Distinctive g-factor of moiré-confined excitons
in van der Waals heterostructures

Y. Galvdo Gobato,*! C. Serati de Brito,” A. Chaves,**% M. A. Prosnikov,’ T.
Wozniak, !l Shi Guo,* Ingrid D. Barcelos,# M. V. Milosevi¢,Y F. Withers,- and P.
C. M. Christianen®

1 Physics Department, Federal University of Sao Carlos (UFSCAR)-Brazil
T Universidade Federal do Ceard, Departamento de Fisica, 60455-760 Fortaleza, Ceard,
Brazil
Y Department of Physics, NANOlab Center of Ezcellence, University of Antwerp, Belgium
§High Field Magnet Laboratory (HFML-EMFL), Radboud University, 6525 ED, Nijmegen,
The Netherlands
| Department of Semiconductor Materials Engineering, Wroctaw University of Science and
Technology, 50-370 Wroctaw, Poland
1 Centre for Graphene Science, College of Engineering, Mathematics and Physical
Sciences, Unwwersity of Fxeter, Exeter, EX/ 4QF
# Brazilian Synchrotron Light Laboratory (LNLS), Brazilian Center for Research in Energy
and Materials (CNPEM), 13083-970 Campinas, Sio Paulo, Brazil

E-mail: yara@df.ufscar.br; andrey@fisica.ufc.br

Abstract

We investigated the valley Zeeman split-
ting of excitonic peaks in the micro-
photoluminescence (uPL) spectra of high-
quality hBN/WS,/MoSes/hBN  heterostruc-
tures under perpendicular magnetic fields up to
20 T. We identify two neutral exciton peaks in
the uPL spectra: the lower energy one exhibits
a reduced g-factor relative to that of the higher
energy peak, and much lower than the recently
reported values for interlayer excitons in other
van der Waals (vdW) heterostructures. We pro-
vide evidence that such a discernible g-factor
stems from the spatial confinement of the ex-
citon in the potential landscape created by the
moiré pattern, due to lattice mismatch and/or
inter-layer twist in heterobilayers. This renders
magneto-pPL an important tool to reach deeper
understanding of the effect of moiré patterns on
excitonic confinement in vdW heterostructures.
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Recent years have witnessed enormous inter-
est in the optical properties of heterostructures
based on monolayer transition-metal dichalco-
genides (TMDs).!? They exhibit a direct band
gap at two inequivalent £K valleys and en-
hanced excitonic effects.®® The +K valleys
can be individually addressed using right-
(04) and left-handed (o_) circularly polar-
ized light.!Y Under perpendicular external mag-
netic fields, valley Zeeman effects and magnetic-
field-induced valley polarization can be ob-
served. 11718

TMD heterostructures with stacking angles
near either 0° (AA stacking) or 60° (AB stack-
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ing) exhibit pronounced emission from both
inter-layer and intra-layer excitons.!®2?% The
lattice mismatch between the materials that
form the heterostructure, combined with small
inter-layer twist angles, lead to a moiré pat-
tern consisting of regions where the crystal ex-
hibits stacking registries that are locally differ-
ent along the materials plane.?’

The effective g-factor of inter-layer excitons
(iXs) depends on the twist angle between
the layers of van der Waals heterostructures
(vdWHSs).?® Several experimental studies of
MoSes/WSes heterostructures have shown an
effective g-factor of iXs of g ~ +6 for twist
angles near 0°, while ¢ ~ —15 was found for
twist angles around 60°.252%2% These values are
very different from reported g-factors of intra-
layer excitons in individual monolayer TMDs
(g = —4). 12101528 T fact, the value of the effec-
tive exciton g-factor results from the spin and
orbital angular momenta of the electron and the
hole bands, while its sign is governed by opti-
cal selection rules.?*3! Therefore, it is signif-
icantly affected by the materials composition,
inter-layer exciton hybridization, and even by
the spread of the exciton wave function.? In
the presence of the effective confining poten-
tial produced by the moiré pattern, the con-
fined exciton wave function in reciprocal space
is expected to populate regions away from the
K-point edge of the Brillouin zone, thus effec-
tively modifying the exciton g-factor, which in
turn can be used to probe the moiré exciton
confinement.

There is currently a controversy in the lit-
erature, regarding the nature of the lower en-
ergy moiré exciton peak in the optical emis-
sion of a MoSey/WS, heterostructure.?* 30 Tt
was shown that the conduction band is nearly
degenerate for the two constituent layers and
the excitonic bands of intra- and interlayer ex-
citons could hybridize, resulting in a resonant
enhancement of the moiré superlattice effects.
Therefore, the observed lower energy exciton
peak in the PL spectrum was previously at-
tributed to a hybridized intra- and interlayer
exciton.?*% Recent reflectance contrast exper-
iments of gated heterostructures® evidenced
that the hybridization of intra- and interlayer-

excitons is weak for the lower energy exciton
peak, which has considerable impact on theo-
retical predictions of the exciton g-factors for
samples with twist angles around 0° and 60°.

In this work, we investigate the exciton g-
factors in a MoSey /WS, heterobilayer with
twist angles around 0° and 60°. Our magneto-
micro-photoluminescence (magneto-pPL) data
reveal the existence of two neutral exciton
peaks, at different energies. The effective g-
factor of the lower-energy exciton is consis-
tently lower as compared to either the perfectly
charge-separated inter-layer excitons observed
in MoSes/WSe, (and other) heterobilayers, or
the intra-layer excitons either in an individual
MoSe; monolayer or in MoSe; /WS, heterobi-
layers. We argue that the low energy PL peak is
due to an exciton whose center-of-mass motion
is confined by the moiré potential landscape,
as evidenced by its energy separation from the
peak identified as the MoSe, intra-layer exciton
(with an experimentally validated g-factor).

As shown in Fig. 1(a), the PL spectrum of
the MoSey /WS, vdWHS exhibits two peaks as-
sociated to the neutral excitons, labeled mX
(1.603 eV) and X4 (1.646 ¢V), interspersed by
trion peaks mX* (1.570 eV) and X* (1.619 eV).
These results are very similar to previous exper-
imental results reported for MoSe; /WS, heter-
obilayers.?*3> We found the energy separation
between the mX and X4 PL peak positions of
~ 43 meV. The energy separation between X 4
and X* is 27 meV, whereas between mX* and
mX peaks a splitting of 33 meV was observed.
The energy separations are consistent with the
identification of mX* and X* as trion emissions.
Our laser power dependence study of all ob-
served PL bands at 4 K (Fig. S3 in the Sup-
plementary Material (SM)37) provides further
support to this interpretation of the excitonic
nature of the different PL peaks. We thus cor-
relate the experimentally observed mX peak to
a moiré-confined exciton state, whereas the X4
peak is interpreted as the emission from an un-
confined intra-layer MoSe, exciton,3? 3 as will
be detailed further below.

In order to understand the origin of the two
neutral exciton peaks consistently observed in
our experiments, let us consider a van der Waals
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Figure 1: (a) Typical PL spectrum of the
MoSe; /WSy, vdWHS at 4 K with twist angle
around 0° at the position P2 indicated in the
inset. The inset shows the optical image of the
sample. The intersection of red (MoSes) and
green (WSy) delimited areas highlights the vd-
WHS region. PL of the monolayer WS, region
of the sample (green data points) shows features
at higher energies, identified as the monolayer
exciton Xy, peak for this material, whereas the
lower energy features are identified as the free
(moiré-confined) MoSe, intra-layer exciton X,
(mX) and trion X* (mX*). (b) Sketch of the
crystal structure of a MoSes /WS, vdWHS with
a twist angle &~ 0°. Local stacking registries R},
RY and R;*, highlighted respectively by black,
red, and blue circles, form a periodic moiré pat-
tern. The quasi-particle energy gap is locally
different in each of these regions, thus produc-
ing a moiré potential landscape for excitons.
This is illustrated by the black line in the bot-
tom panel, which depicts the quasi-particle gap
along the arrow drawn in the top panel. The
mX and X4 peaks in the PL spectrum originate
respectively from confined and (nearly) free ex-
citons in the moiré pattern, whose wave func-
tions are represented by yellow curves in the
bottom panel. (c¢) Effective g-factor dispersion
for the intra-layer MoSe, exciton as a function
of its momentum K, as obtained by DFT cal-
culations assuming the three stacking registries
identified in (b).

stacked MoSey /WS, hetero-bilayer with inter-
layer twist angle ~ 0°, as sketched in Fig. 1(b).
The periodic moiré pattern created by the lat-
tice mismatch between the layers exhibits re-
gions with local stacking registries identified as
Rl RM and R;¥, marked as black, red, and blue
circles, respectively. Since the quasi-particle
gap of each of these registries is different, one
expects these regions to form a periodic land-
scape of potential wells and barriers for the ex-
citon,® as illustrated by the black line in the
bottom panel of Fig. 1(b). The quasi-particle
gaps obtained from ab initio calculations with
hybrid functional (HSE06) in a MoSey /WS, vd-
WHS with R, RM and R;X are 1.830 eV, 1.831,
and 1.816 eV, respectively. All three cases ex-
hibit practically the same effective mass and,
consequently, the same binding energy of 0.230
eV, thus explaining the experimentally observed
peaks around 1.6 V. In the R;* case, however,
the theoretically predicted exciton energy is at
least 15 meV lower than those of R} and R},
thus working as a confining well for the exci-
ton center-of-mass. Since the inter-atomic dis-
tances in the actual vdWHS crystal are likely
different from those in our simulations for pure
RI' RM and R;Y crystals, which were artificially
strained to produce commensurate lattices, and
our calculations for local quasi-particle gaps
were made without GW corrections, the actual
moiré confinement potential in the MoSey /WS,
vdWHS is likely to be significantly stronger
than the ~15 meV predicted here.

The valence band edges of the isolated mono-
layers are separated by ~ 750 meV,* which
restricts the holes in the lowest energy exci-
ton states to the MoSe, layer. Conversely, the
conduction band offset between the individual
monolayers is small: for instance, Refs. |[34]
and [35] suggest conduction band offsets of 13
meV and 5.8 meV, respectively, with lowest en-
ergy electrons also in the MoSe, layer. Ab
initio calculations in Ref. [39] give somewhat
higher values for this band offset, but all re-
sults in the literature point towards a type-I
band alignment for this combination of mate-
rials. 340 Therefore, the lowest energy exciton
state in this vdW HS must have a dominant
intra-layer MoSe, component, although, due to



such low conduction band offset, hybrid states
with an inter-layer component, where electrons
partially populate the WS, layer as well, may
also be possible.Consequently, we will focus on
the effect of in-plane moiré confinement on the
g-factor of intra-layer exciton .

In the presence of a perpendicularly applied
magnetic field B = B2, the energy of each ex-
citon state shifts as

Ei(B) = Ei(0) £ ginpB/2, (1)

where pp is the Bohr magneton, B the mag-
netic field strength, ¢ = mX, mX*, X* or Xy,
the + sign depends on the valley degree of free-
dom, associated with the circular polarization
04, and the linear term corresponds to the Zee-
man shift, with an effective Landé g-factor g;.
The quadratic (diamagnetic) shifts for each ex-
citon state are an order of magnitude lower
than the Zeeman shifts and are therefore ne-
glected. These g-factors are directly related
to the angular momenta of the valence and
conduction band states involved in the exciton
transition. Although a survey of such angular
momenta values for several monolayer TMDs,
along with a thorough description of the cal-
culation method, can be found in Ref. [30],
we briefly describe the theoretical procedure to
obtain effective exciton g-factors from density
functional theory calculations in the SM,*" for
the sake of completeness.

Results in Fig. 1(c) demonstrate that the an-
gular momenta of the conduction and valence
band states in a MoSey /WS, vdWHS with three
different stacking registries observed for ~ (°
twist angle in Fig. 1(b) are not significantly
different from that of the isolated MoSey mono-
layer, which is g ~ —4.3° On the other hand,
they are strongly reduced in modulus for exci-
ton momenta away from the exciton band edge.
In fact, the momentum of a ground-state exci-
ton that is quantum confined by an external po-
tential is naturally non-zero. The moiré poten-
tial illustrated in the bottom panel of Fig. 1(b),
with minima at the R regions, suggests that
the exciton center-of-mass is effectively quan-
tum confined to these regions, which allows
one to predict a significant reduction in the g-

factors for moiré confined exciton states. Wave
functions of shallow (X4) and (mX) confined
exciton states are depicted by yellow lines in
the bottom panel of Fig. 1(b).

Figure 2 (a) shows a typical PL spectra for left
(0_) and right (o) circularly polarized emis-
sions and (b) the magnetic field dependence of
the PL spectrum for both polarized emissions
under magnetic field up to 20 T for the posi-
tion P1, marked in Fig. 1(a). A red/blue shift
of the circularly polarized o, /o_ PL peak po-
sitions was observed with increasing magnetic
field, which clearly evidences the regular val-
ley Zeeman splitting effect.!'™® Similar behav-
ior was observed for uPL data obtained at dif-
ferent laser positions of the heterostructure (see
Figs. S4 and S5 in the SM?7).

We have determined the peak energies of the
emission lines as a function of magnetic field by
fitting each PL peak with a Voigt line shape.
The effective g-factors for all emission peaks
are obtained by fitting the experimental Zee-
man splitting to AFE; = E;* — E]” = g;upB
(Fig. 2). This yields g-factors ~-4.4 for both
the X4 and X* PL peaks. Lower g-factors are
observed for the mX* trion and mX exciton,
with values ¢,,x- = —3.3 and ¢,,x = —3.5,
respectively. These values are also lower than
the effective g-factors of excitons in monolayer
MoSe,, with g4 ~ —4 in previous works.*!

As previously discussed, moiré confined exci-
tons are expected to exhibit reduced g-factors.
We therefore address the X 4 peak as either free
or shallow-confined exciton states in the higher
energy RI' and R} regions, whereas mX is in-
terpreted as a moiré-confined exciton state at
the R;* region, with lower energy and, con-
sequently, non-zero center-of-mass momentum.
This interpretation of X4 and mX matches the
findings of earlier works,3* except for our as-
sumption of weak inter-layer hybridization in
mX, in accordance with Ref. [33].

Let us compare the experimentally observed
~ 22% difference between g4 and g,,x with
the theoretical predictions in Fig. 1(c). The
predicted g-factor for nearly free intra-layer
MoSe, excitons is g4 ~ —4. A 22% lower
value for the moiré exciton yields g,,x ~ —3.12
which, according to Fig. 1(c), requires an ex-
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Figure 2: (a) Typical PL spectra of o, and o_ light polarizations at 10.8 T and 4 K for the
MoSes /WSy vdWHS with a twist angle around 0°, at position P1. (b) color-code map of the PL
intensity versus energy and magnetic field for o and o light polarizations. (c) - (f) Magnetic field
dependence of the valley Zeeman splitting of each PL peak as a function of magnetic field. Solid
lines are linear fits to the data. (g)-(j) Magnetic field dependence of the valley polarization for each

PL peak.

citon momentum K a 0.11 A~!. This corre-
sponds to a confined state with energy roughly
h?K?/2M = 40 meV below that of the free ex-
citon, where we used the total exciton effective
mass M = m, + my; = 1.094mq, as obtained
from DFT. Indeed, this is in excellent agree-
ment with the experimentally observed 43 meV
separation between X4 and mX exciton peaks
in the PL spectra. Moreover, this energy is
also in the same order of magnitude as the one
observed for similar moiré-confined excitons in
Ref. [38].

The degree of valley polarization, defined as
P =17+ —1°-)/(I°* 4+ 1°~), is shown in Fig-
ure 2 as a function of the field for each exci-
tonic peak under circular polarization excita-
tion. The mX excitons exhibit a circular polar-
ization as large as &~ 70% at a field of 20 T, a
nearly twice stronger polarization compared to
the free X4 exciton at this field. The high po-
larization degree for mX suggests an increase of
intervalley scattering times for the moiré con-
fined exciton. However, further studies would
be necessary to understand in more detail the

polarization degree of the moiré confined exci-
ton.

Despite the qualitative agreement between
the g-factors of the different mX and X 4 peaks
observed in our uPL experiment and their the-
oretically predicted values, the latter are quan-
titatively lower in magnitude. In fact, g-factors
of X4 in MoSe; and WS, monolayers obtained
by ab initio calculations are slightly underes-
timated as compared to existing experimen-
tal data in the literature.?® Nevertheless, our
model shows that the distinctly lower g-factors
for the mX states is due to the exciton wave
function quantum confinement by the moiré
pattern.

If there was an important effect of inter-layer
hybridization for mX3* for this vdWHS, our
DFT calculations predict an even lower exci-
ton g-factor, as a consequence of the lower an-
gular momentum for conduction band electrons
in the WS, layer.?” However, as the hybridiza-
tion is weak, the exciton g-factors observed
here in MoSey /WS, vdWHS are similar or even
reduced as compared to those of excitons in
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Figure 3: (a) Optical image of hBN-encapsulated MoSe, /WSy vdWHS with a twist angle around
60°. (b) PL spectrum and typical PL fitting at 0T. The inset shows o, and o_ PL spectra at 6 T.
(c) Magnetic field dependence of the PL peak energies for o, and o_ polarizations (d)-(g) Zeeman
splitting for each PL peak as a function of magnetic field. Solid lines are linear fits to the data.
The corresponding extracted effective g-factors are indicated in the panels (d)-(g).

monolayer MoSe,, in contrast to the g-factors
of excitons in other similar heterostructures,
such as MoSe;/WSe, vdWHS,? where exciton
g-factors in the vdWHS are rather enhanced as
compared to those of either monolayer MoSe,
or WSe,. Furthermore, for twist angles around
60°, the inter-layer exciton g-factors would be
expected to be higher due to the sign change of
the angular momentum for the conduction band
states for these excitons.?*3° However, since the
mX and X4 states in MoSes /WS, vdWHS have
a strong intra-layer component and low inter-
layer contribution,® our model estimates the
g-factors in 6 =~ 60° twisted MoSes/ WS, het-
erostructures to be similar to those for # ~ 0°,
in contrast to MoSes/WSe; vdWHS. Indeed,
we experimentally verified this prediction with
a MoSey/WSey vdWHS sample with twist an-
gle 60°. Figure 3 (a) shows the optical image
of this sample. The PL spectrum at zero field
and a typical spectrum under magnetic field is
shown in Figure 3 (b). We observed a sharp mX
peak at around 1.608 eV, and an exciton peak

at around 1.654 eV. Therefore, the energy sepa-
ration between the X 4 and mX exciton peak is
46 meV. Figure 3 (c-g) shows the magnetic field
dependence of the PL peak energies for the o,
and o_ polarizations and the Zeeman splitting
for all emission peaks. The corresponding ef-
fective g-factor for mX is around -3.7 which is
close to the value obtained for the sample with
twist angle 0°. In general, for all samples we
have observed a small reduction of g-factors for
mX and mX*, as compared to X4 and X* peaks.
This result is in agreement with our theoretical
predictions for moiré confined excitons with a
dominant intralayer component.

In conclusion, we have measured the
polarization-resolved photoluminescence of ex-
citon states in high quality hBN-encapsulated
MoSe; /WS, heterostructures with twist angles
around 0° and 60°, and under perpendicular
magnetic fields up to 20 T. Two neutral exci-
tons are identified: the free exciton state, with
higher energy, whereas the moiré-confined ex-
citon with lower energy. The energy separation



between these PL peaks suggests a moiré con-
finement energy of 43-46 meV, with respect to
the free exciton state, which matches with our
theoretical estimates. Furthermore, the moiré-
confined exciton exhibits reduced g-factor. In
addition, similar values for the g-factors were
obtained for samples with twist angles around
0° and 60°, which indicates a weak hybridiza-
tion effect between intralayer and interlayer ex-
citons. The observed reduction of the g-factor
value for the moiré exciton is a consequence of
the quantized center-of-mass momentum of the
moiré-confined exciton, which makes it probe
regions of the Brillouin zone where the angular
momentum state of the electron-hole pair is
significantly reduced, as demonstrated by our
calculations. Overall, we expect that our result
of distinctive g-factors for moiré-trapped exci-
tons will yield an important contribution to the
ongoing debate, stimulating the development of
improved theoretical models for the vdW het-
erostructures with moiré potentials therein.
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