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Injecting spin current from ferromagnetic metals into two-dimensional (2D) transition-metal dichalco-
genide semiconductors is expected to trigger a revolution in the next generation of energy-efficient
spintronic and valleytronic devices. By investigating the spin transport properties in perpendicularly mag-
netized MoS2/Pt/[Co/Ni]2 and MoS2/Pt/Ni/[Co/Ni]2 heterostructures, here we demonstrate a strong
and controllable spin injection into the 2D MoS2 layer through a nonmagnetic Pt layer. Based on optical
dynamic measurements, noticeable changes in the magnetic damping constant show that the spin injec-
tion intensity can be controlled by the Pt layer thickness. The improved spin mixing conductance of the
interface is much higher than those reported in Pt/Ni/permalloy (Py) systems with in-plane magnetic
anisotropy. Our results shed lights on the development of next-generation low-power spintronic devices
employing both perpendicular magnetic anisotropy and 2D material.
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I. INTRODUCTION

In traditional electronics, information processing is
based on the physical migration of electrons, which
inevitably causes Joule heating, and thus, energy loss.
Spintronic devices, such as spin-torque magnetic ran-
dom access memory and nano-oscillators, utilize the spin
degree of freedom of electrons to encode and process infor-
mation, enabling lower energy consumption due to less
charge movement [1–5]. The generation and control of
pure spin current has stimulated extensive investigations in
nonmagnetic metal-ferromagnetic (NM-FM) bilayer sys-
tems in the last decade [6–18]. In certain multivalley semi-
conductors, it is proposed that information encoding can
be achieved by confining charge carriers in different local
minima (“valleys”) in the conduction band [19,20], which
leads to the realization of valleytronic devices [20,21].
The two-dimensional (2D) transition-metal dichalcogenide
(TMD) semiconductor, such as MoS2, has exhibited
promising prospects in both spin- and valleytronics due
to exotic electronic and optical properties. For exam-
ple, monolayer MoS2 exhibits highly efficient spin-to-
charge conversion [22,23] and optically excited spin-
valley polarization [24]. A large Rashba-Edelstein effect

*msecj@nus.edu.sg

inducing spin-orbit torque (SOT) [25] and strong mag-
netic damping modification [26–28] are also observed in
MoS2/FM bilayers. Moreover, when charge carriers move
in the 2D TMD, theoretical studies predict full out-of-
plane spin polarization in both conduction and valence
bands due to a strong Rashba-Edelstein effect [29]. This
out-of-plane spin polarization can be injected into and
detected by a FM layer possessing perpendicular magnetic
anisotropy (PMA) to develop spin-based valleytronics.
Our previous work shows that the integration of TMD and
FM materials with strong PMA can be achieved in the
MoS2/Pt/[Co/Ni]2 heterostructure [30]. However, stud-
ies on the spin transport properties in a perpendicularly
magnetized TMD-FM bilayer are still missing.

Here, we fabricate perpendicularly magnetized FM
multilayers on a MoS2 layer with the structures of
MoS2/Pt/[Co/Ni]2 and MoS2/Pt/Ni/[Co/Ni]2. The all-
optical time-resolved magneto-optical Kerr effect (TR
MOKE) technique is used to evaluate the influence of spin
pumping in the two series of samples. Compared with the
spin-torque ferromagnetic resonance and spin Hall mag-
netoresistance measurements, the noninvasive all-optical
pump-and-probe technique provides a more precise mag-
netic damping measurement, since no microfabrication is
required and the inhomogeneity-induced extrinsic damp-
ing contribution can be excluded [31]. In analyzing both
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static and dynamic measurement results, we show that the
strong magnetic proximity effect exists only in samples
with the Pt/Co interface. For samples with the Pt/Ni inter-
face, magnetic damping shows an abnormal increase when
the Pt layer thickness is smaller than that of its spin dif-
fusion length, which is attributed to the combined effects
of enhanced orbital hybridization at the Pt/Ni interface
and strong spin injection at the MoS2/Pt interface. Due to
the MoS2 layer, the spin mixing conductance of the Pt/Ni
interface is enhanced twofold. These results will motivate
the development of perpendicularly magnetized TMD-FM
systems for low-power spintronic and valleytronic devices.

II. EXPERIMENTAL DETAILS

It is shown in our previous work that MoS2 can
strongly enhance orbital hybridization at the Pt/Co inter-
face in the MoS2/Pt/[Co/Ni]2 heterostructures when
the Pt layer thickness (tPt) is smaller than 5 nm
[30]. However, orbital hybridization at the Pt/Co inter-
face may lead to proximity-induced magnetic moments
[31], which result in interface spin-flip scattering and
induce magnetic damping enhancement of complicated
origins. To better understand the spin transport proper-
ties in the perpendicularly magnetized MoS2/Pt/FM sys-
tem, two series of samples are fabricated: (A) Si(SiO2)

substrate/MoS2(2L)/Pt(0.5–15)/[Co(0.28)/Ni(0.56)]2/SiO2
(4), and (B) Si(SiO2) substrate/MoS2(2L)/Pt(0.5–15)/Ni
(0.56)/[Co(0.28)/Ni(0.56)]2/SiO2, where MoS2 is two
monolayers (2L) thick (around 0.65 nm) and the values
in parentheses are in nm. For simplicity, the two series
of samples are hereafter referred to as MoS2/Pt/Co and
MoS2/Pt/Ni samples, respectively. The MoS2 layer is fab-
ricated in a separated sputtering chamber by utilizing a
Mo metal target under a vaporized sulfur atmosphere, with
heating of the substrate to 700 °C. All other layers are
fabricated in another sputtering chamber at room tem-
perature, where the deposition rates of Pt, Co, Ni, and
SiO2 are 0.15, 0.048, 0.046, and 0.02 nm/s, respectively.
The base vacuum pressure of the sputtering chamber is
1 × 10−9 torr.

The magnetic hysteresis loops of all samples are mea-
sured by a vibrating sample magnetometer (VSM) system.
The TR MOKE measurements are carried out by using
a pulsed Ti:sapphire laser with a central wavelength of
800 nm. The pulse duration is 150 fs and the repetition
rate is 1000 Hz. The pump pulse launches the magnetic
moment, m, to precess around the effective field, H eff,
which is determined by the external field, H ex, and the
effective PMA field, Hkeff, and the probe pulse detects the
polar Kerr rotation as a function of time delay �t. Both the
pump-and-probe laser pulses are perpendicular incidence
to the film plane, of which the fluences are about 0.60 and
0.05 mJ/cm2. During the measurements, H ex is applied at
a fixed angle of 71° with respect to the film normal.

III. RESULTS AND DISCUSSION

A. Measurements of static magnetic properties

In the static magnetic properties measurements, as
shown in the Supplemental Material [32], the magnetic
hysteresis loops results confirm that all samples possess
good PMA. To exclude the influence of MoS2, Fig. 1(a)
shows the saturated magnetization, M s; the PMA field,
Hk; and the PMA constant, Ku = [(HkMs)/2] + 2πMs

2,
of the MoS2/Pt/Co and MoS2/Pt/Ni samples when
tPt = 15 nm. The MoS2/Pt/Co sample possesses a Ku of
(∼5.34 ± 0.1) × 106 erg/cm3, which is higher than that of

(a)

(b)

(c)

(d)

FIG. 1. (a) Saturated magnetization (Ms), magnetic anisotropy
field (Hk), and intrinsic magnetic anisotropy energy (Ku) of
MoS2/Pt/Co and MoS2/Pt/Ni samples with tPt = 15 nm. (b)–(d)
Dependences of Ms, normalized Hk, and normalized Ku, respec-
tively, on tPt of MoS2/Pt/Co and MoS2/Pt/Ni samples. Normal-
ization is based on the sample with tPt = 15 nm.
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the MoS2/Pt/Ni sample of (∼4.48 ± 0.1) × 106 erg/cm3.
This is attributed to the interfacial hybridization of Co-
Pt, where extra PMA is induced [33]. Figure 1(b) shows
Ms variation of the two series of samples with different
tPt. The Ms values of all MoS2/Pt/Ni samples remains
at (601 ± 5) emu/cm3, which is comparable to the intrin-
sic Ms∼600 emu/cm3 of the [Co/Ni]n multilayer structure
[34]. However, the Ms value of the MoS2/Pt/Co sam-
ples is stable at (630 ± 5) emu/cm3, when tPt ≥ 5 nm, and
increases to (645 ± 5) emu/cm3, when tPt < 5 nm. These
values imply a substantial amount of proximity-induced
magnetic moments in the MoS2/Pt/Co samples, which are
strengthened by the enhanced orbital hybridization at the
Pt/Co interface caused by the MoS2 layer [30,31]. Fig-
ures 1(c) and 1(d) show the dependence of normalized Hk
and Ku, respectively, of the MoS2/Pt/Co and MoS2/Pt/Ni
samples on tPt. Compared with the MoS2/Pt/Co samples,
the normalized Hk and Ku of the MoS2/Pt/Ni samples
show similar trends with a decrease of tPt. According to
our previous results [30], the improved Hk and Ku in the
MoS2/Pt/Ni samples when tPt < 5 nm indicate that the
MoS2 layer also causes an enhanced orbital hybridization
at the Pt/Ni interface. However, these increases in Hk and
Ku are smaller than those in the case of MoS2/Pt/Co sam-
ples, since the orbital hybridization enhancement at the
Pt/Ni interface caused by MoS2 is weaker [35].

B. TR MOKE measurements of the MoS2/Pt/Co and
MoS2/Pt/Ni samples

Figure 2(a) and 2(b) show the TR MOKE measurement
configuration and the TR MOKE spectrum, respectively, of
the MoS2/Pt/Ni sample with tPt= 0.5 nm measured when
an external magnetic field of H ex = 15 kOe is applied.
After the pump-laser pulse, the TR MOKE spectra of
all Pt/Co and Pt/Ni samples display similar ultrafast
demagnetization, fast remagnetization, and slow relax-
ation processes, as shown by the shaded area and fitting
line in Fig. 2(b). This indicates that, in the TR MOKE
measurements, all samples possess similar energy-transfer
processes between the electron, spin, and lattice [36]. By
subtracting these components, Figs. 2(c) and 2(d) show the
pure magnetization-precession-related TR MOKE spectra
of the MoS2/Pt/Co and MoS2/Pt/Ni samples, respec-
tively, when tPt = 0.5 nm and H ex = 6–15 kOe. Before
carrying out the fitting processes, we perform fast-Fourier
transforms (FFTs) on all TR MOKE spectra to check the
precession modes. As shown in Fig. 2(e), the FFT power
spectra of the MoS2/Pt/Ni samples show a symmetrical
single-frequency peak ( f uni), which indicates a uniform
precession mode. While, for the MoS2/Pt/Co sample, an
additional frequency peak ( f add) starts to appear when
H ex is less than 10 kOe. As shown in the Supplemen-
tal Material [32], double-frequency-peak phenomena are
also observed in the MoS2/Pt/Co samples when tPt = 1

and 3 nm. With an increase of H ex, it can be noted that
f add does not horizontally shift like f uni. So, the addi-
tional precession mode is not derived from the interlayer-
exchange-coupling-induced out-of-phase spin precession,
which is generally observed in FM-FM systems with a
weak ferromagnetic exchange coupling or FM-NM-FM
systems with an antiferromagnetic exchange coupling [31,
37,38]. According to the Ms and Hk enhancements of the
MoS2/Pt/Co samples when tPt < 5 nm, f add is attributed
to magnetization inhomogeneities and the field-dragging
effect [39]. When H ex is relatively small, the magnetic
moments at the Pt/Co interface precess at an independent
frequency. When H ex is large enough, f add is suppressed
because the magnetic moments are aligned in one direction
and precess together. Because the maximum H ex in our
TR MOKE measurement is smaller than 15 kOe, we focus
on the TR MOKE spectra of the MoS2/Pt/Ni samples to
discuss the spin transport properties.

Based on the uniform precession of the Kittel mode, the
TR MOKE spectra of all MoS2/Pt/Ni samples are fitted
by the damped harmonic function:

M (t) = M (0)exp( − t/τ )sin(2π ft + ϕ), (1)

where f, τ , and φ are the precession frequency, lifetime,
and initial phase, respectively. It can be seen in Fig. 2(d)
that the data points are well fitted by Eq. (1). The effective
damping constant, αeff, is calculated from αeff = 1/(2π fτ )
[40]. Figures 3(a)–3(f) show αeff versus H ex curves of the
MoS2/Pt/Ni samples. When H ex is smaller than 10 kOe,
the increase of αeff is because local magnetization fluctu-
ations induce extrinsic contributions to magnetic damp-
ing. By fitting the curves with the decaying exponential
function of αeff = C1exp(−Hex/H0) + αs [41], where C1
and H0 are the function coefficients, the saturated damp-
ing constant, αs, at an infinite H ex is obtained. In the
MoS2/Pt/Ni samples, all Ni layers above the Pt layer
have the same thickness, so the [Ni/Co/Ni/Co/Ni] lay-
ers act as a whole FM layer [14]. It can be found in
our previous results that the roughness of the MoS2/Pt
surface is small (Rq∼0.4 nm) and does not change with
tPt [30]. As a result, αs of the MoS2/Pt/Ni samples is
considered to be mainly derived from the intrinsic mag-
netic damping (αin) of the [Co/Ni]n multilayer structure
and extrinsic damping increase (�αex) caused by the
spin-pumping effect. Figure 3(g) shows the αs versus
tPt curves of the MoS2/Pt/Ni samples. With an increase
of tPt, αs increases to a maximum when tPt= 3 nm and
becomes steady when tPt ≥ 10 nm. This is quite different
from the reported phenomena in Pt(or MoS2)/FM bilayer
systems, where αs monotonically increases to saturation
with increasing NM layer thickness [26,42]. Consider-
ing the PMA variation of the MoS2/Pt/Ni samples, the
orbital hybridization enhancement at the Pt/Ni interface
can be one reason for the nonmonotonic αs increase, which
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FIG. 2. (a) Scheme of the TR MOKE measurement configuration. (b) TR MOKE spectrum of MoS2/Pt/Ni sample when tPt = 0.5 nm
and H ex = 15 kOe. Background line represents slow relaxation caused by heat diffusion. (c)–(e) Processed TR MOKE spectra and
corresponding FFT power spectra of MoS2/Pt/Co and MoS2/Pt/Ni samples when tPt = 0.5 nm and H ex = 6–15 kOe, respectively.

induces extra �αex by increasing the interfacial spin trans-
parency and enhancing the spin-injection intensity [43,44].
However, according to the much larger variation of nor-
malized αs, it suggests that the increase of αs may have
other contributions.

It was reported that optical excitation could lead to a
strong spin injection from the FM layer into a semicon-
ductor [23,45]. Corresponding to our system, the exper-
imental results can be rationalized when spin injection
at the MoS2/Pt interface is considered. In TR MOKE
measurements, magnetization precession in the [Co/Ni]n
multilayer causes a spin current to flow into the Pt layer.
When tPt is larger than its spin-diffusion length (λPt), as
shown in Fig. 4(a), the angular momentum of the injected
spins in the Pt layer is completely dephased by the spin-flip

scattering. According to the spin-pumping model [6], con-
tinuous spin injection from the FM layer into the Pt layer
leads to a magnetic damping increase (�αPt), where the
injected spin current is generally known as I pump and
named I p,Pt here. When tPt approaches λPt, as shown in
Fig. 4(b), on one hand, enhanced orbital hybridization at
the Pt/Ni interface leads to a larger Ip ,Pt. On the other
hand, those injected spins in the Pt layer with an exci-
tation energy higher than that of the MoS2 conduction
band minimum will further go across the MoS2/Pt inter-
face and inject into MoS2. We name this injected spin
current Ip ,MoS2 . Enhanced Ip ,Pt and the presence of Ip ,MoS2
result in a large magnetic damping increase (�αMoS2/Pt).
With a further decrease of tPt, as shown in Fig. 4(c), the
spin-accumulation effect makes the injected spins flow
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FIG. 3. (a)–(f) Effective magnetic damping, αeff, versus H ex curves of MoS2/Pt/Ni samples when tPt = 15–0.5 nm. (g),(h) Saturated
effective magnetic damping, αs, and damping increase, �αeff, versus tPt curves, respectively, of MoS2/Pt/Ni samples.

back to the [Co/Ni]2 multilayer [42]. The generated back-
flow spin current (I back) causes the decrease in magnetic
damping.

When a spin current crosses the NM-FM interface, the
nonlocal magnetic damping variation can be evaluated by
the interfacial effective spin-mixing conductance, Geff, or
intrinsic spin-mixing conductance, G↑↓. The difference is
that Geff considers I back and G↑↓ does not, which makes
G↑↓ relatively large. In the case of the MoS2/Pt underlayer,
the dependence of Geff on �αex (and thus, G↑↓) can be
given as follows [15]:

Geff = 4πMstFM

gμB
�αex = 4πMstFM

gμB
(αs − αin), (2)

�αex = gμB

4πMstFM
G↑↓

[
1 − exp

(
−2tPt + tMoS2

λ

)]
, (3)

where g and µB are the Landé g factor and Bohr mag-
neton, respectively. Based on the Kittel formula, 2π f =
[(γeg)/2]

√
H1H2, where γe = 1.76 × 107 Hz/Oe and H 1

and H 2 are H ex-related parameters [32], the g factor of
the Pt/Ni samples is 1.94 ± 0.06. To calculate Geff, we
take the reported value of αin= 0.022 of the Co/Ni mul-
tilayer structure to obtain �αex [46]. From the �αex
versus tPt curve, as shown Fig. 3(h), �αPt and �αMoS2/Pt
are obtained as 0.034 ± 0.002 and 0.067 ± 0.002, respec-
tively. To confirm that �αPt is not influenced by MoS2,
we find �αex = 0.035 ± 0.002 for a control sample with

(a) (b) (c)

FIG. 4. (a)–(c) Scheme of spin transport processes in MoS2/Pt underlayer when tPt is larger than, close to, and smaller than the spin
diffusion length of Pt, respectively.
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the structure of SiO2/Pt(15 nm)/Ni/[Co/Ni]2, as shown
in Fig. 3(h). This agrees well with the MoS2/Pt/Ni sam-
ple with tPt = 15 nm. According to Eq. (2), Geff,Pt/Ni is
calculated to be (33.5 ± 1.2) and (66.1 ± 1.2) nm−2 with
and without the MoS2 contribution, respectively. In the
MoS2/permalloy(Py) and Pt/ Py bilayer systems with in-
plane anisotropy, the reported Geff,MoS2/Py = 3.1–29.3 nm−2

and Geff,Pt/Py= 15.2–30 nm−2 are all smaller than our
Geff,Pt/Ni value, when spin injection exists only in the Pt
layer [6,27,44,47,48]. Pai et al. [49] show that Geff of
the Pt/FM system is strongly related to interfacial condi-
tions, such as crystal structure and magnetic anisotropy.
Zink et al. [43] show that, when there is an out-of-
plane component of magnetic anisotropy at the Pt/Ni
interface, Geff can be efficiently enhanced. Hence, the
relatively higher Geff,Pt/Ni value in our MoS2/Pt/Ni sam-
ple is attributed to the difference in the interfacial mag-
netic anisotropies in different material systems. Using
G↑↓,Pt/Ni > (66.1 ± 1.2) nm−2 and Eq. (3), we find that the
effective spin-diffusion length, λ, of the MoS2/Pt bilayer
is larger than (3.4 ± 0.4) nm. At the same time, since �αex
of MoS2/Pt/Ni is unchanged when tPt ≥ 5 nm, it suggests
that the effective λ of the MoS2/Pt bilayer is smaller than
5 nm. Both the maximum and minimum values of λ are
within the reported range of λPt = 1.4–11.0 nm obtained in
Pt/Py bilayer systems [42,50].

IV. CONCLUSIONS

We explore the spin transport properties of perpendic-
ularly magnetized MoS2/Pt/[Co/Ni]2 and MoS2/Pt/Ni/
[Co/Ni]2 heterostructures. For the MoS2/Pt/Co samples,
the proximity-induced magnetic moments and enhanced
PMA at the Pt/Co interface lead to multiple magnetiza-
tion precession modes in the TR MOKE measurement,
which result in a mixed contribution to the effective
magnetic damping constant. Based on the MoS2/Pt/Ni
samples with different Pt thicknesses, we find the MoS2
layer not only causes an enhanced orbital hybridization
at the Pt/Ni interface, but also serves as a good spin
sink for the injected spin current from the MoS2/Pt
interface. Compared with the perpendicularly magne-
tized SiO2/Pt/Ni/[Co/Ni]2 structure, the spin mixing
conductance of the Pt/Ni interface of the MoS2/Pt/Ni
samples is substantially enhanced from (33.5 ± 1.2) to
(66.1 ± 1.2) nm−2. Our results demonstrate the opportunity
of integrating the advantages of PMA and TMD materi-
als, which can be an effective route for the development of
energy-efficient spintronic or valleytronic devices.
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