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Dimensional crossover in self-intercalated antiferromagnetic VsSg nanoflakes
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Electronic and magnetic ordered states are strongly correlated to the dimensions of matter. Here we report a di-
mensional crossover in self-intercalated antiferromagnetic VsSg nanoflakes. The transition of three-dimensional
(3D) to two-dimensional (2D) transport, evidenced by thickness-independent conductivity, occurs when the
thickness of VsSg flakes is reduced to ~7.3 nm. At low temperatures, 3D transport follows Fermi liquid
behavior, but 2D transport suggests the emergence of Kondo physics with a logarithmic dependence on the
temperature and a negative magnetoresistance of a 5.0 nm thick VsSg flake at low temperatures for both in-plane
and perpendicular magnetic fields. At temperatures higher than 6 K, the magnetoresistance is positive and
parabolically dependent on the magnetic field, indicating suppression of the antiferromagnetic order. Based on a
simple magnon gas model, a temperature-independent effective magnon moment (~1gup) is extracted from the
Hall coefficient for all V5Sg flakes with different thicknesses. Our results reveal that dimensional crossover plays
an important role in tuning the electronic properties in 2D metallic transition-metal dichalcogenides (TMDs).

DOI: 10.1103/PhysRevB.105.235433

I. INTRODUCTION

Dimensional crossover [1-4] refers to the change of phys-
ical properties of a material as its dimensionality is reduced.
When thinning three-dimensional (3D) bulk materials down
to their two-dimensional (2D) limit, enhanced thermal and
quantum fluctuations can lead to the emergence of exotic
properties, examples of which include quantum critical tran-
sition in 2D Celn; and enhanced thermal conductivity in
graphene [5,6]. Van der Waals—coupled layered materials of-
fer a unique platform for dimensional crossover in which there
is a dominant 2D plane, with the interaction along the third
dimension already weak. The recent discovery of intrinsic
ferromagnetism in few- and monolayer van der Waals crystals
such as Crl; [7], FesGeTe, [8,9], and VSe, [10], has ignited
broad research interest in the evolution of magnetic order
with reduced thickness, interlayer stacking order, and other
competing and coexisting ordered electronic states [11].

Monolayer vanadium-based transition-metal dichalco-
genides VX, (X = S, Se, Te) have been theoretically predicted
to be intrinsically ferromagnetic [12,13]. Ferromagnetism has
indeed been observed in mono- or few-layer VSe, [10,14].
When vanadium ions are intercalated into the van der Waals
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gap between adjacent VX, layers, localized magnetic mo-
ments are induced on the intercalated V sites and Kondo-effect
features are observed in thick VTe, layers [15]. As a self-
intercalated compound, V5Sg is formed by intercalating 25%
excess V atoms into sites in the van der Waals gap between
adjacent VS, layers, possessing a monoclinic crystal structure
[space group C2/m, Fig. 1(a)]. Only the intercalated V atoms
(V1) bear a magnetic moment, while the VS, layers provide
conducting electrons [16], facilitating an antiferromagnetic
(AFM) ordering [17].

The transport behavior has been clarified in the s-d model,
where the conducting charges are scattered from magnons
through the s-d exchange interaction [18,19], or equivalently
referred to as the Kondo model [20]. The Kondo lattice be-
havior in VsSg bulk crystals is revealed by a heavy fermion
(HF) state with large Sommerfeld coefficient [21]. A similar
Kondo effect has also been observed in (Cuy;3V1/3)V2S4 [22].
When the thickness of V5Sg flakes is reduced, the antiferro-
magnetic order is suppressed [23] and a weak ferromagnetic
order emerges at a thickness of 3.2 nm [24]. However, whether
the electron correlation in V5Sg crystals is enhanced or sup-
pressed by dimensional crossover still remains unresolved.

Here we report the observation of dimensional crossover
in VsSg nanoflakes. Measured thickness-independent
conductivity of VsSg flakes shows transition from 3D to
2D below 7.3 nm. By combining analyses of temperature
dependence of the conductance and magnetoresistance, we

©2022 American Physical Society
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FIG. 1. Structural characterization of V5Sg flakes. (a) The atomic
structure of VsSg. Different colors are used to distinguish three
types of vanadium atoms, labeled V', VI, and V™, respectively.
(b) Atomic-resolution STEMADF image viewed along [100] zone
axis, and its (c) corresponding FFT pattern. (d) Simulated SAED
pattern basing on the theoretical VsSg atomic model along [100]
zone axis, (e) enlarged image of the yellow box region in (b), and
(f) simulated image overlaid with the atomic model along [100] zone
axis. Scale bars: 2 nm in (b), 5nm™" in (c), (d).

show that, below 6 K, 3D transport is characterized by typical
Fermi liquid behavior, but 2D transport reveals the emergence
of the Kondo effect. Above 6 K, the antiferromagnetic
order is suppressed and the positive magnetoresistance
is parabolically dependent on the magnetic field. Fitting
the anomalous Hall coefficient to a simple magnon gas
model, a temperature-independent effective magnon moment
of ~ lgup is extracted at temperatures above the Néel
temperature. Our results highlight the role of dimensional
crossover in tuning the electronic properties, phase evolution,
and electron correlations in 2D metallic TMDs.

II. EXPERIMENTAL METHODS

Ultrathin VsSg flakes were synthesized via the chemical
vapor deposition (CVD) method inside a furnace with a 1
in. diameter quartz tube [23,24]. Solid VCl; and sulfur with
evaporation temperature of 300 °C and 150 °C, respectively,
in a mixed Ar/H, (95/5 sccm) carrier gas, were used as
precursors. By varying the location of a SiO,/Si substrate
downstream from the VCl; precursor, the deposition temper-
ature can be tuned from 550 °C to 600 °C and VsSg flakes

with thickness ranging from 5.5 nm to tens of nanometers
and lateral size up to ~20 um can be obtained. The thickness
of the V5Sg flakes was determined with an atomic force mi-
croscope using the tapping mode (Dimension Edge, Bruker).
Atomic-resolution scanning transmission electron microscopy
(STEM)—annular dark field (ADF) images were taken using a
JEOL ARM200F STEM equipped with an ASCOR aberration
corrector operating at 60 kV. The collection angle was 30—
110 mrad in order to enhance the S contrast. The as-grown
VsSg nanosheets were transferred to a precleaned SiO,/Si
substrate by a direct face to face method [25]. Hall-bar de-
vices were fabricated by a standard electron-beam lithography
technique, followed by electron-beam evaporation of Ti/Au
(5/60 nm) electrodes. Considering the possible anisotropy of
conductivity along different axes, the metal contacts were
carefully aligned vertically to the edge when deriving 2D and
3D conductivity. Transport measurements were performed in
a Physical Property Measurement System (PPMS, Quantum
Design Inc.) cryostat. A constant 1 @A ac current above
10 Hz was applied for all the magnetotransport measure-
ments. Transport measurements at high field were done at the
High Magnetic Field Laboratory of the Chinese Academy of
Sciences, Hefei. The temperature-dependent Hall coefficient
(Ry) was obtained at fixed magnetic field, with the tempera-
ture warming slowly enough (0.6 K/min) to ensure accurate
temperature measurement. A symmetrized (antisymmetrized)
procedure was performed to remove the R,, component in the
R, data and the R,, component in the R,, data:

R;%/]m = [ny(/LOH) - ny(_MOH)]/27
R}sg{m = [Ru(poH) + R (—poH)1/2,
MR = [RY™(110H) — Rix(0)] /Rx(0) x 100%.

III. RESULTS AND DISCUSSION
A. Characterization of V;Sg flakes

A typical optical image of VsSg flakes on the SiO,/Si
substrate is shown in Fig. S1(a) in the Supplemental Material
[26]. The crystallographic unit cell of VsSg is schemat-
ically shown in Fig. 1(a). Scanning transmission electron
microscopy—annular dark field (STEMADF) imaging and im-
age simulation were employed to unveil the crystal structure
of the V5Sg flakes. Electron energy loss spectroscopy (EELS)
(Fig. S1(b) [26]) first confirmed that the as-grown flakes
are composed of vanadium and sulfur elements only. The
atomic-resolution STEMADF image [Fig. 1(b) shows that the
as-grown vanadium sulfide flake is homogeneous without any
defects. The single set of spots showing in the fast Fourier
transform (FFT) pattern [Fig. 1(c)] and selected area elec-
tron diffraction (SAED) pattern (Fig. S1 [26]) matches well
the monoclinic structure of VsSg (space group C2/m, a =
11.356 A, b = 6.648 A, ¢ = 11.298 A, B = 90.60°) along the
[100] zone axes [23,24,27,28]. The atomically resolved image
shown in Fig. 1(e) clearly shows well-defined lattice spacings
of 3.4 and 5.7 A, which are consistent with the theoretical
values [Fig. 1(f)] of the interplanar distances of 3.3 A for
(020) planes and 5.7 A for (001) planes in an ideal VsSg
crystal along the [100] zone axis [27,28], as highlighted in the
simulated image [Fig. 1(f)]. In order to further validate that the
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FIG. 2. Dimensional crossover in VsSg thin flakes. (a)
Thickness-dependent conductivity of Vs;Sg flakes at different
temperatures. The arrow indicates the critical thickness (z.). The
inset shows an optical-microscope image of a typical Hall-bar device
on a V;Sg flake. The scale bar is 10 um. (b) Temperature-dependent
resistivity for the thicker flakes. The 3D resistivity is extracted from
linear fitting of conductivity as a function of thickness at above
critical thickness in (b). (c) The Fermi liquid-like behavior (o o T2)
below 30 K in the thicker (>8.6 nm) flakes. The horizontal axis
is plotted as T2. The solid lines are fitting curves. (d) The T>-term
coefficient (A) and Néel temperature (7y) derived from VsSg flakes
with various thicknesses. (e) Temperature-dependent 2D resistivity
of thick V5Sg flakes by subtracting the contributions from 3D bulk.
(f) Temperature-dependent resistivity of thin VsSg flakes. At low
temperatures, linearly fitted curves (yellow lines) show a universal
negatively logarithmic dependence of resistivity on the temperatures,
revealing the presence of Kondo behavior.

as-grown flakes are VsSg flakes, the same analysis was carried
out when the flake was tilted to the [210] plane, as shown in
Figs. S1(c)-S1(g) [26]. Therefore, it can be concluded that the
as-grown vanadium sulfide flakes are VsSg crystals.

B. Dimensional crossover in ultrathin V;Sg flakes

A typical Hall-bar device on a VsSg flake is shown in
the inset of Fig. 2(a). For thick VsSg flakes (=7.7 nm)
the temperature-dependent resistivity exhibits bulk behavior
[21,27]. As the flake gets thinner to ~7.3 nm and below, an
upturn of resistivity emerges and the normalized resistivity R
(2 K)/R (300 K) increases monotonically with temperature,
as shown in Fig. S2(a) [26]. The conductivity scales linearly
with the thickness at different temperatures for VsSg flakes
thicker than 7.7 nm, which is a hallmark of 3D conductivity, as
shown in Fig. 2(a). For thinner VsSg flakes, the conductivity
does not show evident changes with thickness, indicating a

2D transport behavior. In this regard, the conductivity of Vs5Sg
flakes can be described as two independent parallel channels
containing the 2D and 3D contributions, respectively:

o =oop +o3plt — 1), >1, (1)

where ¢ is the total thickness, 7. is the critical thickness, oyp is
the 2D conductivity, and o3p is the 3D conductivity.

The 3D conductivity is extracted from the slope of the
conductivity-thickness curves by linear fitting and the con-
verted 3D resistivity is plotted in Fig. 2(b). The extracted
3D resistivity reproduces well the temperature-dependent be-
havior of bulk single crystals with a residual resistance ratio
[RRR = R(300K)/R(2K)] of 2.5, similar to that reported in
bulk crystals [21,27]. A remarkable decrease of resistivity is
observed in the AFM state with a kink at the Néel temperature
(Ty), which is extracted from the peak of the d p/dT (shown in
Figs. S2(b)-2(j) [26]). Ty decreases as the flakes get thinner,
summarized in Fig. 2(d). For flakes thinner than 7.3 nm, the
local maximum disappears, indicating the breakdown of AFM
order. The critical thickness fp is derived to be ~7 nm at the
emergence of resistivity upturn (see Fig. S2(a) [26]), which
is also confirmed by the deviation from linear behavior in
conductivity-thickness curves, as shown in Fig. 2(a). For thick
VsSg flakes (> 7.3 nm), the resistivity below Ty matches the
Fermi liquid behavior (p = py + AT?) very well, as shown in
Fig. 2(d). The extracted coefficient (A) shows an increasing
trend with reduced thickness [Fig. 2(d)], suggesting enhanced
electron correlations with reduced thickness [5]. However,
when reduced close to the critical thickness, the Fermi liquid
coefficient (A) drops down suddenly, indicating the emergence
of dimensional crossover.

The 2D contribution (pyp) is obtained by subtracting the
3D conductivity from the total conductivity and is plotted in
Fig. 2(e), showing a logarithmic temperature dependence. For
VsSg flakes thicker than 7.7 nm, the 2D resistivity at low
temperatures remains almost constant. For flakes thinner than
the critical thickness, the resistivity scales with the logarithm
of the temperature below 10 K, suggesting a possible Kondo
lattice—like behavior emerges. This dimensional crossover is
revealed with a parallel conductivity model with independent
3D and 2D transport channels. Similar behavior has also
been observed in Kondo systems via substitutional effects
of isoelectric magnetic and nonmagnetic atoms, such as the
Ce(Pt;_,Ni,)Sn and (Ce_,La,);BisPt; alloys [29]. However,
the 2D regime typically comes at much thinner flake of less
than ~3.0 nm for VSe, [25] and Fe;GeTe, [8]. As is known,
the upturn in resistivity at low temperatures could also be at-
tributed to weak localization or impurity Kondo effect [30,31].
To uncover the origin of the resistivity upturn, magnetotrans-
port measurements are performed.

C. Magnetoresistance of VsSg nanoflakes

Figure 3 shows the temperature-dependent resistivity of
V5Sg thin flakes at various magnetic fields. For the 11.5 nm
flake, the kink at 7y is gradually suppressed with increas-
ing magnetic fields, while the Fermi liquid behavior remains
[Fig. 3(a)]. As shown in Fig. 3(d), the extracted T2-term
coefficient (A) (Supplemental Figs. S3(a)-S3(d) [26]) shows a
slight decrease with the increase of magnetic field, suggesting
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FIG. 3. Temperature-dependent resistivity of VsSg flakes with
thickness of (a) 11.5 nm, (b) 7.3 nm, and (c) 5.0 nm at various mag-
netic fields, respectively. (d) The Fermi liquid coefficient A derived
from fitting.

a field-induced metamagnetic state [23]. For the 7.3 nm flake,
the upturn in resistivity below ~10 K gets suppressed with
increasing magnetic field but remains with almost the same
slope at magnetic fields up to 12 T, indicating that the resis-
tivity upturn is neither coming from a weak-localization effect
nor from an impurity Kondo effect. The coefficient A extracted
in the temperature range below Ty (Supplemental Figs. S3(e)—
S3(1) [26]) increases with increasing magnetic field, sug-
gesting enhanced electron-electron correlations. In the
5.0 nm flake, the resistivity changes little with magnetic fields
and the negatively logarithmic dependence on temperatures
below 10 K remains, indicating that after the dimensional
crossover in the VsSg flakes, the electron-electron interaction
is robust upon applying the magnetic field.

With decreasing thickness in VsSg flakes, the spin-flopping
(SF) transition becomes weaker, and the positive MR before
the SF transition disappears, indicating the suppression of
AFM order in thinner flakes, as shown in Figs. 4(a) and 4(b).
An evident SF transition from antiferromagnetic to paramag-
netic phase in field-dependent MR at around 4 T is observed,
as in bulk crystals [32]. With increasing magnetic fields,
MR is firstly positive in the AFM state, and then changes
to negative after the SF transition [32]. Above Ty, MR is
still negative to rather high temperatures. The negative MR
indicates the inelastic scattering of conduction charges by
local moments [19]. However, the MR in the 5.0 nm thick
flake shows negative to positive transition at 4 K, similar to
that reported in a 3-ML (monolayer) VsSeg grown by MBE
[33]. Below 4 K, MR is negative at low fields but starts
showing a positive trend at higher fields. Above 4 K the MR
is positive for all fields. This suggests the negative MR at
low fields is correlated with the —In7" behavior in resistivity.
Notably when the flake is aligned parallel to the field, the MR
behaves very similarly to that perpendicular to the field, as
shown in Fig. 4(d), with the same trend and magnitude. It is
also expected in the case of a Kondo effect with an isotropic
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FIG. 4. Magnetoresistivity in VsSg thin flakes with different
thicknesses at various temperatures. (a) 11.5 nm, (b) 7.3 nm, and
(c), (d) 5.0 nm. The magnetic field is perpendicular to the flake plane
in (a)—(c), and is aligned parallel to the current direction in the flake
plane in (d).

s-d exchange interaction, ruling out the possibility of weak
localization for which the phase interference is sensitive to
field orientation [30]. Signatures of the Kondo effect have also
been observed in bulk VSe; crystals [34] and VTe, nanoplates
[15], which is believed to be due to a slight amount of in-
tercalated paramagnetic V atoms. In the case of VsSg, itis a
naturally self-intercalated system and Kondo lattice behavior
has been found in the bulk crystals [21]. A large magnetic field
is required to observe the MR transition in Kondo systems
since Kondo coupling is remarkably robust upon increasing
magnetic fields [35-37]. Nakanishi ef al. reported the nearly
linear magnetization behavior with the saturation field of
27 T in VsSg crystals [38]. The transport properties of VsSg
thin flakes up to 38 T are shown in Fig. S4 [26]. The MR
changes from negative to positive at 27 T. With the thickness
reduced to 7.3 nm, MR is all negative at high fields.

D. Anomalous Hall coefficient of V5Sg nanoflakes

The anomalous Hall effect (AHE) is not supposed to ap-
pear in collinear antiferromagnetic systems without intrinsic
magnetization [39]. Below Ty, the transition in Hall resistivity
(py) at low fields suggests the SF transition, as shown in
Fig. S4(b) [26]. This is due to the suppression of AFM order
with reduced thickness [23,24]. The temperature-dependent
Hall coefficient at certain external magnetic field is shown
in Figs. 5(a)-5(c) with three V5Sg flakes of thicknesses of
11.5 nm [Fig. 5(a)], 7.3 nm [Fig. 5(b)], and 5.0 nm [Fig. 5c)],
respectively. In the AFM state before the spin-flopping at
relatively small fields and temperatures below the Néel tem-
perature, remarkable deviation from that of the paramagnetic
state is observed in the Hall coefficient. Above the Néel
temperature, the temperature-dependent Hall coefficient stays
the same at different magnetic fields. The onset of sudden
change in the Hall coefficient is marked as the coherent Kondo
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FIG. 5. Temperature-dependent Hall coefficient (Ry) at differ-
ent external magnetic fields of VsSg flakes with thicknesses of
11.5 nm (a), 7.3 nm (b), and 5.0 nm (c), respectively. (d) The
extracted effective magnetic moment of a single magnon at external
field of 9 T based on a magnon gas model.

temperature (7*) [40]. Notably the sign reversal of the Hall
coefficient is found, with the transition temperature about
136 K for the 11.5 nm flake, 116 K for the 7.0 nm flake,
and 119 K for the 5.0 nm flake, respectively, which decreases
with reduced thickness compared to that of bulk crystal
(150 K) [27].

In AHE the Hall resistance Ry, contains the intrinsic mag-
netization part except the ordinary part.

ny = R()B + RA /J,()M. (2)

In V;5Sg bulk crystals the Hall coefficient Ry has been
found to be linearly dependent on the magnetic susceptibil-
ity x [21] and the change of the Hall coefficient is mainly
attributed to the intrinsic magnetization. The magnetic mo-
ment could be extracted by fitting the temperature-dependent
magnetic susceptibility. The magnetization behavior of a V5Sg
bulk crystal follows the Curie-Weiss Law above 140 K while
it deviates from it in the incoherent Kondo regime at low
temperatures [21,41]. In a noninteracting magnon gas model,
the total magnetization can be described by the Langevin
function:

1
M = coth(a) — —, 3
o
MmBiogal
= ol 4
T 4)

where m is the moment of a single magnon, the total magnetic
field is B + AM under the mean-field approximation, and A

is the coupling coefficient. Equation (3) is a self-consistent
equation for M. Once M is solved, R,, can then be written
as a function of the external field (B) and temperature (7). To
simplify the solution, we expand the right-hand side of Eq. (3)
to linear order in M to allow an analytic solution. The Hall
coefficient as a function of temperature (7') and external fields
(B) is found to be

1
Ry = Ry + Ry [COth(ao) — —:|/
e%))

AR m o 1
|:1 + B (sinhz(ao) B %)} ©)

where oy = mB/kgT. The coefficients Rp, R4, m, and A
are fitted to the temperature-dependent Ry curve at 9 T
(Supplemental Table S1 [26]). The effective magnetic moment
m is fitted for each temperature, yielding ~1 gup per magnon
(g is the Landé g factor and up is the Bohr magneton). The
extracted effective moment stays nearly constant at temper-
atures higher than the Néel temperature, and diverges in the
AFM state below the Néel temperature, as shown in Fig. 5(d).
In turn, the nearly constant magnon moment over the temper-
ature range above the Néel temperature and for samples of
different thicknesses confirms our model.

IV. SUMMARY

We have obtained ultrathin V5Sg flakes with atomic-
resolution STM imaging to reveal the intercalated structure.
From the transport studies of various thicknesses, a 3D to 2D
dimensional crossover is found in the temperature-dependent
conductivity with a critical thickness of ~ 7 nm. With reduc-
ing thickness, the AFM order is weakened with the decrease
of Néel temperature. When further reducing to 5.0 nm, the
Kondo effect is revealed with evidence in — In(7") behavior in
resistivity and angular-insensitive MR with field. Moreover,
based on a simple magnon gas model, the magnon moment is
determined from the Hall coefficient. Our results demonstrate
that with reduced dimensions, electron-electron correlations
can be effectively enhanced in a self-intercalated system. This
feature provides another degree of freedom for tuning the
electronically ordered state and phase transition in condensed
matter.
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