the absence of J-
mixing) as

Ki = —oyripyA3 31 —JU + 1)) 1

the sign of K; depends on whether the 4f orbitals
are prolate or oblate, which is reflected in the sign if
the Stevens coefficients oy. Since o; for Sm is
4.127 x 10~ 2, the large magnetocrystalline anisot-
ropy for Sm,Fe,;;N;_; is due to the combined
effect of the prolate shape of the Sm 4f shell, the
negative crystal field charge of nitrogen and the
in-plane coordination of the interstitial 9e site [86].

None of the other rare-earths with a prolate 4f
shell (Er, Tm, Yb) have a sufficiently strong
crystal field interaction with nitrogen to over-
come the planar anisotropy of the Fe sublattice
(K~ — 1.3 MJ/m3).

A slight improvement of the magnetic properties
of Sm,Fe;;N;3_; can be achieved by the substitu-
tion of Co for Fe. The anisotropy field reaches
a peak of 23.7T for Sm,(Fe;_.Co,)N;_; at
around x = 0.2, while M| increases slightly [73].
The Curie temperature is increased to about 840 K.
All rare-earth substitutions weaken the magnetoc-
rystalline anisotropy. Substituting Nd increases
M, due to its higher atomic moment and it reduces
the cost of the material. Simultaneously substitu-
ting Co for Fe makes up for the weakened uniaxial
anisotropy. Katter et al. [87] reported intrinsic
properties of B, =148 T, uoM, =1.57T and
T. = 835K for (Smg.;Nd.3)2(Fe.8C0¢.2)17 N3 5.
With 40% substitution of mischmetal for Sm an
anisotropy field of 6.8 T, similar to that of
Nd,Fe,4B, could be maintained, while T, was
150 K higher [88].

The combination of a large magnetocrystalline
anisotropy, moderately high M and a T, higher
than that of Nd,Fe;,B immediately marked
Sm,Fe;;N3_; as a potential permanent magnet
material. However, there have been considerable
technical challenges in harnessing these intrinsic
properties to produce magnets with useful coerciv-
ity, remanence and energy product, (BH),,.,. The
processing route is quite different from that used
previously for any permanent magnets.

3.2. Processing of Sm—Fe-N materials

3.2.1. Production of Sm,Fe,,

The precursor Sm,Fe,, ingot material can be
produced by arc-melting or induction melting, or
by calciothermic reduction, in which Sm, O3, Fe
and Ca powders are mixed, then heated at 1300 K
to produce Sm,Fe,; and CaO, which is washed
away with water. Calciothermic reduction typically
introduces a higher O impurity (>0.3 wt%), but
recent improvements reduce the O content to less
than 0.1 wt% [89]. When produced by casting,
the Sm, Fe,, phase forms by a peritectic reaction
between the liquid Sm-Fe and yFe at 1550 K.
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This makes it impossible to form single phase
Sm,Fe;; without a homogenisation treatment at
~ 1200 K to remove SmFe; and aFe. The addition
of 2 at% of a IVB, VB or VIB element reduces the
amount of SmFe; phase and aFe [90], whilst
adding 4-5 at% of Nb [91] or Ta [92] prevents
primary crystallisation of Fe, although a paramag-
netic Laves phase is formed. Recently Gebel et al.
[93] showed that an addition of only 1 at% Zr
suppressed formation of aFe, without adversely
affecting magnetic properties. The elimination of
SmFe; and aFe is essential as SmFe; decomposes
to SmN and oFe during nitriding, and the presence
of aFe provides nucleation sites for magnetisation
reversal in small fields.

Other techniques which can be used to produce
Sm, Fe,, are mechanical alloying [94,95], in which
elemental Sm and Fe are milled together in a
high energy ball mill, and melt-spinning [96].
Homogenisation is not required since Sm,Fe,-
is formed either by crystallisation of an amorphous
phase or by solid state reaction (on a scale of
tens of nanometres) between amorphous Sm-Fe
and oFe.

3.2.2. Nitrogenation of Sm,Fe,,

Nitrogenation of Sm,Fe;,; powder is relatively
simple; providing the size of powder particles is
sufficiently small, exposure to N, gas at a pressure
of ~100kPa, at temperatures in the range
620-770 K, leads to nearly complete nitrogenation
within one to several hours according to the reac-
tion

2Sm2Fel7 + (3 — 5)N2 —)Zsszel7N37(§. (2)

The ideal N content of 3 corresponds to complete
filling of the 9¢ octahedral sites. However the value
of  is around 0.2, due to entropic considerations at
elevated temperature. There may be a little nitro-
gen in the 18g tetragonal sites. Skomski [1] pro-
vides a nomograph giving the relationship between
time for 90% nitrogenation, temperature and par-
ticle size. Nitrogenation does not occur within
a reasonable time at temperatures below 620 K,
and at temperatures in excess of 720 K dispropor-
tionation occurs according to the reaction

The change in free energy for disproportionation is
more negative than for the nitrogenation reaction,
and the formation of the nitride can be thought of
an intermediate stage in the reaction between
N, and Sm,Fe,; to form the products shown in
Eq. (3) [2]. Consequently, Sm,Fe,;N;_; is meta-
stable, but the disproportionation reaction does
not proceed to any noticeable extent at temper-
atures below 720 K, due to the activation barrier
for diffusion of Fe atoms [2]. The nitrogenation
process is irreversible, so that once Sm,Fe;;N;_;
is formed, it is not possible to pump out the
N atoms under vacuum on the same time scale as
for nitrogenation.

A deeper understanding of the nitrogenation
process is important, as the nitrogen content and
the homogeneity of nitrogenation have a major
influence on the magnetic properties of
Sm,Fe;;N;_s. In particular, the presence of in-
completely nitrided particles, with a soft magnetic
Sm,Fe, - core is highly detrimental to the coerciv-
ity. The mechanism of nitrogen diffusion has been
considered in detail by Coey and Skomski [1,2,97],
who proposed a mechanism of free diffusion in
a gas—solid solution, and by Zhang and co-workers
[98,99] who have put forward a model of trapping
diffusion, or chemical reaction diffusion. Essential-
ly, the difference between the two models is that in
the free diffusion model, N atoms diffuse over 9¢e
sites, and form a gas—solid solution, whilst in the
trapping diffusion model, diffusion occurs via the
energetically unfavourable 18g sites and an N atom
falling onto a 9e site is chemically bound there and
immobilised.

Many experimental data for Sm,Fe;;N;_; fa-
vour free diffusion of N atoms in a gas—solid solu-
tion at typical nitrogenation temperatures
(620-770 K). Intermediate lattice parameters have
been observed [ 100], in association with intermedi-
ate Curie temperatures [73], and homogenisation
treatments of partly nitrided grains lead to inter-
mediate nitrogen concentrations [101]. Electron
microscopy has revealed smooth nitrogen concen-
tration profiles [102], and magnetic domain size
distributions which can only be explained by inter-
mediate anisotropy constants [103].

On the other hand, in situ observations of nitro-
genation of Sm, Fe;, using X-ray diffraction have
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shown that a mixture of fully nitrided and non-
nitrided material is present at all stages of the
nitrogenation process [ 104] and there is a tendency
to form core and shell structures in partly nitro-
genated particles. NMR studies by Zhang et al.
[99] on Y,Fe{,N;_s5 powders have shown that
powders with intermediate nitrogen contents con-
tained two phases: a fully nitrided layer at the
surface (0 = 0.2) and the Y,Fe,; parent phase in
the interior, a configuration which was unchanged
after annealing at 750 K for 12 h. It may be that
Y,Fe,;;N;_; is more difficult to homogenise than
Sm,Fe;,N;_s [105]. The inability to desorb most
N atoms under vacuum annealing is consistent
with immobilisation of N atoms on 9e sites. In the
free diffusion model, it is proposed that the exist-
ence of a surface layer and possibly the reassoci-
ation kinetics at the surface are responsible for this
effect [2].

Regardless of the model, it is accepted that the
temperature range for nitrogenation is well above
the critical temperature below which a two phase
region with a mixture of nitrogen-poor and nitro-
gen-rich areas would form due to the attractive
interactions between N atoms. The fundamental
difference is in the diffusion mechanism, not the
phase constitution. Skomski and Wirth [106] re-
cently found that trapping or immobilisation diffu-
sion can produce smooth nitrogen profiles or step-
like profiles, depending on the 9¢ and 18g site
energies and the energy required to move from an
18g site to a 9e site. It is likely that the actual
diffusion process may include aspects of both
a trapping process and a free diffusion process.

In practice the presence of microcracks and
microcrystalline grain boundaries provides easy
diffusion paths, so that lower temperatures and
shorter nitrogenation times are required than for
homogeneous Sm, Fe, , particles. The observations
of a two-phase structure may be attributed to the
different diffusion constants for short-circuit diffu-
sion through defects and grain boundaries, and
volume diffusion in the bulk [107].

Nitrogenation is also made easier by using nitro-
gen at high pressure [107,108] or by the use of
hydrogen in a mixture with nitrogen, or in the form
of NH; (which dissociates into N, and H, at
typical nitriding temperatures). The effect of using

NH; is to vastly increase the effective nitrogen
pressure [2]. The equilibrium nitrogen concentra-
tion is increased, allowing N atoms to fill all of the
9e octahedral sites, along with some of the energeti-
cally unfavourable 18g sites, and N contents of up
to 4 atoms per formula have been achieved [109].
Nitrogenation time to form Sm, Fe,,N;_; are also
reduced, possibly due to the ability of N to enter
18g sites, creating additional diffusion pathways.
Nitrogen contents of more than 3 N/formula are
detrimental to the magnetic properties, reducing
K, sharply, and lowering T, by about 10 K. Hy-
drogen pretreatment of powder has also been inves-
tigated by Fukuno and co-workers [110], who
found that the nitrogenation process was signifi-
cantly speeded due to the crack formation (akin to
hydrogen decrepitation in Nd, Fe;,B [111]) which
reduces diffusion distances. It may also lower the
surface barrier for N to enter the particles, for
example by removing any oxide layer and creating
free surfaces.

3.2.3. Development of useful coercivity and energy
product

The decomposition of Sm,Fe;,N;3_; at temper-
atures below the range in which sintering is possible
means that the only way to produce magnets is to
make high quality coercive Sm, Fe, ;N5 _; powder,
which is bonded either with a polymer or a metal
such as Zn. Exceptions are the attempts to produce
nearly full density magnets by shock compression
[112,113] or by post-sintering nitrogenation [114]
however, the properties achieved are no better than
those of bonded magnets and mechanical stability
is poor. Coercive powder can be produced in two
ways: monocrystalline powder for anisotropic mag-
nets can be made by carefully controlled milling of
nitrided material, while there are several routes to
produce polycrystalline high coercivity powder for
isotropic magnets. Fig. 7 summarises these.

Usually it is vital to avoid the presence of the soft
magnetic phases Sm,Fe;; (due to incomplete ni-
trogenation) or oFe (due to nitriding for too
long, allowing disproportionation). This necessi-
tates a small particle size, which is typically
achieved by ball milling or jet milling ingot
material to an average particle size of 10-50 um,
with possible hydrogen pretreatment. Jakubowicz
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Fig. 7. Processing routes for Sm,Fe;;N;_;.

and Jurczyk [115] have recently reported that ball
milling of Sm, Fe, - in pyrazine (C4H,N,) produc-
ed anisotropic Sm,Fe,;(C,N);_; powder with
a coercivity of 0.55 MA/m. This process may have
the potential for reducing the processing time and
cost, although the coercivity is considerably smaller
than that of the best powders produced by more
conventional means. An interesting solid state pro-
cess has been reported by Febri et al. [116], in
which R, Fe;,; powder is mixed with sodium azide
(NaN3) powder and heated at 570-720 K, to pro-
duce fully nitrided R, Fe ;N3 _j;.

Coarse Sm, Fe;;, N3 _; powder normally has low
coercivity, as is typical for 3d-4f intermetallics, and
further processing is required [117]. An exception
iswhen ~ 8at% V is substituted for Fe, producing
a coercivity of 340 kA/m and initial magnetisation
behaviour characteristic of a domain wall pinning
mechanism [118]. The maximisation of coercivity
in materials with a nucleation-type coercivity
mechanism has been examined in detail with refer-
ence to Nd, Fe,B, by Kronmiiller et al. [119]. An
optimum particle size, smooth and undamaged
particle surfaces, and isolation of misaligned
single-crystal grains by a nonmagnetic phase are
important to avoid easy nucleation of reversed do-
mains. In Sm,Fe;,N3_;, the requirements are
probably less stringent, due to the high anisotropy
field (21 T compared to 8 T for Nd,Fe,,B). The
isolation of grains and smoothing of grain surfaces

in sintered Nd-Fe-B magnets is achieved by ad-
justing the composition to provide a low melting
point, paramagnetic Nd-rich intergranular phase,
but the phase relations in Sm-Fe and metastability
preclude such a technique in Sm, Fe;;N;_; mag-
nets. Therefore coercive monocrystalline powder
can only be achieved by the careful control of
processing parameters to optimise the quality of
the powder.

The coercivity in Sm,Fe;;N3_; powders has
been found to increase with decreasing particle size,
Ry, which implies a post-nitrogenation milling
treatment [120]. Kobayashi et al. [121] explained
an observed 1/R, dependence of coercivity for par-
ticle sizes in the range 1-10 um in terms of the
isolation of larger centres for nucleation reversal in
a small number of particles, using a statistical
model. The single-domain particle size for
Sm,Fe;;N;_;s is approximately 0.3 pm, but par-
ticles of size 1-3 um exhibit behaviour consistent
with single-domain reversal processes [ 117], which
is explained by the fully magnetised state of the
particles being quasi-stable. Useful coercivities of
550-800 kA/m are achieved by post-nitrogenation
milling, thereby allowing the production of anisot-
ropic polymer-bonded magnets with energy prod-
ucts in excess of 150 kJ/m* [122]. Zinc-bonding
can be used to obtain coercivity in monocrystalline
nitrided powders, with the effect of consuming aFe
(by forming Zn,Fe;), isolating particles and
smoothing their surfaces. However, the large
amount of Zn required (15-25 wt%) reduces the
remanence drastically and limits (BH),., to
80-90 kJ/m”.

A further development of the post-nitrogenation
milling process is the use of a surfactant [ 123]. Ball
milling in a deoxygenated hexane solution contain-
ing a small amount of Aerosol OT produced co-
ercivity of 1.13 MA/m, compared to 0.63 MA/m for
a sample milled in hexane only. Alignment of the
powders produced a remanence of 1.24 T with sur-
factant addition, increased from 1.0 T. Coating of
the powders with a thin layer of Zn (<1 wt%),
using a photochemical deposition method, has
been reported to greatly improve corrosion resist-
ance and thermal stability. Remarkably stable pow-
ders were obtained after precoating with Cu, by
reducing CuCl, during ball-milling, followed by Zn
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Table 3
Coercivity, remanence and energy product for polycrystalline
Sm,Fe;,N;_; powders from different processes

Process H. B, (BH) max Ref.
(MA/m)  (T) (kJ/m®)
Mechanical alloying 2.3 0.75 102 [95]
Rapid quenching 1.5 0.79* 102 [129]
HDDR 2.2 0.77 100 [130]

*B, > $M, is due to the presence of a-Fe.

coating. Heating the Cu/Zn/Sm, Fe,;N;_; powder
in air at 320 K for ~ 24 h resulted in 10% flux loss,
compared to 20% for Zn/Sm,Fe,;,N5_; and 30%
for uncoated powder, and flux loss in an Ar
atmosphere up to 620 K was negligible [124].
Using optimised milling conditions, (BH)y,, for
the powder is 330 kJ/m*® on average, and aniso-
tropic epoxy-bonded magnets produced from
Zn-coated powder had the highest (BH)qax
reported to date for a Sm,Fe;;N;_; magnet,
176 kJ/m? [123,125].

Isotropic coercive powders have been produced
by HDDR (hydrogen-disproportionation-desorp-
tion-recombination) [126], mechanical alloying,
and melt spinning. As shown in Table 3, these
techniques can yield very high coercivity, which is
attributed to the nanoscale microstructure of the
materials. Record coercivity of 3.5 MA/m was re-
ported by Kuhrt et al. [127] for mechanically
alloyed powder bonded under pressure with Zn at
720 K, due to the formation of a paramagnetic
Zn,Fe; intergranular phase. Melt spinning yields
poor properties due to the formation of a TbCu,-
type phase in preference to the Th, Zn,,-type phase
[96], however Kleinschroth and Kronmiiller [ 128]
recently reported higher coercivity following heat
treatment to remove the metastable TbCu,-type
phase prior to nitrogenation. A disadvantage of
these three isotropic polycrystalline powders is the
limited remanence of ~ 0.7 T, hence (BH)y.x ~
100 kJ/m? (Table 3). Techniques available to ther-
momechanically densify and texture polycrystalline
powders cannot be applied due to the dispropor-
tionation of Sm,Fe;;N;_; at relatively low
temperatures. Also, the production of anisotropic

HDDR powder, which is possible in Nd,Fe;,B-
based material with an addition of 0.1 wt%
Zr, has not yet been achieved for Sm,Fe;;N;3_;
[129].

Improvements in the energy product of mechan-
ically alloyed and melt-spun Sm-Fe-N materials
have been made in nanocomposite (or exchange-
spring) magnets, albeit at considerable cost in co-
ercivity. Two-phase nanocomposites consist of
a hard magnetic phase with large magnetocrystal-
line anisotropy, exchange coupled to a soft mag-
netic phase such as aFe, in a microstructure on
a scale of 10 nm. They are isotropic but exhibit
remanence in excess of M, /2. Ding et al. first re-
ported a mechanically alloyed Sm,Fe;,N;_; +
aFe (Sm-, Feq3-N) nanocomposite with the remark-
able remanence of 1.4 T in 1993 [130]. Useful co-
ercivity (630-800 kA/m) was achieved for samples
containing 9-11 at% Sm, with (BH),,, for the
powder estimated to be up to 160 kJ/m?>. A detailed
characterisation  of  mechanically  alloyed
Sm,Fe,o0-x-N nanocomposites was carried out by
O’Donnell and Coey [131].

Yoneyama et al. [132,133] have overcome the
problems associated with melt-spinning of Sm-Fe
to produce commercially viable nanocomposite
materials. The key innovation is the addition of
3 at% Zr, which promotes the formation of the
almost fully amorphous ribbons during melt-spin-
ning, thereby allowing better control of the micro-
structure. The Zr addition does not simply promote
amorphisation, but also substitutes for Sm in the
TbCu,-type phase [134]. Anincrease in T, of up to
800 K, well in excess of the accepted value of 740 K
for Sm,Fe;;N, 5, may be due to an increase
in the c/a ratio for the TbCu,-type phase [135].
The best extrinsic properties were obtained
for (SmgZr;Fegy)ssNys ribbons (containing
~ 20 vol% aFe), with H., =713 kA/m,
B, =091 T and (BH),. = 104 kJ/m>. Substitu-
tion of 5 at% Co led to a further improvement, with
H, =740kA/m, B, =095T and (BH)p., =
126 kJ/m?, although T, was reduced to 760 K. Ep-
oxy-bonded magnets had an energy product of
80 kJ/m?>. These properties, along with excellent
temperature and environmental stability [133]
make these magnets superior to polymer-bonded
MQI1 (Nd-Fe-B).
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3.3. Future prospects for Sm,Fe;;N 5 _s5 magnets

The main advantages of Sm,Fe;;N;_; mater-
ials over Nd,Fe,B-based materials are an im-
proved stability of the magnetic properties with
respect to the elevated temperature and an ability
to produce anisotropic bonded magnets. It is on
these bases that Sm, Fe;;N;_; magnets will enter
the market. Commercial production of polymer-
bonded anisotropic fine particle magnets has re-
cently been announced by both Sumitomo Mining
and Metallurgy and Hitachi. When reporting prop-
erties of (Sm,Zr)Fe,; + aFe nanocomposite bonded
magnets in 1996 [133], TDK Corporation pro-
claimed the ‘opening of a new age of isotropic
bonded magnets’. Polymer bonding appears to be
the only viable production route, due to the restric-
tions on processing temperature imposed by meta-
stability. The prospect is that Sm-Fe-N will now,
ten years after its discovery, capture a segment of
the fast-growing bonded magnet market.

4. Other 3d-4f nitrides
4.1. ThMn,,-type

The tetragonal ThMn,,-type intermetallics with
a general formula R(Fe;,_,M,) are stabilised by
elements M = V, Mo, Ti. Unlike the R, Fe,, series,
the Fe sublattice has uniaxial magnetocrystalline
anisotropy, and for M = Ti, all compounds except
R = Pr and Tb exhibit uniaxial anisotropy, due to
the dominance of Fe sublattice. A9 is small and
negative, so compounds with R = Sm have the best
hard magnetic properties. Upon nitrogenation, the
Fe sublattice anisotropy remains uniaxial, but the
rare-earth anisotropy is dramatically changed by
the rare-earth atoms having two nitrogen nearest-
neighbours located along the c-axis. This produces
a strongly positive 45 ~ 300 Kag %. For R = Sm,
Er and Tm, this results in planar anisotropy, while
for all other rare-earths, there should be uniaxial
anisotropy. The size of the anisotropy fields mea-
sured for RFe;, .M N, depends to some extent
on the value of x, and the nitrogen content, so
that there is considerable scatter in the published
values (see the tables in Ref. [68]), however they are

consistently high, in the range 7-12 T for R = Nd,
Pr, Tb and Dy.

Nitrogen locates on similar octahedral inter-
stitial sites to those in Sm, Fe,,, with a theoretical
maximum concentration of 1 atom per formula
unit. Volume expansions of 2-4% have been mea-
sured, lower than those for R,Fe;;N,, but the
Curie temperatures of Ti-stabilised compounds are
similar (740 K for Sm(Fe,; Ti)N,). Mo-stabilised
compounds have generally lower Curie temper-
atures, in the range 480-700 K.

A low R : Fe ratio, and good properties for the
more abundant rare-earths Nd and Pr make the
R(Fe;, - M )Ny compounds attractive as perma-
nent magnet materials. The most interesting are
Nd(Fe - M)N, (M = Mo, V, Ti) and
Pr(Fe;,_.Mo,)Ny, for which typical magnetic
properties are shown in Table 4. Yang et al. [139]
have recently reported moderately large energy
products ( ~ 135 kJ/m?) for anisotropic fine powder
magnets made from Nd(Fe o 5V 5)N, with y = 1,
although (BH),,., is limited by low coercivity
(330 kA/m). A number of reports have been made of
the coercive powder produced by mechanical
alloying, with coercivities of 600-700 kA/m re-
ported for NdFe;,_,.V,.N, [140,141]. This is
rather low, even when compared with the mechan-
ically alloyed Nd,Fe;,B [142], for which the an-
isotropy field is similar. Unless properties
comparable to those for Sm,Fe;;N;_; are
achieved for anisotropic fine powder, it is likely that
ThMn,,-type materials will remain of academic
interest.

4.2. R;(Fe, M)y-type

The latest series of rare-earth transition metal
nitrides are based on the monoclinic R;Fe,q M,
structure (M = Ti, V, Cr, Mo, Mn) [143,144], pre-
viously identified by Collocott et al. in 1992 as
R,(Fe,Ti);o [145]. Like the 2:17 and 1:12 type
compounds, the 3 : 29 series represents a modifica-
tion of the CaCus-type structure, in which a frac-
tion of the R atoms are replaced by transition metal
dumbbell pairs. Table 5 shows the intrinsic mag-
netic properties of some representative examples
of the series, along with the properties measured
after nitrogenation. There are two large interstitial
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Table 4

Room temperature intrinsic magnetic properties of selected RFe;,_ .M, compounds before and after nitrogenation

X T. (K) g, T kg™ ) B, (T) Ref.
NdFe;,_,V, 2.0 583 109 1.8 [136]
NdFe;,-.V.N, 2.0 743 113 7.5 [136]
NdFe,,_, Mo, 1.25 470 121 0.4 [137]
NdFe;,_Mo,N, 1.25 650 120 9.4 [137]
NdFe,,_,Ti, 1.0 547 141 2.0 [68]
NdFe,,_,Ti\N, 1.0 640 144 8.0 [68]
PrFe;,_Mo, 1.5 455 112 planar [138]
PrFe;,_Mo\N, 1.5 740 121 11 [138]

Table 5
Intrinsic magnetic properties of the selected R3Fe,o_ M, com-
pounds and their nitrides at room temperature

T, O B,
X (K) (T 'kg ') (T) Ref
Sm;Fe,q_,V, 2.3 502 92 43 [147]
SmsFe,q- VN, 2.3 683 136 6.7 [147]
Sm;Fe,q  Ti, 1.9 486 119 34 [143]
Sm;Fesq - Ti, Ny 1.9 750 140 12.8  [143]
Sm;Fe,q Cr, 43 437 68 - [149]
SmsFe,q_Cr N5, 4.3 713 102 =6 [149]
NdiFe,o- Ti, 1.1 396 130 7.7 [141]
NdsFeo - Ti,N,, 1.1 725 164 8.1 [141]
PryFe,q,Ti, 1.4 373 127 4.0 [141]
PriFe,o_, Ti,Ns4, 14 700 170 7.5 [141]

octahedral sites on which N atoms locate, leading
to a maximum N concentration of 4 atoms per
formula unit, which leads to a volume expansion of
~ 6%. Hu et al. [146] have performed neutron
diffraction study on Nd;(Fe,Ti),4N,, showing that
most Fe-Fe bond lengths increase, while some de-
crease. The net effect is clearly a more positive
exchange, given the increase in T, upon nitrogena-
tion. The saturation magnetisation also increases,
and is comparable to that of Sm, Fe ;N5 _; for (R,
M) = (Nd, Ti) and (Pr, Ti) (see Table 5).

There is considerable uncertainty in the litera-
ture about the anisotropy fields of 3:29 com-
pounds. Cadogan et al. [144] reported that room
temperature anisotropy fields for Sm;(Fe, M),o Ny,
are in the range 10-13 T, increased from ~ 3T
for the non-nitrided compound, while for
Ndj;(Fe,M),oNy, B, is ~ 8 T, with little increase

upon nitrogenation. Han et al. [147] reported
an anisotropy field of only 67T for
Smj(Fe,s.7V,.3)Ny, whilst Koyama et al. [149]
reported a value of > 7 T for Sm3(Fe,6.3V,.7)Ns.
The magnetocrystalline anisotropy of these com-
pounds is complicated by their monoclinic struc-
ture. Wirth et al. [150] point out that two
anisotropy constants are required to describe the
magnetocrystalline anisotropy energy in the lowest
order, and they present details of a method to
determine the anisotropy constants by fitting ex-
perimental demagnetisation curves. The descrip-
tion of the magnetocrystalline anisotropy energy is
made using a superposition of contributions from
the 2:17 and 1:12 building blocks forming the
3:29 structure.

In terms of producing permanent magnet mate-
rials, Sm;(Fe,V),oN, is the most interesting of the
3:29 compounds, having an anisotropy field and
Curie temperature higher than those of Nd, Fe,,B
and similar saturation magnetisation at room tem-
perature. Coercive powders, presumably nanocrys-
talline, have been produced by high intensity ball
milling, with H, = 600 kA/m, B, =094 T and
(BH)nax = 108 kJ/m® [146]. The rather high re-
manence can be attributed to the presence of aFe,
but there are no reports of coercive monocrystal-
line powder.

5. Conclusions

Interstitial modification of 3d metals and 3d—4f
intermetallic compounds by nitrogenation leads to
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a dilation of the crystal lattice and changes in the
electronic structure which produce significant cha-
nges in the intrinsic magnetic properties of iron-
based materials. They tend to become strong fer-
romagnets, with increased magnetisation and Curie
temperature. There is no consensus in favour of the
average iron moments in excess of the Slater-Paul-
ing extrapolation, although certain sites with a low
3d electron density may have moments as high as
3 pg. The interstitial nitrogen induces anisotropy in
both the iron and rare-earth sublattices, but it is
particularly effective in the latter case because it
tends to occupy octahedral sites adjacent to the
rare-earth. 49 may be positive for an axial, dumb-
bell arrangement of the nitrogen (1: 12 structure)
or negative for an in-plane triangle (2:17 struc-
ture). The rare-earth crystal field is at the origin of
the excellent hard magnetic properties obtained by
nitrogenation of Sm,Fe;;N;_; which are now
leading to its development as a commercial perma-
nent magnet material. On the contrary, in soft
ferromagnets, the anisotropy associated with nitro-
gen in usually unwelcome, hence the emphasis on
nanocrystalline alloys with low nitrogen content,
where the anisotropy may be averaged out over the
exchange length.
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