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In recent years, the magento-optical properties of two-dimensional transition metal dichalcogenides

(TMDCs) have garnered significant attention from scholars, owing to their potential applications in

spintronic and valleytronic devices. Hybridizing TMDCs with plasmonic nanostructures has been

demonstrated to be an effective route to modulate the optical properties of TMDCs. In this study, the

modulation effects of a plasmonic Au nanograting (Au-NG) on the magneto-optical properties of

monolayer WS2 were systematically investigated utilizing polarized-Raman spectroscopy. Raman modes of

WS2 exhibited regular intensity fluctuation with increasing magnetic fields. It is worth noting that the

magnetic-field-dependent Raman intensity of WS2 on Au-NG exhibited obvious differences from WS2 on Si

and Au films, of which the critical magnetic field was 5.5 T in both the parallel and crossed polarization

configurations. The critical magnetic field was promoted to 6.5 T when laser polarization was perpendicular

to Au-NG. Even more attractively, the critical magnetic field was lowered to 3.5 T when the laser

polarization was parallel to Au-NG. This phenomenon can be attributed to the localized surface plasmonic

resonance effect from Au-NG, leading to the opposite electric field response under different polarizations.

This work not only deepens the understanding of the magento-optical properties of WS2, but also offers a

useful new approach for designing high-sensitivity magneto-optic devices based on WS2.

1. Introduction

In recent years, the magneto-optical properties of two-
dimensional (2D) transition metal dichalcogenides (TMDCs) have
gained significant attention from scholars because of their
potential applications in magneto-optic devices, such as spintro-
nics, smart sensors, modulators, and quantum computing.1–3

Various optical techniques, such as photoluminescence (PL),
Raman, the magneto-optic Kerr effect (MOKE), and ultrafast
spectroscopy, have been carried out to investigate the magneto-
optical properties of 2D TMDCs.4–8 Among these optical techniques,
Raman spectroscopy has been recognized as a sensitive method
to investigate the magneto-optical properties of nonmagnetic

TMDCs.6,9,10 Polarized-Raman spectroscopy has been demon-
strated as an effective method to distinguish the Raman modes
and characterize the subtle changes of structural and electronic
properties of TMDCs.11,12 It is predicted that the variations in
the magneto-optical properties of TMDCs can be expressed in
the changes in Raman spectra under different polarization
configurations. By employing polarized-Raman scattering, Ji
et al. demonstrated a prominent evolution of the intensity of
the A01 mode in MoS2 with increasing magnetic fields.6

However, as reported in the literature, the critical magnetic
field for the magneto-Raman response of TMDCs is normally
higher than 5 T, limiting their practical applications in
magneto-optics.

It is well-known that the atomic-scale thickness of TMDCs
inherently limits their optical response due to weak light–matter
interactions. It has been demonstrated that through hybridizing
with plasmonic nanoscale metals, such as noble metallic nano-
particles and nanostructures, the optical properties of 2D TMDCs
could be selectively modulated, promising widespread applica-
tions in optoelectronic devices, such as photodetectors, photo-
voltaics and light-emitting devices.13–15 Among semiconducting
TMDCs, monolayer WS2 holds a direct band gap with a theore-
tical value of B2.1 eV,16,17 high emission quantum yield,18 and
large exciton/trion binding energy,19,20 large surface area and
active sulfur atoms,21 making it a fascinating candidate for the
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applications of electronic, optoelectronic and photocatalysis
devices.22–26 The optical properties of WS2 have been obviously
enhanced through coupling with periodic plasmonic nano-
structures.27–29 The absorption at the band edge of WS2 was
enhanced by 4 times on periodic Ag nanodisk arrays.30 Shi et al.
reported a large second-harmonic generation (SHG) enhance-
ment factor of 400 in WS2 on an Ag nanogroove grating with
subwavelength pitch.31 A photoluminescence (PL) enhancement
of 32-fold has been realized from the double WS2 on nanogroove
arrays.28 Taking advantage of plasmonic nanostructures as a
platform for surface-enhanced Raman scattering, the Raman
signal of WS2 can be prominently enhanced. A four-fold enhance-
ment in Raman scattering has been achieved on the hybrid of
WS2 and a periodic Ag nanoprism array.32 Moreover, owing to the
polarization-dependences of the plasmonic resonance effect on
periodic metallic nanostructures, the Raman intensity of the
TMDCs exhibited significant polarization selection.33,34 There-
fore, hybridizing monolayer WS2 with periodic nanostructures is
predicted to be a new route to improve the sensitivity of magneto-
optical Raman responses.

In this work, we systematically studied the plasmonic effect
of an Au nanograting (Au-NG) on the magneto-optical proper-
ties of monolayer WS2 utilizing polarized-Raman spectroscopy.
The intensity of the Raman spectra of WS2 exhibited regular
fluctuations as the magnetic field increased. Remarkably, the
magnetic-field-dependent Raman intensity of WS2 on Au-NG
exhibited obvious differences from that of WS2 on SiO2/Si and
Au films. The critical magnetic field was promoted to 6.5 T
when the laser polarization was perpendicular to Au-NG,
whereas the critical magnetic field was pushed down to 3.5 T
when the laser polarization was parallel to Au-NG. This sig-
nificant discrepancy can be attributed to the localized surface
plasmonic resonance (LSPR) effect arising from Au-NG, which
modulated the electric field density under different polariza-
tions. These results not only provide an unambiguous insight
into the magneto-optical properties of WS2 but also demon-
strate that plasmonic nanostructures could effectively lower the
critical magnetic field, guaranteeing a new route for the design
and application of magneto-optic devices based on TMDCs.

2. Experimental
2.1. Sample preparations

Monolayer WS2 was mechanically exfoliated from bulk WS2

single crystals (HQ Graphene) and transferred onto a 100 nm-
thick SiO2/Si substrate, Au film deposited on a Si substrate and
a substrate with an Au-NG pattern, separately, using polydi-
methylsiloxane stamps through a dry-transfer technique.35 Au-
NG was fabricated using E-beam lithography and followed by
electron beam deposition techniques.

2.2. Measurements

Room-temperature Raman spectra were collected using a con-
focal micro-Raman spectrometer (HORIBA HR Evolution). A
532 nm laser was employed as the excitation source, and the

laser power was fixed as 0.7 mW in order to prevent the heating
effects. Raman mapping was also performed using the same
Raman spectrometer. The sample was moved with a step size of
0.5 mm in the mapping measurement. The integration time for
each point was set to 1 s. The low-temperature magneto-Raman
measurements were performed using a custom built cryo-Raman
system by coupling a cryostat-magnet (attoDRY1100) with a
spectrometer (HORIBA iHR550) equipped with a liquid nitrogen
cooled charge coupled device. The temperature was fixed at 4 K,
while the magnetic field was perpendicular to the sample surface
and varied from 0 to 9 T with a step of 0.5 T. A linearly polarized
532 nm laser was used as the excitation source of power B2 mW.

2.3. Simulation

The electric field distribution on Au-NG was simulated using the
finite difference time domain (FDTD) method (Lumerical FDTD
solutions software package). The simulation region was config-
ured to accommodate changes in the periods. The boundaries
of the simulation region were set as a perfectly matched layer
(PML) with 8 layers. The amplitude of the 532 nm laser was set
to 1. A Gaussian laser source with line polarization was focused
on the surface at an angle of 901. Two different simulation
results were achieved by varying the polarization of the illumi-
nated laser source.

3. Results and discussion

Fig. 1(a) presents a schematic illustration of the hybrid nanos-
tructure of WS2 and Au-NG (WS2/Au-NG). The geometrical
parameters of Au-NG were of a trench width of 200 nm, a
periodicity of 500 nm and a depth of 35 nm, respectively, as
confirmed by the SEM image shown in Fig. 1(b). Fig. 1(c)
exhibits the optical image of the WS2/Au-NG hybrid nanostruc-
ture, in which the location of monolayer WS2 (1L-WS2) was
labeled. Also, the area of Au-NG was 80 � 80 mm2, as shown in
Fig. 1(c). A region of 19 � 14 mm2 was selected on the WS2/Au-
NG hybrid for Raman mapping measurement, in which mono-
layer WS2 on the Au nanograting and Au film were both
enclosed. The Raman mapping image was created using the
peak intensity of the 2LA(M) mode of WS2 (Fig. S1, SI). One can
see that the Raman intensity on Au-NG exhibits relatively uni-
form distribution, indicating that monolayer WS2 has been well
transferred on Au-NG. Moreover, the intensity of the 2LA(M)
mode for WS2/Au-NG is lower than that of WS2/Au. As depicted
in Fig. 1(d), the sample was mounted on the optical stick and
inserted into the vacuum chamber of the cryo-magnet for
Raman spectra measurements. The magnetic field direction
was perpendicular to the sample surface. The geometry setups
of the polarized-Raman measurements are illustrated in
Fig. 1(e)–(h). The polarization of the incident laser was set to
parallel with the x-axis of lab coordinates, named H-pol,
whereas the incident polarization paralleling to the y-axis was
named V-pol. The trench direction of Au-NG paralleled the
y-axis of the lab coordinates. Therefore, the polarization of the
incident laser crossed and paralleled the direction of Au-NG in
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the H-pol and V-pol setup, respectively. The Raman spectra
were collected in two polarization setups, in which the direc-
tions of the collection polarization were set to parallel (HH, VV)
and perpendicular (HV, VH) to the incident polarization,
respectively.

Fig. 2(a) presents the room-temperature polarized-Raman
spectra of WS2 on a SiO2/Si substrate (WS2/SiO2/Si), which exhibit
the Raman characteristics of WS2 reported in the literature.36–38

The Raman modes located at approximately 350, 358 and
417 cm�1 are assigned as the second-order in-plane longitudinal
acoustic mode 2LA(M), in-plane optical phonon mode E0 and out-
of-plane optical vibrational mode A01, respectively. Interestingly,
the lineshapes of the parallel polarized Raman spectra of the
samples on plasmonic substrates (Au film and Au-NG) are similar
to those of WS2/SiO2/Si, as shown in Fig. 2(b)–(d). Compared with
the Raman spectra of WS2/SiO2/Si, the intensity of the parallelled
Raman spectra of WS2 on Au film (WS2/Au) and Au-NG (WS2/Au-
NG) was significantly enhanced by 3.5 and 4.2 times, respectively,
under the H-polarized incident excitation, as presented in
Fig. 2(b) and (c). A similar enhancement in the Raman spectra
of WS2 has been reported in previous literatures, which was

attributed to the LSPR effect from the plasmonic substrates.32,39

Remarkably, the parallel Raman spectrum of WS2/Au-NG under
the V-polarized incident excitation was not enhanced and even
was a little lower than that of WS2/SiO2/Si, as shown in Fig. 2(d).
On the other hand, in the crossed polarization setup, the
intensity of the 2LA(M) and A01 modes decreased significantly
compared with the E0 mode, in Fig. 2(a)–(d). Similar polarization-
dependent Raman intensity evolutions have been observed from
monolayer MoS2 on the Au nanograting.34 The prominent
enhanced Raman intensity was attributed to the strongest plas-
monic hot spots formed across the slits when excitation polariza-
tion was perpendicular to the grating. Therefore, the huge
discrepancies in the Raman intensity shown in Fig. 2(c) and (d)
can be attributed to the variation of the plasmonic hot spots
under different excitation laser directions.33,40 This prediction
can also be confirmed from the PL spectra of WS2 on different
substrates (Fig. S2, SI). The PL intensities of WS2/Au-NG and WS2/
Au under H-polarization excitation are very close, which are
approximately six- and seven-fold those of WS2/SiO2/Si. The PL
intensity of WS2/Au did not show obvious polarization depen-
dence. Noteworthily, the PL spectra of WS2/Au-NG exhibited

Fig. 2 Polarized-Raman spectra of different WS2 samples collected at (a)–(d) room temperature and (e)–(h) low temperature (4 K), respectively.

Fig. 1 (a) Schematic illustration, (b) SEM image, and (c) optical microscope image of the WS2/Au-NG hybrid nanostructure. (d) Schematic illustration of
the experimental setup of low-temperature magneto-Raman measurement. (e)–(h) Schematic illustrations of the polarization geometries of Raman
measurements on different WS2 samples.
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remarkable polarization dependence. The PL intensity under
H-polarization excitation is two times higher than that of
V-polarization excitation. These results clearly demonstrated that
the Au nanograting has prominent polarization-dependent
enhancement of the PL emission of monolayer WS2 owing to
the LSPR effect.

Fig. 2(e)–(h) present the polarized-Raman spectra of differ-
ent WS2 samples collected at 4 K. It is noteworthy that the
parallel spectra for the WS2 samples are different from each
other, in contrast to the RT spectra. The A01 modes were
significantly enhanced in the parallel polarization setup. As
shown in Fig. 2(e), the 2LA(M) mode of WS2/SiO2/Si shrank
significantly in the parallel spectrum, compared with its coun-
terpart at room temperature. The low-temperature parallel
spectra of WS2 on plasmonic substrates exhibited obvious
differences from those of WS2/SiO2/Si, in which the 2LA(M)
mode was significantly enhanced and became comparable with
the E0 mode, as exhibited in Fig. 2(f)–(h). What is more, the
Raman intensity of WS2/Au-NG is not different too much under
VV and VH polarizations, as presented in Fig. 2(h).

Fig. 3 presents the polarized-Raman spectra of different WS2

samples as a function of magnetic fields. As shown in Fig. 3(a),
the intensities of the polarized Raman spectra decrease with
increasing field, and reach the lowest value at approximate 5 T,
then recover with continuous increasing field. Obviously, the
2LA(M) mode of WS2/SiO2/Si exhibited obvious magnetic field
induced intensity fluctuation in the parallel polarization setup.
On the other hand, the Raman intensity displays an anticorre-
lated evolution in the crossed polarization setup, as presented in
Fig. 3(b). However, the variation of the 2LA(M) mode was not
significant in contrast to the E0 and A01 modes. Similar to WS2/
SiO2/Si, the polarized Raman spectra of WS2 on the Au film and
Au-NG also exhibited regular intensity fluctuation with increased
magnetic field, as exhibited in Fig. 3(c)–(h). Noteworthily, the

intensity fluctuations of the 2LA(M) mode for WS2 on the
plasmonic substrates are more prominent than those on the
SiO2/Si substrate. In particular, the 2LA(M) mode exhibited
prominent variations even at the crossed polarization setup, as
illustrated in Fig. 3(d), (f) and (h).

The magnetic field-dependent Raman spectra for these WS2

samples were deconvoluted using Lorentz/Gaussian-mixed func-
tion, in order to get a clear view of the magnetic field dependence
of the peak intensity of WS2 on different substrates. As presented
in Fig. 4(a)–(c), the magnetic field dependences of the intensities
of the 2LA(M), A01 and E0 modes for WS2/SiO2/Si exhibit similar
behaviors. The peak intensities vary oppositely in the VV and VH
polarization configurations. The maximum intensity in the VH
configuration and the minimum intensity in the VV configu-
ration take place at 5.5 T. The similar magnetic field induced
intensity modulations are also observed on WS2/Au, as displayed
in Fig. 4(d)–(f). The critical magnetic field for WS2/Au is also at 5.5
T, which is a little higher than that for WS2/SiO2/Si. In addition,
one can see that the Raman spectra at 9 T can nearly recover to
that of the spectra at 0 T. These results presented in Fig. 4(a)–(f)
show good agreement with those in previous reports.9,41

It is worth noting that the field dependencies of the WS2 on
Au-NG are much different from those of the WS2 on the Si wafer
and Au film. In particular, the intensity field-dependent beha-
viors under the crossed polarization setup are abnormal. The
critical field was promoted to 6.5 T, and the intensity of the
Raman modes did not recover back until 9 T, while the excited
laser polarization crossed the nanograting, as illustrated in
Fig. 4(g)–(i). In contrast, the critical field was lowered to 3.5 T,
while the excited laser polarization paralleled the nanograting,
as illustrated in Fig. 4(j)–(l). Moreover, one can see that the
intensities of the Raman modes were enhanced and the intensity
at 9 T was much higher than that at 0 T. One can see in Fig. 4(g)–(l)
that the critical field between the parallel and crossed polarization

Fig. 3 Magnetic field-dependent Raman spectra of different WS2 samples in parallel and crossed polarization configurations. Polarized-Raman spectra
of (a and b) WS2/SiO2/Si, (c and d) WS2/Au. Polarized-Raman spectra of WS2/Au NG under (e and f) H-polarization and (g and h) V-polarization excitations,
separately.
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setups is discrepant on the WS2 on Au-NG. For the incident H-
polarization case, there is only a difference of 2 T between the two
polarization setups. Remarkably, a discrepancy of 3 T appeared on
WS2 under the V-polarization.

To quantify the effects of magnetic fields on the Raman
intensity of WS2, the magneto-Raman intensity (MRI) of mono-
layer WS2 on two different substrates was calculated according
to previous literatures,6,9

Magneto-Raman intensity ¼ IðBÞ � Ið0Þ
Ið0Þ � 100%

determined from the Raman intensity I(B) obtained under
different magnetic fields.

As exhibited in Fig. 5(a), the MRIs of the 2LA(M) and A01
modes are much higher than that of the E0 mode. In contrast,
the MRI of the A01 mode for plasmonic substrates dropped
obviously, and became close to that of the E0 mode. The MRI of
2LA(M) was much higher than those of the other two modes, as
presented in Fig. 5(c), (e) and (g). This observation shows good
agreement with that exhibited in Fig. 2. Although the MRIs of
these three modes varied on plasmonic substrates, the critical
magnetic field does not change under the parallel polarization

Fig. 4 Magnetic field induced modulation of the Raman intensity under different polarization configurations. Magnetic field dependent polarized-
Raman intensity of the 2LA(M), A01 and E0 modes for (a–c) WS2/SiO2/Si, (d)–(f) WS2/Au, (g)–(i) H-pol WS2/Au-NG, and (j)–(l) V-pol WS2/Au-NG.

Fig. 5 Polarized magneto-Raman intensity of the 2LA(M), A01 and E0 modes for (a and b) WS2/SiO2/Si, (c and d) WS2/Au, (e and f) H-pol WS2/Au-NG, and
(g and h) V-pol WS2/Au-NG.
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setup. In the crossed polarization setup, the MRI from WS2/Au
is similar to that of WS2/SiO2/Si. Moreover, the MRIs can clearly
illustrate the plasmonic nanostructure on the magneto-Raman
behaviors of WS2. As shown in Fig. 5(f) and (h), the critical field
was promoted to 6.5 T and was lowered to 3.5 T while the
incident laser polarization crosses and was parallel to the
nanograting, respectively. Remarkably, the lowest MRI for the
V-polarization is just approximately 50%, whereas the lowest
MRI for the other three samples could be down to 100%. These
observations undoubtedly imply that the plasmonic nanostruc-
tures effectively modulated the magneto-Raman response of
WS2.

In order to investigate the modulation mechanism of the
LSPR effect on the magneto-Raman behaviors of WS2, optical
simulation with the FDTD Maxwell solver method was per-
formed based on the structure details, which have been
informed by the SEM image shown in Fig. 1(b). The images
of the electric field intensity distribution along the x–z axis of
the Au nanograting under excitation by two types of linearly
polarized light are shown in Fig. 6(a) and (b). As shown in
Fig. 6(a), the electric field was enhanced by 1.5 times as a result
of the LSPR. Hot-spots were excited at the edges of the nano-
grating grooves under the horizontal polarization excitation
due to the interaction between the external field with nano-
confined free electrons near the structure tip.42 On the other
hand, the electric field under vertical excitation is just B0.6
compared to that of the incident laser, as illustrated in Fig. 6(b).
These simulation results clearly explain the Raman data pre-
sented in Fig. 2(c) and (d).

4. Conclusions

In this work, we presented a systematic polarized Raman study of
the modulation of the plasmonic Au nanograting on the
magneto-optical properties of monolayer WS2. The magnetic field
evolution of the Raman spectra exhibited significant polarization
dependences. Moreover, the magnetic-field-dependent Raman

intensity of WS2 on the Au nanograting exhibited obvious differ-
ences for WS2 on the Si and Au films. For WS2 on the Si and Au
films, the critical magnetic field was at 5.5 T in both the parallel
and crossed polarization configurations. In sharp contrast, the
critical magnetic field was promoted to 6.5 T when laser polar-
ization was perpendicular to the nanograting. Remarkably, the
critical magnetic field was lowered to 3.5 T when laser polariza-
tion was parallel to the nanograting, which could be attributed to
the suppressed electric field response due to the LSPR effect from
the Au nanograting. These results not only deepen our under-
standing on the magento-optical properties of WS2, but also pave
a new route for fabricating optoelectronic devices based on WS2.
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