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Supplementary Note 1: Derivation of the ST-FMR sigiV,,,

) (Eq. (2) in the main text)

This derivation generalizes arguments in referenf®l,S2,S3] in order to
consider experiments in which a finite bias is &gpto the sample.

We consider only the specific geometry relevamuo experiment and define the
coordinate axes as in ref. [S2]. We assume thatotientationm of the free-layer

moment undergoes small-angle precession abouz thds, that the plane of the sample

is the y- Z plane, that easy axis of the free layer is algnand that the orientatio fixed
of the fixed-layer moment is in the plane of thenpke and differs fronz by an angles

toward y. Let &be the angle betweem and I\?Ifixed. The precession of the free layer in
response to the curreigt) =1 + A (t) (whered(t) =14 Re(e”“)) can be characterized by
the transverse componenm(t)=Re(mei“) and my(t)=Re(myei“‘). Because of the
large magnetic anisotropy of the thin film sam|¢|IEgQ| <<‘my‘ and changes in the anghke

during precession are to good approximaidéiit) = —Re(mye““).



The time-dependent voltag¥(t) across the sample will depend on the
instantaneous value of the current aBd The DC voltage signal produced by
rectification in ST-FMR can be calculated by TaytxpandingV(t) to 2'¢ order and

taking the time average over one precession period

(Vi) = 2 FE <(d () >+—<(d (t))(ée(t))>+——<(6e(t)) ). (S1)
Here( > denotes the time average. With this expressionasgeime that voltage signals
due to spin pumping [S3] are negligible in tunneigtions. Usingd&(t) =~Re(me'“),

Eq. (S1) can be expressed

10V, _gdzv
<Vmix>_ZWIRF 2 A6 RF e(my) 40"6’2 ‘my‘ (52)

We calculate the precession angte from the Landau-Lifshitz-Gilbert equation

of motion in the macrospin approximation, with #aition of spin-transfer-torque terms

transverse to the free-layer moment.

d_mz—yan +a'mxdm—yT“(I'H)g/—yrm(l’H)f(, (S3)

dt dt Mol Mol

where y is the magnitude of the gyromagnetic ratids the Gilbert damping coefficient,
and M Vol is the total magnetic moment of the free layeor &ur specific experimental
geometry, Her = —N,MgoX =N, M, ¥ with N, =4n+(H/M,,) and
N,=(H-H_J/My . HereH is the external magnetic field alory 47M; is the

effective anisotropy perpendicular to the sampblne] anHanis denotes the strength of

anisotropy within the easy plane. (If the precessais is not along a high-symmetry

direction like 2, there are additional off-diagonal demagnetizatems inH._, that will



make the general expression for the ST-FMR sigraencomplicated than the one that
we derive here [S2].)
For small RF excitation currents, the spin-torgerents can be Taylor-expanded,

n(.9=1 +—”d(t) —ué'é?(t) r.(1,8 =12 +%d(t) D56?(t) (S4)

We have used a different sign convention than[8], so that the variableg and 7, in
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ref. [S2] correspond at zero biasgp=-

in our notation.

The oscillatory terms in the equation of motion are
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At this stage, we have neglected the influencénefQC spin-torque terms in shifting the

(S35)

icm, =m (N M, +iaw)-

precession axis of the free layer away fram For the bias range of our experiment, this

is a very small effect. Solving these equationsifg to lowest order in the damping

coefficienta we have

rny J'{RF 1 (lﬂ-“- + J’NxMeff %:| (86)
2M Vol (w-a, i) 4 w, d
Here, the resonant precession frequenay,js- yl\/lefm/NxNy and the linewidth is
a N, +N
o= J'{Vleff( X y) _ y ﬂ-“_ (87)
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In the expression for the resonant precession &gy we have neglected a correction

0dr, 106 that is negligible for our experiment. The smaifts in the resonant frequency



that we measure as a function of bias (see SupplamyeFigure S1c) may be associated

with micromagnetic phenomena that go beyond ourospin approximation [4].
If we define Sw)=1/{1+[(w-w,)/0]}, Ala)=[(a-«,)/0]S(«), and

Q.= IN,M_ /a,, and substitute Eq. (S6) into Eq. (S2), we reach:

v 10V, +ldz\/ hysing

x) = e T3 Iz -{ QA
) 44°% 2060 4eMNol o = ((1S(@) = Q. A(@)

(S8)
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The final term in Eq. (S8) represents a DC voltggrerated by a change in the average
low-frequency resistance due to magnetic precessitis term should be approximately
an odd function of bias, and we estimate that #gnmll in the bias range we explore. It
may be the explanation for the small slope in tegethdence ofl7, /dV vs. bias that we
subtract off in Fig. 3b of the main paper; howewerfind that the dominant contribution
to the frequency-symmetric component of the ST-Faitihal is symmetric in bias. For
these reasons we do not consider this final terthemmain paper. The first two terms on

the right in Eq. (S8) are then identical to Eq.i(2)he main text.

Equation (6) in the main text follows from Eq. (Siffer usingaw,, = JM /N,N,

and assuming that, (1,6) Osin(6).

Supplementary Note 2: Details on the calibration pf

The calibration ofl%. is performed in two steps: (1) a flatness coioecand (2)
accounting for the bias dependence of the samppedance. The flatness correction

ensures that the microwave current within the sanhp! does not vary with frequency.



We apply an external magnetic field with magnitude chosen so that all ST-FMR
resonances have frequencies higher than the réngerest, and then measure the ST-
FMR background signal as a function of frequenayddixed DC bias|(| > 10 pA).
Due to circuit resonances and losses, this backgrsignal may vary as the frequency is
changed. At the same time, we determai¥ /9l > by measuringdV /9l versusl with
low-frequency lock-in techniques and then differaiig numerically. We can then
determine the variations dff. with frequency using the formula for the non-remamn
background:

107V
<Vbackground> = Z? I IiF : (89)

We input this information to the microwave souraed employ its flatness-correction
option to modulate the output signal so that timalfimicrowave current coupled to the
sample no longer varies with frequency.

(2) After step (1),1, is leveled vs. frequency and its magnitude can be
determined for one set of valuesandHy. However, because the sample impedance
varies as a function dfandH, we must also determine holy varies as these quantities
are changed. In order to do this accurately evegroimts whered®V /dl > is near zero,
we calculatdge(l,H) by taking into account how variationsdidV alter the termination
of the transmission line, assuming that the impeddooking out from the junction is 50

Q:
|l (1,H) = IRF(IO,HO)[(ZI\I/(IO,H0)+SOQ}/[(3\I/(I,H)+50§2] (S10)

In practice, we generally determihg(lo, Ho) using Eq. (S9) together with the value of

the non-resonant background at one choic& dbr each value of magnetic field, and



then employ (S10) to find the fulldependence.

Supplementary Figure S2 shows that this proceduceessfully reproduces the
measured non-resonant background signal as a danofily, using as input the bias
dependence afiv/dl measured at low frequency. This demonstratestltgae are no
high-frequency phenomena which cause the backgrsigmhl to deviate significantly
from the simple rectification signal caused by toearities in the low-frequency
current-voltage curve. Supplementary Figure S3wshthe typical change il as

described by Eq. (S10).

Supplementary Note 3: Regarding possible alteraatiechanisms for the antisymmetric

Lorentzian component of the ST-FMR signal

Kovalev et al. [S2] and Kupfershmidt et al. [S2vk noted that a component of
the ST-FMR signal that is antisymmetric in frequersative to the center frequency can
arise if the precession axis of the free layer muneetilted away from the sample plane
and not along any of the principle axes of the neignanisotropy. In principle, this
mechanism could explain an observation of an amtisgtric ST-FMR signal that varies
linearly with DC current, because the in-plane component of spin-tranefgue froml
will cause the equilibrium orientation of the frizgeer moment to move out-of-plane
(until the torque from the demagnetization fieldalbaes the in-plane spin-transfer-
torque). However, when evaluating this mechanigmantjtatively, we find that it
predicts an antisymmetric component 50 times smtdbn we measure.

In principle, heating might affect the ST-FMR ma@&snents through several

mechanisms. Here we consider only whether a tgatifect might be able to explain



our observation that the ST-FMR signal containsegp@ndicular component with an
antisymmetric Lorentzian lineshape, whose magnitiefeends approximately linearly on
| (i.e,, we consider heating as an alternative mechamdsitine out-of-plane torkance
discussed in the main paper.) If Ohmic heatinthesdominant source of heating, then
the sample temperature may have an RF componentponppianal to

dT(t) ~R (I +14())*>~ 2RI lcosat + ;) (after subtracting the constant contribution

ORI* and assuming > Ige), wheredr is a possible phase lag. If heating changes the

resistance of the sample, this would give an aalubi contribution to the resonant part of

. dZV ﬂZV —ior
the ST-FMR signal of the fornévmix>D%«J@(t))@‘r(t)» 0ot ! Re(me ™).

However, sinced’VV /JE4T in this expression is proportional k@t low bias, the lowest-
order contribution to the ST-FMR signal from thigchanism is proportional tb*, so
that it cannot explain the linear dependence ofahenmetric component drobserved
experimentally.

An antisymmetric-in-frequency ST-FMR signal linear | could result if the
Peltier effect, rather than Ohmic heating, were tmminant heating mechanism.
However, our differential conductance measuremepotsiot show a large asymmetry
with respect to bias that would be expected if eese the case. A resonant signal linear
in | could also result if the dominant consequence e#tihg were not to change the
resistance, but to apply a torquerio by changing the demagnetization or dipole field.
We expect that this last mechanisms might be saamif if the free layer were tilted
partially out of the sample plane, but we estimttiat it is insignificant for our
measurements in which the free-layer moment islameg and aligned within a few

degrees of the symmetry axds



For these reasons, we believe it is unlikely Hesting, rather than a direct out-of-
plane spin-transfer torque, can explain the antmginc component of the ST-FMR

signal that we observe.
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Supplementary Figure S1. Fit parameters for theFBIR signals at room temperature,
for three values of magnetic field in tlzedirection andl,. = 12 yA. (a) Amplitudes of

the symmetric and antisymmetric Lorentzian componeh each peak. (b) The
linewidths d/(27). (c) The center frequencies/(27). (d) Non-resonant background

components.
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Supplementary Figure S2. Test of the calibratiom Fg- and the non-resonant
background, foH = 1.0 kOe in thez direction. Circles: Magnitude of non-resonant
background measured from fits to the ST-FMR pe&@guares: the background expected

from Equations (S9) and (S10) after determinigg= 11.7pA atlo = -30pA.
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Supplementary Figure S3. Representative exampldheobias dependence Igf and
AV 1964 for H in the Z direction. Values ofzr and &V /364 atV=0 are labeled. |7
is determined using the procedure described ab@¥¥./d84 is determined by
measuringaV /A vs.| at a sequence of magnetic fields in theirection, by assuming
that the conductance changes at zero bias are nticoa to cosid) and thatd depends
negligibly onl, and then by performing a local linear fit to detére 2%V /d64 for

given values of andH.
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Supplementary Figure S4. Values of the in-plane autdof plane differential torques
dr, /dl (black symbols) andir,/dl (red symbols) vsl, determined from fits to room-
temperature ST-FMR spectra. The overall scaleHerytaxis has an uncertainty of ~15%
associated with the determination of the samplemel (Inset) Angular dependence of

the differential torques at zero bias.
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Supplementary Figure S5. Ratio of the perpendidol&ancedr,/dV to the in-plane

torkancedr|| /dV as a function of bias.
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Supplementary Figure S6. ST-FMR signals for a hietspin valve, (in nm) Py 4 / Cu
80/IrMn8/Py4/Cu8/Py4/Cu2/Pt30twiH = 560 Oe in the plane of the sample
along Z and with an exchange bias direction 135° framWe estimateg=77° from the
GMR. The average anti-symmetric Lorentzian componemi2 + 3% the size of the
symmetric Lorentzian component over this bias rangecounting for the out-of-plane

anisotropy47M., ~ 1 T in Eq. (2) of the main paper, we estimate the ratior, /7, <

1%.
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