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AB INITIO CALCULATIONS OF MAGNETIC PROPERTIES
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The recent increase in the number of studies of RFe11_,M, compounds is related to their promising application
as permanent magnets. However, the insufficiently high value of the Curie temperature T 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 YFe;1 Mo, a typical representative of the
R(Fe,M)12L class. Theoretical values of T obtained for YFe11Mo and YFe11MoN (514 K and 723 K respec-
tively) are consistent with experimental ones (472 K and 664 K) with an accuracy of 10 %. Also, the calculated
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increase in T¢ upon nitrogenization (about 200 K) is in good agreement with the experimental data.
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1. INTRODUCTION

The discovery of relatively inexpensive intermetallic
compounds Nd-Fe-B with high saturation magnetiza-
tion has raised interest in the development of R—Fe-M
systems (R =rare earth and M= Al, Ti, V, Cr, Mo,
W, Siis a transition metal or metalloid) to use them as
permanent magnets. Among these systems, R(Fe,M)1
compounds have attracted particular attention due to
a relatively high Curie temperature (T¢), noticeable
saturation magnetization, and large uniaxial magne-
tocrystalline 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)o struc-
tures that do not exist in the pure RFe;, form [1]. In-
vestigations of R(Fe,M);2L systems (L =N, C, H is the
interstitial atom) were mainly carried out under the ex-
pectation 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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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 interac-
tions. The latter may reduce the Curie temperature.
But it was shown that, on the contrary, T¢ increases
with doping (see, e. g., Ref. [d]).

We note that a structure-stabilizing element M af-
fects the magnetic properties of the compounds under
investigation ['55'] 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);2L with M=Mo and
L=N. Among the series of RFe;;M compounds, the
YFe;; Mo system has the most detailed experimental
data on crystal structure ['6], allowing us to investigate
the exchange interactions for the compound both be-
fore and after the nitrogen absorption.

It is well known that the magnetic properties of
ion-based intermetallic rare-earth compounds are im-
proved with the absorption of some light ion (H, C,
N). These improvements involve an increase in the
Curie temperature and magnetization, and a more pro-
nounced anisotropy [f#]. Our next research will be fo-
cused on nitrogen-doped system. Among other light
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elements, the N absorption is known to provide the
largest increase in T for the chosen RFe;1 M systems
[:_‘?.] The research challenge is to study the microscopic
effect of doping on the exchange parameters, and con-
sequently on the Curie temperature.

In the previous publications, we have elucidated a
mechanism for increasing the Curie temperature by sp-
metal doping @] and the role of dumbbell ferrous ions
in this process [:_1-@] Hence, we illustrate that the origin
of the increased Curie temperature due to interstitial
doping in the YFe;; Mo compound is rather a compli-
cated 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
YFe;; Mo and YFe;1 MoN together with some compu-
tational 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 T
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 ThMny type [iL 1_:] with the
space group I4/mmm. YFe;;Mo has the lattice pa-

Fig. 1. Crystal structure of YFe;1MoN and N
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rameters @ = b = 8.51 A and ¢ = 4.77A [d]. In this
structure, the rare-earth ion occupies the 2a (0, 0, 0)
crystallographic sites. There are several crystallograph-
ically inequivalent positions of Fe ions: Fel ions almost
fully occupy the 8f (0.25, 0.25, 0.25) and Fe2, the 8j
(0.2769, 0.5, 0) sites, while the 8 (0.3587, 0, 0) sites
are partially occupied by Fe3 and Mo ions (Fig. 1).

We note that nitrogenization of YFe ;Mo does not
change its space group. Nitrogen occupies the inter-
stitial position 2b (0, 0, 0.5). Due to the nitrogen ab-
sorption, the lattice parameters of YFe;; MoN increase
compared to those of the parent compound YFe;; Mo,
a=0b=2862A and ¢ = 4.79 A [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 dop-
ing position.

The electronic structure of YFe;;Mo and
YFe;1MoN was calculated by the LSDA+U method
[i2] using the TB-LMTO-ASA v.47 code (tight-bin-
ding, linear muffin-tin orbitals, atomic-sphere approx-
imation) [[3]. The Coulomb parameters derived with
the constrained LDA method [[4] are U = 2.0 eV and
J =0.9 eV for Fe [5], and U = 2.8 eV and J = 0.5 eV
for Mo [{6]. The calculations were performed in the
Brillouin zone with 4 x 4 x 4 spacing. Corresponding
values of the Heisenberg exchange interaction pa-
rameters were obtained based on results of LSDA+U
calculations with the method proposed in Ref. J1§].

3. COMPARISON OF AB INITIO
CALCULATED MAGNETIC PROPERTIES
OF YFe11M0 AND YFeuMoN

A set of linear equations for T¢ for the Heisenberg
model of classical spin vectors in the mean-field appro-
ximation was obtained in Ref. [{7]:

S2 ~
kpTcoq = ?a Z Z Jan (| Ags|)Zap (| Ags])ow, (1)

b |Aab‘

where A, is the distance between magnetic ions for
a,b = Fel, Fe2, Fe3, Mo; 0, = (S%) denotes the ther-
modynamic average of the z-projection of the classical
spin vector S, corresponding to the magnetic moment
ta = 91BSa; Zap(|Aap|) is the number of Fel, Fe2,
Fe3, and Mo neighbors at the distance |A,;| 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 YFe;; Mo and YFe;; MoN
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Fig. 2. Most physically important interatomic distances of YFe;1Mo (left) and YFei;1MoN (right). Stars mark atoms of
other layers. Distances are given in

together with experimental data [6] are summarized in
Table 1. In accordance with the experiment, the theo-
retical values of magnetic moments of ions of type Fel
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. [[§] in the form
Ec(1 — n) —2JL5 (1, — np)e,(1,)ep(np) as an ex-
change between two classical unit spin vectors e, (1) =
= (Sin ¢a (la) sin ®a (la)v co8 ¢a (la) sin ®a (la)v COs ®a (la))
and ep(n,) regardless of the magnitude of the mag-
netic moments u, and p;, at the sites 1, and n; un-
der consideration. Because the classical spin vector
S.(ly) is equal to S,(1la) = Saeq(ls), the relation be-
tween the exchange parameters J% calculated using
the method in Ref. [{§] and the exchange parameters
jab of Eq. (1) is 2Jlfb = jabSaSb. Moreover, some au-
thors [:_1-.9:] calculating exchange parameters for insula-
tors prefer to write the exchange interaction energy as
Eer(1—m) = —JM(1, —np)S,(1,)Ss(np) in terms of the
exchange parameters J (%[ between classical spin vectors
with the magnitude S, Sp=1/2. It is easy to demon-
strate that in using the method of Ref. [[[] to calculate
;L% , our exchange parameters jab are related to J % as
Jap = JM /(45,5Sp). N

The exchange integrals J,;, were calculated for all
interaction pairs of Fe and Mo ions in the first co-
ordination sphere. The first coordination sphere was
chosen according to the following assumption: if we
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consider a spherical layer with the radii in the range
r1 1.262A < r < T9 1.713 A around a partic-
ular Fel, Fe2, Fe3, or Mo ion, then all the nearest
magnetic neighbors are within this coordination layer.
Next comes an empty spherical layer without ions, ro =
= 1.713A < r < r3 = 2.009 A. The second spherical
coordination layer is at r > 2.190 A.Table 2 presents
the exchange interaction parameters jab (in descend-
ing order of exchange values for YFeq; Mo) between the
central ion Fea (a = 1, 2, 3) or Mo and another ion b
from the first coordination layer. Here, Jo3(1) stands
for the exchange parameter value between ions Fe2 and
Fe3 at the nearest distance A~23 between these ions (in-
dex 1 in the brackets), and Jo3(2) denotes the value of
the exchange parameter between Fe2 and Fe3 ions at
the second-order distance between them (index 2). Ex-
change integrals with Y ions are found to be negligibly
small.

Evaluating the Curie temperature T¢ using ab ini-
tio calculated data from Tables 1 and 2 and Eq. (1)
gives for YFe;1Mo T = 514.8 K, which is somewhat
higher than the experimental value Tc = 472 K [f_'(:] (see
also Table 2).

As we have mentioned, nitrogen takes the 2b posi-
tion, 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 T, we eval-
uated the exchange interactions fab for both systems
YFei 1Mo and YFe;1 MoN.
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Table 1. Ab initio calculated and experimental ré] local pq and total 0+ magnetic moments (in up) for YFeir1 Mo and

YFellMON
Type of YFe;1 Mo YFe;; MoN
ion a experiment our calculations experiment our calculations
Y 0 0 0 0.15
Fel —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
Itot —24.36 —23.51 ‘ —25.09 —26.10
The most noticeable change in the distance is expe-  sites i and j [{2] is obtained as
rienced by the pair Fe2—Fe2 (nearest to nitrogen dop- ‘ 3y ,
. spe . . . - Jow = v, ) IJ (2)
ing position), in which exchange integrals naturally de ij mm/ Xm/m!" m/"" Lnsrmi s

crease 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 ex-
change greatly with decreasing distance. But at the
same time, pronounced changes occur within the ex-
change in pairs Fe2-Fe3(2) (and a pair with the same
crystallographic position Fe2-Mo(2)) and in Fel-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 in-
tegrals obtained for YFe;;MoN lead to T = 723.7 K.
This value is also somewhat higher than the experi-
mental result T = 664 K [ii]. Our calculations show a
distinct increase in the Curie temperature with nitro-
gen doping, and the value of the increase (about 210 K)
is practically the same as in experiment (about 190 K).

4. DISCUSSION

We try to understand the microscopic origin of the
increase in T upon nitrogen doping. In the present
calculations, the parameter of the effective direct ex-
change interaction .J;; between the nearest magnetic
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{m}

with the indices {m} = m, m’, m”, m’" being magnetic

quantum numbers of the nl shells of ith and jth atoms.
The spin-dependent potentials I, are expressed in
terms of the single-particle potentials V.2 (o =1 or |)
of the effective Hamiltonian of the LDA+U method [{2]

(3)

The effective inter-site susceptibilities Xi{bm,m”mm are
obtained in the second-order perturbation theory and
are defined in terms of the LSDA+U eigenfunctions W
and eigenvalues €,1, as

) _
mm/’

Vi v

mm/’

X:”Ijlm’m”m”/ (l) -
/
Nkt = My
v
, Enkt — €En’k]

/
m

"kl

*ilm

*jlm’”’
nk?t v

Jlm" il
\I}nk”r l:[ln n'kl

(4)

knn

where the indices n and n’ label the energy bands, and
Nnke 1S the occupancy of the ko state in the nth band,
which is equal to 1 or 0.

In the initial compound YFe;; Mo, we calculate only
the direct exchange interaction parameters J;; in the
nearest-magnetic-neighbor approximation. First, when
a light atom N occupies an interstice in YFe;; 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 €,x, in YFe;1 MoN compared to
those in the undoped compound YFe;; Mo. Second, es-

sential changes in the eigenfunctions W, ~apperar due
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Table 2. LSDA+U calculated Heisenberg exchange
Jab YFe;1 Mo

YFei11MoN, z,, — number of atoms b around atom

interaction parameters for and

a, Aq.p — corresponding distance. Last two lines show
1
the theoretical and experimental [1i] values of Tc

Exchange | zqp YFei1 Mo YFei;MoN
pairs Ay A | Japy K | Agp, A | Jup, K
Fe3-Fe3(1) | 1 1.273 | 349.8 | 1.269 | 389.6
Fe3-Mo(1) | 1 —699.2 —622.8
Fe2-Fe3(2) | 2 1.402 | 160.2 | 1.413 204
141.7 178
Fe2-Mo(2) | 2 —201.4 —248
Fe2-Fe2 1 1.421 | 154.1 | 1.444 39.9
69.7 19.7
Fel-Fe2 1 1.296 |150.7 1.310 | 207.9
92.5 204.3
44.2 166.1
43.8 156.1
Fe2-Fe3(1) | 1 1.400 [149.1 1.410 98.6
92.7 97.7
73.4 87.4
Fe2-Mo(1) | 1 —48.1 -95
Fel-Fel 2 1.262 | 141.2 | 1.267 | 102.8
Fel-Fe3 1 1.380 | 134.4 | 1.399 | 125.7
122.7 124.6
85.0 80.7
Fel-Mo 1 —-212.8 —103
Fe3-Fe3(2) 1.550 | 101.5 | 1.553 80.2
Fe2-Mo(2) 32.8 35.4
T, K 514.8 723.7
T, K 472 664

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 YFe;; MoN, we
calculated the direct exchange interaction parameters
Ji; between the nearest magnetic ions anew, taking the
modifications of the eigenvalues €,x, and the eigenfunc-
tion W with the light nonmagnetic interstitial atom
into consideration. Then, using the obtained direct ex-
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change interaction parameters, we evaluate the Curie
temperature for YFe;; MoN.

Figure 3 (for YFe11Mo) and Fig. 4 (for YFe;; MoN)
show band dispersions and densities of states (DOS)
calculated within the LSDA+U method. In the exam-
ple of the band structures and DOS of YFe;;Mo and
YFe;1MoN systems, we can see how deeply the elect-
ronic energy levels have been changed due to nitroge-
nization.

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 sophisti-
cated analytic methods of calculations, e.g., the ran-
dom phase approximation. Nonetheless, the mean-field
approximation represents rather well the Curie temper-
ature change caused by changes of the exchange inter-
action parameters in compound YFe;;Mo due to do-
ping.

Besides, an additional cause for the discrepancy be-
tween the theoretical evaluation of the Curie point T¢
and the experimentally measured value TS can exist
in the doped compound YFe;; MoN: it is produced in
our calculations by disregarding additional indirect ex-
change interactions. It is evident that in the YFe;; 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 in-
direct superexchange interactions through the agency
of neighboring nonmagnetic N atoms (the indirect su-
perexchange interaction that was proposed in Refs. [20]
and [211).

An additional complication for a microscopic ana-
lysis 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 © formed by p orbitals con-
necting a nonmagnetic atom to two neighboring mag-
netic ions [21,22|. For instance, in iron-doped rare-
earth orthochronites RCrg gg9Feq. 0103, the effective su-
perexchange Fe3t-02~-Cr3t interaction parameter is
positive (ferromagnetic) for 162° < © < 180° and ne-
gative (antiferromagnetic) for © < 162° [23]. In our
case of the doped YFe;;MoN compound, the superex-
change angles © are either right or acute for Fe-Fe
pairs, and the interstitial superexchange interactions
for these Fe atoms via N atoms are negative (antifer-
romagnetic) and rather small. We suppose that, as a
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Fig. 3. LSDA+U calculated band dispersions (right) and densities of states (left) for YFe;1Mo. The Fermi level is at zero
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result, each of the effective exchange parameters for
these Fe—Fe pairs is the sum of large positive (ferro-
magnetic) parameter of the direct exchange interaction
and a rather small negative parameter of the indirect
superexchange interaction. This must slightly reduce
some exchange parameters used in Eq. (1) and corre-
spondingly the calculated value of the Curie tempera-
ture for the doped YFe;;MoN compound.

However, we emphasize that the superexchange in-
teractions appear only in the third-order perturbation
theory terms [13,24]. Therefore, the calculation of
the superexchange interaction parameters is beyond the
scope of the computational procedure [:_l-g'] which is re-
stricted to second-order peturbation theory terms and
which is used in the present paper. It is evident that
the calculation of superexchange interaction parame-
ters needs a separate investigation.

5. CONCLUSION

The compound under consideration, YFei;Mo (a
typical representative of the R(Fe,M);2L class), reveals
itself as a very complex structure, which is distinctly
changed upon doping with light element N. It is un-
likely that the microscopic description of changes in the
magnetic properties may be reduced to any simple phe-
nomenological model. An interplay of changed eigen-
values and eigenfunctions of Hamiltonian (1) arising
due to the interstitial atom introduction and the corre-
sponding crystal lattice relaxation leads to an increase
in the direct exchange magnetic parameters upon do-
ping. Because of a very complex magnetic structure,
only numerical calculations may shed light on the elect-
ronic structure changes, which in its turn influence the
exchange parameters and hence T¢.

Ab initio calculated values of magnetic moments
and direct exchange interaction parameters (see Ta-
ble 2) allow us to evaluate T¢ for both YFe;; Mo and
YFe;1 MoN compounds within the mean-field approach
to the Heisenberg model. Theoretical values of T¢
obtained for YFe;;Mo and YFe;;MoN (514 K and
723 K respectively) are consistent with experimental
ones (472 K and 664 K) with an accuracy of 10 %.
Also, the theoretical magnitude of the increase in
Tc upon nitrogenization (about 200 K) is in good
agreement with the experimental data.

This work was supported by the Russian Science
Foundation (Project Ne14-12-00502).
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