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SUPERCONDUCTIVITY

Pair wave function symmetry in
UTe, from zero-energy

surface state visualization
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Although nodal spin-triplet topological superconductivity
appears probable in uranium ditelluride (UTey), its
superconductive order parameter A remains unestablished. In
theory, a distinctive identifier would be the existence of a
superconductive topological surface band, which could facilitate
zero-energy Andreev tunneling to an s-wave superconductor
and also distinguish a chiral from a nonchiral A through
enhanced s-wave proximity. In this study, we used s-wave
superconductive scan tips and detected intense zero-energy
Andreev conductance at the UTe, (0-11) termination surface.
Imaging revealed subgap quasiparticle scattering interference
signatures with a-axis orientation. The observed zero-energy
Andreev peak splitting with enhanced s-wave proximity signifies
that Ak of UTe; is a nonchiral state: By, By, or B3,. However, if
the quasiparticle scattering along the a axis is internodal, then a
nonchiral Bz, state is the most consistent for UTe,.

The internal symmetry of electron-pair wave functions in nontrivial
superconductors (I) is represented by the momentum p = 7k depen-
dence of the electron-pairing order parameter Ag, where # is the re-
duced Planck constant. For spin-triplet superconductors, where
electron pairs have three spin-1 eigenstates (|1 1), |4 I), [T 1+ 1 1)),

Ak is a 2x2 matrix: Ay = ( Axit Al >with Afk =-Agand Ay = AE
Agpp Agyy
(1-5). This may also be represented in the d-vector notation as
Ay = Ay(d-6)ic, where o; are the Pauli matrices. Many such systems
should be intrinsic topological superconductors (ITSs), where a bulk
superconducting energy gap with nontrivial topology coexists with a
symmetry-protected topological surface band (TSB) of Bogoliubov qua-
siparticles within that energy gap. Unlike proximitized topological insula-
tors or semiconductors, when three-dimensional (3D) superconductors
are topological (6), it is not because of electronic band structure topology
but rather because Ay exhibits topologically nontrivial properties (7). The
prototypical example would be a 3D spin-triplet nodal superconductor
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(I-6), and the search for such ITSs that are also technologically viable is
a forefront of quantum matter research (8).

Three-dimensional spin-triplet superconductors are complex states of
quantum matter (7, 4, 5). Thus, for pedagogical purposes, we describe a
nodal spin-triplet superconductor using a spherical Fermi surface within
a cubic 3D Brillouin zone (Fig. 1A). The zeros of Ak are then represented by
red points at +k,,. The Bogoliubov-de Gennes (BdG) Hamiltonian is given by

H= ka Zki‘lﬁ—(kx’ki)h(kw’kl)w(kw’kL) m

Here y"(®) = ( e 0p» €y 7y ) @and (K, K, ) is @ 4x4 matrix, con-
taining both band structure and Ax. We distinguish k = (k,,k, ) be-
cause they play different roles in the following didactic presentation.
Considering one particular 2D slice of the 3D Brillouin zone with a
fixed k,: Its Hamiltonian h(k,, Kk, ) is that of a 2D superconductor
within a 2D Brillouin zone spanned by k;. The 2D states|k, | < |k,| (Fig.
1A, blue) are topological and those |k, | > |k, | (Fig. 1A, green) are non-
topological. The essential signature of such physics is a superconduc-
tive TSB [or Andreev bound state (ABS) (7)] on the edges of each 2D
slice for |%,| < |k, |, and its absence when |%,| > |k, |. The 2D Brillouin
zone of any crystal surface parallel to the nodal axis of Ak is shown in
Fig. 1B along with the quasiparticle dispersion Kk(E) of a single TSB.
The equatorial circle in Fig. 1B is the &, — k,, contour satisfying e(ky,
ky, 0) = 0 with e(k) being the quasiparticle band dispersion. A line of
zero-energy TSB states then connects the two projections of the nodal
wave vectors +K, onto this 2D zone (this is often called a “Fermi arc,”
although it is actually a twofold degenerate Majorana arc of charge-
neutral Bogoliubov quasiparticles). Calculation of the density of such
TSB quasiparticle states N(E) from K(E) in Fig. 1B yields a continuum
in the range —A, < E < A, with a sharp central peak at E = 0 due to
this arc (Fig. 1C). Thus, 3D nodal spin-triplet superconductors should
exhibit a TSB on any surface parallel to their nodal axis, and such TSBs
exhibit a zero-energy peak in N(E) [see supplementary text section 1 of
(9)]. The conceptual phenomena presented in Fig. 1, A to C, depend
solely on whether the symmetry protecting the TSB is broken, and not
on material details. Hence, the presence or absence of a gapless TSB on
a given surface of a 3D superconductor, of a zero-energy peak in N(E)
from its Majorana arcs, and of the response of the TSB to breaking
specific symmetries can reveal the symmetry and topology of Ag.

Pair wave function symmetry in UTe;
UTe, is now the leading candidate 3D nodal spin-triplet superconductor
(10, 11). Its crystal symmetry point group is D, and the space group is
Immm [section 2 of (9)]. Associated with the three basis vectors a, b, and
c are the three orthogonal K-space axes k, ky, k.. Within D, there are
four possible odd-parity order parameter symmetries designated A,,, By,
Bsy,, and Bs, [section 2 of (9)]. All preserve time-reversal symmetry: A4,
is fully gapped, whereas By, Boy,, and Bs, have zeros (point nodes) in A,
whose axial alignment is along ¢, b, or a, respectively [section 2 of (9)].
Linear combinations of A,, By, Bsy,, and Bs, are also possible, which
break point-group and time-reversal symmetries, resulting in a chiral
TSB (7, 8). For UTe,, there are two chiral states of particular interest with
Ak nodes aligned with the crystal ¢ axis, and two with nodes aligned with
the a axis [section 2 of (9)]. Although identifying which (if any) of these
superconductive states exists in UTe, is key to its fundamental physics,
this objective has proven extraordinarily difficult to achieve (12).
Identifying the Ax symmetry of UTe, using macroscopic experiments has
been problematic because, depending on the sample preparation
method, the UTe, samples appear to have various degrees of heterogene-
ity. Samples grown by chemical vapor transport (CVT) exhibit small
residual resistivity ratios (RRRs) (~35) and transition temperatures 7, ~
1.6 to 2 K (13-15), whereas samples grown by the molten flux method
(MFM) have larger RRRs (~1000) and higher transition temperatures
(T, ~ 2 K) (16). From macroscopic studies, the status Ak for UTe, remains
indeterminate (17-27) [section 3 of (9)]. To date, Ax symmetry of UTe,
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Fig. 1. Pair wave function symmetry in UTe,. (A) Pedagogical model of a nodal spin-triplet superconductor with order parameter Ak having a-axis nodes identified by red dots;
the red arrow labels the internodal scattering wave vector. The 2D states |ky| < |kn| indicated for example by a blue plane are topological, whereas those |ky| > |ky|, indicated by
a green plane, are nontopological. (B) The 2D Brillouin zone of the crystal surface parallel to the Ax nodal axis, namely, the a-b plane, showing a single TSB dispersion k(E) with
color code for E. Aline of zero-energy TSB states dubbed the Fermi arc connects the two points representing the projections of the 3D Ag nodal wave vectors +k,(E) onto this 2D
zone. The equatorial circle in this plot is the ky — k, contour satisfying e(ky.k,,0) = O where e(ky.ky.k;) is the band dispersion used in the model. (C) The density of TSB quasipar-
ticle states N(E) calculated from (B) exhibits a continuum |E| < Ag with a sharp peak at E = 0 owing to the TSB Fermi arc. a.u., arbitrary units. (D) Schematic symmetry of a
possible UTe; order parameter Ak that has two a-axis nodes. The a axis—oriented internodal scattering gy, is indicated by a red arrow. (E) Schematic of (0-11) cleave surface of
UTe, shown in relative orientation to the STM tip tunneling direction and Ak in (D). (F) Measured N(E) of normal (T = 4.2 K) and superconducting (T = 280 mK) states of

UTe, using a nonsuperconducting STM tip at the (0-11) cleave surface as seen in (E). At the UTe; surface, virtually all states |E| < Ag are ungapped.

has been conjectured as nonchiral 4, (17, 20), By, (24), B3, (18, 24), chiral
Ay + 1Bsy, (21), Boy, + 1B3y, (22), Ay + 1By, (22), and By, + 1By, (26). Notably,
however, no tunneling spectroscopic measurements of Ay, which could
differentiate directly between these scenarios, have been reported.

Tunneling between s-wave and topological

p-wave superconductors

An efficient tunneling spectroscopic technique for establishing Ak in
unconventional superconductors (28-33) is quasiparticle interference
imaging (QPI); but this has proven ineffective for unraveling the conun-
dra of UTe,. This is because conventional single-electron tunneling spec-
troscopy of UTe,, even at 7' = 280 mK (7/7, < 1/6), yields a typical
quasiparticle density-of-states spectrum N(E < Aj) that is essentially
metallic, with only tenuous hints of opening the bulk superconductive
energy gap (Fig. 1F) (34, 35). Further, UTe, surface impedance measure-
ments detect a nonsuperconductive component of surface conductivity
o1(w,T) deep in the superconductive phase (36). Yet the classic QPI sig-
nature (37) of a bulk superconductive Ax has been impossible to detect,
apparently because the high N(E < A;) overwhelms any tunneling con-
ductance signal from the 3D quasiparticles. Given these challenges to
determining the symmetry of Ax using a normal scan tip, we explored
the possibility of using a superconductive scan tip [(38-43) and section
4 of (9)]. Theoretically, we consider two primary channels for conduction
from the fully gapped s-wave superconductive tip to a nodal spin-triplet
superconductor. The first is single-electron tunneling, for which the mini-
mum voltage required is IV'= Ayp/e. The second, is Andreev reflection of
pairs of subgap quasiparticles [section 4 of (9)] transferring charge 2e
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across the junction: This occurs because creating or annihilating Cooper
pairs costs no energy in a superconductor. Conceptually, therefore, there
are notable advantages to using scanned Andreev tunneling spectroscopy
for ITS studies, including that TSB quasiparticles within the interface
predominate the Andreev process, that the order parameter symmetry
difference between sample and tip does not preclude the resulting zero-
bias Andreev conductance, and that the enhanced zero-energy conduc-
tance peak due to the TSB can be detected simply and directly in this way.

To explore this opportunity, we have developed a general guiding
theoretical model to describe an s-wave superconducting tip [e.g.,
niobium (Nb)] connected by tunneling to a nodal p-wave supercon-
ductor (e.g., UTe,), which sustains a TSB within the interface. We
refer to this throughout as the SIP model. To simplify computational
complexity, we consider a planar interface shown schematically in
Fig. 2A with in-plane momenta as good quantum numbers. The BAG
Hamiltonian ofthis SIP modelhasthreeelements: H = Hyy, + Hyre, + Hr-
Here, Hyy, is the Hamiltonian for an ordinary s-wave superconductor

Ay (i62)
A;‘\Ib(—i(sz) —exp(— K)o,
structure model for Nb, and Ayy, is the Nb superconducting order
parameter. HUTEZ is the Hamiltonian of the putative p-wave super-
ey, K)o Ayre, (K)
A{’]Tez &) —eyr,(-K)o,
structure, and AUTEZ (k) is a 2x2 spin-triplet pairing matrix given by
Ayre, (K) = Ayry, id - 6)0,. Hr is the tunneling Hamiltonian between the

exp K)o,

given by Hy,(K) = ( >; exp(K) is the band

conductor with <

>; €UTeZ(k) is the band
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Fig. 2. SIP model: Interfacial quasiparticle TSB between p-wave and s-wave electrodes. (A) Schematic SIP model for interface between an s-wave electrode (“S") and a
p-wave superconductor (“P") separated by an interface (“I"), containing the TSB on the surface of the p-wave superconductor. There is a variable tunneling matrix element |M|
between them, where [M| ~ 1/R and R is the junction resistance. This model is designed to characterize a tunnel junction between superconductive Nb (S) scan tip and UTe,
surface (P). Any superconductive TSB quasiparticles existing within the interface undergo Andreev scattering between s-wave and p-wave electrodes. (B) Calculated quasipar-
ticle bands within the SIP interface for a chiral, time-reversal symmetry—-breaking, p-wave order parameter with A, + iBs, symmetry (table S2). The Nb electrode has trivial
s-wave symmetry. For this plot, ky is set to zero. Throughout all the calculated band dispersions, the red dispersion lines denote the superconductive TSB. The shading of the blue
dispersion lines is used to highlight the low-energy band structure phenomena, which are central to the tunneling process within the SIP interface. (C) Calculated quasiparticle
bands within the SIP interface for a nonchiral, time-reversal symmetry—conserving, p-wave order parameter with B3, symmetry (table S1). Here the gapless TSB is protected by
time-reversal symmetry. The value of ky in this plot is set to zero. (D) Schematic of the zero-energy differential Andreev tunneling conductancea(V) = di/dV|, to the s-wave
electrode. The magnitude of this zero-bias peak in a(V) is determined by the density N(O) of TSB quasiparticle states within the SIP interface, through a two-quasiparticle

Andreev scattering process as shown. DOS, density of states.

two superconductors Hy=—|M]| Zk” [\y;ﬂ)’k”cg ®0oWyre,x K +he.|.

Further, K| is the momentum in the plane parallel to the interface, y is the
four-component fermion field (eq. S2) localizing on the adjacent
planes of the s-wave and p-wave superconductors, and |M] is the tun-
neling matrix element. To simplify the SIP calculation, ey, (K) and
€UTe, (K) are approximated as single bands [section 4 of (9)], yet this
alters neither the fundamental characteristics of the TSB nor the sym-
metry properties of the problem, both of which are controlled primarily
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by the symmetry and topology of Ak [section 4 of (9)]. Finally, our simple
band structure model €UTe, (K) represents a closed 3D Fermi surface [sec-
tion 11 of (9)] upon which depends the nontrivial topology of Ay.

For HUTEZ, we consider two scenarios: (i) chiral pairing state 4, +
B3, with d(K) = (0,k, +k,, ik, +k,) and (ii) nonchiral pairing state
B3, with d(K) = (O, k., ky) In both examples, the two nodes of Ak lie
along the a axis, as in Fig. 1A, and we use AUTEZ = éANb. First, for |M| =
0, we solve the spectrum of HUTez exactly. Figure 2B shows the quasi-
particle eigenstates E(k, = 0, k) plotted versus k, for the chiral order
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Fig. 3. Order parameter-specific TSB effects with enhanced tunneling. (A) Calculated quasiparticle bands within the SIP interface between Nb and UTe, with 8¢ =n/2 as a
function of tunneling matrix element |M|. Here the chiral order parameter has A, + iBs, symmetry. As |M|—0 and R— oo, the chiral TSB crosses E = 0. With increasing |M|
(diminishing R), the effect of the s-wave electrode in the SIP model generates two chiral TSBs inside the UTe, superconducting gap for all E < Ay, , meaning that the
zero-energy dl/dV|sp peak will be virtually unperturbed (the points where the TSB crosses E = 0 are indicated by orange circles). (B) As in (A), but with a nonchiral TSB that also
crosses E = 0. With increasing |M| (diminishing R), the effect of the s-wave electrode splits the quasiparticle bands into two (the split is indicated by blue circles), neither of
which crosses E = 0. This key observation means that the zero-energy a(0) = dI/dV|sip Andreev conductance peak must split into two particle-hole symmetric maxima separating
as [M| is increased. (C) Examples of possible order parameter k-space phase evolution for UTe, as used in (A) and (B). Top panel shows the equatorial (ky = 0) complex phase
values of A and spin-triplet configurations for chiral order parameter A, + iB3, (table S2). Bottom panel shows the equatorial (ky = 0) values of Ay and spin-triplet configura-
tions for nonchiral order parameter B3, (table S1). The chiral A, + iB3, order parameter has a continuous phase winding, in contrast to the discontinuous phase change in the Bz,
order parameter. (D) Calculated energy splitting 8E of the zero-energy a(0) = dI/dV|sip Andreev conductance peak as a function of tunneling matrix element [M| ~ 1/R. The

8E is zero for A, + iBs, (orange) at all tunneling matrices |M|. However, 8E increases as a function of |M| ~ 1/R for a Bz, (blue) order parameter, within the SIP model shown in
Fig. 2A. The orange circles correspond to the predicted TSB crossing points in (A). The blue circles correspond to the predicted TSB termination points in (B).

parameter with 4, + iB3, symmetry: A chiral TSB spans the full energy
range —AUTe2 <EZL Ayre, crossing the Fermi level (E = 0) and generat-
ing a finite density of quasiparticle states N (|E| <Ay, ). Similarly,
Fig. 2C shows the quasiparticle spectrum versus %, at k, = O for a
nonchiral order parameter with Bs, symmetry: two nonchiral TSBs
span —Ayy, < E < Ayp,,, and feature E = 0 states generating a finite
N (|E| < Ayrp, )- Although these TSBs have dispersion in both the posi-
tive and negative k, directions and can backscatter, their gaplessness
is protected by time-reversal symmetry with 72 = —I. Hence, solely on
the basis of N(|E| <Ay, ) of the TSB, one cannot discriminate be-
tween the two symmetries of Ag.
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Instead, we explored how to distinguish a chiral from a nonchiral
Ak by using scanned Andreev tunneling microscopy and spectroscopy.
Specifically, within the SIP model, we calculated the Andreev conduc-
tance a(V) = dI/dV]sip between Nb and UTe, using the nonchiral TSB
and demonstrated that a sharp a(V) peak should occur surrounding
zero bias [section 7 of (9)]. Because the TSB quasiparticles subtending
this peak are protected by time-reversal symmetry and because
Andreev reflection of TSB quasiparticles allows efficient transfer of
charge 2e across the junction, the peak’s sharpness is robust. This
makes scanned Andreev tunneling spectroscopy an ideal approach for
studying superconductive topological surface bands in ITS.

941

5zZ0Z ‘20 AInc uo ABojouyoe | pue splepuels a1n1isu| feuoiieN e 610°80us 105 MMM//:SAdny WoJ) papeojumod



RESEARCH ARTICLES

Depending on whether UTe, is hypothesized as a chiral or nonchiral
superconductor, the TSB quasiparticles are themselves chiral (Fig. 2B)
or nonchiral (Fig. 2C). As the tunneling matrix element to the s-wave
electrode |M|—0, these phenomena are indistinguishable, but as | M|
increases, the wave functions of Nb overlap those of UTe,, allowing
detection of the TSB quasiparticles at the s-wave electrode. Figure 3A
shows the predicted quasiparticle bands within the SIP interface for
A, + 1Bz, symmetry (Fig. 3C) versus increasing |M| [sections 4 and 5
of (9)]. With increasing |M| ~ 1/R, where R is the SIP tunnel junction
resistance, the proximity effect of the s-wave electrode generates two
chiral TSBs for all |E| < Ayr, both of which cross E = 0. Hence, for

the chiral Ak, the zero-energy N(E) will be virtually unperturbed by
increasing |M|. Equivalently, Fig. 3B presents the TSB of quasiparticles
within the SIP interface as a function of |M| for the nonchiral order
parameter with Bs, symmetry (Fig. 3C). When |M|—0, the nonchiral
TSB crosses E = 0. But with increasing |M| ~ 1/R, time-reversal sym-
metry breaking due to the s-wave electrode splits the TSB of the qua-
siparticles into two, neither of which cross E = 0. This reveals that the
N(0) peak must split as the zero-energy quasiparticles of the TSB
disappear, generating two particle-hole symmetric N(E) maxima
at finite energy. The pivotal concept is thus: Whereas the chiral
TSB in Fig. 2B requires no symmetry to protect it, the nonchiral TSB of
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Fig. 4. Discovery of Andreev conductance spectrum a(V) for Nb/UTe; tunneling. (A) Typical SIP Andreev conductance spectruma(V) = dl/dV|y, measured with a Nb
scan tip on UTe; (0-11) surface for junction resistance R = 6 megohms and T = 280 mK. A high-intensity zero-bias dl/dV/|sp peak is detected. (B) Typical topographic image T(r)
of (0-11) surface (s = 0.2 nA, Vs = 5mV). (C) Evolution of measured a(r, V) across the (0-11) surface of UTe; indicated by the yellow arrow in (B) for junction resistance R = 6
megohms and T = 280 mK. The zero-bias dI/dV|s peaks are universal and robust, indicating that the zero-energy ABS is omnipresent. (D) Measured g(r, 0) at T=4.2 Kin the
normal state of UTe,. (E) Measured g(q, 0) is the Fourier transform of g(r, 0) in (D). (F) Superconductive tip-measured a(r, 0) at T = 280 mK in the UTe; superconducting state.
This image introduces visualization of the spatial configurations of a zero-energy TSB at the surface of UTe;. (G) Superconductive tip-measured a(q, 0) at T =280 mK in UTe,:
the Fourier transform of a(r, 0) in (F). Three specific new incommensurate scattering wave vectors, S, S, and S3, are indicated by red circles.
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Fig. 2C will open a gap if time-reversal symmetry is broken. This occurs
because the SIP model for a nonchiral Ak (Fig. 2C) predicts strong |M|
locking of the relative phase 8¢ between the two superconductors at
8¢ = /2 to minimize the total energy of the SIP junction [sections 4
and 5 of (9)], thus breaking time-reversal symmetry. Conversely, the
value of &¢ is irrelevant for a chiral Ay (Fig. 2B) because the TSB at
the interface remains gapless for any d¢ (i.e., the chiral TSB requires
no symmetry to protect it). Figure 3D shows the quantitatively pre-
dicted splitting of N(0) into two particle-hole symmetric N(E) maxima
as a function of |[M| for a chiral Ak (orange) and for a nonchiral Ak
(blue), within the SIP model of Fig. 2A [sections 4 and 5 of (9)]. The
decisive fact revealed by this SIP model for Andreev tunneling between
an s-wave electrode and a p-wave topological superconductor through
the latter’s TSB, is that a nonchiral pairing state can be clearly distin-
guished from a chiral pairing state.

Zero-energy Andreev conductance peak in UTe;

To search for such phenomena, UTe, samples were introduced to a
superconductive-tip (88-43) scanning tunneling microscope, cleaved
at 4.2 Kin cryogenic ultrahigh vacuum, inserted to the scan head, and
cooled to T'= 280 mK. A typical topographic image 7(r) of the (0-11)
cleave surface as measured by a superconductive Nb tip is shown in
section 8 of (9) with atomic periodicities defined by vectors a*, b*,
where a* = a = 4.16 A is the Z-axis unit-cell vector and b* = 7.62 A is
a vector in the 7: 2 plane. As the temperature is reduced, several peaks
appear within the overall energy gap; these are clear characteristics
of the UTe, surface states because when the tip is traversed across an
adsorbed (non-UTe,) metal cluster, the subgap peaks disappear [sec-
tion 8 of (9)]. Most notably, for Nb scan tips on the atomically homo-
geneous (0-11) UTe, surface, a sharp zero-energy peak appears in the
spectrum as shown in Fig. 4A. This robust zero-bias dI/dV|sp peak is
observed universally, as exemplified, for example, by Fig. 4, B and C.

1R
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These phenomena are not due to Josephson tunneling, because the
zero-bias conductance a(0) of Nb/UTe, is orders of magnitude larger
than it could possibly be owing to Josephson currents through the
same junction, and because a(0) grows linearly with falling R before
diminishing steeply as R is further reduced, whereas g(0), because of
Josephson currents, should grow continuously as 1/R? [section 8 of
(9)]. Moreover, the SIP model predicts quantitatively that such an
intense a(0) peak should occur if UTe, Ak supports a TSB within the
interface (Fig. 2A) and because Andreev transport, owing to its qua-
siparticles, allows zero-bias conductance to the Nb electrode [Fig. 2D
and section 7 of (9)].

This discovery provides an excellent opportunity to explore the TSB
quasiparticles of a nodal odd-parity superconductor. To do so, we fo-
cused on a 44 nm by 44 nm field of view (FOV) and, for comparison, first
imaged conventional differential conductance at zero-bias g(r, 0) at
T = 4.2 Kin the normal state of UTe, as shown in Fig. 4D. The normal-
state QPI signature g(q, 0) shown in Fig. 4E, is found from Fourier
transform of g(r, 0) in Fig. 4D. Next, Andreev differential conductance
a(r,V) = dI/dV |gp(r, V) measurements using a superconductive Nb
tip were carried out in the identical FOV at T = 280 mK, deep in the
UTe, superconducting state [Fig. 4F and section 10 of (9)]. Note that
a(r, V) represents a two-electron process and is thus not simply pro-
portional to the density of TSB quasiparticle states N(r, E) but, instead,
to the Andreev conductance. Our a(r, 0) imaging was then carried out in
bias-voltage range V"= 0 + 150 pV inside the dI/dV|gp peak (Fig. 4A).
Such images introduce atomic-scale visualization of zero-energy qua-
siparticles of a superconductive TSB. The Andreev QPI signature a(q, 0)
of these zero-energy quasiparticles is shown in Fig. 4G. Here, three
new scattering wave vectors—S;, S,, and Sz—are indicated by red
circles. Because S; exists only in the superconducting state and only
for |E| <150 peV, it cannot be attributed to any new charge-ordered
state [section 10 of (9)] but is generated by TSB quasiparticles. And,
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Fig. 5. Evolution and splitting of a(V) peak with enhanced s-wave hybridization. (A) Measured evolution of a(V) = di/dV|y, at T =280 mK in UTe; as a function of
decreasing junction resistance R (i.e., decreasing the tip-sample distance) and thus increasing tunneling matrix element |M| ~ 1/R. The a(V) spectra start to split when the
junction resistance falls below R ~ 5 megohms. (B) Evolution of measured a(r, V) splitting across the (0-11) surface of UTe; along the yellow arrow indicated in (C), at junction
resistance R = 3 megohms and T = 280 mK, demonstrating that a(r, V) split peaks are pervasive at low junction resistance R and high tunneling matrix |M|. (C) Topographic
image T(r) of (0-11) surface (Is = 0.2 nA, Vs = 3 mV, T = 280 mK) showing the trajectory of the a(r, V) spectra that demonstrate the universality of a(V) splitting in (B).

(D) Measured energy splitting of a(V) at T = 280 mK in UTe; versus 1/R. These data may be compared with predictions of a(V) splitting within the SIP model for A, + B3,

and Bs, order parameters of UTe; (Fig. 3D).
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because a closed Fermi surface has been hypothesized for UTe, from
both angle-resolved photoemission and quantum oscillation research
(44-46), S3 is not inconsistent with an a-axis internodal scattering
wave vector on such a Fermi surface.

Nature of the UTe, superconductive order parameter Ay

Finally, to determine spectroscopically whether the UTe, order param-
eter is chiral, we measured the evolution of Andreev conductance a(V)
at T'= 280 mK as a function of decreasing junction resistance R or
equivalently increasing tunneling matrix element |M|. Figure 5A shows
clearly the strong energy splitting 8E observable in a(V), which first
appears and then evolves with increasing 1/R. Figure 5B shows the
measured a(r, V) splitting across the (0-11) surface of UTe, along the
yellow arrow indicated in Fig. 5C for R = 3 megohms, demonstrating
that a(r, V) split peaks are pervasive. Decisively, from measurements
in Fig. 5A, we plotted in Fig. 5D the measured 8E between peaks in
a(r, V) at T=280 mK versus 1/R. On the basis of predictions for energy
splitting 6F within the SIP model presented in Fig. 3D for chiral Ak
(Fig. 3A) and nonchiral Ak (Fig. 3B), a chiral Ak appears to be ruled out.
However, here we note that the SIP model assumes a planar junction
with translational invariance parallel to the interface: This implies
mirror symmetry (kx——ky), which the STM tip could break, compro-
mising the protection of the nonchiral state and splitting a zero-bias
peak [section 6 of (9)]. Nonetheless, as a chiral TSB is symmetry inde-
pendent, our conclusion holds: Splitting of the zero-bias Andreev con-
ductance peak indicates nonchiral pairing in UTe,.

Thus, the chiral order parameters A, + By, and Bs,, + iBy, proposed
for UTe, seem inapplicable because of the observed Andreev conduc-
tance a(0) splitting (Fig. 5A). Within the four possible odd-parity time-
reversal-preserving symmetries, A, By, Bay, and Bs,, the isotropic 4,
order parameter appears insupportable because its TSB is a Majorana cone
of Bogoliubons with zero density of states at zero energy (7), meaning
that Andreev conductance a(0) would be highly suppressed. Among
the remaining three possible order parameters, By, Bs,, and Bs,, all
should exhibit the Andreev conductance a(0) splitting that is observed.
However, if the S3 modulations are due to a-axis internodal scattering,
then the Bj, state is favored because its nodes occur along the a axis.

Discussion and outlook

Modeling Andreev conductance from an s-wave superconductor
through the intervening TSB of an intrinsic topological superconduc-
tor reveals a zero-energy Andreev conductance maximum at surfaces
parallel to the nodal axis. Further, splitting of this Andreev conduc-
tance peak owing to proximity of an s-wave superconductor signifies a
3D ITS, with Ak preserving time-reversal symmetry. Although the By,
Bsy,, or Bg, states could all be consistent with such a phenomenology,
should the a(r, 0) modulations at wave vector S; result from a axis-
oriented energy-gap nodes, then the complete experimental data imply
that A of UTe, is in the Bs, state. Future experiments using energy-
resolved quasiparticle interference imaging of the TSB may explore this
premise even more directly. Most generally, use of SIP Andreev conduc-
tance spectroscopy for quasiparticle surface band detection and Ax sym-
metry determination opens new avenues for discovery and exploration
of 3D intrinsic topological superconductors.
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