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Motivated by recent advances in the fabrication of twisted bilayers of two-dimensional materials, we consider
the low-energy properties of a twisted pair of two-dimensional nodal superconductors. We study both the cases
of singlet and triplet superconductors. It is demonstrated that the Bogoliubov—de Gennes (BdG) quasiparticle
dispersion undergoes dramatic reconstruction due to the twist. In particular, the velocity of the neutral massless
Dirac excitations near the gap nodes is strongly renormalized by the interlayer hopping and vanishes at a “magic
angle” where in the limit of a circular Fermi surface a quadratic band touching is formed. In addition, it is
shown that the BdG dispersion can be tuned with an interlayer displacement field, magnetic field, and current,
which can suppress the velocity renormalization, create finite BAG Fermi surfaces, or open a gap, respectively.
Finally, interactions between quasiparticles are shown to lead to the emergence of a correlated superconducting
state breaking time-reversal symmetry in the vicinity of the magic angle. Estimates of the magic angle in a
variety of nodal superconductors are presented, ranging from the cuprates to the organic and heavy-fermion
superconductors, all of which are shown to be promising for the experimental realization of our proposal.
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I. INTRODUCTION

The remarkable recent discoveries of correlated insu-
lators and superconductivity in twisted bilayer graphene
(TBG) [1-4] have demonstrated a novel way of control-
ling quantum phases of matter in two-dimensional materials.
Following these discoveries, the field of “twistronics” [5]
or moiré materials [6] has rapidly expanded by developing
new experimental platforms based on twisted multilayers.
Currently, a number of systems beyond twisted graphene bi-
layers have been considered, such as hBN substrate-aligned
TBG [7,8] and trilayer [9] graphene, twisted double bilayer
graphene [10], as well as twisted transition metal dichalgo-
nides [11-15]. All of them have now been established as
promising for the observation of correlated and topological
many-body behavior [6]. In addition to correlated insulators
and superconductors, twisted materials have also been ob-
served to exhibit topological Chern insulating states [9,10,16]
and a quantized anomalous Hall conductivity [8].

From the theory perspective, TBG and related systems ap-
pear to realize a novel example of the interplay between strong
correlations [17-20] and topology [21,22], where the fragile
topology of the band structure obstructs the construction of
conventional Hubbard-type models [23,24]. Analogies with
the quantum Hall effects have been pointed out [25], and
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universal origins of the magic-angle behavior demonstrated
[26]. However, many important questions on TBG and other
twisted semiconductors, such as the strange metal behavior
[27] or the nature of the superconducting state [2], remain
to be explored and understood. Furthermore, application of
twistronics to nonsemiconductor materials, such as magnetic
insulators [28], topological surface states [29,30], and ultra-
cold atom systems [31,32] have also been proposed to lead to
novel behaviors.

Recently, the existence of emergent physics in twisted bi-
layers of cuprate superconductors [33] at twist angles around
45° has been reconsidered [34-36]. In particular, the in-
terference of superconducting order parameters leads to a
time-reversal symmetry-breaking transition [37,38] (in agree-
ment with previous works [34-36]) and a topological state
[33] has been predicted. Recent experiments on interfaces
of twisted finite-thickness flakes are consistent with d-wave
pairing [39-41] and show signatures of time-reversal breaking
near 45° [39]. However, the topological nature of the resulting
state has been later shown to be suppressed due to particular
symmetry of the Cu orbitals [42], while incoherent tunneling
has been suggested to overcome this limitation [43]. Addi-
tionally, the dependence of Josephson effect on twist angle
and temperature in these systems has been recently discussed
[37,38]. Interestingly, a time-reversal breaking transition [37]
has been predicted to occur away from 45° to a state with a
different symmetry compared to one forming at 45°. However,
the fate of the low-energy excitation spectrum at small twist
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angles has remained poorly understood despite the possibility
of a concise low-energy theoretical description at the moiré
length scale, in analogy to TBG.

Here, we propose to apply twistronics paradigm at low
twist angles to control neutral quasiparticle excitations in
nodal superconductors (SC). Indeed, in the vicinity of the
nodes, the Bogoliubov—de Gennes (BdG) quasiparticles have
a Dirac dispersion [44,45], reminiscent of graphene. In stark
contrast however, the charge neutral [46,47] nature of the
superconducting quasiparticles makes the system physically
very different, and difficult to control by conventional meth-
ods, such as electrostatic gating. Thus, one may expect that
twisted bilayers of nodal superconductors (TBSC) may dis-
play an altogether different behavior from TBG in response to
the same types of perturbations, which may open the door to
new methods of manipulating the SC quasiparticles.

Controlling the BAG quasiparticles using twisting can po-
tentially help address two important issues in the field of
superconductivity. First, topological superconductivity, which
is related to the topology of the BAG bands, while predicted
to exist more then a decade ago [48-50], currently lacks a
robust experimental realization despite many materials and
setups studied [51-55]. The possibility of creating localized
Majorana fermion excitations [56] in these states is especially
appealing for its possible applications. Second, the impact
of interactions between the BdG quasiparticles has remained
poorly understood even though they are expected to play an
important role in nodal [44,45,57], topological [50,58], and
strongly correlated [59,60] superconductors. In this regard, a
platform where correlations can be controlled by external pa-
rameters could give a tremendous advantage in understanding
these effects.

In this paper, a companion manuscript to the accompany-
ing paper [61], we derive an effective low-energy model for
twisted bilayers of two-dimensional nodal superconductors
and study the impact of external perturbations and interac-
tions on the quasiparticles. The Dirac velocity of the BdG
quasiparticles near the zeros of the superconducting gap (i.e.,
nodes) is strongly renormalized by the interlayer tunneling
and vanishes at a “magic” value of the twist angle where
the spectrum takes the form of a quadratic band touching in
the limit of a circular Fermi surface. The application of a
displacement field between the layers, a Zeeman splitting, and
an in-plane current can be used to tune the dispersion, bringing
the Dirac nodes back, or creating a BAG Fermi surface, thus
mimicking the effect of gating in two-dimensional electronic
materials. An interplane Josephson current, on the other hand,
opens a topological gap, further analyzed in [61]. Close to the
magic angle, interactions between the BAG quasiparticles are
shown to result in a (secondary) instability to a time-reversal
symmetry-breaking superconducting state. Finally, we discuss
a number of candidate materials that can realize TBSC with
current experimental techniques.

II. LOW-ENERGY HAMILTONIAN

In the following, we determine the low-energy description
of twisted bilayers of two-dimensional nodal superconductors.
Each layer has Dirac nodes in the BdG spectrum at the inter-
sections of the normal-state Fermi surface and the line node

@
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FIG. 1. (a) Illustration of the momentum-space structure for a
bilayer twisted at an angle 6 for a square lattice and a Fermi sur-
face appropriate for cuprate superconductors. Fermi surfaces of two
layers are shown in red and black, with a pair of nodes located at
Ky and Ky, forming a single “valley,” emphasized by filled circles.
Tunneling occurs between states of two layers overlapping in the fig-
ure and also the ones additionally shifted by reciprocal wave vectors
of the original Brillouin zone (e.g., G, shown by black arrows in
the inset) or of the rotated one (e.g., G, shown by gray arrows
in main panel). The latter processes are, however, suppressed and
may be neglected (see text). Inset shows the construction of the mini
Brillouin zone (green) due to the moire superlattice formation with
the inverse lattice unit vectors G’l"fz. (b) Expanded nodal region from
(a) showing the local coordinates for the case of symmetry-protected
nodes: k is along the bisector of the two node lines, and k, L k.

of the SC gap (see Fig. 1). The nodes in the BdG specturm do
not generically occur at high-symmetry points of the Brillouin
zone, which, as is demonstrated below, allows for additional
theoretical control in the calculations compared to the case
of TBG.

To describe the effective BAG Hamiltonian in a generic
way, we use the Balian-Werthammer spinors CD;K =
@/ (K) = [c] LK), ¢, (—K), o LK), —¢i 4 (=K)] (cf. with
[62]) inlayers / = 1, 2 and denote matrices acting in Gor’kov-
Nambu and spin space by 7; and s;, respectively. A single layer
is characterized by the single-particle dispersion ¢(K)t3 and a
superconducting gap A(K)A, where A = 7; for a spin singlet
SC and A = [d(K) - s]7; for a spin triplet SC [62], where
the d?>(K) = 1 describes the spin state of the triplet Cooper
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pairs. Near a node ¢(Ky) = 0, A(Ky) = 0, to the lowest or-
der e(K) ~ vy - (K — Ky) and A(K) =~ v - (K — Ky). The
Hamiltonian in the vicinity of a gap node at momentum Ky
on the Fermi surface without twisting has the first-quantized
form [44,45]

Hy(K) = vp - k13 + va - KA, (D

where k = K — Ky. The tunneling Hamiltonian between lay-
ers can be written in second-quantized form as

Hyp = Z @®!(R)T(R,R)®5(R) + Hec., )
R.,R’

where T(R, R’) is, generally, a matrix in Gor’kov-Nambu
and spin space. To capture only the most essential physics of
TBSC we will assume that (i) the tunneling is spin indepen-
dent; (ii) only interlayer charge tunneling is considered that
result in T(R, R’) = 53¢(R, R’) in Gor’kov-Nambu space;
(iii) the two-center approximation (R, R") = #(R — R’) can
be used [63]. The off-diagonal elements in Gor’kov-Nambu
space, neglected due to (ii), correspond to interlayer pairing
order, which can arise in the mean-field BdG Hamilto-
nian only from the interlayer interactions, which we neglect
with respect to the intralayer ones, assuming highly two-
dimensional character of superconductivity in the material.
Taking the above into account, the tunneling term takes the
form

Hun ~ Y t(R—R)O{(R)30;(R) + He.,  (3)
R.,R’

where R and R’ are the coordinates of the lattice sites in
the two layers and with R’ being rotated relative to R. In
momentum space, the tunneling matrix element fy x between

states with momentum K and K (the latter taken in the rotated
momentum space) takes the form

IR+G
RE=D %%m,mc» “
G.G

where € is the unit-cell area, tq is the continuous Fourier
transform of 7(r), and G and G are the reciprocal lattice vector
of the original and twisted BZ, respectively. We assume a

J

one-atom unit cell and the shift between twisted layers to
be zero; for a generic twist angle the latter does not restrict
the generality due to the incommensurability of the twisted
lattices. The incommensurability also results in the recon-
struction of the Brillouin zone into a smaller mini-Brillouin
zone (mBZ), that at low twist angles can be approximately
constructed with the vectors G'l‘”2 =G — (~}1,2, shown in
Fig. 1. Y

Let us consider the tunneling in the vicinity of a node. Un-
like graphene, the nodes in a superconductor are not restricted
to be at a high-symmetry point of the Brillouin zone. From
the momentum-space picture (Fig. 1) one sees that, as Ky is
at a generic point of the Brillouin zone, |KN + G| * |KN|.
Moreover, if the node is sufficiently close to the I" point, i.e.,
IKy| < |G, it follows also that |[Ky| < |Ky + G|. Alterna-
tively, this argument is equivalent to Ky being away from the
edges of the mBZ, in contrast to graphene, where it is at the
corner of the mBZ. Assuming that 74 decays on the scale of
inverse BZ size [63], all terms except the one with G, G=0
can be neglected. At small twist angles we can further approx-
imate K ~ k? + [2 x Ky10 = k? + Qy, where k? denotes k
rotated by 6. We can then approximate the tunneling term as

Hyn ~ 1) ®(k)z3da(k’ + Qy) + He., (5)
k

1 . .
where t = % is a constant and k is now measured from Ky,

the node momentum.

Note that the tunneling occurs with a momentum shift
—Qu, when tunneling 2 — 1 and Qy for 1 — 2, implying
that the momentum shift can not accumulate (e.g., to £2Qy
and so on) over repeated hopping, unlike in TBG [63]. As
the tunneling acts between the layers, Qy shift can only be
followed by —Qy one, i.e., restoring to the initial point. Fur-
thermore, the different nodes in a layer are not expected to be
very closely spaced, i.e., |[Kj — Ky| ~ Ky, where K}, is the
other node’s momentum. Consequently, [K} — Ky| ~ Ky >
QOy. It is then evident that no tunneling between different
nodes may occur in Eq. (5). The pairs of nodes stemming from
two layers can then be treated as independent “valleys.” The
full Hamiltonian for a single valley takes the form (after a
—6 /2 rotation of the momentum space)

H=2) @ ongunle®& " = Qu/2)5101 q0r_gu2) + D5 gorgy K + Qu/2)1319 4010, 12)
k

+ O] o DK = Qu /AP ooy /2) + P qorn /2 A + Qu/2) A1) gtz 1y 2)

+ 10!

where ¢(k) is the quasiparticle dispersion, A(k) the super-
conducting gap, k is measured from Ky, and k*®/2) denotes
k rotated by £(6/2).

Let us first ignore the effects of rotation of k, which
are parametrically small in the limit 6 — 0 (see dis-
cussion at the end of this section and in Sec. V).
One can expand then ek =+ Qy/2) =~ vp-(K£Qy/2),
Ak £Qyn/2) ~ va - (k£ Qy/2). Introducing the spinors

o
l,(k’g/z—QN/2)T3q)2~(kﬁ/2+QN/2) + t®2’(k9/2+QN/2)r3 q)l,(k’g/zfQN/Z)s (6)

(

@] = [®](k — Qn/2), ®}(k +Qy/2)] and denoting the
Pauli matrices acting in the layer space by o; the Hamiltonian
can be rewritten in a compact form:

A VF - A
H:Z@:{(VFJ(‘L@— F2QN‘L'3U3+VA-kA
k

— Va- QN AO} + [‘[301)‘13:;. @)
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Equation (2) of [61] can then be obtained for the case
vr || Ky, Vg L va, that corresponds to the nodes being at
a high-symmetry line, such as in the case of symmetry-
protected gap nodes in a non s-wave superconductor. For that
case we can further write vy - k = vpkj and vp -k = vaky,
where k| is along vy and k; orthogonal to it [Fig. 1(b)]. To
simplify further discussion, in what follows below we will

also use the notations
f—ve k. S=vs-k = oo _%
2 t

Additionally, Eq. (7) for nodal triplet SC states can be
greatly simplified by choosing the spin quantization axis along
d(Ky), resulting in A = 7;53. Then, a unitary transformation
U= IJES’ + %Q (i.e., 73 for the spin-down sector), results
in A — 7, which importantly is now equivalent to the singlet
case, without changing other terms in the Hamiltonian in
Eq. (7). Thus, unless otherwise indicated, below we will study
the singlet case without loss of generality and omit the spin
degree of freedom. When relevant, we will comment on the
distinctions between singlet and triplet TBSCs.

Finally, let us discuss the effects of the rotation of k —
k*¢/2 We will limit ourselves to the case of symmetry-
protected nodes since otherwise the most important correction
is due to the t303 term in Eq. (7). The lowest-order corrections
are of the order 6k and take the form (see Appendix A for
details)

®

2) (2)
N 0k 0k
8y ~ F o=t n0y — ©)
where
3%e(k) 92A(K)
(2) . 2)
Vg UF N 8ki A VA N ok kL (10)

Both v}z) and U(AZ) vanish for a circularly symmetric e(k)
and A(k) dependent only on the polar angle in K plane.
For a generic noncircularly symmetric case, v(Fz) ~ v and
v(Az) ~ v are expected. As will be shown below, the rel-
evant energy scale at low twist angles is ¢, corresponding
to vaky, vpky ~ t. Consequently, the two new terms are of
the order 16 (vg/va) and 18 (va/vF) compared to the overall
scale of 7. Thus, at 6 < 1 neglecting these terms is justified.
Near the magic angle, their effect becomes important for the
quasiparticle dispersion as discussed in Sec. IVD. They also
can affect the weak-coupling instabilities at the magic angle,
as discussed in Sec. V.

Evolution of dispersion with twist angle

Here we analyze the low-energy spectrum of Eq. (7) ne-
glecting the term —*£ 'ZQN 1303; its effect will be considered in
Sec. IV. The Hamiltonian using notations (8) and for singlet
pairing takes the form H = 3", ®! Hy P, where

Hy =&w3 + 611 — doT103 + 11307 (11)

The eigenenergies are given by

E*(K) = €24+ 82 +12(1 + &%) £ 21/€2 + 82a2 + 122,

12)

It can be shown that the spectrum has zeros EZ(k) = 0 at

V=41 —-0a2, =0, |al<1

eVN=0, "=+V1—a2, |a|>1. (13)

At each of these points, the Hamiltonian has two degenerate
zero-energy eigenvectors, given by

ler) = [—&N, 80 — 1,1 — 8o, EM1T J[2y/t(t — 80)],
lea) = [—&N,t + 8o, t + 80, —ENTT /1241t +80)]  (14)

for |a| < 1 and
le}) = [0, 8 + 80,1, 01" /v/12 + (8N + 80)?,
ley) = [8Y + 80, 0,0, =11 / /12 + (8N + 8p)? (15)

for |a| > 1, where the first (second) two entries in the eigen-
vectors correspond to the Gor’kov-Nambu space of the first
(second) layer (spin degree of freedom is suppressed, as we
consider singlet pairing here).

One can further project Eq. (7) in the vicinity of (&V, §")
to the subspace spanned by |e; 2) or |¢] ,) to obtain an effec-
tive low-energy Hamiltonian of TBSCs. Interestingly, by an
appropriate choice of basis in the subspace,' one can bring
the effective Hamiltonian near each of the zeros to identical
forms:

Her(K) = Vr - K&3 + VA - Ky, (16)

where ¢; are Pauli matrices acting in the |e;), |e;) (or
le}), |€5)) low-energy subspace. The renormalized Fermi ve-

locities are given by ¥ra = /1 — min{a2, a=2}vp s (see
Fig. 2). The vanishing of the Fermi velocity at « = 1, cor-
responding to the “magic” angle of

2t
UAKN ’

Oma = (I7)
suggests a different form of the spectrum at the MA. Also,
this clarifies the meaning of the dimensionless parameter «
in Eq. (8), as it is directly related to the magic angle value
by o = 0/6ma. We note that, distinct from estimates in TBG,
this result is not perturbative in the interlayer tunneling for the
generic case when the nodes are away from the Brillouin zone
boundary.

Additionally, an interesting result is obtained by projecting
the terms arising from the momentum rotation on a noncircu-
lar Fermi surface, Eq. (9) for & < 1 to the basis of Eq. (17).
In particular, the result is different in sign for the two Dirac
points and equal to

N 6% vk v Pk
O0Hp off = iﬂ(%ﬁ + AT”Q), (18)

which results in small corrections to ¥ and 9. Importantly,
this implies that the current-induced gap value (which appears

'The basis choice to get Eq. (16) is {(le;) + IeQ))/«/i (ler) —
lea))/v/2}  around ¥ =1—0a2,8¥ =0 and {(le;) +
le2))/7/2, (~le1) + le2))//2} around &Y = —/T— a?t, 8 = 0 for
|| < 1. For |a| > 1 one should use {|e}), |e})} near £ =0,6 =

V1 —a2rand{le}), —|€,)} near § =0, 8" = —/1 — a2z,
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0<0<0,

FIG. 2. Evolution of the low-energy part of the BdG quasipar-
ticle spectrum (12) [see also Eq. (8)] as a function of twist angle
0 relative to the magic angle Oy5 in Eq. (17) in momentum space
for the nodal region depicted in Fig. 1(b); filled circles marking the
node positions in the unhybridized layers. At zero twist angle, the
interlayer tunneling simply leads to an appearance of split bonding
and antibonding Fermi surfaces (gray lines), with nodes located at
their intersection with the gap line node. Then, the two Dirac cones
initially separated along k; move towards each other on increasing
twist angle, while the Dirac velocity is renormalized downwards.
At the magic angle, the two merge into a quadratic band touching
[Egs. (20) and (21)], and separate again (this time along k,) on
further increasing the twist angle.

due to the ¢, term) reported in the accompanying paper [61]
is unaffected by these terms at low twist angles.

III. EFFECTIVE THEORY AT THE MAGIC ANGLE

We now proceed to construct an effective theory at the
magic angle. The Hamiltonian takes the form

H(K)|g=py, = T3 + 811 + 11301 — 17103 (19)

The zero-energy eigenvectors at £ =§=0 are |a) =
(1,1,1,—1)/2 and |b) = (—1,1,1,1)/2. These states are
equal superpositions of particles and holes and thus have
zero charge, but the spin is well defined. If we project the
Hamiltonian (19) to the subspace spanned by |a), |b) we ob-
tain exactly zero. One can note that |a), |b) are eigenvectors
of the last two terms in Eq. (19); however, the first two
H' = £13 + 81y can lead to virtual transitions out of the sub-
space. Computing the second-order corrections due to these
terms in second-order perturbation theory §H, g—, (k) =
—({e|H'|c){c|H'|B) + («|H'|d)(d|H'|B)/(2t), where |c) =
(1, —-1,1,1)/2, |d) = (1,1, —1, 1)/2 are states with energy
+2¢, we get

g2 — 52 &6
o BT M (20)

where n matrices act in the |a), |b) subspace. This Hamilto-
nian describes a quadratic band touching (QBT) (Fig. 2), that
also occurs at the magic angle of TBG [1,64]. The spectrum

:I:(VF ‘K)? + (va - k)?
2t

Hya(k) = —

Enva (k) ~

2y

is characterized by an anisotropic effective mass mp = ULQ
F
and mpa = UL, For a two-dimensional system, this spectrum

A
possesses a finite density of states (DOS) at zero energy:

v = —2_ per node. To obtain an order-of-magnitude esti-
TUFUA

mate, we approximate vy ~ A—N", where A is the estimate for
the superconducting gap maximum value and the size of the
Fermi surface being of the order K. This results in v ~ i—’n Vo,
where vy = 2 is the density of states in the normal state.
Interestingly, v can constitute a rather large fraction of the
normal-state DOS, especially if the superconducting gap is not
too large.

A question may be raised of whether the enhanced DOS at
Oma in the superconducting state affects the self-consistency
equation for the superconducting gap; in Appendix C we show
that the corrections due to the presence of the QBT are small
by a parameter ~(t/Ag)* log~' A/Ao (where A is the high-
energy cutoff for the pairing kernel) at low temperatures and
can be neglected. The physical reason for this suppression is
that the most pronounced effects of tunneling are confined to
the nodal region where the order parameter is small itself.

IV. TUNING THE BDG QUASIPARTICLE DISPERSION
WITH EXTERNAL FIELDS

We now show that the dispersion of TBSCs near the
magic angle can be tuned by a number of external parameters
accessible with currently available experimental techniques.
For each external perturbation type, we first identify a cor-
responding term in the basis of Eq. (7) which can then be
projected to the n basis of Eq. (20) to determine the resulting
spectrum. Here, we discuss only the experimentally relevant
perturbations; for a summary of all possible perturbations see
Appendix B.

A. Interlayer displacement field

In an experiment, the application of a back-gate leads
to displacement field which technically leads to a differ-
ence in chemical potential between the two layers (a term
proportional to 1303 in Gor’kov-Nambu and layer space).
Interestingly, it has the same form as the term stemming
from (vp - Qun) # 0 in Eq. (7). Projecting 7303 to the basis
of Eq. (20) one obtains the —n; matrix.

The addition of the term an; to Eq. (20) results in the
zero-energy states being moved away from &£,5 =0 to &) =
8o = £+/ta; the dispersion around this point is also linear
(Dirac) instead of quadratic one. To study the approach to
the magic angle, we introduce a deviation term — (8¢ — #)7;073,
which projects to —(§p — #)n3. The resulting nodal points are
now at

&0 = \/1(t — 8) + 1/ (t — 80)> + a2,

ta
==+ . (22)

\/t(t — 80) + 1t/ (t — 80)? + a?

The spectrum is always Dirac type and to quantify the renor-
malization of the Dirac velocities we compute the density of
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(@ (b)

=0 ¥
0=0_ v

0=0 X

1\
©) His,
B0 - mp v *
(d)
D < &0, 4 Eg Uy ’
[ 0=0,,, i#0 K, K

» Z

FIG. 3. Illustration of the effects of external fields on the spectrum of a TBSC. (a) Summary of the evolution of spectrum as a function
of twist angle in momentum space in the absence of external fields (cf. Fig. 2). Red lines indicate the direction of the node’s motion with
increasing twist angle. (b) Effect of an interlayer displacement field: the Dirac cones avoid merging into a QBT at all twist angles. (c) Effect of
Zeeman field: particle (hole) pockets form for spin-up (spin-down) quasiparticles. (d) Effect of in-plane current: particle and hole pockets form
for quasiparticles around Ky and —Ky, respectively. (e) Interlayer (Josephson) current opens a topological gap with an edge mode (black).

states per spin for a single valley at low energies:
1E|
2w vpva/ (8o — t)* + a? '

which can be compared to the result when a = 0 and ¢ ~

v(E) =

(23)

of V(E)|q=0 = Wﬂ&rtl; in both cases, the average velocity
v = /DrDa can be extracted via v(E) ~ v2|E|, resulting in

Vyen/V = {(@ — 1)?/[(oc — 1)> + @?]}/*. This ratio vanishes
at the magic angle, indicating the suppression of the Fermi
velocity renormalization effects.

Thus, a displacement field (or the nodes not being in a
reflection plane) results in a splitting of the QBT into two
Dirac points, such that the QBT is avoided for all twist angles.
On increasing the twist angle, two Dirac points move towards
one another, but avoid collapsing into a QBT, by preemp-
tively turning in the direction of +v, [see Fig. 3(b)]. For the
magic-angle effects to be observable, the t303 term magnitude
has to be much smaller than ¢ at the MA, i.e., for the case
of nodes not in a reflection plane (vg - Qy)/|Qn| <K va is
required. On the other hand, this gives a way to suppress
the renormalization effects with a displacement field without
changing the twist angle.

B. Zeeman field

A Zeeman magnetic field (h - s) term, for a singlet SC or
triplet SC with d || h, commutes with Eq. (7), resulting in a
spectrum that splits into two sectors with energies E(K) £ &
[see Eq. (12)]. This results in the formation of compensated
quasiparticle pockets of opposite spin, as has been predicted
in d-wave superconductors [65]. However, the size of the
resulting pockets would be affected by the renormalization
of the Dirac velocity in TBSC [61]. In particular, the field-
induced DOS at the Fermi energy is v(h) ~ %
This effect can be used to shift the quasiparticle occupation
into the miniband that is formed by the reconstruction of the
Brillouin zone by the moiré pattern (see Fig. 1). Importantly,
this represents an analog of electrostatic gating for the neutral
BdG quasiparticles. In TBG, gating to commensurate moiré

filling fractions has led to the observation of correlated states
near the magic angle [6]. Thus, in the case of TBSCs a
Zeeman magnetic field (or an in-plane current as described
below) should provide a useful way to control the correlations
of the BAG quasiparticles, thus overcoming the challenges
posed by the charge neutral character of the excitations. For
a triplet TBSC with d L h, the Zeeman term has the same
commutation properties with respect to Eq. (7) as 73 and its
effect is equivalent to a shift of k. It preserves the QBT at
the magic angle, merely shifting its position in momentum
space.

As the orbital effect of the magnetic field induces inhomo-
geneities in the order parameter in the form of vortices, we
leave its detailed consideration for a future study; however,
qualitative description of the effect of an in-plane field is
discussed in the accompanying paper [61].

C. Supercurrent flow

Finally, we consider the effect of a supercurrent flow in
TBSC, that can be induced by applying an external current
bias. For a single layer, the in-plane supercurrent corresponds
to a finite Cooper pair momentum Qp, such that vg - k3 —
vr - k13 + vp - Qp in Eq. (1). The effect of the new term is
to produce quasiparticle pockets, similar to the Zeeman field,
albeit without spin polarization [66]. In this case the spin-
degenerate particlelike (holelike) pockets would form around
Ky (—Ky) [Fig. 3(d)]. The pocket formation by an in-plane
current has been observed experimentally in two-dimensional
SCs without twist [67,68]. As with the Zeeman field, the
in-plane supercurrent effects in TBSC should be boosted by
proximity to the magic angle in TBSC and efficiently “gate”
the BAG quasiparticles.

The effect of an interlayer supercurrent is dramatically
different. Microscopically, it corresponds to a nonzero phase
difference between the order parameters in the two layers
Ay — A2 Ay — Are %2 related via the current-phase
relation I(¢) to the applied current [69]. For TBSC at
low twist angles, the conventional Josephson current-phase
relation I(¢) =1I.sing can be shown to hold down to
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TABLE I. Summary of the effects of external fields on the TBSC
BdG quasiparticle spectrum. For all cases, except Zeeman field h L
d, the spectrum type in the third column is valid for all nonzero
twist angles in the presence of the corresponding perturbation, such
that the QBT at the magic angle does not occur. For the “interplane

supercurrent” case with a singlet SC, itz A = —1,.

Term added
Tuning parameter to Eq. (7) Spectrum
Interlayer displacement field 7303 Dirac point
Zeeman field h || d s|d Fermi surface
Zeeman fieldh 1 d sld QBT (at Oy1a)
In-plane supercurrent 000 Fermi surface
Interplane supercurrent itsA Gapped
exponentially small temperatures T ~ 2te~>20/7 even at the

magic angle itself (see Appendix D). It follows then that ¢ is
monotonically increasing as a function of the applied current
up to a maximal value of ¢ = /2, corresponding to the
critical interlayer current /.. The new terms appearing in the
Hamiltonian are (we specify first the singlet SC case)

SHva(k, @) =

If projected to the basis of Eq. (20), 1,03 yields zero, while
second-order perturbation theory results in a contribution
__sin (w/Z)é‘

-4 sin(¢/2)103 + ¢ sin(p/2)1,. 24)

n3 that can be neglected for ¢ < 1. On the other
hand, rz projects to 1 leading to the Hamiltonian

%-2 _ 82
2t
The spectrum of this Hamiltonian is gapped; furthermore, in
the accompanying paper [61] we show that the gap never
closes for any value of the twist angle and is topological.

Explicitly, we can recast the Hamiltonian (25) into the form
Hya(k, ¢) = (f(k) - 7j) where

1) _£2 82
f1<k)=—§7: fak) =1 sin(p/2); fg(k)zgz—j.

The Berry curvature Fg 5(&, §) for a two-band system is given
by

Hyva(k, ¢) = —

)
n3 — %m +1 sin(p/2)n2.  (25)

FE,S(%-a 8) Eahcfaagfbaéfc

1
2|f|3
—— (= f20: f105 f3 + f20: f305 f1)

sin(p/2)(E% 4 §%)

N 2 {(E£2) + 1t sinp/2))

Integrating the Berry curvature over k one obtains the
Chern number equal to C = sgn[at¢] for ¢ < 1, consistent

J

2|f|3

(26)

286 — & &7 — 81(8p — 1) /

with the merger of two gapped Dirac points of the same
chirality [61].

The resulting effects of external fields on the spectrum are
summarized in Table L.

D. Noncircular Fermi surface

We now consider the influence of noncircularity of the
Fermi surface near the magic angle, described perturbatively
(i.e., for & <« 1) by Eq. (9). Projecting Eq. (9) to the basis of
Eqg. (20) one gets

YMA ?)QMA (AZ)G
SHY'* ~ —————
A 2om n — Yo 5773

27

As vf) arises from the single-particle dispersion and v(Az) from
the gap amplitude, one expects that v® ~ vp > vP ~ v,
[see Eq. (10)]. Near the magic angle, the full Hamlltonian

takes the form

2_ 2
fi R s it E+&
Hig” g,y 1o >~ 2 m om
— (8o — 1)n3, (28)
where
5y UF via o6
& = , & = foA TMA (29)
2UA 2up

To discuss the form of low-energy spectrum, we first find the
zero-energy states of (28). These are at § = &y, 6 = oy with
&n, 8y given by

1) : 8 <t+$1 :
—& £ /2 +8(t — o)t
v=0, & = 5 ,
g2
(2):5O>t+m:, (30)
2t
&y = —&o,

by = +\J82 — £18o + 2180 — 1),

_g2 —
where two cases are indicated. Noticing that W <

2
£ one observes that there are four zero- energy points for

8
t+ E‘&’ bl & 8o <t+ E‘ and two otherwise. Near each of the

Zero- energy points we can expand the Hamiltonian to study
the form of the dispersion:

2 8t(8g —
g] t(O t)§/773

1):H ~
(1) ¥ o

\/5(% —&ifo+ 2060 —1)

2):H ~F -

o 8,
/(61— 260) F 20\ &3 — 160 + 2130 — 1)
E&m — > 3, (31
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&it 0.5

FIG. 4. Evolution of the low-energy part of the BdG quasiparticle spectrum as a function of twist angle including corrections due to a

@ e ) )
noncircular Fermi surface [Egs. (11) and (9)]. For the figures we have taken g faks 0.5, % = 0.1. At low twist angles (a) two Dirac

2v

F
points are present. One of the two Dirac points (a) first becomes a semi-Dirac point (b) and splits into three Dirac points (c) afterwards. On
further increasing 6, one of the three new Dirac points approaches the remaining original one (d) and forms a semi-Dirac point (e) before
opening a gap (f) there. Therefore, at larger twist angles only two Dirac points remain.

where &' = & — &y; 8 = § — y. One observes then that the
low-energy quasiparticle dispersion (or §y) is generally linear.

2
For low twist angles 8y <t + E“E;—t_g‘), there are two Dirac
points [see (1) in Eq. (31)]. One notes that both components of

the effective quasiparticle velocity have opposite signs for the

two Dirac points [note that in this case \/512 —8t(6g —t) >
|29 — &1]]. Such Dirac points are characterized by the same
winding number. In presence of an interlayer current [, term,
see Eq. (25)], this implies that both Dirac points are gapped
and have the same Chern number of :I:%. Therefore, topo-
logical properties of the system are not affected by a small
noncircularity of the Fermi surface even close to the magic
angle.

For 8y =1t + one notices that the 8’ component
of the Dirac velocity vanishes for one of the Dirac points.
There full dispersion, not linearized in &', §' takes the
form 4r°E* = 4(£'8') + (& — 260)E" + &7 — 8" ~g 50
[(&) — 2&9)&']*> + 48'*. Therefore, at lowest energies the dis-
persion is quadratic in one direction and linear in the other,
i.e., a semi-Dirac point [70,71]. Interestingly, for & = 2&,
the quadratic band-touching dispersion E = (£ + §'?)/2t
isrecovered. | s

For ¢ + % <8y <t—+ i—‘t there are four zero-energy
points; all of these show a Dirac (linear) dispersion. Impor-
tantly, the posiztions of three Dirac points come together at

& &

So=t+ E‘s‘;—: < 8p; t + 3. In the second case, the disper-

sion at the merging point is again of the semi-Dirac type
(E? ~ %8/2 + %) Therefore, the semi-Dirac point is
formed by a merger of three Dirac points. The latter has been
also predicted to occur for special values of trigonal distortion
in bilayer graphene [72]. Note that for & = 2&; this region

£15—8

shrinks to a single point 8y =t + &£ /8¢, where a quadratic
band touching occurs. .

Finally, for §y > 1 + Sg—‘t two points exist, separating fur-
ther along k; with increasing twist angle (§y). In Fig. 4 we
summarize these findings with a numerical calculation of the
spectrum of the full Hamiltonian (9) including noncircular
corrections (11).

V. CORRELATION-INDUCED PHASES NEAR
THE MAGIC ANGLE

We now explore the role of interactions between the BdG
quasiparticles close to the magic angle. Above, we have
shown that the density of states at the magic angle is finite
due to the presence of a QBT. In this case, correlations may
manifest themselves as instabilities already at weak coupling
[73]. To analyze the likely correlated states that emerge at the
magic angle in TBSC, we study the order-parameter suscepti-
bilities defined as

2

aw?

xa(T) = — T Y log(is, — H(k) - WA), (32)

W=0 ¢ Kk Val

where A is a matrix of the form 1, ® o) ® s representing
the order parameter, &, = (2n + 1)z T are the Matsubara fre-
quencies, and a sum over valleys is implied. The critical
temperature is determined by the gap equation x4(7T') = %A,
where )4 is the coupling constant in the respective channel.
We assume the interlayer interactions to be much weaker than
the intralayer ones and thus we only consider orderings that do
not involve layer degrees of freedom, i.e., A=1,®00Q s..

174506-8



MAGIC ANGLES AND CORRELATIONS IN TWISTED ...

PHYSICAL REVIEW B 107, 174506 (2023)

To simplify the discussion, we first address the singlet
A = 1; case. Of all the possible order parameters, only the
7, (or its spinful version 7,57 2 3) order has a (logarithmically)
divergent susceptibility as 7 — 0 leading to a weak-coupling
instability. The susceptibilities for the other orders remain
finite at 7 = 0, as only the 7, order opens the gap at the
QBT (see Appendix B). The 1, order parameter corresponds
to a secondary superconducting instability, while the purely
imaginary character of the order parameter indicates a broken
time-reversal symmetry state, such as a d + is state [74].
Indeed, a number of competing SC states may be expected
in systems with nonphononic pairing mechanisms [75-77].
Depending on the type of the subleading SC instability, the
sign of the order parameter may change between the nodes,
affecting the topology of the state. For example, for an s-wave
secondary instability, the order-parameter sign will remain
the same, resulting in a total zero Chern number, similar to
the quantum valley Hall state in TBG [78]. On the other
hand, for a d,, instability in a d,>_,» TBSC, the resulting
state will have Chern number equal to the number of nodes,
similar to the supercurrent-induced state discussed above and
in [61].

The results above for the A = 7, instability apply also to
the triplet TBSC case. Unlike the singlet case, A = 7;(h - s)
has a weak-coupling instability only for h L d, which has
the same susceptibility as 7,. Above we considered the or-
der parameters that do not break translational symmetry; in

J

principle, order parameters such as spin-, charge-, or pair-
density waves can couple different nodes, opening a gap.
However, their properties would likely depend on the par-
ticular Fermi surface geometry and hence we leave the
consideration of these order parameters for future studies
focused on specific materials. In particular, our results are
consistent with a nontopological gapped d + is state that has
been predicted for a model of cuprate bilayers [37].

Away from the magic angle, the spectrum has Dirac nodes
with a zero density of states instead of a QBT. This suggests
that the secondary instability temperature 7*(6) should be
suppressed. To find how T is suppressed away from the magic
angle we evaluate the low-energy susceptibility (32) approx-
imating H (k) with Hya (k) — (89 — #)n3 close to the magic
angle. The contribution of the energies higher than 7 can be
assumed to be independent of the twist angle or temperature
for temperatures lower than 7. One obtains

Xo(T)~x2 =T

2N
x Z 2 é: +52 > £2-52 ’
e (50 4 G0 — 12 + (G0 —

(33)

where N is the number of nodes and x?z is the high-energy
contribution to the susceptibility. Then, subtracting the equa-
tions for T* at the magic angle and away from it [x,(T =
T*) — X;:‘SO(T = T*)] one gets

2[80—t e cos(2n)+(89—1)?

T (9) / /2” dn | tanh 2;* N

where cylindrical coordinates ¢ = g4 +8

have been used.

Solving Eq. (34) for the critical temperature 7* numeri-
cally, one obtains that it decreases away from the magic angle
(see Fig. 5, inset) and vanishes when the angle reaches a
critical value. The latter can be found analytically using the
following identity:

, n for &, § integration

1
[ofs =
27 /x> —2x cosn + 1 \/xz +1/4
(35)
Then, the critical twist angle is found to be Gci = 6Oy T

e~y Mald
rnt
Finally, let us discuss the expected magnitude of 7. Eval-
uating the sum in Eq. (33) for §; = ¢ (at the magic angle) with
an upper energy cutoff of the order 7 one obtains

R Y- g—
0 = e ertfMAN | (36)
T
where
Aﬂ5< —“ﬁ , 37)
)"Tz Vo 21)()

where vy = hKy/(2mvr) is of the order of the normal-state
density of states. If the coupling in the secondary SC channel

tanh Ve 57
, (34
V2 = 2|80 — tle cos(2n) + (8 —1)?

(

is weak, one expects A, Vo < 1. Then, Kot < 1 s expected
and T should be smaller than z. However, if the system is
close to a secondary instability with zero twist angle [i.e.,
that X?Z /(2vp) is close to 1/(Ag,v0)], e can be seen to be
strongly enhanced. A further observation is that due to the
strong exponential dependence, 7" should be increased in
systems with larger 6ya. This can be achieved in two ways:
increasing ¢ is possible with pressure that brings the layers
of TBSC closer to one another. Another option is for va to
decrease, which can be generically achieved by enhancing the
temperature of the material; however, the temperature should
remain much smaller than ¢, limiting the use of this approach.

Effects of deviations away from a circular Fermi surface

As has been shown in Sec. II there are parametrically small
(in & K 1) corrections to the Hamiltonian (7) due to the rota-
tion of k. As these corrections are expected to be generically
present for noncircular Fermi surfaces they may nonetheless
affect the weak-coupling instability discussed above, as its
relevant scale is 7% « t. Projecting Eq. (9) to the basis of
Eq. (20) one gets

(2) 2)
A v, 0 A v ‘9MA
SHYM ~ 2£5m—z Ens. (38)
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FIG. 5. Phase diagram of the secondary time-reversal symmetry-
breaking superconducting order induced by the quasiparticle inter-
actions near the magic angle. Its onset temperature 7* reaches its
maximal value 7 at the magic angle and is suppressed as the
deviation |60 — 6Oya| grows, vanishing at 9} = Opma £ 2e™ M
The band structure schematics represent the qualitative form of the
quasiparticle spectrum in each region (cf. Fig. 3). Inset shows the
numerical solution for 7*(6) as a function of the dimensionless twist
parameter ¢ | — 1|/T;. Here, T <« T is assumed; see text for the
discussion of the additional effects of temperature.

As v}z) arises from the single-particle dispersion and v(Az) from
the gap amplitude one expects that v® ~ vr and vy ~ v

J

log T (So)

[see Eq. (10)]. Realistically, va can be expected to be much
smaller then vr. Indeed even for the cuprates, which are often
considered to be close to the strong-coupling regime [79], this
ratio is well below 1 across the doping phase diagram [80].
Thus, the first term in Eq. (38) is larger than the second one by
a factor of the order (vr/va)?. Therefore, we will only study
the consequences of the first term in Eq. (38). The modified

Hamiltonian at the magic angle takes the form
2 82

2t

1)
Hjn (k) = — —E+é)m, (39)

where &) = UF LY . For t > & > &, the QBT Hamiltonian
(20) can be stlll seen as a good approximation. However, at
low energies & <« &) the spectrum is modified with respect
to the QBT case. At &, & 0 the dispersion is (E&A)2(k) ~
(€0/1)*8% + £*/(41?), corresponding to a semi-Dirac point
with a quadratic dispersion along k and linear along &, . In
addition to &,8 = 0, one observes that there are two more
zero-energy states at £ = —&), § = +£&, with a Dirac cone-
like dispersion (Egy, )2 (k) ~ (£0/0)*[(I§ + &0] £ [8 F &1)* +
(€ + &)?] around these points. As neither of these yields
a finite density of states at zero energy, one may expect a
suppression of T;".

Using Eq. (38) instead of H(K) in the definition of the
order-parameter susceptibility (32), one can derive the equa-
tion for the ordering temperature 7* for & <« ¢. One gets in
analogy with Eq. (34)

tanh \/82+2(§0+2\/28l‘ cos n)&ge sin’ n/t
an T
. (40)

The numerical solution of Eq. (40) is presented in Fig. 6.
One observes that the critical temperature is almost unaffected
until & reaches values of around 4@ .

Conversely, for a finite &, there exists a critical value of
the bare T [i.e., computed with Eq. (36) in the absence of &],

such that for T;* < T;“” the secondary instability is strongly

suppressed:
@) 2
v Oma
T~ £ =) . 41
0 ( R 41

For Oua < 1 the condition 7 > TO*(C” does not preclude a
weak-coupling instability since T*(”) « t. However, for most
materials one may also expect vF)/vA ~ vp/va > 1. Thus,
weakly coupled superconductors, where vp/va is expected
to be extremely large, are not favorable for the observation
of correlated states; on the other hand those with sufficiently
strong coupling (such as cuprates) or heavy mass (such as
heavy-fermion systems) will suffer less limitations.

Using the estimate (41) one can also find the critical
value of the effective coupling constant A.g [Eq. (37)] using
Eq. (36):

Xcr 4 1 2€y SUA 2 -1 (42)
= og | —( —— .
TN | oL \oPyn

/ /2” dn| tanh s
&

\/ €2 4 2(&y + 2+/2¢t cos n)Eye sin’ n/t

(

One observes that larger Oy are actually favorable; again, this
is due to the exponential dependence of 7" on Oyia.

VI. DISCUSSION

Let us briefly recall our findings, focusing on the pre-
dictions for experiments. The flattening of the dispersion
and the gap opening induced by the current or interactions
near Oya = 2t/(vaKy) (Figs. 3 and 5) both can be directly
revealed by probing the density of states with scanning tun-
neling microscopy (STM) and thermal transport or probing
the quasiparticle dispersion in angle-resolved photoemission
spectroscopy experiments. The latter technique can addition-
ally reveal the predicted change in the position of nodes in
momentum space with the twist angle [Figs. 3(a) and 3(b)].
STM or superconducting spectroscopy [81] can also reveal the
presence of gapless chiral edge modes in the topological SC
state [61]. For the current-induced topological state, quantized
thermal (and spin, for the singlet case) Hall conductances [82]
are also expected [61].

Having outlined the experimental scope, we now discuss
some of the material prerequisites for the observation of the
unconventional effects in TBSC. First, 6y is of order /Ay,
the ratio of interlayer tunneling to the maximal SC gap value
Ay, implying that the interlayer tunneling should be weaker
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FIG. 6. Suppression of the time-reversal symmetry-breaking
temperature 7 by the deviations from circularly symmetric Fermi
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surface [Eq. (9)] characterized by the parameter &, = on

than A, for the magic angle to exist. Reducing ¢ can be
achieved by introducing an insulating barrier between the two
layers, similar to conventional Josephson junctions. However,
the correlation effects near the magic angle are expected to
be stronger for larger values of Oya [see Eq. (36)]. For too
small 6y4 values, increasing 6y can be achieved by applying
a c-axis pressure to TBSC, which would reduce the interlayer
distance enhancing .

For sufficiently small 7, one can also reach angles larger
than 6y . In our study, we found the effects of hybridization to
be most pronounced at Oy, and suppressed if the twist angle
is further increased (Fig. 3). On the other hand, increasing the
twist angle between nodal superconductors is known to sup-
press the leading contribution to the critical superconducting
current at small 7, eventually suppressing it to zero at special
angles dictated by symmetry (e.g., 45° in a d-wave super-
conductor [83,84]). This dramatically alters the current-phase
relation /(¢) allowing the subdominant effect to become im-
portant; in particular, a spontaneous phase transition into the
chiral topological SC state breaking time-reversal symmetry is
predicted [33-36,85]. However, the spontaneously generated
topological gap should be smaller in that case than the one
induced by an interlayer current at the magic angle since it
is an effect of a higher-order expansion in #. On dimensional
grounds, one expects the gap to be of the order #>/Ag in that
case (see also [61]).

Another important question is that of disorder, as the nodal
superconductors are usually strongly affected by it [86] due
to the presence of gapless excitations close to the gap nodes.
On the other hand, gapped topological states are expected
to be robust to weak perturbations, as the Chern number
can not change continuously [48,82]. In the accompanying
paper [61] we demonstrate that the density of states in the
current-induced topological state remains gapped for suffi-
ciently weak disorder.

Presence of an energy gap also allows to neglect tempera-
ture effects for T <« Ty, ¢, due to exponential suppression of
excitation. On the other hand, temperature provides an addi-
tional control parameter, as the value of v, should decrease
with increasing temperature, vanishing at 7.. An increasing
temperature consequently leads to an enhanced 6ya value,
which can be used to achieve magic-angle conditions if the
device is initially at 6 > 6]30.

TABLE II. Estimates for the magic angle and maximal current-
induced gap values for the nodal superconductors discussed in the
text.

Material OnMa AM*(K)
Bi,Sr,CaCu;,0g,, (OP) [80,89] 2.8° 11
(BETS ),GaCl, [94,95] 1° 24
CeColns [96,97] 14° 1.7

Let us now discuss the materials that can be used to realize
TBSC. We start with the ones already available in monolayer
form. For each material we will provide estimates for the
magic-angle value and the related quantities, summarized in
Table II.

Cuprates. Cuprates are known to host nodal d-wave
superconductivity [83] with a remarkably high transition tem-
perature. Recently, superconducting monolayers and bilayers
of [87,88] of Bi;Sr,CaCu,0Og4, have been demonstrated,
with almost the same 7, as that of the bulk samples, sug-
gesting robust superconductivity. The dominant interplane
hopping is proportional to ~(cosk, — cosky)* and van-
ishes near the gap nodes; more recent estimates suggest
that there is a nonzero tunneling along the nodal direc-
tion [89]: 4ag cos(k,/2) cos(k,/2)t; ~ 2 meV [taking Ky ~
(mw/Qa), = /(2b)], where a and b are the lattice constants,
in Eq. (11) in [89]]. Importantly, Bi,Sr,CaCu,0Os.., actually
contains two layers within the unit cell with the intrabi-
layer hopping #,; = 30 meV according to fits [§9]. We can
still apply the theory developed here for monolayers to each
the bilayer-split (bonding and antibonding) Fermi surface of
the top and bottom Bi;Sr,CaCu,Ogy, layer. As only one
pair of layers is hybridized with 4ag cos(k,/2) cos(k, /2)t.t.aq,
it follows that the projection of the interbilayer hopping
is 2ay cos(k,/2) cos(ky/2)t;a0/2 for the bonding and anti-
bonding bands. Note that the sign change of the hopping
can be shown not to affect the topology of the current-
induced state. Using the value of v, for optimal doping
0.1eVA [80] and taking the in-plane lattice constants
to be approximately equal to 5.4 A, one obtains Oy =
4ag cos(k,/2) cos(k,/2)t, /(vaKy) ~ 2.8°.

While the Fermi surface of the hole-doped cuprates devi-
ates noticeably from a circular one, the smallness of the magic
angle leads to these deviations being important for the corre-
lated phases only for temperatures below 0.3 K [see Eq. (41),
where vff) /va is taken to be 0.1 consistent with vg/va close
to optimal doping [80]]. At the same time, small values of
Oma result in a rather strong constraint on the dimensionless
critical coupling [see Eq. (42)] XZL ~ 3.5, which is reduced
to 1.9 for underdoped samples due to the reduction in vr and
va [80] (where XZ;f is measured relative to unity). Moreover, a
competing instability that can open a gap at the node, likely
a spin-density wave [90], has been reported in a number
of underdoped cuprates [91,92], including Bi,Sr,CaCu,0Og,
[93]. As this can enhance A, underdoped cuprates appear
promising for the observation of correlation-induced states
in TBSC. Furthermore, the interlayer hybridization could be
enhanced with respect to the one in bulk crystal by, e.g.,
applying pressure, which would additionally lower XZ;f.
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Organics, (BET S),GaCl4. Many organic superconductors
are believed to be unconventional, and d wave in particular
[98]. Additionally, a high anisotropy is characteristic for these
materials and (BETS),GaCly has been demonstrated to be
superconducting in monolayer form [95]. The interlayer hop-
ping is of the order 0.21 meV [94]. Assuming a cos 26 d-wave
gap with a maximum of 12 meV [95] on a cylindrical Fermi
surface one gets vy = ZKﬂ and Oya = t/Ag = 1°.

We now move to the ﬁighly two-dimensional nodal super-
conductors, which are not yet available as monolayers.

Heavy fermions. CeColns is characterized by the
anisotropy m,./m, = 5.6 [96], the highest among the heavy-
fermion systems [98]. Due to the heavy effective mass, we
assume the hopping to be mostly due to f electrons, esti-
mating the c-axis hopping from the in-plane one [97] and
the mass anisotropy as ?, ~ myt,/m. ~ 0.15 meV. The gap
maximum is known to be around 0.6 meV [97], which yields
Oma ~ t/ Ao = 14°. The heavy masses of the conduction band
make the effects of Fermi surface noncircularity on the cor-
related states [see Eq. (41)] unimportant down to few mK
temperatures. Also, the value of Xz;f ~ 0.64 appears mod-
est, suggesting that even weakly competing superconducting
states may develop an instability at the magic angle.

SroRuO4. ARPES experiments reveal that this material is
highly two dimensional [99], with the observed effects of
the out-of plane dispersion suggesting an interplane hopping
being of the order of a few meV (e.g., 2.5 meV in [100]).
Sr,RuOy has an extremely small SC gap, with a maximum of
about 350 peV [101]. This implies that to observe the magic
angle in Sr,RuOy4-based TBSC, the interlayer tunneling has
to be reduced first, by, e.g., an insulating layer introduced
between the monolayers, as discussed in the main text.

Finally, superconducting monolayers of transition metal
dichalcogenides [102] and the iron-based superconductor
FeSe [103] have recently been demonstrated. While in both
cases the superconductivity has been found to be nodeless,
theoretical proposals suggest that the realization of nodal
SC is possible in monolayer transition metal dichalcogenides
[104,105] and nodal superconductivity is known to occur in
some bulk iron-based superconductors [106], raising the ex-
citing prospect that some of these materials can remain nodal
in monolayer form.

VII. CONCLUSION

We have shown that twisted bilayers of nodal supercon-
ductors provide a versatile platform to control the properties
of neutral BdG quasiparticles. In particular, the quasiparti-
cle dispersion undergoes a dramatic reconstruction near the
“magic” value of the twist angle where for a circular Fermi
surface it forms a quadratic band touching [Fig. 3(a)] and the
system has a finite density of states of neutral fermions at
the Fermi level, which increases with the magic-angle value
and can be a significant fraction of the normal-state density
of states. At the magic angle, even weak interactions lead to a
time-reversal symmetry-breaking transition (Fig. 5), which is
suppressed away from it. The deviations from circular sym-
metry of the Fermi surface provide a lower bound on the
interaction strength required for the transition, that decreases
with the magic-angle value. We have also shown that the dis-
persion of the BAG quasiparticles in TBSC is highly tunable:

an interlayer displacement field reduces the renormalization
effects of the twisting, while a Zeeman field or in-plane
current act as an effective “gate” for the quasiparticles, allow-
ing control of their filling [Figs. 3(b)-3(d)] in analogy with
gating in twisted semiconductors. Furthermore, an interlayer
supercurrent flow results in the opening of a topological gap
analyzed in the accompanying paper [61]. Identifying sev-
eral candidate materials hosting nodal superconductivity in
monolayers, we further demonstrate that twisted bilayers of
nodal superconductors can be readily realized with currently
available materials.
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APPENDIX A: CORRECTIONS TO THE LOW-ENERGY
HAMILTONIAN DUE TO THE ROTATION OF k

Here we study the corrections due to the rotation of k vec-
tors in Eq. (6), neglected in Eq. (7) for the case of nodes on a
high-symmetry line. As will be shown below, this requires the
expansion of both the single-particle dispersion ¢(K) and the
gap amplitude A(K) to the second order in K — Ky. Denoting
the component of K along Ky as K = kj + Ky and the one
orthogonal to it as k; one gets

e(k) ~ vpky + akj + k7, (A1)
restricted by the reflection symmetry e(K;, —K,)=
e(Ky, K1), where o= %3?/((2"); B = %92‘2(2"). The super-

i 1

conducting gap amplitude, on the other hand, has to vanish
exactly at k; =0 in case of symmetry-imposed nodes
resulting in

A(K) &~ vk, + vk ky, (A2)

92 A(k) . . . .
ok ok For circularly symmetric dispersion

e(k) = e(|k]) the coefficients in the above expansions are not
independent, in particular, 8 = vr/(2Ky). At the same time,
if the gap amplitude is solely dependent on the polar angle,
i.e., A(K) = Alarctan(K, /K| )] it follows that y = —va /K.

We now include the effect of the rotation of local
axes due to the twist. In particular, KH0 2= Kjcos6/2 +
K, sin6/2; Ki/z =K, cos8/2 — K| sinf /2. We aim to keep
only the linear terms in the expansion in the twist angle 6 but
will keep here terms up to order 6 for completeness:

where y =

02 )
0/2 -, .
K"~ <1 - §>(k|| + Ky) = Sk

6? 0
KJG_/Z = <1 — —>kJ_ + E(k” + Kn). (A3)

8
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One obtains then

02 02 0
S(KG/Z) ~ UF(I — §>k — ?UFKN — EUFkJ_

0> 0> 62
+a(1 - —)kﬁ +a—k} —a—Kyk

4 4 4
Ok
0‘2 LA
62 62
+,8(1 - Z)kiﬂsz(k + Ky)?

+ BO(ky + Kn)ky
02
= §KN[_UF + 2BKn] + vk
0
H—vr +2BKnISk1 + O(k*, 0%k, 0°Ky);

Ky6
A(KQ/Z)%UA](J_-F UaRpy

0
+[va + v KnlSky + O(0°kKx, K2, 0°K3), (Ad)

where the terms due to the rotation of the Dirac cone are
highlighted in red. All of these terms vanish for a circularly
symmetric single-particle energy [implying 8 = vr/(2Ky)]
and gap amplitude depending only on the polar angle in the
K space (which implies y = —va/Ky).

The constant term in e(K?/?) can be trivially absorbed
into a shift of k”: k” — k” — %KN[—l + 2ﬂKN/UF]7 which
leads to corrections in A(K?/?) of the order 6% which can be
ignored.

The remaining terms, not included in (7), can be written in
the basis of Eq. (7) using the bilayer Pauli matrix notations to
arrive at the expression in Eq. (9) that is given by

. ok
SHy ~ YF ) J-‘L'3O‘3 —

)
Ok
Up UK (AS)

7103,

where vff) = vp — 28Ky and v(Az) = va + Y Ky. For a generic

noncircular dispersion and gap amplitude one may expect
v}z) ~ vr and U(Az) ~ VA.

APPENDIX B: LOW-ENERGY PROJECTION OF THE
PERTURBATIONS AT THE MAGIC ANGLE

In Table IIT we show the result of projection of the per-
turbation terms to the full Hamiltonian (7) and discuss their
possible physical origins.

1. Singlet superconductors

We consider first the singlet case and perturbation terms of
the general form WoA = 7,0 ;. Below we consider all the pos-
sible i and j, and for each case, we indicate the corresponding
term in the projected Hamiltonian (20).

A = 1,1, nos, wo—>B8—>8 + Wy, (& —
& + Wp),n3,n3. These terms are already contained in
Eq. (19) and only lead to a renormalization of the initial

TABLE III. Effects of the the possible perturbations for the
Hamiltonian (19) ignoring spin (that have the form Wyt;0;) on the
spectrum near the QBT: entries give either the projection of the
corresponding term to the basis of Eq. (20) or the resulting change in
the parameters of Eq. (20) if Wy;0; perturbation is added (e.g., for a
Woyti00 perturbation, § is replaced with § + Wy). n; and n; result in a
spectrum with two Dirac cones; in the latter case the magic angle for
QBT is changed, while in the former one QBT does not occur for all
values of twist angle (QBT is avoided). n, results in the appearance
of a Fermi pocket while 7,, in a fully gapped spectrum. In cases
(except for 1,03 perturbation, where the spectrum is gapped) where
combinations of 13 and an another term is present the spectrum at the
magic angle is quadratic in one direction and linear in the other one.

(oh)) g1 (op) 03
wg w3
Ty Womno — Sy — M Wona Ly + M2
W2
T >+ W) Wom —orm Woms
wi w3
] Wonz s — S, Womo -5+ im
WZ
i (E—>§+W) Wons 13 —Wom

model parameters (SC gap, chemical potential, twist angle,
or interlayer hopping).

A=1= 100 —> no. Note that this term is not equivalent
to a chemical potential shift represented by 73 in the Nambu
notation. It leads to a creation of a single Fermi surface and
can be realized in two ways.

First, a nonzero in-plane supercurrent results in A —
Ae? leading to H — H + vg - g [66]. The second possibil-
ity is a Zeeman term s;. It commutes with the Hamiltonian,
resulting in two independent sectors with different signs of
the term. Note that the two mechanisms above result in differ-
ent parity properties: the supercurrent-generated term is odd
under parity and thus creates a doubly degenerate electron or
hole pocket at each node, while the Zeeman term would create
a nondegenerate coinciding electron and hole pocket (nodal
line) at each node.

A = 1, — 1. The spectrum is fully gapped and the lowest
eigenvalues at the magic angle are given by

E= i\/[\/§2 + 82+ — 1>+ Wi

Such a perturbation can be implemented by applying an inter-
layer bias current (see below); a formation of a subleading
superconducting order with a phase of 7 /2 (A + iB states)
with respect to the original SC order parameter will intro-
duce a similar term. The difference is in the signs of the 1,
terms for different nodes. If the SC order parameter is even
in parity, current generates 7, terms with the same sign for
inversion-related nodes and opposite for odd-parity (triplet)
ones. For example, for d-wave superconductor the induced
7, term would have the same sign for opposite nodes, but
different signs for two pairs of nodes, while in d + is state
the sign of the induced term is the same for all nodes.

A =0, — n,. Corresponds to an anomalous average
((clep — cjca)y + (cac) — cpel))) which can be recognized
as the expression for the normal interlayer current. Applica-
tion of a bias current in the SC state would result only in a
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Josephson current, while normal current will be nonzero only
above the critical current value, where the value of the gap
may be affected.

A = 1j01 — n; is off-diagonal in both Gor’kov-Nambu
and layer space and corresponds to interlayer Cooper pairing.
Note that the Hamiltonian (21) already induces interlayer pair-
ing ~1,07 2, so this component introduces a nonzero phase to
the interlayer order parameter with respect to intralayer one.

1303 — —1n1. This order parameter represents charge im-
balance between the layers; while it can be introduced
externally by a back gate; additionally such a term ap-
pears in case the nodes not being in a reflection plane, i.e.,
(vr - Qn) # 0. )

Wo . . . _
oy —> —3tm— 3 results in two Dirac points at &p =

0, 8p = £Wj. At the new magic angle §p =t — V;—‘t’z, the spec-

ﬂ:# — WT"E, linear along &, but quadratic along §.

o3 —> %m + % Similar to o; with the roles of & and &
exchanged.

T10p —> —%173. QBT exists at the new magic angle §p =
P4+

0] —> %m — %’72 at the new magic angle the spectrum
is half-Dirac (linear along &, but quadratic along §).

7,09 — 1. BAG Fermi surface is formed.

1,03 — —32n3 + 21, yields gapped spectrum.

1307 —> %m. Dirac points instead of a QBT.

Finally, any order parameter above can be converted to a
spinful one by a direct product with one of the spin Pauli
matrices.

trum is

2. Triplet superconductors

We now consider the case of a single-component triplet
superconductor. In this case, triplet SC order parameter near a
node takes the form §7;(s - d), where s; are Pauli matrices in
spin space. Consequently, the analog of Eq. (19) is

H= Z o' (k)H (k)P (k),
k, k>0

HK)=6ti(s-d)+&t3 —tti(s - d)oz + t 1307, B1)

where the k summation is restricted to half the Brillouin zone
to avoid k — —k redundancy. Let us now discuss perturba-
tions. For perturbations without spin matrices it is convenient
to perform an SU(2) spin rotation that brings the d vector to
the form (0, 0, d). Then the two spin sectors decouple into
two copies of Eq. (19) with r; — =£t; and the spectrum is
determined as for Eq. (19).

J

Fi(ie, k) =

For perturbations involving spin in the form of the matrix
(h - s) there are two cases:

(1) h | d: As above, the problem may be reduced to two
copies of Eq. (19) with (h -s), (d -s) — *h,d.

(2) h L d: Choosing the quantization axis along d, we
apply a unitary transformation U = U = I_T“tg + HT“ (i.e.,
spin-down component is multiplied by t3). The Hamiltonian

(B1) is transformed to

UHKUT =ds 1 + &3 —dt 1103 + t1301,

whereas the perturbation Hamiltonian is given by

Woo, T3 (h - 8) (b=0,3),

WoUo,t(h-s)UT =
0 p(h-s) { b=1.2).

—~Woout3tps3(h - s)

In both cases the spin part of the perturbation is trivially
diagonalized and the overall eigenvalues correspond to two
copies of Eq. (19) with a perturbation =Wyho, 137, for (b =
0, 3) and +iWyho,137, for (b = 0, 2). Thus, the spectrum in
the presence of perturbation can be determined from Table III
by identifying the commutation relations of the perturbing
operator with (h-s) — £h multiplied with 73 (which has
— + — 4 signature) with the terms in Eq. (19).

Physically, for h || d all perturbations have similar physical
effects as the ones without spin matrices. For h L d, on the
other hand, there are new effects. First, 7;(h -s) results in
a full gap with the example of p+ip state (d || x,h || y or
vice versa). Another way to create a full gap [~n, term in the
reduced Hamiltonian (20)] is with o, 73(h - s), which is more
complicated physically. The Zeeman field perpendicular to d
results in a spectrum same as for the +73 perturbation, i.e.,
it shifts the QBT in momentum space rather then creating a
nodal line as for h || d.

APPENDIX C: SELF-CONSISTENT EQUATIONS
FOR THE SUPERCONDUCTING GAP

To study the effect of the tunneling on the self-consistency
equation, we use a BCS-like mean-field model with a sepa-
rable intralayer interaction Vsc(k, k') = Vsc f (K) f(K'), where
fK) = (6§ £8p)/Ag close to the nodes. The self-consistency
equation takes the form

AT K) =T Y Vsc(k, K)F;(ie" k), (C1)

&k’

where Fj(ie’, k') is the anomalous Green’s function in the jth
layer. The anomalous Green’s function is

A2+ 87+ A3) + 124,

(67 4+82)" + (63 +£2) (AT + A3) +202(s2 — £7) + 200180 + ATAT 414

[recall that &€ and § are defined in Eq. (8)]; F>(ie, k) is obtained from the above py exchanging~l <> 2. Taking the separable form
of the interaction yields solutions of the form A, (T, k) = Ao(T)f(k); Ay(T, k) = Ao(T)f (k). Using the expansion A; =6 +
(—1)/8, near the nodes the equation for the amplitude of the order parameter Ao(T) takes the form [using f(K) =~ (§ — 8)/A¢]

(8 — 80)7[62 + % + (8 +80)7] +12(82 — 82)

T
Bo=—Vsco Y156, en); 16,6, 6) =
0 en,k

(8§+§2+32+t2)2—4t2§2+258(8§+§2—t2—52)+56‘.

(C2)
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For ¢,, & > t the integrand is approximately

(3= 8)
2+ E+ (50— 80

1(6,¢, 8n)|an,§>>t ~

that can be shown to be independent of §, with a variable shift
8 — 8 + 8. Indeed, the expression above corresponds to the
case t = 0 when the layers are simply decoupled. The integral
can be estimated as follows:

TY 10 E e, e

&n,K
2

1 Ao b
~— | ds | drde—2
(27 )3 vpva ng / 5 88,%+$2+52
2A3 1 A
0 <ng g (©3)

T 321 )2vpva \ 3 Ao

where Ay is the cutoff for the & integral.

Thus, for €, £ > t the dependence on §, appears only after
an expansion in . The second-order term in ¢ at &, &, >> Ag
takes the form

1262(3¢? — £2)

81(3,&, en)le, 00 = (s2 + £2)°

’

J

and its contribution to the integral can be estimated assum-
ing an upper cutoff Ay and a lower one Ag. The result is

~$, smaller by a factor of (t28(2)/Ag) log’1 (Ao/Ao)-

At low values of ¢, & < ¢, 8y, on the other hand, the most
important question is whether there is a divergence near the
nodes. As it is expected to be strongest (if present) at the
magic angle, we study the case §o = ¢. The integrand can be

written as

(8 —1)* (2 + £2) + 82(8* — 1?)
(62 4+ £2 + 62)2 + 4e212

Close to the QBT at £, § = 0 the integrand is approximately

182 — 8 4 (8 + 8%)8% /1

4 (E24682)2/412 + g2

where a linear in § term in the numerator is omitted as it van-

ishes after integration. The contribution of 1(6, &, €,)s <=5,

to the sum in the gap equation can be evaluated assuming a
cutoff ~¢ yielding

1(57 Sv 8n)|s,é$t,50,50:l =

18, &, en)le ei=sy &

3

16027 )2vpvp’

T IG.E. en)loeizs, ~

&n,k

which is smaller by a factor (#3/A3)log™'(A¢/Ao) than the
leading term, Eq. (C3), that is independent of twist angle.

APPENDIX D: CURRENT-PHASE RELATION

The Josephson current-phase relation can be obtained from the derivative of the free energy of the bilayer with respect to the

phase difference I(¢) = 2e dF(T dE(T.9)169]. The free energy is given by
F(T,p) = 2T§:/ de 4o log {[e7 + (& +1)* + 8*][er + (6 —1)" + &°]
(2n )2UF VA " !
—4sin? 2522 — 2522 cos g + 262 (2 + £2 — 62) + 821, (D1)

where the 2 in front is due to spin. Calculating the current yields

2@ dF (T, (p) 4e 1 /

o)=——"=—T ——— [ d§dd
(9) = de  h SZ (27)2vpva §
2t2(8% — 82) sin
x ( i) sing (D2)

(62 + &2 +82)" +262(° + &) +2(6> — 8°)(6 — 1°)

— 4822 sin? § + (12 — 83)° + 4832 sin> &

where the upper cutoff for the § integral is Ay. We can divide the sum into high- and low-energy parts. The former one, assuming

£,6 > t,680, T, can be approximated by

de
HQ)le 51,807 X — 53— / dS/deE
£,81,80,T h (271')31)va ~t.50 [834‘52—1-82]2

8et? sin @
(27’[ )2hUF VA

2128% sin ¢

The low-energy part &, § < ¢, §p can be estimated as follows. The effects of this part are expected to be most pronounced near the
magic angle since the density of states near zero energy is the largest in this case. As increasing ¢ enhances the spectral gap, we
may furthermore focus on the case of small phase ¢ < 1. The characteristic values of £ and é can be deduced from the dispersion
at the magic angle being £ +8 and the current-induced gap A; ~ t|sin(¢/2)| implying &2, 8% ~ t?|sin(¢/2)|, which is also
evident from Eq. (D2). Moreover for 12| sin(p/2)| > |8§ — 12| ~ 2tvaKy|0 — 6umal and thus | sin(@/2)] 3> Ag|0 — Bmal/t one
can neglect the quadratic terms in £ and § with respect to the quartic ones [using sin’(¢/2) < 1]. One also observes that
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characteristic & values are of the order > sin®(¢/2) which can be neglected with respect to &2, §2, leading to the estimate:

2

4e 1 sin ¢
Sy = ——~— T / ds d& ,

i 227 ) vpva ; £.6<t g2 + (#)2 +12sin* £

et? .
81(@)lr—0 = —5——— sinp log ——,

2w hvpva | sin &

et’ . 2te”
()| T>15sin(p/2) = “mhonon sin ¢ log T (D3)

There is a logarithmic singularity at low values of ¢, however, its effect is important only for ¢ < ALOe"‘AO/ @D and T <

te~#20/(T1) where both limits are expected to be extremely small for # << Ag. As the gap maximum is attained at ¢ ~ /2
we neglect this contribution, resulting in the conventional current-phase relation /(¢) = I, sin(g).
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