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Journal Name

Tuning the magnetic properties of van der Waals mate-
rials by intercalation

Pim Witte,a Annemijn M. van Koten,a and Machteld E. Kammingaa

Recent advances in low-dimensional spintronic devices have resulted in an increased demand for
layered van der Waals materials with tunable magnetic properties. To this end, intercalation – the
insertion of a guest species in the van der Waals gap between the planes of the host material – proves
to be a versatile tool. In this review, we discuss various forms of intercalation that allow for tuning
the magnetic properties of van der Waals materials. We focus on alkali metal, transition metal and
molecule intercalation, and provide an extensive overview of current research efforts. Furthermore,
we highlight typical challenges that materials scientists face in this field, and provide suggestions for
future research directions.

1 Introduction

Since the discovery of graphene in 2004,1 two-dimensional (2D)
materials have gathered a lot of interest from the solid-state
community.2–6 In particular, magnetic van der Waals (vdW) ma-
terials were sought after, as these could provide a platform for
studying magnetism in the 2D limit, when cleaved to monolayer
thickness, and could find applications in spintronic devices.6,7

The first example of long-range magnetic order observed in an
atomically thin material was introduced in 2016 by Lee et al., who
reported stable antiferromagnetic order in a monolayer of FePS3,
observed through Raman measurements.8 This was quickly fol-
lowed in 2017 by the direct observation of spontaneous magneti-
zation in single layer Cr2Ge2Te6

9 and CrI3.10,11

In addition to studying magnetism in the 2D limit by means of
exfoliation, magnetic vdW materials form the ideal template to
develop low-dimensional spintronic applications.12 In these low-
dimensional devices, the interlayer magnetic coupling is of ut-
most importance to the magnetic properties. However, it remains
a challenge to not only understand, but also manipulate this mag-
netic coupling between neighbouring layers to achieve desired
properties for these spin-based electronic applications. In recent
years, numerous candidate magnetic vdW materials have been
reported, including those based on transition metal halides,13–16

transition metal chalcogenides,17–19 transition metal phosphorus
chalcogenides,20–22 and metal oxy- and chalcohalides,23–27. De-
spite this rapidly growing library of magnetic vdW materials, rel-
atively few layered materials with room temperature magnetic
order have been reported, despite this being a requirement for

a Debye Institute for Nanomaterials Science, Utrecht University, 3508 TA Utrecht, The
Netherlands. E-mail: m.e.kamminga@uu.nl

Fig. 1 Schematic illustration of intercalation of vdW materials. The pur-
ple spheres represent the intercalants. Upon intercalation, the interlayer
distance d1 increases (d2 > d1).

several applications.28,29

Therefore, there is a crucial need for tuning the magnetic prop-
erties of vdW materials, enabling novel magnetic ordering above
room temperature, and expanding the library of magnetic mate-
rials. Materials chemists will play a pivotal role in this develop-
ment, by providing the tools to tune magnetism in vdW materials.

Among strategies to modify the properties of vdW materials,
intercalation has become one of the most widely used.50,51 In
general, intercalation of layered materials is the post-synthetic,
reversible process of inserting a foreign ion, atom or molecule in
the vdW gap between the layers of the host lattice, as schemati-
cally illustrated in Fig 1.52,53 Intercalation is exploited in a wide
range of energy storage technologies, spanning from batteries to
supercapacitors,54–60 and is a powerful tool for modifying the
properties of the host material.50 The insertion of an intercalant
into the interlayer gap, i.e. the vdW gap, results in an increased
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Compound Methoda Orderb Tc (K)c Ref.
Fe2GeTe3 - FM 220-230d [30, 31]
LixFe2GeTe3 E. Chem. FM 300 [31]
(TBA)xFe2GeTe3 E. Chem. FM 300 [32]
Cr2Ge2Te6 - FM 67 [9]
NaxCr2Ge2Te6 Chem. FM 240 [33]
(TBA)xCr2Ge2Te6 E. Chem. FM 208 [34]
NiPS3 - AFM 155 [35]
(TBA)0.25NiPS3 E. Chem. FiM 78 [36]
[Co(Cp)2]0.25NiPS3 Ion exch. FiM 98 [36]
NbS2 - - -
Fe0.25NbS2 AS AFM 145 [37]
Fe0.33NbS2 AS AFM 45 [38]
Cr0.33NbS2 AS CHM 127 [16, 39, 40]
TaS2 - - -
Fe0.25TaS2 AS FM 160 [41, 42]
Fe0.33TaS2 AS FM 38 [41, 43]
Cr0.33TaS2 AS CHM 142 [44]
CrTe2 - FM 310 [45]
Cr2Te3 (Cr1.33Te2) AS FM 180 [46]
Cr3Te4 (Cr1.5Te2) AS FM 320 [46, 47]
CrI3 - FM 61 [10, 11, 48]
CrSBr - AFM 132 [26, 27, 49]

Table 1 Examples of tunable magnetic properties observed in vdW ma-
terials by means of different intercalation methods. achemical (Chem.),
electrochemical (E. Chem.), ion exchange (Ion Exch,) and as grown from
the elements (AS). bferromagnetic (FM), antiferromagnetic (AFM), fer-
rimagnetic (FiM) and chiral helimagnetic (CHM). c(approximate) mag-
netic ordering temperature. dThis range in Tc depends on the exact
amount of Fe in the compound.

interlayer distance, generally reducing the interlayer interaction
and making the material “more 2D”. The introduction of a new
species also typically results in doping of the host lattice, and
new interaction pathways in the material. Consequently, interca-
lation is a powerful and versatile tool for tuning the properties
of materials. For example, intercalation has been used to tune
and/or induce superconductivity,61–67 charge density waves,67–69

and to tune the bandgap,70–72 thermoelectric properties,73–76 and
increasingly, the magnetic properties of vdW materials.

In this review, we focus on tuning the magnetic properties of
vdW materials by means of intercalation by highlighting current
advances and provide challenges for materials scientists to en-
hance the field. First, we will discuss common forms of inter-
calation to tune the magnetic properties of materials, sorted by
intercalant type. After that, we will provide challenges for mate-
rials scientists and suggestions for future research directions.

2 Types of intercalants
A wide range of intercalants have been used to tune the mag-
netic properties of vdW materials, ranging from simple monova-
lent cations to complex intercalants endowing the intercalated
host lattice with new properties. In Table 1, we list several ex-
amples of such magnetic vdW materials that are tuned by means
of intercalation. Note that the table only contains experimental
data. Here we will discuss the three most common forms of inter-
calation currently used to tune magnetic properties in vdW ma-
terials: alkali metal intercalation, transition metal intercalation

and molecule intercalation. For each method, we will start by
briefly outlining the chemical process of intercalation, followed
by its effect on the magnetic properties of the vdW materials.

2.1 Alkali metal intercalation
Alkali metals are typically intercalated using chemical or electro-
chemical methods. Of the chemical procedures, the most widely
used methods are low-temperature intercalation using an alkali
metal ammonium solution,33,80–83 and high-temperature interca-
lation using organometallic reagents.84–90 Of the organometallic
reagents, n-butyllithium (n-BuLi) is the most commonly used Li+

intercalant for its high reduction potential.83–86 Intercalation us-
ing n-BuLi is typically realised by immersing the vdW material in
stoichiometric n-BuLi hexane under inert atmosphere, and stir-
ring at 100 ◦C for around 2-3 days. The relatively long reac-
tion time, need for inert atmosphere, and highly flammable na-
ture of n-BuLi motivated chemists to look for alternatives to this
method. To this end, Li-intercalation has also been achieved us-
ing lithium borohydride (LiBH4),87 naphthalenide lithium (Nap-
Li),91 and pyrene lithium (Py-Li).88 Note that other alkali metals
have been intercalated with various degrees of success using anal-
ogous organometallic compounds.91,92

Electrochemical intercalation can be achieved using an elec-
trochemical cell with a metal anode (e.g., Li) and the host
vdW material as cathode, separated by an ionically conducting
electrolyte.31,93–97 The electrochemical intercalation process al-
lows for controlling the intercalation by adjusting the magnitude
and polarity of the applied voltage as well as the duration. More-
over, deintercalation can be readily realised by applying the op-
posite bias, allowing for precise control of the degree of interca-
lation. The voltage window in which intercalation can occur is
determined by the host compound, the electrolyte and the con-
centration of the intercalant. At more extreme voltages, decom-
position can occur. Furthermore, depending on the precise re-
action, high degrees of intercalation may only be achieved in an
inert atmosphere, requiring a more complex method than chemi-
cal intercalation techniques.

2.1.1 Charge doping through alkali metal intercalation

Of the three different types of intercalants discussed in this re-
view, alkali metals are generally the least complex. Alkali cations
do not induce magnetic order in nonmagnetic vdW materials, but
can be used to tune the magnetic properties of magnetic vdW
materials.31,33,77–79,86,98–100 Notably, in most cases, intercalation
is found to increase the TC of the material.

The strength of alkali metal intercalation is exemplified by the
work of Deng et al., who reported intercalation-dependent fer-
romagnetism in few-layer Fe3GeTe2,31 one of the most promis-
ing materials for spintronic applications due to its metallicity.
Note that Fe3GeTe2 is prone to Fe deficiency and often written
as Fe3−xGeTe2 instead, but we will here use Fe3GeTe2 to indi-
cate this family of compounds, as often done in literature as well.
Deng et al. demonstrated that while the TC of Fe3GeTe2 decreases
drastically when the number of layers is reduced (see Fig. 2(a)),
intercalation with Li gives rise to a sharp increase in TC, even ex-
ceeding that of the bulk sample. This was achieved by intercalat-
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Fig. 2 (a) Magnetic phase diagram of Fe3GeTe2 as function of number of layer and temperature. TC values determined from anomalous Hall
measurements (Rr

xy), Arrott plots, and refractive magnetic circular dichroism (RMCD), are displayed in blue, red and magenta respectively.31 (b)
Magnetic phase diagram of trilayer Fe3GeTe2 flakes as function of gate voltage (Vg) and temperature. A higher Vg corresponds to a higher degree of
Li intercalation. The TC values were determined from temperature-dependent anomalous Hall measurements, extrapolated to zero.31 (c) Calculated
interlayer magnetic coupling energy (∆Ez) in LixFe3GeTe2 bilayers as function of intercalation level x. The inset displays the calculated interlayer
distance between the two interfacial Te sublayers.77 (d) Temperature dependence of the specific magnetic susceptibility χg of pristine Fe2.78GeTe2
(blue squares), Na-intercalated Fe2.78GeTe2 (green circles), and Na-intercalated Fe2.78GeTe2 annealed at 100 ◦C (orange triangles), measured at 0.01
T. The inset shows the derivative of χg, indicating a TC of ∼ 140 K for all three samples.78 (e) Rietveld refinement of NaFe2.78GeTe2 (λ = 0.412852 Å),
including reflections of unreacted Fe2.78GeTe2 (orange) and Na2Te (green).78 (f) Schematic plot of the change in the magnetic exchange mechanism
from direct (left) to indirect (right) exchange, in alkali intercalated VS2 and VSe2.79 Reproduced from ref. [79]. Reproduced from ref. [31] with
permission from Springer Nature, copyright 2018. Reprinted from ref. [77], with the permission of AIP Publishing, copyright 2021. Reprinted with
permission from ref. [78]. Copyright 2021 American Chemical Society.

ing trilayer Fe3GeTe2 crystal flakes with Li ions through an ionic
gate configuration, where a gate voltage Vg was used to interca-
late the Li ions into the flakes, akin to charging in Li-ion batteries.
As shown in Fig. 2(b), Li intercalation using a small Vg causes
a decrease in TC, but a sharp increase up till room temperature
is observed for optimal Vg. Intercalating beyond this point again
decreases the TC.31

This remarkable find was supported by first-principle calcu-
lations from Huang et al., who suggested that with increasing
amount of Li intercalation in Fe3GeTe2, and the associated elec-
tron doping of the host lattice, the ferromagnetic interlayer cou-
pling is increased.77 However, past a certain doping concentra-
tion, this interlayer coupling decreases again (see Fig. 2(c)). This
is hypothesised to result from two competing factors: firstly, the
intercalated Li ions allow for hopping of charge carriers, result-
ing in an indirect exchange between the Fe3GeTe2 layers that
strengthens the interlayer coupling. This becomes particularly
apparent at low intercalant concentrations; secondly, at high
Li concentrations, the electron transfer from the Li ions to the
Fe3GeTe2 layers fills the previously unfilled 3d orbitals of the Fe

ions, thereby reducing the ferromagnetic coupling.77

Although Huang et al. were able to model the experimentally
observed TC-increase of Fe3GeTe2 upon Li intercalation, reported
by Deng et al., the observed initial decrease of TC is not consistent
with this model.31,77 Shen et al. further investigated this observa-
tion by calculating the effect of the electron doping on Fe3GeTe2
monolayers using first-principle calculations.101 At low levels of
electron doping, they observed a decrease in TC from 159 K in
undoped Fe3GeTe2 to 93 K, whereas at higher doping, the TC in-
creases to 175 K. They hypothesise that the electron doping might
tune frustrated intralayer exchange interactions, resulting in the
observed evolution of TC.101 However, as their calculations were
performed on monolayer Fe3GeTe2, no interlayer interactions or
intercalants were included, making it difficult to directly compare
these findings to the results reported by Deng et al.

Interestingly, Khan et al. recently reported on how electron
doping by intercalation of alkali metals can also result in a
magnetically-disordered compound.33 They inhomogeneously in-
tercalated Cr2Ge2Te6 with Na ions, resulting in a magnetically
frustrated state around 35 K, which is not present in pristine
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Cr2Ge2Te6. They argue that electron doping through intercalated
Na ions alters the ionic states of some of the Cr3+ ions into Cr2+,
resulting in a double exchange mechanism.33 The authors also
hypothesise that since Cr2+ is a Jahn-Teller active ion, its substitu-
tion for Cr3+ leads to local distortions, increasing local anisotropy
and possibly enhancing the spin glass behaviour.

2.1.2 Structural effects of alkali metal intercalation

Besides the possible charge doping described above, alkali metal
intercalation also has a strong effect on the structure of the host
material and can cause decomposition. For example, Weber et al.
explored the structural effects of Na intercalation in Fe3GeTe2.78

They used Na instead of Li, as it is easier to detect using X-ray
diffraction methods. In contrast to Deng et al., who intercalated
Fe3GeTe2 electrochemically, Weber et al. used metallic sodium
and benzophenone (Ph2CO) to intercalate Na into Fe3GeTe2.
As a result, they found that the Fe3FeTe2 layers become heav-
ily charge-doped and strained via chemical pressure, yet retain
their crystal structure. Surprisingly, in great contrast to the Li in-
tercalation discussed above, the intercalation with Na does not
affect the ordering temperature, maintaining it at ∼140 K (see
Fig. 2(d)). The main difference with pristine Fe3GeTe2 is that
the intercalated samples displayed magnetisation above TC, and
even at room temperature. This was attributed to the presence
of the defects after Na intercalation. Synchrotron radiation mea-
surements revealed that intercalation had caused some decom-
position of the host lattice, resulting in the formation of Na2Te
and amorphous Fe2−xGe phases (see Fig. 2(e)). As a result, they
concluded that the nonzero magnetisation at 300 K could be ex-
plained by the presence of ferromagnetic Fe2−xGe, as well as un-
detected Fe.78 The authors noted that despite the heavy charge
doping of 6.95×1014 e−cm−2 per Fe3GeTe2 layer, this did not re-
sult in any significant change in TC, in sharp contrast to other
studies on alkali metal intercalation of Fe3GeTe2. The reason for
this could be the difference in intercalation-induced strain in the
structure, caused by Li and Na, as intercalation does not only af-
fect the spin density through electron doping, but also the inter-
and intralayer bond length and angles, thereby also affecting the
magnetic exchange interactions.78,93

Alkali metal intercalation studies typically limit themselves to
the use of Li and Na as intercalants, as the larger K and Rb would
further increase the interlayer distance, decreasing the interlayer
coupling. However, in certain cases, the larger vdW gap created
by intercalation of larger alkali metals is beneficial for the mag-
netic properties of the host lattice, especially in those that con-
tain competing interlayer and intralayer interactions. Intercala-
tion with alkali metals can then tip the balance between these
two interactions to favour the intralayer interaction, which can
in turn change the type of magnetic order.17,79,102,103 An exam-
ple to illustrate this is VX2 (X = S, Se), which is paramagnetic
in the bulk, but DFT calculations predicted that it exhibits ferro-
magnetic intralayer ordering in the monolayer limit.102,103 This
prediction was experimentally verified for VSe2 by Bonilla et al.17

In more general terms, these VX2 (X = S, Se) systems have di-
rect exchange between the layers that can result in antiferro-
magnetic coupling, but by intercalation of a large alkali metal

such as K or Rb, the interlayer coupling can be switched from
antiferromagnetic to ferromagnetic.79 The explanation for this is
that when alkali metals are introduced into the vdW gap, their s-
orbitals can become slightly magnetised by the surrounding mag-
netic ions through Ruderman–Kittel–Kasuya–Yosida (RKKY) inter-
actions (see Fig. 2(f)). This slight magnetisation then enables the
indirect interlayer coupling mediated by the alkali metal ions.

2.2 Transition metal intercalation
Unlike alkali metals, which are exclusively intercalated as cations,
transition metals can be intercalated as zerovalent or as cationic
species. The intercalation of zerovalent atoms is typically referred
to as atom intercalation, to distinguish it from ion intercalation.

A large number of zerovalent transition metals and post-
transition metals (Ag, Au, Bi, Co, Cr, Cu, Fe, Ge, Hg, In,
Mo, Mn, Ni, Os, Pb, Pd, Pt, Rh, Ru, Sb, Sn, W)104–113 have
been intercalated into vdW compounds, using a variety of reac-
tions, including disproportionate redox reactions,104–107 decom-
position of coordination compounds,104–106,109 stannous chloride
(SnCl2) reduction,104, hydrazine reduction,107 and liquid metal
immersion.110,111 Electrochemical intercalation of transition met-
als is not as widely reported as chemical methods, as moving
heavy metals electrochemically is much more difficult compared
to moving alkali metals.

As charge transfer is often hypothesised to contribute to any
change in magnetic properties of transition-metal-intercalated
vdW materials, ion intercalation is often used. Note that aside
from the chemical post-synthetic methods listed above, and possi-
ble solid state reactions between the host material and elemental
intercalants,114 transition metal intercalated materials are often
synthesised from their constituent elements.39,42 While this tech-
nically does not qualify as a form of intercalation, the obtained
products can be regarded as ‘intercalated products’. Therefore,
we purposely chose to include these materials in this review.

Note that despite the large range of possibilities, transition
metal intercalation with the aim of tuning the magnetic prop-
erties has almost exclusively focused on 3d metals, especially Fe
and Cr, due to their strong magnetic moments.

2.2.1 Tuning magnetism by self-intercalation of magnetic
vdW materials

Besides the intercalation of foreign atoms into the vdW gap, the
intercalation of native atoms, i.e. those that are already present in
the vdW material, is particularly interesting. The power of such
self-intercalation is well demonstrated by CrTe2. By intercalating
Cr atoms into the vdW gap between the CrTe2 layers, different
chromium telluride compounds with chemical formula Cr1+δ

Te2
(0 < δ ≤ 1) are formed (see Fig. 3(a)). This class of materials
consists of a broad range of phases,45,116–120 and shows a va-
riety of interesting magnetic properties, including skyrmions,121

biskyrmions,122 the magnetocaloric effect,123 and large anoma-
lous Hall effect.124,125 As shown in Fig. 3(b), a monotononic
positive relationship between TC and the Cr content has been
established.45,118,126–129 Alongside this increase in TC, a reori-
entation or isotropisation of magnetic anisotropy was reported.
In CrTe2, all spins are aligned ferromagnetically and out-of-plane
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Fig. 3 Self-intercalation of CrTe2. (a) Crystal structures of CrTe2 (Cr1Te2), Cr1.25Te2 (Cr5Te8), Cr1.33Te2 (Cr2Te3), Cr1.5Te2 (Cr3Te4) and Cr2Te2
(CrTe).46 (b) Temperature-dependent magnetisation of Cr1.5Te2, also showing the ordering temperatures of various intercalation levels of CrTe2.46 (c)
Schematic drawing of the expected evolution of the ground-state magnetic configuration of Cr1+δ Te2, with the arrows indicating the local spins.115

Reprinted with permission from ref. [46]. Copyright 2021 American Chemical Society. Reprinted with permission from ref. [115]. Copyright 2020 by
the American Physical Society.

with respect to the CrTe2 layers. When self-intercalated, the mag-
netic moments of the intercalated Cr atoms tend to align anti-
ferromagnetically with respect to the host layers, inducing non-
collinearity (see Fig. 3(c)).130,131 In general, the magnetic prop-
erties are mainly governed by a competition between antifer-
romagnetic Cr–Cr direct exchange and ferromagnetic Cr–Te–Cr
superexchange.132 This self-intercalation introduces more spins
into the system, enhancing the superexchange. Note that besides
the introduction of additional spins, intercalation also leads to the
formation of Cr–Te–Cr bonds, that have a bond angle of ∼ 132◦,
which is significantly larger than those of ∼ 90◦ in the host lattice,
further enhancing the ferromagnetic coupling.133

Computational studies have also shown that the magnetic prop-
erties of CrI3 and FeCl2, materials which have garnered a lot of in-
terest from the solid state physics community,10,11,136–141 can be
tuned using self-intercalation.142 The self-intercalation of Cr into
CrI3 induces charge transfer from the intercalated Cr ions to the
Cr atoms in the host lattice, changing the formal oxidation state
of the latter from +3 in pristine CrI3 to +2.67 in Cr-intercalated
CrI3.142 This charge transfer induces a double exchange, result-
ing in an increased ferromagnetic coupling in Cr-intercalated CrI3
compared to pristine CrI3.142

Similarly, the self-intercalation of Fe into FeCl2 bilayers has
shown to alter the interlayer coupling by charge transfer from
the intercalated Fe ions to the host lattice.143 Pristine FeCl2 ex-
hibits strong ferromagnetic intralayer coupling, but antiferro-
magnetic interlayer coupling, both in its bulk form as in bilayer
systems.144,145 DFT calculations revealed that the interlayer cou-
pling could be switched from antiferro- to ferromagnetic upon
self-intercalation with Fe ions, as the intercalated ions donate
charge to the host lattice, resulting in a mixed-valence system.
This is responsible for altering the interlayer exchange mecha-
nism from superexchange to double exchange, which favours an-
tiparallel alignment.112 Notably, this even occurs at low levels of
Fe intercalation, as the charge transfer from intercalated Fe ions
is larger at low concentrations. However, despite the ferromag-
netic interlayer coupling not being dependent on the degree of
intercalation, the magnetic anisotropy is strongly affected by the

concentration of the intercalated Fe ions. For ≤ 25% Fe inter-
calation in FeCl2, the magnetic anisotropy is directed in-plane,
whereas for > 25% Fe intercalation, the anisotropy switches to
out-of-plane.143

2.2.2 Inducing magnetism by transition metal intercalation
of nonmagnetic vdW materials

Aside from tuning inherent magnetic order in vdW materials,
intercalation with transition metals is also suitable for induc-
ing magnetic order in nonmagnetic host lattices. Good ex-
amples of this are the Fe and Cr intercalation of TaS2 and
NbS2.39,42,44,134,146–148 At certain intercalant concentrations,
crystallographic superlattices form by a periodic ordering of the
intercalants in the octahedral interstitial sites. As shown in
Fig. 4(a), superlattices form in FexMS2 and CrxMS2 with M =
Nb or Ta, for x = 1/4 and x = 1/3.134 Due to the distances and
bonding motifs between the intercalants in these materials, di-
rect exchange and superexchange are not expected to contribute
to the magnetic ordering. The RKKY interactions are considered
to be the dominant exchange interaction driving the magnetic
ordering.149,150 Because FexNbS2, FexTaS2, CrxNbS2 and CrxTaS2
are all metallic, it is hypothesised that the localised Fe or Cr 3d
electrons couple to the delocalised electrons in the conduction
band. However, other studies suggest that the magnetic proper-
ties of these compounds are effected by the electronic structure
in a manner that cannot be explained by just RKKY theory.151,152

Although FexNbS2 and FexTaS2 are isostructural and isoelec-
tronic, they exhibit different magnetic behaviours. For x < 0.4,
FexTaS2 orders ferromagnetically whereas FexNbS2 orders an-
tiferromagnetically, with an easy-axis along the c-axis. The
magnetic properties of these intercalated species are very sen-
sitive to small changes in composition, especially around the
superlattice stoichiometry x = 1/3. At this stoichiometric x,
the structures exhibit strong magnetic transitions,42,43,153,154

whereas off-stoichiometric FexTaS2 shows broadened magneti-
sation switching and large magnetoresistance,41,155 and off-
stoichiometric FexNbS2 shows spin glass behaviour and resis-
tive switching146,153. The Fe stoichiometry affects the spacing
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Fig. 4 Inducing magnetic order through transition metal intercalation. (a) Superlattices of FexMS2 and CrxMS2 with M = Nb or Ta, for x = 1/4 and
x = 1/3.134 (b) Atomic-resolution STEM-ADF (Scanning Transmission Electron Microscopy - Angular Dark Field) image of self-intercalated Ta7S12,
showing the superstructure of the intercalated Ta ions. The scale bar corresponds to 0.5 nm.135 (c) Top view (top) and side view (bottom) of the spin
density isosurface of the intercalated Ta in Ta7S12.135 (d) Calculated magnetic moments as a function of Ta intercalation (σ) in TaS2.135 Reprinted
with permission from ref. [134]. Copyright 2022 American Chemical Society. Reproduced from ref. [135] with permission from Springer Nature,
copyright 2020.

between the magnetic intercalants, thereby altering the mag-
netic exchange interactions and spatial symmetry of these ma-
terials. At high intercalation amounts (x > 0.4), antiferromag-
netic exchange interactions dominate,114 while at low intercala-
tion amounts (0.2 ≤ x ≤ 0.4) long-range ferromagnetic ordering is
observed.41,156 The Curie temperature for FexTaS2 is at its maxi-
mum for x = 1/4, for which TC ≈ 160 K, whereas for x = 1/3, TC ≈
38 K, demonstrating the clear difference in magnetic behaviour
as a function of Fe content. In contrast to FexTaS2, FexNbS2 ex-
hibits antiferromagnetic order at both x = 1/4 and x = 1/3, with
TN ≈ 145 K and TN ≈ 45 K, respectively.37,38 Most notably, the
triangular sublattice formed by the intercalants results in the an-
tiferromagnetic ground state being frustrated. These frustrated
exchange interactions play an essential role in the formation of
the off-stoichiometric spin glass phases.157,158

Unlike their Fe-intercalated counterparts, CrxTaS2 and CrxNbS2
have their easy-axis in the ab-plane. The lack of inversion symme-
try in these systems enables a Dzyaloshinskii–Moriya (DM) inter-
action that competes with the ferromagnetic ordering, resulting
in spin-canting. As a result, both Cr1/3TaS2 and Cr1/3NbS2 ex-
hibit chiral magnetic states.39,159–161 The relative strength of this
DM interaction increases when exchanging Nb for Ta, because of
the increased spin-orbit coupling imparted by Ta compared to Nb.
Consequently, the period of the chiral helimagnetic ground state,
which is proportional to the ratio between the ferromagnetic ex-
change and DM interactions, is smaller in Cr1/3TaS2 compared
to Cr1/3NbS2.44,162 Thus, the interplay between different mag-
netic interactions results in these compounds having rich mag-
netic phase diagrams.40,134,163

A remarkable find was made by Zhao et al., who reported
that self-intercalation of Ta, a nonmagnetic intercalant, in non-

magnetic TaS2 and TaSe2 can induce magnetic ordering at cer-
tain stoichiometries.135 By intercalating 1/3 of Ta in TaS2 (i.e.
Ta7S12), a ferromagnetic state was observed. Herein, the inter-
calated Ta atoms form a superlattice similar to those reported for
Fe1/3MS2 and Cr1/3MS2 (M = Nb, Ta), in which the intercalated
Ta atoms bond with six S atoms to from octahedral units (see
Fig. 4(b)). DFT calculations showed that this additional bond-
ing induces a charge transfer from the octahedrally-coordinated
intercalated Ta atoms to the prismatically-coordinated Ta atoms
of the host lattice. This induces a spin-split band close to the
Fermi level, and causes a ferromagnetic ground state to form.135

Hybridisation of the Ta 5dz2 orbital with the spin-up band of
the 5dx2−y2 orbital of the intercalated Ta causes the formation of
this ferromagnetic ground state, where the magnetic moments
are localised on the 5d orbitals of the intercalated Ta ions (see
Figs. 4(c,d).135 Moreover, by intercalating 2/3 of Ta in TaSe2 (i.e.
Ta8Se12), a Kagome lattice forms, which stabilises charge-density
waves. Temperature-dependent Hall measurements revealed an
anomalous Hall effect below 15 K, confirming the presence of fer-
romagnetic order.135 This example again demonstrates the rich-
ness of induced physical phenomena that can be achieved by tran-
sition metal intercalation.

Furthermore, we note that despite the various reports on transi-
tion metal intercalation in transition metal dichalcogenides, little
work has focused on intercalation of transition metals in other
vdW magnets.

2.3 Molecule intercalation

In contrast to the above-mentioned alkali metal and transition
metal intercalation, the use of molecular intercalants to tune the
magnetic properties of vdW materials is relatively unexplored.
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Fig. 5 TBA intercalation in magnetic vdW materials. (a) Temperature-dependent magnetisation of pristine Cr2Ge2Te6 and TBA-intercalated Cr2Ge2Te6
with H applied parallel to the ab-plane.34 (b) Temperature-dependent magnetisation of pristine Fe3GeTe2 (green) and TBA-intercalated Fe3GeTe2
(black). Reproduced from ref. [32]. (c) Room-temperature, field-dependent magnetisation of pristine Fe3GeTe2 (black) and TBA-intercalated
Fe3GeTe2 (red). Reproduced from ref. [32]. (d) Temperature-dependent magnetisation of pristine NiPS3 (black), TBA0.25NiPS3 (red), and
[Co(Cp)2]0.25NiPS3 (blue), measured in the ab-plane.36(e) Scheme of the intercalation of TBA cations in NiPS3, and the subsequent cation ex-
change with Co(Cp) +

2 .36 Reprinted with permission from ref. [34]. Copyright 2019 American Chemical Society. Reprinted from ref. [36] with
permission from the Royal Society of Chemistry, copyright 2022.

However, molecules provide a particularly versatile platform for
altering the properties of the host compound by means of interca-
lation, especially by tailoring the interlayer distance and charge
density.164

There are a few common methods employed to intercalate
small molecules into vdW materials. The preferred method for
alkylammonium cations is intercalation through electrochemical
intercalation.32,34,36,165,166 For other molecular intercalants, a
variety of chemical methods have typically been reported.167–171

Another method of intercalation is post-intercalation ion ex-
change, in which the host compound is first intercalated with
another, easy-to-intercalate intercalant that is then replaced by
the desired intercalant.36,172

2.3.1 Alkylammonium cation intercalation

As molecules are typically much larger than monoatomic in-
tercalants, they tend to increase the interlayer distance much
more. To this end, alkylammonium cations have been widely
investigated.32,34,36,165,166 Wang et al. intercalated Cr2Ge2Te6
with tetrabutylammonium (TBA) cations, which increased the in-
terlayer distance from 6.8 Å to 16.48 Å, consistent with insert-
ing a single TBA cation layer of ∼ 10 Å, without significantly in-
fluencing the in-plane lattice parameters.34 Moreover, as shown
in Fig. 5(a), they observed a massive increase in TC from 67
K in pristine Cr2Ge2Te6 to 208 K in the TBA-intercalated com-

pound. Besides this significant increase in TC, TBA intercalation
also changed the intrinsic magnetocrystalline anisotropy, reori-
enting the easy-axis from the c-axis in pristine Cr2Ge2Te6 to lie
in the ab-plane. In pristine Cr2Ge2Te6, the spins mainly interact
through 90◦ superexchange interactions via the Cr 3dz2 and Te
5p orbitals.34,174,175 This results in weak ferromagnetic interlayer
coupling and the easy-axis aligning with the c-axis due to spin-
orbit coupling. DFT calculations on TBA-intercalated Cr2Ge2Te6
showed that after intercalation, the Cr2Ge2Te6 layers become
electron-doped by the intercalant. These extra electrons were cal-
culated to occupy the previously empty Cr 3dxy and 3dyz orbitals,
resulting in a major density of state contribution near the Fermi
level. As a result, the conducting electrons in the Cr 3dxy and 3dyz

orbitals enable double exchange between the electron-doped Cr
ions and the surrounding Cr ions that in combination with spin-
orbit coupling causes the switch of the easy-axis.34

In contrast, recent work by the Singamaneni group did not find
any switching of the easy-axis upon intercalation of Cr2Ge2Te6
with TBA.166 They did, however, observe a similar change in
exchange mechanism from superexchange to double exchange,
as well as a previously reported semiconductor-to-metal ground
state transition upon TBA intercalation.166 This means that fur-
ther work might be necessary to come to a clear conclusion re-
garding the easy-axis anisotropy.

In addition to TBA intercalation in Cr2Ge2Te6, earlier work by
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Fig. 6 (a) Schematic illustration of co-intercalation of TBA and Co ions in TaS2, creating an organic-inorganic superlattice with superconducting and
ferromagnetic regions in a single atomic layer. Adapted from Li et al.173 (b,c) Isothermal field-dependent magnetisation of Co and TBA-intercalated
TaS2 superlattice, at 5 K and 2 K.173 (d) Schematic illustration of 4(4-anilinophenylazo)benzenesulfonate intercalated CoAl layered double hydroxides.
The intercalant reversibly switches between the two isomers displayed at high and low temperatures, changing the interlayer distance. Reproduced
from ref. [171]. Reproduced from ref. [173] with permission from John Wiley and Sons, copyright 2020.171

the same group showed that TBA intercalation in Fe3GeTe2 re-
sults in a negligible change in TC (see Fig. 5(b)).32 Despite TBA
not affecting TC of Fe3GeTe2,30,32,176,177 it was suggested that
charge transfer induced by intercalation results in the observation
of room-temperature ferromagnetism.32 As shown in Fig. 5(c),
this room-temperature ferromagnetism manifests itself as a ferro-
magnetic ‘wasp-waisted’ hysteresis loop, which can be indicative
of competition between two different phases of different coercivi-
ties, in this case caused by antiferromagnetic exchange related to
the antiferromagnetic interlayer coupling.32

As shown in Fig. 5(d), intercalation of TBA into NiPS3 to form
TBA0.25NiPS3, on the other hand, supresses the intrinsic antifer-
romagnetic order (TN = 155 K) and instead induces ferrimagnetic
order below ∼ 78 K.36 This change in magnetic ordering was ar-
gued to be caused by reducing Ni2+ cations in the host lattice
to zerovalent Ni atoms, as a consequence of the electron doping
by TBA. This reduction is accompanied by a displacement of the
Ni ions from an octahedral to a tetrahedral coordination site, as
confirmed by Raman measurements.36 Since this only happens
to a fraction of the Ni ions, the antiferromagnetic order is only
partially suppressed, giving rise to the observed ferrimagnetic or-
dering.

Tezze et al. also reported on a substitution of the TBA cations
with (Co(Cp) +

2 ) through a non-redox cation exchange, utilizing
the increased interlayer distance.36 This exchange intercalation is
illustrated in Fig. 5(e). The formed [Co(Cp)2]0.25NiPS3 also dis-
plays ferrimagnetic order, with an ordering temperature of ∼98
K (see Fig. 5(d)). Note that this cation exchange could be ap-
plied more universally and provides a great template for studying
molecular effects on the magnetic properties of the host lattice at
a constant doping level.

2.3.2 Co-intercalation

The sizable increase in vdW gap between layers, induced by
molecule intercalation, opens the door for simultaneous co-

intercalation of multiple intercalants. It was reported that co-
intercalation aides in the intercalation of cations using metal am-
monium solutions,80–82 although in these reactions the ammo-
nium deintercalates again, leaving only the metal cations behind
as intercalants. Co-intercalation of Li+ and ammonia has shown
to greatly enhance the interlayer spacing in Bi2Se3,178 and in-
crease the superconducitng transition temperature in FeSe,66 but
in this review we focus on tuning the magnetic properties of vdW
materials and give an example of co-intercalation below.

Li et al. reported on co-intercalation of TBA cations with
Co into the vdW gap of TaS2, introducing ferromagnetic long-
range order whilst maintaining the superconductive properties of
2H–TaS2.173 Intercalation of the TBA cations increased the vdW
gap, and simultaneously allowed for surface modification by the
Co ions, resulting in a TaS2 organic-inorganic superlattice. The
Co ions integrated into the basal plane of the TaS2 layers, either
by replacing Ta ions or by adsorbing into hollow sites in the layer,
as shown in Fig. 6 (a).

The hysteresis loops shown in Figs. 6(b,c) reveal the presence
of ferromagnetism at 5 K and both ferromagnetism and super-
conducting diamagnetism arising from the host lattice at 2 K.173

DFT calculations showed that the integration of the Co ions in-
troduced spin polarisation through orbital-specific hybridisation
of the Co 3d orbitals with the Ta 5d and S 3p orbitals. The fer-
romagnetic coupling between the Co sites was also shown to be
stronger than the antiferromagnetic coupling, resulting in the ob-
served ferromagnetism. Because the majority spin density is lo-
calised on the Co sites, ferromagnetic coupling occurs through
RKKY interactions, as the local magnetic moment could polarise
the surrounding conduction electrons.173

2.3.3 Molecule-derived functionality for tunable magnetic
materials

Besides acting like a spacer or electron dopant, other properties
of molecular intercalants can also be transferred to the host lat-
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tice. In this way, molecular intercalation opens a pathway for
exploring tunable magnetic systems with molecule-derived func-
tionality, e.g. by using thermoresponsive, photoswitchable or chi-
ral molecules, allowing for additional functionalisation of these
materials.168,171,179

One example of this was reported by Abellán et al.,
who reported the intercalation of CoAl double hydroxide
with 4(4-anilinophenylazo)benzenesulfonate; a thermorespon-
sive molecule which switches between two isomers depending
on the temperature.171 Because the two isomers have different
lengths, the interlayer distance of the intercalated compound can
be reversibly switched between ∼ 25.9 Å and ∼ 25.1 Å by chang-
ing the temperature from 25 ◦C to 100 ◦C and back (see Fig. 6
(d)).

3 Materials chemistry challenges and opportunities
As described in the introduction, there is a large interest from
the physics community in tuning the magnetic properties of vdW
materials. The specific expertise of materials chemists is essential
to enhance the field, not only by their ability to synthesise new
compounds and perform (novel) intercalation reactions, but also
by their characterisation toolkit necessary to study the produced
materials in great detail. However, this comes with a number
of challenges. In this section, we highlight the key challenges
related to tuning magnetic properties of vdW materials by means
of intercalation, and give directions for future research, calling on
materials chemists to join this versatile field of research.

3.1 Determination of crystal structure and composition

To understand the effects of intercalation on the magnetic prop-
erties of the host lattice, a good understanding of any structural
changes induced by intercalation is required. There are a variety
of characterisation techniques that could be used to identify fea-
tures of successful intercalation.52,104–107,180,181 The increased
interlayer spacing obtained upon intercalation can be observed
using X-ray diffraction (XRD) techniques, as peaks originating
from the lateral planes normal to the stacking direction are ex-
pected to shift to lower angles. Moreover, this increased inter-
layer spacing can typically be observed using electron microscopy
techniques. Lateral (scanning) transmission electron microscopy
((S)TEM) provides a sophisticated means to directly observe the
increased layer spacing, and accurately determine the magnitude
of this expansions.

The presence of both heavier elements, such as Te or I, found
in a lot of magnetic vdW materials (e.g., CrI3, Fe3GeTe2 and
Cr2Ge2Te6), together with lighter elements such as Li poses a
challenge for structural characterization using X-ray diffraction.
In the presence of heavy elements that scatter X-rays strongly, the
weak signal from the light intercalant species is diminished. Neu-
tron scattering is the technique of choice to overcome this prob-
lem, as neutrons are sensitive to lighter elements as well.182,183

However, neutron scattering comes with additional challenges
such as the need for large sample masses, typically in the order of
grams, and access to large, international user facilities.

The structure determination using X-ray diffraction can also be

complicated by defects in the material. Particularly noteworthy
defect are stacking faults – discontinuities in the stacking pat-
terns of layered materials. These microstructural defects compli-
cate structure determination, even at low concentration, because
they affect both the intensities and shapes of the diffraction peaks
in a non-trivial manner. This can make separating the contribu-
tion of stacking faults from other factors, such as occupational
disorder and vacancies, very difficult. Moreover, it is crucial to
mention that intercalated compounds can exhibit challenges with
respect to their stability. Air-stability is often an issue, especially
when small organic molecules are intercalated. This could lead
to decomposition of the product. Furthermore, intercalation can
also lead to exfoliation. While this can be used as a way to ob-
tain monolayer products,184 it also causes stability issues when
searching for intercalated products.

Intercalants can also form superlattices.104,105,107,108,134,135

These can be directly captured using (S)TEM techniques,135

or indirectly using selected area electron diffraction
(SAED).104,107,135,155 The formation of superstructures
also results in additional Bragg peaks in the diffraction
patterns,52,104–107,113,185 and are often found in certain mate-
rials with more than 5% intercalation.105–107,113,186 Because
defective superlattices are not necessarily apparent through X-ray
diffraction alone, correlation of the magnetic (and electronic)
properties using composition-determining techniques might be
necessary.

Additional information about the structure of the intercalated
material can be obtained through Raman scattering. Intercalation
does not necessarily result in the observation of additional peaks
with respect to the pristine host material, but an intercalated su-
perlattice may reconstruct the Brillouin zone, giving rise to new
phonons that may or may not be Raman active.52 The shifting of
Raman peaks can be indicative of vibrational stiffening or soften-
ing due to electronic contributions from the intercalant. Raman
scattering is especially useful in structure determination of molec-
ular intercalation,32,36 as, in principle, no new Raman peaks are
expected from metallic intercalants.

Aside from determining the changes to the host lat-
tice, accurately determining the stoichiometry of the inter-
calated compound is of paramount importance, as mag-
netic properties are often highly sensitive to the degree of
intercalation.31,37,41,134,135,153 Notably, not all studies investigate
the precise composition by elemental analysis techniques, despite
the fact that defective superlattices may not be apparent from
diffraction. A precise report of composition and its correlation
with magnetic and electronic properties may greatly improve the
reproducibility.

Commonly available techniques to study the composition are
energy-dispersive X-ray spectroscopy (EDX), X-ray fluorescence
spectroscopy (XFS), X-ray photoelectron spectroscopy (XPS), en-
ergy electron loss spectroscopy (EELS) and inductively-coupled
plasma analysis (ICP). However, these techniques may not al-
ways be sensitive enough to accurately determine concentrations
of lighter elements. The development of muon elemental anal-
ysis, which is sensitive to problematic light elements such as Li,
could be an outcome.187,188
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Electron microscopy can also be used to directly observe the
intercalants. This is typically done through high-angle annular
dark-field STEM. In practise this is done almost exclusively for
transition metal intercalants,135,173 as the combination of light
intercalant elements, such as Li or C and H present in organic
molecules, and heavier elements typically present in the host lat-
tice, results in low contrast due to the difference in scattering in-
tensities between these different elements. This typically causes
the lighter elements to be indistinguishable from the background
noise. Techniques such as annular bright field STEM have allowed
for the direct imaging of elements as light as hydrogen in other
material systems, but require extremely thin samples (< 10 nm)
to do so.189 Molecular intercalants pose additional challenges in
atomic resolution (S)TEM imaging due to the dynamics of the
molecular intercalants and the potential for structural rearrange-
ments.

Another crucial challenge is sample inhomogeneity. Intercala-
tion typically starts at the edge of the vdW host material, before
extending to the center of the flake with increasing intercalation
time or amount.71,190,191 Moreover, optical microscopy studies
have shown that diffusion within a single flake starts from the
thick part of the flake and moves into the thin part.191. In-situ far-
field optical techniques, including photoluminescence (PL) and
Raman spectroscopy have been used to monitor electrochemi-
cal intercalation dynamics, but the light diffraction limit makes
it difficult to exactly detect the distribution of intercalants with
nanoscale resolution.51 Using in-situ TEM, the alkali-intercalation
process was successfully probed with sub-nanoscale resolution,
but the observed area was too small to be representative of the
sample as a whole and determine its kinetics accurately. In addi-
tion, sample preparation for in-situ TEM measurements is a rela-
tively complex and involved process.

3.2 Characterisation of magnetic properties

Determining the magnetic properties and magnetic structure
of intercalated vdW materials is a non-trivial task. When as-
sessing the magnetic properties of a sample, magnetic sus-
ceptibility measurements are often performed using SQUID
magnetometry33,34,121,129,147,151,155,170,172 or vibrating-sample
magnetometry (VSM).32,36,41,43,126 These techniques work well
for bulk intercalated materials, but become problematic for few-
layer samples. The same holds true for neutron scattering ex-
periments that could be used to determine the magnetic ground
state spin structure as well as its dynamics.127,130 As mentioned
above, this requires large sample volumes and it cannot be used
to determine spin structures of few-layer samples. Therefore, sev-
eral other characterization techniques might be required. These
techniques can be divided into optical techniques, electrical tech-
niques, and electron microscopy techniques.

Optical spectroscopy is a powerful tool that can distinguish var-
ious types of magnetic ordering.192 A lot of pioneering work on
2D magnetism relied on the use of optical techniques.8–11,193

The most commonly used optical techniques are based on the
magneto-optical Kerr effect (MOKE), which measures changes in
polarisation of the interaction between linearly polarised light

and magnetism, and on magnetic circular dichroism (MCD),
which measures the difference in absorption towards left- and
right-handed light when incident polarised light passes through
the sample under an external magnetic field.31,122,133,192 By mea-
suring the polarisability or signal strength of the reflected light,
MOKE can produce magnetisation curves. As the signal strength
is proportional to the magnetisation, hysteresis loops can be ob-
tained. The high spatial resolution also allows for obtaining in-
formation about domains and magnetisation processes.192 MCD
allows for determining the magnetic state of a material by observ-
ing changes in amplitude and phase of the outgoing light. Limited
by the measurement setup, MOKE and MCD are very sensitive
to the magnetisation of a sample, but can only recognise out-of-
plane magnetisation for few layer materials.

Electrical measurements on intercalated vdW materials typ-
ically take the form of Hall measurements.31,135,147 In ferro-
magnetic materials, both the normal Hall effect (NHE) and the
anomalous Hall effect (AHE) exist, with the former being sensi-
tive to the external magnetic field, and the latter dependent on
the magnetisation of the sample. In vdW systems, the Hall resis-
tance Rxy can be written as

Rxy = R0Bz +RsMz (1)

where the first term denotes the normal Hall resistance, and the
second term the anomalous Hall resistance. Bz and Mz denote
the out-of-plane components of the applied magnetic field and
magnetisation of the sample, respectively. R0 and Rs are con-
stants used to describe the strength of the NHE and AHE, re-
spectively. In itinerant ferromagnets like Fe3GeTe2, the NHE is
negligibly weak compared to the AHE due to the metallic con-
ductivity, allowing for straightforward characterisation of the fer-
romagnetism through AHE measurements.31 In these cases, Rxy

is proportional to Mz, meaning that magnetisation can directly
be obtained through measuring Rxy. Since most vdW magnets,
as well as their intercalated counterparts, are insulators, in-plane
transport measurements are almost impossible on many of these
materials.

Aside from providing structural information, electron mi-
croscopy techniques can also be used to provide magnetic infor-
mation about a sample, e.g. through Lorentz transmission elec-
tron microscopy (L-TEM). In L-TEM, when the electron beam
passes through the sample, it is deflected by the Lorentz force
of the intrinsic magnetic field of the sample. The detection of
this beam then results in focusing and under-focusing which ap-
pear as black-and-white areas on a 2D map. This allows for the
detection of exotic magnetic textures, and has been used to iden-
tify chiral helimagnetism44 and skyrmions121 in intercalated vdW
materials.

3.3 Future research directions

Based on the plethora of intercalation possibilities that can be
exploited to tune the magnetic properties of vdW materials and
the challenges that are associated with this, as highlighted in this
review, we propose several directions for future research.

The number of vdW materials that have been successfully inter-
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calated to tune their magnetic properties is relatively small com-
pared to the rapidly increasing library of (magnetic) vdW mate-
rials. Given the topical nature of vdW materials research, more
and more candidates for intercalation become rapidly available,
while there simultaneously is a demand for materials with spe-
cific magnetic properties that can for example be implemented in
spintronic applications.6,7 Therefore, materials chemists can play
a crucial role in expanding the playing field by employing var-
ious types of intercalants, such as those described in section 2.
This would give rise to magnetically-tunable materials with de-
sired properties. For example, the tuning of magnetic properties
through transition-metal intercalation has a strong focus on 3d
metals. With an increasing interest in exotic magnetic states orig-
inating from strong spin-orbit coupling,194 the door is open for
the exploration of intercalation of 4d, 5d, or possibly 4 f metals.
Work by Koski and co-workers has shown that a good number of
heavy metals can be readily intercalated,104 but its relation to the
magnetic properties is currently understudied.

Looking forward to spintronic applications, vdW materials play
an essential role for hosting magnons, which form a key research
direction within this field. However, investigation of magnons
into intercalated vdW materials so far has been limited mainly to
intercalated graphite.195–197 With the ever expanding library of
(magnetic) vdW materials, and the broad range of intercalation
possibilities highlighted in this review, new host lattices can be
employed. Techniques such as Brillouin scattering (for acoustic
magnons), Raman scattering (for optical magnons) and inelas-
tic neutron scattering would need to be employed to successfully
characterise magnons in these materials.

Until now, molecular intercalation has mainly focussed on the
use of the intercalant as a dopant or spacer, with very little work
utilizing other aspects of the versatile template that molecular
intercalation forms. The use of molecule-derived functionali-
ties could allow for responsive magnetic systems. These systems
could, depending on the stimulus, tune their magnetic proper-
ties. This could be done by using thermoresponsive, photoswitch-
able, or chiral molecules.168,171,179 With molecular machines and
more complex forms of soft matter gathering a lot of interest,
one can envision complex, stimuli-responsive materials with re-
versibly tunable magnetic interactions.

Another relatively underexplored area is that of using multiple
functionalities of intercalants in one system. For example, Chen et
al. successfully intercalated dual elements into Be2Se3, resulting
in the formation of superlattices.107 This could form a platform
for complex novel magnetic structures that can further expand
the field of magnetic-property tuning by means of chemical inter-
calation. As demonstrated by Li et al., co-functionality can extend
beyond the need of two similar intercalants, as combining multi-
ple families of intercalants opens up the avenue for new types of
intercalated compounds that combine their functionalities into a
single host lattice.173

Moreover, a lot of intercalated vdW materials are not (air) sta-
ble. For these materials to be used in device application, this
barrier needs to be overcome. This can be done either by forma-
tion of air stable intercalants, or by exploring methods to encap-
sulating the intercalated products. So far, this has barely been

explored.
Another research direction that would require enhanced efforts

is the understanding of the intercalation process. Especially with
regards to the dynamics of intercalation, a lot is still left un-
known. To this end, several in-situ studies have been performed,
using optical microscopy,190 and X-ray and neutron scattering
techniques.178 Understanding the dynamics can give us insights
into the intercalation process and inhomogeneity, allowing for a
better prediction of the formed intercalation products and their
properties.

Aside from using intercalation to tune the (magnetic) proper-
ties of vdW materials, intercalation has also been employed to
exfoliate layered materials. Compared to other top-down exfo-
liation techniques, such as micromechanical cleavage1 and di-
rect liquid exfoliation,198 intercalation-based exfoliation results
in high yields of exfoliation and is applicable to a wide range
of vdW materials.184,199 A recent review by Yang et al. exten-
sively describes several intercalation-based exfoliation strategies
and provides a great overview of the status quo. We therefore re-
fer the reader to this review for additional information and future
research directions along the line of exfoliation.184

4 Conclusion
VdW materials have gained a lot of interest from the solid-state
community, and there is a specific interest in vdW materials with
tunable magnetic properties. In this review, we have provided a
comprehensive overview of the most common forms of interca-
lation reactions that are used to achieve this goal. While alkali
metal intercalation is potentially the most studied form of inter-
clation, we also pinpointed the various exotic changes observed
by transition metal intercalation. Moreover, we discussed how
molecule intercalation embodies a rather versatile, yet underex-
plored, area in the field. Furthermore, we have highlighted the
most common materials chemistry challenges and opportunities
that could enhance the field. These challenges are based on ac-
curately determining the materials structure and composition, as
well as on characterising the magnetic properties. In this review
we proposed future research directions along the lines of explor-
ing other forms of intercalation, e.g. heavy-metal intercalation,
molecule intercalation and intercalating multiple functionalities
into a single host lattice, as well as for investigating air-stabilty
and understanding the intercalation mechanism in more detail.
We are certain that the expertise of materials chemists is crucial
to enhance this field.
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