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Photoluminescence and reflectivity contrast spectra in
the absence of magnetic field

Samples grown by chemical vapour deposition (CVD) are generally characterized by a broad
emission resulting from the recombination of excitonic species bound to impurities, primar-
ily related to chalcogen vacancies.! At low temperatures, the free exciton peak is barely
visible in photoluminescence (PL) as a shoulder on the high energy side of a broad emis-
sion. These defects can be healed by hydrohalic acid treatment! or, as we demonstrated,
by sandwiching CVD-grown MoSe, between two CVD-grown MoS, monolayers.? Our defect
healed samples exhibit dramatically improved quality, as demonstrated by the low temper-
ature micro-photoluminescence (1PL) spectrum shown in Fig. S1. The spectrum consists
of sharp, well-resolved peaks at 1.67eV and 1.64eV, identified with the free and charged
exciton of MoSes, respectively. The defect healing scenario is confirmed by the strongly
suppressed luminescence of the excitons bound to defects. The peak at 1.95eV is assigned
to the recombination of the A exciton of MoS,. The prominent low energy peak in Fig. S1 is
attributed to the interlayer exciton based on extensive power dependent PL measurements,
PL excitation spectroscopy, and time-resolved PL measurements.® The high quality of our
heterostructure is confirmed by the reflectivity contrast spectrum, where peaks attributed

to A and B excitons of both MoS, and MoSe, are distinctly resolved.?

Valley Zeeman splitting for intralayer and interlayer ex-
citons

The lifting of the degeneracy induced by the magnetic field is enabled by the unequal mag-
netic moments of the conduction p¢ and valence bands p' involved in the transition. In
the framework of magneto-optical spectroscopy of intralayer excitons, three possible contri-

butions have been identified. The contributions related to the spin magnetic moment p"
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Figure S1: pPL spectrum measured at low excitation power and low temperature and reflec-
tivity contrast spectrum of a MoSy/MoSe;/MoS, trilayer.

cancel out because optical transitions are spin-conserving, leading to S = pf. Conversely, the
atomic orbital contribution p is expected to be non-zero, owing to the different orbitals which
form the band edge states of the conduction and the valence band,* with a total contribution
adding up to py = —4pg. The third contribution is associated with the Berry curvature and is
referred to as valley magnetic moment,® with values +4{ = +(mgo/m.)ng for the conduction
band and +uy = £(mg/my)pg for the valence band, in the KT and K~ valleys, respectively.
Here, mg represents the free electron mass, while m, and m;, denote the effective mass of the
electrons and holes, respectively. In first approximation, a simple tight binding model yields
me = My, hence py = py for transitions occurring between bands belonging to the same val-
ley. The valley magnetic moment thus provides a negligible contribution, which is consistent
with the experimentally observed splitting of the free exciton transition of AE = —4nz B in
the vast majority of the magneto-optical experiments performed on monolayer TMDs.® In

heterostructures, an appropriate choice of the stacking angle or the effects of moiré pattern



can enable optically bright transitions between bands having different valley indices. The
very large effective g-factor observed in a MoSe;/WSey heterostructure has been explained
by the ~ 60° stacking angle between the monolayers, which made possible optically bright
transitions between KT valley of MoSe, and K~ valley of WSe, (and vice versa).'? In this con-
figuration, the valley orbital contribution will no longer cancel out, but it will add up leading
to an expected splitting AE = —[4 + 2(mg/me + mo/my)|pugB. In the case of MoSs/MoSe,
heterostructures, the optically active transition involve the highest energy conduction band
of MoS, of one valley and the valence band of MoSe, of the opposite valley [see Fig. 1(b)].
Theoretical calculations suggest values of the effective mass of electrons in MoS, ranging
from me ~ 0.46mg — 0.6mg and of holes in MoSe, from my ~ 0.55my — 0.6my, "2 which
gives an expected gog ~ 11 — 11.6, in good agreement with the experimentally determined

value.

Determination of PL energy

Even though the zero field PL spectrum shown in Fig. 1(b) has a slightly uneven line shape,
its peak energy and intensity can be reliably extracted by fitting it with a single Gaussian
curve. We show an example of a single Gaussian fit in Fig. S2(a), where we note that the
fitting Gaussian follows very well the PL line shape even at its tails. This demonstrates that
our spectra are not asymmetric and the spectral information can be reliably extracted by
fitting them with a single curve. Recent reports have demonstrated two well-resolved peaks
attributed to the interlayer exciton recombination.'®!* To check whether the structure we
see in our spectra could be related to the presence of two peaks, we try to fit the zero field
spectrum with two Gaussians. The result, shown in Fig. S2(b), demonstrates that the central
energies of the two Gaussians are very close to each other (1.3799eV and 1.3833¢eV) and
very close to the energy we extracted with a single curve fit (1.3824eV), hence we conclude

that our spectra can be fitted well with a single Gaussian and that the effective g-factor



extracted with this approach in Fig. 1(d) is correct.
We have also extracted the magnetic field induced energy splitting with the center of
mass method, which gives the energy of a PL peak by evaluating its “weighted spectral

average” 19

> EI(E)

> I(E)
where E' is the energy and I(F) denotes the PL intensity at the energy E. The results of
this analysis are summarized in Fig. S2(c). We note that for large magnetic fields (B >
20T), the values of the splitting are more scattered, which reflects a larger uncertainty in
the determination of the PL peak because of the very weak signal of the o~ polarization.
Nevertheless, the g we obtained using this approach is identical within experimental error

to the value we extracted in Fig. 1(d).
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Figure S2: Zero magnetic field spectra fitted with (a) one and (b) two Gaussians. (c)
Magnetic field induced energy splitting evaluated via the “center of mass” method.

Four level rate equations model and additional fits

To reproduce the magnetic field dependence of the circular polarization degree P, of the
interlayer exciton photoluminescence (PL), we employ a simple, four level rate equations
model. The same model was used by Aivazian et al. and Neumann et al. to evaluate the
magnetic field dependence of P, of excitonic PL from a WSe; monolayer. ''7 The schematic

of the model is depicted in Fig. 4(d) of the main text and we redraw it in Fig. S3, labeling
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the states with numbers for the sake of notation clarity. It shows the case of o -polarized
excitation in resonance with monolayer MoSe; or MoS, A-exciton, state |3). According to
the selection rules,® o-polarized excitation creates the excitons solely in the KT valley of
the monolayer. After photoexcitation, occurring with a rate -3, a charge transfer between
the layers takes place, resulting in a formation of one of the interlayer exciton states, labeled
as |1) and |2) (corresponding to the [1) and ||) states in the main text). Simultaneously,
a partial valley depolarization occurs either between the monolayer states'® or during the
charge transfer.'® We describe the valley specific charge transfer rates with 7s; and 7ss.
The interlayer exciton states are split in an external magnetic field B perpendicular to
the heterostructure surface and the splitting AFE = gogupB scales with g.g = —13.1, as
determined experimentally and described in the main text. Intervalley scattering rate to the
low energy state |1) is 791, while the scattering to the high energy state |2) is y12. At zero
field, the time reversal symmetry requires that v9; = 712. These processes compete with the
recombination of the interlayer exciton, which occurs with a rate v, assumed the same for
the two valley states. The full set of rate equations describing the populations of the |3),

12), |1) states and the ground state |0) in a steady state reads

n3 = Yp3Mo — Y3113 — Y323 = 0
Ng = Y32M3 — Y21M2 + Y12n1 — YN = 0
Ny = Y3113 + Y2112 — Y12n1 — YNy = 0

ng = Yng +yn1 — Yoznog = 0 (1)

where n; denotes the time derivative of the |i) state population. Note that the form of the
above equations does not depend on the excitation polarization.
We solve the above set of equations and denote Py = (v31 — 32) /(731 + 732) as the degree

of polarization transmitted from the excitation light through excitation of the monolayer
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Figure S3: Schematic of the four level rate equations model. Dashed and solid horizontal
lines denote the relevant exciton states at B = 0 and at B > 0, respectively. Circularly
polarized excitation with rate o3 (thick upward arrow), creates excitons in one of the valleys
in one of the monolayers. Charge transfer and formation of interlayer excitons are partially
valley selective, which is accounted for with different rates 3, and v3; (dashed arrows).
The intervalley scattering between the interlayer states is described by the rates vi2 and o,
(curved arrows). The recombination rate 7 of the interlayer exciton (thick downward arrows)
is assumed to be the same for both valleys.

exciton, charge transfer, and interlayer exciton formation. The solution for the magnetic

field dependence of P, is given by Eq. (1) of the main text:

P, = P, Y 4 Y21 — V12 ' (2)
Y+ Y1+ Y2 Y+ Y21+ Y12

At zero field, the first term reduces to the well known expression for optically created PL

polarization related to a spin or valley polarization®

Ty

P.=F (3)

)
Ty + Ty

where 7, = 1/ is the recombination time, while 7, = 1/(791+712) is the intervalley scattering
time.

Following the approach used successfully to reproduce magnetic field dependence of P,



21,22

in quantum wells, we calculate the valley relaxation rates as:

AE
1 I“2 exXp (k‘B_T>
Vo1 = — = + aAE?
TV0F2+AE2 ‘eXp<]§3_?>_1‘
1 ? 1
Vg = ————— + aAE? : (4)
TV0F2+AE2 ‘eXp<]§3_?>_1’

which is equivalent to Eq. (2) of the main text. As discussed therein, the first terms describe
the intervalley scattering driven by the electron-hole exchange interaction.

The second terms in Eq. (4) describe a one-phonon spin-lattice relaxation process, which
appears only when the valley splitting AFE is non-zero. The rate 5, describes the scattering
from the higher to the lower valley and thus requires an emission of a phonon, while 79
describes the scattering from the lower to the higher valley and requires phonon absorption.
Consequently, as seen in Eq. (4), the scattering rates v and 75 are proportional to phonon
occupation factors ny + 1 and ny, respectively, and ny = exp(é—?) -1 71. The spin-lattice
relaxation drives the system to thermal equilibrium: the ratio of the phonon contributions
to Y91 and 7q2 is equal to the Boltzmann factor exp(AE/(kgT)).
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Figure S4: Symbols: average recombination time evaluated from the decay times mea-
sured in time-resolved PL (see Fig. 4 of the main text). Line: fitted exponential function
Aexp(—B/B,) + C used for interpolation of the decay time in model fitting.

As described in the main text, the recombination rate v is evaluated directly from time-
resolved PL measurements by calculating the average recombination time 7,,,. In Fig. 54,
we plot the obtained values of 7,,, as a function of the magnetic field. To calculate the

magnetic field dependence of P, in the steady state measurement, we interpolate 7,,, with
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a fitted exponential function Aexp(—B/B,) + C — see Fig. S4. The fitting parameters are
A=362ns, B, =6.29T, and C = 118ns.

In order to further demonstrate the agreement between our model and the experimental
result, we analyze P. of the PL signal excited in resonance with the MoS, A-exciton. In
this case, the excitation energy is ~ 260 meV higher than in the case presented in Fig. 2 of
the main text. We plot P. obtained by exciting with a linear polarization in Fig. S5(a) and
with o* polarizations in Fig. S5(b,c), respectively. Qualitatively, the field dependence of P,
observed in Fig. S5 is very similar to that of Fig. 2, except for smaller values of the optically
created valley polarization manifested at fields 0 < B < 5T for 0% excitations. We fit the
experimental data with Eq. (2) and we keep 7y9, o, and ' obtained from fitting the data
in Fig. 2 and use only Py as the fitting parameter. For Fy = 0.07, we obtain a very good

agreement between the fit and the data.
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Figure S5: Results of a measurement analogous to the one presented in Fig. 2 of the main
text but with the excitation resonant with the MoSy A exciton. Symbols denote the evolution
of PL circular polarization with magnetic field for (a) linearly polarized excitation, (b) o,
and (¢) o polarized excitation. The dashed gray line shows the expected evolution of the
circular polarization for an exciton population fully thermalized with the lattice. Lines are
results of the fitting with the four level rate equations model.
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