I. SUPPLEMENTARY FIGURES
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Supplementary Figure 1. Frequency dependence of the microwave transmission be-
tween terminals 1 (input), terminal 2 (output) and 3 (ac- pickup). In addition to the
partial transmission caused by resistance mismatch there are additional ohmic losses and losses
caused by transmitting ac signals across bonding wires. The black squares show the transmission
characteristics from input (terminal 1) to output (terminal 2). The loss is typically around -10 dB
and has been used to estimate the actual microwave field as at the NiggFeqgy /Pt stack. In addition
the red dots show the transmission from input (terminal 1) to the ac pick-up (terminal 3). The

transmission is approximately -20 dB and causes the cross talk amplitude UP2° on terminal 3.
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Supplementary Figure 2. Superposition of ac-ISHE Ujg; and ac-cross talk Uhac, (a)
The ac-ISHE voltage Uiy (red curves) is added to a background ac-cross talk voltage U2 (black
curve). Uy has a phase shift of ® + ®(H) with respect to U2, where ®o and ®(H) are initial
and field dependent parts. ®g is sample as well as frequency dependent. (b) The signal detected
by the diode is the amplitude of the vector sum of Uiy and UP2¢ in the complex plane. This
quantity is therefore very sensitive to the relative phase shift between Ufgyy and U bac () Field
dependence of the amplitude and phase of Uj§y around the resonance field (Hyes). The amplitude
is given by the square root of a Lorentzian line shape as expressed in Eq. 11 of Supplementary
Note 1. The phase ®(H) experiences a total phase shift of 7. (d) Simulated ac-ISHE spectra
(| UPae 4 Usyp | — | UPa¢ |) for various values of ®g. The shapes of all experimental spectra can
be well reproduced by a suitable choice of ®;. When & = 0°, the peak like shape (for example the
spectrum at 9.5 GHz in Fig. 2 (a)) is expected; while &y = 90°, the line shape is antisymmetric,

e.g. as in the experimental spectrum measured at 7.5 GHz in Fig. 2(a).



Supplementary Figure 3
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Supplementary Figure 3. Comparison of Uf§;; measured using a simple power meter
and lock-in detection for in-plane excitation. The bottom black curve is the ac-ISHE signal
obtained using a microwave power meter, while the upper red curve is measured using field modu-
lation and lock-in detection. One should point out that the Uf§;;, signal is symmetric with respect
to field inversion. As expressed in Eq.7 of Supplementary Note 1, the phase of ac spin current is
given by (Mgm;), where m, equals x..h. and x.yh, for the in-plane and out-of-plane excitation,
respectively. Under field inversion Mg and X, change sign, while the corresponding susceptibility
element .. does not, thus from theory Uiy is expected to be symmetric for in-plane excitation
(in agreement with the experiment). On the other hand for out-of-plane excitation the sign reversal

of Xy leads to an antisymmetric behavior under field inversion (cf. experimental result in Fig. 3(c)

and (d) of the manuscript).



Supplementary Figure 4

Supplementary Figure 4. Inductive coupling mechanism. Ac-signals can also be generated
when the height of the conducting loop shifts by AZ with respect to the center of the precessing
magnetic moment. When the conducting loop is shifted magnetic flux that is generated by the
precessing magnetization penetrates the conducting loop and generates an ac-voltage signal as

indicated by the black ellipses (Faraday’s law).
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Supplementary Figure 5. NM thickness dependence of the parasitic ac-signal for the
Cu/NigyFey bilayer. Ac-signals measured at ¢ = 90° with out-of-plane excitation geometry
at a microwave frequency of 8 GHz. The increase amplitude for larger NM thickness is consistent

with the indcuctive mechanism sketched in Supplementary Fig. 4.
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Supplementary Figure 6. Angular dependence of the parasitic ac-signal for the
Al/NigoFeyo bilayer. Ac-signals measured at ¢ = 90° and ¢y = 45° for a Al/NigyFeyq bilayer
sample with out-of-plane excitation geometry at a microwave frequency of 8 GHz. The amplitude
variation is consistent with a sin(¢y) dependence. Therefore a significant AMR contribution to

the ac-signal is experimentally excluded.



II. SUPPLEMENTARY NOTES

Supplementary Note 1

Derivation of signal amplitudes for ac- and dc- ISHE components. In the case
of spin pumping due to FMR, the spin currents are generated from the precession of the

magnetization which is described by the Landau-Lifshitz-Gilbert equation:

dM o dM
—_— = — M x H, — (M x —
7 f1oy (M X Hegr) + Ms( X )

(1)

where M and H g are magnetization and effective field, v is the electron gyromagnetic ratio,

a is the damping constant. The magnetization M can be expressed as:
M = 1 M. iwt * —iwt iwt *  —iwt
- 5(2 S, Myé€ + mye ymze™" +me ) (2)
and

My = Xyyhy + Xyzle
m, = Xzyhy + Xzzhz (3>

in which Xy, Xyz: Xzys Xz- are susceptibility tensor elements, and h,, b, are the in and out-
of-plane rf excitation fields. The spin current density generated by spin pumping is given

by [1, 2]:

h . dm

Where m is M/Ms, and g4 is the spin mixing conductance.
Ac- and dc- charge currents generated from a spin current via the ISHE can be described

by the following formula:

2e
Jo = aSH%JseZ X o (5)
where agy is the spin Hall angle, €, indicates that the spin current propagates along the z
direction, o is the polarization vector given by Eq. 4. The dc spin current is given by the

time average of Jgo which is polarized in the = direction and given by:

hwg f\a
[Js7), = 27‘(‘1\/[% S(mym.)e,. (6)
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While the ac spin current causing the ac ISHE signal detected in the x direction is given by:

Jso, = (Mgmz) cos (wt)e, (7)

hwgy
2 M2
From Egs. 6 and 7, the ratio of the ac and ac spin current amplitudes is found as

Jso,  Mgm,

[Jso], S(mym.)

In the case of out-of-plane excitation, i.e., hy = h,, Eqs. 7 and 8 can be simplified as:

hway,
Jso, = o MQMSh'zXzz cos (wt)e, 9)
hwg
[Jso]; = o ]\}ig hgo(xzz)Xyzex (10)

The different microwave power dependence of the dc and ac ISHE signals can be understood
from Eqgs. 9 and 10. The magnitude of the dc spin current is proportional to the square
of the excitation field h? (proportional to the microwave power P). On the other hand the
magnitude of the ac spin current, it proportional to h, (or the square root of microwave
power v/P).

By combining the values of susceptibility tensor elements at FMR, and neglecting the
small (AH/H,) term, the ac- and dc-ISHE voltages can be expressed as follows:

ac _ 6 1 >\ res
Uisg = o 27Ms faag (2)\ Janwh.I(X5) cos (wt)
AH
X : (11)
VH —H)? + (AH)
c 6 ]' /\Sd res res
deSHE = 27TM2 tNM [ tan h(z)\ )gTithC\(Xzz )Xyz
(AH)?

“H—H)2+ (AH)? (12)

where \gq is the spin diffusion length of the normal metal, [ is the length of the bilayer stripe,
tnu is the thickness of the normal metal, o is the conductivity of the bilayer stripe, and x7¢°
and x> are the susceptibility tensor elements at the resonance field. At the resonance field,

the ratio of amplitude of the ac- and dc- ISHE voltages can be simplified to

Ui M.
dSHE = resS ’ (13>
Uisur Xyz h




Supplementary Note 2

Transmission efficiency of the ac-ISHE signal. Unlike the dc voltage, the ac-ISHE
signals are expected to suffer from significant transmission losses when they propagate from
the sample (Pt/NiggFeq stripe) to the detector, i.e., the power meter or the Schottky detector
diode. Thus the detected ac ISHE voltages should be lower than the amplitudes one might
expect from theory. In order to estimate the amplitude of the ac voltage at the sample
it is necessary to consider the characteristic impedances of the Pt/NiggFeqq (Zp)-waveguide
and the detector (Z; = 50 §2). For a Pt/NiggFey stripe placed with an insulating layer
on top of the waveguide (in-plane configuration) one has a configuration equivalent to a
microstrip waveguide. Taking into account sample dimensions and the thickness of the
dielectric spacer the characteristic impedance can be calculated as Z; = 480 2. From this
the transmission into the detector can be computed using the voltage standing wave ratio
T=1- % = 0.18. On the other hand when the bilayer wire is placed in the gap (out-of-
plane configuration) one has a coplanar waveguide configuration. For the dimensions used
in our experiment we expect Z; = 250 () leading to 7" = 0.33. Hence the signal at the
detector is reduced due to the impedance mismatch and the original ac-ISHE signal is given
by Ui§us/T. In addition a reduction of the measured ac-ISHE signal due to Ohmic losses

and imperfect microwave properties of the bonding wires is expected.



Supplementary Note 3

Calculation of inverse spin Hall and inductive signals. For the FM/NM bilayer,
the stray field generated by the dynamic magnetization can cause magnetic flux to penetrate
the conducting wire loop which is used to pick up the ac-ISHE signal (Faraday’s law). Such
inductive coupling can result in ac- voltages. The magnitude of this parasitic effect is

expected to scale as [3-5]:
poLd

Upnt = —tw mym, (14)

where L is the wire length, d = 10 nm is the thickness for both FM and NM layers, n
(0 < n < 1) is a factor which accounts for the fact that only a fraction of the magnetic
that flux actually contributes to the inductive voltage, po is the permeability, and m,, is
the dynamic in-plane magnetization component. For a single magnetic layer, both the
magnetization and the conducting loop are centered at the same height (d/2), and thus one
expects no net flux penetrating the wire loop i.e. n = 0 leading to Upy; = 0. When the
ferromagnet is capped by a nonmagnetic metal layer, the center of the conducting loop shifts

towards the NM layer by a distance AZ:

AZ =d—NM (15)

)
ONM + OFM

Where ony and oy are the conductivities for the FM and NM layers, respectively. Although
it is difficult to calculate the factor n directly, when AZ < w (AZ is a few nm, and
w =5 um), 7 is proportional to AZ. Consequently, the inductive ac- voltages are expected

to scale as
ONM
Uppg ~ ——. 16
ONM + OFM (16)
With opy, opi, Tau, Ocu, and oa) equal to 1.3, 3.7, 10.2, 5.1, and 1.4 x10° Sm~! (we
determined these values from the resistivities of our samples), we can estimate the ratio of

Upnp for the Pt and Au capping layers as:

gkt cpAe o IRt TAw_ gg3.q 17
FMI FMI Opy +O-Py O An +0-Py ( )

. While for ac-ISHE voltages, the ratio for Pt and Au can be expected to follow the corre-
sponding dc-ISHE signals considering the different susceptibilities [6]:

U%t d U%u d

Pt Cr7Au _ YUIsHE-dc . YVISHE-de )

UISHE—aC : UISHE—aC - Pt : Au =12:1. (18)
Xyz Xyz
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Due to the different physical origin of ac-ISHE and inductive signals one expects a 90° phase
shift between Uisgg and Upyp. Experimentally we have measured the following ac-voltage

amplitudes for the Pt/NiggFeqy and the Au/NiggFey bilayer (cf. Fig. 3b):

UE' = 648 uV =/ (URhip_o0)? + (VER)?, (19)

UA" = 900 1V = /(U _oo)? + (U (20)

Taking into account the above ratio for Uisyg and Upyy, they can be calculated for the

Pt /NiggFeyy sample as:

Ul —ac = 645 1V, (21)
Uiy = 63.9 1V, (22)

and for the Au/NigoFey sample as,
Uiiip—ac = 538 1V, (23)
U, =771 uV. (24)

We can further estimate the inductive ac-voltage for the Cu/NiggFeqy and Al/NiggFeqq bilayer
samples. In these samples the SHE effect is so small that no de-ISHE signal was detected
and hence also no measurable ac-ISHE is expected. With o; = 1.3 x 10° Sm™!, and noting

that the NM=Cu layer is 20 nm thick we can calculate

USY = Uy = 1.3Ups; = 83.1 1V, (25)
UM = UGS = 056U = 43.1 uV. (26)

All of these results are in good agreement with the observed signals cf. Fig. 4(b) of the

manuscript.
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