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Many-body effect of mesoscopic localized states in MoS, monolayer
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Transition-metal dichalcogenide monolayers provide an emerging material system to implement quantum
photonics with intrinsic two-dimensional excitons or embedded zero-dimensional localized states. Here, we
demonstrate mesoscopic localized states between two and zero dimensions, which is a many-body system with

electron-electron Coulomb interactions. A fine-structure splitting is observed, which is similar to quantum dots.
Meanwhile, the polarization degree is changed by the magnetic field, due to the nature of the two-dimensional
monolayers. Furthermore, a large quadratic diamagnetism with a coefficient of around 100 eV /T? is observed,
as a unique consequence of the mesoscopic scale. The many-body effect also results in the emission energy
variation and linewidth narrowing in the spectrum, which corresponds well to the theoretical analysis. These
unique properties indicate the great potential of mesoscopic localized states in many-body physics and quantum

photonics.
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Monolayer transition-metal dichalcogenides (TMDCs) as
direct-gap semiconductors, such as MoS, and WS, with a
band gap in the visible region, offer a practical platform
for quantum photonics due to their distinctive electronic and
optical properties [1-3]. In imperfect monolayers, the defect-
induced localized states usually have characteristics related
to the spatial extent. Zero-dimensional localized states with
a small spatial extent are similar to semiconductor quantum
dots (QDs) [4-6]. As the spatial extent becomes larger, the
inherent two-dimensional material properties dominate in the
localized state. Therefore, the mesoscopic localized state be-
tween two and zero dimensions can be predicted, which might
have characteristics from both systems and additional unique
optical properties.

In contrast to two-dimensional degenerate Landau levels
and zero-dimensional discrete Fock-Darwin levels [7,8], the
energy levels of mesoscopic localized states are discrete and
dense. The multiple electrons occupied in the levels with
electron-electron Coulomb interactions result in a many-body
system [9-11]. Although the many-body effect is complex
[12,13], interesting properties can be predicted, such as an-
ticrossings between energy levels and variations in the spectra
[14,15].

Here, we experimentally demonstrate the mesoscopic lo-
calized states in a MoS; monolayer. A wide ensemble of
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photoluminescence (PL) peaks with energies smaller than
excitons and trions demonstrates the defect-induced localized
state [16—18]. An energy splitting similar to the fine-structure
splitting (FSS) in QDs is observed [19], originating from
the asymmetric defect interface. When the magnetic field is
applied, the polarization degree is significantly changed, as a
feature of the K and K’ valleys located at the two-dimensional
hexagonal Brillouin zone [20,21]. Furthermore, the PL spectra
show a large quadratic diamagnetism, as a consequence of the
many-body system with a mesoscopic scale. The Coulomb
interactions in the many-body system concurrently result in
level anticrossings and linewidth narrowing with increasing
magnetic field. Our work demonstrates the localized states
in monolayer MoS, with both two- and zero-dimensional
features along with additional unique optical properties. Such
a mesoscopic system expands the investigations on TMDC
monolayers for many-body physics and has a great potential
in future applications in quantum optoelectronics.

The monolayer of MoS, as a two-dimensional material
could contain various defect-induced localized states which
could originate from bilayer parts, atom losses, or monolayer
flakes [22,23]. A schematic diagram of localized states with
different sizes is shown in Fig. 1(a). The optical microscopy
and atomic force microscope (AFM) images of our sample
are shown in Figs. 1(b) and 1(c). Defects with a different
spatial extent can be resolved with the AFM profile line.
Previous works mainly focused on the intrinsic monolayers
[24-26] or small defects as zero-dimensional quantum emit-
ters [27-30]. Normally, the Fock-Darwin levels of an ideal

©2019 American Physical Society
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FIG. 1. (a) Schematic diagram of localized states with different scales. (b) The optical microscopy image of the sample, the scale bar is
5 pm. (c) The AFM image of the sample. The thickness profile line is shown in the inset. (d)—(f) Calculated Fock-Darwin energy levels with
different particle sizes. (d) Size of 10 nm with discrete levels. (e) Size of 30 nm as mesoscopic states between zero and two dimensions.
(f) Size of 100 nm with typical two-dimensional Landau levels. Black dashed lines and blue circles refer to level crossings due to Coulomb
interactions. Red arrows refer to the energy bandwidth shrinking with the magnetic field.

two-dimensional harmonic oscillator are a good model to
qualitatively describe the features of these systems with a
magnetic field [8,31]. To briefly show the localized states
tending from zero to two dimensions, we calculate the Fock-
Darwin levels with a size I, of 10, 30, and 100 nm as shown in
Figs. 1(d)-1(f). The effective mass is set with 0.5m, as a typi-
cal value for MoS, monolayers [32,33]. The results with [, =
10 nm [Fig. 1(d)] show the features of a zero-dimensional
system similar to QDs. There are many-level crossings, as
marked by the blue circle. Due to the electron-electron
Coulomb interactions as the many-body effect, these level
crossings would result in anticrossings [black dashed line in
Fig. 1(d)] in the spectra [14]. For I, = 100 nm [Fig. 1(f)], lin-
ear and degenerate Landau levels can be observed, as a typical
feature of two-dimensional materials, while for a mesoscopic
scale between zero and two dimensions with [, = 30 nm
[Fig. 1(e)], the results are much more complex with discrete
and dense energy levels. As the magnetic field becomes
larger, the system shows degenerate Landau levels, resulting
in many-level crossings marked by blue circles. Similarly,
due to the many-body effect, the inflection of the emission
energy [black dashed line in Fig. 1(e)] could be predicted, in-
dicating the interaction between an inherent two-dimensional

system and a finite defect system [9,34]. Meanwhile, as the
magnetic field increases, the discrete energy levels contract to
degenerate Landau levels (marked by red arrows). This could
be considered as the shrinking of the energy “bands,” a unique
feature of mesoscopic localized states.

The optical spectroscopy measurement was carried out in
a cryogenic vacuum system. The sample was cooled down
to 4.2 K by liquid helium and excited by a laser with a
wavelength of 532 nm. A magnetic field was applied by super-
conducting magnets. The PL spectra were collected at several
positions on the sample by a spectrometer with a resolution of
0.1 nm. More detailed information about sample preparation
and measurement is shown in the Supplemental Material [35].

Figure 2(a) shows the power-dependent PL spectra of one
position [position a, shown in Fig. 1(b)] on the sample. The
excitation power was changed from 0.5 to 75 uW. Three
peaks can be clearly distinguished in the spectra, with emis-
sion energies around 1.80, 1.92, and 1.95 eV. Compared with
previous works, it can be concluded that three peaks corre-
spond to the recombinations from the localized states (LS),
and trion (7"), and exciton (X) states, respectively [16-18].
Figure 2(b) shows the logarithmic linear dependence of PL
intensities on the excitation power. kr and ky are both around
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FIG. 2. (a) Power-dependent PL spectra of the MoS, monolayer.
(b) The logarithmic dependence of peak intensities on excitation
power. k.5 is 0.8, between typical values of 1 for two-dimensional
materials and 0.6 for zero-dimensional localized states.

1, which are typical excitonic states in two-dimensional
monolayers [36]. However, ks is 0.83, different from either
the exciton (value of 1) or zero-dimensional localized states
(typical value of 0.6) [36]. Meanwhile, the linewidth of peak
LS is around 0.12 eV, which is much broader than that of zero-
dimensional localized states in TMDC monolayers [27-30].
The slope and linewidth indicate an unconventional defect-
induced localized state, which could be introduced by defects
in a mesoscopic scale.

To further investigate the mesoscopic localized state, the
magneto-PL spectra were measured under an excitation power
of 75 uW. A vertical magnetic field (vertical to the monolayer
surface) B, was changed from —9 to 9 T, and the polarized
PL spectra were collected by using a quarter-wave plate and a
linear polarizer. The measurement was carried out at position
a [Fig. 3(a)] and repeated at different positions [Fig. 3(e)].
The black lines refer to the quarter-wave plate at —m /4 (o7)
corresponding to K’ valley emission, and red lines refer to the
quarter-wave plate at /4 (oT) before the linear polarizer,
corresponding to K valley emission [16]. Interestingly, the
emission energy is asymmetric with the sign of B, and an
FSS between o0~ and ot at B, = 0 was observed. The FSS
is usually observed in QDs due to the asymmetric structure
[19]. Similarly, we ascribe these anomalous phenomena to
defect-induced layer symmetry breaking and the lifting of
valley-emission degeneracy, as a similar feature of zero-
dimensional systems [14]. Meanwhile, the polarization of all
three peaks changed dramatically with the magnetic field, due
to the thermal equilibrium-related valley property [20]. This
is a feature of two-dimensional materials and has not been
observed in zero-dimensional localized states [22,27-30].

Furthermore, o~ and o© emissions both shift towards
higher energy in the presence of B, exhibiting an analo-
gous quadratic diamagnetism to conventional QDs [37—-40]
as shown in Fig. 3(b). More importantly, at position a, both
o~ and o polarized localized states exhibit a large quadratic
diamagnetic coefficient of around 100 eV /T2, an extremely
large value compared with the results in TMDCs or QDs
[41]. The diamagnetic effects for trions and excitons do not
reveal good field-dependent regularity as shown in Figs. 3(c)
and 3(d). Theoretically, their energy shift should be linear to
B, in defectless monolayers [41,42]. The difference in the
experiment might originate from the different defect densities
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FIG. 3. (a) PL spectra at position a with o~ and o polarized de-
tection under linearly polarized excitation. (b)—(d) The diamagnetism
of (b) LS, (¢) T, and (d) X in PL spectra at position a. The quadratic
fittings in (c) and (d) are not very good. (e) PL spectra measured at
position b with 0~ and o polarized detection. (f) The diamagnetism
of LS at position b. Insets in (a) and (e) clearly show the splitting at
B=0.

in the monolayer but the linear feature of defectless mono-
layers also affects our results with asymmetric parabolic lines
observed. The quadratic diamagnetism of localized states is
repeatable at position b, as shown in Fig. 3(f). Different
diamagnetic coefficients for positions a and b can be attributed
to different defect-induced localized states, depending on
the distribution, shape, edge, and size of the defects. The
theoretical model of the quadratic diamagnetic coefficient as
e*12/8m, is widely used to explore the diamagnetic phe-
nomenon, where m,, is the effective mass and [, is the lateral
extent of the wave function [39]. The large diamagnetic coef-
ficient of 100 eV /T? in Fig. 3(b) corresponds to a lateral
extent of around 30 nm, which verifies our assumption of
recombination from the mesoscopic states shown in Fig. 1(e).

The quadratic fitting in Figs. 3(b) and 3(f) have differences
from the experimental data. To clearly show the phenomenon
behind quadratic diamagnetism, we extracted the energy split-
ting between o~ and ot emission at both positions as shown

051001-3



YANG YU et al.

PHYSICAL REVIEW MATERIALS 3, 051001(R) (2019)

a ), [

(/)\6' o posiiona 1 ¢ )1-0- * position a

> 4t positionb ¢ position b ‘

£ 2 >

o 0

=

=2 \

= e ]

-6 -1.0 ]
8 4 0 4 8 -8 -4 0 4 8
B (T) B (T)

(c) — (d) ————

<120 00e®%0°%00, —~ 4r By=4T
°® 0% © o, S

() Cad ° ° L 4

S o o S 2} / ]

— 110 o® ® o-positiona ® o >

-o'c—- o ® o+ position a ®e "U;‘) O-M'

©

"= 100} e I =

- — | ] .. —

1 90|age=" = o-positionb ®mg= 4l ]
" B o+ position b 4 (Bi=—4T ;

-.8 -é 4-202 46 8 1.7 1.8 1j9 2.0
B (T) Energy (eV)

FIG. 4. (a) The energy splittings between o~ and ot polarized
localized states at two positions. The results generally indicate a lin-
ear g-factor. (b) The variations between energy splittings and linear
g-factor results in (a), mainly originating from the level crossings
when the mesoscopic system shrinks into Landau levels as shown
by the blue circles in Fig. 1(c) (middle). (c) Linewidth narrowing
with the magnetic field, which is also due to the mesoscopic scale
as shown by the red arrows in Fig. 1(e). (d) Polarized PL spectra
with an in-plane magnetic field. No changes can be resolved, which
is due to the small wave-function extent in the vertical direction for
two-dimensional materials.

in Fig. 4(a). Generally, the Zeeman splittings show a linear
dependence with a g-factor of around —9. This value is
in accordance with previously reported localized states in
TMDCs [27-29]. However, obvious nonlinear terms can also
be observed in Fig. 4(a), revealing the further phenomenon
behind the quadratic diamagnetism and Zeeman splitting.
The nonlinear terms, as the difference between experimental
data and linear fittings, are shown in Fig. 4(b). Within the
measurement range from —9 to 9 T, the nonlinear terms
indicate a “periodic” variation with a half period of around
7 T with small B, , while at large B, around 9 T, the nonlinear
terms become deviated from the sine fitting. The variation of
emission energy mainly originates at level crossings due to
the electron-electron Coulomb interactions in the many-body
system. As mentioned in the theoretical analysis above, there
are two mechanisms for the level crossings in the localized
states in TMDC monolayers. One is the level crossing with the
interaction between localized electrons or holes as shown in
the blue circle in Fig. 1(c). These level crossings are dense and
usually with a period around 0.1 T [43,44]. The other is the
level crossing with the interaction between the inherent two-
dimensional system and finite defect structure as shown in the
blue circles in Fig. 1(d). These interactions usually occur at
an interface around 0-8 T for different energy levels [9,34].
In zero-dimensional localized states, the two mechanisms are
generally mixed and thus hard to distinguish, as shown in

previous work [34]. In contrast, the mesoscopic localized
state with a broad linewidth is the ensemble of dense energy
levels. Therefore, the dense level crossings arising from the
first mechanism are averagely erased, and the level crossings
from the second mechanism occur around 7 T as the aver-
age value of several levels. This nonlinear variation demon-
strates the many-body system with an interaction between the
mesoscopic localized states and the two-dimensional Landau
levels. More detailed information on the nonlinear variation
of each valley and other fitting results can be seen in the
Supplemental Material [35].

Another unique optical property of the mesoscopic local-
ized state with the magnetic field is the linewidth narrowing,
as shown in Fig. 4(c) for both positions. The linewidths
are around 50 meV for two-dimensional delocalized exci-
tons and around 1 meV for zero-dimensional localized states,
mainly originating from the finite lifetime of energy lev-
els [27-29,36]. As the nonradiative recombination increases,
the linewidths usually broaden slowly with the magnetic
field [20,41], while for the mesoscopic localized state, the
linewidth is large with values around 100 meV. The broad
linewidth originates from the “bandwidth” of an ensemble of
dense levels rather than the level lifetime as mentioned in
the theoretical analysis above. Although it is intricate with
the small B, the linewidth significantly narrows with the
large B, when the system changes toward two-dimensional
Landau levels, as marked by the red arrows in Fig. 1(e),
which can be observed in Fig. 4(c). Additionally, an in-plane
magnetic field By up to 4 T has been applied to investigate the
diamagnetism. It can be seen that the PL basically remains
invariable [Fig. 4(d)], which is due to the small wave-function
extent in the vertical direction. This result agrees well with
previous reports [45], although the in-plane magnetic field
might brighten the dark exciton in Voigt geometry [46].

In summary, we have demonstrated the observation of
mesoscopic localized states in a MoS, monolayer with mag-
netophotoluminescence spectroscopy. With an applied mag-
netic field, the mesoscopic state has features from both
zero- and two-dimensional systems. The polarization degree
changes as a two-dimensional system, and the diamagnetism
is quadratic as a zero-dimensional system. Furthermore, as a
complex many-body system, the mesoscopic localized state
has particular energy levels and optical properties. Large
diamagnetism coefficients around 100 ueV/T? have been
obtained, which corresponds well to theoretical predictions.
When the system changes towards the Landau levels, a nonlin-
ear energy shift and linewidth narrowing have been observed.
The mesoscopic localized states in TMD monolayers could
provide a unique quantum photonic platform with great po-
tential in the future.
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