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We have performed electrochemical treatment of the van der Waals antiferromagnetic materials FePS;
and NiPS; with the ionic liquid EMIM-BF,, achieving significant molecular intercalation. Mass analysis of
the intercalated compounds, EMIM,-FePS; and EMIM,-NiPS;, indicated respective intercalation levels, x,
of approximately 27% and 37%, and x-ray diffraction measurements demonstrated a massive (over 50%)
enhancement of the c-axis lattice parameters. To investigate the consequences of these changes for the magnetic
properties, we performed magnetic susceptibility and 3'P nuclear magnetic resonance (NMR) studies of both
systems. For EMIM, -FePSs, intercalation reduces the magnetic ordering temperature from 7y = 120 to 78 K,
and we find a spin gap in the antiferromagnetic phase that drops from 45 to 30 K. For EMIM,-NiPS;, the
ordering temperature is almost unaffected (changing from 148 to 145 K), but a change towards nearly isotropic
spin fluctuations suggests an alteration of the magnetic Hamiltonian. Such relatively modest changes, given that
the huge extension of the ¢ axes is expected to cause a very strong suppression any interlayer interactions, point
to the conclusion that the magnetic properties of both parent compounds are determined almost exclusively
by two-dimensional (2D), intralayer physics. The changes in transition temperatures and low-temperature spin
dynamics in both compounds therefore indicate that intercalation also results in a significant modulation of the
intralayer magnetic interactions, which we propose is due to charge doping and localization on the P sites. Our
study offers chemical intercalation with ionic liquids as an effective method to control not only the interlayer but

also the intralayer interactions in quasi-2D magnetic materials.

DOLI: 10.1103/PhysRevB.109.184407

I. INTRODUCTION

Low-dimensional magnetic systems have played a pivotal
role not only in advancing our understanding of the quan-
tum properties of materials but also in the realization and
exploration of new concepts in many-body physics. Still,
with the exception of certain geometrically discretized or
strong-frustration scenarios, which lead to quantum disor-
dered magnetic states including quantum spin liquids, most
three-dimensional (3D) magnetic systems exhibit long-ranged
order. Conversely, as emphasized by Bethe in his semi-
nal work, low dimensions amplify quantum fluctuations and
destabilize the conventional order parameters [1]. In the case

“These authors contributed equally to this work.
ftlxia@ruc.edu.cn
tguoyf@shanghaitech.edu.cn
Swqyu_phy@ruc.edu.cn

Icuiyi@ruc.edu.cn

2469-9950/2024/109(18)/184407(11)

184407-1

of layered compounds, increasing the interlayer spacing by
the insertion of large molecules is a very literal means of
modulating the dimensionality, and hence the properties, from
potentially 3D towards the 2D limit [2,3]. The discovery of
2D magnetic materials suitable for this type of control would
hold significant promise for applications in nanoelectronics
and spintronics [4].

For this reason, magnetic van der Waals materials have
attracted extensive attention in recent years [5], although ef-
forts at dimensional manipulation have so far been limited
largely to approaching the monolayer limit by exfoliation. In
this context, the Ising-type van der Waals magnets Cr,Ge, Teg
and Crl; exhibit the emergence of intrinsic ferromagnetism
with a high transition temperature in few- or monolayer films
[6-8]; in particular, Crl3 shows a systematic evolution of the
ordering temperature and even the type of magnetic order with
the number of layers [7]. MnSe, remains ferromagnetic (FM)
at room temperature in its monolayer form [9], and most sur-
prisingly room-temperature FM order emerges in monolayer
VSe,; despite the bulk material being paramagnetic [10].

©2024 American Physical Society
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FIG. 1. Lattice and magnetic structure of MPS;. (a) Crystal
structure. The figure illustrates two unit cells containing eight MPS;
units. (b) Magnetic structure below Ty. In FePS; and NiPS;, J,
J», and J; label respectively magnetic interactions between nearest-,
next-nearest-, and next-next-nearest-neighbor sites; in both systems,
the competition of J; < 0 and J;3 > 0 determines the zigzag mag-
netic structure. J' labels the interlayer interaction, which we note
corresponds to ABC stacking of the magnetic ions in the honeycomb
layers, and is AFM in FePS; but effectively ferromagnetic in NiPS;.
Blue and red arrows illustrate the relative orientations of local mo-
ments in the ordered phases.

The transition-metal trisulfide MPS; (M = Mn, Fe, Co,
Ni) is a class of antiferromagnetic (AFM) van der Waals
materials that has also been studied extensively [11-16]. As
Fig. 1(a) shows, the MPS3; compounds are isostructural, with
the magnetic ions (M>*) forming a honeycomb lattice. All
exhibit the characteristics of a Mott insulator, displaying high
resistivity at room temperature and a band gap well in excess
of 1 eV (1.5 eV for FePS; and 1.6 eV for NiPS3). This
gap varies widely on exfoliation, offering an optoelectronic
response over a broad frequency range for device applications
[15]. MnPS3 shows a technologically relevant nonreciprocal
response arising from P7 symmetry [17], FePS; exhibits a
phase transition under pressure from insulating to metallic
[18], and NiPSs in its AFM phase has coherent excitonic states
[19].

Differences in the trigonal distortion of the MSg octahe-
dra and in spin-orbit coupling mean that the anisotropy of
intralayer magnetic interactions differs in the MPS; mate-
rials. MnPS3 appears to have Heisenberg spin interactions,
NiPS; shows a weak and CoPS; a stronger easy-plane (XY)
anisotropy, and FePS;3 has a strong Ising anisotropy [13,20—
25]. Upon cooling, they all order in an AFM pattern, with
respective transition temperatures Ty of 78, 118, 122, and
155 K for MnPS3, FePS3, CoPS3 and NiPS3 [11,16,26].

The weak van der Waals interlayer coupling leads to a
cleavage energy close to that of graphite, and thus the MPS;
materials are easy to exfoliate. Multiple efforts to thin MPS3
samples have shown them to remain structurally stable down
to a single layer [15,27]. Recent Raman scattering studies

of monolayer FePS; have reported that 7y either drops from
117 to 104 K [28] or remains unchanged [24], which raises
the possibility of substrate effects on this 2D Ising magnet
[29]. Raman investigation of monolayer NiPS; indicates a
suppression of long-range order relative to the bulk material,
which was interpreted in the framework of the Berezinskii-
Kosterlitz-Thouless (BKT) phase transition [30].

An alternative approach to dimensionality reduction is the
incorporation of organic cations as spacers in the bulk materi-
als, such that the altered layer separation enables control over
the interlayer interactions [31,32]. This is complementary to
electrochemical treatments with ionic liquids whose primary
effect is to induce protonation, or other electron doping ef-
fects, when the sample is placed on the cathode side [33,34].
It was reported in the early literature that pyridine (CsHsN)
can be intercalated into MnPS3, leading to a transition from an
AFM to a weakly FM ground state [2], and that the intercala-
tion of alkylamines (C,H,,+NH,) into FePS5 causes a strong
reduction of Ty [3]. Much more recently, the intercalation of
tetraheptylammonium-bromide (CgHgoBrN) into NiPS; was
found to cause a transition from AFM to ferrimagnetic (FIM)
order, followed by another transition to AFM order, in effects
ascribed to the electron doping of the layers [35].

In this work, we report the successful interlayer inter-
calation of EMIM™ into FePS; and NiPS3, using the ionic
liquid C¢H;N,BF4 (EMIM-BF,). By measuring changes in
the mass and interlayer spacing, we estimate the intercalation
levels to be approximately 0.27 EMIM™ /f.u. in FePS;3 and
0.37 EMIM™ /f.u. in NiPS3, and that both procedures dilate
the c-axis lattice parameter by over 50%. We investigated
the magnetic properties of EMIM,-FePS; and EMIM,-NiPS3,
and compared them with FePS; and NiPS;, by magnetic
susceptibility and 3'P nuclear magnetic resonance (NMR)
measurements. We found that intercalation in FePS3 causes
changes in the Curie-Weiss temperatures determined above
Ty, a suppression of Ty itself, and a reduced spin gap at
the lowest temperatures. For intercalated NiPS3, the magnetic
transition temperature barely changes and the spin fluctua-
tions become very isotropic, suggesting an evolution from
weakly XY toward Heisenberg-type magnetism. Taken to-
gether with a dramatic suppression of any interlayer magnetic
interactions, these data provide strong evidence for the sys-
tematic modulation of intralayer magnetic interactions by
intercalation, for which we deduce that charge doping on the
P site should be taken into account.

The structure of this article is as follows. In Sec. II, we
describe our MPS3 samples and intercalation procedure, and
in Sec. III report our structural characterization. Section IV
reports our measurements of the magnetic properties of pure
and intercalated FePS; and Sec. V our data for pure and
intercalated NiPSs. In Sec. VI, we discuss the consequences
of our results for the understanding of magnetism in MPS;
materials and provide a brief conclusion.

II. MATERIALS AND METHODS

Single crystals of FePS; and NiPS; were grown by the
method of chemical vapor transport (CVT) [26]. As Fig. 1(a)
shows, the MPS; layer is composed of covalently bonded
MSg octahedra and double-cone [P,S¢]*~ units in a 2:1 ratio
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FIG. 2. Sample intercalation and structural characterization of
FePS; and NiPS;. (a) Configuration for electrochemical treatment
with EMIM-BF,. Two platinum electrodes are placed in the ionic
liquid, set to a potential difference of 3 V, and the sample is at-
tached to the negative electrode. (b) Single-crystal XRD data for
FePS; and EMIM,-FePS;. (c) Single-crystal XRD data for NiPS;
and EMIM, -NiPS;.

[36]. The M ions are thought to be in a robustly divalent
M?* state in all compounds, as shown for FePS; by x-ray
photoelectron spectroscopy (XPS) [37]. These ions form the
honeycomb lattice, with the P-P pairs located at the centers
of the M hexagons [11,13,26]. The S2- layers stack in an
ABC configuration along the ¢ direction to form a monoclinic
structure with space group C2/m [12].

Both FePS; and NiPS; order magnetically with a “zigzag”
pattern, as shown in Fig. 1(b). The Fe?* ions in FePS; take
their high-spin, S = 2 state and order with the moments nor-
mal to the ab plane [13]. These moments have FM alignment
parallel to the a axis and AFM alignment along the b and
¢ axes, with propagation wave vector k = [0 1 %] [20,23,38—
41]. For NiPS3, the Ni** (S = 1) moments are oriented pri-
marily along the a axis with a small component perpendicular
to the ab plane; the zigzag chains also lie along the a axis,
with AFM alignment along b but an FM repeat along the ¢
axis, resulting in k = [0 1 0] [20,42-44].

Figure 2(a) shows the configuration that we adopt for
electrochemical treatment in order to achieve interlayer in-
tercalation. The ionic liquid EMIM-BF, was packed in a
container with two platinum electrodes placed approximately
20 mm apart and subjected to a 3 V potential difference
[33,34]. A single crystal of FePS; or NiPS; was attached to
the cathode and covered with silver paint. The ionic liquid was
heated to a temperature around 60 °C. After 24 hours the mass
of the samples had changed significantly, but longer treatment
times led to no further change, and so one could declare the
intercalation process to be complete.

X-ray diffraction (XRD) measurements were performed
using Cu, and Cug radiation to determine the c-axis lattice
parameters. The d.c. magnetic susceptibility was measured
in a Magnetic Property Measurement System (MPMS) with
a field of 100 Oe and at temperatures down to 1.8 K in

TABLE I. c-axis lattice parameters of FePS;, EMIM,-FePSs,
NiPS;, and EMIM,-NiPS;, and the estimated doping, x.

FePS; EMIM, -FePS; NiPS; EMIM, -NiPS;
cA)  6.723(1) 10.401(1) 6.642(1) 10.343(1)
X 0 27+3% 0 37+0.4%

field-cooled (FC) and zero-field-cooled (ZFC) conditions. 3'p
has nuclear spin I = 1/2 and a Zeeman factor of 3!y =
17.235 MHz/T. The 3'P NMR measurements were per-
formed on single crystals using a top tuning circuit and the
spectra collected by spin-echo pulse sequences. For broad
spectra, frequency sweeps were used to acquire the full
spectrum. NMR Knight shifts were calculated from K, =
(f/*'yvH — 1)x100%, where f is the resonance frequency
of the spectral peaks in the paramagnetic phase and the av-
erage frequency in the ordered phase. Spin-lattice relaxation
rates, 1/3'T;, were measured by the standard magnetiza-
tion inversion-recovery method. These constitute a sensitive
probe of low-energy spin fluctuations, because 1/T1T =
lim,,_¢ EqAﬁf(q) Im x (g, w)/w, where x (g, w) is the dynam-
ical susceptibility, An¢(g) is the hyperfine coupling, and w is
the NMR measurement frequency, which for electronic spins
lies in the zero-energy limit.

III. LATTICE STRUCTURE AND DOPING
OF EMIM,.-FePS; AND EMIM,-NiPS;

Figure 2(b) shows single-crystal XRD data for our FePS3
samples before and after 24-hour electrochemical treatment
with the ionic liquid EMIM-BF,, and Fig. 2(c) the analo-
gous data for NiPS3;. We focus on the (0 0 L) Bragg peaks
in order to extract the interlayer (c-axis) dimension of the
unit cell. Studying the intralayer structure, meaning the a
and b parameters, requires powder XRD measurements, but it
has been found that the grinding process introduces disorder
within the layers that precludes a meaningful analysis. The
positions of the (0 0 L) XRD peaks change appreciably after
the intercalation treatment, and the c-axis lattice parameters
are shown and compared in Table 1. The c-axis dimension
increases from 6.72 to 10.40 A for FePS; and from 6.64
to 10.34 A for NiPS;. Such an extremly large (over 50%)
increase in interlayer spacing can be expected to have a very
strong effect on reducing the dimensionality to the 2D limit.

Because the sample is attached to the cathode, and be-
cause of the large change in c-axis parameter, we deduce
that EMIM™, rather than H, is intercalated into the mate-
rials. A similar observation of intercalation by a large organic
molecule has also been reported in NiPS; using a different
type of ionic liquid [35]. We note that our intercalation in
EMIM,-NiPS; was not complete by volume, in that a small
portion of the XRD pattern of EMIM, -NiPS; coincided with
that of pristine NiPS; [visible in Fig. 2(c)]. However, the
volume ratio of residual NiPSs is rather small, as we establish
later from the absence of detectable signals in the magnetic
susceptibility and NMR spectra.

The mass of the FePS3 crystal increased from 0.18 £ 0.01
mg before to 0.21 &£ 0.01 mg after intercalation. From this we
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estimate the intercalant concentration and the charge doping
level to be x = 27 + 3%, given the molecular mass of 183
g/mol for FePS; and 111 g/mol for EMIM™. For the NiPS3
crystal, the mass changed from 3.86 + 0.01 to 4.71 = 0.01
mg, and thus we extracted the doping level as x = 37 + 0.4%,
using the molecular mass of 186 g/mol for NiPSs. As part of
our investigation we also performed '°F NMR studies of the
intercalated samples, which revealed in addition the presence
of F~ ions (data not shown), suggesting an unknown small
concentration of BF, intercalants. The presence of BF, in
the EMIM,-FePS; and EMIM,-NiPS; samples need not be
identical, and constitutes an additional possible source of error
in the determination of x (for which we assumed that EMIM™
doping was the only source of mass change). However, be-
cause our electrochemical setup [Fig. 2(a)] favors cationic
intercalation, we expect this BF, content to be small.

In summary, the fact that the lattice parameters of FePS;
and NiPS;3 are very similar [12] does suggest that the ionic
concentration x should be the same in both compounds after
full intercalation. The concentrations we achieve are certainly
similar, particularly when the uncertainties in their determina-
tion are taken into account, but one cannot exclude that small
electrostatic differences between the two systems may give
rise to a nontrivial difference in final x values.

IV. EXPERIMENTAL DATA ON FePS; AND EMIM, -FePS;
A. Magnetic susceptibility

Our susceptibility measurements were conducted on sin-
gle crystals of FePS; and EMIM,-FePS; with a small field
applied parallel and perpendicular to the crystalline ab plane,
and data under FC and ZFC conditions are shown in Fig. 3.
In both pure and intercalated FePS;, x(7T') is much bigger
at temperatures above Ty when the field is perpendicular to
the ab plane than when it lies in the ab plane, but much
smaller below Ty. Such an anisotropy should indicate the Ising
nature of the system, which is attributed to combination of
trigonal distortion and spin-orbit coupling [13,21,22,45]. With
H 1 ab, x does not reach zero in the zero-temperature limit,
which may be the consequence of a small field misalignment.

On cooling in FePSj3 [Fig. 3(a)], x(T) exhibits a peak
followed by a sharp drop at 120 K in both field orientations,
indicating the Néel transition at 7y ~ 120 K as found in previ-
ous reports [11,13,46]. There is no appreciable hysteresis with
FC and ZFC conditions, which supports a second-order AFM
transition, in contrast to earlier reports that this transition
may be of first order [47,48]. Turning to EMIM,-FePSs, Ty
taken from the peak position in x(7") is reduced to 80 K by
intercalation [Fig. 3(c)], which is a value still 2/3 of that in
the pristine sample. These values of Ty will be verified by the
NMR measurements to follow, and already contain one of our
primary results, that there is little to no connection between
Ty and a hypothetical interlayer coupling. The FC and ZFC
data for EMIM,-FePS; already differ at temperatures above
Ty, but this difference is affected only minimally by the onset
of magnetic order at Ty; thus we believe that the difference
between the FC and ZFC datasets is not an intrinsic effect, but
an extrinsic one caused by impurities that enter the sample
during chemical intercalation.
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FIG. 3. Magnetic susceptibility of FePS; and EMIM,-FePS;.
x (T) measured in a field of 100 Oe applied parallel and perpendicu-
lar to the ab plane, under ZFC and FC conditions. (a) Susceptibility
of FePS; shown as a function of temperature. (b) 1/x (T") of FePS; in
the high-temperature PM phase. (c) Susceptibility of EMIM, -FePS;
shown as a function of temperature. (d) 1/x(T) of EMIM,-FePS;
in the high-temperature PM phase. Ty in (a) and (c) labels the
AFM transition temperature, which is located at the peak of x (T').
Solid lines in (b) and (d) are linear fits to the data made over the
temperature range shown, with 6 obtained from the intercept on the
x axis (i.e., aty = 0).

In all cases shown in Fig. 3, x(T) above Ty can be well

fitted by the Curie-Weiss (CW) form, y = ;,:’;“T"_gg), where
Wegr 18 the effective paramagnetic (PM) moment and 6 is the
CW temperature. In FePS; [Fig. 3(b)], the CW temperatures
are found to be 8, =22+ 1K and §; = —104 = 2K for the
two field orientations. In our convention, the positive 6, in-
dicates the presence of FM interactions, as one may expect
from the zigzag ground-state order; nevertheless, this ordered
state is dominated by AFM interactions and by the Ising
anisotropy, so our result reflects the magnetic frustration in
the system. The CW fit to the perpendicular-field data returns
a PM moment pe = 6.4 &+ 0.2 /Fe, which is close to the
literature value [13]; as noted in early studies, such a large
Uesr for divalent Fe?T ions can be explained only by taking
the spin-orbit coupling into account [13].

For EMIM,-FePSs, the susceptibility shows the same type
of anisotropy as the pristine sample [Fig. 3(c)]. The PM
moments we extract, 6.0 & 0.2y /Fe, are largely unaltered,
indicating that intercalation causes no significant changes to
the ionic properties. The CW temperatures we obtain, 6, =
26 £ 1K and 6 = —18 £3K [Fig. 3(d)], suggest that no
dramatic changes take place in the signs or energy scales of
the couplings, but offer no straightforward interpretation as
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FIG. 4. 3'P NMR spectra of FePS; and EMIM,-FePS;. (a) Spec-
tra of FePS; over a range of temperatures above and below Ty, taken
at a fixed in-plane field of 4 T. Successive datasets are offset verti-
cally for clarity. (b) Spectra of EMIM, -FePS; taken under the same
conditions. The spectral intensities at 30 and 60 K are multiplied by
a factor of two; dashed lines represent Gaussian fits to the data.

alterations to the dominant AFM or frustrating FM inter-
actions. Because the susceptibility measurements contain
significant impurity contributions whose subtraction is diffi-
cult to benchmark, we turn next from a bulk to a microscopic
probe in order to gain deeper insight into the magnetic prop-
erties after intercalation.

B. NMR spectra

We measured 3'P NMR spectra for FePS; and
EMIM, -FePS; over a wide range of temperatures on both
sides of Ty, and show our results in Fig. 4. In FePS3, the single
NMR peak observed at temperatures above 120 K splits into
two nearly symmetrical peaks, presenting a clear signature of
AFM ordering at Ty [Fig. 4(a)]. We note here that the field
was applied in the ab plane, where from Fig. 1(b) one expects
the 3!'P nucleus to experience hyperfine fields from the two
different sites that are in opposite directions relative to the
external field. We then fitted the peak or peaks in each NMR
spectrum with Gaussian profiles to extract the full width at
half maximum height (FWHM) and the peak splitting below
Ty. As Fig. 5(a) shows, the single NMR peak above 120 K
broadens rapidly at Ty, from approximately 18 to over 50 kHz
where it splits. The line splitting, A f, approaches 2.8 MHz at
low temperatures and, as shown in Fig. 5(b), from its shape
can serve as an order parameter for the AFM phase.

For EMIM, -FePSs, the single NMR peak remains rather
narrow when cooled down to 80 K [Fig. 4(b)]. Here it shows
no evidence of a line splitting, but instead undergoes a large
increase in line width [Fig. 5(c)]. This broadening can be
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FIG. 5. NMR line widths and splittings in FePS; and

EMIM,;-FePS;. (a) FWHM of the primary spectral peak, or peaks, in
FePS; [Fig. 4(a)] shown as a function of temperature. (b) Splitting,
A f, of NMR peaks in FePS; as a function of temperature. (c) FWHM
of the broad NMR spectrum of EMIM, -FePS; [Fig. 4(b)] shown as
a function of temperature.

taken to indicate the onset of magnetic order at 7y =~ 80K,
consistent with the susceptibility data of Fig. 3, and Gaussian
peak fits show the FWHM broadening from 300 kHz above
Ty to 3 MHz below Ty. We draw attention to the fact that
the low-temperature FWHM in EMIM, -FePS; has the same
order as A f in FePS3, which suggests a distribution of ordered
moments in the system. Because we observe only one peak,
we propose that these results reflect an incommensurate mag-
netic order in the 2D layers, with a systematic distribution of
local-moment magnitudes and/or directions, as opposed to a
multi-domain structure. Such an incommensurate order could
arise from rather small alterations of the intralayer interactions
in FePS3, whose pre-intercalation compromise configuration
is the Ising zigzag order shown in Fig. 1(b).

C. Spin-lattice relaxation rates and spin gaps

The spin-lattice relaxation rates, 1/3!7;, of pure and in-
tercalated FePS; are shown in Fig. 6. FePS; exhibits the
characteristic behavior on decreasing temperature that 1/3'7;
first increases to a maximum at 7 = 120 K, which reflects the
AFM transition at Ty, followed by a rapid drop [Fig. 6(a)].
Far below Ty, the exponential fall suggests the form 1/3'7; o
e 2/ksT | where A is the spin gap expected in an ordered
Ising magnet. Plotting In(1/3'T}) as a function of 1/7 reveals
that the data below 50 K follow a straight line [Fig. 6(b)],
whose gradient gives a gap A =45+ 3K. Here we com-
ment that inelastic neutron scattering (INS) measurements
of the anisotropic spin-wave spectra have reported a gap of
15 meV [39], which is significantly larger than our NMR
value. Because the NMR 1/7] is a very sensitive, low-energy
local probe that sums contributions from all of momentum
space, it is possible that our results reveal a process missed by
both triple-axis and time-of-flight INS for reasons of energy
resolution or reciprocal-space coverage. However, the higher
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FIG. 6. Spin-lattice relaxation rates of FePS; and EMIM, -FePS;.
(a) 1/3'T; shown as a function of temperature, measured with an in-
plane field of 4 T. (b) 1/3'T; shown in semilog form as a function
of 1/T. The straight solid lines represent linear fits to the data in the
low-temperature regime. A is a gap value extracted from the gradient
of each line.

temperatures at which we obtained an NMR signal do leave
open the possibility of probing a finite-energy transition, and
we note also that 7; becomes very long at these low tempera-
tures, making the NMR 1/7} measurement more sensitive to
the presence of impurities. We hope that future studies may
resolve this apparent contradiction.

Similar magnetic ordering and spin-gap behavior are ob-
served in EMIM,-FePSs, as Fig. 6(a) shows. Here Ty is
determined quite precisely at 78 K from the sharp peak in
1/3!T;. Analysis of the low-temperature response, shown in
Fig. 6(b), gives the equivalent spin gap as A =30+ 3K.
This suppression of the gap upon intercalation scales linearly
with the suppression of 7y, which would be consistent with a
straightforward reduction of the relevant intralayer energies.

V. EXPERIMENTAL DATA ON NiPS; AND EMIM,-NiPS;

A. Magnetic susceptibility

The magnetic susceptibilities of NiPS; and EMIM,.-NiPS;
are shown in Fig. 7. For both compounds, the peak in x(T)
occurs around 250 K, which makes it impossible to reach a
high-temperature regime in which to extract the CW behavior.
Such high intralayer energy scales are found by high-precision
INS measurements of the spin dynamics of NiPS; [44],
and the broad peak in x indicates the development of 2D
AFM correlations. We note that the AFM ordering transi-
tion is essentially invisible in x(7'), and we will show by
NMR that Ty = 148K (below). Detailed measurements on
NiPS; showed that the susceptibility is isotropic above Ty
and anisotropic below it [42]. The most notable feature in
our measurements (Fig. 7) is the onset of a large difference
between the FC and ZFC data below 25 K; because we found
this downturn at different temperatures in different samples,
we deduce that it is caused by quenched disorder and is not an
intrinsic property.

FIG. 7. Magnetic susceptibility of NiPS; and EMIM,-NiPS;.
x (T) measured in an out-of-plane field of 100 Oe under FC and ZFC
conditions.

For EMIM,-NiPSs, x(T) is remarkably similar to the
pristine compound, with only a small deviation setting in at
temperatures below 200 K. This minimal alteration despite the
massive increase in interlayer spacing is a strong indication
that all the magnetic properties of NiPS; are intrinsically 2D.
For the intercalated system, a difference between the ZFC
and FC data develops gradually with decreasing temperature,
unaffected by the onset of magnetic order (shown below by
NMR), and we believe this to be a consequence of impurities
introduced by the intercalation, similar to the situation in
EMIM,-FePS; (Fig. 3).

B. NMR spectra

Figure 8 shows the 3'P NMR spectra of NiPS; and
EMIM, -NiPSj; over a wide range of temperature for both field
orientations. For NiPS; in an out-of-plane field, the spectra
above 148 K have a single peak characteristic of the PM
phase, which broadens significantly on further cooling from
148 K to 140 K [Fig. 8(a)]. By contrast, the double-peak
feature developing at all temperatures below 148 K in an
in-plane field demonstrates clearly the onset of AFM order
and fixes Ty = 148 4 2 K. In this case, Lorentzian functions
gave a slightly better fit to the spectra, although this choice
made little difference for the purpose of extracting the FWHM
of each peak and the line splitting, A f, below Ty [shown in
Figs. 9(a) and 9(b)]. The FWHM is about 40 kHz at tem-
peratures above Ty and saturates around 0.2 MHz far below
Ty, while Af also tends to level off around 0.2 MHz at low
temperatures in the ordered state.

For EMIM,-NiPS3 in both field orientations, the NMR
peaks also broaden significantly towards low temperatures
[Figs. 8(c) and 8(d)]. Focusing first on high temperatures, as
in EMIM,-FePS3 we did not, within the uncertainties imposed
by the peak widths, resolve an average shift of the primary
peak positions arising from chemical intercalation. In contrast
to EMIM,-FePS;, however, we find that the spectra at and
above 150 K exhibit an asymmetric shape that we capture by
fitting each spectrum to a double-Lorentzian form. This pro-
cedure resolves a smaller second peak on the low-frequency
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FIG. 8. 3'P NMR spectra of NiPS; and EMIM,-NiPS;. (a) Spec-
tra of NiPS; measured in an out-of-plane field of 3 T over a wide
range of temperatures above and below 7y. Successive datasets are
offset vertically for clarity. (b) As in (a) with an in-plane field.
The low-temperature spectra are fitted to a double-Lorentzian form.
[(c) and (d)] Spectra of EMIM,-NiPS; measured under the same
conditions of field and temperature. Asymmetric peaks at and above
150 K are fitted to a double Lorentzian (short-dashed lines, marked
by L and R, respectively), revealing a subdominant second contribu-
tion to the left of the main peak whose position is marked with an
arrow.

side, marked by the arrows in Figs. 8(c) and 8(d), whose
presence suggests a differential charge localization on the P
sites that we discuss in Sec. VI. Below 150 K, we did not
find a meaningful two-peak fit, instead using fits to a single
Lorentzian to extract the FWHM, and Fig. 9(c) summarizes
the data obtained with in-plane fields. The sudden increase
in FWHM occurring at 145 K, which we label T*, is char-
acteristic of a static magnetic order. However, the absence of
discernible line splitting at any lower temperatures suggests
that this order could be of a type different from that in pristine
NiPSs;.
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FIG.9. NMR line widths and splittings in NiPS; and

EMIM,,-NiPS;. (a) FWHM of the primary spectral peak, or peaks, in
NiPS; [Figs. 8(b)] shown as a function of temperature. (b) Splitting
A f of NMR peaks in NiPS; as a function of temperature. (c) FWHM
of the broad NMR spectrum of EMIM,-NiPS; [Figs. 8(d)] shown
as a function of temperature. The arrows mark the transition
temperatures, Ty and 7*, extracted for the two compounds.

C. Spin-lattice relaxation rates

The spin-lattice relaxation rates of NiPS; and
EMIM,-NiPS;, measured in both field orientations, are
presented in Fig. 10. We comment that it was not possible to
obtain a reliable 1/3!T; signal at temperatures significantly
below 100 K, in contrast to the situation in FePS; (Fig. 6),
but our data characterize well the magnetic transitions in
both materials, which are clearly evident from the kinks in
1/3'T;. For NiPS; in both orientations, the rapid drop in
13T determines precisely the AFM ordering temperature
Ty = 148K, a value slightly lower than that obtained from
early susceptibility data [11,13,49]. Below Ty, 1/3'T; for
an in-plane field drops significantly faster than with an
out-of-plane field, which is consistent with XY magnetic

T T T T T T T T T — T
50 | |
a0 b mH=3T _-- o |
PSsart 8
30 | ?é‘? e O ]
/ PNT00
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FIG. 10. Spin-lattice  relaxation rates of NiPS; and

EMIM,-NiPS;. 1/3'T; shown as a function of temperature,
measured with in- and out-of-plane fields of 3 T.
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TABLE II. Magnetic interactions of FePS3 and NiPS; [39,44]; J;
indicates a Heisenberg interaction between neighboring ions of dif-
fering separations [Fig. 1(b)] and D, the leading magnetic anisotropy
fitted by INS.

Ji (meV) J, (meV) J3 (meV) J' (meV) D, (meV)
FePS; —1.46 0.04 0.96 0.0073 —2.66
NiPS; —-2.6 0.2 13.5 -0.3 0.21

order [50-52] in that the gapless (Goldstone) modes should
be preserved only when the field is applied out of the plane.
For EMIM,-NiPS3, our 1/3'7; data for the two field ori-
entations are barely distinguishable above T*, where they
decrease with decreasing temperature from 200 to 160 K
and then increase over the range from 160 to 145 K. Below
this they drop more rapidly, allowing us to fix the putative
magnetic ordering temperature as 7* = 145 K. Below T*, the
relaxation rates under in- and out-of-plane fields are truly in-
distinguishable, presenting the first of two distinctive contrasts
between NiPS; and EMIM,-NiPS3. Such isotropic behavior
suggests that intercalation in this system genuinely alters the
intralayer magnetic interactions to a Heisenberg form. Sec-
ond, although T* is reduced by only 3 K on intercalation,
1/3'Ty at T = 100K (far below T*) is enhanced by a fac-
tor of five. This apparent strong enhancement of low-energy
spin fluctuations points once again to the possibility of a
magnetically ordered state different from that of pure NiPS3
[Fig. 1(b)], candidates for which would include an incommen-
surate order. Further measurements are therefore required to
investigate the magnetic structure of the intercalated system.

VI. DISCUSSION

Our susceptibility data indicate that the intercalation of
FePS; and NiPS; does not cause any appreciable depletion
of the available magnetic moments. Thus the changes we
observe, specifically the reduction of 7y in EMIM,-FePS;
and the isotropic spin response of EMIM,-NiPS3, should be
attributed to changes of the magnetic interactions. To discuss
these, in Table II, we list the values of the magnetic interac-
tions deduced by INS experiments for FePS; [39] and NiPS;
[44]. The authors of both studies adopted a minimal model
consisting of the three intralayer Heisenberg interactions il-
lustrated in Fig. 1(b), an interlayer Heisenberg interaction (J'),
and single-ion anisotropy terms, of which only one was found
to be significant. The J' term was found to be very small in
FePS; but potentially significant in NiPS3. The J3 term was
found to be completely dominant in NiPS3 and to play an
essential role in establishing the zigzag order of FePSs;.

Considering the increase of the c-axis lattice parameter that
we achieve, in excess of 50%, it is natural to expect that the
interlayer couplings should be reduced dramatically. Thus our
primary conclusion is that, beyond the role of their sign in
establishing 3D order, the effective J’ terms have no quanti-
tative role in the magnetism of either material. The fact that
magnetic order remains well established in EMIM,-FePS;
and essentially unaltered in EMIM,-NiPS3 points unequiv-
ocally to dominant 2D character. In the light of theoretical

studies demonstrating that quasi-2D Heisenberg magnets with
very small /' may nevertheless have significant 7y values [53],
this result was not fully clear for FePSs (Table II). Our study
demonstrates that it is also true for NiPSs3, despite the 3 K
interlayer coupling scale extracted in Ref. [44].

It is then important to understand how the intralayer mag-
netic interactions are modified by intercalation. In principle,
the addition of EMIM™ should lead to electron doping in
both materials, with the electrons presumably located on the
M or P ions, and reaching a doping around %e/f.u. (0.27
in EMIM,-FePS3, 0.37 in EMIM,-NiPS3). The unchanged
paramagnetic moments we extracted for EMIM™-FePS; and
the unchanged magnetic properties of EMIM™*-NiPS; seem
to exclude a significant change of the M** valence. This
suggests that the electronic doping should primarily affect
the P sites, and indeed by transforming the less favorable
P** configuration [37] to P3*. In our results, the emergence
of a second *'P NMR peak at temperatures above 150 K
in EMIM,-NiPS3, as shown in Figs. 8(c) and 8(d), supports
charge doping and localization on the P sites, although it does
not give immediate insight into the P valence. Here we note
that, unlike in FePS3 [37], XPS results for NiPS; report a
strong coupling of the charge state to the spin order and a
significant departure of the microscopic Ni valence state from
2+ [54], suggesting the involvement of the M ions in the de-
tails of valence shifts. Because magnetic quantities including
the effective paramagnetic moment and spin-wave excitations
tend to obey the nominal valence, a deeper analysis of this
issue lies beyond the scope of our data. However, the fact
that the P ions are located at the centers of the M hexagons
should make P doping very effective in modifying the in-
tralayer superexchange interactions, particularly the strong J3
terms. We remark in this context that we found the intercalated
samples to remain highly insulating, which is a prerequisite
to regard the doped charges as localized, such that they can
affect the magnetic interactions rather than drive a metallic
transition.

Considering FePS; in more detail, the Ty we measure
for bulk EMIM,-FePS;3 is lower than the value Ty = 104 K
obtained for monolayer FePS; [28]. Thus our intercalation is
more than a simple isolation of the 2D units, and its effects
on the competing intralayer interactions require more detailed
microscopic modeling. In fitting their INS results, the authors
of Ref. [39] assumed a rather minimal model where all of
the anisotropy was ascribed to one single-ion term, and fur-
ther anisotropic interactions such as Dzyaloshinskii-Moriya
or Ising-type spin-spin interactions were neglected. The mod-
eling of these terms is a complex task that was approached
only recently by correlated density functional theory (DFT)
methods [45], while further experimental information on the
magnetic anisotropy has been obtained by x-ray photoelectron
microscopy [55]. With the ongoing interest in FePS; as a
candidate spintronic material [4], and for band engineering by
ultrafast coherent light [56], a deeper understanding of the key
interaction terms remains a priority.

In EMIM,-NiPS;, the fact that 7* is only 3 K
lower than 7y in NiPS; demonstrates immediately the
quantitative irrelevance of the J’ terms. Nevertheless, the
absence of discernible line splitting at low temperatures in
the 3'p spectra of EMIM,-NiPS; [Fig. 8(d)], in contrast to
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the behavior in NiPS; [Fig. 8(b)], and the enhancement of
1/3'Ty (Fig. 10), lead us to suggest that the ordering at
T* may be of a different type, such as incomplete (short-
ranged) or incommensurate. Recent theoretical work has
indeed proposed that NiPSj; is close to incommensurate mag-
netic order [57], and the large overlap of the two NMR
peaks we observe in Fig. 8(b) may support this scenario.
Another possibility could be weak anisotropy caused by in-
tralayer strain arising from a lattice mismatch with the size
of the intercalated molecules. Finally, a BKT transition is
also possible if the system retains an easy-plane anisotropy,
however weak, and in the intercalated system it is likely
that quenched disorder would help to pin true long-range
order from the quasi-long-ranged BKT order. We note here
that a BKT phase has already been reported in monolayer
NiPS; [30].

In summary, we performed electrochemical treatment of
FePS3 and NiPS; with the ionic liquid EMIM-BF,, obtaining
a significant intercalation of the large EMIM™ ions into both
compounds. The most important consequence of intercalation
is a large and uniform increase of the c-axis lattice parameters,
which unavoidably causes a strong reduction of interlayer
couplings. The fact that we do not observe order-of-magnitude
changes in the magnetic properties of either system demon-
strates conclusively that the magnetic properties of the pristine
materials are intrinsically 2D, being determined almost
exclusively by intralayer physics. The changes we do observe

are a consequence of modulated intralayer magnetic interac-
tions. In FePS3, the drop in magnetic ordering temperature
suggests a change in the competing FM and AFM interactions
while the system remains in the Ising limit; the effects in
NiPS; are far more subtle, with the interactions changing
from weakly XY-type to almost isotropic (Heisenberg-type).
We propose the charge doping that accompanies intercalation,
which appears to be localized around the P ions and reaches a
level of 0.3-0.4 e~ /f.u., as the mechanism most likely to drive
these changes. Our study of chemical intercalation with ionic
liquids paves the way not only for approaching the 2D limit
in van der Waals magnetic materials but also for tuning their
intralayer magnetic interactions.
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