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Magnetic properties of synthetic fluorophlogopite
mica crystals

Zheng Ma,? Vassil Skumryev®® and Marti Gich (2 *®

Micas have recently attracted the interest of materials scientists to be used as flexible substrates for the
growth of nanomaterials. Synthetic fluorophlogopite is particularly appealing due to its high thermal
stability and a significantly lower level of impurities compared to natural mica. Perhaps because of such
high purity, little attention has been given to its magnetic properties, assumed to be diamagnetic.
Herein, we report an in-depth study of the magnetic properties of commercial fluorophlogopite mica
crystals as a function of magnetic field and temperature. Our study shows that the magnetic response of
mica comprises diamagnetic and paramagnetic components. The latter is quite significant at low
temperatures and can be analyzed within the framework of Curie's law and the Langevin theory, which
indicate that it originates from isolated magnetic cations. Hence, special care must be taken to study the
magnetic properties of mica-supported nanostructures. We propose a protocol to correct the magnetic
contributions of mica substrates which can be useful in future developments of flexible magnetic devices.

Introduction

Mica is one of the most common phyllosilicates and is yearly
mined in hundreds of thousands of tons* for multiple applica-
tions from building materials and electronic components® to
cosmetics.® These applications exploit its optical and infrared
transparency, a remarkable chemical inertness and thermal
stability combined with elasticity and flexibility and a high
dielectric strength and electrical resistance. But what makes
mica unique is its layered structure (see Fig. 1). It is made up
from negatively charged aluminosilicate layers consisting of
two tetrahedral sheets with their apical oxygen atoms sand-
wiching an internal octahedral sheet and their basal oxygens
defining six-membered rings of corner sharing tetrahedra on
the layer surfaces." Neighbouring layers are held together
thanks to the weak bonding with 12-coordinated potassium
ions accommodated at these ring cavities and which is respon-
sible for an easy cleavage parallel to the {001} basal plane which
results in atomically flat surfaces.” These surfaces were soon
recognized as particularly appealing playgrounds for surface
science studies on gases, liquids®” and also as a substrate for
the deposition thin films.®™*° More recently, with the growing
interest for flexible electronics and two-dimensional (2D) materials,
mica has attracted renewed attention. This is reflected by new
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discoveries of prospective mica applications such as that of
proton conductors for fuel cells'* and in the ever-increasing
examples of integration on mica of nanometre-sized functional
materials, such as graphene,'” transition metal dichalcogenides,'® ™
topological insulators®!” and oxides.'® 1t is believed that mica
could have a remarkable impact on future high-performance flexible
electronics.* For instance, ferroelectric Pb(Zr,Ti)O; thin films have
been deposited on mica via van der Waals epitaxy for flexible non-
volatile memory applications.*" Another interesting example is the
mica-supported lead-free perovskite based on Na, 5Bi,5TiO; with a
dual electrocaloric cooling and energy-harvesting functionality.”* In
this context, the integration of magnetic materials on mica is also
gaining importance.?* 2® In parallel, the interest in magnetic 2D
materials has been spurred by the recent discovery of this
property, either intrinsic or associated to defects, in some of
this low dimensional systems.>”*®

Despite the relevance of mica as substrate for growing
magnetic materials, not enough attention has been paid to
the magnetic properties of mica itself. We can find in the recent
literature examples in which the magnetic contribution of mica
substrates is simply ignored'®** or others in which the issue of
the substrate contribution to the overall magnetic response is
bypassed by transferring it to another substrate more easy to
deal with from the magnetic point of view.>® A prior knowledge
of the magnetic characteristics of mica substrate appears as
imperative before undertaking the magnetic characterization of
the nanostructures grown on top of it. Most commercially
available substrates are diamagnetic. This means that their
magnetic responses are weak (with susceptibilities in the order
of —107°), independent of temperature and vary linearly with
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Fig. 1 Crystal structure of fluorophlogopite projected along the (a) [010]
and (b) [001] crystallographic directions. One representative unit cell is
outlined by black solid lines.

applied field. Thus, to obtain the magnetic response of a film,
one can readily offset the contribution of a diamagnetic sub-
strate. This is done by compensating the signal obtained from
the linear fitting of the magnetization versus magnetic field
curve at high enough fields so that the ferri-/ferromagnetic film
is already saturated, and the diamagnetic substrate signal
dominates the magnetic response. In principle, pure mica
should be diamagnetic as other conventional substrates. However,
it has been shown that impurities of iron, the most abundant
magnetic element in the Earth’s crust, are responsible for para-
magnetic and/or ferromagnetic contributions in the measured
minerals.>*?' Coey et al. investigated the magnetic anomalies
of natural micas at various temperatures and at high magnetic
fields.*»** The observed magnetic anisotropy of trioctahedral
micas was ascribed to iron incorporation in their crystal
structures.®® It is worth noting that unlike the diamagnetic
contribution the paramagnetic one is both temperature and
field dependent, which makes the above-mentioned correction
method inappropriate for iron-bearing mica substrates. Thus, the
correction of the magnetic response of iron- or other elements with
unpaired spins contained in mica becomes nontrivial, since it can
potentially screen intrinsic magnetic response of the nanoscale
objects with small magnetic moments grown on it. In this case, the
method by Schmidt et al.?>* to separate diamagnetic and para-
magnetic components, which is based on high field torque
measurements, is not convenient because it is not sensitive at
low fields and requires samples with oblate or prolate shapes
and subtracting the measuring holder contribution.

Among the members of the mica group, phlogopite (KMgs-
(AlSi3040)(OH),) is one of the most common rock-forming minerals.
In synthetic fluorophlogopite, the apical hydroxyl groups of
phlogopite are substituted by fluorine ions (F™), resulting in
an ideal formula KMg;(AlSiz0,0)F,. Thanks to the presence of
F~ this mica has an enhanced thermal stability (up to 1100 °C)
and can withstand larger stresses in tension and compression.
The fluorophlogopite structure (see Fig. 1) possesses monoclinic
space group C2/m, with a = 5.308(2) A, b = 9.183(3) A, and
¢ = 10.139(1) A, § = 100.07(2)°, and Z = 2.*® Fluorophlogopite
mica sheets can be produced by solid state reaction or melting
methods from suitable oxides and fluorides, and are commercially
available.’® Compared to natural micas, synthetic fluorophlogopite
has enhanced crystallinity and higher purity.*® Besides, due to its
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well-controlled chemistry, it features a highly ordered atomically
smooth surface, high transparency, chemical durability, and high
working temperature. As a result, it has increasingly been the
substrate of choice for the development of new functional
materials.>®*”° Yet, the fundamental understanding of this
fluorine-rich silicate is far from complete. This is particularly
true concerning the magnetic properties which, to our knowl-
edge, were only qualitatively studied by Tsui et al*® on the
fluoromica samples prepared in their laboratory to be used as
substrates to grow rare earth films. Their work reports the
fluorophlogopite magnetic response as that of a paramagnet
and diamagnet mixture and speculate that can be due to the
presence of ferromagnetic clusters.

Here we report the magnetic characterization of commercial
fluorophlogopite mica sheets, showing how to separate their
diamagnetic and paramagnetic responses to temperature and
external magnetic field and providing a method for correcting
these contributions in the measurements of magnetic films grown
on it. Moreover, our study reveals that the paramagnetic signal
of fluorophlogopite mica under study originates form isolated
magnetic cations rather than from superparamagnetic clusters.

Experimental

The (001)-cut synthetic fluorophlogopite mica sheets of 5 by
5 mm in lateral size and 0.2 pm in thickness were purchased
from Changchun Taiyuan Co., Ltd, China. To avoid possible
residual contaminations from sample handling, the as received
substrates were cut to the appropriate shape for magnetic
measurement using a non-magnetic (antiferromagnetic) blade.
Then, the top and bottom surfaces of the mica were freshly
exfoliated by a scotch tape prior to the measurements. The
preferred (001) out-of-plane orientation of the crystal was con-
firmed by X-ray diffraction (XRD) theta-2theta (/-26) scan con-
ducted in a Siemens D-5000 diffractometer using Cu K, radiation.
The crystallographic configurations in the basal plane were
analysed by XRD phi scan (¢ scan) in a Bruker D8 Discover
X-ray diffractometer using Cu K, radiation. The transmittance
spectrum of fluorophlogopite was collected using a Jasco V-570
spectrometer in the 200-1000 nm region. The topographic
images of the freshly exfoliated sheet of mica were acquired
with an Agilent 5100 atomic force microscope (AFM) in tapping
mode using FORT Si tips from Applied NanoStructures Inc. To
determine the chemical composition of the fluorophlogopite
plate, inductively coupled plasma mass spectrometry (ICP-MS)
analysis was employed to detect trace metal elements. To this
end, the specimen was digested in concentrated acid mixture of
4 mL HNO; (Aldrich), 2 mL HCI (Aldrich), 4 mL H3PO, (Aldrich),
and 0.5 mL HF (Aldrich) at 260 °C using a Milestone UltraWAVE
microwave digestion system. The magnetic measurements were
conducted by a MPMS-XL superconducting quantum interference
magnetometer device (SQUID, Quantum Design Inc.) magneto-
meter with applied dc magnetic fields either parallel or perpendi-
cular to the mica sheets. Both isothermal magnetisation curves
(temperatures ranging from 2 to 360 K) and thermal scans in
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constant magnetic field (up to 70 kOe) were measured. For the
specimen mounting, to minimize the background contribution
and signal distortion, a freshly exfoliated fluorophlogopite sheet
with mass of 13.81 mg, was well centred in a clear drinking straw
by clamping it in-between the walls of the straw without using any
additional supporting pieces. The mounting of the sample
perpendicular to the magnetic field was made thanks to two
transversal cuts on each side of the straw, slightly shorter than
the straw diameter, through which the sample was inserted to be
placed perpendicular to the straw axis. In order to avoid damaging
the sample by the tight contact with the slots cut in the straw, it
was covered with a clear commercial PVC film used to wrap food.
All the precautions to avoid magnetic contaminations (such as
using nonmagnetic tweezers and avoiding textmarker labelling)
were taken seriously throughout the sample handling process.
Measurements were performed in RSO (Reciprocating Sample
Option) operating mode.

Results and discussion

Fig. 2(a) shows the out-of-plane XRD 0-20 scan of the tape-
exfoliated mica plate. The observation of only the strong (00/)
diffraction peaks indicates a highly textured structure with
crystallographic (00/) planes preferentially oriented perpendicular
to the out of plane direction of mica sheets. Six (202) reflection
peaks found at 60° intervals are observed in the in-plane XRD
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Fig. 2 (a) XRD 0-20 scan indicating (001) out-of-plane texture of the

mica plate, and (b) in-plane ¢ scan of the mica crystals, showing six (202)
reflections at 60° intervals.
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¢ scan pattern (Fig. 2(b)). This implies the presence of twinning in
the mica crystals. The (202) axis presents a two-fold symmetry with
the basal plane as a mirror plane owing to the monoclinic tilting
between a and ¢ axes (f ~ 100°) in a C2/m space group. It is
well-known that twinning can add symmetry to the crystal.
Consequently, the observed six peaks in ¢ scan might be the
results of six different configurations corresponding to an
alternating stacking sequence of crystals. Given the six-fold
rotational symmetry around an axis perpendicular to the basal
plane, the periodic stacking sequence is understandable. Next,
the elemental composition of fluorophlogopite was determined
via ICP-MS. The results presented in Table 1 show that the
relative molar fractions of the fluorophlogopite cations are in
agreement with the ideal composition (12.5% K, 37.5% Mg,
12.5% Al, and 37.5% Si) except for a significant substitution of
Si by Al in the tetrahedral sites. It is worth noting that in 2:1
layered phyllosilicates both the tetrahedrally and octahedrally
coordinated cations are prone to considerable substitution by
other metal ions. In particular, this concerns the interchange-
able AI’* and Si*" cations in the tetrahedral sites and the
substitutions by Fe*" and Ti** of octahedral Mg***"*'™* and
the resulting charges can be eventually balanced by the cations
in the interlayer positions (see Fig. 1). Therefore, the above-
observed non-stoichiometry in fluorophlogopite is reasonable.
In addition, as shown in Table 1, the ICP-MS analysis reveals the
presence of low-concentration traces of Ti [0.5(1) x 10> wt%],
Fe [0.30(6) x 107® wt%], and Ni [0.40(8) x 10~ * wt%)], the total of
which only accounts for less than 0.1 wt% of the sample. It has
been reported that, in Ti-rich trioctahedral mica the incorporated
Ti cation mostly adopts the 4+ oxidation state,***> which does not
carry any magnetic moment. In contrast, iron and nickel cations
have large magnetic moments (Fe*": 5.4 ug, Fe*": 5.9 ug, and Ni**:
3.2 ug), which can dominate the magnetic properties even when
only present in small amounts. Considering that the magnetic
moments of iron cations are about two times that of nickel and
that iron content in our sample is nearly one order of magnitude
higher than that of nickel, we can anticipate the significant impact
of iron impurities on the magnetic properties of our mica crystals.

The transmittance spectrum of fluorophlogopite in the
region of 200-1000 nm is shown in Fig. 3(a). Firstly, in the
UV region, the sample experiences a strong absorbance from
200 to 320 nm with an acute increase of the transmittance, which
is followed by another sharp transmittance enhancement to reach
90% as wavelength increases up to ~400 nm. Further, it is evident
that fluorophlogopite mica has an excellent optical transmittance
throughout the total visible range (from 400 to 800 nm) with
~90% transmittance, which preserves up to the infrared region

Table 1 Analytical results obtained from ICP-MS for the major and trace elements in fluorophlogopite. The relative molar fractions of the major

elements and mass fractions of the trace elements are also listed

Major elements Concentration (mg g~ ") Molar fraction (mol%)

Trace elements Concentration (mg g~ ") Mass fraction (Wt%)

K 79 £ 16 16 + 3
Mg 122 + 24 39+8
Al 68 + 14 19+ 4
Si 96 + 19 26 £5

1466 | Mater. Adv., 2020, 1,1464-1471

Ti 0.5(1) 0.05(1)
Fe 0.30(6) 0.030(6)
Ni 0.040(8) 0.0040(8)
Total 0.8(1) <0.1%

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Transmittance spectrum showing the high transparency of

fluorophlogopite mica. This is also illustrated by the upper inset which
displays an optical image of an exfoliated mica sheet clamped by a black
plastic tweezers on top of an image, demonstrating the high transparency
of the crystals. The lower inset is an optical image of the bent mica sheets
which reveals their superb mechanical flexibility. (b) A representative
topographic AFM image (5 x 5 um) of the crystals. Inset represents the
height profile along the blue line marked in the AFM image.

of the spectrum with no sign of decreasing at 1000 nm wave-
length (the maximum wavelength examined). The high optical
transmittance confirms the high quality of the mica crystals.
This high visible transmittance is also indicative of the low iron
content of synthetic mica compared to natural micas.*®*
Indeed, the presence of iron decreases both the transmittance
in the visible and the UV cut-off frequency and the absorption
coefficient was reported to be proportional to the concentration
of iron.*® Thus, the measurement of the UV-vis spectra is a
simple and fast technique to assess the level of iron impurities
in mica. The images presented in the inset of Fig. 3(a) show
both high optical transparency and good mechanical flexibility
of the exfoliated mica sheets. The mica surface morphology was
investigated by AFM, and one representative topographic image
is shown in Fig. 3(b). The height profile, as depicted in the inset,
shows a small height variability within the range of ~2 A. The
measured average root mean square (rms) roughness is 3.5 A,
which is much smaller than the thickness of a single unit cell
layer (~10 A). The atomically flat surface of the crystals is
thus confirmed.

In the following, we report the magnetic characterization of
the mica crystals. Magnetic measurements as a function of
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temperature (7) were carried out with the magnetic field (H)
applied along the out-of-plane direction. The obtained evolution
of the magnetic moment m as a function of temperature (m-T)
curve is presented in Fig. 4(a). It is seen that, after an initial
sharp decrease with increasing T to about 20 K, the moment m
continues to decrease less and less steeply with further heating,
then changes sign, finally tends to level-off at negative moment
values at the high-temperature end. A magnetic moment with
very small negative values and almost no temperature depen-
dence is the typical diamagnetic response to external magnetic
field. In contrast, the paramagnetic response is positive, and the
paramagnetic susceptibility is typically inversely proportional to
temperature. Therefore, the observed rapid increase of m at the
low-temperature end unambiguously evidences the existence of
a paramagnetic contribution, which dominates the magnetic
response at low temperatures. On the other hand, the levelling
off at the high-temperature end is a manifestation of the mica
intrinsic diamagnetism, as the contribution to m coming from
the paramagnetic component tends to become negligibly small.
The observed paramagnetic behaviour is not unexpected taking
into account the presence of traces of magnetic elements (iron
and nickel) revealed by the elemental analysis of our fluoromica.
In fact, other research groups have ascribed the paramagnetic
behaviour of natural micas to the random incorporation of iron
into the parent mica lattice.>*>> Unlike diamagnetism, the
paramagnetic response is typically a function of both, temperature
and applied field. Consequently, the prevailing paramagnetic
contribution at low temperatures poses an extra challenge for
accurate magnetic characterizations of nanometre-sized objects
of interest grown on top of mica.

In a next step, we explored the paramagnetic contribution of
magnetic impurities by separating it from the diamagnetic one.
The subtraction of the diamagnetic signal was achieved by proper
vertical translations of the raw m-T curves above the horizontal
axis of zero magnetic moment, i.e., by subtracting the value
measured at the high-temperature end. Fig. 4(b) presents the
resulting magnetization M as a function of temperature (M-T)
curve. Note that the magnetic moment has been normalized to
the weight of the magnetic cations (namely, Fe and Ni) based
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(a) Out-of-plane magnetic moment as a function of temperature recorded with external field of 10 kOe for the mica crystals (raw data). (b) Out-

of-plane M—-T curves for the paramagnetic phase derived by subtracting the diamagnetic component of mica. Insets show inverse mass susceptibility as a

function of temperature.
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on the mass fraction from the ICP-MS elemental analysis. Then, the
inverse mass susceptibility versus temperature (;'-T) curve can be
constructed, as illustrated in the inset of Fig. 4(b), where magnetic
susceptibility is defined as y = M/H. According to the Curie’s law, the
susceptibility of a paramagnet should obey the relation:

127 @)

with the Curie constant C given by

]VA:uef‘f2
= 2
3kgA @)

where p. is effective paramagnetic moment, A4 is atomic weight, Ny
is the Avogadro’s constant, and kg the Boltzmann constant.
Thus, the obtained y '-T curve was fitted to eqn (1), and the
result is plotted in red solid line together with the experimental
data (open symbols) in the inset panel of Fig. 4(b). It can be
observed that the Curie law fitting is closely coincident with the
experimental points over nearly the entire temperature range
studied. In other words, y ' linearly depends on T with an
intercept very close to zero. According to eqn (1), the Curie
constant C was derived from the slope of fitted curve, resulting
ina C=0.04(1) emu K g~ Oe™'. When more than one magnetic
ion is present, the total Curie constant is given by the sum of the
constants of the different species as given by eqn (2), and each
multiplied by the relative concentration of the corresponding
ion. In the present case, considering Fe>* and Ni*" in respective
relative fractions of 0.88 and 0.12, the calculated total Curie
constant is 0.06 emu K g~ Oe™ ", in reasonably good agreement
with the value obtained experimentally. This experimental value
slightly lower than expected could be due, at least partly, to the
presence, in concentrations below the limit of detection of our
ICP-MS measurements (0.025 mg g~ '), of other magnetic ions
with moments lower than that of Fe*" (e.g., Cr*", Cr**, V¥*, v**, Co™,
Mn®* or Cu™) or to the fact that a fraction of the titanium impurities
are in form of magnetic Ti*".** We also performed the in-plane
temperature dependent magnetic measurements obtaining, within
the experimental error, the same value of the Curie constant.

To shed more light on the characteristics of the mica crystals,
we present the measured magnetic moment versus applied field
(m-H) curves recorded under isothermal condition with the
in-plane (Fig. 5(a)) and out-of-plane (Fig. 5(b)) applied fields.
No direction was specified for the in-plane geometry due to
the multiple in-plane configurations in the crystals. From the
in-plane m-H curves (see Fig. 5(a)), one can make the following
observations. Firstly, for the isothermal scan acquired at 2 K, m
undergoes a steep increase with the field H increasing to about
1 kOe, where it slows down its increase until a maximum
moment is reached at H ~ 30 kOe. This is accompanied by a
final almost linear decrease of m as the H further increases. A
similar tendency can be observed for the isothermal curve
recorded at 5 K, but m peaks at a much larger H ~ 50 kOe
and the linear variation in the high-field region becomes less
obvious. Secondly, a typical paramagnetic-like behavior is pre-
sented for the curves obtained in the 10-30 K temperature
interval. Finally, a linear relationship between m and H is

1468 | Mater. Adv., 2020, 1,1464-1471
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evident for the curves acquired at temperatures above 30 K,
for which the m becomes negative. In this temperature regime,
the curves tend to converge toward the curve measured at 360 K,
which is the highest temperature in this study. These observa-
tions and those made above from the thermomagnetic curves
allow us concluding that a competition exists between the
intrinsic diamagnetic (negative) response of mica and the para-
magnetic (positive) response from the impurities to the applied
field, which becomes dominant at temperatures below 30 K. It is
important to point out that all the M(H) isotherms go through
the origin at H = 0 and thereby no magnetic hysteresis is
observed. This is in line with what is expected for diamagnetic
and/or paramagnetic phases in absence of applied field. The
above observation also rules out the possible existence of ferro-
or ferri-magnetic phases.

Further insights into the paramagnetic phase can be made
by separating the diamagnetic-paramagnetic components from
the m—H curves. To this end, the m-H curve at 360 K was used as
the baseline of the diamagnetic background, since the para-
magnetic component has a negligibly small contribution to it.
This baseline curve was subtracted from the isothermal m-H
curves, which were subsequently normalized to the weight of
the magnetic elements contained in the mica. The resulting
magnetic field dependence of magnetization (M-H) curves of
the paramagnetic phase are presented in Fig. 5(c and d), for the
H along the in-plane and out-of-plane directions, respectively.
According to the Langevin theory of paramagnetism, magneti-
zation M can be expressed by the Langevin function

M =nu <coth a— é) (3)

where a = uH/kgT, kg is the Boltzmann constant, u represents
magnetic moment, and 7 is the number of magnetic moments
per gram of sample, so that nu is maximum magnetization
achieved when all the magnetic moments are aligned. The fits
of the M-H curves to the Langevin function using n and p as
fitting parameters are displayed by the dashed lines in Fig. 5(c
and d) for the H along the in-plane and out-of-plane directions,
respectively. A good agreement between the fitted curves and
experimental data (symbols) has been found irrespective of the
measurement geometries. The fittings of the curves between 2
and 30 K gave us values of y around 6 Bohr magnetons (u) and
n of the order of 5 x 10>". The obtained value of the magnetic
moment is in the order of that of Fe*" (5.9 ug) and Fe** (5.4 ug)
indicating that the paramagnetic signal within the mica crys-
tals comes from isolated magnetic cations rather than from
magnetic clusters. This is further confirmed by estimating,*®
from n and the mass of Fe contained in the substrate, that the
volume of bee Fe or Fe;O,4 hypothetical clusters would be of the
order of 100 pm® which is less than the volume of an atom.
Finally, it is well-known that, from the Langevin theory,
when the magnetization of a (super)paramagnet is plotted
against H/T for different temperatures, all the curves overlap.
The panels (e) and (f) of Fig. 5 show the M versus H/T plots,
corresponding to the in-plane and out-of-plane applied field
geometries, respectively. The expected overlapping is observed

This journal is © The Royal Society of Chemistry 2020
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collapse into a universal curve.

for all the temperatures except for the curve at the lowest
temperature (2 K), for which the deviation is might be related
to some magnetic interactions at such low temperature.

Summary and conclusion

To summarize, the effective moment ¢ determined from the
temperature dependence of magnetic susceptibility and magne-
tization curves, the size of the hypothetic clusters, the absence
of coercivity and the fact that no difference between thermo-
magnetic curves measured after field- and zero-field cooling was
observed at any field value, they all strongly support that the
magnetic response of impurities in our mica crystals originates
from isolated paramagnetic atoms. No evidence of blocked/
unblocked superparamagnetic clusters or simply from magne-
tically ordered contaminations was found.

This journal is © The Royal Society of Chemistry 2020

The way to separate and analyse the competing diamagnetic
and paramagnetic responses to temperature and external magnetic
field in fluorophlogopite mica has been demonstrated. It should be
applicable to other diamagnetic materials containing paramagnetic
impurities and could be useful when assessing the magnetic
properties of nanoobjects grown on substrates of such materials.
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