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Mobile electrons in the semiconductor monolayer MoS, form a ferromagnetic state at low temperature.
The Fermi sea consists of two circles: one at the K point, the other at the K point, both with the same spin.
Here, we present an optical experiment on gated MoS, at low electron density in which excitons are
injected with known spin and valley quantum numbers. The resulting trions are identified using a model
which accounts for the injection process, the formation of antisymmetrized trion states, electron-hole
scattering from one valley to the other, and recombination. The results are consistent with a complete spin
polarization. From the splittings between different trion states, we measure the exchange energy Z, the
energy required to flip a single spin within the ferromagnetic state, as well as the intervalley Coulomb
exchange energy J. We determine £ = 11.2 meV and J = 5 meV at n = 1.5 x 10'> cm™2 and find that

J depends strongly on the electron density 7.
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Ferromagnetism represents a state of matter in which
spontaneous alignment of electron spins leads to a net
magnetization. A key metric of a ferromagnet is the
exchange energy X, the energy required to flip one spin.
% determines the Curie temperature separating the ferro-
magnetic (magnetically ordered) and the paramagnetic
(magnetically disordered) ground states. For metallic fer-
romagnets, e.g., iron, X is large, ~100 meV, resulting in
enormous Curie temperatures, ~1000 K. The phase tran-
sition is second order.

Ferromagnetic ordering of mobile electrons has been
observed in various two-dimensional (2D) systems, e.g.,
monolayer MoS, [1], an AlAs quantum well [2], mono-
layer WSe, [3], and twisted bilayer graphene [4]. As the
Mermin-Wagner theorem precludes magnetic order in 2D
for isotropic spins [5], magnetic anisotropy induced by a
spin-orbit interaction or a small Zeeman splitting of the
Fermi surfaces is required to stabilize the ferromagnetic
order of a 2D electron gas (2DEG). The zero-temperature
ferromagnetic phase transition controlled by the electron
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density is predicted to be first order [6], an idea supported
experimentally [7].

Here, we present photoluminescence (PL) with quasire-
sonant excitation on gated monolayer MoS, in all four
polarization channels. The novelty with respect to previous
experiments [1,7] lies in an interpretation of the energies of
the emission lines. We first identify the emission lines one
by one. We then argue that the splitting between emission
lines provides a direct measurement of the ferromagnetic
exchange energy X, as well as the intervalley Coulomb
exchange energy J.

Monolayer MoS, is a semiconductor with direct band
gaps atthe K and K points of the Brillouin zone [8] [Fig. 1(a)].
The spin-orbit splitting is large in the valence band
(~150 meV [9]) and small in the conduction band (a few
meV [9-11]). Resonant ¢ polarized (¢~ polarized) light
creates a bright exciton at the K point (K point). (We note
that the lowest-energy excitons are dark [12,13], irrelevant
here as we inject and detect bright excitons.) Recently, a
pronounced optical dichroism of a 2DEG in monolayer
MoS, was interpreted as ferromagnetic ordering. The
Fermi surface consists of a circle at the K point and a
circle at the K point [1]. If the spins point down, the K|, and
K| bands are occupied up to the Fermi energy; conversely,
the K1 and K1 bands are pushed above the Fermi energy by
the Coulomb interactions and are unoccupied [Fig. 1(b)].
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FIG. 1. (a) Band structure of monolayer MoS, showing exciton
formation at the K and K points and the intervalley scattering via
electron-hole exchange. (b) Schematic of the reconstructed band
structure containing ferromagnetically ordered itinerant electrons
with spin |. (¢) Schematic of the sample design. FLG stands for
few-layer graphene.

The energy separation between the 1 and | bands is X,
the exchange energy. The close-to-complete spin polariza-
tion implies that X is larger than the Fermi energy. The
dichroism disappears rather abruptly at electron density
n~3x 102 cm™2, evidence of a first-order transition to a
paramagnetic state [ 1]. These experimental observations are
consistent with theory which predicts both spin ordering
(but not valley ordering) and a first-order phase transition
driven by subtle corrections to Fermi-liquid theory [6]. The
goal here is to determine X at low n.

The sample consists of a MoS, monolayer sandwiched
between two hBN layers [14,17,18] [Fig. 1(c)]. Electrons
are injected into the monolayer via a gate electrode; the
electron density n is proportional to the applied voltage,
with a capacitance calculated from the device geometry. We
perform a quasiresonant, quasilocal PL experiment: The
laser photon energy is 1.96 eV, just above the exciton
energy, 1.94 eV; the PL is collected from a region with
diameter 500 nm. The laser intensity is chosen such that the
steady-state exciton density is at least 2 orders of magnitude
smaller than n. At these laser powers, photodoping (the
influence of the laser on n via charge trapping in the
environment) is both weak and slow. The remaining
photodoping effects (a slight decrease in n on an hour-
long timescale) are eliminated by integrating for 1200 s at
one n, resetting n to zero, repeating this cycle to cover all n;
see Supplemental to Ref. [7]. This is important, as other-
wise photodoping can lead to a mismatch between PL and
absorption [19]. The excitation is either 6+ or 6~ polarized,
thereby injecting an exciton with spin 1 at the K point or

spin |, at the K point, respectively. The PL is detected with
o' or ¢~ polarization. Note that, in absorption, only the
eigenstates of the system are probed. A magnetic field
(perpendicular to the 2DEG) of +9.00 T is applied with a
direction such that only spin-| bands are occupied. The
optical response is plotted as a matrix (Fig. 2): 6 /o™~ refers
to excitation with 6T, collection with ¢, etc.

We focus initially on 6" excitation. At n = 0, there is
one PL line in both 67 /6" and 6+ /6™ corresponding to the
neutral exciton X°. The dichroism D = [I(¢") — I(67)]/
[I(67)+ I(c7)] is 42%. On increasing n, X° weakens.
In 6" /6™, several trions are observed, yet, in 6+ /6™, the
PL is very weak such that D increases to D ~64%
at n=1.5x 102 cm™2.

We propose that the increase of D at small n [up to about
2 x 10'? em™2, Fig. 3(c)] is a consequence of a Bir-Aronov-
Pikus electron-hole exchange. At n = 0, an exciton injected
into the K valley can be scattered within its lifetime to the K
valley by the electron-hole exchange [20-22] [Fig. 1(a)].
This reduces D from the high value expected from the
selection rules alone. Assuming an exciton lifetime of
~4 ps [23,24] and that the dynamics can be described with
arate equation, the measured D implies a K — K scattering
time of ~6 ps (see Supplemental Material [14]), consistent
with experiments in the time domain [25]. Once a Fermi
surface is formed, the spin-| electron states at the K valley
are occupied such that the scattering process is inhibited by
the Pauli principle and D increases. This is evidence that the
relevant K < K scattering mechanism is electron-hole
exchange and that the K| states become occupied.

At low n, three trions are observed in 67 /6™, labeled T,
T,, and T35 [Figs. 2 and 3(a)]. 7| and T, are linked: They
have similar intensities and linewidths. In 6™ /6™, there is
very weak PL from a trion, labeled 7, [Figs. 2 and 3(a)].
The energy of T, is close to that of 73. However, the n
dependence of the T'5 and T4 linewidths are quite different
[Fig. 3(b)], indicating that 75 and T, arise from different
trion species.

We turn to o~ excitation. Using again the trion energies
and n-dependent linewidths to identify the trions, in 6~ /o™,
T, T,, and T5 are observed; in 6~ /o~, T, is observed.
Hence, the collection channel and not the excitation
channel determines which trions appear.

To proceed, we describe the trions T';...T4 microscopi-
cally (see Supplemental Material [ 14]). The model applies in
the limit of low density where the Fermi wavelength is much
larger than the trion size, ~2 nm [26-28]. (At higher n,
the eigenstates are exciton-Fermi sea polarons [1,29-32].)
The low-density limit applies to the lowest n used in the
experiment. The electrons have two degrees of freedom: spin
S.=+1 and valley 7, = +1 (+1 for K and - for K).
According to the Pauli exclusion principle, the total wave
function of a trion must be antisymmetric with respect to
particle exchange [33,34]. The two electrons within the trion
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FIG. 2. PL for quasiresonant excitation on gated monolayer MoS, at +9.00 T and 4.2 K shown as a matrix: excitation in ¢* or ¢~
collection in 6" or ¢~. Fitting of each spectrum determines the energies of all the lines.

have, therefore, six eigenstates .) characterized by
the total spin S, its projection S, the valley pseudospin z, and
its projection 7,. Four are relevant here:

1) =154),
L0) = 153),
|1000> 7o),
[1,-1;0,0) =[T_) (1)

and are shown pictorially in Fig. 4. |S ;) is the intravalley spin
singlet at the K point; |S;) the intervalley spin singlet; and
|To) and |T_) are two spin components of the intervalley
spin triplet.

Consider 6™ excitation which creates a bright exciton at
the K point. The injected electron state is | K 1). This electron
binds with a second electron to form a trion. Binding to a
second K1 electron is forbidden by the Pauli principle. If the
second electron is K|, the electrons form the intravalley

spin-singlet state |S,;) [Eq. (1)]. The second spin can reside
in the opposite valley, but only spin-|, electrons are available
in the ferromagnetic state. The antisymmetrized state
formed is (1/v/2)[|K111:K542) — |K212: K1 41)]. This state
is not an eigenstate: It decomposes to (1/v/2)[|T) + |S:)]
and gives rise to two lines in the spectrum: one at the |T)
energy, the other at the |S;) energy. Under 6" /6™, the
lowest-energy trion T is thereby identified as |S,); the
higher-energy pair, 7 and T',, are identified as |S;) ).
The model explains the observation that 7 and T, are
linked: The lines arise from recombination of the same state.

Switching to ¢~ excitation, a bright exciton is created at
the K point. The injected electron state is now K. In the
presence of only spin-|, electrons, the only trion that can be
formed is |T_). Under 6~ /o™, only Ty is observed. Ty is
thereby identified as |7_).

Finally, we analyze the cross-channels. Under ¢ /o7,
the bright exciton at the K point is scattered to the K point
by electron-hole exchange. Only spin-| electrons are
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available such that the only possible trion is |7_). This is
consistent with the observation of T, in the spectrum.
Under 6~ /o, the bright exciton at the K point is scattered
to the K point, making a spin-1 electron available, leading
to the formation of |S,) and (1/v/2)[|T) + |S;)], such that
lines Ty, T,, and T5 appear in the spectrum, exactly as
observed.

The model gives a consistent description of the lines in the
PL matrix and is consistent with a two-band, spin-|
ferromagnetism. If spin-1 states were occupied in the
Fermi sea, then a |S,)-like trion (specifically, |0,0; 1, —1))
would be observed under 6~ /6~. This is not the case.
Furthermore, a doublet corresponding to (1/+/2)[|T,) +
|S;)] would be observed under 6~ /6~—this is also not the
case. Thus, only the spin-|, bands in each valley are occupied.
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FIG. 4. Schematic of the trion eigenstates showing in each case
the two electron states and the hole state from which the trion is
constructed. The interpretation of the PL spectra leads to the
assignment S, =T, Sy =T5, To=T,, and T_=T,.

Density n (cm?) x10"?

Density n (cm?) x10'2

(a) PL spectra at n = 1.5 x 10'2 cm™2 (at +-9.00 T and 4.2 K) for 67/ excitation/collection and 6~ /6™~ excitation/collection.
(b) Trion linewidths versus n. (c) n dependence of the optical dichroism D for 6" and ¢~

excitation. (d) Energy splitting

We now consider the energies of the states (see
Supplemental Material [14]), first, states |7) and |T_).
In a single-particle interpretation, these two states would be
split by a small Zeeman energy. (Using the spin and valley
g factors [10,35], the single-particle splitting between |T'))
and |T_) is —1.03 meV.) This is not the case: |T,) and |T_)
are split by a much larger energy, ~10 meV; see Fig. 3(d).
The explanation is that ¥ contributes to |T) but not to |7_).
Subtracting the Zeeman splitting, we find X~ 11.2 £
1.4 meV at n=15x10"Z cm™. At this density, the
Fermi energy is 2.6 meV (taking an electron mass of
0.7mq [36]), much smaller than X, as required for the
consistency of Fig. 1(b).

Second, the splitting between |T) and |S;) arises from an
intervalley Coulomb exchange interaction J, which lowers
the energy of the spin-triplet |T,) with respect to the spin-
singlet |S;), similar to Hund’s rule in atoms. The splitting
between T, =|S;) and T, = |T,) provides us with J
as a function of n [Fig. 3(d)]. We extract J =5 meV at
n = 1.5 x 10'? cm~2, indicating the importance of interval-
ley Coulomb exchange scattering, as pointed out in Ref. [6].

We comment on the behavior at higher n. First, J: J
decreases with n [Fig. 4(d)]. The spin-down states below
the Fermi energy are occupied in the ferromagnetically
ordered phase such that they are excluded from the spin-
down component of the trion. Conversely, the spin-up
states remain unoccupied such that the spin-up component
of the trion does not depend on n. The overlap between the
spin-up and spin-down densities within the trion decreases
with n and tends to zero at k > 1/ay,, where a,, is the trion
size and ky = v/2zn the Fermi momentum in the ferro-
magnetic phase. This allows us to estimate the trion size
ay ~ 1/\/mny~3 nm, a value consistent with previous
research [26-28]. Here, ny ~ 3.5 x 10'> cm™ is the density
where J =~ 0 meV in Fig. 3(d). Second, X: X also decreases
with increasing n [Fig. 3(d)]. The exchange energy of the
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ferromagnetic state should decrease with increasing n as the
interactions stabilizing the ferromagnetism become weaker.
However, our description of the trions [Eq. (1)] is valid only
at low n. At higher n, two effects potentially reduce the T,
T, splitting: the dependence of exchange on density and the
many-body effects on the trion energies, such that the
relationship between X and the T, T4 splitting is no longer
clear. Our determination of X applies instead at low n where
Eq. (1) is valid. Finally, D: D with ¢ excitation increases
monotonically with n, and D with ¢~ excitation has a dip
around n = 3.0 x 10'> cm™2 [Fig. 3(c)]. At the highest n,
the difference in D probably reflects the paramagnetism. At
intermediate 7, the behavior is not understood, but we note
that it is determined from PL intensities which depend on
many factors.

A key component of this analysis is the observation of
the T, = |S;), T, = |T,)) “doublet” [Fig. 3(a)] not resolved
in previous experiments [1,7]. Here, smaller linewidths
allowed us to resolve the doublet. The doublet is not
observed at every location on the sample. Dividing a region
6 x 6 pm? into pixels, the doublet is observed with a
probability of 20% (see Supplemental Material [14]).
There is no obvious correlation, doublet versus no doublet,
with the energies, for instance, the X° energy. It is likely
that inhomogeneities result in these statistical properties.

In conclusion, we identify all the PL lines from gated
monolayer MoS,. We find that only spin-| bands at each
valley are occupied, signaling ferromagnetic order. At
n = 1.5x 102 cm™2, we extract from the PL spectra the
ferromagnetic exchange energy X~ 11.2 + 1.4 meV and
the intervalley Coulomb exchange energy J =~ 5 meV. The
large exchange energy suggests that ferromagnetic ordering
should survive up to tens of degrees Kelvin. This is
consistent with the observation of a pronounced dichroism
even at 30 K [7]. However, at elevated temperatures, the
optical probe is no longer useful on account of phonon
broadening of the optical lines—this motivates an inves-
tigation with a sensitive magnetometer [37,38].
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