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Using only two crystalline electric-field parameters 49 and A and the Sm-Fe exchange field He,
the magnetic-anisotropy behavior of the Sm ion in SmyFe 7N, is described. It is shown that a field-
induced noncollinear coupling between the spin and orbital moments of the Sm ion takes place during
the magnetization process when the external field is applied along the hard axis. This noncollinear
coupling causes a very different magnetization process of the Sm moment at 7=0 and 300 K.

R,Fe;7 compounds (R represents the rare-earth ele-
ments) hold the highest saturation magnetization of all
the binary R-Fe compounds. It is therefore reasonable to
make efforts to use these compounds for producing per-
manent magnets. However none of these compounds
displays a uniaxial anisotropy (which is indispensible for a
permanent magnet) at or above room temperatures. This
together with their rather low Curie temperature (being
close to room temperature) has made all such efforts un-
successful. It was recently found that introducing N as
interstitial atoms in R,Fe|7 compounds leads to a large
improvement of their intrinsic magnetic properties. '
The N addition to R,Fe;; leads to an expansion of the
crystal lattice which is accompanied by an increase of the
saturation magnetization and the Curie temperature
(about 400 K higher than that of the R,Fe;;). The Fe-
sublattice anisotropy of this nitride favors alignment along
the basal plane in the entire magnetically ordered temper-
ature range. A spin-reorientation transition, described as
a change of the easy direction of magnetization from the ¢
axis to the basal plane with increasing temperature, was
found for Er,Fe 7N, and Tm,Fe;7N,. The nature of this
transition is due to a temperature-induced competition be-
tween the uniaxial Er- or Tm-sublattice anisotropy and
the easy-plane Fe-sublattice anisotropy.>* Uniaxial an-
isotropy was found in SmjyFe;7N, over the entire fer-
romagnetic temperature range. The temperature depen-
dence of the anisotropy field H,4 of Sm;Fe|;N, was mea-
sured above room temperature by using the singular point
detection (SPD) technique.® The value of H, of
Sm;Fe 7N, at room temperature was predicted to be
around 140 kOe.> At 4.2 K, the high-field measurements
on magnetically aligned powder Sm,Fe 7N, showed that
even at 350 kOe the saturation-magnetization state is not
achieved when the field is applied perpendicular to the
alignment direction.®’ Additionally, a coercivity of 30
kOe (at room temperature) was developed for Sm,Fe 7N,
by using the mechanical-alloying technique and a subse-
quent two-step annealing process.?

The large uniaxial anisotropy in Sm;Fe;7N, arises from
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the Sm ion being subjected simultaneously to the crystal-
line electric field (CEF) and the Sm-Fe exchange field. In
this paper, the two major CEF parameters 49 and A4J
were determined to describe the large anisotropy of the
Sm ion. Using these parameters, our calculation revealed
a very different magnetization behavior of the Sm mo-
ment during the magnetization process along the hard
axis at 7=0 and 300 K.

Sm;Fe,; crystallizes in the Th,Zn;; structure. Intro-
ducing N as an interstitial atom causes no basic change of
its crystallographic symmetry. In Sm,Fe;;N,, the Sm
ions occupy the 6¢ site. In the presence of an external
magnetic field H, the Hamiltonian of the Sm ion can be
expressed as

7‘f=7\.L'S+7fCEF+2uBS'Hex+/.13(L+ZS)’H, (1)

where A is the spin-orbit coupling constant; L and S are
the total orbital and spin angular momenta, respectively;
7 cer is the CEF Hamiltonian; He, is the exchange field
acting on the 4/ spin from the Fe sublattice.

For Sm>* ion, the sixth-order Stevens coefficient ys is
zero for the ground-state J = 3 multiplet, and the diago-
nal A¢ term— through mixing of the excited multiplets
—has a smaller influence on the uniaxial anisotropy than
the A9 term. Neglecting the off-diagonal and sixth-order
CEF terms, the CEF Hamiltonian of the Sm ion in
Sm;Fe 7N, can be written as

Fcerp=A3CI+A49C?, 2)

where 42 and C (n=2,4) are the CEF parameters and
the tensor operators, respectively. The matrix elements of
Eq. (1) have been calculated by using the irreducible-
tensor operator technique.’ In this calculation the mixing
of the excited (/=7 and %) multiplets of the Sm ion
with A =410 K has been taken into account. The eigen-
values E, and eigenfunctions |n) [n=1,2,...,%,(2J
+1) =24] are calculated by diagonalizing the 24 X 24 ma-
trix of Eq. (1). The free energy F(T,H,H.x) of the
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Sm,Fe 7N, system per formula unit can be obtained by

F(T,H,H.,) = —2kpTInZ+K°sin?0p. —Mp.-H, (3)
Z=X exp(—E,/ksT), 4)

where K¢ and Mg, are the magnetic-anisotropy constant
and the magnetic moment of the Fe sublattice per formula
unit, respectively. The values of KT°(T)/KF°(0) and
Mg(T)/Mg.(0) are assumed to be the same as those of
Y,Fe,; after scaling the different Curie temperatures.’0
From the magnetization curves of Y,Fe;7N, measured
parallel and perpendicular to the alignment direction at
4.2 K,° the value of K{°(0) has been estimated to be —52
K/f.u. (corresponding to the anisotropy field of 40 kOe).
The value for ME.(0) is taken to be 39ug/f.u. He(T) is
assumed to be proportional to and antiparallel to Mg.(T).
Using the molecular coefficient ngy,.re of SmyFe;; derived
from an analysis of the Curie temperature,'! the value of
1pH,(0) in SmyFe 7N, has been calculated to be 300 K.

The equilibrium direction of Mg, for given applied
external field H and temperature 7, can be determined by
minimizing the free energy F(T,H,H.). The magnetic
moment of the Sm ion is given by

MSm=M£m+Mgm s (5)

where M&,, and M§,, are the orbital moment and spin mo-
ment of the Sm ion, respectively, and can be calculated as

exp(—E,/ksT)

Mén=—X ugln|L|n) ~ , 6)
MS$, = —Zu3<n!28|n>L—gn/w. (1)

The total magnetic moment M of the system can be ob-
tained by

M =2Mgs,,+Mg.. (8)

The CEF parameters used in the present calculation are
A= —340 K and 49 =200 K. Using these parameters
and the exchange field upHex =300 K, the calculated
magnetization curves at T=0 and 300 K for Sm;Fe 7N,
are shown in Fig. 1. Since single crystal Sm,Fe 7N, is not
yet available, the experimental data of the magnetization
measured on magnetically aligned powder Sm,Fe 7N, are
also shown in Fig. 1.%'? The calculated anisotropy fields
H 4 of SmyFe 7N, are 312 and 137 kOe at 7=0 and 300
K, respectively. The broken lines presented in Fig. 1 indi-
cate the calculation when the external field H makes an
angle of 85° with the c axis. In this case, it is evident that
even at the external field of 400 kOe the saturation mag-
netization state is still not achieved. This gives an ex-
planation of the fact that the saturation magnetization
state with the external field applied perpendicular to the
alignment direction of SmyFe;7N is still not achieved at
350 kOe.®” At 300 K, similar behavior is found. If the
external field H makes an angle of 85° with the ¢ axis,
even at fields as high as 200 kOe (about 60 kOe higher
than the anisotropy field) the Fe-sublattice moment is still
located at 60° with respect to the ¢ axis. The calculated
temperature dependence of the anisotropy field H,4 is

RAPID COMMUNICATIONS

2847
40 K
‘........ o ©© & OV | B g T——
30 aun 222
an” %
’ & lc
20F L4
A/
A/
;'\ 10‘9// T=0K
. /
:.QLO L 1 1 L L N s
= = _
30 2
%
20F e
.A
10 —;( T = 300 K
£
0 1 1 L i \ | ,
0 100 200 300 400
H ( kOe )
FIG. 1. The calculated and experimental magnetization

curves parallel and perpendicular to the ¢ axis for SmyFe;7Nx.
The solid lines represent the calculation; the dashed lines repre-
sent the calculation with the applied field making an angle of
85° with the ¢ axis. The experimental data are taken from Ref.
6 (@,m) and Ref. 12 (a).

shown in Fig. 2. For comparison, the experimental values
of H,4 determined by the SPD technique above room tem-
perature are also presented.® It can be seen that there is
good agreement between calculation and experiment. The
stabilization energy AF is the difference between the free
energy of the Sm ion when He, is applied along the hard
axis and when it is applied along the ¢ axis. AF has been
calculated in the temperature range from 0 to 600 K and
is shown in Fig. 3. The Fe-sublattice anisotropy energy
(—KT*) is also presented in Fig. 3 for comparison. It fol-
lows from this figure that the stabilization energy of the
Sm sublattice is much larger than that of the Fe sublat-
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FIG. 2. The calculated and experimental temperature depen-
dence of the anisotropy field H4 for SmyFe 7N, (—), calcu-

lation; (@), experimental data (Ref. 5).
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FIG. 3. The calculated stabilization energy AF of the Sm ion — H
and the magnetic anisotropy constant — K [ of the Fe sublattice ko 60
as a function of temperature. e 6.,
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tice, which explains why there is no spin-reorientation
transition in Sm;Fe;7N,. This large stabilization energy
of the Sm sublattice is the source of the large anisotropy 0 . . .
field of Sm;Fe;7N,. 0 50 100 150 200
The calculated temperature dependence of Msm, M&n, H ( kOe )

and M%,, is illustrated in Fig. 4. The calculated values of
Msy, are 0.308up and 0.048up at T=0 and 300 K, re-
spectively. The crossover temperature 7., at which the
total Sm moment becomes zero, is found to be 337 K.
The dashed lines presented in the figure indicate the cal-
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FIG. 4. The calculated Msm, M&m, and M&, as a function of
temperature. The dashed lines represent the calculation not in-
cluding the CEF interaction.

FIG. 5. The field dependence of the angles 8. and 6s, during
the magnetization process along the hard axis at (a) T=0 K
and (b) 300 K.

culations that did not take the CEF interaction into ac-
count. It follows from this figure that if the CEF interac-
tion is neglected in the calculation, T, decreases to 301
K. This fact suggests clearly that the CEF interaction
makes a remarkable increase in the crossover tempera-
ture.

Figures 5(a) and 5(b) show the magnetic-field depen-
dence of the angles 6. and 6s, for Sm,Fe ;7N during the
magnetization process with the field applied perpendicular
to the ¢ axis at 7=0 and 300 K, respectively. For the ex-
act definition of 6. and Osy,, see the figures. At T=0 K,
Ms,, and Mg, rotate toward the H direction continuously,
but not collinearly, with increase of the external field.
The maximum angle between two moments becomes as
high as A9 =0, — Osm, =22.6° at 155 kOe. At T =300 K,
a very different magnetization process of Mg, is found.
With increasing external field, Mgy, rotates toward the
direction antiparallel to H rather than toward H as at
T =0 K. The pronounced noncollinear arrangement be-
tween Mgy, and Mg, at 7=0 K and the different magneti-
zation process of Mgy, at 7=0 and 300 K are caused by
the field-induced noncollinear coupling between M4, and
M¢&,.. Because of the weak L-S coupling of the Sm ion, a
noncollinear coupling between M4, and M§, will occur
under the strongly combined action of the CEF, the ex-
change field and the external field. The maximum angle
between M4, and —MS§,, reaches as high as about 1°.
Figure 6 illustrates the variation of the magnetic struc-
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FIG. 6. The magnetic structures of SmyFe;7N, at different field strengths during the magnetization process along the hard axis at

(a) T=0K and (b) 300 K.

tures of SmyFe;7N, at (a) 7=0 K and (b) 300 K. At
T =0 K, due to the fact that M¥, is always larger than
ME, (M&, —M&,~0.3ug), the total Sm moment Msgp,
is closer to M4, than M&n,, and is located in the region
marked by the ¢ axis and H [see Fig. 6(a)l. At T=300
K, however, the values of M&, and M$, are nearly equal
(M5, —ME.| <0.05up), resulting in a fact that the to-

tal Sm moment Msgn, is located in the region marked by
the ¢ axis and —H I[see Fig. 6(b)]l. Additionally, the
values of M%, and M$,, vary with the external field such
that M$, becomes larger than M5&, when H > 112 kOe.
Therefore Mg rotates rapidly toward M§, when H
> 112 kOe and, finally, becomes antiparallel to H when
H=H,.
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