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Enhancement of spin-orbit torque in WS, /Co/Pt trilayers via spin-orbit proximity effect
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Enhancement of spin-orbit torque (SOT) efficiency in ferromagnet/heavy-metal bilayer is promising for
the realization of low-power spintronic devices. Here we show that inserting a single-layer WS, between the
substrate and Co/Pt layers, can reduce Co coercivity by ~28% and increase dampinglike SOT efficiency by
~30%, up to 35.07 Oe /(107 A/cm?). When inserting WS, with different layers, we further demonstrate that these
phenomena only exist for odd WS, layers, i.e., monolayer and trilayer, while they disappear for even WS, layers,
i.e., bilayer. Theoretical analysis based on the first-principles calculations suggests that the results originate from
the thickness-controlled charge transfer between WS, and Co, which is consistent with the spin-orbit proximity

effect.
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Increasing spin-orbit torque (SOT) efficiencies for low-
ering current density is of great importance for advancing
technological applications and for enabling new research
on spintronics phenomena [1,2]. Research in ferromagnet
(FM)/heavy-metal (HM) bilayer have shown that engineering
interface to manipulate spin current is a powerful way to in-
crease SOT performance, such as adjusting surface roughness
[3], varying the thickness of HMs [4], pairing two HMs with
opposing spin Hall angles [5], and inserting the interface lay-
ers [6,7]. Moreover, engineering interfaces can also generate
spin current by different mechanisms. For example, due to the
spin-momentum lock effect at the topological surface states,
the topological insulators may have a greater charge-to-spin
conversion ratio than HM [8,9]. Even for 3d transitional met-
als with weak spin-orbit coupling (SOC) such as Ti, V, and
so on, they have exhibited a significant SOT by the orbit-Hall
effect [10,11]. Moreover, interface-induced spin current has
been observed in FM/nonmagnetic light metal bilayer by
reducing system symmetry [12,13].

Due to the large SOC, two-dimensional (2D) materials
of transition-metal dichalcogenides (TMDs) are also very
promising candidates for the SOT device [14-16]. As a
pioneering work, Shao et al. have reported a SOT gen-
erated by the Rashba interaction in the TMD/FM bilayer
device [14]. For MoS,/CoFeB and WSe,/CoFeB, the field-
like SOT efficiencies are 0.78 and 1.14 Oe/(107 A/cm?),
respectively, even comparable to 0.90 Oe/(107 A/cm?) for
Ta/CoFeB. Owing to the breaking symmetry of the WTe,
lattice structure, the out-of-plane polarized spin current is also
demonstrated in WTe, /Py bilayers, when applying current
along the low-symmetry axis of WTe, [17—-19]. The control
of spin polarized direction has also been achieved by the sym-
metry designs, i.e., the magnetic spin Hall effect with breaking
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time-reversal symmetry [20]. Besides being the spin current
source, the TMDs can also be considered as a spin sink for
the substrate/ TMD/HM/FM structure. Since WSe, strongly
decreases the opposite spin current flow back, the SOT effi-
ciency of substrate/WSe, /Ta/CoFeB is 26.5 times larger than
that of Ta/CoFeB, up to 57.50 Oe/(10” A/cm?) [21]. Similar
results have also been reported in substrate/WSe, /Pt/Co het-
erostructures [22], in which the SOT efficiency enhances with
increasing the thickness of WSe;.

Recently, the spin-orbit proximity effect (SOPE) is theoret-
ically predicted in TMDs/ultrathin FM bilayer [23]. Owing to
the hybridization of the wave function of FM and TMDs, a
nonequilibrium spin density can occur in such a heterostruc-
ture. It not only induces a local magnetic moment in TMDs,
similar to the magnetic proximity effect [24,25], but also leads
to an additional SOT [23,26]. At the interface of TMDs/FM,
the proximity spin-orbit coupling can directly induce in-plane
spin textures of FM, and change the electronic and spin struc-
ture of FM within some distance away from the interface.
Unlike the fixed polarization of spin current in the FM/HM
bilayer, the polarization of spin current due to SOPE can be
controlled, which depends on the magnetization [26]. Such
arbitrary spin polarization directions can induce efficient and
deterministic switching [27,28]. So far, the corresponding
experiment is still lacking. Therefore, it is crucial to experi-
mentally explore the SOPE inducing SOT in TMD/FM/HM
heterostructure.

In this work, we experimentally investigate the SOPE in the
WS, /Co/Pt trilayers SOT devices with in-plane anisotropy
by varying the layer counts of WS, (0-3 L). We find that
the dampinglike SOT efficiency has been obviously enhanced,
accompanying with the reduction of coercivity. The enhanced
SOT and reduced coercivity both have the identical depen-
dence on WS, layer counts, where the variation of the odd
layer counts of WS, (1 and 3 L) is much larger than the even
layer counts (2 L). The charge density difference based on
the first-principles calculations directly shows that the charge
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FIG. 1. (a) Optical image of WS, on SiO,. (b) AFM image of
the monolayer WS, and the corresponding height profile is inset.
(c) Raman spectrum for the different WS, layer counts. (d) The
frequency difference between E%g and A;, modes as a function of
the WS, layer counts.

transfer between WS, (1 and 3 L)/Co is much larger than that
between WS, (2 L)/Co, which shares the same mechanism as
the SOPE.

WS, were grown on a Si (p++)/SiO, (300 nm) sub-
strate using the chemical vapor deposition method. Then the
Co(3 nm)/Pt(3 nm) film was sputtered on the surface of WS,.
Finally, the Co/Pt film on the WS, flake was patterned in Hall
bars for measuring anomalous Hall effect (AHE) [29,30]. The
first-principles calculations based on self-consistent resolved
the Kohn-Sham function and the projector augmented wave
(PAW) pseudopotentials are implemented in Vienna Ab initio
Simulation Package (VASP) [31,32]. The exchange-correlation
potential is in the form of Perdew-Burke-Ernerhof (PBE) with
the generalized gradient approximation (GGA). For struc-
tural optimization, the energy convergence threshold is set
to 1075 eV and the residual force on each atom is less than
0.05 eV/A. The cutoff energy for the plane-wave basis is
set to 450 eV. The Brillouin zone is sampled with I cen-
tered Monhorst-Pack grids of 1 x 1 x 1. The PBE that formed
with the van der Waals (vdW) correction (vdW-DF2) [33] is
selected.

Figure 1(a) shows the typical triangle WS, flakes. The
different color contrasts indicate that the grown WS, flakes
have different layer counts, which were further checked by
both the atomic force microscope (AFM) and the Raman
spectroscopy. In Fig. 1(b), the height of WS, flake measured
by AFM is ~0.81 nm, indicating a monolayer WS, flake [34].
As a typical WS, Raman spectroscopy, an in-plane vibrational
E%g mode and an out-of-plane vibrational A, mode are both
shown in Fig. 1(c). The Eég mode shows little dependence on
the layers, while the blue shift appears in the Ajg mode with
increasing layer counts of WS,, due to the lattice stiffening
effect when adding additional layers. Thus, the frequency
differences (Aw) between the modes of Eég and Ay can be

used to determine the layer counts of WS, flake. As shown
in Fig. 1(d), the layer counts of WS, (1-3 L) are identified as
Aw =~ 66, 68, and 69 cm™!, in consistent with the previous
results [34].

Figure 2(a) shows the Hall bar of the WS, /Co/Pt trilayer.
The Hall resistances (Ryy) for different WS, layer counts in
Fig. 2(b) are all saturated under an out-of-plane magnetic field
at around 10 kOe due to AHE. The almost zero coercivity
indicates that the Co layer is in-plane anisotropy. However,
one can easily find that the saturated Hall resistance (RXA;{E)
depends on the WS, layer counts. When inserting the WS,
layer, Riy™ sharply drops, and the variation of the odd layer
counts of WS, (1 and 3 L) is much larger than the even layer
counts (2 L), as shown in Fig. 2(c). Interestingly, Fig. 2(d) fur-
ther shows that the out-of-plane anisotropy field (Hk) exhibits
similar behavior. Considering RxAyHE o Mg [29], we ascribe

this variation of RAME to the origination of local magnetic
moment in WS,/Co due to the SOPE. Moreover, it is rea-
sonable to consider that the Co magnetization is coherently
rotated from in-plane to out-of-plane, and we can simply yield
Hyx = 2K,/Ms. Thus, the variation of Hx also originates from
the form of the local magnetic moment. In Fig. 2(e), the
linear relationship between Riy™ and H further supports our
explanations, and excludes other reasons, i.e., the influence of
interfacial roughness. Similar results have been reproduced in
12 independent devices.

The variation of coercivity with the addition of WS, is
another important indicator of the SOPE. Figures 2(f)-2(i)
show that the hysteresis loops of the WS, /Co/Pt trilayer also
depend on the WS, layer counts, when an in-plane magnetic
field is applied along both the longitudinal and transversal
directions of the Hall bar. The almost identical loops suggest
that the sample is in-plane isotropic. In comparison to the
Co/Pt bilayer coercivity [~44 Oe in Fig. 2(f)], the coercivity
of WS, /Co/Pt trilayers decreased to ~30 Oe for WS, (1 and
3 L), while the coercivity of WS, (2 L) remained at ~40 Oe
in Fig. 2(h). This behavior is similar to the variations of RAHE
and Hg with increasing WS, layer counts in Fig. 2(e), sug-
gesting the SOPE plays an important role for device magnetic
properties.

Figures 3(a) and 3(b) show R}(‘; and Rf;’ curves of WS,
(1 L)/Co/Pt trilayer, respectively. The R}(‘y" curves exhibit
apparent RE)I,'IESiHZ(p characters, as expected the planar Hall

effect is dominated and the planar Hall resistance R, is fitted
as 0.32 Q. The Rf‘y" curves are given as [30]:

RAHE
R)Z((; = [<HDLm + sza}> COs ¢

PHE

—(HpL, + Hoe) ;y[

COS (oS 2cpi| , @))

AHE PHE
Rx Rx

where the and are the anomalous and planar Hall
resistance, respectively, Hx is the out-of-plane anisotropy
field, RZV“’T is the thermal effect contribution, Hpy (Hgp) is
the Dampinglike (fieldlike) effective field originating from
SOT, and Hp, is the Oersted field. Figures 3(c) and 3(d) sum-
marize the dependences of cosg and cosgcos2¢ component
with the 1/(Hx — H) and 1/H under various current densities,
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FIG. 2. (a) The optical image of the device and schematic of harmonic Hall measurement. (b) The Hall resistance of the WS, (0-3 L)/Co/Pt
devices by sweeping the out-of-plane field. The extracted (c) RfyHE and (d) Hx with the different WS, layer counts. (¢) The dependence of the
R and Hg with the WS, layer counts (0-3 L). (f)~(i) Hysteresis loops of the WS, (0-3 L)/Co/Pt.

respectively, where the Hpy and the (Hp,, + Hop.) are obtained ~ where the damping parameter reduces with decreasing tem-
from the curve slopes. Noted that R3%- that also contributes perature for the odd WS, layers (1 and 3 L), which is opposite
a cosg signal is independent of the external magnetic field, to the WS, even layers (2 and 4 L).
which can be excluded by the linear fitting analysis. We demonstrate current driven magnetization switching by
We obtain the current density dependence of Hpp, and  using the magneto-optical Kerr effect (MOKE) microscopy.
Hpp, of different WS, layer counts, which are shown in Owing to the y-polarized spin current is collinear to the easy
Figs. 3(e) and 3(f), respectively. We define hpp = dHp/dJ axis of the FM, the in-plane magnetization can be switched
to determine the SOT efficiency. First, as we expected, hp, of  directly by the SOT without an auxiliary magnetic field, which
different WS, layer counts are correlated to the parity of layer  is similar to STT-induced magnetization switching [19,39].
counts, as shown in Fig. 3(g). For the Co/Pt bilayer, hp, for Figures 4(a)-4(d) show a typical current induced magneti-
current density (J) 1 x 107 A/cm? is 27.33 Oe. However, for  zation switching in our WS, (1 L)/Co/Pt devices. We first
inserting the 1 and 3 L WS, layers, hpy are sharply increased set the magnetization along the Hall bar transverse direction
to 35.07 and 36.86 Oe, respectively, while hp, = 28.05 Oe (+y), and cut off the image background shown in Fig. 4(a).
for WS, (2 L) is almost the same as the WS, (0 L). The The current then gradually increases through the Hall bar.
error bars of SOT data are obtained by measuring 4, 5, and 3 When a J of —3.00 x 107 A/cm? is used, the magnetization
samples for WS, (1, 2, and 3 L)/Co/Pt, respectively. Second, switching starts in the WS, region (—y), which is depicted as
after subtracting the Hp. = Jpi#p/2 induced by the current the white area in Fig. 4(b). This was attributed to both SOT
in the Pt layer [35], we find that the hp, = dHpr./dJ is one enhancement and reduced coercivity caused by SOPE. When
order of amplitude smaller than /pp. As shown in Fig. 3(h), we further increase the current, as shown in Fig. 4(c)—4(d), the
when inserting the WS, layer, the hp could increase from  formed reverse domain wall gradually propagates to the whole
2.14 to 2.52, 3.15, and 2.91 Oe (per 1 x 10’7 A/cm?) for ~ Hall bar region. For our case that J is 3.00 x 10’ A/cm?
1, 2, and 3 L, respectively. The small value of efficiency and 7 is 3 nm, Oersted field is only 5.65 Oe. Given that Ho,
of Hpp may be attributed to the difference in local charge is one magnitude less than the coercivity (29.90 Oe) of the
imbalances [36,37], which is somehow compensated by the =~ Co/Pt layer and two magnitudes less than SOT field (Hp =
hybridization and reduces the electric field at the interface. Fi- 105.21 Oe), we think that Oersted field is negligible in the
nally, as shown in Figs. 3(i) and 3(j), the coercivity and R,(AyHE magnetization switching process. No reverse domain wall in

have a linear correlation with WS, layer counts as hp;, de- other region strongly suggests that inserting WS, indeed de-
pendencies, respectively. We notice that such layer-dependent  creases the critical current density for the whole device.
behavior of WS, is also reported by Husain et al. [38]. For Finally, both the coercivity and the SOT efficiency de-

the WS, /CosFeB bilayer, the temperature dependence of the pendence of the WS, layer counts can be understood by the
Gilbert damping factor is controlled by WS, layer counts, SOPE. The WS, is regarded as a semiconductor with strong
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FIG. 3. (a) First and (b) second harmonic Hall resistance as a function of the azimuthal ¢ under various external field for the WS,
(1 L)/Co/Pt device at J =5.00 x 10° A/cm*. The linear fitting to (c) Ri vs. RY™/[2(Hk-H)] and (d) R vs. RiI™/H for the WS,
(1 L)/Co/Pt. The SOT effective fields of (e) Hp. and (f) Hg. as a function of the current density J for the WS, (0-3 L)/Co/Pt trilayer.
The SOT efficiency of (g) hp. and (h) kg as a function of the WS, layer counts. The relationship between hp;. and the (i) coercivity and

Q) RQYHE with the WS, (0-3 L).

SOC, which could lead to the hybridization of the wave func-
tion between WS, and Co. The charge transfer appears from
WS, to Co during the hybridization of wave function. The
decrease of the Co atom spin magnetic moment is excepted,
RAME,

which is manifested as the reduction of coercivity and

o ©)

| (d)

FIG. 4. (a)—(d) Evolution of magnetic domains by MOKE with
applying different current pulses. The blue arrow means the current
direction along —x. The black and white arrows mean the magneti-
zation directions along +y and —y, respectively.

This is similar to the theory reported by Garandel et al. in
MoS,/Co bilayer [40], where the charge can be transferred
due to covalent bonding between S and Co atoms, and the
bonding becomes metallic due to hybridization between S p
and Co d orbitals. This bonding also allows spin to be injected
into the MoS;, not only causing the decrease of the Co atom
spin magnetic moment, but also inducing the nonequilibrium
spin density, whose cross product with the magnetization of
Co determines an additional SOT. Unfortunately, the x- and/or
z-polarized spin current is not detected in our experiment. This
could be due to the fact that H-WS, has C3, symmetry rather
than Cj, symmetry like T;-WTe,, where the unconventional
torque cannot be observed based on symmetry analysis [41].
Moreover, the additional torque might also be coming from
the spin accumulation and SHE in Pt, which needs further
study later.

To explore the charge transfer at the WS,/Co inter-
face, the charge density difference of the WS, (1-3 L)/Co
heterostructures were calculated, and the results are depicted
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FIG. 5. The side view of the charge density differences for
(a) WS, (1 L)/Co, (b) WS, (2 L)/Co, and (c) WS, (3 L)/Co,
respectively. The black dotted area in (b) is the schematic for the
inversion symmetry and the center (Q) for WS, (2 L).

in Figs. 5(a)-5(c). To eliminate interaction between peri-
odically adjacent WS, layers, we use the thickness of the
vacuum exceeding 15 A along the z direction. To construct
the WS, /Co heterostructure, we take 3 x 3WS, (1-3 L) to
match 4 x 4 single layer Co with a minimum mismatch of
lattice constants. The charge density difference (Ap) is ob-
tained by subtracting the charges of WS, and Co from those of
the heterostructure WS, /Co as Ap = pws,/Co)—P(WS,)—P(Co)>
where pws,/co), Pws,) and p(coy are the charge densities
of the heterostructure WS,/Co, WS,, and Co, respectively.
Figures 5(a)-5(c) show side views of the calculated charge
transfer at the WS, (1-3 L)/Co interface. The red region
represents charge dissipation, and the green region indicates
charge accumulation. As expected, we see that charge transfer
occurs between the interface of S and Co atoms along S-Co
covalent bonds. The charge redistribution mainly occurs at the
WS, (1 L)/Co and WS, (3 L)/Co interface regions. We can
see that there are areas of electron accumulation/dissipation
around each atom at the interface. On the whole, the electrons
on the interface are transferred from the WS, layer to the Co

layer. Such an obvious unbalance of electron accumulation
and dissipation at the interface induces a built-in electric field
pointing from WS, to Co. Due to the charge transfer, the
net residual magnetic moment increases on WS,, enhancing
the SOT of the devices, whereas almost no charge transfer is
observed in the interface region of WS, (2 L)/Co, which could
be in great agreement with our experimental results.

Moreover, the WS, layer counts dependence of enhanced
SOT could also be understood through the protection of inver-
sion symmetry [38,42,43]. As shown in the black dotted area
in Fig. 5(b), there is an inverse symmetric center point O in
WS, (2 L), but absence in WS, (1 and 3 L). The hybridization
of the wave function would be prohibited due to the protection
of inversion symmetry of WS, (2 L). Theoretically, the inver-
sion symmetry breaking together with spin-orbit coupling has
been discussed by Yao and Xiao et al. [42,43], which leads to
coupled spin and valley physics in monolayers of MoS;, and
other TMDs. Our results are consistent with theoretical pre-
dictions in the high-quality and different layer counts of WS,.
Unlike other similar SOT-based 2D materials work, such as
the spin source [14-17,19,44] and spin sink [21,22,45], the
correlation between the FM and TMDs plays more impor-
tant role in generation spin current, in particular the spin
polarization direction depends on the magnetization of FM.
This feature could be a breakthrough for the exploration of
spin-dependent transport phenomena in TMDs-based devices.

In conclusion, we demonstrated the variation of coercivity
and SOT of WS, /Co/Pt trilayers modulated by inserting the
WS, layer counts. The variation of coercivity and SOT effi-
ciency have the identical dependence on WS layer counts due
to SOPE. We expect our result to provide an efficient route for
material engineering towards improved SOT-based spintronic
devices.
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