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Quasi-two-dimensional spin helix and magnon-induced singularity in twisted bilayer graphene
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Twisted bilayer graphene exhibits prominent correlated phenomena in two distinct regimes: a Kondo lattice
near the magic angle, resembling heavy fermion systems, and a triangular correlated domain wall network
under interlayer bias, akin to sliding Luttinger liquids previously introduced for cuprates. Combining these
characteristics, here we investigate a system where interacting electrons in the domain wall network couple
to localized spins. Owing to inter-domain-wall correlations, a quasi-two-dimensional spin helix phase within
the localized spins emerges as a result of spatial phase coherence across parallel domain walls. Within the
spin helix phase, magnons can induce a singularity, reflected in the scaling exponents of various correlation
functions, accessible through electrical means and by adjusting the twist angle. We predict observable features in
magnetic resonance and anisotropic paramagnetic spin susceptibility for the spin helix and the magnon-induced
singularity, serving as experimental indicators of the interplay between the Kondo lattice and sliding Luttinger
liquids. Integrating critical aspects of Luttinger liquid physics, magnetism, and Kondo physics in twisted bilayer
graphene, our findings offer insights into similar correlated phenomena across a broad range of twisted van der

Waals structures.

DOI: 10.1103/h5sd-v51h

Introduction. Twisted bilayer graphene (TBG) has emerged
as a promising platform for exploring correlated phenomena.
When the angle between the two layers are close to the
magic angle, the Fermi velocity is dramatically suppressed
[1-5], resulting in the formation of quasiflat energy bands
and a significant enhancement in the density of states. Con-
sequently, interactions between electrons become significant
as compared to the bandwidth, leading to various corre-
lated quantum states [6-9], such as superconductivity [10],
correlated insulating states [11,12], strange metals [13,14],
orbital ferromagnetism [15-18], and nematic order [19,20].
The many-body correlations are believed to originate from
the strongly localized wave functions at AA-stacking re-
gions [4,21-29]. Furthermore, recent investigations revealed
that magic angle TBG shows characteristics akin to those of
heavy fermion compounds, where localized moments develop
near AA-stacking regions and couple to conduction electrons
through spin-exchange coupling [29-36], thereby providing
an additional perspective on Kondo lattice systems.

Remarkably, correlated phenomena in TBG can be
achieved without relying on specific twisted structures. In
particular, upon applying perpendicular electric fields, domain
walls separating the AB- and BA-stacking areas are known to
host gapless modes [37-52], which form a two-dimensional
(2D) triangular quantum network. This network exhibits cor-
related phenomena and high tunability [53], with electrically
adjustable parameters such as Fermi velocity, bandwidth, and
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interaction strengths of the domain wall modes, which can
further control the instability of the network toward various
orders. This distinct regime highlights that TBG can host
correlated phenomena across a broad range of configurations,
independent of precise stacking or magic-angle conditions.
Motivated by these discoveries, here we explore a system
that combines two distinct characteristics in TBG, including
correlated network and the coupling between itinerant carriers
and localized magnetic moments [Figs. 1(a)-1(c)]. The cou-
pling between the interacting electrons and localized spins in
such quasi-2D correlated networks has remained insufficiently
explored. Specifically, we examine a system comprising inter-
acting electrons that traverse the domain walls, coupling to
localized moments distributed on the graphene layers through
Kondo-type interaction [see Figs. 1(a) and 1(c)]. The first
entity forms a triangular domain wall network [54,55], ex-
tending coupled wire models from earlier studies on cuprates
[56-59]. The localized moments could be introduced through
magnetic adatoms [60,61] or nuclear spins via isotope engi-
neering [62,63]. The electrons mediate a spatially oscillating
indirect coupling between these moments within and across
parallel domain walls, leading to helical magnetic ordering
of the localized moments at sufficiently low temperatures.
In contrast to isolated one-dimensional systems [64—70], the
spatial phase coherence developed in parallel domain walls
leads to the formation of a quasi-2D spin helix [see Fig. 1(d)].
Within the spin helix phase, we identify a magnon-induced
singularity, reflected in the scaling exponents of various cor-
relation functions and the carrier velocity. This singularity is
accessible not only by electrical means but also by varying the
twist angle. We further predict observable features of the spin
helix and magnon-induced singularity in magnetic resonance
and paramagnetic susceptibility, providing an electrically

Published by the American Physical Society


https://orcid.org/0009-0008-3537-5984
https://orcid.org/0000-0003-0963-538X
https://ror.org/01tpvdq80
https://ror.org/05sj3n476
https://crossmark.crossref.org/dialog/?doi=10.1103/h5sd-v51h&domain=pdf&date_stamp=2025-09-22
https://doi.org/10.1103/h5sd-v51h
https://creativecommons.org/licenses/by/4.0/

CHANG, SAITO, AND HSU PHYSICAL REVIEW RESEARCH 7, L032066 (2025)

A
&0
&
~.
i

AN~

i

= M

&
|

() 7= 207

(7) (/\
I’L)nm\ \ lem Il/TmI & I?7(Tm
kijﬂ%

q= 2]»<F]2

.
..

LENE KT

\
/

FIG. 1. (a) TBG domain wall network formed by three arrays (labeled by j = {0, 1, 2}) of parallel domain walls (red, blue, and green
lines), each rotated by 120 relative to the others. The domain walls are indexed by m € [1, Ng,] with the number Ny, of domain walls
per array. Here, A, represents the moiré wavelength and d is the distance between two adjacent domain walls. (b) Within a single
domain wall, there are eight low-energy modes with Fermi wave vectors k(F{))m and represented by fermion fields 1//2({3,’,”, with the spin
o € {1 (solid), | (dashed)}, propagation directions ¢ € {R, L}, and branches é € {1 (purple), 2 (blue)}. The arrows indicate backscattering
processes with momentum transfers g € {Zkg?m, Zkg ) L 20r = k}{?m k}ﬂ)m} (c) Schematic of the electron-electron (e-e) interactions in
parallel domain walls (blue lines) and spin-exchange interaction Hx with localized moments (represented as an orange arrow and sphere). The
former includes contributions within and between parallel domain walls, leading to sliding Luttinger liquids characterized by bosonic fields

(wavy curve) corresponding to the fermion fields in panel (b). (d) Sketch of spatially phase-coherent spin helices on three adjacent domain

walls.

tunable platform for the interplay between correlated elec-
trons and localized spins.

Model. Our Hamiltonian H = H.. + Hy includes the elec-
tronic subsystem, H.., and their coupling, Hk, to localized
moments in TBG with a small but finite twist angle. Incor-
porating an interlayer bias in the continuum model [2,41], one
can compute the density profile of the conduction electrons
confined in the domain walls in order to construct the network
model [53]. Using the standard bosonization [71], the electron
subsystem, including both the kinetic energy and electron-
electron interactions, is described by

hdr | v,
DN kol o (EAC

+ vor(q)Kup(q1)]3, evm(r)ﬂ, (D

with the momentum component 7ig; perpendicular to the do-
main walls. The bosonic fields ¢ and 6 in Eq. (1) are labeled
as the charge/spin v € {c, s} and symmetric/antisymmetric
P € {S, A} sectors, respectively, corresponding to the linear
combination of the eight gapless modes per domain wall in
Fig. 1(b), and satisfy the commutation relation

[Brpg, (7). 6 4 ()]
in ,
= ?(Sjjr&w/(sppéqb_qlsgn(r —7r). )

Equation (1) is governed by ¢, -dependent functions K, p and
v,p serving as the effective interaction strength and carrier
velocity generalized for the network. Since screened Coulomb
interactions only enter the charge-symmetric sector (VP = ¢S)
[53], for vP # S we take K,p = 1 with v, given by the do-
main wall velocity vgy. We further assume periodic boundary
condition perpendicular to the domain walls within each array
[54,56-59] and express Ksasa periodic function of ¢,

Kes(q1) = Kes[1 4 Ay cos(qid) + A cos(2g1d)], (3)

which we keep the first three Fourier components for sim-
plicity. Here, we introduce the dimensionless parameters

K.s=(1+ #ﬁ)’l/z [71] and A, to characterize the in-
teraction strength, with U, estimated from the screened
Coulomb interactions. The values of A;, are bounded by
the condition K.5(g,) > 0 for —7 < g, d < . The detailed
derivation is shown in the Supplemental Material [72].

Interestingly, Eq. (1) generalizes the coupled-wire or
sliding Luttinger liquid (SLL) Hamiltonian, as previously pro-
posed for cuprates [56-59]. Alternative bosonized models for
TBG have also been proposed [73-75], although they do not
adopt the SLL description used here. Importantly, since the
interaction-to-bandwidth ratio Ue./(fivgw) can be estimated
from the continuum model [53], the parameter K5 can also be
evaluated accordingly and exhibits electrical tunability—an
advantage in two-dimensional moiré materials.

Before proceeding, we note that our analysis focuses on the
low-temperature regime within the energy window set by the
biased-induced local spectral gap in the AB- and BA-stacking
regions [53]. In this regime, only domain wall modes partic-
ipate in scattering processes, as the bulk modes in the moiré
bands are gapped out [37,41-52]. Additionally, although scat-
tering involving crossing domain walls may occur at their
intersections, such processes are generally less relevant than
those involving single or multiple parallel domain walls, since
the corresponding operators enter the effective action without
a spatial integral [54,55]. We therefore focus on scattering
within a single domain wall or between parallel domain walls
and omit the array index in the following.

The Kondo-type interaction Hx between conduction elec-
trons and localized moments is given by

n=y Y X

k,m p,o,0’

[V 00 Vo m(r)]Sh (), (4)

with the coupling J; with u € {x,y, z} (taking into account
reduced Ji* for domain wall modes [72]), the number N
of localized moments within the transverse extent of the do-
main wall modes ¥, = Zw Yeso.m» and the spin S, (r)
(modeled as classical spins) near the domain wall with length
S at the position labeled by r;. Note that the interaction of
this type in Eq. (4) is not unique to the Kondo interaction
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in magnetic alloys or heavy fermions [76], as the hyperfine
interaction also takes the same form. We also remark that
the dipole-dipole interaction between the localized moments
is significantly weaker than that of H, and Hg [77], and
therefore not included in our analysis.

To proceed, we focus on the weak-Jx regime [64-69] and
perform the Schrieffer-Wolff transformation on Hg by inte-
grating out the electron degree of freedoms. Retaining terms
up to second order in Jg, we obtain an indirect Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction between localized
moments [72],

drdr’
m=% [ w7 = DS S0, (9)

mmn v

with the spin operator S¥ (ry)/a — S¥(r) in continuum limit,
short-distance cutoff a, and the spatially oscillating coupling
strength J# proportional to the spin susceptibility of electrons
between the nth-nearest-neighbor parallel domain walls. It
is justified to focus on the weak-Jx regime here, since, for
typical parameters, the Kondo temperature is well below all
other relevant scales [64,65,69], so the localized spins are
governed solely by the indirect RKKY interaction Hg. In mo-
mentum space, J/* develops dips at momenta corresponding
to scattering processes involving single or multiple parallel
domain walls. As shown in Fig. 1(b), these backscattering
processes include the intrabranch (C2) processes with momen-
tum transfer (projected onto the domain wall) ¢ = +2kp,,
and the interbranch () ones with g = £2Qr = £(kr, + kp,).
The £2QF processes develop a global maximum (in absolute
value) for ¢, = 0, owing to more available states for scatter-
ings [72]. To minimize energy, the localized moments tend
to align with the Fourier component corresponding to the dip
position g = +20Qr. Below, we discuss the ordering of these
localized spins.

Spin helix formation and magnon spectrum. We now
demonstrate that the localized moments tend to form a helical
pattern with spatial period 7 /QF along the domain walls.
Given the inherent C; rotational symmetry of our model, there
is no preferred direction for the formation of the quasi-2D spin
helix, making it equally probable to develop in any of the three
arrays. Formally, we take the ansatz incorporating an offset
phase ¢, depending on the domain wall index,

(Sm(r)) = myg, (T)SN. /al% cos 2QFr + V)
+ ysin RQpr + )], 6)

with the order parameter myg, satisfying myp,(0) =1 and
myg, (Thx) = 0, and the ordering temperature ;. Before pro-
ceeding, we discuss the spatial rotational symmetry breaking
in the ansatz. Namely, simultaneously establishing a helix
in all three arrays would require the helix period 7 /QF to
be commensurate with Ay [see Fig. 1(a)], as the triangu-
lar network would otherwise lead to geometrical frustration.
However, this commensurate condition necessitates precise
tuning of the chemical potential. Under typical conditions, a
quasi-2D spin helix will form within a single array as shown
in Fig. 1(d), thereby breaking the C; rotational symmetry—a
scenario we explore throughout this Letter.

To proceed, we derive the magnon spectrum from
Egs. (5) and (6) using spin-wave analysis, retaining only the

leading-order terms in the small parameter 1/(N,.S) < 1.
This procedure leads to a 2 x 2 matrix, whose twice-positive
eigenvalue gives the magnon dispersion [72],

hw(‘b QL)

= PhN, Iy —0(20r) — J7 (q)

x 21 _20r) I} 20k +q) I} 20k —q). (D)

where Ji (@) is the Fourier transform of J/(r). The re-
sulting magnon spectrum for representative parameters is
shown in Fig. S4 of the Supplemental Material [72]. For
g1 = 0, Goldstone zero modes are present at ¢ = 0, £20F,
corresponding to the breaking of spin rotational symme-
try in the helix phase [67,69]; for g, # 0, the Goldstone
modes acquire finite energy. In realistic systems, however,
these zero modes can be gapped due to finite-size ef-
fects [68,78], circumventing the Mermin-Wagner theorem
for the thermodynamic limit. Namely, in a domain wall
of length L, the momentum is quantized in unit of g =
/L and the magnon energy is approximately constant (see
Fig. S4 in the Supplemental Material [72]), fiw(g = T, q1) &
hwo = S1J;, _o(20F)I/2N 1, set by the RKKY energy scale
JE _o(20r).

Next, we obtain the magnetic energy gain from Eqs. (5)
and (6), highlighting a key difference compared to isolated
channels [68,78]. Specifically, owing to the nonlocal contribu-
tions J" £0 in Eq. (5), the energy is minimized when the offset
¥, 1s uniform across domain walls [72]. Combined with the
fact that the global maximum of |J" 4ol occurs at g, = 0, this
leads to the development of spatial phase coherence among
spin helices in distinct domain walls in parallel to each other
[see Fig. 1(d)]. With the numerically computed magnon en-
ergy hwy, we estimate the ordering temperature Tpx while
self-consistently incorporating effects of the spatially rotating
magnetic field induced by spin ordering [72]. Notably, reflect-
ing the 2D nature of the system, the contributions from J/: £0
result in an increase in Tyx more than an order of magnitude.
Additionally, the helix-induced field couples to the electron
spins, opening a partial gap in the domain wall spectrum.
This gap leads to a Peierls energy gain, further stabilizing the
spin helix. Consequently, we establish that the system forms
a Cz-breaking spatially phase-coherent quasi-2D spin helix at
sufficiently low temperatures.

Magnon-induced singularity. In the spin helix phase, the
magnons can lead to spin flips of electrons, which is known to
influence electrical transport through backscattering [78-80].
Here, we instead look into the magnon-induced forward scat-
tering and explore its effects on the scaling dimensions of
various operators. To this end, we express Eq. (4) as Hg ~
(Hk)nx + Hem, with the expectation value (- - - )px with respect
to the spin helix phase. The coupling between the electron spin
density and the magnon-induced spin flip can be formulated as

dr
Hem = gem / 2 2 s m (I (1), ®)

with the electron-magnon coupling strength gey =
—2Jx\/aSmg, [(hwoN1), T,(r) ~ [an(r) — aj,(r)], and
magnon field a,. In the bosonic language, magnons couple
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FIG. 2. (a) Excitation spectrum 7wy (g) (black/red curves) in
electron-magnon-coupled systems. For small ¢, the lower band
w_(q) follows linear dispersion with velocity v}, (blue dashed line).
(b) Modified scaling exponent (K/) as a function of the interaction
strength (Ue) for various temperatures and L = 0.5 um, N, = 80,
Jx =1 meV, A = Ay, = 0.2, and Ng,, = 20.

to the spin-symmetric boson (¢;s, ) within each domain wall,
which can therefore influence the electron subsystem. We
present the corresponding excitation spectrum in Fig. 2(a),
which is characterized by a gapped w,; branch with band
bottom @y and a gapless branch w_ with modified velocity
Vi

Since the electron-magnon coupling enters the Hamilto-
nian in quadratic form, we diagonalize the full system and
compute the scaling dimension K (1/K];) of the operator
e'?ss (¢%s). This allows us to compare them to the one without
magnons,

=

K! J2aSK; A\
—sS (1 _ Jk4 szle) ] )

2
K I vgwwo

As illustrated in Fig. 2(b), a singularity arises when the quan-
tity in the parentheses of Eq. (9) vanishes. This is reflected in
the divergence (vanishing) of the modified scaling dimension
of the correlation function of ¢gs (6;5). The magnon-induced
singularity can be observed through physical quantities such
as paramagnetic susceptibility or spin relaxation rate, which
depends on the renormalized parameter K/ and carrier veloc-
ity vy, o« 1/K}s, and will be discussed later. The singularity
can be experimentally accessed by adjusting the temperature
and the interaction strength, U, the latter of which is tunable
through twist angle and interlayer bias [53]. More precisely,
increasing the distance from a metallic gate, decreasing the
twist angle, and/or increasing the bias voltage enhances the
ratio Ue/(fivgy ) (see the Supplemental Material [72] for de-
tails). In contrast, we found that the exponents are robust
against Jx (as wy x J,%) and the interaction parameters Aj .
A similar divergence driven by phonons has been discussed in
(quasi-)one-dimensional systems [53,81-85].

Realization and transport features. Having demonstrated
the general picture of the spin helix formation, we now
discuss two scenarios for its realizations. The first one is
TBG fabricated using B isotopes, in which conduction
electrons and nuclear spins couple through the hyperfine in-
teraction. While detailed investigations of hyperfine coupling,
similar to studies on semiconductors [86], remain absent
for moiré systems, it is noteworthy that an experimental
hyperfine coupling strength of O(100 ueV) has been reported

in nanotubes [63], exceeding the theoretical value [62]. We
estimate Tpxy = O(10 mK) for Jx = O(ueV) and typical pa-
rameters for the electron subsystem (i.e., those adopted for
Fig. S3 in the Supplemental Material [72]). The second
scenario involves magnetic adatoms deposited on graphene
layers, interacting with domain wall modes through exchange
coupling. This has some parallels with previous studies on
monolayer graphene [60,61,87-89], where an exchange cou-
pling of 5 meV has been observed in samples with fluorine
adatoms [60,61]. In this scenario, the exchange coupling gen-
erally exceeds the hyperfine coupling considered in the first
scenario, and it can be further enhanced due to the increased
electron density within the domain walls. We find that T;x can
reach up to O(K) for Jx = O(meV).

While the mesoscopic length scales discussed here should
enable spin-sensitive scanning probes [90-92] to image helix
formation, the presence of metallic gates may render this
approach inapplicable. We therefore search for additional ob-
servable features. Since the spin helix can generate a spatially
rotating magnetic field, which gaps out half of the electron
modes, we expect the quantized conductance, for instance,
in setups in Ref. [93], to reduce with onset at Ti, providing
an indirect probe for the spin helix formation [64,65,69,70].
Similar conductance reduction has been observed in GaAs
quantum wires [94]. Moreover, one can probe the spin he-
lix and the magnon-induced singularity through magnetic
properties such as magnetic resonance and paramagnetic sus-
ceptibility, which we discuss next.

Magnetic resonance. The transition into the quasi-2D spin
helix state, along with the properties on both sides of the
transition, can be detected by measuring the spin relaxation
rate 1/7; in magnetic resonance experiments [95]. This rate
captures the local dynamics of the magnetic moments due
to the exchange interaction Hk and displays two regimes as
displayed in Fig. 3 and described by
1 72872,

T & 2k—2
TT {[1 — myg, (T)HIT ,

T > Thx»
T << Thxs

(10a)
(10b)

where (1 —myp,) o< T® with a numerical exponent « ob-
tained from fitting. Here, g/ and K are the fractional
power-law exponents of the spin susceptibility for tempera-
tures above and below Ty, respectively. Their explicit forms
are determined by the interacting strength through K g (see
the Supplemental Material [72]):

1,
gxﬂ = Z(A¢r5«”=0 + 3)7
P [ d(g.d) /Kfswu +3Res(q)
7/New T 3Kes(q) +1

where Ay, = Qm)' [T d(gid)Kes(gL)cos(ngid). In
Eq. (11), the condition K,p..s = 1 has been used. We note
that the analysis here can also be generalized for isolated
channels. Above Tx, the SLL phase exhibits a power-law
temperature dependence in Eq. (10a), characterized by
a fractional exponent g , generalizing the conventional
Korringa law for Fermi liquids [97,98], similarly to Rashba
nanowires [99].

Sufficiently below Tix, the decay takes a distinct form
shown in Eq. (10b), where the factor (1 —mygp,) weights

(11a)

. (11b)
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FIG. 3. Temperature (7) dependence of spin relaxation rate
1/(T'Ty) for various interaction strengths (Ue.). The ordering temper-
ature (7Tpy ) separates two regimes described by Eqgs. (10a) and (10b).
The black dashed lines represent the power-law fit for the low-T
regime, while the colored dashed curves serve as visual guides for
T < Tix. The inset shows the contributions from gapped (dashed)
and remaining gapless (solid) modes. The other parameter values are
given in the caption of Fig. 2.

the disordered part of the localized spins. As mentioned, the
formation of a helix induces a partial gap in the domain wall
spectrum, which suppresses the relaxation channel from the
gapped modes, giving rise to a rate of exponential form. As
shown in the inset of Fig. 3, the relaxation is thus domi-
nated by the remaining gapless modes, characterized by the
effective parameter K. Consequently, we obtain a generalized
power-law decay distinct from the conventional exponential
suppression in fully gapped systems [100,101]. Addition-
ally, upon approaching the magnon-induced singularity, the
excitation velocity vanishes and the density of states be-
comes singular, leading to a divergence in the low-temperature
regime of Fig. 3.

For temperatures slightly below Ty, the crossover behavior
in this regime (dashed curves in Fig. 3) may require further
analysis beyond our approach [80,102]. To access this ad-
ditional crossover scale, one should consider the dynamics
of the local moments and the increased thermal popula-
tion of magnons, which may influence the polarization of
the local spins and thereby affect the spin relaxation rate.
Nevertheless, the primary prediction here is the distinct power
laws in Egs. (10a) and (10b). Notably, our numerical results

TABLE I. Paramagnetic spin susceptibility x, in terms of the overall scale, yx,,

for typical parameters indicate that the power law in the helix
phase is generally steeper (specifically, o +2K —2 > 2 —
2g" ). Given the nanoscale nature of our target systems, the
predicted features can be detected through resistively detected
spin resonance experiments [103—-109].

Anisotropic paramagnetic susceptibility. We examine the
paramagnetic susceptibility x, = uo(dM/dB) with the per-
meability (o, the total magnetization M of the electron
subsystem, and the in-plane external magnetic field B =
B forming an angle ¢ with the domain wall direction
[where 2 = (sin ¢, O, cos ¢)]. Taking into account the helix-
induced effective field and electron-magnon coupling, we
derive the contribution to the paramagnetic susceptibility,
as summarized in Table I and detailed in Sec. S.VI of
the Supplemental Material [72]. In particular, for T < Ty,
we get a cos® ¢ dependence of the anisotropic susceptibility,
indicating the spontaneous breaking of rotational symme-
try. The maximum ¥, thus identifies the specific domain
wall direction where the spin helix forms, with magnitude
depending on the e-e interaction and the moiré pattern.
Notably, as the magnon-induced singularity is approached
[see Fig. 2(b)], the paramagnetic susceptibility peaks, serv-
ing as an experimental indicator of the magnon-induced
singularity.

Conclusions. We demonstrate the formation of a spatially
phase-coherent planar spin helix and a magnon-induced sin-
gularity in TBG networks with observable features. Owing to
its 2D nature, direct probing of the helix formation or magnon
spectrum with inelastic neutron scatterings [110-115], res-
onant inelastic x-ray scatterings [116—119], or Lorentz
microscope [90] might not be practical. Alternatively, spin
resonance and paramagnetic susceptibility provide viable op-
tions; since the former is extensive, fabricating sizable TBG
samples will be advantageous [120]. Given that conventional
2D Kondo lattice models typically describe noninteracting
electrons, observing the features predicted here could unveil
an electrically tunable platform where interacting electrons
and Kondo physics interplay. This approach is instrumental
in revealing various quantum phases, including skyrmion lat-
tices stabilized by external magnetic fields [121,122], strange
metals [123-126], and topological heavy fermion supercon-
ductivity [127].

Acknowledgments. We acknowledge interesting discus-
sions with G. Boebinger, G. Bihlmayer, C.-K. Chang,
C.-D. Chen, S.-Y. Chen, D.-J. Huang, M. Oshikawa, Y.
Kato, C.-T. Ke, Y. Togawa, and K. Totsuka. We thank
H.-C. Wang for creating the symbol ((2) for the intra-
branch contributions. We acknowledge support from the
National Science and Technology Council (NSTC), Taiwan
through Grants No. NSTC-112-2112-M-001-025-MY 3, No.
NSTC-112-2811-M-001-061, No. NSTC-114-2112-M-001-

0 — uu(gm;)
T hvgy

. Here, we have Kcs(qL =0)=K.s(1 + X1 +Xy)

from Eq. (3). The detailed derivation is provided in Sec. S.VI of the Supplemental Materlal [72].

Temperature regime T—0

T <« T T > T

K5 cos® ¢
1+ K.s(g1 = 0)Kis

Susceptibility x,/x°

K5 cos® ¢
(Kys/K5)? + K.s(qL = 0)K,s

KsS
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