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The exceptional tunability of two-dimensional van der Waals materials offers unique opportuni-
ties for exploring novel superconducting phases. However, in such systems, the measurement of
superfluid phase stiffness, a fundamental property of a superconductor, is challenging because of
the mesoscopic sample size. Here, we introduce a contact-free technique for probing the electrody-
namic response, and thereby the phase stiffness, of atomically thin superconductors using on-chip
superconducting microwave resonators. We demonstrate this technique on 4Hb-TaS2, a van der
Waals superconductor whose gap structure under broken mirror symmetry is under debate. In our
cleanest few-layer device, we observe a superconducting critical temperature comparable to that of
the bulk. The temperature evolution of the phase stiffness features nodeless behavior in the pres-
ence of broken mirror symmetry, inconsistent with the scenario of nodal surface superconductivity.
With minimal fabrication requirements, our technique enables microwave measurements across wide
ranges of two-dimensional superconductors.

Superfluid phase stiffness, the free-energy cost associ-
ated with creating a spatial variation in the phase of a
complex superconducting order parameter, is a key ther-
modynamic property of superconductors. It plays a piv-
otal role in determining a material’s ability to carry dis-
sipationless currents [1] and, in some cases, directly con-
strains the critical temperature [2, 3]. Moreover, its tem-
perature dependence provides crucial information about
the superconducting gap structure, offering an essential
window into the pairing mechanism in unconventional
systems [4, 5]. While techniques for measuring the phase
stiffness in bulk materials and large-area thin films are
well established [5–7], such measurements remain chal-
lenging in micron-scale, atomically thin van der Waals
(vdW) heterostructures, an increasingly important plat-
form for exploring novel superconducting phases [8, 9].

An emerging approach to address this challenge is to
harness the sensing capabilities of on-chip superconduct-
ing resonators. These devices are widely utilized in quan-
tum science for the detection of qubit states [10], sin-
gle photons [11, 12], and material losses [13]. Recently,
they have been employed to probe the microwave elec-
trodynamic response in various superconductors [14–21],
including superconducting two-dimensional (2D) mate-
rials [18–20]. At microwave frequencies well below the
superconducting gap, the imaginary part of the sam-
ple’s complex conductivity provides a direct measure of

the superfluid phase stiffness [22]. In all previous su-
perfluid stiffness measurements using on-chip resonators,
the superconductor of interest is incorporated into the
resonator via galvanic contacts. While this approach has
proven effective for the materials studied, it introduces
fabrication complexity and necessitates careful consider-
ations of the contact properties. For resistive contacts,
the contact resistance negatively affects the measurement
of the real part of conductivity. In certain 2D materials,
achieving the necessary low values of contact resistance
may also be difficult. In the case of superconducting con-
tacts, the proximity effect may influence the properties
of the sample. To circumvent these obstacles, we present
a contactless measurement technique that offers a sim-
plified fabrication process and enables access to both the
imaginary and real parts of conductivity.

We demonstrate our technique on exfoliated few-layer
4Hb-TaS2, a vdW material composed of alternating
stacks of 1T-TaS2 and 1H-TaS2 layers [23]. This com-
pound has attracted significant interest due to reports
of unconventional properties in bulk crystals [24, 25],
cleaved surfaces [26], and mesoscopic devices [27]. In bulk
crystals, specific heat and thermal conductivity measure-
ments indicate a nodeless superconducting gap coexisting
with residual gapless states [24, 28]; a nodeless behavior
has also been observed in penetration depth measure-
ments [29]. On the other hand, it has been proposed that
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the broken mirror symmetry at a 1H-TaS2-terminated
surface may give rise to inter-orbital pairing and point
nodes in the superconducting gap [26]. As we will show
below, our temperature-dependent measurements of the
superfluid phase stiffness are inconsistent with this pro-
posed gap structure.

Fig. 1(a–c) shows our device structure. Two
quarter-wavelength (λ/4) coplanar waveguide (CPW)
resonators, labeled sample and reference, are patterned
from a 200-nm thick Nb film on a high-resistivity silicon
substrate. While similar in design, the resonators have
slightly different lengths and thus resonance frequencies.
Both resonators are coupled to a common feedline in a
hanger geometry, enabling characterization via measure-
ments of the scattering parameter S21. A 4-layer (1-
unit-cell) 4Hb-TaS2 flake, exfoliated from bulk crystals
and encapsulated in hexagonal boron nitride (hBN) in-
side a nitrogen glovebox, is transferred onto the sample
resonator to a designated position away from the voltage
node, such that the 4Hb-TaS2 spans over the CPW gap
between the ground plane and the signal trace, similar
to the capacitive-coupling design in our waveguide-based
terahertz spectroscopy experiments [30–32]. Further de-
tails on the device fabrication and microwave measure-
ments are presented in the Supplemental Material [33].

In Fig. 1(d), we plot |S21| for the reference resonator as
a function of frequency (f) and temperature (T ), which
features a sharp T -dependent resonance. We extract
the resonance frequency f0 and internal linewidth κ :=
f0/2Qi by fitting the complex S21 spectra [33, 34]. Here,
Qi denotes the internal quality factor of the resonator,
which reaches around 106 at base temperature. With in-
creasing T , f0 redshifts, and κ increases (Fig. 1(e)). A
weak step in κ is also observed, which we attribute to the
superconducting transition of the Al wirebonds used to
connect the CPW ground planes.

In contrast, the sample resonator exhibits markedly
different behaviors. As shown in Fig. 1(f), f0 evolves non-
monotonically with temperature. Moreover, κ is around
5 times higher than that of the reference at base temper-
ature, and with increasing T , rises sharply near 2.5 K,
signaling the superconductor-to-metal transition of the
4Hb-TaS2 flake (Fig. 1(g)).

The transition temperature Tc ∼ 2.5 K observed here
is close to the bulk Tc of 2.7 K [24]. It is also the highest
among 9 few-layer devices we fabricated for microwave
or DC transport measurements [33]. In all other devices,
Tc is significantly suppressed relative to the bulk, with
no systematic dependence on thickness. This variation
could arise from inhomogeneities in the bulk crystals or,
more likely, the air sensitivity of exfoliated 4Hb-TaS2: the
atomically thin flakes may partially degrade in the im-
perfect and time-varying glovebox environment prior to
encapsulation. In the following, we focus on the highest-
Tc device, which is expected to best reflect the intrinsic
properties of the material.

To extract the response of the flake, we first separate its
contributions to f0 and κ from those of the background
by comparing the sample and reference resonators. The
temperature dependence in the reference resonator can
be modeled using cavity perturbation theory [6, 22]:

f0,R(T ) = f00,R + gR · ImZNb(T ),

κR(T ) = κbkg,R + gR · ReZNb(T ).
(1)

Here, the subscript R stands for the reference resonator,
f00 represents the resonance frequency of an otherwise
identical resonator with zero surface impedance, g is a
real constant determined by the detailed resonator ge-
ometry, ZNb indicates the surface impedance of Nb, and
κbkg symbolizes a background linewidth from losses un-
related to Nb. The surface impedance of Nb is used here
because the film thickness is much larger than its super-
conducting penetration depth [35]. We also ignore the
frequency dependence in ZNb because the relevant fre-
quency window is narrow [33]. For the sample resonator
(indicated by subscript S), we further introduce δf0 and
δκ to represent the changes in f0 and κ caused by the
4Hb-TaS2 flake, respectively:

f0,S(T ) = f00,S + gS · ImZNb(T ) + δf0(T ),

κS(T ) = κbkg,S + gS · ReZNb(T ) + δκ(T ).
(2)

We fit the experimentally measured f0,R(T ) and κR(T )
using Eqs. 1, where f00,R and κbkg,R are assumed to be
constant, and ZNb is calculated from Mattis-Bardeen the-
ory [36] with a minimal set of fitting parameters as in-
put [33]. The procedure is similar to that used in our
earlier work for Al airbridges [37]. The fitting results
plotted in Fig. 2(a) well reproduce the data. We obtain
a Tc of 9 K and a 2∆0/kBTc around 3.9 for Nb, where
∆0 denotes the zero-temperature gap size and kB is the
Boltzmann constant, in good agreement with literature
values [38].

Strictly speaking, background losses like the two-level-
system (TLS) loss will lead to temperature-dependent
f00,R and κbkg,R [39]. However, the consistency between
the data and the fit, as well as between the extracted
Nb parameters and literature values, suggests that the
temperature dependence of f00,R and κbkg,R is negligi-
ble relative to the Nb-induced changes. This is further
confirmed by our measurements with varying microwave
power [33], where the data well overlap with each other
despite the power-dependent nature of TLS loss. Simi-
larly, for the sample resonator, because the flake-induced
changes are comparable to if not larger than those from
Nb, we also treat f00,S and κbkg,S as temperature inde-
pendent.

Having obtained ZNb, we still need the ratio gS/gR
to subtract out the Nb term in Eqs. 2. As shown in
Fig. 2(b), we observe a temperature regime above the
Tc of 4Hb-TaS2 where f0,S depends linearly on f0,R. In
this regime, the conductivity of 4Hb-TaS2 is expected
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FIG. 1. Device structure and microwave measurements. (a) Schematic of the chip design, showing two Nb λ/4 CPW resonators
(sample and reference) of different lengths, coupled to a central transmission line in a hanger geometry. (b) Optical micrograph
of the region outlined by the dashed box in (a). The vdW sample is placed away from the voltage node and bridges the signal
trace and ground plane (inset). The dashed line marks the 4Hb-TaS2 flake, while the solid green and blue lines denote the edges
of the top and bottom hBN flakes, respectively. (c) Cross-sectional schematic of the sample region. A 4-layer 4Hb-TaS2 flake is
capacitively coupled to the resonator through a thin (2.2 nm) hBN dielectric. A top hBN layer serves both as encapsulation and
mechanical support, whose thickness exceeds 200 nm but remains much smaller than the width of the CPW gap. (d) Amplitude
of the transmission scattering parameter, |S21|, versus frequency and temperature near the reference resonator’s fundamental
mode. For each temperature, the amplitude is normalized such that its maximum value away from the resonance equals unity.
The dashed line shows the resonance frequency f0 extracted from fits to the complex S21 for each temperature. (e) Internal
linewidth of the resonance, κ := f0/2Qi, as a function of temperature. (f, g), same as (d, e) for the sample resonator. Tc and
Tc,Al mark the superconducting critical temperatures of the sample and the Al wirebonds connecting the CPW ground planes
(not shown in (b)), respectively.

to be purely resistive and slow varying. The frequency
shift thus predominantly originates from the temperature
dependence of ImZNb, and the linear slope equals gS/gR.

Using the f00,R, κbkg,R, and gS/gR extracted from the
fits, we obtain the modified resonance frequency f ′

0 and
linewidth κ′, in which all temperature dependence orig-
inates from the 4Hb-TaS2 sample and the finite-surface-
impedance effects of Nb are removed:

f ′
0 := f00,S + δf0(T ) = f0,S − (f0,R − f00,R) · gS/gR,

κ′ := κbkg,S + δκ(T ) = κS − (κR − κbkg,R) · gS/gR.

(3)

Although the step feature in κ attributed to the Al wire-
bonds is not modeled here, its effect is minimal in com-
parison with the dissipation in the sample to begin with,
and largely cancels out in the subtraction procedure de-
scribed by Eqs. 3.

We plot f ′
0 and κ′ in Fig. 2(c) and (d), respectively.

In the low-temperature regime, both f ′
0 and κ′ are flat.

As T approaches Tc, f ′
0 decreases sharply, then rises to

a higher value before leveling off for T > Tc. In con-
trast, κ′ increases monotonically and exhibits a distinct
step-like feature near Tc. These behaviors can be quali-
tatively understood in a cavity perturbation picture (see
Supplemental Material [33]). To quantitatively extract
the sample conductance σ = σ1 + iσ2 from f ′

0 and κ′, we
employ the circuit model detailed in the End Matter.

Fig. 3 shows the extracted values of σ1 and σ2 as func-
tions of temperature from our 4-layer 4Hb-TaS2 device.
The superfluid phase stiffness, Tθ, can be directly ob-
tained from σ2 via kBTθ = ℏ2ωσ2/e

2 [22], where ℏ is the
reduced Planck constant and e is the elementary charge.
In the low-temperature limit, we find Tθ ≈ 1.1 × 103 K,
much higher than the Tc of the flake. Therefore, despite
the sample’s 2D nature, Tc is predominantly set by pair-
ing strength rather than phase stiffness. Furthermore,
the temperature evolution of Tθ and σ2 should only devi-
ate from mean-field behavior within an extremely narrow
window near Tc, which we thus ignore in the following
analysis.
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surface impedance of Nb is modeled using Mattis-Bardeen
(MB) theory. Data at T < Tc,Al are excluded from the fitting
because the Al wirebonds are not included in the model. (b)
f0 of the sample resonator plotted against that of the reference
at the same temperature. The ratio gS/gR is extracted using
a linear fit to the data above Tc. (c) Temperature evolution
of the modified f ′

0 after background subtraction. (d) Same as
(c) for κ′. Dashed line indicates the upper bound of κbkg,S
from background losses unrelated to 4Hb-TaS2. Tc marks the
superconducting transition temperature.

With increasing temperature, σ2, and hence Tθ, re-
main approximately constant up to ∼ 1 K. A very weak
maximum exists near 0.5 K, which is likely an artifact
caused by the temperature dependence of background
losses ignored earlier. Despite experimental uncertain-
ties, the lack of strong temperature dependence in the
low-temperature regime is consistent with the behavior
of a nodeless superconductor, where thermal excitations
of quasiparticles are exponentially suppressed. On the
other hand, in the presence of gap nodes, σ2(T )− σ2(0)
is expected to scale with T in pristine samples or T 2 with
pairing-breaking scattering [40], neither of which is ob-
served in our device [33].

To quantitatively evaluate the temperature depen-
dence, we fit σ2 to the following expression based on
the Mattis-Bardeen theory in the dirty limit assuming
a momentum-independent superconducting gap [22, 36] :

σ2(T ) =
ησN

ℏω
·
∫ ∆T

max(∆T−ℏω,−∆T )

[1− 2fT (E + ℏω)](E2 +∆2
T + ℏωE)√

(∆2
T − E2)[(E + ℏω)2 −∆2

T ]
dE.

(4)

This limit is justified because the optically measured
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FIG. 3. Temperature evolution of sheet conductance σ at 6
GHz for the 4-layer 4Hb-TaS2 flake. Data points represent the
average between two limiting cases, in which κ′(0.1 K) is at-
tributed entirely to dissipation in the sample or to background
dissipation unrelated to the sample, respectively. Error bars
indicate the range of σ bounded by these two limits; those
smaller than the sizes of the circle and square markers are
omitted. The imaginary part, σ2 (blue squares), is fit using
the Mattis-Bardeen theory in the dirty limit with a BCS-like
gap evolution (Eqs. 4 and 5). The fit is shown in solid blue
along with all fitting parameters extracted.

normal-state scattering rate [41] far exceeds the super-
conducting gap size. Here, σN denotes the experimen-
tally measured normal-state sheet conductance, fT is
the Fermi function at T , and the superconducting gap
is parameterized using the phenomenological interpola-
tion formula [42, 43]:

∆T = ∆0 tanh
(
α
√

(Tc − T )/T
)
. (5)

We also include a prefactor η that describes the con-
densed fraction of spectral weight within the frequency
window below the gap. The temperature evolution of σ1

is excluded from this fit because of its large uncertainties
below Tc.

The fitted curve, plotted in Fig. 3, agrees well
with the experimental data. We find 2∆0/kBTc =
3.9(1) and α = 2.4(1). These values slightly exceed
the Bardeen–Cooper–Schrieffer (BCS) predictions in the
weak-coupling limit, but are comparable to those of mod-
erately coupled superconductors such as Nb [33]. The ex-
tracted 2∆0/kBTc also matches the ratio of 4 estimated
using the specific heat jump in bulk crystals [24] and
3.8 from scanning tunneling spectroscopy (STS) measure-
ments on the cleaved 1H surface [26]. The fitting results
reaffirm the nodeless nature of our device. Because the 4-
layer sample necessarily contains a 1H-TaS2 termination
layer with broken mirror symmetry, our result does not
support the scenario of surface nodal superconductivity
proposed in Ref [26].
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The extracted η = 0.19(1) is much smaller than unity,
indicating a substantial fraction of uncondensed spec-
tral weight. This echos bulk electronic specific heat
(Ce) measurements [24], where the Sommerfeld coeffi-
cient Ce/T remains finite in the low-temperature limit,
signaling the existence of gapless states. However, the un-
condensed spectral weight fraction in our measurement,
1 − η, is larger than the normal-metal fraction in Ce/T
from Ref. [24]. This may originate from the difference
between bulk crystals. In Ref [24], a small amount of Se
is added in the crystal growth, while it is not included
in the bulk crystals used here for exfoliation. The Se ad-
dition has been reported to increase the superconduct-
ing volume fraction [44], but the underlying mechanism
remains to be understood. Another factor to consider
is that the gapless states may disproportionally affect
these two measurements. For instance, a smaller effec-
tive mass associated with the gapless states would reduce
their contributions to Ce while enhancing their share of
the σ spectral weight.

We remark that while uncondensed spectral weight and
residual gapless states are often observed in disordered
nodal superconductors, they do not necessarily imply
nodal superconductivity. In fact, theory suggests that in
4Hb-TaS2, gapless Fermi pockets can coexist with fully
gapped ones, when the pairing interaction is mostly in-
trapocket and the magnetic fluctuations in the 1T layer
induce pair-breaking scattering [45]. This scenario is sup-
ported by our observations in the 4-layer sample, as well
as by specific heat [24], thermal conductivity [28], and
penetration depth [29] measurements on bulk crystals.
In contrast, a nodal scenario fails to explain any of these
experiments.

In summary, we have developed a cavity sensing
method for measuring the microwave conductivity in
atomically thin superconductors. Applied to a 4-layer
4Hb-TaS2 sample, our measurement reveals nodeless su-
perconductivity despite the presence of broken mirror
symmetry. Our approach does not require ohmic or su-
perconducting contacts, or any etching of the vdW het-
erostructure. As such, it can be readily applied to broad
classes of 2D superconductors.
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End Matter: Circuit Model

Here we introduce the circuit model that maps between
f ′
0, κ′ and the sample conductance σ = σ1 + iσ2. We

start by considering the sample resonator as shown in
Fig. 4(a). To best model the tapered section and the
irregular sample shape, we discretize the structure into
many segments, each with their own cross-sectional ge-
ometry. Zin,m, the input impedance at the end of seg-
ment m, is related to Zin,m−1 by [47]

Zin,m = Z0,m · Zin,m−1 + Z0,mtanh(γmdm)

Z0,m + Zin,m−1tanh(γmdm)
, (6)

where the characteristic impedance

Z0,m =
√

(Rm + iωLm)/(Gm + iωCm), (7)

and propagation constant

γm =
√

(Rm + iωLm)(Gm + iωCm). (8)

Here, dm is the length of segment m, ω = 2πf is the
angular frequency, and Rm, Lm, Gm, and Cm are the
distributed resistance, inductance, admittance, and ca-
pacitance for the CPW segment m, respectively. The
phasor convention here follows Ref. [47].
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0, κ

′) and σ. (a) Schematic of the sample resonator. The Nb and sample flake are
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The meandered section following the taper (Fig. 1(b)) is modeled as a straight segment (segment n), with an effective length
dn that is not precisely known. Although the segments illustrated here are sparse (for clarity), the actual segmentation used
is dense enough for our calculation to converge. (b) Circuit model of the structure in (a). Rm, Lm, Gm, and Cm denote
the resistance, inductance, admittance, and capacitance per unit length for segment m, respectively. Zload is a load resistor
that accounts for κbkg,S. Zin,n represents the input impedance at the end of segment n. (c) Cross-sectional schematic using
segment 2 as an example. G2 is determined by the sum of impedance between points A and B, B and C, and C and D (ZAB,
ZBC, and ZCD). Inset: cross-sectional effective circuit for the overlap region between sample and Nb in segment 2, where ZAB

equals the input impedance of the finite-length transmission line. (d) Bottom: |Zin,n| calculated for a given set of σ, dn, and
Zload, plotted on log scale as a function of frequency. Data are fit to the input impedance of an effective resonator circuit (top)
with parameters R′, L′, and C′, which allows the extraction of f ′

0 and κ′. The fitting range is adaptively set to approximately
40κ′ centered at f ′

0.

Since the Nb is treated as perfect metal after back-
ground subtraction, we have Rm = 0. Moreover, as the
widths of the CPW gap (wm) and signal trace (sm) are
much larger than the Nb thickness and much smaller than
the thickness of the Si substrate, the following expres-
sions are used to calculate Cm and Lm [48]:

Cm = 2ϵ0(ϵSi + 1)K(km)/K(k′m),

Lm = (ϵSi + 1)/(2c2Cm).
(9)

Here km = sm/(sm+2wm), k′m =
√
1− k2m, K represents

the complete elliptic integral of the first kind, ϵ0 is the
vacuum permittivity, ϵSi = 11.9 is the dielectric constant
of Si, and c is the speed of light.

The value of Gm is zero in segments without the sam-
ple. For segments with the sample (such as segment 2 in
Fig. 4(a)), we calculate Gm using the cross-sectional cir-
cuit model developed in Ref. [30] (see Supplemental Ma-
terial [33] for more details). As shown in the schematic
in Fig. 4(c), the sample essentially connects the signal
trace to the ground plane through "capacitive contacts"
formed in regions overlapping with the Nb. The "con-
tact" impedance ZAB between points A and B is the in-
put impedance of the finite-length, open-ended transmis-
sion line shown in Fig. 4(c) inset:

ZAB = Z ′
0 coth (γ

′lm) , (10)

where

Z ′
0 =

√
thBN/ (iωϵ0ϵhBNσ),

γ′ =
√

iωϵ0ϵhBN/ (thBNσ).
(11)

Here lm represents the overlapping length between the
flake and Nb on the left-hand side of the CPW gap in
the cross-sectional view, thBN ≈ 2.2 nm is the bottom
hBN thickness, and ϵhBN ≈ 2.8 is the hBN c-axis dielec-
tric constant [31]. Similarly, between points C and D,
ZCD = Z ′

0 coth (γ
′l′m), where l′m denotes the overlapping

length on the right-hand side. In addition, the impedance
between points B and C is given by ZBC = wm/σ. These
expressions allow Gm = 1/(ZAB + ZBC + ZCD) to be
calculated in the presence of the sample.

With Rm, Lm, Gm, and Cm determined for all n + 1
segments, we can use Eq. 6 iteratively to obtain the in-
put impedance of the resonator, Zin,n, as a function of f .
In addition to σ, we introduce two more free parameters
in this calculation. The first is a load resistance Zload
before segment 0 (Fig. 4(b)), which we use to account
for the background loss in the system. The second is the
length of the last segment dn (Fig. 4(a)), which is not
precisely known because of the meandering design and
the coupling structure to the feedline in addition to fab-
rication uncertainties. For a given set of σ1, σ2, Zload,
and dn in the physically relevant range, the calculated
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|Zin,n(f)| near its resonance can be well fit (see Fig. 4(d)
for example) using the expression of a parallel-RLC res-
onator [47]:

|Zin,n| =
1

|1/R′ + 1/(2πifL′) + 2πifC ′|
. (12)

f ′
0 and κ′ can thus be obtained from the fitting parame-

ters R′, L′, and C ′ as the following:

f ′
0 =

1

2π
√
L′C ′

,

κ′ =
1

4πR′C ′ .

(13)

This completes the numerical mapping between (f ′
0, κ

′)
and (σ1, σ2) at given Zload and dn. We have verified
that in the large-σ regime where cavity perturbation the-
ory applies, our circuit model produces results consistent
with the theory.

To extract σ, we notice that in the normal state, σ2 ≈ 0
at few-GHz frequencies. If either Zload or σ1 is known,
the other can be determined along with dn from the mea-
sured (f ′

0, κ
′) values. Since dn and Zload are approxi-

mately temperature independent, they can then be used
to convert (f ′

0, κ
′) at every temperature to (σ1, σ2). In

practice, the exact value of Zload or normal-state σ1 is not
available in our device. Nevertheless, Zload has a known
upper bound, because κbkg,S, which increases with Zload,
cannot exceed the measured κ′ in the low-temperature
limit (Fig. 2(d)). Moreover, Zload must be non-negative,
so its range is bounded from both sides. These bounds in
turn allow us to determine the corresponding ranges for
σ1 and σ2 at each temperature. In future studies, this
uncertainty may also be eliminated by directly measuring
the normal-state σ1 via DC transport.
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I. DEVICE FABRICATION

The Nb resonators are fabricated using a wafer-scale process. We begin with a high-

resitivity, 6-inch Si wafer (≥ 10, 000 Ω · cm), which is 675 µm thick. The wafer is initially

cleaned using a Piranha etch and a buffered oxide etch (BOE), and then a 200-nm thick

Nb film is sputtered. For lithography, we use 1.0 µm of AZ MiR 701 photoresist, and then

optically write the resonators, transmission line, and other ground plane features. After

development, the Nb is etched using a chlorine-based process. The wafer is diced into

5 mm × 5 mm chips.

For the feedline, the inner conductor width is 30 µm and the gap between the inner

and outer conductors is 17.5 µm. For the resonators, the width and gap are 20 µm and

10 µm, respectively; these are gradually tapered down to 8 µm and 5 µm near the sample

position. The coupling segment to the feedline is 150 µm long, with the inner conductors of

the resonator and the feedline separated by 27.5 µm. This design achieves relatively strong

coupling with a measured external quality factor (Qe) around 3.5 × 103, allowing f0/2Qi

over a large range to be reliably extracted.

Single crystals of 4Hb-TaS2 are grown by a two-step procedure—a precursor step and then

chemical vapor transport (CVT). For the precursor, Ta (ThermoScientific, 99.98% purity)

and S (ThermoScientific, 99.999% purity) are combined in a molar ratio of 1:2.2 (Ta:S), then

loaded in an alumina crucible and sealed in a quartz tube with 200 Torr Ar gas. The tube

is heated to 950 ◦C, held for 12 hours and then quenched in ice water. For the second step,

the precursor is ground with a mortar and pestle, then loaded with 3 mg/cm3 iodine in a

21 cm long quartz tube, evacuated, and placed in a horizontal two-zone furnace. The two

zones are held at 780 ◦C (source) and 680 ◦C (growth) for 27 days, then allowed to cool to

room temperature naturally. Single crystals are then collected from the growth end.

The single crystals are subsequently exfoliated onto SiO2/Si chips inside a nitrogen glove-

box. Crystals without Se are used because they are found to be easier to exfoliate. Under a

microscope, suitable flakes are identified based on their optical contrast. hBN flakes are also

exfoliated. Using a bisphenol-A polycarbonate (PC) stamp, we sequentially pick up the top

hBN, the few-layer 4Hb-TaS2, and the bottom hBN. The assembled stack is then released
∗ These authors contributed equally
† These authors contributed equally; Corresponding author; sudichen@ufl.edu
‡ Corresponding author; fengwang76@berkeley.edu
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FIG. S1. Determination of sample layer number. (a) Schematic of sample geometry in AFM

measurements. The stack is picked up from the resonator using a PETG stamp such that the

thin hBN is exposed on the surface. The tip is scanned on the hBN surfaces. (b) Representative

contact-mode line scan across the 4Hb-TaS2 edge, measured on D1, the device studied in the main

text. The step height h = tS + 2dS-hBN − dhBN-hBN, where tS is the sample thickness, dS-hBN is the

van der Waals (vdW) gap between the sample and hBN, and dhBN-hBN is the vdW gap between

two hBN flakes. Using measurements from an hBN/monolayer MoSe2/hBN stack, we estimate

2dS-hBN − dhBN-hBN ≈ 0.3 nm. The measured step height h ≈ 2.65 nm therefore yields sample

thickness tS ≈ 2.4 nm, consistent with the expected thickness of 2.36 nm [1] for 4-layer 4Hb-TaS2.

onto the Nb resonator and the PC residue is removed using chloroform.

After the microwave measurements, the stack is picked up from the resonator using a

glycol-modified polyethylene terephthalate (PETG) stamp such that the thin bottom hBN

is now exposed (Fig. S1(a)). The thickness of the 4Hb-TaS2 flake as well as that of the thin

hBN is then measured using an atomic force microscope (AFM, Asylum Research Cypher

S), and the layer number is determined accordingly (see Fig. S1(b) for example).

The DC transport devices are fabricated using similar procedures. For device D7, few-

layer graphite flakes are used as contacts and the 4Hb-TaS2 is encapsulated on both sides

by hBN. For D8 and D9, pre-patterned Au contacts are used and the 4Hb-TaS2 is covered

by hBN on top and in contact with the SiO2/Si substrate on the bottom side.

II. MICROWAVE MEASUREMENTS

We measure all of the resonator devices in an adiabatic demagnetization refrigerator

(ADR), using a standard microwave setup. A vector network analyzer (VNA) is used to

3
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FIG. S2. Effect of input microwave power on measurements. (a) f0 of the sample resonator in D1

measured at varying input power levels. (b) Same as (a) for κ. The corresponding power levels of

the VNA output at room temperature are labeled in (b). Curves below -16 dBm all overlap with

each other, indicating negligible nonlinear effects. The deviation only becomes notable at 4 dBm,

likely because of heating and quasiparticle generation effects.

measure the scattering parameter S21 as a function of frequency near the fundamental modes

of the resonators. Further details on the setup are presented in Ref. [2]. The dataset for

each device is collected during a single cool down, with both the sample and the reference

resonators being measured together at each temperature.

At each temperature, the resonances are measured across a range of power levels. In

Fig. S2, we show the temperature evolutions of f0 and κ at selected power levels. In the

low-power regime, we observe a converging behavior where f0 and κ do not change with

power. This indicates negligible effects from heating or quasiparticle generation. We focus

on this linear regime to study the equilibrium properties of the sample in the main text,

where the data are taken with a VNA input power of -56 dBm.

III. EXTRACTING RESONATOR PROPERTIES FROM S21 SPECTRA

To extract f0 and κ := f0/2Qi for each resonator, we fit the complex S21 spectra using the

Superconducting Analysis and Plotting Software (scraps) package [3]. The model is given

4



by:

S21(f) = g(f)eiϕ(f) · Qe + iQeQi(2x+ 2δf/f̃0)

Qi +Qe + 2iQiQex
,

g(f) = g0 + g1x+ g2x
2,

ϕ(f) = ϕ0 + ϕ1x,

f̃0 = f0 + δf,

x = (f − f̃0)/f̃0.

(1)

Here, g(f)eiϕ(f) is the environment term that accounts for the attenuation, amplification,

and phase shift in the measurement system, the electronic delay and damping in the cables,

as well as slow-varying transmission-line resonances [3, 4]. The last term in S21(f) models

an asymmetric resonance which takes impedance mismatch into account [3, 5, 6].

In Fig. S3, we plot the S21 data and the corresponding fit curves from device 1 (D1,

studied in the main text) for both the reference and the sample resonators at the lowest and

highest measured temperatures. The agreement between the data and fit curves is excellent.

In the sample resonator, the 1σ error propagated from the fit is around 0.1 kHz for both

f0 and κ at base temperature and increases to around 1.5 kHz at 3.1 K. In the reference

resonator, the 1σ error remains around 0.1 kHz for all temperatures. These fitting errors

are negligible in comparison to the temperature-induced changes in f0 and κ (on the scale

of hundreds of kHz) and are thus ignored in our analysis.

IV. SAMPLE-TO-SAMPLE VARIATION

We measure 6 microwave devices and 3 transport devices (see Fig. S4 for summary and

Figs. S5 and S6 for details). Except for D1 studied in the main text, significant and irregular

suppression of Tc from the bulk value is observed in all other devices. This variation could

arise from inhomogeneities in the bulk crystals or the degradation of few-layer samples in

the imperfect and time-varying glovebox environment. The same effect may also create a

heterogeneous distribution of local Tc within each flake, smearing the temperature evolution

of f0 and κ.

In D1, D2, and D4 (Fig. S5(a), (b), and (d)), we observe qualitatively similar behaviors

despite the Tc variation. Importantly, f0(T ) flattens in the low-temperature regime, indicat-

ing the presence of a nodeless superconducting gap (see Section VII for more discussions).
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FIG. S3. Representative fit curves for extracting f0 and κ. Data (blue circles) are measured in

D1. The corresponding resonator and temperature information is labeled above each pair of panels.

The complex S21 as a function of frequency is fitted using the scraps package [3] (see section III for

details) and the results are plotted in red.

Based on the microwave data alone, we cannot rule out the possible existence of nodes in

D3 (Fig. S5(c)), where the data below 0.5 K could be consistent with σ2(0)−σ2(T ) ∝ T 2, and

D5 (Fig. S5(e)), where f0 evolves linearly with T down to the base temperature. However,

these behaviors could also arise from sample inhomogeneity instead, because averaging over

a distribution of local Tc may create an apparent temperature dependence in σ2(T ) and thus

f0(T ) at low temperature, even if the sample is nodeless everywhere. Importantly, the flakes

with lower Tc lie further within the dirty limit, where the scattering rate [7] far exceeds the

superconducting gap size. Nodal superconductivity is highly unlikely to survive in this limit.

In addition, we note that D6 shows increased dissipation at lower temperature (Fig. S5(f)),

opposite to the other devices. This is likely associated with a failed superconducting state,

where the flake remains dissipative instead of inductive below the transition temperature

(Fig. S6(a)).
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behavior but remain resistive in the low-temperature limit. See Figs. S5 and S6 for more details.
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V. MATTIS-BARDEEN FIT FOR REFERENCE RESONATOR

In the main text, the temperature evolution of the reference resonator is modeled as

f0,R(T ) = f00,R + gR · ImZNb(T ),

κR(T ) = κbkg,R + gR · ReZNb(T ).
(2)

We express the surface impedance of Nb using its complex conductivity σ = σ1 + iσ2:

ZNb =

(
µ0ω

2

√
σ2
1 + σ2

2 − σ2

σ2
1 + σ2

2

)1/2

− i

(
µ0ω

2

√
σ2
1 + σ2

2 + σ2

σ2
1 + σ2

2

)1/2

. (3)

According to the Mattis-Bardeen theory, we have:

σ1(ω, T ) =
2σN

ℏω
·
∫ ∞

∆T

[fT (E)− fT (E + ℏω)](E2 +∆2
T + ℏωE)√

(E2 −∆2
T )[(E + ℏω)2 −∆2

T ]
dE

+
σN

ℏω
·
∫ −∆T

∆T−ℏω

[1− 2fT (E + ℏω)](E2 +∆2
T + ℏωE)√

(E2 −∆2
T )[(E + ℏω)2 −∆2

T ]
dE,

(4)

σ2(T ) =
σN

ℏω
·
∫ ∆T

max(∆T−ℏω,−∆T )

[1− 2fT (E + ℏω)](E2 +∆2
T + ℏωE)√

(∆2
T − E2)[(E + ℏω)2 −∆2

T ]
dE. (5)

The second term in Eq. 4 should be set to 0 for ℏω < 2∆T , which is always the case in

our measurement range. The superconducting gap of Nb is assumed to follow the BCS-like

phenomenological interpolation formula [8, 9]:

∆T = ∆0 tanh
(
α
√

(Tc − T )/T
)
. (6)

In the weak-coupling BCS limit, 2∆0/kBTc ≈ 3.53 and α ≈ 1.74. Both values are expected

to increase with stronger electron-boson coupling.
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FIG. S7. Calculated temperature evolution of ZNb at frequencies relevant to our measurements. The

calculation uses Eqs. 3-6 with parameters Tc = 9 K, 2∆0/kBTc = 3.9, and α = 2.5 obtained from

fitting. A realistic σN = 2 × 108 S/m is used. (a) ImZNb at 6.5076 GHz (blue) and 6.5069 GHz

(red), corresponding to the resonant frequencies of the reference resonator at 0.1 K and 3.1 K,

respectively. (b) ReZNb for the same frequencies. The ZNb difference is negligible between these

two frequencies. (c) ImZNb at 6.0167 GHz (blue), the resonant frequency of the sample resonator.

The 6.5076 GHz curve from (a), rescaled by a factor of 0.92457 (the frequency ratio), is plotted in red

for comparison. (d) Same as (c) for ReZNb. After rescaling, the curves show negligible difference,

justifying the omission of the frequency dependence in ZNb in our analysis. The rescaling constant

is implicitly absorbed into the ratio gS/gR in the main text.

Eqs. 2–6 allow us to simultaneously fit the experimentally measured f0,R and κR as

functions of T . The independent fitting parameters are f00,R, κbkg,R, gR/
√
σN, α, Tc, and

2∆0/kBTc. We obtain a Tc of 9 K and a 2∆0/kBTc around 3.9, in good agreement with

literature values for Nb [10]. α is found to be near 2.5, consistent with the fact that Nb is

a moderately coupled superconductor.
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VI. FREQUENCY DEPENDENCE OF NIOBIUM RESPONSE

We do not explicitly consider the frequency dependence of ZNb in the main text. This

section provides the justification for our approximation.

In our measurements, Nb is deep in the superconducting state. In this regime, σ1 ≪ σ2

and σ2 ∝ ns(T )/f at microwave frequencies, where ns represents the superfluid density in

Nb. Consequently, ZNb is dominated by its imaginary part, which scales as ImZNb ∝ f/
√
ns.

The real part is suppressed by a factor of −σ1/(2σ2) with respect to the imaginary part and

scales as ReZNb ∝ f 2n
− 3

2
s σ1.

For each resonator, the relative frequency shift in the measured temperature range is

within ∼ 10−4. Compared to the changes arising from the temperature dependence of ns

and σ1, this frequency shift induces a negligible change in ZNb, as shown in Fig. S7(a) and

(b). Therefore, the frequency dependence of ZNb can be safely ignored in the analysis of a

single resonator.

When analyzing the f0 and κ data of the sample resonator, we subtract out the back-

ground Nb contribution (gS/gR) ·ZNb. Here ZNb is obtained at the resonant frequency of the

reference resonator, which differs from that of the sample resonator by approximately 8%.

This procedure is justified because ZNb is dominated by ImZNb ∝ f/
√
ns, and the frequency

scaling is implicitly accounted for by the ratio gS/gR determined in Fig. 2(b). Although

ReZNb ∝ f 2, its contribution to ZNb is small enough, and the frequencies of the sample and

the reference resonators are close enough, such that the error introduced is negligible, as

demonstrated in Fig. S7(d).

VII. QUALITATIVE UNDERSTANDING OF TEMPERATURE EVOLUTION

Here, we provide a qualitative picture for understanding the temperature evolution of f ′
0

and κ′ from a cavity perturbation (CP) perspective. If the 4Hb-TaS2 flake is conducting

enough, expressions similar to Eqs. 2 can also be used to describe the impact of the flake

on the sample resonator. Because the flake is atomically thin, the surface impedance should

be replaced by 1/σ, where σ denotes the flake’s sheet conductance. As shown in Fig. S8,

the temperature evolution of 1/σ in a BCS superconductor can qualitatively reproduce the

characteristic lineshapes of f ′
0(T ) and κ′(T ) without fine tuning.
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FIG. S8. Typical temperature evolution of 1/σ in a superconductor. (a) Simulated microwave con-

ductivity σ in a typical BCS superconductor. Data are normalized by the normal state conductivity

σN. The simulation uses Eqs. 4-6 with the following parameters: Tc = 2.5 K, 2∆0/kBTc = 3.5,

α = 1.74, and ω/2π = 6.2 GHz. (b) and (c), imaginary and real parts of σN/σ as functions of

temperature, which qualitatively reproduce the measured temperature evolutions of f ′
0 and κ′, re-

spectively.

Importantly, in the low-temperature regime, since δf0 ∝ Im(1/σ) ≈ −1/σ2, a flat δf0(T )

directly indicates the lack of temperature dependence in σ2(T ) and thus the absence of gap

nodes. However, at temperatures near or above Tc, the actual σ of 4Hb-TaS2 may not be

large enough for a strictly linear relationship between 1/σ and κ′ + if ′
0 to apply. Thus, a

circuit model is still needed to quantitatively extract σ from the measured data.

VIII. CROSS-SECTIONAL CIRCUIT MODEL

We use the cross-sectional circuit model developed in Ref. [11] to calculate the distributed

admittance in the CPW segments containing the sample. Here we explain the model in more

detail using segment m in Fig. S9(a) as an example.

The flake, which spans across the CPW gap, introduces a distributed admittance between

the inner conductor and ground plane of the CPW:

Gm = 1/(ZAB + ZBC + ZCD). (7)

As illustrated in Fig. S9(b) and (c), the impedance between points A and B (ZAB) is the

input impedance of the cross-sectional transmission line formed by the sample and Nb in
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FIG. S9. Cross-sectional circuit model. (a) Top view of the CPW near the 2D flake (red). (b)

Cross-sectional schematic using segment m in (a) as an example. lm and l′m mark the overlapping

length between the sample and Nb on the left and right, respectively. The ground plane farther

away from the sample is not shown. (c) The effective circuit for (b). The overlapping regions are

modeled as transmission lines, where the impedance per unit length is 1/σ and capacitance per

unit length is ϵ0ϵhBN/thBN.

the left overlapping region. This transmission line has length lm and is open-terminated,

therefore [12]

ZAB = Z ′
0 coth (γ

′lm) . (8)

Here, Z ′
0 and γ′ are the characteristic impedance and propagation constant of the cross-

sectional transmission line, determined by the distributed impedance (R′ + iωL′) and dis-

tributed capacitance (C ′):

Z ′
0 =

√
(R′ + iωL′)/(iωC ′), (9)

γ′ =
√
(R′ + iωL′)(iωC ′). (10)

The distributed impedance is dominated by the sample’s sheet resistance and kinetic induc-

tance, as the geometrical inductance and Nb’s kinetic inductance are negligible in compari-

son. Thus,

R′ + iωL′ ≈ 1/σ. (11)

The distributed capacitance is set by the hBN between the sample and Nb:

C ′ = ϵ0ϵhBN/thBN. (12)

Similar to Eq. 8, the impedance between points C and D is

ZCD = Z ′
0 coth (γ

′l′m) . (13)
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FIG. S10. Temperature evolution of σ2 (blue) fitted to the power law σ2(T ) = σ2,0 − ATB, where

σ2,0, A, and B are fitting parameters. The results are plotted in red. The fitting range and extracted

exponent B are labeled in each panel. The B values are inconsistent with the existence of gap nodes.

In addition, the impedance between points B and C from the sample inside the gap is

ZBC = wm/σ. (14)

Eqs. 7–14 complete the expression for Gm. In segments without the sample, Gm = 0.

IX. POWER-LAW FITTING OF LOW-TEMPERATURE σ2

In Fig. S10 we fit the low-temperature σ2 data from D1 to the power law σ2(T ) =

σ2,0 −ATB. For 2D nodal superconductors, the exponent B is expected to be 1 in the clean

limit or 2 in the presence of pair-breaking scattering. Although the fitting results depend on

the temperature range chosen, the extracted values for B are generally around 4 or larger,

indicating nodeless superconductivity.

X. POSSIBLE EFFECT FROM NIOBIUM OXIDE LAYER

A native oxide layer can exist on the surface of Nb, with typical thickness toxide ∼

5 nm [13] and dielectric constant ϵoxide ∼ 30 [14]. Taking this additional dielectric layer

into account, Eq. 12 becomes

C ′ =
ϵ0

thBN/ϵhBN + toxide/ϵoxide
. (15)
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FIG. S11. Temperature evolution of sheet conductance σ at 6 GHz for the 4-layer 4Hb-TaS2 flake,

obtained using the circuit model with the Nb oxide layer taken into account. While the absolute

conductivity values are approximately 20% lower than those in Fig. 3, the temperature-dependent

lineshape is nearly identical and the extracted fit parameters are consistent with those in the main

text.

For D1 studied in the main text, including the oxide would reduce C ′ by ∼ 20%. Cor-

respondingly, the σ values extracted are overall smaller than those in Fig. 3 of the main

text. Nevertheless, as shown in Fig. S11, the data still feature nodeless behavior and the

parameters extracted from fitting are comparable to those in the main text. Last, we note

that for future studies, the uncertainties from the oxide layer can be mitigated using thicker

bottom hBN flakes.
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