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Vanadium-based transition metal chalcogenides V,,X,, (X =S, Se, Te) with their distinctive quantum effects, tunable
magnetism, spin—orbit coupling, and high carrier mobility are a valuable platform to explore the interplay between mag-
netism and electronic correlations, especially with tunable structural phases and magnetic properties through stoichiometric
variations, making them ideal candidates for advanced device applications. Here, we report the synthesis of high-quality
Vs..,Sg single crystals with different concentrations of self-intercalated vanadium. Vs ,Sg crystals show an antiferromag-
netic behavior and a spin-flop-like transition below Ty of 30.6 K. The high-quality Vs, ,Sg single crystals exhibit a large
negative magnetoresistance of 12.3% at 2 K. Interestingly, Vs ,Sg crystals show an obvious low-temperature resistance
upturn that gradually levels off with the increasing magnetic field, attributed to the Kondo effect arising from the interaction
between conduction electrons and embedded vanadium magnetic impurities. With increasing V doping, the antiferromag-
netic interactions intensify, weakening the coupling between the local moments and conduction electrons, which in turn
lowers the Kondo temperature (7x). Furthermore, the anomalous Hall effect is observed in Vs 73Sg, with an anomalous
Hall conductivity (AHC) of 50.46 Q~'.cm~! and anomalous Hall angle of 0.73% at 2 K. Our findings offer valuable in-
sights into the mechanisms of the Kondo effect and anomalous Hall effect in self-intercalated transition metal chalcogenides
with complex magnetism and electronic correlation effects.
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1. Introduction

Two-dimensional (2D) layered materials, with weak in-
terlayer interactions, display unique quantum effects, spin—
orbit coupling, tunable band gaps, and high electron mobility,
making them highly promising for applications in spintron-
ics, nanoelectronics and topological quantum computing./!-8]
Of particular interest, 2D layered magnetic materials, which
retain intrinsic long-range magnetic order down to the atomic-
level thickness, are considered excellent platforms for explor-
ing low-dimensional magnetism and electronic correlation ef-
fects, offering tunable properties for applications in spintron-

9-141 A topological Hall

ics devices and non-volatile memory.!
effect signal with antisymmetric peaks in layered ferromag-
netic Cry »Te; suggests spin chirality due to spin canting under

external magnetic fields, !

showing potential for chiral spin-
based van der Waals spintronics devices. Moreover, room-

temperature asymmetric magnetoresistance was observed in
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ferromagnetic Fe;GaTe, nano-device due to the planar sym-

[16] showing three resistance states under vary-

metry breaking,
ing magnetic fields for possible multi-state memory and logic
applications. Therefore, further investigating new 2D layered
magnetic materials and understanding their underlying mag-
netoelectronic transport mechanism are essential for advanc-
ing the development of 2D spintronics devices.

Recently, vanadium-based transition metal chalcogenides
with the chemical formula V,,X, (X =S, Se, Te) have pro-
vided an excellent platform to explore the interplay between
the magnetism and electron correlation effect, especially with
tunable structural phases and magnetic properties through stoi-

[17-19] Significant room-temperature fer-

chiometric variations.
romagnetism has been observed in monolayer VSe; grown on
van der Waals substrates (such as graphite and MoS,).[*"! And
1T phase multilayer VTe; nanoplates grown via CVD exhibit

the Kondo effect, which is attributed to the localized mag-
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s.?1l By engi-

netic moments from interstitial vanadium ion
neering the van der Waals interactions in 2D vanadium disul-
fide (VS,), both spin properties and the bandgap can be pre-
cisely controlled, along with the development of intrinsic fer-

[22] Interestingly, large

romagnetism and a narrow bandgap.
sulfur vacancies can induce the transition of VS, from the 2H
phase to the 17 phase, forming VsSg, where some vanadium
atoms insert into the van der Waals spaces between layers,
altering the crystal structure and physical properties.>>?4! Tn
V5Sg, the system predominantly exhibits an antiferromagnetic
state, with a thickness-dependent magnetic order, and poten-
tial for nonzero Berry curvature or exotic surface states due
to spin—lattice—electron interactions.>>~>’1 Hence, antiferro-
magnetic VsSg with the unique lattice structure and tunable
magnetism, which is crucial for understanding the interplay
between magnetism and electronic correlation effects, should
be further explored.

In this article, we report the synthesis of Vs, ,Sg single
crystals with different concentrations of self-intercalated vana-
dium by the chemical vapor transport approach (CVT) using I,
as the transport agent. Magnetic measurements reveal an an-
tiferromagnetic transition in Vs ,Sg at ~ 30.6 K, along with
a spin-flop-like transition under a critical field of ~ 3 T in the
low-temperature range of 2 K to 20 K. Low-temperature elec-
trical transport measurements reveal that Vs 1gSg crystals ex-
hibit a large negative magnetoresistance of 12.3% at 2 K under
an applied magnetic field of 9 T. Interestingly, below the criti-
cal temperature, Vs, ,Sg crystals exhibit an obvious resistance
upturn that gradually levels off with increasing magnetic field,
which is attributed to the Kondo effect arising from the interac-
tion between conduction electrons and intercalated vanadium
magnetic impurities. Remarkably, the anomalous Hall effect
(AHE) is observed in V57353 crystals, with an anomalous Hall
conductivity (AHC) of 50.46 Q- !.cm~'and anomalous Hall
angle (AHA) of 0.73% at 2 K, respectively. Our work provides
a valuable platform for understanding the mechanisms of the
Kondo effect and anomalous Hall effect in vanadium-based
transition metal chalcogenides, which is useful to explore the
new spintronics devices with the complex magnetism and elec-
tronic interaction effects in self-intercalated layered materials.

2. Experimental method

Synthesis method The Vs,,Sg single crystals were
successfully synthesized by a chemical vapor transport
approach,> as shown in Fig. S1. First, the raw materials
V and S were mixed in a molar ratio of V: S =5+x: 8 and
sealed together with the transport agent I, in a quartz tube un-
der a high vacuum using a high-temperature flame gun. Then,
the growth of the regular-shaped Vs, ,Sg single crystals was
performed in a temperature gradient from 680 °C to 600 °C
for about a week.

Sample characterizations XRD patterns were acquired
by a Rigaku SmartLab SE x-ray diffractometer with Cu Ko
radiation (A = 0.15418 nm) at room temperature. Crystal
diffraction patterns were recorded with a Bruker DS Ven-
tureSingle. Scanning electron microscopy (SEM) and x-ray
energy-dispersive spectroscopy (EDS) were performed using
a HITACHI S5000 equipped with a Bruker XFlash 6|60 en-
ergy dispersive analysis system. Magnetization measurements
were conducted on single crystals using a vibrating sample
magnetometer (MPMS 3, Quantum Design). Electrical trans-
port measurements were carried out with a Quantum Design
physical properties measurement system (PPMS).

3. Structure characterizations of V5Sg single
crystals

Vs5Sg is a layered material that can be viewed as VS,
intercalated with additional V atoms, crystallizing in a mon-
oclinic structure with lattice parameters a = 11.377 A b=
6.648 A, c =11.291 A, o = y=90°, and B = 91.45°, be-
longing to the space group F2/m.!?8-3% Vanadium intercala-
tion induces a distorted 17 phase in VS, layers, creating struc-
tural complexity with three inequivalent V sites designated as
V(1), V(2), and V(3), as shown in Fig. 1(a), where the inter-
calated V atoms mainly occupy V(1) sites, forming a slightly
distorted triangular lattice. The intercalated V atoms distort
the octahedral coordination of VS, layers, directly giving rise
to an antiferromagnetic order, with spins aligning at a 10.4°
angle from the c-axis due to the induced structural perturba-
tions. The x-ray diffraction (XRD) pattern displays only the
(001) diffraction peaks (Fig. S2), confirming the pure phase of
the as-grown V5Sg and its preferred [001] orientation. The
rocking curve from the (002) reflection (Fig. 1(b)) exhibits
a remarkably small full-width at half-maximum (FWHM) of
~ 0.088°, indicating the high crystalline quality of the as-
grown VsSg crystals. The inset of Fig. 1(b) presents an op-
tical photograph of a typical VsSg single crystal, showing a
regular shape with a lateral dimension of 4 mm. And the
(h0l) plane diffraction pattern exhibits sharp, unsplit diffrac-
tion spots (Fig. 1(c)), also verifying the high quality of the
as-grown VsSg single crystals. The high-resolution transmis-
sion electron microscopy (HRTEM) images and selected area
electron diffraction (SAED) pattern shown in Fig. S3(a) reveal
a lattice spacing of 0.266 nm, which corresponds to the (012)
plane of VsSg.

Meanwhile, we prepared samples with different concen-
trations of self-intercalated vanadium and performed elemen-
tal analysis on each sample using SEM-EDS. The color maps
of V and S show the uniform distribution of elements on the
surface (Fig. S3(b)), and EDS measurements from multiple
regions indicate that the V:S chemical ratios of samples S1—
S4 are approximately 5.04:8, 5.18:8, 5.43:8, and 5.73:8, re-
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spectively, as shown in Fig. S3(c). Subsequently, atomic-
scale analysis was conducted on cross-sectional samples us-
ing aberration-corrected scanning transmission electron mi-
croscopy (STEM) to further evaluate the quality of the syn-
thesized V5Sg single crystals. The STEM high-angle annular

dark-field (HAADF) image and annular bright-field (ABF) im-
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ages of VsSg along the [001] axis, with an overlaid structural
model, reveal a clean ab-plane with a hexagonal lattice struc-
ture (Figs. 1(d) and 1(e)). In addition, the HAADF and ABF
images of V5Sg along the [100] axis, acquired simultaneously,
show an impeccable crystalline structure with no visible de-
fects (Figs. 1(f) and 1(g)).

(d) HAADF image along the [00l] axis (€) ABF image along the [00!] axi

T A
G e L R R R
o " Aqdn"r ‘.r.-

i '

Ty

Fig. 1. Crystal structure characterization of VsSg crystals. (a) The crystal structure of V5Sg extending across two-unit cells. The green-colored
atoms represent intercalated vanadium atoms within the van der Waals gap between two VS layers, contributing to the magnetic moments. (b) The
x-ray rocking curve of the (002) reflection for the V5Sg single crystal, exhibiting a relatively small FWHM of ~ 0.088°. The upper inset presents
the x-ray diffraction pattern and the lower inset displays an optical photograph of the V5Sg single crystal. (c) The (h0!) plane diffraction patterns of
the V5Sg single crystal, showing sharp diffraction spots without splitting. (d) and (e) High-resolution HAADF and ABF images of the VsSg single
crystal along the [00/] zone axis. (f) and (g) High-resolution HAADF and ABF images of the Vs5Sg single crystal along the [/00] zone axis.

4. Magnetic properties and magnetoresistance
of V5Sg single crystals

V;5Sg is alayered van der Waals antiferromagnetic (AFM)
material, with its magnetism primarily originating from the in-
tercalated V atoms between the layers.!?#3% The temperature
dependence of magnetization of Vs ,Sg single crystals under
a field of 0.1 T with the magnetic field (B) along the ¢ axis,
as shown in Fig. 2(a), reveals an antiferromagnetic transition
around 30.6 K (Ty), with distinct magnetization values ob-
served in Vs, ,Sg single crystals with different concentrations
of self-intercalated vanadium, primarily attributed to the mod-
ification of the interlayer magnetic exchange coupling interac-
tion. The field dependence of magnetization (M—H) with the
field along the c-axis at 2 K shows the spin-flop (SF) like tran-
sitions in Vs, ,Sg single crystals with different concentrations
of self-intercalated vanadium (Fig. 2(b)), in agreement with
the previous reported results,!?>28-311 with the critical fields
and the sharpness of the spin-flop transitions showing differ-
ences among the four samples. Figure 2(c) displays the field

dependence of magnetization of Vs o4Sg with B||c at different
temperatures ranging from 2 K to 50 K, showing the spin-flop
transitions below 20 K, while exhibiting a distinct paramag-
netic behavior above 20 K.

The temperature dependence of the resistivity of
Vs,4.Sg single crystals with different concentrations of self-
intercalated vanadium under O T shows a metallic behavior
from 2 K to 300 K (Fig. 2(d)). The first derivative of the re-
SiStiVity (dp/dT) for V5,04Sg, V5,1SSg, V5,43Sg and V5,73Sg
crystals plotted as a function of temperature, exhibits a drastic
change in the slope around 30.2 K, corresponding to the anti-
ferromagnetic transition (the inset of Fig. 2(d) and Figs. S4(a)—
S4(d)). Interestingly, a negative slope in dp/dT is observed
at low temperatures for all four samples (highlighted by the
dashed circles), indicating that the resistivity increases as the
temperature decreases. The magnetic-field dependent magne-
toresistance (MR = [pxx(UoH) — pxx(0)]/pxx(0) x 100%) for
Vs..Sg single crystals with different concentrations of self-
intercalated vanadium at different temperatures from 2 K to
50 K exhibits a nonsaturating negative magnetoresistance be-
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havior (Fig. 2(e)), with the maximum negative MR reaching
12.3% at 9 T for Vs5.13Sg, which is higher than previously re-
ported values in the literature.[>®=3"1 And the magnetoresis-
tance remains nearly constant at low fields before abruptly
dropping at ~ 3 T due to the spin-flop transition, followed by
a quadratic dependence on the magnetic field under high fields
(Figs. S4(e) and S4(f)). Figure 2(f) shows the magnetic-field
dependent magnetoresistance of Vs g4Sg at various tempera-
tures from 2 K to 100 K with B1LI, where a kink at 3.0 T be-
low Ty is attributed to a spin-flop transition,?$*°! and the neg-
ative magnetoresistance effect weakens with increasing tem-

perature. To further investigate the effect of magnetic field
orientation on resistivity, we examined the magnetoresistance
(MR) over an angle range from 0° to 90°, with the magnetic
field rotating in the z—x plane (Fig. S5(a)). The angular de-
pendence of the out-of-plane AMR at different temperatures
from 2 K to 50 K shows the two-fold symmetry under 2 T
(Fig. S5(b)), with an anisotropy value of 0.2% at 10 K. Fig-
ure S5(c) shows the angular dependence of the out-of-plane
AMR under 2 T and 9 T, where a noticeable phase shift in
the AMR is observed between low and high magnetic fields,
which may be attributed to spin-flop transitions.

a : — V5,018 ZFC b — c f
( ) 0.12+ Ty=30.6 K —V‘:Ejs:.FC ( ) 6F Bllc T=2K ( ) 6F V5.0458
g 4
— — V;.1585-ZFC 4+
3 0.09 — V5185 FC ,gﬁ 2
= — V54384 ZFC =
g 0.06 — V54384 FC g 0
et — V57384 ZFC L —9ol
= 0.03 —VenSFC | g
Bl|c —4+
of H=0.1T | : ‘ _gl
0 50 100 150 200 250 —
T (K) H (kOe)
(d) —
280+B=0T BLlI
~VseSs .
—=-V5 18S
g 240 L 5.1898
8 V5.435s —2K
2 VA oK
S 200f T 06 —30K
= T 04 —50 K
a p— 5% 02 100 K
160 3E o
120 = =02 5 400 150 Vs5.015s
0 50 100 150 200 250 300 -9 —6 -3 0 3 6 9 -9 -6 -3 0 3 6 9
T (K) B (T) B (T)

Fig. 2. Magnetism and magnetoresistance of Vs, ,Sg crystals. (a) Temperature dependence of magnetization with ZFC and FC procedures of
Vs.,Sg crystals under 0.1 T, showing an antiferromagnetic transition (7y) around 30.6 K. (b) The field dependence of the magnetization of Vs, ,Sg
crystals at 2 K, displaying a spin-flop-like transition around ~ 3 T. (c) The field dependence of the magnetization of Vs 4Sg crystals at different
temperatures from 2 K to 50 K. (d) Temperature dependence of the resistivity of Vs ,Sg crystals under O T. The inset shows the first derivative of
the resistivity (dp/dT) for Vs 94Sg crystals plotted as a function of temperature. (¢) Magnetoresistance of Vs, Sg crystals under different applied
fields up to 9 T at 2 K for B_LI, exhibiting a non-saturated negative magnetoresistance behavior. (f) The field dependence of the magnetoresistance
of V5.04Sg crystals at different temperatures ranging from 2 K to 100 K, with a maximum negative magnetoresistance of 6.8% at 2 K under 9 T.

5. Kondo effect of Vs ,Sg single crystals

Subsequently, we focused on the low-temperature resis-
tivity upturn behavior. Generally, there are three likely mi-
croscopic mechanisms contributing to the resistivity upturn
at low temperatures, i.e., (i) electron—electron interaction, (321
(ii) weak localization, 33! and (iii) the Kondo effect,>* with

135] while

electron—electron interaction leading to positive MR,
the Kondo effect and weak localization result in negative
MR.?!l Additionally, as the applied magnetic field increases,
the resistivity minima are suppressed in the Kondo effect
and weak localization, while electron—electron interactions
remain unaffected. In the case of Vs,,Sg single crys-
tals, a negative MR is observed (Figs. 2(e) and 2(f)), and
with increasing applied magnetic field, the resistivity up-
turn is suppressed (Fig. S6), thereby ruling out the influence

of electron—electron interactions. Weak localization (WL)

and weak antilocalization (WAL) effects are commonly ob-
served in low-dimensional systems, such as thin films and
nanowires, *%37! due to enhanced scattering that leads to quan-
tum interference. >3 In low magnetic fields, WL induces char-
acteristic features in the resistance, typically manifesting as a
peak near zero field. Moreover, as the magnetic field increases,
the effect of weak localization gradually diminishes due to
the disruption of quantum interference by stronger magnetic
fields.’831 In our case, the absence of a cusp-like feature
in the low-field region of the magnetoresistance curve, along
with the fact that the Kondo effect typically induces negative
magnetoresistance with a quadratic field dependence, allows
us to rule out the influence of WL. Consequently, we attribute
the low-temperature resistivity upturn in VsSg primarily to the
Kondo effect, originating from the interaction between con-
duction electrons and intercalated vanadium magnetic impuri-
ties.
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Fig. 3. Low-temperature resistivity of Vs, ,Sg crystals. (a) The logarithmic low-temperature dependence of resistivity for Vs o4Sg, Vs 13Ss,
Vs543Sg and Vs73Sg crystals without an applied magnetic field, where solid lines represent the fits to the Kondo model. (b) and (c) The
logarithmic low-temperature dependence of resistivity for Vs 04Sg and Vs 73Sg crystals under O T, 3 T, 6 T, and 9 T, respectively. (d) V content
dependence of the fitted Kondo temperature Tk and the spin S of the magnetic impurities, showing that as the V content increases, the Kondo

temperature gradually decreases, while the spin gradually increases.

The low-temperature logarithmic upturn in resistivity can
be effectively described within the framework of the Kondo

effect. The resistivity in the temperature range of 2 to 10 K is

well fitted by the following equation:[?!:40]

Tx

) T ) -1/2
X [In (TK> +S(S+1)m } }, €))

where py corresponds to the residual resistivity, g7 accounts

T
p(T) = po+qT*+pT’ +PK0{1 —In <>

for the Fermi liquid contribution, pT> represents the electron—
phonon contribution, and the fourth term describes the Kondo
resistivity, which follows the Hamann expression. Here, pxy is
the temperature-independent resistivity, 7x denotes the Kondo
temperature, and S represents the spin of the magnetic impu-
rities. Figure 3(a) displays the logarithmic low-temperature
dependence of resistivity for Vs p4Sg, V51858, V5.43Sg and
V57353 crystals without an applied magnetic field from 2 K
to 10 K, in which hollow circles with different colors and
solid lines represent the experimental data and the fitting
curve, demonstrating a good fit to the experimental data. The
low-temperature resistivity of Vs 04Ss, Vs.18Ss, Vs43Sg and
Vs573Sg crystals under O T, 3 T, 6 T, and 9 T (Figs. 3(b),
3(c) and S6) reveals that upon applying a magnetic field, a
broad peak appears, and the resistivity curve progressively flat-
tens with increasing field, indicating the suppression of the

Kondo effect. This behavior reflects the splitting of the Kondo
resonance under the influence of the applied magnetic field.
The temperature-dependent resistivity at different magnetic
fields is fitted using Eq. (1) incorporating a modified Hamann
term[2141]

T
p(T) = P0+61T2+pT5+PK0{1 ~In (T)
K

X [mz (;) +8(S+ 1)n2} _1/2}

L lgirml])

Here, B(x) represents the Brillouin function for S = 1/2,

B(x) = %45-1 coth (%x) - zis coth( Q—ISx), S stands for the spin

(@)

of the magnetic impurity, g denotes the Landé g-factor (with
a value of g = 2), up stands for the Bohr magneton, while kg
refers to the Boltzmann constant.

The fitting results (Fig. S7) show that the Kondo temper-
atures Tk of Vs504Sg, V51858, V543Sg, and V573Sg crystals
are 9.48 K, 9.07 K, 6.56 K, and 6.32 K, respectively, while
the spins S of the magnetic impurities are 0.048, 0.118, 0.115,
and 0.275, respectively. Figure 3(d) shows the V content de-
pendence of the fitted Kondo temperature 7x and the spin S
of the magnetic impurities, showing that as the V content in-
creases, the spin gradually increases, while the Kondo temper-
ature gradually decreases. In a Kondo system, the impurity
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spin (S) interacts with the conduction electron spin (r) of the
host metal via an exchange interaction (J), whose sign dictates
whether the coupling is antiferromagnetic (AFM) or ferromag-
netic (FM). For J < 0 (AFM exchange), the system undergoes
the Kondo screening, where the impurity spin and conduction
electrons form a spin singlet state (S = 0). When the tem-
perature drops below the Kondo temperature (7T < Tx), the
Kondo screening becomes fully established, effectively “hid-
ing” the impurity magnetic moment.!*?! In contrast, for J > 0
(FM exchange), conduction electrons tend to align parallel
to the impurity spin, forming a locally polarized “screening
cloud”. In the low-temperature limit, the impurity spin be-
comes asymptotically free, preventing the formation of Kondo

[42-44] Tn Vs5,,Sg systems, V doping modifies the

screening.
spin exchange interaction balance, with increasing V content
strengthening AFM interactions, which tend to lock local mag-
netic moments, reducing their coupling with conduction elec-
trons. As a result, the local moments in the system are in-
creasingly constrained by antiferromagnetic (AFM) correla-
tions, hindering their interaction with conduction electrons.
This suppression of the Kondo screening leads to a decrease
in the Kondo temperature (7x), weakening the overall Kondo
effect and diminishing the associated resistivity upturn typi-
cally observed at low temperatures.

6. Anomalous Hall effect of V5 73Sg crystals

Subsequently, we conducted a detailed study on the
anomalous Hall signals observed in the Hall resistivity. For
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VsSg system, the intercalated vanadium in the V (1) layer
is the primary contributor to the system’s magnetism. In its
collinear antiferromagnetic (AF) ground state, the net mag-
netization is nearly zero, resulting in a negligible anomalous
Hall effect (AHE). However, upon transitioning to a spin-
flopped state, the increased magnetization enhances the AHE,
driven by the delocalization effect of the flopped moments
from the intercalated vanadium V site.!?>! Figure 4(a) displays
the magnetic-field dependence of Hall resistivity at different
temperatures from 2 K to 100 K with B, exhibiting a pro-
nounced nonlinear behavior below 30 K, primarily attributed
to the contributions from both the normal Hall effect and the
anomalous Hall effect, while above 30 K, the Hall resistivity
shows a linear dependence on the magnetic field, mainly origi-
nating from the normal Hall effect. In general, the formula for
— RuB + pA 1451

Hall resistivity (p,y) can be described as py, N

in which the first term is the normal Hall resistivity (p};) ow-
ing to the Lorentz effect. Figure 4(b) exhibits the magnetic-
field dependence of anomalous Hall resistivity (pfy) at differ-
ent temperatures ranging from 2 K to 26 K, where p}fy is ex-
tracted through linear fitting of the high field part and p)%, is
obtained by subtracting pg,. It is observed that the anoma-
lous Hall resistivity gradually decreases as the temperature in-
creases, with the maximum value reaching 1.04 nQ-cm at 2 K.

Next, we focus on two key parameters, the anoma-
lous Hall conductivity Gg (AHC) and anomalous Hall angle
(AHA). The Hall conductivity (0'3) and longitudinal con-
ductivity (oy,) as the important characteristic parameters are

1.5
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Fig. 4. Anomalous Hall effect of Vs73Sg crystals. (a) Field dependence of Hall resistivity at different temperatures from 2 K to 100 K. (b) Field
dependence of the extracted anomalous Hall resistivity p;} at different temperatures from 2 K to 26 K. (c) Field dependence of the anomalous Hall

conductivity 62 from 2 K to 26 K. (d) Temperature dependence of 6;} and AHA, showing a maximum conductivity value of 50.46 Q~!.cm™!

and AHA value of 0.73% at 2 K.
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—Pxy Pxx [46,47
PP Po PR
in which py, is the longitudinal resistivity, and the AHC Gﬁy

given by oy, = and Oy, = | respectively,

is obtained by subtracting the normal Hall conductivity G)RI,.
Figure 4(c) shows the magnetic-field dependence of 0';; at dif-
ferent temperatures from 2 K to 26 K, where G)@, decreases
with increasing temperature, reaching a maximum value of
50.46 Q~'.cm~! at 2 K. Aside from a large AHC, the V57353
crystals also show an anomalous Hall angle (AHA) defined
by the ratio of 6)’3 /Oxx, where AHA is another important pa-
rameter for scaling the AHE, which provides a foundation for
the relative contribution of the anomalous Hall current to the
longitudinal current. Figure 4(d) shows the temperature de-
pendence of 6)’3 and AHA, indicating that AHA decreases
with increasing temperature, with a maximum AHA value of
0.73% at 2 K. The significant anomalous Hall effect in V5Sg
highlights its decent magnetic transport properties, offering
a promising prospect for exploring the spin transport mech-
anisms in self-intercalated vanadium-based transition metal
chalcogenides.

7. Conclusion

In summary, we have successfully synthesized high-
quality Vs, Sg single crystals with different concentrations of
self-intercalated vanadium by using a CVT approach. Mag-
netic measurements show an antiferromagnetic transition in
Vs5.,Sg around 30.6 K, as well as a spin-flop-like transition
occurring under a critical field of ~ 3 T below Ty. And the
high-quality V5 gSg single crystal exhibits a large negative
magnetoresistance of 12.3% at 2 K under an applied magnetic
field of 9 T. At low magnetic fields, the magnetoresistance
remains nearly constant, decreases suddenly at ~ 3 T due to
spin-flop transitions below 30 K, and follows a quadratic de-
pendence on the field at higher magnetic fields. Interestingly,
Vs.,Sg crystals show an obvious resistance upturn at low tem-
peratures, which gradually levels off with increasing magnetic
field, attributed to the Kondo effect arising from the interaction
between conduction electrons and embedded vanadium mag-
netic impurities. As the V doping amount increases, the an-
tiferromagnetic interactions strengthen, reducing the coupling
between local moments and conduction electrons, which re-
sults in a decrease in the Kondo temperature (7x). Remark-
ably, the anomalous Hall effect is observed in Vs73Sg, with
an anomalous Hall conductivity (AHC) of 50.46 Q lem™!
and anomalous Hall angle of 0.73% at 2 K, respectively. Our
findings provide significant insights into the mechanism of the
Kondo effect and anomalous Hall effect in V5, Sg crystal ma-
terials, advancing the exploration of potential spintronics de-
vices with the complex magnetism and electronic interaction
effects in self-intercalated layered materials.
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