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1. Introduction

Magnetic nanoparticles exhibit size- and shape-dependent magnetic
properties [1,2] and have attracted great interest for a variety of ap-
plications, including catalysis [3,4], magneto-optics [5,6] or magnetic
separation of enantiomers [7]. The synthesis and application of nano-
particles consisting of various magnetic materials have been reported,
including ferrites (in particular spinel-type ferrites, e.g. Fe3O4,
CoFe2O4), metals (e.g. Co, Fe) and alloys (e.g. FePt) while the synthesis
of defined nanosized particles of the hexaferrites has remained scarce
[8–11]. Hexaferrites possess a hexagonal crystal structure with close
packing of oxygen ion layers. Trivalent metal cations are located in
interstitial sites of the structure while the heavy ions (e.g. Ba2+) enter
substitutionally the oxygen layers. Several types are known depending
on their chemical and crystalline structure. Hexagonal ferrites of the M-
type such as BaFe12O19, are of enormous technical importance, e.g. as
permanent magnets due to their low cost, hard magnetic properties and
stability in air [12,13]. Bulk BaFe12O19 exhibits a saturation magneti-
zation Ms of 72 Am2/kg at room temperature [12] together with a re-
latively high magnetocrystalline anisotropy (i.e. anisotropic constant
33 × 104 J/m3) [14] and a Curie temperature Tc of 740 K [12].

The synthesis of BaFe12O19 particles with anisotropic morphology
and narrow size distribution has remained challenging [15–17]. As a
consequence of very small particle sizes (<10 nm) and poor crystal-
linity, the magnetic properties of these particles are often rather poor.
Barium hexaferrite nanodiscs were obtained in a two-step procedure,
where spherical γ-Fe2O3 particles were initially prepared and then re-
acted with BaOH in hydrothermal conditions [18]. The as-obtained

discs, however, were rather polydisperse in size and shape. More
homogeneous barium hexaferrite nanodiscs with lateral dimensions
below 100 nm were obtained directly from barium and iron nitrate
precursors in presence of trivalent cation dopants via hydrothermal
synthesis. Substitution of Fe3+ by larger, trivalent cations M3+ (i.e.
In3+, Sc3+) modified the crystallization kinetics so that BaFe12-xMxO19

with platelet-like morphology and narrow size distribution were ob-
tained via hydrothermal synthesis even though no additional ligands
were employed. The substitution by smaller cations (i.e. Cr3+) had no
influence on particle growth. In general, a higher reaction temperature
led to larger particles with higher crystallinity together with an increase
in M0.8T and coercivity Hc for all the compositions studied. However,
the molar Ba/Sc precursor ratio was restricted to 10:1–2:1 and tem-
peratures of T = 160 °C/240 °C [19]. No further increase in Sc3+ do-
pant and temperatures above 240 °C have been addressed although
further improvements, e.g. in the magnetic properties or more narrow
size distributions may be expected.

In this study, we systematically address the influence of both the
further increase in scandium dopant for a molar Ba/Sc precursor ratio
of 1:1 and 1:2, respectively, and the reaction temperature
(T > 160–310 °C) on size/shape and magnetic properties during the
formation of Sc-doped hexaferrite nanodiscs. The Sc-doped nanodiscs
were characterized via scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM) and X-ray powder diffraction (XRD).
Here, we characterized the nanodisc also via IR spectroscopy (IR),
Raman spectroscopy and inductively coupled plasma – optical emission
spectroscopy (ICP-OES). The magnetization and Hc were determined at
room temperature by using an alternating gradient magnetometer

⁎ Corresponding author.
E-mail address: silke.behrens@kit.edu (S. Behrens).

https://doi.org/10.1016/j.jmmm.2019.166349


(AGM). This allowed us to establish the correlation between the reac-
tion conditions (i.e. scandium dopant and temperature) and the mag-
netic properties (e.g. M0.4T and Hc).

2. Experimental

Hydrothermal synthesis of nanodiscs: Ba(NO3)2 (109 mg), Fe
(NO3)3·9H2O (molar Ba/Sc precursor ratio 1:1; 758 mg, molar Ba/Sc
precursor ratio 1:2; 673 mg) and Sc(NO3)3·H2O (molar Ba/Sc precursor
ratio 1:1; 85.7 mg, molar Ba/Sc precursor ratio 1:2, 171 mg) were
dissolved in distillated H2O (40 mL). The solution was transferred to an
autoclave reactor (100 mL, stainless steel-inlet) loaded with NaOH
(4.53 g). The autoclave was closed, vigorously mixed for 10 min,
transferred into an oven and heated to the target temperature (heating
rate 4 °C/min; T 160 °C, 210 °C, 260 °C, 310 °C). The autoclave was
equipped with a thermocouple so that temperature could be measured
inside the autoclave. After reaching the target temperature, the auto-
clave was immediately cooled in air. The crude product was collected
via centrifugation (5 min, 4000 rcf) and successively washed with 10%
HNO3, 10% acetic acid and acetone. After drying at 80 °C, the nanodiscs
were received as a red-brownish solid. The yield of the obtained na-
nodiscs was dependent on the synthesis conditions and 80 mg (160 °C),
130 mg (210 °C), 175 mg (240 °C), and 175 mg (310 °C), accordingly.

Characterization: The size and the morphology of the nanodiscs
were analyzed by SEM using a Zeiss GeminiSEM500 equipped with a
Schottky-type field emission cathode. For SEM analysis, the the nano-
discs were suspended in distillated H2O and deposited on a carbon-
coated 400 mesh Cu grid. The maximum diameter (i.e. the sphere
diameter or the distance between opposite corners for spherical parti-
cles or hexagonally shaped nanodiscs, respectively) was determined for
each particle based on STEM images. At least 120 particles were mea-
sured to calculate the mean particle size and size distribution of each
sample. IR spectra of the samples were recorded as pellets in potassium
bromide with a FT-IR spectrometer Varian 660-IR (Agilent
Technologies, USA). Raman spectra were acquired on a Senterra Raman
microscope (Bruker Optics, Ettlingen, Germany). As excitation source a
frequency doubled NdYAG-laser (λ = 532 nm) operated at 5 mW
output power was used. Baseline correction with concave rubber band
method (20 baseline points, 10 iterations) using Bruker OPUS software
(version 7.8) was applied. Powder XRD measurements were performed
with a PANalytical X’Pert Pro X-ray diffractometer employing Bragg-
Brentano geometry with Cu-Kα radiation and a Ni filter. The dif-
fractograms were recorded over a period lasting 8 h at room tempera-
ture. The reflections were compared to reference data reported in the

Joint Committee of Powder Diffraction Standards (JCPDS) data base.
Magnetization measurements (0–400 mT) were performed at 298 K
with an alternating gradient magnetometer (AGM), MicroMag 2900
(Lake Shore Cryotronics, USA). The elemental composition of the na-
nodiscs was determined by ICP-OES with an Agilent 725 ICP-OES
Spectrometer (Agilent Technologies, USA). For ICP-OES analysis, the
samples were dissolved in concentrated hydrochloric acid.

3. Results and discussion

The Sc-doped barium hexaferrite nanodiscs were prepared via a
hydrothermal synthetic procedure in which the precursors (i.e. Ba
(NO3)2, Fe(NO3)3·9H2O and Sc(NO3)3·H2O) were dissolved in water,
precipitated with an excess of NaOH, and heated in a stainless-steel
autoclave [19]. After reaching the target temperature of 160 °C, 210 °C,
260 °C, and 310 °C, accordingly, the autoclave was removed from the
oven, the crude product collected and purified from BaCO3 [18]. The
nanodiscs were obtained as red-brownish solid. Fig. 1(a)-(d) displays
the SEM images of the nanodics. Nanodiscs synthesized at 160 °C were
small and 7 ± 4 nm and 8 ± 8 nm for molar Ba/Sc precursor ratios of
1:1 and 1:2, accordingly (Fig. 2). Furthermore, the particle morphology
was influenced by the reaction temperature. In general, an increase in
temperature led to an increase in size. Although this trend is apparent
for both Ba/Sc precursor ratios, it seems to be more pronounced for the
higher Sc-loading. Previously reported barium hexaferrite nanodiscs
(i.e. obtained for a Ba/Sc precursor ratio of 2:1 at T = 240 °C) were
70 ± 38 nm in size. In our study, further increase of the Sc3+ dopant
(Ba/Sc ratio of 1:1) and the increase of reaction temperature to 310 °C
lead to nanodiscs with mean lateral dimensions of 59 ± 20 nm and thus
to both smaller and more monodisperse particles [6]. The height of the
nanodiscs (T = 310 °C) for a molar Ba/Sc precursor ratio of 1:1 was
approximately 5 nm as estimated from the few nanodiscs in the STEM
images which were aligned perpendicular to the grid.

Fig. 3 displays the TEM images of Sc-doped barium hexaferrite na-
nodiscs, which were obtained at 310 °C and an Ba/Sc precursor ratio of
1:1 (Fig. 3a) and 1:2 (Fig. 3c), respectively. The EDX line scans not only
show that the nanodiscs consist of Ba, Sc and Fe but also that an in-
creased amount of Sc3+ precursor also increased the amount of Sc3+ in
the nanodiscs. These results are confirmed via ICP-OES. ICP-OES ana-
lysis showed that the Sc-doped barium hexaferrite nanodiscs contained
Ba and Sc (Table S1, see SI). For a molar Ba/Sc precursor ratio of 1:1,
the Ba/Sc ratio observed in the nanodiscs was similar to the ratio of the
corresponding precursors used in their hydrothermal synthesis. In
contrast, for a molar Ba/Sc precursor ratio of 1:2 (T = 160 °C and

Fig. 1. (a)-(d) SEM micrographs of Sc-doped barium hexaferrite nanodiscs obtained at different reaction temperatures: (a) 160 °C, (b) 210 °C, (c) 260 °C and (d)
310 °C (Ba2+/Sc3+-ratio = 1:1 upper images; 1:2: lower images).



T = 210 °C), the ICP-OES analysis revealed nanodiscs which were en-
riched in Sc3+ with molar Ba/Sc ratio of the nanodiscs of 1:4.8. In this
case, further increase of the reaction temperature yielded nanodiscs
with a molar Ba/Sc ratio of 1:2.5.

Fig. 4 shows the results of XRD analysis of Sc-doped barium hex-
aferrite nanodiscs. All reflections observed for the Sc-doped barium
hexaferrite nanodiscs could be assigned to the hexagonal BaFe12O19

phase, which is similar in lattice constant (JCPD 00–039-1433: 30.3°
(110), 32.1° (107), 37.0° (203), 40.3° (205), 55.0° (217), 56.3° (304),
56.5° (20(11)), 63.0° (220), 67.3° (20(14)), 72.5° (317) (2ϴ)) [20,21].
Nanodiscs obtained with a Ba/Sc precursor ratio of 1:1 were phase pure
and exclusively revealed the reflections of the hexagonal BaFe12O19

phase. The XRD pattern of nanodiscs obtained with a Ba/Sc precursor
ratio of 1:2, additionally revealed reflections of the BaFe4O7 phase
(JCPD 01-070-1299) besides BaFe12O19 (Fig. 4b). In particular for the
reflections at higher Bragg angles, a shift of the reflections to smaller
Bragg angles (e.g. as illustrated for the (220) and (20(11)) reflections in

Fig. 4a) was observed for Sc-doped barium hexaferrite nanodiscs as
compared to the parent compound (JCPD 00-039-1433) indicating the
insertion of the larger cation Sc3+ (0.745 Å) at Fe3+ sites (0.645 Å) in
the barium hexaferrite lattice. Just recently, it was shown for poly-
crystalline BaFe12-xScxO19 (for x = 2) that the Sc3+ ions were equally
distributed among all of the Fe3+ sites [22]. Due to the anisotropic,
platelet-like morphology of the particles, the XRD pattern revealed both
broad and sharp reflections. As the height of the discs is small, reflec-
tions of planes perpendicular to the height of the discs were rather
broad, while reflections of planes orientated perpendicular to the lat-
eral dimension of the discs were rather sharp. The (hk0) reflections
((110) and (220)) were relatively sharp while (hkl) reflections (with
l ≠ 0) were much broader. These reflections were broad since the
thickness of the nanodiscs (along the c-axis) was small. The thickness of
the particles was estimated to 5 nm which corresponds to about two
times the hexagonal unit cell along the c-direction (a = 0.5895 nm;
c= 2.3215 nm). Consequently, nanodiscs obtained at 160 °C, where all

Fig. 2. Evolution of the lateral dimensions of nanodiscs obtained for a Ba/Sc precursor ratio of (a) 1:1 and (b) 1:2 at different reaction temperatures.

Fig. 3. TEM images of nanodiscs (T = 310 °C) with an initial ratio of Ba/Sc (a) 1:1 and (c) 1:2. (b) The EDX line scans of single nanodiscs (Ba/Sc ratio (b) 1:1 and (d)
1:2) reveal the presence of all three metal cations (Ba2+, Sc3+, and Fe3+) in the nanodiscs.



particle dimensions were small displayed only broad reflections. With
increasing temperature (T ≥ 210 °C), (hk0) reflections (in particular the
(110) and (220) peaks) increased in intensity and sharpened indicating
further growth of the nanodiscs in lateral directions (Fig. 4a) [19].
Broadening of the reflections due to small nanoparticle sizes is a
common phenomenon [14]. Recently, helical arrangements of the spins
around the c-axis have been reported for Sc-doped barium hexaferrite
(i.e. BaFe10Sc2O19) by neutron diffraction measurements, giving rise to
a longitudinal conical magnetic structure [22]. The magnetic easy axis
aligned along the c-axis direction should be thus perpendicularly or-
iented to the plane of the nanodiscs. This is in good agreement with
previous reports on similar particles [23].

The Raman spectra (Fig. 5a) show four bands for Sc-doped nano-
discs at around 673, 505, 400 and 320 cm−1. The spectra look similar
to undoped barium hexaferrite (undoped BHF) except for a slight
change in the position of the Raman modes and the intensity of the
bands observed. Sc3+ insertion at Fe3+ sites shifted the bands of un-
doped BHF to higher wave numbers (undoped BHF: 664, 497, 392, and
310 cm−1). As a reference, undoped BHF was used, which was obtained
using the same the reaction conditions but without adding scandium to
the reaction mixture (T = 210 °C). The undoped BHF shows a de-
creased intensity of the band at 664 cm−1, while the intensity of the
bands at 392 and 310 cm−1 are increased with respect to the Sc-doped
particles. After insertion of Sc3+ ions, all four bands observed in the
Raman spectra were shifted to higher wavenumbers which could have
been caused by doping of Sc3+ ions at Fe3+ sites [22,24]. Moreover,
complementary FT-IR measurements were performed to detect

structural changes in barium hexaferrite. Bands were observed in the IR
spectra at 565 cm−1, 425 cm−1 and 330 cm−1 which could be assigned
to the vibrations of Fe–O bonds in undoped BHF (Fig. 5b).

In order to elucidate the magnetic properties, the nanodiscs were
characterized via field-dependent magnetization curves with an AGM.
Fig. 6a displays the room temperature magnetization curves for a Ba/Sc
precursor ratio of 1:1. Apart from the reaction temperature, all reaction
parameters of the hydrothermal synthesis were kept constant. In the
investigated temperature range (i.e. 160–310 °C), M0.4T and Hc with
39.2 Am2/kg and 57 mT, respectively, revealed a maximum for nano-
discs synthesized at 310 °C. When the amount of Sc3+ was further in-
creased and thus the initial Ba/Sc molar precursor ratio Ba/Sc reduced
to 1:2, particularly the samples received at high reaction temperatures
(i.e. T = 260 °C, 310 °C) showed a reduced M0.4T and Hc and a kink in
the hysteresis loop. Kinks in hysteresis loops have been previously ob-
served for multiphase systems [25], but it may also result from particles
with the same chemical composition but different sizes and thus dif-
ferent magnetization mechanisms. In these samples, some coffin-like
particles were additionally detected besides the nanodiscs of hexagonal
shape, while the amount of these particles decreased with lower tem-
perature (see supporting information). This is in good agreement with
the results of XRD analysis. In previous studies, Sc-doped barium hex-
aferrite particles with a M0.8T of 32.1 A m2/kg (room temperature) and
a Hc of 100 mT were obtained for a Ba/Sc precursor ratio of 2:1 [19]. In
this study, the magnetization has been further enhanced with increase
in reaction temperature (i.e. improving particle crystallinity) and Sc-
dopant (Ba/Sc precursor ratio 1:1) while the further increase in Sc3+

Fig. 4. XRD patterns of Sc-doped barium hexaferrite nanodiscs: Ba/Sc-ratio (a) 1:1 and (b) 1:2 for samples prepared at different reaction temperatures (T = 160 °C,
210 °C, 260 °C, and 310 °C). The reflections of the BaFe12O19 reference (JCPD 00-039-1433) are shown below. The reflections marked with* were assigned to the
BaFe4O7 phase (JCPD 01-070-1299).

Fig. 5. (a) Raman spectra of nanodiscs for Ba/Sc ratio of 1:1 (solid lines) and 1:2 (dashed lines). (b) The IR spectra of Sc-doped barium hexaferrite nanodiscs reveal
the characteristic bands of Fe–O vibrations. The bands of undoped barium hexaferrite (undoped BHF) at 565 cm−1 and 425 cm−1, respectively, are marked.



seemed to induce the formation of multiphase samples with reduced Ms

and Hc.

4. Conclusions

In summary, we have synthesized a set of magnetic Sc-doped
barium hexaferrite nanodiscs via hydrothermal synthesis. The amount
of Sc3+ in the reaction mixture and the reaction temperature sig-
nificantly influenced the formation of the nanodiscs. In general, higher
reaction temperatures led to bigger nanodiscs as a consequence of en-
hanced Ostwald ripening. At 160 °C, only small nanoparticles with a
particle size of 7 ± 4 nm and irregular shape were obtained. With in-
crease in reaction temperature, the shape of the nanodiscs became more
regular and the particle size increased from 37 ± 15 nm (T = 210 °C),
52 ± 18 nm (T = 260 °C) to 59 ± 20 nm (T = 310 °C), respectively.
The increase in the amount of Sc3+ precursor (Ba/Sc precursor ratio of
Ba/Sc = 1:2 instead of 1:1) led to nanodiscs with larger lateral di-
mensions, while it also resulted in the formation of BaFe4O7 as a side
product. Doping of the nanodiscs with Sc3+ led to nanodiscs with a
room temperature M0.4T of 39.2 Am2/kg (T = 310 °C, Ba/Sc precursor
ratio 1:1) and a Hc of 57 mT. The hysteresis loop of the magnetization
curves for samples prepared with a Ba/Sc precursor ratio of 1:2 showed
a kink, which could indicate the presence of several magnetic phases
and is in good agreement with the results of XRD analysis. Significant
improvements of the intrinsic magnetic properties of M-type ferrites
and/or modification of particle morphology may be achieved by the
partial substitution of Ba2+ or Fe3+ ions, or both, by a plethora of di-
valent or trivalent cations (e.g. Ca2+, Sr2+, Al3+, Ga3+ and others) and
will be the subject of future investigations.
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