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Two-dimensional conjugated coordination polymers exhibit remarkable
charge transport properties, with copper-based benzenehexathiol (Cu-BHT)
being a rare superconductor. However, the atomic structure of Cu-BHT has
remained unresolved, hindering a deeper understanding of the super-
conductivity in such materials. Here, we show the synthesis of single crystals of
CusBHT with high crystallinity, revealing a quasi-two-dimensional kagome
structure with non-van der Waals interlayer Cu-S covalent bonds. These crys-
tals exhibit intrinsic metallic behavior, with conductivity reaching 10>S/cm at
300K and 10*S/cm at 2 K. Notably, superconductivity in CusBHT crystals is
observed at 0.25 K, attributed to enhanced electron-electron interactions and
electron-phonon coupling in the non-van der Waals structure. The discovery of
this clear correlation between atomic-level crystal structure and electrical
properties provides a crucial foundation for advancing superconductor
coordination polymers, with potential to revolutionize future quantum
devices.

Two-dimensional conjugated coordination polymers (2D c-CPs) and
conjugated metal-organic frameworks (2D c-MOFs) are emerging as a
novel type of electronic materials'*. They are functional materials with
a 2D periodic network structure formed by the self-assembly of metal
centers and organic ligands through coordination bonds’”’. These

materials are characterized by electron-rich conjugated ligands, such
as benzenehexathiolate (BHT)*", hexaiminobenzene (HIB)"*,
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP)“*, 2,3,6,7,10,11-hex-
aaminotriphenylene (HITP)*2° and others, along with transition metal-
centered coordination modes?*. The unique 2D m-d conjugation
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electronic structure grants them excellent charge transport
properties®, which challenges the conventional belief that CPs
and MOFs are poor electron conductors”. The excellent charge
transport properties and unique programmable topology and com-
position of 2D c-CPs offer a rich framework for exploring various
exotic condensed-matter physics, including topological insulators®2¢,
spin lattices”, quantum spin liquid®®, Weyl semimetals®,
superconductivity'®*°?!, etc.

Unlike charge-transfer complex organic superconductors, 2D
¢-MOFs form conductive pathways via in-plane m-d interactions,
involving both through-bond and extended conjugation mechanisms>.
The introduction of metal ions facilitates the creation of in-plane m-d
conductive channels, potentially amplifying electron-electron inter-
actions and thus promoting superconductivity. Cu-BHT stands as the
sole superconductor amidst the expansive realm of CPs and MOFs, yet
exists as a powder sample without precise atomic structure
characterization'®°, Pellets or multi-crystalline films are susceptible to
external factors such as impurities, random crystal orientation, grain
boundaries, and defects, complicating the precise atomic-scale struc-
ture determination of Cuz;BHT and impeding a comprehensive
understanding of its intrinsic electrical characteristics and super-
conductivity behavior. The lack of atomic-resolution crystal structure
of CusBHT also hinders theoretical investigation of the nature of its
superconductivity'®*®. Overcoming these challenges is crucial for
establishing the theoretical groundwork needed to propel the
advancement of novel CPs and MOFs-based superconductors.

In this work, to address this challenge, micro-crystal arrays of
CuzBHT were realized through liquid-liquid interface reactions, yield-
ing the highest crystallinity and largest single crystals among Cu-BHT
materials. High-quality single crystals allow atomic-precision structural
determination, which revealed a quasi-2D kagome structure with non-
van der Waals interactions, characterized by robust interlayer inter-
actions mediated through Cu-S covalent bonds. This finding contrasts
sharply with the previously assumed graphite-like layered structure
and provides the first proof of CusBHT ’s exact atomic arrangement.
Single-crystal devices were fabricated to reveal the interlayer charge
transport properties of CusBHT. CusBHT shows an intrinsic metallic
behavior with electrical conductivity reaching 10>S/cm at room tem-
perature and 10*S/cm at 2K. Most notably, CusBHT single-crystal
devices exhibit a superconductivity transition at 0.25 K. Furthermore,
theoretical calculations have further elucidated the superconducting
mechanism in CusBHT, attributed to the enhanced its
electron-phonon coupling and electron-electron interaction, which
are induced by its distinctive kagome structure and interlayer Cu-S
bonds. This clear illustration of the electrical properties’ origin for
CuzBHT represents a significant advancement in the field of c-CPs and
MOFs, offering new insights into the design and engineering of func-
tional c-CPs-based quantum materials and devices.

Results

Synthesis of CuzBHT micro-crystal array

Micro-crystal arrays of CusBHT were prepared through interfacial self-
assembly between a toluene solution of ligand and an aqueous solu-
tion of the Cu source. The crystallinity of 2D c-CPs is closely associated
with reaction reversibility*’. Especially, higher reaction temperatures
can make the coordination reaction more reversible***, Dichlor-
omethane is the most common solvent choice for interfacial synthesis
of 2D c-CPs®*'°. However, its low boiling point limits the achievable
reaction temperatures, thereby constraining the reversibility of the
reaction and the concentration of the ligand. To overcome these
challenges, we substituted dichloromethane with toluene, a solvent
with a higher boiling point. Our synthesis trials revealed that tem-
perature and precursor concentration are critical factors influencing
the sizes of Cu;BHT crystals. Controlled crystal growth was achieved
by reacting a 1.85mmol/L toluene solution of the ligand and a

2 x1072 mol/L CuCl, aqueous solution at 75 °C for 1 week, as shown in
Supplementary Figs. 1-4.

The scanning electron microscopy (SEM) image presented in
Fig. 1d illustrates that highly oriented micro-crystal is densely packed
in the CusBHT film. These crystals are significantly larger than those
reported in previous studies®, with lengths reaching several micro-
meters and a cross-sectional area exceeding 10* nm?. Additionally,
phase-pure single crystals of CusBHT, which are suitable for both the
single structure determination and single-crystal device fabrication,
can now be efficiently produced through simple ultrasonication of
CuzBHT micro-crystal arrays.

The powder X-ray diffraction (PXRD) patterns and Raman spectra
of the synthesized CusBHT demonstrate markedly improved quality
over previous studies®'®, particularly with respect to the full width at
half maximum (FWHM) and the significantly increased number of
detectable peaks (Supplementary Figs. 5-7). These improvements in
crystallinity are crucial for enhancing the resolution of structural
determination for CusBHT. The synchrotron PXRD (A =0.458086 A)
result of the meticulously grown Cu;BHT samples is displayed in
Fig. 1g. The sample’s monoclinic crystal system is well-indexed, with
unit cell parameters a = 14.8082(10) A, b=8.6706(6) A, c = 6.8357(5) A,
a=y=90°and =97.342(2)°. Notably, two closely spaced peaks at the
lowest angle (3.51° and 3.57°, d-spacing=7.4788 and 7.3531A) are
indexed as (110) and (200), respectively. These peaks, corresponding
to the in-plane hexagonal periodic packing, were indistinguishable in
previous reports due to peak overlap®™°. This finding indicates that the
in-plane structure of CusBHT possesses a lower symmetry than a
perfect hexagonal lattice.

Single crystal structure characterization of Cu;BHT

The successful synthesis of high-quality crystals enabled the first
atomic-resolution structure analysis of CusBHT. High-resolution
scanning transmission electron microscopy (HR-STEM) images
revealed a 2D kagome lattice of Cu atoms in CusBHT (Fig. 1e and
Supplementary Fig. 8), which is consistent with previous reports®>*°,
Furthermore, the atomic-precision structure of CuzBHT was directly
solved using the Microcrystal electron diffraction (Micro-ED) method
in TEM with an ab initio approach. As shown in Fig. 1f, the structure of
Cu3BHT is depicted along the c-axis. The high resolution of the Micro-
ED dataset, reaching up to 0.696 A (indicated by the yellow circle),
facilitated the direct location of all non-hydrogen atoms within the
structure (Supplementary Fig. 9). In contrast, previous structure
determinations of CusBHT only reached a resolution of 2.3660 A",
This structure was subsequently refined against high-resolution syn-
chrotron PXRD data through Rietveld refinement. Our results indicate
that CusBHT crystallizes in the monoclinic P2;/c space group, indicat-
ing an ABAB double-layer stacking structure.

The single crystal structure of CuzBHT is depicted in Fig. 1. Each
BHT ligand is surrounded by six Cu atoms, with Cu-S distances ranging
from 2.26(1) to 2.33(9) A (Supplementary Fig. 10). Each Cu atom is
linked to two BHT ligands, forming a kagome lattice (Fig. 1a and Sup-
plementary Fig. 11). Notably, the atomic-resolution structure has
revealed a critical feature of CuzBHT that was previously overlooked.
Unlike the commonly assumed van der Waals interactions and m-m
interactions between layers in 2D c-CPs, Cu-S bonds (2.662(6) A) are
present to connect adjacent Cu;BHT layers (Fig. 1b). The length of the
Cu-S bonds reported here is similar to other Cu-S bonds that have
been observed in the crystal structures of other materials**>. There are
two distinct coordination environments for Cu within CusBHT. Spe-
cifically, two-thirds of the Cu atoms exhibit 4-coordination in a square
planar geometry, whereas the remaining third are 5-coordinated,
forming a square pyramidal structure. Similarly, the S atoms split into
two-thirds p2 and one-third p3 categories. Although the average
interlayer distance is 3.32 A, a markedly shorter covalent contact of
2.66 A occurs between the layers through Cu-S bonds. From another
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Fig. 1| Single crystal structure of CuzBHT. a A representation of the crystal
structure of CusBHT viewed along the c direction. b The metal-ligand connectivity
of the five-coordinate Cu atoms and layer stacking of Cuz;BHT. ¢ The charge
transport network formed by Cu-S bonds. d The SEM micrograph reveals that
closely packed single crystals is formed in Cu;BHT film. e HR-STEM image of

20
26 (degree)

Cu3BHT (inset: fast Fourier transform (FFT) of the micrograph). f High-resolution
Micro-ED data. g PXRD data of synthesized Cu;BHT. Blue line: calculated inten-
sities; orange line: observed intensities; gray line: Bragg peaks; black line:
difference.

structural perspective, it can be seen as a Cu-S network of the
4.8.8 net, aligned with the (100) plane. The axial Cu-S bonds link
the layers vertically, endowing Cu;BHT with a distinctive non-van
der Waals 2D structure that includes both a fully conjugated 2D plane
and vertically oriented short covalent interactions between lay-
ers (Fig. 1c).

Single crystal device characterization

Four probe single-crystal devices were fabricated to reveal the intrinsic
electrical properties of Cu;BHT. The SEM image of the device (Fig. 2a)
reveals that a typical CusBHT crystal exhibits a rod-like morphology
with an edge-on orientation. Four electrodes (5 nm Ti/250 nm Au) were
deposited perpendicular to the long axis of the crystal, enabling the
characterization of charge transport along the out-of-plane direction

([001] direction) (Supplementary Figs. 12-14). In Supplementary
Fig. 13, the SEM image and elemental mapping confirm the structural
integrity of the Cu;BHT single-crystal device, with no visible cracks or
boundary damage observed after electron beam lithography (EBL).
This stability is attributed to the precise optimization of electron beam
dosage, ensuring effective photoresist development while preserving
the crystal structure. As indicated in Fig. 2b, the linear voltage-current
behavior confirms the Ohmic contact, ensuring the reliability of elec-
trical measurements. The negligible difference in conductivity
between two-probe and four-probe measurements at room tempera-
ture confirms minimal contact resistance between Cu;BHT and the
electrodes. The electrical conductivity of CusBHT along the out-of-
plane direction is estimated to be approximately 10°S/cm at 300K,
increasing to 10* S/cm at 2K (Fig. 2b, c).
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Fig. 2 | Electrical properties of Cu;BHT. a The SEM image of a single crystal
Cu3BHT device. b Out-of-plane two-probe and four-probe /-V curves were mea-
sured from a Cu;BHT single-crystal device at room temperature. ¢ Four-probe
temperature-dependent normalized resistivity of three single crystal devices and
compared with previous reports. d log(o(T)) vs log(T) for CuzBHT 2 at zero

B (T) Binding energy (eV)

magnetic field. e The relationship between magnetic induction intensity and
resistance change, with magnetic field orientation aligned with the current direc-
tion. f UPS data for the valence band region of Cu;BHT were acquired at 300 K, and
the Fermi edge is shown by the red dotted line.

The high interlayer conductivity may be attributed to van der
Waals and m-m interactions, as well as the covalently bonded Cu-S
network, as shown in the previous discussion (Fig. 1c). The interlayer
Cu-S bonding may not only increase the efficiency of charge carrier
transport but also stabilize the stacking structure, preventing the
Peierls transition*%, Figure 2c shows the temperature dependence of
normalized out-of-plane resistivity (p(7)/p(300K) vs T), with the
residual-resistance ratio (RRR) value reaching up to 10, comparable to
that of typical copper exposed to environmental conditions®. This is
significantly higher than other metallic MOFs, which typically have RRR
values close to 1%, indicating the high quality of our CusBHT crystal
and its strong metallic behavior. The temperature-dependent resis-
tivity and conductivity of the single-crystal devices were characterized
using the four-probe method, as illustrated in Supplementary
Figs. 15 and 16. Three devices were measured, and their results were
compared with those previously reported poly-crystalline Cu-BHT
samples®'°. All three single-crystal devices consistently demonstrated
clear metallic behavior from 2 to 300 K. The measurements based on
film samples are more sample-dependent (Supplementary Fig. 17). This
is primarily due to the film samples containing numerous crystal
boundaries and less precise control over crystal orientations, resulting
in a mixture of intrinsic and extrinsic charge transport properties. In
conclusion, our results provide a more intrinsic and detailed picture of
the charge transport properties of CusBHT.

The log(p) vs log(T) plot in Fig. 2d illustrates that the temperature
dependence of Cu;BHT can be divided into three distinct regimes. At
very low temperatures (<10K), the resistivity of Cuz;BHT shows
minimal temperature dependence, marked by a pronounced mini-
mum resistance value. This phenomenon may be attributed to the
significant exchange coupling between the conduction electron gas
and impurities (such as trace amounts of free Cu? ions), which induces
a novel electronic state that stabilizes the resistivity. Between 20 and
100K, the resistivity exhibits a linear temperature dependence, p=T,

which can be attributed to the metallic charge transport behavior. This
linear dependence is often regarded as a key indicator of non-Fermi-
liquid behavior*®. As the temperature rises, the amplitude of lattice
vibrations escalates, consequently intensifying electron-phonon
scattering. However, as temperatures surpass 100K, the resistivity
exhibits a power-law dependence, p=T°*. This change is likely due to
the saturation of lattice vibrations and carrier scattering mechanisms,
where the scattering probability ceases to increase significantly with
temperature, leading to a slower rise in resistivity. The single-crystal
device used in this study enables the exploration of complex metallic
behaviors in 2D c-CPs that were previously unexplored.

The metallic properties of Cu;BHT are supported by the results of
magnetoresistance measurements shown in Fig. 2e. When subjected to
an external magnetic field at 1.7 K, the electrical resistance of single-
crystal CusBHT increases by approximately 2%, consistent with
ordinary magnetoresistance*. This response can be attributed to the
magnetic field’s effect on electron motion within the lattice, which
leads to increased scattering events and, consequently, higher overall
resistance. Additionally, ultraviolet photoelectron spectroscopy (UPS)
analysis indicates that the Fermi level of CuzBHT intersects with the
conduction band, as illustrated in Fig. 2f, providing additional support
for the material’'s metallic behavior.

Superconductivity characterization and magnetic properties

To investigate the Cu;BHT crystal’s magnetic properties, magnetiza-
tion measurements were performed under applied magnetic fields
ranging from O to 5T at various temperatures. The resulting curves
consistently demonstrate paramagnetic characteristics across these
temperatures (Fig. 3a). As shown in Fig. 3b, no divergence was
observed between the temperature dependence of magnetic sus-
ceptibilities collected from zero-field-cooled (ZFC) and field-cooled
(FC) measurements, indicating the absence of long-range magnetic
ordering down to at least 2K. The temperature dependence of
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Fig. 3 | Superconductivity and magnetic properties of Cu;BHT 2. a The rela-
tionship between magnetization and magnetic fields under different temperatures.
b Zero-field-cooling curve and field-cooling curve of CuzBHT. ¢ Temperature
dependence of magnetic susceptibility and inverse susceptibility. d The

temperature dependence of normalized resistance. e The variation of resistance
with temperature under an applied magnetic field parallel to the ab plane ranging
from O to 1000 mT. f The phase diagram of superconductivity.

magnetic susceptibility, x(7), was examined under a 500 mT magnetic
field. The inverse susceptibility, x'(T), was also calculated and is pre-
sented in Fig. 3c. The susceptibility and its inverse curve clearly follow
Curie’s law, further supporting the non-Fermi liquid behavior*’. These
magnetic characterizations collectively confirm the paramagnetic
nature of CuzBHT down to at least 2 K. Moreover, xT at 300K is
approximately 0.125emuK/mol, corresponding to an effective
moment of pir=0.577ug. This value is roughly one-third of the
expected value for Cu?* ions with S=1/2 (e =1.73up). This suggests
that approximately one-third of the Cu atoms in CuzBHT should be
Cu*. The temperature dependence of the direct current (DC) mag-
netic susceptibility for CusBHT microcrystals from different batches is
in excellent agreement, thereby confirming the reproducibility of their
magnetic properties (Supplementary Fig. 18). This conclusion is fur-
ther supported by X-ray photoelectron spectroscopy (XPS) analysis
(Supplementary Fig. 19), which indicates that both Cu* and Cu?* exist
in CusBHT with a ratio of approximately 2:1. Combined with the crystal
structure analysis, it is suggested that Cu?* ions are associated with a
square pyramidal structure, while Cu* ions adopt a square planar
coordination geometry. These results also suggest that copper exhi-
bits mixed valence in Cu;BHT, with the total anionic charge of BHT
being —4. The mixed valence of copper in CusBHT may be caused by
metal-to-ligand charge transfer rather than the involvement of an
external oxidizing agent. When Cu?* is reduced to Cu*, the ligand is
oxidized to a -4 state. Since three equivalents of Cu?* and one
equivalent of BHT®™ participate in the reaction, the result is a net zero
charge. Even when charge transfer occurs between the copper and the
ligand, the result is a net zero charge.

In the Cu3BHT crystal, a sharp decline in resistance is observed as
the temperature drops to 0.25K, signaling the onset of super-
conductivity. The superconducting transition is highly abrupt, with a
transition width AT, of 40 mK, which is significantly smaller than the
transition temperature (Fig. 3d). Furthermore, additional devices
exhibit superconducting transitions, though with slight variations in
transition temperature and AT, likely arising from differences in

crystal and device quality (Supplementary Fig. 20). The close agree-
ment in transition temperature between the examined CuzBHT crystal
and the thin film sample suggests that both host the same super-
conducting phase, further highlighting the intrinsic characteristics and
reproducibility of the material. In the magnetic field range of 0 to 1 T
applied along the ab plane and the supercurrent flowing along the c-
axis, the superconducting critical temperature (7) shifts toward lower
temperatures as the magnetic field strength increases (Fig. 3e). At a
magnetic field of 1T, the superconductivity completely vanishes. By
employing the Werthamer-Helfand-Hohenberg (WHH) formula®’, the
critical magnetic field at zero temperature for CuzBHT is determined
to be 0.15T (Fig. 3f), and the superconducting coherence length is
computed as 47 nm using the expression &, =[®,/21tH,,[0])]°°. This
relatively large coherence length is significantly smaller than the
sample diameter (-200nm), indicating the presence of bulk
superconductivity.

Band structure calculation

Density functional theory (DFT) electronic band structure calculation
was conducted based on the atomic-precise crystal structure of
CuzBHT, revealing its inherent metallic properties (Fig. 4a and Sup-
plementary Fig. 21), which is in good agreement with UPS results. At
the Fermi level, notable contributions to the density of state (DOS)
stem from the d orbitals of Cu, as well as the p orbitals of S and C
(Supplementary Fig. 22), indicating a pronounced degree of conjuga-
tion within the material. The electron band structure of CuzBHT is
depicted along the high-symmetry points of the first Brillouin zone
(Fig. 4b), revealing prominent bands crossing the Fermi level along
several directions, including I-M, I'-A, A-M, M-B, I'-B, and Z-D,
indicating its metallic properties within the plane. Moreover, particular
emphasis is placed on the material’s metallic characteristics extending
into the ¢ direction, as demonstrated by the band crossings at the
Fermi level in the out-of-plane directions I'-Z and B-D. The in-plane
metallic behavior arises from the conductive pathway of m-d con-
jugation interactions between transition metal d orbitals and organic
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Fig. 4 | Electronic band structure and phonon spectrum of Cu;BHT. a Electronic
band structure and DOS of Cu;BHT. b Corresponding first Brillouin zone and high-
symmetry K-points. ¢, Phonon spectrum with the EPC A, indicated by red circles,
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ligand m orbitals, with the kagome structure formed by densely con-
nected square pyramidal Cu atoms and BHT ligands. In the c direction,
the metallicity predominantly arises from interlayer Cu-S bonds
formed by pentacoordinate Cu atoms and adjacent S atoms, which
play a more significant role than van der Waals interactions, sig-
nificantly enhancing perpendicular conductivity.

The phonon spectrum and density of states for various atoms
(Fig. 4c), along with the Eliashberg spectral function and the cumula-
tive frequency function of the electron-phonon coupling (EPC)
strength in CuzBHT (Fig. 4d), indicate pronounced EPC at frequencies
below 6 THz, where phonons are predominantly contributed by the
vibrations of Cu and S atoms. Specifically, the coordination of square
pyramidal Cu atoms with S atoms within layers and the coordination of
pentacoordinate Cu atoms with S atoms from adjacent layers, play a
major role. The Cu-S bonds not only enhance electron-electron
interactions within and between layers but also strengthen
electron-phonon coupling, significantly contributing to the material’s
superconducting properties. This underscores the importance of
interlayer Cu-S bonding along the - stacking direction and provides
new insights into the out-of-plane structural characteristics of kagome
superconductors. Furthermore, the vibrational coupling between S
and C atoms at frequencies around 10 THz indicates strong in-plane
EPC, whereas the high-frequency stretching vibrations of C atoms at
frequencies above 30 THz contribute relatively less to the overall EPC
strength (Supplementary Fig. 23). By unfolding the electronic band
structures to the Brillouin zone of the kagome lattice formed by Cu
atoms within CuzBHT, characteristic features of a kagome band
structure are observed, including the Dirac cone at the corners of the
Brillouin zone, a van Hove singularity at the zone boundary center, and
a flat band extending across the entire Brillouin zone (Supplementary
Fig. 24). Despite the presence of hybridized gaps resulting from
interactions between the kagome bands and other metallic bands, this

exploration has the potential to uncover a wealth of emergent quan-
tum phenomena, which are profoundly significant for discovering and
understanding of new kagome superconductors.

The CuzBHT structure achieves superconductivity through
unique mechanisms that enhance both electron-electron interactions
and electron-phonon coupling. This structure features a layered
arrangement where organic ligands and metal ions create m-d con-
jugated conductive pathways within an exceptionally dense kagome
lattice. The interlayer connectivity is further augmented by penta-
dentate Cu atoms, which form Cu-S bonds with S atoms from adjacent
layers, thereby shortening electron transport distances, increasing
electron density, and avoiding Peierls distortion. These features sig-
nificantly amplify electron-electron interactions. The primary con-
tributors to electron-phonon coupling in CusBHT are the Cu and S
atoms, along with the plane’s S and C atoms. Interlayer Cu-S bonds
further enhance electron-phonon coupling effects in this material.
The unique kagome lattice structure and interlayer Cu-S bonds col-
lectively optimize these properties, distinguishing Cu;BHT’s super-
conductivity from other organic-inorganic hybrid materials.

Discussion

In summary, our study, for the first time, achieved the atomic-precise
crystal structure analysis of CusBHT, showcasing a unique non-van der
Waals 2D structure characterized by strong interlayer interactions
through Cu-S covalent bonds. Single-crystal devices of CuzBHT
oriented in the out-of-plane direction exhibited a complex metallic
behavior and a superconducting transition at 0.25 K. DFT calculations
indicate that the covalently bonded intralayer structure enhances
electron-electron interactions and electron-phonon coupling, con-
tributing to the observed properties. These findings deepen the
understanding of crystal packing structure and electrical properties of
¢-CP materials, thus paving the way for the design of other c-CP-based
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metallic and superconducting materials. These materials will be
anticipated to have a substantial impact on the development of c-CP-
based quantum devices.

Methods

Materials

CuCl, was purchased from Alfa Aesar China (Tianjin) Co., Ltd. Toluene
was purchased from Beijing Yili Fine Chemicals Co. Ltd. Water was
purified using the Milli-Q purification system. Both solvents were
degassed by Freeze-Thaw method before use. Benzenehexathiol
(BHT) was synthesized according to the literatures**. All the processing
solvents, including ultra-dry methanol, ultra-dry ethanol, acetone,
methyl isobutyl ketone (MIBK), polymethyl methacrylate, and methyl
methacrylate, were purchased from commercial sources and used as
received. All commercially available chemicals were used without
further purification unless otherwise noted. All air- and water-sensitive
reactions were performed under a nitrogen atmosphere.

Micro-ED data collection and procession of Cu;BHT

The sample powder was finely pulverized using an agate mortar,
then dispersed in pure ethanol and ultrasonicated for 2 min to
ensure even distribution. A small amount of this dispersion was then
carefully placed onto a copper grid, which had been prepared with a
holey carbon film. The specimen underwent Micro-ED analysis using
a JEOL JEM2100 transmission electron microscope (TEM) operating
at 200 kV. This microscope was fitted with a Timepix pixel detector
by Amsterdam Scientific Instruments. To reduce the risk of beam-
induced damage, the specimen was cooled to 96 K using a Gatan
cryo-transfer tomography holder before the start of data collection.
A Cu3BHT crystal was then positioned within the electron beam and
aligned to the correct mechanical eucentric height. Throughout
the data collection phase, the goniometer was in constant rotation,
capturing selected-area Electron Diffraction patterns from
the crystal at a spot size of 3 with 0.5s exposure times for each
pattern.

Structure determination of CuzBHT

The final unit cell parameters were refined using synchrotron powder
X-ray diffraction (SPXRD) through Pawley fitting, which determined
the parameters to be a=14.8082(10) A, b=8.6706(6) A, c=6.8357(5)
A, with the angles a=y=90° and f=97.342(2)°. Following this, ab
initio structure solution of the merged 3D Electron Diffraction (ED)
data was conducted using superflip software. This process successfully
identified all non-hydrogen atoms within the space group P2,/c for the
preliminary structural model. The final structural refinement was car-
ried out using Jana20065, employing the unit cell parameters obtained
from SPXRD.

Powder X-ray Diffraction (PXRD) analyses were performed using a
Panalytical Rigaku D X-ray powder diffractometer, utilizing Cu Ko
radiation (1=1.5406 A) from a D/max 2500 source and Shanghai syn-
chrotron radiation light source (1=0.458086 A). Measurements cov-
ered a 26 range from 5° to 60°, with a step increment of 0.023° and an
exposure duration of 60 s for each step.

Scanning electron microscopy (SEM) studies were conducted on an
FEI Quattro S instrument, operating across an acceleration voltage
range of 5 to 30 kV. Given the excellent conductivity of CusBHT, the
process did not necessitate any supplementary metal coating.

High-resolution transmission electron microscopy (HRTEM) images
were captured using a JEOL 2100F transmission electron microscope at
an acceleration voltage of 120 kV.

Cryo-electron microscopy (cryo-EM) study was performed on an FEI
Titan Krios TEM (Gatan K2 summit camera) operated at 300 kV with a
GIF Quantum energy filter (Gatan).

High-resolution scanning transmission electron microscopy (STEM)
images were produced with a Nion UltraSTEM 100 microscope,

featuring a spherical aberration corrector and an operational voltage
of 60 kV.

Ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelec-
tron spectroscopy (XPS) were performed using the Kratos AXIS Ultra
Photoelectron Spectrometer. The measurements were conducted
under ultra-high vacuum conditions (3x107° Torr). The excitation
sources used are He I (21.11 eV) and monochromatic light source Al Ka
(1486.6 eV). All binding energy values displayed were calibrated to the
Cls peak at 284.8 eV, and data analysis was carried out using the
Avantage software.

Raman spectroscopy was conducted using a Horiba spectrometer
with 532 nm laser excitation to investigate the structural properties of
CusBHT.

Device fabrication

Initially, CusBHT was ultrasonically dispersed in methanol, the dis-
persion was meticulously applied onto a pre-defined Si/SiO, substrate
via a spin-coating process to ensure solvent evaporation and the uni-
form distribution of single crystals. Following this, the substrate was
coated with MMA and PMMA, which were then subjected to thermal
annealing at temperatures of 150 °C and 170 °C for a duration of two
minutes, respectively. Utilizing a 30 kV electron beam, lithographic
patterning was conducted, with MIBK serving as the developer for the
exposed patterns. This was succeeded by the deposition of a 5nm
titanium layer and a 250 nm gold layer through the process of mag-
netron sputtering. The fabrication sequence was finalized with a lift-off
process in acetone, culminating in the preparation of the device.

Variable temperature electrical conductivity data of single crystals
using autocube attoDRY 2100 with SR830 Lock-In Amplifier. Single
crystal devices were bonded to chips of attoDRY 2100 with aluminum
wire using WestBond 7476D wire bonder.

Magnetic properties were assessed using a Quantum Design
Dynacool D-209 Physical Property Measurement System (PPMS).
These measurements of susceptibility were conducted in an external
field of 500 mT across temperatures from 1.7 to 300 K. The data were
then adjusted to account for the diamagnetic effects, using both
measurements from a blank sample holder and Pascal’s constants for
correction.

The superconductivity measurements over a temperature range of
0.05 to 1K were performed using a Quantum Design PPMS DynaCool
system equipped with an Electrical Transport Option. In a custom four-
contact probe cell, copper wires were affixed to the sample puck’s
copper current collector.

The superconductivity of CusBHT was estimated based on the
calculation of electronic propriety, phonon spectrum, and EPC
strength within the framework of DFT**¢ and density-functional per-
turbation theory”’, which is implemented in the QE package*®. The
generalized gradient approximation (GGA) in the functional type of
Perdew-Burke-Ernzerh (PBE)*” was employed for the ultrasoft pseu-
dopotentials, and the cutoff energy was set to 80 Ry for wave functions
and 640 Ry for charge density. During structural relaxation and self-
consistent calculations, the Gaussian spreading value of 0.01 Ry was
employed for the method of Methfessel-Paxton first-order spreading
to determine electron occupations under the uniform 4 x 2 x 4 k-point
mesh. The dynamic matrix and phonon frequency were computed on a
1x1x1 q-point mesh with a 4 x 2 x 4 k-point sampling in the Brillouin
zone of CuzBHT, and a finer 8 x 4 x 8 k-point grid is used for the EPC
calculations. The cumulative frequency-dependent A(w) was calculated
from the Eliashberg spectral function a?F(w) via the formula
Aw)=2 [y dw % The total EPC A corresponds to the value of
AM@max) With the w,.x being the maximum of phonon frequency. The
superconducting transition temperature was envaulted from the
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The Vienna Ab initio Simulation Package (VASP)** was employed to
unfolding electronic band structures to the Brillouin zone of kagome
lattice formed by the Cu atoms within Cu3;BHT, where the GGA-PBE*
and projector augmented wave pseudopotentials® with the energy
cutoff of 500 eV were used.

Data availability

Crystallographic data for the structures reported in this Article have
been deposited at the Cambridge Crystallographic Data Center under
deposition number CCDC 12381830. Copies of the data can be
obtained free of charge via https://www.ccdc.cam.ac.uk/structures/.
The data supporting our findings are included in the article and sup-
plementary files. Additional data generated during the study are
available from the corresponding author upon request. Source data
are provided in this paper.
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