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We compute the (0-11) surface spectral function, the surface density of states (DOS), and the quasiparticle
interference (QPI) patterns, both in the normal state and superconducting state of UTe,. We consider all possible
nonchiral and chiral order parameters (OPs) that could, in principle, describe the superconductivity in this
compound. We describe the formation of surface states whose maximum intensity energy depends on the nature
of the pairing. We also study the QPI patterns resulting from the scattering of these surface states. Along the lines
of [Nat. Phys. 21, 1555 (2025)], we show that the main feature distinguishing between various OPs is a QPI peak
that is only observed experimentally in the superconducting state. The energy dispersion and the stability of this
peak is consistent among the nonchiral OPs only with a B;, pairing. Moreover, B3, is the only nonchiral pairing
that shows a peak at zero energy in the DOS, consistent with the experimental observations.

DOLI: 10.1103/3kep-w4ny

I. INTRODUCTION

The heavy-fermion material uranium ditelluride (UTe;)
has recently been identified as a superconductor [1-5], with
a critical temperature of 7, ~ 1.6-2.0 K. Notably, unlike
other uranium-based compounds [6,7], superconductivity
in UTe, emerges from a paramagnetic normal state
rather than from an ordered magnetic phase. Beyond its
superconducting properties, UTe, displays other intriguing
phenomena, including charge density wave (CDW) order
[8,9], which coexists with superconductivity—though this
coexistence may be restricted to the (0-11) surface [10,11].
This interaction may lead to the formation of a modulated
superconducting state [12], suggesting the possible emergence
of a pair-density wave (PDW) state [8].

Advancing our understanding of the underlying physics of
UTe,; relies on determining the symmetry of its superconduct-
ing order parameter (OP). While this is a well-defined and
fundamental question, it has proven extremely challenging to
resolve in non-BCS superconductors, as evinced by the long-
standing controversies surrounding Srp,RuQy [13,14]. UTe; is
widely believed to be a triplet superconductor, supported by
various experimental observations, including an upper critical
field H,, that significantly exceeds the Pauli limit [2,3] and
a minimal change in the Knight shift upon entering the su-
perconducting phase [2,4], among other indications. However,
more recent experiments suggest that these results are depen-
dent on the crystallographic axis along which the magnetic
field is applied [15]. The literature seems to converge on a
p-wave-type pairing, with no argument for an f-wave pairing,
consistent also with the fact that higher angular-momentum
pairings are in general energetically disfavored.
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However, there is far less consensus regarding the spe-
cific odd-parity representation of the superconducting order
parameter. Soon after the discovery of the superconducting
phase, observations of two distinct superconducting transi-
tions in the specific heat [16], power-law dependence of the
magnetic penetration depth [17], along with a nonzero polar
Kerr effect [16] indicating time-reversal symmetry breaking
(T), suggested that UTe, could be a two-component chiral
superconductors [18] with chiral edge states [19]. However,
more recent measurements with better quality samples now
seem to point to a single-component superconductor. This
is supported by recent reports showing no evidence of bro-
ken time-reversal symmetry, as indicated by the absence of
a polar Kerr effect [20], along with zero-energy Andreev
peak measurements [21]. Additional confirmation comes from
ultrasound spectroscopy [22] and superconducting quantum
interference device (SQUID) measurements [23], reinforc-
ing the case for a single-component superconducting order
parameter.

For a single-component order parameter, there are four
possible pairing symmetries, corresponding to the odd-parity
irreducible representations of the point group D, of UTe,,
namely, A,, By, B2y, B3,. The gapped or gapless nature of
these superconducting order parameters depends on the topol-
ogy of the normal-state Fermi surface of UTe,, which remains
a subject of active debate. Within the model considered in
this work, the A, and B}, order parameters are fully gapped,
whereas the By, and B3, states exhibit gapless behavior. There
is no consensus on which pairing symmetry is realized in
UTe,, with studies suggesting all possibilities, A, [15,24],
By, [23], By, [22], and Bj, [23,25]. The ongoing debate

©2025 American Physical Society
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surrounding the determination of the superconducting order-
parameter symmetry in UTe,, driven by various experimental
observations, highlights the necessity of employing diverse
experimental and theoretical approaches to make meaningful
progress.

One popular approach that helps give insight into the nature
of the superconducting order parameter is the study of the
modifications to the density of states near an impurity. This
can be directly probed using scanning tunneling microscopy
(STM). The Fourier transforms of the real-space STM maps
in the presence of impurities are also denoted quasiparticle
interference (QPI) patterns. This method has been success-
fully applied to various superconductors, including d-wave
cuprates [26], iron-pnictides [27,28], and strontium ruthenates
[29]. However, its main limitation, especially for bulk three-
dimensional (3D) materials, is that it serves only as a surface
probe.

In this work, along the lines of Ref. [30], we investi-
gate how distinct surface QPI patterns arising from different
pairing symmetries can serve as a diagnostic tool to distin-
guish between various superconducting states in UTe,. We
use a recently developed Green’s function technique [31,32]
to compute the surface Green’s function for the experimen-
tally relevant (0-11) surface, as UTe, cleaves easily along
this plane. Subsequently, using the well-established 7' -matrix
formalism [33], we compute the QPI patterns generated by
a surface-localized impurity using the (0-11) surface Green’s
function.

Several minimal models [34-36] have been proposed based
on ab initio computations to explain the normal-state proper-
ties of UTe,. It is widely believed that the Fermi surface of
UTe, consists of two cylindrical sheets extending along the ¢
axis [37], with only a weak dispersion in this direction as mea-
sured by magnetic quantum oscillations [38]. Some authors
have also proposed the presence of a small three-dimensional
electron pocket originating from strongly correlated f elec-
trons, located either near the I' point [39,40] or the Z
point [41]. This hypothesis is supported, among others, by
core-level spectroscopy indirect evidence from transport mea-
surements [42—44]. Although the presence of these Fermi
pockets would influence the QPI interference pattern, since
no definitive experimental signature has been observed to
date, we will not explore this possibility in the current work.
Regarding the superconducting properties, although a single-
component order parameter appears more likely, we focus
on studying both single-component (A,, By, B2, B3,) and
multicomponent (A, + iBy,, A, + iBa,, Ay + iB3y, B1, + iBay,
By, + iB3,, By, + iB3,) triplet pairing symmetries.

Although the main conclusions of our study have already
been presented in Ref. [30], in the present work, we provide
a detailed development of the theoretical framework, as well
as a comprehensive description of the theoretical analysis
supporting the experimental STM results previously reported.
Also, we extend the analysis of Ref. [30], which was focused
mainly on the nonchiral B,, and B3, pairings to all the possible
chiral and nonchiral pairing symmetries.

Our results indicate the formation of surface states for all
the order parameters studied; however, the only one showing a
maximum of intensity at zero energy is B3, the rest appearing
to be centered rather at finite energies, whose values depend

on the form of the OP. Consequently, the surface DOS will
have a peak at zero energy only for Bj, and will show a double
peak with a dip in the middle for all the rest of the OPs,
however, due to the large quasiparticle damping, the split of
the central peak will not be visible for all the OPs. All the
surface states seem to have a maximum of intensity in the
same regions in momentum space, following the normal-state
surface state pattern. However, at a given energy, the resulting
QPI differ greatly from one order parameter to the next. This
is due first to the intensity distribution with energy, which is
different for each OP, but most importantly to the destructive
interference stemming from phase cancellations, which makes
certain features disappear completely for the normal state or
some of the OPs. We show that the spin structure of the
surface states may play a role in these phase cancellations;
however, it is general hard to predict which wave vectors will
be attenuated in the QPI patterns.

The most important conclusion of the comparison between
our calculations and the experimental measurements is that
among the nonchiral OPs, which are believed to be the most
likely to describe the UTe, physics, the only one consistent
with the measurements is Bs,. The first argument to this
effect is the surface state DOS, which shows a peak in the
experimental observations. Second, while many of the QPI
peaks observed experimentally are common to different OPs,
and some even to the normal state, there is one peak whose
presence and stability cannot be explained except by the B3,
order parameter.

The structure of the paper is the following: In Sec. II,
we outline the tight-binding model and the method used to
compute the surface spectral function and the QPI patterns
for an impurity located on the (0-11) surface of UTe,. In
Secs. III and IV, we present the results obtained for UTe,
in its normal state, and respectively in its superconducting
state, for both nonchiral and chiral pairings. We discuss these
results and conclude in Sec. V. Additional details on the
model and method are provided in Appendix A, and a detailed
discussion on symmetry constraints is given in Appendix B. In
Appendixes C and D we provide the plots for the bulk spectral
function and the JDOS at zero energy, as well as the plots
for the surface spectral function and the QPI patterns at finite
energies.

II. MODEL AND METHODS
A. Tight-binding model

UTe, has a body-centered orthorhombic lattice structure
with the space group symmetry Immm [45] and lattice con-
stants a = 0.41 nm, b = 0.61 nm, and ¢ = 1.39 nm for the
dimensions of the unit cell along X, 3, and 7 axis (see Fig. 1).
We use a four-orbital tight-binding model based on density
functional theory (DFT) calculations introduced by Theuss
et al. [22]. Two sets of parameters are given by these au-
thors: one matching DFT results and the other matching
quantum-oscillation (QO) experiments. Our approach was to
start with the DFT tight-binding parameters and modify their
values (see Appendix A 1) to match the experimental con-
straints on the Fermi surface. This model, which exhibits two
cylindrical-like Fermi surface sheets, does not consider the
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FIG. 1. Schematic picture of the UTe, lattice. The 4-orbital tight-
binding model used in this work includes nearest-neighbor hopping
between U atoms, nearest-neighbor hopping between blue color Te
atoms, as gray color Te atoms weakly affect the Fermi surface [22],
and hybridization § between U and Te energy bands.

hypothesized Fermi pocket centered around I' predicted by
some authors based on strongly correlated physics beyond
DFT-based approaches [39], due to conflicting experimental
evidence [38,40]. The presence of two uranium atoms and two
tellurium atoms per unit cell leads to four bands of energy
described by the Hamiltonian written in orbital space Eyp,

Hok)  Hy
Hmk)-( " %(k))’ ()
where
£u(k) fU<k)>
Huy(k) = , 2
vl <ff}(k) £0(k) @
gTe(k) fTe(k)>
Hr(K) = , 3
(k) (fT*e(k) En(k) ©)
with

Eu(K) = uy — 2ty cos(aky) — 2ty cos(bky), @)

fu(k) = —Ay — 21, cos(aky) — 21}, ; cos(bky)
— 4t ye~"*/% cos(ak,/2) cos(bky/2),  (5)

Ere(K) = Wy, — 2ten 7, cos(aky), (6)

Sre(K) = —Ag, — t7, exp(—ibky)
— 2t, 1, cos(ck;/2) cos(ak,/2) cos(bk,/2), (7)

H; = (g g) ®)

with § being the hybridization strength between U and
Te atoms. In the absence of hybridization, i.e., for § =0,
two of the four bands cross the Fermi energy. Introduc-
ing a hybridization creates electron and hole pockets with
cylindrical-like shapes aligned along the Z axis. We verified
that the specific form of the hybridization is not crucial as
long as it results in two disconnected pockets. We chose the

and

—i y
FIG. 2. Top view and 3D view of Fermi surface in the 4-orbital
model in the presence of hybridization §.

value of the hybridization parameter § such that the area of the
electron and hole pockets at k, = 0 matches recent quantum-
oscillation experiments [38,46], with A, ~ A4, =~ 33.6 nm?.
The resulting Fermi surface is shown in Fig. 2. The main char-
acteristic is the presence of weakly dispersing cylindrical-like
Fermi pockets parallel to the 7 axis. We see, moreover, that
this Fermi surface is symmetrical under the Immm space group
symmetries.

B. Expression for the gap function

In this work, we restrict the analysis to a triplet p-wave
superconducting whose possible physical origin is the pair-
ing driven by a ferromagnetic quantum critical point [2,19].
Pairing symmetries in a crystal are classified by the point
group of the model: for UTe, the point group is Dy, [36].
Because of inversion symmetry Z € Dy, the triplet pairing
can be classified either as odd or as even under inversion. The
gap function for a triplet superconductor in spin space can be
written as

A(k) = [d(k) - a](ioy), ®

with o = {o,, 0y, 0.} being the Pauli matrix, and d(k) a vector
which characterizes the pairing. In single-orbital supercon-
ductors, the Pauli principle implies that the gap function
should satisfy the relation A(k) = —A” (—k). For more com-
plicated orbital pairings, such as those we study here, A(k)
can also be nontrivial in orbital space. Because the elec-
trons contributing to the Fermi surface are f electrons, they
experience a strong spin-orbit coupling. Consequently, point-
group transformations and spin transformations are no longer
independent: acting with certain symmetries on the lattice
results in corresponding actions on the spin [47]. This implies
that the direction of the d(k) vector is constrained by the
point-group representation Dj,, which has eight irreducible
representations: A,/,, Big/u, Bogu and Bsgy, [48]. However,
since we consider triplet pairing, it should be odd under in-
version Z, such that the allowed representations are A,, By,
B»,, and Bj,. All these representations correspond to nonchiral
order parameters invariant under the time-reversal symmetry
represented by 7 = io,/C, where K is complex conjugation.
Chiral order parameters [49] can be constructed by adding
two representations which are energetically degenerate with
a relative phase of m /2 such that it breaks the time-reversal
symmetry [50]. Since we are not solving the self-consistent
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TABLE I. List of irreducible representations (IRs) of Dy, and
symmetry transformations for each pairing: C, and M,, respectively
refer to a rotation with angle 7 around @ axis and a mirror reflection
by a plane normal to the @ axis, where « = x, y, z. The symbol x
indicates that the d(k) vector breaks the symmetry.

IR C, C, C, M, M, M,
A, 1 1 1 -1 -1 -1
By, 1 -1 -1 -1 1 1
B, -1 1 -1 1 -1 1
B, -1 -1 1 1 1 -1
A, +iBy, 1 X X -1 X X
A, +iBy, X 1 X X -1 X
A, +iB3, X X 1 X X -1
By, +iBy, X X -1 X X 1
By, + iB3, X —1 X X 1 X
By, +iB3, -1 X X 1 X X

BCS gap equations to compare the free energies, we consider
different combinations, even if they may be disfavored in real-
ity. The transformation properties of these pairing symmetries
are listed in Table I.

Because there are two uranium orbitals and two tellurium
orbitals in our tight-binding model, we can have both intra-
and interorbital pairing. In the following, we only consider
interorbital pairing states with orbital-triplet pairings [36] and
restrict the pairings to nearest-neighbor couplings along the X,
7y, or 7 axis. We, moreover, assume that the pairing strength is
independent of the axis direction. This leads to the following
form for the nonchiral d vector:

dy, (k) = Ao(sin(aky), sin(bk,), sin(ckz))T, (10)

dg,, (k) = Ag(sin(bk,), sin(ak,), 0)", (11)
dg, (k) = Ag(sin(ck,), 0, sin(ak,))", (12)
dg,, (k) = Ag(0, sin(ck,), sin(bk,))” (13)

where Ay is the pairing strength. The form of the chiral d
vectors follows readily by adding two nonchiral d vectors with
arelative phase of 7 /2. Note that the point group D,;, does not
impose that the pairing strength A has to be independent of
the axis direction, meaning that one can relax this assumption
and take a more general d(k) if needed. Other terms are also
allowed by symmetry for the d vectors [51]. For instance,
the d vector for B3, pairing can be generalized to dg, (k) =
(Co sin(ak, ) sin(bk,) sin(ck;), Ag sin(ck;), Ag sin(bky))T. The
QPI results for Cy < A are qualitatively unchanged.

C. Surface Green function calculation

The T-matrix method is an exact analytical method to
compute Green’s function for a §-localized impurity in a
noninteracting infinite system [33]. This method can be ex-
tended to compute the boundary states of a d-dimensional
bulk Hamiltonian by considering a (d — 1)-dimensional lo-
calized impurity, which effectively splits the system in half
[31,32] for a very large impurity potential. For example, for a
3D system, the Green’s function computed near a plane-like

impurity will converge to the surface Green’s function in the
limit of a large impurity potential.

The Green’s function of the clean Bogoliubov—de Gennes
Hamiltonian Hpqg (K), built from Hrg (k) and A(k) and given
by Eq. (A1), can be written as

Gpac(E,K) = [(E + in)lis — Hpac(K)] ™',  (14)

with 7 the quasiparticle damping. Hpag(k) is a 16 x 16 ma-
trix in the Hilbert space, £ = oy @ Egpin @ Eeny With gy, the
orbital subspace Epyin the spin subspace and &, the electron-
hole subspace (see Appendix A2). 1, is an n x n identity
matrix. To compute surface states in the cleave plane (0-11),
we consider an impurity plane such that translation invariance
is maintained in direction k; parallel to the plane and broken
in orthogonal direction k. By decomposing r into vectors
perpendicular and parallel to the impurity plane, r = (r, ry),
the impurity potential is given by V(r) = V4(r, ), with

1 0
ven(s ) 15)

where Vj is the plane impurity strength. We make the choice
to locate the impurity plane at position r; = 0. For such an
extended impurity, the T -matrix expression is

dk

-1
T(E, k) = (]116 -V Grac(E, K, k||)> V,

Bz, LBZ,

(16)

where Lgz, is the length of the Brillouin zone along the
axis perpendicular to the (0-11) plane, and where we have
introduced k = (kj, k, ). The technical details on the k; inte-
gration are given in Appendix A 3. From the knowledge of the
T matrix, the Green’s function in the presence of the impurity
plane can be exactly computed since one has

G(E, k11, k12, K)) = Gpag(E, K11, K))d(k —Kkyi2)
+ Gpag(E, k11, k)T (E, K)))
x Gpag(E, K12, K)). (17
The surface Green’s function G,(E, k) is defined as the
double Fourier transform of the Green’s function one-lattice

spacing away from the impurity plane in the perpendicular
direction; that is,

G,(E,k)) = / / _dkL;dkﬂ pidrkii—ki)e
Bz, JBZ, Lgz,
x G(E, K11, k12, k), (18)
with d;, = be/(b* + ¢?)'/? is the distance between the (0-11)

impurity plane and its nearest lattice plane. Using Eq. (17), we
can decompose G,(E, k) into a sum of two terms

G,(E,K)) = G(E, Kk, 0) + Gi(E, K)), 19)

where G;, and G; correspond to the “bulk” contribution and to
the impurity contribution and are given by

dk, .
Gy(E Ky, z1) = f ie‘“kf” Gpac(E, k1, k), (20)
BZ, L

Gi(E, k) = Gy(E, K, d )T (E,K)Gp(E, Kk, —d). (21)
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We have chosen an integration region with the same area
as the first Brillouin zone (BZ), but of a rectangular shape,
following Ref. [32]. Due to the k-space periodicity, this is
equivalent to integrating over the first BZ and much more
straightforward. We note that the bulk contribution corre-
sponds solely to a simple projection of the 3D-bulk physics on
the (0-11) surface, without taking into account the existence
of a surface and the semi-infinite nature of the system. The
surface physics is hidden in the impurity term G;(E, k),
which, when the impurity potential is taken to infinity, will
describe the formation of the surface states.

The surface Green’s function can subsequently be used to
calculate the surface spectral function:

1
A (E, k) = _;Im{Trel[Gs(Ev kpl}, (22)

where the trace runs over the electron bands. We can also
here distinguish two components, and in what follows we
sometimes calculate separately the bulk spectral function

1
Ap(E, K)) = _;Im{Trel[Gb(E, ky, 01}, (23)

which is just the component of the surface spectral function
arising from the projection of the 3D-bulk spectral function on
the (0-11) surface. Once more, this component will not show
any of the novel physics associated with the semi-infinite
character of the system.

D. QPI calculation

The QPI pattern corresponds to the Fourier transform of
the local density of states at a specific energy. We compute
the QPI pattern resulting from the physical scenario of an
impurity located on the (0-11) surface. This can then be di-
rectly compared with STM experiments [12,21], taking into
account all the surface effects. To compute the QPI for such
a point-like impurity, the surface Green’s function G,(E, k)
has first to be computed using Eq. (19). Second, one has to
compute the 7 matrix associated with the point-like impurity
[33], whose poles correspond to impurity states

( &’k )1
T(E)=(1- Us/ —Gy(E kD) U, 29
BZ)

BZ,

where Spy is the first Brillouin zone area in the (0-11) plane,
and where the impurity matrix is

1 0
TUS=U0<08 _]18), (25)

with Uy the strength of the point-like impurity. The scatterer
considered in our analysis is nonmagnetic and has equal com-
ponents on all four orbitals. We checked that QPI features
are qualitatively unchanged for different forms of the poten-
tial. The physical observables, such as the local density of
states (LDOS) that can be measured near an impurity, can
be expressed directly in terms of this 7 matrix, if we as-
sume the dilute-limit approximation, such that the impurities
are well separated from each other. The Fourier transform of
the change in LDOS induced by the impurity, 6 o(E, q), can

then be written as

1 ko
SpE,q)) = —7— —Tralg(E, Ky, qp],  (26)
2mi Bz, SBZ,

where

S(E. Kk, q)) = Gy(E, k)T,(E)G,(E, k| + q))
—G{(E. Kk +q)T(E)G{(E.k)). (27)

At q = 0, the quantity §p(E, qy = 0) — §p(E) corresponds
to the spatially averaged disorder-induced LDOS. Further-
more, at constant energy, the QPI pattern described by
Eq. (26) provides a map in reciprocal space of the possible
scattering processes.

It is worth noting that the 7-matrix method described here
is exact, since it takes into account the summation to all orders
in the impurity strength. Simpler alternative to the 7 matrix
is the Born approximation [33], where only the first-order
scattering is considered, as well as the joint density of states
(JDOS) technique, for which the Fourier transform of the
LDOS is predicted to be described by an autocorrelation of
the surface spectral function [52]:

d’k
J(E,q)) = / S_”AS(E’ KDAG(E, Kk +qp).  (28)
Bz, SBZ,

However, in general, the QPI patterns based on the 7" matrix
and JDOS calculations do not coincide. This is because the
phase factors in the Green’s function matrix are not taken into
account in the JDOS [53]. The QPI pattern computed with
Eq. (26) takes these interference effects into account.

III. RESULTS FOR NORMAL UTe,

We start our study by considering UTe; in its normal state,
thus setting the superconducting parameter to zero: Ay = 0.
The parameters used for the tight-binding model are given
in Appendix A 1l. We fix the value n = 0.1 meV for the
quasiparticle damping, consistent with the experimental ob-
servations in Ref. [30]. The value of the impurity potential
used to simulate hard edges is taken to be V, = 1000 eV,
however, any value at least one order of magnitude above the
bandwidth would suffice [32]. The value of the local impurity
potential used in the QPI calculation is Uy = 0.2 eV. The
sampling (Ni, x Ny, ) of the k space along the (0-11) plane is
(200 x 200), and we use the value Ny, = 5000 for integration
along the direction perpendicular to the plane (0-11) to ensure
convergence of the QPI numerical results.

Figure 3 shows the bulk and surface spectral functions (up-
per row) and the JDOS and QPI patterns (lower row) for UTe;
in its normal state at zero energy. The white rectangle corre-
sponds to the first Brillouin zone in the plane (0-11), whose
bounds are k, € [—7.66,7.66] nm~! and ks € [—4.14, 4.14]
nm~'. We note the presence of peaks in both JDOS and QPI,
that are directly related to the UTe, crystal structure. Note that
in the JDOS some features are visible close to the horizontal
line g, = 0, but they disappear in the QPI, probably due to
destructive interferences.
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FIG. 3. UTe, in the normal state at E = O: the surface spectral
functions A(E, ks, k,) and its bulk component A,(E, k4, k,) (upper
row), and the JDOS J(E, gx, q.) and QPI 6p(E, gx, q,) (lower row).
The first Brillouin zone in the (0-11) plane is marked by the white
rectangle.

IV. RESULTS FOR SUPERCONDUCTING UTe,

In this section, we study UTe; in its superconducting state
for both nonchiral and chiral superconducting pairings. We
first present the results for the density of states and then
describe the surface spectral function and the QPI patterns.
The value of the superconducting parameter is set to Ay =
0.3 meV, and the quasiparticle damping to n = 0.1 meV, in
agreement with the value of the thermal damping typically
observed in experiments [30]. The tight-binding parameters,
given in Appendix A 1, and the sampling of the k momentum
are unchanged compared with the normal case.

A. Density of states

The bulk and surface density of states, po(E) and ps(E),
are respectively computed using

1
po(E) = —— / Im{Tr[Gpac (E, k)1}d’k, (29)
T JBZ

1
ps(E) = ——/ Im{Tr[G,(E, k))]}d’k;, (30)
T JBZ

where Gpyg(E, k) and Gy(E, k) are the Bogoliubov—de
Gennes and respectively the surface Green’s functions given
by Egs. (14) and (19). The integral in Eq. (29) is performed
over the entire 3D BZ. The results are presented in Figs. 4 and
5 for all the pairing symmetries considered in this study. All
chiral and nonchiral pairings have a U-shaped bulk density of
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02 bulk —— 0% bulk
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—~ 0.025 — 0.025
3 3
< 002 < 002
8 8
a 0.015 a 0.015
0.01 0.01
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0
-1 05 0 05 1
E (meV)

0
-1 05 0 05 1
E (meV)

FIG. 4. Density of states for nonchiral pairings. The black curve
represents the bulk density of states, while the red curve corresponds
to the surface density of states in the presence of a (0-11) impurity
plane which mimics a surface in a 3D sample. The horizontal gray
line corresponds to the DOS in the normal state. At low energies,
the bulk density of states for all nonchiral pairings exhibits a char-
acteristic U-shaped profile, consistent with either gapped or nodal
superconductivity in three dimensions. The Bj, pairing is show-
ing a pronounced zero-energy peak in the surface DOS in contrast
with the other pairings still exhibiting a U-shaped profile. We have
Ag =0.3meV and n = 0.1 meV.

states at low energies, consistent with point nodes [17]. Some
pairings acquire a V shape at larger energies when other bands
start contributing.

We note also that the B3, A, + iBy,, and A, + iB,, pairing
symmetries exhibit a maximal value at zero energy in the
(0-11) surface density of states, indicating the formation of
surface states in the vicinity of zero energy, while the other
pairings have a minimal value at zero energy and two maxima
at subgap energies of the order of £ ~ +0.2 meV, indicating
the formation of surface states close to this energy value. The
DOS profile can be affected by additional allowed symme-
try d-vector contributions, as discussed in Appendix A 4. In
particular, the zero-energy peak observed for the Bj, order
parameter can split upon adding additional d-vector terms.

B. Bulk spectral function

The bulk contribution to the spectral function A,(E, kg, k. ),
defined by Eq. (23), essentially represents the direct projection
of the imaginary part of the bulk Green’s function onto the
considered surface, i.e., the (0-11) plane. Figures 6 and 7
show this quantity at zero energy, for both nonchiral and chiral
pairings. Note that the overall amplitude for A,(E, ks, ky) is
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FIG. 5. Density of states for chiral pairings. The black curve
represents the bulk density of states, while the red curve corresponds
to the surface density of states in the presence of a (0-11) impurity
plane which mimics a surface in a 3D sample. The horizontal gray
line corresponds to the DOS in the normal state. At low energies,
the bulk density of states for all chiral pairings exhibits a char-
acteristic U-shaped profile, consistent with either gapped or nodal
superconductivity in three dimensions. We take Ap = 0.3 meV and
n =0.1 meV.

reduced when UTe; is in its superconducting state compared
with UTe, in its normal state. Apart from this amplitude
reduction, we observe that the bulk spectral function profile
as a function k4 and k, remains generally similar to the nor-
mal state one (see Fig. 3). However, as discussed in detail
in Ref. [30], for some superconducting order parameters, in
particular By, and B3, among the nonchiral order parameters,
one expects the presence of extra features, in particular of
nodal points. Here, some of these nodes are masked by sig-
nificant quasiparticle damping, chosen to match the realistic
experimental conditions. However, they can become visible
for significantly smaller damping, as illustrated in Fig. 21 in
Appendix B 5.

As explained in Appendix B 3, the symmetries of the BAG
Hamiltonian imply that the bulk contribution to the spectral
function is mirror-symmetric along the k, and ks axis for
any pairings, in agreement with what Figs. 6 and 7 show.
It relies on mirror inversion m, and twofold rotation for the
nonchiral pairings and for the A, + iB3, and By, + iB,, pair-
ings. For A, + iBy,, A, + iByy, By, + iB3,, and By, + iBj3,,
the magnetic symmetries 7 m, and 7 C,, protect the mirror
symmetries of the bulk contribution.

C. Surface spectral function

The surface spectral function A(E, k) is calculated from
Eq. (22) and plotted at zero energy in Figs. 8 and 9 as a
function of ks and k, in the first Brillouin zone. For nonchiral
pairings, we observe similar profiles of the surface spectral

Au, E =0 meV Blu, E =0 meV
10 10
6 6
4 " 8 4 8
rjg 2 2 6 :g 2 8
£ 0 £ 0
><__2 4 ><_2 ! 4
x x 2 f
4 N 4
mTRa— H 2 H 2
-6 -6
uo U o
-4-3-2-101234 -4-3-2-101234
ke (M) ke (M)
B2u, E =0 meV B3u, E =0 meV
10 10
6
8 4 8
6 ‘g 2 6
£ 0
4 x5 4
i U 2
-6
uo u o

-4-3-2-101234
kg (nmh)

-4-3-2-101234
ky (nm™)

FIG. 6. Bulk spectral function in the (0-11) plane for nonchiral
pairings at E = 0. We take Ay = 0.3 meV and n = 0.1 meV. The
pairings exhibit similar spectral functions, with differences arising
from their distinct nodal structures.

function for A,, By,, and B;,, with an amplitude which is
of the same order compared with that of the normal surface
spectral function displayed in Fig. 3. On the contrary, for
the B3, pairing, we obtain a strong enhancement in the am-
plitude of the surface spectral function compared with the
normal one and compared with the other nonchiral pairings.
This is the signature of the emergence of surface states at zero
energy in the Bj, case. Figure 9 shows that the amplitude is
also enhanced for A, 4 iBy, and A, + iB,,, compared with the
normal state, whereas it stays quite similar to the normal state
for the other chiral pairings. Thus, both the density of states
and the surface spectral function show the emergence of sur-
face superconducting states for Bs,, A, + iBy, and A, + iBy,
pairings close to zero energy. In general, topological sur-
face states form as arcs between the projection of the bulk
nodes to the surface. Among the nonchiral OPs for which
we have investigated the nodal structure, this seems to be the
case only for Bj,. For the other pairings, the surface states
are not connected to the nodal structure, and they form at finite
energy; their origin is thus unclear.

To understand this in more detail, in Figs. 10 and 11
we plot the surface band dispersion as a function of k, for
ky = —4.14 nm™!, ie., along one of the edges of the BZ,
and along a close path ABCDA of the BZ; in Appendix D 1.
This clearly shows the emergence of subgap surface states
centered at zero energy for a Bs, pairing and very close to zero
energy for A, + iBy, and A, + iB,, parings. All other pairings
exhibit subgap surface states centered at a finite energy of
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FIG. 7. Bulk spectral function in the (0-11) plane for chiral pair-
ings at E = 0. We take Ag = 0.3 meV and n = 0.1 meV.

~ £ 0.2 meV. These results are summarized in Table II. The
complete surface spectral function dispersion for the entire
Brillouin zone is given in Figs. 31 and 32 in Appendix D 2 and
is consistent with these observations. The observed surface
states could potentially be topological surface states [50].
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FIG. 8. Surface spectral function as a function of k4 and k, at
E = 0 for nonchiral pairings. The gap value is fixed at Ay = 0.3 meV
and the quasiparticle damping at n = 0.1 meV.
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FIG. 9. Surface spectral function as a function of k4 and k, at
E = 0 for chiral pairings. The gap value is fixed at Ag = 0.3 meV
and the quasiparticle damping at = 0.1 meV.

However, as this aspect is beyond the scope of the present
work, we refer to them simply as surface states.
The choice of damping value 7 is constrained by experi-

ments [30]. By decreasing the value of n in our simulation,
the difference in amplitude between the superconducting and
normal cases is accentuated, and the nodes presented schemat-
ically in Ref. [30] for B,, and Bs, become visible in the
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FIG. 10. Surface band dispersion along k, for nonchiral pairings
atky = —4.14nm™~', Ag = 0.3 meV and = 0.1 meV.
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FIG. 11. Same as in Fig. 10, but for chiral pairings.

surface spectral function (not shown here, but presented in
the Methods section of Ref. [30]). We have checked that the
surface states associated with these nodes do not contribute
to the QPI scattering, and that the conclusions of the present
analysis are unchanged by the value of 1, and by the nodal
point visibility.

The symmetry constraints imposed by the crystalline sym-
metries and the time reversal on the edge contribution to
the surface state are explained in detail in Appendix B. The
nonchiral pairings are mirror symmetric along both the k,
and ky mirror axes, as in the bulk case, as shown in Fig. 8.
These constraints arise from the m, and 7 m, symmetries. For
chiral pairings, we differentiate between those that preserve
m, symmetry and those that do not, similar to the bulk case.
The surface spectral function of the order parameter A,, + iB3,
and By, + iBy, is mirror-symmetric along the k, axis and
protected by the m, symmetry. The surface spectral function

TABLE II. Summary of the results for both chiral and nonchiral
pairings indicating in the second column the position of the DOS
maximum, consistent with the maximum in the spectral function
dispersion, and in the third column the presence of a q; peak in
the QPI at £ = 0. The values of E are given in meV. We take
Ayg=0.3meV,n=0.1meV and Uy = 0.2 eV.

Pairing DOS max q, peakinQPlatE =0
A, E ~ £+0.24

By, E ~ 4+0.24

B, E ~ £+0.24

B3, E=0 Yes, strong amplitude
A, + 1By, E =+0.03 Yes, strong amplitude
A, + 1By, E =+0.03 Yes, strong amplitude
A, + iBs, E ~ £0.18 Yes, moderate amplitude
By, +iBy, E ~ £0.18

By, +iB3, E~ 102 Yes, weak amplitude
B,, + iB3, E ~ £0.22 Yes, weak amplitude
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T T T T T T T 0'3 T T T T T T T 2
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- AN ™ o1 SN -
_‘,‘-\ 2 / \ H O. ‘_,'\ 2 | ~ | 0.5
£ IS
£ 0 H O £ 0 H O
x x _
o2 N Al o <2 N 1105
4 \\S% ”~ 4 AN L7l ]
- -0.2 . |15
Ly -0.3 L -2
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FIG. 12. Spin-resolved surface spectral function along X axis for
A, and B3, pairings at E = 0, Ag = 0.3 meV and n = 0.1 meV. Note
that the spin-resolved surface spectral function along the X axis is
equal to zero for By, and B,, pairings. The symmetry of the spin
texture can be understood from the structure of the superconducting
order parameter for each pairing, as detailed in Appendix B 6.

for the other order parameters that break m, remains mirror
symmetric along the ks axis, a symmetry protected by 7T m,.
These symmetry arguments hold for an arbitrary energy E
(see Figs. 31 and 32 in Appendix D2 for the plots at finite
energy). At zero energy, the action of particle-hole symmetry
leads to an enlarged symmetry group, making all supercon-
ducting order parameters symmetric along both the &, and ks
axis, as shown in Figs. 8 and 9.

D. Spin-resolved surface spectral function

The tight-binding model used in this work, described in
Eq. (1), is spin 71, | symmetric, with the two spin components
completely decoupled. This means that any spin polarization
of the spectral function comes from the triplet superconduct-
ing order parameter defined in Eq. (9). Figures 12 and 13
display the spin-resolved spectral function projected along the
X axis for both chiral and nonchiral pairings. In the nonchi-
ral case, we plot this quantity only for A, and Bj, pairings
because it cancels for Bj, and B,, pairings. For the sake
of simplicity, we present the spin-resolved spectral functions
along the y axis and 7 axis in Appendix C 1.

Since the normal state Hamiltonian is spin-independent,
the bulk contribution results in a vanishing spin polarization
for all pairings. On the contrary, the surface contribution can
acquire a nontrivial spin-polarization depending on the form
of the superconducting order parameter. From Figs. 12, 22,
and 24, we see that the surface spectral function is polarized
along the X axis for Bs,, along the y axis for By, and along the
7 axis for By,, while the other pairings exhibit a more isotropic
spin response (see Figs. 13, 23, and 25). In consequence, the
Bj,-pairing case is the only one which has a spin-resolved
surface spectral function with a polarization parallel to the X
axis, i.e., parallel to the (0-11) plane.

E. QPI patterns

Figures 14 and 15 show the QPI patterns for the su-
perconducting state of UTe, described by various nonchiral
and chiral OPs at zero energy. Once more, we consider an
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FIG. 13. Spin-resolved surface spectral function along X axis for
chiral pairings at £ =0, Ag = 0.3 meV and n = 0.1 meV. Since
chiral pairings have superconducting order-parameter components
along all spin directions, each chiral pairing exhibits nonzero-spin
polarization in every spin channel.
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FIG. 14. QPI patterns as a function of g and g, for nonchiral
pairings at E =0, Uy = 0.2 eV, Ag = 0.3 meV and n = 0.1 meV.
Because of their similar surface spectral functions, the A,, By,, and
B,, pairings exhibit relatively similar QPI patterns. In contrast, the
B3, pairing displays an additional peak from surface-state scattering.
The distinct nodal structures of the order parameters are not reflected
in the QPI patterns due to the strong quasiparticle damping 7.
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FIG. 15. QPI patterns as a function of ¢g» and ¢, for chiral
pairings at £ =0, Uy = 0.2 eV, Ay = 0.3 meV and n = 0.1 meV.
Similar to B3, pairing, A, + iBy, and A, + iB,, display an additional
peak from surface-state scattering. This peak is present but with
weaker intensity for A, + iB3,. The distinct nodal structures of the
order parameters are not reflected in the QPI patterns due to the
strong quasiparticle damping 7.

impurity localized on the (0-11)-plane with an impurity po-
tential Uy = 0.2 eV. There are two key differences compared
with the QPI pattern obtained for UTe, in the normal state (see
Fig. 3): (i) the presence of a finite intensity along a horizontal
band close to g, = 0 for all the pairings, which was absent
in the normal state, and (ii) the presence at g4 = 0 and finite
g, of an additional peak, denoted q; for some of the OPs,
especially Bs,, Ay + iBrus Ay + By Ay + iBsy Bi + iBs,
and B,, + iB3,.

The various peaks in the QPI patterns are identified by
the vectors q; to q¢. To help understand the presence of
these peaks, we have marked the scattering vectors associated
with each of these peaks in Fig. 16, for both normal UTe,
and superconducting UTe, with pairings B,, and Bs,. In the
normal-state case, there are only two peaks, characterized
by the scattering vectors (p and (¢ that are related to the
crystal structure. For the B,, pairing, two additional peaks are
visible, characterized by vectors q4 and qs. Finally, for the B3,
pairing, two other peaks are visible, characterized by vectors
q; and qs. Thus, at E = 0, there are two peaks in the normal
state, four peaks for B,,, and six peaks for Bs,. The other
nonchiral and chiral pairings show a similar structure to either
B;, and Bs,. We have identified the correspondence between
the scattering vectors and the regions of high intensity in the
surface spectral function. We note, however, that while some
peaks would be expected from the spectral function analysis,
their absence is related to destructive interference, leading to
forbidden scattering processes between some of the bands.

It should also be emphasized that the QPI patterns de-
pend slightly on the value of the impurity amplitude Uy [see
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FIG. 16. Scattering vectors q;, with i € [1, 6], for normal state,
B, pairing and Bj, pairing at E = 0. The top plots are the surface
spectral functions, while the bottom plots are the QPI patterns. The
(ks, k,) dependence of the surface spectral function allows us to un-
derstand the origin and the position of the peaks in the QPI patterns.
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FIG. 17. Experimental measurement of differential conductance
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panel) QPI pattern at zero energy [30].
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Egs. (24) to (27)]. However, we have checked that the main
features and the conclusion of our analysis do not change
when U, varies.

The evolution of the QPI pattern with increasing energy E
from zero up to the value 0.25 meV is given in Figs. 33 and
34 in Appendix D 3. These figures indicate that the intensity of
the QPI patterns reflects the intensity of the spectral function,
and this is especially true for the g; peak whose maximum
of intensity as a function of energy follows the maximum
intensity in Figs. 10 and 11 for each OP, as noted in Table II.

We compare these results with the experimental observa-
tions in Ref. [30] presented in Figs. 17 and 18. In particular,
the experimental results show a peak in the DOS at zero
energy, as well as a nondispersing q; feature. Among the
nonchiral states that are most likely to describe the physics
of UTe,, the B3, OP is the only one that has a q; peak that
is stable in position and remains visible up to £ & 0.15 meV.
This observation, combined with the fact that Bs, is the only
OP among the nonchiral one that exhibits a peak at zero
energy in the DOS, indicates that Bj, is the most likely
candidate to describe the superconducting order parameter
of UTe,.

F. Summary of the results

Table II gives a short summary of the results obtained in
this section.

V. DISCUSSIONS AND CONCLUSION

As outlined in the introduction, determining the pairing
symmetry of UTe, is challenging and requires a multi-
method approach. Experimental data available concerning
time-reversal symmetry breaking seems to indicate that a
nonchiral pairing is the most probable hypothesis [12,22].
Currently, there is an active debate on whether the pairing
symmetry is By, or B3,. Our analysis can help to resolve this
debate by providing clear predictions to distinguish especially
between the nonchiral pairing symmetries A,, By, By,, and
B3, through STM experiments. Indeed, by comparing our
results to the experimental ones [30], we can give strong
arguments that the pairing state of superconducting UTe, is
B3,. This is based notably on the existence of the q; peak in

V=150 v

V=200 pv V=250 uv

1-1 q,.(n/c*) 1

11 q,. (n/c*)

11pSEEH85 pS 11 pPSEEM85pS 8pSEEW76pS 7pSEEM64pS 4pSEEEO60pS 2pSEEM54 pS

FIG. 18. Experimental results for QPI pattern plotted in the first Brillouin zone, at increasing energy E < {0, 50, 100, 150, 200, 250}

ueV [30].
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the QPI patterns and on the presence of the zero-energy peak
in the surface DOS.

If one also takes into account the chiral OPs, the A, + iBy,,
A, + iBy,, A, + B3y, By, + B3y, or By, + iB3, also show a q;
feature. However, the latter three can be eliminated from the
possible scenarios, since they have a minimum in their DOS at
zero energy, which contradicts the experimental results [30],
as shown in the left panel of Fig. 17. The discrimination be-
tween the remaining pairings, B3y, A, + iB1,, and A, + iB,,
could be done using various other methods. As noted earlier,
the chiral order parameters appear highly unlikely, a conclu-
sion reinforced by the splitting of the zero-energy Andreev
peak [21] under proximity with an s-wave superconductor,
which suggests a time-reversal symmetric superconducting
state. In the future, spin-resolved experiments may also be
used to distinguish between these pairings, since we have
shown in Sec. IVD that they have different spin-resolved
spectral functions.

Note added. Recently, we became aware of Ref. [54],
which reports a model for the band structure and the super-
conductive topological surface states of UTe; using a different
technique.
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APPENDIX A: ADDITIONAL INFORMATION
ON MODEL AND METHODS

1. Tight-binding parameters

To describe the band structure of UTe,, we use a 4-orbital
tight-binding model introduced by Theuss et al. [22], and
parameter values modified compared with those obtained
from DFT or QO calculations. The parameters entering in
Eq. (1) are given in the last column of Table III. It leads

TABLE III. List of parameters in eV for the tight-binding model
given in Ref. [22] (central columns), and used in this work (last
column).

Parameter DFT [22] QO [22] This work
Uy 0.35 0.35 —0.355
Ay 0.4 0.05 0.38
ty 0.15 0.1 0.17
1, 0.08 0.08 0.08
tenu 0.01 0.01 0.015
L 0 0 0.01
tu —0.03 0.04 —0.0375
Wre —1.8 —1.8 —2.25
Are -1.5 —15 —14
ITe —1.5 —1.5 —1.5
tzrh,Te 0 —003 0

. Te —0.05 —-0.5 —0.05

8 0.09 0.1 0.13

to an area for the electron and hole pockets of A, ~ A, ~
34.9 nm~2 at k. =0, a value which is close to the value
(A, ~ A, ~ 33.6 nm~?) measured in recent experiments
[38,46]. As shown in Fig. 19, the topology of the band struc-
ture close to energy equal to zero is qualitatively similar, with
two bands crossing the Fermi level, one with a maximum close
to the X point, and one with a minimum close to the A point,
giving rise respectively to the electron and hole pockets con-
sistent with the quantum oscillation measurements [38,46].
We also note that, for our parameter set, the band exhibits a
flattening near zero energy along the XX direction close to
the X point, in a manner quite similar to what is observed for
the QO parameter set of Ref. [22]. The exact form of the bands
far from the Fermi level does not affect the physics since we
focus on superconducting (SC) gaps of the order of sub-mV.

2. Bogoliubov—de Gennes Hamiltonian

The Bogoliubov—de Gennes Hamiltonian is a 16 x 16 ma-
trix defined as

Hrp(k) ® 1, Ak)® 14
Hpac(k) = | . . » (AD
ATK)®1y —Hig(-k)®1,
(a) (b) (c)
1.0
0.5k
5 oo //\4\"}
-0.5} !
MOFAX T T A X TAX T T A X FAX £ T A& X

FIG. 19. Energy band plotted along 'AXXI"AX path in the 3D
Brillouin zone for (a) DFT parameters of Ref. [22], (b) QO parame-
ters of Ref. [22], and (c) this work (see Table III).
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TABLE IV. Summary of Green’s function symmetries for the superconducting order parameter (not resolved in spin). The left column
specifies the mirror symmetry plane associated with both the bulk and edge contributions to the surface Green’s function. For the edge
contribution the cases £ = 0 and E # 0 have to be distinguished. The top row specifies the order parameters examined in this study. Within
the table, the symmetry operation responsible for protecting the mirror symmetry along the specified axis of G, or G; is listed. If a cross (x)
appears in place of a symmetry group element, it signifies that the mirror symmetry is not preserved.

Au Blu BZu B3u Au + iBlu Au + iBZu Au + iB3u Blu + iBZu Blu + iBSu BZu + iBSu
k.-bulk m, my m, m, TCo TCo, my my TCo TCoy
k# 'blﬂk CZX CZ)( Cb CZX me me CZX C2x Tm:( me
ky-surface E = 0 m, my m, m, CTm, CTm, m, m, CTm, CTm,
ky-surface E =0 Tm, Tm, Tm, Tm, Tm, Tm, Cm, Cm, Tm, Tm,
ky-surface E # 0 m, m, m, my X X m, m, X X
ky-surface E # 0 T m, T m, Tm, Tm, Tm, T m, X X Tm, Tm,

where the matrices Hyg(k) and A(K) are respectively given
by Eqgs. (1) and (9).

3. Method to compute the surface Green’s function

For a body-centered orthorhombic lattice structure with the
space group symmetry /mm, the reciprocal-lattice vectors are
the following [45]:

27 [ € 2 0 2 b
vi=—|0), vo=—|—-—c], v3=—|—a
ca\, ch b ba 0

(A2)

To compute the surface Green’s function along the (0-11)
plane, we first perform a basis change from the {k,, k,, k}
basis to the {k., k«, k, } basis, thanks to the rotation matrix
of angle # = atan(c/b) around the X axis,

1 0 0
R,(B)=10 cos® —sinf (A3)
0 sind cos

Next we integrate over the momentum & perpendicular to the
(0-11) plane. The bulk and surface spectral functions will thus
be plotted as a function of k, and k. The link between the
elements of (kj, k) vector and (k, k¢, k) vector is the fol-
lowing: k| =k, e, and k| = ke, + kzey, where {e,, es, e}
is a direct orthonormal basis.

4. DOS with additional d-vector contributions

For the sake of completeness, we calculate the DOS when
adding allowed symmetry contributions to the d vector, such
as

Ay sin(ck;)
Cy sin(ak, ) sin(bk,) sin(ck;)
Ao sin(ak,)

dg,, (k) = (A4)

and
Cy sin(ak, ) sin(bk,) sin(ck;)
Ay sin(ck;)
A sin(bky)

dg,, (k) = (A5)

The result is displayed in Fig. 20. It shows that the peak
in the B3, surface DOS obtained at zero energy when Cy = 0
splits into two side-peaks when Cy = Ay.

APPENDIX B: EXPERIMENTAL CONSTRAINTS
FROM SYMMETRIES

In this section, we present a detailed analysis of the sym-
metry constraints for chiral and nonchiral order parameters.
As the QPI patterns depend on the orthogonality of eigen-
states, certain peaks can vanish when the eigenstates are
related by symmetries such as time-reversal symmetry 7. This
implies that such considerations are important for guiding
potential experimental studies. In Tables IV and V we sum-
marize all the relevant symmetry constraints.

1. Group theory

Let us consider an arbitrary point group G such that P
is generated by the following crystalline symmetries P =
(g1, ..., &n) with n the number of elements in the group. In
the following, we only consider the space group Ps that is
the direct product of the translation symmetry and a point
group P. The normal-state Hamiltonian should transform as
a representation p of the space group. For g € P,

Hrp(K) = p()Hrp(gk)p(g) "

The gap function A(k) defined by Eq. (9) is not invariant
under this transformation and instead transforms as [55]

B

T *
AK) = p(g)A(gk)p" (9)O*(g), (B2)
B2u B3u
0.04 B 0.04 Do
surface surface
0.035 i 0.035 |
0.03 0.03 |
. 0.025 . 0.025 F
E: E
© ©
b 0.02 | = 0.02 |
o) o}
O 0015 O 0015 |
0.01 0.01 |
0.005 i 0.005 |
0 . . N 0 . N .
1 05 0 05 1 1 05 0 05 1

E (meV) E (meV)

FIG. 20. Bulk and surface DOS for B,, and Bj, pairings with
Co=Ayp=03meV and n = 0.1 meV.
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TABLE V. Summary of Green’s function spin-polarization for the superconducting order parameter. A circle (o) denotes a nonvanishing
spin polarization, whereas a cross (x) indicates a vanishing spin polarization along a given spin direction for a given order parameter.

Au Blu BZu BSu Au + iBlu Au + iBZu Au + iBSu Blu + iBZu Blu + iBSu BZu + iBBu
St o X X o o o
Sy o X o X o
S, o o X X o

where ®(g) is a one-dimensional (1D) representation of the
symmetry group Ps. This means that ® is a scalar quantity
and respects the group structure. However, we can define a set
of matrices p¢(g) such that the BAG Hamiltonian defined in
Eq. (A1) transforms as

Hpac(K) = pc(g)Hpac(gk)pc(g) ™", (B3)

and p¢(g) forms a representation of G. It can be checked that
pc can be expressed in terms of p and ® as [55]

_(r®) 0

In the following, we denote p as the representation of G for
the normal-state Hamiltonian, and p¢ as the representation of
G for the BdG Hamiltonian.

Finally Hgpac(k) possesses an additional particle-hole
symmetry C, arising from the intrinsic redundancy of the
particle-hole basis [56].

Hpac (k) = —CHpac(—k)C ™. (BS)

The point group of the normal-state Hamiltonian discussed
in this work is D,,, [45].

Doy = {E, my, my, m;, Cyy, Coy, L}. (B6)

The normal state is also time-reversal symmetric. Time-
reversal symmetry (TRS), denoted as 7, is an anti-unitary
symmetry which is spinful here such that 72 = —1. The sym-
metry group including time-reversal symmetry 7 is called a
magnetic group and is given by [45]

DI = Dy, + TDa, (B7)

where 7 acts on-site, this corresponds to a type-1I magnetic
point group.

The symmetry group for nonchiral order parameters is
also DZ;’” . However, chiral order parameters exhibit lower
symmetry, as they are the sum of two different representa-
tions of D,;, with a /2 phase difference, causing them to
transform differently under crystalline symmetries and break-
ing on-site time-reversal symmetry 7. Their symmetry group
corresponds to a type-III magnetic point group [45]. The mag-
netic point group for A, + iB;, and By, + iB3, is

D;;;III - <mzv sza Ia Tm_}H TCZya mev TC2>' (BS)
For A, + iB,, and By, + iB3,, it reads
D" = (my, Coy. T, T, TCor, Ty, TCox). (B9)

For A, + iB3, and By, + iB»,,

DI = (m,, Co,, T, Ty, TCyy, T, TCa). (B10)

2. Symmetry constraints on Green’s function

Equation (B3) implies that the BdG Green’s function
defined in Eq. (14) transforms under a point-group transfor-
mation g as

Ggac(E, k) = p(g) ' Grac(E, gk)p(g).

Eq. (B5) implies that under particle-hole symmetry C, the
Green’s function transforms as follows:

(B11)

Gpac(E, k) = C™'Gpac(—E, —k)C. (B12)

As discussed in Sec. II C, the surface spectrum consists of
two distinct contributions: one purely from the bulk, which
is independent of the edge impurity denoted G, and another
arising solely from edge effects named G;. Their expressions
are given respectively in Eqs. (20) and (21) such that the
physical surface Green’s function is the sum of these two
contributions.

In the following, we consider only symmorphic crystalline
symmetries, which means p(g) is k-independent. The model
forms a representation of the space group Ps which is then
the semidirect product of the 3D translation group 75 and
the point group P = Dy, Ps = D;, x T3. T3 is composed
of the elements ¢, t = nit; + nyty + n3t3, where n; € IN and
t; are elementary translations that join a point with its nearest
neighbors. If we write a group element as g/? = {g¥/"|1/")
with g¢/? € P and t*/* € T;, then the semiproduct x means

(gl Hel "} = {sigt]e + gl )

Under the unitary symmetry g, G(E, k;j, x) then transforms as

(B13)

G(E, ky, ky, x) = Pc_l(g)</dkLei’CkLGBdG(E,gk))pc(g).
(B14)

Chiral superconductors break both time-reversal symmetry
and a subset of crystalline symmetries due to their two-
component nature. However, the combination of 7 and the
broken crystalline symmetries g, can still form a valid sym-
metry, as 7 gp. This combined operator is anti-unitary, and
we refer to the corresponding representation as ,oA to denote
the anti-unitary nature. The corresponding transformation of
G(E, k|, x) under these symmetries is

G(E, ke, ks, x) =[04(Ten] ™"
X </ dk e ™ GpyG(E, _gbk))

x po(Tgp). (B15)
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Then, for each pairing symmetry, the study of Egs. (B14) and
(B15) with their point-group symmetry constrains the surface
spin-resolved and nonspin-resolved spectral function.

3. Transformation of G,
a. Nonchiral order parameters

Nonchiral order parameters are invariant under the DZTh’”
magnetic symmetry group. The unitary symmetries m, and
(>, ensure that the bulk spectral function exhibits mirror sym-
metry along the k, axis and the ks axis, respectively, for all
nonchiral order parameters.

b. Chiral order parameters

The two chiral order parameters, A, + iB3, and By, + iB,,
are invariant under the unitary symmetries m, and C,,. As a
result, they exhibit mirror symmetry along the k, axis and the
ks axis, similar to the nonchiral order parameters. The other
chiral order parameters break these crystalline symmetries.
However, they are invariant under magnetic symmetries 7 Coy
and 7 m,, which results respectively in mirror symmetry along
the &, and ks axes.

4. Transformation of G;

For the symmetry transformation of G;, two distinct cases
must be considered for each order parameter. This distinc-
tion arises from the particle-hole transformation, under which
Ggyg(E, k) transforms into Gggg(—E, —Kk). When E =0,
Gpag(E = 0,k) = Gpyg(E = 0, —Kk) so Gpac(E = 0, k) is
constrained by particle-hole symmetry. In contrast, for E # 0,
Ggag(E, k) = Ggyg(—E, —K) so there is no direct constraint
on Gy (E, k).

a. Nonchiral order parameters

Under m, and C,, G(E, ks, ks, x) transforms,

respectively, as

G(E, ky, ke, x) = pg (m)G(—ky, ke, x)pc (m,), (B16)

G(E, ky, kg, x) = pEl (Cox)Gky, —kg, —x)pc(Cox).
(B17)

However, nonchiral order parameters are also symmetric un-
der time-reversal symmetry 7T,

G(E, ky, ke, x) = pg (T)G(E, —ky, —kg, x)pc(T).
(B18)

This implies that G; is mirror-symmetric along the k,
and ks axes, with symmetries protected by m, and T m,
respectively.

b. Chiral order parameters

We first discuss the symmetries of G; for chiral order pa-
rameters when E # 0. Chiral order parameters respect only a
subset of the symmetries of nonchiral order parameters. We
can separate the chiral order parameters that are symmetric
or not under m,. When they are symmetric under m,, 7 m,
is broken. This is the case for A, + iB3, and By, + iB,,. In

2.0 2.0

1.5 1.5
TE TE
= 1.0 s 1.0
& &

0.5 0.5

0.0 0.0

-25 00 25
kg (nm~1)

FIG. 21. Bulk spectral function in the (0-11)-plane for nonchiral
pairing By, and B3, at E = 0. The projection of the nodes onto the
surface is indicated by the black circles. We take Ay = 0.3 meV and
n =10 peV.

contrast, when m, is broken, 7 m, remains a symmetry for
A, + iByy, By, + iB3,, A, + iBy,, and By, + iBj3,. Following
the discussion of nonchiral order parameters, those respecting
m, are mirror symmetric along the k, axis, while order param-
eters respecting 7 m, show a mirror symmetry along the ks
axis.

The case E = 0 is left invariant under particle-hole symme-
try, which implies the following relationship for every order
parameter at E = 0,

G(E =0,k kg, x) = C"'G(E = 0, —ky, —kg, x)C. (B19)

For chiral order parameters with broken 7 m,, then Cm, as-
sures mirror-symmetry along the ks axis. For chiral order
parameters with broken my,, then C7Tm, protects mirror-
symmetry along the k, axis.

5. Node structure for B, and B3,

The node structure is shown on Fig. 21 for both B,, and
B3, pairings. It appears in the bulk spectral function when the
value of the damping 7 is reduced.

Au, E=0meV B2u, E =0 meV
T T T T T T T 0'3 T T T T T T T 03
6 6
A o 02 0.2
Za S
_‘1\2' “01._'1\2’ ?.*01
E; lo Eo | o
o2 [N / -2 BN /
1 H -0.1 1 H -0.1
AN o 4 [y P
-0.2 - -0.2
-6 J -6 ]
L 0.3 L 0.3

-4-3-2-101234
K (nm1)

-4-3-2-101234
Kx (nm1)

FIG. 22. Spin-resolved surface spectral function along the y axis
for A, and B,, pairings at E = 0, Ag = 0.3 meV, and n = 0.1 meV.
Note that the spin-resolved surface spectral function along the y axis
is equal to zero for By, and Bj, pairings.
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Au+iBlu, E = 0 meV Au+iB2u, E = 0 meV Au+iB3u, E =0 meV

T 10 T 10 T
6 6 6 4
4 PR H 5 4 P H 5 P | 5
a2 a2 a2t Y
E 0 H O E 0 HO E 0 HO
<2 <2 2N Al
4 N’ -5 -4 ot -5 -4 | W\

-6 -6 -6 -4
ey i -10 ral S B -10 L
-4-3-2-101234 -4-3-2-101234 -4-3-2-101234
Ky (nm'?) Ky (nm'Y) kg (nm'Y)
Blu+iB2u, E =0 meV Blu+iB3u, E = 0 meV B2u+iB3u, E =0 meV

6 4 6 4

4 = - 4
o7 N 1 2 i I 2

a2 a2
E 0 H O E 0 H H o

<2 <2
2 -2

4 Ny 72” -4
-6 4 6 4

-4-3-2-101234
Ky (nm

-4-3-2-101234
K4 (nm?Y

-4-3-2-101234
K4 (nmY

FIG. 23. Same as in Fig. 22, but for chiral pairings.

6. Spin polarization

The normal-state Hamiltonian A(K) used in this work is
spin-degenerate, and there is no spin-orbit coupling, implying
that any nontrivial spin polarization in the Green’s function
originates from the superconducting order parameter A (k).

a. Spin polarization of G,

The electronic components of G,(E, k) contributing to
physical quantities can be written as

(Gy(E, Ky Ve = / Ak, [Gao (E, ko, Kp)leer  (B20)

[GBaG(E, K)o = [E — h(k) — AK)[E + h*(—k)] ™'

x AT(k)7". (B21)
Au, E =0 meV Blu, E =0 meVv
T T T T T T T 0'3 T T T T T T T 03
6 6
. . 0.2 . , 0.2
FAR | 01 7A A 01
2 1] "2 1
E 0 H O E 0 {iH O
x x
x2 1l01x2 |01
4] N | 4 N |
-0.2 - -0.2
-6 . -6 j
Ly -0.3 Ly -0.3

-4-3-2-101234
ks (nm1)

-4-3-2-101234
Kx (nm1)

FIG. 24. Spin-resolved surface spectral function along the 7 axis
for A, and By, pairings at E = 0, Ap = 0.3 meV, and n = 0.1 meV.
Note that the spin-resolved surface spectral function along the 7 axis
is equal to zero for By, and Bj, pairings.

Au+iBlu, E = 0 meV Au+iB2u, E = 0 meV Au+iB3u, E =0 meV

10 T 10 T
6 6 6 4
4 a5 4 - s 41 =z I
a2 - a2
E 0 H O E 0 H O E 0 H O
<2 ~-2 <2 A,
-4 Sy 5 -4 L 5 -4 N
6 6 6 -4
-10 i S S -10 I
-4-3-2-101234 -4-3-2-101234 -4-3-2-101234
Ky (nm'?) Ky (nmY) kg (nm'Y)
Blu+iB2u, E =0 meV Blu+iB3u, E = 0 meV B2u+iB3u, E =0 meV
6 4 6 4
4 4 -
T \\‘ 1 n 2 )
) a2
E, ! loEo | o
D <2
- 2 2
4N -4 5%
-6 - -4 -6 -4

-4-3-2-101234
Ky (nm

-4-3-2-101234
k4 (nm?

-4-3-2-101234
K4 (nm?Y

FIG. 25. Same as in Fig. 24, but for chiral pairings.

Because h(k) is diagonal in the spin basis and A(k) and
AT (k) have opposite spin polarizations, Eq. (B21) shows that
G,(E, k) is not spin-polarized. Consequently, any spin polar-
ization in G originates exclusively from G;. In the following,

Blu, E=0 meV
20

18
16
H 14

H 12

-8-6-4-2024638
-1
gz (nm™)
B3u, E=0 meV

-8-6-4-2024638
-1
gz (nm™)
B2u, E=0 meV
300

250
H 200
H 150
100

50

8-6-4-2024 6 8
g4 (hm?)

8-6-4-202 4 6 8
g4 (hm?)

FIG. 26. JDOS for nonchiral pairings at E = 0, Ag = 0.3 meV,
and n = 0.1 meV.
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qx (nm?)

qx (nm?)

Au+iB1u, E = 0 meV

H 100 &

8-6-4-2024638
-1
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Blu+iB2u, E =0 meV

864202468
a4 (nm?)

Au+iB2u, E = 0 meV

8-6-4-2024638
-1
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Blu+iB3u, E =0 meV

864202468
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LT e

864202468
4 (M)

FIG. 27. Same as in Fig. 26, but for chiral pairings.

we note Ga = [Gpagler and G.N = [GRaglre- Ga have
polarization of A and G+ of A".

b. Spin polarization of G;

40

35

30

25

H 20

15

10

the

In the particle-hole subspace, we can write the 7 matrix
associated with the edge impurity as

TE k) = (

T.(E,Kk))
Th+(E, K))

Tw(E

TA(E, K))
k)

. (B22)

Similarly, one can write the Fourier transform of the single-
particle Green’s function as

G(E,k,x):(

G
Gar(E. K))

(E, k)

GA(E, Kky)
Gi(E, Kk))

).

The electronic components of G; can be written as

[Gilee =G .G™ + G TG
+ Gy ' Ta G + GU TG

B3u, E =0 meV

-4-3-2-101234
ks (nm™?)

50

H 40

H 30

10

=—1
AT

FIG. 28. Path ABCDA in the (0-11)-plane.
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FIG. 29. Energy band dispersion (in meV) along the path
ABCDA shown in Fig. 28 for nonchiral pairings at Ag = 0.3 meV
and n = 0.03 meV.

To be specific, let us consider the term G)‘A:IT;,G Af’l.
Since T}, is not spin-polarized, any nontrivial spin polarization
must arise from G*~! and G)‘A:T_l. Because the polarization of
Ga(E, k) and G+ (E, K) is entirely determined by A(k), one
can conclude that, in spin-space, we have

dk) G =) dikoi, Gy~ ok ke)oi,  (B25)

where o are functions of k, and ky. Importantly, ="' #
*==1"which enables a nontrivial spin-polarization. Finally,

al . .
the polarization term can be expressed as

(B26)

l

x=1 x=—1 ~ x=1_x=—1_ _.
Gx ThGN E o 0i0;.
ij

The nonzero polarization terms are found to align along
the o;0; spin directions. Consequently, the symmetries of the
spin polarization can be deduced directly from the structure
of the d vector, providing insight into the underlying spin-
polarization patterns.

As an example, let us study the Bs, order parameter with
the d-vector expression given in Eq. (13). In the simplest
case considered in this work, dp,, lacks a k, dependence, and
the spin polarization along the x direction will exhibit mirror
symmetry with respect to the x axis. Due to time-reversal
symmetry 7, which flips the spin, the polarization will be
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FIG. 30. Same as in Fig. 29, but for chiral pairings.

antimirror symmetric along the ky axis. This anti-mirror sym-
metry arises because the combined operation 7 m, enforces
the corresponding spatial transformation. More terms respect-
ing all symmetries can be added to the Bz, d vector. The
general method stays the same, and the symmetry of the
spin polarization can be inferred from the product of specific
components of the d vector. The same reasoning can also
be extended to the other order parameters and explains the
numerical findings.

APPENDIX C: ADDITIONAL PLOTSATE =0

In Sec. IV we presented the results for the surface spectral
function, the spin-resolved surface spectral function along the
X axis, and the QPI pattern at zero energy for various SC pair-
ings. For the sake of completeness, in this appendix we also
provide the bulk spectral function, the spin-resolved surface

spectral functions along the y axis and Z axis, and the JDOS
pattern at E = 0.

1. Spin-resolved spectral function along y and 7 axes

The spin-resolved surface spectral function along the y axis
and 7 axis are given in Figs. 22 and 24 for nonchiral pairings,
and in Figs. 23 and 25 for chiral pairings. We emphasize that
the spin-resolved surface spectral function cancels for B;, and
Bs, pairings along the y axis, and for B,, and Bj, pairings
along the 7 axis.

Nonchiral order parameters are time-reversal symmetric,
which imposes that surface states with opposite momenta
have opposite spin polarizations, resulting in the absence
of backscattering from nonmagnetic impurities [57]. Specif-
ically, two states related by time-reversal symmetry satisfy
lu(k)) = T |v(=Kk)), with 72 = —1 in spinful systems. This
implies that surface states with opposite momenta will not
contribute to the QPI pattern. For chiral order parameters,
time-reversal symmetry 7 is broken, so this argument does
not apply directly. However, chiral order parameters still
exhibit nontrivial magnetic symmetries combined with crys-
talline symmetries, such as 7m, for A, + iBj,, which impose
constraints on the spin-resolved spectral function.

2. Joint density of states

The JDOS provides an intuitive picture of possible peak
locations in the QPI pattern. In Figs. 26 and 27 we shown
the JDOS at E = 0. The observed peaks correspond to wave
vectors connecting two regions of high intensity in the surface
spectral function. From the bulk and edge contributions to
the surface spectral function, shown respectively in Figs. 6,
7 and 8, 9, we observe that the spectral function tends to
show similar regions of high intensity for all the OPs. This
implies that the peaks in the autocorrelation spectrum will
share roughly the same wave vectors. This shows that the
autocorrelation spectrum does not provide sufficient informa-
tion to differentiate between different OPs for this system.
However, the experimental measurements should not be com-
pared with the JDOS but with the results of the full 7-matrix
calculations (the QPI patterns). In the full calculations, due
to phase cancellations, the intensity and the position of the
peaks can be very different from one OP to the next, thus
the comparison with the experiments allows us to identify the
correct OP.

APPENDIX D: STUDY OF ENERGY DEPENDENCE

In this appendix we study how the surface spectral function
and the QPI patterns change with increasing energy E from
0 meV to 0.25 meV, i.e., within the superconducting gap equal
to Agp = 0.3 meV.

1. Surface energy band

Figures 29 and 30 show the surface energy band along
a path ABCDA on the (0-11) plane depicted in Fig. 28, at
Ap = 0.3 meV and n = 0.03 meV. This path is chosen to
highlight the main characteristics, in particular the high-
intensity features in the surface energy band. We took a
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FIG. 31. Surface spectral function for nonchiral pairings at different energies. We take Ag = 0.3 meV and n = 0.1 meV.
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smaller value for the damping (n = A(/10) compared with
the one used for the surface spectral function and QPI (n =
Ag/3) to better see the dispersing bands.

2. Surface spectral function at E # 0

Figures 31 and 32 depict the evolution of the surface spec-
tral function for an energy varying from O to 0.25 meV. We
note that, as also discussed in the main text, the amplitude of
the surface spectral function is highly dependent on energy,
thus superconducting surface states visible at low energy can

disappear at higher energy for some pairings, or, inversely, su-
perconducting surface states absent at low energy can appear
at higher energy for others.

We also note that at £ # 0 the mirror symmetry with
respect to the k, axis and ks axis is preserved for nonchiral
pairings but can be broken for some of the chiral pair-
ings. The explanation for this is that, although the triplet
order parameters associated with A,, By,, B,, and B3, pair-
ings are not invariant under the spatial symmetries of the
group Immm, they remain invariant under symmetries in the
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FIG. 32. Same as in Fig. 31, but for chiral pairings.
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FIG. 33. QPI pattern for nonchiral pairings at different energies
We take Ag = 0.3 meV and n = 0.1 meV.

superconducting phase, because a gauge transformation can
remove a U(1) phase [58]. However, when two order parame-
ters that transform differently under a crystalline symmetry g
are combined, such as in By, 4 iBy, for example, gauge invari-
ance alone is insufficient to restore the crystalline symmetry
g. The symmetry breaking for the chiral order parameters is
reflected in the surface spectral function plots: as shown in
Figs. 31 and 32, the edge contribution to the surface spec-
tral function for E 7 0 remains mirror-symmetric for the

. For better visibility, here we restrict the plots to the first Brillouin zone.

nonchiral pairings, while this symmetry is broken in the chiral
case.

3. QPI patterns at E # 0

Figures 33 and 34 describe the evolution of the QPI pattern
for an energy varying from O to 0.25 meV. Note that the q;
peak visible for B3u, Au + iBlM’ Au + iB2u, Au + iB3u, Blu +
iB3,, and By, + iB3, pairings is stable in position and remains
visible up to £ ~ 0.15 meV.
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FIG. 34. Same as in Fig. 33, but for chiral pairings.
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