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Spin-torque ferromagnetic resonance (ST-FMR) is a common method used to measure spin-orbit torque
(SOT) in heavy-metal/ferromagnet bilayer structures. In the course of a measurement, other resonant pro-
cesses such as spin pumping (SP) and heating can cause spin-current or heat flows between the layers,
inducing additional resonant voltage signals via the inverse spin Hall effect (ISHE) and Nernst effects.
In the standard ST-FMR geometry, these extra artifacts exhibit a dependence on the angle of an in-plane
magnetic field that is identical to the rectification signal from the SOT. We show experimentally that the
rectification and artifact voltages can be quantified separately by measuring the ST-FMR signal transverse
to the applied current (i.e., in a Hall geometry) in addition to the usual longitudinal geometry. We find
that in Pt(6 nm)/Co4Fe49B,¢ samples the contribution from the artifacts is small compared with the SOT
rectification signal for CogoFe4Byo layers thinner than 6 nm, but can be significant for thicker magnetic
layers. We observe a sign change in the artifact voltage as a function of the CoggFe4B5g thickness that we

suggest may be due to competition between a resonant heating effect and the SP-ISHE contribution.
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I. INTRODUCTION

Current-induced spin-orbit torques (SOTs) [1] have the
potential to provide improved efficiency in the control of
magnetic memory and logic devices, enabling technolo-
gies that are fast, nonvolatile, high-density, and of infinite
endurance [2—4]. The metrology of SOT materials and
devices is critical to these developments. Several differ-
ent techniques have been developed to quantify spin-orbit
torques, including spin-torque ferromagnetic resonance
(ST-FMR) [5-8], second-harmonic (low-frequency) Hall
measurements [9—11], optical measurements of current-
induced magnetic deflection [12,13], determination of
the threshold currents for switching of nanoscale mag-
nets with in-plane anisotropy [6,14], measurements of
spin Hall magnetoresistance [15,16], and measurements
of current-induced domain-wall motion in perpendicu-
lar magnetic films [17,18]. However, different techniques
sometimes produce inconsistent results [19,20] and can
even give internal discrepancies. For example, indepen-
dent second-harmonic Hall studies on layers with in-plane
and out-of-plane magnetic anisotropy [21,22] have mea-
sured discrepant (and sometimes unphysical) results for
the dampinglike torque efficiency &pr, and ST-FMR and
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second-harmonic Hall measurements on samples with in-
plane anisotropy can differ by tens of percent. Therefore,
there is a continuing need to examine possible artifacts
affecting the different measurement approaches and to
improve their accuracy.

Here we consider one of the most popular techniques
for measuring SOTs, ST-FMR. A known artifact in ST-
FMR is that the measured signals can include contributions
from spin pumping (SP) together with the inverse spin
Hall effect (ISHE) [23-26]. In addition, there can be ther-
moelectric contributions resulting from resonant heating
that give rise to a longitudinal spin Seebeck effect (LSSE)
together with the ISHE [27,28], or Nernst effects (NEs)
[29-32]. In the standard ST-FMR measurement configu-
ration, it is challenging to disentangle these artifact signals
from the primary spin-torque diode (rectification) signal,
because they all have identical dependences on the angle
of a magnetic field applied within the device plane [25,31].

Previous studies attempting to separate artifact voltages
from the ST-FMR signal have largely been focused on
the SP-ISHE contribution [33—35]. One previous study
attempted to separate these contributions by using the
external field to tilt the magnetization partly out of the
plane [34], but this configuration can be tricky to imple-
ment and interpret due to the large demagnetization fields
of typical devices and the possibility of spatially nonuni-
form magnetization states. We demonstrate a straightfor-
ward alternative approach to separately quantifying both
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the spin-orbit torque and the spin-pumping and resonant-
heating artifact signals using only in-plane magnetic fields,
by measuring the ST-FMR signal transverse to the applied
current (i.e., in a Hall geometry) in addition to the usual
longitudinal geometry.

II. BACKGROUND

In conventional ST-FMR, a microwave current is
injected into a rectangular sample of a heavy-metal
(HM)/ferromagnet (FM) bilayer to induce FMR through
current-induced torques acting on the magnetization.
Within a simple macrospin model, the Landau-Lifshitz-
Gilbert-Slonczewski (LLGS) equation captures the result-
ing dynamics of the magnetic moment:

dF
dm

+ o x (6 x m) + T 6 X i, (1)

m=ymx +am x m

where 7 is the normalized magnetic moment of the FM,
F is the free-energy density of the FM, y = 2ug/h is
the gyromagnetic ratio, with up being the Bohr magne-
ton, and « is the Gilbert damping parameter. The final
two terms represent the current-induced dampinglike and
fieldlike torques, with prefactors

0 MBJ e
= 2
TpL = épL M.t (2)
0 mpJe
= . 3
Trp = EFL Mt 3)

Here, &pp and &g are dimensionless spin-torque efficien-
cies that one might wish to measure for a given material
system. J, is the charge current density in the HM, e is
the magnitude of the electron charge, M; is the saturation
magnetization of the FM, #g) is the thickness of the fer-
romagnetic layer, and 6 denotes the polarization of the
spin current incident on the ferromagnet. For a nonmag-
netic heavy metal with an ordinary high-symmetry crystal
structure, 6 is required by symmetry to be in-plane and
perpendicular to the applied current so that, for an in-plane
magnetization, the dampinglike torque points in the sam-
ple plane and the fieldlike torque points out of the plane;
we assume this to be the case throughout this paper.

The magnetic resonance can be detected via a recti-
fied longitudinal dc voltage (oriented along the length of
the wire parallel to the current) caused by mixing of the
microwave current with resistance oscillations produced
by the precessing magnet via anisotropic magnetoresis-
tance (AMR) or spin Hall magnetoresistance [36,37]. The
shape of the resonance peak for this rectified signal as a
function of the magnitude of the magnetic field at a con-
stant field angle is a sum of symmetric and antisymmetric

Lorentzian functions. For a magnetic layer with in-plane
anisotropy and an in-plane magnetic field, the symmetric
component arises from 7, and the antisymmetric compo-
nent from a combination of the current-induced Oersted
field and 7 . Once the microwave current is calibrated,
the measurement allows determination of both &pp and
&pL, assuming there are no other artifacts contaminating the
signal.

When the FM layer is resonantly excited, a pure spin
current resulting from SP or the LSSE can also flow from
the FM layer into the HM layer and produce a measur-
able voltage through the ISHE in the HM [23-27,38-41].
Furthermore, an out-of-plane temperature gradient in the
heterostructure due to resonant heating can produce a ther-
moelectric voltage as a result of ordinary or anomalous
Nernst effects [28,32]. In all of these processes, the result
is a dc voltage perpendicular to the magnetization axis
with a symmetric Lorentzian line shape [25,42,43]. Con-
sequently, if these artifact signals are sufficiently large,
they can contaminate ST-FMR measurements of 7}, . The
signals from spin-torque rectification and from the spin-
pumping and resonant-heating artifacts all have the same
dependence on the angle of an in-plane magnetic field, pro-
portional to sin(2¢) cos(¢), with ¢ measured relative to the
positive applied-current direction [25,31,33,35], making
artifact effects difficult to disentangle.

In this paper, we demonstrate that if one performs a ST-
FMR experiment as a function of the angle of an in-plane
magnetic field by measuring the resonant dc voltage trans-
verse to the current (i.e., in a Hall geometry), the rectified
spin-torque contribution and the effects of spin pumping
and resonant heating can be distinguished. We are aware
of previous studies in which ST-FMR measurements were
performed in the transverse geometry [35,44], but these
studies did not illustrate how to separate the rectified spin-
torque contribution from the artifact signals. A closely
related idea had been used previously in experiments that
studied SP and ISHE signals from magnetic precession
excited using oscillating magnetic fields, in order to sep-
arate out unwanted (in that context) rectification signals
[38,45]. Harder et al. have published a review mapping out
the field-angle dependences expected for resonance exper-
iments in both longitudinal and transverse geometries for
different orientations of the excitation [46].

I1II. THEORY

We consider a thin-film macrospin magnet with in-plane
anisotropy subject to an external in-plane magnetic field
oriented at an angle ¢ with respect to the positive cur-
rent direction, which aligns the equilibrium direction of
the magnetization (see Fig. 1). We define the y axis to
be parallel to the equilibrium direction of the magnetiza-
tion and Z to be perpendicular to the sample plane, so that
X =J x z is in-plane. We use capital letters to indicate a
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FIG. 1. (a) Optical image of our Hall ST-FMR device, show-
ing the geometry of the contact pads. This particular device
features a Pt(6 nm)/CoygFeq0B2o(6 nm) bilayer measuring 20 x
80 um? (in the center, dark blue). The scale bar is 100 pm.
(b) Enlarged optical image of the bilayer and contacts, with
our coordinate definitions. The coordinates X, Y, Z (capitals) are
fixed relative to the device geometry, while the coordinates x, y, z
(lowercase) are relative to the equilibrium orientation of the
magnetization. The scale bar is 20 pum.

100 pm

separate coordinate system fixed with respect to the sam-
ple, where X is along the current direction, Z = £, and
Y = Z x X. Spherical polar coordinates 6, ¢ for the mag-
netization orientation are defined relative to the X,Y,Z
axes.

A microwave current ;s Re [e*"‘”’] is applied, produc-
ing alternating torques with amplitudes 7, = 7, cos(¢)
and 7, = t¥cos(¢) = (v + l'ge) cos(¢) in the X and z
directions, respectively. With these definitions, 7J, takes
a positive value, by Ampére’s law, and 7, is positive for
the spin Hall effect in Pt. Linearization and solution of the
LLGS equation (see the Supplemental Material [47] and
Ref. [8]) allow us to calculate the oscillatory components
of the magnetic moment; in complex notation, these are

—wn T, + i,
my = ,
Y —y(B - Bywt + iawwt @)
w1 T, + iwT,
m, =

—y(B — By)wt + icwwt’

Here By is the resonance field, B is the applied external
field, @1 = yBy, w2 = y(Bo + 1toMer), and 0" = w; +
wy; Mg is the in-plane saturation magnetization (M)
minus any out-of-plane anisotropy. Note that, by our
definition of the coordinate axes, m, = —d¢ and m, =
—d0 during precession.

Assuming that the anisotropic magnetoresistance has
the form Ryy = Ry —{—RAMRm}(, the spin-torque mixing
voltage in conventional ST-FMR can be written as

. 1, .
Vi = = Raww Re[m.] sin2¢, (5)

or

Vm”‘ = rzfsAMR sin(2¢) cos(¢)

x (S(B)‘L’DL + A(B);rz> , (6)

where we define the symmetric Lorentzian S(B) =
A?/[(B — By)* + A?], the antisymmetric Lorentzian 4(B) =
(B — By)A/[(B — By)* + A?], and the half-width-at-half-
maximum linewidth A = aw/y. Here Rapr includes con-
tributions from both the anisotropic magnetoresistance in
the magnet and the spin Hall magnetoresistance in the
Pt layer, as these produce identical contributions to the
ST-FMR signal for our sample geometry (see the Supple-
mental Material [47] and Ref. [48]).

We can compute the transverse spin-torque mixing volt-
age within the same framework. We assume that the Hall
resistance has the symmetry Ryy = Rpugmymy + Raugmiz,
where Rpyg is the scale of the planar Hall effect (PHE) and
Raug is the scale of the anomalous Hall effect (AHE), in
which case [11]

L
ymix — jf (—Rpug cos 2¢ Re [my] + Raup Re[m.]) . (7)

Using the results from Eq. (4),

pmix — IgRPHE cos (2¢) cos()
ow

X (S(B)‘L’DL —I—A(B)EIZ)

LR AHE
+ ——=—cos
2wt @)

X (S(B)tzo —A(B)%‘L’SL> . )

The artifact signals due to spin pumping and resonant heat-
ing can also contribute to both the longitudinal and the
transverse ST-FMR voltage [33-35]. All of the artifacts
that we consider, i.e., SP-ISHE contributions, LSSE-ISHE
contributions, and NEs, produce resonant dc electric fields
that are in-plane and perpendicular to the magnetization
axis, and proportional to the square of the precession
amplitude (with the precession amplitude proportional to
cos ¢). Because these signals depend only on the preces-
sion amplitude and not on the phase, they have symmetric
line shapes. Taking the components in the longitudinal and
transverse directions, the artifact voltages are therefore

Lsing

longitudinal,
Vart = Ez(i)rtS(B) COS2 ¢ { WCOS¢ &

transverse, ©)
where EO, = Ed, + E{ g + EXg is the total electric field
generated by all artifact signals. The artifact voltages in

024024-3



KARIMEDDINY, MITTELSTAEDT, BUHRMAN, and RALPH

PHYS. REV. APPLIED 14, 024024 (2020)

the longitudinal and transverse measurements differ only
by geometric factors and angular symmetry; L is the device
length (parallel to the current flow), and W is the transverse
device width.

The electric field due to spin pumping and the inverse
spin Hall effect can be calculated by the method of Refs.
[23,25,49,50] (see the Supplemental Material [47]):

eOspg ¥ t
Egp _ CUShEeir Asq tanh M
21 Zi oil; 2)\,5(1
y |:(T]gL)2w1 + (T20)2w2:|
o? (wt)? '

(10)

Here Osy is the spin Hall ratio in the HM (related to
the dampinglike spin-torque efficiency by Osy = &pr/ Tint,
where Ty is an interfacial spin-transmission factor), g;%
is the real part of the effective spin-mixing conductance, o;
() is the charge conductivity (thickness) of layer i, and Ay
is the spin diffusion length of the HM.

If one assumes that the artifacts due to resonant heat-
ing by the current-induced torques are proportional to the
energy absorbed by the magnetic layer during resonant
excitation, the peak dc electric field due to the LSSE and
ISHE and to NEs can be calculated similarly [28,30] (see
the Supplemental Material [47]):

E)ss + Exp = CJVISZFMM)Jr () + (), )
2y > ot a? (wh)?

(11

Here, C is a material-dependent prefactor. Because of the
factor of fpmvaw™ in the numerator, the resonant-heating
contribution scales differently from the SP-ISHE contribu-
tion as a function of the FM thickness, the damping, and
the measurement frequency.

Adding the rectification and artifact contributions [and
using the fact that cos®¢sin¢g = (sin2¢ cos¢)/2 and
cos® ¢ = (cos ¢ + cos 2¢ cos ¢) /2], the amplitudes of the
symmetric and antisymmetric components of the total lon-
gitudinal and transverse ST-FMR signals have the angular
dependence

Sxx (¢) = Sy /™" sin2¢ cos ¢,
Axx (@) = A%R sin2¢ cos ¢,
Sxy(¢) = Shy /™ cos2¢ cos d + Spy " cos ¢,

Axy(¢) = ARE cos 26 cos ¢ + ARHE cos ¢, (12)

with the amplitude coefficients

GAMR/art _ L R o L g0
XX - 20{(1)+ AMRTDL 2 art
_ GAMR
=Sy + Vart,
JAMR _ L MR w2 20
XX - z 9
20wt
SPHE/art _ Irf R ‘L’O _ V_VE()
XY - 2(16()+ PHE ‘pL 2 art?
I )
PHE r 0
A = _2aw+RPHEZTZ ’
SAHE/art _ Irf R 0 _ V—VEO
XY T gt AHET: T P
I w1
AHE __ r
AXY = _Zaa)"'RAHEETDL. (13)

One can see that all of the Syy and Syy rectification
signals are contaminated by artifact voltages. If one mea-
sures just Syx and Ayy for in-plane magnetic fields
(as in conventional ST-FMR), there is no way to dis-
tinguish 3 from the artifact contributions. However,
3, appears by itself, without any artifact contamination,
in the coefficient A3HF. One way to achieve a mea-
surement of ), free of these artifacts, is therefore to
directly use the expression for A4HE in Eq. (13) along
with careful calibration of I+, @, and Rayg. The out-of-
plane torque 7° can similarly be determined from A{¥R
or ARME  Alternatively, the expressions in Eq. (13) also
allow Egrt and the torque efficiencies &pp and &pp to be
measured without calibrating /¢, o, and the magnetoresis-
tance scales by taking appropriate ratios to cancel pref-
actors. We can do so using measurements of either the
set of parameters {Spn /", AAMR GAHE/ JATEY or the

set {Spo /A APHE GAIE/A 4AHEY We do not expect that
the equations involving Ramr and Rppg will be physically
independent, because anisotropic magnetoresistance and
the planar Hall effect originate from the same microscopic
mechanism. Therefore, if the assumptions of our model are
correct, these two strategies for taking ratios to cancel pref-
actors must agree modulo experimental noise. We perform
both calculations and test their agreement as a consistency
check.

First, using the fact that on resonance w = /o w,, we
calculate the ratio n = (t3; /)1 /@, employing the
pair of parameters S and A4 associated with each of the
AMR, PHE, and AHE:

STHEAT - W(Ean/2)

14
_A)A(?E A;};E 5 ( a)
)7 = a =
S)/?}II-IE/ rt + W(Eart/z) S)AQI}/IR/art 4 L(Ean/Z)
R . (14b)
AXX
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Using the measured amplitude coefficients, one can solve
separately for E,; using either Eq. (14a) or (14b), and
check consistency.

It still remains to determine 7, and to separate the
two contributions to ¥ = 75 + 73,. We choose to do this
using a method from Ref. [19], in a way that determines
both of the spin-torque efficiencies &pp and & at the same
time without requiring a separate calibration of ;. We
perform measurements on a series of samples with differ-
ent thicknesses of the ferromagnetic layer and determine
n = (5. /t0) /@i /w; for each sample from any of the
expressions in Eqs. (14a) and (14b), after solving for E,y.
We then define

_epoMstumtem oM
MR =n—7—,/1 ’
h By

(15)

so that, using Egs. (2) and (3) and the fact that 73, =
y odetum/2 by Ampere’s law, we have

1 1 h
—=—(1+—L). (16)
§rMr - DL e poM;tpmtum
A linear fit of 1/&pvr Vs 1/tpm can then be used to

determine 1/&pp. (from the intercept) and &g (from the
slope).

IV. MEASUREMENTS

We use dc-magnetron sputtering to grow multiayers
with the structure substrate/Ta(1 nm)/Pt(6 nm)/ferromagnet
(tem)/Al(1 nm), using three different FMs: CoyoFe40B2o,
permalloy (Nig;Fe;9 = Py), and CoggFejy. Each of the
three FMs is expected to have different AMR, PHE, and
AHE values, and therefore different strengths of rectified
spin-torque signals relative to the artifacts. In particular,
CogoFeq0By¢ has weak planar magnetoresistances (AMR
and PHE), and it has been argued previously that it exhibits
a significant contribution from SP and the ISHE in ST-
FMR [33,34]. The CogoFeq9By¢ devices are grown with
tem = {2, 3,4, 6,8, 10} in separate depositions. The Py and
CogoFejo devices are grown with single relatively large
thicknesses to give measurable artifact signals, namely
tpy = 8 nm and fcogFe,, = 6 nm. All devices are grown
on high-resistivity (greater than 2 x 10* € cm) thermally
oxidized silicon wafers to prevent rf current leakage or
capacitive coupling. The Ta is used as a seed layer and
makes a negligible contribution to the SOTs that we mea-
sure, due to the low conductivity of Ta relative to Pt (pp; =
20.4 2 cm, PcoygFeqpBy = 110 w2 cm). The Al cap layer
protects the layers below it and is oxidized upon exposure
to the atmosphere.

The as-deposited samples are patterned using pho-
tolithography and Ar ion-milling to define rectangular bars
ranging in size from 20 um x 40 um to 40 um x 80 um

with various aspect ratios. The transverse leads and contact
pads are then made using a second photolithography step,
in which they are deposited by sputtering a Ti(3 nm)/Pt(75
nm) layer and formed by liftoff so that the side channels
extend for a few micrometers on top of the main bar (see
Fig. 1). We are careful that the magnetic layer does not
extend beyond the defined rectangle into the transverse
leads. In early devices, we etch full Hall-bar shapes in
the first layer of lithography so that the transverse leads
include some of the same magnetic layer as the main chan-
nel. For those early devices, we find that the resulting
analyses of spin-orbit torque produce anomalous results,
varying with the dimensions of the leads and the contact
separation. This could possibly be due to spatial nonunifor-
mities in the magnetic orientation and precession, as was
speculated in Ref. [44]. Ultimately, the magnetic bilayer
is left as simply rectangular to promote uniform preces-
sion modes, and this removes the anomalous geometry
dependence.

For the ST-FMR measurements, we connect the devices
to an amplitude-modulated (AM) microwave source with
fam &~ 1700 Hz through the ac port of a bias tee and
to a lock-in amplifier through the dc port; this lock-in
amplifier detects the longitudinal signal. Another lock-in
amplifier measures the dc voltage across the Hall leads
of the device. Both lock-in amplifiers reference the same
AM signal, and we collect ST-FMR data in both the lon-
gitudinal and the transverse direction simultaneously. An
in-plane applied magnetic field is applied at varying angles
¢ using a projected-field magnet. We use fixed microwave
frequencies in the range 7-12 GHz and apply 20 dBm of
microwave power, and all measurements are performed
at room temperature. In Figs. 2(a) and 2(d), we show
examples of the detected resonant signals from the par-
allel (XX) and transverse (XY) lock-in signals for a Pt(6
nm)/CoggFe40B,0(6 nm) sample.

Both the longitudinal and the transverse resonances
are fitted well by a sum of symmetric and antisymmet-
ric Lorentzian peaks, with varying relative weights. For
each sample, we perform field-swept measurements at a
variety of angles ¢, extracting the symmetric and antisym-
metric components of the resonances for both the longi-
tudinal and the transverse signals. The results for a Pt(6
nm)/CoyoFesByo(6 nm) sample are shown in Figs. 2(b),
2(c), 2(e), and 2(f), along with fits to Eq. (12). Analogous
results for Pt(6 nm)/Py(8 nm) and Pt(6 nm)/CogoFe (6
nm) samples are shown in the Supplemental Material [47].

We find excellent agreement with the expected angular
dependences for Syy, Axx, and Ayy. For Syy, the dominant
contributions to the angular dependence are, as expected,
the cos 2¢ cos ¢ and cos ¢ terms, but in addition we detect
a small component approximately proportional to sin 2¢.
This additional contribution is less than 10% of the larger
terms in Syy for all thicknesses of CosgFes0Byg, small
enough that it is not included in the fit shown in Fig. 2(e).
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FIG. 2. ST-FMR measurements of a Pt(6 nm)/CosoFe49B20(6 nm) sample for a measurement frequency f = 8 GHz. (a) Longitudinal

resonant signals for field sweeps with two different field angles. (b),(c) Symmetric (Syyx) and antisymmetric (4yy) Lorentzian fit
components for the longitudinal resonant signal as a function of the external-field angle. (d) Transverse resonant signals for field
sweeps with two different field angles. (e),(f) Symmetric (Syy) and antisymmetric (4yy) Lorentzian fit components for the transverse
resonant signal as a function of the external-field angle. The orange fit line in (b),(c) is a fit to sin2¢ cos ¢ (AMR); the light- and
dark-blue fit lines in (e),(f) are fits to cos 2¢ cos ¢ (PHE) and cos ¢ (AHE), respectively, and their sum (orange) fits the data.

It is more significant in the CogoFe o and Py samples that
we measure, though still smaller than the cos 2¢ cos ¢ and
cos ¢ amplitudes in Syy (see the Supplemental Material
[47]). A sin2¢ contribution can arise only from a break-
ing of mirror symmetry relative to the sample’s ¥-Z plane
(see the Supplemental Material [47]). This symmetry is
broken in our samples by the different contact geometries
at the two ends of the sample wire [see Fig. 1(a)]. The
form of the sin2¢ signal can be explained as being due
to resonant heating that produces an in-plane thermal gra-
dient in the longitudinal direction of the sample (due, e.g.,
to differences in heat sinking at the two ends), which is
transduced to a transverse voltage with the symmetry of
the planar Hall effect (proportional to mymy). We check
that the signal is not due to a sample tilt or to a nonres-
onant dc current that might arise from rectification of the
applied microwave signal at the sample contacts. All of the
other Fourier components that are the main subject of our
analysis maintain the Y -Z-plane mirror symmetry, and so
cannot be altered to first order by a process that breaks this
symmetry. Being a separate Fourier component, the sin 2¢
contribution also does not affect the fits to Eq. (12) used
to determine the six amplitude coefficients Spy ", AAMR,
S;}I}IE/ o ATHE, ??E/ ' and A3}, Using these coefficients,
we calculate F, by solving Eq. (14a) or (14b). There is a
potential ambiguity about which roots of Egs. (14a) and

(14b) to select when applying the quadratic formula. In
our measurements, one root would give unphysical results,
e.g., a sign change of &pp. An important check of our
method (and a check that the sin2¢ term in Syy does not
contaminate the analysis) is that these two independent
methods for determining £, [Egs. (14a) and (14b)] give
consistent results. We show below that this is indeed the
case.

Figure 3(a) shows the total amplitude of the longitudi-
nal symmetric ST-FMR component (labeled “Measured”),
and the corrected value S)‘E}}AR, from which V,; has been
subtracted. For Co9Fe49By layer thicknesses of 6 nm and
below, the magnitude of V,; is much less than the mag-
nitude of S§MR, so that the artifacts have little effect on
ST-FMR measurements of the spin-orbit torque. However,
with increasing CogoFesoByo thickness, the magnitude of
SOMR decreases and Ve grows, and so we find experi-
mentally that for Co4pFeq9Byo layers thicker than 6 nm the
artifact voltage becomes a significant fraction of the total
signal. In this regime, V¢ and S¥R contribute to Syy (¢)
with opposite signs [51], with the consequence that if the
artifact contributions are neglected in a conventional ST-
FMR analysis, the result is an underestimate of the strength
of 7J; . In this respect, our results conflict with some con-
clusions [33,34] that neglecting the SP-ISHE contribution
produces an overestimate of 73, .
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FIG. 3. (a) Uncorrected measured value of S§¥R vs i,
together with the value corrected by removing the artifact volt-
age. (b) Inverse &Epvir versus inverse #py. The y intercept of the
line is 1/&py, and the slope is proportional to &g as in Eq. (16).
The two fit lines are color-matched fits to the data points obtained
from the AHE-PHE and AHE-AMR corrections.

Analysis of the dependence of 1/&gyr as a function of
1/tpm allows a determination of the underlying spin-torque
efficiencies &pp, and &gy using Eq. (16). The results for the
CogoFeq0Byg series of samples are shown in Fig. 3(b). If
one does not correct for the contribution of the artifacts,
the calculated values of 1/&pyr depart upward from the
expected linear dependence for fpy; = 6 nm. Similar results
have been reported previously in Ref. [19], where the non-
linearity was speculated to arise from SP and the ISHE,
and the spin-torque efficiencies were determined by fitting
only to results for the thinner FM stacks. After we cor-
rect for the artifact contribution, we find good agreement
with the expected linear dependence over the full thickness
range. From the linear fit, we determine &pp = 0.090(6)
and & = —0.020(2).

For the Pt(6 nm)/Py(8 nm) and Pt(6 nm)/CogoFe (6
nm) samples, we find the same configuration of signs as
for the thicker Pt/CoggFeq9B2g samples: V¢ partially can-
cels S$MR, so that the true mixing signal is larger than the

Artifact correction

I None | | AHE-PHE AHE-AMR
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§F MR

FIG. 4. £&pyr for various device stacks. The gray (left) bars
show values without correction for artifacts, and the orange
and blue (center and right) bars show values corrected using
the artifact voltages determined from Egs. (14a) and (14b),
respectively.

measured amplitude of Syy (¢). The results of the calcula-
tion of &pmr according to Eq. (15) are shown in Fig. 4 for
five selected samples, both without and with the correction
for artifacts. In determining &pyr, We use values for M,
determined by room-temperature vibrating-sample magne-
tometry (VSM) and values for poM.¢ determined by fits
of the ST-FMR resonant field as a function of frequency.
These values are as follows: for CosgFe49Bog, M, = 9.8 x
10° A/m and poM.g = 0.6-1.4 T (depending on thick-
ness); for Py, My = 7.5 x 10> A/m and oM.z = 1.01 T;
and for CoggFejg, M; = 9.1 x 10° A/m and oMy = 1.66
T. If a magnetic dead layer is observed in the VSM mea-
surements, the thickness of the dead layer is subtracted
from tgy. In all cases shown in Fig. 4, we find that cor-
recting for the artifact contribution increases our estimates
of the values of &ppr. The value of &pyr is smaller for the
Pt/Py sample than for Pt/CosgFes9B,¢ or Pt/CogoFe;q pri-
marily because &g both is small and has a positive sign for
Pt/Py [52,53].

The dependence of the artifact voltage, V,y, on the
ferromagnetic-layer thickness is shown in Fig. 5 for the
longitudinal ST-FMR component of the Pt/CosoFes9B2g
series of samples. The data are compared with an esti-
mate of the SP-ISHE contribution obtained from Eq. (10),
using the following parameters (appropriate for the resis-
tivity of our Pt layers, ppt = 20.4 u2cm): Osy = 0.32
[19,54], g;# =8.26 x 10'"® m™2 [54], and Ay = 3.7 nm
[55]. The other quantities in Eq. (10) are measured for
our samples, including the variation as a function of the
CoyoFe40By thickness. The comparison therefore includes
no adjustable fitting parameters, but given that there is con-
siderable disagreement in the literature about the values of
the parameters sy, ggfﬁ , and Agq, one should still be careful
about drawing quantitative conclusions. The comparison
indicates to us that for the samples with )\ > 3 nm, the
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FIG. 5. Artifact voltage as a function of the FM thickness

in Pt(6 nm)/CogoFe4By samples. The two types of data point
reflect the two correction equations [Egs. (14a) and (14b)]. The
line is the estimated SP-ISHE contribution, determined using the
parameters described in the text, with no adjustable parameters.

SP-ISHE theory predicts the correct sign and can roughly
capture the overall magnitude and thickness dependence
of the measured artifact signal. However, the measured
artifact voltage for fp = 2 nm has the opposite sign,
inconsistent with SP and the ISHE. We are confident that
the measured sign change is real, because we measure and
perform the analysis on five Pt(6 nm)/Coz9Fe4B2(2 nm)
devices with varied geometries, with consistent results.
Given that SP and the ISHE cannot explain the sign
change in the artifact voltage for our #py = 2 nm sam-
ples, we suggest that resonant heating effects might be
comparable to the effects of SP and the ISHE in our
Pt(6 nm)/CoggFeq9By¢ samples, with sufficient strength to
reverse the overall sign of the artifact voltage for our
thinnest samples. This suggestion differs from one made
in previous studies on Pt/yttrium iron garnet (YIG) sam-
ples, in which frequency-dependent measurements demon-
strated that SP and ISHE signals dominate over resonant-
heating artifacts [43,56]. However, the relative strength of
the heating effects and of SP and SHE should scale in pro-
portion to the damping « [compare Eqgs. (10) and (11)],
so that the heating effects should be more significant in
higher-damping ferromagnetic metals than in the lower-
damping YIG. We calculate that the resonant heating due
to excitation of magnetic precession in our 2-nm samples
is approximately 2.5 x 10* Wm™2 (see the Supplemen-
tal Material [47]), only about a factor of 5 less than the
ohmic heating per unit area in the CoggFeq9Bsg, approxi-
mately 1.2 x 10° Wm™2. We suggest that this is sufficient
to measurably alter the thermal gradients within the sample
at resonance and induce resonant signals arising from the
LSSE and/or from Nernst effects. Because of an increase
in the damping coefficient @ with decreasing magnetic
thickness, the ratio of resonant heating to ohmic heating

is significantly greater for the 2-nm CogoFe40B,¢ samples
than for the thicker magnetic layers (see the Supplemental
Material [47]).

As noted in the Introduction, past experiments have
shown a discrepancy between measurements of &pp using
low-frequency second-harmonic Hall and ST-FMR tech-
niques. To see if our correction for the artifact voltages
in ST-FMR alleviates the discrepancy between the two
techniques, we carry out low-frequency second-harmonic
Hall measurements on the same Pt/CogoFesB;o bilayers
(see Appendix). We find that the low-frequency second-
harmonic measurements of &pp are still approximately
60% larger than what we measure by ST-FMR, even after
correcting the ST-FMR measurements for spin pumping
and resonant heating. This persisting quantitative differ-
ence suggests that the assumptions used in analyzing one
or both of these experiments are missing an important
piece of physics. Our analysis indicates that this miss-
ing physics is not simply the neglect of spin pumping or
the effect of a simple heating-induced voltage in the ST-
FMR results, and therefore more work must be done to
understand the source of the disagreement.

V. CONCLUSION

In conclusion, we demonstrate that the rectification sig-
nal used to measure the strength of the spin-orbit torque
in ST-FMR can be separated from artifact voltages that
may arise due to spin pumping and resonant heating by
performing ST-FMR in the transverse (Hall) configura-
tion as well as in the usual longitudinal configuration.
For Pt(6 nm)/CosoFe40B2o(trMm) samples, the artifact volt-
ages are small compared with the rectification signal for
trem < 6 nm, but they can become a significant part of
the measured signal for thicker magnetic layers. The sign
and overall magnitude of the measured artifact voltage
for these thicker layers are consistent with expectations
for the SP-ISHE signal. However, the sign of the artifact
voltage is reversed for our thinnest magnetic layers, with
tem = 2 nm. This sign reversal cannot be explained by SP
and the ISHE, and so we suggest that it may be caused by
a resonant heating effect.
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FIG. 6.

(a) Angular dependence of the first-harmonic Hall voltage, which allows extraction of the planar Hall resistance. (b) Angular

dependence of the second-harmonic Hall voltage, showing the decomposition into cos¢ (light blue) and cos2¢ cos ¢ (dark blue)
components, which are related to the dampinglike and fieldlike torques, respectively. (c) Field dependence of the amplitude of the
cos ¢ component of the second-harmonic Hall voltage. The slope of this line is related to the dampinglike torque and the intercept to
the anomalous Nernst voltage. All data shown here are from measurements on a sample with 8 nm of CosgFe49Boo.

APPENDIX: LOW-FREQUENCY
SECOND-HARMONIC HALL MEASUREMENTS

It is widely known (but not explained clearly in the
literature) that resonant ST-FMR measurements and non-
resonant second-harmonic Hall measurements of spin-
orbit torque can differ even for identical layer structures,
with results from the low-frequency second-harmonic Hall
measurements resulting in spin Hall torque efficiencies
that are larger by tens of percent. Since our correction to
the ST-FMR for the presence of artifact voltages tends to
increase the measured spin Hall torque efficiency, we per-
form second-harmonic Hall measurements on our samples
to see if the discrepancy seen in previous measurements
can be explained.

We carry out these measurements on standard Hall-bar-
shaped devices patterned on the same samples that we
use for our ST-FMR devices. We perform these measure-
ments on samples with 2- and 8-nm-thick CoyoFe40B2g
layers, since these samples represent the extremes of the
effect of the artifact voltage on ST-FMR measurements.
We employ the standard methodology for investigating in-
plane-magnetized samples [31], which involves measuring
the first- and second-harmonic Hall response as a function
of the in-plane external-field angle. The fitting functions
that we use for the first and second harmonics are

IR
V, = — in2¢, (A1)
70 cos 2¢ cos ¢
Vow = IRppg— ———F5——
y B

IR AHE ‘L'O 1 )
— = + Vang | cosd, (A2)
( 2y B+ poMer
where [ is the current in the bar, and Vang is the thermal
voltage due to the anomalous Nernst effect. The angle-
dependent data and fits are shown in Figs. 6(a) and 6(b) for

an 8-nm thick CogoFe40B,¢ sample with a 2000-G applied
external field.

The dampinglike torque can be obtained from the mag-
netic field dependence of the amplitude of the cos ¢ part
of the second-harmonic voltage [Fig. 6(c)]. The amplitude
of the cos ¢ contribution follows the expected linear trend
well. From this, we obtain a dampinglike torque efficiency
of épr. = 0.147 &£ 0.003 for the 2-nm CosgFe49B, film and
0.145 £ 0.008 for the 8-nm film, both roughly 60% higher
than for the corrected ST-FMR measurements. The dis-
crepancy in the dampinglike torque efficiency between the
two measurement techniques remains, indicating that the
artifact voltages that we correct for in this paper cannot
explain the difference.
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