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The charge-density wave (CDW) transition has been extensively studied in transition metal dichalcogenides
(TMDs), the underlying mechanism and the related metal-insulator transition are not as simple as Peierls
instability in one dimension and still under hot debate. Here, through electrochemical intercalation of organic
ions, we have observed a dimensional crossover induced metal-insulator transition in an organic ion intercalated
TMDs: (TBA)(3VSe;. In pristine VSe,, previous studies have revealed a three-dimensional CDW transition
at Tepw ~ 110K with a metallic ground state. After intercalation of organic ions, the remarkable anisotropy
of resistivity indicates a highly two-dimensional electronic state in (TBA),3VSe,, which is consistent with
our density functional theory (DFT) calculation. Interestingly, the dimensional crossover enhances the CDW
transition with Tepw of 165 K and leads to an insulating ground state in (TBA)3VSe,. Moreover, a commen-
surate superstructure with 3a x 3a periodicity is also confirmed in this insulating CDW state. Although the
DFT calculation suggests that the commensurate superstructure and the enhanced CDW temperature could be
ascribed to the improved Fermi surface nesting, whether the metal-insulator transition is driven by a perfect Fermi
surface nesting is still elusive at the present stage. The possible role of electronic correlation and electron-phonon
coupling has also been discussed. Our work provides a different material platform to study the metal-insulator
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transition in TMDs.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) at the two-
dimensional (2D) limit are recently attracting particular
interest for their wide varieties of properties [1-5]. TMDs
are a series of materials with strong in-plane bonding and
weak out-of-plane interactions, and can be easily exfoliated
or intercalated [6—8]. These materials usually exhibit various
electronic instabilities and tend to form different collectively
ordered ground states such as charge density wave (CDW), su-
perconductivity and orbital order [9—11]. Especially, various
CDW states in TMDs, such as the incommensurate CDW state
in 2H-NbSe, [12] and the Star-of-David clusters in 17-TaS,
[13], still draw tremendous interest due to the rich physical
phenomenon [14,15]. In principle, the CDW transition can be
driven by Peierls instability, in which Fermi surface nesting is
the driving force [16]. However, this picture seems to be too
simple to explain the complicated CDW states in TMDs, espe-
cially for the insulating CDW state in 17-TaS,; [9,17]. Other
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possibilities including g-dependent electron-phonon coupling
and electron-electron interaction should be taken into account
for the underlying mechanism [18], but there is still a lack of
consensus in the community.

Vanadium diselenide (VSe,) is an intriguing member
of the TMDs family. In 17-VSe;, vanadium (V) atoms
are sandwiched between two selenium (Se) atomic layers
with an octahedral coordination. Bulk crystal of VSe, ex-
hibits a three-dimensional (3D) CDW phase with 4a x 4a x
3¢ period below Tepw ~ 110K [19-23]. Although recent
angle-resolved photoemission spectroscopy (ARPES) studies
suggested a Fermi surface nesting picture as the mechanism
for above 3D CDW state [22,23], the earlier experiments
and the recent calculations also suggested an important role
of electron-phonon coupling, which is strongly affected by
Coulomb repulsion interaction [24—26]. Very recently, further
calculations suggested that both Fermi-surface nesting and
electron-phonon coupling should account for the 3D CDW
state in the bulk 17-VSe, [27]. However, other research pre-
sented a different viewpoint, which suggested that the Fermi
surface of 17-VSe, is poorly nested [28]. On the other hand,
to further the CDW state in 17 -V Se,, there are more and more
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studies of low-dimensional materials. Through mechanical
exfoliation, a dimensional crossover from 3D to 2D leads to
an intriguing but highly debated thickness-dependent varia-
tion of Tepw. Approaching the dimensional crossover, Tepw
firstly decreases with reducing the thickness [29]. When the
thickness is below 10 nm, Tcpw suddenly increases and finally
reaches 130 K in the 2D limit [30]. Recently, a renewed
interest in VSe; is stimulated by the successful preparation of
high-quality monolayer thin film with molecular beam epitaxy
technique. In these single layer thin films, much higher CDW
transition temperatures and different types of commensu-
rate superstructures have been reported [31-33]. Interestingly,
ARPES experiments claim a possible insulating state below
Tepw with pseudogap features above Tepw in the single layer
VSe; thin film [34]. The aforementioned results suggest dif-
ferent properties of VSe, in the 2D limit, especially for the
insulating CDW state, which deserves further investigation.
However, the single layer VSe; thin films grown are rather
unstable, which limits more detailed studies, such as resistiv-
ity, specific heat, and magnetic susceptibility measurements.

On the other hand, the dimensional crossover in layered
materials could also be achieved by intercalating extra ions
into the van der Waals gaps since intercalation can efficiently
weaken the interlayer coupling [35,36]. Recent reports have
shown that, after inserting SnSe/PbSe between the adjacent
VSe, layers, 1T-VSe, exhibits a weak insulating behavior
below Tepw [37,38]. Organic ions can dramatically increase
the spacing between neighboring layers due to their larger
volume, which is beneficial to induce dimensional crossover
in layered materials. In this work, we successfully obtained
organic ion intercalated VSe, via the electrochemical interca-
lation of tetrabutyl ammonium (TBA™) - (TBA)o3VSe;. The
strong anisotropic resistivity indicates a highly 2D electronic
state in (TBA)y.3VSe; which is consistent with our DFT cal-
culation. It strongly suggests a dimensional crossover from 3D
to 2D due to the intercalation of organic ions. Interestingly,
we also found an enhanced CDW transition temperature of
165 K and an insulating ground states that might share a
similar mechanism as the insulating CDW state in the sin-
gle layer VSe, thin film [34]. In addition, a commensurate
superstructure with 3a x 3a periodicity is also confirmed in
the insulating state, in contrast to the (4 x 4 x 3) CDW
in the bulk material. Our DFT calculation indicates that the
superstructure and higher CDW temperature could be ascribed
to the improved Fermi surface nesting. However, whether the
metal-insulator transition is driven by a perfect Fermi surface
nesting is still elusive so far, and the van Hove singularity near
the Fermi level may also play an important role here.

II. METHODS

Synthesis of VSe, single crystal. The high-quality VSe,
single crystals were synthesized using the chemical vapor
transport (CVT) method, which is similar to the previously
reports [39,40]. High purity vanadium (V) powder (Aladdin,
99.5%, 325 mesh) and Selenium (Se) powder (Aladdin,
99.999%, 80 mesh) were mixed with the mole ratio of 1:3,
which were then thoroughly grounded. Excess Se powder was
taken as the transport segment to simultaneously reduce the
Se defect in VSe; single crystal. Then the mixture was sealed

in a quartz ampoule under high vacuum. The sealed ampoule
was placed into a two-zone horizontal furnace with the hot
part at about 850 °C and the cold part at about 750 °C for
7 days. The high-quality VSe, single crystals were obtained
at the cold end. The typical size of VSe, single crystal is
10 mm x 10 mm x 0.03 mm.

Electrochemical intercalation of VSe, with TBA™'. The
VSe, single crystals were cut into rectangular pieces prior
to the electrochemical intercalation. The mass of each single
crystal was accurately weighed through a microgram balance
(Mettler Toledo AX26). Then the cut VSe, single crystals
were pressed onto an indium wire that was applied as the
positive electrode. A silver slice was applied both as the
counter electrode and reference electrode. The solution of 4 g
tetrabutyl ammonium bromide pieces (TBAB, Aladdin, AR,
99.0%) dissolved into 20 mL N, N-dimethylformamide (DMF,
Innochem, 99.9%, extra dry with molecular sieves, water less
than 50 ppm) was taken as the electrolyte. The electrolyte cells
with the aforementioned electrodes were placed into argon
gas glove box. In order for uniform intercalation, a constant
current of 20 nA was applied to pass through the electrolytic
cell. During the whole electrochemical intercalation process,
electrons were lost in negative electrode of Ag pieces, while
VSe, single crystal as positive electrode captured electrons.
The amount of intercalation of TBA™ ions in this report was
determined as 0.3 according to the discharge curve with the in-
tegral of current over time. A detailed explanation is described
in Appendix A.

Then, the obtained products were dried in the argon glove
box at room temperature for 12 h. The intercalated samples
were stored in a sealed plastic bag due to the sensitivity of
intercalated samples in air and moisture.

Characterizations of the (TBA)3VSe;. The x-ray diffrac-
tion (XRD) patterns of pristine and intercalated samples were
collected using a powder x-ray diffractometer (SmartLab-9,
Rigaku Corp.) equipped with Cu Ko radiation and a fixed
graphite monochromator. The cross-section transmission elec-
tron microscopy (TEM) images of (TBA), VSe; and VSe; sin-
gle crystal were obtained by a H7700 microscope at 100 kV.
The magnetic susceptibility measurement was performed on a
magnetic property measurement system (Quantum Design).
The resistivity with the standard four-terminal method and
specific heat measurements were conducted by a physical
properties measurement system (Quantum Design). To avoid
the damage from air and moisture, the preparation for trans-
port and specific heat measurements was made in a glove box.
Electron diffraction images were obtained using a JEOL-2100
microscope equipped with liquid nitrogen low temperature
sample holder at 200 kV.

Theoretical calculation. DFT calculations was performed
using the Vienna ab initio simulation package with a plane-
wave basis set. Also, the projector augmented wave method
was applied in conjugation with a generalized gradient ap-
proximation (GGA) of exchange-correlation function in the
Perdew, Burke, and Ernzerhof functional. For geometric op-
timization and electronic properties calculation, a plane-wave
cutoff of 400 eV was performed. The energy convergence cri-
teria was set at 107 eV, and the residual force was 0.01 eV/A.
The partial occupations of eigenstates were determined by
means of the first-order Methfessel-Paxton smearing with
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FIG. 1. The structure of pristine VSe, and (TBA)3;VSe,. (a)
The side view for structure of pristine VSe, and (TBA)(3VSe;. (b)
The top view for structure of pristine VSe,. (c) The optical images
of pristine VSe, and (TBA)(3VSe,. (d) The x-ray diffraction pat-
terns for pristine VSe, and (TBA)y3VSe,, showing a series of (00/)
diffraction peaks.

o = 0.05 eV. The Brillouin zone integration was carried out
through 15 x 15 x 1 k-point sampling for both structure op-
timization and electronic calculation.

III. RESULTS

High-quality 17-VSe, single crystals were used as starting
material to synthesize (TBA)y3VSe, samples. The crystal
structure of pristine VSe, is shown in Figs. 1(a) and 1(b).
For pristine VSe,, the distance between adjacent layers is
6.11 A, being consistent with the c-axis parameter of VSe,
[41]. Figure 1(c) shows optical images of the pristine VSe,
single crystal and its intercalated product. A direct comparison
shows that the (TBA)y3VSe, sample almost maintains the
same ab-plane size and morphology of the pristine VSe, crys-
tal, but becomes much thicker along the c axis, indicating the
intercalation of TBA™ ion. The XRD pattern of (TBA)o3VSe;
in Fig. 1(d) shows a series of (00/) peaks after intercalation,
which can be indexed with a c-axis parameter of 18.62 A (red
line). Given that the size of TBA* ion is 8.4-12 A depending
on their orientation (see Fig. 6 in Appendix B), the c-axis
parameter of the intercalated sample can be considered as a
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FIG. 2. (a) Temperature dependence of in-plane resistivity for
pristine VSe,. The inset shows the enlarged view of resistivity curve
in the vicinity of phase transition for pristine VSe,. (b) The tem-
perature dependence of out-of-plane resistivity for pristine VSe,.
The inset shows p./p. versus T for pristine VSe,. (c) The tem-
perature dependence of in-plane resistivity for (TBA)y3VSe,. The
inset shows the enlarged view of resistivity curve in the vicinity of
phase transition for (TBA),3VSe,. (d) The temperature dependence
of out-of-plane resistivity for (TBA)y3;VSe,. The inset shows p./0ap
versus T for (TBA)o3VSe,. The CDW transition temperature for
(TBA)y3VSe; is determined by the mean value of middle transition
points in cooling and warming curves.

sum of the height of single layer VSe, and TBA™ ion. With
all the above information, the crystal structure of intercalated
sample is proposed in Fig. 1(a). The huge change of the
interlayer spacing between pristine VSe, and (TBA)q3VSe;
are also examined by high resolution transmission electron
microscopy (see Fig. 7 in Appendix C). In addition, according
to the selected area electron diffraction (SAED) results, the
in-plane lattice parameter of (TBA)( 3V Se; is almost identical
to that of the pristine VSe, (See Fig. 8 in Appendix D). It
should be noted that the TBA™ ions cannot be observed in the
TEM image due to the small diffraction contrast.
Temperature dependence of in-plane and out-of-plane
resistivities are measured on both pristine VSe, and
(TBA)o3VSe,. As shown in Fig. 2, the in-plane resistiv-
ity of pristine VSe, shows a metallic behavior with an
anomaly around 110 K, which is related to the (4 x 4 x 3)
CDW transition, being consistent with a previous report
[19]. We note that the pristine VSe, remains metallic in
the 3D CDW state, and no hysteresis around the CDW
transition is observed, indicating a second-order phase tran-
sition. Furthermore, as shown in the inset of Fig. 2(b), the
temperature-dependent anisotropy between in-plane and out-
of-plane resistivities shows temperature-independent behavior
with a mean value about 150, indicating an anisotropic 3D
electronic structure. This is consistent with a 3D Fermi surface
revealed by ARPES [23]. In contrast to the pristine VSe,, the
temperature-dependent resistivity of (TBA)y3VSe, shows a
remarkable metal-insulator transition around 165 K, with a
hysteresis upon cooling or warming as can be seen in the
inset of Fig. 2(c). This result strongly suggests a first-order
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FIG. 3. (a), (b) Temperature dependence of magnetic susceptibil-
ity of pristine VSe, and (TBA)y;VSe, measured at 5 T. The insets
show zoom-in of magnetic susceptibility in the vicinity of phase
transition. The CDW transition temperature for (TBA)3VSe, is de-
termined by the mean value of middle transition points in cooling and
warming curves. (c) The heat capacity of pristine VSe,. The upper
inset shows the enlarged view of heat capacity curve for pristine
VSe, in temperature range of 90-120 K. The lower inset shows C,,/T
as a function of T2 at low temperature. (d) The heat capacity of
(TBA)o3VSe;,. The inset shows C,/T as a function of T? at low tem-
perature. These results definitely indicate that the metal-insulating
transition around 165 K for (TBA),3VSe; is a bulk first-order phase
transition, while the CDW transition of pristine VSe, is second-order.

metal-insulator transition, which is similar to the Peierls tran-
sition in the 1D case. In addition, the anisotropy between
in-plane and out-of-plane resistivities has been significantly
enhanced by one order of magnitude in the intercalated VSe;,,
which supports a highly 2D electronic structure.

To further explore the nature of the metal-insulator tran-
sition in the (TBA)y3VSe, we have measured the magnetic
susceptibility (x = M/H, where M and H are defined as
magnetic moment per mole and magnetic field strength) and
specific heat of both the pristine VSe; and (TBA)(3VSe;. The
magnetic susceptibility as a function of temperature is mea-
sured under magnetic field applied along ab-plane direction.
For the pristine VSe,, the magnetic susceptibility is almost
temperature independent above 110 K and shows a slight
drop below 110 K due to CDW order. At low temperature,
the magnetic susceptibility shows a Curie-Weiss-like behavior
well below Tepw, which is ascribed to excess V ions in the van
der Waals gap between VSe, layers (For more details see the
Appendix E). For (TBA)(3VSe,, the magnetic susceptibility
shows a clear temperature dependence above 165 K, which
might be attributed to a van Hove singularity close to Fermi
level. Later in this paper we present more discussion about the
van Hove singularity. At about 165 K, the magnetic suscepti-
bility suddenly drops to almost zero value with a hysteresis,
which coincides with the metal-insulator transition in resis-
tivity. A Curie-Weiss-like tail below 50 K is also observed
in the (TBA)3VSe,, which shares the same origin as that
in the pristine VSe, (See more discussion in Appendix E).
As shown in Fig. 3(c), the specific heat measurement on the
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FIG. 4. The selected area electron diffraction patterns of
(TBA)y3VSe, along [001] direction at different temperatures. (a)
Electron diffraction pattern at 300 K; (b) Electron diffraction pattern
at 130 K. The red arrows denote the superstructure diffraction peaks
in the CDW state; (¢)—(f) Fermi surface topology of VSe, with inter-
layer distance of 6.12, 8.62, 11.02, and 18.62 A, respectively. (g)—(j)
Fermi surface topology with raising Fermi surface by 0.00, 0.05,
0.10, and 0.15 eV at an interlayer distance of 18.62 A, corresponding
nesting vectors are 1/4a*, 0.26a*, 0.29a*, 1/3a* respectively.

pristine VSe, shows a weak but noticeable anomaly at Tepw
(110 K), which is consistent with a previous report [42]. In
the (TBA)y.3VSe,, a first-order transition with a sharp peak
is also observed around 165 K, which is consistent with both
resistivity and magnetic susceptibility measurements. This re-
sult further supports that the metal-insulating transition in the
(TBA)y3VSe; is a first-order transition. Moreover, compared
to the pristine VSe;, the residual Sommerfeld term (y) is also
significantly reduced in the (TBA)y3VSe;, as shown in the
inset of Figs. 3(c) and 3(d), which suggests a bulk insulat-
ing ground state. It should be noted that high temperature
ferromagnetism has been predicted by theory calculations
[43] and some recent reports have claimed to observe such
ferromagnetism at room temperature in a VSe, monolayer or
thin flakes [44,45]. We have also carried out magnetic field
dependent magnetization (M-H) measurements to search for
ferromagnetism in the (TBA)3VSe,. But, unfortunately, no
evidence of ferromagnetism is observed in our samples (see
Fig. 10 in Appendix F). The absence of ferromagnetism might
be related to the strong competition with CDW order [46].

To further characterize the insulating ground state in
(TBA)y3VSe;, we have performed electron diffraction mea-
surements using TEM. Figures 4(a) and 4(b) show the SAED
patterns of (TBA)y3VSe, along the [001] direction at 300 and
130 K, respectively. For pristine VSe,, a commensurate 4a x
4a superstructure of the ab-plane appears below110 K, which
has been confirmed by previous TEM [47], XRD [41], and
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FIG. 5. The discharge curve of (TBA),3VSe, during the electro-
chemical intercalation process.

scanning tunneling microscope [48] measurements. At room
temperature, the electron diffraction pattern of (TBA ) 3VSe;
is similar to that of pristine VSe,, as shown in Fig. 8 in
Appendix D. However, the electron diffraction pattern at
130 K well below the insulating transition temperature shows
additional superstructure reflections at (1/3,0,0) [red arrows
in Fig. 4(b)]. The superstructure reflections indicate a com-
mensurate CDW modulation with a 3a x 3a periodicity. It
suggests that the intercalation of TBA* ions leads to an
enhanced CDW with a distinct superstructure modulation in
VSe,. In the single layer VSe, films, distinct CDW modula-
tions from the bulk VSe, have also been reported in previous
studies [31-34].

In order to understand the underlying mechanism of the
insulating CDW state in the intercalated VSe,, a preliminary
DFT calculation is performed to illustrate the change of band
structures and Fermi surface topology with the increase of the
interlayer distance. Previous ARPES measurements suggest
that the CDW in bulk VSe, could be driven by the Fermi
surface nesting [22,23]. Considering that the intercalation of
organic ions can increase interlayer distance and introduce
electron doping, the evolution of band structure and Fermi
surface topology under these conditions are calculated. Fig-
ures 5(c)-5(f) show the evolution of Fermi surfaces topology
with increasing interlayer distance from 6.12 to 18.62 A
[the corresponding band structure is shown in Fig. 11(a)
in Appendix G]. As the interlayer distance increases from
6.12 to 18.62 A, the Fermi surface topology at k, = 0.0 and
k. = 0.5 becomes similar with each other. A star-shaped hole
pocket at the " point and a triangular shape electron pocket
at the K point can be recognized. This result suggests that
the interlayer coupling becomes weaker with increasing the
interlayer distance. Finally, when interlayer distance increases
to 18.62 A, the electronic property of intercalated VSe, is
similar to that of the monolayer. The nesting vector gpest along
a* stays unchanged, suggesting the CDW would remain a

4a x 4a pattern if nesting plays a dominated role. This re-
sult is also consistent with the phonon calculation shown in
Fig. 11(b), which is in accordance with the recent ARPES
results [31,34]. In addition, the extra electron doping from
the organic ions will lift the Fermi level, which will further
modify the topology of Fermi surface. As shown in Figs. 5(g)—
5(j), the star-shaped hole pocket at the I" point shrinks with
electron doping, and then completely disappears when Fermi
level rises by 0.15 eV (corresponding to 0.3e per V atom).
Meanwhile, the nesting vector gney along a* increase from
1/4a* to 1/3a*. In the bulk VSe,, the 3D Fermi surface
nesting will only partly gap out the Fermi surface along the
nesting vector and leaves the hole pocket unaffected. There-
fore, there are residual electrons at the Fermi level even in the
CDW state, which leads to a metallic ground state [22,23]. In
(TBA)y.3VSe,, owing to the dimensional crossover and extra
electron doping, the Fermi surface nesting becomes stronger,
which benefits the stabilization of the CDW state and leads
to a fully gapped state with insulating behavior. The nesting
vector ¢nest could explain the superstructure with 3a x 3a
periodicity.

IV. DISCUSSION

Although the above discussion based on DFT calculation
offers a plausible explanation of the observed metal-insulator
transition, there are still some open issues left. As we know,
the analysis on the Fermi surface nesting alone is not enough
and we need more information on the real part of suscepti-
bility x’(¢) to determine whether the Fermi surface nesting
is or is not the driving force for the CDW transition [49,50].
Usually, the g-dependent electron-phonon coupling also plays
a key role in most of CDW transition [17]. Previous research
suggested that occupied d bandwidth of VSe, is only 0.4 eV
[51], which is much narrower than d bandwidth in 17-TaS,
and 17-TaSe, [52]. But Coulomb repulsion between the 3d
electrons from V is larger than that of 54 Ta. According
to the Chan and Heine criterion for CDW formation [53],
these two cases can account for the relatively weak CDW
formation in VSe,. Electron doping would increase occu-
pied d bandwidth of the narrow V d band of VSe,, hence
increase electron-phonon coupling strength [25]. And the in-
crease of electron-phonon coupling strength can enhance the
strength of CDW formation. In our case, considering elec-
tron doping from intercalated organic ions, the enhancement
of CDW transition temperature may be also induced by in-
creasing the electron-phonon coupling strength upon electron
doping. However, the above DFT calculation on the phonon
frequency did not find structural instability at the right nest-
ing vector with gnest = (1/3, 0, 0). This also leaves a puzzle
for understanding the CDW transition. On the other hand,
the temperature dependence in magnetic susceptibility in the
(TBA)o3VSe; suggests a possible van Hove singularity close
to the Fermi level. Usually, the magnetic susceptibility is
almost temperature independent in metal. When a van Hove
singularity appears close to the Fermi level, we would expect
a strong temperature dependence in magnetic susceptibility
[54]. In fact, such a van Hove singularity has already been
seen in monolayer VSe, thin films [31]. If considering the
existence of such a van Hove singularity, the hole pocket at
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FIG. 6. The schematic structure of tetrabutyl ammonium (TBA™).

I' point will not sink below the Fermi level in the DFT cal-
culation. Even if we consider a more realistic band structure
from a monolayer VSe; thin film [31], it is also very difficult
to understand van Hove singularity with the absence of the
hole pocket. Therefore, the existence of a van Hove singu-
larity close to the Fermi level suggests a more complicated
mechanism beyond perfect Fermi surface nesting to account
for the metal-insulator transition in the (TBA)y3VSe,, which
might share similar physics as the cluster Mott insulator in
1T-TaS, [55-57]. Anyway, our present work provides a dif-
ferent material platform to study the metal-insulator transition
in TMDs.

ACKNOWLEDGMENTS

This work was supported by the National Key Re-
search and Development Program of the Ministry of Sci-
ence and Technology of China (2017YFA0303001 and
2016YFA0300201), Anhui Initiative in Quantum Information
Technologies (AHY160000), the Key Research Program of
Frontier Sciences, CAS, China (QYZDYSSW-SLHO021), the
Strategic Priority Research Program of Chinese Academy of
Sciences (XDB25000000), and the National Natural Science
Foundation of China (11888101 and 11534010).

APPENDIX A: ELECTROCHEMICAL INTERCALATION

The electrochemical reaction can be described as the fol-
lowing two reaction equations:

Brm —e + Ag — AgBr Q)

and

VSe, 4+ xe~ +xTBAT — (TBA),VSe.. 2)

The intercalating amount x of (TBA),VSe, can be calcu-
lated by the formula below:

Fmx

T= )

where ¢ indicates the time (s), F' denotes the faraday constant
(96485.31 C/mol), m refers to the mass (g) of the VSe, single

FIG. 7. The cross-section high-resolution TEM images of pristine VSe, single crystal and (TBA),3VSe,. (a) The low magnification image
of pristine VSe, single crystal. (b) The high magnification image of pristine VSe, single crystal. The interlayer spacing of 6.1 A corresponds
to the monolayer height of 17-VSe,. (c) The low magnification image of (TBA)y3VSe,. (d) The high magnification image of (TBA)q3;VSe;.
The interlayer spacing is 18.2 A, which is consistent with the x-ray diffraction results.
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FIG. 8. (a) The in-plane SAED images of pristine VSe,. (b) The
in-plane SAED images of (TBA)3VSe,. The SAED results demon-
strate that the in-plane lattice parameter of (TBA)y3VSe, remains
almost the same as pristine VSe;.

crystals, M represents the molar mass (g/mol) of VSe,, and /
stands for the current (A). Herein, the amount of intercalation
of TBA™ ion in this report was determined as 0.3 according to
the discharge curve with the integral of current over time, as
shown in Fig. 2. The method is usually used to determine the
intercalating amount in the process of electrochemical interca-
lating. As the discharge time was extended, more TBA™ ions
were hindered from intercalation into VSe, single crystal by
extending discharging time due to the decomposition of elec-
trolyte. However, the unintercalated VSe, phase was observed
in XRD patterns when x < 0.3. The nominal intercalating
amount x was made larger than 0.3 in order to obtain pure
phase product.

APPENDIX B: THE STRUCTURE OF TBA*

The schematic diagram of tetrabutyl ammonium ion
(TBAT™) [58-60] is shown in Fig. 6. The length in different di-
rections is labeled. Due to TBA™ intercalation, the increment
of interlayer distance is 1.19 nm in the case.

APPENDIX C: THE CROSS-SECTION TEM IMAGINES

To further characterize the structure evolution in the
TBA™ ions intercalation process and confirm the struc-
ture of (TBA)o3VSe,, we performed transmission elec-
tron microscopy characterization on pristine VSe, and
(TBA)o3VSe;. Figure 7 presents the cross-section TEM im-
ages of pristine VSe, single crystal and the (TBA)y3VSe;,
respectively. The distance between two adjacent pristine VSe,
layers is approximately 6.1 A, which is consistent with the
c-axis parameter of VSe,. The distance between two ad-
jacent VSe, layers increases from 6.1 to 18.6 A due to
the intercalation of TBA™ ion, which is in good agreement
with the conclusion from the XRD and the proposed crystal
structure. Additionally, as shown in the Figs. 7(c) and 7(d),
the intercalation of TBA™ ions seems to induce disorder.
Then, the low temperature magnetic susceptibility of pristine
VSe, and intercalated (TBA)y3VSe, was fitted as shown in
Appendix D. Also, it was determined that Curie constant
C = 0.01052emu K Oe~' mol~! for pristine VSe, and C =
0.006659 emu K Oe~'mol~! for (TBA)y3VSe,. The Curie
constant showed no increase after the intercaltion of TBA™

16

~1a4 (@) ——VSe, ~14 (b) (TBA)o 5 VSe,
s ——Fitting curve | % —— Fitting curve
g12 g12
- C=0.01052emuK Oe' mol" | C =0.006659 emu K Oe™' mol"!
8 1.0 10
508 2 0.8
Sos 506
o o
504 S04
202 =02
00520 30 40 50 60 % 10 20 30 40 50 60

1.6

T(K)

T(K)

FIG. 9. (a) Temperature dependence of magnetic susceptibility
of pristine VSe, single crystal measured at 5 T. The red solid line
indicates the Curie-Weiss fitting of the susceptibility curves. (b)
Temperature dependence of magnetic susceptibility of (TBA)y3VSe,
measured at 5 Tesla. The red solid line indicates the Curie-Weiss
fitting of the susceptibility curves.

ions, suggesting that the physical effect of disorder induced
by the intercalation of TBA™ ions is not obvious.

APPENDIX D: THE IN-PLANE SAED IMAGES

In order to characterize the variation of in-plane lattice
parameter in the TBA™ ions intercalation process, we per-
formed electron diffraction on pristine VSe, single crystal
and (TBA)y3VSe; in room temperature. Figure 8 shows the
in-plane SAED images of pristine VSe, and (TBA)y3VSe;.
For the pristine VSe,, the distance between (010) and (000)
is 3.438 1/nm. While for intercalated (TBA)y3VSe,, the dis-
tance between (010) and (000) is 3.446 1/nm. It thus can be
known that the difference is merely 0.23%. Therefore, the in-
plane lattice parameter of intercalated (TBA)y3VSe, remains
almost the same as pristine VSe,, which is in accordance
with other organic intercalated compounds such as TaS;, TiS;
[61,62].

APPENDIX E: THE CURIE-WEISS FITTING OF

THE MAGNETIC SUSCEPTIBILITY

Figure 9 shows the temperature dependence of mag-
netic susceptibility of pristine VSe, single crystal and

30

"v'v'
20 | o
.
v"vvv «o"'"
vv 4
e v ".‘.‘.0
10 - o 2ad
— o e
3 et
£ e
g o
Q oadd
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135K
~— 150 K
R 170K
+— 300K
v
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H (KOe)

FIG. 10. The magnetic field dependence of magnetic susceptibil-
ity (M-H) with H//ab plane for (TBA),3VSe:.
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FIG. 11. (a) Band structure and (b) Phonon-dispersion curve of the VSe, with interlayer distance varying from 6.12 to 18.62 A.

(TBA)(.3VSe; measured in the temperature range of 2—-60 K
at 5 T. The magnetic susceptibility manifests a Curie-Weiss-
like behavior at low temperature due to excess V ions in the
van der Waals gap between VSe, layers [63,64]. By fitting
the data in the temperature range of 2-20 K with Curie-
Weiss law x = C/(T — Tew) + xo (xo represents a constant),
we obtained Curie constant C = 0.01052 emu K Oe~'mol~!
for pristine VSe, and C = 0.006659 emu K Oe~'mol~! for
(TBA)o.3VSe;. According to the previous work, each intersti-
tial V ions can produce a net paramagnetic moment of about
2.5 up [63,64]. Basing on this result and the Curie constant
obtained, the atomic percentage of the interstitial V ions can
be determined to be 1.34% and 0.85% for the pristine VSe,
and (TBA)(3VSe,, respectively.

APPENDIX F: THE MAGNETIC DEPENDENCE
OF MAGNETIC SUSCEPTIBILITY

To explore the possible ferromagnetism in interca-
lated (TBA)y3VSe,, we measured the magnetic field de-

pendent magnetic susceptibility (M-H) on (TBA)y3VSe;.
Figure 10 shows the magnetic field dependent mag-
netic susceptibility of (TBA)y3VSe, with H//ab plane
at different temperatures. (TBA)y3VSe, exhibits param-
agnetism from 300 to 135 K without emergence of
ferromagnetism.

APPENDIX G: BAND STRUCTURE AND PHONON
DISPERSION

Figure 11(a) shows the band structure of VSe, with an
interlayer distance that differs from 6.12 to 18.62 A. Figure
11(b) shows the corresponding phonon dispersions of the
VSe,. The imaginary frequencies corresponding to soft modes
at 1/2 I'M and 1/2 AL remains unchanged as the inter-
layer distance increases, suggesting that the change of 4a x
4a superstructure is insignificant when interlayer distance
increases.
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