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Employing the original, all-optical method, we quantify the magnetic susceptibility of a
two-dimensional electron gas (2DEG) confined in the MoSe, monolayer in the range of low and
moderate carrier densities. The impact of electron—electron interactions on the 2DEG magnetic
susceptibility is found to be particularly strong in the limit of, studied in detail, low carrier
densities. Following the existing models, we derive the value of gy = 2.5 4- 0.4 for the bare (in the
absence of the interaction effects) g-factor of the ground state electronic band in the MoSe;
monolayer. The derived value of this parameter is discussed in the context of estimations from
other experimental approaches. Surprisingly, the conclusions drawn differ from theoretical ab

initio studies.

1. Introduction

Collective properties of the two-dimensional elec-
tron gas (2DEG) and the 2D hole gas (2DHG)
have been studied extensively for a wide variety of
systems. The ease of the electrical control of car-
rier concentration makes 2D systems an excellent
playground for exploring carrier—carrier interactions,
facilitating many interesting phenomena, such as spin
textures [1] or quantum Hall ferromagnetism [2].
The Coulomb repulsion enhances the pseudospin
susceptibility [2—6], possibly leading to the spontan-
eous creation of broken symmetry phases [7-10].
Monolayers of transition metal dichalcogenides
(TMDs) draw a lot of attention as semiconduct-
ing materials with robust optical properties, strong
Coulomb interaction [11-13] and an optically access-
ible valley degree of freedom [14-17]. TMDs are
an example of a system with near-ideal 2D quant-
ization, where the magnetooptical measurements
reveal significant collective effects [10, 18]. Relatively

© 2023 The Author(s). Published by IOP Publishing Ltd

large carrier masses and reduced dielectric screening
[19,20] promise strong electron—electron interac-
tions even at large carrier concentrations.

Collective behavior of the carriers in an ideal
2DEG can be modeled, for example, employing
the quantum Monte Carlo (QMC) calculations [6].
Theoretical methods predict a strong enhancement
of the carrier gas polarizability in low carrier dens-
ity regimes. The experimentally obtained values of the
carrier gas polarizability can be compared with the-
oretical predictions to estimate the effective single-
particle band g-factor [18].

Phenomena related to the enhancement of the
spin susceptibility or other collective properties
of the 2D carrier gas in monolayer TMDs can
be experimentally observed through the Landau
level filling processes in both Zeeman-split valleys
[10, 18, 21-26]. Such experiments usually yield large
effective g-factor (g*) values for 2DEG in Mo§; [18,
271, 2DHG in WSe; [10, 21, 26] and 2DEG in MoSe,
[18]. The g-factor values usually reach between 10
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and 20 for carrier densities close to 4 x 10'2cm—2.

This approach, however, is viable only in the regime
of relatively high carrier densities (usually above
3 x 10'2cm™2). The low and moderate carrier dens-
ity regimes, where the collective effects are expected to
be most pronounced, must be investigated by differ-
ent approaches. In that view, the experimental tech-
niques that are viable in low carrier densities are of
high importance.

Here we present a novel experimental approach
to study the polarizability of 2DEG in the MoSe;
monolayer by means of all-optical electron gas
polarization measurements. We employ two comple-
mentary approaches to measure the effective elec-
tron g-factors in low and moderate 2DEG densit-
ies. Our experimental methods are not constrained
by the Landau quantization and can be employed
both in high and low-to-moderate 2DEG density
regimes. Moreover, our approaches are more ver-
satile by permitting the measurement of materials
with significant inhomogeneity or Coulomb disorder,
which otherwise would prohibit the application of
methods relying on the signatures of the Landau
levels.

2. Sample and experimental setup

The electrically gated MoSe, sample, schematically
shown in figure 1(a), was prepared with the means of
mechanical exfoliation using the dry transfer method.
The MoSe, monolayer was exfoliated on top of the
graphite back gate and 36 nm hexagonal boron nitride
(hBN) spacer. The thickness of the hBN spacer was
measured with the atomic force microscope. Next, the
second graphene flake was then deposited at the edge
of the MoSe, monolayer to provide electric contact.
Finally, gold contacts were deposited on the graphite
back gate and on the graphene contact. The photo-
graph of the sample is shown in figure 1(b). The pho-
toluminescence and reflectance spectra of the MoSe,
monolayer are presented in figures 1(c) and (d). The
reflectance spectra were divided by the reference spec-
trum measured on the gold contact and then nor-
malized. Neutral exciton (X) and negatively charged
exciton (X ) resonances can be resolved in the photo-
luminescence and reflectance spectra at the zero gate
bias voltage.

Most magnetooptical experiments were carried
out in a cryostat equipped with a superconducting
coil providing magnetic fields up to 10T. In this
experimental setup, samples were placed in a helium
gas atmosphere at the temperature of 6 K or 11 K or
in the superfluid helium bath at 1.6 K. The temper-
ature was calibrated with a thin film resistive sensor
placed on the sample holder. Unless noted otherwise,
the data were acquired at 6 K. The optical signal was
focused by a single aspheric lens (NA = 0.68) placed
inside the cryostat.

K Oreszczuk et al

High magnetic field (up to 30 T) measurements
were performed with the use of a resistive magnet
at the temperature of 4.2 K. The optical signal was
focused by a microscope objective (NA = 0.25) placed
inside the cryostat.

In both experimental configurations, the sample
was mounted on the x-y-z piezoelectric stage.

3. Results

The map of the reflectance spectrum of the sample
plotted against the gate voltage is presented in
figure 2(a). Three carrier concentration regimes
can be distinguished. The p-doping regime emerges
at strong negative gate voltages, while the mod-
erate negative gate voltages result in the mid-
bandgap Fermi level, yielding a neutral regime.
Positive gate voltage induces n-doping of the MoSe,
monolayer.

The exact value of the n-doping transition voltage
is important for the precise determination of the
electron densities. Figures 2(b) and (c) shows the
amplitudes and positions of the excitonic peaks as a
function of the gate voltage. Qualitative change is vis-
ible at the voltage of —0.5V, indicating a transition
between neutral and n-doped regimes. The negative
value of the transition voltage indicates that the stud-
ied sample is in the weak 2DEG regime at zero bias
voltage. The 2DHG regime can be distinguished at
gate voltages below —14 V.

In this work, we focus on the attractive
polaron/negatively charged exciton (X7) peak in
the 2DEG regime. The carrier concentration is
approximated with a flat capacitor formula with
thickness equal to d=36.0nm. The estimation
of the relative permeability of hexagonal boron
nitride €, ~ 3.5 is based on previous works [28,
29]. The exact value of the threshold voltage
between the 2DEG regime and the neutral regime
was determined from the changes in the oscil-
lator strength and resonance energy of the X~ peak
(figures 2(b) and (c)).

Using two complementary methods, we investig-
ate the effective susceptibility of the electron gas at dif-
ferent carrier densities. We neglect the Landau quant-
ization in both experimental approaches and treat
the electron bands as continuous. The Landau level
separation equals 1.4 meV at the magnetic field of
10 T. Consequently, the resulting electron density in a
single Landau level is equal to 0.24 x 10'2cm ™2, with
both values scaling linearly with the magnetic field.
The Landau level splitting is significantly smaller than
the Zeeman splittings analyzed in these experiments.
In particular, the Landau level separation is also
smaller than the amplitude of the electric poten-
tial fluctuations within the monolayer. This prohibits
Landau-level signatures from emerging in the exper-
imental data.
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Figure 1. (a) Scheme of the MoSe; monolayer with graphene contacts on the top and graphite gate at the bottom. (b) Photograph
of the sample. The positions of the MoSe, monolayer and graphene top contacts are marked with contours. The graphite back
gate is visible as a darker area in the middle of the hBN flake. (c) PL spectrum of the sample under the excitation with 600 nm,

10 W femtosecond pulsed laser. (d) Reflectivity spectrum of the sample. Spectra in (c), (d) were acquired at the gate voltage of
0V in the temperature of 6 K. Neutral exciton (X) and negatively charged exciton (X ) resonances can be resolved.
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In the primary approach, we apply the magnetic
field up to 30T and probe the X~ resonance at dif-
ferent 2DEG densities at o+ polarization of detec-
tion (figure 3(a)). At sufficiently high magnetic fields,
two different regimes can be distinguished. At low
carrier densities, 2DEG is fully confined in the ener-
getically favorable K~ valley, while above a certain
density threshold, both valleys are partially filled
(figure 3(b)). The two regimes can be differentiated
by observing the rate of the change of the energy of the
X~ resonance upon increasing 2DEG density. Below
the threshold density, the resonance energy decreases
with increasing density due to the attractive interac-
tions with the electron gas. Above the threshold dens-
ity, when the K™ valley starts being filled, k-space
filling effects induce a rapid positive shift of the X~
resonance energy (figures 3(c) and (d)). We meas-
ure the threshold 2DEG density in different mag-
netic fields. Then we calculate the Zeeman split-
ting necessary to contain 2DEG in the single valley
and, consequently, determine the effective electron
g-factor. Here, we define the effective g-factor g* so
that the Zeeman Splitting E; = g*15B, in line with
the definition used in [10, 26] (note, that the defin-
ition used in [18, 21, 27] differs by a factor of 2). The
effective mass of the electron in monolayer MoSe,
is assumed equal to m, = 0.84 (Goryca et al [30]),
from which follows the single-valley density of states
p= ’Z’r’;; . The values of the effective electron g-
factor at different carrier densities are presented in
figure 3(e).

To complete the determination of the electron
g-factor in a broader range of carrier densities, we
employ a supplementary approach. We focus on the
circular polarization resolved oscillator strength of

the X~ resonance in the MoSe, monolayer in the
2DEG regime. Figure 2(a) shows the reflectance spec-
trum of the sample at different gate voltages.

The reflectance of the sample is probed with
the circular polarization of detection at opposite
magnetic fields, corresponding to the o and o~
polarizations (figures 4(a) and (b)). The reflect-
ance measurements are performed at different
magnetic fields and gate voltages. We analyze the
oscillator strengths of transitions related to X~
formation in two circular polarizations (oscillator
strengths are denoted as I and I~ in ¢ and o~
polarizations, respectively). Figures 4(c) and (d)
show the magnetic field dependence of the circu-
lar polarization degree (P= (I —1")/(IT+17))
of the X~ resonance at two different carrier
concentrations.

We describe the magnetic field evolution of the
observed circular polarization degree of the X~
peak with a simple model based on the following
assumptions:

(i) The total carrier density is obtained from the
flat capacitor formula, which means that the
Zeeman shifts are negligible with respect to elec-
trostatic potential.

(ii) The effective mass of the electron in monolayer
MoSe; is m, = 0.84 (Goryca et al [30]), from
which fclllows the single-valley density of states

pP= 2mh? "
(iii) The electron gas follows the Fermi-Dirac
distribution with the effective temperature T .
(iv) The polarization degree P of the 2DEG is equal
to the polarization degree of the X~ resonance
observed in the reflectance spectrum.

3
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Figure 2. (a) Reflectance spectrum of the MoSe, monolayer measured at different gate voltages in the temperature of 6 K. Spectra
are composed of neutral exciton (X), negatively charged exciton (X ™) and positively charged exciton (X1) resonances.

(b) Oscillator strengths of the neutral and charged exciton peaks normalized to their maximal value. (c) Energy shift of the X and
X~ peaks relative to their positions in the neutral regime. Vertical dashed line in (b) and (c) marks the voltage of —0.5V, where

the Fermi level crosses the bottom of the conduction band.

In assumption (iii), the effective temperature para-
meter Teg describes both the distribution related to
the nonzero temperature of the electron gas as well
as the approximation of the in-plane Coulomb fluc-
tuations. The latter effect is dominant in this work
due to the low temperatures. One should note that
the electric potential fluctuations in the conduct-
ance band may be comparable but not necessar-
ily equal to the inhomogeneous broadening of the
excitonic peaks. The effective temperature parameter
Tt is derived from the sample temperature T and
conductance band disorder parameter Ty as a root
sum of squares: T%; = T* + T5... The estimated value
of the disorder parameter is equal Ty;s = (50 £ 15) K.
The estimation was performed in a way to ensure the
quality of fit in figure 4(e) and to match the values of
the effective g-factor obtained with the high magnetic

field approach. Thus, the results—which rely strongly
on the value of the T g parameter—must be treated as
an extrapolation of the high magnetic field approach.
As such, the uncertainties of both are strongly correl-
ated. This is relevant mainly in the low carrier dens-
ity regime (below 2 x 10'?cm™—2), and has no impact
on the results obtained in carrier densities above 4 x
10'2cm~2. See supplementary information, figures 1
and 2 for more information on the impact of the T'g;s
parameter on the fit quality and resulting values of the
effective g-factor.

Assumption (iv) may require additional justi-
fication, as the oscillator strength of the X~ res-
onance is directly proportional to the 2DEG dens-
ity only in the part of the gate voltages range
(figure 2(b)). However, previous works on the 2DEG
in quantum wells [31] indicate that the observed
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Figure 3. (a) Reflectance spectrum of the MoSe, monolayer at different carrier densities in the 2DEG regime in the magnetic field
of 30 T. (b) Schematic presentation of the valley filling at three different carrier densities marked in panel (a). (¢), (d) Dependence
of the X resonance energy on the carrier density. Vertical lines mark the threshold carrier density for filling the second

Zeeman-split valley. (e) Effective electron g-factors are calculated from threshold carrier densities measured at different magnetic

fields.

sublinearity of the oscillator strength of the X~ peak
in high carrier density can be described in terms of
the reduction factor £(n) common for both polariz-
ations of detection and dependent on the total car-
rier density #, rather than in terms of separate reduc-
tion factors dependent on the carrier densities 1+ (-)
attributed to each valley. In this description, the oscil-
lator strength at o (o~ polarization of detection is
described by formula It (=) = np, ) - £(n), leading
to the equivalence between optically observed polar-
ization degree and the distribution of the carriers
in Zeeman-split valleys: P= (I* —I7)/(IT +17) =
(ng+ — =) /(s + ng-).

Such assumptions are further supported by
the observation that the total oscillator strength
of the X~ resonance remains constant for 2DEG
polarizations induced by different magnetic fields
(figures 4(a) and (b)). In particular, we find the
oscillator strength at B=0T to be equal to half
the oscillator strength at the saturation magnetic
field. Reduction factor—if common for both cir-
cular polarizations—does not perturb the observed
polarization degree of the X~ resonance, assuring the
validity of the assumption (iv).

Carrier densities in K™ and K~ valleys can be
described with the integral of the Fermi—Dirac distri-
bution over the single-band density of states p:

Ng+(-) :/E L+dE
=% et 41
ﬁ n E;
= pkTeglog [ e ¥ett 4 eFett :FPT' (1)

There is exactly one solution for the Fermi
level p and Zeeman splitting E; that satis-
fies the observed magnetic polarization degree
P = (ng+ — ng-)/(ng+ + ng-) and the total carrier
density n = ng+ +ng— obtained from the flat
capacitor formula. Similarly, the effective electron
g-factor ¢* (from which follows the Zeeman split-
ting Ez) can be treated as a fit parameter describ-
ing the 2DEG polarization degrees observed in the
experiment.

Figures 4(c) and (d) show the polarization degree
of the X~ reflectance peak plotted against the mag-
netic field at two different 2DEG densities. The effect-
ive electron g-factor was calculated for each carrier
density to reproduce the observed polarization degree
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Figure 4. (a), (b) Reflectance spectra of the MoSe, monolayer measured with the circular polarizations of detection at different
magnetic fields in the temperature of 6 K. Voltages applied to the gated structure are equal to 1 V (a) and 6 V (b), resulting in
2DEG density equal to 0.84 x 10'2cm~2 and 3.6 X 10'2cm ™2, respectively. (c), (d) Magnetic field dependencies of circular
polarization degree of the X~ peak at corresponding 2DEG densities. Red solid lines: fits to the experimental data with the
effective g-factor value as a fitting parameter. Red dashed lines: polarization degrees expected under conditions of no disorder and
very low temperature. (e), (f) Visualizations of the Zeeman-split valleys at different magnetic fields at corresponding 2DEG
densities. Red lines visualize the Fermi—Dirac distribution at the temperature of 6 K. Carrier density at each valley is proportional
to the area of the shape filled with gray color. Horizontal dashed lines correspond to the uncertainty of the ¢*-induced Zeeman
splitting. Blue dashes on panel (f) visualize the energy separation of the Landau Levels at the magnetic field of 9 T.

dependency on the magnetic field. Figures 4(e) and
(f) show the visualizations of the Zeeman Splitting
and carrier distribution between K™ and K~ valleys
for different 2DEG densities and magnetic fields. Red
solid lines on figures 4(e) and (f) represent the expec-
ted polarization degree evolution according to the
best fit of the effective g-factor to the experimental
data.

The effective g-factor was calculated for several
gate voltages at three different temperatures. The
results are presented in figure 5 with blue, yellow,
and red data points. Regardless of the temperat-
ure, the effective g-factor exhibits a value of more
than 30 at concentrations below 2 x 10'2cm™?2 and
declines pronouncedly reaching values close to 10 at

the 2DEG densities above 5 x 10'2cm™2. The value
of the effective g-factor seemingly rebounds in carrier
densities above 7 x 10'2cm~2. However, this prob-
ably is an artifact related to the filling of the second
spin-split valley. The spin—orbit splitting in the con-
duction band of the MoSe, monolayer is equal to
Ac = 21meV [32], which corresponds to the carrier
density of 7 x 10'> cm ™2 distributed between the two
valleys.

Recent work [33] suggests that resonant excita-
tion of neutral exciton peak can induce significant
depolarization of the 2DEG, even under the weak
excitation induced by white light. To verify the influ-
ence of that effect in our experimental conditions, we
performed an additional measurement with the white
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Figure 5. Effective g-factor value as a function of the electron gas density measured with different approaches and in different

temperatures.

r, parameter

4020 15 10
60 -LI II]IIII LI T I T T T T -
- O Ours 1
50f = Larentis et al. i
- "‘ ---- QMC, g,=2.5, [Attaccalite etal.] ]
540 A |
34T o _
o \
30 'O i
(0] v O
2 T O ]
w T %@% .
LIJ i -
1o} O R A e :
sEEeE W S@gn sl
0 L | 1 | L | L | L 1 , |
0 2 4 6 8 10 12

Carrier Density (10'>cm™@)

Figure 6. Circles: values of the effective electron g-factor in monolayer MoSe, averaged over different approaches and different
temperatures presented in figure 5. Dashed line: fit of the QMC calculations [6] to the experimental data, resulting in the value of
the electron g-factor in the absence of interaction effects gy = 2.5 4= 0.2. Squares: values obtained in Landau Level studies by

Larentis et al [18] (resulting in gy = 2.2).

light spectral range limited to the nearest proximity
of the X~ peak, that is, to 1560-1633 meV. The spec-
tral range was fine-tuned during the measurement
to follow the energy shifts of the X and X~ peaks,
present when the magnetic field and gate voltage were
not equal to zero. The results of this experiment are
presented in figure 5 with filled yellow circles. We do
observe an increase in polarizability after filtering out
the resonant excitation, however, the effect is incre-
mental and does not fundamentally alter our experi-
mental results.

The results of all our experiments performed in
different temperatures and with different approaches
have been averaged and presented in figure 6.
Wherever the g-factor value at given carrier density
was missing in some of the averaged datasets, linear

interpolation between nearest data points was used.
We fit the QMC calculations [6] and obtain the value
of the lowest conduction band g-factor in the absence
of the interaction effects equal to gy =2.5+0.4.
The interparticle distance parameter r, was calcu-
lated with the effective dielectric constant of the
hBN environment equal to k= VELE] assuming
€)= 6.9 29].

Our results are in agreement with Landau Level
studies in monolayer MoSe, [18] (g =2.2). Our
approaches, however, allow for probing deeper into
the low carrier density regime, where the collect-
ive effects are most pronounced. The value of the
conduction band g-factor obtained in our work is
also in line with the experimental estimations made
for monolayer MoSe, in the neutral regime [34]
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(g0 = 2.2). Here, however, one should note that
the g-factor describing magnetic susceptibility differs
from the electron factor used (together with the hole
one) to calculate the Zeeman splitting of the optical
transition. In particular, the Kohn theorem states that
optical transitions are not sensitive to carrier—carrier
interactions when the carriers have the same effective
mass [35, 36].

Our results, supported by experimental
approaches from other works, create a solid image
of the issue of the conductance band g-factor in
monolayer MoSe,. These results, however, are in
disagreement with the results of the ab initio cal-
culations, which predict up to twofold greater val-
ues (go=3.6 [37], go=3.8 [38], go=4.1 [39],
go = 5.5[40]). The observed discrepancy suggests
room for improvement in the theoretical models or
assumptions of the ab initio calculations. This may
relate either to the predictions on the band g-factor
value or to the validity of the assumptions on the
2DEG interactions.

Some degree of uncertainty may arrive from the
determination of the r; parameter, which is derived
from the Bohr radius of the electron, which con-
sequently depends on the assumptions taken on the
dielectric environment of the electrons. In particular,
the dielectric constant of hBN exhibits strong bound-
ary effects resulting in significant thickness depend-
ence of its dielectric constant [29]. Although signific-
ant for the quality of fit, uncertainties regarding the r,
parameter scale (see figure 6) remain unlikely to influ-
ence the resulting g, value significantly.

4. Conclusions

We determined the effective electron magnetic sus-
ceptibility in low and moderate 2DEG densities in
the monolayer MoSe,. Our measurements were per-
formed with two different approaches and at dif-
ferent temperatures between 1.6K and 11K. All
obtained results are quantitatively consistent. The
exploration deep into the low carrier density regime
reveals strong collective effects. The shape of the
susceptibility variation with electron density agrees
with the QMC calculations [6] and leads to the
value of the lower electron band g-factor in the
absence of the interaction effects: gy =2.5+0.4.
This value, while coherent with other experimental
approaches [18, 34], contests the results of to-date
ab initio calculations [37—40], opening perspectives
for improvement in assumptions and theoretical
models.
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