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ABSTRACT

Biotite crystals are phyllosilicate trioctahedral micas with the general chemical formula K(Mg,Fe)3AlSiz019(0OH)2
that form a solid-solution series with iron-poor phlogopite and iron-rich annite endmembers. With a wide band
gap energy and a layered structure with free surface charges, biotite nanosheets can be readily obtained by
cleavage methods and used as dielectrics in nanodevice fabrication for the next generation of electronics and
energy harvesting. Here, a comprehensive study of biotite samples with different iron concentrations and
oxidation states is presented. Structural, optical, magneto-optical, and magnetic characterizations were per-
formed using several experimental techniques, including state-of-the-art synchrotron-based techniques, to
correlate the iron chemistry (content and oxidation state) with the macroscopic properties of both minerals. The
study reveals a nanoscale-homogeneous Fe distribution via synchrotron X-ray fluorescence mapping, defect-
mediated optical transitions modulated by Fe3*/Fe?* ratios, and temperature-dependent magnetic transitions
from paramagnetism to competing ferro—/antiferromagnetic interactions. Furthermore, the use of these biotite
crystals as substrates for ultrathin heterostructures incorporating monolayer (ML) MoSe; is explored by magneto
photoluminescence at cryogenic temperatures. The results show that the presence of iron impurities in different
oxidation states significantly impacts the valley properties for ML-MoSe;. Overall, these findings offer a
comprehensive interpretation of the physical properties of bulk biotites in a correlative approach, serving as a
robust reference for future studies aiming to explore biotites in their ultrathin form.

1. Introduction

insulating (Illarionov et al., 2020; Knobloch et al., 2021) and topological
insulating (Kou et al., 2017; Culcer et al., 2020) LMs, most of which are

One possible route for the future scaling of electronics is the inte-
gration of two-dimensional materials (2DMs) with existing silicon
technology through the fabrication of thin nanosheet devices (Lemme
et al., 2022; Zhu et al., 2023). Motivated by the development of this
future hybrid electronic approach, researchers have investigated the
fundamental properties and applications of several types of layered
materials (LMs), including metallic and semimetallic ones (Novoselov
et al., 2005; Craco et al., 2025), superconductors and semiconductors
(Novoselov et al., 2005; Duan et al., 2015; Choi et al., 2017), as well as

synthesized by different routes. Although there are naturally occurring
LMs (Frisenda et al., 2020), relatively little research has been carried out
on natural insulating LMs compared to synthetic ones (Barcelos et al.,
2023). The usual presence of defects and impurities (i.e., extra elements
incorporated in the crystal lattice during the material formation) in
naturally occurring LMs poses challenges for optimizing their properties
for nanotechnology applications. On the other hand, they are abundant
on Earth and easy to extract. Therefore, understanding defect engi-
neering that enables their use in future nanotechnological applications
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could be the key to reducing overall costs (Fiori et al., 2014; Illarionov
et al., 2020; de Oliveira et al., 2024b; Lopez-Richard et al., 2025).

Recently, there has been increasing interest in the physical properties
of phyllosilicate minerals in their few-layer form (Barcelos et al., 2018;
Mogg et al., 2019; Santos et al., 2019; Frisenda et al., 2020; Matkovi¢
etal., 2021; Zou et al., 2021; Cadore et al., 2022; de Oliveira et al., 2023;
Longuinhos et al., 2023; Wei et al., 2023; Haley et al., 2024; Mahapatra
et al., 2024a; Costa Freitas et al., 2025; Feres et al., 2025; Kawahala
et al., 2025; Pacakova et al., 2025). Phyllosilicates are naturally occur-
ring LMs with a large band gap energy, making them suitable as di-
electrics in ultrathin van der Waals heterostructures (vdWHSs) (Barcelos
et al., 2018; Janica et al., 2018; Gadelha et al., 2021; Nutting et al.,
2021; Prando et al., 2021; Vasic et al., 2021; Barbosa et al., 2025).
Moreover, defects and impurities in this material class allow free charges
on the material surface to be transferred to another LM, modifying the
overall optical and electrical properties of the 2DM-based devices
(Mania et al., 2017; Mahapatra et al., 2022, 2023; de Oliveira et al.,
2024a; Pramanik et al., 2024; Ames et al., 2025). Phyllosilicates are
Earth-abundant minerals, easy to extract, easily handled, and air-stable,
with the common presence of iron (Fe) impurities, from which magnetic
proximity effects and magnetic properties can arise, even at the mono-
layer limit (Matkovic et al., 2021; Khan et al., 2023; Mahapatra et al.,
2024b; Pacakova et al., 2025).

Biotite emerges as a phyllosilicate of interest within the framework
of Earth-abundant insulating LM sources, due to the possibility of tuning
its optical and magnetic properties by controlling the Fe content. Also
known as black mica, biotite is a phyllosilicate within the trioctahedral
mica group with the chemical formula K(Mg,Fe)3AlSi30;19(OH), (Deer
and Howie, 1962; Maslova et al., 2004; Deer et al., 2013) (see Figs. la-
c). Moreover, biotite forms a solid-solution series with the phyllosilicate
phlogopite (KMgs3(AlSi3)O10(OH)3), which is a Fe-free phyllosilicate in
principle, and annite (KFegAlSi30;9(OH)s), the ideal Fe-endmember
(Deer and Howie, 1962). The general lamellar structure of biotites
(Fig. 1c) is oriented along the c-axis formed by the intercalation of two
tetrahedral silicon oxide layers (T), with one Al-for-Si substitution, with
(Mg,Fe)-trioctahedral layers (Oc) and K between the layers (Deer and
Howie, 1962; Frisenda et al., 2020), forming a T-Oc-T structure with a
cationic interlayer. The Oc layer has three possible sites, two of which
are equivalent and called M1(B) sites, in which the six-coordinated ions
are surrounded by four O and two OH in a cis-configuration (Rausell-
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Colom et al., 1979). The non-equivalent site is in a trans-configuration,
called M1(A) site (Rausell-Colom et al., 1979). Fe atoms are expected to
be present in biotites in different valence states Fe2*/3* in the octahedral
sites. The typical M1(A)-O atomic distances are smaller than the M1(B)-
O distances. Thus, ions with smaller ionic radius, such as Fe>* ions, tend
to occupy the M1(A) sites, while Fe" ions tend to occupy M1(B) sites,
typically with twice the abundance. However, the Fe-end member of the
phlogopite-annite series is expected to have only Fe?* ions occupying all
octahedral sites. Furthermore, Fe®' ions can also occupy the Al-
tetrahedral sites (Tripathi et al., 1978; Rausell-Colom et al., 1979;
Rancourt et al., 1992).

This work provides a fresh understanding of the physical properties
of bulk biotites in relation to their Fe content in different oxidation
states, using a correlative approach to serve as a robust reference for
studies exploring few-layer biotites embedded in vdWHs and ultrathin
devices. The present work investigates the structural, optical, and
magnetic properties of biotite crystals to improve the understanding of
how Fe concentration and oxidation state influence these properties.
Due to the natural origin of the minerals studied in this work, structural
defects or minor contributions from trace elements may also partially
influence their fundamental properties. However, the focus was placed
on the major contributions resulting from differences in iron content. An
extensive correlative study was carried out on two biotite samples with
phlogopite-like and annite-like behaviors using several experimental
techniques. Finally, the use of these crystals as substrates for vdWHs
incorporating monolayer (ML) MoSe; is explored by magneto photo-
luminescence (PL) at cryogenic temperatures. These findings suggest
biotite as a promising LM for developing low-cost magneto-optical and
vdWHs-based devices due to its environmental stability and natural
abundance.

2. Materials and methods

This work investigates two geological biotite specimens obtained
from locations in Brazil and England to understand compositional var-
iations in naturally occurring biotite. Since biotite forms a solid-solution
series spanning a wide range of Fe contents, two samples were selected:
the Brazilian specimen, mineralogically closest to phlogopite (the Fe-
free endmember), and the English specimen, closest to annite (the Fe-
endmember). For clarity, they are referred to as phlogopite-like and
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Fig. 1. Mineralogical characterization. a) Phlogopite-like and b) annite-like natural crystals with dimensions of ~5 x 5 x 1 mm?>. c) Atomic structure of Fe-rich
biotites with general chemical formula K(Mg,Fe)3(AlSiz)O19(OH),. d) XRD measurements (black circles) for phlogopite-like (top) and annite-like (bottom) sam-
ples fitted through Rietveld refinement considering contributions of phlogopite and biotite mineralogical phases for phlogopite-like sample (red) and biotite and
annite-like phases for annite-like sample (blue), along with their difference (orange) from the experimental data. e) Raman spectra of phlogopite-like (red) and
annite-like (blue) samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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annite-like samples, respectively.
2.1. Mineralogical characterization

X-ray diffraction (XRD) patterns were recorded in a Rigaku Miniflex
II system with Cu-Ka radiation (A = 1.5418 A), employing a four-crystal
Ge (220) (4-bounce) monochromator. The sample is measured in a two-
axis diffractometer (operated in vertical geometry, in the Bragg—
Brentano (0:20) condition), using a Nal scintillator detector. The source
divergence with this optical setup is nominally 1 mrad, and both
receiving and anti-scatter slits were set to the minimum value of 0.625°.
The generator was operated with a voltage and current of 30 kV and 15
mA, respectively.

Raman spectra were acquired using a Horiba XploRA™ plus system
with a 532 nm laser at 1 mW power. Spectra were accumulated 3 times
for 30 s each, using a 1200 grooves/mm grating. Measurements
employed a 100x objective (numerical aperture of 0.9), and the system
was calibrated against the silicon peak at 521 cm ™. Data were collected
from ~1 pm diameter areas on mechanically exfoliated, bulk-like flat
flakes transferred to silicon wafers.

2.2. Iron-content characterization

Energy-Dispersive Spectroscopy (EDS) was performed using a
Thermo Scientific Helios 5 PFIB CXe DualBeam scanning electron mi-
croscope at an accelerating voltage of 15 kV and a current of 0.2 nA, in
secondary electron imaging mode, with a chamber vacuum of 4.74 x
107° Pa and an estimated spot size below 1 pm. Measurements were
made on bulk biotite crystals (~5 x 5 mm? area) after the cleavage of
superficial layers using mechanical exfoliation. The samples were glued
using carbon tape in an aluminum sample holder. The EDS calibration
was performed using a standard 100 % silver (Ag) sample, resulting in a
measurement error of approximately 2 %. Multiple points were analyzed
for statistical representation; data from a representative location
reflecting average composition were selected, excluding anomalous
regions.

Absorbance and the reflectance spectra for Tauc plot analysis ob-
tained using a Shimadzu 3600 Plus Ultraviolet-Visible-Near-Infrared
(UV-Vis-NIR) spectrometer with 5.0 nm slit width. Measurements were
conducted on bulk biotite crystals peeled off from the bulk crystals with
homogeneous thickness (~5 x 5 mm? area) and fixed to the sample
holder.

X-ray fluorescence (XRF) hyperspectral maps of exfoliated biotite on
Kapton tape were acquired at the CARNAUBA beamline (Tolentino
et al., 2021) using synchrotron radiation over a 50 x 50 um? area with
500 x 500 nm? pixel resolution. The X-ray beam spot measured 500 x
200 nm?, with data collected in air at 9.75 keV excitation energy. Fe-Ka
emission was selected for image generation. X-ray absorption near edge
structure (XANES) spectra around the Fe-K edge were recorded in
fluorescence mode at about 300 K. Standard references for Fe oxidation
states (metallic Fe — Fe?, FeO — Fe?*, Fe,03 — Fe>*, and Fe304 — mixed
Fe?", Fe®") were used for calibration and analyzed with Athena software
(Ravel and Newville, 2005).

2.3. Optical and magneto-optical characterization

Photoluminescence (PL) measurements were performed in a custom
setup optimized for the UV-visible range, featuring a Shamrock 500i
spectrograph coupled with a CCD DU420A-BU detector and a
continuous-wave 360 nm laser (CNI Model: UV-FN-360) at 1 mW. The
estimated laser spot size on the sample is ~50 pm. For room-
temperature measurements, bulk flat biotite fragments with ~5 x 5
mm? peeled from the bulk biotite crystals were mounted inside a closed-
cycle Janis CCS-150 cryostat in vacuum (5 x 10~ mbar).

Magneto-optical measurements were performed in a helium closed-
cycle cryostat equipped with superconducting magnet coils (Attocube
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Attodry1000) and magnetic fields (B) of up to 9 T at 3.6 K. The vdWH
samples were mounted on Attocube piezoelectric xyz translation stages
to control the sample position. p-PL measurements were performed
using a continuous wave laser with a photon energy of 1.88 eV and 100
HW laser power with an estimated laser spot size on the sample of ~1
pm. The PL signal was collimated using an Attocube aspheric lens (NA =
0.64). The selection of circular polarization components (¢ + and ¢-)
was performed by using a linear polarizer and a quarter-wave plate
before being focused into a 50 pm multimode optical fiber. The PL signal
was then dispersed by a 75 cm Andor spectrometer and detected by a
silicon CCD detector (Andor, Shamrock/iDus). Details can be found in
Toledo et al., (Roberto de Toledo et al., 2025).

2.4. Magnetic characterization

The magnetic properties of the phlogopite-like and annite-like biotite
samples were investigated using a superconducting quantum interfer-
ence device (SQUID) magnetometer (MPMS3, Quantum Design). Sam-
ples were prepared by cleaving a small fragment (~3 x 3 mm?) from the
bulk biotite crystals, and their masses were subsequently measured.
Magnetization (M) measurements were conducted at 300 K and 2 K,
with magnetic fields up to 20 kOe applied parallel to the sample surface.
Additionally, temperature-dependent magnetization, M(T), was
measured under zero-field-cooled (ZFC) and field-cooled (FC) protocols,
using an applied magnetic field of 100 Oe. In the ZFC protocol, the
samples were cooled down from 300 K to 2 K in zero-field. Once the
temperature stabilized at 2 K, a magnetic field was applied, and data
were collected during warming at a rate of 0.1 K/min. For the FC pro-
tocol, the samples were cooled under the applied field, and data were
collected during cooling down. The temperature derivative of magne-
tization (dM/dT) was calculated to identify possible magnetic
transitions.

2.5. Van der Waals heterostructures stacking

vdWHs composed of ML-MoSe; and phlogopite/annite-like flakes
were prepared on SiOy/Si substrates by mechanical exfoliation and the
dry-transfer process technique. The ML-MoSe;, flakes were obtained
from the exfoliation of the MoSe;-bulk crystal (2D Semiconductors) onto
a polydimethylsiloxane (PDMS) stamp by the scotch tape technique and
selected under an optical microscope (Castellanos-Gomez et al., 2014).
The ML-MoSe,/PDMS stamps were then aligned and stamped on the
phlogopite (or annite)-like flakes slabs using a commercial transfer
system (HQ Graphene).

3. Results and discussion

To investigate the structural properties of the biotite samples, XRD
measurements were performed on freshly milled mineral powders
(Fig. 1d). For Rietveld refinement of the diffractograms, biotite (Brigatti
and Davoli, 1990), phlogopite (Hendricks and Jefferson, 1939), and
annite (Redhammer et al., 2000) were considered as the main phases.
The experimental data were fitted using the MAUD software package
(Lutterotti et al., 1997), yielding good agreement with respect to peak
intensities and positions, as indicated by the difference plot (orange line)
between the fit and the experimental data for each sample. The most
common biotite polytype exhibits monoclinic symmetry with a C2/m
space group (Ross et al., 1966). For the phlogopite-like powder, the best
fit was obtained with a volumetric combination of 40 % biotite and 60 %
phlogopite phases. In contrast, for the annite-like powder, the best fit
required a volumetric combination of 55 % biotite and 45 % annite
phases. The structural parameters derived from the XRD fitting are
summarized in Table 1. These results indicate that, although both
samples are biotite minerals, the incorporation of Fe significantly affects
the phase composition. In the phlogopite-like sample, whose diffracto-
gram adjustment showed a dominant phlogopite contribution and a
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Table 1
Crystal lattice parameters of phlogopite and annite-like biotites retrieved from
Rietveld refinement.

Biotite phase a(A) b A) c(A) a=y BE)
sample ©)
phlogopite- biotite 5.367 9.266 10.196 90 100.12
like (5) 8) 2 (6
phlogopite ~ 5.311 9.034 10.097 90 96.02
1) @™ 2) 2)
annite-like biotite 5.367 9.228 10.04 90 101.8
8) (©)] m m
annite 5.391 9.335 10.308 90 100.4
6) @ 3) m

minor biotite contribution (red line), Mg is expected to be more abun-
dant than Fe in the octahedral sites. On the other hand, the diffracto-
gram of the annite-like sample could not be accurately fitted using only
the biotite phase. An almost equal contribution from biotite and annite
(blue line) was required, suggesting that Fe occupies a larger fraction of
the octahedral sites compared to Mg in this sample. As will be discussed
later, the Fe ions occupying the octahedral sites in the annite-like sample
are predominantly in the Fe?* oxidation state, consistent with annite’s
composition.

The Raman spectra of the samples are shown in Fig. le. Both the
phlogopite-like and annite-like samples display twelve characteristic
Raman modes at approximately 95, 140, 180, 405, 555, 680, 715, 760,
910, 1090, 3600, and 3650 cm’l, appearing as broadened peaks with
unresolved shoulders. The peak positions are nearly identical between
the two samples. This high degree of spectral correspondence indicates
that the general vibrational modes are consistent with those of biotite
and annite, despite the expected predominance of Fe?*-Oc sites for the
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annite-like sample. The main differences observed in the Raman spec-
trum of the annite-like, when compared to the phlogopite-like one,
include more intense and better-defined peaks in the 3500-3800 cm ™!
range, attributed to OH-stretching modes (Aspiotis et al., 2022), as well
as a more intense mode at 680 cm™!, in addition to two extra pro-
nounced modes at 265 and 640 cm 1. The spectra are in good agreement
with previously reported Raman spectra of biotite (L.oh, 1973; Sontevska
et al., 2007; Singh and Singha, 2016; Ulian and Valdre, 2023). The Oc-
layer vibrations dominate the spectrum up to 600 em™?, followed by T
ring modes up to 800 cm ™! and T-stretching modes up to 1200 cm ™!
(Aspiotis et al., 2022). The peaks corresponding to OH-stretching modes
are highly sensitive to the chemical composition of the Oc sites (Wang
et al., 2015; Aspiotis et al., 2022; Khan et al., 2023). In pure annite
phases, only one OH-stretching peak is typically expected, resulting
from the ordered occupation of Fe>*-Fe?*-Fe?* in the Oc sites. However,
the annite-like sample investigated here contains two main mineralog-
ical phases, involving varying occupancies of Fe, Mg, and possibly Al as
substitutional ions in the Oc sites. This compositional variation can lead
to the splitting of OH-stretching peaks, as also discussed in reference
(Aspiotis et al., 2022). In contrast, the phlogopite-like sample shows
weaker OH-stretching features, consistent with a mixed contribution
from less probable Oc configurations. This suggests that the phlogopite-
like sample incorporates more Fe3" than the annite-like one, enabling a
greater variety of possible structural arrangements.

The chemical composition of the two samples was analyzed with
particular focus on Fe incorporation. Representative EDS spectra for the
phlogopite-like and annite-like samples are shown in Fig. 2a, normalized
by the oxygen peak, which is the most intense. Based on the EDS data,
the elemental composition of the samples can be qualitatively assessed.
The spectra reveal the presence of aluminum (Al), potassium (K),
magnesium (Mg), oxygen (0), and silicon (Si), and iron (Fe) as the main
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Fig. 2. Fe-content spectroscopy characterization. a) EDS spectra of phlogopite-like (red) and annite-like (blue) samples. b) UV-Vis-NIR absorbance spectra from the
same samples. Fe K-edge XANES spectra collected at the location marked by a white dot in the corresponding XRF maps (insets) of c¢) phlogopite-like and d) annite-
like samples, compared with reference iron oxides of known oxidation states. XRF mapping was performed with 500 nm spatial resolution at the Fe-Ka emission
energy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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constituent elements. No additional impurities were detected. The
observed sodium (Na) and carbon (C) signals are attributed to sample
handling and environmental exposure. The primary spectral difference
between the samples lies in the lower Mg content observed in the annite-
like sample compared to the phlogopite-like one, which is compensated
by higher concentrations of Al and Fe. This result is consistent with the
XRD quantification, which indicated ~45 % annite phase in the annite-
like sample. Although EDS is a limited technique for quantitative anal-
ysis, it is possible to perform a semi-quantitative elemental analysis,
taking care to choose a flat surface of freshly cleaved samples as
representative regions, avoiding increasing error due to roughness and
contamination. The semi-quantitative results are summarized in Table 2,
presenting the concentrations of the main constituent elements (O, Si,
Al, Fe, Mg, and K) from representative regions of each sample. The
remaining detected content corresponds to Na and C. Our compositional
analysis confirms that both phlogopite-like and annite-like samples
exhibit major elemental concentrations in agreement with literature
values (Zheng et al., 2020) (see Table 2). However, it is essential to note
that the EDS has limited sensitivity for elements present at concentra-
tions below ~2 wt%, which restricts the reliable quantification of trace
impurities.

Now, to evaluate the oxidation states of iron in the biotite samples,
spectroscopic characterizations were performed. UV-Vis-NIR absorp-
tion measurements, shown in Fig. 2b, revealed absorption bands asso-
ciated with Fe?>* and Fe3" valence states, as expected for phyllosilicate
minerals (G. H. Faye, 1968). In the annite-like sample, the absorption
band related to the Fe?*-Fe3* charge exchange is almost suppressed,
while the Fe?* bands are much more pronounced than in the phlogopite-
like sample. This suggests that the Oc layer in the annite-like sample is
chemically well-defined by a dominant presence of Fe>" ijons. These
findings are consistent with the EDS and Raman spectroscopy results,
which indicate a more chemically diverse Oc layer in the phlogopite-like
sample.

To further investigate the iron oxidation states, advanced
synchrotron-based spectroscopic techniques were employed on multi-
layer exfoliated flakes. Using an X-ray nanoprobe, XRF and XANES
measurements were conducted to probe the spatial distribution and
oxidation state of Fe with sub-micrometric resolution. XRF microscopy
was performed over a 50 x 50 pm? area on both phlogopite-like and
annite-like flakes. Hyperspectral maps (insets in Figs. 2c,d) were
generated by selecting the spectral response around the Fe-Ko emission
energy, with a spatial resolution of 500 x 500 nm? per pixel. Both
samples exhibit a homogeneous Fe distribution, with XRF intensity
modulated by thickness (i.e., brighter areas = thicker sample regions,
while darker areas = thinner sample regions). XANES spectra were ac-
quired at the location marked by the white dots in the insets of Figs. 2¢,d,
and analyzed qualitatively by comparing them with reference spectra of
iron oxides with known oxidation states (Figs. 2¢,d). The phlogopite-like
sample exhibits a magnetite-like signature, with its Fe-edge aligning
with that of the Fe3O4 (magnetite) standard, indicating a mixed Fe?t/
Fe3* oxidation state. In contrast, the annite-like sample matches the
absorption edge of the FeO standard, confirming the presence of iron
predominantly in the Fe?" state. These results agree with our UV-Vis-
NIR absorbance analysis, while also providing enhanced spatial reso-
lution and sensitivity. The synchrotron-based X-ray nanoprobe enables

Table 2
Semi-quantitative analysis of phlogopite and annite-like biotites using EDS.

Element phlogopite-like (wt%) annite-like (wt%)
o 57 50

Si 15 18

Al 11 13

Fe 4 8

Mg 4 1

K 4 6
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the investigation of significantly smaller sample areas with sub-
micrometric precision(Tolentino et al., 2023).

Next, the influence of Fe content on the optical properties of the
samples was investigated. In particular, PL spectra were measured for
both biotite crystals at various positions at 300 K, as shown in Figs. 3a-d.
Overall, the PL spectra reveal different emission bands associated with
optical transitions related to the presence of defects. For the biotite
samples studied, these defects are mainly associated with Fe incorpo-
ration. Figs. 3a,b show typical PL spectra for both samples at 300 K. A
broad, asymmetrical PL band centered ~2.8 eV is typically observed
across most of the measurement positions. However, at certain loca-
tions, a stronger PL signal is detected with well-resolved emission bands,
indicating multiple optical contributions (Figs. 3c,d). Deconvolution of
the broad PL spectra by Voigt functions (represented by blue, green,
purple, orange, and cyan areas) reveals the presence of four emission
bands approximately 3.20, 3.00, 2.84, 2.71, and 2.65 eV for the
phlogopite-like sample, and five bands at around 3.00, 2.84, 2.71, and
2.50 eV for the annite-like sample. The primary optical emissions from
both samples are likely associated with transitions involving defect
states with high energy, followed by relaxation processes resulting in
lower-energy emissions. In general, the PL results are consistent with the
reflectance data, and their origin is attributed to transitions related to Fe
within the crystal structure.

To further investigate these transitions, UV-Vis-NIR reflectance
measurements were carried out. For this, Tauc plots were derived from
the reflectance spectra of the phlogopite-like (Fig. 3e) and annite-like
(Fig. 3f) samples. The band gap energies were estimated by extrapo-
lating the linear portions of the Kubelka—-Munk function (Kubelka and
Munk, 1931; Makuta et al., 2018). For the phlogopite-like sample, a
nonlinear continuous trend is observed with increasing photon energy,
suggesting a broad energy distribution of defect states. This behavior
may arise from disordered defects caused by local site configuration
variations or from defect band formation in regions with high defect
concentration and long-range order. Both scenarios are plausible, given
that biotite is inherently a solid solution with high Fe incorporation in
various sites and oxidation states. Despite the continuous nature of the
curve, three approximate linear regimes can be distinguished, corre-
sponding to estimated optical transitions at 1.75(5) eV (blue line), 2.30
(5) eV (green line), and 2.80(5) eV (red line). In contrast, the annite-like
sample exhibits two well-defined linear regimes, separated by a
discontinuity around 3 eV in Fig. 3f. The first regime yields an optical
transition at 1.90(5) eV (blue line). In the second regime, a further
discontinuity is observed near 4 eV, and two linear fits (green and red
lines) converge to the same estimated optical transition at 2.75(5) eV.
These different estimated band gaps indicate the presence of distinct
defect levels involved in the optical transitions of the samples, which is
consistent with the various emission bands observed in the PL spectra of
the biotite samples (Fig. 3).

The magnetic properties of both phlogopite-like and annite-like
biotite samples were thoroughly investigated through M(H) and M(T)
measurements (Fig. 4). The M(H) curves at 300 K and 2 K reveal a typical
paramagnetic behavior for both samples, consistent with the presence of
Fe in different oxidation states (Fe>" and Fe®") within the Oc layers
(Fig. 4a,d). However, at 2 K, a small but noticeable hysteresis is
observed, particularly in the phlogopite-like sample, suggesting the
emergence of weak ferromagnetic interactions or spin-canting effects at
low temperatures. This hysteresis is less pronounced in the annite-like
sample, indicating a possible dependence of magnetic behavior on the
Fe content and its distribution within the crystal lattice.

The M(T) measurements further elucidate the magnetic properties of
the samples (Fig. 4b,e). A distinct transition is observed in the ZFC
curves, and the critical ordering temperatures were identified by
analyzing the temperature derivative of magnetization (dM/dT) from
the FC measurements. For the annite-like sample, the transition occurs
at 2.6 K (Fig. 4c), whereas the phlogopite-like sample exhibits a tran-
sition at a slightly higher temperature of 4 K (Fig. 4f). These transitions
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magnetic field of 100 Oe.

may be attributed to spin freezing or the onset of short-range magnetic
order, influenced by the differing iron concentrations and oxidation
states in the two samples. The FC curves diverge from the ZFC curves
below the transition temperatures, indicating magnetic irreversibility
and the presence of competing magnetic interactions.

The observed differences in magnetic behavior between the two
samples correlate with their structural and compositional characteris-
tics, as revealed by XRD, EDS, XANES, Raman, and UV-Vis-NIR spec-
troscopy. The higher transition temperature and more prominent
hysteresis in the phlogopite-like sample suggest a stronger influence of
Fe®* ions, which may occupy specific Oc sites and contribute to local-
ized magnetic moments. In contrast, the annite-like sample, with a
higher Fe>" content, shows a lower transition temperature, reflecting
distinct magnetic interactions associated with Fe?'-dominated envi-
ronments. These results are consistent with previous studies (Beausoleil
et al., 1983; Khan et al., 2023), which indicate that a small fraction of

Fe®* enhances ferromagnetic interactions when it is surrounded only by
Fe?" ions. However, as the Fe>* concentration increases, the formation
of Fe3*-Fe3" pairs becomes more likely, leading to dominant antiferro-
magnetic interactions. Thus, the present study provides experimental
confirmation, demonstrating that although the total iron concentration
significantly influences the mineral’s properties, it is the Fe>* /Fe?* ratio
that serves as the key parameter for tuning its magnetic behavior. This
finding may also be relevant for flakes with few-layer thicknesses and
could be extended to explain recent results on vermiculite crystals
(Pacakova et al., 2025).

Finally, the use of these crystals with different iron concentrations
and oxidation states as ultrathin substrates for ML-MoSe; is explored. To
this end, magneto-PL measurements were performed on ML-MoSez/
phlogopite(annite)-like heterostructures (Fig. 5a,b) assembled onto
SiO4/Si substrates under out-of-plane magnetic field. Fig. 5a,b shows the
typical 6t and 6~ PL spectra recorded at 9 T and 3.6 K. In these spectra,
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two distinct PL peaks are observed, corresponding to exciton (X) and
trion (T) emissions (Glazov et al., 2024). Fig. 5c,d present the Zeeman
splitting (AE), fitted using AE = E° — E°~ = g B, where pp = 58 peV/T
is the Bohr magneton, B is the out-plane magnetic field, and g is the
valley g-factor. E°" and E°~ represent the PL peak energies of the ¢ + or
6 — components for either the T or X emissions (de Oliveira et al., 2024a;
Glazov et al., 2024).

The extracted X g-factor values are approximately —6.3 and — 3.1 for
the ML-MoSe; on annite- and phlogopite-like slabs, respectively. These
results indicate a significant enhancement of the X g-factor for the ML-
MoSe; on the annite-like flake, whereas a notable reduction is observed
on the phlogopite-like substrate. The obtained g-factor values deviate
considerably from typical values reported in literature, which generally
range from —3.8 to —4.2 (Wozniak et al., 2020; Covre et al., 2022; Faria
Junior et al., 2022; Gobato et al., 2022). This deviation is attributed to
the presence of local iron impurities with varying oxidation states. The
ML-MoSe;, flake can hybridize with the underlying annite- and
phlogopite-like layers, which may contain magnetic impurities at the
interface (de Oliveira et al., 2024a). This hybridization could influence
the valley properties of ML-MoSey. Furthermore, the extracted T g-factor
values are approximately —4.3 and —3.6 for ML-MoSe; on annite- and
phlogopite-like flakes, respectively. Interestingly, these values show
only slight variations compared to those reported in the literature,
suggesting that iron impurities predominantly affect the X g-factors
rather than the T g-factors in ML-MoSez/biotite heterostructures, which
is an unusual and intriguing result. Therefore, further studies are
necessary to understand in detail the impact of iron impurities on the
valley properties of ML-MoSe,/phlogopite(annite)-like vdWHs.

4. Conclusion

This work presents a comprehensive investigation of the structural,
optical, and magnetic properties of two naturally occurring biotite
samples with distinct iron contents and oxidation states. By employing a
combination of advanced characterization techniques, including XRD,
Raman spectroscopy, EDS, UV-Vis-NIR, XANES, PL, and SQUID
magnetometry, we demonstrate that the Fe content and its valence state
significantly influence the material’s optical transitions and magnetic

behavior. The phlogopite-like sample, richer in Fe3", shows enhanced
magnetic ordering and broader optical transitions. In contrast, the
annite-like sample, dominated by Fe?*, exhibits more defined structural
features and lower-temperature magnetic transitions. These findings
establish a clear correlation between iron incorporation and the
fundamental physical properties of biotite, providing critical insights for
its use in future van der Waals heterostructures and magneto-optical
devices.

In addition, it has been investigated the impact of using biotite
crystals with different iron concentrations and oxidation states as
magnetic substrates for MoSe, monolayers. The magneto-PL results
show that the presence of iron impurities with varying oxidation states
has a significant impact on the valley properties for ML-MoSe,. In
particular, it was observed unusual variations in the exciton g-factor
values of ML-MoSey/phlogopite (annite)-like heterostructures.
Furthermore, by providing experimental benchmarks on the oxidation
states, atomic occupancy, and defect-sensitive properties of biotite, this
work may serve as a valuable reference for theoretical studies. It can
inspire first-principles simulations focused on the energetic stability of
Fe ions in distinct lattice sites and oxidation states, as well as the role of
defects and impurities in tuning the material’s electronic and magnetic
behavior at the atomic scale.
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