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ABSTRACT: Hexaferrite nanoplatelets exhibit size-dependent
structural variations influencing their magnetic properties. Here,
we synthesized Mn-substituted barium ferrite nanoplatelets via
hydrothermal methods, achieving up to ∼27% Fe substitution.
Advanced STEM and Raman analyses revealed depletion of Fe(2b)
trigonal lattice sites and associated oxygen vacancies, forming a β-
alumina-type ferrite structure�representing the first pure Ba2+ β-
ferrite analogue. First-principles modeling confirmed the thermo-
dynamic stabilization of this defected structure at higher Mn/Fe
ratios. Mn substitution reduced nanoplatelet size and suppressed
magnetic properties, which were restored upon annealing at 800
°C, reverting to the M-type hexaferrite structure with expected
magnetic behavior. These findings elucidate nanoscale structural adaptations induced by chemical substitution and offer insights into
tailoring the magnetic properties of barium ferrite nanoplatelets through controlled synthesis and post-treatment.

■ INTRODUCTION
The structure�and consequently the composition�of in-
organic materials can change significantly when they are
synthesized in the form of nanoparticles.1 These changes arise
from two thermodynamically driven phenomena: (i) the
crystal structure adapts to the restricted size and high
surface-to-volume ratio of the nanoparticles, and (ii)
metastable structural polymorphs, which form during synthesis
due to their lower nucleation barriers compared to the
equilibrium phase (i.e., the Ostwald step rule),2 can be
stabilized at the nanoscale.1 These two effects are important
not only for understanding the properties of nanomaterials but
also represent a promising strategy for discovering new
nanomaterials.
The adaptation of crystal structures to confined nanoscale

dimensions is especially pronounced in inorganic materials
with complex structures and compositions, such as mixed
oxides composed of alternating layers of several structural
blocks.3−5 Hexagonal ferrites, or hexaferrites, possess structures
built from three types of blocks: a cubic S block, a hexagonal R
block, and a hexagonal T block. M-type hexaferrite (AFe12O19,
where A denotes a large divalent ion such as Ba2+, Sr2+, or
Pb2+) is the simplest member of the hexaferrite family,
consisting solely of alternating hexagonal R (AFe6O11)2− and
cubic S (Fe6O8)2+ structural blocks. The unit cell (space group
P63/mmc, a = 0.59 nm, c = 2.3 nm) can be described by the
RSR*S* stacking sequence, where the asterisk indicates a 180°
rotation of the block around the hexagonal c-axis. The A2+ ions

are located in the center of the R block, while Fe3+ ions occupy
five distinct crystallographic sites: one tetrahedral (4f1), three
octahedral (12k, 2a, 4f2), and one trigonal bipyramidal (2b)
(Figure 1a). The magnetic moments of the Fe3+ ions at the
12k, 2b, and 2a sites are aligned parallel to the c-axis, whereas
those at the 4f1 and 4f2 sites are aligned antiparallel to the c-
axis, resulting in a net magnetic moment of 40 μB (see Figure
11a).6,7 M-type hexaferrites also exhibit high uniaxial magneto-
crystalline anisotropy (K1 = 3.3 × 104 J/m3), with the easy axis
oriented parallel to the hexagonal c-axis.6,7

In the form of nanoparticles, hexaferrites adopt the shape of
hexagonal nanoplatelets (NPLs), which possess a specific
structure and composition defined by the termination of their
basal surfaces with Fe-only S structural blocks.4,8 Owing to this
distinct structure and composition, they can be regarded as
structural variations of hexaferrites stabilized at the nanoscale.9

During hydrothermal synthesis, barium hexaferrite (BHF)
nucleates as ultrafine primary NPLs (up to 20 nm wide and
less than 2 nm thick) with a structure consisting of a single R
structural block sandwiched between two S blocks. The SRS*
stacking sequence represents the smallest entity exhibiting the
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hexaferrite motif. The subsequent thickening of NPLs
proceeds in a discrete, step-like manner through the addition
of RS segments to the initial SRS* structure. The addition of
just one RS segment to the weakly magnetic SRS* structure
(yielding the SRS*R*S structure, Figure 1) results in hard-
magnetic properties characteristic of M-hexaferrites. Due to the
termination of structure with the Fe-only S structural blocks
the NPLs exhibit a Fe-rich composition when compared to the
bulk.4,9

In contrast, strontium hexaferrite nucleates as ultrafine NPLs
with a structure distinct from that of M-hexaferrite. This phase
remains stable in the form of fine NPLs but transforms into the
hexaferrite structure upon further growth, without any change
in composition.5 This observation clearly indicates that the
phase is a metastable polymorph of hexaferrite stabilized at the
nanoscale.
Apart from the adaptation of crystalline structure to the

nanoscale, chemical substitution can have entirely different�
even opposite�effects on the properties of nanoparticles
compared to the bulk.10 For example, partial substitution of Fe
with Sc in BHF NPLs significantly increases their saturation
magnetization (MS), even though Sc substitution is known to
greatly decrease the MS of bulk BHF.

10,11

In this work, we report remarkable changes in the structure
and magnetic properties of Mn-substituted barium ferrite
NPLs synthesized via a hydrothermal method. Mn substitution
leads to depletion of the Fe(2b) lattice sites in M-type
hexaferrite, which, in the extreme case, results in the formation
of a β-alumina-type ferrite structure�reported here for the
first time in the Ba2+ analogue. The β-ferrite structure typically
forms with alkali ions (e.g., K+Fe11O17; see Figure 1b). These
compounds are antiferromagnetic and are primarily valued as
ionic and electronic conductors, with applications as electrode
materials in batteries and sensors.12−14

In bulk BHF, a large proportion of Fe can be substituted by
Mn, with compositions with x exceeding 9 in the
BaFe12−xMnxO19 formula. However, at x > 8, the crystal
symmetry changes from hexagonal to triclinic as a consequence

of the Jahn−Teller effect.15,16 Mn ions occupy all Fe sites
except the trigonal 2b sites.17−19 Within the hexaferrite
structure, Mn is incorporated in mixed oxidation states;
Mn3+ undergoes disproportionation into Mn2+ and Mn4+.
Specifically, incorporation of Mn2+ at the tetrahedral 4f1 sites is
compensated by Mn4+ at the octahedral sites.16,17,19 Incorpo-
ration of high Mn concentrations disrupts the collinear
ferrimagnetic ordering in the 2a and 12k octahedral sublattices
and significantly reduces the saturation magnetization.17

Hexaferrite ceramics are among the earliest commercialized
magnet materials (introduced by Philips in the early 1950s).6

Recently, they have regained significant scientific and
technological interest in response to the growing demand for
rare-earth-free magnets driven by current geopolitical
challenges. Hexaferrites remain the most widely used
permanent magnets worldwide (by weight) and are employed
in magnetic recording, as well as in microwave devices and
absorbers.7 More recently, they have also attracted attention
for their magnetoelectric properties.20

Current research on ferrites has increasingly focused on
NPLs. Their remarkable magnetic properties�dominated by
the orientation of magnetic moments perpendicular to the
basal planes, combined with their platelet-like morphology and
colloidal stability in various liquid media21�have already
enabled the development of new smart multifunctional hybrid
materials. These include the first liquids exhibiting sponta-
neous magnetic ordering (ferromagnetic fluids),22−26 the first
multiferroic liquids exhibiting both ferroelectric and ferromag-
netic ordering,27 magneto-optical suspensions28−31 and
composites,32 sensors,30,31,33,34 novel spin-memory devi-
ces,35,36 and self-biased nonreciprocal devices.37 In addition,
hexaferrite NPLs have been explored for magneto-mechanical
cancer cell destruction38 and diagnostic imaging.39

■ EXPERIMENTAL SECTION
A 200 mL aqueous solution containing 6.59 mmol of barium(II)
nitrate, 19.76 mmol of iron(III) nitrate, and manganese(II) nitrate
with an Mn/Fe ratio ranging from 0 to 1.4 was rapidly mixed with 200
mL of an aqueous solution containing 1.13 mol NaOH (the materials
used are listed in the Supporting Information, SI). Note that barium
was added in large excess ((Fe + Mn)/Ba ratio = 5), considering the
stoichiometry of BaFe12−xMnxO19 formation.

40 The mixture was then
sealed in a 1000 mL Inconel autoclave vessel (Model 4522 M, Parr
Instrument Co.) and heated at a rate of 3 °C/min to 250 °C. The
autoclave was then switched off, and the temperature began to
decrease after approximately 10 min.
Upon cooling, the product was thoroughly washed with diluted

nitric acid to dissolve any Ba-rich compounds formed as a result of the
barium excess. The NPLs were subsequently washed three times with
distilled water, with intermediate sedimentation performed by
ultracentrifugation (Thermo Scientific Sorvall Lynx 600), and finally
dried at 60 °C in ambient air. To simplify sample designation, the
products were labeled as “BFM-X,” where X represents the Mn/Fe
atomic ratio in the starting composition.
The NPLs were also annealed in air for 2 h at 800 and 1000 °C.
The NPLs were characterized by transmission electron microscopy

(TEM, JEOL 2100), aberration-corrected scanning transmission
electron microscopy (STEM, JEOL ARM 200CF operated at 80 kV
and Thermo Fisher Scientific Spectra 300 operated at 200 kV), X-ray
diffractometry (XRD, PANalytical X’Pert PRO) X-ray photoelectron
spectroscopy (XPS, PHI VersaProbe 3 AD), and Raman spectrometry
(NTMDT Spectrum Instruments NTEGRA), thermogravimetric
analysis and differential thermal analysis (TGA)/DTA, Netzsch
Jupiter 449 C), and Fourier-transform infrared spectroscopy in
attenuated total reflectance mode (FTIR−ATR, Shimadzu IRSpirit
spectrometer). Magnetic properties were measured at room temper-

Figure 1. Schematic representations of the unit cells of the M-type
hexaferrite structure (a) and the β-alumina-type ferrite structure (b).
In the M-type hexaferrite, the positions of the five distinct Fe sites are
indicated: tetrahedral (4f1), octahedral (12k, 2a, 4f2), and trigonal
(2b). The site notation in the β-alumina-type ferrite is given by
analogy with the M-type structure; notably, this structure lacks the
trigonal (2b) Fe sites and contains four fewer oxygen ions per unit
cell.
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ature using a vibrating sample magnetometer (VSM, Lake Shore
7307). To avoid issues arising from the unknown preferential
orientation of the highly anisotropic nanoplatelets within the sample,
the NPLs were mixed with sucrose, pressed into cubic compacts, and
measured by averaging the results in three orthogonal directions.
Further details of the characterization methods are provided in the SI.

■ COMPUTATIONAL DETAILS
The calculations were performed within the framework of
Density Functional Theory (DFT). Specifically, the Perdew-
Burke-Ernzerhof (PBE) functional41 in combination with a
plane-wave basis set and norm conserving pseudopotentials.42

The plane-wave cutoff was set to 90 Ry for all calculations. The
Brillouin zone was integrated with a 4 × 4 × 1 Monkhorst−
Pack grid.43 Since BHF is known to be ferrimagnetic, spin-
polarization was considered and we set the starting magnet-
ization as predicted by Gorter for this material.44 The
magnetization of the substituting Mn ions was also set
according to the Fe ion it replaces in the structure. To
account for the electron localization in highly correlated
materials we employ the DFT+U formalism,45 where the U
parameter was computed self-consistently46 for bulk BHF. We
obtained an average U parameter of 4.1 eV for electrons in the
3d shell of Fe, whereas for sake of simplicity this parameter was
set to the same value of 4.1 for the 3d electrons of Mn.
Employing this methodology, the volume cell minimization of
the BHF bulk hexagonal unit-cell resulted in optimized lattice
parameters of a = 0.60 nm and c = 2.35 nm. The structure of
the unit cell, iron sublattices and their spin orientations are
summarized in Figure 1. All calculations were performed with
the Quantum ESPRESSO suite for electronic structure
calculations47,48 whereas the molecular graphics were produced
by the XCRYSDEN graphical package.49

We define the iron vacancy formation energy (ΔEvac) as in
bulk BHF

E E N E Evac bulk vac vac
Fe

bulk
BHF

bulk= ++ (1)

where Ebulk+vac is the DFT total energy of the BHF unit cell
containing Nvac vacancies, EFebulk is the total energy per iron
atom in iron bulk and EBHFbulk is the total energy of the bulk
BHF unit cell. Further, we define the Mn substitution energy
as

E E N E E N Esubs subs subs
Fe

bulk
BHF

bulk subs
Mn

bulk= +
(2)

where Esubs is the total energy of the unit cell where Nsubs iron
ions have been substituted by the same number of Mn ions,
EMnbulk is the total energy per atom of Mn bulk and EBHFbulk is
the total energy of the unit cell of pristine BHF.
To provide a more comprehensive picture of the relative

thermodynamic stability of the structures considered with DFT
calculations we also employed atomistic thermodynamics.50

Specifically, we consider the reaction:

x y zBaFe O Mn BaFe Mn O Fe /2Oy y z12 19 12 19 2+ + +
(3)

where x is the number of Mn atoms that replace Fe atoms in
bulk BHF, y is the number of Fe ions that are removed (either
by Mn-substitution, vacancy formation or both), and z is the
number of the oxygen ions that are removed from the
structure. We define the Gibbs energy for this process as

G g y z g xsubs vac Fe O BHF Mn= + + ++ (4)

where gsubs+vac and gBHF are approximated as the DFT+U total
energies of the Mn-substituted (and vacancy containing) bulk
unit cell and the pristine BHF bulk unit cells, respectively. The
terms μFe, μO and μMn represent the chemical potentials of
iron, oxygen, and manganese, respectively. We approximate the
oxygen chemical potential as the DFT total energy of the
oxygen molecule along with the thermal contributions to
energy and entropy at standard conditions (p0 = 1 atm, T0 =
298 K). Iron and manganese chemical potentials are defined
with respect to their bulk values, i.e, μFe = μFebulk + ΔμFe and
μMn = μMnbulk + ΔμMn, where μFebulk and μMnbulk are
approximated as the DFT total energies per atom in iron
and manganese bulk, respectively.

■ RESULTS

Properties of Mn-Substituted Barium Ferrite NPLs
XRD characterization of the hydrothermally synthesized
samples with Mn addition showed diffraction patterns
characteristic of hexaferrite NPLs, even at the highest Mn/Fe
ratio of 1.4 (Figure 2). The diffraction pattern of the NPLs

differs significantly from that of bulk BHF. Owing to the very
small dimension of the NPLs along the c-axis of their
hexagonal structure�which reflects their reduced thick-
ness�the (hkl) peaks with l ≠ 0 are very broad or even
absent for low l values. In addition, the relative peak intensities
are altered due to the presence of preferential orientation.51

Only at the highest Mn/Fe ratio of 1.4 were additional peaks
corresponding to secondary phases observed alongside the
NPL peaks. These secondary peaks were assigned to Mn-rich
BaMn1−xFexO3−δ hexagonal perovskite (PDF card No. 04-
0023-4771)52 and to BaMn3O6 (PDF card No. 04-0011-
6449).53 The observed peak positions for the both secondary
phases were shifted significantly compared with the reference,
suggesting compositional deviations from the standards.
As shown in our previous research, during hydrothermal

synthesis unsubstituted BHF forms below 100 °C as ultrafine
primary NPLs of discoid shape, less than 20 nm in width.4,51

The thickness of these initial NPLs is fixed at ∼1.6 nm by their
specific structure, which can be represented as an SRS*
sequence of the M-hexaferrite SRS*R* unit cell.4 The final

Figure 2. XRD patterns of samples hydrothermally synthesized with
different Mn/Fe ratio: BFM-0 (a), BFM-0.043 (b), BFM-0.33 (c),
and BFM-1.4 (d). Colored indexing symbols above the reflections
indicate different phases: blue indices correspond to barium
hexaferrite (PDF card No. 04-0023-4771); green indices correspond
to the hexagonal perovskite BaMn1−xFexO3−δ (PDF card No. 04-
0023-4771); red indices correspond to BaMn3O6 (PDF card No. 04-
0011-6449).
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hexagonal platelet shape, with side surfaces parallel to the
{101̅0} prismatic planes, develops during Ostwald ripening
above approximately 150 °C. In this process, individual
primary NPLs grow at the expense of others; their lateral
dimensions increase substantially, while their thickness grows
more slowly in a stepwise manner, through the addition of SR
segments to the initial SRS* structure.4
TEM images of the samples hydrothermally synthesized at

250 °C with increasing Mn content are shown in Figure 3. The

unsubstituted barium ferrite NPLs underwent Ostwald
ripening and reached widths of ∼100−800 nm and thicknesses
of ∼10 nm (Figure 3a). The addition of Mn had a profound
effect on NPL growth. The BFM-0.043 sample, synthesized
with the lowest Mn content, exhibited a bimodal size
distribution consisting of smaller primary NPLs (∼7−15 nm
wide) and larger NPLs (∼50−300 nm wide and ∼5−7 nm
thick) (Figure 3b). In unsubstituted hexaferrites, such a
bimodal size distribution is typically observed shortly after the
onset of Ostwald ripening at ∼150 °C.4
Further increasing of the Mn/Fe ratio led to more uniform

NPLs. In the BFM-0.14 sample, the NPLs were ∼30−150 nm
wide (Figure 3c), while in the BFM-0.33 sample they were
only ∼10−50 nm wide (Figure 3d). With additional increases

in the Mn/Fe ratio, the lateral dimensions of the NPLs
remained nearly unchanged (Figure 3e and f). Interestingly,
despite the reduction in width, the NPL thickness remained
nearly constant, between ∼4 and 7 nm, regardless of Mn
content. Even at the smallest sizes, the NPLs preserved a well-
defined hexagonal platelet morphology.
In addition to barium ferrite NPLs, the BFM-1.4 sample

contained larger particles of secondary phases ranging from a
few hundred nanometers to over 1 μm in size (Figure 3f). Two
distinct morphologies of secondary phases were observed:
hexagonal platelets (labeled “HP” in Figure 3f) and elongated
rectangular crystals (“RC”).
The composition of the phases was determined by

quantifying the EDXS spectra collected from a large number
of particles. The unsubstituted barium ferrite NPLs contained
Ba and Fe in an atomic ratio of 7.3 ± 0.3:92.7 ± 0.3 (O not
quantified). Analyses of the Mn-substituted NPLs confirmed
the incorporation of Mn into the NPL structure. In the BFM-
0.043 sample, the NPLs contained Ba, Fe, and Mn in an atomic
ratio of 7.2 ± 0.3:89.4 ± 0.4:3.5 ± 0.3. This composition can
be expressed, in terms of the chemical formula for bulk BHF,
as Ba0.94±0.04Fe11.62±0.05Mn0.46±0.04O19. However, the NPLs
exhibit a composition significantly different from that of the
bulk, as will be further discussed in the Discussion section. The
solid-solubility limit of Mn in barium ferrite NPLs was
determined in the BFM-1.4 sample to correspond to a
composition containing Ba, Fe, and Mn in an atomic ratio of
7.4 ± 0.3:67.9 ± 0.7:24.8 ± 0.5, corresponding to the bulk
BHF formula Ba0.96±0.04Fe8.83±0.09Mn3.22±0.07O19.
The composition of the secondary phases in the BFM-1.4

sample varied considerably from particle to particle. For the
hexagonal platelets, the Ba/Fe/Mn atomic ratio was 44.4 ±
2.7:9.1 ± 5.9:46.6 ± 3.7, consistent with the hexagonal
perovskite formula Ba0.89±0.05Fe0.18±0.12Mn0.89±0.08Ox. The rec-
tangular crystals contained Ba, Fe, and Mn in the atomic ratio
23.9 ± 0.5:28.9 ± 6.2:47.2 ± 6.2, which corresponds
reasonably well to Fe-substituted BaMn3O6, with the formula
Ba0.96±0.02Fe1.16±0.25Mn1.89±0.25Ox.
Upon annealing in ambient air, the NPLs underwent

significant growth. After annealing for 2 h at 800 °C, the
unsubstituted BHF NPLs ranged from approximately 100 nm
to 1 μm in width and were several tens of nanometers thick
(TEM images and XRD patterns of the annealed NPLs are
shown in the SI). Mn substitution limited particle growth,
resulting in smaller and more uniform NPLs. After annealing at
800 °C, the barium ferrite NPLs with lower Mn content
(BFM-0.043) were approximately 100−250 nm wide (Figure
S1b), whereas at higher Mn substitution (BFM-0.33) the
NPLs were below 200 nm wide (Figure S1c). TEM/EDXS
analysis of the annealed BFM-0.33 sample confirmed that the
barium ferrite NPLs had a composition close to the nominal
BaFe9Mn3O19, but also revealed two secondary phases: (i)
larger plate-like particles containing almost only Fe and O, and
(ii) large rectangular particles with a Ba/Fe/Mn atomic ratio of
approximately 24:43:32 (Figure S1d). XRD of this sample
showed peaks corresponding to hematite and some unidenti-
fied phase(s), in addition to those of the hexaferrite NPLs
(Figure S2). The origin of these secondary phases remains
unclear.
After annealing for 2 h at 1000 °C, the NPLs in the

unsubstituted sample grew to about 500 nm, while in the Mn-
substituted samples their size remained around 300 nm. Larger

Figure 3. TEM images of samples BFM-0 (a), BFM-0.043 (b), BFM-
0.14 (c), BFM-0.33 (d), and BFM-1.4 (e, f) hydrothermally
synthesized by heating the autoclave to 250 °C (“RC”··· elongated
rectangular crystals correspond to Fe-substituted BaMn3O6, “HP”···
hexagonal platelets correspond to the hexagonal perovskite
BaMn1−xFexO3−δ).
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secondary-phase particles were also present in the BFM-0.33
sample (Figure S3).
XPS analysis was used to determine the oxidation states of

Mn and Fe in the Mn-substituted BHF NPLs. The
hydrothermally synthesized NPLs with the lowest Mn
concentration (BFM-0.043) and those with Mn content near
the solid solubility limit (BFM-0.33) were compared with the
BFM-0.33 NPLs annealed for 2 h at 800 °C, which resembled
coarser particles (Figure 4).
The Ba 3d5/2 peak for BFM-0.043 NPLs was consistent with

literature data,54 with binding energy of 779.4 eV. This peak
shifted upward by approximately 0.6 eV with increasing Mn
content (BFM-0.33) and returned to 779.4 eV after annealing
at 800 °C.
The Fe 2p3/2 region was fitted according to the procedure of

Biesinger et al.,55 using six components. The results confirmed
that Fe was present in the 3+ oxidation state. For BFM-0.33,
the peak positions were shifted slightly toward higher binding
energies (∼711 eV) relative to the reference data.54 After
annealing at 800 °C, the peak shifted to lower binding energies
(∼710.5 eV), consistent with reported values for BaFe12O19.54
This shift indicates that the local environment of Fe3+ ions in
the annealed sample closely resembles that in pure BHF.
The Mn region was fitted with five peaks, also according to

Biesinger et al.55 The best fit indicated Mn in the 3+ oxidation
state, although partial reduction to Mn2+ could not be
excluded. The fitting results suggested that up to ∼30% of
Mn may exist in the reduced state. Upon annealing, the Mn
peaks shifted slightly toward higher binding energies (from
642.3 to 642.7 eV), indicating a modification in the local
chemical environment of Mn ions. This shift can likely be

ascribed, at least in part, to the formation of secondary phases
observed by TEM, where Mn atoms form stronger bonds with
oxygen.
The presence of Mn2+ was further supported by

thermogravimetric analysis (TGA) of the Mn-substituted
BFM-0.33 NPLs (Figure S4). Below ∼600 °C, a total mass
loss of approximately 4% was observed, attributed to the
release of adsorbed and structurally bound water (<200 °C),
carbonate species (<300 °C), and residual nitrate species
(400−600 °C), consistent with previous reports.56 Above 734
°C, a mass increase of 0.27% was detected, which is attributed
to oxidation of Mn2+. This mass gain corresponds to
approximately 12.5% of the total Mn being present in the +2
oxidation state. The total mass gain may be underestimated
due to partial overlap with a subsequent mass loss (see
Supporting Information for details).
The Mn substitution had a profound influence on the

magnetic properties of the NPLs. Figure 5a shows the room-
temperature magnetic hysteresis loops of the NPLs after
hydrothermal synthesis. The unsubstituted NPLs exhibited a
relatively broad hysteresis loop, with a coercivity (HC) of 63.7
kA/m and a moderate magnetization at a high field strength of
800 kA/m (M800kA/m = 19.3 Am2/kg) (Figure 5a). With Mn
substitution, the magnetic properties decreased drastically.
Even at the lowest Mn content (BFM-0.043), M800kA/m
dropped to 11.6 Am2/kg and HC decreased to 39.0 kA/m.
At the composition near the Mn solid solubility limit in barium
ferrite (BFM-0.33), the NPLs were weakly magnetic, with
M800kA/m ∼ 4 Am2/kg and HC = 2.3 kA/m.
Particle growth during annealing in ambient air improved

the magnetic properties of the NPLs. After annealing at 800

Figure 4. XPS spectra of BFM-0.043 and BFM-0.33 after hydrothermal synthesis and after subsequent annealing for 2 h at 800 °C (BFM-0.33-
800).
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°C, the unsubstituted NPLs (BFM-0) exhibited M800kA/m =
35.4 Am2/kg and HC = 63.7 kA/m (Figure 5b). Interestingly,
the NPLs with lower Mn content (BFM-0.043) showed an
even higher magnetization (M800kA/m = 47.1 Am2/kg)
compared to the unsubstituted sample, while those with
higher Mn substitution (BFM-0.33) had much lower magnet-
ization (M800kA/m = 24.4 Am2/kg). Additionally, the coercivity
of the Mn-substituted NPLs was significantly higher than that
of the unsubstituted ones, reaching 298 kA/m for BFM-0.043
and 390 kA/m for BFM-0.33.
After annealing for 2 h at 1000 °C, the unsubstituted NPLs

reached M800kA/m ∼ 53 Am2/kg and HC ∼ 250 kA/m (Figure
5c). The NPLs with lower Mn substitution showed a
comparable M800kA/m but a somewhat higher HC of ∼ 305
kA/m. In contrast, the NPLs with higher Mn substitution
exhibited a modest M800kA/m of 31.5 Am2/kg but an
exceptionally high HC exceeding 560 kA/m. The increase in
HC with Mn substitution can be partially attributed to particle
refinement. The observed decrease in MS with Mn substitution
in annealed barium ferrites is consistent with literature reports,
as Mn is known to reduce theMS of hexaferrite ceramics.

15,57,58

To compare the magnetic properties of the NPLs with bulk
materials, we prepared unsubstituted and highly Mn-sub-
stituted BHF ceramics (see SI for details). Substituting three
Fe atoms with Mn (BaFe9Mn3O19) reduced MS by ∼35%
(Figure S5). In contrast, the decrease in MS for the NPLs was
much larger: at the same composition (Mn/Fe = 0.33), MS
dropped by more than 75% compared to the unsubstituted
NPLs (Figure 5a). This pronounced reduction suggests a
substantial change in the (magnetic) structure induced by Mn
substitution in NPLs.
Structure of Mn-Substituted Barium Ferrite Nanoplatelets
The crystalline structure of barium ferrite NPLs was studied
using atomic-resolution imaging with aberration-corrected
STEM. After annealing at 800 °C, the magnetic properties of
unsubstituted NPLs approached those of bulk BHF; therefore,
a well-ordered crystal structure was expected for the annealed
NPLs. Figure 6 shows STEM images of unsubstituted BHF

NPLs after annealing for 2 h at 800 °C. The NPL is oriented
along the <101̅0> direction of its hexagonal structure, with
basal surfaces parallel to the electron beam. The experimental
atomic-resolution HAADF image in Figure 6c is compared
with the image calculated59 based on the BHF structure. In
HAADF images, the intensity of a spot representing an
individual atomic column is roughly proportional to the square
of the column’s average atomic number Z (∼Zα, with α slightly
lower than 2).59 Thus, columns containing the heavier Ba2+

Figure 5. Room-temperature magnetic hysteresis loops for Mn-
substituted BHF NPLs after the hydrothermal synthesis at 250 °C (a),
and after subsequent annealing in an ambient air for 2 h at 800 °C (b)
and 1000 °C (c).

Figure 6. BF (a) and HAADF (b and c) STEM images of an
unsubstituted barium ferrite NPL annealed for 2 h at 800 °C.
Calculated image and a structural model of M-hexaferrite structure
projected along [101̅0] direction is superimposed over the image (c)
to illustrate the positions of the Ba, Fe and O atoms. The positions of
five different Fe sites, i.e., tetrahedral (4f1), octahedral (12k, 2a, 4f2),
and trigonal (2b) are marked.
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ions can be clearly distinguished from those containing the
lighter Fe3+ ions, while columns containing only O2− ions are
not visible. A projected model of the BHF structure is
superimposed on the HAADF image in Figure 6c. All cationic
lattice sites of the hexaferrite structure�i.e., Ba sites and the
five different Fe sites�are clearly visible in the experimental
HAADF images. The complete hexaferrite structure with all
cationic positions is also clearly resolved in HAADF images of
as-synthesized hexaferrite NPLs (Figure S6).
Remarkably, STEM imaging of the as-synthesized Mn-

substituted barium ferrite NPLs revealed significant deviations
from the regular M-hexaferrite structure. Figure 7a shows

HAADF images of NPLs from the BFM-1.4 sample. A majority
of the NPLs contained four Ba layers and were ∼5 nm thick.
Due to the smaller widths (∼10−50 nm), the NPLs imaged in
edge-on orientation made much thinner imaging objects than
the wider, annealed unsubstituted NPLs. The thinner specimen
resulted in improved resolution. All cationic columns of the
hexaferrite structure were well resolved and clearly visible,
except for the trigonal Fe(2b) columns (Figure 7b). At the
positions corresponding to the Fe(2b) sites, no intensity above
background was observed (the Fe(2b) positions are marked
with cyan dots in the projected structural model superimposed
on the experimental HAADF image in Figure 7b).
Figure 7c, d shows simultaneously recorded HAADF and

iDPC images of a barium ferrite NPL from the BFM-0.33
sample. The iDPC technique enables direct imaging of the
phase of the transmission function, which can be directly
interpreted as the projected electrostatic potential. The
contrast in iDPC images is approximately linearly proportional
to the atomic number Z, allowing simultaneous visualization of
both heavy and light atoms in the same image of a thin
sample.60 The arrangement of dots in the iDPC image in

Figure 7d corresponds well to the hexaferrite structure, with
the notable exception of the Fe(2b) positions. The Fe(2b)
columns are absent in a large proportion of the inspected
NPLs’ area. Moreover, in addition to the Fe(2b) columns, the
neighboring O columns are also missing. Only in certain
regions of the NPL was a very weak, diffuse contrast observed
at the approximate positions of the Fe(2b) and adjacent O
columns.
After annealing for 2 h at 800 °C, the structure of the Mn-

substituted NPLs was restored. In the HAADF image of a NPL
from the annealed BFM-0.33 sample (Figure 8), all cationic
columns are clearly visible, including the Fe(2b) sites.

It is expected that the (partially) unoccupied Fe(2b) lattice
sites observed in the substituted NPLs are accompanied by
other structural distortions. Measurements of the periodicity
across the NPL structure on HAADF images of the as-
synthesized and annealed BFM-0.33 samples revealed sig-
nificant differences. The R blocks were significantly wider in
the as-synthesized NPLs than in the annealed NPLs, while the
width of the S block remained similar. (The block width was
measured as the distance between two consecutive Fe(12k)
rows, considering only blocks located in the interior of the
NPLs.)
Measurements from several images showed R- and S-block

widths of 6.8 ± 0.4 Å and 5.0 ± 0.3 Å, respectively, for the as-
synthesized NPLs, and 6.3 ± 0.3 Å and 5.0 ± 0.3 Å for the
annealed NPLs. For comparison, in unsubstituted bulk BHF,
the R and S blocks are theoretically 6.7 Å and 5.1 Å wide,
respectively. The observed differences in lattice spacing can be
attributed to vacant atom positions, which induce local lattice
expansion in order to minimize electrostatic repulsions in their
vicinity.61,62

Elemental EDXS mapping (Figure 9) indicated an even
distribution of Mn across all Fe lattice sites in the as-
synthesized NPLs. The Ba signal clearly coincided with the Ba-
containing rows, while the Fe (and Mn) signals decreased at
these rows, consistent with the absence of 2b sites in the
structure of the as-synthesized, Mn-substituted NPLs. The
revealed distribution of Fe and Mn suggests that Mn

Figure 7. (a) BF and (b) HAADF STEM images of a Mn-substituted
barium ferrite NPL from hydrothermally synthesized BFM-1.4
sample. The structural model of M-hexaferrite structure projected
along [101̅0] direction is superimposed over the image (b) to
illustrate the positions of the Ba and Fe atoms. (c) HAADF and (d)
iDPC STEM images of a NPL from the BFM-0.33 sample. The
positions of the Ba, Fe and O columns on the images (c, d) are
marked with red, brown/cyan and red dots, respectively.

Figure 8. BF (a) and HAADF (b) STEM images of a NPL from the
BFM-0.33 sample annealed for 2 h at 800 °C.
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substitutes into all available Fe sites. Previous studies reported
that, in bulk hexaferrite, Mn occupies all Fe sites except the
trigonal 2b sites, which are unoccupied in the NPLs.17−19

Deviations from the ideal M-hexaferrite structure were
observed even at the lowest Mn substitution. The BFM-0.043
sample consisted of smaller primary NPLs and larger NPLs
formed by Ostwald ripening (Figure 3b). The smaller NPLs
exhibited the SRS* structure characteristic of primary barium
hexaferrite NPLs,4 whereas most of the larger NPLs contained
only two Ba layers (i.e., an SRS*R*S structure across NPL’s
thickness) and, less frequently, three Ba layers. These NPLs
were therefore thinner but considerably wider than the heavily
Mn-substituted ones. The greater lateral dimensions of these
NPLs increased the local sample thickness, which reduced the
achievable resolution. Nevertheless, the analysis indicates that
the Fe(2b) sites were not fully occupied (Figure S7).
The NPL structure was further characterized by Raman

spectroscopy. Figure 10 shows the Raman spectra of

unsubstituted NPLs (BFM-0) and highly Mn-substituted
(BFM-0.33) after hydrothermal synthesis and after subsequent
annealing for 2 h at 800 °C (positions of the Raman peaks are
listed in the SI, Table S1). The unsubstituted NPLs exhibit
only seven clear Raman modes, which correspond well to the
sintered reference, though with some softening and broad-
ening. The broadening can be attributed to a higher degree of
structural disorder, while the softening is most likely extrinsic,
caused by Raman-laser heating. In the as-synthesized BFM-0
the missing modes around 200 cm−1 correspond to vibrations
of the entire spinel block, and the missing mode around 467
cm−1 corresponds to FeO6 octahedral vibrations.

63 These
modes reappear after annealing, and the line widths become
narrower, indicating reduced structural disorder.
The as-synthesized Mn-substituted NPLs display a com-

pletely distorted spectrum: a broad continuum extending up to
∼800 cm−1 with a broad peak at 580 cm−1. This indicates the
absence of long-range order, as finite-momentum modes
become optically active. Notably, the spectral weight around
680 cm−1, associated with the Fe(2b)O5 bipyramidal Ag
mode,63 is missing. This absence correlates with the lack of
Fe(2b) columns observed in the STEM images. Annealing
partially suppresses the broad continuum and restores the
Fe(2b)O5 bipyramids, resulting in the recovery of the 680
cm−1 mode, consistent with the reappearance of Fe(2b)
columns in the STEM images.
Other expected BHF modes also become discernible from

the continuum after annealing, particularly the second
strongest BHF mode at 618 cm−1, as well as the 721, 528,
and 337 cm−1 modes. The modes around 200 cm−1,
corresponding to vibrations of the entire spinel block, also
become clear and as narrow as in the reference ceramic pellet.
The partial suppression of the continuum indicates improved
long-range structural coherence, although the high-frequency
oxygen modes remain broader than in the unsubstituted NPLs.
This broadening can likely be attributed to local site disorder
introduced by Mn−Fe substitution.
First-Principles Modeling Results

In order to gain further insight into the structure, we
performed DFT calculations of Mn substitution in bulk
BHF. As a first step, we substituted one Fe3+ ion with a Mn
ion at each of the five different sites in the BHF unit cell
(shown in Figure 11a). We find that substitution is most
favorable at the 12k and 2a sites, with a ΔEsubs of −2.9 eV. In
contrast, a single Mn substitution at the 4f2 and 4f1 sites is less
favorable, with ΔEsubs values of −2.7 eV and −2.6 eV,
respectively. The least favorable site is 2b, with ΔEsubs = −2.5
eV. These results are consistent with previously reported
experimental observations.17−19

Next, we considered the vacancy formation energy for a
single Fe atom at the respective sites in pristine and Mn-
substituted BHF bulk. In pristine BHF, we obtained the
highest vacancy formation energies at the 2b and 12k sites,
with values of 1.6 eV, while slightly lower values of about 1.3
eV were found for the 4f1, 4f2, and 2a sites. Vacancy formation
becomes even less favorable in Mn-substituted BHF, where we
obtained the highest value of 3.9 eV for the 4f2 site, followed
by 3.4 eV for the 2b site and 3.3 eV for the 4f1 site, while at the
12k and 2a sites ΔEvac is about 3.0 eV. These results indicate
that the formation of a 2b vacancy is particularly unfavorable.
Given that iDPC imaging results showed the depletion of

Fe(2b) in the structure of barium ferrite NPLs is accompanied

Figure 9. HAADF STEM image of a NPL’s hexaferrite structure with
corresponding EDXS elemental maps showing the distribution of Ba,
Fe and Mn. The BFM-1.4 sample was hydrothermally synthesized,
without annealing.

Figure 10. Room-temperature Raman spectra for unsubstituted
barium ferrite NPLs (BFM-0) and Mn-substituted BHF NPLs (BFM-
0.33) after hydrothermal synthesis, and after annealing for 2 h at 800
°C in an ambient air. The spectra are vertically scaled for easier
comparison.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.6c00103
Chem. Mater. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6c00103/suppl_file/cm6c00103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6c00103/suppl_file/cm6c00103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6c00103/suppl_file/cm6c00103_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00103?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00103?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00103?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00103?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00103?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00103?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00103?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00103?fig=fig10&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.6c00103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


by the formation of oxygen vacancies, we further considered
the removal of an Fe atom at the 2b site along with its two
nearest-neighbor oxygen atoms, designated as Mn:(2b+2O)vac.
We find that the formation of this defect complex is more
favorable than the removal of a single Fe ion, with a ΔEvac
value of 2.2 eV. To examine whether a higher degree of Mn
substitution affects this value, we substituted seven Fe ions in
the bulk unit cell with Mn at the 12k and 2a sites,
corresponding to a bulk stoichiometry of BaFe8.5Mn3.5O19,
which we designate as 7Mn (note that the bulk BHF unit cell
contains two formula units). For this structure, the (2b+2O)vac
formation energy is even lower, with a value of 1.9 eV. Finally,
since there are two 2b sites in the bulk unit cell, we also
considered the formation of two such defect complexes. For
this structure, designated as 7Mn:2(2b+2O)vac, we obtain a
ΔEvac value of 3.4 eV (equivalent to 1.7 eV per defect
complex). The construction of this defect configuration is
summarized on the right-hand side of Figure 11, while the fully
relaxed atomic structure is shown in Figure 12. The formation
of one such defect complex leads to an increase in the 12k
interlayer distance from 6.7 Å to 7.0 Å, which is consistent with

the structural deformations observed in HAADF images of the
as-synthesized Mn-substituted NPLs described in the previous
section.
The results of the atomistic thermodynamics analysis, as

defined in eq 4, are shown in Figure 12, where the
thermodynamically most stable phase is plotted for a given
combination of Fe (ΔμFe) and Mn (ΔμMn) chemical potentials
(the unit cells of the considered defected structure are
presented on the left- and right-hand sides of the phase
diagram). We find that, under Fe-rich and Mn-rich conditions
(i.e., when both chemical potentials are high), the most stable
phase is 7Mn, which has the same structure as bulk BHF, with
a stoichiometry of BaFe8.5Mn3.5O19. However, at low values of
the iron chemical potential, the 7Mn:2(2b+2O)vac, with the
stoichiometry of BaFe7.5Mn3.5O17, becomes thermodynamically
preferred. These results therefore indicate that this phase can
be stabilized under specific conditions, particularly at higher
Mn/Fe ratios.

Figure 11. Bulk unit cell of the Mn substituted M-type barium hexaferrite, with the optimized lattice parameters obtained using DFT+U indicated
below. The created vacancies and associated ionic displacements (marked with red arrows) leading to formation of the 7Mn:2(2b+2O)vac from the
7Mn structure are highlighted in the middle close-up. The relaxed atomic structure in the vicinity of the defect complex is shown in the right-hand
close-up. Note that the interlayer distance between the Fe(12k) sites increases by 0.3 Å for the 7Mn:2(2b+2O)vac structure.

Figure 12. Phase diagram of different Mn-substituted and vacancy-containing structures of bulk BHF, as a function of the Fe (ΔμFe) and Mn
(ΔμMn) chemical potentials. The unit cells of the phases appearing in the phase diagram, together with their corresponding labels, are shown on the
left- and right-hand sides of the plot. The regions of different color indicate the most stable phase for a given combination of chemical potentials. At
high Fe and Mn chemical potentials, the bulk-substituted 7Mn phase is the most stable, whereas at lower Fe chemical potentials (Fe-poor
conditions), the 2b vacancy-containing phase becomes dominant.
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■ DISCUSSION
Atomic-resolution STEM imaging and Raman spectroscopy
revealed that the Fe(2b) lattice sites remain unoccupied in
hydrothermally synthesized, highly Mn-substituted barium
ferrite NPLs. First-principles modeling further indicated that
vacancy complexes consisting of the missing Fe(2b) atom and
two neighboring oxygen atoms ((2b+2O)vac) are likely to form
at higher Mn/Fe ratios. A derivative of the M-type hexaferrite
structure in which the 2b sites remain unoccupied is known as
the β-alumina structure (ideally Me+Al11O17, where Me+
represents alkali ion, Ag+).64 In β-alumina, spinel blocks
alternate with Me+ layers. Substitution of Al3+ with Fe3+ yields
β-ferrites (Me+Fe11O17; P63/mmc, a = 0.557 nm, c = 2.26 nm;
see Figure 1b).12−14 These β-ferrites are antiferromagnetic
(with TN ∼ 713 K for KFe11O17) because the two
ferrimagnetic spinel blocks in the unit cell exhibit opposite
magnetic moments.65 At the small thicknesses characteristic of
NPLs, however, this antiferromagnetic coupling is expected to
be incomplete�particularly for an odd number of S blocks
across the NPL�resulting in weak ferrimagnetism.
The 7Mn:2(2b+2O)vac defected structure (Figure 11b)

obtained as the result of first-principles modeling for the
BaFe8.5Mn3.5O19 composition closely resembles the β-ferrite
structure. Moreover, HAADF images calculated58 based on the
7Mn:2(2b+2O)vac modeled structure matched very well with
the experimental images, as shown on Figure 13.

To the best of our knowledge, the Mn-substituted Ba2+ β-
ferrite NPLs represent the first report of a pure Ba2+ β-ferrite
analogue. Even though the NPLs were synthesized in
concentrated NaOH, EDXS analysis showed no incorporation
of Na into their structure. There have been reports of β-ferrites
containing mixed Ba and alkali ions; however, these materials
actually represent intergrowths of Ba-rich M-type hexaferrite
domains and alkali-ion-rich β-ferrite domains.67,68 In the case
of the Mn-substituted Ba2+ β-ferrite NPLs, the extra positive
charge introduced by replacing alkali ions with Ba2+ can be
compensated by the partial reduction of Mn3+ according to
Ba2+Fe3+10−xMn3+xMn2+O17. XPS analysis suggested that Mn is
predominantly in the 3+ oxidation state; however, a small
deviation from this value cannot be excluded. Alternatively,
charge balance within the Ba2+ β-ferrite structure may be
maintained by a nonstoichiometric composition, as β-ferrites
are known to tolerate substantial deviations from the ideal
Me+Fe11O17 stoichiometry.

12−14,65,66

Stabilization of the Ba2+ β-ferrite structure via proton
incorporation at vacant Fe(2b) sites is also conceivable.
However, FTIR analysis provides no evidence for lattice-
incorporated hydroxyl species. The IR absorbance above 400
cm−1 in the NPLs is dominated with the three characteristic
barium hexaferrite E1u bands at 417, 443, and 568 cm−1.69 The
observed O−H stretching bands are attributable to adsorbed
surface water (see the SI for details).
The composition of the NPLs was determined by

quantitative EDXS analysis. Interpretation of these results,
however, is not straightforward because the composition of
hexaferrite NPLs depends on their thickness. In general, the
NPLs are Fe-rich relative to bulk BaFe12O19 hexaferrite
because they always terminate on basal surfaces with Fe-only
S structural blocks. The theoretical composition of the thinnest
SRS*-structured M-hexaferrite NPLs (see the smaller NPL in
Figure S7) can be described by the chemical formula
BaFe18O28, whereas NPLs with an SRS*R*S structure (the
larger NPL in Figure S7) exhibit a theoretical composition of
BaFe15O23.5. With increasing thickness, the composition of the
NPLs approaches that of bulk BaFe12O19.

4,9 Analogously, the
composition of β-ferrite NPLs is Fe-rich compared with the
ideal BaFe11−xMnxO17 bulk.
The highly Mn-substituted NPLs (samples BFM ≥ 0.33)

typically contained four Ba layers. Their theoretical composi-
tion can be therefore expressed either using the M-hexaferrite
formula BaFe13.5−xMnxO21.25 or the β-ferrite formula Ba-
Fe12.5−xMnxO19.25. The composition of the NPLs in the
BFM-1.4 sample, obtained from EDXS analysis (Ba:Fe:Mn =
7.4 ± 0.3:67.9 ± 0.7:24.8 ± 0.5), closely matches the β-ferrite
formula Ba1.00±0.04Fe9.17±0.10Mn3.35±0.07Ox (assuming NPLs
contain four Ba layers). The measured (Fe + Mn)/Ba ratio
of 12.53 ± 0.68 agrees well with the theoretical ratio for the β-
ferrite NPLs ((Fe + Mn)/Ba = 12.5), but is lower than that
expected for M-type hexaferrite NPLs ((Fe + Mn)/Ba = 13.5).
At low Mn substitution levels, the NPLs were thinner.

Assuming NPLs containing only two Ba layers, which were
frequently observed in the BFM-0.043 sample, their theoretical
composition can be described either by the M-type hexaferrite
formula BaFe15-xMnxO23.5 or as the β-ferrite formula
BaFe14−xMnxO22. The (Fe + Mn)/Ba ratio measured with
EDXS for the BFM-0.043 sample (12.90 ± 0.64) is closer to
the β-ferrite theoretical value ((Fe + Mn)/Ba = 14) than to
that of M-hexaferrite ((Fe + Mn)/Ba = 15), although the exact
average thickness of the NPLs remains uncertain.
The experimental results cannot exclude incomplete

depletion of the Fe(2b) lattice sites, particularly at lower
levels of Mn substitution. In this case, the structure of the
NPLs can be regarded as a defected M-type hexaferrite
structure (Ba2+Fe3+12−x−yMn3+x(□Fe(2b))yO19−1.5y(□O)1.5y,
where □ represent a vacancy).
A Fe(2b)-vacant M-type structure has previously been

observed after irradiation of BHF single crystals and ceramics
with fast neutrons.70 The 2b sites are critical for the high
magnetocrystalline anisotropy of M-type hexaferrites.7 Vacan-
cies at these sites disrupt the collinear magnetic ordering by
weakening the exchange interactions between the spinel blocks
and, as a result, markedly reduce the magnetization.7,70

Upon annealing at 800 °C, the M-type hexaferrite structure
was restored. STEM imaging and Raman spectroscopy clearly
revealed signals associated with the Fe(2b) lattice sites, along
with magnetic properties characteristic of Mn-substituted M-
type hexaferrite. The restoration of the M-type structure is

Figure 13. HAADF STEM image calculated based on the 7Mn:2(2b
+2O)vac modeled structure is compared with experimental image of a
NPL from hydrothermally synthesized BFM-1.4 sample. A model of
the structure projected along [101̅0] direction is superimposed over
the images (to illustrate the positions of the Ba, Fe/Mn atoms.
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likely related to changes in the composition, which is most
probably maintained by precipitation of excess Ba as a Ba-rich
secondary phase. After annealing of the BFM-0.33 sample,
XRD and TEM analyses confirmed the presence of secondary
phases; however, their origin remains unclear and may not be
related solely to the β-ferrite → M-hexaferrite transformation.
With the thickening of NPLs upon annealing, excess Fe3+
precipitates because the composition changes from Fe-rich
NPLs to stoichiometric bulk.71

■ CONCLUSIONS
Mn-substituted barium ferrite nanoplatelets (NPLs) were
synthesized by hydrothermal treatment of an aqueous
suspension of the corresponding hydroxides at 250 °C.
EDXS analysis revealed that up to ∼27% of Fe can be
substituted by Mn in the NPL structure. Increasing Mn
substitution resulted in a decrease in nanoplatelet size and a
more uniform size distribution. Highly Mn-substituted NPLs
were approximately 10−50 nm wide and 4−6 nm thick as
opposed to the unsubstituted NPLs, which were ∼100−800
nm wide and ∼10 nm thick.
The magnetic properties of the NPLs�coercivity and high-

field magnetization�decreased markedly with Mn substitu-
tion. Structural analysis using aberration-corrected STEM in
combination with Raman spectroscopy showed that the
unsubstituted NPLs exhibited the regular M-type hexaferrite
structure, whereas Mn substitution induced notable structural
changes. In particular, HAADF imaging revealed that the
Fe(2b) trigonal lattice sites of the M-type hexaferrite structure
were unoccupied in the Mn-substituted NPLs. Furthermore,
iDPC imaging indicated that depletion of Fe(2b) sites in the
NPL structure was accompanied by the formation of
neighboring oxygen vacancies.
The experimental observations were supported with first-

principles modeling, which demonstrated that the formation
energy of vacancy complexes comprising unoccupied Fe(2b)
sites and two adjacent oxygen sites decreases with increasing
Mn substitution, leading to the thermodynamic stabilization of
this defected structure at higher Mn/Fe ratios. The defected
structure predicted by modeling shares structural features with
a β-alumina-type ferrite structure, which typically forms with
alkali ions Me+ (Me+Fe11O17). To the best of our knowledge,
the Mn-substituted barium ferrite NPLs reported here
represent the first observation of a pure Ba2+ β-ferrite analogue.
Upon annealing at 800 °C, the M-type hexaferrite structure

was restored, and the Mn-substituted NPLs recovered the
magnetic properties characteristic of M-type Mn-substituted
barium hexaferrite.
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Drazǐc,́ G.; Gyergyek, S. Discrete Evolution of the Crystal Structure
during the Growth of Ba-Hexaferrite Nanoplatelets. Nanoscale 2018,
10, 14480−14491.
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