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The recent increase in the number of studies of RFe11−x Mx compounds is related to their promising application
as permanent magnets. However, the insuﬃciently high value of the Curie temperature TC of these compounds
is a barrier to their widespread use. The increase in the Curie temperature of these compounds is achieved by
doping with the light nonmetallic atoms such as hydrogen, nitrogen, and carbon. In this paper, it is shown
numerically that this doping leads to drastic changes of the electronic band dispersions in a wide energy region
around the Fermi level. This in turn changes values of the magnetic moments of ions and Heisenberg exchange
interaction parameters. The values of ab initio calculated magnetic moments and direct exchange interaction
parameters allow to calculate the Curie temperatures for both parent and nitrogen-doped compounds within
the mean-ﬁeld approach to the Heisenberg model in the sample of YFe11 Mo, a typical representative of the
R(Fe,M)12 L class. Theoretical values of TC obtained for YFe11 Mo and YFe11 MoN (514 K and 723 K respectively) are consistent with experimental ones (472 K and 664 K) with an accuracy of 10 %. Also, the calculated
increase in TC upon nitrogenization (about 200 K) is in good agreement with the experimental data.
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cations. To our knowledge, however, some phenomena
related to these compounds are yet to be explained. In
particular, the elementary lattice increases in volume
upon doping, which in its turn decreases the electronic
shell overlapping and corresponding exchange interactions. The latter may reduce the Curie temperature.
But it was shown that, on the contrary, TC increases
with doping (see, e. g., Ref. [4]).
We note that a structure-stabilizing element M affects the magnetic properties of the compounds under
investigation [5]. To reveal the role of the interstitial
element L, it seems pertinent to study the system with
a minimum amount of the third element M. In this
paper, we investigate R(Fe,M)12 L with M = Mo and
L = N. Among the series of RFe11 M compounds, the
YFe11 Mo system has the most detailed experimental
data on crystal structure [6], allowing us to investigate
the exchange interactions for the compound both before and after the nitrogen absorption.
It is well known that the magnetic properties of
ion-based intermetallic rare-earth compounds are improved with the absorption of some light ion (H, C,
N). These improvements involve an increase in the
Curie temperature and magnetization, and a more pronounced anisotropy [7]. Our next research will be focused on nitrogen-doped system. Among other light

1. INTRODUCTION

The discovery of relatively inexpensive intermetallic
compounds Nd–Fe–B with high saturation magnetization has raised interest in the development of R–Fe–M
systems (R = rare earth and M = Al, Ti, V, Cr, Mo,
W, Si is a transition metal or metalloid) to use them as
permanent magnets. Among these systems, R(Fe,M)12
compounds have attracted particular attention due to
a relatively high Curie temperature (TC ), noticeable
saturation magnetization, and large uniaxial magnetocrystalline anisotropy at room temperature. It has
been established that the structure stability element M
plays a key role in the formation of R(Fe,M)12 structures that do not exist in the pure RFe12 form [1]. Investigations of R(Fe,M)12 L systems (L = N, C, H is the
interstitial atom) were mainly carried out under the expectation to enhance their technologically useful hard
magnetic properties [2–4]. Also, a signiﬁcant increase
in the Curie temperature observed upon light-element
doping is an important feature for technological appli*
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rameters a = b = 8.51 Å and c = 4.77 Å [6]. In this
structure, the rare-earth ion occupies the 2a (0, 0, 0)
crystallographic sites. There are several crystallographically inequivalent positions of Fe ions: Fe1 ions almost
fully occupy the 8f (0.25, 0.25, 0.25) and Fe2, the 8j
(0.2769, 0.5, 0) sites, while the 8i (0.3587, 0, 0) sites
are partially occupied by Fe3 and Mo ions (Fig. 1).
We note that nitrogenization of YFe11 Mo does not
change its space group. Nitrogen occupies the interstitial position 2b (0, 0, 0.5). Due to the nitrogen absorption, the lattice parameters of YFe11 MoN increase
compared to those of the parent compound YFe11 Mo,
a = b = 8.62 Å and c = 4.79 Å [6]. Thus, interatomic
distances responsible for the value of direct exchange
interactions are also changed. In Fig. 2, we can see how
distances between Fe ions nearest to nitrogen change
upon doping. Most aﬀected is the distance between
Fe2–Fe2 ions, because they are the closest to the doping position.
The electronic structure of YFe11 Mo and
YFe11 MoN was calculated by the LSDA+U method
[12] using the TB-LMTO-ASA v.47 code (tight-binding, linear muﬃn-tin orbitals, atomic-sphere approximation) [13]. The Coulomb parameters derived with
the constrained LDA method [14] are U = 2.0 eV and
J = 0.9 eV for Fe [15], and U = 2.8 eV and J = 0.5 eV
for Mo [16]. The calculations were performed in the
Brillouin zone with 4 × 4 × 4 spacing. Corresponding
values of the Heisenberg exchange interaction parameters were obtained based on results of LSDA+U
calculations with the method proposed in Ref. [18].

elements, the N absorption is known to provide the
largest increase in TC for the chosen RFe11 M systems
[8]. The research challenge is to study the microscopic
eﬀect of doping on the exchange parameters, and consequently on the Curie temperature.
In the previous publications, we have elucidated a
mechanism for increasing the Curie temperature by spmetal doping [9] and the role of dumbbell ferrous ions
in this process [10]. Hence, we illustrate that the origin
of the increased Curie temperature due to interstitial
doping in the YFe11 Mo compound is rather a complicated interplay of exchange interaction parameters due
to the band structure modiﬁcation. The whole picture
cannot be simply mapped onto some toy model for such
a complicated magnetic structure with many magnetic
sites and sublattices.
The rest of the paper is organized as follows.
In Sec. 2, we present a crystallographic structure of
YFe11 Mo and YFe11 MoN together with some computational details. Section 3 is devoted to the results of
ab initio calculations of magnetic properties performed
for these compounds. Then the procedure of evaluation
of the Curie temperature for both systems is described.
In Sec. 4, we discuss the microscopic origin of the TC
increase with doping. A general conclusion is drawn in
Sec. 5.

2. CRYSTAL STRUCTURE AND
COMPUTATIONAL DETAILS

All R(Fe,M)12 compounds crystallize in the same
tetragonal structure of the ThMn12 type [11] with the
space group I4/mmm. YFe11 Mo has the lattice pa-

3. COMPARISON OF AB INITIO
CALCULATED MAGNETIC PROPERTIES
OF YFe11 Mo AND YFe11 MoN

Fe3
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N
Fe2

A set of linear equations for TC for the Heisenberg
model of classical spin vectors in the mean-ﬁeld approximation was obtained in Ref. [17]:

Y

Fe1
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kB TC σa =

x
Mo

Sa2   
Jab (|Δab |)zab (|Δab |)σb ,
3
b

b

(1)

|Δab |

where Δab is the distance between magnetic ions for
a, b = Fe1, Fe2, Fe3, Mo; σa = SaZ  denotes the thermodynamic average of the z-projection of the classical
spin vector Sa corresponding to the magnetic moment
μa = gμB Sa ; zab (|Δab |) is the number of Fe1, Fe2,
Fe3, and Mo neighbors at the distance |Δab | from the
central ion; and Jab is an exchange parameter between
ions of types a and b. Ab initio calculated local and
total magnetic moments of YFe11 Mo and YFe11 MoN

a
Fig. 1. Crystal structure of YFe11 MoN and N
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Fig. 2. Most physically important interatomic distances of YFe11 Mo (left) and YFe11 MoN (right). Stars mark atoms of
other layers. Distances are given in Å

together with experimental data [6] are summarized in
Table 1. In accordance with the experiment, the theoretical values of magnetic moments of ions of type Fe1
and Fe3 increase with doping, but those of Fe2, on the
contrary, became weaker.
We ﬁrst note that the energy of the exchange
interaction between diﬀerent sites of the magnetic
lattice is presented in the Ref. [18] in the form
L
Eex (l − n) = −2Jab
(la − nb )ea (la )eb (nb ) as an exchange between two classical unit spin vectors ea (la ) =
= (sin φa (la ) sin Θa (la ), cos φa (la ) sin Θa (la ), cos Θa (la ))
and eb (nb ) regardless of the magnitude of the magnetic moments μa and μb at the sites la and nb under consideration. Because the classical spin vector
Sa (la ) is equal to Sa (la ) = Sa ea (la ), the relation beL
tween the exchange parameters Jab
calculated using
the method in Ref. [18] and the exchange parameters
L
Jab of Eq. (1) is 2Jab
= Jab Sa Sb . Moreover, some authors [19] calculating exchange parameters for insulators prefer to write the exchange interaction energy as
M
Eex (l − n) = −Jab
(la − nb )Sa (la )Sb (nb ) in terms of the
M
between classical spin vectors
exchange parameters Jab
with the magnitude Sa , Sb =1/2. It is easy to demonstrate that in using the method of Ref. [19] to calculate
M
M
Jab
, our exchange parameters Jab are related to Jab
as
M

Jab = Jab /(4Sa Sb ).
The exchange integrals Jab were calculated for all
interaction pairs of Fe and Mo ions in the ﬁrst coordination sphere. The ﬁrst coordination sphere was
chosen according to the following assumption: if we

consider a spherical layer with the radii in the range
r1 = 1.262 Å < r < r2 = 1.713 Å around a particular Fe1, Fe2, Fe3, or Mo ion, then all the nearest
magnetic neighbors are within this coordination layer.
Next comes an empty spherical layer without ions, r2 =
= 1.713 Å < r < r3 = 2.009 Å. The second spherical
coordination layer is at r > 2.190 Å.Table 2 presents
the exchange interaction parameters Jab (in descending order of exchange values for YFe11 Mo) between the
central ion Fea (a = 1, 2, 3) or Mo and another ion b
from the ﬁrst coordination layer. Here, J23 (1) stands
for the exchange parameter value between ions Fe2 and
Fe3 at the nearest distance Δ23 between these ions (index 1 in the brackets), and J23 (2) denotes the value of
the exchange parameter between Fe2 and Fe3 ions at
the second-order distance between them (index 2). Exchange integrals with Y ions are found to be negligibly
small.
Evaluating the Curie temperature TC using ab initio calculated data from Tables 1 and 2 and Eq. (1)
gives for YFe11 Mo TC = 514.8 K, which is somewhat
higher than the experimental value TC = 472 K [7] (see
also Table 2).
As we have mentioned, nitrogen takes the 2b position, which is surrounded by four Fe2 atoms in the 8j
position. This nitrogen location leads to displacements
of the neighboring Fe ions (see Fig. 2). To understand
the consequences of that displacements for TC , we evaluated the exchange interactions Jab for both systems
YFe11 Mo and YFe11 MoN.
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Table 1. Ab initio calculated and experimental [6] local µa and total µtot magnetic moments (in µB ) for YFe11 Mo and
YFe11 MoN

Type of

YFe11 Mo

YFe11 MoN

ion a

experiment

our calculations

experiment

Y

0

0

0

Fe1

−2.15

−2.15

−2.38

−2.60

Fe2

−2.42

−2.28

−2.32

−2.30

Fe3

−2.36

−2.29

−2.43

−2.53

Mo

1.00

1.10

1.00

0.93

N

−

−

0

0

μtot

−24.36

−23.51

−25.09

−26.10

our calculations
0.15

sites i and j [12] is obtained as

ij
j
i
Imm
Jij =
χ
mm m m Im m ,

The most noticeable change in the distance is experienced by the pair Fe2–Fe2 (nearest to nitrogen doping position), in which exchange integrals naturally decrease as the distance increases. At the same time,
another pair Fe3–Fe3(1) (and a pair with the same
crystallographic position Fe3–Mo(1)) increased its exchange greatly with decreasing distance. But at the
same time, pronounced changes occur within the exchange in pairs Fe2–Fe3(2) (and a pair with the same
crystallographic position Fe2–Mo(2)) and in Fe1–Fe2,
in which the exchange integrals increase signiﬁcantly
regardless of slightly growing distance. That may be
explained by the eﬀect of additional wave functions of
nitrogen appearing in the vicinity of these pairs in the
cell. We see that the interplay of changes in exchange
parameters and distances is so complicated that the
only possible way to make a conclusion is to estimate
the inﬂuence on the Curie temperature by numerical
analysis of system of equations (1). The exchange integrals obtained for YFe11 MoN lead to TC = 723.7 K.
This value is also somewhat higher than the experimental result TC = 664 K [7]. Our calculations show a
distinct increase in the Curie temperature with nitrogen doping, and the value of the increase (about 210 K)
is practically the same as in experiment (about 190 K).

(2)

{m}

with the indices {m} = m, m , m , m being magnetic
quantum numbers of the nl shells of ith and jth atoms.
i
The spin-dependent potentials Imm
 are expressed in
σ
terms of the single-particle potentials Vmm
 (σ = ↑ or ↓)
of the eﬀective Hamiltonian of the LDA+U method [12]
i↑
i↓
i
Imm
 = Vmm − Vmm .

(3)

The eﬀective inter-site susceptibilities χij
mm m m are
obtained in the second-order perturbation theory and
are deﬁned in terms of the LSDA+U eigenfunctions Ψ
and eigenvalues nkσ as
χij
mm m m (l) =
 nnk↑ − nn k↓
jlm ilm ∗jlm
=
Ψ∗ilm
nk↑ Ψnk↑ Ψn k↓ Ψn k↓ , (4)
nk↑ − n k↓

knn

where the indices n and n label the energy bands, and
nnkσ is the occupancy of the kσ state in the nth band,
which is equal to 1 or 0.
In the initial compound YFe11 Mo, we calculate only
the direct exchange interaction parameters Jij in the
nearest-magnetic-neighbor approximation. First, when
a light atom N occupies an interstice in YFe11 Mo, the
additional electrostatic potential arises in this interstice
and the Fe and Mo atoms that surround this interstitial
space are slightly displaced. This leads ﬁrst to changes
in the dispersion laws nkσ in YFe11 MoN compared to
those in the undoped compound YFe11 Mo. Second, essential changes in the eigenfunctions Ψil
nkσ apperar due

4. DISCUSSION

We try to understand the microscopic origin of the
increase in TC upon nitrogen doping. In the present
calculations, the parameter of the eﬀective direct exchange interaction Jij between the nearest magnetic
426
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Table 2. LSDA+U calculated Heisenberg exchange
interaction parameters Jab for YFe11 Mo and
YFe11 MoN, zab — number of atoms b around atom
a, Δab — corresponding distance. Last two lines show
the theoretical and experimental [7] values of TC

Exchange

zab

pairs
Fe3–Fe3(1)

1

Fe3–Mo(1)

1

Fe2–Fe3(2)

2

Fe2–Mo(2)

2

Fe2–Fe2

1

YFe11 Mo
YFe11 MoN

Δab , Å Jab , K Δab , Å Jab , K
1.273

349.8

1.269

−699.2
1.402

160.2

389.6
−622.8

1.413

204

141.7

178

−201.4

−248

1.421

154.1

1.444

39.9

69.7
Fe1–Fe2

Fe2–Fe3(1)

1

1

1.296

1.400

Fe2–Mo(1)

1

Fe1–Fe1

2

1.262

Fe1–Fe3

1

1.380

Fe1–Mo
Fe3–Fe3(2)

2
2

150.7

19.7
1.310

204.3

44.2

166.1

43.8

156.1

149.1

1.410

98.6

92.7

97.7

73.4

87.4
−95

141.2

1.267

134.4

1.399

102.8
125.7

122.7

124.6

85.0

80.7

−212.8
1.550

207.9

92.5

−48.1

1

Fe2–Mo(2)

101.5

−103
1.553

32.8

80.2
35.4

TC , K

514.8

723.7

TCexp ,

472

664

K

change interaction parameters, we evaluate the Curie
temperature for YFe11 MoN.
Figure 3 (for YFe11 Mo) and Fig. 4 (for YFe11 MoN)
show band dispersions and densities of states (DOS)
calculated within the LSDA+U method. In the example of the band structures and DOS of YFe11 Mo and
YFe11 MoN systems, we can see how deeply the electronic energy levels have been changed due to nitrogenization.
We note that the calculated Curie temperatures
for both compounds are somewhat higher than the
measured ones. This is not surprising because it is
common knowledge that the mean-ﬁeld approximation
gives overestimated values of the Curie temperatures
for the three-dimensional Heisenberg ferromagnets with
the nearest-neighbor exchange interactions compared
with numerical methods or even with more sophisticated analytic methods of calculations, e. g., the random phase approximation. Nonetheless, the mean-ﬁeld
approximation represents rather well the Curie temperature change caused by changes of the exchange interaction parameters in compound YFe11 Mo due to doping.
Besides, an additional cause for the discrepancy between the theoretical evaluation of the Curie point TC
and the experimentally measured value TCexp can exist
in the doped compound YFe11 MoN: it is produced in
our calculations by disregarding additional indirect exchange interactions. It is evident that in the YFe11 MoN
compound, the magnetic ions Fe and Mo adjacent to
interstitial nitrogen atoms can be coupled not only with
the direct exchange interactions but also with the indirect superexchange interactions through the agency
of neighboring nonmagnetic N atoms (the indirect superexchange interaction that was proposed in Refs. [20]
and [21]).
An additional complication for a microscopic analysis of systems under consideration is given by the
well-known fact that the sign and the magnitude of the
superexchange interaction parameter depend strongly
on the superexchange angle Θ formed by p orbitals connecting a nonmagnetic atom to two neighboring magnetic ions [21, 22]. For instance, in iron-doped rareearth orthochronites RCr0.99 Fe0.01 O3 , the eﬀective superexchange Fe3+ –O2− –Cr3+ interaction parameter is
positive (ferromagnetic) for 162◦ < Θ ≤ 180◦ and negative (antiferromagnetic) for Θ < 162◦ [23]. In our
case of the doped YFe11 MoN compound, the superexchange angles Θ are either right or acute for Fe–Fe
pairs, and the interstitial superexchange interactions
for these Fe atoms via N atoms are negative (antiferromagnetic) and rather small. We suppose that, as a

to doping because these must be expanded with respect
to an extended set of atomic wave functions including
the s and p wave functions of the interstitial N atom.
As a result, in the doped compound YFe11 MoN, we
calculated the direct exchange interaction parameters
Jij between the nearest magnetic ions anew, taking the
modiﬁcations of the eigenvalues nkσ and the eigenfunction Ψilm
nkσ with the light nonmagnetic interstitial atom
into consideration. Then, using the obtained direct ex427
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