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Recent measurements of the resistivity in magic-angle twisted bilayer graphene near the superconducting transition temperature show two-fold anisotropy, or nematicity, when changing the direction
of an in-plane magnetic field [Cao et al., arXiv:2004.04148]. This was interpreted as strong evidence for exotic nematic superconductivity instead of the widely proposed chiral superconductivity.
Counter-intuitively, we demonstrate that in two-dimensional chiral superconductors the in-plane
magnetic field can hybridize the two chiral superconducting order parameters to induce a phase
that shows nematicity in the transport response. Its paraconductivity is modulated as cos(2θB ),
with θB being the direction of the in-plane magnetic field, consistent with experiment in twisted
bilayer graphene. We therefore suggest that, surprisingly, the nematic response reported by Cao et
al. could provide experimental support for, rather than against, a chiral superconducting state.

Introduction.—Knowledge of the pairing symmetry is
key in understanding the behavior of superconductors
as well as for various applications thereof. These pairing symmetries are fundamental properties of the superconducting state and yield robust insights even irrespective of the details of the underlying microscopic pairing mechanisms [1–3]. The recently discovered superconducting phase close to the correlated insulating phase
in magic-angle twisted bilayer graphene (MATBG) [4–
7] has spurred tremendous research activities. However,
the pairing symmetry of the superconducting state has
not been identified experimentally. Pairing mechanisms
based on phonons [8–13] or pure Coulomb interaction
[14–32] have been proposed, among which the pure electronic origins often favor the chiral (d ± id)-wave superconductivity with promising applications in topological
quantum computing. Chiral (d ± id)-wave superconductivity retains the rotational symmetry but breaks the
time-reversal one, by mechanism similar to the one previously studied in heavily doped single layer graphene
[33, 34]. The existing evidence for chiral superconductivity in other materials, such as UPt3 [35–37] and UTe2
[38], has so far not been reported in MATBG.
Recent transport measurements in MATBG provided
key features of the pairing symmetry of the superconducting state by revealing a two-fold anisotropy or nematicity in the resistivity around the superconducting
transition temperature Tc when changing the direction
of a relatively-strong (& 0.5 T) in-plane magnetic field
[39]. The transport response is still isotropic when the
magnetic field is smaller. At first glance it appears that
chiral superconductivity should be ruled out since it re-

spects the three-fold rotation symmetry of the lattice.
Nematic superconductivity—an exotic phase that breaks
the lattice rotational symmetry but respects the translational one—may be favored, which was phenomenologically proposed to be a complicated coexisting phase [40]
or intrinsic correlated phase [41]. Nematic fluctuation in
the correlated insulating phases was indeed observed in
MATBG by scanning tunneling microscopy (STM) [42–
44], also in twisted double bilayer graphene [45]. But it
is not very clear whether the insulating correlated phase
is directly related to, or purely competitive with, the superconducting one, in that superconductivity can survive
even when the insulating state is completely suppressed
[46]. Less attention was, however, paid to the possible
role of the in-plane magnetic field for superconductivity. As one marked exception, it was proposed to provide
a vector potential to induce the Z2 symmetry-breaking
phase transition in Sr2 RuO4 films of (p ± ip)-wave chiral superconductors [47]. However, this was not observed
since Sr2 RuO4 may not be a p-wave superconductor, as
suggested by recent investigations [48–50].
In this Letter, we formulate the phase transition of
a chiral (d ± id)-wave superconductor driven by a critical in-plane magnetic field in a prototype honeycomb
lattice of MATBG and demonstrate that the new phase
is nematic with two-fold anisotropy in the transport response. We predict an emerging anomalous Hall effect
[51] in the paraconductivity of the driven nematic phase,
also with a two-fold anisotropy with respect to the direction of the in-plane magnetic field. In detail, the
two degenerate chiral states, represented by ξ1 and ξ2
at the north and south poles of the Bloch sphere de-
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details by relying solely on the system’s symmetry within
a Ginzburg-Landau (GL) phenomenology [1]. To be specific for the estimation of material parameters, here we
consider the tight-binding model on the honeycomb lattice with two p-orbitals {px , py } on every site proposed
by Yuan and Fu [52]. Note, however, that our general
conclusions rely on the pairing symmetry of the superconducting state only and are thus applicable beyond this
specific microscopic model. The chiral basis is denoted
√
by (âk±,σ , b̂k±,σ )T = (âkx,σ ± âky,σ , b̂kx,σ ± b̂ky,σ )T / 2
on the “A” and “B” sites with σ = {↑, ↓} = {+, −} being
the electron spin, the Hamiltonian in momentum space
is divided into subspaces, given by

Lz=-m
FIG. 1. Hybridization of two degenerate chiral states on
the Bloch sphere by in-plane magnetic field. Assuming the
north and south poles represent two chiral states ξ1 and ξ2
with positive and negative angular momentum +m and −m,
the points on the Bloch sphere represent their superpositions.
The in-plane magnetic
field can drive the system to be a state
√
(ξ1 +exp(iϕ)ξ2 )/ 2 with equal contributions from the two chiral states, represented by points at the equator and modulated
by ϕ = 2θB + φ via the field direction θB and an irrelevant
phase φ.

picted in Fig. 1, are coupled via the vector potential of
the magnetic field through angular-momentum conservation. When the magnetic field B is larger than a critical
one Bc , the two chiral states are hybridized with√equal
contributions of the form [ξ1 + exp(2iθB + iφ)ξ2 ]/ 2, as
depicted by points at the equator of the Bloch sphere.
The coefficient of this superposition is modulated by the
direction of the magnetic field denoted by angle θB and
an irrelevant phase φ. Near the superconducting transition temperature Tc the critical field driving the transition becomes arbitrarily small Bc → 0 as T → Tc (e.g.,
Bc ∼ 0.6 T when T ∼ 0.9Tc ). Although the chiral states
ξ1 and ξ2 are both isotropic, the driven state given by
their superposition is nematic with an anisotropy axis
modulated by cos(2θB ), i.e., showing two-fold nematic
response with respect to the applied field. The consistence with experimental measurements [39] indicates
that, surprisingly, chiral superconductivity might be supported rather than ruled out in MATBG by these experimental findings. We propose that magnetoelectric transport measurements are useful tools also for other possible
(p ± ip)-wave chiral superconductors, such as UPt3 [35–
37] and UTe2 [38] thin films, to engineer and identify the
pairing symmetry.
Effective Ginzburg-Landau Lagrangian.—The microscopic mechanism of superconductivity in MATBG may
be sensitive to the detailed structure of the flat bands and
many-body interaction as well as electron-phonon coupling [8–32]. Our theory is largely independent of these

h±,σ (k) = −µ + t2 (gk + g−k ) ± it3 (g−k − gk )
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Here, µ is the chemical potential; t1 and {t2 , t3 } are the
hopping parameters between nearest and fifth neighboring sites that are connected by cµ={1,2,3} and dµ={1,2,3} ,
P
ik·cµ
respectively [52]; f (k) =
and g(k) =
µ=1,2,3 e
P
ik·dµ
e
;
and
gµ
B
is
the
Zeeman
splitting via
B
µ=1,2,3
the in-plane magnetic field B. The concrete microscopic
mechanism that induces superconductivity is still unclear
and is under intensive investigation. Therefore, here
we solely rely on the pairing interaction in momentum
space that allows to stabilize d-wave superconductivity
[1, 30, 53]. The Pauli paramagnetic limit of superconductivity in MATBG [4, 39] suggests a spin-singlet pairing,
so we look into the interaction Hamiltonian of the form


XX
Ĥint '
Vα (k − k0 ) â†kα,↑, b̂†−kα,↓ − â†kα,↓ b̂†−kα,↑
α=± kk0




× b̂−k0 α,↓ âk0 α,↑ − b̂−k0 α,↑ âk0 α,↓ ,

(2)

where Vα (k − k0 ) is the pairing potential that can be
decomposed by the irreducible representation of the system’s symmetry group D6h [1]. Following the case of
heavily doped graphene [30, 33, 34], we employ a rotationally invariant pairing potential of the form
0
Vα X
Vα (k − k0 ) =
ei(k−k )·c̃µ ,
N
µ={1,2,3}

where N is the number of honeycomb lattice sites, and
the coupling constant Vα < 0 and c̃µ k cµ need to be
determined from experimental input.
The effective Lagrangian is described by a bosonic field
~ = (φ1 , φ2 , φ3 )T [54] (see
with multiple components Φ
Supplemental Material [55] for details),
Z
X
drφµ (r, τ )Mµµ0 φµ0 (r, τ )
Leff [φ, φ] =
µµ0 ={1,2,3}

+

X X

µµ
Tδγ

0

Z

dr∂δ φ∗µ (r, τ )∂γ φµ0 (r, τ ) + O(φ4 ),

µµ0 δγ=x,y

(3)

3
where the mass term Mµµ0 determines the superconductµµ0
ing gap equation, while Tδγ
controls spatial fluctuations. By introducing the superconducting order parameters ψ1,2 (r, t) of (dx2 −y2 ± idxy )-waves, we decompose
[34, 55]
Φ(r, t) = ψ1 (r, t)ξ1 + ψ2 (r, t)ξ2 ,

(4)

T √

4π
2π
/ 3 correspond
where vectors ξ1,2 = 1, e±i 3 , e±i 3
to the two degenerate (dx2 −y2 ±idxy )-wave superconducting phases that span a two-dimensional space and are depicted as a Bloch sphere in Fig. 1, with the dx2 −y2 ± idxy
states being the north and south poles. We will see
that an applied vector potential can control their superposition, effectively realizing other points on this Bloch
sphere.
We then consider the GL Lagrangian for the subspace
of two chiral superconducting order parameters ψ1,2 (r),
which are the two degenerate ground states of our microscopic model [Eqs. (1) and (2)]. With the decomposition in Eq. (4), the action [Eq. (3)] defines several basis-dependent coefficients via ai ≡ ξi†M ξi and
†
cij
δγ ≡ ξi T δγ ξj . These coefficients are simply parameterized by several real quantities {α, β, γ1 , λ1 , λ2 } via relations [55]
22
c11
δγ = cδγ = βδδγ ,
√
√
= γ1 (1 − i 3), c21
yy = −γ1 (1 − i 3),
√
= c21
yx = iγ1 (1 − i 3),

a1 = a2 = α,
c21
xx
c21
xy
cji
δγ

(5)

∗
(cij
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and
=
is guaranteed by Hermiticity. The applied static and uniform in-plane magnetic field B induces an effective in-plane vector potential Ax,y via an
average over the thickness d of MATBG [47], i.e.,
q
√
(6)
Ax,y → hA2x,y i = |By,x |d/ 6,
Rd
where h· · · i = 0 dz(· · · ) denotes the spatial average over
the sample thickness and A = z × B with the surface
normal of the film along the ẑ-direction. Including this
vector potential via gauge invariance the GL Lagrangian
density follows as
X
Leff (r) = α
|ψµ (r)|2
µ=1,2
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2
+ λ1 |ψ1 (r)| + |ψ2 (r)|
+ λ2 |ψ1 (r)| − |ψ2 (r)|2 ,
(7)

where ∂± ≡ ∂x ± i∂y and A± ≡ Ax ± iAy . We stress
that the structure of this Lagrangian solely depends on
the system’s symmetry [1]. Without the magnetic field,
the mass term α and spatial fluctuation β are isotropic for
either ψ1 or ψ2 , viz., they are isotropic phases without
nematicity. The two chiral states are coupled via the
orbital effect of the magnetic field.
Ground state under in-plane magnetic field.—Under
the application of an in-plane magnetic field, the ground
state can be changed, which is found by minimizing the
free energy Eq. (7), yielding

 
2
2
α + β (2e/~) A2 −2γ1 (2e/~) A2 e−iϕ
ψ1
2
2
ψ2
−2γ1 (2e/~) A2 eiϕ
α + β (2e/~) A2

 
Ω+ [ψ1 , ψ2 ]
0
ψ1
+
= 0,
(8)
0
Ω− [ψ1 , ψ2 ]
ψ2
where ϕ = −π/3 + 2θA with θA = θB + π/2 being the
in-plane angle of A and Ω± [ψ1 , ψ2 ] ≡ 2λ1 (|ψ1 |2 +|ψ2 |2 )±
2λ2 (|ψ1 |2 − |ψ2 |2 ). Without loss of generality, we assume
the initial state to be ψ1 before applying the magnetic
field, i.e., a d + id superconductor. After applying the
magnetic field, ψ2 is also mixed into the ground state.
However, this admixture is small when the field is weak.
On the contrary, when the applied field is sufficiently
strong
s
3α
~ 1
) ≡ Bc ,
(9)
B&
2e d 2(2γ1 − β
the two order parameters ψ1 and ψ2 are driven to be the
same in magnitude, and the ground state is no longer a
chiral one. We call the complete loss of chirality a phase
transition since the symmetry of the phase is completely
changed. We note that B → 0 when α → 0 near Tc .
With the ansatz ψ2 = ψ1 eiϕ , we find
#
"
 2
1
2e
2
2
|ψ1,2 | =
A ,
(10)
−α + (2γ1 − β)
4λ1
~
which is suppressed by orbital effects when β > 2γ1 , as
is the case in MATBG (see numerical results below).
The phase in the presence of the magnetic field can
be described by a new superconducting order param˜
˜
~
eter ψ, defined
√ via Φ = ψ ξ with the new basis ξ =
iϕ
(ξ1 − e ξ2 )/ 2, which lies at the equator of the Bloch
sphere (Fig. 1). We can describe its Lagrangian via the
parameters of Eq. (5). The mass ã = ξ˜†Mξ˜ = α is
unchanged. The spatial fluctuations are described via
˜ leading to
coefficients c̃δγ = ξ˜†T δγ ξ,
c̃xx = β + 2γ1 cos(2θB ),
c̃yy = β − 2γ1 cos(2θB ),
c̃xy = c̃yx = 2γ1 sin(2θB ).

(11)

Intriguingly, these coefficients are tunable by the direction of in-plane magnetic field, and are anisotropic along
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the x̂- and ŷ-directions, viz., correspond to emerging nematicity that breaks the three-fold rotation symmetry in
the magnetic-field-driven phase. We can now express the
linearized free energy for the order parameter ψ by
Z
F = drψ ∗ (r)H(r̂, t)ψ(r).
(12)
where we define
H(r̂, t) = α −

X


c̃µν

µν

2e
∂µ − Aµ
i~



2e
∂ν − Aν .
i~

We now estimate the magnitude of the in-plane magnetic field to realize the phase transition to the nematic superconducting state in MATBG. With parameters |V | = t1 = √
4 meV, t2 = 0.2t1 , t3 = 0.05t1 and
|c̃µ | = |cµ | = 14/ 3 nm for the Moiré honeycomb lattice [4, 5], the critical temperature Tc of chiral d-wave
superconductivity is calculated by solving α(Tc ) = 0. Tc
is shown in Fig. 2(a) and exhibits a dome with a peak
at hole doping nh > ns /2 where ns = 4/Ω characterizes doping four holes in one Moiré unit cell of area Ω
[4, 39]. This peak is not at the Van Hove points of
2

ns

ns/2

|ψ|/ψ0

Tc (K)

|V|=t1=4 meV
t2=0.2t1
t3=0.05t1

1

0.6

µ=-1.5t1
Tc=1.1 K
T=1 K

0.4

(13)

where Γ is the damping rate for the superconducting
order parameter ψ(r, t) and f (r, t) represents thermal
noise. We assume that the thermal noise is white
with correlation relation hf ∗ (r, t)f (r0 , t0 )i = 2ΓkB T δ(r −
r0 )δ(t − t0 ) [57, 58]. Via a Fourier transformation, the
electric current reads
δF
SδAE


Z 0
Z
2kB T X
2 0
=−
Λ(q)
du exp −
dtH(q, t) ,
ΓS q
Γ u
−∞

|ψ1|
|ψ2|

0.8

1.5

Γ∂t ψ(r, t) = −H(r̂, t)ψ(r, t) + f (r, t),

J≡−

1

Tc
dn/dµ

Nematic paraconductivity.—The field-driven phase
shows a nematic transport response as addressed below. Slightly above the superconducting transition temperature, the conductivity, called paraconductivity, is
mainly contributed by the superconductor order parameters since their fluctuation under thermal noise can carry
a supercurrent [57, 58]. The measurement of DC resistivity around Tc , as performed in MATBG [39], can
thus reflect the fluctuation of the superconducting order parameters and provide information about the pairing symmetry of the superconducting state. To calculate
the response to an electric field, the vector potential in
H(r̂, t) is increased by AE = −Et, which is the contribution of the applied electric field [58]. Then by the free
energy (12), the time-dependent Ginzburg-Landau equation, augmented by thermal noise, is written as [57, 58]

(14)
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FIG. 2. Calculated critical superconducting temperature and
compressibility in (a) and the phase transition induced by
in-plane magnetic field when T . Tc in (b). In (a), the superconducting dome with largest Tc ≈ 1.5 K recovers the typical
features in the experiment [39]. In (b), ψ0 = 0.063 meV and
a phase transition at in-plane magnetic field B ∼ 0.6 T is
predicted. The parameters used for the calculation are given
in the figure and text.

the band that are characterized by two peaks in compressibility dn/dµ with our parameters. With a typical
hole doping at µ = −1.5t1 , we estimate Tc ≈ 1.1 K,
α = −10−4 /|cµ |2 meV−1 · m−2 , β = 2.6 meV−1 , γ1 =
−0.25 meV−1 , and λ1 = −3λ2 = 0.02/|cµ |2 meV−3 · m−2
at temperature T = 1 K [52, 55]. With the thickness
d ≈ 0.8 nm of TBG estimated by roughly twice the singlelayer one ∼ 0.34 nm [56], the two order parameters ψ1,2
become close in magnitude when the applied magnetic
field B & 0.6 T, as shown in Fig. 2(b), which is close to
the typical value Bc ≈ 0.5 T found experimentally [39].

where S is the sample area and Λ(q)
≡
∂H(q, t)/∂AE |AE →0 . From this the paraconductivity is
determined in linear response to be
σij = kB T

e2 Γ
c̃
p ij
,
2π~2 α β 2 − 4γ12

(15)

which is a tensor that exhibits an anomalous Hall response. This emerging anomalous Hall effect is unique
to the magnetic-field-driven phase since it is absent
in the chiral superconducting phase without magnetic
c
field, which follows an isotropic paraconductivity σij
=
2
2
kB T e Γ/(2π~ α)δij . In particular, when the electric field
is applied along the x̂-direction in the coordinate system
defined in Fig. 3(a), the induced current along the x̂direction is modulated as c̃xx , and there is a Hall response
with the current along the ŷ-direction being modulated
as c̃yx . They are both nematic with a two-fold anisotropy
[Eq. (11)].
We estimate the paraconductivity by choosing Γ =
ηα~/(kB Tc ) with a factor η of order 1 [59, 60],
p leading
to a universal paraconductivity σij = ησq c̃ij / β 2 − 4γ12
with σq = e2 /(2π~) = 3.87 × 10−5 S being the conductance quantum. With the parameters at µ = −1.5t1 and
T = 1.2 K, we plot σij /σq in Fig. 3(b) with B & 0.6 T
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FIG. 3. Nematic conductivities and Hall response of the
driven phase when the in-plane magnetic field is larger than
a critical one. We address the coordinate and Hall response
in (a) and plot the dependence of the conductivities on the
magnetic-field direction in (b). The parameters used for calculation are given in the figure and text.

and η taken to be 1. The conductivities oscillate with
respect to the magnetic field with period of π, thus exhibiting a two-fold anisotropy. The amplitude of the oscillation is determined by |γ1 | that may depend on the
behind microscopic mechanism. The direction of the inplane magnetic field tunes the sign of σxy and hence the
direction of the Hall current, which also could provide an
intriguing functionality for future applications.
Discussion.—We have demonstrated nematicity in the
paraconductivity that emerges in two-dimensional chiral superconductors under an in-plane magnetic field.
This effect is particularly instructive for the chiral dwave superconducting state of the honeycomb lattice in
that the driven phase shows two-fold anisotropy that
breaks the three-fold one of the lattice. Furthermore, the
magnetic-field–driven nematic phase shows an anomalous
Hall effect in a non-ferromagnetic system. The underlying mechanism relies on the hybridization of chiral order
parameters by an in-plane vector potential with shifted
nodes of the gap in the driven phase, which could be
directly tracked by STM [61]. Our work has direct implications for the pairing symmetry of superconductivity
in MATBG, but can also be extended to other multicomponent superconductors.
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Rev. B 98, 220504(R) (2018).
[11] M. Angeli, E. Tosatti, and M. Fabrizio, Phys. Rev. X 9,
041010 (2019).
[12] B. Lian, Z. Wang, and B. A. Bernevig, Phys. Rev. Lett.
122, 257002 (2019).
[13] R. Samajdar and M. S. Scheurer, Phys. Rev. B 102,
064501 (2020).
[14] J. W. F. Venderbos and R. M. Fernandes, Phys. Rev. B
98, 245103 (2018).
[15] H. Isobe, N. F. Q. Yuan, and L. Fu, Phys. Rev. X 8,
041041 (2018).
[16] Y. Sherkunov and J. J. Betouras, Phys. Rev. B 98,
205151 (2018).
[17] Y.-P. Lin and R. M. Nandkishore, Phys. Rev. B 98,
214521 (2018).
[18] J. F. Dodaro, S. A. Kivelson, Y. Schattner, X. Q. Sun,
and C. Wang, Phys. Rev. B 98, 075154 (2018).
[19] C. Xu and L. Balents, Phys. Rev. Lett. 121, 087001
(2018).
[20] M. Fidrysiak, M. Zegrodnik, and J. Spalek, Phys. Rev.
B 98, 085436 (2018).
[21] C.-C. Liu, L.-D. Zhang, W.-Q. Chen, and F. Yang, Phys.
Rev. Lett. 121, 217001 (2018).
[22] Y. Su and S.-Z. Lin, Phys. Rev. B 98, 195101 (2018).
[23] D. M. Kennes, J. Lischner, and C. Karrasch, Phys. Rev.
B 98, 241407(R) (2018).
[24] H. C. Po, L. Zou, A. Vishwanath, and T. Senthil, Phys.
Rev. X 8, 031089 (2018).
[25] Y.-Z. You and A. Vishwanath, npj Quantum Materials
4, 1 (2019).
[26] L. Classen, C. Honerkamp, and M. M. Scherer, Phys.

6
Rev. B 99, 195120 (2019).
[27] S. Ray, J. Jung, and T. Das, Phys. Rev. B 99, 134515
(2019).
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