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Flat bands and electron correlation in moiré lattices give rise to many exotic
phases, including Mott insulators, superconductivity, and topological states.
Within the first moiré band, integer and fractional quantum anomalous Hall
effects have been observed in twisted bilayer MoTe, (tMoTe,) at one hole
doping and fractional doping per moiré unit cell, respectively. When the sec-
ond moiré band is fully hole doped, quantum spin Hall insulator has also been
reported in tMoTe; at a certain twist angle. Exotic topological states together
with ferromagnetic (FM) states in the high moiré band can potentially exist as
well. In this study, we report the observation of a FM phase in the second moiré
band in tMoTe,. The FM phase can be tuned by both the doping level and
displacement field. At filling around 2.58 holes per moiré unit cell, the FM
phase reaches a Curie temperature of 3.5K. A large displacement field can
suppress the FM phase, like the FM phase at the filling of —1. Our results
demonstrate the realization of time-reversal symmetry-breaking states in the
higher moiré bands in tMoTe,.

Stacking layered materials with small twist angles provides a solid-state
platform for exploring the interplay of correlation and topology'>.
Extremely flat bands quench electron kinetic energy and enhance
electron many-body correlation effects, which can be controlled by the
twisted angle*, stacking order>®, and displacement field. Robust Chern
insulators have been observed in many moiré systems, like twisted
bilayer graphene/hBN superlattice”®, AB stacked MoTe,/WSe,’,
tMoTe,” ™ and rhombohedral graphene multilayers aligned to hBN™™,

Among these, tMoTe,, which hosts an effective honeycomb lattice
for low-energy carriers, has emerged as an important platform to study

the interplay between band topology and electron correlation. The
system at integer filling factor v= -1 (one hole per moiré unite cell) and
fractional fillings -2/3, and -3/5 have been confirmed to exhibit,
respectively, integer and fractional quantum anomalous Hall effects
both through optical and electrical transport method'*'®, Many theo-
retical works have been devoted to exploring the Chern insulating and
fractional Chern insulating states” 2%, Till now, most of the experiment
work on tMoTe, mainly focus on the Chern insulator at filling -1° and
fractional fillings below -1, like —2/3, and -3/5'"*"*, These fractional
quantum anomalous Hall states can be understood from composite
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Fig. 1| Gate-tunable correlated states in tMoTe, devices. a Schematic image of
the device structure. The tMoTe, sample is grounded. The top gate and bottom
gate are applied through hBN (10 to 30 nm). b Moiré superlattice of AA stacked
tMoTe,. The red, orange, and green circles mark high-symmetry stacking sites MM,
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MX, and XM, respectively. ¢ Side view of MM, MX, and XM sites. d PL counts as a
function of doping level, with displacement field (D/go) almost at zero, along the
linecut of the yellow dashed line shown in (e). e Steady state photoluminescence
(PL) versus carrier density (filling factor) and displacement field.
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Fermi Liquid picture based on the mapping from the first moiré Chern
band to the lowest Landau level'>®. Theories also predict the possi-
bility of the second moiré band mimicking the behavior of the first
Landau level” . Possible v=-3/2 non-Abelian states are proposed in
the second moiré band™®. A recent experiment has shown the evidence
of the existence of quantum spin Hall states*** in fillings -2 and —4.
Evidence of Chern insulating states is also reported in twist bilayer
WSe, by finely controlling the twist angle, at fillings -1 and -3*.

In this study, we report the observation of FM states in the second
moiré band, from v=-2.4 to —2.58. The twist angle of tMoTe, under
study is at 3.2° with moiré density around ny;=2.7 x102cm™. We
performed reflective magnetic circular dichroism (RMCD) to investi-
gate the magnetic properties. The RMCD hysteresis loops revealed the
existence of ferromagnetism at fillings around both -1 and -2.5. This
finding indicates the time reversal symmetry breaking states in higher
moiré bands. Furthermore, we investigated the doping dependent and
electric field dependent magnetism in the second moiré band.

Results
Device structure and characterization
The tMoTe, device is fabricated into dual gate structures as shown in
Fig. 1a. We adopt similar tear and stack method’™ to fabricate tMoTe,
as used in previous work®'°. Figure 1b shows the schematic image of
the AA-stacked tMoTe,. In each moiré unit cell, there are three high-
symmetry stacking sites as labeled by MM (transition-metal atoms on
transition-metal atoms), MX (transition-metal atoms on top of chal-
cogen atoms), XM (chalcogen atoms on top of transition-metal atoms).
For the full filling doping (v=-2), the holes equally populate on MX
and XM sublattices, which form a honeycomb lattice in real space.
Few-layer graphite is used to form both the top gate and bottom
gate with hexagonal boron nitride (hBN) as dielectric material, shown
in Supplementary Fig. 3d. In addition, the whole twisted bilayer is

grounded with another graphite electrode. The voltage sources con-
trol the top (Vrg) and bottom (Vpc) gate voltages, which allows inde-
pendent control of both the carrier density and the displacement field.
For our devices, small intrinsic doping and built-in displacement field
are observed, possibly owing to the imperfection sample fabrication
process, which has been calibrated by the dual gate photo-
luminescence (PL) map measurement and RMCD measurement.

A continuous-wave 780 nm laser is used to excite the tMoTe, for
PL emission®. The measurement is kept at 1.6 K unless otherwise
specified. The PL signal for emission wavelength above 1064 nm is
collected by Superconducting nanowire single-photon detector
(SNSPD). As shown in Supplementary Fig. 4d, the real space PL map is
measured for the whole device. We select the homogeneous areas to
collect the PL signal. The tMoTe; system with small twist angles like 3-
4° is a direct band gap semiconductor’. Figure 1d illustrates the PL
signal versus the doping level along the yellow dashed linecut in Fig. le.
We use trion emission as a sensitive probe to characterize incom-
pressible states in tMoTe,. At particular integer fillings like -1 and -2,
the free carriers are reduced due to charge gap formation, suppressing
the emission of trion. These dips in PL counts correspond to incom-
pressible states at integer fillings like +2 and #1.

To verify whether the filling -1 state realizes a Chern insulator, the
PL counts are measured as a function of the doping and an applied out-
of-plane magnetic field, as presented in Supplementary Fig. 5. The
incompressible state at filling -1 disperses linearly with the magnetic
field. The Chern number is extracted to be -1, which is consistent with
previous work.

In Fig. 1e, we measure the PL emission as a function of Vg and Vg
and plot it as a function of doping and displacement field. Through the
PL map, we deduce the ratio of the top gate and back gate capacitance.
With these calibrations and the measurement of hBN thickness (seen in
Supplementary Fig. 6), it allows us to identify the twist angle for this
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Fig. 2 | Ferromagnetism in the first and second moiré band. a Reflective mag-
netic circular dichroism (RMCD) signal as a function of the doping filling factor v
and electric field (D/eo). The wavelength is at 1120.9 nm. b RMCD signal as a function
of out-of-plane magnetic field B and filling factor » from O to -2.4. ¢ Calculated
Hartree-Fock (HF) band structure at v= — 2.5 in the metallic FM phase. The solid

and dotted lines, respectively, plot spin up and down bands. The Fermi

energy marked by the horizontal black dashed line is set to 0. d-f RMCD signal
at filling factor 0, -1, and -2, respectively, with the displacement field near

D/eo =0 mV/nm. g RMCD signal at filling factor -2.5, with the displacement field
D/eo =10 mV/nm.

device #01 to be around 3.2 £ 0.1°. We use the carrier density differ-
ence between integer filling +1 and +2 as moiré density", shown in
Supplementary Fig. 7.

The ferromagnetic phase in the second moiré band

We performed RMCD measurements®*”’ to probe the magnetism.
Figure 2a plots the RMCD intensity as a function of the doping and
displacement field. A small out-of-plane magnetic field B=30 mT is
applied to suppress the RMCD fluctuation. The signature of FM state is
observed in the vicinity of filling -1, ranging from -0.6 to -1.2, and
displacement field from +0.12 V/nm to -0.12 V/nm. The RMCD signal
on different sample places is shown in Supplementary Fig. 8, which
indicates that our device exhibits a homogeneous RMCD signal over a
few micrometers. In addition, another filling range with non-zero
RMCD is found between filling -2.4 to —2.58, a direct evidence of FM
phase formation in the second moiré band.

At fixed carrier densities, we performed RMCD measurement at a
larger magnetic field range from B=-0.4T to 0.4 T. As shown in
Fig. 2b, the RMCD intensity is plotted as a function of filling factor and
magnetic field. The displacement field is kept at around zero. The
RMCD signal is most pronounced in the first moiré band, from filling
v= —0.75to -1.2. For the state at = — 2, no RMCD signal is observed,
indicating the absence of ferromagnetism. Therefore, the filling -2
state is likely a quantum spin Hall insulator, of which the band struc-
ture calculated with Hartree-Fock (HF) approximation is shown in
Supplementary Fig. 1b. The RMCD signal at filling —2.5 saturates above
50 mT and reach -0.3%. The RMCD signal in the second moiré band is a
few times smaller than the signal in the first moiré band. This can be
due to different bandwidth and interaction strength in the first and
second bands.

To resolve the hysteresis loop, we perform wavelength-
dependent RMCD measurement’. Based on the PL spectrum of
tMoTe;, as shown in Supplementary Fig. 9, we selected the excitation
laser wavelength of 1100 nm to 1125 nm for the RMCD measurement.
Although the RMCD signal shows different slope based on the wave-
length used (Supplementary Fig. 10), an obvious jump of the RMCD
signal is observed from -0.05T to 0.05T in all cases, indicating the

formation of FM states at filling —2.58. Based on these measurements,
the wavelength 1121 nm is selected since it gives the largest RMCD
contrast. We note that the filling -2.58 represents the limit of doping
level achievable in device #01, but not the boundary of FM states.

Figure 2d-g shows the RMCD hysteresis loop at fillings 0, -1, -2,
and -2.5. The orange (blue) color line is for up (down) sweeps. As
doping level is set at v =0, no hysteresis loop is resolved and the RMCD
signal is almost zero between magnetic field from —40 mT to 40 mT.
The coercive field for v= —1 is about 10 mT, and the difference in
RMCD amplitude for up and down sweeps is about 4%. As the doping is
increased to around v= — 2 no hysteresis loop or RMCD signal is
detected. When further doping more carriers into the second moiré
band, another pronounced hysteresis loop of the RMCD signal is
shown, which is a direct evidence of FM state. The coercive field of
filling —2.5 is around 10 mT, and the RMCD amplitude is around 0.4%,
smaller than that of v= —1

The above feature of RMCD signal is consistent with our numer-
ical results. Based on HF approximation, we perform calculation on
out-of-plane FM phase for filling -1 to -3. The energy of this phase
relative to the symmetric phase is shown in Supplementary Fig. 2,
which indicates that the FM phase is favored around filling v = -3 - -2.2
and -1.6 - -1. As the filling approaches -2 from either side, the ferro-
magnetism is continuously suppressed. The ferromagnetism at v= —
2.5 is revealed by the HF band structure, as shown in Fig. 2c, where the
second band with spin (valley) polarization is partially filled by holes
and contributes to the observed ferromagnetism. Here v= — 2.5 is a
metallic state and has a weaker ferromagnetism compared to the FM
Chern insulator at v= — 1.

In our calculation, we also consider the in-plane antiferromagnetic
state, denoted as AFM, state, as the competing state. The energy
competitions among the three types of states (i.e., symmetric, FM,
AFM,) is shown in the supplementary Fig. 1. The numerical results show
that the AFM,, state could be the ground state for v from —2.2 to —1.6.
This state can be understood from the Kane-Mele-Hubbard model®,
which is a phenomenological model for understanding the interacting
physics in tMoTe,. Electron-electron interaction can drive an instability
in the Kane-Mele-Hubbard model towards an antiferromagnetic Mott
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Fig. 3| Doping dependent RMCD from filling 2.3 to -2.58. a RMCD signals versus filling and magnetic field swept up and swept down. b Hysteresis loop of the RMCD as a
function of magnetic field and filling factor. ¢ RMCD signal as a function of magnetic field from filling —2.38 to —2.58.

insulating state at »= — 2. However, the mean-field calculation can
overestimate this tendency towards symmetry-breaking states. Given
the small mean-field energy differences between the AFM,. and sym-
metric states around v= — 2, it is fully possible that the symmetric
state is the actual ground state around v= — 2. In experiment, the
RMCD signal vanishes at v= — 2 even in the presence of an out-of-
plane magpnetic field, as shown in Fig. 2f. This experimental result
strongly indicates that the »= — 2 state is non-magnetic, which sug-
gests the overestimation of the symmetry-breaking states in the mean-
field theory. However, our theoretical calculations can qualitatively
capture the doping ranges where FM state occurs, since the energy
gain of the FM state compared to the symmetric state can be
significant.

Experimentally, the FM hysteresis loops are sensitive to the exci-
tation laser power we used. We kept the laser power at 20 nW to avoid
laser heating effects. As shown in Supplementary Fig. 11, the hysteresis
loop will gradually disappear when further increasing the power of
resonant laser power to 200 nW. This is possibly due to the heating
effect that can break down the FM states.

Doping and electrical control of the ferromagnetic phase

The FM states can be tuned effectively by doping and displacement
field. RMCD signal near v= — 1is scanned as a function of filling factor
with zero displacement field, as shown in Supplementary Fig. 12. The
filling -1 state gives the strongest coercive field. Similarly, Fig. 3a shows
RMCD signal as a function of the filling factor v and the out-of-plane
magnetic field. The difference of RMCD for the forward and backward
magnetic field scanning is shown in Fig. 3b. The coercive field for
v < — 2 shows a maximum at around filling —2.5. RMCD hysteresis loops
are shown in Fig. 3c. The FM phase in second moiré band is repro-
ducible in another device#02 with a twist angle 2.8° (Supplementary
Fig. 13). For device#02, the FM hysteresis loop is most pronounced at
filling -2.78 (Supplementary Fig. 14) within the achievable dop-
ing range.

We also measure the RMCD signal as a function of the displace-
ment field (Fig. 4). The hysteresis loop has the trend of suppression by
the increasing of displacement field. The coercive field gradually
decreases from 1.5 mT at electric field 13 mV/nm to 0.5 mT at 47 mV/
nm. An unsymmetric coercive field is observed for all the electric field
as shown in Fig. 4¢, of which the microscopic origin still needs more
investigation. The electric field dependence is also observed in Devi-
ce#02 (Supplementary Fig. 15).

Cuire temperature of the FM phase

To investigate the magnetic interaction strength, we measure RMCD
signal as a function of temperature. At a low temperature T=1.6K, a
clear RMCD signal jump can be detected, which indicates FM interac-
tion between spin moments at filling —2.58. For the high temperature
like 7K, the RMCD curve shows a linear relation with the magnetic
field, which is the behavior of the paramagnetic phase. We extract the
slope of RMCD to calibrate the magnetic susceptibility y = g—f, |H:0". We
fit the inverse of the slope in the paramagnetic phase as a function of
the temperature following the Cuire-Weiss law described by x = r%ac'
as shown in Fig. 5b. By fitting the curve, a positive . =3.5K is extrac-
ted, which is the FM Curie temperature.

The temperature dependence of RMCD signal is also measured
with optimal excitation laser wavelength 1120.9 nm for v below -2.4, as
shown in Fig. 5c. We measure the RMCD signal by sweeping the mag-
netic forward and backward from 7=1.6 K to 4.5 K. At this wavelength,
the RMCD signal shows hysteresis loop that gradually disappears as
the temperature increases. The temperature at which the hysteresis
loop vanishes leads to a Curie temperature of 7.~3.5K at v= -2.58,
consistent with the above estimate. The Curie temperature obtained in
this way shows doping dependence when the filling is tuned from -2.4
to —2.58, which gradually decreases when v deviates from -2.58.

Previous work in small twist angle 2.1° has shed light to realize
fractional quantum spin Hall insulating states in second moiré band in
tMoTe, at v= — 3. The investigation of high order moiré band opens

Nature Communications | (2025)16:5131


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59691-5

a C
30 15 _0_ 15 30
b B(mT)
SRMCD (%)
T 40} [
§ 0
E 50} 4
w
q
20}
30 15 _0_ 15 30
B(mT)

RMCD (%)

v=-2.58

47mV/nm
43mV/nm

39mV/nm

34mV/nm

30mV/nm

26mV/nm

21mV/nm

17mV/nm

13mV/nm

20

Fig. 4 | Electric filed dependent RMCD at filling -2.58. a RMCD signals versus displacement field and magnetic field swept up and swept down. b Hysteresis loop of the
RMCD versus displacement field. ¢ RMCD signal at filling —2.58 with displacement field from 13 mV/nm to 47 mV/nm.

v=-2.58

-40 -20 0

B (mT)

20 40

Fig. 5| Tc of ferromagnetic phase at filling —2.58. a Temperature dependent RMCD
at filling factor v= — 2.58. The measurement wavelength is at 1104.7 nm. b Curie-
Weiss fit (dashed line) of the inverse RMCD slope at vanishing magnetic field versus

b

250+ @ filling =-2.58
200+

150 -

(R/GH)"

100 b4

50
@
o ®

Te (K)

1 .
-2.6 -2.5
v

-2.4

temperature, which leads to T of 3.5 K. ¢ Temperature dependent RMCD hysteresis at
filling factor v= — 2.58. The measurement wavelength is at 1120.9 nm. d Curie tem-
perature, at which the RMCD hysteresis loop vanishes, as a function of filling factor.

up the possibility of realizing more topological states, including non-
Abelian states?********° Our study demonstrated that FM phase can
also appear in the second moiré band and is tunable by both doping
level”® and the displacement field. As can be expected in the near

future, different twist angles and multi-layer structures*® can lead to
other possible topological phases, making the second moiré band as
an interesting place to study both many-body correlation and band
topology.
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Methods

Device fabrication

The dual-gate tMoTe, was fabricated via a tear-and-stack technique
as shown in Supplementary Fig. 3. Bulk crystal MoTe, was purchased
from HQ Graphene. First, few-layer graphite and hBN (10 to 30 nm), as
shown in Supplementary Fig. 6, were mechanically exfoliated onto a
silicon wafer. The cleanness of the top surface was checked using both
an optical microscope with dark field and Atomic Force Microscopy
(AFM). Polydimethylsiloxane (PDMS) and Polycarbonate (PC) were
used to pick up the bottom hBN (the bottom substrate) and bottom
graphite (the bottom gate). The whole stack was annealed at 200 °C in
a forming gas atmosphere to eliminate residues at the interface. The
exfoliation and transfer process was performed in a nitrogen-filled
glovebox, where the water and oxygen concentrations were kept
below 0.1 ppm. Monolayer MoTe, was mechanically exfoliated onto a
Si/SiO2 wafer using Scotch tape. The monolayer MoTe, was cut in half
with an AFM tip. Then, another layer of top graphite (5-10 layers) /top
hBN (10 to 30 nm) stack was used to pick up the two parts of MoTe,
sequentially. The twist angle was set by rotating the bottom transfer
stage by 3°. Subsequently, another 5 to 10 layers of graphite were
picked up and contacted with the bottom MoTe; to form the ground.
The whole stack was dropped onto the pre-patterned bottom elec-
trode (Cr/Au, 5/30 nm) to form the complete electric contact. The PC
film on top was washed with a chloroform rinse followed by an iso-
propyl alcohol (IPA) rinse.

10,11
’

Optical measurements set-up

All optical measurements were performed in a home-built confocal
optical microscope. The sample was mounted in the cryostat Auto-
dry 2100 equipped with a 9T superconducting magnet at base
temperature 1.6 K. A x50 non-magnetic objective (numerical aper-
ture, 0.63) with a spot size of 1 um was used to collect PL and RMCD
signal. For the PL measurement, a M-squared laser with tunning
range 700 nm-1000nm was used as the excitation source. A
1064 nm long pass filter is placed before the entrance to the spec-
trometer to remove the reflected laser excitation. The PL excitation
power ranges from 200 nW to 2uW, and the gate dependent PL
counts signal is obtained by superconducting single-photon detector
(SNSPD). Princeton spectrometer equipped with a liquid-nitrogen-
cooled InGaAs charge-coupled device (CCD) detector is used to
analyse the PL spectrum.

The reflective magnetic circular dichroism (RMCD) measure-
ment was performed with a continuous wave laser (HUBNER Pho-
tonics C-WAVE VIS), which produced a narrow MHz bandwidth
laser, ranging 1080 nm to 1130 nm. The set up is shown in Supple-
mentary Fig. 16. The excitation laser was first passed through an
optical chopper at frequency f; 912 Hz and then polarized 45° to the
photoelastic modulator (PEM) fast axis with a maximum retardance
of A/4. The departing circularly polarized light oscillates between
right circular polarized light and left circular polarized light in a
sinusoidal time-dependence with a frequency f, 50.5kHz. The
reflected signal from the sample is reflected by a beamsplitter and
sent into an InGaAs avalanche photodiode (Thorlabs APD430C/M).
The photodiode current was amplified and turned into voltage
signal by SR570 and sent into two lock-in amplifiers set at 50.5 kHz
and 912 Hz, giving the RMCD signal and the laser excitation inten-
sity, respectively.

Carrier density calculation

The carrier density is n=(VicCrc+ VecCrs)/e-no and displacement
field D/S(): (VTGCTG - VBGCBG)/2€O'DO/€OI where CTG and CBG are the
top and bottom gate capacitance obtained from the device
geometry, e is the electron charge, and ¢¢ is the vacuum permittivity.
For device#01, the top BN thickness is 19nm, and
Cro/e=ego/d =0.87 x102cm ™ The bottom BN thickness is 24 nm, and

Cpc/e=¢ego/d=0.69 x 10 cm™. For device#02, the top BN thickness is
44 nm, and Crg/e =eeo/d = 0.38 x 10 cm™. The bottom BN thickness is
40 nm, and Cgg/e=¢eo /d=0.41x102cm™ The offset carrier density
ng is derived from fitting the integer filling in dual gate PL spectra map.
The offset displacement field D, is determined from the symmetric
axis of the dual gate RMCD map.

Note added—Recently, two complementary and independent
study*** appeared on Nature Physics.

Data availability

All data within the article and the Supplementary Information that
support the findings of this study are available, or from the corre-
sponding author F.W. or W.B.G upon request. Source data are provided
with this paper.

Code availability
The code that supports the findings of this study is available from the
corresponding author upon request.
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