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Ferromagnetism in moiré flat-band systems has been extensively studied in the first valence miniband of twisted
MoTe,, while its controlled realization at higher moiré fillings remains largely unexplored, except for very recent works
reporting correlated magnetism near half filling of the second moiré band. Here, we investigate rhombohedral-stacked
twisted MoTe,/hBN/WSe, heterostructures and uncover two distinct ferromagnetic (FM) regions: one centered near v, ~ 3
(half filling of the second moiré valence miniband) at zero displacement field, and a re-entrant FM phase that emerges
for vy, > 3 only under a finite out-of-plane electric field. These FM regions are separated by a narrow filling window
with a strongly suppressed magnetic circular dichroism (MCD) response. Layer-sensitive exciton spectroscopy identifies
that WSe; is hole-doped in the re-entrant FM region, consistent with partial charge transfer from MoTe, to WSe,. We
propose that electric-field—induced layer repopulation stabilizes the re-entrant ferromagnetic phase by pinning the effective
MoTe, filling near v, ~ 3 while adding carriers to the remote WSe, layer. Our results demonstrate that remote-layer
population control is an effective tuning knob for magnetic ordering in higher moiré minibands, extending the design space
for correlated spin—valley phases in transition metal dichalcogenide heterostructures.

Keywords: moiré superlattice, ferromagnetism, magneto-optical spectroscopy
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1. Introduction

Moiré materials based on semiconducting transition
metal dichalcogenides (TMDs) provide unprecedented oppor-
tunities to study quantum phases emerging from the interplay
of band topology and strong correlations.!! =3I A prominent ex-
ample is the realization of fractional quantum anomalous Hall
(FQAH) states — fractional Chern insulators at zero mag-
netic field — in twisted MoTe; (tMoTe;) and graphene-based
Chern bands.*7! While most experimental efforts have fo-

4-14] recent stud-

cused on the first moiré valence flat band,!
ies have begun to explore correlated and magnetic phenomena
near half filling of the second moiré valence band in twisted
MoTe,, 15171 partly due to analogies with higher Landau lev-
els that can host even-denominator fractional quantum Hall
physics. [18-24]

In this work, we perform magneto-optical (MCD)
and  exciton-sensing R-stacked

tMoTe,/hBN/WSe; devices. We detect a ferromagnetic phase

measurements on

centered near vy ~ 3 (half filling of the second moiré band)

TThese authors contributed equally to this work.
fCorresponding author. E-mail: swjiang @sjtu.edu.cn

CSTR: 32038.14.CPB.aelc27

at £ ~ 0, and a distinct ferromagnetic region at v, > 3 that
emerges only under a finite electric field. We argue that this
re-entrant high-filling ferromagnetism is consistent with an
electric-field—induced charge transfer mechanism.

2. Device structure and twist angle calibration

Figure 1(a) schematically illustrates the dual-gate device
structure of tMoTe,/hBN/WSe; employed in this study. De-
vices were fabricated using the standard tear-and-stack and
dry transfer method. We use few-layer TaSe, as contact elec-
trodes, taking advantage of its high work function to facilitate
good electrical contact for hole doping in tMoTe;. Thin flakes
of hexagonal boron nitride (hBN), graphite (3—5 nm), mono-
layer MoTe,, monolayer WSe;, and TaSe, (2-5 nm) were
first exfoliated from bulk crystals onto Si/SiO; (285 nm) sub-
strates. Flakes of appropriate thickness were identified accord-
ing to their reflectance contrast under an optical microscope.
The MoTe; monolayer was mechanically cut into two parts us-
ing atomic force microscope (AFM) tips. MoTe, flakes were

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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handled inside a liquid-nitrogen-filled glovebox with oxygen
and water levels below 0.01 ppm to minimize degradation.
The moiré MoTe, bilayer and the WSe, monolayer are sep-
arated by an ultrathin hBN layer with a thickness of approxi-
mately 1 nm. The complete dual-gated structure was assem-
bled using a polycarbonate stamp. The stack was then released
on the pre-patterned and cleaned Ti (5 nm)/Au (20 nm) elec-
trodes on Si/SiO; substrates, such that the graphite gates and
TaSe, grounding contact were electrically connected to the de-
posited contacts.

The dual-gated structure enables independent control of
the doping density (n) and the vertical electric field (E). Here,
we define E = D/g as the applied electric field in vacuum,
where D is the displacement field and & is the vacuum permit-
tivity. The carrier density n and E on the sample are converted
from the top (bottom) gate voltage V; (V;) using a parallel plate
capacitor model

VG + VG 1 & §
" G+ W b:_(@‘/ﬁ_&) be>7

e e dy dy
WG, —ViC 1 [ &¢ &¢
D= % — Doffset = 3 <d_;’Vb — TttVt) — Doffset

where e is the electron charge, &, = & = &gy is the relative di-
electric constant of bottom and top hBN layers, and C; and Gy,
are the top and bottom gate capacitances obtained from the top
and bottom hBN thickness d; and d},, which can be measured
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by atomic force microscopy. The offset electric field likely
arises from structural asymmetry and can be determined from
the symmetric axis of the dual-gate MCD map.

Figure 1(b) illustrates the honeycomb moiré lattice with
two sublattices centered at the MX and XM (M = Mo; X = Te)
stacking sites. A schematic illustration of the band structures
for tMoTe,/hBN/WSe; is shown in Fig. 1(c). In the vicin-
ity of the K point of the Brillouin zone, the band structure of
each MoTe; layer can be regarded as a single spin-polarized
parabolic band. Interlayer coupling causes strong hybridiza-
tion of the bands where they intersect, leading to moiré mini-
bands. At E =0, tMoTe; and WSe; have type-I band align-
ment with a valence band offset of ~ 300 meV (both conduc-
tion and valence band edges originate from tMoTe;).!?>! The
band alignment of the sensor WSe, and tMoTe; valence bands
ensures that the sensor remains neutral over a large range of
hole doping densities. Applying an out-of-plane E-field can
reduce the valence band offset, enabling conditional charge
transfer.

We first performed dielectric sensing measurements on
this system. Here, monolayer WSe; is used as a sensor.
Changes in the tMoTe, compressibility modulate the dielec-

(261 which is probed via its

tric environment for the WSe,,
2s exciton response.>’3% The optical measurements were
performed in reflection geometry using a home-built confo-

cal optical microscope based on a closed-cycle helium cryostat
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Fig. 1. (a) Schematic of a dual-gated device. V; and V}, are the bias voltages applied to the top and bottom graphite/hBN gates, respectively. (b) The
schematic moiré superlattice of R-stacked tMoTe,. High-symmetry stacking sites are highlighted by circles. Red circles correspond to MX
sublattice sites, where the Mo atoms in the top layer are aligned with the Te atoms in the bottom layer. Blue circles indicate the corresponding XM
sublattice sites. MX and XM are two degenerate energy minima at £ = 0, forming a honeycomb moiré superlattice. (c) Schematic representation
of the band diagram of tMoTe,/hBN/WSe, under E = 0. (d) v,-dependent differential reflection contrast spectrum showing the 2s exciton of
the WSe, sensor, measured at E =0 and 7 = 1.6 K. Arrows mark the correlated insulating states identified from the blueshift of the 2s exciton
resonance. (e) Derivative polarization-resolved RC spectrum (RC.) of the repulsive polaron with respect to V4, dRC /dV;, under 9 T at 1.6 K,
with V; = —5.2 V. Periodic modulations of attractive and repulsive polarons from monolayer WSe, reveal the formation of Landau levels (LLs).
(f) Vp dependence of the LL filling factor, obtained from the minima of the integrated dRC;/dV, amplitude. In the V4, range shown, WSe; is
lightly hole-doped, and the Landau levels are non-degenerate. Bottom gate capacitance Cy /e = (1.36£0.05) x 1012 cm~2-V~! can be extracted

from the linear fit denoted by the red solid line.
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equipped with a superconducting magnet. For dielectric sens-
ing, a halogen lamp is used as a white light source. Its output
is first collected by a single-mode fiber and collimated by a
x 10 objective. The beam on the sample has a power below
10 nW, and the incident light is focused onto the device under
normal incidence by a low-temperature microscope objective.
The spot size of the excitation light is ~ 1 um. Reflected light
is spectrally resolved by a spectrometer coupled to a liquid-
nitrogen-cooled Si charge-coupled device (CCD).

Figure 1(d) shows the 2s sensing signal of WSe; versus
vy at E = 0. Pronounced features in the resonance-energy shift
are observed at vy, = 1 and 2, signifying their incompressible
nature (v, = 1 is defined as one hole per moiré unit cell, cor-
responding to a half-filled moiré valence band). No evident
features of fractional fillings are observed, likely due to their
much smaller gap, which is beyond the sensitivity of our mea-
surement. In principle, n can be obtained from the capacitor
model and used to calculate the twist angle from the assigned
filling factors. In our case, thanks to the high mobility of the
device, n (and thus the twist angle) can be independently cali-
brated from the quantum oscillations observed optically under
an out-of-plane magnetic field of 9 T. Figure 1(e) presents the
doping-dependent reflectance contrast (RC) response of WSe,
under o+ excitation at 9 T. The oscillations result from the
formation of Landau levels (LLs). Upon complete filling of the
viLth Landau level with hole carriers, the hole carrier density
is expressed as n;, = ViL|B|/¢, where ¢ = h/e (h is Planck’s
constant). The LL period is determined to be 0.160 +0.006 V
for the W, response, from which we deduce a hole density
change of (1.36+0.05) x 10'? cm~2 per volt. By determin-

ing the number of filling factors corresponding to nyp, the
moiré density ny = (2.4740.07) x 102 cm~2 is obtained. Fi-
nally, the twist angle 6 is calculated to be 2.96° + 0.04° using

0= a\/%, where a is the MoTe; lattice constant, approx-

imately 3.53 A.

3. Observation of the re-entrant FM at v;, > 3

To investigate the filling dependence of magnetic inter-
actions, we performed reflective magnetic circular dichroism
(MCD) measurements under small B. A superluminescent
light-emitting diode with a peak wavelength of 1070 nm and
a full-width at half-maximum bandwidth of 90 nm was used
as the light source. A combination of a linear polarizer and
an achromatic quarter-wave plate generated left- and right-
circularly polarized light. To avoid perturbing the system, the
incident intensity on the sample was kept below 10 n'W - um 2.
Reflected light was spectrally resolved by a spectrometer cou-
pled to a liquid-nitrogen-cooled InGaAs one-dimensional ar-
ray sensor.

To analyze the MCD as a function of tuning parameters
such as v, E, B, and T, we integrate the MCD modulus over
a spectral range that covers most of the MCD signal. The in-
tegrated MCD (referred to simply as the MCD below) reflects
the difference in occupancy between the K and K’ valleys in
MoTe;. Because of spin-valley locking, the signal is propor-
tional to the out-of-plane magnetization.3'=*! In the MCD
map measurements, the results are averaged over positive and
negative B, i.e., MCD = w.

(a) 100 1 (b) (¢) [—E=5tmV/mm
—E=4rmy/om v R
757 —E=bmvim TR
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R 50
g = ]
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N O oL
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Fig. 2. (a) MCD maps as a function of v, and E for tMoTe,/hBN/WSe, under a small B (10 mT). Measurements were performed at 1.6 K. (b) B
dependence of MCD at representative electric fields and filling factors near vy, ~ 3. (c) B dependence of MCD at representative electric fields in
the re-entrant FM region. The (vp, E) values corresponding to the curves are indicated by the colored dots in (a).

Figure 2(a) shows the MCD intensity plot as a function
of v, and E, measured at 8 mT. MCD signals are observed at
filling factors around both v, = 1 and vy, = 3. In this study, we
focus on the second moiré band. A clear MCD dome centered
near v, = 3 appears at low |E|, signifying the emergence of
magnetism around the half-filling of the second moiré band.
Figure 2(b) shows the MCD versus B as a function of E at

v, = 3. An appreciable hysteresis loop emerges around E = 0,
confirming the ferromagnetic (FM) order. Applying a large
E-field quenches the ferromagnetism around vy = 3. These
observations are consistent with recent studies reporting ferro-
magnetism around vy, = 3.[13:16]

Strikingly, at higher fillings (v, > 3) and finite E, a second

MCD-enhanced region emerges, which also exhibits magnetic
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hysteresis, as shown in Fig. 2(c). The re-entrant FM region
shows approximately linear vy,—E-field dispersion, indicating
that E-field—induced charge transfer may play a role.

4. Mechanism of the re-entrant FM

To uncover the origin of the re-entrant FM, we per-
formed layer-resolved reflectance contrast (RC) measurements
to identify the doping state of the WSe; layer. Figure 3(a)
shows the RC spectra as a function of V;. We found that the
neutral exciton vanishes when V; is sufficiently negative, signi-
fying that the WSe; layer is hole-doped. Figure 3(b) shows the
spectrally integrated RC as a function of vy and E. The bright
region represents the phase space where the neutral exciton of
the WSe; layer is strong (i.e., the WSe, layer is neutral). In
contrast, the black region represents the phase space where the
neutral exciton vanishes (i.e., the WSe, layer is hole-doped).
At low doping density and low E-field, the WSe; layer is neu-
tral, and all holes occupy the tMoTe, layer, consistent with
the type-I band alignment between tMoTe, and WSe;. How-
ever, holes are transferred from tMoTe, to WSe, under a suffi-
ciently high E-field (E;), which decreases with increasing vy,.
We found that re-entrant FM appears only in the phase space
where the WSe, layer is hole-doped (Fig. 3(b)). Therefore,
we propose that the re-entrant FM order observed at v, > 3 is
likely induced by charge transfer between tMoTe; and mono-
layer WSes.

Figure 3(c) schematically illustrates the band structures
(hole-side only) for tMoTe,/hBN/WSe, under zero and finite
E-field. At E =0, tMoTe, and WSe, have type-I band align-
ment with a valence band offset of ~ 300 meV. Considering

that the bandwidth and energy gap of moiré minibands are on
the order of tens of meV, the Fermi level (Ef) lies well above
the valence band top of the WSe, layer, and all holes reside
in the tMoTe; layer at vy, > 3 without an E-field (Fig. 3(c),
upper panel). Consequently, tMoTe,/hBN/WSe; behaves sim-
ilarly to bare tMoTe,, and FM order is absent until a finite £
is applied. Applying an out-of-plane E-field reduces the va-
lence band offset, moving the valence band top of the WSe;
layer closer to Er (Fig. 3(c), lower panel). Under an appro-
priate E-field, a certain amount of hole transfer from tMoTe;
to WSe, occurs, keeping the effective filling factor of tMoTe;
near v ~ 3, resulting in re-entrant FM order in the heterostruc-
ture.

The experimental observations are well captured by this
scenario, except that the v, ~ 3 and v, > 3 regions are sepa-
rated by a magnetically suppressed corridor just above v, ~ 3
in the MCD phase diagram. This corridor cannot be under-
stood by classical electrostatics, in which the charge transfer
should vary continuously with £ and v, and the v, ~ 3 and
vp > 3 regions should be connected. We believe this anoma-
lous corridor is related to the strong correlation nature of the
holes in tMoTe;. One possible explanation is that when vy
is slightly above 3, the threshold E-field for charge transfer
from tMoTe, to WSe; is large due to correlation effects, so the
tMoTe; bilayer becomes layer-polarized before charge trans-
fer, resulting in vanishing FM order. In contrast, when v, is
well above 3, the correlation effect is significantly suppressed
by screening, resulting in a smaller E-field for charge transfer.
Therefore, when charge transfer occurs, the tMoTe; remains
in a layer-hybridized state, yielding re-entrant FM order. A
full microscopic validation is left for future work.

integrated RC
|

0

(c)

0.77

(a) O (b) 100
1 75
.50
2 £
S =i 25
< _3 >
- 0
= &)
N 5
=5 —50
- —75
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Photon energy (eV)
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Fig. 3. (a) RC spectra as a function of V; at V;, and T = 1.6 K. (b) Spectrally integrated RC as a function of v, and E, measured at 7 = 1.6 K.
The green dashed lines indicate the boundaries of the v, ~ 3 FM region and the re-entrant FM region. The energy range used for integration is
indicated by the red dashed lines in panel (a). (c) Schematic illustration of the band structures (hole-side only) for tMoTe,/hBN/WSe, under zero

(upper panel) and finite E-field (lower panel).

5. Temperature dependence of the re-entrant
FM

Finally, we study the temperature dependence of the FM
order in the second moiré band. Figure 3 shows the MCD
(vh, E) phase diagram at various temperatures. When the tem-
perature is raised to 3 K, the high-filling (v, > 3) FM signal

weakens markedly, while the v, &~ 3 region remains evident,
indicating a lower critical temperature for the v, > 3 region.
This disparity can be understood as arising from the weakened
electronic correlation and effective exchange at higher fillings
in the tMoTe; layer, due to additional screening from the ex-

cess holes transferred to the nearby WSe, layer.
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Fig. 4. (a)—(c) Evolution of the MCD maps as a function of temperature 7'. Each color map shows the MCD versus v, and E at a fixed 7, under

a small B (8 mT).

6. Conclusion

In summary, we observe two distinct ferromagnetic re-
gions in twisted MoTe,/hBN/WSe; heterostructures: a pri-
mary dome near vy ~ 3 at low electric field, and a re-entrant
high-filling FM phase (v, > 3) that emerges only under a fi-
nite E. These regions are separated by a narrow magnetically
suppressed window. Layer-sensitive exciton spectroscopy in-
dicates that the WSe, layer is hole-doped in the re-entrant FM
region, supporting a mechanism in which electric-field—tuned
layer charge transfer promotes the re-entrant FM order. These
findings establish remote-layer population control as an effec-
tive approach to engineer and reconfigure correlated magnetic
phases beyond the first moiré band in TMD-based systems.
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