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We observe current induced spin transfer torque resonance in permalloy (Py) grown
on monolayer MoS,. By passing rf current through the Py/MoS, bilayer, field-like
and damping-like torques are induced which excite the ferromagnetic resonance of
Py. The signals are detected via a homodyne voltage from anisotropic magnetoresis-
tance of Py. In comparison to other bilayer systems with strong spin-orbit torques,
the monolayer MoS, cannot provide bulk spin Hall effects and thus indicates the
purely interfacial nature of the spin transfer torques. Therefore our results indicate the
potential of two-dimensional transition-metal dichalcogenide for the use of interfacial
spin-orbitronics applications. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4943076]

The development of efficient mechanisms for reorienting magnetization using the least possible
power is the key to modern magnetic memory and logic devices.! One promising approach is to use
spin-orbit interactions (SOIs) in heavy metal/ferromagnet bilayers>> which can yield strong current-
driven torques acting on the magnetic layer, via the spin Hall effect (SHE)*” of the heavy metal or
other interface spin-orbit effects® such as the Rashba-Edelstein effect (REE).?"'® Due to the transverse
nature of these spin transport phenomena, the efficiency of the spin current generation generically in-
creases as the cross section of the charge current carrying layer is reduced.’ This motivates the search
for two-dimensional (2D) systems as a source for spin current. Interestingly, as part of the search for
materials to provide more efficient current-induced torques, recent experiments have demonstrated
large spin-orbit torques in topological insulators (TIs),'”-'8 due to the fact that an electron’s spin orien-
tation is locked relative to its propagation direction in the surface states of TIs. Such spin-momentum
locking gives rise to a non-equilibrium surface spin accumulation while flowing a charge current.
If this spin accumulation couples to an adjacent magnetic film, the resulting flow of spin angular
momentum will exert a spin-transfer torque on the magnet.

Another possible pathway towards spin transfer torques with 2D systems is given by the transition
metal dichalcogenide (TMD) family of materials, which has attracted increased attention in the nano-
electronics community due to their layered structure, enabling readily the preparation of individual
monolayers. However, much of the community’s interest in TMDs has been focused on transistor
technology, while less work has been done with respect to their potential in spintronics applications.
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Actually, one of the appealing features of many TMDs is the spin splitting (either Rashba'!®? or
Zeeman type”') at the surface due to the broken inversion symmetry, which also gives rise to spin-
momentum locking and therefore potentially large spin-orbit torques once coupled to a ferromagnet.
In addition, a recent rise in the interest of metallic TMDs (e.g., TaS; and TaSe,)?? points towards new
opportunities for combining Rashba torques with spin Hall torques by flowing large density of charge
current in the TMDs themselves. Due to the large intrinsic SOI of the heavy elements, large SHE
and REE are also conceivable in their TMDs.?? In this work, we investigate any possible spin-torques
in permalloy(Py, NiggFe,()/MoS,; heterostructures by using the spin-torque ferromagnetic resonance
(ST-FMR) approach.?

The MoS; nanosheets were grown on SiO; (300 nm)-on-Si substrates using a home-built chem-
ical vapor deposition system. MoO3 and S were used as the source materials. Ar gas was used as the
carrier gas with a flow rate of 50 SCCM during growth. The growth temperature, pressure, and time
were 875 °C, ~8 Torr, and 5 min, respectively. Single-crystalline MoS, monolayers in triangle-shape
with size up to several tens of um were selected for this study. The as-grown MoS, flakes in their
monolayer form were subsequently characterized by optical microscopy, scanning electron micros-
copy, atomic force microscopy (AFM), and Raman spectroscopy (see Fig. 1). An optical micros-
copy image of a representative as-grown MoS, sample is shown in Fig. 1(a), and Fig. 1(b) shows a
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FIG. 1. (a) Optical microscopy image of a MoS, sample. The scale bar in the image is 40 um. (b) Scanning electron
microscopy image of a triangular single-crystalline MoS; monolayer [dashed-line-circled region in (a)]. The scale bar in the
image is 10 pm. (c) Atomic force microscopy image of the same MoS; monolayer shown in (b). The size of the AFM image
is 20 umx 20 um. (d) Height-profile scan along the green line in (c). (¢) Raman spectrum of the MoS; monolayer shown in
(b) and (c). (f) Photoluminescence spectrum of the MoS; monolayer shown in (b) and (c).
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corresponding scanning electron microscopy image of a triangular single-crystalline MoS, mono-
layer. Figure 1(c) shows the AFM image of the same MoS, monolayer shown in Fig. 1(b). A cor-
responding AFM height-profile scan along the green line in Fig. 1(c) is shown in Fig. 1(d). The
measured thickness of the MoS, nanoflake is ~0.8 nm, which is consistent with the thickness of
monolayer MoS,. Figure 1(e) shows the Raman spectrum of the MoS, monolayer shown in Figs. 1(b)
and 1(c). The distance between the E21g and A, peaks in the Raman spectrum is ~19 cm™!, indicating
the monolayer nature of the MoS,. Figure 1(f) shows the photoluminescence (PL) spectrum of the
MoS; monolayer shown in Figs. 1(b) and 1(c). The PL spectrum shows strong emission with the peak
position located at ~1.82 eV, again confirming the monolayer nature of the MoS,.

To fabricate the devices, we deposit the Py layers using magnetron sputtering or e-beam evap-
oration on individual monolayer flakes of MoS,. The different approaches of Py deposition allow
us to exclude possible fabrication-induced artifacts from our measurements. The thickness of the Py
layers is 5 nm. During sputtering, the substrate is kept well-separated from the target and the depo-
sition rate is kept < 1 A/s in order to avoid damage to the MoS, layer. The Py layers, in the shape
of 30-um-long and 5-um-wide strips, as well as the subsequent electrical contacts were patterned by
photolithography. Specifically, we patterned the Py layer using optical lithography and liftoff, with
electrical contacts made from 3 nm Ti/120 nm Au in a symmetric geometry [Fig. 2(b)], so that when
the samples are contacted using a ground-signal-ground (G-S-G) high-frequency probe, the currents
flowing in the contacts produce almost no net Oersted field acting on the sample. In the study by
Mellnik et al. on Py/TI bilayers, the resistivity of the Bi,Ses is far larger than that of Py so that the
great majority of the current is shunted through the Py; nevertheless they measured strong enough
spin torque signals from the Bi,Ses surface states. This shunting effect is less an issue in our case due
to the “monolayer” nature of MoS,, i.e., there are no bulk states but only a Py/MoS; interface gives
rise to the spin to charge conversion.

We determine the strength of current-induced torque with the ST-FMR technique developed
previously to measure the spin Hall torque from heavy metals.>® Using the circuit shown in Fig. 2,
we apply a microwave current with fixed frequency and sweep an in-plane magnetic field through
the ferromagnetic resonance condition of Py. The oscillating current-induced torques cause the Py
magnetization to precess, yielding resistance oscillations on account of the anisotropic magnetoresis-
tance (AMR) of Py. This generates a direct voltage, V., that results from mixing between the applied
alternating current and the oscillating resistance. The two vector components of the current-induced
torque, in the X (§ x m) (||, “in-plane”) and (7 x ) (L, “perpendicular”) directions, with m being
the unit vector of the magnetization direction, can be obtained from the amplitudes of the symmetric
and antisymmetric components of the resonance lineshapes. We performed ST-FMR experiments for
two device geometries, one with normal rectangular electrical contacts that we contact to external
electronics using wire bonding; this device geometry is compatible with an existing sample holder
that allows for both in-plane and out-of-plane ST-FMR experiments. The other geometry is based on
coplanar-waveguide (CPW)-like electrical contacts (see Fig. 2) that are connected to using low-loss

(a) (b)

p \ S rf source

FIG. 2. (a) Schematic illustration of the spin torque FMR experimental setup [S: signal line; G: ground line]. (b) Photoimage
of ST-FMR device consisting a Py layer (5 nm) on a monolayer MoS,. The Py strip is patterned into a 30 umx5 um
rectangle. An external magnetic field is applied along 45° with respect to the sample long axis (current direction). (Scale bar:
50 pm.)
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rf probes in a probe station. For both geometries, the core component of the devices is the same, i.e.,
30 um x 5 um Py microstrips deposited on top of individual monolayer flakes of MoS,.

Before showing the results from the two geometries, we discuss the model for their analysis
in more detail. To model both a field-like and an anti-damping-like drive torque, the magnetization
equation of motion can be written as

dm N . dm R N .

E=—7mxH+cmeE+yTJ_m><y+yT”m><(y><m), )
while 7, is the magnitude of the effective field applying the field-like torque and 7 is the magnitude
of the field applying the anti-damping-like torque. Both 7, and 7 have amplitudes that are oscillatory
at the microwave drive frequency w. The gyromagnetic ratio is y and the Gilbert damping param-
eter is a. Note that Eq. (1) assumes only a spin accumulation along the y-axis, i.e., in the interfacial
plane. Given that a monolayer of MoS, has no inversion symmetry even for in-plane directions, it
is conceivable that there could also be a spin accumulation along the z-axis, i.e., perpendicular to
the interface.?* However, when studying the in-plane angular dependence of the dc lineshape, the
symmetric and antisymmetric amplitudes can be fit to a cos ¢ sin 2¢ function. This angular depen-
dence suggests that the rectification is occurring from the well-know phenomenon of the AMR of
the Py mixing on resonance with the microwaves?>-?° and that the spin transfer torques only originate
from spin accumulations polarized along the y-axis. If AMR rectification is the mechanism for the
dc voltage, the following equation can be used to describe the in-plane angular dependence of the
resonance that is driven by the 7, and 7 torques:

OR
VDC o % COS (ﬁ[FATJ_(Bo + 4ﬂMeﬂ) + FSTHU‘)A] (2)

For Py, ‘;—1; ~ sin2¢. The FMR resonance frequency is given as w, = y+/Bo(Bo + 47 M,g). B is the
experimental applied field and M,y is the effective saturation magnetization of the material. The
function Fs = 1/[(w? — w?)* + A?] is a symmetric lineshape and F, is the antisymmetric lineshape
function that is written as F4 = (w* — w?)Fs. Finally, A = ywa(2B, + 47 M,f).

To begin with, we describe the results from the CPW-like devices where the Py is sputtered on top
of MoS,. Figure 3(a) shows the results of the ST-FMR measurement for a 30 um X 5 ym device with
CPW-like contacts and with an in-plane magnetic field oriented ¢ = 45° relative to the current. Under
a field reversal, the sign change of both the symmetric and antisymmetric amplitude components of
the line shape agrees with the spin-torque picture. Figure 3(b) compares the voltage of this Py/MoS,
bilayer and a pure Py layer measured at the same condition. For the pure Py sample, a small dc voltage
in the shape of an antisymmetric Lorentzian resonance is observed. Past experiments have suggested
that this small voltage is due to a non-uniform current density in the Py that can lead to a self-induced
precession of the magnetization.? Regardless, both symmetric and antisymmetric voltage components
increase significantly for the Py/MoS; bilayer. We also performed ST-FMR measurements at different
in-plane field orientations (¢), both the symmetric and antisymmetric components of V4. on ¢ are in
good agreement with the cos ¢ sin 2¢ behavior [Figs. 3(c) and 3(d)].

We then investigated the frequency and power dependence of the torque ratio using the CPW-like
devices. We first extract the torque ratio at a fixed power of 15 dBm from 4 to 7 GHz for one sample
using the fitting shown in Fig. 4(c). A Kittel fitting to the FMR resonance fields, as shown in Fig. 4(b),
yields an effective magnetization of Py, M, = 509.6 + 7.3 kA m™!, which is less than its bulk value.
We use a value of dR/d¢ = 1.284 Q/rad extracted from an experimental measurement of the in-plane
angular derivative of the magnetoresistance shown in Fig. 4(a). We also measure the lineshapes at a
variety of power from 8 to 17 dBm and at a fixed frequency 4 GHz, Fig. 4(d). Figures 4(e) and 4(f)
summarize the dependences of 7, /7 on the frequency and the power, respectively. As expected, we
observe no appreciable dependence of 7, /7 as a function of either frequency or power. Averaging the
values for both frequency- and power-data, we conclude that |7, /7| = 0.19 = 0.01 in our Py/MoS,
bilayer system.

A more comprehensive angular dependent study was conducted on the “normal-contacts” devices
where the Py is e-beam evaporated on top of MoS,. Figure 5(a) shows the coordinate system that was
adopted for the applied field configuration in the Py film. In addition to the azimuthal angle, ¢, two
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FIG. 3. Measurements with sputtered Py on MoS; and CPW-like contacts. (a) Bi-polar field scan of ST-FMR signals. (b)
Comparison of the V. signals measured for a Py/MoS, and for a pure Py. (c) V¢ signals measured at selective field angles,
¢. (d) ¢-dependence of the symmetric voltage component Vg, and the corresponding theoretical fitting by cos(¢)sin(2¢).

polar angles are introduced: 8 is the polar angle from off the normal, z-axis, at which the external
field is applied; ¢ is another polar angle that corresponds to the direction of the magnetization. In
Figs. 5(c) and 5(d), the 6 dependence and a subset of the ¢ angular dependence of the ST-FMR line-
shape are, respectively, shown. For this set of experiments, w was held fixed at 5.5 GHz. For this
“normal-contact” device, a reference sample of a Ti/Py bilayer was fabricated. An ST-FMR trace near
¢ = 45° is shown in Fig. 5(b) comparing the reference sample to the MoS,/Py bilayer.

The complete in-plane ¢ dependence of the symmetric and antisymmetric amplitudes of the
ST-FMR signal is shown in Figs. 6(a) and 6(b), respectively. The symmetric and antisymmetric ampli-
tudes are both fit to a cos ¢ sin 2¢ function. This angular dependence again suggests that the rectifica-
tion is occurring from the well-know phenomenon of the AMR of the Py mixing on resonance with
the microwaves. By fitting the ratio of the symmetric and antisymmetric components of the lineshape,
the ratio of the two driving torques was calculated from the in-plane data. For our MoS,/Py bilayer
on the “normal-contact” device, we found 7, /7 = 0.08 + 0.01. The in-plane measurements for both
the CPW-like and “normal-contact” devices show very large anti-damping-like torques as evidenced
by the large symmetric voltages. The observed large spin torques from both types of devices with
different Py growth techniques support the fact that the spin torque is an intrinsic property of MoS,/Py
interface rather than fabrication induced artifacts.?’

Typically, when ST-FMR measurements are used to measure anti-damping-like torques driven
by the spin Hall effect, the torque ratio is converted to a spin Hall angle. It is not straightforward
to perform such a conversion here given that the MoS, layer is a single monolayer. We do note that
the torque ratios calculated from the two different device geometries and Py growth show a modest
quantitative difference. One explanation is that the different device geometries may lead to differences
in the phase of the driving current to the respective torques. Phase shifts have been shown both exper-
imentally”® and theoretically,” to effect lineshapes in ST-FMR experiments. There is good evidence
that rules out phase shifts as evidenced by the two reference samples, both of which mainly show
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FIG. 4. Measurements with sputtered Py on MoS, and CPW-like contacts. (a) ¢-dependence of the device anisotropic
magnetoresistance (R) and its derivative dR/d¢, measured at 3 kOe external field. (b) Kittel fitting of the FMR resonance
conditions. ST-FMR spectra measured (c) at different frequencies and at fixed power of 10 dBm for one device and (d)
at different power values and at fixed frequency of 4 GHz for another device. (e) and (f) summarize the frequency- and
power-dependence of the ratio between the two torques, . /7, which is extracted by Eq. (2) using the symmetric and
antisymmetric Lorentzian signals. A red dashed line is drawn at a value of 0.2.

small asymmetric amplitudes. Both reference samples should be driven only by a field-like, 7, torque.
As shown in Eq. (2), an equation that does not include phase shifts, a 7, torque by itself produces
only an antisymmetric signal. Another possible explanation is simply that the patterning of the Py bar
onto the MoS; flake is sensitive to variables such as the relative orientation between the Py bar and
the crystallographic axes of MoS; single-crystal. Lastly, it is possible that the magnitude of the spin
transfer torque may depend on interfacial quality, which can differ for the two different Py growths.
Therefore, it would be interesting to study in future works more quantitatively on the relationship
between induced surface effects and attenuated spin torque values in sputtered devices.

We have also measured the out-of-plane (OOP) angular dependence of symmetric and antisym-
metric components of the lineshape that is given by the applied magnetic field angle 6. The motivation
for such an experiment is that any new types of torques arising from interface effects other than that
given by 7, and 7 in Eq. (2) may be easier to elucidate in such an experiment.*” The OOP field
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FIG. 5. Measurements with evaporated Py on MoS; and “normal-contacts.” The field orientation and the device geometry is
shown in (a). The applied field is described by the azimuthal angle ¢ and the polar angle 6. The magnetization is described
by a different polar angle given as . In (b), near ¢ =45°, a ST-FMR trace is shown for the MoS,/Py bilayer vs a Ti/Py
reference sample. The 6 dependence at ¢ =45° is shown in (c), while a large subset of the ¢ angular dependence is shown
in (d).

data for 6 in the range of 0°-75° are shown in Fig. 5(c); the data we are showing is for the magnetic
field being swept from the positive to the negative direction. Generally, the magnitude of both the
symmetric and antisymmetric components of the lineshape increases as 6 decreases. The origin of
this behavior may be from additional rectification occurring from the 6 dependence of the magneto-
resistance which was not previously measured. Another possibility is that the torques have a greater
magnitude with decreasing 0. Towards this end, it is interesting to note that a strong dependence of
spin-orbit torques as a function of € has theoretically been predicted for the case of an interface with
topological insulators.?! Nevertheless, there is no clear observation suggesting additional out-of-plane
torques in the system. Regarding the origin of the in-plane torques, it has been demonstrated that
large spin torques can be induced by growing Py (or other ferromagnets) on oxides surface’>3 with
Rashba-type interface coupling, therefore it is plausible that the Py/MoS, interface alone can already
give rise to these torques by symmetry-breaking of the Py. In addition, the strong Schottky barrier
that might be developed at the Py/MoS, interface®*>° can also give rise to a strong electric field,
which further induces Rashba-type spin-splitting. Last but not least, the above-proposed interface
spin-orbit effects may be convoluted by magnonic charge pumping effect,’’ taking advantage of not
only the interfacial symmetry-breaking but also the intrinsic spin-orbit coupling of Py itself.*® Fi-
nally, as shown in Fig. 6(d), there appears to be a hysteresis in the antisymmetric component of the
lineshape compared to the symmetric component. Such hysteresis behavior is another strong evi-
dence that speaks for the large symmetry-breaking of Py by its interfacing with MoS,, which is also
responsible for the large error bars in Fig. 6(b). Additional theoretical modeling regarding OOP
ST-FMR experiments is required to further enhance the understanding of the current dataset.
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FIG. 6. Measurements with evaporated Py on MoS; and “normal-contacts.” In (a) and (b) the symmetric and antisymmetric
amplitude of the ST-FMR signal is shown as a function of ¢. In (c) and (d) the symmetric and antisymmetric amplitude as
a function of 6 is plotted. Squares are data points that were extracted when the field was swept from positive to negative
fields with the filled squares referring to the positive field amplitude and the unfilled squares referring to the negative field
amplitudes. Circles correspond to measurements from negative to positive fields. The filled circles are on the negative field
side while the unfilled are on the positive field side.

In summary, we report current induced spin torque resonance in permalloy(Py)/MoS, bilayers.
Field-like and damping-like torques are induced by the MoS, layer which further excites the ferro-
magnetic resonance of Py. An analysis of the lineshapes with different measuring frequency, field
orientation, and power is presented. The in-plane angular dependence suggests that a two torque
model is required to explain the results. Specifically, a very large damping-like torque, relative to a
field-like torque, is necessary to explain our data for both of the sample geometries. Out-of-plane
angular measurements show an enhancement of the ST-FMR signal indicating a direction of future
study. Our results suggest the potential of two-dimensional transition-metal dichalcogenide for the
use of spin-orbitronics applications.
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