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Current switching of electronic structures in two-dimensional 17-TaS,; crystals
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We report that a high electric field and current triggers the switching of multiple states in two-dimensional
(2D) crystals of 17-TaS,, accompanying a metamorphosis of the electronic structure. We fabricated four-terminal
devices of nanometer-thick crystals of 17-TaS, with charge-density-wave (CDW) phases. By applying in-plane
electric fields and concomitantly injecting currents, we realized nonvolatile switching among normal metals,
Mott insulators, and thermally inaccessible semimetals. The field and current not only interact with the CDW but
also generate Joule heat, and both effects contribute to the switching. The results indicate the potential existence
of multiple electronic states accessible only in 2D crystals.
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To search for memory functions and exotic electronic
states, current switching phenomena have been intensively
investigated in various systems [1-3], particularly oxide
materials [4]. Here, caution should be taken to ensure that
the switching is achieved only in extreme environments with
high electric fields (on the order of kilovolts to megavolts per
centimeter) and current densities (amperes to mega-amperes
per centimeter squared) [1-5]. Such extreme situations are
difficult to achieve in macroscopic bulk systems, but they are
easily realized in nanometer-scaled devices because of their
small volume [4,5]. Therefore, nanomaterials and their devices
offer novel opportunities to observe dynamical switching and
consequent peculiar states of matter.

We focus on a two-dimensional (2D) crystal: 17-TaS,
nanometer-thick crystals. Because of the quasi-2D Fermi
surface owing to the layered structure [Fig. 1(a)], 17-TaS,
bulk crystals show successive charge-density-wave (CDW)
phase transitions [6—8]. The ground state is a commensurate
CDW (CCDW) phase, where 13 Ta atoms form a star-of-
David cluster, as shown in Fig. 1(b). The electron at the central
atom in the cluster is localized, leading to an insulating Mott
state [9]. At room temperature, 17-TaS, is in a hexagonal
nearly commensurate CDW (NCCDW) phase consisting of
insulating CCDW domains, which originate from beating of
the periodicity of CDW and that of the underlying lattice [7].
At high temperatures, an incommensurate CDW (ICCDW)
phase forms.

The electronic phases of nanometer-thick crystal devices
are, however, significantly distinct from the thermal phases of
bulk crystals. In thin crystal devices, the NCCDW-CCDW
phase transition is absent and there is no large jump in
the temperature-dependent resistivity curve [see Fig. 1(c)].
Instead, the supercooled NCCDW state persists to low tem-
peratures. Reduction in the thickness always suppresses the
CCDW ordering [10-13], indicating thinning-induced slow
ordering kinetics [10,12,13]. Because of the slow ordering
kinetics, the 2D 17-TaS; crystals are platforms to search for
metastable electronic phases. In thin crystals, switching to
metastable states can be achieved by applying high in-plane
electric fields accompanying large current flows [12-16], and
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a schematic of the measurement setup is shown in Fig. 1(d).
The application of high electric fields induces the switching
not only to CCDW/NCCDW/ICCDW phases [12—16] but also
to thermally inaccessible phases [12,15]. Hence, the energy
landscape for the thin crystals has many potential minima. In
this Rapid Communication, we attempted to induce multiple
states in thin crystal devices, and clarify the effect of the field
and current on the electronic structure.

First, we performed switching at various temperatures.
We cooled a 19-nm-thick crystal from 370 K to a certain
temperature to set the system in the NCCDW phase. We
then swept the in-plane electric field (E) at a scanning rate
of I8 Vem™!s™!.

The switching operation strongly depends on the tempera-
ture at which the electric field is applied. At 90 K, one E scan
caused an increase in the sheet resistance (R;) [see Fig. 2(a)],
and its repetition gradually increased Rs. This memristive
switching occurs from a supercooled NCCDW state to the
thermodynamically stable CCDW phase, and is attributed to
Joule heating by the current flow [12]. The Joule heating
effect enhanced the growth of insulating CCDW domains,
and consequently increased R;. The switching operation at
higher temperatures was qualitatively different from that at
90 K. An example is shown by the red normalized R,-E
curve in Fig. 2(b) obtained at 225 K, exhibiting both volatile
and nonvolatile switching with hystereses. Volatile switching
was accompanied by a hysteresis at 5.7 < E < 6.0kVem™!,
and nonvolatile switching was accompanied by a hysteresis at
0< E<18kVcem™!.

Volatile switching has a clear threshold electric field (E,
6.0kVcem™! for switching at 225 K), where Ry suddenly
decreases and becomes constant with increasing E. Because
the constant value of Ry is almost equal to that of the ICCDW
phase at 370 K, volatile switching is a phase transition to the
ICCDW phase.

On the other hand, nonvolatile switching has two charac-
teristic electric fields of Eyp and Eys (0.84 and 1.8kV em™!
for switching at 225 K, respectively). At 225 K, R; is almost
constant at 0 < E < Ey», and starts to decrease at Ey,, with
increasing E, followed by the closing of the hysteresis at E3.
Because of the broad nature of the switching, we defined
Eyp as the E value where the two dashed lines cross [see
the two light-blue dashed lines in Fig. 2(b)], and Eu3 as
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FIG. 1. (a) Crystal structure of 17-TaS,. (b) Star-of-David
clusters in the CCDW phase. (¢) p-T curves for bulk (thickness,
t =300 um) and thin (r = 24 nm) single crystals. The solid and
dashed lines are the data obtained with decreasing and increasing
temperature, respectively. (d) Optical micrograph of a thin crystal
device (scale bar 1 um).

the E value where dR;/d E is minimum in the forward scan.
Upon increasing E, the system is in the initial NCCDW state
at 0 < E < Eyp and in the final metastable state at Ey3 <
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E < Ey), whereas it is in an intermediate state at Egp < E <
En3. We henceforward refer to the E-triggered final state as
NCCDW*.

We use the definition of Ey, and Ey3; to obtain the
threshold electric fields at each temperature. Figure 2(c) is
the summarized T vs E phase diagram, where Eg;, Ewp, and
E;3 are represented by red, light-blue, and dark-blue symbols,
respectively.

In Fig. 2(c), Ew; saturates with decreasing temperature,
which is consistent with other reports [14,16]. Because the
ICCDW phase is thermally accessible, it is natural to attribute
the phase transition to Joule heating. On the other hand, Ey,
rapidly increases with decreasing temperature. As represented
by the straight black dashed line in Fig. 2(c), Ew, seems to obey
the following temperature dependence, Eu»(T)/Emn(0) =
exp(—T/Tp). The exponential T dependence in CDW systems
is interpreted as the weakening of the pinning potential due
to the thermal fluctuation of the CDW phase [17]. The results
suggest that the switching to the NCCDW* state is triggered
by the depinning of the CDW. The sliding of the CDW stops
at Ey3, indicating that the sliding realizes a new configuration
of the CDW and lattice whose energy has a local minimum
in the complex energy landscape of the 2D 17'-TaS; crystal.
The values of Eq»(102-10* Vem™!) are much larger than the
typical values of the threshold field (1072-10~' Vem™") for
conventional ICCDW pinned by impurities. The high Ey»
reflects the peculiar nature of the initial NCCDW state, where
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FIG. 2. (a), (b) Normalized R, [R(T)/R(370 K)] vs E curves for 19-nm-thick crystal devices measured at (a) 90 K and (b) higher temperatures.
From top to bottom, the T"s are 90, 135, ..., 300, 330, 345, 347, 350, and 352 K. Sweep rate 18 Vcm ™! s~!. The red, light-blue, and dark-blue
arrows represent the values of Ey,, Eyp, and Eys, respectively. (¢) T dependence of threshold electric fields from the three different samples,
each marked with a differently shaped solid symbol. (d), (¢) 7' dependence of (d) R and (e) Ry for a crystal measured with different temperatures
to apply E’s. (f) T dependence of n;p (left ordinate) and w (right ordinate) for the crystal switched at 225 K. (g) MR at 2 K for the crystal

switched at 225 K.
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the CDW is periodically pinned by the underlying lattice
commensurability.

After switching, we cooled the sample to 2 K. Figure 2(d)
shows the R,-T curves measured with different temperatures
to apply the in-plane electric fields. The top purple and
dark-blue lines are the R-T curves that were obtained after
scanning E several times and once at 90 K, respectively.
Their insulating behavior is characteristic of the CCDW-Mott
phase. The light-blue Rs-T curve represents the supercooled
NCCDW state that was obtained without applying an in-plane
electric field. In contrast to the CCDW and NCCDW states, the
multiple NCCDW¥* states triggered at T > 165 K were more
conducting at low temperatures. Upon warming, the Rs-T
curves for the switched sample finally coincided with the initial
curve obtained without applying an in-plane electric field. This
recovery to the NCCDW and ICCDW phases indicates the
metastability of the E-triggered NCCDW?* conducting states.
The multiple Rs-T curves in Fig. 2(d) confirm the existence
of various thermally inaccessible metastable NCCDW* states
that are evoked by applying in-plane electric fields.

Figure 2(e) shows the temperature dependence of the Hall
coefficient (Ry), which provides important insight into the
electronic structure. The insulating states have large positive
Ry values (>1 x 10*cm?C~"), which proves the thermal
equilibrium state of the CCDW phase [18]. For the supercooled
NCCDW state, Ry shows almost temperature-independent
behavior (|Ry| < 5 x 10? cm? C~!), which reflects the normal
metallic character of the NCCDW phase and is consistent
with angle-resolved photoemission measurements capturing
the Fermi surface around the I' point in the NCCDW
phase [19].

In contrast, for the conducting NCCDW* state, the ab-
solute value of Ry dramatically increases with decreasing
temperature. Because transverse resistance (R,y) was linearly
dependent on the magnetic field (B) from 0 to 9 T, we
use the single-carrier Drude band model to calculate the
carrier density [n3p = 1/(et Ry)] and mobility (u = Ry/Ry),
where e is the elementary charge and ¢ is the thickness. As
shown in Fig. 2(f), the electron carrier concentration (n3p)
is found to be 5 x 102 cm ™ at 2 K in the sample switched
at 225 K (there are 0.03 electrons per Ta atom at 2 K), and
increases slowly with temperature, exhibiting semimetal-like
or small-gap-like behavior. Figure 2(f) also shows that the
electron mobility monotonically increases with decreasing
temperature in the NCCDW* state. The observed decrease
in n3p and increase in u upon cooling are the characteristics
of semimetals or zero-gap conductors [20-22]. Furthermore,
in the switched state, we observed a magnetoresistance
(MR) {AR(B)/Rs(0) = [Rs(B) — Rs(0)]/Rs(0)} that is linear
rather than parabolic [see Fig. 2(g)]. Such a linear MR is
reminiscent of a semimetal whose conduction-band bottom
and valence-band top touch at the same point in momentum
space, including zero-gap topological insulators [22-24] and
Dirac semimetals [25]. By considering the peculiar features
mentioned above, we can regard the E-triggered metastable
state as a semimetal. The relatively high n3p indicates that the
E-induced semimetal is heavily doped with electrons, which
explains the small MR and the linear R, (B). We conclude
that the change in the switching temperature produced various
material phases with different band topologies, from the
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FIG. 3. (a) Normalized p [p/p(370 K)] vs T curves for (a) 47-nm-
and (b) 83-nm-thick crystals. Light-blue curve: cooled and warmed
at 1 Kmin~! without switching. Yellow curve: cooled at 10 K min~!
and warmed at 1 Kmin~' without switching. Red curve: switched at
165 K, cooled at 10 K min~!, and warmed at 1 Kmin~!.

supercooled NCCDW metal, to the CCDW-Mott insulator, to
the metastable NCCDW* semimetal.

To assess the universality of the E-triggered metastable
semimetallic NCCDW* states, we performed switching for
thicker samples. We first prepared a 47-nm-thick crystal,
whose NCCDW-CCDW transition can be suppressed by rapid
cooling at 10 K min~! [see the light-blue and yellow curves in
Fig. 3(a)]. We applied an in-plane electric field at 165 K, and
a metastable NCCDW* state was realized at low temperatures
by quick cooling [see the red curve in Fig. 3(a)]. We then
prepared an 83-nm-thick crystal, which is sufficiently thick to
undergo a NCCDW-CCDW transition even with rapid cooling
at 10 K min~! [see Fig. 3(b)]. We performed switching at 165 K
and cooled the crystal at 10 Kmin~'. Until the transition to
the CCDW phase occurred, we encountered a peculiar p-T
curve with a weak T dependence, which is a clear sign of
the E-triggered metastable semimetallic nature. Therefore, the
semimetallic state is inherent even in bulk 17-TaS, crystals,
although it cannot be stabilized down to low temperatures.
The results also emphasize the importance of thinning-induced
slow ordering kinetics to stabilize the E-triggered metastable
state.

Because an E-triggered semimetallic NCCDW* state can
exist even in thick crystals, research on phase control in bulk
crystals should provide insight into the NCCDW* states in 2D
1T-TaS; crystals. It has been reported that the introduction of
disorder or defects suppresses the NCCDW-CCDW transition
in bulk crystals [26]. In bulk crystals with disorder or defects,
angle-resolved photoemission [19,27] and scanning tunneling
spectroscopy [28-30] measurements revealed a reduction in
the Mott gap and an emergence of a metallic phase. The
p-T curve of the disordered bulk systems has been reported
to be that of an insulator [26,27] or a quenched NCCDW
state [19,26].
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FIG. 4. (a) Rs-T curves obtained after switching at 90 K for
a 36-nm-thick crystal. Light-blue curve: cooled without switching.
Dark-blue curve: applied a pulsed E with 7, = 200s twice at 90 K.
Red curve: applied pulsed E’s with 7, = 0.1 s. (b)—(e) Time evolution
of E and R; measured with (b), (¢) 7, = 200s and (d), (e) ty = 0.1s.

The electronic structure of the E-triggered NCCDW* state
can be similar to that of the disordered systems, because a
reduction in the Mott gap at the I point can result in a
very small overlap of the upper and lower Hubbard bands
and provide a semimetal-like band structure at the I' point.
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However, the NCCDW* states in thin crystals exhibit a positive
temperature coefficient of resistivity in a wide temperature
range [Figs. 2(d) and 3(a)], which has yet to be observed in
bulk crystals with disorder. Further research is necessary to
elucidate the structure of the NCCDW * state and the origin of
its semimetallic nature.

Finally, we investigated the duration time dependence of the
switching to create functionalities. We prepared a 36-nm-thick
crystal device and set the temperature at 90 K to realize the
supercooled NCCDW state [see the light-blue R;-T curve in
Fig. 4(a)]. As shown in Fig. 4(b), we first applied triangular-
shaped electric pulses with a long duration time (ty) of 200 s.
We then observed a steplike change in R;, as shown in Fig. 4(c).
This memristive switching results from the growth of CCDW
domains by Joule heating. The high-resistance state realized
after switching was confirmed to be the CCDW phase, as
indicated by the insulating R,-T curve in Fig. 4(a). Figures 4(d)
and 4(e) show that R abruptly decreases upon applying a short
pulsed in-plane electric field with 7, = 0.1s. The resulting
R-T curve is represented by the red curve in Fig. 4(a), and a
metastable semimetallic NCCDW* state was evoked. Because
a short duration time corresponds to small Joule heat, the
growth of CCDW domains was inhibited during application of
the in-plane electric field, and the interaction between CDW
and E was dominant in the switching operation. Here, we can
dynamically change the state of matter by just changing the
duration time.
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