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Magnetic proximity effects in transition metal dichalcogenide (TMD)/2D-magnet heterostructures are often
described in terms of the magnetization of the interfacial magnetic layer. Here, we show that this picture is
sufficient to describe the neutral-exciton valley splitting of the TMD, but incomplete for its hole-doped electronic
structure. We study a gate-tunable van der Waals heterostructure composed of monolayer WSe, in direct contact
with trilayer Crl;. By combining spatially and helicity-resolved reflection-contrast spectroscopy with magnetic
circular dichroism, we identify two distinct magnetic domains in the trilayer Crl;: one with purely antiferro-
magnetic interlayer coupling and one with a mixed antiferromagnetic (AFM)/ferromagnetic (FM) coupling.
In both domains, the sign of the neutral-exciton valley splitting of WSe, switches with the magnetization
reversal of the adjacent Crls layer. In contrast, helicity-resolved positive-trion spectroscopy of WSe, reveals
a qualitatively different response. While the AFM domain shows a strongly helicity-selective trion resonance,
the mixed AFM/FM domain exhibits trion resonances in both helicities. This behavior disappears when all Crl;
layers are aligned in a parallel magnetization direction. Our results demonstrate that the positive-trion response is
sensitive to the magnetic configuration of Crl; beyond the directly adjacent layer, revealing a magnetic proximity
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response that cannot be described solely by the interfacial magnetization.

DOLI: 10.1103/3sgj-pdxr

I. INTRODUCTION

Van der Waals (vdW) heterostructures provide a versa-
tile platform for proximitizing distinct two-dimensional (2D)
materials and thereby tailoring their electronic, optical, and
magnetic properties via interfacial proximity coupling [1-11].
A prominent example is the magnetic proximity effect in vdW
heterostructures composed of monolayer transition metal
dichalcogenides (TMDs) and 2D magnets, where exchange
interactions induce magnetism in an otherwise nonmagnetic
semiconductor [5,12-15].

Monolayer TMDs such as WSe; are direct-bandgap semi-
conductors with two energetically degenerate valleys at the K
and K’ points of the Brillouin zone. At the band edge, these
valley states differ not only in crystal momentum, but also in
the internal orbital character of their Bloch wave functions.
Together with the strong spin-orbit coupling, which ties the
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spin polarization to the valley index, this valley-dependent
orbital structure gives rise to circular optical selection rules
making the two valleys selectively addressable by circularly
polarized light [16-22]. This unique coupling makes TMDs
promising for spintronic [8] and valleytronic [4] applications,
where the valley degree of freedom serves as an informa-
tion carrier. Beyond optical excitation, an external magnetic
field lifts the valley degeneracy via the valley Zeeman ef-
fect [23-26], leading to valley splittings on the order of
0.2meV/T [23].

With the discovery of 2D magnets [27,28] and their inte-
gration into vdW heterostructures, a new route has emerged
to lift the valley degeneracy in monolayer TMDs via the
magnetic proximity effect [13,29]. An example is monolayer
WSe, proximity-coupled to few-layer Crls [29], where ex-
change interactions induce valley splittings in WSe; on the
order of 2-3meV [15,29-31]. Few-layer Crls exhibits in-
tralayer ferromagnetic order with an out-of-plane magnetic
moment, while adjacent layers are typically coupled antifer-
romagnetically at zero magnetic field [see red arrows in the
zoom-in of Fig. 1(a)]. Owing to the relatively weak interlayer
coupling, the magnetic configuration in Crl; is highly tunable.
An external out-of-plane magnetic field can induce layer-
by-layer magnetization switching [15,27,32], while external
pressure can stabilize ferromagnetic coupling even at zero
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FIG. 1. Device structure and spatially resolved magnetic proximity effects. (a) Schematic cross section of a gate-tunable WSe, /trilayer
Crl; heterostructure, fully encapsulated in hBN. A few-layer graphite backgate and a graphene contact to WSe, enable electrostatic doping. (b)
Helicity resolved reflection contrast at representative back gate voltages measured in region I, see panel (e). The positively charged trion (X))
is especially prominent at negative gate voltages and vanishes at V, = 5 V. The energy difference between the two light helicities of the neutral
exciton (Xj) defines the proximity-induced valley splitting AE of the WSe,. (c) Schematic band alignment of the WSe,/Crl; heterostructure.
The magnetic proximity effect lifts the valley degeneracy of WSe, while the staggered type II band alignment between WSe, and Crl; allows
the Fermi level to be tuned into the WSe, valence band. (d) Optical microscope image of the device. The outlines indicate the monolayer WSe,,
trilayer Crls, graphite, and graphene flakes. (e) Spatial maps of the exciton valley splitting AE &~ Acg — Ayp taken at selected magnetic fields
during magnetic field down and up sweeps. At large positive and negative fields, the splitting is spatially uniform. At intermediate fields, two
regions with distinct switching behavior appear: region I exhibits a single sign reversal of AE per sweep, whereas region II exhibits three sign

reversals.

magnetic field [33,34]. Layer-resolved studies of WSe,/Crl3
heterostructures have shown that the sign of the proximity-
induced valley splitting is predominantly determined by the
magnetization of the Crls layer adjacent to WSe,. At the same
time, the magnitude of the valley splitting can depend on the
full magnetic configuration of the multilayer stack [15]. How-
ever, experiments have reported valley splittings with opposite
signs and qualitatively distinct magnetic-field hysteresis be-
haviors within a single WSe, /Crls device [15,29,30]. These
observations suggest that the proximity effect may not be fully
captured by an interfacial picture alone and raise the open
question of how the magnetic layer sequence in few-layer
Crl; influences the proximity-induced electronic structure in
adjacent TMDs.

Here, we investigate a gate-tunable WSe,/Crls-
heterostructure using optical reflectance spectroscopy [35].
We identify two spatially separated magnetic domains in
the trilayer Crl; at zero magnetic field: a domain with
purely antiferromagnetic interlayer coupling, hereafter
referred to as the AFM domain, and a domain with mixed
antiferromagnetic (AFM) and ferromagnetic (FM) interlayer

coupling. By combining the proximity-induced valley
splitting in WSe, with the magnetic circular dichroism of
Crl; as a function of an external magnetic field, we resolve
the layer-dependent magnetic configurations of the vdW
heterostructure. Moreover, electrostatic gating enables hole
doping of WSe, and the formation of positive trions. The trion
resonance serves as a probe of the spin- and valley-polarized
valence-band states and resident holes. We observe distinctly
different trion responses in the two magnetic domains. In
the AFM domain, the trion resonance appears predominantly
in the helicity corresponding to the higher energy exciton
resonance. In contrast, in the mixed AFM/FM domain, the
trion resonance is visible in both helicities with comparable
amplitudes. Once all Crlz layers in the mixed AFM/FM
domain are switched into a parallel alignment by an external
magnetic field, the trion response becomes similar to that
of the AFM domain. These observations indicate that
the trion response, and thus the spin- and valley-polarized
valence-band states and resident holes in WSe,, are influenced
by the magnetic configuration of the Crl; trilayer beyond the
adjacent layer. This sensitivity is qualitatively different from
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that of the neutral-exciton valley splitting, whose sign follows
the interfacial Crl; magnetization.

II. RESULTS

The device consists of a monolayer WSe, proximity
coupled to a trilayer Crl; flake and fully encapsulated in
hexagonal boron nitride (hBN). Both layer numbers were
determined by optical contrast measurements [36,37]. A few-
layer graphite flake serves as a bottom gate. Electrical contacts
to WSe, are realized via a graphene layer. A schematic cross
section and an optical image are shown in Figs. 1(a) and 1(d),
respectively.

Figure 1(b) shows helicity-resolved reflection-contrast
(RC) spectra recorded at gate voltages of V, = =5V, 0V, and
5V at a temperature of 5 K. All spectra exhibit a resonance
at energies around 1.70 to 1.71eV, which we assign to the
neutral exciton Xy in WSe;. The energy shift between the
exciton resonances, measured by the excitation and prob-
ing with either o or o~ polarized light, stems from the
proximity-induced valley splitting, which is approximately
2meV at zero magnetic field and zero gate voltage. Toward,
negative gate voltages (V, = —5V), the amplitude of the X,
resonance is decreasing, whereas the resonance of the pos-
itively charged trion X, at around 1.69eV is increasing in
amplitude. The appearance of the trion X, which consists
of an electron-hole pair bound to an additional hole from the
opposite valley, indicates gate-induced hole doping of WSe;.
Notably, the trion exhibits a pronounced helicity dependence,
with a significantly larger amplitude in the circular polariza-
tion corresponding to the higher energy exciton [blue lines
in Fig. 1(b)], indicating that both valleys in the valence band
are differently occupied. No negatively charged trion X_ is
observed at any gate voltage. The presence of X, and the
absence of X_ indicates that the Fermi level can be tuned
into the valence band but not into the conduction band of
WSe,, consistent with a staggered (type II) band alignment
of the heterobilayer [see Fig. 1(c)]. This band alignment is
in agreement with previous reports [29] and supported by
DFT/GW calculations [38]. The measured neutral-exciton
valley splitting corresponds to the difference between the
valley-dependent conduction- and valence-band shifts, AE ~
Acp — Ayp [Fig. 1(c)], assuming valley-independent exciton
binding energies (see Sec. IV for details about the fitting
procedure and our sign convention of AE).

We next use the proximity-induced exciton splitting in
WSe,; as a direct measure of the valley splitting and as a local
probe of the magnetic proximity effect. Using this approach,
we map the spatial variation of AE across the heterostructure
as a function of an out-of-plane magnetic field (see Sec. IV C
for more details). Spatial maps of the valley-splitting taken at
representative magnetic fields during the magnetic hysteresis
are shown in Fig. 1(e). At £2 T the valley splitting is spatially
uniform across the heterostructure, reaching values of ap-
proximately +2 meV. Upon sweeping the magnetic field from
+2 T to O T, two distinct domains are seen. While most of the
sample retains a positive valley splitting (red color, region I),
a region in the lower-left corner (region II) exhibits a valley
splitting of opposite sign (blue color). Upon further sweeping
the magnetic field to —0.8 T, both regions reverse their valley

splitting and at —2 T the splitting is again uniform, now with
a value of approximately —2 meV (blue color). Reversing the
sweep direction from —2 T to +2 T [lower branch in Fig. 1(e)]
yields a similar overall behavior. While region I exhibits a
single sign reversal of the valley splitting per sweep, region
II displays three sign reversals within the same field range.
The corresponding local hysteresis curves for both sweep
directions are shown in Figs. 2(a) and 2(b). Since the valley
splitting in WSe; results from the interface exchange field
from Crls, these contrasting hysteresis behaviors indicate that
the two regions experience different interfacial magnetization
sequences.

A. Layer-resolved valley splitting and interlayer magnetic order

We investigate the distinct valley-splitting behavior ob-
served in regions I and II by analyzing the magnetic-field
hysteresis of the proximity-induced exciton splitting in WSe,
together with the magnetic circular dichroism (MCD) signal
of Crls, which probes the total magnetization of the latter
(see Sec. IV for more details). The full hysteresis curves for
both magnetic-field sweep directions are shown in Figs. 2(a)
and 2(b) for the exciton valley splitting and in Figs. 2(e)
and 2(f) for the corresponding Crl; MCD signal. In the fol-
lowing, we use the down sweep to label the magnetic-field
regimes B;-B,4 and B{-Bj (orange curve), while the up sweep
(green curve) confirms the same layer-resolved configurations
with hysteretically shifted switching fields.

We first discuss region I. The MCD hysteresis curve in
Fig. 2(e) exhibits four discrete MCD levels with three switch-
ings, defining four magnetic-field regimes B;—B4 along the
down sweep. Since the MCD signal is proportional to the total
magnetization of Crls, these discrete MCD levels correspond
to distinct magnetic configurations of the trilayer. The switch-
ing fields and overall hysteresis shape are consistent with
previously reported MCD hysteresis curves of antiferromag-
netically coupled Crl3 [15,32,33]. Fig 2(a) depicts the exciton
valley splitting and shows a splitting of around +2meV at
B =2.25T, which reverses its sign to about —2 meV during
the down sweep. Notably, only a single sign reversal of the
valley splitting is observed. This sign reversal coincides with
the transition between the magnetic field regimes B, and B3
identified in the MCD hysteresis. The up sweep shows the
corresponding reversed sequence, confirming that region I
maintains a purely AFM-type switching sequence for both
sweep directions.

We now consider region II. The MCD hysteresis curve in
Fig. 2(f) also shows four MCD levels, defining the magnetic-
field regimes Bi-B} along the down sweep. In contrast to
region I, however, the switching fields associated with the
highest and lowest MCD levels are significantly reduced, oc-
curring at B~ 0.5T and —0.9T, respectively, whereas the
corresponding switching fields in the case of region I are
above £1.5T. Similar reductions of the magnetic switch-
ing fields have previously been reported for few-layer Crls
systems exhibiting mixed AFM/FM coupling, which were at-
tributed to different stacking orders of the Crl; layers [33,34].
The proximity-induced valley splitting in region II, shown
in Fig. 2(b), exhibits a qualitatively different behavior from
that in region I. Instead of a single sign reversal, three
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FIG. 2. Reconstruction of layer-resolved magnetic configurations. (a), (b) Magnetic field hysteresis of the proximity-induced neutral-
exciton valley splitting AE in WSe, for the AFM domain (region I) and the mixed AFM/FM domain (region II), respectively. Orange and
green traces correspond to the two magnetic-field sweep directions, as indicated by the arrows. Region I shows a single reversal, whereas
region II shows three sign reversals. (c), (d) Reconstructed layer-resolved magnetic configurations of the heterostructure for the two regions.
Plus and minus signs denote the sign of the WSe, valley splitting, while red upward and blue downward arrows indicate the out-of-plane
magnetization direction of the individual Crl; layers. The configurations are labeled according to the down-sweep sequence B;—By for region
I and Bj-B; for region II; the up sweep follows the reversed sequence with hysteretically shifted switching fields. (e), (f) Magnetic circular
dichroism (MCD) signal of Crl; for regions I and II. The MCD signal is proportional to the total Crl; magnetization and exhibits four discrete
levels, corresponding to the net magnetizations of the magnetic trilayer. The vertical dashed lines mark the down-sweep switching fields used

to define the magnetic-field regimes in (c) and (d).

sign reversals of the valley splitting are observed during the
magnetic-field down sweep. Notably, the magnetic fields at
which these sign reversals occur coincide with the transitions
between the MCD levels in Fig. 2(f).

To identify the layer-resolved magnetic configurations un-
derlying these observations, we use a minimal model for the
Crl; trilayer. Each layer contributes a magnetic moment m; =
41 depending on the orientation of its out-of-plane magne-
tization. The total magnetization of the trilayer is therefore
given by M = m; + my + mj3, yielding M = +£1, 43, consis-
tent with the four discrete MCD levels seen in Figs. 2(e)
and 2(f). While the MCD signal provides a measure of the to-
tal magnetization M, the sign of the proximity-induced valley
splitting [Figs. 2(a) and 2(b)] directly reflects the magnetiza-
tion of the Crl; layer adjacent to WSe; (m;). The combination
of these two observables, together with the characteristic
hysteresis sequence observed in both sweep directions, al-
lows us to infer the layer-resolved magnetic configurations.
The schematics of the reconstructed layer configurations for
both domains are illustrated in Figs. 2(c) and 2(d). Here,
the plus and minus signs correspond to a positive and a
negative valley splitting of WSe,, respectively, while the red
upward and blue downward arrows represent the out-of-plane
magnetization of each individual Crls layer. It is important

to note that the combination of the MCD signal and the
sign of the neutral-exciton valley splitting does generally not
uniquely determine the magnetization direction of each Crls
layer. While the MCD signal provides the total magnetization
and the exciton splitting predominantly reflects the interfacial
magnetization, additional information from the characteris-
tic magnetic switching sequences and the known interlayer
coupling behavior is required to reconstruct the complete
magnetic configurations. The assignments shown in Figs. 2(c)
and 2(d) are therefore based on the combined experimental
observations and the established magnetic properties of tri-
layer Crls.

In region I, the transition from B; (M = +3) to B, (M =
+1) does not change the sign of the valley splitting, in-
dicating that the interfacial layer remains polarized upward
(m; = +1). Consequently, one of the remaining layers must
reverse its magnetization. The observed MCD hysteresis,
which matches that of antiferromagnetically coupled trilayer
Crl;, favors a configuration in which adjacent layers are an-
tiparallel. This constraint uniquely selects the configuration
to (+1, —1, +1), corresponding to a reversal of the middle
layer. Applying the same reasoning to the transition to Bj
(M = —1) yields the configuration (—1, +1, —1). Finally, at
large enough magnetic fields the magnetic moments of all
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FIG. 3. Different trion response in the two distinct magnetic domains. (a) Helicity-resolved RC spectra of WSe, at selected magnetic fields
during the magnetic field down sweep of the AFM domain and the mixed AFM/FM domain, measured at a gate voltage of V, = —5V. In the
AFM domain, the positive trion X is only dominant in one of the two light helicities, whereas it is almost absent in the other. The helicity,
in which the feature can be observed, switches when the interfacial Crl; layer reverses. Instead, in the mixed domain, the trion becomes
visible in both helicities in the intermediate magnetic field regime (see, e.g., curve at —0.4T). (b) Integrated trion amplitudes for o and
o~ polarization as a function of magnetic field. In the AFM domain, the two helicities remain strongly asymmetric throughout the sweep. In
the mixed AFM/FM domain, the trion amplitudes become comparable between approximately 0.5 T and —0.9 T, coinciding with the mixed

magnetization sequence of the Crlj trilayer.

layers are aligned to the external magnetic field, yielding
(-1, -1, -1).

In contrast, region II exhibits a qualitatively different
switching sequence. The transition from B} (M = +3) to B}
(M = +1) is accompanied by a sign reversal of the valley
splitting, indicating that the interfacial Crl; layer switches its
magnetization. The only configuration consistent with M =
+1 is therefore (—1, +1, 4+1). Extending this reasoning to
the subsequent transition to B} (M = —1) leads to the con-
figuration (41, —1, —1) and again to (—1, —1, —1) at large
magnetic fields in region Bj.

This reconstruction reveals purely AFM interlayer cou-
plings in region I and mixed AFM/FM couplings between
adjacent layers in Crls in region II. Accordingly, we refer to
region I as the AFM domain and to region II as the mixed
AFM/FM domain. In the trilayer system, the WSe, serves
as a probe of the interfacial Crl; magnetization, enabling us
to determine which of the remaining layers align ferromag-
netically. This provides direct access to the layer-resolved
magnetic order and demonstrates the presence of a partially
ferromagnetic alignment in Crls.

B. Trion spectroscopy of layer-resolved magnetic configurations

After reconstructing the layer-resolved magnetic config-
uration of the Crl; trilayer, we next examine whether the

RC signals of trions in WSe, are also controlled solely by
the interfacial Crlz layer, as it is the case for the neutral
excitons in both the AFM and mixed AFM/FM domains of
the heterostructure. To this end, we use the positively charged
trion X, as a charge-sensitive optical probe for the electronic
states near the valence band maximum of WSe,. In contrast
to the neutral exciton, whose energy splitting primarily tracks
the proximity-induced valley splitting, the appearance of the
X, resonance depends also on the availability of resident
holes in the spin-valley-locked valence-band states. Helicity-
resolved trion spectroscopy therefore provides access both to
the valley-dependent hole population and to changes of the
valence band alignment in the proximitized WSe,.

Figure 3(a) shows helicity-resolved RC spectra measured
at Vg = =5V during the magnetic-field down sweep for the
AFM and the mixed AFM/FM domains. In the AFM domain
(left panel), the trion resonance is strongly helicity selective.
At all magnetic fields, the trion appears predominantly in
the one helicity that corresponds to the blueshifted neutral
exciton resonance (blue curves for B > 0T, red curves for
B < —0.4T). Accordingly, upon sweeping the magnetic field
through the reversal of the interfacial Crl; layer, the dominant
trion helicity switches (compare the spectra at B =0T and
—0.4T). Thus, in the AFM domain, the trion response follows
the sign of the interfacial proximity exchange field during
magnetization reversal.
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The mixed AFM/FM domain (right panel) behaves differ-
ently. In the high magnetic field regimes (B = +2.2 T), where
all Crl; layers are aligned parallel, the spectra closely resem-
ble those of the AFM domain: the trion is again seen in only
the one helicity that exhibits the neutral exciton resonance
at higher energy. In the intermediate magnetic field regime
between 0.3 T and —0.6 T, however, where the magnetic layer
sequence contains both AFM and FM interlayer coupling, the
trion response changes qualitatively. The trion resonance is
now visible in both light helicities with comparable but overall
reduced amplitudes.

We quantify this behavior by integrating the RC signal over
the trion resonance and subtract the background amplitude
extracted from a spectrum taken at B = 2.5T (see Sec. IV for
more details). The resulting helicity-resolved amplitudes for
the magnetic down-sweep direction are shown in Fig. 3(b). In
the AFM domain, the two helicities show a complementary
field dependence and interchange at the magnetic switching
field (coercive field) of the interfacial Crl; layer [see dashed
line in the upper panel of Fig. 3(b)]. By contrast, in the
mixed AFM/FM domain between approximately —0.9 T and
0.5 T both helicities exhibit trion resonances with comparable
amplitudes [see magnetic range between the two dashed lines
in the lower panel of Fig. 3(b)]. This is precisely the magnetic
field range with the partial FM ordering [compare to B; and
Bj in Figs. 2(b), 2(d), and 2(f)].

C. Discussion

A possible interpretation of our finding is that the mixed
AFM/FM configuration modifies the valley-dependent occu-
pation of the WSe, valence band. As the formation of positive
trions requires resident holes, the trion oscillator strength is
strongly affected by the relative occupation of the spin-valley-
locked valence band states. Both in the AFM domain and at
large magnetic fields also in the mixed domain, the helicity
selectivity of the trion resonance indicates a large imbalance
of the holes between the two valleys. However, at smaller
fields in the mixed AFM/FM configuration, the appearance
of X, in both helicities indicates a reduced valley selective
hole imbalance. This may originate from a modified valence
band alignment, a reduced effective valence band splitting, or
changes in interlayer charge transfer. The present experiment
does not allow us to separate these contributions, as the mea-
sured neutral-exciton splitting remains of comparable splitting
for all configurations.

An alternative explanation could be that the two domains
may differ by crystallographic stacking order [33,34,39,40].
Indeed, mixed AFM/FM interlayer coupling in Crl; has been
linked to stacking dependent interlayer exchange. However,
stacking alone cannot explain the observed full magnetic
field dependence. The two domains show their strongest dif-
ferences only at smaller magnetic fields, whereas the trion
response becomes the same once the Crlj trilayer is driven
into a fully parallel alignment at high fields. As the stacking
order is not expected to change during the magnetic field
sweep, the disappearance of the domain-dependent response
at high magnetic fields indicates that the relevant control pa-
rameter is the magnetic layer sequence itself.

III. CONCLUSION

In conclusion, we have investigated magnetic proximity
effects in a gate-tunable WSe,/trilayer-Crl; heterostructure
exhibiting two distinct magnetic domains with purely AFM
and mixed AFM/FM interlayer coupling. By combining
helicity-resolved reflection-contrast spectroscopy with mag-
netic circular dichroism, we reconstruct the layer-resolved
magnetic configurations and investigate their influence on
the neutral- and charged-exciton responses of WSe,. While
the sign of the neutral-exciton valley splitting predominantly
follows the magnetization of the interfacial Crl; layer, the
positive-trion response exhibits a qualitatively different sen-
sitivity to the magnetic configuration. In particular, the mixed
AFM/FM domain shows trion resonances in both optical he-
licities, whereas the purely AFM domain remains strongly
helicity selective. This difference disappears when the Crls
trilayer is driven into a fully polarized state. Our results
therefore refine the common picture of magnetic proximity
effects in WSe;/Crl; heterostructures. While the neutral ex-
citon mainly senses the interfacial Crl; magnetization, the
positive trion probes the hole-doped electronic structure and
is sensitive to magnetic order beyond the immediate interface.
Although the present measurements do not allow us to inde-
pendently resolve the contributions of individual Crls layers
to the trion response, they demonstrate that the magnetic
configuration of the multilayer stack can influence the optical
properties of charged excitations in the adjacent TMD. This
distinction is particularly relevant for proximity-engineered
spintronic and valleytronic devices, where the relevant de-
grees of freedom are often resident electrons or holes rather
than neutral excitons.

IV. METHODS

A. Sample preparation

All 2D materials were mechanically exfoliated from bulk
crystals onto Si/SiO; substrates using heat-assisted exfoli-
ation. Monolayer WSe; and trilayer Crl; were exfoliated
inside a nitrogen-filled glovebox, while graphite and hBN
were exfoliated under ambient conditions and subsequently
transferred into the glovebox. Suitable flakes were identi-
fied using an automated flake-detection algorithm [36,37].
The heterostructure was assembled inside the glovebox us-
ing a polycarbonate-assisted dry-transfer method [41] with a
droplet-shaped tool [42].

Special care was taken to minimize degradation of Crls,
which is sensitive to oxygen, water, and UV light [43]. To re-
duce high-energy light exposure, long-pass filters (530 nm cut
off wavelength) were installed in the used microscopes, and
the glovebox was equipped with UV-blocking foil (520 nm
cut off wavelength). Substrates were heated to 325°C and
subsequently cooled to 70 °C before exfoliation to reduce
adsorbed water and surface contamination. The trilayer Crls
used in this work was encapsulated within 28 h after exfoli-
ation. After hBN encapsulation, the heterostructure remained
stable under ambient conditions. Electrical contacts were de-
fined by electron-beam lithography. The contact regions were
opened by SFg/Ar reactive-ion etching, followed by Cr/Au
metallization.
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The two magnetic domains cannot intentionally be fabri-
cated. While the Crl; layer number was determined before
assembly, its local crystallographic stacking order was not
characterized.

B. Helicity-resolved optical reflectance measurements

Optical reflectance measurements were performed in a
liquid-helium bath cryostat (attoLIQUID1000, attocube sys-
tems AG) equipped with an optical head, a spectrometer,
and a superconducting magnet immersed in the helium bath,
allowing the application of out-of-plane magnetic fields. A
tungsten-halogen white-light source is collimated and directed
through a linear polarizer, followed by a liquid-crystal vari-
able retarder, which is used to switch between o and o~
circular polarization. The circularly polarized light is routed
via a 50 : 50 beamsplitter and focused onto the sample using a
100x objective, resulting in a spot diameter of approximately
0.5 um full-width half maximum. The reflected light retraces
the same optical path through the objective and the 50 : 50
beam splitter, passes an additional 90 : 10 beam splitter, and is
subsequently coupled into an optical fiber connected to a spec-
trometer equipped with a 1200 grooves/mm grating. For each
spatial map, reflected intensities are recorded sequentially
using ot and ¢~ circular polarization. From these helicity-
resolved reflectance signals, both the reflectance contrast (RC)
and the magnetic circular dichroism (MCD) are extracted, as
defined below.

The RC is defined as

RC(E) = 1E) = I(E)
Lt (E) — Ibg(E)
where I;(E) denotes the reflected intensity measured on the
sample region, I.¢(E) the reflected intensity measured on a
reference region without WSe,, and /,(E) the background
signal.

The MCD is defined as

IT(E)—I"(E)
MCD(E) = ————,
IT(E)+1-(E)
with IT(E) and I-(E) as the reflected intensities measured
with o+ and o~ circular polarization, respectively. The MCD
signal of Crl; is obtained by integrating the helicity-resolved
intensities over the energy range from 1.743eV to 1.755¢eV.
The resulting MCD is calculated separately for the reference
and both sample regions (I and II), averaged within each
region, and the reference contribution is subtracted from the
signals of both samples regions.

C. Exciton energy and valley splitting determined by Fano fits

To determine the energy of the neutral exciton, we fit the
helicity-resolved RC spectra with Fano resonances. The RC
spectrum is modeled as the sum of two Fano resonances,
describing the neutral exciton X, and the positively charged
trion X, together with a constant offset,

F(E) = fxo(E) + fx+(E) + bo. ey

Each resonance is described by

Ay [T'q+ (E — Ey))?
1+¢> (E—-E)+TI?"°

Here, E| is the resonance energy, I' the linewidth, A the
amplitude, g the Fano asymmetry parameter, and by a con-
stant background offset. The Fano parameter g is taken to be
identical for the exciton and trion contributions within a given
spectrum.

For each magnetic field and circular helicity, the RC spec-
trum is fitted independently. The fits are restricted to the
spectral range containing the neutral exciton and trion reso-
nances. The exciton valley splitting is then obtained from the
difference between the fitted exciton resonance energies in o
and o~ polarization,

f(E) = @

AE = EZ, —EJ,. (3)

D. Calculation of trion amplitude

The helicity-resolved trion amplitude was extracted by in-
tegrating the RC signal over a fixed spectral window covering
the X, resonance. For both the AFM and mixed AFM/FM
domain we used the energy interval

AEgion = [1.682¢V, 1.696eV]. @)

For each helicity o and magnetic field B, we calculate the
integrated RC signal

S7(B) = Z RC°(B, E). (5)

E€AEuion

As the trion appears as a dip in the RC spectra, a decrease of
S¢ . corresponds to an increase of the trion oscillator strength.
To define a positive trion amplitude, we subtract the integrated
values from a helicity and domain-specific value

AlionB) = S5 — Spion(B). (6)

Here, S;,,(B) was obtained from a high-field spectrum in
which the trion contribution in the corresponding helicity was
minimal. With this convention, a deeper trion dip yields a

larger positive value of A7, (B).
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