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The recent discovery of high-temperature, high-pressure superconductors, such as hydrides and
nickelates, has opened exciting avenues in studying high-temperature superconductivity. The primary
superconducting properties of these materials are well characterized by measuring various electrical and
magnetic properties, despite the challenges posed by the high-pressure environment. Experimental
microscopic insight into the pairing mechanism of these superconductors is even more challenging,
due to the lack of direct probes of the superconducting gap structures at high pressure conditions. Here, we
have developed a planar tunnel junction technique for diamond anvil cells and present ground-breaking
tunneling spectroscopy measurements at megabar pressures. We determined the superconducting gap of
elemental sulfur at 160 GPa, a key constituent of the high-temperature superconductor H3S. High quality
tunneling spectra indicate that β-Po phase sulfur is a type II superconductor with a single s-wave gap with a
gap value 2Δð0Þ ¼ 5.6 meV. This technique is compatible with superconducting compounds synthesized
in diamond anvil cells and provides insight into the pairing mechanism in novel superconductors under
high-pressure conditions.
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High pressures have enabled the realization of desired
chemical compositions and physical properties in materials
that do not exist at ambient conditions, where near-
room temperature superconductivity in hydrogen-rich com-
pounds [1–3] and high-temperature superconductivity in
nickelates [4] are two striking examples of many exciting
discoveries. The superconducting pairing in these materials
induces an energy gap in the quasiparticle density near the
Fermi energy. The size and symmetry of the superconduct-
ing gap are fundamentally related to the nature of the
superconducting coupling mechanism, but the experimen-
tal determination of the superconducting gap in a high-
pressure environment is quite challenging.
Tunneling spectroscopy is a direct probe of the electronic

density of states, and thus, allows for examination of the
structure of the electronic excitation spectrum near the
Fermi energy [5]. The formation of the superconducting
band gap predicted by the Bardeen-Cooper-Schrieffer
(BCS) theory in conventional superconductors was

validated by tunneling spectroscopy [5,6]. Tunneling spec-
troscopy also captured pseudogap and nodal gap features in
non-BCS high-temperature cuprate superconductors [7].
The tunneling spectroscopy has been developed so far

with pressure up to 3 GPa in piston or Bridgman pressure
cells [8–10] where planar tunnel junctions were fabricated
before loading into the pressure cell. The extreme pressure
environment affects the properties and integrity of the
tunneling barrier, leading to leakage currents and a reduc-
tion in the magnitude of the potential energy barrier.
This challenging technique is difficult to apply to diamond
anvil cell (DAC) with a micrometer size sample. The
most interesting materials, such as hydrogen-rich high-
temperature superconductors, can only be synthesized at
high pressures, rendering preformed junctions unusable in
such cases.
We have developed an in situ method for fabricating

planar tunnel junctions in diamond anvil cell environments,
enabling us to extend tunneling spectroscopy measure-
ments to pressures beyond the megabar range. Employing
this technique, we investigated the superconducting proper-
ties of elemental sulfur. Sulfur, an insulating molecular
solid at ambient pressure, undergoes an insulator-to-metal
transition and becomes superconducting above 90 GPa
[11–14]. Here we have pressurized sulfur to 160 GPa,
where a superconducting transition temperature Tc of 17 K
was reported in the rhombohedral lattice [13,15,16].
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Distinct superconducting gap features have been observed
in tunneling spectra below Tc. Temperature and magnetic
field dependence of tunneling spectra have been analyzed
with the Blonder-Tinkham-Klapwijk (BTK) model [17],
from which we deduce the gap value of 2Δð0Þ ¼ 5.6 meV
and reveal a single s-wave gap symmetry of the super-
conducting sulfur.
A planar tunnel junction comprises three essential com-

ponents: normal metal (N), insulating barrier (I), and
superconducting sample (S). In our study, the critical aspect
lies in the preparation of the metal and barrier components
on the anvil tip. Tantalum (Ta) and its oxides were chosen to
serve as the N − I components of the junction. Tantalum
pentoxide (Ta2O5), selected as the insulating barrier, offers
notable advantages due to its high stability and density,
making it a superior choice for tunneling junctions [18,19].
In comparison to other common barrier materials like Al2O3

and MgO, Ta2O5 requires a greater thickness to achieve
the same barrier height. This characteristic results in the
current distribution in the barrier being less sensitive to
fluctuations in thickness [20], rendering it an excellent
candidate for the insulating barrier material in high-pressure
tunneling devices.
The tunnel junction preparation process was schemati-

cally illustrated in Fig. 1(a) and Fig. S1 [21]. Initially, six
gold traces were deposited on the diamond anvils, followed

by the deposition of two tantalum leads with thickness of
∼15 nm and a few micrometers wide on the anvil tip,
connected to the outer gold traces. Notably, the resistivity
of Ta film at 160 GPa has been measured down to 2 K,
above which no superconducting transition is observed
(Fig. S2 [21]). Subsequently, a tantalum oxide layer was
grown on the surface of Ta through the oxidization
procedure [21]. A rectangular polycrystalline sulfur piece
was then placed on the prepared probes. After pressurizing
the sulfur piece, two NIS junctions were fabricated, located
at the cross area on the anvil tip, marked by the blue dashed
oval in Fig. 1(a). The molecular sulfur has been charac-
terized using Raman spectroscopy at ambient pressure
[Fig. S3(a) [21] ], which is consistent with the previous
work [27]. Upon pressurising, sulfur transforms from a
transparent insulator to an opaque metal, as seen in
Fig. 1(b). X-ray diffraction measurements indicated that
sulfur, pressurized to 160 GPa, adopts the β-Po crystal
lattice [Fig. S3(b) [21] ], for which Tc of ∼17 K was
reported [13,15].
To detect and characterize the superconducting gap

features of sulfur, we conducted differential conductance
measurements as a function of temperature across the
junctions. Figure 2(a) illustrates the original data for
junction 1 (The data for junction 2 is shown in Fig. S4 [21]).
In the nonsuperconducting state above Tc, the tunnel
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FIG. 1. Fabrication of planar tunneling junctions. (a) Schematic of planar tunneling junction fabrication between two opposing anvils.
Electrical leads are deposited on the bottom anvil. A rectangular sample (green) is loaded above the electric leads. The insulating
material is used to isolate electrical leads from the metallic gasket. Detailed views of the region between the two opposing anvil tips after
pressurization are shown from side and top perspectives. Gold traces are marked as thick gold lines, while tantalum traces with Ta
oxidize layer are colored as wine and gray area, respectively. Sulfur sample is marked as green area which is surrounded by pressure
medium (marked as light purple area). The Ta=Ta2O5=sulfur junction areas are indicated by blue dashed oval. See Fig. S1 [21] for more
details on the fabrication of the junctions and description of the differential conductance measurements. (b) Optical microscope images
through the top diamond anvil before sample loading and after sample loading at ambient pressure, and at 160 GPa. Sulfur piece is
transparent at ambient pressure and shows metallic luster at 160 GPa. Scale bars of 50 μm are shown for reference.
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junction resistance was of the order of 100 kΩ, with a
junction area of ∼60 μm2, indicating a good quality of
insulating barrier. At the lowest measured temperatures,
quasiparticle peaks emerge in the tunneling spectra at
positions of �Δp ≈�4.5 meV, which stem from the
appearance of the superconducting gap. The differential
conductance between two quasi-particle peaks shows pro-
nounced suppression, as quasiparticle states with energy
below the gap are forbidden in the superconducting phase.
As the temperature increases, quasiparticle peaks broaden,
and the distance between the peaks decreases as the
magnitude of the superconducting gap diminishes.
Notably, the differential conductance in the normal state
exhibits an asymmetric parabolic behavior (Fig. S5 [21]),
which is attributed to a slight asymmetry in the potential
barrier shape [28]. The Tc of approximately 17 K can be
estimated from the temperature evolution of zero bias
differential conductance [Fig. 2(c)], consistentwith previous
reports [13,15].
In principle, gap values could be determined directly

from the distance between the quasiparticle coherence
peaks Δp. However, gap values might be overestimated
at finite temperatures with Δp due to the thermal smearing
and inelastic scattering effects. To address this, we utilized
BTK model [17] to estimate gap values at various tempera-
tures. The BTK model is a general framework for describ-
ing transport properties across the interface between the
normal metal and a superconductor, with a finite barrier at
the interface. The gap value Δ, quasiparticle smearing
parameter Γ, and barrier strength Z are adjustable fitting
parameters in this model (see details in Supplemental
Material [21]). As displayed in Fig. 3(a), the normalized
differential conductance at different temperatures fits
well with a single-gap s-wave BTK model. We also used
a d-wave BTKmodel to fit the data. However, it does not fit

well, as shown in Fig. S6 [21]. The resulting fit para-
meters of s-wave BTK model are presented in Fig. 3(b).
The estimated barrier strength Z is around 3, indicative of
proximity to the tunneling limit. The temperature evolution
of gap values can be well described with BCS theory (green
curve), from which the gap value at zero temperature
2Δð0Þ ¼ 5.6 meV and 2Δð0Þ=kBTc ¼ 3.8 can be
extracted. The moderately higher value of 2Δð0Þ=kBTc
ratio, relative to the BCS value of 3.52, suggests that sulfur
is a strongly coupled superconductor.
We also investigated the evolution of the superconduct-

ing gap with magnetic field at different temperatures. As
displayed in Figs. 4(a)–4(d), superconducting gap is
gradually suppressed with increasing magnetic fields,
presenting characteristics of a type II superconductor.
The spectra are well fitted with the BTK model (solid
lines), from which the gap value as a function of magnetic
field were extracted as shown in Fig. 4(e). The magnetic
field dependence of gap valuesΔ follow the typical formula
Δ ¼ ΔðB ¼ 0Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 −H=Hc

p

for a fully gapped supercon-
ductor, where Hc is the critical field [29]. The μ0Hc2ðTÞ
could be estimated from the evolution of zero bias
conductance under applied magnetic fields. The temper-
ature dependence of μ0Hc2ðTÞ is well described
by a classical Werthammer-Helfand-Hohenberg (WHH)
model [30] as shown in Fig. 4(f), suggesting that orbital
limiting is the dominant pair-breaking mechanism in
superconducting sulfur. The extrapolated μ0Hc2ð0Þ is

-20 -15 -10 -5 0 5 10 15 20
1.5

2.0

2.5

3.0

3.5

4.0

-10 -5 0 5 10

-20

0

20

0 4 8 12 16 20

1.6

2.0

2.4

2.8

3.2
Temperature (K)
20 13 6
18 12 5
17 11 4
16 10 3
15 9
14 8

dI
/d
V
(

�
-1
)

V (mV)

Sulfur 160 GPa

I(
nA

)

V (mV)(c)

(b)

dI
/d
V
(V

=
0)

(
�

)

T (K)

T
c

(a)

FIG. 2. Temperature evolution of tunneling spectra. (a) Tunnel-
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Differential conductivity is plotted as a function of applied
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superconducting transition.
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FIG. 3. Tunneling spectra with fits to BTK model at various
temperatures. (a) Normalized differential conductance spectra for
junction 1 (colored data) together with single s-wave BTK fitting
(solid black curves). The tunneling spectra are normalized by
dividing differential conductance in superconducting state
by the conductance measured in the normal state at 18 K:
GðVÞ=G18KðVÞ. Spectra above 3 K are offset vertically for
clarity. (b) Superconducting gap values Δ are obtained from
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by the BCS model. Inset: quasiparticle smearing parameter Γ and
barrier strength Z transition from BTKmodel. Error bars are from
BTK fitting error.
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∼0.86 T, from which the coherence length ξ is estimated as
19.5 nm using Ginzburg-Landau theory.
As one of the highest Tc elemental superconductors,

sulfur has attracted considerable research interest. Apart
from the experimental identification of Tc by magnetic
susceptibility and resistivity measurements [1,13,15], the
superconducting properties of sulfur in the rhombohedral
β-Po phase have also been investigated theoretically
[31–33]. Crucially, our research has validated the accuracy
of modern superconducting density functional theory [31]
in predicting superconductor properties from first princi-
ples. Consistent with our tunneling spectra indicating a
single s-wave gap at low temperature, the calculations
predict that band anisotropy of the electron-phonon
coupling strength λ is weak and there is minimal variation
in calculated Tc between “isotropic” and “multiband”
approaches [31]. The tunneling spectra under external
magnetic fields demonstrate that the critical field is well
below the Pauli limit, again suggesting a singlet pairing of
Cooper pairs.
The fabrication of tunnel junctions directly on a diamond

anvil offers several advantages over traditional methods
designed for large volume cells. The N − I part is
pre-deposited on the anvil tip, while the S part is syn-
thesized directly in a pressure chamber between the anvils.
Notably, the initial state of the precursors is not confined to
the solid phase; liquid and gaseous precursors can also be
utilized in this approach. These advantages position the
technique as promising for a diverse array of supercon-
ductors under high-pressure conditions. For instance, the

high-temperature superconductors hydrogen sulphide H2S
and H3S have been synthesized by pressurising H2S gas to
over 150 GPa [1]. It is of great interest to determine the
characteristics of the superconducting gap, which would
help in the theoretical design of new hydrides with
higher Tc.
The utility of tunneling spectroscopy extends beyond the

detection of the superconducting gap. This technique
enables the investigation of various gap features and
excitation spectra, including charge density wave gaps [34],
Kondo hybridization gaps [35,36] and linear energy
dispersion of Dirac fermions [37]. As such, this method
can potentially study the interplay of different electronic
phases in correlated systems under pressure.
In summary, we have developed tunneling spectroscopy

measurements within a diamond anvil cell environment
through in situ fabrication of planar tunnel junctions.
Tunneling spectra of superconducting sulfur have been
measured at a pressure of 160 GPa. Based on the tempera-
ture dependence of the tunneling spectra, we conclude
that the β-Po phase of sulfur is a conventional BCS
superconductor with a gap value at zero temperature
2Δð0Þ ¼ 5.6 meV. The evolution of the tunneling spectra
under magnetic fields indicates that sulfur is a type II
superconductor with a critical field μ0Hc2ð0Þ of ∼0.86 T.
Our work pioneers tunneling spectroscopy measurements
at pressures above one megabar and opens a clear route to
directly detect gaplike excitation spectra of electronic
phases at high pressures, such as superconducting gap
features in hydrogen-rich superconductors.
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