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Magnetic-gateable valley exciton emission
Helena Bragança 1,2, Hao Zeng 3✉, Alexandre Cavalheiro Dias1, Jorge Huamani Correa1 and Fanyao Qu 1✉

The use of valley excitonic states of transition metal dichalcogenides to store and manipulate information is hampered by fast
carrier recombination and short valley lifetime. We propose theoretically a scheme to overcome such an obstacle, by applying a
tilted exchange field through the magnetic proximity effect on monolayer MoS2. While the in-plane component of the exchange
field brightens the dark exciton by spin mixing, the out-of-plane field can effectively gate the emission with an ON/OFF ratio of
2700. Importantly, the brightening is valley selective, leading to nearly 100% valley and spin polarization at room temperature. The
resulting strongly gateable dark-exciton emission with long lifetime and near unity valley polarization makes it convenient to
manipulate the valley degree of freedom, which may offer new paradigm for information processing and transmission.
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INTRODUCTION
Monolayer transition metal dichalcogenides (TMDs), namely MX2
(M=Mo, W; X=S, Se, Te), have attracted great interest for
information technology. They are direct gap semiconductors with
two inequivalent valleys located at the K and K′ points of the
hexagonal Brillouin zone1–6. Owing to the 2D spatial confinement
and reduced dielectric screening, TMDs exhibit strong Coulomb
interactions7,8. Upon light excitation, it favors the formation of
tightly bound electron–hole pairs called excitons9. Because of
their high binding energies of up to a few hundred meV, these
excitons are stable even at room temperature10–14. Due to the
large spin-orbit coupling (SOC), monolayer TMDs possess spin-
split in the range of hundreds of meV15 in the top valence band
(VB). The bottom of the conduction band (CB) is also spin-split.
However, it is an order of magnitude smaller than the former16,
being comparable to the room-temperature thermal energy. Such
band spin splittings give rise to optically active and inactive
interband transitions from the top-most VB to the two spin-split
CBs, resulting in bright and dark excitons17. The former with
antiparallel electron and hole spins (i.e., parallel electron spins in
VB and CB) carry total angular momentum of Mj j= 1, allowing the
bright states to couple selectively to light with right-handed (left-
handed) circular polarization in the K (K′) valley18. However, both
their radiative lifetime and valley lifetime are very short due to the
large oscillator strength and strong long-range electron–hole
exchange interaction19–22, undermining their potential for appli-
cations. In contrast, the spin-forbidden dark excitons with parallel
electron and hole spins (i.e., antiparallel electron spins in VB and
CB) have total angular momentum Mj j= 2. This spin mismatch
strongly suppresses their radiative recombination, thus the dark
excitons possess long lifetime of the order of ns23. In addition, the
intervalley scattering of dark states is weak due to the spin flip,
leading to long valley lifetime24. Such long radiation and valley
lifetimes make dark excitons attractive for optically controlled
information processing. Nevertheless, their optical inactivity poses
a significant challenge for experiments. Although an in-plane
magnetic field has recently been employed to brighten the dark
excitons, the field magnitude required for moderate brightening is
as high as few ten tesla25,26, making practical applications difficult.
Besides, the lack of valley selectivity poses another challenge to

manipulating the valley exciton states27–31. These obstacles need
to be overcome to make practical applications feasible.
In this work, we propose a theoretical scheme to brighten the

dark excitons in monolayer MoS2 with an efficiency far exceeding
that by an in-plane magnetic field. Our scheme relies on coupling
of the monolayer MoS2 to a magnetic substrate which supplies a
tilted exchange field32–36. We show that the in-plane (J∥), and out-
of-plane (J⊥), components of the exchange field work synergisti-
cally for dark-exciton brightening. While it is known that an in-
plane exchange field is the origin of spin mixing and dark-exciton
brightening37, out-of-plane exchange field shifts the two spin-split
CBs in opposite directions. Such a shift reduces the CB spin gap in
one of the two valleys, which favors the spin mixing. Large J⊥ can
even lead to CB level crossing (Fig. 1a) that switches the
characteristics of the exciton ground state from bright to dark.
This increases the dark state population and its emission intensity,
as shown schematically in Fig. 1b. In the other valley, however, it
enlarges the gap and suppresses the spin mixing. Thus, the out-of-
plane exchange field acts as a gate to control the on and off states
of dark-exciton emission. Recently, an exciton transistor with
electric gating has been reported38. Relying on magnetic gating,
our scheme can achieve very large ON/OFF ratio without concern
of dielectric breakdown. Therefore, this valley-selective gating of
dark-exciton emission with long lifetime and near unity valley
polarization (VP) at room temperature represents a step forward
for applications of valley excitons in valleytronics and
optoelectronics.

RESULTS
Single-particle band structure
To reveal the mechanism of the transistor-like behavior of valley
excitons, we start by discussing the effects of an out-of-plane
exchange field on the single-particle band structure of MoS2. For
this, we combine density functional theory calculation with an 11
bands tight-binding model that consider the effective exchange
field supplied by a ferromagnetic substrate (see the “Methods”
section for details about the single-particle calculation). The left
panel in Fig. 1a shows the behavior of the conduction bands in the
K valley. In the absence of exchange, the spin-up band, CB↑, is the
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ground state, separated from the spin-down band, CB↓, due to the
SOC, Δc= 20.7 meV. Applying an out-of-plane exchange field
J⊥ shifts the energy level of CB↑ up and that of CB↓ down,
decreasing the spin gap in the K valley. The spin gap between CB↑
and CB↓ is proportional to ∣J⊥− Δc/2∣, i.e., it increases with
lowering J⊥ for J⊥ < 10meV and with increasing J⊥ for J⊥ > 10meV
(see Methods section for an effective Hamiltonian for single-
particle band energies). We have then identified the critical out-of-
plane exchange field, Jsp?c � 10meV, for which the CB levels cross
in the K valley. At K0 point (Fig. 1a, right panel), the CB spin gap
increases monotonically with increasing J⊥.
Let us now consider a tilted exchange field, with both out-of-

plane and in-plane components, J∥ and J⊥. Figure 2 shows the CB
energies as a function of J∥ for J⊥= 0, 2, and 11meV, in the K (top)
and K0 (bottom) points, respectively. The two non-zero J⊥ values
were judiciously chosen so that the former is smaller while the
latter is larger than the critical field Jsp?c for CB level crossing in the
K valley. Moreover, J⊥= 11meV is much closer in energy to Jsp?c
than J⊥= 2meV. It can be seen that while spin mixing is achieved
by applying a J∥, the degree of spin mixing is sensitively controlled
by J⊥. In Fig. 2, the degree of spin mixing is represented by the
z-component of the spin expectation value of the CB electrons,

hŜzi, shown by the colors and arrows. The initially spin-up (red)
and spin-down (blue) CBs at J⊥= 0 are labeled as CB↑ and CB↓,
respectively. To show all bands involved in the first optical
transitions, we also plot the energy of the highest VB. For J⊥= 0,
the CB↑ level is lower (higher) than the CB↓ in K (K0) valley by
Δc= 20.7 meV, as seen in Fig. 2a and d. Since the lowest CB and
the highest VB have the same spin orientation, the optical
transition between them is spin allowed (bright exciton states);
while that between the second lowest CB and the top VB is spin
forbidden (dark-exciton states). With increasing J∥, two effects are
observed: (I) there is a progressive spin tilting, i.e., spin mixing in
the two CB branches, as indicated by the color evolution of the
bands and tilting of the spin arrows; (II) the energy of the lowest
CB decreases, and that of the second lowest CB increases; while
the energy of the top VB always increases. This behavior is the
same for both valleys. The shift is roughly an order of magnitude
smaller than the Zeeman shift due to J⊥ (Fig. 1a), and is attributed
to the renormalization of the band energy26,39. It enlarges the gap
between the CBs, which decreases the degree of spin mixing than
that without the renormalization. We also note that VB does not
show a spin tilt as a function of J∥ in either K or K′ valley. This is
because the spin-orbit splitting for the top VBs is of the order of
400meV; such large energy separation prevents spin mixing
under an exchange field.
For J⊥= 2meV, the two CB levels become closer in the K valley

(see Fig. 2b), while the CB gap increases in the K0 valley (Fig. 2e).
This enhances the spin mixing in the former while reduces it in the
latter. For example, at J∥= 30meV, the spin tilting angle increases
to 74∘ in the K valley while decreases to 67∘ in the K0 valley, from
71∘ for both valleys with J⊥= 0. With further increasing J⊥ to
11meV, CB level crossing occurs in the K valley (Fig. 2c); i.e., CB↑
energy is now higher than CB↓, in contrast to the cases in panels
(a) and (b). At J∥= 0, the two CBs in the K valley becomes nearly
degenerate. In comparison with the case for J⊥= 2meV (far away
from Jsp?c , the spin tilt in K valley produced by J∥ is far more
efficient. For example, at a small J∥ of 5 meV, the spin tilting angle
already reaches 82∘, which is more than three times higher than
the value of 26∘ without J⊥. In K0 valley (Fig. 2f), on the other hand,
the CB gap is further enlarged and J∥ hardly tilts the CB spins.
Therefore, the origin of CB spin mixing is the in-plane

component of the exchange field, J∥. However, at J⊥ = 0, such a
mixing is not efficient due to the large spin gap (of ~20 meV) in
the CBs of MoS2. Applying an out-of-plane exchange field can
reduce the spin gap and even switch the order of the CBs in K
valley, which intensifies the spin mixing. Close to Jsp?c for CB
crossing, the spin mixing is the most efficient. Thus J⊥ can strongly
modulate the degree of spin mixing. The contrasting behavior in K
and K0 valleys causes valley-selective brightening of the originally
spin-forbidden dark exciton, as will be discussed later.
To further explore the valley-selective band crossing and spin

tilting, Fig. 3 shows a contour plot of the expectation values of the
z-component of electron spins hŜzi in CBs at K and K0 points as
functions of in-plane (J∥) and out-of-plane (J⊥) components of the
exchange field. The value of hŜzi is represented by the color scale.
We start our analysis from CB↑ and CB↓ bands in the K valley,
shown in Fig. 3a and c, respectively. As pointed out earlier, J⊥
tunes the spin gap, with a crossing of CB↑ and CB↓ at J? ¼ Jsp?c ,
shown by the horizontal black dashed line. Application of a J∥, on
the other hand, leads to mixing of spin-up and spin-down states.
The effectiveness of mixing is dependent on the energy
separation between these two states, which can be tuned by J⊥.
The maximum spin mixture (hŜzi ¼ 0) occurs at the crossing point,
i.e., at J? ¼ Jsp?c , where CB↑ and CB↓ are degenerate. With
increasing CB spin gap by either decreasing or increasing J⊥,
mixing becomes less efficient; as a result, higher J∥ is needed to
obtain the same degree of spin mixing. Quantitatively, J⊥ depends
on J∥ for constant values of 〈Sz〉. This relationship is described by
J⊥= aJ∥+ b, where the slope a= 〈Sz〉 (−〈Sz〉) in the upper (lower)

Fig. 1 Magnetic proximity effect on excitons in a monolayer MoS2
deposited on a ferromagnetic substrate. a Energies of minimum
CBs and maximum VB at K (left) and K0 (right) valleys as a function of
out-of-plane exchange field (substrate magnetization m̂ in the ẑ
direction). Red and blue lines indicate spin-up and -down bands,
respectively. The Zeeman shift in the CBs reduces the spin gap in the
K valley, and leads to band crossing at J⊥= Jsp?c . Consequently, the
exciton ground state switches from bright (shown by yellow) to dark
(shown by gray). In the K0 valley, on the other hand, the CB spin gap
increases with increasing J⊥. b The first Brillouin zone and simplified
band dispersion around K and K0 valleys. Blue, red, and green colors
represent spin-down, spin-up, and mixed spin states of electronic
bands, respectively. Under a tilted exchange field, the CB spin
mixing is stronger in K than in K0 valley, due to the smaller spin gap.
This leads to a valley-selective dark-exciton brightening. The exciton
ground states are shown, which are bright in K0 valley and
brightened-dark in K valley.
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CB, and b= Δc/2 ~ 10meV (see Supplemental Sec. II and
Supplementary Figure 2 for an analytical derivation of this
relation). This analytical results is in perfect agreement with
numerical tight-binding data, as shown in Fig. 3. When the fixed
values of 〈Sz〉 ranging from −1 to +1 in step size of 0.25 are
plotted in dashed lines, a fan shape is observed. In addition, the
behavior of CB↑ and CB↓ are symmetric, only with opposite spin
polarity. Let us now turn our attention to K0 valley, where the spin
orientation is opposite to that in K valley due to time reversal
symmetry. Increasing J⊥ always enlarges spin gap monotoni-
cally40, making the spin mixing less efficient. Only at low J⊥ and
very large J∥, there is moderate spin tilting in K0 valley, as shown in
Fig. 3b and d. The contrasting behavior in K and K0 valleys causes
valley-selective brightening of the originally spin-forbidden dark
exciton, as discussed in the following.

Exciton emission and valley polarization
Knowing the influence of the magnetic proximity effect on the
single-particle-band structure and spin mixing, we now turn our
attention to the impact of the exchange field on the exciton
emission and VP, derived by solving Bethe Salpeter exciton
equation and rate equations for exciton population (see Methods
section). In the K valley, the bright (dark) exciton Xb (Xd) is formed
by a hole in the top VB and an electron in CB↑ (CB↓). In the top
panels of Fig. 4 we show the room-temperature photolumines-
cence (PL) intensity of initially bright, Xb, and initially dark, Xd,
excitons in the K valley, as a function of the in-plane exchange
field, J∥, for different values of J⊥. At J∥= 0 the optical selection
rules ensure that Xb is optically active, while Xd does not couple
with light. When J∥ increases, however, Xd starts to emit light, with
the efficiency of brightening being strongly tuned by J⊥. This is
akin to the carrier density and thus source-drain current in a
transistor tuned by a gate voltage. At J⊥= 0 (Fig. 4a), with
increasing J∥, the emission intensity from Xd first increases, reaches

a maximum, and then decreases with further increasing J∥. The
brightening of the initially dark exciton is due to the CB spin
mixing, making optical transition allowed for the initially dark
exciton. The non-monotonic behavior of PL intensity with
increasing J∥ is attributed to the competition between spin mixing
and the renormalization of the band gap. As can be seen in Fig. 2,
the energy gap between the two CBs increases with increasing J∥,
which in turn increases the energy separation between the two
intravalley exciton states, reducing the exciton population of the
excited (originally dark) state at large J∥. In contrast, the J∥
dependence of bright exciton, Xb, shows an opposite trend to that
of Xd. Namely, while Xd exhibits a maximum, Xb shows a minimum.
With increasing J⊥, the bright-dark-exciton gap shrinks, making
thermal population of the excited state more effective at room
temperature. The dark-exciton brightening thus becomes more
efficient at the same J∥. This is manifested in the plot of Xd
intensity for J⊥= 5meV (Fig. 4b), where the maximum PL
quantum yield increases to 22% from 7% at J⊥= 0. Moreover,
the J∥ at which PL showing maximum decreases to 2.6 meV from
10meV, suggesting that dark-exciton brightening by applying a
titled exchange field is far more effective than applying an in-
plane field.
For a larger J⊥= 15meV (Fig. 4c), the ground state switches into

the dark state in K valley, while it remains bright in K0 one. Note
that although the CB crossing happens at J⊥ ~ 10meV, the exciton
ground state switches from bright to dark at a smaller out-of-plane
field, Jex?c � 5:1meV; that is, Jex?c < Jsp?c . This is because the bright-
dark-exciton separation is smaller than the spin-orbit splitting, as
the dark exciton has larger binding energy than the bright one. As
can be seen in Fig. 4c, the PL intensity of the initially dark exciton
increases monotonically with increasing J∥. This is due to the
combination of the following two effects: (I) the in-plane exchange
field increases the spin mixing, enhancing the coupling of the
state with light; (II) Xd is the ground state and its energy decreases
with increasing J∥. The large bright-dark energy separation at

Fig. 2 Single-particle band energy as a function of exchange field. Evolution of the two lowest CBs and the highest VB as J∥ increases for
J⊥= 0meV (a, d), J⊥= 2meV (b, e), and J⊥= 11meV (c, f) at K (top) and K0 (bottom) points. CB↑ and CB↓ label the initially spin-up and initially
spin-down CB states, respectively. The spin mixing is reflected by the color (values displayed on the colorbar in units of ℏ/2) and also by arrows
that indicate the spin direction.
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larger J∥ reduces the thermal population of the excited state Xb,
which enhances Xd emission.
In the K0 valley, the dark-exciton brightening effect is negligible

due to the large bright-dark energy separation, which is further
increased by J⊥. Besides the small oscillator strength of the dark
state (X 0

d), it has lower population because it is always the excited
state. Both effects make the PL intensity of X 0

d to be vanishingly
small irrespective of the values of J⊥ and J∥. Concomitantly, the
bright state in the K′ valley, X 0

b, is only slightly darkened. The
negligible brightening effect in the K′ valley under a tilted
exchange field and the valley-protected X 0

b emission is show in
Supplementary Figure 5 of the Supplemental material. Importantly,
the valley-selective dark-exciton brightening causes strong dark-
exciton valley polarization. The valley polarization of bright and
dark excitons, are defined as VPj ¼ ½IðXjÞ � IðX 0

jÞ�=½IðXjÞ þ IðX 0
jÞ�,

where I(Xj) represents the PL intensity of the Xj state, with j= {b, d},
and (0) labels states in the K 0 valley. In Fig. 4d–f, we show room
temperature VPb and VPd as a function of J∥, for different values of
J⊥. For J⊥= 0, time reversal symmetry is preserved, therefore both
VPb and VPd is null for all values of J∥. For J⊥ ≠ 0, on the other hand,
we observe that VPb is strongly tuned by the exchange field. For
J⊥= 5meV (Fig. 4e) the bright exciton is the ground state in both
valleys. VPb is initially positive (stronger emission from K valley) due
to the valley splitting produced by J⊥, namely, the states in K′ valley
have higher energy than that in K valley, which enhances the
intervalley scattering from K0 to K valley (see Methods section for
the description of intervalley scattering). VPb shows a non-
monotonic behavior that follows the non-monotonic dependence
of I(Xb) on J∥ (Fig. 4b): it first decreases from 12 to −10.5% due to
the valley-selective darkening of the Xb state, then increases when
I(Xb) further increases due to band renormalization, and reaches
23% at J∥= 30meV. For larger J⊥= 15meV (Fig. 4f), VPb goes from
positive (45% at J∥= 0) to negative values (−32% at J∥= 30meV)
monotonically with increasing J∥. This is due to combined effects of

the valley-selective darkening of Xb and enhanced population of X 0
b

state due to increasing bright-dark separation in K 0 valley with
increasing J∥. Compared with bright excitons, the Xd emission
exhibits significantly more robust VP. For J⊥= 5meV, VPd quickly
reaches almost 100% at J∥= 0.1 smeV, due to valley-selective
brightening. Although it slowly decreases with increasing J∥,
following the decrease of Xd PL intensity, VPd remains larger than
80% even at J∥= 30meV. With increasing J⊥ to 15meV, VPd holds a
constant value close to 100% irrespective of J∥. The robust VP close
to unity can be explained by the combined effects of valley-
selective spin mixing and enhanced Xd population due to valley-
selective switching of exciton ground state from Xb to Xd upon
application of a large J⊥.
To further compare the effect of dark-exciton brightening by a

tilted exchange field with that by an in-plane one, we show in Fig.
5 the evolution of the PL spectra as a function of the total
exchange field for (a) θ= 90∘ (in-plane) and (b) θ= 30∘ (tilted).
Brightened-dark-exciton emission is observed in both cases. The
dark-exciton emission is barely visible for the case of θ= 90∘.
Remarkably, for θ= 30∘, the intensity of the brightened-dark
exciton is dramatically enhanced, becoming comparable to that of
the bright one. We have thus demonstrated that applying a tilted
exchange field is a highly efficient approach for dark-exciton
brightening. It is worth noting that our theoretical prediction for
θ= 90∘ is in good agreement with recent experiment data (see
Fig. 2a of ref. 41), which validates our theoretical results.
Finally, it is worth noting that the model we propose here can

be straightforwardly extended to other TMD monolayers. We
expect that Mo-based TMDs will show similar behavior while W-
based ones are very different. Opposite to MoS2, the dark exciton
is the ground state for W-based monolayer TMDs. In this case, the
dark exciton already has a larger population, especially at low
temperatures, and thus an in-plane exchange field is more
efficient in brightening the dark exciton25,39. The bright nature

Fig. 3 Spin mean value of the conduction bands. Spin-splitted CBs at K (left panels) and K′ (right panels) points of monolayer MoS2 on
ferromagnetic substrate. The color code represents the mean value of the spin in z direction, 〈Sz〉, for CB↑ (a, b) and CB↓ (c, d) as functions of
the out-of-plane (J⊥) and in-plane (J∥) components of exchange field. In K valley there is a CB crossing as a function of J⊥: CB↑ correspond to
the lower CB for J⊥ < 10meV and the upper CB otherwise. In K0 valley, on the other hand, CB↑ has always higher energy than CB↓. Gray dotted
lines correspond to fixed values of 〈Sz〉 indicated by numbers (in units of ℏ/2).
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of the ground state exciton in Mo-based monolayer, on the other
hand, makes this types of materials more interesting for the gate
control of the valley exciton emission via a tilted exchange field.

DISCUSSION
From the results above, it is clear that J⊥ can effectively control the
dark-exciton brightening analogous to a gate voltage tuning the
source-drain current in a transistor. To demonstrate the perfor-
mance of such magnetic gating, the intensity ON/OFF ratio
(ION/IOFF) is plotted in the logarithmic scale (Fig. 6), as a function of
J⊥, at different J∥ values ranging from 0.1 to 10 meV. ION/IOFF is
defined as the ratio of the emission intensity of the brightened-
dark exciton at finite and zero J⊥. It can be seen that for all
J∥ values, ION/IOFF increases rapidly with increasing J⊥, reaching
maximum at the critical field Jexc?c = 5.1 meV, then decreases slowly
with further increasing J⊥. As discussed earlier, the induced spin

mixing is most effective at the bright-dark crossover point. The
gating effect is more pronounced at smaller J∥ values. For
example, the maximum ON/OFF ratio is found to be 2700 at
J⊥= 0.1 meV. Thus MoS2 monolayer emission can be gated
effectively by an exchange field at room temperature, acting as
a valley exciton transistor.
In conclusion, we proposed a theoretical design of magnetic-

gateable valley exciton transistor, consisting of monolayer MoS2

Fig. 4 Room-temperature PL intensity and exciton valley polarization. a–c PL intensity of bright Xb and initially dark Xd excitons in K valley
as a function of J∥ for different values of J⊥. d–f Valley polarization for bright and dark states. Green circles in e and f indicate that there are
vanishing brightened-dark excitons at J∥= 0, at which the valley polarization of dark excitons is not well defined.

Fig. 5 Color map of the evolution of PL spectra as a function of
the exchange field. Panel (a) dysplays in-plane (θ= 90∘) and panel
(b) shows tilted (θ= 30∘) exchange field. The horizontal axis is the
emission energy, and the vertical axis is the magnitude of the total
exchange field. The PL intensity is normalized by the Xb intensity at
J= 0.

Fig. 6 The ON/OFF ratio of the brightened-dark-exciton emission
of monolayer MoS2 subjected to a titled exchange field. The ON/
OFF ratio is plotted in logarithmic scale as a function of J⊥, at
different values of J∥.
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subjected to a titled exchange field from a magnetic substrate.
The in-plane and out-of-plane exchange fields work synergistically
to brighten the originally spin-forbidden dark exciton. While the
in-plane field mixes the spin-up and spin-down states, relaxing the
optical selection rule; the out-of-plane field closes the gap
between these states, increasing the dark-exciton population
and thus greatly enhancing the emission intensity. The dark-
exciton brightening efficiency far exceeds that obtained by an in-
plane field. The brightened-dark-exciton emission possesses long
lifetime and near 100% valley and spin polarization, controllable
by an exchange field. This scheme can be used to engineer a
magnetic-gateable valley exciton transistor with very large ON/
OFF ratio at room temperature, which can be useful for potential
quantum information processing applications.

METHODS
Eleven bands tight-binding model
The effect of the tilted exchange field on the band structure of the
monolayer MoS2 is described through an eleven bands tight-binding (TB)
model which accurately describe the electronic structure of the MoS2
monolayer42. A top view of the monolayer and the first Brillouin zone are
shown in Supplementary Figure 1a and c, respectively. The TB parameters
are obtained by fitting from density functional theory calculation, as shown
in Supplementary Figure 1b.
The total TB Hamiltonian is given by

HTBð k!Þ ¼ I2 � H0ð k!Þ þ HSO þ HJ : (1)

The first term I2 � H0ð k!Þ is spin-independent, and describes the local
energy and the hopping up to second-nearest-neighbor terms between
electrons in different atomic orbitals42. I2 is a 2 × 2 identity matrix in spin
space. The second term of Eq. (1), HSO ¼Pαðλα=_Þ L

!
α � Sα!, corresponds to

the spin-orbit coupling Hamiltonian, where λα is the intrinsic spin-orbit
coupling strength, L

!
α is the atomic orbital angular momentum operator,

and Sα
!

is the electronic spin operator for the α atom (α=Mo or S). The
coupling constants λMo=−0.0806 eV and λS=−0.0536 eV are adjusted to
fit the valence band (VB) spin splitting at the K and K0 points obtained by
DFT calculation. Finally, the last term of Eq. (1) describes the effective
exchange field driven by the coupling between the MoS2 monolayer and
the ferromagnetic substrate:

HJ ¼ J
P

R
!

;l;l0 ;s;s0

½m̂ � S!s;s0 �Cy
R
!

;s;l
C
R
!

;s0 ;l0
δl;l0

0
B@

þ gL
gs

P
R
!

;l;l0 ;s;s0

½m̂ � L!l;l0 �Cy
R
!

;s;l
C
R
!

;s0 ;l0
δs;s0

1
CA

(2)

where J is the effective exchange interaction strength, gs= 2 and gL= 1
are the spin and orbital g factors of an electron, m̂ is a unit vector that

indicates the direction of the magnetization, S
!¼ ðSx ; Sy ; SzÞ and L

!¼
ðLx ; Ly ; LzÞ are the Pauli spin matrices and the orbital angular momentum

operator. Finally, Cy
R
!

;s;l
(C

R
!

;s;l
) is the electron creation (annihilation)

operator for a spin s and orbital angular momentum l state at the unit cell
R. The first and the second terms in Eq. (2) describe the exchange
interactions of electron spin and orbital angular momenta with the
exchange field, respectively.
In general, the single-particle eigenfunctions are labeled by the indices

of the energy bands n and the Bloch wave number k
!

and are expanded as
a linear combination of atomic orbitals

jn; k!i ¼
X

R
!

;sl

C
R
!

;s;l
ðn; k!Þei k

!
� R
!

j R!; s; li; (3)

where R
!

describes the position of the unit cell and j R!; s; li are the basis
states.
The spin-orbit coupling lifts the spin degeneracy of the bands, leading to

a spin-orbit splitting around K and K0 valleys, of the order of hundreds of
meV in the valence bands (VBs) and tens of meV in the conduction bands
(CBs). In this context, the value of the spin in ẑ direction can also be used to

label the band state:

jn; k!; si ¼
X

R
!

;l

C
R
!

;s;l
ðn; k!Þei k

!
� R
!

j R!; s; li; (4)

in such a way that

Ŝz
� �

n; k
!

;s
¼ hn; k!; sjŜzjn; k!; si ¼ ±1=2 (5)

The exchange term, Eq. (2), have different effects on the single-particle
band structure depending on the direction of the magnetization.
Specifically, for m̂ ¼ ẑ, the bands are shifted, but s is still a good quantum
number. For a tilted magnetization, on the other hand, the spins are mixed:

Ŝz
� �

n; k
! ¼ hn; k!jŜzjn; k!i ¼ 1

2
jc"ðn; k!Þj2 � 1

2
jc#ðn; k!Þj2; (6)

with

jc"ðn; k!Þj2 ¼
X

R
!

;l

Cy
R
!

;";l
ðn; k!ÞC

R
!

;";l
ðn; k!Þ (7)

and

jc#ðn; k!Þj2 ¼
X

R
!

;l

Cy
R
!

;#;l
ðn; k!ÞC

R
!

;#;l
ðn; k!Þ (8)

Exciton eigenproblem
With the single-particle description in hand, we calculate the excitonic
states by solving the two-particle problem via Beth–Salpeter equation
(BSE). More specifically, the exciton Hamiltonian is composed of the
electron He and the hole Hh single-particle Hamiltonians, including the
exchange interaction terms, plus the Coulomb interaction V

R
! which binds

the electron–hole pairs

Hex ¼ He þ Hh þ V
R
!: (9)

To account for the finite width of the TMD layer and the spatial
inhomogeneity of the dielectric screening environment, we adopt the
interaction Coulomb potential in the Keldysh form43–47

V
R
! ¼ � e2

8ϵ0ϵdr0
H0

j R!j
r0

 !
� Y0

j R!j
r0

 !" #
; (10)

where H0 and Y0 are the Struve and Bessel functions of the second kind,
respectively. In this work, we consider that the monolayer sits on a
substrate and is exposed to air, which leads to an effective dielectric
constant given by ϵd= (ϵsub+ ϵair)/2. Furthermore, r0 represents a
characteristic length defined by r0= 2πχ2D/ϵd, with χ2D being the two-
dimensional polarizability. Throughout this work, we consider ϵd= 2.5 and
χ2D= 6.60 Å47 for the MoS2 monolayer subjected to a magnetic substrate.
Since we study periodic lattices, it is more convenient to work in the

reciprocal space; in k-space, the Keldysh potential acquires the form48,49

V
Q
! ¼ � e2

2ϵ0ϵd jQ!jð1þ r0jQ!jÞ
; (11)

where Q
!

is the exciton momentum, defined as the difference between the

electron and the hole momenta, i.e., Q
!¼ k

!� k
!0

.
The exciton wave function is defined as a linear combination of single-

particle electron–hole pairs,

ΨM
exðQ

!Þ ¼
X

c;v; k
!
AM
c;v; k

!
;Q
!ðjc; k!þ Q

!i� jv; k!iÞ;
(12)

where the indices c and v refer to the conduction and valence states, with
momentum k

!þ Q
!

and k
!
, respectively. Since we are interested in the

low-energy excitons, we consider a four bands model, that is, n= {c1, c2, v1,
v2}. The exciton eigenproblem on the basis displayed in Eq. (12) leads to
the following BSE

E
c; k
!

þQ
!� E

v; k
!

� �
AM
c;v; k

!
;Q
!þ 1

S

P
k0 ;v0 ;c0

W
ð k
!

;v;cÞ;ðk0
!

;v0 ;c0 Þ;Q
! AM

c0 ;v0 ;k0
!

;Q
!

¼ EM
Q
!AM

c;v; k
!

;Q
!:

(13)
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In the equation above, S ¼ ScN2
k is the total area of the crystal, where

Sc ¼
ffiffiffi
3

p
a2=2 and a is the lattice constant. Furthermore, W

ð k
!

;v;cÞ;ðk0
!

;v0 ;c0 Þ;Q
!

represents the matrix element of the many-body Coulomb potential
including direct Wd and exchange Wx terms, and EM

Q
! is the energy of the

Mth excitonic state with momentum Q
!
.

To simplify our calculation, we apply the Tamm–Dancoff approximation
(TDA) to the many-body Coulomb potential, which neglects the orbital
character of the Coulomb interaction. In this case Wd

ð k
!

;v;cÞ;ðk0
!

;v0 ;c0 Þ;Q
! and

Wx

ð k
!

;v;cÞ;ðk0
!

;v0 ;c0 Þ;Q
! are given by

Wd

ð k
!

;v;cÞ;ðk0
!

;v0 ;c0 Þ;Q
! ¼ V

k
!

�k0
! hc; k!þ Q

!jc0; k0!þ Q
!i hv; k!jv0; k0!i (14)

and

Wx

ð k
!

;v;cÞ;ðk0
!

;v0 ;c0 Þ;Q
! ¼ �V

Q
!hc; k!þ Q

!jv; k!i hv0; k0!jc0; k0!þ Q
!i: (15)

Although a complete exciton band structure includes excitons with non-
zero center of mass momentum, we focus our attention only on optical

vertical transitions close to K and K0 point, i.e., Q
!¼ 0. For Q

!¼ 0, the
exchange term Wx

ð k
!

;v;cÞ;ðk0
!

;v0 ;c0 Þ;Q
! vanishes due to orthogonal properties

of hc; k!þ Q
!jv; k!i and hv0; k0!jc0; k0!þ Q

!i45.

Exciton absorption spectra
The exciton absorption intensity A(ω) is given by Fermi’s golden rule

AðωÞ ¼ e2π

_2ωVc

X
M

OMδð_ω� EM0 Þ; (16)

where EM0 is the energy of theMth excitonic state with Q
!¼ 0 and OM is the

oscillator strength, defined by

OM ¼
X

k
!

;c;v

AM
c;v; k

!
;0
hc; k!jHLMð k!Þjv; k!i

�������

�������

2

; (17)

where HLM ¼ ∂HTB
∂kx

represents the light-matter coupling for linear light
polarization.
The value of OM defines the optical activity of the excitonic state and

depends on the electron and hole spins.

Energy shift and brightening of exciton states via magnetic
proximity effect
Generally, the electron–hole Coulomb interaction couples multiple CB and
VB states. The lower energy states at the Γ point (Q

!¼ 0), however, can be
properly identified as the strongly localized A and B excitons50. Such states
are formed at the direct band gaps (K and K′ points) with the holes and
electrons placed in a well-defined CB and VB. Specifically, A excitons
involve electronic transitions between the highest valence band (v1) and
the two lowest spin-split conduction bands (c1 and c2) in both K

XK
1

�� � � c1; sc1j i � v1; sv1j i
XK
2

�� � � c2; sc2j i � v1; sv1j i (18)

and K0 valley

jXK 0
1 i � c01; s

0
c1

�� �� v01; s
0
v1

�� �

jXK 0
2 i � c02; s

0
c2

�� �� v01; s
0
v1

�� �
;

(19)

with n; snj i (n= {c1, c2, v1}) the single-particle state (Eq. (4) with fixed k
!

around the valleys).
Furthermore, in the absence of an in-plane exchange field, we have seen

that the spin of the CB and VB are well defined. Therefore, A excitons can
also be classified as bright (Xb, spin allowed, parallel spins in both bands,
i.e., sci= sv1) and dark (Xd, spin forbidden, antiparallel spin configuration, sci
=−sv1) states depending on the spin configuration of the single-
particle bands.
An out-of-plane exchange field maintains the spin quantum numbers;

therefore, the oscillator strength of the excitons is hardly affected.
However, it decreases the energy separation between bright and dark

states in the K valley, while increases the intravalley energy separation in K′
valley. Since the spins of the conduction and valence bands are well
defined, each excitons is fully bright or fully dark. The in-plane field
component, on the other hand, tilts the spins, in such a way that the
excitons can be described as linear combinations of bright Xbj i and dark
Xdj i components:

XK
1

�� � ¼ a1B Xbj i þ a1D Xdj i
XK
2

�� � ¼ a2B Xbj i þ a2D Xdj i
XK 0
1

�� E
¼ a01B Xbj i þ a01D Xdj i

XK 0
2

�� E
¼ a02B Xbj i þ a02D Xdj i;

(20)

where the coefficients aij (i= {1, 2} and τ ¼ fK; K 0g) depend on the single-
particle spin components, namely,

aτiB
�� ��2 ¼ 1þ 4ðhŜziv1 ;τhŜzici ;τÞ

2
(21)

and

jaτiDj2 ¼
1� 4ð Ŝz

� �
v1 ;τ

Ŝz
� �

ci ;τ
Þ

2
; (22)

Above, Ŝz
� �

n;τ is the spin expectation value of the n-th band at the corners
of the hexagonal Brillouin zone, as defined in Eqs. (6)–(8). Note that, in the
absence of in-plane exchange field, we have Ŝz

� �
v1 ;τ

hŜzici ;τ ¼ 1=4 (−1/4)
which leads to jaτiBj ¼ 1 (jaτiBj ¼ 0) and jaτiDj ¼ 0 (jaτiDj ¼ 1) for bright (dark)
excitons. With an in-plane magnetic field, hŜzici ;τ can assume different
values from −1/2 to 1/2, depending on the exchange field amplitude and
direction. Therefore, jaτiBj and jaτiDj acquire different values from 0 to 1. The
bright and dark-exciton energies in K and K0 valleys are shown in
Supplementary Figure 3 for J= 25meV, pointing in different directions.
The values without exchange field are also shown, for comparison.

Exciton dynamics
The BSE description of the exciton eigenproblem provides the eigenfunc-
tion, eigenvalues and the absorption spectra of the exciton states,
including the effect of the exchange field on these properties. The exciton
emission, however, involves Coulomb and phonon mediated intra- and
intervalley scatterings between different quasi-particles. We propose a
theoretical framework that uses the outputs of the BSE calculation as
inputs to an effective description of the exciton dynamics. More
specifically, we consider the evolution of the energy and spin components
of the four lower exciton states described in the section above and
investigate the PL intensity and the valley polarization via the exciton
recombination kinetics, given by a set of four coupled rate equations, We
include the valley-selective brightening of dark excitons, scatterings
between intravalley A excitons, as well as intervalley scattering between
bright components, as described by the following equation of motion

_nτi ¼ jaτiBj2g� Γττii þ Γττij þ jaτiBj2
X2
l¼1

jaτ0lBj2Γττ
0

il

 !
nτi þ Γττji n

τ
j þ jaτiBj2

X2
l¼1

jaτ0lBj2Γτ
0τ
li n

τ0
l ; (23)

where nτi is the density of state i= {1, 2} in the τ ¼ fK; K 0g valley, and _n
represents the time derivative; the general formula of Eq. (23) represents
the time evolution of the four states, XK

1 , X
K
2 , X

K 0
1 , and XK 0

2 . The first term on
the right hand side corresponds to the photocreation rate g of the state,
weighted by its bright component. The recombination rate, Γττii is a linear
combination of the bright and dark recombination rates:

Γττii ¼ aτiB
�� ��2Γb þ aτid

�� ��2Γd , with Γb= (10 ps)−1 51 and Γd= (1 ns)−1 52, for
radiative and non-radiative recombination rates, respectively.
The intravalley scattering rate, Γττij , is taken to be 0.1 ps−1 53 for

i > j (scattering from the excited to the ground state) and uτ(T, J) 0.1 ps−1

for i < j, i.e., the scattering from ground to excited excitonic state depends
on the Boltzmann distribution uτðT ; JÞ ¼ exp �jΔEτðJÞj=kbTð Þ, reflecting
the presence of the valley- and exchange-field-dependent energy barrier
ΔEτ between the two sates in τ valley (see Supplementary Figure 4 for the
energy difference as a function of exchange).
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Finally, we consider the intervalley scattering between bright compo-
nents, given by

Γττ
0

ij ¼

αjΔEττ0ij j3

j exp
þjΔEττ0

ij
j

kbT

� 	
�1j

if i < j;

αjΔEττ0ij j3

j exp
�jΔEττ0

ij
j

kbT

� 	
�1j

if i > j

8>>>>><
>>>>>:

which describes the emission or absorption of a phonon54 with energy
correspondent to the valley splitting ΔEττ

0
ij . Furthermore, α is the

exciton–phonon coupling strength. Throughout this work we consider α
= 105 ps−1 eV−3, so intra- and intervalley scattering rates are of the same
order for the exchange field strengths analyzed here. Even though there
are mechanisms which can cause intervalley scattering between dark
states, experimental results reveal that such quasi-particles have much
longer valley lifetime; the relevant scattering time is about one order of
magnitude larger than that of bright states55. Thus, the intervalley
scattering between two dark components is not considered. Results
presented in the main text were obtained for the steady state, where the
density of each state is obtained by letting the left hand side of Eq. (23)
equal to zero. The PL intensity is then given by Iτi ¼ jai;Bj2Γττii nτi .
Furthermore, the valley polarization is calculated by comparing the

intensity of corresponding states in K and K0 valleys: VPi ¼ IKi � IK
0

i

IKi þ IK
0

i

.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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