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Structural and magnetic properties of the rare-earth compounds R,Fe;7N; have been studied with
neutron-diffraction measurements and self-consistent spin-polarized electronic-structure calculations.
The diffraction results indicate for the Nd compound that N goes into two sites in two or more phases of
varying fractional N occupations. For the Y compound, N occupies only one site. Electronic-structure
calculations for Y;Fe;7 and Y Fei7N; give excellent results for site-dependent Fe moments, and, with
spin-fluctuation theory, explain the large change in the Curie temperature on nitrogenation.

PACS numbers: 75.50.Bb, 71.25.Pi, 75.10.Lp

One of the most important recent developments in the
field of magnetism and magnetic materials has been the
realization that great improvements in properties can be
achieved by expanding one’s vision from binary to ternary
intermetallic compounds. This is particularly true for
permanent magnet materials, which require large values
of magnetization, uniaxial anisotropy, Curie temperature
T., and coercivity. The best known example of this is the
discovery of the class of rare-earth (R) compounds,
R,Fe 4B, especially for R =Nd [1]. While compounds of
the R,Fe|; class have large magnetization values, they
also have rather low ordering temperatures and anisotro-
py constants. However, recently Coey and co-workers [2]
found that the absorption of N, by Smj,Fe 7 and Y,Fe,;
roughly doubles their T, values and changes the anisotro-
py of the former from planar to uniaxial. R,Fe;7N; com-
pounds can be prepared with & values typically up to 2.6
and generally having the hexagonal Th;Ni,7 structure for
the heavy rare earths, and the rhombohedral Th;Zn;
structure for the light rare earths. Schnitzke et al. [3] re-
cently were able to produce microcrystalline SmyFe 7N,
samples with coercivities as high as 30 kOe. These devel-
opments suggest that the R,Fe;7N; compounds have ex-
citing prospects as permanent magnet materials.

In this work we have investigated two fundamental as-
pects of the nitrogenated materials. These are (1) de-
tailed aspects of the occupancy of interstitial sites by N
atoms, and (2) the spin-polarized electronic structure and
its relationship to the site-dependent magnetic moments
and increase in the Curie temperature. Both of these as-
pects are important for understanding how nitrogen, or
other added elements, enhance the permanent-magnet
characteristics of these newly discovered materials.

Samples of RjFe;; with R=Y, Nd, and Sm were
prepared by arc melting appropriate quantities of the ele-
ments. Because the 2:17 phase cannot be formed from
the melt, a heat treatment at 1050 °C for periods ranging
from several hours to two days was required to obtain a
single phase. Powders were prepared by crushing, grind-
ing, and sieving in a glove box under an argon atmo-

sphere. Finally, the nitrides were produced by heating
the powders of R,Fe;7 alloys in approximately 100 kPa of
N, gas for about 2 h at 500°C.

Since neutron-diffraction measurements on the Sm
compound are not feasible because of the large absorption
cross section of its most abundant isotope, data were col-
lected on the Nd and Y compounds at room temperature
with a high-resolution powder diffractometer with A
=1.547 A. Data were analyzed using GSAS, a modified
Rietveld code capable of refining several phases simul-
taneously. This version does not include magnetic scat-
tering, but the total magnetic contribution to the diagram
is small in Nd,Fe,; and the nitride, and reliable structur-
al parameters may be extracted while neglecting the
magnetic effects.

Initial refinement of Nd,Fe 7N; using the cell parame-
ters reported by Otani ez al. [4] left a difference pattern
similar to the original diagram, but shifted to lower an-
gle, and it was realized that the sample consists of parti-
cles in which the nitrogen content varies. In order to
treat this, the data were refined as a two-phase sample
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FIG. 1. Powder diffraction patterns for Nd;Fe;7Ng. Ob-

served (calculated) profiles are given by the dotted (solid)
curves and calculated positions are indicated at the bottom, in-
cluding a minor a-Fe contaminant.

644 © 1991 The American Physical Society



VOLUME 67, NUMBER 5

PHYSICAL REVIEW LETTERS

29 JULY 1991

with two different nitrogen contents (and differing cell
parameters, etc.). While this leads to a reasonable fit as
shown in Fig. 1, it appears that there is actually a range
of compositions present, with the two refined composi-
tions corresponding roughly with the lower and upper
limits of nitrogen uptake. No evidence for untransformed
Nd,Fe;7 was seen. The results of the refinement are
given in Table I, along with the parameters refined for
NszC|7 [5]

These results suggest that nitrogen occupies two sites in
the Nd,Fe;; structure as shown in Fig. 2: the e site, as
has previously been reported [6], and the g site, which
was also found to contain hydrogen in Nd;Fe;7H:(D;)
[7]1. It appears, somewhat surprisingly, however, that
the nitrogen fills the g site first, to its limit (~ ¢) and
then fills the e site to its limit (~ 3 ). If both sites fill to
these limits, the composition would reach Nd,Fe;7N3, but
in the present case, the two phases correspond to
Nd,Fe 7N, 5 and Nd;Fe;7N ;. The volume increases ap-
proximately linearly with the e site contents, but not with
total N content. In the present sample, ~80% of the in-
tensity can be attributed to the N, s composition which
has the same cell parameters as reported by Otani et al.
[4] and others.

Refinement of the Y,Fe;7N; structure presented a
different problem. The hexagonal compounds show con-
siderable compositional variation as well as disorder asso-
ciated with less than complete dumbbell substitution on
one-third of the rare-earth sites. Therefore, we measured
and refined the pure (nominal) Y,Fe;; material, allowing
partial dumbbell occupancy of both Y sites (at ¥, 24
and +,%,%) to account for the disorder. A satisfactory
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FIG. 2. Unit cell of R;Fe;7N; in the rhombohedral
(Th2Zn,7) structure. Largest balls (partially darkened) repre-
sent R sites, the intermediate-sized balls represent Fe sites, and
the small balls represent the N sites. The open (circled) N sites
denote 18g (9e) positions.

fit was obtained with a stoichiometry of about Y,Fe g and
partial occupancies of these positions. The refinement of
the nitrided sample found the nitrogen on the 64 sites
(x,2x,+) with x=—0.1681. The occupancy of this site
refined to 3 within statistical error (#0.02) suggesting,
as in the rhombohedral compound, that the Fe atoms can
move to accommodate two N atoms but are then too close

TABLE I. Structural parameters for Nd;Fe |7 and Nd>Fe ;7N compounds. n.r. denotes not
refined; n is the fractional site occupancy; and m denotes multiplicity, referred to hexagonal cell
with three formula units. Values in parentheses indicate uncertainties in least significant digits.

Atom, m NdzFe;7N max Nd;Fe 7Nmnin Nd,Fe;
Nd(), 6 z=0.344(1) 2=0.337(4) z=0.343(1)
(x=y=0,n=1) )
Fe(b), 6 2=0.092(1) 2=0.100(3) 2=0.096(1)
(x=y=0,n=1)
Fe(d), 9
(x=%,y=0,z=%,n=
Fe(y), 18 x=0.288(1) x=0.280(2) x=0.288(1)
(y=0,z=0,n=1)
Fe(h), 18 x=-—y=0.1734(4) x=-—p=0.175(1) x=—p=0.168(1)
(n=1) 2=0.4872(6) 2=0.490(2) 2=0.489(1)
Ne(e), 9 n=0.60(2) n=0.14(5)
(x=7%,y=0,2=0)
N(g), 18 x=0.806(6) x=0.805(n.r.)
(y=0,z=7%) n=0.12(1) n=0.14(5)
a (A) 8.763(1) 8.629(1) 8.567(5)
c (R) 12.644(2) 12.512(2) 12.443(5)
Vol. (A%) 840.86(25) 806.89(27) 790.88
Intensity 7200(80) 1756(54)
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for further substitution. No other sites appear to con-
tain N atoms. The refined composition is then about
Y,Fe;sN,. Details of these results will be published else-
where.

The electronic structures of the R,Fe;7 and R,Fe 7N;
compounds were investigated by focusing on Y,Fe;7 and
Y,Fe;7N3 in the experimentally observed hexagonal
Th,Ni;7 structure. The choice of Y was made based on
our earlier results [8] in the R,Fe ;4B class wherein the
electronic structure and Fe magnetic moments are in-
dependent of R—save for the presence of localized occu-
pied 4f levels below the Fermi level, which lead to local-
ized magnetic moments on the R atoms. In both classes
of materials the replacement of R by Y avoids the
difficult problem of handling the 4f states without any
loss of understanding of the electronic and magnetic
structure of the Fe magnetic subnetwork. The self-
consistent spin-polarized calculations are based on the
linear-muffin-tin-orbitals (LMTO) method in the scalar-
relativistic approximation [9]. To study the effect of ni-
trogenation the compounds Y,Fe;; and Y,Fe;7N3 were
studied, with 38 and 44 atoms per primitive cell, respec-
tively. The N atoms are placed at the experimentally
found A sites in the hexagonal structure which are
equivalent to the sites occupied by the majority of the N
atoms in the rhombohedral structure.

The spin-polarized densities of states (DOS) for
Y,Fe|7 and Y,Fe|7N; are shown in Fig. 3. As expected,
the DOS are dominated by the Fe d bands near the Fer-
mi level. The structure around 6 eV in Y,;Fe ;N3 is due
to the N 2p states. The structure due to the Fe d bands
in Y,Fe ;N3 DOS is shifted to higher binding energy due
to the reduction in overlap upon nitrogenation. This
leads to a decrease in the values of both the up- and
down-spin DOS values at the Fermi level.
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FIG. 3. Spin-polarized density of states for Y,Fe;; (solid
line) and Y:Fe7N3 (dashed line). The zero of energy repre-
sents the Fermi energy.
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The calculated magnetic moments for the different
atomic sites in the two compounds are given in Table II.
It should be noticed that small negative moments develop
on the Y sites. The total moments per formula unit (fu)
are 3540 up/fu and 39.60 ug/fu for Y,Fe;; and
Y>Fe 7N3, respectively. The former value is very similar
to that calculated by Coehoorn (35.02 ug/fu) by the
augmented-spherical-wave method for the rhombohedral
structure [10]. These results are also in excellent agree-
ment with the 4.2-K magnetization measurements of 34.7
up/fu and 40.3 pg/fu for Y,Fe 7 and Y,Fe;7Ny, respec-
tively [11].

Table II also lists site-dependent Fe moments for
LuyFe;; and Lu,Fe;7N; compounds as calculated from
the 4.2-K Mossbauer hyperfine-field measurements of
Zouganelis, Anagnostou, and Niarchos [12]. The indivi-
dual hyperfine fields for Y,Fe;7; have not been determined
to our knowledge, but existing data of Gubbens et al. [13]
and Zouganelis, Anagnostou, and Niarchos [12] indicate
that there is little difference among most of the different
R>Fei7 (and R>Fe;7N;) compounds. The other assump-
tion in the calculation of the LuFe-site moments is the
often-used proportionality of hyperfine field to Fe 3d
magnetic moment (149 kOe/ug). With one exception, to
be discussed below, there is a reasonable correspondence
between the theoretical and experimental values.

The magnetic moments for the different atomic sites in
the two compounds are compared in Table II. The ex-
pansion of the lattice due to N lowers the overlap among
the 6g and 12k Fe atoms in the Fe-only planes (z =0, &)
and hence their magnetic moments go up by about 30%.
Since the 12 Fe atoms now have overlaps with the N
atoms, their moments go down by about 12%. The 4f Fe
moment is the least affected, with only a small increase in
its value. The exception mentioned above, the reversal in
the magnitude of the 12 and 12k moments between ex-
periment and theory, may be the result of the wrong asso-
ciation of the larger hyperfine field in the nitrogenated
compounds with the 12; sites; the local N environments
of the 12j and 12k sites are consistent with the relative
sizes of the 12j and 12k magnetic moments as obtained in
the calculations.

TABLE II. Magnetic moments (in ug) for different sites in
R>Fe7 and R:Fe17N; compounds.

Calculated values Experimental values®

Site Y:Fes Y,Fe|7N; LuyFer LusFe7N;

R(2b) —0.47 —0.20

RQ2d) —0.45 —0.45 R s
Fe(4f) 2.53 2.65 2.47 2.69
Fe(6g) 1.92 2.53 2.23 2.51
Fe(12) 2.25 2.01 2.07 2.35
Fe(12k) 2.00 2.57 1.87 2.17
N(6h) R —0.04 R S

“From Madssbauer results of Ref. [12] (see text).
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It is natural to ask if the increase in 7, upon nitrogena-
tion can be understood theoretically. According to the
spin-fluctuation theory of Mohn and Wohlfarth [14], the
Curie temperature T, is given by

T, < Mé/xo,

where M is the zero-temperature magnetic moment per
atom and the enhanced susceptibility yo is given by

10 ' =U1/2N(Ep)+1/2N [ (Er) —11/2u3 .

N(Er) and N |(Ef) are the up- and down-spin DOS at
the Fermi level and I is the Stoner parameter. These pa-
rameters as obtained from the band-structure results are
listed in Table III, and they give R=T,.(Y,Fe;7N3)/
T.(Y;Fe;7) =2.34. The experimental data for £=2.6
give R=694/325=2.14 [2]. An increase in M and a
substantial decrease in V{(Er) upon nitrogenation are
responsible for almost doubling 7.. These changes are
due to the overall narrowing of the Fe d band caused by
the reduction in overlap upon lattice expansion. This
good agreement between experiment and theory concern-
ing the increase of 7. indicates that the spin-fluctuation
theory is a reasonable model for the magnetism of this
class of compounds.

In summary, our work has shown that there are rather
subtle structural effects concerning the site occupations of
the N atoms in the R,Fe;; structures. Although we find
that the e site is primary, in agreement with recent
neutron-diffraction studies by Ibberson et al. [15], we re-
port a second (low occupancy) site in Nd,Fe;7 which they
do not. Unfortunately, neither our data, nor that of Ib-
berson et al., are ideal, showing significant broadening
effects. Efforts to resolve these differences, including
variations in nitrogen charging and starting materials, are
certainly warranted. The self-consistent spin-polarized
electronic structure calculations show (i) a decrease in
the Fe moments for those atoms with N nearest neigh-
bors, due to their overlap with the N atoms, (ii) an in-
crease in the Fe moments with no N nearest neighbors,
due to a decrease in Fe-Fe overlap caused by the lattice
expansion, and (iii) an overall increase in the magnetiza-
tion upon nitrogenation. The important theoretical con-
clusion is that the spin-fluctuation theory, in combination
with the electronic-structure results, satisfactorily de-
scribes the significant increase in 7, on nitrogenation; this
is due to both the increase in magnetization and decrease
in spin-up density of states.

We are indebted for financial support of this research

TABLE III. Band-structure parameters.

Density of
states at Er Magnetic Stoner
[states/(eV Fe-atom)] moment parameter
Up Down (up/Fe-atom) (eV)
Y:Fe; 0.663 0.545 2.11 0.95
Y,Fe;7N3 0.365 0.536 2.34 0.93
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