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The impact of proximity-induced spin-orbit and exchange coupling on the correlated phase diagram of
rhombohedral trilayer graphene (RTG) is investigated theoretically. By employing ab initio-fitted effective
models of RTG encapsulated by transition metal dichalcogenides (spin-orbit proximity effect) and
ferromagnetic Cr2Ge2Te6 (exchange proximity effect), we incorporate the Coulomb interactions within the
random-phase approximation to explore potential correlated phases at different displacement fields and
doping. We find a rich spectrum of spin-valley resolved Stoner and intervalley coherence instabilities
induced by the spin-orbit proximity effects, such as the emergence of a spin-valley-coherent phase due to
the presence of valley-Zeeman coupling. Similarly, proximity exchange removes the phase degeneracies by
biasing the spin direction, enabling a magnetocorrelation effect—strong sensitivity of the correlated phases
to the relative magnetization orientations (parallel or antiparallel) of the encapsulating ferromagnetic layers.
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Introduction.—The discovery of correlated phases
and superconductivity in magic-angle twisted bilayer gra-
phene [1–4], which exhibits a highly flat band structure
at the Fermi level [5–15], has prompted intense theoretical
[16–26] and experimental [27–41] investigations.
However, while the twist angle has emerged as a new
tuning knob of the electronic properties of van der Waals
heterostructures, it remains a challenge to control the
stacking angle and limit twist disorder [42–49].
As shown recently, correlation phenomena are not

exclusive to moiré structures. Observations of half
and quarter metallic states [50–55] and superconductivity
[52,56–65] in rhombohedral trilayer graphene (RTG), and
of isospin magnetism and spin-polarized superconductivity
in Bernal bilayer graphene [63–74], have demonstrated
that rich physics of strong electronic correlations can be
manifested in more conventional, moiré-less graphene sys-
tems. The key feature shared by magic-angle twisted bilayer
graphene with Bernal-stacked bilayer graphene and RTG is
the presence of pronounced van Hove singularities (vHSs)
in the electronic density of states near the charge neutrality
point [5,6,75]. InRTG, the low energy of a vHS allows tuning
the induced symmetry-breaking phases by doping [50], while
its multilayered atomic structure enables efficient control
of the vHS and thus correlated phases via a displacement
field [50,75]. This tunability makes RTG a promising plat-
form for exploring strongly correlated physics.
Electronic band structures can also be tuned by van der

Waals engineering. In particular, proximity-induced
spin interactions—spin-orbit (SO) and exchange (EX)
couplings—can furnish graphene with what it lacks: SO

fields and spin polarization. Indeed, proximity-induced SO
and EX interactions in graphene-based heterostructures
have been theoretically predicted [76–88] and experimen-
tally observed [89–100], demonstrating the appearance
of valley-Zeeman, Kane-Mele, and Rashba SO coupling
[76–83,89–99] as well as (anti)ferromagnetic EX couplings
[80,81,83–85,87,99–101] on the meV scale. It should be
possible to swap SO and EX couplings via a displacement
field [80,81].
It is natural to ask what effects can arise from combining

correlated physics and proximity-induced spin interactions.
ConcerningRTG, two observations are crucial: (i) The vHSs
are formed by the bands comprising the top and bottom layer
pz orbitals, and (ii) the spin proximity effects are on themeV
scale, which is also expected for the correlated band gaps.
The above suggests that spin proximity effects can signifi-
cantly alter symmetry-broken phases in RTG.
In this Letter, we demonstrate that, indeed, proximity SO

and EX interactions induce and control novel strongly
correlated phases. Specifically, we study MoSe2=RTG=
WSe2 heterostructures for the SO proximity effect, and
CGT=RTG=CGT heterostructures with parallel and anti-
parallel magnetizations of CGT (Cr2Ge2Te6) for the EX
proximity effect [83], see Fig. 1(a). Employing the random-
phase approximation (RPA) [102–107], we first calculate
the correlated phase diagram of pristine RTG, which
exhibits either an intervalley coherent (IVC) state [108]
or a Stoner instability, as already predicted [59,60]. The
spin interactions remove the degeneracies of IVC and
Stoner phases by introducing spin anisotropy and spin
bias. Novel phases, such as a spin-valley-coherent (SVC)
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state, arise primarily due to proximity-induced valley-
Zeeman coupling; Rashba coupling plays a lesser role.
The SVC phase opens new avenues for spintronics [109]
since the Coulomb interactions induce novel spin-valley
couplings. Finally, the magnetic heterostructures exhibit
a strong magnetocorrelation effect—the induced phases
are sensitive to the relative orientation of the CGT
magnetizations.
Model.—We model the orbital physics of proximitized

RTG by a realistic hopping Hamiltonian [75,83,110–112]:

ĥ0¼

0
BBBBBBBBB@

ud γ0f γ4f� γ1 0 0

γ0f� ηþud γ3f γ4f� γ6 0

γ4f γ3f� um γ0f γ4f� γ1

γ1 γ4f γ0f� um γ3f γ4f�

0 γ6 γ4f γ3f� η−ud γ0f

0 0 γ1 γ4f γ0f� −ud

1
CCCCCCCCCA

ð1Þ

acting on single-particle Bloch states with momenta
k ¼ ðkx; kyÞ—measured from K and K0 valleys—that
are based on carbon pz-orbital orbitals residing on the
RTG sublattices (A1, B1, A2, B2, A3, B3). Here, f ¼
−ð ffiffiffi

3
p

a=2Þðτkx − ikyÞ is the linearized nearest-neighbor
structure factor, a is graphene’s lattice constant, and
τK=K0 ¼ �1 is the valley index; γi are orbital hopping
parameters, see Fig. 1(b). The unit cell and lattice structure
of RTG are shown in Figs. 1(b) and 1(c). The electrostatic
potentials on different layers are incorporated into Eq. (1)

through the different on-site energies ud, um, and −ud, such
that 2ud corresponds to the potential energy difference
between the external layers due to an applied displacement
field. Finally, η is the on-site potential applied to those sites
which are hybridized via the vertical γ6 hopping, see
Fig. 1(b).
Pristine RTG exhibits weak SO coupling at K and K0

valleys, on the scale of 10 μeV [110,112]. Thus, we
consider RTG encapsulated by strong SO materials
MoSe2 and WSe2, and by ferromagnetic CGT; as shown
by ab initio simulations, they induce spin splittings on
the 1 meV scale [83]. The corresponding proximity-
induced SO and EX coupling Hamiltonian ĥprox¼

P
l ĥ

l
Rþ

ĥlIþ ĥlex of RTG electrons is the sum of Rashba, ĥlR,
intrinsic, ĥlI, and exchange, ĥlex, terms in the given lth
layer [79,82,83,86], parameterized, correspondingly, by the
sublattice-resolved couplings λlR, λ

Al=Bl
I and λAl=Bl

ex :

ĥlRþ ĥlIþ ĥlex¼
 
ðτλAl

I −λAl
exÞsz 2iλlRs

τ
−

−2iλlRsτþ −ðτλBl
I þλBl

exÞsz

!
: ð2Þ

Here sx;y;z are the Pauli matrices acting on spin degrees
of freedom and sτ� ¼ 1

2
ðsx � iτsyÞ are the valley-resolved

spin-flip operators. Each ĥl is 4 × 4 matrix in the spin-
sublattice resolved ðAl↑; Al↓; Bl↑; Bl↓Þ Bloch basis valid
near the K=K0 valleys. Since the proximity effects in van
der Waals stacks are appreciable only in the layers closest
to the proximitizing substrates [here transition-metal
dichalcogenides (TMDCs)]—as shown by first-principles
calculations [83]—it is sufficient to consider the spin
Hamiltonian only in the two outer layers. Spin-orbit
coupling in graphene induced by TMDCs is of the
valley-Zeeman type [78], meaning that λAl

I ≈ −λBl
I .

The numerical values for the parameters of the
Hamiltonian ĥðk; τÞ ¼ ĥ0 þ ĥprox are taken from the
ab initio results of Ref. [83]. The calculated low-energy
band dispersions for pristine RTG, MoSe2=RTG=WSe2,
and CGT=RTG=CGT with both parallel and antiparallel
CGT magnetizations are shown in Fig. 1(d).
We describe the correlation effects in RTG by

Hamiltonian Ĥ ¼ Ĥkin þ Ĥint,

Ĥkin ¼
X

kτ;si;s0j

½ĥðk; τÞ − μÎ�si;s0jĉ†sτiðkÞĉs0τjðkÞ; ð3Þ

Ĥint ¼ Uðn↑Kn↓K þ n↑K0n↓K0 Þ þ VnKnK0 ; ð4Þ

where μ stands for the chemical potential and ĉð†ÞsτiðkÞ is the
annihilation (creation) operator for a Bloch electron with
spin s ¼ ↑=↓ in valley τ ¼ K=K0 on RTG sublattice i with
a valley-momentum k. The intra- and intervalley density
interactions are described by repulsive (positive) couplings
U and V, respectively, while nsτ¼

P
jkj<Λ

P
i ĉ

†
sτiðkÞĉsτiðkÞ

FIG. 1. (a) Scheme of an RTG-based heterostructure encapsu-
lated by transition-metal dichalcogenide (TMDC) or CGT mono-
layers, which induce, respectively, SO or EX interactions in RTG.
(b) RTG unit cell with the relevant interlayer orbital hoppings γ.
The colors distinguish the three layers and Al and Bl denote
sublattice sites of the lth layer. (c) The top-down view of the RTG
lattice. (d) Calculated single-particle low-energy electronic dis-
persions at K for pristine RTG and indicated heterostructures (red
marks spin-up and blue spin-down states).
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stands for a spin-valley number operator in the sτ channel
cut off by momentum Λ; correspondingly nτ¼n↑τþn↓τ
stands for the valley-resolved number operator. Specifically,
we consider SU(4)-symmetric interactions [59,113] by
setting U ¼ V ¼ 19 eV, and Λ ¼ 0.06 Å−1, yielding the
pristine RTG phase diagram consistent with experimental
findings [50,56]. We use the same interaction parameters for
the encapsulated cases as well. However, dielectric screening
from the substrates may potentially affect the resulting phase
diagrams on a quantitative, but not qualitative level.
Methodology.—To systematically determine the corre-

lated phases of proximitized RTG we employ the RPA. For
that, we first calculate the static noninteracting Lindhard’s
susceptibility χ0 at 4.2 K projected [105–107,114] to
different spin-valley channels employing the noninteracting
Hamiltonian Ĥkin, Eq. (3). The RPA-corrected susceptibility
equals χ ¼ ½1 − χ0Γ�−1χ0, where Γ is the fully irreducible
vertex function [114] corresponding to Ĥint, Eq. (4).
A correlated phase emerges if the highest eigenvalue λc
of χ0Γ becomes greater or equal to unity. Correspondingly,
χ changes sign or diverges, indicating an emergence of
instability that forces a system to undergo a phase transition.
We find all possible correlated phases Φ̂ (more precisely,

the corresponding matrices MΦ) by diagonalizing χ0Γ at
μ ¼ 0 and ud ¼ 0, i.e., for a charge neutral system without
an external field. Only the phases Φ̂ as listed in Table I are
relevant for our MoSe2=RTG=WSe2 and CGT=RTG=CGT
heterostructure models. Then, we compute the correspond-
ing χ0 and χ0Γ by varying doping and the displacement
field. For each Φ̂ we calculate a critical parameter
λΦ̂c ¼ hΦ̂jχ0ΓjΦ̂i=kΦ̂k2 that serves as a figure of merit
for comparing and quantifying different instabilities. As the
dominant instability we assign a phase Φ̂ that at given μ and
ud gives the maximal λΦ̂c .
We first explore the correlated phase diagram of pristine

RTG, shown in Fig. 2, featuring IVC (MΦ ∝ τx;y) and the
Stoner (MΦ ∝ τz) instabilities, as also reported earlier
[53,59,60]. While the Stoner instability is spatially local,
an IVC state describes a spatially modulated phase with a
wave vector K connecting K and K0 valleys. As listed in
Table I, the IVC and Stoner phases exhibit some degen-
eracies in the spin channel due to the high symmetry of
pristine RTG as inherent to the SU(4) model.

Spin-orbit proximity effects.—We now turn to a
MoSe2=RTG=WSe2 heterostructure model [80,81], which
exemplifies the SO effects on the correlated physics. We
consider here a generic set of SO parameters [83], which
describe a zero twist-angle heterostructure.
The phase diagram in Fig. 3(a) displays differences from

the case of pristine RTG. The Stoner phase separates into
two spin-valley polarized states, SVP�, both spin polarized
along the z direction in a way inherent to the form of single-
particle valley-Zeeman coupling [78]. The degeneracy of
the IVC phase is removed, resulting in spin-valley coherent
and valley coherent states—SVC� and VC�—with the
resulting in-plane and out-of-plane spin polarization.
The SVC� phases manifest at the electron doping near

the vHS split by SO fields. As the correspondingMSVC� ¼
sxτx � syτy can be seen as a Coulomb interaction enabled
intervalley spin-flip hopping that retains the spin-valley
quantum number, i.e., the product of sτ. SVC� in-plane
spin polarizations ∝ cos ð2K ·RÞsx � sin ð2K ·RÞsy re-
sembling a Neél texture. At the same time, VC� spin
polarizations ∝ cos ð2K ·RÞ½s0 � sz�, i.e., they give an
out-of-plane spin-wave-density modulation. An almost
degenerate nature of VC� phases is predicted, which
separation largely depends on the model parameters due
to the insignificant difference in the critical parameter λΦ̂c .
We performed self-consistent calculations of the corre-

lated band structure of MoSe2=RTG=WSe2 using the
Hartree-Fock method [114]. Figures 3(b) and 3(c) show
the correlated bands as Hartree-Fock excitation dispersions
folded into the Γ point, as would be the case for a 3 × 3 unit

TABLE I. List of spin-valley resolved symmetry-broken phases of RTG and their corresponding phase-ordering
operators: Φ̂ ¼Pjkj<Λ

P
i ĉ

†
sτiðkÞ½MΦ�sτ;s0τ0 ĉs0τ0iðkÞ ¼ Φ̂†, the underlying matrices MΦ entering Φ̂’s are given in

the third line. Phases descending from the Stoner phase preserve the translational symmetry of graphene, while the
phases originating from the IVC break it. All correlated phases break time-reversal symmetry.

Pristine RTG phases IVC Stoner

Proximity-induced phases VC� SVC� SVP� VP� SP�
Spin-valley order operators MΦ ½s0 � sz�τx sxτx � syτy szτ0 � s0τz ½s0 � sz�τz sx=y½τ0 � τz�

FIG. 2. Calculated phase diagram of pristine RTG (ĥprox ¼ 0)
for varying doping ne and displacement field ud. There are two
dominant phases: the intervalley coherent phase (IVC) and Stoner
instability. The white background corresponds to a stable Fermi
liquid (FL).
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cell. Panel (b) represents the correlation-modified elec-
tronic band structure of the SVP− phase, while panel
(c) displays the corresponding band structure of the
SVC− phase. We calculated the Hartree-Fock self-energy
Σ̂ corresponding to Ĥint, Eq. (4), and based on it, we
estimated the correlated gaps, ΔΦ̂ ¼Psτ;s0τ0 Φ̂

�
s0τ0;sτΣ̂sτ;s0τ0=

kΦ̂k2, which is comparable to the strength of the proximity-
induced SO couplings, ΔSVP− ¼ 1.391 meV and ΔSVC−

¼
0.979 meV. Therefore, by adding the term ĤΔ ¼ ΔΦ̂Φ̂ into
the single-particle Hamiltonian Ĥkin, we can model an
interacting system with a symmetry broken phase on a
self-consistent mean-field level. The SVC� phase can be
modeled by

ĤSVC� ¼ ΔSVC�

X
i;k
ss0
ττ0

½sxτx � syτy�sτ;s0τ0 ĉ†sτiðkÞĉs0τ0iðkÞ; ð5Þ

which effectively couples single-particle excitations with
opposite spins and valleys. The SVC coupling should
profoundly affect spintronics, potentially leading to novel
spin relaxation mechanisms, spin-valley Hall effects, topo-
logical states, or even spin-valley qubits in confined struc-
tures. The above effective Hamiltonian allows one to study
such phenomena already on the single-particle level.
Exchange proximity effects.—Encapsulating RTG by

ferromagnetic CGT induces spin splitting of the RTG
bands, depending on the relative magnetization orientation
of the CGT layer (parallel or antiparallel). We adopt the
zero-twist heterostructure model EX parameters [83].
The calculated CGT=RTG=CGT phase diagram with

the parallel CGT magnetizations is shown in Fig. 4(a).

The electron doping regime’s VC� phase appears near the
vHS. The Stoner phase is manifested in VP� and SP�
states. The absence of the SVC� and SVP� phases can be
accounted for by the lack of the spin-valley coupled physics
due to the absence of the valley-Zeeman SO coupling.
Similar to the VC� phase in MoSe2=RTG=WSe2, the SPþ
and SP− phases exhibit close degeneracy, and their splitting
strongly depends on the model parameters.
Using the Hartree-Fock method, we examined the

emergent electronic band structure of the CGT=RTG=
CGT heterostructure. Figure 4(b) shows the VP− phase,
and Fig. 4(c) presents the SVCþ correlated band structure.
The correlated gaps match EX coupling amplitudes, par-
ticularly, ΔVP− ¼ 1.408 meV and ΔSVCþ ¼ 0.771 meV.
Finally, we calculated the CGT=RTG=CGT phase dia-

gram with antiparallel CGT magnetizations, shown in
Fig. 5(a). It exhibits strong tunability and displacement
field asymmetry due to the contrasting magnetic order of
the adjacent CGT layers. Similar to the ferromagnetic case,
Stoner instability appears as VP� and SP� states mainly in
a hole doping regime, while IVC as VC� states in an
electron-doped one. Contrary to the ferromagnetic case, in
the CGT=RTG=CGT heterostructure with antiferromag-
netic CGT layer ordering, the sign of the displacement field
strongly determines the � sign of the underlying correlated
states. Figures 5(b) and 5(c) display correlated Hartree-
Fock electronic band structures for two specific correlated
phases of antiferromagnetic CGT=RTG=CGT, VPþ and
SVCþ, respectively. Correlated gaps for these two cases

FIG. 3. (a) Calculated phase diagram of MoSe2=RTG=WSe2
heterostructure (ĥR ≠ 0, ĥI ≠ 0, and ĥex ¼ 0) in the space
spanned by displacement field ud and doping density ne. Six
symmetry-breaking phases: VC� (valley coherent state), SVC�
(spin-valley coherent state), and SVP� (spin-valley polarized
state), marked by different colors, are predicted apart from the
Fermi liquid state (white). Hartree-Fock excitation dispersions
for (b) ud ¼ 40 meV and ne ¼ −0.7 × 1012 cm−2, and (c) ud ¼
−40 meV and ne ¼ 0.3 × 1012 cm−2. Red, blue, and gray lines
mark spin-up, spin-down, and spin-unpolarized states.

FIG. 4. (a) Calculated phase diagram of the CGT=RTG=CGT
system with ferromagnetic CGT configuration (ĥR ¼ 0, ĥI ¼ 0,
and ĥex ≠ 0) in a parameter space spanned by displacement field
ud and electron doping ne. Six symmetry broken phases, VC�—
valley coherent state, VP�—valley-polarized state, and SP�—in-
plane spin-polarized state, are predicted and displayed by differ-
ent colors, along with the Fermi liquid (FL) state. (b),(c)
Correlated band structures of the CGT=RTG=CGT system for
ferromagnetic CGT alignment at displacement field ud ¼ 40 meV
with two different electron dopings: (b) ne¼−0.7×1012 cm−2 and
(c) ne ¼ 0.3 × 1012 cm−2. The color code represents spin expect-
ation values: red for spin-up, blue for spin-down, and grey for
spin-unpolarized.
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are commensurate with EX coupling amplitudes and read
ΔVPþ ¼ 1.320 meV and ΔSVCþ ¼ 0.756 meV.
Conclusion.—By performing realistic simulations of

electronic correlations at the RPA and Hartree-Fock levels,
we predict a strong interplay between proximity-induced
SO and EX interactions and Coulomb-correlations of RTG.
While we specifically consider MoSe2=RTG=WSe2 and
CGT=RTG=CGT heterostructures, we expect our findings
to be more generally applicable. The proposed emergence
of spin-valley interactions facilitated by electronic corre-
lations in the presence of SO coupling is particularly
exciting, as it can enable new spintronic phenomena in
van der Waals heterostructures. It is also expected that
proximity spin interactions will affect superconducting
correlations in RTG [56,60,61].
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Johnson, S. Guéron, C. Mattevi, A. Ouerghi, and H.
Bouchiat, Phys. Rev. B 99, 245402 (2019).

[97] T. Wakamura, N. J. Wu, A. D. Chepelianskii, S. Guéron,
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