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Spintronic materials with two-dimensional (2D) transition-metal dichalcogenide (TMD)/ferromagnet
(FM) interfaces have received a great deal of interest recently due to strong modulation of the magnetic
properties, which provide attractive opportunities for magnetic information storage. Here, we demonstrate
the strong spin-orbit coupling (SOC) effect and great interfacial tuning of magnetization dynamics in
MX,/Co-Fe-B thin films by means of a time-resolved magneto-optical Kerr approach, where M is chosen
as Mo or W and X is S or Se. The significant drop of demagnetization time, 7,,, and increase of magnetic
damping factor, «;, clearly highlight the presence of high interfacial SOC strength in just one monolayer
of MoS;. Compared with the single Co-Fe-B film, the precession frequency, f; is lowered after inserting a
MX, layer, suggesting a reduction of the effective magnetization, 47 Mg, originating from the interfacial
d-d hybridization effect. The role of SOC strength on 7,,, Mg, and oy is confirmed by using different
TMD materials, and thus, demonstrates that the element M plays a dominant role. The samples with
WS, or WSe, have much shorter 7,,, smaller Mg, and larger o; values due to the strong SOC interaction
of heavier atoms. The observed efficient control of dynamic magnetic behavior will further promote the
development of TMD/FM materials for practical spintronic applications with ultrafast manipulation speed

and low energy consumption.
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L. INTRODUCTION

The efficient generation of spin current in low-
dimensional magnetic systems has promoted numerous
investigations and found practical applications in energy-
efficient spintronic devices, including spin-transfer torque
and spin-orbit torque (SOT) magnetic random access
memories, nano-oscillators, logic devices, and sensors [1—
8]. Pure spin current can be generated by various methods,
such as spin pumping and spin Hall effects [9,10], in which
spin pumping is a widely accepted method of spin injection
into an adjacent heavy-metal (HM) layer. Most research in
the last decade has focused on magnetic thin films in con-
tact with a conventional HM layer, e.g., Pt, Pd, Ta, and W
with a thickness of several nanometers. In terms of their
high spin-orbit interaction (SOI) strength, strong current-
driven SOT torques can be produced, which act on the
magnetic layer to drive magnetization reversal or maintain
persistent oscillation [11-13]. Compared with these HM
films, two-dimensional (2D) materials, such as graphene
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and transition-metal dichalcogenide (TMD), have attracted
a great deal of interest recently because of their distinc-
tive electronic, optical, and catalytic properties [14—17].
Graphene has been extensively investigated due to the
possibility of a long spin lifetime arising from weak intrin-
sic SOC [7,18,19]. In contrast, TMD materials have a
much stronger SOC and are considered as promising candi-
dates for spintronic applications [20—27]. The strong SOC
interaction will inevitably affect the magnetic properties
of the adjacent ferromagnetic (FM) layer. For instance,
a large SOT generated by current-induced spin accumu-
lation has been reported in TMD/Co-Fe-B bilayers [20].
Nevertheless, so far, relevant studies are largely related to
spin-torque ferromagnetic resonance or electrical transport
measurement methods [5,17,22]; the influence of TMD
materials on the transient magnetization behavior in the
time domain have not yet been clearly clarified. From the
potential application perspective, it is essential to perform
a detailed study on the magnetic dynamic behavior of the
TMD/FM system because it is of significant importance
in achieving ultrafast control of magnetization orientation
and reducing power consumption.
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The all-optical pump-and-probe technique based on the
time-resolved magneto-optical Kerr effect (TR MOKE) is
an excellent approach for the excitation and detection of
magnetization dynamics [28], which allows us to gain a
deep insight into the roles of adjacent TMD materials.
Usually, the laser-induced magnetization dynamic behav-
ior consists of an ultrafast demagnetization process taking
place within a subpicosecond range and a subsequent mag-
netization precession process lasting for tens to hundreds
of picoseconds [29,30]. It is now widely believed that the
SOI strength determines the angular momentum transfer
rate of a spin system [31-33], which plays an impor-
tant role in the demagnetization process and provides a
great way to speed up the process. Moreover, the spin-
pumping efficiency is also associated with the interface
between FM and nonmagnetic (NM) layers [34—36]. The
strong SOC interaction of the TMD material at the FM/NM
interface could facilitate propagation and dissipation of the
transverse spin current generated by magnetization preces-
sion, which may affect the precession behavior and give
rise to a large spin-pumping contribution to the magnetic
damping factor because of the stronger interaction between
electron spin and lattice. As a result, to gain a compre-
hensive view of the features of magnetization dynamics
in the TMD/Co-Fe-B system, here, we perform a system-
atic study on a heterostructure of MX ,/Co-Fe-B(tco.re-B),
where M is Mo or W and X is S or Se. By varying the layer
number and element type of MX ;, the SOC strength is well
adjusted. From the temporal magnetization dynamics spec-
tra measured by means of TR MOKE, the dynamic mag-
netic properties, including the ultrafast demagnetization
time, magnetization precession frequency, and magnetic
damping factor, are determined and their dependencies on
MX, are well clarified. The findings in this work enable
us to obtain a deep understanding of the magnetization
dynamics and might shed light on further developments in
the attractive TMD-based system.

II. EXPERIMENTAL METHOD

High-quality TMD films of MX, (M =Mo, W; X=S5,
Se) are grown on thermally oxidized silicon substrates
with a 300-nm thick SiO; layer by using the chemical
vapor deposition method. During the fabrication process,
the transition-metal trioxides of MoO3 and WOj are vapor-
ized and reacted with S or Se vapor in a chamber under a
controlled temperature and gas environment. The accurate
film thickness or monolayer (ML) number, n; (consid-
ering the thickness of one monolayer to be 0.65 nm),
is achieved by controlling the time of growth and is
then calibrated by means of topographical atomic force
microscopy (AFM). The AFM images for MoS, films
indicate that the average roughness value is as small as
0.11-0.35 nm. Details of the fabrication process and struc-
tural characterization are given in Appendixes A and B,

respectively. After the deposition of TMDs, the samples
are then immediately transferred into the sputtering system
for magnetic-layer deposition. Then, three series of sam-
ples with structures of Si/Si0,/MoS;(n;, =3 ML)/Co-Fe-B
(tco-Fe- = 2—10 nm)/AL(S nm), Si/SiO,/MoS,(1-10 ML)/
Co-Fe-B(3 nm)/Al(5 nm), and Si/SiO,/MX (3 ML)/CFB
(3 nm)/Al (5 nm) are deposited sequentially at room tem-
perature in a Kurt J. Lesker magnetron sputtering system
under a base pressure better than 3 x 10~8 Torr. The depo-
sition rates of Co-Fe-B and Al layers are optimized as
0.45 and 0.43 A/s, respectively. For comparison, refer-
ence samples of Si/SiO,/Co-Fe-B(tco.re.8)/Al(5 nm) are
also prepared.

The static magnetic properties are measured by using a
vibrating sample magnetometer (VSM), whereas the mag-
netization dynamics are acquired by means of the TR
MOKE technique using a pulsed Ti:sapphire laser with a
central wavelength of 800 nm, a pulse duration of 150 fs,
and a repetition rate of 1 kHz. The dynamic behaviors are
excited by an intense pump pulse beam with a fluence
of about 1.0 mJ/cm? traveling through an optical delay
line, and the transient Kerr rotation signals are detected by
a time-delayed weak probe beam of about 0.05 mlJ/cm?.
In our TR MOKE experiments, the spot diameters of the
pump and probe laser pulses are 2.0 and 0.2 mm, respec-
tively. Moreover, the probe beam spot is always located
in the center of the pump spot, so that no inhomogeneous
precessional motion can be generated [37]. The transient
Kerr signals are read out by a lock-in amplifier with an
optical chopper, which modulates the pump beam at a fre-
quency of 108 Hz. To avoid the impact of magnetization
precession on the ultrafast demagnetization process, the
temporal Kerr signal is detected in two different field con-
figurations. For the demagnetization process measurement,
the respective incident angles of pump and probe beam are
5° and 45°, respectively, with respect to the sample nor-
mal. The magnetic field, H, is parallel to the sample plane
to restrict magnetization along its easy-axis direction. In
contrast, for magnetization precession behaviors, both the
pump and probe beam are at an almost perpendicular inci-
dence. Moreover, the applied H is at a tilted angle of 19°
with respect to the film plane to drive the magnetization
away from its easy plane.

III. RESULTS AND DISCUSSION

A. Magnetic measurements of MoS,
(nL)/ CO'Fe'B(tCo-Fe-B)

Figure 1(a) shows the schematic diagram of the film
layer structure and experimental geometry for TR MOKE
measurements. The pump and probe beams are spatially
overlapped on the sample surface to locally excite and
probe the magnetization dynamics. Figure 1(b) shows
the typical laser-induced demagnetization process for the
3-nm thick Co-Fe-B sample measured under a saturation
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FIG. 1. (a) Illustration of the sample layer structure and
experimental geometry for TR MOKE measurements. (b) Typ-
ical laser-induced demagnetization and magnetization relaxation
curves for the single Co-Fe-B(3 nm) film under H = 6.0 kOe. (c)
Short-range demagnetization curves of MoS,(n;, =0, 1, 3, and
5 ML)/Co-Fe-B(3 nm) samples. (d) Fitted demagnetization time,
Tm, as a function of n;, for samples of MoS;(n;)/Co-Fe-B(3 nm).

in-plane field of H= 6.0 kOe. The transient MOKE signals
decrease immediately upon laser excitation, which takes
place within a subpicosecond range and is followed by a
slow recovery process. Figure 1(c) shows only the ultra-
fast demagnetization process of MoS,(n; =0, 1, 3, and

5 ML)/Co-Fe-B(3 nm) samples at the short-range delay
time of +=0-3 ps, from which the ultrafast demagneti-
zation time (t,,) can be fitted with an exponential decay
expression [38]

0(t) = 6(0) + A exp[—(t — ¢)/Tw], )

where 6(0) is the Kerr signal at # = 0. 4 and 7, are the
amplitude and lifetime of the demagnetization process,
respectively. The fitted t,, values are displayed in Fig. 1(d)
as a function of n; . For the single Co-Fe-B sample without
a MoS; underlayer (n;, =0), t,, is around 0.9 ps, which
decreases significantly down to 0.4 ps for n; =1, clearly
highlighting the presence of a strong interfacial SOC in
only 1-ML thick MoS,;. Nevertheless, with an increase in
nr, T, rises gradually and becomes saturated at ny >S5,
which is likely to be due to weakening of the 2D character-
istics, corresponding to a reduced strength of the interfacial
SOC [21].

Below, we analyze the long-range precession dynam-
ics measured under a tilted magnetic field of 05 =71°.
Figure 2(a) shows the TR MOKE spectra for the
MoS;(3 ML)/Co-Fe-B(tco.re.8 =2, 5, and 10 nm) samples
measured at H =15 kOe, together with those of the sin-
gle Co-Fe-B(#co.reg) films for comparison. By fitting these
dynamic Kerr signals with an exponentially damped sine
function of

Or = a + bexp(t/ty) + csinrft + @) exp(—t/t), (2)

the precession frequency, £, and decay time, 7, in the third
term can be derived. The fitted frequency values are shown
in Fig. 2(b) as a function of H. First, we can see that at a
fixed H, the f* value increases with the increase of #co.pe.p.
Second, after inserting a 3-ML thick MoS, underlayer, the
field-dependent frequency curves are shifted downwards,
especially for the sample with a thick Co-Fe-B layer. To
clarify the observed variation trends, the frequency curves
are fitted by using the following Kittle formula of uniform
precession mode [39]:

2nf =y HH,, 3

where H; = H cos(0 — 6y) —4n My cos260 and H, =
H cos(8 — 6y) — 4n My cos®0. y = y.g/2 is the gyro-
magnetic ratio, with y, = 1.76 x 10’Hz/Oe; g is the
Lande splitting factor and is taken to be 2.1 for Co-Fe-B
[40]. The magnetization equilibrium angle, 6, can be deter-
mined from 2H sin(0 — 0y) = 4n My sin26. As shown
in Fig. 2(c), after introducing a 3 ML MoS, layer, the
fitted effective magnetization, 47 M. (solid symbols), is
obviously reduced. Nevertheless, the two sample series
both display a linear decreasing trend with the increase
of 1/tco-re.s. The observed variation trend of 47w M . and
the effect of MoS, are confirmed by VSM measurements.
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FIG. 2. (a) Dynamic TR MOKE signals measured under H =15 kOe for the single Co-Fe-B(fco.pe.s) and 3 ML

MoS;/Co-Fe-B(#co.re.8) samples, where fcore is 2, 5, and 10 nm. (b) Corresponding precession frequency as a function of H. (c)
The 1/tco-re-s dependences of effective magnetization, 47 M ., obtained from both the TR MOKE and VSM measurements. Saturation
magnetization, M, of MoS,(3 ML)/Co-Fe-B(¢co.re.s) samples measured by VSM are also shown. (d) Out-of-plane (OP) and in-plane

(IP) magnetic hysteresis loops for these samples.

Figure 2(d) shows the corresponding OP and IP magnetiza-
tion hysteresis loops. The magnetic field at the intersection
point of the OP and IP loops is generally defined as the
effective magnetization, as indicated by the arrows. Indeed,
the 47 M . value increases with increasing fco pe.p and is
apparently smaller for the MoS,/Co-Fe-B samples. The
47 M o values obtained from VSM are also presented in
Fig. 2(c); these values are in good accordance with the
curves obtained by means of TR MOKE. Relative to the
linear reduction of M ¢ with 1/¢c, e, the saturation mag-
netization, My, of MoS;,(3 ML)/Co-Fe-B(#co.re.5) samples
measured by VSM remains nearly unchanged, as shown
in Fig. 2(c), which indicates that the decreasing trend of
M & mainly comes from the contribution of interfacial
perpendicular anisotropy.

Then, the curves of 4w Mg versus 1/tco.re.s Obtained
through the TR MOKE technique are fitted to

2K

ArMeg = dw My — — 5
¢ * MStCO—FC—B

“4)

through which the surface anisotropy constant, Ky, and the
saturation magnetization, M;, can be determined. The val-
ues of M, and K; of the single Co-Fe-B film are deduced

to be 1073 emu/cc and 1.03 erg/cm?, respectively, which
decrease to 766 emu/cc and 0.48 erg/cm?, respectively,
for the Co-Fe-B layer deposited on top of 3 ML MoS,.
This phenomenon can be attributed to the hybridization
effect of Mo 4d electrons coupled with Co/Fe 3d elec-
trons at the interface, which may enhance the SOC strength
[3]. As revealed from density functional theory calcula-
tions, this hybridization induces a magnetic moment in the
adjacent Mo atoms aligned antiparallel to the Co and Fe
moments, and consequently, gives rise to the reduction in
M; [41].

Figure 3(a) shows the field-dependent frequency curves
for the MoS,(n;)/Co-Fe-B(3 nm) samples with various n;.
Similarly, by fitting these curves with Eq. (3), the 47 M ¢
values are obtained and shown in Fig. 3(b). Interesting,
with increasing ny, 4w M.r shows very similar behavior
to that of 7,. It also decreases dramatically at n;, =1
and then increases gradually. This nonmonotonic variation
trend is also confirmed by the VSM results, as displayed
in Fig. 3(b). The initial large decrease at n; =1 should
arise from the hybridization effect introduced previously,
whereas the subsequent increase with 7, can be attributed
to the increased bulk property of MoS,, which weakens the
interfacial hybridization effect.
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FIG.3. (a)Precession frequency as a function of H for samples

of MoS,(n;)/Co-Fe-B(3 nm) with various n;. The inset clearly
shows the frequency shift in the range of 68 kOe. (b) Effective
magnetization, 47 M ., versus n;, obtained from TR MOKE and
VSM results.

According to the simple approximate equation of aeg =
1/Q2nf t), the effective magnetic damping factor, o, is
calculated and shown in Fig. 4(a), which includes both
the intrinsic damping and extrinsic contributions that arise
from spin pumping and magnetic inhomogeneities [42,
43]. With the increase of H, o gradually decreases and
reaches a nearly saturated value because extrinsic damp-
ing related to inhomogeneous magnetic distributions is
largely eliminated. To accurately illustrate the influence of
the TMD underlayer on magnetic damping, the curves in
Fig. 4(a) are fitted using a decaying exponential function
of oy = @y + texo €Xp(—H /Hy), where « corresponds
to the damping value at an infinite A [40]. Figure 4(b)
shows the fitted «, as a function of the inverse of fcq.Fe.B.
Notably, at each Co-Fe-B thickness, the «; value of 3 ML
MoS;/Co-Fe-B (fco.re.B) is larger than the single Co-Fe-B
film. Moreover, no matter if the Co-Fe-B film is with or
without MoS,, « rises nearly linearly with the increase of
1/tcore-s. It 1s believed that the spin-pumping effect, i.e.,
the spin-current dissipation inside the nonmagnetic MoS,
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FIG. 4. (a) Dependence of effective magnetic damping fac-

tor, oy, on the magnetic field, H, for samples of single
Co-Fe-B(tco-re-s) and MoS;(n.)/Co-Fe-B(tco.re-)- (b) Saturated
damping factor, «;, as a function of 1/¢c,.re.s. (¢) Variation of o
with monolayer number, n;, of MoS,.

layer, is responsible for the enhanced magnetic damp-
ing [44]. According to the spin-pumping-effect theory, the
correlation between «; and #¢,.re.p can be expressed as [45]

gusgly 1
4 M, fcoren

oy = oy + (5)
where the intrinsic Gilbert damping, «, and interfacial
spin-mixing conductance, ggfﬁ, can be extracted from the
intercept and slope of the straight lines shown in Fig. 4(b).
The obtained « value for 3 ML MoS,/Co-Fe-B is 0.009,
which is slightly higher than the value of 0.006 for the sin-
gle Co-Fe-B film. Such a difference may come from a small
change in the SOC strength or in the density of state at the
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Fermi level induced by the MoS; underlayer [46,47]. In
contrast, due to the strong SOC effect of MoS,, the derived
gl¥ value is quite different. It is 16.11x10' m=2 for 3 ML
MoS, /Co-Fe-B, which is three times larger than that of the
single Co-Fe-B film. To fully understand the role of MoS,
on the magnetic damping factor, o as a function of mono-
layer number, n;, is shown in Fig. 4(c). Compared with
the value of 0.009 for the Co-Fe-B(3 nm) layer, the satu-
rated damping factor is seen to increase significantly up to
0.021 at n; =1 and then drops at n;, =3 for the sample of
MoS;(n;)/Co-Fe-B(3 nm). The variation tendency is oppo-
site to those of the demagnetization time, 7, in Fig. 1(d)
and the effective magnetization, 4w M.y, in Fig. 3(b),
which can be interpreted by competition between the inter-
facial SOC strength and the increased bulk property. It is
important to note that, when n; exceeds three, we observe
a slight increase in «, which is typically observed in the
HM/FM bilayers due to the reduced backflow spin current
caused by spin diffusion in the thick HM layer [48,49].

B. Magnetic measurements of 3 ML
MX; [Co-Fe-B(3 nm)

To further confirm the SOC role of the TMD under-
layer, another series of samples with a structure of 3 ML
MX ,/Co-Fe-B(3 nm) with different MX , materials are pre-
pared, where MX, is MoS;, MoSe,, WS,, and WSe;.
Figure 5(a) shows the demagnetization curves for these
samples. Obviously, due to the enhanced interfacial SOC
strength by d-d hybridization, t,, of all MX,/Co-Fe-B
samples is shorter than that of the single Co-Fe-B film.
Moreover, compared with element of X in MX 5, it is found
that M plays a more significant role on t,,. The demagne-
tization time for the case of WS, or WSe, is apparently
faster than that of MoS, or MoSe,, which results from
the stronger SOC interaction for heavier atoms [6,20,21].
In addition, the impact of TMD material on the dynamic
precession process is also investigated. The precession
frequency values are shown in Fig. 5(b), from which
4 M o 1s fitted to be 5.20, 5.47, 4.43, and 3.19 kOe for
MX, =MoS;, MoSe,, WS;, and WSe,, respectively; all
of these values are lower than that of 6.76 kOe for the sin-
gle Co-Fe-B film. Apparently, due to the relatively stronger
surface hybridization of heavier metal W 5d electrons
coupled with Co/Fe 3d electrons, the WX, underlayer
generates a greater reduction in the effective magnetiza-
tion than that of MoX,, which shares the same trend as
that of 7,,. The corresponding effective magnetic damping
factor, a.g, is also calculated and shown in Fig. 5(c). As
expected, the saturated damping, o, of Co-Fe-B (3 nm)
increases clearly after inserting a MX , underlayer due to
the spin-pumping effect. Moreover, the influence of ele-
ment M in MX, is much stronger than that of element X.
One can see, relative to samples with a MoX ; underlayer,
a much larger o, of 0.030 is obtained for the case of the
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FIG. 5. (a) Demagnetization curves for Co-Fe-B(3 nm) film

with or without a 3 ML MX, underlayer. Corresponding field-
dependent frequency curves (b) and effective magnetic damping
factor ey ().

WX, underlayer, which should be attributed again to the
higher SOC strength of heavier W atoms.

IV. SUMMARY

The magnetization dynamics in MoS;(n;)/Co-Fe-B
(tcores) and 3 ML MX;/Co-Fe-B(3 nm) bilayers are
systematically investigated by means of the TR MOKE
technique. By varying the monolayer number of MoS;
and the material type of MX,, the SOC strength can
be readily adjusted, which leads to dramatic modulations
of the static and dynamic magnetic properties, includ-
ing the effective magnetization, 47 M .; demagnetization
time, t,; precession frequency, f; and saturated mag-
netic damping factor, ;. Due to the d-d hybridization
effect between MoS, and Co-Fe-B, the 47 M.+ values
are reduced, which gives rise to the observed changes
in f. Meanwhile, with an increase in n;, a similar non-
monotonic variation trend is found for t,, and 47 M.,
but contrary to that of «;. The greatly decreased t,, and
enhanced o, at np =1 can be ascribed to the significant
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SOC strength of MoS,, while their subsequent gradual
changes at n; > 1 are related to the increased bulk effect.
Furthermore, these impacts of the TMD underlayer on
the magnetic properties are confirmed by varying the spe-
cific materials. Our findings suggest an alternative efficient
approach for the control of dynamic magnetic properties
in two-dimensional TMD/FM heterostructures, which is
of great significance for the development of ultrafast data
storage and microwave devices.
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APPENDIX A

Here, we provide fabrication details of MoS,, MoSe,,
WS,, and WSe, films by means of chemical vapor
deposition.
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A. Growth of MoS,

MoOs (99.999% purity) and solid sulfur (99.999%
purity) are used as the molybdenum and sulfur sources,
respectively. Meanwhile, Ar is used as the growth carrier
gas. A two-temperature-zone tube furnace with a diameter
of 80 mm is used for heating, in which MoO3 and sulfur
are heated to 650 °C and 180 °C, respectively. The depo-
sition rate is controlled by adjusting the Ar pressure and
deposition time. The 1 ML film is grown under a pres-
sure of 4 kPa for 10 min, whereas, for the thicker film, the
rate is increased to 5 min/ML by reducing the growth Ar
pressure.

B. Growth of MoSe,

MoO3 (99.999% purity) and solid selenium parti-
cles (99.999% purity) are used as the molybdenum
and selenium sources, respectively. Meanwhile, 90%
Ar and 10% H, are used as the growth -carrier
gas. MoO; and selenium are heated to 750 °C and
260 °C, respectively, by using a two-temperature-zone tube
furnace.
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FIG. 6. Line-scan profiles recorded on the step for different thicknesses of MoS; layers: (a) 1, (b) 3, (c) 5, and (d) 10 ML. Insets are

the corresponding AFM images.
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C. Growth of WS,

High-purity WOj3 and sulfur are used as the tungsten and
sulfur sources, respectively. Meanwhile, Ar and H, with
flows of 200 and 20 sccm, respectively, are used as the
growth carrier gas. A three-temperature-zone tube furnace
is used for heating, in which WOj3; and sulfur are heated to
1000 °C and 200 °C, respectively.

D. Growth of WSe,

High-purity WOj3 and solid selenium particles are used
as the tungsten and selenium sources, respectively. Mean-
while, Ar and H, with flows of 100 and 10 sccm,
respectively, are used as the growth carrier gas. A two-
temperature-zone tube furnace is used for heating, in which
WOs is placed in the high-temperature area to be heated to
990 °C, and selenium is placed in the low-temperature area
to be heated to 250 °C.

APPENDIX B

We characterize the MoS, film thickness and corre-
sponding surface roughness by means of topographical
AFM. As shown in Fig. 6, the average roughness value
is rather small, around 0.15, 0.11, 0.35, and 0.32 nm for
1, 3, 5, and 10 ML MoS,, respectively, showing the high
quality of the TMDs. Additionally, the line-scan profile
recorded over the height step shown in Fig. 6 confirms that
the thickness of the MoS, films is 1, 3, 5, and 10 ML.

Figure 7 shows the Raman spectra of different MoS;
films. For the 1 ML sample, the spectrum exhibits two
characteristic bands: the in-plane phonon mode, Eég, cen-

tered near 385~ cm™', and the out-of-plane phonon mode,
A\, centered near 405 cm™', with a peak frequency differ-
ence of 20 cm™!, which is a clear signature of monolayer
MoS,. One can see that the positions of the E%g and
A, modes change with increasing monolayer number; the

Intensity (arb. units)

1 1 1
360 380 400 420 440
Raman shift (cm™)

FIG. 7.
nesses.

Raman spectra of the MoS,; films with different thick-

variation trend of separations between the two modes are
consistent with the results reported by Shao et al. [20].
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