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Fe and Cr co-intercalation in 2H-NbS2 single crystals for realization of perpendicular
magnetic anisotropy and large anomalous Hall effect
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Recently, many interesting magnetic and electrical properties have been demonstrated in transition-metal
intercalated 2H-NbS2/TaS2 layered single crystals. In this work, single crystals of Cr and Fe co-intercalated
2H-NbS2, with the compositions of (Cr1–xFex )1/3NbS2 (x = 0.0–1.0), are successfully grown and their magnetic
and transport properties are systematically studied. With increasing Fe content, the magnetic transition tem-
perature continually decreases from 117 to 37 K, and the magnetic coupling transforms from ferromagnetic to
antiferromagnetic. Importantly, a rotation of the magnetic easy axis occurs in this process, with perpendicular
magnetocrystalline anisotropy and considerable coercive field achieved in the x = 0.13–0.66 compounds. Both
x = 0.33 and x = 0.50 exhibit relatively low carrier concentration, stable anomalous Hall effect, and butterfly-
shape magnetoresistance. Notably, large anomalous Hall conductivity is identified in x = 0.50, whose origin
is discussed from the calculated electronic structures. The realization of perpendicular anisotropy and large
anomalous Hall conductivity in this two-dimensional ferromagnetic system can facilitate their future application
in spintronic devices.
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I. INTRODUCTION

Two-dimensional (2D) van der Waals (vdW) ferromag-
netic (FM) materials have been widely studied in the past
few years due to their unique crystal structure; rich chem-
ical intercalation; and intriguing magnetic, electronic, and
optical properties [1–6]. The stereotypical 2D ferromagnetic
materials, such as CrI3 [7–9], Cr2Ge2Te6 [10], and Fe3GeTe2

[11,12], have exhibited fascinating properties, while the tun-
ability of the magnetism in these systems is limited by
their relatively fixed stoichiometry. Another large family of
2D magnetic materials consists of the 3d atom intercalated
transition-metal dichalcogenides (TMDs), where diversified
magnetic states have been observed when adjusting the type
or proportion of the intercalated elements and host lattice
[13–15]. For instance, Cr1/3NbS2 is a monoaxial chiral mag-
netic material with in-plane anisotropy, which exhibits helical
magnetism and a chiral soliton lattice (CSL) [16,17]. This
novel magnetic structure is also successively found in the in-
plane easily magnetized Mn1/3NbS2 and Cr1/3TaS2 [18,19].
On the other hand, Fe1/3NbS2 exhibits an antiferromagnet
state with anisotropic magnetoresistance, where the magnetic
state can be switched by an in-plane electrical current [20–22].
As previously reported, when Nb is replaced by Ta, FexTaS2

becomes a ferromagnet with strong perpendicular magnetic
anisotropy (PMA) [23,24], significant coercive force (Hc)
[25,26], and large magnetoresistance (MR) [27–29]. Based on
the above facts, we note that Cr intercalation mainly leads to
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in-plane anisotropy with a chiral magnetic lattice, while most
Fe intercalation brings out-of-plane anisotropy, even in the
antiferromagnetic (AFM) ones. Hence, one natural question is
that if Cr and Fe are codoped into the layered MS2, how would
the anisotropy and magnetic order be tuned? Is it possible to
realize a new 2D ferromagnet with PMA, which is favored for
spintronic devices?

Therefore, in this work, Fe and Cr elements are simultane-
ously intercalated into 2H-NbS2, and the whole intercalation
concentration is controlled at 1/3 to maintain the superlat-
tice structure of M1/3NbS2 (M = Fe, Cr, Mn, etc.). We find
that co-intercalation can not only generate a perpendicular
magnetic anisotropy in the intermediate components, but also
produces an inherently hard magnetic phase with consider-
able coercivity. Magnetotransport investigation shows a large
anomalous Hall conductivity (AHC) and low carrier concen-
tration at x = 0.50, which is comparable to the performance
of the FexTaS2 under the same conditions [30]. Therefore,
co-intercalation provides an alternative and feasible idea for
tuning the performance of TMDs.

II. EXPERIMENTAL AND CALCULATION DETAILS

Single crystals were obtained by the chemical vapor trans-
fer method (CVT) using a dual-temperature zone furnace. A
mixture of M (M = Cr or/and Fe), Nb, and S at the desired
ratio was prepared and sealed in a vacuum quartz tube for
presintering, noting that the Fe content exceeded the stoi-
chiometry by about 20%, in order to compensate for the loss
of iron during calcination. The tube with the raw material was
heated to 800 ◦C in a muffle furnace for 6 h and held for 5
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TABLE I. Collected data for the samples including sample name
and measured composition [x in (Cr1–xFex )1/3NbS2].

Sample name Measured composition (EDS)
x = 0.0 Cr0.33±0.01NbS1.97±0.03

x = 0.13 (Cr0.81±0.02Fe0.13±0.01)1/3NbS1.98±0.02

x = 0.23 (Cr0.79±0.01Fe0.23±0.007)1/3NbS1.93±0.03

x = 0.33 (Cr0.69±0.03Fe0.33±0.01)1/3NbS1.92±0.08

x = 0.50 (Cr0.44±0.01Fe0.49±0.02)1/3NbS1.94±0.05

x = 0.66 (Cr0.30±0.04Fe0.66±0.02)1/3NbS1.99±0.01

x = 1.0 Fe0.31±0.008NbS1.96±0.02

days; then the whole furnace was cooled to room temperature
to form polycrystalline powder with a metallic luster. The
presintered powder was sealed in a vacuum quartz tube with
iodine as a transfer agent, and was heated at 450 ◦C for 1 day
in the dual-temperature zone furnace. Then it was heated at
950 ◦C in the raw material zone and 850 ◦C in the growth
zone for 5 days. Finally, hexagonal (Cr1–xFex )1/3NbS2 sin-
gle crystals with shining surfaces were obtained. It is found
that this family of materials is not easily degraded and can
remain stable in the air for a long time. Different pieces from
each batch of samples also exhibit stably repeated properties.
The compositions were determined by energy dispersive spec-
troscopy (EDS) with a scanning electron microscope (SEM,
FEI Quanta 250 F). It should be mentioned that the composi-
tion of Cr, Fe, and S in the single crystals deviates a little from
the desired ratio, within the range of 0.007–0.08, which has
also been mentioned in similar systems [20,31]. The values
of the exact compositions in this study are shown in Table I.
For simplicity, we applied the nominal compositions in the
description of different components.

The crystal structure and orientation were acquired by
x-ray diffraction (XRD) using Cu Kα radiation on a Bruker-
AXS D8 Advance at room temperature. Temperature- and
field-dependent magnetization was measured along the in-
plane (H‖ab) and out-of-plane (H⊥ab) directions in a
magnetic property measurement system (MPMS, Quantum
Design). The magnetoresistance (MR) and Hall effect mea-
surements were performed by a standard four-probe method
using a physical property measurement system (PPMS, Quan-
tum Design).

First principles calculations were performed with the pro-
jector augmented wave (PAW) method, as implemented in
the Vienna ab initio simulation package (VASP) [32,33]. The
exchange correlation effect was treated with the general-
ized gradient approximation (GGA) function in the form of
Perdew-Burke-Ernzerhof (PBE) parametrization. The static
self-consistency calculations and density of states (DOS) in-
tegrations were carried out on a k grid of 9 × 9 × 9, with the
cutoff energy of 400 eV for the plane wave basis set. The
orbital magnetic moment was calculated by switching on the
spin-orbital coupling.

III. RESULTS AND DISCUSSION

According to reports in the literature [34–36], M1/3NbS2

(M = Cr or/and Fe) possesses a noncentrosymmetric hexago-
nal structure (P6322), where the intercalant elements occupy

FIG. 1. (a) Crystal structure of bulk M1/3NbS2 ((M = Cr or/and
Fe). Blue, green, and yellow balls represent Cr or Fe, Nb, and S
atoms, respectively. (b) XRD patterns of (Cr1–xFex )1/3NbS2 single-
crystal thin plates, along with (008) enlarged diffraction peaks.
(c) The morphology and elemental distribution of sample x = 0.50
single crystal scanned by SEM. (d) The c-lattice parameters for
(Cr1–xFex )1/3NbS2 plotted with Fe doping content. Inset: Optical
image of (Cr1–xFex )1/3NbS2 single crystals.

the octahedral position between the triangular prismatic, and
six S ions surround one Nb ion [Fig. 1(a)]. Our XRD pat-
terns for all the intercalated samples are consistent with this
structure, and only the single-crystalline (00l ) orientation is
observed [Fig. 1(b)], indicating that the Cr and Fe can compat-
ibly occupy the same site and the single-crystalline samples
are grown along the c axis. The peak position is slightly
shifted with the different proportions of Cr and Fe, while
the overall lattice constant changes slightly (from 12.10 to
12.24 Å), as seen in the extracted c parameter in Fig. 1(d). It
exhibits a systematic expansion of the interlayer spacing with
Fe substitution of Cr, owing to the larger ionic radii of the Fe
atom. The SEM image and elemental mapping of all samples
demonstrate a near hexagonal structure and uniform elemental
distribution, as exemplified in x = 0.50 [Fig. 1(c)]. The single
crystals overall have a maximum lateral dimension of 3 mm
and thickness of around 30–60 μm [in the inset of Fig. 1(d)].

The temperature-dependent magnetization (M-T) curves
of (Cr1–xFex )1/3NbS2 (x = 0.0–1.0) single crystals are mea-
sured for both in-plane (H‖ab) and out-of-plane (H⊥ab)
directions with a field-cooling sequence (μ0H = 0.05 T). As
shown in Figs. 2(a) and 2(e), the magnetic transitions of
pure Cr1/3NbS2 and Fe1/3NbS2 are reflected with the Curie
temperature (Tc) and Néel temperature (TN ) of 117 and 37
K, respectively, consistent with the literature data [37–39]. In
addition, the comparison of the magnetization magnitude in
different directions indicates the expected easy ab-plane mag-
netization in Cr1/3NbS2 [40] and easy c-axis magnetization in
Fe1/3NbS2 [41]. With the increasing substitution of Cr by Fe,
the magnetic transition temperature decreases monotonically,
accompanied by the emergence of some low-temperature tran-
sitions. Figure 2(b) shows a clear FM transition at Tc = 120 K
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FIG. 2. [(a)–(e)] Temperature-dependent magnetization M-T curves of (Cr1−xFex )1/3NbS2 (0.0 � x � 1.0) measured in field-cooling
process with μ0H = 0.05 T for H⊥ab (solid symbols) and H‖ab (open symbols), respectively. (f) Doping-temperature magnetic phase diagram
of (Cr1−xFex )1/3NbS2.

for x = 0.13 and a spin-reorientation-like transition at TSR =
55 K, below which the magnetization along the c -axis be-
comes larger than that along the ab plane, indicating the easy
spin axis reorients from in plane to out of plane. With increas-
ing Fe content, as shown in Fig. 2(c), of x = 0.23 and 0.33,
the FM transition temperature continually drops. In addition,
we observe a cusp around Tc for H‖ab in x = 0.13–0.33,
which is a characteristic feature of the chiral soliton lattice
(CSL), as comprehensively studied in Cr1/3NbS2 [38,42,43].
The cusp disappears for x � 0.50 [Fig. 2(d)], where the curve
shows pure FM states for H⊥ab, indicating the stability of
CSL is broken at this critical point. The magnetization in
x = 0.66 becomes rather small, implying the transformation
trend from the FM to the AFM state. Figure 2(f) summarizes
the temperature- and composition-dependent phase diagram
for (Cr1–xFex )1/3NbS2 samples. The magnetization transition
temperatures are extracted using the M-T curves. It can be
seen that with increasing Fe content, the CSL state in the
pristine Cr1/3NbS2 becomes less stable, and the weakened FM
exchange interaction tends to suppress the magnetic transition
temperature [34], leading to the decrease of the Tc, and finally
transforms to the AFM state of Fe1/3NbS2. Simultaneously,
the magnetization easy axis also rotates, which will be inves-
tigated in detail with further measurements in the following.

The field-dependent magnetization (M-H ) curves along
both H‖ab and H⊥ab are measured at 10 K for all samples
(except for x = 1.0, which is AFM). As shown in Fig. 3(a),
the easy magnetization along the ab plane is only observed
for x = 0.0, i.e., the Cr1/3 sample. It obviously turns to the
out-of-plane direction for x = 0.13–0.50, and x = 0.66 re-
veals nonsaturating behavior that indicates antiferromagnetic

exchange interaction. Since the measured magnetization is
rather weak for these tiny two-dimensional samples, the satu-
ration magnetizations Ms sometimes cannot match well in the
two directions of the ab plane and c axis. In the meantime,
the Hc appears and increases until it reaches a maximum at
x = 0.50 and 0.66, where part of the magnetic moment flips
with increasing Fe content to form more AFM phases, leading
to a strong pinning effect at the interface between the AFM
and original FM magnetic domains, as in Fe0.25TaS2 [26]. The
evolution of the remanence (Mr ) and Hc are summarized in
Fig. 3(b), which proves that x = 0.33 and 0.50 own good, hard
magnetic properties. The resulting out-of-plane anisotropy is
thought to be related to the non-negligible orbital magnetic
moment of intercalated Fe ions, as discussed in Refs. [44,45]
and our later calculations. In addition, to inspect the CSL
evolution with increasing Fe content, we measure denser M-H
curves of three characteristic components along the ab plane
with smaller field steps [Fig. 3(c)]. It is found that at x = 0.0
and 0.13 an intermediate state is observed before transforming
to the FM state, which represents the unique chiral soliton
lattice state, having been reported in Cr1/3NbS2 [19,46]. How-
ever, it should be noted that at x = 0.13, the dense M-H is
measured at T = 100 K, which is above the spin reorienta-
tion transition and the easy magnetization is still along the
ab plane. This transition has been mentioned before when
investigating the M-T curves and is further confirmed in the
detailed M-H curves for various temperatures in Fig. 3(d).
Therefore, x = 0.13 can be seen as a critical composition
where the easy-spin axis starts to rotate and CSL could persist
at a certain temperature. When the easy magnetization direc-
tion totally turns to the c axis, the CSL state is suppressed,
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FIG. 3. (a) M-H curves along H⊥ab and H‖ab for various compositions of 0.0 � x � 0.66 at T = 10 K. (b) The extracted remanence
(Mr ) and coercive field (Hc ) values of (Cr1−xFex )1/3NbS2. (c) M-H curves at a dense magnetic field variation for three components, x = 0.0
(at 10 K), 0.13 (at 100 K), and 0.50 (at 10 K). (d) M-H curves of x = 0.13 along H⊥ab and H‖ab at different temperatures (10, 30, 50, 100,
and 150 K).

as displayed in x = 0.50 of Fig. 3(c). Therefore, the spin-axis
reorientation is realized by substituting Fe with Cr in this two-
dimensional material host, and the out-of-plane anisotropy
can facilitate their application in the perpendicular spintronic
devices.

To further investigate the electrical properties of these
compositions with out-of-plane anisotropy, the temperature-
dependent Hall effect and magnetoresistance are measured for
x = 0.33 and 0.50 samples. As seen in Figs. 4(a) and 4(b),
anomalous Hall effect (AHE) is observed in both x = 0.33
and 0.50 below Tc, and large hysteresis is presented at low
temperature, consistent with the M-H behavior. It is noted that
at high field, the behaviors of x = 0.33 and 0.50 are different;
the former has a negative slope while the latter has a positive
one. Since the anomalous Hall signal can be empirically ex-
pressed as ρxy=ρo

xy+ρA
xy=μ0(R0H+RsM ), where R0, Rs are

the ordinary and anomalous Hall coefficient, respectively, we
extract the anomalous Hall resistivity ρA

xy with the intercept of
the high-field linear fitting and the ordinary coefficient R0 with
the slope of it. Further, the AHC is calculated with the relation
of σ A

xy = ρA
xy/[(ρA

xy)2 + ρ2
xx], where ρxx is zero field resistivity,

and the carrier concentration is evaluated with n = 1/|eR0| (e
is the charge of the electron). The calculated values of σ A

xy
and n for x = 0.33 and 0.50 are summarized in Figs. 4(c) and
4(d), together with some literature data from similar systems.
It is found that x = 0.50 has a significantly large magnitude of
AHC, ranging from 162 �−1 cm−1 (50 K) to 281 �−1 cm−1

(10 K), which can be compared to the value of the ferromag-
netic Fe0.3TaS2 [30], while in x = 0.33, the AHC shows the
small value of 46 �−1 cm−1 (10 K) to 23 �−1 cm−1 (50 K),
like the Co based or Fe1/4 intercalated Nb/TaS2 [25,30,47–
49]. The carrier concentration n of x = 0.50 is on the order

FIG. 4. [(a), (b)] Hall resistivity of x = 0.33 and 0.50 with H⊥ab
at different temperatures. (c) σ A

xy vs T plot for samples in this work
and other similar systems [25,30,47–49]. (d) n vs T plot for samples
in this work and other systems [36,48,50–53]. [(e), (f)] MR for
samples of x = 0.33 and 0.50 with H⊥ab at different temperatures.
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FIG. 5. [(a)–(c)] Spin and atomic resolved density of states
(DOS) for ferromagnetic Cr1/3NbS2, (Cr0.50Fe0.50 )1/3NbS2, and an-
tiferromagnetic Fe1/3NbS2, respectively. The red and blue areas
correspond to total DOS in spin-up and spin-down directions, re-
spectively; the gray and green areas correspond to the partial DOS of
Cr and Fe atoms, respectively. [(d)–(f)] are their corresponding band
structures. As Fe1/3NbS2 is antiferromagnetic, the spin-up band is
superposed with that of spin down.

of 1020 cm−3, bringing large carrier mobility μ=σxx/ne (σxx

is longitudinal conductivity at zero field) of about 50–80
cm2 V−1 s−1. The n in sample x = 0.33 is a bit larger, ranging
from 6 × 1020 (10 K) to 21 × 1020 cm−3 (100 K), and the
corresponding carrier mobility drops quickly from 74.53 to
5.50 cm2 V−1 s−1. The order of their carrier concentrations is
close to Cr1/3NbS2 (n = 8.53 × 1020 cm−3 at 30 K [36]), but
the values are smaller than those of other single-atom interca-
lated Nb/TaS2 ranging from 1.5 × 1021 to 4.6 × 1021 cm−3

[48,50–53], which can be attributed to the low density of
states at the Fermi level [(Fig. (5)]. The comparatively large
carrier mobility and anomalous Hall conductivity in x = 0.50
make it attractive in building spintronic devices based on 2D
ferromagnetic material.

Figures 4(e) and 4(f) show the MR of them at various
temperatures. The overall MR of x = 0.33 and 0.50 are both
negative upon a large external field, but at low temperature
(here T = 10 K), the MR first grows to a maximum value
during increasing field, then drops sharply within a very nar-
row magnetic field interval, making a butterfly double-peak
shape at low fields after one cyclic period of magnetic field
sweep. This is in coincidence with the hard M-H behavior
of x = 0.33 and 0.50 at T = 10 K [(see Fig. 3(a)], which is
correlated to the domain wall pinning. The jump magnitude of
�ρ/ρ in the low-field metastable state can reached 2.5% (at

TABLE II. The structure parameters (in Å) used in the calcula-
tion and the calculated spin and orbital magnetic moments (in μB)
for Cr1/3NbS2, (Cr0.50Fe0.50)1/3NbS2, and Fe1/3NbS2.

a(Å) c(Å) mspin(μB) mo(μB)

Cr1/3NbS2 5.730a 12.110a 2.965 0.029
(Cr0.50Fe0.50 )1/3NbS2 5.745 12.144 2.848 (Cr) 0.018 (Cr)

2.994 (Fe) 0.046 (Fe)
Fe1/3NbS2(AFM) 5.761a 12.178a 3.104 0.186

aFrom Ref. [45].

0.6 T) and 10.4% (at 1.4 T), respectively. At H > Hc and other
temperatures without coercivity, the spin-related scattering
makes the �ρ/ρ descend with the increasing field, reaching a
moderate negative MR value of ∼10% at 5 T.

Finally, the magnetic moments and electronic structures of
(Cr1–xFex )1/3NbS2 (x = 0.0, 0.50, and 1.0) are calculated to
elaborate the evolution of the magnetic and transport proper-
ties. We have applied the supercell that contains six primitive
cells of M1/3NbS2 in the calculation, so for the middle compo-
sition of x = 0.50, one Cr atom and one Fe atom are included
in the cell. For x = 0.0 and 0.50, the initial state is set as
FM, while x = 1.0 is set as the AFM state, based on the
experimental result. As seen in Table II, The lattice parameters
for x = 0.0 and 1.0 are selected as the experimental ones [45],
while for x = 0.50, the lattice parameter is obtained by linear
interpolation of x = 0.0, for which the c parameter is slightly
lower than our measured ones. The calculated spin moments
(mspin) of Cr and Fe are both close to 3 μB, while the orbital
magnetic moment (mo) of Fe is 0.186 μB (in Fe1/3NbS2),
obviously much larger than that of the Cr atom (0.029 μB

in Cr1/3NbS2), which is originated from the unquenched or-
bital occupation of Fe2+ compared to Cr3+, as analyzed in
Ref. [34]. Even in the middle composition of x = 0.50, the mo

of Fe is still larger than that of the Cr atom. This considerable
mo can cause a large spin-orbit interaction and magnetocrys-
talline anisotropy energy involving ��L · �S [44], resulting in
the reorientation of the spin axis in the series of our samples.

Figure 5 shows the density of states (DOS) and band
structure of (Cr1–xFex )1/3NbS2 (x = 0.0, 0.50, and 1.0). It
is worth noting that FM Cr1/3NbS2 reveals a nearly half-
metallic magnetism, with only one band of spin-down channel
crossing the Fermi level (EF ), which causes the low carrier
concentration compared with a regular metal [54]. With the
insertion of Fe atoms, a large DOS in the spin-up direction is
observed at EF in x = 0.50, mainly dominated by Fe states as
seen in Fig. 5(b). The enhanced DOS leads to an enhancing
carrier concentration [nx=0.50(10 K) > nx=0.33(10 K)] and the
boosted band cross points can possibly lead to the larger
AHC based on the Berry curvature theory, as in the case of
Fe1/3TaS2 [41]. For the AFM state of Fe1/3NbS2, a peak of
DOS around EF is observed in both spin directions [Fig. 5(c)],
indicating the instability of linear AFM interaction, in which
a field induced formation of complex spin texture has been
reported recently [20]. As the spin-up band is superposed
with that of spin down [Fig. 5(f)] the AHC of Fe1/3NbS2 has
vanished due to the fine reversal symmetry.
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IV. CONCLUSION

In summary, we successfully synthesized
(Cr1–xFex )1/3NbS2 single crystals by co-intercalating Cr and
Fe into the vdW gap, where x = 0.0–1.0. We find that with
increasing Fe content, the FM state will gradually transform to
AFM coupling, accompanied by the lowering of the magnetic
transition temperature. Nevertheless, the easy spin axis can
reorient from the in-plane to the out-of-plane direction,
where the large perpendicular magnetic anisotropy and hard
magnetic properties are achieved in the co-intercalated single
crystals of x = 0.23–0.66. The samples of x = 0.33 and
0.50 also exhibit low carrier density, anomalous Hall effect,
and butterfly-shape magnetoresistance at low temperature,
where x = 0.50 presents a large anomalous Hall conductivity,
which is higher compared to most other similar materials.
By analyzing the magnetic orbital moments and electronic
structures of (Cr1–xFex )1/3NbS2 (x = 0.0, 0.50, and 1.0) with

first principles calculations, it is found that the large orbital
magnetic moments of the Fe atoms are directly responsible
for the reorientation of the spin axis, while the increase in
band cross points at the Fermi level of x = 0.50 leads to a
larger anomalous Hall conductivity. We hope that the present
methods and results will direct much more attention to this
class of layered magnetic materials.
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