Downloaded via CORNELL UNIV on February 2, 2024 at 03:41:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Fe Site Order and Magnetic Properties of Fe,,,NbS,

Erick A. Lawrence, Xudong Huai, Dongwook Kim, Maxim Avdeev, Yu Chen, Grigorii Skorupskii,
Akira Miura, Austin Ferrenti, Moritz Waibel, Shogo Kawaguchi, Nicholas Ng, Bobby Kaman, Zijian Cai,
Leslie Schoop, Satya Kushwaha, Feng Liu, Thao T. Tran, and Huiwen Ji*

Cite This: Inorg. Chem. 2023, 62, 18179-18188 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

Spin Splitting along
generic k-paths

NI

A
PA M)

Kk M roA "ol AL HIM L

ABSTRACT: Transition-metal dichalcogenides (TMDs) have long been attractive to researchers for their diverse properties and
high degree of tunability. Most recently, interest in magnetically intercalated TMDs has resurged due to their potential applications
in spintronic devices. While certain compositions featuring the absence of inversion symmetry such as Fe;,sNbS, and Cr,,;NbS,
have garnered the most attention, the diverse compositional space afforded through the host matrix composition as well as
intercalant identity and concentration is large and remains relatively underexplored. Here, we report the magnetic ground state of
Fe,/,NbS, that was determined from low-temperature neutron powder diffraction as an A-type antiferromagnet. Despite the
presence of overall inversion symmetry, the pristine compound manifests spin polarization induced by the antiferromagnetic order at
generic k points, based on density functional theory band-structure calculations. Furthermore, by combining synchrotron diffraction,
pair distribution function, and magnetic susceptibility measurements, we find that the magnetic properties of Fe,,,NbS, are sensitive
to the Fe site order, which can be tuned via electrochemical lithiation and thermal history.

B INTRODUCTION x = '/, and a noncentrosymmetric \/3a X \/3a lattice at x =
1 /3.

Among magnetic-intercalated TMDs, Fe- and Cr-interca-
lated species at x = '/, received rejuvenated interest for their
lack of inversion symmetry, resulting in intriguing properties
suitable for spintronic applications, including electrical switch-
ing and chiral helimagnetism.”*™*" Electrical switching of the
antiferromagnetic (AFM) order for low-energy, swift informa-
tion encoding and decoding was recently demonstrated in

Transition-metal dichalcogenides (TMDs) have long been the
focus of significant scientific interest for their fascinating
physical properties, including superconductivity,”> charge-
density waves,”™® nontrivial topological phases,’™" etc.
Crystallizing in layered structures, many possibilities arise
from the van der Waals (vdW) gap between layers,'”"" such as
the intercalation of a guest species, which is a powerful tool for
manipulating the electronic, thermal, optical, and magnetic

properties of TMDs'>~"7 and is a facile process driven by F el/3Nb§92%§sgace group P6;22) below its Neéel temperature
charge transfer from guest species to the host framework."*"” (42 ), making the system one of a handful AFM
Intercalating magnetic atoms, such as Fe, Cr, Ni, Mn, and Co, candidates that demonstrated such low-power switching

causes TMDs to develop long-range magnetic order upon

cooling below their respective transition temperatures.zo_25 Received: July 31, 2023 Inorganic(hemi\xtry
Intercalation is performed through solid-state synthesis or a Revised:  October S, 2023 e
novel metal carbonyl route.”**” Stable superlattices due to Accepted:  October 6, 2023
unique ordering of the magnetic atoms are most commonly Published: October 20, 2023

encountered at two intercalant concentrations [x per formula
unit (fu.) of TMD]: a centrosymmetric 2a X 2a superlattice at
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capability due to relativistic spin polarization by global or local
centrosymmetry breaking such as CuMnAs’> and Mn,Au.”
Both in-plane stripe and zigzag-type ground states were found
by neutron diffraction to coexist in Fe,,;NbS,, and their
relative dominance depends on the sign of Fe off-
stoichiometry.”® In these materials, it is generally accepted
that the Ruderman—Kittel—Kasuya—Yosida (RKKY) interac-
tion is the dominant exchange mechanism that gives rise to
magnetic ordering.”> ™" Due to the oscillatory nature of the
RKKY interaction as well as the triangular Fe sublattice, the
site order of magnetic atoms determines the interatomic
distance and thus exchange interaction sign and strength.
Therefore, small Fe off-stoichiometry and site disorder might
give rise to some degree of magnetic frustration to form a spin
glass that is thought to play a crucial role in low-current-
density switching characteristics.”” Likewise, the unique spin
canting and field-controllable helical magnetic states in
Cr;/3NbS, and Cr;;;TaS, also originate from inversion
symmetry breaking due to \/ 3 X \/ 3 Cr order, which enables
the so-called Dzyaloshinskii—Moriya effect.”"*%*’

By contrast, magnetically intercalated TMDs at x = '/, are
still relatively underexplored due to the conventional
consensus that it is unwise to explore spin polarization for
spintronic applications in materials that preserve inversion
symmetry. However, recent theoretical works predicted spin
polarization even in the overall centrosymmetric AFM
compounds provided that certain structural and magnetic
symmetries are preserved or broken."”*" Evaluation of spin
polarization in such centrosymmetric AFM compounds
requires the magnetic structures of the target materials to be
known. Compared to Fe,,;NbS,, Fe,,,NbS, also has a much
higher (and thus more practical) Néel temperature at ~150 K,
which is strongly composition-dependent and quickly drops at
Fe off-stoichiometry.””** Such a variation in the magnetic
ordering temperature depending on the superlattice type was
also observed in ferromagnetic analogues Fe;,,TaS, and
Fe, /3Ta8228’43 as well as Mn,,,NbS, and Mn, /3NbSZ.44

In this paper, we present the AFM ground-state structure of
Fe,/,NbS, as determined by low-temperature neutron
diffraction. Despite the presence of overall inversion symmetry,
the pristine compound manifests spin polarization induced by
the AFM order at generic k points, based on density functional
theory (DFT) band-structure calculations. Furthermore, we
investigate the electrochemical intercalation of magnetically
inactive Li ions into Fe;,,NbS, and find that lithiation is a
facile method to incorporate (/3 X \/ 3)-type Fe-ordering
domains that coexist with the host (2 X 2)-type Fe-ordering
domains, the proportion of which varies as a function of the
degree of lithiation. Finally, we demonstrate the thermal-
history effects on Fe site order using pair distribution function
(PDF) analysis. Combining magnetic susceptibility measure-
ments, we determine that the overall phase fraction of each Fe
ordering type determines the relative dominance of the
magnetic feature expressed at the respective Néel temper-
atures.

B METHODS

No uncommon hazards are noted.

Synthesis. Fe,,,NbS, was synthesized via a solid-state reaction.
Stoichiometric Fe (99.9%, Sigma), Nb (99.8%, Sigma), and S
(99.99%, Sigma) were ground in an agate mortar and pestle before
pellets were pressed and sealed inside fused quartz ampules. The
ampules were heated to 430 °C (1 °C/min) and held for 1 week to

allow the S vapor to sufficiently react before ramping to 900 °C (1
°C/min) for 48 h. Pristine slow-cooled and quenched samples were
then prepared by pressing pellets of the as-synthesized powder,
wrapping them in gold foil, and sealing them in evacuated fused
quartz ampules. Slow-cooled samples were annealed at 300 °C for 18
h before being cooled at 0.5 °C/min to room temperature. Quenched
samples were annealed at 400 °C for 18 h before being water-
quenched. Single crystals were grown via chemical vapor transport by
vacuum sealing 1 g of as-synthesized Fe,,,NbS, in a 1.8-cm-diameter
and 20-cm-long quartz tube with 2.2 mg/cm® iodine as a vapor
transport agent. Growth occurred for 2 weeks in a Lindberg Blue 3-
zone furnace with the source set to 950 °C and the sink set to 800 °C.

Lithiated powder samples were prepared by pressing ~40 mg
pellets of as-synthesized Fe,,,NbS, powder, which were then
assembled in coin cells (CR2032) using stainless steel cathode and
anode caps, springs, glass microfiber filters (Whatman), 1 M LiPF in
an ethylene carbonate/dimethyl carbonate (DMC) solution (1:1,
Sigma-Aldrich), and lithium foil (Sigma) that had been polished on
both sides. Cells were assembled in an argon glovebox (MBraun)
using a coin-cell crimper (Wellcos) and rested for 6 h before being
discharged galvanostatically at 0.2 mA/g until they had reached the
desired Li content (Arbin battery cycler, 25 °C). Cells were then
disassembled, and the lithiated Li Fe,,,NbS, pellets were recovered,
crushed, and washed twice with DMC (99+% extra dry, Acros
Organics) to remove electrolyte salts. The lithiated powder was then
homogenized to allow interdiffusion between Li and Fe by annealing
following the procedures outlined in the above section for “slow-
cooled” and “quenched” samples, respectively. Lithiation of single
crystals was similarly performed.

Structure and Composition Determination. Neutron powder
diffraction data were collected at 3, 125, 150, and 175 K on the high-
resolution powder diffractometer Echidna at the Australian Nuclear
Science and Technology Organization.”® The measurements were
done with neutrons of a wavelength of 2.4395 A on the powder
sample of ~1 g contained in a cylindrical vanadium can. Synchrotron
X-ray diffraction (XRD) and PDF data were collected at the XU13
beamline with Lambda 750 K detectors in SPring-8. The wavelength
was 0.206684 A. The powder sample was packed into a quartz glass
capillary of 0.3 mm diameter in an argon-filled glovebox. Rietveld
refinement of neutron and synchrotron powder diffraction was
performed using the GSAS code*® with EXPGUI front-end."’
Synchrotron powder diffraction data were converted to PDF data
using the xPDF'® suite. PDF refinement was performed using the
PDFGUI" software package.

To determine the particle size and morphology, scanning electron
microscopy (SEM) and electron-dispersive X-ray spectroscopy (EDS)
were carried out at the University of Utah Nanofab Surface Analysis
Lab. SEM imaging was performed using an FEI Quanta 600F
scanning electron microscope at 20 kV, and EDS mapping was
performed using an FEI Teneo equipped with an EDAX Octane Elite
SDD detector at 14 kV.

Inductively coupled plasma mass spectrometry (ICP-MS) was
performed by Galbraith Laboratories Inc. to determine the chemical
stoichiometry using 200 mg of as-synthesized Fe,/,,NbS,

DFT Calculations. First-principles calculations were performed
using DFT within the Vienna Ab initio Simulation Package ( VASP).>°
Specifically, the Perdew—Burke—Ernzerhof-type generalized gradient
approximation®’ was employed for the exchange-correlation func-
tional. The energy cutoff for the plane-wave basis was set to 260 eV,
and the k-point sample was done with a 12 X 12 X 4 Monkhorst—
Pack® grid. Experimentally determined lattice constants were used,
and the atomic coordinates were fully relaxed with an energy
threshold of 1 X 107> eV. The resultant band-structure calculations
shown in the main text were compared with the computationally
optimized lattice (a = 6.66 A and ¢ = 11.70 A) and those under
strains, which are shown in the Supporting Information.

Magnetic Measurements. Field-cooled (FC) and zero-field-
cooled (ZFC) direct-current (DC) magnetic susceptibility measure-
ments were performed on LiFe,,sNbS, using a vibrating-sample
magnetometer option of either a Quantum Design Physical Properties
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Figure 1. (a) Refinement of constant-wavelength powder neutron diffraction data collected at 175 K on pristine slow-cooled Fe,,,NbS,. An
impurity peak at 145° is marked with an asterisk. Schematic views of the crystallographic structure of Fe,,,NbS, along the (b) isometric view and

(c) ¢ axis. (d) SEM micrograph of the as-prepared powder.
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Figure 2. (a) Neutron diffraction of pristine slow-cooled Fe,,,NbS, tracking the evolution of diffraction peaks from magnetic ordering as the
sample is cooled from 175 to 3 K. The magnetic peaks evolve in the regions highlighted in gray, and the impurity peak at 145° is marked with an
asterisk. (b) Refinement of powder neutron data collected at 3 K on pristine Fe, /,NbS,. The impurity peak at 145° is marked with an asterisk. (c)

Schematic of the A-type AFM structure of Fe,,,NbS,.

Measurement System (PPMS) [x = 0-SlowCool, 0.02, 0.04, 0.08] or a
Magnetic Property Measurement System (MPMS) [single crystals, x
= 0-Quench, 0.01, 0.06, 0.09, 0.14]. Magnetic susceptibility was
approximated as magnetization divided by the applied magnetic field:
X ~ M/H. Alternating-current (AC) magnetization was measured
using the ACMS option on a PPMS. Magnetization versus field
measurements were performed using an MPMS.

B RESULTS AND DISCUSSION

Synthesis and Magnetic Ground State of Fe,;,;NbS,.
The synthesis of polycrystalline Fe;,,NbS, was performed
through a solid-state reaction of stoichiometric precursors in
an evacuated quartz ampule. The powder was reannealed at
300 °C and slowly cooled to room temperature. To verify the
purity of the as-prepared phase, constant-wavelength neutron
powder diffraction data were collected at 175 K in the
paramagnetic state. The diffraction pattern and its Rietveld
refinement are shown in Figure la, and the associated fit
parameters are listed in Table S1. The refinement shows good
agreement between the structural model and the diffraction
data except for a minor unknown impurity peak at ~145°
present at all temperatures. This impurity peak is not present
in synchrotron diffraction. Crystal structure schematics viewed
perpendicular to and along the ¢ axis are shown in Figure 1b,c.

According to the structural model based on MnNb,S,,”” Fe
atoms do not randomly occupy all octahedral sites in the vdW
gap but instead appear in every other site along the a and b

18181

axes, resulting in a 2 X 2 superstructure of the base NbS, unit
cell and retention of the overall hexagonal symmetry. Unlike its
noncentrosymmetric analogue Fe,,;NbS,, Fe;, ,NbS, is cen-
trosymmetric and each Fe site can be considered as an
inversion center. The as-prepared Fe,, ,NbS, powder forms
hexagonal platelets tens of microns in diameter, as shown in
the SEM image in Figure 1d. The Fe content was refined and is
slightly understoichiometric with ~4% Fe deficiency, resulting
in a chemical formula of Fe,49(;)NbS,.

ICP-MS was performed to independently verify the phase
composition, yielding 8.24 wt % Fe, 53.0 wt % Nb, and 36.21
wt % S, which correspond to a chemical formula of Fe;,,NbS,.
Both diffraction and ICP-MS methods confirm that the Fe
content in the synthesized powder is very close to that of
Fel /4Nb52.

The magnetic ground state of Fe ,,NbS, was studied by
neutron diffraction at temperatures above and below the Néel
temperature to observe the evolution of the diffraction peaks
resulting from magnetic ordering (Figure 2a). Multiple peaks
at 27°, 44.7°, and 69.5° emerge or become significantly more
intense upon lowering of the temperature. Rietveld refinement
was performed on the 3K data because the magnetic diffraction
peaks were best pronounced. By starting with the nuclear space
group (P6;/mmc), magnetic subgroups obtained through k-
SUBGROUPGMAG’* were sampled from high to low
symmetry until all of the magnetic and nuclear diffraction
peaks were indexed. Subsequent refinement based on viable

https://doi.org/10.1021/acs.inorgchem.3c02652
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magnetic subgroups yielded a good fit with R,, = 6.786% based
on P6;'/m'm’c. The magnetic structure refinement statistics
are comparable to the nuclear phase refinement; once again,
the impurity peak at 145° is again the major cause of deviation
between the calculation and actual data. The refinement is
shown in Figure 2b, and the associated fit parameters are
presented in Table S2.

The refinement of the 3K data revealed that the Fe moments
in Fe ,,NbS, order in an A-type collinear AFM structure
(Figure 2c), with a ferromagnetic interaction within the plane
and an AFM interaction across the layers. In this structure, the
¢ axis is the easy axis, which is consistent with the literature*”
and agrees with in-plane and out-of-plane DC magnetic
susceptibility measurements performed on a lightly lithiated
single-crystal sample of Liyq,Fe, ,NbS, (Figure S1), of which
as we show later in the text, and the magnetic properties
remain almost the same as pristine Fe,,,NbS,. The neutron-
diffraction-derived magnetic moment is 3.51(4) pp/Fe, which
is close to the expected ~4 ug/Fe-ordered magnetic moment
given by g-S>° and based on the high-spin state of S = 2 for
Fe’* (the expected oxidation state of Fe in this structure®®).
The values of the magnetic moments in Fe compounds are
commonly lower than expected due to unsaturated moments.*®

The presence of centrosymmetry in Fe, ,NbS, precludes the
spin—orbit-coupling (SOC)-induced Rashba effect and spin
polarization, which arise in the noncentrosymmetric
Fe,/;;NbS,. Meanwhile, the local site inversion asymmetry
originates from the nonmagnetic NbSy triangular prisms, not
the magnetic Fe layers, which cannot lead to the staggered
current-induced fields that couple strongly with the magnetic
layers like in CuMnAs.”> However, motivated by a recently
proposed new scheme of realizing spin polarization in
centrosymmetric compounds without SOC,*"*” we still
explored k-dependent spin splitting in Fe,,,NbS, using DFT
band-structure calculations. The calculations first confirmed
that the A-type AFM structure (regardless of magnetic
anisotropy) is the ground state (Table S3). Based on previous
predictions,*”” an AFM structure that breaks the combination
of time reversal (0) and spatial inversion (I) and whose
magnetic space group is either of the I or III type, as defined by
Bradley and Cracknell,®® will exhibit AFM-induced spin
splitting despite global or local centrosymmetry. The two
criteria are fulfilled in the A-type AFM structure of Fe,,,NbS,
solved from neutron diffraction, which breaks the 6I symmetry
with the alternating spins across layers and adopts a type III
magnetic space group. The band structures with and without
SOC based on the experimentally obtained lattice constants
are shown in Figure 3. Although the bands are spin-degenerate
along high-symmetry k paths, spin polarization was observed
along a more generic k path (represented as a black solid line)
along I'=L, where the red and blue solid lines represent the
opposite spin bands (Figure 3a). With SOC, the degeneracy is
lifted, in contrast to the case without SOC (Figure 3b).
Without SOC, the band degeneracy is protected along high-
symmetry paths. Band-structure calculations based on
computationally optimized lattice constants or under strain
are shown in Figure S2 with similar observations. This
compound therefore constitutes one example that manifests
the new nonrelativistic spin-polarization effect classified as
“altermagnetic”, where the spin splitting is induced by AFM
instead of SOC.%’ Such nonrelativistic spin splitting can,
depending on the symmetry, potentially lead to macroscopic
responses such as an anomalous Hall effect, giant magneto-
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Figure 3. Spin-projected band structure of Fe, ,,NbS, (a) without and
(b) with SOC. Red and blue lines represent the opposite spin
components. When SOC is included, the S, projected spin is
considered. The degenerate bands with compensated spin compo-
nents are plotted as black solid lines. The first Brillouin zone is

included as an inset.

resistance, tunneling magnetoresistance, and spin—orbit
torque.57’59

Lithiation-Tuned Magnetic Interaction and Domain
Structures. Fe off-stoichiometry in Fe,,;NbS, was previously
associated with the rise of a spin glass phase, and an Fe-
deficient composition Fe; NbS, showed more pronounced
electrical switching than an Fe-excess composition,”’ suggest-
ing that subtle yet critical spin alignment resulted from Fe
ordering in Fe,,; sNbS,. Motivated by this observation, to
explore the possible intermediate Fe ordering between
Fe,/,NbS, and Fe,;;NbS,, we applied lithiation to continu-
ously modify the number of intercalants per fu. '/, + x (x is
the Li content) from x = 0 to 0.08. Note that, when x = 0.08,
the number of intercalants with Fe and Li combined reaches
'/; per fu. just like in Fe;;NbS, (voltage profiles of
electrochemical lithiation are presented in Figure S3).
Lithiation of functional materials often leads to modifications
in physical groperties, such as large changes in electrical
conductivity,”" increased thermoelectric ZT score,’” a possible
Anderson-localization-induced metal—insulator transition,*®
and temperature-independent magnetic behavior®* to name a
few. In this vein, we introduce Li* to act as a magnetically inert
spacer in the vdW gap between NbS, slabs to tune the
intercalant order and Fe—Fe distance in-plane with electro-
static interactions. Because Fe—Fe RKKY interaction oscillates
with the distance, lithiation is expected to modify their
magnetic interactions.
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Figure 4. DC magnetic susceptibilities of (a) pristine Fe,,,NbS,, (b) Liy,Fe;/,NbS,, (c) Ligo,Fe;4NbS,, (d) LigosFe; 4sNbS,, (&) LiyosFe;,NbS,,

and (f) LiysFe, 4NbS,. All samples were slow-cooled.

Ex situ X-ray absorption spectroscopy (Figure S4) of all
lithiated samples Li Fe, ,NbS, (x = 0—0.08) revealed no shift
in the Fe K-edge, which confirmed a constant and magnetically
active Fe** oxidation state and that all electron transfer during
lithiation must have occurred at Nb centers with d' partially
filled orbitals near the Fermi level. DC-field magnetic
susceptibility of the lithiation series under zero-field cooling
(ZFC) and field cooling (FC) was measured from 300 K down
to 2 K (Figure 4), and the Curie—Weiss fitting was performed
on the high-temperature ZFC data (>200 K) above any long-
range magnetic ordering temperature. Note that a field of 1
kOe or 100 Oe is used depending on whether the sample was
measured in a PPMS or a more sensitive MPMS, respectively.
The results are summarized in Table S4, and the Curie—Weiss
analysis is presented in Figure S5. The average paramagnetic
moment obtained is 5.27 py per Fe, which is very close to the
4.9 py expected for Fe**, as calculated by the Curie—Weiss

paramagnetic moment using gw/S(S + 1). Furthermore, the
value of Ocy generally becomes more negative as the Li

content increases, indicating stronger AFM interactions. Our
measured Oy values for pristine Fe;,,NbS, and
LiyogFe; JNbS, are very close to those reported in the
literature for Fe,;,,NbS, and Fe1/3NbSZ.21 Because spin
frustration and competing ground states in Fe;,;NbS, may
have contributed to its overall lower Ty, we expect that a
degree of geometric frustration is also present in
Liy osFe; 4NbS,, resulting in its similarly low Ty.

DC magnetic susceptibility measurements revealed two
major features at 35 and 150 K. In the unlithiated state, a single
AFM transition was observed at 150 K, consistent with the
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Néel temperature (137—151 K) of pure Fe,,NbS, in the
literature.”"** The divergence between the ZEC and FC curves
at low temperatures suggests a spin glass state or domain wall
movement. The unusual upturn in magnetic susceptibility
below Ty has previously been reported for Fe,,,NbS,, but its
origin remains open.21 As the Li content increases, a clear
trend arises in the magnetic susceptibility in which the 35 K
feature continuously grows and the 150 K feature dampens.
For x = 0.04, 0.06, and 0.08, a significant divergence between
ZFC and FC was also observed below the lower-temperature
AFM transition. Once the Li content reaches x = 0.08, the only
AFM transition present was at 35 K, close to the 45 K Neéel
temperature of pure Fe, ,sNbS,. For x = 0.04, 0.06, and 0.08, a
significant divergence between ZFC and FC was also observed
below 35 K. Note that the specific Néel temperature of
Fe,/;;NbS, can change by up to 10 K, resulting from small
deviations in Fe stoichiometry.”* The two magnetic suscept-
ibility features are likely associated with 2 X 2 and \/ 3 X \/ 3
Fe-ordered domains whose relative prevalence depends on the
degree of lithium intercalation and, in turn, determines how
strongly each Néel temperature is expressed. The transition
resulting from lithiation is therefore first-order in nature
instead of a solid solution. In other words, the gradual
lithiation of Fe,,,NbS, leads to the nucleation and growth of
Li,;,Fe,/,NbS, in the Fe;,,NbS, matrix. Note that the first-
order transition we refer to here is not induced by a
temperature change and therefore does not have a latent
heat. In the lithiated domains, the nearest Fe—Fe distance is
the same as that in Fe,/,;NbS,, resulting in the much-reduced
Neéel temperature based on the RKKY exchange mechanism.
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LiyogFeq,sNbS, has a lower electron doping level than
Fey3;NbS, because of the different oxidation states of Li* and
Fe?*. Previous literature has noted that, in Fe, NbS,, once x >
0.2S, the Fe occupancy quickly ado6pts a (\/3 X 1/3)-type
ordering at 027 < x < 0.5. Meanwhile, magnetic
properties, measured in a narrower range of 0.30 < x < 0.35,
all showed highly similar AFM transitions at 40—45 K, among
which Fey3,NbS, (with a reported Ty = 45 K) is almost
isoelectronic with LiyogFey,sNbS,.>*®” Therefore, it appears
that the Fe—Fe distance dominates the magnetic interaction
type and intensity, whereas the effect of Fermi vector variation
is small.

The deviation between the ZFC and FC curves at low
magnetic fields suggests the presence of irreversibility in
domain wall movement or spin glass. To gain further insight
into this behavior, ac susceptibility measurements were carried
out at different frequencies. The real part of the AC magnetic
susceptibility (y') as a function of the temperature at various
frequencies is presented in Figure S6. The ac susceptibility
results show that the transition temperature at 150 K does not
change when the excitation frequency is varied. While there is
no apparent departure to the onset of the 35 K transition, a
small kink is observed in the '(T) curve at around 25 K. This
result is indicative of irreversible magnetic domain movement
rather than a glassy state. This is consistent with the A-type
AFM magnetic ground state of the pristine material and the
observation of different Fe-ordering domains [(2 X 2)-type
and (1/3 X 1/3)-type] associated with the level of lithium
intercalation. The absence of a spin glass phase in the lithiated
Li;/,Fe,,NbS, phase (x = 0.08) stands in contrast to
Fe, /3i5NbSZ,6O whose spin-glass texture was believed to give
rise to the low-current electrical switching.’* In
Li;;j,Fe,/,NDbS,, the average occupancy of the \/3 X \/3 Fe
sublattice is only 75%, which disrupts a perfect \/ 3 X \/ 3 Fe
order and might lift the necessary geometric frustration
condition for a spin glass.

Synchrotron XRD was performed to confirm the presence of
distinct coexisting Fe-ordering domains (Figure Sa). The
primary differences between samples arose in the region
between 1.5° and 4.5° (Figure Sb). The black and green ticks
underneath the patterns mark the Bragg positions unique to
the Fe orderings in a 2 X 2 superlattice and a /3 X /3
superlattice. While we observed only (2 X 2)-type superlattice
peaks in pure Fe;,NbS,, as the lithiation increases, peaks
characteristic of the (/3 X 1/3)-type superlattice evolve and
coexist until high lithiation contents, where only the (\/ 3 X

3)-type superlattice peaks remain. Rietveld refinement
(Figure S7) of each sample revealed the phase fractions and
domain sizes, which are listed in Table SS. The refinement was
based on the existence of two phases with distinct Fe ordering,
ie, an Fe,,,NbS, phase with the 2 X 2 superlattice and an
Fe, ;sNbS, phase with the ( \/ 3 X \/ 3)-type superlattice and
partial Fe occupancy of 75.8% (such that the overall Fe content
remains '/, per fu.). Based on the refinement, the phase
fraction changes proportionally to the Li content, with
exclusively (2 X 2)-type Fe ordering in pristine Fe,,NbS,
and mostly (1/3 X 1/3)-type ordering (~90%) in
LigsFe;/4NbS, (schematic shown in Figure Sc), which agrees
with the relative predominance of the two AFM transitions in
magnetization. The domain sizes refined are on a several-
hundred-nanometer scale, indicating a first-order bulk phase
separation between the two coexisting phases.
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Increasing Li

SEM—EDS was performed and is shown in Figure S8a,b for
slow-cooled LiggsFe,/,,NbS,. Fe was observed to distribute
homogeneously across particles or within individual particles,
thereby ruling out the possibility of macroscopic Li or Fe
segregation. However, it is still possible that such Li-rich or Fe-
rich domains exist in the short range. We further examine this
possibility using the PDF data obtained by Fourier transform
infrared (FTIR) its synchrotron diffraction pattern in Figure
Sa. We compared two models with and without local Li/Fe
segregation (Figure S8c,d and Tables S6 and S7). We found
that both models provide similar refinement and thus could
not conclusively conclude whether there is local Li segregation.

Thermal-History-Dependent Fe Site Order. The
coexistence of minor (\/ 3 X \/ 3)-type order within a (2 X
2)-type matrix in vapor-transport-grown Fe, ,,NbS, crystals has
previously been observed through dark field transmission
electron microscopy (TEM) imaging.®® The (/3 X 1/3)-
characteristic diffraction spots became more intense during in
situ heating to above 600 K inside a TEM chamber and were
frozen-in by fast coohng, with the domain size depending on
the cooling rate. In this original study, the authors suggest that
the transformation from long linear Fe—Nb chains along ¢
characteristic of the 2 X 2 superlattice to staggered Nb—Fe—
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Nb chains in the \/ 3 X \/ 3 superlattice allows the structure to
better accommodate thermal vibrations at high temperatures.®®
The thermal history dependence of domain ordering and size
in pristine Fe,,,NbS, suggests a second method to modify the
Fe site order and, thus, magnetic properties.

To further explore the thermal-history dependence, we
annealed pristine Fe,,,NbS, at 400 °C in a vacuum-sealed
quartz ampule for 18 h before water quenching the sample.
Synchrotron XRD (Figure 6a) revealed that none of the
characteristic low-intensity peaks between 1.5° and 4.5° were
present, a significant departure from the slow-cooled pristine
or slow-cooled lithiated samples discussed earlier. The lack of
characteristic low-intensity peaks is likely the result of a
significant decrease in the coherent length on the order of the
Fe intercalants. Thus, a Fourier transform was applied to the
diffraction data to obtain and fit the pair distribution function
(PDF) over short interatomic distances (2—20 A). Three
different structural models for Fe site order, ie., (2 X 2)-type
with full Fe occupancy, (1/3 X 1/3)-type with partial Fe
occupancy, and completely random with equal partial Fe
occupancy in all octahedral sites in the layer, were fit to the
data (Figure 6b), and the resulting fitting parameters are
presented in Tables S8—S10. It was found that the (1/3 X
\/ 3)-type ordering had the best fit (R,, = 5.56%); however, the
random ordering was very close (R, = 5.93%). This suggests
dominant (\/ 3 X 4/3)-type Fe ordering with nanoscale
domain sizes and border regions containing significant Fe
disorder. This hypothesis is reinforced by the sole magnetic
susceptibility feature characteristic to (/3 X 1/3)-type Fe
ordering, i.e., a Néel temperature at 45 K (Figure 6c).

Combining lithiation and quenching does not further change
the magnetic susceptibility, as shown in Figure S9. Only one
AFM ordering temperature was observed at ~41 K for water-
quenched Li Fe, ,,NbS, at both x = 0.09 and 0.14, suggesting
dominant (\/ 3 X \/ 3)-type Fe site order in these samples.
Magnetization as a function of the field strength was measured
at 1.8, 20, and S0 K for x = 0.14 (Figure S9). A linear response
without hysteresis was observed for 20 K and above, consistent
with the AFM state. The small hysteresis observed at 1.8 K is
similar to that in Fe;,;;NbS,, which was attributed to a spin
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glass state.”” Because we have excluded the possibility of a spin
glass with frequency-independent magnetic susceptibility, the
observed hysteresis might arise from the occupation disorder
of Fe.

B CONCLUSIONS

In summary, through neutron powder diffraction, we
determined the magnetic ground state of Fe,,,NbS, to be an
A-type antiferromagnet with out-of-plane moments from high-
spin-state Fe’* (S = 2). Despite the presence of overall
inversion symmetry, the compound has spin polarization
induced by AFM order at generic k points, as confirmed by
DEFT calculations, thus constituting one example that manifests
the new nonrelativistic spin-polarization effect. Given the
dominant RKKY exchange mechanism and its oscillatory
nature, tuning of the Fe site order was explored by
electrochemical lithiation and thermal history. Overall, we
did not find an intermediate Fe order type between those of
Fe,,,NbS, and Fe;;sNbS,. The intercalation of Li ions as
nonmagnetic spacers in Fe;,,NbS, leads to a first-order phase
transition from (2 X 2)-type to (1/3 X 1/3)-type Fe order with
100-nm domain sizes, as confirmed by synchrotron diffraction,
whereas quenching instead of slow cooling favors the
development of short-range (1/3 X 1/3)-type Fe order
based on PDF analysis. Combining magnetic susceptibility
measurements, we determine that the overall phase fraction of
each Fe ordering type determines the relative dominance of the
magnetic feature expressed at the respective Néel temper-
atures. A subtle difference was observed between the x(Li) =
0.08 per fu. of lithiated Fe,;,,NbS, and Fe,,;NbS, despite the
same number of total intercalants and ( \/ 3 X \/ 3)-type Fe
order. Unlike the latter, the bifurcation in ZFC and FC
susceptibility of the former originates from irreversible domain
wall movement instead of a spin-glass phase, which we
tentatively attribute to the disruption of local triangular
cooccupation of Fe by Li.
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