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Pairing symmetry of twisted bilayer graphene: a phenomenological synthesis

Ethan Lake, Adarsh S. Patri, and T. Senthil!
! Department of Physics, Massachusetts Institute of Technology, Cambridge, MA, 02139

One of the outstanding questions in the study of twisted bilayer graphene — from both experi-
mental and theoretical points of view — is the nature of its superconducting phase. In this work
we perform a comprehensive synthesis of existing experiments, and argue that experimental con-
straints are strong enough to allow the structure of the superconducting order parameter to be nearly
uniquely determined. In particular, we argue that the order parameter is nodal, and is formed from
an admixture of spin-singlet and spin-triplet Cooper pairs. This argument is made on phenomeno-
logical grounds, without committing to any particular microscopic model of the superconductor.
Existing data is insufficient to determine the orbital parity of the order parameter, which could be
either p-wave or d-wave. We propose a way in which the measurement of Andreev edge states can

be used to distinguish between the two.

I. INTRODUCTION

The discovery of strong correlation physics in magic-
angle twisted bilayer graphene (TBG) [1, 2] and related
systems [3—-18] has raised a number of fascinating ques-
tions. How should we think about the myriad correlated
insulating states seen in these systems? What is the na-
ture and mechanism of the superconductivity in TBG?
What is the relationship, if any, between the supercon-
ductivity and the proximate correlated insulator? What
is the physics of the strange metallic normal state ob-
served in the vicinity of the correlated insulators in TBG?

In this paper we focus on the pairing symmetry of
the prominent superconductivity seen in TBG at electron
densities corresponding to a Moire superlattice filling v
between —2 and —3. Why address the specific question
of pairing symmetry? First, this question has a clear-
cut answer unlike, say, the question of the mechanism of
superconductivity, which may require a detailed under-
standing of the normal state and its instability. Second,
as we argue below, as of fairly recently, the amount of
accumulated experimental data has become diverse and
high-quality enough so as to allow the structure of the
pairing in TBG to be very strongly constrained (see ta-
ble T for an overview). It is thus an opportune moment
to discuss the pairing symmetry at a phenomenological
level. Since the present state of microscopic theory is
very much in flux — with a theoretical proposal exist-
ing for essentially every imaginable pairing symmetry —
we view this experimentally-focused approach, with some
minimal theoretical input, as a safer way to proceed. In
this paper we will therefore synthesize a variety of ex-
perimental observations in an attempt to pin down the
pairing symmetry in TBG, without committing to any
detailed theory of the microscopic origin of the super-
conducting state.

Our analysis leads us to a rather unusual pairing sym-
metry. In particular, we will argue that the paired state
features strong spontaneously generated spin-orbit cou-
pling, where each of the graphene valleys contain only
a single electron spin polarization, and with opposite
valleys carrying opposite spins. Since in this scenario

independent SU(2) spin rotational symmetry is broken,
the pairing — which occurs between electrons in oppo-
site valleys — is neither spin singlet nor spin triplet, but
an admixture of the two. As far as spin and valley are
concerned, the pairing is thus similar to the ‘Ising su-
perconductivity’ which occurs in certain transition metal
dichalcogenides (TMDs) [19-21], in which the spin-valley
locking is induced by strong spin-orbit coupling. One can
thus say that TBG is in some sense a ‘spontaneous TMD’.

We will also argue that several distinct experimental
factors point towards the order parameter being nodal.
The first indication comes from recent STM experiments
[22, 23], which provide strong evidence of a nodal gap.
We will corroborate this conclusion through a simple
Ginzburg-Landau analysis showing that the independent
observation of nematicity in the superconducting state
[14, 24] also implies a nodal gap. The orbital compo-
nent of the order parameter can have either odd orbital
parity (p-wave) or even orbital parity (d-wave). While
existing experimental data does not seem to be suffi-
cient to unambiguously distinguish between the two, we
propose a concrete way of resolving this issue in fu-
ture experiments by looking for Andreev bound states at
normal-superconductor interfaces, or by performing a c-
axis Josephson experiment between two rotated copies of
TBG (see section IV). We also point out that forming a c-
axis Josephson junction between TBG and a conventional
s-wave SC can provide an easy consistency check on our
proposal: if TBG is nodal as suggested, the Josephson
current in such a junction should be heavily suppressed
(and will receive contributions only from 4e tunneling
events).

We note that superconductivity in TBG occurs at a va-
riety of filling ranges punctuated by correlated insulators
at integer v. In addition, evidence for superconductivity
has been reported in some situations in which the cor-
related insulator is absent, either due to the twist angle
being significantly less than the magic angle, or due to the
effects of a proximate screening gate [25-27]. Our anal-
ysis will have little to say about these other situations
which are not as well studied experimentally (although
some further comments are provided in sec. IV D). Thus



Pairing Constraint Experimental Evidence

Landau fan degeneracy [1, 3],
Dirac revivals [9, 32], isospin or-
dering quenched by By [10, 15]
Anisotropic B, | [14], strong Pauli
violation in TTG [23, 33, 34]

Not pure |11) / |Jd) triplet|Te, I. decrease monotonically with
B [2], large I. [29]

Incompatible with spin-valley
locking, SC enhanced by SOC
[35], positive intervalley Hunds
coupling Jg > 0 [36]

STM studies [22, 23], anisotropic
B, [14]

Spins locked to valleys

Not pure spin singlet

Not [14) + |41) triplet

Nodal gap

TABLE I: A summary of select experimental
observations and their role in constraining the pairing
symmetry for the SC near v = —2.

we focus exclusively on the commonly observed promi-
nent superconductor at fillings —3 < v < —2 in devices
where a well-developed correlated insulator is present at
v = —2. In such devices the measured carrier density
(as extracted through either Hall effect or Shubnikov-
deHaas experiments) is determined by the deviation of v
from —2. The superconductivity then descends from a
normal state with this small carrier density. All indica-
tions [23, 28, 29] are that this SC is fairly strongly cou-
pled near v = —2, and becomes relatively weakly coupled
when hole-doped to near v = —3 (both due to coherence-
length measurements and due to the well-defined quan-
tum oscillations that occur near v = —3).

We will freely draw on experiments on both TBG and
magic-angle twisted trilayer graphene (TTG) (as well as
four- and higher-layer devices [24, 30]). These systems
are very closely related [31] and almost certainly possess
the same pairing symmetry, meaning that (for the most
part) we will not separate them in our analysis.

The remainder of this paper is structured as follows. In
section IT we discuss experimental constraints on the in-
ternal (spin and valley) structure of the pairing; it is here
that we argue for the aforementioned spin-valley lock-
ing. In section III we discuss the orbital structure of the
pairing, and give several arguments for the existence of a
nodal gap. Section IV is devoted to a discussion of future
experiments that could bolster or refute our proposal for
the pairing, and we conclude in V.

II. INTERNAL STRUCTURE: SPIN AND
VALLEY

We will write the order parameter matrix of the SC as
[ﬁk]ag, where the indices «, 8 run over spin and valley,
and where AT, = —A, by Fermi statistics. We will
argue that the combination of several key observations
from experiment allow the matrix structure of ﬁk to be

uniquely determined.

Early observations of a critical in-plane field B, |
in TBG approximately equal to its Pauli-limiting value
[2] naturally suggested spin singlet pairing. However,
strong evidence against this assumption has subsequently
emerged. B, | is actually strongly angle-dependent [14].
Such an anisotropic critical field cannot be produced by
Zeeman effects of the in-plane field alone, as spin-orbit
coupling is negligible in TBG. In fact, an in-plane field
also has a significant orbital coupling in TBG owing to
the large moire lattice constant (so that the magnetic
flux through an inter-layer unit cell is not small). In-
deed a simple estimate [14] shows that the strength of
this orbital coupling is comparable to the Zeeman cou-
pling. Furthermore, this orbital effect is pair-breaking,
as it leads to a difference in dispersion between single
particle states related by time reversal. Thus the value
of B. || in TBG does not offer a clear-cut probe of the
spin structure of the pairing.

Crucial input comes from comparing with a differ-
ent system, namely alternately twisted trilayer graphene
(TTG) near its magic angle, which has also been shown to
have robust superconductivity for —3 < v < —2 [28, 29].
The essential physics of the flat bands of TBG and TTG
can reasonably be expected to be similar, however, TTG
has a mirror symmetry which simplifies some aspects of
its physics [31]. The band structure of TTG consists of
a mirror-even flat band sector which is essentially the
same as in TBG, and a mirror-odd sector with a dispers-
ing Dirac cone (for each valley) that is essentially the
same as that in familiar monolayer graphene. Thus we
may say that TTG = TBG + MLG at the band structure
level. These two sectors will be coupled together by the
interactions, and by perturbations that break the mirror
symmetry. Nevertheless we may hope to obtain impor-
tant clues into the physics of TBG by studying TTG. In
contrast to TBG, in TTG, the mirror symmetry ensures
that in the presence of the in-plane field, the flat band
dispersions of time reversal related single particle states
are degenerate. Thus the orbital depairing effects of an
in-plane field are expected to be strongly suppressed, so
that the main effects of such a field occur through Zee-
man coupling [37, 38]. Remarkably, the SC in TTG was
shown [33] to strongly violate the Pauli limit in the entire
range of doping between v = —2 and v = —3. Crucially,
this violation was seen even near v = —3, where the SC
is weakly coupled [28, 29, 33] (since the Pauli-limit vi-
olation is calculated assuming a BCS relation between
T. and the gap, this violation is significant only in the
weak coupling regime). This observation has been con-
firmed in subsequent studies on TTG [23, 34], and strong
Pauli-limit violation has also been demonstrated in magic
angle quadruple- and quintuple-layer devices, for which
the story is similar to that of TTG [24, 39]. On the face
of the above evidence, we are thus lead to the conclu-
sion that the superconductivity in TBG — despite first
appearances — is actually not spin singlet.

Given this, the natural next step is to examine or-



der parameters with spin triplet pairing. First consider
S#% # 0 triplet pairing (|11) or |[{l)), in which the Cooper
pairs have nonzero magnetization. We claim that this
type of pairing is in conflict with several different exper-
imental observations. First, the finite magnetization of
the Cooper pairs would mean that T,. and the critical
current I, would increase in a small applied magnetic
field (either in-plane or out of plane). Indeed, since the
Cooper pair magnetization couples to the field via a term
proportional B -Tr[ﬁfsﬁ], the gain in T, and I, from this
coupling is linear in B, which at small B will always win
out over the suppression of T, I, due to orbital effects
(which enter at order B?). This is in direct tension with
the fact that both T, and I. have been observed to de-
crease monotonically with small applied fields in every
existing experiment.

A second factor supporting this claim comes from Ref.
[40], where it was pointed out that in zero field, the criti-
cal current density J. of a S% # 0 triplet superconductor
is bounded from above by the current density induced by
a 4w phase winding across the sample: J. < 8meps/hL,,
where p; is the superconducting phase stiffness and L, is
the linear size of the sample in the direction along which
the current is measured (this fact is due to the topology
of the order parameter manifold being so as to not admit
any well-defined vortices). This gives a critical current
bounded from above by

I, < L4y = 8mepsa/h =~ 530 x alp;( nA, (1)
where o = L, /L, is the aspect ratio. As in [40], let
us estimate ps by way of ps &~ 2Tsxr /7, so that I, ~
330 x Tprr/(1K). If we take Tpxr = 2K and a = 1/6
to reflect the measurement in [29], this gives a critical
current of Iy, ~ 100nA, which is about a factor of 7
smaller than the current observed in [29].!

For these reasons, we will regard S # 0 triplet pairing
as being ruled out by experiment. At the very least, any
theories proposing such a pairing channel [38] will need
to explain how to resolve the existing tension with the
measurements of T, and I..

Further input into the nature of the superconductor is
provided by considering the normal state from which it is
born. As already mentioned, at filling —3 < v < —2, this
normal state has a carrier density v + 2 per unit cell, i.e,
only the excess doped holes of the correlated insulator
state are mobile [1]. Crucially it has long been observed
that the Landau fan that emanates from v = —2 in the
hole doped side has a 2-fold degeneracy [1, 3], in contrast
to the natural 4-fold degeneracy expected due to the pres-
ence of 4 flavor degrees of freedom (2 spin and 2 valley).

1 Further tests can be performed by investigating the dependence
of I. on system size. If the critical current is set by I4r, which
depends only on the aspect ratio o, I. should not scale with
system size. In a more conventional scenario where the critical
current density is size-independent, I. o L.

This observation is naturally explained if there is flavor
polarization already in the normal state such that the
number of available electron flavors is reduced compared
to charge neutrality by a factor of 2. This observation
is also suggested by the series of ‘resets’ in the chemical
potential seen at integer fillings [9, 32], indicating fla-
vor polarization which survives up to large temperatures
Tpor = 25K > T.. Theoretically zero-momentum fla-
vor ordering (flavor ferromagnetism) occurs naturally in
strong coupling treatments of TBG [41-43] and related
flat band systems [44-48], and is encouraged by the band
topology present in many of these systems. Such zero
momentum ordering may also characterize the correlated
insulator states of TBG, in contrast with the antiferro-
magnetism typical of Mott-Hubbard models of correlated
insulators in systems with trivial band topology.

Thus we will assume that the normal metallic state
from which the superconductivity descends has zero mo-
mentum flavor ordering that is responsible for the reduc-
tion of the flavor degeneracy to 2. The precise direction
of flavor ordering may be sensitive to details of different
systems. Indeed we will not need to assume that the
direction of any flavor ordering in the correlated insula-
tor is necessarily the same as in the doped metallic state
that obtains for —3 < v < —2. We note also that there
is direct experimental support for flavor ferromagnetism
in TBG aligned with a hexagonal Boron Nitride (hBN)
substrate at v = 3 [6, 8].? In that system the experiments
support valley polarization (so that one valley is occupied
preferentially relative to other), leading to spontaneous
breaking of time reversal symmetry. For TBG unaligned
with hBN, which is the situation we are concerned with
in this paper, we will discard the possibility of this kind
of flavor ordering: time reversal breaking would have lead
to hysteresis at a non-zero temperature, which is not seen
(furthermore, such valley polarization is not easily com-
patible with superconductivity, which generally involves
pairing of time-reversal related single particle states).

Thus we are lead to consider pairing that takes place
in a flavor-polarized state, in which the number of avail-
able electrons is reduced by half from the 4 degenerate
flavors (2 spin, 2 valley) present near v = 0. The SC can-
not involve any additional flavor polarization on top of
this, as additional polarization is ruled out by the STM
measurements of [22], which find a zero-bias conductance
dI/dV(0) less than 50% of the normal-state value at weak
tunneling strengths (where dI/dV probes the SC DOS),
and a dI/dV(0) of more than 150% of the normal-state
value at strong tunneling strenghts (where dI/dV is dom-
inated by Andreev reflection processes).® Letting P de-

2 Flavor polarization — in the specific form of valley polarization
— is also seen in ABC trilayer graphene aligned with a hBN
substrate [7], and leads to time reversal breaking ferromagnetic
order.

3 This observation alone is not quite enough to rule out S* # 0
triplet pairing; see Sec. IV C.



note the projector onto the polarized subspace, the pair-
ing function must then satisfy

PA = AP = Ay, (2)

with rank [P] = 2. In the following we will write P in
terms of valley-space Pauli matrices 7# and spin-space
Pauli matrices s*.

One constraint which we view as being rather safe
(both theoretically and experimentally) is that the pair-
ing occurs between electronic states related by time rever-
sal: thus we assume that the pairing is intervalley, and
occurs at zero center-of-mass momentum. As already
mentioned, this assumption rules out valley polarization
(i.e. P =(1=£77)/2). This leaves us with the options of
either polarizing spin, or else polarizing a linear combi-
nation of K and K’ valleys (by taking P = |v){v|, with
|v) the +1 eigenvector of the matrix cos(8)7% +sin(6)7Y).
Distinguishing between these possibilities requires a few
more pieces of experimental information.

Given that the pairing cannot be spin singlet, suppose
first that the polarized degree of freedom is a linear com-
bination of valleys, but that spin remains unpolarized.
In this case, the matrix structure of A can be written as

A x [v*)(v]d - sis? (3)

for some vector |v) in valley space and some complex
vector d. Since SU(2) spin symmetry is unbroken in this
scenario, we can choose d = Z without loss of generality,
giving A o |[v*)(v|s?, so that the spins pair in the S* =0
component of the triplet. We claim however that such
an order parameter is rather unlikely, for a variety of
reasons.

One reason comes from the experiment of [35], which
studied superconductivity in TBG placed on top of a
layer of WSes. The presence of WSes serves to in-
duce SOC in TBG, both of Ising (A\;7%s*) and Rashba
(Ar(770%sY —a¥s”)) type. While the strengths of Ar, A
are unknown, best estimates place both parameters at
the level of a few mev and positive [35], which should be
large enough to have an appreciable effect on the pairing.
In particular, the Ising term acts to favorAanti—parallel
spin-valley locking, and would suppress the A o [v*)(v|s”
state currently under discussion as then [P,7%s?] # 0.
However, [35] found that the SC at v = —2 — § was
not suppressed in the presence of SOC, and indeed was
even made more robust, surviving down to lower twist
angles than in devices without the WSe, layer.® An-
other piece of evidence comes from [10, 15], which ob-
served a large entropy present at most fillings away from
charge neutrality, which was attributed to (soft) fluctua-
tions in isospin order. This entropy was seen to be fairly

4 This includes devices with twist angles low enough such that the
correlated insulator at v = —2 was absent.

strongly quenched by the application of an in-plane mag-
netic field, pointing to the isospin ordering as occurring
in spin (rather than valley) space. Finally, while our aim
in this work is to draw solely on existing experimental
data, there is also a theoretical reason for disfavoring
5% = 0 triplet pairing. This comes from the strong cou-
pling analysis of TBG [41], where it can be shown that
Coulomb interactions favor that the flavor polarized at
the highest energy scales be spin (either as a simple spin
ferromagnet or anti-aligned in opposite valleys).

We are then led to consider polarizations involving
spin. In this scenario, the low-energy electrons in each
valley possess only a single spin flavor, and we may write
the projector P as

P=+7)n)nl+ 1 —=73)n") ', (4)

where |n) (|n’)) is the direction in which the spin is po-
larized in the K (K') valley. Since we are in a situation
with spin-valley locking (SVL), the SC forms in an envi-
ronment in which SU(2) spin symmetry has been broken,
and therefore it not need be either triplet or singlet. To
make this explicit, we may write (2) as

—~ Ag
Ay =—
V2
where p denotes the orbital parity (defined by Ax =
pA_y), and the 4-vector d* = (d° d) is defined by
d* = (n'*|isYs*|n)/v/2. In the following we will take
[7),]n') to be real, as their phases can simply be ab-

sorbed into that of Ag.
The magnitudes |d|? and |d°|? respectively determine

(i(rT —pr7)d-s+ (7" +pr7)do)is¥,  (5)

the amount of triplet and singlet pairing present in Ay,
and are given in terms of |n),|n’) as

2 =1 —n-g), (6

1
d?=-(34+n -7
|d| 4( +n-n), 1

where n = (n|s|n) (and likewise for n’). Unless the spins
in the two valleys are ferromagnetically aligned (in which
case the pairing is pure triplet), both singlet and triplet
components are present.

Microscopically, the relative orientation of the spins in
the two valleys is determined by a term Jgn-n’, where Jy
is a parameter known as the intervalley Hunds coupling.
Determining the sign of Jy from first principles is diffi-
cult, as effects from phonons and Coulomb interactions
push Jg in opposite directions. We note however a recent
electron spin resonance experiment [36] which observed
an anti-ferromagnetic Jy > 0. This favors anti-parallel
alignment, and is consistent with the above arguments
based on the phenomenology of the SC [37, 49].

With parallel alignment ruled out, we conclude that
the spins must be aligned in anti-parallel directions in the
two valleys, as advocated for in [37] on the basis of ex-
periments in TTG (and suggested as a possibility in [50]
and examined earlier in [51]). In an in-plane magnetic
field, |n),|n") slowly cant to point along the field direc-
tion, which they do without inducing any pair-breaking



effects (for details see e.g. [37, 51]). This allows the SC to
survive in in-plane fields well in excess of the Pauli limit,
explaining the observed Pauli limit violation [33, 34] in a
manner similar to the (stronger) violation seen in mono-
layer TMD superconductors [19-21]. Anti-parallel align-
ment is also suggested by the aforementioned experiment
[35] showing that the SC was made more robust in the
presence of a sizable Ising SOC term A;s*7%, which favors
anti-parallel SVL (by time reversal symmetry, Rashba
SOC also favors anti-parallel alignment).

III. ORBITAL COMPONENT AND NODAL
SUPERCONDUCTIVITY

Having settled the matrix structure of ﬁk, we now turn
to constraining its k dependence.

One set of experiments which have immediate rele-
vance for the form of Ay are the STM studies performed
on TBG [22] and TTG [23]. These studies have shown
strong spectroscopic evidence of a nodal (‘V’-shaped) gap
over most of the doping range in which the SC occurs,
although there is evidence of a flatter ‘U’-shaped gap
near v = —2 in TTG (where the SC is most strongly
coupled). Tunneling spectra have also been obtained us-
ing gate-defined tunneling junctions in a single TBG de-
vice [52, 53], but these experiments were unable to un-
ambiguously distinguish between a V-shaped gap and a
U-shaped gap that had been ‘smeared’ by finite 7" and
nonzero quasiparticle broadening effects.”

Before discussing the nodal character of Ay further,
we should note that [22, 23] found evidence for a very
large optimal-doping single-particle gap of order Ay, ~ 1
meV in TBG and 1.6 meV in TTG — which persists
well into the normal state — and [22] a comparatively
smaller SC gap (as measured by Andreev reflection) of
Age ~ 0.3 meV. There are various ways to interpret the
large separation between Ay, and A,.. The point of view
we will adopt in most of this paper (although it is not
essential in much of our analysis) is that A, is due to the
flavor polarization which we have argued must exist in
the normal state. Indeed, in the vicinity of v = —2, and
in the context of a simple Hartree-Fock treatment, flavor
polarization can fix the chemical potential to be near the
charge neutrality point of the Dirac cones present in the
flavor-polarized subspace, therefore enabling a Dirac-like
density of states to persist up to the scale of the flavor
ordering, which we consequently take to be Ag,.

Returning to the orbital character of the pairing, a
further experiment which we will argue constrains Ay is
that of [14], in which it was found that the SC phase is

5 A devil’s advocate might try to explain the V-shaped gap in STM
in the same way, although doing so requires unphysically large
quasiparticle broadening I' [22]. Additionally, the fact that the
spectra in TTG appear to be more V-shaped at weaker coupling
[23] suggests that an s-wave gap with large I' is rather unlikely.

robustly nematic, with the in-plane critical field B . =
Bj| (cosOp,sinfp) having a strong 2-fold anisotropy as
a function of 85 (with this finding appearing again in
Ref. [24]). The results of [14] strongly suggest that the
nematic director is weakly pinned by strain, and that in
the absence of strain the system has an appreciable ne-
matic susceptibility. Indeed, the nematic director varies
continuously as a function of doping. This is expected
if the nematic director is pinned by a combination of
strain and a large nematic susceptibility, but is hard to
understand in the absence of strain (as then there would
only be 3 inequivalent choices for the director). Further-
more, the direction of nematicity in [14] is also changed
upon heating and re-cooling the sample, indicating that
the strain plays the role of selecting out (i.e. pinning)
a domain of the order parameter, rather than being the
sole driving force behind the anisotropy. In the following
we will argue that these observations are only consistent
with a nodal order parameter (and not simply a |Ay]
which is an anisotropic, but everywhere nonzero, func-
tion of k). This lets us argue for the presence of nodes
independently of STM, bolstering the case for their exis-
tence.

To explore the consequences of nematicity in detail, we
will perform a Ginzburg-Landau analysis of the SC in the
presence of applied strain and in-plane magnetic fields
(see the supplementary of [14] for a similar treatment).

We first remind the reader of the spatial symmetries
present in the low-energy theory of TBG (see e.g. [54]).
The point group we will focus our attention on is Dg.
6 This group is generated by a sixfold rotation C3Cy
and a reflection Cs,. These generators are convention-
ally taken to act on the band annihilation operators
cx as C3 Ck F CRy, 5k Cy ck — T c_k, and
Cay : ek ¥ C(k,,—k,)- However, since we are considering
superconductors that form in an environment with SVL,
the above forms of C3,C, are not symmetries in gen-
eral.” Instead, the actions of Cs, (5, must be combined
with spin rotations (due to the aforementioned sponta-
neously generated spin-orbit coupling) . For example, if
we let |n) = |1),|n") = [4), then Cy, Cy,, are modified by
an addition action of s”.

We will assume that the normal state of the system is
not nematic, and preserves the full Dg rotational sym-
metry of the BM model. This is motivated in part by
the fact that across the range of twist angles where SC
is observed, only the SC (and not the normal state) was
found to be robustly nematic [14], suggesting that the
analysis of the superconductor can be safely carried out
in the setting of a Dg-symmetric normal state. Further
comments to this effect will be given at the end of this
subsection.

6 Dg is isomorphic to Cg, indicated in [54].
7 Unless |n) o |n’) so that the pairing is an S? # 0 triplet — but
we have already suggested that such a situation is unlikely.



Assuming then that the normal state preserves Dg,
the orbital part of the order parameter Ay can be char-
acterized in terms of the irreps of Dg. Each of these
irreps in principle contain order parameters transform-
ing as linear combinations of an infinite number of an-
gular momentum channels [. All told there are six ir-
reps: the one-dimensional A;, A2 (I = 0 mod 6) and
By, By (I = 3 mod 6) irreps, and the two-dimensional
E, (I = 1,5 mod 6) and Es (I = 2,4 mod 6) irreps.
Here As (By) differs from A; (Bs) by the action of Cy,
differing by a factor of —1, while C5, is represented as a
nontrivial matrix for E; and FEs).

Since only one superconducting transition is observed,
we will only consider pairing involving a single irrep. We
will also only consider order parameters that contain only
the single lowest angular momentum [ harmonic in their
respective irrep (e.g. only [ = 1 for the E; representa-
tion). We will thus refer to the the A;/y, By/s, E1, E»
irreps as s+, f+,p, d pairing channels respectively, where
the & subscripts on s, f refer to Cs, eigenvalues. Keeping
only the lowest harmonic simplifies things to some extent,
and is also experimentally motivated: order parameters
that combine more than one value of [ generically have
a density of states which is non-analytic at multiple dif-
ferent nonzero frequencies, in contrast to the relatively
distinct V-shaped gaps seen experimentally.

For pairing in the p and d wave irreps, we can decom-
pose the function Ay into chiral components as

Ax = A + AL, (7)

where Alf are parametrized in terms of a complex num-
ber A and two angles v, ¢:

Ay = cos(p) Aetticte) Ay = sin(y) Ae 1 O+e)
(8)
Note that for these irreps, Ax has nodes iff cos(¢) =
+sin(¢); for all other choices of ¥, Ak is fully gapped
(the magnitude of the gap is uniform in momentum space
iff ¢ € $Z). Under the action of the generating elements
of Dg, rotation by an angle § about the Z-axis and the

(s, reflection act respectively as

Rs : op—>@p+9 ()

Co : V>V +7/2, o= —p+7/2l, A—iA.
From a symmetry perspective, it is straightforward to
enumerate the ways in which heterostrain and the ap-
plied in-plane field enter into the Landau-Ginzburg free
energy at leading order. For the s4+ and fi irreps, one
only has the trivial couplings |A[2B? and |A|? (g0 +€4y),
where €4, + €4y is the bulk-area expansion of the two-
dimensional crystal. This follows simply from the fact
that these irreps are one-dimensional. The fact that the
S+, f+ irreps have no nematic couplings to the field and
strain at leading order means that they are likely not
compatible with the experimentally observed nematicity;
hence we will focus on the p and d wave irreps in what
follows.

For the p and d irreps, the form of the coupling follows
from the tensor product E; 2 ® F12 = Ay @ Ez. The
produced product of A; is the isotropic coupling to the
magnetic field and the bulk-area expansion strain tensor,
just as with the si, f+ irreps. The produced product of
F5 permits a coupling to the magnetic field and strain.
Defining the vectors

Dg = (B; — B;,2B,B,) = B*(cos(20),sin(20))

D, = (e4s — €yy, 265y) = €(cos(26,),sin(26,)),
(10)
the gauge-invariant couplings between the external fields
and the order parameter are, to quadratic order in A,

%|A|2 sin(2¢)Dp/. - (cos(2lyp), —psin(2lyp)), (11)

where again p = (—1)! is the orbital parity. These terms
are invariant under all SO(2) rotations in the p-wave
case, but only under Cg rotations in the d-wave case.
Thus in the d-wave case, any nematicity in the in-plane
critical field owes its existence entirely to the fact that the
rotational symmetry group of the SC is discrete, instead
of continuous.

Equipped with this symmetry knowledge, to sixth or-
der in A and lowest order in the strain and magnetic
fields, the Landau-Ginzburg free energy F' for the gap
function may be written as (see also [14])

K
F = DIAP(V6) +rlAP
+ %\AF sin(2¢) (£ cos(26, + 2lpy) + B* cos(20 + 2lpyp))
+ Z|af sin?(2¢) + S|AJ*

+ % sin®(2¢))|A|® cos(61¢) + v(cos® (1) + sin® (1)) |A|°,
(12)
where A = |Ale?®, and r is a function of B? and e, + &y,
which is negative at B = 0. Note that here we have kept
only gradients in ¢, since |Al, 1, ¢ will all be made mas-
sive by the quadratic and quartic couplings. The term
proportional to g favors either a nodal order parameter
(Isin(2¢))] = 1) if g < 0, or a chiral uniformly gapped
order parameter (sin(2¢)) = 0) if g > 0. Minimizing over
1 at small |A|, where the sextic terms can be neglected,
gives

|7 : |7
if 0 < <1
sin(2¢) = { 9lA? glAP (13)
+1 else

where we have defined the field contribution to r as
7 = e cos(20. + 2lpp) + B? cos(20p + 2lpy), (14)

with ¢ always able to be chosen such that ¥ < 0.

Note that a nodal order parameter (|sin(2¢)| = 1) is
always preferred if g < 0, while it is preferred even if
g > 0, provided |7]/(2g|A]?) > 1 (which will always be



satisfied close enough to T.). On the other hand, if the
order parameter is fully gapped (| sin(2¢)| # 1), we must
have sin(2t) = |7|/g|A|?. Upon inserting this into F, we
find that in this case, the dependence of F' on 7, which
contains the dependence of F on 6.,0p, is entirely con-
tained in the term —|7]?/2g, which is in fact independent
of A. This means that provided the order parameter
is fully gapped, the critical current and in-plane critical
fields computed within Landau-Ginzburg will not be sen-
sitive to 6., 0p, since the value of A which minimizes F'
will be independent of these quantities. Since the criti-
cal current and field do experimentally show dependence
on at least 6p, we conclude that the order parameter
is very likely to be nodal, independently of information
from STM studies.

This still leaves open the question of whether the pair-
ing is p-wave or d-wave, which is more subtle to address
and cannot be determined from the existence of nematic-
ity alone within the above framework. We will have more
to say about distinguishing p and d in section IV.

We now briefly come back to our assumption that the
order parameter transforms in an irrep of Dg. In the
experiments of [14], nematicity in the normal state was
found only for devices very close to the magic angle, while
nematicity in the SC was found over a wider range of
twist angles. Furthermore, even in the devices with a
nematic normal state, the nematicity was observed to be
strongest only over a narrow doping range near v = —2.
As in [14], we interpret this as indicating that the normal
state breaks Cs in the absence of strain only for a cer-
tain narrow range of twist angles and doping, that strain
merely weakly selects out a nematic direction and does
not enter as a significant Co-breaking field, and that the
normal-state nematic order parameter is not directly re-
lated to the sin(2%)(cos(2lp), —psin(2lp)) nematic order
parameter of the SC.

Finally, we should mention that several STM studies
have observed nematicity in the normal state [55-57].
These works found evidence of a large electronic nematic-
ity susceptibility near v = 0, near v = +1 in Ref. [56],
and near the correlated insulators in Ref. [57]. This
is consistent with the transport measurements of [14],
where nematicity in the v < 0 normal state — when
it exists — is strongest near v = —2, and weak / ab-
sent near v = —3. Since by all accounts there is only
one superconducting phase for —3 < v < —2, we view a
treatment which uses unbroken Dg symmetry to classify
the order parameter as being legitimate, with nematic-
ity in the normal state not playing an essential role in
determining the pairing symmetry.

IV. FUTURE EXPERIMENTS

In this section we will discuss ways in which our pro-
posal for the pairing symmetry can be investigated in
future experiments, possible ways to distinguish p-wave
from d-wave, and some more general features of the su-

/. SONA

SC o)

I,
N I3

/

FIG. 1: A schematic of the Andreev bound state
measurement needed to distinguish between p and
d-wave pairing. The grey region marked N is a normal
metal, while the green bars I; (i = 1,2, 3) denote
different interfaces at which the zero-bias tunneling
conductance Gy ; is measured. A comparison of the
values of Gy ; can distinguish between p-wave pairing
(where all of the Gy ; are distinct) and d-wave pairing
(where Go1 = Go,3). For the orientation of the nodes as
shown, the d-wave order parameter would exhibit large
zero bias peaks at I; and I3 and no peak at I, while
the p-wave order parameter would exhibit no peak at
I, a medium peak at Iy, and a large peak at I5.

perconducting phase diagram. Most of this discussion
will be couched in the language of BCS theory, and as
such is perhaps not a priori directly applicable for fillings
close to v = —2, where the superconductor is strongly
coupled. In appendix A2 we will discuss an alternate
approach which does not rely on BCS theory and which
is more well-suited for the strong-coupling regime. In any
case, assuming that the structure of the pairing (which is
what we are interested in) is unchanged between v = —2
and v = —3, a weak-coupling analysis valid only near
v = —3 is sufficient. Given the discussion of the previous
section, we will assume throughout that Ay as a function
of angle 6 on the Fermi surface takes the form

Ay = Ae'? cos(1[6 + 7)), (15)

with [ = 1,2 (p-wave or d-wave), A real, and 7 some
angular offset picked out by strain.

A. Andreev bound states

Andreev bound states, which occur at the edges of a
superconductor, are a manifestation of the quantum in-
terference effects of electron and hole quasiparticles scat-
tering off the superconducting order parameter. These
bound states manifest themselves through the appear-
ance of a sharp peak in the zero-bias conductance Gy, as
measured e.g. by the tunneling current between the su-
perconductor and an adjacent normal metal. Crucially,
for nodal gaps, the size of the peak in Gy depends sensi-
tively on the relative orientation between the nodes and
the edge unit normal. This consequently allows a mea-
surement of Gy to distinguish between different orbital



pairing symmetries [58], a phenomenon which has been
studied very extensively in the context of d-wave pair-
ing in the cuprates [59]. In the present setting, a careful
study of G for various different edge geometries is able
to distinguish between p and d-wave pairing.

To understand this, consider a sample of superconduct-
ing TBG which is adjacent to a region of normal metal, as
depicted in Fig. 1. In the illustration of Fig. 1, the super-
conducting and normal regions are drawn as being part
of the same TBG device, with the boundary between the
two being defined using electrostatic gates (as in the ex-
periments of Refs. [52, 53]). Note that in order to clearly
resolve the features of the zero-bias conductance, it may
be desirable to separate the superconducting and normal
regions by thin insulating barriers, so that the current at
the interface is in the tunneling regime. Another possi-
bility is to simply terminate the superconducting region
of the sample with vacuum, and to measure Gy at the
interface using STM.

We will assume that the boundary between the SC
and normal metal is broken into multiple well-defined in-
terfaces I; (I123 in Fig. 1), with distinct unit normal
vectors n; at each interface. We require that each in-
terface be relatively smooth at the Moire scale, so that
to a good approximation, electron tunneling at I; con-
serves momentum in the direction orthogonal to n;. The
tunneling current at a given interface I; can be analyzed
by an application of an extended version of the Blon-
der-Tinkham-Klapwijk tunneling theory [60]. Adapting
the approach proposed in Ref. [61] and choosing co-
ordinates such that n; = X, electrons with momentum
(ks ky) are either: (i) normal reflected as electrons with
momentum (—kz, ky), (ii) Andreev reflected as a hole
with momentum (&, k), (iii) transmitted into the super-
conductor as an electron-quasiparticle with momentum
(ks ky), or (iv) transmitted into the superconductor as a
hole-quasiparticle with momentum (—k, ky). Since the
electron and hole quasiparticles in the SC live at different
momenta, they experience different pairing order param-
eters Ay = A(ky, ky) and A_ = A(—kg, k), respec-
tively. For an s-wave order parameter, these potentials
are identical. For a nodal order parameter however, A
need not equal A_, and depending on the scattering ge-
ometry the two potentials may even have opposite signs.
If indeed sgn(A4) = —sgn(A_), quasiparticles scattering
at the interface experience a m phase shift, which results
in the formation of edge-localized bound states; this in
turn produces a peak in the zero-bias conductance Gy
[60]. More details are provided in appendix B.

Let the angle between the first node and the interface
normal n; be denoted as ¥;. Both p and d-wave order
parameters can produce peaks in G for certain ranges
of ¥;. The key to distinguishing the two cases comes from
the fact that Gg is 7/2-periodic in ¥; in the d-wave case,
while it is only w-periodic in the p-wave case (as can
be seen by finding the angles ¥; for which sgn(A;) =
—sgn(A_)). This can be summarized by saying that as

a function of ¥;, we have
Go(9;) x cos(209;). (16)

Since the alignment of the nodes in TBG is presumably
controlled by non-universal aspects like strain, there is no
way to know a priori the value of ¥; (this is in contrast to
e.g. the cuprates, where the orientation of the nodes is
determined by the lattice). However, by measuring Gy at
multiple interfaces possessing different orientations n;, it
is possible to sample a range of ¥; values, and to thereby
distinguish between p and d-wave pairing by examining
the dependence of G on interface angle. As an example,
consider the setup in Fig. 1, where three different inter-
faces are formed at values of ¥; differing by 7 /2. For the
interface I; and the orientations of the nodes as shown
in the figure, the d-wave gap will display a strong peak
in Gg, while the p-wave gap will display no peak. For
interface Iy the d-wave gap will display no peak, while
the p-wave gap will display a small peak. Finally, for in-
terface I3, both the p and d-wave gaps will display strong
peaks. While these statements were made referencing the
particular orientation of nodes drawn in Fig. 1, the exact
orientation is unimportant: the important thing is only
to sample a number of interface orientations n; which is
large enough to allow one to measure the periodicity of
Gy with respect to the interface angle. Wtih this infor-
mation, the angular momentum of the order parameter
can then be read off from (16).

B. Josephson experiments

Josephson experiments are a standard way of revealing
phase-sensitive information about the pairing symmetry.
It turns out however that SVL and the extremely tiny
size of the Moire BZ lead to complications that frustrate
many attempts to use such experiments to distinguish
between p and d-wave gaps.

First consider a single Josephson junction formed by
placing TBG and a conventional s-wave SC side-by-side.
In other contexts, the properties of such Josephson junc-
tions have been investigated in exhaustive detail in the
literature [62], but in the present setting the presence of
valley degrees of freedom and SVL provides a few novel-
ties.

Let ¢° and ¢’ denote the phases of the TBG SC and
s-wave lead, respectively. For a junction with no appre-
ciable intrinsic SOC and whose interface has unit normal
an angle 6,, from the X axis, we show in appendix C that
the free energy associated with 2e tunneling events at the
junction takes the form

Fy o cos(¢® — ) cos(26,, — (—=1)'1y). (17)

Note that the Josepshon current I». is nonzero for both
p and d-wave pairing; this is made possible by the fact
that the pairing is an admixture of both spin-singlet and
spin-triplet. Furthermore, the dependence of I, on 6,
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FIG. 2: A schematic of a squid experiment one might
imagine using to distinguish different orbital pairing
channels. The green and purple lines represent
conventional s-wave superconducting leads. A SQUID
experiment using the green loop will be able to
distinguish s from d or p (but cannot differentiate p
from d), while one along the purple loop will generically
fail to distinguish between any of s, p, and d.

is the same for both pairing symmetries (although in the
p-wave case, Is. vanishes in the limit of a circular Fermi
surface, where the dispersions in the K and K’ valleys
are identical).

The dependence of F; on 6, allows a SQUID-type ex-
periment to provide further evidence against s-wave pair-
ing. In such an experiment, one connects loops of con-
ventional s-wave lead to the TBG device, forming two
Josephson junctions with unit normals 6, 1,6, 2 (see the
purple and green curves in Fig. 2). For 0,, 1 —0, 2 = /2,
the critical current as a function of a magnetic flux ®
threaded through the junction will exhibit a maximum
at @ = 0 if TBG has s-wave pairing, and a maximum at
® = 47 if the pairing is either p or d-wave.® since the 0,
dependence of F f, is the same for both p and d-wave, such
an experiment cannot generically be used to distinguish
the two.

Finally, we point out that such Josephson experiments
have the ability to provide further evidence against pure
triplet pairing. Indeed, an observed nonzero 2e Joseph-
son current into an s-wave lead would rule out pure
triplet pairing, with the Josephson current in that case
being proportional to d - Tr[s] = 0.

A different (and more difficult) phase-sensitive exper-
iment for probing the orbital nature of the pairing is
Josephson scanning tunneling microscopy [63, 64]. In
such an experiment one measures the Josephson effect in
a superconducting STM tip brought close to the super-
conducting sample. Since the Josephson current is sensi-

8 Of course given the 2d nature of the problem, it will not be
possible to restrict the threaded flux to the junction region. This
is not an issue however, as for the present purposes it is enough
simply to determine whether or not the current is maximal at
P =0.

tive to the angular momenta of both the tip and sample
order parameters, performing this experiment with both
s-wave and d-wave tips (using e.g. BSCCO for the latter
[64]) offers the potential to distinguish between pairing
channels in different angular momenta.

Unfortunately this technique is unlikely to be able to
distinguish p and d-wave pairing in TBG. To see this,
note that after averaging over the tip and sample Fermi
surfaces, a nonzero tunneling current I5. is only possible
if the angular momenta l4;p, lsqmple Of the tip and sample
SCs are equal. As realistically we will have either {;;, = 0
or lyp = 2, we will definitely have Iz, = 0 if TBG has p-
wave pairing. However, we claim that I, will vanish even
in the case where TBG has d-wave pairing, and a d-wave
STM tip is used. Indeed, due to the huge difference in the
sizes of the tip and TBG Brillouin zones, TBG electrons
tunneling into the tip will only tunnel into small regions
near the projections of the monolayer K, K’ points. This
means the tunneling current is in fact not sensitive to the
full d-wave nature of the tip, with the tip effectively be-
having as an s-wave gap. Therefore in all of the scenarios
we have considered, Iy, = 0. An observation of a sizable
I5¢ # 0 in such a tunneling experiment would then point
to an s-wave order parameter, and force us to re-examine
our priors about the gap being nodal.

Lastly, one (rather ambitious) Josephson experiment
which could unambiguously distinguish between p and
d-wave pairing would be to assemble a heterostructure
consisting of two vertically-stacked TBG superconduc-
tors, with the top SC being able to be rotated relative to
the bottom SC by an arbitrary angle ¢. In this case, the
Josephson contribution to the free energy is

Fj(p) oc ATA" cos(¢" — ¢") cos(ily' =" +¢])  (18)

where the order parameters on the top / bottom TBG
layers are AY" = A/ cos(1[6 + 41/* + /2]). For
d-wave pairing, I».(¢) would therefore vanish at four lo-
cations as ¢ is varied from 0 to 27, while for p-wave pair-
ing I (¢) would only vanish twice. Note that the ability
to continuously rotate the relative angle between the two
SCs is necessary, as «*,+? are fixed by non-universal de-
tails, and as such the relative orientation between the
nodes on the two layers is not known a priori.

C. STM experiments

One possible extension of the existing STM experi-
ments [22, 23] — which one might imagine would be capa-
ble of distinguishing p and d-wave pairing — is to perform
STM in the presence of an in-plane magnetic field B,
and to examine the dependence of the tunneling signal
on the orientation of B . Interestingly however, in ap-
pendix D we calculate the tunneling conductance dI/dV
using Keldysh techniques and show that such information
actually does not generically suffice to distinguish p and
d-wave pairing, both in the weak and strong (Andreev)
tunneling regimes.



Our calculation of dI/dV is done both in the limit
where the tunneling conserves momentum in the TBG
Brillouin zone, and in the limit where the tunneling ma-
trix element is completely independent of momentum. In
the latter limit—which models the STM tip as a quantum
dot—we find that the zero-bias conductance dI/dV (0)
in the strong-tunneling limit (appropriate for analyzing
point-contact spectroscopy experiments) goes as

dI d9 ,
GO [ SmosenanP,  9)

where we have taken Ay € R without loss of generality,
and where my is the effective mass in the K valley, with
C3 symmetry imposing mgy = mgi2./3. For nodal gaps
where Ay changes sign around the Fermi surface, the
angular integral thus leads to a significant suppression
of dI/dV(0). Such a suppression is not present in the
momentum-conserving limit, which yields results similar
to those obtained within the BTK analysis of Ref. [22].

This suppression could very well be an explanation for
the dips in dI/dV(0) seen in some of the devices stud-
ied in Ref. [22]. However, Ref. [22] observes at least
one device that exhibits a strong peak in dI/dV(0) in
the strong-tunneling limit. Whether this says something
about the nature of the gap or is simply due to the tunnel-
ing being approximately momentum-conserving in that
device is unclear at present.

While we are unable to distinguish p from d using
STM, STM experiments can still provide further insight
into the internal (spin and valley) structure of the or-
der parameter. For example, a further experimental test
to rule out S* # 0 triplet pairing would be to perform
spin-polarized STM: in such an experiment S* # 0 pair-
ing would produce a nonzero Andreev conductance, while
our proposed anti-parallel spin-valley locked state would
not. Note that Ref. [22] argued that the observation
of a sample with Go/Gn =~ 1.6 (with Gx the normal
state conductance) already rules out S* # 0 triplet pair-
ing, since this ratio is impossible to achieve in a setting
where the SC has a larger degree of flavor polarization
than the normal state. While the latter statement is cor-
rect, it cannot in general be used to argue against S* #£ 0
pairing, since it is possible for the normal state to itself
be spin polarized.

D. Tuning correlations and the evolution from a
small to large Fermi surface

So far we have mostly been focused on the physics of
isolated TBG close to the magic angle. In this setting the
Coulomb interactions between electrons are very strong,
and much of the physics is controlled by the competition
between these interactions and electron kinetic energy. It
is then interesting to ask what would happen if one were
able to gradually reduce the strength of interactions. In
particular, it is natural to wonder about what happens
to the SC as this occurs, given that the SC is formed
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out of an interaction-driven flavor-polarized state. Does
the SVL nature of the pairing change as the interactions
are weakened? Could there a phase transition as a func-
tion of interaction strength, where the orbital character
of the pairing changes? What is the dependence of T,
on the interaction strength? Understanding the answers
to these kinds of questions could help us understand at
a more fundamental level why the pairing symmetry in
TBG is what it is, in a way which goes beyond the phe-
nomenological analysis we have focused on in this paper.

There have already been attempts to partially ad-
dress these questions experimentally, where the effective
Coulomb interaction in TBG is reduced by way of prox-
imitizing TBG with various metallic states [25, 26, 65].
Consider first the weak-screening limit, where the nor-
mal state is still flavor-polarized. In this limit the SC
still forms out of a small flavor-polarized Fermi surface,
whose area A is determined by hole doping away from
—2: at v=—2—0, Ayear < . The normal state in this
limit furthermore exhibits T-linear resistivity [66, 67] and
hints of a Hall angle varying as cot 0 ~ T2 [68], just as in
the strange metal phase of the cuprates. In [65], a small
amount of screening was added, which had the effect of
(very) slightly boosting T,.. While this measurement in-
dicates that the properties of the SC carry a nontrivial
dependence on ¢, the limitation on the strength of screen-
ing means that only a very small range of € was able to
be explored.

On the other hand, in [25, 26] it was suggested that a
‘large’ amount of screening was added (large ¢); in this
case the SC was found to survive, while the normal state
was argued to have been transformed into a conventional
flavor-unpolarized Fermi liquid. It is still unclear to what
extent these experiments provide a completely accurate
picture of the strongly screened limit. However, it is
nevertheless in principle possible to consider tuning to
a regime in which the SC forms out of a ‘large’ Fermi
surface, whose area Aj4rge < 24 9 is set by the doping
away from charge neutrality.

In this picture then, the system therefore evolves with
increasing € from a ‘small Fermi surface’ SC formed out of
a strange metal, to a ‘large Fermi surface’ SC formed out
of a Fermi liquid — see figure 3 for an illustration. This
again immediately brings to mind comparisons with (cer-
tain classes of) cuprates, where as a function of doping
p a small Fermi surface SC (with area p) evolves into a
large Fermi surface SC (with area 1+p). We find it fasci-
nating that certain cuprate compounds and TBG seem to
be so qualitatively similar in this sense, given that micro-
scopically the two materials could not be more different.

While in the cuprates the SC happens to evolve
smoothly with p, in TBG there is no a priori reason
why the superconductors in the two limits should have
the same pairing symmetry. Indeed, if superconductivity
in the strong-screening limit is driven by a conventional
phonon-based mechanism, it would seem rather unlikely
for the strongly-screened SC to possess a nodal gap, as
we have argued is likely the case for the weakly-screened



FIG. 3: A schematic depiction of the evolution of the
SC at filling v = —2 — § as a function of the dielectric
constant . In the unscreened pure system the SC is
formed out of a density of doped holes = = §, while for
strong screening the SC it is =~ 2 4+ §. How this
evolution takes place at intermediate ¢, and whether or
not 7, remains nonzero at intermediate ¢ (the regions
marked with ?s), is an interesting question we leave to
the future.

SC. We therefore believe that it would be interesting for
future experiments to study the evolution of the SC with
screening in more detail, and in particular to examine
what happens in the intermediate-screening regime.

Finally, note that this experiment does not necessarily
have to be done by adding a screening metallic layer; it
should also be possible to use the twist angle 6 as a proxy
for interaction strength, with the evolution between the
strongly- and weakly-correlated SCs happening as 6 is
reduced from the magic angle. Indeed, there are already
preliminary hints [27] of an interesting evolution of T,
with decreasing 6.

V. DISCUSSION

In this paper we have taken a phenomenological ap-
proach to understanding the pairing symmetry in twisted
bilayer graphene. We have shown that by drawing on
various pieces of evidence in the existing experimental
literature — and taking minimal input from theory —
we are led inexorably to a rather exotic scenario, wherein
spontaneous spin-orbit coupling leads to an order param-
eter consisting of an admixture of spin singlet and spin
triplet. While we argue the pairing is likely to be nodal,
current experiments are unable to unambiguously distin-
guish between even (d-wave) and odd (p-wave) orbital
parity. We have suggested studying interfacial Andreev
bound states as a way of resolving this remaining issue.
We have also argued that TBG will not display an appre-
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ciable c-axis Josephson current when proximitized with a
conventional s-wave superconductor, a claim which can
readily be tested in future experiments.

We should point out that our discussion has focused on
the properties of the SC at v = —2 — §, and we have de-
liberately avoided directing much attention to the prop-
erties of the correlated insulator at ¥ = —2. Assuming
that the flavor polarization leading to anti-parallel SVL is
present in the insulator does not uniquely fix the nature
of the insulating gap, and there are various candidate or-
ders whose competition is decided by comparatively del-
icate effects [41, 69] (it is even possible in some samples
to obtain an insulating state with a +2¢2?/h quantized
anomalous Hall effect at v = —2 [70]). While it is nat-
ural to assume that the SC is obtained by doping holes
into the correlated insulator (with this scenario appar-
ently being born out in the STM study of [23]), this does
not necessarily always need to be the case, and it is possi-
ble that different types of correlated insulators (likely all
with the same type of flavor polarization) are present in
different samples that superconduct at v = —2 — §. This
possibility is suggested by the fact that in [22] the gap was
seen to possibly close between the SC and insulator, and
by the Josephson study of [71], which found indications of
a correlated insulator that strongly breaks time reversal
being present in a device which also superconducts. All
of this discussion goes to show that flavor polarization —
rather than the existence of a correlated insulator — is
the more fundamental phenomenon to take into account
when trying to address the nature of the SC, and indeed
only flavor polarization has played a role in shaping some
aspects of our phenomenological analysis. This means
that our conclusions about the order parameter should
apply equally well in samples that exhibit superconduc-
tivity and flavor polarization, but possess no correlated
insulator (of course, whether or not it is possible to create
such a sample is a separate question).
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Appendix A: Modeling the superconductor

In this appendix we collect some formulae relevant for the discussions about pairing in the main text. We first
frame our discussion within standard weak-coupling BCS theory, and then discuss how things can be treated within
an approach better suited for a strongly coupled nodal superconductor.

1. Weak coupling

The approach we will take in this appendix will be to focus on the weak-coupling regime near v = —3, where
TBG presumably possesses a well-defined Fermi surface out of which the SC forms. Our treatment will only describe
electrons within the partially-filled active flat band, whose electrons are labeled by spin and valley indices. In this
treatment the physics of the transformation between the sublattice and band bases — as well as the nontrivial fragile
topology of the flat bands [72] — will be completely swept under the rug, and we will simply work directly with
operators that create electrons in the active band. Ignoring the nontrivial fragile topology of the Bloch wavefunctions
is allowed for the present purposes, as all of the action will take place at the Fermi surface, and we may always fix a
gauge in which any singularities in the Bloch functions are pushed out to regions far away the Fermi surface. With
this discussion in mind then, the Bogoliubov Hamiltonian projected into the flavor-polarized subspace is

P A
He =77k , Al
- ( Al —E_TszT> .
where the function Zj is
Zk = &k + 770k (A2)

with &k the K-valley dispersion and with dx the depairing energy induced by the in-plane field. While i can be
computed within e.g. the BM model as

C
= DBy {urckl (~0, 0¥ ) (A3)
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(here uky are the Bloch functions of the valence band in valley K and o%, u® are Pauli matrices in sublattice and
layer space, respectively), the bands of the state that the SC arises from will generically be modified significantly by
the flavor polarization, and hence more work is required to obtain a good unbiased estimate for dx. For now we will
simply content ourselves with using the C's symmetry of the K valley dispersion to write dy at a given angle 6 on the
Fermi surface as

d9 = B (0o cos(0 — Op) + d3cos(20 4 0p)), (A4)

where we have kept only the two lowest harmonics in the angle 6 (the subscripts on the constants g, d3 denote the
angular momentum channel).
The quasiparticle Green’s function projected into Hgyr, is defined as the matrix G, x satisfying

PoPlw—-H)Gox=PaPT. (A5)
Using ETzkgk = ﬁkaETsz‘ﬁ we find
W+ TE 2 TE)P ~A 2 2 _
o= (W T TIT  ) [6m X T era? - B (46)
k =T

where A* are Pauli matrices in Nambu space, and we have made the usual definition
Ey = 1/512(+‘Ak‘2. (A?)

2. Strong coupling regime

In this section we describe how the traditional weak-coupling analysis of the rest of the paper can be modified to
reflect a strong coupling situation not describable within the purview of standard BCS theory. By a ‘strong coupling
situation’, we mean one in which electrons in the superconductor are very tightly bound in Cooper pairs, with the
Cooper pair condensate and fermionic quasiparticles treated independently, rather than linked together through some
mean-field treatment. In this approach the magnitude of the gap is fixed, and the variation of the properties of the
SC with T, B | are controlled solely by how these parameters affect the nodal quasiparticles, which are modeled as
massless Dirac fermions.

Our motivation for considering this description is based on several factors. One is that as discussed, TBG is likely
in a regime of fairly strong coupling close to v = —2. Relatedly — although we prefer flavor polarization as an
explanation for the ‘pseudogap’ observed above T, in STM — it is possible that some of this gap is coming from
Cooper pair binding energy. Finally, experimentally one observes a fairly large (factor of ~ 2) separation between
Trrr (defined as e.g. the temperature where the resistance is 50% of its extrapolated normal-state value) and Tpxr.
These facts mean the suppression of the SC with 7" and B || may be due in part to loss of phase coherence, rather
than just Cooper pair unbinding (particularly near v = —2).

In the following we will briefly examine the response of the SC to B |, assuming that A is fixed and that we can get
away with restricting our attention to the nodal quasiparticles right near the nodes. The appropriate Hamiltonian to
employ in this scenario is [73]

1
H = %(ng))z =+ Z (‘I’Lng\I/n + §V¢ . \IJIL)\ZTZVF,)\ZTZn\Iln) ) (AS)

where ¢ is the phase of the condensate, ¥,, = (¢, ﬁiT_n) destroys a quasiparticle with current along the 6,, direction
with —n denoting the node at angle 6, +, pg is the T = 0 phase stiffness, and where ¥} v Fn¥p is the current carried
by the ¥,, quasiparticles. The quasiparticle Hamiltonian has the Dirac form

HP = XN (P & PY)(vpaerenk | + 700, 2,) + (AT = pA7)Myva nkt (A9)

where va ,, is as in (D5), vp,, is the K-valley Fermi velocity (always positive), k|| (kL) are the momentum components
along (normal to) the node direction, and where for convenience we have defined the matrix

My = —pr T {n'| + 7~ ') (nl, (A10)
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which satisfies M); = —pM,,. This yields the Green’s function

1

= (w—a%dn= kjA* cn — (AT M, — pA~ M, k
ngka” (U) Q" 0azn + | A VFan ( n— P W)UA’n L) (W - azéazn)Q - (k2\| U%‘,azn + kivi,n)

. (A1)

from which one can calculate a DOS of the same form as the w < A limit of (D1).

Both 7" and B || have the effect of making a finite density of nodal quasiparticles present in the ground state.
Since the quasiparticles carry a definite current, they can then provide a ‘counterflow’ mechanism for reducing the
supercurrent and superfluid stiffness, thereby giving a way of suppressing the SC even with |A| held fixed (as in this
section). A calculation along the lines of that done in [74] gives the superfluid stiffness (in the clean limit)

ij ij VFn pi pj
P = pps — 273" e i 67 In[2 cosh(8g, /2T)]. (A12)

Again following [74], the supercurrent density J in the presence of a uniform applied vector potential A is obtained
as

s0, [*
J =4poA — Z -~ /0 dv f(v —s(dg, + A-vEn))V, (A13)
n,s==+1 )

where f is the Fermi function (note that our conventions are such that (§J¢/5A7)|a—o = 4p™). To find the critical
current along a particular direction, we simply maximize the above expression with respect to A.

First consider the p-wave case. At zero field, increasing 7" has the effect of suppressing p¥¥ (for Ay = A cos(f)) by
an amount linear in 7' in this situation a BKT transition would occur when |/pzzpy, = 2T /7. The critical current
J. obtained from (A13) has a strong nematic dependence on the current direction and on fp, and in fact when J
is normal to the nodes and T' = 0,B| = 0, the critical current is formally infinite within this model (since the

quasiparticles only provide a backflow current along the directions 6,,). Now consider the d-wave case. At zero field,
both p, and p,, are suppressed by an amount linear in T'. The dependence of the critical current on 6 is much less
anisotropic.

The extent to which the loss of phase coherence induced by quasiparticle backflow can explain the nematicity
observed in [14] (as well as the possibility of using this effect to help distinguish p from d-wave pairing) depends on
whether or not the primary effect of the in-plane field is to decrease the SC gap, or to increase the number of excited
quasiparticles present in the ground state. If the latter effect were dominant, the observed nematicity would then
be an indication that the gap is p-wave, rather than d-wave. However, since the nematicity is observed even in the
weak-coupling regime (where we expect gap suppression to be the dominant effect of the field), having the nematicity
originate from this quasiparticle backflow mechanism seems fairly unlikely.

Appendix B: Andreev bound states at SN interfaces

Andreev bound states, which occur at superconductor-normal metal (SN) interfaces and at vacuum-terminated
edges of superconductors, are a manifestation of the quantum interference effects of electron and hole quasiparticles
scattering off the superconducting order parameter. The existence of these bound states are evident from the ap-
pearance of a sharp conductance peak occurring at zero energy (i.e. the zero-bias conductance, ZBC) and can be
probed either by lateral tunneling into the edge from a normal metal, or by using STM. These bound states shine
remarkable insight into the nodal nature of the superconducting order parameter, and as such can potentially be
used to distinguish between different orbital characters [75]. We focus on the geometrical setup of TBG gated such
that a normal and superconducting region are adjacent (being separated by a narrow insulating interface) to each
other in the z-y plane, as depicted in Fig. 1. Such a setup permits an application of the (extension of [60]) Blon-
der-Tinkham—Klapwijk (BTK) tunneling theory, where unlike the c-axis STM tunneling discussed in Sec. TV C, the
quantum-mechanical boundary-value problem approach of BTK theory is valid for in-plane (i.e. two-dimensional)
tunneling phenomena.

Adapting the approach proposed in Ref. [61], electrons incident on a SN interface aligned along the [100] axis with
momentum (kg, k) are either: (i) normal reflected as electrons with momentum (—k, k), (ii) Andreev reflected as a
hole with momentum (k,, k), (iii) transmitted into the superconductor as an electron-quasiparticle with momentum
(ks ky), or (iv) transmitted into the superconductor as a hole-quasiparticle with momentum (—k,, k,). We note that
the interface preserves translation symmetry along the y-direction. We present in Fig. 4 a schematic of the transmission
and reflection of an incident electron. Due to the electron and hole quasiparticles in the superconductors being realized
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FIG. 4: Schematic of tunneling and reflection of electron on a normal metal (N) and superconductor (SC) interface
[100], with the electron and hole velocities depicted by solid and dashed lines, respectively (adapted from [60]). The
incident electron (solid black arrow) can be normal reflected as an electron (solid pink arrow), or Andreev reflected
as a hole (dashed orange arrow), or transmitted as an electron quasi-particle (EQP) in the SC (solid blue arrow) or
transmitted as a hole quasi-particle (HQP) in the SC (dashed green arrow). The corresponding momenta for the
electrons and holes are presented beside each arrow, where for electrons (holes) the velocity and momenta are
(anti-)parallel. The momenta parallel to the interface (y-direction) is conserved. Due to the differing momenta for
the EQP and HQP, they experience differing superconducting pairing potentials (depicted for strain selected
orientation ¥,, = 0) of this interface.

at different momenta, they experience pairing order parameters/potentials Ay = A(k,, k) and A_ = A(—ky, ky),
respectively. For the simple s-wave order parameter, these potentials are identical.

The unnormalized tunneling conductance is given by og = [ é Y0 Ca0s.q, where o denotes the spin-valley flavor of
the electrons in TBG (e.g. K 1 and K’ | in the case of anti-parallel SVL), C, denotes the fraction of the electrons
with flavor « contributing to the tunneling conductance, and an integral over the azimuthal angle (¢) is explicitly
written. Using the normal (b, )and Andreev (a,q) coefficients between flavors p, o, the conductance (in units of e—hz)
from a single flavour conductance can be recast into,

0S,a = 1+ Z (|au,a|2 - |bu,a|2) , (Bl)
m

where p runs over the aforementioned SVL subspace degrees of freedom (e.g. over K 1 and K’ | in the case
of anti-parallel SVL). Indeed, within the framework of BTK theory (in particular the quasi-classical approximated
Bogoliubov-de-Gennes equations), the tunneling between different electron («) and hole (1) quasiparticles is permitted
in the presence of a non-vanishing order parameter, (Ak)a“ i.e. pairs of fermion flavors inter-linked via the associated
pairing order parameter. Each contribution to the conductance of a single flavor « is of the form [60, 61],

1+ onTHY? + (o — 1)[DROTH 2

7S T IN T T gy — IO T o eile )2 (B2)

. oo
where A% = |AL% [e*** denotes the paring potential experienced by electrons (+) and holes (—), T4* = %,
QL = /(eV)2 - |A£?‘i|2, V is the applied bias on the normal metal-superconductor interface, and o = o(A, Z) is

the normal state conductance. Here \ = k£Es cosfs
kFN COs GN

(krs in the superconductor) and fy (fg) is the angle of incidence (transmission) of the incident electron (electron
quasiparticle). The BTK parameter Z is proportional to the barrier height i.e. Z < 1 for a highly transparent interface
(low barrier), and Z > 1 for a weakly transparent interface (high barrier). We note that for a given incoming o SVL
state, we have the corresponding pairing function Af‘i that relates to the transmitted /reflected SVL state p. In the

is the ratio of the Fermi wavevector kppn in the normal metal
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limit of low transmission (i.e. a high barrier interface, oy — 0), the conductance contribution acquires an appreciable
contribution in the zero energy limit (E — 0) only when ¢p_ — oy = —1, i.e. when the pairing potential is of opposite
sign for the electron and hole-quasiparticles. We note that due to tunneling conductance dependence on the amount
of singlet and triplet pairings as well as the contribution of each fermion flavor, to generically obtain a ZBC it is
sufficient for such a pole in any of the «, u combinations. As alluded to above, for isotropic s- wave order parameters,
¢_ = ¢4+ and as such s-wave superconductors do not exhibit an appreciable ZBC.

For the d- and p-wave order parameters considered here, the requirement to obtain an appreciable ZBC requires
the associated strain angle v to be &7 and (0, £m) for d- and p-waves respectively; and a vanishing ZBC occurs for
(0,£%) and £7 for d- and p-waves respectively. Indeed varying the angular strain offset is equivalent to varying the
interface orientation, and as such performing a zero bias-conductance measurement with varying interface orientations
(for instance from [100] to [100]) would indicate a d-wave (p-wave) superconductor with the observance of two (one)
sharp peaks over the range of interface orientations (i.e. rotated over a range of 180 degrees).

Appendix C: Josephson experiments

In this appendix we will discuss various types of Josephson experiments, which are a standard way of revealing
phase-sensitive information about the pairing symmetry.

1. In-plane junctions

Focusing on a single lead whose junction has unit normal vector n = (cos(6,,),sin(6,)), the tunneling Hamiltonian
is

Hyyn = ) / o Tk im s, s (N)CTK 4Gl o (C1)
k,k’
G )

where c¢g (er) destroys electrons in the TBG sample (s-wave lead), and all repeated valley and spin indices are
summed. Here k, k' run over the TBG BZ, while the sum over G, is over (monolayer graphene and moire) reciprocal
lattice vectors, with K4 the momenta of the monolayer graphene K (K') points. To account for SVL, the tunneling
matrix T is taken to conserve spin, and is proportional to the projector P.

The tunneling matrix must be invariant under rotations, invariant under time reversal, and be proportional to the
projector P. We will ignore the dependence of the tunneling matrix on the momentum of the s-wave lead (due to the
rotation invariance of the s-wave gap), and will assume that any induced SOC at the junction is negligible. We then
parametrize the tunneling matrix as

Ty = (to + ta(k -0)))P +-- -, (C2)
where - - - are higher order in k-n. In the following we will assume that the momentum non-conserving n-independent

part of T is largest, and will work to linear order in t2/tg. The free energy of the Josephson junction coming from
2e tunneling events is then

Fy = Re Z/ THFS ((FE)* (o + t2h? cos(Be — 0,))°, (C3)

where F5/T are the anomalous Green’s functions of the TBG sample and s-wave lead, respectively. ]-'f’k is (see
appendix A)

i6° — ')l ) (|
ff;k = ¢ AE (’7’ D —prt Du , (C4)
where A is real and Dy = w? — (€2 +|A{|?), with & the dispersion in the K valley as before. % on the other hand is

simply proportional to is¥ and the gap A" ¢i®" of the s-wave lead, and carries no important momentum dependence.
We then have

F; = Re Z/ 07— ALASDP (1) + tok? cos(By — 0,,))?, (C5)
k. k’/
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where we have defined the functions
DY =Dy +pD. " (C6)

Consider first the d-wave case, where the orbital parity is p = 1. Since D;‘ is invariant under Cg rotations, and as
the gap is Ay = A% cos(26, — ) which contains only angular momentum [ = +2 harmonics, the integration over 6y
produces (to leading order in t5/tg)

Fi72 = toty By cos(¢® — ¢F) cos(26,, — 27), (C7)

where By is an unimportant constant proportional to ASA” and the zeroth angular harmonic of DI (the next leading
harmonic is the sixth, which produces a subleading term proportional to 3 cos(46,, — 7)).

Now consider the p-wave case, so that p = —1. The lowest nonzero harmonic of D, has angular momentum 3, and
so with A = A% cos(fy — v) we obtain

F}]Z1 =tota B COS(¢S - (bL) cos(20n + ), s

where B is yet another unimportant constant proportional to AS A% and the third angular momentum of D, . Note
that the Josepshon current I, is generically nonzero for both p and d-wave pairing.

Now consider a setup where a loop of a conventional s-wave SC is attached to TBG at two leads, with normal
vectors n,, a = 1,2. Let the lead order parameter at the two junctions be ALei%: . The combined free energy for
both Josephson junctions is then

FY = tota By Z cos(¢¥ — L) cos(20,, — ply). (C9)

a=1,2

The important thing to note here is that the dependence on 6,,, is the same for both | = 1 and [ = 2 — therefore
within the context of the approximations made above, we cannot use these types of phase-sensitive experiments to
distinguish p from d-wave gaps. Note however that in the p-wave case, the nonvanishing of I, owes its existence
entirely to the fact that D # 0, i.e. to the difference in the dispersions in the K, K’ valleys (in a conventional SC
without valley indices this effect would not arise, and the p-wave case would yield I, = 0 in the absence of SOC).
Intuitively, the C3 anisotropy of the K-valley dispersion and the fact that C's only possesses a single 2d irrep combine
to prevent this and similar experiments from distinguishing p and d pairing. We can however use SQUID experiments
to distinguish p and d from s: in the usual corner SQUID geometry, where 6,, = 6,, + 7/2, an s-wave gap has a
minimum in the free energy for ¢ — ¢ € 277, while p and d-wave gaps have minima for ¢I — ¢f € 7 + 27Z.

2. c-axis junctions

We now discuss situations where a Josephson junction is formed along the c-axis, with a probe SC either directly
stacked on top of the TBG sample, or embedded on a superconducting STM tip. In what follows we will assume that
the probe is a singlet SC with either s or d-wave pairing.

If the tunneling matrix T is completely independent of momentum, the contribution of 2e tunneling events to the
Josephson current will vanish as long as the TBG order parameter Ag is nodal and has a single harmonic ( f 0 Ag =0).
While the total current will be rendered nonzero by 4e Josephson tunneling events, this case can be distinguished by
a doubling of the Josephson frequency, d¢/dt = 4V [76] (and regardless, the current in this case is likely to be quite
small). Thus in this limit we can distinguish between s-wave and order parameters with nonzero angular momentum
[, but cannot distinguish between different values of [.

Consider then the limit in which the tunneling is momentum conserving to a good approximation, with the dominant
tunneling events being those containing a relatively small number of Umklapp scatterings. This means that we can
effectively model a TBG electron in valley 7 as only coupling to electrons in the probe SC with momenta K, , + k’
with & < A, where A < | K| is some cutoff much less than the size of the monolayer graphene BZ, and where a = 1,2, 3
labels the locations of the monolayer graphene K, points when projected into the BZ of the probe SC (with the probe
Fermi surface assumed for simplicity to lie fairly close to all of the K; ;).

Calculations along the lines of those performed for in-plane junctions then yield

(65— P (mls¥In) —(n'[s¥|n)
P - Rez/kk/ew ¢ )Tk,k,APA£< P s, (C10)
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where T is a function proportional the square of the bare tunneling strength and we have taken the effective probe
order parameter felt by the TBG electrons as sYA” ei‘i’P7 where the momentum-dependent quantity A is an average
of the probe order parameter over the projection of the monolayer K, points into the probe BZ. For the 5% # 0 triplet
state where |n) o |n") (which we have already argued is disfavored by transport experiments) we have (n|s¥|n’) = 0,
and the charge-2e Josephson current vanishes, Iy, = 0. On the other hand, for the anti-parallel SVL state we have
advocated for, we have

Fy = ReZ/kk/ (070" T) W APASDE (C11)

where DP = D:ll( +pD, 1 Due to the C3 symmetry of the K-valley dispersion, Dl’: is invariant under Cg rotations,
while Dy is only invariant under C'3 rotations. In any case, since the tunneling Ty 1» presumably does not break Cg
rotations, the integral over k will lead to Iz, = 0, regardless of the orbital angular momentum of the probe and TBG
superconductors (as long as the latter is nonzero). This is essentially due to the fact that the TBG electrons tunnel
only into a small region of the tip BZ near the K, K’ points; this prevents e.g. the angular anisotropy of a d-wave gap
in the probe SC from compensating that of a d-wave gap in the TBG sample. Therefore in all of the c-axis scenarios
we have considered, I, = 0. An observation of a sizable Is, # 0 in such a c-axis tunneling experiment would then
point to an s-wave order parameter, and force us to re-examine our priors about the gap being nodal.

3. Stacked bilayers

Finally, consider a heterostructure consisting of two vertically-stacked TBG superconductors, with the top SC
being able to be rotated relative to the bottom SC by an arbitrary angle . In this case, the Josephson free energy
is (assuming a tunneling matrix Ty x = T0k k- for simplicity)

F(p) oc TPAPA® cos(¢' — ¢") cos(ily* — " + ¢]) (C12)
where the order parameters on the top / bottom TBG layers are
ALY = A9 cos(1]0 + 41 £ /2)). (C13)

For d-wave pairing, Is.(¢) would therefore vanish at four locations as ¢ is varied from 0 to 27, while for p-wave pairing
I5.(¢) would only vanish twice. Note that as in the context of the Andreev bound state experiment discussed in the
main text, the ability to sample multiple different values of ¢ using the same two TBG superconductors is necessary,
since 7%, «? are fixed by non-universal details in a given device, and as such the relative orientation between the nodes
on the two layers is not known a priori.

Appendix D: Tunneling conductance

In this appendix we provide a discussion of the tunneling conductance dI/dV from a normal tip into a TBG
superconductor, both the simpler weak-tunneling limit relevant for standard STM studies, as well as the more involved
strong-tunneling limit relevant for point-contact spectroscopy.

1. Weak tunneling limit: STM current

First consider the regime in which the tunneling strength is weak. In this regime the tunneling conductance dI/dV
is simply proportional to the local DOS in the SC, which is computed from —5=Im [, Tr[G(w + i0", k)(1 + A*)] as

+S(59|
— my O((w + s6 Ag|? v ,
Zi/ : 018ty (d1)

9 ; z _ ; it
I2. also vanishes for an S* = 0 triplet SC whose polarization occurs in valley space, as in that case Fy o< Tr[s¥s®] = 0).
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FIG. 5: Density of states at zero frequency as a function of §g for several different values of d3,~, and with ( = 0.2.
In each plot we have normalized pg(0) by its maximum value. The red curves (I = 1) are p-wave, and the blue
curves (I = 2) are d-wave.

where my is the (angle-resolved) effective mass in the K valley, and dy is the (angle-resolved) depairing energy induced
by the in-plane field. Due to the C3 symmetry of the K valley dispersion, we will parametrize mgy as

mg = m(1 + ( cos(36)), (D2)
and dg as
09 = B (0o cos(0 — Op) + d3cos(20 4 0p)), (D3)

where we have kept only the two lowest harmonics in the angle 6 (the subscripts on the constants g, d3 denote the
angular momentum channel). x The magnitudes of dy, d3 are set by the scale

GBH ’UDCO/2 ~ 015(3” /IT) meV, (D4)

where vp is the monolayer Dirac velocity and cg is the interlayer separation. This has a numeric value of
~ 0.15BmeV /T, similar to the depairing energies calculated in [14].

From (D1), we see that the magnetic field acts to create effective angle-dependent chemical potentials of strength
44§y for the quasiparticles. For a nodal order parameter, this affects the DOS in two main ways: it splits the single
coherence peak at w = A into multiple sub-peaks, and fills in the DOS near zero bias.

Let us examine what happens near zero bias. We denote the locations of the nodal points as {k, } = {kpn0,}, near
which the order parameter may be expanded as

1N, 0> =~ (kpnvanb)® (D5)

for some nodal velocities va . At frequencies |w =+ dg, | < kg nva n, the density of states at zero bias is then

Ps(o)*%ZM (D6)

n VFnUAn

Since ps(0) does not vanish at nonzero B = 0 unless dp, happens to vanish for all n, a small magnetic field will
fill in the nodes by an amount which is linear in the field strength. While the dependence of ps(0) on 85 depends on
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the set of nodal angles {0, }, it does not generically provide a robust way of distinguishing p and d-wave pairing. If
either 3 = 0, the two cases can be distinguished: in the p-wave case pg(0) always has one maxima and vanishes one
as 0p is varied from 0 to 7, while in the d-wave case pg(0) always has two maxima and never vanishes. However when
03 is nonzero, the p and d-wave cases become harder to distinguish for a similar reason as in the above discussion of
SQUID experiments; this is illustrated in figure 5. While in a given experiment we may get lucky, with d3 happening
to be small or v happening to be close to 0,7 — in which case we could (barring smearing effects from temperature
/ quasiparticle broadening) distinguish p from d — in general the situation will likely not be very clear-cut.

2. Strong tunneling limit: point-contact spectroscopy

We now discuss the limit where the tunneling strength is strong, which is relevant for describing point-contact
spectroscopy experiments such as those of Ref. [22]. The usual approach [60] for determining dI/dV in the strong
tunneling limit, which was used for the fitting analysis of [22], is to assume that the STM tip can be approximated by
a large slab of normal metal separated from the SC by a delta function barrier. One then determines the current by
solving a single-particle quantum mechanics problem, which is done by matching the wavefunctions and their normal
derivatives at the interface. To us the conceptual correctness of such an approach is not so obvious in the present
setting, where the STM tip may not a priori be well-approximated as a large slab of normal metal and where due to
the two dimensional nature of the SC, there is no way to match normal derivatives of the wavefunctions. For these
reasons we employ a more direct Keldysh approach to calculate the tunneling current. An expression for dI/dV in
this approach was in fact already stated in [77]; in the following we simply elaborate on the derivation of this formula
and generalize it in a way which allows us to easily account for both spin and valley degrees of freedom.

We model the system through the Hamiltonian

H= YOl NewaCars + [WHPUE Y (Ol N lakeriss Prvisartirss +he), (D)
qrs k qkos’s''Tr!T!
with Hﬁb asin (Al), Cqrs = (cqrs, CIITS)T with cqrs destroying an electron on the tip at energy level ek 44 (with K,
the projection of the monolayer graphene K, point in the BZ of the tip) and with spin s, and where contraction in
Nambu space is implied. As in the main text, P denotes the projector on to the SVL subspace.

The matrix {qkrrssr Parametrizes the hopping between the tip and the superconductor, which for concreteness we
will mostly take to conserve spin, torkss’ X 0gs. We will consider two limiting regimes for the momentum dependence.
The first occurs when the tip is to be modeled as a quantum dot: this is appropriate when the presence of the STM
strongly breaks translation invariance in the plane, and when the only electrons which enter the sample are those
near the (effectively zero-dimensional) STM tip. In this case the hopping matrix is independent of momentum and
valley indices, and tqurrss = ts? (where we will take ¢ € R for simplicity). The second regime occurs when the
tip is to be modeled as a (three-dimensional) Fermi liquid, with the presence of the tip not essentially breaking
translation symmetry in the plane, and with the hopping preserving in-plane momentum (for notational simplicity
we have omitted sums over the out-of-plane component of the tip momenta; we will assume the tip Fermi surface is
spherical and has a projection into the plane which encompasses the K, points, meaning that for all 7 and q, cqrs
always destroys an electron somewhere on the tip Fermi surface). In this case tqxrrss: = t8°700k g+ K., -

In the following we will use the Keldysh Green’s function formalism to compute the current, which requires intro-
ducing the usual suspects

G W) =il @) VW),  Gryw)=—i / Q1) ([W (1), W (0)}), (DS)

t

where I, J are composite labels labeling the device (either tip T" and sample S) and the indices conserved by the
tunneling matrix (viz. spin and Nambu indices, and possibly momentum), and where the fields W; are defined by

Yrp =Cp, Vep = Z V1 (D9)
iENC

where NC' is the set of indices which are not conserved by the tunneling matrix (viz. valley and momentum in
the momentum non-conserving limit), and I’ is the composite index without the device (tip / sample) part. The
device polarization implemented by P can be taken into account by conjugating all Green’s functions by P @ PT,
where the direct sum is in Nambu space. In the following we will let this projection be implicit in the notation, with
G<,G denoting the projected Green’s functions. Our notation will always be such that Green’s functions without
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superscripts denote retarded correlation functions. Advanced correlators are defined by

G (w) = +i / OO () ({1 (1), ¥ (0)}) = [G1] 1. (D10)

Letting p* denote Pauli matrices in device space, and taking the hopping amplitude ¢ to be real for simplicity, the
current (following directly from the equation of motion of the rate of change of particle number in the tip) reads

I—ZZ{ (T s (T )>—t<‘1’sp( YU (7))

1
= ST\ 6,

where t denotes a real hopping matrix element between the tip and sample, the trace includes both a sum over all
degrees of freedom, as well as an integral over frequency, and where the self-energy matrix ¥ is simply

S =t N7 (D11)

We note that the corresponding X< = 0 due to a real tunneling matrix element chosen between the normal tip and
superconducting sample. Note that to compute the current the lesser Green’s function G< is employed, since the
Green’s functions with both times on the same half of the contour are equivalent to equilibrium ones.

To evaluate this trace, we will need to make use of the Dyson equations [78] (suppressing all device indices and
frequency dependence)

(1-g%)G< =g¢<(1+2GT)
G<(1—Eg ) 1+ GX)g=
= (14 G%)g<(1+x2Gh (D12)
1 1
- 1751292917297

where lowercase letters denote free propagators, which are

9(w) = gr(w) & gs(w)
9~ (w) = 27i(pr fr(w) & ps(w) fs(w)) (D13)
9”7 (w) = g~ (w) = 2mi(pr(w) & ps(w))

with g, (w) the free propagators for the tip and superconductor (which are matrices in Nambu and spin space), the
@ is in device space, and were the matrices pq, fo are defined as

Pa(@) = — (g () — ga()) (D14)

27

and

fr(w) = flw—AV), fs(w) = f(w)A°, (D15)
with f(w) the Fermi function. By taking the device off-diagonal components of the top two lines in (D12), we find
GSr = t(GssAg5 + G5\ gl

iT ( SSZ 9gr o ) (D16)

Gis = tlgr\*G5s + 97 X" Gg),

which gives the Green’s functions appearing in the expression for the current in terms of the free tip Green’s functions
and the full dressed Green’s functions of the superconductor (here and in the following, we will slightly abuse notation

by writing GL/H for [GT]ap). Plugging in to (D11), this yields

t2
I= 5Tr[>\z 7 (Gss — Gss) + A ( —g7)G5s]

2 (D17)
= §Tr[>\z(gq<~G§s - Q;GES)L
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where we have used the identity G< — G~ = G — G and the fact that the tip Green’s functions, having no anomalous
parts, commute with A*. The G§5~ can be evaluated with the third line of (D12), which gives

G5 = g5 + t°Gss95 Gl + t(Gsr A gs + gSA*Glg) + 2GsrA*gs A*Glg

(D18)

= g5 +t*(Gssgrgs + 9594Ghs + GssgrGlhg) + t*Gssgrgs 9hGls,
where we used Ggr = tGssAgr, G}S = th)\ZGI;S in the second line. Making use of (D13), some algebra and the
fact that [pr, fr] = 0 (as the anomalous parts of the tip Green’s function vanish) gives

(27t)?

1= 2T [N (fr = fs) (prbs + Cpr(Gasgrps + psghGls) + t*orGsgrpsghGls ) + N prlfr, GsslprGls|

(D19)
where again the trace includes an integral over frequency. It now remains only to calculate Ggg, which can be done
easily with the help of the last Dyson equation in (D12):

Gss = (955 —t°gr) ™" (D20)

The first group of terms in (D19) vanishes when pg does; these terms are therefore responsible for normal tunneling
processes that are only active outside of the superconducting gap. The last term on the other hand does not depend
on the superconducting DOS, and can lead to a current even for biases inside the gap; this is therefore the term
responsible for the in-gap Andreev current.

The conductance is obtained by differentiating (D19) with respect to V, yielding

dal (2wt 2
dv

V)Tr [ﬁTﬁS +t*pr (GSSQT[’S + ﬁSg}Gf%*) +t*prGesgrpsghGls + QtQﬁTGSSvaﬁTGTS‘S,a} (w),

(D21)
where Ggg , is the anomalous part of Ggg (viz. the part of Ggg off-diagonal in Nambu indices), and where we have
now written out the frequency integral explicitly.

a. Momentum non-conserving tunneling

We first consider the limit of ‘incoherent’ tunneling, where the tunneling process does not conserve in-plane momen-
tum. Therefore the tip Green’s function is, treating the tip as being in the wide band limit with a constant density
of states pr and remembering the projection onto the SVL subspace,

PT A 0
gr(w) /R S T in— e mer (D22)
where
P=PagPl, (D23)

with the & in Nambu space.
On the other hand, the free Green’s function of the SC in the incoherent limit (a matrix in spin and Nambu space)
is, reading off from (A6) (and continuing to let |n),|n’) be real),

Z/

4 ( > 1 +25/\ (To,s(w — sd,) [n) (0] + To,—s(w +s6a_,) ') (1']) (20
T Je s==+1

(w4 A%( ga sk — T%0ak)) — DgAT — AlA~

(w—a*da:k)? — E2.,

gs(w)

77!

— DX (o, i) (0] = p 0,1 In) (1) = AGA™ (=p Yo i) (ol + Yo, [n) ']) ).
where o* = A\*7% and we have defined

Yo+ = =
T VAP = (w T 0p)?

(D25)
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FIG. 6: dI/dV curves for Ay = A cos(#), normalized to their respective V' — oo normal-state values. Here t is the
dimensionless tunneling strength defined by t = t,/mmpr. In terms of BTK theory, t = 1 corresponds to the case of
a transparent barrier, Z = 0 (and t > 1 corresponds to an attractive barrier, with Z < 0).

with the notation 0, = 60,0_ =60 + 7.

We will now use (D24) to argue that either a) TBG is actually an s-wave SC (which for the reasons explained
in the main text we are inclined to disfavor) or b) the tunneling experiments of [22] are in fact rather well in the
momentum-conserving tunneling regime (which given the experimental setup is perhaps slightly surprising).

To argue this, all we need to do is note the rather strong zero-bias peak in dI/dV observed at B = 0 in [22]; we
claim that (D24) cannot generically reproduce such a peak. Indeed, setting g = 0 (and specializing to the case of AF
SVL), we have

do .
gs(w) =— / o Yo+ (w+ (ATAg — ATA))is?). (D26)

Since myg is the mass in the K valley, C3 symmetry imposes mg = mg12./3, and so as in (D2) we parametrize
mg = m(1 + ¢ cos(30)), (D27)

with |¢] < 1 controlling the extent of the angular anisotropy. Now at T' = 0 the zero bias conductance only depends
on gs(0), which is (taking Ay € R wolog)

dé
gs(0) = / — myg sgn(Qg)\Ys?

2r
(D28)
dd (1+p 1-p
= — [ —= Ag).
m/ 5 < 5 +¢ 5 cos(30) | sgn(Ay)
This means that the strength of the Andreev reflection signal is proportional to ¢ if p = —1, and is controlled

by mfd@ sgn(Ap) if p = +1. On the other hand, the conductance in the V' — oo limit is determined only by
J ddmg/2m = m. This leads to the normalized ZBC being depressed from the maximal value of 2 it takes in the
s-wave case to something smaller, with the suppression being either by an integral like ¢ [ df cos(30)sgn(Ag) in the
p=—1 case, or [dfsgn(Ay) in the p =1 case.

The net result of these effects is to produce tunneling curves that are in general significantly suppressed near zero
bias. For a p-wave order parameter Ay = A cos(f), the normalized conductance is shown in figure 6, for an isotropic
effective mass (¢ = 0, left) and a large C3 anisotropic mass (¢ = 0.7, right). The conductance in the two cases looks
similar, but the anisotropy ¢ # 0 is responsible for a (very small) nonzero ZBC in the latter case.

A nonzero ZBC is obtained in the p = 1 case only by working with an order parameter for which [ df sgn(Ag) # 0.
A simple example of such an order parameter is Ag = A(cos(26) 4 ¢ cos(46)), which has 4 nodes if |s| < 1. Examples
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FIG. 7: Same as in figure 6, but with tAg = A(cos(26) + ¢ cos(40)). The multiple singularities are due to the fact
that the gap possesses more than one harmonic.

of the normalized conductance for ¢ = 0.25,0.75 are shown in figure 7. The nonzero value of ¢ allows the ZBC to be
finite (though still suppressed relative to its normal state value), but the fact that Ay includes multiple harmonics
leads to multiple coherence peaks at larger biases, which are not observed in experiment. Even with ¢ = 0.75, we are
clearly a long way away from producing a peak in the ZBC.

b.  Momentum conserving tunneling

Given the issues with incoherent tunneling we now consider the case of coherent tunneling, where the tunneling
between the tip and the sample conserves in-plane momentum in the TBG BZ.'° To treat this case carefully, we would
work with momentum-resolved Green’s functions, and include a single integral over momentum in the trace appearing
in (D21). We will instead do something slightly simpler: for a given point on the Fermi surface at angle 6, we will
take the tunneling to conserve momenta normal to 0 (along the Fermi surface), but not parallel to 0 (normal to the
Fermi surface). This treatment nevertheless captures the essential way in which coherence affects the conductance,
since in this treatment there is no interference between the signs of Ay at different angles 6.

In this framework, the appropriate Green’s function (a matrix in valley, spin, and Nambu space) to use when
computing dI/dV is

1

(o0 (w = a%80,.)P = X*Ag (7 Yo ') (1l = o7 Yo s ) (1) = A=A (=pr~ Yoyl + 7 Yo I) (') ),
(D29)

where 6 is integrated over as part of the trace in (D21). The conductance computed in this framework gives results

much more in accordance with experiment, an example of which is shown in figure 8. As an in-plane magnetic field

modifies the conductance essentially by way of it acting as a chemical potential for quasiparticles, it has the effect of

flattening out the conductance curves near zero bias, as well as splitting the coherence peak at low tunneling strength.

In the right panel of figure 8 we have taken B = 0.2T, which in the experiment of [14] is rather comfortably below

the minimum B, || across the majority of the superconducting dome. The 6p-dependence of dI/dV at low bias is

essentially the same as that of the #p-dependence of pg(0) studied above.

10 One could also consider an intermediate case, where the tun-
neling is incoherent in the TBG BZ but diagonal in valley; this
leads to the same problems as in the valley-incoherent case as

they originate from the integral over 6, rather than the sum over
valleys.
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FIG. 8 Tunneling conductance in the coherent tunneling model for a p-wave gap (d-wave is essentially the same),
normalized to its normal-state value. The mass anisotropy parameter is fixed as ¢ = 1/4, and t = t,/mmpr is the
dimensionless tunneling strength as in figure 6. Left: zero magnetic field. Right: Field of magnitude B = 0.27 and
0p = 7/4, v =0, and with the parameters in (D3) fixed at 69 = 403 = 0.15meV/T.
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