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Chirality, a basic property of symmetry breaking, is crucial for fields such
as biology and physics. Recent advances in the study of chiral systems

have stimulated interest in the discovery of symmetry-breaking states

that enable exotic phenomena such as spontaneous gyrotropic order and
superconductivity. Here we examine the interaction between light chirality
and electron spins inindium selenide and study the effect of magnetic

field on emerging tunnelling photocurrents at the Van Hove singularity.
Although the effect is symmetric under linearly polarized light excitation, a
non-symmetric signal emerges when the excitation is circularly polarized,
making it possible to electrically detect light’s chirality. Our study

shows a negligible out-of-plane g-factor for few-layer indium selenide at
the valence band edge, resulting in an unbalanced Zeeman splitting in
hexagonal boron nitride spin bands. This finding allows us to measure

the change in energy barrier height with exceptional resolution (~15 peV).
Furthermore, we confirm the long-standing theoretical prediction of
spin-polarized hole accumulation in the flat valence band at increasing

laser powers.

In the realm of condensed-matter physics, the exploration of novel
phases of matter is a cornerstone of scientific investigation. Our
understanding of correlated electronic states, including supercon-
ductors, magnetic materials and topological phases, has greatly
benefited from key principles such as spontaneous symmetry
breaking, Berry phase and topology' . These phenomena under-
pin emerging technologies owing to their remarkable properties
and potential applications®’. To comprehend complex systems
with multiple degrees of freedom, gaining insights into the symme-
tries and electronic properties of materials is crucial. Chirality is
a pervasive phenomenon in the natural world, from biomolecules
to condensed-matter physics®?, and is a fundamental manifesta-
tion of symmetry breaking. In particular, it denotes the absence of

mirror planes, spatial inversion centres or rotational inversion axesin
acrystalline arrangement. Itsimpact extends across diverse domains,
including molecular biology, medicine and pharmaceuticals, making
it a subject of profound interest'. Here we investigate the interplay
between chirality and electron spin in few-layer semiconductors,
focusing on indium selenide (InSe). This material is chosen for its
reliable fabrication, reproducibility, and clear optical and electrical
signatures related to the Van Hove singularity at the valence band
maximum (VBM)">%, Few-layer InSe, with its remarkable electrical
conductivity and bandgap, which is tunable through layer engi-
neering, is an ideal platform for exploring emergent phenomena by
manipulating specific symmetries>'*°?2, Our study centres on the
out-of-plane tunnelling current in InSe-based field-effect devices.
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Fig.1|Schematic and characterization of an encapsulated InSe device.

a, Three-dimensional schematic representing an hBN-encapsulated InSe layer
with FLG contacts and an FLG back gate (Gr gate). The sample is optically excited
using a 532 nm laser with different chiralities. b, Electrical characterization

of an exemplary 5L InSe device, showing ambipolar transport (red) and an
increase in tunnelling current (blue) when the Fermi level reaches the Van Hove
singularity, labelled as V4. €, Optical micrograph of our device, superimposed
on the scanning tunnelling current spatial map, highlighting that the signal is
observed only when the laser spot is located on the InSe flake. In particular, the
signal disappears when shining on the FLG electrodes (grey), or outside of the
semiconductor area. The electrical measurement scheme is shown at the bottom.

d, Normalized differential tunnelling conductance (red) shows the trend of

the density of states in our device under study. The signal is obtained from the
out-of-plane tunnelling current within the device, as discussed in our previous
work'. The Van Hove singularity is clearly visible as a peak in conductance. The
tunnelling current shown in blue is plotted to highlight the trend of the tunnelling
mechanism. The linear region corresponds to the Fowler-Nordheim tunnelling
regime, whereas the logarithmic trend corresponds to the direct tunnelling
regime, as investigated previously'*. The tunnelling energy barrier height can

be extracted by fitting the linear regime. The gate voltage corresponding to the
valence band is highlighted by the grey dashed line labelled as Vigay.

We observe amagnetic-field-dependent tunnelling current associated
with the Van Hove singularity, exhibiting symmetric behaviour under
linearly polarized light excitation and asymmetric response under
circularly polarized light. Interestingly, the superposition of these
twoelectrical responses under opposite light chiralities reproduces
the one measured under linearly polarized excitation.

Our findings demonstrate the ability to electrically detect the
chirality of light by selectively exciting the sample with different light
polarizations and maintaining a fixed magnetic field. This observation
isexplained by the presence of uncompensated Zeeman splittinginthe
spinbands of the InSe VBM and the hexagonal boron nitride (hBN) bar-
rier. Our first-principles calculations reveal aquenching of the g-factor
ofholesatthe VBMinInSe, allowing the hBN g-factor to remain uncom-
pensated under the applied magnetic fields. These results enable us to
determine the hole g-factors of both hBN and InSe for various devices
and InSe layer numbers, consistent with our calculations.

With aremarkable minimum-detectable energy barrier change of
approximately 15 peVat100 mK, our approach offers afresh perspec-
tive on exploring the interplay between chirality and spin in the field
of material physics at the thermal limit.

Device structure and tunnelling currentsin
few-layer InSe

To achieve high-quality samples, we encapsulate few-layer y-phase
InSe in hBN and use few-layer graphite (FLG) as the electrode. We use
an FLG bottom gate to control the carrier density in the semiconduc-
tor?. The complete device schematic is shown in Fig. 1a, illustrating
an InSe-based heterostructure optically stimulated by laser light of
different chiralities. To further confirm our device geometry, we per-
formed across-sectional scanning transmission electron microscopy
characterization (Supplementary Note 9). Figure 1b shows the electri-
cal transport characteristic of a representative InSe device, showing
ambipolar conduction with adominant n-type current. The tunnelling
current measured between the InSe channel and the FLG back gate is
showninblue and will be the main subject of this work. Figure 1c displays
ascanning map of the out-of-plane photocurrent, displaying a robust
signal that is uniform across the clean areas of the InSe flake and sup-
pressedinthe FLG electrodes or outside the semiconductor region. As
discussed in our previous work™, the tunnelling current can be analysed
following the Simmons approximation, providing information about
the energy barrier height and the flat-band energy position®*,
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Fig. 2| Magnetic field dependence of tunnelling currents in few-layer InSe.

a, Magnetic-field-dependent tunnelling current is shown at different gate
voltages corresponding to different charge configurations: within the CB
(V,=1V), bandgapregion (V,=-3 V) and valence band (V,=-6 V). The signal
recorded at the valence band energy shows a symmetric increase for both
magnetic field polarities, whereas no modulation is observed in the other cases.
Thesignalis recorded under linearly polarized light excitation, at alaser power of
150 pW. b, Valence band structure calculated for 3L y-InSe. 3L is used for our
computations since it shows qualitatively analogous results with respect to 5L,
anditrequires a simpler computation. The linecuts are shown for two different
directionsinthe Brillouin zone. The solid and dashed lines represent two
different spin configurations. The linecuts exhibit the same spin sub-band at
higher energies. However, when we consider the Brillouin zone, we observe that
three valleys have a higher energy for one spin configuration, whereas the other
three valleys favour the other spin configuration. ¢, Band structure of multilayer
hBN. d, Calculated change in the energy barrier as a function of the magnetic
field. Theincrease in tunnelling current (as shownin a) can be translated into an

energy barrier change that is proportional to the Zeeman splitting of the energy
bandsinvolved. From this measurement, we can extract a total g-factor of around
2 for both magnetic field polarities, which is consistent with our calculations for
InSeand hBN. The insets show the energy barrier heightat B=0 (¢5,), and at
higher fields, with the Zeeman splitting contribution . e, First-principles
calculations of angular momenta for 3L InSe. The spin (S,) and orbital (L,)
components are calculated for the band structure shown inb, and the total
out-of-plane g-factor is shown. In particular, at the VBM position, both spin and
orbital components are suppressed, indicating that the spins are oriented in
plane. This result holds for all InSe multilayers. The VBM neighbouring points
possess a non-vanishing g-factor, which will be relevant, as displayed in the power
dependence measurements. f, Angular momenta computed for the hBN valence
band. Here the orbital contribution is vanishingly small across the area of interest
inthe Brillouin zone, and the total contribution to the out-of-plane g-factor
comes from the spin component. Overall, along the out-of-plane direction, only
hBN is dominant for achange in energy barrier height, since the holes in InSe
relax to the VBM before tunnelling, which possesses a quenched g-factor.

Magnetic field dependence of tunnelling

currents

After determiningthe flat-band position, we apply various gate voltages
corresponding to Fermi-level positions within the conduction band
(CB) (V;=1V),thebandgap V,=-3 Vand at the VBM (V,; = -6 V). Subse-
quently, we record the out-of-plane magnetic field dependence of the
tunnelling photocurrent intensity under linearly polarized light exci-
tation. Our findings (Fig. 2a) show a constant signal when the Fermi
level resides within the CB (V,=1V) or within the bandgap (V,=-3 V).
Conversely, as the Fermi level approaches the VBM (V,=-6 V), we
observe a symmetric increase in signal intensity for both magnetic
field polarities. The absence of magnetic field dependence in the first
two cases can be attributed to the high energy barrier experienced by
the charge carriers, corresponding to the difference between the CBs
of InSe and hBN (-3 eV). This results in a vanishingly small tunnelling
signal, preventing any detectable response to magnetic field changes
(Supplementary Note 2). However, as the Fermilevel reaches the VBM
of InSe, the tunnelling current grows exponentially with anincreasing
magnetic field strength. From the formalism that describes tunnelling
currentsin our system', we can understand that once the device geom-
etry is established, at a given gate voltage, a change in tunnelling

current mustbe related to achangein the energy barrier height, which
affectsthe mzagnitud(;;/l; an exponential manner, asshown by the equa-
Yo
ence between the applied magnetic field along the Z directionand a
changeintheenergy barrier height, consistent with the Zeeman effect
on whichwe elaborate below.

To understand the origin of this effect, we have conducted
first-principles calculations to determine the total out-of-plane
g-factors of valence band carriers in InSe and hBN along important
high-symmetry directions of the Brillouin zone. Our calculations
include both spin (§,) and orbital (L,) components to the band g-factor
(g,=S,+L, Supplementary Note 3). Although a strong spin polariza-
tionwas previously calculated for monolayer InSe for the out-of-plane
direction?®, this feature is strongly suppressed in multilayer y-InSe
(Supplementary Note 3). Our calculations reveal a quenching of the
g-factoratthe VBM, both for the spin and orbital counterparts (Fig. 2e).
This result suggests that the carrier spins at the VBM are oriented
in the in-plane direction and that the energy band edges are, there-
fore, nearly insensitive to an applied magnetic field B. This is a rather
unique feature among semiconductors and other known materials” .
The origin of this is the broken mirror-plane symmetry, which gives

. % . .
tion /enT o 4)—0 exp .Thisphenomenonsuggestsalinear depend-
B
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rise to the Bychkov-Rashba effect®, accompanied by a suppression of
spin and angular momentain the out-of-plane directions®. To further
confirmthe validity of our first-principles calculations, we determine
an exciton (I';g - I'yp) g-factor of 0.22, in excellent agreement with the
previous® experimental value (0.18).

In the presence of a magnetic field, the barrier height is
defined by the energy difference between the VBMs of InSe and hBN
(ref.14), since the signal originates at the VBM of InSe (ref. 14). Impor-
tantly, the graphite layer serves as the final state for the tunnelling
carriers. As long as the Fermi level of graphite is above the valence
band edge of InSe, it does not introduce an additional barrier for the
hole-tunnelling process. For this reason, FLG gates are preferred with
respect to monolayer graphene, and the magnetic field dependence
of the final state is not considered relevant at this stage. Owing to
the negligible g, value of carriers at the VBM of InSe, it does not shift
with the field. However, the hBN spin bands at the VBM shift with a
g-factor of ~|1| and a negligible orbital contribution (Fig. 2c-fand Sup-
plementary Note 3). Since the observed tunnelling current changes
exponentially with the energy barrier height, a modest change in
the energy barrier can produce a detectable change in tunnelling
current (Fig. 2a). In particular, when a positive (negative) magnetic
field is applied, the spin-up (spin-down) band of the hBN VBM will
shift upwards in energy, whereas the spin-down (spin-up) band will
shift downwards. As aresult, the energy barrier height will decrease
by an amount equal to the Zeeman energy splitting for the spin-up
(spin-down) band and increase for the spin-down (spin-up) band
by the same quantity (Fig. 2d shows the band diagrams). The tun-
nelling current at the VBM of InSe follows the Fowler-Nordheim
formalism'**** (Supplementary Note 4). By comparing the signal at
B,=0with the one at higher fields, we can extract the energy barrier
change considering both spin band energy changes by using the fol-
lowing system of equations:

3 3
+Y(@s, + AEg)2 —Y(hg, — AEp)?,

¢Pp, — ALp
log[1,/I;] = log| ———+
g[l T] g[¢BO+AEB

3 3

log[1,/ly] = (@5, — (@5, + AEp)2),

where ¢, is the energy barrier heightatB,=0and y = @. The
currents/, , originate from the bands moving up (1) and down (V) in
energy, respectively. Their sumis the measured current/, +/, =I5 .. AE,
istheenergy barrier change thatis caused by the Zeemanshiftatincreas-
ing magneticfields, anditis, therefore, AEg = || for both spinbands.
Inour calculations, m*and d are the effective mass and thickness of hBN
and h and g are the Planck constant and electric charge, respectively.
The tunnelling voltage bias is denoted by V. Since the energy barrier
atB=0canbeextracted fromour data (Fig.1d), the new energy barriers
and the energy barrier change can be calculated. From the argument
presented above, we can match this energy change with the Zeeman
splitting as AE; = g*11,B, and extract the total effective g-factor by fitting
the magnetic field dependence of the energy barrier change (Fig. 2d).
This allows us to obtain g-factors of holes 0f1.22 + 0.09 and 1.20 + 0.12
for positive and negative fields, respectively. Since g* = Gizn — Ginse = 1.05,
thisvalueisin agreement with our calculated g-factor of the spinbands
of hBN with a minor negative contribution of InSe (Fig. 2e,f). We note
that thismethod is remarkably sensitive to changesinthe energy barrier,
with aminimum change detected on the order of ~15 peV (Supplemen-
tary Note5). To clearly detect such asignal, the measurement has tobe
performed at millikelvin temperatures to reduce the thermal noise.

Chirality-sensitive tunnelling differential
conductance

The explanation provided above naturally raises the question of how the
observed signal depends onthe incoming light polarization, since the
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Fig. 3| Chirality-dependent tunnelling current response. a, Magnetic field
dependence of the tunnelling current (/;c) measured at V;= -6 Vand 250 pW
of laser power for the 5L device. The signal is shown for different excitation
chiralities (linearly polarized (LP), and left- and right-handed circularly
polarized). The current observed at a positive (negative) magnetic field
foro_(o,)is equivalent to the linearly polarized response. This allows us to
electrically detect the chirality of light at a given magnetic field in an originally
achiral system. The asymmetry is caused by the Zeeman splitting of the

hBN bands, which now presents a different energy barrier height for different
spin populations in the InSe layer, thereby favouring one population

when the respective energy barrier is lowered. b, Tunnelling differential
conductance (Gypc) can be extracted for different InSe layer numbers and
multiple devices, showing that the observed signal is independent of the

InSe layer number. Two examples are shown: 3L (blue) and 5L (red). Interestingly,
the tunnelling differential conductance increases linearly with the magnetic
field, and a total value of around 5% is obtained at +5 T and 150 uW. The errors
plotted are the standard deviations of the conductance values within the
specified intervals.

proposed mechanismrelies on spin-polarized bands to either enhance
or reduce the tunnelling process. InSe has indeed been shown to pos-
sessopticalselectionrules thatenable coupling between chirality and
spin, similar to valley physicsin transition metal dichalcogenides®*
(Supplementary Note 3). To investigate such a coupling, we excite
with circularly polarized light (0, and 0_) and record the tunnelling
current change as afunction of the magnetic field. AsshowninFig.3a,
the tunnelling current shows an asymmetric behaviour. Specifically,
the current increases for a positive (negative) magnetic field under
o_(o,) light polarization. The signal recorded at a positive (negative)
field under o_ (0,) excitation matches well with the signal measured
under linearly polarized light. This suggests that specific spin-polarized
bandsare available as the final states for carriers tunnelling from InSe.
Moreover, changing the chirality of the incoming light and keeping
the magnetic field fixed produced a detectable tunnelling differential
conductance, whichallowed us to electrically detect light chirality. We
note that the system under study does not possess any intrinsic spin
polarization*®* nor chirally selective molecules** or lattice structure’.
To the best of our knowledge, this is the first material showing such a
chirality-sensitive effectinthe absence of a pre-existing state of broken
time-reversal symmetry.

We can further quantify the tunnelling differential conductance
for different thicknesses of InSe as a function of the magnetic field, and
the results are shown in Fig. 3b. The recorded tunnelling differential
conductance showsatrend thatisindependent of the InSe thickness,
consistent with the g-factor quenching in InSe multilayers. Such a
signalincreaseslinearly for both magnetic field polarities and reaches
avalue of -6% at a magnetic field of +5 T and 150 pW. To clarify, since
the VBM of 3L InSe does not shift on the application of a magnetic
field (negligible g,; Fig. 2e), the excitation generates carriers that can
populate any of the six energy-degenerate valleys across the 3L InSe
Brillouinzone hosting negligible spin expectation values, S, = O (Sup-
plementary Fig. 5¢). This is in strong contrast to the monolayer case
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Fig.4|Observation of hole spin accumulation at the band edge. a, Degree of
polarization (DOP) for positive and negative magnetic fields (+5 T), defined as
6;1 = oy —lo )/ (s, +15_), where I (Igi )represents the current recorded
under circularly polarized excitation o_(o,) for positive magnetic fields and
circularly polarized excitation o, (¢.) for negative fields. Two regimes can be
identified, with alow-power regime characterized by a constant DOP and a
high-power regime characterized by a linear increase in the DOP as the laser
power is increased (on alogarithmic scale). A vertical dashed grey line shows the
division between the two regimes. The mechanism responsible for the
observation of this phenomenon was predicted almost a decade ago®, and
demonstrated here. b, Spin-polarized hole accumulation mechanism for
monolayer InSe as discussed in the literature®®, and revised for clarity. A spin-up
electron s excited from the lower valence band to the CB, and it decays by
recombining with a hole in the upper valence band with the same spin. As aresult,
oppositely polarized holes willaccumulate in the upper valence band on
recombination. This effect causes anincrease in spinaccumulation, which

B,>0

hBN

ML InSe

follows the trend observed in this work. ¢, Spin-polarized hole accumulation
mechanismin multilayer InSe (ML InSe). In this scenario, a positive out-of-plane
magnetic field (B, > 0) causes the spin-up band of hBN to shift upwardsin energy,
reducing the energy barrier height for the spin-up carriers tunnelling from InSe.
Thus, aspin-polarized current contribution is added to the unpolarized part,
leading to the differential tunnelling conductance discussed in Fig. 3b. The upper
valence band hosts carriers with spins lying prevalently in plane (orange arrows),
causing the out-of-plane spin polarization to be reduced in our experiments.
Importantly, since the spin accumulation is along the out-of-plane direction, the
points neighbouring the VBM are responsible for such a spinaccumulation to
occur. Owingto the suppressed S, and low g-factor at those points, the spin
accumulation is rather modest, reaching ~-10% at +5 T. However, the ability to
detect such a small spin polarization represents a remarkable result that is
allowed by our method. Moreover, the observed spin polarization values follow
the trend described by the theory®®, confirming the physical origin of the
observed phenomenon.

that exhibits three valleys displaying spin-up-favoured states and the
other three valleys having spin-down-favoured states*. Moreover,
although the optical selection rules for in-plane polarized light are
present in 3L InSe (Supplementary Note 3 shows the group theory
analysis), the optical spininjection of holes is not an efficient mecha-
nism mainly because S, is strongly suppressed owing to the absence of
amirror plane. Consequently, the scattered holes that directly accom-
modate at the VBM willinherit astate of S, = 0. However, the presence
of a spin-selective favourable state in hBN, due to the Zeeman shift,
leads to the emergence of a spin-polarized current in addition to the
unpolarized component. This spin-polarized current is responsible
for the observed tunnelling differential conductance under chiral
excitation (Fig. 3b).

Tunable spin-polarized hole currents
Tobetter understand the observed emergent phenomenon, we perform
magnetic field measurements of the tunnelling currents with different
incoming light polarization and different excitation powers. We can
define the degree of polarization for positive and negative magnetic
fieldsas 65 = (I, —1,,)/(l,, +1,_), where I,_(I, ) represents the cur-
rentrecorded under circularly polarized excitation o_(o,) for positive
magnetic fields and circularly polarized excitation g, (0_) for negative
fields. The resulting degree of polarization of the tunnelling current
is shown in Fig. 4a for both field polarities. The limited magnitude of
6, is explained by the out-of-plane spin polarization quenching in
multilayer InSe. Spin-polarized hole currents can be successfully gen-
erated and measured in this configuration, marking the first observa-
tion of spin-polarized hole transport in metal monochalcogenide
materials.

Interestingly, two regions with different trends can beidentified.
A low-power regime characterized by a roughly constant signal and
a high-power regime in which the signal exhibits linear growth with
respect to the laser excitation power when plotted on a logarithmic

scale. The low-power regime can be understood in terms of the Zee-
man splitting discussed above, where the polarization degree results
from the efficient tunnelling of spin-polarized carriers due to energy
barrier height considerations.

Onthe contrary, withanincreaseinthe laser power, eventhough
the energy barrier height remains constant at a given field, the spin
polarizationincreases up to almost +£15%. Since the carriers excited at
higher laser powers primarily influence the magnitude of the effect
without changing the tunnelling mechanism in this material, we can
interpret this result as a phenomenon that generates out-of-plane
spin-polarized carriers at the VBM with increasing excitation power.
Since the lowest CB and highest VB are connected by asizable 7r, optical
matrix element, linearly polarized luminescence canbe emitted along
the in-plane direction on the radiative relaxation of electrons to the
upper valence band*. The spin-conserving nature of this direct inter-
band transition allows the accumulation of holes with opposite spin
polarizationat the valence band edge (Fig. 4b). In Fig. 4c, we show the
schematicinvolving multilayer InSe. In this scenario, the out-of-plane
spincomponentat the VBMis suppressed, leadingto areduced value
of spin polarization with respect to the monolayer case. Importantly,
such an out-of-plane spin accumulation is allowed in the VBM neigh-
bouring points and can contribute to the observed signal (Supplemen-
tary Note 3). Onthe application of a positive (negative) magnetic field,
the spin-up (spin-down) band of hBN shifts upwardsin energy, reduc-
ingthe energy barrier height for the tunnelling process of holes at the
VBM for a specific spin population. Such a spin polarization mecha-
nism at the VBM of InSe at increasing laser powers was theoretically
predicted almost a decade ago?®. However, it has remained elusive
until now, primarily because of the challenges in generating hole cur-
rents for spin transport measurements at the valence band edge in
this class of materials. In our approach, the exponential nature of the
tunnelling mechanism provides us with the means to attain a
detectable signal.
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Outlook

The coupling between the chirality of light and spin is one of the
most intriguing phenomena currently investigated in the area of
condensed-matter physics. The possibility of engineering material
platforms that exhibit chirality-dependent effects holds great promise
for applications in the area of bioengineering and light-matter inter-
action in optoelectronic devices. In this work, we have investigated
the magnetic field dependence of the tunnelling currents arising at
the Van Hove singularity in few-layer InSe and their dependence on
laser power and the chirality of light. By leveraging the exponential
nature of the tunnelling current signal with respect to the energy bar-
rier change and the negligible g-factor at the VBM of InSe along the z
direction, we observed an uncompensated Zeeman shiftin the valence
spinbandsin hBN. This allows us to determine the g-factor of holes in
both hBN and InSe.

When subjected to linearly polarized light excitation, the vari-
ation in tunnelling current with the applied magnetic field exhibits
symmetry. By contrast, when circularly polarized light is used, a tun-
nelling differential conductance becomes apparent. This intriguing
observation enables us to electrically detect the chirality of lightina
system that was initially achiral, marking asignificant departure from
previous reports'®**** Finally, our study confirmed a long-standing
theoretical prediction by demonstrating anincrease in spin polariza-
tion at the valence band edge under high laser powers?.

Our approach, utilizing tunnelling currents in few-layer InSe,
showcases exceptional sensitivity to the energy barrier change and
establishes a robust foundation for the investigation of spin physics
andemergent phenomenain metal monochalcogenidesinthe presence
of amagnetic field. Our devices demonstrate high reproducibility and
potential for manufacturing, clearing the path for future investigations
into chirality-dependent phenomena within field-effect structures
based on two-dimensional materials®. Our results are expected to
motivate further scientific exploration, fostering a deeper under-
standing of chirality-dependent phenomena and light-matter inter-
actions in flat-band systems. Moreover, these findings hold promise
for various technological applications, enriching the landscape of
strongly correlated phenomena, and emergent physics in van der
Waals heterostructures.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41563-024-02067-9.
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Methods

Device fabrication

The materials used throughout this work were purchased from NGS
(graphene) and HQ Graphene (InSe). The heterostructures were
assembled by the traditional pick-up transfer technique as done in
our previous works?, after the exfoliation of building blocks on SiO,
and polydimethylsiloxane. The entire fabrication process was per-
formed inside an argon-filled glove box (inert) to avoid any material
degradation. The electrodes are fabricated by electron-beam lithog-
raphy and electron-beam metal evaporation (2 nm/100 nm Ti/Au).
The hBN flakes are selected to be within 18 nmand 30 nm as the thick-
ness range, and the exact thickness is measured by AFM. For the 3L
and 5L devices, the hBN thicknesses are determined to be 18 nm and
25 nm, respectively.

Optical and electrical measurements

All the measurements shown in this work are carried out at 100 mK
insideadilutionrefrigerator (Oxford Instruments), whichis equipped
with a vector rotator magnet that allows us to perform magnetic
field measurements. The system is designed with a custom-made
window that allows us to perform optical measurements at the base
temperature, together with the transport measurements and moni-
toring the vacuum level. The excitation is performed by focusing a
continuous-wave laser on aspot of about 1 pm diameter on the sample.
The wavelengths used vary depending on the sample since the band-
gap changes sensibly for different thicknesses of InSe. In particular,
the above bandgap excitations are used, withA = 648 nmand 532 nm,
for SL and 3L InSe, respectively. The incident power was varied from
1uWto300 pW for power dependence measurements (Fig. 4). Trans-
port measurements were carried out at 80 mK with a Keithley 2636
source meter.

First-principles calculations

We conduct an assessment of the electronic, spin and orbital char-
acteristics of InSe and hBN utilizing density functional theory. Our
analysis uses the all-electron full-potential linearized augmented
plane-wave methodology within the WIEN2k code*. In this investiga-
tion, we apply the Perdew-Burke-Ernzerhof*” exchange-correlation
functional and incorporate van der Waals corrections through the
D3 scheme*®, The wave-function expansion takes orbital quantum
numbers up to 10 into consideration, with a plane-wave cut-off set
at 8 times the smallest atomic radii. Spin-orbit coupling is fully rela-
tivistically considered for the core electrons, whereas the valence
electrons are treated with a second variational procedure*, with the
scalar-relativistic wave functions calculated within an energy window
up to S Ry. Self-consistency is achieved with convergence criteria of
10 e for charge and 107° Ry for energy. We utilize a two-dimensional
Monkhorst-Pack k-grid with 15 x 15 (15 x 15 x 5) points for trilayer y-InSe
(hBN).Inthe case of asingle InSe layer, we adopt the lattice parameters
available from the Computational 2D Materials Database®’, where
the in-plane lattice constant is 4.074 A, the layer thickness is 5.3673 A
and the In-In distance is 2.81425 A. Interlayer distances for y-InSe
are determined through energy minimization, resulting in a van der
Waals gap 0f2.923 A or 8.29 A if measured from the middle of the mon-
olayers, consistent with previously calculated values of 8 A (ref. 13).
A20 Avacuumregionisincluded for the y-InSe system to prevent slab
interactions. For bulk hBN, we utilize the lattice parameters from the
Materials Project database®, where the in-plane lattice parameter is
2.512 A, and the unit cellin the out-of-plane direction measures 7.707 A.
The calculations for orbital angular momenta are based on the fully
converged summation-over-bands approach™ >,

Data availability
The datathat support the findings of this study are available from the
corresponding author upon reasonable request.
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