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Section S1. First-principles calculation

The self-consistent calculation of the electronic structure was carried out from the density
functional theory code FLEUR!, which implements the full-potential linearized augmented
plane wave method 2. We employed the Perdew-Burke-Ernzerhof exchange-correlation
functional within the generalized gradient approximation®. For NMs, we assumed face-
centered cubic (fcc) structure for Pt (a=7.52a,), tetragonal (distorted A15) structure for f-Ta
(a=10.09a,, c=9.39a,), where a, is the Bohr radius. The muffin-tin radii for NM atoms were
chosen as 2.59a,, 2.65a,, and 2.29a, for fcc Pt and -Ta, respectively. All FMs were assumed
to have the fcc structure except for CoFe, which is assumed to have the simple cubic (sc)
structure. Lattice constants of Fe, Co, Ni, and CoFe were set a=6.89a,, a=6.67a,, a=6.65a,,
and a=5.37a, respectively. The muffin-tin radii of the FM atoms were chosen as 2.37a,,
2.30ay, and 2.29qa, for Fe, Co, and Ni, respectively. For CoFe, muffin-tin radii of Co and Fe
are both set 2.26a,. For all ferromagnets, the magnetization direction is set along the z-
direction. The Monkhorst-Pack k-mesh of 16 X 16 X 16 was sampled from the first Brillouin
zone for all the elements.

Based on the Bloch states obtained from the converged charge density, maximally-localized
Wannier functions (MLWFs) were obtained from the code package WANNIER90*. For all
NMs and FMs, we constructed 18 MLWFs for each atom in the unit cell by initially projecting
to s, p, and d states, starting from the Bloch states whose number is two times larger than the
number of the MLWFs. The upper bound of the frozen window for the disentanglement was
set to 6 eV above the Fermi energy. Then representations of the Hamiltonian, spin, and orbital
operators were evaluated within the basis set of MLWFs, which are Fourier-transformed into
interpolated k-mesh of 200 X 200 X 200. The orbital angular momentum operator was

evaluated within the muffin-tin sphere of each atom. The orbital Hall conductivity (o//3!) and
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the spin Hall conductivity (o33

) of NM=Pt, Ta were integrated over the interpolated k-mesh.
The resulting values are given in Fig.2A.

The ol}f and oM were evaluated from the Kubo formula

&3 (177 ) ettt 9 00

k
Oon(sH) = —eh Zn,mf—)g (fak — fmi) Im ) (SD)

(2n (Enk—Emic+il)?

where the level broadening I is set to 25 meV (room temperature scale), e > 0 is the elementary
charge, h is the Planck constant divided by 2m, f;; is the Fermi-Dirac distribution function
for a periodic part of the Bloch state |u,;) with its energy eigenvalue E,. For the velocity
operator v(k) = (1/h)VH(k), the z-component of the orbital (spin) current operator is

defined as
J27 () = 2 [n,(l)X, + X, v, ()] (82)
for y-component of the orbital (spin) angular momentum X,, = L,,(S,).
When an orbital Hall current is injected into FM in addition to a spin Hall current, both the
orbital and spin Hall currents can generate spin accumulation (S) in FM, where (3S) denotes

the integrated spin density over the volume of FM and is related to the total torque T in the FM,

T:% E (S3)

Here J is the exchange coupling constant in FM, and the unit vector m denotes the direction
of the magnetization in FM. When m is pointing along the z-direction (out-of-plane direction
of a bilayer) and an external electric field is applied along the x-direction, which is the case
assumed here, the damping-like component of T is determined by the x component

(88,)=(58)-% of (S5).

Here, we aim to estimate the contributions to (dSx) generated from the two types of injection

separately; the orbital Hall current injection and the spin Hall current injection. Explicit first-

4
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principles-based evaluation of the two individual contributions for real FM/NM bilayers is
quite challenging computationally. For this purpose, we devise a scheme to estimate the two
individual contributions separately from the bulk properties of NM and FM, of which first-
principles calculation is much less demanding. This bulk-property-based evaluation scheme is
tested for a model FM/NM bilayers and found to produce reasonable estimations as described

below.

The contribution to <5Sx> from the orbital Hall current injection is estimated as

OT,bulk

<5Sx> =T, 000 s where the superscript “OT, bulk” is introduced in <§Sx >OT’bulk to

denote that this contribution is evaluated mostly from bulk properties of NM and FM: The
orbital Hall conductivity o) is evaluated for bulk NM, and the orbital-spin susceptibility
xFM (precise definition given below) is evaluated for bulk FM. Thus, the only parameter in

(58,

>OT’bqu that depends on the existence of the FM/NM interface is the positive

proportionality factor 7, that describes the degree of the orbital current transmission from

NM to FM.
To be more specific, the orbital Hall conductivity opy is calculated for bulk NM by using
the Kubo formula in Equation (S1). On the other hand, the orbital-spin susceptibility yI is

calculated for bulk FM by using the following Kubo formula,

S, [t4sc )t | L. 1,0 (S4)

(E, —E,\ +il)’

d’k u,
ZEIS\A:%,,ZJ,;'[(ZEY (fnk—fmk)Re < :

where the level broadening I" is set to 25 meV (room temperature scale). The orbital-spin

M

susceptibility yF¥ defined by this formula quantifies how much spin accumulation is induced

. L
when an external perturbation H' =7Y€VL
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V. may be regarded as the orbital-dependent voltage. Thus the combination

OT,bulk

T,od™ ™ in <5Sx> has the following physical meaning:

T ob) 7l ~ (Ggff ~ degree of orbital current generation in NM)
x (T, ~ degree of orbital current transmission into FM)

X ( zio" ~ degree of conversion from orbital to spin in F M)

~ (degree of spin accumulation generation in FM by orbital Hall effect in NM).

Before we apply this estimation scheme to real bilayers, we test this estimation scheme for
a model system in Ref. (20), where NM is modeled as a sp metal in a simple cubic lattice
without SOC and FM is modeled as a d metal in a simple cubic lattice. The atomic ordering at
the FM/NM interface is assumed to be perfect. For this model bilayer structure, the spin Hall
current injection does not occur, and the angular momentum injection arises entirely from the

orbital Hall current. Since the model system is less demanding in terms of the numerical
calculation, we evaluate the orbital Hall current injection contribution to <5Sx> explicitly by
taking into account the entire bilayer system (that is, without making the bulk approximation).

>OT,bulk NM  FM

The result is compared to its bulk approximation <5Sx =T.004 Xis - To be more

specific, we compare the FEr-dependence of <§Sx> with the FEr-dependence of

<5Sx >OT’bUIk =T, oo x1e . For this comparison, 7; is assumed to be independent of Er and

regarded as a fitting parameter. The result is shown in Fig. S1. The solid black line denotes

(58,

>OT,bulk and the red square symbols the explicitly calculated <5Sx> for the bilayer. For

the calculation of <5Sx> , the NM is assumed to have 8 atomic layers and the FM 2 atomic

layers. We find that <5Sx>OT’bulk and <5Sx> agree well, which confirms that the orbital
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torque calculated by extracting bulk parameters of the NM and FM provides a reasonable
estimation.

To assess the total DLT for real material bilayers, the estimation of the spin Hall current

ST,bulk T NM . FM
- 7S

contribution is also needed. We estimate this contribution as <5Sx> Ogy Xss Where

>ST,bu1k

the superscript “ST, bulk” is introduced in <5Sx to denote that this estimation of the

conventional spin-orbit torque is evaluated mostly from bulk properties of NM and FM: The
spin Hall conductivity ol for bulk NM is calculated from the Kubo formula, Eq. (S1), and

the spin-spin susceptibility y£¢!

for bulk FM, which quantifies what portion of the injected
spin Hall current results in the spin accumulation in bulk FM, is calculated from the following

Kubo formula,

Sx umk><umk Sx

. 2unk> , (SS)
(E,. —E,, +il)

M _ € d’k _ <unk
Xss = h;,;'[(Zﬁ)} (fnk fmk)Re

which is the linear response coefficient for the spin accumulation as a response to the
. S . . .
perturbation H' :?ers that enforces the spin accumulation through the spin-dependent

>ST,bulk

voltage V. The only parameter in <5SX that depends on the existence of the FM/NM

interface is the positive proportionality factor 7s that describes the degree of the spin current

is the spin

ST,bulk
: )

transmission from NM to FM. The combination 7,5} M in <5Sx

. . . OT,bulk
counterpart of the combination 7 &3 ™ in <5Sx> .

Hence the total spin accumulation <5Sx> for the DLT is estimated as the sum of the spin

Hall and orbital Hall contributions:

<5Sx >bulk _ <5Sx >ST,bulk n <5Sx >OT,bulk _ ].,SG;\]HMXQ:;\/I n TLU(])\III_\I/[X{Q/I

(S6)
= SZSFéVI (O-;\IHM +CFMO-(I)\I£\1/I)
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Here Cpy = (T, /Ts) ((EY /xEM). The second factor yf¥ /xE¥ can be evaluated from Egs.
(S4) and (S5), and the first factor T} /Ts is assumed to be 0.3, which implies that the orbital
injection is less efficient than the spin injection. This assumption is supported by a recent first-
principles calculation of similar systems Fe/#-W and Ni/-W (39), which deals with the bilayer
systems explicitly without using the bulk approximation. The resulting value of Cg,,; i1s shown
in Fig. 2B of the main text. Based on Eq. (S6), we define the effective spin Hall conductivity
as oM + Cppoll!, of which value is presented in Figs. 2C and 2D for various Pt-based and
Ta-based bilayers, respectively. Note that when o™ and o))yl have opposite signs, which is
the case for Ta, and when Cg) is sufficiently large, the sign of the effective spin Hall

conductivity can differ from the sign of o&{M

. Thus the abnormal sign of the effective spin Hall
conductivity (also the abnormal sign of the DLT) is most likely to be achieved for the FM
material with large Cgy, which turns out be Ni among conventional 3d FMs.

To understand the FM-material-dependent systematic variation of Cgy (Fig. 2B), it is

illustrative to consider the spin-orbit correlation Rgy = (L - S)ry of FM. Among the four

FMs (Co, Fe, CoFe, and Ni) examined, Ni has the strongest correlation near the Fermi energy

(Fig. S2).
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Section S2. FM-thickness dependence of ST-FMR signals

This section shows raw ST-FMR data for various FM thicknesses. Figures S3, S4, S6, S7,

and S8 show the FM-thickness-dependent variation of the raw data for Ni(#ni)/Pt, Ni(#ni)/Ta,

Ni(ni)/Cw/Ta, HFOW/Ni(ti)/Pt,

and HfOx/Ni(#ni)/Ta, respectively. The FM thickness

dependence analyses for various FM/NM bilayers in Figs. 3 and 4 of the main text are based

on these raw data. On the other hand, Figure S5 shows the insertion-layer-thickness-dependent

variation of the raw data for Ni(7)/Cu(zcu)/Ta. Figure 4B in the main text is based on these data.
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Section S3. Linewidth (4//) modulation by a DC current

In addition to the ST-FMR, a few different measurement schemes are used to determine

e

the sign of the effective spin Hall angle (GD’Zf ) for Ni/Pt and Ni/Ta bilayers. This section
describes one of such schemes; the measurement of the change of ST-FMR linewidth (4H) as
a function of DC current (/a). According to the ST-theory, the spin current injected into the
magnetic moment increases or decreases the effective magnetic damping parameter (aes) and
hence 4H, depending on its relative orientation to the magnetic moment (23). Therefore, it is

possible to determine the sign of BS{f in the FM/NM bilayers by measuring the change in AH

with respect to Zac. In order to determine the sign of HS{f , we carry out ST-FMR measurements
with varying /.

Figure S9 presents the extracted 4H as a function of /s for Ni(5)/Pt and Ni(5)/Ta samples
at f'="7 GHz. In both samples, 4H increases with increasing /i for H> 0 (p = -135°) while the
trend is opposite for H < 0 (¢ = 45°). The results are in accord with Fig. 3 in that the sign of
BSeIJ;f for Ni/Ta is the same as that for Ni/Pt. It confirms the abnormal sign of Hg{f (> 0) for
the Ni/Ta bilayer. Note that we obtain the same result for Ni(7)/Pt and Ni(7)/Ta samples (not

shown).

17
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Section S4. In-plane 2" harmonic Hall measurements

This section presents another experimental evidence of the abnormal (i.e. positive)
DLT sign for the Ni/Ta bilayer, consistent with the ST-FMR measurement results. To this end,
the 2" harmonic Hall measurement has been performed for in-plane magnetization systems,
where this method has been widely used to quantify SOTs.

We prepared the multilayer films, consisting of AIOx(2)/FM/NM/substrate, by DC/RF
magnetron sputtering at room temperature. The combinations of the FM and NM were
Ni(3)/Ta(7.5), Co(3)/Ta(7.5), Ni(3)/Pt(5)/Ta(2), and Co(3)/Pt(5)/Ta(2) (nominal thickness in
nm). Photolithography and ion milling were used to pattern Hall bar devices. The width of the
Hall bar is 10 um. The AC current of 10 mA at the frequency of 11 Hz was applied along the
x-direction during the simultaneous measurement of the 1 harmonic Hall resistance response
(R%) and the 2" harmonic response (RA*). An external magnetic field (Hex/) was applied at an
angle (¢) in the direction of current in the film plane. The measurements were repeated for
various values of Hex from 2.5 kOe to 20 kOe. In the presence of SOTs, the AC current induces
quasi-static magnetic oscillations and thus periodic changes in the Hall resistance. In addition,
since the AC current induces a periodic temperature gradient (VT), and Joule heating is
quadratic to the current, the 2" harmonic response can also be affected by thermal effects. In
the measurement in which a Bex rotates in the film plane, the heating contribution has the same
angular dependence at the RZ® to the DLT. The RY and RZ® can be written as®

R{?(6,9) = Rapg cos(0) + Rpyg sin®(0)sin(2¢) (S7)

RZ® (9 = g (p) = A cos(p) + B (2cos3(p) — cos(p)) (S8)

where

R 2R
A= ( AHE )HDL +1,aVT , B= (ﬁ) (Hpy, + Hpy).

Hext"‘Hdemag —Hgni
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Here, Ranepne) is the anomalous (planar) Hall resistance, Haemag is the out-of-plane
demagnetization field, and Hani is the in-plane magnetic anisotropy field, Hoe is the Oersted
field, Hprrr) is the effective field due to the DLT(FLT), Lo is the amplitude of AC current and
a is the Nernst coefficient.

Figure S10 shows the R%®(¢) obtained from the four devices in which all of RZ® vs ¢
can be well fitted by Eq. (S8). We also obtained the values of R4ne and Haemag — Hani for all
samples from the anomalous Hall responses (see Fig. S11), where the Rj} was measured as a
function of a magnetic field applied perpendicular to the plane (H:). Note that the sign of Rane
for the Ni | Ta is the same as that for the Ni | Pt, but opposing to those for the Co | Ta and the
Co | Pt.

As aresult, 4 and 4 / Rane are summarized in Fig. S12 as a function of H,, flf where Hefr
= Hext + Hdemag - Hani. According to Eq. (S8), the sign of Hp. can be determined by the sign of
the slope in the A / Rane vs H, flf. As shown in the figure, one can conclude that the DLT sign
for Ni | Ta is the same as those for Ni/Pt and Co/Pt, but opposite to one for Co/Ta. Our 2
harmonic measurements are consistent with the ST-FMR measurements in that the DLT sign

for Ni/Ta is abnormal (positive), but the DLT signs for Ni/Pt, Co/Ta, and Co/Pt are normal.
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287  Fig. S10. R%*(¢) of FM/NM layers. (a) Ni(3)/Ta(7.5), (b) Co(3)/Ta(7.5), (¢) Ni(3)/Pt(5), and
288  (d) Co(3)/Pt(5).
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313  Fig. S12. Estimation of SOTs from 2" harmonic Hall measurements. Obtained (a) 4 and
314 (b) A/ Raue as a function of Hg/;, where Hey= Hext + Haemag - Hani.
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Section S5. Discussion on the SOC in 3d-FM

We evaluated the Landé g-factors for Ni/Pt, Ni/Ta, CoFeB/Pt and CoFeB/Ta from the
ST-FMR spectra using the Kittel formula. It is well known that the g-factor should be 2.0 if the
orbital magnetic moment is completely quenched by the crystal field. Thus the deviation of the
g-factor from 2.0 implies the unquenched orbital magnetic moment®. Moreover, the deviation
of the g-factor from 2.0 can be regarded as a measure of how “friendly” a given FM is to an
injected orbital current. According to Fig. S13, the deviation (g-factor — 2.0) is on average 0.22
for Ni/Pt, 0.17 for Ni/Ta, 0.09 for CoFeB/Pt, and 0.09 for CoFeB/Ta. Thus the deviation is
about two times larger when FM is Ni than when FM is CoFeB. This result is consistent with
our result for the DLT measurement, which indicates that the OHE is more important when
FM is Ni than when FM is CoFeB. The larger deviation for Ni than CoFeB may be partially
attributed to the fact that Ni has a larger spin-orbit coupling (SOC) than CoFeB, and larger
SOC makes the orbital-to-spin conversion more efficient.

Regarding the origin of the abnormal sign in Ni/Ta, we point out two special features
of this bilayer system. First, the spin Hall conductivity and the orbital Hall conductivity have
the opposite signs in Ta [Ref. 10 for bcc a-Ta and our own calculation (section S1) for A15-
structured A-Ta]. Thus Ta is the material where the SHE and the OHE tend to generate the
torque of the opposite signs. The Hund's rule provides an intuitive explanation for this sign
difference, which is verified by the extensive tight-binding calculation (Ref. 10) and our own
first-principles calculation (section S1). The second special feature of Ni/Ta arises from Ni. In
order for a large torque to arise from the injection of the orbital current to an FM, one desires
an FM that does not suppress the orbital magnetic moment strongly and does allow efficient
conversion of the orbital angular momentum to the spin angular momentum through the SOC.

Among the 3d FMs, Ni has the largest orbital magnetic moment and the largest SOC”®. These
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features make Ni/Ta an excellent system to realize the torque sign reversal by the OHE. We

note that the above qualitative explanation is indeed in agreement with our theoretical and

experimental results.
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377  Fig. S13. Evaluated Landé g-factors. Results for Ni/Pt, Ni/Ta, CoFeB/Pt, and CoFeB/Ta
378  are presented, which are evaluated from the ST-FMR spectra using the Kittel formula.
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Section S6. Overall trends of the SOT variation

According to our theoretical calculation (Fig. 2C), the effective spin Hall conductivity for Pt-
based bilayers is positive and varies little as FM changes from Fe to CoFe, Co, and Ni, whereas
the effective spin Hall conductivity for Ta-based bilayers changes from negative to positive as
FM changes from Fe to CoFe, Co, Ni. Our ST-FMR measurement combined with the FM
thickness-dependence analysis [Eq. (3)] confirms this trend for FeB/Pt, CoFeB/Pt, Co/Pt, Ni/Pt,
and for FeB/Ta, CoFeB/Ta, Co/Ta, Ni/Ta, as summarized in Fig. S14 (also Figs. 3H and 3I).
The composition of CoFeB is Co40Fe40B20 and the composition of FeB is FesoB2o. The overall
trend of the measured effective spin Hall conductivity variation among these devices is in

agreement with the theoretical prediction.

One comment is in order. We note that there is a big uncertainty in the SHA of the Co/Ta
bilayer [Fig. S14(a)] since it was evaluated by the method suggested in Sec. S5 due to the
following reason. For the Co/Ta bilayer, the SHA evaluation via the Eq. (3) was difficult since
Eq. (3) assumes magnetic properties of a FM material in a given FM/NM bilayer to be
independent of the FM thickness. In contrast, we observed a large in-plane magnetic anisotropy
and a giant enhancement of the magnetic damping in the thin Co thickness range (< 5 nm) of
the Co/Ta bilayer (not shown). We surmise that magnetic property change with the Co
thickness may be due to the giant strain effect arising from the lattice mismatch at the Co/Ta
interface. For instance, a previous report’ discussed such issues and possible influences on the

spin dynamics. However, we do not clearly understand the reason for the thickness dependence.
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Fig. S14. The trend of SOT variation among various FM/NM bilayers. (a) The damping-
like torque efficiency &p; (or effective spin Hall angle) and (b) the effective spin Hall
conductivity for various FM/NM bilayers with FM=FeB, CoFeB, Co, Ni, and NM=Pt, Ta.

The error bars in (a) and (b) indicate single-standard-deviation uncertainties from the fitting.
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