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Valley polarization of singlet and triplet trions
in WS2 monolayer in magnetic fields

Piotr Kapuściński,∗a,b Diana Vaclavkova,a Magda Grzeszczyk,c Artur O. Slobodeniuk,a,d

Karol Nogajewski,c Miroslav Bartos,a,e Kenji Watanabe, f Takashi Taniguchi,g

Clément Faugeras,a Adam Babiński,c Marek Potemski,a,c and Maciej R. Molas∗a

The spectral signatures associated with different negatively charged exciton complexes (trions) in a
WS2 monolayer encapsulated in hBN, are analyzed from low temperature and polarization resolved
reflectance contrast (RC) and photoluminescence (PL) experiments, with an applied magnetic field.
Based on results obtained from the RC experiment, we show that the valley Zeeman effect affects
the optical response of both the singlet and the triplet trion species through the evolution of their
energy and of their relative intensity, when applying an external magnetic field. Our analysis allows
us to estimate a free electron concentration of ∼ 1.3 · 1011 cm−2. The observed evolutions based
on PL experiments on the same sample are different and can hardly be understood within the same
simple frame highlighting the complexity of relaxation processes involved in the PL response.

1 Introduction

The charged excitons or trions as consisting of an electron-hole
pair and an excess carrier (an electron or a hole) are the simplest
complexes to investigate many-body phenomena. In conventional
2D semiconducting structures, such as GaAs and CdTe quantum
wells, it is known that at zero magnetic field only a singlet state
of charged exciton can be bound due to the Pauli exclusion prin-
ciple. Nonetheless, the observation of a triplet state of trion is
possible under an applied magnetic field.1–3 For so-called darkish
monolayers (MLs) of semiconducting transition metal dichalco-
genides (S-TMDs), i.e. WSe2 and WS2, possessing an optically in-
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active (dark) ground exciton state,4–7 both the singlet and triplet
states of the negatively charged excitons can be observed at zero
magnetic field.8–11 This is possible due to the fact that, in these
materials, the direct band gap is located at the two nonequivalent
K+ and K− valleys, what allows for the formation of triplet trions
involving two electrons with the same spin, but originating from
opposite valleys. Moreover, thanks to the strong Coulomb inter-
actions in these materials, triplet and singlet states of trions can
be energetically resolved, with energy splitting of few meV. 12–14

As the excitons and trions of the TMDC formed in the K+ and
K− valleys couple only to the σ+- and σ−-polarized light, respec-
tively, they can be used to create or probe the valley polarization,
making them useful for valleytronics.15 It was demonstrated in
recent years that the valley polarization can be achieved by the
polarized light16,17, magnetic fields18,19 and magnetic doping20.
However, the intervalley scattering of the carriers limits the valley
polarization lifetime of the excitonic complexes and free carriers
to only hundreds of ps.21,22

In this work, we investigate the magnetic field evolution of the
singlet and triplet states of the negatively charged excitons in WS2

monolayer encapsulated in hexagonal BN (hBN) by means of re-
flectance contrast (RC) and photoluminescence (PL) experiments.
We demonstrate that the absorption of both the singlet and triplet
trions, probed by the RC experiment, becomes strongly polarized
when magnetic field is applied. We describe this effect as a conse-
quence of the magnetic field induced valley polarization of the
free carriers in the monolayer. The results of PL experiments
on the same structure show different results. It reveals that PL
measurements do not provide a reliable information about valley-
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polarization of free carriers. Furthermore, we show that g-factors
of both trion complexes have the different values when probed
by the RC and the PL experiments, suggesting their sensitivity to
photodoping.

2 Methods
The studied sample is composed of a WS2 monolayer encapsu-
lated in hBN and deposited on a bare Si substrate. The struc-
ture was produced by a two-stage polydimethylsiloxane (PDMS)-
based23 mechanical exfoliation of WS2 and hBN bulk crystals.
The bottom hBN layer is first obtained by non-deterministic ex-
foliation on the Si substrate. The structure is then realized by
successive deterministic dry transfers of the WS2 ML followed by
the capping hBN flake onto the bottom hBN flake.

The PL and RC measurements were performed using a CW
diode laser (λ=515 nm) and a 100 W tungsten halogen lamp,
respectively. Magneto-optical experiments were performed in the
Faraday configuration using an optical-fiber-based insert placed
in a superconducting coil producing magnetic fields up to 14 T.
The sample was mounted on top of a x-y-z piezo-stage kept in
gaseous helium at T=4.2 K. The excitation light was coupled to
an optical fiber with a core of 50 µm diameter and focused on
the sample by an aspheric lens (spot diameter around 10 µm).
The signal was collected by the same lens, injected into a second
optical fiber of the same diameter, and analyzed by a 0.5 m long
monochromator equipped with a CCD camera. A combination of
a quarter wave plate and a polarizer were used to analyse the cir-
cular polarization of signals. The measurements were performed
with a fixed circular polarization, whereas reversing the direc-
tion of magnetic field yields the information corresponding to the
other polarization component due to time-reversal symmetry.

We define the RC spectrum as RC(E) = R(E)−R0(E)
R(E)+R0(E)

× 100%,
where R(E) and R0(E) are the reflectance of the sample and of
the same structure without the WS2 monolayer, respectively.

3 Results and discussion

3.1 Trion resonances in monolayer WS2

The measured low-temperature (T = 4.2K) reflectance contrast
(RC) and photoluminescence (PL) response of the WS2 mono-
layer encapsulated in hBN flakes, in the range of energy of exci-
ton and trion complexes, are presented in Fig. 1. The RC spec-
trum is composed of three distinct resonances, denoted as XA,
TT, and TS. These transitions are also visible in the emission
spectrum. The XA resonance can be assigned to the neutral A-
exciton formed in the vicinity of the band gap in agreement with
other studies of WS2 monolayers .10,11,24–27 Following the previ-
ous observations,9,10,13,14 the TT and TS features are identified
as the triplet and singlet states of the negatively charged excitons
(trions), respectively.

A schematic representation of the spin and valley configura-
tions of these two distinct trion complexes at zero magnetic field
is shown in Fig. 2(a) and (b). To extract the energies and rela-
tive amplitudes of these transitions, the RC/PL spectra were fitted
using three Fano-type/ Lorentzian functions with an assumption
of the linear/constant background. The TT absorption/emission
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Fig. 1 Reflectance contrast (blue dots) and photoluminescence (orange
dots, Eexc = 2.408 eV, Pexc = 20 µW) spectra of WS2 monolayer encapsu-
lated in hBN, measured at T = 4.2 K. The black curve is the fitting result
of the RC spectrum using three Fano resonances. The green/purple and
yellow Lorentzians represent the best fits to emission lines due to the
singlet/triplet trions and neutral exciton, respectively. The PL spectrum
in the region of XA peak was multiplied by 10 for clarity.

resonances are located ∼30 meV below the XA, while the en-
ergy separation ∆ T−S, between TT and TS is of ∼7 meV. These
values are in a very good agreement with those previously re-
ported.12–14,28,29 Note that the PL spectrum also includes several
additional lines (not shown here) apparent on the low energy side
of trions emissions, characteristic of the recombination of various
excitonic complexes, such as dark excitons, biexcitons, charged
biexcitons and localized excitons.4,10,11,30,31

The observed differences in terms of relative amplitude, of the
trions and exciton responses in the RC and in the PL spectra of
the structure highlights the fundamental difference in these two
optical processes: RC is a probe of the density of states and of the
oscillator strength of a given transition, while the PL intensity also
reflects occupation of the states and hence strongly depends on
the efficiency of relaxation processes. While the neutral exciton
formation is related to the density of excitonic states and to the in-
trinsic oscillator strength characterising a given material,32–34 an
additional free electron is required to create negative trions. The
observation of trion related features in the optical response hence
strongly depends on the carrier concentration or on the Fermi en-
ergy (EF ) which can be tuned externally for instance in gated
structures.10,26,31,35 In our structure, there is most probably an
unintentional n-type doping, commonly reported in WS2,9–11,30

allowing for the formation of trions. As the amplitude of the tri-
ons resonances in the RC response is rather small compared to
exciton resonance, the free carrier concentration is expected to
be relatively small.

3.2 Magnetic field effect on the trions resonances

Fig. 3 presents the magnetic field evolution of the helicity resolved
RC response in the range of energy of both TT and TS resonances,
measured on the encapsulated WS2 ML up to B= 14 T. Applying a
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magnetic field yields two main effects visible of these RC traces: a
splitting of both TT and of TS resonances into two circularly po-
larized components, and a strong variation of their intensities.
The splitting is a consequence of the excitonic Zeeman effect,
while the description of the intensities and of their evolution is
more complex: The intensity of Tσ−

T and of Tσ+
S completely van-

ishes in the RC experiment while Tσ+
T and Tσ−

S increase up to
B = 14 T. To analyse in details these evolutions, we have fitted
these results with Fano-like functions. The obtained evolutions of
both the energies and of the intensities of σ+ and σ− polarized
TS and TT components in magnetic fields are shown in Figs 3 (b)
and (c).

The TT and TS lines split into two circularly-polarized com-
ponents, where σ+/σ− features experiences redshift/blueshift
with increasing magnetic field, as it is presented schematically
in Fig. 2(c) and (d). For a comprehensive description of the effect
of an external magnetic field on the energies of the conduction
and valence bands see Koperski et al. The valley Zeeman effect
for trions can be described by the following equation:

E(B) = E0 ±
1
2

gµBB. (1)

where, E0 is the energy of the transition at zero field, g denotes
the g-factor of the considered excitonic complex and µB is the
Bohr magneton. The results of fitting are shown in Fig. 3 (b) as
solid black curves. We find that the g-factors for the singlet and
triplet trions differ significantly with g RC

TS
≈−4.7 and gRC

TT
≈−3.0.

Fig. 2 Schematic illustration of the circularly-polarized (a)/(c) σ+ and
(b)/(d) σ− singlet (TS) and triplet (TT) trions formed at K+ and K−

points of the Brillouin zone at zero/non-zero magnetic field. The red
(blue) curves indicate the spin-up (spin-down) subbands. The grey curves
in (c) and (d) denote the position of subbands at zero field. The electrons
(holes) in the conduction (valence) band are represented by closed (open)
circles. Saturation of green and violet colours is related to the probability
of trions formation.

The corresponding g factor of the XA transition is of the order of
gRC

XA
≈−4.2 from our RC spectra.

Let us first discuss the evolution of the intensities of the dif-
ferent trion complexes components. Each band has an associ-
ated magnetic moment build up from three contributions namely
the spin contribution, the Berry curvature contribution and the
atomic orbital contribution. When a magnetic field is applied
depending on the K+/K− valley in which they reside, electronic
bands in both the conduction and the valence band will shift in
energy, giving rise to the valley Zeeman effect. Bands in K+ valley
will increase in energy, while bands in K− valley will decrease in
energy.

The evolutions of the intensities of the different trion compo-
nents find their explanation in the energy shifts of the different
bands induced by the magnetic field relative to the Fermi energy,
considered as constant in our uncontacted structure. In Fig. 3
(c), the intensities of Tσ+

T and of Tσ−
S , deduced from RC experi-

ments, increase significantly when increasing the magnetic field.
These two components imply an additional electron in the K− val-
ley (see Fig. 2(a) and (b)). Simultaneously, the intensities of the
two other Tσ−

T and Tσ+
S trion complexes vanish. If we consider

a weak residual doping of the monolayer with a Fermi energy
slightly above the bottom conduction band, and below the sec-
ond conduction band (see Fig. 2(c) and (d)), then a magnetic
field can have a profound effect on the free carrier concentration
in the two valleys. With a fixed Fermi energy, the free electron
concentration in K+ valley decreases gradually when applying a
magnetic field, as the bottom of the conduction band rises to-
wards the Fermi energy because of the valley Zeeman effect. The
probability of the creation of a trion with an additional electron in
the K+ valley is directly related to the free carrier concentration,
thus it strongly decreases and should finally vanish when the bot-
tom conduction band is tuned above the Fermi energy. This, in
case of our structure, occurs in the range of magnetic fields above
14 T.

In order to investigate the details of the effect of a mag-
netic field on the measured amplitudes of trion complexes, we
have calculated the degree of circular polarization defined as
P = (Iσ+ − Iσ−)/(Iσ+ + Iσ−)× 100%, where Iσ+/Iσ− is the signal
intensity detected in the σ+/σ− polarization. Determined from
the RC experiments, the degrees of circular polarization of TT

and TS are opposite, and they grow almost linearly when increas-
ing the magnetic field, with a rate close to ∼ 6.6%.T−1, reaching
values as high as 90% at B = 14 T (see Fig. 3(d)). In a first ap-
proximation, the density of states of the conduction band of this
two-dimensional electronic system is constant as a function of en-
ergy and, because the energy shift of the band is linear in mag-
netic field, the polarization of TT and TS is also expected to grow
linearly with the magnetic field and then, to saturate at 100%
when the bottom conduction band in the K+ valley reaches the
Fermi energy (not seen in our experiment). As the energy of the
bottom conduction band at the K+ valley of WS2 grows as µBB,
the saturation of P is expected when µBBc = EF , where Bc ∼ 15.2
T allows to estimate in our case EF ∼ 0.9 meV. Now, using the re-
lation n = meEF/π h̄2 and assuming the effective mass of electrons
me ∼ 0.35 (taken from Kormányos et al.), we can estimate the free
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Fig. 3 (a) Helicity-resolved low temperature (T = 4.2 K) reflectance contrast spectra of singlet (TS) and triplet (TT) trions measured on the
encapsulated WS2 monolayer at selected magnetic fields. The dots represent measured signals, while the lines correspond to fitted curves. The red
(blue) colour correspond to the σ+-polarized (σ−-polarized) spectra. The dashed vertical lines show zero-field energies of trions. The spectra are
vertically shifted for clarity. (b) Transition energies of the TS and TT features extracted from the fits to the RC spectra as a function of magnetic field.
The squares (crosses) correspond to the TS (TT). The solid black curves represent fits with Eq. 1. Magnetic field evolutions of (c) the intensities and
(f) the polarization degrees of the TS and TT transitions extracted from the fits to the RC spectra.

carriers concentration to be of the order of n ∼ 1.3 · 1011 cm−2.
This result shows that free electrons in the conduction band can
be valley polarized with an external magnetic field, and that this
effect determines the degree of circular polarization of the differ-
ent trion species as probed by RC spectroscopy.

In other words, the Fermi energy of the system is fixed, but
the carrier densities in each valley is changing when a magnetic
field is applied, free carriers from the K+ valley being transferred
to the K− valley because of the valley Zeeman effect. We argue
that this effect can also explain the different g-factors extracted
for the singlet and triplet trion species. Indeed, optical investiga-
tions of high quality gated monolayers have shown that the trion
energies depends on the free carrier density and that, if the Fermi
energy lies in the conduction band, the trion energy increases
when the free carrier density is increased.38 When a magnetic
field is applied, the bands in the valleys move in the way indi-
cated in Fig. 2(c) and (d), and, as explained in the preceding
paragraphs, free carriers are gradually transferred from K+ to K−

valley. This implies that, in addition to the valley Zeeman effect,
we are also facing a change in the trion complexes energy induced
by the charge redistribution in the two valleys. The free carrier
density in the K+ valley decreases under magnetic field, which
leads to a decrease of energy the two trions based on this par-
ticular population of free carriers, namely the Tσ−

T and the Tσ+
S .

Simultanuously, the concentration of free carriers in the K− val-
ley increases by a similar amount, leading to an increase of the
energy of both Tσ+

T and the Tσ−
S components. This effect leads

to an apparent increase in the g-factor of the singlet trion and
to an apparent decrease of the triplet trion, as evidenced in the
evolutions presented in Fig. 3(b).

To conclude this discussion of the results of magneto-RC exper-
iments, both the evolutions of the intensities (or of the degree of
circular polarization) and of the g-factors of the two trion species
can be understood considering magnetic field induced free carrier
redistribution in the two valleys of our ungated WS2 monolayer.

3.3 Discussion of the PL response
We now turn to the photoluminescence investigation of the trion
complexes. Typical polarization resolved PL spectra at selected
values of the magnetic field are presented in Fig. 4(a). We have
used lorentzian functions to fit the evolution of their amplitude
and energy as a function of the magnetic field. Similar to RC ex-
periments, we define a degree of circular polarisation based on
the amplitude of the PL signals, but relative to that of A-exciton
to remove the Faraday effect naturally affecting the experimen-
tal data. The results of this analysis are displayed in Fig. 4(b), (c)
and (d) and they differ significantly from the previously discussed
case of RC experiments. The first difference lies in the values of
the g factor for both singlet and triplet trions. The PL investiga-
tion indicates that both trions have identical g-factors of ∼ −4.1,
close to that of the neutral A-exciton. The second difference is in
the evolution of the intensity of the different polarization resolved
components of the trions. Only the Tσ−

S component increases sig-
nificantly, by a factor 10 up to B = 14 T, while the intensities of
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Fig. 4 (a) Helicity-resolved low temperature (T = 4.2 K) photoluminescence (Eexc = 2.408 eV, Pexc = 20 µW) spectra of singlet (TS) and triplet (TT)
trions measured on the encapsulated WS2 monolayer at selected magnetic fields. The dots represent measured signals, while the lines correspond to
fitted curves. The orange (purple) colour correspond to the σ+-polarized (σ−-polarized) spectra. The dashed vertical lines show zero-field energies
of trions. The spectra are vertically shifted factors for clarity and some detected at σ− were multiplied by indicated scaling factors for clarity. (b)
Transition energies of the TS and TT features extracted from the fits to the PL spectra as a function of magnetic field. The squares (crosses)
correspond to the TS (TT). The solid black curves represent fits with Eq. 1. Magnetic field evolutions of (c) the intensities and (f) the polarization
degrees of the TS and TT transitions extracted from the fits to the PL spectra.

the other trions components appear to be weakly affected by the
magnetic field. These results highlight the fundamental differ-
ences between RC and PL investigations: effects of photo-doping
and non-trivial carrier relaxation processes within the different
energy levels can dominate the PL response.

The σ− polarized singlet trion appears as the only trion com-
ponent which amplitude increases with the magnetic field. We
understand this increase as a combined effect of charge transfer
into the lowest K− valley, and of efficient carrier relaxation also
towards energy states in the K− lowest valley, prior to optical re-
combination. The probability of trion formation involving free
carriers in the K+ valley strongly decreases with increasing mag-
netic fields due to the valley Zeeman effect and to the fixed Fermi
energy, as evidenced in the RC experiments. This concerns the
Tσ−

T and the Tσ+
S complexes which intensities are expected to

vanish. Tσ+
T can also efficiently relax into Tσ−

S by flipping spins
of both the electron and the hole, conserving in total both spin
and momentum. These observations point towards a strongly en-
hanced Tσ−

S emission, with respect to other trion complexes.

The degree of circular polarization of the singlet trion increases
linearly with the magnetic field, with a rate of ∼ 12.5% · T−1,
faster than that observed in the RC experiment. This would imply
a smaller value for the Fermi energy in the PL experiment than
in the RC experiment. When P reaches 80% at B ∼ 6 T, the rate
decreases significantly down to 2.1% ·T−1 and P reaches 90%
at B = 14 T. The existence of these two regimes observed for the

magnetic field induced evolution of the degree of circular polar-
ization extracted from PL measurements is intriguing, and reflects
mechanisms that cannot be elucidated with an continuous-wave
photoluminescence experiments. Even if the evolution of the in-
tensities of both triplet trion components appears as reduced, the
degree of circular polarization shows first an increase up to ∼ 30%
close to B = 4 T, and then it vanishes. This evolution cannot be
understood within the frame of magnetic field dependent free car-
rier concentration in the two valleys. It should result from a sub-
tile interplay between different scattering processes of both radia-
tive and non-radiative types, the effect of photodoping due to the
excitation laser, and finally, to free carrier redistribution among
the two valleys, which our experiment does not allow to iden-
tify. At this point we conclude that probing the trion resonances
with the PL experiments may not be a straightforward method
to characterize these relevant excitonic complexes, as they may
be affected by a number of possible non-equilibrium phenomena.
The problem here identified is to be solved in the future (studies
of different monolayers and with different carrier concentrations,
time resolved PL experiments, photoluminescence excitation ex-
periments, etc.) what is, however, beyond the scope of the present
work.

4 Conclusions

To conclude, we have investigated the magnetic field evolution
of negative trion resonances in a WS2 monolayer encapsulated
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in hBN by means of reflectance contrast and photoluminescence
experiments. These two techniques bring surprisingly different
results. The RC response can be understood in terms carrier redis-
tribution between the two valleys due to the relative shift of bands
with respect to the fixed Fermi energy. This leads to a strong po-
larization of the trion complexes when applying a magnetic field,
and also results in modified values for the g-factors characterizing
the singlet and triplet trion species. In PL, a similar increase of
polarization is only observed for the singlet trion, probably due
to the interplay between competing effects of exciton relaxation
to lower energy states and of changes in the probability of forma-
tion of a given trion when tuning the free carrier concentration in
the two valleys. We extracted g-factors of both trion complexes
and estimated electrons’ concentration. These findings show that
magnetic fields enable to control the valley polarization of the
free electrons in the conduction band, and highlight the complex-
ity of the different mechanisms involved in the PL response.
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