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Although no known material exhibits intrinsic topological superconductivity,
where aspin-triplet electron pairing potential has odd parity, UTe, is now
theleading candidate. Generally, the parity of a superconducting order
parameter can be established using Bogoliubov quasiparticle interference
imaging. However, odd-parity superconductors should support a
topological quasiparticle surface band at energies within the maximum
superconducting energy gap. Quasiparticle interference should then be
dominated by the electronic structure of the quasiparticle surface band

and only reveal the characteristics of the bulk order parameter indirectly.
Here we demonstrate that at the (0-11) cleave surface of UTe,, aband of
Bogoliubov quasiparticles appears only in the superconducting state.
Performing high-resolution quasiparticle interference measurements

then allows us to explore the dispersion of states in this superconductive
surface band, showing that they exist only within the range of Fermi
momenta projected onto the (0-11) surface. Finally, we develop a theoretical
framework to predict the quasiparticle interference signatures of this
surface band at the (0-11) surface. Its predictions are consistent with the
experimental results if the bulk superconducting order parameter exhibits
time-reversal conserving, odd-parity, a-axis nodal, B;, symmetry.

The spin-1/2 electrons in superconductive materials can bind into a
spin-zero singlet or spin-one triplet* eigenstate. In the former case,
the momentum k dependence of electron pairing potentials A(k)
has even parity, A(k) = A(-k), whereas in the latter its parity is odd,
A(-K) =-A(K). Superfluid *He (ref. 3) is the only material whose A(k)
has definitely been identified as odd parity, spin-triplet. If such a
superconductor exists, the electron pair potential is a matrix
Ay = (A"TT Bki1) representing pairing with all three spin-one
Agyr Ay
eigenstates (M1, 4V, M +4 1), or equivalently A(k) = A(d - 6)io, in
d-vector notation, where g; are Pauli matrices. UTe, is now widely
surmised*®tobesuch an odd-parity, spin-tripletintrinsic topological

superconductor (ITS). Having D,, crystal symmetry and some degree
of spin-orbit coupling, UTe, could, in theory, exhibit four possible
odd-parity A(k) symmetries: A, B,,, B,,and B, (refs. 6-8). If extant, the
A,phase would be fully gapped and preserve time-reversal symmetry
(akin to the B phase of superfluid *He (ref. 3)), whereas the B,,, B,, and
B,, phases also preserve time-reversal symmetry and would have point
nodesin A(k) along the three orthogonal lattice axes, provided a Fermi
surface (FS) existsin these directions (akin to the hypothetical planar
phase of superfluid *He (ref. 9). Linear combinations of these four states
might, when accidentally degenerate, break time-reversal symmetry,
generating distinct chiral A(k). For UTe,, the challenge isto determine
definitely which, if any, of these states exist.
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Of course, it is the normal-state electronic structure of UTe, that
forms the basis upon which A(k) phenomenology emerges at lower
temperatures. Atomic-resolution differential tunnelling conductance
g, V)=dl/dV(r,V) imaging visualizing the density of states
N(r,E) and its Fourier transform g(q,E ) < N(q,E ) can be used to
establish those electronic-structure characteristics. A conventional
model of the bulk first Brillouin zone (BZ) of UTe, sustaining a two-band
FSasnowwidely hypothesized® %" is showninFig.1a, and its contours
at k, = 0 are presented in Fig. 1b. Quantitative predictions for the
normal-state quasiparticle interference (QPI) in UTe, then require a

ZE'U :U'Te ) such that Hy_y and Hye_re

U-Te ''Te-Te

describe, respectively, the two uranium and tellurium orbitals and
Hy_te their hybridization (Methods). In Fig. 1b, the intensity of each
curve qualitatively represents the hybridized U 5f orbital spectral
weightinthe k, = 0 plane determined by quantum oscillations™. From
this, one might anticipate strong scatteringinterference with a sextet
of wavevectors p;: i =1-6, asindicated by the arrows (Table 1).

However, the natural cleave surface of UTe, crystals is not (001)
butrather®” (0-11), here shown schematically in Fig. 1c. Itis this surface
that the scan-tip approaches perpendicularly. Its lattice vectors a;, a,
are identified in the top-right inset of Fig. 1d alongside the intertellu-
rium chain distance ¢c* = 0.76nm. The correspondingreciprocal lattice
vectors b;, b,areshowninthe bottom-leftinset of Fig. 1d, whichis T (q),
the Fourier transform of 7(r). To clarify the normal-state band structure
and quasiparticle interference viewed from the (0-11) plane, in Fig. e
we first present the k-space joint density of states (JDOS) J(q, E) calcu-
lated at the (001) plane using our UTe, FS that takes into account the
uranium f-orbital spectral weight (Fig. 1b). The sextet of scattering
wavevectors p;: i = 1-6 derived heuristically above are revealed as pri-
mary peaks in J(q,E). In Fig. 1f, we present J(q,F) for the same
band-structure model but viewed along the normal to the (0-11) plane
(Methods and Extended DataFig.1). Here the y coordinates of the (0-11)
sextetbecome qy, = py,, sin 6, where 6 =24°and c*is the (0-11) surface
y:z-axis lattice periodicity (coloured arrows in Fig. 1f) (Table 2).

This QPI sextet q; is quantitatively consistent with the precise
N(q,E) and J(q, E) calculations carried out using the procedures out-
linedin Methods and Extended Data Figs.2-4 and the results presented
in Extended Data Fig. 5 and is pivotal to the remainder of our study.

Classically, odd-parity superconductors should exhibit zero-
energy surface Andreev bound states''® (SABS), which are generated
by the universal it phase shift during Andreev reflections from the
odd-parity A, (Methods). Hence, observation of a zero-energy SABS
at an arbitrary crystal surface of a superconducting material would
indicate that its A, has odd parity. More intriguingly, intrinsic bulk
topological superconductivity'®?° exists most simply in the case of
odd-parity spin-triplet superconductors. A definitive characteristic®*
of suchanITS would be atopological quasiparticle surface band (QSB)
with momentum-energy relationship k(£) existing only for energies
|E] < Awithinthe maximum superconducting energy gap®-*>*.InUTe,,
thereis now firmevidence from the pronounced zero-energy Andreev
conductance® for the presence of a QSB at the (0-11) surface. Hence,
QPlvisualization studies and analyses for UTe, must take cognizance
of the k-space structure of any such QSB.

In that context, we next consider Bogoliubov QPI imag-
ing, a recognized technique for A(k) determination in complex
superconductors®>** in the superconducting state at temperatures
muchlower thanthe UTe, superconducting transition temperature. In
this material, the A, state should be completely gapped on both FSs,
whereas B,,, B,, and B,, states could exhibit point nodes along the k,
axis, k, axis and k, axis, respectively. These bulk in-gap Bogoliubov
eigenstates are described by the dispersion

Hamiltonian Hyre, =<

Fo=/& + 20d (0 100 x d-(l0) M

sothatk-spacelocations of energy-gap zeros are defined in general by
|d (k) |2 + |d (k) x d* (k) | = 0. Formally, A,,is fully gapped (nodeless).
Modelling the pair potential magnitude |A,| for each order parameter
throughout the k, = 0(001) BZin Fig. 2ayields nodes at the dark blue
regions where |A(k)| approaches O. Thus, although A, supports no
energy-gap nodes by definition and B,, exhibits no energy-gap nodes
in this model, there are numerous nodes in highly distinct k-space
locations for B,,and B,,. Figure 2b presents aschematic of the bulk FS
with energy-gap nodal locations for B,,, B,, and B,, from equation (3)
shown as yellow dots.

Under these circumstances, to generate QPI predictions for the
QSBin UTe,, we use the Hamiltonian

Hyte, K) Q1

A (K@, @

WM=( AK)® L, )

_HzTez (_k) ® I2

where the order parameter is A (k) = A (d - 6)io, and I, I, are the
unit matrices. We consider the order parameters A,, By, B,, and
B3, (Methods, Table 3 and Extended Data Fig. 1), but because A, and
By, are non-nodal, here we focus primarily on B,, and B,

dg,, = (Gisin(ky,c), Co sin (kea)sin (k,b) sin (k,c), C; sin (kea))
(3a)

dg,, = (Co sin (k.a)sin (k,b)sin (k,c), C; sin (k,c), C; sin (kb))
(3b)

where a, b, c are lattice constants, and Cy = 0,C; = 300 peV,
C, =300 peVand C; = 300 peV. The unperturbed bulk Green’s func-
tionis then Gy(k, E) = [(E + in)| -H(K)]™ (n =100 peV) with the corre-
sponding unperturbed spectral function Ay(k, E) = -1/t Im Gy (K, E).
Although obtaining the G,(k, E) is straightforward, calculating
the (0-11) surface Green'’s functions G; (k, F) and spectral functions
Aq(k, E) is substantially more difficult. The surface Green’s function
characterizes asemi-infinite system with broken translation symmetry
and therefore cannot be calculated directly. Here we use a technique
in which we model the surface using a strong planar impurity** . In
thelimit of aninfinite impurity potential, the impurity plane splits the
system into two semi-infinite spaces. Then only wavevectors in the
(0-11) plane remain good quantum numbers. The effect of the planar
impurity canthen be exactly calculated using the T-matrix formalism,
which gives one access to the surface Green’s function of the
semi-infinite system. Details of this procedure can be found in
Methods and Extended DataFig. 2. The predicted surface quasiparticle
spectral function, As (k, E), calculated using the above method for the
B, B,, and B;, order parameters, also appears in Methods and
Extended Data Fig. 3. For Bogoliubov QPI predictions at the (0-11)
surface of UTe,, we use alocalized impurity potential V = Vz, ® I where
V'=0.2 eV(Methods and Extended Data Fig. 6) and determine the exact
solution for the perturbed generalized surface Green’s function

-1
gs (q.k,E) using the T-matrix T(E)=( -V f dz—kGS (k,E)) V.Then
74

N
the QPI patterns for the UTe, QSB are predicted directly using
i d’k
N(q.E) = o f S_MTr[gS(q’k’E)] 4)
where
s (0. K.E) = G (@, B) T(E) G, (q — k. E) = G: (q - k. E) T* (E) G (@, E)

&)

By calculating the trace over particle-hole space on gs (q.k, £),
the obtained N(q, E) is in general a complex quantity; all simulations
presented herein are therefore |[N(q, E)|. The predicted QSB spectral
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Fig.1|FS and QPI predictions for the (0-11) surface of UTe,. a, Bulk FS of UTe,
based onrecent band-structure models (Methods). b, Bulk UTe, FSintersecting
the k, = O plane. Highlighted with coloured arrows are a sextet of scattering
interference wavevectors p, i =1-6 connecting spectral weight maximain k space
derived heuristically from f-electron orbital contributions. ¢, Schematic of UTe,
(0-11) cleave surface, whose normal is oriented to the crystal b-axis at 6 =~ 24°.
Uranium (red) and two inequivalent tellurium atom sites (dark and light blue)
overlaid on a T(r) image, revealing the tellurium chains of the (0-11) cleave
surface. d, Typical topographicimage T(r) of the (0-11) cleave surface of UTe,.
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Top-rightinset shows both the x-axis unit cell distance a and the y:z-axis lattice
periodicity c* as well as the (0-11) termination surface primitive lattice vectors,
a,and a,. Bottom-leftinset, 7(q), Fourier transform of 7(r), shows the (0-11)
reciprocal unit cell. e, JDOS ( J(q, E)) calculated using the model featured in b for
k, = 0 of the crystal termination layer (001). The sextet of scattering interference
wavevectors p, i = 1-6 connecting maximain b are overlaid. f, J(q, E) predicted for
the (0-11) termination from the FS model of b. Rotation to the (0-11) plane
corresponds to a change in y-axis coordinates q;, = p;,, sin 6. Here the sextet of
QPIwavevectors q, i =1-6, now viewed along the normal to (0-11), are overlaid.

Table 1| Anticipated sextet of QPl wavevectors viewed in
the (001) plane based on our band-structure model

Wavevector p, P2 Ps Pa Ps Pe
Coordinate  (0.29,0) (0.43,1) (0.29,2) (0,2) (-014,1) (0.57,0)
2m 2

2’ b

function, As (k, E),JDOS J(q, 0) and density of states spectra for a B,,
QSB and B, QSB within the (0-11) SBZ appear in Methods and
Extended DataFig. 5. We further take into account the q-space sensitiv-
ity of our scan tip by applying a two-dimensional (2D) Gaussian
filter to the N(q,E) calculated using equation (4) (Methods and
Extended Data Fig. 6). Additionally, we discuss alternative,
symmetry-allowed, gap structure models and derive their resulting
Ao (k,E), As(k,E) and J(q,0) (Methods, Table 4 and Extended
DataFig.7), finding them indistinguishable from the results presented
in Extended Data Fig. 5. Ultimately, the existence of these specific
QPI characteristics in UTe, would provide strong confirmation of
both a superconductive QSB and its foundational odd-parity bulk
order parameter.

Experimental exploration of such phenomena is challenging in
UTe,, and several key technical advances were employed to improve
on previous studies®. First we identified regions where the QPI signal
predominantly originates from a single type of identical impurity
(Te, vacancies); second, the field of view (FOV) studied here is larger
thusimproving the q-space resolution; third, by using Andreev tunnel-
ling, the energy resolution is ~10 peV (ref. 13) and the QPI signal-to-
noise ratio is strongly enhanced (see below). Figure 3a then shows a
typical 66 nm square FOV topography of the (0-11) cleave surface,
which canbe studied in both the normal and superconducting states.
Figure 3b shows characteristic d//dV spectra measured with a super-
conductivetipinboththe normalstate at 4.2 Kand the superconduct-
ing state at 280 mK, far below T¢. In the latter case, two intense joint-
coherence peaks are located at £ = Ay, + Ayre,- More importantly, a
high density of QSB quasiparticles allows efficient creation/anni-
hilation of Cooper pairs in both superconductors, thus generating
intense Andreev differential conductance® a(r, V) = dI/dV|, (¢, V)
for |V| < Ayre,/€ ~ 300V, as indicated by blue vertical dashed lines
(Methods and Extended Data Fig. 8). Compared to conventional
normal-insulating-superconducting (NIS) tunnelling using a normal
metallic tip (Methods and Extended Data Fig. 9), this Andreev
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Fig. 2 |Simple models for UTe, A,. a, Magnitude of the UTe, superconductive
energy gap |Ag|at k, = Ofor the B,, B,,and B, order parameters on the FS shown
inFig.1a,b. The nodal locations occur within the dark blue regions where

|Ak| = O.Note that B, does not exhibit gap nodes in thismodel because the

FSis openalong the k, axis. b, From a, the theoretically predicted nodal locations
for the B,,, B,,and B;, order parameters on the FS shown in Fig. 1a,b are indicated

-
O 1 1

/(y(rr/b)

4 k,(m/c) 121 k,(n/c)

byyellow dots. For B,,, d « (sin kb, sin kya, 0) and zeros occur at

ky =0, k. = 0,£7;forB,, d « (sink,c, 0, sin k.a) and zeros occur at

k; = 0,+—,k = 0,+-;andfor B;,, d « (0, sink,c, sin k,b) and zeros occur at

k, =0, ig, k, =0, ij—:(Methods and Extended Data Fig. 1). Alternative gap
functions and consequent nodal locations are discussed in Methods, Table 3 and
Extended Data Fig. 7.

Table 2 | Anticipated sextet of QPl wavevectors viewed in
the (0-11) plane based on our band-structure model

Wavevector ¢,

(0.29,0)

q;
(0.43,0.5)

ds
(0.29,1)

qa
()}

s
(-014,0.5)

e
(0.57,0)

Coordinate

2 2m
@ o

conductance provides a substantialimprovementin the energy resolu-
tion (6F ~ 10 peV) of QSB scattering interference measurements. Com-
paring measured g (r, V):g(q, V) recorded in the normal state at 4.2K
(Fig. 3¢c) with measured a(r,V) : a(q,V) in the superconducting
state at 280 mK (Fig.3d), withbothidentical FOV and junction charac-
teristics, allows determination of which phenomena at the (0-11)
surface emerge only due to superconductivity. Some peaks of the
sextet are presentinthe normalstate g(q, V)inFig.3casthey originate
from scattering of the normal-state band structure (Fig. 1b). The
experimentally obtained normal-state QPI differs from the J(q, 0)
calculationsinFig. 1f, as the former depends on spin and orbital selec-
tionrules, whereas the latter is dependent only onthe geometry of the

bulk band structure. Instead, the complete predicted QPI sextet
q;:i=1-6areonlydetectedin the superconducting state and appears
torely on scattering between QSB states. The sextet wavevectors are
highlighted by coloured arrows in Fig. 3d. The experimental maxima
in a (q, V)and the theoretically predicted q; from Fig. 1farein excellent
quantitative agreement with a maximum 3% difference between all
their wavevectors. This demonstrates that the FS that dominates the
bulk electronic structure of UTe, is also what controls QSB k-space
geometry at its cleave surface. Furthermore, Fig. 3e reveals how the
amplitudes of the superconducting state QPl are enhanced compared
to the normal-state measurements. The predominant effects of bulk
superconductivity are the strongly enhanced arc-like scattering inten-
sity connecting q = O and g5 and the unique appearance of purely
superconductive QPl at wavevector q;.

Tovisualize the QSB dispersion k(£) of UTe, we next use supercon-
ductive tip a(r, V) : a(q, V) measurements to image energy resolved
QPI at the (0-11) cleave surface. Figure 4a—f presents the measured
a(r,V)atV=0,50,100,150,200 and 250 pV recorded at T=280 mKin
the identical FOV as in Fig. 3a. These data are highly typical of such
experiments in UTe,. Figure 4h contains the consequent scattering
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Fig. 3| QPl visualization of UTe, superconductive QSB. a, Typical topographic
image 7(r) of the (0-11) cleave surface of UTe,. b, Measured differential
conductance in the UTe, normal-state g(V) at T=4.2 K; and Andreev differential
conductance in the superconducting state a(V) at T=280 mK. Intense

Andreev conductance is observed at V=0. ¢, Measured g(r, 0) and g(q, O) at
T=4.2Kinthe UTe, normal state in theidentical FOV asin a. The setpoint is
V,=3mVand/=200 pA.d, Measured a(r, 0) and a(q, 0) at T=280 mK in the
UTe, superconducting state in the identical FOV asinaand c. Here a sextet of
scattering interference wavevectors q,, i = 1-6 from theoretical predictions

are overlaid. The excellent correspondence between the predictions and the
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measured QPI data is striking, with all theory and experiment wavevectors

q,, 92 93, 94, qs and q, being within 3% of each other. This experimental detection
of the sextet has been repeated multiple times (Methods and Extended Data
Fig.10). The set pointis V,=3 mVand /=200 pA. e, Relative amplitudes of the
sextet wavevectors in the normal and superconducting states. Comparison of
2(q,0) linecutsat T=4.2 Kand a(q, 0) linecuts measured 7=280 mK. The linecuts
are taken horizontally in the q space indicated by white arrow ind. The linecuts
have been normalized by their background intensities at 280 mK and 4.2K. The
intensities of ;s and g, have been greatly enhanced in the superconducting state.
Mostimportantly, g, only appears in the superconducting state.

interference patterns a(q, V) at V=0, 50,100, 150, 200 and 250 pV as
derived by Fourier analysis of Fig. 4a-f. Here the energy evolution of
scattering interference of the QSB states is manifest. For comparison
with theory, detailed predicted characteristics of N (q, E)foraB,,QSB
and a B;, QSB at the (0-11) SBZ are presented in Fig. 4g,i; here again,
energiesare £=0,50,100,150,200 and 250 peV. Each QPI wavevector

is determined by maxima in the N (q, E) QPI pattern (coloured circles
inFig.4g-i); these phenomenaare highly repeatable in multiple inde-
pendent experiments (Methods and Extended DataFig.10). The general
correspondence of B;,-QSB theory to the experimental QPI data is
striking. Notably, the strongly enhanced QPI features occurring along
thearc connecting q = Oand q5(Fig.4h) are characteristic of the theory
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Fig. 4| QSB QPIfor A(k) identification in UTe,. a-f, Measured a(r, V) at the (0-11)
cleave plane of UTe, at bias voltages | V| =0 pV (a), 50 pV (b), 100 pV (c), 150 pv
(d),200 pV (e) and 250 pV (). The setpointis V,=3 mVand /=200 pA.

g, Predicted QPI patterns for a B,, QSB at the (0-11) SBZ of UTe, at energies |E| =0,
50,100,150,200 and 250 peV (Methods and Extended Data Figs. 3-6). We take
into account the finite radius of the scan tip in simulations by applying a 2D
Gaussian to the N (q, £) maps (Methods and Extended Data Fig. 6). The existing
QPlwavevector q, is identified as the maxima position (brown circle) in the QPI
simulation. h, Measured a(q, V) at the (0-11) cleave plane of UTe, at bias voltages
|V] =0,50,100,150,200 and 250 pV. The setpointis V,=3 mVand /=200 pA.
These QPI data are derived by Fourier transformation of a(r, V) dataina-f.
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Each QPIwavevector in this FOV, q, (red), q, (brown) and g5 (cyan), isidentified
as the maxima position (coloured circles) in the experimental QPI data.

In particular, q; is a characteristic only of the B;, superconducting state, and it
only exists inside the energy gap. q; cannot be due to a pair density wave
(Methods). i, Predicted QPI patterns for a B;, QSB at the (0-11) SBZ of UTe, at
energies |£| =0,50,100,150,200 and 250 peV (Methods and Extended Data
Figs.3-6). Each QPlwavevector, q;, q, and qs, is identified as the maxima
position (coloured circles) in the QPI simulation. We take into account the finite
radius of the scan tip in simulations by applying a 2D Gaussian to the N(q, £)
maps (Methods and Extended Data Fig. 6).

for aB,, QSB (Fig. 4i). The arc connecting q; and q, (Fig. 4i) is the con-
sequence of projected FS scattering, and it is irrelevant to the super-
conducting order parameter A(k). Most critically, however, the intense
QPlappearing at wavevector q; (red circles in Fig. 4h,i) is a character-
istic of the B, superconducting state, deriving fromits geometrically
unique nodal structure (Extended Data Fig. 5). Further analysis involv-
ing the calculation of the spin-resolved surface spectral function
(Extended Data Fig. 4) establishes that scattering at q; is suppressed
for B,, gap symmetry due to proscribed spin-flip scattering processes
butisuniquely enhanced for B,,gap symmetry. Moreover, the appear-
ance of scatteringinterference of QSB quasiparticles at q, in the super-
conducting state (Fig. 3d) is as anticipated by theory'?*' due to
projection of B;, energy-gap nodes on the bulk FS (Fig.2) onto the (0-11)
crystal surface 2D BZ.

Althoughthe superconductive QSB of UTe, hasnowbeenrendered
directly accessibleto visualization (Figs.3and 4), its precise topological
categorization”?**** depends on details of the normal-state FS that
have not yet been determined conclusively'®". Nevertheless, major
advancesinempirical knowledge of both the QSB and the bulk A, sym-
metry of the putative topological superconductor UTe, have been
achieved. By introducing superconductive scan-tip Andreev tunnelling
spectroscopy, which is specifically sensitive to the QSB of ITSs, we
visualize dispersive QSB scattering interference of UTe, (Figs. 3d
and 4h). This reveals exceptional in-gap QPI patterns exhibiting a
characteristic sextet of wavevectors q;: i = 1-6 (Fig. 3d,e) that we dem-
onstrate are due to projection of the bulk superconductive band struc-
ture (Fig. 1a,b), mathematically equivalent to a rotation making the
point of view perpendicular to the (0-11) plane (Fig. 1f). Thence, we
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find that, whereas q, and q¢ are weakly observable in the normal state
and q, is a Bragg peak of the (0-11) surface, features at g5 and q
become strongly enhanced for superconducting state QPl at |£| < A
(Fig.3e). Most critically, intense QPlappears at wavevector q; uniquely
in the superconducting state (Figs. 3e and 4h). This complete QSB
phenomenology (Figs.3d,e and 4h) is, by correspondence with theory
(Figs.1,2and 4g,i), most consistent with a B;, symmetry superconduct-
ing order parameter. Collectively, we identify the B,,state in particular:
first,becauseits unique nodal structure enhances the spectral weight
of the QSB responsible for the arc-like feature connected to qs in the
superconducting state (Fig. 4h) and, second, because B, is the only
state that produces intense QPlat wavevector q; uniquely inthe super-
conducting state (red circle in Fig. 4h,i).

These considerations indicate that UTe, sustains a three-
dimensional (3D), odd-parity, spin-triplet, time-reversal-symmetry-
conserving, a-axis nodal superconducting order parameter (Fig. 2).
Moreover, we establish how this 3D A, onits host FSis projected onto
the 2D SBZ, generating asuperconductive in-gap QSB (Fig. 3d) consist-
entwithgeneral theory for ITSs?*and other related results*. Overall,
the dataindicate that the superconductive QSB QPI phenomenology
(Fig.4)isadirect consequence of the k-space geometry of the FS pro-
jected onto the crystal surface of UTe,, reveals the existence and energy
dispersion k, (E)of this exceptionalin-gap QSB and provides prefatorial
evidence that its quasiparticle scattering interference is due to
B;,-symmetry bulk superconductivity in UTe,. Most generally, the
techniquesinitiated hererepresentaparticularly promising approach
for theidentification of ITSs.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

UTe, normal-state electronic structure model

Inthis section, we first consider afour-band tight-binding model repro-
ducing the quasirectangular FS of UTe, and its undulations along &,
axis, as outlined in ref. 48. The characteristic features are assumed to
arise from the hybridization between two quasi-one-dimensional

chains: one originating from the Te(2) 5p orbitals and the other from
the U 6d orbitals. The lattice constants are taken to be a = 0.41 nm,
b=o0.61nmandc=139nm.

The coupling between the two Uranium orbitals is modelled by
the following Hamiltonian:

HU—U =
[y — 2ty coskea — 2ty cos kb

’ ’ ik,c/2 a b
—Ay -2t coska — 2tch,U cos k,b — 4t, ;€ cos kXE cos kJ’E

i b
—Ay — 2t coskya —2t),  coskyb — 4t, e~ cos kxg cosky >

Hy — 2ty COS kea — 2ty cOS kyb
(6)

Here the tight-binding parameters are the chemical potential y,
theintradimer overlap A, of the uranium dimers (where two uranium
atoms are coupled along the c axis and the dimers run along the aaxis),
the hopping 2¢t, along the uranium chainin the a direction, the hopping
t, tootheruraniuminthe dimeralong the chain direction, the hoppings

tsnuand ¢,y between chains in the a-b plane and the hopping ¢,
between chains along the c axis.

Similarly, the coupling between the two tellurium orbitalsis given
by

Hre_1e =

Hre — 2teh1e COS ki@

i c a b
~Aqe — tree®® — 2t, 1. cos k;3 cosk cosk,>

; b
—Are — tree b —2¢, 1. cos kzg cos kxg cos k3

Hre — 2tch,Te COs kxa

@

where the Te tight-binding parameters are the chemical potential i,
the intra-unit-cell overlap A, between the two Te(2) atoms along the
chaindirection, the hopping ;. along the Te(2) chaininthe b direction,
the hopping ¢, . between chainsin the a direction and the hopping, .
between chains along the c axis.

The hybridization between the uranium and tellurium orbitals

isgiven by
60
Hy_te = (0 6)

The normal-state tight-binding Hamiltonian of UTe, can thus be

written as
HU—U HU—Te
HUTe2 =

+
HU—Te HTe—Te

8

9

We consider the following values for the tight-binding parameters
(all parameter values are expressed in units of eV): uy = —0.355,Ay

=038,6,=0.17, £, = 0.08,teny =0.015,¢, , = 0.01, thu
=-0.0375,pre = —225, Are  =-l4tre=-150, ftore =01

= -0.05,6 = 0.13. These parameters are chosen to be consistent with
both quantum oscillation measurements and our QPI data. All the
hopping terms considered here are between the two nearest neigh-
bours such thatall scattering will be constrained to nearest neighbour
sitesat the surface. Any impurity potentialis taken to be fully diagonal
in the orbital basis with equal intensity on U orbitals and Te orbitals.
These parameters are used in all simulations presented herein.

UTe, superconductive energy-gap nodes and their (0-11)
projections

Nodal locations presented in the main text are derived from the
general expression for the electronic dispersion of a spin-triplet
superconductor®

B =2 (1) + 1 (1) (k) x d )| (10)
where ¢ (k)is the normal-state dispersion measured from the chemical
potential and d(k) is the d-vector order parameter. The gap functions
we have considered are those associated with the odd-parity irreducible

representations (IRs) of the point group D,,, namely, those presented
inTable 3.

Inall cases d (k) = d*(k), the gap function s unitary and the nodal
locations are defined by FSintersections with the high-symmetry lines
of the BZ. Within this model, the nodal points are indicated by yellow
dotsin Extended Data Fig.1a-cfor By, B,,and Bs,, respectively. For By,
symmetry, the FSis fully gapped. Although sharing the same number
ofindependentnodes, thelocations of the nodes are extremely differ-
ent in the 3D Brillion zone for the B,, and B;, order parameters
(Extended Data Fig. 1b,c).

Next, we project the normal-state FS onto the (0-11) plane oriented
atanangle of24°between the normal to the (0-11) plane and the crystal
b axis (Extended Data Fig.1d). Theresultisa (0-11) SBZ. The basis vec-
torsonthis (0-11) planeare e, = (1,0,0)and e.. = (0,sin 6, cos 8), where
0 = 24°. When an arbitrary vector of (a,b,c) is projected to the (0-11)
plane, the projected vectoris((a, b,c) - e,,(a, b,c) - e..) = (a,0.4b + 0.91c).
This occurs because any momentum k of the bulk BZ can be decom-
posed into momentum components parallel to the plane k,and com-
ponents perpendicular to the planek, of the surface. Then only k, will
contribute to the surface quasiparticle states, ask, isnolonger acon-
served quantity; that is, the (001) quasiparticle states that are trans-
formed into k| states in the (0-11) plane no longer contribute. This is
why the scale of q space and the size of the SBZ are both reduced when
viewed at the (0-11) termination surface of UTe,.

Finally, we project the bulk nodes onto the (0-11) plane and obtain
ak-space projected-nodal structure for order parameters By, B,, and
B, respectively (Extended Data Fig. 1e-g). By definition, A, and B;,
have no bulk or projected energy-gap nodes, so we consider them no
further. However, at the (0-11) SBZ of UTe,, the projected-nodal loca-
tions of the bulk B,, order parameter are fundamentally different from
thoseofthebulk B;, order parameter, asshownin Extended DataFig. 1f,g,
respectively.

Quasiparticle scattering interference in the QSB at the (0-11)
surface of UTe,

We choose to work in the following basis, where U,,, and Te,,, denote,
respectively, the two uranium and tellurium orbitals:

+ — (ct + + +
P (K) = () 1o S0 ko’ Ser ko’ Sy ko Uk CUs,—k0» CTey —k,02 CTes ko)

()
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Cako = CagerCan) 12)
Cako = (Ca,k,ls Car,k,i) (13)

In this basis, the BAG Hamiltonian of a p-wave spin-triplet super-
conductor can be written as

Hyte, K)® 1,
A (K)QIy

AR R,

Heac (k) = b+ (k) ( - Hir, CK @1

) bk (14

where the order parameter for the putative p-wave superconductor is
A(K) = Api(d - 0) 05,and [ is an n x nidentity matrix. Inour analysis, we
focus on the non-chiral order parameters: A,, By,, B,, and B;,. Thed
vectors used in calculations for each IR are provided in Table 3.

Table 3 | Odd-parity irreducible representations of the
crystal point symmetry group D,, and corresponding d
vectors representations for the simple orthorhombic lattice
model used throughout this Article

IR d vector

A, [Cy sin (kya), Cy sin (k,b), Cs sin (k,C)]

By [C, sin(k,b), C, sin (k.a), Cq sin (ka) sin (k,b) sin (k,c)]
By, [Cy sin(k,C), C sin (kca) sin (k,b) sin (k,c) , Cs sin (ka)]
Bs, [Co sin (kea) sin (k,b) sin (k,c), C, sin (k,c), Cs sin (k,b)]

In our simulations, we hypothesize the following values: C, =0,
C,=300 peV, C,=300 peVand C; =300 peV. Inthis conventional model
C,, G;and C;are hypothesized to be the same as the UTe, gap amplitude
measured in the experiment. Although the relative intensity of these
coefficientsisnot knownapriori, we have checked that, while keeping
the maximum gap constant, these coefficient values produce the same
QPIfeatures with only slight changes in wavevector length. Within this
model, the unperturbed retarded bulk 3D Green’s functionis given as

Go(k, ) = [(@ + in)l — Hyac ()] " (15)

with the corresponding unperturbed spectral function written as

Ao(k, w) = —=1/mImGy (k, ) 16)

where nis the energy-broadening factor in the theory simulation.

Although obtaining the bulk Green’s functionis straightforward,
calculating the surface Green'’s functions and spectral functions
A,(k,w) is substantially more difficult. The complexity arises because
the surface Green’s functions characterize a semi-infinite system with
broken translational symmetry, and thus they cannot be calculated
directly. Traditionally, they are obtained using heavy numerical recur-
sive Green’s function techniques as in ref. 49. Here we use a simpler
analytical technique, described in refs. 44-46, in which the surface is
modelled using a planar impurity. When the magnitude of the impu-
rity potential goes to infinity, the impurity splits the system into two
semi-infinite spaces. Then only wavevectorsin the (0-11) plane remain
good quantum numbers. The effect of this impurity can be exactly
calculated using the T-matrix formalism, which gives one access to the
surface Green’s function of the semi-infinite system.

We model the effect of the surface using a planar-impurity poten-
tial, as in Extended Data Fig. 2, which is oriented parallel to the (0-11)
crystal plane. Inthe presence of this impurity, the bulk Green’s function
ismodified to

G (K, ks, 0) = Go (Ky, ) Sy, k, + Go (K1, @) T(Ky, ks, 0) Go (Kp, ) (17)

where the T matrix considers all-order impurity scattering processes.
Foraplaneimpurity localized at x = 0 and perpendicular to the x axis,
the T matrix can be computed as

o dk i
T (K iz iy Kizs ©) = 85 o Brsn 1~V f % Go (ke Koy iz, )17
X

(18)

with L, anormalization factor.Because theimpurity potentialisadelta
functioninx, the T matrixisindependentof k,and depends only on k,
and k,.

We calculate the exact Green’s function one lattice spacing away
from the planar-impurity potential, which converges precisely to the
surface Green’s function as the impurity potential approaches infin-
ity. This surface Green’s function can be obtained by performing a
partial Fourier transform of the exact Green’s function expressed in
equation (17):

Gy (kyoky) = f dZ{“ / df:"c(klx,ky,kz,kZX,ky,kz,w)efkuXe—fknxJ (19)

where x = x' = #1.

Extended Data Fig. 3a-c is generated using the above (0-11)
planar-impurity-potential formalism for the four-band model with B,
B,,and B;, gap structures. In Extended Data Fig. 3, we present the sur-
face spectral function A (k, E) for these order parametersin the (0-11)
SBZ. In particular, the surface spectral function A(k, E) for B, in the
(0-11) SBZisshownin Extended Data Fig.3c. A hypothesized sextet of
scattering wavevectors q;, i = 1-6 connecting regions of maximum
intensityin A,(k, 0) is overlaid. All plots show data for six energy levels,
with the highest near the gap edge of |Ayre, | = 300 peV.

We next describe how QPlIscattering is possible given the putative
protection of superconductive topological surface band quasiparti-
cles against scatteringin a topological superconductor. Formally, we
can derive the spin-resolved quasiparticle surface spectral function
as shown for a B,, and B,, QSB in Extended Data Fig. 4. The resulting
surface spectral function can be clearly segregated into two spin-
polarized bands in UTe,, one for each spin eigenstate. Although spin-
flip and thus inter-spin-band scattering is proscribed, non-spin-
flip or intra-spin-band scattering is allowed, thus allowing QPI of
these quasiparticles.

Extended DataFig.5a,b depictsthe projection of the bulk spectral
function of order parameters B,,and B;,onthe (0-11) surface. It should
benoted that theresulting features correspond to regionsidentifiable
fromthe 3D bulk FS as the projection of the bulk nodes onto the (0-11)
surface, and these features are highlighted by yellow circles.
Extended Data Fig. 5c,d depicts the surface spectral function A(k, 0)
computed using the planar-impurity method*. It accounts for some
bulk contributions butis dominated by new features that connect the
projection of the bulk nodes to the SBZ; these new features correspond
tothe QSB of order parameters B,,and B;,.

InExtended DataFig. Se,f, we consider (0-11) surface QPI featuring
order parameters of B,, and B3, symmetry using theJDOS /(q,0). The
JDOS approximation J(q, 0)is awell-established technique to map out
the geometries of the momentum-space band structures®. The JDOS
approximationis based onthe observationthatifthe surface spectral
functions A atk and k + q are both simultaneously large, then J(q, F)
will be large, as q connects regions of large JDOS. This technique has
been used to successfully interpret the experimental QPI data for
high-temperature superconductors®>*, topological insulators®>**and
Weyl semimetals®*>.

Although J(q,E) captures the dominant k-space quasiparticle
scattering associated with the order-parameter symmetries, it does
not consider spin-forbidden scattering processes and the underlying
contributions fromthe bulk band structure as accurately asthe N(q, E)
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simulations presentedin the maintext. However,both J(q, f)and N(q, E)
calculations reveal distinct scattering features.

We show the theoretical N(E) calculations for the UTe, (0-11)
surface with B,, and B,, gap symmetries in Extended Data Fig. 5g,h.
Both gap symmetries show the indistinguishable bulk N(E) of a nodal
p-wave superconductor (black curve). The N(E) at the surface (red
curve) differs entirely between the two order-parameter symmetries
in this model. For a B,, order parameter, the surface N(E) has a clear
zero-energy peak; however, the surface N(E) due to a B,, order param-
eter hasonly reduced gap depth compared to bulk. In the experiment,
we find intense zero-energy conductance, which appears most consist-
ent with the (0-11) surface N(E) in the presence of B;, gap symmetry.

To further improve the comparison between the QPIsimulations
and the experimental QPI data, we consider of the g-space sensitivity
of our scan tip in the QPI simulations. The QPI simulations N(q, E) for
the B,,and B;, order parameters are shownin Extended Data Fig. 6a,b,
which shows very strong intensities near the high-q region. In experi-
mental data, however, the intensity near the high-q regions that rep-
resent the shortest distancesinrspace decays rapidly due to the finite
radius of the scan tip. We estimate the actual q-space intensity decay
radius froma Gaussian fit to the power spectral density of the relevant
T(q) image. Subsequently, we apply a 2D Gaussian function of the fol-
lowing form to the QPIsimulations N(q, E), reflecting the effects of the
finite circular radius or ‘aperture’ of the scan tip:

f(q:.qy) = Aexp (— <(q" ~4) + (9,-,,) )) (20)

2 2
20y 20y

where the amplitude A=175x10"°, the centre coordinates
(9x,-9y,) = (0,0) and the standard deviation o, = 0, = 3.68m/c*. Upon
applying this 2D ‘aperture’ filter in Extended Data Fig. 6a,b, we derive
the N(q,E)inmain text Fig. 4g,i.

To evaluate the effect of impurity strength on the QPI calcula-
tions, we performed superconductive topological surface band QPI
simulations using local impurity potentials of V=0.07, 0.2, 0.5 and
1eV potentials and found that the predictions using different scatter-
ing impurity potentials lead to highly consistent scattering wavevec-
tors (Extended Data Fig. 6¢-f). Varying the scattering potentials only
changes relative amplitudes at different wavevectors; when the scat-
tering potentials increase, the scattering wavevectors caused by the
surface state become more intense. We chose V= 0.2 eV because the
QPIsimulations calculated using this scattering potential are most
consistent with the relative QPI intensities observed experimentally.
The scientific conclusion that QPI in the superconductive topologi-
cal surface state of UTe, is consistent with B,, bulk pairing symmetry
remains unchanged when using scattering potentials ranging from
0.07to1eV, as presented above.

SABS in unconventional superconductors

The SABS and concomitant zero-bias conductance peaks due to t
phase shifts have been extensively studied for decades, particularly
in high-temperature superconductors'”**"*, In d-wave superconduc-
tors such as the cuprates, the t phase shift of the pair potential occurs
universally when the angle between the crystal axis of the supercon-
ductors and thelobe direction of d-wave pair potential isnonzero. This
phase shift leads to the formation of SABS due to Andreev reflection.
These SABS manifest as zero-bias conductance peaks in tunnelling
spectroscopy, a hallmark feature widely observed and investigatedin
the cuprate high-temperature superconductors.

Although never observed experimentally in a spin triplet super-
conductor, SABS should emerge in 3D p-wave ITSs, where they are
often described as superconducting topological surface states. These
SABS have a somewhat distinct physical origin from those in d-wave
systems because in odd-parity superconductors, there is a universal
1 phase shift of the superconducting order parameter at all surfaces,

independent of the angle between the crystal axis and the direction of
the phase of the superconducting order parameter.

Alternative gap function and impurity potential

Owing to the body-centred orthorhombic crystal symmetry of UTe,,
basis functions other than those presented in the main textand above
areallowed. To consider alternative basis functions, we add additional,
symmetry-allowed, termsto thed vectorsas describedinref. 8. For the
nodal, single-component order parameters, we then use the d vectors
featured in Table 4 with ¢, =0, C,=C, =C; =0.225 meV and
Cy = C5 = Cg = 0.15meV.

Table 4 | The d vector representations for the body-centred
orthorhombic lattice model

Ba, C; sin (k,c) + C4 sin K cos K2 cos K2
Co sin(k,a) sin(k, b) sin(k,c)

Cjzsin(k,a) + Cg sin %a cos % cos %C
B, Cy sin(kya) sin(k, b) sin(k,c)

k

o

. .k k
C, sin(k,c) + Cs sin TC cos 75 cos =

o]

. . Kb K I5
Cs sin(kyb) + Cg sin = cos 73 cos 70

To establish that the conclusions derived in the main text would
beunchangedifthese alternative d vectors were used, we calculate the
bulk projected spectral function Ay(k, E), surface spectral function
Ak, E) and J(q, E) using these alternative triplet d vectors. These data
are presented in Extended Data Fig. 7 for £ = 0. The nodal pattern
highlighted with yellow dashed circles in Extended Data Fig. 7a,b can
be directly compared to Extended Data Fig. 5a,b. The alternative d
vectors have avery similar nodal pattern when projected to the (0-11)
plane, and thus the QSBs occupy similar regions of the projected SBZ.
This can be seen in Extended Data Fig. 7c,d, in which we plot A,(k,0).
From comparison with Extended DataFig.5c,d, we see clearly that the
QSBs calculated using either the main textd vector or these alternative
d vectors are nearly identical. The resulting /(q,E), is presented in
Extended Data Fig. 7e,f for order-parameter symmetries B,, and B,,,
respectively. Using the same quasiparticle broadening parameter as
in Extended Data Fig. 5e,f, n = 30 peV; but now, with these alternative
d-vector terms, we see that the J(q, F) QPI patterns predicted for each
order parameter have the same key features.

Andreev conductance a(r,V) of QSB quasiparticles

A key consideration is the role of QSB-mediated Andreev conduct-
ance across the junction between p-wave and s-wave superconductors
(Extended DataFig. 8). Most simply, a single Andreev reflection trans-
ferstwoelectrons (holes) between the tip and the sample. Based on an
S-matrix approach, the formulato compute the Andreev conductance
of the s-wave-insulator-p-wave model is

82t e2
T teﬁ"e Z <¢n|Ph|¢n><¢n|Pe|¢n> (21)

a(V)=
h eV = En) + m2 A [(@nlPhl®n) + (@nlPel )

Here,|¢,)is the projection of the nth QSB eigenfunction onto the
top UTe,surface, P,and P,arethe electronand hole projection opera-
torsactingonthe UTe, surface, and Vis the bias voltage. Thus, in prin-
ciple, and as outlined in ref. 35, superconductive scan tips can be
employed as direct probes of QSBs, with tip-sample conductance
mediated by Andreev transport through the QSB.

Distinguish between Andreev tunnelling and

Josephson tunnelling

Determining whether the physical origin of the zero-bias conductance
is due to Josephson or Andreev tunnelling is important. However,

Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-025-03000-w

Josephson currents are undetectable in all Nb/UTe, junctions that
we have studied. This can be demonstrated by comparing the
zero-bias (Andreev) conductance a(0) versus junction resistance R
on the same plot with the maximum possible zero-bias conductance
g(0), which could be generated by the Josephson effect (as shown
in Supplementary Fig. 6 of ref. 35). First, at high R, the intensity of
measured a(0) of Nb/UTe, junctions is orders of magnitude larger
thanit could possibly be due toJosephson currents (here exemplified
by measured Nb/NbSe, Josephson effect zero-bias conductance®
thatitself should be at least five times larger than any that could exist
in Nb/UTe,). Second, measured a(0) for Nb/UTe, first grows linearly
with falling R but then diminishes steeply as R is reduced further.
By contrast, zero-bias conductance due to Josephson currents g(0)
must grow rapidly and continuously as 1/R?, as exemplified in the
Nb/NbSe, g(0) data®. These facts (Supplementary Fig. 6 of ref. 35)
demonstrate the absolute predominance of Andreev tunnelling and
the non-observability of Josephson currents between Nb electrodes
and the UTe, (0-11) termination surface.

Normal-tip and superconductive-tip study of QSBs

Motivated by the presence of dominant finite density of states at zero
energy as T — 0 and by the consequent hypothesis that a QSB
exists in this material, we searched for its signatures using a non-
superconductive tip, at voltages within the superconducting energy
gap, and identified unique features resulting from QSB scattering
interference. The typical NIS tunnelling conductance of the UTe, super-
conducting state measured using anon-superconductive tip is exempli-
fied in the inset to Extended Data Fig. 9b. At the (0-11) surface of
superconducting UTe, crystals, almost all states inside the supercon-
ductinggap |E| < Agshowresidual, ungapped density of states. Acom-
bination ofimpurity scattering and the presence of a QSB on this crystal
surface are expected for a p-wave superconductor. Both types of these
unpaired quasiparticles should contribute to conductance measure-
ments performed within the superconducting gap using a
non-superconductive scantip. To visualize the scattering interference
of QSB quasiparticles, we focus on a 40-nm-square FOV (Extended
Data Fig. 9a) for conventional normal-tip differential conductance
dI/dViys(r, V) at T=280 mK and at a junction resistance of R =5 MQ.
Althoughthe QPlinside the superconducting gap shows some evidence
ofthe QSBin UTe,, its weak signal-to-noise ratio owing to the dominant
finite density of states for |E| < A, implies that conventional di/dV|yg
q,V) spectraareinadequate for precision application of detecting and
quantifying the QPl of the QSBin UTe,.

Thus, we turned to a new technique by using superconductive
tips to increase the signal-to-noise ratio of QSB quasiparticle scat-
tering. Recent theory for the tunnel junction formed between an
s-wave superconductive scantip and a p-wave superconductor with
a QSB within the interface® reveals that the high density of QSB
quasiparticles allows efficient creation/annihilation of Cooper pairs
inboth superconductors, thus generating intense Andreev differen-
tial conductance a(r, V) = di/dV|,(r,V). This is precisely what is
observed when UTe, is studied by superconductive Nb-tip STM at
T=280mK, as evidenced by the large zero-energy conductance peak
around a(r, 0) (inset to Extended Data Fig. 9d). Visualization of a(r, 0)
andits Fourier transforma(q, 0), as shown in Extended Data Fig. 9d,
reveals intense conductance modulations and a distinct QPI
pattern. Comparing g(q, 0) in Extended Data Fig. 9b and a(q, 0) in
Extended Data Fig. 9d reveals numerous common characteristics,
thus demonstrating that use of a(q, V) imaging yields equivalent QPI
patterns as g(q, V) imaging but with a greatly enhanced signal-
to-noise ratio. This is as expected because spatial variations in the
intensity of a(r, V) are controlled by the amplitude of QSB quasipar-
ticle wavefunctions as in equation (21), so spatial interference pat-
terns of the QSB quasiparticles will become directly observable in
a(r, V). Thus, visualizing spatial variationsin a(r, V) and their Fourier

transforms a(q, V) enables efficient, high-signal-to-noise-ratio explo-
ration of QSB quasiparticle scattering interference phenomena at
the surface of UTe,.

Independent QSB visualization experiments

To confirmthatthe QPlofthe QSBis repeatable, we show two additional
examples of the Andreev QPI a(q,0) from two different FOVs in
Extended DataFig.10. The QPImaps a(q, 0)are measured at zero energy,
where the Andreev conductance is most prominent. The two QPI a(q, 0)
mapsin Extended Data Fig.10a,b show vividly the same sextet of scat-
tering wavevectors q,, i = 1-6 reported in the main text and further
confirm the signatures of a B;, QSB in UTe,. In particular, repeated
measurements of the q; wavevector exclusively both within the super-
conducting energy gap and at 7=280 mK support the presence of a
superconducting order parameter with B;, symmetry, as thisis the only
order parameter that allows spin-conserved scattering at q,. These two
QPImapsare measured independently in two different FOVs and at two
different scanning angles (Extended Data Fig.10c,d).

Origin of the scattering wavevector q,

Theinteractionwith uniformsuperconductivity of the UTe, pre-existing
charge density wave (CDW) or of the consequent pair density wave
(PDW), both occurring with the same wavevector Q = g, cannotinduce
either a CDW or a PDW at Q/2. This is ruled out by Ginzburg-Landau
theory®’. As to the appearance of a new fundamental PDW at a q,, this
has beenruled out previously by direct search for energy-gap modula-
tions at that wavevector®.

The emergence of q, scattering intensely in the superconducting
state of UTe, occurs naturally because this wavevector arises from
Bogoliubov quasiparticle scattering between symmetry-imposed
superconducting nodes of the B,, order parameter™*. In the normal
state, scattering between FSs at this wavevector may also occur, but
itisnot predominant.

Notably, the superconducting gap nodes of the B;, order param-
eter coincide with the location of the normal-state FS nesting points.
Consequently, the QPIwavevectors observed inthe superconducting
state of UTe, (Fig. 3d) coincide with the normal-state FS nesting vec-
tors. Thisisnot necessarily the case in other superconductors such as
Sr,Ru0,, where the Bogoliubov QPIscattering wavevectors are entirely
different from the normal-state FS nesting vectors because of the loca-
tions of the nodes in that material®.

Data availability

The source datashown in the main figures and Extended Data figures
areavailablefromZenodo via https://doi.org/10.5281/zenod0.15597299
(ref. 62).Source data are provided with this paper.

Code availability
The source code used to perform the calculations described in this
paper is available from the corresponding authors upon request.
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Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-025-03000-w

3u

E=0peV E =50 peV E =100 peV E =150 peV
1
g A e
_ 3 4 F L
£
3
=
F 1a p 1
\ \‘-;, ’ s #
i k. 024
-1 a
-1 K. (n/c*) 1 -1 K. (m/c*) 1 41 k.. (n/c™) 1 1 k.. (n/c™) 1
04 IEH 04 S E s -10 I 10 -40 I 40
As(k, E)
1
F = ~ - -~ - 3 —
[— - - ~ — -
)
G
=
A \ /
- - N A (N A g
- P = = = = ~l 4
-1
-1 k.. (r/c*) 1 -1 k.. (n/c*) 1 -1 k. (n/c*) 1 1 k.. (r/c*) 1
20 Bl 20 -100 I 100 -100 W 100 -80 I 80
AS(k, E)
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gap symmetry, but is not favored for B,, gap symmetry because spin-flip
scattering processes are forbidden, as illustrated in main text Fig. 4 g, i.
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calculations for (g) B,,and (h) B, with energy gap A = 300ueV. Both gap
symmetries show similar bulk DOS. At the (0-11) surface, the B,, surface state
contributes greatly to the zero-energy DOS while the B,, surface state is expected
to have amuch weaker contribution.
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Extended Data Fig. 6 | QPIsimulations with 2D Gaussian background caused
by the ‘aperture’ of the scan tip, and QPI simulations for B;, order parameter
using different scattering potentials. a. Unfiltered QPI simulations N(q, £) fora
B,,-QSB at the (0-11) SBZ of UTe,. The existing QP wavevector q, is identified as

the maxima position (brown circle). b. Unfiltered QPI simulations N(q, E) for a potentials only leads to the change of the relative amplitudes of the wavevectors.

B;,-QSB at the (0-11) SBZ of UTe,. Each existing QPI wavevector, q; (red), q, The typical N(q, 50peV) are presented here and = 30peV are used in the
(brown) and qs (cyan), is identified as the maxima position (colored circles). calculations.

To generate Fig. 4 g, i of the main text, these images are multiplied by using a2D
circular Gaussian function. c-f. QPI simulations are performed using scattering
potentials of V=0.07 eV, 0.2 eV, 0.5 eV, and 1 eV. Across this range, the predicted
scattering wavevectors remain highly consistent. Varying the scattering
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Extended Data Fig. 7| QPI simulations for B,, and B;, gap symmetry with
alternative d-vector. a. Bulk projected spectral function, Ag(k, 0) of the Fermi
surface model described above with an alternative, symmetry-allowed B,,
d-vector. The locations of projected nodes are highlighted with yellow circles.
b. Ag(k, 0) at the (0-11) plane with an alternative d-vector of B;, symmetry.

The nodallocations inaand b are very similar to those obtained using the

d-vectorsin Methods Table 3. c. Surface spectral function A (k, O) for the
alternative B,, d-vector. The QSB occupies regions connecting the projection of
bulk nodes. d. A;(k, O) for the alternative B;, d-vector. The QSB develops on
similar regions of the SBZ as in the Main Text. e. Joint density of states J(q, O) of ¢
for B,,.f.Joint density of states J(q, 0) of d for B,,. Note q; scattering remains
distinct for B;, gap symmetry.
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Extended DataFig. 8 | QSB generated Andreev conductance within SIP Andreev conductance surrounding zero-biasif the QSB is that of a p-wave,
model. a. Schematic of the UTe, QSB and Andreev tunneling to the s-wave nodal, odd-parity superconductor that mediates the s-wave to p-wave electronic
electrode, through atwo quasiparticle transport process. b. Calculated Andreev transport processes.

conductance a(V) in the SIP model. The SIP model predicts a sharp peakin
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Extended DataFig. 9 | Non-superconductive tip and superconducting tip QSB tunneling spectrum g(V). c. Measured superconductive-tip a(r, 0) at T=280 mK.
scattering interference detection. a. Measured normal-tip g(r, 0) at T=280 mK. d. Measured superconductive-tip a(q, 0) at T=280 mK. Inset: superconductive-
b. Measured normal tip g(q, 0) at T=280 mK. Inset: Normal-tip single-electron tip Andreev tunneling spectrum a(V) as described in detail in ref. 35.
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Extended Data Fig. 10 | Independent QSB QPI visualization experiments. a-b. Two independent measurements of a(q, 0) at 7= 280 mK confirm the repeatability of
the sextet of scattering wavevectors for the B;,-QSB. c-d. Topographs of areas studied ina and b, respectively.
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