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This work reviews and examines two particular issues related with the new technique of electrical detection of
ferromagnetic resonance (FMR). This powerful technique has been broadly applied for studying magnetization
and spin dynamics over the past ten years. The first issue is the relation and distinction between different
mechanisms that give rise to a photovoltage via FMR in spintronic devices, and the second is the proper analysis
of the FMR line shape, which has become the “Achilles heel” in interpreting experimental results, especially for
either studying the spin pumping effect or quantifying spin Hall angles via the electrically detected FMR.
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I. INTRODUCTION

Electrical detection of ferromagnetic resonance (FMR)
in ferromagnets (FM) is a powerful new experimental tool
which has transformed the research on spin and magneti-
zation dynamics.'3? Over the past ten years, this technique
has generated a great deal of interest in the communities
of magnetism, spintronics, and microwave technologies. It
has been broadly applied for studying diverse material
structures, ranging from ferromagnetic thin films such as
Py (permalloy, NigoFes),>®!"13, Cr0,,'* Fe;04,'* single
crystal Fe,'® GaMnAs,'” and La;_,Sr,MnOs,'® bilayer de-
vices such as Py/Pt,7:319:20.2425 py/Ay 1920 Py/GaAs,?! and
Y3Fes0;,/Pt,”>?3 to a variety of magnetic tunneling junctions
(MTJ) based on magnetic multilayers.*>!*!5 From a tech-
nical standpoint, its high sensitivity has made it possible to
quantitatively determine spin boundary conditions*® and to
directly measure nonlinear magnetization damping,>’~>° the
quasiparticle mass for the domain wall,** the phase diagram of
the spin-transfer driven dynamics® and various kinds of para-
metric spin wave excitations.>3!-3 Its capability to probe the
interplay of spins, charges, and photons has been utilized for
studying spin rectification,'"'> spin pumping,’ spin torque,'>
and spin Hall effects,'*?*?> which have led to the proposing
and realization of novel dynamic spintronic devices such
as the spin battery,”*-3¢ spin diode,*'®!3 spin dynamo,'"!?
and spin demodulator.’” Very recently, its ability to detect
coherent processes®® ™" has enabled electrical probing of the
spin-resonance phase and the relative phase of electromagnetic
waves,*® which pave new ways for microwave sensing,*'
nondestructive imaging,’® and dielectric spectroscopy.’® Such
a coherent capability is especially exciting as it resembles
the latest achievement in semiconductor spintronics, where
a new platform for coherent optical control of spin/charge
currents has been developed by using nonresonant quantum
interferences.*>**

From the physical standpoint, many different effects
may generate a time-independent dc voltage in magnetic
materials via the FMR. Reported mechanisms involve

PACS number(s): 85.75.—d, 75.40.Gb, 76.50.+g, 42.65.—k

Two major issues stand out here. (1) A unified picture
clarifying the relations and distinctions between such di-
verse mechanisms has not been established, which leads
to increasing controversy and confusion in interpreting and
understanding experimental results. A stunning example of
this issue is found in the very recent studies of the spin
Hall effect via electrically detected FMR, where two similar
experiments'>* performed on similar devices were interpreted
completely differently.*> (2) When more than one mechanism
simultaneously plays a role in the FMR generated dc voltage,
proper interpretation requires a quantitative analysis of the
FMR line shape. In our opinion, such a seemingly trivial issue
has become the “Achilles heel” of this powerful experimental
technique, especially in recent studies of spin pumping and the
spin Hall effect via electrically detected FMR. The purpose
of this article is to address these two critical issues with
a brief review of the key physics of this subject, followed
by systematically measured experimental data with detailed
theoretical analysis.

This paper is split into three main sections. First we
provide a brief review of different mechanisms which may
generate the photovoltage via the FMR. Then we use the
dynamic susceptibility obtained from a solution of the Landau-
Lifshitz-Gilbert equation to derive analytical formulas for
analyzing the line shape and the symmetry properties of
the photovoltage generated through spin rectification. Finally
we present experimental results measured from different
samples, at different frequencies, and in different experimental
configurations, showing that the FMR line shape is determined
by the relative phase of microwaves which is sample and
frequency dependent.

II. A BRIEF REVIEW OF ELECTRICAL DETECTION
OF FMR

Under microwave excitation at angular frequency w, the
rf electric (e) and magnetic (h) fields inside a ferromagnetic
material can be described as e = ege*®' and h = hge @ ~®),

spin rectification,!""!> spin pumping,” spin torque,'> spin  respectively. Note that in general, due to the inevitable losses
diode,*!*!> spin Hall,* and inverse spin Hall effects.®!*?%2>  of microwaves propagating inside the ferromagnetic material,
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FIG. 1. (Color online) Dynamic response of magnetic structures
under microwave irradiation: (a) Single thin film layer where the
spin rectification is due to the magnetic field torque as shown in
(e). (b) Magnetic bilayer device which has two rf currents j and j
with different spin polarizations. Therefore spin rectification is due to
both magnetic field and spin torques. (c) Magnetic tunneling junction
with both j and j,. (d) Coordinate system for single ferromagnetic
microstrips measured in this work under an in-plane applied static
magnetic field H. The 7’ axis is fixed along the strip and the direction
of current flow, while the z axis is rotated to follow the direction of H.
(e) Components of magnetic field torque. (f) Spin torque in magnetic
tunneling junction.

there is a phase difference ® between the dynamic e and h
fields. Such a relative phase is determined by the frequency-
dependent wave impedance of the materials.*® As shown in
Fig. 1, the rf e field drives a rf current j = oe, while the rf h
field exerts a field torque on the magnetization and drives it
to precess around its equilibrium direction [Fig. 1(e)]. Such a
magnetization precession is described by the nonequilibrium
magnetization m = g h. Here ¢ and j§ are the high-frequency
conductivity and Polder tensor, respectively. Note that due
to the resonance nature of the precession, m lags h by a
spin resonance phase ®. However, despite the phase of ®
and O, the dynamic j and m keep the coherence of their
respective driving fields, so that the product of any combination
of their components may generate a time-independent signal
proportional to (Re(j) - Re(/i1)), where () denotes the time
average. The amplitude of such a signal depends on the phase
difference of j and m, which can be easily understood from the
trigonometric relation (cos(wt) - cos(wt — ®)) = cos(P)/2.
This is the spin rectification!' as we highlight in Table 1.
For transport measurements on magnetic structures under
microwave irradiation, various magnetoresistance effects such
as anisotropic magnetoresistance (AMR), giant magnetoresis-
tance (GMR), and tunneling magnetoresistance (TMR) make
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nonlinear corrections to Ohm’s law via their corresponding
magnetoresistance terms,'> which typically lead to the product
of j and m. Such /-field torque induced spin rectifications are
listed in Table I by the terms labeled V. The earliest report
on the measurement of VshR dates to Juretschke’s pioneering
paper*’ published in 1960, although the power sensitivity
achieved at that time was too small to be practically used
(it was about 3 orders of magnitude smaller than that found
in Ref. 11). The general feature of V¢, is that its amplitude
depends on both the relative phase ® and the spin resonance
phase ©, which leads to a characteristic phase signature of the
FMR line shape.’%

Similar to the effect of the rf h field torque, a spin
torque induced by a spin polarized current may also drive
magnetization precession. For example, in a bilayer [Fig. 1(b)]
made of a ferromagnetic layer and a nonmagnetic layer with
spin-orbit coupling,?* in addition to the rf current j flowing in
the ferromagnetic layer, the rf e field also induces a rf charge
current flowing in the nonmagnetic layer. Via the spin Hall
effect in such a nonmagnetic layer with spin-orbit coupling,
the rf charge current can be converted into a spin current
Js» which may flow into the ferromagnetic layer and then
drive the magnetization precession via the spin torque. Such
a spin torque induced nonequilibrium magnetization can be
described by m = j;j,, where the spin-torque susceptibility
tensor j; introduces a spin resonance phase ¢ that is different
from ® in ¥. Following a similar consideration for the s-field
induced spin rectification, a photovoltage depending on the
spin torque may be generated in the ferromagnetic layer. This is
the physical origin of the spin torque induced spin rectification
effect,”* which is listed in Table I by the term labeled V. In
MT]J [Fig. 1(c)], the spin polarized current j, can be directly
generated in the ferromagnetic layer where the magnetization
is pinned along a different direction than that of the free layer.
It tunnels into the free layer and drives the magnetization
precession via the spin torque [Fig. 1(f)]. The spin torque
induced spin rectification signal in MTJ has been measured in
spin diodes,*'®!> which is also listed in Table I by the term
labeled V.

Over the past few years, systematic studies on spin recti-
fications induced by the k-field torque (VShR) and spin torque
(Vgr) have been performed, respectively, at the University of
Manitoba!:12:16:17.26-28.38,39.41 4 d Cornell University.2%!3240
It has been found that due to the coherent nature of spin
rectification, both VshR and Vg depend on the phase difference
between j and m. However, only the field torque spin
rectification (VShR) can be controlled by the relative phase ® of
the microwaves.”®

In addition to such coherent spin rectification effects, it
is known that at the interface between a ferromagnetic and
a nonmagnetic layer, microwave excitation may generate a
spin polarized current flowing across the interface via the
spin pumping effect.>® This effect has been observed in a few
striking experiments by measuring either transmission electron
spin resonance®® or enhanced magnetization damping.*® It
involves FMR, exchange coupling, and nonequilibrium spin
diffusion. An intuitive physical picture of spin pumping was
given by the classical paper of Silsbee et al.*® published in
1979, which used a phenomenological model to highlight
the key mechanism of dynamic exchange coupling between
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the precessing magnetization and the spin polarized current.
Such a dynamic coupling significantly “amplifies” the effect
of the rf h field in generating nonequilibrium spins, which
diffuse across the ferromagnetic (FM) /normal metal (NM)
interface to form the spin polarized current. Microscopically,
spin pumping is a consequence of spin dependent reflectivity
and transmission parameters of NM electrons at the FM/NM
interface. Spin mixing conductance is the main parameter
driving spin pumping, which was rigorously derived by
Tserkovnyak et al.’* Theoretical derivation is not trivial but the
picture behind it is very clear and using magnetoelectronics
Kirchhoff’s laws* one can easily apply such a derivation
to different dynamical configurations. It has been proposed
that the spin current generated via spin pumping may also
induce a photovoltage, either across the interface in a spin
battery,”**=3¢ or within the nonmagnetic layer via the inverse
spin Hall effect.?!%2025 Recent experiments performed on
magnetic bilayers** have suggested that spin-pumping induced
dc voltage (the term Vgp in Table I) is about two orders of mag-
nitude smaller than spin torque induced spin rectification (the
term labeled Vgg). In contrast to phase sensitive coherent spin
rectification effects, the proposed spin-pumping photovoltage
is based on incoherent spin diffusion and FMR absorption.
Hence, the anticipated FMR line shape of Vgp is symmetric
and phase independent.

From the above discussion, it is clear that the line
shape analysis plays the essential role in distinguishing
the microwave photovoltage generated by different mecha-
nisms. This issue has been partially addressed by a number
of theoretical®®! and experimental works*!%!> studying
nanostructured MTJs where the photovoltage is dominated
by the spin torque induced spin rectification. Enlightened by
these works and also based on our own previous studies,'>3
we discuss in the following the critical issue of FMR line
shape analysis in microstructured devices, where the field and
spin torque induced spin rectification may have comparable
strength. Our theoretical consideration and experimental data
demonstrate the pivotal role of the relative phase ®, which
was often underestimated in previous studies. Via systematic
studies with different device structures, measurement con-
figurations and frequency ranges, we find that ® has to be
calibrated at different microwave frequencies for each device
independently. Hence our results are in strong contradiction
with the recent experiment performed on microstructured
magnetic bilayers for quantifying the spin Hall angles,
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where & was set to zero for all devices at all microwave
frequencies'”?” based on the results of line shape analysis
performed on reference samples.>>

III. FMR LINE SHAPE

A. The characteristic signature

From Table I the role of the phase in the FMR line
shape symmetry can be understood by considering the spin
rectified voltage V o (Re()) - Re(sir)). For spin rectification
induced by the field torque, depending on the experimen-
tal configuration, at least one matrix component x of the
Polder tensor ¥ will drive the FMR; whether an on or
off-diagonal component is responsible for the magnetization
precession depends on the measurement configuration. Since
m = yh, Re(7i1) o« Re(y) cos(wt — @) + Im(x) sin(wt — ).
Therefore after time averaging a time independent dc voltage
is found V(®) o [Re(x)cos(®) — Im(y) sin(P)]. It is well
known that for diagonal matrix elements, Re(x) has a
dispersive line shape while Im( ) has a symmetric line shape.
However, since the on- and off-diagonal susceptibilities differ
by a phase of 90°, if the FMR is driven by an off-diagonal
susceptibility, the roles are reversed and Re(x ) has a symmetric
line shape while Im(x) has a dispersive line shape.

Based on the simple argument leading to the above V(®)
expression, one can see that the line shape symmetry has a
characteristic dependence on the relative phase ® between
electric and magnetic fields. Thus when measuring FMR
based on the field torque induced spin rectification effect,
it is important to consider the relative phase, whereas for
a spin pumping measurement which measures |m|?, or for
a spin torque induced spin rectification which involves [j|?,
the relative phase does not influence the experiment. In the
next two sections, a detailed analysis is given by solving the
Landau-Lifshitz-Gilbert equation, which leads to analytical
formulas describing the symmetric and dispersive line shapes
for different measurement configurations.

B. The dynamic susceptibility

The Landau-Lifshitz-Gilbert equation provides a phe-
nomenological description of ferromagnetic dynamics based

TABLE I. Relation and distinctions between different mechanisms for microwave photovoltages induced by FMR. (For simplicity we
consider only one matrix element of § and x; which is responsible for the spin rectification. 7 and sit denote a corresponding component of the

time-dependent current and magnetization, respectively.)

—iwt —iwt

iwt

tf driving e =epe 7= joe h = hge i@ = j = jee”

Effect Ohm’s law Spin Hall Field torque Spin torque Spin rectification®® Spin pumping®
dc voltage V ~ (Re(j) - Re(ii1)) V ~ |h?
Thin film j=océ m= xe®h V = V& - (eoho)

Bilayer j=oé T m=xe®h  +  xe’j V = V& - (eoho) + Viz - GioJs) + Vsp - h}
MTJ s i=ye®h +  xe] V = V& - (eoho) + Vix - Giojs)

ay& . Photovoltage caused by h-field torque induced spin rectification (including the so-called AMR photovoltage

).6.11-13:47

bVg:: Photovoltage caused by spin torque induced spin rectification (also known as the spin diode effect). 101524

¢Vsp: Photovoltage caused by spin pumping.”31%-20:25
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on a torque provided by the internal magnetic field H; which
acts on the magnetization M, causing it to precess>

dM dM
- 7) : 1)
Here y is the effective electron gyromagnetic ratio and
o is the Gilbert damping parameter which can be used to
determine the FMR linewidth AH in the linear regime,
accordingto AH ~ aw/y. For the case of microwave induced
ferromagnetic resonance Eq. (1) can be solved by splitting the
internal field into dc and rf components and taking the applied
dc field H along the z axis. We can relate the internal field H; =
Hj; + h;e~'“' to the applied field through the demagnetization
factors Ny, Hy, = H — N.My, hi; = hye'® — Nymy, where
®d, is the relative phase shift between the electric and magnetic
fields in the kth direction and My is the dc magnetization also
along the z axis. With the magnetization separated into dc and
tf contributions M = My + me~'*', the solution of Eq. (1)
yields the dynamic susceptibility tensor X which relates the
magnetization m to the externally applied rf field h,

o
=—yMxH)+—= (M
y (M x )+M< x

Xex  iXxy O
m=xh=|—ixy x5y O]h
0 0 0
x| Dtwle’® 0
=\ lxole™™  Ixnl 0 ]he®, (2
0 0 0

where © = arctan[AH/(H — H,)] is the spin resonance
phase®® which describes the phase shift between the response
and the driving force in terms of the linewidth AH and the
resonance field H, which are constant for a fixed frequency.
® will change from 180° (driving force out of phase) to 0°
(driving force in phase) around the resonance position, in a
range on the order of A H, passing through 90° at resonance.
This represents the universal feature of a resonance; the phase
of the dynamic response always lags behind the driving force.”*

To emphasize the resonant feature of the susceptibility
tensor elements we define the symmetric Lorentz line shape
L, and the dispersive line shape D as

AH?
L= ,
(H — H)*+ AH? 3)
AH(H — H,)

T (H—H)y+AH?

Clearly the spin resonance phase can also be written in terms
of Land D as ® = arctan[AH /(H — H,)] = arctan(L /D) so
that L o sin(®) and D o cos(®). Therefore L and D carry
the resonant information of the susceptibility tensor.

Using L and D allows the elements of ¥ to be written as
(Xxx’Xxany_v) =D + iL)(Axx’Axy’Ayy)- Axx»Axy and A_vy
are real amplitudes which are related to the sample properties

y Mo[MoNy + (H — N.Mj)]
aw[2(H — N, Mo) + Mo(N; + N,)I’
M,
Ay = — L@
a[2(H — N, My) + Mo(N; + N,)]
A — _ YMolMoN; + (H — N My)]
Y awl2(H — N:Mo) + Mo(N: + N,)]’

Axx =
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Since these amplitudes are real all components of ¥ include
both a dispersive and a Lorentz line shape determined solely
from the D + i L term. However, in a transmission experiment
performed using a resonance cavity [m|> o« L2 + D*> = L is
measured. This product removes the phase dependence carried
by L and D and leaves only the Lorentz line shape. For the
same reason, the microwave photovoltage induced by spin
pumping (the Vgp term in Table I) has a symmetric line shape.

The susceptibility for the two cases of in-plane and
perpendicularly applied dc magnetic fields can easily be
found from Eq. (4) by using the appropriate demagnetization
factors. When the lateral dimensions are much larger than the
thickness, N, = N; = 0 and N, = 1 for an in-plane field and
N, =N, =0and N, =1 for a field applied at a small angle
from the perpendicular. In this paper we focus on the in-plane
case. The line shape analysis for the perpendicular case can be
found in Ref. 38. In both cases the form of the susceptibility
X o« D + i L describes the ferromagnetic resonance line shape
where each element of ¥ is the sum of an antisymmetric and
symmetric Lorentz line shape. As we describe in the next
section, via the V&, term of the spin rectification effect, the
symmetry properties of the dynamic susceptibility influence
the symmetry of the electrically detected FMR which can be
controlled by tuning the relative electromagnetic phase ®.

C. Spin rectification induced by the field torque

The field-torque spin rectification effect results in the
production of a dc voltage from the nonlinear coupling of
rf electric and magnetic fields. For example, it may follow
from the generalized Ohm’s law*7->

aAp

M2
where o is the conductivity, Ap is the resistivity change due
to AMR, and Ry is the extraordinary Hall coefficient.

As shown in Fig. 2, we use two coordinate systems to
describe a long narrow strip under the rotating in-plane
magnetic field H. The sample coordinate system (X',¥,Z) is
fixed with the sample length along the 7' direction and the
sample width in the x’ direction. The measurement coordinate
system (X,,z) rotates with the H direction which is along the
Z axis. We define 0y as the angle between the direction of
the strip and the in-plane applied static magnetic field i.e.,
between the z’ and z directions). In both coordinate systems,
the ¥ axis is along the normal of the sample plane. In the
case of a sample length much larger than the width, the rf
current j = j.e™'® flows along the strip direction z’. In this
geometry the field due to the Hall effect will only be in the
transverse direction and will not generate a voltage along the
strip. Taking the time average of the electric field integrated
along the 7’ direction, the photovoltage is found as'!!?

J=0E; — J-MM+oRyJ x M, (5)

AR - .
V = —(Re(j) - Re(1,)) sin(20y), (6)
M,

where AR is the resistance change due to the AMR effect and
the sin(260y) term is a result of the AMR effect which couples
J and M.

The susceptibility tensor given by Eqs. (2) and (4) can be
used to write 771, in terms of the rf h field. Since My and H are
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FIG. 2. (Color online) Left panel (a) Coordinate system for an
in-plane dc H field applied along the z axis at an angle 0y with
respect to the 7’ axis, with a rf & field along the x’ axis. (b) The
calculated photovoltage (PV) spectrum at 6y = 45° and (c) the
calculated amplitude of the PV spectrum at FMR as a function of
0y according to Eq. (9). Right panel (d)—(f) are the same as (a)—(c),
respectively, but with a rf & field along the y axis, and calculations
are according to Eq. (10). In both cases, ® is assumed to be zero for
simplicity.

both along the z axis, only the components of h perpendicular
to z will contribute to m. However, since the rf current flows
in the 7’ direction, to calculate the rectified voltage, 71, must
be transformed into the (x’,y,z") coordinate system by using
the rotation (X,y,Z) = [cos(Og)X — sin(0g)Z ¥, sin(0x)X +
cos(8y)z'], which introduces an additional 85 dependence
into the photovoltage. We find that the photovoltage can be
written in terms of the symmetric and antisymmetric Lorentz
line shapes L and D as

y= AR AL+ ApD) %)
_ZMO]Z/ L D )

where
A = sin(20y)[— A, hy cos(B@gy) sin(D,)
—Axyhy cos(Py) + Aychy sin(@y) sin(P,)],
Ap = sin(20y)[ A hy cos(Oy) cos(Dyr)
—Ayyhysin(®y) — Ay hy sin(@y) cos(®)],  (8)

and ®,/,®,, and & are the relative phases between electric
and magnetic fields in the x’, y, and 7’ directions, respectively.

The amplitudes of the Lorentz and dispersive line shape
contributions show a complex dependence on the relative
phases for the x’,y, and 7z’ directions and in general both
line shapes will be present. However, depending on the
experimental conditions, this dependence may be simplified.
For instance, when #,. is the dominate driving field as shown
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in Fig. 2(a), we may take hy, = hy ~ 0 and &, = &, which
results in

v = AR A . cos@r)sin26s)
- ZMOJZ’ xx/y COS(Ug ) S1IN H
X [L sin(®) — D cos(d)]. )

From Eq. (9) we see that the photovoltage line shape
changes from purely symmetric to purely antisymmetric in
90° intervals of @, being purely antisymmetric when ® = n x
180° and purely symmetric when ® = (2n 4 1) x 90°,n = 0,
+1,£2....

As shown in Figs. 2(b) and 2(c), the photovoltage in
Eq. (9) also shows symmetries depending on the static field
direction fy. Since H — —H corresponds to 6y — 0y +
180°, V(H) = —V(—H). Furthermore, at 0y = n x 90°,n =
0,£1, £2,... the voltage will be zero.

Similarly when £, dominates as shown in Fig. 2(d), we take
hy =hy ~ 0and ®, = ® which results in a voltage

AR . .
V= —z—mjzfoyhy sm(2€H)

X[L cos(®) + D sin(dP)]. (10)

The symmetry properties are now such that the line shape is
purely symmetric when ® = n x 180° and purely antisym-
metric when ® = 2n+1) x90°,n =0, 4+ 1, £2.... Also
the photovoltage determined by Eq. (10) is now symmetric
with respect to H under 8y — 0y + 180° so that V(H) =
V(—H) as shown in Fig. 2(e). Therefore, experimentally the
different symmetry of the FMR at H and —H can be used as
an indication of which component of the h field is dominant.

Both Egs. (9) and (10) demonstrate that a change in
the relative electromagnetic phase is expected to result in a
change in the line shape of the electrically detected FMR.
It is worth noting that when the relative phase ® = 0, the
line shape is purely antisymmetric for FMR driven by &,
and purely symmetric for FMR driven by £, as illustrated in
Figs. 2(b) and 2(e), respectively. In the general case when 7,
is driven by multiple h components, Eq. (7) must be used in
combination with angular (8y) dependent measurements in
order to distinguish different contributions.

‘We also note that the above theoretical line shape analysis in
the in-plane magnetic field case is consistent with our previous
line shape study® in the perpendicular field case. In Ref. 38 we
have established spintronic Michelson interferometry which
enabled the demonstration of external control of the relative
phase ®. By applying such a novel technique, the measured
response of the photovoltage line shape®®*® was found to
change its symmetry and polarity in 90° and 180° cycles of @,
respectively, in excellent agreement with our line shape theory.

D. The physics of ®

It is clear therefore that for field torque induced spin
rectification, the relative phase © between the microwave
electric and magnetic fields plays the pivotal role in the FMR
line shape. Note that ® is a material and frequency dependent
property which is related to the losses in the system.*%-37-8
When a plane electromagnetic wave propagates through free
space the electric and magnetic fields are in phase and orthog-
onal to each other.>® However when the same electromagnetic
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wave travels through a dispersive medium where the wave
vector is complex, the imaginary contribution can create a
phase shift between electric and magnetic fields. The most
well known example is that of a plane electromagnetic wave
moving in a conductor*® where Faraday’s law gives a simple
relation between electric and magnetic fields wpuh =k x e.
Therefore the complex part of the wave vector k will induce
a phase shift between electric and magnetic fields. Although
the field will exponentially decay inside a conductor, it will
still penetrate a distance on the order of the skin depth, and
in a perfect conductor the conductivity, which produces an
imaginary dielectric constant, will result in a phase shift of
45° between the electric and magnetic fields.*

In a complex system such as an experimental set up
involving waveguides, coaxial cables, bonding wires, and
a sample holder, which are required for electrical FMR
detection, one cannot simply argue that Faraday’s law itself is
sufficient to explain the phase difference between the magnetic
and electric field components. One needs to solve Maxwell’s
equations in their entirety by including full electromagnetic
wave propagation with the relevant boundary conditions. The
presence of electrical leads for measurement of dc voltage
makes this problem very difficult. Nevertheless losses in the
system which can be characterized in a variety of ways, such
as through the wave impedance,’’-® will lead to a phase shift
between electric and magnetic fields which will influence the
FMR line shape.

Although the physics of @ is in principle contained in
Maxwell’s equations, due to the lack of technical tools for
simultaneously and coherently probing both e and h fields, the
effect of the relative phase had often been ignored until the
recent development of spintronic Michelson interferometry.*®
In the following we provide systematically measured data
showing the influence of the relative phase @ on the line shape
of FMR which is driven by different h field components.

IV. EXPERIMENTAL LINE SHAPE MEASUREMENTS
A. hy dominant FMR

In order to use the &, field to drive FMR a first generation
spin dynamo was used where a Cu/Cr coplanar waveguide
(CPW) was fabricated beside a Py microstrip with dimension
300 um x 20 um x 50 nm on a SiO,/Si substrate as shown
in Fig. 3(a). A microwave current is directly injected into the
CPW and flows in the 7’ direction inducing a current in the
Py strip also along the 7’ axis. In this geometry the dominant
tf h field in the Py will be the Oersted field in the y direction
produced according to Ampere’s law. This field will induce
FMR precession with the same cone angle independent of the
in-plane orientation of the static field H.

The AMR resistance depends on the orientation of the
magnetization relative to the current and follows the relation
R(H) = R(0) — AR sin*(0y), where 0y, (not shown) is the
angle between the magnetization and the current direction.
For Py the AMR effect, which is responsible for the spin
rectification, is observed to produce a resistance change of
AR/R(0) ~ 0.4%. When H is applied along the x’ axis, that
is, the in-plane hard axis, the magnetization M tends to align
toward the static field H and the angle 6;, is determined
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by sin(6y) = H/H4 for H < Hy, where Hy = N M, is the
in-plane shape anisotropy field. The measured data (symbols)
shown in Fig. 3(c) is fit (solid curve) according to R(H) =
R(0) — ARsin?(0y) with R(0) = 112.662, AR = 0.47%,
/LQHA =40 mT, and Nxf = 0.004.

Figure 3(d) shows that the line shape at 0y = 120°
and w/2mr =5 GHz is almost purely dispersive, in-
dicating that at this frequency & ~ 90° according to
Eq. (10). The 6y dependence of H, is shown in
Fig. 3(e) and can be well fit by the function w =

yVIIH| + HacosQOu)l| H,| + Mo — Ha(l + sin?(6)] by
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FIG. 3. (Color online) (a) Cross-sectional view of a schematic
diagram showing the first generation spin dynamo where the Py
strip is located beside the CPW. The dominate magnetic field in
the Py is the Oersted field (indicated by circulating red arrows)
in the y direction due to the current in the CPW. (b) Top view
micrograph of the device showing the microwave current flowing
in the shorted CPW and the direction of microwave 4 field on the
Py strip. S and G denote the signal and ground line of the CPW,
respectively. The Py microstrip is connected by two electrical leads
in triangular shapes. (c) Magnetoresistance at 5 = 90°. AMR is seen
to be ~0.4%. Arrows denote the anisotropic field uoH, = 4.0 mT.
Open circles are experimental data and solid curve is the fitting result
using R(0) = 112.66Q2,AR = 0.47Q2,H, = 4.0 mT. (d) Electrically
detected FMR at 6y = 120° and w/2m =5 GHz showing an
almost purely dispersive line shape (® >~ 90°). Fit is according to
Eq. (10) with woAH = 3.6 mT, poH, = 32.2 mT. (e) Oscillating H,
dependence on the static field direction 8y with amplitude 2H,. (f)
Dependence of FMR frequency on the resonant field H, at 0y = 45°.
Open circles are experimental data and the solid line is the fit

according to w = y/TH,[([H,| + My).
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taking the shape anisotropy field H, along the x’ axis
into account.’® As expected, the amplitude of these oscil-
lations is poHs = 4.0 mT. The frequency dependence of
H, at 0y =45° is shown in Fig. 3(f) and is fit using
o = y/|H |(|H,| + Mp) with y /27 =29.0u9 GHz/T and
/L()M() =10T.

By systematically measuring the line shape as a function
of the microwave frequency, we observe the interesting results
of Fig. 4. The FMR line shape is observed to change from
almost purely dispersive at w/2xr = 5 GHz to almost purely
symmetric at w/2mwr = 5.56 GHz. As discussed before, the line
shape may be affected by the h orientation, that is, different
h vector components will affect the line shape differently.
Hence, if changing the microwave frequency changes the
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FIG. 4. (Color online) Data shown for a first generation spin
dynamo. FMR spectra at 8y = 120° for several frequencies from 5.0
to 5.56 GHz with corresponding Lorentz and dispersive amplitudes
as a function of 8y. Circles and squares indicate the Lorentz and
dispersive amplitudes of Eq. (10), respectively, and show a sin(26y)
dependence as expected. Solid and dashed curves are sin(20y)
functions.

PHYSICAL REVIEW B 84, 054423 (2011)

dominant driving field, the line shape may change. To rule
out such a possibility an angular dependent experiment was
performed to measure the line shape at different 6 for each
frequency w. The results are plotted on the right panel of
Fig. 4 which shows the sinusoidal curves for the Lorentz
Ay and dispersive Ap amplitudes (dashed and solid curves,
respectively) as a function of the static field angle 5. Both
the Lorentz and dispersive amplitudes are found to follow
a sin(20y) dependence on the field angle in agreement with
Eq. (10) indicating that the magnetization precession is indeed
dominantly driven by the £, field. Therefore the line shape
change indicates that the relative phase @ is frequency
dependent. As shown in Fig. 5(a), at w/2wr =5 GHz the
amplitude of Ap is approximately one order of magnitude
larger than A, while at /2w = 5.56 GHz A, is one order of
magnitude less than A . Such a large change in A, /A p shows
that in a microwave frequency range as narrow as 0.6 GHz,
the relative phase @ can change by 90°. Figure 5(b) shows
® determined by using Eq. (10), which smoothly changes
with microwave frequency except for a feature near 5.18 GHz,
which is possibly caused by a resonant waveguide mode at this
frequency.

Such a large change of & within a very narrow range
of microwave frequency indicates the complexity of wave
physics. Note that microwaves at ~5 GHz have wavelengths
on the order of a few centimeters which are much larger
than the submillimeter sample dimensions. Consequently, the
microwave propagation depends strongly on the boundary
conditions of Maxwell’s equations which physically include
the bonding wire, chip carrier, as well as the sample holder.
This is similar to the microwave propagation in a waveguide
where the field distribution, that is, the waveguide modes,
are known to depend strongly on boundary conditions and
frequency.®’ Despite the complex wave properties, the key
message of our results is clear and consistent with the
consideration of the physics of the relative phase: it shows

& o
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— 1 -
<
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FIG. 5. (Color online) (a) The Ap /A, ratio as a function of w/27
showing the line shape change from dispersive at 5 GHz (left inset)
to Lorentz at 5.6 GHz (right inset) with a step size of 0.01 GHz. (b)
@ dependence on w/27 over same frequency interval showing the
same dependence as Ap/Ay.
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that in order to properly analyze the FMR line shape, ® has to
be determined for each frequency independently.

B. h,, dominant FMR

In order to drive the FMR using the rf field in the x’
direction, /., a second generation spin dynamo, was fabricated
with the Py strip underneath the CPW as shown in Fig. 6. In
this case the 300 um x 7 um x 100 nm Py strip is underneath

Tlllllll

0 90 180 270 360
0y (degree)

/21 (GHz)

():(f) | |

-100 -50 0 50 100
HoH, (mT)

FIG. 6. (Color online) (a) Cross-sectional view of a schematic
diagram showing the second generation spin dynamo where the
Py strip is located underneath the CPW. In this case the dominant
magnetic field in the Py is the Oersted field (indicated by circulating
red arrows) in the x’ direction due to the field in the CPW.
(b) Top view micrograph of the Py microstrip underneath the shorted
CPW (S and G denote the signal and ground line of the CPW,
respectively). The Py microstrip is connected by two electrical leads
in triangular shapes. (c) Magnetoresistance at 0 = 90°. AMR is seen
to be ~0.5%. Arrows denote the anisotropic field poHs = 8.0 mT.
Open circles are experimental data and solid curve is the fitting result
using R(0) = 121.53Q2 and AR = 0.66%2. (d) Electrically detected
FMR at 6y = 120° and w/27 = 8 GHz showing a nearly symmetric
Lorentz line shape. Fitis according to Eq. (10) with ugAH = 6.0 mT,
noH, =76.5mT, and ® = —102°. (e) Oscillating H, dependence on
the static field direction 6y with amplitude 2H,. (f) Dependence of
FMR frequency on the resonant field H, at 65 = 45°. Solid circles
show the FMR frequency dependence while the solid triangles are
the standing SWR frequency dependence. The solid line is a fit to

o = y/IH:[(|H| + Mo).
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the Cu/Cr coplanar waveguide which is fabricated on a SiO,/Si
substrate. Again a microwave current is directly injected into
the CPW and induces a current in the z" direction in the Py
strip. The dominant rf field in the Py is still the Oersted field,
but due to the new geometry it is in the x’ direction.

Due to the smaller width and larger thickness, the demagne-
tization factor N,» = 0.008 is twice that in the first generation
sample. This corresponds to uoH4 = 8.0 mT as indicated by
the broader AMR curve in Fig. 6(c). This value is further
confirmed by the H, vs 8y plot shown in Fig. 6(e). Figure 6(f)
shows the frequency dependence of H, for FMR (circles) and
for the first perpendicular standing spin wave resonance (SWR)
(triangles) measured at 0y = 45°. The frequency dependence
of H, follows @ = y+/(|H,| + Hex)(|H,| + My + Hex) where
H., is the exchange field. In Fig. 6(f) the standing SWR
is fit using y /27w =29.0uo GHz/T, poHex = 30 mT, and
/L()M() =10T.

Similar to the results presented in the previous section, the
line shape of FMR measured on the second generation sample
is also found to be frequency dependent (not shown). Hence,
® is found to be nonzero in the general case. For example, at
/27 = 8 GHz, the line shape is found to be nearly symmetric,
as shown in Fig. 6(d) for the FMR measured at 6y = 120°,
which indicates & is close to —90° at this frequency. Note
that our result is in direct contrast with the recent study of
Refs. 19 and 20, where experiments were measured in the
same configuration and where it was suggested that ® = 0°
for all samples at all frequencies.

While the line shape and hence the relative phase is found
to be frequency dependent, ® is expected to be independent
of the static field direction 8. This is confirmed in Fig. 7(a)
which shows the line shape measured at several values of 0y
in 10° increments. The data can be fit well using Eq. (9) with
a constant & = —102° for all 8. It confirms that the FMR is
driven by a single h component, in this case the &, field, and
that @ does not depend on 6. In Fig. 7(b) the 65 dependence
of Ay and Ap (solid/circles and dashed/squares, respectively)
is shown. The circles and squares are experimental data
while the solid and dashed lines are fitting results using a
sin(20p) cos(fy) function according to Eq. (9). It provides
further proof that the A, field is responsible for driving the
FMR in this sample.

While the results from both the first and second genera-
tion spin dynamos show consistently that ® is sample and
frequency dependent, the second generation spin dynamos
exhibit special features in comparison with the first generation
spin dynamos: the reduced separation between the Py strip
and CPW enhances the £, field so that the linewidth AH is
enhanced by nonlinear magnetization damping,?’?%6! which
depends on the cone angle 6 of the precession via the relation
0 ~ h, cos(0y)/AH(O). As shown in Fig. 7(c), AH is found
to oscillate between 4.0 and 9.0 mT as 6y changes. At
Oy =0°, 6 ~h,/AH and the cone angle is at its largest
(about 4°). As 0y increases from 0° and moves toward 90°, 6
decreases so that the nonlinear damping contribution to AH
decreases. Using the cone angle calculated from Fig. 7(c), we
plot in Fig. 7(d) AH(#) as a function of the cone angle. It
shows that A H has a quadratic dependence on the precession
cone angle, which is in agreement with our previous study
in the perpendicular H-field configuration.?”-” We note that
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FIG. 7. (Color online) Data shown for a second generation spin
dynamo. (a) FMR line shape at fixed frequency, w/2mw = 8 GHz
for several 6y from 90° to 180° in steps of 10°. Open circles are
experimental data and solid lines are fits using Eq. (9) with & =
—102° fixed. (b) Ap and A, shown in squares and circles respectively
as a function of 0. Fitting curves are sin(26y ) cos(fy ) functions. (c)
AH for several values of 8y showing an oscillation with 0. (d)
Nonlinear dependence of linewidth AH on the cone angle. Dashed
line is the expected linear Gilbert damping whereas the data follows
the quadratic dependence shown by the solid line.

for cone angles above only a few degrees, the nonlinear
damping already dominates the contribution to AH. Hence,
angular-dependent oscillations in the FMR linewidth provide
a convenient way for verifying whether nonlinear effects may
influence the electrically detected FMR.

C. Arbitrary & vector

Next we consider the most general case which is described
by Eq. (7) where all components of h may contribute to
the FMR line shape. The sample used here is a single Py
strip where a waveguide with a horn antennae provided both
the electric and magnetic driving fields. The sample chip is
mounted near the center, at the end of a rectangular waveguide
and the Py strip is directed along the short axis of the
waveguide.

In a waveguide, the electromagnetic fields are well known
and in general three components, h,,h,, and h; exist.%
Figure 8(a) shows both the FMR and perpendicular standing
SWR measured at 6y = 45°. Indeed both the amplitude and
the line shape are different for the two FMR peaks located
at H and —H, which indicates the existence of multiple h
field components and Egs. (7) and (8) are needed to separate
them.
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FIG. 8. (Color online) Data shown for a single Py strip with
precession driven by horn antennae field. The strip dimensions are
3 mm x 50 um x 45 nm. (a) Spectra showing distinct resonances
due to FMR and SWR at w/27 = 12 GHz. (b) Separated Lorentz and
dispersive line shapes (circles and squares, respectively) as a function
of 6y from a fit to Eq. (7) at /27 = 12 GHz and (¢) /27 = 11.2
GHz.

This separation is done using the Lorentz and dispersive
amplitudes determined from a fit to the FMR which are plotted
as a function of 6y in Figs. 8(b) and 8(c) for w/27 = 12 and
11.2 GHz, respectively. A fit using Eq. (8) allows a separation
of the contributions from each of the /1., i, and &/ fields based
on the their different contributions to the 6 dependence of the
line shape.

The results of the fit have been tabulated in Table IT where
y/2m = 28.0no GHZ/T, poMo = 0.97 Tand puoH, = 152 mT
were used. The amplitudes of the different h field components
have been normalized with respect to the /,, component. At
both 11.2 and 12 GHz the A, field is much larger than &, or

TABLE II. Angular separation of h field components for 12 and
11.2 GHz.

12 GHz 11.2 GHz
1% 1 1
|| 0.02 £ 0.10 0.14 £ 0.07
hy| 0.19 + 0.06 0.37 £0.10
Dy 23 4+2° 50 + 2°
@, 40 + 24° —30 & 18°
D, —33L£7° 824 5°
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h,, which is expected based on the wave propagation in a horn
antennae.

We note that in this case with the device as long as 3 mm,
the phase angle might change with position along the length
of the device to an extent where a spread of angles should
be taken into consideration. Nevertheless, even by using the
crudest approximation to fit the data as if there is a single phase
angle between each pair of e and & components, the relative
phase for each component is seen to change significantly from
11.2 to 12 GHz. Therefore even in the case of a complex line
shape produced by multiple h field components, by separating
the individual contributions of the rf magnetic field via angular
dependence measurements, the relative phase @ of each field
component is found to be frequency dependent.

D. Additional influences on ®

In addition to the frequency and sample dependencies, the
relative phase ® may also depend on the lead configuration and
wiring conditions of a particular device, as we have mentioned
in Sec. IV A. Here we address such additional influences by
using the first generation spin dynamos'' shown in the inset of
Fig. 9(a). Two spin dynamos with the same lateral dimensions
but different Py thickness d are studied. Each spin dynamo
involves two identical Py strips denoted by S1 and S2, one in
each center of the G-S strips of the CPW, which are placed
symmetrically with respect to the S strip. The current and rf
h field are induced in the Py via a microwave current directly
injected into the CPW. Similar to the sample discussed in
Sec. IV A, h, is the dominant field which drives the FMR.

PV (uV)

-50 -25 0
pH (mT)

(b) A d=100nnm

20 25 30 35 40 45 20 25 30 35 40 45
poH (mT) poH (mT)

FIG. 9. (Color online) (a) FMR observed in a first generation spin
dynamo. Inset shows the device structure with two Py strips labeled
S1 and S2. (b) FMR for Py thickness d = 100 nm for both S1 and
S2. In S1 & = —11°, while in S2 the line shape is slightly more
asymmetric and & = 22°. (c) For d = 60 nm the relative phase is
o = —29° for S1 and ® = 27° for S2.
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As shown in Fig. 9(a), FMR measured at w/2wr =5 GHz
on the sample S1 with d = 100 nm shows a nearly symmetric
Lorentz line shape and a field symmetry of V(H) = V(—H).
From the FMR line shape fitting, ® = —11° is found. Inter-
estingly, as shown in Fig. 9(b), the FMR of the sample S2 of
the same spin dynamo measured under the same experimental
conditions shows a different line shape from which a different
& = 22° is found. We can further compare & measured on
the other spin dynamo with a different Py thickness of d = 60
nm, also at w/2m =5 GHz. Here for S1, & = —29° while
for S2, ® = 27°. Again, the relative phase is found to be
different for S1 and S2. These results demonstrate that due
to additional influences such as different lead configuration
and wiring conditions, even for samples with the same lateral
dimensions @ in each device is not necessarily the same.
It demonstrates clearly that the relative phase @ cannot be
simply determined by analyzing the FMR line shape measured
on a reference device. We note that our previous experiment
performed using spintronic interferometry*® also manifested
similar sensitivity of the relative phase to the lead configuration
and wiring conditions of a particular device.

E. Closing remarks

The experimental data presented above demonstrate the
importance of the difference in the phase between the magnetic
and electric field components and the role of the orientation
of the rf magnetic field with respect to the film surface.
Interpretation of the data depends on such a phase difference
®, which is found to be sample and frequency dependent
and nonzero in general. This nonzero phase results in both
symmetric and antisymmetric Lorentz line shapes in the FMR
detected via field-torque induced spin rectification. The &
dependence of the line shape symmetry changes based on
which component of the rf h field is responsible for driving
the FMR precession. For instance a purely antisymmetric line
shape could correspond to ® = 0° if the FMR is driven by
hy, or to ® = 90° if the FMR is driven by h,, therefore the
line shape itself cannot be used to determine & directly. To
separate the h field components an angular (6y) dependent
measurement is necessary, which allows both h as well as
the phase to be determined. Using such a measurement &
has been observed to change from 0° to 90° in a narrow
frequency range (0.6 GHz) resulting in a change from an
antisymmetric to symmetric line shape demonstrating the
large effect the relative phase has on the FMR line shape.
Furthermore, @ is not identical even in samples with the
same geometric size. Therefore in our opinion, it is not a
reliable approach to determine the pivotal relative phase
from different reference samples, as was adopted in some of the
most recent studies.'*?%2* Instead, to quantitatively interpret
the measured microwave photovoltage induced by FMR, &
should be calibrated for each sample, at each frequency, and
for each measurement cycle.

V. Summary

We have provided a brief review of the rapidly growing
literature on electrical detection of spin dynamics in micro-
and nanodevices. We have focused on the important issue of
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the relation and distinction between different mechanisms that
give rise to the rf photovoltage via FMR in spintronic devices.
Such a photovoltage has in general two different types of
origins: spin pumping (Vsp) and spin rectification (Vsg), where
the spin rectification may be induced by either rf & field or
spin torque, which give rise to the photovoltages VShR and Vg,
respectively.

We have shown that in order to distinguish different
mechanisms which enable the electrical detection of FMR via
microwave photovoltages, it is essential to properly analyze
the FMR line shape. While spin pumping is an incoherent
and interfacial effect which always gives rise to a symmetric
FMR line shape in Vsp, spin rectification is not restricted at
the interface and is caused by coherent coupling between rf
current and magnetization. Hence, the FMR line shape of Vgg
is intriguingly phase dependent and may have both symmetric
and antisymmetric components. We have found theoretically
that for rf h-field torque induced spin rectification, the FMR
line shape of VS"R depends strongly on the relative phase @
between the 1f e and & fields used to drive the current and
magnetization, respectively. Analytical formulas have been
established to analyze the FMR line shape of VShR, and our
approach based on the dynamic susceptibility can be further
generalized to analyze the FMR line shape of spin torque
induced photovoltage V.

Based on a systematic study of the measured photovoltage,
the FMR line shape of VS"R is observed to depend strongly on

PHYSICAL REVIEW B 84, 054423 (2011)

the microwave frequency, driving field configuration, sample
structure, and even wiring conditions. Therefore we have
presented strong evidence that within the standard microwave
circuit geometries used to build spintronic devices, it is
common for nonzero relative phase & to exist at the spin device
location. This could cause a skew in the field-swept FMR line
shape which, when this phase angle is unknown, can lead to
unintentional quantitative errors when extracting individual
mechanistic contributions to the photovoltage by fitting the
line shapes. Our results imply that for electrically detected
FMR which involves both spin Hall and spin rectification
effects, the pivotal relative phase must be either directly
calibrated or precisely controlled in order to properly analyze
the FMR line shape and quantify the spin Hall angle. For
such studies, we strongly suggest not to use the unreliable
approach of determining ® from reference samples, but instead
recommend applying spintronic Michelson interferometry>®
which enables external control of the relative phase.
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