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The Hard Ferromagnetism in FePS; Induced by

Non-Magnetic Molecular Intercalation

Yunbo Ou,* Xiaoyin Li, Jan Kopaczek, Austin Davis, Gigi Jackson, Mohammed Sayyad,

Feng Liu,* and Seth Ariel Tongay*

Manipulating the magnetic ground states of 2D magnets is a focal point of
recent research efforts. Various methods have demonstrated efficacy in
modulating the magnetic properties inherent to van der Waals (vdW)
magnetic systems. Herein, the emergence of robust anisotropic
ferromagnetism within antiferromagnetic FePS; is unveiled via intercalation
with non-magnetic pyridinium ions. A one-step ion exchange reaction
facilitates the formation of energetically favorable B-phase and metastable
P-phase. Notably, both B- and P-phases manifest hard ferromagnetic behavior,
featuring substantial unsaturated coercive fields (>7 T) and high Curie
temperatures (72-87 K). First-principles calculations elucidate the pivotal role
of electron transfer from pyridinium ions to FePS; in engineering magnetic
exchange interactions. Calculated effective spin Hamiltonian corroborates the
observed hard ferromagnetism in intercalated FePS,. This study offers crucial

magnetic, catalytic, energy storage, and
topological ~ properties.'®!  Recently,
much attention has been given to the
vdW/2D magnets after the first ob-
servation of ferromagnetism (FM) in
atomically thin Crl;,P) leading to the
discovery of a wealth of 2D magnets.
However, the earlier attempts toward the
isolation of 2D magnets were carried out
in antiferromagnetic (AFM) transition
metal phosphorous trichalcogenides
MPX, (M = Mn, Fe, Ni, X = S, Se).[0-13]
These material systems exhibited dif-
ferent magnetic properties, though
mostly AFM, such as Heisenberg-type
AFM in MnPS;, Ising-type AFM in

insights into hard magnetism in intercalated vdW materials, thereby
presenting promising avenues for 2D vdW magnet-based magnetic devices.

1. Introduction

Van der Waals (vdW) crystals have been vastly investigated
in the past decades owing to their exotic electrical, optical,
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FePS;, and XY- or XXZ-type AFM in
NiPS&[ll,llFlS]

Although the magnetic ground states
of MPX, or any other vdW magnets
are determined by the spin Hamiltonian,
their magnetic properties can be effectively modified by
the electric field," strain,?] electrostatic doping,!?!! and
intercalation.[??] Significantly, the weak vdW forces between co-
valently bonded 2D magnetic sheets facilitate the insertion of for-
eign species, including atoms, ions, and molecules, into the vdW
gap without disturbing the planar structure yet strongly alter-
ing their properties.[?}] Previously, phosphorous trichalcogenides
have been subjected to intercalation by ions and molecules, and
only powder FePS; has indicated the AFM to FM transition after
intercalation.[??’] Since the vdW FePS, powder grains are ran-
domly oriented in all possible directions, the magnetic properties
and the origins of ferromagnetism remained mostly unexplored
and unanswered.

In this work, we demonstrate the emergence of strong ferro-
magnetism in pyridinium ion (PyH") intercalated single crys-
tal FePS,. The one-step ion exchange reaction was utilized to
introduce a selected concentration of PyH* molecules into the
vdW FePS; under different PyH* concentrations, temperatures,
and intercalation durations. Results show that two distinct inter-
calated phases with planar PyH* molecule aligning to the ab-
plane of FePS; in parallel (Basal or B-phase) and perpendicu-
lar (P-phase) geometry, each associated with unique ferromag-
netic behaviors, can be realized. The interaction between PyH*
and the FePS; slab emerges as a crucial factor influencing the
emergence of hard ferromagnetism. Our results offer fundamen-
tal insights into the engineering of magnetism in vdW FePS,
systems.

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 1. Schematic diagram of intercalation, XRD and Raman of the pristine FePS; and B-phase. a) The schematic diagram of the PyH" intercalating
into the vdW gap of FePS;. b) The OP XRD patterns of pristine FePS; (black) and B-phase (red) along [0 0 /]. All (0 0 /) peaks shift to the lower angle
after the intercalation of PyH™. The inset is the enlarged XRD pattern at (0 0 1) peak. The schematic diagram shows how PyH* aligns with the basal
plane of FePS;. c) IP XRD pattern of pristine FePS; (black) and B-phase (red) along [0 k 0] direction. The IP ¢-scans of (0 6 0) peak of pristine d) FePS;
and e) B-phase. The Raman spectra of pristine FePS; (black) and B-phase (blue) at ) lower and g) higher frequency. The Raman spectrum of PyH*CI~

is plotted in (g).

2. Results

vdW FePS, crystalizes into a monoclinic structure with the space
group of C2/m. Here, the Fe atoms form a honeycomb lattice
in the ab-plane and are surrounded by bipyramidal (P,S)4,
where two P atoms (P-P dimer) are covalently bonded to six S
atoms (Figure 1a). Each Fe atom is bonded to six S atoms while
each P is bonded to three S atoms and one P atom. Within each
FePS,; layer, two sets of FM coupled zigzag Fe chains, passing
through the long Fe-Fe bond, antiferromagnetically interacted
with each other, making FePS, an Ising-type antiferromagnet
with Néel temperature (Ty) of ~120 K.[?®] The broad range of
the electromagnetic spectrum (from infrared to ultraviolet) and
1.23 eV bandgap of FePS, enable the application of ultraviolet
photodetectors and nonlinear optics.[?*3% Previously, the spon-
taneous magnetization was reported in powder FePS; by inter-
calation with organics in the range of 77-90 K. The magnetic
field dependent magnetization (M—H) curves saturated at tem-
perature slightly lower than the critical temperature and a A-
like zero-field-cooled (ZFC) and field-cooled (FC) magnetization
was observed. However, the dramatically weakened saturation of
M-H curve when the temperature was far lower than the criti-
cal temperature puzzles the real FM ordering in the intercalated
FePS;.

2.1. Structural Understanding of PyH* Intercalation

Single-crystal FePS; is immersed in pyridine hydrochloride
(PyH*ClI") dissolved in ethanol to facilitate intercalation of PyH*
molecules into FePS;, and fully (all the vdW gap of FePS, is filled
by molecule) PyH"-intercalated single crystal FePS; was obtained
after 50 h soaking (Figure 1a).**] The intercalation process is a
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direct ion exchange reaction.[?*! Fe?* ions are released into the
solution during the process. The elemental analysis (Table S1,
Supporting Information) identified the loss of Fe?* ions and the
chemical formula as Fe g5 Py o6 S3(PyH™) 30-

After the intercalation, X-ray diffraction (XRD) patterns show
a large shift in the (0 0 I) peaks as depicted in Figure 1b. More
specifically, the out-of-plane (OP) lattice spacing (d-spacing) in-
creased from 6.45 to 9.60 A, which marks ~42% increase in
their vdW gap when PyH™ molecules are parallelly aligned to
the basal plane of FePS; 3!l which is referred as B-phase (basal
phase). In this geometry, the in-plane (IP) peak (0 6 0) shifts to
the lower angle after PyH" intercalation (Figure 1c). The ¢-scan
at peak (0 6 0) along the normal of ab-plane in Figure 1d re-
vealed the same d-spacing of {0 6 0}, {3 3 1}, and {3 3 1} and 60°
angle between each of them. After the intercalation with PyH*,
the ab-plane symmetry doesn’t change as shown in Figure le,
which means the guest molecule only intercalated into the vdW
gap of FePS; slabs without causing structural phase transition
in FePS; sheets. The crystal parameters for pristine FePS; and
B-phase can be obtained as a = 5.9458 A, b =103023 A, c =
6.7526 A, b = 107.028° and a = 6.0308 A, b = 10.2943 A, ¢
= 10.3835 A, b = 109.1216° according the XRD patterns. Ra-
man spectra in Figure 1f at lower frequency exhibit the soft-
ening of the P-P and [P,S.]*~ unit vibrations.®’] The stand-
alone PyH*Cl~ displays characterized Raman peaks from 1150
to 1700 cm™! in Figure 1g as previously reported.*3] In com-
parison, no Raman active modes can be detected in the same
spectral range in FePS,. After intercalation, a broad hump rang-
ing from 1250 to 1700 cm™' emerges, implying the great sup-
pression of the active modes of PyH" due to the constraint
from the FePS; sheets, which evidences the successful PyH*
intercalation.

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 2. The magnetic properties of FePS; before and after PyH* intercalation. The ZFC (black), FC (red) and the first derivative of ZFC (gray) curves of
pristine a) FePS; and b) B-phase under a small external magnetic field. c) The loop scan of M—H curve after subtracting the linear background with the
linear fitting from 5 to 6.9 T at 20 K for pristine FePS; and B-phase. d) The M, and H,, as a function of temperature extracted from Figure S4a (Supporting
Information) for B-phase. Two data processing methods were applied: asymmetry the M—H loop and subtract the linear paramagnetic background by
linear fitting from 5 T to 6.9 T (AL, black curve); subtract the linear paramagnetic background by linear fitting from 5 T to 6.9 T (L, red curve). The dash
line indicates the T determined from b. The gray area denotes the temperature at which the hysteresis loop loses its asymmetry due to the irreversibility
of some domains. The error bars of M, and H., come from the instrument error and the half of adjacent data points. e) The loop scan of M—H curve at
different temperatures. The loops at 15 and 30 K were taken upon cooling the sample from 100 to 15 K with external magnetic field of 7 T. The rest of
the loops were taken after field cooling to 2 K with uyH, = 100 Oe at elevated temperatures. f) The loop scan of M—H curve in OP and IP magnetic field

for B-phase at 60 K from another sample.

2.2. Magnetic Properties of B-Phase and Emergence of Strong FM

While the ZFC and FC curves of the pristine (unintercalated)
FePS, display a typical AFM ordering behavior with the Néel tem-
perature of Ty, = 120.8 K (Figure 2a), similar measurements on B-
phase show vastly different magnetic response: the B-phase sam-
ple shows a typical bifurcation of FM ordering with an external
magnetic field (uyH, = 100 Oe) perpendicular to the ab-plane
(OP) of FePS; in Figure 2b. The FC curve quickly saturated when
the temperature decreased below 72 K where the T value can be
determined by the first derivative of ZFC curve as marked by the
blue dash line. To further confirm the long-range FM ordering in
B-phase, the hysteresis measurements were carried out between
+7 T at different temperatures. The square hysteresis loop was
observed in B-phase comparing with the flat magnetic response
of pristine FePS, (Figure 2c). These results show the presence of
FM hysteresis below T and interestingly the saturation magne-
tization values are on the same order of magnitude as hard mag-
nets (Figure 2e). The squareness (SQR), the ratio of remanent,
and saturation magnetization (M,/M,) of the hysteresis is >0.82
below 40 K and 1 below 15 K (Figure S4b, Supporting Informa-
tion). As plotted in Figure 2e, the coercive field (H,) of B-phase
sample developed very quickly upon decreasing temperature and
exceeded 7 T (the limit of our system) below 15 K. At 15 K, the ex-
ternal magnetic field sweeping from 7 T to —7 T could not flip all
the magnetic domains in the sample even at -7 T. When the exter-
nal magnetic field swept back to 7 T, a minor loop was observed
in the second panel of Figure 2e. When temperature reaches 2
K, no observable hysteresis loop can be detected because the H,
is far >7 T. The M, and H_ in the OP magnetic field extracted
from the hysteresis loop scan at different temperatures (Figure
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S4a, Supporting Information) are plotted in Figure 2d as a func-
tion of temperature. The H_, increases exponentially as temper-
ature decreases, although the M, tends to be saturated below 40
K. We also measured the magnetic response of the B-phase sam-
ple with the external magnetic field parallel to the ab-plane. The
data under IP field show the FM ordering below T but it was
much harder to align the magnetic moments in B-phase sample
to IP (Figure 2f; Figure S5, Supporting Information), suggesting
the B-phase sample is magnetically anisotropic with the easy axis
aligning to OP direction.

It is known that a new Raman magnon mode with a frequency
of 3.7 THz (122 cm™') emerges when pristine FePS, enters
AFM state.’*3°] Low temperature Raman measurements on B-
phase samples show no observable peaks ~122 cm™! as shown
in Figure S6 (Supporting Information), which elaborates the van-
ishing of AFM ordering and the formation of FM ordering.

2.3. Emergence of Metastable Phases

A metastable phase emerges during the initial stages of B-
phase synthesis.’!l After optimizing the synthesis method,
this metastable phase can be obtained by lowering the con-
centration of PyH*Cl™ in ethanol (see Experimental Section).
This phase, referred to as P-phase, demonstrates a distinct ar-
rangement of guest PyH* molecules perpendicular to the ab-
plane of FePS;. Elemental analysis determines the formula as
Fey 79P0.99S5(PyH")y4, (Table S1, Supporting Information). In
comparison to phase-B, the XRD peaks in P-phase appear at con-
siderably lower 26 values, resulting in a d-spacing of 12.0040 A
(26 = 7.3585(6)°) immediately after extraction from the solution.

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 3. The properties of metastable P-phase. a) The XRD patterns of P-phase sample evolving into B’-phase. Each pattern is offset. b) The FC curves
with mqH, = 100 Oe of P-phase prepared at 0 (black), 4 (red), and 9 (green) days, which denoted as P-, P+B’- and B’- phase. The inset schematic
diagrams depict the transformation from P-phase to B-phase’. The black arrow indicates the T of the sample. c) The loop scan of M—H curve after
subtracting the linear background with the linear fitting from 5 to 6.9 T at 40 K (upper panel) and 10 K (lower panel) for P- (black), P+B’- (red) and
B’-(green) phase. d) The M, and H, as a function of temperature extracted from Figure S7b,e,h (Supporting Information) for P- (black), P+B’- (red)
and B’ (green) -phase. The data is extracted with the L method, as described above, processed data. The data point at 2 K was collected after cooling
down from 100 K with external magnetic field of 7 T. The rest of the data was collected at a decreasing temperature from 300 K with 7 T holding. The
black arrow indicates the Tc. The error bars of M, and H.; come from the instrument error and the half of adjacent data points. The Raman spectra of
pristine FePS; (black), B-phase (red), and P-phase (blue) at e) lower and f) higher frequency. The Raman spectrum of PyH*Cl~ is plotted in (f).

The lattice parameters can be obtained from the XRD patterns
(Figure S3, Supporting Information) as a = 6.0661 A, b = 10.3567
A, c=12.6106 A, b =107.9105 °.

Notably, P-phase gradually transitions into a mixture of P-
phase and B-phase, eventually transforming into B’-phase (20 =
9.05(1)°) over a 10-day period, regardless of the conditions (vac-
uum, inert, or low temperature) to which it is exposed (Figure 3a).
Here, the finally relaxed B’-phase is differentiated from B-phase
since its magnetic behavior is slightly different from B-phase as
discussed later in the article.

FC M-T curves in Figure 3b and Figure S7a,d,g (Supporting In-
formation) show the differences in magnetic properties among
P-phase, B’-phase, and the intermediate state. The P-phase ex-
hibits typical FM behavior with a T, of 87 K which is higher than
that of B-phase (72 K). Similar to B-phase, however, H_ increases
as the temperature is lowered, exceeding our system limit (7 T)
below 10 K, as depicted in Figure 3d (lower panel). At the same
range, M, shows an upward trend below T, reaching a peak at
30 K before declining.

The influence of PyH™ structural evolution on magnetic prop-
erties is evident in Figure 3b. Following the initial VSM measure-
ment, the sample was stored in a glovebox, and a subsequent
measurement was conducted 4 days after its removal from the
solution. The XRD pattern indicates the coexistence of P- and B-
phase, suggesting partial relaxation from perpendicular to par-
allel orientation (Figure 3a). In this regime, both M—T and M-
H curves (Figure 3b,c) exhibit a significant enhancement in to-
tal magnetization in the mixed phase, while the T, M,-T, and
H_-T (Figure 3d) curves remain similar. After 9 days, P-phase
fully transforms into B’-phase, and the magnetization remains
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unchanged. The IP magnetic data of P-phase (Figure S8, Sup-
porting Information) still reveals an easy axis along the normal
direction of the ab-plane.

The B’-phase transforming from P-phase can be treated as de-
graded B-phase directly obtained from the direct ion exchange
reaction. The XRD patterns in Figures 1b and 3a show larger full
width at half maximum (FWHM) in B’-phase compared with B-
phase, which indicates a less alignment of (0 0 I) planes after
relaxing in inert gas. During the relaxation of P- to B- phase,
the solution provides a good support in the vdW gap and lets
the PyH" completely react with FePS;. When the relaxation hap-
pens in inert gas, the FePS; sheets collapse randomly with-
out any support and result in a much-disordered structure as
observed by the broadening of (0 0 I) peaks. The less perfect
crystallinity finally leads to a deterioration compared with the
B-phase.

The Raman measurement in Figure 3e reveals an identical
red shift of the peaks in P-phase as B-phase. This indicates
that the softening of these Raman modes is not directly linked
or sensitive to the orientation of the PyH*. However, the dif-
ferences appear at much higher frequencies. A broad peak at
1435 cm™! was observed on the base of the broad hump in the
P-phase, implying a partial relief of the constraint due to the less
contact/interaction between the PyH* molecule and FePS; in
the perpendicular orientation.**3%) We argue that this peak may
be related to the changes in the Raman scattering cross-section
and thus the Raman sensitivity of the PyH* molecule with re-
spect to their molecular orientation under the polarized incom-
ing laser beam and warrants further investigations in future
studies.

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 4. First-principles calculations of B-phase with a chemical formula of FePS;(PyH™), 55. a) Top (left) and side (right) views of the optimized
structure. Blue lines indicate the unit cell. b) Schematic top view of different magnetic configurations with red/blue arrows indicating the up/down spins.
Here only magnetic Fe atoms are plotted for ease of visualization. c) MAE of the FM configuration with rotating magnetization axis. Inset illustrates the
magnetization angle 6, where the xy-plane represents the basal plane of FePS; and the z-axis indicates the OP direction. The energy of the x-magnetized
FM configuration is set to 0 as the reference. d) Simulated result of the OP magnetization M, (normalized by the saturated magnetization Ms) as a
function of temperature. The considered magnetic exchange interactions (Jyn, Jann, @nd J3nyn) are indicated in the inset. e) Simulated temperature-
dependent hysteresis loops of OP magnetization M;. The sweeping magnetic field is along the OP direction.

2.4. Theoretical Insights

Given all phases of intercalated FePS, exhibiting similar mag-
netic behaviors, we expect that the mechanism of engineer-
ing magnetic properties by PyH" intercalation should be the
same and the different orientations of molecules only lead to
quantitative difference. Therefore, without loss of generality,
here we focus on the stable B-phase with a chemical formula
of FePS;(PyH"),,s as an explicit example. By inserting one
molecule into the conventional cell of pristine FePS; and fully
relaxing the structure, we obtained the optimized structure as
shown in Figure 4a. The calculated crystal parameters are a =
6.0591 A, b =10.3595 A, c = 9.4185 A and § = 101.0531°.

To determine the magnetic ground state of the interca-
lated FePS;, we calculated the relative energies of FM and
three possible AFM configurations (Figure 4b). The energies of
zigzag-, Néel-, and stripy-AFM state are 7.28, 27.75, and 4.63
meV/FePS;(PyH"), ,5 higher than FM state, respectively, indicat-
ing the FM ground state and AFM to FM transition of FePS, af-
ter PyH* intercalation. Since no significant structural distortion
or additional chemical bonding formation was observed, we de-
duced that the AFM to FM transition could be induced by charge
transfer between the inserted molecules and the host matrix.

Adv. Physics Res. 2024, 2400101 2400101 (5 of 8)

Bader charge analysis!®’! illustrates that one molecule would de-
note ~0.74 electrons to the FePS; framework. This corresponds
to doping 0.185 electrons per FePS, formula and the doping con-
centration of ~1.18 x 10* cm™2, which is sufficient to induce
AFM to FM transition in monolayer FePS; as predicted.[*®] More-
over, the electron transfer was also evidenced by our X-ray photo-
electron spectroscopy (XPS) measurement (Figure S9, Support-
ing Information). All results point to the AFM to FM transition
rooted in the electron transfer from the intercalants to the FePS,
framework.

Another striking property in the intercalated FePS, is the gi-
ant coercive field (>7 T) at low temperature. Magnetic anisotropy
energy (MAE) was calculated to understand this phenomenon.
By varying the magnetization axis of the FM state, we calcu-
lated MAE (Figure 4c) and found that FePS;(PyH"),,s is an
OP easy-axis magnet with a large MAE of —0.83 meV per Fe
atom. To directly calculate the coercive field, we performed atom-
istic spin dynamics simulations on a reduced Fe-site spin lat-
tice whose Hamiltonian was derived from the first-principles cal-
culations. Considering the negligible interlayer coupling in in-
tercalated FePS, (supplementary information F), we focus on
the intralayer spin interactions and treat the system as a sin-
gle layer. We adopted a simplified effective spin Hamiltonian to

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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capture the essential physics in the intercalated FePS;, written
as:

H= _AZSiZZ_JNNESi'Sj_]ZNN Z i+ S

(i) (@)

_J3NN2 Si'sj_”izsi'B (1)

iy

Here S represents the normalized unit spin vector. The first
term is single-ion anisotropy energy to describe the MAE and
easy-axis magnetization. The second, third, and fourth terms rep-
resent the isotropic Heisenberg exchange couplings between two
first, second, and third nearest-neighbored (NN, 2NN, and 3NN)
localized spins, respectively, with details illustrated in inset of
Figure 4d. The last term is the Zeeman energy describing the in-
teraction of spins with an external magnetic field B (B=pu,His in
units of Tesla). The derived parameters are A = 0.83, J = 6.275,
Jonn = —1.981, and J5y = 2.975 meV (supplementary informa-
tion F). Our first-principles calculations show that the magnetic
moments of Fe sites are 3.3-3.6 uy, we thus treat them eligibly as
classical spins and set y; = 4 uj for all spin sites. Then, the mag-
netic properties can be predicted by performing atomistic spin
dynamics simulations based on the established spin Hamilto-
nian. The simulated temperature-dependent OP magnetization
is shown in Figure 4d, from which T, =35 Kis predicted. The H,
can be predicted by tracking the magnetization dynamics of the
spin system under cyclic OP magnetic field sweeping. Figure 4e
shows the simulated hysteresis loops at different temperatures,
indicating that H_ increases as the temperature decreases and
reaches 7 T at 2 K. Our simulation results are qualitatively con-
sistent with experimental observations, implying that the giant
H_ atlow temperature is an intrinsic property of the intercalated
FePS,, which is well captured by the established spin Hamil-
tonian. We note that the quantitative inconsistencies between
experiment-measured and simulation-predicted Curie tempera-
ture and coercive field strength are expected considering the sim-
plifications we used when constructing the material structure
and spin Hamiltonian to ease the first-principles calculations and
atomistic spin dynamics simulations, respectively.

Another potential explanation of the origin of strong FM is the
formation of Fe?* vacancies during the intercalation which can
break the AFM ordering and induce FM.I*] The employed in-
tercalation method follows a direct ion exchange reaction, where
Fe?* ions are released directly into the solution. If the FM order-
ing indeed originates from a spin imbalance of up and down Fe**
ions, the T should closely align with the Néel temperature of
FePS,. However, the induced T, is significantly lower (>35 K)
than the Néel temperature values. Additionally, if the FM state
originates from Fe?* vacancies, it should persist even after the re-
moval of PyH". To investigate how PyH™" affects magnetism, in-
tercalant PyH* was intentionally removed (deintercalation) from
the FePS; vdW gap by subjecting the sample to mild heating at
120 °C for 19 h in a nitrogen atmosphere. The XRD patterns be-
fore and after deintercalation in Figure 5a demonstrate the com-
plete removal of PyH™ from P-phase. The broadening of the (0
0 1) peak of the deintercalated P-phase suggests less registered
interlayer stacking, a common feature in deintercalated layered
compounds. Both M—T and M—H curves in Figure 5c,d reveal the
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Figure 5. The evolution of magnetism after deintercalation. The a) XRD
patterns, b) Raman spectra, c) FC curves, and d) loop scan of M-H curves
of phase P before (blue) and after (orange) heating at 120 °C for 19 h.

full recovery of the AFM state after deintercalation with T, =116
K. Notably, the Raman spectra (Figure 5b) remain unchanged de-
spite the removal of PyH" molecules, indicating that the Raman
shift after intercalation is caused by the Fe?* vacancies. As such,
the disappearance of FM ordering upon deintercalation of PyH*
rules out the possibility of FM arising from Fe?* vacancies.

3. Conclusion

In summary, we experimentally demonstrated that the strong
out-of-plane ferromagnetism emerges from AFM FePS; sin-
gle crystals after PyH* intercalation. The studies have identi-
fied energetically stable and metastable configurations of PyH™"
molecules within the FePS, vdW gap and established the inter-
play between those two configurations. Magnetic studies show
that the resulting crystals exhibit almost hard-magnet like ferro-
magnetic ordering with T ~72-87 K and the giant coercive field
> 7 T. First-principles calculations and XPS analysis illustrate that
the electron transfer from PyH™ to FePS; plays an important role
in engineering the magnetic properties of the intercalated FePS;.
Atomistic spin dynamics simulations demonstrate the giant coer-
cive field at low temperatures, indicating the hard magnetism an
intrinsic property of the intercalated FePS, which is capable to be
captured by our established effective spin Hamiltonian. Further
deintercalation study rules out that the FM ordering originates
from the imbalance of up and down spin caused by the Fe?* va-
cancies.

4. Experimental Section

Crystal Growth: Single crystals of FePS; were synthesized using the
chemical vapor transport (CVT) technique. No transport agent was used.
Iron powder (Sigma—-Aldrich, 99.99%), granular phosphorus (Sigma—
Aldrich, 99.99%), and granular sulfur (Alfa Aesar, 99.9995%) were mixed
in stoichiometric proportions in the nitrogen filled glovebox and sealed in

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

85U8017 SUOIIOD BAME8ID (ealdde 8y} Aq peusenob ae Sspie YO ‘8N JO'Sa|NnI 10} A%uq i 8UIjUO A8]1AA UO (SUONIPUOD-PUR-SLLIB)LI0D" A3 | IM"Ae.q 1 BUlUO//SANY) SUONIPUOD pUe sws | 841 88S *[6202/20/70] Uo Ariqi]auliuo A(IMm ‘Uein JO AiseAlun Aq TOTO0YZ0Z 1xde/z00T 0T/10p/wod"As | Akeiq jeuluo//sdny woly pepeojumod ‘0 ‘002TTS.Z


http://www.advancedsciencenews.com
http://www.advphysicsres.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

Open Access,

www.advancedsciencenews.com

an evacuated quartz ampoule at 107> Torr. The temperatures were set at
650 °C in the hot zone, and 550 °C in the cold zone. The ampoule was
maintained at these temperatures for 7 days, after which it was allowed to
cool to room temperature within the furnace. Following the cooling period,
the crystal was removed from ampoule in the nitrogen filled glove box.

PyH* Intercalation: In order to intercalate PyH* into FePSs;, FePS;
flakes (typical size: #3x3 mm?) were added into a solution made from
ethanol (Sigma-Aldrich, 200 proof) dissolved PyHCI (Sigma-Aldrich, pu-
rum, >98.0% (AT)). The mixture was sealed in a vail and kept at 60 °C
for certain days. The whole process was in the nitrogen filled glovebox.
Then the flakes were removed from the solution, rinsed with ethanol three
times, and dried naturally. As discussed in ref [31] 1 mg FePS; was kept
in the solution of PyHCl in ethanol with the concentration of 1.5 g mL™!
(0.5 g mL™") for 50 (60) hours, resulting in B-phase (P-phase).

X-Ray Diffraction:  The X-ray diffraction (XRD) patterns were collected
by a SmartLab high-resolution X-ray diffractometer (Rigaku, Japan) using
Cu K, radiation, A = 1.5418 A,

Raman Spectroscopy: Raman spectra were collected by confocal Ra-
man microscope (Renishaw) using an excitation wavelength of 488 nm.
The grading of 2400 in the reflection geometry. All measurements were
collected with a 100x M APO chromatic objective with a NA of 0.24 for an
acquisition time of 10 s and 5 accumulations.

Magnetic Properties Measurement:  The magnetic properties were mea-
sured by a vibrating sample magnetometer (VSM) of a commercial physi-
cal property measurement system (PPMS, 2 K, 7 T, Quantum Design).

Scanning Electron Microscopy and Wavelength-Dispersive Spectrometry:
The elemental analysis was conducted from JEOL JXA-8530F electron mi-
croprobe. Before the measurement was carried on samples, standard sam-
ple was used for calibration.

X-Ray Photoelectron Spectroscopy: The X-ray photoelectron spectra on
samples were taken from Kratos Axis Supra+. The samples were exfoliated
to reveal the fresh surface for analysis before loaded into vacuum. The
pressure during the analysis was ~10~° Torr.

First-Principles ~ Calculations: The first-principles calculations of
FePS; (PyH)q 25 were performed based on density-functional theory as
implemented in Vienna Ab initio Simulation Package (VASP).3°! The pro-
jector augmented wave method[“?l was used to describe the interactions
between core-valence electrons, and the local density approximation
(LDA)*1] was employed for the exchange-correlation functional. The
energy cutoff for the plane wave expansion was set to 520 eV, and the
Brillouin zone was sampled by the I'-centered k-mesh with a grid density
of 9 X 5X6,9%5x3,and 5 x5 X 6 for the unit cell, 1 x 1 x 2 and
2 x 1 x 1 supercell respectively. To describe the strongly correlated 3d
electrons of Fe, the rotationally invariant DFT+U scheme proposed by
Dudarev et al.[*?] was implemented, using an effective U value of 4 eV.
The optB88-vdW method!*3! was adopted to account for the van der
Waals interaction. Spin-orbit coupling effect was considered in all the
calculations. Convergence criteria for energy and force were set to 1076 eV
and —0.01eV A1, respectively.

Atomistic Spin Dynamics Simulations: The atomistic spin dynamics
simulations were performed by using the Spirit codel*!] based on the
Landau-Lifshitz-Gilbert (LLG) equation.[**] The Depondt’s modified Heun
method!*é] was used to numerically integrate the LLG equation over time,
with the time step and Gilbert damping parameter set to 5 fs and 0.1, re-
spectively. To simulate the out-of-plane magnetization My as a function of
temperature, a 50 X 30 supercell containing 6000 spin sites was adopted
with periodic boundary conditions. The system was initially set to the para-
magnetic state and was allowed to evolve for 10.35 ns at each considered
temperature before the temperature changes. M7 under each temperature
was obtained via ensemble average over 700 spin configuration snapshots,
which were collected after the system evolves for 10 ns and reaches equi-
librium at that temperature. To simulate the temperature-dependent hys-
teresis loops, a smaller 24 x 14 supercell containing 1344 spin sites with
periodic boundary conditions was adopted to save computational time.
For each temperature, the simulation starts from a paramagnetic state
under an out-of-plane magnetic field with the strength of 10 T. Then the
strength of the magnetic field gradually decreases in steps of -1 T until it
reaches —10 T. After that the strength of the magnetic field gradually in-
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creases in steps of 1T until it reaches 9 T. This whole process simulates
the magnetic field sweeping done by experiment. The system evolves for
10.35 ns before the magnetic field strength changes, and M, was obtained
by ensemble averaging 700 spin configuration snapshots which were col-
lected after the system evolves for 10 ns and reaches equilibrium under
each magnetic field strength.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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