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Disorder-resilient transition of helical to conical ground states in M1/3NbS2 (M = Cr, Mn)
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The discovery of chiral helical magnetism (CHM) in Cr1/3NbS2 and the stabilization of a chiral soliton lattice
has attracted considerable interest in view of their potential technological applications. However, there is an
ongoing debate regarding whether the sister compound, Mn1/3NbS2, which shares the same crystal structure,
exhibits similar nontrivial properties which likewise rely on the lack of inversion symmetry at the magnetic ion.
In this study, we conduct a comprehensive investigation of the magnetically ordered states of both compounds,
using 53Cr, 55Mn, and 93Nb NMR. Our results, supported by density-functional calculations, detect in a high-
quality single crystal of Cr1/3NbS2 all the signatures of the monoaxial CHM in a magnetic field, identifying it
as a reference case for NMR. The detailed understanding of this prototypic behavior provides a reference for
Mn1/3NbS2. Despite the much larger density of specific defects in this second material, we confirm the presence
of a CHM phase in the Mn compound, characterized by a very large critical field for the forced ferromagnetic
phase (≈5 T for the applied field along c).

DOI: 10.1103/4jc9-b6dj

I. INTRODUCTION

Layered transition-metal dichalcogenides (TMDCs), de-
noted as XY2, where X represents a transition metal (e.g., Nb,
Ta) and Y represents a chalcogen (e.g., S, Se), have garnered
significant attention owing to their intriguing electrical and
optical properties [1–5]. Despite being nonmagnetic, the weak
van der Waals bonding between the layers in XY2 allows for
remarkable tunability within 2D limits and it also enables
the intercalation of magnetic 3d transition metals, leading to
the formation of ternary TMDC-based magnetic compounds
(M1/3XY 2, where M can be Cr, Mn, V, Fe, Co, Ni) exhibiting
diverse structural and magnetic properties [6,7], including
strong spin-orbit coupling. Sulfur-based compounds, in par-
ticular, feature localized moments arising from the spins of
unpaired electrons at the intercalant sites because the orbital
moment is often quenched due to the crystal-field effects
from neighboring sulfur atoms [7,8]. The magnetic proper-
ties are largely dictated by the type and concentration of the
intercalants; for instance, Cr, and Mn-based TMDCs exhibit
dominant ferromagnetic interactions, while for V-, Co-, and
Ni-based ones the dominant exchange is antiferromagnetic
[6,9]. Recent studies on M1/3NbS2, where M can be Cr or Mn,
have unveiled the emergence of chiral helimagnetism [10–16].
This discovery opens up avenues for exploring properties
and potential technological applications, marking an exciting
development in the field of TMDCs [17,18].

*Contact author: roberto.derenzi@unipr.it

The chiral magnetism observed in Cr1/3NbS2, which be-
longs to the noncentrosymmetric space group P6322 (No.
182), originates from the arrangement of intercalant atoms
forming a

√
3 × √

3 superlattice in a bilayer triangular config-
uration with full occupation of the 2c Wyckoff site. However,
this superlattice is the natural candidate for site-occupation
disorder (SOD) by Cr atoms, which is realized by a small
occupation of 2b and 2d sites and a subunity occupation of
the 2c site. Mn1/3NbS2 is also reported to crystallize in the
same space group but with a more sizable partial occupation
of the Mn 2b and 2d sites. In this compound a small fraction
of a few percent of Mn1/4NbS2 has also been reported [19].

The broken inversion symmetry, described by the
Dzyaloshinskii-Moriya (DM) interaction, competes with the
in-plane ferromagnetic Heisenberg exchange interaction (J),
leading to the emergence of chiral helimagnetic order (CHM)
along the c axis at zero magnetic fields. The origin of
the ferromagnetic interaction is attributed to the Ruderman,
Kittel, Kasuya, Yosida (RKKY) mechanism [20] and to
Hund’s exchange [21]. The direction of spin rotation and
the chirality of the system are determined by the sign of
the DM vector [12,13,22,23]. The ratio between the DM
vector and J gives the periodicity of the CHM phase in the
sample; however, the chirality of these compounds may be
compromised by structural disorder [24]. Under the influence
of a magnetic field, the CHM transforms into various non-
linear magnetic structures. For instance, applying the field
along the chiral axis (H ‖ ĉ) results in a chiral conical phase
(CCP), whereas applying the field within the ab plane (H ⊥
ĉ) leads to the formation of a chiral soliton lattice (CSL)
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phase. Both phases arise due to different magnetic energies
competing with the incommensurate CHM phase. Further in-
creasing the magnetic field transforms the incommensurate
phase into a commensurate forced ferromagnetic (FFM) phase
above a certain critical magnetic field, aligning all the spins
along the field direction [12,13,22,23,25]. The reported crit-
ical field values for both compounds and each phase vary
slightly, possibly due to the itinerant character of magnetism
[15]. For H ⊥ ĉ, in our Cr1/3NbS2 sample the CSL phase has
been observed until 40 mT, and after that, the FFM phase
emerges below TC =111 K [19], while for H ‖ ĉ the CCP
and the FFM phases arise above 0.5 and 1.5 T, respectively
[26]. Simultaneously, for the Mn1/3NbS2 compound, only the
FFM phase (or saturation) is confirmed between 25 and 80 mT
along H ⊥ ĉ below TC = 45 K and 3.5 to 4 T along the H ‖ ĉ
direction [14,15,19].

While the magnetic phase diagram of Cr1/3NbS2 is well
established, the isostructural compound Mn1/3NbS2 remains
a topic of discussion. It has been suggested to exhibit a simi-
lar chiral helimagnetic (CHM) and topological soliton lattice
[10,15,27]. However, recent reports on this compound have
not been able to distinguish between trivial ferromagnetic
domains with π domain walls and nontrivial ferromagnetic
regions periodically divided by chiral soliton kinks of spins
(2πdomain walls) [19,27]. The observation of a large pitch
length in the helimagnetic phase and the presence of short-
range ferromagnetic domains of ≈250 nm, as noted by Karna
et al. [15], despite not excluding the CSL, complicate the
identification.

In addition to magnetometry and more direct identification
offered by neutron scattering and electron microscopy, various
spin structures and magnetic phases can be explored using
local microscopic techniques such as muon spin relaxation
(μSR) and NMR. In particular μSR has helped to identify
different phases by analyzing the amplitude of the magnetic
fraction in both zero field and applied fields, suggesting the
presence of a helimagnetic phase below 50 K in Cr1/3NbS2

[13]. Similarly, zero-field NMR has been employed to try to
identify the various valence states resulting from disorder in
the compound [28,29].

A special role in these intercalated dichalcogenides is
played by the partial occupancy of the transition-metal (TM)
intercalation layer: the TM occupies one of three possible sites
in a hexagonal pattern (see Fig. 1), 2b, 2c, and 2d in Wyckoff
notation, of which ideally only 2c is occupied. However, in
real crystals two types of defects may be expected: a nonva-
nishing occupancy of 2b, 2d sites, known as site-occupancy
disorder (SOD), and, possibly, stacking faults along the c axis,
due to the weak van der Waals bonds between NbS2 layers
in the pristine dichalcogenide. Both defects produce disorder,
giving rise to a distribution of random local structures around
any given atom, depending on the relative positions of the
defect(s). Mn1/3NbS2 is more prone to have these disorders
compared to Cr1/3NbS2. In the present paper, we employ
NMR, which might help to detect this disorder via, e.g., an
inhomogeneous line broadening of its resonance spectra and
probe at the same time the mean thermodynamic properties
of the material. Thus, NMR is a powerful probe to resolve
disorder and its implications on both the local and average
magnetic structure.

FIG. 1. Layer structure and qualitative occupancies of the TM
atoms (orange balls, with their Wyckoff notation; yellow balls are S
atoms, and green balls are Nb.

The presentation is organized as follows. The experimental
details are described in Sec. II. In Sec. III A we describe
the common expected spectral patterns and in Sec. III B we
present an extensive set of zero-field (ZF) and field-dependent
53Cr NMR measurements on our Cr1/3NbS2 single crystals in
two different field orientations, which identify the different
field ranges of the CSL, CCP, and FFM phases, characteristic
of a monoaxial chiral helimagnet [10], setting a reference
standard for the still controversial case of the Mn1/3NbS2

compound. Moreover, we directly observe that the phase
transition in Cr1/3NbS2 from chiral helimagnetic to param-
agnetic is of the first order. Additional insight is obtained
from 93Nb NMR in Sec. III C. The 55Mn NMR results from
the Mn1/3NbS2 spectra and the assignment supported by
density-functional theory (DFT) calculations are presented in
Sec. III D. The unique attribution of the spectral features is
complicated by an occupancy of the Mn 2b and 2d Wyckoff
sites, ideally empty, notably larger than that of Cr in the nearly
ideal Cr1/3NbS2, resulting in a multimodal inhomogeneous
magnetic broadening. Despite this shortfall, the demonstration
that Mn1/3NbS2 is also a chiral helical magnet is confirmed
by the observation of large-amplitude spin-echo oscillations
that reveal the same type of interplay of quadrupolar and
magnetic interactions as in the Cr1/3NbS2 case. Discussion
with conclusions follows in Sec. IV.

II. EXPERIMENTAL DETAILS

A. Samples

Polycrystalline and single-crystal samples of Cr1/3NbS2

and Mn1/3NbS2 studied in this work were synthesized by
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solid-state reaction and chemical vapor transport techniques,
respectively, using the procedures described in Ref. [19],
where their structural, magnetic characterization, and phase
diagram along H ⊥ ĉ were extensively reported. Additional
magnetization data on the Mn crystal are shown in Fig. S4
in the Supplemental Material (SM) [30] (which also includes
Refs. [19,31–36]). Single crystals are in the form of platelets,
approximately 3 mm along the longest edge. The phase pu-
rity of the polycrystalline materials was checked using x-ray
powder diffraction [30]. Single-crystal x-ray diffraction was
used to ascertain the noncentrosymmetric space group. Laue
x-ray back-reflection studies were carried out to establish the
crystalline quality as well as to check the crystallographic
orientations of the obtained single crystals [19].

B. NMR experiments

The NMR spectra were acquired utilizing the HyRe-
Spect home-built phase-coherent broadband spectrometer
[37] equipped with a 9-T magnet and a He-flow sample insert.
The very broad spectra were recorded point by point at each
frequency, in a Hahn spin-echo refocusing pulse sequence,
P−τ–P. The P pulse duration and intensity were optimized
for maximum signal, with the shortest τ delay, constrained
by the apparatus dead time of a few microseconds. Spectra
were reconstructed from the spin-echo Fourier transform am-
plitude at each frequency, adjusted for frequency-dependent
sensitivity, and the nuclear Boltzmann factor, corrected for the
T −1

2 relaxation rates obtained by fitting the same spin-echo
amplitude vs delay (2τ ) to a relaxation function [exponential
decay or Eq. (13)]. Peaks in the spectra were assigned to each
quadrupole transition (53Cr), or each hyperfine component
(55Mn), here generically labeled α. The best fit of each peak
often requires more than one Gaussian component,

Gα (ν) =
n∑

i=1

Aα,i√
2πσα,i

exp

[
−1

2

(
ν − να,i

σα,i

)2
]
, (1)

whose mean frequency was computed as its first-moment να

by the weights wα,i:

να =
∑

i

wα,iνα,i, wα,i = Aα,i∑
k Aαk

. (2)

The ZF and very low-field nuclear spin echoes were mea-
sured using a nonresonant probe circuit under a substantial
radio-frequency (rf) enhancement ηrf = H∗

1 /H1, where H1 is
the applied field at the rf ω, and H∗

1 is the response, the
induced ω oscillating component of the large hyperfine field
[38,39]. The enhancement is progressively suppressed by the
increasing applied fields, requiring the use of a tunable reso-
nant probe.

C. NMR and Nuclear quadrupole resonance (NQR)

In the ordered magnetic phase, the full spin Hamiltonian
for the nuclear spin I is [40]

H = HZ + HQ

= −hγ (μ0H + Bhf ) · I + hνQ

3Vzz
I · V · I, (3)

νQ = 3eVzzQ

2I (2I − 1)h
, (4)

TABLE I. Nuclear spin I , gyromagnetic ratios γ , quadrupole
moments Q, and natural abundance of 53Cr, 55Mn, and 93Nb.

γ Q Natural
Isotope I (MHz/T) (fm2) abundance

53Cr 3
2 2.4115 −15(5) [41] 0.095

−8.4 [42]
55Mn 5

2 10.5763 33(1) 1.0
93Nb 9

2 10.4523 32(2) 1.0

where γ is the nuclear gyromagnetic ratio, μ0 is the vacuum
permeability constant, V is the electric field gradient (EFG)
tensor, and Q is the quadrupolar coupling constant. For both
compounds and all three nuclei considered here the hierarchy
is always HZ > HQ; hence, the quantization axis is that of the
hyperfine field Bhf , which may be rotated by the application
of H.

We assume that the coupling tensors in the ideal struc-
ture are nearly cylindrical, with principal axis z along ĉ,
the EFG tensor asymmetry parameter η = (Vxx − Vyy)/Vzz ≈
0 and Bx

hf ≈ By
hf , in agreement with both the best fits and

the DFT predictions (Sec. III E) and justifying Eqs. (9)–(11)
below.

The conventional description of the static hyperfine field is

Bhf = A · S, (5)

where A is the effective hyperfine coupling dominated by
the nearly isotropic on-site term for 53Cr and 55Mn NMR.
Additional isotropic transferred couplings to nearest-neighbor
(nn) 3d ions are included in A, justifying a distribution of
isotropic hyperfine tensor values when the local nn occupancy
is different from that predicted by the crystal group. This
effect is negligible for the Cr spectra, relevant for Nb, and
even more for Mn, as discussed in Sec. IV B.

III. NMR RESULTS

In this section we describe how NMR results, despite be-
ing largely distinguished by different relative scales of the
interactions appearing in the spin Hamiltonian and the dif-
ferent sample characteristics, eventually demonstrate that the
magnetic properties of Cr1/3NbS2 and Mn1/3NbS2 are very
similar.

A. Commonalities of the NMR spectra

The properties of the 53Cr, 55Mn, and 93Nb nuclear isotopes
are summarized in Table I. The single-crystal low-temperature
NMR spectrum from each of them is qualitatively under-
stood considering that the principal component of the nearly
isotropic hyperfine field tensor |A| ≈ Ax ≈ Az dominates on
the smaller quadrupole coupling (νQ � νhf ≈ γ |Bhf |). This
produces a pattern of 2I frequencies, in first approximation
equally spaced and centered at the Larmor frequency cor-
responding to the internal field at the nucleus. Since the
hyperfine tensor and EFG tensor that couples to the nuclear
electric quadrupole moment share the same principal axis,
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FIG. 2. Representative 53Cr NMR spectra at T = 3.4 K for (a) H ⊥ ĉ, displaced vertically for clarity, with best fit; (b) the corresponding
best-fit peak frequencies vs H with their three linear regressions (red solid lines).

ẑ = ĉ, the two simple experimental conditions are with H
either parallel or perpendicular to ĉ. In the first case, the angle
θ = θ (H ) between the electron spin S and the easy plane
(⊥ ĉ) has a nontrivial dependence on H . In the second case
θ (H ) = 0. We can define

S = S(cos θ x̂ + sin θ ẑ). (6)

By combining the hyperfine field [Eq. (5)] and the applied
field, the local fields in the two conditions are1

B⊥
loc = AxS − μ0H (7)

B‖
loc =

√
S2A2

x cos2 θ + (SAz sin θ − μ0H )2. (8)

The resulting frequency patterns in first-order perturbation
are

ν⊥
m (H ) = γ B⊥

loc + �νm(0), (9)

and

ν‖
m(H, θ ) = γ B‖

loc + �νm(θ ), (10)

where the transition label is − 2I−1
2 � m � 2I−1

2 and

�νm(θ ) = mνQ
3 sin2 θ − 1

2
. (11)

Equations (9)–(11) predict 2I = 3, 5, and 9 lines for Cr, Mn,
and Nb, respectively, and the field dependence is close to the
exact one, but best fits of the data are refined by numerical

1The relative sign of H and the hyperfine field is due to the electron
moment being opposite to the electron spin.

diagonalization of the full spin Hamiltonian (3), beyond first-
order approximation.

B. 53Cr NMR in Cr1/3NbS2

Figure 2(a) shows the expected triplet of NMR lines ob-
tained in ZF for the Cr single crystal, together with the
shifted spectra measured with H ⊥ ĉ at 3.4 K. The ZF central
frequency is around 61 MHz (i.e., |Bhf | = 25.34 T). Triplet
spectra are fitted to a minimal set of narrow Gaussian compo-
nents. The peak position for each of the three components is
defined as its center of gravity [the first moment; see Eq. (2)].
The rigid shift of these triplet peaks is towards lower frequen-
cies, shown in Fig. 2(b) for this crystal orientation, with a
slope equal to 53γ , indicating that the applied and internal
field add collinearly according to Eq. (9) in the forced fer-
romagnetic (FFM) phase expected for this easy-plane chiral
magnet [43].

The origin of the small detected Gaussian broadening in the
single-crystal spectra is the very small degree of SOD, which
produces different configurations of few distant Cr moments
occupying the 2b and 2d defective Wyckoff sites. Similar,
but broader spectra are detected in the polycrystalline sample
[30], witnessing its larger SOD.

The more complex pattern predicted by Eq. (10) for the
other crystal orientation, H ‖ ĉ, is displayed in Fig. 3(a). No-

tably, the triplet splitting vanishes at the angle θ = sin−1
√

1
3 ,

in agreement with Eq. (11). The peak positions are shown in
Fig. 3(b) vs field. In first order, they agree with Eq. (10), but
the global best fit (solid line) is obtained by numerical diago-
nalization, optimizing the common hyperfine and quadrupolar
parameters reported in Table II, together with a separate, local
angle θ (H ) for the three data points at each experimental
field value. The latter are displayed in Fig. 3(c) and, taking
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FIG. 3. (a) Representative 53Cr NMR spectra for H ‖ ĉ at T = 3.4 K. (b) 53Cr peak frequencies vs field from the H ‖ ĉ spectra shown
in (a) with best-fit curves (solid lines; see text). (c) Field dependence of the best-fit conical angles θ (H ) with (purple) and without (gray)
correction for experimental misalignment φ between the field direction and ĉ (symbols), with best fit to Eq. (12).

carefully into account the small experimental misalignment
[30], they agree with mean-field predictions [30,43]

θ (H ) = sin−1

(
H

Hc

)
(12)

(bear in mind that θ is the field angle from the plane). From
the fit we obtain μ0Hc = 2S(

√
J2 + D2 − J + K⊥)/gμB =

1.35(1) T, g is the Cr S = 3/2 Landé factor, andJ, D, K⊥
are the Heisenberg, Dzyaloshinskii-Moriya exchange, and the
easy-plane anisotropy constants, respectively. It should be
noted that a small demagnetization field is also present and
is not included in our analysis of the local angle θ (H ). Its
value depends on the shape of the crystal and requires nu-
merical computation. An upper estimate for this contribution
is μ0M0 ∼ 0.18 T, which is less than 15% of the estimated
critical field.

Let us turn now to the microscopic magnetization, mea-
sured by the hyperfine field (Sec. II C), and largely dominated
by the contact on-site contribution. The typical value for the
contact hyperfine field in transition-metal ions is ≈10 T/µB
[44,45]. Therefore, the mean hyperfine field value of ∼26 T in
Table II roughly corresponds to 2.6 µB. According to Eqs. (9)
and (11), the temperature dependence of the central transition
frequency ν0 in the ZF 53Cr-NMR triplets is proportional to
the atomic moment μ(T ) on Cr, and leads to the values plotted
in Fig. 4(a). Notice that the decrease of the NMR amplitude
A(T ) in Fig. 4(b), in the highlighted pretransition region,
90 K < T � Tm, is typical of a first-order transition. It shows
that paramagnetic domains start developing well below the
transition temperature Tm, and that the average electron-spin
value S(T ) in the residual ordered domains remains large (the

TABLE II. 53Cr global best-fit parameters for Fig. 3; φ accounts
for a possible misalignment.

νQ
53Ax S 53Az S φ

(MHz) (T) (T) (deg)

4.49(3) 25.172(3) 26.63(1) 5.1(6)

hyperfine field at Tm is still more than half of its zero-
temperature value).2

C. 93Nb NMR in Cr1/3NbS2

The ZF NMR spectrum of 93Nb is best obtained on the
much larger polycrystalline sample due to the improved signal
to noise ratio at lower frequencies. Unfortunately this sample
displays a somewhat larger degree of SOD [30]. The blue
curve in Fig. 5 shows two replicas of the nine quadrupolar
transitions predicted by Eq. (9) for nuclear spin I = 9

2 , which
can be attributed to the two inequivalent sites Nb 2a and
4 f in space group 182, in the multiplicity ratio 1:2. The
separation of the two nonuplets is proportional to the T = 0
difference (93Bhf,4 f − 93Bhf,2a) ≈ 0.5 T of their ZF hyperfine
fields, roughly 0.8 and 1.3 T, respectively. These fields are
too large to be due to distant dipoles on Cr ions (a rough
estimate of the dipolar field yields 0.2 T). The larger field
value indicates a dominant contribution from a local moment
on Nb, due to Cr-Nb hybridization.

The best-fit curves in Fig. 5 are obtained by centering
Gaussians at the quadrupole perturbed NMR transitions, sim-
ilar to Eq. (9), but calculated up to second order (see Ref.
[30]). They require pairs of Nb sites in the amplitude ratio
1:2, as per Wyckoff sites 2a and 4 f . The simplest model, with

2Instead, the smoother increase of A(T ) from 60 to 90 K is due to
magnetic anisotropy reduction, which provides a larger ferromag-
netic enhancement (see Sec.II); notice that the first-order loss of
amplitude is clearly visible, despite this amplified NMR sensitivity.

TABLE III. 93Nb quadrupolar and hyperfine parameter of the 2-
site best fit (in SM) in Fig. 5).

Wyckoff νQ νhf δν

site Fraction (MHz) (MHz) (MHz)

2a 0.33 0.9 8.9 0.19
4 f 0.67 1.23 13.8 0.21

144424-5
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FIG. 4. Temperature dependence of (a) the 53Cr hyperfine fre-
quency 53γ Bx

hf ∝ μ(T ) and (b) its NMR amplitude A(T ), corrected
for the nuclear Curie law at zero external field.

just these two main sites (Table III) corresponds to the gray
dashed curve. A refined model with an additional pair of sites
corresponding to 6% of the Nb nuclei is shown by the orange
curve.

In the 4-site model (Table IV) the parameters of the major-
ity pair are very similar to those of the simpler 2-site fit. The

FIG. 5. Zero-field (blue curve) 93Nb NMR spectrum at T =
1.3 K in Cr1/3NbS2 with its 2-site (gray dashed) and 4-site (orange
solid) best fits; see Ref. [30]. The residues are plotted with a negative
offset and the same colors.

TABLE IV. 93Nb quadrupolar and hyperfine parameter of the 4-
site best fit (in SM) shown in Fig. 5).

Wyckoff Pair νQ νhf δν

site fraction (MHz) (MHz) (MHz)

4 f1 0.83 8.82 0.15
2a1 0.94 1.2 13.8 0.11
4 f2 1.8 10.7 0.74
2a2 0.06 0.9 14.9 0.65

second pair has the same fixed-amplitude ratio and broader
satellite widths, therefore hinting at a contribution coming
from sites close to site occupancy defects in the Cr plane.
Each Nb is coupled to several, say n, Cr in occupied 2c sites
and shares a potential coupling path to several unoccupied
2b, 2d sites. Therefore, a tiny fraction x of SOD leading to
unoccupied 2c or occupied 2b, 2d sites will alter the hyperfine
coupling of ≈ nx Nb sites. A few percent of any of these
defects is the likely source of the 6% contribution in the 4-site
fit.

Figure 6 shows that the application of an external field
to the polycrystalline sample produces two or three broad
peaks, from inequivalent Nb sites, labeled α = 0, 2a, 4 f (the
second two by their Wyckoff notation). The large powder
broadening prevents the resolution of the quadrupole pattern
and the best fit of the 2a, 4 f sites is obtained with a Gaussian
each, in the appropriate fixed-amplitude ratio. All peaks shift
to higher frequencies following the corresponding dashed
93γμoH + να

hf lines. The positive shift with field, opposite to
that of 53Cr, indicates that the moment on Nb is antiparallel
to that of neighbor Cr ions. The NMR data also evidence
the sizable presence of Nb sites (α = 0) with a vanishing

FIG. 6. 93Nb NMR spectra in applied fields H at T = 1.3 K,
shifted along the vertical axis proportionally to H . The lines corre-
spond to 93γμ0H + νhf .
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FIG. 7. Mn1/3NbS2 single crystal: 55Mn NMR in zero and applied fields: (a) Spectra for H ⊥ ĉ; (b) field dependence of the frequency
center of gravity for H ⊥ ĉ (full symbols) and their three linear regressions (red dotted lines, just intended as a guide to the eye).

hyperfine field, fitted by two further Gaussians sharing the
same center. Its origin is possibly due to vacancies in the 2c
site, which would lead to a negligible hybridization for the
two nn Nb nuclei, therefore strongly reducing their hyperfine
field. Unfortunately, a more detailed analysis is not possible
with the present powder data.

D. 55Mn NMR in Mn1/3NbS2

Figures 7(a) and 7(b) show a selection of 55Mn NMR low-
temperature spectra obtained in a Mn1/3NbS2 single crystal
at T = 1.7 K from ZF up to μ0H = 2 T, with H ⊥ ĉ cov-
ering the range of 440–490 MHz. In low fields, they are
centered around 470 MHz. We identify a few prominent
components, consisting of overlapping peaks, which gradu-
ally change shape while shifting towards lower frequencies
with the field. We may identify the first moment of each
component (see Sec. II B for details).

We must note a few experimental differences between the
55Mn case and the reference 53Cr data of Figs. 2(a) and
3(a), before making a comparison. First of all, the 55Mn
NMR amplitude at low fields is affected by very fast, field-
dependent T −1

2 relaxation rates, which, e.g., heavily suppress
the 450-MHz component in ZF.3 Furthermore, the much larger
gyromagnetic ratio of 55Mn(roughly a factor 4; see Table I)
and the larger Mn moment per ion (roughly a factor 2) modify
the prediction of Eqs. (9) and (10), producing 8× larger hy-
perfine frequencies, in agreement with the experimental ratio
of about 470 to 60 MHz. This implies that magnetic defects
should also yield larger inhomogeneous linewidths, scaling
from 0.3 MHz on 53Cr to 2.4 MHz on 55Mn. However, the dis-
tribution of magnetic defects in Mn1/3NbS2 makes the spectral
peaks even broader than this prediction, with linewidths well
in excess of 5 MHz, which completely hides the quadrupolar
splittings in this sample.

3When T2 is comparable to the dead time of our NMR probe, the
signal becomes marginal and difficult to reliably correct for relax-
ation, leading to a partial, so-called, wipeout.

If Mn1/3NbS2 were another textbook case, like Cr1/3NbS2,
a single broad line would be expected, with a field depen-
dence similar to that of the central 53ν0 [Fig. 2(b), filled blue
symbols, and Fig. 3(b), orange symbols]. Unfortunately, the
55Mn spectra show more than one broad component, and they
are separated by up to 35 MHz, a much larger and more
diverse splitting than that expected for the quadrupole pattern,
which is composed of five much closer, equally spaced lines
for 55Mn, spin I = 5/2. These quintuplets are convoluted by
the larger magnetic inhomogeneous broadening as discussed
above, hence hidden within the linewidth. In conclusion, the
origin of the multimodal distributions of hyperfine fields must
stem from magnetically different local surroundings.

Let us concentrate on panel (a) in Fig. 7, showing the
results for H ⊥ ĉ. We have already mentioned three main
components: the more intense peaks at lower frequencies,
originating at 455 and 475 MHz, labeled I and II, respectively,
and a much weaker peak around 490 MHz, labeled III in
Fig. 7(a). We attribute components I and II to the majority
Mn1/3NbS2 structure, in two distinct, possibly defect-free and
defect-related configurations, further discussed in Sec. IV B.
The higher frequency of peak III indicates a fractionally larger
valence, closer to Mn2+ [20], and a comparably larger mag-
netic moment. Despite the large error bars we can compare
the field dependence of their first moments in Fig. 7(b) with
those of 53Cr: for H ⊥ ĉ (green solid symbols), peak III
shifts to lower frequency with a slope in agreement with 55γ

(dashed-dotted red line). This is expected in an easy-plane
ferromagnet when the spin aligns along H and the magnetic
moment (hence the hyperfine field) aligns opposite to H. Peak
III, of similar amplitude in both orientations, thus identifies a
small Mn1/4NbS2 fraction already observed in magnetization
with a higher ordering temperature around 100 K in samples
of the same batch [19].

Figure 7(b) further shows that the first moments of com-
ponents I and II for H ⊥ ĉ (solid blue, black symbols) follow
at high field a behavior similar to that of III (green symbols),
in agreement with Eq. (9), m = 0, within the reduced accu-
racy granted by the large error bars. Only at lower fields,
where a chiral soliton phase is expected, they depart from this
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FIG. 8. Mn1/3NbS2 single crystal: 55Mn NMR in zero and applied fields (a) spectra for H ‖ ĉ; (b) field dependence of the frequency center
of gravity, for H ‖ ĉ (open symbols and its linear linear regression, red dotted line); (c) spin-echo amplitude vs pulse delay at T = 1.7 K,
μ0H = 0 T, and 472 MHz displaying oscillations, with solid line best fit to Eq. (13).

linear field dependence, characterized by the full gyromag-
netic ratio. In contrast, the results for H ‖ ĉ [Fig. 8(b)] reveal
that the field dependence of peak III (green symbols) is unaf-
fected by field orientation, while the other peaks (open light-
and dark-blue symbols) have a much weaker field dependence
in the whole field range, in qualitative agreement with the
conical phase described by Eq. (10), m = 0, and demonstrated
by the 53Cr m = 0 transition of Fig. 3(b).

We obtain strong support for this tentative assignment by
considering the peculiar spin-echo (T2) relaxation of peak II,
shown in Fig. 8(c), displaying large-amplitude oscillations
with a relaxing envelope. This behavior deviates consider-
ably from the normal simple exponential echo decay. The
oscillations are observed in ZF and in moderate fields in both
peaks I and II of Mn1/3NbS2 [30]. This is a well-known
phenomenon [46] that arises, in the present context, from
coherent beatings of pairs of quadrupole lines originating
from the same individual nuclear spin. The coherent oscil-
lations in the spin-echo relaxation amplitude vs delay time
2τ [46–48] [Fig. 8(c) and Fig. S1)] are seen when irradiating
a broad spectrum, due to an inhomogeneous distribution of
interactions (i.e., changing from nucleus to nucleus), in the
presence of a smaller, more coherent interaction (i.e., the same
for all nuclei). The coherent interaction determines the same
frequency splitting �ν on each nucleus and many spectral
isochromats come in pairs. An rf spectral width broader than
this splitting produces the beating of all pairs, showing up as
an oscillation in the echo amplitude across the spectrum. A
general expression is

A(τ ) = [A0 + A1 cos(4π�ντ ) + φ)] exp

(
−2τ

T2

)
. (13)

Here, the inhomogeneous broadening is magnetic and the
quadrupole separation �ν1(H ) of Eq. (11), which depends on
the spin angle θ = θ (H ), acts as the coherent splitting (φ is a
generic phase).

We obtain the field-dependent splitting plotted in Fig. 9(a)
for H ‖ ĉ from the fit of the corresponding T2(H ) spin-echo
oscillations. The field dependence can be further fitted as-

FIG. 9. (a) Quadrupole splitting |�ν(θ (H ))| of 55Mn(H||ĉ) and
(b) conical angle θ (H ) vs field, from spin-echo oscillation frequency;
curves and red bands represent best fit to the absolute value of
Eq. (11) with Eq. (12) and their standard deviation, respectively.
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suming the monoaxial helical chiral model of Ref. [43] and
Eq. (12), obtaining the θ (H ) values plotted in Fig. 9(b)
together with the corresponding mean-field prediction. The
good quality of both fits confirms at the same time the
attribution of the lower-frequency majority components to
Mn1/3NbS2 and the validity of the conical model (H ‖ ĉ) for
this sample as well. The best-fit parameters are a quadrupole
frequency νQ = 3.15(5) MHz and a critical field μ0Hc =
5.0(5) T for the FFM phase, which coincides with the sat-
uration field measured in isothermal magnetization within a
reasonable error bar, shown in Fig. S4 [30]. Misalignment
uncertainties [30] are expected to be the same as for the
Cr crystal, of the order of 5°, and are included in the error
estimate. Notice that T2 oscillations are lost well before reach-
ing this field value.

E. DFT calculations

Ab initio simulations have been performed with a full po-
tential formalism in order to determine both the EFG and the
hyperfine field at the Cr and Mn nuclei. The Elk code has been
used to perform all simulations and the details are provided
in the SM [30]. The experimental lattice structure has been
used for all simulations and a ferromagnetic ground state
approximates the long-wavelength helical order. The resulting
ground-state magnetic moment is 3µB/Cr and 4.2µB/Mn for
Cr1/3NbS2 and Mn1/3NbS2, respectively. Details are given in
the SM [30].

1. DFT in the Cr compound

The EFG has the principal axis for the largest component
aligned with the c lattice parameter, and η = 0 for Cr. We
obtain Vzz = 2.2 × 1021 V/m2, which results in a predicted
quadrupole frequency, defined in Eq. (4), νQ = 4.0 MHz that
compares very well with the experimental estimate provided
in Table II and agrees with previous reports [49]. The domi-
nant contribution to the hyperfine field is of contact origin and
its estimated value is ≈11 T. The pseudodipolar and orbital
contributions are about 1 order of magnitude smaller and
are close to the accuracy limit of the present computational
analysis. The final prediction, which includes contact, orbital,
and dipolar interactions, results in 14 T, thus underestimating
the experimental value of Table II. We briefly mention that
including 3s states in the valence generates a contact field of
approximately 26 T. However, this prediction is expected to
be less accurate, as detailed in the next section and in the SM.

2. DFT in the Mn compound

Also in this case the largest component of the EFG tensor
is aligned with c and we obtained Vzz = 2.9 × 1021 V/m2,
which results in νQ = 3.5 MHz, which compares well with the
experimental νQ = 2|�ν1(0)| = 3.15(5) MHz. The hyperfine
parameters are dominated by the contact part also in this case,
which is found to be 20× larger than orbital and dipolar
contributions, which are therefore neglected in the following
discussion. The estimate for the contact field depends on
the inclusion of relativistic effects for 3s electrons. When
included in the core, their wave function is obtained from the
solution of the spin-polarized Dirac equation. This produces

an estimate of about 30 T for the contact part, while keeping
3s in valence raises this value to 50 T. The former value
is more reliable, but we mention that removing 3s semicore
states from valence also represents an approximation.

IV. DISCUSSION AND CONCLUSIONS

A. Cr1/3NbS2

Let us begin with the textbook Cr single-crystal sample,
where we observe a 53Cr quadrupole triplet pattern, previously
obscured in polycrystalline data [29], likely due to lower sam-
ple quality. This observation is consistent with more recent
Cr1/3NbSe2 results [28,50], supporting the conclusion that
our crystal is of high quality and belongs to the P6322 space
group.

The hyperfine field yields an estimate of the Cr magnetic
moment of 2.6 µB at T = 0, H = 0, with a 13% reduction
over the spin-only Cr3+ value of 3 µB. Although older magne-
tization data [51] reported a value of 2.9 µB at 2 T, our result is
in line with the observed Tm = 111 K and critical field value
μ0Hc = 1.35(1) T in our crystal [Fig. 3(c)].

A small nonvanishing moment on Nb of the order of 0.1–
0.15 µB, opposite to that of Cr, is demonstrated by the 93Nb
hyperfine field (Fig. 5) and the field dependence of the spectra
(Fig. 6). DFT predicts this moment, due to Nb-Cr hybridiza-
tion, together with a Cr moment closer to the spin-only value.
The 93Nb NMR data supported by the DFT insight confirm
the microscopic spin structure suggested in Ref. [50].

DFT calculations of the EFG tensor show that its princi-
pal component, Vzz, is along ĉ and orthogonal to Bhf in ZF,
establishing that the splitting of the m = ±1 satellites is the
quadrupole frequency of Table II [28].

A prior study [19] indicated that H ⊥ ĉ generated the ex-
pected 2π domain walls corresponding to magnetic solitons
(CSL), giving way to the FFM phase around μ0H = 40 mT.
In our data this is a tiny field compared to the substantial Bhf=
25 T, barely showing up as a flattening of the shifts [Fig. 2(b)]
towards H = 0.

The transition of the CHM to the CCP by applying the field
along the chiral axis (H ‖ ĉ) is neatly witnessed by the fit of
Fig. 3(b), and the simultaneous agreement of the extracted
conical angle θ (H ) of Fig. 3(c) with the mean-field theory
[10]. This provides a precise measurement of the boundary to
the FFM phase, μ0Hc = 1.35(1) T, for our sample. The fit de-
viation of the point at μ0H = 40 mT on the left of the vertical
dashed line in Fig. 2 which coincides within error bars with
the ZF value, demonstrates the presence of a pinned CHM
phase at low fields in our crystal, i.e., of a small coercive field
required to initiate the spin canting. The very fine agreement
of the canted model also establishes the model of the joint
Eqs. (10) and (12) as a strong validation of the presence of the
conical phase.

The first-order nature of the transition at Tm is very clearly
shown by NMR, a local probe which can separate the decrease
of the magnetic phase volume from that of the moment, a
distinction that neither diffraction nor macroscopic techniques
can easily provide. This finding is consistent with mean-field
predictions [52] and a previous analysis of the entropy change
at the transition [53] in a work that attributed the difficulty of
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measuring this change due to a weak first-order nature. The
NMR convincing signature is a more direct assessment of the
same fact.

All the above conclusions, based on clean single-crystal
53Cr NMR data, are independent of SOD and demonstrate the
expected behavior of a monoaxial chiral helimagnet. The 93Nb
NMR spectra in a polycrystal sample with larger disorder [30]
further demonstrate a sizable spin polarization at Nb, opposite
to that of nn Cr ions.

In summary, we may classify the 53Cr NMR data from
our single-crystal and polycrystal samples as a interesting
textbook case for an ideal monoaxial chiral helimagnet.

B. Mn1/3NbS2

Our more interesting findings are on the Mn compound,
whose magnetic phase diagram [19] is still lacking a pre-
cise identification. The three-component NMR spectra are
assigned to a minority Mn1/4NbS2 inclusion and to two struc-
tural variations of the dominant Mn1/3NbS2 phase.

A previous work [19] has shown a partial occupation of the
Mn 2b site in the very same samples used in this work. First-
principles simulations show that the additional Mn moment
is slightly reduced (by ∼2.5%) and aligned antiparallel to
its three neighboring Mn 2c atoms. Its presence reflects on
the neighboring Mn atoms as well, by producing a similar
reduction of their local magnetic moment, and it may be
qualitatively justified by opposite signs of the on-site and
transferred hyperfine couplings for the nn sites (Sec. II C). The
reduction compares reasonably well with the experimental ra-
tio (55νII − 55νI )/55ν = 0.043, thus assigning component I to
the 55Mn nuclei with one nearest-neighbor (nn) defect, a Mn
in the 2b site, and component II to the less perturbed nuclei,
more removed from the defect. A simple binomial simulation
of the 2b, d Mn sites nn to 2c, assuming the refined occupan-
cies of Ref. [19] (0.85, 0.08, and 0.02 for Mn sites 2c, 2b,
and 2d , respectively) indicates that two main environments
are most probable: those with no nn defects (p = 0.73) and
those with one nn defect of either 2b or 2d type (p = 0.24).
This supports our observation of two groups of resonances in
single-crystal Mn1/3NbS2 in Fig. 7.

This qualitative attribution is confirmed by the behavior
of the quadrupole splitting observed through the well-known
mechanism of spin-echo oscillations shown in Fig. 8(c). The
successful fit for H ‖ ĉ to Eq. (13) is plotted in Figs. 9(a)
and 9(b) and supports the chiral conical model. The success

relies on the homogeneity of the quadrupole coupling for
all nuclei, despite the disorder-induced, broad magnetic in-
homogeneous distribution of hyperfine fields, which hampers
a better refinement of the 55Mn NMR spectrum. In addition,
the first moment of the two low-frequency 55Mn components
in Fig. 8(b) is also compatible with the same model, despite
the disorder: The negative slopes agree with 55γ for H ⊥ ĉ
and a much reduced initial field dependence is observed for
55γ for H ‖ ĉ, like in the 53Cr case. This peculiar behavior,
leading to very different onset fields for the FFM phase in the
two orientations, also clearly identifies the majority phase as
a chiral helical magnet, with rather larger phase boundaries to
the forced ferromagnet phase, in agreement with magnetome-
try data [30].

C. Conclusions

We have shown that Cr1/3NbS2 is a textbook case of a
chiral monoaxial helimagnet, and we have improved the de-
termination of its CCP to FFM phase boundary at T = 0. This
allowed us to establish a very detailed model for the NMR of
a CHM, and leveraging on this we have further shown that de-
spite the much higher degree of intrinsic disorder, Mn1/3NbS2

also fully qualifies as a chiral helical magnet.
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