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Abnormal sign reversal of the fieldlike spin-orbit torque in Pt/Ni/Py with an ultrathin Ni spacer

Zishuang Li,! Wenqiang Wang,' Xiang Zhan,' Haozhe Wang,' Kaiyuan Zhou,'

Tiejun Zhou,?*" and Ronghua Liu

13,1

' National Laboratory of Solid State Microstructures, School of Physics and Collaborative Innovation Center of Advanced Microstructures,
Nanjing University, Nanjing 210093, China
2Centre for Integrated Spintronic Devices, School of Electronics and Information,
Hangzhou Dianzi University, Hangzhou 310018, China
3National Key Laboratory of Spintronics, Nanjing University, Suzhou 215163, China

M (Received 14 February 2023; revised 30 July 2024; accepted 31 July 2024; published 16 August 2024)

The magnetization manipulation by spin-orbit torques (SOTs) in nonmagnetic-metal (NM)—ferromagnet
(FM) heterostructures has provided great opportunities for spin devices. Besides the conventional spin Hall
effect (SHE) in heavy metals with strong spin-orbit coupling, the orbital currents have been proposed as
another promising approach to generate strong SOTs. Here, we systematically study the SOT efficiency and its
dependence on the FM thickness and different NM—FM interfaces in two prototypical Pt/Py and Ta/Py systems
by inserting an ultrathin magnetic layer (ML), (0.4-nm-thick ML = Co, Fe, and Ni). The dampinglike (DL)
torque efficiency &pp is significantly enhanced by inserting ultrathin ML layers. Moreover, the Ni insertion
results in a sign change of the fieldlike (FL) torque in Pt/Py and substantially reduces &py, in Ta/Py. These results
are likely related to the additional spin currents generated by combining the orbital Hall effect in the NM and
orbital-to-spin conversion in the ML insertion layer and/or their interfaces, especially for the Ni insertion. Our
results demonstrate that inserting ultrathin ML can effectively manipulate the strength and sign of the SOTs,

which would be helpful for spintronics applications.
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I. INTRODUCTION

Current-induced spin-orbit torques (SOTs) in NM-FM
heterostructures have emerged as a promising approach
for electric control of magnetization reversal to achieve
energy-efficient SOT-magnetoresistive random access mem-
ory (SOT-MRAM) and compensation of the intrinsic magnetic
damping for self-sustained nano-oscillator [1-10]. The foun-
dation of these SOTs in bilayers is commonly associated with
the spin Hall effect (SHE) in the NM layer with strong spin-
orbit coupling (SOC) [11] and/or interfacial Rashba-Edelstein
effect iREE) [12,13] at the NM-FM interface with an en-
hanced interfacial SOC (iSOC) due to the inversion symmetry
breaking. Under an in-plane electric field along the longitudi-
nal direction of NM—FM bilayers, an out-of-plane spin current
with transverse spin polarization and a net spin accumulation
near the interface can be generated by SHE and iREE. These
generated spin currents flow into the FM layer through the
interface, consequently applying torques on magnetization
via the spin-transfer mechanism. The net spin polarization
due to the interfacial spin accumulation exerts torques on the
adjacent magnetization via the exchange interaction. Notably,
recent theoretical and experimental works have shown that
the orbital current, the flow of orbital angular momentum
perpendicular to the charge current, can be generated by an
electric field in a broader range of materials even without the
requisition of SOC. Termed the orbital Hall effect [14,15],
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the currents differ from their spin counterparts as they cannot
couple directly to the magnetization. Before exerting torque
on magnetization, the orbital currents must be converted into
spin currents via SOC in the NM, FM, and/or interface.

Based on torque and magnetization orientations, these
spin-current generated SOTs are distinctly classified as damp-
inglike (DL) torque [tpy &« m x (m X o)] and fieldlike (FL)
torque [T & (m x o)] [16,17]. In principle, the DL and FL.
torques arise from the absorption of the spin-current com-
ponent transverse to magnetization m and the reflection of
spin current with some spin rotation, respectively. In addition,
besides the spin-current generation mechanisms mentioned
above, the high interfacial transparency is also vital to achiev-
ing efficient magnetization manipulation for the development
of low-energy consumption spintronic devices because the
effective DL torque efficiency is given by &pp = TinBsh,
where Tj, signifies the interfacial spin transparency and 6, =
(2e/h)j/ j. denotes the charge-to-spin current-conversion ef-
ficiency, known as the spin Hall angle. Employing a simplified
drift-diffusion analysis [16,17], the spin current diffuses into
the adjacent FM layer via the mediation of electrons and
diminishes sharply near the NM-FM interface due to spin
backflow (SBF) and spin memory loss (SML) [18] (Tin =
TSBF x T.3ML). According to the SOT-generation mechanisms
above, it is a feasible scheme to achieve a high 6y, and/or a
large Tiy for a highly efficient manipulation of magnetization
in practical spin devices.

Previously, much effort has been contributed to exploring
high SOT efficiency through exploring spin-source materi-
als with high intrinsic bulk 6y, and tailoring the interface
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with enhanced spin transmissivity and substantial interfacial
SOTs [10,19,20]. Besides the extensively studied heavy met-
als (HMs) with strong SOC, such as Pt [18,21], Ta [2,5,22],
and W [23,24], other materials, including the topological insu-
lator Bi,Se;_, [25], Bi;—,Sb, [26], and the highly conductive
Pt;_.Au, [27] alloys have been proven to exhibit high 6,
or low-power consumption. On the other hand, interface en-
gineering, e.g., insertion of ultrathin nonmagnetic layer like
Hf [28], Mo [29], Cu [23,30,31], or two-dimensional van der
Waals material MoTe, [32] between the HM and FM layers,
oxygen-induced interface orbital hybridization [5], interfacial
H* and O ion manipulations [33], utilization of antifer-
romagnetic (or paramagnetic) insulating NiO or CoO, thin
layer [34-37], and magnetic metal spacer layer [38,39], has
also been explored intensely. Several different mechanisms
exist for these interface engineering methods (e.g., additional
interface-generated SOTs, enhancing interfacial spin trans-
parency, and orbital-to-spin current conversion) to enhance
SOT efficiency. The experimentally quantitative measurement
of the DL and FL torque efficiencies and identification of the
underlying mechanisms in two prototypical Pt- and Ta-based
systems are crucial for practical spintronics applications.

In this study, we present an investigation into the SOT
efficiency dependence of the prototypical Pt/Py on different
Pt-FM interfaces via inserting an ultrathin magnetic layer
(ML = 0.4-nm-thick Co, Fe, and Ni) sandwiched between
Pt and Py layers and Ta/Ni(0.5 nm)/Py, using spin-torque
ferromagnetic resonance (ST-FMR) technique with varying
thickness of Py. Notably, the dampinglike torque efficiency
&pL is enhanced by 21% with Co, 43% with Fe, and 33% with
Ni insertion layers. In contrast to the Pt/Py with a negligible
fieldlike torque &r. ~ —0.002, the insertion of an ultrathin
magnetic layer results in a considerable |&g | ~ 0.016—0.023
for Fe, and Co, and its sign reversal for the Ni insertion
system (&g ~ 0.011). For Ta/Ni/Py system, both &g and &p
are significantly suppressed by inserting a 0.4-nm-thick Ni
spacer but do not change their signs. Beyond the conventional
SHE-generated spin currents observed in the HM, our results
suggest the potential existence of spin currents originating
from the conversion of orbital currents to spin currents via
the orbital Hall effect (OHE) within the NM layer and SOC
within the FM layer, especially for the Ni insertion systems.

II. EXPERIMENTAL DETAILS

Multilayer films with the structure of Pt(6)/Py(z), Pt(6)/ML
(0.4)/Py(t) (ML = Co, Fe, and Ni) (number in parentheses
is thickness in nanometers) are deposited on annealed Al,O3
substrate with (0001) orientation by dc magnetron sputtering
at room temperature. A 2-nm-thick MgO covers all multilay-
ers to prevent oxidization in the air. To determine the SOT
efficiency from the total ferromagnetic-layer thickness (#3y)
dependence of the ST-FMR signal, we vary the Py thickness ¢
from 3 to 8 nm for the Pt/Py, Pt/Co/Py, and Pt/Fe/Py and from
3 to 10 nm for the Pt/Ni/Py. All the samples are patterned into
5-um x 8-um stripes with two top electrodes of Au (80 nm)
for ST-FMR measurement, as shown in Fig. 1(a). For the
ST-FMR measurement, an in-plane external field H is applied
at an angle of ¢ = 30° and ¢ = 210° from the longitudinal
direction of the stripes. To better eliminate the influence of
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FIG. 1. (a) Left: Illustration of the stack structure of multilayer,
coordinate system, and magnetization dynamics in the ST-FMR
measurement. Right: schematic diagram of the ST-FMR setup. (b),
(c) The representative ST-FMR spectra V,,;, obtained with the ex-
citation frequencies from f =4 to 12 GHz and f = 6 to 14 GHz
with a step of 1 GHz at ¢ = 30° for (b) Pt(6)/Co(0.4)/Py(3) and
(c) Pt(6)/Ni(0.4)/Py(3) samples, respectively. The solid lines are the
fitting results with Eq. (1).

experimental errors on the effective demagnetization field
47 M and linewidth AH, we used the average value of two
directions to analyze all the data.

III. RESULTS AND DISCUSSION
A. Spin-torque efficiencies in Pt-based trilayers

Figures 1(b) and 1(c) show the representative ST-FMR
spectra of Pt(6)/Co(0.4)/Py(3) and Pt(6)/Ni(0.4)/Py(3) sam-
ples with excitation frequencies from 4 to 12 GHz and 6 to
14 GHz, respectively, at ¢ = 30°. The obtained Vj,x signal is
fitted using a Lorentzian function [1,4,7]:

AH?

=V AH(H - Hres)
"[(H — Hyes)> + AH?]

(H — Hys)* + AH?]'
(1

where Vs, Va, AH, and H, are the symmetric and anti-
symmetric Lorentzian components, the linewidth, and the
resonance field, respectively. Based on the generated spin
current with conventional spin-polarization oy via SHE/iREE,
Vs is proportional to the out-of-plane DL torque effective field
Hpy, while V, is related to the sum of the in-plane Oersted
field Hp, and in-plane FL torque effective field Hp .

To investigate the interface-related SOTs, we measured
the ST-FMR spectra with various Py layer thicknesses (¢)
for the Pt/ML/Py trilayers. Figures 2(a)-2(d) show the repre-
sentative ST-FMR spectra Vp,ix for Pt/Py, Pt/Co/Py, Pt/Fe/Py,
and Pt/Ni/Py at f =9 GHz and ¢ = 30°. The ratio of the
magnitude of the symmetric and antisymmetric Lorentzian
components (Vs/Vy) is extracted by fitting Vi, spectra using

‘mix Va [
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FIG. 2. (a)-(d) The representative ST-FMR spectra of Pt/Py(z)
(a), Pt/Co/Py(t) (b), Pt/Fe/Py(t) (c), and Pt/Ni/Py(z) (d) at f =9
GHz and ¢ = 30°. The Py thickness ¢ is labeled in the panel. (e),
(f) The ratio of V5/Va (e) and FMR-SOT efficiencies &pyr (f) for
five different series of samples with various Py thicknesses. The
insets illustrate the SOTs and Oersted field torque in the opposite
(e) and same (f) directions to the FL torque. (g) The inverse of SOT
efficiency (1/&rvr) as a function of the inverse of the total magnetic
layer thickness (1/#5) for all Pt-based devices. The symbols and
solid lines are the experimental data and the linear fitting results,
respectively.

Eq. (1). The FMR spin-torque generation efficiency &pvr is
determined by the ratio of V5/V, as follows [40—42]:

Vs epoM, Ry fam
EFMR = —%\/1 + 4w Mgy /Hres ()

Va

where v, 3y, e, and 7 represent the thickness of the HM
layer and the total FM layer, the electronic charge, and
reduced Planck’s constant, respectively. The effective de-
magnetization 47 Mg is obtained by fitting the experimental
dispersion of f vs H, using the Kittel formula [7,41]: f =
(y /27 )/ Hres(Hyes + 4 M), where y /27 is the gyromag-
netic ratio.

Figures 2(e) and 2(f) show the obtained V5 /Va and &pyig for
all Pt/ML/Py samples with different Py layer thicknesses. For
all these Pt-based samples, the sign of V5 and V, is positive
and stays unchanged for all studied Py layer thicknesses,
consistent with the positive spin Hall angle of Pt [18,27] and
the dominant Oersted field torque against FL torque (V5 o
Toe — TrL) [inset of Fig. 2(e)] [43,44], or a superposition of
the Oersted field and FL torques (Vs & tge + 7rL) [inset of
Fig. 2(f)]. Compared to the Pt/Py without inserting layer,

the ratio of V5 /V, exhibits a significant enhancement for the
inserting Co and Fe, but suppression for the inserting Ni. As
shown in Fig. 2(f), the £pmr can also be substantially tuned by
inserting ultrathin ML metals. The ST-FMR efficiency &pmr
is related to DL- and FL-SOT efficiencies [41]: &pprr) =
2e/ h)MOMstf:(f\hHDL(FL) /Jje, Where j. represents the rf current
density in the HM layer. &pyr depends on 7oy because Hpy is
inversely proportional to the total FM layer thickness in terms
of Hp, o &p/tiy, and Ho, is independent of #g; if j. in the
HM layer stays the same [41,42]:

! = L( + EL) (3)
SR DL e oM titam

To determine the DL torque and FL torque efficiencies (&py,
and &g ), we plot the 1/&pvr as a function of 1/#% for all
Pt-based samples in Fig. 2(g). Figure 2(g) shows that the sign
of the intercept of all linear relations is positive, indicating that
&pL > O for all Pt-based samples, consistent with the positive
spin Hall angle of Pt. In addition, the Pt/Co, Fe, and Ni/Py
samples show a smaller intercept value than the Pt/Py bilayer,
indicating that the ultrathin ML (Co, Fe, Ni) insertion can
significantly enhance &py .

Furthermore, Fig. 2(g) shows that the Pt/Ni/Py exhibits
a positive slope that is opposite to the other four Pt-based
systems, indicating that the sign of &g is reversed by inserting
an ultrathin Ni layer. We note that according to the linear
dependence of 1/&pmr on 1/1% and Eq. (3), one can exclude
the additional contributions, including the spin-pumping and
thermal effects for &pp and &g. The determined values of
&pL and &gy for all five series samples from Fig. 2(g) are
summarized in Table 1.

B. Interfacial spin-transport parameters in Pt-based trilayers

According to the SOT-generation mechanism, the
interface-generated spin currents and the interfacial spin
transmission Ty, can significantly contribute to SOT efficiency
besides the bulk SHE inside the Pt layer. To shed light on
how the inserting ultrathin ML spacer impacts the DL and
FL torque efficiencies, we further characterize the interfacial
properties of the Pt/ML/Py trilayers by quantifying the
interfacial magnetic anisotropy energy density K, the real
and imaginary part of the effective spin-mixing conductance
Re(GeTé)and Im(GZf%), respectively, and the two-magnon
scattering coefficient (Brms). First, the K; can be quantified
from the 1/#9; dependence of 4w Mg using the following
formula [40,41]:

2K, 1
AT My = 4TMy — —— —. )
/"LOMS tFM

We determined 4w M. by fitting the measured f vs
Hs using the Kittel formula, as shown in the repre-
sentative Pt/Co/Py samples in Fig. 3(a). Since the ML
insertion layers are strongly exchange coupled to the ad-
jacent Py layer, the magnetic layer ML/Py is considered
as a single magnetic unit. For instance, the total satura-
tion magnetization M of the ML/Py is determined by the
formula of M, = (MY Yoy + MMty )/ (tey + tw), where the

MY and MMV are the saturation magnetization of Py and
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TABLEI. The parameters of the DL torque efficiency &py , the FL torque efficiency &g, the interfacial PMA energy density K, two-magnon
scattering coefficient Brys, the real and imaginary part of the total effective spin-mixing conductance Re(G;.ﬁ) and Im(G;.b, and the intrinsic
magnetic damping constant ¢y, for the Pt/Py, Pt/Co/Py, Pt/Fe/Py, Pt/Gd/Py, Pt/Ni/Py, and Ta/Ni/Py systems.

Re(GI)(10°Q 1 m2) Im(GIH(10°Q " m2)

Sample §pL ERL K(erg/cm?) Brms (nm?) Qint

Pt/Py 0.051 —0.002 0.255 0.124 0.500 —1.461 0.010
Pt/Co/Py 0.062 —0.023 1.402 0.211 0.747 0.455 0.014
Pt/Fe/Py 0.073 —-0.016 0.078 0.082 0.482 —0.340 0.010
Pt/Ni/Py 0.068 0.011 0.242 0.157 0.675 —0.096 0.008
Ta/Ni/Py —0.108 —0.034 0.060 0.052 —0.223 —1.194 0.008

ML, respectively. For the representative 6-nm-thickness sam-
ples, M{* =716emu/cm®, M = 1130emu/cm?, MFe =
1440 emu/cm?, and MsNi = 382emu/cm® are measured by
vibrating sample magnetometry, consistent with previously
reported values [5,40,41]. The obtained K; by fitting the ex-
perimental results using Eq. (4) in Fig. 3(b) is summarized
in Table I. K of Pt/Co/Py is several times larger than that of
Pt/Py, which is related to the strong interfacial perpendicular
magnetic anisotropy (PMA) for Pt/Co due to the strong iSOC.
However, for the Ni and Fe inserting layers, they have a small
K, comparable to the Pt/Py sample.

Furthermore, the Re(Ggé) and interfacial Brys can also be
characterized by analyzing the thickness-dependent magnetic
damping. Figure 3(c) shows the linewidth AH of the ST-

FMR spectra as a function for the representative Pt/Co/Py(¢)
samples. The effective Gilbert damping o, can be determined
by fitting these experimentally obtained linewidth AH data
using the formula of AH = 2n/y )aess f + AHy, where AH
is the inhomogeneous linewidth. The effective Gilbert damp-
ing o is further expressed as [45,46]

gush 1 !
Qeff = Oint + Re(sz%)MTMsez et + Prwis flor 2
M

&)

where g is the Landé factor, ug is the Bohr magnetron, and
h is Planck’s constant. The first term is the total magnetic
layer thickness-independent intrinsic Gilbert damping oy, the
second term is related to the spin-current loss via spin pump-
ing into the Pt layer and being absorbed due to spin memory
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FIG. 3. (a) The dispersion relation curves between f and H.s (symbols) and the corresponding Kittel fittings (solid curves) for the
Pt/Co/Py(t) samples. (b) The effective demagnetization field 4w M as a function of 1/#3; for all five series of Pt/ML/Py(¢) samples. The
solid lines are the linear-fitting result. (c) Linewidth AH vs resonance frequency f. The solid lines are the linear fitting. (d) Damping . as
a function of 1/#3; (symbols). The lines are the fitting results using Eq. (5). (e) The fitted value of the gyromagnetic ratio yg as a function of
1/ uzp for Pt/Co/Py(t) samples. The lower fitting frequencies are fixed at 4 GHz and the error bars are also plotted. The solid lines are the linear

fitting. (f) The inverse gyromagnetic ratio 1/y as a function of the inverse FM thickness 1/#%;. The solid line is the linear fitting.
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loss at the Pt—-ML and ML-Py interfaces, and the third term
is the contribution from the TMS process. The interface Brvs
depends on (2K,/M;)* and/or the density of magnetic defect at
the interfaces. To determine the Re(sz%) and interface Brms,
we plot the obtained a.g as a function of 1/#%; in Fig. 3(d).
The values extracted by fitting 1/#3; dependence of cs using
Eq. (5) are summarized in Table I. C0n51stent with the large K
above, the intrinsic Gilbert damping for the Pt/Co/Py sample
is more than 1.4 times that of the other four series. Meanwhile,
the Pt/Co/Py has a larger ST-FMR linewidth obtained at f =6
GHz than other systems with t = 6 nm.

Additionally, in FM/NM systems, the gyromagnetic ratio y
is also modified by the spin current pumped by FMR [47,48]:

1 1 gugh 1
- 1 —Im(G!} , 6
y Vo{ ) g, 2’%‘1’\2} ©

where Yy represents the intrinsic gyromagnetic ratio of the
isolated FM. Thus, we can calculate the imaginary part by
the linear fitting of the inverse gyromagnetic ratio on the
inverse FM thickness. Prerequisitely, we have to determine the
gyromagnetic ratio of samples with different FM thicknesses.
Here, we follow the methodology presented in Ref. [49] and
adopt an asymptotic analysis to the data obtained over a fi-
nite range of frequencies. The fitted value 5 has a strong
dependence on the range of the fitting frequency. With an
identical lower bound on the data used in the fitting, the
precise determination of y is the asymptotic value as the upper
fitting frequency f,, — oo. Empirically, the yg is linearly
proportional to 1/ fuzp and thus, the precise y is determined
by the intercept of the linear fitting. Finally, we can obtain the
imaginary part of the spin-mixing conductance from the slope
of the linear fitting of 1/y on l/t}%M. The calculation results
of Pt/Co/Py(¢) are shown in Figs. 3(e) and 3(f), and the other
results are also summarized in Table I.

From the DL and FL torque efficiencies and the interface-
dependent spin-transport parameters in Table I, we deduce
that the enhanced SOT efficiency with Co insertion are the
result of competition between the enhancement of iREE-
generated SOTs and Sqyvs. Both of these are closely related to
the strong iSOC at the Pt/Co interface. For the Fe insertion,
the smaller Brvs and negligible K indicate that the Pt/Fe
interface can improve the interfacial spin transparency and/or
the interfacial spin accumulation via enhancing the exchange
interaction for more considerable SOTs efficiencies.

In the Pt/Ni/Py configuration, the enhancement of £p;, may
be linked to the improvement of the interfacial spin trans-
parency and the additional interface-generated spin currents,
e.g., orbital current and orbital-to-spin conversion in the Pt/Ni
and Ni sublayer [50,51]. In contrast, the positive &g is oppo-
site to the other four Pt-based systems. Unlike the DL torque
related to the absorption of spin current, the FL torque arises
from the reflection of the spin current at the HM-FM inter-
faces. Therefore, the FL torque is more sensitive to changes in
the interfacial electronic structure when different ML spacers
are inserted. According to previously reported sign reversal of
SOTs due to the orbital torque in the Nb/Ni, Ta/Ni, and Cr/Ni
bilayers [50-52], in our case the sign reversal of &g observed
in the ultrathin Ni insertion system would also be correlated to
the secondary spin currents due to orbital-to-spin conversion
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FIG. 4. (a) The experimental dispersion curves of f vs Hi
(symbols) and the corresponding Kittel fittings (solid curves) for a
series of Ta(6)/Ni(0.4)/Py(z) samples with the labeled Py thickness 7.
(b) Linewidth AH vs resonance frequency f. The solid lines are the
linear fittings. (c) The typical ST-FMR spectra V;,;x obtained at f = 5
GHz and the corresponding Lorentzian fitting curves using Eq. (1).
(d) The experimental data of 1/&pmr Vs 1/tf5;, and their linear fitting
using Eq. (5). The error bars are significantly smaller than the data
symbols.

occurring at the Pt/Ni interface or inside the Ni spacer, since
Ni possesses the largest orbital-to-spin conversion efficiency
compared with the other ML according to the first-principle
calculated results [50].

C. Spin-orbit torques in Ta/Ni/Py trilayers

To further investigate the sign reversal of fieldlike torque
caused by inserting an ultrathin Ni spacer in the Pt/Py system,
we adopt the Ta(6)/Ni(0.4)/Py(t) system as a control experi-
ment. Figure 4(a) shows that the corresponding six dispersion
curves of a series of Ta/Ni/Py(¢) witht = 3-, 4-, 5-, 6-, 8-, and
10-nm samples collapse into a single curve, which the Kittel
formula can fit well with nearly the same parameter, M. =
780 emu/cm?, suggesting a good consistency for the series
of samples and a weak interfacial perpendicular magnetic
anisotropy (PMA) energy density K at the Ta/Ni interface.
The effective Gilbert damping o can be determined by
linearly fitting the linewidth AH vs f data in Fig. 4(b). Fur-
thermore, &y, BTMms, Re(Geff) and Im(G ) can be extracted
by fitting 1/#3; dependence of o and 1 /y using Egs. (5)
and (6), respectively, the same as in Figs. 3(d) and 3(f). These
values for Ta/Ni/Py trilayer system are also summarized in
Table I.

Figure 4(c) shows the representative ST-FMR spectra ob-
tained at f = 5 GHz and their Lorentzian fitting curves with
Eq. (1). The blue and brown lines represent the antisymmet-
ric Vo and symmetric components Vs of the Vi spectra,
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respectively. In contrast to the Pt/Ni/Py system, the Vs sig-
nal reflecting the DL torque is negative and opposite to the
Pt-based system in Fig. 2(e), consistent with the expectation
because of the negative spin Hall angle for Ta. The nega-
tive intercept &pp, = —0.108 of the linear fitting 1/&pvr VS
/6 using Eq. (3), as shown in Fig. 4(d), also confirms
it. More surprisingly, we find the V, signal reversal during
increasing Py thickness from 7 < 4 to r > 5 nm. Based on
the discussion of Pt-based systems above, the Oersted field
torque 7o, has the dominant contribution to V4 for all stud-
ied samples with different Py thicknesses because Pt has
a higher conductance than the studied ML. However, for
Ta/Ni/Py system, the Oersted field Hp. is expected to be
reduced significantly if the total rf input current stays the same
for Pt- and Ta-based systems because Ta has more than 10
times lower conductance than Pt. In addition, the FL torque
is inversely proportional to the thickness of the FM layer
Hp = 2% %, and thus decreases with increasing Py thick-
ness, while the current-induced Oersted field on the FM
layer Ho. = J’f’ZNM is approximately linearly proportional to
the thickness of the underlying NM layer and remains iden-
tical in the series with a constant thickness of the Ta layer
[41]. Therefore, the V) signal reversal with #gy; infers that the
considerable FL torque trr, and 7o, have the opposite direction
in the Ta/Ni/Py system [43,44], as illustrated in the inset of
Fig. 2(f).

Next, from the linear fitting 1/&pvr vs 1/£% using
Eq. (3), we obtain the torque efficiencies épp, = —0.108 and
&L = —0.034 for Ta(6)/Ni(0.4)/Py(t) system. Contrary to
the Pt/Ni/Py discussed above, both DL and FL torques in
Ta/Ni/Py have the same sign as the pure Ta/Py. However, the
previously reported Ta/Ni and Nb/Ni exhibit the positive sign
for both DL and FL torques, opposite to Ta(6)/Ni(0.4)/Py(t),
Ta/Py, and Nb/Py [51]. The reported sign reversal of DL and
FL torques in Ta/Ni and Nb/Ni bilayers indicates that a strong
orbital current is generated in Ta and Nb sublayers and then
converted into the spin currents inside the Ni sublayer [52].
Furthermore, previous studies report that the orbital-to-spin
conversion length is generally several nanometers [53,54].
Therefore, in our case, the 0.4-nm-thick Ni insertion layer
is too thin to convert the input orbital current to spin current
completely and sufficiently. Thus, the sign of &g, in Ta/Ni/Py
remains unchanged. Additionally, the enhancement (suppres-
sion) of &p in Pt/Ni/Py (Ta/Ni/Py) is also consistent with the
expected positive sign of orbital torque in Pt- and Ta-based
systems because, unlike spin Hall conductivity, the orbital
Hall conductivity is positive for both Pt and Ta [55].

D. Discussion of sign reversal of &, in Pt/Ni bilayer
and Pt/Ni/Py trilayer

There have been some preceding studies on the &g in
various systems, mainly focusing on the influence of inter-
facial effects. For example, in the Pt/Ni and Pt/Fe bilayer
systems, the &pp is almost identical, while the &g, exhibits
opposite signs despite the same underlying Pt sublayer [40]. In
Ref. [40], this is attributed to the sign change of the imaginary
part of the spin-mixing conductance resulting from different
interfacial electronic structures. We also plot all the calculated
results of both &p, Re(Ggfif) and &g, Im(G;%) of all studied

samples in Fig. 5. According to the previous theories based on
the drift-diffusion approximation [16,17,41], in the absence of
spin memory loss, the torque efficiencies have a relation with
the spin-mixing conductance as
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where Gnm = onm/As,nu 1S the spin conductance of the NM.
Even considering the potential strong spin scattering and spin
memory loss induced by the ultrathin FM insertion layers, the
torque efficiencies should retain a general proportionality to
the spin-mixing conductance. As depicted in Fig. 5(a), the
Re(Ggf%) can roughly interpret the &pp variation induced by

ultrathin FM insertion layer. However, the Im(Gfo) fails to
reproduce the changes in &g, either the rise-and-fall trends or
the positive-negative sign characteristics. Such a discrepancy
highlights the possibility that our experimental results might
go beyond the conventional interpretation, which primarily
takes into account the spin degree, including either the SHE
in bulk NM or interface-generated spin currents, but neglects
the orbital degree.

As for the Ta/Ni and Nb/Ni bilayers mentioned above
[50,51], both &pp. and &g reverse their signs compared to
Ta/Py and Nb/Py, as summarized in Table II. The widely
recognized reason is that the Ta/Ni and Nb/Ni systems gener-
ate considerable orbital current-converted spin currents with
the polarization opposite to the SHE-generated spin currents
because of a high orbital-to-spin conversion efficiency in the
Ni sublayer and a positive giant orbital Hall (OH) conductivity
oon in the Ta and Nb sublayers [50,51], which differs from
both positive signs for spin Hall and orbital Hall conductivities
in the Pt. In our studied Ta/Ni/Py trilayer with a 0.4-nm-
thick Ni spacer, the values of both &pp, and &g, are reduced
significantly compared to the Ta/Py bilayer, but their signs
remain unchanged. The reason is that the ultrathin Ni spacer
is thinner than the orbital-to-spin conversion length of several
nanometers [53,54], so the orbital currents generated by the
Ta sublayer are not fully converted into spin currents in only
0.4-nm-thick Ni spacer and cannot wholly surpass the SHE-
generated spin currents with the negative sign and reverse the
sign of &pp and &gy as the previously reported Ta/Ni bilayer
[50]. Different from Ta/Ni/Py trilayer, our studied Pt/Ni/Py
system exhibits a sign change of the &g, the same as the
previous Pt/Ni bilayer.

However, according to Hund’s rules and first-principle
calculated results [50], Fe, Co, and Ni all exhibit positive
orbital-to-spin conversion efficiency, indicating that the spin
current converted from orbital currents by the Ni sublayer
shares the same polarization with the SHE-generated spin
currents within the Pt sublayer. Thus, it might be insufficient
to account for the observed sign reversal of &g within the
previously reported Pt/Ni bilayer and our Pt/Ni/Py trilayer if
only considering the signs of the spin Hall and OH conduc-
tivities of the Pt sublayer and the orbital-to-spin conversion
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FIG. 5. Calculated results of (a) dampinglike torque efficiency &p;, and the real part of the effective spin-mixing conductance Re(GZt% ), and
(b) fieldlike torque efficiency &r, and the imaginary part of the effective spin-mixing conductance Im(Ggfb, respectively.

of the Ni sublayer, as summarized in Table III. Based on all
sign results of &p;, and &g for various systems in Table II,
we propose a possible reason for the sign reversal of &g
and the enhancement of &pp in Pt/Ni/Py. This explanation
considers the influence of orbital-to-spin conversion occur-
ring within the Ni insertion layer or at the Pt/Ni interface,
thereby contributing to &z with a polarization opposite to
that of SHE-generated spin currents within the Pt sublayer
or other potentially underestimated origins impacting the FL
torque. Different from the prominent &g, in Ta-based systems,
Pt-based systems exhibit a significantly smaller &g, than &pp,
so that the emergence of secondary abnormal attributions to
the FL torque can be easily observed. Our experimentally ob-
served abnormal sign reversal of the FL torque in the Pt/Ni/Py
system warrants further theoretical and modeling studies of
spin Hall, orbital Hall effects, the conversion between them,
and the relationship between them and spin torques in the
most-studied NM-FM bilayer systems.

Apart from the orbital torque mechanism, we also ana-
lyze other possible interface-related spin-dependent scatter-
ing mechanisms, particularly the spin-filtering effect [56].
The spin-filtering effect originates from the interfacial
momentum-dependent spin-orbit field, such as the Rashba or
Dresselhaus effective fields [12,13]. The electrons with spins
parallel or antiparallel to these interfacial spin-orbit fields
experience different scattering amplitudes. Consequently, the
reflected and transmitted electrons become spin polarized
even if the incoming electrons are unpolarized. However,
this scenario diverges from our experimental configuration,
where the spin Hall effect in the underlying Pt layer generates
the spin currents with a transverse spin polarization. These
spin-polarized currents might substantially encounter distinct

scattering amplitudes when passing through the Pt-ML and
ML-Py interfaces, resulting in different spin transparencies,
which have already been partly characterized through the
spin-mixing conductance above. It is also important to note
that even if the spin-filtering effect or interface-generated
spin currents play an important role [16], the generated spin
currents would naturally diffuse and flow into the adjacent
FM layer and modulate both the dampinglike and fieldlike
torque efficiencies. Also note that the interfaces between Pt
and Fe, Co, Ni exhibit inversion symmetry breaking and the
same heavy-metal Pt sublayer. These attributes give rise to the
Rashba effective field with the same orientation due to the
expected surface-potential gradient with the same direction,
implying that subsequent modifications in torque efficiencies
have the same tendency across these interfaces [16,17,57].
This perspective, however, is inconsistent with our experimen-
tal results that only the fieldlike torque efficiency exhibits a
sign change with Ni insertion alone.

IV. CONCLUSION

In summary, our study examines the SOT efficiencies in
the HM-ML-Py trilayers with 0.4-nm-thick Co, Fe, and Ni
spacer, employing the ST-FMR spectra technique. Compared
to the Pt/Py bilayer with &pp ~ 0.051, we find that the
DL torque efficiency &p;, is significantly enhanced by in-
serting an ultrathin ML spacer to modulate the interfacial
spin transparency and/or the interface-generated spin currents,
including iREE and orbital-to-spin conversion. Besides the
DL torque, the FL torque is significantly enhanced for all
ML inserting systems and even changes its sign in the Ni
insertion system. In contrast with Pt/Ni/Py system, Ta/Ni/Py
system demonstrates a notable reduction in &py,, but does not

TABLE II. Signs of the dampinglike torque efficiency &p;. and the fieldlike torque efficiency & in selected systems.

Pt/Fe Pt/Fe(0.4)/Py Pt/Ni Pt/Ni(0.4)/Py Ta/Py Ta/Ni Ta/Ni(0.4)/Py Nb/Py Nb/Ni
épL + + + + — + - — +
ErL — — + + — + — — +
Refs. [40] This paper [40] This paper [51,52] [51,52] This paper [52] [52]
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TABLE III. Signs of orbital-to-spin conversion efficiency (spin-
orbit coupling) (L - S), spin Hall conductivity osy and orbital Hall
conductivity ooy of selected elements.

Fe Co Ni Pt Ta Nb
(L-S) + + + +
OSH + + + + - -
OOH + + + +
Refs. [51] [45] [45] [51] [51,52] [52]

change the sign of SOTs by inserting a 0.4-nm-thick Ni spacer.
The specific results for the ultrathin Ni insertion systems may
find explanation in the secondary spin currents due to the
OHE-generated orbital currents in the NM, subsequently con-
verted to spin currents in the Ni insertion layer and/or Pt/Ni

and Ta/Ni interfaces. Further theories and numerous models
are essential to clarify these various spin-current generation
mechanisms, especially for orbital-to-spin current conversion
and spin-polarization directions in the FM and its interface,
which would facilitate the electrical control of perpendic-
ular nanomagnets for SOT-MRAM with promising high
performance.
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