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When spin-orbit torques are measured using spin-torque ferromagnetic resonance, two alternative ways
of analyzing the results to extract the torque efficiencies—lineshape analysis and analysis of the change in
linewidth versus direct current—often give inconsistent results. We identify a source for these inconsis-
tencies. We show that fits of spin-torque ferromagnetic resonance data to the standard analysis framework
leave significant residuals that we identify as due to (i) current-induced excitations of a small volume of
magnetic material with magnetic damping much larger than that of the bulk of the magnetic layer, which
we speculate is associated with the heavy-metal-magnet interface and (ii) oscillations of the sample mag-
netization at the modulation frequency due to heating. The dependence of the residual signals on direct
current can interfere with an accurate extraction of spin-torque efficiencies by the linewidth method. We
show that the discrepancies between the two types of analysis can be largely eliminated by extrapolation
of the window of magnetic fields used in the linewidth fits to small values so as to minimize the influence

of the residual signals.
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I. INTRODUCTION

Magnetic manipulation by spin-orbit torques (SOTs)
[1,2] is a promising candidate mechanism for next-
generation magnetic memory technologies [3,4]. Accurate,
consistent measurements of the efficiencies of SOTs are
essential for fully understanding the microscopic origin of
SOTs and for the development of SOT memory technolo-
gies; yet despite the large body of work amassed on SOTs,
quantitative discrepancies between different measurement
techniques persist. Here we focus on inconsistencies that
result from two approaches for analyzing spin-torque fer-
romagnetic resonance (ST FMR) measurements, the most-
common experimental method used to quantify SOTs in
heterostructures that have in-plane magnetic anisotropy
[2,5-7]. These two approaches are lineshape (LS) anal-
ysis, in which the in-plane and out-of-plane spin-orbit
torques are determined from the amplitudes of the sym-
metric and antisymmetric resonance components [2,5,8],
and linewidth (LW) analysis, in which the dampinglike in-
plane component is determined from the dependence of the
resonant linewidth on direct current (dc) [5,9—11]. These
approaches often give results for the dampinglike spin-
orbit torque that differ by large factors (e.g., in the data
we present below a difference by more than a factor of 3).
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Here we investigate the cause of the discrepancy by per-
forming ST-FMR measurements on Pt/permalloy (Py) and
Pt/CogoFeq9Byy samples, comparing data acquired using
amplitude modulation of the microwave current (the most-
common approach) and using frequency modulation, and
by analyzing carefully the residuals in fits to the stan-
dard ST-FMR analysis for both modulation schemes. We
identify that the discrepancies between the lineshape and
linewidth analyses arise primarily from current-induced
excitation of a small volume of magnetic material with
magnetic damping much greater than that of the major-
ity of the magnetic film. This produces a low-amplitude
background ST FMR with a broad tail, which can interfere
with accurate determination of dc-induced changes in the
linewidth of the primary resonance. We demonstrate that
discrepancies between the lineshape and linewidth analy-
ses can be reduced by use of frequency modulation rather
than amplitude modulation of the microwave current, and
by extrapolation of the range of the magnetic field used
in the linewidth fits to small values so as to minimize the
disruption from the low-amplitude, large-linewidth artifact
signal.

II. BACKGROUND ON THE ST-FMR TECHNIQUE

During ST FMR, a microwave current is applied
in plane into a heavy-metal-ferromagnet bilayer so
that current-induced SOTs and Orsted fields induce
ferromagnetic precession. Magnetic precession causes
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resistance variations in the device due to anisotropic mag-
netoresistance. Mixing between the microwave current and
resistance oscillations then produces a dc voltage, which is
measured. The signal-to-noise ratio is vastly increased if an
endogenous parameter of the technique is modulated and
the voltage is measured with a lock-in amplifier. There are
a number of choices for the modulated parameter: ampli-
tude modulation (AM) [2,5], magnetic field modulation
[12], frequency modulation (FM), or phase modulation
(the last two of which are equivalent). Save a few studies
that have used magnetic field modulation [12—17], almost
all experiments featuring ST FMR use AM because it is the
simplest parameter to modulate—it does not complicate
the experimental apparatus or the fitted model.

Typically, one assumes that a macrospin approximation
is appropriate for describing the current-induced magnetic
dynamics for experiments performed at sufficiently large
microwave frequencies and magnetic fields, in which case
the results of ST FMR are modeled by the Landau-Lifshitz-
Gilbert-Slonczewski equation:

m=—ymxB+aomxm+ T, (1)

where m is the magnetic moment, y = 2ug/h is the gyro-
magnetic ratio, B is the external field, o is the Gilbert
damping constant, and T = tpp + 7, describes the torque
present in our system. The torques produced by a poly-
crystalline thin film must obey Rashba symmetry [18]. For
a film spanning the X -Y plane with current flowing along
the X direction we have

oL = 15 [m x (m x Y)] = i]ZD\/L[ﬁjJe cos¢o, (2)
TZ = Tzo(m X Y)
ErLIB | Mol
= —— ) J, cos ¢y, . 3
&Mw+2 %0 3)

where &pp(rr) is the dampinglike (fieldlike) SOT efficiency,
up is the Bohr magneton, M, is the saturation magneti-
zation of the ferromagnet, 77 (¢y) is the thickness of the
ferromagnet (normal-metal) layer, g is the vacuum per-
meability, J, is the electric current density flowing through
the heavy metal, and ¢y is the angle between the direction
of the applied field and current flow (X direction). Solu-
tions to the Landau-Lifshitz-Gilbert-Slonczewski equation
for a sample with in-plane magnetic anisotropy predict
that resonant ferromagnetic precession will occur when
the Kittel equation, wy = y+/B(B + woMeg) [19], is satis-
fied. Here poMegx = oM, — 2K /M accounts for shape
anisotropy minus any out-of-plane anisotropy. The total
resonance lineshape will have contributions from symmet-
ric (S) and antisymmetric (4) Lorentzians [5,7], which we

define as
AZ
= 4
ST BByt AT @
AB—B
( 0) 5)

T (B—By)? +AY

where By is the resonance field and A is the half-width-
at-half-maximum linewidth related to the Gilbert damping
by A = aw/y. The dc mixing signal is a weighted sum
of these two lineshapes with coefficients Vg and V; deter-
mined by the torques and the material parameters in our
system [5,7,20]:

Vinix = VsS + V44 + C, (6)
with
Irf 0 .
Vs = RaMRTh SN 2¢) cOS ¢y,
2awt 7
Irf w2 o .
V= RaMr—T; sin 2¢) cos ¢y.
2awt w

¢ is the total microwave current that flows through the
bilayer, o™ = y (2B + oMes), Ramr is the amplitude of
the anisotropic magnetoresistance of the whole bilayer, and
wy =y (Bo + noMeg). C is a constant voltage offset that is
included to account for nonresonant signals. For samples
with thick magnetic layers, there can also be a significant
additional contribution to the symmetric resonance compo-
nent from spin pumping or resonant heating and the inverse
spin Hall effect [20], which we mention below.

The experimental signal-to-noise ratio is significantly
increased by modulating of the microwave ampli-
tude; this is captured by letting Vinix(lr) = Vinix[Le(1 +
U oS wput)] & Vinix + 2 Vinix cOs w,t, where u € [0, 1] is
the AM depth. A lock-in amplifier demodulates the total
signal by mixing with a cos w,,? reference and applying a
low-pass filter. The AM signal is therefore simply 2 Viyix.

If, alternatively, frequency modulation is used instead
of amplitude modulation, the expected FM signal can be
derived in a similar manner. We let Viix (@) — Viix (@ +
dw cos wyt), where §w K w; this admits the simple expan-
sion near the microwave carrier frequency, w.,

M (@) = Vinix (@ + 8w cos w,t) =
deix (8)
M (@) A Vinix (@) + o |w:wc8w COS Wi t.

VEM is again demodulated by a lock-in amplifier, which
leaves us with only (dVmix/dw)|y=w.8w. Therefore, the
ratio of the detected mixing signal to the amplitude of the
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frequency modulation is given by

Vmix
Vin/80 = =22,
Ws, Vi 1
:5;S+5;A+;ﬂﬂ@ﬁ+VAMWS—@]
e 2_ g2
+MWMP%M+m@ )]+

)

Here we used 0,5 =2S[(1 —S)d,A + A9,Bo] /A and
dpd = [A(1 —28)0,A — (S +24%)3,B] / A. Equation (9)
is nearly identical to a previously derived result where
the magnetic field was modulated [12]. Compared with
the AM result, Eq. (6), the FM result has two additional
fit parameters, dVs/dw and dV,/dw, to account for the
possible frequency dependence of microwave transmission
through the measuring circuit to the device.

A. LS analysis

After measurement with either amplitude modulation or
frequency modulation and then fitting of the ST FMR to
determine Vs and V4 with use of either Eq. (6) or Eq. (9),
the torque efficiencies may be determined directly from
Eq. (7) if L is well calibrated, since the other parameters
in Eq. (7) are independently measurable. However, since
it is often challenging to determine accurately the value of
I¢ within the sample, we generally prefer to determine the
torque efficiencies by taking appropriate ratios of Vs and
V4 [8]. We first calculate an intermediate quantity, Epmg,
defined as

Vs epoM;tytr woMegr
VA h BO ‘

(10)

SF MR =

By use of Egs. (2), (3), and (10), as long as the torque
efficiencies are independent of the ferromagnetic layer
thickness in the range of thickness we analyze, then &pyr
can be related to the dampinglike and fieldlike torque
efficiencies as [8]

1 1 h & >
= (14— ). 1
&emr - éDL < e noMiintp (b

Therefore, by taking results from a series of samples with
different ferromagnet thicknesses, tp, we can determine
&pr and &g from a linear fit of 1/&pyr versus 1/1g.

B. LW analysis: change of linewidth versus direct
current

In dc-biased ST FMR, a direct current is applied par-
allel to the microwave current such that the dampinglike
torque from the direct current rescales the effective Gilbert
damping of the magnetic layer and causes the resonance

linewidth to change linearly as a function of /4.. The damp-
inglike SOT efficiency can be calculated from dc linewidth
modulation as [5,11]

. 6M5w+tF Wty dA
 hwesingy x dly’

(12)

épL

where W is the width of the current-carrying channel and x
is the fraction of the total direct current that flows through
the heavy metal.

III. MEASUREMENTS

All our samples are grown by dc-magnetron sputtering
(in a system with base pressure less than 4 x 1078 Torr)
onto a surface-passivated high-resistivity Si wafer (p >
20000 ©2cm). Each sample is grown in an independent
deposition. The samples described in the main text have
the stacking order:substrate/Ta(1 nm)/Pt(6 nm)/Py(¢r)/
Al(1 nm), with the magnetic layer being permalloy
(Nig;Fejg). Ta is used as a seed layer to promote smooth
growth and Al, which is oxidized on exposure to air,
is used as a capping layer to prevent oxidation of Py.
Pt (p = 20.4 u2 cm) and Py (p = 25 u€2 cm) are far more
conductive than Ta or oxidized Al, so we assume all of
the current flows through just the Pt and Py layers. Analo-
gous results for which Py is replaced by CogoFes0Byg can
be found in Supplemental Material [21].

After growth, we pattern the samples into rectangular
bars of different dimensions using photolithography and Ar
-ion milling. The devices have dimensions 40 x 80 pum?,
20 x 60 pum?, or 20 x 80 wm?. All measurements shown
in this work are taken on 20 x 80 um? devices, and
the quantitative conclusions do not depend on the device
geometry. We attach Ti(3 nm)/Pt(75 nm) contacts to the
devices by another step of photolithography, dc-magnetron
sputtering, and lift-off.

All data shown are measured on microwave-compatible
Hall-bar structures that allow measurements of both lon-
gitudinal and transverse mixing voltages, as described in
Ref. [20]. Here we analyze only the longitudinal mixing
voltages, as that is the usual ST-FMR measurement geom-
etry. The devices are connected to the circuit shown in
Fig. 1(b). An rf source inputs a microwave current into the
device through the ac port of a bias tee with either ampli-
tude modulation or frequency modulation [Fig. 1(a)], while
the magnitude of an external magnetic field is swept at a
fixed angle ¢, through the Kittel resonance condition. The
dc voltage along the longitudinal direction generated by
mixing is detected with a lock-in amplifier that references
the modulating signal. For the dc-biased measurements,
an additional direct current is applied through the dc port
of the bias tee to flow through the device in addition to
the microwave current. All measurements are performed
at room temperature.
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FIG. 1. The measurement setup used in this work. (a)
Schematic representations of the time dependence of microwave
current that is injected into the device under test for amplitude-
modulated and frequency-modulated experiments. Offsets are
added and the scale of the frequency modulation is exaggerated
for clarity. (b) The circuit used in this measurement. The colors
of the wires correspond to the colors of the signals in the top
panel that the wire carries.

Measurements reported in the main text are performed
at a carrier frequency of 10 GHz (f, = w./27). The modu-
lating signal for both AM and FM measurements is applied
at a modulation frequency of 1.7 kHz (f,, = w,,/27). The
external magnetic field is applied at ¢pg = 45° with respect
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to the direction of applied microwave current. The AM
measurements are done with 100% AM depth as depicted
in Fig. 1(a) to maximize the measured signal. We find
that reducing the AM depth has no effect on the results
shown (see Fig. 13 in Supplemental Material [21]). The
FM measurements are done with a frequency deviation
(6f =dw/2m) of 16 MHz. AM and FM are both applied
by the internal circuitry of the rf source (Agilent 8§257D).
The 16-MHz frequency deviation and the modulation fre-
quency of 1.7 kHz are both far smaller than the carrier
frequency of 10 GHz, so in either measurement mode the
modulation has a negligible effect on the microwave cur-
rent over one precession cycle, a key assumption of the
modeling.

A. Results of lineshape analyses

Examples of the longitudinal resonant mixing signals
from a Pt(6 nm)/Py(5 nm) sample for both AM and FM
measurements are shown in Fig. 2. The AM measurement
[Fig. 2(a)] is fit to Eq. (6) with the five fit parameters V5,
V4, C, By, and A, while the FM measurement [Fig. 2(b)] is
fit to Eq. (9) with the two additional fit parameters dVs/dw
and dV,/dw. The fit to the AM measurement looks good
by eye, but the best fit nevertheless produces significant
systematic residuals (pmeasured _ pbestiity “which hints that
the framework of conventional ST-FMR analysis [Eq. (6)]
gives an incomplete description.

To rule out spurious measurement artifacts, we repeat
the AM measurements on three independent ST-FMR
apparatuses at Cornell University and also perform mea-
surements on different sample stacks; all of these mea-
surements show the same systematic residuals for the AM
fits. In contrast, for the FM measurements, the scale of
the residuals after fitting to Eq. (9) is significantly smaller

(b)
0
—20 FM — Data — Fit
0.2
0.0
— Residual
0276505 010 015 020
B(T)

FIG. 2. Examples of measured resonances and fit residuals for a Pt(6 nm)/Py(5 nm) sample at 20 dBm, 10 GHz, ¢y = 45°, f,, = 1.7
kHz, and /4. = 0. (a) AM resonance taken at 100% AM depth with a fit to Eq. (6). (b) FM resonance taken at Af = 16 MHz with a fit
to Eq. (9). The range of the magnetic field shown here corresponds to [By — 15A, By + 15A] for the primary resonance.
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relative to the full signal magnitude. A more-complete dis-
cussion of the fit quality, residuals, and statistical details
can be found in Supplemental Material [21].

For the AM fits in Fig. 2(a), we see that the residu-
als have a lineshape near the resonance field that closely
resembles a Lorentzian derivative, suggesting that an addi-
tional parameter in Eq. (6) is varying at the modulation
frequency and contributing to the homodyne mixing sig-
nal. Quantitative estimates suggest that a varying Mg will
contribute far more than other candidate sample parame-
ters and that Mg oscillating at the AM frequency, presum-
ably due to heating, can result in the residual lineshape
we observe near the resonance field. That is, suppose (in
addition to the amplitude modulation of /;5) that M.y also
varies periodically as M.y — Mg + SMegcos wpt; this,
analogously to the frequency modulation, would allow the
expansion

Vinix (Mesr + Moty cOS ), 1)

~ ) ( M ) + anix
mix eff P) Meﬁ

SMegr COS W)yt (13)

The total mixing signal will thus consist of the sum of two
terms that vary periodically with the AM,

Gl Vmix
(2M Vmix + maMeﬂ> COS Wy t, (14)

and both will be demodulated by the lock-in amplifier.
To confirm that the residuals can arise from heat-driven
M. oscillation, we measure Mg while heating the sample.
We find that the measured Mg is sensitive to the sample
temperature (see Fig. 11 in Supplemental Material [21]).

A homodyne signal from an oscillating value of My
cannot by itself explain the full residuals in the AM fits;
in addition the AM residuals appear to contain an ordi-
nary AM resonance lineshape [Eq. (6)] with a very large
linewidth. In Fig. 3 we show the fit residuals of an AM
measurement taken on a Py(3 nm) sample (with no dc
bias). We fit the residuals to the sum of a homodyne signal
corresponding to an oscillating value of Mg (green curve)
and a large-A resonant background [Eq. (6)] (blue curve)
with Ajaee = 41.6 mT, much larger than the A = 7.3 mT
for the primary resonance. The sum of the two contri-
butions (red curve) fits the residuals very well. On the
basis of direct measurements of M.y versus temperature
on the same device [d(uoMeg)/dT = 8 x 107* T/°C], the
scale of the temperature oscillations needed to produce
the oscillating-M.¢ homodyne signal is approximately 1 °C
(see Supplemental Material [21]). Vs and V4 for the large-
A resonance for the data in Fig. 2 are 12 and 7 uV, respec-
tively, while for the primary resonance Vg = 311 uV and
V4 =684 uV.

We consider two options for the origin of the large-A
resonance: a region of increased damping near the sample

—_
(G

— Total Fit — Oscillating

— Resonant Background

(V)

Al(:ff

ot

AM Residuals
o

0.1 0.2

B (T)

FIG. 3. (a) Measured fit residuals for an AM measurement of
a Py(3 nm) sample taken at zero dc bias, with a fit to the sum
of contributions from a heating-induced oscillation of M.y and a
large-A resonant background. The linewidth of the primary reso-
nance for Py(3 nm) samples is greater than for Py(5 nm) samples,
so the range of the magnetic field shown here still corresponds to
[Bo — 15A, By + 15A] for the primary resonance.

edges or a region of increased damping near a magnetic
interface. If the origin were due to increased damping
near the sample edges, we would expect the ratio of the
amplitudes for the large-A and primary resonances to
scale inversely with the sample width and to be approxi-
mately independent of the ferromagnetic layer thickness.
Instead, we find that this ratio is insensitive to the sam-
ple width (a change of less than 10% in the symmetric
component and less than 4% in the antisymmetric com-
ponent when the sample width is changed by a factor of
2), while it is sensitive to the ferromagnetic layer thickness
(see Fig. 12 in Supplemental Material [21]). This suggests
that the portion of the sample with increased damping is an
interfacial region. Additional evidence for an origin asso-
ciated with the heavy-metal-ferromagnet interface comes
from the fact that the large-A linewidth is very sensitive
to the applied direct current (see Fig. 12 in Supplemental
Material [21]), which is consistent with a very thin and/or
low-moment region under the influence of the spin current
generated by the heavy metal.

Our observations might be related to recent find-
ings from an IBM group regarding interfacial regions in
Coy9Fe40B2o/MgO/CogpFeq9Byg magnetic tunnel junctions
whose dynamics can become partially decoupled from
the dynamics of the bulk of the magnetic films [22,23].
The two experiments differ, however, in that the IBM
work deduced a difference in effective magnetic anisotropy
(compared with the bulk of the magnetic film) for the inter-
facial layers at CosoFe40B2o/MgO interfaces, while in our
devices the large-A resonance corresponds to increased
damping near a Pt/ferromagnet interface without a large
difference in anisotropy.
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We suggest that there are two reasons why the fit resid-
uals for the FM measurements are reduced compared with
the AM measurements. First, temperature oscillations at
the modulation frequency will be smaller for the FM
measurements because the magnitude of /i will be approx-
imately constant in time, so Ohmic heating caused by [¢
will also be approximately constant rather than oscillat-
ing at the modulation frequency. Temperature oscillations
will not be eliminated completely however, since FM near
the resonance will cause the energy absorbed by resonant
heating of the magnetic layer (energy transfer associated
with magnetic excitation by the current-induced torques)
to oscillate at the modulation frequency. We suggest that
this resonant heating is likely the main cause of the small
remaining systematic residuals near the resonance field in
the fits to the FM data [Fig. 2(b)]. Second, contributions
from the large-A resonance to the FM measurements are
reduced precisely because the linewidth is so broad, so this
part of the signal is relatively insensitive to variations in
the applied frequency.

If one proceeds with the standard ST-FMR macrospin
analysis—Eqs. (10) and (11)—(ignoring the residuals for
now), the resulting values of 1/&pyr for the AM measure-
ments and the FM measurements are shown in Fig. 4 for
samples with ferromagnetic layer thicknesses #» ranging
from 2 to 10 nm. The samples with the thickest ferro-
magnetic layers (¢ > 8 nm) show deviations from a linear
dependence of 1/&pyr versus 1/t that can be understood
as due to the effect of an inverse spin Hall voltage result-
ing from spin pumping or resonant heating [8,20]. We
therefore perform the linear fits only for the four sam-
ples with the thinnest ferromagnetic layers, extracting the

200 _ T -
el
1577 & &5
i —Fit § AM
101 -~ Fit @ FM

0.2 0.4
1/tp (nm™?)

FIG. 4. Fits to Eq. (11) to determine the spin-torque efficien-
cies &pp and &g from the lineshape analyses. The values of &pvr
plotted are calculated according to Eq. (10), corresponding to
measurements of Vg and V4 done at 20 dBm, 10 GHz, ¢y = 45°,
fm = 1.7 kHz, and I4. = 0. The resonance fits are performed
over the same window as the LW measurements: [By — 15A,
By + 15A]. AM measurements are done with 100% AM depth
and FM measurements are done with §f = 16 MHz.

0.0 0.6

TABLE 1. &pp and &pp that result from the linear fits shown in
Fig. 4.

AM M
EpL 0.0650(4) 0.0835(7)
EpL 0.0050(2) 0.0094(2)

values shown in Table 1. &pp. and &gy are calculated from
the y intercept and slope of the fits, respectively, follow-
ing the prescription of Eq. (11). The FM and AM methods
yield values for both &pp and &gp that differ by consider-
ably more than the estimated statistical uncertainty in the
results. The difference in the values of &pp is about 30%,
while for & the FM result is nearly double the AM result.

We suggest that the differences between these AM and
FM LS results can be explained by the ignoring of the
residual terms. If we take the values of &y and &g, deter-
mined by the FM measurements and use them in the fitting
to the AM data, the result is a residual similar to that shown
in Fig. 3 that can be fit just as well to a sum of a signal
due to an oscillating value of Mg and a large-A resonance
(see Fig. 5 in Supplemental Material [21]). Fits to the AM
data that include both the primary resonance and the two
artifact contributions therefore possess near-degenerate fit-
ting parameters, which can make determination of the
spin-torque efficiencies imprecise.

B. Results of linewidth analyses

The LW measurement proceeds identically to the LS
measurement, except for the application of a direct cur-
rent parallel to the microwave current. A full resonance
lineshape (e.g., Fig. 2) is collected for direct currents rang-
ing from —4 to 4 mA and the resonances are fit to Eq. (6)
for the AM measurements or Eq. (9) for the FM measure-
ments to extract the linewidth, A (ignoring residuals for
now). We find that the value of A that we get from the
fits for the AM measurement depends strongly on whether
and to what extent we include the tails of the resonance.
Figure 5 shows the current dependence of linewidths for
a Pt(6 nm)/Py(5 nm) sample extracted from fits over the
field range [By — 15A, By + 15A] (with A adjusted for
each sample corresponding to the linewidth of the primary
resonance at zero direct current). This is the largest fit
window that is possible while consistently excluding arti-
facts associated with deviations from magnetic saturation
at low field for all samples. The zero-current value of A
is subtracted from each of the plots in Fig. 5 to highlight
the difference in the slopes of the best-fit lines. We apply
Eq. (12) to the slopes of the best-fit lines and get the results
for &pr. shown in Table I1.

For this sample, we see that the FM LW measurements
agree with the FM LS results within the experimental
uncertainties (Table II), while the AM LW measurements
differ by more than a factor of 3 from both the FM
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FIG. 5. Dependence of the resonance linewidth (A) on /g for

a Pt(6 nm)/Py(5 nm) sample based on fits to Eq. (6) for the
AM measurements and Eq. (9) for the FM measurements for
data collected at 20 dBm, 10 GHz, ¢y = 45°/225°, and f,, = 1.7
kHz. Linewidths are extracted using the fit window [By — 15A,
By + 15A]. The zero-dc linewidths (5.27 mT for AM and 5.24
mT for FM) are subtracted. The solid lines are least-squares
best-fit lines to the data.

results and the AM LS measurements. Figure 6 com-
pares the results of similar LW analyses for all of the
Pt(6 nm)/Py(¢z) samples with different magnetic layer
thicknesses using the same fit window [By — 15A, By +
15A]. The AM LW measurements (black points) give
far-larger values for &p;, compared with any of the other
techniques. The FM LW measurements are reasonably
consistent with the FM LS value in the ¢ range from 4 to
10 nm (with small deviations for 7z = 10 nm possibly due
to the ignoring of an inverse spin Hall voltage generated
by spin pumping or a spin Seebeck effect), but the FM LW
measurements also differ increasingly from the LS results
for Py thicknesses below 4 nm.

In Fig. 7 we show the results of the same LW analysis
using different sizes for the window of the magnetic field
included in the fits. The panels on the left show the values
of &pp, extracted for window sizes from [By — 15A, By +
15A] to [By — 2A, By + 2A]. For the AM and FM data
sets, the extracted values of &pp decrease with decreas-
ing window size. We interpret this dependence as a clear
indication that the LW analysis can be disrupted by the
long tails of the residual terms that are not included as
part of the standard linewidth analysis. For a fixed value
of fit-window size, the disruption is severest for magnetic

TABLEII. &pp values for a Pt(6 nm)/Py(5 nm) sample obtained
with the LW method. The values are extracted from the slopes of
the best-fit lines in Fig. 5 and Eq. (12).

EpL AM FM
45° 0.234(5) 0.082(2)
225° 0.237(5) 0.087(2)

= —AMLS @ AM LW 45°
0.41 - —FMLS T AM LW 225°
= ® FM LW 45°
— & - m FM LW 225°
A
kk/) 0 . 2 1 % o E
= =
= = =
(N E————— |
D 10
trp (nm)
FIG. 6. Extracted values of the dampinglike spin-torque effi-

ciency &pp, for samples with different ferromagnetic layer thick-
nesses. Symbols show the results of the AM and FM linewidth
analyses using fits over the field range [By — 15A, By + 15A].
The green and blue lines are the results of the lineshape analyses
for the thickness series shown in Fig. 4.

layers thinner than 4 nm because the linewidth of the
primary resonance increases for thin layers, making the
primary resonance more difficult to disentangle from the
large-linewidth residual signal.

The right panels in Fig. 7 show enlargements of the same
LW results to better visualize the extrapolation of the mea-
surements to zero linewidth. We find that this extrapolation
brings the results of the AM LW and FM LW analyses

(a) — AMLS &TT (b) — AMLS :r'/
0.41 — FPMLs s — FMLS e
D Py(2um) D Py(2um) .
2 0.31 @ py3um) &% @aga - 0.2 @ Py(3 um) Pl
a ErGm e == E pysom) g
ool Er gt aas | (BRI
0.1 0.1 & ==
AM > AM
(C) (d) — AMLS
0'4 8 mmmmmmm S
0.3
G
0.2 . e
0.1 —Egﬁgﬁr@i%g_igﬁjsa
FM
0 5 10 15
Window Size/A Window Size/A
FIG. 7. The dampinglike SOT efficiency, &pp, versus the size

of the fit window (normalized by the resonance linewidth, A).
All data in this figure are from the LW-analysis method with
¢o = 45°. (a) The full range of fit windows with AM. (b) An
enlarged view of the AM data with best-fit lines superimposed.
&pp is linear in the fit window, and the y intercept of the best-
fit lines agrees well with the corresponding result of the AM
LS analysis. (c) The full range of fit windows with FM. (d) An
enlarged view of the FM data with best-fit second-degree poly-
nomials superimposed. £pp. is quadratic in the fit window, and the
v intercept of the best-fit lines agrees well with the corresponding
result of the FM LS analysis.
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into reasonable quantitative agreement with the lineshape
results.

We emphasize that the sensitive dependence on fit-
window size shown by Fig. 7 occurs even though the
individual fits look quite good by eye for any choice of
window size. The LW analyses are based on quite sub-
tle changes in the resonance lineshape (e.g., about a 2%
change in linewidth over the full range of /4. for the FM
measurements shown in Fig. 5). Therefore, even small
changes in Vi associated with current-dependent resid-
uals can affect the LW analysis—the small tails of the
ST FMRs can be substantially affected even if the overall
magnitude of the residual signals near the resonance field
is small. The large-A resonance in particular has a large
effect on the LW analyses because its linewidth is strongly
current dependent (see Fig. 12 in Supplemental Material
[21]). This is why the windowed fitting works—as the
window size is reduced the strong current dependence
associated with the tails of the large-A residual signal is
excluded.

We try fitting the AM resonances to a generalized form
of Eq. (6) that includes the models for the residuals directly
in the fit, but this is not able to provide improved quan-
titative results because of near-degenerate fit parameters.
We therefore recommend the procedure depicted in Fig. 7
as the simplest approach to improving ST-FMR linewidth
analyses—performing the standard ST FMR fits using a
series of different fit-window sizes, followed by extrapo-
lation to small windows to minimize the influence of the
large-linewidth residuals.

IV. CONCLUSIONS

We identify a cause of inconsistencies between mea-
surements of spin-orbit torque determined via lineshape
and linewidth analyses of ST-FMR data—that the stan-
dard model for analyzing ST-FMR data does not fully
account for all of the magnetic dynamics that can affect
the measurements. The standard analysis leaves residuals
that we identify as due to (i) current-induced excitation
of a magnetic mode with larger damping than the bulk
of the magnetic layer and also (ii) temperature oscilla-
tions (approximately 1 °C) associated with the modulation
schemes used for lock-in amplifier measurements. The
residuals are not large, with amplitudes on the of order
1% of the primary resonance, but nevertheless they can
affect the current dependence of the resonance tails suffi-
ciently to disrupt an extraction of the antidamping spin-
orbit torque efficiency based on the current dependence
of the ST-FMR linewidth. The influence of the large-
linewidth residuals can be minimized by performing the
standard lineshape analysis using different choices for the
range of magnetic field values used to fit the ST FMRs,
followed by extrapolation to zero fit window. We recom-
mend this procedure for all future uses of LW analysis.

The effect of the residuals can also be reduced by perform-
ing ST-FMR measurements using frequency modulation
rather than amplitude modulation, but frequency modu-
lation alone does not cure inconsistencies between the
lineshape and linewidth results for our thinnest magnetic
layers without extrapolation of the fit window to small
values.

The microscopic origin of the large-linewidth mode that
contributes to the residual signal remains an interesting
open question. On the basis of the scaling of signal ampli-
tudes with the widths and thicknesses of our samples, we
identify this mode as being due to the heavy-metal-magnet
interface rather than as being due to increased damp-
ing at the lateral edges of our magnetic layers. It is
therefore possible that this mode is due to an interface
magnon or magnetic impurities caused by intermixing
near the interface. We also consider whether it might be
due to a magnetic proximity layer within the platinum,
but amplitude-modulated ST-FMR measurements on a
W(3 nm)/Py(5 nm) sample also exhibit a contribution from
a large-linewidth resonance (see Fig. 7 in Supplemental
Material [21]). Since magnetic proximity effects should be
negligible in W at room temperature, this argues against
this mechanism as the dominant contribution in the Pt sam-
ples. Future experiments with variation of the interface
structure or with the insertion of spacer layers might help
to reveal the origin of the large-linewidth mode.
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