Downloaded via UNIV OF UTAH on April 3, 2025 at 17:12:18 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO... 5

pubs.acs.org/NanoLett

3D Ising Superconductivity in As-Grown Sn Intercalated TaSe,
Crystal

Bo Zheng,# Xjaoming Zhang,# Kaipu Wang,# Ruimin Li," Jin Cao, Changlong Wang, Haige Tan,
Zhidong Li, Benchuan Lin, Peng Li, Chuanying Xi, Jingmin Zhang, Yalin Lu,* Wenguang Zhu,
Zhongkai Liu, Shengyuan A. Yang, Lain-Jong Li, Feng Liu,* and Bin Xiang™

I: I Read Online

Article Recommendations |

Cite This: Nano Lett. 2025, 25, 4895-4903

ACCESS | [l Metrics & More | e Supporting Information

ABSTRACT: 2D Ising superconductivity emerges in noncentrosymmetric 2D materials,
differing from conventional 2D /3D superconductivity. Here, we report the synthesis of a
new polymorph of intercalated layered materials, where two layers of Sn are intercalated in
between every two layers of TaSe, (2Sn-2TaSe,), in contrast to the commonly observed
single-layer intercalation. Remarkably, the as-grown 2Sn-2TaSe, single crystals possess a
high quality of crystallinity and showcase 3D Ising superconductivity. Transport
measurements and theoretical calculations show that the 2Sn-2TaSe, having C;, point
group symmetry induces formation of Ising pairs, which intriguingly exhibits, on one hand,
an in-plane upper critical field surpassing the Pauli limit by a factor of 2.6 like a 2D Ising
superconductor but, on the other hand, a temperature- and field-dependent conductivity
characteristic of conventional 3D superconductivity. Our findings demonstrate the
persistent 2D Ising pairing in 3D, paving the way for exploring dimensional physical
behaviors by intercalating layered materials.
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wo-dimensional (2D) materials are among the most
popular materials being widely studied since the
discovery of graphene,'™* as they exhibit many novel

locked with momentum. One approach to promote Ising
pairing is by intercalating a 3D structure,”*”*’ to reduce the
interlayer interaction, so that 2D layers of Ising super-

properties, such as 2D Ising superconductivity’~ discovered
in 2D transition metal dichalcogenides (TMDs). Beyond the
initial focus on single-layer 2D materials, much recent efforts
have been made in multilayered materials that exhibit 2D
characteristics, as exemplified by the twisted and intercalated
layered materials.”® Of our interest here, the intercalated
layered materials of high crystallinity are formed by
intercalating commonly a single layer of foreign atoms or
molecules in-between the layers of host materials, such as the
well-known intercalation of alkali atoms in graphite.’
Remarkably, we have successfully synthesized a new poly-
morph of intercalated layered materials, where two layers of Sn
are intercalated between every two layers of 2H-TaSe, (2Sn-
2TaSe,). The as-gown 2Sn-2TaSe, single crystals not only
possess a high quality of crystallinity but also exhibit novel
physical behavior of 3D Ising superconductivity.

The recent discovery of 2D Ising superconductivity is
particularly intriguing because it defies the conventional
wisdom of superconductivity by locking the spin of electrons
to the crystal lattice, to enhance the robustness of super-
conductivity against external magnetic fields."”'" The Ising
superconductivity is primarily observed in 2D TMDs that have
a noncentrosymmetric structure and display strong spin—orbit
coupling (SOC) to induce an Ising-like spin symmetry”'*~>'
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conductors can be effectively “isolated” to locally break the
inversion symmetry.

On the other hand, conventional 3D superconductivity
occurs in bulk materials with isotropic pairing in all three
spatial dimensions without spin-momentum locking. When 3D
superconductors are confined to a single or few layers of
thickness, they may retain the superconductivity in 2D with the
same isotropic pairing mechanism as its 3D counterparts but a
different pairing potential (or transition temperelture),M_26
behaving as conventional 2D superconductors””*® distinct
from a 2D Ising superconductor. Therefore, an interesting
question is whether there exists 3D Ising superconductivity,
which preserves the 2D Ising pairing in an otherwise 3D
superconductor.

In this article, we report the discovery of the 3D Ising
superconductivity in the newly synthesized polymorph of 2Sn-
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Figure 1. Crystal structure and morphologies of 2Sn-2TaSe,. (a) Top view and (b) side view of the crystal structure of 2Sn-2TaSe,. The purple,
brown and green spheres represent Sn, Ta, and Se atoms, respectively. (c—f) HRSTEM image and the corresponding simulated HRSTEM images.

2TaSe, characterized with bilayer Sn intercalated bilayer
TaSe,, which is uniquely different from the commonly
known layered materials with single layer intercalation,
including single layer Sn intercalated single layer TaSe,.””*
This intercalated of bilayer Sn results in the broken inversion
symmetry in bulk 2Sn-2TaSe,, which is distinct from the
reported single-layer Sn intercalated bulk Sn-TaSe, with a
central symmetry.”” Through transport measurements and
theoretical calculations, we reveal that the 2Sn-2TaSe, bulk
crystal, having C;, point group symmetry, facilitates the
formation of Ising pairs in each TaSe, bilayer while at the same
time exhibiting the transport characteristics of conventional 3D
superconductivity. Remarkably, the in-plane upper critical field
is measured to exceed the Pauli limit by a factor of 2.6, in
agreement with our first-principles theoretical estimate, which
is akin to the typical behavior of 2D Ising superconductors.
Meantime, the 2Sn-2TaSe, crystal displays temperature- and
field-dependent conductivity that follows the behavior of a 3D
superconductor. Our findings suggest that 2D Ising pairing can
persist in 3D systems, opening new avenues for exploring the
intriguing interplay between 2D and 3D superconductivity and
other dimensional physical behaviors by varying layer
intercalation.

Figure la shows the new structure of 2Sn-2TaSe, of
noncentrosymmetric symmetry with the space group of R3m,
which is different from the reported centrosymmetric bulk
SnTaSe, with a space group of P6,/mmc.”” The side view
(Figure 1b) shows that two layers of TaSe, are sandwiched
between two layers of Sn. We stress again that this unique
structure is distinct from the other previously reported
SnTaSe, structures (Supplementary Figure 1).*>*" The new
structure of 2Sn-2TaSe, was synthesized using a chemical
vapor transport method (details in Experimental Section). The
as-grown 2Sn-2TaSe, exhibits high crystallinity, as confirmed
by the measurements of X-ray diffraction (XRD) (Supporting
Information, Figure 2), transmission electron microscopy, and
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selected area electron diffraction (SAED) (Supporting
Information, Figure 3). The representative XRD peaks are
consistent with the identified space group R3m of 2Sn-2TaSe,,
showing noticeable differences from the reported data of TaSe,
and TaSe; (Supplementary Figure 4). The in-plane and cross-
sectional high-resolution scanning transmission electron
microscopy (HRSTEM) images reveal a defect-free atomic
structure of the as-grown 2Sn-2TaSe,, in good agreement with
the simulated results as shown in Figure lc-f. The cross-
sectional HRSTEM image also shows the stacking nature of
Sn, Ta, and Se atoms, confirming that there are two layers of
Sn atoms being inserted into the van der Waals gaps between
the TaSe, bilayers. This leads to an increased inter-TaSe,
bilayer spacing of 1.25 nm.

To reveal the chemical composition of the as-grown 2Sn-
2TaSe,, energy-dispersive X-ray spectroscopy (EDS) analysis
was conducted. EDS mapping demonstrates a uniform
distribution of elements Sn, Ta, and Se in the sample
(Supplementary Figure S). In addition, EDS spectra indicate
that the molar ratio of the constituent elements Sn:Ta:Se is
approximately 1:1:2 (Supplementary Figure S). X-ray photo-
electron spectroscopy (XPS) analysis was performed to further
verify the sample’s chemical composition and valence states
(Supplementary Figure 6). Peaks at 485.5 and 493.9 eV can be
attributed to Sn 3ds;, and 3ds,, respectively; peaks at 486.8
and 495.2 eV correspond to Sn** 3ds/, and 3d;,, respectively;
peaks at 22.5/24.3 eV and 24.8/26.4 €V are associated with
4f,,/4f;), of Ta*" and Ta’*, respectively; and peaks at 53.1/
54.1 eV and 53.8/54.8 eV are attributed to 3ds/,/3d;, of Se*~
and Se’, respectively. All these assignments are consistent with
the previous reports,”””” establishing the elemental composi-
tion and corresponding valence states of as-grown 2Sn-2TaSe,
single crystals.

To investigate the electronic structure, angle-resolved
photoemission spectroscopy (ARPES) was measured at a
temperature of 20 K. Figure 2a and Figure 2b show the stacks
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Figure 2. Electronic structure of 2Sn-2TaSe, measured with ARPES. (a, b) The constant energy surfaces sliced at every 0.2 eV. (c—e) The
Fermion-surface measured with photon energy 84, 72, 60 eV, respectively. (f—~h) The measured energy dispersions along the high-symmetry
directions illustrated by the red dashed lines in (c). Part (b) and the red dotted lines within parts (f)—(h) are the theoretically calculated electronic

structures contributed by the d-orbitals of Ta atoms.

of ARPES isoenergy surfaces of 2Sn-2TaSe,, where one can see
that there is a circle around the I'/K point and a dog-bone-
shaped feature at the M point. With the increasing binding
energy, the circle around I' points decreases and becomes a
point at ~1 eV while the circle around K point becomes larger.
Figure 2c-e shows the Fermi surface measured with photon
energies 84, 72, and 60 eV, respectively. The Fermi surfaces are
almost identical at different photon energies, indicating the van
der Waals layered nature of 2Sn-2TaSe,. Figure 2f-h shows the
measured energy band dispersions along the high-symmetry
paths as marked by the red dashed lines in Figure 2¢, which are
in good agreement with the theoretical calculation results (the
red lines in Figure 2f-h). Additionally, the calculations indicate
that the electronic states around the Fermi level are mainly
contributed by the d-orbitals of Ta atoms, with relatively small
contribution from the p-orbitals of Sn and Se atoms (see
Supplementary Figure 7).

The superconductivity of 2Sn-2TaSe, was investigated by
electrical transport measurements. A sharp resistance-drop to
zero is observed in the temperature dependence of the
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measured resistance (Figure 3a), showing a superconducting
transition temperature T of 2.7 K, which is defined at the
temperature where the resistance drops to 50% of the normal-
state resistance.””*> To further verify the superconductivity,
the temperature dependence of the magnetization under 10 Oe
was measured in both zero-field-cooled (ZFC) and field-
cooled (FC) modes, with the magnetic field applied parallel to
the c-axis (Figure 3b). The emergence of a diamagnetic signal
indicates that 2Sn-2TaSe, enters the superconducting state
below 2.5 K, which is consistent with the resistance
measurement. Furthermore, the M(H) curve at 2 K (see
inset of Figure 3b) exhibits a noticeable hysteresis, suggesting
that 28n-2TaSe, is a type-II superconductor.*®*”

To probe the dimensionality of bulk 2Sn-2TaSe, super-
conductivity, the current—voltage (I—V) curve was measured
around the superconducting transition region. Figure 3¢ shows
the I-V curve in the temperature range from 2.45 to 3.1 K on
a log—log scale. Generally, for 2D superconductors, the I-V
curve follows a power-law dependence (VxI®), based on the
model of Berezinskii—Kosterlitz—Thouless (BKT) transi-
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Figure 3. Characterization of superconducting properties of 2Sn-2TaSe,. (a) Resistance as a function of temperature measured with current flowing
in the ab plane, showing a superconducting transition at 2.7 K. The inset shows the optical image of the device. (b) The zero-field-cooling (ZFC)
and field-cooling (FC) magnetic susceptibility curves measured with the external magnetic field yoH = 10 Oe applied along the ¢ axis. The inset is
magnetic field dependence of magnetization for H||c at T = 2 K. (c) The Voltage—current (V—I) relationship at different temperatures on a
logarithmic scale. The long black line denotes V = I* and V = P. (d) The schematic diagram of the measurement setup, illustrating the orientation
of the applied magnetic field. (e) The resistance of bulk 2Sn-TaSe, as a function of the magnetic field with different 6, at the temperature of T =
0.9T.. (f) Angular dependence of the H,, for 2Sn-TaSe,. The black line and the red line were fitted by 2D Tinkham model ((H(6)lcos6l JHL +
(Hc,(0)sing/H!,)? = 1) and 3D GL anisotropic mass model ((H,,(0)cos/H%, + (Hcy(0)sind/H!L)? = 1), respectively.

. 38—40
tion.

However, our measured data on a log—log scale
exhibits obviously a nonlinear dependence. This indicates that
the superconducting behavior of bulk 2Sn-2TaSe, should not
be considered as 2D superconductivity.

Next, the angular dependence of the upper critical field
H,,(0) was studied. A schematic diagram of the testing device
is shown in Figure 3d, where @, is defined as the angle
between the direction of the magnetic field and the c-axis. At T
= 0.9T,, the resistance as a function of the magnetic field under
different field rotation angles 6., is plotted in Figure 3e. It can
be seen that for 6,, < 90°, H, increases with the increase of 8,
and reaches the maximum when 6,, = 90°. For 8, > 90°, H,,
shows an opposite trend, which decreases with the increase of
0., Figure 3f shows the angular dependence of H(6)
normalized by the in-plane Hl,., For 3D and 2D super-
conductors, the angular dependence of H,(6) can be fit by
anisotropic mass 3D Ginsburg-Landau (GL) model, [Hc2(6)-
cosd/H5)? + (H,(0/H),)? and 2D Tinkham model, [(H,(0)
cosOl/H5 + (H,(6/H!,)?* = 1], respectively.’****'=* Here,
the extracted in-plane H!, of Figure 3f is defined as the 50% of
resistance in the R-H curve from Figure 3e. Typically, the
curve of H, () takes the shape of a bell for the 3D GL model,
while it takes the shape of a cusp for the 2D Tinkham model.
The blue and red lines in Figure 3f were fit by the 2D Tinkham
and 3D GL model, respectively. Clearly, one sees that H,(0) is
well described by the 3D GL model only, indicating again that
2Sn-2TaSe, exhibits 3D superconductivity.

Figure 4a and 4b shows the magnetic field dependence of
resistance at different temperatures when the field is applied
parallel to the ab-plane (H|lab) and c-plane (H]||c),
respectively. The superconductivity is gradually suppressed
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with an increasing magnetic field for both H|lab and H]|c. In
addition, the superconducting transition moves to lower
magnetic field with the increasing temperature. The temper-
ature dependences of the in-plane and out-of-plane upper
critical fields HL,(T) and H5(T) are plotted in Figure 4c and
4d, respectively. H,, is evaluated using the standard of the 50%
normal-state resistance on the R(H) curve. The red and green
solid lines in Figure 4c represent the fitting curves by the 3D
and 2D GL model,”*" respectively. One finds that the
temperature dependence of HL(T) can be well fitted by 3D
but not 2D GL theory. The upper critical field of H',(0) =
13.04 T and of H5(0) = 2.48 T can be extrapolated from the
linear relationship between H, and T, leading to an aspect
ratio of y = HL(0)/HL(0) = 5.25. In addition, the
corresponding zero-temperature coherence length is calculated
to be, respectively, £,(0) = 11.52 nm and £,(0) = 2.19 nm.
These results show a highly anisotropic superconducting
behavior in 3D. In particular, one notices that the vertical
coherence length &,(0) (2.19 nm) is larger than the inter-
TaSe, bilayer spacing (1.25 nm), rendering the 3D nature of
the 2Sn-2TaSe, superconductivity, which may arise from the
Josephson tunneling or proximity effect. In addition, based on
the microscopic Klemm—Luther—Beasley (KLB) theory,*~*

1
i(f—@))z, can be used to

a dimensionality parameter r = 72
p/ N

characterize the dimensionality of a superconductor, for which
r < 1 signals a transition from 3D to 2D behavior. When r — 0,
HL(T) shows a (T. — T)"? scaling, while for large r, H!,(T)
shows a (T. — T) linear scaling. For our as-grown 2Sn-2TaSe,
crystals, the parameter r is calculated to be ~ 15.6
(Supplementary Note 1), suggesting it falls well into the 3D
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(b) Hi|c at various temperatures. The critical field H,, as a function of temperature T for (c) H|lab and (d) H||c (fitting curves shown in red and

green lines using the 3D and 2D GL models, respectively).

regime. Our results show that bulk 2Sn-2TaSe, with two layers
of atoms intercalated in every two layers of host material
exhibits a 3D superconducting behavior not a 2D super-
conducting behavior as reported in the bulk TMDs.*~” 1t is
interesting to note that the resulting 3D Ising superconductor
is prone to exfoliation into 2D materials (Supplementary
Figure 8).

Despite the 3D superconductivity as evidenced above,
remarkably, the in-plane upper critical field H',(0) exceeds
the Pauli paramagnetic field (H, 1.84T.)>****" by a
significant ratio of HﬂZ(O)/HP = 2.62. Generally, various
mechanisms might be responsible for enhancing the in-plane
upper critical field at low temperature, such as dimensional
crossover,”® multiband effects,***’ and spin—orbit scatter-
ing."" However, none of these is found to be applicable to
2S8n-2TaSe, (Supplementary Note 2). Instead, we attribute the
underlying microscopic mechanism for the enhancement of in-
plane upper critical field to the spin-momentum locking””**>°
property induced by intrinsic SOC effect. The crystal structure
of as-grown 2Sn-2TaSe, has C;, point group symmetry. The
presence of inversion symmetry breaking and large SOC
strength leads to an effective magnetic field perpendicular to
the TaSe, bilayer near K and K’ points, while the field
direction near the I' point tends to lie in the plane of TaSe,
bilayer. This makes electron states on the Fermi surface
contours surrounding K and K’ points possess out-of-plane
spin polarization, while those on the Fermi surface contours
surrounding the I" point have spins polarized to the in-plane
directions, which are schematically plotted in Figure Sa.

The Fermi-surface spin texture and hence the effective local
magnetic fields are confirmed by first-principles calculations

~
~

4899

o

20 30 40

DOS of BdG particles
10

. 0

05 0 07 14

T(K)

2.1 2.8

05
Energy (meV)

0.0

Figure S. Calculated electronic and superconducting properties of
2Sn-2TaSe,. (a) The schematic diagram of Fermi surface with in-
plane directed spin polarization for the electronic states surrounding I"
point and out-of-plane spin polarized states surrounding K and K’
points. (b) Band structures of 2Sn-2TaSe, with the spin expectation
values of S, being marked by colored dots. (c) The simulated DOS of
BdG particles under different in-plane Zeeman energy E;. The gray
horizontal region is employed to determine the magnitudes of
superconducting gaps under different Zeeman fields. (d) The
dependence of in-plane upper critical fields on temperatures
summarized from figure (c), where the red line represents the
experimental measurement.

(see method), as shown by the calculated electronic band
structures superimposed with spin expectation values in Figure
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Sb (see also Supplementary Figure 9). The out-of-plane spin
polarization lifts the Kramers degeneracy at K and K’ points to
enable Ising superconductivity within the TaSe, bilayer.'”
The in-plane upper critical field of each TaSe, bilayer alone
should be comparable with that of single layer TaS,,"” and the
lower critical field of 2Sn-2TaSe, is likely due to the existence
of Fermi surface contours surrounding the I' point with in-
plane spin polarization, which come from the p orbitals of
intercalating Sn layers (Supplementary Figure 7). This
intriguing picture is confirmed by simulating the density-of-
state (DOS) of Bogoliubov-de-Gennes (BdG) particles under
different Zeeman energy E, by diagonalizing a ﬁrst-princizples
BdG Hamiltonian Hpy (see Computational Methods).”” In
Figure Sc, one can clearly see that the superconducting gaps
are gradually suppressed by an applied in-plane Zeeman field.
Furthermore, assuming the superconducting gaps correspond
to the values of the DOS of BdG particles equaling half of the
normal-state DOS, the dependence of in-plane upper critical
fields on temperature was obtained, as shown in Figure 5d,
which agrees well with the experimental results.

In summary, we have demonstrated 3D Ising super-
conductivity in a stable new polymorph of the bilayer Sn
intercalated bilayer TaSe,. It arises from the van der Waals
stacking of 2D Ising superconductor of TaSe, bilayers
mediated with Sn bilayers, where the Ising spin texture of
individual TaSe, layer is largely preserved on the Fermi surface
around the corners of the Brillouin zone (K and K’), while 3D
superconducting states emerges at the zone center (I') from
the p-orbitals of intercalating Sn bilayers. Consequently, it
presents a form of highly anisotropic 3D superconductivity
and, most strikingly, a unique form of 3D Ising super-
conductivity that exhibits an in-plane upper critical magnetic
field exceeding the Pauli paramagnetic limit field by a factor of
2.6, comparable to 2D Isling superconductors. Our findings
shed new lights on understanding the role of dimensionality
and symmetry, as well as layer intercalation in super-
conductivity, and provide a novel material platform for
exploring the intriguing interplay between 2D and 3D, and
between Ising and non-Ising superconductivity.

Note: During the preparation of this manuscript, we become
aware of a recent related work on 3D Ising superconductivity
in a different heterostructure of 4H-Ta$,.>

B EXPERIMENTAL SECTION

Single-Crystal Growth. The air-stable 2Sn-2TaSe, single
crystals were grown via a chemical vapor transport method.
High-purity powders of Sn, Ta, and Se were mixed in a molar
ratio of 1:1:2 and thoroughly ground to ensure homogeneity.
The resulting mixture was sealed together with a small amount
of iodine and SnBr, in a vacuum-sealed quartz tube, with
iodine and SnBr, serving as the transport agent. Subsequently,
the sealed quartz tube was placed in a double-temperature-
zone tubular furnace. The high-temperature zone and low-
temperature zone were heated at a rate of 1 °C/min to 700 and
600 °C, respectively, and maintained at these temperatures for
2 days. The temperature was then raised to 1050—950 °C and
held at 1050/950 °C for 7 days. Shiny crystals (see the inset of
Figure 3a) were obtained after the furnace was cooled to room
temperature.

Characterization of Bulk Crystals. The phase purity of
the samples was detected by using X-ray diffraction with Cu
Ka. Electrical transport measurements were conducted using a
physical properties measurement system (Quantum Design,
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PPMS-9 T). The electrical transport measurements under high
magnetic fields were performed at the High Magnetic Field
Laboratory in Hefei, China, using standard AC lock-in
techniques and a water-cooled magnet (~30 T). The magnetic
properties were measured by using a superconducting quantum
interference magnetometer (SQUID, Quantum Design).

Transfer of Nanosheets. The 2Sn-2TaSe, nanosheets
were obtained by mechanical exfoliation using Scotch tape.
The exfoliated nanosheets were directly transferred onto Cu
grids using a dry transfer method in a glovebox. First, PDMS
was applied onto precleaned glass slides, and then the
nanosheets exfoliated by Scotch tape were transferred onto
the PDMS. The glass slide with PDMS was then secured onto
a transfer stage, and the selected 2S5n-2TaSe, nanosheets were
brought into contact with preprepared Cu grids. Subsequently,
the glass slide was slowly lifted, leaving the nanosheets adhered
to the Cu grids for subsequent high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
imaging. Similarly, the exfoliated 2Sn-2TaSe, nanosheets were
transferred to a prepatterned Ti/Au (8 nm/25 nm) Hall Bar
through the dry transfer method.

Computational Methods. The Vienna ab initio simulation
pack (VASP) was used to perform first-principles calculations
on electronic property of 2Sn-TaSe, based on density
functional theory (DFT).”*>° The Perdew—Burke—Ernzerhof
generalized gradient approximation®® and the projector
augmented wave pseudopotential’’ were employed with the
energy cutoff of 500 eV. The lattice constants of 2Sn-2TaSe,
were set to experiment values with the interlayer spacing
between TaSe, bilayers fixed at 1.25 nm. Self-consistent
calculations were performed with considering the SOC effect,
and the Brillouin zone was sampled by the uniform 12 X 12 X
1 k-point mesh, which enables us to plot the constant energy
surfaces. The self-consistent CHGCAR file was employed to
calculate electronic band structures along high-symmetry
directions by performing nonself-consistent calculations,
where the orbital contributions of each element and spin
expectation values were extracted from the PROCAR file.

ARPES Methods. ARPES measurements were performed
at the 03U beamlines of Shanghai Synchrotron Radiation
Facilities (SSRF). The measured sample temperature was
below 30 K and the vacuum level was better than 5.0 X 107!
Torr in all setups. The angle resolution was 0.2°, and the
overall energy resolution was better than 10 meV/5 meV for
100 eV/20 eV photons, respectively. The sample was cleaved
in-suit.
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