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Abstract

VS, and VSe; have attracted particular attention among the transition metals dichalcogenides
because of their promising physical properties concerning magnetic ordering, charge density wave
(CDW), emergent superconductivity, etc., which are very sensitive to stoichiometry and
dimensionality reduction. Yanson point contact (PC) spectroscopic study reveals metallic and
nonmetallic states in VS, PCs, as well as a magnetic phase transition was detected below 25 K.
Analysis of PC spectra of VS; testifies the realization of the thermal regime in PCs. At the same time,
rare PC spectra, where the magnetic phase transition was not visible, shows a broad maximum of
around 20 mV, likely connected with electron-phonon interaction (EP1). On the other hand, PC spectra
of VSe, demonstrate metallic behavior, which allowed us to detect features associated with EPI and
CDW transition. The Kondo effect appeared for both compounds, apparently due to interlayer
vanadium ions. Besides, the resistive switching was observed in PCs on VSe; between a low resistive,
mainly metallic-type state, and a high resistive nonmetallic-type state by applying bias voltage (about
0.4V). In contrast, reverse switching occurs by applying a voltage of opposite polarity (about 0.4V).
The reason may be the alteration of stoichiometry in the PC core due to the displacement of V ions to
interlayer under a high electric field. The observed resistive switching characterize VSe; as a potential
material, e.g., for non-volatile resistive RAM, neuromorphic engineering, and for other nanoelectronic
applications. At the same time, VSe; attracts attention as a rare layered van der Waals compound with
magnetic transition.
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Introduction

Layered transition metal dichalcogenides (TMDs) are class of materials characterized by
their unique structure, composed of stacked two-dimensional layers held together by relatively weak
van der Waals forces, while intra-layer strength is protected by strong covalency. This layered
arrangement gives rise to anisotropic properties, where the physical characteristics can significantly
vary along different crystallographic directions. Depending on the arrangement of the atoms, the
structures of TMDs can be categorized as trigonal prismatic (hexagonal, H), octahedral (tetragonal,
T), and their distorted phase T". Depending on their chemical compositions and structural
configurations, TMDs can be classified as metallic, semimetallic, and semiconducting with varied
band structures, as well, they can demonstrate charge density waves (CDW), diversity of phase
transition, and superconductivity [1].

In recent years, significant progress has been made in understanding and exploiting the
unique electronic properties of these materials [2]. Advanced experimental techniques, such as
angle-resolved photoemission spectroscopy, scanning tunneling microscopy/spectroscopy and
transport measurements, combined with theoretical modeling and simulations, have shed light on the
underlying mechanisms governing the electronic behavior of layered chalcogenides.

TMDs VS; and VSez, composed of vanadium and chalcogen atoms, possess intriguing
electronic properties that have attracted the attention of scientists in recent years. Interesting, that
vanadium dichalcogenides can be in semiconducting as well as in metallic phases. However, the
attractiveness of these two materials lies in the fact that they demonstrate inherent (ferro)magnetic
properties [3], which can significantly expand their potential use as highly efficient functional
nanomaterials that actually revolutionize the development of spintronics.

The electronic properties of layered chalcogenides, including VS, and VSe», can be further
tailored through various methods, such as chemical doping, alloying, or heterostructure engineering.
These approaches allow researchers to manipulate the band structure, modify the charge transport
characteristics, and explore new device design and functionality possibilities.

Znang et al. [4] concluded that bulk and monolayer of VS; in the H- and T-phase are stable,
while they prefer to exhibit the hexagonal H-structure instead of the trigonal T-structure below room
temperature. Gauzzi et al. [5] found that 1T - VSz is nonmetallic and displays no long-range
structural modulations, such as CDW, contrary to marked metallic behavior of the 1T - VS, sample
below 260 K with CDW transition around 300 K, reported by Mulazzi et al. [6].

It is well known that the transport properties of TMDs strongly depend on their
stoichiometry. However, as many studies have reported, it is challenging to grow stoichiometric VS;
because of self intercalation. Thus, according to Ref. [7], self-intercalated by V atoms in the van der
Waals gap 1T-V1+xS2 single crystals with controlled concentration, x = 0.09—0.17 are metallic up to
400 K, with no CDW order. These authors also claim that the stoichiometric (x = 0) phase of VS>
remains little studied because of its thermodynamic metastability, as explained by ab initio
calculations, so, the stable phase is, e.g., x = 0.25 (or VsSg) with the Néel temperature Tn=32K [8].
Variation of VS, properties was observed also for nanosheets with sub-10 nm thickness [9], where
50 nm film shows metallic type of resistivity p(7) similar to a mentioned phase with x = 0.25 (or
VsSs), but p(7) of thinner 6.7 nm film demonstrates nonmetallic behavior resembling data shown in



[5]. Also, recent experiments by Niu et al. [10] point to important role of Kondo physics in the
intercalated VsSg suggesting that itinerant electrons are correlated with enhanced by factor about 1.6
bare electron mass. Thus, the VsSg can be attributed to the category of correlated electronic systems,
where a Kondo lattice may even emerge.

Let’s turn to VSe2. The bulk crystal VSez of 1T-phase has a metallic behavior, while
structural phase transition of VVSe, multilayers can take place from 1T to semiconducting 2H- phase
through annealing at 650 K, which is more thermodynamically 2D favorable than the 1T-phase
according to Li et al. [11]. An interesting feature in the resistivity p(7) of 1T-VSe: is its quadratic
temperature dependence observed below 50 K along with a bend in p(7) around 100 K [12], which
is associated with CDW transition [13]. In addition, signatures of the Kondo effect were found in
VSe; [14] due to presence of magnetic interactions between the paramagnetic interlayer V ions and a
Kondo screening of these V moments.

There are also conflicting reports as to superconductivity in VVSez under pressure. Sahoo et
al. [15] announced that superconducting transition emerges at about ~4 K at pressure ~15 GPa,
while Song et al. [16] reported that the CDW transition shifts gradually to higher temperature with
increasing pressure, but either quasi-hydrostatic or non-hydrostatic compression, no sign of
superconductivity is observed from 2 to 300 K up to 42 GPa.

Accounting for plethora of ground states and size dependent characteristics of VS, and VSe,
along with their emerging magnetic properties, it was challenging to apply Yanson point-contact
(PC) spectroscopy [17] to their investigation. Recently, we studied by this method series of other
TMDs, such as MoTez, WTez, TaMeTes (Me= Ru, Rh, Ir) [18, 19, 20], TiSez, TiSeS, CuxTiSe2[21]
and TiTez [22], where such phenomena as electron-phonon interaction (EPI), emergent
superconductivity, phase transition, resistive switching etc. in restricted PC geometry under high
current density and strong electric field were observed and investigated.

Experimental details

Samples. The single-crystals of VS, were grown by Chemical VVapour Transport technique.
Shiny plate-like crystals up to few millimeter in size were obtained with layered morphology [10].
The as grown crystals show the off-stoichiometry V1.1S, with excess V atoms are intercalated in-
between the layers.

The single crystal growth of VVSe; and the electrical characterization of crystals were
described in detail in the Supplement of [15]). We used VSe: crystals shaped as thin plates with
lateral dimensions ranging from only few mm to as large as 15x10x0.1 mm with RRR (R3o0k/R10k)
about 5. They demonstrate resistance inflection near CDW transition at 110K and strong anisotropic
resistance. Observed resistance upturn below 15 K in Rap was related to Kondo scattering from
interlayer localized V magnetic moments. Above the upturn, between 15 and 36 K, the resistance
follows Rax=Ro+AT" dependence with n=2.93.

Point contact measurements. PCs were prepared by touching of a thin Ag or Cu wire to the
flat surface of a flake, cleaved at room temperature, or by contacting its edge/side with this wire.
Also, so-called “soft” PCs were made by dripping a small drop of silver paint onto the
cleaned/cleaved sample surface/edge. Thus, we carried out resistive measurements on the hetero-
contacts between a simple metal (Ag, Cu or silver paint) and the investigated samples. We measured



the current—voltage 1(V) characteristics of PCs and their first derivatives dV/dI(V) and second
derivatives d2v/dI?(V). The derivatives of I(V) curves were recorded by scanning the dc current |
through PC, on which a small ac current i was superimposed, and detecting the first and second
harmonic of ac signal using a standard lock-in technique. To look for the switching effect, we swept
voltage back and forth across the point contact with increasing its amplitude until resistance
switching was observed. The measurements were carried out in the temperature range from liquid
helium up to room temperature and at a magnetic field up to 15T.

Experimental results and discussion.

dVv/dI(V) PC spectra of VS, can be divided into two groups. The first one demonstrates
nonmetallic dV/dI(V) behavior at low temperatures with a sharp zero-bias peak (see Fig. 1(a)). The
peak is suppressed with increasing temperature and disappears around 25 K. At the same time, a
magnetic field up to 15 T has no significant impact on this peak (see insets in Fig. 1). As it can be
seen from Fig. 1(b), the peak has log-behavior between 0.6-6 mV.
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The second group of dV/dI(V) spectra shows metallic behavior with parabolic-like
minimum on which an addition minimum develops below 25 K (see inset in Fig. 2(a)). Such trans-
formation of dv/dI(V) with temperature is more clearly seen in the second derivatives d?V/dI2(V)
(see in Fig. 2(a) and 3). Figure 3 also demonstrates in more details for another PC the evolution of
the main peak in d?V/d1?(V) with increasing of temperature and magnetic fields. In both cases, this
structure is gradually suppressed by temperature rise and vanishes above 20 K or in a magnetic field
above 10 T. Contrary, Fig. 4 presents a rare d?V/dI1?(V) spectrum with a broad maximum around 20
mV, which survives with temperature rise above 20 K, while zero-bias N-shaped anomaly is
suppressed. Interestingly is, this maximum is in the region of characteristic phonon energies of VS;
[4, 5], and it is connected with EPI in VS,.

We tried to search the switching effect in PCs on VS, similarly as we did in Refs. [20, 21,
22], sweeping voltage to the higher values. As shown in Fig. 2(b), we have observed PC resistance
jumps, but not repetitive states.
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Concerning spectra in Fig. 1 with nonmetallic behavior of dV/dI(V) and sharp zero bias peak.
As mentioned by Gauzzi et al. [5], 1T- VS, demonstrates nonmetallic behavior of resistivity and
displays no long-range structural modulations, such as CDW. Subsequently, Moutaabbid et al. [7]
reported that the metallic type phase of VVS; appears with excess V. In addition, Ji et al. [9]
demonstrated measurements on crystalline VS, nanosheets with “excellent electrical conductivities,
where their resistance behavior changes from metallic to nonmetallic by decreasing their thicknesses
from 50 nm to 6.7 nm. Thus, all these show a strong dependence of VS, properties on sample
preparation method (quality and stoichiometry), which, in our case, results in variation of dv/dI(V)
behavior in different PCs. Thus, the nonmetallic type of our dV/dI(V) curves may be due to a more
stoichiometric condition of VS; in the PC core. And vice versa, the metallic type of dV/dI(V) is
characteristic for PCs with excess of interlayer V atoms.

Let us consider the origin of minimum in metallic type dV/dI(V), which appears below 25
K and deepens with decreasing temperature (see Figs. 2 & 3). Yanson PC spectroscopy considers
three regimes of electron transport in PCs: ballistic, diffusive, and thermal [17, 23]. The first two
take place in PCs when the inelastic mean free path of electrons is larger than the contact size. Only
in this case spectroscopy is possible, while electrons gain excess energy exactly equal to eV (e is the
electron charge) by applying voltage V to PC and can create quasiparticles with a certain energy by
scattering. On the contrary, in the thermal regime, when the inelastic mean free path of electrons is
smaller than the contact size, electrons lose their excess energy within PC, and Joule heating occurs.
In the case of the fulfillment of Wiedemann-Franz law, the temperature in the PC (Trc) in this
regime increases with a bias voltage as [24]:

T2pc= T2atn +VZ/4L, (1)

where Tpat is the temperature of environment, L= n?kg?/3e? is the Lorenz number. At high voltage
eV>>KkgThath OF at low temperature Thath, Tec rises linearly with a voltage with a rate 3.2 K/mV for
standard Lorenz number Lo=2.45-10% V2/K?,

Here we must note that the inelastic mean free path of electrons in PC depends on voltage.
At low voltages, electrons do not get enough energy to create quasiparticles and scatter, but with
increasing voltage, the probability of scattering increases and the inelastic mean free path begins to
decrease. That is the same PC can demonstrate spectral characteristics at low voltages and transition
to a thermal regime with voltage increase as was shown in the example of ordinary ferromagnetic
metals [24].

In general, in the thermal regime, dV/dI(V) mimics resistivity p(7) behavior considering
the relation between V and T according to Eq. (1). To be more accurate, dv/dI(V) can be calculated
from the equation for 1(V) curve, which was obtained in the thermal regime [24]:

1
dx
I(V)=Vd ,
!p(T oc (1= X*)"%)
where d is the PC diameter and p(7) is the resistivity. As follows from the literature data, p(7) in
VS strongly depends on the quality of samples, e.g., stoichiometry [7], and varies for thin films [9].
From these two references, we found that dV/dI(V) (see inset in Fig. 2(a)) is similar to p(7) of VsSs
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(or V1.25S2) [8] or to p(T) of 50 nm thick film [9], where both of curves show a kink in p(7)
attributed to magnetic transition.

So, to calculate dV/dI(V) from Eq. (2), we used the resistivity p(7) of 50 nm thin film
from [9]. To fit the position of the kink in dV/dI(V), we used Lorenz number L=1.2Lo. To describe
the minimum depth, we alter residual resistivity to po = 5.7 mQ-cm, and to get correct zero-bias
resistance of PC, we used diameter d=1.7 um. As a result, the theoretical curve in the inset of Fig.
2(b) describes quite reasonably the experimental dV/dI(V). Thus, we confirm the realization of the
thermal regime by calculations. Also, the position of distinct peculiarities like kink (maximum) in
dv/di(V) (d?V/dI2(V)) shifts with temperature linearly versus temperature in V2 vs T2 coordinates
according to Eq. (1), as it is seen in inset of Fig. 3(b).

The magnetic origin of the minimum in dV/d1(V) or the maximum in d2V/dI?(V) confirms
their suppression by magnetic field in Fig. 3(b). Similar suppression of peak in d2v/dI?(V) by
temperature and in magnetic field was observed in PCs for another material with antiferromagnetic
transition, namely, for nickel borocarbide HoNi2B2C with Tn=5 K (see Fig. 5 in [25]). Suppression
of broad minimum in dVv/dI(V) with temperature rise above 100 K was also reported for PCs on iron-
based superconductor Bai-xNaxFe2As, with antiferromagnetic state below 120 K (see Fig. 1 in [26]).

Returning to the spectra in Fig. 4, let us notice that d?V/dI?(V) represents the EPI function
in Yanson PC spectroscopy [17]. Therefore, the broad maximum around 20 mV followed by a
featureless background above maximal phonon energy (marked by arrows) in VS [4, 5] reflects EPI
in this material.

dv/dl(V) PC spectra of VSe> are shown in Figs. 5 and 6. dV/dI(V) demonstrates parabolic-
like dependence at low voltages with zero bias maximum (inset of Fig. 5(a) ), which intensity varies
for different PCs (compare dV/dI(V) in the inset of Fig. 5(a) with Fig. 6(a)). This maximum is very
likely connected with the Kondo effect [17, 28], due to the presence of interlayer V ions, which can
provide the localized magnetic moments [14, 15, 29]. Zero-bias maximum on dV/dI(V) results in a
pronounced N-shaped feature in d2V/dI?(V) (see Fig. 5(b)). The latter also contains a blurred
structure, which transforms into a broad maximum at around 20 mV after the subtraction of the
linear background shown by the dashed line in Fig. 5(b). It is logical to use such type of background
for d?Vv/dI2(V), considering that dV/dI(V) can be fitted well by parabola (see inset in Fig. 5(a)). The
blurred structure vanishes above 40 mV, which corresponds to the maximal phonon energy in VSey,
according to [27]. The position of the broad maximum around 20 mV and a less pronounced
shoulder/kink around 10 mV correspond well to the main maximum and to several sharp maxima
around 10 meV in the EPI function presented in [27]. Therefore, it is natural to suppose that the
observed structure in d2V/dI2(V) reflects an EPI in VSe;. It is interesting that the main peak of EPI
function in clean vanadium is also at 20 meV, and the maximal phonon energy is about 35 meV
[30].

Yanson PC spectroscopy was used by Kamarchuk et al. [31] to study EPI in 1T-VSea.
Their d?v/dI?(V) demonstrates a huge peak around 6 mV followed by non-conventional as for EPI
PC spectra puzzle structure up to 90 meV, which is more than twice as much as the maximal phonon
energy, according to [27]. Therefore, we have doubts about their interpretation of these data as
related to EPI in VSe.. The authors of Ref. [31] also show d?V/dI?(V) similar to that in Fig. 5(b) with



close to zero-bias minimum (they demonstrate d?v/dI?(V) only for one polarity), however, they
interpret such a curve as “inverse” EPI spectrum. As mentioned above, this feature corresponds to
zero-bias maximum in dV/dI(V) and is likely connected with a Kondo effect in VVSe; observed in
[14, 15, 29].
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At higher voltages, dV/dI(V) shows broad humps above £100 mV, which disappears
when reaching 100 K (see Fig. 6(a)), that is where resistance inflection connected with CDW
transition occurs in p(7) [12, 13, 14, 16, 29]. Similar humps connected with the CDW transition
were found in our PC investigations of TiSe, [21]. At even higher voltages, dV/dI(V) demonstrates
again metallic upturn. Interestingly, this inflection in p(7) transforms into an N-shaped feature with
maximum around 80 K as shown in Fig. 2s of the Supplement [15], which grows and shifts to
higher temperatures under pressure [16]. So, in general, the behavior of dV/dI(V) resembles p(7),
which indicates the implementation of the thermal regime at higher voltages. This is expected,



considering the very high residual resistivity of about 10 Q-cm and the short mean free path of
electrons in VVSez, which can approach the lattice constant [32]. In fact, we detected the CDW
transition in our spectra.

We observed also resistive switching for several VSe, PCs, which is shown in Fig. 6(b).
The voltage range and shape of the switching loops are similar to that observed in other TMDs, such
as MoTez, WTez, TaMeTes (Me= Ru, Rh, Ir), TiSez, TiSeS, CuxTiSez, TiTez, which we investigated
in [20, 21, 22]. Such similarity may indicate that the nature of the switching is connected with
reversible modification of the crystal structure of VVSe; in the PC core apparently due to
displacement of V ions to interlayer under a high electric field. We revealed resistive switching by
using Ag or Cu as counter electrodes, which prevents the formation of conductive dendrites in the
case of Cu, as is possible in the case of electrochemically active Ag [33]. That is, observed
switching is not due to the emergence of dendrites. Unfortunately, we haven't been able to keep PCs
stable at temperature rise, to look for the evolution of the switching loop from helium up to room
temperature, but, in general, the amplitude of the switching loop is decreasing while temperature
increases.

Conclusion

We applied Yanson PC spectroscopy method to study the electronic properties of layered
VS, and VSe; compounds. Both metallic and nonmetallic like phases were observed in the case of
VS,. Magnetic phase transition was registered below 25 K for the metallic phase. Because of
magnetic phase transition, EPI features were not resolved in PC spectra, while the rare PC spectra,
where the magnetic transition was not visible, shows a broad maximum of around 20 mV apparently
connected with EPI. We also identified the contribution of phonon modes to EPI in VSe, around 10
and 20 mV. Additionally, features connected with CDW transition were registered in dVv/dI(V) of
VSe, above 100 mV. Kondo-like zero-bias maximum is resolved in dV/dI(V) of both compounds,
evidently due to interlayer vanadium ions. Development of the thermal regime with an increase of
voltage is characteristic for PCs of both compounds. Remarkably, reversible resistive switching in
PCs on VSe was revealed around +/- 400 mV, while in the case of Sz, only instability of PC
resistance was seen at high voltage. From this perspective, VSe> may be attractive for resistive
memory applications, nanoscale electronics etc. At the same time, VS, draw attention as a rare van
der Waals TMD with magnetic properties favorable for spintronics. The measured variety of the PC
spectra testifies about the strong dependence of electronic properties of both compounds on
stoichiometry, induced vacancies, interlayer ions, etc., which allow us to realize and observe
different prospective ground states.
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