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Abstract
Recently, gate-defined Josephson junctions based on magic-angle twisted bilayer graphene (MATBG) have been
fabricated. In such a junction, local electrostatic gating can create two superconducting regions connected by an
interaction-driven valley-polarized state as the weak link. Due to the spontaneous time-reversal and inversion
symmetry breaking, novel phenomena such as the Josephson diode effect have been observed with zero external
magnetic fields. Importantly, when the so-called nonreciprocity efficiency (which measures the sign and strength of
the Josephson diode effect) changes sign, the energy-phase relation of the junction is approximately F(ϕ) ∝ cos(2ϕ)
where F is the free energy and ϕ is the phase difference of the two superconductors. In this work, we show that such
a MATBG-based Josephson junction, when shunted by a capacitor, can be used to realize the long-sought-after 0-π
qubits which are protected from local perturbation-induced decoherence. Interestingly, by changing the junction
parameters to the regime where a large nonreciprocity efficiency is obtainable, transmon-like qubits with large
anharmonicity can also be realized. The gate-defined Josephson junctions can be employed as platforms for
realizing qubits that are protected from local perturbations.

Keywords: Superconducting qubit, Josephson junction, Magic angle twisted bilayer graphene, Josephson diode
effect

1 Introduction
Superconducting circuits provide versatile platforms for
exploring quantum physics [1–3] and quantum informa-
tion processing [4–9]. In these circuits, two energy levels,
such as the ground state and the first excited state, can
serve as qubit states for encoding quantum information,
provided that the two states can be reliably distinguished
and selectively controlled [10, 11]. The crucial components
in these circuits are Josephson junctions [12], which can
introduce isolated and controllable energy levels through
large nonlinearity [13].

Currently, there are several promising superconducting
qubit platforms with their own strengths and limitations.
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For example, a charge qubit [14–17] can be constructed
using a single Josephson junction shunted by a capacitor
with small capacitance. In this case, the Josephson junc-
tion has a large anharmonicity but is sensitive to charge
noise. Another qubit architecture is transmon which is
a Josephson junction coupled to a capacitor with large
capacitance [17–19]. A transmon qubit is robust against
charge noise at the expense of a smaller anharmonicity of
energy levels. On the other hand, flux qubits [20–23] are
built from a superconducting loop which contains a se-
ries of Josephson junctions and penetrated by an exter-
nal magnetic flux. The energy levels are charge-insensitive
and have large anharmonicity. However, the fluctuations
of the magnetic flux introduce additional decoherence. To
overcome decoherence, 0-π qubits with two degenerate
ground states [24–28] as the qubit states were proposed,
in which the qubits are protected from local-noise deco-
herence as pointed out by Kitaev [24]. However, even with
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Figure 1 (a) A schematic picture of valley-polarized Josephson qubit.
The central weak link is valley-polarized (VP) with the order parameter
Δvp , while the left and right regions are superconductors (SC) with
pairing potential Δsc . (b) The trigonally warped Fermi surface from
Eq. (2). (c) Band dispersion of the ky = 0 channel, with the black arrows
indicating the Fermi velocity vτ ,α . Here, τ = ± denotes the ±K valleys
and α =± labels the left and right movers of electrons, respectively.
(d)-(e) The schematic energy-phase relations and the amplitude of the
eigenstates of the junction for two different parameter regimes. The
left y-axis is the Josephson free energy F(ϕ), and ψ0,S , ψ0,AS and ψ1,S

denote the symmetric and antisymmetric qubit states and the third
energy level, respectively. The energy-phase relations in (d) and (e)
resemble those of 0-π qubits and flux qubits respectively

some experimental success, the realization of 0-π qubits is
hindered by the complexity of the circuit design [29].

In this Letter, we point out that recent experimen-
tal advancements in fabricating gate-defined Josephson
junctions based on magic-angle twisted bilayer graphene
(MATBG) have opened a novel pathway for engineer-
ing highly gate-tunable 0-π qubits. In the MATBG-based
Josephson junction [30], electrostatic gating can define
two superconducting regions which are connected by a
valley-polarized, time-reversal symmetry breaking weak
link region [30–32]. The valley-polarized state [33] is an
important state of matter in which the degeneracy of the
states from the K and –K valleys are lifted by electron-
electron interactions [as schematically shown in Fig. 1 (c)].
Importantly, the valley-polarized state gives rise to un-
conventional phenomena such as the creation of the ϕ0-
Josephson junctions [31] and the Josephson diode ef-
fect [32]. The key message here is that the MATBG-based,
gate-defined Josephson junction can be a new platform for
engineering 0-π qubits which are immune to charge noise

and phase fluctuations, and no magnetic flux is needed
as time-reversal is broken spontaneously. Importantly, the
Josephson diode effect [34–47] can be used to detect the
parameter regimes of the qubit.

To describe the diode effect in the gate-defined Joseph-
son junction based on MATBG [30], we previously demon-
strated that the unconventional energy-phase relation
F(ϕ) of the junction takes the form [32]

F(ϕ) = fvp cosϕ + fas sinϕ + f2 cos 2ϕ. (1)

Here, fvp denotes the first harmonic term that can be mod-
ulated by valley polarization through electrostatic gating,
fas is the asymmetric term from intra-valley inversion sym-
metry breaking which is also gate-tunable, whereas f2 is
the second harmonic term. Importantly, the parameters of
the Josephson energy can be gate-tuned to be dominated
by the cos 2ϕ term when fvp = fas = 0. This happens when
the diode efficiency changes sign [32] which can be mea-
sured experimentally. Importantly, when such a Josephson
junction is shunted by a capacitor, a 0-π qubit or transmon
qubit is obtained as schematically shown in Fig. 1 (a). The
energy-phase relations in the 0-π qubit and the transmon
qubit regimes are schematically shown in Fig. 1 (d) and (e),
respectively. The advantage of the setup in Fig. 1 (a) is that
a 0-π qubit can be realized by a single Josephson junction
without sophisticated circuit design [24–27].

2 Methods
2.1 Model of gate-defined Josephson junction in MATBG
The low energy effective Hamiltonian of the MATBG in
the moiré Brillouin zone can be described by [31–33]

H0,τ (k) = λ0(k2
x + k2

y ) + τλ1kx(k2
x – 3k2

y ) – μ, (2)

where τ = ± is the valley index, μ is the Fermi energy, λ0
is a constant parameterizing the band dispersion and λ1
is the trigonal warping strength which breaks the intra-
valley inversion symmetry and is essential for the Joseph-
son diode effect [32]. The trigonally warped Fermi surface
is depicted in Fig. 1 (b).

For the 2D Josephson junction shown in Fig. 1 (a), we
assume the periodic boundary condition along the y-
direction and for each ky near the Fermi surface, the nor-
mal state Hamiltonian can be linearized as H0,τα(x, ky) =
–iαħvf ,τα(x, ky)∂x, where α = ± labels the sign of the
Fermi velocity for left-moving and right-moving elec-
trons, respectively. The Fermi velocity can be written as
vf ,τα(x, ky) = vvp,τα(x, ky)Θ(x)Θ(d – x) + vsc,τα(x, ky)[Θ(–x) +
Θ(x – d)], including both the valley-polarized and the su-
perconducting regions. The intravalley inversion symme-
try breaking indicates the fact that vf ,τα ≠ vf ,τ ᾱ [Fig. 1 (c)].
For brevity, τ̄ and ᾱ are used to denote –τ and –α, respec-
tively. In the following, ky = 0 is assumed for analytical cal-
culations. The results for the two-dimensional case will be
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given by a lattice model calculation later. Additionally, it
is assumed that the spin degrees of freedom are degen-
erate, so the spin index is omitted. To describe the whole
Josephson junction with superconducting regions, we de-
fine ψτα(x) (ψ†

τα(x)) to be the annihilation (creation) oper-
ator for an electron at τ valley with Fermi velocity in the
α direction. In the Nambu basis [ψτα(x),ψ†

τ̄ ᾱ(x)]T , the lin-
earized Bogoliubov-de Gennes (BdG) Hamiltonian of the
Josephson junction is

Hτα(x)=
(︃

H0,τα(x)+Δvp(x) Δsc(x)
Δ∗

sc(x) –H∗
0,τ̄ ᾱ(x)+Δvp(x)

)︃
, (3)

where Δvp(x) = τΔvpΘ(x)Θ(d – x) is the valley polar-
ization order parameter, and Δsc(x) = Δsc[ei ϕ

2 Θ(–x) +
e–i ϕ

2 Θ(x – d)] is the superconducting pairing order param-
eter [Fig. 1 (a)]. From Eq. (3), the energy-phase relation
can be calculated analytically using the scattering matrix
method [48–51], which reads

F(ϕ) = –kBT
∞∑︂

n=0

ln det[1 – 𝒮A(iωn,ϕ)𝒮N (iωn,ϕ)], (4)

where ωn = (2n + 1)π/β are Matsubara frequencies, while
𝒮A and 𝒮N are the scattering matrices of the junction for
Andreev reflection and normal propagation, respectively
(See Supplementary Material [49] for details). The Joseph-
son current can be evaluated by I(ϕ) = 2e

ħ

∂F
∂ϕ

.

2.2 Energy-phase relation
At finite temperature, such as kBT = 0.15Δsc, the domi-
nant term in the Matsubara sum contributing to the free
energy (Eq. (4)) is the ω0 term. This leads to the expres-
sion for the Josephson current: I(ϕ) = 2e

ħ

(︁
– fvp sinϕ +

fas cosϕ – 2f2 sin 2ϕ
)︁

[32, 49]. Here, the sinϕ-term rep-
resents the conventional Josephson current originating
from the tunneling of one Cooper pair during each tun-
neling event. The cosϕ-term is the anomalous Josephson
current caused by the finite phase difference between the
two superconductors at the ground state [31]. The sin 2ϕ-
term represents the second harmonic Josephson current
originating from the tunneling of two pairs of Cooper
pairs. The corresponding energy-phase relation F(ϕ) has
the form of Eq. (1). To simplify the discussion, we define
two energy scales: ET = ħvf /d is the Thouless energy and
EA = ħδvf /d is the energy scale describing the intravalley
inversion symmetry breaking, where v–1

f = 1
4
∑︁

τα v–1
vp,τα ,

δv–1
f = 1

2 (v–1
vp,++ – v–1

vp,+– + v–1
vp,–– – v–1

vp,–+). When the intraval-
ley inversion asymmetry is small (for example, when λ1 in
Eq. (2) is small), EA is large.

With the analytical form of the scattering matrices [49],
we find that fvp ∝ cos(

2Δvp
ET

) cosh( ω0
EA

) and fas ∝ sinh( ω0
EA

) ×
sin(

2Δvp
ET

) by keeping ω0 only. At 2Δvp/ET = π/2 + mπ ,

Figure 2 (a) Energy-phase relations at different temperatures with
EA ≫ Δsc and 2Δvp/ET = π /2. (b) Energy-phase relations for different
EA at zero temperature with fvp = 0 (2Δvp/ET = π /2). (c) The Δvp
dependence of the energy-phase relation. As 2Δvp/ET deviates from
π /2, the degeneracy of the two local minima of the free energy is
lifted. The results are obtained at zero temperature with fas ≈ 0
(EA ≫ Δsc). (d) At zero temperature, the diode efficiency as a function
of 2Δvp/πET for EA ≃ Δsc (transmon regime, blue line) and EA ≫ Δsc
(0-π qubit regime, orange line)

where m is an integer, we have fvp = 0. This reveals that
the valley polarization is essential for suppressing the sin-
gle Cooper pair tunnelling to achieve fvp = 0. The energy-
phase relation F(ϕ) for fvp = 0 is shown in Fig. 2(b). More-
over, if Δsc/EA ≪ 1, then fas ≈ 0 in Eq. (1), which can be
achieved when EA is large. If both of these two conditions
are satisfied, the second harmonic term dominates F(ϕ)
and a π-periodic Josephson junction can be realized. The
F(ϕ) at different temperatures with both fvp ≈ fas ≈ 0 is
shown in Fig. 2 (a). It is clear that there are energy minima
at 0 and π phase of the junction. The F(ϕ) resembles the
schematic illustration in Fig. 1 (d). In the following section
we will show that this current-phase relation is desirable
for realizing the 0-π qubit.

At low temperatures, the higher Matsubara frequencies
are important but the π-periodicity of F(ϕ) is essentially
the same as in the high temperature cases. On the other
hand, if the intravalley inversion symmetry breaking is
large (EA is small), the fas term can be significant. In this
case, the F(ϕ) for different EA is shown in Fig. 2(b). This
case corresponds to the situation of Fig. 1 (e).

3 Results
3.1 0-𝝅 qubit
In this section, we construct the 0-π qubit by using the
valley-polarized Josephson junction with EA ≫ Δsc. As
shown in Fig. 1 (a), the qubit consists of a valley-polarized
Josephson junction shunted by a capacitor. The Hamilto-
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nian of the qubit is

Ĥng = 4EC(n̂ – ng)2 + F(ϕ̂) (5)

where n̂ is the charge number operator, and ng is the off-
set charge of the Josephson junction. EC = e2/2C is the
charging energy and C = CJ + CS is the total capacitance
with CJ and CS the capacitance of the Josephson junction
and the shunted capacitor, respectively. The wave func-
tion ψ(ϕ) of qubit satisfies the boundary condition ψ(ϕ) =
ψ(ϕ + 2π). By making an analogy to the Bloch theorem,
with n̂, –ng and ϕ̂ playing the roles of momentum op-
erator, crystal momentum and position operator, Eq. (5)
can be seen as a particle moving in a periodic potential
F(ϕ̂). Then we can solve charge dispersion, and denote it
with ϵ(ng), whose derivation is discussed in Supplemen-
tary [49]. The bandwidth of the dispersion reflects the sen-
sitivity of the qubit to charge noise. Similar to the trans-
mon case [18], we require the shunted capacitance to be
large enough so that the bandwidth δϵ [49] satisfies δϵ/ϵ ≃
exp(–

∫︁
dϕ

√︂(︁
F(ϕ) – ϵ

)︁
/4EC) ≪ 1, where ϵ is the energy

level of qubit in the absence of ng . For conventional trans-
mons, this condition is reduced to EJ /EC ≫ 1 due to the
simple form of its energy-phase relation F(ϕ) = –EJ cos(ϕ).
Under this condition, the qubit is robust to charge noise.

As discussed above, for a valley-polarized Josephson
junction with 2Δvp/ET ≈ π/2, F(ϕ̂) is π-periodic as shown
in Fig. 2 (a). At high temperature the energy-phase relation
is dominated by the cos 2ϕ-term. As the temperature de-
creases, higher order terms also contribute to F(ϕ), with
the cos 2mϕ-terms becoming significant while still pre-
serving the π-periodicity. When 2Δvp/ET deviates from
π/2, the degeneracy between the two local minima is lifted,
resulting in a modified free energy, as shown in Fig. 2 (c).
With a large EA, which means that the intravalley inver-
sion symmetry breaking term is negligible, the deviation of
2Δvp/πET from half integer induces an insignificant diode
effect as shown in Fig. 2 (d). This indicates the 0-π qubit
parameter regime of the junction. The energy and the wave
functions of the qubit states for MATBG will be presented
at the end of this work.

3.2 Transmon-like qubit
If the intravalley inversion symmetry of the valley-polar-
ized weak link is significantly broken such that EA ≃ Δsc,
leading to a sinϕ term comparable to the cos 2ϕ terms in
the energy-phase relation. As shown in Fig. 2 (b) there are
still two local minima within a period which are degenerate
when Δvp/ET = π/4, but the barrier at ϕ = 3π/2 becomes
much lower than that at ϕ = π/2. Assuming there is no tun-
neling between the states at the two local minima of F(ϕ),
the ground state and the first excited state energies are de-
noted as E0 and E1, respectively. With tunneling, the qubit

states of the transmon qubit are the symmetric and anti-
symmetric linear combinations of the two states with en-
ergy E0. Therefore, the qubit states are well separated from
the higher energy states with energy in the order of E1, re-
sulting in a large anharmonicity [49]. Because EA ≃ Δsc, a
remarkable diode effect can be observed when 2Δvp/πET
deviates from half integer, which is shown in Fig. 2 (d).

3.3 Energy-phase relation of gate-defined Josephson
junction of MATBG

In this section, we demonstrate the feasibility of realiz-
ing the energy-phase relation discussed in the previous
sections in realistic gate-defined Josephson junctions of
MATBG [31, 32]. The essential properties of moiré flat
bands in MATBG can be captured by a tight binding model
on a honeycomb lattice, yielding

H0 =

⎡
⎣∑︂

τ ,⟨ij⟩
t1c†

iτ cjτ +
∑︂
τ ,⟨ij⟩′

(t2 – iτ t′
2)c†

iτ cjτ

⎤
⎦

+ h.c. –
∑︂

i,τ

μc†
iτ ciτ .

(6)

Here, ⟨ij⟩ denotes the nearest hopping with amplitude t1,
while ⟨ij⟩′ sums over the fifth nearest hopping with ampli-
tude t2 and t′

2 [52, 53]. τ labels the two p-wave like orbital
px ± iτpy, which represents the two valleys τ = ±K . The
annihilation operator for an electron on site i with valley
τ is denoted by ciτ . To demonstrate the 0-π qubit regime,
we choose t1 = 4 meV, t2 = 0.02 meV and t′

2 = 0. Note that
t′
2 represents the warping strength of the Fermi surface,

which is set to be zero in this case. In our model, the su-
perconducting region has the order parameter Δsc and the
weak link region has a valley polarization order parameter
Δvp. The energy-phase relation of the 2D model can be ob-
tained using the lattice Green’s function method [49].

In Fig. 3 (a) we show the energy-phase relation of the 0-π
qubit in MATBG with two different sets of parameters.
This 0-π qubit is expected to be protected from decoher-
ence originated from local perturbations [24–27]. More-
over, since only fully gapped superconductors are involved,
we expect the quasiparticle poisoning-induced decoher-
ence can be suppressed exponentially when the operating
temperature scale is much smaller than the pairing gap
Δsc.

On the other hand, for t′
2 = 0.8 meV, t1 = 4 meV and

t2 = 0.2 meV with larger t2 and t′
2, the energy-phase rela-

tion is shown in Fig. 3 (b), corresponding to the regime
for valley-polarized Josephson junction. When the junc-
tion is shunted by a capacitor with EC = 2 × 103 MHz, the
wave functions of the qubit states are displayed in Fig. 3 (b).
The qubit state wave functions Ψ0S and Ψ0AS , which are
the symmetric and the anti-symmetric terms with respect
to ϕ, are well separated from the excited states Ψ1 and Ψ2
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Figure 3 (a) Energy-phase relations in the 0-π qubit regime for two
sets of parameters for the MATBG-based Josephson junction. The
units for μvp and Δvp are meV, and set Δsc = 0.4 meV. (b)
Energy-phase relations for valley polarized Josephson junction in the
transmon-like regime. Here, μvp = –7.5 meV, EC = 2× 103 MHz and
Δvp = 0.363 meV. The lower panel shows the wave function and the
energy of the four lowest eigenstates of the corresponding qubit in
the transmon-like regime. The energy levels of the four states are
denoted by the horizontal dashed lines. (c) The first four
eigenenergies Em (m = 0, 1, 2, 3) as a function of offset charge ng of a
valley polarized MATBG Josephson qubit with charging energy
EC = 0.2Δsc . (d)-(e) The nonreciprocity efficiency η as a function of
Δvp in the neighbouring parameter regime of the working point. In
(d) we set t′2 = 5× 10–4t1, and in (e) we set t′2 = 0.2t1 with t1 = 4 meV,
while the diode is estimated at T = 10 mK

in energy. The energy splitting of the two-qubit states is
0.01EC and the energy gap between the qubit states and the
excited states is approximately 60EC . These energy levels
labeled by the horizontal dashed lines in Fig. 3 (b) exhibit
remarkable stability against perturbations in ng [Fig. 3 (c)],
resulting in long decoherence time against charge fluctua-
tions [49].

These two kinds of qubit design can be distinguished by
nonreciprocity efficiency η around the working point. For
the 0-π qubit, where the trigonal warping term is tiny and
the free energy functional is approximately F(ϕ) = cos 2ϕ,
η remains small with η < 0.02 around the working point,
and vanishes when the system is sitting exactly at the work-
ing point [see Fig. 3 (d)]. On the other hand, for the valley
polarized Josephson junction, a vanishing η indicates the
desired energy phase relation. In contrast to the 0-π qubit
case, when the parameter deviates slightly from the η = 0
point, a very large η ≈ 0.3 is observed, indicating a large

diode effect shows up in the system [see Fig. 3 (e)]. This
is compatible with the results from 1D analytic calculation
[see Fig. 2 (d)], and could be regarded as a criterion to dis-
tinguish between these two kinds of qubit designs.

4 Discussion
Recently, qubit realizations using a single Josephson junc-
tion with unconventional energy-phase relation have at-
tracted much attention [54–56]. In particular, at the con-
cluding stage of this work, we came across proposals us-
ing d-wave superconductors to construct Josephson junc-
tions with unconventional energy-phase relations [55, 56].
On the other hand, the proposed gate-defined MATBG-
based qubits do not require external magnetic fields nor
unconventional superconductors. Importantly, the pro-
posed Josephson junction had been experimentally real-
ized [30]. In addition, the gatemons, based on semiconduc-
tor nanowires [57–59] are also transmon-like qubits which
can be manipulated through electrostatic gating. However,
there is no unconventional energy-phase relation in gate-
mons and they are not related to the 0-π qubits discussed
in this work.
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