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Tunable exciton valley-pseudospin orders in
moiré superlattices

Richen Xiong1, Samuel L. Brantly1, Kaixiang Su1, Jacob H. Nie1, Zihan Zhang1,
Rounak Banerjee 2, Hayley Ruddick2, Kenji Watanabe 3, Takashi Taniguchi 4,
Seth Ariel Tongay 2, Cenke Xu1 & Chenhao Jin 1

Excitons in two-dimensional (2D) semiconductors have offered an attractive
platform for optoelectronic and valleytronic devices. Further realizations of
correlated phases of excitons promise device concepts not possible in the
single particle picture. Here we report tunable exciton “spin” orders in WSe2/
WS2 moiré superlattices. We find evidence of an in-plane (xy) order of exciton
“spin”—here, valley pseudospin—around exciton filling vex = 1, which strongly
suppresses the out-of-plane “spin” polarization. Upon increasing vex or
applying a small magnetic field of ~10 mT, it transitions into an out-of-plane
ferromagnetic (FM-z) spin order that spontaneously enhances the “spin”
polarization, i.e., the circular helicity of emission light is higher than the
excitation. The phase diagram is qualitatively captured by a spin-1/2
Bose–Hubbard model and is distinct from the fermion case. Our study paves
the way for engineering exotic phases of matter from correlated spinor
bosons, opening the door to a host of unconventional quantum devices.

Properties and applications of correlated systems can gobeyond those
attainable within the single particle framework. For example, magnets
with spontaneous electron spin ordering form the cornerstone of
spintronics1; superconductors2 and phase-change transistors3 offer
potential routes to next-generation electronics. Moiré superlattices
recently emerged as a powerful playground to engineer correlated
phenomena4. Along with the strong light-matter interaction and
uniqueoptical selection rules5,6, correlated excitons in semiconducting
moiré systems hold promises for novel applications in photonics and
valleytronics7–9. However, while various magnetic orderings and cor-
related phases of electrons are reported, such as correlated
insulator10–14, superconductivity15–17, intrinsic18,19 or exciton-mediated
ferromagnetism20, and fractional quantum anomalous Hall states21–24;
correlated phases of excitons remain unexplored until very
recently25–28, and exciton “magnets” with “spin” orders have not been
demonstrated.

Hereweobserve an intriguing phase diagramof interlayer-exciton
“spin” orders in WSe2/WS2 moiré superlattices near one exciton per
lattice site. Spin-up and spin-down exciton “spins” correspond to (and

hereafter refer to) the K and K’ valleys—two degenerate but inequi-
valent corners of the hexagonal Brillouin zone—and are related by
time-reversal symmetry5. Similar to magnetism of real spins, exchange
interaction between excitons of different valley pseudospins can lead
to spontaneous ordering of the valley degree of freedom. For example,
an out-of-plane ferromagnetic (FM-z) spin order polarizes spins to the
same out-of-plane direction, which, in the exciton context, corre-
sponds to a state where excitons are spontaneously polarized to the
same valley; On the other hand, an in-plane spin is a coherent super-
position of spin-up and spin-down. Therefore, excitons in an in-plane
(xy) order are each a superposition between the two valleys of equal
amplitude29,30. To probe exciton “spin” order, we use a pump–probe
spectroscopy25 that isolates the low energy excitations of the system
(Fig. 1a, see Methods: “Pump–probe spectroscopy”). Similar to elec-
trical capacitance measurements31,32, the DC pump light controls the
background exciton density andmaintains the quasi-equilibrium state,
while the AC probe light injects a small perturbation of extra excitons
and isolates their responses through lock-in detection. Owing to the
optical selection rules in transition metal dichalcogenides, left- and

Received: 11 December 2023

Accepted: 13 May 2024

Check for updates

1Department of Physics, University of California at Santa Barbara, Santa Barbara, CA, USA. 2School for Engineering of Matter, Transport, and Energy, Arizona
StateUniversity, Tempe, AZ, USA. 3ResearchCenter for FunctionalMaterials, National Institute forMaterials Science, Tsukuba, Japan. 4International Center for
Materials Nanoarchitectonics, National Institute for Materials Science, Tsukuba, Japan. e-mail: jinchenhao@ucsb.edu

Nature Communications |         (2024) 15:4254 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-9921-8493
http://orcid.org/0000-0002-9921-8493
http://orcid.org/0000-0002-9921-8493
http://orcid.org/0000-0002-9921-8493
http://orcid.org/0000-0002-9921-8493
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0001-8294-984X
http://orcid.org/0000-0001-8294-984X
http://orcid.org/0000-0001-8294-984X
http://orcid.org/0000-0001-8294-984X
http://orcid.org/0000-0001-8294-984X
http://orcid.org/0000-0002-5965-7475
http://orcid.org/0000-0002-5965-7475
http://orcid.org/0000-0002-5965-7475
http://orcid.org/0000-0002-5965-7475
http://orcid.org/0000-0002-5965-7475
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-48725-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-48725-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-48725-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-48725-z&domain=pdf
mailto:jinchenhao@ucsb.edu


right-circularly polarized (LCP and RCP) light selectively couple to
spin-up and spin-down excitons5,8,33. This allows us to independently
control spin of the background excitons and the extra injected exci-
tons through polarization of the pump and probe light, respectively;
and obtain spin-resolved system response from polarization-resolved
photoluminescence (PL) detection.We can thereby directly create and
probe low-energy spin excitations of the system.

Results
Spin-1/2 Bose–Hubbard model
Figure 1b shows the pump–probe PL spectrum of a 0-degree-aligned
WSe2/WS2moiré deviceD1with unpolarized pump, probe light, and PL
detection (the electron density is kept at 0 throughout this study).
Unpolarized light couples to the total population of excitons5,33,34. The
measurement therefore directly obtains the energy to remove one
exciton from the system, i.e., its chemical potential. A sudden jump of
exciton chemical potential is observed at one exciton per moiré site
(vex = 1, nex = 1.9 × 1012 cm−2, see Methods: “Calibration of background
exciton density”), corresponding to a bosonic-correlated insulator
state25. The low and high energy peaks, labeled peak I and II, corre-
spond to PL emissions from a singly occupied site and a doublon site
(sitewith two excitons). Their energy shift of ~30meVprovides a direct
measurement of exciton-exciton on-site repulsion and indicates the
strong correlation between excitons25,35.

We then switch experimental configurations to inspect spin
excitations of excitons. The minimum model to account for exciton
“spins” is a two-component Bose–Hubbard model36, given by

H =
X

<i,j>,α

�tby
i,αbj,α +h:c:+

X

i,α

U ni,α � 1=2
� �2 +

X

i

Vni,1ni,2 ð1Þ

Here the α = 1, 2 label K and K’ valley pseudospin of excitons, t is
hopping between nearest neighboring sites, and the interactions
between excitons consist of intra-species repulsion U and inter-species

repulsion V. To establish suchmodel and separately determineU and V,
we use linearly polarized pump light to generate equal population
of two “spins” in the background, an LCPprobe light to selectively inject
extra K valley (“spin”-up) excitons, and monitor “spin”-resolved
responses by separately collecting RCP (K’ valley) and LCP (K valley) PL
from the probe light only (Fig. 1c, d). The K’ and K responses are rather
similar at vex < 1 (Fig. 1e), which can be understood in the single exciton
picture from a short valley lifetime that quickly relaxes valley polariza-
tion. We directly capture such relaxation process by time-resolved
pump–probe PL measurements (Fig. 1g). The pulsed probe light selec-
tively injects K excitons at time zero, and the K’ response remains
unchanged. Afterwards, the valley polarization quickly disappears over
time, resulting in similar overall responses from the two valleys (Fig. 1e).

In contrast, the two valleys’ responses become dramatically dif-
ferent above vex = 1 (Fig. 1f). Most strikingly, their responses have
opposite signs for peak I. The negative K’ response indicates that
adding extraK excitons will decrease the number of singly occupied K’
sites. Such behavior is incompatible with the single exciton picture
where adding K excitons always increase both K and K’ exciton
populations34,37 and is instead a unique consequence of exciton cor-
relation. Our observation can be naturally understood from the
Bose–Hubbard model: the K excitons injected by the probe form
doublons at vex > 1, which will decrease the number of singly occupied
sites by converting them into doublon sites. The decrease in K’ sites
therefore indicates that K excitons selectively form doublon sites with
K’ excitons (Supplementary Fig. 2a). This is further confirmed by the
perfect valley balance in doublon emission (peak II) regardless of
experimental configuration (Supplementary Fig. 2b), which requires K
and K’ excitons to be symmetric within any doublons.

We note that while peak I is expected to disappear at vex ≥ 1 in
exciton chemical potential measurement, as is observed in Fig. 1b, it
should persist in spin-resolved measurements until vex = 2 (Fig. 1c, d)
due to the spin-selective formation of doublons discussed above. This
can also be understood by the cancellation of peak I signals when

Fig. 1 | Spin-1/2 Bose–Hubbard model. a Schematics of our pump–probe spec-
troscopy on a type-II hetero-bilayer WSe2/WS2. The background interlayer-exciton
density (red) is controlled by the pump light and the charge density is kept at zero.
Theprobe light injects anextra interlayer-exciton (blue), whose response is isolated
through lock-in detection. b Exciton-filling dependence of probe-induced PL
spectrum using unpolarized pump and probe light. A sudden jump of exciton
chemical potential at νex = 1 is observed (white arrow), indicating an incompressible
state of excitons. Low (high) energy emission peak is denoted as peak I (II).
c, d Polarization-resolved probe-induced PL spectra as a function of exciton filling.
A linear pump light is used to generate equal numbers of K and K’ valley excitons in

the background, while an LCPprobe light selectively excites extraK valley excitons.
K’ valley (c) or K valley (d) PL response induced by the probe light is collected
separately. UKK (UKK’) refers to pump injecting unpolarized excitons, probe
injecting K valley excitons and PL detecting K (K’) valley excitons. e, f Linecuts of
(c, d) at low (e) and high (f) exciton density. g, h Probe-induced TRPL signals from
peak I at low (g) and high (h) exciton density. A constant background signal from
the CW linear pump light is subtracted. Pink boxes in (e, f) denote the spectral filter
used to isolate peak I response. The negative signals in UKK’ configuration (h)
indicate that K excitons selectively form doublons with K’ excitons.
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adding up the two spin channels at vex ≥ 1 (Fig. 1c, d), which confirms
that the probe light cannot add more single-occupied sites and can
only create doublons.Meanwhile, peak II should ideally only emerge at
vex≥ 1. The weak peak II features observed at vex < 1 in Fig. 1c, d are
mainly due to the large intensity of the pulsedprobe light usedhere for
time-resolved measurements, as well as the spatial inhomogeneity in
the exciton density (seeMethods: “Discussions on doublon emission”).
These effects could be reduced by using a weaker probe and a more
homogeneous sample, such as in ref. 25. A systematic study on probe
intensity and sample homogeneity would help further quantify these
effects.

Our results thus unambiguously establish a “spin”-dependent on-
site repulsion between excitons. The ~30meV jump of exciton che-
mical potential at vex = 1 (Fig. 1b) corresponds to the opposite-“spin”
repulsion V, while the same-“spin” repulsion U is much greater than V.
Consequently, doublons only formby twoexcitons of opposite “spins”
like electrons in a Fermi–Hubbard model, which offers a rare realiza-
tion of spin-½ Bose–Hubbard model.

Inter-site spin-dependent interactions between excitons
Next, we investigate inter-site spin interactions that may lead to spin
orders. We vary the pump light polarization and keep the probe LCP.
Different pump polarization maintains background excitons of dif-
ferent spins, while the LCP probe light always injects spin-up excitons.
Any difference in the measured probe response can therefore directly
reflect spin-dependent interaction between excitons. Figure 2a–c
shows the probe-induced spin imbalance (the difference between K
and K’ emission induced by the probe light) as a function of exciton
fillings for LCP, RCP, and linear pump, respectively. See Supplementary
Fig. 4 for results on another device D2. Peak II always shows zero spin-
imbalance signal, as expected for doublon emission (Supplementary
Fig. 2). Peak I is insensitive to pumppolarization at low exciton density,
suggesting negligible spin interaction effects. At increasing exciton

density, in contrast, the signals vary dramatically with pump polar-
ization. Under both LCP and RCP pump (Fig. 2a, b), we observe a sharp
signal enhancement at vex ~ 1.1 followed by a quick drop at vex > 1.2
(black arrows). Both features are absent in the linear pump case
(Fig. 2c), indicating their origin from spin interactions. While the
strongest spin interaction in the system is the on-site AFM exchange, it
cannot account for the symmetric behaviors between the LCP and RCP
pump or the sensitive filling dependence (see Methods: “Spin-1/2
Bose–Hubbard model”). These features therefore indicate rapidly
changing inter-site spin interactions when doping slightly away from a
bosonic-correlated insulator.

We first investigate the feature at vex = 1.1 and monitor its evolu-
tion under an out-of-plane magnetic field Bz. Figure 2d–f shows the
magnetic field-dependent spin imbalance spectra for fixed vex = 1.1 and
different pump polarization. Surprisingly, the probe-induced spin
imbalance under CP pumps or linear pump are either suppressed or
enhanced by anorder ofmagnitude, respectively, upon applying a tiny
magnetic field of 5 mT. Such sensitive magnetic field dependence and
low saturation field (~20 mT) of exciton spin polarization have not
been reported before38–41, and generally indicates adjacent phase
transitions with strong spin fluctuations42.

To further confirm the phase transition, we also perform
pump–only PL measurement. Such measurement collects PL from all
background excitons in the system and is therefore less sensitive to
spin interactions than the pump–probemeasurement. However, a spin
order will affect not only low energy excitations but all excitons in the
system and should therefore be observable in such measurements.
Figure 3a shows example spectra of K and K’ PL at vex = 1.39 with RCP
pump, fromwhichweobtain the PL rawhelicityηPL =

IK,PL�IK0 ,PL
IK ,PL + IK0 ,PL

. IK ,PL and
IK 0 ,PL are the PL emission intensity from K and K’ excitons (peak I in
Fig. 3a), which areproportional to the number of singly occupiedK and
K’ sites, respectively. Figure 3b summarizes ηPL under different pump
polarization and exciton fillings. To reveal spin orders, we introduce

Fig. 2 | Inter-site spin-dependent exciton interaction. a–c Probe-induced spin
imbalance (arbitrary units) as a function of background exciton fillings for LCP (a),
RCP (b), and linear (c) pump, respectively. For both LCP and RCP pump, a sharp
enhancement of signals at νex ~ 1.1 followed by a quick drop at νex ~ 1.2 are observed
(black arrows). In contrast, these features aremissing under linearpump, indicating
rapidly changing exciton spin interaction when doping slightly away from the

correlated insulator state.d–f Evolutionof probe-induced spin imbalance (arbitrary
units) at νex ~ 1.1 under out-of-planemagnetic fieldBz for LCP (d), RCP (e), and linear
(f) pump, respectively. The signals show sensitive and symmetric change under a
small |Bz| ~ 5 mT. All the measurements are performed at base temperature 3 K
unless specified.
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generalized helicity GH = ηPL=ηpump, where ηpump is the helicity of
pump light (seeMethods: “Data analysis” and Supplementary Fig. 9). In
the case of no spin order, the LCP and RCP components of pump light
should independently contribute to PL emission, and thereforeGHwill
be a constant over pumppolarization. A spin order, on the other hand,
generates a mean field that depends on all exciton spins in the system
and thus on the pumppolarization. Consequently, GHwill changewith
pump helicity ηpump.

Figure 3c, d showsGHandnormalizedGHover pumppolarization
(helicity) at different exciton fillings. Since GH is not well-defined at
ηpump = 0 (linear pump), only data at |ηpump| >0.02 are obtained
experimentally (symbols); and GH at ηpump = 0 can be extrapolated
from the limit of ηpump→0 (see Methods: “Data analysis”). At low
exciton density GH is indeed a constant over pump polarization. In
contrast, GH becomes a “Λ” shape at vex = 1.1 and quickly transitions
into a “V” shape at vex > 1.25, echoing the two features in the
pump–probe PL spectra (Fig. 2a, b). When we further apply an out-of-
plane magnetic field, the constant GH at low exciton filling remains
intact (Fig. 3e). The “Λ” shape GH at vex = 1.1, on the other hand,
changes dramatically and becomes a “V” shape under both ±30 mT
field (see Supplementary Fig. 7a for data at 30mT). Such sensitive and
symmetric magnetic field dependence is consistent with the
pump–probe results and again signifies an adjacent phase transition.
We have alsomeasured normalized GH at 60K as a reference (Fig. 3f),
which is flat over the whole exciton density range. This further con-
firms the origin of nontrivial shapes in GH from exciton spin orders.

Tunable transient exciton spin orders
To unravel the nature of the exciton spin orders, we performed
detailed magnetic field dependence at vex = 1.1 and 1.3. Figure 4a, b
show the PL raw helicity and GH at vex = 1.1 from 0 to 30 mT. Intrigu-
ingly, the GH at Bz > 20 mT exceeds unity in a wide pump polarization
range. AGH> 1means that the spin polarization of the system is higher

than the pump. This cannot be explained by field-induced symmetry
breaking between the two spins, which would favor one spin over the
other and lead to asymmetric GH between RCP and LCP pump. In
contrast, the observed GH is symmetric against ηpump = 0 and exceeds
unity on both sides (Fig. 4b). If excitons in the system were not
decaying over time—equivalently, all PL emissions are re-absorbed by
the system—the systemwould keep amplifying the spin polarization. A
tiny initial spin-up/down injection would then eventually develop into
a close to fully spin-up/down state. Such spontaneous spinpolarization
is the hallmark of an FM-z order. On the other hand, because here
excitons are in a quasi-equilibrium between decaying and pumping,
any system memory is lost over the exciton lifetime and there should
not be hysteresis. Hence all orders identified experimentally are of
transient nature at the timescale of exciton decay.

Our observation indicates a transient FM-z order of excitons at
vex = 1.1 andmagnetic field Bz > 20mT. The zero-field state at vex = 1.1 is
more exotic. Phenomenologically, it shows opposite behaviors from
the high field FM-z order in both pump–probe and GHmeasurements
(Figs. 2a–c and4b), indicatingdistinct exciton spin states. Its extremely
sensitive magnetic field dependence and low saturation field (~20mT)
is particularly surprising. The most well-known effect from an out-of-
plane magnetic field is the Zeeman splitting that lifts the degeneracy
between the two exciton spins. Similarly, the dominant effect of
magnetic field on excitons is an energy splitting between the two
valleys, termed “valley Zeeman effect” 38,39, with a g-factor of 4 in
monolayer TMD. However, the splitting should be <~0.1meV under
10 mT34, which is too small compared to the expected energy scale of
spin interaction (~1meV, see Methods: “Discussions on magnetic field
dependence”). In addition, applying positive and negative Bz should
lead to opposite Zeeman splitting. Instead, in our experiment they
havemostly symmetric effects and eventually result in a transition into
the same FM-z order (Figs. 2d–f, 3e and Supplementary Fig. 7a). Both
observations exclude a simple linear coupling between the Zeeman

Fig. 3 | Evidence of exciton spin orders from generalized helicity (GH).
a Pump–only PL fromK (black) and K’ (red) valley with RCPpumpat vex = 1.39. Peak
I shows a large PL helicity while peak II has no PL helicity.b–d PL raw helicity ηPL (b),
generalized helicity (GH, defined as ηPL/ηpump) (c) and normalized GH (d) of peak I
under different pumphelicity ηpump and exciton fillings νex. GHdoes not dependon
ηpump at low exciton density, consistentwith the single-particle picturewith no spin
order. In contrast, GH becomes “Λ” shape at νex ~ 1.1 and quickly transitions into “V”
shape at νex > 1.25, indicating existence of mean-field from exciton spin order.

eNormalized GH at Bz = −30mT (see Bz = 30mT in Supplementary Fig. 7a). The “Λ”
shape at νex ~ 1.1 becomes “V” shape under ±30 mT field. The sensitive and sym-
metric Bz dependence echoes with the pump–probe measurement results.
f Normalized GH at 60K. GH remains flat over the whole exciton filling range. GH
and normalized GH at νex = 0.03, 1.12, 1.39 are highlighted in (c–f). Data are shown
as lines and symbols for νex = 1.12 and 1.39; and only lines are shown at other fillings
for visual clarity. Error bars represent standard deviation in PL helicity, GH and
normalized GH (b–f, see Methods: “Data analysis”).
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field and the order parameter and suggest a finite in-plane component
in the zero-field order, i.e., an xy order (For more discussions, see
Methods: “xy order”).

Indeed, such phase transition can fully explain our experimental
observations. Under linear pump, the xy spin order creates an in-plane
mean field, which will efficiently mix up and down spins and suppress
spin polarization. On the other hand, spins under CP pumps are initi-
alized to be along the z direction and the in-planemean field is weaker.
We therefore expect a stronger suppression of spin polarization near
linear pump and a weaker suppression near CP pumps, i.e., a “Λ” shape
GH (Fig. 4b). The high field FM-z order, on the contrary, amplifies spin
polarization. This leads to a sharp rise of ηPL with ηpump and a large
GH> 1 when |ηpump| is small. At large |ηpump|, ηPL saturates since it
cannot exceed 1 (Fig. 4a); and GH is always smaller than 1 when |
ηpump| = 1 (CP pumps).We therefore expect a “V” shapeGH as observed
experimentally (Fig. 4b). The transition regionbetween the xy and FM-z
orders at intermediate field is more complicated, where GH becomes
asymmetric between positive and negative ηpump or Bz (Fig. 4b). This
indicates extrinsic symmetry breaking between the two spins by the
magnetic field and thus no well-defined order (see Methods: “Discus-
sions on magnetic field dependence”).

We now turn to the feature at vex > 1.25. Its zero field behaviors are
qualitatively similar to the high field behaviors at vex = 1.1 in all mea-
surements: pump–probe measurement (Fig. 2) shows a stronger spin
imbalance signal under linear pump compared to CP pump; GH shows
a “V” shape with GH> 1 over a wide range of pump helicity. Upon
applying an out-of-plane magnetic field, these behaviors are qualita-
tively unchanged and quantitatively enhanced. For example, GH is
enhanced to a giant value of 2.3 near linear pump (Fig. 4d), corre-
sponding to a rapid increase and saturation of spin polarization as
ηpump increases that can be clearly seen in the PL raw helicity (Fig. 4c).
These results provide strong evidence that at vex > 1.25 the system is
already in an FM-z order without magnetic field, i.e., suggesting a
filling-controlled transition between xy to FM-z order at vex ~ 1.25.

The pump–probe measurement results (Fig. 2) are also naturally
explained by the competition between the in-plane and out-of-plane
spin interactions of excitons. At vex = 1.1, the dominant in-plane spin
interactions under a linear pump rapidly quench out-of-plane spin
imbalances, while a CP pump reduces such quench by forcing exciton
spins tobeout-of-plane.We therefore observe stronger probe-induced
spin imbalance signals under both LCP and RCP pumps compared to
the linear pump case. Upon increasing exciton filling and/or magnetic
field Bz, the FM-z spin interactions dominate and enhance spin imbal-
ances under linear pump as the system is not fully polarized. Once all
spins are polarized under CP pump, the system is not susceptible to
spin excitations anymore and the probe-induced spin imbalance
becomes vanishingly small.

We next measure the temperature dependence of these orders.
Figure 5a, b shows normalized GH at vex = 1.1 and 1.3, respectively, for
temperatures from 3 to 60K. The “Λ” shape GH at vex = 1.1 and “V”
shape GH at vex = 1.3 disappear at around 35 and 50K, respectively,
indicating melting of the associated spin orders. To quantify the
temperature dependence, we define ΔGH = GH CP pumpð Þ�GH linear pumpð Þ

GH CP pumpð Þ . A
positive and negative ΔGH correspond to a “Λ” shape and “V” shape GH
and indicates xy- and z- spin order, respectively. Figure 5c, d shows the
phase diagram of ΔGH at 0 and −30 mT (see Supplementary Fig. 7b for
30 mT data). We also mark regions where GH (linear pump) >1 with
dotted texture,which is thehallmark of anFM-zorder.At zerofield, the
system first enters an xy order upon increasing exciton filling to vex ~ 1
and then transitions into anFM-zorder at vex ~ 1.25. Atmagnetic field of
−30mT the xy order is suppressed, and the FM-z order is favored over
the filling range of vex > 1.1. Its melting temperature keeps increasing
with the exciton filling.

Discussion
Our observations provide strong evidence of phase transitions from a
(transient) xy order to FM-z order driven by both exciton filling and
magnetic field. This can be naturally understood in a spin-½

Fig. 4 | Tunable exciton spin orders with magnetic field and exciton filling.
a, bMagnetic field dependence of PL raw helicity ηPL (a) andGH (b) at νex = 1.1 from
0 to 30mT. The GH transforms from a “Λ” shape to a “V” shape and saturates at ~20
mT, suggesting a phase transition. At high field, GH exceeds 1 in a wide range of
pump helicity, indicating spontaneous increase of spin polarization, which is the
hallmark of an FM-z spin order. c, d Same as (a, b) for νex = 1.3. The zero field GH is

similar to the high field GH at νex = 1.1, signifying an FM-z spin order at zero field.
The “V” shapeGH is further enhancedbyBz. Data are shown as lines and symbols for
Bz = 0 and 30mT; andonly lines are shownat othermagneticfields for visual clarity.
Error bars represent standard deviation in PL helicity andGH. Error bars in (a–c) are
smaller than the symbol size.
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Bose–Hubbard model from competitions between the super-exchange
effect and Nagaoka-type kinetic ferromagnetism19,43. Our pump–probe
measurements establish WSe2/WS2 moiré superlattice as a spin-½
Bose–Hubbardmodel, which has been predicted to host a ground state
of FM-xy order at vex = 1 as the virtual hopping of bosons gives rise to an
FM in-plane super-exchange interaction J?

36,44. Upon further doping,
the kinetic energy of extra bosons would favor an FM-z order, similar to
Nagaoka ferromagnetism in Fermi–Hubbard model19,43,45. We reveal the
essential physics near vex = 1 using a phenomenological spin-½ XXZ
model on a triangular lattice, where the effect of adding excitons to the
vex = 1 correlated insulator is captured by a z-exchange interaction Jz
that increases with doping (see Methods: “Theoretical phase diagram”

and Supplementary Note 1). Figure 5e shows the phase diagram pre-
dicted by this phenomenological model, which matches well with the
experimental one. A transition from FM-xy to FM-z order is expected
with increasing doping (and Jz). In addition, the system is very sensitive
to a Zeeman field Bz near the transition; and a weak Bz would favor the
FM-zover the FM-xyorder. Intriguingly, both the FM-xy and FM-zorders
are unique consequences of Bose–Einstein statistics—it is well-
established that the super-exchange interaction in a Fermi–Hubbard
model is antiferromagnetic (AFM) along all directions45,46, and the
Nagaoka FM is also isotropic instead of favoring the z direction43,45.
While the phenomenological model here captures the salient features
from the experiment, more quantitative theoretical studies are war-
ranted to fully understand the exciton behaviors observed. The recent
success of calculatingmoiré excitons fromGW-BSE47 could allow direct
prediction of the exciton hopping in the Bose–Hubbard model. Fur-
thermore, additional effects not captured by the Bose–Hubbardmodel,
such as exciton dissociation and decoherence between the two valleys,
could also contribute to the exotic exciton responses. Our results pro-
vide a valuable experimental reference for future theoretical studies.

Our study establishes semiconducting moiré superlattices as an
intriguing platform to realize exotic states of excitons, which will also

open up novel device concepts in photonics and quantum information
science. For example, an FM-z order not only stores but also amplifies
valley polarization, which may serve as a cornerstone of memory and
error correction code48,49. The extremely sensitive magnetic field and
exciton filling dependence are consequences of phase transitions and
go beyond the single-particle limit, which may enable efficient light
source control and optical gates similar to phase-change transistors in
electronics3,50. In addition, the two-component Bose–Hubbard model
canpotentially support a plethoraofmuchmoreexoticphases beyond
the ferromagnetic orders. For instance, itwas shownnumerically that a
supersolid can be realized in the effective XXZ spin-1/2model with one
boson per-site44. Away from the vicinity of one boson per site, the two
flavors of hard-core bosons can be mapped to an SU(4) spin model
(with anisotropies, see Supplementary Note 1), which is a system that
has attracted enormous interest in the past few decades and hosts
various intriguing phases51–57.

Methods
Device fabrication and characterization
The dual-gated WSe2/WS2 devices were made by layer-by-layer dry
transfer method58. Polarization-resolved second harmonic generation
(SHG) was used to determine the crystalline angles between mono-
layer WSe2 and WS2 before stacking. hBN flakes with a thickness of
around 20nmwere used as the gate dielectrics and few-layer graphite
flakes were used as the gates and contact electrode. The whole stack
was then released to a 90 nm Si/SiO2 substrate with pre-patterned Au
contacts. Supplementary Fig. 1a shows an optical image of 0-degree
aligned WSe2/WS2 device D1. The twist angles were measured by SHG
to be within 0 ± 0.5°, limited by experimental uncertainties. Supple-
mentary Fig. 1b, c shows the gate-dependent absorption and PL char-
acterization of themoiré bilayer at 3 K. At charge neutrality (~−0.05 V),
the PL features a single peak at 1.375 eV from interlayer exciton emis-
sion, while the absorption shows three peaks from moiré intralayer

Fig. 5 | Phase diagram of exciton spin orders. a, b Temperature dependence of
normalized GH at νex = 1.1 (a) and νex = 1.3 (b). The “Λ” shape and “V” shape feature
melt at around 35K and 50K, respectively. c, d Phase diagrams of ΔGH at Bz = 0 mT
(c) and −30 mT (d). A positive (negative) ΔGH corresponds to a “Λ” (“V”) shape GH
and indicates xy (z) spin order. White dotted texture marks regions with GH > 1 at
linear pump, which is the hallmark of an FM-z spin order. e Theoretical phase
diagram from a phenomenological spin ½ XXZ model, where h is the out-of-plane

magnetic field and Jz is z-direction exchange interaction. The in-plane exchange J?
is fixed to be 1/6. ϕx (ϕz) is the expectation value of Sx (Sz). The color represents
orientation of the order parameter and the opacity represents its amplitude. Effects
from adding extra excitons to a vex = 1 correlated insulator are captured by Jz that
increases with exciton filling. A transition from the FM-xy to FM-z order is expected
upon both increasing Jz (exciton filling) andmagnetic field, which is consistent with
our experimental observations.
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excitons. At νe = 1 and νh = 1 (white arrows), the emission peak blue-
shifts suddenly and the absorption peaks show a kink, indicating the
emergence of correlated insulator of charges. All measurements are
performed at a base temperature of 3 K in 0°-alignedWSe2/WS2 device
D1 unless specified.

Pump–probe spectroscopy
The samples were mounted in a closed-cycle cryostat (Quantum
Design, OptiCool). A continuous wave 660nm diode laser was used as
the pump light with beam size of around 100 μm2. The large pump
beam size ensures a homogeneous intensity in the center region that is
inspected by the probe beam. A pulsed 680 nm light from a super-
continuum laser (YSL Photonics, 300 ps pulse duration, variable
repetition rate) were used as the probe light. The beam size of
probe light was around 4 μm2. The probe intensity was kept below
30 nW/μm2, while the pump intensity ranged from 0 to 3 μW/μm2.
To isolate the response from probe-created excitons, the probe light
wasmodulated by an optical chopper at frequency of 10Hz. The signal
was detected by a liquid-nitrogen-cooled CCD camera coupled with a
spectrometer (Princeton Instruments), which was externally triggered
at 20Hz and phase locked to the chopper. The spectra with and
without the probe light were thereby obtained, and their difference
gives the signals from the probe light only (see Fig. 1b for an example).
To help isolate the probe light response, we also implement a spatial
filter at a conjugate image plane of the sample, which only allows light
from the probe-covered region to go through. For polarization-
resolved measurements, the polarization of pump/probe/PL is con-
trolled by broadband polarizers and half-wave plates. In time-resolved
PL measurements (TRPL), the signals are collected by an avalanche
photodiode (MPD PDM series) and analyzed by a time-correlated sin-
gle photon counting module (ID Quantique ID1000). Since the pump
light is CW while the probe light is pulsed, their contribution can be
directly separated in the time domain and no AC modulation is nee-
ded. We thereby directly track the system’s dynamical response to
extra transient excitons at certain background exciton filling.

Calibration of background exciton density
We precisely calibrate the exciton density and filling at each pump
intensity through time-resolved PL measurements. This is done in two
steps. We first perform time-resolved PL (TRPL) measurement using
the CW pump light as excitation light (Supplementary Fig. 10a). PL
emission rate is a constant over time, as expected from CW excitation.
This allows us to determine the emission rate at each pump intensity
(Supplementary Fig. 10c). Next, we establish the relation between
emission rate and exciton density by replacing the CW pump with a
pulsed pump light (300ps pulse duration, 1MHz repetition rate) with
the same wavelength (660nm) and beam profile. All other experi-
mental configurations are also kept identical. Supplementary Fig. 10b
shows the time-resolved PL using the pulsed excitation light of dif-
ferent pulse fluences. The decay dynamics changes with pulse fluence
but is always much slower than the instrumental response function
(IRF, Supplementary Fig. 10b inset). Therefore, the emission rate
immediately after time-zero corresponds to the exciton density cre-
atedby thepulsed excitation lightwithout any relaxation,which canbe
directly obtained from the pulse fluence.

The above procedure allows us to reliably determine exciton
density without complications from the exciton lifetime or relaxation
dynamics. Since the system reaches quasi-equilibrium in a short time
(<1 ps), each measured emission rate uniquely corresponds to one
excitondensity at quasi-equilibrium,whether the excitation light isCW
or pulsed. For example, at charge neutrality we identify vex = 1 at pump
intensity of 0.406 μW/μm2, which corresponds to an emission rate of
562 (Supplementary Fig. 10c). The same emission rate is achieved by
the pulsed pump lightwithfluence F =0.25 J/m2 immediately after time
zero (Supplementary Fig. 10d). The exciton density is directly obtained

from the pulse fluence though nex = αF/(hν) = (1.9 ± 0.2) × 1012 cm−2,
where F is the pulse fluence, α = (0.023 ± 0.002) is absorption of WSe2
at 660nm using its dielectric function and considering the multi-layer
structure of our device, hν is the photon energy of 660nm light. nex
matches well with the expected exciton density n0 = 2ffiffi

3
p

a2
M

= 1.9 ×

1012cm−2 at vex = 1, whereaM ~ 8 nm is themoiréperiodicity considering
4% latticemismatch and 0-degree twist angle. We calibrate the exciton
density at all pump intensity and polarization following the above
procedure.

Data analysis
To ensure the reliability of GH = ηPL=ηpump, we carefully calibrate the
uncertainties in both ηpump and ηPL. In our experiment, the pump light
goes through a half-wave plate (HWP) and a quarter-wave plate (QWP)
before impinging on the sample. The pump helicity ηpump is controlled
by the HWP angle θ and should ideally follow a simple sine function of
ηpump = sinðπ θ�θ0

45°
Þ. On the other hand, imperfect optics and/or

alignment may result in deviation from such relation. To calibrate the
uncertainty in ηpump, we directly measure the LCP and RCP compo-
nents in the sample-reflected pump light using identical experimental
configuration as measuring the LCP and RCP PL, as shown in Supple-
mentary Fig. 9a. This allows us to determine θ0 when the LCP and RCP
components are equal. The extracted ηpump (Supplementary Fig. 9b)
shows a near-perfect match with the ideal sine relation (gray curve)
and a relative standard deviation Δηpump/ηpump < 2%.

To calibrate the uncertainty in ηPL, we measure ηPL twice under
identical experimental configurations at each exciton filling and
extract the deviation between the twomeasurements. Supplementary
Fig. 9c shows the results for three representative exciton fillings
vex = 0.02, 1.12, and 1.39, from which we obtain a standard deviation
ΔηPL of 0.21%, 0.17%, and 0.17%. Such a small uncertainty corresponds
to an error bar smaller than the symbol size in PL raw helicity (Fig. 3b
and Supplementary Fig. 9c). On the other hand, the uncertainty in GH
will bedramatically amplified at small |ηpump| sinceGH=ηPL=ηpump, and
GH becomes nominally ill-defined at ηpump = 0. We therefore extra-
polate GH at ηpump = 0 from the limit of ηpump→0. As exemplified in
Supplementary Fig. 9d, the uncertainty in GH becomes reasonably
small (<5%) when |ηpump| > 0.05 (outside green shaded region), where
the GH curve is already flat with pump polarization. This indicates that
GH has a well-defined value in the ηpump→0 limit, and our extrapola-
tion is reliable. Another way to understand the reliability of GH at small
|ηpump| is that it is simply the slope between ηPL and ηpump. As one can
directly see in the PL raw helicity (Fig. 3b), ηPL has a well-defined slope
near |ηpump| = 0.

Spin-½ Bose–Hubbard model
To account for the two species of excitons related by time-reversal
symmetry, the simplest form of the Bose–Hubbard model reads

H =
X

<i,j>,α

�tby
i,αbj,α +h:c:+

X

i,α

U ni,α � 1=2
� �2 +

X

i

Vni,1ni,2

Here the α = 1, 2 label K and K’ valley pseudospin of excitons, t is
hopping between nearest neighboring sites, and the interactions
between excitons consist of intra-species repulsionU and inter-species
repulsion V. Our flavor-resolved pump–probe results indicate U >V >
0, i.e., an on-site AFM interaction. Consequently, doublon sites always
form between one K valley and one K’ valley exciton, and the chemical
potential jump at vex = 1 directly measures V ~ 30meV.

On the other hand, the on-site interactions cannot account for the
distinctive spin imbalance responses between LCP/RCP pump and
linear pump at vex > 1 (Fig. 2). The on-site AFM interaction can indeed
induce different probe responses between different pump polariza-
tions: an LCP/RCP pumpwill generatemore K/K’ background excitons,
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whichwill suppress/assist the formationof doublon siteswith the extra
K excitons from an LCP probe. Such effect should therefore be
opposite under LCP and RCP pump compared to linear pump, which is
incompatible with the symmetric behaviors of features in Fig. 2 under
both LCP and RCP pumps. In addition, the strength of the on-site
interaction effects scales linearly with the doublon site density and
should continuously increase with vex; while experimental features
show sensitive and non-monotonic filling dependence. Last but not
least, the effect from the AFM on-site interaction remain largely intact
up to 60K (Supplementary Fig. 5). However, all the observed features
disappear at 60K (Fig. 5 and Supplementary Fig. 6). These pieces of
evidence indicate a dominant role of inter-site spin interactions to
features in Figs. 2–5.

Theoretical phase diagram
Inter-site spin interactions naturally emerge in the spin-½
Bose–Hubbard model. One well-established mechanism is the super-
exchange effect JSE ~ t2/V (see Supplementary Note 1 and ref. 36). In a
Fermi–Hubbard model, JSE is isotropically AFM. In a spin-½
Bose–Hubbard model, in contrast, its in-plane components JSE,xy are
FM. Quantitatively, we estimate JSE,xy to be ~1meV using typical hop-
ping energy of moiré excitons t ~ 5meV (refs. 7,59) and the measured
inter-species on-site interaction energy V ~ 30meV. We can also inde-
pendently estimate JSE,xy ~ 1meV from the temperature dependence
using 6JSE,xy = kBTc, where Tc = 35 K is themelting temperature of the xy
order. The consistency between two independent methods further
confirms the validity of our estimation. The out-of-plane component of
the super-exchange effect JSE,z ~ (2t2/U- t2/V) can be either FM or AFM36.
SinceU >V >0 guarantees | JSE,z |<| JSE,xy |, an FM-xy order is expected at
theMott insulator state of vex = 1. On the other hand, further doping of
excitons will lead to additional effective FM interaction JN similar to
Nagaoka ferromagnetism in Fermi–Hubbard model43,45 (see Supple-
mentaryNote 1).While JN is isotropic in the Fermi–Hubbardmodelwith
SU(2) spin rotation symmetry, the symmetry is explicitly broken in the
spin-½ Bose–Hubbard model when U ≠ V; and JN favors FM-z. As JN
grows with exciton filling above vex = 1, it eventually makes
Jz = JSE,z + JN > JSE,xy, leading to a transitionbetween FM-xy to FM-z order.
We encapsulate competition between the super-exchange effect and
the Nagaoka-type ferromagnetism in a phenomenological XXZ model
(see Supplementary Note 1), which successfully captures all salient
features of the experimental observation.

The two-orbital Bose–Hubbard model can potentially support a
plethora of much more exotic phases beyond the ferromagnetic
orders being discussed here. For example, it was shown numerically
that a supersolid can be realized in the effective XXZ spin-1/2 model
with one boson per-site44. In the Supplementary Note 1, we will also
briefly discuss the potential exotic phases when we go beyond the
vicinity of one bosonper site, as two flavors of hard corebosons can be
mapped to an SU(4) spin model (with anisotropies), which is a system
that has attracted enormous interests in the past few decades as it can
be engineered in transition metal oxides with both spin and orbital
degrees of freedom, graphene-based moiré systems, as well as cold
atoms51–57. Various exotic phases of spin systems with exact or
approximate SU(4) symmetries have been discussed in literature60–67.

Discussions on magnetic field dependence
The observed magnetic field dependence at vex = 1.1 (Fig. 4a, b) can be
intuitively understood through an interplay between the molecular
field and the externalfield for an xy pseudospin order. At zero external
field, the xy pseudospin order leads to finite jϕx j and generates an in-
planemean field that aligns pseudospins to in-plane.With a sufficiently
large external field, on the other hand, the total field becomes out-of-
plane. As a result, xy orders relying on the in-plane mean field are
suppressed and z orders are favored. Once the system enters the z
order (|Bz| > 20 mT), the Zeeman field applied will not significantly

break symmetry between the two pseudospins since the Zeeman
energy scale (~0.1meV at 20 mT) is much smaller than the exchange
interaction (~1meV). Indeed, we observe largely symmetric behaviors
under positive and negative field for |Bz | >20 mT (Fig. 3e and Supple-
mentary Fig. 7a). The intermediate field regime (|Bz| < 20 mT) shows
asymmetric responses for positive and negative Bz, indicating external
symmetry breaking from the Zeeman field. As a result, there is no well-
defined spontaneous symmetry breaking or pseudospin order. The
asymmetric behaviors can be qualitatively understood from the fact
that jϕx j remains finite in this regime. The total field is therefore tilted
and can still mix the two pseudospins and induce rapid switching
between them, during which the Zeeman splitting favors the flavor
with lower energy.

xy order
The observed PL helicity is always zero at linear pump, indicating zero
average out-of-plane “spin”. There are two possible scenarios: all sites
have in-plane “spin”; or domains of up and down spins. The second
scenario applies to the case of vex > 1.25, which shows rapid increase of
PL helicity with pump helicity and a “V” shape GH, as discussed in the
main text. The distinctively different “Λ” shape GH at vex ~ 1.1 thus
excludes this scenario and indicate in-plane “spin”. In addition, the
symmetric and sensitive magnetic field dependence (Fig. 2d–f) indi-
cates afinite in-planemeanfield at linear pump. Therefore, the in-plane
spin directions cannot be completely random and the system should
have at least a finite-range, transient xy order. On the other hand, our
observation does not require a long-range xy order and provides no
information on the correlation length of the order. A long-range FM-xy
order corresponds to a global phase coherence between the two val-
leys; therefore, PL from the systemshould be linearly polarized.Wedid
not observe linear helicity in PL (Supplementary Fig. 8), indicating that
there is no true long-range FM-xy order. This can be naturally under-
stood as there can only be at most a quasi-long range xy order in 2D at
finite temperature68; and all orders observed in this work should be of
transient nature. Besides intrinsic spin fluctuations and exciton decay,
coupling to phonons and other quasiparticles may further introduce
decoherence channels acting as a random in-plane magnetic field,
thereby limiting the time- and length-scale of the xy order.

Comparison with spin orders of electrons in moiré systems
Spin orderings of electrons have been widely observed in both
TMD11,19,23,24,69,70 and graphene moiré systems71,72. They can be divided
into two classes:
1. The spinordering is associatedwithband topology. These systems

involve two or more orbitals, and the magnetism is intimately
connected to topological states such as Chern insulator. Example
systems includemagic-angle twist bilayer graphene71, ABC trilayer
graphene/hBN72, AB stackedMoTe2/WSe2 heterobilayers

69 and AA
stacked MoTe2 homobilayers23,24.

2. The underlying band is non-topological. These systems can be
described by a single band Fermi–Hubbard model and the spin
exchange/orders can be understood from doping a Mott
insulator. Examples include frustrated magnetic interaction in
WSe2/WS2

11,70 and kinetic magnetism in MoSe2/WS2
19.

The exciton spin orders reported here belong to a category with
distinctive different physics. Since the single-particle excitonbands are
non-topological, the physics here can be captured by a Hubbard
model. Nevertheless, the bosonic nature of excitons gives rise to dis-
tinct behaviors from the Bose–Hubbard model, as compared to the
Fermion case. In particular, a Bose–Hubbard model predicts in-plane
FM super-exchange interaction at v = 136 and out-of-plane FM interac-
tion from Nagaoka-type mechanism at v > 1; while a Fermi–Hubbard
model predicts antiferromagnetic (AFM) super-exchange interaction
along all directions at v = 145,46, and the Nagaoka FM is also isotropic
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instead of favoring the zdirection43,45. Our experimental observation of
transition between an xy order to an FM-z order is therefore a unique
consequence of Bose–Einstein statistics.

Discussions on doublon emission
Ideally, peak II (emission from doublons) should only appear at vex ≥ 1
in all measurement configurations. In Fig. 1c, d, peak II emerge below
vex = 1. This ismainlydue to the large intensity of the pulsedprobe light
we used for time-resolved measurements, which can transiently
increase the exciton density by a significant amount to form doublons.
Another important practical factor is sample inhomogeneity. Because
exciton density depends on exciton lifetime, its spatial inhomogeneity
is very sensitive to defects, strain etc. and is expected to be much
larger than the charge case. At an average vex < 1, there could already
be regions in the sample with vex ≥ 1, which leads to doublon emission.
These issues could be addressed or alleviated by using a weaker probe
and/or a more homogeneous sample. For example, Fig. R1b uses a
continuous wave (CW) probe with much smaller peak intensity.
Therefore, peak II emerges only slightly below vex = 1.

Data availability
All data supporting this work in have been deposited in the OSF
database with: https://doi.org/10.17605/OSF.IO/XJAHG.

Code availability
The code used for data analysis in this study have been deposited in
the OSF database with: https://doi.org/10.17605/OSF.IO/XJAHG.

References
1. Žutić, I., Fabian, J. & Das Sarma, S. Spintronics: fundamentals and

applications. Rev. Mod. Phys. 76, 323–410 (2004).
2. Blais, A., Girvin, S. M. & Oliver, W. D. Quantum information pro-

cessing andquantumopticswith circuit quantumelectrodynamics.
Nat. Phys. 16, 247–256 (2020).

3. Liu, K., Lee, S., Yang, S., Delaire, O. & Wu, J. Recent progresses on
physics and applications of vanadium dioxide. Mater. Today 21,
875–896 (2018).

4. Kennes, D. M. et al. Moiré heterostructures as a condensed-matter
quantum simulator. Nat. Phys. 17, 155–163 (2021).

5. Xu, X., Yao, W., Xiao, D. & Heinz, T. F. Spin and pseudospins in
layered transition metal dichalcogenides. Nat. Phys. 10,
343–350 (2014).

6. Mak, K. F., Xiao, D. & Shan, J. Light–valley interactions in 2D semi-
conductors. Nat. Photonics 12, 451–460 (2018).

7. Regan, E. C. et al. Emerging exciton physics in transition metal
dichalcogenide heterobilayers. Nat. Rev. Mater. 7, 778–795 (2022).

8. Ciarrocchi, A., Tagarelli, F., Avsar, A. & Kis, A. Excitonic devices with
van der Waals heterostructures: valleytronics meets twistronics.
Nat. Rev. Mater. 7, 449–464 (2022).

9. Mak, K. F. & Shan, J. Photonics and optoelectronics of 2D semi-
conductor transition metal dichalcogenides. Nat. Photonics 10,
216–226 (2016).

10. Cao, Y. et al. Correlated insulator behaviour at half-filling in magic-
angle graphene superlattices. Nature 556, 80–84 (2018).

11. Tang, Y. et al. Simulation of Hubbard model physics in WSe2/WS2

moiré superlattices. Nature 579, 353–358 (2020).
12. Regan, E. C. et al. Mott and generalized Wigner crystal states in

WSe2/WS2 moiré superlattices. Nature 579, 359–363 (2020).
13. Shimazaki, Y. et al. Strongly correlated electrons and hybrid exci-

tons in a moiré heterostructure. Nature 580, 472–477 (2020).
14. Jin, C. et al. Stripe phases in WSe2/WS2 moiré superlattices. Nat.

Mater. 20, 940–944 (2021).
15. Cao, Y. et al. Unconventional superconductivity in magic-angle

graphene superlattices. Nature 556, 43–50 (2018).

16. Oh, M. et al. Evidence for unconventional superconductivity in
twisted bilayer graphene. Nature 606, 494–500 (2021).

17. Kim, H. et al. Evidence for unconventional superconductivity in
twisted trilayer graphene. Nature 606, 494–500 (2022).

18. Anderson, E. et al. Programming correlated magnetic states with
gate-controlled moiré geometry. Science 381, 325–330 (2023).

19. Ciorciaro, L. et al. Kinetic magnetism in triangular moiré materials.
Nature 623, 509–513 (2023).

20. Wang, X. et al. Light-induced ferromagnetism in moiré super-
lattices. Nature 604, 468–473 (2022).

21. Cai, J. et al. Signatures of fractional quantum anomalous Hall states
in twisted MoTe2. Nature 622, 63–68 (2023).

22. Zeng, Y. et al. Thermodynamic evidence of fractional Chern insu-
lator in moiré MoTe2. Nature 622, 69–73 (2023).

23. Park, H. et al. Observation of fractionally quantized anomalous Hall
effect. Nature 622, 74–79 (2023).

24. Xu, F. et al.Observationof integer and fractional quantumanomalous
hall effects in twisted bilayer MoTe2. Phys. Rev. X 13, 031037 (2023).

25. Xiong, R. et al. Correlated insulator of excitons in WSe2/WS2 moiré
superlattices. Science 380, 860–864 (2023).

26. Park, H. et al. Dipole ladders with large Hubbard interaction in a
moiré exciton lattice. Nat. Phys. 19, 1286–1292 (2023).

27. Gao, B. et al. Excitonic Mott insulator in a Bose-Fermi-Hubbard
system of moiré WS2/WSe2 heterobilayer. Nat. Commun. 15,
2305 (2024).

28. Lian, Z. et al. Valley-polarized excitonic Mott insulator in WS2/WSe2
moiré superlattice. Nat. Phys. 20, 34–39 (2024).

29. Jones, A. M. et al. Optical generation of excitonic valley coherence
in monolayer WSe2. Nat. Nanotechnol. 8, 634–638 (2013).

30. Ye, Z., Sun, D. & Heinz, T. F. Optical manipulation of valley pseu-
dospin. Nat. Phys. 13, 26–29 (2017).

31. Luryi, S. Quantum capacitance devices. Appl Phys. Lett. 52,
501–503 (1988).

32. Eisenstein, J. P., Pfeiffer, L. N. & West, K. W. Compressibility of the
two-dimensional electron gas: measurements of the zero-field
exchange energy and fractional quantumHall gap. Phys. Rev. B 50,
1760–1778 (1994).

33. Rivera, P. et al. Interlayer valley excitons in heterobilayers of tran-
sition metal dichalcogenides. Nat. Nanotechnol. 13,
1004–1015 (2018).

34. Jiang, Y., Chen, S., Zheng,W., Zheng, B. & Pan, A. Interlayer exciton
formation, relaxation, and transport in TMD van der Waals hetero-
structures. Light Sci. Appl. 10, 72 (2021).

35. Götting, N., Lohof, F. & Gies, C. Moiré–Bose–Hubbard model for
interlayer excitons in twisted transition metal dichalcogenide het-
erostructures. Phys. Rev. B 105, 165419 (2022).

36. Altman, E., Hofstetter, W., Demler, E. & Lukin, M. D. Phase diagram
of two-component bosons on an optical lattice. N. J. Phys. 5,
113 (2003).

37. Jin, C. et al. Ultrafast dynamics in van der Waals heterostructures.
Nat. Nanotechnol. 13, 994–1003 (2018).

38. Srivastava, A. et al. Valley Zeeman effect in elementary optical
excitations of monolayer WSe2. Nat. Phys. 11, 141–147 (2015).

39. Aivazian, G. et al. Magnetic control of valley pseudospin in mono-
layer WSe2. Nat. Phys. 11, 148–152 (2015).

40. Nagler, P. et al. Giant magnetic splitting inducing near-unity valley
polarization in van der Waals heterostructures. Nat. Commun. 8,
1551 (2017).

41. Seyler, K. L. et al. Signatures of moiré-trapped valley excitons in
MoSe2/WSe2 heterobilayers. Nature 567, 66–70 (2019).

42. Sachdev, S. Quantum Phase Transitions (Cambridge University
Press, 2011)

43. Nagaoka, Y. Ferromagnetism in a narrow, almost half-filled s band.
Phys. Rev. 147, 392–405 (1966).

Article https://doi.org/10.1038/s41467-024-48725-z

Nature Communications |         (2024) 15:4254 9

https://doi.org/10.17605/OSF.IO/XJAHG
https://doi.org/10.17605/OSF.IO/XJAHG


44. Wang, F., Pollmann, F. & Vishwanath, A. Extended supersolid phase
of frustrated hard-core bosons on a triangular lattice. Phys. Rev.
Lett. 102, 017203 (2009).

45. Tasaki, H. The Hubbard model - an introduction and selected rig-
orous results. J. Phys.: Condens. Matter 10, 4353–4378 (1998).

46. Lee, P. A., Nagaosa, N. &Wen, X. G. Doping aMott insulator: physics
of high-temperature superconductivity. Rev. Mod. Phys. 78,
17–85 (2006).

47. Naik, M. H. et al. Intralayer charge-transfermoiré excitons in van der
Waals superlattices. Nature 609, 52–57 (2022).

48. Terhal, B.M. Quantumerror correction for quantummemories.Rev.
Mod. Phys. 87, 307–346 (2015).

49. Zhang, L. et al. VanderWaals heterostructurepolaritonswithmoiré-
induced nonlinearity. Nature 591, 61–65 (2021).

50. Sun, Z., Martinez, A. &Wang, F. Optical modulators with 2D layered
materials. Nat. Photonics 10, 227–238 (2016).

51. Kugel’, K. I. & Khomskiĭ, D. I. The Jahn-Teller effect and magnetism:
transitionmetal compounds.Sov. Phys. Uspekhi 25, 231–256 (1982).

52. Wu,C., Hu, J. P. & Zhang, S. C. Exact S.O.(5) symmetry in the spin-3/
2 fermionic system. Phys. Rev. Lett. 91, 186402 (2003).

53. Gorshkov, A. V. et al. Two-orbital SU(N) magnetism with ultracold
alkaline-earth atoms. Nat. Phys. 6, 289–295 (2010).

54. Xu, C. & Balents, L. Topological superconductivity in twisted mul-
tilayer graphene. Phys. Rev. Lett. 121, 087001 (2018).

55. Yuan, N. F. Q. & Fu, L. Model for the metal-insulator transition in
graphene superlattices andbeyond.Phys. Rev.B98, 045103 (2018).

56. Po, H. C., Zou, L., Vishwanath, A. & Senthil, T. Origin of Mott insu-
lating behavior and superconductivity in twisted bilayer graphene.
Phys Rev X 8, 031089 (2018).

57. You, Y. Z. & Vishwanath, A. Superconductivity from valley fluctua-
tions andapproximateSO(4) symmetry in aweak coupling theory of
twisted bilayer graphene. NPJ Quantum Mater. 4, 16 (2019).

58. Wang, L. et al. One-dimensional electrical contact to a two-
dimensional material. Science 342, 614–617 (2013).

59. Mak, K. F. & Shan, J. Semiconductor moiré materials. Nat. Nano-
technol. 17, 686–695 (2022).

60. Li, Y. Q., Ma, M., Shi, D. N. & Zhang, F. C. SU(4) theory for spin
systems with orbital degeneracy. Phys. Rev. Lett. 81,
3527–3530 (1998).

61. Wu, C. Competing orders in one-dimensional spin- 3/2 fermionic
systems. Phys. Rev. Lett. 95, 266404 (2005).

62. Penc, K., Mambrini, M., Fazekas, P. & Mila, F. Quantum phase tran-
sition in the SU(4) spin-orbital model on the triangular lattice. Phys.
Rev. B 68, 012408 (2003).

63. Xu, C. & Wu, C. Resonating plaquette phases in SU(4) Heisenberg
antiferromagnet. Phys. Rev. B 77, 134449 (2008).

64. Hermele, M., Gurarie, V. & Rey, A. M. Mott insulators of ultracold
fermionic alkaline Earth atoms: underconstrained magnetism and
chiral spin liquid. Phys. Rev. Lett. 103, 135301 (2009).

65. Corboz, P., Lajkó, M., Läuchli, A. M., Penc, K. & Mila, F. Spin-orbital
quantum liquid on the honeycomb lattice. Phys. Rev. X 2,
041013 (2012).

66. Keselman, A., Bauer, B., Xu, C. & Jian, C.-M. Emergent Fermi surface
in a triangular-lattice SU(4) quantum antiferromagnet. Phys. Rev.
Lett. 125, 117202 (2020).

67. Zhang, Y.-H., Sheng, D. N. & Vishwanath, A. SU(4) chiral spin liquid,
exciton supersolid, and electric detection in moiré bilayers. Phys.
Rev. Lett. 127, 247701 (2021).

68. Mermin, N. D. & Wagner, H. Absence of ferromagnetism or anti-
ferromagnetism in one- or two-dimensional isotropic heisenberg
models. Phys. Rev. Lett. 17, 1133–1136 (1966).

69. Li, T. et al. Quantum anomalous Hall effect from intertwined moiré
bands. Nature 600, 641–646 (2021).

70. Tang, Y. et al. Evidence of frustrated magnetic interactions in a
Wigner–Mott insulator. Nat. Nanotechnol. 18, 233–237 (2023).

71. Serlin, M. et al. Intrinsic quantized anomalous Hall effect in a moiré
heterostructure. Science 367, 900–903 (2020).

72. Chen, G. et al. Tunable correlated Chern insulator and ferro-
magnetism in a moiré superlattice. Nature 579, 56–61 (2020).

Acknowledgements
The work in C.J.’s lab is primarily supported by National Science Foun-
dation (NSF) through a CAREER award DMR-2337606. R.X. acknowl-
edges support from the UC Santa Barbara NSF Quantum Foundry
funded via the Q-AMASE-i program under award DMR-1906325. K.W.
and T.T. acknowledge support from the JSPS KAKENHI (Grant Numbers
19H05790 and 20H00354). S.T. acknowledges primary support from
DOE-SC0020653 (materials synthesis), Applied Materials Inc., NSF
CMMI 1825594 (NMR and TEM studies), NSF DMR-1955889 (magnetic
measurements), NSF CMMI-1933214, NSF 1904716, NSF 1935994, NSF
ECCS 2052527, DMR 2111812, and CMMI 2129412. C.X. is supported by
the Simons Investigator program.

Author contributions
C.J. conceived and supervised the project. R.X., J.H.N. and Z.Z. fabri-
cated the devices. R.X. performed the optical measurements. R.X. and
S.L.B. analyzed the data. K.S. and C.X. performed theoretical calcula-
tions on the spin model. R.B., H.R. and S.T. grew the WSe2 and WS2

crystals. K.W. and T.T. grew the hBN crystals. C.J. and R.X. wrote the
manuscript with the input from all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-48725-z.

Correspondence and requests for materials should be addressed to
Chenhao Jin.

Peer review informationNatureCommunications thanks the anonymous
reviewers for their contribution to the peer review of this work. A peer
review file is available.thanks the anonymous reviewers for their con-
tribution to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-48725-z

Nature Communications |         (2024) 15:4254 10

https://doi.org/10.1038/s41467-024-48725-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Tunable exciton valley-pseudospin orders in moiré superlattices
	Results
	Spin-1/2 Bose–Hubbard�model
	Inter-site spin-dependent interactions between excitons
	Tunable transient exciton spin�orders

	Discussion
	Methods
	Device fabrication and characterization
	Pump–probe spectroscopy
	Calibration of background exciton density
	Data analysis
	Spin-½ Bose–Hubbard�model
	Theoretical phase diagram
	Discussions on magnetic field dependence
	xy�order
	Comparison with spin orders of electrons in moiré systems
	Discussions on doublon emission

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




