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Ab Initio Calculations of the Curie Temperature of Complex Permanent-Magnet Materials
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The nitrogenation of rare-earth–transition-metal compoundssR2M17d more than doubles the Curie
temperaturesTCd of iron-rich compounds but lowersTC of cobalt-rich compounds. Self-consistent
spin-polarized electronic-structure calculations are carried out to understand this unusual behavior
of TC . TC is calculated using the Heisenberg model and finite-size scaling in Monte Carlo
simulations. The calculated values ofTC are in very good agreement with the experimental data.
[S0031-9007(97)03516-3]

PACS numbers: 75.10.Lp, 75.50.Bb, 75.50.Cc
del
ese
e

b-

c-

ll

of
t
e

g

p-

e-
is

y
e
r

e
hs

nd,
e

s

of
A good permanent magnet must have large magnetiz
tion (M), high Curie temperaturesTCd and coercivity. Fe
and Co satisfy the first two requirements but have low c
ercivities due to their low magnetic anisotropies. Becau
of the high anisotropies of the rare earths (R), transition-
metal-rich rare-earth compounds have been the prim
candidates for permanent-magnet research. Most of
studies in this field deal with light rare earths because
their ferromagnetic coupling with Fe and Co. Unfortu
nately, rare earths lowerTC of Fe and Co with the larger
changes in the Fe-rich compounds. For example,TC of
Sm2Fe17 is about 40% of that of Fe andTC of Sm2Co17

is about 85% of that of Co. The lowering ofTC also
lowers the magnetization at the operating temperature
permanent-magnet applications.

Since the discovery of the supermagnet Nd2Fe14B in
1984 [1], one of the major challenges in this field
has been and still is to find ways to improve th
permanent-magnet properties of transition metal-rich rar
earth compounds. It was recently discovered that t
addition of about three nitrogen atoms per formula unit
R2Fe17 compounds leads to a considerable improveme
of their permanent-magnet properties [2]. On the oth
hand, the nitrogenation of R2Co17 compounds leads to a
moderate lowering of theirTC and magnetization values
[3]. An understanding from first principles ofTC and its
observed changes in these systems will be very helpful
future advances in the permanent-magnet field. Becau
of the complicated structure of such systems with
large number of atoms per unit cell, the theoretic
understanding of theirTC is in its infancy. We used
the spin-fluctuation theory of Mohn and Wohlfarth [4] to
explain the large increases inTC upon nitrogenation of
some Fe-rich compounds [5]. However, this theory do
not give the absolute value ofTC itself correctly.

We report hereab initio calculations of the Curie tem-
peratures of Sm2Fe17 and Sm2Co17 and their nitrides. Such
a study requires a model for interatomic exchange intera
tions. Recent studies of bcc Fe and hcp Co have shown t
the Heisenberg model based on electronic structure cal
lations predictsTC in good agreement with experimenta
0031-9007y97y79(1)y155(4)$10.00
a-

o-
se

e
the
of
-

of

e
e-
he
to
nt
er

to
se
a

al

es

c-
hat
cu-
l

results [6]. Based on these results, the Heisenberg mo
is used here to represent the exchange interactions in th
compounds. We employ the Monte Carlo method with th
Heisenberg Hamiltonian derived fromab initio electronic-
structure calculations to computeTC and the results are
compared with the available experimental data. The o
served changes inTC upon nitrogenation are related to the
magnetovolume effect and changes in hybridization.

The linear-muffin-tin orbitals method (LMTO) in the
atomic sphere approximation is used to calculate the ele
tronic structure forSm2M17NxsM ­ Fe, Co; x ­ 0, 3d
[7]. These systems have a fairly complex Th2Zn17 rhom-
bohedral structure with 19 or 22 atoms per unit ce
and the four types of M sites (6c, 9d, 18f, and 18h;
space group number 166). The lattice parameters
Sm2M17Nx were taken from Ref. [3]. The self-consisten
spin-polarized electronic-structure calculations had to b
performed at 288k points in the irreducible part of the
Brillouin zone to get stable values of the Heisenber
exchange parameters. Sm 4f electrons are treated as
spin-polarized core electrons which is a reasonable a
proximation due to the highly localized nature of the 4f
electrons.

The densities of states (DOS) of Sm2Fe17 are compared
with those of bcc and fcc iron in Fig. 1. It is interesting to
note that Fed bands in Sm2Fe17 are closer to those of fcc Fe
than those of bcc Fe. This is due to the fact that the clos
packed environment of Fe atoms in 2-17 compounds
similar to that in fcc (or hcp) Fe. Because of the similarit
in their electronic structure, the magnetic properties of th
2-17 compounds are closer to those of fcc iron [6]. Fo
example, both R2Fe17 and fcc Fe show strong dependenc
of the magnetization on the volume. Thus, the rare eart
adversely effectTC of bcc Fe by changing its relatively
open structure to a close-packed one. On the other ha
Codbands in R2Co17 are similar to those of hcp Co becaus
of the close-packed environment of Co in both the system
(Fig. 2). As a result, the rare earths in R2Co17 have a much
smaller effect on the magnetic properties of hcp Co.

The nitrogenation produces a volume expansion
6.2% in both Sm2Fe17 and SM2Co17 [3]. In addition, the
© 1997 The American Physical Society 155
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FIG. 1. Spin-polarized density of states for Sm2Fe17,
Sm2Fe17N3, and bcc and fcc Fe.

nitrogen atoms going into the 9e sites hybridize predomi-
nantly with the transition-metal atoms at thef andh sites.
It can be seen from Fig. 1 that the changes in electro
structure due to the addition of nitrogen to Sm2Fe17 corre-
spond essentially to a rigid downward shift of the majo
ity band. Thus the main consequence of nitrogenation
R2Fe17 compounds is the magnetovolume effect. In co
trast, Fig. 2 shows no rigid-band shift and hence nitrog
mainly produces small changes in hybridization in R2Co17

compounds.
The Green function formalism to calculate the inte

atomic exchange parameters from the electronic struct
has been developed by Liechtensteinet al. [8] and re-
viewed recently by Gubanovet al. [9]. The exchange
parametersJij in the Heisenberg HamiltonianHex ­
2

P
ij Jij êiêj (êi is a unit vector in the spin direction at

site i) can be derived using spherical charge and spin de
sities and a local force theorem, and the result is

Jij ­
1

4p

X
LL0

Im
Z EF

2`

d´D
i
ls´dTij"

LL0s´dDj
l0s´dT ij#

LL0s´d. (1)
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FIG. 2. Spin-polarized density of states for Sm2Co17,
Sm2Co17N3, and hcp Co.

Here T
ijs
LL0 is the scattering matrix in the site (i, j)

representation for different spin projectionsss ­", #d,
D

i
ls´d ­ t21

li" 2 t21
li# is the difference of the inverse single

site scattering matrices, andEF is the Fermi energy. The
total exchange interaction of the given sitei with all the
other sitesj is given by Ji ­

P
jfii Jij. The mean-field

estimate ofTC is given byTC ­ 2kJily3k, wherek is the
Boltzmann constant andkJil is the weighted average of
Ji over the different sites in the unit cell. The rathe
complicated procedure to calculateT

ijs
LL0 in the LMTO

formalism has been developed by Gunnarssonet al. [10].
The exchange parameterssJijd betweenM atoms and

their neighbors are calculated up to a distance of6 Å, a
distance that includes six neighboring shells in a fcc iro
having the same nearest-neighbor distance as that of
Fe in Sm2Fe17. The exchange interactions decrease a
oscillate with the distance, the decrease being more rapid
the Co than in the Fe compounds. TheJij for the first shell
are large and positive with the values for the Co compou
larger than those of the Fe compound as expected fr
their TC values. The second shell parameters are nega
for the Fe compound but both positive and negative f
the Co compound. Ji for Sm is obtained from self-
consistent calculations of 4f-moment flip energy (which
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TABLE I. Exchange parametersJi (meV) for different sites, average exchange parameterskJil, and calculated and experimental
Tc (K).

JSm
c JM

c JM
d JM

f JM
h kJil Tcalc

c T
expt
c

a

Sm2Fe17 244 67 52 49 40 48 287 389
Sm2Fe17N3 277 106 128 128 136 123 768 752
Sm2Co17 290 228 219 185 192 187 1169 1189
Sm2Co17N3 263 171 138 109 141 125 776 783

aReference [3].
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is equal to 2Ji) following a procedure used by Liebs
et al. [11]. Because of the highly localized nature o
the 4f electrons, the Sm-M antiferromagnetic exchange
interactions are considered between Sm and its near
neighbors only. TheJij for each Sm-M pair is taken to be
JiyN whereN is the number of nearest-neighborM atoms.

The exchange parameters increase in Sm2Fe17 and de-
crease in Sm2Co17 upon nitrogenation. These changes a
reflected in the values forJi for various sites in Fe and
Co compounds as shown in Table I. The averagekJil in-
creases by,156% for Sm2Fe17 and decreases by,33%
for Sm2Co17 upon nitrogenation, qualitatively reflecting the
changes inTC of the two compounds. The large increas
in kJil for the Fe compound is due to an almost rigid
band downward shift of the majority band with the Ferm
energy located along its upper sharp edge (Fig. 1). T
physical origin of this change is primarily the magnetovo
ume effect similar to that in fcc iron [6,12] (not bcc Fe
with the changes in hybridization playing a smaller role
The moderate decrease inkJil for the Co compound is re-
lated to the location ofEF in a valley in the majority DOS
(Fig. 2). There is practically no rigid-band shift in this sys
tem and the brand-structure changes come primarily fro
the changes in the hybridization. The nitriding effects ca
also be understood by examining the values ofkJisEdl near
EF for various compounds (Fig. 3). ThekJisEdl in Fig. 3
is calculated from Eq. (1) by replacingEF , the upper limit
of the integral, byEfkJil ­ kJisEFdlg. The kJisEdl near
EF for Sm2Co17 has reached a plateau and the nitrogen
tion lowers its value due to the changes in hybridizatio
On the other hand,kJisEdl nearEF for Sm2Fe17 is increas-
ing with a steep slope and the nitrogenation raises its va
due to the magnetovolume effect.

Monte Carlo (MC) simulations, based on the Heisen
berg Hamiltonian calculated above, are used to findTC

for the various compounds. The Metropolis algorithm
[13] is used to find the thermodynamic averages ofMn

for n ­ 1 to 4 as functions of temperature for three dif
ferent cell sizes (2375, 6517, and 9728 sites), whereM
is the magnetization. TheTC for each cell is calculated
from the locations of the extrema of the thermodynam
quantities such as susceptibility and third and fourth ord
cumulants, following a procedure due to Chenet al. [14].
The extremum values as a function of the cell sizeN fol-
lows the following scaling law:

TCsNd ø TC 1 aqN21y3n , (2)
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whereaq is a thermodynamic quantity-dependent consta
and n is the critical exponent. ThusTCsNd plotted as a
function of N21y3n is a straight line with the intercept
as the TC for the infinite size of the sample. The
straight line fits to extrema of susceptibility and thir
and fourth order cumulants given ­ 0.709 6 0.006. The
calculated values ofTC for the different compounds are
shown in Table I along with the experimental result
The agreement between the calculated results and
experimental data is very good except for Sm2Fe17. The
agreement for Sm2Fe17 is not as good as for other
compounds because of a relatively lowTC and its extreme
sensitivity to the magnetovolume effect in this system
This can be seen from the small value ofkJisEdl and
its variation nearEF plotted in Fig. 3 becauseTC is
approximately proportional tokJisEdl at EF . The curve
for Sm2Fe17 has a fairly steep slope atEF , whereas the
curves for the other compounds are quite flat. The ste
slope for Sm2Fe17 in Fig. 3 implies a large change inkJil
and henceTC due to a small change in volume due t
the magnetovolume effect discussed before. For examp

FIG. 3. The average exchange parameterskJisEdl as functions
of the energy nearEF .
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we have estimated that a 0.5% increase in the latt
parameters used in Sm2Fe17 calculations will give a new
value ofTC in excellent agreement with the experimenta
result. The mean-field values ofTC are larger than the
Monte Carlo values by a factor of about5y4.

In summary, we have shown that first-principle calcu
lations, based on the Heisenberg Hamiltonian and Mon
Carlo simulations, are able to predict rather accurately t
Curie temperatures of Sm2Fe17, Sm2Co17, and their nitro-
genated counterparts. Thus, as in the cases of eleme
Fe and Co, the Heisenberg model is a good represen
tion of the exchange interactions in these compounds. T
substantial increases inTCs of Fe compounds and the mod
erate decreases inTCs of Co compounds upon nitrogena
tion are primarily due to the magnetovolume effect an
changes in hybridization, respectively. Having succes
fully calculated the exchange interactions in these co
plex materials, we are now in a position to predict b
computer simulations the important properties (e.g.,TC

and Ms) of proposed new permanent-magnet materia
and their modifications by interstitial and substitutiona
impurities.
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