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Hard magnetic nanocomposites SmCos/Fe, (x=0-2.9) are synthesized by a simultaneous calcium
reduction of Sm—Co-O and Fe;O, nanoparticles. The composites consist of nanostructured SmCos
and Fe with their average grain sizes at 29 and 8 nm, respectively. The magnetic properties of the
composites can be tuned by controlling Fe composition. SmCos/Fe, 5 shows an enhanced remanent
magnetization at 56 emu/g (45 emu/g for SmCos). The largest coercivity value of 11.6 kOe is
achieved with SmCos/Fe(,;. The synthesis represents a general process toward SmCo-based
exchange-spring nanocomposites for high performance permanent magnet applications. © 2007
American Institute of Physics. [DOI: 10.1063/1.2799170]

Nanocomposites containing exchange-coupled magneti-
cally hard and soft phases are desirable for permanent mag-
net applications.l_10 The intimate contact between the hard
and soft phases renders the composites large coercivity, high
magnetization, and enhanced energy product. To preserve the
coercivity in the isotropic two-phase systems, the size of the
soft magnetic grains should be of the order of 10 nm.' ¢
SmCos/Fe exchange-coupled nanocomposites represent an
important class of high performance permanent magnetic
materials with SmCos offering large coercivity, high Curie
temperature, and Fe providing high magnetic moment.' ™
Such composites are normally made by physical methods,
such as mechanical milling and sputtering.l6_20 Although the
compositions of the composites are well controlled in these
physical processes, the fabrications are either not reliable for
making composites with the grain sizes in nanometer region,
or have difficulties in producing large quantity of composites
for applications as bulk nanocomposite magnets.

Here, we report that a simple chemical approach can be
used to make SmCos/Fe nanocomposites with controlled co-
ercivity and enhanced magnetization. The synthesis is based
on the precipitation of Sm and Co salts from their aqueous
solutions with a base in the presence of monodisperse Fe;O,
nanoparticles. The Fe;O, nanoparticles are embedded in
SmCo-hydroxide matrix and the composites are annealed at
high temperature in the presence of a strong reducing agent
(Ca) and a dispersion medium KCI. The high temperature
reductive annealing converts Fe;O, into Fe and SmCoO into
SmCo. The Sm—Co-O or Sm—Co acts as protecting matrix to
prevent Fe nanoparticles from growing into large single crys-
tals. The nanocomposites consist of a hcp structured SmCos
and a-Fe with the average grain sizes at 29 and 8 nm, re-
spectively. SmCos and Fe form exchange-coupled nanocom-
posites with both coercivity and magnetization dependent on
doping percentage of Fe. At room temperature, the
SmCos/Fe; 5 shows a H, of 6.05 kOe (8.8 kOe for SmCos)
and an enhanced remanent magnetization at 56 emu/g
(45 emu/g for SmCos), and the SmCos/Fe 3 have the larg-
est coercivity at 11.6 kOe.
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To embed monodisperse Fe;O, nanoparticles into the
Sm—Co-O matrix, the hydrophobic Fe;O,4 nano?articles syn-
thesized according to a previous publication ! were con-
verted into hydrophilic ones by replacing the oleate and oley-
lamine with tetrabutyl ammonium hydroxide (Bu,NOH)
following a procedure reported on surface modification of
FePt nanoparticles.22 The hydrophilic Fe;O, nanoparticles
were then mixed with the aqueous solutions of SmCl; and
CoCl, and were further precipitated out along with SmCo-
hydroxide by adding the aqueous Buy,NOH to the mixture
solution. The precipitate was then baked at 120 °C to con-
vert the hydroxide into oxide and to embed the Fe;O, nano-
particles into the Sm—Co-oxide matrix. The molar ratio of
Sm/Co/Fe was controlled by the mass ratio of the precursor
salts and Fe;O,4 nanoparticles. These composite nanoparticles
can be used as starting precursor to make SmCos/Fe nano-
composites.

The reductive annealing was performed in the presence
of metallic calcium (Ca) and at high temperature >800 °C.
The composite nanomaterials were mixed with KCIl and
metal Ca. KCI (mp=770 °C) was used as a dispersion me-
dium for the reactants to facilitate the complete reduction of
Sm—Co-O and Fe;0,, and to prevent SmCos or Fe from
growing into large crystals in the high temperature annealing
conditions. Among various annealing temperatures and times
tested, 900 °C for 1 h was found to be the optimum anneal-
ing condition to convert Sm-Co-O-Fe;O, into
SmCos/Fe,. The Sm/Co/Fe composition in the nanocom-
posites was analyzed by energy-disperse x-ray spectroscopy
and inductively coupled plasma—atomic emission spectros-
copy. SmCos was obtained from the 1/4 Sm/Co-salt mixture
while the Fe fraction was carried over from the starting ma-
terials to the final product and, therefore, was readily tuned
from x=0-2.9.

Figure 1 shows the x-ray diffraction (XRD) patterns of
the SmCos/Fe, composites prepared from the reductive an-
nealing. The crystal structure of the Sm—Co can be indexed
with the standard SmCos pattern,23 indicating that high tem-
perature reduction and interface diffusion lead to the forma-
tion of hcp structured SmCos when x<0.44. When Fe was
doped into SmCos structure, it is likely that Fe diffuses into
the SmCos phase, as confirmed by the increase of lattice
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FIG. 1. XRD patterns (CuKa radiation at A=1.5418 A) of SmCos/Fe,
composites with (a) x=0, (b) x=0.23, (c) x=0.44, (d) x=1.0, (¢) x=1.5, and
(f) x=2.9.

parameter from ¢=0.49980 nm and ¢=0.3965 nm for x=0 to
a=0.50080 nm and ¢=0.39715 nm for x=0.44. When the Fe
content x is higher than 1.0, a rhombohedral Sm,Co;; phase
might also be present, as indicated by peaks at 36° and 38°.
The single phased Fe is difficult to characterize in these dif-
fraction patterns as its major (110) peak overlaps with the
peak in Sm,Co,; phase. The correlated SmCos crystal size
estimated from the (101) diffraction peak using Scherrer’s
formula is 29 nm.

The nanocrystalline feature of both SmCos and Fe in the
composites is characterized with transmission electron mi-
croscopy (TEM). Figure 2(a) is the dark field TEM image of
the SmCos/Fe; nanocomposites. It was obtained from the
(110) diffraction beam of the Fe particles in the composites,
as shown in the selected area electron diffraction (SAED)
pattern in the inset of Fig. 2(a). The bright dots with an
average size of 8 nm represent Fe nanoparticles. The ring
pattern in the inset is a characteristic of the three-
dimensional random orientation of both SmCos and Fe nan-
ograins within the composite structure. The high resolution
TEM (HRTEM) image of a typical SmCos/Fe,; aggregate is
shown in Fig. 2(b). It can be seen that the sample consists of
two different nanoscale domains, one with lattice fringe dis-
tance at 0.29 nm and another at 0.20 nm, corresponding to
the (101) planes (interplane distance at 0.291 nm) in the hcp
structured SmCos and the (110) planes (interplane distance at
0.201 nm) in bece-Fe.

Magnetic  hysteresis  measurements  prove that
SmCos/Fe, (x=0-2.9) nanocomposites are ferromagnetic at

FIG. 2. (a) Dark field TEM image of the SmCos/Fe; nanocomposites. Inset:
SAED of the nanocomposites. (b) HRTEM image of a single aggregate of
the SmCos/Fe; nanocomposites with the dashed lines circling the nanocrys-
talline grains of either SmCos or Fe.
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FIG. 3. (a) Change in coercivity and magnetic moment with Fe composition
in the SmCos/Fe, nanocomposites. (b) Hysteresis loops of the nanocompos-
ites SmCos and SmCos/Fe, 5 at room temperature.

room temperature. Incorporation of Fe particles into the
SmCos structure changes both coercivity (H,) and magneti-
zation of the composites. This can be readily seen in
Fig. 3(a), where measured coercivity values and saturation
magnetization (M,) of the SmCosFe, composites depend on
x. Here, the M values were approximated from the magne-
tization curves measured under 7 T. It shows that an addition
of a small amount of Fe increases the coercivity to the maxi-
mum of 11.6 kOe at x=0.23. This is likely caused by the fact
that the original Co content may be slightly lower than the
nominal composition of 1:5 and the diffusion of Fe into
SmCos lattice occurs. Further increase of Fe content leads to
either more diffusion or the formation of Fe grains and thus,
the nearly monotonous decrease in coercivity and increase in
magnetization. Figure 3(b) shows the representative hyster-
esis loops of SmCos and SmCos/Fe, s nanocomposites. It
can be seen that the loop from the SmCos/Fe; 5 composites
has a high remanent magnetization (M,) compared to that
from the SmCos. This confirms that incorporation of the na-
nometer soft magnetic Fe phase into the hard SmCos matrix
can indeed achieve enhanced magnetization. Furthermore, all
the hysteresis loops of the nanocomposites show single
phase behaviors without any observable kinks. The rema-
nence ratios of the hysteresis loops are larger than the value
of 0.5 predicted for randomly oriented, noninteracting
Stoner-Wohlfarth particles.24 This further indicates the strong
intergrain exchange coupling in the nanocrystalline
SmCos/Fe, magnets.

The exchange-coupled two-phase structure can be char-
acterized by the recoil measurements of the nanocomposites.
Figure 4(a) is the recoil loops of the SmCos/Fe; nanocom-
posites. It contains a series of slightly open and fairly steep
minor loops, which implies a two-phase structure in the
composites.25 The 6M-H measurements are used to verify
the nature of the exchange coupling between the SmCos and
Fe phases.26 M is defined as M ,(1-2M,), where M, is the
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FIG. 4. (a) Recoil loops of the nanocomposite SmCos/Fe,. The loops were
obtained by starting from a point in demagnetization curve to a remanent
point with the field decreasing to zero and then back to the starting point. (b)
O6M-H plot of the nanocomposite SmCos/Fe,.
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reduced dc demagnetization remanence curve and M, is the
reduced isothermal remanence curve. For nanocrystalline
single-phase magnets, SM always has high Positive values,
indicating an exchange type of interactions.””* These inter-
actions suddenly drop to zero or small negative values during
reversal as a result of the cooperative switching of the
exchange-coupled grains. Figure 4(b) is the M plot of the
composite SmCos/Fe; sample. In this composite, M is ini-
tially positive due to the existence of exchange coupling, but
it becomes negative after the reversal, suggesting magneto-
static interactions in the composite due to the presence of
soft magnetic Fe phase. This observation is a further evi-
dence for the two-phase exchange coupling in the composite,
similar to what has been reported in a ball-milled nanocom-
posite magnet where a soft phase causes negative oM
value.”

In summary, hard magnetic exchange-spring nanocom-
posites SmCos/Fe, (x=0-2.9) have been synthesized by a
facile calcium reduction of the mixture of Sm—Co-O and
Fe;O,4 nanoparticles. The composites contain a hcp struc-
tured SmCos with an average grain size of 29 nm and me-
tallic Fe at 8 nm. The SmCos/Fe, 5 shows an enhanced rem-
anent magnetization of 56 emu/g (45 emu/g for SmCos)
with a H, at 6.05 kOe (8.8 kOe for SmCos). The largest co-
ercivity of 11.6 kOe is achieved with SmCos/Fe,;. Using
similar synthetic strategy, SmCo/CoFe nanocomposites can
also be made if CoFe,0, instead of Fe;O, nanoparticles are
used in the synthesis. With structure, composition, and
nanoscale morphology control, magnetic properties of these
nanocomposites can be tuned and the optimized energy prod-
uct should be obtained. Work on obtaining square hysteresis
loop from the nanocomposites for high energy product is
underway.
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