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Probing Magnetic Ordering in Air Stable Iron-Rich Van der
Waals Minerals
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Magnetic monolayers show great promise for future applications in
nanoelectronics, data storage, and sensing. The research in magnetic
two-dimensional (2D) materials focuses on synthetic iodides and tellurides,
which suffer from a lack of ambient stability. So far, naturally occurring layered
magnetic materials have been overlooked. These minerals offer a unique
opportunity to explore complex air-stable layered systems with high
concentration of magnetic ions. Magnetic ordering in iron-rich phyllosilicates
is demonstrated, focusing on minnesotaite, annite, and biotite. These
naturally occurring layered materials integrate local moment baring ions of
iron via magnesium/aluminum substitution in their octahedral sites.
Self-inherent capping by silicate/aluminate tetrahedral groups enables air
stability of ultra-thin layers. Their structure and iron oxidation states are
determined via Raman and X-ray spectroscopies. Superconducting quantum
interference device magnetometry measurements are performed to examine
the magnetic ordering. Paramagnetic or superparamagnetic characteristics at
room temperature are observed. Below 40 K ferrimagnetic or
antiferromagnetic ordering occurs. In-field magnetic force microscopy on
exfoliated flakes confirms that the paramagnetic response at room
temperature persists down to monolayers. Further, a correlation between the
mixture of the oxidation states of iron and the critical ordering temperature is
established, indicating a path to design materials with higher critical
temperatures via oxidation state engineering.
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1. Introduction

The discovery of graphene[1] sparked
the development of many other 2D van
der Waals (vdW) materials.[2] Driven
by the needs in spintronics[3,4] mag-
netism was induced in intrinsically non-
magnetic 2D materials[5] via defects,[6,7]

topology,[8] and doping.[9,10] Moreover
during the recent years a broad range
of layered intrinsic magnetic compounds
has been investigated in the search
for persistent magnetic response at the
2D limit.[11–13] Monolayers of FePS3,[14]

CrI3,[15] Cr2Ge2Te6,[16] and Fe3GeTe2
[17]

are some of the most studied 2D mag-
netic systems thus far. Interestingly
enough, the magnetic state of these sys-
tems can be controlled by means of
electric fields. Magnetoelectric coupling
opens the door for the design of 2D mag-
netic material-based devices for electri-
cally coupled spintronics.[18–20] Further
potential ways to control magnetic de-
vices are interface-based spin-transfer
torque[21] and voltage-controlled mag-
netic anisotropy.[22] Magnetic anisotropy
is the key requisite for perceiving 2D
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magnetism.[23] Generally, magnetic properties of solid materials
depend on the spin orbit coupling and exchange interaction.[24]

The reciprocity among exchange interaction, spin orbit cou-
pling, and Zeeman effect describes the orbital moment, mag-
neto crystalline anisotropy, and the ramifications of external mag-
netic fields.[25] The magnetocrystalline anisotropy and the spin
Hamiltonian, being material dependent can be altered by strain
engineering[26] and optical tuning.[27,28] Furthermore, tuning the
twist angle between bilayers of a 2D homo system enables the
possibility to alter the interlayer exchange interaction and con-
trolling the spin degree of freedom in 2D magnetic materials.[29]

For device applications, 2D magnetic materials enable
atomically sharp interfaces and the preservation of long-range
magnetic ordering down to their mono-layers.[30] However, am-
bient stability is a limiting factor for their integration into future
technologies. One of the possible approaches to overcome this
hurdle, is introducing small quantities of V,[31] Fe,[32] or Co[33,34]

in transition metal dichalcogenide monolayers via substitution
of the transition metal ions. Such type of diluted magnetic semi-
conductor mono-layers are air stable and exhibit ferromagnetic
ordering at room temperature.[31–35] In these systems, controlled
dopant concentration and their dilution in the host 2D semicon-
ductor matrix are the key factors.[36]

In contrast to the above-mentioned synthetic 2D systems,
there is a variety of vdW minerals[37–41] naturally occurring bulk
layered crystals which offer a wide range of structural and com-
positional variations.[42–47] However, besides natural graphite and
molybdenite most of the other explored 2D materials are ob-
tained from synthetic sources, while the properties of naturally
occurring vdW species remain mostly unexplored.[37,48] One of
the first natural 2D phyllosilicates to be employed in electronics
and nanomechanics was talc.[49–52] Recently, mica group mem-
bers started attracting attention as multifunctional insulators in
2D electronic applications,[42,53,54] and especially in novel mem-
ory concepts with 2D semiconductors.[55,56] As for the magnetic
vdW minerals, the naturally occurring sulfosalt cylindrite with
vdW superlattice was explored.[57] While it is possible to ex-
foliate monolayers, the bulk antiferromagnetic Néel tempera-
ture (TN) was found to be below 20 K.[57] Furthermore, a re-
cent study has demonstrated the possibility to exchange inter-
layer ions in micas and vermiculites and to fabricate twistronic
superlattices, causing interlayer species to reorder accordingly
with the twisting angle via the stacking method.[58] Bulk iron (Fe)-
rich phyllosilicates—such as minnesotaite and annite—were re-
ported to have an in-plane easy axis, commonly exhibiting layered
antiferromagnetism.[59] Thus far, these materials were not ex-
plored at the 2D limit. Furthermore, synthetic crystals of flurophl-
ogopite mica were demonstrated to exhibit strong paramagnetic
response at low temperatures.[60] We have reported the first ob-
servation of weak ferromagnetism in naturally occurring Fe-rich
talc at room temperature, confirming that the magnetic response
remains down to the monolayer, and that even monolayers are
fully air stable.[61]
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In this article, we explore minnesotaite, annite, and biotite,
as iron-rich members of the phyllosilicate family. These layered
systems are inherently magnetic, fully stable under ambient
conditions, and can be thinned down to ultra-thin films, and
monolayers with the same mechanical cleavage methods as ap-
plied for the other 2D materials.[1] They integrate local moment
bearing ions of Fe via magnesium (Mg) or aluminum (Al) substi-
tution in their octahedral sites, with substitution ratios of up to
100% with respect to the iron-free species of talc and phlogopite.
Due to self-inherent capping by silicate/aluminate tetrahedral
groups, the monolayers are air-stable. These minerals exhibit
strong paramagnetic behavior at room temperature and order
ferrimagnetically or antiferromagnetically below the critical
ordering temperature. We provide correlations between the iron
concentration, layer structure, iron oxidation states, and their
magnetic response. Furthermore, we discuss the possibilities to
tune the structure of magnetic phyllosilicates in order to achieve
higher critical ordering temperatures. Our study of 2D materials
obtained by mechanical exfoliation of naturally occurring layered
magnetic materials may initiate the development of controllable
synthesis of the magnetic phyllosilicates with tailored properties.

2. Results and Discussion

2.1. Mineral Specimens, Layer Structure, and Exfoliated
Ultra-Thin Films of Iron-Rich Phyllosilicates

Phyllosilicates of interest belong to the class of 2:1 layered miner-
als composed of 2D sheets of M-(O,OH) octahedra sandwiched
between two inward pointing sheets of linked T─O tetrahedra.
Cations in the M site are mostly Mg, Al, and Fe, while the T sites
are occupied by Si and Al. (see Figure 1a–d). They are located
at the central octahedral sheets with connection to four O and
two adjacent OH groups. In talc, the main M cation is Mg. In
some cases, the octahedral sites are also occupied by Fe, cobalt
(Co), or nickel (Ni) via cationic substitution,[62] for example, for
Fe-substituted talc, the substitution ratio (𝜂) can be expressed as
𝜂 = NFe/(NFe + NMg), considering that the only option for the Fe
incorporation is the substitution of central Mg ion. Two major
differences of micas in comparison for the talc group minerals
are the presence of AlO4 tetrahedral groups in the silicate dou-
ble layer (with the ratio of Al to Si atoms being close to 1:3) and
of larger ionic radius interlayer species (mainly K, Na) located
between the 2:1 sheets. The role of the latter is to keep the struc-
ture stoichiometry neutral by donating one electron and compen-
sating for the electron deficit created by Al3+ ions replacing Si4+

ions.[46,63]

Dark-colored mica is commonly referred to as biotite by ge-
ologists. Mineralogically, it corresponds to a group of dark mi-
cas including the species (endmembers) phlogopite, siderophyl-
lite, annite, and eastonite. Phlogopite and annite do not incorpo-
rate Al in the M site. In eastonite and siderophyllite additional
Al substitutes for (Mg, Fe) balanced by Al for Si in tetrahedral
sites (Tschermak’s substitution). In most natural biotites there is
considerable substitution of this type.[64]

The structural characteristics of talc group minerals and mi-
cas are mainly determined by the composition of the octahedral
sheet and the fraction of Al3+ tetrahedra. For simplicity, we as-
sume that talc contains no Al at all, while the fraction of Al3+
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Figure 1. a,c) Side and b,d) top views of a,b) Fe-substituted talc–minnesotaite and c,d) Fe-substituted mica–annite. The structure of biotite is not shown
as it resembles the annite structure with lower Fe concentration. Presented are relaxed structures obtained from ab initio calculations. The octahedral
units with substituted Fe are indicated by orange color, and Mg containing octahedrals are shown in grey. The interlayer species (K) are represented as
purple spheres, Si and Al tetrahedral groups are shown in dark and light blue, respectively. The H and O atoms are denoted as white and red spheres.
e–g) Photographs of the examined mineral specimens of minnesotaite, annite, and biotite, with their Fe substitution ratio (𝜂) indicated. The minerals
are clinging to a side between two permanent magnets (height of the magnets ≈2 cm). Note that as they are (super) paramagnetic at room temperature,
the specimens are attracted to the strongest field gradient (i.e. between the two opposing poled magnets).

ions in trioctahedral micas like annite corresponds to exactly 1/4
of the total number of the tetrahedral groups.[65] In this case, the
main variables relevant for talc are 𝜂 (the fraction of octahedral
sites occupied by Fe), and an about 0.15 nm smaller layer separa-
tion in the case of talc members due to the lack of the interlayer
ions.[49,66] Considering the relaxed structures of both Fe-rich talc
and mica, Fe ions should be in a valence state of Fe2+, as this is en-
ergetically more favored over the Fe3+ state.[61,65] However, in the
particular case of minnesotaite, rather rigid tetrahedral silicate
groups do not allow for strain relaxation upon the substitution of
Fe in the central site. Consequently, a complex modulated layer
structure was proposed to occur.[67] This is supported by our ob-
servations of the typical flake morphologies, as mechanical exfo-
liation yielded elongated multilayer flakes and in general a much
lower degree of cleavage than with the samples of annite and bi-
otite. In the case of micas, a fraction of the aluminate tetrahedral
groups allows for more flexibility and the monolayers can have
up to 100% of the central site substitution without compromis-
ing the layered structure. In general, structural defects, vacancies,
and reconstructions due to strain can promote a significant frac-
tion of Fe3+ ions in the central octahedral site.[68]

Figure 1a–d depicts the 3D representation (side and top views
of the relaxed structures obtained by ab initio calculations) of Fe-
substituted talc and mica monolayers. Photographs of the three
mineral specimens used in the study (sticking to the side of the
permanent magnets) are shown in Figure 1e–g.

The chemical composition of all the samples was determined
using quantitative electron probe micro analysis-wavelength dis-
persive X-ray spectroscopy (EPMA-WDS) and X-ray photoelec-
tron spectroscopy (XPS). The examined minnesotaite crystals
were obtained from the mineral collection of the University of

Minnesota (sample number 14508). The mineral aggregate con-
sists of small crystalline grains of minnesotaite (up to 100 μm in
size) with occasional pure talc flakes and SiO2 inclusions. Based
on the systematic Raman spectra taken from the mineral and
numerous WDS measurements, we estimate that above 95% of
the grains belong to minnesotaite. The examined minnesotaite
samples have 𝜂 = (0.85 ± 0.03). The empirical formula calculated
from EPMA-WDS analyses on the basis of 11 oxygen equivalents
per formula unit is (Fe2.5Mg0.5)Si4.4O10 (OH)2. The detected slight
excess of Si could be related to SiO2 inclusions between minneso-
taite grains and to residues of the poly-dimethylsiloxane (PDMS)
films used in sample preparation for the WDS experiments (see
also Experimental Section).

The examined specimen of annite was obtained from the
mineral collection of the Royal Ontario Museum (specimen
number M42126.1). The bulk sample is a single-crystal (about
8 mm in diameter). Inclusions of other species were not de-
tected. The empirical formula, determined by WDS, is K1.02
(Mg0.05Fe2.94)Al0.94Si3.28O10 (OH)2. Iron was found to occupy al-
most 100% of the central octahedral sites; 𝜂 = (0.98 ± 0.02). In
both cases of annite and biotite samples, the detected amount of
Si (about 6–8%) can be assigned to PDMS residues, which have
been also observed on the crystal graphite support used in WDS
experiments.

The examined sample of biotite was obtained from the min-
eral collection of the Chair of Resource Mineralogy at the Mon-
tanuniversität Leoben (sample number: 9127). The mineral is
a single-crystal (about 10 mm in diameter), and inclusions of
other species were not detected. The empirical formula (assum-
ing no central octahedral ion vacancies) is K0.82 (Mg1.02Fe1.42Al0.54)
(Al0.96Si3.23)O10 (OH)2, as determined by WDS. In the specimen,
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Figure 2. a1–a3) Optical micrographs (60 × 60 μm2 scale bar 10 μm) of exfoliated minnesotaite, annite, and biotite flakes, respectively. Dashed lines
in (a2) and (a3) highlight the thin flake regions and the solid squares mark the areas from which the AFM micrographs are presented. b1–b3) AFM
topography images of the exfoliated flakes (6 × 6 μm2, scale bar 1 μm, z–scales 100, 15, and 15 nm respectively). c1–c3) second-pass phase lag in
180 mT out-of-plane external field, of the same flake areas as in (b1–b3). d1–d3) presents flake height (left y scale) and MFM phase lag (right y scale)
cross-sections, taken perpendicular to the flake’s edges. Single lines are presented without line averaging. The cross-sections are indicated in (b1–b3
and c1–c3) by dotted white lines.

𝜂 = (0.48 ± 0.05) was found. Considering that only Fe and Mg
occupy the central octahedral site, the Al amount would be in
excess. Therefore, Al ions are likely to occupy about 18% of the
octahedral sites.[69] The observed deficit in the interlayer K ions
could lead to incorporation of about 15% of Fe3+ with respect to
the total number of Fe ions. However, as seen later in the text,
this is not sufficient to explain the observed Fe2+/Fe3+ ratio, indi-
cating a more complex relation between the iron oxidation state
and the structural defects.

Monolayer and multilayer 2D flakes of minnesotaite, annite,
and biotite were prepared from the bulk mineral specimens via
micromechanical exfoliation[1] and transferred primarily onto
Si/SiO2 chips (300 nm oxide layer), see Figure 2(a1–a3). All
these vdW materials are dielectrics with a band gap of ≈5–
6 eV.[56] Hence, the exfoliated flakes have the issues related to
the optical contrast in the visible similar to hexagonal boron
nitride.[44,49,70–72] Owing to the high-crystallinity of the starting
mineral specimens, high-quality annite and biotite flakes were
obtained with large uniform areas (over 30 μm in diameter), and
terraces with thicknesses down to few layers. For minnesotaite

flakes, due to polycrystallinity of the bulk that likely results from
the reconstruction of the crystal structure due to high Fe substi-
tution, cleavage is less pronounced and predominantly elongated
multi-layer flakes in form of sticks were observed,[67] as shown in
Figure 2(a1–c1). Typical morphologies of the thin flakes of annite
and biotite are depicted by the atomic force microscopy (AFM) to-
pography images in Figure 2(b1–b3).

To map the local magnetic response of the flakes, two-pass
magnetic force microscopy (MFM) measurements were carried
out in the presence of an externally applied out-of-plane magnetic
field of 180 mT. Figure 2(c1–c3) presents the MFM second pass
phase lag images that correspond to the in-field local magnetic
response at room temperature. As the samples are superparam-
agnetic/paramagnetic at room temperature, the external out-of-
plane magnetic field is stronger above the flakes in comparison
to the surrounding weakly diamagnetic Si/SiO2 support. Conse-
quently, the magnetized probe is pulled stronger to the surface,
yielding a negative contrast with respect to the substrate.[61] A
comparison between the topography and the MFM phase lag is
provided by their cross-sections in Figure 2(d1–d3).

Adv. Physics Res. 2023, 2, 2300070 2300070 (4 of 13) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 3. AFM topography images of exfoliated 2.35 nm thick flake (1–2 layers) annite flake (6 × 3 μm2, scale bar 1 μm, z scale 12 nm) a) measured
on day 1; b) remeasured on day 28 from the sample preparation. Below the topography images, height cross-sections are provided, highlighting the
estimated flake thickness. Bright features are attributed to trapped water air bubbles between the substrate and the 2D flake.

A correlation between the height and the second pass phase
lag was observed, as illustrated for annite where a bi-layer (2L) to
six-layer (6L) flake step is presented in Figure 2(b2–d2). The mag-
netic behavior is strongly dependent on the amount of Fe ions
substituting Mg ions in the octahedral sheet. Moreover, since all
other bonds are saturated, Fe ions can take on both 2+ and 3+ va-
lence states as a result of structural variations. As will be shown
below, the fraction of Fe3+ ions can be significant and their pres-
ence makes a strong impact on magnetic properties of phyllosil-
icates.

To validate the assertion of ambient stability, AFM measure-
ments were done to assess the potential topographical alterations
of a 2.35 nm thick flake (1–2 mono layers) that would indicate
any structural degradation. An ultrathin flake was deposited
on the SiO2/Si substrate in ambient conditions and the AFM
topography of the thin region was obtained immediately after
the sample preparation (within 2 h from the surface exposure
during preparation). Afterward, the sample was stored under
ambient conditions and subsequently re-examined after a du-
ration of 28 days. The results are provided in Figure 3. No
degradation was observed, flake thickness was found to remain
unchanged, and no changes to the morphological features were
observed.

To verify the structure and to confirm that the crystallinity is
preserved upon mechanical exfoliation, thin flakes of minneso-
taite, annite, and biotite were measured by micro-Raman spec-
troscopy, and their spectral features were analyzed compared
with respect to Fe incorporation into the phyllosilicate matrices.
For these measurements, thin flakes (between 20 and 200 nm)
were transferred onto the surface of highly oriented pyrolytic
graphite (HOPG).[73] HOPG as a substrate provides good heat
dissipation and allows for the long accumulation time needed
in order to resolve the spectral features of ultra-thin phyllosili-
cate flakes. In addition, the vibrational modes of HOPG do not
overlap with neither low- nor high-frequency modes of the ex-
amined phyllosilicates, which is not the case for SiO2/Si support.
Figure 4 represents the Raman spectra of bulk crystals and exfo-
liated flakes with fundamental and OH-associated vibrations for

each of the phyllosilicates along with the optical images of the
measured thin flakes.

Mostly Raman features of phyllosilicates are predominantly
observed in the two spectral ranges: from 250–1200 cm−1 and
3000–3800 cm−1. The Raman peaks in the spectral range below
600 cm−1 are an indication of the complex set of translational
motion of cations in the octahedral site, followed by the peaks
between 600 and 800 cm−1 related to the fundamental vibra-
tions (Si─Ob─Si).[74] The Raman peaks in the spectral range of
800–1150 cm−1 result from the stretching mode of Si and non-
bridging oxygen.[74] The peaks from the stretching mode of OH
groups in the octahedral sites and potential intercalated H2O can
be observed in the spectral range of 3000–3800 cm−1. In phyl-
losilicates, the peak positions of the characteristic OH vibrations
depend on the difference in the effective ionic radii among Fe2+

(0.78 Å), Mg2+ (0.72 Å), Fe3+ (0.645 Å), and Al3+ (0.53 Å).
Different spectral changes were observed in the case of min-

nesotaite, annite, and biotite, depending on their structural dif-
ference and the variation of Fe concentration in the mineral.
Figure 4a shows the Raman spectra of fundamental vibrations for
all three exfoliated minerals along with their bulk specimens as
a reference in the spectral region: 200–1150 cm−1. Raman spec-
tra exhibit the presence of Si─O─Si vibration modes followed
by the Fe─O vibration modes in the spectral range of 250–500
cm−1 and 500–600 cm−1 respectively. In the case of annite and
biotite the triplet of peaks between 700 and 820 cm−1 is assigned
to the octahedral-tetrahedral bridging oxygen vibration mode,[74]

which is observed in the Raman spectra of minnesotaite as a dou-
blet at lower frequencies (600–720 cm−1), as a result of the ab-
sence of Al in the minnesotaite structure. In case of bulk min-
nesotaite, additional modes at 460 and 800 cm−1 were observed.
These could originate from possible inclusions in the polycrys-
talline bulk mineral.

Figure 4b shows the Raman spectra of minnesotaite, annite,
and biotite in the hydroxyl stretching region. In comparison to
talc,[61,74] minnesotaite exhibits major spectral differences due to
the substitution of Fe in the octahedral sites. The downshift of
peak positions is attributed to the mass effect.[74] A complex OH
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Figure 4. Raman spectra of thin Fe-rich phyllosilicates, showing the a) fundamental vibrations (250–1200 cm−1 range), and the b) OH vibrations(3500–
3700 cm−1 range). Top-down, the spectra correspond to minnesotaite, annite, and biotite respectively. Insets present optical micrographs of the flakes
on HOPG, from which the measurements were taken, and the green dot indicates the laser positioning. The background spectrum of graphite is shown
together with the spectrum of biotite. Above each spectrum of exfoliated flakes deposited on a crystal graphite surface, reference spectra of the bulk
mineral specimens are provided for reference.

feature was observed with the three major peaks at 3655, 3626,
and 3639 cm−1. These different vibrational modes relate to the
presence of Fe2+, Fe3+, and Mg2+ in the octahedral sites forming
[Fe2+/3+O4 (OH)2] and [Mg2+O4 (OH)2]. In the case of annite and
biotite, a strong peak at 3670 cm−1 and a doublet peak at 3640
and 3680 cm−1 were observed respectively. The splitting in the
peaks of biotite is related to the diverse occupancy of Fe, Al, and
Mg ions at octahedral sites,[75] which is further supported by the
presence of single peak for annite, containing 100% Fe in the
octahedral site. Furthermore, in the case of biotite the broadening
of OH modes suggests a significant degree of disorder present in
the cation sublattice of the octahedral sheet. As discussed below,
the presence of the aluminate tetrahedral groups enables both
biotite and annite to incorporate higher fractions of Fe2+ and Fe3+

ions while maintaining the same structure. This is not the case
for the talc family members such as minnesotaite. Therefore, the

difference between Fe2+ and Fe3+ ions in the octahedral groups
could play a more significant role in their Raman spectra.

2.2. Long Range Magnetic Ordering

To probe the long-range magnetic ordering, superconducting
quantum interference device vibrating sample magnetometer
(SQUID-VSM) measurements were carried out. In the case of
annite and biotite, single crystals were probed and the external
magnetic field was applied perpendicular with respect to their
basal planes. In the case of minnesotaite, a polycrystalline sample
was measured and therefore the grains had random orientation
with respect to the externally applied fields, effectively integrat-
ing over both in- and out-of-plane components. Due to small size
of the annite and biotite crystals and the need for non-destructive

Adv. Physics Res. 2023, 2, 2300070 2300070 (6 of 13) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 5. a,b) M (H) loop and FC-ZFC M (T) curves for minnesotaite. d,e) M (H) loop and FC-ZFC M (T) curves for annite, and g,h) for biotite. All
magnetic moments are scaled with respect to the mass of the measured samples. c,f,i) dM/dT curves for minnesotaite, annite, and biotite, respectively,
with insets focusing on the global minima and denoting the corresponding critical ordering temperatures. Mind that in the M (T) curves b,e,h) the
temperature scales are not the same, but rather focus on the regions near the transitions.

mounting of the annite sample (M42126.1), reliable in-plane ap-
plication of the external magnetic fields was not possible with the
used experimental setup.

Field cooling (FC) and zero field cooling (ZFC) M (T) curves
were recorded starting from 400 to 2 K. The critical ordering tem-
peratures were determined from the global minima of the FC
measurements first derivate dM (T)/dT. Figure 5 summarizes
the VSM-SQUID results. The M (T) curves indicate the transi-
tion from (super)paramagnetic to ferrimagnetic in case of min-
nesotaite and annite, and anti-ferromagnetic in case of biotite.
The transition temperatures considering the dM/dT curves are

38.7 K for minnesotaite, 36.1 K for annite, and 4.9 K for biotite,
as presented in the insets of Figure 5(c,f,i).

Magnetization loops M (H) were measured with the external
field strength varied between ±6 T, at room temperature, and be-
low the critical ordering temperature. The results are presented
in Figure 5a,d,g for minnesotaite, annite, and biotite, respec-
tively. In contrast to annite and biotite, which are paramagnetic
at 300 K, minnesotaite exhibits a clear saturation of the magne-
tization, a signature of superparamagnetism. A similar behavior
was observed in the case of iron-rich talc.[61] The field-dependent
magnetization for minnesotaite at low temperatures displays the

Adv. Physics Res. 2023, 2, 2300070 2300070 (7 of 13) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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ferromagnetic M (H) loop and reaches saturation at around 1.5 T
(see Figure 5a). For minnesotaite, the saturation magnetization
of (0.7 ± 0.4) emu g−1 at 10 K was observed with a coercivity of
200 mT which is in good agreement with the values reported in
the literature.[76]

For annite and biotite samples, the temperature-dependent
magnetic susceptibility (𝜒(T)) was estimated from two FC M (T)
curves with different applied external fields (see Experimental
Section for details). The inverse of the estimated 𝜒(T) in the para-
magnetic regime is presented along with FC and ZFC M (T)
curves in Figure 5e,h. The Curie–Weiss fit of the susceptibility
in the high-temperature range provides a consistent estimate of
the local moment per Fe ion between 4 and 5 μB, suggesting that
both compounds contain mixtures of Fe2+ and Fe3+ ions. A more
detailed fit was performed by assuming that the paramagnetic
response originates from a mixture of Fe2+/Fe3+ ions, which is
expected in sheet silicates.[77] The fit can be described by the ex-
pression:

𝜒 (T) = 𝜒0 +
(1 − p) C1 + pC2

T − 𝜃
(1)

with C1 = 𝜂Fe𝜇
2
Bg2

1 S1(S1 + 1)∕3 kB, C2 = 𝜂Fe𝜇
2
Bg2

2 S2(S2 + 1)∕3 kB,
where g1, S1 and g2, S2 correspond to the Landé factor and spin
quantum number of Fe2+ and Fe3+, respectively; 𝜂Fe denotes
the average number of the octahedral sites occupied by Fe ions;
𝜃 is the paramagnetic Curie temperature for Fe3+ ions; 𝜒0 is
the temperature-independent susceptibility (containing the back-
ground and the van Vleck paramagnetism) and p represent the
fraction of Fe3+ relative to the total amount of iron. Setting g1 =
g2 = 2 (which is a reasonable assumption at least for the annite
and biotite samples because the field is orthogonal to the easy
plane of magnetization), S1 = 2, S2 = 5/2, partial Curie con-
stants are found to be: C1 = 9.54 · 𝜂Fe K emu mol−1, C2 = 13.92
· 𝜂Fe K emu mol−1.

Fitting the susceptibility above the ordering temperature to
Equation (1), we obtain a Fe2+/Fe3+ ratio of 78/22 for annite and
53/47 for biotite, which is consistent with previous studies of Fe-
rich sheet silicates.[77,78] In the case of minnesotaite, a more com-
plex temperature dependence of the M (T) curves was observed
(see Figure 5b).

The paramagnetic Curie temperature, 𝜃 = 40 K, for annite re-
veals the dominance of ferromagnetic interactions between Fe
ions. However, for biotite 𝜃 = − 27 K was obtained, highlighting
predominantly antiferromagnetic interactions and also a large
degree of frustration, as 𝜃/Tc ≫ 1. This behavior can be attributed
to the Fe/Mg disorder on the octahedral sublattice. Overall, the
trends in the magnetic ordering tendency are consistent with the
composition of the samples.

2.3. Incorporation of Fe in the Phyllosilicates

To probe the oxidation state of iron in the phyllosilicate ma-
trices, XPS and X-ray absorption spectroscopy (XAS) were per-
formed. The XPS/XAS spectra of iron compounds consider-
ably differ depending on the ion oxidation state and the spin
configuration.[79,80] In particular, the oxidation states of iron can
be distinguished as Fe3+ (always high spin) and Fe2+ (can be high

spin and low spin) by the binding energies of the Fe2p core-level
peaks and their satellites in the spectra. According to the the-
ory, high-spin Fe2+ and Fe3+ configurations are multiplets due to
spin-orbit and crystal field interactions, which can be described
by the Gupta and Sen (GS) model.[81] Satellite peaks are gener-
ally characteristic of high-spin configurations due to the energy
loss of photoelectrons on spin interactions.[82] Iron states in sili-
cates are analyzed by a simplified model, considering core levels
and their satellites as singlet peaks with binding energies for Fe3+

typically 2–3 eV higher than for Fe2+.[83]

XPS was applied to annite and biotite single crystals as large-
enough (about 1 mm in diameter) crystalline samples with no
inclusions were available (see Experimental Section for the de-
tails on sample preparation for XPS). The Fe2p spectra of annite
and biotite are shown in Figure 6a,b. Considering the simplified
model, annite possesses Fe2+ in high spin configuration which
is perceptible from the satellite peak of the correspondent mul-
tiplet. However, high-spin Fe3+ is not so unambiguous to decon-
volute, since the Fe3+ satellites either have very low intensities or
are hidden under the Fe2p1/2 peak. Similar to annite, in the case
of biotite a mixture of Fe2+ and Fe3+ states in high spin configu-
ration was observed. According to the model, the Fe2+/Fe3+ ratio
is 45/55 and 35/65 for annite and biotite, respectively. The values
obtained reveal a larger fraction of Fe3+ ions than what is obtained
from the Currie–Weiss fit of the inverse 𝜒(T), although exactly
the same crystals used for the SQUID magnetometry measure-
ments were also used to record the XPS spectra. The magnetiza-
tion measurements probe the entire volume of the sample, while
the photoelectrons are obtained from the surface. The observed
discrepancy in the Fe2+/Fe3+ ratio can be introduced by a possible
surface-related defect. However, both techniques reveal a mixture
of Fe2+ and Fe[3] ions, while in the perfectly ordered lattice only
the Fe2+ should be present as suggested by the ab inito calcula-
tions.

Considering the polycrystallinity of minnesotaite, in order
to avoid the influence of potential contaminants XAS imaging
across the Fe L3,2-edge for minnesotaite was measured on exfoli-
ated single crystal flakes by means of X-ray photoemission elec-
tron microscopy (PEEM). The measurements were carried out
on multilayer 2D flakes of minnesotaite transferred onto gold-
coated Si chips. Upon illumination of the samples, the absorbed
fraction of the X-rays leads to the excitation of inner shell elec-
trons and a cascade of secondary electrons, which are measured
by the microscope as a function of the incoming X-ray photon
energy. Figure 6e shows the absorption spectra of minnesotaite
indicating the partial occupation of Fe2+ in a high-spin configura-
tion, which is evident from the satellite peaks. The same analysis
procedure was applied for the XPS spectra of annite and biotite,
estimating Fe2+/Fe3+ ratio for minnesotaite of 54/46.

3. Discussion

Phyllosilicates provide a natural solution of ambient stability for
2D intrinsic magnetism and can thus potentially represent a ro-
bust platform for future technological advancements and next
generation data storage devices. Here we demonstrated that the
magnetic ordering in naturally occurring iron rich phyllosilicates
showing 2:1 layering (minnesotaite, annite, and biotite) persists
down to few monolayers. An important question that remains to

Adv. Physics Res. 2023, 2, 2300070 2300070 (8 of 13) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 6. a,b) XPS spectra of annite and biotite, c) AFM image of minnesotaite flakes with their thickness d) PEEM Image of minnesotaite flakes obtained
during XAS measurements across the Fe L3,2-edge. Squared orange box indicates the region from which the XAS spectrum represented in (e) has been
obtained for minnesotaite.

Figure 7. The paramagnetic Curie temperature, 𝜃, as a function of a) fraction of total Fe ions and b) fraction of Fe-occupied sites by Fe2+ ions, in all
cases considering the central sites of the octahedral sheet for various phyllosilicates. Most of the data is presented for polycrystalline samples, for which
only an effective 𝜃 can be extracted. For monocrystalline samples (ref. [58] and this work) filled symbols correspond to 𝜃⊥, where the susceptibility is
measured for the magnetic field parallel to the c–axis, while empty symbols correspond to 𝜃|| for the field orthogonal to the c–axis.

be answered is how to tune the critical temperature and whether
it is possible to significantly increase it.

A trend can be drawn from our results in conjunction with
previously published data on bulk crystals. Figure 7 shows the
magnetic ordering (the Curie temperature), measured for sev-
eral classes of Fe-rich phyllosilicates, all having the same octa-
hedral sheet as the main functional unit.[59,76,77,84,85] The mag-

netic behavior of all these compounds is similar and can be ra-
tionalized in terms of the local electronic structure of Fe2+ and
Fe3+ ions.[77,85] Specifically, the ground state magnetic structure
can be described as ferromagnetically ordered layers of in-plane
oriented magnetic moment of iron, with dipolar interactions in
weakly coupling adjacent layers antiferromagnetically in a per-
fectly ordered case. Reducing the fraction of Fe or increasing the

Adv. Physics Res. 2023, 2, 2300070 2300070 (9 of 13) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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ratio of Fe3+/Fe2+ ions results in stronger disorder within the
planes, which eventually destroys ordering, and silicates with low
Fe content exhibit a complex temperature dependence of the sus-
ceptibility akin to that of spin glasses.[86] An important point of
this picture is that it suggests the ordering temperature of Fe-
rich silicates is determined practically only by exchange interac-
tions between iron ions within individual layers. The effective
strength of the exchange interaction is directly related to the para-
magnetic Curie temperature, 𝜃, extracted from the temperature-
dependent susceptibility. Thus, by examining values of 𝜃 we can
understand the magnetic behavior of individual octahedral sheets
themselves.

Considering Figure 7, 𝜃 depends on the total fraction of Fe ions
in the octahedral sheets (Figure 7a). When considering the sam-
ples with dominant ferromagnetic interactions (𝜃 >0), simply a
higher amount of Fe substitution leads to higher 𝜃. Supposing
that there are only Fe2+ ions we should expect that the maximum
of 𝜃 is observed at the maximum fraction of iron ions equal to 1.
However, summarizing results on magnetic measurements for
various phyllosilicates with respect also to the Fe oxidation states
(Figure 7b), we see that this is not the case. Despite a certain scat-
ter of results (caused by differences in samples, measurements,
possible impurities, etc.), there is a clear trend that the Curie tem-
perature increases with increasing fraction of Fe2+. However, the
observed maximum is located around 75–90%. It is important to
keep in mind that the remaining 10–25% of metallic ions are not
just Mg or Al but these sites are occupied by Fe3+ ions. The ef-
fect of adding Fe3+ ions to a primarily Fe2+-occupied sublattice
is twofold. On the one hand, Fe3+ ions, with their d5 configura-
tion do not contribute to the magnetocrystalline anisotropy, thus
reducing the tendency to 2D magnetic ordering. On the other
hand, Fe3+ introduces two new types of exchange interaction
types, namely Fe3+-Fe2+ and Fe3+-Fe3+ interactions. We have es-
timated NN interactions by performing total energy calculations
in an idealized Fe-brucite-like structure (see Experimental Sec-
tion) and obtained the following values of the interactions (posi-
tive meaning ferromagnetic): J2 + 2 + = 5.7 meV, J3 + 2 + ≈ 6J 2 + 2 +
, and J3 + 3 + = − 0.5J2 + 2 + . These interactions are consistent
with the Goodenough–Kanamori rules and show that Fe3+ actu-
ally enhances ferromagnetic interactions when it is surrounded
only by Fe2+ ions.[87] This implies that a small amount of Fe3+ dis-
tributed randomly over the Fe sublattice can increase the value of
𝜃, which could be the origin behind the position of the maximum
𝜃 as a function of Fe2+ ion fraction. Note that the higher fraction
of Fe3+ ions will produce more and more Fe3+-Fe3+ pairs with
anti-ferromagnetic type of interactions, which will result in a re-
duction of 𝜃 and magnetic frustration, which can also explain the
spin-glass-like behavior of phyllosilicates with lower Fe content.

4. Conclusions

Our study addresses the relation between the structure and the
magnetic properties of iron-rich phyllosilicates, magnetic miner-
als that can be thinned down to their monolayers using a mechan-
ical exfoliation process. We studied three mineral specimens, the
rare talc-like mineral minnesotaite, and the micas annite, as well
as more commonly occurring biotite. All three species can be
exfoliated down to few monolayers, and their thin-film samples
were found to be fully air stable. However, in the case of minneso-

taite, peculiar structural changes can occur, producing complex
incommensurate patterns and favoring defect formation.[67]

Magnetic measurements show that all three materials exhibit
antiferromagnetic or ferrimagnetic ordering at temperatures be-
low 40 K. The analysis of the temperature-dependent susceptibil-
ity reveals that annite has a positive value of the paramagnetic
Curie temperature, implying the dominance of ferromagnetic
exchange interactions. On the other hand, biotite, with similar
structure as annite has a lower Fe content and a higher fraction of
Fe3+ ions, all contributing to a negative Curie temperature. This
implies predominantly antiferromagnetic interactions and also a
large degree of frustration.

The character of interactions can be traced back to both the
overall fraction of Fe in the metallic positions of the octahedral
sheet and to the relative fraction of Fe3+ ions with respect to
Fe2+ ions. The effect of Fe3+ is twofold, enhancing ferromag-
netic interactions mediated by Fe2+-Fe3+ pairs, and reducing the
crystalline anisotropy and forming Fe3+-Fe3+ pairs which have a
detrimental effect on the in-plane ferromagnetic ordering. This
behavior is supported by ab-initio estimates of nearest-neighbor
magnetic exchange interactions. This is also supported by our
meta-study and previously published results of magnetic phyl-
losilicates, which show that the highest Curie temperature is not
achieved for the highest content of Fe2+ ions (achieved in Fe-
brucite) but for compounds with about 10–25% of Fe2+ ions re-
placed by randomly distributed Fe3+ ions.

5. Experimental Section
Sample Preparation: The flakes of minnesotaite, annite, and biotite

were prepared by micromechanical exfoliation using sticky tape (Nitto
Denko ELP BT150ECM). After multiple pealing against two pieces of the
tape, the material was deposited on SiO2/Si chips (300 nm oxide layer),
gold-coated Si chips, or cleaved graphite crystals, via PDMS. After slowly
peeling off the PDMS, flakes with different thicknesses were identified with
the help of an optical microscope.

SQUID Magnetometry: Long range magnetic ordering was measured
using SQUID-VSM MPMS2 from Quantum Design. Bulk crystals were
placed inside a plastic straw holder and inserted into the electromagnet.
All the magnetization curves were normalized to the diamagnetism of sub-
strate and the values of magnetic moment were normalized to the mass
of the measured crystals. M (T) measurements in the FC case were done
with two different externally applied fields. For the minnesotaite and biotite
samples external fields of 5 and 20 mT were applied while 10 and 100 mT
were applied for the annite sample. The susceptibility was estimated from
the two FC M (T) curves considering a simple linear approximation that
does not necessarily cross the M (H) point of origin, and was consistent
with the susceptibility obtained from the derivates of M (H) loops in the
paramagnetic regime (at 45 and 300 K). The scaling of the susceptibility
was done considering the molar mass of annite to be 1032.8 g·mol−1, and
921.94 g·mol−1 for biotite. Curie–Weiss fit of the susceptibility was applied
in a 100–400 K range for annite and 50–400 K range for biotite.

Structural Characterization: Element mapping and quantitative analy-
sis were performed using the Jeol JXA8200 electron probe microanalyzer
at the Chair of Resource Mineralogy at Montanuniversität Leoben. Inves-
tigations were carried out in WDS mode with counting time ranging from
10 s to 300 s. Other operational parameters include 10–100 nA beam cur-
rents and analyzing voltages of 10–15 KV. Ka lines of Si, Al, Mg, and Fe
were used for analysis. ZAF corrections were applied and kaersutite and
magnetite were used as standards for calibration.

XPS: X-ray photoelectron spectrometer ESCALAB 250Xi was used to
determine the oxidation state of iron. Bulk crystals were used in the ex-
periments. Spectra were acquired with monochromated Al Ka excitation

Adv. Physics Res. 2023, 2, 2300070 2300070 (10 of 13) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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(h𝜈 = 1486.7 eV) at pass energy of 20 eV providing a spectral resolution of
0.5 eV. No external charge compensation was used, instead, the charging
effect was corrected to the Si2p peaks (101.6 eV) assuming their chemi-
cal states in the studied silicates to be same. Spectra was acquired and
processed using the Advantage software.

XAS: XAS was performed using the scanning photoemission electron
microscope at the UE49-PGM SPEEM beamline of BESSY II. 2D flakes of
minnesotaite were transferred on gold-coated Si chips. Images and spec-
tra were recorded using linear polarized X-rays at a sample temperature of
40 K.

Raman Spectroscopy: Raman features of the samples were recorded
using Horiba LabRam HR evolution confocal Raman spectrometer. Thick
flakes (between 20 and 200 nm) of the minerals were transferred on
HOPG. The measurements were carried out with 532.1 nm laser (1800
gr mm−1 and 100 mW power on the sample surface), and 100× magnifi-
cation lens. No sample degradation/damage was noticed after continuous
illumination under the laser beam.

AFM and MFM Measurements: Topography analysis (using AFM) and
local magnetic moment measurements (using MFM) were carried out on
Horiba-AIST-NT Omegascope system at room temperature. For topogra-
phy analysis, non-ferromagnetic PtIr-coated Electrical Force Microscopy
(EFM) probes of type ACCESS-EFM from AppNano (≈30 nm tip curvature
radius, ≈63 kHz resonance, ≈2.7 Nm−1 force constant) were used. MFM
signals were recorded using TipsNano MFM01 probes with CoCr coating
(≈40 nm tip curvature radius, ≈70 kHz resonance, ≈5 N m−1 force con-
stant). Prior to MFM measurements, counter check of probe’s magnetic
response was carried out on a magnetic hard drive (MFM test samples).
The probes were subjected to out-of-plane magnetic field with flux density
of 200 mT for around 30 min prior to MFM experiments. In field measure-
ments were performed on a “home-built” sample holder with permanent
magnet of 180 mT, estimated at the sample surface. Hall probe (M-test
MK4, Maurer Magnetic AG) was used to confirm the flux density of ex-
ternally applied magnetic field. MFM signals were recorded in a two-pass
regime, with second-pass lift height of 20 nm. MFM phase and AFM to-
pography were mapped and processed via Gwydion v2.55 (an open source
software for SPM analysis).

DFT Calculation: DFT calculations were performed using the projec-
tor augmented waves[88] method as implemented in the Vienna Ab-initio
Simulation Package.[89–91] Generalized gradient approximation with the
Perdew–Burke–Ernzerhof parameterization for solid was employed as an
exchange-correlation functional, as it was shown to give the best-relaxed
structure for talc.[92,93] Furthermore, the value Ueff = 4 eV was used within
the DFT+U rotationally invariant scheme[94] to better describe localized
states of Fe ions. Atomic positions were relaxed to the accuracy in forces of
0.01 eVÅ−1

. To estimate nearest-neighbor magnetic exchange interactions

a model system was constructed, representing a 4 × 2
√

3 supercell based
on the brucite unit cell, with a pair of adjacent metallic sites occupied by Fe.
Naturally, this structure contains only Fe2+ ions. Ions with 3+ states were
introduced by removing a hydrogen atom next to the target site. The mag-
netic exchange interaction was evaluated as (E↑↓ − E↑↑)/2, corresponding
to a Heisenberg-type Hamiltonian H = −

∑
⟨ij⟩ JSi ⋅ Sj. Here, E↑↓, E↑↑ de-

note energies of, respectively, anti-parallel and parallel spin configurations
for the pair of Fe ions. The dependence of the obtained interactions on
Ueff and the degree of trigonal distortion of oxygen octahedra were also
checked. Both of these factors can significantly affect the absolute values
of the interactions but do not change the signs, the ratios of magnitudes
remaining similar to the one given in the main text. The values given in
the main text correspond to zero trigonal distortion and Ueff = 4 eV.
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[93] D. Tunega, T. Bučko, A. Zaoui, J. Chem. Phys. 2012, 137, 114105.
[94] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, A. P.

Sutton, Phys. Rev. B 1998, 57, 1505.

Adv. Physics Res. 2023, 2, 2300070 2300070 (13 of 13) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH

 27511200, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/apxr.202300070 by H

elm
holtz-Z

entrum
 B

erlin Für, W
iley O

nline L
ibrary on [15/03/2024]. 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
reative C

om
m

ons L
icense


