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We investigate a W-Ta alloying route to reduce the auto-oscillation threshold current densities and the
power consumption of nanoconstriction based spin Hall nano-oscillators. Using spin-torque ferromag-
netic resonance measurements on microbars of Wgg_,Ta,(5 nm)/Co-Fe-B(#)/MgO stacks with t = 1.4,
1.8, and 2.0 nm, we measure a substantial improvement in both the spin-orbit torque efficiency and the
spin Hall conductivity. We demonstrate a 34% reduction in auto-oscillation threshold current density,
which translates into a 64% reduction in power consumption as compared with pure W-based spin Hall
nano-oscillators. Our work demonstrates the promising aspects of W-Ta alloying for the energy-efficient

operation of emerging spintronic devices.

DOI: 10.1103/PhysRevApplied.18.024017

I. INTRODUCTION

Current-induced spin-orbit torques (SOTs) [1-3], orig-
inating from the spin Hall effect [4—6] in a nonmagnetic
heavy metal (HM)/ferromagnet(FM) heterostructure, have
recently emerged as a promising energy-efficient route for
next-generation ultrafast spintronic devices such as spin
Hall nano-oscillators (SHNOs) [7—15], nonvolatile SOT-
based magnetic random access memory (MRAM) [16,17],
SOT-driven magnonics [18,19], and spin logic devices
[20]. The magnetization dynamics in such devices is driven
by a pure spin current, which exerts an anti-damping torque
on the local magnetization vector of the adjacent FM
layer, resulting in magnetization switching in SOT-based
MRAM or auto-oscillations in SHNOs.

Nanoconstriction SHNOs [9,21] are currently receiving
increasing interest as they demonstrate rich nonlinear mag-
netodynamics [22—30], can be implemented using a wide
range of materials [31-37], and show a great propensity
for mutual synchronization [38,39], which leads to orders-
of-magnitude-higher signal coherence [39] and allows
for oscillator-based neuromorphic computing [39—42] and
Ising machines [43,44].

However, a key challenge remains to minimize the
switching and auto-oscillation threshold current densities
and the associated energy consumption. There has been
tremendous effort to enhance the spin Hall angle (fsy) and
the SOT efficiency through various routes such as employ-
ing different material combinations [45], incorporating
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oxygen [46,47], and dusting the HM surface with Hf
[48,49]. Even so, an increase in Osy is typically achieved
at the expense of an equivalent decrease in the longitudinal
conductivity (op) leading to high power dissipation during
device operation. A better figure of merit is therefore the
spin Hall conductivity (SHC): osy = 009§gh/ 2e.

Recent studies have shown that alloying of HMs is a
promising route to tune both Osy and oy [S0-54]. In 2018,
Zhu et al. [52] reported highly efficient spin current gen-
eration in a AugsPty7s alloy exhibiting a relatively low
longitudinal resistivity (pg) of approximately 83 ©Q2 cm
and large Osy > 0.58 in bilayers with Co. Quite recently,
Kim et al. showed an enhancement of osy in W-Ta alloys
using spin-torque ferromagnetic resonance (STFMR) mea-
surements [53]. While a reasonably high sy = —0.3 with
a relatively low py of 100 2 cm was reported at an 11%
Ta concentration, its ultimate effect on ogy and its poten-
tial for reducing the threshold current and the associated
energy consumption of SHNOs have yet to be investigated.

Here, we report on an extensive study of W-Ta
alloying in Wyg9_,Ta,(5 nm)/CoyoFeqoB2o(£)/MgO(2 nm)
nanoconstriction SHNOs with = 1.4, 1.8, and 2.0 nm.
W-Ta alloying results in a simultaneous improvement of
both 9§g and ogy, which translates into substantial reduc-
tions in the threshold current density (Ji) and the power
consumption. We measure the effective spin Hall angle,
9§g = OsuTint, where Ty is the interfacial spin trans-
parency between the W-Ta alloy layer and the Co-Fe-B
layer. Our measured Ogg values are a lower bound of
the spin Hall angle in W-Ta alloys [55]. Using STFMR
measurements on microbars we first study the magne-
todynamical properties to extract Ogg and ogsy. Ggg first
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strengthens to an optimum value of —0.61 at 10% Ta,
compared with —0.46 for pure 8-W, and then weakens to
an efficiency of —0.21 as the Ta content is increased to
25%. As the resistivity drops substantially with Ta con-
tent, alloying gives rise to a very large approximately
109% increase in osy at 18% Ta compared with pure S-W.
Both 955 and ogsy scale inversely with the Co-Fe-B thick-
ness, indicating the critical role of transparency of the
W-Ta/Co-Fe-B interface [55,56] as expected. Finally, we
quantify the alloying effect on the auto-oscillation thresh-
old current densities by fabricating SHNOs of two different
constriction widths, 50 and 120 nm. The lowest threshold
currents are observed for 12% Ta, with an approximately
34% reduction in auto-oscillation threshold current densi-
ties. The reduced threshold current densities translate into
a 64% reduced power consumption as compared with pure
W-based SHNOs. The trade-off between SOT efficiency,
resistivity, and equivalent SHC demonstrates the promis-
ing aspects of the W-Ta alloying approach for energy-
efficient and CMOS-compatible operation of emerging
spintronic devices.

II. EXPERIMENTAL DETAILS

Wioo—xTa,(5 nm)/CoyoFegBao(£)/MgO(2 nm) material
stacks, with = 1.4, 1.8, and 2.0 nm, are deposited on
highly resistive Si(100) substrates using an AJA Orion-8
magnetron sputtering system, working at a base pressure
of 3 x 10~® Torr, while the argon pressure during sput-
tering is maintained at 3 mTorr for all layers. A 4-nm
SiO, capping layer is added to protect the MgO from
moisture. The Wygo_,Ta, alloy films are grown by co-
sputtering W and Ta metal targets subjected to dc and rf
power, respectively. During deposition, the growth rate of
W is kept low at 0.1 A/s to obtain the desired S-phase
with a high spin Hall angle [12,45]. The growth rates
of CoyoFegoBag, MgO, and SiO, layer are maintained at
0.13, 0.06, and 0.08 A/s, respectively, for good thickness
control. The stacks are subsequently annealed at 300 °C
for 60 min at the chamber’s base pressure to crystal-
lize MgO at the interface as well as Co-Fe-B. Separate
individual stacks of pure W, Wig_,Ta, alloys, and the
Co-Fe-B layers are used for respective resistivity measure-
ments. X-ray diffraction measurements of Wjgo_,Ta,(5
nm)/CoyoFegoB2o(1.8 nm)/MgO(2 nm) thin films are car-
ried out to confirm the phase of W-Ta alloy (see details in
Sec. S1 within the Supplemental Material [57]).

To fabricate nanoconstriction SHNOs, the sample stack
surface is covered with negative electron resist (HSQ)
followed by an exposure to electron beam lithography
(RAITH EBPG 5200 EBL). Nanoconstrictions of 50 and
120 nm are defined in 4 x 12 um? mesas. Furthermore,
microbars of 6 x 18 and 6 x 12 um? are also designed to
characterize the stacks using STFMR measurements. Sub-
sequently, these defined patterns are transferred to the stack

by Ar ion beam etching using an Oxford lonfab 300 Plus
etcher. Later, the negative resist is removed, and optical
lift-off lithography is carried out to define ground-signal-
ground coplanar waveguides (CPWs) of a thick Cu(800
nm)/Pt(20 nm) bilayer. To ensure a good electrical con-
tact between the CPWs and the SHNOs, the MgO/SiO,
layers are removed in the CPW-defined area by substrate
plasma cleaning at a rf power of 40 W in the AJA Orion-8
sputtering chamber immediately before Cu/Pt deposition.

The spin transport measurements on the microbar
devices are carried out using a room-temperature STFMR
setup with a fixed in-plane angle, ¢ = 30°, to estimate the
SOT efficiencies and other magnetodynamical parameters.
Figure 1(a) schematically illustrates the STFMR mea-
surement details on the patterned 6-pum-width bars of all
Wi00—»Ta,y(5 nm)/Co-Fe-B(1.4-2 nm)/MgO(2 nm) stacks.
The microwave current, I, is modulated at 98.76 Hz,
and injected into the microbars through a high-frequency
bias tee, producing spin-orbit torques and Oersted field in
the presence of out-of-plane (OOP) magnetic field. The
Oersted field generates an OOP torque on the Co-Fe-B
magnetization (7o) and additional fieldlike torque (tgr)
and dampinglike torque (7py ) are induced due to exchange
interaction of the transverse spin current density with the
magnetization in the Co-Fe-B layer [58]. These torques
govern the magnetization dynamics in the Co-Fe-B layer,
which results in an oscillatory change in the resistance
of the device due to anisotropic magetoresistance (AMR)
and spin Hall magnetoresistance of the Co-Fe-B layer. The
oscillating resistance mixes with /iy and produces a dc volt-
age (Vmix) across the microbar, which is detected on the
modulating frequency using a lock-in amplifier.

All magnetization auto-oscillation measurements are
performed using a custom-built probe station with the
sample mounted at a fixed in-plane angle on an OOP
rotatable sample holder lying between the pole pieces
of an electromagnet generating a uniform magnetic field.
Figure 1(b) schematically shows the experimental setup
for auto-oscillation measurements of a SHNO device of
width of 120 nm. Here, a positive direct current is fed to
the SHNO device through the dc port of the high-frequency
bias tee under a fixed OOP magnetic field and the result-
ing auto-oscillation signal is first amplified by a low-noise
amplifier of gain 72 dB and thereafter recorded using a
Rohde & Schwarz (10 Hz to 40 GHz) spectrum analyzer
with a low-resolution bandwidth of 300 kHz.

III. RESULTS AND DISCUSSION

Sheet resistance measurements are carried out on
Wi00—»Ta,(5 nm) alloy thin films to determine their resis-
tivity versus Ta concentration. Figure 1(c), showing a plot
of p versus Ta concentration, reveals that the resistivity
starts out at 300 <2 cm, which is the typical resistivity for
Al5 type of materials [45,59], and then exhibits a steep
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Device schematic, resistivity, and magnetoresistance. (a) Schematic of STFMR measurement setup. (b) Schematic of auto-

oscillation measurement setup along with scanning electron micrograph image of a SHNO with 120-nm nanoconstriction width.
(c) Variation of resistivity of W-Ta alloy thin films as a function of Ta composition. Solid line shows the average behavior of resistivity
variation with W-Ta alloy composition. (d) AMR measured as a function of different W-Ta alloy composition on microbars (black
squares) and 120-nm nanoconstriction SHNO (blue dots). Solid line shows the average behavior of magnetoresistance variation with

W-Ta alloy composition.

drop, between 10% and 18% Ta, to about 90 ©2 cm for
all higher concentrations, i.e. a difference of greater than
3 times. Figure 1(d) shows the Wgo_,Ta, composition-
dependent AMR behavior of (6 x 18)-yum? microbars and
120-nm nanoconstrictions. The AMR shows a maximum
at 12% Ta as compared with pure W and then trends
downward with further increase of Ta concentration.
STFMR measurements of all Wigy_,Ta,(5 nm)/Co-Fe-
B(1.4-2 nm)/MgO(2 nm) stacks are carried out to estimate
Qg’g, i.e., charge to spin current conversion efficiency.
The observed STFMR spectra (see Fig. S2 within the
Supplemental Material [57]) are fitted with a sum of
symmetric [Fs(H)] and anti-symmetric [F4(H)] Lorenti-
zans [46,60] as Viix = Vo[SFs(H) + AF(H)], where Vj
is the amplitude of the mixing voltage and S and A4 are
the symmetric and anti-symmetric Lorentzian weight fac-
tors, accounting for dampinglike and fieldlike torques,
respectively. The resonance field (H,) and linewidth (AH)
are extracted and the effective magnetization, wuoMeg, is
determined from fits of f vs H, to the Kittel equation,
/= (v/2m) o~/ (H, + Hy)(H, + H; + M), by assum-
ing constant gyromagnetic ratio values for all concen-
trations of Wyg_.Ta, but different values for different
Co-Fe-B thicknesses: y /27 = 29.4, 30.4, and 30.5 GHz/T

for 1.4, 1.8, and 2 nm. The Gilbert damping («) is
extracted from AH vs f using AH = AHy + Qraf)/y.
The Ta concentration-dependent o and woM.g are plotted
in Fig. S3 within the Supplemental Material [57].

The effective spin Hall angle, 0§g, is then determined
from the dc-dependent STFMR linewidth (AH vs I4)
analysis [45,46,60]. The inset of Fig. 2(a) shows a plot
of AH* vs Iy, where AH* = [AH (I4.) — AH (I4c = 0)]
varies linearly with /4. with a slope AH /§(I4.) indicating
the strength of the SOT from which we extract [60]

2e (H + 0.5Meup) joMt SAH
2e (H + ) LoMstem Y A (1)

Osh = : o
h sing 27f 8(lgeam)
with ¢ the azimuthal angle between /4. and poH, poMeg
the effective magnetization, M; = 9.31 x 10° (A/m) the
saturation magnetization of the Co-Fe-B layer [12], & and
e the reduced Planck’s constant and elementary charge,
tpm the thickness of FM layer (Co-Fe-B), and A, the
cross-sectional area of the microbars. The current in the
HM layer, Ij.nm, is calculated using a parallel resistor
model from the measured resistivity of individual FM and
HM layers. For the estimation of Ggg, the resistivity val-
ues as shown in Fig. 1(b) are used for Wigy_Ta,(5 nm)
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FIG. 2. STFMR measurements performed on Wjg_y

Tax(S nm)/COZOFe(,oBzo(lco_Fe_B = 1.4, 1.8 and 2 nm)/MgO(2
nm) microbars. (a) Dependence of effective spin Hall angle
(Ggg) on W-Ta alloy composition for three different Co-Fe-B
thicknesses exhibiting similar behavior. Solid line shows the
average behavior. Inset shows linewidth dependence on dc
to estimate SOT efficiency. (close symbols for positive and
open symbols for negative direction of applied magnetic field)
(b) Variation of spin Hall conductivity (osy) as a function of
W-Ta alloy composition shown for three different Co-Fe-B
thicknesses.

alloys and the resistivity value of Co-Fe-B, 64 u<2 cm, is
determined from Co-Fe-B thickness-dependent sheet con-
ductance behavior (see Fig. S4 within the Supplemental
Material [57]) [61,62]. We further extract the dampinglike
torque efficiencies (éprr) [46] and fieldlike torque effi-
ciencies (&pr7) [63] as functions of Ta composition and
Co-Fe-B thickness (see Fig. S5 within the Supplemental
Material [57]).

As expected, we first observe a monotonic strengthen-
ing of 0§g from —0.35 to —0.62 with decreasing Co-Fe-B
layer thickness, highlighting the interfacial nature of SOT.
Then, for all three different Co-Fe-B layer thicknesses,
the behavior of 9§g remains qualitatively similar with W-
Ta alloy composition, first strengthening linearly with Ta
content up to 10% Ta, then abruptly changing character
to rapidly weakening with Ta content until leveling off
above 20% Ta. This behavior is quite consistent with the
resistivity dependence on W-Ta composition, as shown in
Fig. 1(c). As shown in Fig. 2(a), Qgg decreases in the region
(x =10% to 20%) where the resistivity shows a steep

drop, which is possibly due to the formation of a mixed
(o + B) W phase due to increased Ta alloying.

We also estimate the spin Hall conductivity using the
relation Ggg = (2e/h)(osu/0o0) [62]. Figure 2(b) shows the
dependence of osy on W-Ta alloy composition, indicating
a qualitatively similar behavior for all Co-Fe-B thick-
nesses. We observe the strongest osy of —3186(h/2e)
(S/cm) at 18% Ta, which is an approximately 109%
increase compared with pure W, higher than earlier
reported values [53,54], but still lower than the theoreti-
cally predicted ultimate values [51,64]. The improved osy
values observed in our work indicate the combined effect
of reduced Co-Fe-B layer thickness and optimum W-Ta
alloying.

Next, we quantify how the observed improvements
in Gg’g and ogy can eventually lead to energy sav-
ings in practical devices. We first perform auto-
oscillation measurements on nanoconstriction SHNOs
fabricated from identical Wigy_,Ta,(5 nm)/Co-Fe-B(¢ =
1.4-2 nm)/MgO(2 nm) stacks. Figures 3(a)-3(d) show
the current-dependent power spectral density (PSD) plots,
measured under a fixed OOP field of 0.3 T, for 120-nm-
and 50-nm-wide SHNOs. Except for Fig. 3(b), all f* versus
current data look mainly monotonic. The nonmonotonic
current dependence of the auto-oscillation frequency is
typical for these SHNOs due to localized auto-oscillations
governed by negative nonlinearity in the constriction
region [23]. The localization can be fully mitigated by
inducing strong perpendicular magnetic anisotropy in the
ferromagnetic layer, resulting in the excitation of truly
propagating spin-wave auto-oscillations in the constriction
region [29,30]. Notably, as shown in Fig. 3(a), we observe
a large reduction of threshold current from approximately
260 pA for pure W to approximately 160 wA for WggTay,,
clearly demonstrating the direct benefit of improved SOT
efficiency and spin Hall conductivity. This general trend
is observed in other nanoconstriction widths as shown in
Figs. 3(c) and 3(d), where a 50-nm nanoconstriction shows
a similar large drop in the threshold current, reaching the
sub-100-u A regime. Note that we also observe a qualita-
tively different current tunability of frequency as we mea-
sure auto-oscillations for smaller constriction widths. This
is because the effective demagnetization field produced by
the constriction edges for narrower constriction width is
quite substantial and, therefore, the nonlinearity remains
positive at all operational currents leading to a blue-shifted
frequency behavior in the entire current range [14,21].

In Fig. 4(a), we summarize the behavior of threshold
current densities, Ji w-ta, €xtracted from auto-oscillation
measurements for the 120-nm-width SHNOs using the
method given in Ref. [65] and in the Supplemental Mate-
rial (S6) [57]. Jm,w-Ta initially decreases with increasing
Ta composition (0% to 12%), and after that increases
with higher Ta compositions. The observed trend is qual-
itatively consistent for different Co-Fe-B thicknesses, as
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shown in Fig. 4(a). We observe a considerable 34% reduc-
tion in Jy w.a as compared with pure W. Further, we
estimate the effective power consumption to drive W-Ta
based SHNOs using P = (Iy,)*R, where R is the resistance
of the SHNO, and normalized by the power consumption
in pure W-based SHNOs. Figure 4(b) shows the com-
parison of normalized power consumption for different
Co-Fe-B thicknesses, showing a trend of power consump-
tion similar to that of Fig. 4(a). The normalized power
consumption shows a minimum value of about 36% at
12% Ta for 1.4-nm Co-Fe-B thickness, indicating an over-
all large 64% reduction in effective power consumption as
a result of W-Ta alloying.

FIG. 3. PSD plots of the
auto-oscillations versus cur-
rent showing a consistent
drop in threshold curr-
ents of W-Ta alloy-
based SHNOs comprising
Co-Fe-B  of  thickness
tco-Fe-B = 1.4 nm, measured
at out-of-plane magnetic
field uoH = 0.3 T, 8 = 60°,
¢ =22°.

0.2
Idc (mA)

Note that we obtain the most reduction in power
consumption at 12% Ta concentration with values of
osy = —2247(h/2e) (S/cm) and GSE = —0.58, despite a
minor change in resistivity from 300 to 260 uQ2 cm. We
argue that the substituted Ta atoms in the cage of W
atoms give rise to a minimal distortion of the A15 struc-
ture, which can be seen as an apparent increase in O¢h
value at 12% Ta concentration. However, with increased
Ta alloying, W-Ta resistivity shows a steep drop and
0t follows a similar trend. We believe that increased
Ta alloying results in structural changes from 8-W phase
to (¢ + B)-W-Ta phase. Our results evidence that con-
trolled alloying of W with Ta is critical to minimize power

FIG. 4. (a) Variation of thresh-
old current density in Wigo_,Ta,
layer as a function of W-Ta alloy
composition, extracted for different
Co-Fe-B thicknesses. (b) Depen-
dence of normalized threshold
power consumption in a 120-nm
SHNO device on W-Ta alloy com-

w =120 nm
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consumption in SHNOs and we identify this range as x =
10% to 20%.

IV. CONCLUSION

We demonstrate a W-Ta alloying route to minimize the
auto-oscillation threshold current densities and the power
consumption in nanoconstriction-based SHNOs. The con-
trolled alloying of W with Ta results in a considerable
drop in the resistivity, which not only increases the SOT
efficiency but also significantly enhances the spin Hall con-
ductivity of the W-Ta layer. As a direct consequence, we
observe a large 34% drop in threshold current density of
SHNOs. The estimated effective power consumption fur-
ther drops by 64%, indicating the tremendous potential of
the alloying approach over other methods for reducing the
energy consumption in emerging spintronic devices. Fur-
ther reduction of the constriction width to 20 nm and below
should push SHNO operation into the regime of tens of
microamps. Our experimental results for SHNO devices
not only benefit oscillator-based neuromorphic computing
in terms of power consumption but also make the alloy
route attractive for other spintronic applications.
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