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Twisting has been demonstrated as a technique for creating strongly correlated effects in two-dimensional bi-
layered materials and can tunably generate nontrivial topological properties, magnetism, and superconductivity.
Magnetism is particularly significant, as it can both compete with superconductivity and lead to the emergence
of nontrivial topological states. Due to the technique challenges in theoretical methods without input parameters,
theorical studies on twisted materials beyond twisted bilayer graphene are rarely reported. Thus, first-principles
studies on a wide range of materials are expected in both fields of fundamental physics and materials science. By
using self-developed large-scale density functional theory calculations uniquely capable of simulating twisted
systems, we found the ferromagnetism arising due to spin splitting in different twisted bilayer systems across
various two-dimensional materials, such as twisted bilayer h-BN, 2H − MoTe2, PbS, and 2H − NbSe2. The spin
splitting itself is induced by the enhanced ratio of the exchange interaction to band dispersion near the Fermi
level. An important discovery in this paper is that, in some nonmagnetic metallic bilayers, e.g., 2H − NbSe2

and 1T − MoS2, twisting transforms a nonmagnetic state into a collective ferromagnetic state even without
any doping.

DOI: 10.1103/PhysRevB.110.024401

I. INTRODUCTION

Moiré superlattices formed by twisted bilayer graphene
(TBG) have attracted significant interest due to their intriguing
strongly correlated physics when doped at low temperature
[1,2]. At each integer electron or hole filling, TBG exhibits
strongly correlated Chern insulator behavior. When slightly
deviated away from integer filling for hole-type carriers, su-
perconductivity has been observed at the magic angle [2–8].
Studying superconductivity at the magic angle demands an
understanding of the transition from magnetic to nonmagnetic
states [4,7,9–21]. Magnetization is a prerequisite for the pres-
ence of correlated Chern insulators and other topological and
magnetic phenomena [7,16,22–27]. As one of basic physical
properties, the magnetism in TBG has rarely been studied with
first-principles methods. Moreover, in other twisted bilayer
materials, e.g., twisted bilayer 2H − MoTe2, ferromagnetism
has been observed when it is quarter-filled with electrons
[28], suggesting that magnetization is a general phenomenon
in twisted materials with flat bands. Due to the technique
challenges in theoretical methods without input parameters,
theoretical studies on twisted materials beyond TBG are few.
Thus, first-principles (which is parameter free) studies on a
wide range of materials are expected in both fields of funda-
mental physics and materials science.

Despite numerous experimental observations in TBG
[29–31], theoretical predictions on the origin of magnetism
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have not been in alignment with experimental data. One ar-
gument for the origin of magnetism in TBG comes from
its nontrivial topology [32–35]. Thus, in previous reports,
ferromagnetism was proposed as orbital ferromagnetism aris-
ing from the Berry curvature and induced nonlocal current
[29,30,34,36–39]. Orbital ferromagnetism [40] has attracted
perhaps excessive attention from experimentalists seeking
to answer the question of magnetism in twisted bilayer
systems. However, several puzzles arise when experimental
researchers attempt to find evidence for orbital ferromag-
netism. For example, Berry curvature and nonlocal current
in two-dimensional materials can induce an orbital moment
that is only vertical to the material plane, but experimental
measurements show that the Hall effect has a large response
to an in-plane magnetic field [30]. In addition, the measured
magnetic moment (∼ 2 μB) [40] is always less than the theo-
retically predicted orbital moment (5 − 10 μB) [33]. Although
alignment with h-BN is necessary to induce a small band
gap and large valley-contrast Berry curvature in TBG, ferro-
magnetism has also been observed without h-BN alignment
[30]. Even for a large twist angle of 1.6◦, ferromagnetism
was also observed in experiments [41]. Additionally, isospin
behaviors are also thought to be closely related to magnetic
properties in TBG and so on [31]. These puzzles suggest that
the origin of magnetism may not or at least may not solely
come from orbital magnetic moments and that electron spin
may be another crucial factor.

In theory, different possible magnetic ground states have
been proposed even for the same materials, including the
well-studied TBG [4,10,12,18,26,34,42–68]. This can lead to
inconsistencies or even incorrect predictions due to various
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FIG. 1. Energy as a function of occupation difference between
the spin-up and spin-down bands (Nup − Ndn ). The band is half occu-
pied. Color varying from blue and red corresponds to the increase of
the ratio J and t . t is set as 1.

approximations and lack of specific material parameters. As
a first-principles method, density functional theory (DFT)
has the potential to shed light on these puzzles, as demon-
strated by its years of successful computational predictions
[69]. Due to the challenge of extremely large supercell size,
the spin-polarized electronic structure study of TBG has
been largely unattainable until now. Through use of our
self-developed code (PWMAT) [70], we are uniquely capable
of efficiently simulating large supercells containing 10 000
atoms or more. We have confirmed the accuracy of this
method in previous work by comparing it with experiments
[71–73]. Our calculations use a single-ζ atomic basis set,
the PBE exchange-correlation functional, and Fritz-Haber-
Institute (FHI) pseudopotential, which is a norm-conserving
pseudopotential with a single projector for each angular
momentum and without semicore states [74]. To include
the interlayer molecular interaction, we applied the DFT-D2

method [75] and relaxed the atomic positions in the twisted
structures until the force on each atom was < 0.03 eV/Å.
The lattice is fixed according to the equilibrium lattice of
corresponding monolayer materials. We used a 2 × 2 × 1
k mesh when the twisted angle was < 1.65◦ and set the
temperature in Fermi smearing as 3 K. Here, we use large-
scale spin-polarized DFT calculations to compute the spin
response to different doping in different twisted layers with
small twist angles. Spin-orbit coupling is neglected. Usually, a
linear spin-polarized approximation is good enough to calcu-
late spin polarization in quality, although spin-orbit coupling
will quantitatively lead to an error. Our results show that
localization-induced spin splitting is a universal mechanism
for the physical origin of magnetism in twisted layers with a
small twist angle.

II. t-J MODEL

To obtain the main physics for our limited DFT calcula-
tions in the next part, we start from a toy t-J model, which
describes the spin splitting upon doping:

H =
∑

i j
ti jc

†
i c j + H.c. +

∑
i j

Ji jS
z
i Sz

j, (1)

where ti j represents the hopping integral between orbitals on
different lattice sites i and j, Ji j is the effective exchange
interaction, c†

j (ci ) creates (annihilates) an electron on site
j (i), and Sz is the typical spin-projection operator in the
z direction. Under decreasing twist angle, the bands tend
to flatten out as the lattice parameter increases. This band
flattening implies large electron effective mass, a quenching
of the electronic hopping kinetic energy, and the extended
electronic states to become localized. As the twist angle de-
creases, both t and J decrease. Although the exact functional
dependence of t and J on the twist angle is unknown, the ratio
of J/t always increases with respect to the decreasing twisting
angle [76]. We solve the above model Hamiltonian using a
two-dimensional toy model of one orbital on a square lattice.
The ground states are obtained by minimizing the energy by
varying the occupation of spin-up Nup and spin-down Ndn

bands, while we keep a total occupation, which corresponds
to a certain doping. The energy landscape of the model in the

FIG. 2. (a) and (b) Spin-polarized band structures with different doping (v) in a supercell for twist angle of 1.47◦. The Fermi level is set as
0. (c) Zoom in of (b). Red and blue are spin-up and spin-down channels, respectively. (d) Comparison between the experimental phase diagram
(figure from Ref. [14]) and calculated spin splitting upon doping.
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FIG. 3. (a)–(c) Spin-polarized band structures under different twist angles. The filling factor is v = 2. (d)–(f) Zoom in on (a)–(c) near the
Fermi level. Red and blue are spin-up and spin-down channels, respectively.

FIG. 4. Density functional theory (DFT) calculated density of states in twisted bilayer graphene with different twist angles. No doping was
applied. Spin polarization is turned off. A smearing of 6 meV is applied.
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FIG. 5. Spin-polarized band structures of twisted bilayer graphene with different filling factor. Lower row is the corresponding zoom in
the upper row near the Fermi level.

case of half occupation is shown in Fig. 1. If the ratio (J/t) of
exchange interaction to band dispersion is small, doping does
not induce spin polarization. On the other hand, when J/t is
large, doping induces nonzero magnetization to a lower total
free energy.

III. ELECTRONIC STRUCTURE OF TBG

Next, we perform spin-polarized DFT calculations of
TBG, which has received extensive experimental interest. The
largest system being calculated consists of 9076 atoms. In
the absence of doping, the spin-up and spin-down bands are
degenerate for any twist angle. However, when the twist angle
is reduced < 1.65◦, the spin splitting jumps to a nonzero value

FIG. 6. Spin density in the range of ±5 meV around the Fermi
level under a twist angle of 1.47◦. The red frame implies a moiré
unit cell.

upon doping with two electrons. This leads to a breaking of
the degeneracy of the spin-up and spin-down bands, as in
Figs. 2(a)–2(c) and 3 for twist angles of 1.29◦, 1.47◦, and
1.65◦. As the Fermi level crosses the bands, the number of
electrons with spin-up and spin-down is no longer equal,
resulting in a net spin moment. Despite the angle of 1.65◦
being slightly larger than the common magic angle of 1.08◦
in strongly correlated physics, ferromagnetism was observed
experimentally at this twist angle [41].

To investigate the effect of doping on spin splitting and
band dispersion, we focused on a twist angle of 1.47◦. Fig-
ure 2(d) shows the spin splitting for different filling factors
v. Without any doping, the conduction and valence bands
look similar aside from the slight particle hole asymme-
try. This result is in good accordance with previous results
obtained by different methods [77–79]. The corresponding
density of states are shown in Fig. 4. Figure 2(d) shows that
when the number of doped electrons is < 0.5 e/supercell, the
spin splitting remains at zero. However, as the number of
doped electrons increases, the spin splitting also increases and
reaches a maximum average spin splitting at a doped electron
number of 2 (v = 2). After that, the spin splitting begins to
decrease with further doping. At the filling factor v = ±2, the
maximum spin splitting is ∼ 2.5 meV, resulting in a max-
imum spin magnetic moment of 1.6 μB in each moiré unit
cell. Compared with the spin nonpolarized state, the energy
decreases by 6 meV after including the spin polarization. At
the filling factors v = 1 or 3, the spin magnetic moment is
as large as 0.8 μB in one moiré unit cell. When the doped
electron number > 3.5, the spin splitting becomes zero again.
When the number of doped electrons reaches 4, the Fermi
level enters the band gap, tuning the material into a band
insulator with zero spin moment and spin splitting. The band
structures with different filling factors are shown in Fig. 5. Our
results suggest that the doping-induced spin splitting is likely
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FIG. 7. (a)–(d) Charge density of twisted bilayer graphene in the range from ±5 meV near the Fermi level under different twist angles,
given above. Red frames imply the moiré unit cells. In (a), the charge density is approximately equal to spin density. In (b)–(d), there is no spin
polarization.

to be the primary reason for the magnetic properties of the
system, with the magnetic moment (∼ 1.6 μB) caused by spin
polarization being closer to the experimental measurements
(∼ 2 μB) in the case of v = 2. In DFT calculations, we cannot
include spin fluctuations, so we failed to capture the Pomer-
anchuk effect at v = −1, as has been seen in experiments
[31,80].

A spin density near the Fermi level is shown in Fig. 6. As
the twist angle decreases, the electron density becomes more
localized. At the twist angle of 1.47◦, the electron density
is almost exclusively localized in a zone of AA stacking,
which is consistent with previous experimental findings [41].
The charge pattern forms a ring with a small pseudohole at the
center, where the electron density is small but not zero. The
average radius of the ring is ∼ 2.0 nm, indicating that the spin
magnetic moment is not localized at the atomic scale. Instead,
it is a collective contribution from several hundred carbon
atoms and exhibits a periodic pattern. This is in contrast with
common magnetic materials, such as iron, manganese, and
chromium [70], where one spin is typically localized on a
single atom [69]. In addition, our DFT calculations show that
the spin density mostly resides in the region with remark-
able in-plane relaxation, indicating a spin-lattice coupling (see
Figs. 7 and 8).

As discussed above, spin splitting is correlated with elec-
tron occupation on flat bands near the Fermi level since
the electron occupation and spin splitting change coherently
where, if one of them is changed, the phase transition can
be driven. In our calculations, we include the effect of tem-
perature in the Fermi smearing, which shows that when the
temperature is > 10 K, the spin splitting induced by doping
disappears. Superconductivity is not yet captured in DFT cal-
culations due to the absence of electron-electron interaction,
so the phase transition to superconductivity was not captured
in the present calculations. With the aid of experiments, we

tried to include the electron and hole occupation effects. Both
the calculated spin splitting and the experimental anomalous
Hall effect imply broken time-reversal symmetry, while the
peak positions in doping should be the same. Indeed, the
calculated phase diagram of the twisted bilayer is in good
accordance with the summary from experimental measure-
ments, as shown in Fig. 2(d).

IV. SPIN POLARIZATION IN DIFFERENT TWISTED
BILAYER MATERIALS

Guided by the toy model, we also used DFT calculations
to investigate the magnetization in typical twisted bilayers of
h-BN, 2H − MoTe2, PbS, and 2H − NbSe2. The results are
shown in Figs. 9 and 10. At larger twist angle, the moiré
period is short, and wave functions are nonlocal. Thus, the
spin splitting is zero. The spin splitting usually increases
and then decreases as the twist angle decreases. The twist
angle which yields the spin splitting is material dependent,
as shown in Fig. 9, e.g., in TBG, the spin splitting peaks
∼ 1.47◦. In twisted bilayer h-BN, spin splitting decreases
with decreasing twist angle. In an example of twist angle
of 2.0046◦ for h-BN, the spin splitting is 13.5 meV (details
in Fig. 11). Another interesting discovery is that the spin-
polarized bands are twofold degenerate due to the Uv (1) valley
symmetry emergent in the small angle limit [81]. As shown in
Fig. 12, the wave functions are localized in real space. If the
twist angle is small enough (such as 2.0046◦ and 1.6459◦), it
leads to a magnetic moment of 2 μB, when two electrons are
doped. The total spin will be 1 rather than 1

2 , and it will split
into Sz = 0, ±1 under a vertical magnetic field. This finding
indicates that the electronic structures are like the states of
nitrogen-vacancy centers in diamond [82–84], so the twisted
h-BN with proper doping could have possible application as a
quantum bit. In twisted bilayer PbS, the largest spin splitting
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FIG. 8. Density functional theory (DFT) relaxed structures of twisted bilayer graphene in the range of small twist angles. (a)–(e) Twist
angles are 1.2029◦, 1.4701◦, 2.0046◦, 3.1497◦, and 6.009◦. Left panels are maps of atomic displacement in a moiré unit cell, and right panels
are the atomic structure of relaxed structure in a 2 × 2 × 1 moiré cell. Red frames represent moiré unit cells.
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FIG. 9. Spin splitting as a function of twist angle for different
materials. A small shift of 0.001 meV is applied for plotting.

occurs roughly at a twist angle of 7.8◦ (details in Fig. 13).
In a typical twist angle of 6.025◦, the spin splitting is 7.1
meV, and the magnetic moment is 2 μB when two electrons
are doped into the twisted bilayer PbS [71]. The spin density is
mainly localized at AA stacking zones, as shown in Fig. 14. In
electron-doped twisted bilayer 2H − MoTe2, the peak of spin
splitting occurs at 5.085◦. Band structures under small twist
angles of 4.4085◦ and 5.085◦ and spin density is shown in
Figs. 15 and 16, respectively. In experiments, ferromagnetism
has been observed in twisted bilayer MoTe2 with a twist angle
∼ 4◦ when doped.

Doping is not necessary in a metallic twisted bilayer.
Here, we consider the effects of twist on spin polarization
of undoped bilayer 2H − NbSe2, which is a nonmagnetic
metal. The temperature is set at 100 K. In the large twisted
angle > 9.43◦, there is no spin polarization, yet as the twist

FIG. 11. Spin-polarized band structures of twisted bilayer h-BN
under different twist angles. The filling factor is v = 2.

angle decreases, the spin splitting increases. When the twist
angle decreases to 4.4085◦, spin splitting can be as large as
0.4 eV. The spin-polarized state is 48 meV lower than the spin-
nonpolarized state. The spin-polarized band structure and spin
density are shown in Figs. 9(d), 17, and 18. The spin moment
in a moiré supercell is ∼ 109 μB, a very large value compared
with doped bilayer graphene. When the twist angle decreases
to 3.1497◦, the spin moment increases to ∼ 390 μB. Similar
phenomena have also observed in twisted 1T − MoS2, and
the twist-dependent spin polarization is shown in Fig. 19. The
magnetism comes from the local atomic magnetic moment.
The interlayer twisting does not fundamentally change the

FIG. 10. Band structures (upper panels) and corresponding spin density near the Fermi level (lower panels). (a) Bilayer 2H − MoTe2

twisted by 4.4085◦. (b) Bilayer h-BN twisted by 2.0046◦. (c) Bilayer PbS twisted by 6.0256◦. (d) Bilayer 2H − NbSe2 twisted by 4.4085◦. The
Fermi level is set as 0. Lower panels are corresponding spin density near the Fermi level.
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FIG. 12. Spin-polarized wave functions of twisted bilayer h-BN. The filling factor is v = 2. Red and orange are Bloch wave functions of
two degenerate bands below the Fermi level. Twist angle here is 2.0045◦.

local atomic structure and bonding but rather transforms a
nonmagnetic material into a magnetic material by changing
the electron correlation. This is undoubtedly an important
previously undiscovered characteristic, which expands the re-
search fields of twistronics.

Spin magnetism here is of Stoner type rather than Heisen-
berg magnetism. In a Heisenberg magnet, a magnetic moment
has a constant magnitude localized on an atom and can ori-
entate in any direction. In a Stoner magnet, the magnitude
of magnetic moments varies upon electron excitation [85].
In fact, Stoner ferromagnetism stems from strongly corre-
lated phenomena, and the derivation from the interacting
Hamiltonian is seen in the Appendixes. DFT includes the
electron-electron interaction in the mean-field method. The
exchange interaction part is included by exchange-correlated
functional. Thus, DFT calculations of magnetism here stem
from the correlated physics.

In conclusion, we have performed large-scale, spin-
polarized DFT calculations to study the magnetism in a host
of different twisted bilayer materials. We propose the under-
lying source of ferromagnetism arises from the relationship

FIG. 13. Spin-polarized band structures of bilayer PbS under
different twist angles. The filling factor is v = 2.

FIG. 14. Spin density of twisted bilayer PbS. The filling factor is
v = 2. The charge density is cut off in the range from −0.2 to 0 eV.

FIG. 15. Spin-polarized band structures of twisted bilayer 2H −
MoTe2 under different twist angles. The filling factor is v = −1.

FIG. 16. Spin density of twisted bilayer 2H − MoTe2. (a) The
filling factor is v = −1. The charge density is cut off in the range
from 0 to 0.1 eV. (b) The filling factor is v = 1. The charge density
is cut off in the range from −0.2 to 0 eV. Twist angle is 4.4085◦.
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FIG. 17. Spin-polarized band structures of twisted bilayer 2H −
NbSe2 under different twist angles. The filling factor is v = 0. No
doping is applied.

between twist angle and induced spin-splitting effects such
that, at specific twist angles, the spins nonlocally and col-
lectively polarize. We assert this fundamental origin of
magnetism in these structures is in better agreement with
experimental results, e.g., the case of TBG and its cascade
of phase transitions upon doping. Our calculations show that
the twisted-induced magnetism is not unique to TBG but
can be observed in other twisted systems as well. To our
surprise, in some nonmagnetic metallic bilayers, such as bi-
layer 2H − NbSe2 and 1T − MoS2, twisting can transform a
nonmagnetic state into a ferromagnetic state without doping.
This is the most important discovery in this paper. We finish
by suggesting potential application of the localized spin states
for use in quantum simulators.
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APPENDIX A: DERIVATION OF STONER MODEL FROM
INTERACTING HAMILTONIAN

According to Bloch theory including interaction, a general
Hamiltonian is as follows:

H =
∑
σk

εka†
kak +

∑
q

U (q)

V

∑
σkσ ′k′

a†
σk+qa†

σ ′k′−qaσ ′k′aσk,

(A1)

where V is the volume, U(q) is momentum-resolved Coulomb
interaction, q and k represent momentum vectors, and σ and
σ ′ represent a spin with a twofold degree of freedom. In a
special case, U (q) = U0 is a constant. We denote U0/V = J .
Equation (A1) can be transfer into Eq. (1) by Fourier transfor-
mation. The only difference is a constant:

H =
∑

<i j>
ti jc

†
i c j + H.c. +

∑
<i j>

Ji j

(
Sz

i Sz
j − nin j

4

)
.

(A2)

The Hamiltonian in Eq. (A1) can be decomposed into
noninteracting part H0 and interacting part Hc. We now solve
this Hamiltonian in the method of the variational process.
The Slater determinants of single-particle states (|ϕ0〉) of the
noninteracting part H0 work as the reference states. This is
equivalent to the Hartree-Fock decoupling. The energy of the
interaction part is

〈ϕ0|Hc|ϕ0〉 =
∑

q

U (q)

V

∑
σkσ ′k′

〈ϕ0|a†
σk+qa†

σ ′k′−qaσ ′k′aσk|ϕ0〉,

(A3)

where |ϕ0〉 is a Fermi sea, where all states below the Fermi
level are occupied, and all states above the Fermi level are
unoccupied. The expectation value under the summary is
nonzero only if the creation and annihilation operators are
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FIG. 20. Spin density in the range of ±5 meV around the Fermi level under a twist angle of 1.47◦. The black frame implies a moiré unit
cell. Insert is zoom in of AB stacking part. AA represents that the atoms at an upper layer stack directly on the top of atoms at a lower layer.
AB (BA) represents that the atoms at an upper (lower) layer stack on (below) the centers of atom hexagons of a lower (upper) layer. Red and
orange outline the atoms at upper and lower layers.

paired, i.e., (a) k + q = k and k′ − q = k′ or (b) k + q = k′
and σ = σ ′. In case (a),

〈ϕ0|Hc|ϕ0〉 = U (0)

V
〈ϕ0|

(∑
σk

a†
σkaσk

)2

|ϕ0〉 = N2 U (0)

V
.

(A4)

This term is a spin-independent constant, and it only con-
tributes to an energy shift. It will not induce spin polarization,
and thus, we neglect this term. In case (b),

〈ϕ0|Hc|ϕ0〉 = −
∑

σk,k′ �=k

U (k′ − k)

V
〈ϕ0|a†

σk′aσk′a†
σkaσk|ϕ0〉.

(A5)

FIG. 21. Illustration of proposed experiments. In a device, the
left part of the heterostructure is twisted bilayer graphene, and the
right part is Mn-doped MoS2. Arrows represent the applied magnetic
field. In-plane double arrows present the valley pseudospin.

The system energy is

E =
∑
σk

εσknσk −
∑

σk,k′ �=k

U (k′ − k)

V
nσk′nσk (A6)

without electron-phonon coupling, U (k′ − k) is repulsive, and
it is positive. We see that the energy decreases when electrons
have parallel spins, resulting in a ferromagnetic exchange
interaction between the electrons.

As in Eq. (A2), we assume U (k′ − k)/V = J is a constant.
Equation (A6) is reduced into an effective Stoner model:

E =
∑
σk

εσknσk − J (N2
↑ + N2

↓ ). (A7)

In fact, DFT includes the electron-electron interaction in
the mean-field method. The exchange interaction part is in-
cluded by exchange-correlated functional. Here, we adopted
the PBE method. Thus, DFT calculations of magnetism are
possibly stemmed from the correlated effect in physics. In
our calculations of TBG, the basic physics can be well cap-
tured. As shown in Fig. 20, the zoom-in of spin density
shows the spin-polarized states are layer-locked in TBG. The
spin-polarized states in the AB stacking zone prefer to be
distributed at the A sublattice of the top layer and the B
sublattice of the bottom layer. The spin-polarized states in the
BA stacking zone are distributed at the opposite sublattice of
the opposite layer. The spin polarization here is in accordance
with the spin magnetism proposed in some of the previous
experiments.

APPENDIX B: PROPOSED EXPERIMENT TO
DISTINGUISH THE SPIN AND ORBITAL MAGNETISM

To determine the weight of spin contribution in ferromag-
netism, we propose experiments involving a spin-tunneling
junction consisting of Mn-doped (or Fe-doped) MoS2 and
TBG, as illustrated in Fig. 21. The transport in this junction
is dependent on the spin configuration, and one can half-dope
the TBG. In previous work, monolayer MoS2 with Fe or Mn
doping can be ferromagnetic with a coercivity field > 1000
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Oe [86,87], while the coercivity field is ∼ 200 Oe based on
the measured hysteresis loops [29,38]. Thus, one can apply an
external magnetic field in the range from 200 to 1000 Oe to
switch the magnetic moment in TBG only. By measuring the
ratio of magnetoresistance between the spin-up and spin-down
channels, we can reflect the weight of spin contribution in
the ferromagnetism. If the spin does not play an important
role, the magnetoresistance will be vanishingly small, whereas
a large magnetoresistance indicates the significance of spin.
Additionally, the transport is also dependent on the orbital

magnetization. In ferromagnetic MoS2 monolayers, the valley
is polarized, and one can dope one valley with a net orbital
magnetic moment, as shown in Fig. 21 [70,88]. By fixing the
spin as parallel in TBG and ferromagnetic MoS2 and rotating
the MoS2 to switch the valley degree of freedom by 180◦, one
can determine the effect of orbital moment or Berry curvature
on transport. Again, if the orbital moment is not important,
the magnetoresistance will be vanishingly small, whereas a
large magnetoresistance indicates the significance of orbital
moment.
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