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ABSTRACT

Spin-torque ferromagnetic resonance (ST-FMR) has been widely used for measuring damping-like spin-orbit torques in magnetic bilayers.
Typically, the ratio between the damping-like and field-like spin—orbit torques are extrapolated based on the ferromagnetic resonance line
shapes. However, when the field-like spin-orbit torque is unknown, the line shape analysis may lead to errors in extrapolating the damping-
like spin—orbit torque. Here, we propose a modified version of the ST-FMR that allows extrapolation of both damping-like and field-like tor-
ques independently. By introducing an alternating current to the sample, the RF impedance is modulated, allowing detection via the reflected
microwave. We show that the extrapolated field-like and damping-like torques in Py/Pt samples are consistent with the technique measuring
current-induced linewidth and resonance field change but have much better signal-to-noise ratio. Our proposed method paves a way for

more accurate measurement of spin—orbit torques.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0222114

Over the past decade, there has been significant interest in study-
ing current-induced spin-orbit torques in magnetic multilayers, pri-
marily due to their potential applications in memory devices.' *
Among the various techniques available, spin-torque ferromagnetic
resonance (ST-FMR) has emerged as a popular and powerful tool for
quantifying spin-orbit torques, owing to its simplicity and high sensi-
tivity.”® The versatility of this technique has facilitated the exploration
of new physics, including the orbital Hall effect,”” and has driven the
search for materials with efficient spin-orbit torque generation.” **

However, conventional ST-FMR has certain limitations. It relies
on fitting symmetric and antisymmetric Lorentzian curves, providing
only a ratio between damping-like and field-like torques. In general,
field-like torque involves contributions from both Oersted field and
field-like spin—orbit torque. Extrapolating the damping-like spin-orbit
torque requires making specific assumptions of the field-like torque.
For instance, the field-like torque is sometimes assumed to arise solely
from the Oersted field,” or to have the spin-orbit component that
scales inversely with ferromagnet thickness.”” *” These assumptions
may hold true in certain systems, particularly when the ferromagnet is

relatively thick. However, in thin ferromagnetic films, the field-like
spin-orbit torque can be comparable to or even greater than the
Oersted field.” " Experimental studies have also suggested that the
field-like spin-orbit torques may have a more sophisticated
ferromagnet-thickness dependence.’’”> While RF current calibration
based on microwave reflection has been proposed,’””” its limited
adoption could be attributed to the challenge of accounting for all
impedance mismatches in the microwave circuit.

In this manuscript, we propose and demonstrate a modified ST-
FMR measurement technique that addresses these limitations. We intro-
duce an additional low-frequency electric current and measure the result-
ing RF impedance change. This modified approach not only offers a
comparable signal-to-noise ratio to the conventional ST-FMR technique,
but also enables more accurate extrapolation of spin-orbit torques.

The principle of current-induced impedance can be understood
from the inset of Fig. 1. When a RF current Iy and a low-frequency
alternating current I ¢ are simultaneously applied to a magnetic multi-
layer, both currents shall induce damping-like and field-like torques.
We denote the damping-like torque coefficient fi; = hpy, - w/I and
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field-like torque coefficient Sy = hgr - w/I, where w is the width of
the device, I is the applied current, hpy, is the equivalent field due to
damping-like torque, and kg is the total in-plane current-induced field
including contributions from Oersted field and field-like spin-orbit
torque. fiy;, and f; are unitless experimental measurables. (see section
3 in the supplementary material for their relations to the effective spin

Hall angles).

Both IRF and TAC induce in-plane magnetization perturbation,

Am
w - Mg

 Beur Iac + e Ive + Boudy Ine ©

SP- (1)

Here, ¢y is the angle between applied current and equilibrium magne-
tization. 7A€ is the low-frequency magnetic susceptibility, which is a
real number. yXF and }(}}; are the diagonal and off diagonal terms of
the RF magnetic susceptibility tensor, respectively, which are complex
numbers capturing ferromagnetic resonance.

In-plane magnetization perturbation leads to anisotropic magne-
toresistance change AR, which couples with the applied AC and RF
currents, giving rise to various voltage terms (see supplementary mate-
rial 1). Among the voltage terms, there arises a term corresponding to

the AC-induced RF voltage,

AVgr = R- AMR - sin2¢y; - cos¢y - Iac - Irp
: (ﬂFLlif + ﬂDLX;I:; + ﬁFLXAC)/(W M), (2

where R is the resistance, AMR is the anisotropic magnetoresistance
ratio. This RF voltage signal can be viewed as a result of current-

induced impedance (CIZ),

RF

AZ

: (ﬁFLXE: + ﬁDLXE; +

= R-AMR - sin2¢y; - cos@yy - Iac

ﬁFLXAC)/(W M) (3)

FIG. 1. Schematics of the CIZ-ST-FMR
setup. Here, the small red stripe repre-
sents the patterned magnetic film under
study, and orange stripes represent the
coplanar waveguide. The sample is
; placed above a rotatable projective mag-
net that provides in-plane magnetic field in
an arbitrary direction. The sample is con-
tacted by GSG-type pico probe, which is
connected to the microwave circuit as
shown. Here, VNA is short for vector net-
work analyzer. The inset shows a simpli-
fied circuit to highlight the working
y principle of the CIZ-ST-FMR setup.
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Here, we propose a CIZ-based ST-FMR (CIZ-ST-FMR) to determine
ppr and P by measuring the RF reflection resulting from AZ. The
setup of this CIZ-ST-FMR is sketched in Fig. 1, when switch S1 is
closed and S2 is connected to terminal a. A vector network analyzer is
used as the RF source, which is amplified by an RF amplifier. The RF
power is subsequently split into two paths. The upper path is the refer-
ence RF signal, which goes through an isolator made of a circulator
with a 50 Q impedance terminal. The circulator is optimized around
5.8 GHz. A phase shifter allows control of the phase in the reference
signal, which can be monitored by the vector network analyzer via a
10dB directional coupler. The RF signal in the lower path is injected
into the sample after passing through a circulator and a bias Tee.
Simultaneously, an alternating current at 1.111kHz frequency is
applied to the sample through the bias Tee. The reflected RF signal is
redirected to an RF mixer by the circulator, where it rectifies with the
reference RF signal. The mixed signal, which contains both an AC and
a DC component, undergoes further filtering using a low-pass filter
with cut off frequency of 470 MHz. The AC component, namely the
AC mixed voltage, is measured by a lock-in amplifier. The DC compo-
nent, namely the DC mixed voltage, is detected by a voltmeter.

Since the anisotropic magnetoresistance change is usually much
smaller than the original resistance, to the first-order approximation,
the AC mixed voltage due to AZ can be expressed as

Vi ac = Y - RelAZ - ¢ X—A%w)] )

where Y is a constant related to the RF reflection coefficient of the
device as well as the sensitivity of the mixer, X is the phase difference
between the CIZ-related RF reflection and the reference RF signal, and
A®gg is the additional phase change from the phase shifter.

We demonstrate the feasibility of the CIZ-ST-FMR with a//Py
(=NiggFey, 5)/Pt(3) magnetic bilayer, where “//” denotes the silicon
substrate with thermal oxides, and the numbers in parenthesis are in
nanometers. The samples are patterned into short stripes 5um in
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width and 10 um in length. The stripe is connected to a coplanar
waveguide made of Ti(5)/Au(80) placed in the RF circuit shown in
Fig. 1. The same system in Fig. 1 can be used to measure the conven-
tional ST-FMR, when switch S1 is open and switch S2 is connected
to terminal b. The rectified DC voltage from the conventional ST-
FMR is shown in Fig. 2(a). Here, the RF frequency is 6 GHz, the
nominal RF power is about 9 dBm, and the angle between the exter-
nal magnetic field and RF current direction is ¢y = 45°, unless oth-
erwise specified. The same RF parameters are kept when the setup is
switched to the CIZ-ST-FMR. The AC mixed signal Vi, ac mea-
sured by the lock-in amplifier is shown in Fig. 2(b). The signal-to-
noise ratio is comparable to the conventional ST-FMR. As can be
understood from Egs. (3) and (4), Vi ac contains three compo-
nents: the symmetric and antisymmetric Lorentzian components
due to the ferromagnetic resonance susceptibility y,, and ,, and a
nearly 1/H.y-dependence due to y .

While the conventional ST-FMR signal is only due to the real
part of magnetic susceptibilities, the CIZ-ST-FMR signal measures
both real and imaginary parts of the susceptibilities. Due to the nature
of RF mixing, the mixed signal in the CIZ-ST-FMR measurement is
very sensitive to the RF phase. Since 5 is the low-frequency magnetic
susceptibility, it shall have a negligible imaginary component. As sug-
gested in Eq. (4), when the relative phase X — A®gp is 90°, the
1/Hex-dependence curve in Vi ac should vanish. This feature serves
as a marker to aid in selecting the optimal A@gg for the phase shifter.
We fit the CIZ-ST-EMR curve with the following equation:

ARTICLE pubs.aip.org/aip/apl

AH? 5 AH(Heo — H,)

Vinixac = A
e (Hest — Hy)> + AH?  (Hex — H,)* + AH?

+C

D 5)
where H, is the resonance field, AH is the resonance linewidth, H, is
the effective in-plane anisotropy field, which is very low for Py. Here,
A, B, C, and D are coefficients for the symmetric Lorentzian resonance
signal, antisymmetric Lorentzian resonance signal, AC susceptibility-
induced signal, and constant offset, respectively.

By tuning the phase shifter, we find that when A®gr = 142°, the
parameter C for 7, is minimized, as seen in Fig. 2(c). Conversely, the
parameter C maximizes when the phase is shifted 90° further, at
A®gyp = 52°, as seen in Fig. 2(d). For data at ADgp = 142°, fitting to
the Lorentzian resonance shows that the ratio between the symmetric

sym
and antisymmetric component is “,/a“;y“m = —1.94 + 0.02. This ratio is

B Im[z;"f]
Por Im[nyF ]
ventional ST-FMR experiment, from the data shown in Fig. 2(a), we

Ve _ ich is equi By R[5 ]
extrapolate ;mm~* = 0.51 = 0.01, which is equivalent to FWETIE The
rectifying L Re [ lxkf]
multiplication of the two ratios is very close to —1, suggesting quanti-
tative agreement in the line shape analysis between the two techniques
(see section 4 in the supplementary material for details).
The CIZ-ST-FMR measurement allows extrapolation of spin-

orbit torques beyond the line shape analysis. For further analysis of the

equivalent to , as can be understood from Eq. (4). In the con-
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FIG. 2. (a) Measured ST-FMR signal of the Py/Pt bilayer sample by a nanovolt meter. The microwave frequency is at 6 GHz and ¢ = 45°. (b) CIZ-ST-FMR signal Viix ac
measured under the same condition as the conventional ST-FMR measurement. The relative phase created by the phase shifter is Adge = —162°. (c) When the phase shift
is tuned to ADgrr = 142°, the signal due to ¢ is significantly suppressed, suggesting that at this phase the CIZ-ST-FMR signal is not sensitive to the real part of AZ. The red
dots are experimental data. The purple line is the fitting to the signal according to Eq. (5), with the three components, respectively, plotted in orange (symmetric Lorentzian),
blue (antisymmetric Lorentzian) and green colors (yac). For clarity, the curves for the three components are vertically shifted. (d) When the phase shift is tuned to Adgr = 52°
and 90° away from that in (c), the signal due to yc is maximized, while that due to yx is also altered. (e) and (f) For calibration, we measure the DC component of the mixing
voltage, Vimix pc, While rotating the external magnetic field kept at 14 mT from ¢y =0° to 180 ° and back to 0°. The ¢y-dependence is minimized at ADgs = 142°, and max-
imized at Adge = 52°. The @y-dependence is fitted with a simple cos?¢y-function [purple curve in (f)] according to Eq. (6). The peak-to-peak value is the AMR-induced

change to the DC mixing voltage, AVpix_nc-
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CIZ-ST-FMR, we carry out a calibration measurement. By rotating the
external magnetic field, the resistance of the device varies due to aniso-
tropic magnetoresistance. The DC mixed voltage changes, similar to
that of Eq. (4),

Vinix.¢ = AVmix_pc + W(ADgg)
=Y -Re|R- AMR - cos’ ¢y -ei(Xqu’”)} + W(ADgg), (6)

where W(A®gg) is a background voltage independent of AMR, and
AViix_pc is the AMR-induced change in the DC mixed voltage. The
¢@y-dependence of the DC mixed voltage is shown in Figs. 2(e) and
2(f). Since the impedance change due to the anisotropic magnetore-
sistance only has a real part, the cos?;-dependence maximizes at
A®gp = 52° and minimizes at AQgr = 142°, coinciding with the
maximum and minimum of y,c-induced AC mixed signal as in Figs.
2(c) and 2(d). From the cos®¢;;-dependence at ADgr = 52°, one can
extrapolate that the coefficient Y - R- AMR = —0.68 £0.01 mV. On
the other hand, according to Egs. (3) and (4), the AC mixed signal
measured at AQgr = 142°, shown in Fig. 2(c), can be expressed as

1
Viix.ac = ﬁ

: (ﬂFLIm[}éﬂ + ﬁDLIm[XfyF])/(W - Ms). (7)

Y-R-AMR - Ixc

Using the magnetic susceptibility derived from the Landau-Lifshitz-
Gilbert equation (see section 4 in the supplementary material), we
extrapolate the fii; = 0.343%£0.008 and fip; = 0.679%0.014. It is
important to note that in Eq. (7), Ixc explicitly shows up, while Iyg is
embedded in Y, which is measured experimentally.

As an independent check, we employed an alternative method for
determining the damping-like and field-like spin torque by measuring
the ST-FMR linewidth AH and resonant field H, as a function of DC.
The experimental results are shown in Fig. 3. The extrapolated
damping-like and field-like torque coefficients are fp; pc =
0.63+0.03 and S pc = 0.33%0.02, consistent with those deter-
mined from the CIZ-ST-FMR technique, but with a much larger
uncertainty (see section 5 in the supplementary material for details).
We therefore believe that the CIZ-ST-FMR technique provides a more

(a) (b)

pubs.aip.org/aip/apl

accurate method to independently measure the damping-like and
field-like torques compared to its counterparts.

We also conducted a phase-dependence study by tuning the
A®gy from the phase shifter. For each phase, the field-dependent AC
mixed voltage in the CIZ-ST-FMR experiment is measured by the
lock-in amplifier, and the signal is fitted according to Eq. (5) to obtain
coefficients A, B, and C. In addition, the field-angle-dependence of the
DC mixed voltage is measured to show the impact from the AMR. As
can be understood from Egs. (3), (4), and (6), both ¢ and AMR only
influence the real part of the impedance. Therefore, they are in phase
with each other, as seen in Figs. 4(a) and 4(b). Indicated in Fig. 4(c),
the coefficients A and B due to symmetric and antisymmetric
Lorentzian resonance in the AC mixed voltage are 90° shifted from
each other, consistent with Eq. (3).

According to Eq. (2), the AC mixed signal is proportional to
IrpIac. To test this relationship, the magnitude of the alternating cur-
rent is varied, with all other RF parameters kept the same. Shown in
Fig. 4(d), the AC mixed voltage is indeed linear with the alternating
current. The RF power-dependence is also carried out on the same
sample. A coaxial variable attenuator is used to adjust the RF power,
Prg. The RF circuit is modified (see section 7 in the supplementary
material for details) by moving the phase shifter to the lower path to
compensate for the additional phase change from tuning the attenua-
tor. Shown in Fig. 4(e), the AC mixed voltage measured in the CIZ-
ST-FMR experiment is proportional to \/Pgr. As a comparison, the
rectifying voltage measured in the conventional ST-FMR experiment
is proportional to I3, hence proportional to Pgg.

As the CIZ-ST-FMR signal is proportional to the square root of
RF power, it is free of complication from DC spin pumping-induced
inverse spin Hall signal,”** which is one of the spurious signals in the
conventional ST-FMR measurement. However, the CIZ-ST-FMR may
be subject to complications from Faraday effect-induced induction and
AC spin pumping. Both effects generate an impedance in the device
proportional to the magnetic susceptibility. Since the ferromagnetic
resonance linewidth and resonance field can be modulated by an
applied current, the CIZ-ST-FMR measurement may also pick up sig-
nals due to current-modulated magnetic susceptibility. We estimate
the spurious signal to be at most 10% of the CIZ-ST-FMR signal (see
section 9 in the supplementary material).
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FIG. 3. (a) Measured DC-induced ST-FMR signal of the Py/Pt bilayer sample. The microwave frequency is at 6 GHz and ¢ = 45°. (b) and (c) Current-dependence of the

FMR linewidth 149AH (b) and resonant magnetic field change p0H; (c).
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In conclusion, we have demonstrated a modified ST-FMR tech-
nique based on current-induced impedance. The developed technique
has comparable signal-to-noise ratio as the conventional ST-FMR. It
also offers additional advantages over the conventional ST-FMR that the
CIZ-ST-FMR allows independent extrapolation of the field-like torque
and damping-like torque efficiencies, without the need to calibrate the
RF current. These results are consistent with another type of ST-FMR
that measures the current-induced linewidth broadening and peak posi-
tion shift, but offer much lower uncertainty. It should be pointed out
that there may be small but systematic artificial signals due to induction
and AC spin pumping, which requires scrutinization to further improve
the measurement accuracy. We suggest that the proposed CIZ-ST-FMR
could be a powerful tool for measuring spin-orbit torques.

See the supplementary material for detailed derivations, informa-
tion on dependences of power and magnetic field angle, as well as
additional experimental parameters.
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