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ABSTRACT

Light transition metals have recently emerged as a sustainable material class for efficient spin-charge interconversion. We report
measurements of current-induced spin-orbit torques generated by Ni; _,Cu, alloys in perpendicularly magnetized ferrimagnetic Gd/Fe multi-
layers. We show that the spin-orbit torque efficiency of Ni, _,Cu, increases with the Ni/Cu atomic ratio, reaching values comparable to those
of Pt for NissCuys. Furthermore, we demonstrate magnetization switching of a 20-nm-thick Gd/Fe multilayer with a threshold current that
decreases with increasing Ni concentration, similar to the spin-orbit torque efficiency. Our findings show that Ni;_,Cu,—based magnetic
heterostructures allow for efficient control of the magnetization by electric currents.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0178878

Materials that allow for converting charge currents into spin cur-
rents are used to generate spin—orbit torques (SOTs) in different clas-
ses of magnetic systems and devices." SOTs enable the energy-efficient
manipulation of the magnetization in ferromagnets,” " ferrimag-
nets,” * and antiferromagnets,” ' with applications in magnetic ran-
dom access memories,'” racetrack memories,'” logic devices,"" and
spin-torque nano-oscillators.””'® SOTs have been extensively studied
in heavy metal/ferromagnet bilayers,' " *"** where the charge-to-
spin conversion originates from the interplay of bulk and interfacial
spin-orbit coupling, as exemplified by the spin Hall’' and
Rashba-Edelstein effects.”” The two figures of merit describing the
charge-to-spin conversion efficiency are the spin Hall angle and the
spin Hall conductivity. The former is defined as the ratio of the trans-
verse spin current generated in the spin injector to the applied charge
current, whereas the latter is the ratio of the spin current to the exter-
nal electric field driving the charge current."’

A large spin Hall angle (>0.1) is usually observed in the 5d tran-
sition metals, such as Ta, W, and Pt, owing to their strong atomic
spin-orbit coupling.”' Whether light metals can also show large
charge-to-spin conversion is a question of both fundamental and prac-
tical impact on developing new and low-cost spin injector materials. In
this context, 3d transition metals and their alloys have recently
attracted interest because they present appreciable spin Hall angles

despite their weak spin-orbit coupling.”* *’ The interest in light metals
has further surged following the theoretical prediction of a large orbital
Hall conductivity in the nonmagnetic 3d elements,”*” which can lead
to the generation of strong SOTs in adjacent ferromagnetic layers.””

For transition metals, besides the spin-orbit coupling, the d-
orbital occupation plays an important role in determining the magni-
tude and sign of the spin Hall angle.”"”" Ni is particularly interesting
in this respect because it has the same valency and a similar band
structure as Pt. The calculated spin Hall conductivity of Ni is
~1.2 x 10° Q' m™1, about half of Pt, whereas the orbital Hall con-
ductivities of Ni and Pt are very similar.”” Extrinsic spin scattering
effects due to alloying of different metallic elements can further
enhance the charge-spin interconversion efficiency,” ** as shown, e.g.,
for Cu,_,Bi, and Au,_,Pt,."""” In light of these observations, experi-
mental work has focused on Ni,Cu, _, alloys, in which the introduc-
tion of Cu reduces the Curie temperature relative to pure Ni, making
the alloy paramagnetic at room temperature for x < 70%.""** Despite
the alloying, the band structure of Ni,Cu; _, remains similar to that of
paramagnetic Ni, suggesting a significant intrinsic spin Hall effect
regardless of the chemical disorder.”” Recent experiments have
reported large effective spin Hall angles comparable to 54 metals
in Permalloy/NigyCuyp, CoFeB/Cu/Ni,Cu;_,, and YIG/NigoCuy
bilayers.”” " Additionally, spin-to-charge conversion in CoFeB/
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Ni;(Cuso was shown to induce THz emission upon fs laser irradiation
with intensity up to half that of CoFeB/Pt.**

These studies show that Ni,Cu, _, alloys constitute an interesting
material system for spin—charge interconversion and the realization of
spin current detectors. Here, we investigate Ni,Cu,_, alloys as spin
injectors for generating SOTs in perpendicularly magnetized
Ni,Cu,_,/Ti/[Gd/Fe]3, heterostructures. We select three different
compositions (x = 40%, 50%, 55%) for which Ni,Cu,_, is paramag-
netic at room temperature and report composition-dependent SOT
efficiencies, reaching values of up to 0.06 for x = 55%, which corre-
sponds to a spin Hall conductivity of (1.04%0.07) x 10° Q' m™!
without taking into account corrections due to spin memory loss and
interface transparency. In addition, we demonstrate the efficient mag-
netization switching capability of these systems, including a fourth
alloy’s composition x = 70% at the ferromagnetic phase transition.
Our results show that Ni,Cu; _, alloys are efficient spin current gener-
ators that can be used to achieve electrical control of the magnetization
in spintronic devices.

We fabricated three different sets of samples, all grown on SiO,
substrates by magnetron sputtering: (i) the full heterostructures
Ni,Cu, (6 nm)/Ti(1 nm)/FiIM/Si;N,  (x = 40%, 50%, 55%, 70%),
referred to as Nix, where FiM stands for the ferrimagnetic multilayer
[Gd(0.4 nm)/Fe(0.27 nm)]3, (ii) the reference layers Ni,Cu,_,(6 nm)/
SizNy, referred to as Nix — r, and (iii) the single FiM layer Ti(1 nm)/
FiM/Si3Ny. The Ni,Cu, _, layers are amorphous, as revealed by x-ray
diffraction. The Ni,Cu, _, layers in Ni40, Ni50, and Ni55 are paramag-
netic at room temperature, which avoids spurious magnetotransport
signals in the electrical measurements of SOTs. The Ti layer in all the
heterostructures serves as a spacer to suppress possible magnetic prox-
imity effects between Ni,Cu; _, and the FiM. A sketch of the Nix sam-
ples is shown in Fig. 1(a). The samples were patterned in 7.5-um-wide
and 11-um-long Hall bar devices using photolithography and liftoff, as
shown in Fig. 1(b).

Figure 1(c) shows M;t, the magnetic moment per unit area, as a
function of out-of-plane magnetic field of Ni55, its reference
Ni 55 — r, and the single FiM sample. Here, M; represents the satura-
tion magnetization, ¢ the thickness of the magnetic layer, and M;t is
the total magnetic moment of the as-grown layers measured at room
temperature by a superconducting quantum interference device
divided by the sample area. The comparison between the different
curves shows that Ni55 — r develops a sizable magnetization in a mag-
netic field, which adds to that of the FiM in the Ni55 sample. Because
we consider the effect of the SOTs on the sole FiM, we estimate an
effective magnetic moment per unit area for each Nix sample as the
difference between the moments of the full heterostructures Nix and
their references Nix — r, namely Mt = (M;t)y;, — (Mst) ., The
magnetotransport measurements were performed by injecting an alter-
nate current of frequency w/(2mn) = 10 Hz and density j and comput-
ing the respective Hall (R}, ) and longitudinal (R} ,,) components of
the first and second harmonic resistances from the measured har-
monic voltages."**” The first harmonic Hall resistance accounts for the
contributions from the anomalous Hall effect (AHE) and planar Hall
effect (PHE) and is given by

R} = Rapg cos ¥ + Rppg sin’d sin 29, 1)

where Rapg and Rpyg are the anomalous and planar Hall resistance
coefficients, and 1} and ¢ are the polar and azimuthal angles between
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FIG. 1. (a) Schematic of the Nix heterostructure. (b) Optical image of a Hall bar
device with superimposed electrical connections and coordinate system. (c)
Magnetic moment per unit area as a function of out-of-plane magnetic field for Ni55
(green dots), its reference Ni55 — r (open circles), and the single FiM sample (pur-
ple hexagons). (d) Anomalous Hall resistance as a function of out-of-plane magnetic
field for Ni55 (green dots) and the sm%le FiM (purple hexagons). The current density
in the FiM layer was jeym ~ 3.5 x 10"° A/m? in both measurements.

the magnetization and the z- and x-axis, respectively. Figure 1(d)
shows Rl "as a function of out-of-plane field for Ni55 and the single
FiM sample. The signal is dominated by the AHE of the FiM in both
samples; the remanence and polarity of the curves indicate that the
FiM has perpendicular magnetic anisotropy and its magnetization is
Fe-like. The amplitude of the AHE in Ni55 is reduced compared to the
single FiM sample because part of the current flows in the paramag-
netic Ni,Cu;_, layer and Ni has opposite sign of Rypyr compared to
Fe.”” Moreover, the magnetic properties and AHE of FiM layers are
known to depend on the adjacent layers, which are different in the two
samples.” "

The SOTs were measured using the harmonic Hall voltage
method, which relies on RZHw as a measure of the current-induced oscil-
lations of the magnetization.'*”” The SOTs can be decomposed into
two components orthogonal to the unitary magnetization m, to define
a damping-like (DL) torque, Tpp, = tpp m X ({ X m), and a field-like
(FL) torque, Tg;, = tp, m X {. Here, the torques are normalized by the
magnetization, ¢ is the unit vector representing the spin polarization of
the injected spin current, and tp;, and tg;, are the amplitudes of the
effective magnetic fields describing the action of the SOTs on the mag-
netization. We estimated 7p;, and T 10e, With Oe denoting the
Oersted field, using the following equations valid under the assump-
tion ¥ — 0:°
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B.=2B

TpL = 5_74)/2}’, (2)
B,*2yB

TFL+0e = 21)/7—4)(;7 (3

where  y = Rpup/Raur (~ 1072 in  our samples) and

H 2 pH
By = (% %) |thX_y. As an illustrative case, Figs. 2(a) and 2(b)

show RI1{,2w of Ni40 as a function of a nearly in-plane external magnetic
field oriented along the x- and y-axes measured at j=7.4
%10 A/m? (jnicy = 1.9 x 101 A/m?) and the fits (solid lines) used
to estimate the SOT effective fields. Figure 2(c) shows tpy, and Tgr10e
vs jnicu for the different Nix samples. Note that the total FL + Oe field
is similar to the expected Oersted field from Biot-Savart law, evidenc-
ing the small contribution of the FL torque in our samples.
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FIG. 2. (a) and (b) R1Hw (left axis) and R;‘w (right axis) of Ni40 as a function of exter-
nal magnetic field applied at an angle 1) = 87° along (a) the x-axis (lft plot) and
(b) the y-axis (right plot). The solid lines are fits used to estimate 6*R}! /0?H and
8R'2*w /OH in Eq. (3). (c) DL (black) and FL (red) effective fields of Ni40, Ni50, and
Ni55 as a function of the current density in the Ni,Cu,_, layer. The solid lines are
linear fits with intercept forced to zero. The error bars, which include the fit errors in
(@) and (b) and the uncertainties in Raye and Rewe, are smaller than the symbols.
(d) DL (black) and FL (red) SOT efficiencies of Nix. The left panel shows the SOT
efficiencies with respect to the total current density & (empty columns) and to the
current density in the sole Ni,Cu4_, layer, & (full columns); the right panel shows
the SOT efficiencies with respect to the electric field &£, The errors are calculated
from the uncertainty of the fits in (c) and Ms t.
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The SOT efficiencies with respect to the applied current density
(j) and electric field driving the current (E) are given by’

i 2e TDL,FL
éJDLﬁpL:*Mst ] 3 (4)

h

2e T
E N DL,FL
6DL,FL =Mt

A P ©)

where e is the elementary charge and h is the reduced Planck constant.
(&5 represents the ratio of the effective spin current absorbed by the
magnetic layer relative to the applied charge current (electric field) and
can be thus regarded as an effective spin Hall angle (effective spin Hall
conductivity) for a specific combination of a spin injector and mag-
netic layer. Because distinguishing between SOTs generated by spin
and orbital currents is not straightforward,”® & and ¢* include also the
effect of orbital currents. The efficiencies calculated by Egs. (4) and (5)
constitute a lower bound for quantifying the charge-to-spin conversion
of a spin injector since they do not account for the spin transparency
of the interface between the spin injector and the magnetic material.

Figure 2(d) presents the SOT efficiencies calculated by averaging
over two devices for each Nix sample. The sign of the DL torque is
consistent with that of Pt/Co, considering the same stacking order
between the spin injector and the magnetic layer. Both &pp and Egp o
increase monotonically with Ni content and reach a maximum at
x = 55% in the measured composition range: &, = 0.16 (5, = 1.04
x10°Q7'm™!) and &; o, = 0.08 (&f 0 =048 x10°Q 'm™!)
at x = 55% are comparable with the values reported for 54 metal sys-
tem such as Pt/Co.' In making such a comparison, one should note
that the effective spin Hall angle changes if it is calculated with respect
to the average current density (&) or to the current density flowing in
the spin injector (Eiew) estimated using a parallel resistor model. In
the latter case, we obtain &3 = 0.06 and &y, = 0.03, which are
about half of the values reported for Pt/Co. The resistivity and magne-
tization parameters used to calculate the different ¢ are reported in
Table L.

We now compare the SOT efficiencies of the Nix samples with
the measurements of spin-charge interconversion reported for
Ni,Cu _, alloys in the literature.

Keller et al” reported &5 ~1x10°Q 7 'm™" at x = 60%,
before considering any correction due to interfacial spin memory loss.
This efficiency, normalized by the reported electrical conductivity of
the NiCu layer of 1.93 x 10°Q ' m™!, corresponds to a spin Hall
angle of 0.05. Varotto et al.*® reported a spin Hall angle of 0.04 at

TABLE 1. Summary of the magnetic and electrical properties of Nix and the single
FiM sample at room temperature. From left to right: Mst of the FiM, Raug, resistivity
of Nix, Nix — r, and FiM layer, and current branching ratio in the Ni,Cu,_, layer. For
the Nix samples, pg Was estimated using a parallel resistor model.

Mgt Rame p PNicu prim  R/Ricu
Sample (mA) (Q) (uQcm) (uQcm) (uQcm) (%)
Ni40 1.0 0.8 170 64 320 58
Ni50 1.1 0.7 181 60 423 67
Ni55 1.7 1.0 157 58 308 60
Ni70 2.9 0.5 129 49 242 58
FiM 1.3 7.5 335 cee 335
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x = 60%, in line with our results. Because the spin diffusion length A,
decreases with increasing Ni content™® and the measured values of Tpy,
and 7y, depend on A if fnicy = 24, an alternative figure of merit is the
product g ) Assuming A; ~4nm at x =40% and 3nm at
x = 55%,” we obtain &) A, = 0.12 nm for Ni40 and 0.18 nm for Ni55.
These values are similar to &pp A; = 0.1 nm obtained in Ref. 46. Overall,
this comparison shows that Ni,Cu, _ alloys present large and comparable
figures of merit for charge-to-spin and spin-to-charge conversion.

Based on the large charge-to-spin conversion efficiency, we further
demonstrate SOT-induced magnetization switching of Nix for four dif-
ferent alloy’s compositions (x = 40%, 50%, 55%, 70%). To do so, we
injected 10-ms-long current pulses to induce magnetization switching
and inspected the magnetization state by reading R using an alternate
current of frequency /(271) = 115 Hz after each pulse. As required for
samples with perpendicular magnetic anisotropy, we apply an in-plane
magnetic field to break the symmetry of the DL torque and define the
switching polarity.” Figures 3(a) and 3(b) show the switching loops of
Nix acquired for negative and positive external magnetic fields of ampli-
tude 10 mT applied along the x-axis. For all the samples, we observed
full magnetization switching, as demonstrated by the semi-amplitude of

(@ (b)
1 Ni40 Ni50 1 Ni40 Ni50
. i - . -y
g 0 g 0
3 3
N 1 J N A =S L
1 Ni55 Ni70 1 Ni55 Ni70
g, —rle,
x3 . x3
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FIG. 3. SOT-induced magnetization switching. (a) and (b) Anomalous Hall resis-
tance as a function of current density in Ni,Cu_,. The switching loops are acquired
using 10-ms-long current pulses in the presence of an in-plane magnetic field of
10mT oriented along (a) —x and (b) +x. (c) Anomalous Hall resistance as a func-
tion of current density for the single FiM sample. The loop is acquired using 10-ms-
long current pulses and an in-plane magnetic field of 170 mT oriented along +x. (d)
Ratio of the magnetic moment per unit area to the threshold switching current as a
function of Ni content.

pubs.aip.org/aip/apl

the switching loops, matching the saturation Rapg values. As expected,
the switching polarity changes upon inversion of the in-plane magnetic
field. In addition, the switching polarity is the same as observed in Pt/
Co,” consistently with the sign of the SOTs. We further verified that
switching occurs reliably using 100-ns-long current pulses and that the
threshold switching current Iy, decreases monotonically with the applied
in-plane field. Measurements of the single FiM sample gave null results,
as shown in Fig. 3(c), excluding the possibility of switching induced by
self-torques in the FiM material.”’

Iy, is generally influenced by the coercivity and magnetic anisot-
ropy of the FiM layer, which can vary from sample to sample. If such
variations are neglected, the ratio Mt /Iy, can be taken as a rough mea-
sure of the SOT switching efficiency. Figure 3(d) shows that Mt /I,
measured in the different Nix samples improves with increasing Ni
content, in agreement with the trend of the SOT efficiency reported in
Fig. 2(d). The same trend is observed if Iy, is taken as the total current
(squares) or only the current flowing in the Ni,Cu; _, layer (dots). The
improved switching efficiency at x = 70% is also in agreement with
the higher charge-to-spin conversion efficiency measured by ferromag-
netic resonance.”’

In conclusion, our results show that Ni,Cu, _, alloys are very effi-
cient generators of SOTs. Current injection in Ni,Cu;_, is further
shown to induce reliable switching of the magnetization of a 20-nm-
thick [Gd/Fe] multilayer at a current density of about 5 x 10'" A/m?
The SOT efficiency increases with Ni content, reaching a maximum
spin Hall conductivity of £5; = 1.04 x 10° Q™' m~! in Ni55, which is
comparable to that of heavy metal systems.
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