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The binary alloy/ferromagnetic metal heterostructure has drawn extensive attention in the research field of spin—orbit
torque (SOT) due to the potential enhancement of SOT efficiency via composition engineering. In this work, the magnetic
properties and SOT efficiency in the Ptjg9_,Nix/NiygFey, bilayers were investigated via the spin-torque ferromagnetic
resonance (ST-FMR) technique. The effective magnetic anisotropy field and effective damping constant extracted by an-
alyzing the ST-FMR spectra show a weak dependence on the Ni concentration. The effective spin-mixing conductance
of 8.40 x 101 ©~!.m~2 and the interfacial spin transparency 7j, of 0.59 were obtained for the sample of Pt;oNizo/NiFe
bilayer. More interestingly, the SOT efficiency that is carefully extracted from the angular dependence of ST-FMR spectra
shows a nonmonotonic dependence on the Ni concentration, which reaches the maximum at x = 18. The enhancement of
the SOT efficiency by alloying the Ni with Pt shows potential in lowering the critical switching current. Moreover, alloying

relatively cheaper Ni with Pt may promote to reduce the cost of SOT devices.

Keywords: spin-orbit torque, magnetic doping, spin-torque ferromagnetic resonance

PACS: 75.47.—m, 85.75.—d, 71.70.E;j

Spin—orbit torque (SOT) has been widely employed

for driving magnetization switching,!!~®!
13-15]

magnetization
oscillation,[g‘lzl domain wall motion,! and skyrmion
motion, ['6~1%] exhibiting promising potentials in spintronic de-
vice applications. A typical SOT sample has a bilayer structure
consisting of heavy metal (HM)/ferromagnetic metal (FM). In
general, the HMs are chosen from 5d elements, such as Ta,
W, and Pt.l=79-21] When passing an electrical current in the
HM/FM, it generates an out-of-plane spin current due to spin
Hall effect and/or Rashba effect. The spin current diffuses into
the adjacent FM layer and exerts torques, i.e., the SOTs, act-
ing on the magnetization of FM. To reduce the electrical cur-
rent density for magnetization manipulation and hence lower
the power consumption, it is essential to enhance the SOT ef-
ficiency (€pr), which has become one important goal in the
study and application of SOT.

One of the effective methods to enhance the SOT effi-
ciency is alloying light nonmagnetic elements with the com-
monly employed heavy metals, such as doping Al, Hf, Au, Cu
into Pt,[?>26] doping Cu into Ta,!*’! and doping oxygen into
W.[28] The enhancement of SOT efficiency via alloying has
been believed to be related to the increased resistivity (ppm) of

the heavy metal if the SOT is originated from the spin Hall ef-

DOI: 10.1088/1674-1056/abe3f4

fect and the intrinsic band structure effect is dominant. This is
because Epy can be expressed as Epp, = ﬂnz—{cé‘ﬁ” PuM, where
oOsy is the spin Hall conductivity, 23239 and thereby &py can
be enhanced by increasing the pyy if the osy is not degraded
and the spin transparency Tj, at the interface keeps almost
unchanged. >3 More recently, it has been reported that doping
magnetic element Fe into heavy mental Pt can also enhance the
SOT efficiency.®!! The enhancement reaches the maximum
near the Curie temperature, which is thereby attributed to the
spin fluctuations. Other attempts have been made on the Ni-
doped alloys,*>* which also exhibit large SOT efficiency
even in the absence of heavy metal elements. The observa-
tion of large SOT efficiency due to Ni doping is in consis-
tent with the previous tight-binding model calculations.3>-36]
These studies motivate us to further explore the enhancement
of SOT efficiency by alloying the Ni with other materials, in
particular the heavy metals.

In this work, the magnetic properties and SOT efficiency
in Ptjpo—.Niy/ Ni7gFey(NiFe) bilayers were studied by spin-
torque ferromagnetic resonance (ST-FMR) technique.3’40]
The effective anisotropy field and effective damping con-
stant (O,fr) were obtained via analyzing the ST-FMR spectra.
The effective spin-mixing conductance and the interfacial spin
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transparency were further extracted. The results show that the
SOT efficiency can be enhanced by doping the magnetic Ni
into Pt, and it reaches the maximum value when x = 18. These
results may be useful for designing and developing SOT-driven
spintronic devices.

Two series of multilayer stacks
(I) Ptigo—xNix(6)/NiFe(5)/MgO(2)/Pt(2)  (thicknesses
nm) with x = 0, 6, 12, 18, and 30, respectively;
(1) Pt70Ni30(6)/NiFe(r)/MgO(2)/Pt(2) with t = 2, 3.5, 5, 6.5,
and 8, respectively. All the stacks were deposited on thermally

were prepared:

in

oxidized Si substrates by magnetron sputtering tool in a vac-
uum of less than 5 x 1078 Torr and at Ar pressure of 3 mTorr
at room temperature. The composition of Ptjgg_,Ni, was
tuned by co-sputtering Pt and Ni under different powers. The
multilayers were then patterned into Hall bars and rectangular
strips by UV lithography and Ar ion milling for typical four-
point resistance measurements and ST-FMR measurements,
respectively. The contact electrodes with Cr/Au were used for
electrical measurements.

The schematic of the devices for ST-FMR measurements
and the coordinates are illustrated in the inset of Fig. 1(a). The
details for ST-FMR measurement can be found in our previous
work. 3738401 The power of the microwave used for this mea-
surement is 13 dBm. Figure 1(a) shows the ST-FMR spectra
for the Ptjgo_xNi(6)/NiFe(5) sample with x = 18 under the
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frequency of 9.0 GHz. The results can be well fitted by a sum
of symmetric and antisymmetric Lorentzian functions
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where AH is the linewidth, H is the resonant magnetic field, S
is the symmetric Lorentzian coefficient, and A is the antisym-
metric Lorentzian coefficient. Figure 1(b) presents the reso-
nance frequency f as a function of the resonant field uyHy for
different samples. The results for different samples are quite
identical, and they can be well fitted by the Kittel equation
=W 2“)[#0H0(#0H0+4ﬂMeff)]1/2 (7 is the gyromagnetic
ratio and Ly is the vacuum permeability). The effective mag-
netization fields (4wM.¢) for different samples are extracted

from the fitting, 8!

as shown in Fig. 1(d), which exhibit a
weak dependence on the Ni concentration. Figure 1(c) shows
the frequency dependence of resonance linewidth AH for the
samples with various Ni concentrations. The results can be
linearly fitted by AH = AH( + (27 aegr/y) f, based on which
the effective damping constants are thus obtained, as shown
in Fig. 1(d). Similar to the effective magnetization field, the
effective damping constant also exhibits a weak dependence
on the Ni concentration, indicating that the Ni doping does not
have an obvious influence on the magnetic properties of the
adjacent NiFe layer.
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Fig. 1. (a) ST-FMR spectrum for Ptjoo—,Nix(6 nm)/NiFe(5 nm)/MgO(2 nm)/Pt(2 nm) with x = 18 under the frequency of 9.0 GHz, which is
fitted to a Lorentzian function consisting of a symmetric and an antisymmetric Lorentzian component (the solid curves). Inset: schematic of
a Ptjgo—xNi,/NiFe device for ST-FMR measurements. (b) Resonance frequency f versus the resonant field poHy for Ptjoo—,Niy/NiFe devices,
which can be well fitted to the Kittel equation. (c) The linewidth as a function of the resonance frequency f, which can be linearly fitted. (d) The
effective damping constant o,¢ determined by the linear fitting, and the effective magnetization fields 4TMc¢ for Ptjgo—xNi,/NiFe devices with

different Ni contents.
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The Pt70Nizg/NiFe(r) samples with different thicknesses
of NiFe layer were also measured for investigating the in-
terfacial spin transmission. Figure 2(a) shows the resonance
frequency f as a function of the resonant field poHy. These
results can also be well fitted by the Kittel equation. Fig-
ure 2(b) shows the effective magnetization fields 4wM.g for
the Pt79Nizg/NiFe(¢) devices, which decrease from 0.910 +
0.023 T to 0.349 +-0.004 T as the thickness of the NiFe layer
decreases from 8.0 nm to 2.0 nm, reflecting the gradual in-
creasing contribution of the interfacial anisotropy with de-
creasing thickness. Figure 2(c) shows the linewidth AH versus
the resonance frequency f for different samples, which allows
us to extract the O, values for different samples. The O, as
a function of #njre is given in the inset of Fig. 2(d), which in-
creases from 0.017 to 0.104 as the NiFe thickness decreases
from 8.0 nm to 2.0 nm.

Based on the previous studies, *>*!! the damping can be
approximately given by

Oeff = Olint + Osp + OTMS
+L gUBh

M 4nMe?
where o and M; are the intrinsic damping and the satura-
tion magnetization of the NiFe layer; g, ug, h, and e are the

= O+ G tnire + BTMSINiEes )

gyromagnetic ratio, the Bohr magnetron, the Planck’s con-
stant, and the electron charge, respectively. GeT#f is the effective
spin-mixing conductance, and Brys is a coefficient that de-
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pends on the two-magnon scattering (TMS). Figure 2(d) shows
the effective damping constant O, replotted as a function of
t;lii:e. In the thick NiFe film region (fNire > 3.5 nm), Ol ap-
proximately shows a linear dependence on tﬁi};e, which is the
typical behavior of spin pumping effect (SP). However, with
the thickness of the NiFe film decreasing (fnjpe < 3.5 nm),
O.¢ deviates from the linear fitting obviously and follows a
quadratic dependence. Therefore, the TMS effect must be
taken into account for understanding the results, especially in
the thin NiFe layer region. By fitting the results to Eq. (2),
the effective spin-mixing conductance szif is obtained to be
8.40 x 10" Q1. m™2 for the Pt;9Nizo/NiFe(r), which is com-
parable with that of the previously reported Pt/NiFe bilayer
without doping.!*?! The interfacial spin transparency T, is an-
other important parameter since it directly reflects the spin
transmission efficiency at the interface. T, could be estimated
by43]

Tin, = 2G tanh +2G.;coth| —— | |.
" eff (2/1HM PHMAHM eff AHm )

Here, tgm, Aum, and pgvm are the thickness, spin-diffusion
length, and resistivity of the HM layer (here is the PtygNizg
layer), respectively. We note that the spin diffusion length

of pure Pt (Apg = 1.9 nm) is used for estimating the inter-
facial spin transparency.!>! Tj, ~ 0.59 was obtained for the
Pt79Ni3o/NiFe interface.
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Fig. 2. (a) Resonance frequency f as a function of the resonant field poHy for Pt;9Nizo/NiFe devices with different thicknesses of NiFe layer.
(b) The effective magnetization fields 4wM.g for Pt7oNizo/NiFe devices plotted as a function of the NiFe thickness. (c) The linewidth AH
versus the resonance frequency f for PtyoNizg/NiFe devices with different thicknesses of NiFe layer. (d) The effect damping constant Ot
plotted as a function of tﬁilFe and fitted by Eq. (2) (the solid curve). Inset: effective damping constant as a function of fyjfe.
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this case, Epp. can be expressed as Epp = Tinz—{cé‘ﬁ’i puM. By
alloying Ni with Pt, the pyy is increased, and the osy and T;,
may not be changed, 3! resulting in the increase of Epp. Ac-
cording to épp. = Osuy T, = 0.097 £ 0.002 and T;, =~ 0.59, the
corresponding sy of Pt79Nis3 is further estimated to be 0.164
4+ 0.003, which is comparable with that of Cujgo—,Pt,/NiFe
system reported in Ref. [26].

In summary, the magnetic properties and SOT efficiency
of Ptjgo—.Ni,/NiFe bilayers were studied by ST-FMR. The
effective anisotropy field and effective damping constant ex-
hibit a weak dependence on the Ni concentration. The ef-
fective spin-mixing conductance and the interfacial spin trans-
parency were extracted for the Pt7oNizg/NiFe. The SOT effi-
ciency can be beneficially enhanced by adding scattering cen-
ters to increase the electrical resistivity of the HM, which in-
creases with the Ni concentration and reaches the maximum
value when x = 18. Our results indicate that the SOT effi-
ciency can be tuned by doping Ni. Considering the low cost
of Ni compared to Pt and the enhanced SOT efficiency in
Pt;00—xNiy/NiFe, this study may help to reduce the cost of the
SOT devices.

Ni content (%)
Fig. 3. (a) Angular dependence of symmetric and antisymmetric com-
ponents for Ptjgo—,Ni,/NiFe devices with x = 18, which are mainly de-
pendent on angle relation of cos ¢ sin2¢. (b) The values of SOT effi-
ciency Esor and resistivity ppy as a function of Ni content.

Next, we turn to analyze and discuss the SOT efficiency
of the samples. The SOT efficiency can be quantitatively de-
termined from the ratio between the symmetric (V;) and anti-
symmetric (V,) components of the resonance curve, which are

expressed as!*0]

Vs = Agcos @sin2¢, 4
Va =A,cos@sin2¢. (@)
Figure 3(a) shows the angular dependence of the V; and V,

components for the Ptjpo_Niy/NiFe devices with x = 18,
which can be fitted well to cos @sin2¢. A quantity Esor can

be estimated from the V,/V, ratio, 4!
Vs e 47M o5
= — — UoMtNipeh 1+ — 6
&sor V. UoMstniretumy [ 1+ Loty (6)

where i is the reduced Planck constant. When the field-like

torque is quite smaller than the damping-like torque, which

45,46] é SOT

is roughly equal to the damping-like torque efficiency, i.e.,

is the common situation for the Pt/NiFe bilayer,[

Esor =~ &EpL. Figure 3(b) shows the values of Esor extracted
by fitting the data and resistivity pgy measured by four-point
probe measurements as a function of the Ni content. The Esor
and pgm show quite similar dependence on the Ni concen-
tration, indicating that the SOT efficiency is correlated to the
resistivity of Ptjgo—.Niy. The correlation is likely because the
generated spin current is dominated by the intrinsic mecha-

nism, which is usually believed to be applicable to Pt.[3047] In
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