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The superconducting magnetoelectric effect, which is the current-induced magnetization in a superconductor,
mainly focused on spin magnetization in previous studies, but ignored the effect of the orbital magnetic moments
carried by the paired Bloch electrons. In this work, we show that orbital magnetic moments in superconductors
can induce large orbital magnetization in the presence of a current. We constructed a unified description for
the current-induced spin and orbital magnetization across the superconductor-normal metal phase transition.
We find that in a superconductor with uniform pairing, the current-induced magnetization at a given current
density is the same as that in its normal metal state, while with the nonuniform superconducting pairing, the
current-induced magnetization exhibits an abrupt change in magnitude near the superconductor-normal metal
phase transition. Importantly, our theory predicts the orbital magnetoelectric effect in superconducting twisted
bilayer graphene which has paired Bloch electrons with large orbital magnetic moments and negligible spin-orbit
coupling. We propose that the measurement of the current-induced orbital magnetoelectric effect can be used to
detect the possible nonuniform pairings in twisted bilayer graphene and other newly discovered superconductors

with nontrivial Berry curvatures.
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Introduction. The superconducting magnetoelectric effect
is the current-induced magnetization in the superconducting
state of a material. In previous studies, it mainly focused on
the current-induced spin magnetization which arises from the
spin-orbit coupling (SOC) in noncentrosymmetric supercon-
ductors [1-9]. Besides the SOC, nonzero Berry curvature can
also arise due to the inversion symmetry breaking [10] and
has an effect on the superconducting state [11]. It is known
that Berry curvature introduces orbital magnetic moments
to the Bloch electrons [10,12-16], and the orbital magnetic
moments are the source of the current-induced orbital mag-
netization in a normal metal [17,18]. In the superconducting
state, the orbital magnetic moments from the paired Bloch
electrons are involved in Cooper pairs, but the effect of orbital
magnetic moments has never been studied in the supercon-
ducting magnetoelectric effect. It raises the problem of how
the current-induced orbital magnetization would evolve in the
phase transition from the normal metal state to the supercon-
ducting state.

In this work, we show that in superconductors where
the paired Bloch electrons carry orbital magnetic mo-
ments, applying current can generate orbital magnetization.
Importantly, we constructed a unified description for the
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current-induced spin and orbital magnetization that is appli-
cable in both regions across the superconductor-normal metal
phase transition. At the phase transition, the current-induced
magnetization in the normal metal state is found to have
smooth connection to that in the superconducting state when
the pairing is uniform on the Fermi surfaces, while the magne-
tization exhibits an abrupt change in the nonuniform pairing
case. The abrupt change is further ascribed to the nonuniform
excitation of quasiparticles controlled by the nonuniform pair-
ing on the Fermi surfaces.

To demonstrate the utility of our theory, we study the case
of twisted bilayer graphene (TBG) and predict that the TBG
exhibits current-induced orbital magnetization in the super-
conductivity region. The TBG has recently been observed
to exhibit both superconductivity [19-24] and orbital mag-
netism [24-28]. Importantly, the superconductivity and orbital
magnetism have been observed in the same TBG sample (at
different filling factors) [24], indicating that the Cooper pairs
are formed by electrons carrying finite orbital magnetic mo-
ments. Here we find that the orbital magnetic moments from
the paired Bloch electrons can give rise to current-induced
orbital magnetization in superconducting TBG. More impor-
tantly, we point out that the measurement of current-induced
orbital magnetization across the superconductor-normal metal
phase transition in TBG can test whether superconducting
TBG has uniform or nonuniform pairing order parameters.
Besides being applicable to TBG, our theory is generally
applicable to a large number of noncentrosymmetric super-
conductors with finite Berry curvatures.

A unified description for the magnetoelectric effect. Both
the normal and superconducting states of a material can be
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described by the Bogoliubov—de Gennes Hamiltonian [29]
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Here Hy(k) is the normal state Hamiltonian matrix, A (k) is the
pairing matrix, and c}: (cx) is the creation (annihilation) oper-
ator that includes multiple components for all the orbital and
spin degrees of the system. In the normal state, a Bloch elec-
tronic state |¢, ;) with energy &, x = (¢,.x| Ho(k) |, k) carries
the spin magnetic moment S, = (¢, x| %,ugga |y k), with
up being the Bohr magneton and g the Landé g factor. The
SOC in the material is manifested by the locking of the spin
magnetic moment direction with the group velocity v, ; =
&, k- In the absence of inversion symmetry, nonzero Berry
curvature R, = i (OxPy k| X |0kPvx) can arise and endow
the Bloch electronic state with a finite orbital magnetic mo-
ment my i = 2 (il x [Ho(k) — o] |debuic) [10,12,13].
Therefore, the total magnetic moment of a Bloch electron is
M, =S, +m,;. In the superconducting state with time-
reversal symmetry, as a Bloch electronic state |¢, k) always
has a partner |¢, _x) with the same energy &, = &, _x, the
two Bloch electronic states can pair and give rise to the pair-
ing order parameter A, ~ (¢, _rxPv k) [29,30], yielding the
Bogoliubov quasiparticle spectrum €,z = V&7 + A/
Therefore, in a noncentrosymmetric superconductor with fi-
nite Berry curvature, the paired electrons generally carry both
spin and orbital magnetic moments even though the net mag-
netization is zero in the absence of a current. However, as we
show below, applying a current can induce net spin and orbital
magnetization.

Applying a current to a metal or superconductor can be
described by introducing a U (1) gauge field to the original
Hamiltonian H — H + §H where

T e
= ZC’lf—%qck%q[ﬁakao(k)Af(—q, t)
k.q
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with the spatial components denoted by i, j = x,y, z, and
A(r,t) = ZqA(q,t)ei‘l" being the vector gauge potential.
The perturbation 6+ changes the distribution of Bloch elec-
trons at the Fermi energy, and also changes the original Fermi
surfaces, as is shown in Fig. 1(a). In the normal metallic state,
the redistribution of Bloch electrons results in an imbalance
of the total magnetic moments of the occupied states, so a net
magnetization arises by applying a current. In the supercon-
ducting state, the Bloch electrons on the Fermi surfaces with
net momentum ¢ are paired into Cooper pairs, which have
the form A, 4 ~ (¢V'_k+%q¢v’k+%q). The Cooper pairs with
net momentum generate a supercurrent, and also induce net
magnetization that comes from the spin and orbital magnetic
moments in the paired Bloch electrons. Besides the Cooper
pairs, quasiparticles with net momentum are excited at fi-
nite temperature and also contribute to the net magnetization.
Therefore the net magnetization in a superconductor comes
from two aspects: One is the supercurrent and the other is
the quasiparticle current, as is schematically illustrated in

Cooper pair

quasiparticle

1A

FIG. 1. Applying a current to a normal metal (a) and a supercon-
ductor (b). The blue and red circles correspond to the Fermi surface
with and without current, respectively. In a normal metal, applying
a current makes more electronic states with momentum parallel to
the applied current density J occupied at the Fermi energy. The
occupation is schematically illustrated by the blue dotted line in (a).
As Bloch electrons carry magnetic moments, the redistribution at the
Fermi energy gives rise to net magnetization. In a superconductor, the
Bloch electrons of net momentum get paired to form Cooper pairs of
net momentum. The magnetic moments carried by the paired Bloch
electrons are involved in the pairing condensation and can generate
a net magnetization. At finite temperature, there are quasiparticle
excitations in the superconducting state, so the excited quasiparticles
also contribute to the current and current-induced magnetization at
0 < T < T.. The black arrow denotes the total magnetic moments
carried by the electrons moving forward or backward, and the am-
plitude of the magnetic moment is schematically represented by the
size of the arrow.

Fig. 1(b). Importantly, the way for a supercurrent to induce
net magnetization is in analogy to that in the normal metallic
state: in the superconductivity the supercurrent accumulates
net spin and orbital magnetic moments in the pairing conden-
sation, while in the normal metal the current populates net
magnetic moments at the Fermi energy.

To calculate the current-induced magnetization in both the
normal and the superconducting states, we apply the linear
response theory and obtain the current-induced bulk magneti-
zation as [29]

S o e
[l o
This magnetization is associated with the current density
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Here, fk = o, dk/(2m)* with d being the dimension, T is
the effective scattering time, and f(e) is the Fermi Dirac
distribution function. In the derivation of Egs. (3) and (4)
we applied the Coulomb gauge so the electric field takes
the form E = iwA [31]. The bulk magnetization derived in
Eq. (3) involves both the spin and orbital magnetization, and
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it is applicable in both the normal metal and the supercon-
ductivity region. In the normal metal region with zero pairing
gap A, x =0, Eq. (4) is the standard Drude formula to de-
scribe the current density under an applied electric field E,
and the current-induced magnetization in Eq. (3) recovers
the magnetoelectric susceptibility of a metal [17,18]. In the
superconductivity region with finite pairing gap |A, k|, the
first terms in Egs. (3) and (4) describe the net magnetization
and the associated current density from the excited quasipar-
ticles. As the quasiparticle excitations are suppressed by the
pairing gap, the current and magnetization that come from
the quasiparticles approach to zero at low temperature. The
second terms in Egs. (3) and (4) describe the magnetization
and supercurrent density from Cooper pairs. The supercurrent
in Eq. (4) arises from the vector gauge field A, which twists
the phase of pairing condensation. The second term in Eq. (3)
is the net magnetization of pairing condensation induced by
the supercurrent. Importantly, as the temperature decreases,
the supercurrent and the supercurrent-induced magnetization
become dominant.

For the current-induced magnetization described in
Egs. (3) and (4), the vector fields E and A can further be re-
placed by the current density J, which results in the following
expression:

M; = oy with ey =y, ). )

Here the susceptibility tensor «;; describes the magnetization
induced by a unit current density and can be nonzero only for
crystals with point group symmetry belonging to one of the
18 gyrotropic point groups [9,32]. The tensors y;;, U that are
used to calculate «;; are

e df (&, 1 df(e,

(6)
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Importantly, at zero temperature 7 =0 K, it is
found that )/,'j ~ % Zv f Mv,kp,ivv,kF,jdkF and f}ij ~

& 3§ VokeiVokejdke [29], with kg being the wave
vector on the Fermi surfaces, so the induced magnetization
M at a given current density J at T =0 K is the same
regardless of whether the system is superconducting or
not. The susceptibility «;; at T =0 K is only determined
by the group velocity and total magnetic moments of
Bloch electrons on the Fermi surfaces. It indicates that
for a normal metal that has current-induced orbital
magnetization, the orbital magnetization can also arise from
applying supercurrent in its superconductivity region. In the
temperature range 0 < T < T, (T; is the critical temperature
for a superconductor), as the excited quasiparticles come into
play a role in the current-induced magnetization, the pairing
gap that controls the quasiparticle excitations becomes
another factor that can affect the magnetization at given
current density.

Nonuniform pairing induced abrupt change in the current-
induced magnetization. The effect of quasiparticle excitations

on the current-induced magnetization is the most prominent at
the temperature near the superconductor-normal metal phase
transition, where the small pairing gap near 7; allows a large
number of quasiparticle excitations to coexist with Cooper
pairs. From the first term in Eqgs. (3) and (4) it is known that
the current from the excited quasiparticles and the affiliated
magnetization are inherited from those in the normal metal
state. In the case of uniform pairing gap |A, x.| = Ao, since
the suppression of quasiparticle excitations is uniform on the
Fermi surfaces, the quasiparticle current and the affiliated
magnetization are produced in the same ratio as the current
and the current-induced magnetization in the normal metal
state. In contrast, when the pairing gap A, . is nonuniform
on Fermi surfaces, the ratio of quasiparticle current and the
affiliated magnetization differs from that in the normal metal.
We know from the 7 = 0 K result that the ratio of the su-
percurrent and the supercurrent-induced magnetization is the
same as the ratio in the normal metal state. Therefore, across
the superconductor-normal metal phase transition, the current-
induced magnetization is exactly the same in the uniform
pairing case, while an abrupt change in magnitude can happen
in the nonuniform pairing case.

The abrupt change of current-induced magnetization
at 7. in the nonuniform pairing case can be deduced
from the Taylor expansion of y;;, ¥;; in terms of
Ay ks WhiCho yields  y;j ~ €3 ¢ My ko Vv, j| Ao i |*dker
and 0~ 530, F Vo k. i Voke, i1 Dvke |Pdkr - [29].  Above
TC, we know )/,'j ~ %Zv va,kp,iUv,kp,jdkF and f}ij ~
;—i > 9§ Vi ke iVv ke, jdkr [29], so the dependence on the
paring A, . arises abruptly in the susceptibility o;; once
T < T.. When the pairing is nonuniform on the Fermi
surfaces, the susceptibility o;; thus differs at the two sides
of T;. Such abrupt change of current-induced magnetization
across 7T is an indicator of the nonuniform pairing in the
superconducting state.

The orbital magnetoelectric effect in superconducting
twisted bilayer graphene. In previous studies, current-induced
magnetization in the superconducting state only involves the
spin magnetization caused by SOC [1-9]. Recently, supercon-
ductivity was observed in TBG which has negligibly small
SOC. Here, we predict that a large orbital magnetization
can be induced by a current in superconducting TBG. More
importantly, the behavior of the current-induced orbital mag-
netization in TBG near T; provides further information about
the pairing gap in TBG.

The TBG that shows superconductivity in experiment lies
on the hBN substrate, so the coupling of the bottom graphene
layer with the hBN can gap out the Dirac points and generate
finite Berry curvature [33—-36]. Due to the mismatch between
the hBN and the bottom graphene layer, the equilateral tri-
angle moiré superlattice has been observed to get deformed
[37-39], indicating that the C3 symmetry of the TBG is gener-
ally broken by the strain from the hBN substrate. The resulting
TBG system has the lowest C; symmetry with finite Berry cur-
vature, so an in-plane current can give rise to an out-of-plane
orbital magnetization M; = a,J, + a;,J, in the normal state
[40]. Since at the T = 0 K the current-induced magnetization
in the normal state is the same as the supercurrent-induced
magnetization, the current-induced orbital magnetization in
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FIG. 2. (a) The orbital magnetic moments at different energy
contours of the valence band. The tilted hexagon is the mini-Brillouin
zone. Here orbital magnetic moment distribution in one valley is
shown, and it can be mapped to the case in the other valley through
time-reversal symmetry. (b) The out-of-plane orbital magnetization
M. (in units of pug/nm?) induced by in-plane current of 1nA/nm
along different directions. The optimal direction that generates the
largest M, is labeled by a black dashed line. The red and blue
lines mean positive and negative values of orbital magnetization M,,
respectively. The x direction has been defined to be along the angular
bisector between the two zigzag directions of the top and bottom
graphene layers.

TBG is always maintained in its superconducting state. To
demonstrate the in-plane current-induced out-of-plane orbital
magnetization in a superconducting TBG on hBN, we con-
struct the continuum model for a TBG with a twist angle
of 1.6° [41-43]. In the TBG, there is a uniaxial strain ap-
plied along the zigzag direction in the bottom graphene layer
to have it stretched by 0.1% (the detailed description for
the strained TBG can be found in the Supplemental Mate-
rial [29]). With the massive Dirac gap of 34 meV [44,45],
the Bloch electrons in the valence moiré flat band carry or-
bital magnetic moments up to 80 up as shown in Fig. 2(a).
Around half filling in the valence moir¢ flat band, the in-plane
supercurrent-induced out-of-plane orbital magnetization at
T = 0 K is directly computed through Egs. (6) and (7). As-
suming the in-plane supercurrent density to be 1 nA/nm, the
out-of-plane orbital magnetization as a function of the in-
plane supercurrent direction is shown in Fig. 2(b). The largest
orbital magnetization induced by the in-plane current along
the optimal direction reaches the order of 10~ ug/nm?.
This magnitude of orbital magnetization is comparable to the
current-induced spin polarization in large Rashba SOC mate-
rials under E = 10® ~ 10* V/m, such as Au (111) surfaces
and Bi/Ag bilayers [46,47].

Near the superconductor-normal metal phase transition,
the proportion of orbital magnetization that comes from the
quasiparticle current becomes considerable, so the pairing
gap that controls the quasiparticle excitations will affect
the current-induced orbital magnetization near 7;. For the
superconducting TBG on hBN, a possible nonuniform sin-
glet pairing can be approximated as A, x/A¢ = 1 + A{cos(k -
ap) + cos(k - @) + coslk - (@, — a,)]} [48-52], with Ay =
1.76kg T tanh(1.78/T./T — 1) and &, @, being the primitive
lattice vectors of the moiré superlattice under strain [29].
The nonuniform pairing gap at A = 0.5 is plotted in the

M. (j1p/nm?)

<

1
=
)

=
W

0.1
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FIG. 3. (a) The pairing gap at different energy contours of the
valence band. The pairing is plotted in one valley and that in
the other valley can be obtained through time-reversal symmetry.
(b) The current-induced out-of-plane orbital magnetization across the
superconductor-normal metal phase transition. The applied in-plane
current density is InA/nm and the direction is along the optimal
direction labeled in Fig. 2(b). The out-of-plane orbital magnetization
exhibits an abrupt jump in the nonuniform pairing case while it shows
smooth transition across T; in the uniform paring case.

mini-Brillouin-zone shown in Fig. 3(a), and the orbital mag-
netization induced by the current along the optimal direction
clearly exhibits an abrupt jump at 7; as seen in Fig. 3(b). In
contrast, in the uniform pairing case which has A = 0, the
current-induced orbital magnetization has smooth connection
across T;. This is consistent with our analysis that an abrupt
change of the current-induced magnetization at 7, indicates
the pairing is nonuniform on the Fermi surfaces.

Discussion. Experimentally, the magnetization that in-
volves orbital magnetic moments’ polarization in the normal
state of materials has been observed through the optical
Kerr effect [53], nuclear magnetic resonance measurements
[54], and the superconducting quantum interference device
(SQUID) [28], and these techniques can all be used to detect
the magnetization in the superconducting state [55-57]. In
the recent direct image of orbital magnetism in TBG [28],
it can be deduced from the measurement that the surface
magnetism at the order of 10~* pp/nm? corresponds to the
generated static magnetic field around 1 nT, so a SQUID
device with a resolution of 0.1 nT will be able to detect
the orbital magnetization induced by the current density at
1 nA/nm in superconducting TBG. The current-induced or-
bital magnetization and the possible abrupt change at 7. is
proportional to the applied current density in the material, so
the critical current density in the superconducting state sets
the upper limit of the current-induced orbital magnetization
below T.. As a result, superconductors with larger pairing gap
that have larger critical current density would be preferred to
make the effect more measurable.

It is important to note that our theory applies to a large
number of recently discovered superconductors with Berry
curvatures and negligible SOC, such as a trilayer graphene
moiré superlattice on hBN [58-61], bilayer graphene/hBN
superlattices [62], and twisted double bilayer graphene
[63,64]. Moreover, our theory also applies to noncentrosym-
metric superconductors with strong SOC and finite Berry
curvatures such as chiral crystals, Li,Pt3B [65], Li,Pd3B [66],
MosAlLC [67], and TaRh,B, and NbRh,B, [68], which were
recently discovered to have superconductivity. In these chiral
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crystals the orbital magnetic moment carried by the Bloch
electrons originates from the Weyl SOC [69], so the spin
and orbital magnetization are strongly mixed and the orbital
magnetization effect cannot be ignored.
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