PHYSICAL REVIEW MATERIALS §, 084004 (2021)

Switchable domains in point contacts based on transition metal tellurides
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We report resistive switching in voltage biased point contacts (PCs) based on the van der Waals transition
metal tellurides (TMTs) MeTe, (Me = Mo, W) and TaMeTe, (Me = Ru, Rh, Ir). The switching occurs between
a low resistive “metallic-type” state, which is the ground state, and a high resistive “semiconducting-type” state
by applying a certain bias voltage (<1V). The reverse switching takes place by applying voltage of opposite
polarity. The origin of the effect can be attributed to the formation of domains with different crystal structure in
the PC core due to a strong electric field (>10kV/cm). The new functionality of the studied TMT materials,
which emerges from switchable domains in submicron heterostructures, is very promising, e.g., for nonvolatile

resistive random access memory engineering.

DOI: 10.1103/PhysRevMaterials.5.084004

I. INTRODUCTION

Recently, layered van der Waals transition metal chalco-
genides (TMCs) have attracted a lot of attention in the
scientific community both due to the manifestation of their
remarkable electronic properties, which can be modified by
element composition, crystal structure, thickness, and elec-
tronic density, and for their potential for nanoelectronic and
spintronic applications (see [1] and references therein). It
was also found that some of them (e.g., MoTe,, WTe, ) are
Weyl semimetals possessing massless fermionic excitations
and topologically robust electronic surface states [2]. In ad-
dition, the layered structure of TMC with a weak van der
Waals binding between the layers allows these materials to be
exfoliated into monolayers. The latter opens an amazing win-
dow to observe new dimensional dependent effects in TMC
and allows one to take advantage of this opportunity in future
applications [3].

The transition metal telluride (TMT) MoTe, together with
its sister compounds WTe, and TaMeTes (Me = Ir, Rh, Ru)
have recently attracted enormous attention due to their unique
physical properties, such as extremely large magnetoresis-
tance [4-6], superconductivity [7-9], higher-order topology
[10-12], and the discovery of the polar metallic state [13—17].
It is worth noting that MoTe, can be grown in two different
modifications: as a 2H-phase, which is a semiconductor with
a hexagonal crystal structure, and as a T; and T'-phase, which
are semimetals with the crystal structures 7; (at T < 250K)
and T’ (T > 250K). TaM ¢Te4 have been realized only in the
semimetallic T; modification so far.

In this study, we have applied the well-established point-
contact spectroscopy (PC) technique [18], which allows us
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to study properties of materials in restricted geometry from
submicron to nanometer scale under high current densities
and electric fields. A phase transition in the sample may be
detected by measuring a nonlinear conductivity of PCs, as was
shown, for example, for ferromagnetic metals [19]. Further-
more, the PC technique was recently applied successfully to
TMT for investigations of the interface superconductivity and
electron-phonon coupling [8,9]. In particular, we found that at
the PC the superconducting critical temperature (7;) in MoTe,
is enhanced by 50 times (up to 5 K) in comparison to the bulk
system (0.1 K) [8]. Interestingly, the same strong increase of
the superconducting critical temperature in MoTe, was found
in monolayers [20].

In this study, we report our finding of bistable resistive
states with reversible switching in current-voltage /—V char-
acteristics of MoTe, (and related TMT) PCs at biases of
several hundreds of millivolts. In contrast to the aforemen-
tioned works [13,14], we start with the semimetallic ground
state (T, or T") and transfer the system into a semiconducting-
like state. A similar effect has been registered for PCs on
related TMTs such as WTe, and TajsRug75Tes, TaRhTey,
and TalrTe, which were recently synthesized [21]. The ob-
served bipolar resistive switching in devices based on the
studied family of TMT compounds, regardless of its inner na-
ture, is of great importance and may be promising to fabricate
a new type of resistive random-access memory (RRAM) de-
vice as a potential alternative to existing nonvolatile memory
devices. Additionally, along with this discovery, understand-
ing the underlying physics of switching processes is of
particular interest, while utilizing topological properties and
surface states at interfaces in TMTs could pave the way to
nanoelectronics with novel functionalities.

II. RESULTS

Figure 1 shows dV/dI and I—V characteristics of “soft”
PCs made by adding a small drop of silver paint on the surface

©2021 American Physical Society


https://orcid.org/0000-0001-8301-9353
https://orcid.org/0000-0001-8642-9702
https://orcid.org/0000-0002-1991-2056
https://orcid.org/0000-0001-9006-9797
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.5.084004&domain=pdf&date_stamp=2021-08-16
https://doi.org/10.1103/PhysRevMaterials.5.084004

Yu. G. NAIDYUK et al.

PHYSICAL REVIEW MATERIALS 5§, 084004 (2021)

200 TalrTe - Ag (soft) ol ——

__ 1500
<)
e}
S 100-
©

501

- -
0] 1 s 1 s 1 s 1 .S 1 s 1 s 1 s 1 s 1 s
-300 -200 -100 O 100 200 300 400 500
T T T T T — 1 0 1 T T T L— T

600 -400 -200 O
Voltage (mV)

1 n 1 n 1 1 n 1
200 400 600 800 1000

T T T T T T T T T T T T T T
100r  MoTe,- Ag(soft) / iy
I \
sof (C)
C 60f y 3
§ -600-400-200 O 200 400 600 800
% 401 V (mV)
20 f .
S_—»
r ,.u»m-:—__: %&ﬁz
ok S "\ 350
1 " 1

" 1 " 1 " " 1 " 1 " 1
-600 -400 -200 0 200 400 600 800

d=280 nm
j=1.6 10"Alcm®
N “AA€15 kV/cm

N

1 1 1 1 1 1
600 400  -200 0 200 400
Voltage (mV)

FIG. 1. Differential resistance dV/dI and I—V curve behavior for “soft” contacts based on TMT at different temperatures. (a) dV/dI and

[

11—V curves (inset) of “soft” contacts TalrTes-Ag measured at 3 K starting from LRS (black curve) and HRS (red curve). “s” marks the starting
point of the measurements, and “f”’ is for the finish; arrows show the direction of the current scan. The black curve is measured starting toward
negative voltages, forth and back, while transition to HRS occurs only at positive voltages. The red curve is measured starting toward positive
voltages, forth and back, while the transition scan to LRS occurs only at negative voltages. (b) dV/dI and I—V curves (inset) of another “soft”
contact TalrTe,-Ag measured at different temperatures. The curves are measured “counterclockwise.” (¢) dV/dI of two (black and red) “soft”
contacts MoTe,-Ag measured starting from LRS. “s” marks the starting point of the measurements, and “f” is for the finish; arrows show the
direction of the current scan. Transition from LRS to HRS (or from HRS to LRS) occurs at opposite polarities for these two contacts. The
right inset shows I —V curves corresponding to dV/dI from the main panel. (d) dV/dI and I—V curves (inset) of 3.5 Q2 “soft” contact from the
panel (c) measured at different temperatures. Note, we usually measured several cycles of the switching loop for each PC, but we do not show

extra cycles to make the figures clearer.

of TalrTe, and MoTe, PCs (see Sec. V for more details). A
closed loop for dV/dI and a “butterfly” shape for /—V curves
are seen by scanning bias voltage from one polarity to the
opposite polarity and back. For example, starting from the low
resistance state (LRS), switching to the high resistance state
(HRS) occurs above +250 mV [Fig. 1(a), black curve], while
no switching is observed when scanning the LRS to the oppo-
site negative bias. Starting from the HRS [Fig. 1(a), red curve],
where dV /dI demonstrates a sharp zero-bias maximum, the
transition to the LRS takes place only at negative polarity, a
bit above —300 mV, while at positive polarity no switching to
the LRS is observed up to +520 mV.

Figure 1(b) shows dV/dI and I—V characteristics of
another “soft” PC based on TalrTe, at different temperatures.
The switching effect persists up to room temperature, in
spite of the fact that the amplitude of the zero bias dV/dI
maximum goes down and the switching voltage decreases.
Figure 1(c) demonstrates similar dependences for two MoTe,
PCs. Here, the switching from LRS to HRS is at positive
polarity for the red curve, as for the PC from Fig. 1(a),

while for another PC (black curve) the switching from LRS
to HRS (or HRS to LRS) is at negative (positive) polarity.
Interestingly, dI/dV = (dV/dI)™" (left inset) displays a clear
linear relationship at 4 K.

Figure 1(d) shows the evolution of the dV/dI and I—V (in
the inset) characteristics of the latter PC with temperature,
where the amplitude of the effect and the switching voltage
decreases. The diameter of this PC is estimated as 280 nm
using the temperature dependence of the zero bias resistance
analogously to the method used in the supplement of Ref. [9].
Using the diameter, we can estimate the strength of the electric
field and the current density to be about 15 kV/cm and 1.6 x
107 A/cm?, respectively, e.g., at the HRS to LRS transition.

Figure 2 shows dV/dI and I—V (in the inset) character-
istics of a PC with WTe, at room temperature, where the
difference in the resistance between LRS and HRS reaches
more than two orders of magnitude (see also Fig. SO in the
Supplemental Material [22], where a similar result is shown
for the case of MoTe;). There is an instability in the /—V
curve at the LRS to HRS transition above 150 mV. The
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FIG. 2. Differential resistance dV/dI and I—V curve (inset) be-
havior for “soft” contact based on WTe, at room temperature. Two
dV/dlI of the same “soft” contact WTe,-Ag measured with a time
interval of 12 h at ambient condition. “s” marks the start of measure-
ments, and arrows show the direction of the current scan. Note, the
zero bias resistance is changed more than two orders of magnitude.
The inset shows the /—V curve corresponding to dV/dl from the
main panel.

analogous transition at helium temperature is quite sharp (see,
e.g., Fig. 1). This could be due to enhanced fluctuation at
the structural transition at higher temperature. Figure 2 shows
dV/dl for the same PC measured with a time interval of about
12 h to demonstrate the stability of the switching effect under
ambient conditions. The stability of the switching effect over
one week at room temperature is shown in Fig. S1 in the
Supplemental Material [22].

Similar switching effects were observed also for TaRhTey
and Ta; y6Rug 75Tes (see Figs. S2 and S3 in the Supplemental
Material [22]). “Hard” PCs, where instead of silver paint a
thin Ag wire was used, also demonstrate a switching effect
(see Figs. S3 and S4 in the Supplemental Material [22]). A
disadvantage of “hard” PCs is their poor mechanical stability,
thus most measurements were carried out on “soft” PCs.

Figure 3 summarizes the observed switching voltages for
the LRS to HRS and HRS to LRS transitions for different PCs
for all compounds at different temperatures. Most of the data
presented are for MoTe, and TalrTes compounds (six PCs for
each compound). First of all, it is seen that the polarity of
each transition (LRS to HRS or HRS to LRS) can be positive
or negative for different PCs with almost equal probability.
For example, three PCs with MoTe, or TalrTe4 have an LRS
to HRS transition at positive polarity, and three PCs have the
opposite at negative polarity. However, if the switching occurs
at a given polarity, then it is absent at the opposite polarity,
at least in the same voltage range. Perhaps the atomic termi-
nation of the surface and the direction of the dipole moment
(see Sec. III) play a role here. This point requires further
investigation. Also, switching voltage has some distribution
but is, on average, smaller at a higher temperature.

Finally, Fig. S5 in the Supplemental Material [22] demon-
strates the detailed temperature dependence of dV/dI, where
switching is manifested only close to room temperature.
There, the lack of switching at a low temperature was con-
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FIG. 3. Distribution of the switching voltages for different PCs
with studied compounds between helium and room temperature.
Upper (bottom) panel shows PCs where switching from LRS (HRS)
to HRS (LRS) takes place at positive (negative) voltage. Switching
voltages for LRS to HRS transition are marked by up arrows, and
those for HRS to LRS transition are marked by down arrows. Switch-
ing voltages for two PCs at 200 K are shown in the upper panel.

nected with the need to apply a larger bias, while our setup
has maximal current output of about 50 mA, therefore the
maximal bias was limited by the low PC resistance. Detailed
measurement of zero-bias resistance of this PC at different
temperatures allowed us to estimate their size (analogously
to the method used in the supplement of Ref. [9]) and, re-
spectively, the electric field strength and current density. As a
result, the estimated strength of an electric field at switching
bias was about 2.5 times lower for this PC as compared to PC
at helium temperature [see Fig. 1(d)]. It should be noted here
that the estimation of the electric field gives a lower value,
since we assume the formation of a single metallic contact or
conducting channel. In the case of the formation of several
PCs in parallel, their size will be smaller and the electric field
will be correspondingly higher.

Note that dV/dI of MoTe, PC in the LRS [see, e.g., the
black curve in Figs. 1(c) and 1(d)] has “metallic” behavior
at low voltages, which transforms to the “semiconducting-
like” decrease of dV/dI at higher bias [see also Figs. S5(a)
and S5(b) for more details] producing a distinct maximum
in dV/dI around 200 mV, similar to what we observed in
the case of WTe, [9]. Interestingly, the transition to the
“semiconducting-like” behavior was observed in the tempera-
ture dependence of resistance of a 6-nm-thick MoTe, sample
at around 200 K (see Fig. 4S in the supplement of Ref. [23]).
It seems that the size reduction (or thinning) promotes the
emergence of “semiconductor-like” behavior in MoTe;.

III. DISCUSSION

A switching effect in TMT has been reported recently
by Zhang et al. [13] in “vertical devices made of MoTe,
and Mo;_,W,Te; (x < 0.1) layers” (from 6 to 36 nm thick)
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sandwiched between metallic electrodes. Zhang et al. [13]
attributed the effect to the formation of a conductive filament
with a transient structure (named 2H,;) by applying an exter-
nal electrical field. They considered the new phase 2H; as
a distorted 2H phase, the electrical properties of which can
range from semiconducting to metallic. Zhang et al. [13] put
forward that MoTe; (or Mo;_, W, Te;) undergoes a reversible
structural transition from a semiconducting 2H to a high (or
more) conductive 2H; state. Datye et al. [14] reported the
observation of a similar switching in a structure containing
layered MoTe, (10-55 nm thick) sandwiched between Au
electrodes, using scanning thermal microscopy. They con-
cluded that the switching “is likely caused by the breaking
and forming of Au conductive plugs between the electrodes”
when significant Joule heating promotes Au migration.

In our work, we used “bulk” samples with a thickness of
about 100 um to create PCs. The observed “bipolar” switch-
ing from the LRS to the HRS occurs only at definite polarity
above a definite threshold. We would like to emphasize that
in contrast to the previous works, each of our measurements
starts from the “metallic” ground state (marked by “s” in the
figures) and undergoes the transition to the highly resistive
“semiconducting”-type state if the applied voltage is above
some threshold. This eliminates, for example, Ag filament
formation as a possible reason for the switching to HRS. We
have also tried to start from the semiconducting 2H-phase of
MoTe,, but we observed no switching effect. This behavior,
and the fact that observed “bipolar” switching from the LRS
to HRS (and from the HRS to LRS) occurs only at definite
polarity, testifies also to a nonthermal mechanism as a main
driving force. Therefore, the nature of our effect is different
from resistive switching described by Zhang et al. [13] and
Datye et al. [14]. Of course, the temperature can play some
role, while, for example, the switching voltage and amplitude
depend on the temperature (see Fig. 3). However, the electric
field is the primary reason for the switching.

Further, as Figs. 1(c) and 1(d) and Figs. S4 and S5 (a,b)
show, the high (or more) conductive state (referred to here
as LRS) demonstrates metallic behavior. In this case, dV/dI
increases with voltages, forming a minimum at zero-bias.
Hence, in our case, the LRS corresponds to the semimetallic
T, phase, and the low conductive state (or HRS) with a sharp
zero-bias maximum in the dV/dI is created due to an applied
voltage. This may be because of the formation of a distorted
state in the PC core or due to enhanced resistance at the
domain wall between the PC core and the bulk with opposite
polarity, which were discussed in [15,16,24] with respect to
MoTe, and WTe,. The domain formation in the PC can be
caused by a high electric field in its core [see Fig. 4(a)]. That
is quite possible, given the fact that, according to a recent
observation, native metallicity and ferroelectricity can coexist
in MoTe, and WTe, [15,16,24].

Yuan et al. [16] relate the origin of the ferroelectricity in the
MoTe, monolayer to spontaneous symmetry breaking due to
relative displacements of Mo atoms and Te atoms as a result of
the formation of a distorted d 1T phase. Fei et al. [15] observed
that two- or three-layer WTe, exhibits spontaneous out-of-
plane electric polarization that can be switched using gate
electrodes. Moreover, Sharma et al. [24] provide evidence that
native metallicity and ferroelectricity coexist also in a bulk

FIG. 4. Representation of the PC. (a) Model of PC between TMT
crystal and Ag-tip showing current and voltage leads and “domain,”
where an electric field is maximal. Arrows show spreading of a
current in PC. (b) Schematic model of domain wall between 7,71 and
T, states containing one 17 unit as bridge according to [25]. (c)
Photoimage of “soft” PC, where silver paint touches the sample and
connects to a thin Cu wire @70 pm. The Cu wire and the sample are
connected to an electrical circuit by / and V leads.

crystalline WTe,. They have also demonstrated that WTe, has
switchable spontaneous polarization and natural ferroelectric
domains with a distorted circular profile from 20 to 50 nm.
That is, ferroelectricity is a bulk property of WTe, and is not
limited to few-layer samples only.

Therefore, we assume that when relative atomic displace-
ments of Mo/W atoms and Te atoms produce polarization (in
other words, an electric field), then the inverse effect must also
take place. Namely, a high electric field in a PC can induce the
mentioned atomic displacement that leads to the new phase
formation and the appearance of a ferroelectric domain in
the PC [see Fig. 4(a)] with different structure. In this case,
the new phase (something like distorted d17") must manifest
“semiconducting-like” behavior. Then, the observed switch-
ing created in the PC core domain can be due to reversible
phase transition between distorted or intermediate (possible
d1T) phase and semimetallic 7; or 17’ phase triggered by a
high electric field.

Considering that the materials investigated in this work
belong to the family of Weyl semimetals with topologi-
cally protected surface states, the discovery and exploita-
tion of the specific properties of these surface states in
homo/heterostructures is a great challenge. Note that the in-
vestigated materials have the same 7; crystal structure at
low temperatures, which has broken inversion symmetry. This
leads to an uncompensated dipole, resulting in polarization
along the c-axis, which can exist in the 7;1 and T;| states
due to the asymmetric Te bonding environments [25]. Imagine
that under the action of high electric field, the domain [see
Fig. 4(a)] has a certain polarization, let us say T;1. Therefore,
a high electric field of opposite polarity can flip the dipole
moment of the domain with the corresponding change of
the crystal structure from 7;1 to 7;|. The interface between
T;1 and Ty is T’ phase [see Fig. 4(b)]. Thus, the electron
scattering on the domain wall between T;1 and Ty phase
with specific surface states can lead to the increased resistance
and simulate HRS behavior. Of course, this model requires
sophisticated theoretical calculations that have not yet been
completed.

It should be recalled here that the dI/dV at HRS displays
a linear behavior [see the inset of Fig. 1(c), and Figs. S6, S7,
and S8 in the supplemental material [22]). At the same time,
the dV/dI has also a logarithmic behavior for a certain bias
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range (see Figs. S6, S7, and S8 in the Supplemental Material
[22]). This observation is interesting and it must be considered
when developing a theory for the switching effect.

IV. CONCLUSION AND OUTLOOK

We report a resistive switching in point contacts
(PCs) based on a series of TMT compounds such as
MeTe, (Me = Mo, W) and TaMeTe, (Me = Ru, Rh, Ir). The
switching effect consists of up to two orders of magnitude
change in the PC resistance, which increases with the lowering
of temperature. All the investigated compounds are layered
van der Waals materials, which have the same crystal struc-
ture, namely 7; phase. The T; phase has broken inversion
symmetry. It means that even these materials are semimetals,
nevertheless each layer has a dipole moment. Since the layers
are weakly coupled by the van der Waals forces, the external
electric fields can interact with the dipole moment, causing a
transition to another state. In addition, the presence of domain
walls with topological interfacial states can also play a role.
Undoubtedly, this simple method of device preparation has
a great advantage in finding suitable materials, and it can be
used, at least, to look for the resistive switching effect before
functionalizing them in nanoelectronic application. It is worth
noting here that the first observation of the resistive switching
effect, e.g., in strongly correlated high-7;. materials [26] and
manganese-based perovskite oxides with collosal magnetore-
sistance [27], was also observed by using the PC technique,
demonstrating its capabilities. Summing up, our observation
of the resistive switching effect in a series of TMT com-
pounds expands significantly the range of materials that are
promising for RRAM development [13,28], for ferroelectric
phase-change transistors [29], and for other nanoelectronic
applications [30]. On the one hand, this paves the way for
discovering the effect in other metallic layered materials, lead-
ing to electronics with advanced functionalities. On the other
hand, to understand the underlying physics of the switching
processes is of great importance, which can open the avenue
to application of topological surface states.

V. EXPERIMENTAL SECTION

Synthesis. Bulk single crystals of MoTe,, WTe,, and
TaMeTes (Me = Ru, Rh, Ir) compounds were grown with

Te flux. To avoid contamination, the mixing and weighting
were carried out in an Ar-filled glove box. In the case of
the crystal growth of MoTe, and WTe,, 0.5 g of Mo (or W)
powder and 10 g Te were mixed and placed in an evacuated
quartz ampoule. The ampoule was placed in a box furnace and
slowly heated to 1000 °C and cooled down slowly to 800 °C
followed by a hot centrifuge to remove the excess Te-flux.
A similar approach was used by us for the growth of the
TaMeTe, (Me = Ru, Rh, Ir) family [21]. Single crystals were
grown having a needlelike shape with a layered morphology.
The as-grown crystals were characterized by SEM in EDX
mode for compositional analysis and by x-ray diffraction for
structural analysis. More details of the crystal growth and
characterization are reported in Refs. [6,21,31].

Point-contact spectroscopy. PCs were prepared by touch-
ing a thin Ag wire to a room-temperature-cleaved flat surface
of TMT needlelike single-crystal flake or contacting its edge
by this wire. The calculated diameter of the point contact
is of the order of 100-300 nm. So-called “soft” PCs were
made by dripping a small drop of silver paint onto the cleaved
TMT surface/edge [see Fig. 4(c)]. The latter type of PCs
demonstrate better stability versus temperature change. Thus,
we conducted resistive measurements on the heterocontacts
between a normal metal (Ag or silver paint) and the TMT.
We measured current-voltage characteristics (/—V curves) of
PCs and their first derivatives dV/dI(V). The first deriva-
tive or differential resistance dV/dI(V) = R(V) was recorded
by scanning the dc current / on which a small ac current i
was superimposed using a standard lock-in technique. The
measurements were performed in the temperature range from
liquid helium up to room temperature.
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