Effect of spin-dependent tunneling in a MoSe,/Cr,;Ge;Tes van der Waals
heterostructure on exciton and trion emission
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We study van der Waals heterostructures consisting of monolayer MoSes and few-layer CraGesTeg
fully encapsulated in hexagonal Boron Nitride using low-temperature photoluminescence and polar

magneto-optic Kerr effect measurements.

Photoluminescence characterization reveals a partial

quenching and a change of the exciton-trion emission ratio in the heterostructure as compared to
the isolated MoSez monolayer. Under circularly polarized excitation, we find that the exciton-trion
emission ratio depends on the relative orientation of excitation helicity and CroGesTeg magnetization,
even though the photoluminescence emission itself is unpolarized. This observation hints at an
ultrafast, spin-dependent interlayer charge transfer that competes with exciton and trion formation

and recombination.

I. INTRODUCTION

In recent years, two-dimensional (2D) crystals and van
der Waals (vdW) heterostructures [1] consisting of differ-
ent 2D crystals have been one of the most active fields
in solid-state research. Besides graphene, the semicon-
ducting transition metal dichalcogenides (TMDCs) such
as MoSey have garnered a lot of research attention. This
is due to their exciting electronic and optical properties.
In the monolayer (ML) limit, they become direct-gap
semiconductors [2] with a peculiar band structure leading
to spin-valley coupling [3]. These properties make them
potentially interesting for spintronics [4] and valleytron-
ics [5], where information is encoded in the spin or valley
degree of freedom of carriers, instead of their charge. In
ML TMDC s, the optical selection rules allow generation
of a coupled spin-valley polarization of excitons using
circularly polarized excitation, and the excitonic valley
polarization degree can be read out directly in helicity-
resolved photoluminescence (PL) measurements [6, 7].
Depending on the specific TMDC material, this mech-
anism for generating a valley polarization can be very
effective and robust, even for highly nonresonant excita-
tion.

For the specific case of MoSe,, however, the valley
relaxation rate is extremely fast compared to that of
exciton recombination, so that a significant circular po-
larization of the PL emission can only be observed for
near-resonant excitation [8-10]. Despite the unfavour-
able relaxation rates, an excitonic valley polarization can
be achieved by lifting the energy degeneracy of opposite
valleys. A usual strategy has been to exploit external
magnetic fields perpendicular to the plane of a TMDC ML
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to break time-reversal symmetry. This introduces a valley
Zeeman splitting and leads to a preferential occupation of
the energetically favorable valley, even for unpolarized and
nonresonant excitation [11, 12]. However, the effective g
factors for TMDC monolayers correspond to a splitting
of only about 0.2 meV per Tesla, so that magnetic fields
of several Tesla are required to achieve a significant valley
polarization even at liquid helium temperature.

As such field strengths are impractical for device applic-
ations, the use of magnetic proximity effects [13], where
the proximity of a magnetic material induces a magnet-
ization through exchange interaction, has been explored
in recent years. This has made it possible to tailor the
spin-valley properties in TMDCs without the need for an
external magnetic field [14]. Alternatively, spin injection
from ferromagnetic materials was used to generate valley
polarization in TMDCs [15]. A variety of bulk ferromag-
netic materials ranging from metals like Nickel [16] to
ferromagnetic semiconductors such as Ga(Mn)As [15] and
EuS [17] were employed in experimental studies. However,
the presence of surface states, dangling bonds, interface
reconstruction, etc. greatly complicates their integration
into vdW heterostructures.

For this, layered ferromagnetic materials [18, 19], made
of chemically stable atomically thin sheets, have recently
emerged as a viable alternative for integration into vdW
heterostructures. While there have been a number of
experimental studies [14, 20-22], among the plethora of
available TMDC and vdW ferromagnets, it remains elu-
sive which material combinations, thicknesses, and other
parameters offer the best material platform for study-
ing phenomena such as spin-dependent tunneling and
magnetic proximity effects.

Here, we report on an optical spectroscopy study of
vdW heterostructures consisting of monolayer MoSe, and
the ferromagnetic semiconductor CroGesTeg (CGT) [23,
24] encapsulated in hexagonal Boron Nitride (hBN). Low-
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temperature photoluminescence measurements reveal a
partial quenching of the PL and a significantly reduced
trion-to-exciton emission ratio in the heterostructure as
compared to an isolated MoSey ML, indicating an electron
transfer from the MoSe; into the CGT. Under nonres-
onant, circularly polarized excitation, we find that the
exciton-trion ratio depends on the relative orientation of
excitation helicity and CGT magnetization. Remarkably,
this effect is observable even though the PL emission
itself is unpolarized, indicating a vanishing valley polar-
ization of excitons and trions. DFT calculations of the
heterostructure predict a type-I band alignment and a
pronounced spin splitting of the CGT conduction band,
yielding a large spin-polarized density of states for inter-
layer electron tunneling. Based on this, we interpret our
observations as an interplay of spin-dependent tunneling
of the initially valley-polarized electrons from MoSes into
CGT with exciton and trion formation, valley relaxation
and recombination.

Our findings offer a glimpse into material combinations
that can be utilized for spin generation and hosting, and
more importantly, provide a potential means to read out
spin polarization and light helicity through spin-selective
tunneling - an essential component in the process and
measurement chain of spin-valleytronic devices.

II. RESULTS AND DISCUSSION

To begin with, we discuss the structure and character-
ization of our samples. As an example, Figure 1a shows
a fully hBN-encapsulated MoSes/CGT heterostructure.
Attached to bulk CGT, two thin CGT regions I and II
of different thickness cover an underlying MoSes mono-
layer and are thus of particular interest. After exfoliation,
optical images of the CGT flake were taken in transmis-
sion mode inside an inert gas glovebox used for sample
preparation (see methods). From the absorbance in con-
junction with AFM measurements, we estimate the CGT
flake to consist of 14 layers in region I and of 9 layers
in region IT (see supplementary materials [25] Figure S1).
Low-temperature PL measurements at 5 K were used to
characterize the resulting heterostructure. The sample
was scanned and the PL map depicted in Figure 1b was
created using an automated routine that fitted the most
intense peak in each spectrum with a Gaussian. Numer-
ical integration of the energetic range containing both
trion and exciton emission reveals a quenching by a factor
of about five of the MoSe; monolayer emission in the
heterostructure region compared to the isolated MoSes
monolayer, indicating a high-quality interfacial contact
for interlayer charge transfer between both layers [26].
Maps to further characterize the exciton and trion emis-
sion as well as the exciton and trion peak energies can
be found in Figure S2. Due to the CGT flake on top
of the MoSes; monolayer, which acts as an additional
absorbing layer, the quenching is slightly overestimated.
Exemplary spectra (Fig.1c) illustrate that both trion and

exciton emission are suppressed in the heterostructure
region, with trion emission being more strongly affected.
Whereas trion emission dominates the isolated monolayer
spectrum, the exciton-trion ratio is significantly larger
in the heterostructure region. Whether either trion or
exciton emission is more pronounced in the spectrum
depends on the position on the heterostructure, which
we attribute to locally different interface qualities due to
inclusions between the two layers. A color map depicting
the spatial distribution of exciton-trion ratios is shown in
Figure S3.
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Figure 1. (a) Optical microscope image of an hBN-
encapsulated MoSe; /CGT heterostructure. A CGT flake with
regions of various layer thickness (I) and (II) covers an under-
lying MoSes monolayer. The yellow box corresponds to the
false color map of the PL scan area (b), showing quenching
of the MoSez monolayer emission in the heterostructure re-
gion. (¢) Compared to the MoSe, monolayer the integrated
PL emission is reduced by a factor of about five. In addi-
tion, the ratio of exciton (X) and trion (T) is increased in the
heterostructure, with different exciton-trion ratios observed,
depending on the measurement position. All spectra were
taken from the PL scan. Their positions are marked by the
colored dots corresponding to the color of the spectrum. (d)
MOKE measurements prove ferromagnetic behavior of the
CGT flake. Magnetic saturation is reached at 32mT and
18 mT for I and II, respectively. The arrows indicate the ap-
plied field of £50mT for the helicity-resolved measurements
described below.

For further polarization-resolved PL measurements, a
fully saturated magnetization along the out-of-plane axis
of the CGT flake is crucial. This makes the magnetiza-
tion (anti-)parallel to the spin orientation in the TMDC
K valleys. Polar magneto-optical Kerr effect (MOKE)
measurements at a nominal sample temperature of 5 K
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Figure 2. (a) Low-temperature PL spectra taken in the heterostructure region II in presence of an external magnetic field
(£50mT) for left (¢~) and right (¢7) circularly polarized excitation. For a fixed excitation helicity, trion and exciton intensities
change in dependence of the magnetic field direction (arrows). (b) The relative intensity difference for exciton and trion upon
flip of magnetic field depends on the degree of circularly polarized excitation, vanishing for linear polarization at a A/4 rotation
angle close to 0°. The solid lines represents the sliding average of five data points and serve as guide to the eye. The data were
collected in heterostructure region I. The maximum relative intensity differences observed are comparable to those in region II.

(illustrated in Figure 1d) show clear hysteresis loops for
both heterostructure regions. As expected, the thinner
region II shows a smaller Kerr signal range than the
thicker region I. We observe a small remanence and low
coercive field for region II. By contrast, we find a more
complex, bow-tie-like shape of the hysteresis loop for the
thicker region I, which resembles previous reports on hys-
teresis loops for CGT flakes thicker than 13 layers [27] or
10 nm [28], closely matching our thickness estimates based
on absorbance. As a consequence of the small magnetic
remanence observed in MOKE, all subsequent measure-
ments were conducted at an external magnetic field of
+50mT, ensuring magnetization saturation parallel to
the direction of the external magnetic field.

Valley polarization effects were investigated by nonres-
onant PL measurements using an excitation wavelength of
633 nm. Circularly polarized excitation was achieved using
an achromatic quarter-wave-plate (A/4-plate). A second
A/4-plate in conjunction with a linear polarizer was used
for helicity-resolved detection. With a constant excitation
helicity, multiple PL spectra were measured with altern-
ating magnetic field direction. Spectra recorded at the
same magnetic field direction were then summed up to im-
prove the signal-to-noise ratio. This was repeated for the
opposite excitation helicity. We emphasize that in these
measurements the detection helicity was fixed. Remark-
ably, the population dynamics described below is observed
irrespective of the detection helicity and can also be seen
in linearly polarized detection (Fig. S4). Figure 2a shows
evidence for magnetic-field-dependent changes of exciton
and trion emission. The spectra measured at a spot in
heterostructure region II show that for left-polarized (o~)
excitation populating the K~ valley, the trion intensity
is larger when a positive (red) magnetic field is applied,
compared to a negative (black) magnetic field of the same
magnitude. The opposite trend is observed for exciton
emission where a larger intensity is seen at a negative

magnetic field. In contrast, under right-polarized (o)
excitation the intensity distributions for both trion and ex-
citon are reversed. However, the magnetic-field-dependent
intensity variation has a different magnitude for right and
left circularly polarized excitation. We attribute this to
a minor deviation from the optimum excitation helicity.
In addition, a small beam offset induced by rotating the
A/4-plate can result in a slightly different excitation spot
on the sample.

Qualitatively, the same effect occurs in heterostructure
region I and is reproduced in another sample (see Fig.
S5).

To quantify the normalized magnetic-field-induced in-
tensity differences, we define them as:

_I(BL) - I(BY)
I(BY)+I(BY)

where |1 denotes the external magnetic field direction. Ex-
citon and trion intensities were determined by numerical
integration around the respective peak positions. Chan-
ging the degree of circular polarization by rotating the
A/4-plate in the excitation (Fig. 2b), demonstrates a
vanishing intensity difference for linear excitation corres-
ponding to an angle of about 0°, whereas an increasing
difference occurs for excitation deviating from linear po-
larization, reaching maximum values of about 4 %.

To confirm that the intensity differences result from
an interaction between the MoSe; monolayer and the
magnetized CGT, the same measurement was performed
on an isolated part of the monolayer. Here, the same
trion (exciton) intensity was detected irrespective of the
magnetic field direction for both left and right circularly
polarized excitation (Fig. S5).

We note that we do not observe any discernible Valley
Zeeman splitting in our helicity-resolved PL measure-
ments, which were performed using applied magnetic
fields of 50 mT, neither for the heterostructure nor for
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the isolated MoSey. Our experimental accuracy should
allow us to resolve Valley Zeeman splitting on the order
of 0.5 meV or above. This gives an upper limit for any
proximity-effect-induced Valley Zeeman splitting effect
present in our samples. Such values are well below those
reported in previous studies [14, 22]. Our calculations
yield a value of 3.7 meV in the single-particle picture
based on the splitting of MoSes conduction and valence
bands (see Fig. S11). However, we note that the theory
calculation is likely to overestimate the splitting as it
requires crystallographic alignment of the TMDC and
the CGT layers at a specific twist angle of about 16 de-
grees in order to obtain a reasonable supercell size for
DFT calculations. By contrast, in the experiment, the
alignment angle between the constituents of the hetero-
structure is optimized to yield large overlap of flake areas
and alignment of straight edges, which is likely to result in
twist angles close to zero degrees. Previous theory calcula-
tions on twist angle dependence have shown the magnetic
proximity effect to be fragile and strongly dependent on
interlayer twist [29, 30].

Based on work functions for both MoSes monolayer and
CGT flakes of the determined thickness [21], the hetero-
structure should possess a typel band alignment with the
MoSe, conduction band being energetically higher than
that of CGT, which is verified by DFT calculations. These
are discussed in detail in the supplementary materials
(See [25] and references therein [31-43]). The exciton and
trion emission quenching in the heterostructure region
compared to the isolated monolayer as well as the larger
exciton-trion ratio in the heterostructure indicate electron
transfer from MoSey into CGT. This is visible in Figures
S2a and S2c, as well as Figure lc. In the latter, since
the quenching is more pronounced for the trion, a shift of
relative spectral weight towards the exciton is observed.

Predominantly, the exciton-trion ratio in the hetero-
structure is modulated by the following mechanisms: Elec-
tron transfer reduces the background carrier density in
MoSes, lowering the probability of trion formation, which
leads to an increase in the exciton-trion emission ratio
typical for TMDCs [44, 45]. Besides, trions in MoSes have
significantly longer photoluminescence lifetimes (15 ps)
than excitons (2ps) [8, 46], so that they are more sus-
ceptible to nonradiative decay channels, such as electron
tunneling into the CGT, during their lifetime.

In addition to the common carrier density-dependent
changes in PL intensity of exciton and trion, we observe a
subtle helicity- and magnetic field-dependent modulation
in the exciton-trion emission ratio, as shown in Figure 2.
Interestingly, for a fixed excitation helicity, trion and ex-
citon show opposite intensity changes when the magnetic
field is flipped. We identify two main factors that explain
this observation: (i) spin-dependent tunneling of electrons
from MoSe;, which determines the quasi-equilibrium car-
rier concentration under photo-excitation and (ii) the
exciton-trion conversion, which depends on excess carrier
concentration, as well as on competing exciton and trion
formation and recombination times.

MoSe,

1 K+ l K- CGT

tunneling j
scattering = x
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o E
E excitation
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Figure 3. Illustration of processes causing the population dy-
namics for o~ excitation and B . Spin-down electrons in the
K~ valley tunnel into the CGT due to a high density of avail-
able spin-down states in the conduction band. The decreased
charge carrier density in MoSez reduces the trion formation
rate and a large fraction of excitons recombines radiatively. A
change of magnetic field direction would result in a smaller
density of spin-down states in the CGT, leading to increased
trion formation at the expense of exciton recombination. The
initial valley polarization is lost due to scattering between the
valleys, causing the collected PL to stem from both valleys.
The collected PL is thus irrespective of the detection helicity.

To explain the intricate interplay of these factors, we
consider the behavior under left circularly polarized ex-
citation (o7), which selectively populates the K~ valley
with spin-down electrons, as illustrated in Figure 3.

Due to the external magnetic field, the CGT flake is
magnetically saturated with the spin states aligned with
the external magnetic field direction. As evident from
DFT calculations, a spin-dependent splitting of the CGT
conduction band exists. For a negative magnetic field, the
electrons residing in the K~ valley therefore encounter a
high density of available spin-down states in the CGT con-
duction band. This increases the tunneling rate, which
reduces the number of free spin-down electrons in the
MoSe; conduction band. Interlayer charge transfer in
TMDC heterostructures has been reported, depending
on the material combination, to usually occur within
501fs [47, 48]. Similar transfer rates can be expected for
TMDC-CGT heterostructures. Whereas a considerable
portion of excitons already forms within 0.4 ps after ex-
citation [49], in parallel with interlayer charge transfer,
trion formation in MoSes; monolayers takes place on a
much slower timescale of 2ps [50] and depends on the
background carrier density. In the presence of a negative
magnetic field, trion formation and subsequent recom-
bination is thus suppressed as a result of the reduced
availability of excess electrons in MoSes. In parallel, we
observe a higher exciton intensity at a negative magnetic



field. As trion formation and exciton recombination occur
on similar timescales of about 2 ps [8, 34], a larger frac-
tion of excitons recombines radiatively. In contrast, for a
positive magnetic field, the tunneling rate for spin-down
electrons is reduced, so that trion formation is enhanced
and consequently a larger fraction of excitons is converted
to trions before recombination.

Changing the excitation helicity to o™ flips the spin
compatibilities with the spin-split density of states in
the CGT and thus reverses the behavior explained above.
Therefore, the magnetic-field dependent differences of ex-
citon and trion emission invert their sign, as observed
in Figure 2b. Notably, the effect described above was
reproduced in a second sample (Fig. S5), although there,
measurement positions were also found where both trion
and exciton emission were suppressed under conditions of
high tunneling probabilities (Fig. S6). We attribute these
distinct manifestations of the spin-selective tunneling pro-
cess to differences in the relative rates of the processes
involved, highlighting the sensitivity of the sample system
to local changes.

At this point, it shall again be highlighted that the
overall detected PL emission is unpolarized. We ascribe
this to intervalley scattering mediated by long-range Cou-
lomb interaction [51] which was identified to be the main
mechanism for exciton valley depolarization after initial
circular excitation in MoSes [9]. We assume that a consid-
erable fraction of excitons and trions is scattered between
the K+ and K~ valleys before exciton and trion recom-
bination take place. With fast depolarization rates larger
than 1 ps~! for MoSe; monolayers under weak excitation
conditions [52], the scattering process competes with or
undercuts MoSes exciton and trion lifetimes of about 2 ps
and 15 ps, respectively [8, 46]. The dependence of the
intensity difference on the degree of excitation polariz-
ation can directly be explained by the different initial
population of the valleys. The imbalance between the
two valleys rises as the degree of excitation polarization
increases, which is reflected in larger intensity differences
upon reversal of the magnetic field. Remarkably, the
changes in exciton and trion populations observed in PL
are thus a consequence of a spin-dependent tunneling pro-
cess, even though any initial spin and valley polarization
is lost well before exciton and trion recombination.

In summary, we have fabricated MoSes/CGT hetero-
structures that reveal charge transfer from the MoSes
monolayer into the CGT, as predicted from the band
alignment resulting from DFT calculations. The magnet-
ization of the CGT flake and resultant spin-split density
of states enables spin-dependent tunneling after nonreson-
ant, circularly polarized excitation which manifests itself
in altered exciton and trion intensities upon change of the
external magnetic field direction. Intervalley scattering
causes a loss of initial spin and valley polarization prior
to exciton and trion recombination, resulting in an unpo-
larized collected PL. Our results underline the complex
interplay of these competing processes on sub-picosecond
timescales.

The observed effect holds significant promise for device
applications. Circularly polarized excitation of our struc-
tures yields a helicity-dependent exciton/trion occupation
imbalance which arises from spin-dependent tunneling.
Consequently, the tunnel current itself depends on ex-
citation helicity, potentially allowing for direct electrical
readout of light helicity in suitably contacted heterostruc-
tures without the use of wave plates and polarizers to
analyze the light polarization. A related concept was
demonstrated recently using CrIz [53]. While the use of
CGT with its low Curie temperature of about 60 K [23]
limits applications, ferromagnetic behavior well above
room temperature has been reported, e.g., in the layered
ferromagnetic material FesGaTey [54, 55]. Given the high
remanence observed in this material, it may support the
observed effect without the applied external magnetic
field needed to align the magnetization in the case of
CGT. Other relevant properties like its band alignment
with MoSes will require further investigation. With the
rapid evolution of layered magnetic materials in recent
years, other suitable alternatives to CGT are likely to
emerge [56].

The observed effect relies neither on valley polarization
nor on proximity-effect-induced valley Zeeman splitting
and can thus be considered as rather robust. As our
results demonstrate, nonresonant excitation yields a siz-
able occupation imbalance, indicating a spectrally broad
range for helicity detection. Additionally, the picosecond
timescales associated with the observed effect potentially
enable ultrafast detector response times.

III. METHODS

A. Sample fabrication

Under ambient conditions, hBN flakes and MoSe, mono-
layers were isolated from bulk crystals by mechanical ex-
foliation. The hBN flake was stamped with PDMS onto a
Si/SiO4 substrate via deterministic transfer [57]. A MoSes
monolayer was deposited on the hBN accordingly and af-
terwards annealed at about 180 °C in mild vacuum. CGT
flakes were exfoliated from a bulk crystal (HQ graphene)
under nitrogen atmosphere in a glovebox [58], thin flakes
were thereby identified under an optical microscope based
on their optical contrast. Immediately after exfoliation,
the CGT flake was placed on top of the beforehand pre-
pared hBN/MoSe, structure using a second deterministic
stamping setup and PDMS transfer inside the glovebox.
To protect the CGT from oxidation, the heterostructure
was then fully encapsulated inside the glovebox by adding
an hBN top layer.



B. Optical measurements
1. Photoluminescence

For the PL measurements the sample was excited with
a 1.96 eV continuous-wave diode laser focused to a spot
size of about 1 pm using an 80x microscope objective. The
sample was mounted in a He-flow cryostat and cooled to
a nominal temperature of about 5 K. To prevent sample
heating, the excitation density was kept below 4 kW /cm?.
The PL light emitted by the sample was collected using
the same objective, filtered by long pass and analyzed with
a combination of a spectrometer and a charge-coupled-
device. To obtain PL maps of the sample the cryostat,
with the sample inside, was moved in relation to the
fixed laser spot through a computer-controlled xy stage.
For helicity-resolved excitation, a linear polarizer and an
achromatic quarter-wave plate (\/4) were placed in the
excitation beam path. The wave plate was mounted in a
motorized rotation stage, so that its angle could be varied
automatically. Similarily, for helicity-resolved detection,
an achromatic A\/4-plate and a linear polarizer (acting
as an analyzer) were placed in the detection beam path
in front of the spectrometer. For application of external
magnetic fields, an air coil was placed around the cryostat,
so that magnetic fields of up to 200 mT could be applied
perpendicular to the sample plane. The current for the
coil was supplied by a bipolar current source.

2. Polar magneto-optical Kerr effect

The polar MOKE measurements were performed in
the setup described above using the 1.96 eV diode laser
applying an excitation density of about 1kW /cm?. All

measurements shown in the manuscript were performed at
a nominal temperature of about 5 K. Laser intensity was
modulated using a flywheel chopper. A beamsplitter cube
was introduced into the detection beam path, so that the
reflected laser light could be guided to an optical bridge
detector with a pair of balanced photodiodes (see [59] for
details). The difference signal from the photodiodes was
detected using a lock-in amplifier. MOKE loops were
measured by tracking the difference signal as a function
of the applied magnetic field controlled by the bipolar
current source.
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