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Identifying the two-dimensional (2D) topological insulating (TI) state in new materials and its control
are crucial aspects towards the development of voltage-controlled spintronic devices with low-power
dissipation. Members of the 2D transition metal dichalcogenides have been recently predicted and
experimentally reported as a new class of 2D TI materials, but in most cases edge conduction seems fragile
and limited to the monolayer phase fabricated on specified substrates. Here, we realize the controlled
patterning of the 17" phase embedded into the 2H phase of thin semiconducting molybdenum-disulfide by
laser beam irradiation. Integer fractions of the quantum of resistance, the dependence on laser-irradiation
conditions, magnetic field, and temperature, as well as the bulk gap observation by scanning tunneling
spectroscopy and theoretical calculations indicate the presence of the quantum spin Hall phase in our

patterned 17" phases.
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Two-dimensional (2D) topological insulting (TI)
states have been mainly investigated in HgTe/CdTe or
InAs/GaSb quantum well systems [1-3]. In the 2D TI state,
the quantum spin Hall effect (QSHE) emerges thanks to the
simultaneous presence of a bulk energy gap and gapless
helical edge states protected by time-reversal symmetry,
namely, opposite and counterpropagating spin states form-
ing a Kramers doublet. Interestingly, 2D TI states were first
theoretically predicted for graphene [4—6], but experimen-
tally reported in only few related systems [7-9] such as low-
coverage Bi,Tes-nanoparticle-decorated graphene [8].
Moreover, control of the quantum spin Hall (QSH) phase
in graphene-based systems remains a challenge.

Recently, a family of atom-thin transition metal dichal-
cogenides (TMDCs) has also been predicted to exhibit the
QSHE [10-12], having its origin in the natural band
inversion of the 17" phase (one of the phases of TMDC;
see Supplementary Material, Sec. I [13]) and the spin-orbit
coupling (SOC)-induced band gap opening. Moreover, the
TI state has been experimentally verified in the case of
WTe, [25-27] thanks to the stability and high-quality of
WTe, monolayers carefully formed on a hybrid substrate of
bilayer graphene and monolayer hexagonal boron nitride.
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Various signatures of the TI state have been demonstrated
in this material [25,27], including the latest observation of a
half-integer quantum value of resistance (R /2 = h/2e* =
12.9 kW, where h is Planck’s constant and e is the charge
on the electron) [26].

However, the TI phenomenon in WTe, is rather sensitive
to the substrates, synthesis process, and the chemical
environment, making its controlled use in practical appli-
cations challenging. Moreover, although the (metastable)
1T’ phase can be found or induced in other TMDCs [28,29],
nobody has demonstrated the existence of the QSHE in these
other TMDCs except for [30]. The conditions under which
helical edge states can exist at the 17"-2H interfaces is a
crucial problem that should be mastered for both TI physics
and its applications. Here, we pattern a metallic 17" phase
(Supplemental Material, Sec. I [13]) embedded into the
nontopological and semiconducting 2H phase of thin
molybdenum-disulfide (MoS,) flakes, one of the TMDC
family, via a facile protocol based on laser beam irradiation
[28] and, via transport measurements, reveal that the
embedded 17" phase exhibits the TT state.

In the present experiments, thin MoS, flakes are
obtained by mechanical exfoliation of the bulk material

© 2019 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.123.146803&domain=pdf&date_stamp=2019-10-02
https://doi.org/10.1103/PhysRevLett.123.146803
https://doi.org/10.1103/PhysRevLett.123.146803
https://doi.org/10.1103/PhysRevLett.123.146803
https://doi.org/10.1103/PhysRevLett.123.146803

PHYSICAL REVIEW LETTERS 123, 146803 (2019)

and transferred onto a SiO, /Si substrate. Layer thicknesses
of ~17 nm have been confirmed by atomic force micros-
copy (AFM) and optical microscopy (OM). OM and AFM
images of a flake with two different patterns created by
laser beam irradiation are shown in Figs. 1(a) and 1(b)
(Supplemental Material, Sec. I [13]). The large rectangular
pattern (with two electrode probes) is analogous to that
previously used for graphene under high magnetic fields [9]
and for monolayer WTe, [26]. In contrast, the H-letterlike
pattern is analogous to that used in HgTe/CdTe quantum
wells [1] and in our previous Bi,Te;-nanoparticle-deco-
rated graphene system [8]. The presence of helical edge
states was confirmed in all these systems. In the OM image,
the color of the irradiated patterns drastically changes to
semitransparent [Fig. 1(a)]. The cross-sectional AFM
image of the irradiated part reveals a decrease in the
thickness of about 10 nm [Fig. 1(b)]. These observations
are consistent with previous reports in multilayer MoTe,
[28], which demonstrated a layer thinning effect caused by
the burnout of individual monolayers due to in plane heat
accumulation from the laser beam irradiation. Heat intro-
duced by the laser irradiation causes, in turn, a 2H-17’
transition in the upper layers [Fig. 1(c)] [28] (Supplemental
Material, Sec. III [13]).

Typical Raman spectra are shown in Fig. 1(d) and we can
use them to estimate the number of 17" layers formed. For
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FIG. 1. (a) Optical microscopy image of the 17’ phase
rectangular (right) and H-letterlike (left) patterns formed onto
a thin 2H-MoS, flake by laser beam irradiation. (Inset) Schematic
cross section of a crystal structure of 17’-MoS, monolayer with
distortion. (b) AFM image of a cross section of the laser irradiated
part. (¢) Schematic cross section of 17" phase part created by laser
beam irradiation onto few-layer MoS,, corresponding to (b).
(d) Raman spectra for nonlaser-irradiated region (2H phase; blue
curve) and irradiated region (17" phase on 2H phase; red curve).
Individual peaks correspond to Ej, ~ 382 nm~! and A g™~
408 nm~! for 2H phase, J; ~ 155, J,~225, and J3~
330 nm~! for 17" phase. (e),(f) PL spectra of the laser beam
irradiated points plotted for wavelengths (e) 530-710 and
(f) 640-700 nm. The numbers on the graph are the irradiation
time for each plotted line and are common to both (e) and (f).
(g) XPS of the sample after laser irradiation. Red and blue lines
are data fits for spectra of the 17" and 2H phases, respectively.

the nonlaser-irradiated region (2H phase), the Raman peaks
are evident for multilayer (>5 layers) MoS,, showing the
large and characteristic E,, and A, peaks, while the pattern
of the peaks for the laser-irradiated region (177 + 2H) has
definitely changed. Both peaks are still visible, which can
be attributed to the 2H layers remaining underneath the 17"
layers (Supplemental Material, Sec. III [13]), while the
other peaks can be certainly attributed to the 17" phase [31].

Photoluminescence (PL) signals of the laser-irradiated parts
are shown in Figs. 1(e) and 1(f) reveal that the peak positions
shifted to lower wavelengths (i.e., higher energies) and the
peak intensities decreased with laser-irradiation time. This is
also compatible with the above-mentioned interpretation.
When the upper layers are transformed into the 177 phase,
these layers cause no PL signals [32], while the remaining
bottom semiconducting layers still yield a (reduced) signal
[Fig. 1(c)]. Furthermore, x-ray photoelectron spectroscopy
(XPS) of the laser-irradiated part demonstrates the two types of
hybridization of Mo 3d orbitals associated with the 17" and
2H phases [Fig. 1(g)].

Resistance (R) measurements as a function of back gate
voltage (Vpg) of the samples shown in Fig. 1(a) are shown
in Fig. 2. Au/Ti electrodes are in contact only with four
corners of the rectangular pattern and each branch of the
H-letterlike pattern so as to measure charge-spin transport
only in the 17’ region [insets of Figs. 2(a) and 2(c)].
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FIG. 2. (a),(b) For the 17" rectangular patterns formed by two
y

different laser irradiation times on each point; two-terminal
resistance measured between electrode pairs 1,3 and 2,4 as a
function of Vg by flowing a constant current between electrode
pairs 1,3 and 2,4 (insets). Contact resistances with 17" metallic-
layer resistances are subtracted. (c) For the 17" H-letterlike
pattern: nonlocal resistance (Ryp) observed for electrode pairs
3-4 as a function of Vg, when a constant current flows between
electrode pairs 1-2 (inset). (d) For the 17" rectangular pattern
formed by reduced laser power, with a short channel. Three
different colors correspond to three different measurements.
Equivalent circuits are shown in insets of (a) and (b). (b, inset)
Channel length dependence of R peak values in high Vpg
regions. Error bars are for the results of each of the three samples.
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FIG. 3. (a) Out-of-plane magnetic-field (B ) dependence of
conductance corresponding to inverse of the three R peaks [blue
and red symbols for Fig. 2(b) (rectangular pattern) and pink for
high Vg of Fig. 2(c) (H-letterlike pattern)] and two off-R peak
values [green and orange symbols for Fig. 2(b)]. (b) Temperature
dependence of conductance corresponding to the three R peaks in
(a) in Arrhenius plot format. Dashed lines are guides to the eyes.
(c)-(e) STS spectra for nonlaser-irradiated 2H region (c) and
irradiated 17" region (d),(e) (Supplemental Material, Sec. IX
[13]). (d) The two bulk signals (blue and green lines) were
measured near the center of the 17" rectangular pattern, and the
edge signal (red line) was measured near the boundary of the
IT'/2H phases. (e) The edge signals for different three Vgg
values in sample of (d). The 17" region was formed by irradiation
with the condition for Fig. 2(b). (Insets) Schematic views of band
diagram near or away from Kramers degeneracy point with Fermi
level (Ef).

Because of the presence of a Schottky barrier at the 17" /2H
junction [> ~ 0.2 eV; see Fig. 3(c) for the semiconducting
band gap in the 2H region] [32,33], the 2H semiconducting
layers below the 17" layers are expected to give a negligible
contribution to these measurements, particularly at low
temperatures.

For the rectangular pattern, the two-terminal resistance
between electrodes 1 and 3 and electrodes 2 and 4 is
measured as a function of Vg by flowing a constant
current between electrodes 1 and 3 and electrodes 2 and 4
(see insets). The results of two samples formed using
different irradiation times (20 and 30 s) are shown in Figs. 2
(a) and 2(b), respectively. Individual figures demonstrate
two R peaks (Supplemental Material, Sec. X [13]). At high
Vg, R peaks of Rs, ~ R /2 are confirmed in both figures
[at Vgg = +25 and +19 V in Figs. 2(a) and 2(b), respec-
tively]. Larger R peaks are also observed at negative Vgg’s
[R3s ® Ry and ~3R,/2 at Vgg~—5 and ~x—10V in
Figs. 2(a) and 2(b), respectively]. For the H-letterlike
pattern, when a constant current flows between electrode
pair 1-2, the nonlocal resistance (Ryy) between electrode
pair 3-4 (R3,) is measured as a function of Vg [see inset of

Fig. 2(c)]. Figure 2(c) shows the result. An Ry, plateau of
R34 ® Rp/4 at high Vg (=~ + 20-25 V) is confirmed with
an Ry, peak of Ry > Rp/2 at low Vpg(~+5 V) also
appearing. As usually occurs, large Vg values need to be
applied to significantly tune the Fermi level via the SiO, /Si
substrate [34] (Supplemental Material, Sec. IV [13]).

The Ry/2 and Ry /4 of R peak values observed at high
Vg suggests the appearance of the QSH phase without and
with dephasing in metal electrodes, respectively [1,8]. First,
the R peak values ~R /2 confirmed for the 17" rectangular
patterns [Figs. 2(a) and 2(b)] are consistent with the
presence of helical edge modes without dephasing. In
this case, the two counterpropagating spin channels can
be preserved at two different quasichemical potentials
between the electrodes, leading to a net current flow along
the edges with R equal to R, /2 (as based on the Landauer-
Biittiker formalism). Such a two-terminal resistance plateau
~R /2, reported in both rectangular monolayer WTe, [26]
and in large rectangular graphene under high magnetic
fields with a similar electrode connection to the present one
[insets of Figs. 2(a) and 2(b)] [9], was presented as
evidence for helical edge states [35]. Wu er al.[26] also
reported deviations from ~R(/2 to larger values in long-
channel samples (>afew 100 nm). Remarkably, in our
case, R does not deviate significantly from R,/2, even
for ~1 ym channel lengths, because of the possibly high
uniformity of the 17" phase formed by our highly uniform
laser beam (Supplemental Material, Sec. V [13]).

Second, the Ry; plateau value ~R,/4 [Fig. 2(c)]
corresponds to the case of helical edge modes with
dephasing in the metal electrodes in the H-letterlike pattern
with four metal electrodes (inset) and nicely agrees with the
result in Refs. [1,8]. Once the helical edge electrons enter
the voltage electrodes, they interact with a reservoir
containing an infinite number of low-energy degrees of
freedom so that time-reversal symmetry is effectively
broken by the macroscopic irreversibility. In particular,
a resistance plateau can be confirmed in Fig. 2(c). The
plateau shape, as opposed to a peak, is attributed to
the channel width being narrower (~1 ym) than that in
the rectangular pattern (~2 ym) and the usage of a highly
uniform laser beam, as mentioned above (Supplemental
Material, Sec. VI [13]). This is also consistent with the
results in [1]. Consequently, the two counterpropagating
channels equilibrate at the same chemical potential, deter-
mined by the voltage of the metallic electrodes, leading to
dissipation and, thus, emergence of integer fractions of R,.
Therefore, these R peaks (i.e., ~R/2 in the rectangular
pattern and ~R,/4 in the H-letterlike pattern) evidently
suggest the presence of the helical edge states in the
patterned 17" layers [36].

Indeed, we observe a single R peak with an R, /2 value,
which is consistent with a conventional QSH phase
[26], when a lower-power laser is irradiated (~4.6 mW)
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[Fig. 2(d)]. This supports the above-mentioned argument
that the observed two R peaks with the large peak values
[Figs. 2(a) and 2(c)] are attributed to the excess heat
accumulation through the multilayers caused by the present
high-power laser irradiation. The low-power laser irradi-
ation suppresses the excess heat accumulation and allows a
topological transition in monolayer with less edge defects
(Supplemental Material, Sec. III [13]).

Perpendicular magnetic-field (B ) dependence measure-
ments for the samples shown in Figs. 2(b) and 2(c) are
demonstrated in Fig. 3(a). As B increases, the conductance
G, corresponding to the inverse of three R peak values in
Figs. 2(b) and 2(c), exponentially decreases. G values
corresponding to the inverse of two off-R peaks [Fig. 2(b)]
remain almost unchanged. These results are in good agree-
ment with those in the QSHE observed in WTe, [26] and our
Bi, Te;-decorated graphene [8] and evidently support the fact
that the first three R peaks can be attributed to helical edge
states. Only when the Fermi level is set to the Kramers
degeneracy point, R values can well reflect the band gap
opening due to the Zeeman effect caused by applied B | (see
insets), resulting in the observed exponential decrease in
G [37].

As far as zero-B | temperature dependence is concerned,
G corresponding to the inverse of the three R peak values
(Rp/2, 3Ry/2, and Ry/4) remain constant up to the
transition temperatures (7'.;) of ~40 (red symbol), ~25
(blue), and ~30 K (pink), respectively [Fig. 3(b)]. At
temperatures higher than the individual 7., G increases
as temperature increases, following the thermal activation
formula [i.e., a linear dependence in the Arrhenius plot of
Fig. 3(b)] with activation energies of ~15 (red symbol),
~10 (blue), and ~7 meV (pink), respectively. Moreover, G
increases again above T, ~ 60 (red), ~50 (blue), and
~60 K (pink), respectively, with larger slopes. The T,
which are lower than 100 K as reported in WTe, [26], are
attributed to bulk gaps being smaller than that of WTe,
[38]. In contrast, G increases at temperatures >7 ., have not
been observed previously [8,26]. This can be attributed to
the thermally activated carriers flowing into the 17" QSH
phase region from the 2H semiconducting region over the
Schottky barrier (or band discontinuity) at the 177 /2H layer
interface, because the barrier height is much larger than the
bulk gaps [33]. The largest activation energy (i.e., barrier
height or band discontinuity) for the pink symbol is
consistent with the smallest gap value of ~7 meV as
mentioned above.

Scanning tunneling spectroscopy (STS) spectra of the
nonlaser-irradiated 2H region and the irradiated rectangular
17T’ pattern are shown in Figs. 3(c) and 3(d,e), respectively
(Supplemental Material, Sec. IX [13]). Figure 3(c) dem-
onstrates evident gaps ~0.6 eV, which are in good agree-
ment with the n-type semiconducting gap of thin MoS,
with the number of the layers larger than 5. This gap is large
enough to embed the present topological gaps with

~10 meV order. For Fig. 3(d) with Vg tuned to the
Kramers degeneracy point, in the two bulk points, STS
gaps of ~25-35 meV are confirmed, while the gap dis-
appears at an edge. The bulk gap values almost agree with
the values estimated from the temperature dependence of
resistance peaks, as mentioned above. Although they are
smaller than the 45 meV gap reported in 17-WTe, [27],
they are appropriate for 17’-MoS,. For Fig. 3(e), as Vg
runs away from the Kramers degeneracy point (i.e.,
Vgg ~ —10 V) (see insets), the dI/dV increases and the
dI/dV dip disappears, resulting in just a metallic behavior
of the 17" phase. This supports the fact that the disappear-
ance of the bulk gap in Fig. 3(d) is attributed to the
edge current due to the Kramers degeneracy point. Con-
sequently, all results suggest that the laser-created 17"
phases can be in QSH phases with helical edge modes.
The existence of helical edge states at the 177/2H
interface is further supported by our theoretical calculations
[39]. Figure 4(a) shows the overall band structure of the
heterostructure. Our choice of a centrosymmetric system
with two interfaces makes all the bands doubly degenerate.
One can clearly identify the bulk band inversion associated
with the 17" phase near I" and the gap opened by the SOC
(enhanced by the quantum confinement due to the finite
width of the 17" region). Importantly, we learn from these
calculations that the 17" phase gap is in the middle of the

Y2 X2 T Yi2

FIG. 4.

(a) Overall band structure of the 2H /1T’ /2H hetero-
structure. (Bottom inset) A view of the whole heterostructure
showing the passivated edges. (Top inset) Atomic detail of one
interface. The yellowish area indicates the energy window within
the 2H phase gap. Inside this range and near the center of the
Brillouin zone, the bulk band inversion of the 17" phase and the
gap opened by the SOC can be seen along with nontrivial and
trivial bands. (b) Enlargement of the bands into the relevant
energy window. The number of band crossings at the Fermi level
(placed at zero) and at any energy in the gap is odd, as expected
from the presence of protected interface states. (c) Bulk band
structure of a bilayer for three different stacking possibilities
(indicated in the insets), showing a gap in all of them.
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much larger gap of the 2H phase, which should enable the
manifestation of the protected helical states along the
interfaces. Figure 4(b) shows an enlargement of the band
structure in the relevant low-energy sector in half of the
Brillouin zone. Despite the complexity of the band struc-
ture, which stems from the presence of native trivial edge
states of the zigzag edges of the 2H phase [40], the total
number of crossings at any energy within the gap in half of
the Brillouin zone is odd, as expected.

Figure 4(c) shows the band structure of a bilayer for
different stacking geometries (shown in the insets). These
three geometries do not exhaust all stacking possibilities,
but are representative of those found in bulk materials.
After relaxation, a gap remains open in all cases [41], which
is a necessary condition for the observation of the QSH
phase. Also, the band structure reflects the weak coupling
between layers, which also facilitates the observation of the
QSH phase.

Controlled patterning of the 17" phase onto the 2H phase
of thin semiconducting MoS, by laser beam irradiation
has been demonstrated. Using multilayers brings many
advantages to the present laser beam irradiated experiments
(e.g., protection from laser damage and oxidation)
(Supplemental Material, Sec. 11 [13]). Further optimization
of the conditions for laser irradiation will allow for
on-demand patterning of 2D (or 1D) topological phases
onto desired positions of nontopological phases of TMDCs
and will facilitate the path towards topological quantum
computation [42].
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