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ABSTRACT
A sol–gel-based soft-templating strategy for the synthesis of a hexagonal rare-earth orthoferrite and characterization of its
structural, optical, electronic, and magnetic properties are reported. Specifically, the work aims to show that amphiphilic block
copolymers as structure-directing agents (SDAs) are suitable for the production of metastable h-LuFeO3, a phase that is not
observed without SDA. The ability of the polymer SDA used herein to self-organize into superstructures while remaining
compatible with inorganic building blocks, known as the evaporation-induced self-assembly process (EISA), resulted in a
honeycomb-like network of open pores. In contrast to conventional epitaxy, it is demonstrated that the h-LuFeO3 can be readily
deposited as polycrystalline thin films on both silicon and quartz substrates by facile dip coating. The formation mechanism
of the mesoporous material during calcination in air is investigated using various physicochemical characterization techniques.
This revealed that certain reaction intermediates are produced that promote the formation of the hexagonal phase. Density
functional theory calculations support the experimentally derived properties and further provide information on the electronic
band structure. Overall, this study demonstrates a novel synthetic approach for producing orderedmesoporous and ferromagnetic
LuFeO3 thin films in the hexagonal rather than the orthorhombic phase due to the presence of a polymer SDA during synthesis.
1 Introduction

During the last decades, materials science has been focused
strongly on tailoring (phase) composition and structure of metal
oxides to achieve desired properties. Equally challenging is the
preparation of metastable compounds, which can be realized,
among others, by solidification of undercooled melts or epitaxial
growth [1, 2]. However, there is a lack of wet-chemical techniques
to produce metastable phases/materials.
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Hexagonal rare-earth orthoferrites (h-RFeO3) represent a promis-
ing class of metastable materials exhibiting various technolog-
ically relevant properties, such as ferroelectricity or ferromag-
netism at room temperature [3, 4]. Notably, they are promising
candidates for application in spintronics, e.g., for the develop-
ment of advanced memory devices. h-RFeO3 (R = Y, Eu, Yb)
materials were first synthesized in the 90s [5, 6], although the
structurally related manganites (h-RMnO3, R = Y, Ho‒Lu) and
aluminates (h-RAlO3, R = Y, Eu‒Er) with P63cm and P63/mmc
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structures, respectively, have already been known for many years
[7, 8]. Despite the discovery, the low-temperature h-RFeO3 phase
received virtually no attention until Bossak and coworkers pre-
pared thin films by metal-organic vapor-phase epitaxy (MOVPE)
in 2004 [9].

The expectation of ferroelectric and magnetic ordering being
present simultaneously in h-RFeO3 films has renewed interest
in these materials. Several synthesis methods can be employed
to produce highly crystalline h-RFeO3, including MOVPE [9],
spray pyrolysis [6], container-less processing [10, 11], molec-
ular beam epitaxy (MBE) [12, 13], pulsed laser deposition
(PLD) [14, 15], or sol–gel routes [16–18]. Apart from these
well-establishedmethods, herein it is shown that the evaporation-
induced self-assembly (EISA) process [19], extensively reported
for the preparation of mesostructured materials in literature
[20–23], can be used (to our knowledge for the first time) to
produce honeycomb h-LuFeO3 in film and powder form. Notably,
the EISA-based soft-templating approach is an inexpensive and
straightforward method to prepare self-assembling nanoarchi-
tectures [19, 24, 25], such as ordered mesoporous metal oxides
[26–29]. In this context, CoFe2O4 thin films, synthesized by the
EISA method via dip coating [30] showed that ordered meso-
porous networks exhibit uniquemagnetic properties. Specifically,
the authors demonstrated a strong preference for out-of-plane
magnetization due to buildup of in-plane tensile strain, along
with relaxation of out-of-plane strain [30]. These properties
are typically only observed for epitaxial thin films. The major
advantage of the EISA approach, however, lies in the possibility
to use and combine low-cost nitrate salts with amphiphilic block
copolymer structure-directing agents (SDAs), for which meso-
porous filmswith thicknesses of several hundred nanometers can
be obtained by facile spin or dip coating, followed by calcination
in air. Multifaceted physicochemical characterization revealed
that LuFeO3 indeed crystallizes in the hexagonal phase when
heated at temperatures above 800◦C under preservation of the
nanostructured architecture.

2 Results and Discussion

In the present work, the honeycomb-like structure was pro-
duced by a poly(ethylene-co-butylene)-block-poly(ethylene oxide)
diblock copolymer, hereafter referred to as KLE [31], using an
EISA process [19, 32]. In this process, the SDA forms a lyotropic
mesophase, which is replicated by the inorganic building
blocks [33]. Ferric and lutetium nitrate salts as inorganic precur-
sors gave the best results in terms of phase purity and structural
uniformity. Specifically, an isotropic solution was prepared by
blending ethanol, 2-methoxyethanol, KLE, and the respective
hydrated nitrate salts (see Experimental section, Supporting
Information, for details). This solution was used to prepare
films by dip coating onto silicon or quartz glass substrates. As
mentioned above, the inorganic/organic species undergo self-
assembly during solvent evaporation, leading to the formation
of a mesostructured (amorphous) framework [34]. Thermal
treatment was then performed to (i) stabilize the “wet” composite
material by driving condensation (i.e., crosslinking of inorganic
building blocks) at 130◦C, (ii) induce degradation of the SDA
above 250◦C, and (iii) convert the glassymatrix into a single-phase
rare-earth orthoferrite at temperatures close to 900◦C.
2 of 12
Themesoporousmorphologywas probed using scanning electron
microscopy (SEM), transmission electronmicroscopy (TEM), and
atomic force microscopy (AFM). Figure 1a–c shows top-view
SEM images of the KLE-templated LuFeO3 thin films heated at
temperatures ranging from 830◦C to 910◦C. At 830◦C, a crack-
free, honeycomb-like network of about 15 nm diameter pores is
evident. Tapping-modeAFM (Figure 1d) confirmed the formation
of a structurally robust architecture with a smooth top surface,
i.e., a low root-mean-square (RMS) roughness. With increasing
calcination temperature (Figure 1b), the crystalline domains
grow, with the grains appearing to be elongated along the vertical
direction, thereby slightly distorting the cubic arrangement of
pores. As can be seen from Figure 1c, the initial ordering is largely
lost by 910◦Cdue to thermally induced grain growth (coarsening).
At this temperature, the crystalline domains are somewhat larger
than the (initial) porewalls, amismatch resulting in restructuring
and loss of the nanoscale periodicity. The cross-sectional SEM
images shown in Figure S1 further corroborate that mesoporosity
persists throughout the bulk of the LuFeO3 thin films. This was
also confirmed by TEM analysis (Figure 1e–h), demonstrating
the mesoporous nature of the material heated at 910◦C and
the hexagonal phase formation. The latter is apparent from the
selected-area electron diffraction (SAED) pattern presented in
Figure 1g. It is noteworthy that powdermaterial Figure S2 showed
the same crystallization behavior; the (002) lattice spacing (d002
= 0.585 nm) is characteristic of the hexagonal phase with space
group P63cm [35].

To investigate the crystallization behavior of the KLE-templated
LuFeO3 thin films, especially the solid-solid conversion reactions
and phase transformation during heating, various characteri-
zation techniques, including X-ray diffraction (XRD), Fourier-
transform infrared (FTIR) spectroscopy, Raman spectroscopy,
and thermogravimetric analysis coupled with mass spectrometry
(TGA-MS) were employed. Both FTIR spectroscopy and TGA-MS
analysis provide important information on the film composition
at the beginning of the solidification process. However, for such
experiments, around 100 mg of sample is required for obtaining
reliable results. This relatively large amount corresponds to the
active mass of tens to hundreds of thin films. Therefore, KLE-
templated LuFeO3 in powder form was prepared under virtually
identical conditions and studied accordingly.

Figure 2a–c shows the respective data from temperature-
dependent FTIR spectroscopy, XRD, and TGA-MS measure-
ments. At first, the freshly prepared auburn-colored solution was
spin coated onto a petri dish, followed by drying in air at room
temperature for 24 h (solidification). The heating rate was set
to 5◦C min−1, with aging steps at 130◦C for 3 and 6 h at 300◦C
(condensation). Subsequently, the powder material was heated
to either 450◦C, 600◦C, 750◦C, 800◦C, or 900◦C under ambient
conditions. The FTIR spectroscopy and TGA-MS data indicate
that the nitrate salts are partially dehydrated, with vibrational
bands appearing in the spectral region between 1700 and 700
cm−1. For comparison, spectra collected from both the diblock
copolymer KLE and the hydrated metal salts employed in this
work are shown in Figures S3–S5, along with the corresponding
band assignments in Tables S1–S5.

The isolated (“free”) planar trigonal nitrate ion (NO3
−) has D3h

symmetry and shows four types of vibrational modes, namely
Advanced Materials Interfaces, 2026
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FIGURE 1 Top-view SEM images of KLE-templated LuFeO3 thin films heated at (a) 830◦C, (b) 870◦C, and (c) 910◦C. (d) Tapping-mode AFM
image (870◦C), with the contrast covering height variations in the 0‒6 nm range. (e, f, h) Bright-field TEM images (910◦C) at different magnifications
and (g) corresponding SAED pattern.
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two non-degenerated ν1 (NO symmetric stretch) and ν2 (out-of-
plane) as well as two doubly degenerated ν3 (NO2 asymmetric
stretch) and ν4 (NO2 bend). However, if covalent or coordination
bonds (i.e., monodentate, bidentate, or bridging ONO2 groups)
are present in a given metal nitrate compound/complex, the D3h
symmetry is lowered to either C2v or Cs [36]. This leads to six
fundamental modes of vibration, as reported by Gatehouse et al.
[36]. Table S6 provides a summary of the observed frequencies
and assignment of vibrational modes, while the established
descriptions of nitrate vibrational modes are given in Tables S1
and S2.

Overall, two main conclusions can be drawn from the findings.
First, it can be ascertained that after heat treatment at 300◦C,
the material is largely free of (crystal) water and the nitrate
groups converted to oxynitrate [MOx(NO3)y] and to a lesser extent
to (di)oxy(mono)carbonate [M2O2+x(CO3)1−x] species (with M
= Fe3+, Lu3+) [37, 38]. At this temperature and below, the
formation of “MONO3” represents an intermediate state. Ferric
and lanthanide nitrates are known to dissolve in their own water
of crystallization at temperatures above 60◦C. This pathway is
accompanied by dehydration and formation of hydroxy- and
oxynitrate species (i.e., partial hydrolysis or thermolysis) [37].
Second, the SDA is not fully decomposed, as demonstrated by
the presence of distinct C−H stretching modes (Figure S3 and
Tables S3, S6). This is due to the preservation of the “PEB
block” and agrees well with the TGA-MS data in Figure S6. It
should be noted that KLE possesses a relatively high thermal
stability up to 400◦C, with about 40% of weight retained. In
contrast, the commonly used Pluronic-type SDAs are pyrolyzed
at temperatures below 300◦C [39, 40]. It can be assumed that
gaseous CO2, as a thermal decomposition product of the PEO and
PEB blocks, readily reacts with the in situ generated oxynitrate
species to dioxymonocarbonates, such as Fe2O2CO3 or Lu2O2CO3.
The latter have been shown to form in CO2-rich environments
[41, 42]. Lutetium dioxymonocarbonate, for example, is known
Advanced Materials Interfaces, 2026
to be stable over a broad temperature range and can be readily
obtained by thermal combustion of organic precursors, such as
acetates, oxalates, or related metal carboxylate compounds [43].
The emergence of M2O2+x(CO3)1−x was observed at temperatures
≥300◦C, as indicated by the FTIR spectroscopy data in Figure 2a.
The gradual formation of CO2 during calcination is apparent
from the characteristic band at about 2336 cm−1 (ν3, asymmetric
stretch mode of CO2). The progressive polymer degradation at
elevated temperatures is accompanied by a steady increase in
oxycarbonate formation, as proven by a series of FTIR spectra
acquired at temperatures from 130 to 900◦C (Table S6). The bands
detected between 450◦C and 750◦C can be clearly assigned to
carbonate vibrational modes (C2v symmetry).

TGA-MS analysis revealed that both the nitrate and formed
hydroxyl groups decompose between 130◦C and 300◦C to NOx
and H2O (Figure 2c). However, the in situ generated oxynitrate
species rather decompose toward 380◦C, suggesting the formation
of LuONO3 as an intermediate [38]. Moreover, thermal and
oxidative degradation products of the diblock copolymer KLE,
e.g., C2H2 and CO2, were also detected.

The crystallization behavior of the KLE-templated LuFeO3 was
studied in some detail by XRD. To this end, the samplewas heated
gradually to 900◦C. No signs of crystallinity were found below
750◦C. The lack of long-range ordering (amorphous nature) is
apparent from the presence of a broad peak in the XRD pattern
(Figure 2b). The latter was found to shift to around 33◦ 2Θ as
the temperature increases from 130◦C to 750◦C, thus suggesting
the formation of glassy LuFeO2+x(CO3)1−x as a kind of transition
phase [43]. The stoichiometry parameter x (at 550◦C) can be
roughly estimated from the TGA-MS data. Because the SDA
is completely combusted by 550◦C (see MS signal of CO2 in
Figure 2c and Figure S6), the weight loss of about 3.6% from
550◦C to 900◦C corresponds to x≈ 0.5. In fact, someminor release
of CO was observed between 580◦C and 780◦C. The initially
2
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FIGURE 2 (a) FTIR spectra and (b) XRDpatterns of KLE-templated
LuFeO3 in powder form heated at 130◦C (A), 300◦C (B), 450◦C (C), 600◦C
(D), 750◦C (E), 800◦C (F), and 900◦C (G). The vibrational band marked
with an asterisk indicates the presence of carbonates. (c) TGA-MS analysis
in synthetic air (80% N2 and 20% O2) in the temperature range from 30◦C
to 900◦C. The heating rate was set to 5◦C min−1. The dashed black line
represents the TG curve. The MS analysis shows O2 (m/z = 32) in purple,
H2O (m/z = 18) in blue, NO (m/z = 30) in brown, CO2 (m/z = 44) in red,
and C2H2 (m/z = 26) in orange. The solid black line in the inset displays
the heating profile.

4 of 12
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amorphous material crystallized in the hexagonal space group
P63cm, as previously mentioned [11]. Considering both the XRD
and MS data, the crystallization temperature was determined to
be (780 ± 10)◦C. The average grain size was calculated using
the Scherrer equation to be (7.5 ± 2.0) nm at 800◦C and (15.0
± 2.0) nm at 900◦C. Notably, no secondary phases, such as α-
Fe2O3, C-type Lu2O3, o-LuFeO3, or Lu3Fe5O12, were detected,
indicating the formation of single-phase, mesoporous h-LuFeO3.
Interestingly, in the absence of SDA, orthorhombic instead of
hexagonal LuFeO3 formed at a temperature of about 700◦C
(Figure S7). From this result, we conclude that the intermediate
oxycarbonate phase plays an important role in the formation of
h-LuFeO3. This finding underscores that soft-templating can be
used to produce unique crystallographic structures that cannot
be formed in the sol–gel process without SDA (no oxycarbonate
formation).

As proposed for epitaxially grown LuFeO3 thin films [9], in
the hexagonal structure with non-centrosymmetric space group
P63cm (𝐶3

6v
), the elementary cell consists of six formula units, with

Fe atoms being fivefold coordinated by a trigonal bipyramid of
O atoms. The Lu atoms are eightfold-coordinated by O atoms in
the form of a distorted dodecahedron and arranged between alter-
nating layers of corner-sharing FeO5 polyhedra [11]. In the basal
(ab) plane, the FeO5 bipyramids are slightly tilted with respect
to the c-axis, as schematically shown in Figure 3a. By contrast,
in the aristotype P63/mmc structure, the FeO5 bipyramids are not
tilted and the Lu layers are planar and not buckled as in the lower-
symmetry structure. Also, the Lu atoms are cubically coordinated
by eight O atoms.

Figure 3b shows XRD patterns collected from a mesoporous h-
LuFeO3 thin film heated at temperatures between 830 and 910◦C.
As can be seen from this data, the material does in fact crystallize
in the hexagonal system and is highly c-axis oriented, which
is evident from the presence of distinct (00l) reflections. Re-
addressing the results from the FTIR spectroscopy and TGA-MS
investigations, the formation of R2O2+x(CO3)1−x appears to play
a crucial role in the crystallization behavior of h-LuFeO3. Three
structure types of rare-earth dioxymonocarbonates are described
in the literature, namely tetragonal type-I (I4/mmm, 𝐶20

2v
), mono-

clinic type-Ia (C2/c, 𝐶6

2v
), and hexagonal type-II (P63/mmc, 𝐷4

6ℎ
)

[42]. Among these polymorphs, type-II R2O2CO3 is the most
stable phase; the others are metastable and transform into the
high-temperature type-II phase at relatively low temperatures
(≥400◦C) [42]. Nevertheless, in all three polymorphic forms, the
R3+ ions are eightfold coordinated by O2− from the carbonate
groups, [R(CO3)4]5–, forming a distorted dodecahedron, as in
the h-RFeO3 phase. From the FTIR spectroscopy data, it can
be construed that dodecahedral rare-earth sites also exist in the
glassy M2O2+x(CO3)1−x, which appears to be beneficial to the
preparation of h-LuFeO3.

Although XRD is well suited for examining the bulk crystallinity,
it can be insensitive to minor fractions of impurity phases,
especially in nanocrystalline materials. Therefore, Raman spec-
troscopy measurements were carried out, aiming at ruling out
Advanced Materials Interfaces, 2026
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FIGURE 3 (a) Scheme of the h-LuFeO3 unit cell according to [11].
Lutetium atoms occupying the dodecahedral 2a and 4b sites are shown
in blue, iron atoms on trigonal-bipyramidal 6c sites in black, and oxygen
atoms on 2a, 4b, and 6c sites in red. Four additional oxygen atoms (black
front ellipses) were added to illustrate the distorted cube. For the sake of
clarity, all ions were drawn smaller (non-space-filling), and the relative
size of oxygen atoms was reduced by a factor of 3.5. (b) XRD patterns of
a 200 nm thick KLE-templated LuFeO3 film heated at 830◦C, 870◦C, and
910◦C (from bottom to top). The distinct peak at 33◦ 2Θ stems from the
(100)-oriented silicon substrate used.

FIGURE 4 (a) Raman spectra of KLE-templated LuFeO3 thin films
on (100)-oriented silicon substrate (A) heated at 830◦C (B), 870◦C (C),
and 910◦C (D). The appearance of bands at 232 cm−1 (2TA), 301 cm−1

(2TA), 433 cm−1 (2TA+2A), 470 cm−1 (2TO), 519 cm−1 (LO), 619 cm−1,
and 669 cm−1 (TO+TA) is due to Si-Si modes and indicates that the laser
is capable of penetrating through the mesoporous material. (b) Raman
spectra of KLE-templated LuFeO3 in powder form heated at 900◦C.
Reference spectra of o-LuFeO3 and C-type Lu2O3 are presented in Figure
S8 for comparison. Note that some of the Raman bands were fitted with
Lorentzian profiles, see dashed red curves.
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the formation of secondary phases in the mesoporous h-LuFeO3
thin films. Representative unpolarized Raman spectra of KLE-
templated LuFeO3 both in film and powder form, measured
at room temperature, are shown in Figure 4a,b. For the pow-
der sample, data was collected with different laser powers to
achieve optimal separation of the broad Raman bands. According
to group-theoretical considerations, the P63cm structure of h-
LuFeO3 should give rise to 38 first-order Raman active modes
(9×A1, 14×E1, and 15×E2). Their assignment is a challenging
task (highly anisotropic material), as the phonon modes from
different crystallographic directions are overlapping and can
only be distinguished by polarized Raman scattering. Overall,
seven and nine distinct Raman bands were detected for the film
and powder samples, respectively. They were assigned based of
literature data available for single-crystalline h-LuMnO3 [44] and
are given in Table 1. Specifically, Raman bands were observed
at 114, 267, 373, 395, 470, 495, and 645 cm−1 for the thin films.
The lack of bands is not surprising and can be understood in
Advanced Materials Interfaces, 2026
terms of finite-size effects (phonon confinement), which often
results in line broadening and vanishing of phonon modes due
to decreasing scattering intensity [45, 46]. Note that some modes
are likely temperature-sensitive and can be only detected in low-
temperature experiments, as shown for various h-RMnO3 (R =
Er, Y, Yb, Lu) materials, for example [47–50]. By changing the
Nd:YAG laser power from 2 to 0.2 mW (λexcitation = 532 nm), both
minor blue shifts of band positions and improved peak resolution
were noticed. However, this strategy only worked for the powder
material. Regardless, both the XRD and Raman spectroscopy
5 of 12
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TABLE 1 Raman bands and mode assignments for various h-LuFeO3 materials.

h-LuFeO3 h-LuMnO3 [45]

No. Film (2 mW) (cm−1)
Powder (2 mW)

(cm−1)
Powder (0.2 mW)

(cm−1) Single crystal (cm−1) Assignment

1 114 113 115 121 A1

2 267 266 272 266 A1

3 — — 291 301/309 A1/E2
4 373 391 396 380 E1
5 395 391 409
6 470 469 475 472 A1

7 495 491 500
8 — — 623 642 E1
9 645 646 653 689 A1
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results provide profound evidence that the formation of impurity
phases during high-temperature calcination can be excluded.

To gain insight into the surface and bulk chemical composition,
band structure, and magnetic properties of the KLE-templated
h-LuFeO3 thin films, X-ray photoelectron spectroscopy (XPS),
time-of-flight secondary ion mass spectrometry (ToF-SIMS), UV-
vis spectroscopy, and superconducting quantum interference
device (SQUID) measurements were conducted on the meso-
porous material. In addition, density functional theory (DFT)
calculations were carried out.

Detailed knowledge of the band gap energy (Eg) is required for
potential applications in photoelectrochemical devices [51]. To
determine the optical band gap, the equation αhν = const (hν −
Eg)n [describing the absorption coefficient (α) as a function of
photon energy of incident light (hν)] can be exploited [52]. The
type of optical transition, i.e., either direct or indirect, is given
by the exponent n. Figure 5a shows Tauc plots for direct and
indirect transitions in the KLE-templated h-LuFeO3 thin films.
The latter samples have a light orange to yellow color at room
temperature. In the visible range between 800 and 400 nm (see
absorbance spectra in Figure S9) two maxima at about 530 nm
(∼2.34 eV) and 430 nm (∼2.88 eV) were observed. According to
literature reports, they arise from electric dipole allowed oxygen-
to-iron (O 2p to Fe 3d) charge-transfer transitions and are likely
combinedwith spin-forbiddend-d transitions involving high-spin
Fe3+ ions (e.g., 6A1 →

4A1 and/or 6A1 →
4A2,4E) on trigonal

bipyramidal sites [53, 54]. Interestingly, an indirect transition
around 1.25 eV was detected in the low-energy infrared region,
representing a 3d crystal-field transition, in agreement with
theoretical predictions by Pavlov et al. [53]. Note that formally
spin-forbidden d-d transitionsmay occur inmagnetically coupled
iron sublattices through antiferromagnetic interactions between
adjacent Fe3+ ions [55]. The intensity of these transitions can be
up to several orders of magnitude weaker compared to ligand-
to-metal charge-transfer transitions. The band gap energy was
determined from the data for the direct transition to be (1.9 ±
0.1) eV, which is in reasonable agreement with reported literature
values [54]. The latter energy was determined by extrapolating
the linear part of the curve to zero. However, ab initio band-
6 of 12
structure calculations by Wang et al. for defect-free h-LuFeO3
suggest a substantially lower value of 1.35 eV (∼918 nm) and
further a band gap structure of both direct and indirect nature
[54]. Therefore, we also estimated the indirect band gap energy
[(1.8± 0.1) eV]. In light of these findings, themesoporousmaterial
can be categorized as a charge-transfer insulator [56].

To compare the experimentally derived data for the
(opto)electronic properties with the electronic band structure,
DFT calculations using the wave technique implemented in the
Vienna ab initio simulation package (VASP) were performed
[57]. It has been reported that the optical band gap energy of Fe-
containing oxides differs significantly from the actual electronic
band gap energy, primarily due to formation of polaron defect
states [58]. The h-LuFeO3 phase with space group P63cm was
referenced from previous work done by Magome et al. [11]. The
lattice constants were re-optimized to a = 5.94 Å, b = 5.94 Å,
and c = 11.66 Å. Figure 5b shows the band diagram of the crystal
structure along the high-symmetry points of the Brillouin zone,
calculated with an effective U value (Ueff) of 6.0 eV, providing
a good match with the ab initio calculations by Wang et al. for
defect-free h-LuFeO3 [54]. The underlying calculations yield an
indirect band gap energy of 1.20 eV (K − Г) and a direct band gap
energy of 1.41 eV (Г − Г), as indicated in Figure 5b. The electronic
structure presented here is similar to that described in previous
works by Han et al. [59] and Holinsworth et al. [60], with the
notable difference that the top of the valence band is located at
the K point rather than the Г or A points. h-LuFeO3 is found to
exhibit an indirect band gap, contrary to previous studies that
characterized it as a direct band gap material [60]. However, our
current calculations are consistent with the findings of Melo
et al. [61], who also reported on an indirect band gap of 1.03 eV
(K − Г) and a direct band gap of 1.06 eV (Г − Г) in non-collinear
calculations with Ueff = 4.0 eV. The valence bands are situated
nearer to the Fermi level than the conduction band lines, a trend
also noted in the literature [61]. Our calculations with Ueff =
6.0 eV for the Fe element yielded a band gap that more closely
matches the experimental results, showing (in the infrared
region) an indirect transition at 1.20 eV (see also Figure S10),
which is ascribed to a 3d crystal-field transition, in agreement
with other studies [53]. However, the discrepancy between the
Advanced Materials Interfaces, 2026
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FIGURE 5 (a) Tauc plots for direct (⬜) and indirect (○) opti-
cal transitions in KLE-templated LuFeO3 thin films heated at 910◦C.
(b) Electronic band structure of h-LuFeO3 along the high symmetry path
directions in the Brillouin zone. (c) Total partial density of states of the
h-LuFeO3 phase for all elements. The energy distributions of Lu d, Fe d,
O s, and O p states are illustrated.
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experimental band gaps (1.9 eV direct, 1.8 eV indirect) and
the DFT+U calculated ones (1.4 eV direct, 1.2 eV indirect)
is expected after the +U correction also, as GGA-PBE-based
methods are known to underestimate band gaps. The Hubbard
U term improves the description of localized electron states, but
it does not fully resolve the limitations of standard functionals
Advanced Materials Interfaces, 2026
in treating exchange-correlation effects. Further methods, such
as hybrid functional HSE06 or GW calculations, are scope
of perspective investigations. Therefore, we mainly focused on
understanding the qualitative electronic structure and trends. For
this purpose, theDFT+U method was used for computationally
efficiency and has also been reported in previous work by Li et al.
[62]. The partial density of states (PDOS) presented in Figure 5c
elucidates the contributions of individual orbitals near the Fermi
level. Specifically, the O p orbitals strongly contribute to the
valence band, while the Fe dxy+yz+xz orbitals exhibit dominant
contributions in the conduction band.

The chemical composition and oxidation states of the near-
surface elements of the mesoporous material were probed using
XPS. Figure 6a presents the survey spectrum, exhibiting photoe-
mission lines of Lu, Fe, O, and C, as expected. High-resolution
XP spectra revealed the spin-orbital splitting of Fe 2p at 710.6 eV
(2p3/2) and 724.8 eV (2p1/2), with satellite peaks appearing at
binding energies of 718‒723 and 730‒734 eV (Figure 6b), thus
indicating the presence of Fe3+ [32, 63, 64]. The photoemission
line of the Fe 3p state was identified at a lower binding energy
of 55.8 eV. The Lu 4d core-level region showed peaks at 195.1 eV
(4d5/2) and 205.4 eV (4d3/2) (Figure 6c), characteristic of Lu3+
[65]. In addition, the spin-orbital splitting of Lu 4f led to the
appearance of peaks at 7.1 and 8.4 eV for the 4f7/2 and 4f5/2
contributions, respectively [66]. Overall, the XPS data corroborate
the above results.

ToF-SIMS measurements were also conducted to learn about
the elemental distribution in the bulk of the KLE-templated h-
LuFeO3 thin films. Figure 7a shows the profiles for Si+, Fe+, and
Lu+ as a function of depth from the top surface to the (silicon)
substrate. The film thickness was determined by profilometry
after ion sputtering. From this data, it appears that iron is slightly
enriched at the top surface, while lutetium is depleted, likely
due to segregation effects. Similar findings have been made for
chemically different but structurally relatedmetal oxide films [67,
68]. Hence, ToF-SIMS confirms that both iron and lutetium are
uniformly distributed throughout the bulk.

To characterize the Brunauer-Emmett-Teller (BET) surface area
of the h-LuFeO3 thin films, an N2-physisorption analysis was
performed, as shown in Figure 7b, taking into account the film
dimension, porosity, and density. The specific surface area was
determined to be approximately 140 m2 g−1, which is consistent
with values found for other KLE-templated metal oxide thin
films [26, 67]. The hysteresis loops can be attributed to the
gas adsorption behavior that occurs exclusively in mesoporous
networks (multilayer adsorption followed by pore condensation)
[69]. This is further confirmed by the cross-sectional SEM images
in Figure S1, clearly showing that the bulk structure consists of
a mesoporous framework (through-pore structure) that allows
good accessibility for gaseous species.

The magnetic behavior of the h-LuFeO3 thin films was investi-
gated by SQUIDmagnetometry using a QuantumDesignMPMS-
L5 system. Figure 8 shows typical out-of-plane zero-field-cooled

(ZFC)/field-cooled (FC) curves acquired over the temperature
range of 5‒380 K. These measurements were performed after
cooling the samples to liquid helium temperature (T = 4.2 K)
and demonstrate to what extent the thermal energy affects the
7 of 12
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FIGURE 6 (a) XP survey spectrum of KLE-templated LuFeO3 thin
films heated at 910◦C. The asterisk denotes the Fe 3p, O 2s, and Lu 5p core-
level regions at low binding energies. Detail spectra of the (b) Fe 2p and
Fe 3p and (c) Lu 4d and Lu 4f core levels. Solid black lines represent fits
to the data and those in red are the sum of peak fits.

FIGURE 7 (a) TOF-SIMS depth profile of a KLE-templated LuFeO3
thin film on (100)-oriented silicon substrate heated at 910◦C show-
ing the distribution of Fe+ (○), Lu+ (⬜), and Si+ (△). (b) N2-
adsorption/desorption isotherms for (500 ± 50) nm thick KLE-templated
LuFeO3 films with a total area of approximately 46 cm2 after heating at
830◦C (blue) and 910◦C (black).
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dc magnetization (M). From the ZFC and FC curves, which were
measured at static magnetic fields of both 1 and 5 kOe, it is
apparent that the mesoporous material exhibits ferromagnetic
behavior and undergoes two distinct transitions at TSR1 = (125
± 5) K and TSR2 = (325 ± 5) K at 5 kOe. These transitions
can be attributed to a spin reorientation because of competing
ferromagnetic states (driven by magnetic anisotropy), i.e., a spin
8 of 12
reversal along the c-axis. The spin reversal at TSR1 has also
been observed by neutron diffraction experiments conducted
on 60 nm thick h-LuFeO3 films [4]. A slight shift from (125 ±
5) K to (85 ± 5) K was found for smaller field strengths, likely
due to some anisotropy of the ferromagnetic component. In
principle, the mesoporous h-LuFeO3 thin films contain magnetic
Fe3+ ([Ar] 3d54s0) and nonmagnetic Lu3+ ([Xe] 4f145d06s0) ions.
Their ferromagnetic behavior is determined by antisymmetric
Fe─O─Fe Dzyaloshinskii-Moriya exchange interactions [70, 71],
similar to materials such as α-Fe2O3 [72], FeBO3 [73], or o-
RFeO3 [74], involving slightly canted spins of the triangular
sublattice on the ab plane along the out-of-plane direction [56, 75].
Unfortunately, the Curie temperature could not be determined,
as it exceeded the temperature range of the equipment used.
However, as evident, the material retains its long-range magnetic
ordering up to temperatures of at least 380 K, in agreement
with literature results [4]. The significantly higher spin-ordering
temperature compared to h-RMnO3 (R = Y, Yb, Lu; TN ≤ 90 K)
[76] materials is reasonable because in Fe-based compounds,
such as BiFeO3 and o-RFeO3, much stronger Fe─O─Fe exchange
interactions are present and the contribution of five (thermally
robust) 3d electrons per Fe atom with high-spin configuration
dominates. Note that the strength of the anisotropic exchange
Advanced Materials Interfaces, 2026
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FIGURE 8 ZFC (○)/FC (⬜) curves collected fromaKLE-templated
LuFeO3 thin film heated at 910◦C, with the plane of the substrate oriented
perpendicular to the external magnetic field (out-of-plane direction) at
1 kOe (filled symbols) and 5 kOe (empty symbols).

FIGURE 9 In-plane (red) and out-of-plane (blue) magnetic proper-
ties of the KLE-templated LuFeO3 thin films heated at 910◦C. Hysteresis
curves measured at (a, b) 5 K and (c, d) 300 K.

 21967350, 2026, 2, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202500639 by K
arlsruher Institut Fur T

echnologie, W
iley O

nline L
ibrary on [18/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
interaction has been shown to strongly depend on both the
magnetic moment of the transition metal (Fe, Cr, Mn, etc.) and
the bond angle and length.

To examine the coercivity (HC) as a function of temperature,
hysteresis curves (out-of-plane magnetization isotherms) were
measured, as shown in Figure S11. The data clearly demonstrates
that the films are ferromagnetic at room temperature and show
no signs of superparamagnetism. Moreover, the material can be
saturated at any temperature by a magnetic field of less than
10 kOe. Also, the shape of the hysteresis loops, as presented in
Figure 9a–d, is typical of soft ferromagnets. The HC values were
determined to be 210 and 125 Oe (out-of plane; blue curves) and
265 and 105 Oe (in-plane; red curves) at 5 and 300 K, respectively.
Overall, the KLE-templated h-LuFeO3 thin films were found to
exhibit characteristics of a ferromagnet at room temperature,with
soft-magnetic properties.

3 Conclusions

In this study, the preparation of metastable h-LuFeO3 in film
and powder form by soft-templating is reported. Samples hav-
ing a high degree of pore ordering were successfully pro-
Advanced Materials Interfaces, 2026
duced in the hexagonal instead of the orthorhombic phase
commonly observed by using an amphiphilic poly(ethylene-
co-butylene)-block-poly(ethylene oxide) diblock copolymer as
structure-directing agent. The crystallization behavior of the
hexagonal phase was probed using XRD, along with Raman and
FTIR spectroscopy, as well as TGA-MS. Notably, the formation
of Lu2O2+x(CO3)1−x was found crucial to the synthesis of single-
phase h-LuFeO3 at temperatures above 800◦C. Aside from that,
the structural, optical, electronic, and magnetic properties of the
ordered mesoporous thin films were thoroughly studied, among
others, by electron microscopy, UV-vis spectroscopy, and SQUID
magnetometry. Interestingly, theywere found to be ferromagnetic
at room temperature, with a preferred out-of-plane magneti-
zation. The latter seems to be related to the strong texturing,
which helps to overcome the shape anisotropy. Overall, this
work represents an intriguing design concept for the preparation
of mesoporous h-LuFeO3 thin films (and probably also related
hexagonal rare-earth orthoferrites) with unique physicochem-
ical properties for application in various areas of materials
science.
9 of 12
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