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ABSTRACT: Spin Hall nano-oscillators (SHNOs) are emerging spintronic 1
oscillators with significant potential for technological applications, including — relice _bukcore
microwave signal generation, and unconventional computing. Despite their ol
promising applications, SHNOs face various challenges, such as high energy
consumption and difficulties in growing high-quality thin film heterostructures with
clean interfaces. Here, single-layer topological magnetic Weyl semimetals open a
possible solution as they possess both intrinsic ferromagnetism and a large spin— Magnetization auto-oscillations
orbit coupling due to their topological properties. However, producing such high- using s, Smicroscopy
quality thin films of magnetic Weyl semimetals that retain their topological

properties and Berry curvature remains a challenge. We address these issues with g:%y
high-quality single-layer epitaxial ferromagnetic Co,MnGa Weyl semimetal thin

film-based SHNOs. We observe a giant spin Hall conductivity, 654c = (6.08 + 0.02)

X 10° (71/2¢) Q7' m™', which is an order of magnitude higher than previous reports.

Theoretical calculations corroborate the experimental results with a large intrinsic spin Hall conductivity due to presence of a
strong Berry curvature. Further, self spin-orbit torque driven magnetization auto-oscillations are demonstrated for the first
time, at an ultralow threshold current density of J, = 6.2 X 10"' A m™2. These findings indicate that magnetic Weyl semimetals
have tremendous application potential for developing energy-efficient spintronic devices.
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INTRODUCTION different oxide interfaces.” However, the resulting charge-to-
spin conversion was low and, consequently, the resulting
current densities of 2.7 X 10> A m™ were very high. To
dramatically improve on the intrinsic charge-to-spin con-
version, one may look to topological Weyl semimetals
(WSMs), which are an emerging class of materials, where
the nontrivial topological properties arising from Weyl
Fermions in the bulk nodes as well as Fermi arcs surface
states offer both enhanced spin current generation and reduced
energy dissipation.” Additionally, these quantum materials
show a large electric-field effect on their properties which is
further helpful in developing energy-efficient spintronic
! These materials are already showing potential in

Spin Hall nano-oscillators (SHNOs) are emerging spintronic
devices that leverage the spin Hall effect in heavy metals (HM,
eg. Pt, W, Ta) to convert charge currents into spin currents
and use the resulting spin-orbit torque (SOT) to drive high-
frequency magnetization precession in an adjacent ferromag-
netic (FM) layer."”” Thanks to their easy fabrication, large
microwave frequency tunability with both magnetic field and
current, and propensity for mutual synchronization in large 2D
arrays, SHNOs show great promise for applications in
microwave signal generation,3 Ising machines,* and unconven-
tional computing.5’6 While straightforward to both deposit and :
pattern, the HM/FM bilayer structure of SHNOs has a devices.
number of disadvantages: (i) the current through the FM does

not generate any SOT, (ii) the current through the HM does Received:  February 4, 2025
not generate any microwave signal,” and (jii) substantial spin Revised:  April 28, 2025
current is lost at the HM/FM interface due to spin memory Accepted:  April 30, 2025

loss.” As a remedy, single-layer SHNOs were recently Published: May 9, 2025

demonstrated using ultranarrow SHNOs made from conven-
tional NiFe films with broken inversion symmetry from

© 2025 The Authors. Published b
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Figure 1. (a) The crystal structure of the L2,-ordered CMG Heusler alloy. (b) Out-of-plane XRD patterns for CMG films with three different
thicknesses. (c) Structural ordering parameters Sy, and Sy, vs film thickness; lines are guides to the eye. (d) Low-magnification HAADF—
STEM image with the NBED pattern obtained from the zone axis of CMG (110), indicating the (001) oriented growth, in the inset. (e) A
high-magnification HAADF—STEM image viewed along the (110) zone axis with the schematic illustrations of L2, and B2-ordered structure.
Note that the regions highlighted with light blue color represent the L2;-ordered region. EDS elemental maps of (f) Al, Co, Mg, (g) Ga, (h)
Mn. (i) Line compositional profile acquired along the direction marked by the arrow in (f).

various spintronic applications, such as spin-polarized current
generation, magnetoresistive devices, spin-based logic oper-
ations, and THz generation.9’12_16 Magnetic WSMs that break
time-reversal symmetry are particularly attractive as they allow
interplay between magnetism and topology in a single material
and are expected to result in a large intrinsic anomalous Hall
and spin Hall conductivity due to the large intrinsic Berry
curvature.”'” " Such magnetic WSMs can be highly useful to
obtain spintronic devices based on single magnetic layer
overcoming the above-mentioned challenges. Recently, several
ferromagnetic WSMs have been discovered confirming their
Weyl nodes and Fermi arc surface states.'’ " Interestingly,
topological Weyl Fermionic bands and ferromagnetism up to a
T¢ of 690 K have been discovered in Heusler alloy Co,MnGa
(CMG)."”"®?! Very recently, SOT has been reported in B2
and less L2,-ordered CMG thin films**™>* and it has been
found that the efficiency of SOT components is comparable to
trivial systems. It is hence important to obtain high-quality L2,-

18535

ordered CMG thin films to realize the full potential of Berry
curvature-induced giant SOT for spintronic applications.”>*®
Here, we first develop the most highly ordered single-layer
epitaxial CMG thin films to date and then demonstrate giant
self-induced SOTs and energy-efficient single-layer nano-
oscillators at room temperature, driven by their pronounced
topological properties and strong Berry curvature. We
investigate epitaxial ferromagnetic CMG thin films of 10—30
nm with high structural order, showing very high values of
anomalous Hall conductivity, o, = 1.35 X 10°Q ' m™! and an
anomalous Hall angle, 8y = 15.8%, both highest so far in the
thin films and comparable to bulk crystal values'”'®*”**
confirming their topological order and Berry curvature. Using
harmonic Hall measurements, we observe a giant intrinsic spin
Hall conductivity, ogyc = (6.08 + 0.02) X 10° (7/2¢) Q'
m~!, which is an order of magnitude higher than literature
values of bilayer CMG/CoFeB** ** and single-layer ferro-
magnets.””*”*" The obtained spin Hall conductivity results are

https://doi.org/10.1021/acsnano.5c02048
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Figure 2. (a) Schematic of the band structure of CMG showing the bulk cone, nodal line (orange) and drumhead surface states (green). (b)
Hall resistivity, p,,, vs applied magnetic field, yoH,, at 50 and 300 K for the 20 and 30 nm films. (c) Temperature-dependent anomalous Hall
conductivity, Gy and anomalous Hall angle, 6, for the 20 and 30 nm films; lines are guides to the eye. (d) Ferromagnetic resonance spectra
for 30 nm film. (e) Ferromagnetic resonance linewidth, AH, vs f for CMG 30 nm film. (f) Gilbert damping constant as a function of CMG
thickness. (d—f) Solid and open symbols represent the experimental data points when applied magnetic field, yoH,, is parallel to CMG (110)
and (001) planes, respectively. (d,e) Solid lines are fit to the experimental data,** while solid lines in (f), are just guide to eye.

further validated by the spin-torque ferromagnetic resonance
(ST-FMR) technique. Consequently, self-SOT-driven magnet-
ization auto-oscillations are observed in a single-layer magnetic
WSM nanoconstriction SHNOs using microfocused Brillouin
light scattering (u-BLS) microscopy,”*> at an ultralow
threshold current density of J = 6.2 X 10" A m™2, a factor
of 5 lower than that previously reported for NiFe.® Theoretical
calculations of the intrinsic spin Hall conductivity, originating
from a strong Berry curvature, corroborate the results and yield
values comparable to the experiment.

RESULTS AND DISCUSSION

Structural and Magnetic Characterization. The quality
of thin films is critical for achieving the desired properties in
magnetic Weyl semimetals. To assess the growth quality, the
out-of-plane 20— X-ray diffraction (XRD) measurements
were performed on CMG films with different thicknesses, as
shown in Figure la. The (002) superlattice peaks and (004)
fundamental peaks are clearly visible in the XRD patterns for
all the samples, indicating that the films were grown with (001)
crystalline orientation and high B2 structural ordering (B2
refers to the ordering between Co and Mn-Ga). Further, the
epitaxial growth of the films was confirmed by performing ¢
scans for the CMG (220) fundamental peak. A clear 4-fold
rotation symmetry confirms the epitaxial growth for all films
(see Supporting Information, Figure Sla). The (111) super-
lattice peak of CMG was observed for the 20 and 30 nm films,
confirming L2, structural order (L2, refers to the ordering
between Mn and Ga). The (111) peak is absent in the 10 nm
film, which may be due to lower L2,-ordering in thinner films
or its intensity being below the detection limit of our XRD
system (see Supporting Information, Figure S1b). The B2 and

L2, structural ordering parameters Sg, and S, were estimated

using the experimental and calculated XRD intensity ratios,*®

and the estimated values are plotted in Figure 1b. The 30 nm

film shows a slightly higher value of S;, compared to the 20
nm film. The obtained values of Sg, and Sy, confirm full B2

and partial L2, ordering, substantially better than earlier thin
film reports on this material.>~>*
In the 30 nm thick CMG sample, which exhibited the

highest S;,, the cross-sectional high-angle annular dark-field

(HAADF) scanning transmission electron microscopy
(STEM) image confirmed the uniform thickness of both the
CMG and Al layers, with relatively smooth interfaces, as shown
in Figure 1d. The nanobeam electron diffraction (NBED)
pattern of the CMG layer, obtained from the (110) zone axis
of CMG, reveals (001) oriented growth of the CMG layer, as
indicated in the inset of Figure 1d. The presence of the (111)
superlattice reflection further confirms the L2, ordered
structure, which is consistent with the XRD results. However,
the high-magnification HAADF—STEM image viewed along
the (110) zone axis of the CMG layer shows that it consists of
a mixture of L2, and B2-ordered regions, as depicted in Figure
le. In the areas highlighted in light blue, an atomic layer with
alternating brightly and darkly imaged atomic columns, along
with a layer consisting solely of darkly imaged atomic columns,
are stacked alternately along the (002) direction. In contrast,
the unhighlighted regions exhibit alternating stacking of layers
with both brightly and darkly imaged atomic columns. Given
that the Ga and Mn columns in the L2,-ordered CMG layer
can be distinguished from the (110) zone axis (as illustrated in
the schematic of Figure le), and that the HAADF—STEM
image intensity is proportional to the square of the atomic
number (Z), it can be inferred that the light blue-highlighted
areas correspond to L2;-ordered regions, while the unhigh-
lighted areas correspond to B2-ordered regions. Figure 1f—i
present energy-dispersive X-ray spectroscopy (EDS) elemental
maps of the constituent elements, along with line composi-
tional profiles analyzed along the direction indicated in Figure
1f. Within the CMG layer, Co, Mn, and Ga are uniformly
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Figure 3. (a) Schematic of the measurement set up showing the directions of alternating current, I,¢, and applied magnetic field, H, with
coordinates. (b) Second harmonic Hall resistance, R,,, of the 30 nm CMG film vs in-plane magnetic field angle, ¢y, in an applied magnetic
field poH, = 0.2 T, for seven different alternating current values I,c = 0.3—1.5 mA, in steps of 0.2 mA. Open symbols are the experimental
data points; solid lines are fits to eq 1. (c) The cos ¢ contribution to R, (R%#) as a function of 1/(uoH, — pH) at the seven different
current values. Filled symbols are the experimental data points; solid lines are linear fits. (d,e) The antidamping-like field p,H,p, vs current
density J for 20, and 30 nm films, respectively. Solid symbols are the experimental data points; solid lines are linear fits. The extracted

effective antidamping-like torque value, &5, is shown in the figures.

distributed, indicating the absence of secondary phases. The
EDS line compositional profile further confirms the uniformity
of the chemical composition within the CMG layer, which is
estimated to be Cog; sMn,, (Gays ¢

To probe the presence of Weyl features (as shown in Figure
2a) and Berry curvature reported in earlier studies,'”"®*° Hall
conductivity measurements were performed in the temperature
range of 50—300 K. Anomalous Hall conductivity values of
about 0.45 X 10° and 1.35 X 10° Q' m™" were obtained at a
temperature of 50 K for the 20 and 30 nm CMG films, as
shown Figure 2b,c, respectively. These values are higher than
those reported for thick (~80 nm; 1138 S/cm at 2 K) CMG
films®” and comparable to the bulk case."” The origin of the
large anomalous Hall conductivity was discussed in an earlier
work by comparing measured angle-resolved photoemission
spectroscopy data to the Berry curvature obtained from density
functional theory (DFT) calculations and was attributed to the
presence of a large Berry curvature associated with Weyl lines
in the CMG electronic band structure.'”** Our high value of
anomalous Hall conductivity for the 30 nm film suggests the
presence of Weyl lines and corresponding Berry curvature. The
anomalous Hall angle, 6y = GQ,HE/ 0, Which reflects the ability
of a material to deviate the electron flow from the direction of
the longitudinal electric field, was estimated using transport
measurements (see Supporting Information, Figure S4 for
electrical conductivity, o,,, measurements), and a record high-
value of = 15.8% was obtained for the 30 nm film.

The Gilbert damping constant « is an important parameter
in optimizin§ energy-efficient spintronic devices such as
SHNOs™™ and to obtain its values, the room temperature
broadband ferromagnetic resonance (FMR) measurements
were performed in the frequency range f = 3—38 GHz with the
magnetic field, H,, applied parallel to the CMG (110) and

18537

(001) planes, as given in Figure 2d for 30 nm film. The
resonance field (Hy) and the linewidth (AH) were extracted
by fitting the experimental data to a sum of symmetric and
antisymmetric Lorentzian derivatives.”* The effective magnet-
ization, oM. was obtained from fits of f vs Hy to Kittel’s
equation;”** poM.q ranges from 0.75 T to 0.9 T for the three
films of different thicknesses (see the Supporting Information,
Figure S3). The a was obtained from linear fits of AH vs f to
AH = AH, + (4zmaf)/yp, (Figure 2e); here y/2x is the
effective gyromagnetic ratio and i, is the permeability of free
space. The obtained « values are slightly higher than previously
reported values,”” but show a very interesting hitherto
unexplored crystalline orientation dependence, as ag =
0.025 + 0.001 (H, applied along the (001) plane) is almost
twice as large as a;;o = 0.014 = 0.001 (H, applied along the
(110) plane) for the 30 nm film; see Figure 2f. The pM.q
values are in agreement to the obtained saturation magnet-
ization of, 47Mg = 0.84 + 0.02 T, for the 30 nm film using
vibrating sample magnetometer measurements. The obtained
4zM;g values (see Supporting Information, Figure S2) are
comparable to earlier reports on thin films,***® but less than
the bulk values, 47Mg = 0.96—0.98 T."”*

Giant Self-Induced Spin—Orbit Torques. To quantify
the self-induced SOTs harmonic Hall measurements were
performed on the 20 and 30 nm CMG films, as shown in the
schematic in Figure 3a. The SOT efficiency was estimated
using fits of the second harmonic (R,,) Hall resistance vs ¢y,

41,42
to
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Figure 4. (a) Schematic of the ST-FMR measurement setup. (b) Five representative STFMR curves in the frequency range f = 7—15 GHz.

Solid symbols are the experimental data; solid lines are fit to, V,

mix

= SF(H,) + AF,(H,).*”** (c) Resonance linewidth AH vs dc bias I

measured at a frequency of 8 GHz, here solid symbols are the data points obtained by fitting the V,; signal and the solid line is a linear fit to
the obtained data. (b,c) All the measurements are done with ¢b;; = 60°. (d,e) The calculated anomalous Hall and spin Hall conductivities as a
function of € being the energy relative to the Fermi energy. The dashed line in (d,e) refers to the position of the Fermi level (energy), Ey. (f)
Comparison of the experimental spin Hall conductivity, 65y values obtained for CMG with values reported for other single-layer magnetic
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HAD
R,, = _[RAHEW + RT] cos ¢y

Hg, + Hy 3
———=(2cos’¢p,, — cos ¢.,)
H, H H )

where Ruyp and Rpyp are the anomalous and planar Hall
resistances, Hy, Hypy and Hy, are the effective field of the field-
like torques, the effective field of the antidamping-like torques
and the current induced Oersted field, respectively. Ry is the
second harmonic Hall resistance signal due to the thermo-
electric effects including the anomalous Nernst effect and spin
Seebeck effect. The measured R,,, vs ¢y was fitted with eq 1
and separated into cos ¢y and 2cos’py — cos Py
contributions. The cos ¢y contribution of R,, (R$:?) vs 1/
(HoH, — uoHET) for the 30 nm CMG film is shown in Figure
3¢; Hpp and Ry values were obtained from the slope and y-
intercept of the linear fit of the data, respectively. We assume
no net Oersted field contribution in our case, as we are
working with a single CMG layer. Figure 3d,e show the
obtained H,p, vs J (current density) for the 20 and 30 nm films,
respectively. The slope of Hyp vs | was obtained from the
linear fit and used to evaluate the effective antidamping-like
torque efficiency, & with the relation™

+ 2Rpye

off _ 2emg Sty Hyp
AD ho & ()

where, e is the elementary charge, 7 is the reduced Planck’s
constant, and mg is the saturation magnetization per unit area.
& values of 0.24 + 0.01 and 0.82 + 0.02 are obtained for the
20 and 30 nm films, respectively (see Supporting Information,
Figure SS for CMG 20 nm data). The obtained value of el =
0.82 + 0.02 is an order of magnitude higher than the
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previously reported values for CMG/Ti/CoFeB**** and about
S times the value reported for single layer (110) oriented
CMG films.”* The effective spin Hall conductivity, ogyc =
0, £ = (124 +0.01) x 10° and (6.08 + 0.02) X 10° (#/2e)
Q7! m™! were estimated for the 20 and 30 nm CMG films,
respectively. The oy value for the 30 nm CMG film is at least
an order of magnitude higher than reported values for other
single layer magnets such as NigoFey, """ Ni, Fe, and Co.”
Moreover, it remains higher—by an order of magnitude—
compared to other topological materials such as TaAs,*
WTe,,** BiZSe3,45 BizTe346 etc.

To further estimate the SOT efficiency, ST-FMR measure-
ments were performed on rectangular 4 X 14 ym* microstrips
fabricated with the longer axis along the CMG (110) plane
(measurement schematic is given in Figure 4a). We chose the
CMG (110) plane because it exhibits the lowest Gilbert
damping as discussed above in FMR results and the highest
SOT efficiency.”” Anisotropic magnetoresistance measure-
ments were performed on the ST-FMR microstrips and
negative anisotropic magnetoresistance values in the range
from —0.37 T to —0.41 T were obtained, as shown in
Supporting Information, Figure S6. A representative ST-FMR
signal (V,,;,) for the 30 nm film is shown in Figure 4b; we did
not observe a clear signal for the 20 and 10 nm films which
might be due to the loss of topological features as these films
have relatively lower structural ordering. The obtained V,;;, was
fitted to a single Lorentzian function, which is the sum of
symmetric and antisymmetric components.l‘g’w’48 The pM.g
and «a values are obtained in the same way as mentioned in the
FMR analysis (raw data and fits shown in Supporting
Information, Figure S7). The obtained values pM.z = 0.79
+ 0.04 T, and a = 0.018 + 0.001 are comparable to the FMR
results on the blanket films when H, applied along the (110)
plane.
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Figure S. (a) Schematic of the y-BLS measurement geometry. (b) SEM image of the fabricated 150 nm wide nanoconstriction SHNO based
on the 30 nm CMG film. (c) p-BLS measurements of the thermal spin wave spectral distribution vs field strength measured at Iy, = 0. (d,e)
Current dependent auto-oscillation signal measured in a 60° out-of-plane magnetic field goH = 300 mT, and 450 mT, respectively. The

threshold current (I) is marked with dashed white line in each plot.

The current dependent ST-FMR measurements were carried
out at a fixed frequency (8 GHz) to estimate the effective
antidamping-like torque efficiency (655). The change in AH vs
applied dc current, Iy, at a frequency of 8 GHz is shown in
Figure 4c. The slope (6AH/61,.) of linearlg fit AH vs I, from
Figure 4c can be used to extract €55, 7"

k (Ha + O‘SMeff),u()MstCMG L 0AH
n sin ¢y, 2af Ol c (3)

where, tcyic is the thickness of the CMG layer, A, the cross-
sectional area of the ST-FMR microbars, and ¢y the angle
between the applied magnetic field and the rf/dc current. A
O5F value of 1.58 + 0.40, and an effective spin Hall
conductivity, ogyc = 0,050, value of (1.12 + 0.30) x 10°
(h/2¢) (Q m)™" were estimated for the 30 nm CMG film,
corroborating the very high value achieved above using the
harmonic Hall measurements.

To gain further theoretical insight into the giant spin Hall
effect, we calculated the spin Hall conductivity o,,, in L2,-
ordered CMG by combining first-principles calculation with
the Kubo formula. The spin Hall conductivity o;,, can be
calculated in the same way as the anomalous Hall conductivity
o,, except that the usual momentum operator p, is replaced by
p, = {p,s.}. Figure 4d shows the energy dependence of the
anomalous Hall conductivity o,,, where € = 0 corresponds to
the Fermi level in the present system. We obtained a large
value of 6, (~1.2 X 10° Q™' m™) at € = 0, consistent with
previous studies.*”*" Tt is known that L2;-ordered CMG has
several mirror symmetries in its crystal structure, and these
provide Weyl nodal loops in the k; = 0 plane (i = x, y, z) in the
Brillouin zone, as shown in the schematic of Figure
1d.'779494950 When the spin-orbit interaction is taken into
account, some of these nodal loops are gapped and yield a

large value of the Berry curvature, which is the reason for the

eff
O =

very large %.20’40’49 In Figure 4e, we show the energy
dependence of the spin Hall conductivity o;,,. We obtained a
large o;,, of ~1.3 X 10°(A/e) Q' m™! at’'e = 0, which is
comparable to the experimentally obtained large values. Since
0.y is given as the integral of the spin Berry curvature in the
Brillouin zone, the gapped nodal loops are also considered to
be the origin of the large spin Hall conductivity. These results
clearly indicate that the experimentally obtained large spin Hall
effect can be understood by the intrinsic mechanism
originating from the electronic structure of L2,-ordered CMG.

Ultralow Current Density SHNOs. To confirm and use
the observed giant intrinsic SOT, we fabricated 150 nm wide
nanoconstriction SHNOs**® out of the 30 nm CMG film and
measured their spin wave spectra as a function of field and
SHNO current using #-BLS microscopy. Figure Sa shows the
schematic of the 4-BLS measurements with the SHNO layout,
the magnetic field geometry, and the laser spot (~300 nm)
focused onto the center of the nanoconstriction. The external
magnetic field is applied at an out-of-plane angle, @ = 60° and
an in-plane angle, ¢ = 0°. Figure Sb shows a scanning electron
microscopy image of the SHNO. Additional details of the
SHNO device fabrication and u-BLS measurements are
described in the Methods section.

Figure Sc shows the spectral distribution of the thermal
(zero current) BLS counts vs field strength. As expected for a
material without perpendicular magnetic anisotropy, we
observe a wide band of spin waves with a lower FMR cutoff
following a Kittel-like frequency-vs-field dependence and a
higher more gradual decay as the spin waves approach the
wave vector resolution limit of the BLS microscope. Well
below the FMR cutoff, we also observe a narrow spin wave
mode, which we identify as the typical nanoconstriction edge
mode.

Figure Sd,e show the corresponding spin wave spectral
distribution vs SHNO current for two different magnetic fields
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of 300 mT and 450 mT. The thermal BLS counts are now
entirely swamped by spin wave auto-oscillations starting at
about 2.8 and 4.1 mA, respectively. The auto-oscillations occur
on the nanoconstriction edge mode with a frequency that
decreases with current, consistent with the negative non-
linearity.”"

To confirm the first estimates of the auto-oscillation
threshold currents, we fit a Lorentzian to the BLS spectral
distribution at each current and plot the integrated BLS counts
and the distribution width vs SHNO current as shown in
Supporting Information, Figure S8. At threshold, the
integrated BLS counts show a sharp change of slope and the
extracted spectral linewidth drops to the instrument frequency
linewidth of the BLS microscope (~200 MHz). Using these
observations as approximate criteria for the threshold current,
we extract 2.8 mA at 300 mT and 4.1 mA at 450 mT. This
translates into threshold current densities of Jy = 6.2 X 10' A
m~?and Jy, = 9.1 X 10" A m™, which is 1 order of magnitude
lower than that of 15 nm single-layer NiFe nano oscillators.”
Considering that CMG and NiFe have about the same
saturation magnetization and that the film in our CMG SHNO
is twice as thick as the NiFe in,® the ultralow threshold current
density is a strong confirmation of the giant intrinsic SOT of
CMG.

CONCLUSION AND OUTLOOK

In this study, we demonstrate very high values of 6,, and ogyc
in epitaxial ferromagnetic CMG films and operation of single-
layer magnetic Weyl semimetal spin Hall nano-oscillators at
ultralow threshold current densities. High, bulk-like, values of
the anomalous Hall conductivity, o,, = 1.35 X 10° Q' m™,
and the anomalous Hall angle, 6y = 15.8% supports the
presence of topological surface states and large Berry
curvature.'” The SOT efficiency, measured using second
harmonic Hall resistance and corroborated with ST-FMR,
yields a 6gyc value of (6.08 + 0.02) X 10° (71/2¢) Q' m™ for
the 30 nm CMG film, which is an order of magnitude higher
than previously reported for single-layer magnets and multi-
layer Co,MnGa stacks. Theoretical calculations further support
this observation, attributing the giant intrinsic SOT to large
Berry curvature.

The single-layer ferromagnetic SHNOs, using TSMs with
large SOT's and ultralow current densities, will offer improved
energy efficiency by reducing heat, eliminating shunting and
interfacial spin-memory loss, and maximizing output power
through effective magnetoresistance utilization.”>” Benefiting
from topological surface states and large Berry curvature, we
demonstrate single-layer magnetic WSM with a high charge-to-
spin conversion and ultralow current density (Jy, = 6.2 X 10"
A m™?) operation of SHNOs. The operating current and
current density of SHNOs can be further reduced by
optimizing ultrathin (<10 nm) epitaxial CMG films with
high crystal order and lower Gilbert damping while retaining a
large o 3

Due to their simple nanofabrication process and exceptional
mutual synchronization, nanoconstriction SHNOs are rapidly
emerging as promising spintronic oscillators for applications in
wireless communication and unconventional computing.”’
Mutual synchronization not only enhances key spectral
properties—such as reducing linewidth and increasing output
power””**—but also lowers phase noise,”> improving the
stability and scalability of these systems. Recent studies have
also demonstrated the generation and control of propagating

. : o 56,57 . . :
spin waves in these devices, underscoring their potential

for use in reconfigurable magnonic conduits and spin-wave-
based Ising machines.”* Additionally, advancements such as
the development of ultrasmall SHNOs®” and the synchroniza-
tion of over 100,000 oscillators in a two-dimensional array,””
achieving a giant quality factor and high output power (>9
nW), further highlight the miniaturization and scalability of
this technology for practical applications. The highly eflicient
WSMs with strong SOTs could further enhance mutual
synchronization while minimizing unwanted effects from HMs
in bilayer SHNOs, paving the way for more efficient and
scalable spintronic devices.

Moreover, due to their active topological properties, these
materials can exhibit significant electric field tunability,
allowing for substantial on-demand frequency adjustments
using electric field gating."”'"**" This tunability can be
directly utilized to control mutual synchronization in large
chains and arrays of SHNOs with wide frequency operation.’
The demonstrated results have implications far beyond
SHNOs. The giant SOT in a single magnetic WSM with
room temperature ferromagnetism is also highly useful for
spintronic THz sources'®>%” and three-terminal memory
devices,” replacing complex FM/HM heterostructures and
enabling simpler, more energy-efficient designs. Overall, our
demonstration will enable the use of magnetic Weyl semi-
metals for the further development of energy-efficient SHNOs
and open new opportunities for researchers in other areas of
spintronics.

METHODS

Sample Fabrication. Epitaxial thin films of CMG (t = 10, 20, and
30 nm) were grown on 0.5 mm thick single-crystalline MgO (001)
substrates using ultrahigh vacuum magnetron sputtering with a base
pressure of less than 2 X 10~ Torr. A Co—Mn—Ga alloy sputtering
target was used to deposition the CMG films. The argon gas pressure
during deposition was 0.1 Pa, and the deposition rate was 0.065 nm/s.
All films were deposited at room temperature and subsequently
annealed at 550 °C for 30 min under ultrahigh vacuum conditions. As
part of the optimization process, we investigated the dependence of
annealing temperature on film quality over a range of 450—650 °C
and confirmed that annealing above 550 °C is necessary to achieve
the L2,-ordered state. Further, to maintain a high degree of flatness in
the films, we selected 550 °C as the postannealing temperature. The
thickness of 10—30 nm was decided from the previous study that
investigated the thickness dependence of the anomalous Hall effect.**
After cooling down the samples to room temperature, a 2 nm thick Al
capping layer is deposited to protect the films from oxidation and
damages during fabrication. E-Beam lithography, Ar—ion milling, and
a negative e-beam resist (maN 2401) as an etching mask were then
used to fabricate 500 nm wide cross Hall bars, 4 X 14 ym?* ST-FMR
microstrips, and 150 nm wide nanoconstriction SHNOs. The Ar—ion
etching is performed at a very slow rate of <0.5 A/s to minimize
damage from high-energy ions. Subsequently, the residual resist is
removed using O,—plasma cleaning. Optical lithography is used to
define the top coplanar waveguide contacts for the electrical
measurements, followed by a lift-off process of 780 nm of copper
and 20 nm of platinum.

Characterization of Co,MnGa (CMG) Films. The composition
of the CMG films is determined using X-ray fluorescence spectros-
copy. The structural analysis is done using X-ray diffraction (XRD)
measurements for different CMG atomic planes using different tilt
angles y. The microstructure of CMG films was analyzed using FEI
Titan G2 80—200 and Thermo Fisher Scientific Spectra Ultra
scanning transmission electron microscopes (STEM), operating at
accelerating voltages of 200 kV and 300 kV, respectively. The
longitudinal and anomalous Hall resistivities are measured using a
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physical property measurement system (PPMS; Quantum Design) at
temperatures 50—300 K. Magnetization measurements are done using
a vibrating sample magnetometer at room temperature. Broadband
ferromagnetic resonance (FMR) measurements are done using a
NanOsc PhaseFMR-40 system with a coplanar waveguide for
broadband microwave field excitation at room temperature. Micro-
wave excitation fields h, with frequencies up to 38 GHz are applied in
the film plane and perpendicular to the applied in-plane dc magnetic
field H,.

Harmonic Hall Measurements. The effective fields of field-like
(Hp,) and antidamping-like (H,p) SOTs are evaluated using
extended harmonic Hall measurements, excluding the thermoelectric
effects ori§inating due to the anomalous Nernst and spin Seebeck
effects.*** The schematic of the harmonic Hall measurement setup is
shown in Figure 3a, where a 213 Hz alternating current (I,c) is
applied to the channel in the presence of a fixed magnetic field, yoH,.
The first and second harmonic Hall voltages (V,, and V,,) are
measured at room temperature using a lock-in-amplifier while
sweeping the in-plane angle, ¢y, between the I,c and pu,H, as
shown in Figure 3a.

Magnetoresistance and Spin Torque Ferromagnetic Reso-
nance Measurements. In-plane angular dependent anisotropic
magnetoresistance measurements are performed on 4 X 14 ym?* ST-
FMR microstrips at room temperature using a rotatable projected
vector field magnet with a magnetic field magnitude of 0.1 T and an
applied dc current of 0.5 mA. Room-temperature ST-FMR measure-
ments are performed by injecting a radio frequency (rf) current to the
microstrip through a high-frequency bias-T at a fixed frequency
(ranging from 7 to 17 GHz) with an input power of P = 4 dBm. The
if current generates antidamping-like and field-like torques in the
presence of an applied magnetic field yoH,, and the resultant torques
excite the magnetization procession of the CMG film, which leads to a
time-dependent change in the device resistance due to the
magnetoresistance of the CMG."”** The oscillating resistance of
the device mixes with the rf current and results in a dc mixing voltage,
Vimiv Which is then measured using a lock-in-amplifier. ST-FMR
measurements are performed with a fixed in-plane angle, ¢y = 60°,
between the applied magnetic field and input rf/dc current.

Micro-Brillouin Light Scattering Measurement. Magneto-
optical measurements of the SHNOs are carried out using
microfocused Brillouin light scattering microscopy. A monochromatic
continuous wave (CW) laser (wavelength = 532 nm; laser power =
1.5 mW) was focused on the center of the nanoconstriction by a X100
microscope objective with a large numerical aperture (NA = 0.75)
down to a 300 nm diffraction limited spot diameter. The magnetic
field condition was set at an in-plane angle (IP) of 0°, and an out-of-
plane angle of 60°. The scattered light was analyzed with a
Sandercock-type six-pass Tandem Fabry—Perot interferometer TFP-
1 (from JRS Scientific Instruments). The resulting BLS intensity is
proportional to the square of the amplitude of the dynamic
magnetization at the location of the laser spot. A special stabilization
protocol based on an active feedback algorithm (THATec
Innovation) was employed to get long-term spatial stability during
the y-BLS measurements. All the measurements were performed at
room temperature.

Theoretical Calculations of Anomalous Hall and Spin Hall
Conductivities. The anomalous Hall and spin Hall conductivities of
CMG are calculated by combining first-principles calculations and the
Kubo formula. First, we calculated the electronic structure of L2;-
ordered CMG (Figure la) based on the density-functional theory,
including the spin-orbit interaction, which is implemented in the
Vienna ab initio simulation program (VASP).® The lattice constant is
set to a typical experimental value of 5.755 A.>° We adopted the
generalized gradient approximation for the exchange-correlation
energy and used the projected augmented wave pseudopotential to
treat the effect of core electrons properly. A cutoff energy of 337 eV is
employed, and the Brillouin-zone integration is performed with 91 X
91 X 91 k points. The convergence criteria for energy and force are set
to 107° eV and 107* eV/A, respectively. Using the obtained electronic
structure, we calculated the anomalous Hall and spin Hall
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conductivities using the following expressions derived from the
Kubo formula

e k.
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where ny(e) and GSyxy((:‘) are the anomalous Hall and spin Hall
conductivities, respectively, as a function of € being the energy relative
to the Fermi energy. These conductivities are given by integrating the
charge Berry curvature €, and the spin Berry curvature , where
the generalized momentum operator py is dgﬁned as py = p, and p;, =
{p 5.} with the spin operator s, = 0,/2. ° In eq 6, ly,,) is the
eigenstate with the eigenenergy E,, for the band n and the wave
vector k, and f(E,;, €) is the Fermi distribution function. In our
calculations, the direction of the magnetization is fixed to the [001]
direction, consistent with the experimental setup.
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