
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Nanoscale

www.rsc.org/nanoscale

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Nanoscale RSC  

ARTICLE 

This journal is © The Royal Society of Chemistry 2014 Nanoscale, 2014, 00, 1-3 | 1  

Composite Nanoplatelets Combining Soft-Magnetic 

Iron Oxide with Hard-Magnetic Barium Hexaferrite 

D. Primc
a

 and D. Makovec
a*

  

By coupling two different magnetic materials inside a single composite nanoparticle, the shape 

of the magnetic hysteresis can be engineered to meet the requirements of specific applications. 

Sandwich-like composite nanoparticles composed of a hard-magnetic Ba-hexaferrite 

(BaFe12O19) platelet core in between two soft-magnetic spinel iron oxide maghemite (γ-Fe2O3) 

layers were synthesized using a new, simple and inexpensive method based on the co-

precipitation of Fe3+/Fe2+ ions in an aqueous suspension of hexaferrite core nanoparticles. The 

required close control of the supersaturation of the precipitating species was enabled by the 

controlled release of the Fe3+ ions from the nitrate complex with urea 

([Fe((H2N)2C=O)6](NO3)3) and by using Mg(OH)2 as a solid precipitating agent. The platelet 

Ba-hexaferrite nanoparticles of different sizes were used as the cores. The controlled coating 

resulted in an exclusively heterogeneous nucleation and the topotactic growth of the spinel 

layers on both basal surfaces of the larger hexaferrite nanoplatelets. The direct magnetic 

coupling between the core and the shell resulted in a strong increase of the energy product 

BHmax. Ultrafine core nanoparticles reacted with the precipitating species and homogeneous 

product nanoparticles were formed, which differ in terms of structure and composition 

compared to any other compound in the BaO–Fe2O3 system. 

Introduction  

Composite nanoparticles, combining two magnetically different 

phases, frequently referred to as bi-magnetic nanoparticles, represent 

an important class of magnetic nanomaterials. An exchange bias 

resulting from the coupling between the ferromagnetic and 

antiferromagnetic phases represents an extra source of anisotropy, 

which increases the superparamagnetic limit - an important property 

limiting the miniaturization of recording media.1 Even more 

important, an exchange-spring coupling between the soft-magnetic 

and the hard-magnetic phases combined at the nanolevel can lead to 

an increased energy product BHmax, a figure of merit for the quality 

of magnets.2,3 These bi-magnetic nanoparticles are thus ideal 

building blocks for the preparation of exchange-spring permanent 

magnets with improved properties2-5 or, alternatively, the effect of 

the exchange coupling can be applied to tune the properties of the 

nanoparticles to make them relevant for different applications. The 

coupling can be used to tune the shape and the temperature 

dependence of the nanoparticles’ magnetization curve, defining 

properties such as the coercivity (HC), the remanence (MR), and the 

blocking temperature (TB).6-11  

Generally, magnetic nanoparticles can be used in a variety of 

technologies (e.g., in ferrofluids12 and magnetic separation13) and 

medicine14, where they can be used in numerous applications in vitro 

(e.g., the detection, separation, or sorting of specific cells, 

magnetofection, etc.)15 and in vivo for diagnostics (e.g., for contrast 

enhancement in magnetic resonance imaging (MRI)16 and in 

magnetic particle imaging (MPI)17 and in therapy (e.g., for targeted 

drug delivery18,19 and for cancer treatment using magnetically 

mediated hyperthermia.7,11,20-23 Nanoparticles with an improved 

conversion of the electromagnetic energy into heat, which can be 

used as the mediators in magnetic hyperthermia and in other 

applications, making use of the good heating ability of the 

nanoparticles in an AC magnetic field,18.20-25 are a good example of 

the beneficial effect of the exchange coupling in bi-magnetic 

nanoparticles on their relevant properties.  By tuning the magnetic 

anisotropy of the bi-magnetic nanoparticles with coupling of the 

hard and the soft magnetic phases, the specific heating rate was 

strongly increased,7,11,23 in some cases by almost an order of 

magnitude.7 Obviously, apart from the physical properties, biological 

aspects are also crucial in medical applications.14 Today, it is 

practically only nanoparticles of magnetic iron oxide (maghemite) 

that are used in biomedicine, because they are considered safe and 

have been approved by the US Food and Drug Ad-ministration 

(FDA) for in-vivo applications.14 

To effectively tune the magnetic properties of bi-magnetic 

nanoparticles, the size and the shape of both the magnetic phases in 

intimate contact have to be carefully controlled. The effective 

exchange coupling of the soft phase to the hard phase requires the 

size of the soft phase to be less than half the domain-wall width of 

the hard phase.26-29 Usually, bi-magnetic nanoparticles have a core-

shell structure.2,5-11 Nevertheless, other bi-magnetic hetero-
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nanostructures were reported;4,5,7,30 however, it was found that the 

exchange coupling in core/shell nanoparticles is stronger than in 

other composite nanostructures where the contact areas between the 

two materials are smaller, for example, in heterodimer 

nanoparticles.5  

The core-shell architecture is also advantageous for controlling the 

nanoparticle structure during the synthesis. In the sequence-based 

synthesis route the size of the core is defined by the choice of the 

core nanoparticles and/or the conditions used for their synthesis in 

the first step, whereas the thickness of the shell is controlled in the 

subsequent coating process. The magnetic materials used in bi-

magnetic nanoparticles include simple metals (soft-magnetic Fe and 

Co),4,10,31 alloys (hard-magnetic FePt and CoPt),2,4,5 carbides (Fe3C, 

Ni3C),11,32 simple oxides (antiferrimagnetic FeO and MnO)33-35, and 

mixed oxides. Among the mixed oxides, spinel ferrites are the most 

frequently exploited, with Co-ferrite (CoFe2O4) as the only hard-

magnetic representative of the family, and numerous soft-magnetic 

representatives, including the iron oxides magnetite (Fe3O4) and 

maghemite (γ-Fe2O3), manganese ferrite (MnFe2O4), nickel ferrite 

(NiFe2O4), and zinc ferrite (ZnFe2O4, antiferrimagnetic as bulk, but 

soft-magnetic in the form of nanoparticles36).6-9  

The method used for the synthesis of the core-shell nanoparticles 

may depend on the type of material; however, by far the most 

exploited method is the high-temperature thermal decomposition of 

organometallic precursors.4-8,30 This method is based on the 

decomposition of organometallic compounds (e.g., metal 

acetylacetonate, metal-oleate complex, iron pentacarbonyl) in a 

high-boiling-point solvent (e.g., hexadecanediol, octadecene) and in 

the presence of a capping agent, oleic acid and/or oleylamine.37,38  

The method is known to be capable of producing mono-dispersed 

nanoparticles that are dispersible in non-polar media. The size of the 

nanoparticles can be closely tuned using the experimental 

conditions. The synthesis can be conducted in two steps (a seed-

mediated particle growth method), and is therefore suitable for the 

synthesis of core-shell nanoparticles.37 The drawbacks of the method 

are its relatively large complexity and the need for expensive, 

frequently toxic, starting materials. The composite nanoparticles 

composed of a spinel-ferrite shell at a core of a different material can 

also be synthesized using simple co-precipitation of metal ions in an 

aqueous suspension of the core nanoparticles.  We report here on the 

first synthesis of composite nanoparticles coupling hard-magnetic 

properties of a Ba-hexaferrite (BaFe12O19) platelet core with soft-

magnetic properties of a spinel ferrite iron oxide maghemite (γ-

Fe2O3) shell. The maghemite shell was coated onto the hexaferrite 

core nanoparticles using a new, inexpensive method based on the co-

precipitation of Fe3+/Fe2+ ions in an aqueous colloidal suspension of 

the cores. Maghemite forms in a sequence of chemical reactions and 

transformations. The involved process is actually quite complex and 

depends significantly on the experimental conditions, e.g., reactant 

concentrations, the presence of counter ions, temperature, etc.;39 

however, with some simplifications we can reveal the relevant steps.  

Fe3+ precipitates to form Fe oxide hydroxide (FeOOH) already at a 

low pH of 2.8, whereas Fe2+ precipitates at a pH above 6. If the 

FeOOH is in its γ-FeOOH structural modification (lepidocrocite), it 

will react with precipitating Fe(OH)2 to form magnetic spinel ferrite, 

first magnetite (Fe3O4), which usually oxidizes to maghemite (γ-

Fe2O3) when exposed to the ambient air. Under acidic conditions 

with a pH below 2.8 Fe3+ ions can slowly precipitate due to thermal 

hydrolysis at elevated temperatures.39  

Hard-magnetic Ba-hexaferrite was used for the core material. Due to 

its highly anisotropic, complex magnetoplumbite hexagonal 

structure40 (see Fig. 1 (a)), the hexaferrite nanoparticles grow with a 

plate-like shape (nanoplatelets).41,42 Besides the large 

magnetocrystal-line anisotropy of the hexaferrite (K = 3.3 ∙104 J/m3 

in the bulk),43 the shape anisotropy of the nanoplatelets can also be 

exploited. For example, the first ferromagnetic liquids were prepared 

by dispersing hexaferrite nanoplatelets in a ferroelectric liquid 

crystal.44  

Ba-hexaferrite nanoplatelets can be synthesized using the 

hydrothermal method.41,42 The hydrothermal treatment of an aqueous 

suspension of barium and iron hydroxides in the presence of a high 

concentration of hydroxyl ions results in the formation of hexaferrite 

at relatively low temperatures.41,42 This low formation temperature 

enables the synthesis of ultrafine nanoparticles. Such ultrafine 

nanoparticles have a discoid shape, around 10 nm wide, but only 

approximately 3 nm thick, which is less than 2 dimensions of the 

unit cell in the corresponding c-direction of their hexagonal 

structure. They exhibit rather poor magnetic properties, which can be 

ascribed to their poor structural order.41,42,45 When the synthesis 

occurs at higher temperatures the nanoparticles grow with the 

mechanism of Ostwald ripening and larger hexagonal platelet 

crystals are obtained, which show hard-magnetic properties. The 

exaggerated growth of the nanoparticles during their hydrothermal 

synthesis can be suppressed with the addition of surfactants, such as 

oleic acid.42   
 

 

Experimental  
 

Materials  

Iron (III) nitrate hepta hydrate (Fe(NO)3 . H2O), iron (II) chloride 

(FeCl2), barium nitrate (Ba(NO3)2), magnesium hydroxide 

(Mg(OH)2), sodium hydroxide, (NaOH, 98%), urea, nitric (V) acid 

(HNO3), citric acid (99+%), N,N-Dimethylformamide (99+%), 1,2-

dichlorobenzene, and oleic acid were purchased from Alfa Aesar. 

All reagents were used without further purification. 

 

Synthesis of Ba-hexaferrite core nanoparticles 

Hexaferrite core nanoparticles were synthesized using the previously 

reported hydrothermal method45 (the synthesis procedures are given 

in the Supplemental information 1). Three batches of nanoparticles, 

each batch with a different particle size, were used as the cores for 

the synthesis of the composite nanoparticles: (i) the plate-like 

nanoparticles BaM10-70 represented a mixture of ultrafine discoid 

nanoparticles, approximately 10 nm wide and 3 nm thick, and larger 

nanoplatelets, up to 70 nm wide, but still just up to 5 nm thick, (ii) 

only ultrafine discoid nanoparticles BaM10 of uniform size (10 nm 

wide, 3 nm thick), and (iii) platelet crystals BaM100, approximately 

100 nm wide and 8 nm thick. (transmission electron microscopy 

(TEM) and high-resolution TEM (HREM) images are given in the 

Supplemental information 2). For the coating with the spinel-ferrite 

shell, the core nanoparticles were dispersed in water to form 

colloidally stable suspensions (details of the procedures are given in 

the Supplemental information 1). 

 

Coating spinel iron oxide shell onto the core nanoparticles 

The spinel iron oxide (maghemite) shell was coated on the 

hexaferrite core nanoparticles with the co-precipitation of the 

Fe3+/Fe2+ ions in the aqueous suspension with weak hydroxide. The 

shell formed with heterogeneous nucleation and growth of the 

product at the core nanoparticles. The supersaturation of the 

precipitating iron species was closely controlled to enable 

exclusively heterogeneous nucleation by immobilizing the Fe3+ ions 

in a nitrate complex with urea [Fe((H2N)2C=O)6](NO3)3 (later in the 

text: Fe3+-urea complex). Thus, the release of the reacting Fe3+ ions 

can be controlled by the thermal decomposition of the complex. To 

homogeneously release the hydroxyl ions, a solid precipitating agent 

Mg(OH)2 was admixed into the reaction mixture. The solubility of 
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Mg(OH)2 is limited (0.01 g/L) and increases with the temperature.46 

The hydroxyl ions can thus be relatively homogeneously released 

into the reaction mixture while the pH is controlled with the 

temperature. Due to the immobilization into the complex, the 

precipitation of the Fe3+ is postponed to higher pH values above 6, 

where the Fe2+ is precipitated, enabling the simultaneous 

precipitation of the two iron ions, which was found to be crucial for 

avoiding unwanted side reactions.   

The experimental conditions required for the deposition of the spinel 

ferrite layer after exclusively heterogeneous nucleation were 

determined in a preliminary study. If the supersaturation of the 

precipitating species was too high, the product partially nucleated 

homogeneously, and large, octahedrally-shaped spinel-ferrite 

nanoparticles were formed in addition to the composite nanoparticles 

(see the TEM image in the Supplemental information 3).  

The optimized process was as follows: Fifty mL of the stable 

aqueous suspension containing the core nanoparticles was heated to 

60 °C under argon bubbling. The amount of core nanoparticles was 

determined from their estimated surface area of 5.45 m2, which 

would result in a calculated thickness of the shell after the reaction 

of approximately 3 nm. The Fe3+-urea complex (0.12 mmol) and 

FeCl2 (0.06 mmol) were dissolved in the suspension (pH=2.2) and 

mixed for 15 minutes. At this elevated temperature the Fe3+-urea 

complex slowly decomposes and the released Fe3+ ions hydrolyze to 

form the -FeOOH product. After the time allowed for the thermal 

hydrolysis, the Mg(OH)2 was admixed into the reaction mixture. The 

slow increase to a pH of 6.8 resulted in an almost simultaneous 

precipitation of Fe2+ and the remaining Fe3+ released from the 

complex, resulting in the transformation of the -FeOOH into the 

magnetic spinel ferrite product and its subsequent growth. After 2 

hours at the final pH the reaction mixture was cooled to room 

temperature. The entire procedure was conducted under an inert 

atmosphere of argon.  

 

Characterizations 

The nanoparticles were characterized using transmission electron 

microscopy (TEM) in combination with energy-dispersive X-ray 

spectroscopy (EDXS). For the TEM analysis, the nanoparticles were 

suspended in ethanol and deposited on a copper-grid-supported 

perforated electron-transparent carbon foil. A field-emission 

electron-source TEM JEOL 2010F equipped with an Oxford 

Instruments ISIS300 EDXS detector was operated at 200 kV. 

Quantitative EDXS analyses were performed using Oxford ISIS 

software. The spectrum taken from the largest Ba-hexaferrite core 

nanoparticles of the sample BaM100 was used as a standard during 

the quantization of the spectra collected from the other nanoparticles. 

The relative error of the analysis, tested on the nanoparticles BaM100, 

was estimated to be less than  7 % for Fe and less than  15 % for 

Ba. The X-ray diffractometry (XRD) of the nanoparticles was 

performed using a PANalytical X` Pert PRO diffractometer. The 

magnetic properties of the samples were measured at room 

temperature using a Lake Shore 7312 vibrating-sample 

magnetometer. To avoid the problem of an unknown orientation, the 

largest nanoparticles BaM100 and S@BaM100 were measured after 

they were magnetically oriented. The nanoparticles were first 

hydrophobized by the adsorption of oleic acid onto their surfaces and 

then a low concentration of nanoparticles was homogeneously 

dispersed in a liquid wax heated to 80 oC. After magnetic orientation 

in a homogeneous magnetic field of 1 T the wax was solidified by 

cooling. 
 

 

 

 

Results and discussion  
 

Structure of composite nanoparticles  
The structure of the nanoparticles that were synthesized by coating 

the hexaferrite core nanoparticles with the spinel-ferrite layer was 

revealed by the (HR)TEM imaging. To observe the structure, the 

platelet nanoparticles have to be oriented edge on, i.e., with the large 

surfaces parallel to the electron beam.  Due to the platelet shape, the 

nanoparticles tend to lie flat on the specimen support. To maximize 

the number of nanoparticles oriented edge on, they were deposited 

onto the TEM specimen support in an agglomerated state. Between 

150 and 300 nanoparticles, oriented edge on, were analyzed for each 

sample in order to provide a statistically significant result.  

Coating the BaM10-70 cores with a bimodal size distribution (the 

S@BaM10-70 sample) resulted in the synthesis of two different types 

of Ba and Fe-containing nanoparticles: larger composite 

nanoparticles and smaller uniform nanoparticles. Separate 

nanoparticles of spinel ferrite or particles with any other phases were 

never detected in the sample. The larger composite nanoparticles 

showed a typical “sandwich”-type structure. The TEM image (Fig. 

1(b)) of the platelet nanoparticles oriented edge on clearly shows that 

the nanoparticles are composed of a hexaferrite core in between two 

layers of different material. The layers were homogeneous and with 

a uniform thickness. The layer thickness was measured for more 

than 70 composite nanoparticles, oriented edge on, to be 2.1±0.5 nm. 

The analysis of the HREM images (Fig. 1(c)) clearly showed the 

spinel structure of the single-crystalline layers, whereas the EDXS 

analysis showed the presence of only Fe and O. During co-

precipitation of the Fe3+/Fe2+ ions from the aqueous solution under 

an inert atmosphere magnetite is formed as the spinel ferrite product; 

however, it is most probably completely oxidized into maghemite 

when exposed to the ambient air.39 The two structures, i.e., the 

magnetoplumbite structure of the hexaferrite core and the spinel 

structure of the layers, are related. The magnetoplumbite structure 

can be represented as a hexagonal stacking of close-packed layers 

composed of larger oxygen and barium ions with smaller iron ions at 

the interstitial positions. The structure can be divided into alternating 

structural blocks: the Ba-containing R block with hexagonal stacking 

and the S block with cubic stacking, which represents a (111) slice 

of the common spinel structure40 (Fig. 1(a)). The HREM image (Fig. 

1(c)) of the hexaferrite core is characterized by a dominant 

periodicity of 1.15 nm, corresponding to the (0002)HF interplanar 

distances of its hexagonal structure. The spinel layers grow 

topotactically on both the basal-plane surfaces of the hexaferrite core 

platelet with close-packed (111) planes of its cubic structure parallel 

to the basal planes of the hexaferrite. Thus, a coherent interface is 

formed, since both the structures at those planes match closely. The 

spinel was never situated at the side surfaces of the hexaferrite 

platelets, where there is no matching between the two structures.  

The EDXS analysis of a large number of the individual sandwich 

composite nanoparticles showed that they contained 1.8±0.5 at.% Ba 

and 38.5±0.5 at.% Fe.  

In the same sample S@BaM10-70, the smallest nanoparticles did not 

show the sandwich structure exhibited by the larger ones. They 

maintained the homogeneous structure as the ultrafine cores, but 

grew somewhat thicker after the coating. The EDXS analysis 

showed that they contained a higher content of Ba compared to the 

larger, sandwich composite nanoparticles. This puzzle was solved by 

analyzing the nanoparticles obtained by coating only the ultrafine 

core nanoparticles BaM10. It appeared that the smallest core 

nanoparticles chemically reacted during the coating procedure to 

form homogeneous product nanoparticles. The product nanoparticles 

(Fig. 1(e)) are much thicker (9 nm) than the ultrafine cores (3 nm) 

(Fig. 1(d)). A HREM image (Fig. 1(e)) shows a uniform periodicity 
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along the thickness of the product nanoparticle; however, with the 

dominant periodicity being significantly smaller (0.95 nm) than that 

of the hexaferrite (1.15 nm). Moreover, the EDXS analysis showed 

that they contain 2.20.3 at.% Ba and 37.9  0.2 at % of Fe. Thus, 

especially the content of Ba is a significantly lower than in the 

stoichiometric Ba-hexaferrite (3.125 at.%). During heating at 600 oC 

those product nanoparticles decomposed into the two 

thermodynamically-stable compounds as they grew: hexaferrite and 

spinel ferrite. In conclusion we can say that those product 

nanoparticles are different in terms of composition and structure 

with respect to any known compound from the Ba-Fe-O system.47 

They can be treated as the new compound, but one that is only 

(meta)stable when at the nano size.  

When the spinel was coated onto the largest core platelets BaM100, 

the layers formed after nucleation at several points on the cores’ 

basal surfaces resulted in an increased roughness of the layers (Fig. 

2). However, the spinel still grew topotactically on the hexaferrite, as 

visible in the HREM image and the corresponding electron 

diffraction pattern of the composite platelet oriented edge-on (Fig. 

2(c)). The diffraction pattern is a superimposition of the pattern 

coming from the hexaferrite oriented along [0001]HF and the pattern 

from the spinel ferrite layers, oriented along the [110]S projection. 

Separate particles containing no Ba were never found in any of the 

samples after coating, proving that all the material precipitated in the 

coating process nucleated heterogeneously and grew at the surfaces 

of the larger core nanoparticles or it reacted with the ultrafine cores.  

 

 

 
Fig. 1 (a) Schematic presentation of hexaferrite (HF) and spinel ferrite (S) structure, (b) TEM image of the of the platelet composite 

nanoparticles oriented edge on, with large surfaces parallel to the electron beam (sample S@BaM10-70), (c) HREM image of the platelet 

composite nanoparticle (Z = <1010>HF || <110>S) (sample S@BaM10-70), (d) HREM image of the BaM10 nanoparticles before and (e) after 

coating with the spinel (inset: fast Fourier transform (FTT) of the HREM image). 

 

Fig. 3 shows the XRD spectra of the core and the composite 

nanoparticles. The core nanoparticles show the characteristic XRD 

spectra, strongly influenced by their small size and the platelet 

shape.41,42,45 The positions of all the peaks in the XRD spectra 

correspond to the hexaferrite BaFe12O19 structure; however, the 

intensities of the peaks differ significantly compared to those of the 

standard. Because of the very small dimensions of the crystal along 

the c-direction of the structure, which corresponds to the thickness of 

the nanoparticles, the (hkl) peaks are very broad or even missing for 

l  0. After the coating with the spinel ferrite, additional peaks 

appear in the spectra of the composite nanoparticles. The positions 

of a majority of these peaks correspond to the spinel structure. In the 

spectra of the composite nanoparticles S@BaM10 and S@BaM10-70, 
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which contained product nanoparticles resulting from the chemical 

reaction between the core and the “shell”, an additional peak is 

observed at 2 = 28.44 0. In the spectrum of S@BaM100 the peaks of 

the spinel phase were hardly resolved because of the partial 

overlapping with the peaks of the hexaferrite and the preferential 

orientation of the platelet nanoparticles. 

 

 
Fig. 2 TEM images of the composite nanoparticles S@BaM100 lying flat on the specimen support (a) and oriented edge-on (b); and HREM 

image (c) with a corresponding electron diffraction pattern ([-1010]HF || [001]S, S… spinel, HF…hexaferrite). 

 

Magnetic properties 

The comparison between the magnetic hystereses of the BaM10-70 

core nanoparticles and the corresponding bi-magnetic nanoparticles 

S@BaM10-70 (Fig. 4(a)) showed a strongly increased saturation 

magnetization (MS) and remanence (MR), and a somewhat decreased 

coercivity (HC) of the nanocomposites (Table 1), in agreement with 

the presence of the soft-magnetic spinel. The magnetization is also 

affected by the presence of the product nanoparticles, i.e., the 

ultrafine nanoparticles, which reacted with the “shell”. The product 

nanoparticles S@BaM10 showed weak ferrimagnetism (Fig. 4(b)); 

however, their magnetization at high field strengths was low (Table 

1).  

The largest composite nanoparticles S@BaM100 showed particularly 

interesting magnetic properties (Fig. 4 (c)). They showed a much 

larger MS and MR than the BaM100 core nanoparticles and a 

somewhat smaller HC (Table 1). Although the composite 

nanoparticles were composed of the two magnetically-different 

phases, they displayed a single-phase magnetic loop similar to a 

conventional permanent magnet, proving that the two phases are 

exchanged coupled.2,48 The presence of any significant amount of the 

non-coupled, soft-magnetic spinel ferrite in the hard-magnetic 

hexaferrite would lead to a characteristic constricted shape for the 

hysteresis loop. As an illustration, a hysteresis loop from a physical 

mixture of the BaM100 core nanoparticles and the octahedrally 

shaped maghemite nanoparticles S (approximately 25 nm in size, see 

Fig. S4(b) in the Supplemental information 4) is also shown in Fig. 

4(c). The maghemite nanoparticles S had a comparable volume to 

the soft-magnetic layer at the hexaferrite core of the S@BaM100 

composite nanoparticles and, therefore. presumably had comparable 

magnetic properties. They were mixed with the BaM100 

nanoparticles in the S/BaM100 weight ratio corresponding to the 

estimated phase composition of the S@BaM100 composite 
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nanoparticles. This phase composition was estimated from the Ba/Fe 

ratio (measured using ICP-AS of the dissolved nanocomposite) to be 

61.5 wt.% of BaFe12O19 / 38.5 wt.% of Fe2O3. Because of the rare 

direct contacts between the two phases in the mixture there was no 

direct magnetic coupling and the shape of the hysteresis is 

completely different to that of the bi-magnetic composite 

nanoparticles (Fig. 4(c)). The small difference in the MS of the 

mixture and the nanocomposite reflects the error in the estimation of 

the phase composition and the differences in the magnetic properties 

of the spinel-ferrite phase in the two samples.  

The shape of the mixture’s hysteresis loop is already significantly 

changed when a small amount (2 wt.%) of the non-coupled, soft-

magnetic spinel ferrite is admixed with the hard-magnetic hexaferrite 

(measured and calculated hysteresis loops of the physical mixtures 

are given in the Supplemental information 4).  

The magnetic properties of the samples can also be influenced by the 

preferential orientation of the plate-like nanoparticles in the powder. 

To avoid the problem of an unknown orientation, the largest core 

nanoparticles BaM100 and the corresponding composite nanoparticles 

S@BaM100 were measured after they were magnetically oriented. 

The large difference between the in-plane and the out-of-plane 

hystereses (Fig. 4(d)) suggests very good magnetic orientation of the 

nanoparticles (Table 1). The comparison between the in-plane 

hystereses of the core and the composite shows a large increase in 

MS and MR for the nanocomposite, while the decrease in HC was 

small (Table 1). As a result, the energy product BHmax was strongly 

increased in the composite, by a factor of more than two (BaM100: 

BHmax =7.2 kJ/m3; S@BaM100: BHmax =15.2 kJ/m3). The increase 

in |BH|max is obviously a consequence of the direct magnetic 

exchange-spring coupling between the hard-magnetic hexaferrite 

core and the soft-magnetic spinel layers.  

 

Table 1 Magnetic properties of the samples: saturation 

magnetization MS (or magnetization measured at a high field strength 

of 800 kA/m for the ultrafine nanoparticles), remanence MR, and 

coercivity HC (  … in-plane measurement of the magnetically-

oriented nanoparticles BaM100 and S@BaM100). 

 

Sample MS  

Am2/kg 

MR 

Am2/kg 

HC 

kA/m 

BaM10-70 7.1 2.6 31 

S@BaM10-70 31.6 2.2 12 

BaM10 1.5 0.05 4 

S@BaM10 3.4 0.03 <0.01 

BaM100   34.5 18.3 239 

S@BaM100 56.9 28.5 179 

BaM100   34.5 31.4 243 

S@BaM100  56.9 48.9 192 

 

 

The synthesis of new, bi-magnetic nanoparticles, combining a hard-

magnetic platelet, Ba-hexaferrite core and a soft-magnetic spinel 

ferrite, maghemite shell, could be of major scientific and 

technological importance. By coupling the properties of the two 

magnetic materials, the shape of the hysteresis can be tailored. In a 

single magnetic material the shape of the magnetic hysteresis loop 

depends on its intrinsic magnetic properties, i.e., saturation 

magnetization MS and magnetocrystalline anisotropy K1, and 

extrinsic properties related to the size and the shape of the particles. 

Generally, hard-magnetic materials, such as hexaferrites, show a 

high K1, which makes it possible to achieve a high coercivity HC, 

while their MS is limited and cannot be greatly improved, for 

example, by chemical substitutions of the constituting ions in their 

structure.49 On the other hand, soft magnetic materials like 

maghemite generally display a low HC, but a relatively high MS. This 

means that in practice it is impossible to combine a high HC and a 

high MS inside a single-component magnetic material. In 

nanoparticles, the magnetic properties are further decreased with the 

decreasing size. The MS in nanoparticles decreases due to the large 

proportion of “magnetically dead” surface atoms, whereas the HC 

first increases with the decreasing size of the magnetic particles, 

reaching a maximum at the transition from a multi-domain to a 

single-domain state (at a particle size of few hundreds of nm for 

hexaferrites),50 but decreases for even smaller particles, to reach zero 

at the transition to a superparamagnetic state (below 10 nm for 

hexaferrite). In the fine nanoparticles the magnetic properties are 

additionally impaired by the adaptation of their crystalline structure 

to the small size. This effect is especially pronounced in 

nanoparticles of mixed oxides with a complex structure, such as 

hexaferrites.45 Thus, there are practically no possibilities to strongly 

improve the basic magnetic properties of the single-component 

nanoparticles.  

 

 
 

Fig. 3 XRD spectra of the core nanoparticles BaM10 (spectrum (a)), 

BaM10-70 (c) BaM100 (e) and the composite nanoparticles S@BaM10 

(b), S@BaM10-70 (d), and S@BaM100 (f). The peaks of Ba-

hexaferrite are marked with dashed lines and indexed above the 

spectra, while the peaks corresponding to spinel ferrite are marked 

with full lines and indexed by (hkl)S.  

 

 

In our work we demonstrated a simple, aqueous-based procedure 

that enables the synthesis of composite nanoparticles combining the 

relatively large HC of the hexaferrite core with the large MS of the 

maghemite shell. The topotactic growth of the spinel shell on the 

hexaferrite core supported the direct magnetic coupling between the 

core and the shell, resulting in the increased remanence MR of the 

composite nanoparticles. Such bi-magnetic nanoparticles can be, for 

example, applied in high-density storage media. Nanoparticles with 

an adapted hysteresis loop shape can also be important for 

applications in medicine. For example, Veverka et al.23 proposed the 

use of composite nanoparticles, coupling spinel ferrite and 

hexaferrite, as mediators in a cancer treatment based on magnetic 

hyperthermia. It is advantageous that the new composite 

nanoparticles consist almost entirely of iron oxide, which is already 

a standard material for medical applications involving 
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nanoparticles.14 The low content of barium can be substituted with 

non-toxic strontium. The core SrFe12O19 nanoparticles can be 

synthesized using a similar hydrothermal method to that used for 

BaFe12O19 nanoparticles.51  

The improved MR and MS of the bi-magnetic nanoparticle resulted in 

a large increase of the energy product BHmax, a figure of merit for 

the quality of permanent magnets. The BHmax of the composite 

nanoparticles was doubled compared to that of the hexaferrite cores. 

The hexaferrites show the largest BHmax of all oxide materials, and 

are by far the most important magnetic materials in terms of 

production quantities for permanent-magnet applications, mainly 

because of their low price.52 Their problem is in the relatively low 

MR and MS, which were strongly improved in the bi-magnetic 

nanoparticles. The bi-magnetic nanoparticles can thus be applied as 

building blocks for the preparation of inexpensive permanent 

magnets with improved, anisotropic magnetic properties, high 

electric resistivity and excellent chemical stability. The hexaferrite 

core of the bi-magnetic platelets displays a strong uniaxial 

magnetocrystalline anisotropy, perpendicular to the basal plane of 

the platelet, corresponding to the crystallographic c-axis, which in 

combination with a large shape anisotropy enables the orientation of 

the nanoparticles with an applied magnetic field. Alternatively, the 

composite nanoparticles can be simply aligned, due to their platelet 

shape, during deposition from the suspension.53 For example, 

magnetically oriented films can be prepared by the deposition of 

nanoparticles from suspensions under an electric or magnetic field 

and applied in self-biased nonreciprocal devices.54  

The strong magnetic and shape anisotropy displayed by the new 

composite nanoparticles can also be of great importance in some 

other applications, for example, in the preparation of multiferroic 

liquids by dispersing magnetic nanoplatelets in a ferroelectric liquid 

crystal.44 Up to now, only isotropic bi-magnetic oxide nanoparticles 

with cobalt ferrite (CoFe2O4) as the hard-magnetic phase were 

synthesized.6-8 As the CoFe2O4 displays a cubic magnetocrystalline 

anisotropy with the easy axis along either of the <111> directions, 

such isotropic nanoparticles cannot be magnetically aligned.    

The BHmax of the bi-magnetic nanoparticles remains low when 

compared to that of alloys such as Nd-Fe-B, Sm-Co, or Fe-Pt; 

however, the new nanocomposite material does not contain any 

expensive noble metals or rare earths and is therefore much cheaper. 

A poor chemical stability and a large electrical conductivity also 

strongly limit the applicability of metallic magnets. This is 

particularly important at high frequencies, where metallic magnets 

cannot be used.  

 

 

 

 
 

Fig. 4 Comparison of the magnetic hystereses: (a) BaM10-70 core nanoparticles and S@BaM10-70 bi-magnetic composite nanoparticles, (b) 

BaM10 nanoparticles before and after coating (S@BaM10), (c) BaM100 cores, S@BaM100 nanocomposites, and the physical mixture of the 

BaM100 cores and the maghemite nanoparticles (S + BaM100), and (d) in-plane and out-of-plane measurements of magnetically oriented 

BaM100 core nanoparticles and S@BaM100 nanocomposites.   
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Conclusions 
 

We have demonstrated the synthesis of bi-magnetic, sandwich-

type, composite nanoparticles, coupling the hard-magnetic 

properties of the hexaferrite platelet core with the soft-magnetic 

properties of spinel ferrite layers for the first time, using a new, 

simple and inexpensive method in the aqueous suspensions. 

The method is based on the deposition of thin layers of iron 

oxide maghemite with the co-precipitation of Fe3+/Fe2+ ions in a 

colloidal aqueous suspension of core nanoparticles. When the 

larger hexaferrite nanoplatelets (more than approximately 20 

nm wide and more than 4 nm thick) are coated, the sandwich-

type composite nanoparticles are formed. The spinel ferrite 

layers only grow topotactically at the basal-plane surfaces of 

the hexaferrite core, where the magnetoplumbite structure of 

the hexaferrite and the spinel structure of the spinel iron oxide 

match closely, while the spinel is never present at the side 

surfaces of the platelets. Thus, the composite nanoparticle 

display a “sandwich”-type structure. Direct, exchange-spring 

magnetic coupling between the hard-magnetic core and the 

soft-magnetic shell results in a strong increase of the energy 

product BHmax, by more than two times that of the core. Such 

inexpensive composite nanoparticles with excellent and highly 

anisotropic magnetic properties, high resistivity, and chemical 

stability could be very important in a variety of applications, 

such as high-density storage media or in medicine, for example, 

as mediators for magnetic hyperthermia, or they can be used as 

the building blocks for inexpensive permanent magnets. When 

the ultrafine core nanoparticles, only 10 nm wide and 3 nm 

thick, were coated they reacted with the precipitating species 

and homogeneous product nanoparticles were formed, which 

differ in terms of structure and composition compared to any 

other compound in the BaO–Fe2O3 system. 
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