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Spin rectification effect (SRE) is an important electrical detection tool employed to probe magnetic dynamics
and spin-orbit torques, and it is also closely related to spin pumping measurements. The SRE has multiple phys-
ical origins, and the entanglement among them makes it difficult to derive quantitative information. Herein, we
present a systematic study of the SRE in CoyoFe40B, and Ni microstrips with out-of-plane-dominant microwave
magnetic field excitation. The SREs from different physical mechanisms can be quantitatively decomposed via
a symmetry consideration. The validity of the method is further supported by angular-dependent analyses. We
observe both the anisotropic magnetoresistance induced SRE from the longitudinal induction current, and the
planar Hall effect as well as the anomalous Hall effect induced SREs from the transverse induction current.
Our work provides a comprehensive understanding of the SREs in ferromagnetic metal microstrips, and it is
beneficial for quantitative analyses in microwave-related studies in spintronics.
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I. INTRODUCTION

A microwave magnetic field can drive the magnetization
precession of a ferromagnet, which reaches its maximum
amplitude at the ferromagnetic resonance (FMR) condition.
In a ferromagnetic metal (FM), the precession of the mag-
netization induces a dynamic resistance change due to the
anisotropic magnetoresistance (AMR), the planar Hall ef-
fect (PHE), and the anomalous Hall effect (AHE) since they
are magnetization-orientation-dependent. In addition, the mi-
crowave also introduces induction currents in the FM. The
coupling between the dynamic resistance and the dynamic
induction current, which are of the same frequency, results
in a dc rectified voltage, termed as the spin rectification effect
(SRE) [1,2]. Due to its simple operation and high sensitivity,
SRE measurement has become an important electrical tech-
nique to study the magnetic dynamics of FMs [3-6], spin
waves [7-11] and domain walls [12,13], spin-orbit torques
in magnetic bilayers [14—18], and magnetic tunnel junctions
[19-23], and it can even be used to detect microwave magnetic
fields [24,25]. The SRE typically contains both antisymmetric
Lorentzian and symmetric Lorentzian components, and its
symmetric Lorentzian component has the identical magnetic-
field-dependence with the spin-to-charge conversion signals
in the spin pumping measurements [26,27]. Distinguishing
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the spin-to-charge conversion and SRE contributions is a chal-
lenging task, for which several methods have been developed
[25-33].

Typically only the AMR induced SRE is considered in a
microstrip (which is commonly used in the spin-orbit torque
and the spin pumping measurements), as it is generally as-
sumed that the dynamic induction current is confined along
the strip only [14,17,25,27,28,31,33-37]. On the other hand,
the PHE and AHE induced SREs were less frequently ad-
dressed [2,38-42]. As will be given in detail below, the
distribution of the induction current may bring in SREs from
different physical origins. Under certain circumstances, the
PHE and AHE induced SREs can have similar or even larger
amplitudes than that of the AMR induced SRE. For instance,
we have recently reported the PHE induced SRE in Permalloy
(Py) microstrip with comparable magnitude to the widely
studied AMR induced SRE [43]. Therefore, a more compre-
hensive understanding of the mechanisms of SREs in FMs is
highly desired.

In this work, we perform a systematic study of the SREs
in single-layer Ni and Co4oFe4oB2o (CoFeB) microstrips, in-
cluding the SREs with AMR, PHE, and AHE origins. We
focus on the geometry where the sample is placed in the gap
between a signal line and one of the ground lines of a copla-
nar waveguide (CPW) [Fig. 1(a)], in which the out-of-plane
microwave magnetic field ., is dominant [44]. Since its first
usage in spin pumping measurement [25], this geometry has
become one of the most widely used configurations [2,45].

©2022 American Physical Society
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FIG. 1. (a) Schematic of the measurement geometry with a 2 mm x 40 um ferromagnetic metal microstrip placed in the gap between the
signal line and one of the ground lines of a CPW. 6, defines the angle between the static magnetic field H and the long axis of the strip. Inset:
the schematic of the cross-section view of the microwave electromagnetic field distribution in the gap. (b) In-plane magnetic field angular
dependences and the corresponding sketches of SREs due to AMR, PHE, and AHE in this measurement configuration.

Ni and CoFeB are FMs commonly used in spintronic studies
with very different relative weights in AMR and AHE [33,46].
We develop a method to quantitatively decompose the AMR,
PHE, and AHE induced SREs based on a simple symmetry
operation. The validity of the method is further supported by
the angular-dependent measurements. We find that the SREs
from different origins are comparable with each other for the
Ni microstrip, while the AHE induced SRE is an order of
magnitude larger than those induced by the AMR and the PHE
in CoFeB. Quantitative agreements are also established be-
tween the experiments and the theoretical model. Our findings
demonstrate that not only the AMR induced SRE but also the
PHE and AHE induced SREs need to be considered. As the
SREs from different origins are sensitive to the magnetization
components along different directions, a full understanding of
SREs in FMs benefits both studies of magnetic dynamics and
spin current detections with the spin pumping technique. For
instance, a vectorial investigation of the spin dynamics may
be enabled via the component resolved SRE measurements.

II. GENERAL DESCRIPTIONS OF DIFFERENT SREs
IN FM MICROSTRIPS

Under microwave excitation with an angular frequency of
w, the rf dynamic magnetic field (he®') exerts a field torque on
the magnetization of the FM and drives it to precess around its
equilibrium direction. This results in a dynamic magnetization
m = Jh, where j is the Polder tensor [2,47]. When h is
along the z-direction and the in-plane dc external magnetic
field H is at an angle 6 with respect to the long axis of the
strip [Fig. 1(a)], we have [2,47]

mZ(t) = 0, (1)
my (1) = xolA(H) — iS(H)]ih " )
my (t) = xolA(H) — iS(H)](y Ho/w)h,e™" 3)

Here, X, ¥, and Z are the moving coordinates, with Z
along the equlhbrlum direction of the magnetization M, and
X =2xZ, Y =7xX, with the xyz coordinate fixed with
respect to the sample, as shown in Fig. 1(a). m;(¢) is the

component of the dynamic magnetization in the moving coor-
dinate axis (i could be X, Y, or Z), y is the gyromagnetic ratio,
Xo = W with M, being the amplitude of the magneti-
zation, Hj is the resonance field, and « is the damping factor,
respectively. In addition, My = My + K50 is the effective
magnetization, Ks is the surface amsotropy energy density,
and po is the vacuum permeability, respectively. Mg can be
obtained from the frequency-dependent resonance field via the
fitting with the Kittel formula w = y+/Hy(Hy + M. ). Since
20K‘U is relatively small as compared to M, the value of M, is
usually taken as the value of M. in the calculation. S(H) =

(AH)? __ _ AH(H-Hy) _
A—H A} and A(H) = YAy define the symmet

ric and antisymmetric Lorentzian components, respectively.
The relative phase ® between k and m can thus be described
by ® = arctan[S(H)/A(H)] = arctan[AH /(H — Hp)] [48].
In the gap between the signal line and one of the ground
lines of a CPW [Fig. 1(a)], in addition to the out-of-plane
microwave magnetic field 4., there is also a microwave elec-
tric field perpendicular to the strip and along the y-direction.
Therefore, two kinds of dynamic induction currents coexist in
the sample: one is the typically considered dynamic current
with density j, along the strip due to the Faraday induction,
another is the dynamic current with density j, transverse to
the strip due to Ohm’s law from the microwave electric field.
Thus, the possible SREs in this measurement configuration
include the AMR induced SRE from j,, and the PHE and the
AHE induced SREs from j,. The AMR of a polycrystalline
FM can be expressed in the form of pamr(6y) = p(0) —
Apsin®6y, where 6 is the angle between the current and the
magnetization direction, and Ap = p; — p is the difference
in the resistivity when the current and the magnetization are
aligned (p) and orthogonal (o, ) to each other. Meanwhile,
the in-plane magnetization orientation dependent resistivity
measured transverse to the current direction also results in
the PHE in the form of pppg(6y) = " sin(26y). The coupling
between the PHE and j, results in a rectified voltage along
the strip [2,38]. Furthermore, the precession of the magneti-
zation also causes a nonzero component of the magnetization
perpendicular to the plane. This generates an anomalous Hall
effect (AHE), which is proportional to the anomalous Hall
resistivity pape. When it is coupled with j, it also contributes
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a rectified voltage along the strip [2,38]. Therefore, the
rectified voltages along the strip can be expressed by the
following equations:

Uamr = (iu () Ap[my(£)]°L)
= U\ Sin(200)[—A(H) sin ¢, — S(H) cos yr,], (4)

Upng = (Jjy () A pm,(t)my(¢)L)
= Ubyi cos(200)[A(H) sin ¢, + S(H) cos ¥, (5)

Uare = (— () pauem;(t)L)
= USyel—A(H) cos ¥, + S(H) sin ] (6)

Here, j (1) = j @@V, j.(t) = j,e V) are the cur-
rent densities of the induction currents along the x- and
y-directions, respectively, L is the length of the strip along
the measurement leads, and v, (i) is the relative phase
between j, (j,) and &, which is determined by the frequency-
dependent microwave impedance of the circuits [48]. When
only £, is considered, it can be easily derived that [2,38,47]

0 JxApL 0 JyApL

AMR — XZTOXOhZ’ Upyg = /VZMO Xxoh,

0 JypareL y Hy
Upup = —VZMO _a) Xoh. @)

From Eqgs. (4)—(7), it can be concluded that Uamr, Upng,
and Uayg are all symmetric with the static in-plane magnetic
field, i.e., U6") = U(6;™) in the configuration shown in
Fig. 1(a).

Figure 1(b) summarizes the angular dependences of differ-
ent rectified voltages. Among them, Uxyg is independent of
the direction of the in-plane external static field. At 6y = 0°
and 90°, Uamr disappears while Upgg reaches its maximum
with the same magnitude but the opposite sign. Similarly, at
6y = 45° and 135°, Upyg vanishes and Uppgr reaches its max-
imum with the same magnitude but the opposite sign. These
features provide an easy approach to decompose different
components of SRE through the basic symmetry operation,
namely

U(0°) — U(90°) U(0°) + U (90°)
UPHE:f’ AHE:f’
(8
and
U(45°) — U (135°) U(45°) 4+ U(135°)
AMR — ) ’ AHE — ) .
9

Thus, through the measurements at four specific angles
of 6y = 0°, 45°, 90°, and 135°, we can readily separate the
SRE components with different physical origins, and Uang
obtained with two independent approaches can serve as a
consistent check of the proposed method. We note that the res-
onance field is slightly different at different 6, due to the shape
anisotropy. At a frequency of several GHz, this difference is
about 1-2 % for Ni and CoFeB. To accommodate the potential

influence, one can first fit the field-dependent data with the
Lorentzian functions at different 6, and use the fitted results
to perform the symmetry operation as mentioned above.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

10-nm-thick Ni and CoFeB single layers are deposited on
thermally oxidized Si substrates with dc magnetron sputter-
ing. The films are subsequently covered with 15-nm SiN as
the protecting layer by the rf magnetron sputtering in situ. The
samples are further patterned into strips with lateral dimen-
sions of 2 mm x 40 pum using the photolithography and liftoff
techniques. Ni and CoFeB microstrips are placed in the center
of the gap between the signal line and one of the ground lines
of a CPW. The microwave with a fixed power of ~320 mW
and variable frequency is fed into the CPW to excite the
precession of the sample magnetization with /.. To improve
the signal-to-noise ratio, the microwave is modulated by a
13.37-kHz transistor-transistor logic (TTL) signal, and the
voltages along the strips are detected with a lock-in amplifier.
The modulation also minimizes the parasite signals caused by
the thermal effect [49]. A rotatable static field H is applied
within the sample plane, and all measurements are performed
at room temperature.

Figures 2(a) and 2(b) present the static magnetic-field-
dependent dc signals of Ni at three representative frequencies
for 6y = 0° and 90°, respectively. As discussed above, when
the external field is applied along these two directions, Uamr
disappears and only Upgg and Uayg remain [Egs. (4)—(6)].
It is interesting to note that Upyg is in its maximum with
equal amplitude but opposite sign, and Upgg is the same at
6o = 0° and 90°. The obtained signal can be decomposed
into symmetric Lorentzian component Uy and antisymmet-
ric Lorentzian component U with fitting U = UsS(H) +
UsA(H). The symmetric Lorentzian component is symmetric
about the resonance field, and its sign is determined by the
peak or dip value at the resonance field; the antisymmetric
Lorentzian component is antisymmetric about the resonance
field, and its sign “+” or “—"" is determined by the evolution
from “peak-to-dip” or “dip-to-peak,” respectively. Overall, we
find that the symmetric Lorentzian components of the mea-
sured signals for 6y = 0° have opposite signs to the signals
for 6p = 90° at 8 and 10 GHz, while they have the same sign
at 13 GHz. In addition, the antisymmetric Lorentzian compo-
nents have the opposite behavior. As will be discussed in the
following, the sign evolution is mainly due to the evolution
of the relative phase (i,) between the transverse induction
current (j,) and the rf microwave magnetic field /.. The slight
asymmetry of the voltage signals between the positive and the
negative magnetic fields may originate from the self-pumping
induced inverse spin Hall effect in Ni itself [50,51] or the
SRE induced by the rf magnetic field within the sample plane
[43]. In this work, we mainly focus on the 4, excited SREs

: . U@FH+u 6,
(symmetric with H). We thus use Usg (6y) = ——F—2>— to
extract the SRE signals from %, only [Figs. 2(c) and 2(d)].
Hereafter, all discussions are focused on the spin rectification
contributions from #/, only.

We follow Eq. (8) to obtain Upyg and Uayg, respectively.
The ratio between Ap and payg can then be calculated with
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FIG. 2. (a), (b) H-dependent microwave excited voltages of Ni at three representative frequencies with H along 6y = 0° and 90°,
respectively. (c), (d) H-dependent spin rectification contributions from /4, extracted from data in (a) and (b). (¢) The amplitudes of Ap/paur
at different frequencies obtained from 0° and 90° data (black squares) and from the angular-dependent measurements (ADM, red circles). (f)
The phases of Upyg and Uayg at different frequencies obtained from 0° and 90° data (black triangles) and from ADM (red pentagrams).

|22 | = | o Uplye |/ e“, which should be an intrinsic pa-
PAHE . . .

rhmeter of Ifﬁe i ﬁlm ‘and irrespective of the microwave
frequency. Figure 2(e) presents the calculated | | at dif-
ferent frequencies (black squares) from the SRES obtalned
with 6 = 0° and 90°, respectively. It shows roughly a con-
stant (~0.63 £ 0.16). This value is also consistent with that
obtained with the dc measurement (see Appendix A).

The symmetric and antisymmetric Lorentzian compo-
US

nents of Upyg and Uppgg can be expressed as (U‘Z\“E) =
PHE

Ubhiz cos200)(ny?) and  ((4%) = URs (CYy,), - respec-
tively. Typically, the PHE (AMR) of polycrystalline ferromag-
netic metal is positive. Thus, 1/, can be obtamed from the
phase of PHE induced SRE with arctan(Ugs/Usyg) = ¥y-

Depending on the sign of AHE, the phase of AHE induced

SRE can be arctan(Ugy /Usyg) = ¥y & Z. Since Ni has neg-
ative AHE (see Appendix A), we have arctan(Uxyg/USe) =
¥y + 7 for Ni. The experimentally obtained phases of Upng
and UAHE at different frequencies obtained from 0° and 90°
data are plotted in Fig. 2(f), respectively. We find that although
the phases in Upyg and Uapg change with frequency dramat-
ically, their differences are indeed roughly fixed at 90°. The
90° phase shift is consistent with the scenario of the PHE and
the AHE, as they originate from the in-plane and out-of-plane
dynamic magnetization of FM, respectively [Eqs (5) and (6)].
For Ni, UPHE is comparable to U? up With | | ~ 0.63. As
the phase v, increases roughly from 180° to 270° with in-

creasing frequency [Fig. 2(D], (;; "”*E) dominates in the total

signal at low frequency, and (UAHE) dominates in the total
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FIG. 3. (a), (b) H-dependent microwave excited voltages of Ni at three representative frequencies with H along 6, = 45° and 135°,
respectively. (¢), (d) H-dependent spin rectification contributions from #, extracted from data in (a) and (b). (¢) Amplitudes of the AHE
induced SRE contributions, and (f) phases of Uagg at different frequencies obtained from 6, = 0° and 90° data [black squares in (e) and black
triangles in (f)] and from 6, = 45° and 135° data [red circles in (e) and red pentagrams in (f)].

signal at high frequency. This argument explains qualitatively
the evolution of the sign change in Figs. 2(a)-2(d) at different
frequencies.

Figures 3(a) and 3(b) present the static magnetic-field-
dependent dc signals of Ni at three representative frequencies
for 8y = 45° and 135°. And Figs. 3(c) and 3(d) are the &,
excited spin rectification contributions extracted from data
in (a) and (b) by the same operation as in Fig. 2. Because
the PHE induced SRE disappears for 6y = 45° and 135°, one
can use Eq. (9) to obtain the AHE induced SRE as well as
the AMR induced SRE. Similarly, because the AMR induced
SRE disappears for 6y = 0° and 90° (Fig. 2), one can use
Eqg. (8) to obtain the AHE induced SRE as well as the PHE
induced SRE. The decomposed amplitudes and phases of
Uang obtained from 6y = 45° and 135° (red data points) at

different frequencies are plotted in Figs. 3(e) and 3(f). They
are almost the same as those obtained with 6, = 0° and 90°
(black data points). This consistency evidences the validity of
the proposed method for decomposing the SREs from differ-
ent physical origins.

To further depict the features of different SREs, we per-
form the full in-plane angular-dependent SRE measurements
at two representative frequencies. The raw data for the H-
dependent microwave excited voltages of Ni at different field
directions for 10 GHz are presented in Appendix B. The
angular-dependent symmetric Lorentzian component Ug and
the antisymmetric Lorentzian component Up of a 10-nm Ni
strip at a frequency of 10 GHz are presented as the black
symbols in Figs. 4(a) and 4(b), respectively. The experimental
data can be well fitted by considering the SRE contributions

104407-5



KANG HE et al.

PHYSICAL REVIEW B 106, 104407 (2022)

0 90 180 270 360
0, (deg)

(C) ‘ 8 GHz:

— Fitting —— U

4 B - UAMR - UPHE 1

1

90 180 270 360
0, (deg)

0

0 90 180 270 360

0 90 180 270 360
0, (deg)

FIG. 4. The angular-dependent symmetric Lorentzian component Uy (a), (c) and antisymmetric Lorentzian component U, (b), (d) for Ni at
two representative frequencies of 10 and 8 GHz, respectively. The black symbols are the experimental data, and the red curves are the fittings.
The red and blue shadowed areas and the black horizontal line denote the components of AMR, PHE, and AHE induced SREs, respectively.

from AMR, PHE, and AHE:
Usy = Ug‘{\‘,}R sin(26y) + U}fﬁ}g cos(26y) + Ui(f})E, (10)

where the red (blue) shadowed areas and the black horizon-
tal line represent the components of the AMR (PHE) and
AHE induced rectification signals, respectively. The vanish-
ing antisymmetric Lorentzian component Upyy; indicates the
phase between the microwave magnetic field %, and the trans-
verse induction current density j,, ¥, = 180° [Fig. 4(b) blue
shadow]. Due to the 90° phase shift between Upyg and U, g,
we find that the AHE induced SRE is dominated by the anti-
symmetric Lorentzian component [Figs. 4(a) and 4(b) black
horizontal lines]. Changing the frequency to 8 GHz, Upy
emerges albeit with a relatively small amplitude [Fig. 4(d)].
Equally important, the experimental data at 8 GHz can also
be well fitted with Eq. (10) [Figs. 4(c) and 4(d)], validating
our analysis method. We can further use the fitted symmetric
Lorentzian components and antisymmetric Lorentzian com-
ponents of PHE and AHE induced SREs to calculate the
|pi:ﬁ| as well as the phases of Uayg and Upyg. The results
are plotted in Fig. 2(e) (red circles) and Fig. 2(f) (red penta-
grams), and they are all in good agreement with the values
obtained from the symmetry analysis based on the signals ob-
tained at the four specific angles mentioned above [Figs. 2(e)
and 2(f)].

In the Ni microstrip, we do observe three different SREs,
and the experimental results are in good agreement with the
theory. The rectified voltage due to the AHE, however, is

relatively small as compared to those originating from the
AMR and PHE. We next perform similar studies on CoFeB,
in which the AHE coefficient is significantly larger than the
PHE coefficient [33] (also see Appendix A). Figures 5(a) and
5(b) present the static magnetic-field-dependent dc signals of
CoFeB at three representative frequencies for 6y = 0° and
90°, and Figs. 5(c) and 5(d) are the h, excited spin rectification
contributions extracted from data in (a) and (b). At first glance,
we find that both the magnitude and the line shape of the volt-
age curves for 6y = 0° and 90° are similar for all frequencies.
Such similarity indicates that the rectified voltage contribution
of AHE is dominant over that of PHE, as the latter changes
sign between 6y = 0° and 90° (AMR induced SRE is van-
ishing at these two specific directions). We also performed
the in-plane angular-dependent measurement for the CoFeB
at 10 GHz (see Appendix B for the raw data at different
field directions), with the symmetric Lorentzian component
Us presented in Fig. 5(e) and the antisymmetric Lorentzian
component Uy presented in Fig. 5(f). Again, the data can be
well fitted by Eq. (10), with a distinct offset of the voltage
U, coming from the AHE induced SRE [Fig. 5(f)]. And as
the AHE of CoFeB is overwhelmingly large (Appendix A),
the spin rectification contribution from AHE dominates over
the spin rectification contributions from AMR and PHE in
CoFeB. We thus ambiguously demonstrated the PHE and
AHE induced SREs due to the transverse induction current in
both Ni and CoFeB microstrips, with quantitative agreement
between the experiments and the theory.
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FIG. 5. (a), (b) H-dependent microwave excited voltages of CoFeB at three representative frequencies with H along 6, = 0° and 90°,
respectively. (c), (d) H-dependent spin rectification contributions from #, extracted from data in (a) and (b). (e), (f) The angular-dependent
symmetric Lorentzian component Us and the antisymmetric Lorentzian component U, for CoFeB at 10 GHz, respectively.

IV. SUMMARY

In this work, we performed a systematic study on the spin
rectifications of ferromagnetic metallic microstrips with dom-
inant perpendicular rf magnetic field microwave excitation. In
addition to the SRE due to the AMR through the generally
recognized longitudinal induction current along the strip, we
explicitly observed the SREs from PHE and AHE from the
transverse induction current. We find that SREs due to the
transverse induction current may have dominant contributions
in the measured SRE signals, even when the aspect ratio of
length/width is large (50 in this study). Based on symmetry
analysis, we developed a simple but consistent method to
quantitatively separate the AMR, PHE, and AHE induced con-
tributions in the measured SRE signals. And the validity of the

method is further supported by the angular-dependent studies.
Moreover, since the AMR, PHE, and AHE induced SREs are
sensitive to the magnetization along different directions, the
separation of different contributions may enable an effective
tool to investigate the spin dynamics in a vectorial manner.
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has been divided by 10.

APPENDIX A: PHE AND AHE OF Ni AND CoFeB

Figure 6 presents the PHE and AHE of 10-nm Ni and
CoFeB. Indeed, we find that PHE and AHE are comparable
for Ni, and AHE is dominant for CoFeB. For Ni, Ix%' is 0.77
from the dc measurements, and this value is consistent with
our estimation from SRE within the error bar. For CoFeB,
|22 | is 0.029 from the dc measurements, and the PHE is

PAHE
nearly two orders of magnitude smaller than its AHE.

APPENDIX B: RAW DATA OF H-DEPENDENT
MICROWAVE EXCITED VOLTAGES OF Ni AND CoFeB
AT DIFFERENT FIELD DIRECTIONS FOR 10 GHz

Figure 7 presents the raw data for the H-dependent mi-
crowave excited voltages of 10-nm Ni [Fig. 7(a)] and 10-nm
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e e g N —— 33()°
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* ﬁ 27‘00
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5 —M ¢ 150°
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¢ ’V 30°
0- v v eo=00
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CoFeB [Fig. 7(b)] at different field directions for 10 GHz.
One can notice that the SRE in Ni shows an apparent angular
dependence, suggesting the considerable contributions from
the AMR and PHE induced mechanisms. On the other hand,
the SRE in CoFeB shows almost no angular dependence,
evidencing that the AHE induced SRE is overwhelmingly
dominant. For each direction, similar to what we did in Figs. 2
and 3, we first perform Usg(6y) = w to obtain
the SRE due to h;. Then, the symmetric and antisymmetric
components can be obtained via fitting with the equation U =

(AH)* AH(H—Hy) .
Us AR P LR + Uy A—H AR The obtained Ug and Uy

can be perfectly fitted by Eq. (10), as presented in Figs. 4,
5(e), and 5(f).
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FIG. 7. H-dependent microwave excited voltages of (a) 10-nm Ni and (b) 10-nm CoFeB at different field directions for 10 GHz. The curves

have been shifted vertically for clarity.
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