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We present the results of muon-spin relaxation (#SR) measurements of the static and dynamic magnetism
of M,,3NbS, (M = Fe, V, Mn), three intercalated transition-metal dichalcogenides. Transitions to long-range
magnetic order are observed in all three materials, and local magnetic fields at muon sites are compared to
dipole field calculations. Measurements on Fe, ;3NbS, capture the evolution of two coexisting magnetic phases.
In V;,3NbS,, we observe a peak in the dynamic response at 9 K, coincident with previous reports of a possible
low-temperature phase transition. The observation of high-frequency muon precession in Mn,; 3NbS, suggests
the existence of an additional muon site that implies a difference in the electronic energy landscape compared
to the other materials in the series. Taken together, this demonstrates that the change in intercalant species
drives significant variations in magnetism, highlighting the M;,3NbS, series as an ideal group of materials for

investigating a wide range of magnetic phenomena.

DOI: 10.1103/njym-t72p

I. INTRODUCTION

The transition-metal dichalcogenides (TMDCs) are a fam-
ily of low-dimensional materials that exhibit a range of exotic
electronic and optical properties [1-8]. They are formed of
hexagonal AB, layers, containing a transition metal A and a
chalcogen B. Due to the weak van der Waals bonding between
layers, the resulting structures allow for a high degree of tun-
ability, highlighted by the dependence of transport properties
on sample thickness [9,10]. The properties of these materials
can be further enhanced through the intercalation of transi-
tion metal ions M between the layers [11-18]. Specifically, a
host of materials demonstrating a range of magnetic phenom-
ena are realized by varying the species and stoichiometry of
the intercalate [19-28]. Here we focus on materials derived
from NbS,, a semiconductor with a temperature dependent
band gap [29] that exhibits superconductivity below 5.7 K in
bulk [30], which is intercalated with concentration x = 1/3.
Intercalated materials of the form M;,3NbS, belong to the
chiral space group P6322 and have an electronic structure that
can be understood via a simple band-filling mechanism [27].
However, their magnetic properties are diverse, showing a rich
range of magnetic structures and excitations.
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Our investigation centres on the system intercalated with
Fe, V, and Mn ions. The model of band-filling used to describe
the electronic structure of M;,3NbS, also suggests that the
magnetic exchange interaction changes with the filling of the
intercalate 3d band, with a less-than half-filled band lead-
ing to predominantly ferromagnetic (FM) interactions and a
more-than half-filled band leading to predominantly antiferro-
magnetic (AFM) interactions. M ,3NbS; (M = Fe, V, Mn) are
all close to this crossover, with the 3d band slightly-less-than
half-filled for the V material and slightly-more-than half-filled
for the Fe material, so they will display particularly interesting
and contrasting magnetic behaviors. Fe;;3NbS, is character-
ized by a coexistence of two magnetic phases below 40 K
with distinct magnetic structures, that shows an evolution
with temperature [31]. V;3NbS, orders at 52 K, and also
shows evidence for a subtle change in behavior around 10 K.
Recently this has been linked to the emergence of non-Fermi
liquid behavior in the resistivity below this temperature, and
it has been suggested that this reflects the existence of topo-
logical magnetic excitations in this regime [32,33]. Finally,
Mn, ;3NbS; displays ferromagnetic-like behavior on the hun-
dred nanometre length scale below 44 K. This is possibly due
to the presence of large-pitch-length chiral helimagnetism, as
is the case in Cr;,3NbS; [34,35].

Here we combine muon spin relaxation (#SR) measure-
ments with density functional theory (DFT) calculations to
examine the changes in magnetism. The pSR technique
provides a powerful experimental tool for investigating mag-
netism in materials [36,37]. In particular, the local nature of
the muon probe and the timescale of the dynamical response

Published by the American Physical Society


https://orcid.org/0000-0001-7016-4789
https://orcid.org/0009-0004-1939-2398
https://orcid.org/0000-0003-3635-8613
https://orcid.org/0000-0003-4812-0426
https://orcid.org/0000-0001-8584-105X
https://orcid.org/0000-0002-5919-3885
https://orcid.org/0000-0002-7928-5955
https://orcid.org/0000-0002-7020-3263
https://orcid.org/0000-0002-5890-1149
https://orcid.org/0000-0003-4792-7738
https://orcid.org/0000-0002-6714-4215
https://ror.org/01v29qb04
https://ror.org/03eh3y714
https://ror.org/03eh3y714
https://ror.org/052gg0110
https://ror.org/01t8fg661
https://ror.org/01a77tt86
https://crossmark.crossref.org/dialog/?doi=10.1103/njym-t72p&domain=pdf&date_stamp=2025-10-29
https://doi.org/10.1103/njym-t72p
https://creativecommons.org/licenses/by/4.0/

N. P. BENTLEY et al.

PHYSICAL REVIEW B 112, 134453 (2025)

[38] provide insight into magnetic phenomena not easily ac-
cessible to other techniques. Here we utilize this to probe the
magnetism of M;,3NbS,; (M = Fe, V, Mn), complemented by
DFT calculations to determine candidate muon stopping sites
for all three materials. ©SR has proven to be an effective
tool for investigating the magnetism in intercalated TMDCs,
with measurements on Cr/3NbS; and Cr;/3TaS; identifying
the presence of a chiral soliton lattice (CSL) and observing
magnetic dynamics on the muon timescale consistent with a
proposed pseudogap feature in the electronic structure [39].
Muons have also been used to investigate Coy,4TaSe; [40],
providing evidence for a proposed altermagnetic state and
ruling out slow magnetic fluctuations as a contributing factor
to the persistence of band spin-splitting into the paramagnetic
phase.

This paper is structured as follows. In Sec. II, we describe
the experimental and computational techniques underpinning
our results; in Secs. III-V, we analyze the results of SR
measurements on M = Fe, V, and Mn in turn, along with sup-
porting DFT calculations of the muon stopping sites, before
presenting our conclusions in Sec. VL.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Single crystals of M;,;3NbS, (M = Fe, V, Mn) were pro-
duced by the chemical vapour transport technique [41,42].
Polycrystalline powders (synthesized using the method de-
tailed in Ref. [42]) of the correct composition were placed
in an evacuated and sealed quartz tube with the transport
agent (iodine). One end of the tube was then heated to a
maximum temperature of 950 °C, with a difference of 100 °C
(M = Fe and V) or 150°C (M = Mn) across the tube. After
three weeks of heating the tubes were then cooled to room
temperature, forming platelets ranging from 1 to 5 mm along
their longest edges. A backscattering x-ray Photonic Science
Laue camera system was used to assess the quality of the
single crystals and confirm their noncentrosymmetric P6322
space group. The stoichiometry of the crystals has been con-
firmed through energy-dispersive x-ray spectroscopy analysis
in a scanning electron microscope and magnetic susceptibility
measurements, as the critical temperature is sensitive to de-
viations from the expected intercalation concentration in the
materials.

uSR measurements on partially orientated mosaics of
these single crystals were carried out using the GPS instru-
ment [43] at the Swiss Muon Source (SuS), Paul Scherrer
Institute (PSI). The mosaics (consisting of around 10 crystals)
were aligned in an Ag foil envelope (foil thickness 25 um)
such that the c axis of the crystals was collinear with the beam
direction, before being mounted on a fork and inserted into
a “He cryostat. Depending on the initial muon polarization
direction, the detector arrangement allows us separate access
to the evolution of the muon spin polarization longitudinal to
the beam direction (i.e., along the crystallographic ¢ axis) and
transverse (i.e., in the a-b plane). Additional measurements on
a polycrystalline sample of the M = V material were made at
the STFC-ISIS facility, using the EMU spectrometer [44]. The
polycrystalline sample exhibited a broad magnetic transition
(of width ~ 5 K), which is consistent with a recent report
of an additional unconventional trigonal magnetic phase with

a lower transition temperature forming in V;,;3NbS, [45].
However, measurements on our partially orientated mosaic of
V1,3NbS; presented below are consistent with the presence of
just the hexagonal magnetic phase. Analysis of the muon data
was carried out using the WIMDA program [46].

In a muon-spin relaxation experiment, spin-polarized pos-
itive muons are implanted in a sample and interact with the
local magnetic fields. The angular distribution of the emitted
decay positrons allows us to infer the spin polarization of
the muon ensemble, via the measured positron asymmetry,
A(t). For the measurements on V,3NbS; the muon spins were
orientated along the ¢ axis of the crystal. In contrast, for the
measurements on Fe;,3NbS; and Mn; 3NbS, the spins lie at a
45° angle to the c axis, so that the distinct components of the
muon spin can be projected out, allowing for the observation
of an anisotropic response in the sample.

To determine muon stopping sites, we performed DFT
geometry optimizations, using the MUFINDER program [47],
based on the CASTEP [48] plane-wave pseudopotential code.
We used the PBE functional and a supercell comprised of a
muon (modelled by an ultrasoft hydrogen pseudopotential)
placed ina 2 x 2 x 1 cell of M;,3NbS,. Muonated supercells
were generated by constraining the initial muon sites to be at
least 1.0 A away from atoms and at least 0.5 A away from
muons in previous supercells. The procedure was repeated for
30 initial muon locations in each material. Plane wave cutoffs
of 800, 900, and 1000 eV were used for the Fe, Mn, and V
intercalated materials. A 2 x 2 x 2 Monkhorst-Pack grid for
Brillouin zone sampling gave total energies that converged to
within 10 meV per atom. Calculations were performed using
lattice parameters consistent with experimentally measured
values. The dipole field at each of the sites is calculated using
the expression

Bap(r) = 0 3 [% _ 23} n

i i i

for each possible magnetic configurations of the system, using
the MUESR program [49]. We include a Lorentz field, By,
due the finite size of the region which the dipole moments
are summed over and a demagnetization field, Bgen, Which
accounts for the size and shape of the sample. The sample is a
flat plate normal to the ¢ axis (giving a demagnetization tensor
of N.c =1 and N,g = 0 otherwise). When the magnetic unit
cell is distinct from the structural unit cell a muon implanted
at a given site will experience a distribution of simulated
magnetic fields, p(B), rather than just a single field. The local
field distribution p(B) can then be compared to the frequency
spectrum measured using ©SR. Muon implantation distorts
the local crystalline environment of the muon site, altering the
local magnetic field. For M;,3NbS, (M = Fe, V, Mn), these
muon induced distortions cause a significant difference in
the field distribution produced by the dipole moments, so are
included in our analysis. These changes are entirely due to the
spatial distortion of the magnetic ions, so do not account for
any differences in the magnitude and direction of the magnetic
moments due to the presence of the muon. Hyperfine coupling
was estimated assuming an interaction of the muon and an s
electron given by

Bcont(ri) = %MOMBps(ri)a (2)
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FIG. 1. Magnetic structure of Fe;;;NbS; for a slice in the a-b
plane, with up spins (red) and down spins (blue). (a) Straight lines of
a given spin orientation in the b direction giving stripe ordering and
(b) undulating lines in the b direction giving zigzag ordering. The
spin of the second Fe ion in the unit cell of Fe,;3NbS, is given by
shifting the magnetic structure one ion along a, producing alternating
layers along the ¢ axis.

where p, is the electron spin density at the muon site
[50].

II1. F61/3NbSZ

The low-temperature magnetism of Fe;,3NbS, is charac-
terized by the formation of a nematic state [21,51,52], leading
to the coexistence of two competing AFM phases. The first is
a layered AFM stripe phase [shown in Fig. 1(a)], character-
ized by a propagation vector k; = (0.5, 0, 0), with straight
lines of a given spin orientation along b. The second is a
layered AFM zigzag phase with k, = (0.25, 0.5, 0), in which
there are undulating lines of a given spin orientation that

alternate along b and have an up-up-down-down arrangement
along a [Fig. 1(b)]. Investigation of off-stoichiometry sam-
ples show that the AFM stripe phase is found for x < 1/3,
and the AFM zigzag phase with x > 1/3. Neutron diffraction
indicates that the magnetic moments in both structures are
orientated along the c axis, in agreement with the anisotropic
magnetic response seen in bulk magnetometry [31]. Mag-
netometry and heat capacity measurements identify a pair
of transitions at 7., =41 K and T,y =45 K on a x =0.34
sample, where the region between these two transitions hosts
only the stripe phase, while below T, both magnetic phases
coexist. The magnetic moments obtained from neutron scat-
tering are upe = 2.9 ug for the stripe-dominated region and
Ure = 3.3 up for the mixed region.

Analysis of the neutron measurements suggested a non-
trivial evolution of the coexisting magnetic phases with
temperature. In order to track the change in volume fraction
of each of these phases, we performed weak transverse-field
(WTF) uSR measurements on Fe;;3NbS, in an applied field
Bytr = 5 mT. The resulting asymmetry is fitted with

A(t) = Aj cos(y, Butrt)e ™" + Age ™ + As, 3)

where A; = 0.11(1) us™', A, = 2.62(7) us™", and 2By =
0.673(1) MHz are globally refined. The component corre-
sponding to muons implanting in nonmagnetic environments,
Ay, is constant at low temperatures and increases to a max-
imum above the magnetic ordering temperature 7;;. The
change in amplitude occurs over a wide temperature range
above the transition [Fig. 2(a)], suggesting the persistence of
quasistatic magnetic correlations above Tg;.
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FIG. 2. Temperature evolution of the wTF amplitudes associated with (a) nonmagnetic regions of Fe;,;3NbS, and (b) the stripe, A, (purple
triangles), and zigzag, A; (green circles), phases. Lines show the transition between the mixed and stripe-dominated regions at 40.2 K and
the transition between stripe-dominated ordering and paramagnetism at 45 K. ZF spectra for Fe,; 3NbS, measured at 5 K (purple diamonds,
mixture of phases), 20 K (red circles, mixture of phases), 43 K (green triangles, stripe-dominated), and 60 K (blue squares, paramagnetic) for

polarization along (c) the ¢ axis and (d) the a-b plane. (e) Temperature dependence of the relaxation rates s, (blue), A7,

(green) and Ag,

(purple). (f) Temperature dependence of the precession frequency in the a-b plane, with the fit described in the text.
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The amplitudes A, and Aj reflect those muons stopping in
regions of magnetic order. Both amplitudes decrease as the
temperature is increased above T;;. There is a peak in A, in the
stripe-dominated region (followed by a rapid decrease above
43 K), and A3 has a possible inflection around 30 K [Fig. 2(b)].
These amplitudes indicate the proportion of each magnetic
volume fraction present in the sample. Comparing these with
neutron peak intensities [31], we note that the trend in behav-
ior of A, closely matches the neutron intensity attributed to
the stripe phase, while A3 follows that of the zigzag phase.
The temperature dependence then suggests that the volume
fraction of each coexisting phase is approximately equal at
5 K, but evolves roughly linearly such that at T, the ratio
of stripe phase to zigzag phase is roughly 2:1. In the region
T., < T < T, the volume of zigzag phase drops rapidly to
zero on warming, although it is notable that although the stripe
phase is the majority phase, a small contribution from the
zigzag phase persists. The changes in A, and A3 are consistent
with the phase transition temperatures seen in magnetometry
on a x = 0.34 sample [31] and in our ZF uSR measure-
ments (see below). However, it is notable that they occur
around 5 K higher in temperature than the similar behavior in
the peak neutron scattering intensities. This possibly reflects
the distinct length scales probed by the different techniques,
with the muon results suggesting that regions of relatively
short-range order (on a scale of order ten lattice spacings)
persist up to the observed transitions in the magnetometry. It
should also be highlighted that these transition temperatures
are strongly dependent on the intercalation concentration, x,
with a 10 K difference between T, seen for a x = 0.33 and a
x = 0.34 sample [31]. Therefore slight inhomogeneities in the
Fe concentration of the sample mosaic could also contribute
to discrepancy between our muon measurements and previous
neutron measurements.

When both magnetic phases coexist we observe an
anisotropy in the muon response between the muon spin po-
larization projected along ¢ and that in the a-b plane. The ZF
asymmetry in the ¢ axis direction is described by the purely
relaxing function

Ac(t) = Ag e ™" + As e + Ag,, 4)

where Ay, = 4.8(1)%, As, = 4.4(2)%, A¢, = 7.4(1)%, and
A4, = 2.4(2) us~! are globally refined. The ZF asymmetry in
the a-b plane is described by the oscillatory function

Awp(t) = Ay, cosRuvt)e Ma' + As e ol +Ag.,  (5)

where Ay, =6.03)%, As,=9.6(2)%, and A4, =
39(2) p,s’l are globally refined. In both Egs. (4) and (5),
the final terms describe a background signal from muons
implanting in nonmagnetic environments. For the ¢ axis
polarization, the size of the relaxation rate in the first term
in Eq. (4) is typical of the relaxation of muons due to slow
magnetic dynamics. For the a-b polarization in Eq. (5), the
first term describes muons precessing in a local field at a
frequency v.

Using a scaling function for the fitted frequency of v =
v(0)[1 — (T /T,»)*]#, we obtain a transition temperature of
T.» = 40.2(4) K, parameter « = 1.2(3) and critical exponent
B =0.27(2). This critical temperature 7., is consistent with
the reported transition to stripe-dominated magnetism [31]

and the onset of the decrease of A3 in our wTF measurements.
The absence of oscillations in this stripe-dominated region
above T, motivates the assignment of the oscillations to the
zigzag phase, and is further supported by our dipole field
calculations. The parameter f is closer to that of the 3D Ising
model (0.32) than the 3D Heisenberg model (0.367), which is
reasonable given the Ising-like alignment of spins along the
c-axis in the zigzag structure.

Having linked A4, to the precession of muons in the
zigzag phase, the absence of an oscillating signal in the ¢
axis polarization suggests that the slowly relaxing term with
amplitude A4, arises from muon-spin components parallel to
the local field in regions of zigzag order. Support for this
comes from the relaxation rates, A4, and A4, which differ by
an order of magnitude, with the larger rate A4, corresponding
to relaxation due to both fluctuations in the local magnetic
order and magnetic dynamics.

The As,_., components account for muon spins that that
are relaxed in regions of stripe magnetic order. For this phase,
oscillations due to LRO are not observed, suggesting that
magnetic disorder in the stripe phase washes out coherent
precession of the muon polarization. Temperature variation in
the local field distribution is captured by the relaxation rate As,
[see Fig. 2(e)], which is similar for both detector orientations.
Deviations from order-parameter-like behavior (such as the
reduced rate of change of A5, between 20 and 30 K) can be
attributed to changes in the nature of the field distribution and
the magnetic dynamics with temperature.

When the stripe phase is dominant above T = 40 K, the
anisotropy in muon relaxation vanishes and the ZF asymmetry
in both directions is described by

Ag(t) = Ag e 7! 4+ Ag e ™! + Ay, (6)

where o = ab, c and A7, =2.9(3)%, A7, = 7.9(5)%, As, =
7303)%, As, =54(4)%, A9 =1.34(3)%, and Ag, =
2.2(1)% are globally refined. The relaxation is captured
by a fast (A7) and a slow (Xg) contribution, both of which
now decrease with temperature. This behavior can partly
be attributed to a decrease in the local field strength at the
muon site, although it also reflects the change in volume
fraction of the two phases, which is not accounted for in
this fitting routine. The fitting (for both the stripe-dominated
and the mixed region) was also carried out by fixing the
amplitudes based on the volume fractions measured in the
wTF measurements. This resulted in similar behavior in the
relaxation rates and the precessions frequency, so we can be
confident fitting with global refined amplitudes captures the
variations in magnetic relaxation in Fe;,3NbS,. It is notable
that the slow relaxation from the stripe phase Ag continues
the trend seen in As below T ,. The emergence of a large
relaxation rate A7 implies that the muons in sites in the former
zigzag regions are strongly depolarized, possibly by disorder
of the Fe spins.

Finally, the spectra above the transition temperature for
both polarization directions are described by

At) = Ajg e +A,e % + Ap,, )

where A, o, and Aj,, are held constant. The exponential
term represents the relaxation of muon spins due to magnetic
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FIG. 3. Location of candidate muon sites in M;,3NbS, (M = Fe,
V, Mn), with the three low energy sites at the center of triangles
of three Nb ions shown in red and the high-energy muon site in
Mn, ;3NbS, shown in green.

dynamics and the Gaussian term represents the relaxation due
to quasistatic disordered magnetic moments. We also note
here that the spectra measured at temperatures above the mag-
netic transition for V{,3NbS; and Mn ;3NbS; are described by
the same functional form.

Muon site calculations allow us to identify a cluster of
candidate low-energy sites at the center of a triangle of Nb
atoms, in agreement with sites identified in other members of
the series [39] that we call A, B, and C (see Fig. 3). They
are crystallographically equivalent in the undistorted crystal
(through the action of the symmetry operators of the P6322
space group, Table I), but can be magnetically inequivalent. In
Fe/3NbS,, the candidate site realized at C is at least 0.3 eV
lower in energy than any of the other sites, due to the local
spin-density supporting muon induced distortions that form
a lower energy arrangement of atoms, breaking local site
symmetry.

Dipole field calculations for the AFM stripe structure in the
M = Fe material, assuming muons implanted at site C, result
in a single peak in the simulated magnetic field distribution
p(B) at & 36 MHz in the mixed region, and & 32 MHz in the

TABLEI. Location, relative energies, and symmetry of candidate
muon sites calculated for M, ;3NbS,.

Relative energy (eV) Wyckoff
Site Coordinates Fe \'% Mn Site
A (2/3,2/3,0) 0.35 0.02 — 6g
B (1/3,0,0) 0.37 0.02 0.05 6g
C 0,1/3,0) 0.0 0.0 0.0 6g
D (3/4,2/3,1/4) — — 0.88 12i
E 11/12,1/4,1/4) — — 0.89 12§

TABLE II. Calculated hyperfine contact fields at the candidate
muon sites for M;,3NbS, (M = Fe, V, Mn), along with experimen-
tally reported coupling constants for a number of other materials
[54,55].

Hyperfine Contact
Field Magnitude
Material Muon Site (mT) (MHz)
Fel/3Nb52 A 79 1.1
B 7.2 1.0
C 39 5.3
D _ _
E —_ _
V1,3NbS, A 0.1 0.02
B 0.5 0.07
C 0.7 0.1
D — —
E _ _
Ml’ll/3NbSZ A — —
B 35 4.8
C 36 4.9
D 90 12
E 92 12
MnSi 207 28.0
MnGe 1080 146

stripe-dominated case. The AFM zigzag ordering produces
a cluster of peaks tightly centered around 20 MHz in p(B).
The behavior of our wTF amplitudes suggests phase separa-
tion between regions of stripe and zigzag magnetic ordering,
so our dipole fields have been calculated for each magnetic
structure assuming the local vicinity of the implanted muon
belongs to the same phase. Phase separation would be ex-
pected to produce at least two precession frequencies in the
uSR spectra when both phases coexist, so the observation
of a single precession frequency supports the hypothesis that
oscillations occur due to muon precession in only one of the
phases. To obtain agreement with our measurements, assum-
ing the oscillations occur due to muons implanted in regions
of zigzag ordering, we have to increase the moment measured
with neutrons by a scale factor of 1.5. This implies a value
of 4.9 up, which is in agreement with value of the spin-only
moment for § = 2 Fe?* ions and susceptibility measurements
[53]. Moreover, this difference is not accounted for by the
calculated hyperfine contact field at this site (see Table II). For
the stripe structure, the calculated fields are orientated along
[0.7, 0.4, 0.55], which agrees with the observation of similar
muon relaxation along the ¢ axis and in the a-b plane. Mean-
while, for the zigzag structure the fields are orientated almost
along [0,0,1], consistent with the observation of relaxation due
to magnetic dynamics in the c direction and precession of the
muon in the local field in the a-b plane. Therefore the obser-
vation of oscillations from muon polarization exclusively in
the a-b plane is only possible for muons precessing in regions
of zigzag magnetic structure.

To summarize, we have used SR to confirm the existence
of low-T phase separation, where stripe and zigzag magnetic
orders coexist, along with an intermediate temperature region
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dominated by the stripe phase. We attribute oscillations in our
measured spectra to muons implanting in regions of the zigzag
order. The associated anisotropy in the muon relaxation is then
consistent with the orientation of the local fields at the muon
site for both magnetic phases.

IV. Vy;3NbS,

V1,3NbS, has attracted recent interest due to low-
temperature behavior suggesting the presence of topological
magnetism [33]. Initially magnetometry measurements on a
powder sample identified V,3NbS, to be paramagnetic [56],
before measurements on single crystals suggested FM [12]
order within the a-b plane. Single crystal neutron diffraction
identified weakly canted AFM [33,57], with a transition to
LRO at 50.1(1) K. Refinement of the neutron scattering data
results in a simple AFM structure formed from FM layers
of V3* moments, and any canting is constrained so the net
moment along the ¢ axis is < 0.1ug per V ion. The moments
are orientated along the a axis with puy = 1.7(1) up and
the resulting magnetic structure is described by a kg = (0,
0, 0) propagation vector. Other neutron scattering measure-
ments on single crystal and powder samples of V;,;3NbS,
suggests that the ordered magnetic state realizes a double-Q
structure [32], where kg = (0, 0, 0) corresponds to an AFM
structure formed from FM layers of V3* moments orientated
along the a axis (determined via symmetry analysis) with
wv,, = 0.90(5) ug, and k; = (0, O, %), describes a longitu-
dinal spin density wave (SDW) along ¢ [58]. This enforces
an up-down-down pattern for the moments, where v, equals
1.12(12) up and 0.61(6) up for the up and down moments
respectively. It is unclear whether the propagation vectors
describe the same magnetic phase or two distinct, coexisting
magnetic phases; diffuse magnetic scattering is also present
below T.. A low-temperature magnetic transition was sug-
gested to occur around 10 K from magnetometry and neutron
diffraction measurements [12,32,33], although its properties
remained mysterious. Recently, this low-7 transition has also
been observed in a sizable spontaneous anomalous Hall effect
(AHE), similar to that seen in topological magnetic materials.
Moreover, this is accompanied by a region of low-temperature
non-Fermi liquid (NFL) behavior in the ZF resistivity, o(T)
[33]. The presence of both the spontaneous AHE and NFL be-
havior suggests the AFM domain walls that form in V;;3NbS,
are topological magnetic excitations. Similar topological ex-
citations have previously been observed in Cr;;3NbS,, where
the application of small magnetic field forms a CSL [39,59].

Example ZF ;SR spectra are shown in Fig. 4. Those mea-
sured below the transition to LRO are captured by

A(t) = Ay cosQRmvt)e ™ + Are ™ 4 As, (8)

where A; = 7.33%, Ay =3.12%, A3 = 13.55%, and X, =
5 us~! are held constant. The first term accounts for the com-
ponent of muon spin initially perpendicular to the local field
at the muon implantation site, which precesses coherently at a
frequency v. The second term describes the muon spin com-
ponent initially parallel to the local field, so is relaxed only by
dynamics, and the third term corresponds to muons stopping
in nonmagnetic environments. We find a critical tempera-
ture of T, = 52.7(2) K, parameter o« = 2.2(2), and critical
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FIG. 4. (a) ZF spectra for V;,3NbS, measured at 5 K (red cir-
cles) and 80 K (blue squares). (b) Temperature dependence of the
precession frequency, with a fit of critical scaling shown in blue.
(c) Dynamical relaxation rate of the A, component of the asymmetry,
showing a peak at 9 K. The inset shows the difference between the
fitted spectra at 5 K (red) and 9 K (green).

exponent 8 = 0.38(1) [see Fig. 4(b)], which is similar to the
expected value for 3D Heisenberg fluctuations (8 = 0.367).
We carried out wTF muon measurements that provide no ev-
idence of phase separation, suggesting the double-Q structure
would be realized in a single magnetic phase.

Sites A, B, and C [Table I] are found in our muon site
calculations and form a cluster 0.7 eV lower in energy than
other candidate sites. We can calculate the dipole fields at each
of the sites for both the simple AFM and double-Q structures
and compare to the amplitudes measured in ZF uSR, which
can be expressed in terms of dipole field components us-

2
ing A1 = AL X Zi (Bi‘I;Bﬁ'i>pi and A2 = A” X Zi <%) Di,
where || and L describe the orientation of the components of
the muon spin relative to the local field direction and p; is the
fraction of muon sites experiencing the field B; [60]. For both
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FIG. 5. Simulated field spectra (red) for (a) the simple AFM
and (b) the double-Q magnetic structures in the M = V material,
compared to the field distribution measured using SR (blue). The
moment from neutron measurements has been scaled by a factor of
1.5 for simulations of the double-Q spectra and all the spectra are
normalized.

magnetic structures A; o< 0.7 and A o< 0.3, agreeing with the
ratio of the experimentally measured amplitudes, A} = 7.33%
and A; = 3.12%.

The simple AFM structure shows a peak in the computed
probability function p(B) at the field value B seen in ex-
periment, but the peak is narrower than in the experimental
spectrum. One possible explanation for this is the presence of
stacking faults in the crystals, which are not included in simu-
lations. Calculations for the double-Q structure using moment
values from neutron scattering underestimate the magnitude
of field values of the peaks in the distribution by a factor of
1.5 (i.e., similar to the scaling required for the Fe material).
Scaling with this factor gives a moment value of 2.25 ug,
which is still less than the spin-only moment for S = 1 V3+
ions (2.83 pp) and moment from susceptibility measurements
(2.90 up) [32]. Additionally, the hyperfine contact field for
the candidate muon sites in V;,3NbS; is approximately zero
[Table II], so cannot account for the discrepancy in the size of
the calculated and measured local field. However, the width
of p(B) for the double-Q structure more closely matches the
single broad peak seen in the uSR, due in part to the larger
number of possible field values for each site [see Fig. 5(b)].
Additionally p(B) changes negligibly when the moments are
canted along the ¢ axis within the experimentally determined
limit (0.1ug per V ion). This suggests that canting is not
responsible for the low-T transition, in agreement with con-
clusions from previous work based on neutron measurements
[33]. Our conclusion is that the single broad frequency that we
observe is compatible with both proposed magnetic structures.

The behavior of the magnetic dynamics in V;,3NbS; is
quantified by the dynamical relaxation rate A, [Fig. 4(c)].
Our main result for this material is that this quantity peaks at
9 K, suggesting a change in magnetic dynamics on the muon
timescale at the low-T transition.

AC susceptibility measurements sensitive to slower mag-
netic dynamics also capture this low-7' transition, with an
increase in x’ below 10 K [61]. These features in the magnetic
dynamics are coincident with the onset of NFL temperature
scaling in p(7T'), a possible mechanism for which is the for-
mation of a chiral spin texture [33]. Such a texture consists of
topological magnetic objects that exhibit magnetic dynamics
to which the muons are sensitive. In particular, the behavior of
A, at the upper boundary of the NFL region is reminiscent of

the increase of the relaxation rate seen due to skyrmion lattice
formation in Cu,OSeOj; [62].

V. Mn1/3NbS2

The possible presence of helimagnetism (similar to
Cr3NbS; [42,63]) and differences in the underlying elec-
tronic structure result in the magnetism of Mnj,;3NbS,
differing from the Fe and V intercalated materials. Stud-
ies involving magnetic susceptibility, neutron scattering and
Lorentz transmission electron microscopy suggest the pres-
ence of ferromagnetic-like behavior on the local length scale
[42,64,65], which could be caused by ferromagnetic domains
of size &~ 250 nm along the ¢ axis. These domains are sep-
arated by either topologically trivial domain walls (7-spin
flips) or chiral soliton kinks (2z-spin flips), and the Mn
moments are orientated along the [1 2 0] direction [42]. Al-
ternatively, the local ferromagnetism is also consistent with a
helical magnetic structure propagating along the ¢ axis with a
large pitch length (A ~ 2500 A) and Mn moments in the a-b
plane, which is expressed in propagation vector notation as
k = (0,0,0.005). Recent NMR measurements [63] demon-
strate anisotropy suggestive of a chiral helical majority phase,
similar to the state observed in Cry;3NbS; [39,59]. Single-
crystal neutron scattering and DFT calculations [63,64] give
a moment size of puyn = 4.3(2) us.

The example ©SR spectra are shown in Fig. 6 which, in
contrast to other materials in the series, show two precession
frequencies. At temperatures below the transition to LRO, the
asymmetry is found to be anisotropic and is described by the
relaxation functions

Ac(t) = A JoQrvy t)e ™ ' + Ay Jo(2mvat) + A3, (9)
and
Aw(t) = Ay, JoQRrvy,t)e Ma' + Ay, Jo(2va,t)
+ Az, e Ml (10)

where A;, =11.4(3)%, A, =6.3(3)%, Ay =3.1(1)%,
Ay, =37(1)%, Az, =2.32(5)%, Az, =9.41(3)%, *i, =
11.42) us7!, Ay, = 14(3) us~!, and Az, = 0.45(1) us~!, are
globally refined. The A3, component is a constant background,
corresponding to muons implanting in nonmagnetic regions
like the silver foil packet and the cryostat tails, while the
A3, component is a slowly relaxing background that remains
unchanged with temperature, corresponding to muons relaxed
by slow magnetic dynamics. The first two components in
both Egs. (9) and (10) correspond to oscillations described by
zeroth-order Bessel functions of the first kind, Jy, capturing
the muon response due to incommensurate ordering [38].
The frequencies of the observed oscillations can be fixed
in proportion such that v; = 6.0(2)v,, suggesting a uniform
decrease in the strength of the magnetic ordering across
muon sites, consistent with a single magnetic phase. This
was confirmed by fitting the frequencies independently, which
demonstrated no significant variation in the ratio of the
frequencies with temperature. Additionally, we fitted the fre-
quencies for the oscillations from muon polarization in the
a-b plane and along the ¢ axis separately, but found they
displayed similar behavior with temperature. Fitting has also
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FIG. 6. ZF spectra for Mn;,3NbS, corresponding to the detector
pair along the ¢ axis (a) and in the a-b plane (b) of the crystal, mea-
sured at 20 K (red circles) and 60 K (blue squares) which are below
and above the transition to magnetic order respectively. Temperature
dependence of the precession frequencies measured for spectra in the
a-b plane (c), where the fit of the critical scaling function is shown in
black.

been performed using the helical model described in Ref. [54].
However, the resolution of our data does not allow us to
extract the width of the underlying field distribution, which
is a parameter in the helical model. This means we are unable
to extract the observed order-parameter-like behavior of the
precession frequencies using a helical model. wTF SR mea-
surements have also been performed on Mn;,3NbS; and they
show no evidence of phase separation.

Treating the muon precession frequency as an order pa-
rameter gives a transition temperature of 7, = 44.2(3) K,
parameter o = 1.4(2), and critical exponent 8 = 0.35(1).
The value of the critical temperature 7. is in agreement
with previous susceptibility measurements [42,64] and the
exponent is similar to the expected value for 3D Heisenberg
fluctuations (8 = 0.367).

In agreement with other materials in the M;,3NbS, series,
muon site calculations identify a cluster of low energy sites
at the center of three Nb atoms. However, in contrast to
Fe3NbS; and V;/3NbS,, our DFT calculations are unable
to reproduce candidate site A, (2/3, 2/3, 0), in Mn;3NbS,.
For the FM state, the calculated dipole field splits the low
energy sites into two groups. One of the groups has a local
field that corresponds to a precession frequency of ~ 16 MHz,
while the second group of sites has a precession frequency of
~ 10 MHz (although this latter group is only present when
muon induced distortions are included). A frequency of v, =
16 MHz is seen in our ©SR measurements, matching the first
group of sites. For the helical magnetic state implanted muons
will experience a distribution of magnetic fields, p(B) due
to FM aligned moments in all possible orientations within
the a-b plane. This results in bimodal field distributions (re-
gardless of whether muon induced distortions are included),
with the peaks corresponding to precessions frequencies of
~ 4 MHz and ~ 16 MHz, the second of which matches v,.
Simulations of p(B) have used the magnetic moment mea-
sured by neutrons, um, = 4.3(2) up [64], as it demonstrates
the best agreement with v,. In contrast, the spin-only moment
of 4.90 11 for an ion valence state of Mn>* and magnetometry
measurements of uy, = 4.97 ug and uvn, = 5.43(1) up for
H 1 ¢ [42,64] all give a larger than observed field at the low
energy muon site.

For the magnetic structures considered, it is impossible to
realize the larger frequency, v; &~ 90 MHz, at any of the low
energy sites. One possible explanation is that a higher-energy
muon site is realized in Mn;3NbS,. Higher-energy candidate
muon sites in close proximity (= 1.4 A) to a single sulfur ion
(see the green sphere in Fig. 3) can be found at approximately
(3/4, 2/3, 1/4) and other crystallographically equivalent po-
sitions (see sites D and E in Table I). A similar muon-stopping
site has previously been suggested in Cr;;3NbS; [35]. The
helical magnetic state produces near identical local field dis-
tributions for all the crystallographically equivalent positions
in the undistorted structure, but slightly overestimate the pre-
cession frequency to be 110 MHz. However, after accounting
for muon-induced distortions the local field distribution at site
D results in a muon precession frequency approximately equal
to vy.

Another possible explanation for this high frequency is
the presence of a large hyperfine coupling at the muon site
due to localized electron charge density [50]. This produces a
hyperfine contact field [see Eq. (2)], which contributes to the
local magnetic field at the muon site and the resulting muon
precession frequency. Using first-principles methods [50] we
estimate hyperfine coupling constants at the candidate muon
sites in M;,3NbS, (M = Fe, V, Mn). For sites B and C, the
contact fields in Mn; 3NbS, are similar to the other materials
in the series (Table II), and are too small to account for the
size of local field responsible for v;. In contrast, the calculated
contact field at sites D and E is significantly larger and, when
accounted for in calculations of the local field distribution
at the muon site, leads to precession frequencies that match
vy for both magnetic structures. Therefore, even when ac-
counting for hyperfine contact fields, the higher-energy muon
site must be realized in order to produce the observed pre-
cession frequency v;. Determining the occupation of muon
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stopping sites in materials is still an open question, so the
realization of unexpected sites (such as the high energy sites
in Mn;;3NbS,) is particular interesting. We therefore propose
that the M, ,3NbS; series provides an ideal test case for under-
standing the factors driving muon site occupation, as a change
in only intercalant species alters the realized muon sites.

For the low energy site, the calculated field distribution
is predominantly along the ¢ axis for the helical state and
approximately along [0.36, 0.05, 0.93] for the FM state. This
means the amplitude A, , should be larger than the amplitude
Aj, In contrast, the high energy site has a field distribution
mostly confined within the a-b plane for the helical state and
approximately along [0.5, 0.85, 0.1] for the FM state, so we
expect that A;, > A;,,. Both of these amplitude relations are
observed in our £SR measurements. The relaxation seen due
to slow magnetic dynamics, Az, can be primarily associated
with the relaxation of muons in the high energy site, as the
field is orientated in the a-b plane for that site.

We conclude that, in contrast to other materials in the
M, /3NDS, series, the uSR spectra of Mn;;3NbS, consists
of two proportional precession frequencies, where the high-
frequency oscillation corresponds to the realization of a
higher-energy muon site. DFT calculations show that the
magnetism of the M;,;3NbS, series can be explained by elec-
trons from the intercalated species filling rigid-bands in the
electronic structure [27]. This leads to changes in the Fermi
surfaces across the series, such as an increase in Fermi surface
nesting in the Fe and Mn materials compared to others in
the series. Features in the electronic structure, such as the
pseudogap in Cr;/3NbS, [39,66], that are key in driving the
magnetism of these materials are also strongly dependent on
intercalant species, although the pseudogap, specifically, is
not present in the M = V, Fe, and Mn materials discussed
here. However, electronic-structure considerations do sug-
gest significant differences in the electronic energy landscape
across the series, which might lead to the realization of an
additional muon-stopping site in Mn;,3NbS, that does not
occur in other materials.

VI. CONCLUSION

The magnetic properties of M;,3NbS, (M = Fe, V, Mn)
have been investigated making use of uSR, an experimen-
tal technique sensitive to the local magnetic ordering and
dynamics in materials, and complementary computational
techniques. In Fe;,3NbS,, muons are sensitive to the presence
of both stripe and zigzag magnetic phases, the changes in the
population of which can be associated with components in
our wTF measurements. ZF uSR identifies transitions from
a mixed region to a stripe-dominated region at 7., = 40.2K
and to paramagnetism at 7,; = 45 K, where the observed os-
cillations can be attributed to muons implanting in regions

of zigzag ordering. Moreover, the anisotropy in magnetic
response seen in the longitudinal and transverse directions
agrees with the orientation of the local field calculated at
the candidate muon site determined in Fe;;3NbS;. Vi,3NbS,
undergoes a transition to LRO at 7, = 52.7 K, demonstrating
a broad single frequency response which is compatible with
both the proposed simple AFM and double-Q magnetic order-
ings. Additionally, the low temperature transition at ~ 10 K
is seen as a peak in the dynamical fluctuation rate on the
muon (MHz) timescale. For Mn;;3NbS, a transition to LRO is
seen at T, = 44.2 K, below which a ferromagnetic-like system
forms with ZF uSR revealing two oscillation frequencies that
vary in fixed proportion. The smaller frequency can be associ-
ated with muons implanting in the low energy candidate muon
site seen across the series, but the high frequency response
requires the realization of a higher-energy muon site only seen
in this material. This is supported by the orientation of the
calculated local fields at both of the muon sites, and remains
true even if the hyperfine interaction is accounted for.

We conclude that each of these materials demonstrates no-
tably different magnetic behavior. Variations in magnetism are
expected based on overall trends suggested by a rigid-band-
filling model (which agrees with DFT calculations), but the
formation of helical magnetic states, topological excitations,
and phase coexistence suggest more complex variations in the
magnetic interactions. Our results therefore indicate the broad
range of magnetic phenomena produced using intercalation,
highlighting the importance of the TMDCs as basis for tun-
able magnetic systems, and reaffirming ©SR as a powerful
technique for studying complex magnetism in materials.
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