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difference of the gap energy in two valleys under an applied out-of-plane external
magnetic field. Our results indicate that valley splitting can be enhanced when
using a EuS substrate, as compared to a SiO,/Si substrate. The enhanced valley
splitting of the WSe,/EuS heterostructure can be understood as a result of an
interfacial magnetic exchange field originating from the magnetic proximity
effect. The value of this magnetic exchange field, based on our estimation, is
approximately 9 T. Our findings will stimulate further studies on the magnetic
exchange field at the interface of similar heterostructures.
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1 Introduction (TMDs) with the chemical formula MX, (e.g., M = Mo,
W; X = S, Se) have attracted enormous attention in
Monolayer (ML) transition metal dichalcogenides  nanoelectronics and optoelectronics for their novel
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properties in both fundamental studies and potential
applications [1-6]. Unlike gapless graphene [7], ML
MX, are semiconductors with a direct band gap in the
visible spectrum. There are two energy-degenerate
valleys K and K' located at the corners of the Brillouin
zone in ML MX, [8, 9]. Because of breaking of inversion
symmetry in ML TMDs [10, 11], the two valleys are
inequivalent, with different orbital magnetic moments,
and exhibit valley-selective circular dichroism behavior
[11-13]. Thus, it is possible to manipulate the valley
degree of freedom, which can be utilized in future
valleytronic devices [14, 15].

Valley physics in ML TMDs can be studied using
circular-polarization-resolved photoluminescence (PL)
spectroscopy under an external magnetic field [16, 17].
In addition to valley polarization, valley degeneracy
can be lifted by applying an out-of-plane external
magnetic field, because the external magnetic field
breaks the time-reversal symmetry [17, 18]. Previously,
valley splitting was observed by applying large
magnetic fields to MoSe, (10 T) [18], MoTe;, (29 T) [19],
WSe, (30 T) [20], and MoS, and WS, (65 T) [21] on
Si0,/Si substrates. Although these studies are very
important (even pioneering), these large magnetic fields
are not practical for valleytronic device applications.
Intuitively, a well-prepared heterostructure consisting
of ML TMD on a magnetic substrate can lead to
enhanced valley splitting based on the interfacial
magnetic exchange field (MEF). For two-dimensional
materials, this MEF was first revealed in the EuS/
graphene heterostructure [22], and later, was realized
for CVD-grown ML WSe, on a ferromagnetic EuS
substrate, in which a valley splitting of 2.5 meV for
A excitons was obtained at only 1T using magneto-
reflectance measurements [23]. This remarkable valley
splitting is induced by the MEF at the heterostructure
interface due to the magnetic proximity effect.

Here, considering the unique advantages of strong
light emission from these 2D semiconductors, we
conduct systematic circular-polarization-resolved
magneto-PL measurements in exfoliated ML WSe, on
a ferromagnetic substrate of EuS and on a nonmagnetic
substrate (NMS) of SiO,/Si. For ML WSe, on the
nonmagnetic SiO,/Si, the valley splittings (as a function
of the applied magnetic field of both A excitons and
trions) are linear and show no saturation in the applied
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magnetic field range. In contrast, for ML WSe, on EuS,
the valley splittings of both A excitons and trions
dramatically increase with increasing magnetic field
when |B| <1 T, which is different from the case of ML
WSe, on SiO,/Si. For larger magnetic fields, i.e., Bl >
1T, the valley splittings of A excitons and trions
continue to increase, but at a much lower rate (the
rate is very similar to the case of ML WSe, on SiO,/Si).
The enhanced valley splittings of both A excitons and
trions in ML WSe, on the ferromagnetic substrate
EuS are due to an interfacial MEF, resulting from the
magnetic proximity effect. These results demonstrate
that the valley splitting of ML WSe, can be controlled
by the magnetic properties of the substrate, which is
beneficial for future valleytronic devices.

2 Results and discussion

The valley physics of ML TMDs has recently become
one of the hottest topics in condensed matter physics.
The breaking of inversion symmetry creates two
degenerate but inequivalent K and K’ valleys in ML
TMDs. Figure 1(a) presents the valley selection rule
for an A exciton. For the K valley, only electrons with
spin-up can be excited from the upper valence band
to the upper conduction band, whereas electrons with
spin-down can be excited from the lower valence band
to the lower conduction band, based on giant spin-orbit
coupling [24]. The situation is the opposite in the K’
valley, because of spin-valley locking. In the absence
of an external magnetic field, the two valleys are
degenerate. However, when an external magnetic field
B is applied, the degeneracy of these two valleys is
lifted, which can be understood as follows. The A
exciton energy is given by E, =E.-E, —E;, where
E. and E, are conduction band edge and valence
band edge, respectively, and E; is the binding energy
of the A exciton. As is known, o* polarized light can
excite electrons in the K valley, whereas o~ polarized
light can excite electrons in the K’ valley. Therefore,
the A exciton energy excited by 0" polarized light can
be written as E;, =E -E;-E,. A exciton energy
excited by o~ polaorized light can be written as E, =
E.-E, —-E,. Note that E; remains the same in the
two cases. Therefore, the valley splitting is given
by AE = E;O -E = E.-E.—-(E; —E,). Because the
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Figure 1 Valley selection rules and valley splitting for K and K’
valleys in monolayer WSe,. (a) Valley selection rules of ¢ and
o excitation for an A exciton are presented. The blue (red)
vertical lines show transitions of spin-up (-down) electrons in K (K')
valleys by ¢ (67) excitation. (b) Valley splitting of A excitons in
WSe, on a nonmagnetic substrate has only contribution from the
atomic orbital magnetic moment in the valence band represented
by the black arrow. (c) Valley splitting of trions in WSe, on a
nonmagnetic substrate, which consists of an A exciton in the K
valley and an electron in the K’ valley. (d) Valley splitting of A
excitons in WSe, on a magnetic substrate has an additional
contribution due to magnetic exchange field AE,,;. , represented
by the thick orange arrow. (e) Similarly, valley splitting of trions
in WSe, on a magnetic substrate also has the additional element
(AE,:) due to the magnetic exchange field.

valence band edge and the conduction band edge
possess different magnetic moments, there will be a
different energy shift when an out-of-plane magnetic
field is applied. Thus AE=E.—-E_—(E,-E,)=-
(u—u")B [18]. Here, 1 and x" are the total
magnetic moments of the conduction and valence
bands, respectively. The total magnetic moments consist
of the magnetic moments due to orbital, carrier spin,
and delocalized Bloch wave-functions in the valence
band and the conduction band.

In the case of A excitons on a NMS such as SiO,/Si,
the only non-zero contribution comes from the orbital
magnetic moment in the valence band, which is
2, in the K valley (indicated by the black arrow in
Fig. 1(b)). Meanwhile, there is another +24, in the K’
valley, and thus, the total valley splitting of A excitons
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on a nonmagnetic substrate (NMSE) is AE,,. =—
44, B [17-21, 25]. In the case of a o* polarized trion,
which consists of an A exciton in the K valley and an
electron in the K’ valley—intervalley trion (see Fig. 1(c)),
the extra electron contribution in the K’ valley should
be considered, in addition to -2, of the A exciton
case. However, when calculating the total valley
splitting of o* and o~ polarized trions, the contributions
of the extra electrons under the o* and o~ configurations
cancel each other. As a result of the cancellation, the
valley splitting of trions on a nonmagnetic substrate
(NMST) is also AE,,,;, =—4u,B [17].

The case of A excitons in a ML TMD on a magnetic
substrate is shown in Fig. 1(d). The valley splitting
of A excitons now has an additional element (AE..)
because of the MEF induced by the magnetic proximity
effect. The contribution of the externally applied
magnetic field AE,,.; is expected to be the same as that
of the nonmagnetic case AE,,,; - Thus, the total valley
splitting of A excitons (TE) is AE,, = AE,,, + AE, ... As
shown in Fig. 1(e), for an intervalley trion consisting
of an A exciton in the K valley and an electron in the
K' valley, the contribution to the valley splitting of an

external magnetic field, AE, . is the same as AE

MST NMST *
Then, considering the contribution of MEF, the total
valley splitting of trions (TT) on a magnetic substrate
is AE; = AE, o, +AE, ...

The flakes of WSe, were mechanically exfoliated
from WSe, crystals onto a SiO,/Si substrate and a EuS
substrate grown using e-beam evaporation. Optical
microscope images of the samples are shown in
Figs. 2(a) and 2(b). The encircled area shows the
monolayer WSe,; the corresponding PL mapping
images are shown in Figs. 2(c) and 2(d). A detailed
experimental setup for magneto-PL measurements is
illustrated in Fig. 2(e); a polarizer and a quarter wave
plate are used to generate either 0" or o~ excitation.
At top of the optical head, another polarizer is used
to detect 0* or o~ emission signals. Throughout the
measurements, a laser beam of 2.33 eV photon energy
is focused on a ~ 1 um spot, with a power of 700 uW.
The sample is placed on a cryogenic sample holder
at 42 K so that the magnetic field can be applied
perpendicular to the sample (i.e., the Faraday geometry).
Raman spectra acquired at 4.2 K are shown in Fig. 2(f).
There are two peaks in the range of 251 to 265 cm™ for
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Figure 2 Raman and photoluminescence of monolayer WSe,
on SiO,/Si and EuS substrates without an applied magnetic field
and experimental setup for circular-polarization-resolved magneto-PL
measurements. Optical microscope images of ML WSe, on
(a) SiO,/Si, (b) EuS substrate and corresponding PL mapping
images at zero field on (c) SiO,/Si and (d) EuS. (e) Schematic
setup of the circular-polarization-resolved magneto-PL measurement.
A polarizer and a quarter wave plate are used to generate either
o' or G excitation. At top of optical head, another polarizer is used
in order to detect 6° or ¢ emission signal. (f) Raman spectra
of ML WSe, on Si0O,/Si and EuS substrates. There are two peaks
around 251 and 265 cm', which correspond to E}, and A,
modes, respectively. (g) PL spectra of ML WSe, on SiO,/Si and
EuS substrates excited by a 532 nm laser show A exciton (X,) and
trion (X1) emission peaks.

WSe, on both SiO,/Si and EuS, which correspond
to E;g and A,, modes, respectively. Based on the
previous reports, our WSe, samples are confirmed to
be monolayer samples [26, 27]. For ML WSe; on the
EuS substrate, E;g exhibits blue shift compared with
that on SiO,/Si, which is probably due to the com-
pressive strain of the interfacial surface [28, 29], because
E;g is sensitive to strain. For WSe, on EuS, the thermal
expansion coefficient of EuS is larger than that of WSe,
[30, 31], which results in compressive strain between
the surface when cooling the heterostructure to
cryogenic temperatures. However, for WSe, on S5i0,/Si,
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this strain can be neglected because the thermal
expansion coefficient of SiO, is very close to that of
WSe, [32]. Additionally, the charge transfer process
between EuS and WSe,, which increases the electron
doping level in WSe,, broadens the width of the AIg
mode because of the strong electron-phonon coupling
of the A,, mode [33]. Figure 2(g) shows the PL spectra
of WSe, on both substrates at 4.2 K for zero applied
magnetic field. For WSe, on SiO,/Si, the peaks around
1.74 and 1.71 eV are due to A excitons (X,) and trions
(Xr), respectively. Here, the A exciton peak is more
pronounced than the trion peak, whereas for WSe, on
EuS, the trion peak is dominant. This phenomenon
can be explained by considering the heterostructure
formed by WSe, and EuS. EuS is a ferromagnetic
material with a work function of 3.3 eV [34], whereas
the work function of ML WSe, is 4.3 eV [35]. Therefore,
in the heterostructure, a charge transfer process takes
place, i.e., electrons transfer from EuS to WSe, because
of the higher work function of WSe, [36]. These
electrons facilitate the formation of more trions in
WSe,; therefore, the trion emission peak is dominant
in the spectra because of the higher doping level, as
compared to the SiO,/Si substrate case.

To investigate the valley splitting of ML WSe, on
nonmagnetic SiO,/Siand ferromagnetic EuS substrates,
circular-polarization-resolved magneto-PL measure-
ments were conducted.

For WSe, on SiO,/Si, in the absence of an external
magnetic field, there is no valley splitting between o*
and o~ emissions, as shown in Fig. 3(a). Note that the
peak near 1.71 eV is due to trion emission, whereas the
peak near 1.74 eV is due to A excitons [37-40]. When
the magnetic field is increased to 7 T, there is energy
splitting between 0" and o~ emissions. The magnetic
field suppresses the trion peak intensity under the o*
configuration (blue curve), whereas for the A exciton
peak, the intensity of o* emission is slightly stronger
than that of o~ emission. When applying -7 T, the
results are reversed, i.e., the trion peak intensity under
the o~ configuration (red curve) is suppressed and
the A exciton peak intensity of o~ emission is slightly
stronger than that of o* emission. A previous report
showed, that the valley polarization of A exciton
emission is mainly dependent on the initially-optically-
created valley polarization, rather than being influenced
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Figure 3 Magneto-PL spectra of WSe, on SiO,/Si and EuS
substrates at selected magnetic fields. Circularly polarized
magneto-PL spectra of WSe, on (a) nonmagnetic SiO,/Si and (b)
ferromagnetic EuS under magnetic fields of =7 T, 0 T, and 7 T
are presented. The blue (red) curves are defined as emission
collected of 6" (c7) polarized light where the sample is excited
by 6" (67) polarized light. Open circles are original collected data,
all spectra are presented by subtracting the background spectrum.

by the magnetic field [25]. Our results show that the
valley polarization of A exciton emission is slightly
sensitive to the magnetic field, which was also found
in the literature [16]. For the valley polarization of
trion emissions, it is also dependent on the magnetic
field, in addition to the initially-optically-created
valley polarization. The different valley polarization
behaviors between A exciton and trion emissions from
ML WSe, are probably due to the fact that the PL
emission time of the trion is much longer than that of
the A exciton [25].

The same measurements were also conducted
for WSe, on the magnetic EuS, which can be seen in
Fig. 3(b). At zero field, the peak near 1.72 eV arises
from trion emission, whereas the peak near 1.75 eV is
due to A excitons. There is a blue shift for both A
exciton emission and trion emission, as compared
to that of ML WSe, on SiO,/Si at zero field. This
phenomenon is probably due to the compressive strain
between ML WSe, and EuS [41, 42], which confirms
our Raman results. Another interesting feature is that
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the trion emission intensity is stronger than that of
the A exciton emission intensity at zero field, which
is due to the charge transfer process, as discussed
above. The PL spectra acquired at 7 T and -7 T show
energy splitting between 0" and 0~ emission, which are
similar to that of ML WSe, on the SiO,/Si substrate,
albeit with larger magnitude.

To elaborate on the valley splitting enhancement
of ML WSe, on EuS, valley splittings of A excitons in
ML WSe, on SiO,/Si and EuS are plotted as a function
of the magnetic field in Fig. 4(a). The red squares are
collected from ML WSe, on SiO,/Si. These data show
a linear relationship with magnetic field with a slope
of -0.23 meV/T for A excitons; the associated effective
g-factor can be extracted as 3.97, which is in agreement
with previous reports (see Table 1) [16, 23, 25, 37]. For
valley splitting data collected from ML WSe, on EuS
(black squares in Fig. 4(a)), we observe for small
magnetic fields, i.e,, Bl <1 T, that the absolute value of
the valley splitting dramatically increases for a non-zero
magnetic field, reaching up to 2.4 meV at -1 T. This
valley splitting has two components, one is induced by
the external magnetic field (AE,,;), and the other

is induced by the MEF (AE, ;) . Thus, the total valley
splitting can be expressed as —gu,(B+B') . Here, B' is

the MEF and B is the externally applied field. We
assume that the effective g-factor of the A excitons in
ML WSe, on EuS is the same as that on the SiO,/Si
substrate, which is theoretically 4. In this case, the MEF
AE
8Hg
the value of MEF in our case is approximately 9 T.
Note that the MEF is a short-range field induced by
the magnetic proximity effect, which means it is

MEF

—B. Hence,

can be roughly estimated as B'=-

strongly influenced by the interface between WSe,
and EuS. Our estimated MEF is slightly smaller than
that in the previous report [23]. This difference might
be caused by both sample preparation and the post-
annealing process.

To explore the influence of MEF on trion emission,
valley splittings of trions in ML WSe, on SiO,/Si and
EuS are plotted as a function of the magnetic field,
as shown in Fig. 4(b). The red dots are collected from
ML WSe, on SiO,/Si. Similar to the A exciton case, the
valley splitting of trions shows a linear relationship
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Figure 4 Valley splittings of A excitons and trions in WSe, on nonmagnetic and magnetic substrates. (a) Experimentally determined
valley splittings of A excitons versus magnetic field in WSe, on nonmagnetic SiO,/Si (red squares) and ferromagnetic EuS (black
squares) are presented. The valley splitting of A excitons in WSe, on SiO,/Si matches well with the expected values; while for WSe, on
EuS, the enhanced valley splitting shows a nonlinear relationship with the external magnetic field due to the MEF between the WSe,
and EuS. The orange guideline indicates that the enhanced valley splitting of A excitons follows the trend of field dependent
magnetization of EuS. (b) Experimentally determined valley splittings of trions versus magnetic field in WSe, on nonmagnetic SiO,/Si
(red dots) and ferromagnetic EuS (black dots). The valley splitting of trions in WSe, on SiO,/Si shows a linear relationship with the
magnetic field. For WSe, on EuS, the enhanced valley splitting of trions shows a similar nonlinear trend as seen in A excitons of WSe,
on EuS. Valley splittings are extracted from the PL spectra at selected magnetic fields as the difference between the peak energies of 6*

and ¢ polarized emissions for A excitons and trions.

Table 1 Summary of the effective g-factors of ML WSe, on

Si0,/Si
Substrates A exciton g-factor Trion g-factor
-3.7+0.2 [25] -4.4+0.2 [25]
Si0,/Si (reference) -437+0.15[37] -6.28+0.32[37]
3.14t0 5.72 [16]
~3.46 [23] —
SiO,/Si (in this work) 3.97+0.02 4.15+0.03

with the external magnetic field, and the slope is
-0.24 meV/T; consequently, the effective g-factor can
be extracted as 4.15, which is comparable with the
effective g-factor of A excitons. The similar valley
splitting behavior of A excitons and trions in ML
WSe, on SiO,/Si matches the theoretical calculations
well [17]. In contrast, the valley splitting of trions
in ML WSe, on EuS (black dots in Fig. 4(b)) shows
significant enhancement as compared to the trions
case on Si0,/Si. The orange guideline of trions
shows a similar large enhancement within IBl <1 T
as compared with the guideline of A excitons in WSe,
on EuS, and increases slowly with increasing external
magnetic field when IB| >1 T. By comparing the valley
splittings of A excitons and trions in ML WSe, on EuS,
we find that the MEF enhances the valley splitting
energies of both A excitons and trions.

The nonlinear behavior of the valley splittings of A
excitons and trions in ML WSe, on EuS suggests that
the MEF between the WSe, and EuS substrate is
highly dependent on the magnetization of the EuS
substrate [23]. For IBl <1 T, the magnetization of the
EuS substrate is highly sensitive to the magnetic field,
resulting in greatly enhanced valley splitting energies.
When Bl > 1 T, the magnetization slowly becomes
saturated thus the valley splitting behavior is similar
to the case of ML WSe, on SiO,/Si.

3 Conclusion

We have performed circular-polarization-resolved
magneto-PL measurements on ML WSe, with SiO,/S5i
and EuS substrates. Valley splittings of both A excitons
and trions are enhanced by the MEF resulting from
the magnetic proximity effect when EuS is used as the
substrate. More specifically, for IBI <1 T, the valley
splitting energies are greatly enhanced, whereas for
IBI > 1 T, the valley splitting behavior is similar to
the case of ML WSe;, on SiO,/Si. The nonlinear valley
splitting enhancement of both A excitons and trions
is due to the field-dependent magnetization of EuS.
Based on our estimation, the value of MEF between
WSe, and EuS is approximately 9 T. Our results

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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demonstrate that the valley splittings of A excitons
and trions in ML WSe, can be controlled by changing
the magnetic properties of the substrate, which can
be utilized in future valleytronic devices.
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