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1. Introduction

The class of spinel ferrites with general formula MFe2O4

(M= bivalent main group or transition metal cation) is of signif-
icant scientific and technological interests due to their tunable
magnetoelectrical, photocatalytic, and photoelectrochemical
properties. Given their ferromagnetic properties that can be
modulated under applied magnetic fields, they find extensive

applications in magnetic data storage, tele-
communication, catalysis, and sensors.[1,2]

Spinel structure is composed of anions
forming face-centered-cubic (FCC) struc-
ture and two types of cations (M2þ and
M3þ) occupying interstitial octahedral and
tetrahedral sites in the FCC lattice.[3,4] A
characteristic structural property of spinel
ferrites is the cation disorder expressed
as the degree of inversion, which manifests
the exchange of M2þ cations from tetrahe-
dral sites to the octahedral sites occupied by
Fe3þ cations in the regular (normal) spinel.
The degree of inversion in spinel ferrites
largely depends on the synthesis conditions
and is subject to the nature of precursors
and processing conditions, and thus a
broad range of cation distribution (between
0.1 and 0.9) has been reported.[5] Since spi-
nel samples display different magnetic
properties depending on whether they pos-
sess normal or inverse structures,[6,7] care-
ful control over the synthesis conditions is
crucial to establish a structure–property
relationship in soft spinel ferrites. For

example, normal and inverse spinel show different ion transport
and stability undergoing lithiated and delithiated states.[3,8–10]

While spinel crystals such as MgAl2O4 found in nature gen-
erally exhibit a regular structure, the synthetic samples mostly
exhibit a significant degree of inversion, possibly due to the faster
kinetics of crystallization that is inhibitive for required cation
exchange in the lattice. On the other hand, the formation of
inverse spinel-like Fe3O4 in nature is favored with Fe2þ centers
preferentially occupying the octahedral sites rather than the tet-
rahedral positions. The ferrimagnetic behavior and net magnetic
moment in ferrite spinels result from the antiferromagnetic cou-
pling between Fe3þ ions at octahedral and tetrahedral sites
through the electronic orbitals of bridging oxygen centers
(Figure 1).[11,12] In previous studies, we have shown that judi-
cious changes in synthesis parameters such as choice of precur-
sor, precursor flux, substrate, and precursor temperature, and
duration can significantly affect the characteristics of the target
material.[13–15] In the context of molecule-based materials synthe-
sis, Mathur et al. reported on the deposition of MgAl2O4 spinel
structure from three different Mg–Al precursors, namely
[MgAl2(O

iPr)8], [MgAl2(O
tBu)8], and [MgAl2H4(O

tBu)4].
[16] The

slight changes in the chemical configuration of the three precur-
sors were shown to predominantly influence the vapor pressure,

H. Lee, Z. T. Aytuna, A. Bhardwaj, M. Wilhelm, K. Lê, S. Mathur
Institute of Inorganic Chemistry
University of Cologne
Greinstr. 6, 50939 Cologne, Germany
E-mail: sanjay.mathur@uni-koeln.de

B. May, D. N. Mueller
PGI-6
Research Centre
Juelich GmbH
Leo-Brandt-Str., 52428 Juelich, Germany

© 2023 The Authors. Advanced Engineering Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adem.202300021

Single-phase magnesium ferrite spinel films (MgFe2O4) were grown by magnetic
field-assisted chemical vapor deposition (mfCVD) of a mixed-metal precursor
compound, [MgFe2(O

tBu)8]. The formation of monophasic MgFe2O4 deposits as
a function of the applied magnetic field strength (B= 0.0, 0.5, and 1.0 T) was
investigated and confirmed by X-ray diffraction and photoelectron spectroscopy
analyses. Thin film cross-sectional electron microscopic analysis (FIB-SEM)
exhibited higher grain growth and densification in MgFe2O4 films obtained under
the magnetic field influence when compared to spinel samples grown under zero-
field conditions. Application of an external magnetic field of varying strengths
during the chemical vapor deposition process resulted in a change in the light
absorption properties and crystal orientation in the MgFe2O4 films, evident in the
decreased photoabsorbance analyzed by the UV-Vis spectra and the decrease of
intensity of the (400) peak in MgFe2O4 films grown under magnetic field. A
comprehensive analysis of X-ray diffraction and X-ray magnetic circular dichroism
(XMCD) results indicated a higher degree of inversion in MgFe2O4 deposits
grown in an external magnetic field corroborated by a larger contribution of ligand
field transitions of tetrahedrally coordinated Fe(III) centers affecting the visible
light absorption of MgFe2O4 films.
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decomposition temperature, growth rate, and crystallinity, and
purity of the CVD deposit.[16] Bloesser et al. synthesized
phase-pure magnesium ferrite by a microwave-assisted method
with Mg(acac)2 and Fe(acac)3 precursors and calcination as a
post-treatment enabled to control the degree of inversion. The
increasing temperature induced particle agglomeration and high
degree of inversion. However, further temperature rising
resulted in lowering the degree of inversion.[17] Pradhan et al.
also synthesized MgFe2O4 by ball milling of MgO and Fe2O3

and controlled the degree of inversion by postannealing.
Pradhan et al. found increasing the degree of inversion by con-
firming increasing occupancy of Fe3þ in octahedral site along
increasing the post-annealing temperature.[18] In order to obtain
phase-pure NiGa2O4, [NiGa2(O

tBu)8] was used in two different
CVD configurations. While the normal CVD setup yields mixed
phases of NiGa2O4, Ni, and NiO due to premature decomposi-
tion of the Ni–Ga mixed-metal precursor, shortening the reactor
length and modifying the precursor flux to maintain a laminar
flow and an intact transport of the precursor, single-phase

NiGa2O4 was obtained.[19] Similarly, low-temperature synthesis
of nanocrystalline zinc aluminate spinel (ZnAl2O4) from the
molecular precursor, [ZnAl2(O

iPr)8], produced partially inverse
spinel at a lower temperature (<900 °C, degree of inversion
� 0.3), whereas a regular spinel was obtained at 1000 °C.[20]

Although the effects of the degree of inversion in spinel ferrites
such as magnetic and optical properties are well-known, the
methods to control the degree of inversion are less studied
and mostly limited to high-pressure studies. For example, the
influence of an external magnetic field during spinel synthesis
has not been investigated in detail so far.

Our previous studies demonstrated the effect of external mag-
netic fields on the morphology, phase formation, and catalytic
properties of functional materials synthesized by magnetic
field-assisted chemical vapor deposition (CVD).[21–25] We report
herein on the synthesis of MgFe2O4 thin film by CVD of a single-
source precursor, [MgFe2(O

tBu)8], under applied magnetic field
and zero-field conditions. The influence of the external magnetic
field on structural properties and chemical composition was
studied by X-ray diffraction data and X-ray photoelectron spec-
troscopy (XPS), respectively. The incipient inversion in the spinel
structure as a function of the magnetic field was studied by X-ray
absorption spectroscopy (XAS) and the X-ray magnetic circular
dichroism (XMCD) that confirmed a higher degree of inversion
in MgFe2O4 deposits grown in external magnetic.

2. Results and Discussion

The heterometallic alkoxide precursor [MgFe2(O
tBu)8] (1) used

for the deposition of MgFe2O4 (MFO) films was synthesized
by following a previously reported salt metathesis reaction
between K[Fe(OtBu)4] and anhydrous magnesium chloride
(Figure 2).[13,26,27]

The structural motif of 1 resembles the heterometallic spiro
compounds of general formula [M{M’(OtBu)4}2] (M= Co, Zn,
Ni, M’= Fe, Al),[13,16,26–29] exhibiting a bivalent central cation
coordinated in a bidentate manner by the two tert-butoxo ligands
of the tetrahedral Fe(OtBu)4}

� alkoxometallate units (Figure 2).
Thermogravimetric analysis (TG) of 1 (Figure 3a) indicated

instant hydrolysis of the precursor in the initial phase which
is common in metal alkoxides, which demonstrates their intrin-
sically high reactivity, making them attractive precursors for
metal oxides.[30–34] The three-step decomposition led to a total
mass loss of 69% (7.327mg of 10.6189mg) (Δm1= 64%
(6.796mg) in the range 25–260 °C, Δm2= 4% (0.425mg) in
the range 260–500 °C, and Δm3= 1% (0.106mg) in the range
500–900 °C) that is close to the theoretical mass loss of 72%
expected for the formation of MgFe2O4. The deviation in the

Figure 1. At the top, crystal structure of inverse spinel (Fe3O4); Fe
3þ (blue)

and Fe2þ/Fe3þ (gray) in the tetrahedral and octahedral based on the
face-centered-cubic structure of O2� ions (red). At the bottom, electron
configuration and the exchange interactions of Fe ions in Fe3O4.

Figure 2. Salt metathesis reaction for the synthesis of heterometallic precursor 1.
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weight loss is possible due to the initial hydrolysis, which is inev-
itable despite the precursor handling in dry nitrogen, of the sam-
ple. Alternatively, the deviation from the theoretical value is
possible due to the minor losses associated with the vaporization
of a tiny fraction of the precursor. Any weight loss at temperatures
higher than 500 °C was negligible indicating the formation of a
solid of definite composition. Consequently, it was considered suit-
able as the substrate temperature for CVD. The formation of a
solid-state ternary compound (MgFe2O4) of definite composition
was confirmed by powder X-ray diffraction of the solid residue
collected from the crucible (Figure 3b).

The MgFe2O4 films (MFO) were grown in a magnetic field-
assisted CVD process using the heterometallic single-source pre-
cursor 1 in a cold-walled CVD reactor fit with a perpendicularly
aligned permanent magnet. The MFO films were grown on fluo-
rine-doped tin oxide (FTO) by heating the precursor to 180 °C and
maintaining the substrate temperature at 500 °C for 20min. To
elucidate the influence of the magnetic field on the growth of
MFO film, CVD was performed under both zero-field (B= 0)
and field-assisted (B= 0.5 and 1 T) conditions. The formation
of the MgFe2O4 spinel phase was verified by X-ray diffraction
and XPS studies, which confirmed the phase purity and elemen-
tal stoichiometry (cubic structure and space group: Fd-3m),
respectively (Figure 4 and 5). The X-ray diffraction (XRD) pattern
(Figure 4c) confirmed the successful deposition of MgFe2O4 thin
films by mfCVD technique, indicating diffraction peaks at 30.01°,
35.46°, 43.14°, and 57.04° corresponding to the (220), (311), (400),
and (511) planes following the literature data (JCPDS# 01-088-
1938) and indicating the formation of an inverse spinel structure
(Figure 4b). Overall, the three MgFe2O4 thin films grown under
different magnetic fields showed similar diffraction patterns and
phase structure. However, the (400) peak intensity was found to
gradually diminish when the applied magnetic field was
increased up to 0.5 T. For comparison, the simulated XRD pat-
tern shows (Figure 4d) a systematic decay of peak intensity for
the (400) plane as a function of the degree of inversion of spinel
structure, suggesting a magnetic domain reorientation during
the mfCVD and consequent inversion of MgFe2O4 spinel struc-
ture. As comparing the measured and simulated XRD patterns,

the lowered (400) intensity (Figure 4c) at 0.5 T indicates the high
degree of inversion and the increased (400) intensity at 0 and
1.0 T indicates the lowered degree of inversion. This tunable
degree of inversion according to the external field matches the
X-ray magnetic circular dichroism (XMCD) results below which
explain increasing and decreasing magnetic moments indicating
the degree of inversion.

The XPS analyses confirmed the presence of magnesium,
iron, and oxygen in all three samples with small amounts of car-
bon originating from residual precursor fragments adhering to
the walls of the CVD chamber (Figure 5a). The high-resolution
spectra of the Fe 2p peak centered at 710.3 eV confirmed that iron
is mainly present in the Fe3þ valence state as supported by the
characteristic satellite feature around 719 eV. Minor traces of
Fe2þ (708.3 eV) were also found, which is an indication of a
field-driven chemical reduction or antisite defects of Fe2þ occu-
pying the Mg2þ position.[35]

Although no pronounced texturing effects were observed in the
XRD characterization data of MFO films deposited under zero-
field and field-assisted conditions (Figure 4), the application of
an external magnetic field affects the topology of the grains in
MFO films, analyzed by dual-beam focused ion beam–scanning
electron microscopic analysis (FIB–SEM, Figure 6). As-grown
films showed a uniform deposition of MFO on FTO substrates,
whereas films deposited with an applied magnetic field perpendic-
ular to the precursor flow (Figure 5C and 6B) exhibited larger grain
sizes with pronounced grain boundaries when compared to MFO
films grown under zero-field conditions (Figure 6A). The mag-
netic field effects on grain density and crystal size were previously
observed; however, the field of magnetic field-assisted CVD
remains elusive.[21,34] The surface analysis performed through
the image processing software (ImageJ) indicated about 2–3%
of surface porosity in MFO films deposited under zero-field con-
ditions, whereas no porous morphology was observed in MFO
films grown at 0.5 and 1 T. Cross-sectional analyses of MFO films
(Figure 6D–F) did not indicate any specific trend in the film thick-
ness, although MFO films grown at B= 1 T showed the highest
thickness of 1.91 μm compared to 0 T (Figure 6D, 1.23 μm) and
0.5 T (Figure 6E, 0.88 μm).

Figure 3. a) Thermogravimetric measurement of [Mg{Fe(OtBu)4}2] (1) up to 900 °C with a heating rate of 10 °Cmin�1 and b) powder X-ray diffraction
pattern of the TG residue with literature data shown as red vertical lines (JCPDS #96-101-1242).
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Figure 7 represents the absorbance spectra of MFO films as a
function of the applied magnetic field. MFO-0 T sample absorbed
in a wide wavelength range (300–650 nm) and showed the high-
est absorbance. The decreased absorbance might microscopically
be related to the increased grain size of the films deposited under
a magnetic field (Figure 6). In the order of thickness, MFO-1.0 T
is the thickest, and MFO-0.5 T is the thinnest but in the order of
absorbance, MFO-0 T is the highest. Therefore, the thickness
effect is excluded and the optical properties enable it to be manip-
ulated by controlling grain size and magnetic field.

From the viewpoint of the local atomic and electronic struc-
ture investigated by the XAS, both the Fe-L- and the Mg-K- edges
(Figure 8a,b) show very little changes with field strength during
deposition. The changes in both the white line (maximum) inten-
sity and energy of the Fe L3 edge (Figure 8a) (�707 eV) could not
be compared due to the charging of the samples, which leads to
distortion at high-intensity levels. In general, the spectra are
quite similar and are in line with a d5 electronic configuration
(indicating Fe3þ). The Mg-K-edges (Figure 8b) show similar
behavior and apart from a change in absolute intensity in the
triplet peak structure around 1300 eV, there is no significant
difference visible in the XAS data. The general characteristics
of the spectra, which are mostly dictated by the symmetry around
the Mg center as there is little deviation from the formal Mg2þ to
be expected, are most similar to the signature of enstatite and
diopside, where Mg resides in octahedral coordination.[36] This
suggests that the MgFe2O4 deposited through mfCVD is spinel

with considerable inversion. The variation in inversion fraction
with the magnetic field during deposition, which is suggested by
changes in the intensity of the (400) peak, is only marginally
corroborated here, as the structure of the XAS essentially stays
similar. However, the most interesting aspect is the O-K-edge
spectra (Figure 8c), which showed a decrease in the pre-edge
peak at �529 eV in samples deposited under 1 T. This region
is related to the octahedral Fe–O environment, where the elec-
tronic states make up most of the region of the Fermi level
and are of O 2p parentage constituted by nonbonding orbitals
on O atoms to antibonding t2g orbitals of Fe atoms. The decrease
of the prepeak feature, in simple terms, suggests a depletion of
charge carries, as the lowest unoccupied molecular orbital
(LUMO) that is accessed here is a direct measure of the hole
concentration

The lowering in the intensity of the (400) plane as a function of
the magnetitic field in XRD suggests that the applied magnetic
field critically influenced the crystal facets and triggered a pref-
erential lattice growth in MFO films. Alternatively, the occupancy
of Mg and Fe atoms in tetrahedral and octahedral centers defining
the degree of inverse spinel structure could be impacted, as such
that the suppression of (400) plane (in simulated XRD depicted in
Figure 4d) with 0.5 T fields indicating the inversion of structure.
In accordance with the XAS results (Figure 8), the UV–vis
spectroscopy showed that the MFO-0 T samples absorbed illumi-
nated light in a wider wavelength range that is indicative of a
differential amount of Fe3þ ions in octahedrally coordinated sites.

Figure 4. Crystal structure of MgFe2O4 ferrite a) normal spinel b) inverse spinel, c) XRD pattern of chemical vapor deposited MgFe2O4 under 0, 0.5, and
1 T magnetic field (Tsubstrate= 500 °C, Tprecursor= 180 °C, tdeposition= 20min). d) Simulated XRD pattern as a function of the degree of inversion.
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Figure 6. FIB–SEM images of deposited films using precursor 1 in CVD with zero-field A), 0.5 T B), and 1 T C) perpendicular to the precursor flow as well
as a cross section of MFO films D: 0 T, E: 0.5 T, and F: 1 T).

Figure 5. The XPS analytical data representing A) a survey spectrum, B) Fe 2p, and C) O 1s of deposited MFO films via mfCVD of precursor 1 with
different field strength (B= 0, 0.5, and 1 T).
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Further, the XMCD measurements were conducted to study
themagnetic properties of a specific element, such as its spin and
orbital magnetic moment. In the case of the Fe atom present in
the spinel structure, a 2p electron is excited to a 3d state by an
X-ray photon of about 700 eV. Because the 3d electronic states are
the origin of the magnetic properties of the elements, the spectra
contain information on their magnetic properties. The XMCD
spectra shown in Figure 9 indicated a decreasing magnetic

moment with an increase in the external field applied during
the deposition up to 0.5 T. This decrease in the magnetic
moment is relevant to the higher degree of inversion in the
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Figure 7. UV–vis absorption spectra of the deposited films.

Figure 8. XAS spectra for Fe-L a), Mg-K b), and O-K c) edges of MgFe2O4 deposited under different magnetic fields.

Figure 9. Normalized XMCD spectra of MFO thin films deposited under
0–1 T magnetic fields.
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spinel lattice evident until an applied field of 0.5 T. The XMCD
spectra of the samples grown at a higher magnetic field showed
higher magnetic moments of the Fe atom. The published
data[12,17] suggest, based on Fe L-edge spectra, that the occupancy
of octahedral Fe3þ differs between the magnetized and reference
films, which indicates that magnetization affects the degree of
inversion. A plausible explanation for the nonlinear behavior
of the influence of field on the degree of inversion in this study
appears to be a result of two counterbalancing effects: on the one
hand, the applied magnetic field (1 T) influences the film growth
(e.g., interaction with precursor flux or with any adsorbates/
nucleation intermediates); on the other hand, it is not strong
enough to affect the solid state as expected in the case of mag-
netic annealing. In order to see a magnetic annealing effect,
stronger fields might be necessary to overcome ion migration
barriers, which were not possible with the current experimental
setup.

3. Conclusion

Magnesium ferrite (MFO) films were successfully deposited in a
CVD process using a single-source precursor [Mg{Fe(OtBu)4}2]
under zero-field and magnetic field-enhanced deposition condi-
tions. The external magnetic field applied during the CVD pro-
cess was found to promote grain growth that influenced the
optical properties of samples deposited under zero-field and
applied field conditions. Exemplified by the structural data
and magnetic dichroism results, CVD under an external
magnetic field influences the magnetic domain of the
MgFe2O4 spinel sublattice and inversion of the crystal structure.
Compared to compositional modifications such as doping or
energy-consuming heat treatment processes, the external mag-
netic field seems an attractive and reproducible soft parameter
to control the degree of inversion, which in turn can substantiate
a range of functional properties of spinel ferrites.

4. Experimental Section

Precursor Synthesis: The precursor synthesis was carried out under inert
atmosphere (nitrogen gas) using a Stock glass vacuum line. All used
reagents were used without further purification and the solvents
were freshly distilled over sodium. TG analysis was performed by a
TG/DSC1 (Mettler Toledo GmbH, Germany) apparatus using nitrogen
gas and a heating rate of 10 °Cmin�1.

[Fe(OtBu)3]2: A suspension of anhydrous FeCl3 (5.78 g, 36mmol) in dry
toluene (50mL) was cooled using liquid nitrogen and dry THF (150mL)
was slowly added. After the mixture thawed, a solution of fresh sublimed
KOtBu (12.09 g, 108mmol) in dry THF (150mL) was added and the sus-
pension was stirred for 24 h at 80 °C. The solvent was removed under
reduced pressure and the product was obtained after sublimation at
90 °C in vacuo (p= 10�2 mbar) as a green solid, yielding 7.15 g (26mmol,
72%). Molar mass: 550.38 g mol�1; Found C, 51.8; H 9.2. Calc. C, 52.4; H,
9.8%.

[Mg{Fe(OtBu)4}2] (1): For the synthesis of [Mg{Fe(OtBu)4}2], KO
tBu

(2.0 eq) in dry THF (25mL) was added to a solution of [Fe(OtBu)3]2
(1.23 g, 2.24mmol) in 40mL toluene. Afterward, anhydrous MgCl2
(0.11 g, 1.12mmol) in 25mL dry THF was added and the reaction was
stirred overnight at 70 °C. The formed KCl was removed by extraction with
pentane (2� 15mL) and the product was obtained as a green–yellow solid
by sublimation (Tsublimation= 140 °C, p= 10�2 mbar). Molar mass:
720.38 gmol�1.

MfCVD Deposition: For the deposition of MFO films a cold-walled sys-
tem, an external horizontal magnetic field (2� 2 cm2, DC current), pro-
duced by an electromagnet (MagMess EM- 2), was used. FTO
substrates (1� 1.5 cm) were heated to 500 °C using a DC Joule heater
and 100mg of the precursor in a 10mL flask was implemented by a glass
flange into the system. The deposition was performed by a precursor tem-
perature of 180 °C and a deposition time of 20min.

Physicochemical Characterization: The X-ray diffraction characterization
of the synthesized powders and films was measured on a STOE
diffractometer with STADI MP system (Cu Kα= 1.54178 Å, 40 kV,
40mA). FIB–SEM images of MFO films were measured using a Strata
Dual Beam 235 from FEI. Chemical analysis of the surfaces was performed
using XPS utilizing an ESCA M-Probe spectrometer from Surface Science
Instruments (SSI), which is equipped with a monochromatic Al Kα
(1486.6 eV) X-ray source. All recorded spectra were referent to a binding
energy of 284.8 eV based on the C 1s signal from adventitious carbon.
Compositional calculations were performed using CasaXPS. XAS and
XMCDwere recorded with synchrotron radiation (BESSY-II, HZB) and nor-
malized typically with the two-point method (at the far-lowest and highest-
energy points of each edge).
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