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Persistent exchange splitting in the chiral helimagnet Cr1/3NbS2
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Using high-resolution angle-resolved photoemission spectroscopy and ab initio calculation, we systematically
investigate the electronic structure of the chiral helimagnet Cr1/3NbS2 and its temperature evolution. The com-
parison with NbS2 suggests that the electronic structure of Cr1/3NbS2 is strongly modified by the intercalation of
Cr atoms. Our ab initio calculation, consistent with experimental results, suggests strong hybridization between
Nb- and Cr-derived states near the Fermi level. In the chiral helimagnetic state (below the Curie temperature,
Tc), we observe exchange splitting of the energy bands crossing the Fermi level, which follows the temperature
evolution of the magnetic moment, suggesting a strong interaction between the conduction electrons and Cr spin
moments. Interestingly, the exchange splitting persists far above Tc with weak temperature dependence, in drastic
contrast to the itinerant ferromagnetism described by the Stoner model, indicating the existence of short-range
magnetic order. Our results provide important insights into the interplay between the electronic structure and
magnetism in Cr1/3NbS2, which is helpful for understanding the microscopic mechanism of chiral helimagnetic
ordering.
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I. INTRODUCTION

Chiral materials lacking both inversion and mirror sym-
metries exhibit many interesting properties, such as chiral
Weyl fermions and extremely long Fermi arcs [1–6], a quan-
tized circular photogalvanic current [7], and a chiral magnetic
effect [8]. Particularly, if a chiral material hosts magnetic
ordering, the competition between the ferromagnetic (FM)
exchange interaction and the Dzyaloshinskii–Moriya interac-
tion (DMI) can result in helical alignment of spins, forming
the so-called chiral helimagnet (CHM). CHMs can harbor
novel topological excitation with magnetic vortices known as
skyrmions that can be effectively tuned by external magnetic
field or spin-polarized electrical currents [9–12], promising
great application potential for spintronic devices. So far, CHM
materials have been discovered in mainly two space groups:
cubic space group P213, such as MnSi [9,13], Fe1–xCoxSi
[14,15], FeGe [16–18], Cu2OSeO3 [19,20]; and cubic space
group P4132 or P4332, such as β-Mn-type Co-Zn-Mn [21]
and FePtMo3N [22].

Among the CHMs, Cr1/3NbS2 is unique since it hosts
a one-dimensional chiral soliton lattice instead of two-
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dimensional or three-dimensional skyrmions [23]. It crystal-
lizes in a layered hexagonal structure with the space group of
P6322. Within each unit cell, there are two trigonal prismatic
NbS2 layers that are rotated by 180° with respect to each
other. The Cr atoms occupy the octahedral holes between
two adjacent NbS2 layers and order in a (

√
3 × √

3)R(30◦)
superstructure. Cr1/3NbS2 can therefore be considered
as Cr-intercalated 2H-NbS2 [Fig. 1(a)]. Below about
125 K, the intercalated Cr atoms with a local spin moment
of about 3 μB order ferromagnetically and the system enters
into a helimagnetic ground state with a large helix period
of 48 nm along the chiral c-axis [Fig. 1(b)]. The difference
in the magnetic moment measured under field cooling (FC)
and zero field cooling (ZFC) conditions in Fig. 1(c) suggests
a ferromagnetic transition in Cr1/3NbS2. When an external
magnetic field is applied perpendicular to the c-axis, a highly
tunable and robust chiral soliton lattice can be observed [23],
indicating the important application potential in spintronic
devices.

Despite extensive research effort, the microscopic mecha-
nism of the CHM ordering in Cr1/3NbS2 is still controversial.
According to conventional understanding of magnetically in-
tercalated transition metal dichalcogenides, the FM exchange
interaction between Cr ions has a Ruderman–Kittel–Kasuya–
Yosida (RKKY) form that is mediated by the itinerant Nb
conduction electrons [24,25]. In this scenario, the local
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FIG. 1. (a) Crystal structure of Cr1/3NbS2. Cr atoms are interca-
lated in 2H-NbS2, occupying the octahedral interstitial sites between
two NbS2 layers and forming a (

√
3 × √

3)R(30◦) superstructure.
(b) Schematic illustration of the magnetic helix along the c-axis
showing 1/4 period. (c) Magnetic moment as a function of tempera-
ture measured by heating the sample under a magnetic field of 100
Oe parallel to the ab plane. The sample was cooled down to 15 K
under a magnetic field of 1 T and without magnetic field for the FC
and ZFC measurements, respectively.

orbitals of Cr ions contribute negligibly to the Fermi surface
(FS) of Cr1/3NbS2, but only dope electrons to the system.
However, this picture has been challenged by recent experi-
mental [26] and theoretical [24,26,27] results, which suggest a
significant contribution of Cr ions to the density of states near
the Fermi level (EF ). Indeed, previous angle-resolved pho-
toemission spectroscopy (ARPES) experiments show strong
hybridization between Nb- and Cr-derived electronic states
near EF [28,29], and a Hund’s exchange interaction—instead
of the RKKY interaction—between Cr ions has been proposed
[29]. To understand the mechanism of the novel magnetic
ordering, it is essential to study adequately the electronic
structure and its interplay with the magnetism of Cr1/3NbS2.

In this work, we systematically study the electronic
structure of Cr1/3NbS2 and its temperature evolution us-
ing high-resolution ARPES. We reveal a drastic difference
between the electronic structures of NbS2 and Cr1/3NbS2,
consistent with our ab initio calculation that suggests strong
hybridization between Cr- and Nb-derived states near EF . In
the CHM state, we observe exchange splitting of energy bands

FIG. 2. (a), (b) Fermi surface of NbS2 (a) and Cr1/3NbS2 (b)
measured by integrating ARPES intensity over an energy window
of 30 meV near the Fermi level (EF ). (c)–(f) Band structure of NbS2

(c, e) and Cr1/3NbS2 (d, f) along high-symmetry directions as indi-
cated. Data of NbS2 (Cr1/3NbS2) were collected using 90-eV photons
at 12 (20) K.

crossing EF , with a magnitude that nicely follows the tem-
perature evolution of the magnetic moment below the Curie
temperature Tc, indicating strong coupling between itinerant
conduction electrons and Cr spin moments. Interestingly, the
exchange splitting persists even at temperatures far above
Tc, in drastic contrast to the itinerant FM described by the
Stoner model. Our results suggest an important role of short-
range magnetic interaction in Cr1/3NbS2, which will help
understand the interplay between the electronic structure and
magnetism in the system.

II. METHODS

The Cr1/3NbS2 crystals were grown via employing the
chemical vapor transport method by using iodine as the
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FIG. 3. (a)–(h) Band structure of Cr1/3NbS2 along �̄M̄ measured at selected photon energies. Data were measured at 20 K.

transfer agent. Stoichiometric Cr powder (99.9%, Adamas),
Nb powder (99.95%, Aladdin), and S powder (99.9%,
Adamas) were mixed and ground in a mortar. Then the mix-
ture was sealed in a quartz tube together with the iodine
in a vacuum of 10–4 Pa. The assembly was placed into a
single temperature-zone tube furnace and the temperature of
the high-temperature region was kept at 1000 ◦C. After two
weeks, large crystals of Cr1/3NbS2 were obtained at the cold
end of the quartz tube. The crystallographic phase and crys-
tal quality examinations of Cr1/3NbS2 were performed on a
single-crystal x-ray diffractometer equipped with a Mo Kα

radioactive source (λ = 0.71073 Å). The diffraction patterns
could be satisfyingly indexed on the basis of a Nb3CoS6 poly-
type structure (space group: P6322, No. 182) with the lattice
parameters a = b = 5.74 Å, c = 12.09 Å, α = 90◦, β = 90◦,
and γ = 120◦.

High-resolution ARPES measurements were performed at
beamline 13U of National Synchrotron Radiation Labora-
tory (NSRL), beamlines 4.0.3 and 10.0.1 of Advanced Light
Source (ALS), and beamline 5-4 of Stanford Synchrotron
Radiation Light Source (SSRL). Data were collected with a
Scienta R4000 (DA30) electron analyzer at NSRL and ALS
(SSRL). The overall energy and angular resolutions were set
to 15 meV and 0.2°, respectively. The samples were cleaved
in situ and measured under ultra-high vacuum less than 1.0 ×
10−10 mbar.

First-principles band structure calculations were performed
using the QUANTUM ESPRESSO code package [30] for the
nonmagnetic calculations and the Vienna ab initio simula-

tion package (VASP) [31] for the magnetic calculations with
plane-wave basis. The exchange–correlation energy was con-
sidered under a Perdew–Burke–Ernzerhof-type generalized
gradient approximation (GGA) [32]. For the calculation of
Cr1/3NbS2, the GGA + U method was applied to describe the
3d-orbitals of Cr atoms, where on-site Coulomb interaction
U was set to 4 eV. Spin-orbit coupling was not included due
to its minor effect on band structure. Experimental lattice
parameters were used. The cutoff energy for the plane-wave
basis was set to 480 eV for calculations with QUANTUM
ESPRESSO and 400 eV for calculations with VASP. A �-
centered Monkhorst–Pack k-point mesh of 9 × 9 × 4 with
a spacing of 0.15 Å–1 was adopted in all self-consistent calcu-
lations.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the comparative study of the electronic
structure of NbS2 and Cr1/3NbS2. On the FS of NbS2, we
observe a large hole pocket around the �̄ and K̄ points, re-
spectively [Fig. 2(a)]. We do not observe the band splitting
caused by the coupling between the two NbS2 layers in one
unit cell [33]. In Cr1/3NbS2, by contrast, we observe an extra
small hole pocket around the �̄ point [Fig. 2(b)]. Due to the
(
√

3 × √
3)R(30◦) superstructure, the Brillouin zone (BZ) of

Cr1/3NbS2 is rotated by 30° and shrinks by 2/3, compared to
the BZ of NbS2. Along �̄K̄ and �̄M̄, we observe only one
band crossing EF in NbS2, while there are two bands, marked
as β and γ , crossing EF along �̄K̄M̄ and �̄M̄�̄ in Cr1/3NbS2
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[Fig. 2(c)–2(f)]. The β band shows up only in Cr1/3NbS2,
suggesting that the Cr-derived electron states contribute sig-
nificantly to the electronic structure near EF .

Figure 3(a)–3(h) shows the band structure of Cr1/3NbS2

measured with different photon energies, which can measure
the kz dispersion of energy bands and reflects the interlayer
coupling. Both the β and γ bands show weak kz dependence,
except that the spectral weight of the γ band is enhanced at
high photon energies due to the matrix element effect. We
observe an extra α band with its band top touching EF . It
shows a continuum-like spectral weight distribution, suggest-
ing its strong kz dispersion, similar to the α band in NbS2

[Fig. 2(c)]. Apparently, the electronic structure of Cr1/3NbS2

cannot be derived from a rigid shift of the electronic structure
of NbS2 induced by electron donation from Cr ions. Although
the overall dispersion of the α and γ bands are very similar in
NbS2 and Cr1/3NbS2, their relative energy positions are dif-
ferent. The α band shifts toward EF for about 250 meV, while
the γ band shifts toward higher binding energies for about
100 meV in Cr1/3NbS2. Therefore, the electronic structure of
Cr1/3NbS2 cannot be derived from electron doping in NbS2

by Cr intercalation. Moreover, the kz dispersion of the α band
also suggests an important role of interlayer coupling in the
electronic structure and magnetic properties of Cr1/3NbS2.

To understand further the influence of Cr atoms on the
electronic structure of Cr1/3NbS2, we perform an ab initio cal-
culation on the electronic structures of NbS2 and Cr1/3NbS2,
as illustrated in Fig. 4. For better comparison, the result of
NbS2 is artificially folded into a (

√
3 × √

3)R(30◦) super-
structured BZ similar to that of Cr1/3NbS2. Figure 4(a) and
4(b) compares the electronic structures of NbS2 and param-
agnetic Cr1/3NbS2 (onsite Coulomb interaction U = 4 eV).
Apparently, the electronic structure of Cr1/3NbS2 cannot be
understood by electron doping from intercalated Cr ions.
Rather, the number of energy bands crossing EF increases
due to the hybridization between the Cr- and Nb-derived
states, consistent with our experiment in Fig. 2. In the FM
state, we observe spin-splitting of the energy bands due to the
exchange interaction [Fig. 4(c)]. In Fig. 4(d), we compare the
calculated electronic structure of Cr1/3NbS2 in the CHM and
FM states. No noticeable difference is observed, suggesting
the same influence of the CHM and FM ordering on the
electronic structure, which is reasonable considering the large
helix period of the CHM state [24,26,27]. Therefore, the DMI
that is responsible for the spiral spin ordering serves as a
weak perturbation to the FM state [26]. Figure 4(e) shows
the orbital-projected calculation of the electronic structure of
Cr1/3NbS2 in the FM state. We observe a substantial spectral
weight of Cr d-orbitals near EF , confirming the strong hy-
bridization between the Cr- and Nb-derived states, consistent
with previous ab initio calculations [24,26,27].

Both our experiments and calculations are in good agree-
ment with previous results. Nevertheless, it is noteworthy that
due to the electronic correlation of Cr d-states, the multiband
nature of the system, and complicated magnetic ordering,
there still exist clear deviations between the ARPES measured
and calculated electronic structure of Cr1/3NbS2 [24,26–29].
For example, in the FM state, there are more bands cross-
ing EF in the calculation, and some calculated bands are
missing in the experiments (Supplemental Materials Fig. S2

FIG. 4. (a)–(e) Ab initio calculation of the electronic structure
of NbS2 (a) and Cr1/3NbS2 (b–e). The calculation in (a) is folded
into a (

√
3 × √

3)R(30◦) superstructured BZ for better comparison
with the result in Cr1/3NbS2. The calculations in (b) and (c) were
performed for paramagnetic and FM states, respectively. The black
(red) lines in (c) represent spin up (down) bands. (d) Compari-
son between the calculated electronic structure in the CHM (solid
black) and FM (dotted red) states showing a negligible difference.
(e) Orbital-projected calculation of the spin-split band structure of
the FM state (left: spin up, right: spin down).

[34]). Further experimental and theoretical investigations are
highly demanded to understand fully the electronic structure
of Cr1/3NbS2.

Figure 5 tracks the temperature evolution of the band struc-
ture of Cr1/3NbS2 measured with improved energy resolution
using relatively low photon energy. Figure 5(a)–5(e) show
ARPES intensity maps at selected temperatures. In the CHM
state at 15 K, we observe four bands near EF , marked as α,
β1, β2, and γ in Fig. 5(a), compared to the two bands β and γ

in Fig. 2. With increasing temperature, the splitting between
β1 and β2 gradually decreases and can hardly be resolved at
195 K. To quantify the evolution of the band structure, we
collect the momentum distribution curves (MDCs) at EF taken
at different temperatures [Fig. 5(f)] and fit each MDC to mul-
tiple Lorentzians. The extracted Fermi crossings of the β1, β2,
and γ bands are overlaid on the false-color plot of the MDCs
in Fig. 5(g). The β1 and β2 bands approach each other with
increased temperature, with a sudden change of their splitting
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FIG. 5. (a)–(e) Band structure of Cr1/3NbS2 along �̄M̄ measured at selected temperatures. (f) Temperature evolution of the MDCs at EF .
The colored markers are a guide to help one note the temperature evolution of the peak positions. (g) False-color plot of the temperature
evolution of the MDCs at EF . The orange circles, blue triangles, and gray diamonds indicate MDC peak positions extracted by fitting the
MDCs to multiple Lorentzians. (h) The exchange splitting between the β1 and β2 bands as a function of temperature (Supplementary Materials
Fig. S1 [34]). The dashed line is a guide to help one note the evolution of the exchange splitting. The temperature evolution of the magnetic
moment is also shown for comparison.

near 125 K, where the γ band also shows a sudden change
of its position. From the temperature evolution of the energy
bands, we conclude that the FM ordering strongly influences
the band structure of Cr1/3NbS2, and the splitting between
the β1 and β2 bands is the exchange splitting caused by the
FM ordering.

In general, as described by the Stoner model, if the
long-range FM order is mainly contributed by the itiner-
ant electron around EF , the magnitude of exchange splitting
in metallic FM materials is proportional to the magnetic
moment and becomes zero above Tc. In Fig. 5(h), we compare
the temperature evolution of the exchange splitting and the
magnetic moment. Below Tc, the exchange splitting follows
the increasing magnetic moment with decreasing temperature,
suggesting a strong interplay between the conduction carriers
and the magnetic moment of the system. Above Tc, inter-
estingly, the exchange splitting deviates from the magnetic
moment curve and persists up to at least 195 K [Fig. 5(g) and
5(h)], in drastic contrast to the Stoner model, suggesting that
Cr1/3NbS2 is not a band magnetic material.

The exchange splitting that is persistent above Tc has been
widely observed in metallic ferromagnets, including Fe, Ni,
SrRuO3, and Fe3GeTe2 [35–40], despite the controversial
experimental results in Ni [41]. However, the temperature

dependence of the exchange splitting is quite different in these
materials. In SrRuO3 and Fe3GeTe2, the bands stay put with
increasing temperature, suggesting a minor impact of long-
range magnetic ordering on the exchange splitting [38,39],
consistent with a localized intra-atomic exchange interaction
[35]. By contrast, the exchange splitting in Cr1/3NbS2 strictly
follows the magnetic moment below Tc, but shows minor
temperature dependence above Tc. We emphasize that, despite
the helimagnetic nature of Cr1/3NbS2, the exchange spitting
is mainly induced by the FM order in the system [Fig. 4(d)]
[26]. Therefore, similar to the previous result in Ni [35],
the observed temperature evolution of the exchange spitting
may be understood within the Oguchi model that describes
short-range order by exactly treating the interactions between
neighboring magnetic ion pairs while approximating the other
pairs with a mean field [35]. Consistently, previous measure-
ments of critical exponents support the short-range magnetic
coupling between Cr atoms [42,43]. On the other hand, the
persistent exchange splitting above Tc can also be induced by
the formation of short-range FM order, such as the Griffith
phase, in which finite-size FM clusters exist in the para-
magnetic phase at high temperatures [44]. Further detailed
experimental and theoretical works are required to understand
fully the observed exchange spitting at temperatures far above
Tc.
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IV. CONCLUSION

In conclusion, we have systematically investigated the
electronic structure of the CHM Cr1/3NbS2 and its tem-
perature evolution. Both experimental results and ab initio
calculations show strong hybridization between the Cr- and
Nb-derived states near EF , in contrast to a simple Cr-doping
rigid-shift scenario. Moreover, we observed exchange split-
ting of the band structure that persists far above Tc, which
is beyond expectation of a band magnetism and suggests the
existence of short-range magnetic order in Cr1/3NbS2. Our
results provide important insight into the understanding of
the electronic and magnetic properties of the monoaxis CHM
Cr1/3NbS2.
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[46] E. Şaşıoğlu, C. Friedrich, and S. Blügel, Phys. Rev. B 83,
121101(R) (2011).

[47] L. Vaugier, H. Jiang, and S. Biermann, Phys. Rev. B 86, 165105
(2012).

035129-7

https://doi.org/10.1103/PhysRevB.94.075141
https://doi.org/10.1038/s42005-020-0333-3
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.101.226406
http://link.aps.org/supplemental/10.1103/PhysRevB.106.035129
https://doi.org/10.1103/PhysRevLett.40.1514
https://doi.org/10.1103/PhysRevLett.52.2285
https://doi.org/10.1103/PhysRevLett.76.1150
https://doi.org/10.1103/PhysRevLett.110.087004
https://doi.org/10.1103/PhysRevB.101.201104
https://doi.org/10.1103/PhysRevLett.45.273
https://doi.org/10.1103/PhysRevB.58.1300
https://doi.org/10.1038/s41598-017-06728-5
https://doi.org/10.1103/PhysRevB.96.094439
https://doi.org/10.1016/j.physleta.2019.04.036
https://doi.org/10.1103/PhysRevB.79.104404
https://doi.org/10.1103/PhysRevB.83.121101
https://doi.org/10.1103/PhysRevB.86.165105

