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Atomically thin van der Waals magnetic crystals are characterized
by tunable magnetic properties related to their low dimensionality.
While electrostatic gating has been used to tailor their magnetic
response, chemical approaches like intercalation remain largely
unexplored. Here, we demonstrate the manipulation of the mag-
netism in the van der Waals antiferromagnet NiPS; through the
intercalation of different organic cations, inserted using an engin-
eered two-step process. First, the electrochemical intercalation of
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tetrabutylammonium cations (TBA*) results in a ferrimagnetic
hybrid compound displaying a transition temperature of 78 K, and
characterized by a hysteretic behavior with finite remanence and
coercivity. Then, TBA* cations are replaced by cobaltocenium via
an ion-exchange process, yielding a ferrimagnetic phase with
higher transition temperature (98 K) and higher remanent magneti-
zation. Importantly, we demonstrate that the intercalation and
cation exchange processes can be carried out in bulk crystals and
few-layer flakes, opening the way to the integration of intercalated
magnetic materials in devices.

Introduction

The discovery of ferromagnetic order at the single-layer limit
in CrI; and CrGeTe; "* has motivated a sudden interest
towards layered magnetic materials (LMMs),>* in which a van
der Waals (vdW) gap separates sheets of covalently bound
atoms. One of the distinctive features that differentiate ultra-
thin LMMs from conventional bulk magnetic compounds is
the tunability of their magnetic properties, which stems from
their reduced dimensionality and electronic properties. While
several recent studies show how the magnetic response of
LMMs can be significantly altered through electrostatic
gating,”® the impact of chemical engineering approaches'® "
remains much less explored.

The process of inserting guest species into the vdW gaps of
a host layered material,"*”"” known as intercalation, is a power-
ful route to manipulate the physical properties of layered
materials. The occupation of the vdW gaps typically leads to
an expansion of the interlayer distance and a large charge
transfer.'®2® While alkali metals are often used as guest
species,"* ™" the chemical flexibility of organic cations offers
more degrees of freedom for modulating the physical pro-
perties of the host material, as an accurate molecular selection
enables a fine tuning of doping levels®” and interlayer dis-
tance.”” Intercalation has been studied for several decades®®>°
to induce superconductivity in layered materials,'®20-26:28730
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and it is subject of a recent renewed interest due to the possi-
bility of tuning the properties of atomically thin micrometric
flakes®”*" and tailoring the magnetism of LMMs.>%*?

Among LMMs, NiPS; is a particularly intriguing compound,
since it can be exfoliated to the single-layer limit and it exhi-
bits an intralayer zig-zag antiferromagnetic order®® with a bulk
Néel temperature of 155 K.** The transition temperature does
not dramatically vary from bulk crystals to the few-layers limit,
and the magnetic order remains down to the bilayer.>® The
effect of intercalation on the magnetism of NiPS; has been so
far studied by inserting different inorganic®®?” and organic
ions.>®**? In particular, wet chemical approaches were
employed to intercalate Li*,>*?” cobaltocene,*® and 1,10-phe-
nanthroline®® in NiPS;, resulting in paramagnetic’® or
ferrimagnetic®®*® hybrid compounds. While these works
demonstrate the potential of intercalation to alter the magnet-
ism of layered materials, they do not fully exploit the chemical
versatility of organic guest species and intercalating strategies
to finely tune the magnetic properties in hybrid compounds.

Here, we demonstrate a controllable manipulation of the
magnetic properties of NiPS; through the intercalation of two
different organic cations, inserted using an engineered two-
step procedure. A first electrochemical process leads to the
intercalation of tetrabutylammonium ions (TBA'), which
causes the emergence of ferrimagnetic ordering, characterized
by a finite hysteresis and a transition temperature of 78 K.
Then, a novel cation exchange strategy yields the insertion of
cobaltocenium ions (Co(Cp),", where Cp is a cyclopentadienyl
ring CsHs"), leading to a remarkable shift of the transition
Curie temperature to 98 K and a higher remanent magnetiza-
tion. Importantly, these processes were successfully carried
out both in bulk crystals, as demonstrated by X-ray diffraction,
and in mechanically exfoliated micrometric flakes, as moni-
tored through micro-Raman spectroscopy. Our results open a
novel route for the manipulation of the 2D magnetism of
LMMs and their integration in devices.
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For the insertion of TBA' cations in NiPS;, we employ an
electrochemical approach, which typically provides a fast,
controllable and reproducible intercalation.'®*"** TBA" was
chosen due to its electrochemical stability in non-aqueous
solvents, which makes it one of the most frequently used
compounds for electrochemical intercalation.”>*> We note
that an electrochemical process was previously used to
intercalate NiPS; with alkali metals for lithium-based bat-
teries applications®® and to exfoliate it down to the mono-
layer using organic ions,**** but not to produce bulk inter-
calated crystals. Fig. 1a presents a sketch of the setup used
for the electrochemical process and the intercalating mecha-
nism of TBA" in bulk NiPS; crystals (see also Fig. Sla in ESI
section 11). At the cathodic side of the cell, a NiPS; crystal
with a typical mass in the range of 2-3 mg is attached on a
platinum plate using pressed indium dots. A silver plate
serves as the anode. Both electrodes are immersed in a
tetrabutylammonium bromide (TBAB) solution (2 mg mL™")
under the strict absence of oxygen and water, and are con-
nected to an external source-measure unit, which delivers a
constant current through the electrochemical cell (see ESI
section 17).

When the current is applied, the Br~ anions in solution
move to the positively biased Ag anode, and the organic TBA"
cations to the negatively biased NiPS; crystal (Fig. 1a). At the
anode, silver is oxidized, forming initially AgBr(s):*’

Oxidation of Ag

Ag — Agt +e
Precipitation of AgBr(
Ag” +Br~ — AgBr

Then, AgBr ;) undergoes subsequent complexation steps.*®
At the cathode, electrons are injected into low-lying partially
filled 3d-block electronic bands of NiPS;."> TBA* guest cationic
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Fig. 1 (a) Electrochemical setup used for the intercalation of TBA* cations into NiPSz bulk crystal. The chemical structure of tetrabutylammonium
(TBA) cation is also shown. (b) X-ray diffraction patterns of pristine NiPSz (black line) and TBAg »5NiPS3 (red line). Both patterns are normalized to the
intensity of the (001) peak to facilitate their comparison. (c) Scheme of the intercalation of TBA™ cations. During the process, the interlayer distance

increases from 6.3 A to 15.0 A due to the presence of TBA*.
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species are electrostatically attracted into the vdW gaps to
balance the total electric charge of the system:
e~ injection into NiPS;

NIPS3 +e — (N1P53)7
TBA" intercalation
TBA' + (NiPS;)” — TBA'(NiPS;)~

We found that the electrochemical process leads to an inter-
calated crystal that corresponds to a TBAg,sNiPS; unit
formula, where the 0.25 stoichiometric index is calculated
through gravimetric analysis (see ESI section 27).

Fig. 1b displays a comparison between the XRD patterns
measured for a pristine NiPS; (see also Fig. S3 and Table S1 in
ESI section 31) and an intercalated TBA,,s;NiPS; (also see
Fig. S4a in ESI section 31). The untreated NiPS; crystal exhibits
sharp (00/) peaks corresponding to a 6.34 A interlayer distance,
in good agreement with the value reported in the literature.*’
After intercalation, the XRD pattern shows dramatic changes.
First, the diffraction peaks (00/) corresponding to the
untreated crystal cannot be detected in TBA, ,5NiPS;, eviden-
cing the absence of regions characterized by the pristine inter-
layer spacing in the intercalated crystal, and confirming the
complete intercalation. Moreover, new (00[) diffraction peaks
shifted to lower 26 values emerge in the XRD pattern of
TBA, »5NiPS;, corresponding to an increase of the interlayer
distance due to the insertion of TBA" ions (Fig. 1c). At high 26
angles, single peaks can be resolved in multiplets, revealing
the presence of more than one crystallographic phase (see
Table S2 in ESI section 3t). We explain this feature by consid-
ering that the TBA" guest molecules can adopt different orien-
tations with respect to the ab plane of NiPS;, leading to crystal-
lographic phases characterized by a slightly different interlayer
spacing. For the crystal shown in Fig. 1b, the most abundant
phase is characterized by an interlayer distance of 15.0 A. The

a) b)
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other crystallographic phases encountered after TBA" intercala-
tion are characterized by slightly different interlayer distance
(in the range 14.5 A-15.3 A). The difference between the inter-
layer spacing measured for the intercalated and pristine crys-
tals, which amounts to 8.2-8.9 A depending on the crystallo-
graphic phase, provides an estimation of the vdW steric hin-
drance of the cations inserted in the host material. We note
that by changing the conditions of the electrochemical interca-
lation, it is possible to tune the relative abundance of the
different crystallographic phases, as detailed in Fig. S3 and
Table S1 in ESL{

Based on the measured interlayer distance, the estimated
size of the TBA" cations® and the density of TBA" molecules
in the organic layer (one molecule every four formula units),
we can conclude that the intercalation leads to an organic-in-
organic hybrid superlattice composed of alternated single
TBA' organic layers and NiPS; monolayers (Fig. 1c).

By comparing the XRD pattern of TBA, ,sNiPS; with those
of other electrochemically intercalated compounds,*®*® we
find that the TBA,,sNiPS; peaks are relatively sharp and
defined, indicating a relatively high crystalline quality.

Next, we show the substitution of TBA' guest ions with
Co(Cp)," ions through a non-redox heterogeneous cation
exchange mechanism in solution (Fig. 2a). The mechanism
can be described as follows:

4TBA, »5NiPS; 4+ Co(Cp), " — 4[Co(Cp),], ,5sNiPS; + TBA"

To the best of our knowledge, this method has not been
employed until now to tune the physical properties of an
already intercalated NiPS; crystal. Pioneering studies showed
how Co(Cp)," is particularly prone to intercalate transition
metal phosphorus trisulfides.?® In particular, a solvothermal
method results in the direct insertion Co(Cp),  cations in
NiPS;; however, this study only reported successful intercala-
tion of powder at 130 °C.*® Our protocol follows a 2-step inter-
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Fig. 2 (a) Setup for the cation exchange process. A TBAq 25NiPS3 bulk crystal is immersed in a closed vial containing an acetonitrile solution of Co
(Cp)2PFe. The chemical structure of bis-(cyclopentadienyl)cobalt(in), cobaltocenium (Co(Cp),*) is also shown. (b) X-ray diffraction patterns of bulk
TBAo 25NiPS3 before and after cation exchange (red and blue lines, respectively). Both patterns are normalized to the intensity of the (001) peak to
facilitate their comparison. (c) Scheme of the cation exchange. During the process, the interlayer distance decreases from 15 A to 11.5 A due to the

smaller size of Co(Cp),* in comparison to TBA*.
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calating route that allows large (0.1 mm x 5 mm?®) NiPS; crys-
tals (typically 2-3 mg) to be intercalated with Co(Cp)," cations
in a similarly long process, even at room temperature.
Additionally, this experiment offers the possibility to study
how the use of different methods to intercalate the same
organic cation affects the magnetic properties of the resulting
material.

In Fig. 2b, the diffractogram of [Co(Cp),]o..sNiPS; (see also
Fig. S5a and Table S3 in ESI section 371) is compared with the
previous one of TBA(,sNiPS;. After the ion exchange, the
peaks corresponding to the TBA,,s;NiPS; phase are absent,
indicating that the TBA" cations have been successfully de-
intercalated. Additionally, the (007) diffraction peaks located at
higher angles evidence a shorter interlayer distance (Fig. 2b).
This observation is in agreement with the smaller size of
Co(Cp),"*° as compared to TBA". This comparison confirms
the occurrence of a complete TBA'/Co(Cp)," exchange, indicat-
ing that the process is thermodynamically favoured by the
electrochemical potential and by the electrostatics of the
system, since the positive charge in TBA" is screened by four
butyl groups, whereas in Co(Cp)," it is comparably more acces-
sible for the negatively charged NiPS; layers.

Interestingly, the XRD pattern of [Co(Cp),]o..sNiPS; includes
two families of peaks associated with two slightly different
phases with different interlayer distances, 11.9 A, and 11.5 A.
These two different gaps correspond to an increase in the sep-
aration between layers compared to the pristine material of
5.6 A and 5.2 A, respectively. We understand this phenomenon
as the consequence of the coexistence of two possible arrange-
ments for the Co(Cp)," ions within the vdW gaps, i.e., horizon-
tally and vertically, with the Cs symmetry axis of Cp~ respect-
ively parallel and perpendicular to the basal plane of the

View Article Online
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crystal. A 5.2 A increase in interlayer distance was already
reported for the intercalation of Co(Cp)," in MnPS; via cationic
exchange,” for which it was revealed that the Co(Cp)," is hori-
zontally oriented (as shown in Fig. 2c). Therefore, we assign
the 5.6 A and 5.2 A phases encountered in our sample to Co
(Cp)," cations oriented “vertically” and “horizontally” between
NiPS; layers, i.e., with the Cp~ rings parallel or perpendicular
to the basal plane, respectively. Notice here that a more
complex assembly of vertical and horizontal cations cannot be
excluded in the 5.6 A phase, as reported for neutral metallo-
cenes on metallic surfaces.>® Broadening of the peaks remains
almost unaltered (see Table S3 in ESI section 37), indicating
that the cation exchange process, even if highly invasive, does
not affect the macroscopic lattice crystallinity.

We note that by employing different conditions for the
intercalation, we obtained a Co(Cp)," intercalated NiPS; dis-
playing the single structural phase characterized by the 11.9 A
interlayer distance (see Fig. S5 and Table S3 in ESIT).

After demonstrating the TBA" intercalation and the TBA'/
Co(Cp)," exchange through XRD, we now discuss how micro-
Raman spectroscopy can be exploited as a sensitive tool to
monitor the intercalating process and to provide additional
information on the phenomena accompanying the insertion of
cations. The Raman spectrum of pristine NiPS; (black curve in
Fig. 3a) displays several peaks, which correspond to the eight
fundamental (3A,, + 5E,) and some higher order Raman-active
modes.”

The Raman spectrum of TBA,,;NiPS; (red curve in the
middle panel of Fig. 3a) is significantly different from that of
the pristine NiPS;. We highlight three main changes occurring
after the TBA" insertion which can be considered the hall-
marks of successful intercalation. More detailed Raman
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Fig. 3 (a) Raman spectra of pristine NiPSs, TBA( 25NiPSz and [Co(Cp),lo.25NiPS3 bulk crystals. (b) Raman spectra of pristine NiPSs, TBA,NiPSz and [Co
(Cp)2lo.2sNiPS3 flakes. On the left and right side, we display the schematics corresponding to each intercalation step.
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spectra are reported in Fig. S7 and other features are present
in ESI section 3.1 First, the intensity of the Eg(l) peak at
132 em ™", which is related to the translational mode of Ni(u)
cations in sulfur-coordinated octahedral sites (Oy)," is
strongly suppressed for TBA, ,5;NiPS;. A similar effect was pre-
viously reported for Li* intercalated NiPS;,>* and attributed to
a lower density of Ni(u) in Oy sites. Indeed, Ni atoms are
reduced to the metallic oxidation state (Ni®) and displaced to
the tetrahedral sites (74).>>>® Therefore, the decrease in inten-
sity of the Eg(l) mode provides the first direct evidence of the
Ni(i1) — Ni® coordination evolution induced by the intercala-
tion. This change in the electronic configuration of Ni has a
strong impact on the magnetic properties of NiPS;, as dis-
cussed below.

Second, three new peaks (indicated with ML in Fig. 3a)
appear at 202 cm™ ', 618 cm™" and 635 ecm™' in the Raman
spectrum of TBA(,sNiPS;. Similar spectral features were
observed for ultrathin NiPS; flakes, and their presence was
explained based on the breaking of translational
symmetry.>>>* The emergence of these peaks in TBA, ,sNiPS;
indicates that the increased interlayer distance in the interca-
lated crystals produces a symmetry breaking effect similar to
that generated by the isolation of monolayers. In this regard,
the observation of vibrational features typical of monolayers
being recovered in intercalated crystals shows the potential of
intercalation to obtain monolayer-like behavior in bulk
crystals.?!

Lastly, we highlight the remarkable position change of the
A" peak, which shifts from 254.5 cm™ in the pristine NiPS,
to 245 cm™" in TBA,5NiPS;, A similar redshift but larger for
Alg(” was reported for Li" intercalated NiPS;, attributed to the
charge carrier doping introduced by intercalation.” This can
be understood as a result of the lower doping level introduced
by the TBA" ions intercalation, that is limited by their higher
molecular vdW hindrance.

These three main features also appear in the Raman spec-
trum of the [Co(Cp),Jo.25NiPS; (blue curve in the bottom panel
of Fig. 3a). In addition to these changes, for this sample we
also observe the peaks related to the v(Co-Cs), §;(C-H), ©(C-C)
molecular modes of Co(Cp),”, located at 314 cm™", 1062 cm ™"
and 1108 cm™', respectively. These peaks are red-shifted to
those observed for the Co(Cp),PFs powder, located at
317 em™', 1070 cm™" and 1112.5 em™" (see Fig. S7 in ESI}).>°
This indicates that Co(Cp)," ions are structurally intact and
surrounded by a different chemical environment than the one
provided by the coordinating PFs  in the pristine crystal
lattice. Moreover, we also highlight that the main Raman
feature of PFs~ counterion,” u(P — F) at 741 cm™’, is not
detected in [Co(Cp),Jo.5NiPS;. This proves that the cation
exchange effectively results in the swapping of TBA" with Co
(Cp),', and that the Co(Cp)," features detected in the crystals
are not parasitic Co(Cp),PF, vibrational signatures appearing
due to the presence of residuals of the salt.

Our analysis demonstrates that Raman spectroscopy is a
suitable tool for characterization of the intercalation process
in bulk crystals; therefore, we employ it to monitor the interca-

This journal is © The Royal Society of Chemistry 2022
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lation of micrometric mechanically exfoliated flakes. This is of
particular significance, since other techniques employed to
track the intercalation of bulk crystals (such as XRD) are not
practicable for the characterization of few-layers-thick and few-
micrometres-wide exfoliated flakes.

To intercalate micrometric NiPS; crystals, we stamped a
mechanically exfoliated flake onto prepatterned Au contacts
(see ESI section 1f). After that, we performed the electro-
chemical intercalation of TBA' cations by contacting one of
the electrodes to the external circuitry, as shown in Fig. 3b
(real apparatus shown in Fig. Slc in ESI section 17).
Subsequently, the TBA' — Co(Cp)," cation exchange was
achieved by simply drop-casting a Co(Cp),PFs solution onto
the TBA" intercalated flake under strict exclusion of oxygen
and water. In Fig. 3b, we compare the Raman spectra
measured (i) on a pristine flake transferred onto prepatterned
contacts, (ii) on the same flake after the electrochemical inter-
calation of TBA" cations, and (iii) for the same flake after the
TBA'/Co(Cp)," cation exchange. The Raman spectrum of the
pristine flake is analogous to that of the untreated bulk crystal,
displaying all the Raman-active modes. The peaks of the exfo-
liated flake are generally broader than those of the bulk
crystal, which can be ascribed to lattice strain due to the
stamping,®® or interaction with the SiO, substrate.’® Since the
flake is thin, the typical Raman features of the silicon substrate
appear at 303 cm™', 520 cm™' and around 960 cm™'.
Remarkably, after intercalating the flake with TBA', we observe
the same modifications found in the Raman spectrum pre-
viously described for bulk crystals - including the lower inten-
sity in the Ni(u) vibrational mode Eg(1), the emergence of new
peaks characteristic of the reduced symmetry, and the doping-
related redshift in Aig(l). Moreover, even after the cation
exchange, we observe the spectral features previously discussed
for its corresponding bulk crystal, which include the appear-
ance of the characteristic vibrational modes of Co(Cp),".

These results demonstrate that (i) micro-Raman spec-
troscopy is an ideal technique to monitor the intercalation
process for ultrathin micrometric exfoliated flakes, and that
(ii) the electrochemical and ion exchange processes developed
here lead to efficient intercalation not only in bulk crystals,
but also in mechanically exfoliated flakes. While several works
on intercalation focus on bulk crystals which are not suitable
for devices, the successful intercalation of exfoliated flakes
offers the possibility of taking advantage from the materials
changes associated to the intercalation in novel nanoscale
devices.

Finally, we show how the intercalation and ion exchange
processes modify the magnetic properties of NiPS;. Fig. 4a
shows the temperature dependence of the field-cooled magne-
tization M(T) measured within an in-plane magnetic field H =
500 Oe for pristine, TBA" and Co(Cp)," intercalated NiPS;. For
the pristine NiPS; crystal, the M(T) displays the reported
trend,”*?> characterized by a decrease in the magnetization
associated with the antiferromagnetic transition at Tn¢e =
155 K. A very different behavior is observed for TBA' and
Co(Cp)," intercalated NiPS;. In both cases, we find a sudden
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Fig. 4 (a) Field-cooled molar magnetization vs. temperature for bulk NiPSz, TBAg 2sNiPSs and [Co(Cp),lo 2sNiPSs crystals. The applied field (500 Oe)
is oriented parallel to the ab plane of the crystal. (b) Hysteresis loops at 5 K of bulk pristine NiPSs, TBAg 25NiPSz and [Co(Cp),] ¢.25NiPS3 crystals. (c)
Scheme of the structural change in the NiPS3 layer accompanying the reduction of the Ni atoms.

increase of the magnetization at 78 K for TBA, ,5NiPS; and at
98 K for [Co(Cp),Jo.o5sNiPSs3, characteristic of a magnetic phase
transition. The magnetization values achieved at low tempera-
tures, which are for both compounds on the order of 10 %ug
per Ni atom, are low compared to the expected magnetic
moment of Ni(u) (u[Ni(u)] = 2.83up). Therefore, we conclude
that at low-temperature TBA,,s;NiPS; and [Co(Cp),]o.o5NiPS;
are not ferromagnetic, but rather ferrimagnetic. Moreover, in
the M(T) we observe an upturn of the magnetization below
20 K for both intercalated compounds, suggesting the co-exist-
ence of paramagnetic and ferrimagnetic phases. We note that
the magnetization reached at low temperature for the two com-
pounds is quite different, being 7.5 emu mol(Ni)™" for
TBA,,sNiPS; and 20 emu mol(Ni)™" for [Co(Cp),]o.sNiPSs,
indicating that the latter is characterized by a larger spon-
taneous magnetization (see also Fig. S8 in ESI¥).

This scenario is confirmed by the hysteresis loops M(H)
measured at 5 K for TBA" and Co(Cp)" intercalated NiPS; dis-
played in Fig. 4b, compared with the loop recorded for pristine
NiPS;. Magnetization of pristine NiPS; increases linearly with
the applied field H. This trend can be understood considering
that NiPS; is an antiferromagnet with an in-plane anisotropy,
and that the application of an in-plane field causes a slight
tilting of the spins along its direction. Conversely, the M(H)
curves of TBA, »,5NiPS; and [Co(Cp),]o.»5NiPS; show a clear hys-
teresis with finite coercive fields of H = 1.5 kOe and 2.2 kOe, as
well as remanent magnetization M; = 6.6 emu mol™' and 14.2
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emu mol ™", respectively. In both cases, the hysteretic behavior
demonstrates the emergence of (ferri)magnetic ordering. For
[Co(Cp)2Jo.25NiPSs, hysteresis loops measured with an in-plane
and out-of-plane magnetic field (Fig. S9 in ESI}) reveal that the
crystal possesses a magnetic anisotropy and displays an in-
plane magnetic easy axis. We highlight that also in pristine
NiPS; crystals the spins are oriented in plane.*

At large magnetic fields, the magnetization does not satu-
rate, confirming the presence of a paramagnetic signal in
addition to the ferrimagnetic one. The coexistence of different
magnetic responses can be ascribed to the different structural
phases found in our intercalated samples. This conclusion is
supported by a combined structural and magnetic characteriz-
ation of other crystals intercalated using different conditions
(see ESI section 77). In particular, the magnetic response in
TBA' intercalated NiPS; was found to depend on the details of
the structural phases generated in the intercalation process.
Besides, the single-phase [Co(Cp),]o..sNiPS; crystal character-
ized by the 11.9 A interlayer distance did not display the ferri-
magnetic behavior (Fig. S10 in ESIt). Therefore, we conclude
that for this compound, the paramagnetic and the ferro-
magnetic phases are related to the phases with 11.9 A and
11.5 A interlayer distance, respectively.

We note that (i) the ferrimagnetism in TBA" intercalated
NiPS;, which has not been previously reported, proves that an
electrochemical approach can be used to modulate the mag-
netism of NiPS;; and (ii) the phase transition at 98 K measured
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in our Co(Cp)," intercalated NiPS; is significantly higher than
the one previously reported for the same compound interca-
lated using a wet chemistry approach.®® This indicates that not
only the guest molecule, but also the intercalation method can
strongly impact the resulting magnetic properties of NiPS;.

The dramatic change in the magnetic properties of NiPS;
can be explained based on the nanoscale phenomena taking
place in the NiPS; layers. In particular, the intercalation
induces the Ni(i1) — Ni° reduction and displacement from the
Oy, to the Ty lattice site®®>® (see Fig. 4c). This reductive displa-
cement is accompanied by a dramatic change in the magnetic
properties of the Ni atoms. Ni(u)-Oy, atoms are characterized by
a [Ar]3d®s° electronic configuration (high spin) bearing a mag-
netic moment p[Ni(u)] = 2.83u5, whereas Ni’-T; atoms possess
a [Ar]3d*°s® zero-spin configuration (low spin). As discussed
previously, Raman spectroscopy evidences that the Ni(u)-O —
Ni’-Ty reduction occurs for a significant fraction of Ni(u)
atoms, which can be quantified based on charge balance con-
siderations. The reduction of each Ni(u) atom requires two
transferred electrons, which are provided by two guest mole-
cules. Therefore, from the 0.25 stoichiometric index in
TBA, ,5NiPS;, we estimate that 12.5% of Ni atoms are reduced
and displaced. As a result, the antiferromagnetism in the inter-
calated compounds is not fully compensated, as part of the
spins that give rise to the antiferromagnetic order in the pris-
tine crystal are suppressed during the intercalation, or analo-
gously, unpaired spins are introduced in the system (see
Fig. 4c).

While this argument accounts for the presence of unpaired
spins in the intercalated NiPS; compounds, understanding
their magnetic coupling is more complex. Our M(T) and M(H)
data indicate that different structural phases of crystals inter-
calated with the same molecule are characterized by diverse
magnetic responses, demonstrating that the overall magnetic
properties are determined by the details of the nanoscale inter-
actions between the guest species and the inorganic layers. For
instance, the molecules intercalated between the layers may
form ordered self-assembled structures, which might induce a
periodicity in the displacement of Ni atoms, resulting in the
measured magnetic interactions. Therefore, our results indi-
cate that the intercalation of organic cations provides a readily
available “tuning wheel” to engineer the magnetic properties
of layered materials.

Finally, we highlight that while layered materials interca-
lated with organic compounds are typically reactive at ambient
conditions, only minor changes in the magnetic properties
of a [Co(Cp),]o.25NiPS; crystal were observed after storing it in
air for more than one month (Fig. S9 in ESIY).

Materials and methods
Materials

NiPS; crystals were purchased from HQ graphene. Acetonitrile
(anhydrous <0.001% H,0), tetrabutyl-ammonium bromide
(TBAB - purity >98%) and bis-(cyclopentadienyl)cobalt(ur)
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hexafluorophosphate (Co(Cp),PFs - purity 98%) were pur-
chased at Aldrich. Platinum and silver electrode plates were
obtained by pressing metallic pellets (purity 99.99%, Kurt
J. Lesker). Before usage, salts were dehydrated at 100° C in
vacuum (1 mbar) overnight. Electrodes were polished with
sandpaper and sonicated for 2 minutes in acetone and then in
isopropanol for surface cleaning.

Device fabrication

To intercalate NiPS; flakes, devices have been fabricated by
stamping mechanically exfoliated flakes onto gold contacts
prepatterned in a Hall configuration on Si/SiO, substrates.
The stamping is performed by exfoliating NiPS; on a polydi-
methylsiloxane (PDMS) elastomer. Target flakes with a thick-
ness of a few layers (typically 5-15) are identified through
optical microscopy and transferred onto the prepatterned
contacts using a micromanipulator coupled to an optical
microscope.

TBA" electrochemical intercalation

Self-limiting tetrabutylammonium (TBA') electrochemical
intercalation is achieved using a custom-made cell. This cell is
composed of two electrodes, a platinum holder for NiPS; as
the cathode and a silver plate as the anode, both immersed in
a TBAB solution in acetonitrile (2 mg mL™'-3.1 mM) (Fig. 1a).

Bulk NiPS; crystals (typical mass m = 2-3 mg) were electri-
cally anchored to the platinum plate by utilizing indium strips
and subsequently fully dipped into the electrolyte. In this case,
the intercalation was achieved by applying a constant current
(30 pA or 50 pA) using a Keithley 2635 source meter. The
voltage drop caused by the current was monitored during the
intercalation, and the full intercalation was identified as an
increase in the voltage (see also ESI 11). Micrometric flakes
were intercalated by connecting one of the Au electrodes to the
external circuitry using a Cu wire attached through an indium
connection. In this case, the intercalation was achieved by
applying a constant current of 2 pA for 5 minutes.

TBA'/Co(Cp)," cation exchange

Bulk TBA, »5NiPS; crystal was immersed in 1 mL of Co(Cp),PFs
solution in acetonitrile at a concentration of 50 mg mL™". The
process was carried out in a sealed vial kept in an oven at
50 °C located in a glovebox for 2 days to ensure the exchange
for the whole crystal (see also ESI 17).

Characterization

X-ray diffractometry is carried out with an XPERT-PRO diffract-
ometer on bulk crystals in a w/w configuration. A copper
cathode A(Ky) = 1.540598 A is used as X-ray source. Micro-
Raman characterization is performed with a Renishaw inVia
Qontor system at room temperature using a 633 nm HeNe
laser. Magnetization measurements vs. temperature or field H
are carried out using a physical properties measurement
system (PPMS) in vibrating sample magnetometer mode.
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Conclusions

We have employed an electrochemical approach to intercalate
TBA" cations in the LMM NiPS;, leading to a hybrid organic/in-
organic superlattice compound composed of alternating TBA"
and NiPS; single layers. Moreover, immersing the TBA" inter-
calated crystals in a Co(Cp),PF¢ solution results in the com-
plete exchange of the TBA" cations with Co(Cp),".

These processes, which are confirmed through XRD for
large crystals, can be also monitored through Raman spec-
troscopy, which provides important insight into the nanoscale
phenomena accompanying the intercalation. Importantly, we
used micro-Raman spectroscopy to demonstrate the successful
intercalation of micrometric exfoliated flakes, which could not
be accessed via conventional XRD. Finally, we show that the
magnetic properties of NiPS; are dramatically modified by the
intercalation in a way that depends on the molecular guests
and the intercalation process. In particular, pristine NiPS; is
antiferromagnetic, whereas a ferrimagnetic transition at 78 K
and 98 K is recorded in TBA" and Co(Cp)," intercalated com-
pounds, respectively. Our results show how molecular interca-
lation can be tailored to generate hybrid superlattice com-
pounds with novel magnetic properties, offering the possibility
to introduce additional compounds with tunable magnetic
properties in the LMM family. Moreover, the successful inter-
calation of exfoliated flakes opens the way to the integration of
intercalated NiPS; in devices.
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