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ABSTRACT: We report the chemical vapor deposition
(CVD) growth, characterization, and low-temperature mag-
netotransport of 1T phase multilayer single-crystalline VTe,
nanoplates. The transport studies reveal that no sign of
intrinsic long-range ferromagnetism but localized magnetic
moments exist in the individual multilayer metallic VTe,
nanoplates. The localized moments give rise to the Kondo
effect, evidenced by logarithmical increment of resistivity with
decreasing temperature and negative magnetoresistance
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(NMR) regardless of the direction of magnetic field at temperatures below the resistivity minimum. The low-temperature
resistivity upturn is well described by the Hamann equation, and the NMR at different temperatures, a manifestation of the
magnetization of the localized spins, is well fitted to a Brillouin function for S = 1/2. Density functional theory calculations
reveal that the localized magnetic moments mainly come from the interstitial vanadium ions in the VTe, nanoplates. Our results
will shed light on the study of magnetic properties, strong correlation, and many-body physics in two-dimensional metallic

transition metal dichalcogenides.
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ecent discovery of intrinsic ferromagnetism in few-layer

two-dimensional (2D) van der Waals crystals, such as
Crl; and Cr,Ge,Teg,”” has inspired active research in
enriching the library of 2D magnetic materials.”> Theoretical
calculations have predicted that monolayer vanadium-based
transition metal dichalcogenides (TMD) with chemical
formula of VX, (X = S, Se, Te) are intrinsically
ferromagnetic. =10 Strong room-temperature ferromagnetism
has been observed in monolayer VSe2 grown on HOPG and
MoS, by molecular beam epitaxy.'' However, the ferromag-
netic order in VSe, diminishes rapidly as the layer number
increases, and bulk VSe, is considered paramagnetic. Magnetic
properties in bulk VSe, are attributed to the interstitial
vanadium ions."”™"® The interstitial vanadium ions provide
local magnetic moments due to localized 3d electrons, and the
localized magnetic moments induced Kondo effect in bulk
VSe, has been observed.'® A lattice of interstitial vanadium
ions in VSg (or V,,5VS,) gives rise to antiferromagnetic
ordering in bulk and weak ferromagnetism in ultrathin VSg
flakes.'”'® However, whether the local magnetic moments will
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be formed by interstitial vanadium ions in VTe, remains
elusive."”

Dilute magnetic impurities in a metal will lead to the Kondo
effect.”” The Kondo effect is a many-body interaction between
conduction electrons of nonmagnetic host and local moment
of individual magnetic impurity through s-d exchange
interaction, which leads to a resistivity minimum well
described by Ap = —c In T, where T is the temperature and
¢ is a parameter depending on the host metal and the species
and concentration of magnetic impurities.zo’21 This expression
is only valid for temperatures well above the characteristic
Kondo temperature Ty, as the Ruderman—Kittel-Kasuya—
Yosida (RKKY) interaction between the dilute magnetic
impurities through the conduction electrons can be neglected
at the temperature around and above Ty.”” The impurities are
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Figure 1. VTe, nanoplates grown by a sublimed-salt-assisted atmospheric pressure CVD method. (a) Atomic model of 1T phase VTe,. (b) Optical
image of the hexagonal-shape VTe, nanoplates grown on mica. The black line is a vertical standing VTe, nanoplate. (c) AFM image and height
profile of a VTe, nanoplate with a thickness of 75.5 nm. (d) Room-temperature XRD pattern of the VTe, nanoplates.

paramagnetic at the temperature above Tyx. However, for T <
Ty the spin of magnetic impurities will be compensated
forming a many-body singlet ground state, the Kondo singlet.
Resistivity saturates toward T — 0 K due to the nonmagnetic
scattering of the Kondo singlet. Dilute magnetic impurities are
typically introduced by defects or magnetic dopants.”*~>’ As
mentioned above, the unpaired d-electron of vanadium ions,
particularly the interstitial vanadium ions, in VX, can give rise
to localized moments or even magnetic ordering. Predictably, a
trace amount of interstitial vanadium ions in VX, will lead to
the Kondo effect.'”'” Quite recently single-crystalline VTe,
nanoplates with thickness ranging from ~90 to 8 nm have been
grown by chemical vapor deposition (CVD) and room-
temperature ferromagnetism is observed.”® However, the
magnetic properties are obtained in samples of VTe,
nanoplates with various thicknesses and sizes. Magnetic
properties of individual VTe, nanoplates, particularly studied
by transport, and the origin of magnetic moments remain
elusive.

Here, we report the preparation, characterization, and low-
temperature magnetotransport of high-quality single-crystalline
1T phase multilayer VTe, nanoplates. The VTe, nanoplates
are grown by a sublimed-salt-assisted atmospheric pressure
CVD method and characterized by optical microscope (OM),
atomic force microscopy (AFM), X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM). Low-temperature transport studies demonstrate that
all the multilayer VTe, nanoplates are metallic and no
signature of long-range ferromagnetic order exists. Instead,
localized magnetic moments are presented in the individual
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multilayer VTe, nanoplates, which lead to the Kondo effect.
The Kondo effect is manifested by low-temperature upturn in
resistivity and negative magnetoresistance (NMR) independ-
ent of the direction of magnetic field. Scattering of conduction
electrons by the localized magnetic moments through isotropic
s-d exchange interaction leads to the resistivity minimum and
NMR at low magnetic fields, both of which are analyzed within
the framework of the Kondo model. Density functional theory
(DFT) calculations demonstrate that interstitial vanadium ions
in VTe, provide the localized moments.

1T phase multilayer VTe, nanoplates were synthesized by a
sublimed-salt-assisted atmospheric pressure CVD method.”
Tellurium lump and finely ground V,05/NH,Cl (1:20, wt)
powder were used as the tellurium source and vanadium
source, respectively. VTe, nanoplates were grown at the
temperature of 750 °C in 20 min followed by rapid cooling
down to room temperature with 300 sccm hydrogen/argon
(1:9, v/v) as carrier gas in the whole process. Before growth,
the furnace was first evacuated by a rotary pump to remove any
residual air in the system and then filled with the carrier gas to
atmospheric pressure. The evacuation process is of vital
importance to the growth of VTe, nanoplates. No VTe,
nanoplates or VTe, nanoplates with poor quality will grow
without the pre-evacuation process. Some VTe, nanoplates
grow vertically on the substrate, which makes the transfer of
VTe, nanoplates to other substrates much easier without any
contamination.

Figure la shows the atomic structure of 1T phase VTe,. It
crystallized in a trigonal layered structure in the space group
P3m1 (164) with lattice constants of a = b = 3.636 A and ¢ =
6.51 A’® Each monolayer is composed of a layer of
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Figure 2. TEM characterization of the single crystallinity of the as-grown 1T phase VTe, nanoplates. (a) Low-magnification TEM image of a VTe,
nanoplate and the corresponding EDS elemental mapping images of (b) vanadium (V) and (c) tellurium (Te) for the upper right corner of the
nanoplate in (a). Inset in (a) is the SAED pattern of the nanoplate. (d) Low-magnification and (e) close-up HAADF-STEM images of the VTe,
nanoplate viewed along the (001) zone axis. The Te atoms are the brighter columns, whereas the V columns show weak contrast. Green and red
dots correspond to Te and V, respectively. (f) HAADF-STEM image acquired simultaneously during EELS mapping. EELS mapping of the (g) V
L,; edge, (h) Te M, edge, and (i) RGB colored map enhancing the contrast of the V and Te maps. V is red and Te is green.
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Figure 3. Low-temperature transport properties of the multilayer VTe, nanoplates. (a) Temperature-dependent resistivity (p—T) for the device
with optical image showed in the inset. (b) Logarithmic low-temperature-dependent resistivity under different magnetic fields. Solid lines are fits to
the Kondo model. Relative magnetoresistance (MR) at different temperatures with the magnetic field (c) perpendicular (transverse MR) and (d)
parallel (longitudinal MR) to the plane of the sample, respectively. (e,f) Transverse and longitudinal MR with low magnetic field fits (solid lines) to
expression MR (%) = aH* + b at 1.9 and 20 K respectively.
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hexagonally arranged vanadium ions, sandwiched between two
layers of tellurium ions in octahedral coordination. The layers
are held together via weak van der Waals forces. Figure 1b
shows a typical optical image of the VTe, nanoplates grown on
mica. The as-grown multilayer VTe, nanoplates are usually in
hexagonal or semihexagonal shape, whereas for ultrathin VTe,
nanoplates they are usually suborbicular (Figures 1b,c and S2—
S6). Room-temperature XRD pattern (Figure 1d) of the VTe,
nanoplates with various thicknesses and shapes agrees well
with that of 1T phase VTe,,™® suggesting that all the VTe,
nanoplates share the same 1T phase crystalline structure. The
VTe, nanoplates may segregate from tellurium liquid drops via
a vapor—liquid—solid growth mechanism, which is shown in
Figure S2b. The single-crystalline structure of the 1T phase
VTe, is further confirmed by TEM as shown in Figure 2.
Energy dispersive spectrum (EDS) mappings of vanadium and
tellurium show uniform distribution of the two elements
(Figure 2b,c). The atomic ratio of tellurium and vanadium is
close to 2:1, as shown in Figure S4e. Selected-area electron
diffractions (SAED) show clear spots and are almost the same
orientation at different locations of the VTe, nanoplate
(Figures 2a (inset) and SS), which demonstrates the single-
crystalline nature of the VTe, nanoplate. Atomic-resolution
high-angle annular dark-field scanning TEM (HAADF-STEM)
images in Figures 2d,e and S7 show the perfect atomic
structure of the as-grown VTe, nanoplates. The 1T structure of
VTe, is further supported by HAADF-STEM and electron
energy loss spectrometry (EELS). It can be seen in Figure 2f—i
that tellurium atoms (brighter columns) form a hexagonal ring
with the weaker contrast vanadium columns in the center of
the ring. There are no vanadium vacancies, tellurium vacancies,
and other defects in all the examined VTe, nanoplates,
demonstrating the high quality of the as-grown VTe,
nanoplates.

To investigate the low-temperature transport properties of
the as-grown VTe, nanoplates, Hall bar devices were fabricated
by standard electron beam lithography (EBL) technique. The
inset in Figure 3a shows the optical image of a VTe, nanoplate
device with the nanoplate thickness of about 87 nm (Figure
S10a). Temperature-dependent resistivity (p—T) in Figure 3a
demonstrates the metallic properties of the VTe, nanoplate
with a relatively low residual resistivity ratio (RRR = p3o9 /P2x
= 4.58), which is most likely due to the presence of a slight
amount of interstitial vanadium ions.'”** At high temperatures,
the resistivity increases linearly with temperature due to
phonon scattering. At low temperatures, the resistivity upturn
arises and the resistivity minimum appears at about 8 K (T,,).
When applying a strong magnetic field, the resistivity upturn is
suppressed as seen in Figure 3b. Usually, resistivity upturn
caused by the Kondo effect and weak localization effect
disappears under a strong magnetic field, whereas that caused
by electron—electron (e—e) interactions cannot be affected by
magnetic field.* ~** To find the origin of the resistivity upturn,
magnetoresistance (MR) was measured at different temper-
atures. Figure 3c shows the transverse MR, which is measured
under the magnetic field perpendicular to the electrical current
and the ab plane of VTe, nanoplate. For T < T, VTe, exhibits
negative MR (NMR) at low fields. As shown in Figure 3c, the
magnetoresistance becomes less steep for high magnetic fields
and saturates in fields above about 5 T, exhibiting a crossover
from NMR to positive MR. The magnitude of NMR decreases
with increasing temperature. When T > T, the NMR vanishes
and positive MR gradually appears. When the magnetic fields
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are parallel to the electrical current and ab plane of VTe,
nanoplate, the longitudinal MR is still negative at low
temperatures (Figure 3d). Figure 3e demonstrates that both
the transverse and longitudinal NMR are almost the same and
the NMR varies quadratically with increasing magnetic field at
low fields. When the contribution of positive quadratic
ordinary MR is subtracted in the transverse MR, the transverse
and longitudinal NMR are almost exactly the same (Figure
S9). However, the positive transverse and longitudinal MR are
quite different (Figure 3f). The positive MR is suppressed
when the magnetic field is parallel to the electrical current. In
other words, the NMR is isotropic and independent of the
direction of the magnetic field. However, NMR due to weak
localization is anisotropic and vanishes when the magnetic field
is parallel to the electrical current.”* As a consequence, the
upturn in resistivity and NMR at low temperatures are
attributed to the Kondo effect in which conducting electrons
are scattered by localized magnetic moments through isotropic
s-d exchange interaction.

The logarithmic upturn in resistivity at low temperatures can
be fitted within the framework of the Kondo effect. The
resistivity at temperatures ranging from 1.9 to 20 K can be well
fitted with the equation®*°

p(T) =p, + qu + pT5
T T o
+ 1 = In|— ||} =]| + S(S + 1)z*
Pro [TK] (T] ( ) l

K

where the first term is the residual resistivity, the second term
represents the Fermi liquid contribution, the third term
represents electron—phonon contribution, and the fourth term
is the Kondo resistivity, which is described by the Hamann
expression, where, py, is temperature-independent resistivity,
Ty is the Kondo temperature, and S is the spin of the magnetic
impurities. From the fit, Ty ~ 6.2 + 045 K and S ~ 0.12 +
0.04 are obtained. As shown in Figure 3b, when the magnetic
field is applied, broad peaks appear below Ty, and the
resistivity curve flattens out with increasing field. This reflects
the sglitting of the Kondo resonance by an applied magnetic
field.”*” The temperature dependent resistivity under differ-
ent magnetic fields are fitted using eq 1 but with a modified
Hamann term”’

(1

T
p(H, T) = pyoy1 — ln(—]
TK

-1/2
llnz[TlK] + S(S + l)nz}

d1 = B? ﬂ
k(T + Ti) )
where B(x) is a Brillouin function for § = 1/2,
B(x) = 252; ! coth(zs;sr lx) - % coth(%x), S is the magnetic
impurity spin, g is the Lander factor and g = 2, yy is the

Bohr magneton, and kg is the Boltzmann constant. However,
because the temperatures are still around or above Ty, no
saturation of resistivity is observed in the absence of magnetic

field.
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In spin-scattering models, the NMR is a function of
magnetization of localized magnetic moments. It varies linearly
with the square of the effective magnetization
o0 L _o=r0) _ e

p p(0)
on the magnetic field —% = $(T)H* at different temper-

and is parabolically dependent

atures.””*” The coefficient S(T) is temperature-dependent and

proportional to the square of the susceptibility of localized
f(?).ﬁm’41 The value of S(T) can be
extracted by fitting the NMR at different temperatures. Figure

4ab shows the temperature-dependent S(T) and S(T)™"/>
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Figure 4. Low-field NMR characteristics at low temperatures.
Temperature dependence of the parameter (a) S(T) and (b)
[S(T)]™"? obtained from fits of the low-field NMR at different
temperatures. Solid lines in (a,b) are inversely quadratic and linear fit,
respectively. (—Ap/p,)"/? plotted as symbols versus (c) H and (d) H/
T respectively. Solid lines in (c) are Brillouin function fits with S = 1/
2. All the curves at different temperatures are superimposed together
in (d) and can be well fitted by a Brillouin function with S = 1/2.
Quadratic ordinary magnetoresistance obtained by fitting the high
field data have been subtracted.

respectively. It can be seen that S(T) is inversely quadratically
dependent on temperature or S(T)™'/*

temperature, S(T)_l/2 « (T + T;). This resembles the

is proportional to

. . c . .
Curie—Weiss law y = P where y is the magnetic
C

susceptibility, C is the Curie constant, and T is the Curie
temperature. The fit in Figure 4b corresponds to a value of T
= 0.76 K. The positive T suggests the antiferromagnetic
coupling between the localized magnetic moments at T < T¢.*
However, the localized magnetic moments are paramagnetic at
T > T¢. The magnetic field dependence of square root of NMR
is plotted in Figure 4c. It can be well fitted by a Brillouin
function with § = 1/2. All the curves at different temperatures
collapse onto one single scaling curve in Figure 4d. The scaling
curve in Figure 4d can only be well fitted by a Brillouin
function for S = 1/2
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scatter center is guy/S(S 4+ 1) = 1.73 uy, assuming quenched

orbital moment, which agrees well with the value of
intercalated vanadium ions in VX, ranging from 1.4 to 2.49
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To reveal the origin of the localized magnetic moments,
density functional theory (DFT) calculations were performed.
Three types of defect were introduced to understand the
stability and magnetic moment that can be brought with
defects, that is, tellurium single vacancy (Vr,.), vanadium single
vacancy (Vy), and interstitial vanadium ion at interlayer space
(Vinter)- The atomic configurations of three types of defect are
demonstrated in Figures Sa and S15, and the calculated
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Figure S. Structure model and DFT simulations of vanadium ions
intercalated VTe,. (a) Atomic structure of vanadium ions intercalated
VTe,. (b) Total, V-3d, and Te-Sp orbitals projected DOS of
vanadium ions intercalated VTe,. The Fermi level is set to zero.
Positive and negative DOS correspond to spin-up and spin-down
components, respectively.

magnetic moments are demonstrated in Table 1. To evaluate
the defect formation energy, the chemical potential of vana-
dium rich (V-rich) and tellurium rich (Te-rich) environment
are set as the energy per atom in the corresponding elemental
phase of vanadium and tellurium, respectively. It can be
inferred from Table 1 that in a V-rich environment, the V.,
defect has the lowest formation energy, which indicates that
when vanadium source is excessive, or locally excessive, the
Vineer defect is mostly likely to form thermodynamically. This
agrees well with the fact that the V=X (X = S, Se, Te) systems
tend to form self-intercalated compounds.”> Furthermore,
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Table 1. Calculated Formation Energy and Magnetic
Moment for Different Defects

formation energy

(eV)
magnetic moment moment difference
configuration ~ V-rich  Te-rich (up) (ug)
perfect VTe, 1.30
Ve 088  —0.40 021 ~1.09
Vy 0.25 —0.72 1.30 0
Vinter —1.03  —0.05 2.03 0.73

Vineer leads to the enhancement of magnetic moment of 0.73
Hp, which mainly provides the local moment leading to the
Kondo effect. The projected density of states (PDOS) of the
defect-free VTe, and the three defect complexes are calculated
and demonstrated in Figures 5b and S15. The defect-free VTe,
is spin polarized and ferromagnetic due to the unpaired 3d'
electron of each vanadium ion in VTe,, whereas the
contribution of the tellurium anion is small (Figure S15b). It
is consistent with the calculated magnetic properties of bulk
VS, and VSe,.”***> However, a previous report indicates that
the ferromagnetism is suppressed by the charge-density-wave
state, and no intrinsic ferromagnetic ordering is observed in
VTe,, even in the monolayer limit.*’ Although we do not have
direct evidence on the presence of charge-density-wave state in
our VTe, nanoplates, to clarify the competition between the
ferromagnetism and charge-density-wave in VTe, further
studies are needed. When defects are introduced, the spin
polarization changes with respect to the defect configurations.
For vanadium and tellurium vacancy, the spin polarization
weakens (Figure S15d,f). However, for vanadium ions
intercalated VTe,, the spin polarization is enhanced and is
the largest among all the samples. As shown in Figure Sb, the
DOS of vanadium ions intercalated VTe, demonstrates a
significant asymmetry between the spin-up and spin-down
states. As a consequence, we believe that the localized
magnetic moments mainly originate from the interstitial
vanadium ions. The interstitial V ions may come from the
nonuniformly distributed vanadium precursor or fluctuations
in growth parameters such as growth temperature and carrier
gas, because of their low formation energy. It is also supported
by the fact that interstitial vanadium ions provide localized
magnetic moments in VSg and VSe,.'*** We tried to find the
interstitial vanadium ions through HAADF-STEM image (Fig-
ure S7), unfortunately, we did not find a clearly resolved image
to show the existence of the vanadium interstitials, which is
probably due to the fluctuation of distributed V interstitials
and the interstitials are in very small portion in the VTe,
nanoplates.

No change of the resistivity upturn and NMR in the VTe,
devices after stored for half a year suggests that the localized
magnetic moments are not introduced by vanadium and
tellurium vacancies (Figure S10). The degradation of VTe,
during storage, which may introduce vanadium and tellurium
vacancies, is confirmed by XPS (Figure S14). No anomalous
Hall effect is observed in all the VTe, nanoplates with various
thicknesses in the whole range of temperature (Figure S12),
which indicates that no intrinsic long-range ferromagnetic
order occurs in the individual multilayer VTe, nanoplates.
Magnetization measurement also supports the transport
results. As-grown VTe, nanoplates exhibit soft ferromagnetic
behavior at low temperatures, whereas at high temperatures,
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superparamagnetism or spin-glass-like state are observed
(Figure S16), which probably originates from the inhomoge-
neous interstitial vanadium ions or vanadium ion clusters. The
absence of ferromagnetism in multilayer VTe, nanoplates,
particularly at room temperature, would be due to the large
thickness or the existence of competing charge-density-wave
ground state'"**™*" or spin frustration analogous to VSe,.””

The degradation will be exacerbated in ultrathin VTe,
nanoplates and the e—e interactions (Altshuler—Aronov effect)
will be enhanced. Meanwhile, previous studies on the
thickness-dependent Kondo effect have shown that the
Kondo effect is partially suppressed with decreasing film
thickness.”® Consequently, a more pronounced Kondo effect,
that is, large slope of the logarithmic temperature-dependent
Kondo resistivity, will be shown in thicker VTe, nanoplates.
Low-temperature transport studies of ultrathin VTe, devices
show that e—e interactions in thinner (34 nm) VTe,
nanoplates emerges and leads to a resistivity upturn similar
to the Kondo effect (Figure S13).>*°* In contrast to the Kondo
effect, the upturn in resistivity due to e—e interactions cannot
be suppressed by strong magnetic field. Furthermore, MR due
to e—e interactions is positive in ultrathin VTe, nanoplates as
shown in Figure S13b—f, whereas the Kondo effect leads to
NMR at low magnetic fields and low temperatures. As a
consequence, in ultrathin VTe, nanoplates, e—e interactions
compete with the Kondo effect, which will make the system
complicated. In order to obtain a relatively pure Kondo effect,
multilayer thicker VTe, nanoplates are much more preferable.
Surface state also rules out multilayer thicker VTe, nanoplates.
The intercalated vanadium ions in VTe, nanoplates are in trace
amounts and randomly distributed, so they do not affect the
crystal structure of VTe,; there are no Kondo lattice forms in
this system.”> When more vanadium ions are intercalated in
the van der Waals gaps of VTe, Kondo lattice or even
magnetic ordering will be obtained.'”'***

In conclusion, 1T phase multilayer VTe, nanoplates have
been successfully grown by atmospheric pressure CVD using a
sublimed salt as a growth promoter. The high-quality VTe,
nanoplates are characterized by OM, AFM, XRD, XPS, SEM,
and TEM. Low-temperature transport demonstrates the
presence of localized magnetic moments and the Kondo effect
in the individual multilayer metallic VTe, nanoplates, that is,
logarithmic temperature dependence of resistivity upturn
accompanied with NMR at low magnetic fields at temperatures
below the resistivity minimum. The resistivity upturn can be
well fitted with the Hamann expression by which the Kondo
temperature Ty is obtained about 6.2 K. The NMR is
independent of the relative orientation of magnetic field and
electrical current, which suggests that conduction electrons are
scattered by localized magnetic moments through isotropic s-d
exchange interaction. DFT calculations demonstrate that
interstitial vanadium ions are the main origin of the localized
magnetic moments. The Kondo effect in ultrathin VTe,
nanoplates is suppressed by the enhanced e—e interactions
or less interstitial vanadium ions. No signature of intrinsic
long-range ferromagnetic order is observed in the multilayer
VTe, nanoplates. Further studies still need to be carried out to
study the formation, valence state, and concentration of the
interstitial vanadium ions in the VTe, nanoplates. Controllable
introducing interstitial vanadium ions into VX, and other 2D
TMDs will enrich the material pool for spintronic applications
and fundamental studies of magnetism at the 2D limit. The
results presented here will lead to the study of the Kondo
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effect, strong correlation, or many-body physics in 2D TMDs
and also shed light on the magnetic properties in VX,.

Methods. CVD Growth of VTe,. VTe, was grown in a two-
zone furnace by atmospheric pressure CVD. About 1 g of
tellurium lump (Alfa Aesar, 99.999+%) was used as the
tellurium source and placed in a quartz boat that was loaded
upstream in the first zone of a two-zone furnace. 10 milligrams
of the well-ground mixture of vanadium (V) oxide (V,0O;, Alfa
Aesar, 99.99%) and ammonium chloride (NH,CI, Alfa Aesar,
99.999%) with a weight ratio of 1:20 was used as the vanadium
source and placed in another quartz boat that was loaded
downstream in the second zone. The substrate (SiO,/Si or
mica) was placed vertically about 1 cm downward from the
vanadium source. Before ramping up the temperature, the
furnace was first evacuated for 5 min without carrier gas, and
then evacuated for another 5 min with 300 sscm hydrogen/
argon (1:9, v/v). At last, the evacuation was stopped and the
hydrogen/argon gas was filled in the furnace to atmospheric
pressure. The temperature of tellurium and vanadium source
was set to 750 °C for 15 min and kept for 20 min. Then it was
rapidly cooled down to room temperature. Hydrogen/argon
(300 sccm) was used as the carrier gas during the whole
growth process.

Characterization of VTe,. The as-grown VTe, nanoplates
were characterized by optical microscope (Olympus BXS51-
SC30), scanning electron microscope (SEM, Hitachi S-4800,
acceleration voltage of 10 kV, EDS 1S5 kV), atomic force
microscope (AFM, Digital Instruments Nanoscope Illa)
operated in tapping mode, transmission electron microscope
(TEM, EM-2100F, JEOL, operating at 200 kV and equipped
with an EDS system), X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi spectrometer, Thermo Fisher Scientific), and
X-ray diffraction (XRD, Bruker D2 phaser PHASER
diffractometer with Cu—Ka radiation, A = 1.54184 A)
operating at 30 kV and 10 mA at room temperature.
Aberration-corrected scanning transmission electron micros-
copy (STEM) imaging and electron energy loss spectroscopy
(EELS) mapping were performed using a Nion HERMES-100,
operated at 100 kV. Because of partial overlapping of the V L-
edge (513 eV) and Te M-edge (572 eV), the multiple linear
least-squares (MLLS) fitting method was used to extract the
chemical map from as-acquired spectrum imaging.

Device Fabrication and Transport Measurement. The as-
grown VTe, nanoplates were transferred onto a precleaned
SiO,/Si substrate using the face-to-face transfer method.”® A
300 nm thick poly(methyl methacrylate) (PMMA, molecular
weights 950 K, 5% dilution of PMMA in anisole) film was spin-
coated on it at a speed of 4000 rpm for 60 s. In order to avoid
degradation of the VTe, nanoplate during the conventional
high-temperature baking, it was baked at 60 °C in a vacuum
oven overnight. Hall bar devices were fabricated by a standard
electron beam lithography technique (Raith 150), followed by
electron-beam evaporation of 5/100 nm Ti/Au metal stacks as
contact electrodes. All transport measurements were per-
formed in a physical property measurement system (PPMS,
Quantum Design Inc.) using the resistivity option with
alternating current (ac) drive mode. While performing the
p—T measurement, the cooling/warming rate was 2 K/min. In
order to measure the longitudinal MR, a homemade rotator
rod was used. The direct current (dc) magnetization
measurements were carried out with a Quantum Design
Magnetic Property Measurement System MPMS SQUID
VSM. The VTe, nanoplates were carefully transferred onto
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Kapton tape for magnetization measurement to exclude any
signals from the substrate.

Density Functional Theory (DFT) Calculations. All DFT
calculations were performed with the Vienna ab initio
simulation package (VASP) using the Perdew—Burke—
Ernzerhof (PBE) functional and projector augmented-wave
(PAW) method.”®™® A supercell of 4 X 4 X 2 was constructed
for modeling different types of defects in which the interaction
between defect and its image was larger than 1.3 nm. The
dispersive van der Waals interactions between different VTe,
layers were considered using the DFT-D2 method of
Grimme.>”®° In each calculation, an energy cutoff of 520 eV
was adopted whereas a higher cutoff will have an energy
difference of less than 0.01 eV. When performing the structure
optimizations, the system was regarded as converged when the
force per atom was less than 0.01 eV/A.
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