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ABSTRACT OF THE DISSERTATION

Strong correlation with symmetry, topology and anomaly

by

Meng Zeng

Doctor of Philosophy in Physics

University of California San Diego, 2024

Professor Yi-Zhuang You, Chair

In this thesis, I will present mainly three directions of research: symmetric mass genera-

tion (SMG), anomaly-constrained gapless quantum phases, and unconventional superconductivity.
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SMG is a new mass generation mechanism through strong interactions that preserve the symme-
tries, different from the conventional Yukawa-Higgs mechanism. I will discuss its applications
in chiral lattice gauge theory, symmetric gapping of Fermi liquids, Green’s function properties
and the corresponding optical responses of SMG insulators. Then I will discuss about emergent
anomalies in many-body systems, and its implications for low-energy phases. In particular, we
will see how gapless symmetry protected topological phases and symmetry-enriched topological
ordered phases can arise through through effective partial gauging. Last but not least, for the un-
conventional superconductivity part, I will focus on the exotic time-reversal symmetry breaking
normal state of multi-gap superconductors, and the stabilization and topology of superconductors

with pairings involving multiple orbitals.

XV



Introduction

One of the most fascinating and fundamental questions in physics is the origin of mass.
In the Standard Model of elementary particles, that question has been convincingly answered
by the Higgs mechanism, which involves symmetry breaking. For the past 15 years or so, it
has been realized there is another mass generation mechanism through symmetry-preserving
strong interactions, named symmetric mass generation (SMG). SMG has numerous applications
in both high-energy physics and condensed matter physics, and it will be the topic of the first
four chapters of the thesis. The first application of SMG we will be looking at is the lattice
regularization of chiral fermions, which is a long-standing problem in high-energy physics due to
the fermion doubling problem. In Chapter 1 of the thesis we provided a valid lattice regularization
scheme in 1d chiral gauge theory by studying the anomaly-free 3-4-5-0 chiral fermion model
based on the mirror fermion approach, first proposed almost 40 years ago. We realized the 1d
chiral fermion theory on the edges of a 2d Chern insulator, with one edge called the chiral light
sector and the opposite edge called the mirror sector. Using the density matrix renormalization
group numerical method, we successfully demonstrated that the mirror sector can be gapped
through the SMG mechanism by introducing strong symmetry-preserving interactions, while
the chiral light sector remains gapless. Our work represents an important step towards the full
resolution of the long-standing chiral fermion problem in the Standard Model. Furthermore, the
important role played by Chern insulators in the process is another nice example showcasing
the synergistic relation between condensed matter physics and high-energy physics, which
contributes even more to my fascination in this area.

As a followup work detailed in Chapter 2, we found the exact 1d lattice regularization of



the 3-4-5-0 chiral fermion model, where there are two bands of lattice fermions with the four
Fermi points representing the four fermion flavors at low energy. This way, SMG is generalized
to systems at finite density, i.e. with Fermi surfaces. The Fermi surfaces can be symmetrically
gapped as long as the Fermi surface anomaly vanishes. We also studied a concrete lattice model
in 2d, where there are two species of fermions whose fillings have to satisfy certain relations
in order to cancel the anomaly, similar to the Lieb-Shultz-Mattis anomaly. The existence of a
symmetrically gapped phase is also numerically verified.

In another followup work, we investigate in Chapter 3 the Green’s function zeros of the
SMG phase, after the anomaly-free Fermi surface is symmetrically gapped out. We found that
after the Fermi surface, which is a surface of Green’s function poles, is gapped, a surface of
Green’s function zeros, called the Luttinger surface, appears. We verified both analytically and
numerically that the volume enclosed by the Luttinger surface is the same with that enclosed by
the Fermi surface. Therefore, in the gapped SMG phase, the Luttinger theorem still holds, where
the Luttinger volume is now determined by the Luttinger surface instead of the Fermi surface.
This is in stark contrast with gapping the Fermi surface by symmetry breaking orders, which do
not have a Luttinger surface in the gapped phase. We also discussed the possible experimental
detection of Green’s function zeros using spectroscopy.

In Chapter 4, inspired by a recent work claiming non-trivial electromagnetic response
using an effective field theory constructed from SMG Green’s function in relativistic setting, we
investigate further this counter-intuitive result using concrete but general lattice models. Our
results, in contrast, show that in the well-regularized lattice models, the SMG insulator does
not have low-energy electromagnetic responses. We claim the discrepancy comes from their
incorrect definition of current operator in the constructed effective theory. In particular, in the
presence of Green’s function zeros, their current operator turns out to be unbounded.

Chapter 5 switches gear to my other current interest involves the role of quantum anomaly
and topology in many-body physics. These non-perturbative measures are extremely powerful

and elegant, and can often provide important insight on the possible phases and the transitions



between them. In a recent work, we look at a system in d-dimensions with a continuous global
symmetry G, where one of its finite normal subgroup N is gauged by coupling to discrete gauge
degrees of freedom. After the gauging, there will be a dual (d — 1)-form symmetry , giving rise
to the new global symmetry G/N x N. Under certain conditions G/N and N can have a mixed
anomaly, which implies the ground state cannot be trivially gapped. In the specific example of
Z»-gauged boson-Hubbard model in two spatial dimensions, the symmetry is U(1) and a 1-form
Z,, with a mixed anomaly between them. The ground state is either a U (1)-enriched topological
order (with 1-form Z, broken) or a superfluid (U (1) broken) with the 1-form Z, preserved. We
also showed that the superfluid phase is also a gapless symmetry-protected topological phase
with symmetry protected edge modes when there is an open boundary. The transition between
the two exotic phases is a generalized deconfined critical point.

Another important part of my research is concerned with the intriguing world of un-
conventional SC, whose pairings are different from the ordinary BCS type. After decades of
development, unconventional SC still remains one of the most active and exciting areas of
research. Many unconventional SCs feature intriguing interplay between multiple gap functions.
In Chapter 6 we explore a generic subclass of systems with two gaps that belong to different sym-
metry representations and therefore the lowest order of coupling is of the second order Josephson
type. The second order coupling could lead to Ising symmetry breaking, resulting in a time-
reversal symmetry breaking phase or nematic phase. By doing loop-level renormalization group
analysis, we discovered that [sing symmetry breaking can occur at a temperature higher than
the superconducting transition, indicating that the normal state can exhibit symmetry-breaking
phases due to Josephson coupling before transitioning to the superconducting state. Surprisingly,
we also observed the emergence of the elusive charge-4e state as another possible intermediate
phase, where not Cooper pair but pairs of Cooper pairs, four electrons each in total, condense.
As of now, both of the two exotic phases have been observed in recent experiments.

Another large class of unconventional superconductors happens in materials involving

multiple orbitals. However, orbital-dependent pairings have been under explored due to the



conventional belief that such pairings are energetically unfavorable because the degeneracy of the
two orbitals is lifted by orbital hybridization or crystal field splitting. In Chapter 7, by solving the
weak-coupling linearized gap equation, we showed that orbital-dependent pairing can actually
be stabilized as long as the pairing satisfies certain condition determined by the effective orbital
hybridization in the system. This opened up a plethora of new possibilities for systems consisting
of multiple orbitals, for example valley or sublattice degrees of freedom. With this general result
established, we further considered the mixing of even parity spin-singlet orbital triplet pairing
with spin-singlet orbital independent pairing. The mixing is allowed since they belong to the
same symmetry representation. We showed that such mixing can give rise to either nodal or fully
gapped SCs, which can be used to explain the gap features in certain Fe-based SCs.

Building on the results in Chapter 7, we explore in Chapter 8 various interesting properties
of orbital-dependent pairings. One fascinating phenomenon is Pauli limit violation, i.e. the
large in-plane upper critical field, due to the existence of atomic SOC, which has different
mechanism from that of a type II Ising SC. Another interesting result is the onset of time-reversal
invariant/breaking topological SCs with helical/chiral Majorana edge states, in the absence of
external applied magnetic field or Zeeman field. Furthermore, when the orbital-dependent pairing
spontaneously breaks time-reversal symmetry, the resultant orbital polarization will induce spin
polarization due to the SOC even though the pairing is spin-singlet. The spin-resolved density of
states has asymmetrical gap, in contrast to that of a spin-triplet SC.

As another followup, in Chapter 9 we look at the possibility of higher-order topology
in multi-orbital systems. In contrast to the usual 1st-order topology with gapless surface states,
higher-order topological phases have gapped surface and only have zero modes at the kinks
(corners, hinges, etc) of the surface. In particular we considered the time-reversal breaking
d +id-wave SC in 2d, where one of the d-wave gaps is orbital-independent and the other is
orbital-dependent. We demonstrated that this fully gapped SC can have Majorana zero modes at
the corners but not on the edges, due to the non-trivial 2nd-order topology protected by rotation,

in stark contrast with the conventional chiral d-wave SC with chiral edge states.



Chapter 1

Symmetric mass generation in the 1 + 1
dimensional chiral fermion 3-4-5-0 Model
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Symmetric Mass Generation in the 1+ 1 Dimensional Chiral Fermion 3-4-5-0 Model

Meng Zeng®,' Zheng Zhu ,>* Juven Wang 4 and Yi-Zhuang You
]Department of Physics, University of California San Diego, La Jolla, California 92093, USA
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Lattice regularization of chiral fermions has been a long-standing problem in physics. In this Letter, we
present the density matrix renormalization group simulation of the 3-4-5-0 model of (1 + 1)D chiral
fermions with an anomaly-free chiral U(1) symmetry, which contains two left-moving and two right-
moving fermions carrying U(1) charges 3,4 and 5,0, respectively. Following the Wang-Wen chiral fermion
model, we realize the chiral fermions and their mirror partners on the opposite boundaries of a thin strip of
(2 + 1)D lattice model of multilayer Chern insulator, whose finite width implies the quantum system is
effectively (1 + 1)D. By introducing two sets of carefully designed six-fermion local interactions to the
mirror sector only, we demonstrate that the mirror fermions can be gapped out by the interaction beyond a
critical strength without breaking the chiral U(1) symmetry, via the symmetric mass generation mechanism.
We show that the interaction-driven gapping transition is in the Berezinskii-Kosterlitz-Thouless
universality class. We determine the evolution of Luttinger parameters before the transition, which
confirms that the transition happens exactly at the point when the interaction term becomes marginal. As
the mirror sector is gapped after the transition, we check that the fermions in the light chiral fermion sector

remain gapless, which provides the desired lattice regularization of chiral fermions.

DOI: 10.1103/PhysRevLett.128.185301

Introduction.—It has been a long-standing issue to
regularize chiral gauge theories (e.g., the weak interaction
in the standard model) on the lattice due to the Nielsen-
Ninomiya no-go theorem [1], which asserts that any free
fermion lattice model in even-dimensional spacetime with
locally realized chiral symmetry will necessarily give rise
to equal numbers of left-handed and right-handed fermion
fields at low energy, hence rendering the theory vectorlike.
Over the past few decades, much effort [2-7] has been
devoted to circumventing the fermion doubling problem by
lifting different assumptions of the no-go theorem.

In particular, the no-go theorem assumes the fermion
theory to be infrared free, i.e., fermion interactions, if there
are any, must be perturbatively irrelevant under the
renormalization group (RG) flow. Lifting this assumption
by introducing nonperturbative (strong enough) fermion
interactions could potentially circumvent the problem.
Efforts along this line are generally referred to as the
mirror fermion approach, which dates back to Eichten and
Preskill [8]. The basic idea is to start with a vectorlike
theory containing both chiral fermions and their mirror
fermion partners, which can be put on a lattice without any
issue. Then one attempts to generate a mass gap in the
mirror sector by introducing interactions among mirror
fermions, such that the remaining light (chiral fermion)
sector survives in the low-energy spectrum, providing the
basis for lattice realizations of chiral gauge theories.

0031-9007/22/128(18)/185301(6)

However, early numerical tests [9-18] appeared to invali-
date the mirror fermion approach, as strong fermion
interactions typically result in the condensation of fermion
bilinear mass at low energy, which spontaneously breaks
the chiral symmetry and gaps out the light sector together
with the mirror sector.

In recent years, a series of developments [19-34] in the
many-body quantum matter community have significantly
deepened our understanding. It is realized that in order to
gap out the mirror sector by interactions without breaking
the chiral symmetry, two conditions must be satisfied:
(1) the mirror fermions must be anomaly free under the full
spacetime-internal symmetry, (ii) the interaction must be
appropriately designed to satisfy certain consistent gapping
conditions [26,33]. Along this line, recent numerical
studies [35-51] have successfully demonstrated examples
of interaction-driven fermion mass generation without
spontaneous symmetry breaking in various spacetime
dimensions. The phenomenon is known as the symmetric
mass generation (SMG) [52-56]. Therefore, solving the
chiral fermion problem boils down to achieving the SMG
for mirror fermions in even spacetime dimensions.

Nevertheless, most numerical works realizing SMG in
even spacetime dimensions have been focused on vector-
like lattice models [39-41,44,45,48,49,51], which still have
some distance from the goal of regularizing chiral fermions.
Recently, Catterall [50] studied the SMG of a chiral

© 2022 American Physical Society
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fermion lattice model with a chiral discrete Z, symmetry.
In this work, we demonstrate the SMG in the 3-4-5-0 model
of (1+1)D chiral fermions that cancels the Z-class
perturbative local anomaly of the chiral continuous U(1)
symmetry, which is closer to the situation of perturbative
chiral anomaly cancellation in the 3 + 1D standard model
[such as the chiral U(1), electroweak hypercharge]. We
propose a lattice model of interacting fermions, and
investigate the model using the density matrix renorma-
lization group (DMRG) numerical method [57,58]. Our
numerical results provide clear evidence for the SMG in the
mirror sector, successfully achieving our goal of regula-
rizing chiral fermions in the 3-4-5-0 model on a lattice.

The 3-4-5-0 model.—The 3-4-5-0 model describes four
gapless complex fermions in (1 + 1)D,

4
S = /dtdelpj(ia,—i— 00wy, (1)
=1

with two left-moving modes y{, y, (of v; = v, = +1) and
two right-moving modes y3, w4 (of v3 = vy, = —1). The
fermions are charged under a chiral U(1) symmetry:
w; — "%, with the charge assignment (g, 5, ¢3, q4) =
(3,4,5,0) (hence the name “3-4-5-0”). This seemingly
peculiar charge assignment is designed to cancel the U(1)
symmetry’s "t Hooft anomaly, which is a Z-class perturbative
local anomaly. The anomaly index is given by >, v,¢? =
32 +4%-52 -0 =0, which vanishes for the charge
assignment of the 3-4-5-0 model. The model is also free
of the gravitational anomaly. As the field theory is anomaly-
free, it should admit a lattice regularization in (14 1)D
spacetime.

Following Wang-Wen’s chiral fermion model [26,33],
the (1 + 1)D chiral fermions and their mirror partners can
be viewed as the chiral edge modes on the opposite
boundaries of a (2+ 1)D multilayer Chern insulator
[59], each layer with a Chern number +1. To construct
the chiral fermions on a lattice, we start with four layers of
Chern insulators on a two-leg ladder as shown in Fig. 1(a).
On each lattice site i, we introduce four complex fermions,
described by the annihilation operators y,; ; (with [ =1, 2,
3, 4 being the layer or flavor index). The fermion hopping is
governed by the lattice Hamiltonian

4
Hfree = Z Z(tl.iju/;,il/”,j + H'C')’ (2)
I=1 ij

where the hopping parameters 7; ;; are nonzero only on the
nearest and next-nearest-neighbor links. For the first two
layers I = 1, 2, the nearest neighbor hoppings are purely
imaginary with #;;; = ¢"™/*t, if j— i follows the link
direction, and the next-nearest neighbor hoppings are real
with 7;;; =1, (or —1,) on the solid (or dashed) links, as
shown in Fig. 1(a). We fix #; =1 and t, = 0.5. This
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FIG. 1. (a) The fermion hopping pattern on the two-leg ladder
lattice for the first layer. Arrow link: #,e¢”/* (along the arrow
direction); solid link: f,; dashed link: —f,. This (2 + 1)D thin
strip is effectively the same as (1 + 1)D by regarding the finite-
width dimension as internal degrees of freedom of the (1 + 1)D
system. (b) Energy dispersion for #; = 1, 1, = 0.5. Gapless edge
modes are strictly localized on the two boundaries of the ladder.
(c) Schematic diagram showing the configuration of the four
flavors of chiral fermions on the edges.

hopping pattern ensures a z Berry flux through each square
plaquette, realizing a minimal model of Chern insulator in
each layer. For the last two layers I = 3, 4, the hopping
parameters are complex conjugated, such that the band
Chern numbers in the last two layers are opposite to those
of the first two layers.

The lattice model has a four-site unit cell that repeats
along the ladder direction, hence the lattice momentum k
along the ladder direction is a good quantum number, and
the system is effectively (1 + 1)D. In each layer, the single-
particle energy dispersion (band structure) is shown in
Fig. 1(b), which includes two gapped bulk bands together
and two gapless edge modes of opposite velocities (local-
ized separately on the two boundaries). Stacking all layers
together, the lattice model realizes four chiral fermions (as
two pairs of counterpropagating modes) on each edge, as
illustrated in Fig. 1(c). Since the four layers of fermions are
decoupled at the free fermion level, we are free to assign
them with the 3,4,5,0 chiral U(1) charges, respectively,
such that the low-energy edge modes realize the 3-4-5-0
chiral fermions and their mirror partners. We treat the edge
A as the light (chiral fermion) sector, and the edge B as the
mirror sector (to be gapped out). If we can generate a mass
gap for the edge B fermions only without breaking the
chiral U(1) symmetry, we will succeed in achieving a lattice
regularization of the 3-4-5-0 field theory Eq. (1) in this
(1 4+ 1)D system in terms of the gapless edge A fermions.

The fact that the U(1) ’t Hooft anomaly vanishes for the
3-4-5-0 model indicates that it should be possible to gap out
the edge B fermions trivially without breaking the chiral
U(1) symmetry. However, the chiral U(1) symmetry is
restrictive enough to prevent the gapping to happen on the
free-fermion level, because any fermion bilinear term that
produces a gap must take the form of 1//'11'1// 7 (Dirac mass) or
vy ; (Majorana mass), with I € {1,2} and J € {3,4}, that
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mixes the left- and right-moving fermions. Since the four
layers of fermions all carry distinct chiral U(1) charges that do
not add or subtract to zero, any layer-mixing fermion bilinear
term necessarily breaks the chiral U(1) symmetry explicitly.
The symmetry breaking mass on the B edge will also induce
similar bilinear mass for the edge A fermion by the proximity
effect, thereby gapping out all fermions together.

Therefore, we resort to the idea of gapping out the mirror
fermions by interactions, which has been previously
explored by Chen, Giedt, and Poppitz (CGP) [18] in the
3-4-5-0 lattice model, where all U(1) symmetry allowed
interactions are included. Unfortunately, the CGP result
shows a singular nonlocal behavior for the gauge field
polarization tensor in the mirror sector, which indicates
the mirror sector still has surviving gapless modes charged
under the gauge field. The reason could be that the CGP
approach introduces too many interaction terms, and some of
them are harmful. In order to achieve the SMG, the fermion
interaction must be carefully selected to satisfy the gapping
condition (i.e., the interaction operators must be self-bosonic
and mutual-bosonic in terms of the operator braiding
statistics [60-63]), as elaborated in recent works [26,33].
It turns out that the lowest order interactions that satisfy the
gapping condition are the following six-fermion local
interactions [26],

Hiw = > 010w 0 W5 Wswawain + He)

ieB
+ 92(1/11.il//1.i+1l//2.ill/§,ill/;i+1ll/4,i + H.c.). (3)

These are seemingly irrelevant dimension-five operators in
the perturbative RG around the gapless free fermion fixed
point. The interaction respects the chiral U(1) symmetry, and
is only applied to sites on the B edge (denoted as i € B), with
i + 1 being the next site of i along the B edge. The interaction
looks highly irrelevant in the free-fermion limit. However,
strong enough interaction (strong in the sense that the
interaction energy scale Ej, is large but still in the same
order of magnitude as the kinetic energy Ep.., thus
Eiyi/Efee = O(1) is nonperturbative) may still generate
nonperturbative effect that gaps out the edge B fermions.
Our central goal is to numerically verify that the proposed
interaction Eq. (3) indeed drives the SMG in and only in the
mirror sector.

DMRG results.—We study the lattice model H =
Hye. + Hy,, by the DMRG method [57] using the
ITensor software library [64]. For simplicity, we set g; =
g» = g as the only interaction parameter. The simulation is
performed on a two-leg ladder of 20 unit cells, where three
different matrix product state bond dimensions D = 6000,
7000, and 8000 are used [65]. Computed physical quan-
tities are then extrapolated to the D — oo limit assuming a
1/D scaling. Figure 2 shows the ground state energy Egg
(of the full Hamiltonian H) per unit cell as a function of the
interaction strength g, where the inset shows its first-order
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FIG. 2. Ground state (GS) energy per unit cell as a function of
interaction strength g. The inset shows the first-order derivative of
the GS energy with respect to g. The features around g~ 5.7
(indicated by the gray dashed line) signal a quantum phase
transition.

derivative 0 Egs. The onset of a nonzero 0 Egs =
g '(Hy,) around g, ~5.7 signifies the development of
the (H;,) # 0 condensation across the SMG transition. The
smooth kink of d,Egs indicates a (high-order) continuous
transition.

To further confirm the existence of the critical point g,.,
we calculate the fermion correlation functions C,,(r) =
<1//;l- W) on both edge A and edge B across the
transition. It turns out that the behavior of C,, is the same
forall I =1, 2, 3, 4, such that it is sufficient to show one of
the four flavors. Figures 3(a), 3(c) and Figs. 3(b), 3(d) show
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FIG. 3. Correlations on both edges before and after transition.

Linear fit (red line) is performed for intermediate distances from
r =2 to r = 6 in each case, in order to faithfully extract the low
energy physics while avoiding the artifacts due to the gap caused
by finite bond dimension in the matrix product state representa-
tion. (a) g =5.0 < g. for edge A. The log-log plot shows a
power-law decay for intermediate distances. (b) g = 7.0 > g, for
edge A. The log-log plot again shows a power-law decay.
(¢c) g=5.0 < g, for edge B. The log-log plot shows a power-
law decay. (d) g =7.0 > g, for edge B. The semilog plot
indicates an exponential decay, i.e., edge B becomes gapped.
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FIG. 4. (a) The evolution of fermion scaling dimension A,, on
both edges as the interaction strength g approaches the critical
point. The scaling dimension is obtained from the power-law
fitting as in Fig. 3. The horizontal dashed line indicates the free
fermion limit. The gray stripe shows the estimated critical
interaction strength g. with some uncertainty. (b) The solved
scaling dimension for the interaction terms on edge B based on
the scaling dimensions of multiple operators (refer to SM, Sec. III
[66] for details). The horizontal dashed line indicates the marginal
value 2 of A;,, across which the phase transition is expected to
happen.

the correlation functions for each edge before and after the
transition, respectively. We observe that edge A is always
gapless with power-law correlations. In contrast, edge B is
gapless when g < g. but becomes gapped with an expo-
nential-decay correlation when g > g.. The two qualita-
tively different behaviors must be separated by a quantum
phase transition.

By fitting the power-law correlation function C,(r) ~
1/ 28 before the transition, we can extract the fermion
scaling dimension A,, on both edges. The result is shown in
Fig. 4(a). In the free-fermion limit (¢ = 0), the fermion
scaling dimension is A, = % on both edges. The finite-size
effect tends to reduce the scaling dimension slightly. A
finite-size scaling of the scaling dimension in the free
fermion limit is performed in Supplemental Material (SM),
Sec. 1 [66], confirming that our result converges to the long-
distance limit correctly. As ¢ increases toward g., the
fermion scaling dimension on the edge B increases con-
tinuously from % to about 0.67 (near g.), indicating that
fermion operators get renormalized by the interaction
significantly. For g > g., the correlation on the edge B
becomes short-ranged, such that the fermion scaling
dimension is no longer defined (although the power-law
fitting on the finite-size data will continue give some
estimated exponent that extrapolates beyond the critical

point before the correlation length shrinks below the system
size). However, on the edge A, the fermion scaling
dimension, while experiencing some fluctuations near
the critical point, generally stays close to the free fermion
limit regardless of the interaction strength. The scaling
dimension remains stable even after g goes across the
transition point g, by a significant amount. This implies
that the edge A remains gapless and almost free, as the edge
B interaction can only induce a perturbative interaction on
the edge A through the proximity effect.

To verify that the chiral U(1) symmetry is not broken
spontaneously by the condensation of fermion bilinear
masses, we measure correlation functions of Dirac and
Majorana mass operators on the B edge, i.e., Cw;v//(r) =

<l//j,i+rl//1,i+rll/ll,iWJ.i> and Cu/,u/,(”) = <l//;,i+rll/;,-+rl//1,ﬂ//1,i>~
Figure 2 in SM, Sec. II [66] shows the correlations for all the
eight mass terms are short-ranged (exponential decay) along
the B edge in the strong coupling gapped phase (¢ > ¢.),
which confirms that the mirror fermions on the B edge are
gapped by the SMG mechanism without long-range ordering
of bilinear masses. Therefore, the remaining gapless fer-
mions on the A edge successfully realize the lattice regu-
larization of chiral fermions in the 3-4-5-0 model preserving
the chiral U(1) symmetry.

Luttinger liquid RG analysis.—To better understand the
nature of the SMG transition at g., we perform the
Luttinger liquid RG analysis for the edge B fermions.
We first bosonize the mirror fermions by y; ~ ¢, Then
the (1 + 1)D interacting mirror fermions can be described
by the Luttinger liquid effective field theory in terms of the

¢ = (¢1»¢2,¢3,¢4)T fields

L= O KOD+0,V0 )+ S gucos(il),  (4)

4n a=1,2

where K = 6° and V = 6% (in the uv limit) are 4 x 4
matrixes (where 6" = ¢ ® ¢ denotes the tensor product
of Pauli matrices). The two interaction terms g;, g, in
Eq. (3) correspond to the cosine terms in Eq. (4) specified
by the vectors [, = (1,-2,1,2)T and I, = (2,1,-2,1)T,
respectively. The RG flow with respect to the log-energy-
scale # = —In A is given by [67]

dg, 1
= (2=24,)9,— 2, i% . 99y~
prl,=ly

av=t 1
d¢ 2

> GRKKT = VLIV, (8)

where A; = 11TV~'[ denotes the scaling dimension of the

vertex operator ¢/'?. Under the RG flow, the V matrix gets
renormalized to the general form

V= /1+y1+y36" = y16'" =6, (6)
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TABLE 1. Operator scaling dimensions and Luttinger param-
eters at the free-fermion limit (¢ = 0) and at the critical point

(9=9c)-

Il A Free Critical
l//¥ (1,0,0,0) % 1+ y% + y% % 0.67 £0.07
wiys (-1,0,1,0) 1+ y% i y% -y 1 0.76 +0.05
Wiy (1,0,0,1) 1+y +yi—y 1 0.73 £0.01

Vi 0 0.72 +0.18
Vo 0 0.70 £ 0.15

where y;, y, are Luttinger parameters that depend on the
RG scale 7. Table I concludes the scaling dimensions of the
fermion, Dirac mass, and Majorana mass operators. We
numerically determine the scaling dimensions of these
operators before the transition (¢ < g.), by fitting the
power-law exponents of their correlation functions (see
SM Sec. III [66] for details).

From the scaling dimensions, we infer the Luttinger
parameters y;, y,, and calculate the scaling dimen-
sion of the interaction operator Ay, :=A4; =A;, =

1+ +y3 =3y, — 4y,. The evolution of Ay, is shown
in Fig. 4(b), which drops continuously from A;,, = 5 at the
free-fermion limit (¢ =0) to 2.17 £ 0.27 at the SMG
transition (g = g.). Although the interaction is perturba-
tively irrelevant at the free-fermion fixed point, finite
strength of the interaction can renormalize the Luttinger
parameter, which reduces its own scaling dimension. Our
numerical result indicates that the SMG transition is
triggered exactly when the interaction scaling dimension
is reduced to marginal A;,; =2, which matches the
mechanism of the Berezinskii-Kosterlitz-Thouless (BKT)
transition. This scenario was also proposed by Tong in a
recent theoretical study [55]. Our numerical study provides
more detailed RG analysis and more solid evidence in
support of the BKT transition scenario.

Conclusion and discussions.—We numerically demon-
strate the lattice regularization of (1 + 1)D chiral fermions
in the 3-4-5-0 model. This is achieved by gapping out the
anomaly-free mirror sector using properly designed inter-
actions via the SMG mechanism, leaving the light sector
gapless. By simulating the lattice model with the DMRG
method, we identify the SMG transition point g.. In the
strong coupling phase (g > g.), we show that the mirror
fermions are gapped without breaking the chiral symmetry,
and the light fermions remain gapless. We numerically
determine the scaling dimension of the interaction operator
before the transition, which evolves continuously from
irrelevant to marginal. This behavior clearly indicates the
BKT nature of the SMG transition in our model. Once the
anomaly-free U(1) symmetry is dynamically gauged, we
expect to obtain a (1 + 1)D lattice chiral gauge theory
coupled to chiral fermions, which could potentially be
simulated by the quantum Monte Carlo method [68], as our
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proposed six-fermion interaction in Eq. (3) admits the
following Yukawa decomposition (with site indices omitted
for brevity)

: 1
Hyw = (dlyws + ¢IV/;V/4 +H.c.) + §—¢I¢1
1
o 1
+ (Pwaws + ¢yl + He) + gfﬁ;rﬁz, (7)

such that integrating out the Yukawa bosons ¢, reproduces
our interaction at the leading order of g, ~ §2. Based on the
equivalence between the U(1) anomaly-free and gapping
conditions in (14 1)D [26,33], hopefully our work can
prompt future simulations on other (1 4 1)D lattice chiral
fermion—gauge theory models.
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I. SCALING DIMENSIONS IN FREE FERMION
LIMIT

In the free fermion limit, correlation functions and con-
sequently scaling dimensions can be calculated analyti-
cally. Here we work out the free fermion case on the lat-
tice as a benchmark to the DMRG calculation at g = 0.

A. Fermion scaling dimension

For the free fermion-fermion correlation, we can just
pick the fermion flavor f3 without loss of generality. The
two-point correlation is given by (with the flavor index
ignored)

Cy(r) = (Wl t0i) ~r7". (1)
On a finite lattice with real space Hamiltonian H, we can
do a change basis from the fermionic operators in real
space fermionic operators in energy eigenspace, so that
the correlation at half-filling can be more conveniently
calculated. Assuming H has eigenstates |e,) with cor-
responding eigenenergies €,, then the change of basis is
given by 11 (i) = " (€n|i)h}. Eventually the correlation
becomes

Cy(r) = Y _{enli) (lem) (W 0m).

n,m

(2)

Since the ground state is half-filled, the above summation
in n or m is only over the lower half of the energy spec-
trum. The system we have in the main text consists of 20
unit cells. Exact diagonalization can be done in the free
fermion limit and the correlation can then be calculated
using Eq. (2). With open boundary condition (same as
the DMRG setup), the correlation with log-log scale is
plotted in Fig. 1(a) together with a linear fit. The power
law exponent obtained is less than 1, which explains the
deviation of the scaling dimension A from 0.5 for g =0
in Fig. 4(a) in the main text. This deviation is mainly a
finite-size effect, demonstrated in Fig. 1(b). In the large-
system-size limit, the free fermion scaling dimension of
0.5 is recovered.
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FIG. 1. (a) Linear fit for the correlation function on a log-
log scale when the system has 20 unit cells. The power law
exponent obtained is around 0.936, which is smaller than 1.
(b) Finite-size scaling for the exponent using a polynomial
function for system sizes L = 20,40, 80, 160, 320. The extrap-
olation to L = oo recovers the ideal v = 1 limit.

B. Mass term scaling dimensions

Other than the fermion-fermion correlation, correla-
tions of various mass terms on a finite lattice can also
be calculated analytically in the free fermion limit. In
this case, the expected scaling dimension for a bilinear in
the large-system-size limit is 1. Taking the fermion bilin-
ear wlwg as an example, the correlation on the lattice is
given by (using Wick’s theorem)

Cyts (r) = <¢I7i+rw3,i+rw§,iwl,i>
= <¢I,i+rw17i><¢3,i+r7p;i>

,],,—21/

(3)
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FIG. 2. Semi-log correlations for the various mass terms in
the gapped phase. (a) Dirac masses w;wf,. The interaction
strengths chosen for the four mass terms 1/111#;, wu/JL 1/)2'@
and wgwl in the gapped phase are 6.5, 6.5, 6.6 and 6.4 respec-
tively. (b) Majorana masses 11t¢;. The interaction strengths
chosen for the four mass terms ¥1v3, 194, Waws and Y21y
in the gapped phase are 6.4, 6.3, 6.3 and 7.2 respectively.

i.e., the fermion bilinear exponent is simply double of
that for the single fermion, as expected. Therefore, the
finite-size behavior should also be the same.

II. MASS TERM CORRELATIONS IN THE

GAPPED PHASE FOR EDGE B

In this section, we present the correlations for the mass
terms on edge B after the gapping transition to demon-
strate that the U(1) chiral symmetry is preserved in the
gapped phase. The correlations for the Dirac masses are
shown in Fig. 2(a) and the correlations for the Majorana
masses are shown in Fig. 2(b). We see clear evidence for
exponential decays for all the eight different mass terms
at relatively shorter length scales r < 5, where the cor-
relation is expected to be dominated by the SMG gap.
The non-monotonic behavior of the correlation function
for larger distance r = 5 is an artifact arising from the
finite MPS bond dimension, and should not be trusted.
Different interaction strengths are chosen for the different
mass terms in order to better demonstrate the exponen-
tial decay features. Thus, we conclude that the chiral
U(1) symmetry is preserved in the gapped phase on edge
B.
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FIG. 3. Evolution of scaling dimensions for some of the mass
terms under RG on edge B. The fermion scaling dimension
Ay is also shown for comparison.

IIT. SCALING DIMENSIONS UNDER RG

The scaling dimensions of some of the interesting op-
erators are summarized in Table 1.

Operators l Ay
1 (1,0,0,0) LV/1+92 +42

7/)1¢§ (1707_170) —U1 +\/1+y%+y§

1/)1’1/)1 (17 0, 07 _1) y2 + \/1 + y% + y%

Y2 0,1,-1,0)|  —yo+V1+12 + 42

b)) 0,1,0,-1)| -y +/1+y3+43

Y193 (1,0,1,0) y1+V1+ 7 + 43

VY1 (1,0,0,1) —y2+/1+yi +y3

Vo (0,1,1,0) y2 + /1 +yi +u3

Ptha (0,1,0,1) yL+V1+y7 +us
13980 p]a0atpa | (1,—2,1,2) | —3y1 — dyo + 5/1 + 3 + 43
wlazwldigaz’lﬁ;?w/% (2,1,-2,1)|—3y1 — 4y2 + 5+/1 + y? + 2

TABLE I. Scaling dimensions of the various operators, some
of which are used to solve the two parameters y1 and ys.

These scaling dimensions can in principle be measured
by calculating the power-law correlation using DMRG.
Here we are interested in the scaling dimensions of the
gapping terms under RG before the Luttinger liquid be-
comes gapped. However, for large scaling dimensions, the
power-law decay is too fast to be measured accurately.
Therefore, in order to solve for the parameters y; and ys,
we only use the correlations for operators with relatively
smaller scaling dimensions, which, based on Table I, in-
clude 1,418, Yol Yool and 11y, Fig. 3 shows the
evolution of the scaling dimensions for some of the mass
terms under RG flow.

Instead of using two of the different scaling dimen-
sions to solve for the two parameters, we try to make use
of all the five aforementioned operators to have a faith-
ful representation of the available DMRG data. For a
particular interaction strength g, denote the five scaling
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FIG. 4. Solutions to the Luttinger parameters (y1,y2) based
on RG equation and some of the measured scaling dimensions
using DMRG.

dimensions from RG calculation by AERG)(yl (9),92(9))

and the DMRG counterparts by AEDMRG)(g) with errors
5A§DMRG)(Q). Then y; and ys are solved by minimizing
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the following error function at each g:

(A9 (9), 2(9) ~ AP )
SAPVRG) ()

ferror (g) - Z

i

)

(4)

where can be considered as the weight of

each contribution to the total error function. The solu-
tions (y1,y2) with error bars are obtained in the follow-
ing way. At each g, a numerical value for the DMRG
scaling dimension is randomly drawn from the interval
[Al(_DMRG) B 6AZ(_DMRG),A§DMRG) n 6AEDMRG)]7 then the
error function ferpor is minimized to find (y1,ys), with the
weight of this particular solution given by f% This

error

process is repeated 100 times for each g, after which
weighted average is taken to obtain the mean of (y1,y2)
with the errors given by the weighted uncertainty. The
evolution of the two parameters with RG flow is shown
in Fig. 4. The solved y; and y, can then be used to cal-
culate the scaling dimension of the gapping terms Ajn¢
plotted in Fig. 4(b) in the main text.
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Symmetric mass generation (SMG) is a mechanism to give gapless fermions a mass gap by nonperturbative
interactions without generating any fermion bilinear condensation. The previous studies of SMG have been
limited to Dirac/Weyl/Majorana fermions with zero Fermi volume in the free fermion limit. In this paper, we
generalize the concept of SMG to Fermi liquid (FL) with a finite Fermi volume and discuss how to gap out the
Fermi surfaces (FSs) by interactions without breaking the U(1) loop group symmetry or developing topological
orders. We provide examples of FS SMG in both (1+1)-dimensional [(1+1)D] and (2+1)-dimensional FL
systems when several FSs together cancel the FS anomaly. However, the U(1) loop group symmetry in these
cases is still restrictive enough to rule out all possible fermion bilinear gapping terms, such that a nonperturbative
interaction mechanism is the only way to gap out the FSs. This symmetric FS reconstruction is in contrast to
the conventional symmetry-breaking gapping mechanism in the FL. As a side product, our model provides a
pristine one-dimensional lattice regularization for the (14-1)D U(1) symmetric chiral fermion model (e.g., the
3-4-5-0 model) by utilizing a lattice translation symmetry as an emergent U(1) symmetry at low energy. This
opens up the opportunity for efficient numerical simulations of chiral fermions in their own dimensions without

introducing mirror fermions under the domain wall fermion construction.

DOI: 10.1103/PhysRevB.107.195133

I. INTRODUCTION

Fermi liquids (FLs) are gapless quantum many-body sys-
tems of fermions that possess Fermi surfaces (FSs) and
well-defined quasiparticle excitations at low energy. They are
the models for the most commonly seen metallic materials
in nature. They are probably also some of the most studied
quantum phases of matter in condensed matter physics since
Landau [1,2]. However, there are still many aspects of FLs
that might not have been well recognized. In this paper, we
explore one such aspect: the phenomenon of symmetric mass
generation (SMG, see a recent overview [3] and references
therein) in FLs.

One intriguing property of the FL is the surprising stability
of the FS under generic local interactions of fermions. Al-
though the system is gapless with vastly degenerated ground
states, local interactions often do not immediately lift the
ground state degeneracy and destabilize the FL toward gapped
phases. Early understanding of this property came from the
perturbative renormalization group (RG) analysis, as the FL
theory can emerge as a stable RG fixed point of interacting
fermion systems [4—10].

Recently, a modern understanding arose under the name
of a FS anomaly [11-13], which states that the stability of
the FS can be viewed as protected by the quantum anomaly
of an emergent LU(1) loop group symmetry at low energy,
extending and unifying many related discussions [14-29]
about Luttinger’s theorem [30] and the Lieb-Schultz-Mattis

“yzyou@physics.ucsd.edu

2469-9950/2023/107(19)/195133(15)
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(LSM) theorem [31] in fermionic systems. Loosely speak-
ing, the LU(1) symmetry corresponds to the fermion number
nk conservation at each momentum point k on the FS,
which is preserved by the Landau FL Hamiltonian Hp =
D kers €Mk + Dy wers Sk ke + - - - Inthe presence of the
FS anomaly, the FL can only be gapped by either (i) sponta-
neously breaking the LU(1) symmetry or (ii) spontaneously
developing anomalous topological orders (or other non-FL
exotic states) that saturate the FS anomaly. The anomaly
matching is a kinematic constraint, which is nonperturbative
and more robust than the perturbative RG analysis of the FL.
low-energy dynamics.

Over the past decade, the quantum anomaly [32-35] has
been realized as an important theoretical tool in analyzing
the protected gapless boundary states of interacting topolog-
ical insulators/superconductors, which belong to symmetry-
protected topological (SPT) phases in a grand scope (see
overviews [36-38] and references therein). An interesting
phenomenon, known as SMG [39-51], was discovered in
the study of interacting fermionic SPT states. It was re-
alized that certain SPT states might look nontrivial at the
free-fermion (noninteracting) level but can be smoothly de-
formed into a trivial gapped phase with a unique ground
state by fermion interactions. This implies some integer Z
classification of noninteracting SPT states can be reduced to
a finite Abelian elementary order-n group Z, classification
for some interacting SPT states, emphasized by Fidkowski
and Kitaev [39,40]. Correspondingly, their gapless boundary
states can be gapped out by (and only by) interaction without
breaking the symmetry or developing the topological order
(breaking emergent higher-form symmetry). This provides a

©2023 American Physical Society
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mechanism to generate a mass for zero-density relativistic
gapless fermions (e.g., Dirac/Weyl/Majorana fermions occu-
pying only Fermi points with zero Fermi volumes at the Fermi
level, colloquially known as Dirac/Weyl/Majorana cones)
without symmetry breaking, which has been proposed to pro-
vide lattice regularization for the standard model and grand
unified theories [45,52-56]. This mechanism is called SMG,
or a mass-without-mass term [57,58], which is distinct from
the conventional Higgs mechanism that relies on symmetry
breaking for fermion mass generation.

However, the SMG mechanism has not yet been extended
to fermion systems at a finite filling (with a finite density). The
FL is the most notable examples of such, which possesses a FS
enclosing a finite Fermi volume. It is natural to ask: Can SMG
happen on the FS as well, gapping out the FS by interaction
without breaking the loop group symmetry of interest? As we
will demonstrate in this paper, the answer is yes.

Given the spacetime-internal symmetry G of a fermion
system, the conditions [3] for SMG to happen are (i) the
system must be free from G anomaly such that symmetric
gapping (without topological order) becomes possible, and
(ii) the symmetry G must be restricted enough to rule out
any symmetric fermion bilinear gapping term such that the
gapping can only be achieved by interaction. These defining
conditions of SMG can be applied to the FL system by con-
sidering G as the emergent loop group symmetry on the FS.
Based on this understanding, we will investigate the FS SMG
in the presence of the LU(1) symmetry. The general feature
is that, even though a single FS is anomalous, it is possible
to cancel the FS anomaly among multiple FSs (or FSs with
multiple fermion flavors), such that interactions can drive the
transition from the FL phase to a symmetric gapped phase. We
shall name this phenomenon as the FS SMG.

The FS SMG provides us a different possibility to cre-
ate a gap to all excitations on the FS without condensing
any fermion bilinear order parameter, which makes it distinct
from the superconducting gap (i.e., condensing Cooper pairs)
or the density wave gap (i.e., condensing excitons) that are
more familiar in condensed matter physics. Nevertheless, it
does involve condensing some multifermion bound states that
transform trivially under the symmetry transformation. The
simplest example is the charge-4e superconductor [59-66],
which condenses fermion quartets (four-fermion bound states)
that preserve at least the Z4 subgroup of the charge U(1)
symmetry. In this paper, we provide more carefully designed
examples preserving the full U(1) symmetry (and other lattice
symmetries), but the essential idea of condensing symmetric
multifermion operators to generate a many-body excitation
gap is the same. Therefore, the FS SMG is intrinsically a
strong nonperturbative interaction effect of fermions. The in-
teraction may look irrelevant at the free-fermion (or the FL)
fixed point. However, strong enough interaction can still drive
the gap-opening transition through nonperturbative effects.

This paper is organized as follows. In Sec. II, we present a
lattice model of FS SMG in (1+41) dimensions [(1+1)D], as
the pristine lattice regularization of the 3-4-5-0 chiral fermion
model, whose phase diagram can be reliably analyzed by the
RG approach. In Sec. III, we extend the discussion of FS SMG
to (241) dimensions [(2+1)D] in a concrete lattice model,
which can be exactly solved in both the weak and strong
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FIG. 1. (a) A typical single-band Fermi liquid (FL) with Fermi
surface (FS) anomaly. (b) Two-band model of a FL with the
FS anomaly canceled. Chiral fermions with linearized dispersions
around different Fermi points emerge at low energy.

interaction limits. Through these examples, we establish the
FS SMG as a general mechanism to gap out anomaly-free FSs
in different dimensions. We summarize our result and discuss
its connection to future directions in Sec. IV.

II. FS SMG IN (1+1)D

A. (141)D Fermi liquid and Fermi surface anomaly

In the free-fermion limit, the (14+1)D FL can be realized
as a system of fermions occupying a segment of single-
particle momentum eigenstates in the one-dimensional (1D)
momentum space (or Brillouin zone), which can be described
by a Hamiltonian H = )", ¢, exc, where ¢ (or c;) is the
fermion annihilation (or creation) operator of the single-
particle mode at momentum k. For now, we only consider
spinless fermions, such that the ¢; operator does not carry
spin (or any other internal degrees of freedom). As an ex-
ample, suppose the band structure is described by ¢, = (k> —
k%) /(2m) for nonrelativistic fermions with a finite chemical
potential 1 = kz/(2m). The ground state of the Hamiltonian
H will have fermions occupying the momentum segment k €
[—kr, k] bounded by the Fermi momentum k., as illustrated
in Fig. 1(a).

The low-energy degrees of freedom in the (1+1)D FLs can
be modeled by the chiral fermions near the zero-dimensional
(0OD) FSs (namely, Fermi points) at +kr, which are described
by the following Lagrangian density:

L = ¢} (id, — vrid,)er + cy(id; 4 vrid,)cr, (1)

where vy = kp/m is the Fermi velocity. The operator ¢, (or
cg) annihilates the left (or right)-moving fermion modes, de-
fined as
A

con) = [ d cupienplichke + 0 @
around the Fermi points within a small momentum cutoff
A < kp. The low-energy effective theory £ in Eq. (1) has
an emergent U(1), x U(1)g symmetry (more precisely as an
emanant symmetry [67] since the translation and charge con-
servation symmetry are not the subgroup of U(1), x U(1)g
symmetry), corresponding to the separate charge conservation
of the left- and right-moving chiral fermions. Under the sym-
metry transformation with the periodic ¢, and ¢ in [0, 277):

UL : e — exp(igpp)cr,

U(g : ¢ — ¢y,

CR — CR,

3

cr — exp(igr)cr.
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They can be as well understood as a recombination of the
vector U(1)y and axial U(1)4 symmetries by rewriting ¢, =
¢—kp5xand¢R :¢+k1:5x3

. cL — €%y,
Ul)y : cx = €%c, = .
cr — €cg;

cr — exp(—ikgp éx)cp,

Uy : cp — €5%¢c, = { 4)

cr — exp(+ikp 5x)cg.

More precisely, the combined symmetry group should be de-

noted as U(l)y xzr U(1)4 = w because the U(1)y
2

and U(1)4 symmetries share the fermion parity Z4 subgroup
(under which ¢, g — —cg g). The physical meaning of the
vector U(1)y symmetry is the total U(1) charge conservation
of the fermions, and the axial U(1), symmetry can be consid-
ered an effective representation of the translation symmetry in
the infrared (IR) limit (that translates all fermions by displace-
ment §x along the 1D system). Although translation symmetry
is described by a noncompact symmetry group Z at the lattice
scale, its action on the low-energy chiral fermion fields ¢, cg
behaves as a compact U(1)4 emergent symmetry [26,68].

The stability of the FL is protected by the FS anomaly,
which can be viewed as the mixed anomaly between the
U(1)y and U(1)4 symmetries. The anomaly index is given by
[24,30,31]

1 x kp — 1 x (—kg) = 2kp = 27, 5)

which can be related to the fermion filling fraction v. The
system is anomalous if the filling v is not an integer. Without
breaking the charge U(1) and translation symmetries, it is
impossible to drive the FL to a trivial gap phase due to the
nonvanishing FS anomaly. This can be viewed as a conse-
quence of the LSM theorem [31]. The situation is also like
the chiral fermion edge states on the (141)D boundary of a
(2+1)D quantum Hall insulator.

B. Two-band model and anomaly cancellation

To generate a gap for these low-energy fermions in (141)D
FLs, the FS anomaly must be canceled. Here, we present a
two-band toy model that achieves anomaly cancellation and
enables gapping out the FS without breaking the charge U(1)
and translation symmetries and without generating any Fermi
bilinear condensation. It will provide a concrete example of
SMG in (141)D FLs.

Consider a 1D lattice (a chain of sites) with two types of
fermions c;4 and c;p per site. The A-type fermion c;4 carries
charge g4 under a global U(1) symmetry, and the B-type
fermion ¢;p carries charge gz under the same U(1) symmetry.
The Hamiltonian takes the general form of

i AT B T
H=- Z (tijc;chA +1;CipCiB + H.c.)
ij

- Z(/’LACI[\C[A + /JLBC,Z;CiB) + Hiy,

1

(6

with Hj,, being some fermion interactions to be specified later
in Eq. (16). The specific details of the hopping coefficients t;‘}
and tf;. are not important to our discussion if they produce a
band structure that looks like Fig. 1(b) in the Brillouin zone.
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The A-type fermion forms an electronlike band, and the B-
type fermion forms a holelike band. The two bands overlap
in the energy spectrum. This will realize a two-band FL in
general. The Hamiltonian H in Eq. (6) has a U(1) x (Z x Z,)
symmetry (parameterized by a periodic angle ¢ € [0, 2) and
an integer n € Z as follows):

U(D) : cia — exp(igad)cia, cip — exp(igpd)cip;

Z : cip = Citma>  CiB —> C(itn)B;

)

They correspond to the total charge conservation symmetry
U(1), the lattice translation symmetry Z, and the lattice re-
flection symmetry Z,. The question is whether we can gap
the FL without breaking all these symmetries in (1+1)D.

One significant obstruction toward gapping is the FS
anomaly, which can also be interpreted as a mixed anomaly
between the charge U(1) and (the IR correspondence of) the
translation symmetry. To cancel the FS anomaly, we need to
fine-tune the chemical potentials ns and pp such that the
anomaly index vanishes:

Zy i cip = C—iyas  CiB —> C(—i)B-

®)

where v4 and vg are the filling fractions of the A and B bands
(for the holelike B band, we may assign vg < O such that
|vg| corresponds to the hole-filling). This is also known as the
charge compensation condition in semiconductor physics.

If the A- and B-type fermions carry the same charge as
qa = g = 1, the anomaly cancellation condition in Eq. (8)
simply requires v4 = —vp. In this case, the electronlike FS of
the A-type fermion and the holelike FS of the B-type fermion
are perfectly nested (with zero nesting momentum). A gap
can be opened simply by tuning on a fermion bilinear term
Zi(cj'Ac,B + H.c.) in the Hamiltonian, which preserves the
full U(1) x (Z x Z,) symmetry. This is the familiar band
hybridization mechanism to open a band gap in a charge-
compensated FL, which drives a metal to a band insulator
without breaking symmetry.

However, we are more interested in the nontrivial case
when the fermions carry different charges g4 # gp. For ex-
ample, let us consider the case of g4 = 1 and gz = 3. Then
the anomaly cancellation condition in Eq. (8) requires vq =
—3vp, i.e., the electronlike Fermi volume in the A band must
be three times as large as the holelike Fermi volume in the B
band to cancel the FS anomaly. Defining the fermion operators
Cra, Ckp in the momentum space by the Fourier transforma-

tion:
—iki —iki
CrA = E cia€ ,  CkB = E [97:15 s

i i

qava + 4qBVB = 0 mod 1,

C))

the desired band structure can be effectively described by the
following band Hamiltonian (suppressing the interaction for
now):

H= Z(CZAGkACkA + ¢} pErBCin)s (10)
k
with the band dispersions [see Fig. 1(b)]:
k> — (Bkr)? k> — k7
= —— | Gp=— £ (1)
2mA sz
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TABLE I. Charge assignments of low-energy fermions. See also
the model in Ref. [69] on the same charge assignments.

Fermion Chirality U(l)y U(l),4 u( )WTH u(l )waA
Ca sgn v, a4 3Gql+4q) 3Gal —ab)
CAR —1 (left) 1 3 3 0

CBR -1 (left) 3 —1 4 5

CBL +1 (right) 3 1 5 4

CaL +1 (right) 1 -3 0 3

Here, we assume my, mg > 0. The Fermi momentum kr =
|vg|m is set by the filling |vg| which is typically an irrational
number (without fine-tuning). The key feature is that the
Fermi momenta of the A and B energy bands musthave a3 : 1
ratio that matches the inverse charge ratio (g4 /gz)~" precisely.
In this case, the energy band hybridization is forbidden by the
charge U(1) symmetry as the two bands now carry different
charges. Even if the band hybridization is spontaneously gen-
erated at the price of breaking the U(1) symmetry, it does not
gap the FL because the FSs of the two bands are no longer
nested at the Fermi level, such that the band hybridization
will only create some avoided energy band crossing below
the Fermi level. Then the system remains metallic because the
(upper) hybridized band still crosses the Fermi level.

One can show that it is impossible to symmetrically
gap the FL by any fermion bilinear terms in this charge-
compensated two-band system with g4 =1 and ¢p =3,
even if the FS anomaly has already been canceled by
the charge-compensated filling v4 = —3vg. Although the
anomaly vanishes (i.e., there is no obstruction toward gapping
in principle), the symmetry is still restrictive enough to forbid
any fermion bilinear gapping term, such that the only possible
gapping mechanism rests on nonperturbative fermion interac-
tion effects.

To see this, we can single out the low-energy chiral
fermions near the four Fermi points:

CAR = C(3kp)As  CBR = C(—kr)B>

CBL = C(p)Bs  CAL = C(=3kp)As (12)

where A, B label the bands that they originated from and L, R
label their chiralities (i.e., left- or right-moving), according to
Fig. 1(b). Like Eq. (1), the low-energy effective Lagrangian
density reads

L= ciid + vaidy)ca, (13)

where the index a sums over the four Fermi point labels AR,
BR, BL, and AL. Here, v, denotes the Fermi velocity near the
Fermi point a.

The original U(1) x Z symmetry at the lattice fermion
level reduces to the emergent U(1)y xzr U(1)4 symmetry for
the low-energy chiral fermions ¢, (see Appendix A for more
explanations):

U(l) = U)y : ¢, — exp (iq(‘jqﬁv)ca,

Z = U(1)4 : cq — exp (iq}pa)ca- (14)
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Table I summarizes their charge assignment under U(1)y
and U(1)4, where the vector U(1)y symmetry is just the
charge U(1) symmetry, and the axial U(1)4 symmetry is an
emergent symmetry corresponding to the lattice translation
symmetry Z. Alternatively, they can be recombined into the
U(1) wea X U(l)w% symmetry, such that it becomes obvi-
ous that all fermion bilinear back-scattering terms (either the
Dirac mass ch;, or the Majorana mass c,cp, for a # b and
a,b € {AR, BR, BL, AL}) are forbidden by the symmetry be-
cause they are all charged nontrivially under the U(1) wea X
U(l) wa symmetry due to the distinct charge assignment to
every chiral fermion. Given this situation, the only hope to
gap the FL is to evoke the SMG mechanism that generates the
mass for all chiral fermions by nonperturbative multifermion
interactions.

C. SMG interaction and RG analysis

It is worth mentioning that the charge-compensated two-
band model with g4 = 1 and g = 3 essentially regularizes
the 3-4-5-0 chiral fermion model [70,71] on a pristine 1D lat-
tice (without introducing any compact extra dimensions). The
emergent U(1)xvz symmetries act as the lattice translations
decorated by appropriate internal U(1) rotations, described by
the following Z symmetry groups (parameterized by integer
n € Z) at the lattice level (see Appendix A for derivation):

2(for ){

The 3-4-5-0 model is a toy model for studying the long-
standing problem: the lattice regularization of the chiral
fermion theory in high-energy physics [55,72-79]. Many
variants of the model are studied in the lattice community
(see references therein [80,81]). This model is anomaly-
free—perturbative local gauge anomaly free within any linear
combination of the U(1)y Xzt U(1)4 checked by the Adler-
Bell-Jackiw method [82,83], perturbative local gravitational
anomaly free because of the zero chiral central charge c¢; —
cg = 0, also nonperturbative global anomaly free from any
gauge or gravitational fields checked by the cobordism [84].
However, it was known much later that symmetric gapping
can only be achieved by minimally six-fermion interactions
among the four flavors of 3-4-5-0 fermions. The SMG inter-
action was proposed by Wang and Wen [46,51], which was
later discussed by Tong [85] and only recently verified by the
density matrix RG (DMRG) [86,87] numerical simulation in
Ref. [88].

Given the existing knowledge about the SMG interaction in
the 3-4-5-0 chiral fermion model, we can map the Wang-Wen
interaction [46,51] back to our lattice model following the
correspondence listed in Table I, which gives us the following
SMG interaction (see Appendix B for more details):

3V+A cia —> exp(Ei3kpn)c(iina,

. (15)
cip — exp(Xi9%rn)c(itn)s-

Hiy = gZ CIH)BC(i—l)ACiBCiACI,»H)BC(i+1)A +Hec. (16)

i
This is a six-fermion interaction across three adjacent sites on
the 1D lattice. It describes the process that first annihilates
both A- and B-type fermions on the center site (which anni-
hilates four units of charges on the site i) and then separately
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FIG. 2. The renormalization group (RG) flow of the coupling g
and the scaling dimension A;, of the SMG interaction. The abbrevi-
ations stand for the following terminology: SMG for symmetric mass
generation, FL for Fermi liquid, EFL for ersatz FL, LL for Luttinger
liquid.

converts A-type fermions to B-type fermions on the two adja-
cent sites (which creates two units of charges on each of the
site i — 1 and i 4 1), such that the U(1)y charge is conserved.
The interaction is also manifestly translation and reflection
symmetric, so the full U(1)y x (Z X Z,) symmetry is pre-
served by the interaction as expected. With this interaction, we
claim that the lattice model in Eq. (6) will exhibit an (ersatz)
FL to SMG insulator transition when the interaction strength
g exceeds a finite critical value g..

To show that the proposed interaction in Eq. (16) in-
deed drives the FL to a gapped interacting insulator, we
bosonize [89,90] the fermion operator ¢, ~ : exp(ig,) : (with
a € {AR, BR, BL, AL}) and cast the lattice model to an effec-
tive Luttinger liquid (LL) theory, described by the following
Lagrangian density:

1
L= Lagkog - e+ ¥ cos (7o),
a=1,2
a7

where ¢ = (@ar, ¥Br, 8L, PaL)T are compact scalar bosons.
The K matrix and the /, vectors are given by

10 0 o0 1 2
01 0 o0 i, 1
K=lo o -1 o b= 1| b=|2
00 0 -1 2 1

(18)

As shown in Appendix B, the six-fermion interaction Hjy in
Eq. (16) translates to the cosine terms g; and g, in the LL
theory in Eq. (17), with g; = g» = g enforced by the Z, re-
flection symmetry (as the Z, transformation exchanges the g;
and g, terms). The RG flow in the log energy scale { = —In A
is given by [91,92]

-1
int —7'[2 2

d
8 2, (19)

2= 2= Apg, =
dl ( int)8 dr
where Ay, is the scaling dimension of the SMG interaction.

The RG flow diagram is shown in Fig. 2.
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At the FL fixed point, we have Ay = %lgla =5>2,
meaning that the SMG interaction is perturbatively irrelevant.
If the bare coupling g (the interaction strength at the lattice
scale) is weak (g < g.), it will just flow to zero and disap-
pear in the IR theory. However, the scaling dimensions of
all operators will be renormalized as the coupling g flows
toward zero. Therefore, the FL fixed point will be deformed
into the LL fixed-line, along which the fermion quasiparticle
is no longer well defined, but the system remains gapless. De-
spite the different dynamical properties, the LL still preserves
all the kinematic properties (e.g., emergent symmetries and
anomalies) as the FL, which can be unified under the concept
of ersatz FL (EFL) [11].

If the bare coupling g is strong enough (g > g.), the scal-
ing dimension Aj, can be reduced to Ajy < 2 such that the
SMG interaction becomes relevant and flows strong. As the
cosine term in Eq. (17) gets strong, the corresponding vertex
operators exp(ilT¢) (¢ = 1, 2) condense. Any other operators
that braid nontrivially with the condensed operators will be
gapped, which includes all the fermion operators. Therefore,
the system enters the SMG insulating phase with all fermion
excitations gapped without breaking the U(1) x (Z x Zy)
symmetry. This has been confirmed by the DMRG simu-
lation in Ref. [88] for a related model using the domain
wall fermion construction, where it has been verified that the
fermion two-point function indeed decays exponentially in the
SMG phase—a direct piece of evidence for the gap genera-
tion. On the lattice level, this corresponds to condensing the
six-fermion bound state by developing the ground state ex-
pectation value of <C(;l‘_1)BC(1‘7l)ACiBCiAC(‘l‘_'_l)BC(iH)A) # 0. So
the gapping is achieved by the multifermion condensation
(involving more than two fermions), which is distinct from
the fermion bilinear condensation in the conventional gapping
mechanisms of FLs (such as the band hybridization or Cooper
pairing mechanisms).

The RG analysis also indicates that the EFL-to-SMG
insulator transition (at g = g.) is of the Berezinskii-Kosterlitz-
Thouless (BKT) [93-95] transition universality in (141)D.

The above analysis established the FS SMG phenomenon
in the lattice model in Eq. (6) [equipped with the gapping
interaction in Eq. (16)]. The significance of this lattice model
is that it provides a pristine 1D lattice regularization of the
3-4-5-0 chiral fermion model by using lattice translation to
realize the axial U(1)4 symmetry at low energy. In contrast
to the domain wall fermion constructions [51,55,88], our con-
struction does not require the introduction of a (2+1)D bulk to
realize the chiral fermions as boundary modes. Such a pristine
1D lattice regularization is advantageous for the numerical
simulation of chiral fermions, as the model contains no redun-
dant bulk (or mirror) fermions, such that the computational
resources can be used more efficiently. We will leave the
numerical exploration of this model to future research.

III. FS SMG IN (2+1)D

A. (241)D Fermi liquid and Fermi surface anomaly

Given the example of FS SMG in (141)D, we would like
to further explore similar physics in higher dimensions. The
most important low-energy features of a (2+1)D FL are the
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gapless fermions on its 1D FS. Suppose we parametrize the
1D FS kr(0) € dVr by a continuous and periodic parameter
6, such that kg (6 4 2m) = kp(0) (where we do not require 6
to literally represent the geometrical angle, as the FS may not
be a perfect circle in general). The fermions ¢y on the FS have
an emergent symmetry described by the loop group of U(1)
[11,12], denoted as LU(1), under which

LU(1) : ¢y — expligp(8)]cy, (20)

where the U(1) phase factor exp[i¢(6)] is a smooth function
of 6 with the periodicity exp[i¢ (0 + 27 )] = exp[i¢(0)]. Both
the (global) charge U(1) and the translation symmetries R?
are subgroups of LU(1):

U(l):co — €9%cy, R?:cy — explidx - kp(0)]cy, (21)

assuming the fermions ¢y carry charge g under the global U(1)
symmetry and are translated by the vector x € R2.

The presence of the FS causes a mixed anomaly between
the U(1) and translation symmetries [96], which is character-
ized by the anomaly index:

qVr
(2m)?

q
2(2m)?

%d@(kp X ang)3 = =qv, (22)
where Vr stands for the Fermi volume in the momentum
space, and v is the filling factor. If the FS anomaly is non-
vanishing, it is impossible to trivially gap out the FL. without
breaking any symmetry or developing any topological order.
The FS SMG is only possible if the FL system contains multi-
ple FSs of opposite anomaly indices, such that their anomalies

cancel as a whole.

B. Kagome-triangular lattice model

We present a concrete lattice model to demonstrate the FS
SMG in (24+1)D. Consider two types of spinless fermions
labeled by A and B that are charged under a global U(1)
symmetry with charges g4 = 1 and g = 3, respectively. The
A-type (or B-type) fermion is defined on a kagome (or trian-
gular) lattice. As depicted in Fig. 3(a), the kagome and the
triangular lattices lie on top of each other, with the site I of
the triangular lattice aligned with the upper triangle A; on the
kagome lattice. We will use the lowercase letters 7, j (or the
uppercase letters /, J) to label the kagome (or the triangular)
lattice sites.

The lattice model is described by the following Hamilto-
nian:

H = Hy + Hp + HiycF,

Hy=—14 Z(cjcj + H.c.) — ua Z cjc,-,
(ij) i

Hp = —1 Z(C;Cj + HC) — UB ZC;CI,

(1) 1
Hincr =—g)_ Y (cjcicjex + He), (23)
I ijken;

where (ij) (or (IJ)) denotes the nearest-neighboring link on
the A (or B) lattices, and i jk € A, stands for the three A-sites
i, j,k at the vertices of the upper triangle surrounding the
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P\

(b)

M

A lattic

FIG. 3. (a) In the real space, we design the overlapping kagome
(A) and triangular (B) lattices. The green triangle marks out the unit
cell. In the momentum k space, we draw many contours to represent
various equal energy curves of the energy band, at different filling
levels (equally spaced by % filling fraction). We illustrate the A-type
(in blue) and B-type (in red) Fermi surfaces (FSs) (b) at a general
filling such as vy = % and vz = %(: —%), or (c) at a special filling
vy = v = %(: f%) where the FSs coincide.

B-site labeled by /. The model has a U(1) symmetry that acts
as

Ul):¢c — &%, ¢ — &3 24)

Cr.

The Hamiltonian in Eq. (23) preserves the internal U(1) sym-
metry and all symmetries of the kagome-triangular lattice
(most importantly, the lattice translation symmetry).

The model in Eq. (23) describes the two types of fermions
hopping separately on their corresponding lattices. Because
every unit cell contains four sites (three from the kagome
lattice and one from the triangle lattice), the hopping model
will give rise to four energy bands (three bands for A-type
fermions and one band for B-type fermions). The chemical
potentials w4 and pp are adjusted to ensure the desired filling
of these fermions. We will focus on a simple case when only
the lowest A-type (kagome lattice) bands and the single B-type
(triangular lattice) bands are filled by filling fractions v4 and
vg, respectively, such that the FS only involves two of the four
bands.

The A- and B-type fermions are coupled together only
through a four-fermion interaction Hiycr in Eq. (23) that
fuses three A-type (charge-1) fermions to one B-type (charge-
3) fermions (and vice versa) within each unit cell. We will
call it a charge fusion (CF) interaction. The CF interaction
breaks the separate U(1) charge conservation laws for A- and
B-type fermions in the hopping model to a joint U(1) charge
conservation, associated with the symmetry action in Eq. (24).
Similar interactions also appear in a recent study [97] of
quantum breakdown.

Without interaction (g = 0), the system is in a FL phase.
According to Eq. (22), the FS anomaly cancellation condition
requires

gava + qgvp = 0 mod 1. (25)

Given the charge assignment of g4 = 1 and g = 3, it requires
v4 = —3vp. There is no further requirement on the choice of
v, itself. With a generic choice of filling (assuming vy < 3/4)
as in Fig. 3(b), the A-type fermions (on the kagome lattice)
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will form an electronlike FS, whose Fermi volume is three
times as large as that of the holelike FSs formed by the
B-type fermions (on the triangular lattice). Although the FL.
has a vanishing FS anomaly, the charge U(1) and the lattice
translation symmetries are still restrictive enough to forbid
any gap opening on the free-fermion level. For example, any
pairing (charge-2e superconducting) gap will break the U(1)
symmetry. The only possibility to gap the FL relies on the
multifermion interaction.

We claim that the CF interaction Hjycp in Eq. (23) is a
valid SMG interaction that drives the FL into a trivially gaped
insulator without breaking symmetry (or developing any topo-
logical order). To see this, we go to the strong coupling limit
by taking g — oo. Of course, the chemical potentials 14, (g
must increase correspondingly to keep the fermion fillings
fixed. The model Hamiltonian decouples to each unit cell in
the strong coupling limit:

H = Z —pa(n +n; +ng) — wphy — g(C;CiCjCk +H.c),
Ilijken,

(26)

where n; = c?ci (and n; = c;cl) denotes the fermion number
operator. Within each unit cell, there are only two relevant
states [1110) and |0001) (in the Fock state basis |n;n;jnin;))
acted upon by the Hamiltonian. Their hybridization will pro-
duce the ground state in each unit cell. The full-system ground
state will be the following direct product state:

ISMG) = R)(/pI1110) + /T = p|0001)),. 7
1

where p = 1[1 + ﬁ] is the probability to ob-
serve the |1110) state in the unit cell, which is tunable by
adjusting w4, wp relative to g. The fermion fillings (per unit
cell) in the ground state |SMG) will be
va=3p, vyp=1—p=—p modl, (28)

which automatically satisfies the anomaly cancellation con-
dition v4 = —3vpg (as it should be). The ground state |[SMG)
is nondegenerated and gapped from all excited states (with a
gap of the order g). It also preserves the charge U(1) and all
the lattice symmetries and does not have topological order.
Therefore, we have explicitly shown that the system ends up
in the SMG insulator phase as g — co. As a gapped phase, we
expect it to be stable against perturbations (such as the hop-
ping terms t4, tg) over a finite region in the parameter space.
The SMG phase is a strongly interacting insulating phase,
which has no correspondence in the free-fermion picture.

Having established the FL (metallic) phase at g = 0 and
the SMG insulator phase at g — oo, there must be an SMG
transition (an interaction-driven metal-insulator transition) at
some intermediate coupling strength g.. However, the nature
of the transition is still an open question, which we will leave
for future numerical study. In the following, we will only
analyze the SMG transition at a special filling: v4 = vg = %,
where the FSs coincide precisely and take the perfect hexagon
shapes, as shown in Fig. 3(c). This allows us to gain some
analytic control of the problem.

23

C. RG analysis of the SMG transition

In this subsection, we analyze the interaction effect in
Eq. (23) when the filling is vy = vp = %. In this case, the FS
of the system contains three Van Hove singularities (VHSs),
also known as hot spots, located at three distinct M points,
as shown in Fig. 3(c). This allows us to study the interac-
tion effects using the hot-spot RG method at the one-loop
level [98—105]. The hot-spot RG approach assumes that the
low-energy physics emerges from the correlated effects of
fermions near the VHSs, where the density of states diverges.
This divergence leads to the a high instability toward gap
opening.

Under RG, the CF interaction Hi,cp Will generate two
types of density-density interactions at the one-loop level,
namely, Higan = Zi,j ninj and Higag = )_;;ning, as well
as other (less important) exchange interactions. These density-
density interactions are more important in the sense that they
will in turn contribute to the correction of Hjy cp. Therefore,
we should include Hint cr, Hintaa, Hint o altogether in the RG
analysis and study the RG flow jointly.

To proceed, we transform the interactions into the momen-
tum space. The fermion operators are labeled by the flavor
index S = A, B and the hot-spot index «, 8 € {1, 2, 3} (refer-
ring to the three different VHSs). We note that Hy cp would
vanish if it is naively restricted to the hot spots because the
momentum conservation requires multiple A-type fermion op-
erators to appear on the same hot spot, which violates the Pauli
exclusion principle of fermions. Thus, we need to introduce
point splitting in the momentum space around each hot spot.
Our strategy is to further split the A-type fermion into three
modes Ay labeled by s = 1, 2, 3, and define the interaction:

— § ijk .1
Hint,CF = &rs € CpaCAiaCA;aCALa
o
+ ijk .t +H
8rt € cBacAiacAjﬂcAkﬂ .C.,
ap

(29)

where g, and g, are the CF interaction decomposed into
different momentum transfer channels: the intra-hot-spot scat-
tering g and the inter-hot-spot scattering gi.

These CF interactions receive corrections from the follow-
ing density-density interactions at the one-loop level:

Higan + HingAB = 8as Z naalae + (As < Ar)

o,st

+go0 ) Mpatiag + (As < B)
a#B,s

+He +..., (30)

where ... refers to the other interactions that are decoupled
from g, grt» Qas» bt in the RG equations. The scattering pro-
cesses of these four important interactions are illustrated in
Fig. 4. The complete set of all possible interactions is pre-
sented in Appendix C.

We derive the RG equations based on the systematic ap-
proach developed in Ref. [106]. Since we are interested in the
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FIG. 4. Scattering of fermions between Van Hove singularities
(VHSs) by (a) density-density interactions gy, (red), g,s (blue) and
(b) nonvanishing processes g, (yellow), g (green) of Hiycr. Thin
(or thick) arrows correspond to A-type (or B-type) fermions.

flow of Hiy cr, the relevant part of the RG equations reads

dgm dg

1 = 2dodangy, =28,

d d

jgs = —6gus&rs % = 4dodagni8rt — 28as&rt- 3D

where the RG parameter is defined by the Cooper-pairing
susceptibility of A-type fermions £ = x,,aa(k =0, E) ~
Vo lnz(A/E ), in which vyIn(A/E) is the diverging density
of states at the VHS, E is the running energy scale, and A
is the high-energy cutoff. Here, dy = d x,pn,aa(Q)/dl < 1 is
the nesting parameter of A-type fermions, which saturates
to one in the perfectly nested limit (dy — 1). In our case,
different VHSs are half-nested (only one of the two cross-
ing FSs is perfectly nested between every pair of different
VHSs), sody = % is a suitable estimation. Similarly, we define
dag = d x,p,aB(0)/d€, which depends on the energies of A-
and B-type fermions near the VHS. The full RG equations and
details are listed in Appendix C.

According to the one-loop RG equations, if the density-
density interactions g, gas are initially zero, then the CF
interactions gy, g remain marginal along the RG flow. How-
ever, if we turn on small density-density interactions gy, gas
with correct signs (gp: > 0 or g5 < 0), the CF interactions
&rs» &t Will be marginally relevant. The solutions of the RG
equations in Eq. (31) are

_ & _ &0
) = T e 0= T e
8rs(0)
() = —————,
8 = e )7
0
gu(t) = £ 42

[1 + 2ga5(0)E1[1 — 2dodapgm (0)¢1*”

As the RG parameter £ increases under the RG flow, the cou-
pling strengths can diverge at some critical scale £., when any
of the denominators in Eq. (32) vanish. The critical scale is
set by the bare density-density interaction strengths gp(0) and
8a5(0), but the CF interaction strengths g, g diverge faster
than the density-density interactions as the critical scale is
approached. Therefore, the RG fixed points are characterized
by the behavior of g, g

24

1.0F
Lo | smee
1 (Grss Grt > 0) (Grs = 07
s It o)
~ 0.0 .
0.5} SMG
(Grs» Grt = ©0)
-1.0L . . . ]
-1.0 -0.5 0.0 0.5 1.0
gt (0)

FIG. 5. The renormalization group (RG) phase diagram with re-
spect to the density-density interactions g,s, gu. In the Fermi liquid
(FL) phase, the gapping interaction flows to zero. In the symmet-
ric mass generation (SMG) phase, the gapping interaction flows to
infinity.

Depending on the bare density-density interaction
strengths g,,(0) and gy (0), the system can flow toward
different RG fixed points, as shown Fig. 5. When
8:s(0) >0 and gw(0) <0, all interactions flow to
zero, which corresponds to the FL fixed point. When
84s(0) < min[0, —dpdapgr(0)], both CF interactions g, gt
flow to infinity, which should correspond to the SMG phase
according to the previous lattice model analysis. However,
we also find a region in the phase diagram, described by
got > max(0, —gas/dodag), where g — 0 and g, — oo,
i.e., flowing toward different limits. We are not sure how
to interpret the physical meaning of this RG fixed point. It
might still be in the SMG phase as one interaction still flows
strong, but it could as well end up in a spontaneous symmetry
breaking (SSB) phase that breaks the LU(1) symmetry since
the A- and B-type FSs have pretty strong nesting instability.
This might also be an artifact of the hot-spot RG method, as
it does not fully capture all low-energy fermionic degrees of
freedom of the FS.

Admittedly, it is not possible to determine whether the full
FS is gapped using the hot-spot RG analysis alone. This is
because the hot-spot RG approach only considers the fermions
near the VHSs and not the FS freedom away from the VHSs.
To determine whether the strong coupling fixed point is a fully
gapped state, we have to rely on lattice model analysis in
the strong coupling limit. The exact ground-state solution in
Eq. (27) provides evidence to support the argument that the
strong coupling fixed point is indeed a fully gapped state.

To improve, functional RG [107-110] might provide a
better resolution of the FS and remove the uncertainty in the
phase diagram in Fig. 5. A recent study [111] has demon-
strated the functional RG method in a triangle lattice model
with spinless fermions. The same technique might apply to
our model as well. However, we will leave such a study for
future research.

By tuning g,s(0) across zero on the g,(0) < O side, one
can drive a FL-to-SMG transition. The gapping interaction
is marginally relevant at the transition point. According to
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FIG. 6. Classification of Fermi surface (FS) reconstruction
mechanisms, based on the LU(1) loop group symmetry. Symmet-
ric FS reconstruction (SFSR) contains two broad classes: (1) FS
symmetric mass generation (SMG) if the total FS anomaly is can-
celed and (2) FS topological mass generation (TMG) if the total FS
anomaly is matched by topological order with low energy topological
field theory.

the solution of the RG equations in Eq. (32), the coupling
diverges at the critical scale £, ~ vy In%(A /Asmc) when the
denominator [1 + 2g,5(0)/.] vanishes. This implies that the
SMG gap Agsme (the energy gap between the ground state and
the first excited state) opens up as [112,113]

C
Jga—sm)m]’

where A is the ultraviolet (UV) cutoff energy scale, vy is the
coefficient in front of the diverging density of state at the VHS,
and c is some nonuniversal constant.

Asmg ~ Aexp |:— (33)

IV. SUMMARY AND DISCUSSION

In this paper, we propose the concept of FS SMG: a mech-
anism to gap out FSs by nonperturbative interaction effects
without breaking the LU(1) symmetry. This phenomenon can
only happen when the FS anomaly is canceled out in the
fermion system. We present (141)D and (2+1)D examples of
FS SMG. We expect that the mechanism can generally occur
in all dimensions.

FS SMG belongs to a broader class of phenomena, called
the symmetric FS reconstruction (SFSR), as summarized in
Fig. 6. The SFSR is in contrast to the more conventional
symmetry-breaking FS reconstruction, where the FS is recon-
structed (or gapped) by developing SSB orders. Depending
on the cancellation of the FS anomaly, the SFSR further splits
into two classes: the FS SMG if the anomaly vanishes or the
FS topological mass generation (TMG) if the anomaly does
not vanish. The former class, the FS SMG, is the focus of
this paper. The latter class, the FS TMG, is also discussed in
the literature, where the nonvanishing FS anomaly is absorbed
by an anomalous topological quantum field theory, such that
the SFSR is achieved by developing the corresponding topo-
logical order. This gives rise to deconfined/fractionalized
FL (FL*) [114-116] or orthogonal metal [117-119].

25

Symmetry extension [120] has provided a unified framework
to understand TMG and SMG for bosons or fermions of
zero Fermi volume [121-126], where the symmetric gapping
can be achieved by extending the symmetry group to lift
any gapping obstruction that was otherwise imposed by the
symmetry. Similar constructions can be applied to understand
SFSR more generally.

FS SMG deforms an anomaly-free (charge-compensated)
FL state to a fully gapped product state. Although the result-
ing SMG gapped state does not have nontrivial features like
topological order, the SMG transition from the FL phase to
the SMG phase can still be quite exotic. The SMG transition
of relativistic fermions has been proposed as a deconfined
quantum critical point [127,128], where the physical fermion
fractionalizes to bosonic and fermionic partons with emer-
gent gauge fluctuations at and only at the critical point. It
is conceivable that similar scenarios might apply to the FS
SMG transition as well, where deconfined FL (orthogonal
metal) could emerge at the critical point. The lattice models
presented in this paper lay the ground for future theoretical
and numerical studies of the exotic SMG transition in these
models.

It is also known that the fermion single-particle Green’s
function has symmetry-protected zeros at zero frequency in
the SMG phase [129-132]. It will be interesting to investigate
further the Green’s function structure in the FS SMG phase.
Whether the SMG interaction will replace the original FS (a
loop of poles) with a loop of zeros in the Green’s function is
still an open question to explore.

Another potential experimental connection is to apply the
FS SMG to understand the nature of pseudogap phases, which
is an exotic state of electrons where the FS is partially gapped
without obvious symmetry breaking. It has been observed in
many correlated materials. The recent proposal of the ancilla
qubit approach [133,134] for pseudogap physics draws a con-
nection between the pseudogap metal-to-FL transition with
the FS SMG transition in the ancilla layers, as both transi-
tions are described by field theories of fermionic deconfined
quantum critical points [127,128,135-137]. The FS anomaly
constrains the dynamical behavior of such field theories and
can potentially shed light on the open problem of pseudogap
transition in correlated materials.
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APPENDIX A: EMERGENT U(1) SYMMETRIES
IN THE (1+1)D TWO-BAND MODEL

Start from the definition of charge U(1) (parameterized
by a periodic angle ¢ € [0,27)) and lattice translation Z
(parameterized by an integer n € Z) symmetries as defined
in Eq. (7):

U() : cia — expligad)cia, cip — exp(igpP)cip;

Z : cip = Clitma, CiB —> C(i+n)B- (A1)

Follow the definition in Eq. (9) of the fermion operators in the
momentum space:

—iki —iki
CkAZE cia€ s CkB:E Cip€ s

i i

(A2)

where the wave number k € [—m, ) is a dimensionless pe-
riodic variable defined in the first Brillouin zone. (Note: the
dimensionful momentum p should be related to the dimen-
sionless wave number k by p = hik/a, with a being the lattice
constant, and the site coordinate x € R is related to the site
index i € Z by x = ai, such that the Fourier factor e=/?*/" =
e~ is consistent with the quantum mechanics convention.) Tt
is straightforward to show that the U(1) x Z symmetry acts in
the momentum space as

ckp —> expligpd)ckp;
k (A3)

U(l) : cra — expiqad)cia,

Z CkA — elkanA, CkB — é "CkB-

Apply these transformations to the low-energy fermion near
the four Fermi points. According to Eq. (12):

CAR = C(3kp)As  CBR = C(—kz)B>

CBL = C(kp)Bs  CAL = C(=3kp)As (A4)

Eq. (A3) becomes

car —> exp(iqad)car,
cpr — exp(iqpp)car,
cprL — expliqpd)car,
caL —> expiqad)car;

udl):

CAR — exp(3ikpn)cAR,
cpr —> exp(—ikpn)cpg,
Cpl, —> exp(ian)CBL,
CAL — exp(—3ian)cAL.

(A5)

Because krp = |vg|m is almost always (i.e., with probability
1) an irrational multiple of 7 (because |vp| is almost always
an irrational number without fine tuning), krn mod 27 can
approach any angle in [0, 27r) (with 27 periodicity) as close
as we want (given n € Z). This allows us to define two angular
variables ¢y and ¢4, both are periodic in [0, 27 ):

¢y =¢, ¢a=krn mod 2w, (A6)

26

then Eq. (AS) can be compactly written as
UV symmetry = IR symmetry
U() = Uy : ¢q = exp (igy ¢v)ca.
Z = U()a : cu — exp (igh¢a)ca

for a = AR, BR, BL, AL, enumerating over the four Fermi
point labels, together with the charge vectors (given that g4 =
1 and gg = 3):

(A7)

qa 1 3

v_|as| _ |3 a_ |1

q = a | = 3] q = 1 (A8)
qa 1 —3

Therefore, the global charge U(1) symmetry is simply rein-
terpreted as the U(1)y vector symmetry, and the translation
symmetry (described by a noncompact Z group) in the UV
becomes an emergent U(1)4 axial symmetry (described by a
compact U(1) group) in the IR. The symmetry transformation
in Eq. (A7) precisely matches Eq. (14) with the correct charge
assignment as listed in Table I.

Recombining the charge vectors of U(1)y and U(1),4, we
can define two alternative emergent U(1) symmetries, denoted
as U(1) wia with the charge vectors:

a7 =13q" £q"),
as their names implied. More explicitly, the charge vectors
match the chiral charge assignments for the 3-4-5-0 fermions:

(A9)

3 0

WA 4 ) 5
=5 a7 =] (A10)

0 3

The fermions are expected to transform under U(1) wea as
(parameterized by the periodic angles ¢4 € [0,27))

(0! % )0 e

U(1) e : o — exp [i2 (A11)

This can be viewed as the combined transformation of U(1)y
and U(1)4 with the vector rotation angle ¢y and the axial
rotation angle ¢4 given by

v =3dr, da=E10s,

as can be verified by comparing Eq. (A11) with Eq. (A7).
Now we can connect these rotation angles back to the original
U(1) x Z symmetry of the lattice fermions using the relation
in Eq. (A6):

3
¢ =350+,
Eliminate ¢1 from the equations, and we obtain the relation:

¢ = +3kpn mod 27, (Al14)

(A12)

+1¢ps =kpn mod 27. (A13)

for the U(1) Wi symmetries. Therefore, to reproduce the IR
emergent U(1) Wi symmetries, the corresponding UV sym-
metries (at the lattice level) must be implemented such that
every n-step translation should be followed by a charge U(1)
rotation with the rotation angle ¢ = £3kgn. Thus, we estab-
lish the following correspondence between the IR and UV
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symmetries:

IR symmetry = UV symmetry

3V+A

U(D)war = Z(

Here, the compact U(1) symmetries in the IR get mapped
to the noncompact symmetries Z in the UV because the UV
symmetries are parameterized by the integer variable n € Z.
Given that g4 = 1 and g = 3, Eq. (A15) becomes Eq. (15),
as claimed in the main text. Therefore, the 3-4-5-0 chiral
fermion model is indeed realized by the (1+1)D two-band
lattice model at low energy.

APPENDIX B: WANG-WEN INTERACTION

In the bonsonization language, the Wang-Wen interaction
is described by

Lin =Y gucos (IIp), (B1)
a=1,2
with ¢ = (@ar, ©Br, ¢8L, ¢ar)T and the interaction vectors

given by

1
-2 1
ll = 11° l2 = 2 (B2)
2 1

Mapping back to the chiral fermions by the correspondence
cq ~ 1 exp(ig,) :, the interaction reads

81
Hiy = ?(CARCBL)(C;RCAL)Z +H.c.

+ %(CBRCAL)(CARC};L)z + H.c. (B3)

According to Eq. (12) and using the inverse Fourier transfor-
mation:

CAR = CGkp)A = Z cia exp(3ikri),

i

CBR = C(—kp)B = ZCiB exp(—ikpi),
;

CBL = C(k)B = Z cip exp(ikri),

i

CAL = C(=3kp)A = ZCiA E:Xp(—3ikpi). (B4)
i

Plugging Eq. (B4) into Eq. (B3), the interaction becomes
Hin = Z iy g (Cj-]BCizA) (cinpCina)(clgcin) + Hee.,

[ly4.A ’[6
(B5)
with

iy oig = %] explikr (iy — 31y + i3 + 3is + is — 3is)]
+ %2 explikp (=i + 3ip — i3 — 3i4 — i5 + 3ig)].

(B6)

)|

27

Cia — exp(:i:3iquFn)c(,~+n)A,
Cip — exp(:i:3iq3kpn)c(,-+n)3.

(A15)

(

Notice that, under lattice reflection symmetry Z; :cja —
C(—iA> CiB —> C(—iB, &1 and g> map to each other. To simplify,
we can impose the reflection symmetry which requires g; =
g» = g. Then the coupling coefficient is

8iy-ig = &C08 [kp (iy — 3ip + i3 + 3is + 15 — 3ig)]. (B7)
The dominant s-wave interaction is given by
i1 —3iy + i3+ 3is +is — 3ic =0, (B8)

such that g; .., = g is uniform. We seek a local interaction
that has minimal span on the lattice. The optimal solution of
Eq. (B8) is given by

h=bh=i—-1, ih=iy=1i, Is=ig=i+1, (BY)

for any choice of i. With this solution in Eq. (B9), Eq. (BS)
reduces to
Hin = gz Czri_l)Bc(i—l)ACiBCiACIi+1)Bc(i+l)A +H.c.,, (B10)

l

which is the SMG interaction in Eq. (16) proposed in the main
text.

APPENDIX C: FULL RG EQUATIONS

We start with the interaction Hin cr:

Hini.cr = &rs Z el',kc;acA,‘acAjacAka
o
s
+en ) €7 ch cancapens + He  (Cl)
atp

Under RG, the following density-density and exchange inter-
actions will be generated:

Hingaa = &as E NAalA,0 T+ gat E nAaNA, B
aFp,st

a,st

+8ac Z ChaCABCh gCAE
a#p,st

+(As; < A;) +He, (C2)
and
HinAB = &bs Z NBaNA. + 8bt Z NpaNap
s a5
+8be Z cgacB,gclﬁcAJa + (A, & B)+H.c.
a#B,s
(C3)
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There is an additional density-density interaction that will
correct Hingaa, HiniaB:
Hineg = gbb Z npaNpp — CI;QCBﬁCZ;ﬂCBa- (C4
ap
Putting all interactions together, the complete RG equa-
tions are

d
EBY — ddyding?, + 3dog,
dl
dgy 9¢%
d; = —2dxpgh, + 5 + g%,
dgu
T 2dodaB gy
dgbe
e = _6d0gaegbe + 2d0gatgbe + 4d0dBngbgbe
+3grsgrt + %a

dgas

= —2¢%,
de Sas
dga
dz = 2d0gi[ - d()dABg%ts
dgae
T, = —d()dA]:_gg%l + 4dogac8ar — 6d0g%1e - 2d0dBBg%e’
dgrs
= —6 asdTs»
BT Zas8
d
dggt = 4dodaBgui&rt — 28as&rt>

where dAB = dxp,,,AB(O)/dZ, dBB = prp’BB(O)/dE. These
ratios depend on the energies of A- and B-type fermions
near the VHSs. The two types of fermions have similar band
structures, which can be approximated as Ef** = e f (k).
The ratios are then given by dag = % and dgg = :%2}
If A- and B-type fermions have the same band structure, then
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The Fermi surface symmetric mass generation (SMG) is an intrinsically interaction-driven mechanism that

opens an excitation gap on the Fermi surface without invoking symmetry-breaking or topological order. We
explore this phenomenon within a bilayer square lattice model of spin-1/2 fermions, where the system can be
tuned from a metallic Fermi liquid phase to a strongly interacting SMG insulator phase by an interlayer spin-spin
interaction. The SMG insulator preserves all symmetries and has no mean-field interpretation at the single-
particle level. It is characterized by zeros in the fermion Green’s function, which encapsulate the same Fermi
volume in momentum space as the original Fermi surface, a feature mandated by the Luttinger theorem. Utilizing
both numerical and field-theoretical methods, we provide compelling evidence for these Green’s function zeros
across both strong and weak coupling regimes of the SMG phase. Our findings highlight the robustness of the
zero Fermi surface, which offers promising avenues for experimental identification of SMG insulators through
spectroscopy experiments despite potential spectral broadening from noise or dissipation.

DOI: 10.1103/PhysRevB.108.205117

I. INTRODUCTION

Symmetric mass generation (SMG) [1-8] is an interaction-
driven mechanism that creates many-body excitation gaps
in anomaly-free fermion systems without condensing any
fermion bilinear operator or developing topological orders.
It has emerged as a alternative symmetry-preserving ap-
proach for mass generation in relativistic fermion systems,
which 1is distinct from the traditional symmetry-breaking
Higgs mechanism [9-14]. The prospect of SMG offering
a potential solution to the long-standing fermion doubling
problem [15-21] has sparked significant interest in the lat-
tice gauge theory community [22-46]. In condensed matter
physics, SMG was initially explored within the framework
of the interaction-reduced classification of fermionic sym-
metry protected topological (SPT) states [1,2,47-68], and
has been recently extended to systems with Fermi sur-
faces [69-74], given the growing understanding that Fermi
liquids can be perceived as fermionic SPT states within the
phase space [75,76].

One important feature of the SMG gapped state lies in
the zeros of fermion Green’s function [77-82] at low energy.
Investigations reveal that the poles of the fermion Green’s
function in the pristine gapless fermion state will be replaced
by zeros in the gapped SMG state as the fermion system goes
across the SMG transition upon increasing the interaction
strength. This pole-to-zero transition was postulated [78] as
a direct indicator of the SMG transition [80,83] that can be
probed by spectroscopy experiments. However, the presence
of similar zeros in the Green’s function within Fermi surface
SMG states has not been investigated yet, and it is the focus
of our present research.

Fermi surface SMG [74] refers to the occurrence of SMG
phenomena on Fermi surfaces with nonzero Fermi volumes. It
describes scenarios where the fermion interaction transforms
a gapless Fermi liquid state (metal) into a nondegener-
ate, gapped, direct product state (trivial insulator), without

2469-9950/2023/108(20)/205117(12)
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breaking any symmetry (for example, without invoking
Cooper pairing or density wave orders). Such a metal-
insulator transition is viable when Fermi surfaces collabo-
ratively cancel the Fermi surface anomaly [74,84,85]. This
anomaly can be perceived as a mixed anomaly between the
translation symmetry and the charge conservation U(1) sym-
metry on the lattice [84-90], or as an anomaly of an emergent
loop LU(1) symmetry [91-93] in the infrared theory.

In this work, we present evidence of robust Green’s func-
tion zeros in Fermi surface SMG states. Let ¢ be the energy
scale of band dispersion and J be the energy scale of SMG
gapping interaction, we investigate the problem from two
parameter regimes.

(1) Deep in the SMG phase (J/t > 1), we start with an
exact-solvable SMG product state in a lattice model and cal-
culate the fermion Green’s function by treating the fermion
hopping as perturbation [94]. We find that the Green’s func-
tion Gsmg(w, k) deep in the SMG phase takes the following
form

w+aek/J2

Gsmg(w, k) = m,

)]
where (w, k) labels the frequency-momentum of the fermion.
€r is the energy dispersion of the original band structure in the
free-fermion limit, and « is an order-one number depending
on other details of the system. One salient feature of Ggyg is
that it has a series of zeros at w = —ae;/J? in the frequency-
momentum space. At w = 0, the Green’s function zeros form
a zero Fermi surface that replaces the original Fermi surface.

(2) If the SMG phase is adjacent to a spontaneous sym-
metry breaking (SSB) phase, we use perturbative field theory
to argue that the Green’s function in the SMG phase near the
symmetry-breaking transition (J/¢ = 1) should take the form
of

w + €
G. k)= ——+——
sma(@: k) w? — €} — A}

@
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where we assume that the SSB order parameter retains a finite
amplitude A, in the SMG phase, but its phase is randomly
fluctuating [95]. Again, Gy, features a series of zeros at
w = —¢, with the same zero Fermi surface.

Many previous works [96-99] suggest that the Luttinger
theorem [100] will not be violated in the presence of the
interaction that preserves the translation and charge conser-
vation symmetry. However, quasiparticles (poles of Green’s
function) may not exist in the strongly correlated systems, the
Fermi surface is instead defined by the surface of Green’s
function zeros at zero frequency, i.e., G(0,k) = 0, and the
Green’s function changes sign on the two sides of the zero
Fermi surface, or the so-called Luttinger surface [91,98,101—
103]. This can be regarded as the remnant of the conventional
Fermi surface in the strongly interacting gapped phase. Our
analysis shows that the volume enclosed by the zeros of the
Green’s function in the SMG phase is the same as the Fermi
volume in the Fermi liquid phase, which agrees with the
Luttinger theorem.

The paper will be structured as follows. We start by in-
troducing a concrete lattice model for Fermi surface SMG in
Sec. IT A and briefly discussing its phase diagram. We give
theoretical arguments for Green’s function zeros in the SMG
phase from the Luttinger theorem in Sec. II B (general), and
the particle-hole symmetry in Sec. II C (specific). We provide
numerical and field theoretical evidence of Green’s function
zeros from both the strong coupling Sec. III A and the weak
coupling Sec. III B perspectives. We comment on the robust-
ness of probing the zero structure in spectroscopy experiments
in Sec. IV. We conclude in Sec. V with a discussion of
the relevance of our model to the nickelate superconductor
La3N1207.

II. ARGUMENT FOR GREEN’S FUNCTION ZEROS

A. Lattice model and phase diagram

As a specific example of Fermi surface SMG, we consider
a bilayer square lattice [ 104—106] model of spin-1/2 fermions,
as illustrated in Fig. 1(a). Let ¢;;, be the fermion annihilation
operator on site-i layer / (I = 1,2) and spin o (¢ =%, |). The
model is described by the following Hamiltonian:

H=—t Y (c},cjts +He)+T Y Su-Sa,

(ij).l,0 i

3

where S;; := %c}}aam/cilgr denotes the spin operator with
0 :=(0',02,0%) being the Pauli matrices. The Hamil-
tonian H contains a nearest-neighbor hopping ¢ of the
fermions within each layer and an interlayer Heisenberg
spin-spin interaction with antiferromagnetic coupling J >
0. The Heisenberg interaction should be understood as a
four-fermion interaction, that there is no explicitly formed
local moment degrees of freedom. Unlike the standard z-J
model [107], we do not impose any on-site single-occupancy
constraint [108] here. We assume that the fermions are half-
filled in each layer.

In the noninteracting limit (J/t — 0), the ground state
of the tight-binding Hamiltonian in Eq. (3) is a Fermi lig-
uid with a fourfold degenerated (two layers and two spins)
square-shaped Fermi surface in the Brillouin zone, as shown
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FIG. 1. (a) Bilayer square lattice model with intralayer hopping
and interlayer spin interaction. (b) Fermi sea and Fermi surface at
J =0 in the Brillouin zone. A high-symmetry path is traced out in
gray. (c) A conjectured phase diagram consist of a Fermi liquid (FL)
fixed point, a spontaneous symmetry breaking (SSB) phase, a XY
transition, and a SMG insulating phase.

in Fig. 1(b). The fermion system is gapless in this limit.
However, given that the fermion carries one unit charge under
the U(1) symmetry, the Fermi surface anomaly vanishes due
to [76,87]

4
1
anvazélxlxi:o mod 1,

a=1

“

where a indexes the fourfold degenerated Fermi surface with
qq = 1 being the U(1) charge carried by the fermion and
v, = 1/2 being the filling fraction. This implies there must be
a way to gap out the Fermi surface into a trivial insulator while
preserving both the translation and the U(1) charge conserva-
tion symmetries. Nevertheless, these symmetry requirements
are restrictive enough to rule out all possible fermion bilinear
gapping mechanisms, leaving Fermi surface SMG the only
available option.

One possible SMG gapping interaction is the interlayer
Heisenberg spin-spin interaction J in Eq. (3). In the strong
interaction limit (J//t — 00), the system has a unique ground
state, given by

10) = @Q)(cfirch, — ch chplvac), )

which is a direct product of the interlayer spin-singlet state on
every site. |vac) stands for the vacuum state of fermions (i.e.,
ciio|vac) = 0). The SMG ground state |0) does not break any
symmetry and does not have topological order. All excitations
are gapped by an energy of the order J from the ground state.
Any local perturbation far below the energy scale J can not
close this excitation gap, so the SMG phase is expected to be
stable in a large parameter regime as long as J > .

Given the distinct ground states in the two limits of J/z,
we anticipate at least one quantum phase transition separating
the Fermi liquid and the SMG insulator. However, due to the
perfect nesting of the Fermi surface, the Fermi liquid state is
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unstable towards spontaneous symmetry breaking (SSB) upon
infinitesimal interaction, so a more plausible phase diagram
should look like Fig. 1(c), where an intermediate SSB phase
sets in. A mean-field analysis based on the Fermi liquid fixed
point shows that there are two degenerated leading instabil-
ities: (i) the interlayer exciton condensation (EC) and (ii)
the interlayer superconductivity (SC). They are respectively
described by the following order parameters

$ec = Z(—)icjlocizm bsc = Z(_)gcjloc;;&' ©)

Here, (—)' denotes the stagger sign on the square lattice of
lattice momentum (v, 7). (—)° = 41 for 0 =1 and —1 for
o =J. & stands for the opposite spin of o.

The energetic degeneracy of these two SSB orders can
be explained by the fact that their order parameters ¢gc
and ¢gc are related by a particle-hole transformation c;p, —
(=)(—=)° c?z > in the second layer only, which is a symmetry of
the model Hamiltonian in Eq. (3). The EC (¢gc) # O sponta-
neously breaks the translation and interlayer U(1) symmetry,
and the SC (¢sc) # 0 spontaneously breaks the total U(1)
symmetry. Both of them gap out the Fermi surfaces fully,
leading to an SSB insulator (or superconductor). The SSB and
SMG phases are likely separated by an XY transition, at which
the symmetry gets restored. We will leave the numerical ver-
ification of the proposed phase diagram Fig. 1(c) for future
study, as the main focus of this research is to investigate the
structure of fermion Green’s function in the SMG insulating
phase.

We note that the model Eq. (3) was also introduced as
the “coupled ancilla qubit” model to describe the pseudo-gap
physics in the recent literature [70,72,73]. Its honeycomb
lattice version has been investigated in recent numerical
simulations [109], where a direct quantum phase transition
between semimetal and insulator phases was observed.

B. Luttinger theorem and Green’s function zeros

The Luttinger theorem [100,110] asserts that in a fermion
many-body system with lattice translation and charge U(1)
symmetries, the ground state charge density (N)/V [i.e., the
U(1) charge per unit cell] is tied to the momentum space
volume in which the real part of the zero-frequency fermion
Green’s function is positive Re G(0, k) > 0. This can be for-
mally expressed as

N / d*k
! Re G(O.k)=0 (277)%

Here, the U(1) symmetry generator N = ZL lo cj'lacﬂo mea-
sures the total charge, and the volume V = Zi 1 is defined as
the number of unit cells in the lattice system. Ny = 4 counts
the fermion flavor number (or the Fermi surface degeneracy),
including two layers and two spins. The Green’s function
G(w, k) in Eq. (7) is defined by the fermion two-point cor-
relation as

N

(c1o (@, K)crg (@, 1)) = G(@, K)811850. ®)

The correlation function is proportional to an identity ma-
trix in the flavor (layer-spin) space because of the layer
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U(1) : ¢p — ¢, the layer interchange Z» : ¢1y <> C20,
and the spin SU(2) : ¢;; — (€'9/2),4:¢1or symmetries.

The Luttinger theorem applies to the Fermi liquid and
SMG states in the bilayer square lattice model Eq. (3), as both
states preserve the translation and charge U(1) symmetries.
Given that the fermions are half-filled (v = 1/2) in the system,
the Fermi volume should be

/ d’k (N) 1
= — =)V = —
ReGO.k)=0 (2)2  VN;

2
The Fermi volume is enclosed by the Fermi surface, across
which Re G(0, k) changes sign. The sign change can be
achieved either by poles or zeros in the Green’s function.

In the Fermi liquid state, the required Fermi volume is
satisfied via Green’s function poles along the Fermi surface,
as pictured in Fig. 1(b). However, the SMG insulator is a fully
gapped state of fermions that has no low-energy quasiparti-
cles (below the energy scale J). Consequently, the Green’s
function G(w, k) cannot develop poles at @ = 0, meaning
the required Fermi volume can only be satisfied by Green’s
function zeros. Therefore the Lutinger theorem implies that
there must be robust Green’s function zeros at low energy
in the SMG phase, and the zero Fermi surface must enclose
half of the Brillouin zone volume in place of the original pole
Fermi surface.

It is known that the Luttinger theorem can be violated in
the presence of topological order [86,88,102,111-117]. How-
ever, this concern does not affect our discussion in the SMG
phase, because the SMG insulator is a trivial insulator without
topological order.

€))

C. Particle-hole symmetry and zero Fermi surface

The Luttinger theorem only constrains the Fermi volume
but does not impose requirements on the shape of the Fermi
surface. However, in this particular example of the bilayer
square lattice model Eq. (3), the system has sufficient sym-
metries to determine even the shape of the Fermi surface.

The key symmetry here is a particle-hole symmetry ZS,
which acts as

(10)

Citg = (=)' (=) ¢l
The Hamiltonian H in Eq. (3) is invariant under this trans-
formation. Since the Green’s function is an identity matrix in
the flavor space Eq. (8) which is invariant under any flavor
basis transformation, we can omit the flavor indices and fo-
cus on the frequency-momentum dependence of the Green’s
function, written as

Gl k)= Y (c(t,x)c(t’, x') )=,

tx,t',x

e8Y)

Given Eq. (10), the fermion field c(z, x) transforms under the
Z§ symmetry as

ct,x) = c@t,x)7eC* @, x) > ct,x)eCF,  (12)

where Q = (i, ) is the momentum associated with the stag-
ger sign factor (—)' on the square lattice. As a consequence,
the Green’s function transforms as

G(w, k) > —G(—w, Q — k). (13)
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Furthermore, there are also two diagonal reflection symme-
tries on the square lattice, which maps k = (k,, k) to (ky, k)
or (—ky, —k,) in the momentum space.

Both the Fermi liquid and the SMG states preserve the
particle-hole symmetry Z$ and the lattice reflection sym-
metry, which requires the Green’s function to be invariant
under the combined symmetry transformations. So the zero-
frequency Green’s function must satisfy

G(0, ke, ky) = —G(0, T + ky, T + k), (14)

meaning that the sign change of G(0, k) should happen along
ky £k, =7 mod 2m, which precisely describes the shape of
the Fermi surface. The Fermi surface is polelike in the Fermi
liquid state and becomes zerolike in the SMG state, but its
shape and volume remain the same.

However, it should be noted that the precise overlap of the
zero Fermi surface in the SMG insulator and the pole Fermi
surface in the Fermi liquid is a fine-tuned feature of the bilayer
square lattice model Eq. (3). In more general cases, such as
including further neighbor hopping in the model, the particle-
hole symmetry would cease to exist, thus the invariance in the
shape of the Fermi surface is no longer guaranteed. Neverthe-
less, the Luttinger theorem can still ensure the invariance in
the Fermi volume, thereby providing the SMG insulator with
robust Green’s function zeros.

To verify this proposition, we will analyze the behavior
of the Green’s function in the SMG phase from both strong
and weak coupling perspectives in Sec. III. Our calculations
suggest that, for this specific model, the SMG state indeed
possesses a Fermi surface (of Green’s function zeros) that is
identical in shape to that in the Fermi liquid state.

III. EVIDENCE OF GREEN’S FUNCTION ZEROS

A. Strong coupling analysis

We will first focus on the strong interaction limit (J/t —
00), where the system is deep in the SMG phase and the
exact ground state is known [see Eq. (5)]. We start from this
limit and turn on the hopping term as a perturbation. We
employ exact diagonalization and cluster perturbation theory
(CPT) [94,118] to compute the Green’s function in the SMG
phase. The details of our method are described in Appendix.
It is valid to use a small cluster to reconstruct the Green’s
function in the SMG phase since the ground state is close
to a product state that does not have long-range correlation
or long-range quantum entanglement. This is quite different
from the Hubbard model, where the Fermi surface anomaly
is nonvanishing, and the infrared phase must be either SSB
order or topological order [86,111,114,115]. In either case, the
ground state wave functions cannot be reconstructed from the
small clusters due to the long-range correlation/entanglement.
This argument has been noted in the original paper on the CPT
method [94].

To be specific, we first partition the square lattice (in-
cluding both layers) into 2 x 2 square clusters as shown in
Fig. 2. Let us first ignore the intercluster hopping. Within
each cluster, we represent the Hamiltonian in the many-body
Hilbert space and use the Lanczos method to obtain the lowest
~2000 eigenvalues and eigenvectors. The Green’s function
in the cluster can then be obtained by the Killén-Lehmann
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}'—T b
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FIG. 2. Partition the square lattice into 2 x 2 clusters. The many-
body Hamiltonian is exactly diagonalized within each cluster. The
effect of intercluster hopping is included in an RPA-like approach.

—(

representation
(Olcilm) m|c}[0)  {(m|cil0){Olc]m)
Go(w)ij =) : B
m>0 @ — (Em - EO) o+ (Em - EO)

where |m) is the mth excited state with energy E,,, and |0) is
the ground state with energy E,, whose wave function was
previously given in Eq. (5). Since the four fermion flavors
(two spins and two layers) are identical under the internal
flavor symmetry, we can drop the flavor index in the Green’s
function and only focus on one particular flavor with the site
indices i, j, where i, j = 1, 2, 3, and 4 as indicated in Fig. 2.
The convergence of the Green’s function can be verified by
including more eigenstates from the Lanczos method. We
checked that increasing the number of eigenpairs to ~8000
will not change the result significantly, indicating that the
result with ~2000 eigenpairs has already converged.

Now we restore the intercluster hoping to extend the
Green'’s function from small clusters to the infinite lattice. The
Green'’s function of superlattice momentum k can be obtained
from the random phase approximation (RPA) approach [94],

Go(w)
G@*“:(l—nmaw); (16)
where the T (k) matrix
0 o2k 0 o2k
o2k 0 o2k
Tk)=—t 0 o2k 0 ik (a7
o2k 0 o2k 0

describes the intercluster fermion hopping. The resulting
Green’s function G(w, k);; is defined in the folded Brillouin
zone k € (—m /2, w /2]*? with sublattice indices i, j. To un-
fold the Green’s function to the original Brillouin zone k €
(—m, w1*%, we perform the following (partial) Fourier trans-
form

1 .
Glw, k) = z Zeilk'(r"frf)G(w, k)ij~

i,j

(18)

We numerically calculated the unfolded Green’s func-
tion G(w, k) using the above-mentioned cluster perturbation
method. We take a large interaction strength J/t = 8 deep in
the SMG phase and present the resulting Green’s function
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FIG. 3. Fermion Green’s function Eq. (18) deep in the SMG
insulator phase, at J = 8¢. (a) The imaginary part (spectral func-
tion) —2 Im G(w + 0., k) shows the pole (spectral peak) structure.
(b) The real part Re G(w, k) shows the pole (divergence) and zero
(purple contour) structures. (¢) Same as (b) but zoomed in near v = 0
to show the dispersion of Green’s function zeros.

in Fig. 3. From Fig. 3(a), the poles of the Green’s function
form two dispersing bands around w = =£J, which resembles
the upper and lower Hubbard bands in the Hubbard model.
This indicates the quasiparticles are fully gapped in the SMG
phase. Meanwhile, from Figs. 3(b) and 3(c), the zeros of
the Green’s function appear around @ = —ae; /J* with some
nonuniversal but positive coefficient « > 0. We find that the
“dispersion” of zeros is reversed compared to the original
band dispersion €. In Fig. 4, we also numerically confirmed
that the “bandwidth” w,, of zeros is suppressed by the inter-
action J as Wyero ~ J 2 as J — o0.

Building upon the above observation of the poles and zeros
of the Green’s function, we put forth the following empirical
formula:

_ a)—i—azek/J2
Gsme(w, k) = m, (19)
1
< 050
2
SN
0.10
0.05

5 10
J/t

FIG. 4. Scaling of the Green’s function zero “bandwidth” wye;o
with the interaction strength J. Circles represent the numerically
calculated wy, at different J, and the line is a fit to the data.

15 20

as an approximate description of our numerical result Eq. (18).
An important aspect of this formula is the positioning of
the Green’s function zeros precisely around the initial Fermi
surface (where ¢, = 0) at @ = 0. This is indicated by the small
arrows in Fig. 3(c).

Assuming Re Gsyvg(0, k) = 0 as the definition of the zero
Fermi surface in the SMG phase, it would encompass the
same Fermi volume as the pole Fermi surface in the Fermi
liquid phase. As both translation and charge conservation
symmetries remain unbroken in the SMG phase, the Luttinger
theorem mandates the preservation of the Fermi volume.
Given that the SMG state is a fully gapped trivial insulator,
there is no pole (no quasiparticle) at low energy, thus the
Green’s function can only rely on zeros to fulfill the Fermi
volume required by the Luttinger theorem, which is explicitly
demonstrated by Eq. (19).

B. Weak coupling analysis

Nevertheless, SMG is not the sole mechanism for gapping
out the Fermi surface. SSB might also open a full gap on the
Fermi surface, which corresponds to the Higgs mechanism for
fermion mass generation. Specifically, in the bilayer square
lattice model Eq. (3), due to the perfect nesting of the Fermi
surface, the Fermi liquid exhibits strong instability toward
SSB orders. Without loss of generality, we will focus on the
interlayer exciton condensation in the weak coupling limit.
The corresponding order parameter ¢pc was introduced in
Eq. (6), which carries momentum Q = (m, 7). The exciton
condensation leads to an SSB insulating phase, as noted in
the phase diagram Fig. 1(c). However, there are significant
differences between the SMG insulator and the SSB insulator,
especially in terms of the structure of Green’s function zeros.

In the SSB insulator phase, the Brillouin zone folds by the
nesting vector Q = (i, 7). The fermion Green’s function can
be written in the (ck, ck1+0)T basis (omitting layers and spins
freedom) as

wo® + 0> + Re Ao! + Im Ac?

Gssg(w, k) =
ssB(w, k) 2 |AP

. (20)

where A = J{¢gc) denotes the exciton gap induced by the
exciton condensation (¢gc) # 0. The properties of Ggssp are
illustrated in Fig. 5. The spectral function in Fig. 5(a) depicts
the quasiparticle peak along the band dispersion, reflecting a
gapped (insulating) band structure.

Since Gssp iS a matrix, its zero structure should be de-
fined by its determinant being zero, i.e., det Gssg(w, k) = 0,
which is the only way to define the zero structure in a basis
independent manner. Figure 5(b) indicates the determinant of
Gssp remains the same sign within the band gap induced by
the exciton condensation. Since Ggssg does not preserve the
translation symmetry (as A — —A is translation-odd), and A
is nonzero, det Gssg does not have zeros crossing w = 0 at the
original Fermi surface. These two observations are linked: the
absence of translation symmetry makes the Luttinger theorem
ineffective, hence there is no expectation for the zero Fermi
surface in the SSB insulator.

As the interaction J intensifies, the SSB insulator ulti-
mately transitions into the SMG insulator, as depicted in
the phase diagram Fig. 1(c). During this transition, the
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FIG. 5. Fermion Green’s function Eq. (20) Gssp in the SSB in-
sulator phase, assuming a gap size of |A| =t. (a) The imaginary
part —2Im G(w + 104, k); in the (c,tck) channel, showing the pole
(quasiparticle peak) along gapped bands. (b) The real part of the
determinant Re det G(w, k). No zero within the gap. In both plots,
the frequency is shifted by a small imaginary part @ — o + 0.01iz
for better visualization of spectral features.

broken symmetry is restored, yet the fermion excitation gap
remains intact, similar to the pseudo-gap phenomenon seen
in correlated materials [119,120]. In the context of modeling
fermion spectral functions, the pseudogap phenomenon can
be interpreted as a consequence of the phase (or orientation)
fluctuations of fermion bilinear order parameters [121-128].
In this picture, the order parameter A = Age” maintains a
finite amplitude A, as we enter the SMG phase from the
adjacent SSB phase, but its phase 6 is disordered by long-
wavelength random fluctuations. Consequently, on the large
scale, A cannot condense to form long-range order; but on a
smaller scale, A still provides a local excitation gap every-
where for fermions.

Based on this picture of the SMG state, the simplest treat-
ment is to focus on the long wavelength fluctuation of A and
estimate its self-energy correction for the fermion by
A

ey
where the vertex operator is A := Re Ac! + Im Ac? and the
bare Green’s function is Go(w, k) = (wo® — €;03)~!. Here
we have assumed that the correlation length & of the bosonic
field A is long enough that its momentum is negligible for
fermions. This assumption is valid near the transition to the
SSB phase, as the correlation length diverges (§ — 00) at the
transition.

Using this self-energy to correct the bare Green’s function,
we obtain

G(w, k) = (Go(w, k)" — Z(w, k)™

0 3
wo" + €0
= i (22)
w? — € — A

Since the translation symmetry has been restored in the SMG
phase, we can unfold the Green’s function back to the original
Brillouin zone [by taking the G(w, k);; component], which
leads to a weak coupling description of the Green’s function

39
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FIG. 6. Fermion Green’s function Eq. (23) Gg,,; in the SMG
insulator phase near the phase transition to an adjacent SSB phase,
assuming a local gap size of Ay = . (a) The imaginary part (spectral
function) —2 Im G(w + 10, k) shows the pole (quasiparticle peak)
along gapped bands. (b) The real part Re G(w, k) exhibits the zero
(purple contour) crossing w = 0 at the original Fermi surface. In
both plots, the frequency is shifted by a small imaginary part v —
w + 0.01iz for better visualization of spectral features.

X

r

in the shallow SMG phase near the transition to the SSB phase

, o+ €
so(@. k) = = (23)

—g- &
A more rigorous treatment of a similar problem can be found
in Ref. [95], which includes finite momentum fluctuations
of A. The major effect of these fluctuations is to introduce
a spectral broadening for the fermion Green’s function as
if replacing w — w + 18 in Eq. (23). It was also found that
the broadening § ~ £~! scales inversely with the correlation
length & of the order parameter, which justifies our simple
treatment in the large-£ regime. Similar Green’s functions as
Eq. (23) was previously constructed to describe non-Fermi
liquid [98] statisfying the Luttinger theorem. However, its
physical meaning is now clarified as Green’s function in the
SMG phase.

The features of Gg,,s in Eq. (23) are presented in Fig. 6.
When comparing Figs. 6(a) and 5(a), we can observe that the
pole structure of Gy is identical to that of Gssg (in the
diagonal component), both showcasing a gapped spectrum.
However, they significantly differ in their zero structures, as
seen by comparing Figs. 6(b) and 5(b). Due to the restoration
of symmetry, the low-energy zeros reemerge in the Green’s
function in the SMG phase. Additionally, its zero Fermi sur-
face perfectly aligns with the original pole Fermi surface,
fulfilling the Luttinger theorem’s requirement for the Fermi
volume.

Comparing the Green’s function in the SMG phase derived
from the strong coupling analysis Eq. (19) and the weak
coupling analysis Eq. (23) (see also Figs. 3 and 6), we find that
despite the apparent difference in high-energy spectral fea-
tures, the zero Fermi surface defined by G(0, k) = 0 remains a
resilient low-energy feature. The persistent zero Fermi surface
in the SMG phase is a consequence of the Luttinger theorem.

Nonetheless, besides the low-energy zero structure, it is
also intriguing to understand how the high-energy spectral
feature deforms from the weak coupling case to the strong
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FIG. 7. (a) Broadened spectral function from the one in Fig. 3.
(b) Reconstructed Green’s function real part by the KK relation,
showing robust Green’s function zeros (purple contour) crossing
w=0.

coupling case. However, this problem requires nonperturba-
tive numerical simulations. Fortunately, the bilayer square
lattice model Eq. (3) admits a sign-problem-free [129] quan-
tum Monte Carlo [130-134] simulation. We will leave this
interesting direction for future research.

IV. PROBING GREEN’S FUNCTION ZEROS

While Green’s function zeros are an important feature of
the SMG insulator, they are not directly observable in ex-
periments. Spectroscopy experiments, such as angle-resolved
photoemission spectroscopy (ARPES), can directly probe the
fermion’s spectral function A(w, k) = —2Im G(w + 104, k),
which is the imaginary part of Green’s function. By employ-
ing the Kramers-Kronig (KK) relation to recover the real part
of Green’s function from the spectral function,

Al k)
o -’

Re G(w, k) = L73/da)/ (24)
2

we can indirectly study the zero structure of the Green’s func-

tion.

However, the spectral function might be broadened in ex-
perimental data due to noise or dissipation. We are interested
in studying how sensitive the reconstructed Green’s function
zero is to these disturbances, in order to understand the sta-
bility of the method. Following Sec. III A, we start from the
strong coupling limit and use the CPT approach to calculate
Green’s function. To account for the spectral broadening ef-
fect, we replace w with w + 1§, where § is relatively large,
say, about the order of the hopping ¢. Based on the broadened
spectral function in Fig. 7(a), we use the KK relation to
reconstruct the real part, as shown in Fig. 7(b). We find that
the zero Fermi surface maintains the same shape, but the zero
“dispersion” bandwidth gets larger.

The increase in bandwidth can be understood by taking the
SMG Green’s function Gsyg(w, k) in Eq. (19), and solving
for its zeros Re G(w + i3, k) = 0. To the leading order of 1/J
and &, the solution is given by

)

(0297

wik) = —( T (25)

40

meaning that the bandwidth of Green’s function zero disper-
sion will increase by 82/, but the corresponding Luttinger
surface remains unchanged. Therefore the Green’s function
zero in the SMG phase is a robust feature that can be poten-
tially identified from spectroscopy measurements, even in the
presence of noises or dissipations.

V. SUMMARY AND DISCUSSIONS

In this paper, we investigated the Fermi surface SMG in a
bilayer square lattice model. A crucial finding of this study
lies in the robust Green’s function zero in the SMG phase.
Traditionally, a Fermi liquid state is characterized by poles in
the Green’s function along the Fermi surface. However, as the
fermion system is driven into the SMG state by interaction
effects, these poles are replaced by zeros. This is a robust
phenomenon underlined by the constraints of the Luttinger
theorem.

Our exploration is not limited to theoretical assertions.
We also offer a tangible demonstration of this occurrence
in the bilayer square lattice model. By applying both strong
and weak coupling analyses, we provide a comprehensive
portrayal of the fermion Green’s function across different
interaction regimes. We highlight that the emergence of the
zero Fermi surface is not an ephemeral or fine-tuned phe-
nomenon, but rather a robust and enduring feature of the SMG
phase. We show that even when the system is subjected to
spectral broadening, the zero Fermi surface persists, retaining
the Fermi volume.

The results of this study confirm the robustness of the zero
Fermi surface and underscore the possibility of observing it
in experimental setups, such as through ARPES. Despite not
being directly observable, the zero structure of the Green’s
function could be inferred indirectly via the KK relation.

The bilayer square lattice model may be relevant to the
nickelate superconductor recently discovered in pressurized
LasNi,O7 [135,136], which is a layered two-dimensional ma-
terial where each layer consists of nickel atoms arranged in
a bilayer square lattice. The Fermi surface is dominated by
dp and d2_y electrons of Ni. The d electron has a rela-
tively small intralayer hopping ¢ due to the rather localized
d, orbital wave function in the xy plane but enjoys a large
interlayer antiferromagnetic Heisenberg interaction J due to
the super-exchange mechanism mediated by the apical oxy-
gen. This likely puts the d» electrons in an SMG insulator
phase in the bilayer square lattice model and opens up op-
portunities to investigate the proposed Green’s function zeros
in real materials. The potential implication of SMG physics
on the nickelate high-T, superconductor still requires further
theoretical research in the future.
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APPENDIX: CLUSTER PERTURBATION THEORY

Here we review the details of cluster perturbation theory
(CPT) originally developed in [94]. Denote the superlattice
lattice points by R, then the position of any original lattice
point would be given by R + r, where r is the relative position
of the lattice point to the location R of the cluster containing
that particular lattice point. For clusters of size L, the generic
Green’s function in real space can be denoted by Gf’jR,, with
i,j=1,...,L, where the time dependence is implicitly as-
sumed and same goes for the frequency dependence in Fourier
space. Due to the translation invariance of the clusters on the
superlattice, the real space Green’s function can be firstly
partially Fourier-transformed to give

,1 R
G = D Gl ™, (AD)
q

where the ¢ summation is over the Brillouin zone (BZ) of
the superlattice and N is the number of clusters on the su-
perlattice, which goes to infinity in the thermodynamic limit.
In contrast to the translation invariance of the (R, R') part of

Gf}.R/, or equivalently it only depends on the difference R — R’
as can be seen in Eq. (Al), the (i, j) part of the Green’s
function loses translation invariance due to the introduction
of clusters. This is so because correlation between two points
within the same cluster is not manifestly the same with the
correlation between another pair of equally separated points
across clusters. Therefore it takes two lattice momenta to fully
characterize Gf}Rl in Fourier space. More precisely, we have,
’ 1 R.R' ik )—ik'-(R'+r;
Gk, k') = NI Z 4 Gi,j ok Rtri)—ik (R +7)) (A2)
RR ij
Then we can plug Eq. (A1) into Eq. (A2) and integrate out the
superlattice lattice vectors R, R’ to obtain the following:

1 X3 iteri—k'or:
Gk = L T 6@

iLj q

(A3)

where the § function denotes the fact that the two wave vectors
are equivalent only up to a superlattice reciprocal lattice vector
Q because Q - R = 2w Z in the phase factor. More precisely,
we have

L
Skg =) Skqio,- (Ad)
s=1

where Q, with s = 1, ..., L are the L inequivalent wave vec-
tors in the reciprocal lattice of the original lattice (see the 1d
case shown in Fig. 8). Then we can perform the ¢ summation
in Eq. (A3) to have

1 . ,
Gk, k') = I Z Z Gk — Qs)ij‘sk’—k,QS—QSrel(kAriik i

i,j s,

= Z Z Gk _k.age ™7,
i.j AQ
where we have used the fact that G(q);; is invariant under the
shift by a superlattice reciprocal lattice vector Q,.
The translation invariant approximation for the Green’s
function on the original lattice is obtained when AQ = 0, i.e.,

(A5)

e Original reciprocal space

e Superlattice reciprocal space

Q

FIG. 8. Reciprocal lattice in 1d for a four-site cluster. K labels the
reciprocal lattice vector for the original lattice and Q labels the recip-
rocal lattice vector for the superlattice. More precisely, K; = %”s and
0, = i—’;s, where a is the lattice constant of the original lattice, L = 4
here and s € Z.

k = k'. Therefore the Green’s function becomes

G(k) — Z G(k)ijeik-(r,—r,)'

ij

(A6)

Now we just need to calculate G; (k) using cluster per-
turbation. The idea is to treat hopping between clusters as
perturbation when consider strong on-site interactions. In par-
ticular,

H=Hy+V, (A7)
where Hy contains intracluster terms and V contains interclus-
ter hopping. Considering nearest-neighbor hopping between
the square clusters used in the main text. The cluster construc-
tion is reproduced in Fig. 9 with the four sites in each cluster
labeled by 1-4. The hopping matrix is given by (setting lattice
constant a = 1)

V,-fzj’R/ = —t8g p—2:(8i 28,1 + 8:38;.4)
— t8p g42:(8i,18;,2 + 8i48;3)

FIG. 9. Cluster diagram showing the hopping between neigh-
boring clusters (dashed line). The four sites inside each cluster are
numbered as shown.
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— 18g R —25(81,10,4 + 8i28;3)

— 18R r4+25(8:382 + 8;.48,,1). (AB)

,
Fourier transforming ViRj’R into the superlattice reciprocal
space, we have

Vij(@) = —1e%4(8;28),1 + 8i38).4)
—te 45 (8; 182 + 8148} 3)
— 129 (8;18;4 + 8i28,3)
—te 2 (8;38; + 8146/1)

0 e—quX 0 ei2q),
e/ 0 e 0
- 0 e, 0 e | (A9)
e % 0 e %4 0

ij
which is the form presented in Eq. (17) in the main text. Then
the interacting Green’s function is given by
1 1 Go

= ——— = ———, (Al10)
wo—H w-Hy—V(g 1-V(gGo

G(g) =

where Gy = (w — Hy)™! is the intracluster Green’s function
that can be easily obtained by exact diagonalization as long as
the cluster size is not too big. The obtained G(g);; can now be
plugged into Eq. (A6) to calculate the CPT Green’s function
for the interacting system.
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Symmetric mass generation (SMG) insulators are interaction-driven, featureless Mott insulating
states in quantum many-body fermionic systems. Recent advancements suggest that zeros in the
fermion Green’s function could lead to non-vanishing negative optical conductivity in SMG insula-
tors, even below the charge excitation gap. This study explores the origin of this unusual behavior
through the lens of pole-zero duality, highlighting a critical issue where the current operator be-
comes unbounded, rendering the response function unphysical. By employing a lattice model, we
derive a well-behaved lattice regularization of the current operator, enabling a detailed study of
optical conductivity in SMG insulators. Utilizing both analytical and numerical methods, including
strong-coupling expansions, we confirm that SMG insulators exhibit no optical conductivity at low
energies below the charge gap, effectively resolving the paradox. This work not only deepens our
understanding of quantum many-body phenomena but also lays a robust theoretical groundwork
for future experimental explorations of SMG materials.

Introduction. — Symmetric mass generation (SMG)
insulators [1-30] represent a novel class of interaction-
driven featureless Mott insulating states in quantum
many-body systems of fermions. These systems feature
the cancellation of all quantum anomalies [31-33], such
that a symmetric gapped state without spontaneous sym-
metry breaking (SSB) or topological order is allowed,
which we refer to as “featureless”. SMG insulators are
characterized by a full energy gap to all fermionic and
bosonic excitations, including collective charge and cur-
rent excitations. The excitation gap arises from non-
perturbative interaction effects and eludes mean-field
theoretical explanations.

Central to the theoretical understanding of SMG in-
sulators is the behavior of the fermion Green’s function,
defined as: G(k) := —<1/Jk¢;2>, where 1y, is the fermion op-
erator at the energy-momentum k = (w, k). A key aspect
of the SMG insulator is that its fermion Green’s function
determinant approaches zero as energy-momentum tends
to zero [34-49], i.e.

det G(k) =0 as k,k* — 0. (1)
This property, the zero of the Green’s function, raises
an intriguing question regarding its experimental impli-
cations [29, 45-48, 50]. Recently, Golterman and Shamir
[49] proposed that these zeros might significantly influ-
ence the electromagnetic response of the SMG insula-
tor when the fermions are coupled to a background U(1)
gauge field, particularly suggesting a scenario where the
SMG insulator exhibits non-vanishing charge conductiv-
ity at low energy, even below the energy gap of all exci-
tations.

This apparent puzzle of how an insulator might exhibit
conductive behavior without charge excitations below the
insulating gap presents a fascinating paradox. This re-
search aims to postulate a potential resolution of this
paradox, offering new insights into the behavior of the
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optical conductivity in SMG insulators and expanding
our understanding of quantum many-body phenomena.

Pole-Zero Duality. Let wus first revisit the
Golterman-Shamir construction [49], and reproduce their
results through the broader lens of pole-zero duality in
the fermion Green’s function.

The analysis starts with the fermion two-point correla-
tion function G(k) = —(11);61/1,1) in the energy-momentum
space. At this point, Golterman and Shamir introduced
a pivotal assumption that the fermion system can be ap-
proximated by a free effective action,

ﬂ@:—}jﬁa@rwwz—/ﬁwwmwrw,m
k

such that the Green’s function will be consistently repro-
duced by the fermion path integral:

G = [Pl oD, @)
with Z = [ D[sJe™5I¥] being the partition function. It is
crucial to acknowledge that this approach to reconstruct-
ing the effective action from the two-point correlation is
only valid under the premise that the fermions behave
as free or generalized free fields [51-55]. In such cases,
higher-point correlations decompose into two-point corre-
lations via Wick’s theorem. Should the fermions deviate
from generalized free field behavior, it becomes necessary
to incorporate higher-order terms in the effective action
to model higher-point correlation functions.

If we accept the effective action S[¢] in Eq. (2), we can
proceed to gauge the U(1) symmetry of the fermion field
t, under which 1) — 4. By introducing the U(1) gauge
field A through minimal coupling, the effective action
becomes:

ﬂwﬁ:-/&xWQw—m*w (4)



Integrating out the fermion field 1), the fermion path in-
tegral e =54 = [ D[p]e=51¥4] defines an effective action
S[A] for the gauge field A:

S[A] = Trlog G(i0 — A)

oo
1 ()
= Z EH#M #W/A/MAM U A,Un’
n=0

where TIft#2tn = G4, 84, - 64, S[A] corresponds
to the nth order current correlation, or loosely denoted
as II,, = 0% S[A]. These correlations II,, encode the re-
sponses of the fermion system to the external electromag-
netic field at different orders. The goal is to understand
their behaviors across the SMG transition.

The SMG transition refers to the fermion gap-opening
transition driven by the fermion interaction [33]. On the
weakly interacting side, the fermion system is metallic,
characterized by gapless single-particle excitations at low
energy, manifested as poles in the fermion Green’s func-
tion. In contrast, on the strongly interacting side, the
system transitions into the SMG insulating phase, where
the original poles in the Green’s function are replaced by
zeros. For instance, in the case of the relativistic fermions
discussed in Ref. 49, the propagator poles and zeros are
respectively modeled by Gpirac and Ggyg as

1

bl
YOk

m?2

GDirac(k) = 5 GSMG (k) =

(6)

The concept of pole-zero duality [35, 42, 43, 46] offers
a compelling framework for relating the low-energy be-
haviors of Green’s functions across the SMG transition.
This duality is articulated through a transformation of
the fermion Green’s function,

G(k) = G(k) o< G(—k) 7, (7)
under which poles and zeros replace each other. For ex-
ample, Gpirac and Ggye in Eq. (6) are related by the
pole-zero duality.

Under the pole-zero duality defined in Eq. (7), the ef-
fective gauge action S[A] = Trlog G(i0 — A) in Eq. (5)
transforms as

S[A] — Trlog G(—i0 + A)~! = —S[- 4], (8)
then the nth order current correlation II, = §%S[A4]
transforms as

I, = —03S[-A] = —(=1)"I. (9)
This implies that if the fermion Green’s functions across
the SMG transition are related by pole-zero duality, as
exemplified by Gpirac and Gsume in Eq. (6), then their
corresponding electromagnetic response functions will
also be related by (for n = 2, 3)

(10)

IIs sma = —1I2 Dirac, II3,sma = I3 Dirac,
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which reproduce the main conclusions in Ref.49 that,
compared to free Dirac fermions, the vacuum polarization
II, changes sign in the SMG insulator while the triangle
diagram II3 remains the same.

These results are remarkably general and do not de-
pend on the specific form of the Green’s function G(k).
Provided we accept the effective action S|, 4] in Eq. (4)
as our starting point, the conclusions outlined above are
inevitable under the principle of pole-zero duality.

The implications of these results are significant. Since
vacuum polarization is connected to optical conductiv-
ity by Reo(w, k) = — 2 Im Il (w, k) [56], the relationship
I3 sme = —1l2 pirac would imply that osmg = —0Dirac,
indicating that the gapped SMG insulator would exhibit
a conductivity that is finite and opposite to that of the
gapless Dirac semimetal. However, we should not antici-
pate finite conductivity in an insulator below the charge
excitation gap. Additionally, the notion of negative con-
ductivity raises concerns about the potential violation of
the fluctuation-dissipation theorem and the loss of uni-
tarity in the theory.

Unbounded Current Operator — Given the perplexing
behavior of conductivity, we are motivated to examine
the foundational assumptions of the Golterman-Shamir
construction. Specifically, it is presumed that the effec-
tive action S[y, A] described in Eq. (4) models the physics
of the SMG insulator in a background electromagnetic
field. Starting from this premise, the current operator in
the system should be given by

JH=—64,80p, A= 0] =Y $lok, Gk) . (11)
k

For Dirac fermions described by Gpirac(k) in Eq. (6),
Eq. (11) gives the current operator in the conventional
form J* = Y, Yy (where ¢ := 1)T90), which has a
bounded spectrum. However, for the SMG insulator, if
we naively substitute the Green’s function Ggya (k) from
Eq. (6) into Eq. (11),

2
m 7
T 3D Tk, — 8B e (12)

k

we find that the resulting current operator J* would di-
verge as k? := k,k* — 0. This divergence is a direct
consequence of the Green’s function zeros along the light
cone (k* = 0) below the SMG insulating gap. Such
a current operator has an unbounded spectrum, which
is unphysical because this would imply the existence of
quantum states in which the velocity of charge movement
could potentially exceed the speed of light.

Starting from such an unbounded current operator to
define the current-current correlation II5Y = —(J*J")
could potentially lead to unphysical results. This per-
spective makes the unusual behavior of Iy less surpris-
ing. It implies that S[y, A] in Eq. (4) might not be a
complete theory for describing the SMG insulator. Given



that the SMG insulator is intrinsically a strongly inter-
acting system, it is reasonable to suspect that the action
should include various higher-order terms to cancle the
divergence of the current operator, thereby ensuring a
well-defined bounded current operator.

Lattice Modeling — Having recognized the critical is-
sue with the unbounded current operator, our goal is to
move beyond the effective action S[¢, A] and explore the
electromagnetic response of the SMG insulator from a
more fundamental perspective.

To address this challenge, we turn to a concrete lattice
model for the SMG insulator. Consider a system com-
prising four flavors of fermions ¢;, (where a = 1,2,3,4)
on each lattice site i, governed by the following Hamilto-
nian

7 Z tiedict c.o — g Z el ciscia +he., (13)
iJ %

where the repeated flavor index a in ¢}, ¢, will be im-
plicitly summed over, and “h.c.” represents the Hermi-
tian conjugate terms. In this model, a background U(1)
gauge connection A;; is introduced between every pair of
sites to gauge the global U(1) symmetry of the fermions
(acting as c;, — €9¢;q).

We further specify that the fermions in the system are
half-filled, a crucial condition for cancelling the Fermi-
surface anomaly [57-73] and enabling an SMG insulating
state [26, 27]. To enforce the half-filling condition with-
out fine-tuning the chemical potential, a simple approach
is to first assume a bipartite lattice structure (e.g., a
square or honeycomb lattice that can be partitioned into
A and B sublattices), and then impose an anti-unitary
sublattice particle-hole symmetry Z$§ (also known as the
chiral symmetry [74, 75]), under which ¢;q — K(=)ic],,
with an alternating sign (—)% = +1 for the site 7 in A and
B sublattices respectively. Here K represents the com-
plex conjugation operator that K£? = 1 and KilC = —i.

Let us first turn off the background gauge field by set-
ting A;; = 0. In the free fermion limit (¢ = 0), the
Hamiltonian H describes a fermion hopping model on a
bipartite lattice with a chiral symmetry Z$. In the mo-
mentum space, the Z‘; symmetry transforms the fermions
as Cgq — ]CO’SCLG, enforcing the Hamiltonian to take
the form H = ), c;rmékolcka, where 0% (o = 0,1,2,3)
denote the Pauli matrices acting within the sublattice
Hilbert space. The specific details of the band dispersion
&, are not crucial to our discussion. Without fine-tuning
the band structure, & typically exhibits a Fermi surface,
rendering the fermion system as a gapless Fermi liquid in
general.

Conversely, in the strong interaction limit (g — o0),
the hopping term ¢;; can be omitted relative to g, and
the model is decoupled to individual sites, permitting an
independent solution for each site. In this limit, the exact
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many-body ground state of H is a product state:

1
Wsne) = [ [ 5 (ehel, — ciseia)0), (14)

where |0) represents the vacuum state of the fermions.
This solution arises because the four-fermion interaction
g directly hybridizes the two-fermion states czl 012|0> and
033024|0) on each site, thereby lowering the energy of the
particular superposition state of them in Eq.(14). The
resulting product state |¥Ugyg) maintains the full sym-
metry of the Hamiltonian H and exhibits a gap of order
g to all excitations, therefore realizing an SMG insulator
(in its ideal limit). It is noteworthy that the fermions
are automatically half-filled on every site, which is pre-
cisely why we emphasize the half-filling condition from
the outset. Otherwise, we would have to violate the
fermion number conservation when driving the system
into the SMG insulating state as we increase the interac-
tion strength g.

Ideal SMG Limit. — As long as at half-filling, regard-
less of the band structure of &g, strong enough interac-
tion g in this model will always drive the fermion system
into the SMG insulating phase. Understanding how the
SMG transition happens, as a metal-insulator transition,
is a fascinating yet challenging problem. However, this
inquiry is beyond the scope of our current analysis. In-
stead, our focus will be on the strongly interacting regime
where g > t;;, and we aim to study the current correla-
tion in the SMG insulating phase.

First, to properly define the current operator in the
lattice model Eq. (13), we start by introducing the back-
ground gauge field A;;, differentiating H with respect to
A;; and subsequently taking the limit of A;; — 0,

H '

Jii = (itijciacja + hC)

5Aij N

(15)

This current operator J;;, well-defined on the lattice, has
a bounded spectrum and does not suffer from the previ-
ous problem of unbounded current in the effective ac-
tion approach. We can observe that the on-site inter-
action g has no influence on the definition of the cur-
rent operator in Eq.(15), as the interaction term was
not modified by the U(1) background field A;; in the
Hamiltonian Eq. (13) to begin with. The lattice cur-
rent operator J;; is entirely determined by the hopping
term. Therefore, in momentum space, the current opera-
tor J = Zk cLaak&colcka can also be expressed as solely
dependent on the band dispersion £, the same as in the
free fermion limit.

Then, we can compute the current-current correla-
tion on the lattice as II(t) —i{[J35(t), Ju(0)))O(2),
where J;;(t) = e H!J; ;e Evaluating the operator
expectation values on the ideal ground state |¥gyg) in
Eq. (14) of SMG insulator in the g > ¢;; limit, we find
I(t) = 4t;;]?sin(2gt)O(t);0,5. Fourier transform to



the frequency domain and averaging over all sites, the
optical conductivity Reo(w) = —1 ImII(w) reads

_ 2rftf?

R
e 5

() (0(w—2g) +6(w+29)),  (16)
where [t]? := > ; |tij|* characterizes the overall hopping
strength. This result illustrates the expected reasonable
behavior of the conductivity in an ideal SMG insula-
tor: Reo(w) should vanish at low frequencies |w| < 2g
within the charge gap 2¢g. The presence of sharp peaks
at w = +2g is attributed to the fact that all excitations
exhibit flat dispersion in the ideal SMG state, as the sys-
tem decouples among independent sites. Deviating from
this ideal limit, for a finite ¢,;/g, we should anticipate the
peaks to broaden into continua above the charge gap.

Beyond Ideal Limit. — To elucidate the general behav-
ior of optical conductivity in the SMG insulator beyond
the strong interaction limit, we engage a perturbative ex-
pansion in ¢;;/g around the ideal state |¥gmg) and cal-
culate the correlation functions in the perturbed state.
The perturbation theory has been thoroughly analyzed
in Ref. 46. The results indicate that the fermion Green’s
function in the SMG insulator of a Z$-symmetric two-
band system can be approximated by:

wol + &o!
w? — & — A%’

Gsma(k) = (17)
where A ~ g represents the single-particle gap (i.e., the
fermion mass) renormalized from its bare value g set by
the interaction strength. It is worth emphasizing that the
gap A here is not a symmetry-breaking order parameter
and has no mean-field interpretation. Notably, Gsuc (k)
exhibits zeros along w = +£, a distinguishing feature of
SMG insulators. By contrast, in systems where the gap
opens due to spontaneous symmetry breaking (SSB), the
fermion Green’s function would take the following form:

wo? + &po! + Ad?

Gssp (k) = w?— & — A2

(18)

where the extra term Ac3 on the numerator breaks the
75 symmetry, which is particularly absent in Ggumga.

In any scenario, the charge I1°° and current IT* cor-
relation functions can be characterized by the following
equations:

1% (q) = Tr(G(k + q)G(k)),

y (19)
I1¥(q) = Tr(v:G(k + q)v; G(k)).

In these expressions, the charge vertex operator is always
oY, and the current vertex operator is v = Ogéo!. These
vertex operators align with the lattice current operators
derived in Eq. (15), ensuring a bounded operator spec-
trum.

For example, consider a square lattice fermion
model characterized by the dispersion relation &g

51

X 0, q [a.u.](l):1 oW, Q) [au.u.]0 1

[— ]
6
FL FL
w 4
> 2 _ﬁ
0 o .
6
A SSB SSB
T g - e — .
0
6 F
A SMG SMG
: 9 b S —— — p—" -
0 L
r X M rr X M r

FIG. 1. The dynamic charge susceptibility x”(v,q) (imagi-
nary part) and optical conductivity o (v, ) as a function of fre-
quency v along a cut through I'(0,0), X (7, 0), M(m, w) points
in the momentum space, for 2D square lattice fermions in the
Fermi liquid (FL), spontaneous symmetry breaking (SSB),
and symmetric mass generation (SMG) phases respectively.

—2t(cos ky + cosky) given the hopping parameter ¢ (set
as the energy unit). We can numerically evaluate the
spectral weight of the dynamic charge susceptibility

X"(v,q) = —2ImI(v + i04,q) and the optical con-
ductivity o(v,q) = —LImII¥(v +i0,, q) as outlined in
Eq. (19). Plugging in the fermion Green’s function in

different phases: Gpr (k) (wo® — &o!)™L, Gssp(k)
in Eq. (18), and Gsyg(k) in Eq. (17) (assuming A = ¢
in the SSB and SMG cases), their resulting electromag-
netic response functions are compared in Fig.1. Much
like that in the SSB insulator, the SMG insulator’s elec-
tromagnetic response is gapped, displaying only subtle
differences in detail. Contrarily, it does not resemble the
gapless response typical of a Fermi liquid.

This analysis can be extended to SMG in non-chiral
Dirac/Weyl fermions, where on-site local gapping inter-
actions generally exist, ensuring that the current opera-
tor remains unaffected by interactions. This is a crucial
element for our argument concerning the lattice regu-
larization of the current operator. However, for chiral
fermions, such as in the 3-4-5-0 model [19, 24, 76, 77],
where the SMG interaction is not on-site, regularizing
the current operator is an open problem for future re-
search. Thus, while the paradox regarding how the SMG
insulator can exhibit finite optical conductivity despite
its gap is effectively resolved for non-chiral fermions, fur-
ther work is needed for chiral systems. This resolution
hinges on a nuanced understanding of the current opera-
tor in the SMG phase using lattice regularization. These
insights reinforce the SMG state’s insulating nature while
clarifying its distinctive low-energy electromagnetic prop-



erties, laying a theoretical foundation for future experi-
mental exploration of featureless Mott insulators.
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Gauging a finite subgroup of a global symmetry can map conventional phases and phase transi-
tions to unconventional ones. In this work, we study, as a concrete example, an emergent Zq-gauged
system with global symmetry U(1), namely, the Zs-gauged Bose-Hubbard model both in 1-D and
in 2-D. In certain limits, there is an emergent mixed 't Hooft anomaly between the quotient U(1)
symmetry and the dual Z; symmetry. In 1-D, the superfluid phase is mapped to an intrinsically
gapless symmetry-protected topological (SPT) phase, as supported by density-matrix renormaliza-
tion group (DMRG) calculations. In 2-D, the original superfluid-insulator transition becomes a
generalized deconfined quantum critical point (DQCP) between a gapless SPT phase, where a SPT
order coexists with Goldstone modes, and a U(1)-symmetry-enriched topological (SET) phase. We
also discuss the stability of these phases and the critical points to small perturbations and their
potential experimental realizations. Our work demonstrates that partial gauging is a simple and yet
powerful approach in constructing novel phases and quantum criticalities.

I. INTRODUCTION

The popular Landau paradigm has been tremendously
successful in describing different phases and phase tran-
sitions among them. However, more novel phases and
phase transitions beyond the traditional paradigm have
been found over the past few decades. For example,
the deconfined quantum critical point (DQCP) [1] be-
tween two phases that break different ordinary (0-form)
symmetries cannot be explained simply by spontaneous
symmetry breaking (SSB) from Landau order parame-
ters. Topologically ordered phases [2], as another exam-
ple, cannot be captured by SSB of ordinary symmetries.

It was realized recently that some DQCPs can be ex-
plained using mixed 't Hooft anomalies, which can be
emergent at low energy between the two associated sym-
metries [3, 4]. The concept of ’t Hooft anomalies, widely
studied in high energy physics, has also found deep and
broad applications in condensed matter physics since
the discovery of topological insulators or, more gener-
ally, symmetry protected topological (SPT) phases [5-
12]. These anomalies characterize global symmetries that
cannot be gauged consistently. Related to this work,
more recently emergent anomalies have been used to con-
struct gapless SPT phases [13-17] which are “intrinsic”
in the sense that not only are the topological edge modes
robust against the gapless bulk of the system, but also
the SPT nature relies crucially on the gaplessness [18—
21]. ’t Hooft anomalies thus play an important role in
extending the Landau paradigm.

Another perspective in extending the Landau
paradigm comes from recent development in expanding
the definition of “symmetries” to generalized sym-
metries [22-24] (non-invertible symmetries included
[25, 26]) after it was realized that symmetry genera-
tors are essentially topological defects. In particular,
ordinary (0-form) symmetries, whose charged objects
are 0-dimensional, have been generalized to p-form
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symmetries, whose charged objects are p-dimensional.
Topologically ordered phases can be interpreted as
SSB of some higher-form symmetries. Moreover, it
was realized that the Higgs phase can be viewed as a
SPT phase protected by higher-form symmetries and
is stable to weak explicit breaking of these higher-form
symmetries [27, 28].

One more perspective comes from gauging, i.e. cou-
pling systems to dynamical gauge fields. Gauging a the-
ory of matter fields can yield a rich phase diagram. A
prominent example is the Fradkin and Shenker model
whose phase diagram can contain a confined phase, a
Higgs phase, and a deconfined phase [29]. The gaug-
ing technique can also be used to extract information
in the original system. For example, gauging different
SPT phases can lead to distinct topologically ordered
phases where quasiparticles have different braiding statis-
tics [30].

Anomalies, higher-form symmetries, and gauging form
a powerful toolkit and have led to many interesting new
discoveries. It is known that coupling a system to a flat
gauge field produces a dual higher-form symmetry and
that partially gauging a discrete symmetry can produce
a mixed anomaly between the quotient symmetry and
the new dual symmetry [31, 32]. It was emphasized in
Ref. [33] that gauging a finite subgroup is a general ap-
proach to construct exotic critical points from ordinary
continuous ones. In 1-D, the critical point where the
global symmetry is spontaneously broken is mapped to a
DQCP between two SSB phases associated with the quo-
tient symmetry and the dual symmetry [34]. In higher di-
mensions, it is a generalized DQCP between an ordinary
SSB phase and a symmetry enriched topological (SET)
phase. We will analyze the generalized DQCP after par-
tial gauging using the new perspectives from higher-form
symmetries and mixed anomalies.

In this work, we study the emergent Z,-gauging of a
system with global U(1) symmetry. In next section, we



describe the general ideas. Starting from Sec. III, we
will focus on a concrete model, i.e. the Bose-Hubbard
model both in 1-D and in 2-D, coupled to Ising spins
on the bonds, where the bosonic parity is effectively
gauged. We adapt the argument in the recently pro-
posed “Higgs = SPT” paradigm [27, 28] to argue that
the gauged 1-D superfluid phase is actually an intrinsi-
cally gapless SPT phase by considering both the peri-
odic boundary condition (PBC) and the open bound-
ary condition (OBC). The critical low energy theory
is a Zg-gauged compact boson conformal field theory
(CFT). These statements are corroborated by density-
matrix renormalization group (DMRG) computations. In
Sec. IV, we will argue that in 2-D, the superfluid is also
a type of gapless SPT where the gaplessness comes from
the Goldstone modes and thus the generalized DQCP is
between a gapless SPT phase and a SET phase. We also
discuss the effect of some perturbations that explicitly
break the dual symmetry, and comment on potential re-
alizations in experiments. We conclude our discussion
in Sec. V with some future directions. Some details are
presented in the appendices.

II. GENERAL IDEAS

Gauging a finite Abelian ordinary (0-form) symme-
try in d-D space induces a dual (d — 1)-form symmetry
generated by the Wilson operators [22]. The charged
objects of the dual (d — 1)-form symmetry are (d — 1)-
dimensional. One can gauge a finite Abelian normal sub-
group T of the global symmetry G (discrete or continu-
ous), then the global symmetry becomes G/T' x I'(@=1)
where T'(4=1) = hom(T", U(1)), the Pontryagin dual of T,
is the dual (d — 1)-form symmetry. If G is a nontrivial
extension of G/T" by T', then there is a mixed anomaly
between the G/T" and T4~ [31]. As a corollary, there
is no trivially gapped (i.e. nondegenerate, gapped, and
symmetric under both symmetries) ground state.

Starting with a general ordinary second order phase
transition of Landau type in d-D where the global sym-
metry G is completely spontaneously broken, we can ob-
tain a generalized DQCP by gauging a finite normal sub-
group I' of G [33]. The two phases separated by the gen-
eralized DQCP are associated with the SSB of G/T" and
[-1, respectively. In particular, the SSB of a higher-
form symmetry I'(¢~1) (d > 2) leads to a topologically or-
der phase [22, 23]. For example, we can gauge the I" = Z
subgroup of a Z,4 clock model in 2-D where there is an
ordinary second order phase transition across which the
unbroken G = Z4 is completely broken. The transition
point now becomes a generalized DQCP between a SSB
phase where the quotient Z, is broken and a SET phase
enriched by the quotient Zs (see Ref. [33] and also Ap-
pendix A). Using the argument in Refs. [27, 28], we claim
that the the quotient Z, SSB phase in fact has bound-
ary modes as long as the dual 1-form Zs (as well as the
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original Z, symmetry) is preserved. If G is continuous,
the SSB of G/I" leads to Goldstone modes, the winding
number of which is the charge under the dual Zo Sym-
metry. Thus, in the corresponding phase, the boundary
modes coexist with the gapless bulk.

It is even more interesting if there is an intermediate
phase sandwiched between phases where the global sym-
metry is preserved or completely broken, such that, after
gauging, the dual symmetry and the quotient symmetry
are both preserved. For instance, the intermediate criti-
cal phase for the 1-D g-state clock model with g > 5 has
an emergent U(1) (see Appendix A). This is similar to
the superfluid phase in the 1-D XY model with global
symmetry U(1). We argue that the critical phase is an
intrinsically gapless SPT phase in the Zy-gauged model,
described by a symmetry-enriched CFT [16]. The re-
sponse action that dictates the symmetry protected edge
modes is similar to that in the gauged Ising model in the
Ref. [27]. However, as a result of partial gauging, there
is a subtle 't Hooft anomaly matching that governs the
gaplessness of the SPT phase. This idea is not limited
to bosonic systems and can be similarly applicable to
fermionic systems. In our following discussions, we will
focus on the bosonic case with G = U(1).

IITI. 1-D Z,-GAUGED BOSE-HUBBARD MODEL

A. Model

Consider a 1-D Bose-Hubbard model (on the sites, see
Fig. 1(a)) coupled to Ising spins (on the bonds) as follows:

H = 7thIUf+1/2bi+l + Uan(nZ — 1)

—KZaﬁl/z(—l)”iaﬁrl/Q, (1)
i

where ¢ is the hopping, U > 0 is the on-site Hubbard
repulsion, and n; = b;fbi is the local boson number. In
the last term, the Ising spins are coupled to the local
boson parity operator (—1)":. If K is taken to be much
larger than the rest of the parameters, then it becomes
an emergent parity-gauged Bose-Hubbard model

H = _tszUerl/QbiJrl +UD nini—1)  (2)

with the gauge constraints

(3)

Note that in the Hamiltonian, for simplicity, we consider
the canonical ensemble where the total boson number
N = 7, n; is conserved. In our following discussion,
we consider even system size L, regardless of boundary
conditions, with one boson per site. This makes the pre-
sentation more neat while retaining the essential physics
[35] .

Gi=07_ (1)} 10 =1
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FIG. 1: (a) Schematic diagram for the 1-D Bose-Hubbard
model (blue sites) coupled to Ising spins (violet bonds).
(b) Schematic phase diagram. The original BKT tran-
sition between the superfluid and the insulator phase is
enriched to a gauged BKT transition between a gapless
SPT superfluid phase, protected by U(1) and the dual
Z symmetry W, and the insulator phase with W spon-
taneously broken. (c¢) Degeneracies in the superfluid and
the insulator phase with PBC and OBC, respectively.
(d, e) Finite size scaling of the gap Ay, in both the
superfluid (¢ = 1.0,U = 1.0) and the insulator phase
(t = 0.1,U = 1.0). Apux is defined to be the gap in
spectrum above the (possibly) degenerate ground states.
OBC is used in both cases.

The microscopic model has two symmetries: spin flip
symmetry generated by

W= Haf+1/27 (4)

and boson particle number conservation U(1) symmetry
acting as:

X(0) =L )

with X (0) = X (0 + 27). The boson parity

P= H(—1)”i

is a subgroup of U(1).

In the low energy theory, we can interpret the Ising
spins as Ising gauge fields. Effectively, bosons on sites
are minimally coupled to the Ising gauge field on the
bonds. The boson parity, viewed as a Zs subgroup of
the U(1) symmetry, is gauged, while W can be viewed
the dual Zs symmetry generated by Wilson loops. Using
PBC, it is easy to see that the UV physical symmetry
P acts trivially in the IR theory since P = [[,(=1)™ =
Hi(0f+1/2)2 = 1. This is equivalent to (trivially) project-
ing out the parity odd sector of the Hilbert space and at

(6)
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the same time adding the twisted sector. Thus, in the IR
theory, the original U(1) symmetry effectively reduces to
the quotient U(1) = U(1)/Zy symmetry whose action is
now

X(0) = HXz(H) = H etni/2, (7)

Due to the gauge constraints, X (6 + 27) = X (0) is sat-
isfied when PBC is used. In our following discussion, we
will sometimes refer to Zs groups using their generator
for simplicity.

We must distinguish the UV symmetry W x U(1),
where P is a subgroup and hence physical, and the IR
symmetry W x U(1), where the Zy parity is a gauged
symmetry. They will play an important role in our later
discussion when it comes to the question whether a ’t
Hooft anomaly is emergent and whether it should be
canceled. Also, even though P = 1 is trivial in the UV
because we are considering the case with even N = L,
it still plays a nontrivial role in the IR. The discussion
about the grand canonical ensemble with a finite chem-
ical potential p adds more features and is discussed in
Appendix C.

Before coupling to Ising spins, the Bose-Hubbard
model can have two phases: a superfluid or a Mott in-
sulator. The superfluid-insulator transition is a Berezin-
skii-Kosterlitz—Thouless (BKT) transition point where
the transition is due to fluctuations of vortices in the
phase [36, 37]. The transition occurs around t/U ~ 0.3
[38-40]. Note that in the supefluid phase, the U(1)
symmetry is not broken due to the celebrated Mermin-
Wagner theorem [41], but there is a quasi-long range or-
der, where <bjbj> ~ r~ " decays algebraically for large
r = |j —i| with g, = K/2, K being the Luttinger pa-
rameter. Similarly, the disorder parameter |(Xg(6))| =
([T;cr €|, where R is a line segment with r = |R],
decays algebraically.

Typical phase transitions are insensitive to boundary
conditions in the thermodynamical limit. Gauging the Zs
subgroup is equivalent to averaging over untwisted and
twisted sectors. Thus, gauging the Zs subgroup does not
change the position of critical point in the phase diagram.
A continuous phase transition in the gauged model is
directly inherited from the ungauged one but with many
new features due to the interplay between the quotient
U(1) and the dual Zy symmetry W. The original BKT
transition is now gauged (see Fig. 1(b)).

The intuitions are justified by DMRG computations.
After gauging, (blb;rbjbﬁ remains gauge-invariant. The
scaling law remains the same as in the ungauged system.
<bjbj>, however, has to be dressed with gauge fields o7 to
remain gauge-invariant: <sz“7z‘z+1/2""7JZ‘—1/2bj>' The lat-

ter has the same scaling law as <b;!lbj> in the ungauged
system. An example of both order parameters in the su-
perfluid phase is shown in Fig. 2(a-b) where a power-law
decay as a function of large r = |j — ¢| in both parame-
ters can be seen. In the insulator phase, they both decay
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FIG. 2: (a) Boson pair correlation function, which is
shown to follow a power law (b/b]b;b;) ~ =™ in the su-
perfluid phase. The inset shows the extrapolation of the
exponent 7, to the thermodynamic limit using finite-
size scaling. FError bars are obtained from the upper
and the lower bound of the extrapolation. (b) Gauge-
invariant boson correlation, which also follows power law
(bzoz...ozb]) ~ r~™_ The inset shows the extrapola-
tion of 7. (¢) The U(1) disorder operator [(Xr(6))| de-
cays as power law r~%® in r. The main plot shows
the 6§ = 27w case. The inset shows the 6-dependence of
the exponent «, which is 4m-periodic. « is symmetric
about 27, and a quadratic fit (dashed line) is performed
for the segment from 0 to 2w. (d) Subsystem von Neu-
mann entanglement entropy Sg as a function of subsys-
tem size [. The inset shows the linear dependence of Sg
on (1) = # log (2 sin (21)). The central charge ¢, which
is given by the slope, is shown to be almost exactly 1. All
the main plots are for L = 100, ¢t = 0.5 and U = 1.0.

exponentially to zero. The disorder parameter |(Xg(6))|
also remains intact. It saturates to a constant in the
insulator phase. Its behavior in the superfluid phase is
shown in Fig. 2(c) where the angle dependence of «(6) is
also displayed. «(6) has a quadratic dependence on 6. As
we will discuss below, this is compatible with the charge
fractionalization in the superfluid phase. Note that even
though OBC is used when these quantities are calculated,
the bulk behavior is the same as in the PBC case.

On the other hand, the new Ising degrees of freedom
also behave differently in the superfluid and the insula-
tor phase. As a result of the emergent gauge constraints,
the relation (0fo?) = ([[;er(—1)") = (Xr(27)) holds
in either phase. It relates an “order parameter” asso-
ciated with W to a disorder parameter associated with
U(1). As we will discuss soon, this is a manifestation
of the emergent mixed anomaly between U(1) and the

dual Z, symmetry W. In the insulator case, the magne-
tization [(¢¥)| in the thermodynamical limit is nonzero,
W is spontaneously broken, and the spin-spin correlation
|(o7o})| saturates to a constant. In the superfluid phase,
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FIG. 3: (a) The bulk spin-spin correlation in the super-
fluid phase with a power-law fit (dash line) [(of0f)| ~
The inset shows the extrapolation of the critical
exponent 75 to the thermodynamic limit using finite-size
scaling. (b) The magnetization |(¢¥)| in the superfluid
phase across the system with OBC. The spins on the
edges are perfectly polarized and the magnetization de-
cays to a small value to the bulk. The inset shows the
center spin magnetization |(o7 )| follows a power law

s,

decay as system size increases, compatible with the fact
that magnetization vanishes when PBC is used. L = 100,
t = 0.5 and U = 1.0 for both plots.

the bulk magnetization vanishes and the bulk spin-spin
correlation [(ofof)| ~ 7" decays algebraically regard-
less of whether PBC or OBC is used. See Fig. 3(a) for
the bulk correlation with OBC [42].

In our DMRG calculations, the local bosonic Hilbert
space dimension is truncated to 5 (beyond which the crit-
ical exponents almost saturate). Bond dimensions less
than 400 are sufficient for the results to converge. To ob-
tain the power law exponents, the correlation functions
are fitted with a power law decay with i and j far away
from both edges. Finite-size scaling is performed with
system sizes (number of boson sites) up to L = 200. For
each system size, the mean and the error bar are ob-
tained by fitting different segments/bins of data points.
The extrapolated mean value is obtained by a quadratic
fit against 1/L. The extrapolated error bar comes from
the difference between the extrapolated upper bound and
lower bound of the exponent across different system sizes.
The DMRG calculations are done using the ITensor pack-
age [43].

B. Emergent mixed anomaly

In the low energy theory, there is an emergent mixed
anomaly between the quotient U(1) and the dual Zs sym-
metry W (considering PBC for simplicty). One manifes-
tation of the mixed anomaly is that U(1) and W can-
not be simultaneously realized on-site. Here U(1) and
W seem to be realized on-site. However, U(1) is only
exact when the gauge condition in Eq. (18) is enforced,
i.e., K — oo, and the Hilbert space then is not a tensor
product. We can follow Ref. [33] to eliminate the gauge
constraints and find that either U(1) or W is realized
non-on-site (see Appendix B).



If we turn on the background gauge field AV and
AW associated with U(1) and W respectively, the mixed
anomaly is characterized by a response action in (241)-D:
w=A"UdAYM /47 where U is a cup product, a discrete
analogue of the wedge product of differential forms [44].
Thus, U(1) and W cannot be gauged consistently in the
(1 + 1)-D system we are studying which may be viewed
as the boundary of the (2 4+ 1)-D bulk (Appendix D).
The system, viewed as the boundary of the bulk, usu-
ally cannot have boundaries because the boundary of a
boundary is an empty set. This is not a contradiction be-
cause in our work the mixed anomaly is emergent in the
low energy sector. After some suitable modifications of
boundary terms, we can put this model on a lattice with
open boundary conditions while preserving both symme-
tries in the Hamiltonian, which plays a crucial role in
the “Higgs = SPT” argument in Refs. [27, 28] and our
argument in the following for the gapless SPT phase.

As a result of the emergent mixed anomaly, the ground
state cannot be trivially gapped, meaning that in a
gapped phase W must be spontaneously broken since
U(1) cannot be spontaneously broken due the Mermin-
Wagner theorem. Indeed, W is spontaneously broken in
the insulating phase, while in the superfluid phase both
U(1) and W are preserved. As we have discussed above,
in the superfluid phase, both (bgb;’bjbj) and |(afaf>| are
shown to have a power law decay (Fig. 2(a) and 3(a)).
These correlated ordering/disordering behaviors are al-
ready encoded in the relation (ofof) = ([[;cz(—1)")
(Xg(27)) we mentioned earlier. This relation implies
that U(l) is preserved if W is spontaneously broken and
that U(1) is spontaneously broken if T is preserved.

Another manifestation of the mixed anomaly is sym-
metry fractionalization. We take W to act on a seg-
ment of sites R instead of the entire chain. This is a
disordered operator for the Ising spins. The emergent
gauge constraints imply that the string operator has to
be dressed with b or bf to act nontrivially on the low-
energy sector. In other words, (b;rafﬂ/z...ajflpbj) is

effectively gauge invariant. Note that both b or bf are
fractionally charged under X () in Eq. (7). Similarly,
the disorder operator for Xg(6) is fractionally charged
under W. This can be seen from that X;(27) = (—1)™
and (o | o(=1)"...(=1)" 07, ) = 1. Since the edge
spins are charged under W, linearity implies that the end
points of the disorder operator X () are fractionalized.

C. Gapless SPT phase

In this subsection, we show that the superfluid phase
is a gapless SPT phase.

We first adapted the “Higgs SPT” argument in
Ref. [27] to argue for the existence of edge modes if W
and P both commute with the Hamiltonian and an open
boundary is chosen such that the emergent gauge con-

60

straints in Eq. (3) are preserved. Note that we treat
P as the physical symmetry in the UV. The emergent
gauge constraints force P = o7 /2Uf +1/2 in the IR. There
are different ways to impose boundary conditions on the
edges to guarantee the (dynamical) gauge-invariance. If
the edge degrees of freedom are not fixed, Ref. [27] argues
that P is a physical symmetry, similar to the observation
made about asymptotic symmetries in Ref. [45]. In our
discussion, we find it more transparent to simply treat
P as a UV symmetry. Since the Hamiltonian is local, it
must commute with the two ¢” individually. The anti-
commutativity between ¢ with W implies that there are
necessarily edges modes if W or P is preserved. To be
more explicit, let 1)) be a ground state of the Hamilto-
nian that satisfies Wy)) = n|¢) with n = +1, then the
state |@[~1> = o”|¢) is another degenerate state because
W|1/~J> 777|1/~1>. If the bulk is non-degenerate, the degen-
eracy necessarily comes from the edges. In fact, either W
or P is spontaneously broken by the edges while the bulk
remains gapless. These observations can be justified by
the DMRG computations.

First, we compare the degeneracy for PBC and OBC
in both the insulator and the superfluid phase. From
Fig. 1(c), we can see that the ground state in the insula-
tor phase is doubly degenerate, be it with PBC or OBC.
This is expected due to the SSB of the dual Zy symme-
try. There are no edge modes in this phase. On the other
hand, if PBC is used, the ground state of the superfluid
phase is unique, while if OBC is used, there is a double
degeneracy. This is a result of the SSB of W on the edges
we mentioned above. Indeed, we present the magnetiza-
tion |(o7)| in Fig. 3(b). Even though the bulk magne-
tization decays to zero in the thermodynamical limit as
in the PBC case, the edge spins are clearly polarized. In
fact, due to the constraint from P = Jf/2ai+1/2 =1, two
edge spins are perfectly correlated. Note that the degen-
eracy in this phase is exact even in finite-size systems.
This means that the edge modes are strictly localized on
the edges, and the edge localization length &, defined as
e~ L/t ~ Apdry, 1s exactly 0. The wave function can be
interpreted as a fixed point SPT state.

Next, we discuss the finite size scaling in the bulk gap
Apuik to show the bulk is indeed gapless in the ther-
modynamic limit. As we can see from Fig. 1(d), the
bulk gap, the first excited state from the doubly degen-
erate ground state, is inversely proportional to the sys-
tem size L. In the thermodynamic limit, the bulk cor-
relation length &, diverges and the bulk becomes gapless
[46]. This is compatible with the fact that there is a
mixed anomaly between U(1) and the dual Z symmetry
W. As we have already mentioned, both U/ (1) and W are
preserved, which is supported by algebraically decaying
(bblb;b;) (Fig. 2(a)) and [(o¥0?)| (Fig. 3(a)). The gap
Apuik in the insulator phase, on the other hand, remains
finite in the thermodynamical limit, as extrapolated by
finite-size scaling (Fig. 1(e)). Thus, we have showed that
the superfluid phase is a gapless SPT phase.



We can discuss the effective action of this gapless SPT
phase. Let us recall that the microscopic on-site symme-
try of the Hamiltonian in Eq. (1) is U(1) x W. The emer-
gent symmetry acting nontrivially in the IR is U(1) x .
To capture the edge degeneracy, we may write down a
response action as [27]

(®)

where A" and AP is the background field of W and P
in the spacetime M, respectively. If AP and AW are
flat, dA” = 0 and A" = 0. Then if M is closed, « is
gauge invariant and describes a SPT phase protected by
W and P. Indeed, if M has a nontrivial boundary, there
can be an open Wilson line terminating on the M where
dAW # 0. Then the action Sy, = 27 J,; @ changes by is
AAW /2 under the gauge transformation A” — AP +d\F.
To compensate this change, there must be edge modes.

On the other hand, P is a subgroup of U(1). If we
turn on a flat background field AV the closedness
of AYM requires dA” = dAY(M /271 mod 2 (see Ap-
pendix D), i.e., A” may no longer be closed. The ac-
tion Sy = 27 f A @ MOW is 1o longer invariant under
AV — AW 4+ dA\W even if M is closed. This is a 't
Hooft anomaly between W and P ! Since both W and
P are UV onsite symmetries, this 't Hooft anomaly must
be canceled by some other terms. Luckily, we find that
the emergent mixed anomaly can play the role.

Indeed, we have already seen that there is an emergent
mixed anomaly between U(1) and W. If we denote the
(24+1)-D bulk as Y such that its boundary is the (14 1)-
D spacetime M that we are studying, i.e. Y = M,
then the corresponding anomaly action can be written as
w= A" UdAY®M /41 where AV and AW are extended
into Y. Note that o and w satisfy the anomaly vanishing
equation [18]

1
o = §AWUAP,

w = da,

(9)
so the partition function

7 = e27ri fy we—27ri fM [eY (10)
is anomaly free. In other words, the emergent mixed
anomaly compensates the 't Hooft anomaly in «. If M
has a nontrivial boundary, the gauge invariance argument
again justifies the existence of edge modes. Thus, the
gapless SPT phase can be captured by « and w together.
For more details, see Appendix D.

It is not surprising that Eq. (8) is also the effec-
tive action of the 1-D SPT phase in Ref. [27] where
an Ising model is gauged. However, the total symme-
try we are considering is U(1) x W instead of W x P in
that work. Instead of the Higgs phase, our focus here is
more on the critical phase. In Ref. [27], they suggested
that the critical point is a “symmetry-enriched quantum
critical point” studied in Ref. [16] . Here, our critical
phase is more closely related to the “intrinsically gap-
less SPT phase” proposed in Ref. [18]. In that work,
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the (fermionic) parity is gapped by interactions, while in
our discussion, the parity is simply gapped by emergent
gauging. The SPT string order parameter in our case is
simply (Uf_l/z(—l)"i...(—1)”-7‘0]¢+1/2> = 1 while Higgs or-
der parameter (bZaf+1/2...a]Z._1/2bj> vanishes in the ther-
modynamical limit. Since H2(U(1) x Zo,U(1)) = 0,
there is no nontrivial gapped SPT phase protected by
U(1) x W, based on the complete classification of con-
ventional bosonic SPT phases in 1-D [5]. In other words,
if OBC is used for our gapless SPT phase, we cannot gap
out the bulk without destroying the edge degeneracy or
breaking the total symmetry.

Conceptually, constructing intrinsically gapless SPT
phases using partial gauging as we discussed in this
work is easier than the approach used in Ref. [18]. The
mixed anomaly between the quotient symmetry and the
dual symmetry is a direct consequence of the nontrivial
group extension and does not depend on the details of
the Hamiltonian. In Ref. [18], the authors considered a
fermionic system, but the analysis above is obviously gen-
eralizable to fermionic systems even though the fermionic
parity cannot be spontaneously broken and spin struc-
tures may need to be taken into account. As long as
there is no other SSB order, the gauged Luttinger liquid
of spinless fermions with W = [], o7 1/2 preserved is a
gapless SPT phase.

Even though we have focused on a canonical ensem-
ble with even parity, the analysis carries over to a grand
canonical ensemble. Then both even and odd parity sec-
tors should be taken into account, especially when OBC
is used. The essential physics stays almost unchanged.
For example, the ground state degeneracy for both PBC
and OBC is the same as in Fig. 1(b). The anomaly anal-
ysis is similar. For more details, see Appendix C.

D. Conformal field theory

Since the BKT transition can be described by a com-
pact boson CFT [47], we expect that the gauged BKT
transition and the superfluid phase is also captured by
gauging the Zs symmetry of the compact boson CFT
which is also a compact boson CFT. Indeed, the compact
boson CFT contains two global U(1)’s, one associated
with momentum and the other with winding. They are
dual to each other and there is a mixed anomaly between
them. Gauging a Zs subgroup of a compact boson CFT
not only changes the radius of the compactification, but
also maps order operators to disorder operators and vice
versa [24, 33]. The Zy-charged sectors and the Z,-twisted
sectors are exchanged under this operation. The states
in the Zo-twisted sectors are charged under the dual Z,
symmetry. This dual Z, symmetry can be viewed as a
subgroup of the U(1) symmetry associated with winding.

This expectation again can be verified by the DMRG
results. We first check the central charge ¢ in the su-
perfluid phase in the gauged system. Indeed, as shown



in Fig. 2(d), the subsystem entanglement entropy Sg =
—tr(prIn pgr), associated with the reduced density ma-
trix pr of a subsystem R, scales linearly with the factor
A(l) = $log (2 sin (2)) [48]. Here L is the total system
size of the open chain and [ is the size of the subsystem
R on one side of the entanglement cut. The slope gives
us the central charge ¢ ~ 1, the nominal central charge
of a compact boson CFT.

Next, we identify the microscopic operators with the
primary vertex operators. Before gauging, the (Eu-
clidean) action is given by

S = = /d2d282¢65¢7 (11)
4

where z = exp(7 + iz), and the free boson field ¢ is

compactified on a circle of radius R, ie. ¢(z,z) ~

¢(z,2) + 2nrR. Split ¢(z,z) into the left-moving and

the right-moving components: ¢(z,2) = X (2) + Xgr(2).

Then the local primary operators are:

Vow(z, 2) (12)
= exp [i (5 +wR) Xp(2) + i (F — wR) Xp(2)]

where n € Z and w € Z are the momentum number
and the winding number, respectively. After gauging,
R — R/2, which is equivalent to redefining n and w:
n € iZ and w € 2Z and ¢(z,2) ~ ¢(z,2) + 4rR while
fixing R [33, 49]. The conformal weights of V,, ,, are

1/n 2 - 1/n 2
P = 7 (E n wR) o how =7 (E - wR) . (13)
and conformal dimensions
2
_ 7 _ i 2 p2
Anw=Nhnw+ hnw= 2(R2 + w*R?). (14)

At a generic radius, the CFT has global symmetry
U(1)n x U(1),, which act on X /g as :

U(l)n : X1 r(2) = X r(2) + RO,

1
Eewa

where 0, /,, ~ 0,,/,,+27. On the gauged vertex operators
Vin,w, they act as

U(l)w XL/R(Z) —>XL/R(Z):|: (15)

Ul)p Vow — 6242"‘9"‘/,1,“,7

U(D)w Voo = €20/2V, . (16)
In our case, we can identify U(1) with U(1),, and identify
Z with the Zy subgroup of U (1)y. It is straightforward
to see that bTbf (or bb) can be identified with Va0 and
o® with V4 1 /2. The corresponding conformal dimensions
are thus 2/R? and R?/2 respectively. Meanwhile, the
nonlocal operator bf (or b) corresponds to the nontriv-
ial local operator with the lowest scaling dimension V; o
before gauging. Its scaling dimension should be 1/2R?.
This is indeed supported by DMRG.
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In the DMRG calculations, we choose a sample point
in the superfluid phase: ¢ = 0.5,U = 1.0. As shown
in Fig. 2 and Fig. 3, the scaling dimension of b is
ey ~ 0.62 and the scaling dimension of the scaling di-
mension of ¢% is s ~ 1.5. The nonlocal correlation
(bjaz...ozbj> ~ r~™ yields a scaling dimension 7, ~ 0.16.
They are all compatible with B2 ~ 3.1. Note also that
the conformal dimensions of the order/disorder operators
scale quadratically with the charges n and w. Previously
we have seen that the end points of the disorder opera-
tor Xg(0) are fractionalized charged under the dual Z.
Assuming linearity in charge fusion, we may formally as-
sign a charge proportional to 8 to the end points when
0 < 0 < 27. Thus we may expect that the conformal
dimension of Xr(6) should be proportional to #? in the
interval. This is compatible with the quadratic fit in the
inset of Fig. 2(c).

E. Perturbations

In the discussions above, we have argued that the su-
perfluid is a gapless SPT is protected by U(1) and W.
As long as the Hamiltonian (and the boundary condi-
tions) preserve U(1) and the dual Z; symmetry W, the
edge degeneracy is protected. For instance, as verified
by DMRG, adding a term 205_1/201-2.4_1/2 does not lift
the degeneracy. Adding a small perturbation A o /2
however breaks this symmetry. The edges open up a
small gap and are no longer degenerate. The situation
is different in higher dimensions when the protecting
symmetries include higher-form symmetries. Breaking
higher-form symmetries explicitly may not lift the edge
degeneracy.

IV. 2-D Z,-GAUGED BOSE-HUBBARD MODEL

Having considered the 1-D case, we can generalize the
analysis to higher dimensions. In this section, we con-
sider the emergent Zs-gauged Bose-Hubbard model on a
2-D square lattice (Fig 4(a)):

H=—t Z bza;jbj + UZm(m -1) - ,uZm,
i,jeae” % 7
1
—=> [l oi-9> 0t (17)
g p e€dp e
with the gauge constraints
Gi= o1 =1 (18)

i€0e

Here e;; represents the bond connecting site 7 and site j,
and p represents any plaquette of the lattice. Note that in
order to capture the Higgs phase, we turn on the chemical
potential p and consider the grand canonical ensemble.
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FIG. 4: (a) Schematic diagram for the 2-D Bose-Hubbard
model (blue sites) coupled to Ising spins (violet bonds).
A star operator related to the gauge constraints in
Eq. (18) and a plaquette operator are highlighted. (b)
Schematic phase diagram. The gapless SPT in the su-
perfluid phase where U(1) is spontaneously broken and
the SET enriched by U(l) in the insulator phase are sep-
arated by a generalized DQCP.
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The 1-D case is briefly discussed in Appendix C. Similar
to the 1-D version, we view the gauge constraints to be
energetically enforced.

We first let ¢ — 0 so that the zero-flux (flatness) con-
dition [[ .5, 0f = 1 is enforced and the transverse field
term is dropped, giving rise to an emergent 1-form sym-
metry

W:Hoﬁ,

ecy

(19)

where « is a loop running along the bonds of the lat-
tice. Nonzero g perturbations will be discussed later.
There is also a U(1) with X(0) = [], e"™/? satisfying
X(# + 27) = X (). This model has been studied before
in, e.g., Ref. [50] from a different perspective. In their
studies, the boson field b is not fundamental but emer-
gent as a result of fractionalization. In our following dis-
cussion, we will emphasize more on higher-form symme-
tries and anomalies. As it is hard to study large systems
using DMRG, we will focus on the theoretical analysis,
although some results have been checked already in small
systems using DMRG.

It is well-known that there is a second order superfluid-
insulator transition in the pure Bose-Hubbard model (be-
fore coupling the Ising model) by tuning the ratio U/t.
Unlike the 1-D version, the global U(1) symmetry is
spontaneously broken in the superfluid phase. For sim-
plicity, we may also assume that the chemical potential p
has been tuned such that the boson filling is an integer.
In the gauged model, the zero-flux condition ensures the
flatness of the gauge field, killing all local dynamics but
the topological degrees of freedom in o%. Thus a con-
tinuous phase transition in the gauged model is directly
inherited from the ungauged one but with many new fea-
tures due to the interplay between the quotient U(1) and
the dual Zs 1-form symmetry W.
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A. Emergent mixed anomaly

Since U(1) is a nontrivial extension of U(1) by Zs,
there is a mixed anomaly between U(1) and the Zy 1-
form symmetry W (see Appendix D). Let us denote the
2-D system as M (without boundaries) and view it as a
boundary of a 3-D bulk Y. The mixed anomaly is cap-
tured by a (341)-D SPT bulk protected by the general-
ized symmetry U (1) x W. If we turn on the 1-form back-

ground gauge field AU of T (1) and the 2-form back-
ground gauge field AW of W and extend them into Y,
then the anomaly action is given by

i

Sy 5

/ AW U dATO), (20)
Y

Here, AYM is compact and periodic in 27, and AW takes
value in Zs. This action is not gauge invariant under the
gauge transformations of A" in the presence of bound-
ary M, a manifestation of the mixed anomaly between
U(1) and W in the boundary theory which implies that
it is impossible to gauge both symmetries consistently.
In fact, the mixed anomaly reduces to that in the case of
gauging the Z, subgroup of Z4 [33, 51]. Analogous to the
1-D case, the end points of the disordered operators of
one symmetry are fractionally charged under the other,
which can be seen directly from (bfo? 0% _1/9b;) and

! iTir1/2°
(X n(6))]

Similar to the 1-D case, the ground state of the system
cannot be trivially gapped (i.e. nondegenerate, gapped,
and symmetric under both symmetries). This conse-
quence strongly constrains the phase diagram. As we
will argue in this work, the critical point inherited from
the ordinary superfluid-insulator transition now becomes
a generalized DQCP between a gapless SPT phase where
U(1) is spontaneously broken and a SET phase where the

dual Zs symmetry is spontaneously broken (Fig. 4(b)).

B. Gapless SPT phase

We now combine the emergent mixed anomaly with
the “Higgs = SPT” argument in Ref. [27] to argue in two
steps that the superfluid phase after gauging becomes a
gapless SPT phase.

As the first step, we show that if the 1-form symmetry
W is not spontaneously broken, then the ground state is
a gapless SPT phase. The gaplessness is a direct conse-
quence of the mixed anomaly: if U(1) is also preserved,
then the system is critical; on the other hand, if U(1) is
spontaneously broken, there will be Goldstone bosons.
When the system has no boundary, the gauge condi-
tion Eq. (18) implies that the boson parity symmetry
P is trivial in the low energy effectively gauged system,
P = [L,(-=1)™ = [[.(6%)* = 1. However, when there
is an open boundary (which preserves necessary symme-
tries), P becomes non-trivial because the spin operators



on the boundary are not canceled, P =[] cebdry Oc - Us-
ing some rough terms, we may state that in this case P
is not “completely” gauged even in the low-energy sec-
tor. It is manifested in the existence of “half”’ string op-
erators af/z...aj_l/zbj with one end terminating on the
boundary which acts nontrivially in the low energy sec-
tor. Nevertheless, boson creation/annihilation operators
still have to be attached by a string of gauge field o*.
In particular, if the string operator does not end on the
boundaries, it has to end on a creation or an annihilation
operator to ensure a nontrivial action in the low energy
sector. This means that the emergent mixed anomaly is
still playing its due role and the ground state still cannot
be trivially gapped.

To show that the state is SPT, we place it on lattice
with open boundaries that preserve the dual Zs sym-
metry W. We consider a half-plane geometry with an
infinitely long boundary (Fig. 5(a)), where the “rough”
boundary has dangling bonds sticking out so that prop-
erly modified local gauge constraints Eq. (18) are still
well-defined [52]. Then similar to the 1-D case, we can
argue that if W is preserved, there will necessarily be a
boundary degeneracy as follows. We choose the symme-
try generator of W = Hee7 oZ to be a Wilson line with
one end terminating on the boundary and the other end
either extending to infinity or terminating on a boson cre-
ation/annihilation operator. With P and W preserved in
the bulk, the anti-commutativity of P and W implies a
ground state degeneracy, which in this case necessarily
comes from the boundary. This defines a SPT phase. In
fact, the Higgs condensate (b;rafﬂ/z...a;fl/zbj) can be
viewed as a SPT string order parameter here.

As the second step, we show that W is preserved in
the superfluid phase. To this end, we show that a 't
Hooft loop operator, charged under W, satisfies the non-
perimeter law. We take the 't Hooft loop (defined on
the dual lattice) to be [[.c5z 0F where R is an arbitrary
large connected area with perimeter [ = |OR|, shown in
Fig. 5(b) (we ignore the contributions from corners for
simplicity). Then the gauge condition Eq. (18) implies
that [{TToeor 02| = [(TLea(~D™)] = |(Meq €™
[(XRr(27))|. Since X (27) is a disorder operator for U(1),
we can see that the order parameter of the dual 7 and
the disorder parameter of the U(1) are directly related.
We interpret this relation as a direct manifestation of the
mixed anomaly: if one symmetry is spontaneously bro-
ken, then the other is preserved. There is one subtlety
here. In the insulating phase, |(Xr(0))| and [(].cor o&)]
both satisfy the perimeter law e~ #®)! where 3(6) is in-
dependent, of . Thus, U (1) is preserved while the dual
Zs is spontaneously broken in this phase. It is possible
to absorb the dependence on OR in the perimeter law by
adding a local counterterm such that both quantities ap-
proach a constant for large smooth OR [53]. This is the
SET phase in Fig. 4(b) which we will discuss more later.
On the other hand, in the superfluid phase, |(Xz(0))] sat-
isfies the scaling ~ e~ (!l where a(f) is independent
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FIG. 5: (a) Action of boson parity P, effectively a ’t
Hooft line (purple), and a Wilson line W (orange) termi-
nating on the boundary (top) of a semi-infinite system.
The other end of W terminates either in the bulk or at
infinity. The anti-commutativity of P and W forces a
SSB on the boundary. (b) Disorder operator X (6 = 2m)
supported on sites (highlighted in red) inside a region R,
which is the same with with the t Hooft loop operator,
[l.cor 0%, supported on the (dual lattice) boundary of
R. (c) Gauge invariant Wilson line W attached to bo-
son operators (Higgs order operator), and a 't Hooft line
connecting two m-vortices (which is suppressed by the
zero-flux condition). (d) Example of two topologically
distinct phase modes with winding number 1, @1 ¢ (red),
and winding number 0, ¢g ¢ (blue) along the z-direction.
0 and L, are identified.

of [ [54, 55], weaker than the area law. Consequently, the
scaling of [([[.cor 0%)| is also weaker than the area law.
Since it is strictly stronger than the perimeter law, it is
impossible to renormalize the scaling law to a constant
for large smooth OR. Thus, we claim that W is unbroken.

Combining the two steps, we conclude that the super-
fluid is mapped to a gapless SPT phase protected by W
and P where U(1) is spontaneously broken. The gapless-
ness comes from the Goldstone bosons.

Similar to the 1-D case, we may write down the term
in the effective action that dictates the existence of edge
modes

L w P

o= §A UAT, (21)

where AW is the 2-form background gauge field of W
and AT is the 1-form background gauge field of P. The
anomaly in o when AV is turned on is again canceled
by the anomaly action in Eq. (20). In some rough sense, a

dictates the existence of edge modes when dAv™ /2r =0

mod 2, while the mixed anomaly governs the SSB of U/ (1)
in the superfluid phase.



C. Excitations in the superfluid phase

We have argued that the superfluid phase is a gapless
SPT phase. Here we discuss the excitations in the phase:
vortices, Goldstone bosons, and domain walls. Since the
Zo-gauging process amounts to projecting out the Zo-
charged sector and adding the twisted sector to the the-
ory and the process relates some order parameters to
disorder parameters [33, 51], many physical properties
of this new gapless SPT phase can be inferred directly
from its superfluid parent state. As we have already
seen above, the disorder parameter [(Xg(0))| for U(1)
is a (fractional) order parameter for the dual Zy. Simi-
larly, |<bI (Hee%j 0Z)b;)| where ~;; connects sites ¢ and j
(Fig. 5(c)), viewed as a disorder parameter for the dual

Zs, serves as a (fractional) order parameter for U(1).

To guarantee the exactness of the 1-form symmetry,
we imposed the zero-flux condition [ ., 0f = 1, which
suppresses all (dynamical) m-vortices excitations. Equiv-
alently, an open 't Hooft line which would end on a pair
of w-vortices (Fig. 5(c)) are also suppressed. In the Higgs
phase, the condensate phase ¢ is locked to the vortcies.
The dual 1-form symmetry measures the Zo winding of
condensate phase ¢, which takes values in nm for inte-
ger n modulo 2, along noncontractible cycles, which is
equivalent to insertions of m-fluxes across noncontractible
cycles (see Fig. 5(d)). We should compare the scenario
with that in the “parent” superfluid phase before gaug-
ing where there is an emergent 1-form U(1) symmetry in
the low energy sector [22; 56, 57]. Charged objects of the
emergent U (1) are the winding of ¢, taking values in 2nm
for integer n. 2m-vortices explicitly breaks this emergent
dual U(1) 1-form symmetry. However, since they are
neutral under the dual Zs 1-form symmetry W after the
effective gauging, they do not destroy the exactness of
the dual Zs 1-form symmetry.

Being put on a torus, the gapless Goldstone modes can
be effectively decomposed into two parts: ¢ = @y, ym + 00,
where the first term denotes winding of n7 and mm along
the two noncontractible cycles separately and the second
term is the small fluctuation with respect to this con-
figuration. Thus the topology of the Goldstone modes
can be captured by the 1-form charges. It is very tempt-
ing to compare it with the topology of Goldstone modes
after a continuous symmetry G is spontaneously broken
to a subgroup group H [58]. There, the symmetry pro-
tection/enrichment of the Goldstone modes is discussed
with respect to the residual symmetry H (which in our
case corresponds to the quotient symmetry U(1)) while
the topology in the SPT phase we are studying is associ-
ated with the dual 1-form symmetry.

In the decomposition of ¢ above, n and m label the
twisted sector, and d¢p is neutral under the 1-form sym-
metry generated by W. Nevertheless, we may locally de-
form d¢ to some separate 0-domain walls where locally
its value jumps by 6. Similar to the 1-D case and the
discrete case, by assuming fusion linearity, we may for-
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mally assign a charge é/w for 0 < 6 < 7 under the dual
1-form symmetry to a domain wall where d¢ changes by
f. This is a manifestation of the mixed anomaly and
the symmetry fractionalization. In the superfluid/Higgs
phase, d¢ is small such that the winding numbers of ¢ is
conserved. Proliferation of the winding, and equivalently
the inserted fluxes, breaks the Zs 1-form symmetry and
recovers the U (1) simultaneously, leading to a SET phase.

D. SET phase

Having discussed the SPT phase, we now briefly touch
upon the emergent U(1)-SET phase (Fig. 4(b)).

The SSB of a discrete higher-form symmetry leads
to a topologically ordered phase [22, 23], a phase with
long-range entanglement and ground state degeneracy
depending on the topology of the base space. The SSB
of the dual Zs 1-form symmetry leads to a Zs-topological
ordered phase whose excitations are the same as Ki-
taev’s toric code or (untwisted) quantum double model
[59]. When OBC is used, the boundaries can be gapped
[52, 60]. This phase is also enriched by the U(1) because
the quotient U(1) symmetry is preserved.

The topological charges are gauge charges e, w-fluxes
m, and their bound state em. The last two types are not
dynamical due to the exactness of the 1-form symmetry,
or equivalently the zero-flux condition. Since U(1) does
not commute anyon types, there is no obstruction to the
symmetry fractionalization [61]. Hence, it is classified by
[w] € H*(U(1), A) where A is the finite group whose ele-
ments are the Abelian topological charges of the unitary
modular tensor category C with group multiplications
given by their corresponding fusion rules [61]. In this
case, A = Zy x Ly, so H*(U(1), A) = Zy x Zy. Explicitly,

+6’
27 J 5

a representative cocycle is given by w(6,0’) = ml
where 0,0' € [0,27) parametrizes U(1) and [-] is the
floor function. The nontriviality of w, as a manifestation
of the mixed anomaly we discussed above, dictates the
fractionalization of charges under U(1). Alternatively,
the system can be viewed as living on the surface of a
SPT phase in 3-D protected by U(1) and Zs. To trivially

gap out the system, U(1) has to be broken.

E. Generalized DQCP

As we have discussed above, even though m-vortices
are suppressed once the zero-flux condition is enforced,
the proliferation of topological phase winding excitations
drives the SPT phase to the SET phase. Since the origi-
nal superfluid-insulator transition is continuous and only
a finite subgroup is gauged, we expect this inherited tran-
sition to be continuous as well [33]. Thus, we obtain a
generalized DQCP from the gapless SPT phase with pre-

served Zp 1-form symmetry and broken U(1) to a SET
phase with U(1) (see Fig. 4(b)).



As a result of partial gauging of a finite group, much
of the information encoded in the order/disorder param-
eters can be directly read from the original superfluid-
insulator transition. The critical point can be deter-
mined by the change in the scaling laws of different
order/disorder parameters. The symmetry breaking of
higher-form symmetries at critical points has been in-
vestigated in the recent literature [62-64]. If all sym-
metries involved including the higher-form symmetry are
preserved at the critical point in some systems, we may
get a 2-D analogue of the intrinsically gapless SPT in 1-D
by invoking similar anomaly arguments.

This generalized DQCP is essentially the same as the
so-called XY™ transition obtained from the conventional
3-D XY critical point [50, 65]. The difference is that
it is ¢ ~ bb rather than b that is treated as the funda-
mental degree of freedom [65]. At the XY™ transition,
b undergoes an ordinary XY transition. Since 1 is a
composite operator of two b’s, the power law scaling ex-
ponent of <7,/131/1j> gets significantly modified n,, ~ 1.49
from n, ~ 0.03 for b. The divergence of the correla-
tion length v ~ 0.67 and the isotropy of the space and
time dimensions z ~ 1 were verified to be the same as
in the conventional 3-D XY wuniversality class. These
statements were verified numerically [65].

In terms of entanglement entropy Sg of a smooth sim-
ply connected region R without corners, it is known that,
other than the leading perimeter law term S4 « | = |OR),
there is a logarithmic subleading correction in a SSB
phase of a continuous symmetry [66] and a topological
subleading correction in a topologically ordered phase
[67, 68]. At the critical point, S4 takes the form of
Sa = ol — p with 8 = Bxy + Pz,. Here Sxy comes
from the ordinary XY transition, i.e. SSB of U(1), and
Bz, = In2 is the topological entanglement entropy of the
Z» topologically ordered phase [50].

If we consider OBC, there is also a generalized bound-
ary phase transition between the gapless SPT/Higgs
phase and the U (1)-enriched topological phase. It would
be interesting to investigate this boundary phase transi-
tion.

F. Perturbations

In the above discussion, we have imposed the zero-flux
condition by taking g — 0 in order to preserve the exact-
ness of the dual 1-form. The existence of the Y of term
in Eq. (17) explicitly breaks this symmetry. However,
we expect the perturbation changes neither the topolog-
ical order in the SET phase nor the gapless boundary
modes in the SPT phase in 2-D due to the robustness of
higer-form symmetries [23]. In particular, in the origi-
nal Fradkin-Shenker phase diagram for 2-D Ising gauge
theory coupled to matter with PBC, both the deconfined
phase, the Higgs phase and the transition in between are
robust with the introduction of the small polarizing field.

To study the edge physics, the authors in Ref. [27]
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numerically demonstrated the robustness of the topolog-
ical edge modes in the SPT/Higgs phase. On the other
hand, the robustness of Zy topological order with open
boundaries under perturbation is also numerically inves-
tigated in Ref. [69]. Based on their results, the robustness
depends both on the boundary type (rough or smooth)
and the perturbation type (¢® or o*). For rough bound-
aries (see Fig. 5(a)) and perturbations of the form o,
the topological order is robust. It is natural to expect
resilience in the edge physics.

Based on the robustness of both phases, it is also nat-
ural to expect the SPT/Higgs-SET transition to remain
continuous and robust, even with small perturbations
that explicitly break the 1-form symmetry. In this case,
we can regard the 1-form symmetry to be emergent [70],
and the properties of the generalized DQCP should re-
main intact. In this sense, generalized DQCPs can be a
generic type of quantum criticalities and deserve to be
investigated in more details in future work.

G. Experimental realizations

The Bose-Hubbard model in 1-D and higher dimen-
sions has been realized in such systems as cold atoms on
optical lattices [71-76], and the continuous superfluid-
insulator transition has been observed. Lattice gauge
theories have also been simulated in such systems [77-
79]. Recently, the Z, topological order has been real-
ized and measured in Rydberg atoms on a 2-D Ruby lat-
tice [80, 81]. It is more complicated to simulate gauged
matter theories, but there are also some recent experi-
mental progress in this direction. For example, a simi-
lar Zo-gauge Bose-Hubbard model in 2-D was studied in
Ref. [82] with the idea of realizing the gauge constraints
by using simplified local pseudogenerators [83]. We be-
lieve quantum simulation with cold atoms is a promising
platform to realize the unconventional phases and quan-
tum criticalities proposed in this work.

Realizations of the gapless SPT phases and the gen-
eralized DQCPs discussed in our work may be also pos-
sible in other solid state systems. For example, since
the generalized DQCP is essentially the XY™ transition
studied before [65, 84], we may start with an ordinary
Bose-Hubbard system with fractionalized excitations. As
long as the low energy effective theory is described by an
emergent Zo-gauged Bose-Hubbard model, we may test
the analysis in our work.

A recent trend in the past few years has been realizing
the gauging process by using finite-depth unitaries, mea-
surement, and feedforward so topological ordered states
can be obtained efficiently [85-88]. Other phases such
as Higgs phases [89] and continuous symmetry breaking
states [90], and phase transitions [91, 92] have been pro-
posed. Some SET phases can also be obtained by partial
gauging [93]. Realizing a SET phase by partially gauging
a U(1) symmetry is also very natural. To simulate and
study a gapless SPT phase and the generalized DQCP



discussed in this work in these adaptive circuits is a fas-
cinating direction.

V. CONCLUSIONS

In this work, we investigated the emergent Zs-gauged
matter theory of the 1-D and 2-D Bose-Hubbard model
coupled to Ising degrees of freedom. We analyzed the
inherited phase diagram from that of the ungauged
superfluid-insulator version. In 1-D, we identified the
superfluid phase to be an intrinsically gapless SPT phase
protected by W x U (1), W being the Ising spin reflection
symmetry. In the low energy theory, W can be viewed as
the dual Zy symmetry. We discussed the effective action
which includes a mixed anomaly term between W and
the quotient U(1) symmetry w, and a topological term «
dictating the edge degrees of freedom if there is an open
boundary. The 't Hooft anomaly in « is matched by that
in w. We argued that the gapless SPT phase is described
by a Zs-gauged compact boson CFT, which is also sup-
ported by DMRG computations. In 2-D, we focused on
the zero-flux limit and concluded, by adapting the “Higgs
= SPT” argument, that the superfluid phase is also a
gapless SPT protected by higher form symmetries whose
gaplessness comes from the Goldstone modes due to the
SSB of the quotient U(1). We studied the excitations, es-
pecially the Goldstone modes whose winding number is
related to the charge of the U(1) domain wall under the
dual Zs 1-form symmetry W, which is a direct manifesta-
tion of the mixed anomaly between the two symmetries.
The other phase is the insulating phase corresponding
to the SSB of the W with U(1) preserved, i.e. U(1)-
enriched Zs topological order. Then we analyzed the
transition between the gapless SPT/Higgs phase and the
U(1)-SET phase, which is a generalized DQCP. The ro-
bustness of the gapless SPT/Higgs phase, the SET phase,
and the generalized DQCP between them toward pertur-
bations that explicitly break the Zs 1-form symmetry is
discussed. Possible experimental realizations using quan-
tum simulations with cold atoms are also proposed.

The idea of partially gauging a finite subgroup dis-
cussed in this work is straightforward and general. In
principle, we can start with any system that has a SSB
of a generic continuous symmetry, including generalized
symmetries, and then perform the partial gauging to ar-
rive at novel phases and phase transitions in between.
The system can even be topological at the outset. Ex-
tension to higher dimensions is straightforward. The col-
luding roles of the topological term « and the emergent
anomaly w in constructing general (intrinsically) gapless
SPT phase deserve further elaboration. It would also
be interesting to study deformations of the gapless SPT
phases away from their fixed-point so that the edge lo-
calization length &, is not strictly zero.

As we have mentioned earlier on, our analysis gener-
alizes easily to fermionic systems. In particular, the 1-D
intrinsically gapless SPT phase works for a free fermion
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gas or a Luttinger liquid and is generalizable to generic
critical point or a Fermi liquid in higher dimensions.
Generically, introduction of a weakly fluctuating gauge
field may destabilize the system and drive the system to
other phases, such as superconductors. It would be in-
teresting to construct such a stable intrinsically gapless
fermionic SPT phase. A good starting point may be ex-
actly solvable models of free lattice fermions coupled to
Ising spins on the link. When it is not analytically solv-
able, numerical simulations using, e.g., the determinant
quantum Monte Carlo method similar to Refs. [94, 95]
can give us more valuable insights. We hope our work
can stimulate more endeavors along these directions.
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Appendix A: Emergent Z:-gauged g-state clock
model

In the main text, we focused on the case where the Zs
subgroup of the continuous U(1) is effectively gauged.
Some of the properties we discussed there can already
be found when the total symmetry group is discrete. In
this appendix, we present similar analysis of the g-state
clock model with discrete on-site Z, symmetry. We focus
on even ¢ cases, so that there exists a Zo subgroup that
can be subsequently gauged. Both 1-D and 2-D cases are
discussed.

1. 1-D

For the Ising model, i.e. when ¢ = 2, gauging the Zo
is equivalent to a Kramers-Wannier transformation from
the original Ising model to the dual Ising model with a
dual 0-form Zy symmetry. The minimal non-trivial case
corresponds to ¢ = 4, which is also discussed in Refs.
[33, 34]. The Zs-gauged 4-state clock model has global
symmetry Zs x Zs with a mixed anomaly between the
two symmetries characterized by the non-trivial exten-
sion class in H%(Zz,Zs) = Zy. A concrete lattice model



can be written down as follows,

=T b))
J
KZ ~1/25

Tiv1/20

(A1)
where C;»l = S’;l =1land C;S; = eiQTﬂSjCj. We fix J = 1.
Similar to the case in the main text, we have a minimal
coupling between clock degrees of freedom on sites and
Ising spins on bonds, where the large K limit effectively
implements the gauging with the gauge constraint given
by G, = Tjﬁl/zSJ 7'J+1/2 = 1. The global symmetry is
V x W, with

V= HSJv W= H —0—1/2’

where at low energy W becomes the dual Zs symme-
try and V is the quotient symmetry. There is a sub-
tlety for the V symmetry when there is an open bound-
ary For periodic boundary condition (PBC), we have

=11 S% = [L; 771 /27f 112 = 1, by using the low en-
ergy gauge constralnt making V explicitly Z,. However,
for open boundary condition (OBC), we have instead the
nontrivial identity V2 = le/27'laf 4120 Here L is the num-

(A2)

ber of sites in the open chain.

In the case of h > 1, S; will be polarized which implies
that (77 1 0Ty i1/2) = Hm<]<n 5 # 0, ie there is
long range order in 7%, leading to SSB of W while V
is preserved. On the other hand, when h < 1, there
will be SSB in V' but with W preserved. The SSB in
V' directly inherits from the SSB of the ungauged clock
model, since the Zs gauging corresponds to summing over
twisted boundary conditions, which does not change the
long-range correlation of the order parameter [33, 34].
Due to the SSB of V', which is simply Zs in the bulk,
the ground state is 2-fold degenerate [t1) and |¢2) with
V1) = |iba).

Furthermore, in the V' SSB phase, for either of the
degenerate ground state |1),), there is non- trivial string
order parameter given by (Cf 72 m+1/2 Th—1/2 Cpn) # 0,
signifying that the V' SSB phase is in fact the Higgs/SPT
phase [27]. To see the non-trivial edge states, we consider
a semi-infinite chain with one open boundary at site L.
Then we have V? = T{ 419> SO that VW = —WV?2.
For a ground state [¢,), both V2 and W are symme-
tries. Due to the anti-commutation of the two symmetry
operators, we can similarly argue that V2|, ) and [1)
are degenerate and the degeneracy comes from the edge
since V2 is localized at the edge. This way, we explicitly
see the edge degeneracy for each of the bulk degenerate
ground states.

The analogue of the intrinsically gapless SPT of the
U(1) case shows up when ¢ > 5. It is known that the
1-D quantum clock model without gauging has two criti-
cal points, both are of BKT type and dual to each other,

(a) 74SSB | critical | Z, SSB
] ]
@) 1 1
5 | |
& & >
h ho h
(b) 2,958 | critical | 7, SSB
O eie |
o S ; -~
h ho h

FIG. 6: Ground state degeneracy in different phases of
the 1-D Zg-clock model with its Z, subgroup gauged,
under PBC (a) and under OBC (b).

and there is a critical phase with emergent U(1) symme-
try in between the two critical points [96]. The minimal
non-trivial case with mixed anomaly after gauging is the
8-state clock model. After gauging, the emergent sym-
metry is Zoa X Zg, where there is a mixed anomaly charac-
terized by the non-trivial extension class in H?(Zy, Zy) =
Zo.

Fig. 6 shows the schematic phase diagram with the cor-
responding ground state degeneracies under both PBC
and OBC. In the large h limit, the dual Z; symmetry
is spontaneously broken, which is labeled as the Z, SSB
phase. In the small A limit, we have the Z4 SSB phase.
In the intermediate coupling regime (hy < h < hg), the
system is in a critical phase, where both of the two sym-
metries are preserved. There is an emergent symmetry
U(l) x U(1) D Z4 x Zy and the critical phase is de-
scribed by the (Zs-gauged) compact boson CFT. Indeed,
this phase is an analogue of the intrinsically gapless SPT
phase we discussed in the main text.

2. 2-D

For 2-D g¢-state clock model, the Hamiltonian takes
similar form with that of the Zs-gauged Bose-Hubbard
model described in the main text,

H==7 % (Clrzci+ne) =nY (85 +50)
J

i,jEDe

NI R

P e€dp

—KZSq/2 I =

e,jede

(A3)

where Cf = S =1 and C;S; = eiQTﬂSjCj. We fix J = 1.
In the zero flux limit g — 0 and large K limit, the global
symmetries are the quotient O-form Zg /5 and the 1-form



Zg, given by,

(A4)

v=][s, w=]]=

J e€y

where 7y is a loop running along the bonds of the lattice.
Notice that in order for there to be an emergent mixed
anomaly between V' and W, the group extension of V
by W, classified by HQ(Zq/27ZQ) = Ziged(q/2,2) has to be
non-trivial, meaning that ¢/2 has to be even, ie. ¢ is
an integer multiple of 4. Similar to the 1-D case, due to
the mixed anomaly between V and W, W is SSB while
V' is preserved when h > 1. This is the Z, topological
order enriched by Z, 5, classified by H2(Zq/2, Zo X Zs) =
Lged(q/2,2) * Lged(q/2,2)-

When h < 1, we have SSB for V' with W preserved.
Therefore, the bulk is g/2-fold degenerate, and each de-
generate ground state has additional degenerate edge
states when there is an open boundary. The argument is
the same by considering the two anti-commuting symme-
tries V9/2 and W of the ground states. Therefore, this is
again the Higgs/SPT phase. The Z,,5-enriched topologi-

cal order and the Zs 1-form protected SPT with ¢/2-fold
bulk degeneracy are separated by a generalized DQCP.

Appendix B: Elimination of gauge constraints

In the main text, based on the mixed anomaly between
the quotient U (1) symmetry and the dual 1-form Zs sym-
metry in the emergent gauge theory, we claimed that
these two symmetries cannot both be on-site. This can be
demonstrated easily by eliminating the gauge constraints.
The elimination may be achieved by performing a uni-
tary transformation consisting of controlled gates and
Hadamard transformations [97]. Here we follow Ref. [33]
to gain more intuition.

After gauging, i.e. implementing the gauge condition
[lcicoe0c = (=1)", the onsite boson states are di-
vided into the boson parity even sector and the parity
odd sector, depending on the sign of the star operator
He,ie 9¢ 0. Therefore, the new onsite boson basis can
be denoted as |1,7) and | — 1,72), where the first number
labels the onsite boson parity, determined by [] cicoe Ter
and the second number labels the new local boson states
with n = 0,1,2,... in the corresponding sector. No-
tice that we have a one-to-one correspondence between
the new basis and the original ungauged basis, given by
[1,7) <> |2n) and | — 1,7) > |27 + 1). Therefore, no
degrees of freedom are lost, as it should be. Expressed in
the new basis, the boson number operator becomes

1+ 1 Ug 2 1- e,i€0e O—g 2
Ay — He,zeae s + H ,1€0 (Qﬁz + 1)
2 2
N 1-— o, OF
_ 2~i + Heézeae e .

(B1)
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The action of the boson creation/annihilation operator
should be accompanied with a flip in [], .4, 0% since
(=1)™ changes sign. Consider the gauge invariant mini-

mal coupling term bjagij bj. In the new basis,

blo? by — Aio?, Bj. (B2)
where
1+ 1 J: 1- e, i€0e Ug =
Az’ = He,zeae + Hl, €0e bIa
_ L+ HE,iESe O¢ = - He,ieae Oc

In the new basis, the action of the dual 1-form Z; sym-

metry remains unchanged as W = [] cey 0¢ for closed

loop 7, but the U(l) symmetry is now implemented by

X(0) = H exp [z <2n + )

which is explicitly non-onsite. It is easy to see that
X)) = X(0 + 2r) for PBC. Combining Eq. (BI)
and (B2), we can obtain the Hamiltonian of the Bose-
Hubbard model (with the zero-flux condition) expressed
in the new basis where the gauge constraints have already
been encoded. .

Note that the quantity N = > n; itself is not con-
served. Instead, the term (1—]] 0¥)/2 contributes a

| @

z
1- He,ieae Oc

2 2

e,i€0e
fractional charge 1/2 to N. By invoking the “electromag-
netic duality” for the Z, gauge field: ¢® < ¢*, we can
regard the zero-flux condition [] 5,07 =1 as the new
“Gauss law” for the “gauge field” o while [], ;5. 0¢ as
the new “magnetic” flux operator. Thus, the new mag-

netic flux carries a fractional charge under N, a man-
ifestation of the mixed anomaly. Since the anomalous
system may be viewed as a boundary of a SPT phase in
the (34+1)-D bulk, as mentioned in Ref. [33], it is natural
to envision a discrete realization of the bulk by decorat-
ing the magnetic monopoles of the Z; gauge field with
unit charges under U(1), which is an analogue of the
continuum construction in Ref. [98].

Appendix C: Grand canonical ensemble in 1-D

In Sec. 111, we used canonical enemble (CE) in 1-D for
simplicity since the particle number conservation cannot
be violated due to the Mermin-Wagner theorem. In this
appendix, we support this statement by presenting some
DMRG results for the Zs-gauged Bose-Hubbard model in
the context of grand canonical ensemble (GCE) where the
total particle number can vary. GCE is more general and
it allows energy levels consisting of both even and odd
parity states (see Fig. 7(a)). The existence of states with
different parities is a consequence of the boundaries when
using OBC, where the parity operator P = 0y/20711/2



can still take values 1. However, GCE is computation-
ally more challenging in DMRG since particle number is
not fixed. On the other hand, we observed numerically
that as long as the chemical potential y is carefully tuned
to ensure unit filling for the GCE ground state, both the
ground state and the next excited state have no fluctua-
tions in total boson number, i.e. they have fixed boson
number. A nice consequence of this observation is that
the GCE low energy states can now be related to those
of the CE, which renders the numerical calculation easier
and more tractable for larger system sizes. We can still
show that the superfluid phase is a gapless SPT phase
with double degeneracy. R

The GCE Hamiltonian Hgcg(p, N) is related to the

CE Hamiltonian Hcg(N) as the following,

HGCE(M7N) :HCE(N) — pN, (Cl)
where N is the total boson number operator. As men-
tioned previously, the chemical potential u can be tuned
to achieve a ground state with unit filling and fixed bo-
son number, i.e. (N) = L in the ground state. Here L
is the number of boson sites which for simplicity is taken
to be even. Notice, however, that the proper u has a
strong size dependence. To carry out a finite size scaling
of the gap, we extract the thermodynamical information
by bounding the gap as follows.

For a typical set of parameters both the gap in the
parity even sector Agég ! and the gap in the parity odd
sector Aggg 1 are much larger than the true gap Accr
which is between a parity even state and a parity odd
state (Fig. 7(a)). Note that the ground state is exactly
doubly degenerate as in the CE. The GCE ground state
energy is given by,

Egce(p, L) = Ece(L) — pL, (C2)
and satisfies the following conditions,
Eace(p, L) < Egee(p, L £ 1), (C3)
which implies
= FEcg(L) — Ecg(L —1
mr CE( ) CE( ) (04)

<p< Ece(L+1) - Ece(L) = pu-

Fig. 7(b) shows the system size dependence of the lower
and upper bounds of the chemical potential based on
Eq. (C4). The two bounds converge to po, ~ —0.254
in the thermodynamic limit, which is also reflected in
the inset showing the difference between the bounds ap-
proaching 0.

Both Agg%l decay to zero following a power law 1/L.
Furthermore, the true gap is given by

AGCE = min{EGCE(u, L+ 1) — EGCE(/% L),
Ecce(p, L —1) — Ecer(p, L)}
= min{py — p, b — pr}
< By — pL-

(C5)
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FIG. 7: (a) Schematic diagram for the energy levels in
the grand canonical ensemble, where parity even and par-
ity odd states coexist. Agé%l is the gap in the parity
even/odd sector and Agcg is the true gap above the
doubly degenerate ground state. (b) The upper bound
py and the lower bound puy, for the chemical potential in
order to have unit filling at different system sizes. The
inset shows the difference between the two bounds. The
parameters used are t = 0.5, U = 1.0.

Since py — pr is shown to decay to 0 in the thermody-
namic limit as 1/L (see inset of Fig. 7(b)), the bulk gap
Agcr also decays to 0 at least as fast as 1/L.

Appendix D: Anomaly action

In this appendix, we provide more details regarding the
't Hooft anomalies that show up in the main text. We will
emphasize the comparison between the mixed anomaly
from gauging a finite subgroup [31] and the emergent
anomaly through separation of gapped and gapless de-
grees of freedom [18].

Consider the following central extension

152, 5 U1) 5 0@1) — 1. (D1)

Here 4 is inclusion and 7 is projection. The extension cor-
responds to the nontrivial element e in H?(U(1),Z2)
Zs. To Let G = U(1) be the total global symmetry
free from anomalies. Then we can turn on a flat back-
ground gauge field AV™) on a closed (1+1)-D spacetime
M. Then

AV — j(A%2) 4 (AT, (D2)

where 7 lifts AU® into AU and satisfies m(r) = Id.
The flatness of AV implies that the A%2 sees the flux

of AU,
dATD)

™

dA% = e(ATW) = mod 2, (D3)
where we have omitted r for simplicity. We can gauge the
7Zs subgroup of U(1) by making A%2 dynamical which we

will denote as a?2. Then

dATM)

s

da® = e(Aﬁ(l)) = mod 2.

(D4)



After gauging Zs, there is a dual quantum symmetry Zs
showing up [99]. It can again be coupled to its back-

ground field A%2 as follows

S =mi / A%y g, (D5)
M

Since a2 is not closed when A7() is nontrivial, as a re-
sult of Eq. (D4), there is an mixed anomaly between the

dual symmetry Z; and quotient U (1) which is character-
ized by an anomaly action in a (2+1)-D dimensional bulk
Y

dATD
or

1 ~
A%y
2

1 ~
w= iAzz Uda™ = (D6)

where A% and AV are extended to the bulk Y. When
M = 0Y, the anomaly is canceled. In the main text, the
gauge theory is emergent, so the mixed anomaly is also
emergent in the low energy theory.

In Ref. [18], the Zs group is not gauged but gapped out
by interactions in the sense that Zs only acts nontrivially
on the gapped degrees of freedom while U(1) is the sym-
metry that acts nontrivially on the low energy degrees of
freedom. Turning on the background fields, we arrive at
Eq. (D3) as well. If the symmetry U(1) acting on the
gapless degrees of freedom has an emergent anomaly, it
is possible to construct a gapless SPT phase.

In particular, if U(1) is broken to Z,, then since
H?(Z4,U(1)) = 0, there is no gapped SPT phase in 1-
D. However, an intrinsically gapless SPT phase can exist
when there is an emergent anomaly, which is captured
by

L,z z

w:§A2UdA2 (D7)

in the higher-dimensional bulk Y. Indeed, since the total

symmetry group G = Z4 is anomaly-free, the low energy

anomaly w(A%?) must be compensated by a counterterm

a(A?2 A%2) satisfying the anomaly vanishing equation
(18]

w(A%2) = da(AZ2, AZ2), (D8)

Here A%2 is the background field of the quotient symme-

try Zo = Z4/Z+ acting on the gapped degrees of freedom.

The partition function then may be written as

7 = e2ﬂ'i fy w(AZ2)e—27ri IM oz(AZ27Ai2). (Dg)

One solution to the anomaly vanishing equation is given

by a(A%, A%2) = A%2 U A%2/2. The gauge invariance

of the partition function under A% — A% + dA\?2 then

necessarily implies the existence of an edge mode of the

1-D system.

If the total symmetry is G = Z, x U(1), the Zs sub-

group of U(1) can be gapped so that the symmetry acting
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on the gapless degrees of freedom is Z} x U(1). If the low
energy theory has a mixed anomaly

1, dAT®
= _AP D1
w=g 5 (D10)
then the anomaly vanishing equation yields
1
a= 5AZz U A%, (D11)

Consequently, the gauge invariance of the partition func-
tion requires the existence of an edge mode. The form of
w and « is very similar to those we discussed in the main
text. We also note that the similarity between Eq.(D6)
and Eq.(D10).

In the main text, the Zy subgroup of U(1) is the par-
ity P = [[;(—1)™. Unlike the gapping mechanism in
Ref. [18], in Sec. IIT A, P is gapped out (when PBC is
used) due to the emergent gauge constraints arising from
the terms —K 3 0i_1/2(=1)" 0} o in the Hamiltonian
when K is large. W =][; 07, o,
tively becomes the dual symmetry of P. Consequently,
there is an emergent mixed anomaly w between W and
U(1) as in Eq.(D6). On the other hand, we argued in
the main text that there is a term o = AW U AP /2 that
dictates the SPT edge modes. P and W being UV sym-
metries, the anomaly in a when AY(1) is not flat requires
it to be canceled by other terms. Indeed, the emergent

. U
anomaly w serves the purpose if dA” = da?? = 7(1’42
s

mod 2 where a?? is the emergent Z, gauge field. Not
surprisingly, the anomaly is identical to that in Eq.(D10)
after we identify W with Z). This explains the resem-
blance between Eq.(D6) and Eq.(D10).

There is a subtlety if M has boundaries. Boundary
conditions need to be chosen properly to guarantee the
emergent (dynamical) gauge-invariance. In principle, the
true symmetry acting on the gapless modes are W and
U(1), regardless of whether OBC or PBC is used. In
the main text, P is interpreted as a UV symmetry, and
thus physical. When PBC is used, it is fully gapped.
When OBC is used, it also acts nontrivially on the low
energy modes. The gauge-invarinace of a = A" U A /2
under A” — AP 4+ dAF already implies the existence
of edge modes when OBC is used, irrespective of the
existence of the mixed anomaly. This is because W can
terminate on the edges such that dA" # 0 mod 2. It is
the delicate cooperation of both o and w through 't Hooft
anomalies that determines the nature of the intrinsically
gapless SPT phase protected by W and U (1) as discussed
in Sec. III.

The discussion above about the mixed anomaly be-
tween the quotient symmetry and the dual symmetry af-
ter gauging a finite subgorup can be generalized to ar-
bitrary dimensions [31]. In d-D, the dual Zg symme-
try is (d — 1)-form, and the anomaly action is given by
i [, A%2 U dAYM . Here, A% is a d-form back-

ground field. If the symmetry Z, again coincides with a

a UV symmetry, effec-

w



UV symmetry W and the gauge theory is emergent as
we have discussed in the main text, we then again have

a SPT phase with o = Al AZ2 /2, which is again can-

celed by w. If both U(1) and Zs are preserved, then we
may have a higher dimensional intrinsically gapless SPT
phase. On the other hand, if U(1) is spontaneously bro-
ken as in the Higgs phase, the SPT phase coexists with
gapless Goldstone modes.
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1 Introduction

Unconventional superconductors (for instance, high-T,
cuprates [1], heavy-fermion systems [2], and iron-based su-
perconductors [3]) have aroused a great deal of attentions for
novel symmetries in addition to the U(1) symmetry breaking.
Time-reversal symmetry (TRS) as well as parity and charge
conjugation are fundamental discrete symmetries, hence,
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spontaneous TRS-breaking superconductivity is of particular
importance [4-14]. Various TRS-breaking pairing structures
are theoretically proposed, including d + id [15,16], p + ip
[11,17], s+id [4,18], pxis [19], and s+is [14,20], and exper-
imental evidence has been reported in various systems, such
as RegZr [21, 22], UPt3 [23, 24], PrOs4Sb;, [25], URu,Si,
[26,27], SrPtAs [28], LaNiC, [29], LaNiGa, [30,31], Bi/Ni
bilayers [32], and CaPtAs [33] (For details refer to a recent
review [34]). They are often probed by the zero-field u-
spin relaxation, or, rotation [35-37], and the polar Kerr effect

phys.scichina.com  link.springer.com
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[38,39]. TRS breaking signatures have also been reported in
iron-based superconductors [40,41].

If TRS breaking arises from a complex pairing structure,
it is often presumed that it develops after the onset of super-
conductivity. However, these two transitions are of different
nature: Superconductivity is of the U(1) symmetry breaking
and TRS is of Z,, hence, they could take place at different
temperatures. It is interesting to further check whether TRS
breaking can occur before the superconducting transition as
the temperature is lowered. In fact, phase fluctuations are
prominent in strongly correlated superconductors above but
close to T¢, such as high T, cuprates [42] and iron-based su-
perconductors [43].

In a two-gap superconductor, the TRS breaking can be
solely determined by the relative phase between two gap
functions. The phases of two channels may fluctuate in
a coordinated way such that the relative phase is locked,
leading to TRS breaking, while the total phase 6, is dis-
ordered, hence, the system remains normal. In the con-
text of 2D bosons in the p-band, a TRS breaking Mott-
insulating ground state was studied via the Ginzburg-Landau
free energy analysis and the quantum Monte Carlo simula-
tions [44,45]. The TRS breaking normal state has been stud-
ied in the context of three-gap superconductors as a conse-
quence from frustrations [46].

In this article, we show that there exists an Ising symmetry
breaking normal phase in a generic 2D two-gap superconduc-
tors when the gap functions belong to different symmetries
and are near degeneracy. The key ingredient here, as men-
tioned above, is the superconduct phase fluctuations. Hence,
it is a phase-fluctuation induced TRS-breaking, or, a nematic
normal state. By the symmetry principle, the two gap func-
tions couple via a second order Josephson term. Therefore,
we dub the resultant symmetry-breaking normal state as the
“high-order” symmetry-breaking state. In the phase fluctu-
ation regime, the low energy physics is described by a cou-
pled two-component XY-model, which is mapped to a cou-
pled sine-Gordon model and analyzed by the renormalization
group (RG) method. Unlike the small difference in the su-
perconducting transition temperature and the TRS-breaking
temperature obtained in ref. [46] from the frustration ef-
fects in the three-band model, the phase-locking, or, the Z,
symmetry breaking temperature can be considerably larger
than the superconducting 7.. Another competing order, the
quartetting [47], or, charge-4e phase [48], can also appear
above T, which corresponds to ordered total phase 6, but
with the relative phase 6_ disordered, i.e., the U(1) sym-
metry in the 6, channel is broken whereas the Z, symme-
try in the 6_ channel is preserved. All these phases exhibit
the 4-fermion-type order parameters, and thus are difficult
to analyze in mean-field theories. Quite remarkably, the Z,-
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breaking TRS-breaking normal state has recently been exper-
imentally observed in hole-doped Ba;_,K Fe,As; [49, 50],
where the TRS-breaking transition is identified with the on-
set of specific-heat anomaly and spontaneous Nernst signal
is also detected in the TRS-breaking normal state. The Z,-
breaking nematic normal state has been observed in Sr,RuQO4
[51] using optical anisotropy measurement. Even though
the normal state nematicity most likely has a different origin
from our theory because it can happen at much higher tem-
perature scale, the same experimental techniques can be used
to detect nematicity in the phase fluctuation regime proposed
in our work. The competing charge-4e state has also been
observed recently in kagome superconductor CsV3Sbs [52],
where the quantization of magnetic flux in units of hc/4e is
observed.

The paper is structured as the following: In sect. 2 we
introduce the Ginzberg-Landau theory for superconductors
with two gap functions of different symmetries. They cou-
ple due to the second order Josephson effect. In sect. 3, we
focus on the phase degree of freedom by mapping the the-
ory to a coupled XY-model, which can be further mapped
to a coupled sine-Gordon model, setting the stage for the
RG study. In sect. 4, we perform detailed RG analysis of
the sine-Gordon model by considering the effects of var-
ious symmetry-allowed couplings between different chan-
nels, which lead to the emergence of different phase diagram
topologies. In sect. 5, we briefly discuss the application of
our theory to Fe-based superconductors. Then we conclude
in sect. 6.

2 Ginzberg-Landau theory with two gap func-
tions

We start with the Ginzberg-Landau (GL) free-energy of su-
perconductivity with two gap functions. Each one by itself
is time-reversal invariant. These two gap functions belong to
two different representations of the symmetry group, say, the
s-wave and d-wave symmetries of a tetragonal system, or,
different components of a two-dimensional representation,
say, the p, and p,-wave symmetries. They cannot couple
at the quadratic level since no invariants can mix them at this
level. Bearing this in mind, the GL free-energy is constructed
as F = F1 + F, with

Fi =nIVAIR + 72V AP + ay(T)IA P + ax(T)Asf
+BilAL" + BalAal* + kAL P|A P, (1
Fa =1(A7A} + ATAY). )

where a,(T) are functions of temperatures, and their ze-
ros determine their superconducting transition temperatures
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when the two gap functions decouple. y, 2, B, are all pos-
itive and > < 48,3, to maintain the thermodynamic stabil-
ity. If the gap functions form a two-dimensional represen-
tation of the symmetry group, then a; = a3, 81 = B2, and
Y1 = Y2, otherwise, they are generally independent. Never-
theless, we consider the case that they are nearly degenerate,
i.e., @1 ® ap, when they belong to two different representa-
tions, such that they can coexist.

=~

The ¥-term only depends on the magnitude of Aj,,
hence, is phase insensitive. We assume that the two gap
functions can form a quartic invariant as the #,-term, as in
the cases of s and d-waves, and p, and p,-wave symme-
tries. The F»-term does depend on the relative phase be-
tween Aj,, which can be viewed as a 2nd order Josephson
coupling. To minimize the free energy, the relative phase
between two gap functions 6 = 6; — 6, = =5 at 1 > 0,
i.e., they form A; +iA,, breaking TRS spontaneously. On the
other hand, when A < 0, 6_ = 0, or, 7t. They form the nematic
superconductivity A; + A,, breaking the rotational symmetry.
The magnitude of the mixed gap function remains isotropic
in momentum space in the former case, while that in the latter
case is anisotropic. The value of A depends on the energetic
details of a concrete system. At the mean-field level, the free
energy is a convex functional of the gap function distribution
in the absence of spin-orbit coupling [5,19,53]. This favors a
relatively uniform distribution of gap function in momentum
space, corresponding to the complex mixing A; + iA; , i.e.,
A > 0. Nevertheless, the possibility of 4 < 0 cannot be ruled
out, which could take place in the presence of spin-orbit cou-
pling [11], or as a result beyond the mean-field BCS theory.
This leads to the gap function A; + A,, which breaks the ro-
tational symmetry leading to nematic superconductivity.

3 New phases due to the phase fluctuations

The above GL analysis only works in the superconducting
phases in which both A, develop non-zero expectation val-
ues. However, it does not apply to the phase fluctuation
regime above T.. Let us parameterize the gap functions as
A1z = |Ale'2. In the phase fluctuation regime, the order
magnitudes |A;,| are already significant, and their fluctua-
tions can be neglected. On the contrary, the soft phase fluc-
tuations dominate the low energy physics, and the system re-
mains in the normal state before the onset of the long-range
phase coherence.

New states can arise in the phase fluctuation regime in
which neither of A;, is ordered. A possibility is that the sys-
tem remains in the normal state but 6_ is pinned: If 6_ = i%,
then ImA}A; is ordered, which breaks TRS; if 6_ = 0, 7, then
ReA}A; is ordered, which breaks rotation symmetry. Similar
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physics occurs in the p-orbital band Bose-Hubbard model,
where the boson operators in the p, ,-bands play the role of
Aj, respectively. The transitions of superfluidity and TRS
breaking divide the phase diagram into four phases of super-
fluidity states with and without TRS breaking, and the Mott
insulating state with and without TRS breaking, where TRS
here corresponds to the development of the onsite orbital an-
gular momentum by occupying the complex orbitals p, +ip,
[54,55]. The TRS-breaking normal states were also stud-
ied in the context of competing orders in superconductors
[56,57]. Another possibility is that the total phase 8, = 6,46,
is pinned, i.e., AjA; is ordered. This corresponds to the quar-
tetting instability, i.e., a four-fermion clustering instability
analogous to the a-particle in nuclear physics. The compe-
tition between the pairing and quartetting instabilities in one
dimension has been investigated by one of the authors [47].
Later it was also studied in the context of high-T. cuprates as
the charge-4e superconductivity [48].

However, all the above states involve order parameters
consisting of 4-fermion operators. Hence, they are beyond
the ordinary mean-field theory based on fermion bilinear or-
der parameters. To address these novel states, we map the
above GL free-energy to the XY-model on a bilayer lat-
tice, and perform the renormalization group (RG) analysis
to study the possible phases. Since there should be no true
long-range order of the U(1) symmetry at finite temperatures,
we mean the quasi-long-ranged ordering of the Kosterlitz-
Thouless (KT) transition. The model is expressed as:

H==J1 ) cos(ty = 61) = J2 ) cos(ba; — )
) )

+ A cos2(6); - O), 3)
where 6,, are compact U(l) phases with the modulus
2m. Jip are the intra-layer couplings estimated as Jj»
71,2|A]’2|2, and A’ is the inter-layer coupling estimated as
A = 24A PIA

Following the dual representation of the 2D classic XY-
model as detailed in the Appendix Al, the above model eq.
(3) can be mapped to the following multi-component sine-
Gordon model, which is often employed for studying cou-
pled Luttinger liquids [58, 59]. Its Euclidean Lagrangian in
the continuum is defined as L = f dzxL(x) [60], where

~
I~

L0 = (3,61 + —— (0)? 200, -6
(x)—z—Kl(uﬁbl) +2_K2( i $2)” + go_cos2 (6 — 6>)

— 84,COS2TIp| — g4,CO827T¢hy, @

where ¢;, are the dual fields to the superconduct-
ing phase fields of 6;, with commutation relations
[6012(1, x), 8y¢12(1, )] = 2midé(x — y), and the Luttinger pa-
rameters Ky, = J12/T (Please note that K;, appear in the
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denominators in eq. (4) since we are using the dual repre-
sentation). The compact radius of 8, is 27, and that of the
vortex fields ¢, is 1. gq_ is proportional to A" in eq. (3);
8¢..4, are proportional to the vortex fugacities of the phase
fields 6, », respectively. For simplicity, all of these g-eology
coupling constants have absorbed the short-distance cutoff of
the lattice.

4 Renormalization group analysis for phase dia-
grams

In this section, we explore the possible phase diagrams us-
ing RG analysis for the case where the two channels are
degenerate, ie., Ji = J, = J, g4, = & = %gd,i, and
K =K,=J/T =K.

Due to the permutation symmetry between these two chan-
nels, the coupled theory is rewritten in terms of the collective
basis 6., ¢. channels conveniently defined as:

0, = (91 +02)/2, 0_ =6, —0,,

5
b =1 +¢2, P = (1 —)/2.

The compact radius of 6. can be chosen as 27, and that of
the vortex fields ¢, remains 1. This new basis is also conve-
nient in the sense that it makes the symmetries of the coupled
system explicit and at the same time it preserves the com-
mutation relations between the fields and the dual fields, i.e.,
[0:(t, x), Oy~ (t,¥)] = 27id6(x—y). The Lagrangian hasa U(1)
symmetry in 6, channel, 6, — 6, + a with a € [0, 27), and
the Z, symmetry in the 6_ channel, 6 — 6_ + 71, due to the
cos 26_ term.

Based on symmetry alone, there can exit four different
phases: (i) Both U(1) and Z, are unbroken, i.e., the normal
phase; (ii) only Z, is broken, i.e., TRS-breaking (or nematic)
normal phase; (iii) only U(1) is broken, i.e., the charge-
4e phase; (iv) both U(1) and Z, are broken, i.e., the TRS-
breaking (or nematic) superconducting phase. We can start
with the free theory containing only the kinetic terms, and
then add on the most relevant symmetry-preserving interac-
tion terms to obtain phase diagrams containing all of the four
possible phases discussed above, but with different phase di-
agram topologies.

With the basis transformation defined above, the free part
of the Lagrangian in eq. (4) can be equivalently written in
the 6., ¢, basis as:

1 1
Lox) = m(cw»z + z(cwf)z, (6)

where the initial values of both K, are both J/T.
Once various interaction terms are added, the phase dia-
gram lives in a high dimensional parameter space. As a re-
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sult, it is difficult to present a complete phase diagram in-
volving all the parameters. However, based on the symmetry
analysis provided above, there are only four phases in total.
Therefore, it is possible to show two dimensional (2D) slices
of the phase diagram that contains the four phases. Interest-
ingly enough, topologically distinct configurations of phase
boundaries can be obtained, depending on which interaction
terms dominate at low energy. In the following two subsec-
tions, we will present two generic cases showing three types
of phase diagram topologies.

4.1 ¢. channels decoupled

We consider possible local vortex terms in the collective ba-
sis, which are discussed in Appendix A3. The most rele-
vant one is gy, €0s Tt cos 27t¢_, which couples the even
and odd channels together. It originates from the vortex fu-
gacity terms in the individual basis cos 27t¢; + cos 27t¢,. The
sign change of cos ¢, cos 27¢_ from shifting ¢, by 1 can
be compensated by a shift of ¢_ by 1/2, and vice versa. The
next leading vortex terms are gy, cos 27t¢, and gg_ cos 47t
in the even and odd channels, respectively, which originate
from the inter-layer vortex-vortex coupling in the original ba-
Sis cos 27t cos 27y + sin 27t sin 271¢h,.

We begin with the limit that the initial value of the inter-
layer phase coupling g,_ is large. In this case, vortices in two
layers tend to be aligned together. Hence, the independent
single vortex excitation in each layer is not favored and its
fugacity is suppressed, i.e., |g4,| > |g4,,]- In this limit, the
8s,,-term is neglected, then the system is decoupled in the
collective basis with Lagrangian given by

1 1
Li(0) =77 0u00)" + 1(@u9-)
— 84,COS2TI,. — gy COSATIP_ + g COS26_. (@]

In this decoupled case, we expect the U(1)-breaking tran-
sition in the 6, channel to be completely independent from
the Z,-breaking transition in the 6_ channel. The phase dia-
gram can be obtained by numerically solving the following
set of RG equations (see Appendix A2 for details),

jfr‘fl = 2 - 27K gy,

% = (227K ) gy,

gf—r(i’l = (2 - %)g(;_, 3
glin‘l = —4r’g; K2 +4ng;

where both of the initial values of K. are J/T.
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Below we analyze the nature of the fixed points of RG for
four different phases: (I) the Z, breaking SC phase; (II) Z,
breaking normal phase; (III) quartetting phase; (IV) normal
phase. The values of couplings at these fixed points are sum-
marized in Table 1.

Phase I and Phase II are the Z, breaking superconducting
(SC) and normal phases, respectively. In the former case, the
relative phase 6_ is locked, while the 6, is quasi-long-range
ordered. Hence, gg. — oo and correspondingly K_ — oco. As
for the vortex term cos 27t¢., in the ¢, channel, such a vor-
tex term should be irrelevant in Phase I, which requires that
K, takes a constant value with K, > 1/, and (g4_, g4,) —
(0,0). In the Z,-breaking normal phase, the relative phase
6_ remains locked, while the vortex ¢, proliferates such that
superfluidity is lost. Notice that the Z,-breaking normal state
appears in the intermediate temperature, i.e., the phase fluc-
tuations of the underlying SC state lead to the symmetry-
breaking normal state above the SC critical temperature. This
intermediate phase can be the TRS breaking state, or, the ne-
matic state depending on the 6_ is pinned at ig, or, 0 or m,
respectively. In such a phase, gg. — oo and K- — +co, which
are the same as in Phase I. On the other hand, in order to pro-
liferate vortices in the ¢, channel, g4, — oo, which means
K, — 0. Then (g4_,84,) — (0, ).

Phase III and Phase 1V, i.e., the quartetting (4¢) state and
the normal state, are both the Z,-symmetric phases. For the
quartetting (4e) state, the vortex field in the relative chan-
nel ¢_ condenses, while the 6, channel is quasi-long-range
ordered. The condensation of ¢_ means that go- — 0 and
K_ — 0, and g4 — oo. The quasi-long-range ordering of 6.
requires g4, — 0, which means that the renormalized value
of K, reaches a constant with K, > %
line of stable fixed points. As for the normal state, it means
that the vortex fields in both channels condense. This sim-
ply gives rise to g5, — 0, g4 — o0, and gg- — 0, which
corresponds to K, — 0 and K_ — 0.

By numerically integrating the RG eq. (8), the above four
phases are obtained. The phase diagram as a function of tem-
perature and fugacity ratio between two channels g4 /gy, is
shown in Figure 1. The fixed point values of the couplings

which becomes a

deep in the four phases as well as on the phase boundaries
are listed in Table 1. As expected, when the two channels are
decoupled, the U(1)-breaking phase boundary and the Z,-
breaking phase boundary are independent from each other
and cross at a single point, diving the phase diagram into
four regions characterized by different symmetry breaking
patterns.

Along the phase boundary P;P; (excluding the multi-
critical point O), it represents a Z,-breaking transition inside
the normal state with K_ = % Then the fixed point condi-
tion for K_ can be solved to give the relation |gg | = |gg_|.
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The segment of P;O lies in the normal state with g4, = oo
with K, — 0 separating the Z,-breaking normal state and the
complete normal state. In contrast, the P3O lies in the re-
gion with quasi-long-range ordered U(1) phase 6, separating
the Z,-breaking SC state with 6_ locked and the quartetting
charge-4e phase. The boundary of P,P, separates the su-
perfluid phase and the normal phase, below which the U(1)
phase 6, becomes quasi-long-range ordered. The line of P,O
marks the boundary between the Z,-breaking normal and SC
phases. Similarly, the line of P4O marks the boundary be-
tween the quartetting phase and the normal phase.

Here we comment on the exact duality on the critical line
P, P5;. More precisely, it is the duality between the field 6_
and its dual ¢_. To make the duality manifest, we can do a
field rescaling

é-=2mp_, b_=6_/V2m, )

such that the two mass terms become cos V8mg_ and

cos V8mh_ respectively. At the same time, the Luttinger

Table 1 Values of couplings at fixed points in the four phases and on phase
boundaries under RG eq. (8)

Phases and phase boundaries go_ 8o 8o K_ K,
(I) Z,-breaking SC o0 0 0 +o0 > 1
(IT) Z-breaking normal ) 0 00 +00 0
(III) quartetting (4e) 0 ) 0 0 >1
(IV) normal 0 00 [ 0 0
8- _ 1
PO 0 +1 o = 0
Py0 0 0 0  +oo 1
8- _ 1 1
P30 w = +1 0 = =
P40 0 ) 0 0 1
Normal Z,-breaking normal
Charge-4e . Z,-breaking SC
2.00 F .
.,P 1
2 110
~
0.10

1.10 2.20

95195,
Figure 1  (Color online) Phase diagram vs. temperature and g4_/g4, by
numerically integrating the RG eq. (8). The initial values of coupling con-
stants are g, = 0.2 and go_ = 0.01. All of the four phases appear and meet
at the multi-cirtical point O.
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parameter also has to be rescaled K_ = mK_, which becomes
1 at the critical point. It is again straightforward to show that
Igs_| = lgq_| at criticality. Then the duality of exchanging
6_ and $_ on the Lagrangian level is made explicit. Such a
theory has also been studied as the field theory description
of one dimensional deconfined quantum critical point with
Z, X Z, symmetry [61]. In our case, the first Z, acts on the
field 6_, and the second Z, acts on its dual ¢_. The mixed
anomaly between the two Z, symmetries dictates that when
one is preserved the other has to be spontaneously broken.
It has also been shown that such exotic critical point can be
mapped to the usual Landau symmetry-breaking transition of
a 1D Z, clock model, whose critical point is just two decou-
pled copies of Ising CFT [61,62]. It is interesting to note that
such exotic critical point can arise naturally in the two-gap
superconductors that we study.

4.2 ¢, coupled through cos 7té. cos 27t¢_

Now we add the vortex term of cos ¢, cos 27¢_ which cou-
ples the ¢, fields together. The following Lagrangian is ob-
tained:

1 1
Lr(x) ZE((’W*)Z + R@M

+ gp_c0820_ — g4, COSTIP,.COS2TTH_

— 84_COS4TIH_ — g4, COS2TIP, . (10)

The RG equations can be written down as the following
(see Appendix A2):

dge. 2

Tl - ( - R)ge,

% _ [2 - 75[ (K. + K_)] T

% = 41K (g5 + g5, /8) + 4mgy. (11)
jﬁz = 40K (g3, + 2. /8).

% =Q2-2nK.)gs + ggéim’

j‘i‘;} =(2-27K,) gy, + ggé.m'

By analyzing eq.
phases as discussed in the decoupled case in the previous sec-

(11), again we have the four stable

tion before. The values of couplings at the fixed points cor-
responding to these phases and at the phase boundaries are
summarized in Table 2. Compared with the decoupled case,
the Z,-breaking SC phase, the Z,-breaking normal phase, and
the quartetting phase further require that g4 — 0. Further-
more, the quartetting phase requires K, > f—r to ensure the
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irrelevancy of the g4, -term. As for the normal phase, cer-
tainly g4, — oo.

A key feature of the new phase diagram after introducing
the g4, term is that the previous tetra-critical point O splits
into a pair of tri-critical points O; and O,, such that there
appears a direct transition across O[O, from the Z,-breaking
SC phase to the normal state [63].

A small g4, -term does not change the boundaries much
when deep inside the Z,-ordered or the superconducting re-
gions as long as they are relatively far away from O,0;.
In this case, the RG processes in the two channels can be
decomposed into fast and slow steps. For example, along
the boundary P,O; deep inside the Z,-breaking phase, 8- is
pinned, which renders the g4, -term highly irrelevant by dis-
ordering the ¢_ field. Similarly, along the boundary P30,
deep inside the superfluid phase, g4, is quickly suppressed to
0. The RG process in the ¢, channel stops quickly, such that
8s,, does not grow much and remains small still. Further-
more, ¢, remains power-law fluctuating, which suppresses
the effect of the g4, -term.

On the other hand, the g4, -term affects the boundaries
surrounding the normal phase. As for the part along P,O;
deep inside the Z,-disordered region, ¢_ is pinned. The g, -
term becomes g’ cos m¢,, which is a half-quantum vortex
with a renormalized coupling constant g’ = g, (cos 27t¢_).
Such a term is more relevant than the one-vortex term
Nevertheless,
it extends the region of the normal state significantly as
As for P;O; deep inside the nor-
mal phase, g4, -term reaches the order of 1 quickly, and ¢,
is pinned. Then the gy, -term becomes g” cos2m¢_ with

of gy+ although its coupling is weaker.

shown in Figure 2.

g’ = g4, (cosT,), which is more relevant than the exist-
ing g4_cos4m¢_ term. It changes the competition between
the condensation of 6_ and ¢_, which corresponds to the Z,-
ordered and disordered state, respectively. The critical theory
on P, 0 is also modified as a consequence of the g, -term.
Based on the numerical solution near this critical line, the

Table 2 The values of couplings at the fixed points corresponding to four
stable phases and on the phase boundaries by solving eq. (11)

Phases go_ 8o_ 8o+ 8 K, K-
(I) Zo-breaking SC o 0 0 0 >1 oo
(II) Z-breaking normal 0 0 0o 0 0 +00
(III) Quartetting (4¢) 0 00 0 0 >4 0
(IV) Normal 0 0 00 00 0 0
P10 ) ) ) ) 0 1
P,0, 0 0 0 0 i 0
P30, B =l 0 o >4 1
P40, 0 0 0 0 i 0
0,0, o=l 0 0 i 1
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Normal Z,-breaking normal

Charge-4e . Z,-breaking SC

2.00 F .

P

1.20
9519y,

2.20

Figure 2  (Color online) Phase diagram vs. temperature and g4_/gs, by
numerically integrating the RG eq. (11). The initial values of coupling con-
stants are gg, = 0.2,g9_ = 0.01 and g4, = 0.001. Different from Figure I,
this phase diagram features a direct transition boundary O; O, between the
normal state and the Z-breaking SC phase due to the coupling between the
¢ channels.

scaling dimensions of the two competing interaction terms,
the g4, -term and the gy_-term both stabilize at 1, indicating
the criticality belongs to the Ising universality class. In con-
trast, the critical behavior on P30 for the 6_-channel inherits
from the critical line P3O in Figure 1 since g4, flows to 0 and
this coupling term is non-consequential.

When close to O; O,, the energy scales in the even and odd
channels are close, hence, the RG processes cannot be de-
composed into fast and slow steps any more. Since the gg, -
term is the most relevant, it grows quickly and overwhelms
other terms under sufficiently long RG processes. Once g, ,
is renormalized to the strong coupling region, both ¢, and ¢_
are pinned, thus the system enters into normal state. Once it
is renormalized to zero, the system is in the SC state and the
residual gy_-term will drive the Z, symmetry breaking. The
transitions on the critical lines across the tri-critical points O
and O, are also quite interesting, but we leave the details for
future study.

5 Discussion

We briefly discuss the application of our theory to the
FeTe,_,Se, superconductor, in which evidence to sponta-
neously time-reversal-symmetry breaking states has been
observed by using the high-resolution laser-based photo-
emission method both in the superconducting and the normal
states [41].

Following ref. [64], we consider two superconducting gap
functions A; and A,, which possess different pairing symme-
tries and each of them maintains time-reversal symmetry. It
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has been argued that the pairing symmetries are constrained
to be among Alg(u) + iAzg(u), Blg(u) + iBzg(u), or Eg(u) + iEg(u),
based on the effects of TRS-breaking pairing on the surface
Dirac cone. Here A, B, E denote discrete angular momenta
analogous to the s, d, p-wave in the continuous case. g and
u denote even and odd parities respectively. A}, means even
or odd under vertical plane reflection. The Ginzburg-Landau
free energy is given by

F =ailAif? +BilAI + @alAsl® + BolAsf

+ KIAPIAP + A ((A]A) + c.c.). (12)

where @ = a3 is assumed so that the two pairing channels
are nearly degenerate as discussed before. And we focus on
the case of 4 > 0, where the relative phase between A; and
Ay as 6 = +7%. Hence, the complex gap function A + iA;
spontaneously breaks time-reversal symmetry.

Since the FeSe;_,Te, superconductor has strong atomic
spin-orbit coupling, as allowed by symmetry, the complex
gap function can directly couple to the spin magnetization
m; via a cubic coupling term as:

Far = amlm? + iymy (A1 Ay — AjA), (13)

where @,, > 0 and y is proportional to the spin-orbit coupling
strength [64]. This term satisfies both the U(1) symmetry and
time-reversal symmetry. Because of «,, > 0, the spin mag-
netization can only be induced by the complex gap function

via m, = %|ATA2| sin §_ when 6_
of m, will gap out the surface Dirac cone as observed in the
experiment [41]. As detailed in ref. [64], this spontaneous
breaking of TR symmetry can impose a strong constraint on
the gap function symmetry in the FeSe,;_,Te, system.
Furthermore, recent experiment [41] also shows that the

spin-magnetization develops nonzero values even at 77 > T,

+Z. The development

indicating that TRS breaking already occurs above T.. It can
be understood from the analysis in the main text, where we
propose the Z,-breaking normal state. There are no long-
range superconducting orderings, i.e., the (A;) = (Az) = 0.
However, the expectation value of the 4-fermion order pa-
rameter is nonzero (AjA;) # 0 due to the pinning of 6_
=7

6 Conclusions

To summarize, we have analyzed the possible symmetry-
breaking phases in the phase fluctuation regime in a two-gap
superconductors in 2D. The system has an overall Z, x U(1)
symmetry, where the Z, in the #_ channel is due to the sec-
ond order Josephson coupling between the two gaps and the
0, channel still has U(1) symmetry. If only the Z, is bro-
ken, then we have the Z,-breaking normal state, which can
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be either the phase fluctuation induced TRS breaking normal
state or the nematic state, depending on whether the relative
phase 6_ is locked at i%, or, at 0 or 7t. On the other hand, if
only the U(1) symmetry is broken, then it corresponds to the
ordering of the total phase 6., even though the two gaps are
not individually ordered. This is the quartetting phase, or the
so-called 4e phase.

Extensive RG analysis is done by including the more rel-
evant symmetry allowed couplings. Not only have we ob-
tained all the four possible phases, including the two interest-
ing intermediate phases in the phase fluctuation regime, we
also find a direct transition from the Z,-breaking SC state to
the normal state. This is because the coupling between half-
vortices in the even and odd channels favors the simultaneous
ordering/disordering of the two channels.

On the experimental side, the TRS-breaking normal phase
has been experimentally observed recently in hole-doped
Ba;_,K Fe,As, [49, 50].
dence of the elusive charge-4e state has also been found re-
cently in kagome superconductor CsV3Sbs [52]. The theory
presented in this work is based on general symmetry princi-
ples. We believe the fluctuation effects and the physical con-
sequences discussed here are quite generic and likely play a
role in a wide range of multi-gap superconductors with dom-
inant second-order Josephson couplings.

Furthermore, experimental evi-

Note added: Upon the completion of the first version of
this manuscript, we became aware of two manuscripts on re-
lated topics refs. [65,66]. Very recently, similar physics have
also been discussed in ref. [67].
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Appendix

A1l The 2D classical XY-model and its dual to the sine-

Gordon model

In this section, we review the duality transformation from
the XY-model to the sine-Gordon model. We follow ref. [68]
to review the duality between the XY-model and the sine-
Gordon model. The Hamiltonian of a single-component XY-
model with the coupling constant J is given by

Hyy = —J Z cos(f; — 0,).
(i,j)

(al)

To map the XY-model to the sine-Gordon model, we start
with the Villain approximation,

)

~ e

n=—oco

— —CoS K(g— 2
e K(1—-cos ) 7 (6-2n71) ,

(a2)

which is valid when K is large. In this case, the dominant
contribution comes from the regime that cos§ =~ 1, i.e.,
6 ~ 2nm. Performing Taylor expansion around each of these
values, we have e K(1-¢0s0) 37 =5 (0-2n70)"

Using the Villain approximation, the Partition function of

the XY-model in eq. (al) is given by

27T
Zxy _f ’ e BHxr — f 1—1 ’651200‘:09(9 -0))
2
- n [

<t J)y mij

(a3)

where K = 8J = J/T and the Boltzmann constant is set to be
1 for simplicity; m;; are integers defined on each link of the
2D lattice. Now we perform the Hubbard-Stratonovich trans-
formation by introducing the continuous variables x;; defined
on each link of the lattice. The Partition function becomes

o= [ T15 L ]

« l_[ Z efﬁx,jﬂx,,(e,fe,-fzm,,n). (ad)
L)) mij
With the help of the Poisson resummation formula,
Z S(x—nT) = Z S (a5)

where n is an integer, the partition function Zxy becomes

27T
Zxy —f 1_[ f I_l \ dx,,
>
Xl_[e G 0>Z§(xu n)

)
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f27t ]—[ d9 Z I_l eiﬁm‘f im;;(6; 9)

{mij} (@)

(a6)

To perform the above integrals, each 6; is extracted from its
neighbors,

27T
f 1—[ Z e i g )6

{m;;}

(a7)

where 1 = %, § denotes the lattice unit vectors along the bond
directions. Now the angles 6; can be integrated out,

Zxy ~ Z e 3% ZiaMy 1_[ 6{Z(m,;p - m,‘,p)] ,

{mi;} i a

(a8)

where the d-function here is the Kronecker 6.

Each integer m;; defined on the link can be treated as a cur-
rent flown into and out of the connected lattice sites, and the
o-function here basically says the current through each site
is conserved. This conservation constraint is naturally satis-
;} at the sites of the
dual lattice, i.e., the centers of the plaquettes of the original

fied if we define another set of integers {n

lattice,

= Nitz+y — Nit ks

i9 = ity = Niti+9,

(a9)

i—&% = Mgy — N4,

Mi—y5 = Ni = Nitz.

With the new set of integers, the partition function now be-
comes,

v~ Z e*ﬁ Sianisg—ni)? .
{ni}

Comparing with the original partition function, we notice that
the temperature has been inverted because K — 1/K, and
continuous variables has been replaced by integer variables.

(al0)

However, we can use Poisson summation to go back to con-
tinuous variables. Therefore,

. f [Tds: S e Batse [ sgs = o
i {n:} i
1 2_;
f l—[ dg; Z e 2% Zia(ip=¢) -2 X nigi

{ni}

@all)

After adding the chemical potential term, the Partition func-
tion becomes

N f [Tag: S e sk Battumor-mmimbrsimsiot (a1
i {ni}

Next we perform the summation over {n;} by using the fol-
lowing identity,

Z e~ 27 i nigitlny B, n _ l_[ Z ynf emi2mnidi

(n;} i n=0,x1,..
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= ﬂ(l + 2y cos 27t¢; + 0O2))
= 2y Zicos2mg; (al3)
The partition function eventually becomes the form of the
sine-Gordon model,

Zxy ~ f I_l d¢;67ﬁ Yia(bii—0i)>+2y 3; cos 27mg; (al4)
i

A2 RG equations from operator product expansions

A2.1 Scaling dimensions

In this part we use the operator product expansion (OPE) to
calculate the scaling dimensions of the coupling terms con-
sisting of vertex operators of the form cosfB¢ in the free
bosonic field ¢ and the vertex operators cos 6 in the dual
field 6, based on the free Lagrangian £y = %(6,@)2. No-
tice that the Luttinger parameter K in the results presented
below have to be accordingly scaled in order to be used for
the theory in eq. (6).

We start with the correlation functions of the following
vertex operators. Following the notation in ref. [69], the cor-
relation function is given by

Gﬁ(x -y = <eiﬁ¢(x)e—iﬂ¢(y)>' (al5)
2,52
By using the operator identity: ete? :=: eA*B : e“B+55)
where : O : means normal ordering, we have
Gl — y) = (: FODI0) 3o~ (GI-40))
£k
= BP0~ ) _ ’ - 16
= =lim| —— , (a
] Vrrrmn) BERRRC

where [ is the short distance cutoff. The following fact is used
to derive the above equation,

(#0p0) — ey =~ 17
H()P(y) — ¢*(x)) = ﬁnm (al7)
Similarly, we have for the dual field 6:

12
O00) = (X)) = =3 (al8)

1 .
K nlz+(x—y)2

Therefore, we are able to obtain the following correlation
functions for two different types of vertex operators:
(OB _ |y 35

5 (al9)
(IO | _ e

based on which the scaling dimensions of the vertex opera-
tors can be calculated.
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By taking cos B¢ = 1(¥’ + ¢7#%), then

(cosBp(x)cosBe(y)) = % ((ew(x)eiﬁas% + (ePH0iB0)y

(eI 4 (o IBIA))

_BK
~|x—y| o

where we have used the fact that (e190)  elfvdemy = () in
the thermodynamic limit when ZnN 1B» # 0[70]. From this
we conclude that the scaling dimension of the cos B¢ term
is £X Slmllarly the cos 86 term has scaling dimension 46( z-
Usmg these results, the composite operators consisting of this
two types of basic vertex operators, like the ones in the main

text, can be readily calculated.

A2.2 The one-loop correction

For the one-loop corrections for the RG equations, we con-
sider first the simple case where the free bosonic Lagrangian
Lo = 11((6H¢)2 is perturbed by a generic vortex term £ =
cosf¢ + cosaf, where the short-distance cutoff [ is
restored to make the couplings dimensionless or scale invari-

lD A(,, lD A,;

ant [60]. The partition function can then be expanded as the
following:

Z= f D[¢le™S
—Z*(1+fdx g_¢¢(cosﬂ¢)+f

D-A
l
2 f dxdy%(cosﬁﬂx)cosa@(y))

2

1 8
+ 3 f dxdylw%%(cosﬁﬂx)cosﬁ(ﬁ(y))

l e A {cosal)

2
1 f dXdylzf T (cosaf(x)cosad(y)) + O(g )) (a20)

where Z* represents the free theory partition function. As we
know, the conformal invariance of the free theory requires
that the cross term corresponding to g4g¢ vanishes at the one-
loop level because the g, and the gy terms in general have
different scaling dimensions. So we only need to consider
the g7 and g terms.

Firstly, consider the g; term. The OPE in terms of e/ is
given by ref. [60],

2
B . oiBO0) . L L B aer
TP o yPsT 2
(a21)
QB0 . B0 . L aipay (@22)
' o=yl i
) o miat0) - ! ! L (0,0)* -,
= )P = P2 2
(a23)
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1 . eii2aré?(x)

+1a€(x) .
| — y[*4

ot sHably) ,_

‘e i (a24)

where it is understood that |x — y| — 0. Therefore,

: cosBe(x) i cosBP(y) :
1
iB(x) —iBe(x) iBH(y) —iBo()
=7 (e +e ) (e +e )

_ 12 _p
ClrmyPh -y 2
1/2

Py 1 cos 2B¢p(x) :,

1/2

: (6,1(;5)2 :
(a25)

and similarly,

: cosabf(x) ::
172
-y

1/2

| — I3

cosaf(y) :
1/2 o
|x = ypPAe=2 2

2 (0,0)*

1 cos2ab(x) : . (a26)

2
For the g; term in eq. (a20), % f dxdylz,)gf“;%(cosﬁax)cosﬁgb(y)),
which gives rise to the one-loop correction to the : (3,¢)* :
term, becomes

2

,32 8y
-5 | dxdy [2D-24,

2

2 8
ﬁg [ v @07 [al-yren

Now we do a change of scale by changing the cutoff | —
[+ 6l = (1 +d6Inl)l. This means the domain of the above
integration is changed from |[x —y| > [ to [x —y| > (1 + S In])L.
Therefore, the corresponding change in the above integration
becomes

lx — Y7242 (0,0) 2)

(a27)

2

i f dx zf 25 00 ) dylx = y|72%*2,
8 [ I<lx—yl<(1+61n DI

(a28)
which in the case of D = 2 is
pr 251l | dx(: 2.
“hgomnt [ dxt: @00 0. (a29)

Comparing with the kinetic term # f dx(8,¢4)*, we obtain
the correction of K due to the g, term,

d(1/K) n32 , dK K>
= —_— = — = —— . 30

dinl 2 %7 dini G (a30)
The contribution from the gy cos af term can be similarly ob-
tained as:

dk  ma? ,
—_— = —g. 31
dini~ 2 % @b
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A2.3 Derivation of the RG equations

Using the basic ingredients above, we can proceed to work
out the full RG equations presented in the main text. For the
free theory given by

Ly= (aﬂ«m)z z (am )%,

(a32)

1 2, 1 2 _
K(aﬁh) +z(3;4¢—)

where we have redefined the Luttinger parameters K, =
2K.,K_ = K_/2, so that the Lagrangian takes the stan-

dard normalization convention and the results derived from

the previous section can be directly carried over. We have
the following scaling dimensions for the different interaction

terms:
B, .
e For cosfo.: Ay, = =,
BK- .
e Forcosfg_: Ay = 5=,
2
e Forcosaf_: Ay = #;

For cos B¢, cosag_: Ap,g. = 7= (,82f<+ + azf(_).

The scaling dimensions above give us the tree-level flow
equations. For the loop-level correction of the Luttinger pa-
rameters, we again make use of the OPEs. The OPE

: cosfBp(x) :: cosBh.(y) :
1/2 12 B
g LA (a33)

gives the following correction after repeating the real-space

renormalization,
1) 1 ,32 T 232 2

) Y =57 g¢ 2715 (Inl) = 6K, = —5[3’ Kigy 0(nl).

+

(a34)

The OPE
1 cosBp_(x) :: cosBp_(y) :

1/2 12 B 2,
Ty e e (33)

gives the following correction to K_,

1 :32 T2p2 2
0 2f( 2 7 g¢ 2m6(Inl) = 6K_ = Eﬁ K_g(/,?é(ln D).
(a36)
The OPE
: cosaf_(x) :: cosab_(y) :
1/2 1/2 o? ) -
TP e g TG (a37)
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gives the following correction to K_,

K 1 o,
(a38)
The OPE
: cosﬁqh(x) cos ag_(x) :: cos B (y)cosap_(y) :
. olMBoL () +mad-_(x) .. Gi(13BdL (V) +maad-()) .
e e :
16 1, 2%:—*'1
1/8 2 . 2. 2. 2.
R (B : (0up0) : +? 1 (0u04)" 2)
1/4
= o] 28, 725 1 cos2B¢, :
1/4
= P 2 1 cos2a¢_ :, (a39)
which generates the following renormalizations:
1 1B 2 .
0 AR 84, - 20 (Inl) = 0K,
+
2K2
= —T[ﬁ4 + ¢m15(1n l)
1 1 a? _
5(§) =5 %géim 276 (Inl) = 6K_ (a40)
na’K?
= 8,0 (nD,
11,
08¢, = B Zg¢ N 216 (Inl) = g¢ o(nl).

Combining the contributions from the different interaction
terms, we eventually arrive at the RG equations presented in
the main text.

A3 K-matrix formulation of Luttinger liquid

In this section, we review the K-matrix formulation of the
Luttinger liquid. In this framework, a Luttinger liquid is
treated as the boundary of a higher-dimensional bulk and the
K-matrix contains topological information about the bulk. In
particular, using the K-matrix it is straightforward to calcu-
late the braiding statistics between the various vertex oper-
ators that represent the charges, vortices or their combina-
tions.
when writing down the Lagrangian based on symmetry con-
siderations.

This is a useful way to rule out non-local operators

A3.1 One pair of boson and dual boson

To warm up for the case of two coupled Luttinger liquids in
our paper, we look at the simpler case of one Luttinger liquid
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consisting of the boson field 8 and its dual ¢. By defining
® = (0, ¢)", the free Lagrangian density is given by

1
Ly=— (a,mTKaxq> + axcpTvach), (a41)
471t

where K is not to be confused with the Luttinger parameter
K that appears in the rest part of the paper. The K-matrix is
given by K = o' and the V-matrix is given by V = 0, where
the o with u = 0, 1, 2, 3 are the Pauli matrices. In canonical
quantization, the conjugate momentum of the 6 field is given
by

oLy 1

T 800 2m
with the canonical commutation given by [6(z, x), [1(#,y)] =
i0(x — y), or equivalently, [6(z, x), 8,¢(t, )] = 276 (x — y).

We have two basic types of vertex operators e'” and e,
whose charge vectors are given by Iy (1,0)T and I, =
(0, DT respectively. Then the braiding statistics between the
two vertex operators is given by

0x9, (a42)

2nlyK ', = 2m, (a43)

which simply states the fact that if we move a charge around
its vortex, then it picks up a phase of 27t. Here we take €' to
be the charge operator and the ' to be the vortex operator to
be consistent with the notation of the main text. Notice how-
ever, that in the normalization convention of the main text,
the vortex is given by e instead, so there is a factor of 27t
in the field rescaling for ¢. In the convention used here, 6
and ¢ are put on equal footing, both without the 7t factors.
The normalization convention does not change the essential
physics we discuss.

A3.2 Two coupled Luttinger liquids

Now we move on to two coupled Luttinger liquids, which
would correspond to two coupled XY-models. Choosing the
basis ® = (6, ¢, 6s, ¢2)T, the Lagrangian density takes the
same form as in eq. (a41), but the new K-matrix and V-matrix
are given by

k=|" © b0 (a44)
= s = . a
0 o* 0 o
Then we have the following charge vectors:
ly, = (1,0,0,0)", I, =(0,1,0,0)",
o ¢ (245)

ly, = (0,0,1,0)", 1, =(0,0,0, ).
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Under the basis transformation used in the main text,

0, =(01+6,)/2, 0_=6, -6,

(a46)
P =1+ b2, - =(d1—$2)/2,
the charge vectors for the new fields are given by
o1

lG+ = (5909 an) s l¢)+ = (03 1103 I)T’

T (a47)

1 1

lo. =(1,0,-1,00", 1, ={0,2,0,—=] .
0. = ( ) . ( > 2)

In a similar fashion, the braidings between the fields and the
dual fields are given by

2mly K~'ly, = 2m,

27y K™'y. =0,

2nly K™Y, =2m,

(a48)
2nly Ky, =0,
i.e., the braidings between fields from different channels van-
ish, as it should be.

Now we are ready to check the locality of the various terms
appearing in the Lagrangian, i.e., whether their braiding with
the original local physical fields 6; , are integer multiples of
27t

e cos ¢, (note again that this term is the cos 27¢, in the
main text): The charge vector is (0, 1,0, 1)T, and its braiding
with 6, are both 27t. Higher order terms are therefore also
allowed.

e cos 260_: The charge vector is (1,0, 1, 0)T, and its braid-
ing with 6, , are both 0.

e cos¢_ (equivalent to cos27¢_ in the main text): The
1
57
+7t respectively, i.e., not integer multiple of 27t, hence not

charge vector is (0, 5,0, —%)T, and its braiding with 6, are

allowed.

e cos2¢_ (equivalent to cos47¢_ in the main text): The
charge vector is (0, 1,0, —DT, and its braiding with 6, , are
+27T.

® COs %¢+ cos ¢ (equivalent to cos 7, cos27tp_ in the
main text): The charge vector is given by (0, 1,0, 0)T, whose
braiding with 6, , are 27t and O respectively, hence it is lo-
cal and allowed, even though neither cos %¢+ nor cos ¢_ is
allowed separately. This is consistent with the fact that this
term comes from the sum of the original two local vortex
terms cos ¢; and cos ¢;.
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superconductors
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Understanding the pairing symmetry is a crucial theoretical aspect in the study of uncon-
ventional superconductivity for interpreting experimental results. Here we study super-
conductivity of electron systems with both spin and pseudospin-1/2 degrees of freedom. By
solving linearized gap equations, we derive a weak coupling criterion for the even-parity spin-
singlet pseudospin-triplet pairing. It can generally mix with the on-site s-wave pairing since
both of them belong to the same symmetry representation (A;5) and their mixture could
naturally give rise to anisotropic intra-band pairing gap functions with or without nodes. This
may directly explain why some of the iron-chalcogenide superconductors are fully gapped
(e.g. FeSe thin film) and some have nodes (e.g. LaFePO and LiFeP). We also find that the
anisotropy of gap functions can be enhanced when the principal rotation symmetry is
spontaneously broken in the normal state such as nematicity, and the energetic stabilization
of pseudospin-triplet pairings indicates the coexistence of nematicity and superconductivity.
This could be potentially applied to bulk FeSe, where gap anisotropy has been experimentally
observed.
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ARTICLE
T he symmetry principle is one of the most powerful tools to
diagnose low-energy electronic band structures, lattice
vibrations, and linear responses!, and is also valuable to
explore various symmetry-breaking ordered phases such as
magnetism,  charge/spin  density-wave, nematicity and
superconductivity?. The crystal symmetry of a solid-state system
dictates the normal band structures it hosts near the Fermi level,
which could in turn determine the most favorable super-
conducting pairing symmetry>% This symmetry principle for
superconductors (SC) is recently extended to investigate multi-
band unconventional superconductivity®~’. Interestingly, the
orbital-independent and orbital-dependent pairings that belong
to the same symmetry representation may coexist with each
other8. Such orbital-dependent pairings have been studied in a
wide variety of systems with multi-band character, including
Sr,Ru0,’, iron-chalcogenide SCs!0-13, Cu-doped Bi,Se;!4 and
half-Heusler compounds!>~18, from which the guiding principle
by symmetry is crucial to understanding the nature of uncon-
ventional superconductivity.

A few specific systems can be effectively characterized by a
general normal-state model Hamiltonian that contains both spin
({1, |}) and pseudospin ({1, 2}) degrees of freedom, where pseu-
dospin could originate from two atomic orbitals, two sublattices,
two layers, or two valleys®. We start from a spin-singlet cen-
trosymmetric SC to explore the existence of even-parity pseu-
dospin-triplet pairings, for example, c¢;(K)cz ) (—Kk)+ cz4(k)
e (— k) — ¢ (K)ea 4 ( — k) — ¢z (K)ey 4( — k), and further inves-
tigate their valuable roles in tailoring anisotropic pairing gap
functions with or without nodes!®. Different from spin-triplet
pairings, spin-singlet pseudospin-triplet pairings have not been
much explored in real materials since such pairings are usually
considered to be energetically unfavorable. This is partly due to
the common belief that the double degeneracy of the two orbitals
is lifted by orbital hybridization so that the orbital-dependent
pairing would be severely suppressed under crystal field splitting
or electron-electron repulsive interaction. One aim of this work is
concerned with the possible condition for the existence of even-
parity spin-singlet orbital-dependent pairings, and possible
applications to real materials.

On the other hand, the effects of symmetry breaking in
unconventional SCs is an important topic that has attracted tre-
mendous interest. The symmetry could be broken explicitly by
external fields or strain, or be broken spontaneously from many-
body interactions. Two typical examples are rotational symmetry
breaking?®2! and time-reversal-symmetry (TRS) breaking?%-26.
Besides, the interplay between nematicity and superconductivity
is yet to be fully understood in some real materials, such as
FeSe!227, where gap functions can be highly anisotropic. These
systems are all multi-band SCs, while symmetry-reducing sig-
natures are experimentally observed above the superconducting
transition temperature, which is mainly caused by both crystal
field splittings and interaction-induced order parameters (e.g.
nematicity). Thus, discovering the coexistence of nematicity and
superconductivity in these multi-band systems can shed new light
on understanding the underlying favorable pairing symmetries.

The main finding of this work is that the anisotropic gap
functions with or without nodes could be attributed to the mixing
of isotropic s-wave pairing and even-parity spin-singlet
pseudospin-triplet pairing, even though both of them belong to
the A, symmetry representation. For technical conveniences, we
adopt an orbital d,(k)-vector notations!! to describe the pairing
matrix and similarly a g,(k)-vector for orbital hybridization in the
two-orbital subspace ({1, 2}). Solving linearized gap equations, we
show that the presence of g,-vector generally suppresses the
superconductivity with orbital d,-vector except for d,(k)||g,(k),
which is consistent with the concept of superconducting fitness®.

This sets up weak-coupling criteria for Aj,-type orbital-
dependent pairings that could naturally give rise to anisotropic
gap functions in real superconducting materials. Moreover, we
reveal a deep connection between two-orbital nematic SC and
pseudospin-triplet pairings. Within the mean-field theory for
electron-electron repulsive interactions, the nematic order
develops in the orbital subspace at T < Tyem, which also con-
tributes to the total orbital hybridization, gt =g, + 8nem. This
leads to the stabilization of a nematic orbital d,-vector for
d,(K)||gor(k), indicating the coexistence of nematicity and
superconductivity. The direct applications to FeSe!227 are also
discussed. We also generalize it to a two-valley system with Cq
breaking terms (e.g., Kekulé distortion). In the end, we also
predict an orbital-polarized superconducting state.

Results

Classification of Spin-singlet Orbital-triplet pairings. To
explore the weak-coupling criterion for the energetically favorable
even-parity spin-singlet pseudospin-triplet pairing, we consider
the mean-field pairing Hamiltonian,

Hy=> % ®F! (&) + he.,

k sa,s,

a,b

b Asl 1S5 (1)
where F:‘ a‘szh(k) = cjl a(k)cjzb(—k) is the creation operator of
Cooper pairs, sj,s, are indices for spins and a, b are for pseu-
dospins (e.g., two orbitals {1, 2}). A general pairing potential of a
two-band model is a four-by-four matrix®. In particular, the spin-
singlet pairing function Af"iz (k) = f(k)M, ,(k)(i0), , consists of
the angular form factor fik) and M, ;(k) in the orbital channel.
The spin-singlet pairings are not mixed with spin-triplet pairings
in the absence of spin-orbit coupling (SOC). In analogy to spin-
triplet SCs, for the technical convenience, we then use an orbital
d,(k)-vector for the spin-singlet orbital-dependent pairing
potentialll,

Ag(k) = [AY (k)T + A,(d,(K) - 7)](i0), @)

where A; and A, are pairing strengths in orbital-independent and
orbital-dependent channels, respectively. Here 7 and ¢ are Pauli
matrices acting on the orbital and spin subspace, respectively, and
7o is a 2-by-2 identity matrix. When both A, and A, are real, a real
orbital d,(k)-vector preserves TRS while a complex one sponta-
neously breaks TRS (7 = it;0,K with K being complex con-
jugate). The Fermi statistics requires WY (k) =¥ —k),
dll,’3(k) = d;’3(—k) and dﬁ(k) = —dﬁ(—k). In other words, d‘z)(k)
describes odd-parity spin-singlet orbital-singlet pairings and the
other two are for even-parity spin-singlet orbital-triplet pairings.
Moreover, we provide an alternative definition of orbital d,-
vectors in Supplementary Note 1. Even though the orbital-
independent part W (k) is also “orbital-triplet” by statistics, it is
completely trivial. Hereafter, we only refer to dé(k) and di(k) as
orbital-triplet pairings®8.

In addition, the basis functions for both ¥ (k) and orbital
d,(k)-vectors in Eq. (2) could be classified by crystalline
symmetry.

Under the action of an n-fold rotation operator C, about the z-
axis, the pairing potential A(k) transforms as

DIC,1 4,(k) (D[C,)"

21

= o A](cglk), (3)

where D[C,] is the corresponding matrix representation, J is the
orbital angular momentum quantum number, and also labels the
irreducible representations of the C, point group. For example,
J=0 is for A representation and J=2 is for B representation.
Firstly, the TRS requires the coexistence of A] and A_ ; with equal
weight. If the rotation symmetry C, is further imposed, then J
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Table 1 Classification of spin-singlet pairing potentials for Eq. (2).

c. J— — J(modn) W.(k) = W.( — k) d (k) = d/(—k) d2(k) = —d%(—k) d3(k) = d3(—k)

n=2 J=0 1Kk K ko k, 1,k k2, K2 kK, ky ko K2k k2K Kk, 1,k k2, K2 kK,
J=1 ks, ok Kk, ok k. k, ks, k.

n=3 J=0 1,k2 + k}%, K2 E, representation k, E, representation

n=4 J=0 LK+ kK K=k kk, ky k(K + kD), K — k7 kk,
J=2 k2 — k2 kk, 1Lk + k2 k2 k(k} — k), k Kk, 1Lk + k2 k2

n=6 J=0 1,k2 + kﬁ, K2 E, representation k, E, representation
J=3 (k, + iky)3, (k, — fky)3 E4 representation k3 — 3/<X/<§, 3/<3/<y — kf E, representation

Here we consider a spin-singlet two-orbital superconductors with {d,,, d,,}-orbitals. Based on the n-fold rotation symmetry C, about z-axisd and time-reversal symmetry (TRS), we have J=—Jmod n,
which leads to all the pairing channels with orbital-independent W (k) and orbital-dependent d,(k)-vector in Eq. (2). Here, for J= O pairing subspace of C, the (d;(k)A dg(k)) forms a two-dimensional £,
representation, where the basis functions are (kf — kf.kxky) and (kyk;, kk,). For J =0 pairing subspace of C, the (dl(k).dg(k)) forms a two-dimensional £, representation, where the basis functions are
(kyk;, kyk,); for the J =3 pairing subspace of Ce, the (dl(k),dg(k)) forms a two-dimensional E, representation, where the basis functions are (kf — kf, kek,).

and — J have to be equivalent modulo #, i.e. J= — Jmod n. The
results for the basis functions of ¥ (k) and d,(k) are summarized
in Table 1 for a two-band SC with the {d,, d,.}-orbitals. In this
case, D[C,] = [cos(E)ry, —isin(*)7,] ® 0,. For instance,
DIC,] = —it, ® 0, explains that both A,7; and A,7; are d-
wave-like pairing states?’.
At the mean-field level, the Bogoliubov de-Gennes (BdG)
Hamiltonian is given by
A, (k
0 ) @)

Hy(K)
H = .
. (A;oxk) —H(—K)

where H,(k) represents a two-band normal-state Hamiltonian
with both spin and pseudospin degrees of freedom.
In general, the BAG Hamiltonian is also invariant under

the C, rotation symmetry, i.e., Dpg6[C,] Hpac (k) (DpaglC,D)' =
Hpaa(C, ') define DyyqlCal =
< DIC,] 0

0 e"zT”](D[Cn])*> based on Eq. (3).

Here we assume both inversion and time-reversal symmetries
are preserved. To be specific, we consider a SOC-free Hamilto-
nian,

when we

Ho(k) = e(k)1y0, 4+ A,(8, (k) - 7)oy, (5)

where the basis is yy = (c] ,(k), c] | (K), ], (K), ¢} | (K)), e(k) =
(K + kj)/Zm — y is the band energy measured relative to the
chemical potential y, m is the effective mass, A, represents the
orbital hybridization and g,(k) = (g(k), £2(k), g3(k)). And the g5-
component leads to the different effective masses of different
orbitals. As mentioned earlier, this vector notation is just for the
technical convenience. Besides, the g; and g, components are
determined by symmetries. For example, TRS requires g; 5(k) =
g13(—k) and g (k) = — go(— k). If inversion symmetry (IS) is
present, g>(k) (or g;(k)) must vanish for Z = 7,0, (or Z = 1;0,),
which is the same as the constraint for the orbital d,-vector. The
more explicit form of g,(k) is determined by other crystal
symmetries.

In general, the pseudospin-triplet (i.e. orbital-triplet) pairing
state shares some similarities with the spin-triplet pairing state30.
To show that, we first discuss the superconducting quasi-particle
spectrum of orbital-triplet SCs in the absence of band-splitting
caused by orbital hybridizations, i.e., g,(k) = 0 for Eq. (5). In this
case, the superconducting gaps on the Fermi surface are

E() = +14,11/ 14,001 £ |2 (k) < d, ()1, (©)

for the A; =0 limit. This indicates that there are two distinct gaps

if TRS is spontaneously broken. In the following, we mainly focus
on the time-reversal-invariant superconducting states, i.e., real
d,-vectors, for which the classification of pairing potentials is
shown in Table 1 based on Eq. (3). We will show the interplay
between A, and A, can lead to anisotropic superconducting gaps
on different Fermi surfaces. Moreover, its stability against orbital-
hybridization, electron-electron interactions, and applications to
real materials will be discussed in detail as follows. We will also
briefly comment on the effects of TRS-breaking in the end.

Stability for spin-singlet orbital-triplet pairings. We apply the
weak-coupling scheme® for spin-singlet orbital-triplet pairings
against crystal field splittings, which cause orbital hybridizations
[ie. the g,(k) term in Eq. (5)]. We analytically calculate the
superconductivity instability for the orbital d,-vector by BCS
decoupling scheme. The superconducting transition temperature
T, of orbital-dependent pairing channels is calculated by solving
the linearized gap equation,

1 $, 4.5 '
A () === X VIS (I, K)

S sa st
1:52 )
ﬁ W, sja' )b T2

x [G (K, iw,)AK)G,(—K , iw,)]

?)

VENETR)
sia' s, b

where = 1/kgT, G,(k,iw,) = [iw, — 7—(0(k)]71 is the Matsubara
Green’s function for electrons with w,=Q2n+ )7/ and
Gk, iw,) = —Gi(k,iw,). We expand the attractive interactions as
VIS k) = =S [V ) () - Tio), , [d)'(K) - o)
with £ >0. Here T labels the irreducible representation with
I=1,2,...,DimT. In this work we focus on 1d representations, i.e.
Dim I' =1, which already include many interesting cases and are
sufficient for the applications discussed in later sections. Due to the
possible existence of multiple pairing channels belonging to different
representations, each channel has its own critical temperature TE,
the largest of which becomes the actual critical temperature of the
system. In the weak-coupling theory, T" follows the standard BCS
form and is solely determined by the corresponding pairing inter-
action ! in that particular channel. To the leading order of A k7 /u
(kg = /2my), the equation for T, for the channel T reads (see
details in the Methods section),

In (TT—) = [.dO cO(TC)ng

[ o
5,a.5,b s\a’,s,b

’ 2

N®

where T is the critical temperature for 1, =0, Q is the solid angle
of k, g, =g,(k)/Ig,(k)| are normalized vectors. Here we take

dQ|dI? =1. And Cy(T,) = Re[y () — yO( + iLe®ly
s 0 old¢ VIR VTG T T,
where y(©)(z) is the digamma function.

- }dg'go
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We now discuss its implications. In general, the A,-term
describes a pair-breaking term, since Cy(T,)<0 and it mono-
tonically decreases as A, increases, hence the right-hand side of
Eq. (8) suppresses T, in general. However, if we focus on one-
dimensional representations, i.e. Dim I' =1, it is straightforward
to see that dg | g, can lead to T, = T, for any value of A,, which
indicates that the orbital d,-vector that is parallel with g, is
unaffected by the orbital hybridizations. It is worth mentioning
that due to the possible suppression of T, depending on the
relation between d. and g, the leading instability channel at
Ao =0 could be suppressed more than some of the other
coexisting channels and may eventually become sub-leading.
This interesting behavior is discussed further in Supplementary
Note 3. For notional simplicity, we will drop the representation
index I' when there is no danger of confusion. Choosing
g, (k) = (2kxky70,ki - k;), the numerical results are shown in
Fig. 1. The black line confirms that T, is unaffected as A k7 /kz T,
increases for d, (k) = k;z(zkxky7 0, kfc — k;), which is the uncon-
ventional A, pairing. However, T. for other d,-vectors are
severely suppressed. The light-blue line is for d (k) = %(1, 0,1),
and the light-orange line for d,(k) = k;*(k> — k;70, —2k,k,).
Therefore, we conclude that the orbital d,-vector could exist in
SCs with two active orbitals that are not fully degenerate. This is
similar to spin-triplet SCs, where the Ajg-type spin d,-vector
could exist in noncentrosymmetric SCs because d||g; is optimally
satisfied*©.

It is worth mentioning that the results presented above is using
a continuum form of the Hamiltonian based on k- p theory. For
real materials, given the interaction on the lattice, the compo-
nents of the interaction in terms of the basis functions of the
representations might not be exactly the same with the form of
the vector g,. As a result, the parallel condition presented above
may not be exactly satisfied. However, the theory developed in
this work is generally applicable and the extend to which the
parallel condition holds can still be a useful criterion for the most
favorable pairing.

Next, we include A, and investigate the coupling between ¥
and d,. Solving the coupled linearized gap equations up to

1.2 T ' T

1.0

0.8

0.6

Tc/ TcO

W d,|l9,
O b= (1.0,1)
0.2} V2 -
Wd,lg,
0.0 : : :
0 1 2 3 4

Nok3/kp T

Fig. 1 Stability of orbital d,-vectors vs orbital hybridization 4, in Eq. (5). It
shows the transition temperature T./T.o as a function of /\Okg/kBTco for
g,(k) = (2k.k,, 0, kf - kﬁ). Teo is T, at A, =0. The curves from top to

bottom correspond to d (k) = k;2(2kxky, 0, kf — k}%), d,(k) = \%(1, 0,1),
and d (k) = k;z(kf - kﬁ, 0, —2k,k,), respectively.

A kr/ /,t)2 order (see details in Supplementary Note 3), we find
that the results from Eq. (8) are still correct. Besides, the
magnitude of orbital d,-vectors might be determined as
d, (k) = ¥ (k)g,(k). It implies that ¥; and d, belong to the same
representation of crystalline groups. Therefore, the stability of
orbital d,-vector by Eq. (8) indicates the symmetry principle for
spin-singlet orbital-triplet pairings.

We now explain Eq. (8) from the band picture. Within the
band basis, the pairing potential in the orbital subspace becomes
Apna(K) = U'(K) [AP, (k)7 + A,(d,(K) - 7)] U(K), where Ulk) is
the unitary matrix in the orbital subspace, UT(k)[e(k)
7o + Ao(8,(K) - T)]U(k) = Diag[E, (k), E_(k)], with the normal
band dispersion

E, (k) = e(k) +A,[g,(K)|. ©)

The intra-orbital pairing naturally gives rise to the intra-band
pairing. However, it is different for orbital-dependent pairings. To
show that, we decompose the orbital d,-vector,
d,(k) = d|(k)g,(k) +d, (k), where d(k)=d,(k)-g,(k) and
d, (k) g, (k) =0. We find that the d|-part gives rise to the
intra-band pairing, while the d,-part leads to the inter-band
pairing (see Supplementary Note 4). If the band splitting is much
larger than the pairing gap (A,k% > A,), the inter-band pairing is
not energetically favorable in the weak-coupling pairing limit. It
means that the inter-band pairing will be severely suppressed if
we increase the orbital hybridization A,, consistent with Eq. (8)
and results in Fig. 1. Now if we again include the orbital-
independent pairing part AW (kzpio,), the relation between d,
and ¥(k) obtained previously from solving the coupled linearized
gap equation (see Supplementary Note 3) can also be reproduced
in the band picture by considering the maximization of the
condensation energy. The total condensation energy per volume
and per spin of the two intra-band pairings is given by

SE=N, ke%S (A, (k) + Aod”(k))l

+N_ Z (As\ys(k) - Aadﬂ (k)>2’
keFS_

(10)

where N, are the density of states on the two Fermi surfaces (E.).
And A (k) + A,d) (k) are the pairing gaps on these two Fermi
surfaces. In order to maximize SE, we have d (k) = sign[(N, —
N_)AA,Y (k) (See Supplementary Note 4 for details). Even
though the intra-orbital pairing and the orbital-triplet pairing
belong to the same symmetry representation, the different k-
dependencies of ¥ (k) and d)(k) can naturally lead to the
anisotropic superconducting gap on the Fermi surface observed
in experiments.

Applications to superconductors with/without nodes. As a
consequence of the mixing of the orbital-independent pairing (A;)
and orbital-dependent pairing (A,) discussed in the previous
section, there could be a nodal SC. In this section, we apply the
results of the previous section to study superconductors with two
orbitals, where A; and A, coexist. It is shown that the anisotropic
gap functions with/without nodes depend on the ratio of A; and
A, superconducting order parameters. Our weak-coupling theory
might have potential applications to some of the nodal/nodeless
SCs in the iron-chalcogenides family. For example, the angle-
resolved photoemission spectroscopy (ARPES) measurements
indicate a nontrivial superconducting gap anisotropy for the
monolayer FeSe thin film>!. The penetration depth measurements
on both LaFePO32 and LiFeP33 show a linear dependence on T,
suggesting the presence of superconducting gap nodes.
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As an example, we consider the pairing potential in Eq. (2) for
monolayer FeSe, where there is no hole pocket around the I'-
point, and a two-spin two-orbital model has been shown to be a
good approximation around the electron pockets near the M
point of the Brillouin zone (two Fe unit cell). The density
functional theory calculations show that there are four bands
around the M point, giving rise to only two electron pockets. In
the one Fe unit cell, there is one pocket near the X and Y points,
respectively. After folding with respect to the unit cell with two
Fe, we obtain two pockets around the M point. Considering spin
degrees of freedom, it naturally resembles a C,,-invariant two-
orbital model34,

Hyy (k) = [e(k)ro + Akxkyrz} Oo + Vo T, [kxay + kyax}, (11)

where e(k) = (ki + kj) /(2m) — p with m > 0 the effective mass, A
leads to the anisotropic effective mass (i.e., orbital hybridization),
and vy, represents SOC that still preserves inversion symmetry.
These four states are degenerate at the M point since they form
the four-dimensional representation of the space group No. 129
(P4/nmm)3>. We take the parameters for the FeSe thin film as
f=55 meV, 1/(2m)=1375 meV - A%, A =600 meV - A2 and
Veo<15 meV - A3, The SOC is very weak to open a tiny gap along
the k, = 0 and k;, = 0 lines, shown in Fig. 2a. As what we expect, it
shows two C,, rotational-invariant Fermi surfaces, and the
maximal gap, which is induced by the z-component of the g,
vector, is around 12 meV along the (11) and (11) directions. This
is larger than the typical superconducting gaps in iron-
chalcogenide SCs (~4 meV), implying that the effect of the
orbital hybridization on the pairing symmetries should not be
neglected.

We now use the criteria derived above (Eq. (8)) to examine the
superconducting states. Specifically, the weak-coupling criterion
indicates that the most favorable pairing to characterize the
anisotropic superconducting gap is the A, -type s-wave pairing
symmetry,

Ak) = [ASTO + Aokxkyrz} (id). (12)
The ratio between A; and A, determines the superconducting
nodal structure. To simplify the analysis, we turn off the weak
SOC. In the band basis, the dispersion of H, (k) is
e, (k) = (kK + k;)/(Zm) +Alk.k,| —p. Heretlabel the band

index. Projecting A(k) onto the bands leads to Ay = A, + A |k.k,|.
Given that A, A, > 0, nodal points can only appear for A_ on the
“—7 band. The nodal condition would be |kk,|=AJ/A, has
solution on the FS given by ¢_(k) = 0. By using the mathematical
inequality k> + ki <2lk,k,|, it can be shown that the nodal

condition is given by,
A v

A, T 1/m—A’
which is shown in Fig. 2b. In general, the ratio A/A, should
depend on both interaction strength in each pairing channel and
the orbital hybridization strength. This gives rise to the condition
of nodal A;g-type s-wave superconducting states. Therefore, it
could not only explain the anisotropic gap functions observed in
the FeSe thin film (fully gapped) but also the nodal super-
conductivity in LaFePO and LiFeP. Around one linear Dirac
node, the effective Hamiltonian up to linear-k can be mapped out
as

(13)

0,T

Hp = ko7, + ky3,7,,

(14)

where ki, k, are liner combinations of k, and k,. All the other
Dirac nodes are related to this one by reflection symmetries.
Then, we only need to focus on H,, which is a Dirac Hamiltonian
with topological charge (winding number) + 2, whose node is
protected by the chiral symmetry (i.e., the product of time-
reversal symmetry and particle-hole symmetry). The 27 winding
number is due to the presence of inversion symmetry and time-
reversal symmetry. To analytically show the topology of Dirac
nodes, we apply perturbation analysis with respect to PT
symmetry (i.e., the product of time-reversal symmetry and
inversion symmetry) and Chiral symmetry. Note that the PT
symmetry can be also C,,T symmetry for a 2D or quasi-2D SC.

The projected symmetry representations are given by PT = 0,7,

and C = 6,7,. As expected, the PT symmetry commutes with 7},
while the Chiral symmetry anti-commutes with 7},. Then, local
perturbations preserving PT and Chiral are

0,7

, L~
Hp = m0,T, + m,0,7,,

(15)

where m; and m, represent perturbation strengths or mass terms.
The spectrum of H, + H}, are given by

(16)

which indicates that the Dirac nodes are movable but not
removable. For  example, ky=510.7k, +76.5k,  and
k, = —14.7k, — 40.9k, around one Dirac node. Then, turning
on the SOC vy, = 15 meV - A, we numerically confirm the nodal
SC phase with A, =3 meV and A, =200 meV - A2, shown in
Fig. 2c, where the logarithm of superconducting gaps are plotted.
The eight dark red points are the linear Dirac nodes. Based on the
topology-protection argument, the interplay between intra- and
inter-orbital pairings for nodal superconductivity is robust
against local perturbations. Note that our results are different
from a previous work34, in which the d-wave pairing symmetry

E= i\/kf+k§+m%+m512|mlk2+m2kl|,

@ o (b) _4 ©
= =]
—_ = Nodal SC _
£- : -
< 3 2 y <
2 e
< [N
©} Fully
o) gapped «
T > > 3
-0.3 0 0.3 5 10 -0.3 0 0.3
ki [A*l] A, [meV] k, [A—I]

Fig. 2 The application to iron-chalcogenide superconductors with/without linear Dirac nodes. In (a), the two-electron pockets around the M point. For
zero spin-orbit coupling, ve, = 0, (b) shows the phase diagram as a function of the intra-orbital pairing As and the inter-orbital pairing A,. For the gap
parameters represented by the green dot in (b), the nodal superconductor is exhibited in (c), where the eight dark red points represent the chiral

symmetry-protected Dirac nodes.
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induced nodal SC. In experiments, the nodal gap structure could
be detected by measuring the temperature dependence of physical
quantities like specific heat and penetration depth at low
temperatures. A power law dependence usually indicates the
existence of nodal structures (point nodes or line nodes), whereas
exponential dependence implies the SC is fully gapped3.

Applications to superconductors with nematic order. In addi-
tion to the crystal field splitting, the many-body electron-electron
interactions may also lead to orbital hybridization, such as the
nematic ordering in the normal states (See Supplementary Note 5
for details). The rotational symmetry reduction could either be
from interaction-induced spontaneous symmetry breaking or
from explicit symmetry breaking from, say, adding external
strain. Then the natural question to ask is whether it is still
possible to have an orbital-dependent pairing order characterized
by some d,-vector. Interestingly, we find that the orbital-
dependent pairing can coexist with the electronic nematic
ordering as long as d, is parallel to the g, which is an effective
orbital-hybridization vector that also contains the nematic order.
This establishes a deep connection between SCs with nematic
order and spin-singlet orbital-triplet pairings. In the following, we
study two typical examples.

e For case A [two-orbital system], we apply the theory to fit
the anisotropic superconducting gap of the hole pocket in
the bulk FeSe measured by the quasiparticle interference
imaging!2.

e TFor case B [two-valley system], we use a toy model to
demonstrate the possible existence of s+ d-like nematic
nodal superconductor in two-valley systems on a honey-
comb lattice. We also show the transition between
U-shaped and V-shaped quasi-particle density-of-state by
tuning the chemical potential.

Case A: two-orbital model for the bulk FeSe SC. We discussed
the possible anisotropic A,-type s-wave pairing states for the C,-
symmetric iron-chalcogenide SCs including fully gapped FeSe
thin film and nodal SC in LiFeP and LaFePO. Here we investigate
the C4-breaking nematic SC in bulk FeSe. Let us revisit the iron-
based SC with a well-established nematic ordering. We consider
Hine = v171,(r)71,(x), where #; is electron density operator for the
i-atomic orbital. If (#1,)#(#,), C, (n>2) is spontaneously broken
down to C, and we have the nematic order. The intra-orbital
interaction does not alter the mean-field results for nematic
orders (See Supplementary Note 5). The total inter-orbital
hybridization contains two parts,

gtot(k) = go(k) + gnem’ (17)

where g,(k) is caused by the crystal field splitting and
Gnem = (0,0,®P) is induced due to the nematicity
® = v,(n, — ,), which is momentum-independent if translation
symmetry is to be preserved. Hereafter, we focus on the hole
pockets around the I point to fit the experimental data of
superconducting gap functions'2. We will see that even this
simplified weak-coupling model, where the coupling between the
hole pockets at the I' point and the electron pockets at the M
point is ignored, can produce a descent fit the experimental data.
A similar result is expected for the electron pockets near the M
point. Replacing g, with g in Eq. (5), we can still use Eq. (8) to
investigate the interplay between superconductivity and nematic
order, thus the orbital d,-vector satisfying d,||g.c leads to the
nematic superconductivity. Thus, it generally shows the A, -type
s-wave spin-singlet orbital-triplet pairings in nematic SCs.

This scenario can be adopted to study the quasi-two
dimensional bulk FeSe, where superconductivity (T.~8 K)
emerges inside a well-developed nematic phase (transition
temperature Tpem ~ 90 K3¢), shown in Fig. 3a. For a minimal
two-band model’” for the bulk FeSe with {d,., d,.}-orbitals, g, =

(2k.k,, 0, K — k;) and  guem = (0,0, ®)383%.  Therefore, the
nematic orbital d,-vector with d,||g breaks C, (see Supplemen-
tary Note 5 for more details). The projected pairing gap function

on the large Fermi surface is given by

Bes0) = A&, + A/ (A, (8 — )+ O + @A,k k)%. (18)

If ® =0, Agg(k) is reduced to A + ADIAOI(ki + k;) that is in the
isotropic limit. The presence of @ is the driving force for the
anisotropy of Agg(k). When the nematicity @ is strong enough,
the orbital d,-vector will be pinned along the z-axis, resulting in
the so-called orbital-selective pairing states. We adopt the realistic
parameters for the bulk FeSe SC from Ref. 3 to calculate the
superconducting gap measured by the quasiparticle interference
imaging!2. In Fig. 3b, we show the angular dependence of the
pairing gap around the hole pocket at the I'-point of FeSe in the
presence of nematic order. Our theory provides an equally decent
fit to recent experimental data!? as the intra-orbital s + d-pairing
theory proposed by Kang et al.3%, even though our work uses a
simplified model without considering the coupling to the other
two electron pockets. Our theory shows more clearly the role of
nematic order on the pairing symmetries. Therefore, the theory
developed in this work may alternatively explain the experimental
evidence of orbital-selective pairings of the FeSe SC in refs. 1227,
and reveal a deep connection between nematic SC and spin-
singlet orbital-triplet pairings. It has to be mentioned that here we
only focused on the hole pockets around the I' point and
discussed the nematicity-induced gap anisotropy around the hole
FS. There are other possible mechanisms for gap anisotropy in

(@)

Nematic . Normal
Nematic metal
SC metal
0 TC Tnem
(b)3.0 o Experiment @ This work @ Kang et al. ]
~ 25
S
4 2.0
15
(o))
g’ 1.0
® 0.5
o
0.0 k . . . g
0 77/2 7T 371/2 27T

Fig. 3 The application to bulk FeSe superconductors with nematicity.

a Schematic phase diagram vs temperature T for normal metal (T> Tpem),
nematic metal (T < Tpem), and nematic superconductivity (T<T,).

b Angular dependence of the superconducting pairing gap: comparison
between experiment data (black dots) by Sprau et al. ref. 12, our theory (red
line) and the theory proposed by Kang et al.3% (blue line). Fitting
parameters used for our model: A;=2.6, A,= — 0.055 in Eq. (18). All the
other parameters used are the same3?, including the chemical potential,
effective mass, orbital hybridization, and nematic order.
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Fe-based SCs. For example, a previous work# discussed, among
other things, the anisotropy/isotropy of the SC gap around the
electron pockets at the M point, where the degree of anisotropy
depends on the J;-J, magnetic frustration in the proposed five-
orbital #-J;-J, microscopic model.

Case B: two-valley system superconductivity. Similar to the two-
orbital systems considered above, we discuss in this section
superconductivity in two-valley systems, like single layer gra-
phene SCH or transition metal dichalcogenide (TMD)#2, where
the pairing can be between opposite valleys K. The spin-singlet
pairing is merely characterized by the orbital d,-vector with
A;=0 in Eq. (2). For the single-particle Hamiltonian, the inter-
valley hopping is naturally forbidden by translational symmetry,
namely, 1,=0 in Eq. (5). Then, we consider the inter-valley
scattering Hamiltonian,
Hine = Siee.o V& — K (K, oK) (K)e_ ,(K). It generates
the inter-valley coupling g;,. by defining the order parameter
O(k) =X, Vik —K)(c erU(k/)c:‘j(k/)) that  spontaneously
breaks the translational symmetry,

gint(k) = (gint.l(k)a gint,Z(k)’ 0)7 (19)

where g 1(k) =Re[D(k)] and gino(k) = — Im[O(k)]. In this
case, TRS is 7 = i1;0,K and IS is 7 = 71,0,. The d,-vector is
manifested as d, = (d,(k), id,(k), 0) with d;(k) =d;(—k) and
dy(k) = — d,( — k). Both d, (k) and d,(k) are real to preserve TRS.
As for the interaction-induced g;,, 7 and 7 require g, ;(k) =
Zint1( — k) and g, (k) = 0. By symmetry, there are two general
possibilities. One is giy,1(k) =1, so C;x Z = Cy is preserved, and
it describes the charge-density-wave order344, The other one is
gim_rl(k) € {kxky7 ki - k;} that spontaneously breaks C¢ down to
C,, forming a nematic order. This is experimentally possible for
the strain-induced Kekul’e distortion (i.e., »/3x +/3 type).

We next discuss superconductivity in the presence of inter-
valley couplings, by replacing the g,-vector in Eq. (5) with the
interaction-induced g;,,. As a result, Eq. (8) is still applicable. It is

similar to a recent work®> where the charge order coexists with a
sublattice-selective non-unitary pairing state.

The nematic inter-valley coupling is represented as
Gine1(K) = 1+ 2t k.k, + ty(k2 — k;), which requires that d, (k) =
(1 + 2t kk, + ty (k2 — kj), 0,0) (see Supplementary Note 6).
Here the normalization factor has been dropped without
changing the essential physics. The system is fully gapped if the

s-wave gap is dominant (1 3> /#? + t3), otherwise, it is a d-wave
dominant nodal SC (1 <« /# + £2).

As a concrete toy model, we look at superconductivity on a
generic honeycomb lattice with two valleys K., with the
Hamiltonian around the two valleys given by,

Hy(k) = e(k)7y00 + a(ki - 3kxk§) 1,04, (20)

where the two-valley basis used here is given by 1//17: =
(ck_+(0), ¢k (), ck_4(K),cf | (K)) and e(k) takes the same
form as in Eq. (5). The parameter « determines the C; anisotropy
of the contintum model around each valley. This Hamiltonian
was used as an effective model*® to study twisted bilayer
graphene.

Including the inter-valley scattering effects, the one-band
model is given by

HK) = e(K)7y0, + a(kf; - 3kxkj) 7,00 + A [gi (K) - 7105,
(21)

where the A;,, determines the strength of the inter-valley
scattering. In Fig. 4, we present representative numerical results
for Eq. (21). Panels (a—c) illustrate Fermi surfaces with varying
parameters, while panels (d-f) depict the corresponding quasi-
particle density of states (DOS).

In the absence of inter-valley scattering (A;,; =0), the Fermi
surfaces (FSs) around the two K, valleys are plotted in Fig. 4a. As
expected, with a fully symmetric s-wave pairing characterized by
d,=(1,0,0), a fully gapped or U-shaped quasi-particle density-

Nodal line

Nodal line

Nodal line

Nodal line

0 0
-15-10-0500 05 1.0 15 _2 _q
E

0 1 2 -2 -1 0 1 2

E E

Fig. 4 Fermi surfaces (FSs) at the K. valleys and the quasi-particle density of states (DOS). Panels (a-c) show FSs with varying parameters, while panels
(d-f) exhibit the corresponding quasi-particle DOS. The C¢ symmetric FS without inter-valley scattering is shown in (a) and its DOS with an isotropic s-
wave pairing is given in (d). b Shows Cg-breaking FSs due to the inter-valley scattering, together with the nodal lines of nematic pairing. There are no nodes
on the FSs and the corresponding DOS is shown in (e). ¢ Is similar to (b) but with chemical potential x4 adjusted so that the nodal lines intersect the FSs,
hence a V-shaped DOS is obtained as in (f). Parameters used are the following, the Cs anisotropy a = 0.2, the coefficients for basis functions

t; = 0.15, t, = 0.25, the orbitial-dependent pairing gap A, = 0.5. For (a) and (d) u = 1.5 (chemical potential), the inter-valley coupling gi,: = O; for (b) and

(@) u=15,gint=0.7; for (¢) and () u=2.7,gi,y =0.7.

COMMUNICATIONS PHYSICS| (2024)7:10 | https://doi.org/10.1038/s42005-023-01495-4 | www.nature.com/commsphys

98



ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01495-4

of-states (DOS) is obtained and shown in Fig. 4d. Then we
include the aforementioned inter-valley scattering g;,, that breaks
Cs down to C,. As a result, our theory implies that the effective
nematicity generated will favor a nematic pairing characterized by
d,/Igine. Consider the generic form d, = g;,, = (1 +2t,k.k,+
tz(ki — k)z,), 0,0), the resulting Cg-breaking FS are shown in
Fig. 4b, ¢, where the nodal lines of the pairing are also shown. By
tuning the chemical potential y, the FSs and nodal lines can go
from non-intersecting in Fig. 4b to intersecting in Fig. 4c, leading
to the corresponding evolution from the gapped U-shaped DOS
in Fig. 4e to the gapless V-shaped DOS in Fig. 4f. Our results may
explain the experimental observations in magic-angle twist
bilayer graphene that reports the nematic order?’, and
V-shaped DOS*8 at the specific doping level.

Discussions

We briefly discuss the difference between our theory and the
previous studies?! for nematic SCs. One example is a pairing state
belonging to a 2D irreducible representation (Irrep), e.g., the E-
pairing in Cu or Nb-doped Bi,Se;**°0 and UPt;°1:°2, A real order
parameter vector (Ag;, Ag,) spontaneously breaks Cs, leading to
nematic superconductivity. Alternatively, a nematic SC can be
formed by mixing two different 1D-Irrep-pairing channels. In
FeSe>3:54, the nematic order breaks the C, down to C,, which
mixes the s-wave and d-wave pairing channels. However, T, of the
(s+d) orbital-independent pairing state could be generally
affected by increasing nematicity, because of the significant
change in the density of states at the Fermi energy. In our theory,
the (s + d)-like nematic d,-vector coexists with the nematic order,
so T, is almost unaffected by increasing nematicity. Therefore, it
may help to distinguish our results from previous proposals in
experiments, where one may use the chemical or physical pres-
sures to tune the nematicity and measure T, as a function of

4 N

(a)

TRS-breaking
orbital-triplet SC

X I X

v
4

@Ob_

pressure®. Nevertheless, more efforts are necessary to test the
results established in this work for nematic SCs.

In addition to the above discussions for the time-reversal-
invariant superconducting states, we also comment on the effects
of the spontaneous TRS-breaking, where a complex orbital d,-
vector generates the orbital orderings as M, = — iy;/a(d x dH,
of which only the y-component breaks TRS (see details in Sup-
plementary Note 7), as illustrated in Fig. 5a. Alternatively, the
corresponding quasi-particle spectrum in Fig. 5b shows the two
distinct gaps, similar to the range given by Eq. (6). More expli-
citly, we schematically plot the atomic orbital-polarized density of
states (DOS) by defining |+) = |1) + i|2) for complex orbitals,
where D, # D_ at finite energy clearly indicates that the DOS is
orbital-polarized, which is consistent with the Ginzburg-Landau
theory, shown in Supplementary Note 2. Moreover, we also find
that the orbital-spin conversion would lead to the spin-polarized
DOS®.

The above result for orbital-triplet pairings is similar to the
superconducting gaps for non-unitary spin-triplet SCs®. By
symmetry, the Gizburg-Landau free energy is the same. To show
the similarity, for the single-band spin-triplet SCs°7, the spin-
triplet pairing potential is generally given by A(k)=
Ay[d (k) - 6](io,), where A, is the pairing strength and ¢ are Pauli
matrices in the spin subspace. Due to the Fermi statistics, the spin
dy(k)-vector has to satisfy dy(k)=—d,(—k). The d,-vector
formalism is firstly developed for He® superfluid®®. And it also
occurs in noncentrosymmetric SCs, the spin d(k)-vector is
usually pinned along a certain crystal axis since superconductivity
is non-suppressed only for d,(k)||g.(k), where g(k) represents the
Rashba spin-orbit coupling (SOC)*®. Besides, there is intrinsic
spontaneous spin-polarization induced by the non-unitary pair-
ing, dy(k) = k.(1, — in, 0) with real #,. Fig. 5c shows the spin
expectation value of the Cooper pairs (M, o id(k)x dy(k) =
25,k*°¢ ,). It is an equal-spin pairing so that g3 is conserved, and

4 N

(c)

TRS-breaking
spin-triplet SC

X id. X

AEy, AW
(@ e
Ky E] D,

Fig. 5 Schematic diagrams for the time-reversal symmetry (TRS) breaking effects. a, b Are for orbital-triplet superconductors (SCs), while (¢) and (d)
are for spin-triplet SCs. As for orbital-triplet SCs characterized by a d,-vector, (a) shows a complex orbital d,-vector that spontaneously breaks TRS and
results in the TRS-breaking orbital-polarization M, « id, x d; and (b) shows the quasi-particle spectrum along k, and the orbital-polarized density of states
(DOS) D. with | ) representing |1) +i|2). As a comparison, in spin-triplet SCs, (¢) shows the superconductivity-induced spontaneous spin-polarization
M, « id;x d}; and (d) shows the two distinct gaps of the quasi-particle spectrum along k, and the spin-polarized DOS D, with ¢ = {1, {'}. The gapped
spectrum is plotted for k, # O and the node in DOS profile is due to the nodal line at k, = 0.
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non-zero M leads to two distinct superconducting gaps of the
quasi-particle spectrum®®, shown in Fig. 5d. In addition, the
density of states (DOS) is spin-polarized, namely, Dy # D, at finite
energy w, as illustrated in Fig. 5d.

To summarize, we have derived a general weak-coupling cri-
terion to investigate the spin-singlet orbital-triplet pairings in
nematic SCs. For technical convenience, we adopt the orbital d,-
vector to describe the spin-singlet orbital-dependent pairing
states and the g,-vector for the orbital hybridizations. The main
results of this work include, first, we demonstrate that an orbital
d,-vector that is parallel with g,-vector for orbital hybridizations
is possible to be realized in real superconducting materials. Sec-
ond, the interplay between intra-orbital and orbital-dependent
pairings that belong to the same symmetry representation can
explain the observation of robust Dirac nodes in the quasi-2D
iron-based SCs. Remarkably, we find that d,-vectors could even
coexist with many-body interaction-induced nematic orders or
charge-density-wave orders when d, « ot = 8o + 8nem (O Gint)-
Moreover, our theory discovers the important role of nematic
orders in SC pairing symmetry, which builds a possible bridge
between repulsive interaction-induced nematic orders and
nematic superconductivity and also reveals a deep connection
between spin-singlet orbital-triplet pairings in nematic SCs. Our
results may be helpful in understanding the nematic super-
conductivity in bulk FeSe. Our work will motivate more theore-
tical and experimental efforts to search for spin-singlet orbital-
triplet SCs, even for topological superconductivity, which might
contribute to further understanding the effects of spontaneous
symmetry breaking on superconductivity.

Methods

Here we present the derivation for the main result Eq. (8), which
is first order in A,, by solving the linearized gap equation. The
second-order results are presented in Supplementary Note 3. The
general k- p normal Hamiltonian considered in the main text
reads,

Ho(k) = e(l)790, + A,(8,(K) - )0y, (22)

where the electronic basis is made of {1,2}-orbitals

= (e, (0, ¢ | (&), &} (), ¢}, (K), €)= (k; + k;)/2m — p
is the band energy measured relative to the chemical potential y,

Ao represents the orbital hybridization and
8,(k) = (g1(k), 22(k), g5(k)). The TRS 7T =io,7,K requires
g1>3(k) :g1>3( — k) and gz(k) = — gz( — k). It leads that

g,k) -7 = [g,(~k) - 7]". (23)

Besides, we set A, >0 without loss of generality. The Matsubara
Green’s function for electrons is G,(k, iw,) = [iw, — Hy(k)] ™"
and that for holes is G, (k, iw,) = —G:j(k7 iwn). Here f=1/kgT
and w,, = (2n + 1)7/B with n integer. Therefore,

P .M
Gl i) = 19 + A lg,001 T, = () — A jg, 0]
ﬂummﬂ®+@®mmﬁ»

(24)
P P,k
Gk i) = o1 — Mg, 001 T fw, + e + L,

£G, (k,iw,)P_(k) + G (k, iw,)P, (k),
(25)
where P, (k) = (1% go(k) 7) with g (k) = g,(k)/ Iga(k)l Here

* H —_
Gk iw,) = G, gaol and G (kie,) =5 = En G
We expand the attractive interactions as

slasz
sa SHY

(e, K) = —

5,a,5,b

S vl () - Tio,]
Tl (26)
x [dg’l(k,) : Tiaz]s/lugs/zhw

where v5>0 is the interaction strength of the irreducible repre-
sentation channel T of the crystalline group, and
I=1,2,...,DimTI. Each pairing channel I' gives rise to an SC
critical temperature T', and the actual transition temperature of
the system is given by the largest of these critical temperatures. In
our work, we mainly focus on the case where DimI' = 1, which is
sufficient for the applications discussed in the main text. The
coupling between orbital-dependent pairings and orbital-
independent pairings will be discussed in detail later. The tran-
sition temperature T' of orbital-dependent pairing channels is
calculated by solving the linearized gap equation,

A )= X v

susb
ﬁ"-’nsu’s”

% [G(K, iw,)AK)G,(—K , iw,)]

(k. K)
27)

oY
sia\shb

which is reduced to viy'(T) — 1 = 0 with the superconductivity
susceptibility x'(T) in “the channel T defined as,

(1) = —%kzw Tr [(dg(k) - 1ioy) Gk, iw,)(dL(K) - Tio,)G,(—k, iwn)]

(28)

__ Bkzw z Gi(k, iw,)Gh (K, iw,)

< Tr [(@)(K) - 1) P00 - 7Py,

(29)

where «, f€{+, —}. For notional simplicity, the superscript T
will be dropped when there is no danger of confusion. Firstly, let
us calculate the trace part. In the following calculation, we will use

Tr [(d,(k) - )P, (K)(d, (k) - )P, (k)]
+ Tr [(d, (k) - )" P_(k)(d, (k) - ©)P_(K)]

= (@09 4,0)) +2(d20) - §,00) (4,00
'go(k)) (d:(k) ' do(k)) (go(k) ! go(k))'

(30)

And,

Tr [(d,(k) - )" P, (k)(d, (k) - T)P_(K)]

+ Tr [, (&) - 1) P_(K)(d, (k) - )P, (k)]

= (&) - d,(k)) — 2(d; () - g,(®)) (d,(K) - §,(K))
+ (d5(K) - d, (k) (8,1) - §,(K)).

(3D

Therefore, we arrive at
Tr (4,0 - )P 0(d, () - P (K)|

=109 4,00) + ia(d, 1) - (4500 x &, (1))
+iB(d5 (k) - (d,(k) x g,(K)))
+ap(2(d ) - g,(1) (d,(K) - §,(K))

—(d5 1) - d,(K)) (8,(K) - g,(K)))]

(32)

Then we have
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1

T) =
x(T) 3

Z T Gelk i, )Gl (k0] (4,00 - d,10)

+ia(d,(k) - (di(k)x g,(k))) + iB(d (k) - (d,(k)x g,(k)))

+ ap(2(d; (k) - g,(K)) (d,(Kk) - g,(K))
—(d5 (1) - d,(1)) (8,(k) - &,(K)))].

(33)
Next, we calculate the integration for > , by using,
N, [*er dQ
> =0 de | — 2, (34)
o, 4 )., Cma

where Nj is the density of states at Fermi surface and Q is the
solid angle of k on Fermi surfaces. Then,

+wp Q
- %[ de/si—ﬂ%G:(k, iw,)G(k,iw,)
N,

+wp 40
=N [ / B i) iwy) )
ﬁ —wp N 27 w,
= xo(D),
On one hand,
+wp
/ de Y Gf(k, iw,)Gl (k, iw,)
+wp 1 1
= d
/—wu e%}iwn +€eiw, —€
(36)

+op  tanhfe
—p / de T
—wp 2€

Pon/2  tanhx 2e’w
= ~ 1 D
p /0 x x Fin < ”kBT) ’

where the approximation is done at low temperature when
—> 090,

On the other hand, we could find a series representation for yo,
which also applies to the case where A, # 0, so that y, = y(1, =0)
and y(A, # 0) can be related by a simple relation. The way to do it
is to perform the integration in e first. More precisely,

+wp
/ de X GI(k, iw,)Gy (k, iw,)

@p

r+wp 1 1
- [ e

—w, W0, €W, —€

“p 1 1
=2Re > de - -
n20J o, 0, +€iw, —¢€ (37)
5 ﬁwnd 1 1

= 2R

p enzo,_ﬂwn €i27l'(7’l+1/2)+€i27‘[(n+1/2)—€

00 1 1
~ 2R d
BRe | it 1) T et 1) —¢
1
= R _—
ey

where the low-temperature limit is again assumed and the inte-
gration is done using the residue theorem. In the same spirit, we
have,

+wp
/ de > GHk, iw,)G; (k, iw,)
—(UD n 1 (38)

o
n20n 4 1/2 + i% 50N

= fRe

Now by introducing the digamma function defined on the
complex plane,

1 1
O(z) = — — 39
voe y+n22:0<1’l+1 n—l—z)7 (39)
we have the following relation,
+wp
/ de Y Gf(k, iw,)G, (K, iw,)
; +wp
_ /_ ) e3> GL (k. i0,)G (k. i, w)
1 1 Algk)|
— OfZ) _ yOfZ 0
= FRe {V’ <2> v (2 Tk, T
= ﬁCO(T)7
where x,(T) = Nyln (Zifli:;’), y=057721--- is the Euler-
Mascheroni constant and wp, is the Debye frequency.
Therefore,
N, [t ao_. . )
—— — k Fk
ﬁ —ap d€/s 27T % Ge ( ’ lwn)Gh ( 71wn)
+wp
=N [ e [ G i, )Gy (ki) (A1)
ﬁ —wp N 2n @y
daQ
Now we can proceed to calculate x(T) given in Eq. (33),
dQ .
(D =30 [ 514, &) (12)
s 4T
dQ 2 .2
(0 [ 5 (148 =14, &) (43)
dQ 2 Y
v [Srem(ar-la-gf) @
dQ 2 .2
:XO(T)—i—NO/S%CO(T)OdG} —l4, &) @9

In the calculation, we use normalized gap functions with
fsd—ﬂ d; - d, = 1. It leads to,

2
T\ _ [do ) s
hl(TTo) _/SE CO(TC)<|do| - 1|d,- g, )7 (46)

where T, is T, for A, = 0 case by solving voyo(To) = 1. This is the
Eq. (8) in the main text. In general, the right-hand side of Eq. (46)
suppresses T,. It clearly indicates that T, would not be suppressed
by orbital hybridization once d,||g, for all k. So we conclude that
the orbital d,-vector is possible to be stabilized in materials.
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Supplementary Note 1 Two definitions for the orbital d,-vector

In the main text, we take the general pairing potential of a two-orbital SC,

Aror(k) = (AT, (k)70 + Ao (do (k) - 7)) (i02),

10

10

(1)

where A; and A, are pairing strengths in orbital-independent and orbital-dependent channels, respectively. Here 7
are Pauli matrices acting on the orbital subspace and 7y is a 2-by-2 identity matrix. In the absence of band-splitting
caused by spin-orbital couplings, the gap function on the Fermi surface is

Ak) = V[AP2 (k) + Ao [do (k)] £ [qol,

(2)

where q, = i|A,|?(d% (k) xd,(k))+ Re[A*A,d,(k)]. This expression is mathematically similar to the superconducting
gap of non-unitary spin-triplet SCs.

* hu.lunhui.zju@gmail.com
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At this point, it is a good place to comment on the other possible way to define the orbital d,-vector. Different from
the one used in the main text, this definition groups the pairing term into orbital-singlet and orbital-triplet parts. In
the form of Eq. (A1), U,(k) and dl3(k) are even in k, but d?(k) is odd in k due to Fermi statistics. By regrouping
the terms based on the parity in k, we have

A(k) = [Aod2 (k)70 + (—idod (k), Ay (k) iAody (K)) - T](12i02), (3)

which contains d, - 7 with the new d,-vector redefined in terms of the original amplitudes and form factors. In
this form, the first part is odd in k, which is the orbital-singlet part, and the second part is even in k and gives
orbital-triplet state. Supplementary Table[I] gives a detailed comparison between the two definitions of the orbital
d,-vector. The spin ds-vector is also presented for completeness. It shows that the definition of orbital d,-vector
used in the main text is more convenient to discuss the spontaneous TRS-braking pairing states.

orbital d, orbital &o spin ds

Pairing potential [AsU (k)10 + Avdo(k) - T]io [AS 0 s(k)10 + Aodo(k) - T|T2i02 [Aids (k) - olios

Parity U, (k), d2(k) odd; d-3(k) even U, (k) odd; do(k) even d;(k) odd

Vi (k) = W (k);
TRS ‘ggg - 3’((11{‘)) (d52))" = —db(k); d: (k) = d, (k)
’ ’ (2) = d2)
TRS breaking complex d, d’?(k) real or dZ(k) complex complex ds
spontaneous AOP/SP M, x id} (k) x do(k) M,  id} (k) x do(k) M, x idj;(k) x ds(k)

Supplementary Table I. Comparison between the two possible definitions of the orbital d,-vector in spin-singlet SCs, together
with the spin ds-vector of spin-triplet SCs. The parity properties are obtained from Fermi statistics. The TRS row gives the
transformation properties in order to preserve TRS. Both the atomic orbital polarization (AOP) and the spin polarization (SP)
take the same form in terms of their respective d-vectors.

Supplementary Note 2 Classification of spin singlet pairing states with
C,, and TRS

In this section, we classify the possible spin-singlet pairing states constrained by C,, about z-axis and TRS. We also
discuss the spontaneous time-reversal symmetry-breaking pairings and the induced orbital polarized density-of-states.

A. Classification of pairings

The pairing potential A(k) transforms under the rotation C,, as
Culd (O = ¢ A (0 ), (4)

where J labels the irreducible representations of the ', point group. For example, J = 0 is for A representation
and J = 2 is for B representation. Firstly, the TRS requires the coexistence of Ay and A_; with equal weight. If
the rotation symmetry C,, is further imposed, then J and —J have to be equivalent modulo n, i.e. J = —J mod n.
The results for the basis functions of ¥4(k) and d,(k) are summarized in Table (1) in the main text. Here, the
k.-dependent pairing symmetries are also presented for completeness. However, such pairings are neglected in the
main text where we mainly focus on 2D systems.

When inversion symmetry is also present, it leads to the following constraints for different orbital basis,

1.) If the inversion symmetry is Z = 1909, two atomic orbitals have the same parity, it requires that d2 = 0.
2.) If the inversion symmetry is Z = 7300, two atomic orbitals have opposite parities, it require that d = 0.

3.) If the inversion symmetry is Z = 7100, two orbitals are the valley indexes, it require that d> = 0.
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B. Spontaneous TRS-breaking orbital-polarization

Next, we study spontaneous TRS-breaking and its consequences for a two-band SC with {d,., d,. }-orbitals. Z =
T000 constrains the orbital d,-vector to be (d; ¥} (k),0,d3¥3(k)) for Eq. (??). Under C,, (T), the orbital d, transforms
as d, — ¢277/7d, (d, — d%). Choosing \/|d1|? + |d3]2 = 1, the set of superconducting order parameters are given by
{As,A,,d £ (d1,0,d3)}. Furthermore, the orbital orderings can be characterized by M, o ZkJ(c:fm(k)Tabcgb(k)).
The total GL free energy preserving the U(1) x T x C,, X Z symmetries is constructed as,

]:[AS7A07d7MO]:F1+f2+]:3+]:43 (5)

where 71 = 201 (T)| Ao + 281|126 [* + 2o (T)| Ay > + 2 82| A |* + 2aar| M, |%, determining the gap strengths by using
a12(T) = 04(1)’2(T/T61’2 —1) and Oéé’Q,OéM,ﬂl)Q > 0. The second term is Fo = B|di|* + f'|d3|* with 3,8’ > 0, which
determines d. In addition, there are two possibilities to achieve the spontaneously TRS-breaking states, which are
described respectively by F3 and Fy,

F3 = b A*A, + bo(AH?(AL)? + hec., (6)

Fi=%(T)(d x d*)? +iyiM, - (d x d*) + h.c.. (7)
The F3 term in Eq. @ helps to develop a relative phase difference between A and A, of being +7/2 when b, = 0
and by > 0 [1]. As for the by < 0 case, the TRS-breaking is caused solely by the Fy term in Eq. . For example,
Y(T) = v (T/T. —1) and T, < T,, where T is the critical temperature for the spontaneous TRS-breaking inside the
superconducting states. When T' < T, the orbital d,-vector becomes complex, then it generates the orbital orderings
as M, = —iv1 /ap(d x d*), of which only the y-component breaks TRS, as illustrated in the main text (see Fig. 1).
More precisely, MY o< 37y ,(fig+ (k) — o, (k)). Here we define [£) = [1) 4 i|2) for complex orbitals, thus Mg # 0
indicates the TRS-breaking orbital-polarization (OP), similar to the time-reversal-odd polarization of the Cooper

pairs discussed in Ref. 2] 3].
We next solve the Bogoliubov-de-Gennes Hamiltonian,

Hpac|En(k)) = En(k)|En(k)), (8)
|En (k)> = (Uszz,m Uszz,w v:il“,T7 ngz,,l,ﬂ Ugyzm ugyz,¢ﬂ v:ilyz,Tv 'Ugyz,,L)Tﬂ (9)

The quasi-particle spectrum is plotted in the main text (see Fig. 1), where two distinct gaps appear. Then, we
calculate the atomic orbital-polarized density of states (DOS),

DuB) = 5 3 Il 26 (B~ B (1), (10)

o,n.k

where ug , = ug . —ikug , with k =+ for dy. £ idy, orbitals, and d(z) is the delta function. In Supplementary
Fig. the numerical results help to confirm a two-gap feature due to the spontaneous breaking of TRS, compared with
the quasi-particle spectrum. Moreover, D, # D_ at finite energy clearly indicates that the DOS is orbital-polarized,

which is consistent with the GL analysis. The orbital-spin conversion would lead to the spin-polarized DOS [4].

Supplementary Note 3 The stability of orbital d,-vector under crystal
fields

In the Method section of the main text, we derived our main result up to first-order in the coupling \,. Here, we
first address the situation where multiple pairing channels with possibly different pairing strengths coexist. Then we
show the second-order result in A,.

A. First-order result applied to multiple coexisting pairing channels

We have the following first-order result,

T.\ dQ) 2 .12
(72 ) = [ e (14 - iy el (1)
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0
‘LL\ ke 0 D,
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l

Supplementary Figure 1. The TRS-breaking effects for spin-singlet two-band SCs. (a) A complex orbital d,-vector sponta-
neously breaks TRS and may give rise to the TRS-breaking OP with M,  id, x dj,, which is the same plot in Fig. (1b) in the
main text. (b) The quasi-particle spectrum along k = (kg, 0) is shown. (c) The orbital-polarized DOS D4 with + representing
dy-  idy. are exhibited. Parameters used are: A\, = 0.1, A, =1, A; = 0.1, p = —0.5, to = 1, do = (cos 55,0, isin g5).
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Supplementary Figure 2. Different behaviors of T/=° and 7/=2? under orbital hybridization. Here dJ=° = k;Q(kzg -
k‘iv 07 2k90ky)7doJ=2 = %(17 07 1)7 and 8o = k%(lvoy 1)

which is derived with the assumption that there is only one pairing channel. Here, we elaborate on a subtlety
mentioned in the main text that might arise due to coexisting multiple pairing channels belonging to different 1d
irreducible representations. In the weak-coupling theory and without orbital hybridization, the critical temperature
for a particular channel I is simply obtained by solving the linearized gap equation v!'xo(T.) = 1 and the solution

1

is given by T, = %e_m. This means that the critical temperature in each channel is solely determined by the
strength of the pairing interaction in that particular channel. The leading instability channel has the largest pairing
interaction, which determines the T,.. However, when orbital hybridization is considered, the story could change.
Depending on the relation between dl and g,, some pairing channels will be suppressed more than the others.
Therefore, the previous leading instability channel could become sub-leading in the presence of orbital hybridization.
In Supplementary Figure we take the J = 0 and J = 2 representations under Cy as an example, with the assumption
that v/=0 > v/=2. We see that 7= starts higher than T;/=2, but since d/=2 is parallel g, and d/=° is not, T;/=2 is
not suppressed by A, whereas T/~ is suppressed and eventually becomes lower than 7,/=2.

B. Second-order approximated results

In this subsection, we consider the coupling between orbital-independent pairing (¥, (k)-part in Eq. ) and orbital-
dependent pairing (d,(k)-part in Eq. ), and study the second-order approximated results for the above conclusion.
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The attractive interaction is now decomposed as

V;l‘f S%’g, (k, K') = —vo[do(K) - Tioo]s,a,s,0[do(K) - Tioo]srar sy — v1[Ws(K)ioa]s, 50 [Ws (K ioa] s o, (12)
where v is the interaction strength in the orbital-dependent channel and vy is the interaction strength in the orbital-
independent channel. And they belong to the same representation of symmetry groups, leading to the coupled
linearized gap equation,

Y X(T) -1 w Xos(T) -
Det ( ngso(T) Ul}(zs(T) — 1) - 0’ (13)
where
Xos(T) = —% D Tr [(do(K) - Tion) ' Ge (K, iwn) (Vo (K)ios) Gh(—K, iwn)] ,
k,w
~ (14)
Xso(T) = —% Z Tr [(s(k)ioa) Ge(k, iwy,)(do(k) - Tioa)Gr(—k, iw,)] .
k,wy,
It leads to
(vox(T) — 1) (v1xs(T) — 1) — vov1Xs0(T)X0s(T) = 0, (15)

Considering the vy > vy case firstly, then, the bare T, of orbital-dependent pairings are larger than that of orbital-
independent pairings, we have

N 'UOleso(T)Xos (T)

T)— =0 16
UOX( ) Ule(T) 1 ) ( )
from which, we define the total superconductivity susceptibility as,
XSO XOS T
V(@) = (@) + XD ReslT) a7)

1/v1 = xs(T)

where x(T') has been calculated in the above subsection (see Eq. (?77?)), and the second part is the second-order
correction. After tracing out the spin degrees of freedom, we have X,s(T) = xs0(T). Following the same procedure
as in the first-order case, we have

+wp
)= =558 [ Ve [ 5055 aGe cian)GRlb (A1) 809) 4]
o (18)
2o / de [ G Y6 (i )G (i) — G (i G k(010 - 2,(10) ¥, ),

which would vanish if A\, = 0, i.e. no orbital hybridization, based on the definitions of G/ e/h —, which in turn, reproduces

the first-order calculation above. At non-zero, but small A, (A\ok% < p), Xos(T') will also be small but non-zero. For
convenience of discussion, we define

NO +wp

o(T,A) =— 5

de Y [GF(k, iw, )Gy (K iwy) — G7 (k, iwn) Gy, (K, iwy )], (19)

Wn,

where §(T, \,) ~ Aok%/p would vanish at leading order (see Eq. (??)). Then we have

o) = 20(T.0,) [ 2000+ ,00)¥. 00 (20)

With this, the total superconductivity susceptibility in Eq. becomes

XoslT) (1) 4+ o). (21)

X () =X(T) + S0 T) =
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where dx(T) is the second-order correction due to the coupling between orbital-independent pairings (¥, (k)-part in
Eq. ) and orbital-dependent pairing (d,(k)-part in Eq. ),

28%(T, M) (f5 L2[(d,(K) - £,(K)) W, (K)))?
Nolog(T/Ts)

ox(T) = (22)

Since we assumed vy > vy, i.e. T9 > T, then the actual transition temperature would be T, ~ T,g > T, giving
log(T./Ts) > 0. As a result, the correction to the susceptibility is positive: dx(7) > 0. Then following the same
procedure as in the previous section, we have

Tc _ 2 5 2 (;X(TCU)
i (75) = [ S eolria) (1a” -1, - f?) + 222, (28)

where the first part is the first-order result (see Eq. or Eq. (5) in the main text; order as O(A,k%/p)), and the
second part is the second-order result (order as O((A\,k%/11)?)). Therefore, we conclude that,

e The first part: it determines the direction of orbital d,-vector to be d, || g,. Because of Co(Tr9) < 0 , once
d, || &, at any momentum k, the first part vanishes.

e The second part: it relates the form Uy (k) to the orbital d,-vector: d, o ¥4(k)g,. Thus, the second part
becomes maximum, leading to the maximal increase of Tg.

Here we have used the fact,

< / ., (k)\Ifj(k)]>2<1, for any scalar W, / 9O 0wk = 1. ”

2 S 2T
And ([ 4 [\I/i(k)‘lfj(k)])2 reaches 1 only when i = j.
Next, we briefly discuss the case where vy < vi. The same result can be similarly argued. In this case, the
dominant pairing channel is the orbital-independent pairing (Ts > Tp), which can induce the orbital d,-vector via

their couplings. Similar to Eq. , we define the total superconductivity susceptibility for orbital-independent
pairings,

N UOUIXSO(T)XOS (T)

Ule(T) - ’U()X(T) 1 = 07 (25)

which leads to
"(T) = xo(T XSO(T)XOS(T) — Noln (2¢«n ng(T) 7 2
D =D+ 5, Sy = Mo (S ) ¢ T (P jal)

thus,
T\ _ o ( S%[(doao 8 (K) ¥, (K))’
In (=) =20"(Te No) X >0, (27)
( s) No fS gQ CO (‘d | - |do go| )

here T ~ T, > T, so that In(-

=) > 0. The correction is in order of O((A, k%/u)?). Therefore,

e The denomlnate' it determines the direction of orbital d,-vector to be d, || g,. Because of Co(T) < 0,
then, — [ Qﬂ £ Co(T.) (|do|2 —1d, - go|2) >0, once d, || g, at any momentum k, the denominate is positive and

minimum.

e The numerator: it determines the local magnitude of orbital d,-vector to be d, x W¥4(k)g,. Thus, the
numerator becomes maximum, leading to the increasing of T,y maximally.

Therefore, according to both Eq. and Eq. , we conclude that the orbital d,-vector that is parallel with
orbital hybridization g,-vector could be generally stabilized in real materials. And we find that

do - :l:\:[ls(k)gm (28)

which is shown in Eq. (6) in the main text. However, it has also a Z5 phase 4, which can be pinned by taking higher
order corrections into account.
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Supplementary Note 4 Formation of the pairing near Fermi surface in
band picture

Here, we provide another perspective on the pairing in orbital channel near the Fermi surface (FS) by looking at
the total free energy of the system in band picture, where the pairing amplitude is treated perturbatively.
In the presence of orbital hybridization or nematic order, the Hamiltonian without pairing is given by

Ho = (ex — 1) 1000 + A(g - )00, (29)

where )\ is taken to be positive. The degeneracy in the orbital channel will be lifted, whereas the spin channel still
has the double-degeneracy. Effectively, the vector g acts as a “Zeeman field” in the orbital space, and the pseudo-spin
will be parallel or anti-parallel to the field for the two splitting levels. And we notice that

g7, Mol =0. (30)

More precisely, the two eigenstates of Ho can be denoted by |E+) = |g;+), where +/— means parallel/anti-parallel
(eigenvalues of the symmetry operator g - 7). Please note that g = g/|g|. And

Hol|Ey) = Ex|Ey), with By = e — p & Ag(k)|. (31)

with A > 0. Setting Ey = 0, it gives rise to two FSs (labeled as FSy) with energy splitting as 2A|g(k)|, which is
approximately as ~ Ak% with respect to €x, = p.
Now we consider the spin-singlet pairing part in the original basis,

Ha = (c] (k). e} 1 (k) [AsT (k)0 + Ao(do(k) - 7)] (c] | (—K), e} | (—k))" + H.c.. (32)
k

The BdG Hamiltonian is then given by
Hpac = (e — 1)7000 + Mg - 7)00) 13 + [As W (k) + Ao (do(k) - 7)] (i02)72, (33)

where ~; are the Pauli matrices in particle-hole channel.
Next, we consider weak-coupling limit (infinitesimal pairing strength, namely, A, — 0) and we use the band picture
to study the pairing Hamiltonian. For this purpose, we rewrite Hy as

Ho= Y E-(k)cl (K)er (k). (34)

k,7,s

where 7 = =+ is the band index and s is for spin. The unitary transformation matrix U (k) in the orbital subspace
leads to the diagonalization of H,

Ut (K)[(ex — 1)70 + A(g - 7)]U (k) = Diag[E (k), E_(k)], (35)
where spin index has been dropped and the 2-by-2 U(k) can be expressed by the eigenstates of H,,
Uk) = {|E4(k)), [E-(k))} . (36)
Thus, UT(k)U(k) = 1. And the time-reversal symmetry requires that
Uk) = (U(-k))". (37)
Acting on the basis, we have

(c] (k) b (k) = (] ,(k), " (k)UT(K) (38)

—,8

where s is for spin. We then project the spin-singlet pairing Hamiltonian in Eq. into the band basis, thus, the
spin-singlet pairing Hamiltonian becomes

Ha =D (ch (k) el (k) {UT(K) [A, (k) + Ay (do(k) - T UK} (], (~k), e | (~k)" (39)
k
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Here U(k) = (U(—k))" has been used. Therefore, the spin-singlet pairing potential in the band basis becomes
Apand (k) = UT(K) [As T (k)To + Ao(do(k) - 7)] U(K). (40)

Thus, the orbital-independent pairings only lead to the intra-band pairings, while the orbital-dependent pairings can
give rise to both intra-band and inter-band pairings.

First of all, we focus on the pure orbital d,-vector (orbital-dependent pairings) by assuming A; = 0. To separate
the intra-band pairings from the inter-band pairings, we decompose the orbital d,-vector as

do(k) = d(k)g(k) +dL(k), (41)
where d) (k) = do(k) - g(k) and d (k) - g(k) = 0. Thus,

e The parallel component: the d|(k)g(k)-part commutes with g - 7, hence only generates intra-band pairing

for the two F'Ss. Therefore, the projected intra-band pairing Hamiltonian reads,
Hintraband.a = Y (TA0d|(K)) [er 1 (K)er (=) = - (K)er 1 (—k)] + Hee.. (42)

k,7
Here 7 = =+ indicates that the intra-band pairing strengths on two FSs are opposite. And d(k) = d;(—k), the
intra-band pairing is a even-parity pairing.

e The perpendicular component: the d, (k)-part would mix the two states |EL), then it only produces
inter-band pairings. At a fixed k, we now perform a rotation,

O(3) rotation: R,g,R) = (0,0,¢’) and R,d, R} = (92> 9y,0) (43)
at the same time, we perform a rotation in the orbital subspace
SU(2) rotation: R.7y, Rl =1/ _ (44)

Due to this rotation, the perpendicular components only couple |E) with |[E_). This proves that
(E;|dy - T|E;) =0. (45)
Here |E;) are eigenstates of g, - 7. Thus, the projected inter-band pairing Hamiltonian reads,
Hinserband. s = 30 Ar () [ert () ry (k) = ery (K)erp(~K)] + Hee. (46)
k,7

where A, _; (k) = Ay (E;(k)|dL (k) - 7|E_-(k)). In the limit Ak% > A, (i.e., band splitting is much larger than
the pairing gap), the inter-band pairing is not energetically favorable in the weak-coupling pairing theory (i.e.,
attractive interaction is infinitesimal small). It means the inter-band pairing will be severely suppressed if we
increase the orbital hybridization A, consistent with the calculation in the main text (see Fig. (2)).

From the above analysis, we conclude that the orbital d,-vector should be parallel with the orbital hybridization g.

To determine the magnitude of the orbital d,-vector, we turn on the orbital-independent pairing Ag; # 0. We also
assume both pairing channels are small. Assuming the two FSs have DOS Ny near the FS (ignoring the momentum-
dependence if the FS is almost isotropic), then the total condensation energy per volume and per spin of the two
intra-band pairings is given by

SE=Ni Y (AT(k) + Andy (k)" + N2 Y (AT (K) — Andy (k) (47)

keFS, kEFS_

with the approximation A\k% < u, 6 F becomes
5B = Ny + N_) S [A2(0,(1))? + AZ(d ()2 + 2(Ns — N)AA, 3 (W, (k) (k (48)
kcFsS keFS
where FS is for A — 0. And we see that in order to maximize the condensation energy, we require
d\l(k) X ‘I’s(k)a if Sign[(N-i- - N—)ASAO] =1, (49)
d\l(k) o —Ws(k), if sign[(Ny — No)AGA,| = —1, (50)

according to Eq. . The results from the weak-coupling limit are the same as the calculations from linearized gap
equations.
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Supplementary Note 5 The coexistence of orbital d,-vector and nematic
order

In this section, we discuss the interaction effects on the stability of orbital d,-vector for a two-band superconductor.
A general density-density interaction, including both inter-band and intra-band terms, is,

Hint = v1(fag + Nay)(Rer + N2y) + v2(Rarfay + Narfay), (51)

where 7 is the electron density operator and v; > are interaction strengths. With the following mean-field decompo-
sition, we can define the nematic ordering that spontaneously breaks the rotational symmetry.

Hyr =Ny (%@2) + v2<ﬁu>) + f1y (%<ﬁ2> + v2<ﬁ1T>) + fzy (%(ﬁﬁ + Uz<ﬁ2¢>) + gy (%(ﬁﬁ + U2<ﬁ2¢>) :
(52)

For the purpose of our discussion, we assume there is no spin ferromagnetism, i.e. (iat) = (o)) =
mean field Hamiltonian simplifies to

(M), then the

N[

Harr = i (5 (a) + 2 () +ivp (- () + 2 (2) ) = i @1 + a s (53)
Then the nematic order parameter can be defined as
=1 — B = 3 (00— o) (i) — (2). 69
Now the stage is set to define the total orbital hybridization as,
8tot = 8o T tnemBnem (55)

where gnem = (0,0, ®) and tpem = Anem/Xo. Then, we apply Eq. to study the stability of orbital d,-vector when
nematic order develops above superconducting 7. The results are summarized in Supplementary Figure

(@) dyp X gy + themGnem (b) do X go+ Gnem (c) Nematic orbital d,-vector
10 2.0 0.60 .
g 0.55 /T 1 05
) 1.5 0.50
- 0_8 dl Jtot = 9o T Gnem 8 §0.45
t 0.7 DT, iu 1.0 ;go 40
[ ct B~ S UL
06 =02 o 0.35
05 93 : 0.30
0.4 0.0 0.25 3
00 05 10 15 20 0.00.204 06 0.81.0 0 % T 7" 27T
them D/Tee 0

Supplementary Figure 3. The coexistence of orbital d,-vector and nematic order. In (a), each tnem corresponds to a particular
form of the d-vector, which determines T, based on Eq. . The three curves correspond to three different values for the
nematic order ®. The T, is not suppressed by the nematic order as long as do || 8tot, i.6. tnem = 1. The tnem = 1 case is
further illustrated in (b), where it is shown that the magnitude of the nematic order does not change T, (up to the order of
approximation made in Eq. ) (c) shows non-zero nematic order breaks the original C4 (red line) down to C3 (blue line).
Here g, = (k2 — kg,O,Skxky).
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Supplementary Note 6 Application to single-layer graphene supercon-
ductor

Based on the discussion in the main text, the nematic d-vector is characterized by gior = (gine,1,0,0), with
Gintn = 1+ 21 koky + ta (k2 — k7). (56)

A closed Fermi surface (FS) can be parametrized by kr(6). By using Eq. , the nematic d,-vector represents a
(s + d)-wave pairing states,

(57)

s-wave dominant: ,t; 2 < 1, fully gapped superconductors
d-wave dominant: ,%; 2 > 1,ndoal superconductors

As a result, we have |do| ~ |gtot| = |1+ kr(0) (t1 8in 20 + t2 cos 20) |. We see that the SC gap function can have nodes
as long as /t? + 3 is large enough. For graphene, the F'S has C3 symmetry, i.e. kr(6) has periodicity of %w, whereas
sin 20 and cos 20 have periodicity of 7, giving a periodicity of 27 to |d,|, which completely breaks the C5 symmetry
of the system. Supplementary Figure shows the Cs-breaking nematic orders from inter-valley scattering, one with

nodal gap function, the other with nodeless gap function.

0.8 )
m Point nodes
m Fully gapped
0.6
<04
=
0.2
0.0

IT 3T
2 g 22rr

Supplementary Figure 4. The Cs-breaking nematic order from inter-valley scattering in graphene. t; = 0,t2 = 1.2 for the nodal
case (red) and t; = 0,t2 = 0.5 for the fully gapped case (blue).

Supplementary Note 7 Spin and orbital magnetizations: My and M,

Here we present the definitions of spin and orbital magnetizations in our mean-field analysis. The spin magnetization
is defined as,

M, = Z (cil(k)05132052(k)>, (58)
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More specifically, the orbital magnetization has the following components,

T _ § : T T
MO - <Cs,dzzcsadyz + Cs,dyzcsvdzz>7
k,s

_ i i I -
MY =—i> (cl, coa,. —cly coa) = 3 2 s duatidy. = Ps dy—idy. )
k,s k,s

z _ E T T
MO - <Cs,dzzcs,dmz - cs,dyz Cs’dyz>7
k,s

11

(60)

(61)

(62)

where M7+* breaks the C4 rotation symmetry and MY breaks the TRS. In our work, we focus on spontaneous TRS
breaking, with Cy preserved. MY (k) gives the local density difference in mementum space for d,. + id,. orbitals. A
non-zero MY (k) implies TRS breaking at k, because the two orbitals are TR partners. However, it has to be noted
that, similar to the spin-triplet case, local TRS breaking does not necessarily imply the global TRS is broken. To
obtain the total overall magnetization, we still need to sum over momentum around the FS. In the Ginzburg-Landau
formalism, the Im[d, x d*], whose only non-zero component is the y-component based on symmetry constraints in
our formalism, is coupled to the induced magnetization MY so that TRS is still retained at the Lagrangian level.

Therefore, we have the following relevant terms
aMIm((d, x d5),] + 5 (M)*,
which upon functional derivative with respect to the induced magnetization would give

MY o Im((d, x d3),] = —i (d, x d), -
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The gap functions for a single-band model for unconventional superconductivity are distinguished by their
unitary or nonunitary forms. Here we generalize this classification to a two-band superconductor with two nearly
degenerate orbitals. We focus on spin-singlet pairings and investigate the effects of the atomic spin-orbit coupling
(SOC) on superconductivity, which is a driving force behind the discovery of a new spin-orbit coupled nonunitary
superconductor. Multiorbital effects such as orbital hybridization and strain-induced anisotropy will also be
considered. The spin-orbit coupled nonunitary superconductor has three main features. First, the atomic SOC
locks the electron spins to be out-of-plane, leading to a new Type II Ising superconductor with a large in-plane
upper critical field beyond the conventional Pauli limit. Second, it provides a promising platform to realize the
topological chiral or helical Majorana edge state even without external magnetic fields or Zeeman fields. More
surprisingly, a spin-polarized superconducting state could be generated by spin-singlet nonunitary pairings when
time-reversal symmetry is spontaneously broken, which serves as a smoking gun to detect this exotic state by
measuring the spin-resolved density of states. Our work indicates the essential roles of orbital-triplet pairings in
both unconventional and topological superconductivity.

DOI: 10.1103/PhysRevB.107.094507

I. INTRODUCTION

In condensed matter physics, research on unconventional
superconductivity [1,2] remains a crucial topic and contin-
ues to uncover new questions and challenges in both theory
and experiment, since the discovery of the heavy-fermion
superconductors (SCs) [3] and the d-wave pairing states
in high-temperature cuprate SCs [4-7]. In addition to the
anisotropic gap functions (e.g., p,d, f,g wave, etc.), the
sublattice or orbital-dependent pairings [8—10] are shown
to be an alternative avenue to realize unconventional SCs.
They might be realized in multiorbital correlated electronic
systems, whose candidate materials include iron-based SCs
[11-22], Cu-doped Bi,Ses; [23,24], half-Heusler compounds
[25-34], and possibly Sr,RuOy4 [35-40], etc. In particular,
considering the atomic orbital degrees of freedom, the classifi-
cation of unconventional pairing states could be significantly
enriched. Among them, SCs with spontaneous time-reversal
symmetry (TRS) breaking is of special interest, in which two
mutually exclusive quantum phenomena, spin magnetism and
superconductivity, may coexist with each other peacefully
[41-46].

On the other hand, the orbital multiplicity could also give
rise to nonunitary pairings, which again include both time-
reversal breaking (TRB) and time-reversal invariant (TRI)
pairings. Very recently, prior studies have demonstrated the

“hu.lunhui.zju @ gmail.com

2469-9950/2023/107(9)/094507(16)
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existence of spin-singlet nonunitary pairing states that break
the inversion symmetry in Dirac materials [9]. One aim of
this work is the generalization of unitary and nonunitary
gap functions in a two-band SC while preserving inversion
symmetry, which is possible exactly due to the multiorbital
degrees of freedom [47]. We focus on a system with two
nearly degenerate orbitals and find that the nonunitary pairing
state is generally a mixed superconducting state with both
orbital-independent pairings and orbital-dependent pairings.
Recently, the interplay between orbital-independent pairings
and spin-orbit coupling (SOC) has been shown to demon-
strate the intriguing phenomenon of a large in-plane upper
critical field compared with the Pauli paramagnetic field for
a two-dimensional (2D) SC. For example, the Type I Ising
superconductivity in monolayer MoS, [48,49] and NbSe,
[50] and the Type II Ising superconductivity in monolayer
stanene [S1]. Therefore, the interplay of atomic SOC and
the multiorbital pairing could potentially give rise to exciting
physics. However, to the best of our knowledge, the influence
of the atomic SOC on the orbital-dependent pairings remains
unsolved. Furthermore, the multiorbital nature also gives rise
to possible orbital hybridization effects and provides an ex-
perimentally controllable handle using lattice strains, both of
which could lead to orbital anisotropy and could potentially
change the pairing symmetry. In particular, lattice strain has
been a useful experimental tool to study unconventional super-
conductors [52-54] and has even been proposed to induce the
elusive charge-4e phase [55]. We will be doing an extensive
investigation on all the aforementioned multiorbital effects.

©2023 American Physical Society
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Another topic of this work is concerned with the co-
existence of TRB pairings and spin magnetism even in a
spin-singlet SC. It is well known that spin polarization (SP)
can be generated by nonunitary spin-triplet superconductivity,
which is believed to be the case for LaNiC, [56] and LaNiGa,
[57,58]. More recently, the coexistence of magnetism and
spin-singlet superconductivity is experimentally suggested in
multiorbital SCs, such as iron-based superconductors [59,60]
and LaPt;P [61]. Therefore, in addition to the spin-triplet
theory, it will be interesting to examine how SP develops in
multiorbital spin-singlet SCs as spontaneous TRS breaking in
the absence of external magnetic fields or Zeeman fields.

In this work, we address the above two major issues by
studying a two-band SC with two atomic orbitals (e.g., dy;
and d,;). We start with the construction of a k- p model
Hamiltonian on a square lattice with applied lattice strain. The
breaking of C4, down to C, point group generally leads to
the degeneracy lifting of d.; and d,.. Based on this model,
we study the stability of superconductivity and the realization
of 2D topological superconductors in both class D and DIII.
First and foremost, the influence of atomic SOC is studied,
which gives birth to a new spin-orbit coupled SC. This exotic
state shows the following features: first, a large Pauli-limit
violation is found for the orbital-independent pairing part,
which belongs to the Type II Ising superconductivity. Further-
more, the orbital-dependent pairing part also shows a weak
Pauli-limit violation even though it does not belong to the
family of Ising SCs. Second, topological superconductivity
can be realized with a physical set of parameters even in
the absence of external magnetic fields or Zeeman fields.
In addition, a spin-polarized superconducting state could be
energetically favored with the spontaneous breaking of time-
reversal symmetry. Our work implies a new mechanism for the
establishment of spin magnetism in the spin-singlet SC. In the
end, we also discuss how to detect this effect by spin-resolved
scanning tunneling microscopy measurements.

The paper is organized as follows. In Sec. II, we discuss
a two-orbital normal-state Hamiltonian on a 2D square lat-
tice and also its variants caused by applied in-plane strain
effects, then we show the spin-singlet unitary or nonunitary
pairing states with or without TRS. The strain effect on pairing
symmetries is also studied based on a weak-coupling theory.
In Sec. III, the effects of atomic SOC on such pairing states
are extensively studied, as well as the in-plane paramagnetic
depairing effect. Besides, the topological superconductivity is
studied in Sec. IV even in the absence of external magnetic
fields or Zeeman fields, after which we consider the spon-
taneous TRB effects in Sec. V and show that spin-singlet
SC-induced spin magnetism could emerge in the presence of
orbital SOC. In the end, a brief discussion and conclusion
are given in Sec. VI. We will also briefly comment on a
very recent experiment [62], demonstrating that a fully gapped
superconductor becomes a nodal phase by substituting S into
single-layer FeSe/SrTiOs3.

II. MODEL HAMILTONIAN

In this section, we first discuss the normal-state Hamilto-
nian that will be used throughout this work for an electronic
system consisting of both spin and two locally degenerate

atomic orbitals (e.g., dy; and d,;) on a 2D square lattice. We
assume each unit cell contains only one atom, so there is no
sublattice degree of freedom. The orbital degeneracy can be
reduced by applying the in-plane lattice strain because the
original Cy, point group is reduced down to its subgroup C,
for strain o9, 0g; or o1 (a more generic strain would reduce
the symmetry directly to C,). Here o,,,, represents the strain
tensor whose form will be given later. We will apply the
symmetry analysis to construct the strained Hamiltonian in
the spirit of k - p theory. Then, we discuss the pairing Hamil-
tonian and the corresponding classification of spin-singlet
pairing symmetries including nonunitary pairing states. The
strain effect is also investigated on the superconducting pair-
ing symmetries based on a weak-coupling scheme [10].

A. Normal-state Hamiltonian

In this section, we construct the two-orbital normal-state
Hamiltonian Hy(k) with lattice strain-induced symmetry-
breaking terms. Before that, We first show Hy(k) in the
absence of external lattice strains. For a square lattice as illus-
trated in Fig. 1(a), it owns the Cy4, point group that is generated
by two symmetry operators: a fourfold rotation symmetry
around the % axis Cy; : (x,y) — (¥, —x) and a mirror reflection
about the y-Z plane M, : (x,y) — (—x, y). Other symmetries
can be generated by multiplications, such as the mirror re-
flection about the (& + §) — 2 plane M, : (x,y) = (y,x) is
given by C4, x M,. In the absence of Rashba spin-orbit cou-
pling (SOC), the system also harbors inversion symmetry Z,
enlarging the symmetry group to Dy, = Cys, ® {E, Z}. In the
spirit of k - p expansion around the I' point or the M point,
we consider a two-orbital system described by the inversion-
symmetric Hamiltonian in two dimensions,

Ho(k) = e(K)To00 + Asoc 7203 + )\o[go(k) - T]oy, (D

where the basis is made of ({d..,d,.} orbitals 1//11 =
(c) ), ch (1), c) (k) ¢} (K).Herecl is the creation
operator of electrons, T and o are Pauli matrices acting on the
orbital and spin subspace, respectively, and o, oy are 2-by-2
identity matrices. Besides, € (k) = —(k} + k;)/2m — p is the
band energy measured relative to the chemical potential w, m
is the effective mass, Ago is the atomic SOC [63-65], and A,
characterizes the strength of orbital hybridization. This model
could describe the two hole pockets of iron-based supercon-
ductors [17,66]. Moreover, the first two components of g,(k)
are for the interorbital hopping term, while the third term is
for the anisotropic effective mass, explained below in detail.

The C4, (or Dyg;) point group restricts g,(k) =
(aokiky, 0, k7 — k7)), where a, =2 is a symmetric case
that increases the C4, to a continued rotational symmetry
about the Z axis. To be precise, the g term, 2X.k.k, 700,
is attributed to the interorbital hopping integral along the
4% + y directions,

Ao, v ., . .

?O(C,‘szﬂ(lm iy) Cayo(iv + 1,0y + 1)
+ C;mg(ixv ly) Cdy(.,o(ix - 1, iy - 1)
- c;:ﬂ(ix, iy) Ca oG+ 1,0y — 1)

— ¢} Gaiy) Caolic— 1 iy+ 1D+ He), ()
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FIG. 1. The strain effect on a two-dimensional square lattice. In the absence of lattice strain, (a) shows the square lattice owing the Cy,
point group that is generated by C,, and M. We consider the normal-state Hamiltonian with d._, d,, orbitals. Inversion symmetry (Z) is broken
by growing crystal samples on an insulating substrate. The in-plane strain effects on the square lattice are illustrated in (b)—(d) for applied
strain along different directions. (b) shows that the X- or y-axis strain breaks the square lattice into the rectangular lattice with two independent
mirror reflection symmetries M, and M,, obeying the subgroup C,, of C4,. The C,, point group contains four one-dimensional irreducible
representations (irrep.) Ay, A,, By, B,. (c) shows that the strain along the X + ¥ direction also reduces the Cy, down to C;,. (d) represents a
general case, where the subgroup C;, is preserved that only has A; and B; irreps.

where (iy, iy) represents the lattice site. In addition, the
g3 term, A, (ki — k})t300, causes the anisotropic effective
masses. For example, the effective mass of the d,, orbital is
m along the X axis while that is W along the § axis.
This means that the hopping integrals are different along X and
¥ directions,

1 . . . .
<2m B )\0> CZX:#T (lx’ ly) Cd,,o (lx + 1, ly)

1 b o
+ (2”1 + )"G)C!img(lx» ly) Cdn-,a(l)m Ly + 1)
1 b . .
+ ﬂ + )Vo cd}_z.(,(lm ly) Cdyz,a(lx + 17 ly)

1 o o
+(Mfmoﬂﬂmwn%A%@+w+Hu ?3)

In this work, we focus on a negative effective mass case by
choosing 1/m £ 2X, > 0. However, using a positive effective
mass does not change our main conclusion. Moreover, our
results can be generally applied to other systems with two
orbitals py, p,, once it satisfies the Cy, point group.

The time-reversal symmetry operator is presented as 7 =
it9o,)C with K being the complex conjugate. And the inver-
sion symmetry is presented as Z = tp0y. It is easy to show
Eq. (1) is invariant under both 7 and Z. However, inversion
can be broken by growing the sample on insulating substrates,
the asymmetric Rashba SOC is described by

Hr(k) = Arto[gr(k) - o], “

where Ag is the strength of the Rashba SOC with gg(k) =
(—ky, k., 0) as required by the Cy, point group.

Next, we consider the lattice strain effect on the two-
dimensional crystal with a square lattice, as summarized in
Figs. 1(b)-1(d). The in-plane strain effect is characterized
by the 2-by-2 strain tensor ¢ whose elements are defined as
oij = %(Bxi u;j + dy,u;), where u; is the displacement at r along
the ¢; direction. Even though it is an abuse of notation, it
should be self-evident that the o here does not represent the
Pauli matrices. The strain tensor o can be parametrized as the
following:

cos? ¢

_ cos ¢ sin ¢
% = (cos ¢ sing )’ )

sin® ¢
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where ¢ is the polar angle with respect to the & axis. For the
¢ =0 (7 /2) case, the compressive or tensile strain applied
along the % axis (¥ axis) makes the square lattice as a rectangu-
lar lattice, as illustrated in Fig. 1(b). And the ¢ = 7 /4 case is
for the shear strain along the (X + ¥) direction in Fig. 1(c). All
the above cases reduce the Cy, point group into its subgroup
G, that is generated by two independent mirror reflections.
Otherwise, it is generally reduced to C,. The irreducible repre-
sentations for Cy, and C, are shown in Figs. 1(b)—1(d). Based
on the standard symmetry analysis, to the leading order, the
strained Hamiltonian is given by

Her = tstr[Sin(2¢)rl + COS(2¢)I3]GO’ (6)

where both #y and ¢ can be controlled in experiments [67].
And Hg, can be absorbed into the g, vector in Eq. (1), renor-
malizing the orbital hybridization as expected. Furthermore,
one can check that Hg, preserves both 7 and Z, but ex-
plicitly breaks the C4, = i1’ 1% because of [Hy, Cy,] # 0.
Interestingly, the orbital texture on the Fermi surface can be
engineered by strain, and its effect on superconducting pairing
symmetries is briefly discussed in Appendix C.
Therefore, a strained normal-state Hamiltonian is

Hy (k) = Ho(k) + Hr(K) + Hr, (N

which will be used throughout this work. The Rashba SOC-
induced spin-splitting bands are considered only when we
discuss the topological superconducting phases in Secs. IV
and V, even though the normal-state Hamiltonian Hy (k) is
topologically trivial. For the superconducting states, we focus
on the inversion symmetric pairings (i.e., spin-singlet s-wave
pairing) and their response to applied strains or in-plane mag-
netic fields.

In the absence of Rashba SOC, the band structures of
Hy (k) in Eq. (7) are given by

1
Es(k) = —%(kf +k) + \/m ®)

where we define the strained orbital hybridization g vec-
tor with g1 = aohokiky + tyr sin(2¢) and g3 = Aok — k) +
tsir c0S(2¢). Each band has twofold degeneracy, enforced by
the presence of both 7 and Z. At the I" point (k, = k, = 0),

EL = 4/32 +12.. The two Fermi surfaces with and without
strain are numerically calculated and shown in Fig. 2, where
we choose u < —/A2_+12. These are two hole pockets
because of the negative effective mass of both orbitals. The
Fermi surfaces in Fig. 2(a) are C4; symmetric (fy, = 0), while
those in Fig. 2(b) are only C, symmetric due to the symmetry
breaking of lattice strains. Please note that there is only one
Fermi surface when |u| < /A2 + 12, which is a necessary
condition to realize topological superconductors as we will
discuss in Sec. IV.

B. Review of singlet-triplet mixed pairings

Before discussing the possible unconventional pairing
symmetry for Hy in Eq. (7), we briefly review both unitary
and nonunitary gap functions for a single-band SC in the
absence of inversion symmetry. In this case, a singlet-triplet

(a) 15 (b) 1.5
1.0 1.0
0.5 0.5
ky 0.0 Q ky 0.0 Q
-0.5 -0.5
-1.0 -1.0
-15 -1.5
-15 -1.0 -05 00 05 1.0 15 -1.5 -1.0 -05 00 05 1.0 15

kX kX

FIG. 2. The lattice strain effect on the Fermi surfaces of the
normal-state Hamiltonian without Rashba SOC. (a) shows the
two Fermi surfaces without lattice strain (i.e., fy, = 0), thus Cy,-
symmetric energy contours are formed. (b) shows the breaking of
C,; by lattice strain with 7y, = 0.4 and ¢ = 0, only C,,-symmetric en-
ergy contours appear. Other parameters used here are m = 0.5, ap =
1,4, =04, =0,and u = —0.5.

mixed pairing potential is given by
Ak) = [Asys(K)og + A (ds (k) - 0)](i02), ®

where o are Pauli matrices acting in the spin subspace. Here
¥s(k) represents even-parity spin-singlet pairings and the
odd-parity d;(k) is for the spin-triplet d; vector. Physically,
the unitary SC has only one superconducting gap like in the
conventional BCS theory, while a two-gap feature comes into
being by the nonunitary pairing potential. More explicitly, the
unitary or nonunitary is defined by whether the following is
proportional to the identity matrix op:

AKATK) = |A Py + A P|d)
+2Re[ A AF Y, dY]
0 +ilAAd x dF) - o, (10)

Therefore, Eq. (10) gives rise to a possible classification by
assuming a nonvanishing A; € R and a proper choice of a
global phase. In principle, there are four possible phases,
including the TRI nonunitary SCs (A; € R, d; € R), the TRB
unitary SCs (A; ~i,d; € R), and the TRB nonunitary SCs
(A; € R, d; € C). On the other hand, the TRI unitary SCs are
achieved only with Ay =0 or A, = 0 and real d;, meaning
a purely spin-singlet SC or a purely spin-triplet SC. These
states might be distinguished in experiments, for example,
the TRB unitary pairing state might induce a spontaneous
magnetization with the help of Rashba spin-orbit coupling
[68], which can be detected by SR [69].

As we know, the spin-singlet pairings do not coexist with
the spin-triplet pairings in the presence of inversion symmetry
(e.g., centrosymmetric SCs). Roughly speaking, it seems out
of the question to realize nonunitary pairing states in purely
spin-singlet SCs. However, this is a challenge but not an
impossibility for an SC with multiorbitals, which is one of
the aims of this work. In the following, we will discuss how
to generalize the classification of TRI or TRB and unitary or
nonunitary pairing states to a spin-singlet SC with two atomic
orbitals in the presence of inversion symmetry. The four cases
are summarized in Table I.
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TABLE 1. The four pairing states classified by time-reversal
symmetry and unitary for a spin-singlet superconductor with both
orbital-independent pairing A, and orbital-dependent pairing A,
and d,.

Pairings TRS Unitary Ag Ao do
. Real Zero

TRI unitary Yes  Yes Zero Real Real

TRI nonunitary  Yes No Real Real Real

TRB unitary No Yes Real Purely imaginary  Real
TRB nonunitary No No  Real Real Complex

C. Pairing Hamiltonian of a two-orbital model

We now consider the pairing Hamiltonian for Hy in
Eq. (7). By ignoring the fluctuations, the mean-field pairing
Hamiltonian is generally given by,

Ha = Z Ag;{’sz(k)cgsl(k)c;sz(—k)+H.c., (11

Kk,s1a,s,b

where s1, s, are index for spin and a,b are for orbitals.
As studied in Ref. [10], the orbital-triplet pairing is robust
even against orbital hybridization and electron-electron in-
teractions. Thus, we consider both orbital-independent and
orbital-dependent pairings for generality. In analogy to spin-
triplet SCs, we use an orbital d,(k) vector for the spin-singlet
orbital-dependent pairing potential [12], which takes the
generic form

A (k) = [AgW(K)To + Ao(dy(K) - T)](i02), 12)

where A; and A, are pairing strengths in orbital-independent
and orbital-dependent channels, respectively. The Fermi
statistics require that W (k) = W (—k), while the three
components of d, satisfy d!*(k) = d!3(—k) and d*(k) =
—d*(—k). Namely, d>(k) represents odd-parity spin-singlet
orbital-singlet pairings and the others are for even-parity spin-
singlet orbital-triplet pairings. The pairing potential presented
in this form is quite convenient, similar to the spin-triplet case
[10,12,14,70]. The benefits of this form in Eq. (12) will be
shown when we discuss the mixture of orbital-independent
and orbital-dependent pairings. Combining Eq. (12) with
Eq. (1), the Bogoliubov-de Gennes (BdG) Hamiltonian is

Hyk)  Awi(k) )

AL(K)  —H(—K) (13)

Hpac (k) = (
which is based on the Nambu basis (1//11, wzk). Same with
the spin case in Eq. (10), the nonunitarity of a spin-singlet
pairing potential defined in Eq. (12) is determined by whether
A (K)A] (k) is proportional to an identity matrix. More
explicitly we have

A R)A LK) = | A9 1000 + Ao |d,[* 7000
+2Re|A ALY - Tog + i Ay (d, x ) - Toy, (14)
which could also exhibit four general possibilities: time-
reversal-invariant (TRI) or time-reversal-breaking (TRB) and
unitary or nonunitary SCs, with a simple replacement

{A,,ds} — {A,,d,}. In the absence of band splittings, i.e.,
Asoc = Ao = AR =ty = 0 as an illustration, the superconduct-
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ing excitation gaps on the Fermi surfaces of a TRI unitary SC
are

Eeo(k) = 10y/€2(K) + (A5 (k) + vA,|d,))?, s)

with «, v = £. It is similar to the superconducting gaps for
nonunitary spin-triplet SCs [1]. Moreover, the two-gap feature
indicates the nonunitarity of the superconducting states, which
implies the possibility of a nodal SC as long as Ay, (k) &
A,|d,| = 0 is satisfied on the Fermi surfaces. And, the nodal
quasiparticle states can be experimentally detected by mea-
suring specific heat, London penetration depths, £SR, NMR,
etc. As a result, this provides possible evidence to get a sight
of TRI nonunitary phases in real materials (e.g., centrosym-
metric SCs). Furthermore, the above conclusion is still valid
when we turn on Agye, Ay, and fg,.

III. PAULI LIMIT VIOLATION: A LARGE IN-PLANE
UPPER CRITICAL FIELD

In this section, we study the Pauli limit violation for the
spin-singlet TRI nonunitary SC against an in-plane magnetic
field (e.g., He, > Hp). For a 2D crystalline SC or a thin
film SC, the realization of superconducting states that are
resilient to a strong external magnetic field has remained a
significant pursuit, namely, the pairing mechanism can re-
markably enlarge the in-plane upper critical field. Along this
crucial research direction, one recent breakthrough has been
the identification of Ising pairing formed with the help of
Ising-type spin-orbit coupling (SOC), which breaks the SU(2)
spin rotation and pins the electron spins to the out-of-plane
direction. Depending on whether the inversion symmetry is
broken or not by the Ising-type SOC, the Ising pairing is
classified as Type I (broken) and Type II (preserved) Ising
superconductivity, where the breaking of Cooper pairs is dif-
ficult under an in-plane magnetic field.

To demonstrate the underlying physics, in the following,
we consider the interplay between atomic SOC Ay, # 0 and
spin-singlet TRI nonunitary pairing state. Thus, we consider
the pairing potential

Awor = [Asto + Ao(dy 71 + d)73) (i), (16)

where A;, A,, d!, and d> are all real constant. This can
be realized once we have on-site attractive interactions in
both orbital channels. Another reason for studying the atomic
SOC is that it is not negligible in many real materials. It is
interesting to note that the strength of SOC can be tuned in
experiments, for example, by substituting S into single-layer
FeSe/SrTiO; [62] or growing a superconductor/topological
insulator heterostructure [71].

Without loss of generality, the direction of the magnetic
field can be taken to be the x direction, i.e., H = (H,, 0, 0)
with H, > 0. Therefore, the normal Hamiltonian becomes

Hy(K) + hrooy, a7

where the first part is given by Eq. (7) and h = % gupH, is the
Zeeman energy with g = 2 the electron’s g factor. To explicitly
investigate the violation of the Pauli limit for the spin-orbit
coupled SCs, we calculate the in-plane upper critical mag-
netic field normalized to the Pauli-limit paramagnetic field
H/Hp as a function of the normalized temperature 7. /Ty,
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by solving the linearized gap equation. Here Hp = 1.867
represents the Pauli limit with T the critical temperature in
the absence of an external magnetic field.

Following the standard BCS decoupling scheme [10], we
first solve T, for the orbital-independent pairing channel by
solving the linearized gap equation, vy xs(7) — 1 = 0, where
vy is effective attractive interaction and the superconductivity
susceptibility x,(7") is defined by

mn=—%2ﬁmukmmm4m%m (1)

k,w,

where the conventional s-wave pairing with ¥ (k) =1 is
considered for Eq. (16). Here G, (K, iw,) = [iw, — Ho(k)] !
is the Matsubara Green’s function for electrons and that for
holes is defined as G (K, iw,) = —02G} (K, iw,)o,. Here B =
1/kgT and w, = 2n + 1) /B with n integer. Likewise, for
the orbital-dependent pairing channels, the superconductivity
susceptibility x,(T) is defined as

mnz—%Zﬂwﬂyﬁ@mmn

k, o,

x (do(k) - T)Gp(=K, iwy)], 19)

where the orbital-dependent pairing (A, representation) with
the vector form as d, = (d!,0,d?) for Eq. (16) is used
for the 7, calculations. However, the momentum-dependent
d, vector does not affect the formalism and main results,
as we will discuss in Appendix C. The coupling between
orbital-independent and orbital-dependent channels leads to a
high-order correction (~A%k% /;1?, with A being the coupling
strength of the effective g in the Hamiltonian representing
orbital hybridization and strain), which can be ignored once

A. Type II Ising superconductivity

In this section, we first consider the orbital-independent
pairing state (i.e., Ay # 0 and A, = 0) and show it is a Type II
Ising SC protected from the out-of-plane spin polarization by
the atomic SOC Ay 7203. To demonstrate that, one generally
needs to investigate the effects of atomic SOC on the SC 7, as
a function of the in-plane magnetic field  based on Eq. (18),
in the presence of both orbital hybridization X, and strain #;.
As defined in Eq. (8), the effects of orbital hybridization and
lattice strain on the system can be captured by an effective § =
[@ohokiky + tgr SINQ29), ho(k} — k7)) + tr cOS(29)]. The case
with ¢y, = 0 has been studied in Ref. [72], however, the strain
effect on the Type II Ising SC has not been explored yet. To
reveal the pure role of lattice strains, we consider kg to be
close to the I point so that the k-dependent hybridization part
is dominated by the strain part for generic ¢. Therefore, we
focus on g = £ (sin 2¢, cos 2¢) in the following discussions.

After a straightforward calculation (see details in
Appendix B), the superconductivity susceptibility x,(7) in
Eq. (18) is calculated as

XS(T) = XO(T) + NOfY(Tv Asocs Bstrs h)7 (20)

with Ny is the DOS near the Fermi surface and the pair-
breaking term is given by

f:Y(Tv A’SOC? tstrv h)
= 3[Co(T. p-) + Co(T p+)]

22 2R
SOC + str )’ (21)

+ [Co(T, p—) — Co(T, /0+)]< SE.E
+ —

where Ep = /A2 + (tuw £h)?, pr=3(E4+E_), and
xo(T) =Ny ln(%) is the superconducting susceptibility
when  Agoe, fsr, h =0. Here y =0.57721--- is the
Euler-Mascheroni constant. Furthermore, the kernel function
of the pair-breaking term f; is given by

— ) 1)_ (0)<1 _E )]
CO(T,E)_Re[t// (2 V4 2+12nkBT , (22)

with ¥ ©(z) being the digamma function. Note that
Co(T, E) < 0 and it monotonically decreases as E increases,
indicating the reduction of 7. Namely, Co(T, E) gets smaller
for a larger E.

We first discuss the simplest case with Age =ty = 0,
where the pair-breaking function becomes f,(T,0,0,h) =
Co(T, h), which just leads to the Pauli limit He, | &~ Hp =
1.86T., as shown in Fig. 3(a). Furthermore, we turn on Ay,
while take the ty, — O limit, the pair-breaking term in Eq. (21)
is reduced to

h2
Js(T; Asoc, 0, h) = Co (T, VA% h2> PR (23)
which reproduces the same results of Type II Ising super-
conductors in Ref. [72]. Under a relatively weak magnetic
field (h < Asc), the factor h?/(A2 + h?) < 1 leads to
f5(T, Agoc, 0, h) — 0, which in turn induces a large in-plane
He, /Hp.

Next, we investigate the effect of lattice strain zy on the
in-plane upper critical field H,» ;. Interestingly, ¢ would gen-
erally instead reduce H,, . To see it explicitly, we expand the
pair-breaking function f; in Eq. (21) up to the leading order of

fY(Ta A'SOC7 tstra h) %fY(Ts A'SOC7 05 h)
+ F(T, hsoos G+ O(ts,), (24

where F (T, Asoc, 1) is given in Appendix B and we find it
is always negative [i.e., F (T, Asoc, 1) < 0]. In addition to the
first term fi(7T, Agoc, 0, 1) discussed in Eq. (23), the second
term F' (T, Asoc, h)tszlr also serves as a pair-breaking effect on 7,
at nonzero field. Therefore, the second A, term further reduces
T., leading to the reduction of the in-plane upper critical field.

We then numerically confirm the above discussions. We
solve the linearized gap equation vyx,(T) —1 =0 and ar-
rive at log(T./Ty) = fs(T¢, Asoc, tsie> 1), from which T, /Ty is
numerically calculated in Fig. 3(a). Here Ty is the critical
temperature at zero external magnetic fields. The Pauli limit
corresponds to Tp(Agoc = 0, g = 0, & = 0). The nonmono-
tonic behavior of the curves at small 7./ T (< 0.5, i.e., dashed
line) from solving the linearized gap equation calls for a
comment. In the small temperature range, the transition by
tuning the field strength becomes the first-order supercooling
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FIG. 3. The pair-breaking effects. (a) A significant Pauli limit violation is due to the atomic SOC for the orbital-independent pairing with
A; = 1. However, the lattice strain might slightly suppress the H,, by comparing the blue and red curves. (b) A weak Pauli limit violation due
to the atomic SOC for the orbital-dependent pairing with A, = 1. (¢) The suppression of 7. by atomic SOC for orbital-dependent pairing at

zero external magnetic fields with A, = 1. For the three figures here, we have set the strain parameter ¢ = %, 1i.e., & = (ﬁ, 0, ﬁ).

transition [73]. Here we mainly focus on the solid line part,
which is second order and gives the critical field H,. We
see that in general there is a Pauli limit violation for nonzero
Asoc and ty,. Furthermore, by comparing the two cases with
Asoc = 1.5, tqe =0 and Agoe = 1.5, 1 = 1, we confirm the
above approximated analysis. We believe the strain effect on
the Type II Ising SC will be tested in experiments soon.

B. H,,  for orbital-dependent pairings

In this section, we further study the influence of the atomic
SOC Ao on the paramagnetic pair-breaking effect for orbital-
dependent pairings (i.e., A; = 0 and A, # 0). We find a weak
enhancement of the in-plane upper critical field H,  com-
pared with the Pauli limit. Following the criteria of the orbital
d, vector in Ref. [10] (also discussed in Appendix C), we
take d, to be parallel to the vector g by assuming rgoe << fg,
which leads to the maximal condensation energy. This would
be justified in the next section. After a straightforward cal-
culation (see details in Appendix B), the superconductivity
susceptibility x,(T) in Eq. (19) is calculated as,

ically, this is because spin and orbital degrees of freedom are
completely decoupled in this case, and it has also been shown
that a similar orbital effect does not suppress 7. when d, || &
[10], which is what we assumed here.

On the other hand, if we turn on merely the atomic SOC
Asoc # 0 while keeping ty, = 0, the pair-breaking function is

given by
fO(Tv Asoc 0, h) = CO(T’ m)’

which leads to the reduction of the upper critical field, i.e.,
Hy) < Hp, because of f(T, Ago,0,h) < f(T,0,0,h) <O.
Remarkably, we find that the atomic SOC also plays a similar
role of magnetic field to suppress the orbital-dependent pair-
ing, as discussed in the next section. Thus, it does not belong
to the family of Ising SCs, which makes the orbital-dependent
pairing significantly different from the orbital-independent
pairings. Moreover, their different dependence on the in-plane
magnetic field might also be tested in experiments, which is
beyond this work and left for future work. This also indicates
the difference between orbital-triplet SC and spin-triplet SC
in responses to Zeeman fields.

27

T) = xo(T) + Nofo(T, hsoc, Lsues ), 25 S o . .
XoT) = Xo(T) 0oL’ Asoc, fur, ) 23) However, it is surprising to notice that there is a weak
where the pair-breaking term is given by enhancement of the in-plane upper critical field H.,  for the
FAT oot 1) case with both #y # 0 and Ay, # 0. Solving the gap equa-
OR% > hsocs Tstr tion vy xo(T) — 1 = 0, we obtain
1
= S[Co(T, p-) + Co(T, p4)] T,
2 hl(C) = fo(Ta Asoc strs h) (28)
2 -2, —h To
str oY
+ [Co(T, p-) = Co(T, p+)]< 2ELE_ ) (26) Figure 3(b) shows how T./Ty changes with the applied in-

which differs from f (T, Asoc, tstr, 1) for orbital-independent
pairings in Eq. (21). The only difference between them lies
in the factor (12, — A2, — h?)/2EE_, compared with that of
Fo(T, Asoc, tswr» h) i€, (12, + A2 — h?)/2E E_], which leads
to a completely distinct superconducting state, demonstrated
as follows.

To understand Eq. (26), we first discuss the simplest
case With Agoc =t = 0, where the pair-breaking function
becomes f(7,0,0, k) = Cy(T, h), which just leads to the
Pauli limit H, | &~ Hp = 1.861, as shown in Fig. 3(b). Like-
wise, when Ao = 0 and 7y # 0, the pair-breaking function
again simplifies to Co(T, h). Therefore, the Pauli limit of the
in-plane upper critical field is not affected by fy, itself. Phys-
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plane magnetic field, where the Pauli limit curve corresponds
to Asoc, e = 0. When both the atomic SOC and strain are
included, the critical field H,, exceeds the Pauli limit by a
small margin. Therefore, a spin-orbit coupled SC with spin-
singlet nonunitary pairing symmetries does not belong to the
reported family of Ising superconductivity.

C. Atomic SOC-induced zero-field Pauli limit

As mentioned above, the atomic SOC breaks the spin
degeneracy, which generally suppresses the even parity
orbital-dependent pairings, in the case with A; = 0 and A, #
0. Thus, the robustness of such pairings in the presence of
atomic SOC is the preliminary issue that we need to address.



ZENG, XU, WANG, AND HU

PHYSICAL REVIEW B 107, 094507 (2023)

And we find that the spin-singlet orbital-dependent pairing is
also prevalent in solid-state systems when the energy scale of
atomic SOC is smaller than that of the orbital hybridization
or external strain. In this case, we focus on the zero magnetic
field limit. Using the general results from the calculations in
the previous section, we have

111(%) = fO(T7 )\som Lstr, h= 0)

2
= Co(T. Vi + 1) e (29)
where Cy(T, E) is defined in Eq. (22). In the case of Ao =
0, it can be seen that T.(ty) = To(tyr = 0), ie., the su-
perconducting 7. is not suppressed by stain or the orbital
hybridization when the orbital d, vector is parallel to g [10].
However, in the presence of nonzero atomic SOC A, the T,
will be suppressed even when d, || g is satisfied. Figure 3(c)
shows the behavior of T, as a function of the A/t for two
different values of zy,. We see the suppression of 7. as long as
Asoc 7 0, and the suppression is more prominent when fy; is
larger.
To understand the suppression of orbital-dependent pair-
ings by the atomic SOC, we take the ty, = 0 limit. Eq. (29)
leads to

T.
ln() = Co(T, Asoc), (30)
Ty

which implies that Ay, plays the same role of magnetic field
that suppresses the T, of the orbital-dependent pairing states.
And Agoc ~ Hp roughly measures the zero-field Pauli-limit of
the orbital-dependent pairing states. We dub this new effect as
zero-field Pauli limit for orbital-dependent pairings induced
by the atomic SOC, which can serve as the preliminary anal-
ysis of whether orbital-dependent pairings exist or not in real
materials by simply calculating Ay /7.

Motivated by this observation, we notice that the normal
Hamiltonian given in Eq. (7) satisfies [Hy(K), 72] = 0 with
both A, — 0 and ¢y — 0. It stands for the U(1) rotation in
the orbital subspace. As a result, we can project the normal
Hamiltonian Hy (k) in Eq. (7) into block-diagonal form cor-
responding to the 41 eigenvalues of 1, by using the basis
transformation

. »
u:o()@ﬁ[} i’}. (31)

The new basis is given by

Uiy = (e} el el el ) (32)

where Cjt,s = %(C(LJ F "C:zj,,,s) On this basis, the normal

Hamiltonian is given by
Ho=Hs ®H,, (33)

where H(f are given by
Hy = €(K) F hsocO3. (34)

Note that the time-reversal transforms ’Hgt(k) to H(—k).
Explicitly, the atomic SOC is indeed a magnetic field in each
subspace, while it switches signs in the two subspaces to
conserve TRS.

Next, we project the pairing Hamiltonian to the new basis,
and we find that it also decouples as

Ha =HE & Hy, (35)
where ’Hf are given by
Hy =2Axc]  (K)c) | (—K) — (1 < D] +He,  (36)

where AL = Ao(:Fid(} + ds ) are the gap strengths in each
subspace. In each subspace, it resembles an s-wave super-
conductor under an effective magnetic field of the atomic
SOC along the out-of-plane direction. It naturally explains
the zero-field Pauli-limit pair-breaking effect of atomic SOC
on the orbital-dependent pairings with the . — 0 limit. As a
brief conclusion, our results demonstrate that the spin-singlet
orbital-dependent pairings occur only in weak atomic SOC
electronic systems.

IV. 2D HELICAL SUPERCONDUCTIVITY

In the above sections, the spin-orbit coupled SCs concern-
ing inversion symmetry have been comprehensively studied.
In addition to that, it will be natural to ask if there exist more
interesting superconducting states (e.g., topological phases)
by including an inversion-symmetry breaking to the normal
Hamiltonian in Eq. (7), namely, Az # 0. For this purpose, in
this section, we focus on the Rashba SOC and explore its
effect on the spin-orbit coupled SCs, especially the orbital-
dependent pairings. Even though the 2D bulk SC or thin film
SC preserves the inversion symmetry, a Rashba SOC appears
near an interface between the superconducting layer and the
insulating substrate. Remarkably, we find a TRI topological
SC (helical TSC) phase generated by the interplay between
the two types of SOC (atomic and Rashba) and spin-singlet
orbital-dependent pairings. Since TRS is preserved, it belongs
to Class DIII according to the tenfold classification. On the
boundary of the interface, there exists a pair of helical Majo-
rana edge states [74—83].

To explore the topological phases, we consider the normal-
state Hamiltonian in Eq. (7), and the TRI spin-singlet
nonunitary pairing symmetry in Eq. (16) for the BAG Hamil-
tonian (13), namely, a real orbital d,, vector is assumed for the
orbital-dependent pairings.

In the ty, — 0 and Ay — 0 limit, the bulk band gap closes
only at the I" point for u* = +,/A2 . — 4|A,|*> while no gap
closing happens at other TRI momenta, leading to a topolog-
ical phase transition. Thus, we conclude that the topological
conditions are ;< pu < pu} and an arbitrary orbital d, vec-
tor. In Appendix D, we show the Z, topological invariant can
be analytically mapped to a BdG-version spin Chern num-
ber, similar to the spin Chern number in the 2D topological
insulators. As mentioned in Sec. III C, the conservation of
7y, the U(1) symmetry in the orbital subspace, leads to the
decomposition of the BdG Hamiltonian into two blocks for
different eigenvalues of 7,. In each subspace, we can define
the BAG Chern number as

1 .
= Y /};de-(¢ﬁt(k)|le|¢ni(k)>, (37)

filled bands
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FIG. 4. Topological helical superconductivity for spin-singlet orbital-dependent pairing in the presence of Rashba SOC. (a) The Z, index
is calculated by decoupling the BdG Hamiltonian into two chiral blocks when Ay = 0 and ty, = 0. The other parameters used: m = 0.5,
nw=02 Aoe =04, A =1, A, =0.1,d, = (1,0, 1). (b) The Wilson loop calculation of the Z, invariant for A; = 0.05, ty, = 0.1, ¢ = %
and g, = (1, 0, 1). The other parameters remain the same as those in (a). The spectrum of edge states in (c) shows two counterpropagating

Majorana edge states of the helical TSC.

with |¢) being the energy eigenstate of Hi, (see the details
in Appendix D). Then the Z, topological invariant, in this case,
is then explicitly given by,

Cy—C-

>
where C are the Chern numbers of the & channels. v = 1 cor-
responds to the TSC phase, shown in Fig. 4(a). Based on the
analysis for the topological condition, we learn that A, should
be smaller than \¢.,.. However, as shown in Sec. III, the atomic
SOC actually will reduce the 7, of orbital-dependent pairings,
which set a guideline to a physically realizable set of parame-
ters, Tp > Asoc > A,, beyond the BCS theory (A, ~ 1.76T)).
For example, the monolayer FeSe superconductor films on
different substrates achieve a very high critical temperature
To ~ 70 K [84].

As for a more general case with nonzero A,, fg, and Ay,
the BdG Hamiltonian can no longer be decomposed into two
decoupled blocks, hence the Chern number approach fails
to characterize the Z, invariant. However, the more general
Wilson-loop approach still works (see details in Appendix E).
In general, the Z,-type topological invariant of helical su-
perconductivity could be characterized by the Wilson loop
spectrum [85,86], shown in Fig. 4(b), which demonstrates the
nontrivial Z, index. To verify the helical topological nature,
we calculate the edge spectrum in a semi-infinite geometry
with k, being a good quantum number. Figure 4(c) confirms
clearly that there is a pair of 1D helical Majorana edge modes
(MEMs) propagating on the boundary of the 2D system.

(38)

v

V. TRB NONUNITARY SUPERCONDUCTOR

So far, the TRI nonunitary pairing states are investigated,
which exhibit the Pauli-limit violation for in-plane upper crit-
ical field and topological phases. Furthermore, in this section,
we study the TRB nonunitary pairing states characterized
by a complex d, vector when both Ay and A, are real. As
it is well known, the experiments by zero-field muon-spin
relaxation (uSR) and the polar Kerr effect (PKE) can provide
strong evidence for the observation of spontaneous magne-
tization or spin polarization in the superconducting states,

which indicates a TRB superconducting pairing symmetry. On
the theory side, the nonunitary spin-triplet pairing potentials
are always adopted to explain the experiments. However, for
a spin-singlet SC, a theory with TRB pairing-induced spin-
magnetization is in great demand. Addressing this crucial
issue is one of the aims of this work, and we find that a spin-
singlet TRB nonunitary SCs supports a TRB atomic orbital
polarization, which in turn would give rise to spin polarization
in the presence of atomic SOC.

A. 2D chiral TSC

We first explore the possible 2D chiral topological phases
by considering the simplest case with A, = fgx = Ay =0 to
demonstrate the essential physics. For the TRB nonunitary
pairing, a complex orbital d, vector can be generally param-
eterized as d, = (cosf, 0, e sinf). And the relative phase
¢ = £ /2 is energetically favored by minimizing the free
energy.

At the I' point, the bulk gap closes at ufi =

+ /A2, —4|A;?, where i=1,2 and A, =iA,(sinf £
cos 6). Due to TRB, ,u,fl #* ufz. Accordingly, we semiqual-
itatively map out the phase diagram in Fig. 5 by tuning 6
and u, and label the different phase regions by the num-
ber of Majorana edge modes (MEMs), denoted as Q. When
[pe] > max{|uc 1], |ic2]}, the topologically trivial phase is
achieved with Q =0. As for min{|uc 1], |c2l} < || <
max{|tc 1|, |tc2]}, there is only one MEM on the boundary,
corresponding to the Q = 1 regions [87,88]. When |u| <
min{|pc 1], |fee2]}, there are @ =2 MEMs. The chiral TSC
might be detected by anomalous thermal Hall conductivity

Ky = 27 [89].

B. Atomic orbital polarization and spin polarization

Next, we show how spin-singlet TRB nonunitary pairing
can induce spin polarization, and discuss how to identify
such pairings by using spin-polarized scanning tunneling mi-
croscopy measurements. We assume a TRB complex orbital
d, vector and find that it can generate the orbital orderings as

M, = —iys Jay(d, x d7), (39)
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FIG. 5. Topological chiral superconductivity. We plot the phase
diagram in terms of the number of MEMs (Q) of the TSC. Param-
eters used: A, = 0.14, Ao =04, ¢ = £ /2, A, =0, ty, =0, and
Ay =0.

of which the y component breaks TRS shown in Fig. 6(a).
More precisely, we find that M} o Zkﬂ (Ad, +id,..o (K) —
4, —id,,.o (K)) # 0 indicates the atomic orbital-polarization
(OP) (see Appendix F for details). Here, 7 is the density oper-
ator of electrons. Once M} develops a finite value, it leads to
orbital-polarized DOS and two distinct superconducting gaps
of the quasiparticle spectrum [Fig. 6(c), more details below].
Therefore, the orbital degree of freedom in spin-singlet SCs
plays a similar role as the spin degree of freedom of spin-
triplet SCs.

Once the atomic SOC is present, spin polarization (SP)
could be induced indirectly. A possible Ginzburg-Landau term
could be

AF = o |M,|* + YsocMIMD, (40)

with oy > 0 and ysoc # 0. Here, M7 o Y\ (fieq — i ).
Therefore, the complex orbital d, vector can be identified
by the spin-resolved density of states (DOS) for spin-singlet
superconductors. Minimizing Eq. (40) directly leads to M? =
Voo IM. Z, which indicates the OP-induced spin magnetism.
In addition, the direction of SP can be also aligned to x or y
axes, discussed later.

To verify the above analysis, we numerically solve
the BAG Hamiltonian (13), Hp4clE.(k)) = E,(K)|E,(Kk)),
where the nth eigenstate is given by |E,(k)) =
(ud 4 ud 0 vd pe vd N ud 4 ud N vd 4 vd i)T' Thus,
the atomic-orbital and spin- _resolved DOS can be calculated
as the following,

Dgrbit(E) Z ‘uK o E E (k)]
o,nk i (41)
spm(E) Z |u’;,g| S[E — En(k)L

7,n,k
where u [(u o —ikuy )and k = +1 for d,; £ id,,
orbitals. In Fig. 6(c), Dorbn #* Dorblt indicates that the DOS
is orbital polarized. Remarkably, we also have szm #+ DSpln

(a) TRS-breaking OP (b)
Two orbitals SP direction
i (ds ) z-axis
l Agli- 0
{d,.d,} y-axis
X l X { XZ° y} X-axis
(c)s

Orbital DOS (a.u.)

05 0 05 05 0 05
E E

FIG. 6. (a) Schematic diagram showing the TRB orbital polariza-
tion (OP) induced by complex d, vector. (b) Spin could be polarized
in different directions based on the two active orbitals involved in
the pairing. (c) Orbital DOS projected into the chiral k = %1 basis,
showing a two-gap feature due to TRB. (d) The corresponding spin
DOS, shifted relative to the Fermi level due to the nonzero effective
Zeeman field from the OP. Parameters used: m = 0.5, u = —2, A =
0, hoc =02, A, =0.4, 1, = 0,2, = 0,d, = (1,0, e™/10),

due to coupling between electron spin and atomic orbitals,
shown in Fig. 6(d). The difference in orbital DOS acts as an
effective Zeeman field for the electron spins, hence shifting
the spin DOS relative to the Fermi level in opposite directions
for up spin and down spin. This interesting phenomenon is
quite different from spin-triplet SCs. In TRB spin-triplet SCs
the spin-up channel and spin-down channel will form different
symmetric gaps in spin DOS, similar to the two orbital chan-
nels in Fig. 6(c) for our case. Therefore, the spin DOS profiles
are distinct in the two cases. As a result, the spin-resolved
DOS, which can be probed by spin-resolved STM [90] and
muon-spin relaxation [91,92], can serve as a smoking gun
evidence to identify TRB due to complex orbital d, vector in
multiorbital SCs.

VI. DISCUSSIONS AND CONCLUSIONS

In the end, we briefly discuss the direction of spin polar-
ization induced by atomic orbital polarization, summarized in
Fig. 6(b). We consider the three-dimensional subspace of
orbitals spanned by {d,., d,., d\,}, where the matrix form of
the angular momentum operators L reads [63],

0O 0 O 0 0 —i
Ly=[0 0 i],L,=10 0 0],
0 —i O i 0 0
0 ¢ O
L=|—-i 0 0], (42)
0O 0 O
which satisfy the commutation relation [L,,, L,] = —i€;uL;.

Therefore, the spin-orbit coupling for a system with the
orbitals is given by,

Hsoc = )\socL - 0. (43)
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Then, let us consider a two-orbital system, the above SOC
Hamiltonian will be reduced to,

For {dyzv dxz} D Hyoe =
For {dyz’ d\w} D Hyoe = AgocT202,
For {dxza dxy} © Hyoe = —AsocT201. (44)

_)‘-soc 7203,

Therefore, in the above three cases, the spin polarization is
pointed to z, y, x axis, respectively. Because the atomic orbital
polarization is induced by the complex orbital d, vector as
0, M3, 0) o id? x d,,.

To summarize, we establish a phenomenological theory
for spin-singlet two-band SCs and discuss the distinct fea-
tures of both TRI nonunitary pairings and TRB nonunitary
pairings by studying the effects of atomic spin-orbit coupling
(SOC), lattice strain effect, and Rashba SOC. Practically,
we demonstrate that the stability of orbital-dependent pair-
ing states could give birth to the nonunitary pairing states
in a purely spin-singlet SC. Remarkably, the interplay be-
tween atomic SOC and orbital-dependent pairings is also
investigated and we find a new spin-orbit coupled SC with
spin-singlet nonunitary pairing. For this exotic state, there are
mainly three features. First, the atomic SOC could enlarge the
in-plane upper critical field compared to the Pauli limit. A new
effect dubbed as zero-field Pauli limit for orbital-dependent
pairings is discovered. Second, topological chiral or helical
superconductivity could be realized even in the absence of
external magnetic fields or Zeeman fields. Furthermore, a
spontaneous TRB SC could even generate a spin-polarized
superconducting state that can be detected by measuring the
spin-resolved density of states. We hope our theory leads to a
deeper understanding of spin-singlet nonunitary SCs.

Our theory might have potential applications to the in-
triguing Sr,SuOy4 [93,94], LaNiGa, [58], iron-based SCs
[59,60], and ultracold atomic systems with large spin alkali
and alkaline-earth fermions [95-99].
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APPENDIX A: TOY MODEL FOR TWO-BAND
SUPERCONDUCTING PHASE DIAGRAMS

In this Appendix, we explore a possible superconducting
phase diagram including the nonunitary pairing states in the
GL framework. Here we assume a two-band SC with

At = [AJ‘[O + Ao(d(}‘l'] + d3f3)](i02).

In terms of the superconducting order parameters
{A;, Ay, d, = (da',O, d3 )} and the order parameter for the
orbital orderings M,, Zk’a (cjm (K)Tapcps (K)), the total GL
free energy can be constructed to address the homogeneous
superconducting phase without external magnetic fields,

F[AS! AodevMo]:F0+fb+-Foz

(AD)

(A2)
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where
Fo = 30(T)|A* + 30/ (T)|A* + Jo M,
+ 1BIA + LBIA + BIAP A
+Boldl 1t + Blld3, (A3)

where |d,| = 1 is adopted, a(T) = oo(T /T, — 1), &'(T) =
ay(T /T2 — 1) and the coefficients g, o), on, B, B, B,
Bo. B, are all positive. T, T, are critical temperatures in
orbital-dependent and orbital-independent channels respec-
tively, which are in general different from each other. And
oy > 0 means that there is no spontaneous atomic orbital po-
larization. In the superconducting state with both nonzero A,
and A, developed already, additionally, there are two possible
ways to pursue the spontaneous TRB, denoted as F;, and F,.
First, we consider the F, term

Fp=biA*A,+by(AFA,)* +hec, (Ad)

where the sign of b, determines the breaking of TRS. Here we
focus on the generic case where A and A, belong to different
symmetry representations so that there is no linear order cou-
pling between them, i.e. by = 0. Given b; =0 and b, > 0,
we have a 6, = £ /2 relative phase difference between A;
and A,e’% [100], which gives to the achievement of the TRB
unitary pairing state (A; € R, A, ~i,d, € R).

More generally, a TRB nonunitary SC arises from the
nonzero bilinear b; term, which is symmetry allowed only
when A and A, belong to the same symmetry representation
of the crystalline symmetry group. Namely, the case with
by #0 and b, > 0 can pin the phase difference 6, to an
arbitrary nonzero value, i.e., 6, € (0, ). Then, this case can
also give rise to TRB nonunitary pairing with (A; € R, A, €
C,d, e R)or (A; e R, A; € C,d, € C). On the other hand,
the b, < O situation makes TRI nonunitary pairing states
(A; e R, A, € R,d, € R).

However, even in the case with b, < 0, we still have an
alternative approach to reach TRB pairing states, driven by
the F, term

Fo=voldy x @ +iyM, - (d, x d) + He.,  (AS)
b,
A,xi,d,eC Ayjxi,d,€R
(TRB + NU) (TRB + U)
Y0
0
A,eR,d, eC A,eR,d, eR
(TRB + NU) (TRI + NU)

FIG. 7. Schematic superconducting phase diagrams on the
by—yp plane when b; = 0 and A, is real and nonzero. Here, TRB
and TRI are short for TR-breaking and TR-invariant, respectively; U
and NU represent unitary and nonunitary, respectively.
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where the sign of y; identifies the TRB due to a complex d,,. In particular ¥y < O results in a TRB nonunitary state (A; € R, A, €
R,d, € C).

We summarize many of the possible interesting superconducting phases in Fig. 7, which schematically shows a supercon-
ducting phase diagram as a function of b, and y; by setting b; = 0, i.e., the generic case where A,, A, belong to different
representations. Notice that this phase diagram characterized by b, and y; does not contain the TRI unitary pairing phase.

APPENDIX B: DERIVATION OF 7 FROM LINEARIZED GAP EQUATION

Starting from the generic Hamiltonian, containing atomic SOC, generic § = (g, 0, 82) with |g| = 1 and in-plane magnetic
field,

Hy(K) = €(K) + Asoc03T2 + A(8171 + &373) + hoy. (B1)
The Matsubara Green’s function for electrons is

G (K, iw,) = [iw, — Ho(k)]™

P __ P, _ P _ P
= - 4 - o (B2)
iw, —ex + E_ ivo, —ex +Ey  iw, —ex —E_ iwv, —ex — E4

where the projection operator

1 - _ B - ~
Pygy = Z[l +a(gio1t + g301713)] - [1 + E(lsoc03fz + 08171 + &373) + ho1)], (B3)
y

with o, B,y € {+, —} and E, = /A2, + (A + yh)?. The Green’s function for hole is G,(k, iw,) = —G%(k, iw,). Here w, =
2n+ VmkpT.
The linearized gap equation is given by

ASL, (K )———Z Y Vi K) X [G(K, i) AR )GH(=K', iwn)ga. 50 (B4)

sia',s

@y sha',shHb

where the generic attractive interaction can be expanded as

yiiash (g gy = _yq Z Lm k) - rzaz]s s, b[d(l;""(k/) - Tion |

sa sHb
r'm

(B5)

Sl o 9
sha',shb'

where vy > 0 and I" labels the irreducible representation with m dimension of crystalline groups. The linearized gap equation is
reduced to vy x (7)) — 1 = 0 where x (T) is the superconductivity susceptibility. We have
(i) For orbital-independent pairing:

1
x(T)s = 3 ZTr[(%(k)iGz)TGe(k, i) (Y5 (K)io2)Gp(—K, iwy)]. (B6)
kv,
(i1) For orbital-dependent pairing:
x(T) = —% Z Tr[(do(K) - Tio2) G (K, iwy)(do(K) - Tios)Gi(—K, iw,)]. B7)
Kk,w,

Then we take the standard replacement,

NO/ de//dﬂz (BS)

where N, is the density of states at Fermi surface, €2 is the solid angle of k on Fermi surfaces and wp the Debye frequency. We
will also be making use of,

N

k oM

No

5 ZdeG*(k i0,)G} (K, iw,) = _F ZG (K, i0,)G; (K, iw,) = xo(T), (B9)
o &
M ten . No
5 ZdeGe (k, iw,)G; (K, iw,) = -5/ ZG (k, iw,)G;, (K, iw,) = xo(T) 4+ NoCo(T), (B10)
where xo(T) = Ny In( 2;;:}") y = 0.57721 - - - the Euler-Mascheroni constant and Co(T') = Re[w(o)(%) Iﬂ(o)( + ’ﬁgck)r )]

with ¥ @(z) being the digamma function.
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For orbital-independent pairing considered in the main text A 7pio,, we have

N, E, —FE_
x(T) = xo(T) + ;[CO(T, +2) + co(r

No E, —E_ E,+E_
2T, =——=) - T
Slo(r=55)-a(n555))-

= xo(T) + Nofo(T, Asoc, 2, h).

E.+E_
2

A 4A2, —h?

E.E_

B11)

In order to look at the effect of A on the Pauli limit, we could Taylor expand f(T, Asoc, A, ) for small A:

fs(Ta )‘«som A, h) =
with

F(T, Asoes 0, 1) + F(T, o, A + O(AY),

(B12)

A2 h?

F(T, Asoc, h) =

1//(2)(%) soC

4TIAT2 (A2, + 12)’

Iﬂ(())(

Ea )} Ao
2mkgT 2nkBT(?»§00 + h2)5/2

_Re{ ) (1)
el

This is used in the main text.

i Aot ) } 4)‘300}’2

2mkgT
2
2+ )’

(B13)

For orbital-dependent pairing A,(d; 7| + d313)io, with d, = g, we have

N, E.—E_
Xo(T) = xo(T) + 20|:C0<T, *2) +c0<r

No E, —E_
—|Co| T, ————— )| = Cy| T,
N 2["( 2 ) °< 2

= xo(T) + Nofo(T, Asocs A, h).

APPENDIX C: STRAIN EFFECT ON T AND PAIRING
SYMMETRY

The strain effect characterized by Eq. (6) in the main text
can be absorbed into the orbital hybridization vector g, and
gives rise to an effective § = g, + t/Ao(sin 2¢, 0, cos 2¢).
Then in the absence of SOC terms, the corrected critical
temperature 7, due to the strain and hybridization effects is
perturbatively given by

T. 2
In <T> B /fdsz Co(Ty)(1d,* — 1d, - &),
0 N

where Tj is the critical temperature without strain or hy-
bridization and the integration is over the solid angle of k
over the Fermi surface. Similar to previous discussions, the
strain generally suppresses the critical temperature when g is
not exactly parallel to d,, as shown in Fig. 8(a). For nonzero
strain, the 7, is not suppressed when d,||g. Figure 8(b) shows
the symmetry-breaking pattern of the |d,|, which is propor-
tional to the SC gap (the proportionality constant has been
normalized to 1 in the figure), around the Fermi surface. The
strain would reduce the symmetry from Cy to C,, as expected.

(ChH
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APPENDIX D: TSC WITH A; =0,1,=0

To demonstrate the topology, we also show a simple case
with Ay, = 0 and A, = 0, where the Z, can be characterized
analytically.

In this section, we focus on the simplified case with-
out orbital-independent pairing or orbital hybridization. In
Fig. 4(c), we calculate the edge spectrum with k, being a good
quantum number in a semi-infinite geometry, and it shows
the corresponding bulk band structure together with two

1.0 2.0
@ 0o (b)

osp T o0 I'SAM&
(=] N p—
N 2 < 1.0 )
S 0Th — talAokE=1 S| T k=0

0.6 2 - U0

— syl AokE=2 — ty /A k%=0.3
0.5 0.0 HF
0.0 0.5 1.0 1.5 2.0 0 T 2r
t/t.\'fr 0

FIG. 8. (a) shows the suppression of 7. for different strain
strengths. Here d, = g, + igslr whereas § = g, + %gslr. (b) shows
the symmetry breaking of the SC gap from C; to C, due to the exis-
tence of the external strain. We have chosen g, = (3k.ky, 0, k2 — kyz)
and the strain parameter ¢p = 0 in gg,.
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counterpropagating MEMs. The bulk topology of the 2D heli-
cal TSC phase is characterized by the Z, topological invariant
v, which can be extracted by calculating the Wilson-loop
spectrum. And v =1 mod 2 characterizes the helical TSC.
In Fig. 4(b), we plot the evolution of 6 as a function of k,,
and the winding pattern indicates the topological Z, invariant
v=1.

On the other hand, with A; = 0, which is the case if we
only consider on-site attractive interactions between electrons
[101,102], the BAG Hamiltonian (13) can be decomposed into
two orbital subspaces that are related through time-reversal
transformation. Each of these blocks has a well-defined Chern
number because each block alone breaks TRS. The two Chern
numbers can then be used to define the Z, invariant of the
whole BdG system. The detailed procedures are the following.

For the normal Hamiltonian given in Eq. (1), we have
[Ho, 2] = 0. As a result, we can project the normal Hamil-
tonian H, in Eq. (1) into block-diagonal form corresponding
to the £1 eigenvalues of 7, by using the basis transformation

U=0y)® %ﬁ[} =']. The new basis is given by

Uik) = (e} . cl el el ) (D1)
where cl,x = %(cjlms F icjl)‘:’s). On this basis, the normal
Hamiltonian is given by

Ho=He & Hy, (D2)

where H; are given by
H()i = G(k) + )"R(kaZ - kyal) F AsocO3- (D3)

Note that the time-reversal transforms ’HB—L (k) to Hf(—k). In
the new basis the pairing Hamiltonian also decouples as Ha =
HL @ H, with Hf given by

Hyx =2A:[ch ,K)cl [(—K)— (t < D]+ He., (D4

where Ay = A,(Fid! +d>) are the gap strengths in each
subspace. Therefore, the Bogoliubov-de Gennes (BDG)
Hamiltonian takes the following block-diagonal form,

Hpac = HgdG ® Hpyg: (D5)
where
Hiao(K) = (€(K) F Asoco3)ys + Ar(kxo2ys — kyor )
+2d02y1 — 2d302)2, (Do)

with y,, being the Pauli matrices in the particle-hole space.
The Nambu basis is WL(k) = (c} ,(K), c | (K), cx1(—k),
¢+, (—Kk)). Each subspace has its own particle-hole symmetry.

By symmetry, the 2D BdG Hamiltonian in Eq. (D5) be-
longs to Class DIII of the A-Z classification [103,104] for
topological insulators and superconductors because both TRS
and particle-hole symmetry are preserved. However, it is not
the case for our model. The BdG Hamiltonian here could
exhibit topological states with Z,-type topological invariant,
which can be defined as the following. In each subspace, we
define the BAG Chern number as

1
.=t ¥ /Bzdk.<¢f<k>|ivk|¢,f<k)>, (D7)

filled bands

with |¢) being the energy eigenstate of ’H;dG. Then the Z,

invariant, in this case, is then explicitly given by,
C,—C_

>
where Cy are the Chern numbers of the &+ channels. This has
been discussed in the main text.

v

(D8)

APPENDIX E: WILSON-LOOP CALCULATION
FOR Z, TSC

In the thermodynamics limit, the Wilson-loop operator
along a closed path p is expressed as

W, = Pexp [z?{ A(K) dk], (E1)
P

where P means path ordering and A(K) is the non-Abelian
Berry connection

A (K) = i(¢" (k) Vi|¢" (K)), (E2)

with |¢"™"(k)) the occupied eigenstates. The Wilson line ele-
ment is defined as

G"(k) = (¢"(k + AK)[¢" (k)), (E3)

where the k = (k,, k), and Ak = (0, 2w /N,) is the steps.
In the discrete case, the Wilson-loop operator on a path
along k, from the initial point k to the final point k +
(0, 2m) can be written as W, x = G(k + (N, — 1)AK)G(k +
(Ny — 2)AK)...G(k + AK)G(k), which satisfies the eigen-
value equation

Woalody) = et

u){k). (E4)

The phase of eigenvalue 6 = 2r v( (ky) is the Wannier func-
tion center.

APPENDIX F: SPIN AND ORBITAL MAGNETIZATIONS:
M, AND M,

In this section, we show the definition of spin and orbital
magnetization at the mean-field level. The spin magnetization
in orbital-inactive systems takes the form

M o Y (el (K)o, e, (K), (F1)

K,s1,5

which tells us the magnetic moments generated by spin polar-
ization. Similarly, the orbital magnetization in orbital-active
system is given by

M, o Y (el ,(K)Tapcs p(K)). (F2)
k,s,a,b

The different components of the orbital magnetization vector
represent different orders in the SC ground state. More specif-
ically, we have

M, = Z <c:$dﬁ Cs.d, + Cj.d}zcsvdu.)’ (F3)
k,s
M =—i Z (el 4 coa, —cl 4, Code) (F4)
k,s
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1
=3 > Psacria. = Asa-ia.), (F5)
k,s
M(i = Z (c:'.,d,cz Cs,dxz - c:'.,dy:csvdyz>' (F6)
K,s

We see that M** breaks the Cy rotation symmetry and M,
breaks TRS. In our work, we only consider the possibility of
spontaneous TRS breaking, thus the M}* will not couple to

the superconducting order parameters, which are required to
be invariant under C,. Because M, breaks TRS so that it could
be coupled to the superconducting order parameters, which
spontaneously breaks TRS. This is one of the main results of
our work,

(0,M,0) o id} x d,, (F7)

where the complex orbital d, vector breaks TRS.
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We explore the manifestation of second-order topology in a two-orbital superconductor with spin-orbital cou-
plings, characterized by the emergence of anomalous gapless boundary modes. This state arises from the spon-
taneous breaking of time-reversal symmetry, driven by a d+id-wave orbital-dependent pairing, which can be en-
ergetically favored. Notably, the orbital-active d-wave pairing leads to anomalous zero-energy Majorana corner
modes, contrasting with conventional chiral d-wave pairing that typically produces one-dimensional Majorana
edge modes. Our theory offers a natural explanation for the absence of edge supercurrent in a d+id supercon-
ductor. Additionally, we establish a correspondence between bulk second-order topology and dislocation lines,
where a Kramers Majorana doublet emerges, albeit with a small gap. These findings demonstrate a connec-
tion between second-order topology and orbital-dependent pairings, offering new insights into the behavior of

multi-band superconductors.

Introduction.— Topological superconductors (TSCs) are
exotic quantum condensed matter phases with topologically
nontrivial Cooper pair wavefunction structures. As one of the
most remarkable consequences of TSCs, spatially localized
Majorana zero modes (MZMs) can be trapped within the vor-
tex cores of a two-dimensional (2D) p-wave TSC [1-3] or be
formed at the ends of a one-dimensional p-wave superconduc-
tor [4]. MZMs exhibit non-Abelian quantum statistics, natu-
rally encoding topological qubits that pave the way for fault-
tolerant quantum computation [5, 6]. Although naturally oc-
curring topological superconductors are rare and elusive, the
past few decades have seen a tremendous effort to discover ar-
tificial topological superconductivity in various quantum ma-
terials [7-10], following theories [11-13]. So far, evidence of
MZMs has been experimentally reported in several systems,
ranging from one-dimensional superconducting hybrids [14—
16] to vortex cores on a proximitized topological insulator sur-
face [17] or an iron-based superconductor surface [18].

The recent advances of topological band theory have un-
veiled an entirely new category of “higher-order” TSCs with
an unprecedented bulk-boundary relation [19—66]. For exam-
ple, in two dimensions (2D), a second-order TSC generally
binds 0D MZMs around the geometric corners of a finite-size
system. In pursuit of corner MZMs, a crucial conceptual ques-
tion is looking for new simple, feasible recipes applicable to
real-world superconductors. Given the important role of or-
bital degrees of freedom in unconventional superconducting
systems, a comprehension of whether multi-orbital pairing can
enable higher-order TSC is certainly necessary but still largely
incomplete [67-70].

This study demonstrates that orbital-active d+id-wave pair-
ing can stabilize a second-order class-D topological supercon-
ducting phase protected by C4 rotation symmetry. The topo-
logical nature of this superconducting phase is confirmed by
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numerically revealing Majorana corner modes and conducting
atopological quantum chemistry analysis. It naturally explains
the absence of edge supercurrent in a time-reversal-symmetry
broken d+id superconductor. Furthermore, apart from appear-
ing at sample corners, we find that lattice dislocations can also
trap Majorana zero modes due to the inherent weak topology
of the system. Our findings establish a promising platform for
the design and construction of Majorana qubits within multi-
band superconductors.

Model of d+id TSCs and symmetry analysis.— We consider
a normal state two-orbital {d,d,.} tight-binding model on
the square lattice with SOC,

H, =Y W' (k) {e (k) ooso + (k) o250 + €' (k) 0us0
k

+Aoys, + Arsin kyo08y — Ar sinkyoos, ¥ (k) , (1)

where Uf(k) = (CLmzaT7 lemz,i’ CLyZ,T’fjlyz,i)’ eEk:) =
—2t cos kg —2t cos ky+4t—p, € (k) = —2t cos k,+2t cos ky,
and €” (k) = 4t"sink;sink,. o0y, . and s, , are Pauli
matrices for the orbital and spin degrees of freedom, re-
spectively. ¢ describes the intra-orbital nearest-neighbor hop-
ping, ¢ depicts the hopping anisotropy along the different di-
rection of d., d,. orbitals and t” is the inter-orbital next-
nearest-neighbor hopping. The A; and Ar are the strengths
of intrinsic and Rashba SOCs, respectively. This normal
Hamiltonian breaks inversion symmetry but preserves TRS:
TH, (k)T ' = Hy(—k), where T = iogs,K with K the
complex conjugation operator. In addition, the normal Hamil-
tonian has the four-fold rotation symmetry r,, = i, e~ ""=/4,

In the Nambu basis {UT (k) , U7 (—k)}, the Bogoliubov-
de-Gennes (BdG) Hamiltonian reads

Hy (k) A(k)

=1 at(k) —B7 (—k) | @



Here, the pairing potential A (k) consists of both orbital-
independent and orbital-dependent pairings,

A (k) =[Ai® (k) oo + Ao(d, (k) - o)]isy. 3)

Here A; and A, are pairing amplitudes in orbital-independent
and orbital-dependent channels, respectively. In this work,
we are particularly interested in the d-wave pairings, and
consider ® (k) = —2cosk, + 2cosk,. Without breaking
the crystalline symmetry, a uniform orbital-dependent pairing
d, (k) = (0,0,1) is also allowed. For example, they belong
to the same irreducible representation (B1) of the Cy, point
group [71-73]. In the Supplementary Materials (SM), we self-
consistently calculate the above gap function by using random
phase approximation in the absence of SOCs and further find
a spontaneous TRS breaking d+id pairing by minimizing the
free energy. Different from the traditional dy, + id;2_y2 (or
By + iB>), this d + id pairing (or By + ¢B;) preserves mir-
ror symmetry, which enforces the vanishing of the BAG Chern
number for Eq. (2). While the first-order topology has thus
been ruled out, we will show below that 2nd-order TSC can
emerge naturally based on symmetry analysis [74—80].
Because of the d-wave pairing 74, A(k)r], = —A(C; 'k),
the BAG Hamiltonian preserves Cy, = r4, @ —1},, together
with other symmetries Co,, = 7,008, and M, = i7,0,S,, We
are capable of diagnosing the topology of the superconduct-
ing spectrum once it is fully gapped. In Fig. 1, we present the
band structures of superconductors with fully gapped trivial
and higher-order topological superconductor phases. To diag-
nose spatial symmetry-protected topological states, we employ
the topological quantum chemistry theory [81, 82] to obtain el-
ementary band representations (EBRs) [83—85] that is consti-
tuted by irreducible representations (irreps) of little groups at
the maximal momenta in the first Brillouin Zone, as tabulated
in Table. I and inserted in Fig. 1. Referring to Table. I, we ob-
serve that the topological trivial system, as shown in Fig. 1(a),
is equivalent to a configuration involving s and p, orbitals at
the Wyckoff position of 1a. In sharp contrast, the higher-order
topological phase in Fig. 1(b), is equivalent to that of two p,
orbitals at the 1a and 10 Wyckoff positions. Notice that the
1b site is at the center of the square lattice and cannot be oc-
cupied by any orbitals in real space. Thus, the potential spa-
tial symmetry-protected topological states fall within the scope
of a superconducting analog of an obstructed atomic insulator
(OAI) [81, 82, 86, 87], whose BAG Wannier orbitals are dis-
placed from the lattice sites. The OAI can be effectively di-
agnosed by the real space invariant (RSI) [86] defined at the
1b site. As defined in the SM, we find the non-trivial second-
order topology corresponds to (41, d2) = (—1, 1), whereas the
trivial phase is represented as (01, d2) = (0, 0).
Superconducting phase diagram.— In Fig. 2(a), we present
the p-A, superconducting phase diagram, which contains
nodal superconductor, second-order TSC, and trivial phases.
The gap closing and reopening of bulk dispersion at off-high-
symmetry points (k ¢ {T',X,Y, M}) distinguishes a nodal
superconductor from a fully gapped one. For the fully gapped
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FIG. 1. Bulk band structure and irreducible representations at high-
symmetry points of the TRS breaking d + id superconductor. (a)
Topologically trivial superconducting phase for A, = 0.6. (b) Cy
protected second-order TSC for A, = 0.3. Using EBRs analysis of
double space group P4mm, we can obtain Cy index J, at I"-point and
M-point which is also z-direction angular momentum, where J, =
i% of I'g or Mg and J, = i% of 'z or M7. Common parameters:

t=1,1=02,t"=01, =03 =05 g =03, A; =0.1.

TABLE I. The EBRs of space group P4mm with SOC. The first
row labels the Wyckoft positions. The second row is the irreducible
representation of the double space group. The third row represents
the orbits that induce the irreducible representation. The fourth row
is the irreducible representations at high-symmetry points.

WPs La (000) 16 (510)
EBRs Ei1G(2) E21G(2) Ei11G(2) E:21G(2)
Orbitals s Pz S p=
T (000) T7(2) Ts(2) T7(2) T6(2)
X (300) X5(2) X5(2) X5(2) X5(2)
M (330)  M=+(2) M (2) Me(2) M(2)

phase, we employ the RSI method discussed above to deter-
mine its bulk topology. First, the gap function changes sign
with respect to the reflection line along the [11] or [11] di-
rections, suggesting a mirror symmetry-protected nodal super-
conductor [88], which is highlighted in blue in Fig. 2 (a). For
example, it must be a nodal d-wave superconductor in the limit
A, = 0. More details can be found in the SM. Furthermore,
the fully gapped superconductor can be either topologically
trivial or nontrivial as we discussed above. When A, is large
enough, it is a fully gapped but trivial phase [the white region
in Fig. 2 (a)]. While the red region represents the second-order
TSC phase. On the other hand, the TRS-breaking nodal super-
conductor is also topological, whose bulk nodes are protected
by the mirror symmetry. Namely, the topological nodes are
stable along the mirror-invariant lines (i.e., movable but irre-
movable by local perturbations). To show that, we perform a
slab calculation with open boundary condition along the [11]
direction and find the Majorana flat band states connecting
two bulk nodes, as shown in Ek; of Fig. 2 (b). At fixed k.,
the 1D Hamiltonian H (k;) exhibits particle-hole symmetry
(mirror@PHS), leading to the Z5 topological invariant.
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FIG. 2. (a) Superconducting phase diagram on the plane of A, and
. The white region represents the trivial phase, the blue region is the
nodal superconducting phase and the red region is the second-order
TSC phase. (b) The spectral function of the nodal superconductor
for open boundary condition along [11] when A, = 0.01. There are
two pairs of bulk nodes, and each pair of nodal points is connected by
Majorana flat-band edge states. All the nodes are gapped out when
A, # 0, as shown in (c-d). The energy gap increases as A; is in-
creased. (c) The spectral function for open boundary condition along
[01] when A; = 0.05, and (d) is A; = 0.1. (e) The wave func-
tion profile of the four corner modes, where the inset shows the finite
system spectrum near zero energy and four MZMs (red dots). The
sample size is 120 x 120. (f) The density of states near zero energy
with the density distributions of bulk, edge, and corner. Common
parameters unless otherwise specified: ¢ = 1, ¢ = 0.2, ¢/ = 0.1,
w=0.3,A\1 =0.5,\g = 0.5, A, = 0.3, A; =0.1.

We next explore the second-order TSC phase as p ap-
proaches the band bottom or top. First, we employ Green’s
function method to compute the spectral function along the
[10] or [01] direction. The results, depicted in Figs. 2 (c) and
(d), exhibit fully gapped features. The gap opening for the
in-gap edge states increases as 4 is raised, with the gap of
edge states approximately 0.06 in (c) and approximately 0.12
in (d). Then, we perform a full tight-binding simulation on
a square lattice to visualize the Majorana corner states, as de-
picted in Fig. 2 (e). Inset exhibits the energy spectra, revealing
four zero-energy states. We additionally analyze the local den-
sity of states (DOS) shown in Fig. 2 (f) to identify the MZMs.
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As anticipated, both bulk and edge DOS exhibit a “U” shape,
while a sharp zero-bias peak is observed in the DOS measured
at the corners.

Starting from a nodal superconductor [see Figs. 3 (a) and
(b)], the transition to a second-order TSC or trivial super-
conductor can be elucidated by the elimination of the nodes.
Specifically, the removal of a single pair of nodes results in
a phase transition from a nodal superconductor to a second-
order TSC, as illustrated in Figs. 3 (c). The gap-closing at the
T point in Fig. 3 (d) further leads to a trivial superconductor.
However, the simultaneous annihilation of two pairs of nodes
corresponds to the transition directly from a nodal supercon-
ductor to a trivial superconductor, as illustrated in (f-j).

Helical TSC and second-order TSC.—In the spirit of
“boundary of boundary”, we aim to derive an edge theory to
illustrate the occurrence of corner states akin to Jackiw-Rebbi
modes [89]. We start with an interesting observation that when
A; = 0, the system is a first-order helical TSC [70]. The topo-
logical condition is —\/A? — A2 < pu < A — A2, We
solve Eq. (2) in the long-wavelength limit and focus on the edge
along the y-axis as an illustrative example. Hence, k, can be
replaced by —i0, while k, remains a good quantum number
in the BAG Hamiltonian, H(—i0,,k,) = Hy + H’, where
Hy = —iARO,T-008y — 1T20050 + MT00yS: — DoTy0 8y
needs to be solved analytically to obtain MZMs, and H' =
—92(tT,0080 + AiTz008y) — ArkyTo00S; is treated as a per-
turbation in the zero modes basis.

To solve for the zero modes, we create a domain wall along
the y-axis between a topologically trivial superconductor (z <
0) and a topologically non-trivial superconductor (x > 0).
For simplicity, we set the chemical potential ;1 = 0, resulting
in a non-trivial (trivial) superconductor region with A, < A
(A, > Ap). Taking the ansatz ¢)(z) = Ne "*y for the zero
modes, where kg = k(z > 0) > 0and Kk, = k(x < 0) <0
since the bulk on both sides of the domain wall is gapped, and
X is the spinor part. After solving Hypyp = 0, we find only
k = (A, + A1)/ AR satisfies the sign condition given the topo-
logical condition on both sides of the domain wall. The corre-
sponding spinor parts are x; = (—4,0,0,—1,—,0,0,1)T/2
and x2 = (0,1,—14,0,0,1,i,0)T/2. Therefore, we obtain
Pra(x) = J\/e*’*(@)le,g with the normalization constant
N = \/2krkr/(kL — kr). Then, projecting H' onto this
Majorana basis {t1, 12}, we find

Hedge(ky) = N2)\Rky7_y = MmeftTr, 4)

where the effective mass is mer = —|N[2Ai6A,/(2AR).
Below, we use Pauli matrices 7, , . for this Majorana basis.
Please notice that the d-wave pairing naturally induces a sign-
changing feature for 6A, = A,(z < 0) — Ay(x > 0) between
two neighboring edges (A, — —A, under Cy,). Due to the
sign change of the mass term at each corner, localized zero
modes emerge at the four corners of the system, establishing
the d+id second-order topological superconductor.
Topological defects in TSCs.— Detecting Majorana corner
modes experimentally may pose challenges, as the loss of
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FIG. 3. Bulk energy spectrum evolution under increasing A, from A, = 0 to 0.5 of I'-M line, where k' = k; = k,. (a-e) Display the

bulk energy spectrum evolution when . = 0.3. The nodal superconductor can transition to second-order SC when A, &~ 0.17 in (b), and the
critical point between second-order and trivial SC phase when A, & 0.4 in (d). (f-j) Exhibit the bulk energy spectrum evolution when p = 4.
The nodal superconductor can transition to a trivial superconductor when A, ~ 0.38 in (i). Common parameters: t = 1,¢ = 0.2, ¢ = 0.1,

A= 0.5, g = 0.5, A; =0.1.
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FIG. 4. Topological defect on a sample of square shape. (a) The

single side edge dislocation of Volterra cut-and-glue. The black or-
thogon displays a dislocation line. The orange and blue arrow lines
show the Burgers circuit and the Burgers vector b = (—1,0). (b)
Phase diagram of the trivial phase and Z2 non-trivial phase. Differ-
ent weak topological indices mark the red and blue color regions as
(0,0) or (1, 1) for the first-order TSC. (c) The energy spectrum of the
TRS-protected first-order topological superconductor with A; = 0.
The orange dots are the fourfold dislocation MZMs. (d) The wave
function profile of the four dislocation modes. Common parameters:
t=1,t=02t"=01, =77 M =05 A g =05 A, =0.3.

phase coherence near the sample boundary can obscure their
observation. However, a bulk-defect correspondence could po-
tentially address this issue, particularly if the bulk TSC ex-
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hibits a non-zero weak index [90-94]. In Fig. 4 (a), we illus-
trate an edge dislocation on a 2D square lattice, characterized
by a Burger vector b = (—1, 0). This configuration induces an
effective 7-flux, capable of trapping MZMs when

b- M, =1mod 2. ()

Here, M, is defined as M,, = 11 G1 + 2G4, where G; rep-
resents the reciprocal lattice vectors, and the vector (v1, v2)
denotes the weak topological indices. These indices can be
computed based on the positions of Wannier centers in our 2D
system. In the case where A, = 0, the model in Eq. (2) pre-
serves TRS and thus belongs to class DIII of the A-Z classifica-
tion, which can be characterized by the Z, topological invari-
ant [95, 96]. The phase diagram in Fig. 4 (b) shows Z5 = 1 for
both blue and red regions, while only the helical TSC phase in
the blue region (1 ~ 8) carries a weak index (1, 1). Our system
exhibits Cly, leading to band inversions occurring simultane-
ously at (7, 0) and (0, 7) points. Consequently, the nematicity
driven by orbital fluctuations breaks Cy,, a phenomenon de-
tectable through the bulk-defect correspondence.

We then study the bulk-defect correspondence to reveal
the presence of dislocation MZMs. Performing a full tight-
binding model calculation with an edge dislocation, we present
the energy spectrum in Fig. 4 (c) and the wave function in
Fig. 4 (d). A periodic boundary condition for both  and y
directions has been assumed, thereby excluding the presence
of Majorana corner states. Thus, Fig. 4 (d) only exhibits con-
fined Majorana Kramers pairs at each dislocation core due to
the presence of TRS. As outlined in the SM, we utilize the
cut-and-glue procedure to derive the effective 1D Hamiltonian
for MKPs. Firstly, the edge dislocation bisects the square lat-
tice into two segments, as depicted in Fig. 4 (a). The low-
energy edge Hamiltonian for the left segment is expressed by
Eq. (4), employing the Majorana basis {t1,2}. The mirror



M, symmetry leads to that for the right segment. In terms of
{11, ¥, My1ha, My1)1 }, the dislocation Hamiltonian is

Hdis<ky) = )\RkszTy + Me 00T, (6)

where Pauli matrices g, ,, . refer to the left and right segments.
The matrix representation of M,,, TRS and particle-hole sym-
metry become i9y7,, 10.7,K, and 0. 7.IC, respectively. The
meg term breaks TRS because of the TRS-breaking d-wave
pairing A;. Next, we consider the effect of the “gluing” step
on Hyg;s, which induces the hybridization between the left and
right edges due to the Rashba SOC, and thus find m/(y) 0,7, -
Once Eq. (5) is satisfied, the mass m/(y) changes sign around
the dislocation core [97-103].
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FIG. 5. (a) Energy spectrum of the square sample for TRS-breaking
second-order TSC. The green dots are the fourfold degenerate zero-
energy Majorana corner modes. The two pairs of orange dots are
dislocation modes with a finite gap. (b) The wave function profile of
the four Majorana corner modes and four dislocation modes. Com-
mon parameters: ¢ = 1, = 0.2, ¢ = 0.1, p = 7.7, \; = 0.5,
Ar =0.5,A; =0.1and A, =0.3.

When mey = 0 for a helical d-wave SC, Hgs =
Arky0.Ty + mlg(y) 0.7y elucidates the emergence of dislo-
cation KMPs. After further introducing meg (d+id-wave), its
anti-commutation with the m/g term results in a small gap for
the dislocation KMP, as TRS is broken by A; # 0 [see gap
in Fig. 5 (a)]. This is inherited from the anti-commutation re-
lations between bulk terms in Eq. (2), where the Rashba term
(AR) anti-commutes with the d-wave pairing (4;). Despite the
finite gap of KMPs, this observation indicates the bulk-defect
correspondence for the second-order d+id superconductor.

Conclusions.— We propose a theory for a Cy, symmetry-
protected second-order topological superconducting phase
characterized by a d+id-wave pairing. It can manifest as either
a topological and fully gapped superconductor (an obstructed
atomic insulator with Cjy,) or a nodal superconductor (pro-
tected by mirror symmetry). For the OAI case, we also explore
the bulk-defect correspondence using a non-zero weak index.
This orbital-dependent pairing is unique to multi-band super-
conductors. Some candidate materials demonstrating d-wave
pairing and spontaneous breaking of time-reversal symmetry
include: SroRuQOy4 [104], LaPts [105], and SrPtAs [106].
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SYMMETRY ANALYSIS

For our model, we use the normal state Hamiltonian Eq. (1) of the two-orbital square lattice in the main text to describe a
metallic material with space group P4mm, which breaks inversion symmetry and twofold rotation symmetry along the = or y
directions by incorporating orbital-dependent hopping terms: the lattice nematic term € (k) and the orbital-hybridization next-
nearest-neighbor hopping term €” (k). Furthermore, we add spin-orbit coupling terms, including the intrinsic term A; and the
Rashba term Ag sin k;s, — Arsinkys,. The symmetries of the normal state include time-reversal symmetry 7 = i0gs, /K,
fourfold rotation 74, = iaye*”‘”/ 4. and mirror symmetries m, = t0,S,. Notice that under r,4,, the normal state Hamiltonian
satisfies 74, Hy (Ko, ky)r;; = H,(—ky, kz).

The d-wave By4+iB1, superconducting pairing is allowed in magnetic materials. There could be a phase difference ¢ be-
tween the two gap functions, and we choose the d+id pairing to be A (k) = [A;® (k) 09 + Ao(d, (k) - )] isy, where @ (k) =
i(—2 cos ky + 2 cos ky ), and the uniform orbital-dependent pairing is chosen as d,, (k) - & = o,. This means two d-wave pairings
have the phase difference equal to 7/2, which breaks time-reversal symmetry (TRS). The full BAG Hamiltonian is given by

H =(4t — 2t cosk, — 2t cosky — ) T.0080 + (=2t cos ky, + 2t cos k, )7,0,50 + 4t” sin k, sin k, 7,050
+ Arsin k7,008, — AR sinky 79005 + AMiTo0y s, + (24 cos ky — 24 cos ky ) Tp008y — DoTy045y. (S1)

In Nambu basis, the symmetries of BAG Hamiltonian are particle-hole symmetry = = 7,050/, fourfold rotation Cy, = ry, &
—7r},, and mirror symmetry M, = i7,0.,5,. The d-wave pairing break TRS © = 19005, K.

We look at the elementary band representations (EBRs) under the Cy, rotation symmetry of our model. The eigenvalue
ci,(K;) of the Cy, symmetry for the occupied states is given by cf, (K;)[uf,) = Ci.|uf,) at the high-symmetry point K,
where n = 1,2, 3, 4 represents the label of occupied bands. The eigenvalue ¢, (K;) is also given by ¢§_ (K;)|ul ) = CF.|uf ).
According to Table S1, the higher-order topological phase and the trivial phase can be distinguished by the different EBRs at the
high-symmetry points ( I', M and X). The irreps have shown the Wannier center localized at Wyckoft position a of the trivial
phase and shifted to Wyckoff position b of the second-order TSC phase.

TABLE S1. The EBRs of space group P4mm with SOC and without TRS. The first row and second row are the label for the Wyckoft positions
and irreps for P4mm.The third row to fifth row show the little group representations at I' and M -point which are defined by rotational symmetry
Cl4., and the representations at X -point are defined by C5..

WPs 1a (000) 16 (110)
EBRs Ei1G(2) E21G(2) E11G(2) E>1G(2)
Orbitals s j s j =
T (000) T7(2) Ts(2) T7(2) Ts(2)
X (100) X5(2) X5(2) X5(2) X5(2)
M (530) M~(2) Me(2) Me(2) Mq(2)

NODAL SUPERCONDUTOR PHASE

In the main text, we illustrate the higher-order phase transition from the d-wave nodal superconductor by varying A, and p,
while keeping A; constant. In the nodal d-wave superconductor, four pairs of Weyl nodes emerge along two mirror high-symmetry
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FIG. S1. Nodal superconductor phase in the d+id superconductor system. (a) Spectrum of the open boundary along [11] direction of the d+id
nodal superconductor while t” = 0.2 and A, = 0.3. (b) The k/,-dependent polarization p of the nodal phase. The red and blue dots represent
different values of polarization p. (c) Phase diagram of the nodal SC and the HOTSC with varying A, and ¢’. The blue and red regions indicate
the nodal SC phase and the HOTSC phase respectively. The white region denotes the trivial SC phase. Common parameters: ¢ = 1, t=0.2,
1w=0.3 A1 =0.5,Ar =0.5, A; =0.1.

lines from the I"-point to the M -point. The nodal phase hosts Fermi arc edge states with open boundaries along the x or y axis
and there are four Weyl nodes and two flat band Fermi arcs link each pair of Weyl nodes with open boundaries along the [11]
direction, as shown in Fig. S1(a). In the 2D system, we can use bulk polarization to characterize the flat band edge states as
the momentum-dependent Chern number in the 3D Weyl nodal phase using the Wilson loop method. There are two quantized
plateaus of p correspond to two segments of flat band edge states in Fig. S1(b).

Notice, the contribution to bulk polarization from two unpaired Fermi arcs will be zero when the nodal phase indicator is
calculated in the one-dimensional effective Hamiltonian Hy,, (k, ) by treating k,, as a parameter. Now, we rotate 7/4 of (k, k)

under the rectangular coordinate system to (k;, k;) and reduce the effective Hamiltonian Hy,, (k) to Hy: (k;) where

p_ L oL
@_Vf%+%% kfxﬁ(@+@y (S2)

Therefore, the bulk polarization along the different directions ¢, j can be written as

1 27
plhy) = =5 [ TrlAdk, (53
T Jo
where the AZB = —i (ul| Ok |uﬁ> is the non-Abelian Berry connection, and «, 3 label the occupied energy bands. Fig. S1(b)

display the bulk polarization along the &/, that is quantized as 1/2 between a pair of Weyl nodes and vanished at other k.. The k-
dependent polarization p can characterize the nodal superconductor phase, and the plateau of quantized polarization corresponds
to the flat band edge states in Fig. S1(a).

Next, we discuss the effect of this d+id wave superconductor due to next-nearest neighbor hopping ¢”. Consider the simplified
nodal phase while A, # 0, the system becomes a d-wave Dirac superconductor with Ax = 0. We choose a pair of Dirac nodes
along the k, = k, = ko line, the low-energy continuum nodal phase Hamiltonian H (%, k) around the I'-point as

Hyodal (k) = (2tk§ - u) T,0080 + (4t”k§) T,0250 + MT00yS: — AoTyo .5y (S4)

There are two four-fold degenerate nodes at kg = j:\/tu + \/4t”2,u2 — (2 —4t7?) (A - )\12)/\/2 (t2 — 4¢"%) along the

: el ty/ A AT 2 2
mirror line, if ¢ < SN/ cx and A; > Af.

If we further introduce the Rashba SOC )g, then there could be a HOTSC phase appearing in the phase diagram shown in
Figure S1(c).

EDGE THEROY

In this section, we discuss the edge theory of the other edges for the d+id-wave pairing. The edges along the y direction on the
left side, along the z direction on the bottom, the right side along the x-axis, and the top side along the y axis of the sample are
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called the I, II, III, and IV edges. To understand the effect of each edge by the d + id-wave pairing, we consider the simplified
case of the low-energy Hamiltonian as

H (k)= (tk;g + tki — W) T20080 + ARKzT>008y — ARkyT000Ss + AiTo0y S, + (Aiki — Aiki)naosy — AgTy0,Sy.  (S5)

For simplicity, we can set the chemical potential ;© = 0. The effective Hamiltonian of edge I is given in Eq. (4) of the main text.
For the edge II, the Hamiltonian is decomposed as H (k,, —i0,) = Hy + H', where

Hy = —pt.0080 + 1AROyT0005z + AiTo0yS, — DoTy0 5y S6)
H = —taiTzaoso + ArkyT2008y + Aiaimoosy.

To create the domain wall at y = 0, we can use the ansatz ¢)(y) = Ne=1Wv¢ for the zero modes, where 1y = 1(y > 0) > 0and
np = n(y < 0) < 0 since the bulk on both sides of the domain wall is gapped, and £ is the spinor part. The zero modes can be
found by solving the eigenvalue equation Hy¢(y) = 0 whichn = *A"Jr)“ for the non-trivial phase. Following two corresponding
zero modes, we have the solution

Y1a(y) = Ne "o, (S7)
with the normalization constant given by N/ = ng ’Z]D The two orthonormal solutions for the spinor part are as

1
5 = 5(170,0, 1,4,0,0,4)"

1 (S8)
sy = §(o, —~1,1,0,0,4, —i,0)".

In this basis, the matrix elements of the perturbation H' are

Huoalho) = [ i) H'1a00) (59)
The effective Hamiltonian is
Hu(ky) = =[N ArkzCy — meaCa, (510)
where meg = —|N |2 %ﬁ" is the effective mass, (; are Pauli matrices in this basis.

Similarly, for the edge III, the Hamiltonian is decomposed as H (—i0s, k) = Ho + H', where

Hy = —ut,0050 — 1AROxT-005y + A\iTo0yS, — DNoTy0,5y,. S1D)
H/ = 7ta§’rz0'080 - )\RkyT()O'QSI - AiaiTzO'Osy.

In the bulk, we can use the ansatz 1(z) = Ne¥(®)Z¥ for the zero modes, where v = v(z > 0) < 0 and 4. = v(z < 0) > 0
since the bulk on both sides of the domain wall is gapped, and Y is the spinor part. We also have the solution

Pra(x) = N5 5, (S12)
with the normalization constant given by N/ = 72;“‘? The two orthonormal solutions for the spinor part are as

- 1, .
X1 = 5(7"0’07_1’ —Z,0,0, _1)T

1 (S13)
X2 = 5(0,1,4,0,0, -1,4,0)".
Then the effective Hamiltonian is
Hui(ky) = —|N|2)\RkyCy + MefiCs- (S14)
Similarly, for the edge IV, the effective Hamiltonian is
Hyy (k) = NP ArEzCy — menCo- (S15)

145



For the d + id-wave pairing, the effective Hamiltonian of the four edges are

HI(ky) = ‘N|2>\RkyCy + MefiCas
HH(ka) = _‘N|2)‘Rkw<y — MefCe,

2 (S16)
H111<ky) = 7|N| )‘RkyCy + MefCas
HIV(kaJ) = ‘N|2/\Rkw(:y - methm-
where meg = —|N \Q%f“. The mass terms have opposite signs on arbitrary two neighboring edges, giving rise to zeros modes

a the corners. This explains the appearance of four Majorana corner modes.

MIRROR SYMMETRY OF TOPOLOGICAL DEFECT

The edge or screw dislocation can induce topological defect modes in 3D weak TIs or weak TSC materials. In our work, we
distinguish the strong and weak topological phase in the 2D case by Wannier center in momentum space, and show the existence
of dislocation Majorana zero modes claimed in the main text. For the dislocation area, which is effectively an 1D chain which, the
1D Jackiw-Rebbi domain wall is helpful to understand the localized Majorana zero mode. Before the Volterra glue, the Volterra
cut create two boundaries that are bridged by a line of atoms ending at two dislocation cores.

If the edge dislocation is along the y direction, the two boundaries respect mirror symmetry M. The effective Hamiltonian
on each side follows from previous discussion on edge theory. Considering both sides of the dislocation, the basis is X =
(X1, X25 X1, X2) = (X15 X2, MuX2, My x1). At the line defect, the perturbation part HY, is

H</ = —taiTZO'()SO — )\RkyT()U()SZ — Ai(r“);Tm(foSy7 (517)
and the effective Hamiltonian is
HV(ky) = ‘N|2>\Rkypz<y + Me P0Gz (S18)

where p; are Pauli matrices in mirror symmetry subspace. The mass term opens a bulk gap. In the area of two boundaries
bridging by a line of atoms, the perturbation part HJ; is

Hiy = —t927,0080 + ART2008y — ARKyT0008z — Ai02T,008,. (S19)
Here, Ar 7,005, term provides the hopping between two boundaries. The effective Hamiltonian is
Hp m(ky) = ‘N|2>‘Rkyﬂzcy + M0l + MegPyCys (520)

where m.; = |[N|?Ag. The two mass terms will compete with each other. We can project the effective Hamiltonian into a block-
diagonal form corresponding to different directions of the Volterra cut-and-glue line linking two dislocation modes by using the
basis transformation

-1 0 10
U:% 8 _1181 (S21)
1 010
On this basis, the effective Hamiltonian is given by
Hp m(ky) = Hy, (ky) © Hp ,, (Ky), (S22)
where H g,m(ky) are given by
HE . (ky) = Arky 0y + meiior = migo.. (S23)

Here, we have meg = 0 and m/g # 0if d,2_,2-paring A; = 0. The effective mass m/g will flips sign on the different directions of
the Volterra cut-and-glue line and create a domain wall with localized Majorana zero modes at two dislocation cores. If m.g # 0,
the sum of a mass term will gap out the Majorana dislocation modes. The d,>_,2-paring bring an energy gap between two pairs
of dislocation modes shown in Fig. 4 of our main text.
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FIG. S2. The Free-energy with SOC and d + id-wave pairing that the phase difference ¢ between s-wave and d-wave pairing.

FREE ENERGY

For the spontaneous TRS breaking with SOC, we take the d + id-wave pairing as A (k) = [¢*®A;(—2cos k, +2cosk,)oo +
d - olis,. The free-energy is

F(g)= Y E(k), (S24)

kg Ky

where n = 1,2, 3,4 is the label of occupied bands and the ¢ is the phase difference between the two gap functions. The free-
energy calculation shows the minimum energy at ¢ = +x/2 in Fig. S2.

MORE INFORMATION ON RPA APPROACH

Next, we discuss the possible application of the theory to SrsRuOy4. Due to the inherent multi-orbital nature of SroRuOy4 [1-4],
we use a (dy, dy) two-orbital model [5] to illustrate the essential physics. The normal state Hamiltonian reads

H,=¢(k)oo+¢(k)os+ ¢ (k)o, (525)
where, e, = —(t + t)(oty) — 3 & = —(t — ﬂ&v—y); €p = —4t!/,. Here t labels the nearest-neighbor hopping inte-
gral of the d,.(,.) orbital along the x(y) direction, ¢ is that of the d,.(,.) orbital along the y(x) direction, and ¢” denotes
the hybridization of the two orbitals between next-nearest-neighboring sites. The band parameters used in our calculation are
(t,t,t", 1) = (1,0.1,0.05,1) [5]. Fig. S3(a) shows the Fermi surface in the Brillouin zone (BZ).

(@) . (b)

L

S

FIG. S3. (a) Fermi surface in the Brillouin Zone. and (b) Distribution of X(O) (iw = 0) in the Brillouin Zone.

-

0
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We adopt the following extended Hubbard model Hamiltonian in our RPA calculations:

H = Hy + Hin
Hi = U nipgniu, +V > nipmiy
[ pu<v

+ Jy Z Z clwclug,ciw/ciw + (Cimclwciuiciw + h.c.) (826)

t,u<v Loo’

Here, H,, is the normal Hamiltonian. The U, V, and Jy terms denote the intra-orbital, inter-orbital coulomb repulsion and
the Hund’s rule coupling as well as the pair hopping. The spacial rotation symmetry requires U = V + 2.Jg. The interaction
parameters used in our calculation are (U, Jg, V) = (1.2¢,0.2U, 0.6U).

According to the standard multi-orbital RPA approach [6—15], the following bare susceptibility is defined for the non-interacting
case, namely,

1

0

X(st)pq(k’T) = E <TTcL(k1,T)Cq(k1 +k,7)
! k1ks

xcl(ka + k,0)cy(k2,0)), , (S27)
Here (- - - )o denotes the thermal average for the noninteracting system, 7, denotes the time-ordered product, and p, ¢, s,t = 1,2

are the orbital indices. Fourier transformed to the imaginary frequency space, the bare susceptibility can be expressed by the
following explicit formulism:

X7 (ki) = = 37 €5 (R ()E K + )
k/aB
e ) )

ng*(k/“‘k 3 3
Wn + €5 — g

) (S28)

where «, § = 1, 2 are band indices, €} and &* (k) are the a-th eigenvalue and eigenvector of the H,, (k) matrix, respectively, and
N is the Fermi-Dirac distribution function. The distribution of the largest eigenvalue of x(?) (g, iw = 0) is shown in Fig. S3(b).
When interactions are turned on, we define the following renormalized spin and charge susceptibilities,

¢ 1
X (e T) =5 (Trc} g, (k1. 7)cqo, (k1 + k. 7)
kl,kz,m,az
9 02 (k2 +k O)Cf o2 (k27 0)> )
s 1
X (ke T) =5 (Trch . (K1, 7)o (k1 + K, 7)
ki,k2,01,02
eaQ(k2 +k,0)c, 02(k270)>0102- (S29)

In the RPA level, the renormalized spin/charge susceptibilities for the system are,
-1
X (g,iv) = [ =X (@) U] O (q,),
-1
9 (g iv) = [T+ X (@) U] X (q,), (830)

where x99 (g, iv,,), X(*) (q,iv,) and U(*°) are 4 x 4 matrices. Labelling orbital {d,.,d,.} as {1,2}, the nonzero elements

(S C)lllg

of the matrix U are listed as follows:

Ut = Uy =U
UQ(;)ll _ U(s)22 —Jy
U =l =
Uyt =ul? =v (S31)
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FIG. S4. The three processes which contribute the renormalized effective vertex considered in the RPA, with (a) the bare interation vertex and
(b) (c) the two second order perturbation processes during which spin or charge fluctuations are exchanged between a cooper pair.

c)l1 c)22
Ul(l) = U2(2) =U
Ul —ulo?? oy — gy
vig" = U3 = Ju
Ul —pylo?t =g, —v (S32)

Note that there is a critical interaction strength U, which depends on the ratio V/U and dopping. When U > U., the denom-
inator matrix I — x(9) (q,iv) U®) in Eq. (S30) will have zero eigenvalues for some q and the renormalized spin susceptibility
diverges there, which invalidates the RPA treatment. This divergence of spin susceptibility for U > U, implies magnetic order.
When U < U, the short-ranged spin or charge fluctuations would mediate Cooper pairing in the system.

Let’s consider a Cooper pair with momentum/orbital (k’t, —k’s), which could be scattered to (kp, —kq) by exchanging charge
or spin fluctuations. At the RPA level, The effective interaction induced by this process is as follow,

1
Vit =5 D Tk k) (k)i (—k)es (=K )er(k), (833)
pgst,kk’

We consider the three processes in Fig. S4 which contribute to the effective vertex I'27(k, k'), where (a) represents the bare
interaction vertex, (b) and (c) represent the two second order perturbation processes during which spin or charge fluctuations are
exchanged between a cooper pair. In the singlet channel, the effective vertex I'?] (k, k') is given as follow,

o (e) (s)\ Pt
r{;g(é)(k,k/)<w) n

4 o
1 t
: [3U<s>x<s> (k— kY U® — Uy (k — k) U(c)}” I
gs
1 s
7 [BUOND (e BY U —UON© (41 U(C)Ef , (S34)

while in the triplet channel, it is

U© _ g\
)

I (ke k) = (
qs
t
i [U(S)X(S) (k— k) U® + U (k- &) U(c)}p n
qs
i [V (ke + k) U + U O (K + k) U<C>]ps : (S35)

qt
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FIG. S5. The distribution of the relative gap function. (a) Gap function of A11 (k) — As2(k). (b) Gap function of A1 (k) + Agz(k).

The effective Hamiltonian in the RPA level is shown as follow,

1
Her = Z Cltaackaafi + N Z VO (k, Q)Cimcikmchﬁicqﬂ% (S36)
koo kq
where,
VeP(k,q) = Y TU(k @) (k)€ (—k)E(—q)&) (). (S37)
pgst,kq

The effective Mean-Field Hamiltonian is given as follow,

1
Hyp = ) ChaoChaoth + | 57 2 V(b @)charcliay (c-asicqp) +he. |, (538)
koo kqap

a self-consistent pairing gap equation can be derived,

1
Aa(k) = 5 D VP (k@) (c—gpicqst) - (839)
oy

Which gives the linearised gap equation (LGE) when linearised near 7:

pel)

Aa(k) ==Y V(K q) x

Ba

Be
i x As(q) (340)
€q —

C

tanh(

After projecting the gap function to orbital-basis, our calculations show that the leading pairing symmetry is singlet inter-
orbital Blg in 7, form, with the near-zero A15 (k). The pairing gap function Aq1 (k) — Ago(k) and Ay (k) + Ago (k) are shown
in Fig. S5(a) and (b) respectively.

REAL SPACE TOPOLOGICAL INVARIANT

In Fig.2(e) of the main text, we observe the presence of Majorana zero modes localized at each corner. To understand the
corner Majorana zero modes, we can define the local invariant at Wyckoff position as the real space invariant (RSI) based on the
P4mm group. In the theory of obstructed atomic insulators (OAls), topological trivial insulators can transition into a higher-
order topological phase when the Wannier charge center moves to an unoccpied position from the occpied position of lattice
unit-cell. The OAI hosts quantized fractional corner charge at each corner in 2D case.

Referring to Table S1, there are two Wcykoff positions: a = (0,0) and b = (3, 1), and the RSIs as (J,, ;) that are defined
at two Wyckoft positions according to the EBRs theory. The non-zero RSI index indicate the localization of the Wannier charge
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center the Wyckoff position n, which represented by &,,. In our lattice configuration, the position a is occupied by atoms, and the
position b is unoccupied. Consequently, the d+id superconductor can transition into a second-order topological phase when J;, is
non-zero. Based on the space group G, referencing to the tools given in BANDREP (www.cryst.ehu.es/cryst/bandrep), the two
RSIs defined at b as

6 = —m(Eg@b) + m(El@b), $41)
5y = m(E2@b) mod 2. (542)

For the second-order topological phase shown in Fig. 2(b) of the main text, the band representation of the occupied bands reads
Bson = E2Qa @ E,Qb, (S43)
while that of the higher-order trivial phase is
Bryiva = E1Qa @ E5Qa. (S44)

Thus, we have the RSI at Wcykoff position b, i.e., (d1,d2) = (0,0) and (—1, 1) for the higher-order trivial phase and non-trivial
phase, respectively. Therefore, the second-order TSC corresponds to a superconductor-OAI phase.
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