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Significant efforts have been dedicated to achieving excitonic insulators. In this paper, we explore
a new problem of doping excitons into a Mott insulator instead of a band insulator. Specifically, we
start with a Mott insulator on a triangular moiré superlattice in a transition metal dichalcogenides
(TMD) layer and inject excitons by either transferring particles to a different layer or optically
pumping electrons from the valence to the conduction band. In both cases, the excitons move in
the presence of local spin moments inherited from the Mott insulator. When the Heisenberg spin
coupling J is small, the kinetic energy of the excitons decides the magnetism, akin to Nagaoka ferro-
magnetism in hole-doped Mott insulators. Through density matrix renormalization group (DMRG)
calculations, we demonstrate that the spin moments originating from the Mott insulator form 120°
antiferromagnetic or ferromagnetic order for the two signs of the exciton hoppings over a broad range
of exciton densities. Notably, the optical pump case may result in an antiferromagnetic to ferromag-
netic transition with increasing exciton density, indicating a potential mechanism for light-induced
ferromagnetism. A similar exciton-induced ferromagnetism could be achieved in a moiré-monolayer
system where the monolayer is electron-doped while the moiré Mott insulator is hole-doped. Our
works demonstrates a new possibility to engineering magnetism through doping neutral excitons.

Introduction Excitonic insulators have been the
focus of much research attention over the past few
decades[1—1]. Recent experimental advances in two-
dimensional materials have opened up new avenues for
investigating exciton physics[5>-13]. In this article, we
will explore a new direction where excitons are doped
into a Mott insulator instead of a simple band insula-
tor. Mott insulators have been known to host fascinat-
ing quantum phenomena such as frustrated magnetism
and quantum spin liquids[14], owing to the presence of
localized spin moments. Doping a Mott insulator with
fermionic charge carriers has been a major focus of mod-
ern condensed matter physics due to its connection to the
high-temperature superconducting cuprates[15]. How-
ever, doping a Mott insulators with bosonic charge car-
riers has been comparatively underexplored, both theo-
retically and experimentally. Despite this, the interplay
between the mobile carriers and the localized spin mo-
ments still suggests the possibility of intriguing quan-
tum phases for bosonic carriers. In recent years, sig-
nificant advancements in experimental techniques have
enabled the injection of excitons into a moiré Mott in-
sulator based on transition metal dichalcogenide (TMD)
bilayers[16-23] As a result, it has become increasingly
crucial to develop theoretical models and predictions for
exciton-doped Mott insulators, which is precisely what
we aim to accomplish in this paper.

Moiré superlattices are exceptional platforms for in-
vestigating strongly correlated physics[24—27]. Among
these, moiré superlattices based on TMD hetero-bilayer
and homo-bilayer have shown promising results in simu-
lating Hubbard model physics[28-33]. A plethora of ex-
perimental discoveries have already been made, including
Mott insulator[34, 35], generalized Wigner crystal[35, 36],
continuous metal insulator transition[37, 38], quantum
anomalous Hall effect[39], and Kondo physics[10]. Build-
ing on the existing research, we now investigate the ef-

fects of doping neutral excitons into the Mott insulator.
This can be achieved through two methods: transferring
particles to a different layer using a displacement field in
a bilayer system[16, 17], or optically pumping electrons
from the valence band to the conduction band[13, 19,

]. We will primarily focus on the former approach, as
the equilibrium excitons in this case do not have a lim-
ited lifetime. However, it is important to note that our
model and predictions also apply to optically pumped ex-
citons within their lifetime. Many previous studies have
used excitons to probe correlated states[43—51], but in
this work, we focus on the novel physics that arises from
a finite density of excitons.

Let us consider a bilayer system consisting of a moiré
layer at the bottom and a monolayer TMD at the top,
separated by an insulating hBN barrier. Initially, the
system has n, = 1 and ny = 0, where ny(,) is the number
of particles per site in the bottom (top) layer, resulting
in the moiré layer being in a Mott insulating phase. Our
first step is to obtain Wannier orbitals of the exciton by
solving Schrodinger’s equations with one single vacancy
or two nearby vacancies in the moiré layer. This approach
leads to an effective low-energy spin-exciton model with
four states on each moiré site: (1) one hole in the moiré
layer with spin up[52]; (2) one hole in the moiré layer
with spin down; (3) one exciton with spin up in the mono-
layer; and (4) one exciton with spin down in the mono-
layer. It is important to note that a hole and an exciton
can not simultaneously occupy the same site. Our model
in Eq. 2 involves four crucial parameters: the hopping
of the excitons (J,), the repulsive interaction between
two nearby excitons (J,), the spin-spin coupling in the
monolayer (J;), and the spin-spin coupling in the moiré
layer (Jp). Specifically, we are interested in the regime
with n, = 1 — x and n; = z, where x denotes the ex-
citon density. Our model is particularly suited for the
small x regime, where the excitons remain stable against



dissociation into an electron hole gas.

We then employ density matrix renormalization
group[53] (DMRG) technique to simulate the model. Our
focus is on the regime where J, is small or zero, which
is a reasonable assumption for a strong Mott insula-
tor with a large U/t, as is demonstrated in the TMD
hetero-bilayer[34]. In this regime, the magnetism of
the localized spin moments in the moiré Mott layer is
primarily governed by the kinetic energy of the exci-
tons, akin to the Nagaoka ferromagnetism[54] and kinetic
antiferromagnetism[55-58] in the hole doped Mott insula~
tor, which is different from the magnetic order controlled
by spin-orbit coupling studied in Ref. 59. Specifically, we
observe a 120° antiferromagnetic order or a ferromagnetic
order for J, > 0 and J, < 0, respectively, where the sign
of exciton hopping (.J,,) plays a pivotal role. The later is
realized if we hole-dope the moiré layer with n{} =1+zx
holes in the valence band while electron-doping the mono-
layer with ny = x electrons in the conduction band. In
this case there is an antiferromagnetic to ferromagnetic
transition when increasing the exciton density x if there is
a finite but small J, at x = 0. The same conclusion holds
true in the case of optically pumped excitons, offering
a plausible mechanism for light-induced ferromagnetism.
This picture may also be relevant to the experimental
findings in Ref. 19

Model We consider the experimental setup shown
in Fig. 1(a). We have a moiré superlattice formed
by WSey /WSy hetero-bilayer in the bottom, separated
from a WSey; monolayer in the top by an insulating
hexagon boron nitride (hBN) barrier. We call this setup
moiré+monolayer. Because inter-layer tunneling is sup-
pressed by the hBN barrier, which is different from the
two-orbital Hubbard model[60-64], the top and bottom
WSes layer have separately conserved total number of
charges. Both the moiré layer in the bottom and the
monolayer in the top can be either electron or hole doped
from the charge neutrality, which is a band insulator with
large band gap at order of eV. To avoid confusion, we de-
fine electron (or hole) density per moiré unit cell of the
layer a = t,b as n¢ (or n”). The total charge density
at layer a is thus p, = n —nc. Our starting point is
n;} = 1,n; = 0, where the bottom moiré layer forms a
Mott insulator with one hole per moiré site while the top
layer is still at charge neutrality. Then we dope exci-
tons in two different ways: (I) We tune the density to be
np =1—x,nl =z, shown in Fig.1(b); (II) We tune the
density to be nf! = 1 + x,n§ = x, shown in Fig.1 (c). In
the first case, we have excitons formed by a vacancy of
hole in the valence band of the bottom layer and a hole in
the valence band of the top layer. In the second case, we
have excitons formed by an additional hole in the valence
band of the bottom layer and an electron in the conduc-
tion band of the top layer. We will see later that these
two cases can be captured by similar effective model, but
with opposite signs of the hopping of excitons, which will
qualitatively change the magnetic physics of the localized
spin moments in the bottom moiré layer. Both these

cases can be achieved in equilibrium with a displacement
field D in a dual gated sample to tune the densities of
the top and bottom layers separately. The second case
can also be realized in non-equilibrium through optical

pumping.
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FIG. 1: (a) An illustration of the moiré
(WS2/WSes)+monolayer(WSes) system, (b)(c) Two
different ways of doping excitons into a Mott insulator.
Here, solid red circle denotes an electron in the
conduction band, and empty red labels a vacancy of
electron in the conduction band. Similarly solid Green
circle means a hole in the valence band, while empty
Green circle means a vacancy of hole in the valence
band. A vacancy of hole is equivalent to an electron in
the valence band, but we will call it vacancy of hole to
be distinguished from an electron in the conduction
band. (b) nfl =1—az,nl =2. (c)nh =1+ z,nf = 2.
(d) Mlustration of the wave function of the holes in the
top layer when there is one vacancy (on the left), and
two vacancies (on the right) doped into the moiré Mott
insulator in the bottom. When there are two vacancies
nearby, the two holes form a spin singlet or a spin
triplet, whose energy difference gives the parameter J;
in our model in Eq. 2.

We focus on the case I as an example to derive a low en-
ergy effective model to capture the exciton and magnetic
moments. We start from the Mott insulator in the moiré
layer, which is captured by an extended lattice Hubbard
model [28-33]:

= —1 Z hbmhbﬂ, + — anz +V Z NpiNbj,

<ij> <ij>
(1)

where hy;, (hyjo) is the creation (annihilation) opera-



tor for spin o, and ny; = )y, hzjghbjg is the particle
number operator. From our calculation [65], we get
t, = 1.06meV, U = 660.635/¢ meV and V = 92.689/¢
meV, where € is the renormalization factor of the dielec-
tric constant which should be at order of 10.

The Mott insulator has one hole per moiré site in
the bottom layer. When the system is doped with one
hole in the top layer and one vacancy of hole (electron)
in the bottom layer, the hole in the top layer will be
trapped to the vacancy of hole in the bottom layer,
leading to a neutral exciton. Let us treat the ¢, term
as a small perturbation and ignore it for now. Then
the vacancy in the bottom layer is fixed at one site 1.
The hole in the top layer moves under the potential
> i+ Vj(@), where Vj(z) is the Coulomb interaction be-
tween the hole in the top layer and the hole at moiré
site j of the bottom layer. We can get the wave func-
tion ¢;(z — R;) for the hole in the top layer by solving
the corresponding Shrédinger equation. As schematically
shown in Fig. 1(d), the hole wave function is very local-
ized around the vacancy site R;. Combining the two
spins of the hole in the top layer, we have two exciton
states[00] [t,0) = [ dayy;(x — Ri)hl, (x)|0),]0), for each
site i. We have two additional states without exciton at
site i: |b,0) = hlba |0), ® |0),. Here 0 =t,]. These four
states are shown in Fig. 2. Because of the strong inter-
layer repulsion, doubly occupied states with holes in both
top and bottom layer at the same site is penalized and
ignored.
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FIG. 2: Illustration of the moiré lattice and the
four-dimensional local Hilbert space. The local moments
represent the spin degree of freedom in the bottom
layer. The solid disks represent the doped excitons with
density z. Different colors correspond to different spins
in the top layer of the exciton state. If we polarize the
spin in the top layer, there is one flavor for exciton and
the model reduces to a bosonic version of ¢ — J model.

Now we can proceed to derive the effective hopping
of the exciton. The four states at each site can be con-
structed from a tensor product of a layer pseudospin 1/2
P and the real spin S [22]. Then the exciton creation
and annihilation operator correspond to PT and P~. The
spin operator in the top layer is S;(i) = 11+ P.)S(i),
while the spin operator in the bottom layer is §b(i) =
(1 - Pz)g(z) P.(i) is the layer polarization or equiv-
alently a dipole moment. 14 P,(¢) is the exciton occu-
pation number at the site :. With these operators, an
effective four-flavor model can be written down:

H= Y 38,0) - S0) + BSH) - S0) + L IpeP-()P.()

+%Jp(Pm(i)Px(j) + Py (1) Py (7)) (4S(0) - S(7) + So(@)So ()
(2)

where J, is the exciton hopping. The exciton hop-
ping corresponds to hole in the top layer and electron
in the bottom layer hopping simultaneously. From the
first order perturbation of the ¢, term, we get J, =
ty [ (x — R;)¢;(x — R;) as the exciton hopping. J,./8
gives the dipole-dipole repulsion for two nearby excitons.
Jp is the super-exchange spin coupling of the bottom
layer, which we assume is small in the strong U, /tp, limit.
J¢ is the spin-spin coupling in the top layer, which has two
competing contributions: Hund’s coupling to favor spin-
triplet and covalent bonding to favor spin-singlet. The
evolution of these parameters with the dielectric constant
¢ is shown in Fig. 3. When ¢ = 20, we have J,,/2 =
7.25075meV, J, = 0.51646meV, J, = 0.621032meV,
here J, = 0.487t, here we use ¢, = 1.06meV as derived

from Wannier orbital construction. J, = % ~ 0.14 meV
and is smaller than other values. In our derivation, the
physics of exciton is from the first perturbation, however,
the spin polaron is controlled by J,, which is second or-
der of t,. Thus in this paper, we will focus on the effects
of excitons.

So far we discussed the case I. In the case II, we dope
an additional hole in the bottom layer, accompanied by
an electron in the conduction band of the top layer. The
physics is described by the same model as in the case I,
except now the hopping term J, is negative. The effective
hopping of an exciton is from a second order process of
hopping electron and hole. In the case I electron and hole
are from the same valence band, while in the case II they
are from conduction and valence band. This gives a sign
difference.

Reduction to a bosonic t-J model Let us assume
that the spin of the top layer is polarized to the spin
up. Then the four states at each site reduces to three
states, we can label them [1) = |b,1),[]) = 1b,)),|0) =
[t,1). One can see that the Hilbert space is similar to
the familiar ¢-J model with the exciton state playing the
role of the empty site. The difference is that the doped
carriers are neutral and bosonic. Nevertheless, we expect
the influence to the magnetism may be similar to the
fermionic t-J model, especially when z is small. We will
confirm this picture below.

Exciton induced magnetism When the exciton
density x is zero, the magnetic physics in the bottom
layer is governed by the super-exchange Heisenberg cou-

pling J, = %. We will focus on the regime where
U >> t, and J, is very small, as observed in the TMD
hetero-bilayer at zero twist angle. Then at z = 0 all of
the spin configurations are degenerate. Here we are in-
terested in how the movement of excitons influence the
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FIG. 3: The couplings in our effective model as a
function of the dielectric constant €. The vertical axis
on the left is for J,, and J;, and the vertical axis on the
right is for J,. In our calculation, the lattice constants
are 0.328nm for WSes, 0.315nm for WSy, and the moiré
lattice constant is apr = 7.9nm at zero twist angle.

m = 0.42m,, is the effective mass for the valence band of
WSes. The distance of the top layer and bottom layer is
d = 2nm|65)

magnetic ordering at finite x.

We will see that the spin 5,5 in the top layer is spin
polarized. Then as said before the physics is captured
by a bosonic version of ¢ — J model. If there is only one
single exciton, then the statistics does not matter and it
is equivalent to the familiar fermionic t — J model with
a single hole. So we can quote the previous studies of
the fermionic t-J model to understand our system. In
the single hole doped Mott insulator, it is known that
the magnetic ordering in the infinite U limit is decided
by the kinetic energy of the holes, which leads to either
the 120° antiferromagnetic order[55—58] or the Nagaoka
ferromagnetic order (FM) depending on the sign of the
hopping[54]. Following this mapping, we reach the con-
clusion that the magnetic order of Sy is 120° AFM if
Jp > 0 and spin polarized if J, < 0 for the single exciton
case.

To check whether the conclusion holds for finite
densities of excitons, we adopt infinite density matrix
renormalization group[67] (iDMRG) to simulate the
model Eq. 2. The iDMRG simulation is performed on
Ly, x Ly, = 6 x 6 cylinder. L, is along the direction

a; = (1,0) and L, is along the direction ap = (—3, ?)

The bond dimension is up to 5000 and the truncation
error is 107°. The exciton density z is from - to 1f.

We first fix J, = J; = 0 and Jp, = 5, so the spin config-
urations are selected purely by the exciton hopping term
Jp. The spin structure factors are shown in Fig. 4. At
x = &, for J, =1, in Fig. 4(a) and (c). We can read that
the spin in the bottom moiré layer is 120° ordered, while
the spin in the top layer is ferromagnetically ordered. In
contrast, if J, = —1, as shown in Fig. 4(b) and (d), the
spin in both layers are now FM ordered. The spin con-
figuration in the bottom moiré layer exactly follows our

expectation from analog to the hole doped case. There
is an intuitive explanation in Schwinger boson mean field
theory which we list in the supplementary[65]. Once the
magnetic order in the bottom layer is fixed, the exciton
only carries the spin 1/2 in the top layer and we have
spinful boson gas with density x, which is known to be
in a spin polarized Bose-Einstein condensation (BEC)
phase. This explains the FM order of the top layer.
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FIG. 4: The spin-spin correlation function for fixed
Jy=J1=0,Jp. =5, 2= 1. (a) and (b) are the spin
correlation function (S,(q)S,(—q)) in the bottom layer,
and (c), (d) are the spin correlation function
(54(q)S:(—q)) in the top layer. (a) and (c) results for
Jp =1. (b) and (d) results for J, = —1.

The case of J,, < 0 is particularly interesting as the FM
order is quite robust to large exciton density[65]. J, <0
can be realized in the case II, with electron and hole
doped into the conduction and valence band of the two
layers respectively. In real systems there may be a small
but finite J, > 0. Then there is a competition between
the AF order from J, and the kinetic FM. In Fig. 5, we
show a transition from an antiferromagnetic state to a
ferromagnetic state in the bottom layer as we increase the
exciton density, while the spin in the top layer is always
polarized during this transition[65]. In the FM phase we
also have exciton condensed at momentum @ = 0, form-
ing a spin polarized superfluid[65]. Note that the case II
can also be realized in optical pumping, with exciton den-
sity proportional to optical power. Hence this provides
a mechanism of light induced ferromagnetism. Light in-
duced FM was observation recently[19] at fractional total
filling n = f%. Similar model can be shown to describe
exciton doped Wigner crystal at n = —1[65] and thus our
theory may offer a natural explanation of the observation
in Ref. 19 in terms of kinetic driven ferromagnetism.

Conclusion In summary, we study exciton doped
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FIG. 5: (a) and (b) the spin correlation function (S,(q)S,(—q)) for fixed J; = 0, J,. = 5, J, = —1, J, = 0.06. (a),
(b), (c) correspond to the increasing of exciton density.

Mott insulator in the TMD moiré systems. In these sys-
tems the spin-spin coupling J of the Mott insulator is
usually very small because U/t is very large. As a result,
the magnetism of the localized moments will be decided
by the kinetic term of the exciton. We perform a DMRG
simulation and find that the spin moments inherited from
the Mott insulator form 120° AF order or ferromagnetic
order depending on the sign of the effective hopping of
excitons. Especially, if we dope a moiré+monolayer with
electron and hole in the two layers respectively, there
can be an antiferromagnetic to ferromagnetic transition
when increasing the exciton density. The same physics
can happen through optical pumping, providing a mecha-

nism of light induced ferromagnetism. Our work demon-
strates the possibility of engineering magnetism through
doping neutral excitons.
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