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Electrical control of spin and valley in spin-orbit coupled graphene multilayers

Taige Wang,'2 * Marc Vila,"»? * Michael P. Zaletel,""? and Shubhayu Chatterjee' 3

! Department of Physics, University of California, Berkeley, CA 94720, USA
2 Material Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3 Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213, USA

Electrical control of magnetism has been a major techonogical pursuit of the spintronics commu-
nity, owing to its far-reaching implications for data storage and transmission. Here, we propose and
analyze a new mechanism for electrical switching of isospin, using chiral-stacked graphene multilay-
ers, such as bernal bilayer graphene or rhombohedral trilayer graphene, encapsulated by transition
metal dichalcogenide (TMD) substrates. Leveraging the proximity-induced spin-orbit coupling from
the TMD, we demonstrate electrical switching of correlation-induced spin and/or valley polariza-
tion, by reversing a perpendicular displacement field or the chemical potential. We substantiate
our proposal with both analytical arguments and self-consistent Hartree-Fock numerics. Finally, we
illustrate how the relative alignment of the TMDs, together with the top and bottom gate voltages,
can be used to selectively switch distinct isospin flavors, putting forward correlated van der Waals
heterostructures as a promising platform for spintronics and valleytronics.

Introduction — Electrical control of magnetic degrees
of freedom can pave the way for energy-efficient next-
generation solid-state devices [1-7]. However, the phys-
ical origin of ferromagnetism lies in the interplay of
Coulomb repulsion and Fermi statistics of electrons [8, 9],
thereby making it challenging to directly tune magnetism
via applied electric fields. Two-dimensional heterostruc-
tures, such as those made by graphene, transition metal
dichalcogenides (TMDs) and low-dimensional magnets,
offer a versatile and highly tunable platform to address
this challenge [10-18]. In these materials, a wide range
of experimental knobs allows one to significantly enhance
electronic interaction strength relative to bandwidth, and
thereby engineer a variety of correlated phases includ-
ing spin and orbital ferromagnets. Specifically, electric
field switching of orbital magnetism via manipulation of
topological edge states has been demonstrated in moiré
graphene multilayers [19-21].

While moiré materials have been in the spotlight for
their unprecedented tunability, the moiré pattern itself
acts as a new source of disorder — twist angle disorder
stemming from local lattice relaxation [22]. As a con-
sequence, the physics of moiré systems is often found to
vary significantly from device to device [23]. Further, the
nature of ordering of spin-degrees of freedom in moiré
materials has proven difficult to detect and manipulate.
Very recently, both orbital (valley) and spin ferromag-
netism has been observed in few-layered graphene in ab-
sence of any moiré pattern [24-32]. These remarkable
experiments naturally motivate the following questions.
First, can we exploit the tunability of graphene-based
heterostructures to design an electrical switch of mag-
netism without involving a moiré superlattice? Second,
can we selectively switch spin and valley degrees of free-
dom on demand?

In this paper, we introduce TMD encapsulated chirally
stacked graphene as a new platform for electrical control
of isospin. Specifically, we demonstrate a mechanism to

selectively switch valley and/or spin polarization by re-
versing a perpendicular displacement field, by leveraging
both proximity-induced spin orbit coupling (SOC) from
TMD substrates, and interaction-induced strong correla-
tions in chiral graphene multilayers.

To substantiate our proposal, we first employ ana-
lytical arguments and self-consistent Hartree-Fock (HF)
numerics to establish the robust presence of isospin
(spin and valley) polarized ferromagnetic phases in the
graphene-TMD heterostructure under a displacement
field D. Next, we show that the degeneracy between dif-
ferent spin-valley polarized phases is split due to the spin-
valley locking SOC, and the splitting can be controlled by
voltages on top and bottom gates. Therefore, reversing
gate voltages flips valley and/or spin polarization. Fur-
ther, we discuss how the relative alignment of the top
and bottom TMD layers and the carrier type (electron
vs. hole) may be used to select the precise isospin degrees
of freedom that are electrically switched.

Switching mechanism — We start with a simple phys-
ical picture of the switching mechanism, schematically
depicted in Fig. 1. To this end, we consider chirally
stacked graphene (CSG) multilayers, such as Bernal bi-
layer graphene (BBG) or rhombohedral trilayer graphene
(RTG), encapsulated within TMD layers. Like mono-
layer graphene, the low-energy degrees of freedom in CSG
comprise of four isospin flavors — valley (7 = K, K’) and
spin (s =1,]). Applying a displacement field D on CSG
enhances the low-energy density of states, and promotes
isospin polarization at low carrier density [24-30]. Such
a fully isospin polarized phase is spin-valley locked due
to the induced SOC (say, (K,1) or (K’,])), and carries
both spin magnetization M, and orbital magnetization
M., which is constrained by time-reversal to be opposite
in the two valleys, i.e., Mg = —Mp.

The two-fold degeneracy of spin-valley locked phases
may be split by a weak static out-of-plane magnetic field
B, which couples to both valley and spin degrees of free-
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FIG. 1. Schematic depiction of the switching mechanism for
electrons in the TMD-encapsulated chirally-stacked graphene,
with top and bottom TMDs aligned. The SOC-induced split-
ting, Asoc, favors a pair of time-reversal related degener-
ate (K,1), (K',|) states. The Zeeman energy Ag splits this
twofold degeneracy, based on the orbital magnetization M,
of electrons in valley 7. As M, is odd in 5, switching the
direction of the displacement field swaps valley polarization.
Since valley is locked to spin via SOC, this also leads to a flip
of spin polarization.

dom. Since the orbital Zeeman energy at low carrier
density is typically much larger than the spin Zeeman
energy, the favored isospin polarized phase corresponds
to choosing the valley 7 that has orbital magnetization
M, parallel to B (say, (K',])). Therefore, the combi-
nation of induced SOC and magnetic field allows one to
selectively choose the isospin polarization in CGS.

Having chosen a particular isospin polarization, the
central result of our work is that one can switch either
valley, spin or both isospin flavors electrically, by flipping
the displacement field D or the chemical potential u. To
illustrate this, consider the simplest example where the
TMDs are aligned, such that the induced SOC on the top
and bottom graphene layers is the same. The direction of
D sets the sign of the Dirac mass, and consequently de-
termines the sign of orbital magnetization which is carrier
(electron-hole) and valley dependent [33, 34]. On revers-
ing D at fixed carrier density, the Dirac mass changes
sign, implying that the orbital magnetization of the two
valleys are swapped, i.e., Mk <> Mg/. To optimize the
orbital Zeeman energy, the system prefers to keep the
orbital magnetization parallel to B when D is reversed.
This can be achieved by flipping the valley polarization
(i.e., K — K), which in turn leads to a reversal of the
spin polarization due to SOC-induced spin-valley lock-
ing, (i.e., (K',{) — (K,7)). In this setting, our proposed
device acts as a spin and valley switch (Fig. 1). Alter-
nately, one may flip a suitable combination of D and 1,
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FIG. 2. Band structure around K valley of TMD-
encapsulated Bernal bilayer graphene (BBG) and rhombo-
hedral trilayer graphene (RT'G), with top and bottom TMDs
aligned, for typical parameter values: Ising SOC A\; = 2meV,
Rashba SOC Ar = 2meV, and displacement field up =
30meV. We show the spin polarization (s*) in color. s*
remains a good quantum number near the valence band max-
ima/conduction band minima at finite Ag.

and choose the relative alignment of the TMDs appropri-
ately to realize either a spin switch or valley switch, as
discussed later and summarized in Table I.

Model — We begin by considering Ny-layered CSG in
absence of SOC. While an accurate description of the
bandstructure requires 2N, bands per valley per spin,
in the vicinity of charge neutrality the electron wave-
functions in CSG are nearly localized on the A; and By,
sublattices on the top and bottom layers (Fig. 1). There-
fore, an intuitive description may be obtained by em-
ploying an approximate 2-band model that describes a
single valley /spin flavor in the v = (A;, By, ) pseudospin
basis [35]. The applied displacement field D flattens the
low-energy dispersion, leading to enhanced interaction ef-
fects and isospin flavor polarized phases. Multiple such
phases, such as a spin-polarized valley-unpolarized half
metal, or a spin and valley polarized quarter metal, have
already been observed in recent experiments on rhom-
bohedral (ABC) trilayer graphene (RTG) [24, 25] and
Bernal bilayer graphene (BBG) [26-29, 36, 37].

When CSG is placed on an insulating TMD substrate,
spin-orbit coupling is induced on the graphene layer ad-
jacent to the TMD via virtual tunneling of electrons be-
tween graphene and TMD [39]. The induced SOC on a
single layer can be well-approximated by spatially inde-
pendent Ising and Rashba terms [40-45]:

Hi_soc = No77s%, Hr_soc = Na(770%sY — a¥s™) (1)

where £ = t, b denotes the top/bottom graphene layer ad-
jacent to the TMD substrate and (7,0, s) denotes Pauli
matrices acting on the valley, sublattice and spin degrees
of freedom. Since the Rashba SOC is off-diagonal in the
sublattice index and the wave-functions of the low-energy
electrons in chiral graphene are nearly sublattice/layer
polarized (Fig. 2(b)), Ag can be neglected. More explic-
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FIG. 3. (a) Self-consistent Hartree-Fock phase diagram of TMD-encapsulated BBG and RTG with top and bottom TMDs
aligned, for Ising SOC A\; = 2meV and Rashba SOC Ag = 0 (small Ar # 0 does not affect the phase diagram [38]). The four
phases in play are the spin-valley polarized (SVP) phase, the partial flavor polarized (PFP) phase, the inter-valley coherent
(IVC) phase, and the symmetry-preserving spin-valley locked (SVL) phase. (b) The valley g-factor g, of the SVP/PFP phase,
when the SVP/PFP phase is favored over the SVL phase. The vast majority of the phase diagram supports |g.| > |gs|.

itly, perturbation theory including both forms of SOC,
but neglecting farther neighbor hoppings (e.g., ¥2,7s, V4
in Ref. 46), yields the following effective Hamiltonian in
the low-energy (A1, By,) subspace [46, 47]:

Hy = Y ey (0w — 100000) Crstenr
7,8, k,v,v’
N,
MTs* +up M (vk*>
he(k) = [ " 2)
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where k1 = 7%k, £ 1k,, v is the Dirac velocity for mono-
layer graphene, 2up o Ny¢|D| is the potential difference
between the top and bottom layers due to 5, and 7 is
the inter-layer hopping. We note that only the Ising SOC
term A; appears in Hy, and spin s* remains a good quan-
tum number at low-doping. This is borne out in a micro-
scopic calculation of the full band structure of BBG/RTG
including both Ising and Rashba SOC and realistic hop-
ping parameters [46]: we find that the low-energy bands
in each valley are nearly spin-polarized (Fig. 2) but split
in opposite directions. For the anti-aligned device, in-
version symmetry constrains A} = —Ab whereas it is
reasonable to approximate A} = AP when the TMDs are
aligned [47].

Interaction induced flavor polarization — We now de-

termine the interacting phase diagram of TMD encap-
sulated CSG. Just like bare CSG, TMD encapsulated
CSG is also expected to exhibit flavor polarized phases
at sufficiently large up, as evidenced by recent experi-
ments on hole-doped BBG on TMD substrates [28, 29].
To confirm this expectation, we perform self-consistent
Hartree-Fock numerics (HF) of TMD encapsulated BBG
and RTG at both electron and hole dopings using a real-
istic 2INy-band model and screened Coulomb interaction
Ve(q) projected onto the active bands [38]. The result-
ing HF phase diagram is shown in Fig. 3(a) [48]. At
small up, interactions do not induce flavor polarization
due to low density of states. The corresponding phase
is the spin-valley locked (SVL) metal that preserves all
symmetries of the non-interacting ground state. At large
up, we find several symmetry-broken phases. Of particu-
lar interest to us are the valley and spin polarized phases,
including the fully spin and valley polarized (SVP) phase
(the analogue of the quarter metal phase in RTG without
SOC [24]) and the partial flavor polarized (PFP) phase
which also has finite valley and spin polarization. Both
the SVP and the PFP phase are observed robustly in the
interacting phase diagram. A competing correlated val-
ley unpolarized state is the inter-valley coherent (IVC)
phase, which is a coherent superposition of two valleys
with opposite spins.



Splitting of isospin degeneracy - We focus on the ferro-
magnetic SVP phase, which would be fourfold degenerate
in absence of SOC. Ising SOC reduces this fourfold de-
generacy to twofold by locking spin and valley so that
the ground states necessarily have 7%s* = 1 (or —1, de-
pending on the sign of induced Ising SOC in the CSG
layer containing the carriers). Our goal is to switch ei-
ther spin, or valley, or both isospin flavors electrically.
One may think that the switch could be accomplished by
simply reversing the displacement field, so that the carri-
ers are polarized to the opposite layer, where the induced
SOC has opposite sign if the top and bottom TMDs are
anti-aligned. However, since SOC always selects a pair
of degenerate spin-valley locked states, we still cannot
switch to a given isospin on demand. Consequently, this
still leaves open the central question: how do we selec-
tively control valley versus spin polarization?

The resolution to the above puzzle is to energetically
split the twofold degeneracy of the ground state mani-
fold by a perpendicular magnetic field B = BZ, which
remains fized during the switching process. In presence
of the magnetic field, the effective Hamiltonian features
an additional term

z z

T s
hp = —ppB |gu(up) 5 — 9s— (3)
2 2
where g, = 2 is the spin g-factor, and g, (up) is the valley
g-factor that arises from the orbital magnetization M,
of electrons in valley 7 [33, 34]. For the fully isospin
polarized SVP phase, we estimate g, at carrier density
n explicitly within the simplified particle-hole symmetric
two-band model described by Eq. (2) [38]:
2MT:K Nge

9(40) = Y = Znlnlms

[up — |p| sgn(up)]  (4)

Eq. (4) shows good agreement with our numerical com-
putation of g, in the Hartree-Fock ground state (Fig. 3),
which implements the full microscopic 2Ny-band model
and accounts for trigonal warping. Importantly, for typ-
ical parameters of filling n ~ 102 cm~2 and up =~ 30
meV, we find |g,| ~ 20 > g;.

We have now gathered all ingredients to determine the
complete splitting of isopin polarized phases for any di-
rection of the displacement field. In presence of hpg, fla-
vor polarized states with identical 7%s%, say (K,1) and
(K',]), get split by Ag = |g, — gs|pusB. Crucially, since
lgu| > gs, the magnetic field prefers to pin the orbital
magnetization. However, from Eq. (4) it follows that re-
versing D at fixed carrier density (i.e., at fixed p) changes
the sign of the orbital magnetization in a fixed valley, as
gv(—up) = —gy(up) [49]. Consequently, the hp-induced
pinning of orbital magnetization requires the carriers to
move to the opposite valley. Therefore, after reversing
D at a fixed carrier density, the energetically preferred
ground state always exhibits a valley polarization oppo-
site to that of the initial state. It remains to examine the

up >0 up <0
. p<0 (K',1) (K1)
aligned
- p<0 (K',1) (K, 1)
anti-aligned
w>0 (K',1) (K, 1)

TABLE I. Electronic isospin polarization for different config-
urations of the displacement field (up), chemical potential p
and relative alignment of the top and bottom TMDs. Aligned
(anti-aligned) implies that A% = A} (A} = —A?) and we have
chosen A? < 0. For hole-doping (1 < 0), the active carrier is
of the minority species, and has opposite polarization to elec-
troms, e.g., (K’,]) implies a hole-like Fermi surface in (K, 1).

resultant spin polarization, which depends on the relative
alignment of the TMD substrates (Table I).

Selective switching of isospin - In the device with
aligned TMDs, the induced Ising SOC is same on both
top and bottom graphene layers, and locks spin and val-
ley identically in both layers. Therefore, switching D
and consequently valley polarization automatically im-
plies switching of spin polarization. Thus the aligned
device can serve as a spin-valley switch.

In the device with anti-aligned TMDs, the induced
Ising SOC is opposite in the top and bottom graphene
layers, and prefers opposite spin-valley locked pairs. Con-
sequently, shifting carrier density from top to bottom
layer by reversing D now implies switching the valley po-
larization while keeping the spin polarization fixed. Thus
the anti-aligned device can serve as a valley switch.

Finally, to complete the trifecta, we discuss a switching
protocol which leaves valley polarization unchanged, but
flips spin. To do so, we consider the device with aligned
TMDs, and take advantage of the spin-valley polarized
phases being available at both electron doping n. and
hole-doping n;, = —n. (Fig. 3). By manipulating the
top and bottom gate voltages, we can electrically tune
w — —p, while keeping D fixed, swapping electron-like
carriers for hole-like carriers. Since the valley g-factor de-
pends only on |u| (Eq. (4)), pinning of the orbital mag-
netization requires the electronic valley polarization to
remain unchanged during the process. However, as elec-
trons and holes feel opposite signs of Ising SOC, this pro-
tocol leads to a switch of electronic spin polarization.

Conclusions and outlook — We proposed and analyzed
an all-electrical route to switch either spin and/or valley
polarization in chirally stacked graphene encapsulated
in TMD substrates. Our proposal leverages correlated
physics in Van der Waals heterostructures to electrically
control spin and orbital degrees of freedom, which is es-
sential for spintronics and orbitronics [50-53]. It applies
to both electron and hole-doped sides of the phase di-
agram, since flavor polarized metallic phases, unlike su-
perconductivity, are ubiquitous for both electron and hole



doping away from charge neutrality [24]. Since the phases
under consideration are interaction-driven and break dis-
crete symmetries, the magnetic order is stable to thermal
fluctuations. Further, we have utilized the induced SOC
from the TMD substrate to achieve a higher degree of
tunability compared to moiré graphene, as we can choose
whether to flip spin and/or valley. In addition, chiral
graphene multilayers, being very clean and reproducible
[25] allows one to bypass difficulties such as twist angle
disorder in moiré materials.

We conclude with a few comments. First, the mech-
anism is compatible with small in-plane Zeeman fields,
which may be required to enhance interaction effects [26].
Second, at large Ny, the interplay of enhanced orbital
magnetization which aids the switching protocols, and
increased electronic screening which may adversely affect
flavor polarization [54], is an interesting theoretical prob-
lem for future work. Finally, we note that our interacting
phase diagram of BBG and RTG, for both electron and
hole doping in presence of SOC, may be useful to throw
light on the variety of correlated phases observed in BBG
[28, 29] and serve as a guide for future experiments on
RTG in presence of a TMD substrate.
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Supplemental Material: Electrical control of magnetism in spin-orbit
coupled graphene multilayers

BAND STRUCTURES AND SYMMETRIES OF CHIRALLY STACKED GRAPHENE WITH TMD
SUBSTRATES

Band-structure of BBG and RTG without SOC

In this section, we elaborate the 4-band and 6-band models for BBG (N, = 2) and RTG (N, = 3) respectively. The
band-structures shown in Fig. 2, as well as the band-projection of the screened Coulomb interaction, were obtained
by using the following microscopic models, and then adding induced SOC from TMD substrates that we discuss later.

AB-stacked bilayer graphene or Bernal bilayer graphene (BBG) consists of two graphene monolayers. Each unit
cell consists of four sites (two sublattice sites A;, B; of the honeycomb lattice in each layer i), which we index by
(A1, By, Ag, By). For chiral stacking, the B-site of the first layer B; is aligned directly on top of the A-site of the
second layer As. Following Ref. 56, we consider the following 4-band Hamiltonian (per valley, per spin) at low energy
to describe the single-particle band structure.

Up —Vof(k) 74f(k) 73f*(k)
L _[—wf (k) up+A M vaf (k) (S1)
4-band Yaf* (k) " —up + A = f(k)

v3f(k)  yaf* (k) —f*(k)  —up

where f(k) =Y, e ™% and 6; = a(0,1),02 = a(v/3/2,-1/2), and d3 = a(—V/3/2,—1/2) are vectors from A-site to
B-sites. The values of all tight binding parameters of our study are chosen from Ref. 56.

(Y0, 71,73, 74, A) = (2610, 361,283,138, 15) meV (S2)

ABC-stacked trilayer graphene or rhombohedral trilayer graphene (RTG) consists of three graphene monolayers.
Each unit cell consists of six sites (two sublattice sites A;, B; of the honeycomb lattice in each layer ¢), which we index
by (Ai, Bi1, Ag, Ba, A3, Bs). For chiral stacking, the B-site of the one layer B; is aligned directly on top of the A-site
of the next layer A;,;. Following Ref. 24 and 57, we consider the following 6-band Hamiltonian (per valley, per spin)
at low energy to describe the single-particle band structure.

up +0+ A2 —yf(k) 7af(k) 3 (k) 0 3
—v0f*(k) up+ Ao 9! 7af (k) 0 0
h _ | afk) gl =28y = f(k)  yaf(k) v3f* (k) (S3)
6=band v3f(k) Yaf (k) —vf (k) —24; 7 Yaf (k)
0 0 Yaf* (k) 94! —up + Ay —0f (k)
5 0 v3fk)  yaf*(k) —yf*(k) —up+d+ Ay

The values of all tight binding parameters of our study are chosen from Ref. 24.
(Y0, 71,72, V35 74, A2, ) = (3100, 380, —21, 290, 141, —2.3, —10.5) meV (S4)

Effective 2-band model - In the main text, we often used a simplified 2-band model (per spin per valley) to make
analytical progress. Here, we briefly recall the main features of this model. Near charge neutrality, the electron wave-
functions in both BBG and RTG (and more generally in chirally-stacked multilayer graphene) are almost localized
on the A; and By, sublattices on the top and bottom layers (see Fig. 1(a)). Hence, useful intuition may be gained
from an approximate 2-band model that describes a single valley/spin flavor in the v = (A1, By,) pseudospin basis
[35, 47, 57]. Neglecting trigonal distortion, the non-interacting Hamiltonian (in absence of SOC) is given by:

(vk_)"e
n Uup SN
Hy = Z Cros.kv (lhr (K)lv,r = p6u1r) Cr sk Where [hr (K], = (wky)Ne (S5)
7,8,kv,v! AT —Uup o

1 is the chemical potential, k4 = 7%k, + ik,, and up is twice the potential difference between the top and bottom

Y
layers due to the applied displacement field D. When the displacement field (up) is large, then the wave-functions of
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the carriers in the active band are strongly polarized to the top or bottom layer, depending on the direction of ﬁ, as
is evident from the Hamiltonian in Eq. (S5). This continues to hold in presence of SOC, as shown in Fig. S2.

The symmetries of the model (when there is no SOC) are discussed, for example, in Ref. 58; we recall a couple of key
symmetries that are useful for our work. First, as expected, there is global SU(2), spin-rotation symmetry, which gets
enhanced to independent spin-rotation symmetries in each valley SU(2) g x SU(2) g+ if we neglect lattice scale effects.
Second, in the absence of the displacement field (up = 0), the Hamiltonian of chirally-stacked graphene is symmetric
under inversion I. More explicitly, on the effective two-band model, we have [I, Hy] = 0 where I : 7% @ k — —k.

Effect of TMD substrate on monolayer graphene

To understand the effect of the transition metal dichalcogenide (TMD) substrate on chirally-stacked graphene, it
is useful to first consider its two-fold effect on monolayer graphene. First, in spite to the insulating nature of the
TMD, virtual tunneling of electrons from graphene into the TMD (and back) can induce significant spin-orbit coupling
(SOCQ). Second, due to the mismatch of the lattice scales between graphene and TMD substrate, the graphene electrons
feel a moiré potential. From first principles calculations [40], it was argued that the effect of the moiré potential is
negligible, and the main effect of the TMD on the low-energy band-structure of graphene can be modeled well by
a spatially independent SOC and a finite sublattice splitting. In terms of monolayer graphene degrees of freedom
(1,0,5), these effects take the following form [40]:

hi_soc = A\i7%s*
hp— = Ap(7%0%sY — og¥s"
R—SOC R
hxm-soc = AxmT 870"
hSL = uSLO'Z (86)

In Eq. (S6), As is the Ising SOC, Ag is the Rashba SOC, Axj; is the Kane-Mele SOC [59], and usy, is a sublattice
splitting. Typically, A\;, Ag and ugy, are all meV scale, while A s is much smaller and usually neglected [40, 45].

We briefly discuss the effect of induced SOC on the symmetries of the monolayer graphene Hamiltonian. Barring
ugr, all terms in Eq. (S6) break the global SU(2)s spin-rotation symmetry of monolayer graphene. In addition,
monolayer graphene has a spin-ful Cy, symmetry that acts as i7%s*0” @ k — —k. h;_goc and hgy, are odd under this
C5, rotation, while hg_soc and hxy_soc are even under it. Thus, rotating the graphene monolayer by 180° relative
to the TMD substrate will take A\; — —A; and ugs;, — —ugy, while keeping Ar and Agjps fixed. One important
takeaway from this observation is that the strength of the induced Ising SOC A; can be controlled by the relative
alignment between the TMD substrate and the adjacent graphene monolayer.

Two-sided CSG-TMD heterostructures

Next, we turn to TMD-CSG-TMD heterostructure with opposite TMD orientation on the two sides of CSG. In
the most general case, the two-sided heterostructure can have different magnitudes and signs of proximity-induced
SOC (and sublattice splitting) on the two sides. If the TMD layers are aligned (inversion symmetry I is broken),
then we expect that the same sign of SOC will be induced on both top and bottom graphene layers of CSG. In
contrast, if two TMD layers that encapsulates CSG are anti-aligned, then the structure preserves inversion I, and
places important constraints the induced SOC. In this subsection, we derive the allowed SOC terms for the CSG
Hamiltonian encapsulated in anti-aligned TMD substrates.

We start by introducing some notation that will be useful for deriving the symmetry constraints on SOC. Following
Ref. 60, we consider by a + superscript a coupling that has same sign on top and bottom layers, and by a —
superscript a coupling that has opposite signs on the top and bottom layers. For example, AT = (A} + /\'}) /2 denotes
Ising SOC with same sign on both top and bottom layers (denoted by t/b respectively, corresponding to £* = +1),
and A\ = (\} — )\Z})/2 denotes Ising SOC with opposite sign on the two layers. Thus, the most general hgoc one can
write down is:

hsoc = Z (A + A7) + (AL + AglP)(T707sY — 0¥s™) + (Apy + Aearlo)T78%0% + (udy +ugp0?)o”  (S7)
—t/b

Symmetries that flip layers place constraints on the magnitudes of the terms in Eq. (S7). Therefore, we tabulate the
symmetry actions for the point group symmetries of CSG (for up = 0). While our explicit symmetry representations
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T M, Cs, I/Cay
v v v x
Dy v v X X

e Vv v
ut v v v X
Y N
ooV v X

Xewi ¥ Vv x
u” v v v v

TABLE SI. Symmetry signatures of the various terms induced by TMDs on CSG. v indicates that the term preserves the
symmetry. For inversion I (and Cb.), X indicates that the term is odd under the symmetry transformation (i.e., goes to
negative of itself), while for Cj, it merely indicates that the symmetry is broken.

in Eq. (S8) are valid only for the two-band effective model, our conclusions are valid more generally.

My« it%s% @ (ky, ky) = (—ks, ky)
ng : eiﬂSZ/S Rk — Cg [k]
I:7™7"®k— -k (S8)

Note that CSG has no Cy, symmetry, and that I is the only symmetry that flips layer (and sublattice) and therefore
flips pseudospin v* = Ay <> By, (Ca; = M, I, which also flips layers, is not an independent symmetry).

The symmetry actions on Hgoc (using 7%v% = 7%¢%0® for inversion I, as inversion flips valley, sublattice and layer)
are presented in Table SI. Specifically, for the inversion symmetric (anti-aligned) CSG-TMD heterostructure, only the
following couplings are allowed in the Hamiltonian:

hsoc,anti—aligned = Z A CT75% 4 AplF (1707 sY — 0Ys") + Ay 775707 + ug 7 o” (S9)
e==t/b

Note that the allowed sublattice potential ug; £*c* takes the same value on the active sublattices A;/By, for the
low-energy bands, and henceforth we will assume that it can be absorbed into the chemical potential . We will also
assume that the displacement field D does not affect the atomic orbitals in the individual layers, so its effect can be
captured by simply adding the up¢* term to the Hamiltonian without modifying the induced SOC from the substrate.

For the device with aligned TMDs, inversion symmetry is broken and therefore no such strict symmetry constraints
can be placed. Nevertheless, since SOC is induced only on the graphene layer directly adjacent to the TMD, we may
expect the induced SOC to predominantly have the same sign in both top and bottom layers. Therefore, we may
approximate the Hamiltonian for the aligned device as:

hsoC,aligned & Z N7 + AL (7707 sY — a¥s™) + (Afyy + A O5)778%0% + (ud), +ug 07)o” (S10)
2=t/b

Once again, we can set £*0° = 1 for the low-energy valence and conduction bands, implying that ug; can be absorbed
into the chemical potential, and Ay, just adds to the Ising SOC. Further, the effect of uJSrL can be absorbed in the
displacement field induced potential up. Hence, only the Ising and Rashba SOC terms need to be considered for the
aligned device.

Putting all this information together, we arrive at the Hamiltonian used to numerically determine the band-structure
for BBG (or RTG) encapsulated in TMDs:

hBBG/RTG = Na—band/6—band T RSOC,aligned /anti—aligned (S11)

Effective SOC in the 2-band model - As discussed in the main text, the Rashba term, being off-diagonal in the
sublattice index o, does not contribute significantly to the electronic band structure in the vicinity of charge neutrality.
In fact, Ref. 47 showed that on band-projection, to leading order in perturbation theory, its contribution is proportional
to )\JIQL o A+ )\l}z, which is constrained to be zero in inversion-symmetric (TMD anti-aligned) device. Although it
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FIG. S1. Expectation values (s*) and (|s® +is”|) in the K valley active band (conduction band for electron-doped and valence
band for hole-doped.) of encapsulated BBG and RTG near charge neutrality, using typical values up = 30 meV, A} = AL =2
meV and A = A% = 2 meV (TMD aligned device). The black contour shows the Fermi surface for a fully spin-valley polarized
(SVP) phase at carrier denisty |n| = 0.2 x 10" cm™2. We note that the effect of the Rashba term is important only for
large carrier densities (the same holds true for the TMD anti-aligned device with A} = —)\})). This justifies our assumption of
approximate s conservation to find the interacting phase diagram for low carrier densities that are of interest to us.

appears at linear order for the device with aligned TMDs, its contribution is proportional to k™V¢~! (where k is
momentum measured relative to K/K’) to leading order in perturbation theory, and therefore quite small. In Fig. S1,
we plot (s*) in the conduction and valence band for both BBG and RTG using the full micropscopic band structure,
and show that s* is a good quantum number for low carrier density. Thus, within our two-band effective model
we need to consider only the induced Ising SOC, since the sublattice splitting can be absorbed within the chemical
potential x4 and the Kane-Mele SOC Ak s is negligible. These considerations lead to the following simplified two-band
Hamiltonian:

)\t Ts% +u (Uk—)NZ
T I D ’YNe—l
Hy = 2 : Cr.skv ([hT(k)]V,V’ - ﬂélﬂ/') Crs,k, Vs where hT(k) = (vky)Ne b 21 p (812)
7,8,k _N_’Y T )\IT S® —Uup
1

which is Eq. (2) in the main text.

INTERACTION HAMILTONIAN AND SELF-CONSISTENT HARTREE-FOCK NUMERICS

Hartree-Fock setup

In this section, we provide details for the Hartree-Fock numerics, which were used to provide interacting phase
diagrams of CSG-TMD heterostructures in Fig. 3(a) in the main text. The interacting Hamiltonian Hc is given by:

Hg = % > Ve(a) : pla)p(—a) : (S13)
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FIG. S2. Layer polarization (€) = (ni — np) overlaid on the band structure around K valley of TMD-encapsulated BBG and
RTG, with top and bottom TMDs aligned. The parameters are identical to those used in Fig. S1. Note that the states near
the conduction band minima or valence band maxima are almost entirely layer polarized.

where A is the sample area, Vo (q) = e? tanh (¢d)/(2¢€0q) is the dual gate-screened Coulomb interaction with sample-
gate distance d, and

p(q): Z Cj’,s,k,ocTa&k"!‘%U (814)

k,7,s,0

is the Fourier transform of the electron density operator (neglecting inter-valley scattering which is suppressed for
long-range interactions). Here, we restrict |k| and |q| to be much smaller than the inverse lattice spacing a 1.

To study the ground state of this interacting Hamiltonian, we perform a self-consistent Hartree-Fock calculation
based on the full 2N, band model with both spin and valley flavors, and SOC on the top and bottom layer in Eq. (S11).
For this purpose, we first transform to the band-basis (labeled by electrons ¢, ;s k), and project the the density
operator p(q) in the interaction Hamiltonian to the active bands (two conduction or valence bands per valley). The
Hartree-Fock calculation tends to overestimate the exchange energy-gain, as it neglects the screening of interactions
by itinerant electrons. To account for this additional screening, we employ the random phase approximation (RPA)
for itinerant fermions [9],

_ Ve(q)
L+ xpp(@)Ve(a)

He — i zq: Vera(q) : p(@)p(—q) :, where Vrpa(q) (S15)

At low energy and momentum, we may neglect both frequency and momentum dependence of the screening, and set

pr(Q) ~ Xo0-
In our Hartree-Fock calculation, we solve the self-consistent equations for Slater determinant states characterized

by the one-electron covariance matrix Pﬁ?;;s,s/(k) = <7/’j1,7,s,k1/’n’ﬁ’»5',k>v in the band basis labeled by n, following the
approach outlined in Ref. 61. We only consider kinetic energy and intra-valley Coulomb scattering in the Hartree-Fock
calculation. To numerically solve the self-consistency equations, we employ both the ‘ODA’ and ‘EDIIS’ algorithms
[62, 63]. The numerical results shown in the paper are obtained with e = 4.4, gate distance d = 50 nm, using the
projected valance band per spin per valley on a 71 x 71 momentum grid, with UV momentum cutoff 0.085a".
we use the non-interacting density of states yo with twofold isospin degeneracy, i.e., xo = 0.02eV~' for BBG and

xo = 0.08eV ™! for RT'G, which qualitatively reproduces the experimental phase diagram in the absence of SOC [58].

Interacting phase diagram at different SOC

In this subsection, we study the effects of varying the Ising and Rashba SOC on the phase diagram in Fig. 3(a) in
the main text. Specifically, we show in Fig. S3 that the main phases of interest remain almost unchanged, thereby
confirming the robustness of our proposal.

The reported Ising SOC from first principle calculations and constraints from experiment phase diagrams vary
from 0meV to 2meV [28, 45, 64, 65]. In the main text, we consider a relatively large Ising SOC A\; = 2meV. Now
we consider a relatively small Ising SOC A\; = 0.5meV. Taking electron-doped RTG as an example, we show its
Hartree-Fock phase diagram in Fig. S3(a). Compared to the phase diagram with \; = 2meV in Fig. 3(a), a smaller
As favors an IVC phase at large doping, as expected [58]. The SVP phase which plays the central role in our proposal
is nevertheless untouched.
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FIG. S3. Self-consistent Hartree-Fock phase diagram of TMD encapsulated RTG with different SOC, in the case where the top
and bottom TMDs are aligned.
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FIG. S4. Self-consistent Hartree-Fock phase diagram of TMD encapsulated RTG where the top and bottom TMDs are an-

tialigned (A% = —A%). We chose Ising SOC |\{| = |\}| = 2meV and Rashba SOC Ar = 0 (since its value minimally affects the
phase diagram).

We also explore the effect of Rashba SOC beyond perturbation theory. The reported Rashba SOC varies in a large
range from 1meV to 15meV [28, 45, 66-68]. We consider an intermediate value Ar = 5meV, keeping A\; = 2meV.
The electron-doped RTG phase diagram in Fig. S3(b) closely mimics the phase diagram with Az = 0 in Fig. 3(a),
justifying our perturbative approach in the main text.

Finally, we consider the device with anti-aligned TMDs on the top and bottom layer, which was used in our protocol
for valley switching at fixed carrier density (equivalently, fixed u). Via a self-consistent Hartree-Fock calculation with
opposite signs of Ising SOC in the top and bottom layers, i.e., A\Y = —A}, we demonstrate in Fig. S4(a) that the
interacting phase diagram is quite similar to the case when the TMDs are aligned (Fig. 3(a) in the main text).
Further, by numerically evaluating the orbital magnetization in isopsin polarized phases for the anti-aligned device in
Fig. S4(b), we confirm that |g,| > gs holds irrespective of alignment or anti-alignment of the encapsulating TMDs.

Taken together, our results justify the use of the TMD anti-aligned device for valley switching, as discussed in the
main text.
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BERRY CURVATURE AND VALLEY g¢g-FACTOR
Analytical evaluation
In this section, we analytically evaluate the valley g-factor g, for the effective two-band model, using the simplified
Hamiltonian in Eq. (2), which neglects trigonal distortions and particle-hole symmetry-breaking. Recall that for a

fully valley polarized phase, the valley g-factor for the active band is given in terms of the magnetization (density)
M, =7*M in valley 7 = K/K' as

<hvalley7Zeeman> T MBA 2MA 2M
= —q, Bi — _ 7% . v = = —_— ].
— N = 9B T N )T T N T (S16)

where A is the area and N is the total number of carriers, such that n = N/A is the carrier-density. (our normalization
condition is such that g, is dimensionless and can be compared to gs). More generally, for partially valley-polarized
(or valley-unpolarized) phases, we may define the valley g-factor by the net orbital coupling to the external magnetic
field.

peN uBmn

Go (S17)

where we have denoted the orbital magnetic moment of the partially filled 7 valley by M, to differentiate it from
the magnetic moment M., in the fully valley polarized state. Note that Eq. (S17) reduces to Eq. (S16) for the fully
valley-polarized case, which has the largest magnitude of g,. In contrast, if the occupancies of the two-valleys are
equal, so are the magnetization densities Mg and Mg, indicating that g, = 0. For partially valley-polarized phases,
gy assumes an intermediate value.

We now consider the fully spin and valley polarized phase, and compute M for the K valley (i.e., 7* = 1); for the
K’ valley (7% = —1) the magnetization has the same magnitude but opposite sign due to spinless time-reversal (when
Ar = 0). The generalization to A; # 0 is straightforward, and does not affect the final result significantly.

For a Bloch Hamiltonian given by h(k) with eigenstates ¢, (k), the magnetization of the n* band is given by [69]:

M= 5 [Im / gi’; (e () 2y (11l () + 2 (k) — 201) O, 1) (518)

where np(e) = (#¢#) 4+ 1)~ is the Fermi function. We can further use the following identity to simplify our
calculations:

<un,k| (9kh(k) |Um,k>
€m(k) - 5n(k)

Ol(h(K) — 0 (K)) [in1)] = Bul0] =0 = [Bhcunse) = — 3 Lk
m#n

(S19)

Using Eq. (S19), we can express M, as follows:

e / (;sz ne(en (1) 3 [(un,kwkmh(k) U k) (um k| Ok, (k) [unx)

Mo =gin ] [ 50s (em (k) — en(k))?

: | 19+ 20010~ 20| 520

m#n

where the sum on m runs over all other bands m # n. In our approximate two-band model described by Eq. (S5) (we
set Ay = 0 for simplicity), M, takes a particularly simple form due to the presence of particle-hole symmetry. Choosing
n = + (conduction band), we can only choose m = — (valence band), implying that e, (k)+e, (k) = 4 (k)+e_(k) = 0.
Therefore, we have the following formula for magnetization of the conduction band [33, 34]:

e 2 eut® 2
Moo= P [ (s ()00 = B [ Ene(e (02,00 (s21)

where Q. (k) is the Berry curvature of the conduction band in valley 7, given by [34]

Qp 7 (k) = icu Ok, Uy rxlOk, Ut 7)) = —2Im[(Ok, tut 7 x|Ok, Ut 7 1))
CoTm |:<u+,7',k| O, (k) [u— 7 1) (U 71| O, h(K) |uy 71c)
(e4(k) —e_(k))?

(S22)
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For the two band-model in Eq. (2), we may explicitly evaluate the magnetization density for a given filling of the
conduction band. If we re-write h(k) o 7 - 2(fx, dx), where 7 is a unit-vector with angular coordinates (6, ¢x) on
the Bloch sphere, the conduction (4) and valence (-) band energies and wave-functions are given by (for A\; = 0):

er(k) = £4|ud + (Syizé()ivf>2v Ut ) = ( o (9;221()) o Jumx) = < o (921()91()>

€' gin —e'¥x cos (%

Up

k
where cos(fy) = , ¢k = Ny arctan <ky> and k = |k| (S23)

N, 2 z
u? + <(v§e)_f)
71

We plug the eigen-energies and eigenstates from Eq. (S23) into Eq. (S22) to find the Berry curvature for the conduction
band in the K valley.

N€2 ,UZNng(Nz—l) up
Q+,K(k) = _7 ( 2(N;—1) 9 3/2 (824)
M 2 (vk)™Ne
up + ’YNZ—I
1
We note that the Berry-curvature in the opposite valley K’ can via Q4 g/(k) = —Q4 g (—k) via time-reversal sym-

metry.

Now, we consider the scenario where all carriers in the conduction band reside in one spin and valley flavor. For
our simplified Hamiltonian, tuning the chemical potential u = . to lie in the conduction band leads to a circular
Fermi surface with Fermi momentum kg given by:

2
k) Ne Av2n)Ne k2 k2
pe = ey (kp) = 4| u2 + <(UF)[> = \/uzD + M, where n = 1 = “F g the carrier density (S25)

e L 2N=T) (2m)2  4n

Consequently, the orbital magnetization in a SVP phase for electron-doping is given by:

€flbc A’k NeeT*up [ pe Nyet?
M, = Qp (k)= ——— —-1) = — S26
=t [ e et = - RETER (e ) (526)

For hole doping, an analogous calculation may be used to calculate the magnetization for the unoccupied states. In
this case, the chemical potential pu, lies in the valence band, and is given by

M

Further, for a fixed displacement field up, the Berry curvature in a given valley is exactly opposite to that of the
conduction band (in the particle-hole symmetric model), and is given by

NETZ (,UQNg E2(Ne—1) ) up
2 2(Ng—1) 2
1 .
s () ]
1

Let us consider an SVP phase in the hole-doped regime, where the electrons are polarized in valley 7. This implies
that all the holes are polarized in valley 7 = —7. Since the valence band is topologically trivial and thus has zero net
Berry curvature when integrated over the entire BZ, we may just compute the net magnetization for the unoccupied
states, and add an overall minus sign to our result find the net magnetization of the occupied states:

Qf,'r(k) = —Q+7T(k) =

(S28)

3/2

elly d*k €lly d’k efly d*k
M_, = — Q_-(k) = Qy ~(k) = — —— Q. . (—k
’ b Je<kp (2m)2 () I Jr<kyp (27)2 +7(k) b Je<kp (2m)2 +r (k)
NyeT?up fiy 1 1 Nyet?
— — = . 2
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FIG. S5. Orbital moment of BBG and RTG at two typical filling. We show the analytical result for the 2-band model in Eq. (4)
and the numerical result obtained from Eq. (S18) for the 2/N,-band model without SOC.

where we have used that p, < 0 for hole-doping. We can combine both scenarios by determining electron or hole
doping by the sign of the chemical potential u, and therefore write the orbital magnetization as:

_ Neet*

T 4mh

[up — |p|sgn(up)] (S30)

Using Eq. (S17), for a fully spin and valley polarized phase, this implies a valley g-factor of

Nge

= m [up — || sgn(up)] (S31)

Gv
which is Eq. (4) in the main text.
For A\; # 0, g, can be obtained by simple replacement of up — up + Ars*7%, given the spin and valley sectors. Since
the flavor-polarized phases require large displacement fields, |up| > A;. Therefore, in practice g, remains almost
unaffected by SOC in the regime of interest.

Numerical evaluation

In this subsection, we elaborate on our numerical calculation of the orbital g-factor g,, based on the orbital
magnetization formula in Eq. (4). We consider the non-interacting 2N, band model in the absence of SOC. Taking
h4—pand/6—bana @ h(k) and the corresponding Bloch wavefunction |u, k) allows us to compute the magnetization of
the active (partially filled) band in the 7 valley at certain filling n, denoted as M{ (n) such that >, np(em(k)) =n
(the superscript 0 refers simultaneously to the non-interacting band-structure and no spin-orbit coupling). We note
that M (n) = —MJ(n) as required by time-reversal symmetry.

In computing the magnetization density for symmetry-broken metals, we restrict ourselves to the parameter regime
where the SVP/PFP phase is energetically favored, i.e. Egyp/prp < Esvr. As discussed earlier, the self-consistent

Hartree Fock calculation gives us the one-electron covariance matrix prm (k) in the band basis. We use this

T,7';8,8'

covariance matrix to compute the occupation of the active band m in each valley
ne = Te [P ()] ($32)
k
The total magnetization of the Hartree-Fock ground state can be approximated by

MPI L)) = Y M () (933)

which can be easily converted to the valley g-factor shown in Fig. 3(b) using Eq. (S17).

In Fig. S5, we compare the analytical result in Eq. (4) to the numerically computed value of M (n.). The agreement
between analytics and numerics is reasonably good, and the crucial conclusion that the magnetization decreases with
increasing up continues to hold for the microscopically accurate band structure.
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Finally, we justify a couple of approximations used in this calculation. First, we have neglected SOC in the
evaluation of M{ (n,), and therefore the valley g-factor. This approximation is reasonable, as SOC does not alter
the wavefunction and only contributes a constant energy shift to the active band in the doping range of interest,
as discussed in the main text (also see Fig. 2). Further, we also neglected the redistribution of Berry curvature
due to interaction. Though this effect might be important in some moiré systems [70], in chiral-stacked graphene
multilayers, interaction does not mix different bands at small doping. Therefore, the interacting ground states are
well-approximated as Slater determinants which are partially or fully flavor polarized. For such states, it is reasonable
to use the non-interacting wave-functions to calculate the Berry curvature.
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