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Anomalous normal fluid response in a chiral
superconductor UTe,
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Chiral superconductors have been proposed as one pathway to realize Majorana normal fluid
at its boundary. However, the long-sought 2D and 3D chiral superconductors with edge and
surface Majorana normal fluid are yet to be conclusively found. Here, we report evidence for
a chiral spin-triplet pairing state of UTe, with surface normal fluid response. The microwave
surface impedance of the UTe; crystal was measured and converted to complex conductivity,
which is sensitive to both normal and superfluid responses. The anomalous residual normal
fluid conductivity supports the presence of a significant normal fluid response. The superfluid
conductivity follows the temperature behavior predicted for an axial spin-triplet state, which
is further narrowed down to a chiral spin-triplet state with evidence of broken time-reversal
symmetry. Further analysis excludes trivial origins for the observed normal fluid response.
Our findings suggest that UTe, can be a new platform to study exotic topological excitations
in higher dimension.
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opological insulators, with nonzero topological invar-

iants, possess metallic states at their boundary!. Chiral

superconductors, a type of topological superconductors
with nonzero topological invariants, possess Majorana fermions
at their boundary?~>. Majorana fermions are an essential
ingredient to establish topological quantum computation®.
Hence, great effort has been given to search for chiral super-
conducting systems. So far, evidence for the 1D example has
been found from a semiconductor nanowire with end-point
Majorana states’. However, 2D and 3D chiral superconductors
with a surface Majorana normal fluid has not been unequi-
vocally found3. Recently, a newly discovered heavy-fermion
superconductor UTe, (ref. 8) is proposed to be a long-sought 3D
chiral superconductor with evidence of the chiral in-gap state
from a scanning tunneling microscopy (STM) study®. This
raises a great deal of interest in the physics community to
independently establish the existence of the normal fluid
response, determining whether or not the response is intrinsic,
and identifying the nature of the pairing state of UTe,.

To address these three questions, the microwave surface
impedance of a UTe, crystal was measured by the dielectric
resonator technique (see Supplementary Notes 1-3). The
obtained impedance was converted to the complex conductivity,
where the real part is sensitive to the normal fluid response and
the imaginary part is sensitive to the superfluid response. By
examining these results, here we confirm the existence of the
significant normal fluid response of UTe,, verify that the
response is intrinsic, and identify that the gap structure is
consistent with the chiral spin-triplet pairing state.

Results
Anomalous residual normal fluid response. Figure 1 shows the
surface impedance Z, = R, + iX, of the sample as a function of
temperature, measured from the disk dielectric resonator setup
(Supplementary Note 2 and ref. 19). The surface resistance R,
decreases monotonically below =1.55 K and reaches a surprisingly
high residual value Ry(0) ~14 mQ at 11.26 GHz. This value is
larger by an order of magnitude than that of another heavy-
fermion superconductor CeColns (Ry(0) =0.9mQ at 12.28
GHz)!!. Subsequently its electrical resistance was determined by
transport measurement and a midpoint T, of 1.57 K was found.
With the surface impedance, the complex conductivity ¢ =
o, —io, of the sample can be calculated. In the local
electrodynamics regime (Supplementary Note 4), one has
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Fig. 1 Microwave surface impedance of a UTe; single crystal. The
measured temperature dependence of the surface impedance of a UTe,
sample at 11.26 GHz. The blue curve represents the surface resistance Ry
and the red curve represents the surface reactance Xs. The determination of
the error bars of Ry and X, is described in the Supplementary Note 1.

Z, = \/iy,w/o. Figure 2a shows oy and o, of the sample as a
function of temperature. Here, an anomalous feature is the
monotonic increase of 0,(T) as T decreases below T.. Note that
01 is a property solely of the normal fluid. For superconductors
with a topologically trivial pairing state, most of the normal
fluid turns into superfluid and is depleted as T — 0. As a result,
in the low-temperature regime, o; shows a strong decrease as
temperature decreases, and is expected to reach a theoretically
predicted residual value 07(0)/01(T.) =0 (for fully gapped
s-wavel?), <0.1 (for the bulk state of a point nodal p-wavel!?),
and 0.1-0.3 (for line nodal dxz_yz—wavel4’15). As shown in
Fig. 2b, this behavior is observed for the case of Til® (s-wave), as
well as CeColns (ref. 11, dxz_yz-WaVC). In contrast, the UTe,
crystal shows a monotonic increase in o; as the temperature
decreases and reaches a much larger 01(0)/01(T.) = 2.3, imply-
ing the normal fluid conduction channel is still active and
provides a significant contribution even at the lowest
temperature.

Axial triplet pairing state from superfluid response. Another
property one can extract from the complex conductivity is the
effective penetration depth. The imaginary part of the complex
conductivity 0,(T) determines the absolute value of the effective
penetration depth at each temperature as 0,(T) = 1/ yow/liff(T).
Once the absolute value of the penetration depth is known, the
normalized superfluid density can be calculated as p(T) =
Az_ff(O) / /\sz(T) (see “Methods” for how A.(0) is determined), and
its low-temperature behavior is determined by the low-energy
excitations of the superconductor, which is sensitive to the pair-
ing state!”. The s and d-wave pairing states, representative spin-
singlet pairing states, are inconsistent with our penetration depth
data (see Supplementary Note 5). More crucially, singlet states
cannot explain either the reported upper critical field H,, which
is larger than the paramagnetic limiting field®, or the absence of a
change in the Knight shift across the T, (refs. $18). Thus, only the
spin-triplet pairing states are discussed below.

a b

20 T T T T T T T T

t CeColns
(d-wave) g

S
L- o
00 05 10 15 20

0 1 1

00 AA-4 1 1 1
00 02 04 06 08 1.0
/T

c

T(K)

Fig. 2 Anomalous residual conductivity of UTe, compared to
superconductors with other pairing states. a Real (red) and imaginary
(blue) part of the complex conductivity ¢ = o — io, of the UTe, sample at
11.26 GHz. b Normalized (by 6, = 61(T.)) real part of conductivity of UTe,
(red), a line nodal d._,.-wave superconductor CeColns (blue)™, and a fully
gapped s-wave superconductor Ti (green)'® versus reduced temperature
T/T.. All measurements are done with the same, low frequency-to-gap
ratio of hw/2Aq ~ 0.08. Note that the error bar of the ¢ is propagated from
that of the Z; in Fig. 1.
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Fig. 3 Evidence for the axial triplet pairing state from the superfluid
density. a A schematic plot of the gap magnitude |A(k)| (orange) and the
Fermi surface (blue) in momentum space for the axial triplet pairing state. I
represents the symmetry axis of the gap function. Note that two point
nodes (red) exist along the symmetry axis. b For the case of the polar state.
A line node (red) exists along the equatorial plane. ¢ Low-temperature
behavior of the normalized superfluid density ps(T) in UTe, with best fits
for various triplet pairing states, and relative direction between the
symmetry axis | and the vector potential A. Since I connects the two point
nodes of the gap of the axial pairing state and the measurement surveys the
ab-plane electrodynamics, one can conclude that the point nodes are
located near the ab-plane. Evidence of broken time-reversal symmetry20
further narrows down the pairing state from axial to chiral.

For a spin-triplet pairing state, py(T) follows different
theoretical low-temperature behaviors depending on two
factors!7>19, One is whether the magnitude of the energy gap

|A(K7 T)| follows that of an axial state AO(T)|E><T| (Fig. 3a) or a

polar state AO(T)|E~T| (Fig. 3b), where Ay(T) is the gap
maximum. The other is whether the vector potential direction

A is parallel or perpendicular to the symmetry axis of the gap L.
Figure 3c shows fits of py(T) to the theoretical behavior
(refs. 1719 and Supplementary Note 8) of the various triplet
pairing states. Apparently, the data follows the behavior of the

axial pairing state with the direction of the current aligned to 1
The axial state can be either chiral or helical depending on the
presence or absence of time-reversal symmetry breaking
(TRSB) of the system3. Recently, direct evidence for TRSB in
this system was found by a finite polar Kerr rotation angle
developing below T, (ref. 20). Also, a specific heat study, a
sensitive probe to resolve multiple superconducting transitions,
showed two jumps near 1.6 K (ref. 20). This implies that two
nearly degenerate order parameters coexist, allowing the chiral
pairing state from the group theory perspective?0. Therefore,
one can argue that UTe, shows p,(T) consistent with the chiral
triplet pairing state. In addition, since the symmetry axis
connects the two point nodes of the chiral pairing order
parameter, and the measurement surveys the ab-plane electro-
dynamics, one can further conclude that the point nodes are
located near the ab-plane. The low-temperature asymptote of

ps(T) in this case is given as p(T) = 1 — 7?(ksT/Ay(0))*. The
fitting in Fig. 3c yields an estimate for the gap size Ay(0) =
1.923 +0.002kp T, = 0.265 meV. Note that a recent STM study?
measures a similar gap size (0.25 meV).

Examination of extrinsic origins. Our study shows evidence for
the chiral triplet pairing state and a substantial amount of
normal fluid response in the ground state of UTe,. Before
attributing this residual normal fluid response to an intrinsic
origin, one must first examine the possibilities of an extrinsic
origin. One of the possible extrinsic origins would be a large
bulk impurity scattering rate T'iy,. However, if one fits the
temperature dependence of the normalized superfluid density
to ps(T) =1 —aT? and compares the estimated coefficient a
with the modified theoretical asymptote for the chiral triplet
state, which includes T, (ref. 19),

1 m (kBT>2 )
(Zln2 — 1) 1 — 5 \A(0)/ W

24(0)

TY=1-
ps( ) 1-3 Fimp
Ay(0)

one obtains a quadratic equation for (Timp, A¢(0)), and two
solutions: Ty, < 0.06A¢(0) and T'ip, = 4.36A0(0) for the range of
Ap(0) £0.280 meV. For a nodal superconductor, the large
Timp = 4.36A0(0) suppresses T, more than 80% (refs. 21:22). Such
suppression was not observed for the samples grown by the
chemical vapor transport method®20. They show a consistent
T.~ 1.6 K, including the sample in this study. In contrast, the
samples prepared by the flux-growth method?? show suppres-
sion in T, all the way down to <0.1K, as their normal state dc
resistivity is much higher. This observation leaves the small
Fimp < 0.06A, solution as the only physically reasonable choice
in our sample. Note that this small bulk T, is consistent with
the absence of the residual linear term in the thermal
conductivity“, both implying the clean limit TI'jn,, <<2A4(0).
These results are inconsistent with the impurity-induced bulk
normal fluid scenario. Note that the temperature independent
[imp here is much different from the scattering rate above T
(see Supplementary Note 4), possibly suggesting the presence
and dominance of highly temperature-dependent inelastic
scattering due to spin fluctuations in the normal state.

Another possibility is a quasiparticle response excited by the
microwave photons of the measurement signal. However, this
scenario is also improbable because the maximum energy gap
A¢(0) =265 peV is much larger than that of the microwave
photon E, = 45 eV used here. At this low E,,,/Ao(0) ratio, even
when the upper limit of Ty, = 0.06A¢(0) ~ 0.1kg T is assumped, a
theoretical estimate!3 predicts only a small residual normal
response from the bulk states 0,(0)/0, < 0.1, which cannot explain
the measured value of ¢,(0)/0,, = 2.3.

Possible intrinsic origin. With several candidates for extrinsic
origin excluded, now one can consider the possibility of an intrinsic
origin. One important constraint to consider is the recent bulk
thermal conductivity measurement in UTe, (ref. 24). It revealed the
absence of a residual linear term as a function of temperature in the
thermal conductivity, implying the absence of residual normal
carriers, at least in the bulk (see Supplementary Note 7). This result
suggests the microwave conductivity data can be explained by a
combination of a surface normal fluid and bulk superfluid. Topo-
logically trivial origins for the surface normal fluid (e.g., pair
breaking rough surface) are first examined, and shown to be
inconsistent with the monotonic increase of 07 as T — 0 in Fig. 2b
(see Supplementary Note 11). Instead, considering the evidence of
the chiral triplet pairing state from the superfluid density analysis
and polar Kerr rotation measurement2?, a more pluasible source of
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the surface normal fluid is the gapless chiral-dispersing surface
states of a 3D chiral superconductor*. Point nodes of a chiral
superconductor can possess nonzero Chern number with opposite
sign. These point nodes in the superconducting gap are analogous
to the Weyl points in the bulk energy bands of a Weyl semimetal.
The nodes are predicted to introduce gapless surface Majorana arc
states that connect them?®. Evidence for these surface states in UTe,
is seen in a chiral in-gap density of states from an STM study?.

If this scenario is true, the anomalous monotonic increase in
oy down to zero temperature from this surface impedance study
(Fig. 2b) may be understood as the enhancement of the
scattering lifetime of the surface normal fluid. With its chiral
energy dispersion, direct backscattering can be suppressed. As
the temperature decreases, the superconducting gap Ay(T) that
provides this topological protection increases, while thermal
fluctuations kgT which poison the protection decrease. As a
result, the suppression of the backscattering becomes stronger
as T — 0, which can end up enhancing the surface scattering
lifetime (and o07). Although this argument is speculative at the
moment, we hope the anomalous behavior of the 0,(T) reported
in this work motivates quantitative theoretical investigation for
the microwave response of the topological surface state of chiral
superconductors.

In conclusion, our findings imply that UTe, may be the first
example of a 3D chiral spin-triplet superconductor with a surface
Majorana normal fluid. With topological excitations in a higher
dimension, this material can be a new platform to pursue
unconventional superconducting physics, and act as a setting for
topological quantum computation.

Methods

Growth and preparation of UTe; single crystals. The single-crystal sample of
UTe, was grown by the chemical vapor transport method, using iodine as the
transport agent®. For the microwave surface impedance measurement, the top and
bottom ab-plane facets were polished on a 0.5 um alumina polishing paper inside a
nitrogen-filled glove bag (O, content < 0.04%). After polishing was done, the
sample was encapsulated by Apeizon N-grease (see Supplementary Note 10) before
being taken out from the bag, and then mounted to the resonator so that the
sample is protected from oxidization. Long-term storage of the sample is done in a
glove box with O, content < 0.5 p.p.m. Note that the electrical properties of oxi-
dized uranium are summarized in Supplementary Note 9. The sample size after
polishing is about ~1.5 x 0.7 x 0.3 mm? with the shortest dimension being along the
crystallographic c-axis of the orthorhombic structure. The midpoint T, of the
sample from DC transport measurements was 1.57 K.

Microwave surface impedance measurement. Due to its large volume, the
measurement setup, data processing procedure, and interpretation are decribed in
detail in the Supplementary Notes 1 and 2.

Determining of the value of the zero temperature absolute penetration depth
and comparison to other uranium-based superconductors. The effective
penetration depth at each temperature (7> 50 mK) can be obtained from
0,(T)=1 /yow/liff(T), where 0,(T) is obtained by the surface impedance Z,(T)
data. The effective penetration depth at zero temperature can be obtained by
extrapolating the data with a power law fit Aeg(T) — Aege(0) = aT* over the low-
temperature regime T < 0.3T, resulting in A¢¢(0) = 791 nm and ¢ = 2.11. This value
is similar to those found in the uranium-based ferromagnetic superconductor
series, such as UCoGe (Aeg(0) ~ 1200 nm)25 and URhGe (A¢(0) ~ 900 nm)26, where
UTe, represents the paramagnetic end member of the series®. This result is also
consistent with recent muon-spin rotation measurements on UTe,, which con-
cluded A.(0) ~ 1000 nm (ref. 27).

Error bar of the fitting parameters of the normalized superfluid density. In the
fitting of the normalized superfluid density, the error bar of the fitting parameter
(e.g., Ap) was determined by the deviation from the estimated value, which
increases the root-mean-square error of the fit by 1%.

Data availability
The datasets generated and analysed in this work are provided with the paper in
the Source data tab. Source data are provided with this paper.
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SUPPLEMENTARY NOTE 1: MICROWAVE SURFACE IMPEDANCE MEA-
SUREMENT PROCEDURE

A. Transmission measurement procedure

The surface impedance Z, of a superconducting sample can be obtained from both res-
onant techniques and non-resonant techniques. In this work, Z, of the UTe, sample was
measured by a resonant technique. Readers who are interested in the non-resonant tech-
niques can refer to Ref. [I, 2]. For the resonant techniques, one can obtain Z, from the
resonance properties (resonant frequency fp and quality factor @) through either a mi-
crowave transmission or reflection measurement that involves the sample of interest. Here,
we conducted a transmission measurement to obtain Z, of the sample.

For a microwave transmission measurement, the input and output microwave signals are
generated and received by the Keysight vector network analyzer (VNA) N5242A (Supple-
mentary Fig. [I). The VNA calculates a voltage ratio of the signal at its input (port 1) and
output port (port 2) to obtain the complex microwave transmission scattering parameter
S in the frequency domain. The generated signal from port 1 goes into the microwave
transmission line (blue lines in Supplementary Fig. |1]) of the BlueFors XLD dilution fridge
and reaches down to the resonator attached to the mixing chamber plate (MXC) whose base
temperature is 11 mK. The signal passed through the resonator comes back to port 2 of
the VNA. The details of the two resonator designs used in this study will be discussed in
Supplementary Note 2.

The S33° measured by the VNA includes cable loss and phase shift from the transmission
lines. For high-Q resonant techniques, the phase variation with frequency from the cable
near the resonant frequency is typically small (< 0.01 radian for the 3dB bandwidth of
the resonance in our experimental setup in Supplementary Note 2.D.), but the cable loss
(decrease in the magnitude of Ss1) can contribute a large portion to [Si3f|. One needs to

subtract out the cable loss in order to obtain the magnitude of the scattering parameter
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Supplementary Fig. 1. (Blue) schematic view of the signal path of the microwave transmission
measurement S9! that includes the resonator. (Green) the signal path of the thru line transmission
measurement S;lfm which shares the same signal path except that it bypasses the resonator, and

i1 gives a measure of the cable

is measured in a separate cooldown. The thru line measurement S5

loss.

purely from the resonator. For this correction, an additional transmission line measurement
called a thru line measurement is used. The thru line measurement follows the same signal
path utilizing the same coaxial cables but bypasses the resonator, and is measured in a
separate cooldown. The measured transmission from this correction line is called thru-So;
(Sthru) - By subtracting [ S$| from |Si9Y[, one can estimate the magnitude of the resonator

transmission |S55°],

[S33°] = 1557 ] — 1S51™ - (1)

With the above procedure for finding S3°, broadband transmission (6 ~ 20 GHz, the
range is limited by the microwave amplifier) is first measured to locate a resonant peak of
interest. For the located peak, a narrow band measurement is done to precisely resolve the

sharp S5°(f) near the peak of the resonance.
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B. Determination of resonance properties fy and Q

With the measured resonator S53°( f) curve, one can characterize the resonance properties.

There is the resonant frequency fy, which is related to the reactance of the resonator (fy ~
1/ VLC where L is the inductance and C'is the capacitance of a lumped-element equivalent
circuit representation of the resonator), and the quality factor ¢ which is related to the
microwave dissipation Pyig in the resonator (1/Q ~ Pyiss). The extraction of fy and @ can
be done by fitting S5°(f) curve near the resonance by a “Phase versus frequency fit” [3]
which models the phase ¢ of the complex Si*(f) = [S5°(f)|e’®) with,

O(F) = o + 2tan! [2QL (1 - fi)} , @)

where @)y is a “loaded” quality factor and ¢ is a phase offset. The error bars of the f, and
() are determined by a deviation of fy and () from the estimated values, which increases the
root-mean-square error ogys of the fit by 1 %. As described in Ref. [4], the main source of
the error bar of fy and @ is the noise in S (f) data. If the signal-to-noise ratio of Sy is
large (small), which makes the Sy;(f) curve well (poorly) defined, then fy and @ can have
a narrower (wider) range of values while giving fits with similar values of ogrys. The error
bars of the fy and @ are propagated into that of the Z, using the relation Eq. (10}{12).
Ideally, the inverse of the quality factor 1/@Q) should describe the dissipation from the
resonator itself. However, to excite and pick up the microwave signal, the resonator should
be coupled to the external world through excitation/pick-up loops. This coupling causes
some portion of the energy in the resonator to leak out to the external world [5], adding an
additional source of energy dissipation which is described by 1/Q. where Q. is called the
coupling ). The @ arising purely from losses within the resonator is called the unloaded @)
(Qu)- The Q factor obtained from fitting the raw Sy; data above is called the loaded @ (Qp)
because it describes the dissipation from both the resonator itself 1/, and the coupling
Q.
1/Qr =1/Qu +1/Qe. (3)
To obtain information on the microwave dissipation purely from the resonator, one needs to
know (), which removes the effect of coupling. In the case of equal coupling from the input

and output side, @),, can be calculated as [0} [7],

QL

= T S (o))

(4)
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To obtain the dissipated microwave power from the sample Py, which gives the resistance
R, of the sample, one needs to further subtract the dissipated power from the background

components P?_ of the resonator. Note that the typical sources of the background dis-

diss
sipation of the resonator are Ohmic dissipation from the enclosure of the resonator (if it
is normal metal), dielectric loss from the dielectric materials, and radiation loss from any

openings of the resonator. The resonator dissipation and the unloaded Q can be written as,

Pc%?sts = P(fiss + Pﬁiss? (5>
1 1 1

S =t (6)
Qu Qs Qb

To remove the background contribution on the dissipation and Q, two consecutive measure-
ments are required. One is the measurement without the sample (Q¥°) which measures the
background dissipation. The second one is the measurement with the sample inserted in the
resonator (QW) which now includes the actual sample properties. The sample quality factor

Qs(T) can be finally determined by the results of those two measurements [§],

1@y =1/Qw, (7)
1/Qy =1/Qy +1/Qs, (8)
1/Qu(T) = 1/Qy (T) = 1/Qy(T). (9)

Once the subtraction is done, it leaves only the sample contribution to the quality factor

Qs.

C. Converting resonance properties (fp and ()) into surface impedance (Z;)

Once fo(T') and Q4(T) are obtained, the surface impedance Z, = R, + i X of the sample

can be determined as [9],

RS(T) = Ggeo/Qs(T) (10)
o AR
AX(T) = =26y g, (11)

G _ wﬂOdeV‘H(x7ya Z)P
5 JsdS|H (z,y)|?

Here, Afo(T) = fo(T) — fo(Twmin), AX(T) = Xo(T) — Xg(Tinin) where Ty, is the minimum

(12)

temperature of the measurement, fV dV represents the integration over the volume of the
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resonator, and |, ¢ A5 represents the integration over the surface of the sample. G, is the
sample geometric factor which can be calculated either analytically using the field solution
inside the resonator for each resonant mode (if the solution is available), or experimentally
by comparing the experimentally measured R, from Supplementary Equation with the
calculated Ry = \/m from electrical resistivity pq. of a dc transport measurement in
the normal state. Note that this equality is valid in the large scattering rate limit (wr < 1.
Here, w = 2xf and 7 is the scattering lifetime of the electron) in the normal state of the
sample [I0]. This limit can be reached by increasing the sample temperature well above
T. which typically reduces the scattering lifetime 7. Once the limit is reached, Gge, can be
determined.

Also, the absolute value of X (T') can be determined in the following way. When the
wT < 1 regime is reached in the normal state, the complex conductivity & = ne?r/m*(1 +
iwT) &~ ne*r/m* only has a real part. As Z, = \/m, purely real ¢ results in Ry = X =
AX(T) + Xg. From the comparison of Ry and AXj, the offset in the sample reactance
X0 can be found, which yields the absolute value of X(T") for the full temperature range.
With the absolute values of Rs(T") and X,(7") determined, one can calculate the microwave
complex conductivity &(7") whose real and imaginary parts provide useful information about
the normal fluid and superfluid response of a superconductor.

One important question here is, what is the unambiguous experimental signature that one
has achieved the wrT < 1 regime in the normal state? Suppose the wr < 1 regime is achieved
above a certain temperature T3 > T.. For T' > Tis, Rs(T) = X(T') so their temperature
derivative should also satisfy dRs/dT = dX/dT [I1]. This means that once a temperature
above which dR,/dT = d(AX,)/dT is satisfied (note that dX,/dT" = d(AXy)/dT), Tjs can
be identified. Note that the relative magnitude of the temperature derivative of Ry and X

has Ggeo as a common factor, thus the value of Gge, does not affect this comparison test.

SUPPLEMENTARY NOTE 2: TYPES OF MICROWAVE RESONATORS

D. Disk dielectric resonator

To measure the surface impedance Z; and the corresponding microwave complex conduc-

tivity & of the UTe, single crystal sample with the procedures described in Supplementary



Note 1, two types of resonator design were used. The first type is the disk dielectric resonator
(Supplementary Fig. [2). The disk dielectric resonator (disk DR) consists of a cylindrical
rutile disk with a diameter of 3 mm, and height of 2 mm. With a high in-plane dielectric
constant over 110 below 20 K [12], the rutile disk facilitates its fundamental resonant mode
(TEo11) at fo =~ 11 GHz [13]. In this mode, the disk induces a radial microwave magnetic
field on the sample surface, which induces an azimuthal circulating current on the sample
surface. Here, the UTe, sample is mounted with an ab-plane facet in contact with the top
of the rutile disk. Therefore, the measured Z, data in the main text represents ab-plane
electrodynamics. Note that to avoid the effect of microwave heating, we measured f, as
a function of input microwave power P.,,, and found that f; is independent of P, below
—30 dBm (measured at the source). We used P,, = —40 dBm to produce the Z(T") data.
In this case, the injected microwave power at the input coupling loop of the resonator was
—51 dBm. Electromagnetic simulation (HFSS) of the resonator and sample provides an

estimation of the microwave magnetic field intensity at the sample surface of ~ 1uT.

To cut down the background dissipation and obtain a resonant microwave transmission
with a higher qualify factor, the top and the bottom side of the disk is enclosed by a
niobium plate and film. This niobium top and bottom plate structure significantly reduces
the background Ohmic loss because they are superconducting, and they have temperature-
independent properties in the superconducting temperature range for UTe,. Also the semi-
cavity niobium structure reduces the radiation loss to a marginal level. The cutoff frequency
of wave propagation through the ~ 3 mm diameter aperture and the side space is 58.6
GHz. These cutoffs are much higher than the measurement frequency of 11 GHz, and hence
the radiation field cannot propagate. Lastly, the dielectric loss should be marginal too
since the loss tangent tand = 1/Qgie is ~ 1078 for the rutile below 10 K [12]. With the
design to reduce the background loss mechanism, the high background quality factor @),
(low background loss) was obtained @, & 10°. This @), was subtracted from the measured
Q. with the sample present (Supplementary Fig. [J(b)), as described in Supplementary
Equation [9

Once the background measurement was done, the sample was inserted and thermally
glued by N-grease. The temperature dependent resonance properties Afo(T) = fo(T) —
fo(50mK) and Q(T") which involves the sample were measured for the temperature range of

50 mK to 3 K. The temperature range is limited because above 3 K, the niobium semi-cavity
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Supplementary Fig. 2. Cross-section view of the cylindrically-symmetric disk dielectric resonator
setup to facilitate TEg;; resonance mode at ~ 11 GHz (a) without the sample for the background

measurement (b) with the sample for the sample Z; measurement.

structure starts to show finite temperature dependence on its contribution to A fy and Q).

Once the Afy(T) and Qs(T) were determined, they were converted to Rs(T") and AX(T)
with temporary value of Gy, = 1. To determine the absolue value of the X(T"), one needs
to find the temperature range of the wr < 1 regime in the normal state. To do so, Rs(T") and
AX,(T) curves were compared and overlaid. As one can see from Fig. 1 of the main text,
both curves show the very same slope in the 2 to 3 K range. This suggests that the wr < 1
regime is reached, and the absolute value of X (7') was determined by R (T) = X (T)
between 2 and 3 K. Then, the R, at 3 K, which involves the undetermined G, was
compared to the R, calculated from the electrical resistivity obtained from the dc transport
measurement [14]. Note that there is 1:2 anisotropy in the value of the resistivity along
the a and b-axis in the above temperature range. The two resistivity values were averaged
with the weighting factor ratio 3:7, which is an inverse of the ratio of the dimensions of the

sample in each direction. In this way, G4, was determined to be 713 Q.

However, one may be concerned that the 2 to 3 K interval is not wide enough to correctly
identify the convergence between the slope of the Ry(7T) and X(T') curves. For a more

rigorous check, we adopted the hollow cylinder dielectric resonator design similar to Ref. [§]
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with the hot finger technique [I5-H17] to measure Rs(7T") and X (7') up to 20 K, where the
wT K 1 regime is safely reached in the cases of several other heavy fermion superconductors

[18, 19].

E. Hollow cylinder dielectric resonator (HDR) with hot finger

The key for measuring Z4(T') of the sample in the normal state up to a high temperature
where 7 becomes small enough (i.e. 20 K) is to fix the background contribution to the fy and
() while the sample temperature is varied. To accomplish this goal, two main features are
introduced in the HDR. First, the niobium structure, which contributes a strong temperature
dependence to fy and @ above 3 K, was replaced with copper walls (Supplementary Fig.
B). Copper shows only a small change (< 3 %) in its electrical resistivity between 4 and
20 K [20], cutting down the background temperature dependence on @) to a manageable
level. The copper walls were moved away from the sample and the rutile to minimize the
contribution from the walls to the quality factor.

Secondly, the hot finger technique [I5HI7] was introduced to decouple the sample stage
temperature and the resonator background temperature (rutile, copper walls). This temper-
ature decoupling was designed especially because the rutile cylinder has a finite temperature
dependence in its dielectric constant above 10 K [I2], which can give a background tempera-
ture dependence in fy. The hot finger structure utilizes Vespel SP-1 rods to thermally isolate
the resonator (which is directly thermally anchored to the cold plate at ~ 100 mK) and the
thermal reservoir (anchored to the mixing chamber of the fridge with thermal straps). The
thermal reservoir and the sample thermal stage are weakly connected by a non-magnetic
stainless steel tube (304 SS). This ”weak-link” provides a certain degree of thermal decou-
pling during the sample temperature ramping, while the cooldown time is still in a reasonable
range. A 1 mm diameter single crystal sapphire rod is then attached to the sample ther-
mal stage. At the other end of the sapphire rod, the sample is mounted with GE varnish,
and placed in the middle of the hollow rutile cylinder where the microwave magnetic field
intensity is the highest. The 3 mm diameter cylindrical bore of the 10 mm outer diame-
ter and 10 mm height hollow rutile cylinder ensures no mechanical, and hence no thermal
contact between the sample and cylinder. The thermometer is attached to the sample ther-

mal stage and the resistive heater is wound around the sapphire rod to increase the sample
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Supplementary Fig. 3. Cross-sectional view of hollow rutile cylinder dielectric resonator (HDR)
and the attached sapphire hot finger setup. The base temperature of the sample thermal stage is
~220 mK.

temperature. The heater wires are twisted to cancel the dc magnetic field from the current
through them. With this hot finger design, when the sample temperature is increased to 20
K, the resonator temperature only increases to 620 mK. With the two changes made in the
HDR design, it successfully decouples and minimizes the background contribution to the

resonance properties. The data taken from the HDR is discussed in Supplementary Note 3.

SUPPLEMENTARY NOTE 3: NORMAL STATE Z,(T) AND SCATTERING
LIFETIME

With the UTey sample (the same one used in the disk DR) mounted in the HDR, the
Z data of the sample was obtained from 220 mK to 20 K. The resonant mode under study
(TEopg5) has a resonant frequency fy at &~ 9.07 GHz, which is the closest to fy of the resonant
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Supplementary Fig. 4. Measured Zs(T) data at 9.07 GHz of the UTes sample obtained from the
HDR.

mode of the disk DR (11 GHz). The obtained Z; is displayed in Supplementary Fig. . As
one can see, the slope of the R; and X, curves are already quite similar above T, and
completely merge above 5 K conservatively speaking, and do not diverge from each other
up to 20 K, implying the wr < 1 regime is safely reached.

In the normal state, from the simple Drude model one can estimate the scattering lifetime

T from Z,,

i piw ne? T

— =0 = .
Z? m* 1+ iwT

(13)

Here, p1 is the permeability, n is the electron density, m* is the effective mass of the electron.
One can regard the model as having two unknowns (ne?/m*, 7) and two equations (real and
imaginary part), thus it is solvable at each temperature. The oscillator strength ne?/m* =
2.33x 10" C?2m~3kg ! is obtained. The obtained wr(T") above T.. is shown in Supplementary
Fig. . In the normal state above T, wr < 0.05 (7 < 0.88 ps), satisfying the large scattering
limit. Therefore, equating Ry = X, above 2 K (& 1.257,) in the case of the disk DR in
Supplementary Note 2.D is further justified to a good approximation.

Note that the large scattering rate in the normal state I',,(T" > T.) = 1/7(~ 1 THz) >
2A0(0)(~ 130 GHz) estimated above does not contradict the small bulk impurity scattering

11
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Supplementary Fig. 5. Extracted scattering time w7 from a Drude model analysis to the normal

state complex conductivity data.

rate at low temperature I'y,,(0) < 0.06A(0) obtained from the superfluid density analysis
(Discussion in the main text). The scattering rate in a superconductor consists of elastic
scattering such as impurity scattering I'i,p, and inelastic scattering such as electron-electron
scattering I'ee (e.g. due to spin fluctuations), electron-phonon scattering I'e,, and other
possible mechanisms. The experimentally obtained bulk scattering rate I'y,; should be the

sum of these various scattering rates I'tot = I'imp + T'ee + T'e-pn + Iothers-

An important point here is that the scattering rates from different mechanisms can follow
different temperature dependences across T,. For example, while Iy, does not show notice-
able difference across the T as seen from Ti (430/490 GHz for below/above T.. [21]), ' from
spin fluctuations shows a very sharp drop just below 7T, with a 7® dependence. This sharp
drop in ', was theoretically predicted [22] and experimentally observed in spin fluctuation
dominating superconductors such as YBCO [23] and CeColns [24]. As a result, for systems
where the inelastic scattering mechanism dominates I'ee > I'iyp in the normal state, the
ratio of the scattering rates in the normal and superconducting state (I'(T}.)/I'(0)) can reach
up to 40 (CeColns) and 400 (YBCO). In this case, it is compatible to have a large total
scattering rate in the normal state ['yot(7.) = Timp + Fee(Te) & Tee(T) > 2A¢(0), and to
have a low impurity scattering rate in the superconducting state T24%(0) ~ Tp < 240(0)

at the same time.
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UTe, is a system with the presence of strong magnetic fluctuations in the normal state as
shown from the muon spin relaxation study and critical scaling behavior of the magnetism
[14, 25]. Therefore, in UTey, it is possible that spin fluctuations dominate the scattering
mechanism in the normal state I'ee(7}.) > [ip. In this case, as shown in the above para-
graph, having a large 'yt (7.) > 2A¢(0) in the normal state and being in the clean limit
in the superconducting state 'y, < 2A¢(0) can be reconciled due to the sharp drop in e
just below T..

SUPPLEMENTARY NOTE 4: ESTIMATION FOR THE MEAN FREE PATH
AND JUSTIFICATION FOR LOCAL ELECTRODYNAMICS

When the measured surface impedance Z, is converted to the complex conductivity, the
simple relation Z, = +/ipiow/& is used. This relation is valid in the local electrodynamics
regime, which is £(0) < A(0) in the superconducting state and lpg, < dgkin in the normal
state. Here, £(0) is the superconducting coherence length at 7" = 0, A(0) is the magnetic
penetration depth at T = 0, ¢, is the mean free path, and d4, is the skin depth. To see
if UTe, is indeed in this local regime, one needs to compare the values of lifp, dskin, £(0),
and A(0). First, for the superconducting state, £(0) and A(0) are compared. Considering
the estimated £(0) = 4 ~ 7 nm from H., measurement [14], 26] and A\(0) ~ 791 nm from the
main text, we see that £(0) < A(0).

Second, for the normal state, since the scattering lifetime 7,,(7° > T..) < 0.88 ps is obtained
from Supplementary Fig. [5| (Supplementary Note 3), once the Fermi velocity vg is known,
lmfp = vrT, can be easily estimated. In the recent angle-resolved photoemission spectroscopy
(ARPES) study [27], the band Fermi velocity v?*? ~ 3.9 x 10° m/s was obtained for the
band along the k, direction, which dominates the ARPES signal intensity. [, estimated
from this Fermi velocity is &= 340 nm. The normal state skin depth can be estimated from
the electrical resistivity pg (dskin = \/W) Using the ab-axis average of the py, reported
in Ref. [14], dwin is estimated to be 2.74 ym at 1.8 K and 9.07 GHz, and hence lyg < skin-
Therefore, UTey is in the local electrodynamics regime both in the superconducting and

normal state.
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SUPPLEMENTARY NOTE 5: INCONSISTENCY BETWEEN SINGLET PAIR-
ING STATES AND LOW TEMPERATURE BEHAVIOR OF THE PENETRATION
DEPTH

As discussed in the Methods section, the penetration depth of UTes; shows a low tem-
perature behavior which can be fit to Aeg(7') = aT° with ¢ = 2.11. Here, the temperature
exponent c¢ is a good indicator for the nodal structure of the superconducting gap, which is
closely related to the pairing state. In this section, the compatibility between the penetration
depth data Aleg(T') and various singlet pairing states will be examined.

The representative singlet pairing states are fully gapped s and line-nodal d-wave pairing
states. First, the fully gapped s-wave state is expected to show an exponential temperature
dependence with ¢ > 4 power law at low temperature 7'/T,. < 0.3 [28] Second, a line-nodal
d,2_,2-wave pairing state is expected to show linear (¢ ~ 1) temperature dependence in the
clean, local electrodynamics limit. Both of which are inconsistent with our data.

However, for the case of d,2_,.-wave state, there are the possible cases which show a
stronger than a linear temperature dependence (so that it is close to the observed quadratic
behavior). The possible cases are a d,2_,2 pairing state in the dirty limit [29], and d,2_,> state
in the nonlocal electrodynamics regime [30]. In both cases, the low temperature behavior
of the penetration depth shows a quadratic behavior below a crossover temperature 7™, and
shows a linear behavior above T*. This crossover behavior can be expressed as [29] 30],

T2

A)\eﬁ(T) = Oém,

(14)

and hence the value of the temperature exponent for A.g(7T") ranges from 1 ~ 2 depending
on the value of T™.
The possibility of the dirty d,2_,2-wave scenario can be examined by checking the value

of T*. To obtain a temperature dependence closed to quadratic, T:*

imp s to be much larger

than T,. For example, from Supplementary Equation T > 4T, is required to obtain a

imp —

power law exponent of ¢ > 1.95. T} = can be converted to an equivalent impurity scattering

imp
rate Timp ~ (kpTi,,)7/(0.832°A0(0)) [28]. If one assumes Ag(0) = 2.14kpT, which is a

2 state, Tiy - > 47T, means 'y, > 10.86kpT,. However

imp

weakly-coupled BCS result of d,2_,
a bulk impurity scattering rate much larger than the critical temperature will suppress

the superconducting state even at zero temperature for a nodal superconductor [31], [32].
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Therefore, the dirty limit d,2_,2 pairing scenario is inconsistent with our data.

The possibility of a nonlocal electrodynamic regime can also be examined by the value of
T* which can be estimated from a superconducting coherence length £(0), penetration depth
Aet(0), and the gap energy A(0) at zero temperature by 77 . = A(0)£(0)/ e (0) [30].

This estimation gives T

o nlocal =~ 0.017, for our sample. This means that the penetration

depth should follow the linear temperature dependence above 0.017,, which is inconsistent
with our data, which shows a quadratic behavior up to the full fitting range 0 ~ 0.37...

Another possibility for the d-wave pairing state other than d,2_,» is the d., +1id,. pairing
state. This pairing state possesses both point nodes and a line node. For example, one can
imagine point nodes along the north and south pole, and a line node at the equatorial line
of the superconducting Fermi surface. In this case, if the current in the sample is induced
only along the point nodal direction, it may show the quadratic temperature dependence
even in the presence of the line node. However, as discussed in Supplementary Note 2.D, the
disk DR induces a circulating current in all directions in the ab-plane of the sample surface.
Therefore, the response from the line nodal direction, which gives a linear A ¢¢(7), cannot
be missed.

As just discussed. the above possibilities of representative singlet pairing states turn out
to be inconsistent with our data. Also, the singlet pairing state cannot explain the reported
upper critical field H.y which is larger than the paramagnetic limiting field [14], and cannot
explain the absence of a change in the NMR, (nuclear magnetic resonance) Knight shift across
T.. [14, B33]. Therefore, in the superfluid density analysis of the main text, only spin-triplet

pairing states are considered.

SUPPLEMENTARY NOTE 6: FURTHER QUALITATIVE EVIDENCE OF THE
RESIDUAL NORMAL FLUID THROUGH THE TWO-FLUID MODEL

To further understand the anomalous residual oq, a two-fluid model for the electrody-
namics can be introduced. For a homogenous superconducting medium, the two-fluid model
describes the complex conductivity of the superconductor in terms of the superfluid and

normal fluid contributions [I8], 34],

5‘(T) _ E <fs(T) + fn(T)Tt0t<T)> 7 (15)

w 1+ twret(T)
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where n is total electron density, m* is the effective mass of the electrons, f,, is normal fluid
fraction, fy = 1— f, is the superfluid fraction, and 7 is the effective normal fluid scattering

lifetime. Note that 1/7i,¢ sums up scattering rates of various origins in a weighted manner,

[bulk

pulk and topological surface normal fluid T**/ (if there is any).

such as bulk impurity
From Supplementary Equation , the real and imaginary parts of the conductivity can

be obtained as,

2
ne fnTtot

o= Do e (16)
m* 1+ wr,

ne? 1+ w2, — fa

m* w(l+ w?d))

09 = (17)

If one divides Supplementary Equation by , it yields a quadratic equation for w.

in terms of the conductivity ratio o9/07 and normal fluid fraction f,, with solution,

2
09 09
WTiot = 0.5 a_lfn + \/(O—lfn) —4(1 = f) | - (18)

To have real solutions for 7., f,, must satisfy the following condition,

(19)

= =

Ry e
If UTe, is a conventional superconductor without residual normal fluid, o3 /01 — coas T — 0
[24, 35], [36], which yields f,, > 0, allowing the normal fluid to be fully depleted. However
this is not the case for UTey. The complex conductivity data from the UTe, sample shows
a finite value of 05(0)/01(0) = 2.22. This value sets a non-vanishing lower limit for the
residual normal fluid fraction f,(0) > 58 %, not allowing full depletion of the normal fluid
in the T" — 0 limit. Therefore, a conventional superconductor scenario cannot explain the
o of UTes.

One important warning is that the above estimation of the residual normal fluid fraction
should not be taken quantitatively, but instead, should be taken as qualitative evidence of
the residual normal fluid. The reason is that the two-fluid model applies for a homogeneous
medium, and requires modification for an inhomogeneous medium. For example, if one
attributes the residual o;/0, to the surface normal fluid of a chiral superconductor and

wants a more quantitatively accurate analysis, one needs to introduce a three-fluid model

9.

(W,T) _ E (fs(T) + fnb(T)Tb(T) + fns(T)Ts(T)) 7 (20)

m* iw 1+iwn(T) 1+ idwrg(T)
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where b stands for bulk, and s stands for surface. However, this is an underdetermined
system of equations (2 equations with 4 unknowns). Thus, one needs continuous frequency
dependence data of the conductivity 6(w), so that those unknowns can be estimated from
fitting the frequency dependence. A microwave Corbino measurement on thin film samples
[T, 2] is encouraged in the future for this purpose.

Also, the spatial profile of the microwave magnetic field and current inside the single
crystal sample is complicated to quantitatively estimate. For example, if there are edges,
the enhanced current distribution along the edges [37, [38] should be also considered to obtain
a quantitatively rigorous estimation. For the case of a homogeneous superconductor, the
spatial profile does not affect the procedure of estimating f,, and 7 since these quantities
are assumed to be uniform across the medium. However, for an inhomogeneous case such
as the surface normal fluid and bulk superfluid, the complicated spatial profile of the field
is a problem since it determines the weighting factor of the surface and bulk response. A
simplified spatial profile, along with systematic control on it, and hence more quantitative
study of the properties of the surface normal fluid, can be accomplished with development

of superconducting thin films of UTe,.

SUPPLEMENTARY NOTE 7: REMARKS ON THE RESIDUAL SPECIFIC
HEAT RESULT

In the discussion of the main text, the absence of the linear term in the bulk thermal
conductivity (k/T) is cited as evidence of the absence of the bulk normal fluid [39]. However,
it may be confusing to the readers because the initial specific heat study in Ref. [14] showed
a residual linear term ¢/T which was, at that time, presented as a signature of bulk normal
fluid. Here, we provide clarification on the result and interpretation of the ¢/T study.

The initial ¢/T" data was taken above 400 mK. The later study [39] went down below 100
mK, and revealed that the high residual ¢/T value is due to the existence of a 1/7%33 diver-
gent term in ¢/T as T — 0. The later study also revealed that the temperature dependence
of the raw specific heat data (¢/T vs T') does not obey the entropy balance condition which
a superconductor must satisfy with this divergent term. Once the contribution from the
divergent term in ¢/T is subtracted, the entropy balance is perfectly recovered. This obser-

vation implies that the divergent term in ¢/T" as T'— 0 does not originate from electronic
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relative orientation a n|Ao(0)/kgT.| oRrMS
Axial state I|A 2 20 1923 [9.85x107°
ILA 7nt/15 (4] 0969  [1.72 x 1072
Polar state I|A 27m((3)/4(3] 1.284 |5.82x 1073
ILA 3rln2/2 (1| 6.285 |1.41 x 1072
Supplementary Table 1.  (First four columns) Low temperature theoretical asymptotes of the

normalized superfluid density ps(T) = 1 — a(kpT/Ao)™ with the predicted values for parameters
(a,n) for the various spin-triplet pairing states, and the relative direction between the symmetry
axis of the gap I and the direction of the vector potential A (which is same as that of the current)
[28, [40]. (Last two columns) The results of fitting the ps(T") data with the theoretical asymptotes
of each scenario. Here, Ay(0)/kpT. was the single fitting parameter and orpss is the root-mean-

square error of the fit.

entropy. Therefore, the residual ¢/T" due to the divergent term should not be attributed
to bulk normal electronic states. Examination of other possible origins such as magnetic

entropy or quantum critical fluctuations might be an interesting future research direction.

SUPPLEMENTARY NOTE 8: DETAILS OF THE FITTING PARAMETER IN
THE NORMALIZED SUPERFLUID DENSITY ANALYSIS

In this section, details of the normalized superfluid density ps(7") fit for the spin-triplet
pairing states will be introduced for the reader’s convenience. Note that one can also refer
to Ref. [28] [40] for broader context and details. In general, if the symmetry axis of the gap
is denoted as I, p,(T) for the case of I|| A and I L A can be calculated as,

1 +o00
ps(T) () =1— Sn/ d cos f(cos? 0, L sin? 9)/ dey; _OJ(Ey) ) (21)

where By = /€2 + A2, In the case of the spin-triplet states, at low temperature the py(T)

has simpler theoretical asymptotes ps(7T) = 1 — a(kpT/Ap)". The values of the fitting
parameter Ay (0)/kgT, from fitting the ps(7T") data into these theoretical forms are shown in
the main text Fig. 3(c) and Supplementary Table [1)).

Here, the p,(7T") data for T < 0.267. was fitted. The reason this temperature range is

chosen is that the maximum gap magnitude Ay(7") is nearly constant for 7' < 0.267, [28§].
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Supplementary Fig. 6. The ps(T) data of the UTey sample for the full temperature range
(0 to T.) and a comparison to the theoretical estimation (Supplementary Equation (21))), using

experimentally determined A(0)/kpTe and Ac/c as discussed in the text.

One can estimate the temperature dependence of the gap by [40],

Ao(T) = Ag(0) tanh (Zfig) \/ ;% (% - 1)) : (22)

where Ac/c is the normalized jump in specific heat at T,. A¢(7") shows only a 1.8 % decrease
between 0 to 0.26 T,.. Therefore, for T < 0.267.., Ag(T") =~ Ay(0) so that one does not need
to include Ac/c as a fit parameter. The fewer the number of fitting parameters, the less
arbitrary (and more accurate) the estimated parameter values are. This is the main reason
why the superfluid density studies have been conducted effectively at T" < 0.267, regime for
the pairing state analysis [2§].

To satisfy the reader’s curiosity, if one plots the py(T) data over the full temperature
range (the same data displayed in Fig. 3(c) of the main text) with the theoretical estimation
from Supplementary Equation using Ac/c = 1.18 (obtained after subtracting the non-
electronic contribution (from the data in Ref. [39])) and Ay (0)/kpT. = 1.923 (obtained from
the low temperature range ps(7T") study), the data and the theory show good agreement (see
Supplementary Fig. @
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SUPPLEMENTARY NOTE 9: INSULATING PROPERTIES OF URANIUM OX-
IDES

The UTe, sample has been prepared and handled in a nitrogen environment, such as a
glove box, to exclude the potential effect of oxidizing the sample surface. Nevertheless, a
thorough survey of the electrical properties of uranium oxides was conducted to address any
concern that a metallic phase could exist on the surface. The early study of the electrical
properties of the oxidized uranium was done on UQOy, which shows it is a semiconductor with
a large band gap ~ 2.1 eV [41]. Another comprehensive study of the chemical constituents
and their electronic properties of uranium oxide films shows that all of the common oxides
of uranium (UOg, U409, U307, U30s, a-UO3, §-UO3, 7-UO3) are semiconductors with band
gaps in the 1 to 3 eV range [42]. Similar results were recently obtained on epitaxial UOa,
a-U30g, and a-UOjy thin films [43]. At the temperatures of concern here (< 3 K, kgT < 0.26
meV), they should all show an insulating response. This makes the oxidized surface, if there
is any, less likely to produce the observed microwave dissipation and corresponding residual

normal metallic behavior in the 7" — 0 limit at 11 GHz (hw = 0.044 meV).

SUPPLEMENTARY NOTE 10: EFFECT OF N-GREASE ON THE SURFACE
IMPEDANCE STUDY OF THE SAMPLE

In our study, we applied Apeizon N-grease between the sample and its thermal reser-
voir. The N-grease is the product name of a purified hydrocarbon low temperature adhesive
that ensures thermal connection between the sample and the thermal reservoir at cryogenic
temperatures, while being electrically insulating (https://apiezon.com/products/vacuum-
greases/apiezon-n-grease/). Hence, it has been widely used for various microwave experi-
ments in cryogenic conditions. To make sure that it didn’t affect our microwave impedance
measurement of the sample, we compared the 1/Q with and without a drop of N-grease
present (which is the same amount we apply when we mount the sample) with the disk
dielectric resonator setup. We only see a change in 1/Q of ~ 107%, which is near the reso-
lution limit of our 1/Q measurement. This is marginal compared to 1/Q in the presence of
the sample (1072 ~ 10~*). Therefore, we concluded the N-grease does not affect our results

with the sample.
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SUPPLEMENTARY NOTE 11: EXAMINATION OF TOPOLOGICALLY TRIV-
IAL ORIGINS OF THE SURFACE NORMAL FLUID

From the theoretical point of view, it is proposed that a rough surface can suppress
the order parameter of an anisotropic superconductor through diffusive scattering at the
disordered surface [44] with thickness d smaller than coherence length £(0) [45]. The surface
disorder provides a shorter mean free path l,,,¢, than the bulk, resulting in a large, dominant
surface impurity scattering rate Ff’r‘;rg. Once Ff’r‘f;f exceeds a certain critical value, the order
parameter at such a surface can be suppressed. However, I'y,, does not show noticeable
temperature dependence as seen from Ti (430/490 GHz for below/above T, [21]). This

implies that if a surface normal fluid is introduced by a dominant I*®f from the disorder

imp
of the rough surface, its contribution to ¢y would not provide the more than factor of 2

enhancement (o1(0)/0, > 2) observed in our data.

Another topologically trivial origin for the surface normal fluid is the case of the clean
surface with specular reflection. The specular reflection can break Cooper pairs in a su-
perconductor whose order parameter changes sign for different directions of the momentum
before and after the reflection. Theoretical studies expect this effect for d-wave supercon-
ductors to create a normal fluid region (Andreev bound state - ABS) at its surface with a
thickness L ~ £(0) [46]. The consequent experimental signatures of this surface ABS were

observed as a zero-bias conductance peak in YBCO by point-contact spectroscopy [47].

However, the microwave conductivity studies of such systems [23, 48] do not show the
monotonic increase in o; below T, observed in our study (Fig. 2(b) in main text). Instead,
they show a significant decrease in 07 as T' — 0 as seen from Fig. 9 of Ref. [48]). This is
possibly because the thickness of the normal layer from ABS is very thin (£(0) ~ 2 nm [49])
compared to penetration depth A(0) ~ 155 nm [50] which determines the probing depth
of the electromagnetic response. In this case, the normal layer contribution to o; can be
marginal. Similarly, UTe, has £(0) = /®y/27H,s = 3 ~ 7 nm [14] and A\(0) =~ 791 nm,
showing even a smaller ratio of £(0)/A(0) than YBCO. This fact makes the contribution of
the normal fluid layer from the ABS to oy, even if the layer exists, really marginal. Note

that the same thickness argument applies for the effect of a surface disordered layer on o;.

On the other hand, a naive, but effective estimation of the thickness of the chiral surface

state (d.ss) can be given by the uncertainty principle AEAt ~ h/2. As At = d s /vr and
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AFE ~ Ay(0), one obtains d.ss = hvr/200(0). With vp ~ 3.9 x 10° m/s from ARPES study
[27] and Ay ~ 0.265 meV from superfluid conductivity analysis in this work (and STM
spectra [51]), d.ss is estimated to be 488 nm, which is comparable to A(0) ~ 791 nm. The
chiral surface normal state with the thickness d.ss comparable to A(0) could certainly provide
significant contribution to the normal fluid response o1(7"). Note that the large residual
normal fluid fraction f,(0) ~ 0.58 calculated from the two-fluid model in Supplementary
Note 6 (Although it is only a qualitative analysis) is similar to the ratio d.ss/A(0) = 0.62,
providing more support to the scenario of the large normal fluid response from the chiral
surface state. A qualitative argument explaining the monotonic increase of o(7T") as T'— 0

is provided in the paragraph just before the conclusion of the main text.
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