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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Twisted bilayer graphene (TBG) was recently discovered to exhibit fascinating phenomena like the superconductivity and

Mott insulating state

- TBG’s chirality leads to a unidirectional magnetoresistance (UMR), where magnetoresistance is lower in a chirality-
dependent direction. The flat bands of TBG enhance the UMR dramatically

- The giant UMR represents diode-like current rectification and can convert radiation (e.g., terahertz) into currents for
energy-harvesting and photodetection
ll www.cell.com/the-innovation
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Twisted bilayer graphene (TBG) exhibits fascinating correlation-driven
phenomena like the superconductivity and Mott insulating state, with
flat bands and a chiral lattice structure. We find by quantum-transport
calculations that the chirality leads to a giant unidirectional magnetore-
sistance (UMR) in TBG, where the unidirectionality refers to the resis-
tance change under the reversal of the direction of current or magnetic
field. We point out that flat bands significantly enhance this effect. The
UMR increases quickly upon reducing the twist angle, and reaches about
20% for an angle of 1.5� in a 10 T in-planemagnetic field.We propose the
band structure topology (asymmetry), which leads to a direction-sensi-
tive mean free path, as a useful way to anticipate the UMR effect. The
UMR provides a probe for chirality and band flatness in the twisted bi-
layers.

KEYWORDS: twisted bilayer graphene; unidirectional magnetoresis-
tance; nonreciprocal transport; chirality; flat bands; topology; nonlinear
phenomena
INTRODUCTION
Twisted bilayer graphene (TBG) with a small interlayer angle forms a chiral

moiré superlattice, whose superlattice minibands exhibit greatly reduced ve-
locity.1–3 The flat bands at themagic angle near 1+ provide an ideal platform
to study correlation-driven phenomena4–16, for example, unconventional su-
perconductivity and the Mott insulating state. TBG has also motivated the
design of twisted structures of other van der Waals materials.17–28 In
contrast, chirality-induced transport phenomena are less explored thus
far.29–32

The chirality and flat bands motivate us to investigate the electric magne-
tochiral anisotropy (EMCA),33 which is characterized by the unidirectional
magnetoresistance (UMR) in twisted bilayer systems. In an ordinarymaterial,
the resistance remains the same upon reversing the direction of the current
or the magnetic field. In a chiral system, however, the magnetoresistance
(MR) is nonreciprocal, and the chirality determines the preferred direction
of the UMR. We note that the EMCA is different from the known anisotropic
magnetoresistance (AMR), which remains the same when reversing the
magnetic field direction. The EMCA was observed, for example, in Bismuth
helices,33 DNA,34,35 and other quantum materials,36 in which the relative
amplitude of UMR was usually several percent. Very recent experiments
based on the quantum spin Hall edges37 and quantum anomalous Hall
edges38 reported giant UMR (according to the definition of Equation 4) of
33% and 13%, respectively. This large UMR promises applications in opto-
electronic and spintronic devices. The UMR represents a current rectification,
which can generate a DC current in an AC electric field and can be controlled
by the magnetic field. This rectification effect can be used for photon-detec-
tion or energy-harvesting from long-wavelength light. The dependence of the
UMR on the direction and amplitude of the magnetic field provides a sensor
for the vector magnetic field.

Different from ordinary transport experiments, the UMR measurement
probes the symmetry-breaking and dissipative process such asmagnetic ex-
citations.39 It is commonly attributed to the inelastic scattering bymagnons40

or spin clusters.41 However, it is unclear how the intrinsic band structure acts
ll
in UMR. Especially for the twisted bilayers, it is an interesting question which
role flat bands play for the UMR.

In this work, we find that flat bands generally induce a large UMR for TBG
through the orbital effect in an in-plane magnetic field. Our quantum-trans-
port calculations demonstrate an increasing UMR when reducing the twist
angle down to themagic angle. The two-terminalMR non-reciprocity is deter-
mined by two factors: different electron velocities along counter-propagating
directions, and the dephasing in the transport. With these two ingredients, we
derive a formula to estimate the UMR from the band structure, which agrees
quantitatively with our calculations within the Landauer-B€uttiker formalism.
Here, the magnetic field induces direction-dependent Fermi velocities in the
band structure and thus leads to a direction-dependent mean free path, re-
sulting in the UMR effect. The UMR is inversely proportional to the Fermi ve-
locity and thus strongly enhanced by flat bands. It can reach about 20% for
smaller twist angle 1.5� in an in-plane magnetic field of 10 T. Because the
UMR effect originates in the symmetry-breaking (both time-reversal- and
inversion-breaking), it can exist even if strong electron-electron interactions
renormalize the band structure.
RESULTS
The TBG belongs to the chiral point group D6, which exhibits no inver-

sion or mirror symmetry. In a system with either inversion symmetry (or
the 2-fold rotation around the z axis for a 2D material) or time-reversal
symmetry, the left- and right-moving electrons have the same velocity at
the Fermi surface. If both inversion and time-reversal symmetry are
broken, the left and right movers exhibit different Fermi velocities, as illus-
trated in Figure 1. This is the case for chiral TBG in an in-plane magnetic
field. The velocity imbalance leads to the UMR, as we will discuss in the
following. In contrast, the out-of-plane field, which preserves the 2-fold rota-
tion around z, requires further symmetry reductions to break the band
structure symmetry of TBG.

We first demonstrate the UMR effect by a phenomenological model. Sup-
pose a two-terminal device with the scattering region of length L, whose
conductance can be evaluated as47

G0 = GB

l

l+ L
; (Equation 1)

where GB is the ballistic conductance and l is the phase-coherent length or
the mean free path. Equation (1) connects the ballistic and diffusive limits,
which correspond to l[L and l � L , respectively. For a finite dephasing
parameter h, l/=) = v/=)Z=h where v/=) is the right/left-moving Fermi
velocity. We generalize Equation 1 to evaluate the conductance (G/) and
resistance (R/) from the left to the right as

G/ = GB

�
1+

hL

Zv/

��1

; (Equation 2)

R/ = RB

�
1 +

hL

Zv/

�
; (Equation 3)
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Figure 1. The chiral structure of TBG and illustration of the
band structure asymmetry (A) The lattice structure of a TBG.
The red and blue spheres represent carbon atoms in the top
and bottom layers, respectively. The TBG belongs to the
chiral point group D6. (B and C) Schematics of the band
symmetry-breaking of a chiral system induced by the mag-
netic field (B). (B) Without the magnetic field, the left- and
right-moving electrons have the same velocity (v/ = v)) at
generic Fermi energy. Corresponding left- and right-moving
conductance are equal, G/ = G). (C) If finite B breaks the
time-reversal symmetry, the velocity balance is violated
(v/>v)). Thus, the conductance becomes nonreciprocal,
i.e.,G/ðBÞ>G)ðBÞ, according to Equation 2. The red arrows
indicate the principle of how micro-nonreversibility happens.

Based on Fermi's Golden rule the ordinary relaxation rate t between each other enforces the microreversibility i.e. t) = t/. However, the nonreciprocity can exist when
second relaxation channels (t1 and t2) are taken into account.
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where GB is the ballistic conductance and RBh1=GB. At finite h, the direc-
tional conductance or resistance depends on the corresponding Fermi
velocity. Equations 2 and 3 give an intuitive explanation of a mechanism
for the UMR. They also provide an alternative way to quantitatively estimate
the unidirectional conductance from the band structure of a mesoscopic
system.

The UMR can further be justified in a semiclassical picture where the left-
and right-moving electrons scatter mostly between each other within the
same band. But there is additionally some weak scattering into states pro-
vided by a nearby band. This side-channel of relaxation leads to an additional
resistance with a coefficient that depends on the density of states (DOS)
(t)st/), yielding Equation 2 (see more in the Supplemental Information).
Therefore, if v/>v) (Figure 1C), this yields nonreciprocal transport with
G/>G) or R/<R). We assume that the dephasing in both directions is
equal. In addition, Ideue et al.49 discussed the band structure asymmetry
to induce the nonreciprocal transport in the diffusive regime described by
the second-order Boltzmann equation.

Furthermore, we find that flat bands can generally enhance the UMR
because

DR

R
=
R/ � R)

R/ +R)

=
�DG

G
(Equation 4)

=
v) � v/

2Zv)v/
hL

+ v/ + v)
(Equation 5)

=
hL/N v) � v/

v/ + v)
f ðv) � v/Þ,DOS: (Equation 6)

Equation 6 indicates that the upper limit of the UMR is an intrinsic quantity
determined by the field-modified band structure, non-withstanding the fact
that it requires finite dephasing/dissipation. The term 1=ðv/ + v)Þ in Equa-
tion 6 represents the DOS, and thus the amplitude of the UMR is approxi-
mately proportional to the DOS. In addition, the velocity imbalance requires
breaking of both the inversion symmetry and time-reversal symmetry. The
time-reversal breaking can be realized by an external magnetic field or spon-
taneous magnetization in TBG.6,7 It should be noted that Equations 5 and 6
are only accurate for the single-mode case at the Fermi energy. The hL

dependence of the UMR can be nonmonotonic in the many-band case
(see the Supplemental Information for more details). On the other hand, we
do not expect qualitative changes to the phenomenology in the presence
of strong electron-electron interactions, which to a large extent preserve
momenta and thus influence transport only indirectly.

Magnetochiral effect of TBG. —In the presence of an in-plane magnetic
field (B), the symmetry-allowed corrections to the resistance/conductance
of the current I are in the form of I,B and I3 B. They satisfy the global On-
sager's reciprocal relation50, i.e., RðI;BÞ = Rð� I; � BÞ. The resistance in
EMCA is usually written as33,51

RðI;BÞ = R0 +cL;RI,B+gðI 3 BÞ,P+ bB2; (Equation 7)
2 The Innovation 2, 100085, February 28, 2021
where cL;R represents the chirality with cL = � cR , g and b are constants,
and P the charge polarization. The last B2 term represents the ordinary
MR due to the Lorentz force, which is reciprocal.

Equation 7 indicates the nonlinear I–V dependence and the second-har-
monic resistance induced by an AC electric field. We point out that the de-
phasing term h in nonequilibrium Green's function (NEGF) calculations or
Equations 2 and 3 includes both elastic and inelastic scattering. The inelastic
scattering leads to the nonlinear effects.

In TBG, the chirality refers to the twisted direction, left- or right-handed.
In the device, the h-BN substrate induces the sublattice symmetry-
breaking,52–57 reducing theD6 symmetry toC3 and leading to an out-of-plane
dipole. The in-plane strain can further break the C3 rotation toC1

11,12 and in-
duces an in-plane dipole. For the D6 symmetry, the chiral term I,B contrib-
utes to the magneto-transport. For the case of C3 symmetry, the additional
dipole term ðI3BÞ,P emerges. We will focus on these two terms in the
following and later discuss the C1 case with the in-plane dipole. It is conve-
nient to calculate the conductance, compared with the resistance, with the
NEGF method. Thus, in the following, we evaluate the unidirectional
magneto-conductance (UMC).

First, we take TBG with the twist angle q=3:15+ to demonstrate the UMC
for both cases, BjjI and BtI. We calculate the conductance change
DG=G/ðBÞ �G)ðBÞ through a TBG nanoribbon by NEGF. The outer sec-
tion of the nanoribbon is used as two leads in the device, as shown in Fig-
ure 2A. The applied magnetic field BjjI leads to a phase in the interlayer
hopping and breaks the velocity balance at opposite k, a consequence of
time-reversal breaking. This k/� k symmetry breaking is shown in the
band structure in Figure 2B. To demonstrate the band structure change
and DG clearly, we apply a large magnetic field 50 T for this twist angle.

Subsequently, UMC emerges with nonzeroDG. The peaks ofDG originate
from band edges where the velocity approaches zero and the DOS exhibits a
peak, consistent with the prediction of Equation 2. We point out that DG de-
pends on the dephasing parameter h. If h = 0, which represents fully
coherent transport, we obtain DG=0 in the NEGF calculations and also ac-
cording to Equation 2. The opposite limit h/N also yieldsDG/0, because
electrons do not remember their group velocity in the diffusive limit without
any coherence. A large DG appears in the intermediate region (see Figures
2C and 2D), where the finite h violates the charge conservation in the two-ter-
minal conductance because it effectively introduces a non-Hermitian term ih

into the Hamiltonian thus breaking the probability conservation of Schrö-
dinger equation.48 Therefore, the existence of a two-terminal UMC/UMR re-
quires both dephasing and partial coherence, which can be induced by the
inelastic scattering.

Next, we rotate the magnetic field as BtI. We further induce an electric
dipole P out of the plane by adding a potential difference DU between both
layers (see Figure 2E). Then, a UMC emerges due to the ðB3IÞ,P term in
Equation 7. The value of DG is approximately proportional to the potential
DU and also relies on a finiteh. Similar to the caseBjjI, the band edges consti-
tute the peaks in DG.

Westress that Equation 2 agreesquantitativelywith theNEGF calculations
especially in the small h regime, as demonstrated in Figures 2C, 2D, and 2G.
www.cell.com/the-innovation
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Figure 2. The band structure and conductance of TBG with twisted angle 3.15� (A) Schematic of the transport device of TBG under in-plane magnetic field BjjI. (B) The
band structure for the nanoribbon (the device region in a) with B = 50 T. (C) The direction-induced conductance changeDG=G/ �G) at different Fermi energies. Results
from the NEGF method and Equation 2 agree very well. The conductance is calculated with a constant dephasing parameter h= 0:01 eV. (D) The peak value of DG for the
valence band top depends non-monotonically on the dephasing parameter h. The NEGF and Equation 2 provides similar results, especially in the small h regime. (E) The
device for BtItP. P is the charge dipole induced by the parameter DU. (F) Corresponding band structures for DU =0; 0:1 eV. The applied magnetic field is B = 50 T. (G)
Corresponding DG at different Fermi energies. (H) The h-dependence of DG. Solid curves are calculated by NEGF and the dashed one is evaluated from Equation 2.
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The deviation in the regime of large h is likely because Equation 2 neglects
interference effects.58 Such effects come into play once further relaxation
processes are taken into account for the electrons that are already relaxed
via the side-channel. However, these processes are higher order not only in
terms of h but alsomicroscopically in terms of processes that lead to a finite
h. Therefore, to evaluate the UMC for smaller twist angles where the NEGF
demands much more computational time, we will use Equation 2 without
sacrificing much accuracy.

The nanoribbon configuration indicates that theflatness of the band edges
leads to a largeUMC.However, thefinitewidth (e.g., onemoiré unit in Figure2)
A B C

D E F

ll
and the existence of edge states implies that the ribbon configuration can
exhibit different transport behavior from the extended 2D bilayer. For this
reason, we investigate in the following a sheet of TBG with infinite width
for several twist angles. To this end, the UMC is extracted by summing the
1D conductance (Equation 2) over the transverse momenta.

As the twist angle decreases, the band dispersion turns flat in the low-en-
ergy regime (see SM). Figure 3 shows the band structure and the UMC for 2D
TBG with q = 1:5+. In both the BjjI and BtI cases, the UMC (Dsxx=sxx) is
larger in the flat band window (�30 to 30meV in Figure 3A) between the sin-
gle-particle gaps, and one order of magnitude smaller in the regime of more
Figure 3. Band structure and UMR of the TBG with q= 1:5+

for I k B (A–C) and ItB (D–F) (A and D) The band structure
along high-symmetry lines. For I k B black (red) lines
represent the results for B = 10 (B = 0) T; for ItB they
represent results for DU = 0 (DU = 50) meV with fixed
magnetic field B=10 T. The Fermi energy is set to zero, i.e.,
the charge neutral point. (B and E) DOS under the magnetic
field. (C and F) Calculated UMC (Dsxx=sxx). Black solid and
blue dashed lines represent h= 1 and 0.1 meV, respectively.

The Innovation 2, 100085, February 28, 2021 3



A B Figure 4. UMC and DOS The two-terminal (2T) UMC calcu-
lated by Equation 5 (A) and DOS (B) at peak position right
below the charge neutral point for TBG at different angles.
The UMC is approximately proportional to the DOS which
agrees with Equation 6.
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dispersive band. ForB k I, large UMC peaks up to 22% exists at the same en-
ergies (about ±10 meV) as the DOS peaks, which are caused by the saddle
points of flat bands. The UMC is also large near the band edge and dimin-
ishes quickly in higher energies for the dispersive bands. One can see that re-
gions close to a van Hove singularity, i.e., saddle points and band edges,
contribute substantially to the UMC. As shown in Figure 3D, as the product
hL increases from zero, one can find that the UMC increases fast until it
quickly reaches the peak value. For L in the mm size, Dsxx=sxx reaches the
peak value forh in the order of 0:1meV,which corresponds toa picoseconds
lifetime. In experiment, L is usually several mm and h � 1 meV (e.g., in Yuan
et al.,4 the lifetime is � 0:1 ps).

The chirality-induced UMC/UMR increases quickly when the bands
become flatter upon reducing q. Figure 4A shows the q-dependence of the
UMC peak value slightly below the charge neutral point (see the energy
dependence in SM). The UMC peaks are proportional to corresponding
DOS peaks (Figure 4B) at different q, well consistent with the observation
from Equation 6.

For BtI, we add a DU =50 meV potential difference to create a polariza-
tionP along the z axis, leading to the ðB3IÞ,P term for UMC/UMR. The UMC
exhibits also large peaks in the flat band regime and at band edges of the
dispersive bands. Two peaks below and above the charge neutral point are
A B

C D

4 The Innovation 2, 100085, February 28, 2021
rather asymmetric compared to those in the BjjI case, which is related to
the asymmetry in the DOS (Figure 3E).

DISCUSSION
Although we discussed the UMR effect in a two-terminal setup, UMR can

exist in multiple terminal devices, in which the UMRmay even become stron-
ger. In fact, devices with multiple terminals are commonly used in experi-
ments4,5. In two-terminal transport, the UMR requires a finite h to act as a vir-
tual lead which breaks charge conservation.35,48 In cases with multiple
terminals, charges can naturally leak to other leads. For example, Figure 5B
shows a three-terminal device for TBG with q = 21:8+. The three-terminal
UMC is less sensitive to h and two orders of magnitude larger than the
two-terminal result (Figures 5C and 5D). We note that smaller angles show
the same trend (see Figure S5). Therefore, we expect the UMR to be even
larger inmultiple terminal experiments than in the above two-terminal results.

The current dependence of the resistance in Equation 7 indicates a
nonlinear phenomenon. In an experiment with an AC electric field, the
UMR can be extracted from the second-harmonic resistance
R
ð2uÞ
xx

37,38,59. For an angle 4 between the in-plane field B and the current
I, the resistance has an elliptical dependence of the form acos4+bsin4,
where a; b are parameters. This dependence is dissimilar to the case of
Figure 5. Three-terminal (3T) transport (A and B) Sche-
matics of 2T and 3T devices. (C and D) Comparison of the 2T
and 3T UMR calculated by NEGF method for BjjI and B = 10
T. For the 2T device, a finite dephasing parameter h= 10meV
is used; for the 3T one, both h= 0 (red) and 10meV (bule) are
examined.
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AMR, which has the form of sin24. Therefore, while in the experiment
both UMR and AMR may coexist, they can be disentangled by the peri-
odicity in the angular dependence.

As discussed above, UMR is sensitive to the symmetry of the TBG. In the
ideal D6 symmetry case, UMR exists only for BjjI. In the C3 case with inter-
layer potential difference, UMR appears also forBtIwhereB is still in-plane.
In the lowest symmetry caseC1 with possible in-plane strain, UMR further al-
lows for the out-of-planeB field, where, however, the ordinaryB2 term is usu-
ally overwhelming.

The nonreciprocal transport was recently found to be strongly enhanced
by superconductivity in chiral or noncentrosymmetric superconductors.60–
62 It will be intriguing to investigate the UMR effect in the presence of super-
conductivity for TBG. Furthermore, in experiment magic-angle TBG can
exhibit orbital ferromagnetism6–8,14,63–65 due to the electron-electron interac-
tion.30,56,66–70 We point out that the orbital magnetism also leads to UMR
where it plays the same role as the magnetic field. The orbital moment
may modify the band structure much stronger than the magnetic field,
inducing even larger UMR if the two-fold out-of-plane rotational symmetry
is further broken by lattice strain or substrate effects.

In summary, we report the giant UMR in TBG as an orbital-derived phe-
nomenon in the magnetic field. The UMR originates in the chiral atomic
structure and gets enhanced by flat bands. We argue that the predicted
UMR should be detectable in current experimental conditions. Besides
quantum-transport calculations, we derived simple formulas (Equations 2
and 3) to monitor the UMR effect from the band structure, which is based
on the direction-sensitive mean free path. Although the UMR is dependent
on the dephasing and device geometry, it approaches a finite value in the
strong scattering limit. This UMR limit is an intrinsic material quantity
that depends on Fermi velocities of the band structure. Thus, the UMR pro-
vides a direct probe to the flatness of the dispersion. In addition, our find-
ings for TBG can be generalized to other chiral twisted bilayers and chiral
crystals.
MATERIALS AND METHODS
We adopt the tight-binding Hamiltonian to describe the band structure of TBG out-

lined in Moon and Koshino.42 This tight-binding model includes all atomic sites of two
layers and is compatible with the introduction of an in-plane magnetic field. We
consider the orbital effect of the magnetic field [B = ðBx ; By ; 0Þ] and ignore the
weak spin splitting and negligible spin-orbit interaction. Suppose a two-terminal device
where the currentflowsalong the x direction.Wechoose the gaugeA= ðByz;�Bxz; 0Þ
so that the lattice translational symmetry along x (the charge current direction) is still
preserved. Themodification of the hopping integrals by themagnetic field is taken into
account via a Peierls substitution.43,44 Because it promotes the inversion symmetry
and loses the chiral character, we do not employ the Bistritzer-MacDonald1 continuum
model for TBG even though it can easily include an in-plane magnetic field.45,46

To evaluate the UMR, we calculate the total conductance of a two-terminal device
with an in-plane magnetic field by the NEGF method.47 The whole system is divided
into three parts: two semi-infinite reservoirs acting as electron leads, and a scattering
region connecting them.Weset these three parts as the same TBG ribbons along the x
direction, which preserve the D6 point group symmetry (cf. Figure 2A). The conduc-
tance from lead q to p is Gp)q =TrðGpGGqGyÞ where GpðqÞ = iðSpðqÞ �S

y
pðqÞÞ is the

anti-Hermitian part of the retarded self-energy matrix SpðqÞ of lead pðqÞ; G=

ðE + ihÞI� H� S is the Green function of scattering region where I is the identity ma-
trix,H is the Hamiltonian,S is the total self-energy from coupling to the leads, and h is
the dephasing parameter.48 If h= 0 one can prove the reciprocal relation Gp)q =

Gq)p , regardless of the presence of a magnetic field. This amounts to the fact that
in coherent transport, the two-terminal conductance depends only on the total channel
number but not on the velocity.48 However, a finite h spoils this reciprocity, as we
discuss now.
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