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Magnetic-field-induced splitting and polarization of monolayer-based valley exciton polaritons
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Atomically thin crystals of transition-metal dichalcogenides are ideally suited to study the interplay of
light-matter coupling, polarization, and magnetic field effects. In this Rapid Communication, we investigate
the formation of exciton polaritons in a MoSe, monolayer, which is integrated in a fully grown, monolithic
microcavity. Due to the narrow linewidth of the polaritonic resonances, we are able to directly investigate the
emerging valley Zeeman splitting of the hybrid light-matter resonances in the presence of a magnetic field.
At a detuning of —54.5 meV (13.5% matter constituent of the lower polariton branch), we find a Zeeman
splitting of the lower polariton branch of 0.36 meV, which can be directly associated with an excitonic g-factor
of 3.94 +0.13. Remarkably, we find that a magnetic field of 6 T is sufficient to induce a notable valley
polarization of 15% in our polariton system, which approaches 30% at 9 T. This circular polarization degree of
the polariton (ground) state exceeds the polarization of the exciton reservoir for equal magnetic field magnitudes
by approximately 50%, which is a clear hint of valley-dependent bosonic stimulation in our strongly coupled

system in the subthreshold, fluctuation-dominated regime.

DOI: 10.1103/PhysRevB.100.121303

Atomically thin transition-metal dichalcogenides are an
exciting new class of materials, which are uniquely suited to
study advanced phenomena related to light-matter coupling.
Their huge oscillator strength and likewise large exciton
binding energies allow for the observation of strong-coupling
phenomena in microcavities with a single monolayer [1], even
up to room temperature [2—4]. The materials furthermore
comprise the so-called valley degree of freedom, arising from
their unique band structure. Due to the combination of strong
spin-orbit coupling and inversion symmetry breaking, exciton
spin orientations are inverted at opposite K points at the
corners of the hexagonal Brillouin zone [5,6] and the K
and K’ valleys can be selectively addressed by o and o~
circularly polarized light [7,8]. The selective polarization of
the valleys has been demonstrated by various resonant and
nonresonant optical techniques [9—11], and it has been shown
that spin relaxation can be suppressed in the strong light-
matter coupling regime [12-15]. In the presence of external
magnetic fields, a valley Zeeman splitting of exciton and
trion resonances in transition-metal dichalcogenide (TMDC)

2469-9950/2019/100(12)/121303(5)

121303-1

monolayers has been identified [16—18], similar to excitons
in conventional semiconductors with two spin projections.
This splitting, which lifts the energy degeneracy between K
and K’ excitons, arises from a complex interplay between
carrier spin and orbital momentum, which is influenced by
external magnetic fields have been used to manipulate the
valley polarization in TMDC monolayers [19,20], as well
as the valley coherence in TMDC monolayer-based exci-
ton polaritons [21]. While the direct manifestation of the
valley Zeeman effect is well investigated in pure exciton
resonances, it has not been observed for exciton polaritons,
which are promising model systems to investigate bosonic
condensation phenomena and exploit the spin-valley proper-
ties of TMDC monolayers in coherent macroscopic quantum
states. Here, we study the magnetic behavior of a strongly
coupled MoSe, monolayer exciton in a high-Q monolithic
microcavity. When applying magnetic fields up to 9 T, we
observe that the characteristic valley Zeeman splitting of the
K and K’ valley excitons is preserved and transferred to the
exciton-polariton modes. The splitting is renormalized by

©2019 American Physical Society
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FIG. 1. (a) Schematic drawing of the investigated microcavity
structure, which consists of a MoSe, flake between SiO,/TiO,-
based DBR stacks. (b) Reflectivity spectrum showing the photon
mode. (c) Line spectrum at zero in-plane momentum revealing the
high Q factor of approximately 5000. (d) Microscopy image of the
monolayer with h-BN capping in the fully grown microcavity.

the presence of the cavity photon, but nevertheless it can still
be clearly observed in polarization-resolved measurements
due to the narrow polariton linewidth. Lifting the valley
degeneracy leads to a population imbalance in the two valley
Zeeman-split resonances, which yields a significant degree
of circular polarization of approximately 30% at 9 T in
the ground state. This exceeds the polarization of the bare
exciton under comparable conditions. This strongly indicates
polarization-selective, enhanced scattering driven by final
state stimulation.

Sample structure and characterization. The studied sample
structure is schematically depicted in Fig. 1(a). The micro-
cavity is built by transferring a MoSe, monolayer with a
dry-gel method [22] onto a SiO,/TiO, bottom distributed
Bragg reflector (DBR), grown onto a quartz glass substrate.
The bottom DBR consists of ten pairs and has a stop-band
center at 750 nm. The monolayer was capped with a mechani-
cally exfoliated flake of hexagonal boron nitride (h-BN, about
10 nm thick), to protect the monolayer from the subsequent
overgrowth processing conditions. The top DBR (nine pairs)
was grown by plasma-assisted evaporation (PAE) at mild pro-
cessing temperatures of 80 °C [23]. The complete, but empty,
microcavity exhibits a clear, parabolic dispersion relation with
a ground-state energy of 1.66 eV as shown in the in-plane
momentum-resolved reflectivity measurement (Fourier plane
imaging method) in Fig. 1(b). The line spectrum at zero
in-plane momentum [Fig. 1(c)] reveals a resonance linewidth
AX of 0.151 nm corresponding to a Q factor of 4960 [Q =
A/(AM)]. Figure 1(d) shows a microscopy image of the final
sample with the monolayer of MoSe, and h-BN capping
adjacent to bulk remnants taken before the growth of the top
DBR.

Bare monolayer and photon mode in a magnetic field.
First, we investigate the polariton constituents, i.e., the bare
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FIG. 2. (a) Polarization-resolved energy positions (extracted
from a Lorentz fit of the photoluminescence spectrum) from bare
monolayer excitons. A clear Zeeman splitting can be observed. Error
bars are estimated from the spectrometer resolution. (b) Degree of
circular polarization with increasing magnetic field measured (black)
and simulated [red, from Egs. (1) and (2)]. (c) Emission energy
and polarization splitting of a photon mode in the vicinity of the
investigated monolayer.

exciton and the bare cavity, separately in a magnetic field
via photoluminescence spectroscopy. We excite our system
nonresonantly with a cw-laser at 532 nm. The experiments
were performed at 5 K. Figure 2(a) depicts the results of a
bare monolayer. The energy positions have been extracted
from a Lorentz fit of the exciton emission, which has been
resolved in the two circular polarization directions with a
standard A/4 wave plate configuration. We obtain a splitting
of 1.8 meV at 9 T, which corresponds to an excitonic g-
factor of 3.58 £ 0.1. Values in the literature range from 3.1 to
4.3, depending on flake environment [16—18]. The degree of
circular polarization (DOCP), which is plotted as a function
of the applied magnetic field in Fig. 2(b), is calculated as
(Io+ — I,-)/(Is+ + I,-). The intensities are extracted from the
area of a Lorentz fit of the ground-state emission. The DOCP
originates in the energy splitting of the two polarized exciton
reservoirs, and monotonically increases up to approximately
20% at 9 T. The phenomenological behavior can be captured
by a semiclassical Boltzmann model, which is introduced
below. We furthermore probed the reaction of a bare photonic
resonance from a spatial position close to the monolayer in
Fig. 2(c). As expected for a photonic system, no systematic
energy shift nor a splitting can be observed (within the res-
olution of our instrument). As we will assess later, this is a
powerful tool to distinguish a purely photonic system from a
hybrid light-matter coupled one.

TMDC exciton polaritons in a magnetic field. Now we turn
to a study of the microcavity including the MoSe, mono-
layer by in-plane momentum-resolved photoluminescence.
Figure 3(a) shows a photoluminescence (PL) spectrum of the
microcavity sample, where we plot the emission energy as a
function of the in-plane momentum. The cavity mode outside
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FIG. 3. (a) Angle-resolved characterization of the polariton
modes. Black and red lines correspond to exciton and photon reso-
nances, respectively. Green and blue lines are the result for the polari-
ton modes from a coupled oscillator model. (b) Polariton spectrum
using the standard model of a quantum particle in a box. (c) Energy-
resolved polaritonic ground-state emission intensity magnetic field
series from 0 to 9 T (each spectrum normalized to the sigma minus
one).

the monolayer region at 1.66 eV is faintly visible. Due to
the finite thickness of the h-BN flake, the uncoupled cavity
resonance was shifted to 1.621 eV (also visible in the spec-
trum). Additionally, at the spot of the monolayer, the photon
mode is changed even further due to a change in the effective
cavity length via the refractive index of the monolayer, which
we calculated via the transfer matrix method to be 1.608 eV.
In addition, various new and discrete modes have appeared
below the uncoupled exciton and cavity resonances, which
we associate with the formation of spatially confined exci-
ton polaritons by finite lateral size effects. From the mode
splitting, we can estimate an effective trapping length of
~6.4 um. In order to fit the polariton modes of the system
[see Fig. 3(a)], we applied a standard coupled oscillator
model [24] and use the uncoupled exciton (1.6626 eV) as
well as the cavity resonance determined from the off-flake
position (1.608 eV) and the measured lower polariton branch
(1.5943 eV) as input parameters. The vacuum Rabi splitting
can then be extracted to be 51.1 meV, with an exciton-photon
detuning of —54.5 meV. The Hopfield coefficient [25] allows
us to determine the photonic and excitonic fractions of the
polariton from the detuning in relation to the Rabi splitting.
In the present case the polariton has 13.5% excitonic content.
Figure 3(b) shows the simulated discrete polariton spectrum
in the considered structure (see details of the simulations in
Ref. [26]).

Polariton valley Zeeman splitting. The exciton polariton
inherits its properties from both the exciton and photon mode,
and should exhibit a notable effect in an external magnetic
field: Thus, we investigate our completed microcavity sample
in the presence of an applied magnetic field up to 9 T in
the Faraday configuration. Figure 3(c) shows a comparison
of the polarization-resolved ground-state spectra, recorded at
various magnetic fields. A clear Zeeman splitting emerges
and a sizable circular polarization buildup can be observed.
We emphasize that both effects are in striking difference
to the pure photonic case exhibited in Fig. 2(c), and that
the Zeeman-split emission can be attributed to the effect
of light-matter hybridization. The results of this systematic
series are summarized in Fig. 4(a). The Zeeman splitting
increases linearly with the applied magnetic field up to a
value of approximately 0.36 meV. In order to quantify the
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FIG. 4. (a) Polarization-resolved energy position of the polariton
ground state depending on an external magnetic field. The induced
Zeeman splitting rises monotonically to approximately 0.36 meV.
(b) Circular polarization buildup with increased magnetic field mea-
sured (black) and simulated (red) with respect to Eqgs. (1) and (2).
Average polarization of all the higher states above the ground-
state energy, integrated over all k£ values (depicted in green for
comparison)

strength of the Zeeman splitting, we approximate our data
by the equation AE = |X|* AEg, where AEg = gugB is the
splitting strength of the reservoir excitons, g denotes the exci-
tonic g-factor, and |X|> the excitonic fraction. Since the
diamagnetic shift of excitons in the TMDC monolayer for
magnetic fields <10 T is negligible, we can safely neglect
the magnetic field dependence of the excitonic fraction in
our analysis. Fitting our data yields an exciton g-factor of
3.94 + 0.13, which is in line with the characterization in
Fig. 2 on bare excitons and the existing literature [16-18],
considering the range of measured values due to the effects
of adjacent layers on the effective g-factor. The splitting of
the exciton, as well as the polariton resonances, intrinsically
yields an imbalance of pseudospins (and thus polarization) in
the exciton and polariton reservoir. This is well reflected in the
emergence of circular polarization in our system at increased
magnetic fields. In Fig. 4(b), we plot the degree of circular
polarization for the polariton ground state (integrated over
the full mode as well as the first three excited modes). Des-
pite the reduced Zeeman splitting of the ground-state reso-
nance, the polarization is significantly more pronounced as for
the case of the bare exciton in Fig. 2(b). Moreover, the degree
of circular polarization for our polariton modes is always
the highest in the ground state (at k = 0) for every applied
magnetic field, and can even exceed the polarization of excited
polariton states and the exciton reservoir by approximately
50%.

Quantitatively, the DOCP can be understood as a conse-
quence of spin-valley relaxation in the exciton reservoir, as
well as in the polariton modes. We confront our data with
this hypothesis, and provide a semianalytical model to our
data based on a set of the coupled semiclassical Boltzmann
equations for the occupations of the polariton condensate and
exciton reservoir,

dN* . N* Nt N-
— =WN;(N*+1)— —F|——-—), ()
t T Ts+ Ty
dN* NZ N Ny
Rzpi—WN;(Ni+1)——R¢<—R— )
dt TR TR, s+ TR,s—
)
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In Egs. (1) and (2), N* and N;et are the occupations of
the polariton modes at k =0 and the occupations of the
high k reservoir in the two spin components, respectively.
W is the stimulated scattering rate from the reservoir to
the polariton ground state. 7, tg are the lifetimes of the
ground-state polaritons and the reservoir excitons. To take
into account the effect of the magnetic field, we introduce the
B-dependent spin-relaxation times for polaritons and excitons
as follows, 7,1 (B) = tyexp[AE(B)/kgT] and g +(B) =
Tg.s eXp[EAER(B)/kpT], where 1, and ¢ ; correspond to the
relaxation times in the absence of the magnetic field. P are
the pumping rates of the reservoir. We further assume that
both reservoirs are equally efficiently populated by the linear
pump P, = P.

The DOCEP is finally calculated by evaluating the imbal-
ance of quasiparticle densities, both in the reservoir and the
polariton ground state as a function of the pumping rate. The
results of this modeling are plotted with the experimental data
in Fig. 2(b) for the bare monolayer excitons and Fig. 4(b) for
the polaritons in the lowest-energy state. Values of the param-
eters used for modeling are given in Ref. [27]. Strikingly, we
find that the model captures the increasing circular polariza-
tion in the presence of the magnetic field, both for the free
exciton [Fig. 2(b)] and, more importantly, for the polariton
ground state [Fig. 4(b)]. Once the stimulated scattering ex-
ceeds the spin relaxation in the system, the polarization in the
final state can be expected to increase. This effect can, indeed,
occur below a polariton laser transition, where a macroscopic
population in the polariton state is only established for short
times (the fluctuating regime), and manifests as a modified
time-averaged polarization rather than a superlinear increase
in output intensity. Hence, the observed notable excess of

DOCEP for the polariton modes relative to the higher k exciton-
polariton states is a clear manifestation of stimulated scatter-
ing to the ground state in our system [28-30].

Conclusion. We have studied the interplay between valley
polarization and Zeeman splitting in a strongly coupled mi-
crocavity with an embedded TMDC monolayer. We find that
the valley Zeeman splitting can be directly extracted from the
energetically split emission, even for photonic detuning, and
we find a substantial valley polarization emerging by the spin
relaxation in the reservoirs. Our data can be interpreted in the
framework of a previously developed spin-dependent kinetic
Boltzmann model, which accounts for the nonlinear interplay
between mode splitting and circular polarization. We note
that the spinor exciton polaritons are a fascinating platform to
investigate the effect of spins on coherent many-body states,
in particular, in the condensed regime. Our study clearly paves
the way towards such experiments.
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