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ABSTRACT

To enhance spin-orbit torque (SOT) efficiency, various approaches exist, including the modification of spin mixing conductance through
interface engineering. Recent studies have highlighted that transition metal dichalcogenides with strong spin-orbit couplings serve as spin
sources and sinks even in few-layer configurations. In this study, we carry out spin torque ferromagnetic resonance measurements on SOT
devices with insertion of a bulk WSe, underlayer and reveal a notable increase in their spin mixing conductance and damping-like torque effi-
ciency. Using the spin transparency model, we quantitatively unveil the reduction of the spin backflow factor, verifying the role of spin sink

layers in SOT modification.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0221102

An electrical control of magnetization using spin—orbit torques
(SOTs) ™ is promising for spin-based devices.® These SOTs arise
from spin-orbit coupling effects like the spin Hall effect’ '* and the
Rashba-Edelstein effect’”'” in ferromagnetic/non-magnetic metal
(FM/NM) structures. The effectiveness of SOTs on the FM layer is
characterized by the SOT efficiency, which is related to the spin Hall
angle Osyy of the NM layer and the spin transparency T at the FM/NM
interface.

The backscattered spin currents from the FM/NM interface,
called spin backflows, however, reduce the net spin currents acting on
the FM magnetization. This backflow effect can significantly degrade
the overall SOT efficiency.'® The suppression of spin backflow is there-
fore crucial for realizing highly efficient SOT devices. Recent experi-
ments have revealed approaches like utilizing spin sinks or tailoring
interface properties to mitigate this detrimental spin backflow and
enhance SOT."” " For example, the presence of monolayer and bilayer
transition metal dichalcogenides (TMDs) at the NM/FM interfaces
was reported to increase spin current injection into the FM layers.”’
With large spin-orbit coupling, the 2D flakes also function as spin
sinks under the NM layers and enhance the SOT efficiency.”"”* While
the enhancement leads to an idea of reduced spin backflow, it has not
been evaluated in numbers. To address the roles of 2D TMDs in SOT
devices, a quantitative evaluation of the spin backflow will be crucial.

In this work, we present a heterostructure consisting of WSe,/
platinum (Pt)/permalloy (Py)/aluminum (Al), with the specific goal of

reducing spin backflow within the thin Pt layer. Our approach involves
the utilization of spin torque ferromagnetic resonance (ST-FMR)
(shown in Fig. 1)'” as a methodology for evaluating spin transparency
within the WSe,/Pt/Py/Al heterostructure. Employing the spin trans-
parency model, we can quantitatively estimate the spin backflow factor
and examine the contribution of different interfaces in the devices.

The ST-FMR circuit [yellow part in Fig. 1(a)] is fabricated as
coplanar waveguides (CPWs)” with ground-signal-ground (G-S-G)
architecture. The fabrication process begins with photolithography on
a sapphire substrate (C-plane) using a laser writer (Heidelberg
DWL66). Subsequently, Cr/Au electrodes are thermally deposited
with a base pressure of 2 x 10~ ®mbar. The deposition rates for Cr
and Au are 0.5 and 1A/s, respectively. The circuit dimensions are
1.6 X 1.25mm’.

The exfoliated WSe, flakes with thicknesses ranging from 10 to
30nm were transferred onto the signal electrode, bridging the gap
between the signal and ground electrodes. A further photolithography
step is performed to define a rectangular bar structure. Following this,
magnetron sputtering is employed to deposit Pt, Py, and Al, with a
base pressure of approximately 7 x 10~® mbar. The Pt (4nm)/Py
(8.28 nm)/Al (2 nm) resistivity is 1.4 = 0.2 x 10~° (Q m) on WSe, and
12%0.2 x 107° (Qm) on SiO,, which is highly insulating as the sap-
phire substrates. The comparable resistivity values of the trilayer struc-
ture on these substrates indicate minimal current shunting through
the WSe; layers. The deposition rates for Pt, Py, and Al are 0.39, 0.12,
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FIG. 1. (a) Schematic diagram of ST-FMR setup (b) utilizing WSe, as spin sink in
WSe,(bulk)/Pt(2 nm)/Py (t nm)/Al(2 nm) multilayer.

and 0.067 A/s, respectively. Here, we need to address that Al prevents
the oxidation of other layers. After fabricating the ST-FMR circuit, we
connect it to G-S-G bigger electrodes with silver paste, providing a
convenient connection to our radio frequency (RF) source.

The ST-FMR measurement uses a vector network analyzer
(Keysight 4294A) as the microwave source. The generated spin
torque-induced DC voltage is combined with the RF voltage, and to
segregate the DC and AC components, a bias tee is employed. Due to
the high resistivity of WSe, without external gating or doping, current
does not flow into WSe,. Therefore, the ST-FMR voltage is mainly
from the Pt layer. To generate a larger SOT-generated voltage, we need
to use higher microwave power (13 dBm). The DC component is sub-
sequently measured using a nano-voltage meter (Keithley 2182). The
applied magnetic field is oriented at 45° relative to the signal line,”* a
configuration optimized to achieve the maximum ST-FMR voltage
due to largest the anisotropic magnetoresistance (AMR).

To investigate the correlation between the reduction of spin back-
flow and the strength of SOT efficiency with and without WSe, under-
layer, we opted to explore the thickness dependence of Py. This
approach allows us to extract the key SOT-related parameters, namely
SOT, the damping-like torque (DLT), and the field-like torque (FLT)
efficiency, along with spin-related parameters such as spin mixing
conductance and spin backflow.

For assessing spin backflow, we require information on the
change in spin mixing conductance. This involves identifying the FM
thickness dependence of the damping constant. These parameters can
be estimated through the FM thickness dependence of ST-FMR mea-
surements. Specifically, the symmetric term, anti-symmetric term, and
linewidth will be obtained through fitting ST-FMR voltages. The pro-
cedure is depicted in the flow chart in Fig. 2.

We utilize Eq. (1) to fit the bias tee voltage'” with WSe, under-
layer [Fig. 3(a)] and without WSe, underlayer [Fig. 3(b)], extracting
parameters such as Hpyr, AH, the symmetric term (Vs), which is
associated with the DLT, the antisymmetric term (V), which is linked
to the FLT, and the Oersted field,
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FIG. 2. The flow chart illustrates the process of extracting the final parameter &p,
&L, and spin backflow. The orange rounded rectangles at the bottom of the dia-
gram highlight these key output parameters. Key components include the symmetric
Lorentzian term (Vs), antisymmetric Lorentzian term (V,), ferromagnetic resonance
field (Hrwr), and linewidth (AH) in fitting Eq. (1). Additionally, the effective magneti-
zation (Meg) is determined in Eq. (2). The torque efficiency terms are spin-orbit tor-
que (&pyr), damping-like torque (Ep.), and field-like torque (&g ) describing the
relationship in Eq. (6).

Ve AH? V- AH(Hext — Hemr) N
AH? + (Hext — Hrmr) AH? + (Hext — Hrmr)

1

Equation (2) is shown to be consistent with the Kittel formula® and

acquires the effective magnetization (M), describing the relationship

between microwave frequencies and resonance field, where f and y
denote the microwave frequency and gyromagnetic ratio y, respectively,

V(Hext) =

f= % v/ Hewr (Hemr + 47Megr). (2)

The effective magnetizations obtained from fitting are 7178.68 Oe
with the inclusion of WSe, and 5943.37 Oe without WSe,, as shown in
Fig. 3(c). The increased Mg might result from smoother thin films
grown on the WSe, surfaces.”

In Eq. (1), Vs and V, are related to the DLT and FLT efficiency
as follows:”’

_ E ﬁDL]erf
ST 2eanM T

rf rf
. (ﬁfn_fe+fe dM)m @

3

2e Mt 2

where ¢, i, t;flf,l, dnum, and ]éf are the elementary charge, PlancK’s con-
stant, effective thickness of the FM layer, thickness of the NM layer,
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FIG. 3. (a) Frequency dependence of WSe,/Pt (2 nm)/Py (8.28 nm)/Al (2nm) sam-
ple; (b) frequency dependence of Pt (2 nm)/Py (8.28 nm)/Al (2nm) sample; (c) the
relation between frequencies and resonance fields. The solid lines represent the
fitting from Eq. (2).
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and radio frequency current on the electrode, respectively. The satura-
tion magnetization M; of Py is 805 emu/cm’ measured by a vibrating-
sample magnetometer (VSM).
Vs e eff
CrMR = Vo M - ey - damy/1+ (4nMee/Hewr) — (5)
A

is the SOT efficiency.”” It serves as the parameter defining the strength
of spin-to-charge conversion, interacting with various torques, such as
the DLT, FLT, and Oersted field. ryr changes with variations in the

thickness of the FM layer due to the field hgr = h_ ) in Eq. 4)%

T 2e4nM T

To provide a more precise description of SOT efficiency across differ-
ent FM or NM thicknesses, the modified relationship should follow
Eq. (6). This revision separates Epyp into Epp and Eyp. It is essential to
note that &pyy is not power dependent since Vs/Va to normalize the
varying microwave current at different frequencies due to slight varia-
tions of power absorption from the CPWs as well as frequency-
dependent power decay. Our measurement approach involves analyz-
ing the correlation between the SOT efficiency and the thickness of the
EM layer. This method allows us to extract the DLT and FLT efficiency
by assessing the thickness dependence of the FM using Egs. (5)
and (6),”

1 1 h CrL
] ©)
Sk SpL ( e AnMegr - Ll - dam

The intercept of this fit provides the value 1/&p;, while the slope
is directly proportional to 1/&g; shown in Fig. 4. For samples incorpo-
rating WSe,, we determined the DLT efficiency to be 0.28 * 0.25 and
the FLT efficiency to be 0.05 * 0.06, resulting in an R-squared value
(R?) of 0.91. In contrast, for the control sample without WSe,, the
DLT efficiency was measured at 0.16 = 0.12, and the FLT efficiency
was found to be 0.04 = 0.04, yielding an R-squared value of 0.96.
These results indicate that the insertion of a WSe, underlayer led to an
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FIG. 4. Inverse Py thickness dependence, 1/t, of inverse SOT efficiency 1/&ryr.
The solid lines represent fitting curves based on Eq. (6). The data are plotted using
the inverse scale for convenient analysis.
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enhancement in the DLT efficiency, while the FLT efficiency showed
minimal change. The similar FLT values suggest consistent interfaces
between the Pt and the Py layers since the FLT is largely contributed
by the interfacial Rashba effect.”

On the other hand, we can utilize the same ST-FMR voltages to
fit the spin mixing conductance by thickness dependence of FM. Since
the damping constant (o) can be extracted from the frequency depen-
dence of linewidths (AH), deriving the value using Eq, (7),” which are
within a reasonable range of damping constants for Py films of similar
thickness.””

2
AH = AH, + %“ f. @)

The representation of spin mixing conductance relies on the slope
derived from the inverse thickness dependence of the FM layers in the
following equation,'” in which the damping constant varies with the
FM thickness (tf:if,[) and G is the effective spin mixing conductance:

2nyh? Glflf 1

—. 8
eM, il ®

o= 0y

The damping constants are smaller with the WSe, underlayer,
which may result from reduced intrinsic damping constant o, due to
smoother film growths on WSe, flakes. To further confirm the spin
injection, we need to do thickness dependence of FM layers from damp-
ing constant. Figure 5(b) represents the inverse thickness dependence of
the damping constant, with the blue fitting having an R® value of
0.965 and the red fitting yielding an R* value of 0.976. The fitting gives
the effective spin mixing conductance as Gysge, =2.9 * 0.4 X 10"
(Q "' m~2) with WSe; and Gpphire = 24 = 04 x 10" (Q~' m~2) with-
out WSe,. Notably, we observed an increase in spin mixing conduc-
tance upon introducing the WSe; layer. It should be noted that the two
magnon scattering (TMS) contribution can be estimated by adding a
(1/t8)? term to Eq. (8), from which our fitting result shows that the
TMS contribution is negligible. On the other hand, it can be seen that
AHey of the WSe,-based sample is slightly larger in Fig. 5(a), while the
film inhomogeneity should be reduced via smoother growths on WSe,.
We suspect that the low thermal conductivity of WSe, causes local tem-
perature variations during measurements and is responsible for the
broadened linewidths.”””" To estimate the reduction in spin backflow
and explain the increasing spin mixing conductance, we can employ a
straightforward spin transparency model described in Fig. 6.

As shown in Fig. 6, Py exhibits an intrinsic damping term .
When a spin current passes through the interface, it encounters spin
memory loss due to scattering. Subsequently, there is a spin mixing

resistance G+ across Py to Pt. Finally, the dissipation in Pt is charac-
ey /bt
terized by & In this model, the effective spin resistance of Pt is influ-

enced by WSe, and the sapphire substrate, altering the spin backflow.
The spin transparency (T) is defined as (1 — J) - &,'” where J repre-
sents the spin relaxation factor at the interface, and ¢ is the spin back-
flow factor in the NM layer. This T measures the ease with which spin
can traverse through all the layers. The reduction of T enhances spin
injection into adjacent layers. The introduction of WSe, is aimed at
diminishing spin backflow. We assume that spin relaxation remains
constant at the Pt/Py interfaces due to the unchanged FLT efficiency.
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FIG. 5. (a) The slope of linewidth vs frequency indicates the strength of the damp-
ing constant. The solid lines represent fitting curves based on Eq. (7). (b) Py thick-

ness dependence of damping constant can estimate the effective spin mixing
conductance. The solid lines represent fitting curves based on Eg. (8).

The spin backflow of Pt on sapphire can be computed as &gpphire

_ . YGem 19 . .
= e/, = 0.983+0.004. © Here, the spin conductance is
defined by Gp = “J1/n) — 0.21+0.01 x 10 (@' m™2), with /p

being 4 nm,”” and the spin mixing conductance G1,' s 12 + 2 x 10

Py/Pt
(Q 'm2).” Using the effective spin mixing conductance™ Giapphire

= Gg/Pt[ (1- 5)2 - Exapphire]> We calculate o to be 0.10 * 0.03.

Subsequently, we use ¢ and Gyse, to obtain ews., = 0.76 = 0.06.

Our model suggests that inserting WSe, may change the effective
spin resistance of Pt (1/Gp), consequently reducing spin backflow,
which explains the observed increase in effective spin mixing conduc-
bypill — (1= 0)?
reduction in spin backflow ewse (0.76) compared to &gpphire (0.98)
when introducing WSe,, resulting in enhanced spin injection. This is
accompanied by an improvement in the DLT efficiency, rising from
0.16 to 0.28 compared to the pristine system. It has been reported that

tance Ger = G -¢g]l. Our analysis demonstrates a
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FIG. 6. The circuit model represents the
angular momentum flow driven by FMR
excitation in the WSe,/Pt/Py trilayer. Spin
current is distributed among parallel resis-

I | | tance channels arising from spin pumping

into the Py seed and Pt spin sink layers,
alongside spin memory loss. Moreover,
the spin resistance of Pt is directly linked
to the spin backflow factor.”

TABLE I. Results of Pt/Py/Al and WSe,/Pt/Py/Al films from fitted ST-FMR spectrum and spin transparency model: G is the spin mixing conductance, ¢ is the backflow factor, T
is the spin transparency, &p is the DLT efficiency, and &g, is the FLT efficiency. The estimated values are obtained directly from the figures in Refs. 22 and 35.

Sample Gegr(x10 Q' m~2) e(x1072) T(x1072) Epr(x1072) Epr(x1072) Reference
Pt/Py/Al 24*+04 98.3 0.4 88*3 16 £ 16 4*4 This work
WSe,(bulk)/Pt/Py/Al 29*+04 76.0£6 687 28 £25 5+6 This work
Pt/Co 9.9 32 42=*7 26 £ 25 19
Pt/TiN/Co 6.4 53 18 4 5*19 19
Py/Pt ~69 9.0*04 24*+03 35
Py/NiO (0.6 nm)/Pt ~82 ~10 ~3 35
Pt/Co/AlO, ~6.2 e 22
WSe,(5ML)/Pt/Co/AlO, ~14.1 . 2

the spin transparency and the DLT and FLT efficiencies can be
adjusted via interfacial modifications at the FM/NM interfaces. An
insertion layer could improve or suppress spin injections depending
on the material choices, and generally, both the DLT and FLT efficien-
cies are influenced, as shown in the work of Moriya et al. 1% and Dong
et al”” in Table I. A structure with underlayer spin sinks has been
reported in the work of Xue et al.”* (in Table T) in which the spin back-
flow factor and the FLT efficiency were not acquired. Using a different
methodology, including the spin transparency model, we quantified
spin transparency, spin backflow, and the DLT as well as FLT efficien-
cies. The unaltered FLT efficiency indicates a negligible additional
Py/Pt and Pt/WSe, interfacial SOT contribution, such as the Rashba
effect, agreeing with spin injection enhancement from the spin sink,
and thereby selectively controlling spin torque -efficiencies. The
approach utilizing an underlayer signifies a distinct strategy compared
to FM/NM interface engineering and allows for a more comprehensive
understanding of future underlayer engineering.

In conclusion, our study demonstrates the enhancement of spin
mixing conductance through a bulk WSe, underlayer, while maintain-
ing a consistent interface state and unaltered FLT efficiency. Analysis
of the ST-FMR spectra revealed an increase in spin mixing conduc-
tance (from 2.41 to 2.85 x 10" Q™' m~2). Notably, the DLT efficiency
improved significantly from 0.16 to 0.28, which is a 75% increase,
whereas the FLT efficiency showed minimal change. This selective
enhancement of the DLT is linked to effective reduction of the spin
backflow, which is a 22.7% decrease quantitatively evaluated through
the spin transparency model. These findings offer valuable insights for

optimizing spin-based devices by mitigating spin backflow without
perturbing the interface, with significant implications for future spin—
orbit torque research.
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