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Twisted bilayer graphene (TBG) realizes a highly tunable, strongly interacting system featuring superconduc-
tivity and various correlated insulating states. We establish gate-defined wires in TBG with proximity-induced
spin-orbit coupling as () a tool for revealing the nature of correlated insulators and (4¢) a platform for Majorana-
based topological qubits. In particular, we show that the band structure of a gate-defined wire immersed in an
‘inter-valley coherent’ correlated insulator inherits electrically detectable fingerprints of symmetry breaking na-
tive to the latter. Surrounding the wire by a superconducting TBG region on one side and an inter-valley coherent
correlated insulator on the other further enables the formation of Majorana zero modes—possibly even at zero
magnetic field depending on the precise symmetry-breaking order present. Our proposal not only introduces a
highly gate-tunable topological qubit medium relying on internally generated proximity effects, but can also shed

Gate-defined wires in twisted bilayer graphene: from electrical detection of inter-valley coherence to

light on the Cooper-pairing mechanism in TBG.

Introduction. Twisted bilayer graphene (TBG) has emerged
as a strikingly versatile platform for correlated phenomena [1—
4]. Near the ‘magic’ twist angle of ~ 1°, moiré periodicity
and interlayer tunneling conspire to generate energetically iso-
lated flat bands that, when partially filled, allow interactions to
dominate [5]. To date experiments have resolved correlation-
driven insulators at flat-band fillings of v = 0,+£1,+£2,+£3
electrons per moiré unit cell (v = =4 represents full fill-
ing/depletion) [1, 6-17], reflecting symmetry-breaking elec-
tronic instabilities [18, 19] whose precise nature remains a
largely open question. Superconductivity is additionally of-
ten observed adjacent to v = £2 [2, 6, 8, 10-13, 15, 16] and
in some samples extends to broader fillings [8]. Crucially, the
phase diagram is not only rich but also exquisitely tunable: due
to the giant moiré lattice constant ap; ~ 10 nm, altering the
electron density by a modest value of ~ 10'2 cm~2 suffices to
sweep the system across metallic, band-insulating, supercon-
ducting, and correlated-insulator phases.

Here we address two ostensibly very different key ques-
tions for the field: How can one experimentally reveal the
symmetry-breaking order underlying the observed correlated
insulators? And can one exploit the richness and tunability
of the TBG phase diagram to construct novel quantum de-
vices for technological applications? To this end we theo-
retically explore gate-defined wires in TBG supported by a
transition metal dichalcogenide (TMD), e.g., WSes. Figure
1(a) sketches the architecture, which features a global back
gate and a pair of top gates that enable independent tuning
of the density in the central ‘wire’ region and the flanking ar-
eas. Recent experiments studied related structures in the con-
text of gate-defined TBG Josephson junctions [20, 21]. In our
case, the TMD substrate serves to impart appreciable spin-
orbit coupling (SOC)—which plays a pivotal role throughout
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FIG. 1. (a) Gate-defined TBG wire architecture, not to scale. (b-
d) Schematic flat-band occupations when the wire borders (b) trivial
insulators at v = —4 and correlated IVC insulators at (¢) v = 0 and
(dv=-2

this paper—to the graphene sheets, as seen in many experi-
ments [12, 22-35]. Notably, Ref. 12 established that TBG on
WSe,, continues to display correlated insulators and supercon-
ductivity (the latter over a very broad twist-angle window).
Our essential idea is that the gate-defined wire’s electronic
properties depend sensitively on the TBG phases realized in its
vicinity via ‘internal’ proximity effects, reflecting leakage of
the wire wavefunctions into the surrounding regions, and can
thus be tailored by electrostatically controlling the flat-band
filling on either side.

When immersed within a given correlated insulator, the



wire’s band structure inherits perturbations that reflect the
adjacent symmetry-breaking order. We pay special atten-
tion to ‘inter-valley coherent’ (IVC) correlated insulators that
are leading candidates for the observed insulating phases at
v = 0,%£2 [36-39] and have been proposed as parent states
of skyrmion-mediated superconductivity [40, 41]; their ex-
perimental identification is thus particularly important and
promises to illuminate the pairing mechanism in TBG. In
an IVC state, electrons spontaneously develop coherent inter-
valley tunneling, thereby breaking translation symmetry on
the microscopic graphene (as opposed to moiré) lattice scale
[36]. We show that such ultra-short-scale modulations facil-
itate generation of band gaps for the wire that would other-
wise be forbidden—in turn enabling detection of IVC order
via large-scale conductance measurements.

The presence of IVC order, if indeed confirmed experi-
mentally, further facilitates engineering Majorana zero modes
that are widely coveted for fault-tolerant quantum comput-
ing [42, 43]. Majorana zero modes arise at the endpoints of
an odd-channel wire gapped via Cooper pairing [44]. The
well-studied proximitized-nanowire recipe realizes the requi-
site odd-channel regime through an interplay between Zee-
man splitting and SOC that allows gap formation via the prox-
imity effect with a conventional superconductor [45, 46]; in
gate-defined TBG wires, valley degeneracies must be removed
as well in a manner conducive to pairing, posing a nontriv-
ial challenge. The wire band gaps facilitated by proximate
IVC order provide precisely the degeneracy lifting needed to
open such an odd-channel regime. Gating one side of the
wire into a superconducting phase can then stabilize Majo-
rana zero modes, eschewing the need for ‘external’ supercon-
ducting proximity effects almost universally employed in en-
gineered Majorana platforms. Remarkably, gate-defined TBG
wires can potentially harbor Majorana modes even at zero
magnetic field depending on details of the IVC order parame-
ter.

Trivial wire. We first examine a gate-defined wire sur-
rounded on both sides by trivial ¥ = —4 band insulators that
do not spontaneously break any symmetries (similar results of
course hold for v = +4). In the wire region the chemical po-
tential resides near the flat-band bottom centered around the
~ point of the moiré Brillouin zone; see Fig. 1(b). Guided by
symmetry, we derive a minimal model for the lowest wire sub-
band. The TMD substrate breaks SU(2) spin-rotation symme-
try as well as Cy symmetry (180° rotations about the out-of-
plane axis) and generates both Ising- and Rashba-type SOC
in TBG with respective strengths A\; and Ar. Consequently,
the wire preserves only electronic time reversal 7 and a U, (1)
valley symmetry associated with conservation of K and K’
valley quantum numbers (see Refs. 5, 47, and 48). In terms of
momentum-space operators ¥, for the wire and Pauli matrices
7Y% and s™Y°* that respectively act on the (implicit) valley
and spin degrees of freedom, these symmetries transform the
operators as

T othe = isV1%%_p,  Ug(1) s 9 — €7 oy, (1)

where ¢ is an arbitrary phase and 7% = =1 correspond to
valleys K and K'.

We consider the following 7- and U, (1)-invariant wire
Hamiltonian:

2
H, :/z/),i (k — 4kt + kay ~s+TZa2~s) V.
k 2m
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Here, m is the effective mass, p is the wire’s chemical poten-
tial, c; is a ‘valley-orbit’ coupling, and oy 5 arise from SOC.
Figure 2(a) sketches the wire band structure obtained from Hy.
Without SOC (dashed lines), the bands for the two valleys are
split by valley-orbit coupling c; but retain two-fold spin degen-
eracy. Resurrecting SOC (solid lines) lifts the spin degeneracy;
importantly, the remaining band crossings in the spectrum are
protected so long as U, (1) is preserved. To emphasize this
point, Fig. 2(b) plots the band structure in the presence of a
Zeeman term Hy, = Sgup [, w,];(B - 8)1y, arising from an
in-plane magnetic field B (g is the electron g factor and up
is the Bohr magneton). Broken time reversal merely shifts the
crossings to finite momentum.

Wire immersed in v = 0 IVC order. Suppose that the wire is
instead surrounded by correlated insulators emerging at charge
neutrality, i.e., v = 0 [Fig. 1(c)]. Consider first the case with-
out SOC. There, non-interacting bulk TBG band structure ex-
hibits massless Dirac cones that underpin semimetallicity at
v = 0. Hartree-Fock treatments for pristine TBG, by con-
trast, predict that Coulomb interactions stabilize an insulat-
ing ground state at v = 0 with IVC order [36-38] (see also
Ref. 49). We will discuss spin-singlet and triplet [IVC states—
respectively denoted sIVC and tIVC in Fig. 2(c-f)—which are
energetically competitive and differentiated by the short-range
part of the Coulomb interaction and/or electron-phonon cou-
pling [36]; both also appear compatible with existing measure-
ments [8].

Continuing with the spin-orbit-free problem, spin-singlet
IVC order spontaneously breaks time-reversal symmetry 7
and U, (1) but preserves SU(2) spin rotations as well as an
antiunitary operation 7 that flips the valley degree of freedom
[36]. The last symmetry satisfies 72 = —1 and thus, when
present, guarantees Kramers degeneracy. When acting on our
wire fermions 7 sends v, — i7Y1_j. Resurrecting SOC
generically breaks T symmetry, as can be seen by its nontrivial
action on the a; » terms in Eq. (2). An alternative antiunitary
symmetry nevertheless persists,

Tave : Yy — isYTV_y, 3)

corresponding to 7 followed by a spin rotation, which indeed
leaves Eq. (2) (and the singlet IVC order parameter character-
izing the insulating regions) invariant. Notice that 7;%\,0 =
+1—implying the demise of Kramers degeneracy with SOC.
Accordingly, the wire band structure in the presence of proxi-
mate singlet IVC order [Fig. 2(c)] maintains k <> —k symme-
try but generically features no band crossings. In-plane mag-
netic fields modify the band gaps and inject k£ <+ —k asym-
metry as Fig. 2(d) illustrates.

Without SOC, spin-triplet IVC order spontaneously breaks
SU(2) spin symmetry and U, (1) yet preserves both 7 and 7.
Reviving SOC once again breaks 7T, but unlike the singlet IVC
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FIG. 2. Band structure, conductance GG, and density of states (DOS) for a gate-defined TBG wire immersed in (a,b) trivial band insulators and
(c-j) IVC orders. Insets: top view of wire and proximate phases. All plots include SOC except dashed-line band structures. The upper and lower
halves respectively correspond to zero and non-zero in-plane magnetic fields. Proximate IVC order facilitates band gaps (shaded rectangles)
that manifest as conductance dips and associated DOS features within chemical potential windows indicated by grey bars on the p axes. The
energy window (vertical axis) shown in each top panel is equal to the chemical potential interval (horizontal axis) plotted in the corresponding

bottom panel.

case we cannot append a spin rotation to obtain a proper sym-
metry because triplet IVC order breaks spin SU(2). The system
then preserves only the familiar electronic time-reversal sym-
metry 7—which satisfies 72 = —1 and underpins Kramers
degeneracy—implying that proximity to triplet IVC order pre-
serves the crossings in the band structure at k£ = 0 [Fig. 2(e)],
similar to the trivial wire case. Contrary to the latter prob-
lem, however, the loss of valley conservation from triplet IVC
order allows in-plane magnetic fields to eliminate these band
crossings; see Fig. 2(f).

Wire immersed in v = +2 IVC order. Next we immerse
the wire within a v = +£2 correlated insulator [Fig. 1(d)].
The commonly observed insulating states at these fillings have
also been predicted to display IVC order [36-38]. Insulating
IVC states at v = —2 (42) can arise upon completely de-
pleting (filling) two of the fourfold-degenerate flat bands, and
then gapping the remaining ‘active’ carriers via spontaneous
inter-valley hybridization. We consider in detail two candidate
phases that, without SOC, correspond to (¢) a ferromagnetic
(FM) IVC state with active carriers spin-polarized in the out-
of-plane (s*) direction and (i) an ‘antiferromagnetic’ (AFM)
state with active carriers consisting of s* = +1 electrons from
one valley and s* = —1 electrons from the other. The former
state may be relevant to Ref. 50—which reported ferromag-
netism and an anomalous Hall effect at v = 2 in TBG on
WSeo—whereas v = £2 insulators observed elsewhere ap-
pear compatible with the latter as argued in Ref. 51.

In the spin-orbit-free problem, both IVC orders sponta-
neously violate SU(2) spin symmetry and U, (1). The FMIVC
state also breaks 7~ but preserves 7T ; conversely, the AFM IVC
state preserves 7 but violates 7. Turning on SOC breaks T~
for the FM IVC state, and (just like the v = 0 triplet IVC) one
cannot append a spin rotation to obtain a modified symme-
try because the order parameter breaks spin SU(2). Hence the
wire preserves no symmetries when proximate to ferromag-
netic IVC order and only 7 in the antiferromagnetic IVC case.
Figures 2(g)-(j) present the wire band structures resulting from
proximate FM and AFM IVC order, both with zero (g,i) and
non-zero (h,j) in-plane magnetic fields. The band structures re-
semble those generated by v = 0 singlet and triplet IVC order,
respectively, though ferromagnetic IVC order breaks k <+ —k
symmetry in the band structure even at zero field due to the
absence of Tgrve symmetry.

Sections A-D of the Supplemental Material [53] comple-
ment the preceding symmetry-based analysis—whose qualita-
tive predictions we stress are universal—by deriving the domi-
nant wire-Hamiltonian terms induced by proximate IVC states
and SOC at first order in A7 g. Table I summarizes the results.
The band structures in Fig. 2 were obtained using the cor-
responding perturbations. Supplemental Material, Section F
also validates qualitative features of the wire band structures
using microscopic five-band model simulations [53].

Experimental IVC detection. Electrical transport provides
a conceptually straightforward diagnostic of the hallmark IVC-



Proximate Order Wire Symmetries Wire Perturbations

trivial wire T2 =-1,U,(1) % —p+ckt*  + ko s+ 12 s
v = 0 singlet IVC Tive = +1 ar k7t 4+ 77 (BT s® + BYsY) + Ba1s”
v = 0 triplet IVC T2 =-1 arkT®s® + k¥ (Bi"s” + BYsY) + Bor”
v =+2FMIVC none a1 kT® + alkT®s® + alkT?s® + ays® + 77(BL s + BYsY) + Bar"s”
Tk (8178 + By’sY) + BoT” + Bk + BT
v = +2 AFM IVC T2 = -1 al'k(1%s® +7YsY) + a5'ks® + ay' 775" + k"B s+ ktVBY s+ By + BL'TY

TABLE 1. Wire Hamiltonian terms for the trivial wire (first row) and perturbations generated by proximate IVC orders (subsequent rows).
Couplings labelled by a’s are generated by IVC order in the absence of SOC, whereas /3 terms can be viewed as additional IVC order-parameter
components generated due to SOC, akin to the spin-orbit-induced admixture of singlet and triplet pairing in inversion-asymmetric supercon-
ductors [52]. For v = 0 triplet and ¥ = £2 IVC orders, we assumed that, without SOC, the spins orient in the out-of-plane (4-s*) direction.

mediated wire band gaps. Blue curves in the lower panels of
Fig. 2 sketch the zero-bias, zero-temperature conductance G
versus wire chemical potential ;2 assuming ballistic transport.
Most strikingly, proximate IVC order generates conductance
dips (e.g., re-entrant e /h plateaus) in Figs. 2(c,d,f,g,h,j) as-
sociated with a band-gap-induced reduction in the number of
conducting channels; whether these dips appear at zero or fi-
nite magnetic fields additionally reveals the action of time re-
versal. Notably, the emergence of these €2 /h dips for arbitrar-
ily low fields uniquely identifies the state as a T -preserving
IVC insulator [Figs. 2(f,j)]. Conversely, odd conductance
plateaus are generically present for 7 -breaking IVC orders
even in the absence of an applied field. Singlet IVC order at
v = 0 can be identified even when the ‘dips’ widen such that
the conductance rises monotonically in e?/h increments, like
the trivial case with B # 0 in Fig. 2(b). The complete lift-
ing of band degeneracy at zero field combined with a vanish-
ing bulk Hall conductance dictated by Tsrve symmetry dis-
tinguishes singlet IVC order from a state that breaks 7 but
preserves Uy (1).

Similar experiments have been conducted in semiconductor-
based wires to detect odd-channel ‘helical’ regimes driven by
an interplay between SOC and magnetic fields [54, 55]. The
crucial difference is that odd-channel regimes require inter-
valley coherence but, interestingly, do not necessarily require a
magnetic field [Figs. 2(c,g)]. Ballistic conduction is inessen-
tial provided the conductance features highlighted above re-
main visible. The IVC-mediated gaps also qualitatively mod-
ify the density of states [lower panels of Figs. 2(c,d,f,g,h,i),
yellow curves] and can be detected using scanning tunneling
microscopy.

Internally engineered Majorana modes. Shaded rectan-
gles in the Fig. 2 band structures indicate IVC-mediated odd-
channel regimes that can be harvested for Majorana modes.
Imagine now gating one side of the wire into a superconductor
(Fig. 3 insets), which we assume is gapped [21] and pairs time-
reversed partners. For accessing topological superconductiv-
ity it suffices to consider the proximity-induced wire pairing
perturbation

1
dHgc = 3 /[w,{(Alrmsy + AoV )y + hee] (D)
k

with Ay 5 € R. The first term is a spin singlet, valley triplet,
while the second is a spin triplet, valley singlet; both preserve
U,(1) and 7.

Figure 3 illustrates the phase diagram versus y and in-plane
magnetic field B at fixed Ay = —0.4A; for a wire bordered
on the other end by (a) » = 0 singlet IVC order and (b) v = £2
AFM IVC order. Band structure parameters are the same as for
the corresponding panels in Fig. 2. The topological phases (la-
beled ‘topo’) descending from odd-channel regimes host un-
paired Majorana zero modes—which we confirm by simulat-
ing the wire model on a lattice with open boundaries. Non-
zero A, enables the upper topological phase in Fig. 3(a) and
reduces somewhat the critical field for topological supercon-
ductivity in Fig. 3(b). Extended gapless regions arise due to
suppression of pairing by field-induced k£ <> —k band asym-
metry and, for parameters chosen here, prevent a topologi-
cal phase from emerging in the upper odd-channel regime in
Fig. 2(j). Strikingly, in Fig. 3(a) topological superconductivity
extends down to zero magnetic field due to internal 7 -breaking
by the proximate singlet IVC order. Similar behavior is ex-
pected from proximate v = £+2 FM IVC order. In (b), topo-
logical superconductivity appears only at B # 0 since v = +2
AFM IVC order preserves 7; v = 0 triplet IVC order shares
this property and yields a similar phase diagram. The forma-
tion of Majorana modes in the latter cases may be assisted by
interaction-enhancement of graphene’s nominally small g fac-
tor [56] as well as SOC-induced broadening of the field inter-
val over which superconductivity survives in TBG. Moreover,
the field orientation comprises a practical tuning knob that can
be used to optimize topological superconductivity: the optimal
orientation depends on a non-universal interplay between the
IVC order, SOC parameters, and wire geometry.

Outlook. Electrical detection of IVC order as envisioned
here would not only provide a critical test for skyrmion-
mediated superconductivity [40, 41], but also lay the ground-
work for topological qubit applications. We stress that our pro-
posed experiments extend to other types of IVC states beyond
those examined above. Notably, recent Hartree-Fock simula-
tions [39] predict that physically plausible strain levels stabi-
lize a different IVC phase—the intervalley Kekulé spiral (IKS)
state—at v = £2. Like the AFM IVC state, IKS order pre-
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FIG. 3. Phase diagram for a wire bordered on one side by a supercon-
ducting TBG region and on the other by (a) v = 0 singlet IVC order
and (b) v = £2 AFM IVC order. The color scale shows the wire’s
excitation gap. “Topo’ indicates topological superconductivity host-
ing unpaired Majorana zero modes. Grey bars on the p axis of (a)
correspond to odd-channel regimes highlighted in Fig. 2(c), which
give way to Majorana modes even at B = (. The crosses on the
w axis of (b) label the energies at which the Kramers-enforced band
crossings occur at B = 0 in Fig. 2(i). Supplemental Material, Sec-
tion E presents additional phase diagrams illustrating the dependence
on ALQ [53]

serves 7 but violates 7 and U, (1). The band structure and
effective Hamiltonian of a wire immersed within IKS order
(supplemented by SOC) thus takes the same generic form as
with proximate AFM IVC order. Furthermore, spin-polarized
IKS states are proposed at v = £1, +3 and appear to be com-
patible with the experiments of Refs. 6 and 17. These states ac-
cordingly break 7 and spin SU(2) in addition to 7 and U, (1);

the band structure and effective Hamiltonian of a wire proxim-
itized by these orders in turn mimics the FM IVC case. Thus
the IVC diagnostics outlined earlier extend straightforwardly
to these cases.

Our proposed gate-defined wire platform offers numerous
virtues for Majorana engineering: ease of gate-tunability,
internal proximity effects that circumvent interface issues
accompanying the merger of disparate materials, real-time
control over the arrangement of phases in the device, and
amenability to transport and various local probes. Extensions
to twisted trilayer graphene [57] are particularly interesting
to pursue in future work given that superconductivity persists
to higher temperatures [58, 59], withstands O(10T) in-plane
magnetic fields [60], and appears fully gapped over a range of
filling [61]. More generally, we anticipate that gate-defined
wires in twisted heterostructures can be broadly employed to
diagnose symmetry-breaking order and for quantum devices.
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