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Scanning tunneling microscopy (STM) measurements have been extensively performed on the easily cleavable
(011) surface of UTe,, using both normal-metal and superconducting tips. Motivated by these experiments,
we theoretically investigate the topological surface states on the (011) surface of UTe,. We find that a two-
dimensional nearly flat band emerges in the Bj, state, giving rise to a pronounced zero-energy peak in the
surface density of states. This flat band is supported by two key mechanisms: (i) nontrivial Berry phases defined
at multiple momenta give rise to low-energy in-gap states, and (ii) weak spin conservation allows the gap function
to acquire phase winding. Furthermore, to investigate the relation between the zero-bias peak observed in recent
STM experiments with a superconducting tip and the topological surface states, we calculate the nonequilibrium
dc tunneling current in a junction between an s-wave superconductor and the (011) surface of UTe,. Our results

provide crucial insights into the superconducting pairing symmetry realized in UTe,.

DOLI: 10.1103/7rqg-nydn

I. INTRODUCTION

The uranium-based superconductor UTe, has emerged
as one of the most enigmatic superconductors discovered
in recent years, widely considered a candidate for spin-
triplet p-wave pairing due to its strikingly unconventional
properties [1-10]. A central topic is the nature of its pair-
ing symmetry, as it governs the structure of low-energy
excitations and, crucially, dictates the realization of topo-
logical superconductivity in UTe,. Various experimental
studies [11-18] and theoretical works [19-27] have been
conducted to elucidate the pairing symmetry. Despite these
extensive efforts, the issue remains unresolved.

On the surface of a topological superconductor, zero-
energy states, known as Andreev bound states (ABS), emerge
as a hallmark of its topological nature [28—34], and the emer-
gence of ABS directly influences the surface density of states
(DOS). This topological character is fundamentally linked to
the odd-parity symmetry of the gap function, which satisfies
the Andreev condition A(k) = —A(—k), where A(k) is the
superconducting gap at momentum k. Consequently, the ap-
pearance of ABS is intimately tied to the superconducting
pairing symmetry and surface orientation. Scanning tunneling
microscopy (STM), which directly probes the surface DOS,
therefore offers a powerful means to identify the pairing sym-
metry in unconventional superconductors.

Recently, STM experiments were performed on the
naturally cleavable (011) surface of UTe,, using both a

*Contact author: tei@blade.mp.es.osaka-u.ac.jp

2469-9950/2026/113(5)/054507(14)

054507-1

normal-metal tip [13,35-39] and a superconducting
tip [36,40,41]. Remarkably, a sharp zero-bias peak (ZBP)
was observed in the differential conductance (dI/dV)
spectrum, comparable in magnitude to the total coherence
peaks [40,41]. In a junction between a spin-singlet s-wave
superconductor and the spin-triplet superconductor UTe,,
single-quasiparticle tunneling is suppressed due to the
fully gapped excitation spectrum of the s-wave electrode,
and the Josephson current is highly suppressed owing to
the symmetry mismatch in spin space. This suggests that
the observed ZBP most likely originates from Andreev
reflection mediated by ABS of UTe,. However, two major
questions remain. First, if the ZBP is attributed to the surface
DOS of the (011) surface, it is unclear why such a large
number of zero-energy ABS exist to produce a pronounced
zero-energy peak in the surface DOS. Second, since there has
been no microscopic calculation of the nonequilibrium dc
tunneling current between a topological superconductor and
an s-wave superconductor, interpreting the dI/dV spectra
has remained an open issue, especially in the context of
Andreev spectroscopy. Regarding the first question, it should
be emphasized that typical topological surface states in
three-dimensional (3D) spin-triplet superconductors, which
are called Fermi arcs, cannot lead to a sharp ZBP in dI/dV
spectra [42,43]. In a superconducting state with pairwise
point nodes, the Fermi arc is a zero-energy flat band forming
the segment that connects the point nodes on its surface
Brillouin zone (BZ). However, such a one-dimensional (1D)
flat band does not result in a peak structure at zero energy but
yields a constant surface state density that is independent
of the energy. Notable exceptions include line-nodal

©2026 American Physical Society


https://orcid.org/0000-0003-2604-3351
https://orcid.org/0000-0002-7313-6094
https://orcid.org/0000-0002-6201-4745
https://ror.org/035t8zc32
https://ror.org/035t8zc32
https://ror.org/035t8zc32
https://ror.org/035t8zc32
https://crossmark.crossref.org/dialog/?doi=10.1103/7rqg-nydn&domain=pdf&date_stamp=2026-02-09
https://doi.org/10.1103/7rqg-nydn

TEI, MIZUSHIMA, AND FUJIMOTO

PHYSICAL REVIEW B 113, 054507 (2026)

superconductors [29,44-46] and superfluids [47-49],
as well as odd-parity superconducting states realized in
carrier-doped topological insulators [50-54]. In the former,
the combination of bulk line nodes and the formation of
ABS leads to two-dimensional (2D) flat bands, resulting in
a sharp zero-energy peak in the surface DOS. In the latter,
the dispersion of the ABS is intertwined with that of the
surface Dirac cone inherited from the parent topological
insulator, forming a smooth spectral connection between
them and thereby enhancing the zero-energy surface DOS.
Since UTe, is believed to be either a point nodal or a fully
gapped superconductor, and its normal state is topologically
trivial, these mechanisms are not directly applicable.

In this work, we theoretically investigate the ABS on the
(011) surface of UTe, for all possible irreducible representa-
tions (IR) of the pairing symmetry:A,, By, By, and Bs,. The
classification of surface states in topological superconductors
protected by crystalline symmetries has been extensively stud-
ied, and a complete classification has already been mostly
established [55-57]. To exhibit a zero-energy peak in the
surface DOS, however, a mechanism beyond the conventional
arguments based solely on topological invariants is required.
Remarkably, we find that a 2D nearly flat band emerges only
in the Bj, state. The sufficient amount of zero-energy states
extended over the 2D surface BZ results in a pronounced
zero-energy peak in the surface DOS. We note that the surface
states in the other pairing states are dispersive and, no sharp
peak structure appears in their surface DOS. The emergence
of the 2D flat band in the B3, state originates from two distinct
mechanisms intrinsic to its pairing state: (1) nontrivial Berry
phases defined at multiple high-symmetry momentum points
not only guarantee the presence of zero-energy states, but also
give rise to low-energy in-gap states that smoothly connect
them; and (2) weak spin conservation intrinsic to the B3, state,
which allows the gap function to acquire nontrivial phase
winding, thereby generating additional ABS protected by a
1D winding number.

We then explore the relation between the observed ZBP
and the emergence of the 2D nearly flat band. To this
end, we numerically compute the tunneling current be-
tween UTe, and an s-wave superconducting tip using the
tunnel Hamiltonian method. In this calculation, we fully
incorporate all orders of tunneling processes, including res-
onant transmission and multiple reflections. Furthermore, for
qualitative insight, we derive an analytical expression for
the fourth-order Andreev current. In the low-bias regime,
where the derived expression is valid and relevant to STM
measurements, the dI/dV characteristics are shown to be
directly determined by the convolution of the surface DOS
of UTe,. Finally, by comparing our theoretical results with
the STM experiments using a superconducting tip, we
discuss the superconducting pairing symmetry realized in
UTGQ.

The organization of this paper is as follows. In Sec. II,
we introduce the model Hamiltonian for the superconductor
of UTe,. In Sec. III, we present numerical results for the
quasiparticle energy spectra and the surface DOS of the (011)
surface for all IR, together with a topological argument that
accounts for the emergence of ABS. In Sec. IV, we nu-
merically calculate the tunneling current between an s-wave
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FIG. 1. (a) A naturally cleavable (011) plane. (b) Cylindrical
Fermi surface elongated along the k, axis, plotted in the rotated
coordinate system (k,, k., k_), where the k,k, plane is rotated by /4
around the k, axis. (c) Plot of the k, = 0 plane in the first BZ (shaded
area), with the Fermi surface shown as orange curves. ky; (i = 1 ~ 4)
denotes the time-reversal-invariant momenta (TRIMs). Nontrivial
Berry phases can be defined along 1D paths in k. € [—27, 2], cen-
teredatI" = (k, =0, k, =0)and M = (k, = 0, k,, = 7). Each path
connects a pair of TRIMs lying along the &, direction. (d) Fermi-
surface plots at k,, = 0 (solid curves) and k,, = 7 (dashed curves).

superconductor and the (011) surface of UTe,. The detailed
algorithm used for calculating tunneling current is provided
in Appendix B.

II. MODEL OF SUPERCONDUCTOR UTe,

We begin by describing a minimal model Hamiltonian
for UTe,. This compound crystallizes in a body-centered or-
thorhombic lattice with the point group D,;,. The geometry of
the Fermi surface plays a crucial role in realizing topological
superconductivity. Recent de Haas—van Alphen experiments
have observed Fermi surfaces, which consist of two cylindri-
cal sheets, one electronlike and one holelike, extending along
the k, direction [58,59]. To capture the essential features,
we consider a tight-binding model on a simple orthogonal
lattice with a Kramers-degenerate spin degree of freedom. The
normal-state Hamiltonian is given by Hy(k) = 2¢; cosk, +
2t cos ky + 2t3 cos k, — . To reproduce the cylindrical Fermi
surface shown in Fig. 1(b), we set the parameters as
tp =—-1.0, 1, =—-1.0, 13 =0.25, and u = —2.5. Although
this minimal model is adopted for clarity, in Appendix C,
we have verified that our main results remain robust against
moderate variations in the parameters, as well as in more
realistic models that incorporate orbital degrees of freedom,
detailed Fermi-surface topology, and staggered Rashba spin-
orbit coupling (SOC) arising from local inversion symmetry
breaking. As demonstrated in the following, the cylindrical
geometry of the Fermi surface plays a particularly crucial role
in the formation of a 2D nearly flat band.

The gap function for spin-triplet Cooper pairs is described
by the d vector: A(k) =d(k)- gioy. The point group Dy,
allows four odd-parity IR:

dy, (k) = (Cysink,, Cy sink,, C; sink,), €))]
dp, (k) = (C;sinky, Cysinky, C; sink, sink, sink;), (2)
dp, (k) = (Cysink,, Cysink, sink, sink;, C, sink,), (3)
dp, (k) = (Csink, sink,sink,, C,sink;, C;sinky). (4)
The A, state corresponds to a fully gapped superconducting

state. The By, state is also fully gapped, due to the absence of
a Fermi surface along the k, axis. In contrast, the B;, and B3,
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FIG. 2. (a)—(d) Quasiparticle energy bands for the (a) A,, (b) By, (¢) By, and (d) Bj, states. The superconducting gap Ayre; is set to 0.05.
The inset in (a) shows the momentum path in the surface BZ depicted in the main panels. For the A, state, zero-energy states protected by
nontrivial Berry phases appear at the M and I" points, and low-energy in-gap states smoothly connecting them emerge along the M-I" line. For
the By, and B,, states, Fermi arcs protected by the one-dimensional winding number associated with mirror reflection symmetry appear. For
the Bj, state, in addition to the in-gap states along the M-I line, Fermi arcs protected by the one-dimensional winding number associated with
spin conservation emerge along the I'-X and R-M lines. (e)—(h) DOS for the (011) surface (red) and the bulk (black) for the (e) A,, (f) By,
(g) By, and (h) Bj, states. For the Bj, state, as a result of the spread of nearly zero-energy states across the 2D surface BZ, the surface DOS

exhibits a pronounced zero-energy peak.

states are Dirac superconductors with point nodes along the &,
and k, axes, respectively.

In this study, we focus on the (011) surface as illustrated
in Fig. 1(a). To facilitate the analysis, we introduce a rotated
coordinate system (x, ., r_), where the yz plane is rotated by
7 /4 around the x axis. The corresponding rotated momenta
are defined as ky =k, +k; and k_ = —k, + k;. Since the
(011) surface is perpendicular to the r, direction, the mo-
menta k, and k_ are conserved. Figures 1(b)-1(d) show the
BZ in the rotated coordinate frame.

III. TOPOLOGICAL SURFACE STATE ON (011) SURFACE

We diagonalize the Bogoliubov—de Gennes (BdG) Hamil-
tonian that consists of Hy(k) and A(k) in a slab system
with the opened (011) surfaces. Figures 2(a)-2(d) present
the quasiparticle energy spectra along the symmetric path
in the surface BZ, I'(0,0) — X(7,0) — R(w, 7)) — M0, w) —
I'c0, 0), where (k,, k,) represents the momenta in the sur-
face BZ for all IR. We also compute the surface DOS using
the recursive Green’s function method [60,61], as shown
in Figs. 2(e)-2(h). In this calculation, the smearing fac-
tor 8, which reflects the quasiparticle lifetime, is set to
8 = 0.2Ayre,, where Ayte, = 0.05. Note that Ayre, serves as
a prefactor [Cy, Cy, C;] in the d vector, and does not represent
the actual superconducting gap magnitude. In the following,
we explain the origin of the ABS for each IR.

A. The A, state

The nonchiral A, superconducting state belongs to class
DIII in the Altland-Zirnbauer classification [62]. Since this
state is fully gapped, a three-dimensional (3D) winding num-

ber can be defined as the associated topological invariant.
However, it remains trivial as long as the Fermi surface re-
tains a quasi-2D cylindrical shape. Thus, weak or crystalline
topological invariants are expected to play a crucial role in the
emergence of ABS.

Figures 2(a) and 2(e) show the quasiparticle energy bands
and the corresponding surface DOS, respectively. In this cal-
culation, the parameters are set to Cx = 0.05, C;, = 0.05, and
C, = 0.05. Zero-energy states appear at the high-symmetry
momentum points I" and M. At these points, the Berry phase
can be defined as a Z, topological invariant. Specifically, we
consider two one-dimensional loops along ki € [—2m, 27]
passing through the I' and M points, respectively, as illus-
trated by the dashed lines in Fig. 1(c) [63]. The Berry phase
along each loop is determined by the parity of the number
of Fermi surfaces that intersect the loop between two time-
reversal-invariant momenta, denoted ky;. When the number of
intersecting Fermi surfaces is odd (even), the Berry phase is
nontrivial (trivial) [30,31]. As a consequence, topologically
protected zero-energy states appear at both the I' and M
points.

A further noteworthy feature is the presence of in-gap
states that are isolated from the bulk spectra along the M-I"
line. The zero-energy states protected at the M and I points
do not merge directly into the bulk band; instead, they connect
smoothly as in-gap states. Such surface states lead to the DOS
exhibiting a domelike structure inside the superconducting
gap. The broad split peaks indicate the presence of the van
Hove singularities along the M-I" direction. Notably, this type
of ABS is unique to the (011) surface. We emphasize that the
formation of these isolated in-gap states requires the presence
of zero-energy states protected by Berry phases at an even
number of k points. This feature can also be related to the
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triviality of the mirror Chern number defined on the M-I line:
in order for the surface states to remain isolated from the bulk
bands, the absence of net charge pumping is required, which
is equivalent to the mirror Chern number being zero [64—66].
This condition naturally arises from the cylindrical Fermi
surface. However, the triviality of the Chern number is not
a sufficient condition for the existence of the isolated in-gap
states. In this sense, the in-gap states are not topologically
protected; rather, they are model specific and strongly depend
on the details of the pairing interaction.

B. The B, and B,, states

The By, state is a fully gapped superconducting state since
the cylindrical Fermi surface is opened along the k, axis. Fig-
ure 2(b) shows the quasiparticle energy bands, and Fig. 2(f)
displays the surface DOS for the Bj, state. In this calcula-
tion, the parameters are set to Cy =0.05, C, =0.05, and
C, = 0.0. Unlike the A, state, a perfectly flat band appears
along the M-I" line. As a result, the energy dependence of
the surface DOS remains nearly constant around zero energy.
In the symmetry class DIII, the only nontrivial topological
invariant is the Berry phase at the high-symmetry M and I
points. Therefore, this flat band must originate from additional
topological invariants associated with crystalline symmetries,
in particular, the mirror symmetry M,.. In the following,
we describe the topological invariants associated with mirror
symmetry [63].

The mirror operator M,, acts on the normal-state
Hamiltonian Hy as

M Hy ks kg k)M = Hy(—ky, kg ko), 5)
and on the gap function A as
M Ak, ki k )My = sA(—ky, ki, ko), (6)

where s = +1 for the By, and B,, states, and s = —1 for the
A, and Bj, states. Depending on the value of s, the mirror
operator acting on the Bogoliubov—de Gennes (BdG) Hamil-
tonian is given by

~ M,
Myz = < ” SM;2>' 7

On the mirror plane (k, = 0), this operator ./\;lyZ commutes
with the BdG Hamiltonian. We can then define a crystalline
chiral operator that anticommutes with the BdG Hamiltonian:

Fpr, = ¢ K1,,0C, ®)

where ¢ is a phase factor chosen such that T3, =1, ©
is the time-reversal operator, and C is the particlé:hole ex-
change operator. The properties of the chiral operator defined
in Eq. (8) depend on the value of 5. For s = —1, corresponding
to the A, and B3, states, the chiral operator anticommutes
with the time-reversal operator ®, which is the same as the
standard chiral operator in class DIII, I' = i®C. In contrast,
for s = +1, as in the By, and B,, states, the chiral operator
commutes with the time-reversal operator, characteristic of
class BDI. In class BDI, a 1D winding number can be defined

_x
™ 2
/2

k_ 00 k;m

FIG. 3. Quasiparticle energy bands on the (011) plane for the
superconducting Bj, state. A substantial number of ABS form a 2D
nearly flat-band structure. The red cones indicate the point nodes of
the bulk superconducting gap.

using the chiral operator as a topological invariant:

1
wm, (k=) = ~ I / dkytr[U pm,. Hpac Ok, Heacl,  (9)

where Hpqyg is the BAG Hamiltonian that is composed of Hy
and A(k). Note that for the A, and Bs, states, this 1D wind-
ing number is not a valid topological invariant, as it always
vanishes due to the anticommutation between the chiral and
time-reversal operators. The winding number in Eq. (9) can be
efficiently calculated using Fermi-surface formula. For both
the By, and By, states, it simplifies to

wam, (k)= ) sgnld]sgn[d, Ex], (10)
Ex(ks)=0

where Ey(k) is the eigenvalue of the normal-state Hamilto-
nian Hy(k). This means that for a fixed k_ on the k£, =0
plane, the winding number can be obtained by summing the
products of the signs of the d, component and the Fermi
velocity d;4 En at each Fermi crossing point along the 1D loop
ki € [-2m,2n]. The resulting winding number is w = 2,
reflecting the twofold degeneracy of the flat band.

As mentioned above, in the By, state, the mirror symmetry
M, also gives s = +1, allowing the 1D winding number to
be defined as a topological invariant. Therefore, the B,, state is
qualitatively similar to the By, state, except for the presence of
Dirac points of the bulk state. Figure 2(c) shows the quasipar-
ticle energy band, and Fig. 2(g) displays the surface DOS for
the By, state. In this calculation, we set C, = 0.05, C, = 0.0,
and C, = 0.05. Along the M-T" line, both the Dirac points and
ABS protected by the 1D winding number appear. The surface
DOS exhibit a shallow dip structure, reflecting the coexistence
of bulk Dirac bands and the 1D flat band.

C. The B3, state

Figure 2(d) displays the quasiparticle energy bands, and
Fig. 2(h) shows the surface DOS for the Bj, state. In this
calculation, we set C, =0, C, =0.05, and C; = 0.05. Re-
markably, we observe the emergence of zero-energy flat bands
along the I'-X and R-M lines, as well as an almost flat band
near zero energy along the M-I" line. These low-energy ABS
extend across the surface BZ as a 2D nearly flat band, as
illustrated in Fig. 3. As a result, surface DOS exhibits a pro-
nounced zero-energy peak. In the following, we discuss the
topological origin of such a 2D flat band.

054507-4



TWO-DIMENSIONAL FLAT BAND ON THE ...

PHYSICAL REVIEW B 113, 054507 (2026)

M| r?
T r)r v

1\ s, _ =i 0 1
X R E/AUTEQ

FIG. 4. (a) Quasiparticle energy bands for the Bj, state with
parameters C, = 0.05, C, = 0.05, and C, = 0.05. Ayre, is set to
0.05. The d, component breaks spin conservation, resulting in a gap
opening along the I'-X and R-M lines. (b) Surface density of states
as a function of C,.

The nearly zero-energy ABS along the M-I" direction cor-
responds to the in-gap state found in the A, state. Specifically,
given the triviality of the Chern number, zero-energy states
protected by Berry phases exist at the M and I" points, and
the in-gap state connects them smoothly. The origin of an-
other set of zero-energy ABS along the I'-X and R-M lines
lies in a weak spin conservation intrinsic to the Bj, state.
When the d, component vanishes (C, = 0), the gap func-
tion can be diagonalized by a spin rotation, yielding A =
diag(d, + id,, —d. + idy). This form reveals spin conserva-
tion, where the spin quantization axis is along the x direction.
If we consider only up-spin Cooper pairs, the gap function
reduces to

in /4 —in /4

Ay x e sin]&cos—_—e cosk—+sink—_. (11D
2 2 2 2
Within the up-spin subspace, we can define a winding number
w(ky, k,,) associated with the chiral symmetry along the 1D
path ky € [—2m, 27] as a function of &, and k;,,. This winding
number can be evaluated using Fermi-surface formula
1

w==

> sgn[Aqslsgnldr, En]. (12)
Ey (k4)=0

As shown in Fig. 1(d), along the I'-X line (k,, = 0), the Fermi
surface is symmetric concerning k, and the gap function
A4y o< sin(ky /2) is an odd function of k... Consequently, the
winding number is w = 1 whenever the 1D k, path crosses
the Fermi surface. Similarly, the winding number is w = 1
along the R-M. From the above discussion, the ABS along
the I'-X and R-M lines originate from accidental spin conser-
vation and are therefore not protected by any symmetry. In
particular, the presence of a d, component violates spin con-
servation, leading to spin flip. However, even in the presence
of a finite d, component, in-gap states (not necessarily at zero
energy) can still be robust, as we will discuss in the following.
Figure 4(a) shows the quasiparticle energy spectrum for the
B3, state with pairing parameters set to C, = 0.05, C, = 0.05,
and C, = 0.05. The zero-energy flat bands that previously
existed in the I'-X and R-M lines in Fig. 2(d) are now gapped
out. As a result of spin flipping, the surface DOS exhibits a
maximum at finite energy, corresponding to van Hove singu-
larities of surface states, as shown in Fig. 4(b). Nevertheless,
although the flat bands are lifted from zero energy, a substan-
tial number of ABS remain within the superconducting gap. In
this sense, weak spin conservation along the x direction allows

2D nearly flat band to remain robust. The extent to which these
states stay close to zero energy depends on the specific model.
However, as long as the d, component remains sufficiently
small, comparable to the energy broadening, a zero-energy
peak in the surface DOS continues to be present.

We conclude that the 2D nearly flat band in the B3, state
arises from the in-gap states induced by the cylindrical Fermi
surface, together with the existence of a 1D winding number
associated with spin conservation. We emphasize that, as can
be inferred from other IR, a 1D flat band originating from 1D
winding number does not necessarily lead to a zero-energy
peak in the surface DOS. We comment on the role of SOC.
Although our starting model assumes Kramers spin degener-
acy, the effects of atomic SOC and staggered Rashba SOC,
arising from local inversion symmetry breaking at the uranium
sites, are effectively incorporated. As a result, the 2D nearly
flat band remains robust even in the presence of SOC. In
Appendix C, we explicitly demonstrate that the 2D nearly flat
band persists in a two-orbital model that includes staggered
Rashba SOC.

IV. ANDREEV CURRENT SPECTROSCOPY IN UTe,

To investigate recent STM experiments with an s-wave
superconducting tip, we analyze the dI/dV characteristics
of the tunneling current between an s-wave superconductor
and each of the possible IR proposed for UTe,. The tun-
neling current consists of three main contributions. The first
is a single-particle tunneling, which vanishes at low bias
(eV < Ay) due to the absence of available quasiparticle states
in the s-wave superconducting tip. The second contribution
arises from Cooper pair tunneling which is highly suppressed
due to the spin-space orthogonality between spin-triplet and
spin-singlet superconductors [67,68]. Thus, the dominant con-
tribution in the low-bias regime is Andreev tunneling. In this
process, electrons and holes in the ABS of the topological
superconductor are converted into Cooper pairs in the s-wave
superconductor and vice versa.

We now compute the tunneling current starting from a
microscopic Hamiltonian H = Hyre, + Hswave + Hr, Where
the tunneling term is expressed as Hy =T Zk’q chq + H.c.
Here, T represents the tunneling matrix, and c; (d,) de-
notes the electron annihilation operator for UTe, (the s-wave
superconducting tip). Since tunneling occurs locally in real
space, momentum is not conserved, and the tunneling matrix
is taken to be momentum independent. The tunneling current,
defined as I(V) = e(N), is evaluated by perturbation theory
using Keldysh Green’s function formalism [69]. The details
are described in Appendix B, and the current is calculated
using Eq. (B8). We emphasize that Eq. (B8) gives an exact
expression for the tunneling current, fully incorporating mul-
tiple reflections at the interface. As a consistency check, we
explicitly confirm that our formulation reproduces the well-
established dc tunneling conductance of conventional s-wave
and s-wave superconducting junctions [69]. As a convenient
measure of the tunneling strength, we define the effective
transparency a € [0, 1] as

47[2|T|2N5NUT62
o = ,
(1 + 72| T|2NsNure, )

13)
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FIG. 5. Normalized differential conductance (d/dV') of a superconducting junction between UTe, and an s-wave superconductor. The
superconducting state in UTe, corresponds to the (a) A,, (b) By, (¢) B,,, and (d) B3, representations, respectively. The s-wave superconducting
gap is set to Ay = 2Ayre,. (€) Color bar shows the effective transparency, o € [0, 1].

where N; and Nyr., denote the DOS at the Fermi level in the
normal state for the s-wave superconductor and UTe,, respec-
tively. In STM experiments, « typically takes small values. In
the numerical calculations, the s-wave superconducting gap is
set to Ay = 2Ayre,.

Figure 5 shows the normalized dI/dV spectra from the
weak to intermediate tunneling strength for all IR. Remark-
ably, we observe an exceptionally sharp ZBP in the B3, state,
with a magnitude comparable to that of the coherence peaks
of the s-wave superconducting tip. This dI/dV spectrum
is in excellent agreement with recent experimental observa-
tions [40,41]. To obtain qualitative insight into the low-bias
regime at low transparency, we derive the expression for the
Andreev tunneling current in the weak-coupling and low-bias
limit:

46 2eV
(V) = E|T|4n31\73/ dEp(E —2eV)p(E), (14)
0

where p(E) denotes the surface DOS in the superconductor
UTe,. This originates from a fourth-order perturbation process
in the tunnel Hamiltonian as reflected in |T|* dependence,
and it is independent of the s-wave superconducting gap A;.
Consequently, the appearance of a ZBP serves as a direct
signature of the 2D flat band. Importantly, such a pronounced
ZBP in the (011) surface is unique to the B3, state. Thus, these
results support the realization of the Bs, pairing state in UTe,.
However, it should be noted that no ZBP has been reported
in STM experiments using normal-metal tips [40,41], even
though the presence of the 2D flat band is expected to produce
a similar signature regardless of the tip type. This discrepancy
underscores the need for a more careful and comprehensive
examination of the origin of the ZBP and the underlying
pairing symmetry in UTe,.

We comment on the splitting of the ZBP of the conductance
observed in Ref. [40]. The authors argue that, for nonchiral
pairing, a superconducting phase difference between the p-
and s-wave gaps breaks time-reversal symmetry, leading to
a gap opening in the surface Majorana band and a splitting
of the ZBP. As can be seen from Eq. (14), however, the
dc tunneling current is independent of the phase difference.
This conclusion is further supported by Eq. (BS), which in-
corporates all tunneling processes up to arbitrary order [see
Fig. 6(b)]. These results indicate that further examination
is required to clarify the origin of the ZBP splitting of the
conductance. This difference arises from the following rea-

son. In Ref. [40], the conductance is calculated by using the
Weidenmuller-type formula for the S matrix. According to the
standard scattering theory for junction systems, the energy
levels that appear in the denominator of the Weidenmuller
formula are those of a decoupled subsystem, i.e., the Majorana
surface bands of isolated UTe,, which is decoupled from the
s-wave superconducting tip in our case. However, in Ref. [40],
the energy levels used in the S-matrix formula are those of
the SS junction system with the phase difference between the
s-wave gap and the p-wave gap, which results in the splitting
of the ZBP of the conductance. In contrast, in Appendix A, we
demonstrate that while the spectral density of the surface Ma-
jorana band depends on the superconducting phase difference,
the dc tunneling current does not.

V. CONCLUSION AND REMARK

Motivated by the observation of a pronounced ZBP in STM
experiments with a superconducting tip, we have investigated
ABS on the (011) surface of UTe,. In the superconducting B3,
state, a sufficient amount of nearly zero-energy states extends
over the 2D surface BZ, resulting in a pronounced zero-energy
peak in the surface DOS. This 2D flat band originates not only
from a 1D winding number associated with weak spin conser-
vation but also from in-gap states connecting the zero-energy
states protected by nontrivial Berry phases. Furthermore, we
have calculated the d1/dV spectra of the dc tunneling current
of a junction between an s-wave superconductor and UTe;.
Only the Bj, state, which realizes a 2D flat band on the
(011) surface, gives rise to a pronounced ZBP in the calcu-
lated dI/dV spectra through the Andreev reflection process.
Therefore, the observation of a ZBP strongly supports the
realization of the B3, state in UTe,. However, the absence of a
ZBP in experiments using a normal-metal tip calls for further
theoretical and experimental studies.

We comment on the NMR experiments, which observed a
large reduction of the Knight shift for a magnetic field along
the a axis, and its relation to the results of this paper [12].
Such a pronounced reduction may naively suggest a dominant
a-axis component of the d vector and thus appear inconsistent
with a B3, state under spin conservation; however, the situa-
tion in UTe, is more subtle. In particular, in the normal state
just above the superconducting transition, the spin susceptibil-
ity along the a axis is strongly enhanced due to ferromagnetic
fluctuations with Ising anisotropy along the a axis [1]. This
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FIG. 6. (a) Momentum-resolved spectral density for the B, state obtained from Ggg, which incorporates tunneling effects at the interface,
as a function of superconducting phase difference A¢. The phase difference induces a gap opening in the Fermi arc along the X-I"-X line
(k,, = 0). (b) Normalized d1/dV of the dc tunneling current for A¢ = 0, 0.1, and 0.27; all curves coincide, showing no dependence on the

superconducting phase difference.

strong enhancement may be substantially suppressed below
T. because of the opening of the gap, leading to the large
reduction of the Knight shift along the a axis, irrespective of
the direction of the d vector. Consequently, the B3, state is not
necessarily incompatible with the NMR experiments.

We also comment on the multiband effects that are ne-
glected in the present model. Since the observed ZBP requires
a sufficient amount of zero-energy states, such as a 2D zero-
energy flat band, it is unlikely that the multiband effect is
the most essential factor in the formation of the ZBP. Nev-
ertheless, multiband effects may alter the surface states in
UTe,, especially at finite energies. A comprehensive discus-
sion of the surface DOS in multiband superconductivity is
beyond the scope of this work and will be addressed in future
studies.

Although our discussion has focused on UTe;, the mecha-
nism of the 2D flat band is broadly applicable. In particular,
the geometry of the Fermi surface gives rise to nontriv-
ial Berry phases at multiple momenta, and the associated
zero-energy states connect smoothly to form in-gap states. A
natural direction for future work is to generalize these results
to other Fermi-surface geometries and topological symmetry
classes. Furthermore, strong correlation effects in flat bands
on topological superconducting surfaces present a particularly
intriguing avenue for further exploration. The surface of a
topological superconductor is not a purely 2D system; rather,
it constitutes an anomalous surface, one that inherits the Bo-
goliubov quasiparticles. Interaction-induced gapping without
symmetry breaking could potentially give rise to new classes
of topologically ordered phases, distinct from those realized
in purely 2D electron systems [70].
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APPENDIX A: GAP OPENING IN THE ZERO-ENERGY
FLAT BAND BY A PHASE DIFFERENCE

Reference [40] explains that the breaking of time-reversal
symmetry induced by a superconducting phase difference
A¢ = 7 /2, originating from the Josephson coupling, opens
a gap in the surface Majorana band, leading to a splitting
of the ZBP in the dI/dV spectrum. We note that although
in the absence of SOC, the second-order Josephson coupling
between an s-wave and a p-wave superconductor vanishes,
higher-order Josephson coupling terms can still exist. These
higher-order terms favor a stable relative phase difference of
/2 in the s-wave—p-wave junction. On the other hand, our
calculation of the dc tunneling current is independent of A¢.
At first glance, these results may appear contradictory; how-
ever, we demonstrate below that while the surface Majorana
band depends on the phase difference, the dc tunneling current
does not.

We here consider a planar junction between the (011)
surface of UTe, and an s-wave superconductor, referred to
as the SIP model [40]. Note that in the main text, we have
assumed a point-contact geometry for the STM junction. The
total Hamiltonian is given by H = H; + Hg + Hr. The right
electrode corresponds to UTe,, while the left electrode is the
s-wave superconductor. The tunneling Hamiltonian depends
on the superconducting phase difference A¢ as

Hr = [T " cld + Hee.,
k

(AD)

which represents momentum-conserving tunneling. Here,
cx (dy) and c,l (dk‘) denote the electron annihilation and
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creation operators for the left (right) electrode, respectively.
Using perturbation theory with respect to Hy, we calculate
the full Green’s function Ggg, which incorporates all orders
of tunneling processes. From Eq. (B19), we obtain

Grr = Gip + G TTGOT Ggg, (A2)

where (V;g),; corresponds to the Green’s function of Hy for
UTe,, reproducing surface DOS illustrated in Figs. 2(e)
and 2(f), and G(LOL) denotes the Green’s function of H; for the
s-wave superconductor. Here, the symbol M indicates that a
matrix M is expressed in the rotated Keldysh basis, which
consists of retarded, advanced, and Keldysh components.
Figure 6(a) shows the momentum-resolved spectral den-
sity incorporating tunneling effects along the X-I'-X line
(k,, = 0) for the Bjs, state, which is obtained from the full
Green’s function, ImGgg(k, E), as a function of the phase
difference. When there is no phase difference, a Fermi arc
protected by a 1D winding number appears. However, when
the phase difference is finite, the Fermi arc is lifted from
zero energy due to the breaking of time-reversal symmetry.
Furthermore, we calculate the dc tunneling current for a point-
contact junction geometry as a function of phase difference,
using the same procedure as in the main text. As shown in
Fig. 6(b), the dc tunneling current is completely indepen-
dent of the phase difference. It should be noted that this
difference does not originate from the junction geometry. The
tunneling current is expressed by Gyg, as shown in Eq. (B8).
The total current can be decomposed into two contributions:
a phase-dependent component (e.g., the Josephson current)
and a phase-independent component corresponding to the dc
tunneling current. Ggg is determined self-consistently through
the Dyson equation in relation to Gyg, thereby taking into ac-
count both phase-dependent and phase-independent tunneling
processes. Therefore, the gap opening of the surface Majorana
band arises as a consequence of the Josephson coupling, and
the dc tunneling current is considered to be independent of it.

APPENDIX B: TUNNELING HAMILTONIAN APPROACH

1. General expression for the tunneling current by Keldysh
Green’s function

In this section, we provide a brief derivation of the tun-
neling current in Josephson junctions using the tunneling
Hamiltonian approach [69]. The total Hamiltonian of the
system consists of three terms:

H = Hg + Hi + Hr, (B1)
MHr =) Tigdlcg + Tjcidh. (B2)
k.q

where Hy gy denotes the Hamiltonian of the left (right) sys-
tem, constructed from the electron annihilation operators ¢,
(dy) and creation operators c; (dkT ). The term Hr describes
the tunneling between the two systems, where Ty, is the tun-
neling matrix element that reflects the geometric structure of
the junction. When an STM tip makes contact at a point,
the tunnel matrix can be taken as momentum independent,
i.e., Tyy = T. Although spin degrees of freedom are not ex-
plicitly included in the tunneling Hamiltonian, we assume

spin-conserving tunneling processes in the absence of SOC
and magnetic impurities.

The voltage bias between the two systems can be incorpo-
rated as a shift in the chemical potential. Taking the chemical
potential of the right system as a reference, the Hamiltonian
of the left system under a finite voltage bias V is given by

HL(V)=H(V =0)+eVNL, (B3)

where N, is the total number operator in the left system.
In the Heisenberg picture, the operators of the left system
transform as

C(t) = e 7V e, (1), (B4)
&y =er'cm), (B5)

where ¢, (t) and cj]' (t) are the annihilation and creation opera-
tors in the Heisenberg picture without the voltage bias.

The tunneling current is defined as the time derivative of
the electron number in the left system:

I(V,t) = e(NL(t)), (B6)

where

. i I
Ny = E[HyNL] = E[HT,NL]
i
= 3 > (Tigdfcg — Ticide). (B7)
k.q

Here, we used the fact that Ny commutes with both H; and
‘Hr. With straightforward manipulation, the tunneling current
can be expressed in terms of the lesser Green’s function across
the junction as

I(V,t) = —ZeReZtrT(k, q)Grr(q, t;k, th, (B8)
k.q

where the trace is taken over spin and sublattice degrees of
freedom. We now introduce the time-ordered Green’s function
for the coupled junction system:

. Gll G<
Gue=| 1 %) (B9)
GZR GLR
and
i
Gik(g, t:k, 1) = —5 (T Eg()d] (1)), (B10)
/ 4 N
Gia(q. 13k, ') = ﬁ<d,j (t')E (1)), (B11)
/ l ~ +
Gir(g: 13k, 1) = == (DL (1), (B12)
i T T /
Gix(q, t:k, ') = —7(T. Eg()d] (1), (B13)

where T, (T.) denotes the contour (anticontour) time-ordering
operator in the Keldysh formalism.

2. Perturbation theory for the Green’s function of the junction

To determine the Green’s function of the junction, we treat
the tunneling Hamiltonian as a perturbation. For this purpose,
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it is convenient to introduce the rotated Keldysh basis for
perturbation theory:

- A GR GK)

. . . 1
&=in U:(O O) L= —=m—im). Bl4)

V2

where 7 is the Pauli matrix acting of Keldysh space. GX, G4,
and GX denote retarded, advanced, and Keldysh components
of Green’s function, respectively:

GR(1,2)=G"(1,2) - G=(1,2)
=G*(1,2) - G*(1,2)
= —=(le(). ' @O 1), (BLS)

G*1,2)=G"(1,2) - G7(1,2)
= G"(1,2) - G*(1,2)

= %<{c(1), Mot — 1), (B16)
GK(1,2) = G=(1,2)+ G7(1,2)

=G"(1,2)+ G*(1,2)

= —%([ca), @), (B17)

where we used the shorthand notation (1) = (g, t) and (2) =
(k, t"). In thermal equilibrium at inverse temperature S, the
Keldysh component takes the form

GX(q, w) = [G*(q, w) — G*(gq, )] tanh %‘" (B18)

Full Green’s functions are governed by the Dyson equa-
tion, in which the tunneling matrix acts as an effective
single-particle potential:

GLL GLR _ Gy 5
Gr.  Ggr GO

GY) T| |G Gk
+|: é;gg °l T ° Gr. Gre |
(B19)

Here, Gz, Ggrr, and Gg; are defined analogously to Gyg in
Egs. (B10)—(B13). The quantities G(L(E and G;gg correspond
to the Green’s functions of H; and Hg, respectively. In the
rotated Keldysh space, the tunneling matrix is given by

T =8(t— ﬂ)(T’“f qu>.

TP

The circle product “o
variables:

(B20)

denotes integration over the internal

[GoT oGl(1,4) = Z f didt; G(1,2)T(2,3)G(3, 4).
ka ks
(B21)
By solving the Dyson equation for G, we obtain
GLR :G}gjOTTOGEQ%-FG(L(?OTTOég)IgOfOGLR

=G0 0o% oG, (B22)

where we have introduced the self-energy ¥, satisfying the
Dyson equation

i:TT—}—TToCV;g)I;oToé(LOL)oi. (B23)
Solving the Dyson equation for the self-energy yields the full
Green'’s function across the junction.

3. Fourier representations

To solve the Dyson equations, we introduce Fourier repre-
sentations. In the right system, the Green’s function depends
only on the relative time ¢ — ¢, and its Fourier transform is
given by

5(0) 1 Ao i) )
Gpelt, 1) = o e Gpp(). (B24)
In contrast, in the superconducting case, Green’s function in

the left system explicitly depends on both ¢ and ¢’ due to the
gauge potential induced by the voltage. It takes the form

3 e V=g (t —1) e FVUHDF (t —
R A A A |
e’ (t+t )fL ([ —t ) er’ (t—t )gL(t —¢ )
(B25)

where g and g' denote the normal Green’s functions for par-
ticles and holes, respectively, and f and f* represent the
anomalous Green’s functions, representing the Cooper pair
amplitudes. Note that in the normal state, where anomalous
components vanish, the Green’s function depends only on the
relative time, and thus a standard Fourier transform applies. To
handle the time dependence in the superconducting case of the
left system, we introduce the discrete frequency component
Q, = 2eVn/h, and perform the mixed Fourier transform as

. dw ) o
GO Z —iw(—t") =it (0
(l l)(ta t/) - / - e feo(t ’)e ! t(;([ [)((,(), Qn),
n

(B26)
GO(w, )
_ (an,o Bl —eV/h)  bu ﬁ(w+ewm> B27)
Su—1 [ (@—eV/R) 8,08 (0+eV/R))

where §; ; is the Kronecker delta. Applying the same trans-
formation to the self-energy, the Dyson equation in Eq. (B23)
becomes

Y@, ) =80T +T T 0 Gin(w+ Q) 0T o
x DG+ Q. Q- ) 0 Lo, 2)),

(B28)

where the circle product implies summation over the momen-
tum variables. Substituting this into the expression for the
Green'’s function at equal time in Eq. (B22), we obtain

. . d .
Grrlt, 1) = 3 e / ﬁ Y G0+ 2, 2 - Q) o

x S(w, 2,) 0 G (w). (B29)
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The steady tunneling current arises from the €, =0
components.

When electron tunneling occurs locally in real space, as
in STM experiments, the tunneling matrix can be treated as
momentum independent, which simplifies the expression for
the tunneling current:

I(V, 1) = —2¢|T [Re tr(Gyg(t, 1)).qn (B30)

where the momentum-averaged Green’s function is defined
as (Grr(t, g = quq Grp(k,t;q,t"). The Dyson equa-
tion governing the momentum-averaged Green’s function then
takes the form

(GR(t, 1)1 g

) d >
_ Ze—zﬂnt / % Z(G,E()L)(a) + Q. Q, — Q)),

n

x (S(w, ))kq(Con(@)) (B31)

q7
where the self-energy satisfies
(@ Qg = T80 + ITF{Grp(e + Q1)
x Y (G + Q) 2 — Q)

x (E(w, Q))k.g- (B32)

Here, we define the momentum-averaged bare Green’s
functions  as (G(LOL)(a), QM = kG(LL)(k, w, 2,) and

(Gip(@))g =X, Ger(g. o).

4. Andreev current in STM probing topological
superconductors with s-wave tips

We consider a point-contact junction in which a topological
superconductor is placed on the right side and an s-wave
superconductor on the left side. For notation simplicity, we
denote the momentum-averaged Green’s function as G(w)
throughout the following discussion. Expanding Eq. (B30)
to the second order in the tunneling matrix element 7', the
tunneling current is given by

1PV, 1) = =2|T|*eRetr / Z—:{[éL(w — eV/h)gr(w)]™

— e HVIR 1 (0 + eV/R) f17). (B33)

The first term represents the contribution of the single-particle
tunneling fgngle. By straightforward calculation, we arrive at a
familiar form

eV
Isingle = (47TT26/h)/ dE ,Otip(E - ev)psample(w)’ (B34)
0

where pip and Pgample correspond to the DOS for the left
and right systems, respectively. Here, we have used spectrum
representation of the retarded and advanced Green’s functions

p(E)

/A _ 7
g (w)_/dE Fo+is —E (B33)
“R/A _ p(E)
§ (w)_/dE hot+id+E (B36)

However, since an s-wave superconducting tip has no
quasiparticle states within the superconducting gap, this con-
tribution vanishes. The second term in Eq. (B33) corresponds
to the Josephson current. In this case, since the junction is
formed between a spin-triplet and a spin-singlet superconduc-
tor, the orthogonality in spin space leads to the vanishing of
this term as well. However, if SOC coupling or magnetic im-
purities are present, a finite Josephson current may be induced,
although it is generally expected to be small.

The leading contribution to the steady tunneling current
in a junction between a conventional superconductor and
a topological superconductor therefore arises from fourth-
order tunneling processes. The dominant contribution is the
Andreev tunneling current, which originates from Andreev
reflection and is given by

d . . v
Inntreor = —4elT* Re / S @)y~ eV/h ] )

x gr(w + eV/h)]~. (B37)

In this process, electrons and holes in the surface state of the
topological superconductor are converted into Cooper pairs
in the s-wave superconductor and vice versa through tunnel-
ing. We employ the analytical expression for the anomalous
Green’s function of the s-wave superconductor:

NLTL’AS
VAL = (hw £ i8)2

where N, denotes the normal-state DOS at the Fermi level,
and A; is the superconducting gap amplitude. By straightfor-
ward calculation, we arrive at the final expression

K w) = M w) = - (B38)

Tandreev(V) = (4e7t%|T|4Nz/Fl)

2eV
X / dE Psample (B — 2ev)losample(E)-
0
(B39)

It is noteworthy that the Andreev current is independent of the
superconducting gap A;.

Figure 7 compares the numerical calculations with the
analytical expressions. The black solid curves represent the
numerically computed dI/dV spectra, incorporating tunnel-
ing processes to all orders in perturbation theory. The red
curves correspond to the analytical results, which are the
sum of contributions from single-particle tunneling current
[Eq. (B34)], shown by green dotted lines, and Andreev tun-
neling current [Eq. (B39)], shown by blue dotted lines. Note
that, due to the presence of a small but finite smearing factor,
single-particle tunneling contributes even within the gap of the
s-wave superconductor. In the low-bias regime, the analytical
expressions agree well with the numerical results. Moreover,
the peak structure at low bias is predominantly governed by
Andreev tunneling current. When the DOS is large and the
tunneling probability is high, higher-order processes can act
as self-energy corrections that suppress the tunneling current.
As aresult, the coherence peaks of the s-wave superconductor,
which appear at eV = 2Ayr,, are more suppressed in the
numerical results than in the analytical results, which only
account for contributions up to the fourth order. Similarly, the
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FIG. 7. Comparison between numerical calculations and analytical expressions. The tunneling amplitude is set to &« = 0.2. The black solid
curves represent numerically calculated d/dV spectra, incorporating tunneling processes to all orders in perturbation theory. The dotted green
curves correspond to the analytical result of single-particle tunneling [Eq. (B34)]. The dotted blue curves correspond to the analytical result
of Andreev tunneling current [Eq. (B39)]. The red curves correspond to the sum of the contributions from Eqs. (B34) and (B39). In the
low-bias regime, the d1/dV characteristics are governed by the Andreev tunneling current. In contrast, in the high-bias regime (eV > Aj), the

single-particle tunneling contribution becomes dominant.

ZBP for the Bj, state [Fig. 7(d)] also exhibits suppression in
the numerical calculation.

APPENDIX C: TWO-ORBITAL MODEL

In this appendix, we demonstrate that the 2D ABS per-
sists for the Bs, state even when employing a more realistic
model that incorporates key features of UTe,, beyond the
simplified model employed in the main text. Figure 8(a)
shows the crystal structure of UTe,. UTe, crystallizes in a
body-centered orthorhombic structure with D,;, point-group
symmetry. Within each unit cell, uranium atoms are aligned
along the crystal ¢ axis in a dimerlike configuration, resulting
in local inversion symmetry breaking at the uranium sites.

We adopt a two-orbital tight-binding model that in-
cludes the site degree of freedom associated with uranium
atoms [20,63]. The normal-state Hamiltonian, which respects
the body-centered orthorhombic symmetry, is given by

Hn(k) = €o(k) — o+ fr(k)pe + fy(k)py + gk) - oz,
(ChH

where

€o(k) = 2t; cos ky + 21, cosk,, (C2)

— Surface
— Bulk

0.0
-3 -2-1 0 1 2 3
E/Avure,

U Asite
U Bsite

FIG. 8. (a) Crystal structure of UTe,. Only uranium sites are
shown. (c) Quasiparticle energy bands for the Bj, state in the two-
orbital model. The staggered Rashba spin-orbit coupling, originating
from local inversion symmetry breaking at uranium sites, has little
effect on the zero-energy states. (d) Surface DOS exhibiting a pro-
nounced zero-energy peak due to the presence of the 2D nearly 2D
flat band.

fr(k) = t3 +t4 cos(k,/2) cos(k,/2) cos(k;/2), (C3)
Jfy(k) = ts cos(ky/2) cos(ky/2) sin(k;/2), (C4)
8x(k) = Ry sink,, (Cs5)
gy(k) = R sink,, (C6)
8:(k) = R, sin(k,/2)sin(k,/2) sin(k;/2). (C7

Here, 0 and p are the Pauli matrices acting on spin
and uranium-site spaces, respectively. The last term rep-
resents Rashba-type SOC arising from local inversion
symmetry breaking at the uranium site. To reproduce a
cylindrical Fermi surface, we use the following parame-
ters: u = —1.8, 1, = —0.5, 1, = 0.375, 13 = —0.7, 14 = 0.65,
ts = —0.65,R, =0.1,R, = 0.1, R, = 0.1.

The gap function also incorporates the site degree of
freedom. We consider an intersite spin-triplet Cooper pair,
described by

0 d(k) - m‘oy) 8)

Al = (d(k) ‘oic, 0

where the matrix structure refers to the uranium-site
space. The d vector for the Bj, state is given by
d = (0, Gysink,, Cssink,),as also used in the main text.
We set C, = 0.05 and C3 = 0.05 in the calculations.

Figure 8(b) shows the quasiparticle energy bands for the
B3, state in the two-uranium-site model, obtained by diagonal-
izing a slab system with open (011) surfaces. Along the M-I’
line, in-gap states appear as a result of nontrivial Berry phases.
Furthermore, even in the presence of staggered Rashba SOC
presence, zero-energy states originating from weak spin con-
servation appear along the I'-X and R-M lines. As a result,
the surface exhibits a large zero-energy DOS, as shown in
Fig. 8(c).
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