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Spin Hall effect from hybridized 3d-4p orbitals
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We show that a paramagnetic CoGa compound possesses large enough spin Hall angle to allow robust
spin-orbit torque switching of perpendicularly magnetized ferrimagnetic MnGa films in CoGa/MnGa/oxide
heterostructures. The spin Hall efficiency estimated via spin Hall magnetoresistance and harmonic Hall
measurements is +0.05 = 0.01, which is surprisingly large for a system that does not contain any heavy metal
element. First-principles calculations corroborate our experimental observations and suggest that the hybridized
Co 3d-Ga 4p orbitals are responsible for the intrinsic spin Hall effect. Our results suggest that efficient spin
current generation can be realized in intermetallics by alloying a transition metal with a p-orbital element and

by Fermi-level tuning.
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I. INTRODUCTION

Electrical manipulation of magnetization by spin-orbit
torque (SOT) [1-9] has shown promise for realizing reliable
magnetic memories and oscillators. Recent experiments have
demonstrated charge-spin conversion efficiency that exceeds
~0.1 in 5d transition metals [2,10-13] and alloys formed
by mixing among transition metals [6,7,14—17] or among p-
block elements [3,18]. Meanwhile, the spin Hall effect (SHE)
in binary systems consisting of a transition-metal element and
a p-block element has only been experimentally explored for
limited materials, such as in Cu-Bi alloys in the diluted limit
[19] or in the case of oxygen incorporation in tungsten [20].

Here, combining experiments and first-principles calcula-
tions, we reveal spin current generation via SHE in a d-p
binary system: the paramagnetic S-CoGa compound. The
spin Hall efficiency of CoGa that contains no heavy element
with strong spin-orbit coupling (SOC) is determined to be
40.05 £ 0.01, surprisingly large compared to other 3d met-
als or alloys that have been reported so far [21,22]. Using
CoGa as a seed layer [23,24], we experimentally demonstrate
magnetization switching of a Mn-based ferrimagnetic tetrag-
onal Heusler compound [25] (MnGa), a material system that
can be applied to ultrafast spintronic applications owing to
its high perpendicular magnetic anisotropy (PMA) [23,26],
low Gilbert damping [27], high spin polarization [28], and
large tunneling magnetoresistance (MR) [29]. The excellent
agreement between the experimental spin Hall conductivity
(SHC) of 143 +30 (/i/e) 2~ ' cm™! and the calculated SHC
of 140 (1/e) Q' cm~' suggests the observed SHC is mainly
of intrinsic origin (% and e are the reduced Planck constant and
the elementary charge, respectively). We further show that the
nearly degenerate d-p hybridized bands near the Fermi level
and the SOC are the two necessary conditions for obtaining
appreciable SHC in CoGa.
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II. EXPERIMENTAL RESULTS
A. Structural and magnetic properties

Equiatomic B-Cos0Gasy crystallizes in CsCl-type B2
structure (space group 221), as illustrated in Fig. 1(b),
with Co and Ga occupying equivalent la (0, 0, 0) and 1b
(0.5, 0.5, 0.5) sublattices, respectively. Off-stoichiometric
Co(Ga)-rich compounds may retain the B2 structure
by forming Co antisites (vacancies) in lieu of Ga (Co)
[30]. Figure 1(a) defines the coordinate system and
illustrates our typical stacks, which consist of MgO(001)
substrate/Cos3Gay7(CoGa)(t)/FM/ (Mg, Al)O,(MAO)(2)/
Ta(1) (in nanometers). See Secs. 1 and 2 of the Appendix
for the details of sample preparation and characterization.
FM denotes either a 2-nm-thick ferrimagnetic Mn; 44Ga
(MnGa) with PMA or a l-nm-thick in-plane magnetized
ferromagnetic CoyoFegB2o (CoFeB) layer. The symmetrical
0-260 x-ray-diffraction spectrum of a CoGa(5)/MnGa(10)
heterostructure is plotted in Fig. 1(c). The appearance of
a CoGa(001) superlattice peak confirms the B2 ordering.
Detailed peak intensity analysis suggests the simultaneous
presence of ~10% Co antisites and vacancies. The pole figure
in Fig. 1(d) reveals the in-plane epitaxial relationship of the
structure: MgO[110]//CoGa[100]//MnGa[100], with CoGa
and MnGa making a 45° in-plane rotation with respect to the
MgO lattice. The magnetic hysteresis loops measured using
superconducting quantum interference device (SQUID) in
vibrating-sample magnetometry mode of a CoGa(5)/MnGa(2)
heterostructure is shown in Fig. 1(e). We find saturation
magnetization M, of ~400 emu/cm?® and anisotropy field H;
of ~20kOe, corresponding to an effective uniaxial anisotropy
Keir =~ MSHk/Z ~ 4 x lOf’erg/cm3.

B. Current-induced SOT switching

The Hall resistance R,, as a function of the out-of-
plane field (H,) for a Hall bar device patterned from the
CoGa(5)/MnGa(2) heterostructure is shown in Fig. 1(f). The
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FIG. 1. (a) Schematic of the CoGa/FM bilayer with the definition of the coordinate system (x,y, z). (b) Illustration of the B2 8-CoGa

crystal structure. (c) 6-26 x-ray-diffraction spectrum of a CoGa(5)/Mn; 44Ga(10) bilayer deposited on a MgO(001) substrate. (d) Pole
figure of the same stack, revealing the in-plane epitaxial relationship. (e) In-plane and perpendicular M-H loops of a CoGa(5)/Mn; 44Ga(2)
heterostructure. (f) Typical R,,-H, loop of a Hall bar device, confirming the strong PMA of MnGa. (g), (h) Current-induced SOT switching of
the MnGa magnetization, monitored via R,,, with an applied x field of =1 kOe. The two blue horizontal dashed lines indicate that practically

all MnGa moments are reversed by the current.

square R,,-H, loop confirms the strong PMA of the mag-
netic layer with a coercive field H. ~ 1.2kOe. SOT-induced
switching of MnGa is demonstrated by sweeping the current
I along x while monitoring the z component of the magneti-
zation via Ryy. Ry,-I loops, measured with a bias field H, =
+1kOe, are plotted in Figs. 1(g) and 1(h). Magnetization
along —z(+z) is preferred when the current flow and H, are
parallel (antiparallel), which suggests that the spin Hall angle
of CoGa is positive (same sign with that of Pt [9]). Thus a
charge current flowing along +x generates a spin accumula-
tion (o) polarized along —y at the top interface of CoGa via the
SHE. Using pcoca = 175 uQ2cm and pppga = 196 n2 cm,
obtained from the CoGa thickness dependence of the sheet
conductance, the switching current I, ~ 11 mA corresponds
to a current density Jg,, ~ 1.6 x 10’ A/cm? in the CoGa layer.

C. Spin Hall magnetoresistance

The efficiency &g of the Slonczewski-like spin Hall torque
acting on the adjacent magnetization m is linked to the
intrinsic spin Hall angle 6 by &g =T -6, where T (1)
describes the interfacial spin transparency [31]. From here on
we focus on quantifying &gy and its fieldlike counterpart &g
of CoGa/MnGa and CoGa/CoFeB heterostructures to obtain
the lower bounds of O¢.g,. First we discuss &g obtained from
magnetoresistance measurements. The longitudinal resistance
(Ryx) of a heavy metal/ferromagnetic metal bilayer can be
modulated by the transmission and reflection of SHE-induced
spins at the interface due to the collective action of the SHE
and the inverse SHE. Owing to this effect, now commonly
referred to as the spin Hall magnetoresistance (SMR), R,
shows a distinct difference when m is directed parallel or
perpendicular to o [32-34].

Figures 2(a) and 2(b) show the MR ratio—
AR, (H; )/R o Wwith i =x,y,z—of CoGa(5)/Mn; 44Ga(2)

and CoGa(5)/CoFeB(1) heterostructures with magnetic
field applied along three orthogonal axes x, y, and z.
Here, Rix.oERxx(Hi =0) is the base resistance and
AR, (H;) = Rw(H;) — R, o is the MR due to an applied
field along the i dlrectlon For both heterostructures, the
MR is dominated by a background signal that does not
depend on the magnetization direction of the MnGa or
CoFeB layer. We find that the background MR mainly arises
from the paramagnetic CoGa layer (see Secs. 3—5 of the
Appendix). This contribution can be largely eliminated by
plotting instead AR} Z/R)Zcx,O = [Rw(H,) — R (H;)] /Rfm0
and ARy /R, = [Ru(Hy) — R (H,)]/R, o, as shown
in Figs. 2(c) and 2(d) for the two heterostructures. The
m-dependent contribution of ARY* and ARy, which
are commonly known as anisotropic magnetoresistance
(AMR) and SMR, respectively, are extracted by extrapolating
the field-dependent MR contributions to zero field. Upon
including the MR contribution of MnGa, AMRpG, as
detailed in Sec. 4 of the Appendix, we estimate the magnitude
of the SMR ratio ASMR, as illustrated in Figs. 2(c)
and 2(d). The CoGa thickness ¢ dependence of ASMR
for the two heterostructures is plotted in Fig. 2(e). Assuming
a transparent interface, we fit the data with an expression
derived from a drift-diffusion model [11,34,35]:

A tanh(z /2)) [1 B 1 :| )
t l1+a cosh(t/A)

ASMR = sC()GaL/FM SL

We use the spin-diffusion length of CoGa A and &g as
the fitting parameters. a = (pcoGatrm )/ (Prm?) describes the
current shunting due to the presence of a conducting mag-
netic layer where ppv (Ocores = 120 uQ2cm and pyvinga =
196 12 cm) denotes the resistivity of the magnetic layer of
thickness 7ry. We obtain |EcoGa/MnGa,SLI ™ |EcoGa/coFeB,SL] =
0.05 £ 0.01 and on average A ~ 1.8 nm with the fitted curves
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FIG. 2. Magnetoresistance as a function of three orthogonal applied fields for (a) CoGa(5)/MnGa(2) and (b) CoGa(5)/CoFeB(1)
heterostructures. (¢, d) AR */R;, , and AR} */R; , calculated from (a) and (b), respectively. Different magnetoresistance contributions
are labeled. (e) CoGa thickness (¢) dependence of the SMR ratio, ASMR. Solid lines are fits to the data using Eq. (1).

shown in Fig. 2(e). Using pcoga = 175 €2 cm, we obtain a
spin Hall conductivity of 143 £ 30 (%/e)Q2~' cm~!. We note
that the error in £ mainly arises from the uncertainties in es-
timating various MR contributions that have to be subtracted
from the raw data, as detailed in Secs. 3-5 of the Appendix.

D. Harmonic Hall measurements

We next quantify the Slonczewski-like (Hgy|lm x o) and
the field-like (HpL| — o) spin-orbit effective fields in the
two heterostructures using the harmonic Hall techniques
[12,36-38]. Under a low-frequency sinusoidal excitation cur-
rent density of amplitude Jy, the current-dependent effec-
tive fields (i.e., the SOT) modulate the direction of m,
thereby producing an out-of-phase second harmonic Hall
resistance, R,,. To estimate the effective fields, we use field
scans that depend on the magnetization easy axis of the
heterostructures.

For the perpendicularly magnetized CoGa(t)/MnGa(2)
heterostructures, the changes of the in-phase first harmonic
(fundamental) Hall resistance R, and Rj,, in response to
a moderate H, or H,, are recorded [Fig. 3(a)]. See Sec. 6
of the Appendix for the field dependence of R,. Typical
Ry, values against H, and H, for a sample with = 5nm
are plotted in Figs. 3(b) and 3(c), respectively. We define

B, = _akg,,;;m) —32127;51*) and B, = —8Rg“;f") / —32{;‘}’;? ) to obtain the
spin-orbit effective fields as follows [39]: '
B, +2¢B B, +2¢B
Hy =-—2—-""2 H —_py—=r 2
SL — FL+0c R 2

The =+ sign corresponds to m pointing along +z. A posi-
tive Hsy (HpLtoe) represents Hsp (HpL1oe) pointing along
+x(+y). e(=ARpue/ARy,) denotes the ratio of the magni-
tude of planar Hall effect (PHE) ARpyg and that of the anoma-
lous Hall effect (AHE) AR,,. From high-field measurements,
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FIG. 3. (a) Schematic of the harmonic Hall measurements on the
the Slonczewski-like (Hgp ) and the fieldlike (Hp_) spin-orbit effec
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along +x. (b), (c) Ry, against an applied field along x (H,) and along y (H,). (d) Schematic of the harmonic Hall measurements on in-plane
magnetized CoGa(r)/CoFeB(1) bilayers. (e) CoGa thickness dependence of the spin-orbit effective fields for CoGa(z)/CoFeB(1) bilayers.
(f) Slonczewski-like &, and fieldlike &, spin Hall efficiencies vs 7. The solid line is a fit on &5, using Eq. (3).

we estimate ¢ ~ 0.11. Here Hpp .o includes Oersted field
contribution. We evaluate the Oersted field (Ho, ) arising from
the CoGa layer and acting on m from Ampere’s law: the
calculations return Hp./Jy =~ —0.31 Oe/ 10°Acm~2 for t =
5nm. We subtract Ho, from Hgp 4o to obtain Hgp. Slopes of
linear regressions on Hsy and Hpp, against J; are used to eval-
uate the efficiencies &g = Z;M and &g = 2EHFLM—’FM
Fort = 5nm we find sCoGa(S)/MnGa SL ~ +0.034 + O 020 and
coGa(s)/MnGa,FL ~ +0.27 £ 0.10. EcoGa(s)/MnGa,sL is smaller
than that estimated using the SMR method; however, this is

due to the fact that a CoGa thickness of 5 nm is not large
enough, compared to its spin-diffusion length (A ~ 1.8 nm),
to observe saturation of the effective field [see Fig. 3(f) and
the related description below].

For in-plane magnetized CoGa(t)/CoFeB(1) bilayers, R,,
and R, are measured as a function of the angle ¢ between the
current flow (along x) and the magnetic field applied within
the film (xy) plane [Fig. 3(d)]. Details of the analyses to
extract the spin-orbit effective fields are described in Sec. 7 of
the Appendix. The CoGa thickness (¢) dependences of Hsy /Jy
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FIG. 4. (a) Band structure of 8-CoGa along high-symmetry directions. £ = 0 is the Fermi level. T, Y’, and Y” points correspond to (0.5,
0.205, 0.5), (0, 0.205, 0), and (1, 0.205, 1), respectively. The two bands that cross the Fermi level are plotted in red and blue. The size of the
symbols represents Ga orbital weight. We note that these two bands are degenerate along the R-M (namely R-T-M) line and cut the Fermi
level at T. (b) Calculated spin Hall conductivity, SHC, against energy within a rigid band model. (c) Contributions to SHC (in arbitrary units)
along the high-symmetry k path when the full SOC (black line), SOC on Co only (red line), and SOC on Ga only (blue line) is considered.
(d) Nlustration of the first Brillouin zone and the position of high-symmetry & points.

and Hgp/Jo are plotted in Fig. 3(e). Taking into account
the CoGa thickness dependence of CoFeB M, ranging from
1100 to 1700 emu/cm3, the efficiencies of the Slonczewski-
like (§coGa/coren,sL) and fieldlike (coGa/coreB,FL) torques are
plotted in Fig. 3(f). We fit the thickness dependence with the
expression [40]

&CoGa/CoFeB,SLIFL) () = EcoGa/coreB,sLEL)[1 — sech(z /A)],
3)

which gives ";:CoGa/CoFeB,SL = +0.053 and A =2.0nm, in
satisfactory agreement with the SMR method. In addition, we
have also carried out spin-torque ferromagnetic resonance and
modulation of damping measurements [40] for quantifying
the sign and the magnitude of SOT in the CoGa(5)/CoFeB(1)
bilayer, as detailed in Sec. 8 of the Appendix. Results are
in agreement with those obtained using the harmonic Hall
method.

We find &coga/coreB,FL  Similar in magnitude with
&coGa/CoFeB,sL- Interestingly, &s; is similar in magnitude
for both bilayers CoGa/MnGa and CoGa/CoFeB, whereas &g,
is significantly larger for the former. These results suggest
that SOT and & sensitively depend on the interfacial band
matching, i.e., the interface transparency. The exceptionally
large £coGa/MnGa,FL May originate from contributions due to
the Rashba-Edelstein effect [1,37,41], fieldlike component
of the spin-transfer torque due to the spin Hall induced
spin current [42—45], spin swapping torques [46], and other
interfacial effects [47,48].

II1. FIRST-PRINCIPLES CALCULATIONS

It is commonly believed that the SOC, scaling with Z*
(Z = atomic number), is an essential ingredient for obtaining
large SOT. However, our observations on a CoGa compound
that contains no heavy element and yet exhibits appreciable
SHE at room temperature challenge this archetypal
assumption. The relatively high pcoga = 175 u2cm with
an estimated mean free path [ comparable to twice the
lattice spacing d ~ 2.8A (see Sec. 9 of the Appendix)
in general excludes interpretation based on extrinsic
spin-dependent skew scattering. In order to gain insights
into the mechanism of spin current generation in CoGa,
we perform first-principles calculations (see Sec. 10 of the
Appendix for the details) based on density-functional theory
to study the intrinsic SHC of stoichiometric f-CoGa [49].
Note that the first-principles calculations find the ground state
of stoichiometric f-CoGa to be paramagnetic.

The band structure along high-symmetry k paths and the
corresponding SHC contributions at the Fermi level Er (i.e.,
at £ = 0) are plotted in Figs. 4(a) and 4(c), respectively.
Due to the strong orbital hybridization, bands with mainly
Co d character are pushed down to lower energy below
Ep while the Ga sp states are moved above, leaving only
two bands that cross Ep at several k points: the two bands
are color coded with red and blue. To illustrate the degree
of orbital hybridization, the character of the band is repre-
sented by the symbol size: large-size (small-size) symbols
indicate bands with strong Ga (Co) character. The right panel
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of Fig. 4(a) shows the highly dispersive 3d-4p hybridized
bands along the R-M line that cut Er at the T point with
(ky, ky, kz) ~ (0.5, 0.205, 0.5). When no SOC is included,
two bands are degenerate because the R-M line possesses
C4, symmetry along the k, axis. Upon introducing the SOC,
the band degeneracy is lifted, which gives rise to a small
energy gap and large SHC contributions (i.e., spin Berry
curvature) in the vicinity of the T point [Fig. 4(c)]. By inte-
grating the SHC contributions over all occupied states in the &
space, we obtain a calculated SHC of +140 (7i/e) Q' cm™.
The energy dependence of SHC is plotted in Fig. 4(b).
Within a rigid band model, these results suggest that
large SHC appears throughout the aforementioned disper-
sive bands, with a local SHC maximum being located at
E ~ —0.25¢eV.

The d-p hybridized bands play an essential role in gen-
erating the SHC in 8-CoGa. To display the importance of
orbital hybridization, the SHC of a hypothetical B2-Co and
B2-Ga, which are the bcc phases of Co and Ga, respectively,
are calculated using first-principles calculations. Note that
bcec Co and beec Ga are not the most stable phases. The
integrated spin Hall conductivities of bcc Co and bcc Ga
are —4 and —220 (/i/e) Q' cm~!, respectively. Both the sign
and magnitude of SHC change upon forming the alloy phase
(CoGa). The orbitals responsible for generating the SHC for
the bce Co and bee Ga are the d and sp states, respectively.
Since the strength of the spin-orbit coupling of the Co and Ga
atoms does not change upon forming the alloy, the change in
SHC can be attributed to the formation of the p-d hybridized
bands that cross Er.

To identify the role of the spin-orbit coupling of each
element, we have calculated the integrated spin Hall con-
ductivity of the CoGa alloy when the spin-orbit coupling
of either Co or Ga is turned off. The corresponding SHC
contributions along the chosen k path are plotted in Fig. 4(c).
The integrated SHC without the Ga (Co) spin-orbit coupling
is +101.4 (h/e) Q' em™' [4+40.5 (fi/e) 2! cm™!']. The sum
of the two values is close to the SHC of CoGa when the
spin-orbit couplings of both atoms are turned on. These results
show that the contribution of element spin-orbit coupling to
the integrated SHC is simply additive and that the effect is
larger for Co. Finally, we emphasize that the formation of the
pseudogap [see Fig. 4(a) inset] near Er leads to reduction in
the longitudinal conductivity [50] and thus increases the spin
Hall angle of CoGa (even though the spin Hall conductivity
is not particularly large, the spin Hall angle, when it is of
intrinsic origin, can be increased by reducing the longitudinal
conductivity).

In an attempt to provide interpretation on the origin of the
SHC in CoGa, we examine, on the basis of the linear response
theory, the expression of the intrinsic SHC, O'VSXHZ

2Im[(kn| j,|kn') (kn'| vy |kn

OnyH:ZZ [{ |])| ¢ 2| | >] 4)
k ntn (Ekn - gkn’)

Here, j, = 1/2(s;v, + vys;) is the spin current operator, vy
is the velocity operator, s, is the z component of the Pauli
matrix, and &g, and ek, are eigenvalues of the occupied
|kn) and unoccupied |kn') states, respectively. The velocity
matrix elements in the numerator may lead to a selection

rule [51] which allows transitions between the |kn) and |kn')
states that satisfy / =1’ = 1 and m = m’ = 1 for the angular
quantum and magnetic quantum numbers, respectively. In
the 5d elements, the bands crossing the Fermi level are, in
general, mostly d orbitals with less p character: thus the
transitions typically involve the d orbitals. In contrast, for
CoGQGa, the transitions between different / orbitals contribute
to the SHC due to the hybridized p-d character of the bands
near the Fermi level. For example, in the vicinity of the T
point in Fig. 4, transition from the d_; state (I =2, m = —1)
to the po state (I =1, m =0) [51], corresponding to [/ =
I"4+1and m =m' — 1, gives a large positive contribution to
the SHC. We emphasize that the main consequence of the
p-d hybridization is the redistribution of the p and d orbital
occupation inside the Co and Ga atoms. As a result, the
transition amplitude between different orbitals within the Co
and Ga atom changes.

IV. CONCLUSION

Recently, strong intrinsic AHE and SHE have been
predicted in another heavy-element-free compound Mn3;Ge
where the nonvanishing Berry curvatures are attributed to
the frustrated triangular lattice [52-54]. Here, using CoGa
as an example, we establish the critical role of d—p orbital
hybridization for obtaining highly dispersive hybridized bands
at Ep that exhibit large intrinsic SHC, without necessarily
invoking heavy elements with strong SOC. The good agree-
ment between the calculated SHC and the SHC obtained
from the experiments suggests that the intrinsic mechanism
may be dominant, although we cannot completely rule out
possible contributions from extrinsic effects due to, e.g., sur-
face/interface scattering.

The appreciable spin Hall effect in CoGa together with
its unique capability for stabilizing an ultrathin MnGa with
strong PMA in CoGa/MnGa/oxide heterostructures allows
realization of magnetic switches and oscillators with signif-
icantly higher thermal stability and operating speed than the
common Ta/CoFeB/MgO structure. The anisotropy and the
resonance frequency of MnGa can be easily tuned by varying
the Mn:Ga ratio [55] or by chemical substitution [56-59],
thus providing an attractive solution for bridging the “tera-
hertz gap.” Moreover, we expect further enhancement of the
competitiveness of our structure by combining SOT-induced
switching with voltage-controlled magnetic anisotropy at the
MnGa/oxide interface.
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FIG. 5. (a) X-ray-diffraction spectra of CoGa(5)/CoFeB(1) bilayers with CoGa grown under different conditions. (b) Comparison between
the experimental (001)/(002) intensity ratio and that expected from a fully ordered CoGa.

APPENDIX

1. Sample fabrication and characterizations

All films are grown on MgO(001) substrates in an
ultrahigh-vacuum chamber by magnetron sputtering. CoGa
layers are deposited at substrate temperature (7;) of 200 °C
and postannealed at 400 °C for obtaining B2 structure, unless
otherwise stated. See Sec. 2 of the Appendix for how the
ordering varies with the substrate temperature during deposi-
tion. The remaining layers are grown at ambient temperature.
The top Ta(1) layer is fully oxidized and is considered to be
insulating. Hall bar devices with a nominal channel width of
10 um and a length of 25 um between the Hall probes for
measuring longitudinal resistance are fabricated by standard
optical lithography and Ar ion milling. Ta(5)/Au(100) are
grown by sputtering for electrical contact.

Magnetic properties of unpatterned films are measured
by a SQUID vibrating-sample magnetometer (VSM) with a
maximum field of 70 kOe or a VSM with a maximum field
of 20 kOe. X-ray-diffraction spectra are measured using a Cu
Ko source in parallel beam configuration and with a graphite
monochromator on the detector side.

N (a)
£ 00} .
3 _
fa1-fx —=—H, -
Y- * H
X A H
< y
ool |
-80 0 80
H (kOe)

FIG. 6. AR..(H;)/R., , (a) and ARL*(H))/R,
layer.

In current-induced switching experiments, a dc current is
swept using a source meter and the Hall voltage is measured
with a nanovoltmeter. Magnetotransport properties are char-
acterized in a physical properties measurement system. The
temperature is varied from 2 to 400 K with an applied field
up to 140 kOe. For harmonic Hall measurements, a sinusoidal
signal of constant amplitude and frequency of 512.32 Hz is
applied using a low distortion function generator. The first-
and second-harmonic Hall voltages are measured with two
lock-in amplifiers. The root-mean-square current of the circuit
is estimated by measuring the voltage drop across a 100-$2
series resistor using a third lock-in amplifier. The hard-axis
anisotropy field of the MnGa with PMA is estimated from the
curvature of Ry, as a function of an in-plane applied field.

2. Ordering parameter of B2 $-CoGa

In B2 structure, the ordering is given by the differentiation
of atomic occupancy on la (0, 0, 0) and 15 (0.5, 0.5, 0.5)
sites [Fig. 1(b)]. The ordering can be revealed by compar-
ing the x-ray-diffraction intensity ratio of superlattice peaks,
e.g., (001) and the fundamental (002) diffraction peaks. In a

004 T T
. L (b)
X 0.02 | .
8% 0.00
$£-0.02
DE I / —m RXZ
X -0.04 |- xx .
< | ° Rﬁ(z
-0.06 : ' : !
-80 0 80
H (kOe)

(b) as a function of applied field H; along x, y, and z directions at 7 = 295 K for CoGa(5)
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FIG. 7. (a) 0-26 x-ray-diffraction spectra of CoGa(5)/Mn, 44Ga(10) (black) and Mn,; 44Ga(20) (red) grown on MgO substrates. (b), (c)

AFM micrographs of the two samples.

perfectly ordered equiatomic CosyGasy compound, a mod-
erate (001)/(002) intensity ratio of ~0.2 is expected, due to
the small difference in atomic number Z between Co and Ga
[Z(Co) ~59 and Z(Ga) ~ 69.7]. In a fully disordered bcc
crystal, with no difference in atomic occupancy on la and
1b sites, the (001) reflection is forbidden and the (001)/(002)
intensity ratio is zero. The ordering parameter S is given by
the following expression:

If the vacancy formation at 1a is allowed, it can be regarded
as a third species with Z(vacancy) = 0 and with unknown
concentration. It largely increases the atomic contrast between
the two sites and can give rise to an intensity ratio >0.2.
However, for a given experimental (001)/(002) ratio, there will
be no unique solution of the corresponding atomic ordering,
without knowing the concentration of the vacancy.

Figure 5(a) shows the symmetrical 6-26 x-ray-diffraction
spectra of three CoGa(5)/CoFeB(1) samples with different

_[(001)/(002)ratioexp (A1) CoGa growth conditions: growth at room temperature, growth
~ '\ (001)/(002)ratiogy at 200°C (i.e., T, = 200°C), and the optimized growth at
T, =200°C
0.08 (@) R L) E— —
& 006 | IS
‘\'; 0.06 \'; 0.04 - s RXZ -1
25004 F {1 »E e RYZ
- -~ 0.02 |- .
1:: 0.02 - . 1;: i |
x N X
& 0.00 | { & 000 . ﬁw |
< < L |
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oglo o T
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FIG. 8. ARXX(H,-)/R;'_X_O (a), (¢) and AR";;Z(H,-)/R;’O (b), (d) as a function of applied field H; along x, y, and z directions. Results for
MnGa(20) films being deposited at substrate temperatures of 7, = 200 °C (a), (b) and 7; = 300 °C (c), (d) are compared. Note that the scales

of the upper and lower panels differ by a factor of 10.
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FIG. 9. Field dependence of AR,.(H;)/R.

X

200 °C followed by postannealing at 400 °C for 30 min. The
three samples exhibit similar (002) peak intensity, which
indicates that their crystallinity is comparable, whereas the
evolution of (001) peak intensity reveals the change of or-
dering parameter. The experimental (001)/(002) peak intensity
ratios are plotted in Fig. 5(b). The data are all higher than the
calculated intensity ratio of perfect CosoGasy (dashed hori-
zontal line), which suggests in all samples the presence of
vacancy. The density of vacancy in CoGa crystallites de-
creases upon introducing thermal treatment. We estimate that
the optimized Cos3Gas; films used in this paper may contain
up to 10% vacancy on the la site and with ~10% of 1b site
being occupied by Co, in lieu of Ga.

3. Magnetoresistance of CoGa(5)/MAO(2)/Ta(1) heterostructure

We measure the longitudinal resistance R,, of a MgO(001)
substrate/CoGa(5)/MAO(2)/Ta(1) stack as a function of
applied field H; along three orthogonal directions: i = x
(in-plane parallel to current), i =y (in-plane transverse to
current), and i = z (out-of-plane transverse to current). As
defined above, AR.(H;) = R (H;) — R, and AR *(H;) =
Ryo(H;) — Rex(H;) where R, | = Ry(H; = 0) is the base re-
sistance. AR..(H;)/R., , and AR *(H;)/R:,,  are plotted as a
function of applied field H; at T = 295K in Figs. 6(a) and
6(b), respectively. The CoGa single layer exhibits negative
MR in all directions with quadraticlike field dependence. In
addition, there is a small directional MR anisotropy of the
form R,,(H,) ~ R.«(H;) > R, (H,) that does not saturate at
80 kOe. From Fig. 6(b), AR}, “(H) is essentially linear with
H whereas AR} * ~ 0. Although we do not know the origin

o for CoGa(t)/MnGa(2) heterostructures with ¢ varying from 2 to 9 nm.

of this MR contribution, we argue that it may contain con-
tribution from Hanle magnetoresistance (HMR) [60], which
has the same field directional dependence but scales with
H?. The minor contribution from HMR is understood from
the magnitude of the observed MR (~4 x 10~ at 80 kOe),
being significantly higher than the reported HMR values in
YIG/Pt(7) (~6 x 107> at 90 kOe) or SiO,/Ta(5) (~4.5 x
10~° at 90 kOe) structures [60].

We perform linear extrapolation of AR} “(H) and
AR} 7*(H) from high fields to zero field as shown in Fig. 6(b).
The two y intercepts R}, § and R} practically coincide with
the origin of the graph. We will apply this protocol hereafter
on CoGa/FM bilayer systems (Sec. 5 of the Appendix) in
order to eliminate the field-dependent MR contribution from
CoGa.

4. Characterizations of MnGa(20)/MAO(2)/Ta(1)
heterostructure

It is not trivial to extract the magnetotransport contribution
of MnGa grown on the CoGa seed layer for two reasons. First,
the MR of tetragonal MnGa with PMA depends sensitively
on the atomic ordering of the compound. Second, to date,
no insulating seed layer or substrate is known to promote the
growth of MnGa of comparable quality with that grown on the
CoGa seed layer, under similar growth conditions. We grow
thick (thickness ~20nm) MnGa films directly on MgO sub-
strates at elevated substrate temperature (7;), in an attempt to
mimic the MR behavior of high-quality 2-nm MnGa grown on
the CoGa seed layer at ambient temperature. At 7, = 200 °C,
the resulting MnGa film is practically nonmagnetic. At 7; =

CoGa(t)/CoFeB(1)

(d)lt=an

A,?xx("-li) / R’)‘(X,O (%)

40 -40

0 40 -40

Magnetic field, H (kOe)

FIG. 10. Field dependence of AR, (H;)/R!

xx,0

for CoGa(t)/CoFeB(1) heterostructures with ¢ varying from 2 to 9 nm.
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FIG. 11. CoGa thickness (¢) dependence of AR *(H;) /R, o as a function of applied field H; for CoGa(r)/MnGa(2) samples. Contributions

of AMRy,6. and ASMR are shown for each thickness.

300 °C, the MnGa film starts to crystallize and exhibits PMA.
Further increase of the substrate temperature improves the
MnGa crystallinity but degrades the wetting and eventually
leads to islandlike insulating films. The XRD spectra and
the atomic force microscopy (AFM) micrographs of MnGa
grown on MgO at 7y = 300°C and on CoGa are compared
in Fig. 7. MnGa grown on MgO exhibits better crystallinity
with a higher c lattice parameter compared to MnGa grown
on CoGa. From the AFM, the grains of MnGa grown on MgO
appear to be larger but it is difficult to predict how these
differences will manifest in the transport properties.

The field-dependent MR measurements of MgO(001) sub-
strate/MnGa(20)/MAO(2)/Ta(1) heterostructures are plotted
in Figs. 8(a) and 8(b) and Figs. 8(c) and 8(d) for samples
prepared at 7, = 200 and 300 °C, respectively. MnGa grown
at 7, = 200 °C exhibits weak positive MR with a quadratic
field dependence and a very small field directional anisotropy
<0.01%, as shown in Fig. 8(b). In contrast, MnGa grown at
T, = 300 °C shows negative MR that strongly depends on the
field directions. The MR is the form R..(H,) > Ry, (H,) >
R..(H;). We define AMRppc,.; as the zero-field MR contribu-
tion of MnGa upon extrapolating AR_*(H) from high field.
We obtain AMRyyGa,y & 2 X AMRMuGa,x- A possible source
of AMRa, is the tetragonal lattice of MnGa which naturally
leads to transport anisotropy between in-plane (H, and H,)
and out-of-plane (H,) field directions. Based on the resistivity
and the magnetic properties, we consider that the MnGa

film grown at 7y = 300°C is the closest, in terms of trans-
port properties, to the MnGa film grown on the CoGa seed
layer. For simplicity, we will assume hereafter AMRppGa,y &
AMRMnGax = AMRMnca in CoGa/MnGa bilayers. We will
discuss the consequences of such an assumption in Sec. 5 of
the Appendix.

5. Extraction of SMR ratio ASMR in CoGa(t)/FM
bilayer systems

The field dependences of AR.(H;)/R. , for
CoGa(t)/MnGa(2) and CoGa(t)/CoFeB(1) heterostructures
are plotted in Figs. 9 and 10, respectively. For the
CoGa(t)/CoFeB(1) series, the nonsaturating MR at high
field is mainly arising from that of the CoGa layer (see
Sec. 3 of the Appendix). For the CoGa(t)/MnGa(2) series,
the stronger high-field MR agrees with the additive MR
contributions from the CoGa and MnGa layers.

This high-field quasi-isotropic MR can be largely elimi-
nated by plotting ARj‘C;Z(H,-)/Rfm0 as a function of applied
field H; for CoGa(t)/MnGa(2) samples, as shown in Fig. 11.
We are interested in the MR contributions that depend on
the magnetization direction of adjacent MnGa, which can
be extracted by extrapolating the data from high field to
zero field. We define Ri;f‘o as the resulting y intercept from
the linear extrapolation. Following Sec. 3 and Sec. 4 of the
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FIG. 12. CoGa thickness (r) dependence of AR *(H;) /R, o as a function of applied field H; for CoGa(r)/CoFeB(1) samples. The ASMR

contribution is shown for each CoGa thickness.

Appendix, we consider

Rﬁ;é = AMRMnGa» (A2)

R

xx,0

~ AMRyGa + ASMR. (A3)

Since AMRyGa,y 1s positive and is likely to be larger than
AMRpmGa .y, We tend to underestimate the size of ASMR,
which is negative.

AR *(H;) /R;, o 1s plotted as a function of applied field H;
for CoGa(r)/CoFeB(1) samples in Fig. 12. For simplicity, we
consider

RY5 ~ AAMR, (A4)

R5 ~ ASMR. (A5)

ASMRs for each CoGa thickness are shown in Fig. 12. If
AMRMnGa,y & 2AMRppGa,« 1s considered, the SMR of the
CoGa/MnGa system will be slightly higher because both
AMRM;Ga,y and AMRyGa,« are positive. The estimated
SMRs for the two cases are plotted in Fig. 13 against the CoGa
thickness #: black squares represent the same data as shown
in Fig. 2(e) and red circles show the ASMR obtained from
AMRMGa,y X 2AMRpGa, - We find that £ (and A) changes
slightly but remains in agreement (within the experimental
error) with our overall estimation & = 0.05 &+ 0.01.

We also note that for # > 3 nm the negative sign of R} §

is inconsistent with the positive AMR of CoFeB [34]. The
origin of this unconventional negative AMR is unclear for
the moment. We speculate that the unintentional intermixing
at the CoGa/CoFeB interface during the growth may have
formed an alloy with different magnetotransport properties,
compared to CoGa and CoFeB alone.

0.00 _ CoGa(t)/anGa(Z)
\ NP
NN B -
VN _g--"1
-0.05+ \ - |- Q - & ]
) “eo--0"
X .0.10} -
% ASMR with
<

. AMRMnGa,x = AMRMnGa,y

'O. 1 5 r . 2XA'\/IRMnGa,x = AMRMnGa,y 7]
= = &=0.046; .= 1.6 nm
— — &=0.061;2=1.3nm
-0.20 !
5 10
t (nm)

FIG. 13. CoGa thickness (f) dependence of the SMR ratio,
ASMR, from two analysis methods. Solid lines are fits to the data
using Eq. (1).
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FIG. 14. (a), (b) R,, plotted against an applied field along x (H,) (a) and along y (H,) (b). Solid lines are quadratic fits to the experimental

data.

6. Harmonic Hall measurement for out-of-plane magnetized
CoGa(t)/MnGa

In Fig. 14, we plot the first-harmonic signal R, measured
simultaneously with the R, signal presented in Figs. 2(b)
and 2(c). The data are fitted by a quadratic function bH?> +
R," where b and R,° are the fitting parameters. We define
AR, = Rg(—i—MZ) — Rg(—MZ). In the limit of small tilting an-
gle (i.e., H < Hy), the anisotropy field H; can be expressed as
[61]Hy = vV 341;‘“ |. We obtain H; ~ 19 kOe, which is in good
agreement with the H estimation from the VSM. Although
MnGa is a ferrimagnet, it seems reasonable to describe its
magnetic properties using a simple macrospin model with an
effective net M, of MnGa.

7. Harmonic Hall measurement for in-plane magnetized
CoGa(t)/CoFeB

We extract the current-induced spin-orbit effective fields
from the angular dependence of R,,, as described by Avci
et al. [38]. Here we consider the case where both the external
field H ¢« and the magnetization vector m lie in the (xy) plane,
i.e., the polar angle & = 90°. The expressions of the harmonic
Hall resistances are of the form

R, = Raug cos 0 + Rpygsin®6 sin 2¢, (A6)
Hg, 0
Ry, = —| RApp————— + R cos
2 ( AHE How + Hy + Ryr @
H, Hope
+ 2RPHE(ZCOS3(p — CosS (p)u
Hext
= RsL + RpL10c + Rvyr, (A7)

where Rsr, RpLi0e, and Ryr are the Slonczewski-like ef-
fective field, the fieldlike effective field plus the Oersted
field, and the thermoelectric contribution to Rj,, respec-
tively. Rapg, Rpug, and H; denote the anomalous Hall
resistance, the planar Hall resistance, and the anisotropy
field of the CoFeB layer. Typical R,(¢) and Ry, (¢) for a
CoGa(5)/CoFeB(1)/MAO(2)/Ta(1) film measured with Hey, =
1300 Oe are plotted in Figs. 15(a) and 15(b). The prefactor

of the “cos ¢” component can be extracted by fitting Ry, (¢)
to a cos g function at ¢ =45, 135, 225, and 315°, where
at these particular points the “2cos’¢ — cos¢” component
vanishes. Then, upon subtracting the “cos¢” contribution
from Ry, (), we fit the data with a 2cos’¢p — cos ¢ function. A
decomposition of Ry, (¢) into the two contributions is shown
in Fig. 15(c). We note that the antisymmetric component of
the raw R,,(¢) data, which mainly arises from the sample
misalignment, is very low.

Based on Eq. (A7), the prefactor of the cos ¢ component
may contain a thermoelectric contribution R%T that does not
depend on H.y. We measure Ry, (H.x;) with the field applied
along ¢ =45 and 225°. Ry, is plotted against m in
Fig. 15(d): arelatively small R, is found from the y intercept,
which will increase Hgp. by ~10%.

8. Spin-torque FMR and modulation of damping measurements
for in-plane magnetized CoGa(5)/CoFeB(1)

We carry out spin-torque ferromagnetic resonance (ST-
FMR) [40] measurement as an independent verification of
the magnitude and the sign of the spin-orbit torques in
the CoGa/CoFeB bilayer. A microwave excitation and a dc
bias are applied simultaneously via a bias tee to the device
consisting of a bar with a length of 50 um and a width
of 10 um. The microwave signal is further modulated by a
square wave at a frequency of 512.32 Hz and the resulting
mixing voltage Vpix at the modulated frequency is measured
using a lock-in amplifier. A typical ST-FMR spectrum of the
in-plane magnetized CoGa(5)/CoFeB(1) bilayer is shown in
Fig. 16(a). The raw data are fitted by the sum of a symmetric
Lorentzian and an antisymmetric Lorentzian with prefactors S
and A, respectively:

AZ
A2 + (Hexe — Hpwr)?

A (Hexy — Hemr)
A? + (Hexe — Hpvr )?
(AB)

Vmix =S

A, H.y, and Hpyr are the resonance linewidth, the external
field, and the resonance field, respectively. The symmetric
Lorentzian component (blue line in Fig. 16) is attributed to
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FIG. 15. (a) R, as a function of external field direction ¢. The red line is a sin2¢ fit to the data. (b) R,, as a function of external field
direction ¢. (c) Decomposition of Ry, into a “cos ¢” term and a “2cos>¢ — cos ¢” term. The antisymmetric component arising from the sample

misalignment is very small. (d) Ry, against g—jz—
a combination of the Slonczewski-like torque and the inverse
spin Hall voltage. The antisymmetric Lorentzian (dark yellow
line in Fig. 16) is proportional to the sum of the Oersted
field and the fieldlike torque. The ST-FMR spectrum of a
Ta(1)/Pt(5.4)/CoFeB(3) control sample is plotted in Fig. 16(b)
for comparison. Qualitatively, the fact that the symmetric
Lorentzian components of the two samples are of the same
sign indicates that the spin Hall angle of CoGa is of the
same sign as that of Pt (positive by convention). The an-
tisymmetric Lorentzian components of the two samples are

(a) CoGa(5)/CoFeB(1)

(b) Ta(1)/Pt(5.4)/CoFeB(3)

for Hey along ¢ = 45 and 225°. Red lines are linear fits to the data.

opposite in sign, which cannot be explained by the Oersted
field alone. For Ta(1)/Pt(5.4)/CoFeB(3) heterostructure, the
relatively thick CoFeB layer ensures that the Oersted field
contribution is the dominant source of the antisymmetric com-
ponent, because the fieldlike torque scales with the inverse of
the CoFeB thickness. The sign change of the antisymmetric
component in the CoGa(5)/CoFeB(1) bilayer suggests that
the fieldlike torque acting on the CoFeB is larger than and
opposite to the Oersted field produced by the current flowing
in the CoGa layer. These are all in qualitative agreement

(c) CoGa(5)/CoFeB(1)

T 40
4t 1 70+ B Negative field 1
—~ B Positive field
2r 1 [}
S M S =
3 0 >3. =
= ) Tx kS,
g - 1 E =
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FIG. 16. Spin-torque FMR spectrum of (a) CoGa(5)/CoFeB(1) bilayer and (b) Ta(l)/ Pt(5.4)/CoFeB(3) reference stack.
(c) Resonance linewidth against applied dc current demonstrating spin Hall spin current-induced modulation of Gilbert damping.
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with the in-plane harmonic Hall results, shown in Figs. 3(e)
and 3(f).

We evaluate the Slonczewski-like spin Hall efficiency of
CoGa from the change of the resonance linewidth (hence
the Gilbert damping) of the ferromagnetic CoFeB layer as a
function of a dc current applied to the bilayer [Fig. 16(c)].
We find a change of the resonance linewidth per current
|A"|/Ip ~ 1.40e/mA or in terms of the current density in
CoGa, |A'|/Jy ~ 0.850e/10° A cm™2. The Slonczewski-like
spin Hall efficiency is given by

g = 2e (Hewr + 27 Meir) ioMstcores A'
YT o h |sin | T’

where 5~ = 28 GHz/T is the gyromagnetic ratio, f = 8 GHz
is the rf frequency, Hpmr = 857 Oe is the resonance field,
4an M = 0.86 T is the effective demagnetizing field, M =
1100 emu/cm? is the saturation magnetization, and ¢ = 45°
is the relative angle between the current and the field. We
find &1 ~ +0.073 £ 0.015, which is higher than but still in
reasonable agreement with &g obtained from the harmonic
Hall and the SMR measurements.

(A9)

9. Estimation of the carrier mean free path

The electron mean free path / in CoGa can be estimated
using an expression derived from the free electron model for

a three-dimensional system [62]:
_ 37%h (A10)
B ezk%pCOGa ’
PcCoGa 18 the longitudinal resistivity of CoGa and kp = 3n2n
is the Fermi wave vector that depends on the effective carrier
density, n. We assume an effective carrier density of ~I1
electron per formula unit (or n ~ 4.3 x 10? carrier/m?) for
CoGa, which is typical for metals. Using p = 175 u cm,
we obtain / ~ 0.59 nm, which is very short and is of the order
of two unit cells (d ~ 0.287 nm).

10. Details of the first-principles calculations

We consider a B2 structure of stoichiometric B-CoGa
and use the experimentally determined lattice constant of
0.287 nm. First-principles calculations are carried out based
on generalized gradient approximation [63] by using the
full-potential linearized augmented plane-wave method [49],
where a plane-wave cutoff of 3.9 bohr~! has been used and a
muffin-tin radius of 2.2 bohrs for Co and Ga atoms has been
chosen. The intrinsic spin Hall conductivity is evaluated by
means of the Kubo formula [64,65] in the static limit (w = 0),
where 97 336 special k points are used to suppress numerical
errors.
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