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ABSTRACT

Strontium titanate [SrTiOs (STO)], a perovskite oxide with an extremely high gate-tunable dielectric constant (¢) due to quantum paraelec-
tric phases, is attracting considerable attention for yielding various physical phenomena when two-dimensional (2D) layers are integrated.
Superconductivity is such a typical phenomenon. However, the influence of the STO substrates on enhancing transition temperatures (T')
for (atomically) thin 2D flakes attached to them has been rarely investigated. Here, we report gate-tunable and gradual four-terminal resis-
tance drops with critical onset T (Tcr) and scanning tunneling spectroscopy (STS) spectra in devices comprising thin TaS, flakes attached
on monolayer hexagonal boron nitride (hBN) spacer/STO substrates. Observation of STS spectra confirms the presence of local supercon-
ducting gaps A (~1.5 meV) with transition T (T'ac) three-times higher than previous reports of T. under absent pressure and strong position
dependence of A. Depending on A on back gate voltages (V) and magnetic fields, there is a strong correlation between Tcr and the onset
T. of superconductivity, implying an enhancement of approximately five times compared with the previous highest-onset T, values without
pressure as the applied V1,4 increases. The high onset T and A are discussed based on screening of the long-range Coulomb interaction (CI)
due to the high-¢ of SrTiOs, while the short-ranged CI remains strong in the 2D limit, causing the superconductivity. Using a monolayer
hBN/SrTiO; substrate with Vg opens doors to T enhancement in thin superconducting layers integrated on it and wide application due to
the solid-state high-¢ substrates.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147818
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. INTRODUCTION

Strontium titanate [SrTiO3 (STO)]," * a perovskite oxide with
quantum paraelectric phases at low temperature (T), is attracting
considerable attention because of (1) an anomalously large and
back gate-voltage (V1) tunable dielectric constant (e.g., & ~ 10* at
T = 2 K) through all T regimes due to strong quantum
fluctuation' ° and (2) specified surface states.”® These create
abundant high-T physical phenomena, such as high transition
temperatures (T.) superconductivity, novel quantum Hall states
(quantum Hall topological insulators), and Majorana zero-bias
states' " (the supplementary material, 1), which arise from the intro-
duction of (1) the high charge carrier density np and (2) the unique
two-dimensional (2D) electronic states into the interfaced materi-
als, respectively. Among those, high-T. superconductivity is of great
interest because of the discovery of T [owing to (2)] as high as
~100 K in mono-atom layer FeSe directly grown on the STO sub-
strate.” However, the influence of the STO substrates on enhancing
T for (atomically) thin 2D flakes, which are mechanically exfoliated
and attached to the substrates, has been rarely investigated.

On the other hand, superconductivity in various (atomically)
thin 2D layers, which were mechanically exfoliated and attached to
a silicon oxide (SiO,)/silicon substrate, has been widely researched
from many perspectives.” *’ Enhancement of T. depends on a num-
ber of physical factors, such as np, layer number (the thickness d),
and in-plane or interlayer Coulomb interaction (CI).

The thin transition metal dichalcogenide (TMDC), titanium
disulfide (Ta$S;), exhibits such superconducting characteristics in
both its 1T- and 2H-phases, indirectly competing with charge
density wave (CDW) states depending on np..”" For instance, T
increased up to 2 K as d decreased to ~3 nm from ~15 nm (bulk with
T ~ 0.7 K) in conventional non-doped 2H structures without apply-
ing Vig.” Because the interlayer CI is weak, the Tc was enhanced
by increasing the 2D electronic density of states (EDOS), which is
caused by the growth of a van Hove singularity (vHS) driven by in-
plane strong repulsive CI [i.e., Luttinger liquid (LL) states] and the
alignment of the Fermi level (Er) with the vHS.'??1*17%% Moreover, a
significant increase in T. up to 8.5 K was observed in 2H-TaS; when
a pressure of 9.5 GPa was applied.**

In contrast, gate-controlled Li-ion heavy intercalation into the
IT structure demonstrated contradictory results, ie., Tc (~2 K)
decreased with decreasing d and the superconducting phase finally
disappeared at d ~ 3 nm, whereas nearly commensurate CDW
and Mott insulating phases became dominant.”’ This situation is
analogous to the case of Bardeen-Cooper-Shriffer (BCS) super-
conductivity in systems with strong interlayer coupling, such as
NbSe, "' and heavily doped Mo$; (Ising superconductivity).'

Without applying pressure, in all cases, the maximum (onset)
T. in Ta$, flakes attached to SiO,/Si substrates was limited below
~2 K, except for some specified cases. "' In particular, the influence
of the substrates on enhancing T has been rarely investigated, even
for the STO substrate.

Il. EXPERIMENTAL
A. Sample preparation and characterization

In the present experiment, thin 1T-TaS, flakes were attached
to a mono-layer hexagonal boron nitride (hBN) spacer atop an

pubs.aip.org/aip/apm
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FIG. 1. (a) AFM images of 1T-TaS; flake/monolayer hBN/STO substrate (the
supplementary material, 2) with four terminal Au/Ti electrodes; the interelectrode
spacing of 500 nm is used for R measurements (indicated by the white arrow). The
numbers @-® indicate the positions used for the observation of STS spectra. (b)
Schematic overview of a part of (a) with Vyy connection to the back side of the
STO substrate. (c) Room-temperature Raman spectra for samples A and B with
thicknesses of ~8 and ~3 nm, respectively.

STO substrate [Figs. 1(a)-1(c)] (Methods and the supplementary
material, 2). The thickness d of Ta$, flakes was confirmed by Raman
spectroscopy [via Epg and Ajg peaks in Fig. 1(c)] and atomic force
microscopy (AFM) (the supplementary material, 2). The STO sub-
strates used here have large surface roughness at some points, which
may lead to non-zero resistance (R) at T = 2 K, as shown later
(the supplementary material, 2). Four-terminal Au/Ti electrodes
with 500 nm space between two electrodes for R observation [e.g.,
white arrow in Fig. 1(a)] were formed on the flakes using con-
ventional electron-beam lithography methods to detect the small
superconducting area [Fig. 1(b)] (the supplementary material, 3).
Before electrode evaporation, the surface of TaS, was slightly etched
by the Ar ion to avoid the influence of oxidation. Four-terminal
R as functions of T, Vyg, and out-of-plane magnetic fields (B)
were measured by Dyna Cool (Quantum Design) using a lock-in
amplifier, applying Vi, from the back side of the STO substrate
[Fig. 1(b)], without applying pressure. Positions used for observation
of scanning tunneling spectroscopy (STS) spectra are shown in the
numbers O-®.

B. Observation of four-terminal resistance drops

Figure 2(a) shows the four-terminal R of a sample with
d ~ 8 nm (sample A) as a function of T (i.e., from a T of 300-2 K)
with Vg = +30 V and B = 0. As T decreases, R monotonically
decreases and abruptly drops below critical T (T'cr) ~ 10 K (shown
in the red arrow). Figure 2(b) presents the Vy, dependence of the
R-T feature shown in Fig. 2(a). This figure reveals an accurate Tcr
of ~ 3.8 Kat Vg = 0 V (shown in the red arrow) and its shift to a
higher T with increasing Vi, (i.e., to a Tcr of ~ 6 Kat Vig = +40 V).

In contrast, Fig. 2(c) demonstrates a similar dependence in
sample B with a smaller thickness (d ~ 3 nm). It also implies the
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FIG. 2. (a) R-T relationship of sample A up to room temperature. The red arrow
indicates an abrupt R drop below T = 10 K. (b) Vi, dependence of the R-T feature
in sample A [shown in Fig. 2(a)] and (c) sample B with d ~ 3 nm. The dotted
lines are just a guide for the eyes, and the red arrows are critical temperatures for
R drops (Tcgr). The blue arrow in ¢ means the lower case of T¢g. Because applying
a larger Vyq electrostatically destroys TaS; layers, Vy,y was limited below +40 and
+30 V for (b) and (c), respectively. (d) Tcr as a function of d, including the results
in (b) and (c) at Vg = +30 V. The error bars mean the measurement results of
three samples in each d.

evident Tcr ~ 5.8 Kat Vi; = 0V (red arrow) with the second abrupt
R drop at Tcr ~ 4 K (blue arrow), which increases as Vg increases,
resulting in the highest Tcr ~ 9 K at Vg = +30 V. The Tcr values
are higher than those in Fig. 2(b) at individual values of Vy,. The
normalized R value drops by a factor of four from the Tcrto T=2K
at Vg = +30 V. The Tcr as a function of d, including the results in
Figs. 2(c) and 2(d) at Vg = +30 V, is demonstrated in Fig. 2(d). It is
clear that the Tcr monotonically increases with decreasing d. When
the Tcr values are compared with the onset T for superconductivity
in (atomically)thin TaS,, the highest T'cr values of ~ 6 K (sample A)
and ~9 K (sample B) are approximately three and five times higher
than the highest onset T. of 2 K without pressure.”'’ They are also
larger than those even in highly disordered (~4 K) or oxygenated
(~3K) TaS,.'""?

C. STS spectra confirming local superconducting gaps

Here, the R drops are gradual below the T'cr, with non-zero
R values at T = 2 K. In order to confirm the origin, STS spectra
have been measured at seven local points of flake B [Fig. 1(a) and
the supplementary material, 4]. The results are shown in Fig. 3.
The T-dependence of dI/dV vs V is shown for Vi, = +30 V at the
local position @, which is one of the positions exhibiting A [®@, @',
®-® in Fig. 1(a)], in Fig. 3(a). The dI/dV gap A starts to appear at
T = 10 K and increases as T decreases, resulting in the entire
A reaching 0 Q at Tac = 6 K and the A ~ 0.4 mV with smearing
at T'= 2 K. V4 and position dependence of A at T = 2 K are shown
in Fig. 3(c). A ~ 1 and ~0.1 mV for Vi, = +30 and 0 V, respectively,
can be confirmed at the local position ©. The dependence of A at
T =2 K on perpendicular magnetic fields (B, ) is shown in Fig. 3(d).
The magnitude of A decreases with increasing B, (particularly
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FIG. 3. Scanning tunneling spectroscopy (STS) spectra [corresponding to the
positions shown in Fig. 1(a) and measured by V = 0.05 V, | = 2.0 nA] (the
supplementary material, 4) observed at (a) position @ for different T (>2 K) under
a fixed Vi, at (b) positions ®-® at T = 0.5 K (being normalized by d//dV at
V = +4 mV), (c) two different positions @ and @ (~200 nm distance), and (d) B,
dependence of (a) at T = 2 K. At position @, two different Vg are employed. The
dotted curve in (b) is the superconducting gap fitted with the Dynes model [Eq. (1)].
(e) Tcr and A at T = 2 K (filled black and red circles, respectively) as a function
of Vg, including the results in Figs. 2(c) and 3(c) [i.e., red arrows in Fig. 2(c) and
position® in Fig. 3(c)]. The open circle corresponds to the blue arrow in Fig. 2(c).

from 2 T) and disappears around B, = 4 T. These behaviors are
in qualitatively good agreement with those in previous reports of
superconductivity in Ta$S;, and, thus, suggest that the observed
A corresponds to the local superconducting gaps.

In order to reconfirm superconductivity, STS measurements at
T <2 K (ie, T = 0.5 K) were carried out at the other three posi-
tions ®-® [Fig. 1(a)], and data fit was performed by the Dynes
model [Eq. (1)] for conventional superconductivity.””*’ The results
are shown in Fig. 3(b) (normalized by dI/dV at V = 4 mV).
Although A values and shapes highly depend on the positions, posi-
tion @ demonstrates the largest A value of ~1.5 meV with suppressed
thermal smearing. The data fit shows the best agreement with the
observed curve when the fitting parameters A ~ 1.5 meV and the
pair breaking parameter T ~ 5 x 10~ are employed.

1)

N(w)—NoRe[ o+ il ]

(w+iT)* = A?

where N(w) is the tunneling density of states, I is the effect of the
pair-breaking processes, and Ny is the normal-state density of states
at the Fermi level. This result is discussed in detail in the discussion
section later.

The Tac = 6 Kin Fig. 3(a) is also at least three times higher than
previous reports of the T. in TaS, under no pressure. Reduction of
the A values from Vg = 30-0 V qualitatively agrees with those in the
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Tcr [Fig. 3(e)]. This also implies the strong correlation of the Tcr
with the onset T..

In contrast, A disappears at different positions @ and @',
where it is located ~200 nm away from @ [Figs. 1(a) and 3(c)].
We confirmed such strong position dependence of A at seven ran-
dom points as mentioned above. This result suggests that one of the
main reasons for the non-zero R drops is a non-uniform and local
superconducting transition owing to the large local-roughness of the
STO surface (the supplementary material, 2) or strain. It obstructs
the appearance of the homogeneous superconducting transition
(arising from the screening of CI as discussed later) over entire parts
between the two electrodes (within a 500 nm distance) used for the
R measurements [Fig. 1(b)].*** Because the superconducting
regions with A only locally emerge such as islands and cannot con-
nect the two electrodes at T = 2 K, the non-superconducting regions
obstruct the appearance of the R drop down to 0 Q.

D. Vg and B dependence of resistances

Figures 4(a) and 4(b) show R vs Vy, relationships for different
T at B=0T in sample B (the supplementary material, 5). R increases
as Vg decreases in the +Vi, region for all T regions in Fig. 4(b).
For +Vyg > ~3 V, R monotonically decreases with a decrease in T,
whereas for +Vy,, < ~3 V, R becomes insensitive to T change at
T>4Kas +Vy decreases and becomes almost constant, result-
ing in the largest R drop between T = 3 and 4 K. These results are
in good agreement with those shown in Fig. 2(d), which showed a
decrease in the onset T in the lower V},, region. In contrast, the
T dependence of the R vs V4 relationships suggests transitions to
the possible CDW phase (the supplementary material, 6) in the — V1,
region, particularly at Vi,g < ~=7 V [Fig. 4(a)].
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FIG. 4. Four-terminal R measurements as functions of V4 for (a) and (b) different
T and (c) and (d) different B, applied perpendicular to the sample plane in sample
B (the supplementary material, 5). (€) R vs B, relationships at each Vg of (d),
including that for Vg = +30 V in sample A.
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Figures 4(c) and 4(d) demonstrate the R vs Vi, relationships for
different B, at T = 2 K in sample B (the supplementary material, 5).
In Fig. 4(c), R values monotonically increase for all B, with decreas-
ing Vg, whereas the B, dependence of R reveals a different tendency
around Vig ~ 10 V in the + Vg region. At Vi,g > ~10 V, R mono-
tonically increases as B, increases, whereas R values at B, = 0 and
2 T become the highest and smallest values, respectively, except
for the R at B, = 3 T at Vg < ~10 V. For the — V3, region in
Fig. 4(c), these R tendencies are still maintained, although the B,
dependence becomes much weaker except for the RvalueatB; =2 T
(the supplementary material, 6).

R vs B, relationships at T = 2 K in sample B are shown for
the Vg = 0 V and +Vy, regions in Fig. 4(e), including that for
Vg = +30 V shown in sample A. R values monotonically and grad-
ually increase with increasing B, and drastically increase above
B, ~2T for Vg =10-30 V. They saturate at B, = ~4 T. These results
are in qualitatively good agreement with those in Fig. 3(b), suggest-
ing a close correlation with superconductivity. On the other hand,
R at Vi, = 0V shows quite different behavior due to the influence of
the CDW.

E. Discussion

We have shown the observation of the gradual R decrease start-
ing from Tcg with decreasing T and resulting in a non-zero value at
T =2 K (Fig. 2) and the corresponding local STS signals A (Fig. 3).
As shown in Fig. 3(b), the calculation result for A using the Dynes
model [Eq. (1)] was in good agreement with the observed STS result
at T = 0.5 K, with the best fitting values for A ~ 1.5 meV and
[ ~5 x 1072 The value of A ~ 1.5 meV corresponds to Tc ~ 10 K
through 2A/kg T, = 3.5 for the conventional gap equation for super-
conductivity. Because this T ~ 10 K value is in good agreement with
Tcr ~ 9 Kat Vg = +30 Vin Fig. 3, it implies a strong possibility that
Tcr can be the onset T.. This result means that R cannot abruptly
drop to 0 Q over the entire area between the electrodes, even when
the local A opens in the present material. The gradual R drops with
decreasing T reflect just the gradual R decrease due to the metallic
conductivity in the area outside the local points with A. The best fit-
ting parameter T ~ 5 x 1072 also indicates that geometrical factors
(e.g., disorder, oxidization), which introduce a large T, are not large
in some positions of the present Ta$, flakes.

As possible origins for the gradual R drops other than super-
conductivity, charge fluctuation originating from the STO substrate
with high dependence on V1, might be the most probable, because
such gradual R drops starting from a high T regime were not
observed in our Ta$; flakes attached to a SiO,/Si substrate. Indeed.
STO has quantum fluctuations in the low T region, as mentioned in
the introduction. However, because it does not lead to the observed
local A in STS, it is not associated with the gradual R drops. Thus,
superconductivity has one of the highest possibilities.

Based on this, we discuss the correlation of superconductivity
with the observed onset of T¢ (i.e., Tcr) enhancement. One of the
origins of this TaS; superconductivity on SiO,/Si substrates could
be the growth of a vHS driven by in-plane strong repulsive CI
and the alignment of Er with it by decreasing d to the 2D limit™"’
(the supplementary material, 7). This mechanism can qualita-
tively correspond to the present case because T. increases with
decreasing d. Moreover, the work, which reported the significant
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increase in T¢ up to 8.5 K in 2H-TaS$, under a pressure of 9.5 GPa,**
also found that, unexpectedly, CDW and superconductivity could
coexist in a large part of the phase diagram when applying pres-
sure. Although observation of such an interaction between CDW
and superconductivity is highly interesting in the present system
because our samples have a similar onset T despite applying no
pressure, the two regimes have been distinctly separated by apply-
ing Vg in the present samples using the STO substrate with a high
&. CDW might be caused only in the — V1, region via hole doping in
this case. Thus, the comparison is difficult.

In addition to this repulsive-CI based model, the much higher
onset T observed in the present structure can originate from the
large € of the STO substrate, i.e., (1) the large np doping by applying
Vg to the high-£ STO substrate and (2) screening of the long-range
CI by the high np. The first term is analogous to that in the gate-
controlled Li-ion heavy intercalation into 1T-Ta$,.'” In the present
case, applying large Vi, to the high-¢ STO substrate dopes large
np into the thin Ta$S,. Indeed, the estimated nop ~ 10" cm™ at
Vbg = +30 Vand T =2 K in sample B is almost equivalent to the low-
est case of an extremely large n,p of the Li-ion intercalated 1T-TaS,.
However, the onset T was still below 2 K even at nop > ~2 x 104 in
the Li-doped TaS,, while the present onset-T is much higher than
2 K. Thus, the second term becomes important as follows:

Enhancement of superconductivity by screening of the long-
range CI was reported as a model to explain the appearance of the
superconductivity in heavily doped MoS, layers.'” The supercon-
ductivity was mediated by the short-range, intermittently repulsive
CI. When it is assumed that the long-range CI was strongly screened
by the high n,p, which was brought about by heavy doping via
the ionic-liquid gate, the effect of the short-range repulsive CI was
enhanced, resulting in the emergence of superconductivity. A simi-
lar mechanism can work in our devices since the long-ranged part of
the CI between electrons in Ta$; is effectively screened by the large
¢ of the STO substrate.”®

Indeed, the long-range CI was screened by the large e of
the STO substrate in the graphene/few-layer hBN/STO substrate,
resulting in the appearance of the quantum Hall (QH) topo-
logical insulating phase (i.e., a copy of two QH phases)"*
(the supplementary material, 1). Although this model'” was not
available for the extremely high np region (>~1.3 x 10" cm™
and did not explain the decrease in T. observed in such regions
(e.g., decreasing d) in the heavily doped MoS; layers'® (similar to
the cases for the Li-ion intercalated TaS,'’ and interlayer-coupled
NbSe, "' mentioned in Sec. 1), it is more appropriate for the
present results, which show the maximum #p < ~1 x 10" cm~2 and
the increase in T with decreasing d.

We show another estimation of this model as follows: In gen-
eral, in a conducting 2D electron gas, the long-ranged part of the CI
is screened by the Fermi sea, such that at distances r > r, the usual
~eé*[er Cl is replaced by the more quickly decaying ~e*rZ/er’, where
rs is the screening radius. The value of r; depends inversely on the
EDOS v, as r = 2me/(e’v), so increasing the v by Vi, produces an
increasingly prominent truncation of the CI. Naively inserting the
large € of STO into the formula for 7 yields a very long r, which
would be irrelevant at the scale of the electron-electron separation.
However, the relevant ¢ is likely to be smaller due to strain and inho-
mogeneity at the STO surface [F_igs. 1(a)-1(c)], which stiffens the

transverse optical phonon mode.”” ** In this case, the value of r; may

pubs.aip.org/aip/apm

not be too large, so electronic screening of the long-range CI can be
relevant.

Moreover, the short-ranged part of the CI itself may still be
relatively large in magnitude due to the dependence of the ¢ on
the wave vector g. In particular, the &€ of STO varies with g as
e(q) = 5(0)/[1 + (qf)z], where & ~ 2.6 nm (as can be seen by look-
ing at the dispersion of the transverse optical phonon mode in
STO™). Consequently, the CI is much larger in magnitude at
distances shorter than &.

The observed gradual R decreases with the local A sug-
gest that this screening of the long-range CI cannot homoge-
neously emerge between the two electrodes measured, owing
to the large surface-roughness of the STO substrate (or strain)
(the supplementary material, 2), as T decreases.”” Moreover, the
relatively T-independent ¢ of the STO substrate below T ~ 10 K,
due to the softening of ferroelectricity and quantum fluctuations,
partially contributes to this mechanism.'” We also reveal that the
monolayer BN spacer plays a definitively important role in addition
to the simple physical isolation between the STO and TaS$, flakes
(the supplementary material, 8).

I1l. CONCLUSIONS

We reported the Vig-tunable gradual four-terminal R drops
and STS spectra in thin TaS; flakes/monolayer hBN/STO substrates.
Observation of the STS spectra confirmed the presence of the local
A (~1.5 meV at T = 0.5 K) with Tac, which is about three-times
higher than previous reports of T in thin TaS, layers under absent
pressure, and the strong position dependence of A. Its correlation
with Tcr for Vi, and B, changes suggested a strong possibility
that the observed R drops could be attributed to superconductivity.
When the observed Trc corresponds to the onset T of supercon-
ductivity, it is enhanced approximately five times under the applied
Vg, compared with the previous highest-onset T values under no
pressure. The high onset T and A were discussed based on screen-
ing of the long-range CI due to the high-¢ of SrTiO3 with applying
Vg

* Further improvement [e.g., using a thinner STO substrate
(«0.5 mm) with a highly uniform surface and no strain] must lead
to a full superconducting transition over a large area with a higher
T.. Because of the solid-state and Vy4-tunable high-¢ substrates, the
present STO method of attaching mechanically exfoliated thin layers
offers the promise of wide application of high-T. materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for further explanation and
experiment details. Fabrication and characterization, STS observa-
tion, 3D maps of T vs Vg for Rand B vs Vg for R, and result without
hBN layer.
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