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Ferromagnetism in van der Waals systems with diverse spin arrange-
ments opened a pathway to use proximity magnetic fields to activate
the properties of materials that would otherwise require external
stimuli. Herein, we demonstrate this concept by creating heterostruc-
tures comprising a bulk CrCls antiferromagnet with in-plane easy-axis
magnetization and a monolayer (ML) WSe, semiconductor. Photo-
luminescence and magnetic force microscopy techniques were per-
formed to reveal the interaction between the relevant layers in the
WSe,/CrCls heterostructures (HSs). The quenching of the WSe, emis-
sion is apparent in the WSe,/CrCl; HSs due to an efficient charge
transfer process enabled by the relative band alignment within the
structures. Moreover, we demonstrate that at specific spatial locations
in the structures, the magnetic proximity effect between the WSe, ML
and the CrCl; bulk activates dark exciton emission within the WSe,
ML. The dark exciton emission in the WSe, ML survives to a higher
temperature than the intraplane Curie temperature (T¢) of the CrCls
because of its elevated T¢ in the strained regions of the CrCl; layer.
Our findings are relevant to the development of spintronics and
valleytronics with long-lived dark states on technological timescales,
as well as to sensing applications of local magnetic fields realized
simultaneously in multiple dimensions.

Introduction

The technology of van der Waals (vdW) assembly instigated a
shift from controlling the material properties via external
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New concepts

Dark excitons in monolayer semiconductors are technologically relevant
spin states due to their long radiative lifetimes in MHz ranges and
extended spin coherence. So far, the emission of the dark states has
been achieved exclusively via the application of external in-plane mag-
netic fields driven by spin mixing occurring between K" and K~ valleys. In
this work, we realized a new concept of activating the dark excitons
intrinsically in heterostructures comprising an antiferromagnet with an
in-plane easy spin axis. Therefore, our approach shifts the focus of
enabling new material functionalities from externalities to the rational
material heterostructure design. We demonstrated that multiple effects
occur concurrently in the created interfaces between a monolayer semi-
conductor WSe, and an antiferromagnet CrCl; at the nanoscale: (1) spin-
selective charge transfer, (2) activation of dark excitons due to in-plane
proximity magnetic field, and (3) modulation of the fine structure
splitting via Zeeman effect. Based on these findings, we propose that
our CrCl;/WSe, heterostructure can act as a multidimensional sensor of a
magnetic field.

methods toward intraheterostructure functionalities. Interfa-
cial effects play an important role in material design, since the
proximity of materials with vastly different structural, chemical,
optoelectronic, or magnetic properties activates novel pheno-
mena and provides control knobs for fundamental excitations.
Notable examples include Hall magnetometry in a metal that
detects the magnetic state of an adjacent layer," charge tunnel-
ing in vertical heterojunctions,” or electronic and/or excitonic
spin polarization induced by spin splitting in the presence of a
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proximity magnetic field (PMF).>® In the domain of two-
dimensional materials, it was demonstrated that interfacing a
monolayer (ML) of semiconducting transition metal dichalco-
genide (S-TMD), e.g. WSe,, with a layered ferromagnetic mate-
rial, e.g. CrBrz, can drastically modify the optoelectronic
properties of the ML.*”"7 Although the number of materials
that could strongly interact with each other at the interface is
immense, we only know a sparse representation of assembly
rules leading to functionalities created via such a methodology.

Herewith, we demonstrate that the proximity between a
CrCl;'*? antiferromagnet with an in-plane easy-axis magneti-
zation and a non-magnetic WSe, ML semiconductor leads to
two distinct effects. The first one results in the quenching of
the WSe, emission due to an efficient charge transfer process
enabled by the relative alignment of the bands within the
structures. The second one reveals a brightening of dark
excitons without the application of an external planar magnetic
field. The transparency of CrCl; crystal in the energy range of
the excitonic resonances in WSe, ML, combined with the
encapsulation with hexagonal boron nitride (hBN), enabled
inspection of the photoluminescence (PL) spectra measured
in the series of the WSe,/CrCl; heterostructures. The formation
of the structures results in quenching of multiexcitonic emis-
sion in WSe, ML,>*” driven by a charge transfer process
enabled by the relative band alignment within WSe,/CrCl;
heterostructure, which was confirmed by theoretical calcula-
tions. At specific locations in the structures, we observed the
formation of PL spectra dominated by two narrow resonances,
which were ascribed to the gray and dark exciton states in the
WSe, ML.

The relative contribution of the dark exciton state to the gray
exciton emission allowed us to estimate the in-plane compo-
nent of the magnetic field, while the fine-structure splitting of
the gray/dark excitons, modified by the Zeeman effect, provided
an accurate value of the out-of-plane component. Our analysis
demonstrated that at the locations of the strongest enhance-
ment of the gray and dark exciton states, there existed a canted
magnetization in the degree range of 10°-30° with respect to
the WSe, ML, which we attributed to the three-dimensional
topography structures naturally appearing at van der Waals
interfaces. Such topography structures and their associated
magnetic response were visualized by a combination of atomic
and magnetic force microscopy.*® Although CrCl; is established
to be characterized by in-plane intralayer magnetization with
the Curie temperature (T¢) of about 17 K,* the presence of
out-of-plane orientation of the CrCl; magnetization with the
Tc ~ 40 K is revealed on the deformed region of the CrCl; flake
using the magnetic force microscopy (MFM).

Inspection of the optoelectronic properties of hBN/WSe,/
CrCl;/hBN heterostructures demonstrates that the technologi-
cal advantages of gray and dark excitons could be intrinsically
accessed through material design. This was possible through
a synergistic design of vdW interfaces, combining proximity
fields from an antiferromagnet, charge transfer through the
relative band alignment, and suppression of dielectric inhomo-
geneities provided by an atomically flat insulator.
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Results

We inspected the optical response of three hBN/WSe,/CrCl,/
hBN heterostructures (HSs), referred to as HS1, HS2, and HS3,
created via mechanical exfoliation and stacking of consecutive
layers. HS1 and HS2 were fabricated using the same procedure,
so there is no significant difference between them, whereas
HS3 was produced using the same methodology with the
addition of a 2 nm hBN spacer between CrCl; and WSe, layers
(see the Methods section for details). The hBN encapsulation
enables inspection of spectrally narrow resonances, character-
ized by various charge states, spin/subband contribution, and/
or phonon-replicated resonances, that form a family of exci-
tonic species within WSe, ML.**** The detailed characteristics
of the excitonic response are unveiled at low temperature and
are strongly dependent on the HS architecture. In our designs,
the overlap of consecutive layers in HS creates three types of
hBN-encapsulated areas: hBN/CrCl;/hBN, hBN/WSe,/hBN, and
hBN/WSe,/CrCl;/hBN. This allows us to study the optical
response of individual materials and HS in a comparative
manner. The corresponding low-temperature (7 = 5 K) PL
spectra measured on HS1 are presented in Fig. 1.

The PL spectrum of the CrCl; flake shows a broadband
optical response distributed from about 1.25 eV to almost
1.60 €V, which is similar to those previously reported.*® This
type of emission is typical for Cr-based trihalides of the
chemical formula CrX; (X = Cl, Br, I) due to the emergence of
Frenkel-type excitons.*’** CrX; emission spectra can be inter-
preted in the regime of large Huang-Rhys factors when con-
sidering a one-dimensional Franck-Condon model.** This
means that the oscillator strength for the zero-phonon line is
negligible, while the series of its phonon®* replicas form a
broad emission band. The PL spectrum for encapsulated WSe,
ML displays several emission lines that have been attributed
to recombination pathways of different excitonic species.?*™’
The detailed attribution of all emission lines is described in
Section S1 of the ESI, T while here we focus on the two emission
lines of interest that drive the functionality of our HS. These
two resonances, denoted X® and X°, are attributed to neutral
bright and gray excitons composed of carriers from the K*
points of the Brillouin zone (BZ),**® respectively.

For the hBN/WSe,/CrCl;/hBN HS2, which PL spectra are
analyzed in Section S2 of the ESI,¥ we observed a quenching
of the total spectrally-integrated PL intensity from the WSe, ML
by a factor of about 18. The quenching is so robust that the
WSe, PL signal from the majority of the WSe,/CrCl; HS area is
negligible. Furthermore, the shape of the PL spectra measured
on the hBN/WSe,/CrCl;/hBN HS2, formed by single broad
peaks centered at about 1.7 eV, is completely different from
the one of WSe, ML, compare Fig. S2 and S3 in the ESL The
variations in the optical response of WSe, ML under different
environmental conditions were visualized using spatially-
resolved emission mapping realized on hBN/WSe,/hBN/CrCl,/
hBN HS3 as illustrated and discussed in Sections S3 and S4 of
the ESL.{ In the HS3, the hBN spacer was added between the
WSe, and CrCl; layers, which is partially present within the HS

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Photoluminescence spectra of three structures: hBN/CrCls/hBN with thick CrCls flake (blue), a hBN/WSe,/hBN with WSe, monolayer (red) and
heterostructure hBN/WSe,/CrClz/hBN (green) measured on the sample referred to as HS1 at low temperature (T = 5 K), using excitation energy 2.41 eV
and laser power of 15 W. The spectra are vertically shifted or multiplied by the scaling factor for clarity. The inset in the top-left corner shows the
schematic side view of the sample with the indication of consecutive layers. The inset in the central part of the figure demonstrates the optical image of
the heterostructure. The outlines for the individual flakes are added as a guide for the eye. The colored dots in the optical image indicate spatial positions
corresponding to the photoluminescence spectra of different material configurations.
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Fig. 2 The element-projected band structure of (a) WSe, monolayer, (b)
CrClz ML, and (c) WSe,/CrCls heterostructure. The atomic projection is
color-coded as follows: W (blue), Se (red), Cr (light-blue), and Cl (light-
green). In the heterostructure (HS) case, the lattice of WSe, monolayer was
stretched to match the Brillouin zone high symmetry points between both
materials for ease of comparison.

area, providing a varied degree of the WSe, and CrCl; inter-
facial coupling in the same sample. To understand the mecha-
nism behind the quenching of the WSe, PL intensity that
occurred most robustly in the case of the direct WSe,/CrCl;
interface, we investigated the relative band alignment between
bulk CrCl; and WSe, ML through density functional theory
(DFT) at the level of single-particle PBE functional (see the
Methods section for computational details). Atom projected
band structures for WSe, ML, CrCl; ML, and CrCl;/WSe, HS are
presented in Fig. 2. The direct band gap at the K point of the
BZ for WSe, ML was reproduced in our calculations with the
electronic states around the band edges composed mainly
of the d-type orbitals of tungsten. Spin-orbit splitting of the

This journal is © The Royal Society of Chemistry 2025

maximum of the valence band was found from first principles
to yield 469 meV, consistent with previous calculations using
the same level of functional.*’

In the case of CrCl;, the edges of the electronic bands are
predominantly composed of the d-type orbitals of the chro-
mium atoms. Due to the atomic localization of the excitons and
consequently weak confinement effects, calculations were done
for CrCl; ML. The nearest-neighbor Cr-Cr spin exchange
results in significant splitting of the opposite spin subbands,
arising from the ferromagnetic nature of CrCl;. The magnetic
moment per Cr atom, responsible for the emergence of net
magnetization, was calculated to be equal to 3.0 up (up is the
Bohr magneton).

The formation of CrCl;/WSe, HS and the inspection of its
electronic properties using DFT methods are non-trivial, as
the materials exhibit a large difference in lattice constant.
Therefore, in terms of the absolute values of the momentum,
the K points in both materials are strongly displaced. However,
since the CrCl; bands are flat given the strong contribution of
the d-type orbitals of the heavy transition metal atoms, the
momentum mismatch does not lead to significant energy
modifications in plausible charge transfer processes. There-
fore, we have stretched the WSe, lattice to achieve comparable
unit cells for ease of comparison. Under such assumptions,
we obtained a band structure of WSe, ML and CrCl; ML HS, see
Fig. 2(c). The relative position of the band edges is determined
by the difference in work function that characterizes both
materials individually. We have calculated that the work func-
tion is equal to 6.17 eV for bulk CrCl; and 5.10 eV for WSe,
ML. Therefore, based on our calculations and determined
work functions, the HS exhibits a type-II band alignment.

Nanoscale Horiz., 2025, 10, 2465-2474 | 2467
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Specifically, the occupied valence band of CrCl; lies below the
valence band of WSe, ML, while the unoccupied conduction
band of CrCl; is positioned above the valence band of WSe, ML,
within the band gap of WSe,. From this result, we expect a
tendency to transfer electrons from WSe, to CrCl;. Indeed, from
the band structure of the CrCl;/WSe, HS, we can observe that
the spin-up conduction band edge in CrCl; is located within the
top of the ML WSe, valence band. Such an arrangement of the
subbands leads to depopulation of the WSe, valence band in
favor of doping the CrCl; conduction band, preventing intra-
WSe, optical excitations. Photoexcited electron-hole pairs
involving higher-energy subbands are also likely to undergo
recombination/relaxation through channels involving states in
CrCl; at a level of excited and ground exciton states. Therefore,
we associate the observed quenching of PL in ML WSe, with the
charge transfer from WSe, to CrCl;.

As vdW interfaces are rarely perfect, we can identify indivi-
dual scarce locations at examined HSs, when quenching is
notably suppressed. At these particular locations, the character
of the WSe, ML spectrum is drastically altered, compared to the
typical PL measured in the HS (compare Fig. S2 and S3 in the
ESIT). The PL spectrum becomes dominated by a single reso-
nance at an energy of 1.68 eV, akin to the PL spectra observed in
a large in-plane magnetic field.*> The emission energy and
linewidth of this resonance in WSe,/CrCl; HS is the same as in
WSe, ML encapsulated in hBN inspected in previous reports,
demonstrating that the WSe, ML in the hBN/WSe,/CrCl;/hBN
HS remains unstrained. Therefore, we conclude that the origin
of this type of spectra is related to the features of interfacial van
der Waals topography, such as bubbles or wrinkles occurring in
the CrCl; layer, which can lead to the suppression of the
efficiency of the charge-transfer mechanism. We attribute the
narrow resonance to the neutral gray/dark excitons state (X%/°)
activated by the in-plane component of the PMF from the
planar ferromagnet.

To verify our attribution of the X®® line, we performed
polarization-resolved measurements of the two similar X"
lines identified for HS1 and HS2. Fig. 3(a) and (b) show the
PL spectra of the X%® lines recorded for two orthogonal linear
polarizations. The energy of the X*/° resonances differed by 5.4
meV between the HS1 and HS2 samples, consistent with the
variation in the gray/dark excitons energy reported in the
literature.>>"” This difference can be ascribed to the modifica-
tions in excitonic energy in S-TMD ML originating predomi-
nantly from the inhomogeneities of the dielectric environment,
in particular the thickness of the surrounding layers: bottom
hBN flake and top CrCl; flake.*® We found that the X%/ line is
characterized by two linearly polarized components. It is
important to point out that the polarization properties of the
X%P lines shown in Fig. 3(a) and (b) are different. The angles
between the X° and X© signals differ for HS1 and HS2,
respectively. The absolute values of the polarization angles
depend on the alignment of the optical setup with respect to
the orientation of the WSe, flake. Notably, the difference
between the two components equaled exactly 90°, providing
information about the orthogonal alignment of the two linearly

2468 | Nanoscale Horiz., 2025, 10, 2465-2474

View Article Online

Nanoscale Horizons

(a) T T — (b) T

—1.4rHSH xo 101 40fHS2 5O —0°

— 200° —90°

%_1 27 \ 1 %_35 r XG

o 1.0¢ "\ xe 1 030}

0 0.8t : j ®n25¢

C C

§ 0.6} : § 2.0t :

04 7 | 1.5¢ !

o o2l ] 1 3 0 1.0 kA ) : ] ) 1

1.680 1.683 1.686 1.683 1.686 1.689 1.692
Energy (eV) Energy (eV)
©16ss0fhsT. o 1@  Hs2)
~700 peV
0 90 180 270 360 0 90 180 270 360

Detection angle (°) Detection angle (°)

Fig. 3 Low temperature (T = 5 K) photoluminescence spectra of the gray/
dark exciton resonance (X%'°) recorded for two orthogonal linear polari-
zations measured for two hBN/WSe,/CrCls/hBN heterostuctures (HS): (a)
HS1 and (b) HS2. The corresponding linear polarization dependence of the
gray/dark exciton energy is presented for (c) HS1 and (d) HS2 samples. The
solid black curves demonstrate the results of the least square fitting
method using eqn (1).

polarized resonances. Although the gray and dark exciton
peaks, shown in Fig. 3(a), reveal correspondingly partial and
full linear polarizations, in line with the previous results for the
WSe, ML under an in-plane magnetic field,*” the polarization
properties of the analogous features in Fig. 3(b) display almost
full linear polarization. These results can be explained by the
presence of not only the in-plane component of PMF but also
the out-of-plane PMF, which should lead to conversion from
linear to circular polarization of the gray/dark excitons lines
through the intermediate cases characterized by elliptical
polarization (see ref. 32 for details). The estimated out-of-
plane component of the magnetic field in HS2 (see the Discus-
sion section) is larger than in HS1, in agreement with different
polarization properties of the X% lines in both HSs as the
polarization of the X°/® emissions changes from the linear ones
at zero field to the circular ones in high magnetic fields. The
evolution of the X®/® emission energy with the detection angle,
E(0), is shown in Fig. 3(c) and (d). Due to the limited spectral
resolution of our experimental setup, we deconvoluted the PL
spectra shown in Fig. 3(a) and (b) using a single Lorentzian
function. The change in energy as a function of the polarization
angle indicates that the emission line consists of two compo-
nents, which we identify as X® and X". The angle dependence of
the X%'° energy can be analyzed using a formula that reads

E(0) = Eq + Acos®(0 — ¢), 1)

where E, and ¢ are the fitting parameters that describe energy
and phase, while 4 represents the energy separation between
two linearly polarized components of X°/°, The fitted curves are
shown in Fig. 3(c) and (d). The 4 values were 700 + 112 eV for

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) The temperature dependent photoluminescence spectra of the
hBN/WSe,/CrCls/hBN heterostructure (HS2) in range of temperatures 5—
29 K. Spectra were shifted vertically for clarity. (b) The integrated intensity
of the gray/dark exciton X/° resonance is shown as a function of
temperature.

HS1 and 820 + 105 eV for HS2. The polarization dependence
and two-component structure are qualitatively consistent with
previous analysis of the polarization properties of X®® in the
presence of the in-plane magnetic field. However, the value of
the splitting is enhanced in our structures.

To conclude our observations, we verified the origin of the
gray/dark exciton brightening by inspecting the temperature
dependence of its intensity, see Fig. 4(a) and (b). The X%
feature disappears monotonically with increasing temperature
until it is no longer discernible at a temperature of about 30 K.
This obtained temperature is almost two times higher than
the reported Curie temperature characterizing the intraplane
magnetization coupling in CrCl, (17 K*°), which can be attributed
to the strain and/or stacking faults*® in the ferromagnetic layer
instigated by the topography features of the heterostructure.*
This observation is consistent with previous demonstration
of elevated Curie temperature in CrBr; bubbles,> which form
as a result of the heterostructure assembly using polymer
membranes.>? The increase in Curie temperature in CrCl; due
to its inhomogeneity is discussed in detail below. The obser-
vation of the X%/P state constitutes evidence of the presence of the
in-plane component of a magnetic field in the WSe, ML, which in
the HS can only originate from the in-plane magnetization of the
CrCl; layer.

Discussion

The intravalley K exciton composed of carriers that occupy the
edge of the spin-orbit-split bands is characterized by the
opposite spin of electrons and holes in WSe, ML.3%343%53
These kind of bound electron-hole pairs are known as spin-
forbidden neutral dark excitons. The spin-spin exchange inter-
action gives rise to the double (fine) structure comprising the
so-called gray and dark excitons,**® which are qualitatively
different. The gray exciton has an optically active recombina-
tion channel with photons emitted within the plane of the
ML.*> This exciton can be observed in standard out-of-plane
configurations when using objectives with a high numerical
aperture, in the absence of a magnetic field.*>***” The dark

This journal is © The Royal Society of Chemistry 2025
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exciton state is truly optically forbidden, and its activation
requires a magnetic field, which leads to mixing of intervalley
states with opposite spins (out-of-plane configuration of the
applied magnetic field)*® or admixture of bright states into dark
ones (in-plane arrangement of the external magnetic field).*®
Consequently, the oscillator strength is inherited from the
gray exciton or bright exciton, respectively. The exchange inter-
actions give rise to a fine structure energy splitting between the
gray and dark excitons, which are active in mutually ortho-
gonal linear polarizations.****>*°® Qur zero-field polarization-
resolved inspection of the narrow resonance in the CrCl;/WSe,
HS indicates that we observe both gray and dark exciton states.
The temperature dependence performed for the gray/dark
exciton demonstrates that the gray/dark exciton arises due to
the PMF of the CrCl; antiferromagnet. Note that the polariza-
tion and temperature evolutions of the gray exciton emission
in the WSe, ML are described in Sections S5 and S6 of
the ESI,f respectively. Demonstration of the origin of the
modification of the PL spectra of WSe, ML allows us to inspect
the functionalities of the HS in the domain of magnetic field
sensing. Firstly, the presence of the gray/dark exciton requires
a strong in-plane component of the magnetic field, typi-
cally above 1 T. As the intensity of the gray and dark exciton
lines increases with the magnetic field due to enhanced
mixing with the bright state, the ratio of the dark exciton to
the gray exciton can act as an estimation of the field
component.®* Consequently, we estimated the in-plane com-
ponent of the field to yield 2.2 T + 0.6 T for HS1 and 1.3 T +
0.7 T for HS2, based on the comparison with the magnetic
field dependence of the PL spectrum of hBN encapsulated
WSe, ML.*?

Our data also indicate the presence of the out-of-plane
component of the magnetic field within the HS. Gray and dark
excitons constitute two Zeeman-split branches with a zero-field
anticrossing originating from the exchange coupling.***?
Therefore, the evolution of the energy of both resonances in
an out-of-plane magnetic field can be described by the formula:

1
Eajp = Ey %5\ 42+ (gugBL)’, )

where Eg and Ep, are the energies of the gray and dark excitons
corresponding to the + and — signs, respectively. 4 is the zero-
field splitting between the gray and dark excitons, g denotes the
g-factor, and B is the value of the out-of-plane magnetic field.

Using the experimental data reported in the literature for
WSe, MLs encapsulated in hBN flakes, we calculated average
values of A = 637 + 200 eV*>*® and g = 9.4 + 0.4.307323%37:53,59°61
Finally, by reformulating eqn (2), we obtained B, =0.53 &+ 0.12 T
for HS1 and B, = 0.95 & 0.10 T for HS2.

Our methodology of determining the in-plane and out-of-
plane components of the PMFs enables simultaneous sensing
in two dimensions, obtaining the planar and perpendicular
field components with respect to the WSe, ML plane. We found
canted orientations of the proximity field that yield 13.5° £+ 1.1°
for HS1 and 36.1° £ 1.9° for HS2. We expect that our observa-
tions are enabled by topography features in the CrCl; layer,
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Fig. 5 (a) Simplified side view scheme of the CrCls/WSe, heterostructure.
The CrCls flake is denoted by the yellow layer, and the gray and green balls
depict to the W and Se atoms, respectively. The B represents the orienta-
tion of the effective proximity magnetic field propagating from the CrCls
layer to the WSe, ML. §H and §L correspond the decomposition of the B
field into the in-plane and out-of-plane components. (b) and (c) AFM
images of the topography scans of the CrCls/WSe, sample surface
obtained at T = 1.7 K and T = 65 K, correspondingly. (d) and (e) MFM
images of the same area as in (b) and (d), measured at zero magnetic field
with the lifted hight of 200 nm. (f) AFM images of the topography of the
exfoliated CrCls flake where the intraplane Curie temperature was mea-
sured on the bubble, marked by the green circle. (g) Temperature depen-
dence of the magnetic force microscopy (MFM) signal difference extracted
for the bubble marked in panel (f).

based on the analysis of the PL intensity quenching mechanism,
the localized nature of the brightening spots for the gray/dark
excitons, and the canted orientations of the proximity field.
A simplified schematic of the CrCl;/WSe, structure in the vicinity
of the locations with gray/dark excitons’ narrow emissions is
demonstrated in Fig. 5(a). The CrCl; bubble causes substantial
weakening of the quenching effect and simultaneously the bright-
ening effect of the gray/dark excitons owing to both the in-plane
and out-of-plane components of the PMF. The non-zero net
magnetization in CrCl; arises intrinsically in an odd number
of layers, where ferromagnetic monolayers are coupled via
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antiferromagnetic interlayer exchange interactions. The net
magnetization in the absence of an external magnetic field
may be further enhanced due to the presence of commonly
observed stacking faults,*°>"®* which can change the character
of the interlayer coupling from antiferromagnetic to ferromag-
netic. The frequent emergence of the stacking faults is attrib-
uted to minuscule structural energy differences calculated for
different stacking configurations,” which are therefore even
more probable to occur in the presence of perturbed topo-
graphy. The CrCl; bubble areas should be characterized by a
canted magnetization in conjunction with enhanced PMF
values.

Consequently, the observed effect is expected to be restricted
to the specific positions of the investigated heterostructures,
as previously presented. To verify these assumptions, we
inspected the structural topography and spatially resolved
magnetic response of the HS3 using atomic force microscopy
(AFM) and magnetic force microscopy (MFM), respectively. The
results of the imaging are illustrated in Fig. 5(b)-(d). Here, we
focused on a bubble feature characterized by a diameter of
about 2 m, which constitutes a common feature in the topo-
graphy. The estimations of strain based on the curvature of
typical bubbles yield values in the range of 0.03-0.08%, of the
similar order as bubbles investigated previously in CrBr;
films.®® The magnetic signal clearly demonstrated a strong
out-of-plane magnetic field component at the base of the
bubble, where the curvature of the bubble is the largest, while
the interfacial proximity between the antiferromagnet and
semiconductor can maintain the charge transfer mechanism.
Although the topography of the heterostructure is not substan-
tially affected by the change of temperature from 1.7 K to 65 K,
the corresponding magnetic response completely vanished at
T =65 K, see Section S7 of ESIt for details. In order to verify the
influence of the topographic features, we performed detailed
MFM measurements in the sample region characterized by
bubbles. Fig. 5(f) presents the topography of the particular
region measured on the CrCl; flake, where several bubbles of
different sizes are observed. The green circle marks the bubble
chosen for the examination of the MFM signal as a function of
the temperature, which is concluded in Fig. 5(g). The systema-
tic characterization of the magnetic response using the MFM
signal difference is discussed in Section S8 of the ESI.{ Within
the temperature range of 1.7 to 40 K, a decrease in the MFM
signal is clearly observed with no magnetic response detected at
40 K. This confirms previous theoretical calculations®® that the
strain leads to significant growth of the intraplane T value in
CrCl, from 17 K for unstrained material®® to about 40 K, as is
determined for the particular bubble. The discrepancy between
the values of the Curie temperatures obtained using the tem-
perature analysis of the dark/gray exciton emissions (T¢ =~
30 K) and the MFM signal (T¢ ~ 40 K) can be explained in
terms of various geomteries characterizing bubbles within the
same sample. The observed magnetic inhomogeneity at T =
1.7 K and the elevated intraplane Curie temperature found
in the particular bubble confirmed the local character of the
X% emission. These findings explain the rare occurrence of

This journal is © The Royal Society of Chemistry 2025
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gray/dark exciton brightening, which requires an appropriate
combination of magnetic and electronic proximity effects while
maintaining the high quality of the sample manifested as
narrow excitonic lines.

The focal inquiry pertains to the underlying mechanism
responsible for the observed magnetic proximity field. Experi-
mental reports indicate that the strength of magnetic proximity
interactions (MPI) exhibited by an effective magnetic field that
influences S-TMD MLs is typically around 10 T for magnetic
layers with out-of-plane easy-axis magnetization.®*%"? It is well
established that MPI requires a pristine interface between
magnetic and non-magnetic substances. Alternatively, diffuse
magnetic fields can also serve as a source of proximity fields,
however, the effects on charge carriers within the interfaced
semiconductor were found only on the order of tens of mT.*®
Given the measured values of the magnetic proximity field of
about 1 T in both directions strongly suggest the presence of
MPI. These values are an order of magnitude smaller than
those of structures characterized by out-of-plane magnetization
and a clean interface between magnetic and nonmagnetic
materials. On the basis of our AFM and MFM characterization,
we found that the conditions for gray/dark exciton brightening
are most likely met around the perimeters constituting the base
of the CrCl; bubbles, where the angle of magnetic field canting
and strain effects are the largest,”® with minimal electronic
decoupling between the two materials enabling perseverance of
MPI. The last important issue to be discussed is the significant
suppression of the charge transfer effect allowing observation
of the dark exciton emission. As the lifetime of the bright
neutral exciton is only about a few picoseconds and the decay
of the dark neutral exciton extends to hundreds picoseconds,>
the charge transfer should be much more efficient for the
XS emission than for the X® one. This discrepancy can be
explained by two possible effects: (i) the magnitude of the in-
plane MPF is so strong that it brightens the dark exciton
emission similarly to the case of the external in-plane magnetic
field influence reported for the WSe, ML.*> Consequently, the
XS intensity is significantly higher compared to the X®
intensity, resulting in the observation of dark exciton emission.
(ii) the charge transfer between WSe, ML and CrCl; is spin
dependent. The difference between bright and dark excitons in
WSe, ML comes from the different spin orientation of an
electron that forms a given excitonic complex. As can be seen
in Fig. 2, the bands with spin up are characterized by much
smaller energies than those with spin down, which may result
in more favorable charge transfer for X® species than for the X"
ones. Consequently, the charge transfer for the dark complexes
is suppressed, which allows us to observe its emission. Such
spin-dependent charge transfer was recently reported for the
MoSe,/CrBr; heterostructures.'**”

Summary

In summary, we have demonstrated a ferromagnetic proximity
effect within hBN/WSe,/CrCl;/hBN heterostructures, which led to

This journal is © The Royal Society of Chemistry 2025
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the development of multidimensional detection of magnetic fields
by inspection of a gray/dark exciton state. A photoluminescence
quenching mechanism via intermaterial charge transfer enabled
us to isolate individual locations within the heterostructure,
where the spectra are dominated by a brightened gray/dark
exciton state under zero-external-field conditions. The appear-
ance of the out-of-plane orientation of the CrCl; magnetization
with the elevated intraplane Curie temperature of 40 K was
established on the distorted region of the sample using the
magnetic force microscopy. This finding unlocks the potential
opportunity to control the Curie temperature using topography
features and to utilize long-lived gray and dark states for
synergistic optoelectronic and sensing applications via design
of quantum material heterostructures.

Methods

Samples

The CrCl; and WSe, crystals, used for the preparation of the
investigated samples, were purchased from HQ graphene. Thin
CrCl; and monolayer WSe, flakes were exfoliated directly on
285 nm SiO,/Si substrates in an inert gas glovebox (0, <
1 ppm, H,O < 1 ppm). Then we used a poly (bisphenol A
carbonate)/polydimethylsiloxane stamp on a glass slide to pick
up thin hBN with thickness below ~10 nm, ~10-20 nm CrCl;,
monolayer WSe,, 50 nm hBN at 80 °C with the assistance of the
transfer stage in the glove box. The hBN encapsulation limited
the degradation of CrCl; layers.®® Moreover, we intentionally
placed the WSe, ML directly on the bottom hBN layer in order
to obtain high quality layer and spectrum of the WSe, ML. This
approach is based on the well-established observation that the
hBN encapsulation improves the quality of TMDs ML.®”"%°
Finally, the stack was released on a fresh silicon substrate
without additional layers of oxides. The HS1 and HS2 structures
are characterized by the same stacking order (from bottom to
top) hBN/WSe, ML/CrCl;/hBN. The sample studied in the MFM
experiment, i.e. HS3, was modified compared to the above ones
by adding an extra thin hBN spacer between CrCl; and WSe,
ML, hence the structure was deposited on etched silicon with
enhanced roughness. Due to the used exfoliation procedure,
the thicknesses of the bottom and top hBN flakes and CrCl;
can be subjected to variation up to a single tens of nanometers.
The thicknesses of the flakes were first identified by optical
contrast and then more precisely measured with an atomic
force microscope.

Photoluminescence experiments

PL measurements were performed with the samples placed on a
cold finger of a continuous-flow cryostat. Measurements were
taken at a low temperature of 7 = 5 K and as a function of
temperature from 7= 5 K to 60 K using a 4 = 515 nm (2.41 eV)
diode laser. The excitation light was focused by means of a
50x long-working-distance objective with a 0.55 numerical
aperture (NA) producing a spot of about 1 um diameter. The
signal was collected via the same objective (back-scattering
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geometry), sent through a 0.75 m monochromator, and then
detected using a liquid nitrogen-cooled charge-coupled device
(CCD). The polarization-resolved PL spectra were analyzed by a
motorized half-wave plate and a fixed linear polarizer mounted
in the detection path.

Atomic and magnetic force microscopies

AFM and MFM were performed using an attocube attoDRY
2100 closed-cycle cryogenic microscope with a base tempera-
ture of 1.7 K, equipped with a 9 T superconducting magnet.
Nanosensors PPP-MFMR silicon probes with magnetic CoCr-
coating, spring constant k = 2.8 N m™ ', and resonance fre-
quency of ~75 kHz was used. Prior to the measurements,
the probe was magnetized at room temperature using a neo-
dymium magnet. In the MFM data, magnetic contrast was
observed in both tapping and non-contact lift modes in the
phase signal at 1.7 K. In the non-contact regime, the cantilever
was held at a constant height (lift) from 50-500 nm depending
on the type of experiment. To take into account the topography
of the sample surface, MFM measurements were conducted in
dual pass mode.

Theoretical calculations

Our calculations are based on DFT using the PBE functional
implemented in the Vienna Ab Initio Simulation Package
(VASP).”7* The interaction between valence electrons and
ionic cores is described within the projector augmented
(PAW) approach with a plane-wave energy cutoff of 500 ev.”
Spin polarization was included in all calculations. Dispersion
forces were accounted for in our calculations using the Grimme
DFT-D2 method.” At this level, the interlayer spacing between
CrCl; and WSe, was optimized to be 3.51 A. The lattice constant
for CrCl; and WSe, is 6.06 A and 3.17 A, respectively. Due to the
lattice mismatch between the crystals, a large moiré period
should be expected for the interfaces of the two materials. The
simulation of such full-scale moiré heterostructure generally
exceeds the ability to perform DFT calculations due to the
large supercell and computational consumption. Herein, we
constructed the CrCl;/WSe, heterostructure by combining a
(1 x 1 x1)CrCl; and a (2 x 2 x 1) WSe,. The BZ was sampled
using a (7 x 7 x 1) Monkhorst-Pack grid. A 20 A vacuum space
was used to avoid interaction between neighboring layers.
In structural energy minimization, the atomic coordinates are
allowed to relax until the forces on all atoms are less than
0.01 eV A™". The energy tolerance is 10™° eV.
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