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Trions in MoS, are quantum superpositions of intra- and intervalley spin states

J. Klein,">* M. Florian,>* A. Hotger,! A. Steinhoff,> A. Delhomme ®,> T. Taniguchi,® K. Watanabe,” F. Jahnke,?
A. W. Holleitner,' M. Potemski®,> C. Faugeras,’> A. V. Stier®,"" and J. J. Finley'+*
"Walter Schottky Institut and Physik Department, Technische Universitit Miinchen, Am Coulombwall 4, 85748 Garching, Germany
2Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
3 Institut fiir Theoretische Physik, Universitdit Bremen, P.O. Box 330 440, 28334 Bremen, Germany
4Department of Electrical Engineering and Computer Science, University of Michigan, Ann Arbor, 48109 Michigan, USA
3 Université Grenoble Alpes, INSA Toulouse, Université Toulouse Paul Sabatier, EMFL, CNRS, LNCMI, 38000 Grenoble, France
S International Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
TResearch Center for Functional Materials, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan

® (Received 16 January 2021; revised 22 December 2021; accepted 11 January 2022; published 31 January 2022)

We report magnetophotoluminescence spectroscopy of gated MoS, monolayers in high magnetic fields to
28 T. At B = 0 T and electron density n, ~ 10'> cm~2, we observe three trion resonances that cannot be explained
within a single-particle picture. Employing ab initio calculations that take into account three-particle correlation
effects as well as local and nonlocal electron-hole exchange interaction, we identify those features as quantum
superpositions of inter- and intravalley spin states. We experimentally investigate the mixed character of the trion
wave function via the filling factor dependent valley Zeeman shift in positive and negative magnetic fields. Our
results highlight the importance of exchange interactions for exciton physics in monolayer MoS, and provide
insights into the microscopic understanding of trion physics in two-dimensional multivalley semiconductors for

low excess carrier densities.
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Early experiments on quasi-two-dimensional CdTe [1] and
GaAs [2-4] quantum wells allowed the observation of charged
exciton complexes owing to an increase in the exciton bind-
ing energy arising from confinement effects. Atomically thin
transition metal dichalcogenides (TMDCs) of formula MX,
where M = Mo, W and X = S, Se, or Te are excellent model
systems for studying excitonic physics in two-dimensional
(2D) systems, due to enhanced quantum confinement and
weak dielectric screening [5—9]. The inherent 2D nature, bro-
ken spatial inversion symmetry, and strong spin-valley optical
selection rules [10] open up a plethora of possibilities for
the controlled study of exciton physics in the presence of
free carriers [11-15]. Combined with the ability to integrate
monolayers into functional devices, such experiments can be
performed with full control of the local charge density. Un-
like quasi-2D quantum well systems, valley dichroism and
strong spin-orbit splitting in the conduction and valence bands
promotes the formation of dipole allowed trion complexes
having singlet and triplet spin structure [16-22]. In WSe;
and WS,, the lowest energy exciton is spin forbidden due
to a dark band alignment arising from the large conduction
band spin-orbit splitting of Acg ~ 30 meV [23-27]. This is in
stark contrast to MoSe, [12], a material that is considered to
be optically bright since the lowest exciton transition is spin
allowed [22,23,25,28,29].
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The situation for MoS, is, however, more delicate. Initial
experiments showed an increase of exciton luminescence in-
tensity with temperature [30,31], which is a clear signature
for an optically bright material, supporting early theoreti-
cal works [23,32]. However, unlike optically bright MoSe;,
monolayer MoS, shows a large degree of valley polarization
that is typically found in the optically dark materials, like
WSe, and WS,. Importantly, recent experiments on magnetic
brightening of dark excitons unequivocally showed an opti-
cally dark alignment with a splitting between ls states of
bright and dark excitons of Ay, ~ 14 meV [29], which is
consistent with more recent theoretical work [33-36]. This
value reflects both the SOC in the conduction band and the dif-
ference in the effective mass of the two subbands, which leads
to the inversion of the ground state between the single-particle
and excitonic picture. As such, the single-particle conduction
band structure of MoS, is nontrivial due to the small spin
splitting and it is altered by interactions in the exciton picture
[see Figs. 1(a) and 1(b)]. Furthermore, a hallmark of optically
dark materials is the appearance of a rich fine structure of exci-
tonic complexes [37,38] as recently observed experimentally
[22,39,40]. However, these initial experiments lacked a gate
to control the local charge carrier density and a fully devel-
oped microscopic understanding of the observed spectra. This
motivates detailed charge-carrier-dependent investigations of
the trion fine structure in monolayer MoS,. In this Letter, we
show that the local and nonlocal exchange interactions (U,;)
determine the band alignment and corresponding trion fine
structure in monolayer MoS,. We further calculate how the
mixing of unperturbed infer/intravalley trion states is driven

©2022 American Physical Society
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FIG. 1. (a) Monolayer MoS, is optically bright in a single-
particle picture with Acp > 0. (b) Local exchange interaction U,
reorders exciton spin configurations resulting in the lowest transition
to be optically dark. This is schematically depicted as a flip of
conduction bands. (c) Trion fine structure in monolayer MoS,: Three
bright configurations are given by the intravalley singlet T,m? =
Tk iy (left) and intervalley triplet trion 7™ = T¢f! ., (center),
which are coupled by nonlocal electron-hole exchange interaction
U.;, as well as the intervalley singlet trion TSimer = T,g’ffm X'y (right).
The trion amplitude denoted by 7, 'lf;f: = (A 11y 114 )Taﬁ aa) is
a four-operator expectation value and describes the correlated pro-
cess of annihilating two electrons and one hole, leaving behind an
electron with momentum Q = Kk; + Kk, + k3 in the conduction band,
and is linked to the optical response of an electron trion. We adopt the
band ordering from the exciton picture. (d) False color plot of the gate
voltage dependent 5-K PL showing the neutral exciton X° and a fine
structure of negatively charged trions X~ (highlighted with arrows)
and a many-body state X'~ at 2 V (densities of n, > 4 x 10'2 /cm?)
(e) Fitted PL spectrum at 0.5V (n; ~ 10'?) cm™2 showing three
distinct trion resonances Tj, 7>, and 73 with binding energies of
—33.7, —21.5, and —10.8 meV.

by the exchange interactions and therefore modify the binding
energies and wave function contributions of the observed trion
features. This has strong implications for the interpretation
of magneto-optical data in many works on 2D multivalley
semiconductors [8,24,39,41-52].

The band structure of monolayer MoS, deviates from other
semiconducting TMDCs due to the small conduction band
splitting in the single-particle picture. While the ground state
is optically bright [see Fig. 1(a)], small many-body effects can
markedly alter the band structure [53,54]. Local electron-hole
exchange interaction leads to an overall blueshift of like-spin
excitons that reorders excitonic transitions and results in an

optically dark ground state [see Fig. 1(b) and the Supple-
mental Material [55] for calculations on the trion spectra,
which includes Refs. [16,32,37,38,56—63]]. In addition, non-
local electron-hole exchange mixes excitons in the K and K’
valleys, resulting in a nonanalytic lightlike exciton dispersion
for like-spin excitons. A detailed discussion for monolayer
MoS; is given in Ref. [37].

Furthermore, these interactions result in three trion config-
urations [Fig. 1(c)], which are quantum superpositions of the
eigenstates of the three-body problem without electron-hole
exchange interaction: an intravalley singlet T{"™ = T¢k | o

and an intervalley triplet trion 7" = TlgfffK i that are cou-
pled due to nonlocal electron-hole exchange interaction U,
as well as an intervalley singlet trion T{mer = Tlg'efm 'y Where
both electrons are located in the upper conduction bands c;.
Under applied magnetic fields in the range B = £28 T, we
observe quantum oscillations in the intensity of the domi-
nant trion emission line and observe that the polarity of the
magnetic field switches the PL between intravalley singlet
and intervalley triplet character due to time-reversal symmetry
breaking and Landau level (LL) quantization. From our data
we draw two main conclusions: (i) Trions observed in optical
spectra have mixed wave function character, thus representing
quantum superpositions with contributions from intravalley
and intervalley singlet and triplet trions, and (ii) the nonuni-
form and tunable trion g factor results from the decay of the
trion into a photon and a free electron sequentially occupying
Landau levels in the K and K’ conduction bands.

We probe trion emission from an exfoliated monolayer
MoS; in a commonly used gate-tunable van der Waals device
structure (see the Supplemental Material [55] for additional
information on the device, which includes [53,64-69]) [15].
The monolayer MoS; is fully encapsulated between thin lay-
ers of hBN (~10 nm) to reduce inhomogeneous linewidth
broadening [47,65]. We apply a bias voltage between MoS;
and a thin graphite bottom gate to control the carrier
concentration n; in the device [53]. Low-temperature 5-K
magnetophotoluminescence measurements were performed
using unpolarized cw laser excitation at £ = 2.41 eV and
o~ circularly polarized detection. A typical false color plot
of gate voltage dependent photoluminescence (PL) obtained
from our device is presented in Fig. 1(d) and Fig. SM1 of the
Supplemental Material [55]. At zero carrier density, the PL
is dominated by the neutral exciton X°, as expected. When
the electron density is increased, the oscillator strength shifts
away from X° due to the formation of negatively charged
excitons before spectral weight transitions to a many-body
state X'~ at >2V (densities n, > 4 x 102 cm~2) [14,53,54].
Interestingly, besides the neutral exciton X close to ny = 0,
three distinct trion resonances, T;, 7>, and T3 are clearly vis-
ible for a gate voltage of 0.5 V (electron density of n; ~
1 x 10'> cm~2) further highlighted by the fit in Fig. 1(e).
The voltage dependent oscillator strength due to band popula-
tion of the individual trions is nontrivial due to the delicate
interplay between the single-particle and exciton picture in
which the conduction band configuration reorders due to non-
local exchange interaction. In order to explain the threefold
trion fine structure, we numerically solve a generalized three-
particle Schrodinger equation to determine resonances in the
optical absorption of hBN encapsulated monolayer MoS, at
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FIG. 2. (a) Calculated absorption spectrum of hBN encapsu-
lated monolayer MoS, with and (c) without electron-hole exchange
interaction U,;, for a carrier density of n, = 0.1 x 10'> cm™2. A phe-
nomenological homogeneous broadening of 4 meV (full width at half
maximum) has been used. (b),(d) Corresponding wave function con-
tributions from the Tsi“‘e‘, TS“““‘, and T}“‘e‘ of the trion configurations
to the absorption spectrum of hBN encapsulated monolayer MoS,.
Note that only wave function contributions for Q = K/K' are shown.
As a result, the exciton-electron scattering states in the high-energy
tail of the exciton [59] are only coarsely sampled, which results in
an artificial splitting of the exciton. (e) Calculated binding energies
(E — Exo) of trion resonances, without U,;, only with nonlocal U,
and with both local and nonlocal U,,. The latter forms quantum
superpositions by strongly admixing the trion eigenstates 7" and
TTi“ter shown in (a). (f) Binding energies of trions 71, 75, and T; as
a function of the ratio between effective electron mass of upper and
lower conduction band. Results are obtained using an effective mass
model for the band structure around the K/K’ points of the two
lowest conduction (highest valence) bands.

low carrier concentration (n; = 0.1 x 102 cm™2?) [60]. The
method used is combined with material-realistic band struc-
tures and bare, as well as screened Coulomb matrix elements
on a GoWy level (see the Supplemental Material). Results
for the calculated optical absorption spectra are presented
in Fig. 2(a) and reveal T, 1>, and 73 as individual peaks.
Their experimentally observed PL counterparts can be iden-
tified in Fig. 1(e). From our calculations, we can directly
show that the observed features have distinct wave func-
tion contributions from the unperturbed trion configurations
[see Fig. 2(b)]. For example, the lowest energy peak, 77,
contains contributions from 7" and 7™, with the for-
mer dominating the total wave function. The 73 resonance
is similarly admixed with the dominant wave function con-
tribution from the intervalley triplet trion. Only 7, is an

eigenstate of the intervalley singlet trion. Note that without
electron-hole exchange interaction U,,, the observed trion
fine structure only shows two resonances [see Fig. 2(c)]
with the corresponding wave function contributions in
Fig. 2(d).

Figure 2(e) shows the evolution of the calculated trion
binding energies (E — Exo) with local and nonlocal U,.
Without U,;,, only two energetically distinct resonances are
expected, which are conventionally labeled in the litera-
ture as the inter/intravalley trions. In contrast, including
electron-hole exchange interaction predicts three resonances,
as observed in our experiments. The absolute and relative
energies of 71, T, and T3 (—28.5, —21.0, and —15.5 meV) are
in excellent agreement with our experimental findings (—33.7,
—21.5,and —10.8 meV). Moreover, since electrons from both
spin-orbit split conduction bands ¢; and ¢, contribute to sin-
glet intravalley trion and Coulomb exchange split intervalley
triplet trion, their corresponding binding energy sensitively
depends on the ratio of the electron band masses mg' /mS? [see
Fig. 2(f)]. Hence, the trion fine structure contains additional
information on the difference of the electron effective masses
in the ¢; and ¢, conduction bands. The 7, trion remains un-
affected since both spins are located in the same conduction
band.

A qualitative understanding of the trion fine structure
can be obtained from a configuration model [33,34]. The
homogeneous part of the equation of motion for the trion am-
plitude TkeI 'lf;{(‘z constitutes a three-particle Hamiltonian whose
eigenstates describe trions with total momentum Q (see the
Supplemental Material for details [55]). The Hamiltonian can
be split into a part Hy without electron-hole exchange and an
exchange part Hy according to the Coulomb matrix element.
Configurations are eigenstates of the three-particle Hamilto-
nian Hj that contains the kinetic energies of two electrons and
a hole as well as the direct Coulomb interaction. There are six
optically bright trion configurations in the subspace of zero-
momentum trions with a hole located in the highest valence
band [19]. Due to time-reversal symmetry, the configurations
are pairwise degenerate and are connected by changing K into
K’ and flipping all spins. In Fig. 1(c) the configurations are
shown for Q = K. By adding electron-hole exchange to this
picture, interaction between the configurations is introduced
and leads to new eigenstates and -energies. It is these new
eigenstates that are observed in our experiments, rather than
the unmixed configurations. Throughout the remainder of the
Letter we label the most prominent trion feature 77 as the
“negative trion” X~ to directly link it to other reports in
the literature.

We continue to probe the mixed character of the X~ via
magneto-optical experiments in high magnetic fields in de-
vice A and an additional, second, dual-gated device B. We
focus our discussion on the 7} resonance for which we obtain
statistically reliable data for both devices. Figure 3(a) shows a
typical example of the PL recorded at B = —22 T as a func-
tion of gate voltage on device A. Clearly, the X~ PL shows
gate-voltage-dependent oscillations in its intensity [side panel
of Fig. 3(a)], which we can observe already at lower B (see
the Supplemental Material for additional data). The peaks of
these quantum oscillations are attributed to half filling of LLs
with filling factors v = 40 and v = +1 [51]. As detailed in
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FIG. 3. (a) Left panel: Electron density dependent u-PL at B =
—22T of device A. Right panel: Corresponding integrated X ~ inten-
sity. The X~ reveals LL quantization as indicated by the dashed lines
with filling factor v = 40 and v = +1. (b) LL fan diagram of devices
A and B. Solid lines serve as a guide to the eye. The blue (red)
color of the LLs corresponds to spin 1 (spin | ) of the electron for
the magnetic field polarity due to time reversal symmetry breaking.
(c) Band configuration including the relevant LLs in the lower con-
duction band of the intervalley triplet trion 7,"" for negative (—) and
intravalley singlet trion 7{"™ for positive (+) magnetic field. Regime
I: Only the LL with filling factor v = +0 is filled in the K (K") valley
for negative (positive) magnetic field. Regime II: For negative field
LL v = 40 is populated in K while v = 40 and v = +1 are in K’
for positive magnetic fields. (d) X~ valley Zeeman shift in a second
device B. The effective g factor for negative magnetic field increases
due to LL population effects. (e) Voltage dependent electron mass
M.

the SM and plotted in Fig. 3(b), the positions of the peaks
shift linearly with B, a general observation in both investigated
devices. For low electron densities, we observe that the peak
emission associated with the v = 40 LL shifts downwards
in gate voltage (= energy) with increasing magnetic field
strength. We explain this observation by the unique features of
LLs in monolayer TMDCs [70]. First, at finite magnetic field,
all LLs in each respective K/K’ valley are fully spin and valley
polarized. As a consequence, X~ decays into a circularly
polarized photon, the helicity of which depends on the K/K’
valley, and an electron in a fully spin and valley polarized
Landau level [see Fig. 3(c)] [24,51,70]. Uniquely, the K/K’
position and, therefore, spin of the v = +0 LL depends on the
polarity of the applied magnetic field, being either spin | at
B < 0 or spin 1 at B > 0. In other words, both valley index
and spin of the Oth Landau level in the conduction band flip
depending on the polarity of B. Since we only detect o~ PL in

our experiment (optical recombination in the K’ valley), this
requires the final state of X~ to switch valleys depending on
the B-field polarity. Because X ~ (trion resonance 77) has wave
function contributions from both 7" and T{""™* with an elec-
tron situated in the lower conduction band ¢; with either spin
J or spin 1, the “flavor” of this state is therefore determined by
the polarity of the magnetic field, a direct consequence of the
quantum superposition of its trion eigenstates at B = 0 T. The
X~ magneto-optical response directly reflects the properties
of both trion configurations at zero magnetic field, while in
our experiments, we selectively detect the TSintra (TTimer) trion
with a spin-1 electron (spin-|, electron) in K’ (K) for B > 0
(B <0).

We continue to investigate the density dependent X ~ valley
Zeeman shift AEy; = %g,uBB of X~ for positive and neg-
ative magnetic field orientations [g(s*) and g(s~)] at higher
densities. The valley Zeeman shift directly encodes spin and
orbital properties [8,41-45] and its gate voltage dependence is
presented in Fig. 3(d) (for raw data see the Supplemental Ma-
terial [55], which includes Refs. [51,71]). When the electron
density is low, such that only the v = +0 LL is occupied in
c1, the valley Zeeman shift for positive and negative magnetic
fields are equal. However, for densities such that the v = +1
LL is occupied (n;), a strong asymmetry emerges in positive
and negative magnetic fields. A quantitative description of the
trion valley Zeeman shift at fixed density has recently been
reported for singlet and triplet trions in WSe, [49], consistent
with our observations for MoS,. The asymmetry of the X~
valley Zeeman shift, AEY, (n, B) = 1/2(t,gx- — Te8e)itpB —
g1(n)up|B|, originates in the density-dependent LL occupa-
tion, g;(n) of the final state, with the electron residing in
a LL (for details, see the Supplemental Material). For an
electron density above n; ~ 3 x 10'2 cm™2, the combination
of spin, valley, and cyclotron energy results in asymmetric
LL dispersions in positive and negative magnetic fields for
LLs with filling factors v > 41. As shown in Fig. 3(d), this
manifests itself as asymmetric slopes for positive and negative
B-field directions. Since AE;! + AE, = —(hw. — hor), we

determine the simple equation A + mL — mLT =0 with A =

Zave/2 = %[g(s*) + g(s7)]/2 and the trion mass my = 2m, +
my, which describes the shift of a trion in a magnetic field
(for details on the determination of the electron mass, see the
Supplemental Material [55], which includes Refs. [9,49,72]).
Considering a hole mass of m;, = 0.6 [72], we obtain an elec-
tron mass at low electron densities (regime I) of m, ~ 0.43
that is in excellent agreement with literature [see Fig. 3(e)]
[23]. For higher voltages (regime II), m, decreases due to the
population of ¢; renormalizing the trion wave function due to
many-body effects.

In summary, we have shown that trions in MoS, are quan-
tum superpositions of inter- and intravalley spin states for the
lowest electron densities close to the trion formation thresh-
old. The observed exchange splitting and binding energies of
the different trion species were shown to be strongly sensi-
tive to electron-hole exchange effects. Moreover, pronounced
nonuniformity in the Zeeman shift of the intravalley trion
revealed the importance of Landau level occupation depen-
dent initial and final state energies. This fully accounts for
recently observed variations in the exciton g factor [53]. Our
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results expand the current understanding of trion complexes
in monolayer MoS, and show that their wave functions are
strongly admixed, signatures of which are directly encoded in
the evolution of valley Zeeman shifts.
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