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Magnetoluminescence and valley polarized state
of a two-dimensional electron gas in WS,

monolayers

T. Scrace', Y. Tsai', B. Barman’, L. Schweidenback’, A. Petrou™, G. Kioseoglou?, I. Ozfidan3+,

M. Korkusinski® and P. Hawrylak34*

Materials often exhibit fundamentally new phenomena in
reduced dimensions that potentially lead to novel applications.
This is true for single-layer, two-dimensional semiconductor
crystals of transition-metal dichalcogenides, MX, (M = Mo, W
and X =S, Se). They exhibit direct bandgaps with energies in
the visible region at the two non-equivalent valleys in the
Brillouin zone. This makes them suitable for optoelectronic
applications that range from light-emitting diodes to light har-
vesting and light sensors™7, and to valleytronics®-"7. Here, we
report the results of a magnetoluminescence study of WS,
single-layer crystals in which the strong spin-orbit interaction
additionally locks the valley and spin degrees of freedom. The
recombination of the negatively charged exciton in the presence
of a two-dimensional electron gas (2DEG) is found to be circu-
larly polarized at zero magnetic field despite being excited with
unpolarized light, which indicates that the existence of a valley
polarized 2DEG is caused by valley and spin locking and strong
electron-electron interactions.

Tungsten-based dichalcogenides, such as WS,, belong to the
same family as MoS, and have many similar properties’>-!7; both
compounds have the same structure and, in single layers, exhibit
luminescence around 2 eV at the K points. The primary difference
between MoS, and WS, is the strength of the spin-orbit splitting
because of the different sizes of the transition-metal atoms. The
photoluminescence (PL) efficiency of WS, is found to be much
higher than that of MoS,. In addition, the emission linewidth of
the former is narrower, which makes WS, a better candidate for
optoelectronic applications.

Despite extensive studies of these systems, there is very limited
work on the effects of the application of an external magnetic
field'>13. The purpose of the work in Sallen e al!? and
Zeng et al.® was to investigate the Hanle effect by applying an in-
plane magnetic field and demonstrate the intriguing result of the
absence of such an effect. Very recently, Zhang et al.” reported
circularly polarized electroluminescence from WSe, p-i-n junc-
tions; the authors explain their results in terms of the breaking of
the valley symmetry by an in-plane electric field”. In this work, we
report spontaneous circularly polarized light emission from a
single WS, layer excited by linearly polarized light at zero magnetic
field. We attribute this effect to the existence of a spontaneously
valley polarized 2DEG; this new state becomes possible in 2D
materials because of valley and spin coupling along with strong
electron—electron interactions.

The PL emission was found to contain two features: (1) the
neutral exciton X° and (2) a broad feature at a lower energy

related to the recombination of a valence hole in the presence of
pockets of 2DEG owing to unintentional doping, which we will
broadly classify as the negatively charged exciton, X°, or Fermi
edge singularity in the presence of a strong disorder!®-2°. The X~
feature discussed here is much broader than the corresponding
feature in MoSe, reported by Ross et al.!! because of the finite
2DEG density. Both X~ and X’ features, show clear signatures in
the reflectance spectrum. At zero magnetic field the X~ feature,
related to the 2DEG, is circularly polarized light with a polarization
of up to 18%, in direct contrast to the X° emission, which has no
polarization. The spontaneous polarization of the emitted PL,
excited with linearly polarized light, is attributed to the existence
of a valley polarized 2DEG.

In Fig. la, we show the zero magnetic field PL spectrum (black
line) and the first derivative (blue line) of the reflectance spectrum
at T=5 K. A picture of the sample used in our experiment is shown
in Fig. 1b with a magnification of 100. Raman spectroscopy was
used to determine which portions of the flake were single
layers'>2!. The PL spectrum was excited using linearly polarized
light at 488 nm with an excitation power density of 2.04 x 10> W cm™>.
The strong PL emission below the free exciton energy is associated
with the recombination of valence holes with a 2DEG present in
different regions of the sample. In other words, the trion state has
to be considered in the presence of a significant number of extra
electrons distributed over different valley and spin states. In a
material like GaAs, such a dense electron gas would lead to the
breakdown of the trion and result in a Fermi-edge singularity. In
transition-metal dichalcogenides, the binding energy of the
exciton and the trion are much larger than those in materials
such as GaAs; thus we expect the trion to be stabilized for much
larger electron densities. The emission spectrum contains two fea-
tures, labelled as X° and X™. The identification of X° (at 2.053 eV)
and X~ (at 2.014 eV) was made on the basis of previous work?? as
well as the fact that both X° and X~ have strong signatures in the
reflectance spectrum?®.

One possible model that explains the coexistence of X° with the
2DEG feature is that the WS, crystal is inhomogeneous, possibly
because of the inhomogeneous strain imposed by the substrate.
This results in distinct regions: (1) regions with a different electron
density from which we obtain the X -2DEG emission, and (2)
regions with no electrons from which we obtain the X° emission,
as extensively studied by a number of groups investigating gate-
controlled 2DEG in semiconductor quantum wells'®-%°. The evol-
ution of the PL with increasing temperature is shown in Fig. 1c
for the 5K<T<90K temperature range. It is clear from this
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Figure 1| PL spectra and optical image of monolayer WS.. a, PL spectrum (not polarization resolved) for a 2.54 eV (488 nm) linearly polarized excitation at
zero magnetic field and a temperature of 5 K. The spectrum consists of the neutral exciton X° and a broad feature at a lower energy attributed to the
charged exciton emission in the presence of a 2DEG, X"-2DEG. The blue curve is the first derivative of the reflectance spectrum, also taken at 5 K. b, Optical
image of the WS, sample used in our experiments taken with a x100 magnification. ¢, PL spectra (not polarization resolved) for a linearly polarized

excitation at 2.54 eV for temperatures in the 5-90 K range.
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Figure 2 | Valley-spin polarization from a WS, monolayer at zero magnetic
field and a temperature of 5 K. The PL was excited using linearly polarized
light of photon energy 2.54 eV (488 nm). The red and black curves are the
o+ and o_ components of the PL spectra. A large (18%) spontaneous circular
polarization appears for the X™-2DEG recombination channel. The photon-
energy dependence of the circular polarization is indicated by the blue curve
(right y-axis); for comparison, we also superimpose the first derivative of the
reflectance spectrum (green curve).

figure that, although the intensity of the X° PL feature relative to
the intensity of the X -2DEG feature increases with increas-
ing temperature, the X~ contribution persists because of the pres-
ence of the 2DEG and the large binding energy of the order of
30-35 meV'.L

The X~ PL feature is wide and contains contributions from other
recombination channels. Typically, the PL linewidth is related to the
number of occupied levels in the conduction band for a non-zero
electron density with a finite Fermi energy as well as to contri-
butions from other recombination channels. Indeed, at T=5 K we
have an impurity feature mixed in, as verified from the temperature
dependence of the PL shown in Fig. 1c. When the sample tempera-
ture is increased, the impurity feature disappears. The high electron
density could also result in an additional broadening that makes the
width of the trion larger than that of the free exciton.

In Fig. 2 we plot the zero magnetic field reflectance derivative
spectrum (green curve) and the o, and o PL components (red
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Figure 3 | Circular polarization as a function of magnetic field at a
temperature of 5 K. The excitation was provided by linearly polarized light
with a photon energy of 2.54 eV (488 nm). The PL was analysed for ¢, and
o_ helicities and the polarization degree P= (I, - 1_)/(l. + I_) is plotted as a
function of the applied magnetic field from -7 to +7 T. The red dots indicate
the circular polarization of the X™-2DEG emission and the black squares
correspond to the polarization of the neutral exciton X° feature.

and black curves, respectively), excited using linearly polarized
light at 488 nm at a power density of 2.04 x 10° W cm™>. The
PL circular polarization (blue curve) is given by the equation
P=(I,-1)/(I, + L), where I, and I_ are the intensities of the o, and
o_ PL components, respectively. The two PL components exhibit a
large difference in intensity, which results in a sizeable (18%) circular
polarization at the energy of the X" -2DEG PL feature. It is clear from
Fig. 2 that the large zero-field circular polarization is related to the
broad X -2DEG feature, whereas the circular polarization of the free
exciton is only 2%. When we varied the excitation intensity F,
we observed a modification of the emission-line shape consistent
with a finite carrier density as well as a modest increase in the trion
polarization at zero magnetic field. Typical values are P=15% for
F=102x10°W cm™, P=18% for F=2.04x10°Wem™ and
P=23% for F=2.04x 10> W cm ™. These results indicate that the
observed zero-field circular polarization is an equilibrium property
of the 2DEG and is not induced by the illumination of the sample.
In Fig. 3 we plot the circular polarization at T=5K of the
X -2DEG and the X° features as a function of the magnetic field
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Figure 4 | Band structure and quantum numbers. a, Band structure of a
single WS, layer computed using the ABINIT code; the diagram shows a
direct gap at the K point of the Brillouin zone. b, The conduction and
valence band state splitting in the vicinity of the K point caused by the
spin-orbit interaction. ¢, Schematic illustration of the locking of the spin
and valley quantum numbers.

applied along the normal to the sample plane. From Fig. 3 it is clear
that the X° and the X -2DEG features differ in two aspects: (1) the
X -2DEG feature has a non-zero polarization at B=0 even though
the exciting laser beam is linearly polarized and (2) the circular
polarization of the exciton, X° is small and changes little with the
magnetic field B. In contrast, the circular polarization of the
X -2DEG feature increases with increasing B at a rate of 2% per
tesla. We studied several single-layer WS, flakes. Each flake
showed a positive non-zero circular polarization at B=0 that
strongly depends on B. An example of a circular polarization
versus magnetic field plot from a different sample is shown in
Supplementary Fig. 1.

The standard particle model of an equilibrium electron-spin
polarization cannot produce a finite polarization at B=0. The
sample temperature does not have an appreciable effect on either
the circular polarization at B=0 (see Supplementary Fig. 2) or the
slope dP/dB (see Supplementary Fig. 3). The circular polarization
was studied as a function of the angle 0 between the laser’s linear
polarization and the horizontal. A plot of circular polarization
versus 0 is shown in Supplementary Fig. 4. Finally, we compared
the PL circular polarization for linearly and circularly polarized
laser excitation. The results are given in Supplementary Fig. 5.
Additional experiments showed a lack of dependence of the zero-
field polarization on the way the B field was changed. As we
discuss below, the experimental results can be understood assuming
a spontaneous valley polarization (VP) of the 2DEG in WS, by
locking of the spin and valley degrees of freedom.

Figure 4a shows results from an ab initio calculation of the band
structure of a single neutral layer of WS, using the ABINIT code?*.
The results confirm that a single WS; layer is a 2D direct gap semi-
conductor with direct gaps at the six K points of the Brillouin zone.
The local density approximation gap obtained here is 1.62 eV, in line
with other work!2!, but lower than the observed transition energy.
This discrepancy (to be investigated) probably results from the self-
energy and excitonic corrections as well as from strain and
substrate effects.

Figure 4b shows the band structure of the K valley. The top of
the valence band is split by 420 meV because of the spin-orbit
coupling, and the analogous splitting of the conduction band is
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38 meV. The corresponding hole mass is m* = 0.6m, and the electron
mass is m* = 0.5my, where mj is a free electron mass. Figure 4c shows
the spins of the conduction band electrons and valence band holes in
the two non-equivalent valleys K and -K. Time-reversal symmetry
requires that the two conduction band states (K,s =-1/2) and (-K,
s=+1/2) be degenerate, with s denoting the electron spin. A
similar, although more complicated, assignment can be made for
the hole in the valence band. The locking of electron spin to the
valley index caused by the large spin-orbit coupling uniquely
relates the polarization of the emitted photon to the valley index, as
shown in Fig. 4c. When a finite 2D electron density is present, elec-
trons can occupy the two valleys (K,s = -1/2) and (-K,s = +1/2) with
densities ng and n_x. For an ideal 2DEG, neglecting the formation of
Landau levels, the total energy per particle (E,) is the sum of the
kinetic, exchange, correlation and Zeeman energies*>*:

1+ _ﬂi [(1- 0+ (140

1
E . (r,0) =
t(750) r2 3m

*upB
+E (r0) 55250

where 1= (ng +n_g)/2=1/mr? is the total density, (= (ng —n_x)/
(ng + n_x) is the valley-spin polarization and 7, is the interparticle
distance. Energies and distances are measured in terms of the effec-
tive Rydberg (Ry) and the effective Bohr radius, respectively. The
first term in Ey, is the contribution of kinetic energy, the second
is the exchange energy, the third is the correlation energy (E.)
and the last term is the Zeeman energy. We see that VP costs
kinetic energy but results in a gain of the exchange and Zeeman
energy. The degeneracies of the energy spectrum are given by
Eiot(15,(,B) = Eyt (15,-(,—-B). In Hartree-Fock the energy difference
between the fully valley polarized state with {=1

Eq(raf=1)=5-3 —-—>

N

and the unpolarized state with {=0

E (r0=0) 1 8J21
r,( = =
tottls 2 3m o,

is given by

1 82-v2)1 g'uB

AE=—
rs 3n 2

S

At B =0 the valley polarized states { = +1 are the ground states, with
AE <0, for a range of densities dnyp smaller than a critical density
n* with

1 8(2-+/2)
_<7

. 3n

N

or ry> 2 (rs > 25.5 when correlations are included (Attaccalite et al.?

and Subasi and Tanatar?®)). The dependence of AE on 1/r, is shown
in black in the inset of Fig. 5. The coexistence of X° and the 2DEG-
bound emission suggests that the sample is not homogeneous but
consists of puddles, or quantum dots, with different densities.
Assuming spontaneously broken symmetry selecting, for example,
the (= +1 state, puddles with

1 8(2-+/2)
i<7

T 3n
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Figure 5 | Modelling of the dependence of the circular polarization on the magnetic field. The inset shows the energy difference per electron, AE (in
effective Rydberg) between the valley polarized and the valley unpolarized states as a function of 1/rs (rs is expressed in terms of the effective Bohr radius).
Negative values of AE correspond to the range of densities ényp for which the valley polarized state is the ground state. The main schematic illustrates the
VP ényp as well as the circular polarization of the emitted light as a function of magnetic field. (i) B=0, spontaneous VP; (ii) B> 0, increasing VP; (iii) B<O,

decreasing VP with B.

are valley polarized (the rest are not) which leads to partial valley
and light polarization (for a detailed analysis of electron-spin polar-
ization in quantum dots, see Korkusinski et al?®). Increasing the
magnetic field B increases the range of densities dnyp for which
the ground state is the valley polarized state, as shown in red in
the inset of Fig. 5. Reversing the direction of B applied to the
{=+1 state reduces the range of densities over which this valley
polarized state is stable. At a critical value of negative B such that

gulB* =2 =~ 0.125Ry

4=V
3n

(Fig. 5 inset, blue curve), the range of densities is reduced to a single
value. For larger negative values of B (Fig. 5 inset, green curve), the
valley unpolarized state is the lower energy state and the valley
polarized state {=+1 (Fig. 5 inset, green curve) can relax to the
lowest energy state {=-1 (Fig. 5 inset, red curve). The magnetic
field dependence of the energy to flip the valley (and spin) of an
electron in a valley polarized state depends on the density. For

1_42-v2)

A 3n

the magnetic field dependence of AE(B) for the (= +1 state can be
written as

AE(B) = —g*u|B*|/2 — g*uB/2

where B* is the effective exchange field. At B=—|B*| the external
magnetic field compensates the exchange field B* for this particular
density. The effect of magnetic field on the range of densities dnyp of
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the valley polarized ground state and degree of polarization of the
emission is schematically illustrated in Fig. 5, where the symmetry
of the population of the two valleys is spontaneously broken at
B =0, which results in a valley polarized state. As the valley popu-
lation translates into the polarization of emitted light, the spon-
taneous VP leads to the spontaneous circular polarization of the
emitted light, as shown experimentally in Fig. 3.

A similar calculation that accounts for the E. was reported for an
ideal 2DEG by, for example, Subasi and Tanatar®, the effect of dis-
order was included in, for example, Narozhny et al.’ and spin-
polarized ground states in electronic puddles were discussed in
Korkusinski et al.?8. The existence of spin-polarized droplets in dis-
ordered 2DEG in semiconductor heterostructures was reported by
Pepper and co-workers* and Pudalov and co-workers™. Although
a detailed theory that accounts for a realistic electron-band
structure, microscopic form of electron-electron interactions,
including substrate, strain, density inhomogeneity and temperature,
in WS, is needed, we present here strong evidence of a valley
polarized electron gas in WS,, with possible applications as a
converter of unpolarized into polarized light. The valley polarized
electron gas discussed above is not the only possible source of the
observed spontaneous light polarization. Another possibility is
that the polarization is caused by defects and grain boundaries.
Further experiments are needed to distinguish between the
different possibilities.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

The samples used in our experiments were purchased from 2D Semiconductors
and consist of flakes of WS,. The flakes were deposited on a silicon substrate
topped with a 90 nm layer of SiO,. The WS, flakes were exfoliated from bulk
WS, crystals. Raman spectroscopy was used to determine which portions of the
flakes were single layers. The samples were placed on the cold finger of a
continuous-flow optical cryostat operated in the 5-300 K temperature range.
The cryostat was mounted on a three-axis translator with a spatial resolution of
10 um in the x and y directions and 5 pm along the z direction. The cryostat
tail was positioned inside the room-temperature bore of a 7 T
superconducting magnet.

The photoluminescence was excited using the 488 nm or 514.5 nm lines from an
argon-ion laser. A collimated white-light beam was used for the reflectivity work.

The incident light was focused on the sample using a microscope objective with a
working distance of 34 mm. The combination of the objective and the other lenses of
the optical set-up gave an overall magnification of x50.

The same objective collected the emitted luminescence (reflected light in the
reflectivity experiments) from the sample in a Faraday geometry and the light was
focused onto the entrance slit of a single monochromator equipped with a cooled
CCD (charge-coupled device) detector array. The spectrometer was equipped with a
long focal length microscope/CCD camera combination. A flip mirror allowed us
to direct the light that passes through the entrance slit of the spectrometer to either
the microscope or the CCD detector. The light from the sample was analysed in its
o, and o_ circularly polarized components by a combination of a liquid-crystal
quarter-wave plate and a linear polarizer placed before the entrance slit of
the spectrometer.
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