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High costs and relatively narrow working conditions of rare-
earth magnets force researchers to look for alternative materials 
with high maximum energy product (BH)max.1–6 Exchange-
coupled magnetic composites (ECC) are the two-phase materials, 
which consist of hard and soft magnetic phases coupled with each 
other by exchange interactions. In theory of ECC, the hard phase 
provides a large coercivity and the soft one transmits a high 
magnetization, thus, magnetic anisotropy of the hard phase aligns 
spontaneous magnetization of the soft phase. Due to the exchange-
coupling effect, the composites display higher (BH)max values 
than the single hard and soft phases separately. However, both 
phases have to be structured at the nanoscale in order to achieve 
the effective coupling.2–6

M-type hexaferrites (BaFe12O19 and SrFe12O19) are promising 
materials for hard magnetic phase of ECC since they are affordable, 
chemically and thermally stable, and reveal high coercivity.7 There 

are several reports8–12 on successful preparation of hexaferrite-
based ECCs combined with soft magnetic ferrites, especially 
Ni–Zn ferrite. However, the significant increase of magnetization 
could be achieved only by composing hexaferrites with ferro
magnetic metals having higher saturation magnetization values, 
e.g. with iron, cobalt and alloys. Recently, Xu et al.13 reported a 
self-assembly of SrFe12O19 submicron particles and cobalt nano
particles into the core/shell exchange-coupled material. However, 
a distinct improvement in the magnetic properties of the composite 
compared to precursor phases was not achieved. The probable 
reason was a high initial aggregation of SrFe12O19 particles, which 
is a common problem of high-temperature methods for hexa
ferrite production.14

Herein, we report on the synthesis of hard-soft magnetic com
posite by coating low-aggregated hexaferrite particles with cobalt 
nanoparticles.

M-type hexaferrite particles with composition SrFe10.7Al1.3O19 
were obtained by glass crystallization† according to our previously 
reported procedure.15 This is an efficient method to produce non-
aggregated submicron hexaferrite particles with the high structural 
quality.16–18

Figure 1 shows XRD pattern‡ of the obtained powder, which 
represents the single phase hexaferrite.19 The lattice parameters 
a = 5.8472(3) and c = 22.912(1) Å are lower in comparison with 
those19 of SrFe12O19 (a = 5.885 and c = 23.05 Å), which indicates 
a partial substitution of aluminum by iron. The substitution 
degree in SrFe12–x Alx O19 can be estimated as x = 1.3 according 
to the Vegard’s law for solid solutions.20 The obtained x value is 
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The magnetic composite SrFe10.7Al1.3O19 /Co was synthesized 
by ethylene glycol reduction of cobalt ions on the surface of 
hexaferrite particles dispersed in the solvent. The resulting 
material contained magnetically hard submicron hexaferrite 
particles covered by soft magnetic cobalt nanoparticles. The 
composite demonstrated the exchange-coupling effect between 
hard and soft magnetic phases.

†	 The glass with nominal composition of 13 SrO–5.5 Fe2O3–4.5Al2O3–
4B2O3 was prepared by melting the mixture of SrCO3, H3BO3, Al2O3, and 
Fe2O3 in a platinum crucible at 1300 °C and fast quenching the melt 
between two steel rollers. Subsequently, the glass was annealed at 950 °C 
for 24 h. The hexaferrite particles were separated by dissolving the borate 
matrix in 3% HCl solution. All operations were performed in air atmosphere.
‡	 X-ray diffraction (XRD) spectra of the samples were recorded on a 
Rigaku D/MAX 2500 diffractometer with CuKa radiation.

 

20 30 40 50 60

2q/deg

2q/deg

20 30 40 50 60

In
te

ns
ity

In
te

ns
ity

006 106

110

107
114

203

200

205
206

217 201

111 200

Co (fcc)

(a)

(b)

Figure  1  XRD patterns of (a) SrFe10.7Al1.3O19 and (b) SrFe10.7Al1.3O19 /Co 
composite.
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also consistent with the results of EDX analysis. According to 
the scanning electron microscopy (SEM),§ a mean diameter of 
hexaferrite particles of 350 nm [inset in Figure 2(a)], which is 
lower than 500 nm, a minimum size of magnetic domain for hexa
ferrites,21 indicating the single-domain material in the sample.

The XRD pattern of the composite obtained¶ (see Figure 1) 
demonstrates that it consists of hexaferrite and fcc cobalt crystal 
phases,24 while cobalt oxide phases were not observed. The 
broadening of cobalt diffraction peaks seems to be due to a small 
particles size.

Transmission electron microscopy (TEM) image†† of 
SrFe10.7Al1.3O19 /Co composite [Figure  2(b)] shows that the 
individual hexaferrite particles are covered by cobalt nano
particles with mean diameter of 8 nm. Apparently, such a decora
tion of hexaferrite particles can be explained by the heterogeneous 
nucleation of cobalt nanoparticles on the hexaferrite surface, 
which corresponds to one of the reported mechanisms for metal 
salts reduction by ethylene glycol on oxide substrates.25 In 
contrast to the homogeneous nucleation in the solution volume 
with subsequent agglomeration, the heterogeneous nucleation 
results in a better contact between hard and soft magnetic phases, 
which is essential for the exchange coupling. Moreover, the non-
aggregated state of the hexaferrite particles provides a higher 
surface area for the cobalt deposition.

The observed composite microstructure has to provide an 
effective exchange-coupling between cobalt nanoparticles and 
hexaferrite. According to Skomski’s theory of ECC, the size of 

soft phase should be less than twice of domain wall width (dW) 
of hard magnetic phase.1–3 For SrFe12O19, dW of ~14 nm5 and 
the  cobalt particles mean diameter of 8  nm should fulfill this 
requirement.

The M vs. H curves of the cobalt nanoparticles, the hexaferrite 
powder, and the composite measured at room temperature with 
original Faraday balance magnetometer are shown in Figure 3(a). 
The cobalt nanopowder is characterized by the low coercivity 
(Hc) of 140  Oe and high saturation magnetization (Ms) of 
146 emu g–1, which is slightly lower than that reported for bulk 
cobalt (164  emu  g–1).26 The depressed magnetization value is 
probably related to the low particle size. The coercivity of 
SrFe10.7Al1.3O19 (9.3  kOe) is 1.4  times higher than the largest 
known value for non-substituted SrFe12O19 (6700 Oe),27 while 
the Ms value is reduced to 48  emu  g–1 in comparison with 
SrFe12O19 (74 emu g–1 for monocrystals and about 65 emu g–1 
for fine particles21) as expected for partial replacement of iron 
atoms by aluminum.18 The shape of hexaferrite hysteresis loop 
is  typical of randomly oriented single-domain Stoner–Wohlfarth 
particles with Mr /Ms ratio of 0.5.28

The magnetization curves of both the SrFe10.7Al1.3O19 /Co 
composite and its mechanical mixture are shown in Figure 3(b). 
In spite of the same cobalt particle diameter of 8 nm, the magneti
zation hysteresis of the mixture has a typical shape of two-phase 
material representing a significant narrowing at low fields. The 
composite demonstrates a substantially wider hysteresis, which 
is a result of exchange coupling between the components. The 
SrFe10.7Al1.3O19 /Co composite displays significantly higher MS 
value of 80 emu g–1 than the initial hexaferrite. The composite 
also shows a higher remanence of 31 emu g–1 vs. 25 emu g–1 for 
the hard ferrite phase. However, Hc is reduced from 9.3 to 3.8 kOe. 
The decrease of the coercivity with the magnetization growth is 
a common phenomenon for all the hard-magnet materials as well 
as ECC.5,28

The hysteresis loop of the composite has still a low field 
narrowing, reflecting the incomplete coupling.2 Obviously, a 
part of cobalt nanoparticles is not bound to the hexaferrite 
surface that is observed in Figure 2(c). This may happen due to a 
homogeneous cobalt nucleation with subsequent agglomeration 
resulting in a contaminated soft magnetic phase in the composite. 
The mass percentage of the phases in the material may be 
calculated according to the formula5 Ms

c = (1 – a) Ms
h + a Ms

s, 
wherein the Ms

c, Ms
h, and Ms

s are the saturation magnetization 
values of composite, hard phase, and soft phase, respectively, and 
a is the mass fraction of soft phase. The estimated mass fraction 
of cobalt is 32%, which is definitely higher than expected from 
TEM micrographs. Therefore, the presence of non-coupled cobalt 
particles is very probable. Despite this impurity, the composite 
reveals higher Mr and Hc than the prepared mixture of cobalt and 
hexaferrite particles with the same phase content. Thus, the used 
technique allows one to obtain the hard ferrite/cobalt composite 
with the exchange-coupling effect, however some optimization of 

§	 SEM was performed using a LEO Supra 50 VP microscope.
¶	 Hexaferrite powder (0.1  g) was ultrasonically dispersed in ethylene 
glycol (60 ml). Sodium acetate (1 g), sodium hydroxide (4 g), and cobalt(ii) 
chloride hexahydrate (0.576 g) were added to the prepared suspension. 
The mixture was heated up to 100 °C for 1 h in air atmosphere to dissolve 
all the chemicals under mechanical stirring. Subsequently, the temperature 
was increased to 180 °C and held for 1 h to reduce Co2+ ions into metallic 
cobalt. The mechanisms of dissolution and reduction of cobalt ions by 
ethylene glycol are described in ref. 22. The solution was cooled down to 
room temperature; the product was separated with a magnet and washed 
three times with ethanol. At the final step, the obtained powder was annealed 
at 250 °C for 30 min under argon atmosphere to improve cobalt crystallinity 
and magnetization23 and remove residual organic compounds. To produce a 
reference material, the same synthetic procedure was applied for the 
preparation of pure cobalt sample. The mechanical mixture of hexaferrite 
and cobalt powders was also prepared by grinding in the agate mortar.
††	TEM was performed using a LEO 912 AB Omega microscope.

(a) (b)

(c)

1 µm 100 nm

500 nm

180

140

100

60

20

400 800200 6000

C
ou

nt

dmean = 350 nm

Particle diameter/nm

Co

Figure  2  (a) SEM image of SrFe10.7Al1.3O19 powder, inset shows the 
distribution of particles diameter (mean diameter of 350  nm); (b) TEM 
image of the hexaferrite particles covered by Co nanoparticles; (c) TEM image 
of cobalt agglomerates and hexaferrite particles in SrFe10.7Al1.3O19 /Co 
composite.
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Figure  3  (a) Magnetic hysteresis loops of cobalt, hexaferrite and composite; 
(b) magnetic hysteresis loops of SrFe10.7Al1.3O19 /Co composite and a mecha
nical mixture of SrFe10.7Al1.3O19 (68 wt%) and Co (32 wt%).
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synthesis conditions is required to avoid homogeneous nucleation 
of cobalt.

In conclusion, we accomplished the synthesis of new magnetic 
composite consisted of Al-substituted hexaferrite submicron 
particles as the hard core and cobalt nanoparticles as the soft 
magnetic shell displaying the exchange-coupling effect. The 
synthesis was based on heterogeneous nucleation of cobalt on 
the surface of non-agglomerated hexaferrite particles during the 
process of the Co2+ reduction by ethylene glycol. This simple 
method is a promising way to enhance the magnetic properties 
of hexaferrite materials by the effective exchange-coupling with 
soft metallic phases.

This work was supported by the Russian Foundation for Basic 
Research (grant no. 15-03-04277).
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