Downloaded viaINST OF PHY SICS on November 22, 2019 at 02:03:24 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

; ETTERS @ Cite This: Nano Lett. 2019, 19, 4551-4559 pubs.acs.org/NanoLett

Quasi-2D Transport and Weak Antilocalization Effect in Few-layered
VSe,

Hongtao Liu, " Lihong Bao,* Zhang Zhou,” Bingyu Che,” Ruizi Zhang,_{_ Ce Bian,’ Ruiso: §Ma,_{_

Liangmei Wu,T Haifang Yang,T Junjie Li,Jr Changzhi Gu,T Cheng-Min Shen,T’i Shixuan Du,’
and Hong-Jun Gao'

"Institute of Physics & University of Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing, 100190, P. R. China
fFSongshan Lake Materials Laboratory, Dongguan, Guangdong 523808, P. R. China

© Supporting Information

ABSTRACT: With strong spin—orbit coupling (SOC), ultrathin two-dimensional
(2D) transitional metal chalcogenides (TMDs) are predicted to exhibit weak
antilocalization (WAL) effect at low temperatures. The observation of WAL effect
in VSe, is challenging due to the relative weak SOC and three-dimensional (3D)
transport nature in thick VSe,. Here, we report on the observation of quasi-2D
transport and WAL effect in sublimed-salt-assisted low-temperature chemical
vapor deposition (CVD) grown few-layered high-quality VSe, nanosheets. The
WAL magnitudes in magnetoconductance can be perfectly fitted by the 2D
Hikami—Larkin—Nagaoka (HLN) equation in the presence of strong SOC, by
which the spin—orbit scattering length Is5 and phase coherence length I, have
been extracted. The phase coherence length I, shows a power law dependence
with temperature, ,~ T2, revealing an electron—electron interaction-dominated
dephasing mechanism. Such sublimed-salt-assisted growth of high-quality few-layered VSe, and the observation of WAL pave
the way for future spintronic and valleytronic applications.
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pin—orbit coupling (SOC) plays a crucial role in the spin- of SOC. It decreases the probability of charge-carrier

Hall effect and topological states in condensed matter backscattering in a conductor in the diffusive regime and
systems.' It leads to degenerated valley-locked spin-split in thus enhances the conductance.'”'” WAL was observed in 2D
monolayer transition metal dichalcogenides (TMDs) with TMDs with large atomic numbers due to strong SOC, such as
broken inversion symmetry, which enables the use of spin and WTe,,'* 7' MoTe,,”> WSe,,” TaSe,,** and PtTe,.”* However,
valley as information carriers.” Furthermore, SOC in two- observation of WAL in TMD materials composed of light
dimensional (2D) materials can be effectively tuned by atoms, such as MoS,, is challenging due to the relative weak
electrostatic gate fields, making 2D materials ideal platforms SOC. It is only achieved under restrict conditions, such as at
for next generation spintronics and valleytronics.”™ To very low temperature or applying a gate voltage.”>*® The
selectively manipulate the individual valley, the degeneracy of enhancement of WAL by the quantum confinement in 2D limit
the two valleys (K, and K_) should be lifted."® Calculations makes the observation of WAL effect possible in monolayer
and experiments have demonstrated that monolayer VSe, is and few-layer TMD materials.””*® Bulk VSe, exhibits a 3D
ferromagnetic, which persists even at room temperature.'’~" warping of the Fermi surface and concomitant nesting as the
The ferromagnetic order in monolayer VSe, breaks not only precursor for the formation of 3D charge-density waves
the inversion symmetry but also the time reversal symmetry. (CDWs) revealed by angle-resolved photoemission spectros-
As a consequence, the degeneracy of the K, and K_ valleys in copy (ARPES).*”* Electrical transport measurement on bulk
the Brillouin zone protected by time-reversal symmetry is VSe, also shows its 3D transport nature with a CDW transition
broken, which makes it intrinsically valley-polarized induced by at temperature Tcpy ~ 110 K.*' Even for the 11 nm thick
SOC."'* This offers VSe, an easily accessible valley degree of VSe, nanosheets, the 3D transport characteristics still
freedom for its promising applications in future electronics. In persisted.”” Furthermore, the difficulty in preparation of
the presence of strong SOC, weak antilocalization (WAL) ultrathin high-quality VSe, makes the transport study of the
effect will emerge.'”'® WAL effect is a quantum correction to
the magnetoconductance that comes from the destructive Received: April 5, 2019
interference between pairs of time-reversed trajectories of Revised:  June 24, 2019
electrons elastically scattering in a closed loop in the presence Published: June 25, 2019
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Figure 1. Thickness-controlled CVD synthesis of high-quality VSe, nanosheets. (a) Thickness of VSe, nanosheets as a function of growth
temperature. Insets are typical optical images of VSe, nanosheets on SiO,/Si substrates. (b) AFM image and corresponding height profile of a 2.48
nm thick VSe, nanosheet grown at 400 °C. (c) Raman spectrum of a 4.2 nm thick VSe, nanosheet with Eg peak at ~139 cm ! and Ay, peak at ~207

cm™". Inset shows Raman mapping of A,

peak at ~207 cm™". (d) XRD patterns of as-grown VSe, nanosheets along with the standard powder

diffraction file (PDF) for 1T phase VSe,. ge) Low-magnification transmission electron microscope (TEM) image of a VSe, nanosheet. Inset shows
the selected-area electron diffraction (SAED) pattern of the VSe, nanosheet. (f) High-angle annular dark-field scanning TEM (HAADF-STEM)

image of VSe, with atomic resolution (filtered).

relatively weak intrinsic SOC in VSe, by WAL effect and other
physical properties a challenge.

Here we have successfully prepared high-quality VSe,
nanosheets with tunable thickness from tens of nanometers
to 2.48 nm (about 4 layers, 4L) by a sublimed-salt-assisted
atmospheric pressure chemical vapor deposition (CVD)
method at low growth temperature. The capability of tuning
thickness of VSe, nanosheets allows for the measurement of
thickness-dependent transport and the observation of WAL
effect in few-layered VSe, nanosheets. The highly crystalline
nature of VSe, nanosheets is confirmed by Raman spectros-
copy, X-ray photoemission spectroscopy (XPS), and scanning
transmission electron microscopy (STEM). All VSe, nano-
sheets, with thickness down to 4.6 nm (~7L), are metallic with
large residual resistivity ratio (RRR, RRR = o0 /p; g largest
RRR # 37) and exhibit monotonic decreasing CDW transition
temperatures with decreasing thickness. No resistivity upturn
caused by disorder-induced weak localization or Kondo effect
is observed for thick samples (>5 nm) at low temperatures.”>**
While for VSe, nanosheets thinner than 5 nm, the resistivity
upturn emerges at low temperature, which is due to the
electron—electron (e—e) interactions. Large positive and linear
magnetoresistance (MR) is observed in thick VSe, nanosheets
at temperature below Tcpyw, which is suppressed with
decreasing thickness. WAL effect, as a hallmark of SOC, is
observed in a 4.6 nm thick (~7L) few-layered VSe, nanosheet
at temperatures below 10 K. The magnetoconductance due to
WAL effect is analyzed using the Hikami—Larkin—Nagaoka
(HLN) equation, and an e—e interaction dephasing mecha-
nism is revealed.

VSe, nanosheets were grown on SiO,/Si or sapphire
substrates by a sublimed-salt-assisted CVD method (see
Methods and Supporting Information). Ammonium chloride
(NH,CI) was used as a growth promoter to grow high quality
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few-layer VSe, nanosheets. It sublimes and decomposes into
gas species, which are transported by carrier gas during the
growth process. High quality VSe, nanosheets without salt
contamination can be produced at low growth temperature.
The thickness of VSe, nanosheets can be modulated from
~2.48 nm (~4L) to tens of nanometers by simply adjusting
the growth temperature in the range from 500 to 400 °C, as
shown in Figure la. The thickness of VSe, nanosheets can also
be roughly identified by its color on SiO,/Si substrate, as thin
VSe, nanosheets (<10 nm) show dark purple color while thick
nanosheets (>50 nm) show apparently metallic luster (Figures
la and S1b). The exact thickness of VSe, nanosheets was
measured by atomic force microscopy (AFM), and the
thinnest nanosheet was 2.48 nm (~4L), which was obtained
by the line profile of the AFM image, as shown in Figure 1b.

The VSe, nanosheets were first confirmed by Raman
spectroscopy. Two prominent peaks at 207 and 139 cm™ in
the Raman spectrum of VSe, nanosheets are corresponding to
the out-of-plane A;;, mode and the in-plane E, mode of 1T
phase VSe,, respectively (Figure 1c).*>*® Raman mapping at
Ajg mode shows a uniform contrast in the inset of Figure Ic,
indicating a uniform crystal structure across the entire VSe,
nanosheet. No oxidation peak at about 250 cm™ in the as-
grown VSe, nanosheets are observed, which will appear if the
VSe, nanosheet is irradiated under large laser power during
collecting the Raman signals or exposed to ambient condition
for over about 1 week (Figure S5).>” There is a slight shift of
the E, mode compared to that of the thick VSe,, which is
observed at 143 cm™' and is small and broad at low
temperature.”> The observation of the E, mode at room
temperature may be due to the high-quality few-layer thickness
of the VSe, nanosheets and the use of small laser power (<1
mW) when collecting the Raman signals. However, the E,
mode blurs in thick VSe, nanosheet or in nanosheets degraded
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Figure 2. Temperature dependence of longitudinal resistivity of VSe, nanosheets with different thickness. (a) Temperature-dependent longitudinal
resistivity (normalized) and (b) first derivative of the resistivity of VSe, nanosheets with different thickness, respectively. The charge-density wave
(CDW) transition temperature (Tcpyy) is defined by at which temperature the first derivative of resistivity reaches the minimum. Inset in (a) is the
optical image of the Hall bar device of the 9.6 nm thick VSe, nanosheet and schematic diagram of measurement configuration of the device. Scale
bar, S um. Offset in (b) for clearance. Dashed lines in (a) and (b) are guidelines of the Tcpy of the 28 nm VSe, nanosheet. (c) Thickness
dependence of Tcpy and residual resistivity ratio (RRR = p39 /P x)- Logarithmic temperature dependence of resistivity of the VSe, nanosheets
with the thickness of (d) 28, (e) 9.6, and (f) 4.6 nm under different magnetic fields at low temperatures, respectively. Solid dots indicate
experimental data points, and solid lines in (d) and (e) are fitting results by p o T°. Resistivity upturn at low temperature appears in the 4.6 nm
thick sample. The solid lines in (f) are fittings based on p o« T° and quantum corrections due to weak antilocalization (WAL) effect and electron—

electron (e—e) interactions (see main text).

by larger laser power or exposure to air for a long time (Figure
SS). It is quite different from the excellent stability of thicker
samples.”® In short, the E, peak is temperature, thickness, and
quality sensitive and can be used as a hallmark of high-quality
tew-layer thick VSe, nanosheets. The 1T phase of VSe,
nanosheets is also confirmed by X-ray diffraction (XRD,
Figure 1d).

The high quality of the VSe, nanosheets is further validated
by TEM. Figure le is the low magnification TEM image of a
typical VSe, nanosheet. Energy-dispersive X-ray spectroscopy
(EDS) mapping demonstrates that V and Se elements are
uniformly distributed in the whole nanosheet (Figure S4b,c).
Elementary analysis (Figure S4d) of the nanosheet by EDS
reveals that there are no other impurity elements except Se and
V in the sample with the atomic ratio of Se/V = 69.83/30.17 =~
2.3, which is very close to the stoichiometric ratio in VSe,. The
larger atomic ratio may be due to the adsorbed Se during
growth.”* The copper signals originate from the copper TEM
grid. One set of selected-area electron diffraction (SAED)
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patterns at different locations are shown in Figures le and
S4e,f, demonstrating the single crystalline and 1T phase of the
VSe, nanosheet. Atomic-resolution high-angle annular dark-
field scanning transmission electron microscope (HAADF-
STEM) image in Figure 1f shows no defects in all the
examined regions of the VSe, nanosheet, indicating the high
quality of the sample.

Taking advantage of the thickness-tunable growth and the
high quality of VSe, nanosheets, thickness-dependent magne-
totransport was performed on Hall-bar devices fabricated by a
standard electron beam lithography technique (see Methods
and Figure S8). Due to the poor contrast and small lateral size
of thinner VSe, nanosheets on SiO,/Si substrate, the thinnest
nanosheet to fabricate a device was 4.6 nm, though the
thinnest VSe, nanosheet grown was 2.48 nm. Temperature-
dependence of resistivity (p—T) of VSe, nanosheets with
different thickness are shown in Figures 2, S9, S12, and S13.
We focused on the VSe, nanosheets with thickness of 28, 9.6,
and 4.6 nm to study the transport behavior of bulk-like,
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Figure 3. Magnetoresistance (MRs) of VSe, nanosheets with different thickness. (a—c) MRs of the 28, 9.6, and 4.6 nm thick VSe, nanosheets at
different temperatures: (a) at 1.9 K, below Tcpy, (b) at temperatures around Tcpy, and (c) at 110 K, above T¢py. Dashed lines are experimental
data, and solid lines are fitting results by the two-band model. Quadratic fitting of MR of the 4.6 nm thick VSe, nanosheet at 1.9 K in the magnetic
field range of +3 to +8 T is shown by dotted lines in inset of (a). The dip in low field at 1.9 K in (a) indicating the WAL effect. (d—f) Kohler’s plot
of MRs of the 28, 9.6, and 4.6 nm thick VSe, nanosheets, respectively.

intermediate thick, and thinnest nanosheets, respectively. All
VSe, nanosheets show metallic behavior regardless of the
different thickness. The largest RRR is about 37 (Figure S13a),
and the average RRR is about 20 for thick VSe, nanosheets
(~10 nm). The RRR of VSe, is almost the largest among the
samples pre ared by chemical vapor transport and other CVD
method,”***® which demonstrates the high quality of our
sample with fewer impurities and crystallographic defects. The
electrical conductivity is about 1.6 X 10° S m™" at 300 K and
increases an order of magnitude to about 1.5 X 10’ S m™" at 2
K, both are larger than the best value of VSe,.*® There is
negligible hysteresis in the cooling and warming cycles,
indicating the uneven heating and absence of extra vanadium
(Figure S9a,c,e).”" In high temperature range (~110 to ~200
K), the resistivity varies linearly with temperature (p o T) due
to phonon scattering,” indicated by the dash lines fitted to
equation:

p(T) = p, + AT (1)
in which the first term py is the temperature-independent
resistivity and the second term is due to the electron—phonon
(e—ph) interactions (Figure S9b,d,f). The corresponding
coefficients p,; and A are shown in Table S2. The kink at
about 100 K is caused by CDW transition.””***” As shown in
Figure 2a, with the thickness decreasing, the kinks in the p—T
curves become obscure, which could be induced by either the
reduced dimensionality, or degraded quality due to slight
oxidation of the thin nanosheets, or Coulombic scattering from
the substrate.””*”*** The CDW transition temperature Tcpw
is defined at the point where the minimum occurs in the first
derivative of the p—T curve (Figure 2b).>>*® As the thickness
of VSe, nanosheets decreases from 28 to 4.6 nm, the RRR and
Tcpw reduce from 21.99 to 3.42 and from 101.6 to 85.67 K,
respectively (Figure 2c). The thickness-dependent Tcpy is
consistent with previous results in the literature, indicating that
the 3D interlayer coupling favors the CDW state in VSe, and
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the suppression of CDW in thinner VSe, nanosheets down to
4.6 nm (~7L).32

At low temperatures, no resistivity upturn is observed in
thick samples (>S nm, Figures 2d,e, S9a,c, S12c,e, and S13a),
suggesting no defects-induced weak localization (WL) present
in thick VSe, nanosheets.” At the temperatures ranging from 2
to 30 K, the p—T curves can be well fitted by the following
equation (Figure 2d,e):

p(T) = p, + BT )
in which the first term is residual resistivity, the second term is
due to e—ph interactions. The parameters p, and B are listed in
Table S3. The T° dependence of e—ph interactions is in good
agreement with ref 34 and may be due to the two-band
transport.”’ While for the 4.6 nm thick VSe, nanosheet, an
upturn in resistivity at temperature below 10 K emerges
(Figure 2f), the low-temperature resistivity minimum usually
originates from e—e interactions, WL, or Kondo effect.>>**
However, WL and Kondo effect will be suppressed by
perpendicular magnetic field."> The p—T curves of the 4.6
nm thick VSe, nanosheets under different perpendicular
magnetic flelds are shown in Figure 2f It is apparent that
the resistivity upturn is not suppressed but instead enhanced
by magnetic fields, as shown in Figure 2f. Therefore, the WL
and Kondo effect can be safely ruled out, and the upturn in
resistivity at low temperatures is resulting from e—e
interactions, which is not affected by magnetic field.*' This is
consistent with the theoretical predictions that reduced
dimension will enhance the e—e interactions and that a
metal—insulator transition will appear in monolayer VSe,.**
The contribution of e—e interactions to the resistivity is
logarithmically dependent on the temperature in the case of
two dimensions (2D) and shows power law dependence in
three dimensions (3D).'” All the p—T curves at temperature
below 15 K shown in Figure 2f can be well fitted by equation:
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Figure 4. Weak antilocalization effect and electron dephasing in the 4.6 nm thick VSe, nanosheet. (a) Magnetoconductance Ac,, as a function of
applied low perpendicular magnetic field at temperatures below 10 K. (b) Magnetic field dependence of magnetoconductances (symbols) below 10
K along with the best fit (solid lines) to the weak localization theory of Hikami, Larkin and Nagaoka (HLN). (c) Temperature dependence of
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of Bgo. (d) Temperature dependence of phase coherence length I, and spin—orbit scattering length I, extracted from the equation By, so= 7/
(4613)‘50). The solid green line is the fit to [, o T~'/? and the solid magenta line is the guide line.

p(T) = p, + BT® — CIn(T) — DT""* 3)
where the first term is residual resistivity, the second term is e—
ph contribution, the third term is the contribution from 2D e—
e interactions, and the forth term is 3D e—e interactions.'” The
fitting parameters p,, B, C, and D are listed in Table S4. The
perfect fits to eq 3 indicate that with the reduction of thickness
in VSe, nanosheets, 2D transport emerges. The 3D nature of
electronic structure in bulk VSe, is revealed in previous ARPES
measurement,’’ which is also verified by our density function
theoretical calculations (Figure S14). The emergence of 2D
transport highlights the role of quantum confinement effect
with the reduction of thickness in VSe, nanosheets. However,
for the 4.6 nm thick VSe, nanosheet, the 3D transport is still
presented, resulting in a quasi-2D transport behavior.
Transverse MR, defined as [p(H) — p(0)]/p(0) X 100%, of
the VSe, nanosheets with different thickness at various
temperatures was measured by applying a magnetic field
parallel to the ¢ axis of the VSe, nanosheet and perpendicular
to the current direction (Figures 3, S10, S12, and S13). As
shown in Figure 3a, the MR is quadratically dependent on the
magnetic field at low fields and linear at high fields at 1.9 K.
The MR amplitudes and the crossover fields are about 55.8%
and 2.4 T, 16.2% and 5.5 T, and 1.94% and 9 T for the VSe,
nanosheets with thickness of 28, 9.6, and 4.6 nm, respectively.
These results indicate that, with decreasing thickness, MR
amplitude is decreased, while the crossover field is increased.
The largest linear MR is 50% in a ~ 20 nm thick VSe,
nanosheet with a crossover field of about 0.5 T under a
magnetic field of 9 T at 1.9 K (Figure S13b). The linear MR in
all VSe, nanosheets, regardless of their thickness, show no
tendency to saturate under the magnetic field up to 15 T at low
temperatures below Tcpy (Figures 3a and S10a,d,g). The
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unusual nonsaturating linear MR can mainly be explained in
quantum model or classical model.*”** The absence of
quantum oscillation at high field and the large carrier
concentration (3 X 10*! m™3, 1.9 K, obtained from Hall effect
in Figure S1le) in VSe, nanosheet suggest that the system is
far from reaching the quantum limit to condensate all the
carriers into the lowest Landau level.* As a consequence, the
quantum model cannot be applied to VSe, since VSe, is a
metal without Dirac-cone topological surface state.*® Classical
model can be used to explain the linear MR in VSe, in which
large spatial conductivity fluctuations produce a linear MR.**
Given the high-quality single-crystal of VSe, nanosheets and
thickness dependence of MR, defects and surface induced
mobility fluctuations would not be the origin of linear MR in
as-grown VSe, nanosheets, which will lead to Kondo or weak
localization effect with negative but not positive MR at low
magnetic fields.>>** Based on the fact that linear MR only
appears in CDW state of VSe, nanosheets at temperatures
below Tcpw (Figures 3 and S10), and the MR and carrier
mobility are strongly correlated consistent with the Parish—
Littlewood model (Figure S11f),***” CDW induced mobility
fluctuations or strong scattering at the hot spots of Fermi
surface could be the origin of the linear MR in VSe,
nanosheets."”*” Both the linear MR and CDW show the
same dependence on temperature and thickness. As temper-
ature increases, linear MR disappears at T = Tcpw and
ordinary MR emerges at T > Tcpy (Figures 3b,c, and
S10b,e,h). Linear MR is large in thick VSe, nanosheets with
strong CDW (Figures 3a, S13a,b), since the thick samples
favor the 3D nesting and thus enhanced CDW.””**** When
CDW is suppressed in VSe, nanosheets with reduced
thickness, the linear MR also becomes weak (Figure 3a).
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All the MRs at different temperatures except at Tcpyw can be
well fitted with the two-band model.*" The two-band transport
behavior, particularly in thin VSe, nanosheets (e.g., 9.6 and 4.6
nm), is further verified by the noncollapsed Kohler’s plots in
which the MR ratio is plotted as a function of H/p,,(0), as
shown in Figure 3e,f. If only one kind of carrier with the same
scattering time 7 dominates the transport behavior, all curves
of Kohler’s plot will collapse into one curve.”” The 28 nm thick
VSe, nanosheet behaves more like single-band transport as the
Kohler’s plot collapses shown in Figure 3d. However, the Hall
resistivities for VSe, nanosheets with different thickness at
different temperatures show an almost the same linear behavior
(Figure S1la—c), indicating that the two-band transport may
come from mobility fluctuations due to different kinds of
electrons.”’ No anomalous Hall effect is observed, which
suggests no intrinsic ferromagnetic order occurs in VSe, even
when the thickness is thinned down to 4.6 nm. The lack of
ferromagnetic ground state in the few-layer VSe, nanosheet is
due to the large thickness, as the ferromagnetism is only salient
in monolayer VSe, and diminishes rapidly with increasing
thickness.'” The ferromagnetic order may also be suppressed
by the competing strong CDW order and CDW pseudogap in
VSe, 2755

When the thickness of VSe, nanosheet is reduced down to
4.6 nm, a sharp dip is observed in MR curves at around zero
magnetic field at 1.9 K and can persist at temperatures up to 10
K (Figures 3a, S10g). This dip is completely suppressed when
the magnetic field reaches to 2 T or even higher. It is a typical
signature of WAL, which emerges at low temperatures when
the phonon scattering is suppressed with the elastic scatterin§
and the phase coherence remained in the presence of SOC."
Figure 4a shows the magnetoconductance at temperatures
from 1.9 to 10 K. The cusps at different temperatures under
the magnetic field below 2 T can be well fitted to the theory of
Hikami, Larkin and Nagaoka (HLN)*® (Figure 4b),

e’ B
-5l

1 (B 1 B, + B B, + B
__In_¢_y/_+u +lnu

2 | B 2 B B

1 1 B¢ + 2Bgq 1 B¢ + 2Bgq
- —y|—+ —— |+ —In| ——

212 B 2 B (4)

h h h h .
where B, = “Der, = iy B = Deng = wl w(x) is the

digamma function, By is the dephasing magnetic field,
determined by the phase coherence time 7, ,or phase
coherence length I;, and Bgo is the spin—orbit scattering
field, determined by the spin—orbit scattering time 755 or
spin—orbit scattering length Iso. Using this 2D HLN model,
the dephasing magnetic field B, and the spin—orbit scattering
field Bgo can be extracted. The B, and By at different
temperatures extracted by fitting the magnetoconductance
using the HLN theory are shown in Figure 4c. The
temperature-dependence of B, shows a power law relationship,
By o T?, while By is temperature independent.”’ For Nyquist
e—e interaction-dominated dephasing, the dephasing magnetic
field By, is linearly dependent on the temperature (p = 1), while
for e—ph interactions dominated dephasing, the value of p
should be 2—4."”*” The linear temperature dependence of By
in Figure 4c and the inverse square root temperature
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dependence of I, in Figure 4d indicate that e—e interactions
are the dominant source of electron dephasing. The phase
coherence length [, increases with decreasing temperature in a
power law dependence (—1/2), while the spin—orbit scattering
length Iso keeps constant, leading to the increase of the
magnitude of negative magnetoconductance during lowering
temperature down to 1.9 K (Figure 4a,d). At 1.9 K, the phase
coherence length I, (~50 nm) is quite larger than the spin—

orbit scattering length ls5 (~17 nm), which means TTSO <]

Z
leading to the positive MR and the WAL effect.

Typically, the e—ph interactions are the dominant dephasing
processes in three dimensions, while e—e interactions
dominate in two dimensions.”” The WAL effect is the intrinsic
properties of the high quality ultrathin VSe, and can only be
observed in the sub-5 nm thick few-layered VSe, nanosheets at
temperatures below 10 K, where quantum confinement effect
makes the 3D electronic band structure of VSe, transition to a
quasi-2D one (Figure $12).>* Moreover, the phase coherence
length I extracted from the HLN fit below 10 K is much larger
than the VSe, nanosheet thickness d and much smaller than
the channel width W (W > [, > Iso > d), indicating a 2D
transport and the observation of WAL effect due to spin—orbit
scattering in phase-coherent transport process (I, > Iso). The
WAL effect in VSe, is not so robust as that in topological
insulators (TI, such as Bi,Se;, Bi,Te;, etc.).”” This is probably
due to the moderately weak SOC in VSe, because of the small
atomic number Z of V (Z = 23) and Se (Z = 34). The reason
for observation of WAL effect in VSe, is the successful
reduction of its thickness down to sub-5 nm and high quality of
the sample. If the sublimed-salt-assisted CVD growth method
is further improved, monolayer VSe, will be obtained, which
will be an intrinsically valley-polarized material with the unique
intrinsic ferromagnetic properties and SOC.">'* This might be
a platform to study the novel physical properties, such as
spintronics, valleytronics, anomalous valley Hall effect, and
many-body physics.

In conclusion, we have developed a sublimed-salt-assisted
CVD method to prepare high-quality VSe, nanosheets with
controllable thickness down to few layers (2.48 nm, ~4L). The
growth temperature can be greatly lowered down to 400 °C
owning to the sublimed-salt. The as-grown few-layer VSe,
nanosheets were characterized as high-quality 1T phase single
crystals without salt contamination. Thickness-dependent
transport demonstrates that apparent nonsaturated linear MR
is observed in CDW state thick (>9.6 nm) VSe, nanosheets,
probably resulting from CDW-induced scattering at the hot
spots of Fermi surface, while nonsaturated quadratic MR along
with WAL effect appear in 4.6 nm thick (~7L) VSe,
nanosheets at the temperature below 10 K. As the thickness
of VSe, nanosheets decreases, the CDW is suppressed, as well
as the linear MR. The WAL effect can be perfectly fitted by the
Hikami—Larkin—Nagaoka (HLN) equation. The linear tem-
perature dependence of By indicates the e—e interactions
dominant dephasing mechanism. At 1.9 K, the phase
coherence length I, is ~50 nm, and the spin—orbit scattering
length Iso is ~17 nm. Quantum confinement in the 4.6 nm
thick VSe, nanosheet leads to the quasi-2D transport and thus
the observation of WAL effect in the presence of intrinsic SOC
demonstrated by I, > Iso at low temperature. Moreover, the
low-temperature upturn in resistivity arises due to e—e
interactions in the 4.6 nm thick VSe, nanosheets. No signature
of ferromagnetic ordering is observed in all the VSe,
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nanosheets even for the 4.6 nm thick nanosheet from room
temperature down to 1.9 K. The availability of high-quality
few-layered VSe, nanosheets and the observed WAL effect, a
hallmark of 2D transport in the presence of SOC, offer an
unprecedented opportunity for future applications in 2D
spintronics and valleytronics.

NOTE: During the development of this manuscript, a paper
appeared that demonstrated a similar method using NH,CI as
the growth promoter for growing TiS,, VS,, and SnS,.>®
However, the pure metals instead of metal oxides were used as
metal precursors, and the reaction process is quite different
from our method. The water in the metal/NH,Cl mixture is
detrimental to the growth. While our V,0;/NH,Cl precursor
is stable in air and immune to moisture.

Methods. CVD Growth of VSe, Nanosheets. The VSe,
nanosheets were grown in a three-zone tube furnace. The
vanadium precursor (well-ground mixture of vanadium
pentoxide V,05 and sublimed-salt NH,Cl, wt 1:20, 10 mg)
was placed in a quartz boat, and a clean growth substrate
(sapphire, SiO,/Si, glass, and polyimide (PI) etc.) was placed
on the boat facedown above the vanadium precursor, which
were loaded in the center of quartz tube. Selenium shots (100
mg) in another quartz boat were placed upstream in the quartz
tube. After flushing the quartz tube with a mixture of H,/Ar
(1:9, v/v) for 10 min, the furnace was ramped up to 400—500
°C in 10 min with H,/Ar carrier gas at a flow rate of 100 sccm
(standard cubic centimeters per minute). After holding at
400—500 °C for 20 min, the furnace was cooled down to room
temperature naturally.

Transfer of VSe, Nanosheets to Target Substrates. Due to
the vertical standing of VSe, nanosheets on growth substrates,
the VSe, nanosheets can be easily transferred to target
substrates, such as SiO,/Si, and TEM copper grid, by a face-
to-face transfer method developed by Q. Q. Ji et al.*” This
transfer method is very simple and effective and can be finished
in a few seconds without introducing polymer residues and
other contaminants. It minimizes the air exposure and
guarantees the high quality of the VSe, nanosheets.

Sample Characterizations. The morphology of the as-
grown VSe, nanosheet was characterized by optical microscope
(Olympus BX51-SC30) and SEM (Hitachi S-4800, acceler-
ation voltage of 10 kV, EDS 1S5 kV). The thickness of VSe,
nanosheet was determined by an atomic force microscope
(AFM, Digital Instruments Nanoscope Illa and Dimension
edge, Bruker) operated in tapping mode. TEM characterization
was performed using a JEM-2100F, JEOL, operating at 200 kV
and equipped with an EDS system, and HAADF-STEM (JEOL
JEM-ARM200F; acceleration voltage of 80 kV). Raman spectra
were collected from VSe, nanosheets using a confocal Raman
imaging microscope (WITec alpha 300R) with a 532 nm laser
as the excitation source. XPS was collected by using an
ESCALAB 250Xi (Thermo Fisher Scientific) spectrometer.
XRD scans were collected using a Bruker D2 phaser PHASER
diffractometer with Cu—Ka radiation (4 1.54184 A)
operating at 30 kV and 10 mA at room temperature.

Device Fabrication and Transport Measurements. The as-
grown VSe, nanosheets were transferred to a precleaned SiO,/
Si substrate using the face-to-face transfer method. A 300 nm
thick poly(methyl methacrylate) (PMMA950, AS) film was
deposited by spin coating at 4000 rpm for 60 s and then was
baked at 180 °C for 60 s. Hall bar devices were fabricated by a
standard electron beam lithography technique (Raith 150),
followed by electron beam evaporation of Ti/Au (5/60 nm)
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electrodes. All transport measurements were performed in a
Physical Property Measurement System (PPMS, Quantum
Design Inc.) using the resistivity option with AC drive mode.
During the p—T measurements, the cooling/warming rate was
2 K/min. In order to measure the WAL effect, freshly grown,
high quality sub-5 nm thick samples were necessary, and when
needed, they were stored in dark and minimum air exposure to
reduce photo-oxidation of VSe,.
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