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Intrinsic circularly polarized exciton emission in a twisted van der Waals heterostructure
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We report the emergence of a significant degree of intrinsic circular polarization of exciton photoluminescence
in a twisted MoSe,/WSe, heterostructure upon nonresonant driving with a linearly polarized laser. The effect
is not related to the polarization of the incident light. Moreover, it is present at zero magnetic field, and reacts
perceptibly to a perpendicularly applied magnetic field that, unexpectedly, can strongly diminish this effect. The
giant magnitude of the polarization, which cannot be explained by natural optical activity or circular dichroism of
the twisted lattice, suggests a kinematic origin arising from an emergent pyromagnetic symmetry in our structure,
which we exploit to gain insight into the microscopic optical processes of our device.
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I. INTRODUCTION

Controlling the polarization of the emitted light in lay-
ered semiconductor structures is a delicate task in solid-state
photonics, being of greatest importance in optoelectronic ap-
plications. The most known device to control the polarization
of light is the standard wave plate, whose working principle
relies on the effect of optical birefringence in anisotropic
materials. However, most transparent materials used for such
optical or near infrared applications have limited optical
anisotropy, rendering waveplates inherently bulky and un-
suitable for microscale photonic integration. More recently,
it was found that nanostructures [1], microcavities [2], and
photonic crystal slabs with chiral symmetry [3,4] cause strong
polarization of light from unpolarized emitters. Thus, it be-
came possible to realize nano- and microlasers [5], which
intrinsically feature a strong degree of circular polarization
without the need for external magnetic fields. The circular
polarization effect in such chiral structures is based on a
special engineering of the electromagnetic field in photonic
cavities with reduced symmetry, for example, by forming
polarizing patterns based on, e.g., gammadions-shaped ele-
ments [6]. However, the lateral dimensions of these patterned
structures are still too large for next-generation integrated
photonics.

Recently, much attention has been paid to the study of
atomically thin transition metal dichalcogenides (TMDCs),

2469-9950/2022/105(24)/L.241406(6)

1.241406-1

since they can absorb up to 10% of incident light at less
than 1-nm thickness [7]. Monolayers of TMDCs have unique
optical properties, such as the locking of spin and valley
degree of freedom, which arises from the combination of
broken inversion symmetry and strong spin-orbit coupling
[7]. The selection rules reveal that the emission is circularly
polarized if a particular spin/valley is selectively populated
by circularly polarized pump light or in an external magnetic
field. In the context of this paper, it is noteworthy that with-
out the application of magnetic fields and under a linearly
polarized or unpolarized pump, the photoluminescence of
two-dimensisonal (2D) TMDC monolayer crystals does not
exhibit any degree of circular polarization (DCP).

In this work, in turn, we investigate whether a van der
Waals heterostructure composed of two different TMDC lay-
ers can efficiently convert linearly polarized or unpolarized
light into light featuring a significant degree of circular polar-
ization. Our experiment, which is carried out using a twisted
bilayer of MoSe,/WSe,, reveals compelling features of ellip-
tical polarization generated by Moiré excitons. Surprisingly,
we observe a DCP orders of magnitude larger than ~d/A,
expected from the circular dichroism of such a chiral stack [8],
where d is the bilayer thickness and X is the light wavelength.
Our analysis suggests a kinetic origin of exciton circular po-
larization. The developed theoretical model predicts a DCP of
up to 50% in agreement with the maximal experimental DCP
of 0.44 %+ 0.02, which we detect in our studies.

©2022 American Physical Society
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FIG. 1. Description of the sample and determination of the
heterostructure twist angle. (a) Microscope image of the sample,
the hBN/WSe,/MoSe, flake limits are marked in a dashed yel-
low/green/red line. (b) Linear polarization analysis of the second
harmonic generated light from freestanding monolayer regions of
WSe, and MoSe, (see green and red dots in panel (a), respectively,
where the measurements are performed). The polar plots correspond
to the normalized intensities versus the analyzed linear polarization
orientation. The twist angle is (5.3 £ 1.4)°.

II. EXPERIMENTAL RESULTS

We utilize the dry stamping method [9] in a home-built
microscope to assemble the van der Waals heterostructure
composed of a nominally 10-nm thin layer of hexagonal boron
nitrite (hBN, deposited on a SiO, substrate, see dashed yellow
line depicting the limits of the hBN sheet), a monolayer of
MoSe; and a final WSe, monolayer. The corresponding green
and red areas in Fig. 1(a) outline the monolayers (the vertical
stacking order is sketched in Fig. S2).

The twist angle between the two WSe,/MoSe, sheets is
determined by second harmonic generation measurements
at room temperature [10]. We use a tunable mode locked
laser (1480 nm) that excites isolated WSe, and MoSe, re-
gions (positions indicated in Fig. 1(a) by a green and red
dots, respectively) with a linear polarization oriented at a
tunable angle ¢. The second harmonic generated signal at
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740 nm (1.676 eV) is detected as a function of the angle ¢
of the incoming laser linear polarization, yielding the polar
plot shown in Fig. 1(b). The slight rotation between the two
SHG polarization-dependent intensities reveals the twist an-
gle 0 = (5.3 £ 1.4)° between the WSe, and MoSe, layers.
Importantly, we note that this angle can locally vary upon
the formation of domains with lowered symmetry [11]. In
addition, the 2H stacking of the heterostructure is confirmed
by magneto-optical measurements (see Supplemental Mate-
rial Fig. S5 [12]).

Having established the rotational alignment of the two
atomically thin layers, next, we study the intrinsic optical
properties of our system at cryogenic temperatures (1.8 K).
We excite the sample with a 532-nm laser (focused on a spot
size of 3 um diameter, 0.41 mW pump power), and collect the
emitted photoluminescence (PL) over a broad spectral range.
The objective has a numerical aperture of 0.81. Figure 2(a)
shows the PL spectrum, characterized by two sets of pro-
nounced features arising from the interlayer indirect exciton
(IX, energy emission around 1.30-1.40 eV) and the intralayer
excitons (around 1.60-1.70 eV).

The intralayer luminescence from both MoSe, and WSe,
excitons is composed of neutral and charged excitonic com-
plexes. In contrast, at lower emission energies we observe
a distinct multipeak signature that we attribute to interlayer
excitons formed in the WSe,/MoSe; heterobilayer [13,14].

To confirm the hypothesis of the formation of interlayer
excitons by rapid carrier transfer between the two monolayers,
we study the PL excitation (PLE) spectrum of the IX emission
for excitation energies between 1.59 and 1.70 eV. The overall
PLE intensities of the IX are determined by integration of the
PLE spectra between 1.27 and 1.44 eV and they exhibit two
maxima at ~1.62 and ~1.69 eV, see red dots in Fig. 2(a).
The PLE was implemented with a tunable continuous wave
laser, using a constant pump power of 5.0 uW across all
the scanning excitation energies. The PLE spectrum suggests
efficient carrier separation within the heterobilayer and for-
mation of IX complexes following both a photoinjected exci-
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FIG. 2. Photoluminescence of intra- and interlayer excitons. (a) Comparison of low temperature photoluminescence of interlayer and
intralayer (see labels WSe, and MoSe,) excitons. The red dots (right vertical axis) represent the IX PLE spectrum, revealing two resonances
(highlighted in a green and magenta band and spectrally resonant to the WSe, and MoSe,-X energies, respectively) where carrier transfer
occurs. (b) [left] Plot of the optical resonances obtained from the calculated band structure. [center] Corresponding IX band-structure. [right]
Experimental spectrum reproduced from panel (a) presenting with Lorentzian fits, matching the resonance energies and dispersion at the K
points of the corresponding reduced Brillouin zone.
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FIG. 3. Circular polarization analysis of the IX spectrum. (a) The sample is driven by a linear polarized laser, and luminescence is recorded
under ot and o~ circular-polarization detection (orange and blue traces, respectively). The lower panel depicts the corresponding DCP as a
function of the emission energy. Three energy regions I, II, and III are marked in green, magenta, and cyan colors. The laser excitation
wavelength is 730 nm and the continuous wave pump power is 0.53 uW, the measurement is taken under zero magnetic field. (b),(c) DCP
dependence versus magnetic field from the energy regions II and III. The DCP values are averaged at each energy in a spectral interval of 20
meV around the marked energy regions. (d) and (e) DCP simulation of excitons as a function of Qg7, represented according to Eq. (3) for the
angles between the eigenframes of the UES and LES doublets « = 45° and 5° and Q7 = 0.1, 0.3, 1.0 (see panel legends).

tation in the WSe; layer (hole tunneling) and the MoSe; layer
(electron tunneling). Indeed, slight spectral shifts between the
excitonic PL from the monolayers and the PLE resonances in
WSe,/MoSe, stacks have been observed [14,15] and can be
attributed to renormalization phenomena related to dielectric
screening and strain in the stacking procedure.

Earlier works have attributed the emergence of a multipeak
structure in the PL signal of slightly rotated van der Waals
heterostructures to the emergence of Moiré trapped excitons
[13]. To support this interpretation in our sample, we model
the energy spectrum of IX excitons in the presence of a Moiré
potential using a low-energy continuum model [16,17], which
we detail in the Supplementary section 1 [12].

In Fig. 2(b) we plot the IX Moiré exciton band structure as
a function of momentum in the Moiré mini-Brillouin zone.
At a rotation angle of 5° (similar to our experiments), we
yield a set of optical resonances at K/K’ that are separated
by 20-40 meV [18]. For the identification of the resonances
in the emission spectrum, we consider the selection rules
based on dipole matrix elements for in-plane and out-of-plane
polarization, according to which the lower two resonances are
bright for normal incidence. We associate these resonances
with the two lower-energy peaks in the measured PL spectrum
in the right panel of Fig. 2(b). The third Moiré-exciton band
emits mostly in the z polarization.

While the selection rules for Moiré excitons have been
vastly investigated [13,19] and explain circularly polarized PL
under circularly polarized laser driving, we are interested in
the intrinsic possibility of twisted van der Waals heterostruc-
tures to emit light carrying a significant degree of circular

polarization without relying on the helicity of incident light.
Therefore, we excite the system with a CW laser (excitation
power ~0.5 uW, spot size 3 um diameter) in the WSe; layer
(730 nm), far above the IX band, using linearly polarized light,
and analyze the DCP of the IX-PL emission.

In Fig. 3(a), we plot two PL spectra of the Moiré exci-
ton band, detecting ot and o~ polarized light. The most
remarkable feature is captured within the central PL peak
located in region II. It clearly displays a predominance of
the o ~-polarized component. The observation is visualized
by extracting the DCP, calculated as (I,+ — I,-)/(Is+ + I,-),
which is displayed in the bottom panel. For energies around
1.363 eV, the DCP value reaches a minimum value of
—(0.44 £ 0.02).

To gain deeper insight in the polarization behavior of our
sample, we acquire PL spectra at different magnetic fields and
analyze the DCP. We subdivide the signal in three spectral
regions I, II, and III, corresponding to the three assigned
Moiré exciton peaks [see labels in Fig. 3(a) marked with
colored rectangles]. The energy region I has a small intrinsic
DCP for all tested magnetic fields (see Supplemental Material
Fig. S3 for details [12]). We observe that the DCP attributed
to the energy region III can be tuned by the magnetic field
to change the DCP sign, see Fig. 3(c). In contrast, the central
peak in region II, Fig. 3(b), behaves fundamentally different.
The absolute DCP value is maximal for zero magnetic field
and decreases independent of the sign of the applied magnetic
field. The captured behavior remains qualitatively the same if
the sample is driven with a pump wavelength of 768 nm, close
to the MoSe, resonance, as shown in Fig. S4.
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FIG. 4. Microscopic model of kinetic spin polarization of exci-
tons. (a) Exciton alignment along x in the longitudinal-transverse-
split upper exciton state (UES) followed by quantum beats in the
rotated longitudinal-transverse-split lower exciton state (LES) leads
to exciton spin polarization. (b) DCP simulation as a function of «
(angle between the x and x” axes) and €7 (spin precession frequency
in the external magnetic field) for Q. t = 1.

II1. DISCUSSION

The giant intrinsic circular polarization of the Moiré ex-
citon emission observed in our experiment is surprising for
nonmagnetic samples. Both, its magnitude, significantly ex-
ceeding the expected polarization resulting from a natural
circular dichroism [8], and its unusual dependence on mag-
netic field, suggest a qualitatively different mechanism of
exciton spin polarization.

A possible explanation for our results arises from a kinetic
spin polarization of excitons in twisted TMDC heterobilayers:
In analogy to the experimental conditions, we consider that
excitons are optically injected into an upper exciton state
(UES), relax into lower exciton state (LES), and then recom-
bine emitting photons, as illustrated in Fig. 4(a). Like in our
experimental conditions, the upper state is represented by the
resonantly driven WSe, or MoSe; intralayer transition, which
then relaxes to the IX state, which is the LES.

The upper exciton state consists of two sublevels corre-
sponding to the excitons linearly polarized along orthogonal
x and y axes [cf. the sketch depicted in Fig. 4(a)]. We assume
that these sublevels are longitudinal-transverse split due to the
anisotropic exchange interaction between electrons and holes
[20-22], which can originate from local in-plane strain or
structural imperfections and is known to be large in TMDC
layers [23-27]. In the case of large splitting compared to
the thermal energy and fast spin relaxation compared to the
lifetime in the upper exciton state, excitons polarize along the
X axis.

At the second step, linearly polarized excitons relax to
the LES from which the light emission occurs, i.e., the IX
state. The LES is also composed of a doublet consisting of
two orthogonal linearly polarized exciton states. Importantly,
in twisted bilayers, the eigenaxes of the LES duplet x" and
y' do not coincide with the eigenaxes of the UES doublet.
As a result, the excitons experience quantum beats in the
lower-energy states inducing a circular polarization.

In the pseudospin representation, the average exciton polar-
ization in the lower-energy state is described in the Poincaré
sphere by the vector s = S/N, where S is the vector of the
total exciton polarization and N is the number of excitons.
The components (sy, sy, ;) = (DLP, DDP, DCP) describe the

Stokes polarization parameters of excitons: the linear po-
larization in the (x,y) plane, the linear polarization in the
diagonals of the x and y axes, and the circular polarization,
respectively. The vector S satisfies the equation
ds S
dt_SZXS+G = 1)

where 2 = (R, cos2a, £, sin2«, Lp) is the -effective
Lamor frequency corresponding to the anisotropic exchange
interaction and Zeeman splitting in the LES, Q.. = A../#,
A, is the exchange splitting, « is the angle between the x
and x" axes [see Fig. 4(a)], Qp = gupB/Fh is the frequency
of spin precession in the external magnetic field B || z, g is
the effective exciton g factor, G is the exciton polarization
along x in the UES, 1/t = 1/19 + 1/7,, with 7y and 7, the
recombination time and spin relaxation time of excitons in the
final state (LES), respectively. We do not consider thermaliza-
tion of excitons in the lower state, since it does not lead to a
build-up of circular polarization at zero magnetic field.

N is found from the equation dN/dt = I'—N/1y, where I"
is the exciton incoming from the upper to the lower state. The
solution of Eq. (1) in the steady state has the form

TGP+ 122 x G+ 1°2L - G)

S =
14+ Q272

@

yielding the Stokes parameters of the excitonic emission. The
DCP reads

—Q,,Tsin 2« + 2,272 cos2a T
DCP = —h, 3
I+ (2 + Q) @

where Py = G/T" is the linear polarization of excitons in
the upper state (the degree of linear/diagonal polarization,
DLP/DDP, is given in the Supplemental Material [12]). The
DCP sensibly depends on both the external magnetic field as
well as the exchange interaction in the LES and the rotation
of the eigenframes. To visualize this parameter space, we
plot in Fig. 4(b) [Fig. S1 [12]] the DCP in a map versus the
angle o and the frequency of spin precession in the external
magnetic field (the frequency of exchange splitting) for a
particular value 2, = 1 [Tt = 0]. The DCP of excitons
in the final state can be notable: In the optimal case of Py = 1,
oa=m/4, Qxt = 1, and 79 K T3, as plotted in Fig. 3(d), the
DCP reaches 50%. In the structures with o = 7 /4, the DCP
has a maximum at zero magnetic field and is suppressed by
the field B. This is furthermore evident in the representation
in Fig. 3(d), which reproduces the fundamental behavior of
the captured polarization of our Moiré excitons in the energy
range 1.35-1.38 eV shown in Fig. 3(b).

In nonchiral structures, where « = 0 or 7 /2, the DCP
vanishes at zero magnetic field, rises with field at small fields,
reaches a maximum at 27 = 1, and then decays, following
the standard Lorentz curve. The field dependence of the spin
polarization is thus controlled by the parameter Qp7, and
the spin polarization can be much higher than the thermal
spin polarization controlled by the ratio between the Zeeman
splitting and the thermal energy.

For intermediate conditions at slightly rotated eigenframes
(e.g., 5°), we reach the scenario which is plotted in Fig. 3(e)
well reproducing the polarization response of the high energy
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peak in our spectrum, see Fig. 3(c). Here, we observe a modest
DCP at zero magnetic field, which asymmetrically increases
or inverts at negative/positive applied fields.

Our microscopic model also predicts that individual exci-
tons have a finite DLP (see Supplemental Material 1b [12]).
Note that the DLP of the PL collected from a macroscopic area
can be much smaller than the DLP of a single site because of
random orientation of the UES doublet. Circular polarization
still survives since it is determined by the correlation between
the nearby UES and LES duplets in the twisted structure rather
than the absolute orientations of the UES duplets.

IV. CONCLUSION

The emergence of exciton spin polarization S, in our van
der Waals heterostructure in the absence of an external mag-
netic field B and not related to the polarization of optical
pump, is allowed by the C; point-group symmetry of heter-
obilayers. In this pyromagnetic group, the z component of an
axial vector is invariant and, therefore, S, may be created by
an unpolarized pump. The effect also does not contradict time
reversal symmetry: The spin polarization is formed here as a
result of dissipative processes (energy and spin relaxation),
which break time reversal symmetry, and would vanish at
equilibrium [28,29]. Therefore, the kinetic spin polarization
of excitons discussed here is fundamentally different from
the optical effects related to spatial dispersion such as nat-
ural optical activity and circular dichroism, for which the
photon wave vector plays a crucial role. The kinetic origin
furthermore explains the observed DCP which reach notable
experimental values exceeding 0.4 under conditions of re-
tained time reversal symmetry.

As an interesting addition, we have experimentally verified
in Fig. S6 that the effect can also be retained in the regime of
tight Moiré trapping, where the IX spectrum breaks up in a
discretized zoo of emission lines. This makes our scheme of
interest for engineering the polarization of quantum emitters
in atomically thin crystals and presents a clear strategy to
engineer chiral materials and quantum light sources utilizing
a twistronics-based approach.
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