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ABSTRACT:In this work, magneto-Raman mapping was performeg=n t« e EdE,

monolayer MoSat 4 K, which exhibited a prominent magnetitinduced X~ . 1
modulation of phonon intensity. Interestingly, structural microinhomogeneity * =™
in MoS was observed in the mapping images under certain magdstic 21 s Q8 ST oT

indicating the existence of lattice defects in monolayeRdafarkably, the .
magneto-optical Raman intensity for the defect zone was only 26% of that f;

the regular zone, which could be attributed to the scattered electron motiop § *-
by lattice defects. These results provided a deeper understanding of the -
mechanisms behind the magneto-optical Rases & Mo Moreover, it S&@=#EEE . |y
was demonstrated that the low-temperature magneto-Raman mapping
technique could be a highly sensitive tool to directly examine the microstructure in two-dimensional (2D) transition-metal

dichalcogenides.

1. INTRODUCTION structural inhomogeneity of TMDs, to our knowledge, it has

Two-dimensional (2D) transition-metal dichalcogenideé‘Ot been employed to investigate the magneto-optical

(TMDs) have attracted extensive interest because of th@??npﬁﬁzgsx;;[('w%sw?tgr?} sgrt;—trSrlgro(Te}t(e)r Sg?;?i.ze d Raman
extraordinary physical properties and widespread applicati ! P P

1 %gpping was performed on monolayer,Ma8er dierent

; . ; 2

In optoelectronlc_: devi TMDS have been demon_strated to magnetic elds to get a clear overview of the magneto-optical
possess a variety of striking physical properties, such

. . ; facts in Mos§ First, polarized Raman mapping images clearly
ele(;:tron hole Coutljpmb |n|t.e§é:tloﬁk$xot|((:j valley ph¥sl:](:s, demonstrated the structural microinhomogeneity in monolayer
and strong spirorbit coupling. Taking advantage of t ese .MoS, in which a microarea with lattice defects was detected.
physical properties, TMDs have been employed as buildi

; . it & A%en, dramatic magnetield-induced modtations of the
blocks in spin valleytronicphotodetectorsand ultrashort phonon intensity were observed and compared in detail

H (0]
channel transistots. , _ between regular and defective monolayes. Nlof results
In recent years, magneto-opticates in 2D TMDs, such  yryide a closer insight into the mechanism of the magneto-
as valley Zeeman splittitf; valley- and spin-polarized optical Raman ects and demonstrate the high sensitivity of

Landau Ievei§,maggelttisc eld-modulated valley polarization, the magneto-Raman mapping technique for the examination of
and valley coheren¢e;® have been studied to further extend the microlattice structure of 2D TMDSs.

the application of TMDs in spintronics and valleytronics.
Optical spectroscopic methods, such as circular polarized METHODS

photoluminescence and magnetic circular dichroism, ha}ée . . :
been employed in the study of the magneto-optiztsen xperiments were performed on single-crystalline monolayer

TMDs?” ?° Recently, Raman spectroscopy has been demo@?d bilayer MoSgrown through a chemical vapor deposition
strated to be a feasible tool for investigating the magneta'v\v/rfi)t)er-)l:oﬁte;sigrg grg nr:nofﬂﬁé gﬂ?ﬁ??ﬁi é; :Q(S)V(\)I\S;erlai d
optical eects in 2D TMD$! ?*> A giant magneto-optical 9 grap P :

Raman eect was detected in MoBy Ji et al., which was
associated with magnetid-induced symmetry breakihg. Received: June 4, 2020
However, these previous studies were carried out at 77 K agévised: July 10, 2020
room temperature. Magneto-Raman studies on 2D TMDs &Plished: July 15, 2020
liquid helium temperature (4.2 K) have not been reported.

What is more, although the Raman mapping technique has

been demonstrated to be a feasible tool to investigate the
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(b) Perpendicular Tto spectrometer monol.ayer MoZSexhibit%d good agreement with the Raman
configuration Scattered lght £ selection rules (RSRS}'
Parallel
i confguration 3. RESULTS AND DISCUSSION
N ) First, magneticeld-dependent polarized Raman images were
T e created using the intensity of #hemode because of the

el strong polarization dependence of Ahemode, and are
displayed in Figure 2. Triangle-shaped patterns are clearly seen
l ’ in Figure 2, in which the monolayer and bilayer Ma8 be
Objective

distinguished easily. Compared with the monolaygrakéaS
in green, the bilayer Mo&ea is a red triangle because of the
higher Raman intensity due to the doubled thickness. As
presented inFigure 2A,f, the 0 T images exhibit clear
polarization dependence, similar to the spectra-iges
1c). TheA; mode has a high intensity in the VV gomation,
Figure 1(a) Optical image of the MpSample used in this work. (b)  whereas it nearly disappears in the VHgumation. It is
Schematic of the polarization aurations employed in the noteworthy that with increased magnetic, the Raman
magneto-Raman measurements. (c) Polarized Raman spectranpc{pping images show opposite evolution in these two
monolayer Mocollecied at 4 K. polarization comurations. When the magnetitd reaches
5 T, theA; mode almost disappears in the VV goration,
whereas it exhibits theghest intensity in the VH
The number of layers was further coed by ultra-low-  con guration. Then, the image recovers with a continuous
frequency Raman spectroscopy. The low-temperature magimerease in the magnetield and resembles the 0 T image
to-Raman measurements were performed in a cryostat witlieatures at 9 T. In sharp contrast, the intensity imageEor the
custom-designed confocal micro-Raman spectroscopy/imagede does not show obvious changes with increasing magnetic
system. The temperature wesd at 4 K, while the magnetic eld (not shown here).
eld was perpendicular to the sample surface and varied from Mnhterestingly, a yellow spot appears at the bottom corner of
to 9 T. A linearly polarized 532 nm laser was used as tliee monolayer green triangle at 3 T at VH polarization, as
excitation source, and a beam siz& ofn and a power of4 shown inFigure B, suggesting the distinct microstructure in
mW were used to illuminate the sample. The Raman spectrthis microarea. Remarkably, this cannot be observed in the
mapping images were collected in twerent polarization  optical image of the sampléigure &). Furthermore,
con gurations: parallel (the polarizations of scattered andompared with the green area (G-zone) of the monolayer,
incident light are parallel to each other, termed VV) andhe yellow spot (Y-zone) exhibits remarkable polarization
crossed polarization (the polarization of scattered light dependence.
perpendicular to that of incident light, termed VH), as To gain a deeper insight into theedence between the G-
illustrated inFigure b. Figure & presents the polarized zone and Y-zone monolayer Mg®larized Raman spectra
Raman spectra of monolayer Mafflected at 4 K, in which  from these two derent areas were collected as a function of
the peaks at around 385 and 408 lcexhibit obvious magnetic eld with an increment of 0.5 T. As Ehenode for
polarization dependence. Because of the discrepancy in thenolayer MoSis almost magneti@ld-independent, all of
crystalline symmetry between bulk, monolayer, and bilaydse spectra were normalized using the intensity©frtrade
MoS, the symmetric expressions of these two Raman modessee the variation of tAepeak, as presented-igure 3As
are di erent. For convenience, these two modes are assignedhswn inFigure 3, in the VH corguration, the intensity of
E and A; modes, respectively, following the assignment dhe A, mode for the G-zone grows with increasgid,
monolayer MoS* As shown irFigure &, theE mode just reaches the highest value at 5 T, and then recedes with a
appears in the VH coguration, whereas tAgmode can be  further increase ireld. In sharp contrast, the intensity of the
seen only in the VV coguration. The Raman spectra of A; mode displays inverse trend in the VV polarization

Intensity (arb. units)

360 370 380 390 400 410 420 430
Raman shift (cm ')

Figure 2 Magnetic eld-dependent Raman mapping images created using the intengifyraidbeobtained in the VV caguration (ae) and
the VH conguration (f j).
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disciplinary variation under the magnetid (not shown
here).

One can see iRigure 4that the intensity of th&; mode
uctuated slightly, although it has exhibited obvious regularity
as a function of the magnetield. To eliminate the
interference due to the intensityctuation, the intensity
ratio of theA; mode toE mode was calculated as a function of
the magneticeld. TheE mode was employed as a reference
because it did not exhibit obvious changes under magnetic
elds. As presented kigure 5 the intensity ratio varied

Figure 3.Polarized Raman spectra of (a) and (b) G-zone monolayer

MoS, and (c) and (d) Y-zone monolayer MoS8llected at typical  Figure 5.Magnetic eld-dependent intensity ratio of fgamode to
magnetic elds. E mode for (a) G-zone and (b) Y-zone inedéent polarization
con gurations.

con guration (see~igure B). The overall magneticeld
evolution of the Raman spectra for the Y-zone is similar to thamoothly with increased magnetedds. Moreover, the
of the G-zone, as exhibited Figure 8,d. However, resonance magnetield can be seen clearly at 45 and 5T
noteworthy distinctions between the Y- and G-zones can Ier regular MoSand defective MgSespectively.
addressed. As showririgure 8, a wealk; mode can be seen The discrepancy in magnetitd dependences between the
in the VH conguration at 0 T, which contrasts with that for A, and E modes should be related to their corresponding
the G-zone MaSAccording to RSRSthe A, mode is zeroin ~ atomic vibrations. As we know, #emode originates from
the VH conguration. The leakage of the mode can be the relative vibrations of two S atoms along the out-of-plane
attributed to localized symmetry breaking due to the latticdirection, whereas tkemode arises from the in-plane relative
defects or deformation in the Y-zone. Moreoved, thede vibrations between the Mo and S atoms. Thereforédy the
cannot fully disappear in the VV apmration at 5 T due to  mode is thought to be more sensitive to the mageddic
the breaking of RSRs. In addition,Ehenode also exhibits which is perpendicular to the Mo%ke. As discussed in
some dierences between the regular and defect areasievious reports, theictuation of the Raman intensity was
although it exists in all polarization gpmations and correlated with the magnetield, which inuenced the
magnetic elds. Taking the VH spectra at 5 T for exampleglectrons that mediate the inelastic light scattering, con-
the relative intensity of tlie mode for the defective Mas sequently resulting in changes in the second-order electronic
lower than that for regular Mp&s presented kigure 3,c. susceptibility .* However, we cannot see obviousrénces
Then, the Raman spectra of the G- and Y-zones aie the magnetic eld-dependent intensity of tAg¢ mode
deconvoluted using the Lorentzian/Gaussian mixed functiobetween the G- and Y-zones.
to get a clear view of the intensity modulation under magnetic From the results shownFigures 4@nd5, one cannd that
elds. As presentedhigure 4, the intensity of th& mode the low-temperature (4 K) magneto-Raman results are
signi cantly dierent from those in previous reports obtained
at higher temperatures (300 K). As reported iT¢he
resonanceeld was observed at 7 T, whereas the resonance
eld in our work is down to 4.5 T. The large discrepancy in
resonanceeld could be attributed to the lower temperature in
this work, which can sigoantly suppress the thermal
uctuation, leading to the prominent improvement of the
optical mobility. The resonant magnetitd strength is
inversely proportional to the optical mobifity,so that the
) _ ) ) resonanceeld becomes smaller at 4 K.
'(:3'9“”3 4'Mggget$ e'd'd?pzr.‘dem "I‘te.“s't.y of themode for (a) From the intensity evolution of the magnetid inFigure
-zone and (b) Y-zone in drent polarization cogurations. 4, we cannot see any sigant di erence between regular and
o ] . ) defective monolayer Mo%o quantify the ects of magnetic
of the G-zone exhibits a magnetid-induced anqcorrelatlon eld on the Raman intensity respons of monolayef MeS
evolution between the VV and VH agurations. The  magneto-Raman intensity parameter was calculated according

maximum intensity in the VH cguration and the minimum  t5 previous publications *&S magneto-Raman intensity
intensity in the VV coguration are observed at 4.5 T. On the _ g 5 (o)

other hand, slightly dirent from the G-zone, the resonance™  1()
center for the Y-zone is at around 5 T, as shoigure . dependent Raman intensl{8). As presented ifrigure
In sharp contrast, th& mode does not exhibit clear 6a,c, the magneto-Raman intensity oEthmode is nearly

x 100% determined fromthe magnetic eld-
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4. CONCLUSIONS

To summarize, we have performed a comprehensive magnetic
eld-dependent Raman spectroscopy investigation on CVD-
grown monolayer MgSat 4 K. The structural micro-
inhomogeneity of MgSwas expressed using polarized
Raman mapping under magnetids, clearly revealing the
existence of lattice defects in the sample. Magektic
induced modulations of Raman spectra were observed, in
which theA; mode exhibited dramatic magneto-optical Raman
e ects. The discrepancy in the magneto-optical Raman
intensity between regular and defective monolaygrc®toS
be attributed to the impeded electron motion due to the
increased grain boundaries and vacancies in the defect zone.
Our results demonstrate that the magneto-optical Raman
Figure 6.Magneto-Raman intensity for the G-zone obtained in thénapping technique is a feasible tool to directly survey the
(a) VH and (b) VV congurations and for the Y-zone collected in the microinhomogeneity in 2D TMDs, providing useful informa-

(c) VH and (d) VV congurations. Dark blue and orange symbolstjon for their further application in spintronic devices.
represent thd, andE modes, respectively.
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