Emergent interacting phases in the strong-coupling limit of twisted M-valley moiré
systems: Application to SnSe,
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We establish twisted SnSe, as a tunable platform for simulating dimension-dependent correlated
physics, distinct from conventional K-valley moiré systems. By constructing interacting Wannier
models, we show that the stacking configuration dictates the effective lattice geometry. In AA-
stacked bilayers, a momentum-space nonsymmorphic symmetry constrains the single-particle hop-
ping within each valley to be effectively one-dimensional, while still allowing fully two-dimensional
interactions, thereby giving rise to an effective quasi-one-dimensional system. This dimensional re-
duction stabilizes exotic phases including dimerized states with finite residual entropy, valence bond
solids, and quantum paramagnetism. Conversely, AB-stacking maps to a frustrated Kagome lattice;
here, strong interactions drive the emergence of a classical spin liquid. The high tunability of this
moiré system, which allows control over both the filling and interaction strength (via twist angle),
renders twisted SnSe, a versatile platform for realizing a wide range of exotic correlated quantum

phases.

Introduction. The discovery of moiré superlattices has
revolutionized the study of strongly correlated systems by
providing an unprecedented level of control for engineer-
ing electronic phases through the variation of twist angles
and stacking configurations [1-5]. The moiré modulation
quenches the kinetic energy and drives the system into
the strong interaction regime. The high tunability fur-
ther enables the realization of various exotic many-body
phases. In particular, twisted bilayer graphene [6] has
been shown to host unconventional superconductivity [7—
16], correlated insulators [8-11, 17-43|, and other exotic
phases [44-60]. It has also emerged as a simulator for
topological heavy-fermion physics [61-74]. More recently,
multilayer rhombohedral graphene with hBN alignment
was also shown to exhibit highly nontrivial correlated and
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topological physics [75-93]. Beyond graphene-based sys-
tems, transition metal dichalcogenide bilayers offer an-
other avenue to realize a wide variety of exotic phases,
including correlated insulators [94-97], unconventional
superconductors [98-110], integer and fractional Chern
insulators [90, 111-135], and other intriguing emerging
phases [136-139]. These discoveries highlight the grow-
ing potential of moiré materials as a versatile platform for
exploring correlated and topological quantum physics.

However, to date, most moiré superlattices have been
constructed by twisting monolayers with low-energy elec-
tronic states located near the K [6, 94, 140-142| or
T [143, 144] points of the Brillouin zone (BZ). Recently,
a new class of moiré systems based on monolayers with
low-energy states at the M points of the BZ has gar-
nered significant interest [145-153]. These M-valley sys-
tems feature three time-reversal-preserving valleys re-
lated by three-fold rotational symmetry which led to dis-
tinct effective lattice models and symmetries compared
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Figure 1. Wannier centers (upper panel) and lowest-band

dispersions at @ = 3.89° (lower panel) of the three valleys
for AA-stacked (a) and AB-stacked (b) SnSe,. In the upper
panel, solid black lines denote the moiré unit cell boundary.
The Wannier centers of valleys 0, 1, and 2 are marked by red,
blue, and orange dots, respectively. In panel (a), the domi-
nant intra-valley hoppings are indicated by dashed lines. In
panel (b), the three sublattices form an approximate kagome
lattice.

to the conventional TMD K-valley moirés. Specifically,
twisted bilayers of 1T-SnSe,;, among other materials,
have been proposed as an experimentally realizable can-
didate [145, 154]

In this work, we construct interacting Wannier mod-
els based on ab initio calculations of both AA-stacked
and AB-stacked twisted SnSe, and explore the corre-
sponding correlated physics. In the AA-stacked case,
emergent momentum-space non-symmorphic symme-
tries [145, 155-159] enforce quasi-one-dimensional intra-
valley hopping, while inter-valley interactions establish
two-dimensional electronic correlations. The constrained
kinetic structure is distinct from the more isotropic
2D hopping typical in K-valley moirés. By combining
various theoretical methods, we identify several exotic
phases, including a dimerized phase with finite resid-
ual entropy, valence bond solids, and quantum param-
agnetism. For the AB-stacked SnSe,, the Wannier cen-
ters of the three valleys form a kagome lattice, providing
a direct realization where the valley index maps to the
sublattice index. The specific lattice geometry enables
us to map the system in the strong coupling limit to a
kagome Ising model, where charge occupancy plays the
role of the Ising variable. The frustration inherent in the
kagome lattice gives rise to strong fluctuations of Ising
variables, and stabilizes a classical spin liquid phase.

Interacting Wannier models. To bridge the gap
between the continuum moiré bands and strongly cor-
related lattice physics, we first construct an effective
tight-binding description. For both AA-stacked and AB-
stacked twisted SnSe,, the lowest conduction bands are

topologically trivial in each valley [145], allowing for
the construction of exponentially localized Wannier or-
bitals [160, 161] (Appendix II [162]). The corresponding
interactions between Wannier orbitals are obtained by
projecting the screened Coulomb repulsion [163] to the
Wannier basis (Appendix III [162]).

As shown in Fig. 1, the lattice of Wannier centers
(colored dots) exhibit different geometries with the two
stacking configurations. In the AA-stacked case (panel
(a)), the Wannier centers of the three valleys are nearly
coincident, enabling an effective description in terms of
a three-orbital triangular lattice Hubbard model (Ap-
pendix IIT 3 [162]). In contrast, for AB-stacked SnSes,
the Wannier centers form an approximate kagome lattice,
giving rise to an effective kagome lattice model where the
three valleys correspond to three sublattices. Crucially,
these models exhibit novel features that distinguish them
from conventional triangular and kagome lattice models,
as discussed in the following.

For the AA-stacked SnSe,, the kinetic term of the
system reveals a striking feature: dimensional reduction
driven by symmetry. The Hamiltonian is given by (Ap-
pendix III 3 [162]):

Ht = Z tnARd;’n’sdAR+AR,n,S7 (1)
R,AR,n,s

where dAg)  annihilates (creates) an electron at moiré
unit cell labeled by R of valley n and spin s. Due to
the approximate non-symmorphic symmetry [145], trans-
verse hopping is prohibited. The system exhibits a quasi-
1D character, with the dominant hopping amplitude
tAR = tOAR,£C7. ay ., Testricted to specific directions for
each valley. This confinement is depicted in Fig. 1 (a),
where the dominant hopping directions for the three val-
leys is indicated with the dashed lines in corresponding,
effectively decoupling the 2D layer into independent 1D
chains. The interactions, however, restore the 2D corre-
lations. The dominant term is the local repulsion:

HU = Z U%anan/, (2)

R’

where the density operator is defined as nr, =

Do J;{,n,stm,S' Since the Wannier centers of the three
valleys within the same unit cell are nearly coincident,
the interaction is approximately U(6)-symmetric (with
Upy = U), acting purely locally within the moiré unit
cell (gray circles in Fig. 1(a)). The subleading inter-
actions are long-range density-density couplings, which
remains below 10% of U (Appendix IIT 3 [162]).

For the Wannier model of AB-stacked SnSe,, the ki-
netic term retains the form of Eq. (1) with only intra-
valley hopping. Unlike the conventional kagome model,
nearest-neighbor inter-valley (inter-sublattice) hopping is
forbidden. The dominant interactions can be written as

1
HV :5 Z V7777’ (AR)TLR’W(R)nRJrAR,n’v (3)
R,AR,nn’



which consist of an on-site intra-valley Hubbard inter-
action V;, ,(0) = U and a nearest-neighbor inter-valley
density-density interaction of strength V;, where the
nearest neighbor is defined with respect to the kagome
lattice geometry. Thus, while electrons cannot hop be-
tween nearest neighbors, they strongly repel each other
across these bonds.

Next, we investigate the correlation physics and quan-
tum phases captured by our interacting Wannier mod-
els. Precisely determining the effective dielectric constant
in van der Waals heterostructures is inherently difficult
due to its sensitivity to the specific experimental environ-
ment, including hBN encapsulation [164, 165] and high-
energy-band screening [166]. While our first-principles
density functional perturbation theory calculations using
VASP [167-171] and local-field effects [172, 173] yield an
intrinsic static value of €y ~ 15—30 (Appendix III [162]),
we adopt a baseline of ¢ = 12 and treat the overall in-
teraction scale as a tunable parameter to map the phase
diagram.

Hartree-Fock phase diagram of AA-stacked SnSe,. We
explore the interacting phase diagram of AA-stacked
SnSe, using momentum-space Hartree-Fock theory. Due
to the approximate particle-hole symmetry (Appendix III
3C [162]), we focus on integer fillings v = 1,2,3, where
v represents the number of electrons per moiré unit cell
out of six states. The phase diagrams for different in-
teraction strengths (characterized by different dielectric
constants €) are presented in Fig. 2 (a,b,c), and can be
categorized into three distinct regions: the weak coupling
region (gray), the strong coupling region (red), and the
flat-band region (blue).

In the weak-coupling region, our Hartree-Fock simula-
tions reveal only gapless phases (Appendix IV [162, 174]).
However, we note that the quasi-one-dimensional nature
of the hopping derived in the previous section suggests
that these gapless states may physically manifest as Lut-
tinger liquids rather than simple Fermi liquids [175-179].
As the interaction strength increases, the system enters
the strong-coupling regime, where charge degrees of free-
dom become gapped due to the strong interaction. Cru-
cially, while charge is localized, the spins remain coupled
via a super-exchange interaction of order t? /U, which sta-
bilize a robust antiferromagnetic (AFM) order effectively
described by a Heisenberg model. This regime is physi-
cally relevant to the dielectric constant we obtained via
DFPT, placing realistic samples within this strong cou-
pling window. Finally, in the ultra-strong coupling limit
(blue regions), the Heisenberg exchange coupling t2/U
is strongly suppressed due to the large interaction, dis-
tinguishing it from the previous strong-coupling regime.
The finite quantum geometry of the bands leads to a fer-
romagnetic, valley-polarized state [163, 180]. We also
note that the ultra-strong coupling regime for v = 3
emerges at 12/e > 1.6 in the small-angle regime (as de-
tailed in Appendix IV [162]).

Quantum spin model in the strong coupling limit of
AA-stacked SnSey. We now focus on the strong-coupling

limit. In this regime, Hartree—Fock simulations may un-
derestimate quantum fluctuations, which are further en-
hanced by the quasi-1D nature of the system. To solve
this, we derive the effective quantum spin model that de-
scribes this limit and show that it can be solved exactly
under proper approximation, revealing a variety of exotic
quantum phases.

With the second-order perturbation theory, the ef-
fective quantum spin model Hamiltonian (Appendix V
[162]) at integer filling v = 1,2, 3 reads:

8V, (AR )
H,= Y P %”R,WRMRWPL
R,AR,n,n’
v NRnMR+AR, v
+J Z Py [SR,n‘SR+AR,n+Ran+RU Pr,
R,AR,n

(4)

Here, P; projects the system onto the low-energy sub-
space with filling v. The model includes two types
of interactions: a density-density term from the pro-
jected Coulomb repulsion 6V, ,»(AR) that favors val-
ley polarization, and an intra-valley Heisenberg inter-
action with coupling J = 2t2/(U — V), where V is
the nearest-neighbor interaction strength. Crucially, due
to the quasi-1D property of electron hopping, the cor-
responding spin coupling is also 1D-like, thus we only
keep the dominant nearest-neighbor 1D coupling with
AR = j:C’gZaMQ for each valley 1. The Heisenberg
coupling term generally favors antiferromagnetic corre-
lations within each valley. A defining feature of this spin
model is that the valley-resolved density nr , remains a
local good quantum number. This property allows us to
exactly solve the model in two limiting cases (see Ap-
pendix V [162]). We first analyze the limit where the
classical repulsion is negligible (small 12/¢, thus 6V = 0)
For a given density distribution {ng ,}, the system can
be effectively described as a collection of open-boundary
spin chains. As visualized in Fig. 3(a) with v = 1 as
an example, because the exchange interaction is strictly
intra-valley and 1D-like, the 2D triangular lattice physi-
cally can be viewed as a set of decoupled chains of vary-
ing lengths. Each spin chain is described by a sequence
of sites occupied by electrons from the same valley and
aligned along a specific direction. Leveraging exact re-
sults from the Bethe Ansatz [181-184] and Density Ma-
trix Renormalization Group (DMRG) [185], we can de-
termine the ground state that minimizes the energy for
any given configuration {nr,}. For open-boundary spin
chains Eq. (4), the energy per electron is minimized for
spin chains of length two. Consequently, the ground state
exhibits a strong energetic preference to fragment into
length-2 spin-singlet dimers (Appendix V [162]).

For the ground state of v = 1 (one electron per unit
cell), all electrons must pair with a nearest neighbors to
form a singlet dimer [186]. In addition, to satisfy the
ground state condition, two dimers of the same valley
cannot be nearest neighbors along the chain direction
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(a) (b) (c) Hartree-Fock phase diagram for v = 1,2,3. In the phase diagram, the gray, red, and blue regions

correspond to the weak-coupling (gapless symmetric), strong-coupling (gapped AFM), and flat-band regimes (gapped FM),

respectively.
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(a) A random {ngr,,} configuration for » = 1. Each dot represents a unit cell of the system where red, orange

and blue denote the unit cell has one electron in valley 0, 1,2 respectively. The dots connected by different colors denote the

formation of spin chains with various lengths in different valleys.

(b) (¢) (d) characterize the ground state configurations at

filling v = 1,2, 3 in the strong coupling limit, respectively. The dots marked with one, two, or three colors represent unit cells
occupied by one, two, or three electrons from different valleys, respectively.

+CY apr o (illustrated in Fig. 3 (b)), as this would effec-
tively form a higher-energy length-4 chain (Appendix V
[162]). We find that this constraint leads to a highly
degenerate ground state manifold. Consequently, the
ground state is not a simple ordered crystal but a dis-
ordered state carrying finite zero-temperature entropy.
By combining exact diagonalization for small clusters
with an analytical mapping to an interacting Majo-
rana fermion model, building on classical dimer /Pfaffian
methods [187-189] (Appendix V [162]), we estimate this
residual entropy to be S ~ 0.307kp.

In stark contrast, at v = 2, the increased den-
sity allows the "packing puzzle" to be solved by or-
dered patterns. We identify that there are only two
symmetry-inequivalent ground-state configurations (Ap-
pendix V [162]), in which all electrons form spin-singlet
dimers. These two configurations correspond to valence-
bond-solid (VBS) states exhibiting V3x1/3 and 3% 3 pe-
riodicities, respectively, as visualized in Fig. 3(c). How-
ever, at v = 3, the dimer picture breaks down entirely.
With three electrons per site, it is geometrically impos-
sible to partition the system purely into length-2 dimers.
As we show in Appendix V [162], the ground state favors
the formation of infinitely long spin chains, with each
site occupied by one electron from each valley, as illus-
trated in Fig. 3(d). This state effectively behaves as a
bundle of 1D Heisenberg chains, each exhibiting a quan-
tum disordered ground state driven by strong quantum

fluctuations.

Finally, we address the robustness of these 1D-derived
phases in the realistic 2D material. The strict 1D con-
finement is an idealization; in reality, subdominant inter-
chain hoppings introduce weak 2D couplings. Crucially,
our perturbative analysis confirms that these "symmetry-
breaking" terms remain orders of magnitude smaller than
the dominant intra-chain exchange J (Appendix V 2f and
3e [162]). For the dimerized (v = 1) and VBS (v = 2)
phases, our perturbative analysis reveals that this cou-
pling generates an effective repulsion between dimers of
the same valley on neighboring chains, insufficient to melt
the local order. As for v = 3, the system maps to a spa-
tially anisotropic triangular Heisenberg model; previous
numerical studies confirm that the quantum disordered
nature of the ground state remains stable against weak
inter-chain couplings [152, 190-192]. Thus, the exotic
correlations predicted by our 1D model are expected to
survive at experimentally relevant temperatures.

In the opposite limit, where 0V}, (AR) dominates over
J. the prevalence of 6V}, tends to stabilize valley polar-
ization state (see Appendix V 1b [162])) such that each
moiré unit cell is occupied by electrons of the same valley
flavor. Dimer formation is thus forbidden, and the sys-
tem is described by a set of one-dimensional spin chains
after including the finite J, each favoring a quantum dis-
ordered ground state.

Flat-band limit of AB-stacked SnSey, and the classical



“spin” liquid. We now explore interaction effects in AB-
stacked SnSe,, where the kinetic term is suppressed by
the strong coupling limit, and we set the kinetic term
to zero. In this regime, the system is effectively de-
scribed by a classical charge model, with the correspond-
ing Hamiltonian given in Eq. (3), along with an addi-
tional chemical potential term —u ) g , ny(R) that con-
trols the filling. To reveal the physics of this kagome
model, we map the electronic density n,(R) onto a clas-
sical Ising pseudospin variable o, where empty (0) and
filled (1) states correspond to spin-down (—1) and spin-
up (+1), respectively. Double-occupied states are ne-
glected due to strong on-site Hubbard repulsion. Then,
Vi (AR) represents the effective Ising coupling, while
the chemical potential acts as an effective magnetic field
(Appendix VI 1 [162]). Crucially, the interaction ma-
trix V;,,y (AR) encodes the underlying kagome geometry.
As shown in Fig. 4(a), its Fourier spectrum exhibits a
dispersionless flat band, a hallmark of the kagome geom-
etry. The flatness further implies that at v = 3/2, corre-
sponding to the zero-magnetic-field limit of the effective
Ising model, the system hosts quasi-degenerate ground
states that reflect strong charge fluctuations (Appendix
VI 1 [162]). In this limit, the kagome Ising model with
nearest-neighbor coupling is known to exhibit a classical
spin-liquid phase [193, 194], where "spin” refers to the
charge occupation degrees of freedom. Such a classical
spin liquid phase is characterized by a non-zero entropy
appearing at zero temperature, indicating strong fluctu-
ations of the classical Ising variables.

To confirm this prediction under realistic conditions,
we perform cluster mean-field simulations incorporating
the full range of interactions for the smallest twist angle
6 = 3.89° (Appendix VI 1 [162]). The resulting entropy
landscape, illustrated in Fig. 4(b), reveals an enhance-
ment of entropy near v = 3/2, which corresponds to
the zero magnetic field limit of the kagome Ising model.
This finite entropy persists over an extended temperature
range, signaling the robust charge fluctuations character-
istic of the liquid state. At integer fillings v = 1,2, 3,
the entropy is quenched at relatively higher tempera-
tures due to the formation of a valley-polarized state.
Since the Wannier centers of the three valleys are spa-
tially offset from one another, electrons tend to occupy
the same valley to minimize inter-valley density repul-
sion (Appendix VI 1b [162]). Nevertheless, the classical
spin liquid regime remains a dominant feature at inter-
mediate temperatures, demonstrating that the geometric
frustration of the kagome lattice drives exotic charge cor-
relations in AB-stacked twisted SnSe,.

Summary and discussion. In this work, we have es-
tablished twisted SnSe, as a tunable platform for real-
izing stacking-dependent correlated physics, where the
choice of stacking configuration acts as a switch between
distinct lattice geometries. In the AA-stacked configu-
ration, the system effectively undergoes dimensional re-
duction: it is described by a three-orbital triangular lat-
tice where a non-symmorphic symmetry enforces quasi-
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Figure 4. (a) Eigenvalues of the density-density interaction
matrix, V,,,/(q) (obtained from the realistic models), for AB-
stacked SnSez (see Appendix VI la [162]). (b) Entropy from
charge fluctuations Scparge at various fillings v (per moiré unit
cell) and temperatures 7' for the smallest angle, 6 = 3.89°,
for AB stacking. Vi denotes the strength of nearest-neighbor
density-density interactions (cf. Table S5 [162]).
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1D hopping. By solving the resulting strong-coupling
spin model, we identified a rich landscape of quantum
phases, including a dimerized phase with finite entropy,
valence-bond solids, and a quantum paramagnetic state.
In the AB-stacked configuration, the system forms a
kagome lattice model, where three sublattices originate
from three valleys. In the strong coupling regime, we
demonstrate that the interplay between geometric frus-
tration and strong interactions stabilizes a classical spin
liquid phase.

We emphasize that the exotic phase identified in the
idealized limits are not artifacts of simplification but re-
main robust against the complexity of realistic materials.
For the AA-stacked case, our unrestricted Hartree—Fock
calculations, which retain the full long-range couplings,
confirm that the antiferromagnetic correlations driven by
Heisenberg exchange remain the dominant ground-state
property over an extensive parameter regime. In addi-
tion, the robustness of the exotic phase against weak per-
turbations has been analyzed and confirmed, as demon-
strated in Appendix V 2f and V 3e [162]|. Similarly, for
the AB-stacked case, our cluster mean-field analysis ex-
plicitly incorporates realistic long-range interactions be-
yond the nearest-neighbor kagome model and confirms
that the predicted phases are robust against realistic ma-
terial imperfections. Encouragingly, preliminary experi-
mental observations [195] have detected insulating be-
havior at integer fillings, providing initial support for the
correlated insulating phases predicted by our theory.

Finally, twisted SnSey structures are experimentally
accessible [145], with the twist angles studied here well
within achievable ranges. The remarkable tunability of
the moiré system, where the electronic filling is controlled
by gating and the ratio of interaction to kinetic energy
is tuned by the twist angle and gate distance, enables
a systematic exploration of correlated phase diagrams.
While the effective dielectric constant in such 2D het-
erostructures is sensitive to the environment, we expect
our identified phases to be robust against perturbations,



persisting over a finite range of interaction strengths.
Consequently, we anticipate that the parameter regimes
hosting these novel correlated phases are experimentally
reachable. Our study thus provides the first theoretical
framework for twisted SnSe,, predicting a range of exotic
quantum phases poised for experimental realization.
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