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Abstract

Iron borate (FeBO3) has emerged as a promising candidate for magneto-optical applica-
tions owing to its unique combination of weak ferromagnetism (canted antiferromagnetic
ordering) near room temperature and optical transparency in the visible range. While the
growth of high-quality single crystals is well-established, the scalable synthesis of bulk
polycrystalline FeBO3 remains challenging, often hindered by the presence of impurity
phases and inconsistent reproducibility. This work offers a comprehensive investigation
into the synthesis of bulk FeBO3 powder using combustion, solid-state, and flux growth
approaches. The structural and magnetic properties of the resulting materials are compared,
enabling a direct comparison of synthesis routes. Practical guidelines are provided for
optimizing processing protocols to achieve phase-pure, highly reproducible FeBO3, thereby
advancing its integration into functional magneto-optical devices.

Keywords: magnetism; polycrystalline; flux growth; solid state; magneto-optic

1. Introduction
Single-crystal iron borate (FeBO3) has attracted sustained research interest since it

was first grown by Bernal et al. [1], owing to its unique combination of room-temperature
ferromagnetism, strong Faraday rotation, and optical transparency in the visible spec-
trum [2–7]. It serves as an important model system for investigating magnetic anisotropy
and the Dzyaloshinskii–Moriya interaction [8–10]. Among iron-based oxides, FeBO3 ex-
hibits one of the strongest Faraday rotations [11,12], significant magnetic anisotropy [11],
and a bandgap of ~2.9 eV [13], along with comparatively higher transparency in the visible
region than other ferromagnets [14]. Combined with its antiferromagnetic Nèel tempera-
ture close to room temperature (TN ~ 347 K) and pronounced magneto-optical response,
these properties make FeBO3 an attractive candidate for applications in magneto-optical
and spintronic devices, wide-band modulators, deflectors, optical isolators, and magnetic
memory elements [2,11,15–18].

Despite these advantages, the growth of FeBO3 single crystals remains severely con-
strained. Crystals typically form as thin platelets and, even after decades of development,
are limited to lateral dimensions of ~10 mm and thicknesses of ~200 µm [19,20]. This size
limitation is particularly restrictive for Faraday rotator applications, as the total rotation
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depends on material thickness (optical path length). Consequently, there is strong motiva-
tion to develop polycrystalline FeBO3 as a scalable alternative. Polycrystalline materials
can achieve optical characteristics nearly identical to those of single crystals when high
densification is attained through proper sintering [21–23]. Densities approaching 90% of the
single-crystal value have been reported for FeBO3 [24] suggesting that bulk polycrystalline
forms could be viable for device applications. However, the synthesis of phase-pure ‘green’
FeBO3 powder remains challenging and comparatively underdeveloped [24–34]. Persistent
issues associated with its synthesis include secondary phase formation (e.g., Fe2O3, B2O3,
Fe3BO6) and poor reproducibility [25,27,28,35,36].

FeBO3 is unstable above 900 ◦C, decomposing into Fe2O3 and B2O3, so several syn-
thesis approaches at temperatures below 900 ◦C have been explored, though with mixed
results [26]. For example, Joubert et al. [26] and Schober et al. [24] heated mixtures of
α-Fe2O3 and H3BO3 powders to temperatures of 780–860 ◦C. These resulted in a yellow-
brown product, though without any obvious impurity X-ray diffraction (XRD) peaks.
However, subsequent studies have revealed inconsistencies. Muller et al. [27] observed
persistent α-Fe2O3 contamination (brown powders) using comparable methods, and wet-
chemical synthesis routes have resulted in mesoporous FeBO3, which were also brown in
color, indicating Fe3BO6 or Fe2O3 impurity [28]. More recently, Biryukov et al. [31] reported
7 wt% Fe2O3 impurity using a solid-state growth method followed by annealing at 670 ◦C.

Although phase diagrams for the Fe2O3–B2O3 system predict FeBO3 formation below
670 ◦C, or at higher temperatures under B2O3-rich conditions, these conditions do not guar-
antee phase purity [37]. Flux-based growth methods have been developed for green FeBO3

powders [38], though they require several weeks of firing at 810 ◦C in a platinum crucible.
Given these limitations and challenges, there remains a clear need for a reliable, scal-

able, and reproducible synthesis method for phase-pure FeBO3 powders. Addressing
this challenge would enable the development of dense polycrystalline materials suit-
able for practical applications, particularly for sensors, magneto-optical devices, and
batteries [18,25,32,39,40]. In this work, we systematically compare three synthesis ap-
proaches for producing bulk polycrystalline FeBO3: citrate gel-combustion, solid-state
reaction, and flux growth. We utilize structural characterizations to evaluate phase purity,
crystallinity, and microstructure of the products. We then examine the magnetic properties
of each material, providing a comparative analysis to identify the presence of impurities
via bulk magnetic susceptibility, as well as evaluate whether polycrystalline FeBO3 retains
the magnetic properties of single crystal FeBO3 desirable for magneto-optic applications.

2. Results and Discussion
Photos of polycrystalline FeBO3 synthesized via three different routes—citrate gel-

combustion, solid-state, and flux growth—are presented in Figure 1a–c, respectively. Only
the samples grown via flux growth were of the green color associated with phase-pure
single-crystal FeBO3 [16,27]. Our investigations indicated that the choice of annealing
temperature plays a less important role than the choice of synthesis technique. For example,
the properly executed solid-state and flux growth techniques always formed at least some
FeBO3 in the 670–800 ◦C range. The solid-state method benefited from long annealing times
of 100 h or greater and relatively low temperatures around 670 ◦C. Higher temperatures
resulted in more Fe3BO6 production, generally yielding <50% FeBO3 composition. The flux
growth method performed much better than the solid-state route, producing >50% FeBO3

in the entire 670–800 ◦C range, with a slight improvement at higher temperatures. The
largest improvement to the flux growth method, however, came from increasing the batch
size to as large as possible, as shown in Figure 1d. Both the solid-state and flux growth
methods benefited massively from thorough homogenization of precursors. For example,
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shortening the grinding time by half in either method, or removing the acetone suspension
step in the flux growth method, reduced the final FeBO3 content by as much as 40%.

Figure 1. Final products from each synthesis method: (a) combustion, (b) solid-state, (c) flux growth
with <1 g of precursor material, and (d) flux growth with >10 g of precursor material. Green color
was only achieved from the flux growth route.

These observations support the hypothesis that boron access is the likely driver of the
Fe3BO6 ↔ FeBO3 conversion, and is necessary in excess for phase-pure FeBO3 formation.
In solution combustion synthesis, the formation of a gel network after solvent evapora-
tion ensures a homogeneous distribution of Fe2O3 and B2O3, which react to form small
particles of Fe3BO6 during the combustion step. FeBO3 does not form from this reaction,
as there is no crystallite/B2O3 glass interface present for Fe3+ and O2− ions to diffuse out
towards, as described by Jach [38]. In the solid-state reaction, even with 100% excess B2O3,
crystallites do not receive full exposure to liquid B2O3 during annealing, but there is partial
coverage. Therefore, the complete conversion of all Fe3BO6 into FeBO3 is not completed
and we observe a mixture of the two phases. The flux growth method resolves the above
issues by ensuring complete contact of crystallites with B2O3, thus enabling complete
conversion into FeBO3 and preventing decomposition into Fe3BO6. While the formation
process of FeBO3 is well understood, the decomposition process is not. Based on previous
studies [17,26,37,38,41] and our investigations, the decomposition process and products
(either Fe3BO6 or α-Fe2O3) depend on temperature, boron availability, atmosphere, and
sample morphology (powder or single crystal). We do note, however, that decomposition
often becomes an issue above 810 ◦C regardless of other factors.

XRD spectra of the three FeBO3 powder samples are shown in Figure 2. The com-
bustion sample shows all major peaks of Fe3BO6 (PDF 2-2001) and the solid-state sample
displays all major peaks of FeBO3 (PDF 21-0423), as well as a mixture of Fe3BO6 and
α-Fe2O3 (PDF 33-0664) phases, as shown in Figure 2a. The flux-grown sample shows all
major FeBO3 peaks, which all exhibit peak splitting and/or broadening, as exemplified
in Figure 2b. Table 1 lists the observed peak locations and corresponding planes for each
sample. All major peaks are observed for each phase, with the expected intensity ratios
based on PDF database files. It should be noted that B2O3 is typically amorphous and
therefore does not present any distinct peaks in XRD data [42], so no statement can be made
about whether excess B2O3 is present in any sample, which can affect magnetic properties
by straining the crystallites [35].
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Figure 2. (a) X-ray diffraction spectra of FeBO3 samples synthesized via combustion, solid-state, and
flux growth methods. Vertical dashed lines are used to clarify which peaks belong to each phase.
(b) Magnified view of the largest FeBO3 peak to highlight peak location overlap between the three
possible phases. Vertical dashed lines are used to clarify the peaks belong to each phase.

Table 1. List of XRD peaks as well as their associated phases and planes for FeBO3 powders
synthesized via combustion, solid-state, and flux growth methods.

Sample Phase 2θ (deg.) Plane

Combustion Fe3BO6

21.79 (101)
24.18 (111)
30.32 (121)
33.46 (301)
35.10 (311)
35.74 (400)
36.33 (230)
38.58 (131)
39.73 (321)
41.22 (401)
41.70 (231) and (420)
54.48 (521)
54.98 (402) and (341)
55.40 (232)

Solid-State

Fe3BO6

30.26 (121)
24.10 (111)
33.37 (301)
35.06 (311)
55.35 (232)

α-Fe2O3

24.10 (012)
33.13 (104)
35.59 (110)
40.79 (113)
49.42 (024)
54.03 (116)

FeBO3

25.35 (012)
33.28 (104)
38.87 (110)
43.31 (113)
46.99 (202)
52.10 (024)
54.89 (116)
55.63 (108)
55.76 (018)
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Table 1. Cont.

Sample Phase 2θ (deg.) Plane

Flux Growth FeBO3

25.39 (102)
33.28 (104)
33.36 (104)
38.90 (110)
43.29 (113)
47.21 (202)
52.22 (024)
54.95 (116)
55.12 (116)
55.58 (108)
55.72 (018)

Lattice parameters and particle sizes determined via Rietveld refinement for each
phase are displayed in Table 2. The measured lattice parameters for FeBO3 are close
to single-crystal values [17,43,44] and are in good agreement with other bulk synthesis
studies [11,26,27]. Fe3BO6 [45–47] and α-Fe2O3 [48,49] peaks are also in good agreement
with the literature. Additionally, Table 2 lists the strain for each phase and the strain for
the flux-grown powder after washing to remove excess B2O3. We observe a significant
reduction in strain after removing B2O3 from the FeBO3 crystallites.

Table 2. XRD Rietveld refinement results.

Sample Phase Composition
(%) a [Å] b [Å] c [Å] V [Å3]

Particle Size
[nm]

Strain
Pre-Wash

(%)

Strain
Post-Wash

(%)

Combustion Fe3BO6 100 10.043 8.5314 4.4638 382.5 176 0.02 -

Fe3BO6 12.7 10.046 8.5268 4.4661 382.6 466 0.08 -
Solid-State α-Fe2O3 18.1 5.0388 5.0388 13.756 302.4 1079 0.10 -

FeBO3 69.2 4.6272 4.6272 14.491 268.7 1163 0.06 -

Flux Growth FeBO3 100 4.6276 4.6276 14.502 268.9 152 0.07 0.015

Figure 3 shows representative Raman spectra of the products from each synthesis
route. The combustion sample exhibits 11 of the 60 active phonon peaks predicted at room
temperature for the Pnma space group of Fe3BO6. Ag modes are represented by peaks at
208 cm−1, 319 cm−1, 503 cm−1, 612 cm−1, 717 cm−1, 820 cm−1, and 986 cm−1, the B1g at
385 cm−1, and the B2g peaks are observed at 446 cm−1 and 889 cm−1 [50,51]. Additionally,
there is one peak observed at 1205 cm−1, which belongs to the FeBO3 system. FeBO3 has
five Raman-active modes predicted from the R3c space group, A1g + 4Eg. The solid-state
sample exhibits all five of the Raman-active modes for FeBO3. These modes are observed
at 277 cm−1, 393 cm−1, 640 cm−1, 1211 cm−1, and 927 cm−1, which correspond to the two
lattice modes, the in-plane and asymmetric breathing modes of the BO3

3− ion, and the
A1g symmetric breathing mode, respectively [52–54]. In addition to the FeBO3 peaks, the
solid-state sample also exhibits six additional peaks characteristic of the hematite structure
of α-Fe2O3, which also belongs to the R3c space group. These peaks belong to the A1g

modes at 230 cm−1 and 502 cm−1, as well as the Eg modes at 251 cm−1, 296 cm−1, 413 cm−1,
and 612 cm−1 [55–57]. The flux-grown sample exhibits only the five Raman modes for
FeBO3, which supports the phase purity results indicated by the XRD data in Figure 2.
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Figure 3. Raman spectra of FeBO3 samples grown via combustion, solid-state, and flux growth methods.

As the XRD and Raman data indicate that the flux growth method produces phase-
pure FeBO3, the sample was further investigated for its structural and microstructural
properties, as shown in Figures 4 and 5. Figure 4a shows the surface of the flux-grown
FeBO3 sample after annealing but before washing. Hexagonal plate-like FeBO3 crys-
tals can be seen in Figure 4a embedded in a solid B2O3 flux. The plate-like crystals
range in size from 10 to 50 µm in width and 1 to 5 µm thick, though a few plates up to
10 µm thick were observed. The inset of the Figure 4a shows an EDS map of iron (Fe) in
the same area, which reveals the FeBO3 crystals more completely due to the increased
penetration depth of EDS compared to SEM. We do not report quantitative elemental
analysis from EDS, as boron is present in both FeBO3 and B2O3, and the low-energy X-rays
emitted by light elements such as boron suffer from sample/detector absorption, leading to
inaccurate compositions. After washing away the excess flux, a mixture of crystal patterns
is observed: plate-like, hexagonal prismatic, rhombohedral, and octagonal, as revealed
in Figure 4b–d. These forms are quite similar to those observed in FeBO3 grown from the
gas phase by Diehl et al. [58]. These patterns are generally close to either 10 µm or 1 µm in
size. It is common for crystals to be intergrown, such as in Figure 4c or the stacked plates
shown in Figure 4d. Figure 5 displays the TEM images and electron diffraction patterns of
representative crystals synthesized using the flux growth method. The diffraction patterns
match with the simulated patterns along the [001] and [121] zone axis, with filled dots
denoting allowed reflections and crosses representing forbidden reflections. The close
match between demonstrates a high degree of crystallinity in the material.

Figure 6 displays the optical absorption spectrum of the flux-grown FeBO3 sample,
measured in the wavelength range of 200 to 800 nm. A pronounced absorption onset
is observed near 445 nm, marking the fundamental absorption edge and correspond-
ing to electronic transitions between the filled valence band and 3d energy levels of the
Fe3+ ions [11]. There is a broad absorption minimum centered around 529 nm, which gives
rise to the characteristic vibrant green color of FeBO3 [11], along with a second, weaker
minimum ~730 nm in the far-red region. In contrast, many Fe-O compounds such as
spinels, garnets, and orthoferrites display strong absorption in the visible region, resulting
in dark red or brown coloration. Similarly, FeBO3 containing significant impurities typically
exhibits brown coloration accompanied by the suppression of the 529 nm absorption mini-
mum [11]. The two distinct absorption features ~445 nm and ~400 nm are assigned to the

https://doi.org/10.3390/inorganics14090233

https://doi.org/10.3390/inorganics14090233


Inorganics 2026, 14, 233 7 of 21

6A1g(6S) → 4A1g(4G) and 6A1g(6S) → 4E1g(4G) electronic transitions of Fe3+, respec-
tively [2,59–62]. Additional spectral features, including a step-like increase at ~361 nm
and a broad peak at 274 nm, are not definitively assigned but may arise from phonon- or
magnon-assisted sidebands of 4A1g and 4E1g excited states. Compared to single-crystal
FeBO3 [2,11,13,59–63] where the 445 nm 6A1g(6S) → 4A1g(4G) transition is well-resolved
and well separated below 400 nm, the current flux-grown polycrystalline sample exhibits
noticeable peak broadening, resulting in reduced spectral separation of these transitions.
Similar broadening effects have been reported previously for polycrystalline FeBO3 [64].

Figure 4. SEM images of FeBO3 synthesized via flux growth. (a) Sample after annealing but before
washing with (inset) EDS mapping of iron, showing hexagonal FeBO3 crystals embedded in solid
amorphous B2O3 flux. (b,c) Representative images of FeBO3 crystallites after washing, which show a
range of sizes and crystal habits. (d) Magnified view of crystallites in (b) highlighting plate stacking.

The optical absorption edge can be used to calculate the band energy gap (Eg) via
Tauc’s equation [65,66]

αhν = A
(
hν − Eg

)n , (1)

where α is the optical absorption coefficient, hν is the energy of the incident photon, A is a
proportionality constant (taken as 1 in this work), and n = 1/2 for direct allowed transitions.
Figure 6b shows a plot of (αhν)2 as a function of hν. A linear extrapolation of the dominant
absorption edge (red solid line) in Figure 6b yields Eg = 2.47 eV, which is much lower than
the expected value for single-crystal FeBO3 (2.9 eV). However, this underestimate arises
from the overlap with the Fe3+ intraionic transitions. The true optical band gap is instead
obtained by extrapolating from the baseline at the onset of the 400 nm absorption feature
(dashed black horizontal line), which defines the intrinsic absorption edge of FeBO3 [61,67],
as illustrated in the inset of Figure 6b by the solid blue line. Using this approach, an optical
band gap of Eg = 2.94 eV is obtained, which is in excellent agreement with the previously
reported values for high-quality FeBO3 single crystals [2,11,13,59–62].
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Figure 5. TEM images of two plate-like FeBO3 crystals obtained via flux growth.

Figure 6. (a) Optical absorption of FeBO3 synthesized via flux growth. (b) Tauc plot (Equation (2))
with fitting to determine the band gap (Eg) extrapolated from the dominant absorption edge (solid
red line), compared to the (inset) intrinsic absorption edge (solid blue line).

One of the most important parameters characterizing magnetic losses in ferromag-
netic and ferrimagnetic materials is the ferromagnetic linewidth, ∆H, which is related to
the well-known ferromagnetic resonance (FMR) phenomenon. In the present work, FMR
measurements were performed on the flux-grown FeBO3 sample over a frequency range of
5–30 GHz. Since the sample was polycrystalline and multi-orientated, we neglected the
field orientation dependence. The field-dependent resonance signals measured at selected
frequencies are presented in Figure 7a. The resonance spectra present as Lorentzian deriva-
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tives (dP/dH) due to the experimental geometry (as described in the Experimental section).
The curves at each frequency were fitted using a Lorentzian line shape [68] with a represen-
tative fit shown in Figure 7b. From these fits, the resonance field (HRes) and linewidth (∆H)
values were extracted and are summarized in Figures 7c and 7d, respectively.

Figure 7. (a) Resonance spectrum derivative (dP/dH) of flux-grown polycrystalline FeBO3 at various
frequencies. (b) Example Lorentzian fit (solid red line) used to determine (c) Resonance frequency as
a function of resonance field (HRes); the solid red curve represents a fit to the low-frequency AFMR
mode described by Equation (2), incorporating the Dzyaloshinskii–Moriya field, magnetic anisotropy,
and susceptibility anisotropy, and (d) Frequency dependence of the FMR linewidth (∆H) values,
along with the solid blue line representing a fit to Gilbert damping equation (Equation (3)).

While we did not perform field angle-dependence measurements, the rhombohedral
crystal structure and magnetization of FeBO3 typically exhibit a low-frequency resonant
mode (GHz) when the field is applied along the basal plane (H||ab). We therefore assumed
that this low-frequency antiferromagnetic resonance (AFMR) mode was the predominant
mode present and fitted the mode according to equation:

ω = γ

[
HRes(HRes + HD)

χ⊥
χ∥

+ H2
∆

] 1
2

(2)

where γ is the gyromagnetic ratio, HD is the Dzyaloshinskii–Moriya (DM) field asso-
ciated with spin-canting, H2

∆ is the isotropic energy gap, and χ⊥/χ∥ is the ratio of
transverse to longitudinal magnetic susceptibilities [69]. Note that this expression ex-
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plicitly incorporates anisotropy and therefore differs from the standard Kittel formula,
ω = γ

2π

√
(HRes)(HRes + Msat), which applies to an isotropic ferromagnetic thin film mea-

sured in-plane. Using the free-electron gyromagnetic ratio (γ = 2) [16,69–71], Equation (2)
was fitted to the experimentally determined HRes values shown in Figure 7c, yielding
HD = 32 kOe, H2

∆ = 0.05 kOe2, and χ⊥/χ∥ = 0.05.
The extracted DM field is approximately half of the ~60 kOe reported for single-

crystal FeBO3 [69,72] and films [71,73] at 300 K. This reduction is consistent with the
observed decrease in HD for impure FeBO3 crystals with brown coloration, which have
been attributed to the presence of Fe2+ and Fe4+ ions [69] as well as other defects such
as oxygen vacancies common to oxide materials and grain boundaries [74,75]. Although
the XRD and Raman measurements (Figures 2 and 3) do not suggest any evidence of a
secondary phase in the flux-grown sample, local defects are generally more prevalent
in polycrystalline powders than in single crystals, which likely accounts for the reduced
DM field. The isotropic energy gap H2

∆ is reduced by an order of magnitude compared to
single crystals [69,72] and by two orders-of-magnitude compared to thin films [71,73]. While
significant, order-of -magnitude changes in H2

∆ have been observed (and can be expected)
for FeBO3 owing to its large magnetoelastic coupling, making the AFMR spectrum highly
sensitive to lattice distortions and strain [73,76].

In single-crystal measurements with H||ab, the susceptibility ratio χ⊥/χ∥ is often
neglected [73] due to extremely small basal plane anisotropy in FeBO3 (<1 Oe) [11,16], which
results in χ⊥/χ∥ ≈ 1. However, the inclusion of this term is required for polycrystalline
powder samples to account for the distribution of all crystallographic orientations. The
fitted value of χ⊥/χ∥ = 0.05 is much larger than the hard-axis susceptibility calculated
by Ovchinnikov et al. [77], but smaller than the value of ~0.5 reported for single-crystal
FeBO3 [5,7] magnetized along the c axis. It is noted that in the present case, χ⊥/χ∥ is an
orientation-averaged parameter rather than a comparison between specific crystallographic
axes and likely contain contributions from a combination of intrinsic magnetic anisotropy,
particle morphology, and packing effects of the plate-like crystallites [11,27].

The linewidth values ∆H shown in Figure 7d are in good agreement with previous
reports on single crystal FeBO3 [16,69,70,72]. As described in [16], even small concentrations
of impurities or defects can increase ∆H values by several orders of magnitude, including
in crystals that appear visually uniform (in this case completely green in color). The modest
increase in ∆H observed here (approximately a factor of three relative to single crystals)
is attributed to the polycrystalline nature of the sample and indicates that the material
remains relatively defect-free for bulk powder. Furthermore, the absence of any additional
features in the dP/dH spectra also supports phase purity [71], consistent with the structural
characterization presented in Figures 2–5.

The frequency dependence of the linewidth follows:

∆H = ∆H0 +
4πα f

γ
, (3)

where ∆H0 represents extrinsic line broadening and α is the Gilbert damping
parameter [72,78–80]. Fitting the experimental data as shown in Figure 7d with this
equation yields values of α = 5.4 × 10−3 and ∆H0 = 48 Oe, which are in good agree-
ment with those reported for single-crystal FeBO3 results [72], confirming that the intrinsic
spin-damping mechanisms are largely preserved despite the polycrystalline nature of the
sample. This retention of the damping mechanism indicates that polycrystalline FeBO3

shares suitability for high-frequency applications with single crystal FeBO3 [76].
Figure 8a–c displays the temperature-dependent dc magnetic susceptibility for all

three synthesized powders, measured in ZFC and FC modes with an applied field of
2 kOe. All three samples show a transition upon heating past TN = 347 K, which is of
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ferromagnetic/paramagnetic character. This is typical for FeBO3 [11,27], as the canted anti-
ferromagnetic structure results in a weak ferromagnetism that dominates the temperature
behavior of the system. The expected maximum possible mass magnetization of the FeBO3

material is the spin-only magnetic moment of 4.526 emu g−1, or 0.002263 emu g−1 Oe−1 at
the applied field of 2 kOe in this work. Note that this value is adjusted from the full Fe3+

spin-only moment of 5.92 µB = 290 emu g−1 in order to account for the ~0.9◦ canting of
Fe3+ spins in the magnetic structure of FeBO3 [81]. As FeBO3 preferentially grows in flat
plates, the particles of any packed powder sample will also exhibit a preferred orientation,
which can be corrected for using

MP =
(π

4

)
MSC, (4)

where MP is the magnetization of the powder and MSC is the magnetization of a single crys-
tal sample [11]. This yields a maximum predicted susceptibility of 0.00178 emu g−1 Oe−1.

Figure 8. Temperature-dependent susceptibility of (a) combustion, (b) solid-state, (c) flux grown
FeBO3, all measured in ZFC and FC modes with an applied field of 2 kOe. (d) Comparison of
flux-grown FeBO3 and single crystal FeBO3 measured in the ab plane.

As seen in Figure 8a, the combustion sample exhibits a much smaller maximum sus-
ceptibility of 0.000119 emu g−1 Oe−1 (for the ZFC mode) at 2 K than the predicted value.
While this susceptibility is notably different from what has been reported for polycrystalline
Fe3BO6 [82,83] at 1 kOe, converting to a mass magnetization of 0.238 emu g−1 reveals a very
similar value to both reports, which may indicate that the system is near its maximum mag-
netization by 1 kOe. The relatively temperature-independent value of susceptibility up to
approximately 350 K, which is especially visible in the ZFC data, is in agreement with both
powder and single-crystal Fe3BO6 reports [83–86]. The combustion sample also displays
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significant splitting between ZFC and FC susceptibilities for T < 320 K. Additionally, above
348 K (TN for FeBO3), the susceptibility increases with temperature, which would be highly
unusual if the sample was in a purely paramagnetic state. The small susceptibility values
at low temperatures, and the increase in susceptibility above 348 K, are both accounted
for by the major presence of the Fe3BO6 phase in the combustion sample [82]. From the
XRD and Raman results discussed above, this sample consists entirely of the Fe3BO6 phase,
which exhibits a TN of 508 K as well as a spin reorientation at ~415 K [86,87]. Thus, it is
believed that the combustion sample is not in a purely paramagnetic state by 400 K (the
maximum temperature up to which data were measured in this work).

The solid-state sample exhibits a maximum susceptibility of 0.001738 emu g−1 Oe−1

at 2 K, as shown in Figure 8b, which is close to the predicted value for pure FeBO3. The
ZFC data also displays a broad increase from 68 K to 87 K that is not present in the FC
data. This could be due to the presence of an α-Fe2O3 impurity, for which the blocking
temperature (TB) is reported to change with the particle size below 50 nm. However, the
estimated particle size of the α-Fe2O3 phase in the present solid-state sample is quite large,
as shown previously in Table 2. The increased value of the magnetic susceptibility in the
solid-state sample could also be due to the presence of α-Fe2O3 impurity [3,4]. While the
expected maximum magnetic moment for α-Fe2O3 with 0.065◦ canting angle [88] is only
0.658 emu g−1, α-Fe2O3 can exhibit a much larger magnetic susceptibility depending on
its particle morphology [89–93]. It should be noted that the solid-state sample displays
significant ZFC/FC splitting (~12.5% at 2 K). This splitting reverses at ~270 K, which is
close to the α-Fe2O3 Morin transition at 260 K [94–96].

The flux-grown sample, consisting of pure FeBO3, displays the expected TN = 348 K in
Figure 8c, and exhibits a maximum susceptibility of 0.0013 emu g−1 Oe−1 at 2 K, which is
slightly smaller than the predicted FeBO3 value. The flux-grown FeBO3 displays negligible
ZFC/FC splitting at all temperatures. The lack of ZFC/FC splitting in the susceptibility
indicates that the system is highly reversible and should correlate with small magnetic
field coercivity (HC) values at all temperatures, which have been observed for single
crystals [7], powder samples of green color [27], and the flux-grown sample in this work. It
should be noted that some recent studies do show splitting below 80 K [5,28] which was
attributed to sample contamination, and particle size effects of those contaminants [25].
FeBO3 particle size effects, such as enhanced susceptibility and irreversibility as a result
of particle sizes under 200 nm [25], are not observed in the present flux-grown sample.
The susceptibility does not reach zero for T < TN, which indicates that the system does
contain paramagnetic impurities. For a direct comparison, Figure 8d shows the flux-grown
susceptibility alongside that of single-crystal FeBO3, measured in the ab plane.

Figure 9 shows the magnetic hysteresis loops of the synthesized FeBO3, measured at
several temperatures. The corresponding temperature-dependent coercive field (HC) and
remanent magnetization (MR) values for the synthesized powders are depicted in Figure 10.
The combustion sample exhibits wide and non-saturating hysteresis loops with MR and HC

values of 0.17 emu g−1 and 1300 Oe at 2 K, respectively, which are in agreement with typical
values for Fe3BO6 [35,81,85]. In addition, the loops are shifted vertically by ~0.20 emu g−1,
which implies that some moments in the system are pinned and do not rotate when the
applied magnetic field is changed. The results in this work are in close agreement with
the observations by Kumari et al. [35] that excess B2O3 bonded to the Fe3BO6 crystallites
can significantly affect the surface magnetism and thus the hysteresis properties of the
Fe3BO6 powder. As combustion reactions often form high-surface-area particles, and the
XRD results in Table 2 indicate particle sizes similar to those reported by Kumari et al. [35],
we attribute the observed vertical magnetization shift to uncompensated surface spins
present in small Fe3BO6 particles in the present sample. It should be noted that we do
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not attribute the shift to exchange coupling between antiferromagnetic and ferromagnetic
materials at their interface [97–99], as is often the case, as there is no evidence of other
phases present in the sample. The dramatic change in the hysteresis loop and the increase
in HC and MR values at 400 K are due to the abrupt spin reorientation in Fe3BO6 that occurs
at ~415 K. This spin reorientation temperature in the present case could have shifted to
lower temperature due to the applied field and particle size effects [86,87].

Figure 9. Magnetic hysteresis loops measured at select temperatures of (a) combustion, (b) solid-state,
(c) flux grown, and (d) single crystal FeBO3.

The magnetic hysteresis loops of the solid-state sample, shown in Figure 9b, exhibit
linear behavior typical of an antiferromagnet, in combination with a small ferromagnetic
hysteresis component. In the present solid-state sample, the HC values of ~500 Oe shown
in Figure 10b are significantly larger than what is typically observed in FeBO3 [77,100,101]
and are therefore attributed to the presence of α-Fe2O3 [101,102] and Fe3BO6 [35,81,85]. As
discussed earlier for Figure 8c, the FeBO3 particle size may also play a role in the enhanced
HC values [25], but particle size effects are likely minor as there is no major enhancement
of the total susceptibility in Figure 8c. Therefore, the enhanced HC is attributed to the
presence of the α-Fe2O3 and Fe3BO6 impurity phases. As with the combustion sample, the
solid-state sample exhibits a large jump in HC between 350 K and 400 K, which is attributed
to the spin reorientation in Fe3BO6 [76,77] as discussed above. While not visually apparent
in Figure 10b, the solid-state sample does also exhibit a corresponding increase in MR, from
0.034 emu g−1 to 0.0583 emu g−1, which is a similar percentage increase to that observed in
the combustion sample.
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Figure 10. Temperature-dependent values of coercive field (HC, black) and remnant magnetization
(MR, red) extracted from the magnetic hysteresis data for (a) combustion, (b) solid-state, (c) flux
grown, and (d) single crystal FeBO3.

Hysteresis loops for the phase-pure FeBO3 sample synthesized via flux growth
are shown in Figure 9c. These exhibit similar behavior to that of the solid-state sam-
ple, with linear loops and small ferromagnetic hysteresis at low fields. The HC val-
ues of ~60 Oe exhibited by the sample, as seen in Figure 10c, are larger than what
has been observed for FeBO3 single crystals [7,100] but well within the range for
powders [25–28]. It is noted that the values are much larger than the in-plane anisotropy
field for FeBO3 (<1 Oe), and much smaller than the out-of-plane anisotropy field
(~11 T at T = 2 K) [16,103,104]. MR values for FeBO3 are sparse in the literature, but
low-temperature values of approximately 1.6 emu g−1 are close to those of single-crystal
FeBO3 in Figure 10d, as well as in agreement with FeBO3 powder [26] and single crystal [77]
reports. The lack of exchange bias (horizontal shift) or pinning (vertical shift), the small
HC values, and the lack of ZFC/FC splitting discussed previously, all support the conclu-
sion that magnetic spins and domains within the present flux-grown FeBO3 powder are
highly reversible, with little magnetic energy loss, which will be of advantage for appli-
cations such as magneto-optical sensors, optical isolators or modulators, magneto-optical
imaging [105,106], and even as an anode material in batteries [107].

From the above discussion, the flux growth synthesis method is shown to be facile,
cost-effective, and practical method of producing the phase-pure green FeBO3 powder
required for future efforts towards developing FeBO3 as a magneto-optical material vi-
able for devices. The magnetic behavior of the flux-grown material is similar to that of
single-crystal FeBO3, which is a promising indication that the desired magnetic proper-
ties of single-crystal FeBO3 are retained in bulk polycrystalline form. Additionally, clear
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differences in maximum susceptibility ZFC/FC splitting, HC, and MR provide a compar-
ative analysis tool for identifying the quality of FeBO3 synthesis products through bulk
susceptibility measurements.

3. Experimental Section
In this work, we utilized three solution methods to synthesize bulk polycrystalline

FeBO3: citrate gel-combustion, solid-state reaction, and flux growth routes. These routes
were chosen to offer insights into recently reported growth methods, such as citrate gel-
combustion [36,81,107], as well as more established methods such as solid-state and flux
growth. Single-crystal FeBO3 was grown as described elsewhere [5,7].

3.1. Citrate Gel Combustion Method

Iron(III) nitrate hydrate (Fe(NO3)3 · 9H2O, Thermo Scientific, Waltham, MA, USA,
metal basis 98+% purity), boric acid (H3BO3, Alfa Aesar, Ward Hill, MA, USA, metal
basis, 99.99% purity), and citric acid monohydrate (C6H8O7 · H2O, Alfa Aesar, 99.5+%
purity) were dissolved in H2O in a 1:1:1 M ratio to form a 0.4 M solution. The solution was
evaporated on a 130 ◦C hotplate under constant stirring. Once fully dry, the powder was
heated to 300 ◦C for combustion. This powder was then annealed at 700 ◦C for 2 h in a tube
furnace, resulting in an orange powder, as shown in Figure 1a.

3.2. Solid-State Method

Iron (III) oxide (α-Fe2O3, Sigma Aldrich, St. Louis, MO, USA, 96%+ purity) and
boric acid were milled together in a 1:2 molar ratio in a mortar and pestle until visually
homogeneous. The powder was then annealed in air at 670 ◦C for up to 100 h in a tube
furnace. The resulting powder was orangish-red in color, as seen in Figure 1b and easy to
grind using a mortar and pestle.

3.3. Flux Growth Method

Iron nitrate, boric acid, and lithium nitrate hydrate (Li(NO3)·3H2O, Alfa Aesar, metal
basis, 99.999% purity), in a molar ratio of 1:5:1/25, were each individually dissolved in
an excess of H2O. Incorporating group 1 or 2 metal ions into the flux is a well-established
technique for reducing the flux viscosity, which results in increased reaction speed and
crystal growth rates [27,37]. The solutions were then combined, stirred well to homogenize,
and dried at 90 ◦C on a hotplate with regular stirring. The resulting powder was then
ground in a mortar and pestle before being suspended in an excess of acetone. The acetone
slurry was then dried at 75 ◦C on a hotplate with regular stirring. Once completely dry,
the loose powder was annealed in air at 500 ◦C for 12 h, followed by 810 ◦C for (at least)
48 h, with a 2 ◦C/min temperature ramp rate. Pressing the powder into a pellet before
annealing is unnecessary but does not impede the reaction. Immediately after annealing,
the powder was air-quenched from 810 ◦C to room temperature. The resulting powder
was primarily green, with a small amount of red-orange discoloration where the powder
was in contact with the crucible, which is indicative of Fe3BO6 or Fe2O3 impurity. This
discoloration was most pronounced in small batches of material, as shown in Figure 1c. An
entirely green powder, seen in Figure 1d, was achieved by increasing the batch size to at
least 15 g of pre-anneal material, which was very well homogenized. This was probably
due to the presence of enough flux to conglomerate the entire growth into a single mass,
thus promoting ion diffusion and discouraging the decomposition of FeBO3 into Fe3BO6

on exposed areas.
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3.4. Material Characterization

Structural analysis of the synthesized powders was performed using X-ray powder
diffractometry (XRD) on a D2 Phaser (Bruker, Billerica, MA, USA) with a Cu Kα source(

λ = 1.54 Å
)

, and Rietveld refinement was carried out using the FullProf software suite
(version 5.20) [108]. Raman spectra were collected at room temperature with a Ramascope
System 2000 (Renishaw, Wotton-under-Edge, UK) with a 514 nm laser. Laser exposure
time was limited to 30 s at 50% laser power to prevent decomposition of iron oxides [55].
Scanning electron microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS)
images were collected on a Verios 460L SEM (Thermo Fisher Scientific, Waltham, MA,
USA) with an EDAX Octane Elect Plus detector (Gatan Inc., Pleasanton, CA, USA). The
transmission electron microscopy (TEM) characterization was performed with a FEI Talos
TEM (Thermo Fisher Scientific, Waltham, MA, USA) operated at 200 kV. Electron diffraction
simulation was carried out using the CrysTBox software 1.0 [109]. Optical absorbance was
measured using a UV-2450 UV-Vis spectrometer (Shimadzu, Kyoto, Japan) attached to a
diffuse reflectance integrating sphere. A thin layer of FeBO3 powder was compressed onto a
puck of barium sulfate, which acted as a reflective reference. Ferromagnetic resonance mea-
surements were acquired using a co-planar waveguide in a GMW dipolar electromagnet
capable of applying magnetic fields up to 2 Tesla. Powders were placed above the waveg-
uide, with the applied magnetic field aligned perpendicular to the in-plane RF field. The RF
signal was supplied via a N5173B signal generator (Keysight Technologies, Santa Rose, CA,
USA) and the power output at each frequency was 10 dBm, though we note that the losses
from the cables and waveguide are not constant across the measured band. All measure-
ments were performed in a modulated Helmholtz geometry with a modulation frequency
of 1 kHz, and demodulated using a lock-in amplifier (SR860). Magnetic measurements
were performed on the sample using a vibrating sample magnetometer (VSM) mounted
to a DynaCool Physical Property Measurement System (PPMS, from Quantum Design
Inc., San Diego, CA, USA). Temperature-dependent dc susceptibility measurements were
performed in zero-field-cooled—warming (ZFC) and field-cooled—cooling (FC) modes
with a 2000 Oe applied dc magnetic field. Field-dependent hysteresis measurements were
performed with increasing temperature. The magnetic field was oscillated back to 0 Oe
between each measurement to remove any trapped magnetic flux in the magnet or sample.

4. Conclusions
We have compared three chemical synthesis routes and successfully developed a

facile strategy for the synthesis of phase-pure FeBO3 powder. This reliable and scalable
flux-growth method enables precise stoichiometric control in FeBO3, avoiding Fe3BO6

or α-Fe2O3 impurities, and offers a significant advantage over combustion or conven-
tional solid-state synthesis methods. We show that flux-grown FeBO3 is phase-pure and
of high structural quality, exhibits the correct optical band gap, and retains magnetic
properties comparable to those of single-crystal FeBO3, including a narrow antiferromag-
netic resonance line, a Néel temperature of 348 K, a maximum magnetic susceptibility of
0.0013 emu g−1 Oe−1, a low-temperature coercive field of 60 Oe, and remanent magneti-
zation of 1.6 emu g−1. These properties highlight that in addition to single-crystal FeBO3,
polycrystalline FeBO3 has strong potential for use in magneto-optical applications.
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